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ABSTRACT

Research in the Stoltz group generally focuses on the synthesis of complex molecules
enabled by the discovery and application of new synthetic methodologies. The majority of
the research described in this thesis encompasses variations on this unifying central theme.

Chapter 1 focuses on the development of new asymmetric methodology for the
synthesis of stereogenic all-carbon quaternary centers through the application of iridium
catalysis. A key advance was the use of malonate nucleophiles and bis-alkyl substituted
electrophiles, two inputs commonly employed in allylic alkylation chemistry that had yet to
be utilized for the synthesis of quaternary carbon centers.

Chapter 2 describes the development and execution of a synthetic strategy for the
asymmetric construction of a rearranged monoterpene indole alkaloid, hunterine A. Key to
the assembly of this molecule were an enantioselective desymmetrization, aza-
Cope/Mannich rearrangement, azide-alkene dipolar cycloaddition, and regioselective
aziridine opening.

Chapter 3 details an investigation born out of an observation of a regioselective
aziridine opening during the course of the synthesis of hunterine A. This research focuses on
the synthesis of sterically unbiased fused bicyclic N-aryl aziridines and their reactivity in a
variety of ring opening reactions.

Chapter 4 and Appendix 7 describe ongoing efforts toward the synthesis of
Kuroshine A and other highly oxidized zoanthamine alkaloids. The synthetic strategies
described focus on evaluating formation of the ABC ring system of the molecule via a

masked ortho-benzoquinone cycloaddition.
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CHAPTER 1

Iridium-Catalyzed Asymmetric Allylic Alkylation of Dialkyl Malonates’

1.1 INTRODUCTION

The construction of all-carbon quaternary stereocenters is an important problem in
synthetic organic chemistry and one that is central to the focus of research in our laboratory.
In the last ten to twenty years, our group has focused on developing new technologies for the
synthesis of all-carbon quaternary stereocenters.! Many of these approaches utilize cyclic
prochiral enolates and palladium catalysis (Scheme 1.1.1). However, despite many of these
advances, the construction of acyclic all-carbon quaternary stereocenters still remains a
significant challenge (Scheme 1.1.1).2 In recent years, powerful technologies for the
construction of such stereogenic centers via iridium- and palladium-catalyzed allylic
alkylation reactions have emerged to meet this challenge.>* Ongoing efforts in this area of
chemical research have inspired us to study the underdeveloped area of iridium-catalyzed
allylic alkylation as a means to synthesize acyclic all-carbon quaternary stereogenic centers.

Scheme 1.1.1. Construction of all-carbon quaternary centers via allylic alkylation.

)

N, P
Pd

SRRV GEN o) o}

NS —— )‘\+/\/ P
cyclic quaternary centers acyclic quaternary centers

well studied underdeveloped
1.2 IRIDIUM-CATALYZED ALLYLIC ALKYLATION

7LThis research was performed in collaboration with Farbod A. Moghadam, Zachary P. Sercel, and Alexander
Q. Cusumano. Portions of this chapter have been reproduced with permission from Moghadam, F. A.; Hicks,
E. F.; Sercel, Z. P.; Cusumano, A. Q.; Bartberger, M. D.; Stoltz, B. M. J. Am. Chem. Soc. 2022, 144, 7983—
7987. © 2022 American Chemical Society.
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Our interest in iridium-catalyzed allylic alkylation stems from the highly
regioselective nature of these transformations that favors the formation of more substituted
(branched) products. Moreover, it has been well established that iridium-catalyzed allylic
alkylation reactions exhibit drastically different regioselectivities than their palladium
counterparts that generally favor formation of the less-substituted, linear products (Scheme
1.2.1)°

Scheme 1.2.1. Regioselectivity trends in transition metal-catalyzed allylic alkylation.

LG

b~ transition
R metal
o catalyst Nu
-
or + Nu 5 )\/ + R/\/\ LG
- LG R
N 2T Branched (b) Linear (1)
(Mo, W, Fe, Ru (Pd)
Co, Rh, Ni, Pt, Ir)

The first report of an iridium catalyzed allylic alkylation was disclosed by Takeuchi
in 1997 (Scheme 1.2.2, A), demonstrating that when the sodium salt of diethyl malonate
reacted with allylic acetate 1 in the presence of [[r(COD)CI]. and triphenylphosphite, the
corresponding branched allylic alkylation product was observed.® Soon after, Helmchen
reported the first enantioselective variants of this chemistry utilizing phosphinooxazoline and

later phosphoramidite ligands (Scheme 1.2.2, B).”
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Scheme 1.2.2. A. Initial report by Takeuchi. B. Enantioselective reports by Helmchen.

A.
[|rl(:?gglz§:|](2 @ n:ol;/o) Et0,C._ _CO,Et
3 (4 mol%
Me” X-"oac NaCH(CO,Et), I/
L Me
1 THF, 23°C, 18 h 2
89% yield, 96:4 (b:l)
B.
OAc
[Ir(COD)CI], (2 mol %)
P (R.)-L1 (4 mol %) Ph
s NaCH(CO,Me); ""e°2°1°/°2“"e OO Yt
3 > (N
or THF,23°C,3 h R N\F o N "
N 5 >— ©
R OAc 95:5 to 99:1 (b:l) Ph
4 4-86% ee (S,5,5.)-L1
R = Me, Ph i

Iridium catalyzed allylic alkylation reactions generally proceed through a mechanism
involving oxidative addition, nucleophilic attack, and ligand substitution.> As outlined in
Scheme 1.2.3 an iridium (I) catalyst undergoes oxidative addition into an allylic electrophile
and forms an iridium (III) allyl species. X-ray crystallographic structures of the m-allyl
intermediates suggest that the allyl group is bound as shown in the n* mode.’"!! Nucleophilic
attack on the allyliridium (III) species (7) results in the formation of 8. The nature of the
nucleophilic attack is generally believed to be an “outer sphere” process in which the
nucleophile is not bound to the metal, which constitutes a mechanism that is distinct from
more traditional reductive elimination processes. Finally, ligand substitution completes the

cycle and liberates the product.
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Scheme 1.2.3. General catalytic cycle of iridium-catalyzed allylic alkylation reactions.
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It should be noted that since these initial reports, phosphoramidite ligands have
proven to be privileged in the iridium catalyzed allylic alkylation reaction manifold both in
terms of enantioinduction and regioselectivity. Detailed mechanistic studies of
transformations using phosphoramidite ligands has partitioned these reactions into two
“Types” based on the phosphoramidite ligand structure and iridium/ligand stoichiometry
(Scheme 1.2.4).!2 Type I transformations use ligands of the type L1 or L2, are performed
under basic conditions, and use a ligand/iridium stoichiometry of 1:1. Mechanistic studies of
Type I reactions revealed that under the basic reactions conditions a catalytically competent
iridacycle is formed (10, 11), suggesting that these iridacycles are the active catalytic species
in Type I transformations. Type II transformations use ligand L3 with a ligand/iridium
stoichiometry of 2:1. The active species in these transformations is complex 12. Typically,
these transformations are performed under acidic conditions, and are less water sensitive than
their Type 1 counterparts. It should also be noted that Krische allylation reactions, Ir-

13,14

catalyzed allylations of carbonyl compounds via o-allyliridium intermediates are
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mechanistically distinct from the allylic substitution processes discussed herein, and are
therefore not included in the classification of “Types” of allylic alkylation reactions.

Scheme 1.2.4. “Types” of Ir-catalyzed allylic alkylation reactions.

e Type | N Type Il ——————
M*Nu Nu Nu
e Yo —_—
R X (L (1) R Z )\/ L (12) R™NF
base Lewis or

Bronsted

L, P“>....Me °~pN N ®
sofalliey 5l e

o/
S,5.)-L1 (R,R,)-L2 OO O

(S)-L3
3 3
— — \
C/é?—p"'f;) C/f—pgp CN\
TN T bt
Ph  Ph /,I,\_o R
10 11 N
& J 12
1.3 REGIOSELECTIVITY OF IRIDIUM-CATALYZED ALLYLIC ALKYLATION

The origin of the exquisite regioselectivities obtained in these transformations has
been the subject of considerable investigation. Although to date a general explanation for the
observed regioselectivities has not been uncovered, several studies have provided insight into
the potential factors governing this exclusive regioselectivity. For example, Hartwig and
coworkers have demonstrated that the site of reactivity of crotyl-iridium(III) complex 13 can
be directly correlated with differences in the Ir—C bond lengths of the two allyl termini
(Scheme 1.3.1, A).!® The crystal structure of the complex reveals that the Ir-C1 bond length
is 2.240 A, while the Ir-C3 bond length is 2.377 A. Hartwig and coworkers subsequently
showed that these complexes are catalytically competent, and that nucleophiles preferentially

attack the allyliridium species at C3, leading to the formation of branched products.
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Helmchen and coworkers later systematically studied amination reactions of a variety of
related allyliridium complexes (15, Scheme 1.3.1, A). Although they do not comment
extensively on the origin of regioselectivity for these reactions, they note that in cases where
R!=H and R? = CHj3 or Ph, the bond C—Ir bond length at the more substituted terminus (C3)
is longer, and, therefore, it is possible that nucleophiles add preferentially to the site bearing
the longer, weaker C—Ir bond.!®

Contrary to this trend, Hartwig and coworkers studied the reaction originally reported
by Takeuchi and coworkers both experimentally and computationally (Scheme 1.3.1, B).!”
Synthesis of the catalytically competent allyliridium complexes revealed that the C—Ir bond
lengths at the two termini were both 2.28 A, suggesting that bond length alone is not a
sufficient explanation for the observed regioselectivity. In an attempt to further understand
the regioselectivity of the transformation, they then performed a kinetic experiment. By
measuring the rates of oxidative addition of the Ir(cod)(P(OPh)3) complexes into both
branched and linear allylic trifluoroacetates 18 and 19, they determined that the rate of
oxidative addition into the branched isomer was ~170 times faster than oxidative addition
into the linear isomer (k> = 170 ki). Invoking the principle of microscopic reversibility, they
reasoned that nucleophilic attack to form the branched isomer should be kinetically more
facile, which is in agreement with the experimentally observed outcomes, although it does
not explain the fundamental origin of this regioselectivity. Taken together, the studies by
Helmchen and Hartwig indicate that a general explanation for the observed regioselectivity

in iridium-catalyzed asymmetric allylic alkylation reactions has not yet been developed.
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Scheme 1.3.1. A. Correlations between C—Ir bond length and regioselectivity. B.

Kinetic experiments by Hartwig.

A
®
oF '
) 0o
> |1—P’;:)> _ | NHPhth NPhth
= 1 — r. —_—
Me” 2 [ _N_ _Me R THF Me” NF
PrE\ Ph Me Cot ol 14
Ca = 85% yield, 98:2 (b:l)
13 2377 A 2240 A 90% ee
CC | NHPhth
—
3 o
/>|1—p‘°_;> — I Ph” " oco,me NPhth
X— | B re ’
K/N Me 12 THF Ph/k/
Ph Ph 16
Ph
Cyir C-ir o o
15 2413 A 2.168 A 95%y '_g;‘% ii“’ (b))
B.
o
kq —|@
— PhWOJI\CF D =
2 /OPh 16, 25 eaui 3 k. N /OPh
, 25 equiv
Ir—P—OPh Ir—P—OPh
\’ 6 . )ol\ PhW (!)
fo) CF, ky Cy=ir = C‘Z_Ir
Phw ‘——k‘ 20 2.280 A
-2 k, =170k,
17 19, 25 equiv 2 !

J. Am. Chem. Soc. 2015, 137, 14968-14981.

1.4 SYNTHESIS OF ALL-CARBON QUATERNARY CENTERS VIA IRIDIUM-
CATALYZED ALKYLATION

Although a general explanation for the exquisite branched selectivity of iridium
catalyzed asymmetric allylic alkylation reactions remains ambiguous, since the initial
discovery of this transformation many groups have reported numerous iridium-catalyzed
allylic alkylation processes utilizing a variety of both carbon and heteroatom (N, O, S)
nucleophiles.®> Despite these advances, the construction of all-carbon quaternary centers
remains an underexplored chemical space in the context of iridium-catalyzed allylic
alkylation, and few such transformations have been reported. Given the natural propensity

for iridium-catalyzed allylic alkylation reactions to form sterically congested, branched
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products, in the past decade our group has endeavored to study these catalytic systems and
utilize them for the synthesis of molecules containing all-carbon quaternary centers.

This type of transformation was first disclosed by our group in 2013, in which
substituted B-ketoester nucleophiles were reacted with allylic carbonate electrophiles in the
presence of an iridium catalyst derived from TBD (1,5,7-triazabicyclo[4.4.0]dec-5-ene), L2,
and [Ir(cod)Cl]> (Scheme 1.4.1, A).!® Both the diastereo- and enantioselectivity of the
reaction was high for almost all substrates. The all-carbon quaternary center in these
examples is formed as result of using a trisubstituted nucleophile. Alternatively, our group
was then interested in the possibility of forming all-carbon quaternary centers derived from
prochiral trisubstituted electrophiles. To that end, in 2017 we disclosed that trisubstituted
electrophiles (25) were competent in iridium catalyzed allylic alkylation reactions (Scheme
1.4.1, B).”” Due to the more difficult oxidative addition of the iridium catalyst into the
trisubstituted electrophile, an additional Lewis acid was necessary to activate the carbonate
leaving group and facilitate this process. The masked acyl cyanide nucleophiles allowed for
conversion to the corresponding carboxylic acids and an overall synthesis of a-quaternary
carbonyl compounds.

Building upon this report, in 2018 our group disclosed a further extension of this
chemistry using both trisubstituted electrophiles and trisubstituted nucleophiles for the
synthesis of vicinal quaternary products in which one all-carbon quaternary center is derived
from the nucleophile while the other is derived from the electrophile (Scheme 1.4.1, C).2° It
should also be noted that more recently Carreira and coworkers disclosed an additional
methodology for the synthesis of vicinal quaternary products via iridium catalysis, in their

case using silyl ketene acetal nucleophiles and branched allylic alcohol electrophiles.?!
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Together, the ability to synthesize vicinal quaternary centers using iridium catalysis serves
to highlight the power of this catalytic system to construct highly sterically congested motifs
with excellent regio- and stereoselectivity.

Scheme 1.4.1. Construction of all-carbon quaternary centers via Ir-catalyzed allylic
alkylation reported by the Stoltz group. A. Use of substituted B-ketoester nucleophiles.
B. Use of MAC nucleophiles. C. Use of substituted malononitriles. D. Proposed use of

malonate nucleophiles.

A. Stoltz, 2013 B. Stoltz, 2017
(o] o OMOM
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21 Rl R BEt, « X
o, —>
« THF, 25 °C R2 CO,R? R? THF, 60 °C R' R?
R X-"oco,Me 23 mj\/\ocone then H 26
22 up to >99% ee 25 X = OH, OR, NR,
up to >20:1 d.r. up to 95% ee
C. Stoltz, 2018 D. This research
ji [irccob)cl] TR
r 2
NC CN (Sx)-L3, TBD R1o)l\/lL0R1 R1ozc C02R1

27 BEt, R

29

DABCO

. DR, NS ' ~@~ n;\/
R3 THF, 60 °C NG T R2 o
X

RZJ\/\0002Me 28 RGJ\/\OCOZMe

25 up to 99% ee 25

Inspired by these efforts, we aimed to further expand this technology and make use
of other classes of nucleophiles. We noted that while malonate nucleophiles have been
frequently employed in iridium-catalyzed allylic alkylation reactions, prior to this study they
had not been used in reactions involving the formation of an all-carbon quaternary centers
(Scheme 1.4.1, D).2? Additionally, this transformation would allow access to B-quaternary
carboxylic acids that are complementary stereochemical motifs to the a-quaternary acids
previously accessed by our group through this technology.

1.5 REACTION OPTIMIZATION
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As a starting point for our investigation, we imagined leveraging similar conditions
to those previously exploited by our group (Table 1.5.1). Given that this transformation
would use a trisubstituted allylic carbonate electrophile, we hypothesized that the Lewis acid
would have a considerable effect on the reaction outcome. Employing the same catalyst
system as had previously been disclosed by our group, [Ir(cod)Cl]2, TBD, L3, with LiOt-Bu
as the base, and BEt; as the Lewis acid, we were encouraged to observe the formation a small
amount of desired product (32a). The use of other phosphoramidite ligands (L.1, L.2) did not
lead to the formation of any amount of the desired quaternary product.

Table 1.5.1. Initial evaluation of phosphoramidite ligands.

[Ir(COD)CI], (2 mol %)
Ligand (4 mol %), TBD (10 mol%)

Lewis acid (2 equiv) Et0,C___CO,Et
)Oj\/ﬁ\ Me Base (2 equiv) L
+ )\/\ > Men=A_ =
EtO OEt Ph OCOZMe THF (0.07 M), 60 °C, 18 h PH
30 31a 32a
Entry Ligand Base Lewis Acid NMR Yield
1a (SJ)-L3 LiOt-Bu BEt; 23%
1b (R,Ry)-L2 LiOt-Bu BEt; 0%
ic (S,S,S,)-L1 LiO#-Bu BEt; 0%
CICL,. ™ 0 SOREe:
«uMe
°N o
SP—N Osp_ >P—N
o >_Me o PN o |
T - T w T
(S,S,S,)-L1 (R,R,)-L2 (S.)-L3

*all reactions performed on 0.05 mmol scale. [Ir], ligand, TBD, pre-stirred prior to addition of other reagents
1:1 stoichiometry of 30 and 31. TBD = 1,5,7-triazabicyclo[4.4.0]dec-5-ene

With the optimal ligand in hand, our focus turned to evaluating other reaction
parameters. Other Lewis acids, such as Yb(OTf)3, CPh3;BFa, ZrCls, Sc(OTf)3, La(OiPr)s, did
not lead to any improvement in yield (Table 1.5.2, entries 2—6). Znl>, however, proved to be
a more effective promoter of the reaction than any other Lewis acid, and its employment
improved the yield of the reaction to 50%. Notably this was accompanied by complete

consumption of allylic carbonate. The marked increase in yield prompted us to turn our
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attention to other reaction parameters. To that end, evaluation of other bases revealed that
hexamethydisilazide bases were superior to the previously employed LiO#Bu (Table 2,
entries 8—10). Use of LIHMDS caused a dramatic increase in yield to 71% isolated yield and
75% ee. While KHMDS was considerably less effective likely due to insolubility of the
potassium diethyl malonate nucleophile, the reaction utilizing NaHMDS proved more
successful and delivered the product in 86% yield and 89% ee. Further improvement of the
enantioselectivity was possible by lowering the temperature of the reaction to an ambient 21
°C; in this case the product was isolated in 83% yield and 97% ee. Any further deviations
from these conditions proved to be detrimental. For example, other ethereal solvents led to
dramatic decreases in yield due to issues with solubility, and leaving groups other than
carbonate were equally ineffective.

Table 1.5.2. Reaction optimization.

[I((COD)CI], (2 mol %)
(S.)-L3 (4 mol %), TBD (10 mol%)

o o e " Bace (2 squ) E‘°2°I°E’E‘
EtOJ\/U\OEt i Ph)\/\OCOzMe THF (0.07 M), temp, 18 h - M':,. A
30 31a 32a

Entry Base Lewis Acid temp (°C) % NMR yield (isolated) % ee

1 LiOt-Bu BEt; 60 23 n.d.

2 LiOt-Bu Yb(OTf), 60 14 n.d.

3 LiOt-Bu CPh3BF, 60 0 n.d.

4 LiO#-Bu ZrCl, 60 trace n.d.

5 LiOt-Bu Sc(0Tf); 60 0 n.d.

6 LiOt#-Bu La(Oi-Pr); 60 0 n.d.

7 LiOt-Bu Znl, 60 50 nd.

8 LiHMDs Znl, 60 92 (71) 75

9 NaHMDS Znl, 60 95 (71) 83

9 KHMDS Znl, 60 28 83

10 NaHMDS Znl, 40 87 (75) 90

11+ NaHMDS Znl, 23 90 (83) 97

12 NaHMDS Zn(OTf), 23 0 -

13 NaHMDS ZnBr, 23 13 n.d.

14 NaHMDS Zn(OAc), 23 86 79

*all reactions performed on 0.05 mmol scale. [Ir], ligand, TBD, pre-stirred prior to addition of other reagents
**THF (0.17 M)
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1.6 ROLE OF ZINC IODIDE

In an attempt to understand the unique efficacy of Znl, a series of control
experiments were performed. Evaluation of other Zn (II) salts led, in almost all cases, to poor
yields (<20%), with the exception of the reaction using Zn(OAc), (Table 1.5.2, entries 12—
14), in which case the product was isolated in 86% yield but only 79% ee. Attempts to
generate Znl, in situ were equally unsuccessful. It seemed possible that Znl, played a key
role in assisting with the in situ formation of a linear allylic iodide. To test this, the extremely
unstable allylic iodide 33 was synthesized? via an Appel reaction and immediately subjected
to different reaction conditions (Scheme 1.6.1).

Scheme 1.6.1. Control experiments and mechanistic probes.

o o [I(COD)CI], (2 mol %)
)J\/U\ (S.)-L3 (4 mol %), TBD (10 mol%) Me
EtO OEt Znl, (2 equiv) Ph EtO

EtO
30 NaHMDS (2 equiv) Et020 ~COoEt o \ o
. THF (0.07 M), 23 °C Me'l/ + Me +
Me 32:34:35 Ph o Ph 74 (o]
$34: PH EtO

EtO
Ph)\/\l (1 : 1.9 .'2.3) Me

1
by crude "HNMR 32a 34 35
33 40% ee
B.
o o [Ir(COD)CI], (2 mol %)
JI\/IJ\ (S.)-L3 (4 mol %). TBD (10 mol%) Me
EtO OEt Zn(OTH), (2 equiv) Ph EtO

EtO
30 NaHMDS (2 equiv) _  E102C ~CO-Et o \ o
. THF (0.07 M), 23°C MGJ/\/ + Me +
Me 32:34:35 Ph o Ph 74 (0]
)\/\ (trace.' 1 0 :1.0) P E10 Me E10
P X : :1.0:1.
33
(o] [o]

by crude "HNMR 32a 34 35

)J\/U\ [Ir(COD)Cl], (2 mol %) Me
EtO OEt (S)-L3 (4 mol %), TBD (10 mol%) EtO oh EtO

20 NaHMDS (2 equiv) - o \ o
. THF (0.07 M), 23°C Me +
= 0 o)
Me 32:34:35 ph—{

Ph EtO EtO
Ph)\/\l (-:1.0:4.2) Me
33

by crude "THNMR 34 35
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Subjecting this electrophile to otherwise identical reaction conditions led to the
formation of 32a but in extremely low enantiomeric excess (40%). Additionally, other
background allylations occurred to give 34 and 35, products not observed under the normal
reaction conditions. Changing the zinc source to zinc triflate in an attempt to decouple the
effects of the cation and anion, only background allylation reactions occurred with no
formation of branched product (Scheme 1.6.1, B). These results are comparable to the result
obtained in the absence of zinc (Scheme 1.6.1, C). Together, these results indicate that the
role of Znl; is not as a promoter of allylic iodide formation. If this were the operative
mechanism it would be expected that the use of the allylic iodide and any Zn(II) salt would
similar results. On the basis of these experiments, we ruled out the possibility of the allylic
iodide being an important intermediate in this process and concluded that the role of Znl
may be more complex than initially hypothesized.

1.7 TEMPERATURE DEPENDENCE AND MECHANISTIC IMPLICATIONS

Another unique feature of this transformation is the relationship between
enantioselectivity and temperature. For many allylic alkylation processes, particularly those
catalyzed by iridium, increased temperatures often lead to improved enantioselectivity.?*%>
The origin of this effect is a function of the reaction mechanism, specifically, that
nucleophilic attack on the m-allyl species is, usually enantiodetermining. Studies have
demonstrated that after undergoing oxidative addition, the iridium n-allyl complex is able to
equilibrate between the possible diastereomers via the o-bound allyl complexes 36a and 36b
to ultimately arrive at the more thermodynamically stable diastereomer of the iridium m-allyl
complex (Scheme 1.7.1). Because this is thermodynamically driven, increased reaction

temperature accelerates the process and leads to improved enantioselectivity.
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Scheme 1.7.1. m -o-m equilibration.

In the transformation developed in this study, the enantioselectivity improves with
decreased temperature (results shown again in Scheme 1.7.2, A), opposite the trend
commonly observed for these reactions. To probe this further, other isomers of the starting
allylic carbonate were subjected to this transformation. The Z-isomer of the starting material
(31ac) performed very poorly, possibly due to a slower oxidative addition process. The
branched isomer (31ab) provided the desired branched product in very high yield, however
as a racemate. This indicates that in the case of the branched electrophile, there appears to be
no equilibration of the possible m-allyl complexes (Scheme 1.7.2, B). If any equilibration
between different complexes were occurring, one would expect to at least observe a small
amount of product enantioenrichment. Taken together these results suggest that oxidative

addition may be enantiodetermining.
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Scheme 1.7.2. A. Temperature dependence and results with isomeric allylic carbonate

electrophiles. B. Lack of equilibration leads to lack of enantioenrichment.

A.
[Ir(COD)CI], (2 mol %)
(S2)-L3 (4 mol %), TBD (10 mol%)
0 o Znl, (2 equiv) EtO,C CO,Et
allylic NaHMDS (2 equiv) j/\/
+ electrophile MerA_ 2
EtoJ\/U\OEt P THF (0.17 M), 23°C, 18 h PH
30 31 32a
OCO,Me Me Ph
Me"N )\/\ )\/\
PH Ph X 0CO,Me Me X 0CO,Me
(C)]
31ab 31a 31ac
Entry Electrophile temp (°C) % NMR yield (isolated) % ee
1 31a 60 95 (71) 83
2 31a 40 87 (75) 920
3 31a 23 90 (83) 97
4 31ab 23 87) 0
5 31ac 23 14 n.d.

temperature dependence suggests 7—o—n equilibration is likely not responsible for high ee’s

B.
(racemic mixture) Me L (racemic mixture)
L
<L
Ph Et0,C._ _CO,Et
0CO,Me / ry \
PhitA_ 2 Phin A~
Me31 b (R) Me Me
al
Ph)%/\lrL* 32a (S)
0CO,Me . Et0,C._ _CO,Et
Mer A~ ﬂ
o / Me» F
31ab(s) T Me irL* PH
ph” F 32a(R)

lack of enantioenrichment suggests equilibration does not occur
1.8 SCOPE OF THE ASYMMETRIC ALLYLIC ALKYLATION

Having both evaluated the reaction parameters and probed several nuances of this
transformation, we then turned our attention to investigating the use of other substrates in
this reaction. Other malonate nucleophiles such as dimethyl malonate performed well, in this
case affording the product in slightly diminished yield (Scheme 1.8.1, 33). Di-iso-propyl and
di-tert-butyl malonate were also competent, although both suffered from diminished product
yield and enantiomeric excess (33, 34). Structurally related nucleophiles tended to suffer

from a lack of reactivity. For example, employing substituted malonate nucleophiles (36)
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yielded none of the vicinal quaternary product. Likewise, ketoesters (37) and substituted
ketoesters (38) did not undergo the desired transformation in isolable amounts. Interestingly,
substituted malononitriles could be employed under these conditions, although the
enantioenrichment of 28a was a greatly diminished 79% in comparison to our group’s prior
report (Scheme 1.4.1, C). As such, the optimal conditions were uniquely effective for
malonate nucleophiles. With this in mind, other allylic carbonate electrophiles were then
evaluated.

Scheme 1.8.1. Nucleophile scope.

[Ir(COD)CI], (2 mol %)

Me (S2)-L3 (4 mol %), TBD (10 mol%) EWG EWG
EWG_ _EWG  + )\/\ N e,
~ Ph NS 0CO,Me NaHMDS (2 equiv) > MenrA_ 2
31a THF (0.17 M), 23 °C, 18 h Ph

Et0,C.__CO,Et  MeO,C._ _CO,Me  t+BuO,C._ _CO,tBu  i-PrO,C._ _CO,i-Pr

OIS Sl GElle §

Ph Ph Ph Ph
32a 33 34 35
83% yield 69% yield 54% yield 56% yield
97% ee 97% ee 90% ee 90% ee
Bn
NCJ N Et0,C_ _CO,Et MeOC_ _CO,Me
MeOCvCOZMe
Mer NF Et Et
Ph
28a 36 37 38
63% yield, 79% ee no reaction no reaction no reaction

A variety of structurally similar aryl electrophiles were well tolerated in this
transformation (Scheme 1.8.2). The reaction employing the naphthyl electrophile proceeded
smoothly to give the corresponding product 32b in 79% yield and 97% ee. The reaction could
also be scaled to 1 mmol without significant deviation in yield or enantioselectivity (32a).
Reactions of meta- and para-substituted electrophiles (31¢—k) proceeded smoothly to deliver
the corresponding quaternary products (32¢—k). Of these, the reaction of the 4-methyl aryl
electrophile afforded the desired product 32f in 93% yield, the highest observed for any

substrate with an equally high enantiomeric excess of 96%. Also of note was that aryl
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bromides and iodides were well tolerated (32g, 32h). Increased electron richness of the aryl
groups trended to diminish product yield, though enantioselectivity remained relatively high,
as illustrated by the 4-methoxy (32e), 3,4-dimethoxy (32l), and 3.,4,5-trimethoxy (32m)
series of products. We were also interested in more structurally complex aryl electrophiles.
To this end, the drug molecule adapalene (39),%° a topical retinoid and active ingredient in a
leading acne treatment, was converted to the corresponding trisubstituted methyl carbonate
electrophile (31n). Subjection of electrophile 31n to the standard iridium conditions afforded

the corresponding product 32n in 77% yield and 96% ee (Scheme 1.8.2).
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Scheme 1.8.2. Electrophile scope and use of a drug-like molecule.

[I(COD)CI], (2 mol %)

Me (S.)-L3 (4 mol %), TBD (10 mol%)  Et0,C.__CO,Et
Znl, (2 equiv)
Et0,C_ __COEt  + NaHMDS (2 equiv) MetA_ 2
30 THF (0.17 M), 23 °C, 18 h R 32

32a
32b (1 mmol) 32c, R = Me, 73% yield, 94%
79% yield 75% yield 323’ R= Cle,85%°y}l{le‘7d ,91%.,;e
97% ee 97% ee ’ ’ ’

MeO
MeO MeO OMe
32e, R = OMe, 59% yield, 96% ee
(1 mmol: 53% yield, 96% ee) 32n_1
32f, R = Me, 93% yield, 96% ee 2 i 40% yield
32g, R =, 81% yield, 96% ee 53;,/’9 88% ee
32h, R = Br, 62% yield, 95% ee o ee
32i, R = Cl, 56% yield, 95% ee
32j, R = CF3, 69% yield, 96% ee
32k, R = NO,, 70% yield, 92% ee
o MeO,CO
OH
W), )
(- W,
= )

0 5

39 32n
P 31n 77% yield
adapalene (Differin) 92% ee

Some limitations were encountered when using aryl electrophiles (Scheme 1.8.3).
The reaction of the pyridyl substrate was poorly enantioselective, giving 32q in 83% yield
and 60% ee. Substitution at the ortho-position was not tolerated and is clearly illustrated by
the 6% NMR yield obtained of 320. The issue of 2-substituted aryl moieties may also
contribute to the low 15% yield of the indole product (32p), although gratifyingly the product

was afforded in highly enantioenriched form. Substitution of R’ with an ethyl group instead
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of methyl almost entirely eliminated reactivity (32r). Intriguingly, the cyclic product 32s,
which contains substitution other than methyl at R’ and 2-substitution, was formed with
moderate success. This result is intriguing in that the cyclic electrophile (31s) is
conformationally restricted and presumably reacts more readily than the electrophiles in
either of the two isolated cases.

Scheme 1.8.3. Limitations of the allylic alkylation reaction.

[I(COD)CI], (2 mol %)
(S2)-L3 (4 mol %), TBD (10 mol%)
Et0,C._ _CO,Et

o o R Znl, (2 equiv)
NaHMDS (2 equiv) j/\/
+ > R
EtoJ\/U\OEt RJ\/\OCOZMe THF (0.17 M), 23 °C, 18 h Z
30 31 32
Challenging Aryl Moieties

320 32p 32q
6% NMR yield 15% yield 83% yield
89% ee 60% ee

Alkyl Moieties
Et0,C._ _CO,Et

Et0,C
e }—cozEt
E"“j/\/
Ph
(o)

32r 32s
8% NMR yield 32% yield
92% ee

One of the more significant discoveries made during the substrate scope evaluation
was that alkyl electrophiles could also be utilized to afford enantioenriched products.
Conversion of the geranyl electrophile to the corresponding branched malonate product
proceeded smoothly, furnishing the desired product 32u in 87% ee (Scheme 1.8.4). Product
32u was disclosed in the original Takeuchi report from 1997¢ as a racemic mixture. The
reaction employing the phenethyl substrate also proceeded smoothly, generating 32t in 86%

ee. This development is significant due to the stereochemical challenges associated with this
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electrophile class, as the catalyst must differentiate between a methyl group and alkyl chain
to afford an enantioenriched product.

Scheme 1.8.4. Success of alkyl-alkyl electrophiles.

[Ir(COD)CI]; (2 mol %)
(S2)-L3 (4 mol %), TBD (10 mol%) R'0,C CO,R!

o] o] Me Znl, (2 equiv)
+ )\/\ NaHMDS (2 equiv)
EtoJ\/U\OEt R” X-"oco,Me » Mer/\F

30 31 THF (0.17 M), 23°C, 18 h R 32
b Me . co,Et
: Me
E Dlln- /
; Me
' 39
54% yield

: 94% ee

32t 32u 28b : [ref 21]

50% yield 62% yield 65% combined yi.eld of .
86% ee 87% ee 1.5:1 (b:l) ratio
84% ee (branched)
[ref 20]

The challenges associated with the alkyl-alkyl electrophile class have largely
precluded their use in the synthesis of acyclic all-carbon quaternary centers with synthetically
useful levels of enantioenrichment. Our group previously reported the use of the same
phenethyl electrophile giving rise to 28b as a 1.5:1 mixture of branched and linear
constitutional isomers, although the enantioselectivity associated with forming the branched
product was reasonably high (84%).2° To the best of our knowledge, the only other example
of the use of an electrophile in this class was reported by Carreira and coworkers, in which
they employ a cyclopropyl allenylic electrophile to afford the corresponding product (39) in
high enantiomeric excess.?! In short, these electrophiles are challenging with respect to the
stereochemical outcome of the reaction, and the compatibility of this class with the developed

transformation presents a significant advance with respect to prior technologies.
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1.9 SYNTHETIC UTILITY OF THE ALLYLIC ALKYLATION PRODUCTS

Finally, we were able to diversify the alkylation products in a number of ways to
highlight their synthetic utility (Scheme 1.9.1). Hydrolysis and decarboxylation formed acid
40 in 35% yield. Lemieux-Johnson oxidation of the alkene provided aldehyde 41 in 66%
yield. Methylation yielded the vicinal quaternary product 42 in 43% yield. Exhaustive
reduction of the ester moieties gave the corresponding 1,3-diol (43) in 67% yield.

Scheme 1.9.1. Product diversification.

K5,0s0,4:2H,0 (1 mol%)

2M LiOH 2,6-lutidine EtO,C. CO,Et
COH 1,4-dioxane, 100 °C, 3 h NalO, 2 2
Me"J/\% I then dioxane:H,0 (3:1)  MemA__O
PH conc. HCl to pH 1 50°C,24h Ph
reflux, 24 h 66% vield
40 35% yield Y 41

Et0,C._ _CO,Et

Ph

32a
Me NaH
Et0,C| CO:Et Mel LiAlH, HO oH
M9|L = THF, 24.1 h THF, 023 °C MenA_ 2
Ph 43% yield 2h Ph
42 67% yield 43

Decarboxylation of the 4-methoxy malonate product 32e delivered corresponding 3-
quaternary acid 43 (Scheme 1.9.2). This acid could then be subjected to Fischer esterification
with ethanol to form the corresponding ethyl ester 44. Ethyl ester 44 is a known intermediate
in the synthesis of sporochnols A—C, natural products isolated from the marine algae
Sporochnus bolleanus that act as chemical defense agents.?’ Intermediate 44 was previously
accessed as a racemate in the total synthesis of these molecules.?® By intercepting the ethyl
ester intermediate in enantioenriched form we achieved a formal enantioselective total

synthesis of this class of natural products.
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Scheme 1.9.2: Formal total synthesis of sporochnols A-C.

Et0,C._ _CO,Et CO,H

MerA cat. H,SO,
EtOH, reflux, 24 h
69% yield
MeO MeO
32e

OH

sporochnol A sporochnol B sporochnol C

1.10 CONCLUSION

In conclusion, we have developed an asymmetric iridium catalyzed allylic alkylation
of malonate nucleophiles to deliver products bearing all-carbon quaternary centers. The
transformation has demonstrated reasonable generality with respect to most allylic carbonate
electrophiles. Several malonate derivatives are also compatible as nucleophiles. A key
finding in this study was that alkyl electrophiles perform well in this reaction and deliver the
corresponding products with reasonable levels of enantioselectivity. We have also
demonstrated several ways in which the allylic alkylation products can be transformed,
including one example in which one product could be elaborated to intercept an intermediate
from a previously racemic total synthesis. Future studies will investigate the use of additional
classes of nucleophiles, particularly those bearing additional substitution in hope of
generating increasingly dense functionality and stereochemical complexity.
1.11 EXPERIMENTAL SECTION

1.11.1 MATERIALS AND METHODS
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Unless otherwise stated, reactions were performed in flame-dried glassware under an
argon or nitrogen atmosphere using dry, deoxygenated solvents. Solvents were dried by
passage through an activated alumina column under argon.?® Reaction progress was
monitored by thin-layer chromatography (TLC) or Agilent 1290 UHPLC-MS. TLC was
performed using E. Merck silica gel 60 F254 precoated glass plates (0.25 mm) and visualized
by UV fluorescence quenching, p-anisaldehyde, or KMnOj staining. Silicycle SiliaFlash®
P60 Academic Silica gel (particle size 40-63 pm) was used for flash chromatography. 'H
NMR spectra were recorded on Varian Inova 500 MHz and Bruker 400 MHz spectrometers
and are reported relative to residual CHCl3 (8 7.26 ppm). '*C NMR spectra were recorded
on a Varian Inova 500 MHz spectrometer (125 MHz) and Bruker 400 MHz spectrometers
(100 MHz) and are reported relative to CDCl3 (8 77.16 ppm). Data for 'H NMR are reported
as follows: chemical shift (6 ppm) (multiplicity, coupling constant (Hz), integration).
Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, q = quartet, p =
pentet, sept = septuplet, m = multiplet, br s = broad singlet, br d = broad doublet. Data for
13C NMR are reported in terms of chemical shifts (8 ppm). IR spectra were obtained by use
of a Perkin Elmer Spectrum BXII spectrometer using thin films deposited on NaCl plates
and reported in frequency of absorption (cm™!). Optical rotations were measured with a Jasco
P-2000 polarimeter operating on the sodium D-line (589 nm), using a 100 mm path-length
cell. Analytical SFC was performed with a Mettler SFC supercritical CO; analytical
chromatography system utilizing Chiralpak (AD-H, AS-H or IC) or Chiralcel (OD-H, OJ-H,
or OB-H) columns (4.6 mm x 25 cm) obtained from Daicel Chemical Industries, Ltd.
Analytical chiral HPLC was performed with an Agilent 1100 Series HPLC utilizing

Chiralpak (IH) or Chiralcel (OD-H) columns (4.6 mm x 25 cm) both obtained from Daicel
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Chemical Industries, Ltd. High resolution mass spectra (HRMS) were obtained from the
Caltech Mass Spectral Facility using a JEOL JMS-600H High Resolution Mass Spectrometer
in field ionization (FI+) or field desorption (FD+) mode, or an Agilent 6230 Series TOF with
an Agilent Jet Stream ion source in electrospray ionization (ESI+) mode. Reagents were
purchased from commercial sources and used as received unless otherwise stated.
1.11.2 EXPERIMENTAL PROCEDURES
1.11.2.1 General Procedure 1 for Iridium-Catalyzed Allylic Alkylation Reactions
In a nitrogen-filled glovebox, a catalyst solution [Ir(COD)Cl]> (6.5 mg/mL), (8,)-L3
(10 mg/mL), and TBD (7 mg/mL) in THF was stirred for 20 min at 25 °C. In separate vials,
solutions of (E)-allylic carbonate (0.5 mmol/mL) and of malonate nucleophile (0.5
mmol/mL) were prepared in THF. During that time, the reaction vial was charged with Znl»
(63.8 mg, 0.2 mmol, 2.0 equiv) and NaHMDS (36.7 mg, 0.2 mmol, 2.0 equiv). 0.2 mL of the
nucleophile solution (0.1 mmol, 1.0 equiv) was added to the reaction vial and stirred for 5
min, followed by 0.2 mL of catalyst solution, and finally 0.2 mL of allylic carbonate solution
(0.1 mmol, 1.0 equiv). The vial was sealed with a Teflon-lined cap, removed from the
glovebox, and stirred at 21 °C in a metal heating block for 18 h unless noted otherwise. After
18 h, 3 mL 0.5 M HCI was added to the crude reaction mixture, which was then extracted
three times with ethyl acetate, dried over MgSQs, concentrated, and purified by silica gel

flash chromatography to provide the desired alkylation product.
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Et0,C._ _CO,Et

VN2

Diethyl (R)-2-(2-phenylbut-3-en-2-yl)malonate (32a)

Prepared according to general procedure 1 using carbonate 31a (20.6 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol) with by preparative TLC (10% EtOAc in hexanes) to
provide a colorless oil (24.1 mg, 83% yield, 97% ee). Prepared on 1.0 mmol scale according
to general procedure 1 using carbonate 31a (206.1 mg, 1.0 mmol) and diethyl malonate
(160.2 mg, 1.0 mmol) with purification by silica gel chromatography (10% EtOAc in
hexanes) to provide a light orange oil (217 mg, 75% yield, 97% ee); 'H NMR (500 MHz,
CDCl3) 6 7.35 —7.26 (m, 4H), 7.21 — 7.17 (m, 1H), 6.59 (dd, J = 17.5, 10.8 Hz, 1H), 5.25
(dd,J=10.8, 1.0 Hz, 1H), 5.12 (dd, J=17.5, 1.0 Hz, 1H), 4.10 — 4.00 (m, 5H), 1.68 (s, 3H),
1.13 (td, J = 7.1, 5.4 Hz, 6H); *C NMR (100 MHz, CDCl3) 6 167.7, 145.6, 128.2, 126.3,
114.4,61.1,61.0,60.9, 46.3, 23.6, 14.0, 13.9; IR (Neat Film, NaCl) 3055, 2981, 1755, 1731,
1599, 1493, 1444, 1413, 1368, 1320, 1268, 1230, 1133, 1096, 1037, 919, 761, 700 cm™;
HRMS (FI+) m/z calc’d for C17H204: 290.1513, found 290.1527; [a]p*~7.4 (¢ 1.0, CHCl3);
SFC Conditions: 5% MeOH, 2.5 mL/min, Chiralcel OJ-H column, A = 210 nm, tr (min):

major = 1.99, minor = 2.90.

nAU LS
500

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

@ e R s [==-m-mm- |=--mmmmm- l-=----- |

& 1 1.990 BB 0.1022 4662.24561 733.34625 98.4684

2 2.904 MM 0.1309 72.51768 9.23042 1.5316
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MeO,C CO,Me

Mer A~

Dimethyl (R)-2-(2-phenylbut-3-en-2-yl)malonate (33)

Prepared according to general procedure 1 using carbonate 31a (20.6 mg, 0.1 mmol) and
dimethyl malonate (13.2 mg, 0.1 mmol) with purification by preparative TLC (10% EtOAc
in hexanes) to provdie a colorless oil (18.0 mg, 69% yield, 97% ee); 'H NMR (500 MHz,
CDCl3) 6 7.35 - 7.27 (m, 4H), 7.20 (ddt, J= 7.1, 6.1, 1.9 Hz, 1H), 6.58 (dd, J = 17.5, 10.8
Hz, 1H), 5.26 (dd, J=10.8, 1.0 Hz, 1H), 5.12 (dd, J = 17.5, 1.0 Hz, 1H), 4.08 (s, 1H), 3.59
(d,J=1.1 Hz, 6H), 1.67 (s, 3H); 3C NMR (100 MHz, CDCl3) 5 168.2, 168.2, 145.5, 142.7,
128.4, 126.6, 126.3, 114.6, 60.9, 52.3, 52.2, 46.4, 23.7; IR (Neat Film, NaCl) 2951, 1758,
1735, 1433, 1321, 1231, 1133, 1029, 925 cm™!; HRMS (FI+) m/z calc’d for CisHisOs:
262.1110 found 262.1214; [a]p®® +15.8 (¢ 1.0, CHCIl3); HPLC Conditions: 2% IPA, 1.0

mL/min, Chiralcel OD-H column, A =210 nm, tr (min): major = 9.50, minor = 10.13.

FET)
d &
;‘Jﬁ‘vﬂ

. 8 58 88 88§ 8t

Peak RetTime Type Width Area Height Area
# [min] [min] mAU *s [mAU
e -===1 [====1- | | —==l-=
L \E - 1 9.499 MF 0.2329 1.16606e4 834.39954 98.1999

2 10.132 FM 0.2497 213.74857 14.26826 1.8001
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tBuO,C CO,tBu

Mer A 2

Di-tert-butyl (R)-2-(2-phenylbut-3-en-2-yl)malonate (34)

Prepared according to general procedure 1 using carbonate 31a (20.6 mg, 0.1 mmol) and di-
tert-butyl malonate (21.6 mg, 0.1 mmol) with purification by preparative TLC (5% EtOAc
in hexanes) to provide a colorless oil (18.6 mg, 54% yield, 90% ee); 'H NMR (500 MHz,
CDCl3) 6 7.33 — 7.27 (m, 4H), 7.22 — 7.14 (m, 1H), 6.58 (dd, J = 17.5, 10.8 Hz, 1H), 5.25
(dd,J=10.7,1.2 Hz, 1H), 5.11 (dd, J=17.6, 1.2 Hz, 1H), 3.87 (s, 1H), 1.65 (s, 3H), 1.34 (s,
9H), 1.29 (s, 9H); 3C NMR (100 MHz, CDCl3) 6 167.3, 167.3, 146.4, 143.1, 128.2, 126.4,
126.3,114.3,81.7,81.5,62.7,46.3,27.9, 27.8, 24.1; IR (Neat Film, NaCl) 2976, 1727, 1455,
1392, 1367, 1317, 1246, 1123, 972, 914, 845, 746, 699, 668 cm™'; HRMS (FI+) m/z calc’d
for C21H3004: 346.2139 found 346.2151; [a]p® —6.5 (¢ 1.0, CHCIs); SFC Conditions: 5%

IPA, 2.5 mL/min, Chiralpak AD-H column, A = 210 nm, tg (min): minor = 2.53, major =

mAU L)j’;ﬁ’ <
g v
20
0 ‘ “
20 ‘ |
40
|
-60 I ]
80
-100 -,
0 2 4 6 €
mAU’: | ?'c‘b
200 - v
150 -
100 - |
50 “
0 Peak RetTime Type Width Area Height Area
min] [min] [mAU*s] [mAU]

&) # [ %
| e R [====m==mme [=mmmmmmm |===mmmm- [
— — 1 2.533 BB 0.0577  77.51880  20.70369  5.2601
o P . ) ¢ 2 2.958 BB 0.0684 1396.19421 322.89331 94.7399
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iPrO,C CO,iPr

Men A2

Diisopropyl (R)-2-(2-phenylbut-3-en-2-yl)malonate (35)

Prepared according to general procedure 1 using carbonate 31a (20.6 mg, 0.1 mmol) and
diisopropyl malonate (18.8 mg, 0.1 mmol). Purification by preparative TLC (10% EtOAc in
hexanes) provided a colorless oil (17.9 mg, 56% yield, 90% ee); 'H NMR (500 MHz, CDCl5)
0 7.34 - 7.26 (m, 4H), 7.18 (ddt, J=7.7, 6.6, 1.4 Hz, 1H), 6.59 (dd, J = 17.5, 10.8 Hz, 1H),
5.25(dd, J=10.8, 1.1 Hz, 1H), 5.11 (dd, J=17.5, 1.1 Hz, 1H), 4.91 (dp, J = 10.6, 6.2 Hz,
2H), 3.99 (s, 1H), 1.67 (s, 3H), 1.18 — 1.06 (m, 12H); 3*C NMR (100 MHz, CDCl3) § 167.4,
146.0, 142.9, 128.3, 126.4, 126.4, 114.5, 68.8, 68.6, 61.3, 46.3, 24.0, 21.7, 21.7, 21.5. IR
(Neat Film, NaCl) 2980, 2938, 1754, 1728, 1446, 1374, 1315, 1276, 1232, 1140, 1102, 1028,
913 cm™!'; HRMS (FI+) m/z calc’d for C19H2604: 318.1826, found 318.1843; [a]p* +12.0 (¢
1.0, CHCls); SFC Conditions: 5% IPA, 2.5 mL/min, Chiralpak IC column, A = 210 nm, tg

(min): minor = 2.92, major = 3.28.

mAU )
| 05
100 -| v '3?’.3.@
I 3
e
50 | |
01— I |
\ 1
-50
| |
|
-100 I
.
|
0 2 4 6 €
mAU | N v
| o® 9
,,;\4 Q“'OQ
150 |G
¥
100 |
50 |
04 |
| o
50 &
A 5 Peak RetTime Type Width Area Height Area
-100 2N [ #  [min] [min]  [mAU*s] [mAU] %
LA -l [====1 I I I I
150 - - 1 2.924 MM 0.0886 107.39502  20.21061  5.1942

2 3.280 MM 0.1027 1960.21631 317.97314 94.8058
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NC CN

Me P4

2-Benzyl-2-(2-phenylbut-3-en-2-yl)malononitrile (28a)

Prepared according to general procedure 1 using carbonate 31a (20.6 mg, 0.1 mmol) and
benzyl malononitrile (15.6 mg, 0.1 mmol) with purification by preparative TLC (10% EtOAc
in hexanes) afforded a colorless o0il (83% yield, 79% ee); '"H NMR (400 MHz, CDCls) § 7.68
—7.60 (m, 2H), 7.48 — 7.29 (m, 8H), 6.64 (dd, J=17.3, 10.9 Hz, 1H), 5.60 (d, J=11.0 Hz,
1H), 5.46 (d,J=17.3 Hz, 1H), 3.01 (d, /= 13.5 Hz, 1H), 2.94 (d, /= 13.4 Hz, 1H), 1.93 (s,

3H). All characterization data matched those reported in the literature.2°

2003

350 3

0] L) I N Peak RetTime Type Width Area Height Area
\ 3 # [min] [min] [mAU*s] [mAU] ]
| |y ] et R | ==mmmmmme R |=mmmmmmm I
200 | T — R — - 1 10.917 BB 0.2590 6559.89062 392.39392 89.5775
<2504 - L L L 2 11.934 BB 0.2621 763.25513  44.05166 10.4225
min

-150
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Diethyl (R)-2-(2-(naphthalen-2-yl)but-3-en-2-yl)malonate (32b)

Prepared according to general procedure 1 using carbonate 31b (25.6 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol) with purification by preparative TLC (10% EtOAc in
hexanes) to provide a colorless oil (26.8 mg, 79% yield, 97% ee); 'H NMR (400 MHz,
CDCl3) 6 7.90 — 7.68 (m, 4H), 7.46 (dtd, J = 14.5, 7.9, 3.6 Hz, 3H), 6.69 (dd, J=17.5, 10.8
Hz, 1H), 5.32 (dd, J = 10.9, 1.0 Hz, 1H), 5.17 (dd, J = 17.6, 1.0 Hz, 1H), 4.18 (s, 1H), 4.04
(qd, J=7.1, 2.1 Hz, 4H), 1.78 (s, 3H), 1.08 (td, J= 7.1, 4.8 Hz, 6H); 3C NMR (100 MHz,
CDClL) 6 167.8, 167.8, 143.0, 142.8, 133.4, 132.1, 128.2, 127.9, 127.5, 126.1, 125.9, 125.2,
124.8,114.8,61.3,61.2, 60.8, 46.6,23.8, 14.0, 14.0; IR (Neat Film, NaCl) 2977, 1754, 1728,
1367, 1314, 1229, 1131, 1034, 921, 749, cm™!; HRMS (FI+) m/z calc’d for Cz1H2404:
340.1669 found 340.1695; [a]p? +18.5 (¢ 1.0, CHCl3); SFC Conditions: 5% MeOH, 2.5

mL/min, Chiralcel OJ-H column, A =210 nm, tg (min): minor = 5.21, major = 5.92.

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU] %
[inininl Rttt === ]======- | === | ===mmmm—— [======== |
ﬁ?ﬁ, — — — 1 4.811 MM 0.1988 6998.37939 586.80725 98.4531
' ' 2 7.408 MM 0.3068 109.95891 5.97275 1.5469
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Diethyl (R)-2-(2-(m-tolyl)but-3-en-2-yl)malonate (32c)

Prepared according to general procedure A using carbonate 31¢ (22.0 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol) with purification by preparative TLC (10% EtOAc in
hexanes) to provide a colorless oil (22.3 mg, 73% yield, 94% ee); 'H NMR (400 MHz,
CDClL) 6 7.13 — 7.02 (m, 3H), 6.94 — 6.91 (m, 1H), 6.51 (dd, J=17.5, 10.9 Hz, 1H), 5.17
(dd,J=10.9, 1.1 Hz, 1H), 5.04 (dd, /= 17.6, 1.1 Hz, 1H), 4.06 — 3.91 (m, 5H), 2.25 (s, 3H),
1.58 (s, 3H), 1.05 (td, J = 7.1, 5.2 Hz, 6H); 3*C NMR (100 MHz, CDCls) § 167.7, 145.6,
142.8,137.6, 128.1, 127.1,127.0, 123.2, 114.3, 61.1, 61.0, 60.9, 46.2, 23.7, 21.7, 14.0, 13.9;
IR (Neat Film, NaCl) 2981, 1757, 1730, 1605, 1447, 1367, 1321, 1224, 1132, 1097, 1038,
924, 705 cm™'; HRMS (FI+) m/z calc’d for CisH2404: 304.1669 found 304.1669; [o]p> —4.9
(¢ 1.0, CHCIs); SFC Conditions: 5% MeOH, 2.5 mL/min, Chiralcel OJ-H column, A =210

nm, tr (min): major = 1.62, minor = 1.94.

> o

| P
CRS
[N

Peak RetTime Type Width Area Height Area
& # [min] [min] [mMAU*s] [mAU] %
Jf il Bttt [====]======- | === |======—— |=======- |
1 1.621 MM 0.0879 1521.25269 288.32150 98.1853
2 1.941 MM 0.0876 28.11655 5.35145 1.8147
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Diethyl (R)-2-(2-(3-chlorophenyl)but-3-en-2-yl)malonate (32d)

Prepared according to general procedure A using carbonate 31d (24.0 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol) with purification by preparative TLC (10% EtOAc in
hexanes) to provide a colorless oil (27.6 mg, 85% yield, 91% ee); 'H NMR (400 MHz,
CDCl3) 6 7.26 — 7.23 (m, 1H), 7.17 — 7.08 (m, 3H), 6.46 (dd, J = 17.5, 10.9 Hz, 1H), 5.21
(dd,J=10.9,0.9 Hz, 1H), 5.05 (dd, J=17.5, 0.9 Hz, 1H), 4.07 — 3.95 (m, 4H), 3.92 (s, 1H),
1.58 (s, 3H), 1.07 (td, J = 7.1, 3.5 Hz, 7H); *C NMR (100 MHz, CDCls) & 167.6, 167.5,
148.0, 142.1,134.3,129.6, 126.9, 126.7, 124.6, 115.2,61.4, 61.3, 60.8, 46.3, 23.8, 14.1, 14.0;
IR (Neat Film, NaCl) 2981, 2937, 1755, 1730, 1593, 1571, 1465, 1445, 1415, 1367, 1322,
1267, 1232, 1134, 1097, 1037, 924, 861, 785, 740 cm™'; HRMS (FI+) m/z calc’d for
C17H2104Cl: 324.1123 found 324.1136; [a]p® —1.0 (¢ 1.0, CHCl3); SFC Conditions: 2%
MeOH, 2.5 mL/min, Chiralcel OJ-H column, A = 210 nm, tr (min): major = 2.02, minor =

2.35.

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU]

o R [=m=mmmmmee |==mmmmmme- R |
1 2.024 BV 0.0788 5787.72168 1147.99402 95.7894
2 2.348 vV 0.0868 254.41066 43.14692 4.2106
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MeO

Diethyl (R)-2-(2-(4-methoxyphenyl)but-3-en-2-yl)malonate (32¢)

Prepared according to general procedure A using carbonate 31e (23.6 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol). Purification by preparative TLC (10% EtOAc in
hexanes) provided a colorless oil (17.9 mg, 56% yield, 96% ee). Prepared by the general
procedure using carbonate 31e (236.3 mg, 1.0 mmol) and diethyl malonate (160.2 mg, 1.0
mmol). Purification by column chromatography (10% EtOAc in hexanes) provided a light
orange oil (166.4 mg, 52% yield, 96% ee); '"H NMR (400 MHz, CDCl3) § 7.24 (d, J = 9.0
Hz, 3H), 6.82 (d, J=9.0 Hz, 2H), 6.55 (dd, /= 17.5, 10.8 Hz, 1H), 5.22 (dd, J = 10.8, 1.0
Hz, 1H), 5.08 (dd, /= 17.5, 1.0 Hz, 1H), 4.05 (qd, J=7.1, 5.3 Hz, 4H), 3.98 (s, 1H), 3.78 (s,
3H), 1.65 (s, 3H), 1.13 (td, J="7.1, 3.1 Hz, 6H); *C NMR (100 MHz, CDCl3)  167.7, 167.7,
158.0, 143.0, 137.5, 127.4, 114.0, 113.5, 61.1, 61.0, 61.0, 55.2, 45.7, 23.6, 14.0, 14.0; IR
(Neat Film, NaCl) 2981, 1709, 1621, 1368, 1280, 1231, 1168, 1042, 854, 816, 750 cm™!;
HRMS (FI+) m/z calc’d for C1sH240s: 320.1618, found 320.1635; [a]p? +1.6 (¢ 0.5, CHCI3);
SFC Conditions: 10% IPA, 2.5 mL/min, Chiralpak OJ-H column, A =210 nm, tg (min): major

=2.45, minor =4.12.

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU]

il Bttt |====l======- |========- | === |======== |
1 2.449 MM 0.0827 2651.10791 534.46008 98.0448
2 4.118 MM 0.1196 52.86905 7.36877 1.9552
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Diethyl (R)-2-(2-(p-tolyl)but-3-en-2-yl)malonate (32f)

Prepared according to general procedure 1 using carbonate 31f (22.0 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol) with purification by preparative TLC (10% EtOAc in
hexanes) to provide a colorless oil (28.3 mg, 93% yield, 96% ee); 'H NMR (400 MHz,
CDCL) ¢ 7.21 (d, J = 8.3 Hz, 2H), 7.12 — 7.07 (m, 2H), 6.57 (dd, J = 17.5, 10.8 Hz, 1H),
5.23 (dd, J=10.9, 1.0 Hz, 1H), 5.10 (dd, J = 17.6, 1.1 Hz, 1H), 4.06 (qd, J = 7.1, 1.4 Hz,
4H), 4.02 (s, 1H), 2.30 (s, 3H), 1.65 (s, 3H), 1.13 (t, J= 7.1 Hz, 6H); 3C NMR (100 MHz,
CDCl) 8 167.9, 167.8, 143.0, 142.7, 136.0, 129.0, 126.2, 114.2, 61.2, 61.1, 61.0, 46.0, 23.7,
21.0, 14.1, 14.0; IR (Neat Film, NaCl) 2980, 1757, 1729, 1691, 1444, 1367, 1316, 1228,
1132, 1038, 922, 817 cm™!; HRMS (FI+) m/z calc’d for Ci1sH2404: 304.1667 found 304.1686;
[a]p>—1.1 (c 1.0, CHCI3); SFC Conditions: 2% MeOH, 2.5 mL/min, Chiralcel OJ-H column,

A =210 nm, tr (min): major = 2.47, minor = 5.29.

Peak RetTime Type Width Area Height Area
4 [min] [min] [mAU*s] [mAU] %

N it ittt [====]====—- | === | === | === |

& 1 2.465 MM 0.0983 4844.34570 821.30530 97.6348

2 5.289 MM 0.1854 117.35537 10.55191 2.3652
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Diethyl (R)-2-(2-(4-iodophenyl)but-3-en-2-yl)malonate (32g)

Prepared according to general procedure 1 using carbonate 31g (33.2 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol) with purification by preparative TLC (10% EtOAc in
hexanes) to afford a light yellow oil (33.7 mg, 81% yield, 96% eec); '"H NMR (400 MHz,
CDCl3) 6 7.60 (d, J= 8.6 Hz, 2H), 7.07 (d, J = 8.7 Hz, 2H), 6.52 (dd, J=17.5, 10.8 Hz, 1H),
5.25(dd,J=10.8,0.9 Hz, 1H), 5.10 (dd, J=17.6, 0.9 Hz, 1H), 4.06 (q, /= 7.1 Hz, 4H), 3.97
(s, 1H), 1.63 (s, 3H), 1.14 (td, J= 7.1, 1.3 Hz, 6H).; *C NMR (100 MHz, CDCl3) 4 *C NMR
(100 MHz, CDClL3) 6 167.3, 167.2, 145.3, 141.9, 137.0, 128.3, 114.7, 91.8, 61.1, 61.0, 60.4,
45.8,23.4,13.8, 13.7; IR (Neat Film, NaCl) 2980, 1755, 1730, 1486, 1465, 1412, 1392, 1367,
1322, 1264, 1231, 1133, 1095, 1078, 1037, 1003, 923, 860, 822 cm!; HRMS (FI+) m/z
calc’d for CaoH30041: 416.0479, found 416.0472; [a]p® +12.9 (¢ 1.0, CHCI3); SFC
Conditions: 5% IPA, 2.5 mL/min, Chiralpak OJ-H column, A = 210 nm, tr (min): major =

3.36, major = 4.07.

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
[inininl Rttt [====l==m==- | === | === |======== |
1 3.356 BB 0.0893 2337.94263 405.50409 98.3082
2 4.072 BB 0.0901 40.23287 6.89535 1.6918
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Diethyl (R)-2-(2-(4-bromophenyl)but-3-en-2-yl)malonate (32h)

Prepared according to general procedure 1 using carbonate 31h (28.5 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol) with purification by preparative TLC (10% EtOAc in
hexanes) to provide a pale yellow oil (22.7 mg, 62% yield, 95% ee); 'H NMR (400 MHz,
CDCl) 6 7.41 (d,J=8.7 Hz, 2H), 7.20 (d, J = 8.7 Hz, 2H), 6.53 (dd, J=17.5, 10.8 Hz, 1H),
5.26 (dd,J=10.8,0.9 Hz, 1H), 5.10 (dd, J=17.5, 0.9 Hz, 1H), 4.06 (q, /= 7.1 Hz, 4H), 3.97
(s, IH), 1.64 (s, 3H), 1.14 (td, J= 7.1, 1.3 Hz, 6H); 3C NMR (100 MHz, CDCl3) § 167.6,
167.6, 144.9, 142.3, 131.4, 128.3, 120.6, 115.0, 61.4, 61.3, 60.8, 46.1, 23.8, 14.1, 14.1; IR
(Neat Film, NaCl) 2981, 1755, 1731, 1488, 1394, 1367, 1321, 1268, 1229, 1133, 1095, 1081,
1038, 1008, 925, 812 cm™!; HRMS (FI+) m/z calc’d for Ci7H2104Br: 368.0617, found
368.0638; [a]p>® +4.5 (¢ 1.0, CHCI3); SFC Conditions: 10% MeOH, 2.5 mL/min, Chiralpak

OJ-H column, A =210 nm, tr (min): major = 2.16, minor = 2.58.

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
B \ & it Attt [====]======- | === | === [ ======== |
P 1 2.159 BB 0.0613 2173.74390 560.06818 97.5552
2 2.583 BB 0.0693 54.47504 11.93149 2.4448
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Diethyl (R)-2-(2-(4-chlorophenyl)but-3-en-2-yl)malonate (32i)

Prepared according to general procedure 1 using carbonate 31i (12.0 mg, 0.05 mmol) and
diethyl malonate (8.0 mg, 0.05 mmol) with purification by preparative TLC (10% EtOAc in
hexanes) provided a light yellow oil (9.0 mg, 56% yield, 95% ee); 'H NMR (500 MHz,
CDCl3) 6 7.26 (m, 4H), 6.54 (dd, J = 17.5, 10.8 Hz, 1H), 5.26 (dd, J = 10.8, 0.9 Hz, 1H),
5.11(dd,J=17.5,0.9 Hz, 1H), 4.07 (q, /= 7.1 Hz, 4H), 3.98 (s, 1H), 1.65 (s, 3H), 1.15 (td,
J =17.1, 1.7 Hz, 6H). The aromatic protons are tightly spaced underneath the residual
chloroform signal (see HSQC spectrum); *C NMR (100 MHz, CDCl3) 8 167.6, 167.6, 144.3,
142.4, 132.4, 128.4, 127.9, 115.0, 61.4, 61.3, 60.9, 46.0, 23.9, 14.1, 14.1; IR (Neat Film,
NaCl) 2980, 1755, 1730, 1486, 1392, 1367, 1322, 1231, 1132, 1037, 1003, 923, 822 cm;
HRMS (FI+) m/z calc’d for Ci7H2104Cl: 324.1123, found 324.1142; [a]p® +4.2 (¢ 0.5,
CHCIl3); SFC Conditions: 10% IPA, 2.5 mL/min, Chiralcel OJ-H column, A = 210 nm, tr

(min): major = 2.41, minor = 3.20.

mAU S
o5

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
& -l J==--1 I I I I
&
& 1 2.409 MM 0.0776 2682.73145 576.25537 97.5074
2 3.201 MM 0.0892 68.57921 12.81879 2.4926
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F;C

Diethyl (R)-2-(2-(4-(trifluoromethyl)phenyl)but-3-en-2-yl)malonate (32j)

Prepared according to general procedure 1 using carbonate 31j (27.4 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol) with purification by preparative TLC (10% EtOAc in
hexanes) to provide a pale yellow oil (24.6 mg, 69% yield, 96% ee); 'H NMR (500 MHz,
CDCl3) 6 7.57 — 7.52 (m, 2H), 7.48 — 7.42 (m, 2H), 6.57 (dd, J = 17.5, 10.8 Hz, 1H), 5.30
(dd,J=10.9, 0.8 Hz, 1H), 5.14 (dd, J = 17.5, 0.8 Hz, 1H), 4.10 — 4.04 (m, 4H), 4.04 (s, 1H),
1.68 (s, 3H), 1.14 (td, J = 7.1, 5.3 Hz, 6H); 3C NMR (100 MHz, CDCls) & 167.4, 167.4,
149.8, 149.8, 141.9, 129.2, 128.9, 128.5, 128.2, 126.7, 125.2, 125.2, 125.1, 125.1, 115.3,
61.3,61.2,60.6,46.3, 23.8, 13.9, 13.9, the splitting pattern between 128—129 ppm is caused
by F and also present in the parent carbonate; ’F NMR (282 MHz, CDCls) & -62.5; IR
(Neat Film, NaCl) 2983, 1756, 1731, 1617, 1447, 1414, 1369, 1328, 1232, 1169, 1125, 1080,
1056, 1037, 1014, 925, 843, 675 cm™'; HRMS (FI+) m/z calc’d for CisH2104F3: 358.1387,
found 358.1403; [a]p® —5.6 (¢ 0.5, CHCl3); HPLC Conditions: 2% IPA, 1.0 mL/min,

Chiralcel OD-H column, A =210 nm, tr (min): major = 6.36, minor = 6.90.
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O,N

Diethyl (R)-2-(2-(4-nitrophenyl)but-3-en-2-yl)malonate (32k)

Prepared according to general procedure 1 using carbonate 31k (25.1 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol) with purification by preparative TLC (10% EtOAc in
hexanes) to provide a pale yellow oil (23.6 mg, 70% yield, 92% ee); 'H NMR (500 MHz,
CDCl) 6 8.15 (d,J=9.0 Hz, 2H), 7.50 (d, J = 8.9 Hz, 2H), 6.56 (dd, J=17.5, 10.8 Hz, 1H),
5.34(dd,J=10.8,0.7 Hz, 1H), 5.16 (dd, /= 17.5, 0.7 Hz, 1H), 4.14 —4.01 (m, 5H), 1.68 (s,
3H), 1.16 (dt,J= 8.3, 7.1 Hz, 6H); *C NMR (100 MHz, CDCl3) § 167.4, 167.3, 153.6, 146.5,
141.4, 127.4, 123.6, 116.0, 61.6, 61.5, 60.7, 46.6, 24.1, 14.1, 14.1; IR (Neat Film, NaCl)
2981, 1731, 1595, 1520, 1347, 1367, 1347, 1231, 1135, 1038, 931, 851, 698 cm™!; HRMS
(FI+) m/z calc’d for Ci17H21NOs: 335.1363, found 335.1375; [a]p*> +9.5 (¢ 0.5, CHCls); SEC
Conditions: 5% IPA, 2.5 mL/min, Chiralcel OB-H column, A = 210 nm, tr (min): major =

3.70, minor = 4.50.

s Peak RetTime Type Width Area Height Area
& $  [min] [min]  [mAU*s] [mAU] 5
-—-1 1-==-1 [ [ [ [
e 1 3.698 MM 0.1892 4249.46777 374.28323 96.6506
2 4.498 MM 0.2219 147.26280 11.06176 3.3494
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MeO OMe

Diethyl (R)-2-(2-(3,4-dimethoxyphenyl)but-3-en-2-yl)malonate (32I)

Prepared according to general procedure 1 using carbonate 311 (26.6 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol) with purification by preparative TLC (10% EtOAc in
hexanes) provided a colorless oil (20.5 mg, 59% yield, 93% ee); '"H NMR (400 MHz, CDCl5)
0 6.88 — 6.83 (m, 2H), 6.80 — 6.76 (m, 1H), 6.56 (dd, /= 17.5, 10.8 Hz, 1H), 5.23 (dd, J =
10.8, 1.0 Hz, 1H), 5.10 (dd, J = 17.5, 1.1 Hz, 1H), 4.05 (qd, J = 7.1, 1.5 Hz, 4H), 3.99 (s,
1H), 3.85 (d, J = 5.1 Hz, 6H), 1.65 (s, 3H), 1.13 (td, /= 7.1, 0.9 Hz, 6H); *C NMR (100
MHz, CDCL) 6 167.8, 167.8, 148.6, 147.6, 143.0, 138.2, 118.6, 114.3, 110.8, 110.2, 61.2,
61.1,61.1, 56.0, 55.9, 46.1, 24.0, 14.1, 14.1; IR (Neat Film, NaCl) 2980, 1756, 1730, 1588,
1518, 1460, 1412, 1366, 1322, 1258, 1149, 1029, 922, 866 cm™'; HRMS (FI+) m/z calc’d for
C19H2606: 350.1724 found 350.1730; [a]p®® +2.6 (¢ 1.0, CHCIls); SFC Conditions: 2%
MeOH, 2.5 mL/min, Chiralpak OJ-H column, A = 210 nm, tr (min): major = 2.38, major =

2.69.

mAU

600

Peak RetTime Type Width Area Height Area

[min] [min]  [mAU*s] [mAU] %
il Rt |====l===== | | |
- — 1 2.380 vV 0.1127 8309.95898 1172.47168 95.8458
: ' t ' 2 2.686 VB 0.1071 360.17776  50.56734  4.1542
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MeO

MeO  OMe
Diethyl (R)-2-(2-(3,4,5-trimethoxyphenyl)but-3-en-2-yl)malonate (32m)

Prepared according to general procedure A using carbonate 32m (29.6 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol) with purification by preparative TLC (20% EtOAc in
hexanes) to provide a light orange oil (15.0 mg, 40% yield, 88% ee); '"H NMR (500 MHz,
CDCl3) 6 6.58 (dd, J=17.5, 10.8 Hz, 1H), 6.53 (s, 2H), 5.27 (dd, /= 10.9, 1.0 Hz, 1H), 5.14
(dd,J=17.6, 1.1 Hz, 1H), 4.13 — 4.03 (m, 4H), 4.01 (s, 1H), 3.84 (s, 6H), 3.81 (s, 3H), 1.66
(s, 3H), 1.15 (dt, /= 11.3, 7.1 Hz, 6H); *C NMR (100 MHz, CDCl3)  167.8, 167.7, 152.9,
142.5,141.5,136.7,114.7,103.9,61.4,61.2,61.1,60.9, 56.2,46.7,24.2, 14.1, 14.1; IR (Neat
Film, NaCl) 2979, 1730, 1586, 1512, 1456, 1413, 1367, 1321, 1231, 1125, 1036 cm;
HRMS (FI+) m/z calc’d for C20H2807: 380.1829 found 380.1855; [a]p* +1.7 (¢ 0.5, CHCl3);
HPLC Conditions: 5% IPA, 1.0 mL/min, Chiralcel OD-H column, A = 210 nm, tr (min):

major = 6.85, minor = 8.41.
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Diethyl 2-((2R)-2-(6-(3-((1S,38)-adamantan-1-yl)-4-methoxyphenyl)naphthalen-2-
yl)but-3-en-2-yl)malonate (32n)

Prepared according to general procedure A using carbonate 31n (49.6 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol) with purification by preparative TLC (10% EtOAc in
hexanes) to provide a colorless oil which slowly solidified on standing to a white amorphous
solid (44.7 mg, 77% yield, 92% ee); '"H NMR (400 MHz, CDCl3) § 7.95 (d, J= 1.8 Hz, 1H),
7.84 (dd, J=8.7,3.3 Hz, 2H), 7.79 (d, J= 2.0 Hz, 1H), 7.73 (dd, J = 8.5, 1.8 Hz, 1H), 7.60
(d, J=2.3 Hz, 1H), 7.56 — 7.49 (m, 2H), 6.99 (d, J = 8.5 Hz, 1H), 6.72 (dd, J = 17.5, 10.8
Hz, 1H), 5.34 (dd, J = 10.9, 1.0 Hz, 1H), 5.19 (dd, J = 17.6, 1.1 Hz, 1H), 4.20 (s, 1H), 4.06
(qd,J=7.1,3.3 Hz, 4H), 3.90 (s, 3H), 2.23 - 2.19 (m, 6H), 2.18 (s, 1H), 2.15 - 2.09 (m, 4H),
1.85 - 1.79 (m, 8H), 1.11 (td, J = 7.1, 5.5 Hz, 6H); 3*C NMR (100 MHz, CDCl3) 3 167.8,
167.8, 158.6, 142.8, 142.6, 138.9, 138.9, 133.2, 132.5, 132.1, 128.5, 128.0, 125.9, 125.6,
125.1, 124.9, 124.5, 114.8, 112.2, 61.2, 61.1, 60.8, 55.2, 46.6, 40.7, 37.3, 37.2, 31.0, 29.2,
23.7, 14.0, 14.0; IR (Neat Film, NaCl) 2904, 1755, 1731, 1603, 1462, 1368, 1235, 1133,
1031, 883, 810 cm™!; HRMS (FI+) m/z calc’d for C3sH340s: 580.3183 found 580.3188; );
[a]p® +23.2 (¢ 1.0, CHCIl3); HPLC Conditions: 10% IPA, 1.0 mL/min, Chiralcel OB-H

column, A =210 nm, tr (min): minor = 5.25, major = 5.76.
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Et0,C._ _CO,Et

Mer A~
\

N
Ts

Diethyl (R)-2-(2-(1-tosyl-1H-indol-3-yl)but-3-en-2-yl)malonate (32p)

Prepared according to general procedure 1 using carbonate 31p (39.9 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol) with purification by preparative TLC (100% CH2Cl>)
to provide a light yellow oil (7.1 mg, 15% yield, 89% ee); '"H NMR (500 MHz, CDCls) &
7.95 (dt, J=8.4,0.9 Hz, 1H), 7.76 — 7.70 (m, 2H), 7.59 (dt, J = 7.9, 1.0 Hz, 1H), 7.43 (s,
1H), 7.28 — 7.17 (m, 4H), 6.54 (dd, J=17.4, 10.7 Hz, 1H), 5.20 (dd, J = 10.7, 0.9 Hz, 1H),
5.03 (dd,J=17.4,0.9 Hz, 1H), 4.20 (s, 1H), 4.07 — 3.96 (m, 2H), 3.89 — 3.74 (m, 2H), 2.34
(s, 3H), 1.80 (s, 3H), 1.05 (t,J= 7.1 Hz, 3H), 0.86 (t, /= 7.1 Hz, 3H); *C NMR (100 MHz,
CDClL) 8 167.5,167.3, 144.9, 141.2, 135.8, 135.3, 129.9, 128.9, 127.0, 126.6, 124.4, 124.4,
122.9,122.1,115.2,114.0,61.2,61.0, 58.6,43.3,22.4,21.7, 14.0, 13.7; IR (Neat Film, NaCl)
2982, 1731, 1446, 1369, 1298, 1225, 1174, 1136, 1091, 1037, 959, 809, 753, 687 cm™!;

HRMS (ESI +) m/z calc’d for CocHygNOGS [M+NH4]*: 501.2054 found 501.2077; [a]p®

+10.4 (¢ 0.3, CHCI3); SFC Conditions: 10% IPA, 2.5 mL/min, Chiralpak IC column, A =210

nm, tr (min): minor = 13.28, major = 14.31.

mAU 1
1000

] s A
200 { ,5‘9& f’wg

E N Peak RetTime Type Width Area Height Area

20 | o #  [min] [min]  [mAU*s] [mAU]

40 B S - . — -1 I====1 | | | |

60 ! 1 13.281 BB 0.2555 203.75606  10.09447  5.3448
0 e R g TS VR ! 2 14.314 BB 0.3637 3608.45264 156.11813 94.6552
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Et0,C._ _CO,Et
MerA_ 2
7 N\

=\
Diethyl (R)-2-(2-(pyridin-3-yl)but-3-en-2-yl)malonate (32q)

Prepared according to general procedure 1 using carbonate 31q (20.7 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol) with purification by preparative TLC (10% EtOAc in
hexanes) provided a colorless oil (24.3 mg, 83% yield, 63% ee); '"H NMR (400 MHz, CDCl5)
0 7.90—7.68 (m, 4H), 7.46 (dtd, J=14.5,7.9, 3.6 Hz, 3H), 6.69 (dd, J=17.5, 10.8 Hz, 1H),
5.32(dd, J=10.9, 1.0 Hz, 1H), 5.17 (dd, J = 17.6, 1.0 Hz, 1H), 4.18 (s, 1H), 4.04 (qd, J =
7.1,2.1 Hz, 4H), 1.78 (s, 3H), 1.08 (td, J= 7.1, 4.8 Hz, 6H); 3*C NMR (100 MHz, CDCl3) §
BCNMR (100 MHz, CDCl3) 8 167.4,167.3, 148.2, 147.5, 141.6, 141.5, 135.3, 123.4, 115.7,
61.5, 61.5, 60.5, 45.1, 23.7, 14.1, 14.0; [a]p* —0.6 (¢ 1.0, CHCI3) SFC Conditions: 5%
MeOH, 2.5 mL/min, Chiralpak IC column, A = 210 nm, tr (min): major = 8.06, minor =

10.39.

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
il Rttt [====l======- | === [======——=- | === |
1 8.062 MM 0.3594 3245.74902 150.52498 81.2153
2 10.389 MM 0.3217 750.72809 38.89208 18.7847
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P

ss]
Diethyl (R)-2-(2-(naphthalen-2-yl)but-3-en-2-yl)malonate (32s)
Prepared according to general procedure 1 using carbonate 31s (23.4 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol) with purification by preparative TLC (10% EtOAc in
hexanes) to provide a colorless oil (10.1 mg, 32% yield, 92% ee); 'H NMR (400 MHz,
CDClL) 6 7.13 — 7.07 (m, 2H), 6.88 — 6.78 (m, 2H), 6.22 (ddd, J=17.1, 10.5, 1.7 Hz, 1H),
5.24 (ddd, J=10.5,2.1, 1.0 Hz, 1H), 4.76 (ddd, J=17.1, 2.0, 0.9 Hz, 1H), 4.23 (tdd, J=7.1,
5.2, 1.8 Hz, 3H), 4.08 (d, /= 1.7 Hz, 1H), 4.01 — 3.87 (m, 3H), 2.91 (dddd, J = 14.2, 12.4,
4.0, 1.7 Hz, 1H), 2.03 (ddt, J=14.1, 3.1, 1.9 Hz, 1H), 1.28 (td, /= 7.1, 1.7 Hz, 3H), 0.97 (td,
J=7.1,1.7Hz, 3H); C NMR (100 MHz, CDCl3) § 167.8, 167.3, 155.6, 143.3, 128.6, 128.2,
123.6,120.1,117.6,117.4,62.6,61.6,61.2,59.2,43.3,29.0, 14.2, 13.8; IR (Neat Film, NaCl)
2981, 1749, 1732, 1489, 1449, 1366, 1304, 1226, 1169, 1031, 931 cm™!; HRMS (FD+) m/z
calc’d for CigH20s [M]": 318.1462 found 318.1469; [a]p® +2.5 (¢ 0.5, CHCI3); SFC
Conditions: 2% MeOH, 2.5 mL/min, Chiralpak IC column, A = 210 nm, tr (min): minor =

8.28, major = 8.87.

