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ABSTRACT

The rearrangement of g-phenvltitanacyclobutane (1) to a-phenyl-
titanacvclobutane (2) is shown through labeling experiments to
proceed hy a stepwise mechanism. Ring opening of 1 to the metal-
methylidene species followed hy readdition of styrene affords hoth complexes
1 and 2.

The reaction of titanacyclobutanes with oxidizing agents oroduces
cyclopropanes in good vield. The stereochemistry of this reaction has been
investigated using cis-?,3-dimethyltitanacyclobutane énd trans-2-deutero-3-
phenyltitanacyclohutane. By the use of ?H NMR, the stereochemistry of
each sten of the reaction has heen determined.

The crvstal and molecular structure of zirconaenolate anion
Cny7rl(n 2-0CCH5-0,C0)CH3Na.? THF prepared by deprotonation of the
corresponding acyl comnlex has been determined. The reactivity of this
anion with electroohilic reagents is studied. Reaction wifh alkyl halides leads
to M-substituted acvl complexes. Reaction with metal chlorides LoM(CH3)CIL
leads to hinuclear ketene complexes (077 rCH3)(u-n2-OCCH,-0,C)-
(MCH3L») (M= 7r, Pt; L = Cp, phosphines). The mechanism for the
formation of these complexes and their reactivities are discussed in detail.

The interaction of ohosphonium and sulfoxonium vlides with acvl
complexes of titanium and zirconium .is examined. Reaction of
CpypZr(CORIR' (RR' = alkvl, arvl) with CH»P¢3 and CH2SO(CH3), gives

enolate comnlex Cp?7r(DCR=CH5R', Treatment of titanocene chloro acyls



with CH2SO(CH13)» affords ketene complexes which react with excess ylides

to give titanaoxacyclobutanes. The structure of titanaoxacvclobutane is
determined bv Nynamic NMR techniques. The zirconium chloro acyls react
with CHHSO(CH3), to give mixtures of ketene and enolate complexes. Roth

react further with the ylides to yield zirconaoxacyclobutanes.
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CHAPTER 1

A. Mechanism of Rearrangement of Titanacyclobutane

R, An Alternate Path to Reductive Elimination for Group IVB Metals:

Mechanism of Cyclopropane Formation from Titanacyclobutane



A. Mechanism of Rearrangement of Titanacyclobutane

Introduction
It is now generally accepted that the olefin metathesis reaction
proceeds hy a stepwise mechanism with alternating metallacarbene and

metallacyclobutane intermediates.'s? The intermediacy of metallacarbene

_ R
M=CHR RHC=CHR'
+ M R — +
1 a U '

has been documented bv the isolation of metal alkylidene complexes and their
reactions with alkenes.3-? Well-characterized metallacyclobutanes,
however, are few and generally lack of metathetical activities.6 Reaction of
one metallacyclobutane that can possibly proceed by a mechanism related to
olefin metathesis is the thermal rearrangement of platinacyclobutanes.
Labeling and cross-over studies by Puddephatt and Casey demonstrate a
concerted intramolecular rearrangement for the isomerization of
a- to B-substituted olatinacyclobutanes.”s® Three possible mechanisms have
been suggested (Scheme 1), In mechanism A, the proposed intermediate is a
carbene-olefin complex that undergoes rotations of both the carbene and
olefin ligands in the obpposite directions. “echanism B also suggests an
intermediate resembling a carbene-olefin complex from increased inter-

action of platinum with the R-carbon by puckering of the metallacvcle ring.



Stable titanacyclobutanes isolated from an olefin metathesis system
have been reported by our laboratory.? We will address the mechanism
of the isomerization of 83-phenyltitanacyclobutane to q-phenyltitanacyclo-
butane for comparison to the corresponding platinum reactions. The results

of this study have been communicated.!0
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Results and Discussion
As reported previously, the reaction of the "Tebbe" reagent with

styrene in toluene solution containing dimethylaminopyridine (DMAP) gives a
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1:2.5 mixture of the R-isomer 1) and the a-isomer (2), The ratio of a-
to R-isomer is probaly a factor of steric effect rather than electronic effect,
since reactions of methyl and methoxy substituted styrenes give similar
isomer ratios as styrene. Complexes 1 and 2 are easily separated due to their

widely different solubilities (ea. 1). The 8-isomer precipitates as an orange

o]
+ cpcHoH, —2P.

szTO‘#’ + CpgTi (1)
! 2 ¢

solid from the reaction mixture. The a-isomer is obtained from extraction of

the reaction residue with n-hexane. Solutions of complex 1 in toluene readily

isomerize to the a-isomer (2) at room temperature (eq. 2). The a-isomer

is unreactive under the isomerization conditions, even with the added styrene.

Ry monitoring the disapnearance of the 8 -isomer and the appearance of
the a-isomer resonances in the |H NMR spectrum, the isomerization reaction

is characterized by first order kinetics with k= 3.0x 10-% sl at



250C. 172 Addition of styrene (2-10 equiv) does not
affect the rate of isomerization. By comparison with the results of other
titanacyclobutane reactions investigated in the group, the rate-determining
step in the isomerization of 1 is cohsidered to be the ring-opening of the
titanacyclobutane to the titanium methylidene-olefin complex or the free
titanium-carbene species.?C The detailed mechanism of the isomerization is
further probed using isotopically labeled 1 and ?H NMR.!3 The results are
summarized in Table I. 2,2-d»-1 isomerizes in toluene at room temperature
to give 3,3-d»>-2 and 4,4-d»-2 in a l.6:l ratio which is consistent with a

secondary deuterium isotope effect (eq. 3). ~ The unusually large secondary

D D
D
CpTi ¢ ——  CoTi +  CpgTi (3)
D
D D qs Sb
2,2-dy-/ 3,3-d2-2 4,4-dp-2

isotope effect of 1.6 for titanacyclobutanes has been discussed earlier.¢
Isomerization reaction of 1 in the presence of ¢CHCD, gives 3,3-d»-2 as
the major product (75%). 4,4-d»-2 and 2,2-d»-1 are also detected in 9 and 15%

yields respectively (eq. 4). Since 4,4-d>-2 can only be formed from reaction

- : CHCD
con{ p—gp  Boor
D D

CpaTi >—P  +  Cp,T + Cp,Ti (4)

D D ¢ d)

2,2-dp-!/ 3,3-dp-2 4,4-d-2
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of 2,2-d»>-1, the above result indicates that olefin exchange reaction has
occurred to give both thea- andB-isomer in 75:(9+15) or 3:1 ratio. In the
ahsence of free olefins, isomerization can occur via carbene or olefin
rotation in the metal-carbene-olefin complex. High rotation barrier of the
carbene rule out the first. Schrock has estimated the free energy of
activation (A G*\ for the rotation of a tantalum alkylidene complex as 25 kcal/
mol.1# Theoretical studies by Mintz and Hehre suggest the torsional barrier
for CppTi=CH» to bhe 36-52 kcal/mol.!> To address the possibility of olefin
rotation, we employed stereospecifically labeled trans-2-d;-1, since rotation
of olefin should define the relative stereochemistry of the
a-isomer to he either trans-3-dj-2 or cis-4-d(-2. Isomerization of trans-2-d|
-1 in toluene without added styrene, however, gives all possible stereoisomers

of 2 (ea. 5). Fgqual amounts of cis- and trans-4-d|-2 are present as are the

Cp2T<>—¢ _—
D

Cp,Ti ¢ + cp,Ti D + Cp,Ti (5)

D b é

2-di-1 3-d,-2 4-d,-2

Qi

trans2-dy- 4

scramhled R-isomers, 2-di-1 and dj-styrene. We therefore rule out olefin
rotation as a major isomerization Dathway; From the kinetics and labeling
experiments, we conclude that the apparent isomerization of 3-phenyltitana-
cyclobutane (1) is due to ring-opening of the titanacyclobutane followed by

readdition of olefins to the titanium methylidene species
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Scheme I

CH2 CHs
Al
Cl ‘CHs3

/\
\ //
/\

szTi

base | -base- AI(CHj3),Cl

cDZTi:>—¢ — cp21'5<CH2 === Cp,Tiz=CH, =—= ‘szTi\=CH2 — .szTQ

i ¢ f 2 ¢

(Scheme 1),

The intermolecular process is further supported by the following
observations. A solution of 2,2-d»-1 in toluene is allowed to equilibrate at
room temperature for 1 h before hydrolysis with anhydrous hydrogen chloride.
The organic products are isolated and analyzed by gas chromatography and
mass spectrometry. The results are summarized in Table II. Isopropyl
benzene is mostly d» as expected from unreacted 2,2-d>-1. The n-propyl
benzene, from hydrolysis of 2, containes molecules containing from dn to ds
deuteria. The ratio of dp:dy:dy n-propyl benzene is approximately 1:2.5:1.1
(from 13:34:15), or that approaching a statistical olefin exchange (Scheme
IID. In the case where large excess of a 1:1 mixture of styrene-dy and d- is

present in the reaction, the kinetic ratio of n-prooylbenzene dn:dy:dy should
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Table II.

Yield dp* (M ion, %)
Products (by GO)  dp dy d» d3 dy ds

2.8 2.3 12.9  15.4  21.5 14.4 3.5

54.0 .4 6.0 76.4 L.2 7.3 -

16.7 13.4 4.3 34.1 18.5 15.0 4.6

10.0 29.1 2.0 53.8 - - -

15.8 6.5 32.3 31.7 6.7 14.0 --

494949

*The % of d was calcd based on intensities of the molecular ion peaks after
corrections for isotopnic abhundance and fragmentation of M-1, M-2 peaks and
normalized over a range of scans.
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be 1.6 : (1.6+1): 1 or 1.6 : 2.6: |. However, under our reaction condition with
no added styrene, hoth the olefin-dn/d» and carbene-dn/dy concentrations are
c_ontrolled by the isotope effect (1.6). The predicted kinetic ratio from a
statistical olefin exchange is therefore 1.6: (12+1.62) : 1.6 or 1:2.2:1. Since
multiple olefin exchanges are possible, neither of these situations can apboly
directly. The presence of odd-numbered deuterium atoms in the n-propyl
benzenes is rationalized in terms of reactions involving titanium hydrides or
deuterides that are generated from the decomposition of 1. Dec:omposition16
is evident from the presence of significant amounts of ethyl benzene,
styrene, and B-methyl styrene that show deuterium scrambling as well (Table
.

