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ABSTRACT
The formation of new carbon—carbon bonds is one of the most important

transformations in organic chemistry due to its ability to build the backbone
of organic molecules. Nickel-catalyzed reductive cross-coupling reactions
have recently emerged as an efficient and powerful strategy for the creation of
new carbon—carbon bonds. Furthermore, electrochemistry can be harnessed
to overcome some of the challenges encountered in many of the reductive
cross-coupling reactions in the literature. Herein, we discuss the development
of a new electroreductive nickel-catalyzed cross-coupling of anhydrides with
unactivated alkyl bromides in collaboration with Amgen to produce large

amounts of substituted cyclobutene products.
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NICKEL-CATALYZED ELECTROREDUCTIVE CROSS-COUPLING
REACTIONS OF ANHYDRIDES AND ALKYL HALIDES

1. INTRODUCTION

The formation of carbon—carbon bonds is one of the most important transformations in organic
chemistry. Carbon—carbon bonds make up the backbones of organic molecules and the forging of
these bonds is often the key to unlocking powerful syntheses of organic molecules. The
development and use of transition-metal catalyzed cross-coupling reactions as a tool for carbon—
carbon bond construction has been one of the most important recent advances in organic
chemistry.!-* The importance of this work was highlighted by the Nobel Prize in Chemistry which
was awarded to Richard F. Heck, Ei-ichi Negishi, and Akira Suzuki in 2010 for their contributions
to palladium-catalyzed cross-coupling in organic synthesis.

Transition-metal catalyzed cross-coupling reactions have traditionally (Scheme 1.1a) involved
the use of a metal nucleophile and an electrophile as coupling partners. Reductive cross-coupling
reactions (RCC) (Scheme 1.1b), which use two electrophiles as coupling partners in the presence
of a reductant are not as well developed but can provide advantages over traditional cross-coupling
reactions. The metal nucleophile in traditional cross coupling reactions, which must often be
synthesized from a precursor, introduces several limitations such as the addition of steps in a
synthesis, additional handling precautions, and limited functional group compatibility. In contrast,
RCC often use organic halide fragments with wide commercial availability and greater functional

group compatibility, making it a more direct approach for the coupling of organic fragments.
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Scheme 1.1 a.) Traditional cross-coupling reactions and b.) reductive cross-coupling reactions

(X = Halide, Pseudohalide; R, R> = Alkyl, aryl, alkenyl; [M] = metal, metalloid)

a) Ri—X R,—[M] Transntlon-MetaICataIyst: R—R,

b) Ri—X R,—X Transition-Metal Catalyst R,—R,
Reductant

Amgen approached our group with an interest in developing a concise method for the synthesis
of stereodefined substituted cyclobutanes such as 2 from cyclobutyl anhydride 1 (Scheme 1.2a).
While the Amgen process team has developed a highly efficient one-step process to afford cyclobutyl
anhydride 1 on multi kilogram scale, attempts to convert cyclobutyl anhydride 1 to target molecule
2 were unsuccessful.* Our group proposed the use of a RCC approach to this transformation
(Scheme 1.2b).

Scheme 1.2 a.) Transformation of interest and b.) proposed RCC approach

a.) H 9 y 9
B >
[ R >
A 2 CO.H
o} R ?
1 2
[o]
b.) H Q H B
[Ni], Ligand Efj\ﬁL G
O + Bry ~_ memmmemmmeomenca > o
N~ LG Electrochemistry B
B 2 CO,H
H e} H
1 3

We hypothesized that this reaction would proceed by a chain radical mechanism as shown in
Figure 1.1. In this cycle, oxidative addition proceeds with the anhydride first. The resulting
nickel(Il) intermediate is oxidatively ligated by an alkyl radical generated by halogen abstraction
with the alkyl bromide to produce a nickel(IIl) intermediate. Upon reductive elimination at the

cathode and workup with a proton source, the product is liberated and nickel(0) is regenerated.



Figure 1.1 Proposed catalytic cycle for RCC of cyclobutyl anhydride
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Prior to our development of a RCC approach for the desymmetrization of anhydrides, there have
been multiple reports of anhydride desymmetrization in the literature. In 2002 Rovis reported the
functionalization of anhydrides using organozinc nucleophiles in up to 95% yield. The use of a
chiral phosphinooxazoline ligand allowed for the desymmetrization of a meso-anhydride in 85%
yield and 79% ee (Scheme 1.3a).° Years later, Doyle and Rovis reported an enantioselective
desymmetrization of meso-anhydrides in up to 90% yield and 94% ee using a dual nickel- and
photoredox-catalyzed cross-coupling reaction (Scheme 1.3b). In recent years, Walsh and Mao have
reported the desymmetrization of cyclic meso-anhydrides with aryl halides in up to 94% yield using
a RCC approach (Scheme 1.3¢).” Most recently, Walsh and Mao reported the decarbonylative

coupling of monocyclic anhydrides with unactivated alkyl halides in up to 92% yield (Scheme
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1.3¢).® However, there have been few examples of cross-coupling reactions involving cyclobutyl

anhydride 1. Furthermore, the reported examples of alkyl coupling partners did not contain the
functionality needed to arrive at target compound 2.

Scheme 1.3 Nickel-catalyzed cross-coupling reactions of anhydrides

a. Rovis 2002
H 9 h ©
RS Ni R , up to 95% yield
o} + R,Zn L R one asymmetric example:
R: ? A 79% ee
H o R757COH  po Ayl

b. Doyle and Rovis 2017

H O
RS BF3;K [Ni]
o+ L oo
. Ar 4CzPIN
R Blue LED
o]

enantioselective

up to 94% ee
up to 90% yield
c. Walsh and Mao 2018
R H 7 X
N e gE D [Ni]
T —_— o% vi
. T Reductant up to 94% yield
H o

d. Walsh and Mao 2020

(o]
[Ni] Q i
0 + Alkyl—Br ———— up to 92% yield
At -CO AIkyI/\)]\OH
(o]
n=12

One of the primary challenges in RCC is achieving cross-selectivity.” The two electrophiles must
have sufficiently different electronic properties such that one of the coupling partners selectively
undergoes oxidative addition with the metal catalyst before the other to avoid significant homo-
coupling. The direct coupling of two Csp? electrophiles such as an anhydride and an alkenyl halide
may be difficult due to cross-selectivity. Using an alkyl bromide in place of an alkenyl halide could
be more suitable for achieving cross-selectivity (Scheme 1.2b). The desired enone product 2 could

then be unmasked by elimination of a beta leaving group installed on the alkyl coupling partner.
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A second challenge in RCC is the use of superstoichiometric amounts of heterogeneous metal-

powder reductants, which can introduce reproducibility issues due to sensitive stir rates, metal purity,
and metal mesh size.!%!! One approach to overcome these challenges is to leverage electrochemistry
as the source of electrons, instead of terminal reductants like Zn® and Mn®.!? Furthermore, studying

the mechanism of RCC systems can be challenging, since Ni' and Ni'!

species can be unstable and
therefore difficult to isolate. This is another case where electrochemistry can be leveraged to study
catalytically active species in situ to gain key mechanistic insight.”> By developing an
electroreductive nickel-catalyzed cross-coupling reaction, we aim to expand on the scope of current
anhydride cross-coupling reactions in the literature and gain mechanistic insight into these reactions.