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
il Bttt [====]======- |====m—— | ====m——— | ======= [
1 8.281 BV 0.2319 558.66656 36.22104 4.0546
2 8.866 VB 0.3546 1.32198e4 587.27740 95.9454
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Diethyl (R)-2-(3-methyl-5-phenylpent-1-en-3-yl)malonate (32¢t)

Prepared according to general procedure 1 using carbonate 31t (23.4 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol) with purification by preparative TLC (5% EtOAc in
hexanes, eluted twice) to provide a colorless oil. An unidentified impurity persisted despite
extensive attempts to further purify the title compound. This impurity did not affect product
assignment or assignment of enantiomers, but as a result, the yield is reported by NMR
relative to an internal (CH2Br,) standard (50% yield by 'H NMR, 86% ee); 'H NMR (400
MHz, CDCL) 6 7.32 — 7.16 (m, 5H), 6.12 — 6.01 (m, 1H), 5.17 (dt, J = 10.8, 0.9 Hz, 1H),
5.08 (dt, J=17.5, 0.9 Hz, 1H), 4.25 — 4.09 (m, 4H), 3.47 (s, 1H), 2.60 — 2.50 (m, 2H), 1.96
—1.76 (m, 2H), 1.35 (s, 3H), 1.25 (tdd, J=7.1, 3.5, 0.8 Hz, 6H); *C NMR (100 MHz, CDCl5)
0168.0,167.9,143.1,142.6,128.5,128.5,128.4, 128.4,125.9,125.9,114.2,61.2,61.1, 60.1,
42.3,41.4, 30.6, 20.1, 14.3, 14.2; IR (Neat Film, NaCl) 2970, 1729, 1470, 1167, 1040, 851
cm!; HRMS (FI+) m/z calc’d for CioH2O4: 318.1826 found 318.1846; [a]p®® +1.3 (c 0.5,
CHCI3); HPLC Conditions: 0.07% IPA, 1.0 mL/min, Chiralpak IH column, A =210 nm, tr

(min): major = 6.09, minor = 6.66.

Peak RetTime Type Width Area Height re

4 [min] [min] mAU *s  [mAU ] %
il R |==== === | I |
0.1635 4858.69092 495.35336 93.1809
0.2294 355.56625 25.83048  6.8191
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Diethyl (R)-2-(3,7-dimethylocta-1,6-dien-3-yl)malonate (32u)

Prepared according to general procedure A using carbonate 31u (21.2 mg, 0.1 mmol) and
diethyl malonate (16.0 mg, 0.1 mmol). Purification by preparative TLC (5% EtOAc in
hexanes, eluted twice) provided a colorless oil. An unidentified impurity persisted despite
extensive attempts to further purify the title compound. This impurity did not affect product
assignment or assignment of enantiomers, but as a result, the yield is reported by NMR
relative to an internal (CH2Br,) standard (63% yield by 'H NMR, 87% ee); 'H NMR (400
MHz, CDCl3) 6 5.99 (dd, J=17.5,10.9 Hz, 1H), 5.14 — 4.95 (m, 3H), 4.16 (dq, /= 8.5, 7.1
Hz, 4H), 3.41 (s, 1H), 1.94—1.85 (m, 2H), 1.66 (d, /= 1.4 Hz, 3H), 1.57 (d, /= 1.2 Hz, 4H),
1.32 — 1.18 (m, 10H); 3C NMR (100 MHz, CDCls) & 168.0, 168.0, 143.3, 131.7, 124.3,
113.8, 61.1, 61.1, 60.2, 42.2, 39.3, 25.8, 22.8, 20.0, 17.7, 14.3, 14.2; IR (Neat Film, NaCl)
2985, 1982, 1755, 1736, 1444, 1166, 1035, 912, 681 cm™!; HRMS (FI+) m/z calc’d for
C17H2804: 296.1982 found 296.2001; [a]p* +1.1 (¢ 1.0, CHCIl3); HPLC Conditions: 0.06%

IPA, 1.0 mL/min, Chiralpak IH column, A =210 nm, tr (min): major = 5.90, minor = 6.50.

Peak RetTime Type Width Area Height Area
#  [min] [min] mAU  *s  [mAU ]

-1 == | | | |
1 5.899 MM 0.1884 1901.37109 168.21719 93.4025
2 6.507 MM 0.1957 134.30399 11.43600 6.5975

1.11.2.2 Derivatizations of products
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2M LiOH
EtOijiC/OzE‘ 1,4-dioxane, 100 °C, 3 h CO,H
Merr; then -
e 7 conc. HCl to pH 1 Me: )/\/
Ph reflux, 24 h Ph

Carboxylic acid 40

To a round bottom flask with stir bar and reflux condenser was added malonate product 32a
(145 mg, 0.5 mmol, 1.0 equiv) in dioxane (2.5 mL). 2 N aq. LiOH (0.75 mL) was added, and
the mixture was heated to reflux. After 3h, TLC analysis indicated full consumption of the
starting material. The solution was allowed to cool to room temperature, then concentrated
HCl was added until the solution reached a pH of 1. The reaction mixture was then heated to
reflux and periodically monitored by LC/MS. After 36h, although full conversion of the
diacid to the decarboxylated product was not entirely complete, ethyl acetate was added, and
the layers were partitioned and extracted three times with ethyl acetate (5 mL). The combined
organic layers were washed with brine, dried over MgSOs, and concentrated under reduced
pressure. The crude reaction mixture was purified by silica gel chromatography (20%
EtOAc, 1% AcOH in hexanes) to afford a yellow oil (33.0 mg, 35% yield); [a]p? —4.5 (c
1.0, CHCl3); 'H NMR (500 MHz, CDCl3)  7.34 — 7.29 (m, 4H), 7.21 (ddt, J=6.1, 5.4, 2.6
Hz, 1H), 6.15 (dd, J=17.4, 10.7 Hz, 1H), 5.16 (dd, J=10.6, 0.9 Hz, 1H), 5.09 (dd, J=17.4,
0.9 Hz, 1H), [2.83, 2.82] (ABq, 2H, J4z = 14.5 Hz), 1.57 (s, 3H); *C NMR (100 MHz,
CDCl3) 06 177.0, 145.9, 145.2, 128.4, 126.5, 126.4, 112.9, 45.4, 43.4, 25.6. HRMS (FI+) m/z

calc’d for C12H1402: 190.0984, found 190.0988.
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K50s0,4:2H,0 (1 mol%)
CO,Et

EtO,C CO,Et 2,6-lutidine EtO,C
NalO, _
Mer/\ A dioxane:H,0 (3:1) Mer A 20

PH 50°C, 24 h Ph

Quaternary aldehyde 41

To a flame-dried 1 Dr vial with stir bar was added the malonate product 32a (29.0 mg, 0.1
mmol, 1.0 equiv) and K20Os04°2H>0 (0.4 mg, 0.001 mmol, 1 mol %). 2,6 lutidine (21.4 mg,
0.2 mmol, 2.0 equiv) was added as a solution in dioxane:H>O (1.0 mL). To the stirring
mixture was then added NalO4 (86 mg, 0.4 mmol, 4.0 equiv). The reaction vial was then
heated to 50 °C for 24 h. After 24 h, the starting material had been consumed by TLC. The
reaction mixture was cooled to room temperature and filtered through a pad of celite, eluting
with dichloromethane (10 mL) and EtOAc (5 mL). Water was then added, and the layers
were separated and extracted three times with dichloromethane. The combined organic layers
were washed with brine, then dried over MgSOs and concentrated under reduced pressure.
The crude mixture was purified by silica gel flash chromatography (10% EtOAc in hexanes)
to afford the product as a colorless oil (19.0 mg, 67% yield); [a]p?® +0.5 (¢ 1.0, CHCl3); 'H
NMR (500 MHz, CDCl3) 8 9.55 (s, 1H), 7.38 — 7.27 (m, 5H), 4.35 (s, 1H), 4.19 (qd, /= 7.2,
2.7 Hz, 2H), 3.96 (q, /= 7.1 Hz, 2H), 1.88 (s, 3H), 1.25 (t, /= 7.1 Hz, 3H), 0.99 (t, J= 7.1
Hz, 3H); 3C NMR (100 MHz, CDCl3) § 199.1, 167.6, 167.5, 136.7, 129.0, 128.1, 127.6,
61.8,61.4,57.3,54.6,16.0, 14.1, 13.9; IR (Neat Film, NaCl) 2982, 1728, 1446, 1368, 1310,
1232, 1164, 1078, 1029 cm™'; HRMS (ESI+); m/z calc’d for CisH20sNa [M+Na]*:

315.1209, found 315.1203.
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Me

Et0,C._ _CO,Et Nat Et0,C._| .CO,Et
Me'l/ THF, 24 h Me'L

Ph Ph

Vicinal quaternary product 42

Sodium hydride (60 % dispersion in mineral oil, 0.12 mmol) was added to a 1 Dr vial. The
vessel was purged and backfilled three times with nitrogen. THF (0.25 mL) was added and
the suspension was cooled to 0°C. Malonate 32a (29.0 mg, 0.1 mmol, 1.0 equiv) was added
as a solution in THF (0.25 mL). The solution was allowed to warm to 23°C over the course
of one hour. Methyl iodide (0.2 mmol) in THF (0.5 mL) was then added dropwise to the
stirred solution. After 24 hours the crude reaction mixture was diluted with ethyl acetate,
then water was added and the mixture was stirred for 10 minutes. The layers were separated
and extracted three times with EtOAc (20 mL). The combined organic layers were washed
with brine, dried over MgSQOy4, and concentrated under reduced pressure. The crude residue
was purified by silica gel flash chromatography (2% to 10% EtOAc in hexanes; 2%
increments, 50 mL each) to afford a colorless oil (13.0 mg, 43% yield); [a]p® +15.0 (c 1.0,
CHCI3); '"H NMR (500 MHz, CDCI3) & 7.45 — 7.39 (m, 2H), 7.25 — 7.16 (m, 2H), 6.90 (dd,
J=17.5,11.0 Hz, 1H), 5.21 (dd, J=11.0, 1.1 Hz, 1H), 5.02 (dd, J=17.5, 1.2 Hz, 1H), 4.12
—4.02 (m, 4H), 1.72 (s, 3H), 1.49 (s, 3H), 1.17 (dt, J = 14.5, 7.1 Hz, 6H); 1*C NMR (100
MHz, CDCl3) 6 171.4,171.4, 144.6, 144.2,128.9, 127.4,126.5,114.4,61.3,61.2,61.1, 49.1,
23.2,19.8, 14.0, 14.0; IR (Neat Film, NaCl) 2981, 1729, 1445, 1381, 1254, 1026, 917, 753,

702 cm™'; HRMS (FI+) m/z calc’d for Ci1sH2404: 304.1669, found 304.1683.
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EtO,C CO,Et
LAH (6 equiv)
Me:,, /

THF (0.1 M), 0 » 23°C,3 h

Diol 43

LAH (0.6 mmol, 6.0 equiv) was added to a flame dried 1 Dr vial fitted with septum. The vial
was cooled to 0 °C and 0.5 mL THF was added. Malonate 32a (29.0 mg, 0.1 mmol, 1.0
equiv) was dissolved in 0.5 mL THF and added to the stirred LAH suspension. After stirring
for 3 h, the reaction was cooled to 0 °C. 0.5 mL EtOAc was added to quench the reaction,
which was then diluted with Et;O followed by addition of a twofold excess of saturated
potassium sodium tartrate. The layers were partitioned, the aqueous layer was extracted three
times with ethyl acetate (10 mL), washed with brine, dried over MgSOs, and concentrated
under reduced pressure. The crude mixture was purified by preparative TLC (50 % EtOAc
in hexanes) affording a colorless oil (13.8 mg, 67%); [a]p® +4.4 (¢ 1.0, CHCl3); 'H NMR
(400 MHz, CDCl3) 6 7.36 — 7.29 (m, 4H), 7.20 (ddt, /= 6.6, 5.6, 2.3 Hz, 1H), 6.13 (dd, J =
17.5, 10.8 Hz, 1H), 5.19 (dd, J = 10.8, 1.0 Hz, 1H), 5.11 (dd, J = 17.5, 1.0 Hz, 1H), 3.85
(ddd, J=10.7, 3.3, 1.4 Hz, 1H), 3.77 — 3.64 (m, 3H), 2.61 (br s, 1H), 2.51 (br s, 1H), 2.40
(tdd, J = 8.6, 4.1, 3.2 Hz, 1H), 1.37 (s, 3H; 3C NMR (100 MHz, CDCl3) & 146.5, 144.3,
128.6,126.4,126.3,113.6,64.9, 64.9, 50.1,45.4,21.7; IR (Neat Film, NaCl) 3304 (br), 2935,
1599, 1444, 1066, 1009, 919, 763, 730, 702 cm™!; HRMS (FI+) m/z calc’d for Ci3His0x:

206.1301, found 206.1315.
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2 N aq. LiOH (3 equiv)
dioxane (0.2 M), reflux, 3 h

then
conc. HCltopH =1
reflux, 36 h

Med
Carboxylic acid 44

To a round bottom flask with stir bar and reflux condenser was added malonate 32e (246 mg,
0.77 mmol) in dioxane (3 mL). 2 N aq. LiOH (1.15 mL) was added, and the mixture was
heated to reflux. After 3h, TLC analysis indicated full consumption of the starting material.
The solution was allowed to cool to room temperature, then concentrated HCI was added
until the solution reached a pH of 1. The reaction mixture was then heated to reflux and
periodically monitored by LC/MS until consumption of the diacid was observed. After 36h,
ethyl acetate was added, the layers were partitioned and extracted three times with ethyl
acetate. The combined organic layers were washed with brine, dried over MgSQO4, and
concentrated under reduced pressure. The crude product was re-dissolved in a minimal
amount of ethyl acetate (0.1 mL), 2 M K»>COs3 (5 mL) was added and the solution was stirred
vigorously for 2h. The layers were separated and concentrated HCl was added until the
solution reached a pH of 1. The aqueous layer was extracted four times with ethyl acetate (5
mL). The combined organic layers were washed with brine, dried over MgSO4, and
concentrated to afford an oil that solidified to an off-white amorphous solid (110 mg, 65%
yield); [a]p® —5.5 (¢ 0.5, CHCl3); 'H NMR (400 MHz, CDCl3) 8 7.26 — 7.22 (m, 2H), 6.89
—6.79 (m, 2H), 6.12 (dd, J=17.4, 10.7 Hz, 1H), 5.22 — 5.01 (m, 2H), 3.79 (s, 3H), [2.81,
2.78] (ABq, 2H, J4z = 14.3 Hz), 1.55 (s, 3H); *C NMR (100 MHz, CDCl3) § 176.8, 158.1,
145.6, 137.9, 127.5, 113.7, 112.5, 55.3, 45.5, 42.8, 25.7; IR (Neat Film, NaCl) 2929, 1706,
1609, 1581, 1512, 1462, 1413, 1294, 1248, 1182, 1163, 1034, 921, 827 cm™!; HRMS (FI+)

m/z calc’d for Ci13H1603: 220.1094, found 220.1108.
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cat. H,SO,

EtOH, reflux, 14 h

MeO

Ethyl ester 45

To a flame-dried round bottom 5 mL flask with stir bar and reflux condenser was added the
B-quaternary acid 44 (20 mg, 0.09 mmol) in ethanol (1 mL). Catalytic H2SO4 (0.05 mL) was
added, and the mixture was heated to reflux. After 14h, TLC and LC/MS analysis indicated
full consumption of the starting material. The solution was allowed to cool to room
temperature, then neutralized with NaHCOs3, extracted 3x with ethyl acetate, washed with
brine, dried over MgSOa, and concentrated under reduced pressure. The product was purified
by preparative TLC (20% ethyl acetate in hexanes) affording a colorless oil (15.3 mg, 69%
yield); [a]p® —6.9 (¢ 0.5, CHCl3); '"H NMR (500 MHz, CDCl3) § 7.25 — 7.22 (m, 2H), 6.87
—6.81 (m, 2H), 6.13 (dd, /= 17.4, 10.7 Hz, 1H), 5.15 — 5.02 (m, 2H), 4.00 (q, /= 7.1 Hz,
2H), 3.79 (s, 3H), [2.77, 2.72] (ABq, 2H, J43 = 13.9 Hz), 1.55 (s, 3H), 1.12 (t, /= 7.1 Hz,
3H); 3C NMR (100 MHz, CDCl3) 6 171.5, 158.0, 146.0, 138.2, 127.6, 113.6, 112.1, 60.2,
55.4,46.0,43.0,25.7, 14.3; IR (Neat Film, NaCl) 2976, 2834, 1733, 1609, 1512, 1462, 1366,
1296, 1251, 1183, 1034, 911, 861, 831 cm™'; HRMS (FI+) m/z calc’d for CisHzOs:

248.1407, found 248.1424.
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1.11.2.3 Ligand Synthesis

PCl; (1.05 equiv)
Et3N (3 equiv) OO

THF, 0 —+ 66 °C,6 h o
HN | >P—N |

then
(S)-Binol (1.1 equiv)
Et;N (4 equiv)
toluene:THF (6:1),-78 — 23 °C
overnight

Phosphoramidite Ligand (S,)-L3

The ligand was prepared according to a modified procedure disclosed by You and
coworkers;*® A flame-dried 250 mL 3-necked round bottomed flask equipped with a reflux
condenser and addition funnel was charged with PCl3 (504 mg (0.32 mL), 3.68 mmol, 1.05
equiv) and THF (5 mL). The solution was cooled to 0 °C. Iminostilbene (676 mg, 3.0 mmol,
1 equiv) and EtN (1.06 g (1.46 mL), 10.5 mmol, 3 equiv) in THF (12 mL) were added
dropwise. After the addition was complete, the solution was warmed to 23 °C then heated to
reflux for 6 h. After TLC indicated consumption of the amine, the solution was cooled to —
78 °C. A solution of (S)-Binol (1.10 g, 3.85 mmol, 1.1 equiv) and EtN (1.42 g (1.95 mL),
14 mmol, 4 equiv) in THF (10 mL) in toluene (60 mL) was added dropwise. After addition
the solution was allowed to warm to 23 °C and stir overnight. The solution was then filtered
over celite and silica eluting with ethyl acetate. The crude reaction mixture was concentrated
and purified by silica gel chromatography (25% — 50% toluene in hexanes) to afford the
desired ligand as a white solid (600 mg, 34% yield); 'H NMR (500 MHz, CDCls) & 7.98 (d,
J=28.8 Hz, 1H), 7.90 (d, J=8.2 Hz, 1H), 7.78 — 7.73 (m, 1H), 7.61 (d, /= 8.8 Hz, 1H), 7.45
—7.32 (m, 3H), 7.30 - 7.07 (m, 9H), 7.02 — 6.89 (m, 3H), 6.84 (d, J= 8.8 Hz, 1H), 6.53 (td,

J=17.6,1.6 Hz, 1H). All characterization data matched those reported in the literature.?!
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1.11.2.4 General procedure 2: Synthesis of allylic carbonate electrophiles
NaH
Me hop;tl'i‘;tggclzetate Me b gIHBéII__H Me
p 2Cl2
—_— e
n’go THF RJ\/CozE‘ 2. CI(CO)OCH, n)\/\ocoznne
pyridine
46 47 CH,Cl, 31

Horner—Wadsworth—Emmons Olefination: To a flame-dried round bottom flask was added

NaH (60% dispersion in mineral oil, 1.5 equiv). The flask was purged and backfilled three
times with nitrogen. Then THF (0.4 M) was added, and the resulting gray suspension was
cooled to 0 °C and stirred. To the cooled suspension was added neat triethyl
phosphonoacetate (1.5 equiv) dropwise, causing rapid gas evolution, and stirred for 30
minutes, during which time the solution became clear. The solution was allowed to warm to
21 °C then heated to 40 °C using a metal heating block or oil bath. A solution of ketone (1.0
equiv, 1.0 M in THF) was added slowly to the reaction mixture and allowed to stir overnight.
After stirring for ~20h, the mixture was cooled to 0 °C, diluted with Et2O and quenched with
water. The layers were separated and extracted three times with EtOAc (75 mL). The
combined organic layers were washed with brine, dried over MgSQO4, and concentrated under
reduced pressure. The crude residue showed the desired (E)-alkene product in ratios ranging
from 2:1 to 10:1 depending on the substrate. These geometric isomers were separated by
silica gel flash column chromatography to afford the desired (E)-products (47).

Diisobutyl aluminum hydride reduction: To a flame-dried round bottom flask was

added the (E)-alkene (1.0 equiv) and CH>Cl, (0.25 M), and the solution was cooled to —78
°C. DIBAL (3 equiv) was added neat dropwise. The solution was stirred at —78 °C for 1h,
before warming to room temperature and stirring for an additional hour. Upon completion as
determined by TLC analysis, the reaction was quenched with EtOAc and diluted twofold

with EtO. A large excess of a saturated Rochelle’s salt solution was added and allowed to
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stir until two clear layers had formed. The layers were separated and extracted three times
with Et,O (75 mL). The combined organic layers were washed with brine, dried over MgSOs,
and concentrated under reduced pressure. The crude allylic alcohol products were used
directly in the subsequent step without further purification.

Carbonate formation: To a flame-dried round bottom flask was added crude allylic

alcohol (1.0 equiv) followed by dichloromethane (0.25 M) and pyridine (9.0 equiv), and the
resulting mixture stirred at 0 °C for 5 min. Methyl chloroformate (3 equiv) was added
dropwise (neat). The reaction mixture was then allowed to stir and gradually reach 23 °C
overnight. After stirring for 20h the crude reaction mixture was diluted with and equal
volume of Et;0O and quenched with 1N HCI (8 equiv). The layers were separated, and the
aqueous layer was extracted three times with EtOAc (70 mL). The combined organic layers
were washed with brine, dried over MgSQs, and concentrated under reduced pressure. The
crude product was purified by silica gel flash chromatography to afford the desired allylic
carbonate.

For known allylic carbonates, only 'H NMR data is presented. For new carbonates,
yields reported refer to the formation of the allylic carbonate from the corresponding ester
unless otherwise stated, and '"H NMR data for the intermediate ester 47 is for previously

reported compounds.
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Me

Wocone

(E)-methyl (3-phenylbut-2-en-1-yl) carbonate (31a)

Prepared according to general procedure 2. 'H NMR (500 MHz, CDCl3) 6 7.41 (dd, J=7.7,
1.7 Hz, 2H), 7.33 (t, J="7.5 Hz, 2H), 7.28 (d, /= 7.2 Hz, 1H), 5.93 (td, /= 7.0, 1.5 Hz, 1H),
4.86 (d, J= 7.0 Hz, 2H), 3.81 (s, 3H), 2.14 (s, 3H). All characterization data matched those

reported in the literature >

0OCO,Me

Mer- A~

Ph @

Methyl (2-phenylbut-3-en-2-yl) carbonate (31ab)

Prepared according to a literature procedure®® from 2-phenylbut-3-en-2-ol and used without
purification. "H NMR (400 MHz, CDCl3) 4 7.42 —7.27 (m, 5H), 6.29 (dd, /= 17.4, 10.8 Hz,
1H), 5.37 — 5.25 (m, 2H), 3.70 (s, 3H), 1.92 (s, 3H). The compound has a propensity to
undergo [3,3]-sigmatropic rearrangement on silica gel and at temperatures >30 °C and should

be handled cautiously.

Ph

(2)-methyl (3-phenylbut-2-en-1-yl) carbonate (31ac)

Prepared according to general procedure 2 using minor (Z) isomer separated after Horner-
Wadsworth-Emmons olefination for the preparation of 31a. 'H NMR (500 MHz, CDCl3) &
7.38—-7.33 (m, 2H), 7.31 - 7.27 (m, 1H), 7.20 - 7.16 (m, 2H), 5.70 (td, /= 7.3, 1.6 Hz, 1H),
4.56 (dt, J = 7.2, 1.1 Hz, 2H), 3.77 (d, J = 0.8 Hz, 3H), 2.11 (t, J = 1.3 Hz, 3H). All

characterization data matched those reported in the literature.!”
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Me

OO NX-"oco,Me

(E)-methyl (3-(naphthalen-2-yl)but-2-en-1-yl) carbonate (31b)

Prepared according to general procedure 2. 'H NMR (400 MHz, CDCl3) & 7.90 — 7.76 (m,
4H), 7.58 (dd, J = 8.6, 1.9 Hz, 1H), 7.51 — 7.43 (m, 2H), 6.08 (tq, J= 7.0, 1.3 Hz, 1H), 4.92
(dt,J=7.0,0.7 Hz, 2H), 3.82 (s, 3H), 2.24 (dt, J= 1.4, 0.7 Hz, 3H). All characterization data

matched those reported in the literature.!

(E)-methyl (3-(m-tolyl)but-2-en-1-yl) carbonate (31c)

Prepared according to general procedure 2. 'H NMR (400 MHz, CDCl3) & 7.25 — 7.18 (m,
3H), 7.11 — 7.08 (m, 1H), 5.95 — 5.86 (m, 1H), 4.85 (dq, J = 7.0, 0.7 Hz, 2H), 3.80 (s, 3H),
2.36 (d, /= 0.8 Hz, 3H), 2.12 (dt, J = 1.3, 0.7 Hz, 3H). All characterization data matched

those reported in the literature.>*

Me

Q)\/\ocozme

a
(E)-3-(3-chlorophenyl)but-2-en-1-yl methyl carbonate (31d)

Prepared according to general procedure 2. 'H NMR (400 MHz, CDCl3) & 7.38 (q, J = 1.5
Hz, 1H), 7.29 — 7.23 (m, 3H), 5.92 (tq, /= 7.0, 1.4 Hz, 1H), 4.84 (dq, J = 6.9, 0.9 Hz, 2H),
3.81 (s, 3H), 2.10 (dt, J= 1.4, 0.8 Hz, 3H). All characterization data matched those reported

in the literature.°
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Me
/©)\/\0002Me
MeO
(E)-3-(4-methoxyphenyl)but-2-en-1-yl methyl carbonate (31e)
Prepared according to general procedure 2. 'H NMR (500 MHz, CDCls) & 7.38 — 7.30 (m,
2H), 6.89 — 6.83 (m, 2H), 5.87 (t, J=7.1 Hz, 1H), 4.84 (d,J=7.1 Hz, 2H), 3.82 (s, 3H), 3.80

(s, 3H), 2.11 (s, 3H). All characterization data matched those reported in the literature >

Me
/©)\/\ocozm
Me’
(E)-methyl (3-(p-tolyl)but-2-en-1-yl) carbonate (31f)
Prepared according to general procedure 2. 'H NMR (400 MHz, CDCl3) & 7.35 — 7.27 (m,
2H), 7.18 = 7.09 (m, 2H), 5.90 (tq, J= 7.1, 1.3 Hz, 1H), 4.84 (dd, /= 7.1, 0.8 Hz, 2H), 3.80
(s, 3H), 2.34 (s, 3H), 2.11 (dd, /= 1.4, 0.8 Hz, 3H). All characterization data matched those

reported in the literature.>*

Me

/Q)V\ OCO,Me
|

(E)-3-(4-iodophenyl)but-2-en-1-yl methyl carbonate (31g)

Prepared according to general procedure 2. Purified by silica gel column chromatography
(10% EtOAc in hexanes) to provide the title compound as a yellow solid (165 mg, 57%
yield). '"H NMR (400 MHz, CDCl3) § 7.65 (d, J = 8.5 Hz, 2H), 7.14 (d, J = 8.5 Hz, 2H), 5.91
(tq,J=6.9, 1.4 Hz, 1H), 4.83 (dd, J=6.9, 0.9 Hz, 2H), 3.80 (s, 3H), 2.09 (dt, ] = 1.5, 0.7 Hz,
3H); 3C NMR (100 MHz, CDCl3) & 155.9, 142.0, 140.1, 137.5, 127.9, 121.4, 93.3, 64.9,

55.0, 16.2; IR (Neat Film, NaCl) 2955, 1744, 1687, 1582, 1483, 1442, 1392, 1262, 1125,
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1073, 1004, 945, 849, 818, 793, 742 cmi™!; HRMS (FI+) m/z calc’d for C12H30s1: 331.9904,
found 331.9922. Data for intermediate (E)-ester 47e matched those previously reported;* 'H
NMR (500 MHz, CDCL3) § 7.70 (d, J = 8.2 Hz, 2H), 7.21 (d, J = 8.2 Hz, 2H), 6.11 (s, 1H),

4.22(q,J="7.1 Hz, 2H), 2.54 (d,J= 1.4 Hz, 3H), 1.32 (t, /= 7.1 Hz, 3H).

Ve
/Q)V\OCOZMe

Br

(E)-3-(4-bromophenyl)but-2-en-1-yl methyl carbonate (31h)

Prepared according to general procedure 2. Purified with a short silica plug eluting with
5% EtOAc in hexanes to provide the title compound as a white amorphous solid (1.04 g,
50% yield); '"H NMR (500 MHz, CDCl3) 6 7.48 — 7.42 (m, 2H), 7.30 — 7.24 (m, 2H), 5.91
(td, J=6.7,3.3 Hz, 1H), 4.84 (d, J = 6.9 Hz, 2H), 3.81 (d, J= 1.3 Hz, 3H), 2.11 (s, 3H);
3C NMR (100 MHz, CDCls) 8 156.0, 141.4, 140.0, 131.5, 127.7, 121.8, 121.4, 64.9, 55.0,
16.3; IR (Neat Film, NaCl) 2954, 1744, 1442, 1262, 940, 791 cm™!; HRMS (FI+) m/z calc’d
for Ci12H1303: 284.0042, found 284.0056. Data for intermediate (E)-ester 47h matched
those previously reported;*® "H NMR (500 MHz, CDCl3) 8 7.50 (d, J = 8.4 Hz, 2H), 7.34
(d,J=8.3 Hz, 2H), 6.11 (s, 1H), 4.22 (q, J= 7.1 Hz, 2H), 2.55 (s, 3H), 1.32 (t, /= 7.1 Hz,

3H).
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Me
/©)\/\ocoznne
Cl
(E)-3-(4-chlorophenyl)but-2-en-1-yl methyl carbonate (31i)
Prepared according to general procedure 2. '"H NMR (500 MHz, CDCl3) § 7.36 — 7.28 (m,
4H), 5.91 (dd, J=17.8, 6.1 Hz, 1H), 4.84 (d, J = 7.0 Hz, 2H), 3.81 (s, 3H), 2.11 (s, 3H). All

characterization data matched those reported in the literature.>*

Me

/©)\/\ 0CO,Me
F3C

(E)-methyl (3-(4-(trifluoromethyl)phenyl)but-2-en-1-yl) carbonate (31j)

Prepared according to general procedure 2. '"H NMR (400 MHz, CDCl3) § 7.62 — 7.54 (m,
2H), 7.53 — 7.45 (m, 2H), 6.02 — 5.93 (m, 1H), 4.86 (dd, /= 6.8, 0.9 Hz, 2H), 3.81 (s, 3H),
2.14 (dt, J = 1.5, 0.8 Hz, 3H). All characterization data matched those reported in the

literature.’*

Me

/©N°°02Me
O,N

(E)-methyl (3-(4-nitrophenyl)but-2-en-1-yl) carbonate (31k)

Prepared according to general procedure 2. Purified by column chromatography (5% EtOAc
in hexanes) to provide the title compound product as a light orange amorphous solid (195.3
mg, 39% yield); 'TH NMR (500 MHz, CDCl3) & 8.19 (d, J= 8.7 Hz, 2H), 7.54 (d, J= 8.8 Hz,
2H), 6.05 (dd, J=17.5, 5.9 Hz, 1H), 4.88 (d, J = 6.7 Hz, 2H), 3.82 (s, 3H), 2.17 (s, 3H); 1*C
NMR (100 MHz, CDCl3) 6 155.9, 148.9, 147.3, 138.9, 126.8, 124.6, 123.8, 64.7, 55.1, 16.4;

IR (Neat Film, NaCl) 2961, 1742, 1592, 1515, 1438, 1345, 1271, 968, 860, 792, 744 cm™;
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HRMS (FI+) m/z calc’d for C12H13NOs: 251.0788, found 251.0796. Data for intermediate
(E)-ester 47k matched those previously reported;*” '"H NMR (500 MHz, CDCls) & 8.23 (d, J
— 8.8 Hz, 2H), 7.61 (d, J = 8.8 Hz, 2H), 6.18 (q, J = 1.4 Hz, 1H), 4.24 (q, J = 7.1 Hz, 3H),

2.59 (d,J= 1.4 Hz, 2H), 1.34 (t, J= 7.1 Hz, 3H).

Me

X 0CO,Me
MeO

OMe

(E)-3-(3,4-dimethoxyphenyl)but-2-en-1-yl methyl carbonate (311)

Prepared according to general procedure 2. Purification by silica gel chromatography (10%
EtOAc in hexanes) afforded the title compound as a colorless oil (224 mg, 84% yield); 'H
NMR (400 MHz, CDCl3) 6 7.01 — 6.92 (m, 2H), 6.83 (d, J = 8.3 Hz, 2H), 5.88 (ddt, J="7.1,
5.7, 1.3 Hz, 1H), 4.85 (dq, J= 7.1, 0.7 Hz, 2H), 3.90 (s, 3H), 3.89 (s, 3H), 3.80 (s, 3H), 2.14
—2.10 (m, 3H); *C NMR (100 MHz, CDCl3) & 156.0, 149.0, 148.8, 140.9, 135.4, 119.4,
118.5,110.9, 109.3, 65.2, 56.1, 56.1, 55.0, 16.5; (Neat Film, NaCl) 2954, 2856, 1746, 1601,
1583, 1517, 1444, 1416, 1376, 1340, 1255, 1174, 1149, 1026, 944, 905, 860, 792, 767 cm™';
HRMS (FI+) m/z calc’d for C14Hi130s: 266.1149, found 266.1173. Data for intermediate (E)-
ester 471 matched those previously reported;*® '"H NMR (400 MHz, CDCls) § 7.10 (dd, J =
8.4,2.2 Hz, 1H), 7.01 (d,J=2.2 Hz, 1H), 6.86 (d, /= 8.4 Hz, 1H), 6.11 (q, /= 1.3 Hz, 1H),
422 (q,J=17.1 Hz, 2H), 391 (d, J=4.6 Hz, 6H), 2.57 (d, /= 1.3 Hz, 3H), 1.32 (t,/="7.1

Hz, 3H).
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Me

MeO
e X 0CO,Me
MeO

OMe
(E)-methyl (3-(3,4,5-trimethoxyphenyl)but-2-en-1-yl) carbonate (31m)

Prepared according to general procedure 2. Purification by silica gel chromatography (10 =
20% EtOAc in hexanes) afforded the title compound as a colorless oil (692 mg, 39% yield);
"H NMR (400 MHz, CDCl3) 8 6.60 (s, 2H), 5.87 (tq, J= 7.0, 1.4 Hz, 1H), 4.84 (dd, J= 7.0,
0.9 Hz, 2H), 3.87 (s, 6H), 3.85 (s, 3H), 3.80 (s, 3H), 2.11 (dd, J= 1.4, 0.7 Hz, 3H); *C NMR
(100 MHz, CDCl3) 6 155.8, 153.0, 141.1, 138.4, 137.8, 120.5, 103.3, 64.9, 60.9, 56.2, 54.9,
16.6. IR (Neat Film, NaCl) 3478, 2968, 1500, 2160, 2020, 1954, 1754, 1584, 1412, 1253,
1122, 943,794 cm™'; HRMS (FI+) m/z calc’d for CisH20Os: 296.1254, found 296.1277.
Data for intermediate (E)-ester 47m matched those previously reported;*® '"H NMR (400
MHz, CDCl3) & 6.68 (s, 2H), 6.10 (d, /= 1.3 Hz, 1H), 4.22 (q, /= 7.1 Hz, 2H), 3.89 (s, 6H),

3.87 (s, 3H), 2.56 (d, J = 1.3 Hz, 3H), 1.33 (t,J= 7.1 Hz, 3H).

Ketone 46n
To a flame-dried flask was added Weinreb amide 48 (prepared according to the procedure of
Lu and coworkers®) (1.83 g, 4.02 mmol, 1.0 equiv). The reaction vessel was purged and

backfilled. THF (20 mL) was added and the solution was stirred and cooled to 0 °C. MeMgBr
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(3.0 M in Et,0O, 2.0 mL, 6.03 mmol, 1.5 equiv) was added dropwise to the stirred solution.
The solution was stirred at 0 °C for 40 min. Then saturated aqueous NH4Cl was added.
CHxCl> was added, the layers were partitioned, and the aqueous layer was extracted four
times with CH>Clz. The combined extracts were dried over NaxSO4 and concentrated. The
title compound was afforded relatively cleanly by NMR and was used without further
purification (1.40 g, 85% yield). "H NMR (400 MHz, CDCl3)  8.48 (d, /= 1.7 Hz, 1H), 8.08
—7.97 (m, 3H), 7.93 (d, J = 8.7 Hz, 1H), 7.81 (dd, J= 8.5, 1.8 Hz, 1H), 7.61 (d, J = 2.4 Hz,
1H), 7.55 (dd, J= 8.4, 2.4 Hz, 1H), 7.00 (d, /= 8.4 Hz, 1H), 3.91 (s, 3H), 2.74 (s, 3H), 2.19
(d, J= 3.1 Hz, 6H), 2.15 — 2.08 (m, 3H), 1.81 (t, J = 3.1 Hz, 6H). 3C NMR (100 MHz,
CDCl3) 6 198.2, 159.1, 141.8, 139.2, 136.2, 134.2, 132.6, 131.4, 130.1, 130.1, 128.6, 126.7,
126.1, 125.9, 124.9, 124.4, 112.2, 55.3, 40.7, 37.3, 37.3, 29.2, 26.8; IR (neat film, NaCl)
2901, 2845, 1676, 1624, 1472, 1285, 1237, 1138, 1029, 878, 819; HMRS (FD+) m/z calc’d

for C20H300x: 410.2240, found 410.2259.

Me0,CO

(E)-3-(6-(3-((1s,3s)-adamantan-1-yl)-4-methoxyphenyl)naphthalen-2-yl)but-2-en-1-yl
methyl carbonate (31n)
Prepared according to general procedure 2 from ketone 46n. Purification by silica gel

chromatography (15% EtOAc in hexanes) afforded the title compound as an amorphous
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white solid (557 mg, 90% yield); '"H NMR (400 MHz, CDCl3) & 7.96 (d, J = 1.8 Hz, 1H),
7.90 —7.80 (m, 3H), 7.73 (dd, J= 8.4, 1.8 Hz, 1H), 7.59 (td, J=4.1, 1.8 Hz, 2H), 7.53 (dd,
J=8.4,23Hz, 1H), 6.99 (d,J=8.5Hz, 1H), 6.11 (tt,J= 5.6, 1.3 Hz, 1H), 4.93 (dd, /= 7.0,
0.9 Hz, 2H), 3.90 (s, 3H), 3.83 (s, 3H), 2.25 (d, /= 1.3 Hz, 3H), 2.19 (d, J = 3.0 Hz, 6H),
2.10 (t, J = 3.3 Hz, 3H), 1.81 (d, J = 2.8 Hz, 6H). 1*C NMR (100 MHz, CDCl3) 8 158.6,
155.9, 140.8, 139.1, 139.1, 138.9, 133.2, 133.1, 132.1, 128.6, 128.0, 126.1, 125.9, 125.6,
124.6, 124.5,124.4,121.0, 112.1, 65.1, 55.2, 54.9, 40.6, 37.2, 37.2,29.1, 16.3; IR (neat film,
NaCl) 2903, 1746, 1443, 1266, 948, 813; HMRS (FD+) m/z calc’d for C33H3604: 496.2608,
found 496.2634. Intermediate (E)-ethyl ester 47n was afforded after Horner—Wadsworth—
Emmons olefination according to general procedure 2 and purification by silica gel
chromatography (0 — 100% EtOAc in hexanes) as a white powder (619 mg, 38% yield). ).
"H NMR (400 MHz, CDCl3) & 8.00 — 7.94 (m, 2H), 7.89 (dd, J= 11.7, 8.6 Hz, 2H), 7.76 (dd,
J=18.5,1.8 Hz, 1H), 7.66 — 7.57 (m, 2H), 7.54 (dd, J= 8.4, 2.4 Hz, 1H), 7.00 (d, J = 8.5 Hz,
1H), 6.32 (q,J=1.3 Hz, 1H), 4.25 (q,J= 7.1 Hz, 2H), 3.91 (s, 3H), 2.71 (d, /= 1.3 Hz, 3H),
2.19(d,J=3.1Hz, 6H), 2.11 (br t,J=3.2 Hz, 3H), 1.81 (d, /= 3.2 Hz, 6H), 1.35 (t,J="7.1
Hz, 3H). *C NMR (100 MHz, CDCl3) & 167.1, 158.9, 155.4, 140.0, 139.1, 139.0, 134.0,
133.0,132.0, 129.0, 128.4, 126.4, 126.0, 125.9, 125.7, 124.8, 124.4,117.4, 112.2, 60.0, 55.3,
40.8,37.3,37.3,29.3, 18.0, 14.5; IR (neat film, NaCl) 2904, 2848, 1710, 1620, 1475, 1367,
1341, 1265, 1238, 1156, 1041, 873, 812, 737, 660; HMRS (FD+) m/z calc’d for C33H3603:

480.2659, found 480.2668.
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cl o Me
(E)-3-(2-chlorophenyl)but-2-en-1-yl methyl carbonate (2r)

Prepared according to general procedure 2. '"H NMR (400 MHz, CDCl3) § 7.40 — 7.27 (m,
5H), 5.78 (t, J="7.0 Hz, 1H), 4.85 (d, /= 7.1 Hz, 2H), 3.80 (s, 3H), 2.64 — 2.53 (m, 2H), 1.55
(s, 1H), 1.00 (t, J = 7.5 Hz, 3H). All characterization data matched those reported in the

literature.’*

Me

=~ "~0CO,Me
|

N
Ts

(E)-methyl (3-(1-tosyl-1H-indol-3-yl)but-2-en-1-yl) carbonate (31p)

Prepared according to general procedure 2 with the following modified reduction procedure:
To a flame dried 40 mL vial was added lithium aluminum hydride. The vial was cooled to 0
°C and THF (3.0 mL) was added. Ethyl (E)-3-(1-tosyl-1H-indol-3-yl)but-2-enoate (as
prepared according to the Horner—-Wadsworth-Emmons olefination procedure) (520 mg,
1.36 mmol, 1.0 equiv) was dissolved in THF (2.0 mL), and this solution was slowly added
to the stirring lithium aluminum hydride suspension using additional THF (0.4 mL) to
complete the transfer. After 20 minutes, saturated aqueous NH4Cl (10 mL) was slowly added
at 0 °C. Then saturated aqueous sodium potassium tartrate (100 mL) was added and stirred
at 23 °C. The layers were separated and extracted three times with EtOAc (50 mL), dried
over NaxSOs, and concentrated under reduced pressure. The crude allylic alcohol was
converted to the corresponding carbonate following the carbonate formation procedure in
general procedure 2. Purification by silica gel chromatography (35% EtOAc in hexanes)

afforded the title compound as a colorless oil (278 mg, 51% yield). 'H NMR (400 MHz,
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CDCl) 6 8.00 (dt, J=8.3,0.9 Hz, 1H), 7.80 — 7.70 (m, 3H), 7.32 (ddd, J= 8.4, 7.2, 1.3 Hz,
1H), 7.32 —7.17 (m, 3H), 6.13 (ddt, /= 8.4, 7.1, 1.4 Hz, 1H), 4.89 (dd, /= 7.0, 0.8 Hz, 2H),
3.80 (s, 3H), 2.33 (s, 3H), 2.19 — 2.11 (m, 3H). *C NMR (100 MHz, CDCl3) § 155.9, 145.2,
135.6, 135.2, 133.8, 130.1, 128.7, 126.9, 125.0, 124.8, 123.8, 123.6, 121.6, 121.3, 113.9,
64.6,55.0,21.7, 17.1. IR (neat film, NaCl) 3136, 2956, 1748, 1648, 1596, 1446, 1372, 1268,
1176, 1140, 1092, 1055, 940, 812, 792, 747, 703, 669, 622, 603 cm™'; HRMS (ESI+) m/z
calc’d for C21H21NOsS [M+H]": 400.1140, found 400.1204. Data for intermediate (E)-ester
47p matched those previously reported;** '"H NMR (400 MHz, CDCl3) 8 8.04 —7.97 (m, 1H),
7.84—7.73 (m, 5H), 7.40 — 7.27 (m, 2H), 7.24 (dq, J = 1.3, 0.7 Hz, 1H), 6.33 (d, /= 1.3 Hz,

1H), 4.23 (q, J= 7.2 Hz, 2H), 2.61 (d, J = 1.3 Hz, 3H), 2.35 (s, 3H), 1.32 (t, /= 7.1 Hz, 3H).

(E)-methyl (3-(pyridin-3-yl)but-2-en-1-yl) carbonate (31q)

Prepared according to general procedure 2. Purification by silica gel chromatography (0 —
100% EtOAc in hexanes) afforded the title compound as a colorless oil (564 mg, 30%
yield). '"H NMR (400 MHz, CDCl3) 8 8.66 — 8.60 (m, 1H), 8.48 (dd, J=4.8, 1.6 Hz, 1H),
7.65 (ddd, J= 8.0, 2.3, 1.6 Hz, 1H), 7.22 (ddd, J = 8.0, 4.8, 0.9 Hz, 1H), 5.92 (tq, J = 6.9,
1.5 Hz, 1H), 4.83 (dd, /= 6.8, 0.9 Hz, 2H), 3.77 (s, 3H), 2.11 (dt, J= 1.5, 0.7 Hz, 3H). *C
NMR (100 MHz, CDCl3) & 155.8, 148.9, 147.4, 138.0, 137.8, 133.2, 123.2, 122.5, 64.6,
54.9, 16.1. IR (neat film, NaCl) 2957, 1748, 1568, 1444, 1415, 1378, 1327, 1263, 1129,
1022, 944, 792, 711, 624; HRMS (ESI+) m/z calc’d for C11H;3NOs [M+H]": 208.0968,

found 208.0972. Data for intermediate (E)-ester 47q matched those previously reported;3®
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'H NMR (400 MHz, CDCl5) & 8.73 (dd, J = 2.5, 0.9 Hz, 1H), 8.59 (dd, J = 4.8, 1.6 Hz,
1H), 7.75 (ddd, J = 8.0, 2.4, 1.6 Hz, 1H), 7.31 (ddd, J = 8.0, 4.8, 0.9 Hz, 1H), 6.14 (q, J =

1.4 Hz, 1H), 4.23 (q, J= 7.1 Hz, 2H), 2.58 (d, J = 1.4 Hz, 3H), 1.32 (t, /= 7.1 Hz, 3H).

Et
(E)-methyl (3-phenylpent-2-en-1-yl) carbonate (31r)

Prepared according to general procedure 2. 'H NMR (400 MHz, CDCl3) & 7.40 — 7.30 (m,
1H), 7.24 —7.15 (m, 3H), 5.59 (ddt, /= 6.9, 5.4, 1.5 Hz, 1H), 4.83 (dq, J = 6.9, 0.8 Hz, 2H),
3.81 (s, 3H), 2.07 (dt, J= 1.5, 0.8 Hz, 3H). All characterization data matched those reported

in the literature.*

o
NX-"oco,me

(E)-2-(chroman-4-ylidene)ethyl methyl carbonate (31s)

Prepared according to general procedure 2. Purified by column chromatography (10%
EtOAc in hexanes) to provide the title compound as a colorless oil (514 mg, 80% yield);
'"H NMR (500 MHz, CDCl3) & 7.58 (dd, J = 8.0, 1.6 Hz, 1H), 7.21 (ddd, /= 8.5, 7.2, 1.6
Hz, 1H), 6.93 (ddd, J = 8.3, 7.2, 1.3 Hz, 1H), 6.88 (dd, /= 8.2, 1.2 Hz, 1H), 6.20 (tt, J =
7.3, 1.7 Hz, 1H), 4.87 (d, J = 7.3 Hz, 2H), 4.29 — 4.24 (m, 2H), 3.83 (s, 3H), 2.83 — 2.77
(m, 2H); 3C NMR (100 MHz, CDCl3) § 156.0, 155.1, 134.7, 129.9, 124.4, 121.5, 121.0,

117.8, 114.3, 66.0, 64.0, 55.0, 26.0; IR (Neat Film, NaCl) 2957, 1744, 1650, 1605, 1575,
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1484, 1454, 1375, 1351, 1264, 1119, 1051, 939 cm™'; HRMS (FD+) m/z calc’d for
Ci13H1404: 234.0887, found 234.0888. Data for intermediate (E)-ester 47s matched those
previously reported;*! '"H NMR (500 MHz, CDCl3) 6 7.61 (dd, J= 8.0, 1.6 Hz, 1H), 7.30 —
7.25 (m, 1H), 7.00 — 6.81 (m, 2H), 6.35 (t,J= 1.7 Hz, 1H), 4.32 —4.13 (m, 4H), 3.40 (ddd,

J=172,55,1.8 Hz, 2H), 1.33 (t, J= 7.1 Hz, 3H).

Me
©/\)vocoznne

(E)-methyl (3-methyl-5-phenylpent-2-en-1-yl) carbonate (31t)

Prepared according to general procedure 2. 'H NMR (400 MHz, CDCl3) & 7.31 — 7.26 (m,
2H), 7.22 —7.15 (m, 3H), 5.40 (tq, /= 7.1, 1.3 Hz, 1H), 4.69 — 4.62 (m, 2H), 3.78 (s, 3H),
2.78 — 2.69 (m, 2H), 2.39 — 2.30 (m, 2H), 1.78 — 1.76 (m, 3H). All characterization data

matched those reported in the literature.>*

Me Me

(E)-3,7-dimethylocta-2,6-dien-1-yl methyl carbonate (31u)

Prepared according to carbonate formation procedure in general procedure 2 from geraniol.
"H NMR (400 MHz, CDCl3) 4 5.37 (ddq, J=7.2, 5.7, 1.3 Hz, 1H), 5.07 (dddd, /= 6.8, 5.4,
2.9, 1.4 Hz, 1H), 4.65 (dq, J = 7.2, 0.7 Hz, 2H), 3.77 (s, 3H), 2.15 — 1.99 (m, 4H), 1.73 —
1.71 (m, 3H), 1.68 (q, J = 1.3 Hz, 3H), 1.60 (d, J = 1.3 Hz, 3H). All characterization data

matched those reported in the literature.*?
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1.11.3 Determination of Absolute Configuration of 32a via Vibrational Circular
Dichroism (VCD)
1.11.3.1. Experimental Protocol
A solution of 32a (50 mg/mL) in CDCl3; was loaded into a front-loading SL-4 cell
(International Crystal Laboratories) possessing BaF> windows and a 100 mm path length.
Infrared (IR) and VCD spectra were acquired on a BioTools ChirallR-2X VCD spectrometer
as a set of 24 one-hour blocks (24 blocks, 3120 scans per block) in dual PEM mode. A 15-
minute acquisition of neat (+)-a-pinene control yielded a VCD spectrum in agreement with
literature spectra. IR and VCD spectra were background corrected using a 30-minute block
IR acquisition of the empty instrument chamber under gentle N> purge, and were solvent
corrected using a 16-hour (16 blocks, 3120 scans per block) IR/VCD acquisition of CDCI3
in the same 100 pm BaF2 cell. The reported spectra represent the result of block averaging.
1.11.3.2. Computational Protocol
The arbitrarily chosen () enantiomer of compound 32a was subjected to an exhaustive initial
molecular mechanics-based conformational search (OPLS 2005 force field, CHCIs solvent,
10.0 kcal/mol cutoff, “Enhanced” torsional sampling) as implemented in MacroModel
program.* The resulting ensemble containing 202 conformers was iteratively refined using
the CENSO program of the Grimme group, interfaced to the Orca program of Neese, et. al.
The refinement procedure includes the following steps:

1. Single point calculations with the B97-3¢ method. To these electronic energies are

added thermochemical contributions calculated at the GFN2-xTB semi-empirical

level of theory. 174 conformers remain within an energy window of 4.0 kcal/mol.
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2. The conformer geometries are then optimized at the B97-3c level of theory
employing a batchwise optimization procedure searching for parallel potential
energy surfaces (default parameters in CENSO). 99 unique conformers remain.

3. Free energies are derived from adding thermochemical contributions calculated at
the GFN2-xTB level of theory to the final electronic energies (B97-3c) from the
optimizations. The 76 lowest energy conformers account for 99% of the Boltzmann

population of conformers at 298.15 K (see table below).

AG (kcal/mol) | # conformers | Sum(Boltzmann_Pop)
0.0-0.5 17 64%
0.0-1.0 26 78%
0.0-15 46 93%
0.0-2.0 56 96%
0.0-2.5 76 99%
0.0-3.0 92 >99%
0.0-35 95 >99%
0.0-4.0 96 >99%
0.0-45 99 100%

The 76 lowest energy conformers are subsequently optimized using the B3PW91 functional,
cc-pVTZ(-f) basis, and implicit PBF solvation model for chloroform using the Jaguar
program.** Harmonic frequencies computed at the B3PW91/cc-pVTZ(-f)/PBF(chloroform)
level were scaled by 0.98. The resultant 55 structurally unique conformers possessing all
positive Hessian eigenvalues were Boltzmann weighted by relative free energy at 298.15 K.
The predicted IR and VCD frequencies and intensities of the retained conformers were
convolved using Lorentzian line shapes (y = 4 cm!) and summed using the respective
Boltzmann weights to yield the final predicted IR and VCD spectra of the (S) enantiomer of
32a. The predicted VCD of the corresponding (R) enantiomer was generated by inversion of

sign. From the reasonable agreement between the predicted and measured IR and VCD
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spectra in the useful range (1000-1400 cm’!, see below), the absolute configuration of 32a

was assigned as (R).

Figure 1.11.3.1. Experimental and computationally determined IR, VCD spectra of 32a

and overlayed experimentally and computationally determined IR, VCD spectra of

32a.
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Figure A1.2 Infrared spectrum (Thin Film, NaCl) of compound 32a.
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Figure A1.3 "C NMR (100 MHz, CDCl;) of compound 32a.
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Figure A1.5 Infrared spectrum (Thin Film, NaCl) of compound 33.
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Figure A1.6 "C NMR (100 MHz, CDCl5) of compound 33.
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Figure A1.8 Infrared spectrum (Thin Film, NaCl) of compound 34.
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Figure A1.9 "C NMR (100 MHz, CDCl5) of compound 34.
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Figure A1.11 Infrared spectrum (Thin Film, NaCl) of compound 35.
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Figure A1.12 °C NMR (100 MHz, CDCl;) of compound 35.
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Figure A1.14 Infrared spectrum (Thin Film, NaCl) of compound 32b.
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Figure A1.15 °C NMR (100 MHz, CDCl;) of compound 32b.
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Figure A1.17 Infrared spectrum (Thin Film, NaCl) of compound 32c.

T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0
ppm

Figure A1.18°C NMR (100 MHz, CDCl;) of compound 32c.
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Figure A1.20 Infrared spectrum (Thin Film, NaCl) of compound 32d.
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Figure A1.21 °C NMR (100 MHz, CDCl;) of compound 32d.
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Figure A1.23 Infrared spectrum (Thin Film, NaCl) of compound 32e.
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Figure A1.24"”°C NMR (100 MHz, CDCl;) of compound 32e.
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Figure A1.26 Infrared spectrum (Thin Film, NaCl) of compound 32f.
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Figure A1.27 °C NMR (100 MHz, CDCl;) of compound 32f.
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Figure A1.29 Infrared spectrum (Thin Film, NaCl) of compound 32g.
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Figure A1.30 °C NMR (100 MHz, CDCl;) of compound 32g.
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Figure A1.32 Infrared spectrum (Thin Film, NaCl) of compound 32h.

T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0

ppm

Figure A1.33 °C NMR (100 MHz, CDCl;) of compound 32h.
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Figure A1.35 Infrared spectrum (Thin Film, NaCl) of compound 32i.
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Figure A1.36 "C NMR (100 MHz, CDCl;) of compound 32i.
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Figure A1.37 HSQC Spectrum (CDCls) of compound 32i.
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Figure A1.39 Infrared spectrum (Thin Film, NaCl) of compound 32j.
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Figure A1.40 °C NMR (100 MHz, CDCl;) of compound 32j.
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Figure A1.41 F NMR (282 MHz, CDCl;) of compound 32j.
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Figure A1.43 Infrared spectrum (Thin Film, NaCl) of compound 32k.
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Figure A1.44 "C NMR (100 MHz, CDCls) of compound 32k.
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Figure A1.46 Infrared spectrum (Thin Film, NaCl) of compound 32I.
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Figure A1.47 "C NMR (100 MHz, CDCl;) of compound 32I.
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Figure A1.49 Infrared spectrum (Thin Film, NaCl) of compound 32m.
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Figure A1.50 "C NMR (100 MHz, CDCl;) of compound 32m.
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Figure A1.52 Infrared spectrum (Thin Film, NaCl) of compound 32n.
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Figure A1.53°C NMR (100 MHz, CDCl;) of compound 32n.
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Figure A1.55 Infrared spectrum (Thin Film, NaCl) of compound 32p.
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Figure A1.56 "C NMR (100 MHz, CDCl;) of compound 32p.
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Figure A1.58 Infrared spectrum (Thin Film, NaCl) of compound 32q.
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Figure A1.59 "C NMR (100 MHz, CDCl;) of compound 32q.
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Figure A1.61 Infrared spectrum (Thin Film, NaCl) of compound 32s.
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Figure A1.62"”°C NMR (100 MHz, CDCl;) of compound 32s.
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Figure A1.65 °C NMR (100 MHz, CDCl;) of compound 32t.
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Figure A1.67 Infrared spectrum (Thin Film, NaCl) of compound 32u.
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Figure A1.68 °C NMR (100 MHz, CDCl;) of compound 32u.
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Figure A1.70 Infrared spectrum (Thin Film, NaCl) of compound 40.
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Figure A1.71 "C NMR (100 MHz, CDCl;) of compound 40.
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Figure A1.73 Infrared spectrum (Thin Film, NaCl) of compound 41.
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Figure A1.74 °C NMR (100 MHz, CDCl;) of compound 41.
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Figure A1.76 Infrared spectrum (Thin Film, NaCl) of compound 42.
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Figure A1.77 "C NMR (100 MHz, CDCl;) of compound 42.
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Figure A1.79 Infrared spectrum (Thin Film, NaCl) of compound 43.
,
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0

ppm

Figure A1.80 "C NMR (100 MHz, CDCls) of compound 43.
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Figure A1.82 Infrared spectrum (Thin Film, NaCl) of compound 44.
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Figure A1.83 "C NMR (100 MHz, CDCl;) of compound 44.



136

Appendix 1 — Spectra Relevant to Chapter 1

'6p punodwod Jo (55D ‘ZHW 00S) NN H, ¥8'LV ans1f

wdd

€ 14 S 9 L
S S S S N S S S S SR

(0]




Appendix 1 — Spectra Relevant to Chapter 1 137

% Transmittance

T A U LU L U A A S S L A S A S A S S I S A A A S S S N MU B S
3900 3800 3700 3600 3500 3400 3300 3200 3100 3000 2900 2800 2700 2600 2500 2400 2300 2200 2100 2000 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600
Wavenumber [em]

Figure A1.85 Infrared spectrum (Thin Film, NaCl) of compound 45.
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Figure A1.86 °C NMR (100 MHz, CDCl;) of compound 45.
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Figure A1.88 Infrared spectrum (Thin Film, NaCl) of compound 31g.

T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0
ppm

Figure A1.89 "C NMR (100 MHz, CDCl;) of compound 31g.
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Figure A1.91 Infrared spectrum (Thin Film, NaCl) of compound 31h.

e

AN A VA

—

141

T T T T T
170 160 150 140 130

T T T
120 110 100 90 80

ppm

T
70

T T T T T
60 50 40 30 20

Figure A1.92 °C NMR (100 MHz, CDCl;) of compound 31h.
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Figure A1.94 Infrared spectrum (Thin Film, NaCl) of compound 31k.
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Figure A1.95 "C NMR (100 MHz, CDCl;) of compound 31k.
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Figure A1.97 Infrared spectrum (Thin Film, NaCl) of compound 311.
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Figure A1.98 °C NMR (100 MHz, CDCl;) of compound 311.
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Figure A1.100 Infrared spectrum (Thin Film, NaCl) of compound 31m.
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Figure A1.101 ”"C NMR (100 MHz, CDCl;) of compound 31m.
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Figure A1.103 Infrared spectrum (Thin Film, NaCl) of compound 46n.

r T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
3900 3800 3700 3600 3500 3400 3300 3200 3100 3000 2900 2800 2700 2600 2500 2400 2300 2200 2100 2000 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600

Wavenumber [cm”]

149

il

T
200

T T T T T
180 160 140 120 100 80 60 40 20
ppm

Figure A1.104 °C NMR (100 MHz, CDCl;) of compound 46n.
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Figure A1.106 Infrared spectrum (Thin Film, NaCl) of compound 47n.
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Figure A1.107 "C NMR (100 MHz, CDCl;) of compound 47n.
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Figure A1.109 Infrared spectrum (Thin Film, NaCl) of compound 31n.
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Figure A1.110 "C NMR (100 MHz, CDCl;) of compound 31n.
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Figure A1.112 Infrared spectrum (Thin Film, NaCl) of compound 31p.
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Figure A1.113 "C NMR (100 MHz, CDCl;) of compound 31p.
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Figure A1.115 Infrared spectrum (Thin Film, NaCl) of compound 31q.
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Figure A1.116 "C NMR (100 MHz, CDCl;) of compound 31gq.
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Figure A1.118 Infrared spectrum (Thin Film, NaCl) of compound 31s.
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CHAPTER 2

Enantioselective Total Synthesis of Hunterine A"

2.1 INTRODUCTION

Monoterpene indole alkaloids (MIAs) are a structurally diverse class of natural
products that have captured the attention of synthetic chemists for decades owing to their
complexity and varied biological activities.!> Molecules in this family are generally
characterized by a conserved indole or indoline moiety bound to various rearranged terpene
units. The carbon skeletons of several MIA subfamilies are shown in Figure 2.1.1.

Figure 2.1.1. Carbon skeletons of various MIA subfamilies.

aspidosperma alkaloids strychnane alkaloids eburnane alkaloids
(I%I\E—T | N C| | q,
N
N
< H
N N H
H
akuammilane alkaloids ibogane alkaloids macrolane alkaloids

>1000 natural products isolated
The stereochemically rich, densely functionalized molecular architectures of MIAs
have made them the targets of numerous synthetic studies, and a number of elegant

approaches to members of the various subfamilies have been reported.*® Given our

7LThis research was performed in collaboration with Kengo Inoue. Portions of this chapter have been

reproduced with permission from Hicks, E. F.; Inoue, K. J. Am. Chem. Soc. 2024, 146, 4340—4345. © 2024
American Chemical Society.
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laboratory’s interest in the construction of structurally complex natural products, we have
maintained a longstanding interest in MIAs and have completed syntheses of several
members, shown in Figure 2.1.2.°!2 These syntheses were enabled by the application of
palladium-catalyzed asymmetric allylic alkylation technology developed in our laboratory.!?
Figure 2.1.2 MIAs and monoterpene bisindole alkaloids synthesized by the Stoltz

laboratory.

OH

.ulEt

Limaspermidine (46)  Kopsihainanine A (47)  Aspidospermidine (48) Quebrachamine (49) Goniomitine (50)
Angew. Chem. Int. Ed. 2017, 56, 12624. Angew. Chem. Int. Ed. 2016, 55, 13529.

16’-epi-Leucophyllidine (51) Strempeliopidine (52)
Angew. Chem. Int. Ed. 2021, 60, 17957. J. Am. Chem. Soc. 2023, 145, 7278.

In pursuit of synthesizing new MIA natural products, our interest was piqued by a
recently reported “rearranged” monoterpene indole alkaloid, hunterine A (Figure 2.1.3, 53),
the unique structure of which is the result of an N1-C2 indole cleavage. Our efforts resulted
in the first total synthesis of hunterine A (53) and a new synthesis of aspidospermidine (48),
representing the first total synthesis of a rearranged MIA containing this type of structurally

distinct N1-C2 indole cleavage.'* This chapter contains an account of this research.
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Figure 2.1.3. Structure of Hunterine A.

| (-)-Hunterine A: Rearranged MIA, N1-C2 indole cleavage |

o]
2 [0}
Oy = &2
“H =
HN— HN g &
H
HO™ OH
53 53
2.2 REARRANGED MONOTERPENE INDOLE ALKALOIDS

(-)-Hunterine A (53), isolated in 2019 by Zhang, Ye, and coworkers, belongs to the
aspidosperma subfamily of MIAs (see Figure 2.1.1. for select MIA subfamilies).!
Containing a structurally distinct N1-C2 indole bond cleavage, 53 is classified as a
rearranged member of this subfamily. Biosynthetically, aspidosperma alkaloids, like all other
MIAs, are believed to arise from a common precursor, strictosidine (Scheme 2.2.1, ).1:16

The biosynthesis of aspidosperma alkaloids begins with de-glucosidation of 54,
yielding hemiacetal 55 in equilibrium with “dialdehyde” 56. Dialdehyde 56 is also in
equilibrium with its condensed form, 4,21-dehydrocorynantheine aldehyde 57, which in turn
is in equilibrium with its tautomer, 4,21-dehydrogeissoschizine (58), a divergent
intermediate in the biosynthesis of other MIA subfamilies. In the pathway leading to
aspidosperma alkaloids, 58 is converted to preakuammicine (59) and then reduced to
stemmadenine (60). Stemmadenine (60) then undergoes isomerization, fragmentation, and
tautomerization to yield enamine-diene 61, another point of divergence that can lead to the
ibogane subfamily of MIAs. Intramolecular Diels-Alder reaction of 62 yields tabersonine,
the precursor to other aspidosperma MIAs. The exact pathway and intermediates involved in
converting tabersonine (62) to other aspidosperma alkaloids (aspidospermidine (48),

hunterine A (53)) has not been elucidated.
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Scheme 2.2.1. Biosynthesis of Aspidosperma MIAs.

OH oH
‘o, wOH

OH strictosidine
deglucosidase

MeO,C MeO,C
Strictosidine “dialdehyde”
(54) 55 56

}

MeO,C OH MeO,C OH
Preakuammicine 4,21-dehydrogeissoschizine 4,21-dehydrocorynantheine
(59) (enol form) aldehyde
(58) (57)

Ho &
Me02C

Stemmadenine

CO,Me
H"";Zg}"e A Aspldo?gse)rmldme Tabersonine
(aspidosperma type)
(62)

As has been repeatedly highlighted thus far, the N1-C2 indole ring cleavage present
in hunterine A is a motif not found in any other aspidosperma MIAs to date. However, it
should be noted that other “rearranged” aspidosperma MIAs have been isolated. These

members, such as rhazinilam (Figure 2.2.1, 63), contain indole ring cleavage between C2—
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C7.17-18 Side-by-side structural comparisons of these rearranged products are shown in Figure
2.2.1.
Figure 2.2.1. Aspidospermidine (non-rearranged) and rearranged aspidosperma MIAs.

non-rearranged C2-C7 indole cleavage N1-C2 indole cleavage

{19

Ho/-18

Aspidospermidine Rhazinilam Hunterine A
(48) (63) (53)

While many approaches toward the synthesis of rearranged rhazinilam-like MIAs
have been disclosed,!® there are no reported syntheses of MIAs containing and N1-C2
cleavage. Therefore, given our group’s historic interest in this family of natural products
coupled with the unique structure and intriguing biological activity of 53 (36 uM against
HepG2 cell lines), we were motivated to pursue its total synthesis. The distinct architecture
of 53 presents several new synthetic challenges such as a bridging azabicyclo[4.3.1]decane
core, dissonant oxidation pattern of N1 and the C18 alcohol, and C19 stereochemistry.
Consequently, this necessitated the development of a new synthetic strategy.

2.3 RETROSYNTHETIC ANALYSIS

When devising our retrosynthetic strategy, we began by focusing on the seven-
membered azepane motif (Scheme 2.3.1, A). Disconnection of the C19—N1 bond within the
azepane would eliminate the bridging ring system, leading to tricyclic intermediate 64.
Although at the outset of the synthesis it was unclear how this would be accomplished in the
forward direction, an azide-olefin cycloaddition ultimately proved successful.2%?! Given that
53 does not contain an indole, construction of the highlighted C7 all-carbon quaternary center

could not be accomplished in the same manner as in the synthesis of related MIAs, which
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commonly utilize strategies such as Fischer indole synthesis, and nucleophilic indole
alkylation (Scheme 2.3.1, B).??73! Instead we imagined forming the C7 quaternary center via
an aza-Cope/Mannich rearrangement, developed by Overman and coworkers for the
synthesis of similar 3-acyl pyrrolidine motifs,>>* tracing back to bicyclic alcohol 65.
Alcohol 65 could be formed via a convergent, diastereoselective 1,2-addition of vinyl species
66 to ketone 67. Finally, bicyclic ketone 67 was envisioned to arise from a desymmetrization
and Beckmann rearrangement of symmetrical bicyclic diketone 68.

Scheme 2.3.1. A. Retrosynthetic Analysis of 53. B. Strategies for C7 quaternary center

formation. C. Possibilities for desymmetrization and use of keto-alcohol 70.

A. o NR,
late-stage aza-Cope/ C
Q N Mannich

cycllzatlon
7 H
“H p— =N
HN
119 "
HO™ :
53 64
o (o]
desymmetrization H
1,2-addition ©:( Ef & rearrangement é‘ﬁ
AN
67 68
indole . indole
N
s nthests alk lation
[Ref 8] N~ ~. [Ref 9]
H
lack of indole precludes use of these strategies for hunterine A
C. CN
\f H QE " R o ul
P is‘ i _N
X A BN
68 69 67
A
HO 0 ;
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To execute the proposed desymmetrization, we imagined that 68 would need to be
converted to a hypothetical intermediate 69 in which the two enantiotopic ketones would be
differentiated such that the Beckmann rearrangement could be effected at the desired position
(Scheme 2.3.1). While we imagined several possibilities by which this could be
accomplished, the strategy we initially opted to investigate was a reductive desymmetrization
to synthesize 70, which ultimately proved successful. Thus, our initial synthetic efforts
focused on construction of the bicyclic diketone 68 as well as independently synthesizing
racemic keto-alcohol 70.

2.4 SYNTHESIS OF HUNTERINE A

Construction of racemic keto-alcohol 70 commenced from vinylogous ester 71,
inspired by the synthetic route disclosed by Piers and coworkers for the synthesis of
structurally related compounds.®* Addition of magnesiated 2-bromoethyl-1,3-dioxolane and
Stork-Danheiser transposition gave enone 72.3* Copper-catalyzed 1,4-addition to install the
necessary vinyl group required some optimization (Scheme 2.4.1). Addition of
vinylmagnesium bromide at cryogenic temperature showed signs of success in the presence
of TMSCI] and HMPA (Entry 1) but was plagued by formation of undesired putative 1,2-
addition product 74. Raising the temperature to —40 °C improved the ratio of 1,4 and 1,2
addition products (Entry 2). In the absence of HMPA, this ratio was severely diminished
(Entry 3). We found that using fewer equivalents of vinyl magnesium bromide resulted in
lower yields of 73 but without formation of 74 (Entry 4), indicating that 1,2-addition may be
the result of background reaction of uncomplexed excess magnesium reagent. Maintaining
this relative stoichiometry of vinyIMgBr, HMPA, and TMSCI, but increasing the equivalents

of each reagent relative to enone 72 resulted in the best overall yield (Entry 5). This could be
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further improved through the use of an “inverse addition” protocol in which vinyl magnesium
bromide was added to all other reagents at low temperature.>>*¢ Finally, we found that a one-
pot procedure in which the crude ketone was directly treated with aqueous HCl resulted in
an overall 72% yield from enone 72, completing the synthesis of keto-alcohol 70 in racemic
form. While this keto-alcohol could be oxidized to the desired diketone (68) for

desymmetrization (not shown), we imagined constructing this motif through a more redox-

efficient series of transformations through the same overall strategy.

Scheme 2.4.1. Construction of racemic keto alcohol 70 and optimization of the 1,4-

addition.
o
2-(2-Bromoethyl)- CuBreMe,S Q o
1,3-dioxolane TMSCI, HMPA HO H
mMg? vinylMgBr 1N HCI (aq.) Z
—_— R — —_—» { I >
THF, 23 °C o THF, reflux A
EtO then HCI o THF, —40°C o A\ Z
o
57% yield k/o [see Table] o 72 A’t}"e’d
(2 steps) (2)-70
71 72 73
(o] vinylMgBr (X equiv) (o] OH
CuBr-Me,S (X equiv) -
additives (X equiv)
> +
THF (0.2M), temp
(o] (o] / (o]
(o o o
72 73 74
Entry  VinylMgBr [Cu] equiv additives temp. (°C) yield (1,4 pdt.) 73:74 notes
. CuBr-Me,S TMSCI (2 equiv) 4.
1 ey (30mol%)  HMPA (3equiv) ~ '8 n.d. U 8102 =
. CuBr-Me,S TMSCI (2 equiv) .
2 2.5 equiv (30mol%)  HMPA (3equiv) 30 56% 36:1 -
n Br-M n
3 2.5 equiv ((:;0 rrn ole°/§)s TMSCI (2 equiv) -40 34% 1.8:1 —
. CuBr-Me,S TMSCI (2 equiv) i .
7 1.3 equiv (30 mol®%) HMPA (3 equiv) -40 45% 1:0 50% conversion
. CuBr-Me,S TMSCI i q
10 3.0 equiv (;0 :noI?’/?,) HMSP(I:\ ((g :gl:ji'\‘,')) -40 70% 1:0 vinyl MgBr added over 2 hours

Reactions conducted at 0.25 mmol scale. Yields determined by crude 'H NMR using CH,Br, as internal standard.
Reactions were conducted and quenched at the indicated temperature. Product 74 was unstable.
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Construction of bicyclic diketone 68 commenced with an umpolung ylide addition
of cyclopentenone to ethyl acrylate activated with TMSOTT, as disclosed by Kim and
coworkers (Scheme 2.4.2).37 In the event, cyclopentenone (75) is added to a mixture of PPh;
and TBSOTY, resulting in the formation of phosphonium silyl enol ether species 77. After
cooling to cryogenic temperature, addition of n-BuLi leads to formation of ylide 68. A
mixture of TMSOTTf and ethyl acrylate is added to the ylide, and the resulting solution is
treated with TBAF to effect an E;Cb elimination of triphenylphosphine, forming enone 76
in 64% yield in one step.

Scheme 2.4.2. Construction of bicyclic diketone 68.

o)
CuBr-Me,S
PPh,, TBSOTf then n-BuLi (30 mol %)
o then ethyl acrylate, TMSOTf vinyl MgBr
then TBAF TMSCI HMPA X KOt Bu {\:Elﬁ
THF, -78 °C TR TReTCT
-5 64% yield 75% yield EtO o 86% yield
80 68

PPh;,
TBSOTf TBAF
Oy o HO 4 ©O
,.TMSOTf : B
0 oTBS

OTBS oTBS Hk 1 .
OEt H H
| N 7

n-BulLi
_——

PhsP 68 (2)-70
PhyP |

78
77 TMSO OEt

79

PhsP begin investigating desymmetrization

With enone 76 in hand, we next aimed to install the requisite vinyl group through
Cu-catalyzed 1,4-addition. To our delight, the conditions outlined previously using the
inverse addition protocol at —40 °C proved to be the key to successful 1,4-addition providing
ketone 80 in 75% yield, precluding competitive 1,2-addition and addition to the ester
(Scheme 2.4.2). With the vinyl group installed, an intramolecular Claisen condensation of

ketone 80 cleanly afforded symmetrical diketone 68 in 86% yield.*® With multi-gram
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quantities of both symmetrical diketone 68 and racemic keto-alcohol 70 in hand, we began
investigating the proposed desymmetrization.

As highlighted previously, we envisioned performing an asymmetric reduction as a
means of differentiating the enantiotopic ketones. Since asymmetric reductions of simple
alkyl-alkyl ketones tend to be poorly enantioselective due to difficulties in catalyst
differentiation of the ketone re- and si-faces,” a variety of both chemical and enzymatic
ketone reduction strategies were explored; representative entries are shown in the table in
Scheme 2.4.3. Enantioselective reduction using Baker’s yeast* proceeded with high levels
of enantioselectivity, however in the incorrect enantiomeric series. Additionally, the long
reaction time, excessive dilution required, and low conversion were all undesirable (entry 1).
Reduction with CBS catalyst and catecholborane*' was unsuccessful (entry 2). Ruthenium-
catalyzed transfer hydrogenation in the presence of catalytic KOH and i-PrOH proceeded
with low conversion and poor enantioselectivity (entries 3 and 4).*> Ultimately, a scalable
enantioselective reduction was realized through a modified version of Noyori’s transfer
hydrogenation conditions employing RuCl(mesitylene)(R,R-TsDPEN) and a (5:2) formic

acid/triethylamine mixture*>#

in 1,4-dioxane, which gave a separable mixture of keto-
alcohol 70 (57% yield, 91% ee) and diol 81 (entry 7). Over-reduction to the meso-diol (81)
was necessary as it resulted in an appreciable degree of chiral resolution, improving the
enantiomeric purity of alcohol 70 (entries 8 and 9). Diol 81 was recycled to diketone 68 via
oxidation with TEMPO and (diacetoxyiodo)benzene in 68% yield. To our knowledge, this
is the first report of a non-enzymatic enantioselective reduction of a symmetrical [3.3.0]

diketone,* making both enantiomers of the alcohol readily accessible. The absolute

configuration of the alcohol was determined through derivatization as the 2,4-
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dinitrophenylhydrazone (Scheme 2.4.3), the Z-isomer of which proved to be crystalline (the
E and Z isomers were formed in approximately equal amounts).
Scheme 2.4.3. Optimization of the reductive desymmetrization and determination of

absolute stereochemistry.

Me
Me
o (o] HO (o} HO OH L “Me
? catalyst t‘ ';' TsN /Rg.m
reductant + )\\;‘NHZ
i solvent, temp., time i i Ph
B ~ B Ph
RuCl(mesitylene)
68 70 81 [(R,R)-Ts-DPEN]
Entry Catalysf® Reductant Solv./Temp./Time Conversion® 70:81 ee
Baker’s yeast, _ H,0:DMSO (70:1) .
! yeast extract 25°C,48 h 30% 1:0 —95%
2 (S)-n-Bu-CBS catecholborane _}g':‘g n; h 40% - -
RuCl(p-cymene) . i-PrOH, 28 °C o
3 [(R,R)-Ts-DPEN]® i-PrOH 24'h <5% n.d. n.d.
RuCl(mesitylene) . i~PrOH, 28 °C .
4 [(R,R)-Ts-DPEN]® iPrOH 24h 20% 1:0 15%
RuCl(mesitylene) HCOOH:Et;N (5:2) CH,CI, A
5 (RR)-Ts-DPEN] (2 equiv) 28°C, 14 h 88% 1:12 79%
RuCl(mesitylene) HCOOH:Et;N (5:2) THF .
6 [(R,R)-Ts-DPEN] (2 equiv) 28°C,14h 99% 1:1 82%
RuCl(mesitylene) HCOOH:Et;N (5:2) 1,4-dioxane .
7 [(RR)-Ts-DPEN] (2 equiv) 28°C, 14 h 99% 1:06  91%
RuCl(mesitylene) HCOOH:Et;N (5:2) 1,4-dioxane .
8 (R.A)-Ts-DPEN] (1.5 equiv) 28°C, 14 h 95% 1:03  85%
RuCl(mesitylene) HCOOH:Et;N (5:2) 1,4-dioxane .
9 [(R,A)-Ts-DPEN] (1 equiv) 28°C, 14 h 90% 1:012 8%

a Reactions were conducted with 1 mol % [Ru] catalyst ® 5 mol % KOH added ¢ Conversion determined
by "H NMR ratio of remaining diketone XX relative to CH,Br, internal standard
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(E-isomer not crystalline)
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With the enantioselective desymmetrization complete, the originally envisioned
Beckmann rearrangement and subsequent reduction could be performed to construct the
necessary piperidine ring. To this end, enantioenriched alcohol 70 was first protected with
TBSCI to give silyl ether 83 nearly quantitatively (Scheme 2.4.4). While attempts to
condense hydroxylamine were successful, these condensations led to roughly equal mixtures
of E and Z products. A recent report by Lisnyak and coworkers (Scheme 2.4.4) demonstrated
an elegant solution to a similar £/Z selectivity issue during oxime formation. Implementing
a crystallization-induced diastereomer transformation (CIDT), the authors were able to form
the desired oxime diastereomer in 75% yield with 95:5 E/Z selectivity.*® The principle of
CIDT relies on crystallinity and differences in solubility of two equilibrating diastereomers
such that the desired diastereomer selectivity crystallizes and the undesired remains in
solution, allowing for selective formation of the desired diastereomer. Unfortunately,
translation of these reaction conditions did not improve the selectivity due to a lack of product
crystallinity; no precipitation was observed leading to an approximately 1:1 mixture.

Scheme 2.4.4. CIDT reported by Lisnyak and failed CIDT of bicyclic ketones 70 and

83.
: —OH
Vi imdmsole X H 21 RQm 9 NHoOHHCI@at)  RQ om A
T DMAP (cat.) : : : NH,0H (50 wt% aq.) _ :
—_— : >
+ CH,Cl,, 23 °C ; ; ; MeOH ;
X 95% yield N : AN no crystallization AN
70 : (E:Z=1:1)
83 : 70, 83

R=HorTBS

Crystallization Induced Diastereomer Transformation (CIDT)
Lisnyak et. al.

Ph NH,OH-HCI (cat.) Ph
NH,OH (50 wt% aq.)

N) “Me N) “'Me
o MeOH HO‘N P

75% yield
84 (E:Z = 95:5) 85

|
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Experiencing no success selectively generating one oxime isomer, alternative means
to isolate the desired compound were undertaken. Condensation conditions employing
hydroxylamine hydrochloride and NaHCOs slightly favored formation of the desired
diastereomer, and the mixture of diastereomers was separated chromatographically (Scheme
2.4.5). After separation, the undesired diastereomer was resubjected to similar oxime
formation conditions to give a 1:1 mixture that could again be separated. In two cycles,
desired oxime ((E)-86) was isolated in 74% yield on multi-gram scale.

Scheme 2.4.5. Oxime formation, separation, and recycling.

HO,
™SO y O NH,OHHCI  TBSO N TBSQ r}ro“
——— +
R MeOH R
R flux A H
N e : x>
N (2)-86 : (E)-86 X N
83 (1:1.3)
- (2)-86 (E)-86
d |
NI?IZSHI-T-?CI (2)-86 + (E)-86 74% yield
(1:1 E22) (2 cycles)

Exposure of the desired oxime to an excess of thionyl chloride resulted in smooth
Beckmann rearrangement and produced lactam 87 in 75% yield (Scheme 2.4.6). The
absolute and relative stereochemistry were confirmed by X-ray crystallography. It should be
noted that while some reports have demonstrated that mixtures of oxime isomers can be
isomerized in situ to give single Beckmann rearrangement products,*’ this could not be
accomplished in our hands. Thus, the described protocol for separating and recycling of the
oxime isomers proved crucial given that the undesired oxime isomer also undergoes a
stereospecific Beckmann rearrangement to give an isomeric, undesired lactam.