In contrast to the rearrangement of platinacyclobutanes where a
concerted mechanism is suggested, titanacyclobutane isomerizations proceed
through a metal-cabene intermediate. This result provides an important step
for olefin metathesis in the form of olefin exchange reaction. 1If the
a-isomer could then ring-open to give a substituted metal alkylidene” such

as CppTi=CH4, a complete metathesis system would then be generated.
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B. An Alternate Path to Reductive Elimination for Group IVB Metals:

Mechanism of Cyclopropane Formation from Titanacyclobutane

Introduction

Reductive elimination of alkanes from dialkyl transition metal
complexes is a key stepo in numerous catalytic and stoichiometric reactions.
The formation of carbon-carbon bonds by reductive elimination is potentially
an imoortant reaction for metal-mediated synthesis of comnlex organic
molecules. Tn many cases, this reaction is accelerated by prior oxidation of
the metal c:omplexes.lg,19 The few well-documented mechanistic studies of
reductive elimination reactions address mainly middle and late-transition
metals, such as d6 complexes of Mn(), Fe(l), and Co(lIl) and d® complexes of
NiflD), Pd(N, Pt(ID, and Au(lll), that have accessible higher oxidation
states.!9,20  We now report a clean example of alkane elimination from an
early transition metal dialkyl, a d2 Ti(IV) comolex, and describe the
stereochemistry of formation and reaction of an observed intermediate. The

results of this work have appeared.?!

Results and Niscussion

Reactions of iodine with readilvy available titanacyclobutanes oroduce
cyclopropanes cleanlv and in good yield (eq. 6).922 Initial stereochemical
studies of these iodinations were puzzling. cis-2,3-Nimethyltitanacyclo-
butane (3) gave mostly retention, favoring the less stable dimethylcyclo-

propane(9:1 cis/trans),?3 In contrast, trans-?-deutero-3-
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I,
CDZTO—-R _— D——R + Cp,Til, (6)

Cp=75-CgHg, RSalkyl

phenyltitanacvclobutane ('cr_ar_m_s-Z-dl-l),13 which was expected to show even
greater stereosoecificity, gave an essentially nonstereospecific mixture of
deuterated phenylcyclopropanes (7) under similar conditions (eqgs. 7, 8).2% The
lack of stereospecificity of 7 was shown by integration of the 500 MHz !H
NMR  spectrum. The ratio of hydrogens trans to phenyl

(§ 0.69) to hydrogens cis to phenyl (8 0.52) was 1.1:1.0.8

I,
szTiQ—CHs i P—CH;:, + [>—CH3 +  CpgTil,

CH3 CH3 H3
3 9 : | 7

[@X111]

o
o

7 Iz
e e R
D
: |

trans -2 -d-/ R=¢ |

trans -2-d-8 R = tau
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To resolve this apparent contradiction, a methylene chloride solution
of trans-?-di-1 was treated with one equivalent of I at -509C. An
intermediate was observed which upon warming formed a mixture of
deuterated ohenvlcvclopropanes. The thermal instability of intermediate (5-
d) precluded its isolation and necessitated spectroscopic and chemical
characterizations. The |H NMR spectrum of intermediate 5 generated in situ
at -?09C shows two singlets for the cvclopentadienyl protons
(8 5.91, 5.70) and two sets of doublets of doublets for the diastereotopic
Ti-CH, protons at & 1.28 and 0.31 with characteristic coupling constants. |H
NMR spectrum of intermediate 9 is also assigned (Table IV). A similar
intermediate has been postulated in reaction of Cp77ZrHCl with allvlic
chlorides to eive cvclooropanes.”’ Treatment of a solution of 5-d with
gaseous HC] at -7%0C produced a !:1 mixture of 1-d-6 and 3-d-6. By

comparison with the 7H NMR spectra of two authentic threo and erythro-1-d-

6 diastereomers prepared independently (Scheme IV),26 1-d-6 was shown to be
exclusively the threo isomer (Scheme V). Similar results were
obtained from hydrolysis of 9-d. 1-d-10 was assigned as the threo isomer
base on  coupling constants and  deuterium chemical shift
(§ 3.21) (Table V). These results demonstrate (a) that there is no isotope
effect in cleavage of 1 (or 8) to the diiodide 5 (or 9) and (b) that this Ti-C
bond cleavage proceeds with retention of stereochemistrv. Rromination of
zirconocene alky!l chlorides, the only other stereochemical study of metal-
carbon bond cleavage in a d? complex also proceeds with retention at the

carbon center.!? An oxidative reaction pathway is excluded for our
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Table IV.
Solvent
Comnounds Temp IH Chemical Shift Assignment
H: H C7Ng  6.75-7.10 (m, 5H) pheny!
A.Ng -200C 591 (s, 5H) Co
{ 5.70 (s, 5H) Cp
CoTi | 2.65-3.10 (m, 2h) CHol
2] A and CHb
SR 1.2% (dd, J=10, 2.0 Hz, [H) Ha
0.31 (dd, 3=10, 7.5 Hz, 1H) Hp
C7Dg  5.95 (s, 5H) Cp
H H -200C  5.89 (s, 5H) Cp
X 3.09 (dd, J=4.0, 10 Hz, 1H) CHoI
Cp,Ti 9 2.85 (dd, 7=4.0, 10 Hz, 1H) -
= o 2.08 (d, 1=10 Hz, 1H) ——
I " H 1.87 (d, J=10 Hz, 1H) -
n.79 (s, 9H)
methine proton not located
(COHy) CgNg  6.70-7.10 (m, 5H) b
o RT  2.53-3.10 (m, 3H) CH», CH
He o /1 1.07 (d, 7=6.3 Hz, 3H) CHj
> <‘"HA(DA) CgHg 2H §2.94 Dp (erythro
) Hg RT isomer)
2.82 Ny (threo
isomer)
1.5 CH5D
H M
>__< CgDg  3.24 (dd, 3=2.0, 9.3 Hz, 1H) Hp
/ * RT 2.7 (dd, 1=11, 9.3 Hz, 1H) Ha
'Bu H 0.91 (d, J=6.3 Hz, 3H) CH3
0.58 (s, 9H) t-Bu
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Scheme IV
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iodination reactions due to the inaccessihility to higher oxidation states of
TifIV). The electron deficient {16 e-) metal favors a four-centered close
transition state and results in the front side attack at the carbon to give
retention of stereochemistry.

Formation of a 1:! mixture of cyclopropane isomers from inter-
mediates 5-d, suggests two possible reaction pathways: (a) complete
scrambling occurs at hoth the o and y-carhonof 5 before extrusion of
cvclopronane; (b) the reaction of 5 proceeds with retention at the g-
carhon and inversion at the y-carbon for vice versa. Scrambling
at onlv one carhon center would give diastereomeric cyclooropanes in a 3:!
ratio. We have ruled out scrambling of the products from the control
experiment which shows no epimerization of trans-(2-deutero-1-
methylcvclooroovibenzene (12) under the iodination reaction conditions. To
test for racemization at the y-carbon of 5, a solution of 5-d was allowed to
react on warming to < 50% completion, then quenched with anhydrous HCL.
The 1-d-6 recovered from the reaction was shown hy 2H NMR analysis to
have retained the threo stereochemistry.

Since the second Ti-C bond cleavage appears to proceed without prior
scrambling of the vy-carhon, (b) is the most likely mechanism of formation of
cvclooropane from 5-d and 9-d. “echanism (b) is also consistent with our
initial observation in the cis-?2,3-dimethyltitanacyclobutane (3) system. Here,
it is likelv that intermediate # is favored over &' due to preferential attack of
iodine on the less hindered Ti-C bond. ¥ormation of cvclooropane from &4 by

an intramolecular SN? process, with retention at ¢- and inversion at
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Scheme V1

Iz 1l . CH3
CpgTi CH3x —_— | + CpTi
Cp,Ti I

, CH3 I 177 Neh,

("
a
“\

P——CH3 %CH;,
CHs

Hsz

[@ X1

to the ease of nucleophilic displacement at primary halides, and #' would be
preferentially scavenged by iodine to give CsHjply products.?’

We have shown that elimination of cyclopropane from reaction of
titanacyclobutane and iodine occurs with sequential, stereospecific Ti-C bond
cleavag'es.‘)-’Z This process provides an alternate path to simple oxidation and

reductive elimination, a sequence which is highly unfavorable in these

d0 metal complexes.
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Fxperimental Section

Al*fe3 was purchased as a 2 M solution in toluene from Aldrich.
Zirconocene dichloride was purchased from Boulder Scientific. LiAIDy was
nurchased from Merck, Sharp and Nohme. Li(O-t-Bu)3AIH was purchased
from Aldrich. Cp?7rHCl and Cp7rDCl were prepared by literature
methods.”?? Phenylacetylene was purchased from Aldrich. t-Butylacetylene
was purchased from Farchan. Phenylacetvlene-d|i was prepared by
deprotonation of phenylacetylene with n-RuLi followed by deuterolysis with
Ny0.  All acetylenes were distilled before use. Styrene-d{ and 3,3-
dimethylbutene-d|y were prepared by hydrozirconation reactions of
appronriate acetvlenes followed by hydrolysis (H»O) or deuterolysis (NO),13
CpyTiCH»AIMesCl, CpyTiCH)CMesCH5, and CpyTiCH2CH(t-Bu) CH» were
prepared by known methods.?? Deuterium labeled titanacyclobutanes were
prepared similarly using deuterated olefins.

Nichloromethane was stirred over P90s and degassed. Pentane and
hexane were stirred over concentrated H»SOy, then sodium-benzophenone
ketyl. Renzene, diethy! ether, toluene, and tetrahydrofuran were stirred over
CaH» then sodium-benzophenone ketyl. Solvents thus dried and deoxygenated
were vacuum transferred into flasks sealed with teflon screw valves and
stored under argon. Benzene-dg and toluene-dg were dried and deoxygenated
by stirring over sodium henzophenone ketyl.

General Procedures. All maninulation of air or moisture-sensitive
compounds were carried out using standard high-vacuum Schlenk line and dry

box techniques. Argon used for Schlenk work was purified by passage through



columns of BASF RS-11 (chemalog) and Linde 4 A molecular sieves. NMR
spectra were recorded on a Varian EM-390 (90 MHz lH), a JEOL FX-900
(89.60 MHz lH, 13.76 MHz 2H) or a Brucker WM-500 (500.13 MHz 1H, 76.76
MHz ?H)., Gas chromatographic analysis was performed on a Varian 1400
flame ionization instrument equipped with a Spectra-Physics System I
comouting integrator using 5' 19% FFAP for aromatic hydrocarbons and 5' 5%
SE-30 on chrom W for alkyl iodides.

Preparation of 1-Deutero-ethynlbenzene. To 5 mL (45 mmol) of
freshly distilled ethynlbenzene in 5 mL of hexane was added dropwise 40 mL of
1.6 M n-butyllithium in hexane at 0°C. The reaction mixture was warmed to
room temperature and continued to stir for 10 min then quenched with 3 mL of
N-0, White solids precipitated and were filtered and washed with ether. The
combined ether solution was dried (MgSOy) and vacuum distilled to yield 3.7 g
(80%) of product. !H NMR showed >95% deuterium incorporation.