Furthermore, we aim to leverage electrochemistry to avoid reproducibility issues associated with

metal-dust reductants especially when the reaction is scaled up by the Amgen process team.



2. REDUCTIVE CROSS-COUPLING DEVELOPMENT

Scheme 2.1 a. Cyclohexyl Anhydride RCC initial conditions and b. conditions after optimization

phen (11 mol%) o

H 9 H
5 F NiBr, DME (10 mol%) :
a) o /\/©/ TBAPF, (27 mol%)
- Br DMA (0.1M), 23°C N Go,H .
H o
4 5

RVC Cathode/ Zn Anode A
0.35 mmol, 2.3 F/mol
-7 mA 6
1.5 Equiv. 37% Yield by "THNMR
+Bu
—N —
\Y
\ 7\ 7

tBu
L1 (11 mol%) Q

H R H
: F NiBr, DME (10 mol%) :
b) (:Qo + /\)@/ TBAOAC (27 mol%) m
A Br DMA (0.1M), 23°C NCO,H E
H'o
4 5

RVC Cathode/ Zn Anode A
0.35 mmol, 2.3 F/mol
-7 mA 6

1.5 Equiv. 88% Yield by "THNMR

We began our optimization of the RCC of cyclobutyl anhydride 1 with important information
gained from a similar RCC using cyclohexyl anhydride 4 that we were developing concurrently
(Scheme 2.1). Initially, we were able to obtain cross-coupled product 6 in 37% yield by 'HNMR
using a phenanthroline ligand and tetrabutylammonium hexafluorophosphate electrolyte (Scheme
2.1a) and after focusing our efforts on the optimization of the ligand and electrolyte choice we were
pleased to arrive at conditions that yielded cross-coupled product 6 in 88% yield by 'HNMR
(Scheme 2.1b). The reaction was run under constant current with an RVC cathode and Zn anode in
an undivided cell, like other electrochemical RCC reactions in the literature.'>'> An electron-rich
bipyridine ligand L1 with a coordinating tetrabutyl ammonium acetate electrolyte in an amide
solvent were found to be optimal and afforded cross-coupled product 6 in 88% yield by 'HNMR.

Control experiments on the RCC of cyclohexyl anhydride 4 with alkyl bromide 5 were conducted

in order to confirm that the nickel catalyst was needed to promote reactivity. In the absence of nickel
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(Table 2.1, Entry 2) and in the absence of ligand (Table 2.1, Entry 3), no product was detected by

'"HNMR, showing that the nickel catalyst plays an important role in the reaction. Furthermore,
changing the catalyst loading from 10 mol% (Table 2.1, Entry 1) to 20 mol% resulted in no change
in yield (Table 2.1, entry 4). Decreasing the catalyst loading to 5 mol % resulted in a decrease in
yield (Table 2.1, entry 5) Changing the ratio of ligand to nickel from 11:10 to 20:10 resulted in a
small decrease in yield (Table 2.1, entry 6).

Table 2.1 Effects of Nickel and Ligand Loading on Reactivity

tBu
—N —

\
\ 7\ /
+B
W o Y L1 (11 moi%) w8
: F NiBr, DME (10 mol%) :
5+ /\/©/ TBAOAC (27 mol%)
8 DMA (0.1M), 23°C 8
i Br RVC Cathode/ Zn Anode f COeH F
0 0.35 mmol, 2.3 F/mol
4 5 -7 mA 6
1.5 Equiv.
Entry Deviation i % Yield?
1 None 88
2 No Nickel ' nd
3 No Ligand E n.d
4 20%Ni,22%Ligand! 88
5 5% Ni, 6% Ligand ! 75
6 20 mol% Ligand ! 83

a. Determined by "®FNMR using CF3PH as an
external standard.

We were particularly interested in the effect of electrolyte loading and identity on our reaction.
Doubling the electrolyte loading from 27 mol % (Table 2.2, Entry 1) to 54 mol % (Table 2.2, entry
2) resulted in a decrease in yield from 88% to 76%. Halving the electrolyte loading from 27 mol %
to 13.5 mol % (Table 2.2, Entry 3) resulted in a large decrease in yield to 48%. Ammonium salt
electrolytes containing coordinating anions such as halides (Table 2.2, Entries 4-6) performed
comparably to the ammonium acetate electrolyte, with tetrabutylammonium iodide (Table 2.2, Entry

4) performing slightly worse at 75% yield. An ammonium salt electrolyte containing a non-
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coordinating hexafluorophosphate anion resulted in a large decrease in yield to 49% yield (Table

2.2, Entry 7). This could suggest that the electrolyte could be serving a dual role as an additive.
Although the mechanistic role of the electrolyte in our reaction has not yet been investigated, we
have used additives such as sodium iodide in cross-coupling reactions developed in our lab.!

Table 2.2 Effects of electrolyte type and loading

t-Bu
=N —

\ 7 \_7
8 o

(11 mol%) H
N|Br2 DME(1O mol%) 5
/\/©/ Electrolyte (27 mol%)
DMA (0.1M), 23°C > NGO F

RVC Cathode/ Zn Anode A
0.35 mmol, 2.3 F/mol

-7 mA 6
15 Equw.
Entry Electrolyte ' % Yield?
1 TBAOAG (27 mol%) | 88
2 TBAOAc (54 Mol %) ! 76
8  TBAOAc (13.5 Mol %) ! 48
4 TBAI P75
5 TBABr 86
6 TBACI 85
7 TBAPF, © 49
8 NaOAc i 80
9 LiOAc i85
10 NaO,CH P76

a. Determined by "®FNMR using CF3PH as an external standard.

We were also interested in increasing the concentration of the reaction to help us increase the
yield while also generating more product with less solvent, which would be especially important
when the Amgen team scales the reaction up. Increasing the concentration from 0.1 M (Table 2.3,
Entry 1) to 0.3 M (Table 2.3, Entry 2) resulted in an increase in yield from 88% to 94%. Increasing
the concentration farther to 0.45 M (Table 2.3, Entry 3) resulted in a comparable increase in yield
to 94%. We though that decreasing equivalents of alkyl bromide was another way we could increase
the efficiency of the reaction. Unfortunately, when the amount of alkyl bromide was reduced to 1.0

and 1.2 equivalents the yield dropped to 53% and 59%, respectively (Table 2.3, Entries 4-5). At
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higher concentrations, using 1.2 equivalents of alkyl bromide still resulted in a decrease in yield

(Table 2.3, Entries 6-7).