Lactam 87 could be advanced through exhaustive reduction with LiAlH4, which
simultaneously and unexpectedly removed the silyl protecting group. This proved to be of

little consequence as the crude amino alcohol was selectively alkylated with KoCO3 and
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bromoacetonitrile to give aminonitrile 88 in 80% yield over two steps. Finally, Swern
oxidation of the alcohol afforded bicyclic ketone 67 in 84% yield.

Scheme 2.4.6. Beckmann rearrangement and synthesis of aminoketone 67.

TBSO | N-OH TBSQ 4 H
: A socl, Ng®
THF, 0 °C
~x 75% yield X
(E)-86 87
CN CN
HO | |/ (cocl),, DMSO O y f
1. LIAIH,, THF, 60 °C i N Et,N : N
> _—
2. BrCH,CN, K,COs, | CH,Cl, |
MeCN, 60 °C Ny -7850°C g\
80% yield X o - X
(2 steps) 84% yield
88 67

With bicyclic aminoketone 67 in hand, a variety of 1,2-addition protocols were
evaluated using different vinyl iodides as precursors to vinyl lithium or magnesium species.
The incorporation of the necessary aniline nitrogen within this vinyl nucleophile was central
to the success of our strategy. As such, a key consideration was how best to protect this
functional group during the addition. To this end, we opted to begin our investigation of this
transformation using triazene 92 (shown in Scheme 2.4.7), as triazenes have proven to be
particularly robust in the context of anionic 1,2-addition reactions and can be readily
converted to the parent aniline compounds or derivatized to the corresponding azide.>*>%

Synthesis of triazene 92 began with condensation of hydrazine onto 2’-
aminoacetophenone (Scheme 2.4.7). The corresponding crude hydrazone was then subjected
to Barton hydrazone iodination® with I, and triethylamine resulting in the formation of 91.

Aniline 91 was converted to the triazene (92) by diazotization with aqueous HCI and NaNO,,

and subsequent trapping of the aryl diazonium with pyrrolidine.
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Scheme 2.4.7. A) Synthesis of vinyl iodide nucleophile containing aryl triazene. B)

Successful addition to ketone 83. C) Failed addition to aminoketones 67b—d.

A NH, HCI, NaNO,
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NH,NH,H,0 | Ip, Et;N K2CO; !
Me ——0M—— Me —_— | —m—m——
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NH, 80 °C NH, NH, N.
31% yield D
89 90 91 (3 steps) 92
B. !
OH, OTBS
| o y OTBS w H
H PrMgCI-LiCI :
N + —— N |
N THF N é\
D N 40 23°C \D\
30% yield
92 83 6:1dr
93
C. oN
iPrMgClI-LiCl
H or t-BuLi ., OH r
z\:'(j CeCl; or LaCly-2LiCl &N;/ro
N x>
1l N n
N\ -78, —40 o or23°C ;Q' i
\N %
92 67 Q
94

never observed
additional ketone substrates

CN

) H Roe 053 ?:ﬁe% &Nrjo
N N N
67b 67¢ 67d

Early attempts to use the triazene nucleophile were promising. Treatment of 92 with
i-PrMgCl-LiCl followed by addition of ketone ent-83 gave 93 in 30% yield and
approximately 5:1 dr. Unfortunately, this initial success never translated to successful
addition to 67. Using i-PrMgCI-LiCl or #-BuLi to generate organometallic vinyl species,
neither of these vinyl nucleophiles on their own or in conjunction with Lewis acidic additives
such as CeCls and LaCl3*2LiCl successfully added to the desired ketone or any derivatives

thereof (Scheme 2.4.7, C).
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To better understand the source of failure, we opted to perform the 1,2-addition using
a simpler vinyl nucleophile. Treatment of iodovinyl aryl chloride 95 with ~-BuLi followed
by addition of the vinyllithium species to CeCl; and subsequent addition of ketone 67 gave
allylic alcohol 96 (Scheme 2.4.8). Excitingly, the crude allylic alcohol could be directly
treated with AgNO; to affect the desired aza-Cope/Mannich reaction,’® giving 97. The
relative stereochemical configuration was confirmed through X-ray crystallographic analysis
of its HBF4 salt (97b).
Scheme 2.4.8. Successful 1,2-addition using chloride nucleophile and subsequent aza-

Cope/Mannich reaction.

t-BuLi CN |
CeCl, / OHy I/ @c
I then 67 “L N AgNO, 2,
_— —_— (o) ) N
Cl B
x

THF/Et,0 Cl EtOH “H
-78°C . !
56% yield E
95 (2 steps) AN
L 96 _| single dr 97

4 —_ | —
o N = I Ny =
IH —
1
E H
A
97b BF,~ omitted for clarity

Given these stark differences in reactivity and the knowledge that 1,2-addition to
ketone 67 was indeed possible, we hypothesized that with the correct nitrogen-containing
nucleophile 1,2-addition would be feasible. In an attempt to reconcile the different outcomes
using the two nucleophiles, we noted that the lone pair of the aryl triazene is perfectly situated
to coordinate to the metal center, making a five-membered chelate (Figure 2.4.1). It seemed
possible that this might diminish the reactivity of the vinyl magnesium reagent either due to
the species being stabilized or due to steric bulk as a consequence of the conformational

rigidity. In contrast, the chloride likely coordinates only weakly (or perhaps not at all) to the
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metal center. Empirically this resulted in successful 1,2-addition. If coordination were the
issue with reactivity, we imagined that a dianion nucleophile with an appropriately chosen
electron-withdrawing protecting group would potentially avoid this type of coordination and
lead to successful in the 1,2-addition.

Figure 2.4.1. Hypothesized differences in coordination and reactivity of different

nucleophile classes.

triazene chloride dianion

[M] M
"
Cl |

N\,\D [M]
99 100

R=EWG

strong coordination

weak coordination

weak coordination?

Synthesis of the relevant nucleophile precursors (vinyl iodides) was accomplished in
a similar manner through hydrazone iodination (Scheme 2.4.9). To synthesize the N-Ts
derivative, 2’amino-acetophenone was first treated with excess TsCl, EtsN, and catalytic
DMAP to give bis-tosyl derivative 101. Condensation of hydrazine, which concomitantly
removed one of the tosyl groups (102), was followed by hydrazone iodination to give vinyl
iodide 103. The N-Boc derivative was synthesized via an alternative order of events. After
synthesizing of crude vinyl iodide 91 (as performed previously), attempts to directly protect
the aniline nitrogen of 91 as the N-Boc derivative failed. Instead a two-step procedure was
employed wherein the aniline was first acetylated with Ac>O and catalytic phosphomolybdic
acid to give 104.%! Then a one-pot procedure developed by Burk and coworkers was adapted
to convert the acetylated aniline to the N-Boc compound through treatment with Boc2O and
DMAP at elevated temperature followed by treatment with hydrazine to remove the acetyl

group, yielding 105.52
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Scheme 2.4.9. Synthesis of dianion nucleophile precursors 103 and 105.
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With both nucleophiles in hand, we began investigating the dianion 1,2-addition.
Deprotonation of 103 with PhMgBr followed by Mg-halogen exchange with i-PrMgCI+LiCl
and treatment with ketone 67 resulted, encouragingly, in trace formation of the desired 1,2-
addition product by crude '"H NMR (Scheme 2.4.10, entry 1). However, the overall reaction
profile indicated formation of many unidentified side-products, perhaps due to the presence
of several acidic protons. In an attempt to attenuate potential deleterious side reactions caused
by deprotonation, a variety of additives were evaluated. CeCls, ZnCl,, and TMSCH,MgCl
(to generate the magnesium-ate complex) failed to improve the reaction in any way (entries
2-5). In striking contrast, LaCl3*2LiCl1®*%* proved to be uniquely effective in promoting the
desired addition, and the remaining mass was simply unreacted ketone. Encouraged by these
results, we noted greater success with the N-Boc derivative 105 such that the product could
be isolated in 68% yield. We speculate that the difference in reactivity has to do with

improved solubility of the dianion formed when employing 105; the N-Ts dianion suffers
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from insolubility in THF even at non-cryogenic temperatures. Having developed a successful
1,2-addition protocol, it was possible to advance further by using the allylic alcohol without
further purification, deprotecting the aniline with TMSCI in MeOH to give the corresponding
aniline (107) in 59% yield over two steps (Scheme 2.4.9).

Scheme 2.4.10. Optimization of the dianion 1,2-addition.
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Q H 4 - —
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1
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(2 equiv)
Entry R'= Additive temp. % yield (NMR)
1 Ts - 0°C (<10%)
2 Ts ZnCl, 0°C (0%)
3 Ts CeCly 0°C (<5%)
4 Ts CeCly -78°C (0%)
5 Ts TMSCH,MgClI 0°C (<5%)
6 Ts LaCl,-2LiCl -78 » 23°C (30%)
7 Boc LaCl3-2LiCl -78 - —40 —»23 °C 68%
NH
NHBoc CN 2
1. PhMgBr _ 67 [ oHy, [ N
| THF, 0°C, 30 min . J N T™SCI HO T H N(
2. i-PrMgCl - LiClI THF A MeOH, 23 °C {
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At this stage, we were set up to begin investigating the aza-Cope/Mannich reaction.
Our results with the aryl chloride had already suggested that this transformation was feasible
and proceeded to give the correct diastereomer (Scheme 2.4.8, 97). However, given that the
aniline nitrogen was now present, we were wary of performing the aza-Cope/Mannich
reaction in its presence. Overman and coworkers have reported similar transformations in

which an aniline nitrogen can condense onto a ketone following aza-Cope/Mannich reaction
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to form an indolimine (in the case of an unprotected aniline nitrogen), albeit under rather
forcing conditions.®® Nevertheless, we decided to attempt the reaction in hopes of preventing
condensation using milder reaction conditions. Treatment of 107 with AgNOj3 in EtOH® did
effect the desired aza-Cope/Mannich reaction, but not unexpectedly the aforementioned
condensation occurred concomitantly even under the mild reaction conditions to give 111
(Scheme 2.4.11). This transformation proceeds through initial cyanide abstraction by Ag" to
form iminium 108 which undergoes cationic aza-Cope rearrangement to yield iminium 109
that is then trapped via an intramolecular Mannich cyclization to give tricycle 110.%
Unfortunately the reaction did not stop at this stage as desired. Instead, the free aniline
nitrogen is then poised for a final condensation, forming 111. Although unproductive for the
synthesis of hunterine A (53), the crude 3,3-disubstituted indolenine (111) could be treated
with NaBH4 in MeOH and hydrogenated to give aspidospermidine ((—)-48) in 71% yield
over 3 steps. It should be noted that reduction of indolenine 111 prior to hydrogenation is
necessary, as the tertiary amine likely directs the hydride reduction to occur from the concave
face of the molecule. Attempts to form aspidospermidine via direct hydrogenation of 111
resulted in the formation of epi-aspidospermidine (not shown), indicating that the reduction

with NaBHy is likely directed.
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Scheme 2.4.11. Undesired condensation following aza-Cope/Mannich reaction and

synthesis of (-)-aspidospermidine.

HO ¥ H AgNO; HO_ & ® aza-Cope Mannich o ‘ N
N —_— ‘N —_— _— <
EtOH ‘H
. 23°C 1
N B N \ A
107 108 - - B -
109 110

1. NaBH,
MeOH, 23 °C

2. H,, Pd/C
MeOH, 23 °C

N
H H
48
(-)-aspidospermidine
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Armed with the knowledge that aza-Cope/Mannich reaction of the free aniline (107)
was unproductive, we needed to use an alternative order of events. Ultimately, following the
aza-Cope/Mannich reaction, the aniline would be converted to the corresponding azide for
use in a dipolar cycloaddition. While formation of the azide prior to the aza-Cope/Mannich
reaction would avoid the problematic intermediate 110, aza-Cope/Mannich reactions in the
presence of azide functional groups have not been reported. Despite the lack of precedent,
we decided to proceed forward by synthesizing the necessary azide.

Conversion of aniline 107 to the corresponding aryl azide could be accomplished
under standard azidation conditions using HCl and NaNO; followed by treatment with
aqueous NaN; (Scheme 2.4.11). Gratifyingly, treatment of this intermediate with AgNOs in
EtOH effected the desired aza-Cope/Mannich reaction without any noticeable interference
of the azide functionality, and tricycle 64 was isolated in 82% yield. Additionally, it is worth
noting that each aza-Cope/Mannich reaction presented herein, including the conversion of

96 to 97 in Scheme 2.4.7, was not affected by the presence of the terminal olefin. This is
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significant as the presence of this group allows for an additional aza-Cope rearrangement
possibility via the formation of 115 (Scheme 2.4.12). Although this structure would be
considerably strained due to the presence of an additional bridgehead olefin, its formation
could facilitate other decomposition pathways that have the potential to undermine the
efficiency of the desired aza-Cope/Mannich reaction. Overall, these potential pitfalls were
likely circumvented by the mild conditions used to effect this transformation by employing
an N-cyanomethyl group as the iminium precursor for the aza-Cope rearrangement.

Scheme 2.4.12. Formation of aryl azide prior to aza-Cope/Mannich and avoidance of

a potential undesired aza-Cope rearrangement.
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With the tricycle complete, the remaining objectives were closure of the seven-
membered azepane ring and installation of the primary alcohol. The subsequent dipolar
cycloaddition proved to be spontaneous and occurred by simply dissolving azide 64 in a
variety of different solvents. However, the diastereoselectivity of the cycloaddition displayed

a marked solvent effect; the results are summarized in Scheme 2.4.13. It appeared that polar,
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and particularly polar-protic solvents tended to favor formation of the undesired
diastereomer, while nonpolar, alkane solvents favored formation of the desired diastereomer.
Additionally, heating the reactions to temperatures near 50 °C resulted in the detection of
imine by-products (118 and 119), well-characterized thermal decomposition products of aryl
triazenes. Cooling the reactions reduced the rate of the cycloaddition to an impractical
degree. Under the optimized conditions, dissolving the azide in heptane at ambient
temperature resulted in an 80% combined yield of chromatographically separable C19
diastereomers. Additionally, the absolute and relative configurations of both diastereomers
were unambiguously determined through X-ray crystallography.

Scheme 2.4.13. Optimization of the [3+2] cycloaddition.
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We rationalize that this effect may have to do with hydrogen bonding interactions

with the solvent. Looking more closely at the crystal structures of both diastereomers, the
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two carbons belonging to the terminal olefin are in nearly identical positions in both 116 and
117 (Scheme 2.4.14). This indicates that the change in diastereoselectivity may have to do
with changes in the orientation of the aryl azide in different solvents, prior to the
cycloaddition. It seems reasonable that in the case of nonpolar, alkane solvents the preferred
conformation of the aryl azide would be away from other functionality and in a conformation
such that the C=0O and aryl C-N dipoles are minimized (Scheme 2.4.14). In this
conformation, the azide is poised to undergo cycloaddition with the olefin to preferentially
give the desired diastereomer. In the case of polar protic solvents, hydrogen bonding
interactions between the ketone, solvent, and azide may bring the azide and ketone in closer
proximity to one another. In this conformation, the azide is poised to undergo cycloaddition
with the olefin from the opposite face, leading to the formation of the undesired diastereomer.

With the knowledge that polar protic solvents favor formation of the undesired
diastereomer, we were able to develop a one-pot procedure for the synthesis of 116 (and 117)
beginning from allylic alcohol 112. Treatment of this compound with AgNOs in EtOH
effected the aza-Cope/Mannich reaction, and upon its completion the reaction was diluted
with heptane, which gave an 70% yield of a 1.85:1 mixture of diastereomers in one step
(Scheme 2.4.13). The lower diastereoselectivity is likely a feature of the presence of ethanol
necessary for the aza-Cope/Mannich step. Alternative procedures involving concentration to

remove the ethanol were not able to reproducibly improve the diastereoselectivity.



Chapter 2 — Enantioselective Total Synthesis of Hunterine A 184

Scheme 2.4.14. Rationalization of diastereoselectivity ~and one-pot aza-

Cope/Mannich, [3+2] cycloaddition.
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With the pentacyclic ring system complete, all that remained was functionalization
of the triazoline to install the necessary alcohol. Gratifyingly, we were able to develop a two-
step, one pot sequence to install the necessary oxygen atom. First, the desired diastereomer
was irradiated with long wave UV light (350 nm) to form the putative aziridine 120 (Scheme
2.4.15.56%9 Acetic acid was then added to the reaction mixture, which led to regioselective
ring-opening’%’! to form O-acetyl-hunterine A (121). With the necessary acetylated oxygen
atom installed, simple treatment of O-acetyl-hunterine A (121) with K2CO3 in MeOH gave

hunterine A (53) in 54% yield over the final two steps, completing the total synthesis.
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Scheme 2.4.15. Completion of the synthesis of hunterine A.
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Attempts to streamline the endgame sequence by excluding the triazoline photolysis,
resulted in unexpected differences in reactivity. Treatment of triazoline 116 with acetic acid
in benzene successfully generated O-acetyl-hunterine A, although with a poor reaction
profile which resulted in a lower overall yield of (—)-hunterine A from 116 (Scheme 2.4.16).
By contrast, treatment of undesired 117 with acetic acid in benzene formed imine 118 in 55%
yield, likely via intermediate 1197%73 followed by intramolecular imine transfer to the more

stable indolimine. No amount of the C19-epimer of O-acetyl-hunterine A was detected.
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Scheme 2.4.16. Nitrogen pyramidality and differences in reactivity of triazoline

diastereomers.
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We speculate that this difference in reactivity relates to different degrees of
pyramidality’* of the respective nitrogen atoms. Summation of the relevant bond angles in
the crystal structure of 116 suggests that the nitrogen atom is 45% pyramidal, while in 117
the nitrogen atom is only 9% pyramidal. Thus, the formation of imine 118 (presumably via
intermediate imine 119) from 117 may be a reflection of this diastereomer’s propensity to

retain a planar geometry.
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2.5 CONCLUSION

In conclusion, we have developed an enantioselective total synthesis of hunterine A,
a novel member of the historic monoterpene indole alkaloid (MIA) class of natural products.
Key features of this synthesis are the development of a catalytic, enantioselective
desymmetrization of a symmetrical bicyclo[3.3.0]diketone, a dianion 1,2-addition using
LaCl3«2LiCl, an aza-Cope Mannich reaction with spontaneous azide-olefin cycloaddition,
and a regioselective aziridine ring opening. Additionally, we have uncovered a potential
connection between the structure and divergent reactivity of late stage triazoline
diastereomers. Finally, we have also demonstrated that intermediate aniline 107 provides a
point of divergence to access other members of the MIA family of natural products.
2.6 EXPERIMENTAL SECTION

2.6.1 MATERIALS AND METHODS

Unless otherwise stated, reactions were performed in flame-dried glassware under an
argon or nitrogen atmosphere using dry, deoxygenated solvents. Solvents were dried by
passage through an activated alumina column under argon.”> Reaction progress was
monitored by thin-layer chromatography (TLC) or Agilent 1290 UHPLC-MS. TLC was
performed using E. Merck silica gel 60 F254 precoated glass plates (0.25 mm) and visualized
by UV fluorescence quenching, p-anisaldehyde, or KMnOjs staining. Silicycle SiliaFlash®
P60 Academic Silica gel (particle size 40-63 pm) was used for flash chromatography. 'H
NMR spectra were recorded on Varian Inova 500 or 600 MHz and Bruker 400 MHz
spectrometers and are reported relative to residual CHCI3 (8 7.26 ppm), CsDsH (6 7.16 ppm),
and CD,HOD (8 3.31). 3C NMR spectra were recorded on a Varian Inova 500 MHz

spectrometer (125 MHz) and Bruker 400 MHz spectrometers (100 MHz) and are reported
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relative to CDCl3 (8 77.16 ppm), CsDs (6 128.06 ppm), or CD30D (6 49.00 ppm). Data for
'"H NMR are reported as follows: chemical shift (8 ppm) (multiplicity, coupling constant
(Hz), integration). Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet,
q = quartet, p = pentet, sept = septuplet, m = multiplet, br s = broad singlet, br d = broad
doublet. Data for *C NMR are reported in terms of chemical shifts (8 ppm). IR spectra were
obtained by use of a Perkin Elmer Spectrum BXII spectrometer using thin films deposited
on NaCl plates and reported in frequency of absorption (cm™). Optical rotations were
measured with a Jasco P-2000 polarimeter operating on the sodium D-line (589 nm), using
a 100 mm path-length cell. Analytical SFC was performed with an Agilent 1260 Infinity II
SFC supercritical CO; analytical chromatography system using a Chiralpak AD-H column
(4.6 mm x 250 mm, 3 micron) obtained from Daicel Chemical Industries, Ltd. High
resolution mass spectra (HRMS) were obtained from the Caltech Mass Spectral Facility
using a JEOL JMS-T2000GC AccuTOF™ GC-Alpha High Resolution Mass Spectrometer
in field ionization (FI+) or field desorption (FD+) mode, or an Agilent 6230 Series TOF with
an Agilent Jet Stream ion source in electrospray ionization (ESI+) mode. Reagents were

purchased from commercial sources and used as received unless otherwise stated.
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2.6.2 EXPERIMENTAL PROCEDURES

2-(2-Bromoethyl)-
1,3-dioxolane

Mg®
_—_——
THF, 23 °C
EtO then HCI o
Lo
71 72

Enone 72: Magnesium metal (15.55 g, 640 mmol, 6.4 equiv) was crushed with a mortar and
pestle, then added to a 2 L, 3-necked round-bottom flask equipped with a stir bar, glass
stopper, and two addition funnels. The flask was flame-dried under vacuum then allowed to
cool under a stream of N». 2-(2-bromoethyl)-1,3-dioxolane (purchased from Combi Blocks
Inc.) (37.6 mL, 320 mmol, 3.2 equiv) was added to one addition funnel with THF (330 mL).
3-Ethoxycyclopent-2-en-1-one’® (71) (12.62 g, 100 mmol, 1.0 equiv) was added to the
remaining addition funnel with THF (200 mL). Approximately 20 mL of the bromide
solution was added to the magnesium and a small crystal of iodine (~20 mg) was added to
initiate formation of the Grignard. The remaining bromide solution was then added dropwise
such that a gentle reflux is maintained (added over ~30 min). The mixture was then stirred
for an additional hour at ambient temperature. During this time, the mixture became cloudy.
After 1 h, the solution of vinylogous ester was then added fast dropwise (~10 min) to the
cloudy solution.

After 4 h, an aliquot of the reaction mixture was added to 1 N aq. HCI and extracted with
ether. NMR analysis showed complete consumption of the vinylogous ester. The reaction
mixture was cooled to 0 °C, and 1 N aq. HCI (600 mL) was carefully added. The cooling
bath was removed, and the reaction mixture was stirred for 1 h, then the aqueous layer was

extracted 3x with EtOAc (100 mL). The combined organic layers were washed with brine
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(100 mL), dried over MgSOs, and concentrated under reduced pressure to give a brown oil
which was purified silica gel flash column to give the title compound as a yellow/orange oil

(10.50 g, 57% vield).

IH NMR: (500 MHz, CDCls) § 5.80 — 5.76 (m, 1H), 4.76 (t, J = 4.4 Hz, 1H), 3.86 — 3.76
(m, 2H), 3.76 — 3.65 (m, 2H), 2.45 (dt, J = 7.0, 1.9 Hz, 2H), 2.39 (t, J= 7.9 Hz, 2H), 2.26 —
2.20 (m, 2H), 1.79 (td, J= 8.1, 4.3 Hz, 2H)

13C NMR: (125 MHz, CDCl;) § 209.5, 181.9, 129.0, 103.0, 64.8, 35.0, 31.3, 30.8, 27.3

IR: (Neat Film, NaCl) 2889, 1697, 1613, 1436, 1409, 1335, 1286, 1233, 1187, 1138, 1033,
945, 903, 843 cm!

HRMS: (ESI+) m/z calc’d for Ci1oHi503 [M+H]*: 183.1016, found 183.1015
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o — —
CuBreMe,S 0
TMSCI, HMPA HO 4 O
vinylMgBr 1N HCI (aq.) H
— —
THF, —40 °C o AN THF, reflux B
° ¢ g
Lo 0
(%)-70
72 L 73 |

Keto-alcohol (£)-70: To a 500 mL round-bottom flask equipped with stir bar and rubber
septum was added CuBreMe:S (812 mg, 3.95 mmol, 30 mol %) and the vessel was purged
and backfilled with N three times. THF (34.7 mL) was added, followed by HMPA (14.16
g, 13.7 mL, 79.02 mmol, 6.0 equiv). The pale green mixture was then cooled to —40 °C
(external temperature, dry ice/acetonitrile bath) and TMSCI (8.58 g, 10.0 mL, 79.02 mmol)
was added neat, dropwise, during which time the solution became brown. Then enone 72
(2.40 g, 13.17 mmol, 1.0 equiv) in THF (20 mL) was added fast dropwise. Finally,
vinylmagnesium bromide (0.7 M in THF) (56.5 mL, 39.52 mmol, 3.0 equiv) was added
dropwise via syringe pump over 2 hours. After the Grignard was added, the reaction was
stirred for an additional hour, then quenched with 6.34 g NH4Cl in H,O (20 mL). At this
stage, extraction with EtOAc and purification can be performed to give ketone 73.

TH NMR: (500 MHz, CDCl3)  5.74 (dd, J=17.5, 10.7 Hz, 1H), 5.11 (dd, /= 10.7, 0.7 Hz,
1H), 4.95 (dd, J=17.5, 0.7 Hz, 1H), 4.87 — 4.79 (m, 1H), 3.99 — 3.90 (m, 2H), 3.88 — 3.80
(m, 2H), 2.38 (dd, /= 17.8, 1.9 Hz, 1H), 2.26 —2.19 (m, 2H), 2.08 (d, /= 17.8 Hz, 1H), 2.04
—1.96 (m, 1H), 1.83 (dt,J=12.9, 9.1 Hz, 1H), 1.70 — 1.55 (m, 4H)

I3C NMR: (125 MHz, CDCl3) 6 218.5, 143.0, 114.2, 104.4, 65.0,48.7,45.9,36.4, 34.4, 33.6,
29.7

IR: (Neat Film, NaCl) 2954, 2883, 1741, 1403, 1165, 1141, 1034, 943, 920, 870 cm™!

HRMS: (FD+) m/z calc’d for C12H1sO03 [M]": 210.1259, found 210.1240.
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In a one-pot procedure to synthesize the keto alcohol (£)-70, the mixture was warmed to
ambient temperature, then 1 N aq. HCI (13 mL) was added, and the reaction mixture was
heated to 70 °C for 12 h. After 12 h, the mixture was cooled to ambient temperature and
transferred to a separatory funnel. The aqueous layer was extracted 3x with EtOAc (50 mL).
The combined organic layers were washed with satd. aqueous NaHCO; and brine, dried over
MgSO4 and concentrated under reduced pressure. The crude residue was purified by column
chromatography (35% EtOAc in hexanes) to give the title compound as a yellow/orange oil
(1.586 g, 72% vyield). The characterization data are shown in the section detailing the

preparation of this alcohol in enantioenriched form.
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o
PPh3, TBSOTf then n-BulLi
o then ethyl acrylate, TMSOTf
then TBAF
é THF, -78 °C
o

75 OEt
76

Enone 76:3" To a 1 L round-bottom flask equipped with stir bar was added PPhs (27.5 g, 105
mmol, 1.05 equiv) and THF (300 mL). TBSOTTf (27.76 g, 24 mL, 105 mmol, 1.05 equiv)
was added followed by cyclopentenone (8.204 g, 8.27 mL, 100 mmol, 1.0 equiv). The
solution was stirred for 2 h, after which time TLC indicated consumption of cyclopentenone.
The solution was cooled to —78 °C and maintained for 20 min before #n-BuLi (2.5 M in
hexanes, 48 mL, 120 mmol, 1.2 equiv) was added causing the solution to turn red and then
nearly black. The solution was maintained at —78 °C for 45 min. To a separate round-bottom
flask equipped with stir bar was added THF (184 mL) and ethyl acrylate (purchased from
Sigma Aldrich, contains 10-20 ppm MEHQ as inhibitor) (11.01 g, 11.71 mL, 110 mmol, 1.1
equiv). This solution was cooled to —78 °C and TMSOTTf (25.12 g, 20.5 mL, 113 mmol, 1.13
equiv) was added in one portion. The solution was then immediately transferred rapidly by
cannula to the stirring solution of ylide at =78 °C and maintained at the same temperature for
45 minutes (in instances where the solution of TMSOTT and ethyl acrylate became cloudy,
another 50 mL of THF were added to complete the transfer). After this time, TBAF (1.0 M
in THF, 270 mL, 270 mmol) was added. The cooling bath was removed, water (200 mL) was
added, and the reaction mixture was allowed to warm to ambient temperature over 30
minutes. The reaction mixture was transferred to a separatory funnel and additional water
(500 mL) was added. The aqueous layer was extracted 4x with EtOAc (200 mL). The

combined organic layers were washed with brine, dried over MgSQs, and concentrated under
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reduced pressure. The crude residue was purified by column chromatography (10 — 30%

EtOAc in hexanes) to give the title compound as a yellow/orange oil (11.67 g, 64% yield)

H NMR: (400 MHz, CDCls) § 5.93 (d, J= 1.5 Hz, 1H), 4.14 (qd, J= 7.2, 1.0 Hz, 2H), 2.72
(t,J = 7.4 Hz, 2H), 2.63 — 2.58 (m, 4H), 2.42 —2.39 (m, 2H), 1.27 — 1.23 (m, 3H)

13C NMR: (100 MHz, CDCL3) § 209.8, 180.6, 172.3, 129.6, 61.0, 35.4, 31.8, 31.7, 28.6, 14.3
IR: (Neat Film, NaCl) 2981, 1713, 1616, 1436, 1371, 1336, 1167, 1042, 859 cn!

HRMS: (ESI+) m/z calc’d for C1oH1403 [M+H]": 183.1016, found 183.1020.
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o]
CuBr-Me,S
(30 mol %)
vinyl MgBr
TMSCI, HMPA N
THF, -40 °C
0 EtO (o}
OEt 80
76

Ketone 80: To a 500 mL round-bottom flask equipped with stir bar and rubber septum was
added CuBreMe>S (937 mg, 4.56 mmol, 30 mol %) and the vessel was purged and backfilled
with N> three times. THF (35 mL) was added followed by HMPA (16.45 g, 15.7 mL, 91.8
mmol, 6.0 equiv). The pale green mixture was then cooled to 40 °C (dry ice/acetonitrile
bath, external temperature) and TMSCI (9.973 g, 11.65 mL, 91.8 mmol) was added neat,
dropwise, during which time the solution became brown. Then enone 76 (2.79 g, 15.3 mmol,
1.0 equiv) in THF (27.4 mL) was added fast dropwise. Finally, vinylmagnesium bromide
(0.7 M in THF) (50 mL, 35.2 mmol, 2.3 equiv) was added dropwise via syringe pump over
2 hours. After the Grignard was added, the reaction was stirred for an additional hour then
quenched AcOH (3.67 g, 3.6 mL, 61.2 mmol, 4.0 equiv). The mixture was warmed to
ambient temperature, then water was added and the mixture was transferred to a separatory
funnel. The aqueous layer was extracted 3x with EtOAc (40 mL). The combined organic
layers were washed with satd. aqueous NaHCO3 (100 mL) and brine (100 mL), dried over
Na»S0s, and concentrated under reduced pressure. The crude residue was purified by column
chromatography (10 — 30% EtOAc in hexanes) to give the title compound as a yellow oil

(2.45 g, 76% yield).

TH NMR: (500 MHz, CDCls) § 5.72 (dd, J = 17.5, 10.7 Hz, 1H), 5.15 (dd, J= 10.8, 0.6 Hz,

1H),4.98 (d,J=17.4 Hz, 1H),4.12 (q,J="7.1 Hz, 2H), 2.40 (dd, J=17.7,2.0 Hz, 1H), 2.34
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—2.18 (m, 4H), 2.09 (d, J = 17.7 Hz, 1H), 2.03 (dtd, J = 12.5, 6.1, 1.9 Hz, 1H), 1.95 — 1.81
(m, 3H), 1.26 (t, J = 7.1 Hz, 3H)

13C NMR: (125 MHz, CDCl3)  217.9, 173.5, 142.3, 114.8, 60.6, 48.3, 45.8, 36.2, 35.2, 33.5,
30.4, 14.3

IR: (Neat Film, NaCl) 3080, 2948, 2880, 1766, 1719, 1639, 1458, 1407, 1206, 1151, 1112,
1080, 998, 919 cm!

HRMS: (FI+) m/z calc’d for C12Hi3O3 [M]*: 210.1256, found 210.1265.
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oy O
A KOt-Bu {j:g
THF, 0 °C :
N
EtO (o) \
80 68

Symmetrical diketone 68: Ketone 80 (2.40 g, 11.4 mmol, 1.0 equiv) was added to a 250
mL round-bottom flask with stir bar, and THF (60 mL) was added. The solution was cooled
to 0 °C. Anhydrous KO#-Bu (1.92 g, 17.1 mmol, 1.5 equiv) was added as a solid in one
portion to the cooled solution. The mixture was stirred for 20 minutes after which time TLC
indicated complete consumption of starting material. Satd. aqueous NH4Cl was added (50
mL), and the mixture was warmed to ambient temperature. The aqueous layer was extracted
5x with EtOAc (30 mL). The combined organic layers were washed with brine (50 mL),
dried over Na;SO4, and concentrated under reduced pressure. The crude residue was purified
by silica gel flash column (20 — 30% EtOAc in hexanes). The pure product was collected
and then concentrated from hexanes under reduced pressure to give the title compound as an

amorphous white powder (1.61 g, 86% yield).

IH NMR: (500 MHz, CDCl3) § 6.04 (dd, J = 17.4, 10.7 Hz, 1H), 5.15 (d, J = 10.7 Hz, 1H),
5.07 (d,J = 17.4 Hz, 1H), 3.01 (s, 1H), 2.55 — 2.37 (m, 4H), 2.13 (dddd, J = 13.5, 8.8, 6.5,
1.3 Hz, 2H), 2.02 (dt, J = 13.4, 7.9 Hz, 2H)

13C NMR: (125 MHz, CDCl3) 6 208.1, 141.8, 113.1, 68.2, 52.3, 37.6, 31.2

IR (Neat Film, NaCl): 3081, 2974, 1739, 1400, 1376, 1291, 1174, 1167, 1097, 1040, 925,
889, 876, 855 cm™!;

HRMS: (ESI+) m/z calc’d for CioHi202Na [M+Na]": 187.0730, found 187.0732.
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o o) [RuCl(mesitylene) HO o)
H (R,R-TSDPEN)] (1 mol %) H HQ v PH
%j:g HCOOH:Et;N (5:2) a:é :
’ o +
f 1,4-dioxane, 28 °C A T
A 70 : 82 (1 : 0.6) A x
70 81

68
Keto-alcohol 10 and meso-diol 11: To a 250 mL round-bottom flask with stir bar was
charged diketone 68 (2.668 g, 16.25 mmol, 1.0 equiv) and RuCl(mesitylene)[(R,R)-
TsDPEN] (101 mg, 0.162 mmol, 1 mol %). The flask was evacuated and backfilled 3x with
N». 1,4-Dioxane (65 mL) was added and the solution was stirred to give a homogeneous
gold-colored solution. HCOOH:Et:N (5:2) (2.86 mL, 32.5 mmol, 2.0 equiv) was degassed
by bubbling Ar through the solution for 5 minutes then dissolved in 16 mL of 1,4-dioxane.
The solution was then added to the solution of ketone and catalyst and maintained at 28 °C
for 15 h. After 15 h, TLC indicated complete consumption of the diketone. Half-saturated
aqueous NaHCO; (60 mL) was added, and the aqueous layer was extracted 4x with EtOAc
(70 mL). The combined organic layers were washed with brine, dried over Na;SOs, and
concentrated under reduced pressure. The crude residue was purified by silica gel
chromatography (10 — 20 — 30% EtOAc in CH2Cl) to give the desired keto-alcohol (70)
as an orange oil (1.550 g, 57% yield) as well as meso-diol 81 as an orange oil (1.024 g, 37%

yield).

Characterization data for keto-alcohol 70:

Note: the 'H NMR spectra exhibited slight variation based on sample concentration

TH NMR: (500 MHz, CDCl3) 8 5.94 (dd, J = 17.3, 10.6 Hz, 1H), 5.04 — 4.89 (m, 2H), 4.51
(dt,J=7.7,5.1 Hz, 1H), 2.92 (br s, 1H), 2.57 (dd, /= 7.8, 1.5 Hz, 1H), 2.44 — 2.29 (m, 2H),
2.04-1.96 (m, 3H), 1.91 (dt, /= 12.8, 7.3 Hz, 1H), 1.84 — 1.78 (m, 1H), 1.75 (ddt, /= 10.4,

6.6, 4.9 Hz, 1H)
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13C NMR: (125 MHz, CDCl;) § 221.1, 144.6, 110.9, 74.8, 61.6, 54.0, 39.7, 35.7, 35.2, 32.6
IR: (Neat Film, NaCl) 3445, 3081, 2953, 2873, 2249, 1738, 1639, 1455, 1413, 1268, 1167,
1104, 998, 913, 734, 695 cm!

HRMS: (FD+) m/z calc’d for C1oH140:N [M]': 166.0994, found 166.0991.

[a]23: -101 (c = 0.76, CHCL)

Characterization data for meso-diol 81:

H NMR: (400 MHz, CDCls) § 5.87 (dd, J = 17.4, 10.6 Hz, 1H), 4.89 (dd, J = 17.4, 1.0 Hz,
1H), 4.82 (dd, J= 10.6, 1.0 Hz, 1H), 4.44 (dt, J="7.5, 5.5 Hz, 2H), 3.66 (s, 2H), 2.30 (t, J =
7.4 Hz, 1H), 1.87 — 1.72 (m, 6H), 1.68 — 1.58 (m, 2H)

13C NMR: (100 MHz, CDCLy) § 147.3, 108.7, 76.8, 5.2, 54.7, 35.5, 35.4

IR: (Neat Film, NaCl) 3320, 2950, 2869, 1634, 1439, 1347, 1180, 1104, 1062, 1008, 938,
906, 872, 780, 680 cm”!

HRMS: (FD+) m/z calc’d for C10H1602 [M]": 168.1150, found 168.1152.

Determination of enantiomeric excess: For each asymmetric reaction, a small amount (ca.

5 mg) of alcohol 70 was converted to the tert-butyldiphenylsilyl ether for SFC analysis.
Synthesis of the TBDPS ether was performed using the procedure outlined for the synthesis

of the TBS ether, substituting TBDPSCI for TBSCI.

HO 4/ O TBDPSCI TBDPSO 4 O
T imidazole s
T DMAP (cat.)
B CH,Cl,, 23 °C :
% \

70 122

Characterization data for TBDPS ether 122:
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'TH NMR: (500 MHz, CDCl3) 4 7.71 (ddt, J = 16.8, 6.8, 1.6 Hz, 4H), 7.47 — 7.36 (m, 6H),
591 (dd, J=17.3, 10.7 Hz, 1H), 4.98 — 4.87 (m, 2H), 4.64 (ddd, J = 7.4, 4.7, 3.0 Hz, 1H),
2.61 -2.50 (m, 2H), 2.35 (dddd, J=17.8, 8.9, 7.5, 1.6 Hz, 1H), 2.19 (ddd, /= 12.9, 9.1, 7.4
Hz, 1H), 2.12—-1.99 (m, 2H), 1.75 (ddd, /=12.8, 7.8, 4.9 Hz, 1H), 1.61 — 1.47 (m, 2H), 1.07
(s, 9H).

3C NMR: (125 MHz, CDCl3) & 217.2, 145.0, 136.3, 136.0, 134.6, 132.9, 129.8, 129.8,
127.7,127.7,110.5, 77.2, 63.0, 54.1, 40.1, 37.0, 36.2, 33.2, 27.0, 19.1.

IR: (Neat Film, NaCl) 3071, 2932, 2857, 1741, 1637, 1471, 1427, 1362, 1254, 1111, 1036,
998,911, 822, 741, 703 cm™!

HRMS: (FD+) m/z calc’d for C26H3202Si [M]": 404.2172, found 404.2183.

[a]%3: -16.8 (¢ = 0.57, CHCL)

Chiral SFC: 91% ee, Daicel ADH column, 210 nm, 10% IPA/CO, t; (minor) 3.77 min, t

(major) 4.69 min
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HO . OH o o

3 g E TEMPO % H f
T PIDA T
_

T CH,Cl, F
-\ 23°C \
81 68

Oxidation of meso-diol 81 to diketone 68: Meso-diol 81 (932 mg, 5.49 mmol, 1.0 equiv)
was dissolved in CH>Cl> (22 mL). TEMPO (257 mg, 1.65 mmol, 0.3 equiv) was added
followed by PIDA (4.44 g, 13.7 mmol, 2.5 equiv). The reaction mixture was stirred for 7 h,
after which time TLC indicated complete consumption of starting material and exclusive
oxidation to the symmetrical diketone. Water (50 mL) was added and the aqueous layer was
extracted 3x with CH2Cl» (20 mL). The combined organic extracts were washed with brine
(50 mL), dried over Na>SQO4, and concentrated under reduced pressure. The crude residue
was purified by column chromatography (30% EtOAc in hexanes) to give diketone 68 as a

white amorphous powder (612 mg, 68% yield).
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O,N

o OH
N om e
EtOH, 23 °C N’NH OH
AN \ ¢
ent-70 I
N
(2)-82

Hydrazone (Z£)-82: A stock solution of DNP stain was freshly prepared by mixing EtOH
(10 mL), H>SO4 (3 mL), H>O (4 mL), and 2,4-dinitrophenylhydrazine (0.6 g). To a solution
of ketone ent-70 (10 mg, 0.06 mmol) in EtOH (0.4 mL) was added 0.5 mL of the DNP stain
solution. After 1 hour, the solution was diluted with water (2 mL) and extracted with CH>Cl
(3x1 mL). The combined organic layers were washed with brine (1 mL), dried over MgSO4
and concentrated under reduced pressure. The (E) and (Z) isomers were separated by silica
gel flash column chromatography (0 — 40% Et2O in hexanes) to give (£)-82 as an orange

solid (8.9 mg, 43% yield).

IH NMR: (400 MHz, CDCl3) & 11.46 (brs, 1H), 9.11 (d, J=2.6 Hz, 1H), 8.27 (ddd, J= 9.6,
2.6,0.7 Hz, 1H), 7.90 (d, J = 9.6 Hz, 1H), 5.95 (dd, J= 17.4, 10.6 Hz, 1H), 5.03 (dd, J=5.8,
0.7 Hz, 1H), 4.99 (d,J= 1.0 Hz, 1H), 4.86 (q, /= 6.2 Hz, 1H), 3.12 (d, /= 7.5 Hz, 1H), 2.81
—2.71 (m, 2H), 2.16 — 2.06 (m, 1H), 2.00 — 1.78 (m, 5H).

13C NMR: (100 MHz, CDCls) § 167.9, 145.6, 144.7, 137.7, 129.9, 129.2, 123.7, 116.6,
111.2, 74.8, 56.3, 55.8, 36.7, 35.0, 34.8, 34.7.

IR: (Neat Film, NaCl) 3540, 2952, 2924, 1616, 1588, 1518, 1502, 1424, 1334, 1310, 1138,
1074, 918 cm'!

HRMS: (ESI+) m/z calc’d for Ci6Hi9OsNs [M+H]": 347.1350, found 347.1346.

[a]3: +78.8 (c = 0.54, CHCl3)
D
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HO 4 O TBSCI ™SO {4 O
H imidazole T
DMAP (cat.)

B CH,Cl,, 23 °C B
\ -\\

70 83

TBS ether 83: To a solution of imidazole (3.56 g, 53.6 mmol, 4.0 equiv) and N,N-
dimethylaminopyridine (165 mg, 1.34 mmol, 0.1 equiv) in CH2Cl> (67 mL) was added keto-
alcohol 70 (2.23 g, 13.4 mmol, 1.0 equiv). TBSCI (6.059 g, 40.2 mmol, 3.0 equiv) was then
added as a solid in one portion. The reaction mixture was stirred for 3 h, then water (100 mL)
is added. The aqueous layer was extracted 3x with CH>Cl» (50 mL). The combined organic
layers were washed with brine (150 mL), dried over Na>xSQO4, and concentrated under reduced
pressure. The crude residue was purified via silica gel flash column chromatography (5%

EtOAc in hexanes) to give the title compound as a colorless oil (3.584 g, 95% yield).

'H NMR: (500 MHz, CDCl3) 8 5.94 (dd, J = 17.3, 10.6 Hz, 1H), 4.98 — 4.89 (m, 2H), 4.54
(ddd,J=6.3,3.8,2.3 Hz, 1H), 2.54 (d, /= 6.3 Hz, 1H), 2.35 (ddd, /= 17.7, 8.8, 6.1 Hz, 1H),
2.23 (dddd, J=17.8, 8.6, 7.8, 1.5 Hz, 1H), 2.12 — 1.98 (m, 3H), 1.92 — 1.86 (m, 1H), 1.85 —
1.80 (m, 2H), 0.86 (s, 9H), 0.05 (s, 3H), 0.04 (s, 3H).

3C NMR: (125 MHz, CDCl3) 4 217.7, 145.3, 110.3, 76.3, 63.5, 54.1,40.2, 37.5, 37.1, 33.6,
25.8,18.0,4.8,-5.2.

IR (Neat Film, NaCl): 3081, 2952, 2929, 2896, 2856, 1743, 1636, 1464, 1438, 1412, 1361,
1328, 1254, 1175, 1107, 1038, 1004, 968, 951, 910, 836, 826, 806, 777, 740, 684 cm™';
HRMS: (FD+) m/z calc’d for C16H2302Si [M]": 280.1859, found 280.1863.

[a]23: —72.9 (¢ = 0.67, CHCL)
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A (2)-86 : (E)-86 x =
83 (1:1.3)
(2)-86 (E)-86

Oximes (£)-86 and (E)-86: TBS ether 83 (3.5836 g, 12.78 mmol, 1.0 equiv) was dissolved
in MeOH (22.4 mL) and H>O (3.2 mL). NaHCO3 (3.330 g, 39.62 mmol, 3.1 equiv) and
hydroxylamine hydrochloride (2.664 g , 38.34 mmol, 3.0 equiv) were sequentially added.
The heterogenous reaction mixture was then heated to reflux for 4 h after which time TLC
indicates complete consumption of starting material. The mixture was cooled to ambient
temperature and water (100 mL) was added. The mixture was extracted 4x with CH>Cl, (30
mL). The combined organic layers were then washed with brine, dried over Na>xSO4, and
concentrated under reduced pressure. The reaction mixture was then purified by silica gel
flash column chromatography (2 — 5 — 10% Et20 in hexanes) to afford undesired oxime
(£)-86 with a small amount of oxime (E)-86 as a viscous, pale yellow oil (1.55 g) and desired
(E)-oxime (E)-86 as an off-white/yellow, wet semi-solid (2.008 g, 56% yield (single pass)).
Note: The oxime isomers are challenging to separate. On the scale reported in this
procedure, the following purification procedure was employed.: Silica gel column: 26.7 cm
height, 7.62 cm diameter. The column was pre-equilibrated with 100% hexanes. The crude
oil was dissolved in 10% Et;0 in hexanes and loaded onto the column. The column was then
eluted with 2% Et;0 in hexanes (1.5 L), then 5% Et;0 in hexanes (1.5 L), then 10% Et:0 in
hexanes until the desired oximes are detected by TLC. Adequate separation was achieved

with relatively few mixed fractions.
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Recycling of undesired (Z)-oxime and mixed fractions.

Undesired (Z)-oxime 13 (1.55 g, 5.25 mmol, 1.0 equiv) was dissolved in MeOH (12 mL).
Pyridine (9.4 mL) was added followed by hydroxylamine hydrochloride (3.64 g, 52 mmol,
10.0 equiv). The solution was heated to reflux for 24 h. After 24 h, the solution was cooled
to ambient temperature, 1N aq. HCI (50 mL) was added followed by CH>Cl, (50 mL). The
layers were separated, and the organic layer was extracted 3x with CH2Clz (50 mL), washed
with brine (50 mL), dried over Na>SQOs, and concentrated under reduced pressure. The crude
residue was purified by silica gel flash column chromatography as described above to give

(E)-oxime 14 (705 mg, 74% combined yield from 2 cycles).

HO_
™SQ y N

N
(2)-86

Characterization data for undesired oxime (Z)-86:

'H NMR: (400 MHz, CDCl3) 8 7.30 (s, 1H), 5.90 (dd, J= 17.4, 10.6 Hz, 1H), 4.95 — 4.87
(m, 2H), 4.64 — 4.60 (m, 1H), 3.22 (d, J=5.6 Hz, 1H), 2.55 —2.37 (m, 2H), 1.97 — 1.87 (m,
2H), 1.84 — 1.72 (m, 4H), 0.86 (s, 9H), 0.04 (s, 6H)

3C NMR: (100 MHz, CDCl3) 8 166.1, 145.9, 109.8, 75.1, 56.0, 55.5, 37.1, 35.9, 35.8, 31.6,
25.9,18.0,—4.6,-5.0

IR (Neat Film, NaCl): 3231, 3144, 2931, 2894, 2856, 1639, 1467, 1380, 1255, 1055, 946,
840, 775 cm™

HRMS: (ESI+) m/z calc’d for Ci6H30NO2Si [M+H]": 296.2040, found 296.2045.

[a]23: -101 (c = 0.28, CHCL)
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T8SQ , N-OH
HYU

~

(E)-86
Characterization data for desired oxime (E)-86:
'H NMR: (400 MHz, CDCl3) & 7.86 (d, J = 2.6 Hz, 1H), 5.86 (ddd, J=17.4, 10.7, 1.4 Hz,
1H), 4.93 — 4.82 (m, 2H), 4.39 — 4.34 (m, 1H), 2.76 (d, /= 5.7 Hz, 1H), 2.49 (ddt, J = 8.7,
7.3, 1.5 Hz, 2H), 2.00 — 1.72 (m, 6H), 0.82 (d, /= 1.5 Hz, 9H), 0.00 (d, /= 1.4 Hz, 3H), -
0.01 (d, J=1.4 Hz, 3H).
13C NMR: (100 MHz, CDCl3) 8 166.8, 145.6, 110.0, 77.1 (obscured by CHCl3), 59.1, 55.7,
37.0,36.8,36.2, 28.5, 25.9, 18.0, 4.8, 4.9.
IR (Neat Film, NaCl): 3222, 3128, 2951, 2931, 2856, 1639, 1471, 1252, 1168, 1107, 1055,
982, 962, 910, 830, 807, 775, 751 cm!
HRMS: (ESI+) m/z calc’d for Ci6H30NO2Si [M+H]": 296.2040, found 296.2045.

[a]23: —62.2 (¢ = 0.67, CHCL)
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TBSO 7’0'* TBSO HH
J sOCl, >
; THF, 0 °C :
\ \
(E)-86 87

Lactam 87: In a round-bottom flask, Oxime (£)-86 (2.000 g, 6.77 mmol, 1.0 equiv) was
dissolved in THF (50 mL) and cooled to 0°C. In a separate flask, SOCl, (7.25g (4.42 mL),
60.93 mmol, 9.0 equiv) was dissolved in THF (15 mL). The solution of thionyl chloride was
then added dropwise to the oxime solution. After 3 hours, while still at 0 °C, water (50 mL)
was carefully added followed by NH4OH (10 mL). The biphasic mixture was stirred for 10
minutes, warmed to ambient temperature, then the layers were partitioned and the aqueous
layer was extracted 4x with EtOAc (50 mL). The combined organic extracts were washed
with brine (100 mL), dried over Na>SO4, and concentrated under reduced pressure. The crude
reaction mixture was purified by silica gel column chromatography (50 — 70% EtOAc in
hexanes) to give the title compound as an off-white solid (1.504 g, 75% yield).

TH NMR: (400 MHz, CDCls) & 5.93 (s, 1H), 5.83 (dd, J= 17.6, 10.6 Hz, 1H), 5.14 — 5.02
(m, 2H), 4.22 —4.12 (m, 1H), 3.39 (dd, /=4.9, 1.6 Hz, 1H), 2.33 (dd, J = 7.4, 6.3 Hz, 2H),
1.98 — 1.76 (m, 4H), 1.75 — 1.60 (m, 2H), 0.87 (s, 9H), 0.04 (s, 3H), 0.04 (s, 3H).

13C NMR: (100 MHz, CDCl3) § 172.5, 144.7, 112.6, 74.2, 62.5, 43.8, 31.3, 31.3, 30.3, 28.3,
25.9,18.1, -4.6,-4.9.

IR (Neat Film, NaCl): 3294, 3085, 2951, 2901, 2854, 1647, 1470, 1461, 1407, 1358, 108,
1250, 1222, 1184, 1163, 1122, 1088, 1066, 1023, 1005, 992, 943,917, 836, 779 cm™!;
HRMS: (ESI+) m/z calc’d for C1sH30NO2Si [M+H]": 296.2040, found 296.2044.

[a]23: 2.7 (c = 1.0, CHCL)
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CN

TBSQ W H HO 4 i BICH,CN  HO r
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: THF, 60 °C ; MeCN, 60 °C .
87 123 88

Aminonitrile 88: To a round-bottom flask with stir bar was added lithium aluminum hydride
(powder, 916 mg, 24.15 mmol, 5.7 equiv). The flask was cooled to 0 °C and THF (16 mL)
was added. Lactam 87 (1.236 g, 4.83 mmol, 1.0 equiv) was dissolved in THF (16 mL) and
the solution was added to the stirred suspension of lithium aluminum hydride at 0 °C. After
stirring for 5 minutes, the cooling bath was exchanged for a heating bath, and the mixture
was heated to 62 °C. After 2 h, TLC indicated complete consumption of starting lactam, and
LC/MS revealed loss of the silyl protecting group. Note: the product in which the amide has
been reduced but the alcohol retains the silyl protecting group has never been observed. The
reaction mixture was then cooled to 0 °C and diluted with Et2O (50 mL). Then Rochelle’s
salt (200 mL) was carefully added at 0 °C (CAUTION: EXOTHERMIC). The biphasic
mixture was stirred vigorously until two clear layers were observed. The layers were
partitioned, and the aqueous layer was extracted 4x with Et;O, then 2x with EtOAc. The
combined organic layers were concentrated under reduced pressure to a volume of
approximately 100mL. Then the organic layers were extracted 5x with 1 N aq. HCI (aq.). To
the combined aqueous layers was added solid NaOH (CAUTION: EXOTHERMIC) until the
pH was >13. Then the aqueous layer was extracted 4x with EtOAc (50 mL). The combined
organic layers were then washed with brine (100 mL), dried over Na2SO4 and concentrated
under reduced pressure to give the crude amino alcohol 123 as a pale yellow solid (123) (620

mg) that was used directly in the next step.
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To a round bottom flask with stir bar was added crude 123 (620 mg, 3.67 mmol, 1.0 equiv)
and K>COs (1.546 g, 11.19 mmol, 3.05 equiv). MeCN (14.7 mL) was added and the mixture
was stirred vigorously. Bromoacetonitrile (1.276 g, 0.74 mL, 10.64 mmol, 2.9 equiv) was
added fast dropwise. The mixture was then heated to 60 °C. After 2 h, TLC and LC/MS
indicated consumption of the starting material. Water (40 mL) was added, the layers were
partitioned, and the aqueous layer was extracted 4x with Et;O. The combined organic
extracts were washed with brine, dried over Na,SQs, and concentrated under reduced
pressure. The crude reside waws purified by silica gel flash column chromatography (30%

EtOAc, 1% Et;N in hexanes) to give a pale yellow oil (690 mg, 80% yield over 2 steps).

H NMR: (400 MHz, CDCls) § 5.84 (ddd, J= 17.6, 10.8, 0.9 Hz, 1H), 5.14 — 4.99 (m, 2H),
435 —429 (m, 1H), 3.91 (d, J = 17.1 Hz, 1H), 3.58 (d, /= 17.2 Hz, 1H), 2.83 — 2.75 (m,
2H), 2.73 (d, J= 2.6 Hz, 1H), 2.69 — 2.62 (m, 1H), 1.94 — 1.85 (m, 1H), 1.84 — 1.73 (m, 2H),
1.73 - 1.59 (m, 5H).

13C NMR: (100 MHz, CDCl3) § 146.6, 115.8, 111.8, 73.6, 68.6, 48.6, 45.6, 44.6, 36.3, 31.2,
30.4, 20.0.

IR: (Neat Film, NaCl) 3457, 3078, 2938, 2860, 2750, 2232, 1650, 1634, 1467, 1439, 1336,
1236, 1132, 1104, 1064, 1039, 1000, 912, 883, 754 cm™!

HRMS: (ESI+) m/z cale’d for C12H oN2O [M+H]': 207.1492, found 207.1496.

[a]%3: ~19.9 (¢ = 0.8, CHCl5)
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Ketone 67: To a round-bottom flask with stir bar was added CH>Cl> (18.6 mL) and oxalyl
chloride (550 mg, 0.372 mL, 4.34 mmol, 1.4 equiv) and the solution was cooled to —78 °C.
DMSO (533 mg, 0.485 mL, 6.82 mmol, 2.2 equiv) was added dropwise. The solution was
allowed to stir for 30 minutes, then aminonitrile 88 (640 mg, 3.10 mmol, 1.0 equiv) was
added dropwise as a solution in CH>Cl, (12.4 mL). The solution was stirred an additional 30
minutes at the same temperature, then EtsN (1.568 g, 2.16 mL, 15.5 mmol, 5 equiv) was
added dropwise at —78 °C. The solution was stirred at —78 °C for 1 hour, then allowed to
warm to ambient temperature and stir for an additional hour, during which time TLC
indicated complete consumption of the starting material. The reaction mixture was quenched
with satd. aqueous NaHCO3 (50 mL). The layers were partitioned, and the aqueous layer was
extracted 3x with CH2Cl> (30 mL). The combined organic layers were washed with brine (50
mL), dried over Na;SOs, and concentrated under reduced pressure. The crude residue was
purified via silica gel flash column chromatography (20% EtOAc, 1% EtN in hexanes) to

give the title compound as a pale yellow oil (530 mg, 84% yield).

IH NMR: (400 MHz, CDCl3) § 5.90 — 5.77 (m, 1H), 5.18 — 5.08 (m, 2H), 3.94 (d, J= 17.0
Hz, 1H), 3.68 (dd, J = 16.9, 1.0 Hz, 1H), 2.91 (s, 1H), 2.71 — 2.57 (m, 2H), 2.29 (ddd, J =
8.5,7.0, 1.4 Hz, 2H), 2.11 (ddd, J = 13.2, 8.8, 6.8 Hz, 1H), 1.83 — 1.75 (m, 1H), 1.71 (p, J =

5.9 Hz, 2H), 1.61 — 1.53 (m, 1H), 1.50 — 1.42 (m, 1H)
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I3C NMR: (100 MHz, CDCl3) § 217.0, 143.0, 116.1, 114.2,70.1,49.8, 44.3, 43.0, 34.1, 30.1,
289,21.3

IR: (Neat Film, NaCl) 3082, 2943, 2855, 2246, 1742, 1639, 1440, 1130, 997, 921, 884, 754
cm!

HRMS: (ESI+) m/z calc’d for C12Hi7N20 [M+H]": 205.1335, found 205.1336.

[a]%3: —5.0 (c = 0.82, CHCl3)
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Note: The sequence was performed using racemic 87.

Ketone 67b: To a round-bottom flask with stir bar was added lithium aluminum hydride
(powder, 916 mg, 24.15 mmol, 5.7 equiv). The flask was cooled to 0 °C and THF (16 mL)
was added. Lactam 87 (1.236 g, 4.83 mmol, 1.0 equiv) was dissolved in THF (16 mL) and
the solution was added to the stirred suspension of lithium aluminum hydride at 0 °C. After
stirring for 5 minutes, the cooling bath was exchanged for a heating bath, and the mixture
was heated to 62 °C. After 2 h, TLC indicated complete consumption of starting lactam, and
LC/MS revealed loss of the silyl protecting group. Note: the product in which the amide has
been reduced but the alcohol retains the silyl protecting group has never been observed. The
reaction mixture was then cooled to 0 °C and diluted with Et2O (50 mL). Then Rochelle’s
salt (200 mL) was carefully added at 0 °C (CAUTION: EXOTHERMIC). The biphasic
mixture was stirred vigorously until two clear layers were observed. The layers were
partitioned, and the aqueous layer was extracted 4x with Et;O, then 2x with EtOAc. The
combined organic layers were concentrated under reduced pressure to a volume of
approximately 100mL. Then the organic layers were extracted 5x with 1 N aq. HCI (aq.). To
the combined aqueous layers was added solid NaOH (CAUTION: EXOTHERMIC) until the
pH was >13. Then the aqueous layer was extracted 4x with EtOAc (50 mL). The combined
organic layers were then washed with brine (100 mL), dried over Na2SO4 and concentrated
under reduced pressure to give the crude amino alcohol 123 as a pale yellow solid (123) (620

mg) a portion of which was used directly in the next step.
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The crude amino alcohol (60 mg, 0.35 mmol, 1 equiv) was dissolved in CH>Cl, (3.5 mL).
EtsN (75 pL, 0.53 mmol, 1.5 equiv) and DMAP (4.0 mg, 0.035 mmol, 10 mol%) were
sequentially added followed by Boc,O (94 mg, 0.43 mmol, 1.2 equiv). The reaction mixture
was allowed to stir for 24 hours. After this time, the mixture was concentrated under reduced
pressure and filtered through a plug of silica gel (eluting with 20% EtOAc in hexanes) and
concentrated again under reduced pressure to give the N-Boc compound 124 as a crude oil
(54 mg) that was used without further purification.

To a flame-dried test tube with stir bar was added CH>Cl» (1.2 mL) followed by oxalyl
chloride (24 pL, 0.28 mmol, 1.4 equiv) and the solution was cooled to —78 °C. DMSO (34
pL, 0.44 mmol, 2.2 equiv) was added dropwise and the solution was allowed to stir for 30
minutes. After this time, the crude alcohol (54 mg, 0.2 mmol, 1.0 equiv) in CH2Cl, (0.8 mL)
was added dropwise. The solution was allowed to stir for an additional 30 mintues before
EtsN (159 pL, 1 mmol, 5.0 equiv) was added dropwise. The solution was maintained at —78
°C for an additional hour before being allowed to warm to 0 °C. The reaction was quenched
with satd. aq. NaHCOs3 (2 mL). The layers were partitioned and separated, the aqueous layer
was extracted with CH>Cl> (3x1 mL). The combined organic layers were washed with brine
(2 mL), dried over Na>SQOs4, and concentrated under reduced pressure. The crude residue was
purified by silica gel flash column chromatography (10 — 50% EtOAc in hexanes) to give

the title compound as a colorless amorphous solid (36 mg, 40% yield over 3 steps).

Restricted rotation of the carbamate resulted in doubling of peaks by both 'H and > C NMR
TH NMR: (600 MHz, CDCI3) § 5.86 (ddd, J=17.3, 10.8, 6.2 Hz, 1H), 5.14 (td, /= 13.6, 3.6

Hz, 2H), 4.63 (d, J = 158.0 Hz, 1H), 4.05 — 3.81 (m, 1H), 2.48 (dtd, J = 70.4, 13.2, 3.0 Hz,
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1H), 2.39 — 2.32 (m, 1H), 2.23 (ddt, /= 19.9, 13.0, 10.0 Hz, 1H), 1.95 — 1.80 (m, 2H), 1.63
(d, J=13.9 Hz, 1H), 1.58 — 1.47 (m, 1H), 1.47 — 1.42 (m, 9H), 1.42 — 1.35 (m, 1H), 1.29 (td,
J=13.0,3.7 Hz, 1H).

Peak doubling by >C NMR due to the carbamate complicated analysis such that all peaks
observed are reported, the number of peaks is significantly more than the number of carbon
atoms in the molecule.

3C NMR: (150 MHz, CDCl3) 4 214.0, 213.9, 155.8, 155.5, 142.7, 142.3, 114.3, 114.1, 80.2,
06.5,65.4,42.8,41.3,40.3,32.3,31.0, 30.2, 30.1, 28.5, 21.2, 20.9.

IR: (Neat film, NaCl) 2974, 2932, 2860, 1754, 1694, 1418, 1364, 1304, 1280, 1250, 1172,
1152, 1096, 898, 764, 680 cm!

HRMS: (FI+) m/z calc’d for CisH23NO3; [M]™: 265.16725, found 265.16828
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TBSQ H Teoc-OSu Teoc  (cocl),, DMSO H Teoc
_LiAH, _ HPNEt _ BN
THF, 60 °C MeCN 7%H2CI2
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Note: The sequence was performed using racemic 87.

Ketone 67c¢: To a round-bottom flask with stir bar was added lithium aluminum hydride
(powder, 916 mg, 24.15 mmol, 5.7 equiv). The flask was cooled to 0 °C and THF (16 mL)
was added. Lactam 87 (1.236 g, 4.83 mmol, 1.0 equiv) was dissolved in THF (16 mL) and
the solution was added to the stirred suspension of lithium aluminum hydride at 0 °C. After
stirring for 5 minutes, the cooling bath was exchanged for a heating bath, and the mixture
was heated to 62 °C. After 2 h, TLC indicated complete consumption of starting lactam, and
LC/MS revealed loss of the silyl protecting group. Note: the product in which the amide has
been reduced but the alcohol retains the silyl protecting group has never been observed. The
reaction mixture was then cooled to 0 °C and diluted with Et2O (50 mL). Then Rochelle’s
salt (200 mL) was carefully added at 0 °C (CAUTION: EXOTHERMIC). The biphasic
mixture was stirred vigorously until two clear layers are observed. The layers were
partitioned, and the aqueous layer was extracted 4x with Et;O, then 2x with EtOAc. The
combined organic layers were concentrated under reduced pressure to a volume of
approximately 100mL. Then the organic layers were extracted 5x with 1 N aq. HCI (aq.). To
the combined aqueous layers was added solid NaOH (CAUTION: EXOTHERMIC) until the
pH was >13. Then the aqueous layer was extracted 4x with EtOAc (50 mL). The combined
organic layers are then washed with brine (100 mL), dried over NaxSO4 and concentrated
under reduced pressure to give the crude amino alcohol 123 as a pale yellow solid (123) (620

mg) a portion of which was used directly in the next step.
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The crude amino alcohol (60 mg, 0.35 mmol, 1 equiv) was dissolved in MeCN (1.4 mL). i-
ProNEt  (0.125 mL, 0.72 mmol, 2.0 equiv) and Teoc-OSu {1-[2-
(Trimethylsilyl)ethoxycarbonyloxy]pyrrolidin-2,5-dione} (112 mg, 0.43 mmol, 1.2 equiv)
were sequentially added. The reaction mixture was allowed to stir for 16 hours. After this
time, the mixture was concentrated under reduced pressure, dissolved in CH>Cl, (5 mL) and
washed with satd. ag. NaHCOs; (2 mL), brine (I mL), and dried over Na>SO4, and
concentrated under reduced pressure to give the N-Teoc compound 125 as a crude oil (108
mg) that was used without further purification.

To a round-bottom flask was added CH>CL (2.0 mL) followed by oxalyl chloride (41 pL,
0.48 mmol, 1.4 equiv) and the solution was cooled to —78 °C. DMSO (54 uL, 0.75 mmol,
2.2 equiv) was added dropwise and the solution was allowed to stir for 30 minutes. After this
time, the crude alcohol (108 mg, 0.34 mmol, 1.0 equiv) in CH2Cl> (1.4 mL) was added
dropwise. The solution was allowed to stir for an additional 30 mintues before EtzN (0.24
mL, 1.7 mmol, 5.0 equiv) was added dropwise. The solution was maintained at —78 °C for
an additional hour before being allowed to warm to 0 °C. The reaction was quenched with
satd. aq. NaHCOs (2 mL). The layers were partitioned and separated, and the aqueous layer
was extracted with CH2Clz (3x1 mL). The combined organic layers were washed with brine
(2 mL), dried over Na>SQOs4, and concentrated under reduced pressure. The crude residue was
purified by silica gel flash column chromatography (10 — 50% EtOAc in hexanes) to give

the title compound as a white amorphous solid (64 mg, 59% yield over 3 steps).

Restricted rotation of the carbamate resulted in doubling of peaks by both 'H and > C NMR
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'H NMR: (600 MHz, CDCl3) § 5.84 (dt, J = 17.4, 10.3 Hz, 1H), 5.16 — 5.07 (m, 2H), 4.65
(d, J=127.7 Hz, 1H), 4.22 — 4.08 (m, 2H), 3.95 (ddt, J= 67.6, 13.6, 2.9 Hz, 1H), 2.50 (dtd,
J=50.2,13.2,3.0 Hz, 1H), 2.39 —2.29 (m, 1H), 2.22 (dtd, /= 19.8, 10.0, 6.9 Hz, 1H), 1.94
—1.79 (m, 2H), 1.66 — 1.60 (m, 1H), 1.51 (tdd, J=13.3, 9.8, 3.8 Hz, 1H), 1.40 (ddq, /=23.8,
13.5,3.0 Hz, 1H), 1.27 (tdd, J= 13.6, 6.2, 3.6 Hz, 1H), 0.96 (dtq, /= 16.3, 6.3, 3.7 Hz, 2H),
0.00 (d,J=11.3 Hz, 9H).

Peak doubling in the 3C NMR spectrum due to restricted rotation of the carbamate
complicated analysis such that all peaks observed are reported; the number of peaks is
significantly more than the number of carbon atoms in the molecule.

IBC NMR: (150 MHz, CDCl3) $ 213.8, 213.6, 156.7, 156.4, 142.4, 142.1, 114.4, 114.2, 66.1,
65.6, 64.0, 63.9, 42.7, 42.6, 40.9, 40.6, 32.2, 32.2, 31.0, 30.9, 30.0, 29.9, 21.0, 20.7, 17.9,
17.6,-1.4,-1.5.

IR: (Neat film, NaCl) 3082, 2950, 2860, 1756, 1694, 1432, 1346, 1302, 1248, 1184, 1154,
1094, 1046, 948, 860, 838, 766, 696, 666 cm!

HRMS: m/z calc’d for C1sH27NO3SiNa [M+Na]": 332.1652, found 332.1652.
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Note: the sequence was performed with racemic 87

Ketone 67d: To a round-bottom flask was added lactam 87 (400 mg, 1.69 mmol, 1.0 equiv)
followed by THF (17 mL), and the solution was cooled to —78 °C. n-BuLi (2.65 M, 0.83 mL,
2.2 mmol, 1.3 equiv) was added and the solution was stirred for 30 minutes. After this time
bromoacetonitrile (0.23 mL, 3.38 mmol, 2 equiv) was added, and the reaction mixture was
stirred for an additional hour then warmed to 0 °C. The reaction was quenched by the addition
of satd. aq. NH4Cl (20 mL). The layers were separated, and the aqueous layer was extracted
with EtOAc (3x10 mL). The combined organic layers were washed with brine (10 mL), dried
over Na;SOs, and concentrated under reduced pressure. The crude residue was purified by
passing through a plug of silica gel eluting with 10% EtOAc to remove residual starting N—
H lactam to give the crude alkylated lactam 126 as a colorless oil (200 mg) that was used
without further purification.

To a solution of lactam 126 (200 mg, 0.60 mmol, 1 equiv) in MeCN (8 mL) was added
solid TBAF+3H,0 (1.89 g, 5.98 mmol, 10 equiv). The mixture was stirred for 3 hours, then
water (20 mL) was added. The aqueous layer was extracted with EtOAc (3x10 mL). The
combined organic layers were washed with brine (10 mL) and Na,SO4 and concentrated
under reduced pressure to give alcohol 127 as a colorless oil (85.2 mg) that was used without
further purification.

To a round-bottom flask was added CH>Cl, (2.3 mL) followed by oxalyl chloride (47

pL, 0.55 mmol, 1.4 equiv) and the solution was cooled to —78 °C. DMSO (61 pL, 0.86 mmol,
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2.2 equiv) was added dropwise and the solution was allowed to stir for 30 minutes. After this
time, the crude alcohol (85 mg, 0..39 mmol, 1.0 equiv) in CH>Cl, (1.6 mL) was added
dropwise. The solution was allowed to stir for an additional 30 mintues before Et:N (0.27
mL, 1.95 mmol, 5.0 equiv) was added dropwise. The solution was maintained at —78 °C for
an additional hour before being allowed to warm to 0 °C. The reaction was quenched with
satd. aq. NaHCOs (5 mL). The layers were partitioned and separated, and the aqueous layer
was extracted with CH2Clz (3x1 mL). The combined organic layers were washed with brine
(2 mL), dried over Na>SQOs4, and concentrated under reduced pressure. The crude residue was
purified by silica gel flash column chromatography (10 — 50% EtOAc in hexanes) to give

the title compound as a white amorphous solid (73 mg, 33% yield over 3 steps).

'H NMR: (600 MHz, CDCl3) § 5.91 (dd, J = 17.5, 10.8 Hz, 1H), 5.36 — 5.23 (m, 3H), 4.22
(d,J=17.5 Hz, 1H), 4.02 (t, /= 1.8 Hz, 1H), 2.53 (dddd, J=20.1,8.9, 4.1, 1.4 Hz, 1H), 2.47
—2.40 (m, 3H), 2.10 — 1.99 (m, 2H), 1.77 (ddd, J = 13.9, 11.3, 7.0 Hz, 1H), 1.73 — 1.68 (m,
1H).

I3C NMR: (150 MHz, CDCl3) 6 213.3, 168.2, 139.6, 115.6, 67.4,43.5, 33.6, 32.5, 30.5, 28.7,
27.2.

IR: (Neat film, NaCl) 2940, 1752, 1658, 1456, 1416, 1182, 1144, 1094, 928, 758, 720, 702,
670 cm™!

HRMS: (FI+) m/z calc’d for C12H14N202 [M]": 218.10498, found 218.10447
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Aryl triazene 92:

Note: The rigorous exclusion of air and moisture is not necessary for hydrazone formation.
2’-Aminoacetophenone (89) (purchased from Combi Blocks inc.) (1.351 g, 10 mmol, 1.0
equiv), was added to a 100 mL round-bottom flask with stir bar and dissolved in EtOH (20
mL) and THF (10 mL). Hydrazine hydrate (5 mL, 100 mmol, 10.0 equiv) was then added
followed by AcOH (2 mL). The flask was fitted with a reflux condenser and heated to 80 °C
for 14 h. After 14 h, the solution was cooled to ambient temperature, water (100 mL) was
added, the layers were partitioned, and aqueous layer was extracted 3x with EtOAc (30 mL).
The combined organic layers were washed with satd. aqueous NaHCOs (50 mL), brine (50
mL), then dried over Na>SOs, and concentrated under reduced pressure. The crude orange
oil (90) was then azeotroped 2x with benzene (50 mL) and left under high-vacuum for >2
hours prior to use in the next step.

Note: It is critical that the hydrazone be completely dry prior to the iodination otherwise
hydrolysis to the starting ketone is the major product. A large stir bar is also recommended
to maintain stirring as the reaction mixture becomes heterogeneous. The crude,
azeotropically dried hydrazone (680 mg, 4.56 mmol, 1.0 equiv) [Note: not all crude
hydrazone from previous step was used] was dissolved in THF (10 mL) under an N>
atmosphere and cooled to 0 °C. In a separate round-bottom flask under nitrogen, I> (3.20 g,
13.7 mmol, 3.0 equiv) was dissolved in THF (6 mL). Dry triethylamine (3.82 mL, 27.4 mmol,

6.0 equiv) was added to the flask containing the hydrazone. The solution of I was then added
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dropwise until the brown color if I persisted in the heterogeneous solution (usually 2/3 of
the I> solution volume). Once this point was reached, the mixture was stirred for an additional
30 min at 0 °C. Then satd. aqueous NH4Cl (75 mL) and satd. aqueous Na>S>03 (75 mL) were
sequentially added. The mixture was extracted 3x with CH>Cl, (30 mL), washed with brine
(50 mL), dried over Na>SO4 and concentrated under reduced pressure to give the crude vinyl
iodide (91) as a brown, semi-solid residue, which is used directly in the next step.

The crude vinyl iodide was dissolved in dioxane (20 mL) and cooled to 0 °C. Aq. 1 N HCI
(20 mL) was added followed by NaNO- (403 mg, 5.85 mmol, 1.3 equiv) in water (3 mL) and
the resulting mixture was stirred for 1 hour. In a separate flask, pyrrolidine (2.66 mL, 32.4
mmol, 7.2 equiv), K»CO3 (2.49 g, 18 mmol, 4.0 equiv) and water (3 mL) were combined and
added slowly to the diazonium solution. After 10 minutes, the reaction mixture was warmed
to ambient temperature and stirred for an additional 20 minutes. Then Et,O (50 mL) was
added, the layers were separated, the aqueous layer was extracted with Et2O (2x 20 mL), the
combined organic layers were washed with satd. aq. NaHCO; (20 mL), satd. aq. Na>S20;
(20 mL), and brine (20 mL), dried over MgSO4 and concentrated. The crude residue was
purified by silica gel flash column chromatography (0 — 7% EtO in hexanes) to give a the

title compound as a red/orange oil (455 mg, 31% yield).

Restricted rotation of the triazene resulted in broadened and duplicated peaks in NMR
spectra due to the presence of rotamers

TH NMR: (400 MHz, CDCI3) 6 7.37 (dd, J = 8.6, 1.3 Hz, 1H), 7.28 — 7.22 (m, 2H), 7.11 —
7.01 (m, 1H), 6.22 (d, /= 1.0 Hz, 1H), 6.10 (d, /= 1.0 Hz, 1H), 4.26 — 3.51 (br s, 4H), 2.08

~ 1.97 (m, 4H).
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13C NMR: (100 MHz, CDCls) 6 147.8, 137.7,129.5, 129.4, 129.3,124.7,117.2, 103.4, 51.0,
47.2,24.0.

IR: (Neat Film, NaCl) 2970, 2870, 1614, 1408, 1338, 1316, 1272, 1220, 1158, 1100, 1058,
900, 758 cm™!

HRMS: m/z calc’d for C12HisIN3 [M+H]": 328.0305, found 328.0308.
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Note: The reaction was performed using racemic 70.

Allylic alcohol 93: To a 1 Dr vial with stir bar was added vinyl iodide 92 (19.6 mg, 0.06
mmol, 2.0 equiv) and dry THF (0.3 mL). The solution was cooled to —78 °C, then i-
PrMgCI-LiCl (1.3 M, 51 pL, 0.066 mmol, 2.2 equiv) was added. The mixture was stirred for
20 minutes then warmed to —40 °C and stirred for an additional 2 hours. Ketone 70 (8.4 mg,
0.03 mmol, 1.0 equiv) in THF (0.3 mL) was added dropwise, then the solution was allowed
to gradually warm to 0 °C over 3 hours. After this time, water (1 mL) was added. The layers
were partitioned and the aqueous layer was extracted with EtOAc (3x1 mL). The combined
organic layers were washed with brine, dried over NaSO4 and concentrated under reduced
pressure. The crude residue was purified by silica gel flash column chromatography (0 —
20% Et;0 in hexanes) to give the title compound as a yellow oil (4.3 mg, 30% yield). By

NMR the compound appears to be an approximately 6:1 mixture of diastereomers.

Restricted rotation of the triazene resulted in significant broadening of peaks by NMR.

'H NMR: (400 MHz, CDCl3) § 7.39 — 7.32 (m, 1H), 7.24 — 7.18 (m, 2H), 7.11 — 7.05 (m,
1H), 5.70 (dd, J=17.4,10.7 Hz, 1H), 5.58 (dd, /=2.2, 0.7 Hz, 1H), 5.07 (d, /=2.2 Hz, 1H),
4.88(dd,J=2.2,0.7 Hz, 1H), 4.58 (dt,J=10.7,0.9 Hz, 1H), 4.44 (d, /= 17.4 Hz, 1H), 4.34
(td, J=9.8,5.9 Hz, 1H), 3.73 (br s, 4H), 2.79 (d, J = 8.8 Hz, 1H), 2.19 —2.02 (m, 1H), 1.96
(h,J=3.7Hz, 5H), 1.93 - 1.79 (m, 2H), 1.67 — 1.60 (m, 2H), 1.50 (dd, /= 12.4, 4.7 Hz, 1H),

1.34 (td, J=12.5, 6.2 Hz, 1H), 0.93 (s, 9H), 0.15 (s, 3H), 0.14 (s, 3H).
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13C NMR: (100 MHz, CDCl3) & 153.4, 147.3, 137.1, 131.5, 127.4, 124.2, 116.6, 114.2,
108.3, 87.9, 55.6, 53.4, 39.4, 38.0, 34.8, 33.2, 29.7, 25.9, 23.8, 18.0, -4.6, -4.9. One signal is
obscured by CDCls, one signal is not observed due to restricted rotation and peak
broadening, see HSQC spectrum.

IR: 3478, 2952, 2856, 1414, 1322, 1264, 1080, 874, 854, 820, 778 cm™!

HRMS: (ESI+) m/z calc’d for C2sHa402N3Si [M+H]": 482.3197, found 482.3199.
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Note: Reaction was performed using racemic 67.

Tricycle 97: In a N; filled glovebox, to a 1 Dr vial with stir bar was added CeCl; (anhydrous,
39.4 mg, 0.16 mmol, 1.6 equiv). The vial was sealed with a rubber septum, removed from
the glovebox, placed under dynamic high-vacuum and heated to 140 °C for 13 hours. After
this time, the vial was cooled to ambient temperature and THF (0.5 mL) was added, and the
heterogeneous mixture was stirred vigorously. In a separate 1 Dr vial, vinyl iodide 95 (37
mg, 0.14 mmol, 1.4 equiv) and Et;O (0.23 mL) were added and cooled to —78 °C. To this
solution was added #-BuLi (1.6 M in hexanes, 0.18 mL, 0.29 mmol) in Et,O (0.52 mL)
dropwise. The reaction was stirred for 2.5 hours at —78 °C, after which time the ketone 67 in
THF (0.5 mL) was added. After 1 h, the reaction was quenched with satd. aq. NH4Cl (1.0
mL). EtOAc was added (1.0 mL) followed by a solution of dilute aqueous AcOH (1.0 mL).
The layers were partitioned and separated. The aqueous layer was extracted with EtOAc (3x1
mL), and the combined organic layers were washed with brine, dried over MgSOs, and
concentrated under reduced pressure to yield the crude allylic alcohol 96.