Preparation of styrene-1-d. This is a general procedure for cis- and
trans-stvrene-1-d and styrene-2-d. Slight excess of CoyZrHCI (or CppZrDCI)
and ethynlbenzene (dg or di) were stirred in benzene until all solids were
dissolved. All volatiles were removed under vacuum. The residue was taken
up in ether and quenched with N70 (or H»O), The white precipitates were
removed by filtration and washed with ether. The combined ether solution
was dried (MgSOy) then vacuum distilled. The yields are typically 70%.

Preparation of 3-Phenyltitanacyclobutane (1). @A) From Tebbe
Reagent. A homogeneous mixture of 1.5 g (5.3 mmol) "Tebbe" regent, two-

fold excess of styrene and 0.7 g (5.8 mmol) DMAP in 10 mL of toluene was
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stirred at -109C for 1 h. Orange solids precipitated and were collected by
filtration and washed with cold toluene and pentane. Recrystallization from
THF-pentane with slow cooling to -500C afford product in long needles in
35% yields 1H NMR (90 MHz, CgDg) §6.99-7.40(m,5H),5.52(s,5H),5.40(s,
5H), 2.84 (dd, J = 10.8, 8.6 Hz, 2H), 2.39 (dd, J = 8.6 Hz, 8.6 Hz, 2H), 0.33 (m,
1H),

B) From 3,3-Dimethyltitanacyclobutane. A solution of 0.14 g (0.57
mmol) of titanacyclobutane, 0.15 mL (1.3 mmol) of styrene in | mL of
toluene was stirred at 0°C 2 h, concentrated to half of its original volume,
and diluted with 10 mL of pentane. After stirring for 20 min the solids were
collected by filtration, washed with pentane and dried under vacuum.

Preparation of 2-Phenyltitanacyclobutane (2). A) From Tebbe Rea-
genf. After separating the B-phenyltitanacyclobutane from the reaction
mixture, the filtrate was concentrated and extracted with n-hexane. The
hexane extract was concentrated to give a dark red solid.

B) From 3,3-Dimethyltitanacyclobutane. The filtrate was concentrated
under vacuum. The residual solids were recrystallized from toluene-pentane,
'4 NMR (90 MHz, CgDg) § 6.71-7.35 (m, 5H), 5.31 (s, 5H), 5.08 (s, 5H), 4.74
(t, J =9 Hz, 1H), 3.12 (m, 2H), 0.42 (m, 2H).

Isomerization of 3-Phenyltitanacyclobutane (1). A) ZH NMR Analysis.
In a typical reaction, the deuterium labeled 3-phenyltitanacyclobutane was
loaded in a NMR sample tube. Protio toluene (0.4 mL) was added via syringe.

In some cases, large excess of olefin was also added via syringe. The progress
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of the reaction was monitored by ZH NMR, A summary of the results are
presented in Table I.

B) GC/MS Analysis. A solution of 20 mg 2,2-d2-1 in | mL benzene was
stirred at room temperature for 1 h. All volatile components were removed
under vacuum. The residue was redissolved in 1 mL of benzene, then
hydrolyzed with anhydrous HCl. The volatile products were vacuum distilled
and analvzed by GC/MS, Results are presented in Table II.

Thermolysis of 1 and 2. Solid state decomposition: recrystallized
titanacyclobutane 1 or 2 was heated under vacuum at 80°C for 30 min during
which time the red solids turned black. Volatile products were vacuum
distilled and dissolved in benzene. n-Butylbenzene was added to the benzene
solution as internal standard for quantitative GC ana}lysis. Solution
decomposition: a benzene solution of 1 was heated at 40°C for | h. Solvent
and all volatile products were vacuum distilleci and analyzed by GC,

Iodination reactions of 3-Phenyltitanacyclobutane (1). A). To é
solution of 64 mg (0,22 mmol) of 1 in 3 mL of CHCly was added 0.6 mL of
N0.39 M solution of iodine in CH2Cl» (0.23 mmol) at -209C. Reaction mixture
was warmed to room temperature and continue to stirred for | h. The
reaction mixture was washed with aqueous Na9S9013, dried over MgSOy.
Solvent was removed on rotovap. The residue was extracted with pentane.
Concentration of the pentane solution under vacuum yield cyclooropylbenzene
in 609,

B) Formation of Titanocene 3-lodo-2-phenylpropyl Iodide (5).

Compound 1 (12 mg) was loaded in a NMR sample tube fitted with a septum.
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Toluene-dg (0.4 mL) was added via syringe. A solution of iodine (10 mg, |
equiv) in 0.2 mL toluene-dg was added to the NMR tube in thirds at -200C.
An intermediate was observed by !'H NMR: §5.83(s,5H),5.62(s,5H),3.10-
2.70 (m, 2H), 1.28 (dd, J = 10, 2 Hz, |H), 0.31 (dd, J = 10, 7.5 Hz, 1H), 0.6 (m,
1H),

C) Formation of I-lodo-2-iodomethyl-2-phenylpropane (1%). Two
equivalents of iodine in CH7Cly were added to the red solution of 1 at room
temperature. Solvent was removed from the bhlack reaction mixture on
rotovap and the black residue was extracted three times with pentane. The
combined pentane solution was filtered through charcoal then was evaporated
under vacuum to yield a vyellow liquid. IH NMR (90 MHz, CgDg)
§ 6.63-7.10 (m, 5H), 2.50-3.20 (m, 5H).

Iodination Reaction of 3-t-Butyltitanacyclobutane (8). A) Same
procedure for 1 was used to give t-butyl cyclopropane. IH NMR (C;;Dg)
§ 0.83 (s, 9H), 0.1-0.3 (m, 4H), the methine proton is buried under the t-butyl
proton resonances.

B) Formation of Titanocene 2-lodomethyl-3,3-dimethylbuty! Iodide (9).
Same procedure as 5. The intermediate observed at -20°C has an 1H NMR
spectrum (C7Dg, 90 MHz) § 5.96 (s, 5H), 5.89 (s, 5H), 3.01 (dd, J = 10, & Hz,
1H), 2.85 (dd, J = 10, 4Hz, 1H), 2.08 (d, I = 10 Hz, 1H), 1.87 (d, J = 10 Hz,
1H), 0.79 (s, 9H), methine proton is not located.

C) Formation of 1-lodo-2-iodomethyl-3,3-dimethyl Butane (15). Same
procedure as formation of 14 from 1. IH NMR (CgDg, 90 MHz)

§ 3.21 (dd, J = 10, & Hz, 2H), 2.88 (dd, J = 10, 7 Hz, 2H), 0.5% (s, 9H), methine
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proton was not located.

Hydrolysis of Titanocene 3-Iodo-1-phenylpropy! Iodide (5). One equiv.
of iodide dissolved in CH»Cly was added slowly to 1 in CH7Cly at -200C,
Excess anhydrous HCl gas was added via a syringe to the reaction mixture.
Solution turned from red to black. Dichloromethane was removed on rotovap
and the black residue was extracted with pentane three times. Pentane was
removed under vacuum to vield 6 as a yellow liquid which turned pink on
standing. GC analysis showed >95% purity. H NMR (90 MHz, CgNg)
§ 6.74-7.12 (m, 5H), 2.49-3.01 (m, 3H), 1.09 (d, JqH = 6.8 Hz, 3H); 2H NMR
(77 MHz, CgDg) § 1.05 (CH2N), 2.82 (CHD). The black residue showed an 1H
NMR spectrum (90 MHz, CDCl3) § 6.58 (s), 6.70 (s), 6.83 (s) in 1:2:] ratio
corresponding to Cp,Tily, CpyTilCl, and Cp,TiCl5.

Hydrolysis of Titanocene 2-(lodomethyl)-3,3-dimethyl-butyl Iodide 7.
Employing the same procedure as the hydroiysis of 5 yielded 1-iodo-2,3,3-
trimethyl butane 10. 'H NMR (CgDg, 90 MHz) § 3.24 (dd, J = 9.3, 2.0 Hz,
1H), 2.47 (dd, J = 9.3, 11 Hz, 1H), 1.36 (m, 1H), 0.91 (d, J = 6.8 Hz, 3H), 0.58
(s, 9H),

Preparation of Cis- and Trans-2-methylstyrene-1-d. A solution of
Cpy7ZrCly (4.09 g, 13.7 mmol), 1.50 mL (13.6 mmol) of ethynlbenzene (dg or
dy) and 14.0 mL of 2 M Al(CH3)3-toluene (28.0 mmol) in 20 mL of CH,Cl,
was stirred at room temperature for 15 h. All volatiles were removed under
vacuum. The residue was dissolved in 15 mL of ether and 1.5 mL of D70 (or
H»0) was added dropwise. The white precipitates were removed by filtration
and washed with ether. The combined ether solution was dried (MgSOy) then

vacuum distilled to yield the product in 70%.
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Preparation of Threo- and Erythro-1-iodo-2-phenylpropane-1-d (1-d-6).
A suspension of CpZrHC! (0.4 g, 1.5 mmol) and 0.15 mL of di-
a-methylstyrene (cis or trans) in 4 mL benzene was stirred at room
temperature for 4 h. The reaction mixture was filtered. To the filtrate was
added a solution of 0.29 g (1.16 mmol) of iodine in 4 mL of benzene at 100C,
The residue remaining after evaporation of the henzene was extracted with
pentane (3 x 5 mL). The combined pentane fractions were filtered through
charcoal and concentrated to a colorless liquid which turned pink upon
standing. 2H NMR (77 MHz, CgDg) § 2.97 (erythro isomer), 2.82 (threo
isomer),

Preparation of Trans-(2-deutero-1-methylcyclopropyl)benzene (12).
Cis-2-methylstyrene-1-d (0.65 g, 5.5 mmol), 2.3 mL of CHCl3, 3 mL of 50%
aqueous NaOH solution and 50 mg of SCHoN(CH»CH3)3Cl were stirred at
500C for 4 h. The reaction was diluted with water and extracted with
CH5Cly. The combined organic layers were dried and solvent was removed
under vacuum to yield a 1:2 mixture of starting material and trans-(2,2-
dichloro-3-duetero-1-methylcyclopropylbenzene (13). Column chromatog-
raphy (silica gel, pet. ether) separation yielded 300 mg of 13 (27%). lH NMR
(CDCl3, 90 MHz) S 7,32 (m, SH), 1.90 (s, 1H), 1.67 (s, 3H). A mixture of 4.5
mL CH30H and 0.15 mL of HoO and small pieces of Na (0.8 g) were added
over 1 h to a solution of 13 in 5 mL of ether at 0°C. The reaction was
warmed to room temperature and stirred bvernight before the addition of
H50 (4 mL). The aqueous layer was separated, acidified with aqueous HCI,

and extracted twice with ether. After drying over MgSOy, the ether was
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removed to vield 150 mg of a clear vellow liquid. Kugelrohr distillation
vielded 120 mg of colorless liquid (60% vield). H NMR (CgDg, 500 MHz)

§ 7.14 (m, SH), 1,25 (s, 3H), 0.77 (s, 2H), 0.59 (s, 1H),
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CHAPTER II

Synthesis and Reactivities of Transition Metal

Homo- and Heterobinuclear Ketene Complexes
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Introduction

Transition metal ketene complexes are proposed as key
intermediates in the stoichiometricl and ca'calytic2 reductions of carbon
monoxide. Many stable metal ketene species have now been isolated and
serve as models in the mechanistic investigations of CO hydrogenations.
Recent studies have also demonstrated the potentials of using ketene complexes
in the syntheses of large organic molecules.?