Table 2.3 Concentration and Alkyl Halide Loading Optimization
+-Bu

=N =

\ /7

tBu
y O L1 (11 mol%) H 9
H F NiBr, DME (10 mol%) :
o+ /\/©/ TBAOAC (27 mol%)
ﬁ Br DMA (0.1M), 23°C SNCO,H F

RVC Cathode/ Zn Anode H

0 0.35 mmol, 2.3 F/mol
4 5 -7 mA 6
1.5 Equiv.
Entry Deviation % Yield?
1 None E 88
2 0.3 M P %4
3 0.45M ; 93
4 1.0 Equiv. Alkyl-Br 53
5 1.2 Equiv. Alkyl-Br ! 59
6 0.3M,1.2Akyl-Br i 81
7 0.45 M, 1.2 Alkyl-Br : 82

a. Determined by "®FNMR using CF5PH as an
external standard.

While ligand is another crucial component of the reaction, we did not extensively screen achiral
ligands after quickly finding that bipyridine ligands allowed us to obtain significant amount of
racemic cross-coupled product. The final goal of this project is to develop an asymmetric RCC, so
most of our efforts to explore ligand space were focused on chiral ligand frameworks in both the
cyclohexyl and the cyclobutyl anhydride systems.

After achieving high yields of cross-coupled product 6 from cyclohexyl anhydride 4, we began
to optimize on the cyclobutyl anhydride 1. Similar optimal conditions with bipyridine ligand L2
afforded cross-coupled product 3a in 90% yield by 'HNMR and 76% yield after isolation by flash

column chromatography (Scheme 2.2).
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Scheme 2.2 Initial Cyclobutyl RCC Conditions

(0} L2 (11 mol%) o]

H NiBr, DME (10 mol%) H
: TBAOAG (27 mol%) B OPh
+ »
L_° B0 DMA (0.1M), 23°C |
i RVC Cathode/ Zn Anode i CoH
(¢] 0.35 mmol, 2.3 F/mol
-7 mA
1 7a 3a

76 % lsolated Yield
90 % Yield by "THNMR

Table 2.4 Concentration Optimization

o) ~L2(11 mol%) H o
- NiBro DME (10 mol%) -
. o TBAOAC (27 mol%) _ 1 OPh
- + Brv\OPh DMA (Concentration), 23°C A
z RVC Cathode/ Zn Anode i COH
H o 0.35 mmol, 2.3 F/mol
-7 mA
1 7a 3a
Entry Concentration E % Yield?

1 0.1M . 88

2 0.3M H 55

3 0.5M : 63

a. Determined by "THNMR using
2,3,4,5-Tetrachloronitrobenzene as an external standard.

In contrast to the trend observed in the coupling of cyclohexyl anhydride 4, increasing the
concentration of the coupling reaction of cyclobutyl anhydride 1 to 0.3 or 0.5 M resulted in a decrease
in yield to 55% and 63%, respectively (Table 2.4, Entries 2-3).

One of the parameters in the cyclohexyl system that was not extensively investigated was solvent
choice. We decided to screen a variety of polar aprotic solvents of interest to Amgen and found that
amide solvents such as DMA and NMP were still optimal (Table 2.5, Entry 1 and 3). Using DMF
(Table 2.5, Entry 2) and DMSO (Table 2.5, Entry 5) resulted in decreased the yield to 47% and

37%., and acetonitrile yielded only trace amounts of cross-coupled product (Table 2.5, Entry 4). Co-
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mixtures of ethereal solvents and amide solvents were also evaluated (Table 2.5, Entries 6-8).

Mixtures composed of primarily amide solvent performed slightly worse with CPME:NMP (1:2)
resulting in a decrease to 84% yield and THF:NMP (1:2) resulting in a decrease to 81% yield (Table
2.5, Entries 9-10). While these mixed solvent systems performed slightly worse, we have found that
ethereal cosolvents could be important in achieving selectivity in asymmetric reactions so these

mixtures could be leveraged in our development of an asymmetric reaction.

Table 2.5 Solvent optimization

N=
7\
_/ \ 7
L2 (11 mol%) H o
NiBr, DME (10 mol%) d
TBAOACc (27 mol%) _ 7 OPh
T B~ ~opn  Solvent (0.1M),23°C |
RVC Cathode/ Zn Anode i COzH
0.35 mmol, 2.3 F/mol
-7 mA
1 7a 3a
Entry Solvent % Yield?

1 DMA 88

2 DMF ! 47

3 NMP ' 92

4 MeCN H trace

5 DMSO : 37

6 DME/DMF (14:1) |  trace

7 CPME:DMA (2:1) ! 40

8 THF:DMA (2:1) ! No RxnP

9 CPMENMP(1:2) ! 84

10 THF:NMP (1:2) 81

a. Determined by "THNMR using

2,3,4,5-Tetrachloronitrobenzene as an external standard.

b. Voltage of reaction spiked and exceeded electrasyn maximum
voltage.
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3. PRODUCT FUNCTIONALIZATION AND PRELIMINARY SCOPE

Table 3.1 ElcB solvent optimization

OPh =z
d
z (0] K>CO3 (5 Equiv.), (0]
—
0.1M, Solvent, 23°C

£ C0H ohr COH
3a 2
Entry Solvent 1% Yield?

1 DMSO : 65

2 MeOH ' trace

3 +BuOH : 38

4 MeCN i 19

5 DMF P37

a. Determined by "HNMR using
2,3,4,5-Tetrachloronitrobenzene as an
external standard.

With a procedure to generate 3a in good yield, we began development of an E1cB protocol to
generate target molecule 2. Our initial conditions used DMSO as a solvent and 5 equivalents of
K>COs (Table 3.1, Entry 1) and were able to obtain the target 2 in 65% yield. Switching the solvent
to methanol resulted in only trace amounts of product with most of the starting material being
converted to a side product that resulted from nucleophilic addition of methanol to the terminal enone
(Table 3.1, Entry 2). Moving to a more hindered polar protic solvent like fer#-Butanol, resulted in a
decrease in yield to 38% when compared with DMSO (Table 3.1, Entry 3). Other polar aprotic
solvents such as acetonitrile (Table 3.1, Entry 4) and DMF (Table 3.1, Entry 5) also resulted in a
decrease in yield.

After establishing a procedure that could produce 2 in moderate yield, we were curious how
reaction time was affecting yield. By running the E1c¢B reaction in deuterated DMSO, we found that
after 2 hours the yield began to drop. We hypothesized that this was due to decomposition of the

reactive enone 2.



Table 3.2 Time-course study of ElcB reaction

OPh z
H
z K,COj (5 Equiv.), 0
0.1M, DMSO-dS, 23°C
Time COH
2
Entry Time 1% Yield®
1 1hr P23
2 2hr i 58
3 3hr P21

a. Determined by "THNMR using
2,3,4,5-Tetrachloronitrobenzene as an
external standard.

13

After studying the effect of time on the reaction, we explored different carbonate bases.