To the crude allylic alcohol 96 in a 1 Dr vial was added EtOH (1 mL). The solution was
sparged with N> and then AgNOs (51 mg, 0.3 mmol, 3.0 equiv) was added. The reaction was
stirred for 1.5 hours then quenched by the addition of satd. aq. NaHCO; (1.0 mL). EtOAc
was added (1.0 mL) followed by NH4OH (0.2 mL). The layers were separated, the aqueous
layer was extracted with EtOAc (3x1 mL), the combined organic extracts were washed with

brine, dried over MgSQOs, and concentrated under reduced pressure. The crude residue was
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purified by silica gel flash column chromatography (0 — 10% EtOAc in hexanes) to give the

title compound as an amorphous solid (17.6 mg, 56% yield over 2 steps).

'H NMR: (400 MHz, CDCl3) 8 7.34 (dd, J=7.6, 1.8 Hz, 1H), 7.19 — 7.05 (m, 2H), 6.87 (d,
J=7.8 Hz, 1H), 5.56 (dd, J=17.7, 10.9 Hz, 1H), 4.95 (dd, J=17.7, 0.9 Hz, 1H), 4.69 (dd,
J=10.9, 0.9 Hz, 1H), 3.63 (s, 1H), 3.13 - 3.03 (m, 2H), 3.00 — 2.87 (m, 2H), 2.61 — 2.47 (m,
2H), 2.42 (ddd, J=10.5, 8.6, 6.9 Hz, 1H), 2.05 (ddd, J=12.6, 11.1, 3.3 Hz, 2H), 1.78 (qt, J
=12.7,4.8 Hz, 1H), 1.65 (ddq, J=12.3, 6.1, 2.0 Hz, 1H), 1.53 — 1.46 (m, 1H), 1.45—-1.30
(m, 2H).

13C NMR: (100 MHz, CDCl3) & 212.0, 143.4, 138.6, 133.4, 132.3, 130.1, 128.1, 126.8,
112.0, 73.1, 63.3, 54.0, 52.5, 39.9, 37.9, 36.1, 29.9, 28.1, 21.3.

IR: 2934, 2800, 2728, 1710, 1474, 1452, 1432, 1322, 1166, 1118, 1038, 916, 752 cm™!

HRMS: (ESI+) m/z calc’d for C19H23CINO [M+H]": 316.1463, found 316.1462.



Chapter 2 — Enantioselective Total Synthesis of Hunterine A 227

2, HBF,-OEt
0 ’ N 4 2
“’H Et,0

AN
7

9
HBF,4 Salt 97b: To a 1 Dr vial was added amine 97 (5.0 mg, 0.016 mmol, 1.0 equiv) and dry
Et,0 (0.16 mL), and the solution was cooled to 0 °C. HBF4*OEt; (2.3 pL, 0.0168 mmol, 1.05
equiv) was added and the solution was stirred for 30 mins and allowed to warm to ambient
temperature. During this time, a white precipitate formed. After warming to ambient
temperature, Et;O (0.4 mL) was added, stirring was halted, and the solid was allowed to
settle. The Et2O was decanted by removal with a syringe. The solid was washed and the
solvent was decanted via the same procedure with additional Et;O (2x1 mL). The residual
solid was dried under vacuum to give the title compound as a white crystalline solid (4.9
mg). Details regarding X-ray crystallographic analysis of 97b are given in Appendix 3

(A3.4).
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Note: Rigorous exclusion of moisture and air is not necessary
Bis-N-tosyl ketone 101: To a round-bottom flask was added ketone 89 (1.35 g, 10 mmol,
1.0 equiv) and CH2Cl; (33 mL). DMAP (69 mg, 0.5 mmol, 5 mol%) and EtN (3.5 mL, 25
mmol, 2.5 equiv) were added followed by TsCl (4.78 g, 25 mmol, 2.5 equiv). The flask was
fitted with a reflux condenser and heated to 40 °C for 21 hours. After this time, the reaction
mixture was cooled to ambient temperature and water (100 mL) was added. The layers were
separated and the aqueous layer was extracted with CH2Cl> (2x40 mL). The combined
organic layers were washed with brine (100 mL), dried over Na;SOs4, and concentrated under
reduced pressure. The crude residue was purified by silica gel flash column chromatography

(10 — 50% EtOAc in hexanes) to give the title compound as a tan solid (5.11 g, 96% yield).

IH NMR: (500 MHz, CDCl3) § 7.86 — 7.82 (m, 4H), 7.66 (dd, J = 7.7, 1.6 Hz, 1H), 7.51 (td,
J=17.6,12Hz, 1H), 7.39 (td, J= 7.7, 1.6 Hz, 1H), 7.35 — 7.28 (m, 4H), 6.96 (dd, J = 7.9,
1.2 Hz, 1H), 2.47 (s, 6H), 2.45 (s, 3H).

13C NMR: (125 MHz, CDCls) § 198.8, 145.3, 135.8, 133.7, 131.1, 130.2, 129.7, 129.7,
129.4, 129.1, 127.4, 29.6, 21.9.

IR: (Neat Film, NaCl) 3064, 1702, 1650, 1596, 1492, 1448, 1376, 1356, 1250, 1166, 1086,
960, 908, 862, 814, 736, 662 cm’!

HRMS: m/z calc’d for C22H25N>05S, [M+NH4]*: 461.1199 found 461.1204.
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Note: The rigorous exclusion of moisture is not necessary for hydrazone formation.
N-Ts vinyl iodide 103: In a round bottom flask was added ketone 101 (2.2 g, 5 mmol, 1.0
equiv) followed by EtOH (10 mL), THF (5 mL), AcOH (1 mL). Hydrazine hydrate (2.45
mL, 50 mmol, 10 equiv) was added and the reaction was heated to 80 °C for 14 hours. After
this time, the reaction was cooled to ambient temperature. Water (100 mL) was added and
the aqueous layer was extracted with EtOAc (3x50 mL). The combined organic layers were
washed with brine, dried over MgSQOs, and concentrated under reduced pressure to give 102.
The crude orange oil was then azeotroped 2x with benzene (50 mL) and left under high-
vacuum for >2 hours prior to use in the next step.
Note: It is critical that the hydrazone be completely dry prior to the iodination otherwise
hydrolysis to the starting ketone is the major product. A large stir bar is also recommended
to maintain stirring as the reaction mixture becomes heterogeneous.
The crude hydrazone (102) was dissolved in THF (10 mL) under an N, atmosphere and
cooled to 0 °C. In a separate round-bottom flask under nitrogen, I> (3.40 g, 15 mmol, 3.0
equiv) was dissolved in THF (6 mL). Dry triethylamine (4.2 mL, 30 mmol, 6.0 equiv) was
added to the flask containing the hydrazone. The solution of I, was then added dropwise until
the brown color if I persisted in the heterogeneous solution (usually 2/3 of the 1> solution
volume). Once this point was reached, the mixture was stirred for an additional 30 min at 0

°C. Then satd. aqueous NH4Cl (75 mL) and satd. aqueous Na»S>O3 (75 mL) were

sequentially added. The mixture was extracted 3x with CH>Cl, (30 mL), washed with brine
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(50 mL), dried over Na>SO4 and concentrated under reduced pressure to give the crude vinyl
iodide (102) as a brown, semi-solid residue. Purification by silica gel flash column
chromatography (0 — 40% EtOAc in hexanes) gave the title compound as a semi-solid
residue (377 mg, 19% yield over 2 steps).

'H NMR: (400 MHz, CDCl3) 8 7.72 — 7.65 (m, 2H), 7.60 (dt, J = 8.2, 1.1 Hz, 1H), 7.30 —
7.26 (m, 1H), 7.24 — 7.20 (m, 2H), 7.11 (dt, J= 7.7, 1.4 Hz, 1H), 7.08 — 7.02 (m, 1H), 6.79
(brs, 1H), 6.11 (t,J=1.2 Hz, 1H), 5.83 (t, /= 1.2 Hz, 1H), 2.37 (s, 3H).

13C NMR: (100 MHz, CDCl3) & 144.3, 136.2, 134.9, 133.1, 132.9, 130.0, 129.8, 129.2,
127.6, 124.6, 120.9, 98.7, 21.7.

IR: (Neat Film, NaCl) 3278, 3062, 2932, 1596, 1486, 1398, 1336, 1288, 1162, 1090, 1054,
918, 812, 758, 666 cm!

HRMS: (FD+) m/z calc’d for C1sH1aNO>SI [M]™: 398.97844, found 398.97952.
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Note: The rigorous exclusion of air and moisture is not necessary for hydrazone formation.
2’-Aminoacetophenone (89) (purchased from Combi Blocks inc.) (1.351 g, 10 mmol, 1.0
equiv), was added to a 100 mL round-bottom flask with stir bar and dissolved in EtOH (20
mL) and THF (10 mL). Hydrazine hydrate (5 mL, 100 mmol, 10.0 equiv) was then added
followed by AcOH (2 mL). The flask was fitted with a reflux condenser and heated to 80 °C
for 14 h. After 14 h, the solution was cooled to ambient temperature, water (100 mL) was
added, the layers were partitioned, and aqueous layer was extracted 3x with EtOAc (30 mL).
The combined organic layers were washed with satd. aqueous NaHCOs (50 mL), brine (50
mL), then dried over Na>SOs, and concentrated under reduced pressure. The crude orange
oil (90) was then azeotroped 2x with benzene (50 mL) and left under high-vacuum for >2
hours prior to use in the next step.

Note: It is critical that the hydrazone be completely dry prior to the iodination otherwise
hydrolysis to the starting ketone is the major product. A large stir bar is also recommended
to maintain stirring as the reaction mixture becomes heterogeneous. The crude,
azeotropically dried hydrazone (1.27 g) was dissolved in THF (16.5 mL) under an N
atmosphere and cooled to 0 °C. In a separate flame-dried flask under nitrogen, I (5.94g, 25.5
mmol, 3.0 equiv) was dissolved in THF (8.5 mL). Dry triethylamine (7.1 mL, 51 mmol, 6.0
equiv) was added to the flask containing the hydrazone. The solution of I was then added

dropwise until the brown color if I, persisted in heterogeneous solution (usually 2/3 of the I»



Chapter 2 — Enantioselective Total Synthesis of Hunterine A 232

solution volume). Once this point was reached, the mixture was stirred for an additional 30
min at 0 °C. Then satd. aqueous NH4Cl (75 mL) and satd. aqueous Na»S>03 (75 mL) were
sequentially added. The mixture was extracted 3x with CH>Cl, (30 mL), washed with brine
(50 mL), dried over Na>SO4 and concentrated under reduced pressure to give the crude vinyl
iodide (91) as a brown, semi-solid residue that was used directly in the next step.

The crude vinyl iodide (91) was dissolved in CH>Cl, (17 mL) and Ac2O (0.964 mL, 10.2
mmol, 1.2 equiv) was added to the solution. Phosphomolybdic acid (155 mg, 0.085 mmol, 1
mol %) was added, and the reaction was maintained under an N> atmosphere at ambient
temperature for 2 h. After TLC indicated complete consumption of the starting material,
water (100 mL) was added, the layers were separated, and the aqueous layer was extracted
3x with CH2Cl (20 mL), washed with brine (50 mL), dried over Na>SO4, and concentrated
under reduced pressure. The crude residue was purified by silica gel flash column
chromatography (10 — 30% EtOAc in hexanes) to give an orange/brown solid (1.110 g,
39% yield over 3 steps).

TH NMR: (400 MHz, CDCl3) 6 8.14 (d, J= 8.3 Hz, 1H), 7.32 (ddd, J= 8.5, 7.5, 1.7 Hz, 1H),
7.22 (dd,J=7.7, 1.6 Hz, 1H), 7.08 (t,J = 7.6 Hz, 1H), 6.31 (d, /= 1.3 Hz, 1H), 6.29 (d, J =
1.3 Hz, 1H), 2.23 (s, 3H)

13C NMR: (100 MHz, CDCI3) & 168.2, 134.1, 133.6, 132.9, 129.9, 128.7, 124.2, 122.0,
100.2,24.9

IR: (Neat Film, NaCl) 3265, 3097, 1670, 1577, 1517, 1444, 1368, 1297, 1269, 1036, 910,
762, 668 cm™!

HRMS: (ESI+) m/z calc’d for C1oH11INO [M+H]": 287.9880, found 287.9878.
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Vinyl iodide 17: In a flame-dried flask equipped with stir bar under an atmosphere of N2, N-
acetylated vinyl iodide 104 (1.110 g, 3.87 mmol, 1.0 equiv) was dissolved in THF (12.9
mL). BocoO (1.689 g, 7.74 mmol, 2.0 equiv) was added followed by DMAP (94 mg, 0.77
mmol, 0.2 equiv). The solution was then heated to 60 °C for 40 min. After this time, TLC
indicated complete consumption of the starting material. The solution was cooled to 0 °C
and MeOH (12.9 mL) was added followed by hydrazine hydrate (0.75 mL, 15.48 mmol, 4.0
equiv). The solution was stirred at 0 °C for 2 h. Once TLC inidicated consumption of the
starting material, the reaction mixture was poured into CH2Cl> (120 mL). The solution was
then washed sequentially with 1 N aq. HCI (aq.) (50 mL), satd. aqueous CuSO4 (50 mL),
satd. aqueous NaHCO3, and brine, then dried over Na;SO4 and concentrated under reduced
pressure. The oily residue was purified by flash column chromatography (5% EtOAc in
hexanes) to give the title compound as a viscous pale yellow oil (990 mg, 74% yield). Note:
Due to hindered rotation of the carbamate, a duplication of peaks was observed in both 'H
and 3C NMR spectra. Only those peaks corresponding to the “major rotamer” were

tabulated.

H NMR: (500 MHz, CDCls)  8.00 (d, J = 8.3 Hz, 1H), 7.28 (ddd, J=8.5, 7.3, 1.6 Hz, 1H),
7.19 (dd, J = 7.7, 1.6 Hz, 1H), 7.00 (td, J = 7.5, 1.2 Hz, 1H), 6.66 (s, 1H), 6.31 — 6.27 (m,
2H), 1.55 (s, 9H).

13C NMR: (125 MHz, CDCls)  152.7, 134.6, 132.7, 129.8, 128.8, 122.8, 120.0, 100.5, 81.0,

28.5, 28.0.
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IR: (Neat Film, NaCl) 3422, 2975, 1733, 1581, 1516, 1445, 1391, 1367, 1300, 1245, 1227,
1154, 1045, 1023, 912, 836, 761 cm!

HRMS: (ESI+) m/z calc’d for CoHsINO, [M—C4Ho+H]": 289.9672, found 289.9672.
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NH
NHBoc CN 2
1. PhMgBr _ 67 ! oHy, [~ CN
| THF,0°C,30 min _ _ J N T™MSCI HO _/HNr
2. i-PrMgCl - LiCl THF | MeOH, 23 °C '
NHBoc  THF,0°C,1h -78 » —40 —23 °C H :
2 equiv X 3
106 N
105 107

Aniline 107: Vinyl iodide 105 (690 mg , 2.0 mmol, 2.0 equiv) was azeotroped 2x with dry
toluene (15 mL) and placed under high vacuum for >2 hours to remove traces of toluene.
Ketone 67 (204 mg, 1.0 mmol, 1.0 equiv) was azeotroped 2x with dry toluene (10 mL) and
placed under high vacuum for the same duration to remove trace amounts of toluene. Both
flasks were backfilled with Ny, then vinyl iodide 105 was dissolved in THF (7.5 mL) and
cooled to 0 °C (external bath temperature). PhMgBr (1.0 M in THF, 2.25 mL, 2.25 equiv)
was added dropwise, and the resulting solution was allowed to stir for 30 minutes at 0 °C.
The solution was then cooled to —45 °C (external temperature, dry ice/acetonitrile bath) and
stirred for 10 minutes. i-PrMgCl-LiCl (1.3 M in THF, 1.92 mL, 2.5 equiv) was added
dropwise. The resulting solution was stirred at —40 °C for 1.5 hours, then warmed to 0 °C
over the course of 30 minutes. The resulting dianion solution was cooled to —78 °C (external
temperature, dry ice/acetone bath). LaCl3+2LiCl (0.6 M in THF, 3.5 mL, 2.1 equiv) was
added dropwise. The resulting yellow/orange solution was maintained at —78 °C for 1 h.
Ketone 67 was dissolved in THF (6.0 mL), the resulting solution was cooled to —78 °C for
10 minutes, and was then transferred as rapidly as possible by cannula to the stirring
nucleophile (105) solution. Note: The rapid cannula transfer was performed by pulling
vacuum on the receiving flask while maintaining positive nitrogen flow in the transfer flask.
This protocol resulted in the greatest level of reproducibility in our hands. The solution was
maintained at —78 °C for 1 h, then the solution was warmed to —40 °C for 1 h. Finally, the

flask was rapidly transferred to a water bath maintained at 23 °C, and stirred for 10 minutes.
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After this time, TLC and LC/MS analysis indicated complete consumption of ketone 67. 4.5
g of silica gel were added, followed by CH>CL> (10 mL). The resulting slurry was filtered
over a plug of silica gel topped with a layer of celite, and flushed with EtOAc (200 mL). The
resulting solution was concentrated under reduced pressure and loaded onto a silica gel
column and eluted with 5 — 30% EtOAc in hexanes to remove the protodehalogenated vinyl
iodide. The semi-pure foam (295 mg) was used directly in the next step. Characterization
data of an analytically pure sample are reported, however the rotamers caused by the N-Boc
group caused significant broadening and peak doubling such that the NMR data are not
useful for definitive structural assignment. We are confident in this structural assignment
due to interpretation of the analytical data after removal the N-Boc group.

TH NMR: (400 MHz, CsDs) & 8.51 (s, 1H), 7.86 (s, 1H), 7.23 — 7.17 (m, 1H), 6.91 (tt, J =
7.5,1.0 Hz, 1H), 5.56 — 5.43 (m, 2H), 4.92 — 4.74 (m, 3H), 4.24 (s, 1H), 3.11 (d, /= 23.8 Hz,
2H), 2.53 (d, J=17.2 Hz, 1H), 2.38 (dt, J = 11.1, 6.7 Hz, 1H), 2.15 (dd, J = 10.8, 5.6 Hz,
1H), 1.89 (dt, J = 18.2, 6.4 Hz, 2H), 1.59 (ddd, J = 12.2, 10.0, 6.7 Hz, 1H), 1.45 (s, 10H),
1.39-1.29 (m, 1H), 1.27 — 1.07 (m, 4H), 0.59 (s, 1H).

I3C NMR: (100 MHz, CsDs) & 153.6, 153.2, 146.7, 137.5, 130.5, 128.8, 122.9, 121.2, 117.3,
115.9,111.8, 82.9,79.8,49.3, 46.6,44.7, 38.7, 35.7,31.2, 28.4, 19.7.

IR: (Neat Film, NaCl) 3418, 2938, 2868, 1726, 1516, 1446, 1368, 1302, 1238, 1160, 1048,
1024, 916, 745, 682 cm’™!

HRMS: (ESI+) m/z calc’d for CosH33sN3O3 [M+H]': 424.2595, found 424.2615.

[a]%3: 21.3 (c = 0.6, CHCl3)
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The semi-pure allylic alcohol (295 mg, 0.7 mmol, 1.0 equiv) was dissolved in MeOH (2.8
mL). The solution was cooled to 0 °C, then TMSCI (760 mg (0.89 mL), 7 mmol, 10.0 equiv)
was added, the cooling bath removed, and the reaction was stirred for 6 h. After 6 h, LC/MS
and TLC analysis indicated complete consumption of the starting material. The reaction was
cooled to 0 °C, and 1 N aq. NaOH (8.2 mL) was added. The solution was then warmed to
ambient temperature and extracted 5x with CH>Cl> (20 mL), washed with brine (30 mL),
dried over Na;SO4, and concentrated under reduced pressure. The crude residue was purified
by flash column chromatography (10 — 30% EtOAc, 3% EtN in hexanes) to give the title

compound as a yellow oil (190.8 mg, 59% yield over 2 steps).

'TH NMR: (400 MHz, C¢Ds) 8 7.26 (dd, J= 7.6, 1.6 Hz, 1H), 7.00 (td, J = 7.7, 1.6 Hz, 1H),
6.76 (td, J=17.5, 1.2 Hz, 1H), 6.37 (dd, /= 7.9, 1.2 Hz, 1H), 5.76 (d, J = 2.2 Hz, 1H), 5.55
(dd, J=17.5, 10.8 Hz, 1H), 5.00 (d, J = 2.2 Hz, 1H), 4.85 (dd, J=17.5, 0.7 Hz, 1H), 4.76
(dd, J=10.9, 0.7 Hz, 1H), 4.30 (s, 1H), 3.38 (d, /= 17.2 Hz, 1H), 3.27 (s, 1H), 2.72 (d, J =
17.2 Hz, 1H), 2.56 — 2.42 (m, 1H), 2.29 (dt, J = 10.4, 4.7 Hz, 1H), 2.08 (ddd, /= 13.4, 8.8,
7.2 Hz, 1H), 1.93 (ddd, J=13.4, 6.9, 5.5 Hz, 1H), 1.63 (ddd, /= 12.5, 8.8, 6.8 Hz, 1H), 1.54
— 1.44 (m, 1H), 1.33 — 1.20 (m, 4H).

13C NMR: (100 MHz, C¢Ds) & 154.8, 146.8, 144.9, 130.7, 128.7, 126.9, 118.1, 116.4, 115.8,
115.6, 111.6, 83.0, 70.5, 48.9, 46.6, 44.7, 38.7, 36.6, 30.4, 19.8

IR: (Neat Film, NaCl) 3447, 3375, 3077, 2940, 2862, 2242, 1616, 1493, 1449, 1300, 1137,
1078, 998, 917, 880, 750, 750, 637 cm!

HRMS: (ESI+) m/z calc’d for C20Ha6N30 [M+H]": 324.2070, found 324.2076.

[a]23: —6.8 (c = 1.4, CHCL)
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CN
= <\ 1. NaBH, h{‘\H

HO ¥ j:lN AgNO, MeOH, 23 °C
EtOH | “'| 2 H,Pac I
ZI) 23°C @N/ || MeOH, 23 °C N Me
N HH
111 48

107
(-)-Aspidospermidine (48): Aniline 107 (4 mg, 0.0125 mmol, 1.0 equiv) was dissolved in
EtOH (0.25 mL) and degassed by bubbling N> through the solution for 5 minutes. AgNO3 (5
mg, 0.029 mmol, 2.3 equiv) was added in one portion. The reaction vessel was wrapped with
aluminum foil to exclude light. After 6 h, all material converted to the putative imine product
by TLC. Satd. aqueous NaHCO;3 (0.5 mL) was added followed by aqueous NH4OH (0.1 mL).
The resulting solution was extracted 4x with EtOAc (1 mL). The combined organic layers
were washed with brine, dried over Na;SOs, and concentrated under reduced pressure.

The crude residue was dissolved in MeOH (0.25 mL) and cooled to 0 °C. NaBH4 (ground
with a mortar and pestle, 2.9 mg, 0.067 mmol, 5.0 equiv) was added in one portion. The
reaction mixture was stirred for 1 h then the cooling bath was removed and the reaction was
stirred for an additional 2 h after which time TLC indicated complete consumption of starting
material. Water (2 mL) was added, and the mixture was extracted 5x with CH>Cl> (1 mL).
The combined organic layers were washed with brine (1 mL), dried over Na;SO4, and
concentrated under reduced pressure.

The crude residue was dissolved in MeOH (0.5 mL) under an atmosphere of N,. 10% Pd/C
(4 mg) was added. A balloon of hydrogen was used to sparge the solution for 5 minutes, and
the mixture was then stirred vigorously for 1 h. After 1 h, TLC and LC/MS analysis indicated
complete consumption of starting material. The reaction vessel was sparged with Na to expel
the H> atmosphere. The crude reaction mixture was filtered over a pad of silica gel topped

with celite and flushed with EtOAc (5 mL) and concentrated under reduced pressure. The
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crude residue was purified by column chromatography 5% MeOH in CH>Cl, to give (—)-

aspidospermidine as a white solid (2.5 mg, 71% yield over 3 steps).

Analytical data are in agreement with those reported in the literature.”” A 'TH NMR spectrum

1s shown for reference.

H NMR: (600 MHz, C¢Ds) 5 7.08 — 7.03 (m, 2H), 6.81 (td, J= 7.4, 1.0 Hz, 1H), 6.49 (dt, J
=7.8,0.8 Hz, 1H), 3.43 (dd, J = 10.4, 6.7 Hz, 1H), 2.97 (td, J = 9.0, 3.4 Hz, 1H), 2.88 (ddt,
J=10.8,4.0, 1.8 Hz, 1H), 2.37 (ddd, /= 13.1, 9.2, 7.6 Hz, 1H), 2.17 (s, 1H), 2.11 (ddd, J =
10.6, 8.6, 7.6 Hz, 1H), 2.03 (td, J= 13.1, 4.6 Hz, 1H), 1.85 (ddd, J= 12.4, 10.6, 2.8 Hz, 1H),
1.76 — 1.67 (m, 1H), 1.60 (dq, J = 15.0, 7.6 Hz, 1H), 1.52 — 1.45 (m, 3H), 1.37 — 1.30 (m,

4H), 0.94 — 0.83 (m, 3H), 0.56 (t, J = 7.5 Hz, 3H).
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CN
HCI, NaNO, CN
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Azide 112: Aniline 107 (163 mg, 0.50 mmol, 1.0 equiv) was dissolved in dioxane (3.36 mL),
cooled to 0 °C, and 1N HCI (aq.) (2.5 mL) was added. An aqueous solution of NaNO, (3.0
M, 0.25 mL, 0.756 mmol, 1.5 equiv) was added slowly. The resulting solution was
maintained at 0 °C for 2 h. Then, an aqueous solution of NaN3 (3.2 M, 0.25 mL, 0.806 mmol,
1.6 equiv) was added slowly dropwise. The reaction mixture was stirred for an additional 2
hours at 0 °C. Then 2.5mL of an aqueous 2M solution of K,CO3 was added. The aqueous
layer was extracted 3x with Et2O (10 mL), then 3x with EtOAc (5 mL). The combined
extracts were washed with brine (10 mL), dried over NaxSO4, and concentrated under
reduced pressure. The crude residue was purified by silica gel flash column chromatography
(5 — 20% EtOAc, 3% Et:N in hexanes) to give the title compound as a yellow oil (128 mg,

73% yield).

IH NMR: (400 MHz, CsDs) 5 7.14 (dd, J = 7.5, 1.7 Hz, 1H), 6.89 (td, J = 7.6, 1.7 Hz, 1H),
6.84 — 6.76 (m, 2H), 5.88 (d, J= 1.9 Hz, 1H), 5.45 (dd, J = 17.5, 10.8 Hz, 1H), 4.96 (d, J =
2.0 Hz, 1H), 4.80 (dd, J = 17.5, 0.6 Hz, 1H), 4.70 (dd, J = 10.8, 0.6 Hz, 1H), 4.50 (s, 1H),
3.74 (d,J = 17.1 Hz, 1H), 3.28 (s, 1H), 2.61 (d, J= 17.1 Hz, 1H), 2.53 (td, J= 11.0, 4.4 Hz,
1H), 2.16 — 2.07 (m, 1H), 2.01 — 1.94 (m, 2H), 1.73 (dt, J = 12.4, 8.4 Hz, 1H), 1.4 (td, J =
10.7, 5.9 Hz, 1H), 1.38 — 1.26 (m, 1H), 1.25 — 1.14 (m, 3H).

13C NMR: (100 MHz, CsDe) & 153.1, 147.1, 138.6, 133.2, 132.1, 128.9, 124.2, 118.4, 116.0,

115.5,111.4, 82.0, 69.4, 49.0, 46.9, 44.6, 38.7, 36.2, 30.9, 20.2
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IR: (Neat Film, NaCl) 3255, 2940, 2123, 1634, 1570, 1462, 1290, 1137, 915, 751 cm™!

HRMS: (ESI+) m/z calc’d for C2oH24NsO [M+H]": 350.1975, found 350.1984.

[a]23: —50.9 (¢ = 0.55, CHCL)
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Tricyclic azide 2: Azide 19 (62 mg, 0.18 mmol, 1.0 equiv) was dissolved in EtOH (3.54
mL) and degassed by bubbling N> through the solution for 5 minutes. AgNOs (66.3 mg, 0.39
mmol, 2.2 equiv) was added in one portion, and the reaction vessel was wrapped with
aluminum foil to exclude light. After 2 hours, TLC indicated complete consumption of the
starting material. Satd. aqueous NaHCO3 (5 mL) was added followed by aqueous NH4OH (1
mL). The resulting solution was extracted 4x with EtOAc (5 mL). The combined organic
layers were washed with brine (5 mL), dried over Na>SOs, and concentrated under reduced
pressure. The crude residue was purified by flash column chromatography (5 — 10% EtOAc,

3% Et;N in hexanes) to give a pale yellow oil (46.8 mg, 82% yield).

Note: Due to the fact that the subsequent cycloaddition occurred when tricyclic azide 2 was
dissolved in solution, it was not possible to obtain a clean 3C NMR spectrum without some

amount of cycloaddition products being present.

H NMR: (600 MHz, CsDs) 8 6.89 (dd, J="7.9, 1.5 Hz, 1H), 6.79 (ddd, J= 8.0, 7.3, 1.4 Hz,
1H), 6.71 (dd, J = 8.0, 1.3 Hz, 1H), 6.64 (td, J = 7.6, 1.4 Hz, 1H), 5.56 (dd, J = 17.6, 11.0
Hz, 1H), 4.77 (dd, J = 17.6, 1.0 Hz, 1H), 4.59 (dd, J = 11.0, 1.0 Hz, 1H), 3.46 (s, 1H), 3.24
(ddd, J = 12.8, 9.2, 6.6 Hz, 1H), 3.04 (td, J = 8.9, 3.6 Hz, 1H), 2.86 — 2.78 (m, 2H), 2.55 —

2.47 (m, 2H), 2.29 (ddd, J = 10.7, 8.5, 6.6 Hz, 1H), 1.85 (dddd, J = 16.1, 10.5, 4.9, 3.3 Hz,
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2H), 1.62 (dddd, J=17.5, 13.2, 8.5, 4.4 Hz, 1H), 1.32 — 1.27 (m, 1H), 1.24 (td, J = 13.0, 4.2
Hz, 1H), 1.20 — 1.13 (m, 2H).

13C NMR: (125 MHz, CeDs) 5 209.6, 144.0, 138.1, 133.4, 129.9, 128.0 (obscured by CeHs),
125.0,119.9, 111.8, 74.5, 62.5, 53.8, 52.6, 40.1, 37.8, 36.1, 31.5, 28.3, 21.5.

IR: (Neat Film, NaCl) 2928, 2850, 2799, 2120, 2088, 1709, 1489, 1442, 1287, 1169, 1154,
1118, 935,917, 748 cm’!

HRMS: (ESI+) m/z calc’d for CioHa3N4O [M+H]"™: 323.1866, found 323.1874.

[a]23: -117 (¢ = 0.31, CHCL)
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Triazoline 116: Tricyclic azide 112 (36 mg, 0.11 mmol, 1.0 equiv) was added to a 2 Dr vial
with stir bar. Heptane (2.5 mL) was added, and the reaction mixture was stirred for 48 h after
which time TLC and LC/MS analysis indicated complete consumption of the starting
material. The reaction mixture was concentrated under reduced pressure to give the title
compound as a white solid (29 mg, 80% combined yield), and as a 2.5:1 mixture of C19
diastereomers pure by 'H NMR. The diastereomers were separated by column
chromatography (60 — 70 — 80% Et20 in hexanes) to give undesired 117 as a white solid
(6 mg), a mixture of C19 epimers (7 mg), and pure, desired diastereomer 116 as a white solid
(12 mg). Note: the diastereomers are difficult to separate and a careful gradient is required
to achieve separation. By column chromatography, the diastereomeric ratio is improved to
>5:1, which is sufficient for the subsequent steps. Diastereomerically pure samples were
obtained by normal phase HPLC (silica gel, 70% Et:0, 10%1-PrOH in hexanes, 7.0 mL/min:

minor t, = 3.8 min, major t, = 4.5 min).

Characterization data for major diastereomer, triazoline 116:

'TH NMR: (400 MHz, CsDs) 4 7.70 (dd, J= 8.2, 1.4 Hz, 1H), 7.35 (dd, J=7.9, 1.7 Hz, 1H),
6.96 (ddd,J=8.2,7.2, 1.6 Hz, 1H), 6.86 (td, J=7.6, 1.4 Hz, 1H), 4.16 (dd, /= 17.6, 9.7 Hz,
1H), 3.92 (dd, J=17.6, 13.4 Hz, 1H), 3.39 (dd, J = 13.4, 9.7 Hz, 1H), 3.30 (ddd, J = 12.5,

9.3,5.7 Hz, 1H), 2.84 (td, J= 8.9, 4.7 Hz, 1H), 2.64 —2.59 (m, 1H), 2.42 (d, J= 1.6 Hz, 1H),



Chapter 2 — Enantioselective Total Synthesis of Hunterine A 245

2.32-2.07 (m, 3H), 1.66 (ddd, J=11.1, 8.6, 5.7 Hz, 1H), 1.46 — 1.35 (m, 3H), 1.05 (dtd, J
=9.9,5.0, 2.6 Hz, 1H), 0.80 — 0.66 (m, 2H), 0.47 (ddt, /= 10.2, 3.7, 1.6 Hz, 1H).

13C NMR: (100 MHz, CsDs) 8 207.1, 142.6, 130.8, 130.0, 128.0 (obscured by CsDs), 125.1,
120.9,70.5, 67.8, 61.3, 61.3, 52.9, 50.9, 35.5, 34.6, 33.5, 31.7, 30.3, 21.6.

IR: (Neat Film, NaCl) 2934, 2804, 1704, 1483, 1446, 1326, 1278, 1173, 1136, 1115, 1079,
1063, 980, 928,921 cm™!

HRMS: (ESI+) m/z calc’d for C1oH23N4O [M+H]": 323.1866, found 323.1874.

[a]%3: —340 (c = 0.5, CHCL)

q CN AgNO;, EtOH
Dl Q
f heptane [0 02 M]

112 116

Yy

117
(C19-epimer)

One pot synthesis of 116: Azide 19 (2 mg, 0.0057 mmol, 1.0 equiv) was dissolved in
degassed EtOH (25 puL). AgNO; (2.4 mg, 0.013 mmol, 2.2 equiv) was added, and the reaction
vessel was wrapped with aluminum foil to exclude light. After 2 hours, the mixture was
concentrated under reduced pressure, diluted with heptane (0.3 mL), and stirred at ambient
temperature for 48 hours. After this time, NH4OH (10 pL) was added, the residue was
concentrated, dissolved in CH2Cl> and filtered through a pad of silica gel topped with celite
to give a mixture of 116 and 117 . The resulting solution was extracted 4x with EtOAc (5
mL). The combined organic layers were washed with brine (5 mL), dried over Na;SO4, and

concentrated under reduced pressure. The crude residue was purified by flash column
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chromatography (5 — 10% EtOAc, 3% Et:N in hexanes) to give a pale yellow oil (46.8 mg,

82% yield).
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(-)-Hunterine A (53)

(-)-Hunterine A (53): Triazoline 113 (9 mg, 0.028 mmol) was dissolved in benzene (1.0
mL) and degassed by bubbling N> through the solution for 5 minutes. The solution was then
placed in a Luzchem photobox equipped with Hitachi FST5-BLB UVA lamps centered at
350 nm. The solution was stirred and irradiated for 4 h after which time TLC and LCMS
analysis indicated complete consumption of the starting material and formation of the
putative aziridine (120).

To this solution was added AcOH (200 pL), and the solution was maintained at 23 °C for 10
h after which time LC/MS analysis indicated complete consumption of the aziridine and
formation of O-acetyl hunterine A (121). The reaction mixture was quenched with 2M
aqueous K>COs (2 mL) and extracted 5x with CH>Cl> (3 mL). The combined organic extracts
were washed with brine (3 mL), dried over Na;SO4, and concentrated under reduced
pressure. The crude residue was used directly in the next step.

The crude residue was dissolved in MeOH, and solid KoCOj3 (36 mg, 0.26 mmol, 10.0 equiv)
was added in one portion. After 3 h, the starting material was consumed by TLC. The mixture
was concentrated under reduced pressure. Water (2 mL) was added, and the mixture was
extracted 4x with EtOAc (1 mL). The combined organic extracts were washed with brine,
dried over Na,SO4, and concentrated under reduced pressure. The crude reaction mixture
was purified by column chromatography (2 — 5 — 10% MeOH in CH2Cl) to give (—)-

hunterine A as a white solid (4.7 mg, 54% over 2 steps).
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'TH NMR: (600 MHz, CD3OD) 4 7.06 (dd, J = 8.2, 1.6 Hz, 1H), 7.02 — 6.98 (m, 1H), 6.78
(ddd, J=17.2, 6.3, 1.3 Hz, 2H), 3.87 (dd, J = 11.0, 3.3 Hz, 1H), 3.60 (dd, /= 11.0, 9.9 Hz,
1H), 3.43 (dd, /=9.9, 3.3 Hz, 1H), 3.05 - 2.97 (m, 4H), 2.83 (d, /= 1.5 Hz, 1H), 2.54 (ddd,
J=13.6,11.5, 6.6 Hz, 1H), 2.33 (ddd, /= 16.7, 6.5, 1.7 Hz, 1H), 2.11 — 2.05 (m, 1H), 1.97
—1.91 (m, 1H), 1.90 — 1.80 (m, 1H), 1.76 — 1.69 (m, 1H), 1.63 — 1.54 (m, 3H), 1.42 (dd, J =
13.5,5.3 Hz, 1H)

13C NMR: (100 MHz, CD30D) 4 213.0, 150.2, 131.5, 128.9, 128.6, 121.7, 121.5, 72.3, 66.3,
61.8,61.6,55.1, 52.6,37.5,35.7,34.9, 29.8, 29.6, 22.3

IR: (Neat Film, NaCl) 3344, 2920, 2850, 1594, 1456, 1361, 1264 cm™!

HRMS: (ESI+) m/z calc’d for C1oH2sN2O2 [M+H]": 313.1911, found 313.1916

[a]23: —174 (c = 0.25, MeOH)

The optical rotation value is considerably greater in magnitude than that reported in the

isolation of hunterine A (reported —22 (c = 0.23, MeOH).
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118

Imine 118: Triazoline 117 (4.0 mg, 0.028 mmol) was dissolved in benzene (1.0 mL) and
AcOH (200 pL) was added. The solution was maintained at 23 °C for 10 h after which time
LC/MS analysis indicated complete consumption of the starting material. The reaction
mixture was quenched with 2M aqueous K>COs (1.0 mL) and extracted 5x with CH>Cla (1
mL). The combined organic extracts were washed with brine (1 mL), dried over Na;SOs, and
concentrated under reduced pressure. The crude residue was purified by column
chromatography (30% ethyl acetate, 3% triethylamine in CH2Cl,) to give the title compound

as a colorless oil (2.2 mg, 55% yield).

Analytical data are in agreement with those reported in the literature.”® A 'TH NMR spectrum

1s shown for reference.

H NMR: (600 MHz, CDs) 8 7.67 (d, J="7.6 Hz, 1H), 7.17 (m, 1 H) (obscured by CsHDs),
7.12 (td, J=7.6, 1.3 Hz, 1H), 7.05 (t, J= 7.4 Hz, 1H), 2.93 (s, 1H), 2.93 —2.88 (m, 1H), 2.80
—2.67 (m, 3H), 2.56 — 2.49 (m, 1H), 2.38 (ddd, J = 11.5, 8.3, 5.1 Hz, 1H), 2.04 — 1.92 (m,
2H), 1.84 (td, J= 11.8, 6.6 Hz, 1H), 1.57 — 1.48 (m, 1H), 1.43 (s, 4H), 1.14 — 1.05 (m, 2H),

0.94 (td, J= 13.6, 5.4 Hz, 1H).
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Scheme A2.1. Synthetic Summary for Chapter 2
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Figure A3.2 Infrared spectrum (Thin Film, NaCl) of compound 72.
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Figure A3.3 "C NMR (125 MHz, CDCl5) of compound 72.
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Figure A3.5 Infrared spectrum (Thin Film, NaCl) of compound 73.
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Figure A3.6 "C NMR (125 MHz, CDCl5) of compound 73.
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Figure A3.8 Infrared spectrum (Thin Film, NaCl) of compound 76.
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Figure A3.9 "C NMR (100 MHz, CDCl5) of compound 76.
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Figure A3.11 Infrared spectrum (Thin Film, NaCl) of compound 80.
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Figure A3.12 °C NMR (125 MHz, CDCl;) of compound 80.
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Figure A3.14 Infrared spectrum (Thin Film, NaCl) of compound 68.
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Figure A3.15 "C NMR (125 MHz, CDCl;) of compound 68.
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Figure A3.17 Infrared spectrum (Thin Film, NaCl) of compound 70.
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Figure A3.18"°C NMR (125 MHz, CDCl;) of compound 70.
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Figure A3.20 Infrared spectrum (Thin Film, NaCl) of compound 81.
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Figure A1.21 "C NMR (100 MHz, CDCl;) of compound 81.
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Figure A3.23 Infrared spectrum (Thin Film, NaCl) of compound 122.
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Figure A3.24°C NMR (125 MHz, CDCl;) of compound 122.
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Figure A3.26 Infrared spectrum (Thin Film, NaCl) of compound 82.
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Figure A3.27 "C NMR (100 MHz, CDCl;) of compound 82.
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Figure A3.29 Infrared spectrum (Thin Film, NaCl) of compound 83.
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Figure A3.30 "C NMR (125 MHz, CDCl;) of compound 83.
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Figure A3.32 Infrared spectrum (Thin Film, NaCl) of compound (Z)-86.
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PC NMR (100 MHz, CDCl;) of compound (Z)-86.
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Figure A3.35 Infrared spectrum (Thin Film, NaCl) of compound (E)-86.
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Figure A3.36 °C NMR (100 MHz, CDCls) of compound (E)-86.
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Figure A3.38 Infrared spectrum (Thin Film, NaCl) of compound 87.
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Figure A3.39 "C NMR (100 MHz, CDCl;) of compound 87.
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Figure A3.41 Infrared spectrum (Thin Film, NaCl) of compound 88.
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Figure A3.42 °C NMR (100 MHz, CDCl;) of compound 88.
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Figure A3.44 Infrared spectrum (Thin Film, NaCl) of compound 67.
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Figure A3.45 "C NMR (100 MHz, CDCl;) of compound 67.
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Figure A3.47 Infrared spectrum (Thin Film, NaCl) of compound 67b.
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Figure A1.48 °C NMR (150 MHz, CDCl;) of compound 67b.
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Figure A1.50 Infrared spectrum (Thin Film, NaCl) of compound 67c.
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Figure A1.51"°C NMR (150 MHz, CDCl;) of compound 67c.
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Figure A3.53 Infrared spectrum (Thin Film, NaCl) of compound 67d.
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Figure A3.54 °C NMR (150 MHz, CDCl;) of compound 67d.
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Figure A3.56 Infrared spectrum (Thin Film, NaCl) of compound 92.
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Figure A3.57 "C NMR (100 MHz, CDCl;) of compound 92.
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Figure A3.59 Infrared spectrum (Thin Film, NaCl) of compound 93.
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Figure A3.60"°C NMR (100 MHz, CDCl;) of compound 93.
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Figure A3.62 Infrared spectrum (Thin Film, NaCl) of compound 97.
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Figure A3.63 °C NMR (100 MHz, CDCl;) of compound 97.
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Figure A1.65 Infrared spectrum (Thin Film, NaCl) of compound 101.
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Figure A3.66 °C NMR (125 MHz, CDCl;) of compound 101.
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Figure A3.68 Infrared spectrum (Thin Film, NaCl) of compound 103.
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Figure A3.69 °C NMR (100 MHz, CDCl;) of compound 103.
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Figure A3.71 Infrared spectrum (Thin Film, NaCl) of compound 104.
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Figure A3.72 °C NMR (100 MHz, CDCl;) of compound 104.
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Figure A3.74 Infrared spectrum (Thin Film, NaCl) of compound 105.
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Figure A3.75 "C NMR (125 MHz, CDCl;) of compound 105.
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Figure A3.77 Infrared spectrum (Thin Film, NaCl) of compound 106.
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Figure A3.78 °C NMR (100 MHz, CDCl;) of compound 106.
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Figure A3.80 Infrared spectrum (Thin Film, NaCl) of compound 107.
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Figure A3.81 "C NMR (100 MHz, CsDs) of compound 107.
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Figure A1.84 Infrared spectrum (Thin Film, NaCl) of compound 112.
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Figure A1.85 "C NMR (100 MHz, CsDs) of compound 112.
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Figure A3.87 Infrared spectrum (Thin Film, NaCl) of compound 64.
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Figure A3.88 "C NMR (125 MHz, CsDs) of compound 64.
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Figure A3.91 Infrared spectrum (Thin Film, NaCl) of compound 116.
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Figure A3.92 °C NMR (100 MHz, CsDs) of compound 116.
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Figure A3.95 Infrared spectrum (Thin Film, NaCl) of compound 117.
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Figure A3.96 °C NMR (100 MHz, CsDs) of compound 117.
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Figure A3.99 Infrared spectrum (Thin Film, NaCl) of compound 53.

AN

T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0
ppm

Figure A3.100 "C NMR (100 MHz, CD;OD) of compound 53.
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APPENDIX 4

X-Ray Crystallography Reports Relevant to Chapter 2:

Enantioselective Total Synthesis of Hunterine A
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A4.1 GENERAL EXPERIMENTAL

X-Ray crystallographic analysis was obtained from the Caltech X-Ray
Crystallography Facility using a Bruker AXS D8 VENTURE KAPPA diffractometer.

A4.2 X-RAY CRYSTAL STRUCTURE ANALYSIS OF COMPOUND (Z)-82
(V23277)

An X-Ray quality crystal of dinitrophenylhydrazone (Z)-82 (compound V23277)
was grown by dissolving approximately 5 mg in minimal Et:O (approx. 30 pL) and carefully
layering with pentane. Low-temperature diffraction data (¢-and @-scans) were collected on
a Bruker AXS D8 VENTURE KAPPA diffractometer coupled to a PHOTON II CPAD
detector with Cu K, radiation (1 = 1.54178 A) from an IuS micro-source for the structure of
compound V23277. The structure was solved by direct methods using SHELXS' and refined
against /2 on all data by full-matrix least squares with SHELXL-2019? using established
refinement techniques.> All non-hydrogen atoms were refined anisotropically. Unless
otherwise noted, all hydrogen atoms were included into the model at geometrically calculated
positions and refined using a riding model. The isotropic displacement parameters of all
hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times
for methyl groups). Compound V23277 crystallizes in the monoclinic space group P21 with
one molecule in the asymmetric unit. The coordinates for the hydrogen atoms bound to N1,
N101, N201, N301, O5 0105, 0205, and O305 were located in the difference Fourier
synthesis and refined semi-freely with the help of a restraint on the N-H or O-H distance

(0.88(4) A or 0.84(4) A, respectively).
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Figure A4.2.1 X-Ray Coordinate of Compound (Z)-82

Table A4.2.1. Crystal Data and Structure Refinement for (Z)-82

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

V23277
C32 H36 N8 010
692.69

100(2) K

1.54178 A
Monoclinic

P2,
a=17.6441(17) A
b=18.1909(6) A
c=22.7771(14) A
3223.0(4) A3

4

1.428 Mg/m3
0.909 mm-1

1456

0.300 x 0.150 x 0.050 mm3

1.981 to 74.668°.

21<=h<=22, -10<=k<=10, -28<=1<=28
64398

12967 [R(int) = 0.0677]

a=90°.

g =90°.

b= 101.734(8)°.

337
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Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

100.0 %

Semi-empirical from equivalents
0.7538 and 0.4744

Full-matrix least-squares on F2
12967 /9 /925

1.037

R1=0.0493, wR2 =0.1267
R1=0.0521, wR2 =0.1298
-0.02(10)

n/a

0.550 and -0.477 e.A-3

338

Table A4.2.2 Atomic coordinates (x 104) and equivalent isotropic displacement

parameters (A2x 103) for (Z)-82 (V23277). U(eq) is defined as one third of the
trace of the orthogonalized Ul tensor.

Atom X y V4 U(eq)
N(1) 7988(1) 2019(3) 9658(1) 16(1)
C() 8640(2) 1363(3) 9537(1) 15(1)
C(2) 9221(2) 2316(3) 9352(1) 15(1)
N(@3) 9172(1) 4079(3) 9312(1) 17(1)
O(1) 8622(1) 4796(2) 9470(1) 20(1)
0O(2) 9680(1) 4832(3) 9127(1) 22(1)
C(3) 9885(2) 1621(4) 9215(1) 16(1)
C4) 9976(2) -36(4) 9265(1) 17(1)
N(4) 10678(1) -763(3) 9135(1) 18(1)
0(@3) 11153(1) 138(3) 8972(1) 28(1)
O4) 10769(1) -2241(3) 9208(1) 24(1)
C(5) 9420(2) -1043(3) 9448(1) 17(1)
C(6) 8770(2) -358(3) 9586(1) 16(1)
N(2) 7444(1) 1048(3) 9854(1) 18(1)
C(7) 6950(2) 1846(3) 10087(1) 17(1)
C(8) 6918(2) 3662(3) 10205(1) 17(1)
C9) 6489(2) 4678(4) 9662(1) 22(1)
O(5) 5971(1) 3714(3) 9235(1) 29(1)
C(10) 5977(2) 5820(4) 9938(1) 26(1)
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Table A4.2.2 cont’d.

Atom X y V4 U(eq)
C(11) 5690(2) 4714(4) 10386(1) 25(1)
C(12) 6425(1) 3823(4) 10708(1) 18(1)
C(15) 6877(2) 4756(4) 11234(1) 26(1)
C(16) 6685(2) 6093(5) 11482(2) 44(1)
C(13) 6283(2) 2034(4) 10885(1) 24(1)
C(14) 6332(2) 994(4) 10336(1) 23(1)
N(101) 8918(1) 17070(3) 7952(1) 16(1)
C(101) 8284(1) 17723(3) 8103(1) 15(1)
C(102) 7673(2) 16759(3) 8244(1) 15(1)
N(103) 7691(1) 15003(3) 8235(1) 16(1)
O(101) 8230(1) 14291(3) 8056(1) 21(1)
0(102) 7179(1) 14229(3) 8408(1) 23(1)
C(103) 7024(2) 17457(4) 8402(1) 16(1)
C(104) 6968(1) 19123(4) 8406(1) 16(1)
N(104) 6284(1) 19867(3) 8557(1) 21(1)
0(103) 5867(1) 19028(3) 8806(1) 29(1)
0(104) 6158(1) 21311(3) 8423(1) 28(1)
C(105) 7544(2) 20135(3) 8261(1) 16(1)
C(106) 8192(2) 19445(3) 8120(1) 16(1)
N(102) 9519(1) 18065(3) 7858(1) 18(1)
C(107) 10102(2) 17285(4) 7749(1) 18(1)
C(108) 10227(2) 15456(4) 7735(1) 19(1)
C(109) 9834(2) 14664(4) 7126(1) 21(1)
0(105) 9651(1) 15942(3) 6696(1) 22(1)
C(110) 10464(2) 13556(4) 6974(2) 28(1)
C(111) 11199(2) 14566(4) 7178(1) 26(1)
C(112) 11128(2) 15241(4) 7798(1) 25(1)
C(115) 11437(2) 13942(5) 8266(2) 39(1)
C(116) 11747(3) 14133(6) 8822(2) 51(1)
C(113) 11464(2) 16973(5) 7916(2) 31(1)
C(114) 10809(2) 18139(4) 7637(2) 27(1)
N(201) 6104(1) 7470(3) 7015(1) 14(1)

C(201) 6729(1) 8151(3) 6860(1) 14(1)
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Table A4.2.2 cont’d.

Atom X y V4 U(eq)
C(202) 7323(1) 7190(3) 6690(1) 14(1)
N(203) 7313(1) 5434(3) 6697(1) 15(1)
0(201) 6773(1) 4708(2) 6871(1) 19(1)
0(202) 7836(1) 4675(2) 6535(1) 22(1)
C(203) 7960(2) 7906(3) 6513(1) 15(1)
C(204) 8010(1) 9568(3) 6509(1) 15(1)
N(204) 8664(1) 10315(3) 6313(1) 18(1)
0(203) 9089(1) 9456(3) 6081(1) 26(1)
0(204) 8750(1) 11803(3) 6384(1) 23(1)
C(205) 7450(2) 10577(3) 6688(1) 14(1)
C(2006) 6824(1) 9878(3) 6855(1) 14(1)
N(202) 5558(1) 8433(3) 7220(1) 15(1)
C(207) 4967(1) 7619(3) 7301(1) 14(1)
C(208) 4773(1) 5853(3) 7152(1) 15(1)
C(209) 5161(2) 4639(3) 7647(1) 19(1)
0(205) 5356(1) 5546(3) 8195(1) 24(1)
C(210) 4522(2) 3410(4) 7667(1) 22(1)
C(211) 3807(2) 4493(4) 7620(1) 21(1)
C(212) 3873(1) 5712(4) 7116(1) 17(1)
C(215) 3479(2) 5134(4) 6499(1) 23(1)
C(2106) 3120(2) 3750(5) 6344(2) 32(1)
C(213) 3607(2) 7474(4) 7225(1) 22(1)
C(214) 4327(2) 8397(4) 7546(1) 20(1)
N(301) 7013(1) 12265(3) 5219(1) 16(1)
C(301) 6386(1) 11616(3) 5383(1) 14(1)
C(302) 5828(2) 12606(3) 5593(1) 16(1)
N(303) 5875(1) 14358(3) 5612(1) 15(1)
0O(301) 6415(1) 15056(3) 5432(1) 21(1)
0(302) 5377(1) 15133(3) 5801(1) 21(1)
C(303) 5195(2) 11917(4) 5779(1) 16(1)
C(304) 5103(2) 10257(4) 5755(1) 17(1)
N(304) 4433(1) 9545(3) 5939(1) 19(1)

0(303) 4003(1)  10449(3) 6155(1) 34(1)
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Table A4.2.2 cont’d.

Atom X y z U(eq)
0(304) 4327(1) 8077(3) 5868(1) 24(1)
C(305) 5629(2) 9232(3) 5543(1) 16(1)
C(300) 6254(2) 9894(4) 5359(1) 16(1)
N(302) 7550(1) 11274(3) 5021(1) 17(1)
C(307) 8038(1) 12070(4) 4780(1) 17(1)
C(308) 8069(1) 13887(3) 4675(1) 16(1)
C(309) 8385(2) 14982(3) 5222(1) 18(1)
0(305) 9040(1) 14271(3) 5613(1) 22(1)
C(310) 8673(2) 16462(4) 4932(1) 21(1)
C(311) 9091(2) 15725(4) 4462(1) 22(1)
C(312) 8661(1) 14115(4) 4255(1) 18(1)
C(315) 8222(2) 14076(4) 3611(1) 21(1)
C(3106) 8077(2) 15283(4) 3226(1) 28(1)
C(313) 9181(2) 12571(4) 4386(1) 21(1)
C(314) 8653(2) 11196(4) 4526(1) 20(1)

Table A4.2.3. Bond lengths [A] and angles [°] for (Z)-82 (V23277).

Bond Length (A) Bond Length (A)
N(1)-C(1) 1.348(3) N(4)-0(4) 1.2293)
N(1)-NQ) 1.389(3) N(4)-0(3) 1.2303)
N(1)-H(IN) 0.87(2) C(5)-C(6) 1.368(4)
C(1)-C(2) 1.419(4) C(5)-H(5) 0.9500
C(1)-C(6) 1.429(4) C(6)-H(6) 0.9500
C(2)-C(3) 1.395(4) N(2)-C(7) 1.288(4)
C(2)-N(3) 1.448(4) C(7)-C(14) 1.500(4)
N(3)-0(2) 1.230(3) C(7)-C(8) 1.515(4)
N@3)-0(1) 1.250(3) C(8)-C(9) 1.555(4)
C(3)-C(4) 1.369(4) C(8)-C(12) 1.578(4)
C(3)-H(3) 0.9500 C(8)-H(8) 1.0000
C(4)-C(5) 1.409(4) C(9)-0(5) 1.430(4)

C(4)-N(4) 1.457(3) C(9)-C(10) 1.523(4)
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Table A4.2.3. cont/d.

Bond
C(9)-H(9)
O(5)-H(50)
C(10)-C(11)
C(10)-H(10A)
C(10)-H(10B)
C(11)-C(12)
C(11)-H(11A)
C(11)-H(11B)
C(12)-C(15)
C(12)-C(13)
C(15)-C(16)
C(15)-H(15)
C(16)-H(16A)
C(16)-H(16B)
C(13)-C(14)
C(13)-H(13A)
C(13)-H(13B)
C(14)-H(14A)
C(14)-H(14B)
N(101)-C(101)
N(101)-N(102)
N(101)-H(11N)
C(101)-C(106)
C(101)-C(102)
C(102)-C(103)
C(102)-N(103)
N(103)-0(102)
N(103)-0(101)
C(103)-C(104)
C(103)-H(103)
C(104)-C(105)
C(104)-N(104)
N(104)-0(103)
N(104)-0O(104)

Length (A)

1.0000
0.82(3)
1.525(4)
0.9900
0.9900
1.538(4)
0.9900
0.9900
1.506(4)
1.554(4)
1.308(5)
0.9500
0.9500
0.9500
1.529(4)
0.9900
0.9900
0.9900
0.9900
1.346(4)
1.387(3)
0.88(2)
1.421(4)
1.424(4)
1.391(4)
1.439(4)
1.232(3)
1.253(3)
1.368(4)
0.9500
1.401(4)
1.455(3)
1.227(3)
1.231(4)

Bond
C(105)-C(106)
C(105)-H(105)
C(106)-H(106)
N(102)-C(107)
C(107)-C(114)
C(107)-C(108)
C(108)-C(109)
C(108)-C(112)
C(108)-H(108)
C(109)-0(105)
C(109)-C(110)
C(109)-H(109)
0(105)-H(150)
C(110)-C(111)
C(110)-H(11C)
C(110)-H(11D)
C(111)-C(112)
C(111)-H(11E)
C(111)-H(11F)
C(112)-C(115)
C(112)-C(113)
C(115)-C(116)
C(115)-H(115)
C(116)-H(11G)
C(116)-H(11H)
C(113)-C(114)
C(113)-H(11I)
C(113)-H(11))
C(114)-H(11K)
C(114)-H(11L)
N(201)-C(201)
N(201)-N(202)
N(201)-H(21N)
C(201)-C(2006)

Length (A)

1.371(4)
0.9500
0.9500
1.278(4)
1.496(4)
1.515(4)
1.559(4)
1.576(4)
1.0000
1.426(4)
1.529(4)
1.0000
0.85(2)
1.528(4)
0.9900
0.9900
1.545(4)
0.9900
0.9900
1.527(5)
1.540(5)
1.283(6)
0.9500
0.9500
0.9500
1.533(5)
0.9900
0.9900
0.9900
0.9900
1.345(3)
1.397(3)
0.87(2)
1.424(4)
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Table A4.2.3. cont/d.

Bond Length (A) Bond Length (A)
C(201)-C(202) 1.426(4) C(216)-HQ1E) 0.9500
C(202)-C(203) 1.399(4) C(216)-H(21F) 0.9500
C(202)-N(203) 1.439(3) C(213)-C(214) 1.531(4)
N(203)-0(202) 1.2303) C(213)-HQ1G) 0.9900
N(203)-0(201) 1.253(3) C(213)-HQ21H) 0.9900
C(203)-C(204) 1365(4) C(214)-H21T) 0.9900
C(203)-H(203) 0.9500 C(214)-H(21J) 0.9900
C(204)-C(205) 1.410(4) N(301)-C(301) 1.347(3)
C(204)-N(204) 1.455(3) N(301)-N(302) 1.390(3)
N(204)-0(203) 1.224(3) N(301)-HG31N) 0.87(2)
N(204)-0(204) 1.234(3) C(301)-C(306) 1.429(4)
C(205)-C(206) 1.366(4) C(301)-C(302) 1.431(4)
C(205)-H(205) 0.9500 C(302)-C(303) 1.392(4)
C(206)-H(206) 0.9500 C(302)-N(303) 1.438(4)
N(202)-C(207) 1.281(3) N(303)-0(302) 1.230(3)
C(207)-C(214) 1.501(4) N(303)-0(301) 1.250(3)
C(207)-C(208) 1.509(4) C(303)-C(304) 1.369(4)
C(208)-C(209) 1.554(4) C(303)-H(303) 0.9500
C(208)-C(212) 1.577(3) C(304)-C(305) 1.408(4)
C(208)-H(208) 1.0000 C(304)-N(304) 1.455(3)
C(209)-0(205) 1.434(4) N(304)-0(304) 1.222(3)
C(209)-C(210) 1.519(4) N(304)-0(303) 1.2313)
C(209)-H(209) 1.0000 C(305)-C(306) 1.369(4)
0(205)-H(250) 0.88(2) C(305)-H(305) 0.9500
C(210)-C211) 1.528(4) C(306)-H(306) 0.9500
C(210)-H(21A) 0.9900 N(302)-C(307) 1.289(4)
C(210)-H(21B) 0.9900 C(307)-C(314) 1.509(4)
C211)-C(212) 1.543(4) C(307)-C(308) 1.510(4)
C211)-H(21C) 0.9900 C(308)-C(309) 1.545(4)
C(211)-HQ21D) 0.9900 C(308)-C(312) 1.565(4)
C(212)-C(215) 1.512(4) C(308)-H(308) 1.0000
C(212)-C213) 1.553(4) C(309)-0(305) 1.431(3)
C(215)-C(216) 1.311(5) C(309)-C(310) 1.518(4)

C(215)-H(215) 0.9500 C(309)-H(309) 1.0000
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Table A4.2.3. cont/d.

Bond
0(305)-H(350)
C(310)-C(311)
C(310)-H(31A)
C(310)-H(31B)
C(311)-C(312)
C(311)-H(31C)
C(311)-H(31D)
C(312)-C(315)
C(312)-C(313)
C(315)-C(316)
C(315)-H(315)
C(316)-H(31E)
C(316)-H(31F)
C(313)-C(314)
C(313)-H(31G)
C(313)-H(31H)
C(314)-H(31I)
C(314)-H(31))

Atoms
C(1)-N(1)-N(2)

C(1)-N(1)-H(IN)
N(2)-N(1)-H(IN)

N(D-C(1)-C(2)
N(D)-C(1)-C(6)
C(2)-C(1)-C(6)
C(3)-C(2)-C(1)
C(3)-C(2)-N@3)
C(D)-C(2)-NQ3)
O(2)-N(3)-0(1)
O(2)-N(3)-C(2)
O(1)-N(3)-C(2)
C(H-C3)-C(2)
C(4)-C(3)-HB)

Length (A)

0.84(2)
1.541(4)
0.9900
0.9900
1.546(4)
0.9900
0.9900
1.513(4)
1.555(4)
1.312(5)
0.9500
0.9500
0.9500
1.535(4)
0.9900
0.9900
0.9900
0.9900

Angle (°)
120.8(2)
118(2)
121(2)
122.6(2)
120.5(2)
116.8(2)
122.2(2)
115.7(2)
122.0(2)
121.7(2)
118.9(2)
119.3(2)
118.4(3)
120.8

Atoms
C(2)-C(3)-H(3)
C(3)-C(4)-C(5)
C(3)-C(4)-N(4)
C(5)-C(4)-N(4)
O(4)-N(4)-0(3)
O(4)-N(4)-C(4)
O(3)-N(4)-C(4)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
C(5)-C(6)-C(1)
C(5)-C(6)-H(6)
C(1)-C(6)-H(6)
C(7)-N(2)-N(1)
N(2)-C(7)-C(14)
N(2)-C(7)-C(8)
C(14)-C(7)-C(8)
C(7)-C(8)-C(9)
C(7)-C(8)-C(12)
C(9)-C(8)-C(12)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(12)-C(8)-H(8)
0(5)-C(9)-C(10)
O(5)-C(9)-C(8)
C(10)-C(9)-C(8)
O(5)-C(9)-H(9)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)

C(9)-0(5)-H(50)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10A)
C(11)-C(10)-H(10A)
C(9)-C(10)-H(10B)

344

Angle (°)
120.8
121.9(3)
118.5(3)
119.6(3)
123.5(2)
118.0(2)
118.4(2)
119.7(3)
120.2
120.2
121.0(3)
119.5
119.5
114.3(2)
121.6(3)
128.6(2)
109.5(2)
114.4(2)
104.8(2)
106.4(2)
110.3
110.3
110.3
105.6(2)
112.7(2)
103.5(2)
111.6
111.6
111.6
114(3)
102.6(2)
111.3
111.3
111.3
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Table A4.2.3. cont’d.
Atoms
C(11)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11A)
C(12)-C(11)-H(11A)
C(10)-C(11)-H(11B)
C(12)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(15)-C(12)-C(11)
C(15)-C(12)-C(13)
C(11)-C(12)-C(13)
C(15)-C(12)-C(8)
C(11)-C(12)-C(8)
C(13)-C(12)-C(8)
C(16)-C(15)-C(12)
C(16)-C(15)-H(15)
C(12)-C(15)-H(15)
C(15)-C(16)-H(16A)
C(15)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13A)
C(12)-C(13)-H(13A)
C(14)-C(13)-H(13B)
C(12)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(7)-C(14)-C(13)
C(7)-C(14)-H(14A)
C(13)-C(14)-H(14A)
C(7)-C(14)-H(14B)
C(13)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(101)-N(101)-N(102)
C(101)-N(101)-H(11N)

Angle (°)

111.3
109.2
103.8(2)
111.0
111.0
111.0
111.0
109.0
113.4(3)
111.1(2)
114.02)
109.8(2)
103.3(2)
104.6(2)
128.9(3)
115.6
115.6
120.0
120.0
120.0
105.9(2)
110.5
110.5
110.5
110.5
108.7
102.5(2)
111.3
111.3
111.3
111.3
109.2
120.4(2)
118(2)

Atoms
N(102)-N(101)-H(11N)
N(101)-C(101)-C(106)
N(101)-C(101)-C(102)
C(106)-C(101)-C(102)
C(103)-C(102)-C(101)
C(103)-C(102)-N(103)
C(101)-C(102)-N(103)
0O(102)-N(103)-O(101)
O(102)-N(103)-C(102)
O(101)-N(103)-C(102)
C(104)-C(103)-C(102)
C(104)-C(103)-H(103)
C(102)-C(103)-H(103)
C(103)-C(104)-C(105)
C(103)-C(104)-N(104)
C(105)-C(104)-N(104)
0O(103)-N(104)-O(104)
O(103)-N(104)-C(104)
O(104)-N(104)-C(104)
C(106)-C(105)-C(104)
C(106)-C(105)-H(105)
C(104)-C(105)-H(105)
C(105)-C(106)-C(101)
C(105)-C(106)-H(106)
C(101)-C(106)-H(106)
C(107)-N(102)-N(101)
N(102)-C(107)-C(114)
N(102)-C(107)-C(108)
C(114)-C(107)-C(108)
C(107)-C(108)-C(109)
C(107)-C(108)-C(112)
C(109)-C(108)-C(112)
C(107)-C(108)-H(108)
C(109)-C(108)-H(108)

Angle (°)

121(2)
120.4(2)
122.9(3)
116.6(2)
122.1(3)
115.8(2)
122.1(2)
121.3(2)
119.4(2)
119.4(2)
118.4(3)
120.8

120.8

122.1(3)
118.9(3)
118.9(3)
123.9(2)
118.6(2)
117.5(2)
119.3(3)
120.3

120.3

121.4(3)
119.3

119.3

114.0(2)
122.1(3)
128.7(2)
109.2(2)
113.02)
104.9(2)
107.02)
110.6

110.6
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Table A4.2.3. cont’d.
Atoms
C(112)-C(108)-H(108)
0(105)-C(109)-C(110)
0(105)-C(109)-C(108)
C(110)-C(109)-C(108)
0(105)-C(109)-H(109)
C(110)-C(109)-H(109)
C(108)-C(109)-H(109)
C(109)-0(105)-H(150)
C(111)-C(110)-C(109)
C(111)-C(110)-H(11C)
C(109)-C(110)-H(11C)
C(111)-C(110)-H(11D)
C(109)-C(110)-H(11D)
H(11C)-C(110)-H(11D)
C(110)-C(111)-C(112)
C(110)-C(111)-H(11E)
C(112)-C(111)-H(11E)
C(110)-C(111)-H(11F)
C(112)-C(111)-H(11F)
H(11E)-C(111)-H(11F)
C(115)-C(112)-C(113)
C(115)-C(112)-C(111)
C(113)-C(112)-C(111)
C(115)-C(112)-C(108)
C(113)-C(112)-C(108)
C(111)-C(112)-C(108)
C(116)-C(115)-C(112)
C(116)-C(115)-H(115)
C(112)-C(115)-H(115)
C(115)-C(116)-H(11G)
C(115)-C(116)-H(11H)
H(11G)-C(116)-H(11H)
C(114)-C(113)-C(112)
C(114)-C(113)-H(111)

Angle (°)

110.6
110.7(2)
107.6(2)
103.7(2)
111.5
111.5
111.5
98(3)
102.8(2)
1112
1112
1112
1112
109.1
104.5(2)
110.9
110.9
110.9
110.9
108.9
116.8(3)
107.7(3)
112.9(3)
110.6(3)
105.0(2)
103.0(2)
128.6(4)
115.7
115.7
120.0
120.0
120.0
105.7(2)
110.6

Atoms
C(112)-C(113)-H(111)
C(114)-C(113)-H(11J)
C(112)-C(113)-H(11J)
H(11I)-C(113)-H(11J)
C(107)-C(114)-C(113)
C(107)-C(114)-H(11K)
C(113)-C(114)-H(11K)
C(107)-C(114)-H(11L)
C(113)-C(114)-H(11L)
H(11K)-C(114)-H(11L)
C(201)-N(201)-N(202)
C(201)-N(201)-H(21N)
N(202)-N(201)-H(21N)
N(201)-C(201)-C(206)
N(201)-C(201)-C(202)
C(206)-C(201)-C(202)
C(203)-C(202)-C(201)
C(203)-C(202)-N(203)
C(201)-C(202)-N(203)
0(202)-N(203)-0(201)
0(202)-N(203)-C(202)
0(201)-N(203)-C(202)
C(204)-C(203)-C(202)
C(204)-C(203)-H(203)
C(202)-C(203)-H(203)
C(203)-C(204)-C(205)
C(203)-C(204)-N(204)
C(205)-C(204)-N(204)
0(203)-N(204)-0(204)
0(203)-N(204)-C(204)
0(204)-N(204)-C(204)
C(206)-C(205)-C(204)
C(206)-C(205)-H(205)
C(204)-C(205)-H(205)

Angle (°)

110.6
110.6
110.6
108.7
102.8(3)
111.2
111.2
111.2
111.2
109.1
120.8(2)
120(2)
119(2)
121.22)
121.92)
116.9(2)
121.72)
115.7(2)
122.6(2)
121.3(2)
119.4(2)
119.3(2)
118.4(2)
120.8
120.8
122.2(2)
118.5(2)
119.3(2)
123.7(2)
119.0(2)
117.42)
119.3(2)
120.4
120.4
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Table A4.2.3. cont’d.
Atoms
C(205)-C(206)-C(201)
C(205)-C(206)-H(206)
C(201)-C(206)-H(206)
C(207)-N(202)-N(201)
N(202)-C(207)-C(214)
N(202)-C(207)-C(208)
C(214)-C(207)-C(208)
C(207)-C(208)-C(209)
C(207)-C(208)-C(212)
C(209)-C(208)-C(212)
C(207)-C(208)-H(208)
C(209)-C(208)-H(208)
C(212)-C(208)-H(208)
0(205)-C(209)-C(210)
0(205)-C(209)-C(208)
C(210)-C(209)-C(208)
0(205)-C(209)-H(209)
C(210)-C(209)-H(209)
C(208)-C(209)-H(209)
C(209)-0(205)-H(250)
C(209)-C(210)-C(211)
C(209)-C(210)-H(21A)
C(211)-C(210)-H(21A)
C(209)-C(210)-H(21B)
C(211)-C(210)-H(21B)
H(21A)-C(210)-H(21B)
C(210)-C(211)-C(212)
C(210)-C(211)-H(21C)
C(212)-C(211)-H(21C)
C(210)-C(211)-H(21D)
C(212)-C(211)-H(21D)
H(21C)-C(211)-H(21D)
C(215)-C(212)-C(211)
C(215)-C(212)-C(213)

Angle (°)

121.5(2)
119.3
119.3
113.02)
121.9(2)
128.4(2)
109.7(2)
113.92)
105.2(2)
106.4(2)
110.4
110.4
110.4
111.4(2)
107.02)
103.02)
111.7
111.7
111.7
105(3)
102.7(2)
111.2
111.2
111.2
111.2
109.1
104.02)
111.0
111.0
111.0
111.0
109.0
113.52)
110.02)

Atoms
C(211)-C(212)-C(213)
C(215)-C(212)-C(208)
C(211)-C(212)-C(208)
C(213)-C(212)-C(208)
C(216)-C(215)-C(212)
C(216)-C(215)-H(215)
C(212)-C(215)-H(215)
C(215)-C(216)-H(21E)
C(215)-C(216)-H(21F)
HQ21E)-C(216)-H(21F)
C(214)-C(213)-C(212)
C(214)-C(213)-H(21G)
C(212)-C(213)-H(21G)
C(214)-C(213)-H(21H)
C(212)-C(213)-H(21H)
H(21G)-C(213)-H(21H)
C(207)-C(214)-C(213)
C(207)-C(214)-H(211)
C(213)-C(214)-H(211)
C(207)-C(214)-H(21))
C(213)-C(214)-H(21))
H(21I)-C(214)-H(21)J)
C(301)-N(301)-N(302)
C(301)-N(301)-H(31IN)
N(302)-N(301)-H(31N)
N(301)-C(301)-C(306)
N(301)-C(301)-C(302)
C(306)-C(301)-C(302)
C(303)-C(302)-C(301)
C(303)-C(302)-N(303)
C(301)-C(302)-N(303)
0(302)-N(303)-0(301)
0(302)-N(303)-C(302)
0O(301)-N(303)-C(302)

Angle (°)

114.3(2)
109.8(2)
103.6(2)
104.9(2)
128.7(3)
115.6
115.6
120.0
120.0
120.0
106.7(2)
110.4
110.4
110.4
110.4
108.6
103.02)
111.2
111.2
111.2
111.2
109.1
120.8(2)
119(2)
120(2)
121.1(2)
121.9(2)
117.0(2)
121.4(3)
116.1(2)
122.4(2)
121.7(2)
119.0(2)
119.3(2)
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Atoms
C(304)-C(303)-C(302)
C(304)-C(303)-H(303)
C(302)-C(303)-H(303)
C(303)-C(304)-C(305)
C(303)-C(304)-N(304)
C(305)-C(304)-N(304)
0(304)-N(304)-0(303)
0(304)-N(304)-C(304)
0(303)-N(304)-C(304)
C(306)-C(305)-C(304)
C(306)-C(305)-H(305)
C(304)-C(305)-H(305)
C(305)-C(306)-C(301)
C(305)-C(306)-H(306)
C(301)-C(306)-H(306)
C(307)-N(302)-N(301)
N(302)-C(307)-C(314)
N(302)-C(307)-C(308)
C(314)-C(307)-C(308)
C(307)-C(308)-C(309)
C(307)-C(308)-C(312)
C(309)-C(308)-C(312)
C(307)-C(308)-H(308)
C(309)-C(308)-H(308)
C(312)-C(308)-H(308)
0(305)-C(309)-C(310)
0(305)-C(309)-C(308)
C(310)-C(309)-C(308)
0(305)-C(309)-H(309)
C(310)-C(309)-H(309)
C(308)-C(309)-H(309)

Angle (°)

119.1(3)
120.5
120.5
121.7(3)
118.9(3)
119.4(2)
123.6(2)
117.9(2)
118.5(2)
119.8(3)
120.1
120.1
121.0(3)
119.5
119.5
113.6(2)
121.2(3)
127.9(2)
110.8(2)
117.6(2)
105.3(2)
104.3(2)
109.7
109.7
109.7
107.2(2)
112.3(2)
102.1(2)
111.6
111.6
111.6

Atoms
C(309)-0(305)-H(350)
C(309)-C(310)-C(311)
C(309)-C(310)-H(31A)
C(@311)-C(310)-H(31A)
C(309)-C(310)-H(31B)
C(311)-C(310)-H(31B)
H(B31A)-C(310)-H(31B)
C(310)-C(311)-C(312)
C(310)-C(311)-H(31C)
C(312)-C(311)-H(31C)
C(310)-C(311)-H(31D)
C(312)-C(311)-H(31D)
H@B1C)-C(311)-H(31D)
C(315)-C(312)-C(311)
C(315)-C(312)-C(313)
C(311)-C(312)-C(313)
C(315)-C(312)-C(308)
C(311)-C(312)-C(308)
C(313)-C(312)-C(308)
C(316)-C(315)-C(312)
C(316)-C(315)-H(315)
C(312)-C(315)-H(315)
C(315)-C(316)-H(31E)
C(315)-C(316)-H(31F)
HB1E)-C(316)-H(31F)
C(314)-C(313)-C(312)
C(314)-C(313)-H(31G)
C(312)-C(313)-H(31G)
C(314)-C(313)-H(31H)
C(312)-C(313)-H(31H)
H(31G)-C(313)-H(31H)

Angle (°)

109(3)
103.9(2)
111.0
111.0
111.0
111.0
109.0
105.8(2)
110.6
110.6
110.6
110.6
108.7
115.8(2)
109.5(2)
113.7(2)
108.5(2)
105.3(2)
103.1(2)
128.6(3)
115.7
115.7
120.0
120.0
120.0
106.1(2)
110.5
110.5
110.5
110.5
108.7
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Table A4.2.3. cont/d.

Atoms Angle (°) Atoms Angle (°)
C(307)-C(314)-C(313) 104.2(2) C(307)-C(314)-H(XXX) 110.9
C(307)-C(314)-H(31I) 110.9 C(313)-C(314)-H(31)) 1109
C313)-C(314)-H(31I) 110.9 H@31I)-C(314)-H(31J)  108.9

Symmetry transformations used to generate equivalent atoms:

Table A4.2.4 Anisotropic displacement parameters (A2x 103) for (Z)-82
(V23277). The anisotropic displacement factor exponent takes the form: -2p?[ h?
a*2Uull v+ +2hka*b*U1?]

Atom yll U22 u33 U23 ul3 ul2
N(1) 16(1) 13(1) 20(1) 0(1) 3(1) 0(1)
C(1) 16(1) 16(1) 11(1) -1(1) -2(1) 1(1)
CQ2) 16(1) 14(1) 13(1) -1(1) -1(1) 1(1)
NQ@3) 18(1) 14(1) 16(1) 0(1) -1(1) 0(1)
O(1) 19(1) 16(1) 25(1) -1(1) 4(1) 4(1)
0(2) 19(1) 18(1) 29(1) 3(1) 6(1) -2(1)
C@3) 16(1) 19(1) 13(1) -1(1) 0(1) 0(1)
C#4) 15(1) 22(1) 14(1) -2(1) 1(1) 5(1)
N4) 18(1) 21(1) 16(1) -3(1) 1(1) 4(1)
0@3) 22(1) 26(1) 40(1) -1(1) 14(1) 2(1)
04) 26(1) 22(1) 24(1) 2(1) 5(1) 10(1)
C(5) 18(1) 14(1) 15(1) -1(1) -3(1) 3(1)
C(6) 16(1) 15(1) 14(1) -1(1) -1(1) 0(1)
N(2) 15(1) 16(1) 21(1) 0(1) 2(1) -1(1)
C(7) 14(1) 18(1) 17(1) 2(1) 0(1) 0(1)
C(8) 16(1) 18(1) 17(1) 0(1) 5(1) 1(1)
CO) 26(1) 20(1) 19(1) 2(1) 4(1) 1(1)
05) 36(1) 30(1) 18(1) -1(1) -3(1) 5(1)
C(10)  28(1) 25(2) 26(1) 4(1) 4(1) 10(1)

(1) 17(1) 35(2) 25(1) 4(1) 4(1) 7(1)
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Table A4.2.4 cont’d.

Atom yll U22 u33 U23 ul3 ul2
C(12) 16(1) 24(1) 17(1) 0(1) 6(1) 2(1)
C(15)  24(1) 32(2) 20(1) -1(1) 4(1) 1(1)
C(16) 46(2) 50(2) 34(2) -17(2) 5(2) 10(2)
C(13) 22(1) 26(2) 24(1) 5(1) 7(1) -2(1)
C(14) 19(1) 21(1) 30(2) 2(1) 7(1) -4(1)
N(101) 14(1) 16(1) 19(1) 0(1) 2(1) -3(1)
C(101) 14(1) 18(1) 11(1) 0(1) -2(1) -1(1)
C(102) 16(1) 14(1) 14(1) 0(1) -2(1) -1(1)
N(103) 14(1) 15(1) 18(1) 0(1) 1(1) 0(1)
Oo(101) 17(1) 17(1) 29(1) -2(1) 5(1) 3(1)
O(102) 20(1) 17(1) 35(1) 2(1) 10(1) -4(1)
C(103) 14(1) 19(1) 14(1) 0(1) 0(1) -2(1)
C(104) 14(1) 19(1) 15(1) -3(1) -1(1) 1(1)
N(104) 17(1) 22(1) 22(1) -6(1) 2(1) 1(1)
O(103) 24(1) 29(1) 38(1) -4(1) 15(1) 0(1)
O(104) 25(1) 19(1) 39(1) -2(1) 4(1) 7(1)
C(105) 19(1) 13(1) 15(1) -1(1) -3(1) 0(1)
C(106) 17(1) 15(1) 14(1) 0(1) -1(1) -2(1)
N(102) 16(1) 21(1) 17(1) -2(1) 4(1) -6(1)
C(107) 16(1) 22(1) 15(1) -3(1) 1(1) -7(1)
C(108) 13(1) 26(2) 19(1) 2(1) 3(1) 1(1)
C(109) 17(1) 19(1) 24(1) -3(1) 2(1) 1(1)
O(105) 22(1) 23(1) 19(1) -3(1) -2(1) 2(1)
C(110) 20(1) 28(2) 35(2) -6(1) 4(1) 4(1)
Ci1r) 17(1) 33(2) 28(2) -5(1) 5(1) 4(1)
C(112) 13(1) 40(2) 21(1) -3(1) 2(1) 2(1)
C(115) 31(2) 49(2) 36(2) 2(2) 3(1) 12(2)
C(116) 62(2) 47(2) 36(2) 2(2) -10(2) -3(2)
C(113) 15(1) 49(2) 29(2) -16(2) 7(1) -10(1)
C(114) 21(1) 31(2) 31(2) -10(1) 12(1) -13(1)
N@201) 12(1) 11(1) 17(1) -1(1) 2(1) 1(1)

C(201) 13(1) 15(1) 11(1) 0(1) “1(1) 0(1)
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Table A4.2.4 cont’d.