Mononuclear ketene complexes are generally obtained by one of the
following methods. Direct reactions of stahilized diphenyl ketene with
coordinatively unsaturated metals have been employed in the synthesis of
“pTi(CO)HN2-NCCh»-0,0),%  CpyV(n2-0CCh2-0,0),%>  CpyMnln2-OCCh 5-
0,0),% and (P4 3),Ptn?-0CCH»-C,C).7 Carbonylations of metal alkylidenes
also successfully generate ketene complexes of Cr,3b Mn,8 Fe,9 Ni, Pd,
and Pt ld D-eprotonation of early transition metal acyls of Ti and Zr by
strong non-nucleophilic bases is another convenient roﬁte into metal ketene
systems.l?  Other novel syntheses of neutral mononuclear ketenes include
carbonylation of titanacyclobu'cene11 and  zirconocene dialkyls.”-
Tasey has observed intramoleclar coupling of cyclopentadienyl and CO ligands

to form ketene in the reaction of CpRu(COYNO)CH3 with P(CH3)3.13

¢/l\ib ¢>Z

LnM—O0 LnM——CQb

Ln M + ¢,C=C=0
é, a

M=Ti,V, Mn
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LnM=CRR + CO

LnM—' J

M= Fe CrMnNiPd Pt; R=H ¢

R H

L
LnM\ O + Bagse LnM;—(O+ Base-HX

X

M=T;, Zr

For metal catalyzed heterogeneous CO reduction (e.g., the Fischer-
Tropsch process), coupling of surface bound methylene with carbon monoxide
to form ket'ene may be relevant to the mechanism of hydrocarbon chain
homologation.'# A bhinuclear ketene complex is therefore a more accurate
descriotion of the intermediate which may still be bound to the metal
surface. Complexes with ketene hridge have been proposed in the reactions
of (NEty)»Fex(CQO)lg with CHCI,C(OXC] and the formation of
(Cp*Co)yfu -CHo,u -CO), A few well-characterized bimetallic ketenes
have so far been reported.!7-?0 The preparations involve mostly reactions of
bridging methylene complexes?! with carbon monoxide. Certain dimeric
ketene complexes are also under the catagory of binuclear com-

pounds.*s 193,12 The above synthetic procedures, however, lack of versatility



e

in forming hetero-bimetallic ketenes. Many mixed-metal bridging
methylenes are known but their reactivities toward CO are not encourag-
ing.?l Dimerization of different mononuclear ketenes could result in

satistical mixture of homo and hetero-bimetallic complexes.

e

4
CH S i C 'C\ 5
LnM” - MLn + CO LaM” Hz MLn M=Ti Ru Os

Y Y
R R P
thTA-O h{]..

RIR 2(

We have explored a different approach to the syntheses of bimetallic

<O

Ln M=Ti zr

)

complexes using a reactive metal ketene complex to transfer the ketene
fragment onto a second metal center. If successful, this method can
potentially orovide entries to a variety of mix-metal binuclear ketene

complexes. A preliminary account of this work has anpeared.??

G l ) ©
LnM(RC:C0)" + LnaM-X — LaM(RGCGO)MLa X
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Results and Niscussion

The highly reactive ketene complex of choice was the zirconaenolate
(ketene) anion CpyZrfn 2-OCCH,»-0,C)CH3Na (1) prepared from reaction of
Nal NSi(CH3)3) 5 and Cpy7r(COCH3)CH3 in ether at -300C (eq. D. The

product precinitated as the etherate complex [-Et9O which ignited

(|3H3 CHa
CpZZr/C\o NaN(TMS), s \
\CHs Etg0 2 Eis a Et,0 M
L

spontaneously in dry air. [t was also light sensitive and thermally unstable.
The complex was insoluble in hydrocarbons and e_ther as expected for an ionic
complex, but dissolved readily in THF to form 1.2 THF. Recrystallization by
slow cooling of a pentane-THF solution of 1-Et»>0 yielded benzene soluble
crystals of 1-2 THF suitable for X-ray analysis. The molecular structure was
solved by 1. Armentrout and W, P, Schaefer. Complex 1°2 THF crystallizes in
the space group P1 with: a= 10,745(5) :, b= 11.449(5) ,ff, c = 12.060(4) A?,
a = 119.40(3)9, 8 = 91.26(4)0, r=114.83(4)0, v= 1123(1)/(\)3, Z =2. The
molecular structure is shown in Figure | and the geometry of the planar
7r(COCH2)CH3 moiety is presented in Figure. 2. The location of the
negative charge density of the complex is not clear from structural data.
The C(1)-0O and C(1)-C(?2) bond lengths are typical of single and double bonds

respectively, The OCCH» moiety strongly resembles that in the neutral
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ketene comnlex (n3-CsMes)yZr(n?-OCCH»-0,C)pyridine!0b exceot for the
slightly shorter 7r-O hond in the latter (7..17.6(6) PC:) which may reflect the
greater donor ability of CH2 versus ovridine ligand. The Zr-C(3) hond length
is  similar to the 7Zr-CHj distance in  CpyZr(COCH3)CH3
(2.336(7) !(\)\. The counter ion Na is coordinated in a tetrahedral fashion by
four oxvegen atoms of the two THF solvent molecules and two ketene moieties
(Tahle . Comnlex 1.2 THF was the first structurally characterized

metallaenolate anion.”*

Table I. Coordination around Na for Na( CoyZr{COCH,»)NCH3))-2 THF,

Distance A
Na 0l 2.334 (6)
Na 03 2.377 (7)
Na 04 2.423 19)
Na O0OfI' 2.311 (6)

where 01 is at ¥, Y, 7Z and N1' is at 1-X, 1-Y, 1-Z

Aneles deqa
N1 Na 03 118.8 ()
N1 Na 04 123.6  (3)
01 Na 01’ 6.8 (2)
N3 Na N4 3.2 (3)
N3  Na 0I' 97.5 (2)
04 Na 0oL 45,1 (3)

The reactivity of | was demonstrated bv its reactions with organic
halides fea. ?). Treatment of 1 with CN3l vielded CoyZr(COCH,CN3ICH4

auantitativelv (1H NMR), Reactions of 1 with ¢CH,Br and (CH3)3SiCl
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gave  Cop27r(COCH2CHx )CH3 and Cp271 COCH5Si(CH3)3) CH3,
respectively, In all three cases, alkvlations occurred at the
C(2) carbon and no o-alkylation oroducts were observed. This is especially
interesting for (CH13)3SiCl which is known to alkylate at oxygen in organic
enolate reactions.”?”> We attribute this to the stronger oxophilicity of

zirconium versus silicon.

CH,
CpoZr 0] NaEt, 0O + R-X
CH3
. CH,R

1 1 R X

PN (o} i
szzr\ o+ Nax cnch Br (2)

CH3 Si(CHy)y O

The reaction of 1 with transition metal halides of Ti(lV) and 7r(IV)
were examined first. CppMCH3Cl (M = Ti and 7r) type comblexes were
chosen as substrates to minimize product isomers for ease of analysis.
Treatment of 1-?2 THF with CpTiCH3Cl in CgDg gave a dark green solution
with broad ' NMR signals that were uninterpretable. A mixture of
Cpy7r(CH3)y and (Cpy7rCH3)ylu -n 2-OCCH,»-0,0) (2) was obtained from

reaction of 1:Et70 and Cpy7rCH3Cl (Ft70/THF, -300C) leq. 3). Complex 2

CH2
CHs
CpoZr 0 NaEt,0 + Cpyir S—
CH3 ¢l
1 CH

CpaZr  0—ZrCpz + Nacl (3)

CHsy - CHs
2



was isolated in 65% vield and has been characterized by 1H, 13C NMR, IR
and elemental analysis. Based on spectroscopic data, the structure of 2 was
assigned as shown which differed from the bridging acyl type structures of
Ru'® and Os(u-n?-OCCH»-C,C)9 complexes (Fig, 3). The IH NMR spectrum
of 2 exhibited two inequivalent methylene protons with chemical shifts (4.61,
4,23 pom) similar to a vinyl ether. The !3C NMR shift of the
a-carbon (208.9 ppm) also resembled that of zirconium enolates2b
(£170 ppm) rather than zirconium acyl (300 ppm) complexes.?3a The C-H
couolings for the R-carbon (92.7 ppm) were 159 and 148 Hz, typical for sp”

hvbridized carbons.

9 0s(C0),
CpRu RuCp (C0),08 0Os(C0),
(CO),  (co),

\O

Figure 3

The metallaenolate nature of 2 was further confirmed by its reac-
tivities toward organic carbonyls. Aldol type condensations were observed
from reactions of 2 with benzaldehyde and acetone (eq. #). Bridging acyl
complexes of (Cpy7ZrCH3)2(L-OCHOCH2CO-0,C) (12) and (CppZrCH3)p-
[ L-OC(CH3)»CH,CO-0,C) (13) were formed quantitatively and have been

characterized  spectroscopically (Table 1V). The metallaenolate
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CH2

0
szZf O—ZGCz + J i

| RCR =
Ch3s CHs CHs
2 o) R R
- Cp2Zr” “c-“Hrczecp,
| L% l “ ripz CH3 CH‘3 (4)
HsC R R 0O b H
13,2

structure of 2 is orobablv a consequence of the oxonhilicitv of zirconium.
Nefinite structural characterization by X-rav analysis would be desirable;
however, repeated attemots to obtain ¥-rav quality crvstals of 2 have been
unsuccessful.”’

Although 2 was stahle in the solid state under an inert atmosohere, it
decomposed in solution atroom temoerature overnight to Cp7Zr(CH3)9 and
Co9Zrln7-0CCH,-0,C) (8), identified hv comparison to an authentic
sample’® feg. 5). Since no decomposition was ohserved at -300C, the
nresence of Tpy7r(CH3)» in the initial product mixture was considered the

result of direct methyl zirconation of 1 fea. ). The 'H NMR spectrum of the

CHa
A -9
CppZr 0—ZrCpy ————-—» Cpalr + CpaZr(CHs)z (9
CH3 CHs3 CH2 n
2 ]
CHa
o e,
CpaZr O—/ ZrCppg —m8
\CHj HaC”
® _0
NOEizo szz"\K = CpZZr(CH3)2 + NaCl (6)
/
CH2



.

reaction of 1+2 THF and Cp7rCH3Cl at -3009C showed a mixture of 2 and
Cp?7Zr(CH3)y in a 2.5:1 ratio. Only a small amount of the byproduct
Cpy7rh 2-OCCH2-0,C) (8) is observed due to its low solubility. This second
reaction pathway also accounts for the low vield of 2.