Switching to a smaller counter-ion such as sodium (Table 3.3, Entry 1), resulted in a decrease in

yield to 18% when compared to potassium (Table 3.3, Entry 2). Switching to a larger counter-ion

such as cesium (Table 3.3, Entry 3), resulted in no yield of target 2. Additionally, using a bulky

organic base such as DBU resulted in a decrease in yield to 35% (Table 3.3, Entry 4). From

preliminary studies, we found that the use of K2COs3; with DMSO for 2 hours at room temperature

was the best procedure for generating target 2 in moderate yield.

Table 3.3 £1cB carbonate base screen

OPh =z
H
D Base (5 Equiv.), (o}
—_—
0.1M, DMSO-d8, 23°C
2hr COH
2
Entry Base 1% Yield?
1 Na,CO4 18
2 K,CO; i 65
3 Cs,CO;  + 0
4 DBU v 35

a. Determined by "THNMR using
2,3,4,5-Tetrachloronitrobenzene as an
internal standard.
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Once we could access 2 in moderate yield, we were curious in exploring the scope of both the

reductive cross-coupling and E1cB reaction. We found that the addition of an electron donating
ethoxy group to the arene and a weakly withdrawing halide to the arene was tolerated under the
reaction conditions. Coupling anhydride 1 with halides 7a-c¢ yielded cross-coupled products 3a-¢ in
comparable yields (Scheme 3.1), with the substitution on the arene resulting in a small increase in

yield.

Scheme 3.1 Preliminary reductive cross-coupling scope

N=

7\

e\
y O L2 (11 mol%) H [0}
X NiBr, DME (10 mol%) H
% TBAOAC (27 mol%) D OR
+ -
L B or DMA (0.1M), 23°C !
l-:| RVC Cathode/ Zn Anode }E' CO,H
(e] 0.35 mmol, 2.3 F/mol
-7 mA
1 7a-c 3a-c
o™
e f@ L
E
3a 3b 3c
76% 79% 80%

Isolated yields are reported
Unless otherwise stated, all compounds characterized by "THNMR, '*CNMR, and HRMS
Compound 3b characterized by "THNMR and '*CNMR

Subjecting 3a and 3b to the E1cB conditions (Scheme 3.2) yielded target enone 2 in moderate
yields. Interestingly, when ketone 3¢ was subjected to elimination conditions, no 2 was detected by
'HNMR. We plan to expand the scope of the cross-coupling reaction to secondary bromides and
bromides containing heteroatoms other than oxygen to observe how the resulting ketones would
behave under elimination conditions. However, most of our efforts after obtaining a procedure to

generate racemic target molecule 2 were focused on developing an asymmetric reaction. While a
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chiral resolution could be used to obtain 2 as a single enantiomer, developing a procedure that

allows for direct access to enantiopure material would be ideal.

Scheme 3.2 ElcB leaving group effect

OR z
H
< K»COj (5 Equiv.), o
_—
0.1M, DMSO-d8, 23°C
2hr CO,H
2
o
© f@ O
F
3a 3b 3c
65% 58% 0%

THNMR Yields are reported using 2,3,4,5-Tetrachloronitrobenzene as an internal standard
Enone 2 characterized by THNMR and "3CNMR
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4. PROGRESS TOWARDS ASYMMETRY

After developing a sequence of reactions that could be used to generate racemic substituted
cyclobutene 2 in moderate yields, we attempted to apply our reductive cross-coupling conditions
with chiral ligands as proof-of-concept. Our initial attempts using the same conditions with different
chiral ligand frameworks were unsuccessful. We were unable to produce more than trace amounts
of compound 3 with chiral ligands. In order to decouple yield and selectivity, we conducted a series
of stoichiometric experiments with chiral ligands (Scheme 4.1). We were pleased to observe that
by using chiral BOX ligands like L3 we were able to achieve moderate selectivity. We plan to
improve this selectivity by developing new ligands in the BOX framework like the “scorpionate”
ligands shown in Scheme 4.2. We also plan to screen different chiral ligand classes once we can
obtain moderate yields of cross-coupled product in an asymmetric catalytic RCC system. A
representative set of these ligands is shown in Scheme 4.2. We also plan to try using different
substrates such as the a-chlorosilane shown in Scheme 4.3. One hypothesis for the lack of reactivity
with chiral ligands is that the Nickel(I) complex is unable to initiate halide abstraction with less
reactive electrophiles. Using an activated electrophile could be a way to test this hypothesis and

potentially promote reactivity with chiral ligands.
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Scheme 4.1 Proof of principle for asymmetric reductive cross-coupling

OPh
o Bro N\ o
H OPh
. Ni! 7a, 1.5 equiv
e by ST CPMEDNA. o
. . M, : B TBAOACc (1 equiv.
1.05 Equiv 1.1 Equiv ZnBr, (1 equiv.) i Py r(" quiv.) CO,H
pre-complex 15 minutes (1:2), 23°C, 30 min [} 3a
42% yield by "THNMR
70% ee

o

L3

Scheme 4.3 Representative ligand classes of interest for an asymmetric catalytic RCC reaction

QL

PyOx Ligands

=<2 0

BiOx Ligands

Cho T o
O S 00

PPh,

BOX Ligands “Scorpionate” Ligands PhOx Ligands

Scheme 4.3 Example of a potential activated secondary chloride substrate
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S. CONCLUSION AND FUTURE DIRECTIONS

In conclusion, we have developed a racemic nickel-catalyzed electroreductive cross-coupling
reaction to access substituted cyclobutanes. Unactivated alkyl bromides can be coupled with
cyclobutyl anhydrides to afford cross-coupled product in up to 80% isolated yield. These products
can then be subjected to elimination conditions to access a terminal enone in up to 65% yield.
Precedent for an asymmetric cross-coupling reaction has been established with stoichiometric
experiments in the BOX ligand framework with cross-coupled product obtained in up to 68% ee.
We plan to expand on the substrate scope of the racemic reaction and continue development of an

asymmetric cross-coupling reaction.
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6. EXPERIMENTAL SECTION

Note: At the time this section was compiled, characterization of reaction products was still in
progress. Not all products that will appear in the final publication will have all of their

characterigation data avatlable in this document.
GENERAL INFORMATION

Unless otherwise stated, reactions were performed under a nitrogen atmosphere in a glovebox
using dried solvents. Solvents, electrolytes, and ligands were purchased from Millipore Sigma.
Nickel(II) bromide dimethoxyethane adduct (NiBr,edme) was purchased from Strem. Cyclobutane
substrate 1 was sent to us by Amgen. Chemicals and reagents were stored in the glovebox and used
as received unless otherwise stated. All electrochemical reactions were conducted using an IKA
Electrasyn with electrodes purchased from IKA. Reactions were monitored by thin-layer
chromatography (TLC) using EMD/Merck silica gel 60 F254 pre-coated plates (0.25 mm) and were
visualized by ultraviolet (UV) light or with cerium ammonium molybdate or potassium
permanganate staining. Flash column chromatography was performed as described by Still et al. (W.
C. Still, M. Kahn, A. Mitra, J. Org. Chem. 1978, 43, 2923.) using silica gel (230- 400 mesh)
purchased from Silicycle. 'H and '*C NMR spectra were recorded on a Bruker Avance III HD with
Prodigy cryoprobe (at 400 MHz and 101 MHz, respectively). NMR data is reported relative to
internal CHCI3 ('H, & = 7.26) and CDCI3 (!*C, & = 77.0). Data for 'H NMR spectra are reported as
follows: chemical shift (6 ppm) (multiplicity, coupling constant (Hz), integration). Multiplicity and
qualifier abbreviations are as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,
br = broad. IR spectra were recorded on a Perkin Elmer Paragon 1000 spectrometer and are reported
in frequency of absorption (cm™!). HRMS were acquired from the Caltech Mass Spectral Facility

using field ionization (FI).
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CROSS-COUPLING REACTIONS