Atom yll U22 u33 U23 ul3 ul2
C(202) 13(1) 11(1) 16(1) 2(1) -1(1) 0(1)
N(203) 15(1) 12(1) 16(1) 2(1) 1(1) 0(1)
0(201) 16(1) 14(1) 27(1) 2(1) 6(1) -3(1)
0(202) 21(1) 14(1) 33(1) -1(1) 11(1) 3(1)
C(203) 13(1) 17(1) 14(1) -1(1) 2(1) 1(1)
C(204) 13(1) 16(1) 15(1) 2(1) 2(1) -3(1)
N(@204) 16(1) 15(1) 21(1) 1(1) 3(1) 0(1)
0(203) 24(1) 21(1) 39(1) -1(1) 18(1) -1(1)
0(204) 23(1) 15(1) 32(1) -1(1) 9(1) -6(1)
C(205) 16(1) 11(1) 13(1) 0(1) -2(1) 1(1)
C(206) 12(1) 14(1) 13(1) 0(1) -2(1) 1(1)
N(202) 13(1) 15(1) 16(1) -1(1) 2(1) 2(1)
C(207) 13(1) 16(1) 14(1) 1(1) 1(1) 2(1)
C(208) 12(1) 15(1) 19(1) -1(1) 2(1) -1(1)
C(209) 14(1) 18(1) 25(1) 3(1) 2(1) 2(1)
0(205) 22(1) 26(1) 20(1) 4(1) -4(1) -2(1)
C(210) 21(1) 20(1) 26(1) 7(1) 2(1) -2(1)
C211) 17(1) 22(1) 24(1) 7(1) 4(1) -3(1)
C(212) 10(1) 20(1) 20(1) 3(1) 1(1) 0(1)
C(215) 18(1) 27(2) 22(1) 4(1) 0(1) -4(1)
C216) 27(1) 34(2) 32(2) -2(2) -1(1) -8(1)
C(213) 12(1) 22(1) 32(2) 5(1) 5(1) 2(1)
C214) 17(1) 19(1) 25(1) 0(1) 7(1) 2(1)
N(@301) 16(1) 14(1) 18(1) -1(1) 2(1) -1(1)
C@301) 13(1) 16(1) 12(1) 1(1) -2(1) -2(1)
C@302) 17(1) 17(1) 13(1) 1(1) -1(1) -2(1)
N(@303) 15(1) 14(1) 14(1) -1(1) -1(1) -2(1)
O@301) 18(1) 18(1) 26(1) -1(1) 5(1) -5(1)
0(@302) 20(1) 19(1) 25(1) -3(1) 6(1) 2(1)
C(303) 16(1) 19(1) 13(1) 1(1) 1(1) 1(1)
C(304) 15(1) 21(1) 14(1) 2(1) 1(1) -3(1)

N@304) 18(1) 19(1) 19(1) 2(1) 3(1) 2(1)
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Table A4.2.4 cont’d.

Atom yll U22 u33 U23 ul3 ul2
0@303) 29(1) 25(1) 53(2) 1(1) 24(1) 1(1)
0304) 25(1) 21(1) 26(1) 0(1) 6(1) -9(1)
C(305) 16(1) 17(1) 14(1) 1(1) -4(1) -2(1)
C(306) 15(1) 17(1) 14(1) 0(1) -1(1) 0(1)
N(@302) 13(1) 17(1) 19(1) -3(1) 2(1) 0(1)
C@307) 14(1) 20(1) 16(1) -4(1) 0(1) -2(1)
C@308) 13(1) 20(1) 16(1) -1(1) 3(1) -2(1)
C@309) 18(1) 17(1) 18(1) -3(1) 3(1) -1(1)
0@305) 23(1) 21(1) 18(1) 2(1) -3(1) -6(1)
C@310) 20(1) 17(1) 25(1) 1(1) 4(1) -3(1)
C@311) 2I1(1) 21(1) 25(1) -1(1) 6(1) -9(1)
C(3312) 15(1) 22(1) 17(1) -1(1) 4(1) -3(1)
C@315) 19(1) 25(1) 20(1) -3(1) 3(1) -2(1)
C@316) 27(1) 32(2) 23(1) 2(1) 3(1) -1(1)
C(3313) 14(1) 26(2) 22(1) 0(1) 4(1) 0(1)
C(3314) 18(1) 19(1) 25(1) -2(1) 6(1) 0(1)

Table A4.2.5. Hydrogen coordinates (x 104) and isotropic displacement
parameters (A2x 10 3) for (2)-82 (V23277).

Atom X y z U(eq)
H(IN) 7930(20) 3070(30) 9640(16) 20
H(3) 10266 2281 9089 20
H(5) 9495 -2191 9476 20
H(6) 8400 -1038 9716 19
H(8) 7452 4102 10352 20
H(9) 6861 5298 9468 26
H(50) 6180(30) 2930(40) 9110(20) 44

H(10A) 5541 6239 9631 32
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Table A4.2.5 cont’d.

Atom X y z U(eq)
H(10B) 6277 6752 10142 32
H(11A) 5299 3930 10178 31
H(11B) 5461 5363 10673 31
H(15) 7368 4314 11409 31
H(16A) 6202 6602 11329 53
H(16B) 7030 6556 11816 53
H(13A) 6682 1691 11235 28
H(13B) 5767 1925 10988 28
H(14A) 6483 -144 10453 27
H(14B) 5833 987 10044 27
H(11N) 8960(20) 15990(30) 7962(16) 20
H(103) 6628 16793 8503 19
H(105) 7485 21288 8261 20
H(106) 8588 20132 8033 19
H(108) 10048 14914 8076 23
H(109) 9363 14028 7165 25
H(150) 9480(20) 15360(50) 6389(14) 33
H(11C) 10493 12510 7195 33
H(11D) 10373 13328 6539 33
H(11E) 11226 15467 6893 31
H(11F) 11666 13876 7211 31
H(115) 11394 12845 8127 47
H(11G) 11808 15198 8990 61
H(11H) 11916 13210 9066 61
H(11I) 11626 17176 8352 37
H(11J)) 11917 17119 7726 37
H(11K) 10872 19220 7835 32
H(11L) 10786 18283 7202 32
H(21N) 6040(20) 6410(30) 7004(16) 17
H(203) 8350 7250 6399 18
H(205) 7508 11730 6693 17

H(206) 6444 10558 6971 17
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Table A4.2.5 cont’d.

Atom X y z U(eq)
H(208) 4903 5558 6758 18
H(209) 5627 4107 7543 23
H(250) 5520(20) 4820(40) 8474(16) 36
H(21A) 4625 2789 8048 27
H(21B) 4463 2636 7327 27
H(21C) 3811 5069 8002 25
H(21D) 3327 3840 7513 25
H(215) 3493 5873 6180 27
H(21E) 3084 2955 6641 38
H(21F) 2896 3542 5936 38
H(21G) 3384 8009 6839 27
H(21H) 3210 7453 7476 27
H(21I) 4286 9577 7452 24
H(21)) 4409 8252 7986 24
H(3IN) 7070(20) 13320(30) 5221(16) 19
H(303) 4832 12589 5921 19
H(305) 5550 8085 5527 20
H(3006) 6605 9198 5213 19
H(308) 7547 14286 4468 20
H(309) 7970 15282 5444 21
H(350) 8890(20) 13430(40) 5767(18) 33
H(31A) 9034 17117 5231 25
H(31B) 8236 17164 4739 25
H@31C) 9641 15507 4641 27
H(31D) 9065 16479 4119 27
H(315) 8027 13039 3466 25
H(31E) 8256 16352 3342 34
H(31F) 7792 15088 2831 34
H(31G) 9402 12285 4034 25
H(31H) 9611 12763 4733 25
H(31I) 8421 10588 4158 24

H(31)) 8945 10424 4823 24
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Table A4.2.6. Torsion angles [°] for (Z)-82 (V23277).

Atoms (A-B-C-D) Angle (°) Atoms (A-B-C-D) Angle (°)
N(2)-N(1)-C(1)-C(2) -178.2(2) C(12)-C(8)-C(9)-C(10) 19.8(3)
N(2)-N(1)-C(1)-C(6) 2.6(4) 0O(5)-C(9)-C(10)-C(11) 78.6(3)
N(1)-C(1)-C(2)-C(3) -178.5(2) C(8)-C(9)-C(10)-C(11) -40.0(3)
C(6)-C(1)-C(2)-C(3) 0.8(4) C(9)-C(10)-C(11)-C(12) 45.9(3)
N(1)-C(1)-C(2)-N(3) 3.6(4) C(10)-C(11)-C(12)-C(15) 86.3(3)
C(6)-C(1)-C(2)-N(3) -177.2(2) C(10)-C(11)-C(12)-C(13) -145.3(3)
C(3)-C(2)-N(3)-0(2) 4.5(3) C(10)-C(11)-C(12)-C(8) -32.5(3)
C(1)-C(2)-N(3)-0(2) -177.4(2) C(7)-C(8)-C(12)-C(15) 124.9(2)
C(3)-C(2)-N(3)-0(1) -174.8(2) C(9)-C(8)-C(12)-C(15) -113.5(3)
C(1)-C(2)-N(3)-0O(1) 3.3(4) C(7)-C(8)-C(12)-C(11) -113.8(2)
C(1)-C(2)-C(3)-C(4) -0.3(4) C(9)-C(8)-C(12)-C(11) 7.7(3)
N(3)-C(2)-C(3)-C(4) 177.8(2) C(7)-C(8)-C(12)-C(13) 5.7(3)
C(2)-C(3)-C(4)-C(5) 0.2(4) C(9)-C(8)-C(12)-C(13) 127.3(2)
C(2)-C(3)-C(4)-N4) -178.7(2) C(11)-C(12)-C(15)-C(16) 8.2(5)
C(3)-C(4)-N(4)-O(4) 176.8(2) C(13)-C(12)-C(15)-C(16) -121.7(4)
C(5)-C(4)-N(4)-O(4) -2.1(4) C(8)-C(12)-C(15)-C(16) 123.1(4)
C(3)-C(4)-N(4)-0(3) -1.6(4) C(15)-C(12)-C(13)-C(14) -144.0(2)
C(5)-C(4)-N(4)-0(3) 179.5(2) C(11)-C(12)-C(13)-C(14) 86.4(3)
C(3)-C(4)-C(5)-C(6) -0.6(4) C(8)-C(12)-C(13)-C(14) -25.6(3)
N(4)-C(4)-C(5)-C(6) 178.3(2) N(2)-C(7)-C(14)-C(13) 142.8(3)
C(4)-C(5)-C(6)-C(1) 1.1(4) C(8)-C(7)-C(14)-C(13) -32.7(3)
N(1)-C(1)-C(6)-C(5) 178.1(2) C(12)-C(13)-C(14)-C(7) 35.5(3)
C(2)-C(1)-C(6)-C(5) -1.1(4) N(102)-N(101)-C(101)-C(106) 5.1(4)
C(1)-N(1)-N(2)-C(7) 164.2(2) N(102)-N(101)-C(101)-C(102) -175.6(2)
N(1)-N(2)-C(7)-C(14) -178.5(2) N(101)-C(101)-C(102)-C(103)  179.7(2)
N(1)-N(2)-C(7)-C(8) -4.0(4) C(106)-C(101)-C(102)-C(103) -1.0(4)
N(2)-C(7)-C(8)-C(9) 85.7(3) N(101)-C(101)-C(102)-N(103) -0.1(4)
C(14)-C(7)-C(8)-C(9) -99.3(3) C(106)-C(101)-C(102)-N(103)  179.1(2)
N(2)-C(7)-C(8)-C(12) -158.2(3) C(103)-C(102)-N(103)-0(102) -5.7(4)
C(14)-C(7)-C(8)-C(12) 16.8(3) C(101)-C(102)-N(103)-0(102) 174.1(2)
C(7)-C(8)-C(9)-O(5) 21.5(3) C(103)-C(102)-N(103)-O(101) 174.8(2)
C(12)-C(8)-C(9)-0(5) -93.8(3) C(101)-C(102)-N(103)-O(101) -5.3(4)
C(7)-C(8)-C(9)-C(10) 135.0(3) C(101)-C(102)-C(103)-C(104) 1.4(4)
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Table A4.2.6 cont’d.

356

Atoms (A-B-C-D)

N(103)-C(102)-C(103)-C(104)
C(102)-C(103)-C(104)-C(105)
C(102)-C(103)-C(104)-N(104)
C(103)-C(104)-N(104)-O0(103)
C(105)-C(104)-N(104)-O0(103)
C(103)-C(104)-N(104)-O(104)
C(105)-C(104)-N(104)-O(104)
C(103)-C(104)-C(105)-C(106)
N(104)-C(104)-C(105)-C(106)
C(104)-C(105)-C(106)-C(101)
N(101)-C(101)-C(106)-C(105)
C(102)-C(101)-C(106)-C(105)
C(101)-N(101)-N(102)-C(107)
N(101)-N(102)-C(107)-C(114)
N(101)-N(102)-C(107)-C(108)
N(102)-C(107)-C(108)-C(109)
C(114)-C(107)-C(108)-C(109)
N(102)-C(107)-C(108)-C(112)
C(114)-C(107)-C(108)-C(112)
C(107)-C(108)-C(109)-0O(105)
C(112)-C(108)-C(109)-0O(105)
C(107)-C(108)-C(109)-C(110)
C(112)-C(108)-C(109)-C(110)
0(105)-C(109)-C(110)-C(111)
C(108)-C(109)-C(110)-C(111)
C(109)-C(110)-C(111)-C(112)
C(110)-C(111)-C(112)-C(115)
C(110)-C(111)-C(112)-C(113)
C(110)-C(111)-C(112)-C(108)
C(107)-C(108)-C(112)-C(115)
C(109)-C(108)-C(112)-C(115)
C(107)-C(108)-C(112)-C(113)
C(109)-C(108)-C(112)-C(113)
C(107)-C(108)-C(112)-C(111)

Angle (°)
-178.7(2)
-0.3(4)
178.6(2)
16.7(4)
-164.4(2)
-163.2(3)
15.8(4)
-1.2(4)
179.8(2)
1.7(4)
178.7(2)
-0.6(4)
176.5(2)
-179.9(2)
-2.7(4)
82.6(4)
-99.9(3)
-161.2(3)
16.3(3)
16.1(3)
-98.8(3)
133.4(2)
18.5(3)
76.9(3)
-38.3(3)
44.5(3)
85.0(3)
-144.6(3)
-32.0(3)
133.0(3)
-106.8(3)
6.2(3)
126.4(3)
-112.1(3)

Atoms (A-B-C-D)

C(109)-C(108)-C(112)-C(111)
C(113)-C(112)-C(115)-C(116)
C(111)-C(112)-C(115)-C(116)
C(108)-C(112)-C(115)-C(116)
C(115)-C(112)-C(113)-C(114)
C(111)-C(112)-C(113)-C(114)
C(108)-C(112)-C(113)-C(114)
N(102)-C(107)-C(114)-C(113)
C(108)-C(107)-C(114)-C(113)
C(112)-C(113)-C(114)-C(107)
N(202)-N(201)-C(201)-C(206)
N(202)-N(201)-C(201)-C(202)
N(201)-C(201)-C(202)-C(203)
C(206)-C(201)-C(202)-C(203)
N(201)-C(201)-C(202)-N(203)
C(206)-C(201)-C(202)-N(203)
C(203)-C(202)-N(203)-0(202)
C(201)-C(202)-N(203)-0(202)
C(203)-C(202)-N(203)-0(201)
C(201)-C(202)-N(203)-0(201)
C(201)-C(202)-C(203)-C(204)
N(203)-C(202)-C(203)-C(204)
C(202)-C(203)-C(204)-C(205)
C(202)-C(203)-C(204)-N(204)
C(203)-C(204)-N(204)-0(203)
C(205)-C(204)-N(204)-0(203)
C(203)-C(204)-N(204)-0(204)
C(205)-C(204)-N(204)-0(204)
C(203)-C(204)-C(205)-C(206)
N(204)-C(204)-C(205)-C(206)
C(204)-C(205)-C(206)-C(201)
N(201)-C(201)-C(206)-C(205)
C(202)-C(201)-C(206)-C(205)
C(201)-N(201)-N(202)-C(207)

Angle (°)
8.1(3)
23.9(6)
152.1(4)
-96.0(5)

-148.6(3)

85.7(3)
225.7(3)
145.6(3)
-32.1(3)
35.4(3)
-4.8(4)
175.5(2)
178.2(2)
_1.5(4)
22.6(4)
177.6(2)
2.13)
178.7(2)
177.5(2)
_1.7(4)
0.5(4)

_178.8(2)

1.4(4)

_178.7(2)

10.0(4)

-170.1(2)
-171.1(2)

8.9(4)
2.0(4)
178.1(2)
0.8(4)

-178.9(2)

0.9(4)
174.42)
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Table A4.2.6 cont’d.

Atoms (A-B-C-D) Angle (°) Atoms (A-B-C-D) Angle (°)C(306)-
N(201)-N(202)-C(207)-C(214) 177.1(2) C(301)-C(302)-C(303) 1.6(4)
N(201)-N(202)-C(207)-C(208) -5.9(4) N(301)-C(301)-C(302)-N(303) 3.3(4)
N(202)-C(207)-C(208)-C(209) 84.7(3) C(306)-C(301)-C(302)-N(303) -177.1(2)
C(214)-C(207)-C(208)-C(209)  -98.0(2) C(303)-C(302)-N(303)-0(302) 1.6(4)
N(202)-C(207)-C(208)-C(212) -159.2(3) C(301)-C(302)-N(303)-0(302) -179.6(2)
C(214)-C(207)-C(208)-C(212) 18.1(3) C(303)-C(302)-N(303)-O(301) -177.6(2)
C(207)-C(208)-C(209)-O(205) 21.5(3) C(301)-C(302)-N(303)-O(301) 1.2(4)
C(212)-C(208)-C(209)-O(205)  -93.9(2) C(301)-C(302)-C(303)-C(304) -0.7(4)
C(207)-C(208)-C(209)-C(210)  139.1(2) N(303)-C(302)-C(303)-C(304) 178.1(2)
C(212)-C(208)-C(209)-C(210) 23.7(3) C(302)-C(303)-C(304)-C(305) -0.5(4)
0(205)-C(209)-C(210)-C(211) 72.6(3) C(302)-C(303)-C(304)-N(304) -178.8(2)
C(208)-C(209)-C(210)-C(211)  -41.8(3) C(303)-C(304)-N(304)-0(304) 174.1(2)
C(209)-C(210)-C(211)-C(212) 44.6(3) C(305)-C(304)-N(304)-O(304) -4.3(4)
C(210)-C(211)-C(212)-C(215) 90.3(3) C(303)-C(304)-N(304)-0(303) -5.6(4)
C(210)-C(211)-C(212)-C(213) -142.4(2) C(305)-C(304)-N(304)-0(303) 176.1(2)
C(210)-C(211)-C(212)-C(208)  -28.8(3) C(303)-C(304)-C(305)-C(306) 0.6(4)
C(207)-C(208)-C(212)-C(215)  120.4(2) N(304)-C(304)-C(305)-C(306) 178.9(2)
C(209)-C(208)-C(212)-C(215) -118.4(3) C(304)-C(305)-C(306)-C(301) 0.5(4)
C(207)-C(208)-C(212)-C(211) -118.0(2) N(301)-C(301)-C(306)-C(305) 178.0(2)
C(209)-C(208)-C(212)-C(211) 3.1(3) C(302)-C(301)-C(306)-C(305) -1.5(4)
C(207)-C(208)-C(212)-C(213) 2.2(3) C(301)-N(301)-N(302)-C(307) 168.2(2)
C(209)-C(208)-C(212)-C(213)  123.3(2) N(301)-N(302)-C(307)-C(314) -178.6(2)
C(211)-C(212)-C(215)-C(216) -2.1(4) N(301)-N(302)-C(307)-C(308) -2.2(4)
C(213)-C(212)-C(215)-C(216) -131.6(3) N(302)-C(307)-C(308)-C(309) 75.8(3)
C(208)-C(212)-C(215)-C(216)  113.4(3) C(314)-C(307)-C(308)-C(309) -107.5(3)
C(215)-C(212)-C(213)-C(214) -139.2(2) N(302)-C(307)-C(308)-C(312) -168.6(3)
C(211)-C(212)-C(213)-C(214) 91.7(3) C(314)-C(307)-C(308)-C(312) 8.1(3)
C(208)-C(212)-C(213)-C(214)  -21.1(3) C(307)-C(308)-C(309)-O(305) 40.4(3)
N(202)-C(207)-C(214)-C(213) 146.4(2) C(312)-C(308)-C(309)-O(305)  -75.8(3)
C(208)-C(207)-C(214)-C(213)  -31.1(3) C(307)-C(308)-C(309)-C(310)  154.9(2)
C(212)-C(213)-C(214)-C(207) 31.7(3) C(312)-C(308)-C(309)-C(310) 38.8(3)
N(302)-N(301)-C(301)-C(306) 0.04) 0(305)-C(309)-C(310)-C(311) 75.1(3)
N(302)-N(301)-C(301)-C(302) 179.5(2) C(308)-C(309)-C(310)-C(311)  -43.1(3)
N(301)-C(301)-C(302)-C(303) -177.9(2) C(309)-C(310)-C(311)-C(312) 31.0(3)
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Table A4.2.6 cont’d.

Atoms (A-B-C-D) Angle (°) Atoms (A-B-C-D) Angle (°)
C(310)-C(311)-C(312)-C(315) 113.2(3) C(311)-C(312)-C(315)-C(316) -9.4(4)
C(310)-C(311)-C(312)-C(313) -118.7(3) C(313)-C(312)-C(315)-C(316) -139.6(3)
C(310)-C(311)-C(312)-C(308) -6.6(3) C(308)-C(312)-C(315)-C(316)  108.6(3)
C(307)-C(308)-C(312)-C(315) 91.3(3) C(315)-C(312)-C(313)-C(314)  -82.4(3)
C(309)-C(308)-C(312)-C(315) -144.2(2) C@311)-C(312)-C(313)-C(314) 146.3(2)
C(307)-C(308)-C(312)-C(311) -144.1(2) C(308)-C(312)-C(313)-C(314) 32.9(3)
C(309)-C(308)-C(312)-C(311)  -19.7(3) N(302)-C(307)-C(314)-C(313) -170.8(2)
C(307)-C(308)-C(312)-C(313)  -24.8(3) C(308)-C(307)-C(314)-C(313) 12.3(3)
C(309)-C(308)-C(312)-C(313) 99.7(2) C(312)-C(313)-C(314)-C(307)  -28.1(3)

Symmetry transformations used to generate equivalent atoms:

Table A4.2.7. Hydrogen bonds for (Z)-82 (V23277) [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(1)-H(IN)...0(1) 0.87(2) 1.95(3) 2.608(3) 132(3)
C(5)-H(5)...0(2)#1 0.95 2.61 3.507(4) 158.5
0(5)-H(50)...0(104)#2 0.82(3) 2.04(3) 2.766(3) 147(5)
N(101)-H(11N)...0(101) 0.88(2) 1.94(3) 2.613(3) 131(3)
C(103)-H(103)...0(205)#3 0.95 2.44 3.282(3) 148.2
C(105)-H(105)...0(102)#3 0.95 2.51 3.443(4) 169.0
C(108)-H(108)...0(2)43  1.00 2.61 3.535(4) 154.4
C(109)-H(109)...0(204)  1.00 2.62 3.270(3) 122.6
0(105)-H(150)...0(305) 0.85(2) 1.99(3) 2.835(3) 172(4)
C(114)-H(11K)..O(3)#4 0.9 2.65 3.399(4) 133.0
N(201)-H(21N)...0(201) 0.87(2) 1.96(3) 2.603(3) 129(3)
C(203)-H(203)...0(105)#1 0.95 2.50 3.340(3) 147.6
C(205)-H(205)...0(202)#3 0.95 2.52 3.457(3) 167.5
C(208)-H(208)...0(302)#1 1.00 2.51 3.506(3) 171.8
0(205)-H(250)...0(5)  0.88(2) 1.97(3) 2.827(3) 165(4)



Appendix 4 — X-Ray Crystallography Reports Relevant to Chapter 2

Table A4.2.7. cont/d.

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(301)-H(31N)...0(301) 0.87(2) 1.95(3) 2.605(3) 131(3)
C(305)-H(305)...0(302)#1 0.95 2.53 3.453(4) 163.8
C(309)-H(309)...0(202)#3 1.00 2.59 3.334(3) 130.9
0(305)-H(350)...0(204) 0.84(2) 1.99(3) 2.792(3) 160(4)

359

Symmetry transformations used to generate equivalent atoms:
#1 x,y-1,z #2x,y-2,z #3xyt+tl,z #4xy+2,z
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A4.3 X-RAY CRYSTAL STRUCTURE ANALYSIS OF LACTAM 87 (V23031)

An X-Ray quality crystal of lactam 87 (compound V23031) was grown by slow
evaporation of a solution in Et:O (approx. 5 mg/200uL). Low-temperature diffraction data
(¢-and w-scans) were collected on a Bruker AXS D8 VENTURE KAPPA diffractometer
coupled to a PHOTON II CPAD detector with Mo K, radiation (1= 0.71073 A) from an IuS
micro-source for the structure of compound V23031. The structure was solved by direct
methods using SHELXS! and refined against F? on all data by full-matrix least squares with
SHELXL-2019% using established refinement techniques.® All non-hydrogen atoms were
refined anisotropically. Unless otherwise noted, all hydrogen atoms were included into the
model at geometrically calculated positions and refined using a riding model. The isotropic
displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the
atoms they are linked to (1.5 times for methyl groups).

Compound V23031 crystallizes in the monoclinic space group P2i/c with one
molecule in the asymmetric unit. The coordinates for the hydrogen atoms bound to N1 were

located in the difference Fourier synthesis and refined semi-freely with the help of a restraint

on the N-H distance (0.88(4) A).
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Figure A4.3.1. X-Ray Coordinate of Lactam 87 (V23031)

Table A4.3.1. Crystal Data and Structure Refinement of 87 (V23031)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°

V23031
C16 H29 N O2 Si
295.49

100(2) K

0.71073 A
Monoclinic

P2i/c
a=11.480(3) A
b=12.7413) A
c=12.516(3) A
1747.2(8) A3

4

1.123 Mg/m3
0.137 mm-1

648

0.400 x 0.300 x 0.200 mm3

2.337 to 36.332°.

-19<=h<=18, -21<=k<=21, -20<=1<=20
49735

8467 [R(int) = 0.0581]

100.0 %

a=90°.

g = 90°.

361

b= 107.367(8)°.
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Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7471 and 0.6889

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 8467 /1/189

Goodness-of-fit on F2 1.050

Final R indices [[>2sigma(])] R1=0.0314, wR2 = 0.0880

R indices (all data) R1=0.0456, wR2 = 0.0921
Extinction coefficient n/a

Largest diff. peak and hole 0.518 and -0.268 ¢.A-3

Table A4.3.2. Atomic coordinates (x 10%) and equivalent isotropic displacement
parameters (A’x 10°) for 87 (V23031). U(eq) is defined as one third of the trace of the

orthogonalized U’ tensor.

Atom X y V4 U(eq)
O(1) 7631(1) 7056(1) 6583(1) 17(1)
C() 6941(1) 7536(1) 5567(1) 14(1)
C(2) 5573(1) 7425(1) 5432(1) 12(1)
N(1) 5195(1) 6348(1) 5499(1) 14(1)
C(3) 4912(1) 5901(1) 6357(1) 14(1)
0(2) 4731(1) 4940(1) 6380(1) 20(1)
C4) 4758(1) 6611(1) 7270(1) 17(1)
C(5) 5518(1) 7611(1) 7427(1) 14(1)
C(6) 5335(1) 8184(1) 6304(1) 12(1)
C() 4071(1) 8654(1) 5964(1) 17(1)
C(10) 3126(1) 8389(1) 5102(1) 26(1)
C(7) 6325(1) 9054(1) 6420(1) 17(1)
C(8) 7097(1) 8722(1) 5660(1) 17(1)
Si(1) 8591(1) 6060(1) 6793(1) 14(1)
C(11) 8691(1) 5589(1) 8227(1) 28(1)
C(12) 7991(1) 4992(1) 5760(1) 23(1)
C(13) 10118(1) 6554(1) 6726(1) 18(1)
C(14) 11074(1) 5675(1) 7045(1) 27(1)

C(15) 10012(1) 6938(1) 5537(1) 28(1)
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Table A4.3.2. cont’d.
Atom X y z U(eq)

C(16) 10545(1) 7478(1) 7540(1) 28(1)

Table A4.3.3. Bond lengths [A] and angles [°] for 87 (V23031).

Bond Length (A) Bond Length (A)
O(1)-C(1) 1.4197(8) C(7)-H(7A) 0.9900
O(1)-Si(1) 1.6488(6) C(7)-H(7B) 0.9900
C(1)-C(8) 1.5224(10) C(8)-H(8A) 0.9900
C(1)-C(2) 1.5357(10) C(8)-H(8B) 0.9900
C(h)-H(1) 1.0000 Si(1)-C(12) 1.8613(8)
C(2)-N(1) 1.4493(8) Si(1)-C(11) 1.8638(8)
C(2)-C(6) 1.5424(8) Si(1)-C(13) 1.8874(8)
C(2)-H(2) 1.0000 C(11)-H(11A) 0.9800
N(1)-C(3) 1.3387(8) C(11)-H(11B) 0.9800
N(1)-H(IN) 0.889(9) C(11)-H(11C) 0.9800
C(3)-0(2) 1.2427(8) C(12)-H(12A) 0.9800
C(3)-C(4) 1.5087(8) C(12)-H(12B) 0.9800
C#4)-C(5) 1.5240(9) C(12)-H(12C) 0.9800
C(4)-H(4A) 0.9900 C(13)-C(14) 1.5357(10)
C(4)-H(4B) 0.9900 C(13)-C(15) 1.5362(10)
C(5)-C(6) 1.5414(8) C(13)-C(16) 1.5385(11)
C(5)-H(5A) 0.9900 C(14)-H(14A) 0.9800
C(5)-H(5B) 0.9900 C(14)-H(14B) 0.9800
C(6)-C(9) 1.5093(9) C(14)-H(14C) 0.9800
C(6)-C(7) 1.5624(9) C(15)-H(15A) 0.9800
C(9)-C(10) 1.3250(10) C(15)-H(15B) 0.9800
C(9)-H(9) 0.9500 C(15)-H(15C) 0.9800
C(10)-H(10A) 0.9500 C(16)-H(16A) 0.9800
C(10)-H(10B) 0.9500 C(16)-H(16B) 0.9800
C(7)-C(8) 1.5404(9) C(16)-H(16C) 0.9800
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Table A4.3.3. cont’d.

Atoms Angle (°) Atoms Angle (°)
C(1)-0(1)-Si(1) 129.90(4) C(9)-C(6)-C(7) 110.89(5)
O(1)-C(1)-C(8) 109.73(5) C(5)-C(6)-C(7) 110.73(5)
O(1)-C(1)-C(2) 109.79(5) C(2)-C(6)-C(7) 103.47(5)
C(8)-C(1)-C(2) 101.06(5) C(10)-C(9)-C(6) 127.79(6)
O(1)-C(1)-H(1) 111.9 C(10)-C(9)-H(9) 116.1
C(8)-C(1)-H(1) 111.9 C(6)-C(9)-H(9) 116.1
C(2)-C(1)-H(1) 111.9 C(9)-C(10)-H(10A) 120.0
N(1)-C(2)-C(1) 113.20(5) C(9)-C(10)-H(10B) 120.0
N(1)-C(2)-C(6) 115.70(5) H(10A)-C(10)-H(10B)  120.0
C(1)-C(2)-C(6) 104.83(4) C(8)-C(7)-C(6) 106.52(5)
N(1)-C(2)-H(2) 107.6 C(8)-C(7)-H(7A) 110.4
C(1)-C(2)-H(2) 107.6 C(6)-C(7)-H(7A) 110.4
C(6)-C(2)-H(2) 107.6 C(8)-C(7)-H(7B) 110.4
C(3)-N(1)-C(2) 126.74(5) C(6)-C(7)-H(7B) 110.4
C(3)-N(1)-H(IN) 116.1(7) H(7A)-C(7)-H(7B) 108.6
C(2)-N(1)-H(IN) 116.6(7) C(1)-C(8)-C(7) 104.12(5)
0O(2)-C(3)-N(1) 121.36(5) C(1)-C(8)-H(8A) 110.9
0(2)-C(3)-C(4) 120.95(5) C(7)-C(8)-H(8A) 110.9
N(1)-C(3)-C(4) 117.62(5) C(1)-C(8)-H(8B) 110.9
C(3)-C(4)-C(5) 114.04(5) C(7)-C(8)-H(8B) 110.9
C(3)-C(4)-H(4A) 108.7 H(8A)-C(8)-H(8B) 109.0
C(5)-C(4)-H(4A) 108.7 O(1)-Si(1)-C(12) 111.16(3)
C(3)-C(4)-H(4B) 108.7 O(1)-Si(1)-C(11) 104.37(3)
C(5)-C(4)-H(4B) 108.7 C(12)-Si(1)-C(11) 109.69(4)
H(4A)-C(4)-H(4B) 107.6 O(1)-Si(1)-C(13) 108.76(3)
C(4)-C(5)-C(6) 111.21(5) C(12)-Si(1)-C(13) 111.62(3)
C(4)-C(5)-H(5A) 109.4 C(11)-Si(1)-C(13) 111.02(4)
C(6)-C(5)-H(5A) 109.4 Si(1)-C(11)-H(11A) 109.5
C(4)-C(5)-H(5B) 109.4 Si(1)-C(11)-H(11B) 109.5
C(6)-C(5)-H(5B) 109.4 H(11A)-C(11)-H(11B)  109.5
H(5A)-C(5)-H(5B) 108.0 Si(1)-C(11)-H(11C) 109.5
C(9)-C(6)-C(5) 107.62(5) H(11A)-C(11)-H(11C)  109.5
C(9)-C(6)-C(2) 114.05(5) H(11B)-C(11)-H(11C)  109.5
C(5)-C(6)-C(2) 110.08(5) Si(1)-C(12)-H(12A) 109.5
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Table A4.3.3. cont’d.

Atoms Angle (°) Atoms Angle (°)
Si(1)-C(12)-H(12B) 109.5 C(13)-C(14)-H(14C) 109.5
H(12A)-C(12)-H(12B) 109.5 H(14A)-C(14)-H(14C) 109.5
Si(1)-C(12)-H(12C) 109.5 H(14B)-C(14)-H(14C)  109.5
H(12A)-C(12)-H(12C) 109.5 C(13)-C(15)-H(15A) 109.5
H(12B)-C(12)-H(12C)  109.5 C(13)-C(15)-H(15B) 109.5
C(14)-C(13)-C(15) 109.08(6) H(15A)-C(15)-H(15B) 109.5
C(14)-C(13)-C(16) 108.94(6) C(13)-C(15)-H(15C) 109.5
C(15)-C(13)-C(16) 108.35(7) H(15A)-C(15)-H(15C)  109.5
C(14)-C(13)-Si(1) 110.31(5) H(15B)-C(15)-H(15C)  109.5
C(15)-C(13)-Si(1) 110.09(5) C(13)-C(16)-H(16A) 109.5
C(16)-C(13)-Si(1) 110.03(5) C(13)-C(16)-H(16B) 109.5
C(13)-C(14)-H(14A) 109.5 H(16A)-C(16)-H(16B)  109.5
C(13)-C(14)-H(14B) 109.5 C(13)-C(16)-H(16C) 109.5
H(14A)-C(14)-H(14B) 109.5 H(16A)-C(16)-H(16C)  109.5

H(16B)-C(16)-H(16C)  109.5

Symmetry transformations used to generate equivalent atoms:

Table A4.3.4. Anisotropic displacement parameters (A2x 103) for 87 (V23031).
The anisotropic displacement factor exponent takes the form: -2p2[ h? a*2UTT + ..
+2hka*b*UI2]

Atom yll U22 u33 U23 ul3 ul2
O(1) 18(1) 17(1) 16(1) -2(1) 4(1) 5(1)
C(1) 17(1) 12(1) 15(1) -1(1) 7(1) 0(1)
CQ2) 16(1) 9(1) 11(1) -1(1) 4(1) -1(1)
N(1) 21(1) 9(1) 11(1) -2(1) 6(1) -3(1)
C(3) 21(1) 10(1) 12(1) -1(1) 5(1) -2(1)
0(2) 37(1) 9(1) 17(1) -1(1) 10(1) -5(1)
C4) 29(1) 11(1) 15(1) -2(1) 12(1) -3(1)
C(5) 21(1) 10(1) 11(1) -1(1) 6(1) 0(1)

c®6)  15(1) 8(1) 12(1) “1(1) 5(1) 0(1)
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Table A4.3.4. cont’d.

Atom yll U22 u33 U23 ul3 ul2
C) 18(1) 14(1) 20(1) 1(1) 6(1) 3(1)
C(10)  19(1) 26(1) 28(1) 0(1) 1(1) 4(1)
C(7) 22(1) 11(1) 20(1) -4(1) 10(1) -4(1)
C(8) 20(1) 13(1) 22(1) -2(1) 10(1) -3(1)
Si(1) 16(1) 13(1) 15(1) 0(1) 5(1) 2(1)
C(1)  38(1) 27(1) 22(1) 6(1) 14(1) 4(1)
C(12) 22(1) 18(1) 29(1) -7(1) 6(1) 1(1)
C(13) 16(1) 18(1) 20(1) 1(1) 4(1) 2(1)
C(14) 18(1) 25(1) 36(1) 2(1) 6(1) 6(1)
C(15) 241 36(1) 26(1) 7(1) 12(1) 0(1)
C(16)  23(1) 23(1) 33(1) -6(1) 2(1) -2(1)

Table A4.3.5. Hydrogen coordinates (x 10°) and isotropic displacement parameters
(A’x 10°) for 87 (V23031).

Atom X y z U(eq)
H(1) 7157 7249 4907 17
H(2) 5116 7697 4673 14
H(IN) 5257(10) 5917(8) 4960(8) 16
H(4A) 4985 6217 7984 21
H(4B) 3886 6805 7095 21
H(5A) 6392 7433 7755 17
H(5B) 5281 8082 7956 17
H(9) 3935 9206 6424 21
H(10A) 3206 7842 4612 31
H(10B) 2370 8745 4974 31
H(7A) 5934 9742 6180 20
H(7B) 6843 9111 7207 20
H(8A) 6794 9058 4915 21
H(8B) 7965 8913 6001 21

H(11A) 8973 6162 8764 42
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Table A4.3.5. cont’d.

Atom X y z U(eq)

H(11B) 9270 5003 8427 42

H(11C) 7885 5353 8245 42

H(12A) 7244 4705 5871 35

H(12B) 8604 4436 5866 35

H(12C) 7810 5275 5000 35

H(14A) 10803 5078 6536 40

H(14B) 11174 5450 7815 40

H(14C) 11855 5935 6985 40

H(15A) 9419 7512 5337 41

H(15B) 9740 6358 5007 41

H(15C) 10810 7187 5510 41

H(16A) 11330 7738 7489 42

H(16B) 10638 7243 8306 42

H(16C) 9938 8043 7342 42

Table A4.3.6. Torsion angles [°] for 87 (V23031).

Atoms (A-B-C-D) Angle (°) Atoms (A-B-C-D) Angle (°)
Si(1)-O(1)-C(1)-C(8) -131.43(5) C(4)-C(5)-C(6)-C(9) 71.63(6)
Si(1)-O(1)-C(1)-C(2) 118.35(5) C(4)-C(5)-C(6)-C(2) -53.21(7)
O(1)-C(1)-C(2)-N(1) -54.99(6) C(4)-C(5)-C(6)-C(7) -167.02(5)
C(8)-C(1)-C(2)-N(1) -170.84(4) N(1)-C(2)-C(6)-C(9) -85.53(6)
O(1)-C(1)-C(2)-C(6) 71.99(6) C(1)-C(2)-C(6)-C(9) 149.04(5)
C(8)-C(1)-C(2)-C(6) -43.85(5) N(1)-C(2)-C(6)-C(5) 35.54(7)
C(1)-C(2)-N(1)-C(3) 105.81(7) C(1)-C(2)-C(6)-C(5) -89.89(5)
C(6)-C(2)-N(1)-C(3) -15.21(9) N(1)-C(2)-C(6)-C(7) 153.91(5)
C(2)-N(1)-C(3)-0(2) -171.85(6) C(1)-C(2)-C(6)-C(7) 28.48(5)
C(2)-N(1)-C(3)-C(4) 11.08(9) C(5)-C(6)-C(9)-C(10) -112.82(8)
0(2)-C(3)-C(4)-C(5) 154.04(6) C(2)-C(6)-C(9)-C(10) 9.61(9)
N(1)-C(3)-C(4)-C(5) -28.87(8) C(7)-C(6)-C(9)-C(10) 125.93(8)
C(3)-C(4)-C(5)-C(6) 50.73(7) C(9)-C(6)-C(7)-C(8) -125.18(6)
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Table A4.3.6. cont’d.

Atoms (A-B-C-D) Angle (°) Atoms (A-B-C-D) Angle (°)
C(5)-C(6)-C(7)-C(8) 115.42(6) C(12)-Si(1)-C(13)-C(14) -63.18(6)
C(2)-C(6)-C(7)-C(8) -2.49(6) C(11)-Si(1)-C(13)-C(14) 59.54(6)
O(1)-C(1)-C(8)-C(7) -74.32(6) O(1)-Si(1)-C(13)-C(15) -65.75(6)
C(2)-C(1)-C(8)-C(7) 41.56(6) C(12)-Si(1)-C(13)-C(15) 57.25(6)
C(6)-C(7)-C(8)-C(1) -24.49(7) C(11)-Si(1)-C(13)-C(15) 179.97(5)
C(D)-O(1)-Si(1)-C(12) -42.14(7) O(1)-Si(1)-C(13)-C(16) 53.59(5)
C(D)-O(1)-Si(1)-C(11) -160.31(6) C(12)-Si(1)-C(13)-C(16) 176.59(5)
C(D-O(1)-Si(1)-C(13)  81.14(6)O(1)- C(11)-Si(1)-C(13)-C(16) -60.69(6)
Si(1)-C(13)-C(14) 173.82(5)

Symmetry transformations used to generate equivalent atoms:

Table A4.3.7. Hydrogen bonds for 87 (V23031) [A and °].

D-H..A d(D-H) d(H...A) d(D...A)

<(DHA)

N(1)-H(IN)...OQ)#1  0.889(9) 2.005(9)  2.8900(8)

173.5(10)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y+1,-z+1
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Ad.4 X-RAY CRYSTAL STRUCTURE ANALYSIS OF HBF, SALT 97b
(V23134)

An X-ray quality crystal of compound 97b (V23134) was grown by dissolving 97b
(4 mg) in MeCN (approx. 0.1 mL) and placing the small tube in a 1 Dr vial filled with Et2O
(approx. 1 mL). The vial-in-vial setup was placed in a—10 °C freezer to allow for slow vapor
diffusion of Et;O into the MeCN solution (Note: compound 97b is racemic). Low-
temperature diffraction data (#-and @-scans) were collected on a Bruker AXS DS
VENTURE KAPPA diffractometer coupled to a PHOTON II CPAD detector with Cu K,
radiation (A = 1.54178 A) from an IuS micro-source for the structure of compound V23134,
The structure was solved by direct methods using SHELXS! and refined against F2 on all
data by full-matrix least squares with SHELXL-2019? using established refinement
techniques.®> All non-hydrogen atoms were refined anisotropically. Unless otherwise noted,
all hydrogen atoms were included into the model at geometrically calculated positions and
refined using a riding model. The isotropic displacement parameters of all hydrogen atoms
were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for methyl
groups).

Compound V23134 crystallizes in the monoclinic space group P2i/c with one
molecule in the asymmetric unit. The coordinates for the hydrogen atoms bound to N1 were

located in the difference Fourier synthesis and refined semi-freely with the help of a restraint

on the N-H distance (0.91(4) A).
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Figure A4.4.1. X-Ray Coordinate for 97b (V23134)

Table A4.4.1. Crystal data and structure refinement for 97b (V23134).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°

V23134
C19H23BCIFANO
403.64

100(2) K

1.54178 A
Monoclinic

P24/c

a=11.8613(9) A
b=11.9757(7) A
c=13.0930(12) A
1839.9(2) A3

4

1.457 Mg/m3

2.277 mm-1

840

0.300 x 0.250 x 0.200 mm3

3.767 to 74.599°.

-14<=h<=14, -14<=k<=14, -16<=1<=16
50321

3752 [R(int) = 0.0362]

99.9 %

a=90°.

g =90°.

b=98.397(9)°.

370
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Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7538 and 0.6473

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3752 /1/247

Goodness-of-fit on F2 1.054

Final R indices [[>2sigma(])] R1=0.0288, wR2 =0.0733

R indices (all data) R1=0.0297, wR2 =0.0739
Extinction coefficient n/a

Largest diff. peak and hole 0.335 and -0.240 ¢.A-3

Table A4.4.2. Atomic coordinates (x 10°) and equivalent isotropic displacement
parameters (A’x 10°) for V23134. U(eq) is defined as one third of the trace of the
orthogonalized Uij tensor.

Atom X y V4 U(eq)
N(1) 1586(1) 2708(1) 7914(1) 14(1)
C(1) 2676(1) 3358(1) 8206(1) 12(1)
C(2) 2449(1) 4594(1) 8406(1) 13(1)
C(12) 3568(1) 5097(1) 8916(1) 16(1)
C(13) 3942(1) 6115(1) 8793(1) 23(1)
C@3) 1955(1) 5185(1) 7398(1) 15(1)
C4) 2674(1) 4990(1) 6531(1) 16(1)
C(5) 2923(1) 3779(1) 6353(1) 13(1)
O(1) 2843(1) 3383(1) 5494(1) 17(1)
C(6) 3352(1) 3044(1) 7315(1) 11(1)
C(14) 4651(1) 3203(1) 7568(1) 12(1)
C(15) 5331(1) 2691(1) 8406(1) 14(1)
CI(1) 4762(1) 1768(1) 9229(1) 19(1)
C(16) 6502(1) 2863(1) 8627(1) 19(1)
c(17) 7047(1) 3511(1) 7974(1) 20(1)
C(18) 6419(1) 3984(1) 7108(1) 18(1)

C(19) 5242(1) 3843(1) 6925(1) 14(1)
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Table A4.4.2. cont’d.

Atom X y z U(eq)
C(7) 3005(1) 1803(1) 7076(1) 15(1)
C(8) 1986(1) 1570(1) 7649(1) 18(1)
C() 829(1) 2732(1) 8735(1) 19(1)
C(10) 534(1) 3943(1) 8927(1) 21(1)
C(rn) 1604(1) 4658(1) 9207(1) 18(1)
B(1) -717(1) 3244(1) 5944(1) 18(1)
F(1) 481(1) 3308(1) 5972(1) 24(1)
F(2) -907(1) 2443(1) 6668(1) 39(1)
F(3) -1110(1) 4262(1) 6225(1) 40(1)
F(4) -1207(1) 2935(1) 4970(1) 34(1)

Table A4.4.3. Bond lengths [A] and angles [°] for 97b (V23134).

Bond
N(1)-C(9)
N(1)-C(8)
N(1)-C(1)
N(1)-H(IN)
C(1)-C(2)
C(1)-C(6)
C(1)-H(1)
C(2)-C(12)
C(2)-C(3)
C(2)-C(11)
C(12)-C(13)
C(12)-H(12)
C(13)-H(13A)
C(13)-H(13B)
C(3)-C4)
C(3)-H(3A)

Length (A)
1.4987(15)
1.4996(15)
1.5096(14)
0.900(13)
1.5339(15)
1.5554(15)
1.0000
1.5194(16)
1.5362(15)
1.5542(15)
1.3156(18)
0.9500
0.9500
0.9500
1.5330(16)
0.9900

Bond
C(3)-H(3B)
C4)-C(5)
C(4)-H(4A)
C(4)-H(4B)
C(5)-0(1)
C(5)-C(6)
C(6)-C(14)
C(6)-C(7)
C(14)-C(19)
C(14)-C(15)
C(15)-C(16)
C(15)-Cl(1)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17)

Length (A)
0.9900

1.5050(16)
0.9900

0.9900

1.2114(14)
1.5601(15)
1.5403(15)
1.5617(15)
1.3998(16)
1.4039(16)
1.3919(16)
1.7465(12)
1.3833(19)
0.9500

1.3837(18)
0.9500
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Table A4.4.3. cont’d.

Bond
C(18)-C(19)
C(18)-H(18)
C(19)-H(19)
C(7)-C(8)
C(7)-H(7A)
C(7)-H(7B)
C(8)-H(8A)
C(8)-H(8B)
C(9)-C(10)
C(9)-H(9A)
C(9)-H(9B)
C(10)-C(11)
C(10)-H(10A)
C(10)-H(10B)
C(11)-H(11A)
C(11)-H(11B)
B(1)-F(4)
B(1)-F(3)
B(1)-F(2)
B(1)-F(1)

Bond
C(9)-N(1)-C(8)
C(9)-N(1)-C(1)
C(8)-N(1)-C(1)
C(9)-N(1)-H(IN)
C(8)-N(1)-H(IN)
C(1)-N(1)-H(IN)
N(1)-C(1)-C(2)
N(1)-C(1)-C(6)
C(2)-C(1)-C(6)
N(1)-C(1)-H(1)
C(2)-C(1)-H(1)
C(6)-C(1)-H(1)

Length (A)
1.3911(16)
0.9500
0.9500
1.5388(16)
0.9900
0.9900
0.9900
0.9900
1.5209(18)
0.9900
0.9900
1.5319(18)
0.9900
0.9900
0.9900
0.9900
1.3733(16)
1.3747(16)
1.3907(16)
1.4173(15)

Angle (°)
115.21(9)
112.88(9)
103.89(8)
108.7(10)
106.8(10)
109.1(10)
112.10(9)
101.58(8)
118.98(9)
107.9

107.9

107.9

Bond
C(12)-C(2)-C(1)
C(12)-C(2)-C(3)
C(1)-C(2)-C(3)
C(12)-C(2)-C(11)
C(1)-C(2)-C(11)
C(3)-C(2)-C(11)
C(13)-C(12)-C(2)
C(13)-C(12)-H(12)
C(2)-C(12)-H(12)

C(12)-C(13)-H(13A)

C(12)-C(13)-H(13B)

H(13A)-C(13)-H(13B)

C(H)-CE)-C(2)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3B)
C(2)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(5)-CH-CB)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4A)
C(5)-C(4)-H(4B)
C(3)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
O(1)-C(5)-C(4)
O(1)-C(5)-C(6)
C(4)-C(5)-C(6)
C(14)-C(6)-C(1)
C(14)-C(6)-C(5)
C(D)-C(6)-C(5)
C(14)-C(6)-C(7)
C(D)-C(6)-C(7)
C(5)-C(6)-C(7)
C(19)-C(14)-C(15)

Angle (°)
107.05(9)
113.19(9)
110.62(9)
106.95(9)
108.01(9)
110.77(9)
127.00(11)
116.5
116.5
120.0
120.0
120.0
112.49(9)
109.1
109.1
109.1
109.1
107.8
113.83(9)
108.8
108.8
108.8
108.8
107.7
122.07(10)
119.99(10)
117.87(9)
114.71(9)
107.57(9)
108.99(9)
112.77(9)
103.39(9)
109.28(9)
115.34(10)
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Table A4.4.3. cont’d.
Bond Angle (°) Bond Angle (°)
C(19)-C(14)-C(6) 120.78(10) N(1)-C(8)-H(8B) 110.9
C(15)-C(14)-C(6) 123.80(10) C(7)-C(8)-H(8B) 110.9
C(16)-C(15)-C(14) 122.66(11) H(8A)-C(8)-H(8B) 108.9
C(16)-C(15)-CI(1) 115.38(9) N(1)-C(9)-C(10) 108.27(9)
C(14)-C(15)-CI(1) 121.94(9) N(1)-C(9)-H(9A) 110.0
C(17)-C(16)-C(15) 119.76(11) C(10)-C(9)-H(9A) 110.0
C(17)-C(16)-H(16) 120.1 N(1)-C(9)-H(9B) 110.0
C(15)-C(16)-H(16) 120.1 C(10)-C(9)-H(9B) 110.0
C(16)-C(17)-C(18) 119.48(11) H(9A)-C(9)-H(9B) 108.4
C(16)-C(17)-H(17) 120.3 C(9)-C(10)-C(11) 111.72(10)
C(18)-C(17)-H(17) 120.3 C(9)-C(10)-H(10A) 109.3
C(17)-C(18)-C(19) 119.84(11) C(11)-C(10)-H(10A) 109.3
C(17)-C(18)-H(18) 120.1 C(9)-C(10)-H(10B) 109.3
C(19)-C(18)-H(18) 120.1 C(11)-C(10)-H(10B) 109.3
C(18)-C(19)-C(14) 122.76(11) H(10A)-C(10)-H(10B) 107.9
C(18)-C(19)-H(19) 118.6 C(10)-C(11)-C(2) 113.85(10)
C(14)-C(19)-H(19) 118.6 C(10)-C(11)-H(11A) 108.8
C(8)-C(7)-C(6) 106.09(9) C(2)-C(11)-H(11A) 108.8
C(8)-C(7)-H(7A) 110.5 C(10)-C(11)-H(11B) 108.8
C(6)-C(7)-H(7A) 110.5 C(2)-C(11)-H(11B) 108.8
C(8)-C(7)-H(7B) 110.5 H(11A)-C(11)-H(11B)  107.7
C(6)-C(7)-H(7B) 110.5 F(4)-B(1)-F(3) 111.90(11)
H(7A)-C(7)-H(7B) 108.7 F(4)-B(1)-F(2) 111.01(11)
N(1)-C(8)-C(7) 104.20(9) F(3)-B(1)-F(2) 109.54(11)
N(1)-C(8)-H(8A) 110.9 F(4)-B(1)-F(1) 108.99(11)
C(7)-C(8)-H(8A) 110.9 F(3)-B(1)-F(1) 108.85(11)
F(2)-B(1)-F(1) 106.37(10)

Symmetry transformations used to generate equivalent atoms:
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Table A4.4.4. Anisotropic displacement parameters (A*x 10°) for 97b (V23134). The
anisotropic displacement factor exponent takes the form: -2p’[ h* a?U" + ... + 2 hk
a*b*U"]

Atom yll U22 u33 U23 ul3 ul2
N(1) 10(1) 15(1) 16(1) 2(1) 2(1) 0(1)
C(1) 9(1) 14(1) 12(1) 0(1) 1(1) 0(1)
CQ2) 14(1) 14(1) 12(1) 0(1) 3(1) 2(1)
Cc2) 17(1) 17(1) 13(1) -3(1) 0(1) 3(1)
C(13) 26(1) 22(1) 20(1) -2(1) -3(1) -4(1)
C@3) 15(1) 15(1) 14(1) 1(1) 1(1) 3(1)
C#4) 18(1) 16(1) 14(1) 3(1) 2(1) 2(1)
C(5) 7(1) 18(1) 13(1) 1(1) 2(1) -1(1)
O(1) 14(1) 24(1) 12(1) -3(1) 2(1) -1(1)
C(6) 10(1) 12(1) 12(1) -1(1) 1(1) 0(1)
C(14) 11(1) 12(1) 14(1) -4(1) 2(1) 1(1)
C(15) 15(1) 16(1) 14(1) -2(1) 3(1) 3(1)
CI(1) 17(1) 23(1) 17(1) 6(1) 4(1) 6(1)
C(6)  14(1) 22(1) 19(1) -5(1) -2(1) 5(1)
Cca7) 11(1) 21(1) 29(1) -8(1) 2(1) -1(1)
C(18) 15(1) 15(1) 26(1) -4(1) 7(1) -2(1)
C(19) 14(1) 13(1) 16(1) -3(1) 2(1) 1(1)
C(7) 16(1) 13(1) 18(1) -3(1) 2(1) -2(1)
C(8) 16(1) 14(1) 27(1) -1(1) 4(1) -2(1)
C) 14(1) 23(1) 20(1) 5(1) 7(1) 1(1)
C(10) 15(1) 26(1) 22(1) 3(1) 9(1) 5(1)
C(1) 19(1) 21(1) 16(1) 0(1) 6(1) 5(1)
B(1) 13(1) 21(1) 21(1) 0(1) 2(1) 0(1)
F(1) 12(1) 41(1) 18(1) -1(1) 1(1) -1(1)
F(2) 37(1) 39(1) 40(1) 15(1) 7(1) -11(1)
F(3) 36(1) 29(1) 58(1) -6(1) 16(1) 9(1)

F(4) 18(1) 54(1) 28(1) -8(1) -6(1) -4(1)
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Table A4.4.5. Hydrogen coordinates (x 104) and isotropic displacement parameters
(A% 10°) for 97b (V23134).

Atom X y z U(eq)
H(IN) 1202(12) 2996(12) 7329(10) 16
H(1) 3087 3032 8859 14
H(12) 4048 4625 9372 19
H(13A) 3495 6622 8345 28
H(13B) 4659 6343 9152 28
H(3A) 1172 4910 7172 18
H(3B) 1910 5997 7529 18
H(4A) 2268 5311 5883 19
H(4B) 3405 5396 6701 19
H(16) 6925 2536 9224 22
H(17) 7846 3630 8118 24
H(18) 6790 4405 6640 22
H(19) 4823 4195 6339 17
H(7A) 2786 1692 6324 18
H(7B) 3646 1296 7323 18
H(8A) 1377 1163 7201 22
H(8B) 2223 1125 8281 22
H(9A) 1225 2393 9379 22
H(9B) 125 2300 8509 22
H(10A) 69 3976 9496 25
H(10B) 72 4250 8299 25
H(11A) 2004 4415 9888 22

H(11B) 1372 5446 9274 22
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Table A4.4.6. Torsion angles [°] for 97b (V23134).
Atoms (A-B-C-D) Angle (°) Atoms (A-B-C-D) Angle (°)
C(9)-N(1)-C(1)-C(2) -60.07(12) C(4)-C(5)-C(6)-C(7) 152.76(10)
C(8)-N(1)-C(1)-C(2) 174.44(9) C(1)-C(6)-C(14)-C(19) -126.35(11)
C(9)-N(1)-C(1)-C(6) 171.84(9) C(5)-C(6)-C(14)-C(19) -4.93(13)
C(8)-N(1)-C(1)-C(6) 46.35(10) C(7)-C(6)-C(14)-C(19) 115.64(11)
N(1)-C(1)-C(2)-C(12) 167.72(9) C(1)-C(6)-C(14)-C(15) 56.80(14)
C(6)-C(1)-C(2)-C(12) -74.09(12) C(5)-C(6)-C(14)-C(15) 178.23(10)
N(D)-C(1)-C(2)-C(3) -68.53(11) C(7)-C(6)-C(14)-C(15) -61.21(14)
C(6)-C(1)-C(2)-C(3) 49.66(13) C(19)-C(14)-C(15)-C(16) 4.01(16)
N(1)-C(1)-C(2)-C(11) 52.86(11) C(6)-C(14)-C(15)-C(16) -178.98(10)
C(6)-C(1)-C(2)-C(11) 171.05(9) C(19)-C(14)-C(15)-CI(1) -174.52(8)
C(1)-C(2)-C(12)-C(13) 145.11(12) C(6)-C(14)-C(15)-CI(1) 2.48(15)
C(3)-C(2)-C(12)-C(13) 22.96(17) C(14)-C(15)-C(16)-C(17) -3.64(18)
C(11)-C(2)-C(12)-C(13) -99.31(14) CI(1)-C(15)-C(16)-C(17) 174.98(9)
C(12)-C(2)-C(3)-C4) 68.62(12) C(15)-C(16)-C(17)-C(18) 0.19(18)
C(1)-C(2)-C(3)-C(4) -51.51(12) C(16)-C(17)-C(18)-C(19) 2.57(18)
C(11)-C(2)-C(3)-C4) -171.26(10) C(17)-C(18)-C(19)-C(14) -2.09(18)
C(2)-C(3)-C(4)-C(5) 51.69(13) C(15)-C(14)-C(19)-C(18) -1.15(16)
C(3)-C(4)-C(5)-O(1) 135.80(11) C(6)-C(14)-C(19)-C(18) -178.25(10)
C(3)-C(4)-C(5)-C(6) -47.22(13) C(14)-C(6)-C(7)-C(8) 136.54(10)
N(1)-C(1)-C(6)-C(14) -158.34(9) C(1)-C(6)-C(7)-C(8) 12.07(11)
C(2)-C(1)-C(6)-C(14) 78.13(12) C(5)-C(6)-C(7)-C(8) -103.88(10)
N(1)-C(1)-C(6)-C(5) 81.01(10) C(9)-N(1)-C(8)-C(7) -162.84(9)
C(2)-C(1)-C(6)-C(5) -42.52(12) C(1)-N(1)-C(8)-C(7) -38.84(11)
N(1)-C(1)-C(6)-C(7) -35.15(10) C(6)-C(7)-C(8)-N(1) 15.80(12)
C(2)-C(1)-C(6)-C(7) -158.68(9) C(8)-N(1)-C(9)-C(10) 178.45(10)
O(1)-C(5)-C(6)-C(14) 92.54(12) C(1)-N(1)-C(9)-C(10) 59.32(12)
C(4)-C(5)-C(6)-C(14) -84.49(11) N(1)-C(9)-C(10)-C(11) -55.77(13)
O(1)-C(5)-C(6)-C(1) -142.52(10) C(9)-C(10)-C(11)-C(2) 54.40(13)
C(4)-C(5)-C(6)-C(1) 40.44(12) C(12)-C(2)-C(11)-C(10) -166.06(10)
O(1)-C(5)-C(6)-C(7) -30.20(14) C(1)-C(2)-C(11)-C(10) -51.13(12)
C(3)-C(2)-C(11)-C(10) 70.17(13)

Symmetry transformations used to generate equivalent atoms:
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Table A4.4.7. Hydrogen bonds for 97b (V23134) [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(1)-H(IN)...F(1) 0.900(13)  1.894(13)  2.7798(13)  167.6(14)
C(1)-H(1)...CI(1) 1.00 2.49 3.2523(11) 132.8
C(4)-H(4A).. F(4)#1 0.99 2.61 3.4729(15) 145.2
C(16)-H(16)..F@)#2  0.95 2.36 3.1614(14) 142.4
C(7)-H(7B)...CI(1) 0.99 2.71 3.2523(12) 115.0
C(9)-H(9A)...0(1)#3 0.99 2.42 3.3453(15) 155.1
C(9)-H(9A)...F(1)#3 0.99 2.53 3.2640(14) 131.3
C(9)-H(9B)...F(2) 0.99 2.54 3.1712(16) 121.1

Symmetry transformations used to generate equivalent atoms:
#1 -x,-y+l,-z+1  #2 x+1,-y+1/2,z+1/2  #3 x,-y+1/2,2+1/2
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A4.5 X-RAY CRYSTAL STRUCTURE ANALYSIS OF TRIAZOLINE 116
(V23324)

An X-ray quality crystal of 116 was grown by dissolving 116 in minimal CH>Cl,
(approx. 10 mg/0.5 mL) and layering with heptane. Low-temperature diffraction data (#-and
w-scans) were collected on a Bruker AXS D8 VENTURE KAPPA diffractometer coupled
to a PHOTON II CPAD detector with Cu K, radiation (1 = 1.54178 A) from an IuS micro-
source for the structure of compound V23324. The structure was solved by direct methods
using SHELXS! and refined against F? on all data by full-matrix least squares with
SHELXL-2019? using established refinement techniques.®> All non-hydrogen atoms were
refined anisotropically. All hydrogen atoms were included into the model at geometrically
calculated positions and refined using a riding model. The isotropic displacement parameters
of all hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5
times for methyl groups). Compound V23324 crystallizes in the monoclinic space group P2,

with one molecule in the asymmetric unit.
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Figure A4.5.1. X-Ray Coordinate for 116 (V23324)

Table A4.5.1. Crystal data and structure refinement for 116 (V23324).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°

V23324
C19 H22 N4 O
322.40

100(2) K

1.54178 A
Monoclinic

P2,
a=28.8173(12) A
b =8.3934(6) A
c=11.3020(11) A
779.56(15) A3

2

1.374 Mg/m3
0.697 mm-!

344

0.150 x 0.150 x 0.050 mm3

4.197 to 74.555°.

-10<=h<=9, -10<=k<=10, -14<=l<=14
16511

3170 [R(int) = 0.0396]

100.0 %

a=90°.

g =90°.

b= 111.249(7)°.

380
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Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7538 and 0.6681

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3170/ 1/217

Goodness-of-fit on F2 1.069

Final R indices [[>2sigma(])] R1=0.0290, wR2 = 0.0690

R indices (all data) R1=0.0309, wR2 =0.0705
Absolute structure parameter -0.05(11)

Extinction coefficient n/a

Largest diff. peak and hole 0.205 and -0.161 e.A-3

Table A4.5.2. Atomic coordinates (x 10%) and equivalent isotropic displacement
parameters (A’x 10°) for V23324. U(eq) is defined as one third of the trace of the
orthogonalized Uij tensor.

Atom X y V4 U(eq)
O(1) 10804(2) 2163(2) 8321(1) 22(1)
C(1) 9510(2) 2684(2) 8292(2) 16(1)
C(2) 9006(2) 2479(3) 9428(2) 20(1)
C@3) 7171(2) 2403(2) 9161(2) 16(1)
C4) 6195(2) 3616(2) 8157(2) 12(1)
C(%) 6699(2) 5309(2) 8721(2) 15(1)
C(6) 5599(3) 6141(2) 9314(2) 20(1)
N(1) 5315(2) 7758(2) 8745(2) 22(1)
N(2) 5961(2) 7906(2) 7939(2) 21(1)
N(@3) 6715(2) 6515(2) 7766(2) 14(1)
C(7) 8136(2) 6723(2) 7463(2) 14(1)
C(8) 8694(2) 8267(2) 7377(2) 18(1)
C) 10148(2) 8497(2) 7187(2) 20(1)
C(10) 11068(2) 7200(3) 7085(2) 21(1)
C(11) 10483(2) 5679(2) 7124(2) 18(1)

C(12) 9005(2) 5396(2) 7279(2) 14(1)
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Table A4.5.2. cont’d.

Atom X y z U(eq)

C(13) 8414(2) 3665(2) 7148(2) 13(1)

C(14) 8462(2) 2913(2) 5899(2) 17(1)

C(15) 6986(2) 1785(2) 5442(2) 18(1)

N#4) 6298(2) 1838(2) 6450(2) 15(1)

C(16) 4561(2) 1479(2) 5988(2) 19(1)

C(17) 3881(2) 1681(2) 7042(2) 19(1)

C(18) 4355(2) 3295(2) 7718(2) 15(1)

C(19) 6627(2) 3451(2) 6966(2) 12(1)

Table A4.5.3. Bond lengths [A] and angles [°] for 97b (V23324).

Bond Length (A) Bond Length (A)
O(1)-C(1) 1.211(2) N(@3)-C(7) 1.424(2)
C(1)-C(2) 1.513(3) C(7)-C(8) 1.401(3)
C(1)-C(13) 1.542(3) C(7)-C(12) 1.409(3)
C(2)-C(3) 1.535(2) C(8)-C(9) 1.389(3)
C(2)-H(2A) 0.9900 C(8)-H(8) 0.9500
C(2)-H(2B) 0.9900 C(9)-C(10) 1.387(3)
C(3)-C4) 1.535(3) C(9)-H(9) 0.9500
C(3)-H(3A) 0.9900 C(10)-C(11) 1.383(3)
C(3)-H(3B) 0.9900 C(10)-H(10) 0.9500
C4)-C(19) 1.532(2) C(11)-C(12) 1.397(3)
C(4)-C(18) 1.539(2) C(11)-H(11) 0.9500
C4)-C(5) 1.555(3) C(12)-C(13) 1.533(2)
C(5)-N(3) 1.484(2) C(13)-C(19) 1.524(2)
C(5)-C(6) 1.533(2) C(13)-C(14) 1.561(2)
C(5)-H(5) 1.0000 C(14)-C(15) 1.539(3)
C(6)-N(1) 1.484(3) C(14)-H(14A) 0.9900
C(6)-H(6A) 0.9900 C(14)-H(14B) 0.9900
C(6)-H(6B) 0.9900 C(15)-N(4) 1.472(2)
N(1)-N(2) 1.245(2) C(15)-H(15A) 0.9900
N(2)-N(3) 1.392(2) C(15)-H(15B) 0.9900
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Table A4.5.3. cont’d.

Bond
N(4)-C(16)
N(4)-C(19)
C(16)-C(17)
C(16)-H(16A)
C(16)-H(16B)
C(17)-C(18)
C(17)-H(17A)
C(17)-H(17B)
C(18)-H(18A)
C(18)-H(18B)
C(19)-H(19)

Atoms
O(1)-C(1)-C(2)
O(1)-C(1)-C(13)
C(2)-C(1)-C(13)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2A)
C(3)-C(2)-H(2A)
C(1)-C(2)-H(2B)
C(3)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C4)-C(3)-C(2)
C4)-C(3)-H(3A)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3B)
C(2)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(19)-C(4)-C(3)
C(19)-C(4)-C(18)
C(3)-C(4)-C(18)
C(19)-C(4)-C(5)
C(3)-C(4)-C(5)
C(18)-C(4)-C(5)

Length (A)

1.459(2)
1.461(2)
1.525(3)
0.9900
0.9900
1.536(3)
0.9900
0.9900
0.9900
0.9900
1.0000

Angle (°)
119.99(17)
120.84(17)
119.02(15)
116.74(16)
108.1
108.1
108.1
108.1
107.3
112.74(15)
109.0
109.0
109.0
109.0
107.8
109.74(14)
105.64(14)
111.44(15)
108.52(14)
107.63(15)
113.80(14)

Atoms
N(3)-C(5)-C(6)
N(3)-C(5)-C(4)
C(6)-C(5)-C(4)
N(3)-C(5)-H(5)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
N(1)-C(6)-C(5)
N(1)-C(6)-H(6A)
C(5)-C(6)-H(6A)
N(1)-C(6)-H(6B)
C(5)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
N(2)-N(1)-C(6)
N(1)-N(2)-N(3)
N(2)-N(3)-C(7)
N(2)-N(3)-C(5)
C(7)-N(3)-C(5)
C(8)-C(7)-C(12)
C(8)-C(7)-N(3)
C(12)-C(7)-N(3)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(11)-C(12)-C(7)
C(11)-C(12)-C(13)

Angle (°)
100.51(14)
113.67(15)
117.59(15)
108.2
108.2
108.2
105.14(15)
110.7
110.7
110.7
110.7
108.8
111.01(16)
112.82(17)
115.92(15)
109.81(14)
119.98(14)
119.82(16)
119.41(16)
120.75(16)
120.40(17)
119.8
119.8
120.29(18)
119.9
119.9
119.06(17)
120.5
120.5
122.41(17)
118.8
118.8
117.79(17)
116.67(16)
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Table A4.5.3. cont’d.

Atoms Angle (°) Atoms Angle (°)
C(7)-C(12)-C(13) 125.41(16) N(4)-C(16)-H(16A) 109.5
C(19)-C(13)-C(12) 115.04(15) C(17)-C(16)-H(16A) 109.5
C(19)-C(13)-C(1) 110.69(15) N(4)-C(16)-H(16B) 109.5
C(12)-C(13)-C(1) 109.71(15) C(17)-C(16)-H(16B) 109.5
C(19)-C(13)-C(14) 101.29(14) H(16A)-C(16)-H(16B) 108.0
C(12)-C(13)-C(14) 110.56(15) C(16)-C(17)-C(18) 111.92(15)
C(1)-C(13)-C(14) 109.19(15) C(16)-C(17)-H(17A) 109.2
C(15)-C(14)-C(13) 104.80(14) C(18)-C(17)-H(17A) 109.2
C(15)-C(14)-H(14A) 110.8 C(16)-C(17)-H(17B) 109.2
C(13)-C(14)-H(14A) 110.8 C(18)-C(17)-H(17B) 109.2
C(15)-C(14)-H(14B) 110.8 H(17A)-C(17)-H(17B)  107.9
C(13)-C(14)-H(14B) 110.8 C(17)-C(18)-C(4) 112.30(15)
H(14A)-C(14)-H(14B) 108.9 C(17)-C(18)-H(18A) 109.1
N(4)-C(15)-C(14) 104.91(14) C(4)-C(18)-H(18A) 109.1
N(4)-C(15)-H(15A) 110.8 C(17)-C(18)-H(18B) 109.1
C(14)-C(15)-H(15A) 110.8 C(4)-C(18)-H(18B) 109.1
N(4)-C(15)-H(15B) 110.8 H(18A)-C(18)-H(18B) 107.9
C(14)-C(15)-H(15B) 110.8 N(4)-C(19)-C(13) 102.06(14)
H(15A)-C(15)-H(15B) 108.8 N(4)-C(19)-C(4) 110.98(15)
C(16)-N(4)-C(19) 111.39(14) C(13)-C(19)-C(4) 116.41(15)
C(16)-N(4)-C(15) 112.99(15) N(4)-C(19)-H(19) 109.0
C(19)-N4)-C(15) 105.02(14) C(13)-C(19)-H(19) 109.0
N(4)-C(16)-C(17) 110.90(15) C(4)-C(19)-H(19) 109.0

Symmetry transformations used to generate equivalent atoms:
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Table A4.5.4. Anisotropic displacement parameters (A’x 10°) for 116 V23324. The
anisotropic displacement factor exponent takes the form: -2p’[ h> a?U" + ... + 2 hk
a*b*U"]

Atom yll U22 u33 U23 ul3 ul2
O(1) 15(1) 24(1) 28(1) 3(1) 8(1) 6(1)
C(1) 14(1) 13(1) 18(1) -2(1) 4(1) -1(1)
CQ2) 18(1) 23(1) 16(1) 4(1) 4(1) 5(1)
C@3) 19(1) 16(1) 14(1) 3(1) 8(1) 2(1)
C4) 13(1) 12(1) 13(1) 1(1) 6(1) 1(1)
C(5) 16(1) 16(1) 13(1) -1(1) 6(1) -1(1)
C(6) 25(1) 17(1) 23(1) -4(1) 15(1) -1(1)
N(1) 23(1) 16(1) 33(1) -4(1) 16(1) 0(1)
N(2) 20(1) 15(1) 30(1) -1(1) 11(1) 3(1)
N(@3) 16(1) 11(1) 17(1) 0(1) 8(1) 2(1)
C(7) 14(1) 15(1) 11(1) 0(1) 3(1) -1(1)
C(8) 22(1) 13(1) 17(1) 0(1) 7(1) -1(1)
C) 24(1) 17(1) 19(1) 3(1) 8(1) -6(1)
C(10) 18(1) 26(1) 21(1) 2(1) 9(1) -4(1)
C(1) 16(1) 19(1) 19(1) 2(1) 7(1) 2(1)
C(12) 14(1) 15(1) 11(1) 1(1) 3(1) -1(1)
C(13) 13(1) 14(1) 12(1) -1(1) 5(1) 1(1)
C(14) 18(1) 20(1) 16(1) -2(1) 9(1) 1(1)
C@s5)  21(1) 17(1) 16(1) -4(1) 8(1) 0(1)
N4) 16(1) 16(1) 14(1) -3(1) 6(1) -1(1)
C(6)  18(1) 18(1) 20(1) -4(1) 6(1) -3(1)
C(17) 16(1) 19(1) 23(1) -3(1) 8(1) -5(1)
C(18) 15(1) 15(1) 17(1) 1(1) 7(1) -1(1)

C(19)  13(1) 12(1) 12(1) 1(1) 4(1) 1(1)
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Table A4.5.5. Hydrogen coordinates (x 104) and isotropic displacement
parameters (A2x 10 3) for 116 (V23324).

Atom X y z U(eq)
H(2A) 9468 3374 10020 23
H(2B) 9508 1487 9872 23
H(3A) 6771 1317 8867 19
H(3B) 6983 2604 9960 19
H(5) 7820 5242 9379 18
H(6A) 4559 5559 9111 24
H(6B) 6141 6203 10249 24
H(8) 8073 9161 7450 21
H(9) 10515 9547 7126 24
H(10) 12085 7354 6990 25
H(11) 11110 4794 7041 21
H(14A) 8371 3747 5258 21
H(14B) 9487 2315 6066 21
H(15A) 6179 2155 4624 21
H(15B) 7328 689 5332 21
H(16A) 4381 371 5668 23
H(16B) 3978 2200 5275 23
H(17A) 4297 813 7670 23
H(17B) 2680 1595 6676 23
H(18A) 4019 3316 8464 18
H(18B) 3761 4154 7133 18

H(19) 5959 4223 6310 15
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Table A4.5.6. Torsion angles [°] for 116 (V23324).

Atoms (A-B-C-D)
O(1)-C(1)-C(2)-C(3)
C(13)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(19)
C(2)-C(3)-C(4)-C(18)
C(2)-C(3)-C(4)-C(5)
C(19)-C(4)-C(5)-N(3)
C(3)-C(4)-C(5)-N(@3)
C(18)-C(4)-C(5)-N(3)
C(19)-C(4)-C(5)-C(6)
C(3)-C(4)-C(5)-C(6)
C(18)-C(4)-C(5)-C(6)
N(3)-C(5)-C(6)-N(1)
C(4)-C(5)-C(6)-N(1)
C(5)-C(6)-N(1)-N(2)
C(6)-N(1)-N(2)-N(3)
N(1)-N(2)-N(3)-C(7)
N(1)-N(2)-N(3)-C(5)
C(6)-C(5)-N(3)-N(2)
C(4)-C(5)-N(3)-N(2)
C(6)-C(5)-N(3)-C(7)
C(4)-C(5)-N(3)-C(7)
N(2)-N(3)-C(7)-C(8)
C(5)-N(3)-C(7)-C(8)
N(2)-N(3)-C(7)-C(12)
C(5)-N(3)-C(7)-C(12)
C(12)-C(7)-C(8)-C(9)
N(3)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)

C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-C(7)
C(10)-C(11)-C(12)-C(13)

C(8)-C(7)-C(12)-C(11)

Angle (°)
-151.58(18)
32.8(3)
-41.4(2)
52.1(2)
168.75(16)
-65.82(19)
26.6(2)
145.34(15)
-90.66(18)
143.62(16)
-97.68(19)
26.3(2)
-6.91(19)
-130.80(17)
3.5(2)
2.0(2)
-147.00(17)
-7.0(2)
8.33(19)
134.88(16)
146.43(16)
-87.02(19)
0.9(2)
-134.77(18)
179.40(17)
43.7(2)
-3.8(3)
174.68(17)
-0.3(3)
2.6(3)
-0.9(3)
-3.1(3)
173.04(18)
5.4(3)

Atoms (A-B-C-D)
N(@3)-C(7)-C(12)-C(11)
C(8)-C(7)-C(12)-C(13)
N(3)-C(7)-C(12)-C(13)
C(11)-C(12)-C(13)-C(19)
C(7)-C(12)-C(13)-C(19)
C(11)-C(12)-C(13)-C(1)
C(7)-C(12)-C(13)-C(1)
C(11)-C(12)-C(13)-C(14)
C(7)-C(12)-C(13)-C(14)
O(1)-C(1)-C(13)-C(19)
C(2)-C(1)-C(13)-C(19)
O(1)-C(1)-C(13)-C(12)
C(2)-C(1)-C(13)-C(12)
O(1)-C(1)-C(13)-C(14)
C(2)-C(1)-C(13)-C(14)
C(19)-C(13)-C(14)-C(15)
C(12)-C(13)-C(14)-C(15)
C(1)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-N4)
C(14)-C(15)-N(4)-C(16)
C(14)-C(15)-N(4)-C(19)
C(19)-N(4)-C(16)-C(17)
C(15)-N(4)-C(16)-C(17)
N(4)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(4)
C(19)-C(4)-C(18)-C(17)
C(3)-C(4)-C(18)-C(17)
C(5)-C(4)-C(18)-C(17)
C(16)-N(4)-C(19)-C(13)
C(15)-N(4)-C(19)-C(13)
C(16)-N(4)-C(19)-C(4)
C(15)-N(4)-C(19)-C(4)
C(12)-C(13)-C(19)-N4)
C(1)-C(13)-C(19)-N(4)

387

Angle (°)

~173.10(17)
-170.36(17)

11.2(3)

-164.20(17)

11.6(3)
70.2(2)

_113.97(19)

-50.2(2)
125.54(19)
150.33(18)

34.1(2)

-81.7(2)

93.9(2)
39.7(2)

-144.76(17)

222.66(18)

-145.07(15)

94.13(17)
-4.62(19)
153.57(15)
31.97(18)
-57.5(2)

~175.40(16)

50.3(2)
51.2(2)
55.13(19)
-64.0(2)
174.08(15)

-169.83(14)

~47.19(17)
65.48(18)

171.87(14)

161.45(14)
-73.49(17)
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Table A4.5.6. cont’d.

Atoms (A-B-C-D) Angle (°) Atoms (A-B-C-D) Angle (°)
C(14)-C(13)-C(19)-N4) 42.20(16) C(18)-C(4)-C(19)-N(4) -62.06(18)
C(12)-C(13)-C(19)-C(4) -77.6(2) C(5)-C(4)-C(19)-N4) 175.54(14)
C(1)-C(13)-C(19)-C(4) 47.5(12) C(3)-C(4)-C(19)-C(13) -57.9(2)
C(14)-C(13)-C(19)-C4) 163.20(16) C(18)-C(4)-C(19)-C(13) -178.19(15)
C(3)-C(4)-C(19)-N(4) 58.18(19) C(5)-C(4)-C(19)-C(13) 59.4(2)

Symmetry transformations used to generate equivalent atoms:
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A4.6 X-RAY CRYSTAL STRUCTURE ANALYSIS OF TRIAZOLINE 117
(V23195)

An X-ray quality crystal of 117 was grown by dissolving 117 in minimal EtOAc
(approx. 5 mg/300uL), layering with hexanes, and allowing the solution to slowly evaporate.
(Note: the crystal of 117 was grown using a racemic sample). Low-temperature diffraction
data (¢-and w-scans) were collected on a Bruker AXS D8 VENTURE KAPPA
diffractometer coupled to a PHOTON II CPAD detector with Cu K, radiation (4 = 1.54178
A) from an IuS micro-source for the structure of compound V23195. The structure was
solved by direct methods using SHELXS! and refined against 72 on all data by full-matrix
least squares with SHELXL-2019? using established refinement techniques.® All non-
hydrogen atoms were refined anisotropically. All hydrogen atoms were included into the
model at geometrically calculated positions and refined using a riding model. The isotropic
displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the
atoms they are linked to (1.5 times for methyl groups). Compound V23195 crystallizes in

the monoclinic space group P2i/c with one molecule in the asymmetric unit.
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Figure A4.6.1. X-Ray Coordinate of 117 (V23195)

Table A4.6.1. Crystal data and structure refinement for 117 (V23195).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

V23195
C19 H22 N4 O

322.40

100(2) K

1.54178 A

Monoclinic

P24/c

a=14.4626(13) A a=90°.

b =7.9984(10) A b=103.749(12)°.
¢ = 13.6506(15) A g =90°.
1533.8(3) A3

4

1.396 Mg/m3

0.709 mm-1

688

0.300 x 0.200 x 0.050 mm3

3.146 to 74.492°.