The thermal decomposition of 2 was also investigated. Kinetic data
were obtained for the reaction at various concentrations and temperatures.
The reaction exhibited second-order kinetics and fitted the rate law of
d 2) /dt = Kohd 2) 2, The second-order plots were linear for 2.5 half lives.
No significant change in rate constant was ohserved in the presence of added
strong donor ligands such as pyridine and trimethyl phosphine (Table II).
Activation parameters derived from kinetics data obtained at 46, 55, 65 and
750C are listed in Table IlI. Entrooy of activation was found to be 11.6 eu,
low for a decomposition reaction. This is rationalized by the molecularity of
the reaction which requires aggregation of two molecules of 2 or four
zirconium atoms prior to decomposition in the transition state.

Reactions of 1 with other CpyZrRCl (R = OCH3, Cl, H) complexes
were also studied. A similar binuclear ketene complex was obtained by
treatment of 1 with Cp27rOCH3Cl (eq. 7).
(Cpy7rOCH3 1 -n 2-OCCH,-C,0NCpy7rCH3) (3) was isolated in 55% yield
and was fully characterized. The structure of 3 was assigned hased on
spectroscopic evidence. The only 7r-CH3 signal in the 'H NMR spectrum
appeared at -0.12 ppm, which was closer to the methyl chemical shift of
Cpy7r(CH3)»  (-0.13 ppm) than that of  =zirconium  enolate

Cp27r(QOCCH3CH»)CH3 (0,32 ppm). Decomposition of 3 in CgDg at room
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TableIl. Kinetics DNata for the Decomposition of CpyZrCH3);-
f1 244 -OCCH>) 2 in CgNg at 52°C,

2 +-0 L +t=n Kobs X 102 m-1 s-1
Nn.N82 M - 1.13 £ 0.02
0.092 M 0.093 M pyridine .33 *+ 0.07
N.11 M n.21 M PMes 1.19 * 0.06

Table IMl. Activation parameter for the decomposition of 2 in CgDg.

T (0C) kKobs X 192 M-1 -1
46 0.363 * 0.008
55 1.12 * 0.02
65 4,18 * 0.17
75 11.6 * 0.7
AH# = 26.0%* 1.0 kcal/mol
¥ ) +
AC},‘)19 = 22.3*0.5 kcal/mol

A‘S* = I16ZE31 e
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CH,
cl ﬁHz CH2
CpolZr O + Cpalr — Cp2Zr—C—0—ZrCpp «——=— Cp2Zr—0—C—ZrCp2
CHs OCH3 | |
CH3 OCH3 CHs3 OCH3
NOE‘ZO '
3 3
& ™ ~
AN
c Z/O CHs3
p T +
2 CDZZr (7)
CH, OCHg
n
8

temperature as monitored by IH NVIR revealed the presence of a transient
species (3" with 7r-CH3 resonance at N.29 ppm. After standing overnight at
room temperature, only CpyZr(OCH3)CH3 was present in solution.

TInder similar reaction cbnditions, treatment of 1 with CpyZrCly
vielded complex #' formulated as (Cpy7ZrCH3)u-n2-OCCH2-0,C)CpyZrCl)
from the chemical shift of the 7r-CHY3 signal (0.59 ppm). However, complex
4" was not the initial product formed in the reaction. The 'H NMR signals
that appeared upon mixing of 1 and Cp2ZrCly at -20°C in toluene-dg differed
from those of #'. The 7Zr-CHj shift (0.13 ppm) suggested a structure such as
4, Compolex 4 isomerized cleanly to %' in 3 h at -209C, Compound &' was not
isolated in pure form as it darkened even in the solid state at room
temperature to give CpyZrCH3Cl and Cpy7Zr(n 2-OCCH2-0,C) (IH NMR) (eq.

).
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CH2
o] HzICI H2C
Cpplr O + CppZr ——— Cp2Zr—C—0—2ZrCp, Cp2Zr—0—C—2rC
N ’2
G ¢l CH '
NGE1,0 3 Cl CHs Ct
2 4
‘\/- -~
A
/O Cl
CpaZr + szZf
on. ®
CHz / 3
g

Reaction of | with Cpy7rHCl afforded some unusual results. Two
compoletely dissimilar pnroducts were isolated under different reaction
conditions. The hydride analog, (Cpy7rCH3)1u-n2-0OCCH5»-0,C)(Cpy7rH) (5)
was obtained by treatment of 1 with CpyZr9Cl in toluene at room
temperature (eq. 9). The !H NMR spectrum of 5 resembled the bridging
ketene complexes described previously with the exception that the Zr-CHs
signal (1.56 ppm) appeared as a doublet with H-H coupling of 1 Hz, and the
hydride resonance appeared as a broad singlet (0.19 ppm). The assignments
were confirmed using Cp>ZrDCI in the reaction. The Zr-CH3 chemical shift
suggested that the oxvgen atom was attached to the same zirconium as the
methyl group. The hydride and methyl couplings were also indicative of a

strong interaction between 7r-H and Zr-CH3 moieties. This type of counling
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has previously been observed in a similar system where a hydride ligand was
crystallographicallv located to occupy a bridging oposition.31d Complex 5

reacted readily with CH3l to vyield CHyg and (Cp27rCH3a)-

(u-n2-OCCH5»-0,C)MCpy7rD (6),

CH
CHa 2 CHz
(0) Cp,2r=—0 ..
CpoZr O + CpaZrHCI Bl 2 | P— Vg (1)
CHs v (OH—=ZrCp, (OH—2rcp
TG P 2
NOE'zo 3 5 H3C
l- -
<0 (9)
A
CppZr— 0 —12ZrCp, ————  (Cp,pZrCIP + CH, + CH,
N\
CHs
7
(10) -

When 1 and Cp»7rHCI| were allowed to react in THF-ether at -40°C,
an unexoected product 7 was isolated fea. 10). From 'H and !3C NMR data,
7 was formulated as the oxo complex (CpyZrCH3)NCpy7ZrCHCH5)O.
Substituting Cp>7rNCI for Cp»ZrHCI in the reaction incorporated deuterium
in the oa-nosition of the Zr-vinyl groun. Hydrolysis of 7 with anhydrous HCI
gas yielded CHy, CoHy, and (CpyZrC»O. Complex 7 is the only example in
all of our investigations where a C-O bond cleavage is observed. This

reaction can serve as an excellent model for the final step in CO reduction
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mediated by transition metals.29 Particularly noteworthy is the mild
condition (-400C) under which C-O bond cleavage is observed.

A summary of the reactions of 1 with CpZrRClI (R = CH3, OCH3, C|,
H) is presented in Figure 4,

Refore commenting on the mechanism of C-O bond cleavage reaction,
we will discuss the pathway for the formations of homobinuclear ketene
complexes from 1 and CpyZrRCl (R = CH3, OCH3, Cl, and H). Three possible
mechanisms seem plausible (Scheme I)’. Mechanism I is the simplest in that it
requires no skeletal rearrangement. Direct oxygen addition of 1 to Cp2ZrRCl
affords ketene isomer A. Although o-alkylation was not observed in the
reactions of 1 with organic halides, the known oxophilicity of zirconium make
this pathway worthy of consideration. Mechanism Il is based on the
demonstrated nucleoohilicity observed for the terminal carbon in reactions of
1 with organic alkylating reagents. Nucleophilic attack of Zr-Cl by the
terminal carbon would produce a transient acyl intermediate. Early tran-
sition metal acyls are known to be highly oxophilic and adopt
n? configuration via bonding of the lone pair electrons of the acyl oxygens
with the metal atoms. Since there are two metal atoms present in the
proposed acyl intermediate, interaction of the acyl oxygen with the second
zirconium atom could result in rapid rearrangement by 1.3 shift to ketene
isomer A (mechanism 1D, Alternatively, strong interaction of the
n 2-acyl with the first 7r atom could enhance oxy carbene character of the
acy! intermediate. Isomerization of this oxy carbene by 1.2 shift would then

afford ketene isomer B (mechanism III). Rearrangements of this type have



CHe

Cp,Zr —O

\CH3

A

NOE?zo

CpoZr(CH3)CI

—

Cp2Zr OCHYCI

—

szerIZ

sz ZrHCI

_— e

K.T.

Cp 2 ZrHCI
<0°C

-58-

CH,
szZr O—'ZGCz
CHs CHs
2
~
CpaZr 0—ZrCp, “—=— Cp2Zr—0 ZrCp2
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e e OJ\TMS
e~ * * ~ * -~
cpeTh, Yo «————= CpaTh—0 CpaTh

cl e I 1)

been ohserved for Cp*»Th( COCH,Si(CH3)31Cl which thermally isomerizes to
Cp*9Th( OCSi(CH3)3 1=CH730 (eq. L1,

Among the three mechanisms, Ul can be ruled out for the following
reasons. . The initial products (3 and &) observed in the reactions of 1 with
~0727rOCH3Cl and Cpy7rCly were both in the form of isomer A suggesting
mechanism Il was not in operation. Additional evidence that excluded
possible methoxy and chloride ligand participation in the process was
obtained from reaction of CpyZr(n2-OCCN,)CD3-Na-2 THF (1-ds5-2 THF)

with Cpp7rCH3Cl at -200C feq. 12). !H NMR spectrum of the reaction

CD,
~CHs _20'C
CppZr O Na + CpylZr -

CD3 ci CD2 Ch;s
d-1 Il RT.
CppZr—C—0—ZrCpp; === CpoZr—0—C—2ZrCp, (12
CO; CH, CDs CH3
A ' B

recorded at this temperature revealed that the ketene complex 2 formed
contains only one Zr-CH3 signal at 0.4 ppm which was consistent with isomer

A. Upon warming to room temperature, two Zr-CH3 resonances correspond-



£

ing to both isomer A and B were observed in the ratio of 1:1 (1.5 H each).