General Procedure A: Racemic reaction on 0.35 mmol scale

In the glovebox, to a 5 mL oven-dried Electrasyn vial equipped with a 2-dram teflon-coated stir
bar was added anhydride (1.0 equiv., 0.35 mmol), alkyl bromide (1.5 equiv., 0.53 mmol),
TBAOAc (27 mol%, 0.09 mmol), ligand (11 mol%, 0.04 mmol), and NiBredme (10 mol%, 0.04
mmol). DMA (3.5 mL, 0.1 M) was added by syringe and the reaction solution was stirred until
homogeneous. An Electrasyn cap equipped with an oven-dried RVC electrode (working) and a
Zn anode (counter, cleaned by dipping in HCI and scuffing with 400 or 600 grit sandpaper) was
attached to the Electrasyn vial. The Electrasyn vial was capped tightly with a rubber septum and
brought out of the glovebox. Electrolysis was commenced using an IKA Electrasyn with
constant current under positive Nz (-7 mA, 0.45 mmol, 2.3 F/mol, 1000 rpm stir rate) and left
until completion. Upon completion of electrolysis, the electrasyn cap was removed and the
electrodes were rinsed with EtOAc into a 125 ml sep funnel. The RVC electrode was transferred
to a 20 ml scint vial, which was filled with EtOAc then sonicated for 2 mins. The EtOAc was
transferred to the sep funnel and the scint vial was filled with 3N HCI and sonicated for 2 mins.
The HCI was transferred to the separatory funnel. The electrodes were washed with water (3x, do
not collect) then with acetone (3x, leave full on the 3rd cleaning), and the vial was capped and
left on the bench overnight. 20 mL 1M LiCl was added to the sep funnel, the phases were
separated, and the aqueous phase was extracted with EtOAc (3x 20 ml, 80 ml total). The
combined organic phases were washed with 1M LiCl (ca. 40 mL), dried over Na2SO4, and
concentrated in vacuo. The crude material was then purified by silica gel column
chromatography to afford the desired product (20 mL SiO2, 20% EA/1% AcOH/ 69% Hexane,

UV/CAM/KMnOy).
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Characterization of Cross-Coupling Reaction Products:

H o 3a (DKC-01-185): Prepared from cis-cyclobutylanhydride (1, 44.1 mg, 0.35
[ﬁl\/\oph mmol) and benzyl 2-bromoethyl ether 7a according to General Procedure A
ﬁ CO,H

with 2-2°-Bipyridal L2 to produce 3a in 76% yield as a white powder.

'H NMR (400 MHz, CDCL): § 7.29 — 7.24 (m, 2H), 6.94 (tt, J= 7.4, 1.1 Hz, 1H), 6.90 — 6.86 (m,
2H), 4.33 — 4.15 (m, 2H), 3.61 (tdd, J= 8.3, 5.2, 1.9 Hz, 1H), 3.51 — 3.38 (m, 1H), 2.97 — 2.80 (m,
2H), 2.47 — 1.98 (m, 4H).

13C NMR (101 MHz, CDCly): § 207.70, 177.47, 129.56, 121.03, 114.62, 77.32, 62.87, 47.77, 40.69,
40.43,21.89,21.72.

FTIR (NaCl, thin film): 2952, 1708, 1600, 1496, 1243, 1243, 751, 690 cm'’!

HRMS (FI, m/z): calc’d for C14H1604 [M]": 248.1043; found: 248.1035.

o 3b (DKC-01-177): Prepared from cis-cyclobutylanhydride (1, 44.1 mg,
© 0.35 mmol) and 2-(2-ethoxyphenoxy)ethylbromide (7b, 129 mg, 0.53
~©

produce 3b in 79% yield as a white powder.

mmol) according to General Procedure A with 2-2’-Bipyridal L2 to

'H NMR (400 MHz, CDCL): § 6.92 — 6.85 (m, 4H), 4.47 — 4.37 (m, 1H), 4.20 — 3.99 (m, 3H),
3.71 - 3.58 (m, 1H), 3.54 (dddt, J=9.8, 8.8, 6.4, 1.0 Hz, 1H), 3.17 — 3.00 (m, 1H), 2.70 (ddd, J
=17.3,5.7, 4.0 Hz, 1H), 2.59 — 2.05 (m, 5H), 1.47 (t, /= 7.0 Hz, 3H).

13C NMR (101 MHz, CDCl): § 207.20, 176.26, 148.23, 121.24, 121.06, 113.09, 112.89, 64.64,
63.14, 47.63, 41.05, 40.37, 29.72, 21.18, 20.59, 14.70.

FTIR (NaCl, thin film): 2921, 1710, 1592, 1507, 1451, 1331, 1252, 1228, 1125, 1038, 743 cm™!
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o /©/ F 3¢ (DKC-01-164): Prepared from cis-cyclobutylanhydride (1, 44.1 mg,

= "CO,H
A 2

0.35 mmol) and 1-(2-bromoethoxy-4-fluorobenzene) (7¢, 115 mg, 0.53
mmol) according to General Procedure A with 2-2’-Bipyridal L2 to

produce 3¢ in 80% yield.

'"H NMR (400 MHz, CDCl3): 5 7.01 — 6.90 (m, 1H), 6.82 (ddd, /=9.2, 4.5, 2.6 Hz, 1H), 4.28 —
4.08 (m, 1H), 3.65 —3.53 (m, 1H), 3.49 —3.38 (m, 1H), 2.96 — 2.78 (m, 1H), 2.44 - 2.17 (m,
2H).

13C NMR (101 MHz, CDCl3): 5 177.77, 115.93, 115.70, 115.62, 115.54, 77.23, 63.49, 47.65,
40.55, 40.36, 30.96, 21.80, 21.60.

FTIR (NaCl, thin film): 2944, 1709, 1505, 1205, 826 cm™!