-18<=h<=18, -9<=k<=9, -17<=I<=15
23274

390
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Independent reflections
Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

3123 [R(int) = 0.0603]

100.0 %

Semi-empirical from equivalents
0.7538 and 0.6193

Full-matrix least-squares on F2
3123/0/217

1.060

R1=0.0397, wR2 = 0.0955
R1=0.0476, wR2 =0.1019
n/a

0.290 and -0.204 ¢.A-3

391

Table A4.6.2. Atomic coordinates (x 10%) and equivalent isotropic displacement
parameters (A2x 103) for 117 (V23195). U(eq) is defined as one third of the trace

of the orthogonalized Ul tensor.

Atom X y V4 U(eq)
O(1) 2671(1) 4860(1) 7478(1) 28(1)
C(1) 2426(1) 4435(2) 6601(1) 21(1)
C(2) 1424(1) 4688(2) 5988(1) 23(1)
C(3) 1002(1) 3230(2) 5288(1) 22(1)
C4) 1695(1) 2353(2) 4752(1) 19(1)
C(5) 1820(1) 3326(2) 3821(1) 21(1)
C(6) 917(1) 3535(2) 2971(1) 26(1)
N(1) 761(1) 5355(2) 2843(1) 30(1)
N(2) 1417(1) 6142(2) 3425(1) 27(1)
N(@3) 2063(1) 5094(2) 4035(1) 22(1)
C(7) 2959(1) 5757(2) 4530(1) 21(1)
C(8) 3295(1) 7134(2) 4078(1) 24(1)
C() 4142(1) 7901(2) 4545(1) 27(1)
C(10) 4672(1) 7286(2) 5455(1) 27(1)
C(r1) 4343(1) 5917(2) 5894(1) 25(1)
C(12) 3485(1) 5112(2) 5454(1) 21(1)
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Table A4.6.2. cont’d.

Atom X y V4 U(eq)

C(13) 3151(1) 3697(2) 6047(1) 20(1)

C(14) 3965(1) 2862(2) 6835(1) 24(1)

C(15) 3571(1) 1125(2) 7002(1) 24(1)

N#4) 2621(1) 1059(1) 6319(1) 21(1)

C(16) 2311(1) -643(2) 6012(1) 24(1)

C(17) 1339(1) -609(2) 5270(1) 25(1)

C(18) 1332(1) 588(2) 4394(1) 23(1)

C(19) 2674(1) 2141(2) 5466(1) 19(1)

Table A4.6.3. Bond lengths [A] and angles [°] for 117 (V23195).

Bond Length (A) Bond Length (A)
O(1)-C(1) 1.2132(17) N(2)-N(3) 1.3777(17)
C(1)-C(2) 1.505(2) N(@3)-C(7) 1.4150(18)
C(1)-C(13) 1.5478(19) C(7)-C(8) 1.403(2)
C(2)-C(3) 1.539(2) C(7)-C(12) 1.4077(19)
C(2)-H(2A) 0.9900 C(8)-C(9) 1.383(2)
C(2)-H(2B) 0.9900 C(8)-H(8) 0.9500
C(3)-C4) 1.5434(18) C(9)-C(10) 1.386(2)
C(3)-H(3A) 0.9900 C(9)-H(9) 0.9500
C(3)-H(3B) 0.9900 C(10)-C(11) 1.386(2)
C4)-C(19) 1.5260(19) C(10)-H(10) 0.9500
C4)-C(5) 1.5369(18) C(11)-C(12) 1.400(2)
C(4)-C(18) 1.5443(19) C(11)-H(11) 0.9500
C(5)-N(3) 1.4689(18) C(12)-C(13) 1.5342(19)
C(5)-C(6) 1.5365(19) C(13)-C(14) 1.5448(19)
C(5)-H(5) 1.0000 C(13)-C(19) 1.5475(19)
C(6)-N(1) 1.477(2) C(14)-C(15) 1.539(2)
C(6)-H(6A) 0.9900 C(14)-H(14A) 0.9900
C(6)-H(6B) 0.9900 C(14)-H(14B) 0.9900
N(1)-N(2) 1.2525(19) C(15)-N4) 1.4671(18)
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Table A4.6.3. cont’d.

Bond
C(15)-H(15A)
C(15)-H(15B)
N(4)-C(16)
N(4)-C(19)
C(16)-C(17)
C(16)-H(16A)
C(16)-H(16B)
C(17)-C(18)
C(17)-H(17A)
C(17)-H(17B)
C(18)-H(18A)
C(18)-H(18B)
C(19)-H(19)

Atoms
O(1)-C(1)-C(2)
O(1)-C(1)-C(13)
C(2)-C(1)-C(13)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2A)
C(3)-C(2)-H(2A)
C(1)-C(2)-H(2B)
C(3)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C(2)-C(3)-C4)
C(2)-C(3)-H(3A)
C4)-C(3)-H(3A)
C(2)-C(3)-H(3B)
C(4)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(19)-C(4)-C(5)
C(19)-C(4)-C(3)
C(5)-C(4)-C(3)
C(19)-C(4)-C(18)

Length (A)

0.9900
0.9900

1.4627(18)
1.4683(17)

1.525(2)
0.9900
0.9900

1.5295(19)

0.9900
0.9900
0.9900
0.9900
1.0000

Angle (°)
121.81(13)
121.07(13)
117.03(11)
115.52(12)
108.4
108.4
108.4
108.4
107.5
115.60(12)
108.4
108.4
108.4
108.4
107.4
108.08(11)
110.89(11)
112.32(11)
107.07(11)

Atoms
C(5)-C(4)-C(18)
C(3)-C(4)-C(18)
N(3)-C(5)-C(6)
N(3)-C(5)-C(4)
C(6)-C(5)-C(4)
N(3)-C(5)-H(5)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
N(1)-C(6)-C(5)
N(1)-C(6)-H(6A)
C(5)-C(6)-H(6A)
N(1)-C(6)-H(6B)
C(5)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
N(2)-N(1)-C(6)
N(1)-N(2)-N(@3)
N(2)-N(3)-C(7)
N(2)-N(3)-C(5)
C(7)-N(3)-C(5)
C(8)-C(7)-C(12)
C(8)-C(7)-N(3)
C(12)-C(7)-N(3)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)

Angle (°)
107.44(11)
110.82(11)
99.55(11)
113.13(11)
115.67(12)
109.4
109.4
109.4
105.92(12)
110.6
110.6
110.6
110.6
108.7
110.43(12)
112.34(12)
118.21(12)
111.70(11)
127.18(12)
120.79(13)
117.25(12)
121.93(12)
120.46(13)
119.8
119.8
119.74(14)
120.1
120.1
119.63(14)
120.2
120.2
122.57(14)
118.7
118.7
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Table A4.6.3. cont’d.

Atoms
C(11)-C(12)-C(7)
C(11)-C(12)-C(13)
C(7)-C(12)-C(13)
C(12)-C(13)-C(14)
C(12)-C(13)-C(19)
C(14)-C(13)-C(19)
C(12)-C(13)-C(1)
C(14)-C(13)-C(1)
C(19)-C(13)-C(1)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14A)
C(13)-C(14)-H(14A)
C(15)-C(14)-H(14B)
C(13)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
N(4)-C(15)-C(14)
N(4)-C(15)-H(15A)
C(14)-C(15)-H(15A)
N(4)-C(15)-H(15B)
C(14)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(16)-N(4)-C(15)
C(16)-N(4)-C(19)
C(15)-N4)-C(19)

Angle (°)
116.79(13)
118.09(12)
124.93(13)
113.76(12)
118.75(11)
100.48(11)
108.11(11)
108.49(11)
106.63(11)
104.26(11)
110.9
110.9
110.9
110.9
108.9
105.19(11)
110.7
110.7
110.7
110.7
108.8
113.13(11)
113.03(11)
105.37(11)

Atoms
N(4)-C(16)-C(17)
N(4)-C(16)-H(16A)
C(17)-C(16)-H(16A)
N(4)-C(16)-H(16B)
C(17)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17A)
C(18)-C(17)-H(17A)
C(16)-C(17)-H(17B)
C(18)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(17)-C(18)-C(4)
C(17)-C(18)-H(18A)
C(4)-C(18)-H(18A)
C(17)-C(18)-H(18B)
C(4)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
N(4)-C(19)-C(4)
N(4)-C(19)-C(13)
C4)-C(19)-C(13)
N(4)-C(19)-H(19)
C(4)-C(19)-H(19)
C(13)-C(19)-H(19)

Angle (°)
110.18(11)
109.6
109.6
109.6
109.6
108.1
111.33(12)
109.4
109.4
109.4
109.4
108.0
112.76(11)
109.0
109.0
109.0
109.0
107.8
110.89(11)
99.70(10)
118.08(11)
109.2
109.2
109.2

Symmetry transformations used to generate equivalent atoms:
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Table A4.6.4. Anisotropic displacement parameters (A2x 103) for 117 (V23195).
The anisotropic displacement factor exponent takes the form: -2p2[h2 a*2UT1T + .
+2hka*b*UI2]

Atom yll U22 u33 U23 ul3 ul2
Oo(1) 38(1) 30(1) 19(1) -6(1) 10(1) -3(1)
C(1) 30(1) 16(1) 18(1) 0(1) 9(1) -2(1)
CQ2) 29(1) 21(1) 21(1) -1(1) 10(1) 4(1)
C(3) 25(1) 22(1) 19(1) 2(1) 7(1) 3(1)
C4) 24(1) 19(1) 16(1) 0(1) 6(1) 1(1)
C(5) 28(1) 19(1) 16(1) -1(1) 7(1) -1(1)
C(6) 35(1) 24(1) 17(1) 1(1) 4(1) 0(1)
N(1) 34(1) 27(1) 26(1) 4(1) 2(1) 1(1)
N(2) 32(1) 25(1) 23(1) 4(1) 5(1) 3(1)
NQ@3) 30(1) 18(1) 18(1) 2(1) 3(1) 0(1)
C(7) 27(1) 19(1) 18(1) -2(1) 8(1) -1(1)
C(8) 36(1) 21(1) 18(1) 0(1) 11(1) 1(1)
CO) 37(1) 20(1) 28(1) -2(1) 18(1) -4(1)
C(10)  29(1) 27(1) 28(1) -5(1) 10(1) -7(1)
C(1)  28(1) 25(1) 21(1) -2(1) 7(1) -1(1)
Cc2) 27(1) 19(1) 18(1) -1(1) 9(1) 0(1)
C(13)  24(1) 21(1) 16(1) 0(1) 6(1) 0(1)
C(14) 26(1) 27(1) 20(1) 3(1) 4(1) 0(1)
C@s) 27(1) 24(1) 21(1) 4(1) 6(1) 4(1)
N4) 26(1) 19(1) 17(1) 2(1) 6(1) 1(1)
C(6)  34(1) 17(1) 23(1) 2(1) 9(1) 1(1)
Cca7)  32(1) 19(1) 24(1) 0(1) 9(1) -3(1)
C(18)  29(1) 20(1) 20(1) -1(1) 6(1) -2(1)

C(19)  24(1) 18(1) 17(1) 0(1) 7(1) 1(1)
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Table A4.6.5. Hydrogen coordinates (x 10%) and isotropic displacement
parameters (A2x 10 3) for 117 (V23195).

Atom X y z U(eq)
H(2A) 1410 5706 5572 28
H(2B) 1009 4896 6457 28
H(3A) 454 3658 4768 26
H(3B) 753 2386 5691 26
H(5) 2327 2782 3546 25
H(6A) 1005 3025 2339 31
H(6B) 366 2994 3156 31
H(8) 2937 7541 3448 29
H(9) 4360 8846 4243 32
H(10) 5258 7800 5776 33
H(11) 4713 5510 6519 30
H(14A) 4546 2763 6575 29
H(14B) 4117 3512 7470 29
H(15A) 3983 232 6838 29
H(15B) 3530 991 7712 29
H(16A) 2273 -1308 6613 29
H(16B) 2781 -1181 5692 29
H(17A) 850 -253 5626 30
H(17B) 1174 -1749 5002 30
H(18A) 675 675 3972 27
H(18B) 1738 121 3970 27

H(19) 3118 1631 5089 23
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Table A4.6.6. Torsion angles [°] for 177 (V23195).

Atoms (A-B-C-D) Angle (°) Atoms (A-B-C-D) Angle (°)
O(1)-C(1)-C(2)-C(3) -138.86(14) N(3)-C(7)-C(12)-C(11) -177.26(12)
C(13)-C(1)-C(2)-C(3) 44.55(17) C(8)-C(7)-C(12)-C(13) 175.46(13)
C(1)-C(2)-C(3)-C(4) -39.06(16) N(3)-C(7)-C(12)-C(13) -2.3(2)
C(2)-C(3)-C(4)-C(19) 40.85(16) C(11)-C(12)-C(13)-C(14) -23.55(17)
C(2)-C(3)-C(4)-C(5) -80.20(15) C(7)-C(12)-C(13)-C(14) 161.56(13)
C(2)-C(3)-C(4)-C(18) 159.62(11) C(11)-C(12)-C(13)-C(19) -141.47(13)
C(19)-C(4)-C(5)-N(3) -71.09(14) C(7)-C(12)-C(13)-C(19) 43.64(19)
C(3)-C(4)-C(5)-N(3) 51.56(16) C(11)-C(12)-C(13)-C(1) 97.01(14)
C(18)-C(4)-C(5)-N(3) 173.68(11) C(7)-C(12)-C(13)-C(1) -77.88(16)
C(19)-C(4)-C(5)-C(6) 175.00(11) O(1)-C(1)-C(13)-C(12) -96.91(15)
C(3)-C(4)-C(5)-C(6) -62.36(15) C(2)-C(1)-C(13)-C(12) 79.70(14)
C(18)-C(4)-C(5)-C(6) 59.77(15) O(1)-C(1)-C(13)-C(14) 26.89(18)
N(3)-C(5)-C(6)-N(1) -1.54(14) C(2)-C(1)-C(13)-C(14) -156.50(12)
C(4)-C(5)-C(6)-N(1) 119.97(13) O(1)-C(1)-C(13)-C(19) 134.35(13)
C(5)-C(6)-N(1)-N(2) 2.56(16) C(2)-C(1)-C(13)-C(19) -49.03(15)
C(6)-N(1)-N(2)-N(3) -2.48(17) C(12)-C(13)-C(14)-C(15) -157.41(11)
N(1)-N(2)-N(3)-C(7) 163.52(13) C(19)-C(13)-C(14)-C(15) -29.40(13)
N(1)-N(2)-N(3)-C(5) 1.40(17) C(1)-C(13)-C(14)-C(15) 82.23(13)
C(6)-C(5)-N(3)-N(2) 0.26(14) C(13)-C(14)-C(15)-N(4) 1.42(14)
C(4)-C(5)-N(3)-N(2) -123.07(12) C(14)-C(15)-N(4)-C(16) 153.34(11)
C(6)-C(5)-N(3)-C(7) -159.88(13) C(14)-C(15)-N(4)-C(19) 29.39(14)
C(4)-C(5)-N(3)-C(7) 76.79(17) C(15)-N(4)-C(16)-C(17) -177.59(11)
N(2)-N(3)-C(7)-C(8) -26.08(18) C(19)-N(4)-C(16)-C(17) -57.94(15)
C(5)-N(3)-C(7)-C(8) 132.93(14) N(4)-C(16)-C(17)-C(18) 51.93(15)
N(2)-N(3)-C(7)-C(12) 151.76(13) C(16)-C(17)-C(18)-C(4) -52.40(16)
C(5)-N(3)-C(7)-C(12) -49.2(2) C(19)-C(4)-C(18)-C(17) 54.27(15)
C(12)-C(7)-C(8)-C(9) -1.2(2) C(5)-C(4)-C(18)-C(17) 170.17(12)
N(3)-C(7)-C(8)-C(9) 176.71(13) C(3)-C(4)-C(18)-C(17) -66.78(15)
C(7)-C(8)-C(9)-C(10) 1.2(2) C(16)-N(4)-C(19)-C(4) 62.76(14)
C(8)-C(9)-C(10)-C(11) -0.7(2) C(15)-N(4)-C(19)-C(4) -173.21(11)
C(9)-C(10)-C(11)-C(12) 0.0(2) C(16)-N(4)-C(19)-C(13) -172.04(11)
C(10)-C(11)-C(12)-C(7) 0.1(2) C(15)-N(4)-C(19)-C(13) -48.02(12)
C(10)-C(11)-C(12)-C(13)  -175.25(13) C(5)-C(4)-C(19)-N(4) -173.65(10)
C(8)-C(7)-C(12)-C(11) 0.5(2) C(3)-C(4)-C(19)-N(4) 62.83(14)



Appendix 4 — X-Ray Crystallography Reports Relevant to Chapter 2 398
Table A4.6.6. cont’d.

Atoms (A-B-C-D) Angle (°) Atoms (A-B-C-D) Angle (°)
C(18)-C(4)-C(19)-N(4) -58.18(13) C(14)-C(13)-C(19)-N(4) 46.84(12)
C(5)-C(4)-C(19)-C(13) 72.27(14) C(1)-C(13)-C(19)-N(4) -66.23(12)
C(3)-C(4)-C(19)-C(13) -51.24(15) C(12)-C(13)-C(19)-C4) -68.42(16)
C(18)-C(4)-C(19)-C(13) -172.26(11) C(14)-C(13)-C(19)-C4) 166.92(11)
C(12)-C(13)-C(19)-N(4) 171.50(11) C(1)-C(13)-C(19)-C(4) 53.85(14)

Symmetry transformations used to generate equivalent atoms:
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A4.7 X-RAY CRYSTAL STRUCTURE ANALYSIS OF HUNTERINE A (53)
(V23353)

An X-ray quality crystal of 53 was grown by dissolving in minimal CH>Cl, with 1%
added MeOH (approx. 4 mg/0.1 mL) and layering with pentane. Low-temperature diffraction
data (¢-and w-scans) were collected on a Bruker AXS D8 VENTURE KAPPA
diffractometer coupled to a PHOTON II CPAD detector with Cu K, radiation (4 = 1.54178
A) from an IuS micro-source for the structure of compound V23353. The structure was
solved by direct methods using SHELXS! and refined against 72 on all data by full-matrix
least squares with SHELXL-2019? using established refinement techniques.®> All non-
hydrogen atoms were refined anisotropically. Unless otherwise noted, all hydrogen atoms
were included into the model at geometrically calculated positions and refined using a riding
model. The isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times
the U value of the atoms they are linked to (1.5 times for methyl groups). Compound V23353
crystallizes in the orthorhombic space group P2:2:2; with one molecule in the asymmetric
unit. The coordinates for the hydrogen atoms bound to N1 and O2 were located in the
difference Fourier synthesis and refined semi-freely with the help of a restraint on the O-H

or N-H distance (0.84(4) A or 0.91(4) A, respectively).
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Figure A4.7.1. X-Ray Coordinate of 53

Table A4.7.1. Crystal data and structure refinement for 53 (V23353).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

V23353

C19 H24 N2 O2

312.40

100(2) K

1.54178 A

Orthorhombic

P212121

a=9.6582(10) A a=90°.
b=11.3016(9) A b=90°.

¢ =14.7369(12) A g =90°.

1608.6(2) A3

4

1.290 Mg/m3

0.666 mm-1

672

0.200 x 0.200 x 0.100 mm3
4.931 to 74.486°.

-12<=h<=12, -13<=k<=14, -18<=I<=18

25356
3278 [R(int) = 0.0414]

400
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Completeness to theta = 67.679° 100.0 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7538 and 0.6724

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3278/2/216

Goodness-of-fit on F2 1.050

Final R indices [[>2sigma(])] R1=0.0276, wR2 = 0.0696

R indices (all data) R1=0.0286, wR2 =0.0700
Absolute structure parameter -0.04(6)

Extinction coefficient n/a

Largest diff. peak and hole 0.174 and -0.165 e.A-3

Table A4.7.2. Atomic coordinates (x 104) and equivalent isotropic displacement
parameters (A2x 103) for 53 (V23353). U(eq) is defined as one third of the trace of
the orthogonalized UJ tensor.

Atom X y z U(eq)
o(1) 2989(1) 3912(1) 3930(1) 28(1)
c() 3400(2) 3654(1) 4636(1) 18(1)
cQ) 3835(2) 2414(2) 4922(1) 20(1)
6 34242)  2006(1) 5880(1) 20(1)
C4) 3716(2) 2940(1) 6616(1) 16(1)
) 5321(2) 3042(1) 6735(1) 16(1)
C(19) 53002  2327(2) 7534(1) 20(1)
0(2) 7360(1) 2397(1) 7577(1) 21(1)
C(6) 6080(2) 4911(1) 6030(1) 15(1)
N(1) 5816(1) 4274(1) 6836(1) 16(1)
c() 7380(2) 5445(1) 5914(1) 18(1)
c(®) 7696(2) 6107(1) 5150(1) 22(1)
C9) 6725(2) 6224(2) 4461(1) 22(1)
C(10) 5442(2) 5697(1)  4566(1) 20(1)
can 5082(2) 5058(1) 5346(1) 15(1)
C(12) 3590(2) 4617(1) 5407(1) 15(1)

C(13) 2523(2) 5620(1) 5263(1) 21(1)
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Table A4.7.2. cont’d.

Atom X y z U(eq)
C(14) 1214(2) 5183(2) 5754(1) 21(1)
N(Q2) 1621(1) 4060(1) 6185(1) 17(1)
c(15) 887(2) 3819(2) 7030(1) 22(1)
C(16) 1383(2) 2646(2) 7425(1) 26(1)
c(17) 2969(2) 2614(2) 7509(1) 24(1)
c(18) 3125(2) 4136(1) 6326(1) 15(1)

Table A4.7.3. Bond lengths [A] and angles [°] for 53 (V23353).

Bond Length (A) Bond Length (A)
O(1)-C(1) 1218(2) N(1)-H(IN) 0.886(18)
C(1)-C(2) 1.504(2) C(7)-C(8) 1.385(2)
C(1)-C(12) 1.531(2) C(7)-H(7) 0.9500
C(2)-C(3) 1.537(2) C(8)-C(9) 1.389(2)
C(2)-H(2A) 0.9900 C(8)-H(8) 0.9500
C(2)-H(2B) 0.9900 C(9)-C(10) 1.383(2)
C(3)-C(4) 1.540(2) C(9)-H(9) 0.9500
C(3)-HGA) 0.9900 C(10)-C(11) 1.401(2)
C(3)-H(B) 0.9900 C(10)-H(10) 0.9500
C(4)-C(18) 1.527(2) C(11)-C(12) 1.528(2)
C(4)-C(17) 1.545(2) C(12)-C(18) 1.528(2)
C(4)-C(5) 1.564(2) C(12)-C(13) 1.546(2)
C(5)-N(1) 1.480(2) C(13)-C(14) 1.538(2)
C(5)-C(19) 1.530(2) C(13)-H(13A) 0.9900
C(5)-H(5) 1.0000 C(13)-H(13B) 0.9900
C(19)-0(2) 1.423(2) C(14)-N(2) 1.473(2)
C(19)-H(19A) 0.9900 C(14)-H(14A) 0.9900
C(19)-H(19B) 0.9900 C(14)-H(14B) 0.9900
0(2)-H(20) 0.85(2) N(2)-C(15) 1.459(2)
C(6)-C(7) 1.403(2) N(2)-C(18) 1.4701(19)
C(6)-C(11) 1.405(2) C(15)-C(16) 1.525(2)
C(6)-N(1) 1.413(2) C(15)-H(15A) 0.9900
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Table A4.7.3. cont’d.

Bond
C(15)-H(15B)
C(16)-C(17)
C(16)-H(16A)
C(16)-H(16B)
C(17)-H(17A)
C(17)-H(17B)
C(18)-H(18)

Atoms
O(1)-C(1)-C(2)
O(1)-C(1)-C(12)
C(2)-C(1)-C(12)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2A)
C(3)-C(2)-H(2A)
C(1)-C(2)-H(2B)
C(3)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3A)
C4)-C(3)-H(3A)
C(2)-C(3)-H(3B)
C(4)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(18)-C(4)-C(3)
C(18)-C(4)-C(17)
C(3)-C(4)-C(17)
C(18)-C(4)-C(5)
C(3)-C(4)-C(5)
C(17)-C(4)-C(5)
N(1)-C(5)-C(19)
N(1)-C(5)-C(4)
C(19)-C(5)-C4)
N(1)-C(5)-H(5)

Length (A)

0.9900
1.538(2)
0.9900
0.9900
0.9900
0.9900
1.0000

Angle (°)
121.72(14)
120.22(15)
117.90(13)
114.84(14)
108.6
108.6
108.6
108.6
107.5
113.19(13)
108.9
108.9
108.9
108.9
107.8
109.93(12)
105.97(12)
110.52(13)
109.69(12)
108.07(13)
112.65(13)
107.66(12)
113.57(12)
113.80(13)
107.1

Atoms
C(19)-C(5)-H(5)
C(4)-C(5)-H(5)
0(2)-C(19)-C(5)
0(2)-C(19)-H(19A)
C(5)-C(19)-H(19A)
0(2)-C(19)-H(19B)
C(5)-C(19)-H(19B)

H(19A)-C(19)-H(19B)

C(19)-0(2)-H(20)
C(7)-C(6)-C(11)
C(7)-C(6)-N(1)
C(11)-C(6)-N(1)
C(6)-N(1)-C(5)
C(6)-N(1)-H(IN)
C(5)-N(1)-H(IN)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(10)-C(11)-C(6)
C(10)-C(11)-C(12)
C(6)-C(11)-C(12)
C(11)-C(12)-C(18)
C(11)-C(12)-C(1)
C(18)-C(12)-C(1)
C(11)-C(12)-C(13)

Angle (°)
107.1
107.1
111.32(13)
109.4
109.4
109.4
109.4
108.0
106.3(18)
118.42(14)
118.91(14)
122.65(14)
116.97(12)
108.0(14)
108.9(14)
121.88(15)
119.1
119.1
119.78(15)
120.1
120.1
118.82(15)
120.6
120.6
122.40(15)
118.8
118.8
118.63(14)
116.77(14)
124.53(13)
116.45(13)
107.71(12)
109.11(12)
112.39(13)
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Table A4.7.3. cont’d.

Atoms Angle (°) Atoms Angle (°)
C(18)-C(12)-C(13) 100.74(12) C(16)-C(15)-H(15B) 109.8
C(1)-C(12)-C(13) 110.27(13) H(15A)-C(15)-H(15B) 108.2
C(14)-C(13)-C(12) 104.35(13) C(15)-C(16)-C(17) 111.38(14)
C(14)-C(13)-H(13A) 110.9 C(15)-C(16)-H(16A) 109.4
C(12)-C(13)-H(13A) 110.9 C(17)-C(16)-H(16A) 109.4
C(14)-C(13)-H(13B) 110.9 C(15)-C(16)-H(16B) 109.4
C(12)-C(13)-H(13B) 110.9 C(17)-C(16)-H(16B) 109.4
H(13A)-C(13)-H(13B) 108.9 H(16A)-C(16)-H(16B) 108.0
N(2)-C(14)-C(13) 105.09(13) C(16)-C(17)-C(4) 112.99(14)
N(2)-C(14)-H(14A) 110.7 C(16)-C(17)-H(17A) 109.0
C(13)-C(14)-H(14A) 110.7 C4)-C(17)-H(17A) 109.0
N(2)-C(14)-H(14B) 110.7 C(16)-C(17)-H(17B) 109.0
C(13)-C(14)-H(14B) 110.7 C(4)-C(17)-H(17B) 109.0
H(14A)-C(14)-H(14B) 108.8 H(17A)-C(17)-H(17B)  107.8
C(15)-N(2)-C(18) 111.70(12) N(2)-C(18)-C(4) 110.94(12)
C(15)-N(2)-C(14) 113.53(13) N(2)-C(18)-C(12) 100.66(12)
C(18)-N(2)-C(14) 105.93(12) C(4)-C(18)-C(12) 116.95(12)
N(2)-C(15)-C(16) 109.56(13) N(2)-C(18)-H(18) 109.3
N(2)-C(15)-H(15A) 109.8 C(4)-C(18)-H(18) 109.3
C(16)-C(15)-H(15A) 109.8 C(12)-C(18)-H(18) 109.3
N(2)-C(15)-H(15B) 109.8

Symmetry transformations used to generate equivalent atoms:
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Table A4.7.4. Anisotropic displacement parameters (A2x 103) for 53 (V23353).
The anisotropic displacement factor exponent takes the form: -2p2[ h2 a*2UTT +
. +2hka*b*UI2]

Atom yll U22 u33 U23 ul3 ul2
Oo(1) 37(1) 30(1) 16(1) 0(1) -6(1) -9(1)
C(1) 15(1) 23(1) 16(1) -3(1) 1(1) -5(1)
CQ2) 20(1) 20(1) 20(1) -8(1) -1(1) -1(1)
C@3) 20(1) 13(1) 26(1) -1(1) 1(1) -1(1)
C4) 18(1) 15(1) 16(1) 2(1) 2(1) 1(1)
C(5) 18(1) 15(1) 14(1) 0(1) 1(1) 2(1)
C(19)  22(1) 21(1) 16(1) 2(1) -1(1) 5(1)
0(2) 23(1) 24(1) 17(1) -3(1) -4(1) 6(1)
C(6) 17(1) 12(1) 15(1) -4(1) 1(1) 1(1)
N(1) 17(1) 16(1) 15(1) 0(1) -3(1) 0(1)
C(7) 17(1) 15(1) 22(1) -3(1) -1(1) 1(1)
C(8) 18(1) 16(1) 31(1) -1(1) 5(1) -2(1)
CO) 27(1) 18(1) 22(1) 4(1) 5(1) -2(1)
C(10)  25(1) 17(1) 17(1) 2(1) -1(1) -1(1)
C(1)  18(1) 12(1) 16(1) -1(1) 0(1) 0(1)
C(12) 16(1) 14(1) 14(1) 0(1) -2(1) -1(1)
C(13) 21(1) 19(1) 22(1) 3(1) -3(1) 3(1)
C(14) 18(1) 18(1) 26(1) 0(1) -2(1) 3(1)
N(2) 15(1) 18(1) 19(1) -1(1) 1(1) 1(1)
C(15) 18(1) 27(1) 22(1) -1(1) 5(1) 1(1)
Ccae6)  22(1) 29(1) 28(1) 7(1) 9(1) -1(1)
Cca7)  22(1) 27(1) 22(1) 9(1) 5(1) 2(1)

C(18)  16(1) 14(1) 14(1) “1(1) 0(1) 0(1)
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Table A4.7.5. Hydrogen coordinates (x 10%) and isotropic displacement
parameters (A2x 10 3) for 53 (V23353).

Atom yll U22 u33 U23 ul3 ul2
H(2A) 4854 2357 4863 24
H(2B) 3422 1864 4475 24
H(3A) 3940 1274 6029 23
H(3B) 2424 1813 5885 23
H(5) 5754 2716 6171 19
H(19A) 5490 2632 8106 24
H(19B) 5609 1489 7468 24
H(20) 7660(30) 2020(20) 7117(15) 40(7)
H(IN) 6583(19) 4273(19) 7165(14) 24(5)
H(7) 8062 5350 6372 22
H(8) 8574 6480 5098 26
H(@9) 6938 6658 3927 27
H(10) 4781 5771 4092 24
H(13A) 2858 6371 5531 25
H(13B) 2340 5745 4609 25
H(14A) 910 5763 6215 25
H(14B) 450 5055 5317 25
H(15A) -122 3782 6914 27
H(15B) 1062 4465 7469 27
H(16A) 1073 1990 7028 31
H(16B) 964 2529 8031 31
H(17A) 3258 1810 7697 28
H(17B) 3260 3172 7990 28

H(18) 3324 4736 6307 18
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Table A7.7.6. Torsion angles [°] for 53 (V23353).

Atoms (A-B-C-D) Angle (°) Atoms (A-B-C-D) Angle (°)
O(1)-C(1)-C(2)-C(3) -141.77(16) C(6)-C(11)-C(12)-C(13) 123.98(15)
C(12)-C(1)-C(2)-C(3) 42.7(2) O(1)-C(1)-C(12)-C(11) -91.59(18)
C(1)-C(2)-C(3)-C(4) -44.98(19) C(2)-C(1)-C(12)-C(11) 83.99(16)
C(2)-C(3)-C(4)-C(18) 49.60(17) O(1)-C(1)-C(12)-C(18) 141.16(15)
C(2)-C(3)-C(4)-C(17) 166.23(13) C(2)-C(1)-C(12)-C(18) -43.27(18)
C(2)-C(3)-C(4)-C(5) -70.09(17) O(1)-C(1)-C(12)-C(13) 31.4(2)
C(18)-C(4)-C(5)-N(1) 18.53(17) C(2)-C(1)-C(12)-C(13) -153.04(14)
C(3)-C(4)-C(5)-N(1) 138.37(13) C(11)-C(12)-C(13)-C(14)  -155.29(13)
C(17)-C(4)-C(5)-N(1) -99.24(15) C(18)-C(12)-C(13)-C(14) -30.64(15)
C(18)-C(4)-C(5)-C(19) 142.19(13) C(1)-C(12)-C(13)-C(14) 84.52(15)
C(3)-C(4)-C(5)-C(19) -97.98(15) C(12)-C(13)-C(14)-N(2) 4.05(16)
C(17)-C(4)-C(5)-C(19) 24.42(19) C(13)-C(14)-N(2)-C(15) 148.74(13)
N(1)-C(5)-C(19)-0(2) -56.56(16) C(13)-C(14)-N(2)-C(18) 25.80(16)
C(4)-C(5)-C(19)-0(2) 176.64(13) C(18)-N(2)-C(15)-C(16) -60.01(17)
C(7)-C(6)-N(1)-C(5) -126.30(14) C(14)-N(2)-C(15)-C(16) -179.71(14)
C(11)-C(6)-N(1)-C(5) 55.29(19) N(2)-C(15)-C(16)-C(17) 52.62(19)
C(19)-C(5)-N(1)-C(6) 147.18(13) C(15)-C(16)-C(17)-C(4) -52.0(2)
C(4)-C(5)-N(1)-C(6) -85.89(16) C(18)-C(4)-C(17)-C(16) 53.74(18)
C(11)-C(6)-C(7)-C(8) 0.1(2) C(3)-C(4)-C(17)-C(16) -65.31(18)
N(1)-C(6)-C(7)-C(8) -178.38(14) C(5)-C(4)-C(17)-C(16) 173.68(14)
C(6)-C(7)-C(8)-C(9) -2.0(2) C(15)-N(2)-C(18)-C(4) 65.91(16)
C(7)-C(8)-C(9)-C(10) 1.7(2) C(14)-N(2)-C(18)-C(4) -170.01(12)
C(8)-C(9)-C(10)-C(11) 0.6(2) C(15)-N(2)-C(18)-C(12) -169.64(12)
C(9)-C(10)-C(11)-C(6) -2.4(2) C(14)-N(2)-C(18)-C(12) -45.55(14)
C(9)-C(10)-C(11)-C(12) 174.76(15) C(3)-C(4)-C(18)-N(2) 59.71(15)
C(7)-C(6)-C(11)-C(10) 2.1(2) C(17)-C(4)-C(18)-N(2) -59.74(15)
N(1)-C(6)-C(11)-C(10) -179.52(14) C(5)-C(4)-C(18)-N(2) 178.41(12)
C(7)-C(6)-C(11)-C(12) -174.92(13) C(3)-C(4)-C(18)-C(12) -54.91(17)
N(1)-C(6)-C(11)-C(12) 3.5(2) C(17)-C(4)-C(18)-C(12) -174.36(13)
C(10)-C(11)-C(12)-C(18)  -168.52(13) C(5)-C(4)-C(18)-C(12) 63.79(16)
C(6)-C(11)-C(12)-C(18) 8.5(2) C(11)-C(12)-C(18)-N(2) 167.95(12)
C(10)-C(11)-C(12)-C(1) 68.62(17) C(1)-C(12)-C(18)-N(2) -69.92(14)
C(6)-C(11)-C(12)-C(1) -114.35(16) C(13)-C(12)-C(18)-N(2) 46.12(14)
C(10)-C(11)-C(12)-C(13) -53.04(18) C(11)-C(12)-C(18)-C(4) -71.81(17)
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Table A7.7.6. cont’d.

Atoms (A-B-C-D) Angle (°) Atoms (A-B-C-D) Angle (°)
C(1)-C(12)-C(18)-C(4) 50.32(17) C(13)-C(12)-C(18)-C(4) 166.36(13)

Symmetry transformations used to generate equivalent atoms:

Table A4.7.7. Hydrogen bonds for 53 [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)

0(2)-H(20)..0()#1  0.85(2) 1.902)  2.7372(17) 169(3)
N(1)-H(IN)...O(2)  0.886(18) 233(2)  2.8136(18)  114.5(16)

Symmetry transformations used to generate equivalent atoms:
#1 x+1/2,-y+1/2,-z+1
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CHAPTER 3

PREPARATION AND REGIOSELECTIVE RING OPENING REACTIONS
OF FUSED BICYCLIC AZIRIDINES?

3.1 INTRODUCTION

Aziridines are three-membered heterocycles that frequently serve as key
intermediates in synthetic organic chemistry.! The strained nature of aziridines enables
myriad ring opening reactions that make them useful building blocks for the preparation of
nitrogen-containing molecules.? As such, central to their synthetic utility is the ability to
control or predict the site at which these ring opening reactions occur. While the
regioselectivities of these transformations vary according to the structure of the aziridine and
reaction conditions, these systems have been well-studied and general trends have been
established for the well-studied class of “standard” aziridines, defined herein as aziridines in
which the nitrogen substituent is not connected to either of the aziridine carbon atoms.?>?

Scheme 3.1.1 Ring opening reactions of fused bicyclic aziridines

Fused bicyclic aziridine openings: Variable regioselectivities

9 rast e S8
_ cat. o 1
0=S.\ 5o

4

o THF o= N
128 80% yield © 120
[Ref. 4a]
Br
BnBr (j
N;‘ THF - N
130 “quant.” Bn
[Ref. 4b] 131
OBn 0OBn OBn 0OBn
BnO, A BzOH BnO, X
N CH,Cl, N~ -OB2
N 75% yield
132 [Ref. 4c] 133

7LThis research was performed in collaboration with Leanne Fuentes Ruiz, Bryce E. Gaskins, and Michael K.
Takase. A manuscript has been submitted for publication.
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In contrast, ring opening reactions of “fused bicyclic” aziridines, those in which
the nitrogen substituent is connected to one of the aziridine carbon atoms, have been the
subject of fewer studies* and general reactivity trends have not been elucidated nor
systematically evaluated. Therefore, the reaction site can be considerably more challenging
to predict. Scheme 3.1.1 highlights select examples that showcase the disparate nature of
fused bicyclic aziridine ring opening regioselectivity.

Scheme 3.1.2 Ring opening reactions of fused bicyclic N-aryl aziridines

Fused bicyclic N-aryl aziridine opening

NG = Q
[Ref. 5]
120
K2003|: 121 R Ac
MeOH | o 53 R =H, 54% yield

AcOH
H,O
65% yield
[Ref. 8]

In our recent synthesis of hunterine A (53), a late-stage, regioselective ring opening
of N-aryl aziridine 120 was crucial for the installation of the necessary hydroxymethyl
moiety found in the natural product (Scheme 3.1.2).> We reasoned that the steric bias of the
neighboring quaternary center would significantly influence the regiochemical outcome of
the reaction. However, since few bicyclic N-aryl aziridines have been reported and studied
in the context of ring opening®’ this strategy carried some degree of risk. We were gratified
to observe that ring opening yielded the desired product 121 that could be deacetylated to

give the natural product (53). In a related eight-membered system, Chattopadhyay and
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coworkers observed a similar outcome when treating 134 with AcOH in H>O.8 The additional
neighboring substitution may also play a role in the regiochemical outcome of this
transformation.

The success of our synthetic strategy coupled with a paucity of studies concerned
with bicyclic N-aryl aziridine ring opening prompted us to further investigate the reactivity
of these systems. Based on the results in Scheme 2, it appeared that achieving exclusive
regioselectivity was possible and that through a more systematic evaluation of related
compounds we might be able to elucidate general trends in reactivity, as have been
established for “standard” aziridines. To do so, we aimed to synthesize a series of simplified
bicyclic N-aryl aziridines (136, Scheme 3.1.3) that would allow for modulation of the ring
size and that would not be affected by the same steric influence and conformational
restrictions of 7. Additionally, the variety of outcomes observed in the ring openings of other
bicyclic aziridines shown in Scheme 1 suggested that the site of reaction could vary
according to reaction conditions and size of the fused ring.

Scheme 3.1.3 Proposed simplified bicyclic N-aryl aziridine for systematic study of ring

opening
simplified bicyclic aziridine
@(?A)" m no influence of quaternary center
N N m modular ring size
~ - Nu m enables systematic study
136
3.2 ATTEMPTED SYNTHESIS OF SIMPLIFIED AZIRIDINES

Preparation of the simplified bicyclic N-aryl aziridines proved to be more challenging
than initially envisioned. We attempted to employ an azide/alkene intramolecular dipolar
cycloaddition and triazoline photolysis to synthesize these aziridines. However, our initial

attempts to execute this set of transformations were met with failure (Scheme 3.2.1). In our
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hands, azide 137 was slow to undergo dipolar cycloaddition, and the cycloadduct appeared
to decompose, as evidenced by observation of quinoline 139 as one of the major products by
crude 'H NMR, along with a small amount of what we tentatively assigned as putative
aziridine 140. Unfortunately, attempts to purify the mixture and verify the formation of this
aziridine only led to further decomposition. Azide 141 was even slower to react and the
putative cycloadduct was not stable to any attempted forms of purification. We hypothesized
that incorporating substituents at the benzylic position (143) would accelerate the rate of
intramolecular cycloaddition’ as well as prevent any potentially deleterious reactions
resulting from elimination/oxidation at the benzylic position and provide a more robust route
to the desired compounds. We expected that the benzylic substituents would have little steric
influence on the aziridine opening due to their distal location relative to the possible sites of
reaction. This strategy ultimately proved successful.

Scheme 3.2.1 Initial attempts to synthesize simplified bicyclic N-aryl aziridines

complex mixture

H H H
.
N, slow N N/ Me N
139 140

N=N
137 (unlfaile)
R R
n collives
—— N
slow | N3
Ns 142 N‘\N 143, RzH
141 (unstable) improve stability and
reaction rate through
benzylic substitution
3.3 SUCCESSFUL SYNTHESIS AND RING OPENING OF SIMPLIFIED

AZIRIDINES

Malonate 144 was alkylated in a divergent manner to access the products containing

pendant olefins with different methylene spacer lengths (Scheme 3.3.1). Treatment of 144
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with K2COs and allyl bromide in acetone afforded 145 in 95% yield. Alternatively, treatment
with NaH and 4-iodo-1-butene in DMF afforded 146 in 77% yield. With both intermediates
of different tether lengths in hand, identical synthetic sequences could be performed to arrive
at the desired aziridines. Treatment of the alkylated compounds with DIBAL-H, followed
by protection of the diol as the acetonide, and finally a lithiation/borylation sequence gave
aryl BPin compounds 149 and 150 in respective 53% and 38% yields over three steps. While
attempts to perform Chan-Evans-Lam couplings or Buchwald-Hartwig aminations from the
aryl BPin or bromide compounds were unsuccessful, installation of the necessary nitrogen
atom was accomplished through a protocol developed by Morken and coworkers.!? The aryl
BPin compounds were treated with a mixture of MeONH, and n-BuLi at cryogenic
temperature, followed by heating to 60 °C, allowing for isolation of the anilines 151 and 152
in 88% and 76% yields. Conversion of the anilines to the corresponding aryl azides was
accomplished with -BuONO and TMSNG;.!! It should be noted attempts to directly convert
the aryl bromides or BPin compounds to the corresponding azides (153, 154) were also
unsuccessful. Allowing azide 153 to stand in benzene at ambient temperature for twelve
hours led to formation of triazoline 155 in 61% yield over two steps. Formation of 156
required heating to 50 °C for 4 days. Both compounds were crystalline solids, the structures
of which could be unambiguously determined by X-ray crystallography (CCDC 2441000
and 2441002). Overall, these results highlight the improved stability and reaction rates
imparted by benzylic substitution. Finally, irradiation of each compound with long-wave UV
light (centered at 330 nm)'? gave the desired aziridines 157 and 158. We did not attempt to
synthesize the aziridine fused to a five-membered ring (n = 0) because the benzylic

substituents would be likely to disfavor reaction at the neighboring site.
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Scheme 3.3.1 Successful synthesis of fused bicyclic N-aryl aziridines
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Me Me
fo) 0 Me Me Me_ Me
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> n _— —_—
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Me_  Me Me Me
(o) o
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—_—
benzene )n benzene, 23 °C
N
\
N=N
157, n =1, 90% yield
155, n=1 (CCDC 2440999)
(23 °C, 12 h) 61% yield (2 steps) 158, n = 2, 79% yield
(CCDC 2441000) (CCDC 2441001)
156, n=2

(50 °C, 4 d) 49% yield (CCDC 2441002)

Our investigation of the aziridine ring opening reactions began with the seven-
membered aziridine 158 that was most similar to our previous synthetic intermediate 120.
Gratifyingly, ring-opening with acetic acid proceeded smoothly to deliver 159 in 47% yield
(Scheme 3.3.2). It is noteworthy that the reaction did not proceed at ambient temperature and
required heating to 60 °C for conversion to the ring-opened product. We were unable to
detect the formation of any other products or constitutional isomers resulting from the
alternative ring opening reaction. Because our previous report had also used acetic acid and

led to the same outcome, the subsequent ring openings were performed using reactants other
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than oxygen-based nucleophiles and conditions that did not involve protic acids. Dauban and
Dodd reported ring opening of 128 at the more substituted aziridine carbon (shown in
Scheme 3.1.1) using TMSN; and catalytic TBAF.* When treating 158 with the same
reagents at 60 °C, we again observed exclusive ring opening at the least-substituted position,
forming 160 in 81% yield, the structure of which was unambiguously determined by X-ray
crystallography (CCDC 2440998). As a final test, we opted to perform a ring opening
analogous to that reported by Hayashi in which treatment of the non-activated bicyclic
aziridine 130 (shown in Scheme 1) with BnBr resulted in ring opening at the more substituted
position.*® Treatment of 158 with BnBr in MeCN at 60 °C did allow for ring opening to
occur, although with partial removal of the acetonide protecting group. Thus, a two-step
procedure of ring opening and reprotection was employed. This enabled clean isolation of
161 in 65% yield with no indication of products resulting from alternative ring opening
reactions. The results of these experiments led us to hypothesize that the regioselectivity of
these transformations is influenced primarily by the nature of the aziridine.

With these results in hand, we turned our attention to evaluating the same ring
opening reactions using six-membered substrate 157 and were surprised to observe the same
exclusively regioselective outcomes. Opening with acetic acid proceeded in a similar 51%
yield to give 162, the reaction with TMSN; afforded 157 in 72% yield, and opening with
BnBr followed by reprotection gave 164 in 57% yield. The transformations involving
TMSN;3 and AcOH proceeded at milder temperatures than in the seven-membered case. We
assumed that this reflected increased strain in the azabicyclo[4.1.0]heptane motif of 157
relative to the azabicyclo[5.1.0]octane motif found in 158, discussed later in Figure 3.3.1. In

all cases, no constitutional isomers resulting from the alternative ring opening were observed.
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Scheme 3.3.2 Ring opening of fused bicyclic N-aryl aziridines
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>LO o Me><Me Me_ Me
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While these transformations are not an exhaustive evaluation of all ring opening
conditions reported for aziridines, they are representative of diverse conditions in which
different sites of reaction have been observed. In a mechanistic sense, each transformation
likely proceeds in a similar manner via initial activation (protonation, silylation, alkylation)
of the aziridine nitrogen, followed by nucleophilic attack. Therefore, as a final test we
thought it pertinent to evaluate whether this type of activation was necessary for the ring
opening to proceed. Du Bois'? as well as Dauban and Dodd* have reported that bicyclic
aziridines derived from sulfamates can undergo ring-opening reactions in the absence of
strong activation; 128 will undergo ring opening in the presence of methanol, amines, and in
the presence of NaN3 in DMF with an exclusive preference for opening at the more

substituted position (129 and 165, Scheme 3.3.3). Treatment of 157 and 158 with MeOH
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resulted in no reaction even at elevated temperature. Likewise, both aziridines failed to react
in the presence of NaOMe or the more Lewis acidic LiOMe in refluxing MeOH.
Furthermore, there were no signs of ring opening in the presence of NaN3 (Scheme 3.3.3).
Thus, stronger activation of these aziridines appears to be necessary for ring opening to
occur.

Scheme 3.3.3 Failed ring opening without strong activation

AN
Me Me MeOH(;rrequx Me Me ? NaN; . ?/>>N3
: = ————>» 0=s§
OX o Na/LiOMe, L\,II:JOH, reflux oXo 06,S~N< DMF or .PrOH 7 \H
NaN3, DMF/i-PrOH, 50 °C 128 70% yield
) x> ) [Ref. 13] 129
n n
N N ?/\ >~ 0
0=$s _l OMe
. Rl 7N MeOH,23°C O3S,
= s IN3
157 or 158 R!=OMe, N 0 69% vield o N
not observed 128 R °fy ‘:e 165
(no reaction) [Ref. 4a]

Having evaluated ring opening reactions of the N-aryl bicyclic aziridines, we
considered the possibility of performing similar reactions using the triazoline precursors, as
such transformations have been documented.!* Treating triazoline 156 with acetic acid at
ambient temperature resulted in ring opening to give the same acetylated product 159 in 31%
NMR vyield (Scheme 7). This was accompanied by formation of the imine product 166, a
frequently encountered decomposition product of this type of triazoline.!?>!> A similar
outcome was observed when treating 156 with TMSN; and TBAF at 60 °C with azide 160
being observed in 56% NMR yield, accompanied by 27% of the imine. Treatment with

benzyl bromide resulted only in non-specific decomposition.
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Scheme 3.3.4 Ring opening of triazolines and formation of imine/enamine byproducts
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As in the case of the opening of aziridines, the six-membered substrates reacted at
lower temperatures. Treatment of 155 with acetic acid resulted in formation of 162 in 30%
yield by NMR. This was accompanied by formation of a putative imine/enamine product
(167), assigned by analogy to the seven-membered product. Unlike the seven-membered
analog, this product proved to be highly unstable and recalcitrant to purification. We were

able to obtain high-resolution mass spectrometry data that suggested the molecule had a
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formula consistent with this imine/enamine. Ring opening with TMSN3 performed similarly
to give 163 in 75% NMR yield, and treatment with BnBr again resulted only in a complex
profile. Additionally, both triazolines also failed to react in the presence of methanol, NaOMe
or LiOMe at elevated temperature, or NaN3. Taken together, these results indicate that
triazolines behave similarly to the analogous N-aryl aziridines with respect to the
regioselectivity of ring opening but are more prone to decomposition in these
transformations.

Since the origin of regioselectivity for the ring opening of bicyclic aziridines is
substrate dependent (as seen in Scheme 1), we sought to better understand the exclusive
regioselectivities observed through analysis of the crystal structures of 157 and 158 (Figure
3.3.1, CCDC 2441001 and 2440999). Of course, the solid state aziridine structures may not
reflect the solution phase conformations of these molecules, and activation of the aziridine
under the reaction conditions likely distorts both ground state structures. Unfortunately, it
was not possible to obtain a crystal structure of a protonated or otherwise activated aziridine
intermediate. However, analysis of these ground state structures still provides valuable
information that may help understand the reactivity of these systems, discussed below. It
should be noted that both aziridines crystallized with two molecules in the asymmetric unit,
thus bond lengths and torsion angles are shown as averages and the uncertainties shown in
parentheses have been propagated.

In the seven-membered substrate 158, the molecule is oriented such that the
aziridine lone pair is nearly perfectly aligned with the aromatic n-system, made clear by the
nearly identical torsion angles (Figure 1, left). In contrast, 157 adopts a conformation in

which the aziridine lone pair does not overlap as effectively with the aromatic n-system and
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results in a considerable difference in the same torsion angles (Figure 1, right). When
comparing the relevant bond lengths of the seven-membered and six-membered substrates,
it appears that this loss of conjugation does not significantly affect the length of the N1-C2
bond (1.476(2) for 158 and 1.476(4) for 157), while the N1-C1 bond length increases with
loss of conjugation (1.474(2) for 158 and 1.485(4) for 157). This difference may be due to
improved orbital overlap between the aromatic n-system and the N1-C1 o* orbital in this
conformation of 157, supported by the G—F-N;—C; torsion angle being nearly 90°.
Experimentally these differences in conjugation are supported by the observation that
reactions of the seven-membered aziridine require elevated temperatures relative to the six-
membered aziridine. These differences in ground state structure do not on their own explain
why both aziridines undergo ring opening at the same position (C1) but instead call attention
to the correlation between loss of lone pair conjugation and N1-C1 bond elongation.

Figure 3.3.1 Conformational analysis of aziridines and identification of a relationship

between lone pair conjugation and N1-C1 bond length

Seven-Membered Ring Six-Membered Ring

157 If

Average bond length (A) Average bond length (A)
N,—C, 1.474(2) R'H 8 N,—C, 1.485(4) R! H O
N—-C; 1.476(2) N\ N,~C, 1.476(4) N
Torsion Angles R1 Torsion Angles R1 N
G-F-N;-C4 57.7(2)° G-F-N,-C, 87.4(3)°
E-F-N;-C; -57.9(2)° E-F-N,~C, -29.0(3)°

X-ray structures show correlation between disrupted lone pair conjugation and N,—C; bond length elongation
Aziridine activation disrupts conjugation, may affect N;~C, bond length in a similar manner
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While we do not wish to speculate too heavily, we believe that the correlation
between loss of conjugation and bond elongation could be an important factor in explaining
the observed regioselectivity. Each ring opening likely proceeds through activation
(protonation, silylation, alkylation) to form an aziridinium where lone pair conjugation
would be disrupted (Scheme Figure 1, intermediate 168). In turn, this could engender a
conformational change that causes N1-C1 bond elongation in an analogous fashion to that
observed when comparing 158 and 157. The greater reactivity of 157 could be due to a
predisposed elongation in the ground state. Although not perfectly analogous, bond
elongation due to stabilization of cationic species by hyperconjugation has been observed.!'®
Overall, we believe elongation of the N1-C1 bond relative to the N1-C2 bond may be a
factor that contributes to preferential opening at C1.

While N1-C1 bond elongation could contribute to regioselective opening at Cl1,
steric and electronic factors likely contribute as well. Electronic stabilization that would favor
attack at C2 is likely to be weak, a phenomenon that has been observed in certain ring
opening reactions of similarly substituted epoxides.!” Steric factors may also contribute to
preferential attack at the less hindered C1 position. Taken together, these considerations
suggest that in a general sense, ring openings of bicyclic N-aryl aziridines bearing similar
substitution patterns to the substrates described herein are likely to occur preferentially at the

C1 position.



Chapter 3 — Preparation and Regioselective Ring Opening Reactions of Fused Bicyclic Aziridines 422

Scheme 3.3.5 Possible factors influencing regioselective attack
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3.4 CONCLUSION

In conclusion, we have disclosed a reliable synthetic route for the preparation of fused
bicyclic N-aryl aziridines and have performed a systematic evaluation of the ring opening
reactions of these molecules with a variety of heteroatom nucleophiles, inspired by our recent
total synthesis efforts. Notably, each ring opening proceeds with exclusive regioselectivity.
Mechanistically, the reactions are believed to proceed via initial activation of the aziridine
followed by nucleophilic attack. Additionally, we found that the triazoline precursors to these
aziridines were also competent substrates for ring opening reactions, albeit with concomitant
formation of imine/enamine byproducts. Through X-ray crystallographic analysis of the
aziridines, we were able to glean information about aziridine lone pair conjugation and its
correlation with N-C bond lengths that may contribute to the exclusive regioselectivities
observed. We hope these insights will help inform future studies involving fused bicyclic N-
aryl aziridines as well as those concerned with elucidating the origins of aziridine ring
opening regioselectivity.

3.5 EXPERIMENTAL SECTION
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3.5.1 GENERAL INFORMATION

Unless otherwise stated, reactions were performed in flame-dried glassware under an
argon or nitrogen atmosphere using dry, deoxygenated solvents. Solvents were dried by
passage through an activated alumina column under argon.!® Reaction progress was
monitored by thin-layer chromatography (TLC) or Agilent 1290 UHPLC-MS. TLC was
performed using E. Merck silica gel 60 F254 precoated glass plates (0.25 mm) and visualized
by UV fluorescence quenching, p-anisaldehyde, or KMnOjs staining. Silicycle SiliaFlash®
P60 Academic Silica gel (particle size 4063 um) was used for flash chromatography. 'H
NMR spectra were recorded on Varian Inova 500 MHz and Bruker 400 MHz spectrometers
and are reported relative to residual CHCI3 (8 7.26 ppm) or C¢DsH (8 7.16 ppm). 3C NMR
spectra were recorded on a Varian Inova 500 MHz spectrometer (125 MHz) and Bruker 400
MHz spectrometers (100 MHz) and are reported relative to CDCIl3 (6 77.16 ppm) or CsDs (0
128.06) . Data for 'H NMR are reported as follows: chemical shift (5 ppm) (multiplicity,
coupling constant (Hz), integration). Multiplicities are reported as follows: s = singlet, d =
doublet, t = triplet, q = quartet, p = pentet, sept = septuplet, m = multiplet, br s = broad singlet,
br d = broad doublet. Data for 3C NMR are reported in terms of chemical shifts (8 ppm).
IR spectra were obtained by use of a Perkin Elmer Spectrum BXII spectrometer using thin
films deposited on NaCl plates and reported in frequency of absorption (cm™). High
resolution mass spectra (HRMS) were obtained from an Agilent 6230 Series TOF with an
Agilent Jet Stream ion source in electrospray ionization (ESI+) mode. Reagents were

purchased from commercial sources and used as received unless otherwise stated.
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3.5.2 SAFETY

Azides and triazolines are reactive, potentially explosive and toxic molecules.
Although these compounds displayed relative thermal stability and no incidents occurred
during the preparation of any compounds described herein, they should be handled with care.
Additionally, TMSN; can rapidly hydrolyze in the presence of water to hydrazoic acid (HN3)
which is volatile, toxic, and explosive.

3.5.3 EXPERIMENTAL PROCEDURES

CO,Me
CO,Me

Br
Dimethyl 2-(2-bromophenyl)malonate (144): Prepared according to a modified procedure
from Cai and coworkers.!” To a flame-dried flask with stir bar was added methyl 2-(2-
bromophenyl)acetate (prepared according to Coe and coworkers?) (9.76 g, 40.3 mmol, 1.0
equiv). Dimethyl carbonate (129 mL) was added and the solution was cooled to 0 °C. NaH
(60% wt, 5.11 g, 121 mmol, 3.0 equiv) was added portionwise. The cooling bath was
removed, and the mixture was heated to 50 °C for 14 hours. After cooling to ambient
temperature, water (500 mL) was added, the layers were separated, the aqueous layer was
extracted with EtOAc (3x75 mL). The combined organic layers were washed with brine (100
mL), dried over Na>xSQO4, and concentrated under reduced pressure. The crude reside was
purified by flash column chromatography (30% EtOAc in hexanes) to give the title
compound as a white solid (9.17 g, 75% yield). Characterization data were in accord with

those reported in the literature;?! a '"H NMR spectrum is provided for reference.

TH NMR: (600 MHz, CDCl3) § 7.60 (dd, J = 8.0, 1.3 Hz, 1H), 7.48 (dd, J= 7.8, 1.7 Hz, 1H),

7.34 (td, J=7.6, 1.3 Hz, 1H), 7.20 (ddd, J= 8.0, 7.4, 1.2 Hz, 1H), 5.28 (s, 1H), 3.79 (s, 6H)
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CO,Me KoCO,8 MeO,C CO,Me

allyl-Br
CoMe — VT o A

acetone, reflux
Br Br

Dimethyl 2-allyl-2-(2-bromophenyl)malonate (145): Malonate 144 (3.85 g, 13.4 mmol,
1.0 equiv) was charged to round bottom flask equipped with a magnetic stir bar. Acetone (45
mL, 0.3 M) was added followed by K>COs (7.42 g, 53.7 mmol, 4 equiv) and allyl bromide
(4.87 g, 3.48 mL, 40.2 mmol, 3 equiv). A reflux condenser was added to the flask and the
system was flushed with nitrogen before refluxing for 14 hours. After this time, the mixture
was cooled to ambient temperature. Water (200 mL) was added and the mixture was
extracted with Et,O (3x100 mL). The combined organic layers were washed with brine, dried
over Na»SOs and concentrated under reduced pressure to give a colorless oil (4.39 g, 95%

yield) that was sufficiently pure for use without further purification.

IH NMR: (400 MHz, CDCL3) § 7.58 (dd, J = 7.8, 1.4 Hz, 1H), 7.29 (ddd, J = 8.0, 7.2, 1.4
Hz, 1H), 7.21 - 7.10 (m, 2H), 5.77 (ddt, J= 17.2, 10.2, 7.1 Hz, 1H), 5.02 (ddt, /= 17.1, 2.0,
1.4 Hz, 1H), 4.93 (ddt, J=10.1, 2.1, 1.1 Hz, 1H), 3.79 (s, 6H), 3.23 (dt, J= 7.2, 1.3 Hz, 2H).
13C NMR: (100 MHz, CDCl;) 5 170.30, 137.19, 134.78, 133.59, 130.13, 129.14, 127.38,
123.93, 118.52, 64.91, 53.21, 38.92.

IR: (neat film, NaCl) 2950, 1746, 1470, 1432, 1256, 1212, 1136, 1026, 918, 744 cm!

HRMS: (ESI') m/z calc’d for C14H1sBrOsNa [M+Na]": 349.0046 found 349.0044
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CO,Me MeO,C CO,Me

NaH
CO,Me 4-iodo-1-butene Z

DMF, 70 °C
Br Br

Dimethyl 2-(2-bromophenyl)-2-(but-3-en-1-yl)malonate (146): To a flame-dried flask
with stir bar was added a mineral oil dispersion of NaH (60 wt%, 1.92g, 47.91 mmol, 1.5
equiv). The flask was purged and backfilled three times and cooled to 0 °C. DMF was added
to the flask (15 mL), followed by malonate 144 (9.17 g, 31.94 mmol, 1.0 equiv) as a solution
in DMF (15 mL) and stirred for 10 minutes at 0 °C then 20 minutes at ambient temperature.
4-i0odo-1-butene?? (11.63 g, 63.9 mmol, 2.0 equiv) was added as a solution in DMF (15 mL)
to the reaction mixture. The flask was heated in a heating block at 70 °C for 15 h. After this
time, the reaction mixture was cooled to ambient temperature. Water (250 mL) was added
and the mixture was extracted with EtOAc (3x75 mL). The combined organic layers were
washed with 10% aq. LiCl (100 mL), brine (100 mL), dried over Na,SOs, and concentrated
under reduced pressure. The crude oil was purified by flash column chromatography (20 —

30% Et,0 in hexanes) to give the title compound as a colorless oil (8.35 g, 77% yield).

H NMR: (500 MHz, CDCl3) § 7.59 (dd, J = 7.9, 1.5 Hz, 1H), 7.32 — 7.28 (m, 1H), 7.19 —
7.14 (m, 2H), 5.78 (ddt, J = 16.8, 10.1, 6.5 Hz, 1H), 4.99 (dd, J= 17.1, 1.7 Hz, 1H), 4.93 (dd,
J=10.2, 1.6 Hz, 1H), 3.79 (s, 6H), 2.58 — 2.53 (m, 2H), 1.99 — 1.90 (m, 2H)

13C NMR: (125 MHz, CDCL) § 170.6, 137.9, 137.2, 134.8, 130.1, 129.1, 127.5, 124.0,
115.0, 64.5, 53.2, 33.6, 29.9

IR: (neat film, NaCl) 2950, 1738, 1432, 1256, 1205, 1022, 912, 748, 674 cr”!

HRMS: (ESI") m/z calc’d for C1sH17BrO4Na [M+Na]*: 363.0205 found 363.0209
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Me Me
OH

MeO,C CO,Me OH 1. 2,2-dimethoxypropane [o) (o)
DIBAL-H PPTS, CH,Cl,, 23 °C
N —mm8M8M -
CH,CI. = i, - i
2Cls 2. n-BuLi, -PrOBPin X
Br -78 - 23°C Br THF,-78 - 0°C
BPin

2-(2-(5-Allyl-2,2-dimethyl-1,3-dioxan-5-yl)phenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (149): To a flame-dried flask equipped with stir bar was added compound
145 (4.20 g, 12.8 mmol, 1.0 equiv). The flask was purged and backfilled with nitrogen three
times. CH>Cl (32 mL) was added and the stirred solution was cooled to —78 °C. DIBAL-H
(neat, 16.0 mL, 89.6 mmol, 7 equiv) was added dropwise and the solution was allowed to
warm to ambient temperature over the course of three hours and stirred for an additional
twelve hours at the same temperature. After this time, the solution was cooled to 0 °C. EtOAc
(10 mL) was added carefully. Then EtcO (250 mL) was added followed by aqueous
Rochelle’s salt solution (250 mL) and stirred vigorously until two relatively clear layers
formed. The layers were separated and the aqueous layer was extracted with EtOAc (3x75
mL). The combined organic layers were washed with brine, dried over Na;SO4 and
concentrated under reduced pressure to give a colorless oil (2.40 g) that was used without
further purification.

The crude oil (2.40 g) was added to a flame-dried flask with stir bar. CH>Cl, (44 mL)
was added followed by 2,2,-dimethoxypropane (6.5 mL, 53.1 mmol, 6 equiv), and the
resulting solution was cooled to 0 °C. Pyridinium p-toluenesulfonate (0.222 g, 0.885 mmol,
10 mol %) was added. The reaction was warmed to ambient temperature and stirred for two
hours, after which time TLC indicated consumption of the diol. The solution was cooled to
0 °C and satd. Aq. NaHCOs3 (50 mL) was added. The layers were separated, and the aqueous

layer was extracted with CH2Clz (3x20 mL). The combined organic layers were washed with
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brine, dried over Na;SO4 and concentrated under reduced pressure to give a colorless oil (2.2
2.

The crude oil (2.2 g) was azeotroped with benzene then dried under high vacuum for
>2 hours. After this time an oven-dried stir bar was added followed by THF (44 mL) and the
solution was cooled to —78 °C. n-BuLi (2.5 M in hexanes, 5.32 mL, 13.3 mmol, 1.5 equiv)
was added dropwise at —78 °C and stirred for one hour. Isopropylpinacolylborate (3.25 mL,
15.93 mmol, 1.8 equiv) was added dropwise at —78 °C. The solution was then warmed to
0 °C and stirred for two hours. The reaction was quenched with water 50 mL. The layers
were separated and the aqueous layer was extracted with EtOAc (3x15 mL). The combined
organic layers were washed with brine, dried over Na>xSOs, and concentrated under reduced
pressure. The crude residue was purified by flash column chromatography (0 — 30% Et,O

in hexanes) to afford compound 149 as a colorless oil (1.592 g, 53% yield over 3 steps).

'TH NMR: (400 MHz, CDCl3) § 7.63 (dd, J=7.4, 1.7 Hz, 1H), 7.35 (td, /= 7.5, 1.6 Hz, 1H),
7.25 —7.18 (m, 2H), 5.39 (ddt, J=17.4, 10.1, 7.3 Hz, 1H), 5.02 (ddt, /= 17.0, 2.4, 1.3 Hz,
1H), 4.92 (ddd, J=10.1, 2.3, 1.1 Hz, 1H), 4.15 (s, 4H), 2.84 (dt, J = 7.4, 1.2 Hz, 2H), 1.48
(s, 3H), 1.38 (overlapping singlets, 15H).

13C NMR: (100 MHz, CDCls) 8 146.6, 135.6, 134.4, 129.9, 126.7, 125.8, 117.7, 98.0, 84.2,
67.6, 41.2, 39.3, 26.3, 24.9, 21.7 One aromatic signal is not observed due to boron
quadrupolar relaxation.

HB NMR: (128 MHz, CDCIl3) 6 32.5. Externally referenced to BF3+OEt; (5 0.0)

IR: (neat film, NaCl) 3070, 2980, 2938, 2870, 1488, 1436, 1372, 1340, 1304, 1200, 1144,

1090, 916, 860, 838, 760, 748, 670 cm!
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HRMS: (EST") m/z calc’d for C21H3,BO4 [M+H]": 359.2388 found 359.2390
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oH Me  Me
MeO,C CO,Me OH 1. 2,2-dimethoxypropane o 0

_  DIBAL-H _ PPTS, CH,Cl,, 23 °C
_
CH,Cl, 2. n-BuLi, -PrOBPin Z
Br -78 »23°C Br THF, =78 - 0 °C
BPin

2-(2-(5-(But-3-en-1-yl)-2,2-dimethyl-1,3-dioxan-5-yl)phenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (150): To a flame-dried flask equipped with stir bar was added compound
146 (4.78 g, 14.00 mmol, 1.0 equiv). The flask was purged and backfilled with nitrogen three
times. CH>Cl» (46 mL) was added and the stirred solution was cooled to —78 °C. DIBAL-H
(neat, 17.47 mL, 98.0 mmol, 7 equiv) was added dropwise and the solution was allowed to
warm to ambient temperature over the course of 3 hours, and stirred for an additional 12
hours at this temperature. After this time, the solution was cooled to 0 °C. EtOAc (10 mL)
was added carefully. Then Et;O (250 mL) was added followed by aqueous Rochelle’s salt
solution (250 mL) and stirred vigorously until two relatively clear layers formed. The layers
were separated and the aqueous layer was extracted with EtOAc (3x75 mL). The combined
organic layers were washed with brine (100 mL), dried over NaxSO4 and concentrated under
reduced pressure to give a crude oil (2.8 g) that was used without further purification.

The crude oil (2.8 g) was added to a flame dried flask with stir bar. CH>Cl, (43 mL) was
added followed by 2,2,-dimethoxypropane (6.32 mL, 51.6 mmol, 6 equiv), and the resulting
solution was cooled to 0 °C. Pyridinium p-toluenesulfonate (0.216 g, 0.859 mmol, 10 mol %)
was added. The reaction was warmed to ambient temperature and stirred for 2 hours, after
which time TLC indicated consumption of the diol. The solution was cooled to 0 °C and satd.
aq. NaHCOs (50 mL) was added. The layers were separated, and the aqueous layer was
extracted with CH2Cl (3x20 mL). The combined organic layers were washed with brine

(100 mL), dried over NaxSO4 and concentrated under reduced pressure to give a colorless oil

2.3 g).
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The crude oil (2.3 g) was azeotroped with benzene then dried under high vacuum for >2
hours. After this time an oven-dried stir bar was added followed by THF (35 mL) and the
solution was cooled to —78 °C. n-BuLi (2.5 M in hexanes, 4.25 mL, 10.6 mmol, 1.5 equiv)
was added dropwise at —78 °C and stirred for 1 hour. Isopropylpinacolylborate (2.60 mL,
12.74 mmol, 1.8 equiv) was added dropwise at —78 °C. The solution was then warmed to
0 °C and stirred for 2 hours. The reaction was quenched with water (50 mL). The layers were
separated and the aqueous layer was extracted with EtOAc (3x15 mL). The combined
organic layers were washed with brine (100 mL), dried over Na;SOs4, and concentrated under
reduced pressure. The crude residue was purified by flash column chromatography (0 —
30% Et20 in hexanes) to afford compound 150 as a colorless oil (1.975 g, 38% yield over 3

steps).

'H NMR: (400 MHz, CDCl3) § 7.60 (dd, J= 7.4, 1.6 Hz, 1H), 7.36 (ddd, /= 8.0, 7.1, 1.6
Hz, 1H), 7.30 (dd, J = 8.0, 1.3 Hz, 1H), 7.22 (td, /= 7.3, 1.3 Hz, 1H), 5.73 (ddt, J = 16.8,
10.2, 6.5 Hz, 1H), 4.92 (dq, J = 17.1, 1.7 Hz, 1H), 4.86 (ddt, /= 10.2, 2.2, 1.2 Hz, 1H), 4.21
(d,J=11.6 Hz, 2H), 4.12 (d, J=11.6 Hz, 2H), 2.13 — 2.04 (m, 2H), 1.70 (dddd, /=9.1, 6.4,
3.9, 1.4 Hz, 2H), 1.47 (s, 3H), 1.39 — 1.35 (overlapping singlets, 15H)

13C NMR: (100 MHz, CDCl3) 8 146.7, 139.0, 135.4, 129.8, 127.0, 125.7, 114.3, 98.1, 84.2,
68.2,41.7, 34.3, 28.3, 25.6, 25.0, 22.4. One aromatic signal is not observed due to boron
quadrupolar relaxation.

HB NMR: (128 MHz, CDCI3) & 32.9. Externally referenced to BF3+OEt; (5 0.0)

IR: (neat film, NaCl) 3066, 2978, 2936, 2862, 1436, 1372, 1340, 1302, 1258, 1144, 1090,

1050, 858, 838, 752, 670 cm!
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HRMS: (ESI*) m/z cale’d for CaH34BOs [M+H]*: 373.2545 found 373.2542
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Me Me Me Me

o0 MeONH, o0
n-BuLi

BPin NH,
2-(5-Allyl-2,2-dimethyl-1,3-dioxan-5-yl)aniline (151): To a flame dried flask with stir bar
was added a THF solution of MeONH: (1.6 M, 12.9 mL, 20.65 mmol, 4.6 equiv) followed
by an addition 60 mL of THF. The solution was cooled to —78 °C and stirred for 10 minutes.
n-BuLi (2.5 M, 8.3 mL, 20.65 mmol, 4.6 equiv) was added dropwise. The resulting solution
was stirred at —78 °C for 30 minutes. BPin 149 (1.592 g, 4.44 mmol, 1.0 equiv) was added
dropwise as a solution in THF (10 mL). The resulting solution was stirred 5 minutes at —
78 °C, then the cooling bath was removed and the solution was allowed to warm to ambient
temperature (~30 mins). After warming to ambient temperature, the reaction mixture was
heated to 60 °C for an additional 15 hours. After this time, the reaction was cooled to 0 °C
and quenched by the addition of water (150 mL). EtOAc (50 mL) was added, the layers were
separated, and the aqueous layer was extracted with EtOAc (3x50 mL). The combined
organic extracts were washed with brine, dried over Na;SO4 and concentrated under reduced
pressure. The crude residue was purified by flash column chromatography (30 — 50% Et,O

in hexanes) to afford aniline 151 as a pale yellow oil (972 mg, 88% yield).

IH NMR: (500 MHz, CDCL3) § 7.10 — 7.01 (m, 2H), 6.75 — 6.70 (m, 1H), 6.67 (dd, J= 7.8,
1.4 Hz, 1H), 5.64 (ddt, J = 17.1, 10.1, 6.9 Hz, 1H), 5.15 (dd, J = 17.0, 1.8 Hz, 1H), 5.08 —
5.01 (m, 1H), 4.41 (s, 2H), 4.08 (d, J= 11.9 Hz, 2H), 3.87 (d, J= 11.9 Hz, 2H), 2.86 (dt, J=
7.0, 1.4 Hz, 2H), 1.48 (s, 3H), 1.4 (s, 3H)

13C NMR: (125 MHz, CDCL:) § 145.9, 134.2, 128.3, 127.8, 125.5, 118.1, 118.1, 118.1, 99.5,

66.3,42.3,39.1, 25.0,23.2.
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IR: (neat film, NaCl) 3460, 3362, 2988, 2876, 1640, 1498, 1450, 1372, 1258, 1226, 1200,
1162, 1088, 920, 834, 746 cm ™.

HRMS: (EST") m/z calc’d for Ci1sH2i1NO; [M+H]": 248.1645 found 248.1647
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Me  Me Me  Me

o "o MeONH, 0" "o

n-BuLi
= —_— =
THF, =78 — 60 °C
BPin NH,

2-(5-(But-3-en-1-yl)-2,2-dimethyl-1,3-dioxan-5-yl)aniline (152): To a flame dried flask
with stir bar was added a THF solution of MeONH> (1.8 M, 8.85 mL, 15.93 mmol, 3.0 equiv)
followed by an additional 48 mL of THF. The solution was cooled to —78 °C and stirred for
10 minutes. n-BuLi (2.5 M, 6.37 mL, 15.93 mmol, 3.0 equiv) was added dropwise. The
resulting solution was stirred at —78 °C for 30 minutes. BPin 150 (1.975 g, 5.31 mmol, 1.0
equiv) was added dropwise as a solution in THF (14 mL). The resulting solution was stirred
5 minutes at —78 °C, then the cooling bath was removed, and the solution was allowed to
warm to ambient temperature (~30 mins). After warming to ambient temperature, the
reaction mixture was heated to 60 °C for an additional 15 hours. After this time, the reaction
was cooled to 0 °C and quenched by the addition of water (150 mL). Ethyl acetate (50 mL)
was added, the layers were separated, and the aqueous layer was extracted with EtOAc (3x50
mL). The combined organic extracts were washed with brine (50 mL), dried over Na;SO4
and concentrated under reduced pressure. The crude residue was purified by flash column
chromatography (30 — 50% Et;0 in hexanes) to afford aniline 152 as a colorless oil (1.049

g, 76% yield).

TH NMR: (500 MHz, CDCls) § 7.09 — 7.00 (m, 2H), 6.77 — 6.70 (m, 1H), 6.66 (dd, J=7.9,
1.4 Hz, 1H), 5.83 (ddt, J=16.7, 10.1, 6.4 Hz, 1H), 5.01 (dt, J= 17.1, 1.8 Hz, 1H), 4.95 (dd,
J=10.2, 1.8 Hz, 1H), 4.33 (br s, 2H), 4.13 (d, J = 11.8 Hz, 2H), 3.90 (d, J = 11.9 Hz, 2H),

2.16 —2.09 (m, 2H), 1.94 — 1.86 (m, 2H), 1.49 (s, 3H), 1.43 (s, 3H)
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3C NMR: (125 MHz, CDCl3)  146.0, 138.7, 128.3, 127.8, 125.3, 118.3, 118.2, 114.6, 99.3,
66.9,42.4,33.6,28.4,24.9,23.2.

IR: (neat film, NaCl) 1456, 3366, 3076, 2990, 2940, 2876, 1640, 1500, 1450, 1374, 1258,
1226, 1200, 1166, 1090, 912, 834, 750 cm™!

HRMS: (EST") m/z calc’d for Ci6H24NO> [M+H]™: 262.1802 found 262.1803
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Me  Me
Me_ Me Me  Me
o) 0 t+-BuONO o (o) ? i
TMSN,
—_— —_—
X MeCN,0°C X benzene, 23°C
12h
NH. N \
2 3 N=N

2',2'-Dimethyl-3a,4-dihydro-3H-spiro[[1,2,3]triazolo[1,5-a]quinoline-5,5'-
[1,3]dioxane] (155): To a flame-dried test tube with stir bar was added aniline 151 (100 mg,
0.40 mmol, 1.0 equiv). The vessel was evacuated and backfilled with nitrogen three times.
Acetonitrile (2.0 mL) was added and the solution was cooled to 0 °C. Tert-butyl nitrite (167
mg, 0.192 mL, 1.6 mmol, 4.0 equiv) was added and the solution was stirred for five minutes.
Then TMSN3 (140 mg, 0.16 mL, 1.2 mmol, 3.0 equiv) was added dropwise. After fifteen
minutes bubbling ceased, and TLC analysis indicated complete consumption of the aniline.
The reaction was warmed to ambient temperature, concentrated under reduced pressure and
purified by flash column chromatography (1 — 5 — 10% Et;0O in hexanes) to give azide 153
as a colorless oil (100 mg, 91% yield). Note: Azide 153 rapidly undergoes intramolecular
cycloaddition (half life ~3 h in solution). Concentration of the crude reaction mixture should
be performed with bath temperatures < 25 °C, and flash column purification should be
performed with haste. As such, it was not possible to obtain sufficiently pure samples of azide
153 without contamination of triazoline 155, therefore, characterization data are only
reported for the triazoline product 155 following cycloaddition.

To the obtained azide 153 (100 mg, 0.365 mmol, 1.0 equiv) in a 20 mL vial was
added benzene (5 mL). The vial was flushed with nitrogen and the solution was allowed to
stir at ambient temperature for 12 hours, protected from light. After this time, the reaction
mixture was concentrated under reduced pressure. Hexanes (5 mL) were added causing
precipitation of a white solid. The mixture was concentrated under reduced pressure, hexanes

(5 mL) were again added, the mixture was filtered, and triazoline 155 was collected as a
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white crystalline solid (67 mg, 61% yield over 2 steps, 67% yield from azide 153). This
triazoline proved more sensitive than the seven-membered analog. Therefore, it was not
stored for periods >1 week and was protected from light, as prolonged exposure to light
(>24 hours at ambient temperature) resulted in discoloration of the solid. Crystals for X-ray
analysis were grown by layer diffusion of heptane into a solution of 155 dissolved in minimal

Et,0 at —20 °C (protected from light).