In order to distinguish between the remaining two mechanisms (I and
I, the alkyl substituted analog of metallaenolate anion was prepared.
Deprotonation of Cpy7rf 2-OCCHCH3-0,C)CH3 by K+H in THF yielded a 3:1
mixture of Z,E-Cp2Zr(COCHCH3)CH3K-THF (Z,E-10.THF), The geometries
of the double bonds were assigned based on the 1H chemical shift of the vinyl
protons (5.00 ppm, Z-10; 4.00 pom E-10). Treatment of this 3:1 mixture of
Z,E-10-THF with CpyZrCH3Cl in THF-dg at -50°C resulted in the formation
of a single isomer of (Cpy7rCH3)701 -n 2-OCCHCH3-C,0) (11) (eq. 13). No
further isomerization of 11 was observed by IH NMR upon warming to room
temperature. Analvtically pure 11 has heen isolated on preparative scale
reaction in 77% yield, Complex 11 was assigned to be the Z isomer by Iy
NOE experiments. Irradiation of the downfield Cp resonance (5.74 ppm)
resulted in enhancement of the vinyl (5.11 ppm) and the Zr-CHj3 (0.39 ppm)
signals. Alternatively, irradiation of the Cp at 5.0 ppm induced enhance-

ment of the allyl and zirconium methyl protons (1.89 and -0.23 ppm). Since

CHJ CH3 H
Cl
c ; -50C w
ppZr——0 K-THF + CpaZr —===——= CpaoZr O0—ZrCps + KCl
CH3 CH, '
CHj CH,

3:1 2:E -1

‘0 - (13)
CH,
Z2rCp2

. |Cpoir \o CH3
“\CHy
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only Z-11 was ohserved in the above reaction, we disfavored mechanism I. In
direct o-zirconation, the double bond of metallaenolate anion was not
involved in the nucleophilic addition, and its geometry should therefore be
conserved. Reaction using a mixture of Z,E-10 should then give a mixture of
11 in the same Z,E ratio. This is, however, not the case. In mechanism II,
ir;teraction of Cpp7rCH3Cl with either Z or E-10 resulted in a common acyl
intermediate which could subsequently rearrange to either Z or E-l1.
Presumably, Z-11 represents the thermodynamically more stable isomer and
thus is formed exclusively. From the outcome of the deuterium and alkyl
labeling exneriments, we propose that mechanism II is the most likely
reaction pathway for the formation of our neutral homobinuclear zirconium
ketene complexes.

Yechanism Il can also account for the product variations in the
reaction of 1 with Cp>ZrHCI (Scheme II). Recall that complex 5 was formed
only when the reaction was carried out at room temperature, conditions
under which thermal rearrangement between ketene isomer A and B has been
observed in other bridging ketene complexes (e.q.,
3> 3, §'> 4), It is likelv that the initially formed ketene isomer A
rearranges spontaneously to isomer B (5 in this case) under the reaction
conditions and is therefore not observed. The reverse reaction
(B> A) is unfavorable, since comnlex 5 with bridging hydride is the
thermodynamically more stable isomer. Bridging oxo complex 7, the second
product was obtained when the reaction mixture was kept at a temperature

when rearrangement of the acyl intermediate to isomer A was slow enough
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for an alternate reaction to take bplace. We propose addition
of Zr-H across the acyl C=0O bond to vield an metallaoxacvclobutane type
comnlex 17. Closer examination of 17 reveals that it has a metallated
brideing aldehvde structure. The bridging aldehvde complex (CpyZrCaly-n -
OCCH,,-O,C) and its related compounds have been shown to undergo
rapid dyotropic rearrangement3! (Fig, 5), Following the same principle, 17 can
isomerize to 18 which can be viewed as either a metallacyclopropane or a
coordinated enolate complex. Rearrangement of 18 by either 1.3 shift or
oxidative addition of zirconium enolate to Zr(II) would then give the observed

oxo complex 7.

CppZr 0=ZrCp,

Cp ZZr—o ZGCg
Cl Cl ' Cl Ci

Figure 5

Since there have heen no literature precedents for the final
transformations in our Scheme, model studies were carried out to examine
the viahility of these steps. Compolex 7-d| orepared from reaction of 1 and
Cm27ZrNC1 showed deuterium incorporated in the g-position of the vinyl group
which was consistent with our proposed mechanism. The oxidative addition
of 7Zr enolate to Zr(II) was demonstrated hy reaction of independently

generated starting material. Cop97r¢5 is known to form Cp»Zr(ID) cleanly
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upon UV photolysis3? and CpyZr(OCCH3=CH»)CH13 can be isolated in pure
form.”6  Upon mixing Cp?7rd2 and CprZr(OCCH3=CH2)CH3 in a sealed
pyrex NMR tube no reaction was observed. However, after UV irradiation of
the mixture for 2.5 h, its |H NMR spectrum revealed a new set of resonances
at § 5.81 (Cp), 4.77 (Cp), 2.08 (allvl methyl), and 0.26 (Zr-CH3). The vinvl
protons were obscured by impurities .in the Cp region. Integration of the allyl
methyvl signal versus intérnal standard suggested a yield of 60%. Hydrolysis

of the reaction mixture with anhydrous HC! gas afforded methane, propene,

= CH!
/0 CHa, hy
szzi Y + Cp;_,zr¢2 Cp2Zr—0— ZrCpz + ¢'¢ (4 .
HsC CHs (‘:H;; 19
HCl

(Cpa2rCI),0 + CH, =+
CHs

and (Cpy7rCD90O. From the above data, we formulated the reaction
product to be (Cny7rCH3Y0(Coy7ZrCCH3=CH?) (19) (eq. 14).

Rearrangement via a 1.3 shift has been proposed before (Schéme D. In
both situations (16 in Scheme I and 18 in Scheme II) the proposed inter-
mediates contain oxvgen atoms Y to the metal and the driving force for the

rearrangements is the formation of strong 7r-O bonds. Our model studies
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Zr r ———=2r 0—Zr Zr JZ\Z' ZeD—2r
16 \O —
r
/8a

therefore center primarilv on the formation and thermal reactions of
complexes with the basic structure of 20. Since decarbonylation232 in
CpyZr(CORIR' (R'R = alkyD) type complexes is facile and proceeds with

retention of stereochemistry, the aldol condensation products 12, 13 (or 15)

A a
/~ANA\ A
CpZTr—_(r)\' IZGC2 Cp-‘»Zr—O—ZGC2 + =
Y X Y X
20

from reactions of 2 (or 11) with acetone and ¢CHO are ideal precursors to
complexes like 20. A CgNg solution of 12 for 13) yielded styrene (or
isobutane) and (CpyZrCH3),023b cleanly overnight at room temperature (eq. 15).
At 70O, the reaction was complete in less than 5 min. Although no
intermediates were observed in the course of decomposition, the products

ohtained were still consistent with our prooosed 1.3 shift mechanism. An

0 e
A R R R
Cp2Zr” SC—CHCZrC Cp 5 20 = = %
|/ \ LI P2 —co P2 , r—0 |ZGCz + g - i
HiC R R RO CHy CH, H
CHz  CHs 5
21315 W @
N ) N 3
H H (1)
D —CH;

Cp2Zr—0 ZrCp2

! +  (CpazrCHs),0  (16)
D CHy
CH3 CHs

Threo -LS_
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interesting observation which might help to address the stereochemical
consequence of the rearrangement came from the decomposition of a

diastereomeric mixture of 15. Heating of a 3:2 mixture of erythro and threo-

15 generated from reaction of 11 and ¢ CHO yielded both trans and cis
8 -methyl styrene in the same (3:2) ratio.33 The retention of product
stereochemistry can be rationalized as the result of a four-centered (2+2)
transition state (eq. 16).

A different approach to generate 20 by hydrozirconation of enolates
has also been explored. Heating mixtures of zirconium enolates?6,3% and
excess CppZrHR (R = CH3, CI) in CgDg at 709C for | min cleanly afforded
oxo complexes and zirconium alkyl derivatives (from hydrozirconation of

olefins produced) (eq. 17). Again, no intermediates were observed. Although

0 R
P /H
Cp,Zr Y + CpLzr A
2 ~ P2 S

Y X

Cp 2 Zr— O—ZI’CP + = o= - (17)
| . —\R CHy CHy CHy

Y
X al CHy  CHy

there is no direct evidence for 20 in these reactions, we can infer its
existence by the known dicarbonylation and hydrozirconation mechanisms and
the final decomposition products. The ahove results establish the viability of
the last step in our proposed mechanism (18a or 18b+ 7, Scheme II). The

outcome of the reactions of Zr enolates with Zr hydrides and with Z (1D
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species also suggest some novel deoxygenation processes for the overall
reduction of ketones (precursor to enolates) to olefins. Any potential
applications of these reactions in organic synthesis are currently being
investigated.3?

So far, we have examined in detail the mechanism (Il in Scheme I) of
the formation of bridging ketene complexes. This mechanism is consisteﬁt with
all initial ketene products observed and can be expanded to accommodate
C-0 cleavage reaction (Scheme II). The only aspect of the mechanism that
has not been addressed is the rearrangement of isomer A to B (see Scheme I).
In our investigation of this process, we chose the degenerate isomerization of
(Cpy7.rCH3)2(u -n 2-OCCH»-0,C) (2. In contrast to hetero-atom substituted
systems 3+ 3' and 4+ &', 2 has no thermodynamic preference for either
isomers. As mentioned before, reaction of 1-d5:2 THF with CpyZrCH3Cl
generated only isomer A of 2 which subsequently rearranged to isomer B (eq.
12). This result can be attributed to either a mechanism of Zr-methyl
redistribution or to dyotropic ketene rearrangement (Scheme III). Many Zr(1V)
alkyl complexes have heen shown to disproportionate under thermal or
photolytic conditions36é and dyotropic isomerization is common for bridging
aldehyde complexes of zirconium3! (Fig. 5). In order to differentiate these
two possible mechanisms, we prepared Cp‘%ZrCHgCl with deuterium labeled
Cp's. If Zr-methyl exchanges were in operation, the Cp's on the two
zirconium atoms would ‘remain distinct and no scrambling would be observed,
whereas dyotropic ketene rearrangement would result in complete scrambling

of the cyclopentadienyl! ligands (Scheme IID),
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Scheme I
4 Dyotropic J
CpaZr O—ZrCp,  SRLmamement . c,.7,—0 ZrCp2
CD3 CHs CDs3 CH3
Methyl Exchange \m
, . A
Cpaolr O0—ZrCp, —_— Cp2Zr—0 Z|GCz
CHs CDs; CD3 CHs

The H NMR spectrum of the reaction of 1:2 THF and Cpy9ZrCH3CI
in THF-dg at -200C indicated only one Cp signal (5.65 ppm) corresponding to
isomer A of 2. [UJpon warming to 240C, its intensity decreased as a new Cp
resonance (5.80 ppm) grew in and an equilibrium was reached in 20 min (eq. 18).
Within experimental error, the rate of cyclopentadienyl ligand exchange

fu.54 + 0.33 x 10-% s-1, 170C) is identical to the Zr-CHs3, CD3 scrambling

CH2
Cl

ONa + CS‘ZZr
CHs CH3z

CpaoZr

H2C H,C
Il
Cp2Zr—0—C—ZrCg, CpaZr—C—0—2rCp,  (18)

CH3 CH3 CHs CHa
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(5.07 + 0,39 x 1n-4 s-1  170C) obtained hefore (eq. 1?), suggesting only one
isomerization process is responsihble for both observations. Kinetic data on
the isomerization of doubly labeled 2 (from 1-ds*2 THF and Cpy7ZrCH3CI)
also showed the same rate constants for hoth Cp and methy! scramblings.
Similar phenomenon was also ohserved in the reaction of
(Coy7r(u-n?-0OCCHCH3-0,C)CH3Na-F 90 (9-Eth® and CprZrCH3CL to
form 11. In this case, isomerization was slow and complete scrambling was
achieved after one day at room temperature. From the labeling experiments,
we cpnclude that the isomerization of zirconium hridging ketene comolexes is
the result of dvotrooic rearrangement of the ketene moiety, Kinetic data
were ohtained from the isomerization of deuterated 2 at various temperatures.
The reaction exhihited a first-order reversible kinetics as expected.
Activation parameters derived from the Eyring plot are listed in Table V.