HRMS (FI, m/z): calc’d for C14Hi5O4F [M]": 266.0949; found: 266.0946.

y o) 6 (AMS-05-100): Prepared from cis-cyclobutylanhydride (1, 44.1 mg,
m 0.35 mmol) and 1-(2-bromoethoxy-4-fluorobenzene) (7¢, 115 mg, 0.53
i COH F mmol) according to General Procedure A with 2-2°-Bipyridal L2 to

produce 6 in up to 88% yield by 'HNMR,

'H NMR (400 MHz, CDCL): & 7.21 — 7.08 (m, 2H), 7.04 — 6.89 (m, 2H), 2.91 — 2.67 (m, 6H),
2.08 (ddd, J=13.1, 9.5, 6.4 Hz, 1H), 2.02 — 1.90 (m, 1H), 1.80 (tq, J = 7.9, 4.6 Hz, 2H), 1.59 (it,
J=11.1, 6.1 Hz, 1H), 1.39 (qd, J = 10.0, 5.7 Hz, 3H).

13C NMR (101 MHz, CDCls): 3C NMR (101 MHz, CDCLs) § 210.55, 179.92, 162.56, 160.14,
136.98, 136.94, 129.82, 129.74, 115.24, 115.03, 49.42, 42.36, 41.85, 28.73, 25.98, 25.88, 23.93,

23.44.
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Elimination Reactions:

OR =z
H
- K>COgs (5 Equiv.), (o)
0.1M, DMSO-d8, 23°C
> hr CO.H
2

Outside of the glovebox, to a 2-dram oven-dried vial equipped equipped with a stir bar (ends of
the stir-bar were shaved with a razor blade for even stirring) was added cross-coupled product
3a-c (1 equiv., 0.1 mmol) and K>COs3 (5 equiv., 124 mg, 0.5 mmol, 5 equiv.). 5.0 mL DMSO-de
was then added (0.1 M) and the reaction was stirred at 1000 rpm for 2 hours. Reactions were
typically monitored by "THNMR using 2,3,4,5-tetrachloronitrobenzene as an internal standard.
After 2 hours, the reaction was diluted to 20 mL with EtOAc and added to a separatory funnel.
20 mL 3M HCI was added, and the organic layer was extracted. The organic layer was washed
with water (4 x 20 mL) and then filtered over Na,SO4. The organic filtrate was then
concentrated in vacuo. The crude material was purified by silica gel column chromatography (20
mL Si02, 10% EA/90% Hexane, UV). Isolated yield TBD, small amounts were purified for
NMR characterization and further characterization by Amgen.

TH NMR (400 MHz, C¢Ds): 6 6.17 (dd, J=17.7, 10.6 Hz, 1H), 5.99 (dd, J=17.7, 1.2 Hz, 1H),
5.31(dd, J=10.6, 1.2 Hz, 1H), 3.66 — 3.45 (m, 2H), 2.21 — 1.97 (m, 1H), 1.96 — 1.63 (m, 3H).

3C NMR (101 MHz, C¢Dg): 6 198.10, 175.87, 134.58,44.92,39.28,29.87, 21.55, 21.06.
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Stochiometric Enantioselective Reactions:

(0]

H
° OPh
: [o) Br/\/ (o]
TN H OPh
1 2 Ni! 7a, 1.5 equiv
Ni(COD), + L3 P — 6 —_—
1.05Equiv = 1.1Equiv 31 M CPME:DMA > TBAOAC (1 equiv.)
[o]

ZnBr; (1 equiv.) 2 hr CO,H
(1:2), 23°C, 30 min 3a

OMO
o N

L3

Inside of the glovebox, to an oven-dried 1-dram vial equipped with a stir-bar was added
Ni(COD): (28.9 mg, 1.05 equiv, 0.105 mmol) and L3 (39.9 mg, 1.1 equiv., 0.11mmol) in 2 mL
DMA:THEF 3:7. The solution was stirred for 15 minutes inside of the glovebox at which point, 1
(12.6 mg, 1.0 equiv., 0.1 mmol) and ZnBr> (22.5 mg, 1.0 equiv., 0.1 mmol) was added to the
reaction vial and stirred for an additional 30 minutes. After 30 minutes, alkyl bromide 7a (30.2
mg, 1.5 equiv., 0.15 mmol) and TBAOAc (30.2 mg, 1.0 equiv., 0.1 mmol) was added to the vial
and stirred for an additional 2 hours. After 2 hours, the reaction was diluted to 20 mL with
EtOAc and transferred to a separatory funnel. 10 mL 1 M LiCl and 10 mL 1 M HCl were added
to the separatory funnel. The aqueous layer was then extracted with EtOAc (3 x 15mL). The
combined organics were then washed with 20 mL of 1 M LiCl and filtered over Na>SO4. The
filtrate was concentrated in vacuo. The crude material was analyzed by 'HNMR with 2,3,4,5-
tetrachloronitrobenzene added as an external standard and the NMR yield was determined to be
42%. The crude material was purified by silica gel column chromatography (20 mL SiO2, 20%

EA/1% AcOH/ 69% Hexane, UV/CAM/KMnOQs) to yield a white powder.
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The enantiomeric excess of the purified material was determined to be 70% by chiral SFC (AS-

H, 2.5 mL/min, 25% IPA in CO2, A =210 nm)

SFC Data for Racemic 3a
DAD1 A, Sig=210,16 Ref=370,60 (AMS\CRL_SCREEN 2021-02-05 00-02-36\AMS-5-016-C5.D)

mAU s N
42 gﬁ} o2
40 A ST
30 ,' & “.‘ l%@’b‘
20 [ [
10 — i | \ J’l
o - J \L/ —
-1 0 I I \/ I I I I I ‘ 1 | |
0 1 2 3 4 5
Peak RetTime Type Width Area Height Area
* [min] [min] [MAU*s] [mAU] %
e | R | === | === | === |
1 2.933 MM 0.1371 423.26770 51.45766 49.8760
2 3.472 MM 0.1478 425.37177 47.96597 50.1240
SFC Data for Enantioenriched 3a
DAD1 A, Sig=210,16 Ref=370,60 (AMS\CRL_SED_SDM 2021-07-02 16-30-53\DKC-01-125.D)
mAU —; ﬂb(-;\ 5:;\
80 »
60 ‘ q:\oﬁ’ / ?S\R'{b
'Y
22 :;,_7{——‘—— - /\K\/ e J\f_,_,_gf_k/ \ﬁ*‘ \\‘* .
(]) o 0.5 B 1‘ B 1.‘5 B 2I . 2!5 B .’Ii o 3!5 I ‘It I 4!5 m‘in
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
—mm = R | === | === | === |
1 2.931 MM 0.1817 215.64401 19.77772 14.6715
2 3.457 MM 0.2257 1254.17358 92.62733 85.3285
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Appendix: Relevant Spectra



29

(wdd) 1)
g0 ol gl 0¢ g'¢c 0) g€ ov <hrd 0's g'q 09 g9 0L VA 08 g8 06 g6 O
I I I I S I = h = I Z I R I R I R I R I — nw L I R I R I R I R I R
3 8 883 2 cg @
—L . ey — e b
( Al ‘ﬁ W ._% a..‘

2o uonnjosay [enbig
9€G659 9zIS [enoads
89/¢2¢ 92z1S pasinboy

HE snajonN
€'GvSH Aouanbai4 1semoT]
82108 UIPIM [e2109dS
€1°001 Aousnbaig Jejpwonoadg
sse|Q
¥€°G5°12181 0L +20e oeq uonedlIpoN