'TH NMR: (400 MHz, CsDs) 4 7.90 (dd, /= 8.1, 1.3 Hz, 1H), 7.20 (dd, /= 7.9, 1.4 Hz, 1H),
7.08 (ddd, J = 8.1, 7.3, 1.4 Hz, 1H), 6.87 (ddd, J = 7.9, 7.3, 1.3 Hz, 1H), 4.01 (d, /= 11.6
Hz, 1H), 3.84 (dd, J=16.6, 11.3 Hz, 1H), 3.68 (dd, J=12.0, 1.6 Hz, 1H), 3.60 (dd, J=16.7,
7.1 Hz, 1H), 3.37 (dd, J = 12.0, 2.2 Hz, 1H), 3.07 — 2.94 (m, 2H), 2.22 — 2.13 (m, 1H), 1.42
(s,3H), 1.34 (s, 3H), 0.70 — 0.58 (m, 1H).

13C NMR: (100 MHz, CsDs) 8 138.8, 127.0, 125.2,122.9, 119.1, 98.3, 72.4, 69.6, 67.2, 46.8,
36.5,32.3, 28.0, 19.9. One aromatic signal is obscured by CsDs.

IR: (neat film, NaCl) 3040, 2990, 2942, 2874, 1604, 1484, 1454, 1372, 1258, 1200, 1158,
1092, 1010, 906, 830, 756 cm ™.

HRMS: (ESI") m/z calc’d for C1sHioNO2 [M—N2]": 246.1489 found 246.1483.

MP: 92 °C (dec.).
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NH, N

5-(2-Azidophenyl)-5-(but-3-en-1-yl)-2,2-dimethyl-1,3-dioxane (154): To a flame dried
flask with stir bar was added aniline 152 (0.999 g, 3.82 mmol, 1.0 equiv). The flask was
evacuated and backfilled with nitrogen three times. Acetonitrile (19 mL) was added and the
solution was cooled to 0 °C. Tert-butyl nitrite (1.82 mL, 15.28 mmol, 4.0 equiv) was added
and the resulting solution was stirred for 5 minutes. Then TMSN3 (1.51 mL, 11.46 mmol,
3.0 equiv) was added dropwise. The solution was maintained at 0 °C for 10 minutes then
warmed to ambient temperature. After maintaining at ambient temperature for an additional
15 minutes, TLC analysis indicated complete consumption of the starting material. The
reaction mixture was concentrated under reduced pressure and purified by flash column
chromatography (0 — 20% EtO in hexanes) to afford azide 154 as a colorless oil (0.921 g,

84% vield).

H NMR: (400 MHz, CéDs) 5 7.27 —7.21 (m, 1H), 6.89 — 6.83 (m, 2H), 6.71 — 6.67 (m, 1H),
5.66 (ddt, J=16.8, 10.2, 6.5 Hz, 1H), 4.94 — 4.84 (m, 2H), 4.21 — 4.16 (m, 2H), 3.96 (d, J =
11.8 Hz, 2H), 2.14 — 2.07 (m, 2H), 1.68 — 1.53 (m, 2H), 1.42 (s, 3H), 1.30 (s, 3H).

13C NMR: (100 MHz, CsDe) & 139.0, 138.2, 133.3, 130.3, 128.2, 124.8, 119.6, 114.5, 98.2,
67.2,41.2,32.1,28.8,24.3,23.9.

IR: (neat film, NaCl) 3080, 2990, 2938, 2870, 2126, 1484, 1444, 1370, 1288, 1258, 1200,
1092, 910, 844, 834, 750 cm".

HRMS: (ESI") m/z calc’d for C16H22N302 [M+H]": 288.1707 found 288.1710.
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2',2'-Dimethyl-3,3a,4,5-tetrahydrospiro[benzo[f][1,2,3]triazolo[1,5-a]azepine-6,5'-

[1,3]dioxane] (156): Azide 154 (0.920 g, 3.20 mmol, 1.0 equiv) was charged to a flask
followed by benzene (64 mL). The flask was flushed with nitrogen then heated to 50 °C in a
heating block for 96 h under a nitrogen atmosphere. After this time, an NMR aliquot
indicated complete consumption of the starting azide. The solution was cooled to ambient
temperature and concentrated under reduced pressure. 50 mL of hexanes were added to the
flask, causing precipitation of a white solid. This mixture was again concentrated under
reduced pressure. Hexanes (50 mL) were again added, and the mixture was filtered. The solid
residue was washed with hexanes (10 mL) and dried under vacuum to give triazoline 156 as
a white crystalline solid (0.454 g, 49% vyield). 156 is stable at ambient temperature for
several months without showing signs of decomposition, however, as a precaution it was
protected from light during prolonged storage. Crystals suitable for X-ray analysis were

grown by layer diffusion of pentane into a solution of 156 in minimal CH>Cl,.

H NMR: (400 MHz, CsD¢) 8 7.61 (dt, J=7.9, 1.0 Hz, 1H), 7.03 — 6.97 (m, 1H), 6.95 — 6.92
(m, 2H), 4.35 (dd, J= 12.1, 2.7 Hz, 1H), 421 (d, J= 11.1 Hz, 1H), 4.15 (dd, J = 16.6, 11.0
Hz, 1H), 3.65 — 3.54 (m, 2H), 3.31 (dd, J = 16.6, 13.3 Hz, 1H), 2.59 — 2.44 (m, 2H), 1.66 —
1.53 (m, 1H), 1.46 (s, 3H), 1.39 (ddt, J = 14.3, 4.4, 3.2 Hz, 1H), 1.23 (s, 3H), 0.95 (td, J =

13.7, 3.2 Hz, 1H).
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13C NMR: (101 MHz, CsDs) & 144.4, 134.9, 128.0, 126.3, 125.7, 122.5, 98.2, 74.3, 63.7,
63.7,59.0, 39.7, 29.13, 29.11, 27.8, 20.3.

IR: (neat film, NaCl) 2990, 2940, 2858, 1508, 1486, 1450, 1386, 1370, 1202, 1170, 1094,
1058, 978, 832, 756, 684, 676, 648 cm™!.

HRMS: (ESI") m/z calc’d for CisH22N30, [M+H]*: 288.1707 found 288.1715.

MP: 127 °C (dec.)
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2',2'-Dimethyl-1a,2-dihydro-1H-spiro[azirino[1,2-a]quinoline-3,5'-[1,3]dioxane] (157):
Triazoline 155 (62 mg, 0.2268 mmol) was charged to a flask with stir bar and 4.5 mL of
benzene were added. Argon gas was bubbled through the solution for 5 minutes with stirring
to remove oxygen then sealed. The flask was placed in a Lutzchem photobox equipped with
Hitachi F8T5-BLB UV A lamps centered at 350 nm and irradiated for 4 hours. After this time
the solution was concentrated under reduced pressure. The crude aziridine was purified by
flash column chromatography (10 — 50% EtOAc in hexanes) to afford aziridine 157 as a
crystalline solid (50 mg, 90% yield). Crystals suitable for X-ray diffraction were grown by

adding dissolving 157 in minimal Et2O and carefully layering with pentane.

'H NMR: (400 MHz, C¢D¢) & 7.28 (ddd, J = 7.7, 2.5, 1.4 Hz, 2H), 7.08 (ddd, J="7.9, 7.3,
1.5 Hz, 1H), 6.89 (td, J=7.5, 1.3 Hz, 1H), 4.20 (d, J=11.5 Hz, 1H), 4.01 (dd,J=11.7, 1.9
Hz, 1H), 3.78 (dd, J=11.8, 1.2 Hz, 1H), 3.38 (dd, /= 11.5, 1.8 Hz, 1H), 2.67 (dd, /= 13.4,
7.2 Hz, 1H), 2.35 (dddd, J = 8.2, 7.2, 4.7, 3.5 Hz, 1H), 2.18 (dd, /= 4.7, 1.2 Hz, 1H), 1.48
(s,3H), 1.38 (s, 3H), 1.20 (dd, /= 3.5, 1.2 Hz, 1H), 0.60 (ddd, J=13.4, 8.3, 1.2 Hz, 1H).
13C NMR: (100 MHz, CsDs) & 150.0, 132.5, 128.6, 125.2, 124.3, 122.5, 98.3, 67.5, 67.2,
42.1, 36.0, 30.2,29.7,26.2, 21.8.

IR: (neat film, NaCl) 2990, 2862, 1484, 1450, 1370, 1312, 1196, 1088, 984, 834, 750 cm™'.
HRMS: (EST") m/z calc’d for CisH2oNO> [M+H]": 246.1489 found 246.1487.

MP: 86-90 °C



Chapter 3 — Preparation and Regioselective Ring Opening Reactions of Fused Bicyclic Aziridines 443

Me_Me Me Me

hv (330 nm)

benzene, 23 °C
2',2'-Dimethyl-1,1a,2,3-tetrahydrospiro[azirino[1,2-a]benzo[f|azepine-4,5'-

[1,3]dioxane] (158): Triazoline 156 (0.365 g, 1.27 mmol) was charged to a flask with stir
bar and 25 mL of benzene were added. Argon gas was bubbled through the solution for 5
minutes with stirring to remove oxygen and sealed. The flask was placed in a Lutzchem
photobox equipped with Hitachi F§T5-BLB UVA lamps centered at 350 nm and irradiated
for 8 hours. After this time the solution was concentrated under reduced pressure. The crude
aziridine was purified by flash column chromatography (10 — 50% EtOAc in hexanes) to
afford aziridine 158 as a crystalline solid (0.260 g, 79% yield). Crystals suitable for X-ray

diffraction were grown by adding one drop of EtOAc to 3 mg of aziridine 158, heating the

sealed vial to 80 °C, and allowing the solution to slowly cool to ambient temperature.

H NMR: (400 MHz, C¢D¢) & 7.11 — 7.00 (m, 2H), 6.92 — 6.87 (m, 1H), 6.86 (dd, J = 7.8,
1.4 Hz, 1H), 4.64 (dd, J= 11.7, 1.9 Hz, 1H), 4.46 — 438 (m, 1H), 4.15 (d, /= 11.3 Hz, 1H),
3.70 (d,J = 1.9 Hz, 1H), 2.22 (ddd, J= 14.4, 13.1, 5.4 Hz, 1H), 2.13 (d, J=4.7 Hz, 1H), 1.98
(dtd, J=11.1, 4.3, 2.8 Hz, 1H), 1.66 (ddt, J= 14.3, 5.1, 2.3 Hz, 1H), 1.51 (s, 3H), 1.38 (d, J
= 3.5 Hz, 1H), 1.30 (s, 3H), 1.15 — 1.03 (m, 1H), 0.72 (dddd, J = 14.3, 13.1, 11.4, 5.5 Hz,
1H).

13C NMR: (100 MHz, CeDs) & 151.5, 130.1, 126.7, 122.7, 122.2, 98.1, 69.9, 67.7, 39.4, 38.3,

35.4,28.8,26.7,25.8, 22.5. One carbon signal is obscured by CsDs.
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IR: (neat film, NaCl) 3054, 2986, 2924, 2860, 1482, 1446, 1370, 1312, 1260, 1196, 1166,
1090, 838, 762, 748 cm™!.
HRMS: (EST") m/z calc’d for Ci¢H22NO> [M+H]*: 260.1645 found 260.1651.

MP: 96-99 °C
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Me>xe Me>£e
o] e 0o e
AcOH
-
benzene, 60 °C
N N
H

AcO
(2',2'-Dimethyl-1,2,3,4-tetrahydrospiro[benzo[b]azepine-5,5'-[1,3]dioxan]-2-yl)methyl
acetate (159): To a 1 Dr vial with stir bar was added aziridine 158 (20 mg, 0.077 mmol, 1.0
equiv). Benzene (0.77 mL) was added followed by AcOH (22 pL, 0.385 mmol, 5.0 equiv).
The vial was flushed with argon, sealed, and heated to 60 °C for 24 hours. After this time the
vial was cooled to ambient temperature and concentrated under reduced pressure. The
residue was re-dissolved in EtOAc (1 mL) and cautiously quenched with satd. aq. NaHCOs3
(1 mL). The layers were separated and the aqueous layer was extracted with EtOAc (2x1
mL). The combined organic layers were washed with brine, dried over Na;SO4 and
concentrated under reduced pressure. The crude residue was purified by flash column
chromatography (20 — 60 % Et;O in hexanes) to give acetyl compound 159 as a white
amorphous solid (11.6 mg, 47% yield). Synthesis of 159 beginning with triazoline 156 was
performed in an analogous fashion at ambient temperature instead of 60 °C. Flash column

chromatography afforded imine 166 in sufficient purity for structural assignment.

'H NMR: (400 MHz, C¢D¢) 6 7.12 (dd, J= 7.8, 1.6 Hz, 1H), 6.97 (td, J=7.5, 1.6 Hz, 1H),
6.89 (td, J=17.5, 1.4 Hz, 1H), 6.54 (dd, J=7.7, 1.4 Hz, 1H), 4.44 (dd, J=11.7,2.2 Hz, 1H),
423 (d,J=11.3 Hz, 1H), 4.03 (d, /= 11.6 Hz, 1H), 3.96 — 3.84 (m, 2H), 3.66 (dd, J=11.2,
9.0 Hz, 1H), 3.49 (s, 1H), 2.78 (dddd, J = 10.3, 9.1, 3.7, 2.8 Hz, 1H), 2.24 (ddd, J = 15.1,

7.0, 3.3 Hz, 1H), 1.62 (m, 4H), 1.49 (s, 3H), 1.47 — 1.33 (m, 2H), 1.31 (s, 3H)
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13C NMR: (100 MHz, CsDs) 8 169.9, 148.4, 134.8, 127.5, 127.2, 122.5, 122.4, 98.1, 68.2,
67.5,65.1,57.0,39.8,29.8,27.7,26.9,21.4, 20.3

IR: (neat film, NaCl) 3356, 2990, 2940, 2868, 1744, 1602, 1474, 1370, 1234, 1200, 1088,
1044, 972, 932, 836, 756 cm’!

HRMS: (ESI") m/z calc’d for Ci1sHasNO4 [M+H]":320.1856 found 320.1858

Characterization data for (166):

'TH NMR: (400 MHz, CsDg¢) 6 7.28 (ddd, J=7.4, 1.5, 0.8 Hz, 1H), 7.14 (m, 2H), 6.97 (ddd,
J=8.1,7.1, 1.5 Hz, 1H), 3.96 — 3.87 (m, 2H), 3.82 — 3.74 (m, 2H), 2.07 (t, /= 7.1 Hz, 2H),
1.91 (s, 3H), 1.75 (dd, J=17.6, 6.7 Hz, 2H), 1.43 (s, 3H), 1.20 (s, 3H).

13C NMR: (100 MHz, CsDs) & 174.1, 150.3, 132.3, 126.5, 125.7, 124.7, 98.1, 68.2, 39.1,
38.6,31.2,27.2,26.3,21.7

IR: (neat film, NaCl) 2990, 2940, 2862, 1644, 1478, 1454, 1372, 1256, 1198, 1090, 1032,
838, 752, 745 cm™!

HRMS: (EST") m/z calc’d for C1sH22NO; [M+H]": 260.1645 found 260.1640
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Me >Ze Me>xe
(o) e o Q
TMSN,
TBAF (cat.)
N THF, 23 °C N
H N3

2-(Azidomethyl)-2',2'-dimethyl-1,2,3,4-tetrahydrospiro[benzo[b]azepine-5,5'-

[1,3]dioxane] (160): To a flame-dried 1 Dr vial with stir bar was added aziridine 158 (20
mg, 0.077 mmol, 1.0 equiv). The vial was purged and backfilled with nitrogen three times.
THF (0.77 mL) was added, followed by TMSN3 (20.3 pL, 0.154 mmol, 2.0 equiv) then
TBAF (1.0 M in THF, 15 pL, 0.015 mmol, 20 mol %). The vial was then sealed and heated
to 60 °C for 18 hours. After this time, the reaction mixture was passed through a plug of
silica gel, eluting with EtOAc (2 mL). The filtrate was concentrated under reduced pressure.
The crude reside was purified by flash column chromatography (10 — 30% Et>O in hexanes)
to give azide 160 as a colorless solid (18.9 mg, 81% yield). Crystals suitable for X-ray
analysis were grown by dissolving 160 in minimal hot Et2O, followed by addition of hexanes,
and allowing to stand at —20 °C. Synthesis of 160 beginning with triazoline 156 was

performed in an analogous fashion.

IH NMR: (400 MHz, CDCl3) § 7.15 (dd, J="7.8, 1.5 Hz, 1H), 7.10 (td, J= 7.5, 1.5 Hz, 1H),
6.97 (td, /= 7.6, 1.4 Hz, 1H), 6.81 (dd, J= 7.7, 1.4 Hz, 1H), 4.43 (dd, J=11.8, 2.3 Hz, 1H),
432 (d,J=11.4 Hz, 1H), 4.00 (d, J=11.7 Hz, 1H), 3.95 (dd, J= 11.5, 2.3 Hz, 1H), 3.70 (s,
1H), 3.48 (dd, J = 12.2, 3.7 Hz, 1H), 3.26 (dd, J = 12.2, 10.1 Hz, 1H), 2.97 (it, J= 9.7, 3.6
Hz, 1H), 2.30 (ddd, J=13.9, 6.1, 3.5 Hz, 1H), 1.86 — 1.67 (m, 2H), 1.60 (ddd, J=14.9, 10.7,
4.1 Hz, 1H), 1.46 (s, 3H), 1.42 (s, 3H)

13C NMR: (100 MHz, CDCL) § 147.6, 134.2, 127.7, 126.6, 122.8, 122.4, 98.2, 67.9, 64.9,

56.8,56.2,39.5,29.4,28.7,26.9,21.1
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IR: (neat film, NaCl) 3338, 2992, 2936, 2868, 2100, 1602, 1472, 1454, 1372, 1258, 1200,
1084, 836, 756, 682 cm!
HRMS: (ESI") m/z calc’d for C16H23N4O2 [M+H]": 303.1816 found 303.1815

MP: 93-96 °C
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Me Me Me,
o 1. BnBr
MeCN, 60 °C

2. 2,2-dimethoxypropane
PPTS, CH,Cl,, 23 °C

.

1-Benzyl-2-(bromomethyl)-2',2'-dimethyl-1,2,3,4-tetrahydrospiro[benzo[b]azepine-

5,5'-[1,3]dioxane] (161): To a flame-dried 1 Dr vial with stir bar was added aziridine 158
(20 mg, 0.077 mmol, 1.0 equiv). The vial was evacuated and backfilled with nitrogen three
times. Acetonitrile (0.26 mL) was added followed by BnBr (15.8 mg, 11 pL, 0.093 mmol,
1.2 equiv). The vial was sealed and heated to 60 °C for 18 h. After this time, the reaction
mixture was concentrated under reduced pressure. Dry CH2Cl, (0.25 mL) was added to the
crude reaction mixture followed by 2,2-dimethoxypropane (48 mg, 56 uL, 6 equiv) and PPTS
(1.9 mg, 0.0077 mmol, 10 mol%). The reaction mixture was stirred under a nitrogen
atmosphere for six hours, then satd. aq. NaHCO; (I mL) was added. The layers were
separated, and the aqueous layer was extracted with CH>Cl» (3x1 mL). The combined organic
extracts were washed with brine, dried over Na;SO4 and concentrated under reduced
pressure. The crude residue was purified by flash column chromatography (0 — 20% Et,O

in hexanes) to give 37 as a white foam (21.6 mg, 65% yield).

IH NMR: (400 MHz, C¢De) 5 7.24 (dt, J=8.7, 2.1 Hz, 3H), 7.14 — 7.00 (m, 4H), 6.99 — 6.94
(m, 1H), 6.91 (dd, J=7.9, 1.4 Hz, 1H), 4.49 (d, J= 11.4 Hz, 1H), 4.20 (d, J= 11.3 Hz, 1H),
4.12—-4.01 (m, 3H), 3.57 (dd, J= 11.4, 1.8 Hz, 1H), 3.29 (dg, J= 8.1, 5.3 Hz, 1H), 3.12 (dd,
J=10.1,5.5 Hz, 1H), 2.63 (dd, J=10.1, 8.4 Hz, 1H), 1.94— 1.75 (m, 2H), 1.45 (s, 3H), 1.34

(m, 4H), 1.23 — 1.11 (m, 1H)
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13C NMR: (100 MHz, C¢Ds) & 147.2, 138.8, 137.6, 129.7, 128.8, 127.7, 127.5, 127.4, 123.8,
123.3, 98.0, 69.1, 66.0, 57.9, 57.8, 40.2, 32.4, 27.7, 26.6, 25.6, 22.7

IR: (neat film, NaCl) 2990, 2936, 2860, 1594, 1492, 1452, 1370, 1254, 1198, 1092, 930,
834, 754,700 cm!

HRMS: (ESI*) m/z calc’d for CosHaeBrNO, [M+H]*: 430.1376 found 430.1372
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(2',2'-Dimethyl-2,3-dihydro-1H-spiro[quinoline-4,5'-[1,3]dioxan]-2-yl)methyl acetate
(162): To a 1 Dr vial with stir bar was added aziridine 157 (10 mg, 0.0408 mmol, 1.0 equiv)
followed by benzene (0.4 mL) and acetic acid (14.7 mg, 14 pL, 0.245, 6.0 equiv). The vial
was flushed with nitrogen and stirred at ambient temperature for 24 hours. After this time,
the reaction was concentrated under reduced pressure. The residue was dissolved in EtOAc
(1 mL) and satd. ag. NaHCOs3 (1 mL) was carefully added. The layers were separated and
the aqueous layer was extracted with EtOAc (2x1 mL). The combined organic extracts were
washed with brine, dried over Na;SO4 and concentrated under reduced pressure. The crude
residue was purified by flash column chromatography (5% Et20/45% CH2Cl»/50% hexanes)
to give acetate 162 as an amorphous solid (6.3 mg, 51% yield). Synthesis of 162 from 155

was performed in an analogous fashion at 0 °C.

H NMR: (400 MHz, CeDs) 8 7.20 (dd, J="7.8, 1.5 Hz, 1H), 6.97 (ddd, J=8.1, 7.2, 1.4 Hz,
1H), 6.75 — 6.66 (m, 1H), 6.26 (dd, J= 8.0, 1.3 Hz, 1H), 4.19 (d, J= 11.5 Hz, 1H), 3.99 (dd,
J=11.0, 3.6 Hz, 1H), 3.82 (dd, J= 11.9, 1.7 Hz, 1H), 3.77 (s, 1H), 3.68 (dd, J = 11.0, 7.4
Hz, 1H), 3.60 (dd, J = 11.9, 2.2 Hz, 1H), 3.34 (dd, J = 11.5, 2.2 Hz, 1H), 3.20 — 3.09 (m,
1H), 2.51 (dd, J = 13.2, 2.6 Hz, 1H), 1.64 (s, 3H), 1.49 (s, 3H), 1.38 (s, 3H), 1.22 (ddd, J =
13.4,11.9, 1.7 Hz, 1H)

13C NMR: (101 MHz, C¢Ds) § 170.0, 145.5, 127.9, 127.3, 122.7, 118.1, 115.4, 98.2, 70.2,

68.9,68.1,47.2,35.7,32.2,28.3,20.3,19.9
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IR: (neat film, NaCl) 3364, 2990, 2944, 2862, 1738, 1606, 1496, 1370, 1228, 10990, 1036,
828, 752 cm™

HRMS: (EST") m/z calc’d for C17H24NO4 [M+H]™: 306.1700 found 306.1698
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Me Me Me, Me
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THF, 23 °C
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2-(Azidomethyl)-2',2'-dimethyl-2,3-dihydro-1H-spiro[quinoline-4,5'-[1,3]dioxane]

(163): To a flame-dried 1 Dr vial with stir bar was added aziridine 157 (20 mg, 0.082 mmol,
1.0 equiv). The vial was purged and backfilled with nitrogen three times. THF (0.82 mL)
was added, followed by TMSN3 (18.8 mg, 21.4 uL, 0.163 mmol, 2.0 equiv) then TBAF (1.0
M in THF, 16.3 pL, 0.0163 mmol, 20 mol %). The vial was then sealed and stirred at ambient
temperature for 18 hours. After this time, the reaction mixture was passed through a plug of
silica gel, eluting with EtOAc (2 mL). The filtrate was concentrated under reduced pressure.
The crude reside was purified by flash column chromatography (10 — 30% Et>O in hexanes)
to give azide 163 as a colorless solid (17.0 mg, 72% yield). Synthesis of azide 163 from

triazoline 155 was performed in an analogous fashion.

H NMR: (400 MHz, CDs) 8 7.13 (dd, J="7.8, 1.5 Hz, 1H), 6.96 (ddd, J=8.1, 7.2, 1.5 Hz,
1H), 6.70 (td, J="7.5, 1.3 Hz, 1H), 6.22 (dd, J= 8.0, 1.3 Hz, 1H), 4.18 (d, J= 11.6 Hz, 1H),
3.78 (dd, J=11.9, 1.7 Hz, 1H), 3.68 (s, 1H), 3.50 (dd, J = 11.9, 2.3 Hz, 1H), 3.29 (dd, J =
11.5, 2.3 Hz, 1H), 2.92 — 2.81 (m, 1H), 2.60 (dd, J = 11.8, 3.8 Hz, 1H), 2.52 (dd, J= 11.8,
8.7 Hz, 1H), 2.40 (dt, J = 13.2, 2.4 Hz, 1H), 1.50 (s, 3H), 1.36 (s, 3H), 1.04 (ddd, J = 13.4,
11.6, 1.7 Hz, 1H).

13C NMR: (100 MHz, CeDs) & 145.4, 128.0, 127.1, 122.6, 118.2, 115.6, 98.1, 70.2, 68.9,
56.5,47.3,35.8,33.1,28.7, 19.5

IR: (neat film, NaCl) 3664, 2990, 2940, 2870, 2104, 1606, 1490, 1448, 1268, 1194, 1090,

1032, 930, 830, 750 cm!
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HRMS: (ESI") m/z calc’d for C1sH21N4O2 [M+H]": 289.1659 found 289.1655
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1. BnBr
MeCN, 60 °C _
2. 2,2-dimethoxypropane
PPTS, CH,Cl,, 23 °C
N N
Bn

1-Benzyl-2-(bromomethyl)-2',2'-dimethyl-2,3-dihydro-1H-spiro[quinoline-4,5'-

[1,3]dioxane] (164): To a flame-dried 1 Dr vial with stir bar was added aziridine 157 (20
mg, 0.082 mmol, 1.0 equiv). The vial was evacuated and backfilled with nitrogen three times.
Acetonitrile (0.3 mL) was added followed by BnBr (16.7 mg, 11.6 puL, 0.098 mmol, 1.2
equiv). The vial was sealed and heated to 60 °C for 18 h. After this time, the reaction mixture
was concentrated under reduced pressure. Dry CH2Cl> (0.3 mL) was added to the crude
reaction mixture followed by 2,2-dimethoxypropane (51 mg, 60 puL, 6 equiv) and PPTS (2.0
mg, 0.0082 mmol, 10 mol%). The reaction mixture was stirred under a nitrogen atmosphere
for six hours, then satd. aq. NaHCO; (1 mL) was added. The layers were separated and the
aqueous layer was extracted with CH>Cl, (3x1 mL). The combined organic extracts were
washed with brine, dried over Na;SOs and concentrated under reduced pressure. The crude
residue was purified by flash column chromatography (0 — 30% Et;O in hexanes) to give
bromide 164 as an orange oil (19.2 mg, 57% yield). Note: the product is somewhat unstable

and degrades over the course of several weeks.

'H NMR: (400 MHz, C¢De) & 7.35 (dd, J = 7.7, 1.7 Hz, 1H), 7.13 — 7.06 (m, 2H), 7.06 —
7.00 (m, 3H), 6.96 (ddd, J=8.5, 7.3, 1.6 Hz, 1H), 6.73 (td, J= 7.5, 1.2 Hz, 1H), 6.57 (dd, J
=8.3, 1.2 Hz, 1H), 4.23 —4.11 (m, 2H), 3.96 (d, J = 16.9 Hz, 1H), 3.80 (d, /= 11.6 Hz, 1H),
3.66 (dd, J=11.6, 1.8 Hz, 1H), 3.51 (dd, J = 11.6, 1.8 Hz, 1H), 3.25 (dddd, J=9.5, 7.9, 4.9,
3.1 Hz, 1H), 3.07 (dd, J = 10.5, 3.1 Hz, 1H), 2.97 (dd, J = 10.5, 7.5 Hz, 1H), 2.48 (dd, J =

13.7, 5.0 Hz, 1H), 1.85 (dd, J = 13.7, 9.4 Hz, 1H), 1.47 (s, 3H), 1.41 (s, 3H)
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13C NMR: (100 MHz, C¢Ds) 6 146.3,139.2, 128.8, 128.4, 127.3,127.1, 126.5, 126.2, 118.4,
114.7,98.4, 68.8, 68.7, 55.5, 54.8, 36.2, 34.9, 34.4, 26.6, 21.6

IR: (neat film, NaCl) 2986, 2940, 2866, 1492, 1450, 1370, 1224, 1196, 1090, 830, 754, 742,
730 cm!

HRMS: (ESI") m/z calc’d for C22H27BrNO2 [M+H]": 416.1220 found 416.1217
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Figure A5.3 Infrared spectrum (Thin Film, NaCl) of compound 145.
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Figure A5.4 °C NMR (100 MHz, CDCl;) of compound 145.
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Figure A5.6 Infrared spectrum (Thin Film, NaCl) of compound 146.
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Figure A5.7 "C NMR (125 MHz, CDCl;) of compound 146.
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Figure A5.9 Infrared spectrum (Thin Film, NaCl) of compound 149.
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Figure A5.10 "C NMR (100 MHz, CDCl;) of compound 149.
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Figure A5.11 ''B NMR spectrum (128 MHz, CDCl;) of compound 149.
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Figure A5.13 Infrared spectrum (Thin Film, NaCl) of compound 150.
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Figure A5.14 "C NMR (100 MHz, CDCl;) of compound 150.
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Figure A5.15 ''B NMR spectrum (128 MHz, CDCl;) of compound 150.
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Figure A5.17 Infrared spectrum (Thin Film, NaCl) of compound 151.
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Figure A5.18 "C NMR (125 MHz, CDCl;) of compound 151.
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Figure A5.20 Infrared spectrum (Thin Film, NaCl) of compound 152.
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Figure A5.21 "C NMR (125 MHz, CDCl;) of compound 152.
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Figure A5.23 Infrared spectrum (Thin Film, NaCl) of compound 155.
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Figure A5.24 "C NMR (100 MHz, CsDs) of compound 155.
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Figure A5.26 Infrared spectrum (Thin Film, NaCl) of compound 154.
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Figure A5.27 "C NMR (100 MHz, CsDs) of compound 154.
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Figure A5.29 Infrared spectrum (Thin Film, NaCl) of compound 156.
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Figure A5.30 "C NMR (100 MHz, CsDs) of compound 156.
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Figure A5.33 "C NMR (100 MHz, CsDs) of compound 157.
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Figure A5.36 "C NMR (100 MHz, CsDs) of compound 158.
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Table A5.1 2D NMR Correlations for 159
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No s &c HSQC  HMBC cosy
6 | 712 | 1275 | 127.5(6) | 39.8(7), 127.2(2),148.4(4) 6.88(1)
2 696 1272 | 127.2(2) | 127.5(6),148.4(4) 6.53(3),6.88(1)
1 |6.88 | 1224 | 122.4(1) | 122.5(3),134.8(5) 6.96(2),7.12(6)
3 653 1225 | 122.5(3) | 134.8(5) 6.96(2)
8" | 4.44 | 651 |65.1(8) | 29.8(13), 39.8(7), 68.2(9), 98.1(15),134.8(5) 4.03(8)
9 423 682 |68.2(9) | 29.8(13), 39.8(7), 65.1(8), 98.1(15),134.8(5) 3.88(9")
8 | 4.03 651 |651(8) |29.8(13), 39.8(7), 68.2(9), 98.1(15),134.8(5) 4.44(8")
11" | 3.91 | 67.5 | 67.5(11) | 57.0(10),148.4(4), 169.9(18) 2.78(10), 3.67(11)
9" |3.88 | 682 |68.2(9) | 29.8(13), 39.8(7), 65.1(8), 98.1(15),134.8(5) 4.23(9)
11" | 367 | 675 | 67.5(11) | 57.0(10), 169.9(18) 2.78(10), 3.91(11")
23 349 | - - ] )
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13' | 1.41 | 29.8 | 20.8(13) | 27.7(12), 39.8(7), 57.0(10), 68.2(9),134.8(5) 2.25(13")
17 | 131 | 214 | 21.4(17) | 26.9(16),98.1(15) -
s |- |qs48 |- 1.41(13'),2.25(13"), 3.88(9"), 4.03(8", 4.23(9"), )

4.44(8"), 6.53(3), 6.88(1)
4 |- |1484 - 2.78(10), 3.91(11"), 6.96(2), 7.12(6) -
ol ses | 1.41(12"), 1.41(13), 1.59(12), 2.25(13"), 3.88(9"), | _

4.03(8"), 4.23(9"), 4.44(8"), 7.12(6)
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Figure A.38 Infrared spectrum (Thin Film, NaCl) of compound 159.
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Figure A.39 °C NMR (100 MHz, CsDs) of compound 159.
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Figure A5.44 Infrared spectrum (Thin Film, NaCl) of compound 166.
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Figure A5.45 "C NMR (100 MHz, CsDs) of compound 166.
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Table A5.2 2D NMR Correlations for 160

16

497

No & &c HSQC HMBC cosy
6 | 7.14 | 126.6 | 126.6(6) | 39.5(7), 127.7(4),147.6(2) 6.96(5)
4 710 1277 | 127.7(4) | 147.6(2) 6.81(3),6.96(5)
5 696 | 1224 | 122.4(5) | 122.8(3),134.2(1) 7.10(4),7.14(6)
3 1681|1228 | 122.8(3) | 122.4(5),134.2(1) 7.10(4)
13" | 4.43 | 64.9 | 64.9(13) | 29.4(8), 39.5(7), 67.9(12), 98.2(14),134.2(1) 4.00(13")
12" | 432 | 67.9 | 67.9(12) | 29.4(8), 39.5(7), 64.9(13), 98.2(14),134.2(1) 3.95(12))
13' |4.00 | 64.9 | 64.9(13) | 29.4(8), 39.5(7), 67.9(12), 98.2(14),134.2(1) 4.43(13")
12' |3.95 | 67.9 | 67.9(12) | 29.4(8), 39.5(7), 64.9(13), 98.2(14),134.2(1) 4.32(12")
19 [3.70 |- - - -
11' | 349 | 562 |56.2(11) | 28.7(9), 56.8(10),147.6(2) 2.96(10), 3.24(11")
11" | 324 | 562 |56.2(11) | 28.7(9),56.8(10) 2.96(10), 3.49(11')
10 |2.96 | 56.8 | 56.8(10) | 29.4(8), 56.2(11),147.6(2) 1.78(9"), 3.24(11"), 3.49(11")
8 229 294 |294(8) | 28.7(9),39.5(7), 56.8(10), 67.9(12),134.2(1) 1.60(8"),1.78(9"), 1.78(9")
9 178 287 |287(9) |56.8(10) 1.60(8"), 2.29(8")
9" 178 | 287 |28.7(9) | 29.4(8), 39.5(7),56.8(10) 1.60(8"), 2.29(8'),2.96(10)
8" | 1.60 | 294 |29.4(8) | 28.7(9),39.5(7), 56.8(10), 64.9(13),134.2(1) 1.78(9"), 1.78(9"), 2.29(8")
16 | 1.46 | 269 |26.9(16) | 21.1(15),98.2(14) -
15 | 1.42 | 211 | 21.1(15) | 26.9(16),98.2(14) -
1l 1342 | - 1.60(8"), 2.29(8"), 3.95(12'), 4.00(13"), 4.32(12"), | _
4.43(13"), 6.81(3), 6.96(5)
2 |- 1476 | - 2.96(10), 3.49(11"), 7.10(4), 7.14(6) -
_n 395 |- 1.60(8"),1.78(9"), 2.29(8"), 3.95(12'), 4.00(13"), )
4.32(12"), 4.43(13"), 7.14(6)
u |- 982 |- 1.42(15), 1.46(16), 3.95(12), 4.00(13'),4.32(12"), | _

4.43(13")
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Figure A5.47 Infrared spectrum (Thin Film, NaCl) of compound 160.
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Figure A5.48 "C NMR (100 MHz, CDCl;) of compound 160.
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Table A5.3 2D NMR Correlations for 161

161

503

Due to the presence of many overlapping peaks in the aromatic region, not all hydrogen and carbon atoms

could be definitively assigned. This did not affect the structural assignment of compound 161. The carbon

shifts of C4 and C14 are particularly diagnostic.

No

8"

9

g

13'

13"

14'

14"

6"

5

OH

4.49
4.20
4.08
4.07
4.07

3.57

3.28

3.12
2.63
1.89
1.82
1.44
1.33

1.32

Sc

66.0
69.1
66.0
57.8
57.8

69.1

57.9

32.4

32.4

26.6

27.6

25.6

22.7

27.6

26.6

137.5

147.3

40.2

98.0

138.8

HsQC
66.0(8)
69.1(9)
66.0(8)
57.8(13)
57.8(13)

69.1(9)

57.9(4)

32.4(14)
32.4(14)
26.6(6)

25.6(12)
22.7(11)

26.6(6)

HMBC

26.6(6), 40.2(7), 69.1(9), 98.0(10)

26.6(6), 40.2(7), 66.0(8), 98.0(10),137.5(1)
26.6(6), 40.2(7), 69.1(9), 98.0(10)

57.9(4), 138.8(15),147.3(2)

57.9(4), 138.8(15),147.3(2)

26.6(6), 40.2(7), 66.0(8), 98.0(10),137.5(1)

27.6(5), 32.4(14), 57.8(13),147.3(2)

27.6(5),57.9(4)
27.6(5),57.9(4)

27.6(5), 40.2(7),137.5(1)
32.4(14),40.2(7)

98.0(10)

98.0(10)

40.2(7)

27.6(5), 40.2(7)

1.89(6"), 3.57(9"), 4.20(9")
3.28(4), 4.07(13"), 4.07(13")

1.18(6"),1.32(5"), 1.82(5'), 1.89(6"), 3.57(9"),
4.08(8"), 4.20(9"), 4.49(8")

1.33(11), 1.44(12),3.57(9"), 4.08(8"), 4.20(9"),

4.49(8")

4.07(13"), 4.07(13")

cosy
4.08(8")
3.57(9")

4.49(8")

4.20(9")

1.32(5"), 1.82(5'), 2.63(14"),
3.12(14")

2.63(14"),3.28(4)
3.12(14'),3.28(4)
1.18(6"),1.32(5"), 1.82(5')

1.18(6"), 1.89(6"),3.28(4)

1.18(6"), 1.89(6"),3.28(4)

1.32(5"), 1.82(5'), 1.89(6")
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Figure A.53 Infrared spectrum (Thin Film, NaCl) of compound 161.
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Figure A.54 °C NMR (100 MHz, CsDs) of compound 161.



506

Appendix 5 — Spectra Relevant to Chapter 3

(wdd) 14

wdd

I

@ ® ) ,_;g:

‘191 punodwod jo (°q9)) wni2ads ASOD §S°Y a4nsi



507

Appendix 5 — Spectra Relevant to Chapter 3

(wdd) 14

wdd

0ST+

(U
OMﬁM
ONHM
oHHM
ooHM
06
08
044
09+
05+
0+
0€

02+

19t

‘191 punodwod jo (°q°)) wni2ads HYOSH 95y 94n314



508

Appendix 5 — Spectra Relevant to Chapter 3

(wdd) 14

0ST+

(Ut

0€T

021+

0TI+

00T+

06

084

044

09+

05

0%+

0€

02+

08

Q¢

o ] B w0

oo

00 6

&8

L9t

‘191 punodwod jo (°q°D) wni2ads HYGNH LSV 94n8i4
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Table A5.4 2D NMR Correlations for 162

21 20
Me Me
0" "™o
6 137 9,
1 5 15 22
4 14
2 : BH ~ 0\1ﬁ3/Me
o
162
No s &c HSQC  HMBC cosy
6 | 7.20 1273 | 127.3(6) | 35.7(7),127.9(2), 145.5(4) 6.70(1)
2 697 1279 | 127.9(2) | 127.3(6),145.5(4) 6.26(3),6.70(1)
1670 | 118.2 | 118.2(1) | 115.4(3), 122.7(5),127.9(2) 6.97(2), 7.20(6)
31626 1154 | 115.4(3) | 118.2(1), 122.7(5) 6.97(2)
9" 419 703 | 70.3(9) 3328%4272'_17((1;))' 69.0(13), 3.34(9))
16" | 3.99 | 68.0 |68.0(16) | 32.2(15)47.1(14), 170.0(18) 3.14(14), 3.70(16)
13" |3.83 | 69.0 | 69.0(13) | 32.2(15), 70.3(9), 98.2(11),122.7(5) 3.60(13)
8 377 |- - 32.2(15) -
16' |3.70 | 68.0 |68.0(16) | 32.2(15)47.1(14), 170.0(18) 3.14(14), 3.99(16")
13' | 3.60 | 69.0 |69.0(13) | 32.2(15),35.7(7), 70.3(9), 98.2(11) 3.34(9), 3.83(13")
9 334703 |703(9) | 32.2(15), 69.0(13), 98.2(11),122.7(5) 3.60(13,4.19(9")
14 | 314 | 471 | 47.1(14) | 32.2(15),35.7(7), 68.0(16) ;:Sggg?jz-51”5")’ 3.70(16"),
15" | 2.51 | 322 | 32.2(15) | 35.7(7), 47.1(14), 69.0(13),122.7(5) 1.22(15'),3.14(14)
22 | 165 203 |20.3(22) | 170.0(18) -
21 | 150 284 | 28.4(21) | 20.0(20),98.2(11) -
20 138 200 | 20.0(20) | 28.4(21),98.2(11) -
15' | 122 | 322 | 32.2(15) | 35.7(7), 47.1(14), 69.0(13) 2.51(15"),3.14(14)
4 |- 1455 - 6.97(2), 7.20(6) -
T gzg;gi"g_,%%(g'),3.83(13"),4.19(9"), )
Cl e | mmae e |
1l lesn |- 1.38(20), 1.50(21), 3.34(9"), 3.60(13), )
3.83(13"),4.19(9")
18 |- 1700 |- 1.65(22), 3.70(16'),3.99(16") -
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Figure A.59 Infrared spectrum (Thin Film, NaCl) of compound 162.
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Figure A.60 °C NMR (100 MHz, CsDs) of compound 162.
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Table A5.5 2D NMR Correlations for 163

515

21 20
Me Me
(o MLiNo]
13 _ 9
6 7
1
5 15
2 4 N 14 N,
3 8 H 16
163
No &+ d¢c HSQC HMBC COosYy
6 712 | 1271 | 127.1(6) | 35.8(7),128.0(2), 145.4(4) 6.70(1)
2 6.95 | 128.0 | 128.0(2) | 145.4(4) 6.22(3),6.70(1)
1 6.70 | 118.2 | 118.2(1) | 115.6(3), 122.6(5) 6.95(2), 7.12(6)
3 6.22 | 115.6 | 115.6(3) | 118.2(1), 122.6(5) 6.95(2)
9" 417 | 70.2 70.2(9) 33.1(15), 47.3(14), 68.9(13), 98.1(11),122.6(5) 3.28(9")
13" | 3.77 | 68.9 68.9(13) | 33.1(15), 70.2(9), 98.1(11),122.6(5) 3.49(13")
8 3.68 | - - - -
13" | 3.49 | 68.9 68.9(13) | 33.1(15), 35.8(7), 70.2(9), 98.1(11),122.6(5) 3.77(13")
9' 3.28 | 70.2 70.2(9) 33.1(15), 35.8(7), 68.9(13), 98.1(11),122.6(5) 4.17(9")
1.03(15"), 2.52(16"),
14 | 2.85 | 47.3 47.3(14) | 56.5(16) 2.58(16")
16' | 2.58 | 56.5 56.5(16) | 33.1(15), 47.3(14),145.4(4) 2.52(16"),2.85(14)
16" | 2.52 | 56.5 56.5(16) | 33.1(15),47.3(14) 2.58(16'),2.85(14)
15" | 2.39 | 33.1 33.1(15) | 35.8(7), 56.5(16), 68.9(13),122.6(5) 1.03(15")
17 | 1.50 | 28.7 28.7(17) | 19.5(18),98.1(11) -
18 |1.36 | 19.5 19.5(18) | 28.7(17),98.1(11) -
15" | 1.03 | 33.1 33.1(15) | 35.8(7), 47.3(14), 56.5(16), 68.9(13), 70.2(9) 2.39(15"),2.85(14)
4 - 1454 | - 2.58(16"),6.95(2), 7.12(6) -
5 ) 1226 | - 2.39(15"), 3.28(9"), 3.49(13"), 3.77(13"), 4.17(9"), )
: 6.22(3),6.70(1)
7 - 35.8 - 1.03(15"), 2.39(15"), 3.28(9"), 3.49(13"),7.12(6) -
11 - 98.1 - 1.36(18), 1.50(17), 3.28(9"), 3.49(13'), 3.77(13"),4.17(9") -




516

Appendix 5 — Spectra Relevant to Chapter 3

'£91 punodwod jo (°q°D ‘ZHW 00%) YWN H, ¥9°SV 2481y

wdd
0 T 4 € 14 S 9 L 8

Il

o1

LT




% Transmittance

Appendix 5 — Spectra Relevant to Chapter 3

105+
100
95
90
85

80

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
3900 3800 3700 3600 3500 3400 3300 3200 3100 3000 2900 2800 2700 2600 2500 2400 2300 2200 2100 2000 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700
Wavenumber [cm]

Figure A.65 Infrared spectrum (Thin Film, NaCl) of compound 163.
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Figure A.66 °C NMR (100 MHz, CsDs) of compound 163.
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Table A5.6 2D NMR Correlations for 164

1 12
Me Me

Due to the presence of several overlapping aromatic hydrogen and carbon signals, not all atoms were

164

521

assigned. This did not affect the overall structural assignment of 164. The 'H and 3C shifts of 14 and 15

are particularly diagnostic in assigning the structure of 164.

No & &c HSQC HMBC cosy
5 7351262 | 126.2(5) | 34.9(6),114.8(3), 146.3(4) 6.73(1)

2 696 | 128.4 | 128.4(2) | 146.3(4) 6.57(3),6.73(1)
1 673 | 1184 | 118.4(1) | 114.8(3) 6.96(2), 7.35(5)
3 657 | 114.8 | 114.8(3) | 118.4(1) 6.96(2)

8" |4.18 | 68.7 |68.7(8) | 34.4(13),34.9(6), 68.8(9), 98.4(10) 3.51(8")

16" | 4.15 | 54.8 | 54.8(16) | 55.5(14), 139.2(17) 3.96(16")

16' |3.96 | 54.8 | 54.8(16) | 55.5(14), 139.2(17) 4.15(16")

9" |3.80 688 |688(9) | 34.4(13),34.9(6), 68.7(8), 98.4(10) 3.66(9")

9 | 366 688 |688(9) | 34.4(13),34.9(6), 68.7(8), 98.4(10) 3.80(9")

8 | 351 687 |687(8) | 34.4(13),34.9(6), 68.8(9), 98.4(10) 4.18(8")

14 |325 | 555 | 55.5(14) |- ;:g?gg:?‘2'48(13')‘2'99(15")’
15' [3.07 | 36.2 | 36.2(15) | 34.4(13),55.5(14) 2.99(15"),3.25(14)
15" | 2.99 | 36.2 | 36.2(15) | 34.4(13),55.5(14) 3.07(15'),3.25(14)
13' | 248 | 344 | 34.4(13) | 55.5(14),68.7(8), 68.8(9) 1.85(13"),3.25(14)
13" | 1.85 | 344 | 34.4(13) | 55.5(14),68.7(8), 68.8(9) 2.48(13),3.25(14)
11 |1.47 | 266 |26.6(11) | 98.4(10) -

12 | 141 216 |21.6(12) | 98.4(10) -

4 |- 146.3 | - 6.96(2), 7.35(5) -

6 | - 349 |- 3.51(8"), 3.66(2"), 3.80(9"), 4.18(8"),7.35(5) -

0 - w4 - Seo@ e ) :

17 |- 139.2 | - 3.96(16"),4.15(16") -
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APPENDIX 6

X-Ray Crystallography Reports Relevant to Chapter 3:

Preparation and Regioselective Ring Opening Reactions of Fused

Bicyclic N-Aryl Aziridines
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A6.1 GENERAL EXPERIMENTAL

X-Ray crystallographic analysis was obtained from the Caltech X-Ray
Crystallography Facility using a Bruker AXS D8 VENTURE KAPPA diffractometer.

A6.2 X-RAY CRYSTAL STRUCTURE ANALYSIS OF COMPOUND 155
(V24324)

Crystals suitable for X-ray diffraction were grown by dissolving 155 in minimal Et,O
and carefully layering with pentane. Low-temperature diffraction data (¢-and w-scans) were
collected on a Bruker AXS D8 VENTURE KAPPA diffractometer coupled to a PHOTON
II CPAD detector with Cu K, radiation (1 = 1.54178 A) from an IuS micro-source for the
structure of compound V24324, The structure was solved by direct methods using SHELXS!
and refined against 2 on all data by full-matrix least squares with SHELXL-2019? using
established refinement techniques.® All non-hydrogen atoms were refined anisotropically.
All hydrogen atoms were included into the model at geometrically calculated positions and
refined using a riding model. The isotropic displacement parameters of all hydrogen atoms
were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for methyl
groups). Compound V24324 crystallizes in the monoclinic space group P2i/c with one

molecule in the asymmetric unit.
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Figure A6.2.1 X-Ray Coordinate of Compound 155

Table A6.2.1 Crystal data and structure refinement for 155.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Absorption correction

V24324
C15HI19N3 02
273.33

100(2) K

1.54178 A
Monoclinic

P24/c
a=5.7352(6) A
b=22.0610(14) A
c=10.8363(7) A
1370.59(19) A3

4

1.325 Mg/m3
0.726 mm-!

584

0.150 x 0.150 x 0.150 mm3

4.008 to 74.500°.

-6<=h<=7, -27<=k<=27, -13<=I<=13
32931

2802 [R(int) = 0.0560]

100.0 %

Semi-empirical from equivalents

a=90°.

g =90°.

b=91.493(6)°.

529
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Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [[>2sigma(])]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

0.7538 and 0.6508

Full-matrix least-squares on F2
2802/0/183

1.044

R1=0.0411, wR2 = 0.0969
R1=0.0481, wR2 =0.1030
n/a

0.383 and -0.241 e.A-3

530

Table A6.2.2 Atomic coordinates ( x 104) and equivalent isotropic displacement

parameters (A2x 103) for 155. U(eq) is defined as one third of the trace of the

orthogonalized Ul tensor.

Atom X y V4 U(eq)
C() 2829(2) 4080(1) 6882(1) 19(1)
C(2) 3819(2) 4528(1) 7813(1) 20(1)
C(3) 2033(3) 4812(1) 8670(1) 25(1)
N(1) 2524(2) 4538(1) 9903(1) 29(1)
N(2) 4280(2) 4206(1) 9877(1) 27(1)
N@3) 5314(2) 4211(1) 8728(1) 24(1)
C4) 6630(2) 3699(1) 8416(1) 21(1)
C(5) 8161(3) 3448(1) 9309(1) 29(1)
C(6) 9494(3) 2950(1) 9027(2) 29(1)
C(7) 9368(2) 2702(1) 7849(2) 25(1)
C(8) 7889(2) 2960(1) 6960(1) 22(1)
C() 6466(2) 3455(1) 7218(1) 17(1)
C(10) 4765(2) 3718(1) 6251(1) 16(1)
C(r1) 6071(2) 4109(1) 5320(1) 18(1)
O(1) 4514(2) 4310(1) 4346(1) 19(1)
C(12) 3308(2) 3834(1) 3698(1) 19(1)
C(14) 1411(3) 4142(1) 2935(1) 24(1)
C(15) 4959(3) 3473(1) 2902(1) 24(1)
0(2) 2110(2) 3457(1) 4546(1) 19(1)
C(13) 3601(2) 3206(1) 5491(1) 18(1)
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Table A6.2.3. Bond lengths [A] and angles [°] for 155.

Bond Length (A) Bond Length (A)
C(1)-C(2) 1.5128(19) C(14)-H(14A) 0.9800
C(1)-C(10) 1.5419(19) C(14)-H(14B) 0.9800
C(1)-H(1A) 0.9900 C(14)-H(14C) 0.9800
C(1)-H(1B) 0.9900 C(15)-H(15A) 0.9800
C(2)-N(3) 1.4715(17) C(15)-H(15B) 0.9800
C(2)-C(3) 1.534(2) C(15)-H(15C) 0.9800
C(2)-H(2) 1.0000 0(2)-C(13) 1.4287(16)
C(3)-N(1) 1.4869(19) C(13)-H(13A) 0.9900
C(3)-H(3A) 0.9900 C(13)-H(13B) 0.9900
C(3)-H(3B) 0.9900

N(1)-N(2) 1.2463(19) Atoms Angle (A)
N(2)-N(3) 1.3932(18) C(2)-C(1)-C(10) 111.87(11)
N@3)-C4) 1.4046(19) C(2)-C(1)-H(1A) 109.2
C(4)-C(5) 1.4037(19) C(10)-C(1)-H(1A) 109.2
C4)-C(9) 1.406(2) C(2)-C(1)-H(1B) 109.2
C(5)-C(6) 1.377(2) C(10)-C(1)-H(1B) 109.2
C(5)-H(5) 0.9500 H(1A)-C(1)-H(1B) 107.9
C(6)-C(7) 1.388(2) N(3)-C(2)-C(1) 109.91(11)
C(6)-H(6) 0.9500 N(@3)-C(2)-C(3) 99.95(11)
C(7)-C(8) 1.388(2) C(1)-C(2)-C(3) 115.24(12)
C(7)-H(7) 0.9500 N(@3)-C(2)-H(2) 110.4
C(8)-C(9) 1.3956(19) C(1)-C(2)-H(2) 110.4
C(8)-H(8) 0.9500 C(3)-C(2)-H(2) 110.4
C(9)-C(10) 1.5275(17) N(1)-C(3)-C(2) 105.31(11)
C(10)-C(11) 1.5364(18) N(1)-C(3)-H(3A) 110.7
C(10)-C(13) 1.5396(17) C(2)-C(3)-H(3A) 110.7
C(11)-0(1) 1.4352(15) N(1)-C(3)-H(3B) 110.7
C(11)-H(11A) 0.9900 C(2)-C(3)-H(3B) 110.7
C(11)-H(11B) 0.9900 H(3A)-C(3)-H(3B) 108.8
O(1)-C(12) 1.4319(16) N(2)-N(1)-C(3) 110.68(12)
C(12)-0(2) 1.4288(16) N(1)-N(2)-N(3) 112.26(12)
C(12)-C(14) 1.5111(19) N(2)-N(3)-C(4) 116.94(12)
C(12)-C(15) 1.522(2) N(2)-N(3)-C(2) 110.60(11)
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Table A6.2.3. cont’d.

Atoms
C(4)-N(3)-C(2)
C(5)-C(4)-N(3)
C(5)-C(4)-C(9)
N(3)-C(4)-C(9)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(8)-C(9)-C(4)
C(8)-C(9)-C(10)
C(4)-C(9)-C(10)
C(9)-C(10)-C(11)
C(9)-C(10)-C(13)
C(11)-C(10)-C(13)
C(9)-C(10)-C(1)
C(11)-C(10)-C(1)
C(13)-C(10)-C(1)
O(1)-C(11)-C(10)
O(1)-C(11)-H(11A)
C(10)-C(11)-H(11A)
O(1)-C(11)-H(11B)

Angle ()

121.84(11)
118.82(13)
120.71(13)
120.44(12)
120.20(15)
119.9
119.9
120.13(13)
119.9
119.9
119.52(14)
120.2
120.2
122.11(14)
118.9
118.9
117.30(12)
121.74(12)
120.95(12)
110.50(10)
110.40(11)
105.80(10)
110.29(11)
111.68(11)
108.06(11)
110.63(10)
109.5
109.5
109.5

Atoms
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(12)-O(1)-C(11)
0(2)-C(12)-0(1)
0(2)-C(12)-C(14)
O(1)-C(12)-C(14)
0(2)-C(12)-C(15)
O(1)-C(12)-C(15)
C(14)-C(12)-C(15)
C(12)-C(14)-H(14A)
C(12)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(12)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(12)-C(15)-H(15A)
C(12)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(12)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(13)-0(2)-C(12)
0(2)-C(13)-C(10)
0(2)-C(13)-H(13A)
C(10)-C(13)-H(13A)
0(2)-C(13)-H(13B)
C(10)-C(13)-H(13B)
H(13A)-C(13)-H(13B)

Angle ()
109.5
108.1
114.61(10)
110.28(10)
105.24(11)
105.65(11)
112.08(11)
111.21(11)
112.04(12)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
113.41(10)
110.04(10)
109.7
109.7
109.7
109.7
108.2

Symmetry transformations used to generate equivalent atoms:
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Table A6.2.4 Anisotropic displacement parameters (A2x 103) for 155. The

anisotropic displacement factor exponent takes the form: -2p2[ h2 a*2UTT + . +
2hka*b*UlI2]

Atom yll U22 u33 U23 ul3 ul2
C(1) 17(1) 23(1) 18(1) -1(1) -2(1) 2(1)
CQ2) 21(1) 20(1) 20(1) 0(1) -3(1) 2(1)
C@3) 28(1) 28(1) 20(1) -3(1) -3(1) 9(1)
N(1) 32(1) 33(1) 21(1) -1(1) 0(1) 9(1)
N(2) 30(1) 34(1) 16(1) -1(1) -1(1) 7(1)
NQ@3) 26(1) 30(1) 15(1) -1(1) -4(1) 10(1)
C#4) 19(1) 24(1) 20(1) 4(1) -1(1) 4(1)
C(5) 27(1) 39(1) 20(1) 6(1) -3(1) 8(1)
C(6) 22(1) 35(1) 30(1) 16(1) -1(1) 6(1)
C(7) 18(1) 19(1) 39(1) 9(1) 3(1) 3(1)
C(8) 17(1) 20(1) 28(1) 0(1) 1(1) -1(1)
C) 14(1) 16(1) 20(1) 3(1) 0(1) -2(1)
C(10) 15(1) 17(1) 17(1) 0(1) -2(1) 0(1)
can  17(1) 18(1) 18(1) 2(1) -3(1) -2(1)
O(1) 21(1) 17(1) 18(1) 2(1) -5(1) -2(1)
C(12) 19(1) 21(1) 17(1) 0(1) -1(1) -4(1)
C(14) 21(1) 28(1) 22(1) 4(1) -5(1) -1(1)
C(5)  23(1) 28(1) 20(1) -3(1) 1(1) 0(1)
0(2) 17(1) 23(1) 17(1) 1(1) -2(1) -4(1)
C(13) 19(1) 18(1) 18(1) 1(1) -2(1) -4(1)

Table A6.2.5 Hydrogen coordinates ( x 10%) and isotropic displacement
parameters (A2x 10 3) for 155.

Atom X y z U(eq)
H(1A) 1894 4301 6246 23
H(1B) 1779 3795 7303 23
H(2) 4722 4851 7389 24

H(3A) 2223 5258 8703 30
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Table A6.2.5 cont’d.

Atom X y V4 U(eq)

H(3B) 423 4718 8380 30

H(5) 8279 3622 10110 34

H(6) 10501 2775 9639 35

H(7) 10286 2359 7653 30

H(8) 7846 2795 6151 26

H(11A) 6766 4464 5748 21

H(11B) 7352 3869 4966 21

H(14A) 445 3835 2514 36

H(14B) 2120 4406 2320 36

H(14C) 438 4386 3475 36

H(15A) 6239 3311 3421 36

H(15B) 5592 3738 2267 36

H(150) 4108 3137 2507 36

H(13A) 4815 2952 5113 22

H(13B) 2680 2945 6039 22

Table A6.2.6. Torsion angles [°] for 155.

Atoms (A-B-C-D) Angle (°) Atoms (A-B-C-D) Angle (°)
C(10)-C(1)-C(2)-N(3) -55.97(15) N(2)-N(3)-C(4)-C(5) -43.77(19)
C(10)-C(1)-C(2)-C(3) -167.93(11) C(2)-N(3)-C(4)-C(5) 174.95(13)
N(3)-C(2)-C(3)-N(1) -8.98(14) N(2)-N(3)-C(4)-C(9) 138.19(14)
C(1)-C(2)-C(3)-N(1) 108.72(13) C(2)-N(3)-C(4)-C(9) -3.1(2)
C(2)-C(3)-N(1)-N(2) 4.52(17) N(3)-C(4)-C(5)-C(6) -179.30(14)
C(3)-N(1)-N(2)-N(3) 2.65(18) C(9)-C(4)-C(5)-C(6) -1.3(2)
N(1)-N(2)-N(3)-C(4) -154.72(13) C(4)-C(5)-C(6)-C(7) 1.5(2)
N(1)-N(2)-N(3)-C(2) -9.30(18) C(5)-C(6)-C(7)-C(8) 0.0(2)
C(1)-C(2)-N(3)-N(2) -110.66(13) C(6)-C(7)-C(8)-C(9) -1.7(2)
C(3)-C(2)-N(3)-N(2) 10.93(15) C(7)-C(8)-C(9)-C(4) 1.9(2)
C(1)-C(2)-N(3)-C(4) 32.78(18) C(7)-C(8)-C(9)-C(10) -177.20(12)
C(3)-C(2)-N(3)-C(4) 154.37(13) C(5)-C(4)-C(9)-C(8) -0.4(2)
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Table A6.2.6. cont’d.

535

Atoms (A-B-C-D)
N(3)-C(4)-C(9)-C(8)
C(5)-C(4)-C(9)-C(10)
N(3)-C(4)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(4)-C(9)-C(10)-C(11)
C(8)-C(9)-C(10)-C(13)
C(4)-C(9)-C(10)-C(13)
C(8)-C(9)-C(10)-C(1)
C(4)-C(9)-C(10)-C(1)
C(2)-C(1)-C(10)-C(9)
C(2)-C(1)-C(10)-C(11)
C(2)-C(1)-C(10)-C(13)
C(9)-C(10)-C(11)-O(1)

Angle (°)
177.62(13)
178.69(13)

-3.3(2)
-77.34(15)
103.62(14)

39.35(17)

-139.69(13)

158.70(12)
-20.34(17)

49.93(15)
-73.35(14)
170.69(11)
174.66(10)

Atoms (A-B-C-D)
C(13)-C(10)-C(11)-O(1)
C(1)-C(10)-C(11)-O(1)
C(10)-C(11)-O(1)-C(12)
C(11)-O(1)-C(12)-0(2)
C(11)-O(1)-C(12)-C(14)
C(11)-O(1)-C(12)-C(15)
0O(1)-C(12)-0(2)-C(13)
C(14)-C(12)-0(2)-C(13)
C(15)-C(12)-0(2)-C(13)
C(12)-0(2)-C(13)-C(10)
C(9)-C(10)-C(13)-0(2)
C(11)-C(10)-C(13)-0(2)
C(1)-C(10)-C(13)-0(2)

Angle (°)
55.16(13)
-62.17(14)
-56.14(14)
54.32(14)
167.55(11)
-70.66(14)
-56.28(14)

-169.78(11)

68.21(14)
60.18(14)

-176.89(10)

-57.32(13)
62.42(13)

Symmetry transformations used to generate equivalent atoms:
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A6.3 X-RAY CRYSTAL STRUCTURE ANALYSIS OF COMPOUND 156
(V24183)

Crystals suitable for X-ray analysis were grown by layer diffusion of pentane into a
solution of 156 in minimal CH>Cl,, Low-temperature diffraction data (¢-and @w-scans) were
collected on a Bruker AXS D8 VENTURE KAPPA diffractometer coupled to a PHOTON
11 CPAD detector with or Cu K, radiation (1 = 1.54178 A) from an 1S micro-source for the
structure of compound V24183. The structure was solved by direct methods using SHELXS!
and refined against 2 on all data by full-matrix least squares with SHELXL-2019? using
established refinement techniques.’ All non-hydrogen atoms were refined anisotropically.
All hydrogen atoms were included into the model at geometrically calculated positions and
refined using a riding model. The isotropic displacement parameters of all hydrogen atoms
were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for methyl
groups). Compound 156 crystallizes in the monoclinic space group P2i/n with one molecule

in the asymmetric unit.
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Figure A6.3.1 X-Ray Coordinate of Compound 156

Table A6.3.1 Crystal data and structure refinement for 156.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°

V24183
C16 H21 N3 O2
287.36

100(2) K

1.54178 A
Monoclinic

P21/n
a=12.3987(13) A
b= 6.4964(5) A
c=19.0596(18) A
1486.8(2) A3

4

1.284 Mg/m3
0.694 mm-!

616

0.500 x 0.400 x 0.300 mm3

4.791 to 74.394°.

-15<=h<=15, -8<=k<=8, -23<=1<=23
37072

3036 [R(int) = 0.0327]

100.0 %

a=90°.

g =90°.

b=104.422(5)°.

537
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Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [[>2sigma(])]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Semi-empirical from equivalents
0.7538 and 0.6557

Full-matrix least-squares on F2
3036/0/192

1.049

R1=0.0343, wR2 = 0.0843
R1=0.0345, wR2 = 0.0844

n/a

0.255 and -0.290 e.A-3

538

Table A6.3.2 Atomic coordinates ( x 104) and equivalent isotropic displacement

parameters (A2x 103) for 156. U(eq) is defined as one third of the trace of the

orthogonalized Ul tensor.

Atom X y V4 U(eq)
C() 6910(1) 5290(2) 3507(1) 16(1)
O(1) 7144(1) 6896(1) 4038(1) 17(1)
C(2) 7180(1) 6245(2) 4758(1) 17(1)
C(15) 7204(1) 8200(2) 5193(1) 23(1)
C(16) 8187(1) 4876(2) 5069(1) 21(1)
0(2) 6162(1) 5249(1) 4775(1) 17(1)
C(3) 5864(1) 3598(2) 4270(1) 17(1)
C4) 5783(1) 4269(2) 3484(1) 14(1)
C(5) 4835(1) 5813(2) 3207(1) 13(1)
C(6) 4164(1) 6498(2) 3651(1) 16(1)
C(7) 3333(1) 7964(2) 3422(1) 18(1)
C(8) 3142(1) 8795(2) 2732(1) 18(1)
C() 3778(1) 8126(2) 2273(1) 16(1)
C(10) 4612(1) 6653(2) 2504(1) 13(1)
N(1) 5225(1) 5949(1) 2009(1) 15(1)
N(2) 5258(1) 7252(1) 1438(1) 19(1)
N(@3) 5389(1) 6298(2) 896(1) 23(1)
C(11) 5437(1) 4051(2) 1036(1) 22(1)
C(12) 5125(1) 3788(2) 1758(1) 17(1)
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Table A6.3.2 cont’d.

Atom X y V4 U(eq)

C(13) 5889(1) 2367(2) 2290(1) 19(1)

C(14) 5637(1) 2258(2) 3035(1) 18(1)

Table A6.3.3 Bond lengths [A] and angles [°] for 156.

Bond Length (A) Bond Length (A)
C(1)-0(1) 1.4313(12) C(7)-H(7) 0.9500
C(1)-C4) 1.5376(13) C(8)-C(9) 1.3863(14)
C(1)-H(1A) 0.9900 C(8)-H(B) 0.9500
C(1)-H(1B) 0.9900 C(9)-C(10) 1.3976(14)
O(1)-C(2) 1.4257(12) C(9)-H(9) 0.9500
C(2)-0(2) 1.4251(12) C(10)-N(1) 1.4252(12)
C(2)-C(15) 1.5134(14) N(1)-N(2) 1.3870(12)
C(2)-C(16) 1.5277(14) N(1)-C(12) 1.4786(13)
C(15)-H(15A) 0.9800 N(2)-N(3) 1.2512(13)
C(15)-H(15B) 0.9800 N(@3)-C(11) 1.4829(15)
C(15)-H(15C) 0.9800 C(11)-C(12) 1.5304(14)
C(16)-H(16A) 0.9800 C(11)-H(11A) 0.9900
C(16)-H(16B) 0.9800 C(11)-H(11B) 0.9900
C(16)-H(16C) 0.9800 C(12)-C(13) 1.5164(14)
0(2)-C(3) 1.4273(12) C(12)-H(12) 1.0000
C(3)-C(4) 1.5382(13) C(13)-C(14) 1.5281(14)
C(3)-H(3A) 0.9900 C(13)-H(13A) 0.9900
C(3)-H(3B) 0.9900 C(13)-H(13B) 0.9900
C4)-C(5) 1.5356(13) C(14)-H(14A) 0.9900
C4)-C(14) 1.5480(13) C(14)-H(14B) 0.9900
C(5)-C(6) 1.3997(13)

C(5)-C(10) 1.4090(13) Atoms Angle (°)
C(6)-C(7) 1.3911(14) O(1)-C(1)-C(4) 110.99(8)
C(6)-H(6) 0.9500 O(1)-C(1)-H(1A) 109.4
C(7)-C(8) 1.3854(15) C(4)-C(1)-H(1A) 109.4
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Table A6.3.3 cont’d.

Atoms Angle (°) Atoms Angle (°)
O(1)-C(1)-H(1B) 109.4 C(3)-C(4)-C(14) 105.67(8)
C(4)-C(1)-H(1B) 109.4 C(6)-C(5)-C(10) 116.60(9)
H(1A)-C(1)-H(1B) 108.0 C(6)-C(5)-C4) 121.20(8)
C(2)-0(1)-C(1) 114.57(8) C(10)-C(5)-C(4) 122.18(8)
0(2)-C(2)-0O(1) 109.97(7) C(7)-C(6)-C(5) 122.14(9)
0(2)-C(2)-C(15) 105.37(8) C(7)-C(6)-H(6) 118.9
0O(1)-C(2)-C(15) 105.69(8) C(5)-C(6)-H(6) 118.9
0(2)-C(2)-C(16) 111.65(9) C(8)-C(7)-C(6) 120.26(9)
O(1)-C(2)-C(16) 111.90(8) C(8)-C(7)-H(7) 119.9
C(15)-C(2)-C(16) 111.90(8) C(6)-C(7)-H(7) 119.9
C(2)-C(15)-H(15A) 109.5 C(7)-C(8)-C(9) 119.14(9)
C(2)-C(15)-H(15B) 109.5 C(7)-C(8)-H(8) 120.4
H(15A)-C(15)-H(15B)  109.5 C(9)-C(8)-H(8) 120.4
C(2)-C(15)-H(15C) 109.5 C(8)-C(9)-C(10) 120.58(9)
H(15A)-C(15)-H(15C)  109.5 C(8)-C(9)-H(9) 119.7
H(15B)-C(15)-H(15C)  109.5 C(10)-C(9)-H(9) 119.7
C(2)-C(16)-H(16A) 109.5 C(9)-C(10)-C(5) 121.26(9)
C(2)-C(16)-H(16B) 109.5 C(9)-C(10)-N(1) 119.12(8)
H(16A)-C(16)-H(16B)  109.5 C(5)-C(10)-N(1) 119.59(9)
C(2)-C(16)-H(16C) 109.5 N(2)-N(1)-C(10) 116.54(8)
H(16A)-C(16)-H(16C)  109.5 N(2)-N(1)-C(12) 110.03(8)
H(16B)-C(16)-H(16C)  109.5 C(10)-N(1)-C(12) 120.18(8)
C(2)-0(2)-C(3) 114.08(7) N(3)-N(2)-N(1) 112.42(9)
0(2)-C(3)-C(4) 112.77(8) N(2)-N(3)-C(11) 110.28(9)
0(2)-C(3)-H(3A) 109.0 N@3)-C(11)-C(12) 105.31(8)
C(4)-C(3)-H(3A) 109.0 N@B3)-C(11)-H(11A) 110.7
0(2)-C(3)-H(3B) 109.0 C(12)-C(11)-H(11A) 110.7
C(4)-C(3)-H(3B) 109.0 N(3)-C(11)-H(11B) 110.7
H(3A)-C(3)-H(3B) 107.8 C(12)-C(11)-H(11B) 110.7
C(5)-C(4)-C(1) 109.88(8) H(11A)-C(11)-H(11B) 108.8
C(5)-C(4)-C(3) 112.29(8) N(1)-C(12)-C(13) 111.90(8)
C(1)-C(4)-C(3) 104.81(8) N(1)-C(12)-C(11) 99.51(8)
C(5)-C(4)-C(14) 112.76(8) C(13)-C(12)-C(11) 114.44(8)

C(1)-C(4)-C(14) 111.10(8) N(1)-C(12)-H(12) 110.2
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C(13)-C(12)-H(12) 110.2 H(13A)-C(13)-H(13B)  107.6
C(11)-C(12)-H(12) 110.2 C(13)-C(14)-C(4) 116.86(8)
C(12)-C(13)-C(14) 114.28(8) C(13)-C(14)-H(14A)  108.1
C(12)-C(13)-H(13A)  108.7 C(4)-C(14)-H(14A) 108.1
C(14)-C(13)-H(13A)  108.7 C(13)-C(14)-H(14B)  108.1
C(12)-C(13)-H(13B)  108.7 C(4)-C(14)-H(14B) 108.1
C(14)-C(13)-H(13B)  108.7 H(14A)-C(14)-H(14B)  107.3

Symmetry transformations used to generate equivalent atoms:

Table A6.3.4 Anisotropic displacement parameters (A2x 103) for 156. The

anisotropic displacement factor exponent takes the form: -2p2[ h2 a*2UTT + . +
2hka*b*UlI2]

Atom yll U22 u33 U23 ul3 ul2
C(1) 14(1) 19(1) 14(1) -1(1) 3(1) 0(1)
O(1) 18(1) 18(1) 13(1) 0(1) 2(1) -3(1)
CQ2) 17(1) 19(1) 13(1) 1(1) 2(1) -1(1)
C@s) 27(1) 21(1) 19(1) -3(1) 2(1) 2(1)
C(6)  20(1) 24(1) 17(1) -1(1) -1(1) 3(1)
0(2) 18(1) 21(1) 13(1) 0(1) 4(1) -1(1)
C@3) 19(1) 17(1) 15(1) 2(1) 4(1) -1(1)
C#4) 14(1) 14(1) 13(1) 1(1) 4(1) 0(1)
C(5) 12(1) 13(1) 13(1) -2(1) 2(1) -2(1)
C(6) 15(1) 20(1) 13(1) -1(1) 4(1) -2(1)
C(7) 16(1) 20(1) 19(1) -6(1) 6(1) 0(1)
C(8) 15(1) 14(1) 23(1) -2(1) 3(1) 1(1)
CO) 16(1) 14(1) 16(1) 0(1) 2(1) -2(1)
C(0) 13(1) 13(1) 13(1) -3(1) 4(1) -3(1)
N(1) 17(1) 15(1) 12(1) 0(1) 5(1) -1(1)
N(2) 21(1) 24(1) 14(1) 2(1) 6(1) -3(1)
NQ@3) 25(1) 30(1) 15(1) -1(1) 8(1) -1(1)
Can  22(1) 28(1) 15(1) -4(1) 6(1) 2(1)

C(12)  17(1) 18(1) 16(1) -5(1) 5(1) 2(1)
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Table A6.3.4 cont’d.

Atom yll U22 u33 U23 ul3 ul2
C(13) 22(1) 16(1) 20(1) -4(1) 6(1) 2(1)
C(14)  23(1) 14(1) 19(1) 0(1) 5(1) 0(1)

Table A6.3.5 Hydrogen coordinates ( x 104) and isotropic displacement
parameters (A2x 10 3) for 156.

Atom X y z U(eq)
H(1A) 7507 4242 3625 19
H(1B) 6897 5870 3025 19
H(15A) 6538 9019 4984 34
H(15B) 7870 8998 5182 34
H(15C) 7219 7848 5696 34
H(16A) 8166 4418 5556 32
H(16B) 8872 5656 5097 32
H(16C) 8168 3674 4755 32
H(3A) 5137 3029 4302 20
H(3B) 6426 2490 4402 20
H(6) 4281 5945 4126 19
H(7) 2896 8397 3739 22
H(8) 2582 9810 2576 21
H(9) 3645 8674 1796 19
H(11A) 6196 3514 1068 26
H(11B) 4904 3310 644 26
H(12) 4335 3314 1673 20
H(13A) 6667 2838 2353 23
H(13B) 5832 965 2081 23
H(14A) 6125 1195 3323 22

H(14B) 4859 1784 2966 22
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Table A6.3.6 Torsion angles [°] for 156.
Atoms Angle (°) Atoms Angle (°)
C(4)-C(1)-0(1)-C(2) 58.84(10) C(8)-C(9)-C(10)-C(5) -0.21(15)
C(1)-O(1)-C(2)-0(2) -55.69(10) C(8)-C(9)-C(10)-N(1) 177.91(9)
C(1)-O(1)-C(2)-C(15) -168.95(8) C(6)-C(5)-C(10)-C(9) 1.23(14)
C(1)-O(1)-C(2)-C(16) 69.01(10) C(4)-C(5)-C(10)-C(9) -177.09(9)
O(1)-C(2)-0(2)-C(3) 53.84(10) C(6)-C(5)-C(10)-N(1) -176.89(8)
C(15)-C(2)-0(2)-C(3) 167.31(8) C(4)-C(5)-C(10)-N(1) 4.79(14)
C(16)-C(2)-0(2)-C(3) -71.00(10) C(9)-C(10)-N(1)-N(2) 23.15(12)
C(2)-0(2)-C(3)-C(4) -56.45(10) C(5)-C(10)-N(1)-N(2) -158.69(8)
O(1)-C(1)-C(4)-C(5) 66.45(10) C(9)-C(10)-N(1)-C(12) -114.01(10)
O(1)-C(1)-C(4)-C(3) -54.41(10) C(5)-C(10)-N(1)-C(12) 64.14(12)
O(1)-C(1)-C(4)-C(14) -168.07(8) C(10)-N(1)-N(2)-N(3) -152.90(9)
0(2)-C(3)-C(4)-C(5) -65.24(10) C(12)-N(1)-N(2)-N(3) -11.62(11)
0(2)-C(3)-C(4)-C(1) 54.00(10) N(1)-N(2)-N(3)-C(11) 1.59(12)
0(2)-C(3)-C(4)-C(14) 171.45(8) N(2)-N(3)-C(11)-C(12) 8.45(12)
C(1)-C(4)-C(5)-C(6) -115.12(10) N(2)-N(1)-C(12)-C(13) 136.58(8)
C(3)-C(4)-C(5)-C(6) 1.11(13) C(10)-N(1)-C(12)-C(13) -83.77(11)
C(14)-C(4)-C(5)-C(6) 120.35(10) N(2)-N(1)-C(12)-C(11) 15.28(10)
C(1)-C(4)-C(5)-C(10) 63.13(11) C(10)-N(1)-C(12)-C(11) 154.93(8)
C(3)-C(4)-C(5)-C(10) 179.36(8) N(3)-C(11)-C(12)-N(1) -13.71(10)
C(14)-C(4)-C(5)-C(10) -61.40(12) N(3)-C(11)-C(12)-C(13) -133.16(9)
C(10)-C(5)-C(6)-C(7) -1.23(14) N(1)-C(12)-C(13)-C(14) 62.60(11)
C(4)-C(5)-C(6)-C(7) 177.11(9) C(11)-C(12)-C(13)-C(14) 174.84(9)
C(5)-C(6)-C(7)-C(8) 0.21(15) C(12)-C(13)-C(14)-C(4) -63.58(12)
C(6)-C(7)-C(8)-C(9) 0.87(15) C(5)-C(4)-C(14)-C(13) 75.25(11)
C(7)-C(8)-C(9)-C(10) -0.86(15) C(1)-C(4)-C(14)-C(13) -48.61(11)
C(3)-C(4)-C(14)-C(13) -161.74(8)

Symmetry transformations used to generate equivalent atoms:
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A6.4 X-RAY CRYSTAL STRUCTURE ANALYSIS OF COMPOUND 157

(V24328)

Low-temperature diffraction data (¢-and w-scans) were collected on a Bruker AXS
D8 VENTURE KAPPA diffractometer coupled to a PHOTON II CPAD detector with Cu
K, radiation (1 =1.54178 A) from an IuS micro-source for the structure of compound 157.
The structure was solved by direct methods using SHELXS! and refined against F? on all
data by full-matrix least squares with SHELXL-2019? using established refinement
techniques.® All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were
included into the model at geometrically calculated positions and refined using a riding
model. The isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times
the U value of the atoms they are linked to (1.5 times for methyl groups). Compound 157

crystallizes in the monoclinic space group Pn with two molecules in the asymmetric unit.
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Figure A6.4.1 X-Ray Coordinate of Compound 157

Table A6.4.1 Crystal data and structure refinement for 157.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

V24328
C15HI9N 02
24531

100(2) K

1.54178 A
Monoclinic

Pn
a=14.6342(14) A
b=5.5370(4) A
c=15.6925(13) A
1271.36(19) A3

4

1.282 Mg/m3
0.674 mm-1

528

0.200 x 0.100 x 0.100 mm3

4.094 to 69.712°.

-17<=h<=17, -6<=k<=6, -19<=I<=19
32042

4767 [R(int) = 0.0603]

a=90°.

g = 90°.

545

b=91.015(11)°.



Appendix 6 — X-Ray Crystallography Reports Relevant to Chapter 3

Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

100.0 %

Semi-empirical from equivalents
0.7532 and 0.5963

Full-matrix least-squares on F2
4767/2/329

1.037

R1=0.0290, wR2 = 0.0723
R1=0.0296, wR2 = 0.0729
0.21(7)

n/a

0.130 and -0.218 e.A-3

546

Table A6.4.2 Atomic coordinates ( x 10%) and equivalent isotropic displacement

parameters (A2x 103) for 157. U(eq) is defined as one third of the trace of the

orthogonalized Ul tensor.