The negative entroov of activation (AS:"' = -9.5 eu) suggests a highly organized

Table V. Activation parameters of the isomerization of 2 in toluene-dg.

T (0C) Kohs x 10% s~
10 2.35 % 0.15
s 4,44 £ 0.30
2% 1n.7  *0.1

AT = 18,6 £0.5 keal/mol

8GE,, = ra+ 0.3 veal/mol

AQ* = -9.5%1,7 eu
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transition state (Fig. 6). The AS* is in agreement with that calculated for
formaldehyde complex (CpyZrCIy(y-OCCH-0,0) (-5.0 eu).3! It is also in
the range of concerted organic rearrangement processes with rigid cyclic

transition state (e.g., AS* o -14% eu for Cope3” and « -8 eu for Claisen

rearrangements), 3%
. CH2
I
Cp2Zr—0—C—ZrCp, ——ee szZr—“—ZrCoz
. - (0]
CHs CHs CHs = CHs

Figure 6

A survey of reactions of | with other transition metal halides show
some promising results, CpFe(CO)»X (X = Cl, Br, ) reacted with 1 to yield
one major product assigned as (CpyZrCH3)p-n2-OCCH,0,0)( CpFe(CO),)
(21) by its 'H NMR (§ 5.89, Cp; 4.35, CH; 4,26, Cp; 4.02, CHs
0.43, 7rCH3) (eq. 19). Isolation and purification of 21 were difficult due
to the presence of [CpFe(CO)» )y impurity. Treatment of 1 with CpRu-
(PMe3)»Cl in CgNg afforded yellow precipitates. IH NMR of this yellow
solid in THF-dg revealed a complex, containing one CpZr and two CpRu
moieties. Based on its solubility property and Iy NMR data
(8 5.42 (10, 4,39 (104), 1.4% (36H), -0.71 (3H)), a ionic structure of

( CoyZr(OCCH2YCH3 1= ((CpRuPMea))»CL)* (22) was proposed (eq. 20).
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Replacing Cp with more electron rich CsMe3 on Ru resulted in the transfer

of Zr-CH3 to Ru(eq. 21). Only Pt(I) chlorides reacted cleanly with 1:2 THF

CH

[ ° ik:

CPZZr\'—o Na + CpFelCO,X Cp,Zr—0—C—FeCp + NaX
: X =Cl Br,I - CH,y
~ & uo

=) )
1+ Cp Ru(PMeB)ZCI ————[CPZZAOCCHZ)CH;] [CPRU(PMGJ)ZJZ
+ NaCl 2
(20)
CH,

: I
L+ CpRu(PMelCl ——(Cp,Zr—O0)n + CpRu(PMeg,CH+NaCl

£ (2

to yield complexes of (CpyZrCH3)u-n2-OCCH,-0,C)(PtL»X) (X = CH3, Cl;
L = phosphines) quantitative by NMR (based on internal standard, 2 THF) (egs.

22-23). Their structure assignments are supported by the lH, 13C, 31p NMR

CH
2 HaC (I:H3
Cp,Zi——0 NaEt;0 + Lz P1CH3CI e CpuF—0—C—Pi—L,
CHs CHs L
L
+ NaCl (22)

26 25 26
L = PMe3, PMeo ¢, PMec,



CH2
H2C ||_
CpaZr O NaEt,0 + LpPtCiz ———a  Cp2Zr—0—C—Pt—Cl| + NaCl
CHs |
CH3 L
L 27 (23
L = PMeg¢
HZC CH3
0 CH
Cp2|Zr—O—C—P1—L ¥ GHST = o CpoZr” ¥ % &  LzPICHsl
|
24

spectroscopic data (Table VI). The inequivalence of the phosphine ligands and
the different Jyyp and Jppt values establishes cis orientation about Pt in 24,
25, and 26. Complex 27, however, adopts trans configuration around pt with
equivalent phosphine ligands. Heating of a mixture of methyliodide and 24
results in the oxidative addition of CH3l to Pt(Il), followed by reductive

elimination to yield Cp2Zr(OCCH3=CH5)CH3 and LyPtCH3l (eq. 24).
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Experimental Section

Zirconocene dichloride purchased from Boulder Scientific was used
without purification. CpZr(CH3)y, Cpp7r(CN3)2,39  CpyZrCH3CL40
Cpy7rHCl, CppZeNCLAL Coy7rd 5,39  and  CprZr(COCH3)CH323a  were
svnthesized by known methods. NaN( Si(CH3)3)2 was prepared b;/
deprotonation of HN( Si(CH3)2) 2 with NaH. Enolate complex of
Cpy7t( OC(CH3)=CH,) CH3 was obtained from reaction of
CppZr(COCH3)CH3 and (CH3)2SOCH2.26  L,PtCly and LpPtCH3Cl (L =
phosphine) were prepared by literature method.% 1,42

Nichloromethane was stirred over P7Os5 and degassed. Pentane and
hexane were stirred over concentrated H7SOy, then sodium-benzoohenone
ketyl. Benzene, diethyl ether, toluene, and tetrahydrofuran were stirr;ed over
CaH- then sodium-benzophenone ketyl. Solvents thus dried and deoxygenated
were vacuum transferred into flask sealed with teflon screw valves and
stored under argon. Benzene-dg, toluene-dg, and THF-dg were.dried and
deoxygenated by stirring over sodium benzophenone ketyl.

General Procedures. All manipulation of air or moisture-sensitive
compounds were carried out using standard high-vacuum Schlenk line and dry
box techniques. Argon used for Schlenk work was purified by passage through
columns of RASF RS-11 (Chemalog) and Linde 4 : molecular sieves. NMR
spectra were recorded on a Varian EM-390 (90 MHz, IH), a JEOL FX-900
(89.6 MHz IH, 13.7 MHz 2H, 36.2 MHz 31P, 22.5 MHz 13C) or a Brucker WM-

500 (50n.13 MHz lH, 76.76 MHz ?H, 125 MHz 13C). Kinetics by 1H NMR

spectroscopy were obtained in automated mode on the JEOL FX-900.
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Temperatures were determined by measuring Ay \feOH and wereconstantto
within $0.19C. Difference NOE's were measured on the Brucker WM-500.
Infrared spectra were obtained on a Reckman [R-4240 spectrophotometer.
Elemental analyses were performed by Dornis and Kolhe of West Germany.

Preparation of [ CpyZry 2-OCCH2-C,0)CH3) Na-Et70 (1-Et0). To a
suspension of 1.0 g (3.6 mmol) of CppZr(COCH3)CH3 in 40 mL of ether at
-400C was added a solution of 0.67 g (3.6 mmol)
NaN( Si(CH3)3) 5 in 10 mL of ether. A fine white powder precipitated after
stirring for 1 h. The supernatant was removed by cannulation and the solid
was washed with cold ether then dried under vacuum to give 1.16 g, 90% vyield
of the desired product. The compound is moderately light sensitive,
pyrophoric in air and thermally unstable. For long term storage, 1 is kept at
-4009C, Recrystallization by slow cooling of a 1:1 pentane-THF solution of
1'Et>0 to -500C afforded crystalline 1-2 THF suitable for X;ray structural
analysis, 1-Ft0:  IH NMR (THF-dg, 90 MHz) § 5.43(s,10H),4.55(d,T =2
Hz, IH), 3.64 (d, J = 2 Hz, 1H), -0.68 (s, 3H), 1.2 TH=: lH NMR (CgNg, 90
MHz) § 5.70 (s, 10H), 5.18 (s, 1H), 4.37 (s, 1H), 3.47 (m, 8H), L.31 (m, 8H),
-0.23 (s, 3H),

Reactions of 1 with CDsl, ¢ CH2Br and (CH3)3SiCl. Toa 5 mm NMR
tube was loaded 12-14 mg of 1-2 THF and 0.4 mL of CgNg. One equiv of the
alkyl halides was added via syringe and the solution turned vyellow
immediately. The !H NMR spectra of the reactions recorded showed
formation of acyl complexes. CpZr(COCH2CD3)CH3: Iy NMR

$ 5.32 (s, 10H), 2.55 (broad s, 2H), 0.53 (s, 3H).
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Cp77r(COCH2CH2 Rr:  H NMR § 7.07 (m, 5H), 5.23 (s, 10H), 2.87 (m,
AABB! 4H), 0,85 (s, 3H). CpyZr( COCH,SI(CH3)3) Cl: IH NMR § 5.42
(s, 10H), 2.84 (broad s, 2H), 0.52 (s, 3H), 0.00 (s, 9H).

Preparation of ( CpyZrin 2-0CCHCH3-C,0)CH3) Na-Et50 (9-Et0). To
a suspension of Cpp7r(COCH3)CH3 (1.0 g, 3.6 mmol) in 40 mL ether at -40°C
was added 0.75 g (4.1 mmol) of NaN( Si(CH3)3) 2 in 10 mL ether. After
stirring at -400C for 20 min, solvent was removed via cannulation and the
rerﬁaining white solid was washed with ether (3 x 10 mL), then dissolved in 10
mL of THF and cooled to 0°C. Methyl iodide (0.25 mL, 4.0 mmol) was added
via syringe droowise. Reaction mixture was warmed to room temperature for
5 min. THF was removed under vacuum and the yellow residue was extracted
with 50 mU of ether and filtered. To the ether extract was added a solution
of 0.65 g (3.5 mmol) of NaN( Si(CH3)3) 2 in 10 mL of ether at 0°C. After
stirring for 20 min, a white solid was isolated by filtration and washed with
ether and dried to yield 0.77 g (55%), By 4 NMR, the Z and E isomers are
nresent in 3:1 ratio. 7-9: IH NMR (THF-dg, 500 MHz) § 5.42(s, 10H),
5.03 (q, 1= 6.8 Hz, H), 181 (d, I= K8 Hz, 3H), -0.72 (s,
3H). E-9: lHNMP® (THF-dg, 500 MHz)§ 5.38 (s, 10H), 3.9 (q, J = 6.8 Hz,
IH), 1.62 (d, J = 6.8 Hz, 3H), -0.75 (s, 3H),

Preparation of  CpyZrfh 2-OCCHCH3-C,0)CH3) K-THF (10-THF). A
suspension of 0.50 g (1.8 mmol) of CpyZr(COCH2CH3)CH32? and 0.72 g (18
mmol) of KH in 40 mL of THF was stirred overnight at room temperature.
The mixture was filtered through a pad of celite on a medium glass frit.