¥€°'G5°12181 0L Lc0e ergu

680 v awi] u
Aouanbaig uoneinjesald
0005 2L UIpIM 8sind
0000+ Kejoq uonexejoy
v L61 ures) JaAieday
9l SUBOS JO JaquIinN
(z50-a4¥H[ a8 1S00r 099 ddO’ §+007€2922+Z 9qoid
at Juswiiedxgy
e ogbz sousnbag as|ng
L'L62 ainjesadwa)
€10a0 JUBAI0S
udo Joyny
\\ 108ds Juswinsu|
aus
nsiwu JuMQ
Hqwsp uidgoig Jaxnig ubLo
JusWIWoY
PY L 'HINNH0S|I7681~1L0~OMA SRL

anfep Jojowered

PILHNNH-0S|-G8L-10-OXd



30

(wdd) 1
ooL OLL oc¢L 0€L OovL 0SL 09L O0ZL 08L 06L 00C Ol
1

L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L

08 06
1

L

>

ev'ov

6907
LLLY—
£8C9

LE0 uonnjosay [enbia
9€559 azIS |esoads
89/2¢ 921G paiinboy

o€l snajonN
£'6v61L- Aouanbai 1samoT
§'8€0¥C UIpIM [e100ds

29°001 Aouanbai4islowoinoads

sse|n

8v°91°22181 011202 S)e( UOHEIYIPON
8912218101 120e sjeq uomsinboy
LE9E L awl| uonsinboy

Aouanbai uoneinjesaid

000001 IPIM 8sind
0000+ Keja@ uonexejey
G'SS ulen) Janleoay
21S SUBDS JO JequINN
(750" 4%H-84 +S00¥ 088 ddO’ §¥00°€2922+Z 9qoid
at awedx3
eg

ogbdbz aouanbag as|ng
1'262 ainjesedwa
€10a0 JUBA|OS
udo. oyny
100ds Jswnsu|
aus
nsiwu Joumo
i i i Hawo cﬁnwo_m_ Joxnig i ubuo

N 28 B 3 Buuo
@ R 3 N 1guwoo
m 3 g ply-e-0eL-0sRy8L+0-OMa S e

EUE Jajeweled

P EDEL-0S[-G8L-1L0-OMA




31

210 uonnjosay [endia
9€559 az|g [esjoads
89/2¢€ 921G paiinboy

HE snajonN
€'GhSL Aousnbai 1semoT
8'clo8 YIpIM [es00ds

€1°00% Aousanbai4isjowoioads

sse|n

Yp'8L°ELLIZ 6074202 8jeQ UONEBOLIPON
vv'8L€LLLE 60 L202

680V

Aousanbai4 uoneinyesald

00052t upIM esind

0000+ Kejaq uonexejay

VL6 uren) JanledaYy

9l SUEDS JO JequInN

a4d 15007 088 dd0’ §7007€2922 +Z 8qoid

atk Juswadxgy

ogbz aouanbag asind

1’262 ainyeladwa]

€10a0 JUSA|OS

Joyiny

100ds JuswInAsu|

s

nsiwu JENY)

Hqwo uidsoig Jaxnig ubuo

uswwo)

Py L'MON"HINNHZLL-10-OMA CILTR
anjep Jojewered

P LMSN-HINNH-£/1-10-OXA



32

(wdd) 1y
oT 0 ﬁ_‘ ow okm okq okm okw om okw okm omur ot owr om_‘ ow_‘ omr omr om_\ omr om_‘ O@N O*N
il iésil_taééﬁziéi,%ij AN ——— P AN M A
= q_ q i , i
I I o
LEO0 uonnjosay [exbiq
9€659 02IG [es0ads
89/2¢€ 921G palinboy
o€l snajonN
¥'856} Aouanbai 1semo
G'8eove UIPIM [es00ds
29°001 Aousnbaig Jejpwoioadg
sse|D
G2'92°81102°60 202 e uonedlIPON
G2'92°81102°60 Le0e aje( uonisinboy
LE9E L awi] uowisinboy
Aouanbai4 uoneinjesald
00000} YIPIM 8sInd
0000k Kejaq uonexejoy
L'EY ulen) Janleoey
2is SUBDS JO JoquInNN
(z50-Q"4%H 94 LS00y 088 ddO’ S¥007€2922+Z 8qold
qe at wewedx3
ogbdbz souanbag esing
4 _n_ 1,62 ainjesadwa)
O\/ "N €10ad juanjos
O/\/)ﬁ Joyny
0 H 100ds Juswinasu|
aus
nsiwu Joumo
Hqwo uidsoig Jexnig ubuo
JuBWIWOY
W mw\,w .p.ro W/.W W_ mm W mmfw mem 2 puy'e m_\,_z%ﬂt\s\oxo % oL
SRR Y& 22 ®g oi ® oer O soroueid
3 S PUEHNNO-£L130-OMA




33

(wdd) L4
0 g0 ol gl 0¢ ¢ 0¢€ g€ ov Sv 0'S g'q 09 G'9 0L S/ 08 g8 06 G'6
I I I I ,ALV ,Lk ,OVO V.L, I R I R I R I R I ,O.L R I I R I R I R I R
g 8 & 8 ©8
L [ il — Ay
A R - _ B
é% j< % % 2o uonnjosay [enbig
9€859 azIg [esjoads
89/2¢ 921G paiinboy
HL snajonN
2'SPSt Aouanbai41samo]
8'¢lo8 UIPIM [e08ds

JJ

(z50-a 4*H

o€

P4 /€ /HINNH0SI"#91~L0~OMA /2 4@p|

an|

BA

€1°00% Aouanbai4isjpwoioads

01°50°81161780" 1202
01°G0°84161780" 1202
680V

000S2k
0000+
v'L6L
9l

€9 1S00% 088 ddO’ §¥007€2922+Z

ak
0ebz
262
€10a0

100ds

nsiwu

HAwp uidsolg sexnig

PYEHINNHOSI"¥91~10-OMA
01 pajun /dopisaq /€ L2osp /siesn /

P EHNNH-0SI-791-10-0XA

sse|n

912 UOHEOYIPON

Aousnbai4 uoneinyesaid
UIPIM 8sind
Rejeq uonexejoy
ures I1oAIR0Y
SUBDS JO JequInN
agoid
Juswpadxy
ouanbeg esing
ainjesadwa)
Juanjos

Joyiny
swInsu|

s

J8UMO

ubuQ

Juswiwion

SNIL

awen 9|14 ereq

lejewered



34

(wdd) 13

08 06 O00L OLL OcL O0€L OovL O0SL 09L 0ZL 08L 06L 00C OLc
1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "

>
>

09'le
08'Le
96'0€—
9g'0v
SSov
9LV —
67'€9

I 80 uonnjosay [enbiq
9€559 92z1S [enoadg
89/2¢ 9215 paiinboy

ogh shajonN
'8561 Kouanba. 1semo]
G'8e0ve UIPIM [es08ds

29°00} Aousnbaig isjpwonoadg

sse|n

65°92°81161780 +c0e oyeq uoiedlipoN
659281161780 k202 ayeq uonisinboy
LE9E 'L awi) uomsinboy

Kousnbai4 uoneinjesaid

00000} UIpIM sind

0000+ Kejeq uonexe|ay

L'EY uren) JaAIeoaY

2is SUEOS JO JaquInN

(Z50-Q~4%H-89 1S00r 088 ddO’ S¥00™€29221Z agoid

o€ atk Juswadxy

o0gbdbz @ouanbag as|ng

1’262 ainjesadwa)

€10ad0 Juanl0S

loyiny

100ds Juswnisu|

4 aus

nsiwu J8umQ

Hawo uidsolg Jexnig uibuo

JuswIWon

u__ Uﬂufu U:.TOm—wOw_%_w—w—owOv_o oNL
J nCw... % H M onjep N . 1910WeIRg

238 3y 7°0€L-0sI-791-10-0Ma




35

(wdd) 14
0z S 0¢ S€ Oy S¥ 0SS SS 09 SS9 02 SZ 08 S8 06 S6 O

1 " 1 " 1 " 1 " " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "

€10 uonnjosay [eybig
9€G659 9zIS [enoads
89/¢2¢ 921G pasinboy
HE snajonN
0°LE9L Aouanbai4 1semoT]
L9618 UIPIM [enoads

G100t Aousnbaig Jejpwonoadg

sse|Q
L1°0G°11L1€2 €0 k202 81e uonedlIpoN
6€°05°801€2 €0 1202 aje( uonisinboy
1166'€ awi) uomsinboy

Aouanbai uoneinjesald

00000} UIPIM 8sInd
0000+ Kejeq uonexejoy
0’10k urex) JanIeday
9l SUES JO JaquInN
(dsZ|50-a H 494 +S00r 098 Vd’ ¥ 1€0786091+Z 9qoid
atk Juswiedxg
9 0ebz sousnbag asind
1’862 ainjesadwa)
€000 uanj0s
\ \ \ Joyiny
\ 20UBAY Juswinsu|
aus
nsiwu Jaump
Hawo tidsolg-exnig wbuo
JuBWIWOY
117L°1 uone|osIoo LSO swe apIL
anjep Jajouwesed

JT°T°T°UONB|OSIQOT -§O-Suie



36

(wdd) 14

oﬂl @ om ow okm okv okm okm om okw okm om: oﬂ OWH OWH owH OMH owﬂ omH omH omH oom oﬂm
€L°0 uonnjosay [eyibiq

89/¢¢ az|g [esdeds

89/2¢ azIS pauinboy

! o€l m:w_,o:z

0'Ev8l- Kouanbai] 1semo]

§'608€2 UIPIM [eoadg

€9°00} Aousanbai4 isjpwoioads

sse|n

1€:20°21L1E2 €0 1202 ae( uoneoHIPON

25°20°601€27€0"+202 oyeQ uonisinboy

€9/€°} awi) uonisinboy

Aouanbai4 uoneinyesald

00066 YIpIM 8sind

00002 Kejaq uonexejey

0'10k uren) JaAleday

98¢ SUBDS JO JoquinN

(dSZ 500 H 484 +S00Y 088 Vd’ ¥1€078609+1Z agoud

at juawiedx3

9 ogbdbz 9ouanbag esind

2’862 ainjesadwa)

€100 Juanj0S

Joyiny

QouBAY JuswInsu|
s
nsiwu JEIY)
Hawp uidgolg Jexnig uibLo
SeooR £ 4 SL L LY conmpsot sp.aue e
W w v v =N O [l NN WWw [e e} ) N =

28283 8% & oo gEsS Shm 2 oy &
w a AN B Npo IT'T %co_um_Om_OOHlmOMwEm




37

(wdd) 14
0 <)o) ol <) 0¢ g¢c o€ g€ ov Sv (O} ehe] 09 g9 0L SL 08 g8 06 g6 O
1 1 1 ,S 1 = 1 1 V.L 1 1 L 1 ,1 1 V O, 1 L 1 L 1 L 1 L 1 L 1 L 1 L
g R 3 S 2g
— 1y —y Ly L
A\
éﬁﬂ 1 2Lo uonnjosay [enbiaq
9€559 az|g |espoads
89/2¢ azIS paiinboy
HL snajonN
90671~ AKouanbai41samo]
82108 UIpIM [ea100ds
€1°00% Aousanbai4isjpwoioads
sse|n
S0°80°81 1227501202 a1eq UOIIBOLIPON
G0°80°811/27S0" Le02 ajeq uonisinboy
680 ¥ awi] uomsinboy
Aousanbai4 uoneinyesald
000S ¢k UIPIM 8sind
0000+ Kejaq uonexejey
2'9G1 ulen) JaAledaYy
91 SUBOS JO JaquInN
(z50-Q"4%H{Ed 1S00r 088 ddO’ S¥007€29221Z aqold
at Juawedx3
¢ osbz @ouanbag as|ng
INOO 2'L62 ainjesadwa)
9090 JUBA|0S
© Joyiny
= 100ds JuswNgsu|
aus
nsiwu JEIY)
Hawo uidgorg Jesnig uibLo
Juswwon
P4 L'HINNH "V 0SI"€0110-OMA SNIL
oanfeA J9)oweled

P LHINNH-V-0S|-€0L-L0-OXA



38

(wdd) 14
om okm okm omu_‘ o_‘_‘ owr om_‘ ow_‘ omr ow_‘ om_‘ omr om_‘ omuN om\N
L0 ,co_S_Ommm_ 1610
9€£G659 9zIg [enoads
89/¢2¢ 921G paiinboy
o€l snajonN
8561 Aousanbai4 }samo]
G'8€07C UIPIM [esjoads
29°00L Aousnbai4 ejpwonoadg
sse|n
¥0°G5°10L0€ 70" +202 8je uonedlIpoN
¥0°G5°10L0E ¥0™ +20e aje( uowisinboy
1E9E" L awi) uomsinboy
Aouanbai uoneinyesald
00000} UIPIM 8sind
00001 Keja@ uonexejey
L'ey uren) Janiedey
20l SUEDS JO JaquInN
(Z50-Q"4*Hgg 1S00¥ 088 ddO’ Y00 €2922 12 98qoid
ak Juswadxy
4 0gbdbz sousnbeg esing
He0D 2'L62 aimeledwa)]
9090 JUaA|0S
° loyiny
= 100ds JuswnAsu|
aus
nsiwu Jsumo
Hawo uidsolg sexnig ubLo
JuswIWwo)
-Vﬂfw W w W ﬂ Py m.m_zzo\moowwmmo\—o\oxo W NN
% nc._z o/o_ % m W oneA o Rejowresed
8 P EHINND-90905950-10-0%d