Atom X y V4 U(eq)
N(1) 4869(1) 7691(3) 8717(1) 20(1)
C() 5191(2) 5396(4) 9105(1) 25(1)
C(2) 4322(2) 5480(3) 8599(1) 21(1)
C(3) 4262(2) 4440(4) 7710(1) 19(1)
C4) 4176(1) 6457(3) 7033(1) 15(1)
C(11) 3261(1) 7790(3) 7128(1) 16(1)
O(1) 3059(1) 9262(2) 6398(1) 16(1)
C(12) 3021(1) 7949(3) 5616(1) 18(1)
C(14) 2223(1) 6169(4) 5580(2) 24(1)
C(15) 2942(2) 9844(4) 4921(1) 22(1)
0O(2) 3871(1) 6760(2) 5480(1) 17(1)
C(13) 4159(1) 5203(3) 6165(1) 16(1)
C(5) 4979(1) 8168(3) 7159(1) 15(1)
C(6) 5412(1) 9336(3) 6485(1) 17(1)
C(7) 6180(1) 10773(4) 6622(1) 21(1)
C(8) 6544(1) 11040(4) 7444(2) 24(1)
C() 6117(1) 9942(4) 8118(1) 23(1)
C(10) 5332(1) 8545(3) 7987(1) 17(1)
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Table A6.4.2

Atom X y V4 U(eq)
N(101) 5114(1) 7021(3) 1274(1) 19(1)
C(101) 4975(2) 9468(4) 901(1) 23(1)
C(102) 5713(1) 9037(3) 1549(1) 19(1)
C(103) 5618(1) 9933(3) 2454(1) 18(1)
C(104) 5457(1) 7808(3) 3070(1) 15(1)
C(111) 5352(1) 8798(4) 3976(1) 17(1)
0O(101) 6198(1) 9815(2) 4285(1) 18(1)
C(112) 6939(1) 8137(3) 4294(1) 17(1)
C(114) 7781(2) 9595(4) 4520(1) 24(1)
C(115) 6793(2) 6075(4) 4922(1) 21(1)
0(102) 7079(1) 7242(2) 3449(1) 18(1)
C(113) 6282(1) 6095(3) 3090(1) 16(1)
C(105) 4625(1) 6403(3) 2757(1) 16(1)
C(106) 4011(1) 5267(3) 3302(1) 18(1)
C(107) 3261(1) 3998(4) 2983(1) 22(1)
C(108) 3101(1) 3865(4) 2107(1) 23(1)
C(109) 3704(2) 4957(4) 1560(1) 22(1)
C(110) 4470(1) 6187(3) 1874(1) 17(1)

Table A6.4.3 Bond lengths [A] and angles [°] for 157.

Bond Length (A) Bond Length (A)
N(1)-C(10) 1.423(3) C(3)-HGA) 0.9900
N(1)-C(2) 1.473(3) C(3)-H(3B) 0.9900
N(1)-C(1) 1.482(3) C(4)-C(5) 1.520(3)
C(1)-C(2) 1.488(3) C(4)-C(13) 1.529(3)
C(1)-H(1A) 0.9900 C(4)-C(11) 1.538(3)
C(1)-H(IB) 0.9900 C(11)-0(1) 1.432(2)
C(2)-C(3) 1.511(3) C(11)-H(11A) 0.9900
C(2)-H(2) 1.0000 C(11)-H(11B) 0.9900

C(3)-C(4) 1.544(3) 0(1)-C(12) 1.427(2)
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Table A6.4.3 cont’d.

Bond Length (A) Bond Length (A)
C(12)-0(2) 1.427(2) C(104)-C(111) 1.534(3)
C(12)-C(15) 1.516(3) C(104)-C(113) 1.536(3)
C(12)-C(14) 1.528(3) C(111)-0(101) 1.436(2)
C(14)-H(14A) 0.9800 C(111)-H(11C) 0.9900
C(14)-H(14B) 0.9800 C(111)-H(11D) 0.9900
C(14)-H(14C) 0.9800 0(101)-C(112) 1.428(2)
C(15)-H(15A) 0.9800 C(112)-0(102) 1.434(2)
C(15)-H(15B) 0.9800 C(112)-C(114) 1.510(3)
C(15)-H(15C) 0.9800 C(112)-C(115) 1.526(3)
0(2)-C(13) 1.436(2) C(114)-H(11E) 0.9800
C(13)-H(13A) 0.9900 C(114)-H(11F) 0.9800
C(13)-H(13B) 0.9900 C(114)-H(11G) 0.9800
C(5)-C(6) 1.400(3) C(115)-H(11H) 0.9800
C(5)-C(10) 1.405(3) C(115)-H(111) 0.9800
C(6)-C(7) 1391(3) C(115)-H(11]) 0.9800
C(6)-H(6) 0.9500 0(102)-C(113) 1.434(2)
C(7)-C(8) 1.394(3) C(113)-H(11K) 0.9900
C(7)-H(7) 0.9500 C(113)-H(11L) 0.9900
C(8)-C(9) 1.380(3) C(105)-C(106) 1.400(3)
C(8)-H(8) 0.9500 C(105)-C(110) 1.406(3)
C(9)-C(10) 1397(3) C(106)-C(107) 1.390(3)
C(9)-H(9) 0.9500 C(106)-H(106) 0.9500
N(101)-C(110) 1.421(3) C(107)-C(108) 1392(3)
N(101)-C(102) 1.479(3) C(107)-H(107) 0.9500
N(101)-C(101) 1.488(3) C(108)-C(109) 1.382(3)
C(101)-C(102) 1.489(3) C(108)-H(108) 0.9500
C(101)-H(10A) 0.9900 C(109)-C(110) 1.394(3)
C(101)-H(10B) 0.9900 C(109)-H(109) 0.9500
C(102)-C(103) 1.5133)

C(102)-H(102) 1.0000 Atoms Angle (°)
C(103)-C(104) 1.544(3) C(10)-N(1)-C(2) 116.14(16)
C(103)-H(10C) 0.9900 C(10)-N(1)-C(1) 117.56(16)
C(103)-H(10D) 0.9900 C(2)-N(1)-C(1) 60.47(13)

C(104)-C(105) 1.519(3) N(1)-C(1)-C(2) 59.45(13)
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Table A6.4.3 cont’d.

Atoms
N(1)-C(1)-H(1A)
C(2)-C(1)-H(1A)
N(1)-C(1)-H(1B)
C(2)-C(1)-H(1B)
H(1A)-C(1)-H(1B)
N(1)-C(2)-C(1)
N(1)-C(2)-C(3)
C(1)-C(2)-C(3)
N(1)-C(2)-H(2)
C(1)-C(2)-H(2)
C(3)-C(2)-H(2)
C(2)-C(3)-C4)
C(2)-C(3)-H(3A)
C4)-C(3)-H(3A)
C(2)-C(3)-H(3B)
C(4)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(5)-C(4)-C(13)
C(5)-C(4)-C(11)
C(13)-C(4)-C(11)
C(5)-C(4)-C(3)
C(13)-C(4)-C(3)
C(11)-C(4)-C(3)
O(1)-C(11)-C(4)
O(1)-C(11)-H(11A)
C4)-C(11)-H(11A)
O(1)-C(11)-H(11B)
C(4)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(12)-O(1)-C(11)
0(2)-C(12)-0(1)
0(2)-C(12)-C(15)
O(1)-C(12)-C(15)
0(2)-C(12)-C(14)

Angle (°)
117.8
117.8
117.8
117.8
115.0
60.08(13)
117.10(16)
121.06(18)
115.7
115.7
115.7
111.24(16)
109.4
109.4
109.4
109.4
108.0
113.49(15)
111.14(15)
107.67(15)
107.93(15)
106.51(15)
109.97(15)
111.34(15)
109.4
109.4
109.4
109.4
108.0
113.70(14)
110.08(15)
105.47(16)
105.50(16)
111.35(16)

Atoms
O(1)-C(12)-C(14)
C(15)-C(12)-C(14)
C(12)-C(14)-H(14A)
C(12)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(12)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(12)-C(15)-H(15A)
C(12)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(12)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(12)-0(2)-C(13)
0(2)-C(13)-C(4)
0(2)-C(13)-H(13A)
C(4)-C(13)-H(13A)
0(2)-C(13)-H(13B)
C(4)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(6)-C(5)-C(10)
C(6)-C(5)-C(4)
C(10)-C(5)-C4)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)
C(5)-C(6)-H(6)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(8)-C(9)-C(10)

Angle (°)
112.32(16)
111.76(17)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
114.19(14)
113.25(15)
108.9
108.9
108.9
108.9
107.7
117.77(18)
123.30(17)
118.89(17)
121.55(18)
119.2
119.2
119.80(19)
120.1
120.1
119.53(19)
120.2
120.2
120.85(19)
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Table A6.4.3 cont’d.

Atoms

C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
C(9)-C(10)-C(5)
C(9)-C(10)-N(1)
C(5)-C(10)-N(1)
C(110)-N(101)-C(102)
C(110)-N(101)-C(101)
C(102)-N(101)-C(101)
N(101)-C(101)-C(102)
N(101)-C(101)-H(10A)
C(102)-C(101)-H(10A)
N(101)-C(101)-H(10B)
C(102)-C(101)-H(10B)
H(10A)-C(101)-H(10B)
N(101)-C(102)-C(101)
N(101)-C(102)-C(103)
C(101)-C(102)-C(103)
N(101)-C(102)-H(102)
C(101)-C(102)-H(102)
C(103)-C(102)-H(102)
C(102)-C(103)-C(104)
C(102)-C(103)-H(10C)
C(104)-C(103)-H(10C)
C(102)-C(103)-H(10D)
C(104)-C(103)-H(10D)
H(10C)-C(103)-H(10D)
C(105)-C(104)-C(111)
C(105)-C(104)-C(113)
C(111)-C(104)-C(113)
C(105)-C(104)-C(103)
C(111)-C(104)-C(103)
C(113)-C(104)-C(103)
O(101)-C(111)-C(104)
O(101)-C(111)-H(11C)

Angle (°)
119.6
119.6
120.41(18)
117.88(17)
121.52(17)
116.68(16)
117.92(17)
60.26(13)
59.55(13)
117.8
117.8
117.8
117.8
115.0
60.19(13)
117.18(17)
120.66(18)
115.8
115.8
115.8
110.85(15)
109.5
109.5
109.5
109.5
108.1
112.97(16)
108.40(14)
107.07(15)
108.54(16)
109.09(15)
110.78(16)
110.66(15)
109.5

Atoms
C(104)-C(111)-H(11C)
O(101)-C(111)-H(11D)
C(104)-C(111)-H(11D)
H(11C)-C(111)-H(11D)
C(112)-0(101)-C(111)
O(101)-C(112)-0(102)
O(101)-C(112)-C(114)
0(102)-C(112)-C(114)
O(101)-C(112)-C(115)
0(102)-C(112)-C(115)
C(114)-C(112)-C(115)
C(112)-C(114)-H(11E)
C(112)-C(114)-H(11F)
H(11E)-C(114)-H(11F)
C(112)-C(114)-H(11G)
H(11E)-C(114)-H(11G)
H(11F)-C(114)-H(11G)
C(112)-C(115)-H(11H)
C(112)-C(115)-H(111)
H(11H)-C(115)-H(111)
C(112)-C(115)-H(11J)
H(11H)-C(115)-H(11J)
H(11I)-C(115)-H(11)J)
C(112)-0(102)-C(113)
0O(102)-C(113)-C(104)
0(102)-C(113)-H(11K)
C(104)-C(113)-H(11K)
0O(102)-C(113)-H(11L)
C(104)-C(113)-H(11L)
H(11K)-C(113)-H(11L)
C(106)-C(105)-C(110)
C(106)-C(105)-C(104)
C(110)-C(105)-C(104)
C(107)-C(106)-C(105)

Angle (°)
109.5
109.5
109.5
108.1
113.48(14)
109.61(14)
105.74(15)
105.79(15)
112.25(16)
111.27(16)
111.83(17)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
112.81(14)
111.61(15)
109.3
109.3
109.3
109.3
108.0
118.08(17)
123.44(17)
118.46(17)
121.18(19)
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Table A6.4.3 cont’d.

Atoms Angle (°) Atoms Angle (°)
C(107)-C(106)-H(106) 1194 C(109)-C(108)-H(108) 120.2
C(107)-C(108)-H(108) 120.2 C(108)-C(109)-C(110)  120.82(19)
C(105)-C(106)-H(106) 1194 C(108)-C(109)-H(109) 119.6
C(106)-C(107)-C(108)  120.04(19) C(110)-C(109)-H(109) 119.6
C(106)-C(107)-H(107)  120.0 C(109)-C(110)-C(105)  120.29(18)
C(108)-C(107)-H(107) 120.0 C(109)-C(110)-N(101) 117.61(18)
C(109)-C(108)-C(107)  119.53(18) C(105)-C(110)-N(101) 121.90(17)

Symmetry transformations used to generate equivalent atoms:

Table A6.4.4 Anisotropic displacement parameters (A2x 103) for 157. The

anisotropic displacement factor exponent takes the form: -2p2[ h2 a*2UTT + . +
2hka*b*UlI2]

Atom yll U22 u33 U23 ul3 ul2
N(1) 22(1) 19(1) 18(1) 0(1) -4(1) 4(1)
C(1) 34(1) 22(1) 18(1) 0(1) -6(1) 8(1)
CQ2) 25(1) 17(1) 20(1) 2(1) 1(1) 2(1)
C(3) 21(1) 16(1) 20(1) 2(1) -2(1) 0(1)
C#4) 13(1) 15(1) 17(1) 0(1) -2(1) 0(1)
C(1)  14(1) 18(1) 17(1) 1(1) -1(1) 0(1)
O(1) 14(1) 17(1) 18(1) -2(1) -4(1) 1(1)
C(12) 13(1) 20(1) 19(1) -4(1) -4(1) 3(1)
C(14) 14(1) 24(1) 33(1) -8(1) -6(1) -2(1)
Ca5)  22(1) 23(1) 21(1) -2(1) -6(1) 6(1)
0(2) 14(1) 21(1) 16(1) -1(1) -3(1) 4(1)
C(13) 16(1) 16(1) 18(1) -1(1) -4(1) 1(1)
C(5) 12(1) 14(1) 20(1) -1(1) -2(1) 3(1)
C(6) 14(1) 17(1) 21(1) 0(1) -1(1) 3(1)
C(7) 15(1) 19(1) 30(1) 1(1) 2(1) 0(1)
C(8) 12(1) 20(1) 39(1) -6(1) -4(1) 0(1)

coO)  18(1) 21(1) 29(1) _6(1) 9(1) 4(1)
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Table A6.4.4 cont’d.

Atom yll U22 u33 U23 ul3 ul2
C(10)  14(1) 15(1) 21(1) -1(1) -2(1) 6(1)
N(101) 19(1) 19(1) 19(1) 0(1) -2(1) -1(1)
C@or1) 28(1) 21(1) 20(1) 1(1) -3(1) 1(1)
C(102) 19(1) 17(1) 20(1) 0(1) 0(1) -2(1)
C(103) 20(1) 16(1) 20(1) -2(1) -3(1) -1(1)
C(104) 12(1) 16(1) 18(1) -2(1) -2(1) -1(1)
C(11) 11(1) 21(1) 19(1) -4(1) -3(1) 2(1)
O(101) 14(1) 18(1) 21(1) -4(1) -4(1) -1(1)
C(112) 12(1) 20(1) 19(1) -4(1) -4(1) 1(1)
C(114) 16(1) 27(1) 29(1) -7(1) -2(1) -3(1)
C(115) 20(1) 23(1) 22(1) -1(1) -5(1) 1(1)
O(102) 11(1) 23(1) 20(1) -5(1) -2(1) -2(1)
C(113) 12(1) 17(1) 19(1) -3(1) -4(1) -1(1)
C(105) 12(1) 14(1) 20(1) -1(1) -3(1) 2(1)
C(106) 15(1) 19(1) 20(1) -1(1) -3(1) 0(1)
C(107) 15(1) 22(1) 28(1) 2(1) -2(1) 0(1)
C(108) 15(1) 22(1) 31(1) -2(1) -9(1) -3(1)
C(109) 20(1) 21(1) 23(1) -2(1) -7(1) 0(1)
C(110) 14(1) 16(1) 21(1) -2(1) -3(1) 1(1)

Table A6.4.5 Hydrogen coordinates ( x 104) and isotropic displacement
parameters (A2x 10 3) for 157.

Atom X y z U(eq)
H(1A) 5150 5221 9731 30
H(1B) 5722 4587 8848 30
H(2) 3749 5391 8936 25
H(3A) 3725 3357 7663 23
H(3B) 4816 3468 7601 23
H(11A) 2766 6596 7201 20

H(11B) 3289 8818 7644 20
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Table A6.4.5 cont’d.

Atom X y z U(eq)
H(14A) 2327 4886 6001 36
H(14B) 2177 5459 5008 36
H(14C) 1655 7020 5706 36
H(15A) 2365 10724 4978 33
H(15B) 2955 9057 4362 33
H(15C) 3454 10977 4974 33
H(13A) 4779 4585 6046 20
H(13B) 3741 3800 6188 20
H(6) 5176 9142 5922 21
H(7) 6457 11571 6156 26
H(8) 7081 11970 7538 28
H(9) 6360 10139 8679 27
H(10A) 4432 10396 1079 27
H(10B) 5156 9725 303 27
H(102) 6350 9002 1327 23
H(10C) 5098 11073 2481 22
H(10D) 6179 10810 2631 22
H(11C) 4870 10054 3976 21
H(11D) 5162 7479 4360 21
H(11E) 7834 10951 4123 36
H(11F) 8324 8565 4481 36
H(11G) 7733 10213 5103 36
H(11H) 6701 6738 5493 32
H(11I) 7331 5020 4931 32
H(11J)) 6253 5142 4746 32
H(11K) 6134 4648 3431 19
H(11L) 6412 5558 2503 19
H(106) 4110 5367 3901 22
H(107) 2857 3220 3362 26
H(108) 2581 3031 1887 28

H(109) 3596 4867 962 26




Appendix 6 — X-Ray Crystallography Reports Relevant to Chapter 3 554
Table A6.4.6 Torsion angles [°] for 157.

Atoms (A-B-C-D) Angle (°) Atoms (A-B-C-D) Angle (°)
C(10)-N(1)-C(1)-C(2) -105.99(19) C(6)-C(7)-C(8)-C(9) -2.3(3)
C(10)-N(1)-C(2)-C(1) 108.33(19) C(7)-C(8)-C(9)-C(10) 0.8(3)
C(10)-N(1)-C(2)-C(3) -3.6(3) C(8)-C(9)-C(10)-C(5) 2.03)
C(1)-N(1)-C(2)-C(3) -112.0(2) C(8)-C(9)-C(10)-N(1) -173.07(18)
N(1)-C(1)-C(2)-C(3) 105.5(2) C(6)-C(5)-C(10)-C(9) -3.2(3)
N(1)-C(2)-C(3)-C(4) -39.3(2) C(4)-C(5)-C(10)-C(9) 174.58(16)
C(1)-C(2)-C(3)-C(4) -109.1(2) C(6)-C(5)-C(10)-N(1) 171.74(16)
C(2)-C(3)-C(4)-C(5) 55.6(2) C(4)-C(5)-C(10)-N(1) -10.5(3)
C(2)-C(3)-C(4)-C(13) 177.82(17) C(2)-N(1)-C(10)-C(9) -154.57(17)
C(2)-C(3)-C(4)-C(11) -65.8(2) C(1)-N(1)-C(10)-C(9) -85.9(2)
C(5)-C(4)-C(11)-0(1) 74.36(19) C(2)-N(1)-C(10)-C(5) 30.4(2)
C(13)-C(4)-C(11)-O(1) -50.52(19) C(1)-N(1)-C(10)-C(5) 99.1(2)
C(3)-C(4)-C(11)-0(1) -166.18(15) C(110)-N(101)-C(101)-C(102) 106.4(3)
C(4)-C(11)-O(1)-C(12) 57.95(19) C(110)-N(101)-C(102)-C(101) -108.5(2)
C(11)-O(1)-C(12)-0(2) -58.6(2) C(110)-N(101)-C(102)-C(103) 3.03)
C(11)-0(1)-C(12)-C(15) -171.90(15) C(101)-N(101)-C(102)-C(103) 111.5(2)
C(11)-O(1)-C(12)-C(14) 66.1(2) N(101)-C(101)-C(102)-C(103) -105.8(2)
O(1)-C(12)-0(2)-C(13) 55.5(2) N(101)-C(102)-C(103)-C(104) 38.4(2)
C(15)-C(12)-0(2)-C(13) 168.83(15) C(101)-C(102)-C(103)-C(104) 108.2(2)
C(14)-C(12)-0(2)-C(13) -69.8(2) C(102)-C(103)-C(104)-C(105) -55.8(2)
C(12)-0(2)-C(13)-C(4) -52.9(2) C(102)-C(103)-C(104)-C(111) -179.3(2)
C(5)-C(4)-C(13)-0(2) -75.00(19) C(102)-C(103)-C(104)-C(113)  63.1(2)
C(11)-C(4)-C(13)-O(2) 48.5(2) C(105)-C(104)-C(111)-O(101) 172.0(2)
C(3)-C(4)-C(13)-0(2) 166.38(15) C(113)-C(104)-C(111)-O(101) 52.8(2)
C(13)-C(4)-C(5)-C(6) 27.2(2) C(103)-C(104)-C(111)-O(101) -67.2(2)
C(11)-C(4)-C(5)-C(6) -94.4(2) C(104)-C(111)-O(101)-C(112) -58.3(2)
C(3)-C(4)-C(5)-C(6) 144.98(17) C(111)-0(101)-C(112)-0(102)  59.0(2)
C(13)-C(4)-C(5)-C(10) -150.45(16) C(111)-0(101)-C(112)-C(114) 172.6(2)
C(11)-C(4)-C(5)-C(10) 88.0(2) C(111)-0(101)-C(112)-C(115) -65.2(2)
C(3)-C(4)-C(5)-C(10) -32.6(2) O(101)-C(112)-0(102)-C(113) -58.1(2)
C(10)-C(5)-C(6)-C(7) 1.6(3) C(114)-C(112)-0(102)-C(113) -171.7(2)
C(4)-C(5)-C(6)-C(7) -176.02(17) C(115)-C(112)-0(102)-C(113)  66.6(2)
C(5)-C(6)-C(7)-C(8) 1.1(3) C(112)-0(102)-C(113)-C(104) 57.3(2)
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Table A6.4.6 cont’d.

555

Atoms (A-B-C-D)

C(105)-C(104)-C(113)-0(102)
C(111)-C(104)-C(113)-0O(102)
C(103)-C(104)-C(113)-0(102)
C(111)-C(104)-C(105)-C(106)
C(113)-C(104)-C(105)-C(106)
C(103)-C(104)-C(105)-C(106)
C(111)-C(104)-C(105)-C(110)
C(113)-C(104)-C(105)-C(110)
C(103)-C(104)-C(105)-C(110)
C(110)-C(105)-C(106)-C(107)
C(104)-C(105)-C(106)-C(107)
C(105)-C(106)-C(107)-C(108)

Angle (°)

-175.1(2)
-52.9(2)
66.0(2)
-24.9(2)
93.6(2)
-146.1(2)
156.3(2)
-85.2(2)
35.2(2)
-1.13)
-179.9(2)
-0.9(3)

Atoms (A-B-C-D)

C(106)-C(107)-C(108)-C(109)
C(107)-C(108)-C(109)-C(110)
C(108)-C(109)-C(110)-C(105)
C(108)-C(109)-C(110)-N(101)
C(106)-C(105)-C(110)-C(109)
C(104)-C(105)-C(110)-C(109)
C(106)-C(105)-C(110)-N(101)
C(104)-C(105)-C(110)-N(101)
C(102)-N(101)-C(110)-C(109)
C(101)-N(101)-C(110)-C(109)
C(102)-N(101)-C(110)-C(105)
C(101)-N(101)-C(110)-C(105)

Angle (°)

1.5(3)
0.0(3)
2.003)
172.9(2)
2.6(3)

-178.6(2)
-172.1(2)

6.7(3)
157.7(2)
88.9(2)
-27.5(3)
-96.3(2)

Symmetry transformations used to generate equivalent atoms:
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A6.5 X-RAY CRYSTAL STRUCTURE ANALYSIS OF COMPOUND 158
(V24321)

Crystals suitable for X-ray diffraction were grown by adding one drop of EtOAc to
3 mg of aziridine 158, heating the sealed vial to 80 °C, and allowing the solution to slowly
cool to ambient temperature. Low-temperature diffraction data (g-and @-scans) were
collected on a Bruker AXS D8 VENTURE KAPPA diffractometer coupled to a PHOTON
II CPAD detector with Cu K, radiation (1 = 1.54178 A) from an IuS micro-source for the
structure of compound V24321. The structure was solved by direct methods using SHELXS'
and refined against /2 on all data by full-matrix least squares with SHELXL-2019" using
established refinement techniques. All non-hydrogen atoms were refined anisotropically.
All hydrogen atoms were included into the model at geometrically calculated positions and
refined using a riding model. The isotropic displacement parameters of all hydrogen atoms
were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for methyl
groups). Compound 158 crystallizes in the triclinic space group P-1 with two molecules in

the asymmetric unit.
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Figure A6.5.1 X-Ray Coordinate of Compound 158

Table A6.5.1 Crystal data and structure refinement for 158.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

V24321
C16 H21 N 02
259.34

100(2) K

1.54178 A
Triclinic

P-1
a=10.6789(11) A
b=10.7870(6) A
c=13.9886(9) A
1352.9(2) A3

4

1.273 Mg/m3
0.660 mm-1

560

0.400 x 0.300 x 0.200 mm3

3.380 to 74.431°.

-13<=h<=13, -13<=k<=13, -17<=I<=17
35179

5526 [R(int) = 0.0351]

a=108.035(7)°.
b=91.204(8)°.
g=116.063(5)°.

557
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Completeness to theta = 67.679°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [[>2sigma(])]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

99.9 %

Semi-empirical from equivalents
0.7538 and 0.6350

Full-matrix least-squares on F2
5526/0/347

1.032

R1=10.0388, wR2 =0.0979
R1=0.0404, wR2 = 0.0986

n/a

0.271 and -0.284 ¢.A-3

558

Table A6.5.2 Atomic coordinates ( x 10%) and equivalent isotropic displacement

parameters (A2x 103) for 158. U(eq) is defined as one third of the trace of the

orthogonalized Ul tensor.

Atom X y V4 U(eq)
C() 8302(1) 6335(1) 3227(1) 14(1)
C(2) 8076(1) 6694(1) 2384(1) 16(1)
C(3) 9104(1) 7893(1) 2187(1) 20(1)
C4) 10392(1) 8788(1) 2853(1) 21(1)
C(5) 10657(1) 8455(1) 3691(1) 19(1)
C(6) 9640(1) 7233(1) 3879(1) 15(1)
N(1) 10039(1) 6863(1) 4684(1) 18(1)
C(7) 10569(1) 7997(1) 5718(1) 24(1)
C(8) 9142(1) 6685(1) 5469(1) 23(1)
C() 7810(1) 6814(1) 5330(1) 24(1)
C(10) 6667(1) 5468(1) 4463(1) 20(1)
C(11) 7143(1) 5013(1) 3424(1) 14(1)
C(12) 5821(1) 4198(1) 2573(1) 17(1)
O(1) 4800(1) 2881(1) 2702(1) 18(1)
C(13) 5320(1) 1855(1) 2636(1) 16(1)
0O(2) 6567(1) 2518(1) 3390(1) 17(1)
C(15) 5587(1) 1248(1) 1563(1) 24(1)
C(16) 4203(1) 643(1) 2931(1) 21(1)
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Table A6.5.2 cont’d.

Atom X y V4 U(eq)
C(14) 7669(1) 3868(1) 3349(1) 15(1)
C(21) 3192(1) 6256(1) 2477(1) 14(1)
C(22) 2950(1) 6783(1) 3467(1) 16(1)
C(23) 4047(1) 7853(1) 4278(1) 19(1)
C(24) 5423(1) 8452(1) 4107(1) 20(1)
C(25) 5700(1) 7976(1) 3132(1) 18(1)
C(26) 4606(1) 6877(1) 2322(1) 14(1)
N(2) 4987(1) 6332(1) 1368(1) 15(1)
C(27) 5799(1) 7419(1) 895(1) 18(1)
C(28) 4294(1) 6317(1) 437(1) 16(1)
C(29) 3123(1) 6739(1) 536(1) 17(1)
C(30) 1787(1) 5541(1) 703(1) 16(1)
C@31) 1971(1) 5042(1) 1606(1) 13(1)
C(32) 2201(1) 3661(1) 1253(1) 14(1)
0(@3) 1028(1) 2432(1) 498(1) 15(1)
O4) -547(1) 3301(1) 1170(1) 16(1)
C(33) -318(1) 2041(1) 810(1) 16(1)
C(395) -1424(1) 1004(1) -150(1) 22(1)
C(36) -459(1) 1310(1) 1607(1) 22(1)
C(34) 551(1) 4516(1) 1979(1) 16(1)

Table A6.5.3 Bond lengths [A] and angles [°] for 158.

Bond
C(1)-CQ2)
C(1)-C(6)
C(1)-C(11)
C(2)-CQ3)
C(2)-H(2)
C(3)-C(4)
C(3)-H(3)

Length (A)
1.3978(15)
1.4121(15)
1.5318(14)
1.3922(15)
0.9500

1.3830(16)
0.9500

Bond

C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5)
C(6)-N(1)
N(1)-C(7)
N(1)-C(8)

Length (A)
1.3858(16)
0.9500

1.3979(15)
0.9500

1.4201(14)
1.4737(15)
1.4743(15)
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Table A6.5.3 cont’d.

Bond Length (A) Bond Length (A)
C(7)-C(8) 1.4914(17) C(23)-C(24) 1.3827(17)
C(7)-H(7A) 0.9900 C(23)-H(23) 0.9500
C(7)-H(7B) 0.9900 C(24)-C(25) 1.3879(16)
C(8)-C(9) 1.5032(18) C(24)-H(24) 0.9500
C(8)-H(8) 1.0000 C(25)-C(26) 1.3968(15)
C(9)-C(10) 1.5364(16) C(25)-H(25) 0.9500
C(9)-H(9A) 0.9900 C(26)-N(2) 1.4286(13)
C(9)-H(9B) 0.9900 N(2)-C(27) 1.4746(14)
C(10)-C(11) 1.5564(15) N(2)-C(28) 1.4768(13)
C(10)-H(10A) 0.9900 C(27)-C(28) 1.4879(15)
C(10)-H(10B) 0.9900 C(27)-H(27A) 0.9900
C(11)-C(12) 1.5403(14) C(27)-H(27B) 0.9900
C(11)-C(14) 1.5452(14) C(28)-C(29) 1.5019(15)
C(12)-0O(1) 1.4298(12) C(28)-H(28) 1.0000
C(12)-H(12A) 0.9900 C(29)-C(30) 1.5308(15)
C(12)-H(12B) 0.9900 C(29)-H(29A) 0.9900
O(1)-C(13) 1.4212(13) C(29)-H(29B) 0.9900
C(13)-0(2) 1.4262(13) C(30)-C(31) 1.5577(14)
C(13)-C(16) 1.5122(14) C(30)-H(30A) 0.9900
C(13)-C(15) 1.5290(16) C(30)-H(30B) 0.9900
0(2)-C(14) 1.4338(12) C(31)-C(34) 1.5341(14)
C(15)-H(15A) 0.9800 C(31)-C(32) 1.5473(14)
C(15)-H(15B) 0.9800 C(32)-0(3) 1.4346(12)
C(15)-H(15C) 0.9800 C(32)-H(32A) 0.9900
C(16)-H(16A) 0.9800 C(32)-H(32B) 0.9900
C(16)-H(16B) 0.9800 0(3)-C(33) 1.4290(13)
C(16)-H(16C) 0.9800 0(4)-C(33) 1.4262(13)
C(14)-H(14A) 0.9900 0(4)-C(34) 1.4321(12)
C(14)-H(14B) 0.9900 C(33)-C(35) 1.5139(15)
C(21)-C(22) 1.4010(15) C(33)-C(36) 1.5277(15)
C(21)-C(26) 1.4110(15) C(35)-H(35A) 0.9800
C(21)-C(31) 1.5308(14) C(35)-H(35B) 0.9800
C(22)-C(23) 1.3914(15) C(35)-H(35C) 0.9800
C(22)-H(22) 0.9500 C(36)-H(36A) 0.9800
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Bond Length (A) Bond Angle (°)
C(36)-H(36B) 0.9800 N(1)-C(8)-C(9) 117.73(10)
C(36)-H(36C) 0.9800 C(7)-C(8)-C(9) 121.15(11)
C(34)-H(34A) 0.9900 N(1)-C(8)-H(8) 115.6
C(34)-H(34B) 0.9900 C(7)-C(8)-H(8) 115.6
C(9)-C(8)-H(8) 115.6
Bond Angle (°) C(8)-C(9)-C(10) 111.90(10)
C(2)-C(1)-C(6) 117.15(9) C(8)-C(9)-H(%A) 109.2
C(2)-C(1)-C(11) 120.99(9) C(10)-C(9)-H(9A) 109.2
C(6)-C(1)-C(11) 121.86(9) C(8)-C(9)-H(9B) 109.2
C(3)-C(2)-C(1) 122.41(10) C(10)-C(9)-H(9B) 109.2
C(3)-C(2)-H(2) 118.8 H(9A)-C(9)-H(9B) 107.9
C(1)-C(2)-H(2) 118.8 C(9)-C(10)-C(11) 116.16(9)
C4)-C(3)-C(2) 119.56(10) C(9)-C(10)-H(10A) 108.2
C(4)-C(3)-H(3) 120.2 C(11)-C(10)-H(10A) 108.2
C(2)-C(3)-H(3) 120.2 C(9)-C(10)-H(10B) 108.2
C(3)-C(4)-C(5) 119.55(10) C(11)-C(10)-H(10B) 108.2
C(3)-C(4)-H4) 120.2 H(10A)-C(10)-H(10B) 107.4
C(5)-C(4)-H4) 120.2 C(1)-C(11)-C(12) 110.81(8)
C(4)-C(5)-C(6) 121.08(10) C(1)-C(11)-C(14) 109.00(8)
C(4)-C(5)-H(5) 119.5 C(12)-C(11)-C(14) 104.72(8)
C(6)-C(5)-H(5) 119.5 C(1)-C(11)-C(10) 112.68(9)
C(5)-C(6)-C(1) 120.19(10) C(12)-C(11)-C(10) 107.73(9)
C(5)-C(6)-N(1) 117.97(9) C(14)-C(11)-C(10) 111.62(9)
C(1)-C(6)-N(1) 121.63(9) O(1)-C(12)-C(11) 110.60(8)
C(6)-N(1)-C(7) 117.86(9) O(1)-C(12)-H(12A) 109.5
C(6)-N(1)-C(8) 118.17(9) C(11)-C(12)-H(12A) 109.5
C(7)-N(1)-C(8) 60.78(8) O(1)-C(12)-H(12B) 109.5
N(1D)-C(7)-C(8) 59.63(7) C(11)-C(12)-H(12B) 109.5
N(1)-C(7)-H(7A) 117.8 H(12A)-C(12)-H(12B) 108.1
C(8)-C(7)-H(7A) 117.8 C(13)-O(1)-C(12) 112.70(8)
N(1)-C(7)-H(7B) 117.8 O(1)-C(13)-0(2) 110.09(8)
C(8)-C(7)-H(7B) 117.8 O(1)-C(13)-C(16) 105.76(9)
H(7A)-C(7)-H(7B) 114.9 0(2)-C(13)-C(16) 106.11(9)
N(1)-C(8)-C(7) 59.59(7) O(1)-C(13)-C(15) 111.72(9)
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Table A6.5.3 cont’d.

Bond Angle (°) Bond Angle (°)
0(2)-C(13)-C(15) 111.38(9) C(24)-C(25)-H(25) 119.6
C(16)-C(13)-C(15) 111.49(9) C(26)-C(25)-H(25) 119.6
C(13)-0(2)-C(14) 114.27(8) C(25)-C(26)-C(21) 120.38(10)
C(13)-C(15)-H(15A) 109.5 C(25)-C(26)-N(2) 117.60(9)
C(13)-C(15)-H(15B) 109.5 C(21)-C(26)-N(2) 121.82(9)
H(15A)-C(15)-H(15B)  109.5 C(26)-N(2)-C(27) 116.96(9)
C(13)-C(15)-H(15C) 109.5 C(26)-N(2)-C(28) 118.43(8)
H(15A)-C(15)-H(15C)  109.5 C(27)-N(2)-C(28) 60.55(7)
H(15B)-C(15)-H(15C)  109.5 N(2)-C(27)-C(28) 59.80(7)
C(13)-C(16)-H(16A) 109.5 N(2)-C(27)-H(27A) 117.8
C(13)-C(16)-H(16B) 109.5 C(28)-C(27)-H(27A) 117.8
H(16A)-C(16)-H(16B)  109.5 N(2)-C(27)-H(27B) 117.8
C(13)-C(16)-H(16C) 109.5 C(28)-C(27)-H(27B) 117.8
H(16A)-C(16)-H(16C)  109.5 H(27A)-C(27)-H(27B) 114.9
H(16B)-C(16)-H(16C)  109.5 N(2)-C(28)-C(27) 59.65(7)
0(2)-C(14)-C(11) 111.83(8) N(2)-C(28)-C(29) 117.64(9)
0O(2)-C(14)-H(14A) 109.3 C(27)-C(28)-C(29) 121.78(9)
C(11)-C(14)-H(14A) 109.3 N(2)-C(28)-H(28) 115.4
0O(2)-C(14)-H(14B) 109.3 C(27)-C(28)-H(28) 115.4
C(11)-C(14)-H(14B) 109.3 C(29)-C(28)-H(28) 115.4
H(14A)-C(14)-H(14B) 107.9 C(28)-C(29)-C(30) 111.35(9)
C(22)-C(21)-C(26) 117.23(10) C(28)-C(29)-H(29A) 109.4
C(22)-C(21)-C(31) 121.19(9) C(30)-C(29)-H(29A) 109.4
C(26)-C(21)-C(31) 121.57(9) C(28)-C(29)-H(29B) 109.4
C(23)-C(22)-C(21) 122.25(10) C(30)-C(29)-H(29B) 109.4
C(23)-C(22)-H(22) 118.9 H(29A)-C(29)-H(29B) 108.0
C(21)-C(22)-H(22) 118.9 C(29)-C(30)-C(31) 116.55(8)
C(24)-C(23)-C(22) 119.50(10) C(29)-C(30)-H(30A) 108.2
C(24)-C(23)-H(23) 120.2 C(31)-C(30)-H(30A) 108.2
C(22)-C(23)-H(23) 120.2 C(29)-C(30)-H(30B) 108.2
C(23)-C(24)-C(25) 119.86(10) C(31)-C(30)-H(30B) 108.2
C(23)-C(24)-H(24) 120.1 H(30A)-C(30)-H(30B) 107.3
C(25)-C(24)-H(24) 120.1 C(21)-C(31)-C(34) 111.45(8)
C(24)-C(25)-C(26) 120.74(10) C(21)-C(31)-C(32) 108.48(8)
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Table A6.5.3 cont’d.

Bond Angle (°) Bond Angle (°)
C(34)-C(31)-C(32) 104.13(8) C(33)-C(35)-H(35A) 109.5
C(21)-C(31)-C(30) 113.17(8) C(33)-C(35)-H(35B) 109.5
C(34)-C(31)-C(30) 107.11(8) H(35A)-C(35)-H(35B) 109.5
C(32)-C(31)-C(30) 112.15(8) C(33)-C(35)-H(35C) 109.5
0(3)-C(32)-C(31) 111.55(8) H(35A)-C(35)-H(35C) 109.5
0(3)-C(32)-H(32A) 109.3 H(35B)-C(35)-H(35C) 109.5
C(31)-C(32)-H(32A) 109.3 C(33)-C(36)-H(36A) 109.5
0(3)-C(32)-H(32B) 109.3 C(33)-C(36)-H(36B) 109.5
C(31)-C(32)-H(32B) 109.3 H(36A)-C(36)-H(36B) 109.5
H(32A)-C(32)-H(32B) 108.0 C(33)-C(36)-H(36C) 109.5
C(33)-0(3)-C(32) 114.49(8) H(36A)-C(36)-H(36C) 109.5
C(33)-0O(4)-C(34) 113.58(8) H(36B)-C(36)-H(36C) 109.5
0(4)-C(33)-0(3) 110.39(8) 0(4)-C(34)-C(31) 110.11(8)
0(4)-C(33)-C(35) 105.46(9) 0O(4)-C(34)-H(34A) 109.6
0(3)-C(33)-C(35) 106.25(9) C(31)-C(34)-H(34A) 109.6
0(4)-C(33)-C(36) 111.74(9) 0O(4)-C(34)-H(34B) 109.6
0(3)-C(33)-C(36) 111.44(9) C(31)-C(34)-H(34B) 109.6
C(35)-C(33)-C(36) 111.26(9) H(34A)-C(34)-H(34B) 108.2

Symmetry transformations used to generate equivalent atoms:

Table A6.5.4 Anisotropic displacement parameters (A2x 103) for 158. The

anisotropic displacement factor exponent takes the form: -2p2[ h2 a*2UTT + . +
2hka*b*UI2]

Atom yll U22 u33 U23 ul3 ul2
C(1) 12(1) 14(1) 16(1) 5(1) 5(1) 7(1)
CQ2) 13(1) 17(1) 18(1) 6(1) 2(1) 7(1)
C@3) 19(1) 23(1) 22(1) 13(1) 5(1) 10(1)
C#4) 15(1) 19(1) 28(1) 12(1) 7(1) 6(1)
C(5) 12(1) 18(1) 23(1) 6(1) 1(1) 5(1)
C(6) 14(1) 16(1) 15(1) 5(1) 4(1) 9(1)

N(1)  16(1) 19(1) 16(1) 5(1) “1(1) 7(1)
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Table A6.5.4 cont’d.

Atom yll U22 u33 U23 ul3 ul2
C(7) 26(1) 25(1) 16(1) 4(1) -3(1) 10(1)
C(8) 27(1) 25(1) 14(1) 7(1) 2(1) 10(1)
CO) 26(1) 26(1) 17(1) 6(1) 9(1) 12(1)
C(10) 18(1) 21(1) 21(1) 9(1) 9(1) 9(1)
Can  11(1) 15(1) 16(1) 6(1) 3(1) 6(1)
C(12) 13(1) 16(1) 22(1) 10(1) 2(1) 5(1)
O(1) 11(1) 17(1) 27(1) 10(1) 3(1) 5(1)
C(13) 13(1) 16(1) 20(1) 7(1) 2(1) 6(1)
0(2) 13(1) 16(1) 22(1) 10(1) 1(1) 4(1)
C@s5)  21(1) 19(1) 23(1) 4(1) 5(1) 5(1)
C(6) 16(1) 19(1) 26(1) 11(1) 4(1) 5(1)
C(14) 11(1) 14(1) 20(1) 7(1) 3(1) 5(1)
C21) 15(1) 14(1) 13(1) 5(1) 1(1) 7(1)
C22) 17(1) 17(1) 16(1) 6(1) 4(1) 9(1)
C(23) 24(1) 20(1) 13(1) 3(1) 2(1) 11(1)
C24) 19(1) 18(1) 16(1) 0(1) -3(1) 7(1)
C(25) 14(1) 18(1) 20(1) 5(1) 1(1) 8(1)
C(26) 16(1) 14(1) 14(1) 5(1) 2(1) 9(1)
N(2) 12(1) 16(1) 14(1) 5(1) 2(1) 6(1)
c27) 17() 19(1) 20(1) 8(1) 6(1) 8(1)
C(28) 18(1) 18(1) 14(1) 7(1) 4(1) 9(1)
C(29) 18(1) 19(1) 16(1) 8(1) 3(1) 10(1)
C30) 15(1) 18(1) 15(1) 6(1) 0(1) 8(1)
C@31)  12(1) 14(1) 13(1) 4(1) 2(1) 6(1)
C32) 12(1) 14(1) 15(1) 4(1) 2(1) 6(1)
0Q3) 13(1) 14(1) 15(1) 2(1) 2(1) 5(1)
04) 12(1) 15(1) 18(1) 2(1) 1(1) 5(1)
C(33) 14(1) 15(1) 18(1) 5(1) 4(1) 6(1)
C35) 16(1) 19(1) 22(1) 1(1) 1(1) 6(1)
C@36)  22(1) 20(1) 25(1) 11(1) 7(1) 7(1)

C(34)  14(1) 15(1) 14(1) 2(1) 2(1) 6(1)
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Table A6.5.5 Hydrogen coordinates ( x 104) and isotropic displacement
parameters (A2x 10 3)for 158.

Atom X y z U(eq)
H(2) 7190 6099 1928 20
H(@3) 8922 8095 1599 24
H(4) 11089 9625 2736 25
H(5) 11544 9066 4145 23
H(7A) 10611 8962 5808 29
H(7B) 11336 8044 6162 29
H(8) 9070 5921 5758 27
H(9A) 8037 7717 5176 28
H(9B) 7437 6912 5976 28
H(10A) 5871 5673 4345 24
H(10B) 6298 4615 4696 24
H(12A) 5394 4853 2592 20
H(12B) 6101 3943 1898 20
H(15A) 4757 927 1056 35
H(15B) 5754 406 1505 35
H(15C) 6420 2021 1440 35
H(16A) 3975 1080 3585 31
H(16B) 4564 -24 2999 31
H(16C) 3346 89 2402 31
H(14A) 8022 3657 2700 18
H(14B) 8470 4286 3920 18
H(22) 2005 6397 3588 20
H(23) 3851 8169 4944 23
H(24) 6178 9186 4655 24
H(25) 6645 8404 3015 21
H(27A) 6541 7287 530 22
H(27B) 6016 8459 1252 22
H(28) 4144 5493 -207 19
H(29A) 2898 6898 -93 20
H(29B) 3446 7678 1119 20

H(30A) 1390 4663 66 19
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Atom X y V4 U(eq)

H(30B) 1077 5904 816 19

H(32A) 3080 3894 964 17

H(32B) 2321 3391 1851 17

H(35A) -1284 1486 -657 32

H(35B) -2372 755 16 32

H(35C) -1333 101 -429 32

H(36A) -448 368 1299 33

H(36B) -1355 1136 1850 33

H(36C) 334 1959 2185 33

H(34A) 631 4209 2565 19

H(34B) 311 5337 2213 19

Table A6.5.6 Torsion angles [°] for 158.

Atoms Angle (°) Atoms Angle (°)
C(6)-C(1)-C(2)-C(3) -0.88(16) C(6)-N(1)-C(8)-C(7) -107.93(11)
C(11)-C(1)-C(2)-C(3) 179.59(10) C(6)-N(1)-C(8)-C(9) 3.73(15)
C(1)-C(2)-C(3)-C(4) -1.20(17) C(7)-N(1)-C(8)-C(9) 111.66(12)
C(2)-C(3)-C(4)-C(5) 1.85(17) N(D)-C(7)-C(8)-C(9) -106.00(12)
C(3)-C(4)-C(5)-C(6) -0.43(17) N(1)-C(8)-C(9)-C(10) 72.31(13)
C(4)-C(5)-C(6)-C(1) -1.70(16) C(7)-C(8)-C(9)-C(10) 141.79(11)
C(4)-C(5)-C(6)-N(1) 173.12(10) C(8)-C(9)-C(10)-C(11) -50.49(13)
C(2)-C(1)-C(6)-C(5) 2.30(15) C(2)-C(1)-C(11)-C(12) 1.78(13)
C(11)-C(1)-C(6)-C(5) -178.18(9) C(6)-C(1)-C(11)-C(12) -177.72(9)
C(2)-C(1)-C(6)-N(1) -172.33(9) C(2)-C(1)-C(11)-C(14) 116.51(10)
C(11)-C(1)-C(6)-N(1) 7.20(15) C(6)-C(1)-C(11)-C(14) -62.99(12)
C(5)-C(6)-N(1)-C(7) 57.43(14) C(2)-C(1)-C(11)-C(10) -119.00(11)
C(1)-C(6)-N(1)-C(7) -127.83(11) C(6)-C(1)-C(11)-C(10) 61.49(13)
C(5)-C(6)-N(1)-C(8) 127.36(11) C(9)-C(10)-C(11)-C(1) -31.75(13)
C(1)-C(6)-N(1)-C(8) -57.91(14) C(9)-C(10)-C(11)-C(12) -154.27(10)
C(6)-N(1)-C(7)-C(8) 108.43(11) C(9)-C(10)-C(11)-C(14) 91.29(11)
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TableA6.5.6 cont’d.

567

Atoms
C(1)-C(11)-C(12)-0O(1)
C(14)-C(11)-C(12)-0O(1)
C(10)-C(11)-C(12)-0O(1)
C(11)-C(12)-O(1)-C(13)
C(12)-O(1)-C(13)-0(2)
C(12)-O(1)-C(13)-C(16)
C(12)-O(1)-C(13)-C(15)
0O(1)-C(13)-0(2)-C(14)
C(16)-C(13)-0(2)-C(14)
C(15)-C(13)-0(2)-C(14)
C(13)-0(2)-C(14)-C(11)
C(1)-C(11)-C(14)-0(2)
C(12)-C(11)-C(14)-0(2)
C(10)-C(11)-C(14)-0(2)
C(26)-C(21)-C(22)-C(23)
C(31)-C(21)-C(22)-C(23)
C(21)-C(22)-C(23)-C(24)
C(22)-C(23)-C(24)-C(25)
C(23)-C(24)-C(25)-C(26)
C(24)-C(25)-C(26)-C(21)
C(24)-C(25)-C(26)-N(2)
C(22)-C(21)-C(26)-C(25)
C(31)-C(21)-C(26)-C(25)
C(22)-C(21)-C(26)-N(2)
C(31)-C(21)-C(26)-N(2)
C(25)-C(26)-N(2)-C(27)
C(21)-C(26)-N(2)-C(27)
C(25)-C(26)-N(2)-C(28)
C(21)-C(26)-N(2)-C(28)
C(26)-N(2)-C(27)-C(28)

Angle (°)
174.06(8)
56.68(11)
-62.26(11)
-61.88(11)
58.19(11)
172.4009)
-66.12(11)
-55.08(11)
-169.07(8)
69.42(11)
55.50(11)
-172.21(8)
-53.60(11)
62.68(11)
-1.32(16)
178.01(10)
1.64(17)
-0.36(17)
-1.20(17)
1.51(16)

-173.41(10)

-0.26(15)
~179.58(9)
174.44(9)
-4.88(15)
-58.12(13)
127.05(10)

-127.51(10)

57.65(13)

-109.04(10)

Atoms
C(26)-N(2)-C(28)-C(27)
C(26)-N(2)-C(28)-C(29)
C(27)-N(2)-C(28)-C(29)
N(2)-C(27)-C(28)-C(29)
N(2)-C(28)-C(29)-C(30)
C(27)-C(28)-C(29)-C(30)
C(28)-C(29)-C(30)-C(31)
C(22)-C(21)-C(31)-C(34)
C(26)-C(21)-C(31)-C(34)
C(22)-C(21)-C(31)-C(32)
C(26)-C(21)-C(31)-C(32)
C(22)-C(21)-C(31)-C(30)
C(26)-C(21)-C(31)-C(30)
C(29)-C(30)-C(31)-C(21)
C(29)-C(30)-C(31)-C(34)
C(29)-C(30)-C(31)-C(32)
C(21)-C(31)-C(32)-0(3)
C(34)-C(31)-C(32)-0(3)
C(30)-C(31)-C(32)-0(3)
C(31)-C(32)-0(3)-C(33)
C(34)-0(4)-C(33)-0(3)
C(34)-0(4)-C(33)-C(35)
C(34)-0(4)-C(33)-C(36)
C(32)-0(3)-C(33)-O(4)
C(32)-0(3)-C(33)-C(35)
C(32)-0(3)-C(33)-C(36)
C(33)-0(4)-C(34)-C(31)
C(21)-C(31)-C(34)-O0(4)
C(32)-C(31)-C(34)-O0(4)
C(30)-C(31)-C(34)-0(4)

Angle (°)
106.64(10)
-5.84(14)

-112.48(11)

105.64(11)
71.41(12)

-141.14(10)

53.71(12)
-1.30(13)
178.00(9)

_115.37(10)

63.92(12)
119.50(10)
-61.21(12)

28.45(12)

151.68(9)
-94.67(11)

174.79(8)

55.99(10)
-59.48(11)
-55.82(11)
-55.68(11)
-170.05(8)

68.94(11)

52.70(11)

166.56(8)
-72.09(11)

61.61(11)
-175.21(8)
-58.46(10)

60.51(10)

Symmetry transformations used to generate equivalent atoms:
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Ab6.6 X-RAY CRYSTAL STRUCTURE ANALYSIS OF COMPOUND 160
(V25163)

Crystals suitable for X-ray analysis were grown by dissolving 160 in minimal hot
EtO, followed by addition of hexanes, and allowing to stand at —20 °C. Low-temperature
diffraction data (¢-and @-scans) were collected on a Bruker AXS D8 VENTURE KAPPA
diffractometer coupled to a PHOTON II CPAD detector with Cu K, radiation (4 = 1.54178
A) from an IS micro-source for the structure of compound 160. The structure was solved
by direct methods using SHELXS" and refined against 72 on all data by full-matrix least
squares with SHELXL-2019" using established refinement techniques."' All non-hydrogen
atoms were refined anisotropically. Unless otherwise noted, all hydrogen atoms were
included into the model at geometrically calculated positions and refined using a riding
model. The isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times
the U value of the atoms they are linked to (1.5 times for methyl groups). Compound 160
crystallizes in the orthorhombic space group Prna2; with one molecule in the asymmetric
unit. The coordinates for the hydrogen atoms bound to Nlwere located in the difference

Fourier synthesis and refined semi-freely with the help of a restraint on the N-H distance

(0.91(4) A).
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Figure A6.6.1 X-Ray Coordinate of Compound 160

Table A6.6.1 Crystal data and structure refinement for 160.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

V25163
C16 H22 N4 O2

302.37

100(2) K

1.54178 A

Orthorhombic

Pna2,

a=27317(4) A a=90°.
b=28.2030(11) A b= 90°.
c=6.9111(10) A g = 90°.
1548.6(4) A3

4

1.297 Mg/m3

0.711 mm-1

648

0.400 x 0.200 x 0.150 mm3

3.236 to 74.479°.

-33<=h<=34, -10<=k<=10, -8<=1<=8
23964

569
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Independent reflections
Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

3107 [R(int) = 0.0478]

100.0 %

Semi-empirical from equivalents
0.7538 and 0.5911

Full-matrix least-squares on F2
3107 /2 /204

1.061

R1=0.0288, wR2 =0.0728
R1=0.0291, wR2 = 0.0731
0.04(6)

n/a

0.186 and -0.232 e.A-3

570

Table A6.6.2 Atomic coordinates ( x 104) and equivalent isotropic displacement

parameters (A2x 103) for 160. U(eq) is defined as one third of the trace of the

orthogonalized Ul tensor.

Atom X y V4 U(eq)
N(1) 6267(1) 6687(2) 4601(2) 14(1)
C() 6169(1) 6146(2) 2603(2) 15(1)
C(11) 6386(1) 7364(2) 1177(3) 19(1)
N(2) 6182(1) 9037(2) 1284(2) 25(1)
N(@3) 5754(1) 9168(2) 1809(2) 25(1)
N#4) 5367(1) 9474(2) 2313(3) 39(1)
C(2) 6390(1) 4464(2) 2210(2) 16(1)
C(3) 6171(1) 3087(2) 3409(2) 15(1)
C4) 6238(1) 3192(2) 5620(2) 12(1)
C(12) 6772(1) 3559(2) 6204(2) 13(1)
O(1) 7095(1) 2348(1) 5433(2) 16(1)
C(13) 6989(1) 732(2) 6065(3) 16(1)
0O(2) 6486(1) 331(1) 5699(2) 17(1)
C(15) 7284(1) -372(2) 4749(3) 23(1)
C(16) 7120(1) 488(2) 8190(3) 21(1)
C(14) 6140(1) 1482(2) 6453(3) 15(1)
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Table A6.6.2 cont’d.

Atom X y V4 U(eq)

C(5) 5900(1) 4463(2) 6536(2) 12(1)

C(6) 5552(1) 4023(2) 7926(2) 14(1)

C(7) 5252(1) 5161(2) 8833(2) 16(1)

C(8) 5293(1) 6795(2) 8349(3) 16(1)

C(9) 5627(1) 7263(2) 6939(2) 15(1)

C(10) 5932(1) 6131(2) 6025(2) 13(1)

Table A6.6.3 Bond lengths [A] and angles [°] for 160.

Bond Length (A) Bond Length (A)
N(1)-C(10) 1.419(2) C(12)-H(12A) 0.9900
N(1)-C(1) 1.475(2) C(12)-H(12B) 0.9900
N(1)-H(IN) 0.895(18) 0(1)-C(13) 1.4247(19)
C(1)-C(11) 1.524(2) C(13)-0(2) 1.4356(18)
C(1)-C(2) 1.530(2) C(13)-C(15) 1.515(2)
C(1)-H(1) 1.0000 C(13)-C(16) 1.525(2)
C(11)-N(Q) 1.484(2) 0(2)-C(14) 1.4335(18)
C(11)-H(11A) 0.9900 C(15)-H(15A) 0.9800
C(11)-H(11B) 0.9900 C(15)-H(15B) 0.9800
N(2)-N(3) 1.231(2) C(15)-H(15C) 0.9800
N(3)-N(@4) 1.141(3) C(16)-H(16A) 0.9800
C(2)-C(3) 1.523(2) C(16)-H(16B) 0.9800
C(2)-H(2A) 0.9900 C(16)-H(16C) 0.9800
C(2)-H(2B) 0.9900 C(14)-H(14A) 0.9900
C(3)-C(4) 1.541(2) C(14)-H(14B) 0.9900
C(3)-H(3A) 0.9900 C(5)-C(6) 1.400(2)
C(3)-H(3B) 0.9900 C(5)-C(10) 1.416(2)
C(4)-C(5) 1.528(2) C(6)-C(7) 1.391(2)
C(4)-C(14) 1.540(2) C(6)-H(6) 0.9500
C(4)-C(12) 1.5432(19) C(7)-C(8) 1.386(2)
C(12)-0(1) 1.4312(18) C(7)-H(7) 0.9500
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Table A6.6.3 cont’d.

Bond
C(3)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)

Atoms
C(10)-N(1)-C(1)
C(10)-N(1)-H(IN)
C(1)-N(1)-H(1IN)
N(1)-C(1)-C(11)
N(1)-C(1)-C(2)
C(11)-C(1)-C(2)
N(1)-C(1)-H(1)
C(11)-C(1)-H(1)
C(2)-C(1)-H(1)
N(2)-C(11)-C(1)
N(2)-C(11)-H(11A)
C(1)-C(11)-H(11A)
N(2)-C(11)-H(11B)
C(1)-C(11)-H(11B)

H(11A)-C(11)-H(11B)

N3)-N(2)-C(11)
N@)-N(3)-N(2)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2A)
C(1)-C(2)-H(2A)
C(3)-C(2)-H(2B)
C(1)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3B)
C(4)-C(3)-H(3B)

Length (A)

1.390(2)
0.9500
1.397(2)
0.9500

Angle (°)
115.81(12)
110.6(14)
109.4(15)
109.72(12)
111.52(13)
108.82(14)
108.9
108.9
108.9
115.35(14)
108.4
108.4
108.4
108.4
107.5
116.95(14)
172.23(17)
114.68(13)
108.6
108.6
108.6
108.6
107.6
116.84(13)
108.1
108.1
108.1
108.1

Atoms
H(3A)-C(3)-H(3B)
C(5)-C(4)-C(14)
C(5)-C(4)-C(3)
C(14)-C(4)-C(3)
C(5)-C(4)-C(12)
C(14)-C(4)-C(12)
C(3)-C(4)-C(12)
O(1)-C(12)-C(4)
O(1)-C(12)-H(12A)
C(4)-C(12)-H(12A)
O(1)-C(12)-H(12B)
C(4)-C(12)-H(12B)

H(12A)-C(12)-H(12B)

C(13)-0(1)-C(12)
0(1)-C(13)-0(2)
0(1)-C(13)-C(15)
0(2)-C(13)-C(15)
0(1)-C(13)-C(16)
0(2)-C(13)-C(16)
C(15)-C(13)-C(16)
C(14)-0(2)-C(13)
C(13)-C(15)-H(15A)
C(13)-C(15)-H(15B)

H(15A)-C(15)-H(15B)

C(13)-C(15)-H(15C)

H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)

C(13)-C(16)-H(16A)
C(13)-C(16)-H(16B)

H(16A)-C(16)-H(16B)

C(13)-C(16)-H(16C)

H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)

0(2)-C(14)-C(4)

Angle (°)
107.3
111.23(13)
112.17(12)
107.38(13)
109.22(12)
104.08(12)
112.46(13)
110.47(12)
109.6
109.6
109.6
109.6
108.1
114.03(12)
110.64(12)
105.36(13)
105.38(13)
111.71(13)
111.37(13)
112.04(14)
114.59(11)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
110.50(13)
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Table A6.6.3 cont’d.

Atoms

0(2)-C(14)-H(14A)
C(4)-C(14)-H(14A)
0(2)-C(14)-H(14B)
C(4)-C(14)-H(14B)
H(14A)-C(14)-H(14B)

C(6)-C(5)-C(10)
C(6)-C(5)-C(4)
C(10)-C(5)-C(4)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)
C(5)-C(6)-H(6)
C(8)-C(7)-C(6)

Angle (°)
109.6
109.6
109.6
109.6
108.1
117.44(14)
121.27(13)
121.30(13)
122.49(14)
118.8
118.8
119.49(14)

Atoms
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
C(9)-C(10)-C(5)
C(9)-C(10)-N(1)
C(5)-C(10)-N(1)

Angle (°)
120.3
120.3
119.30(14)
120.3
120.3
121.63(14)
119.2
119.2
119.61(14)
118.89(13)
121.50(14)

Symmetry transformations used to generate equivalent atoms:

Table A6.6.4 Anisotropic displacement parameters (A2x 103) for 160. The

anisotropic displacement factor exponent takes the form: -2p2[ h2 a*2UTT + . +
2hka*b*UI2]

Atom yll U22 u33 U23 ul3 ul2
N(1) 18(1) 11(1) 12(1) 0(1) 0(1) -3(1)
C(1) 17(1) 15(1) 13(1) 0(1) -1(1) -1(1)
C(1) 241 18(1) 15(1) 2(1) 0(1) -2(1)
N(2) 36(1) 18(1) 23(1) 4(1) 2(1) -4(1)
NQ@3) 38(1) 15(1) 22(1) -2(1) -6(1) 1(1)
N4) 40(1) 24(1) 52(1) -9(1) -2(1) 7(1)
CQ2) 17(1) 18(1) 12(1) -3(1) 1(1) 1(1)
C@3) 15(1) 15(1) 16(1) -4(1) -1(1) 0(1)
C#4) 11(1) 11(1) 15(1) 0(1) 1(1) -1(1)
C(12) 13(1) 13(1) 13(1) -2(1) -1(1) 0(1)
O(1) 13(1) 15(1) 19(1) -1(1) 2(1) 1(1)

C(13)  14(1) 14(1) 22(1) 2(1) “1(1) 1(1)
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Table A6.6.4 cont’d.

Atom yll U22 u33 U23 ul3 ul2
0(2) 13(1) 12(1) 25(1) -3(1) 0(1) 1(1)
C(5) 18(1) 22(1) 28(1) -6(1) 1(1) 4(1)
C(6)  20(1) 19(1) 24(1) 3(1) -1(1) 3(1)
C(14) 13(1) 11(1) 22(1) -1(1) 2(1) 1(1)
C(5) 12(1) 12(1) 12(1) 0(1) -2(1) 0(1)
C(6) 14(1) 15(1) 14(1) 1(1) -1(1) 0(1)
C(7) 14(1) 22(1) 13(1) 0(1) 1(1) -1(1)
C(8) 15(1) 17(1) 16(1) -5(1) 0(1) 2(1)
CO) 18(1) 13(1) 15(1) -2(1) -2(1) -1(1)
C(10)  14(1) 14(1) 12(1) -1(1) -2(1) -2(1)

Table A6.6.5 Hydrogen coordinates ( x 104) and isotropic displacement
parameters (A2x 10 3) for 160.

Atom X y z U(eq)
H(IN) 6290(8) 7780(20) 4630(30) 17
H(1) 5807 6090 2400 18
H(11A) 6744 7424 1401 23
H(11B) 6336 6943 -151 23
H(2A) 6345 4203 822 19
H(2B) 6746 4514 2464 19
H(3A) 6317 2048 2962 18
H(3B) 5816 3035 3132 18
H(12A) 6868 4646 5711 16
H(12B) 6799 3576 7633 16
H(15A) 7188 -180 3401 34
H(15B) 7220 -1512 5088 34
H(15C) 7633 -138 4906 34

H(16A) 7458 848 8414 32
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Table A6.6.5 cont’d

Atom X y V4 U(eq)

H(16B) 7090 -669 8523 32

H(16C) 6897 1129 8999 32

H(14A) 6166 1516 7881 18

H(14B) 5804 1133 6112 18

H(6) 5518 2906 8262 17

H(7) 5021 4821 9777 20

H(8) 5094 7587 8974 20

H(9) 5650 8380 6588 18

Table A6.6.6 Torsion angles [°] for 160.

Atoms (A-B-C-D) Angle (°) Atoms (A-B-C-D) Angle (°)
C(10)-N(1)-C(1)-C(11) 154.30(13) C(15)-C(13)-0(2)-C(14) -166.20(14)
C(10)-N(1)-C(1)-C(2) -85.06(16) C(16)-C(13)-0(2)-C(14) 72.09(16)
N(1)-C(1)-C(11)-N(2) -61.81(18) C(13)-0(2)-C(14)-C(4) 57.77(18)
C(2)-C(1)-C(11)-N(2) 175.92(14) C(5)-C(4)-C(14)-0(2) -175.23(12)
C(1)-C(11)-N(2)-N(3) -29.9(2) C(3)-C(4)-C(14)-0(2) 61.68(16)
N(1)-C(1)-C(2)-C(3) 64.16(17) C(12)-C(4)-C(14)-0(2) -57.74(16)
C(11)-C(1)-C(2)-C(3) -174.67(13) C(14)-C(4)-C(5)-C(6) -0.8(2)
C(1)-C(2)-C(3)-C(4) -62.93(18) C(3)-C(4)-C(5)-C(6) 119.46(15)
C(2)-C(3)-C(4)-C(5) 74.96(17) C(12)-C(4)-C(5)-C(6) -115.16(16)
C(2)-C(3)-C(4)-C(14) -162.53(12) C(14)-C(4)-C(5)-C(10) 178.55(14)
C(2)-C(3)-C(4)-C(12) -48.62(18) C(3)-C(4)-C(5)-C(10) -61.15(18)
C(5)-C(4)-C(12)-0(1) 177.58(12) C(12)-C(4)-C(5)-C(10) 64.23(18)
C(14)-C(4)-C(12)-0(1) 58.71(16) C(10)-C(5)-C(6)-C(7) -1.8(2)
C(3)-C(4)-C(12)-0(1) -57.20(16) C(4)-C(5)-C(6)-C(7) 177.64(14)
C(4)-C(12)-O(1)-C(13) -59.50(17) C(5)-C(6)-C(7)-C(8) 0.5(2)
C(12)-0(1)-C(13)-0(2) 53.49(17) C(6)-C(7)-C(8)-C(9) 1.1(2)
C(12)-0(1)-C(13)-C(15) 166.91(13) C(7)-C(8)-C(9)-C(10) -1.4(2)
C(12)-0(1)-C(13)-C(16) -71.20(16) C(8)-C(9)-C(10)-C(5) 0.1(2)
O(1)-C(13)-0(2)-C(14) -52.79(18) C(8)-C(9)-C(10)-N(1) -179.79(14)
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Table A6.6.6 cont’d.

Atoms (A-B-C-D) Angle (°) Atoms (A-B-C-D) Angle (°)
C(6)-C(5)-C(10)-C(9) 1.5(2) C(4)-C(5)-C(10)-N(1) 1.9(2)
C(4)-C(5)-C(10)-C(9) -177.94(14) C(1)-N(1)-C(10)-C(9) -112.83(15)
C(6)-C(5)-C(10)-N(1) -178.67(14) C(1)-N(1)-C(10)-C(5) 67.32(18)

Symmetry transformations used to generate equivalent atoms:

Table A6.6.7 Hydrogen bonds for 160 [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(1)-H(IN)..N(2) 0.895(18) 2.55(2) 3.0042)  112.3(17)
N(1)-H(IN)..N(3)  0.895(18) 2.69(2) 3.1352)  111.8(16)
N(1)-H(IN)...OQ)#1  0.895(18)  2.288(19)  3.1417(17) 160(2)
C(12)-H(12A)..N(1) 0.99 2.47 3.117(2) 122.9

Symmetry transformations used to generate equivalent atoms:
#1 x,y+1,z
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734

Compound TH NMR (instrument) 13C NMR (instrument) Yield/Procedure
32a FM_001_128_01_H (Florence) FM_001_128_01_C (Florence) FAM-I-128
33 efh-11-133-2 (Indy) efh-11-133-2-13C (Florence) EFH-II-133
34 efh-11-137-2 (Indy) efh-11-137-2-13C (Florence) EFH-1I-137
35 efh-11-135-2 (Indy) efh-11-135-2-13C (Florence) EFH-1I-135
32b FM_001_128_05_H (Florence) FM_001_128_05_C (Florence) FAM-1-128
32¢c FM_001_128_03_H (Florence) FM_001_128_03_C (Florence) FAM-1-128
32d FM_001_128_02_H (Florence) FM_001_128_02_C (Florence) FAM-I-128
32e efh-1-283B-3-1Hchar (Florence) efh-1-283B-3-13Cchar (Florence) EFH-1I-101
32f FM_001_146_H (Florence) FM_001_146_C (Florence) FAM-1-136
32g efh-1-273B-2-1Hchar (Florence) efh-1-273B-2-13Cchar (Florence) EFH-1I-119
32h efh-1-275B-3-1Hchar (Florence) efh-1-275B-3-13Cchar (Florence) EFH-1I-121
32i efh-1-281B-3-2D (Florence) efh-1-281B-3-13C (Florence) EFH-1I-117
32j efh-11-123-2 (Indy) efh-11-123-2 (Florence) EFH-II-123
32k efh-11-125-2 (Indy) efh-11-125-2-13C (Florence) EFH-1I-125
321 FM_001_130_03_H (Florence) FM_001_130_03_H (Florence) FAM-I-130
32m efh-11-127-2 (Indy) efh-11-127-2-13C (Florence) EFH-1I-127
32n FM_001_142_02_H (Florence) FM_001_142_02_C (Florence) FAM-I-142
32p efh-11-131-3 (Indy) efh-11-131-2-13C (Florence) EFH-II-131
32q FM_001_128_04_H FM_001_128 04_C FAM-I-128
32s FM_001_150_03_top (Florence) FM_001_150_06_H (Florence) FAM-I-150
32t efh-lll-phenethyl-chi-1H (Florence) efh-lll-phenethyl-chi-13C (Florence) FAM-I-177
32u efh-lll-geranyl-chi-1H efh-lll-geranyl-chi-13C FAM-I-177
40 efh-11I-75-3 (Indy) efh-1lI-75-3 (Florence) EFH-III-75
41 efh-11-165-2 (Indy) efh-11-165-2-13C (Florence) EFH-1I-165
42 efh-11-167-2 (Indy) efh-11-167-2-13C (Florence) EFH-1I-167
43 FM_001_138_prepH FM_001_138_prepC (Florence) FAM-1-138
44 efh-11-161-2-2 (Florence) efh-1I-151-2-13C-re (Florence) EFH-1I-161
45 efh-11-179-2 (Indy) efh-11-179-2-13C (Florence) EFH-1I-179
31g efh-1-261-2 (Florence) efh-1-261-2 (Florence) EFH-1-261
31h efh-1I-111-2 (Indy) efh-1I-111-2-13C (Florence) EFH-II-111
31k efh-1-219-2 (Indy) efh-1-219-2-13C (Florence) EFH-1-219
311 FM_001_124_02_H (Florence) FM_001_124_02_C (Florence) FAM-1-124
31m FM_001_89_04_H (Florence) FM_001_89 04_C (Florence) FAM-1-89




Appendix 11 — Notebook Cross-References for New Compounds

Table A11.1 cont/d.
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Compound TH NMR (instrument) 13C NMR (instrument) Yield/Procedure
46n ZPS-VI-297-adapaleneKetone (Florence) ZPS-VI-297-adapaleneKetone (Florence) ZPS-VI-297
47n ZPS-VI-301-adapaleneEster (Florence) ZPS-VI-301-adapaleneEster (Florence) ZPS-VI-301
31n ZPS-VII-29-adapaleneCarbonate (Florence) ZPS-VIl-29-adapaleneCarbonate (Florence) ZPS-VII-29
31p ZPS-VI-225-TsIndoleCarbonate (Florence) ZPS-VI-225-TsIndoleCarbonate (Florence) ZPS-VI-225
31q ZPS-VI-257-pyrCO2Me (Florence) ZPS-VI-257-pyrCO2Me (Florence) ZPS-VI-257
31s efh-11-229-2-re (Indy) efh-11-229-2-13C (Florence) EFH-11-229

Table A11.2 Notebook cross-reference for Chapter 2

Compound H NMR (instrument) 13C NMR (instrument) Yield/Procedure
72 efh-X-enone-off-route (Venice) efh-X-enone-off-route (Venice) EFH-VI-233
73 efh-X-1-4-addn-off-route (Venice) efh-X-1-4-addn-off-route (Venice) EFH-VI-103
76 efh-1X-143-2B-1H-char (mislabled) (Florence) efh-1X-143-2B-13C-char (mislabled) (Florence) EFH-IX-31
80 efh-1X-169-conj-addn-char-1H (Venice) efh-1X-169-conj-addn-char-13C (Venice) EFH-1X-169
68 efh-1X-171-5-5-diketone-1H-char (Venice) efh-1X-171-5-5-diketone-13C-char (Venice) EFH-IX-171
(x)-70 EFH-VI-241-2 - EFH-VI-241
70 efh-1X-143-2A-1H-char-5-5-hydroxyketone (Venice) efh-1X-143-2A-1H-char-5-5-hydroxyketone (Venice) EFH-1X-209
81 efh-1X-143-3-pure-1H-char (Florence) efh-1X-143-3-pure-13C-char (Florence) EFH-I1X-209
(2)-82 efh-hydrazone-char (Florence) efh-hydrazone-char-13C (Florence) EFH-IX-163
83 efh-1X-167-2-tbs-ether-char-1H (Venice) efh-1X-167-2-tbs-ether-char-13C (Venice) EFH-IX-213
(2)-86 efh-1X-215-2A-1H-char (Florence) efh-1X-215-2A-13C-char (Florence) EFH-1X-215
(E)-86 efh-1X-215-2B-1H-char (Florence) efh-1X-215-2B-13C-char (Florence) EFH-1X-215
87 efh-1X-217-2-1H-char (Florence) efh-1X-217-2-13C-char (Florence) EFH-IX-217
88 efh-1X-221-2-1H (Florence) efh-1X-221-2-13C (Florence) EFH-IX-219, 221
67 efh-1X-223-2-char-1H-again (Florence) efh-1X-223-2-char-13C-again (Florence) EFH-1X-223
67b efh-VI1-283-2-BOC (Fid) efh-VI1-283-2-BOC (Fid) EFH-VII-283, 267
67c efh-VII-281-2-TEOC (Fid) efh-VII-281-2-TEOC (Fid) EFH-VII-281, 273
67d efh-VI-297-2-lactam-char (Fid) efh-VI-297-2-lactam-char (Fid) EFH-VI-297, 293, 289
92 efh-1X-193-1H (Florence) efh-1X-193-13C (Florence) EFH-VII-211, 209
93 efh-VIII-19-3-1H-char (Florence) efh-VIII-19-3-13C-char (Florence) EFH-VIII-19
97 efh-VIlI-19-3-1H-char (Florence) efh-VIII-19-3-13C-char (Florence) EFH-VIII-61, EFH-VII-79
97b - - EFH-VII-85
101 KI-1-113b (Venice) efh-NTs-2-char-re (Venice) KI-112
103 efh-VIl-141-2-1H (Florence) efh-VII-141-2-13C (Florence) EFH-VII-141, 135
104 efh-1X-177-2-1H-char (Florence) efh-1X-177-2-13C-char (Florence) EFH-IX-177, 175, 173
105 efh-1X-179-2-Boc-vinyll-char (Venice) efh-1X-179-2-Boc-vinyll-char (Venice EFH-IX-179
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Table A11.2 cont/d.
Compound TH NMR (instrument) 13C NMR (instrument) Yield/Procedure
106 efh-1X-227-2-1H-char (Florence) efh-1X-227-2-13C-char (Florence) EFH-X-21
107 efh-1X-237-2-1H-char (Florence) efh-1X-237-2-13C-char (Florence) EFH-X-27
112 efh-1X-243-2-1H-char (Florence) efh-1X-243-2-13C-char (Florence) EFH-X-37
64 efh-VIII-137-2-benzene (Fid) efh-1X-281-2-char (Venice) EFH-1X-281
116 efh-X-69-2B-1H-char (Florence) efh-X-69-2B-13C-char (Florence) EFH-1X-301
17 efh-X-69-2A-1H-char (Florence) efh-X-69-2-13C-char (Florence) EFH-IX-301
53 efh-X-61-hunterine-check (Fid) efh-61-hunterine-13C (Florence) EFH-X-61

Table A11.3 Notebook cross-reference for Chapter 3

Compound TH NMR (instrument) 13C NMR (instrument) Yield/Procedure
145 LMFR-I-57-1H (Florence) LMFR-I-57-13C (Florence) LMFR-I-57
146 efh-Imfr-7m-alk-re (Venice) efh-Imfr-7m-alk-re (Venice) LMFR-I-27
149 efh-XI11-209-2-1H (Florence) efh-XI1I-209-2-13C (Florence) EFH-XII-209
150 efh-XIV-LMFR-BPin (Florence) LMFR-I-35-13C LMFR-I-35
151 efh-XIlI-147-2-char (Venice) efh-XIlI-147-2-char (Venice) EFH-XIII-147
152 efh-XIV-7m-aniline-re (Venice) efh-XIV-7m-aniline-re (Venice) EFH-XI1I-225
154 LMFR-1-45(39)-1H (Florence) LMFR-1-45(39)-13C (Florence) LMFR-1-45
155 efh-XIllI-179-2-solid-1H (Florence) efh-XIllI-179-2-solid-13C (Florence) EFH-XIII-179
157 efh-XIll-221-2 (Florence) efh-XIll-221-2-13C (Florence) EFH-XIII-221
158 LMFR-I-43-1H (Florence) LMFR-I-43-13C (Florence) LMFR-I-49
159 LMFR-I-61-1H (Florence) LMFR-I-61-13C (Florence) LMFR-I-61
160 LMFR-I-69-2-CDCI3-1H (Florence) LMFR-I-69-2-CDCI3-13C (Florence) LMFR-I-69
161 LMFR-I-71-2A-benzene-1H (Florence) LMFR-21-benzene-13C (Florence) EFH-XI111-207
162 efh-XI1I-193-3-1H (Florence) efh-XIlI-193-3-13C (Florence) EFH-XIII-193
163 efh-XI1I-229-2-1H (Florence) efh-XI1l-229-2-13C (Florence) EFH-XI1I-229
164 efh-XIlI-231-2-1H (Florence) efh-XIllI-231-2-13C (Florence) EFH-XIII-231
166 efh-XI11-247-2B-1H (Florence) efh-XIII-247-2B-13C (Florence) EFH-XI1-247
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Compound TH NMR (instrument) 13C NMR (instrument) Yield/Procedure
205 efh-X-293-2-char-1H (Florence) efh-X-293-2-char-13C (Florence) EFH-X-293
207 efh-XIV-75-2-char-benzene-1H (Florence) efh-XIV-75-2-char-benzene-13C (Florence) EFH-XIV-75-2
208 efh-XIV-79-3B-char-1H (Florence) efh-XIV-79-3B-char-1H (Florence) EFH-XI-71
234 efh-XIV-79-3A-1H (Florence) efh-XIV-79-3A-13C (Florence) EFH-XIV-79
209 efh-XIV-81-2B-char-1H (Florence) efh-XIV-81-2B-char-13C (Florence) EFH-XI-83
210 efh-XI-95-2-char-re-1H (Florence) efh-XI-95-2-char-re-13C (Florence) EFH-XI-95-2
211 efh-XI-111-char-1H (Florence) efh-XI-111-char-13C (Florence) EFH-XI-111
221 efh-X1V-113-2-1H (Florence) efh-X1V-113-2-13C (Florence) EFH-XIV-113
225 efh-X1V-135-2-1H-char (Florence) efh-X1V-135-2-13C-char (Florence) EFH-XIV-135
226 efh-XIV-157-2-1H (Florence) efh-XI1V-157-2-13C (Florence) EFH-XIV-143, EFH-XIV-147
227 efh-XIV-151-re-char (Venice) efh-XIV-151-re-char (Venice) EFH-XIV-151
228 efh-XI1I-195-2 (Venice) efh-XI1I-195-2 (Venice) EFH-XII-195
230 efh-XIV-155-2-char (Venice) efh-XIV-155-2-char (Venice) EFH-XIV-155
231 efh-XIV-163-2A-1H (Florence) efh-XIV-163-2A-13C (Florence) EFH-XIV-163
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Table A11.4 Notebook cross-reference for Appendix 9

Compound TH NMR (instrument) Yield/Procedure
244 efh-XI1-69-2 (Venice) EFh-XI1-69
245 efh-XII-79-2 (Venice) EFH-XII-79
247 efh-XII-47-2A, efh-XII-47-2B (Venice) EFH-XII-169
247 efh-XII-169-2B (Venice) EFH-XII-169
248 efh-XII-177-2 (Venice) EFH-XII-177
249 efh-XI1-179-2 (Venice) EFH-XII-179

250a efh-XII-185-2A (Venice) EFH-XII-185
250b efh-XII-185-2B (Venice) EFH-XII-185
251b efh-XIl-189-2 (Venice) EFH-XII-189
251a efh-XI1-187-2 (Venice) EFH-XII-187
252 efh-XII-199-2 (Venice) EFH-XII-199
253 efh-XII-213-2 (Venice) EFH-XII-271
269 efh-XIlI-57-2A-benzene, efh-XIll-57-2B-benzene (Fid) EFh-XIII-57
254 efh-XIlI-59-2-benzene (Venice) EFH-XIII-63
256 efh-XIlI-563-2-benzene (Venice) EFH-XIII-83
257 efh-XIlI-87-2-benzene (Venice) EFH-XI1I-87
258 efh-XI11-101-2 (Fid) EFH-XIII-101
259 efh-XllI-157-crude (Fid) efh-XllI-125
262 efh-XI1I-129-2 (Venice) EFH-XIII-129
270 efh-XIlI-135-2 (Venice) EFH-XIII-135
263 - EFH-XIII-143
264 efh-Xlll-151-2 (Venice) EFH-XIII-151

266 efh-XIll-163-2-benzene (Venice) EFH-XIII-163
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