Solvent was then removed under vacuum to give 0.50 g (71%) of beige
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powder. By !H NMR the 7 and F isomers are present in 2.4:1 ratio. Z-10:
IH NMR (THF-dg, 500 MHz) § 5.48 (s, 10H), 5.00 (q, J = 6.0 Hz, 1H), 1.90 (d,
J= 6.0 Hz, 3H), -0.63 (s, 3H), E-10: !H NMR (THF-dg, 500 MHz)
S 5.44 (s, 10H), 4.00 (q, J = 6.0 Hz, 1H), .70 (d, J = 6.0 Hz, 3H), -0.65 (s,
3H), |

Preparation of CpZr(OCH3)Cl. To a solution of 0.60 g (2.2 mmol) of
Cp27ZrCH3Cl in THF was added 0.089 mL (0.071 g, 2.2 mmol) of anhydrous
CH30H. Solvent was removed under vacuum to yield a white solid which can
be purified by sublimation (10-% torr, 1009C)., lH NMR (CgNDg, 90 MH:
§ 591 (s, ' 1OH), 3.64 (s, 3H); 13C NMR (CgDg, 22.5 MHz
§ 113.3, 85.3.

Preparation of (CpyZrCH3}t -n 2-OCCHR-0,CXCppZrX)( R = H, X =
CHs3, (2)% R= H, X= OCH3 (3% R="-CH;, X= CHj
(1) . This is a general procedure for the synthesis of 2, 3 and 11. To a
suspension of 1:Et70 or 9170 and | equiv of Cpy7rXCl (X = CH3, OCH3) in
Eto0 at -200C was added THF until reaction mixture became cloudy
(approximately a 2:1 mixture of ether/THF), The mixture was stirred for 30
min at -209C then filtered through a pad of celite on a medium glass frit.
The filtrate was concentrated under vacuum to give a solid which was washed
with cold ether three times and dried under vacuum. 2: 1H NMR (CgDg, 90
MHz) § 5,82 (s, 10H), 5.65 (s, 10H), 4.61 !s, 1H), 4.23 (s, H), 0.40 (s, 3H),
-0.17 (s, 3H); 13C NMR (CgDg, 22.5 MHz) § 208.9 (pseudo t, J = 10 Hz),
113.1 (dm, J = 172, 7 Hz), 107.1 (dm, J = 172, 7 Hz), 92.7 (dd, J = 159, 148

Hz), 33.0 (q, 7= 119 Hz), 18.8 (g, T = 117 Hz); IR (KBr) 1594, 1538 cm-1
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Wer-r). Yield:s 5%, Anal. caled. for CogH9207%r9: C, 55.9%; H, 5.u8.
Founds C, 55.80; H, 5.4l 3: TH NMR  (CgDg, 90 MHZ)
§ 5.93 (s, 10H), 5.68 (s, 10H), 4,79 (s, 1H), 4.53 (s, 1H), 3.85 (s, 3H), -0,12 (s,
34 130 NMR (CgNg, 22,5 MHz) § 206.4(pseudot, T =9HzZ), 112.4(dm, T =
172, 7 Hz), 106.6 (dm, 1= 172, 7 Hz), 9n.9 (dd, T = 146, 160 Hz), 63.6 (q, T =
w1 Hz), 17,5 (g, T= 117 Hz) IR (KBr) 1592, 1536 cm-l
Voo, Yield: 55%. Anal. caled. for CoygH28027r9: C, 54.30; H, 5.32.
Found: C, 54,263 H, 5.4, 11: 'TH NMR (CgDg, 90 MH2)
8 5,74 (s, 10H), 5,60 s, 10H), 5.11 (a, T = 4.3 Hz, 1H), 1.89 (d, T= 6.3 Hz,

3H), N30 (s, 34, -N23 (s, 3H); 3¢ (cgNg, 22.5 MH2)

’
§ 199,1 (d, T= % ?_-'z\, 1114 (dm, T= 172, 7 H2), 106.5 (dm, T = 172, 7 Hz),
1010 (d, 3 = 150 YUz), 34,2 (q, T - 119 U2, 17,2 (q, T= 117 Hz), 15.0 (q, T=
125 Hz); IR (KRp) 1402 cm~! (va_e).  Yield: 77%. Anal. caled. for
CosHanN7re: €, 56,77 H, 5.772. Found: C, 56.54; H, 5.52,

Reactions of 2 with ¢ CHO and CH3COCH3. To a NMR sample tube
fitted with a septum was loaded 53 mg (1,10 mmol) of 2 and 0.4 mL of CgNg.
Organic carbonyl comoounds were added via microsvringe. Freshly distilled
4CHO (10 ul, | equiv) reacted immediately to give quantitative
(CDy7rCHR I U-OCHACHLCO-C,0) (12): IH NMR  (CgDg, 90 MHz)
8 7.00-7.54 (m, SHY, 5,74 (s, SH), 5.70 (s, 5H), 5.39 (s, SH), 5.24 (s, 5H), 3,26
(m, 7‘-1\', 0.53 (s, 3H), 0,29 (s, 3H), methine proton was not located; 3C NMR
(CgNg, 22.5 MHzZ) § 322.1, 146.2, 128.6, 127.6, 126.4, 110.8, 110.7, 106.8,
1N6.6, 8N4, 59.4, 20.5, 15.1, Reaction of 2 with acetone (7

ut 1 equiv) was complete in R h to vield

e 2
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(Cp27ZrCH3)A 1 -OC(CH3)»CH-CO-C,0) (13) in 80%. LH NMR (CgDg, 90
MHz) § 5.81 (s, 10H), 5.43 (s, 10H), 3.00 (s, 2H), 0.54 (s, 3H), 0.31 (s, 3H), 1.23
(s, 6H); 13C NMR (CgDg, 22.5 MHz) § 323.6 (s), 110.4 (dm, T = 171, 7 Hz),
106.6 (dm, J = 173, 7 Hz), 78.3.(s), 59.3 (t, J = 127 Hz), 30.7 (q, T = 129 Hz),
19.0 (g, T = 120 H2), 15.7 (q, 7= 117 Hz). Cp7r(CH3)p, decomposition of
product of 2, was observed in 20%,

Reactions of 11 with & CHO and CH3COCH3. To a solution of 50 mg
(n.095 mmol) of 11 in 5 mL of THF at -780C was added 15
uL (1 equiv) of freshly distilled ® CHO. The reaction was stirred at -78°C
for 1| h then warmed t§ room temperature slowly. Solvent was removed under
vacuum to yield a yellowish solid of (Cpy7rCH3)yM -OCH$CHCH3CO-C,0)
(15) as a 3:2 mixture of erythro and threo diastereomers.
Erythro-15: 1H NMR (CgDg, 500 MH2) § 7.00-7.36(m,SH),,‘%.?#(S,SH),5.70
(s, 5H), 5.42 (s, 5H), 5.19 (s, 5H), 2.90 (dq, J = 7.0, 4.8 Hz, IH), 5.44 (d, J = 4.8
Hz, 1H), 0.58 (s, 3H),0.34 (s, 3H), 1.31 (d, T = 7.0 Hz, 3H); 13C NMR (CgNg,
125 MHz) § 325.4, 110.7, 106.6, 85.4, 61.0 21.2, 15.3, 12.7. Threo-15: H
NMR (CgDg, 500 MH2z) § 7.00-7.36 (m, 5H), 5.73 (s, SH), 5.68 (s, 5H), 5.40 (s,
5H), 5.20 (s, 5H), 3.19 (dq, J = 7.0, 7.0 Hz, 1H), 5.25 (d, J = 7.0 Hz, IH), 0.55
(s, 3H), 0.29 (s, 3H), 1,23 (d, T = 7.0 Hz, 3H); 13C NMR (Cg4Dg, 125 MH2)
§ 323.,9, 110.9, 106.9, 34.8, 60.0, 21.0, 15.3, 1 1.8.

To a NMR sample tube loaded with 24 mg (0.45 mmol) of 11 in 0.4 mL
CgNg was added 3.5 HL (1 equiv) of acetone. Reaction was complete
overnight at room temperature to give quantitative (Cpy7rCH3)o-

(U-0C(CH),CHCH3-C,0) (18 1H NMR (CgDg, 90 MHz) §  5.81 (s,
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10H)Y, 5.44 (s, 10H), 2,76 (q, T = 7.0 Hz, 1H), 1,23 (s, 3H), 1,20 (d, T = 7.0 Hz,
2, 1.13 (s, 3H), N.59 (s, 3H), 0.25 (s, 3H); 13C NMR (CgDg, 22.5 MHz)
§ 325.9, 110.6, 106.8, 8.3, 3.1, 31.0, 2A.8, 19.4, 15.9, 1 1.8,

Decompositions of 2, 3, and 11. To a NMR sample tuhe was loaded 10-
12 mg of 2 (3 or 11) dissolved in N.& mL CgNg. The reaction was allowed to
stand at room temperature and monitored periodically hy 1H NMR,
Necomoosition of 2 at room temoerature afforded CpyZr(CH3)» and
97l 2-0CCH2-0,C) (8),  Decomposition of 3 at room temperature
vielded CpyZrOCH3)CH3 and 8, Necomnosition of 11 gave CoyZr(CH3)y and
Cny7r(n?-OCCHCHA-0,0),

Kinetics of the Necomposition of 2. In a 5 mm NMR sample tuhe was
loaded 2 (22-2% mg) and 0.4 mL of CgNg, then capped with a septum.
Toluene (5 uL, 4,33 mg, N.0470 mmol) was added via syringe to serve as the
internal standard. Initial concentration of 2 was calculated by integrating
the CsHs5 or Zr-CH3 resonances of 2 against toluene methyl signal in the IH
NMR spectrum at room temperature. The sample was then placed in the
orobe of the JEOL FX-900 maintained at 449C and spectra were ohtained
at regular intervals. The effective concentration of 2 was obtained from the
relative integrals of 7r-CH3 of 2 and toluene methyl. Least square analysis
of second-order olots of l/(?. \-l/(?. 1o Vvs. time vielded the rate constants.
The nrocedure was reoeated for various concentrations of 2 at different
temoeratures. In some cases, pvridine and P(CH3)3 were added to the
reaction mixture, Activation narameters were obtained from least sauare

analvsis of ln /T vs. 1/T plots.
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Reaction of 1-2 THF with Cp2ZrCl3. In a 5 mm NMR tube was loaded
20 mg of 1-2 THF and | equiv Cp27rCly. The tube was capped with a septum
and 0.4 mL of toluene-dg was added via syringe at -789C. !H NMR spectrum
recorded at -209C showed one clean product (8): § 6.01 (s, 10H), 5.84 (s,
10H), 4.356 (s, 1H), 3.87 (s, 1H), 0,13 (s, 3H). The reaction mixture was kept at
-200C overnight. A new isomer (4" was observed. IH NMR
S 5.92 (s, 10H), 5.77 (s, 10H), 492 (d, T = | Hz, 1H), 4.33 (d, J = 1 Hz, IH),
0.59 (s, 3HY; 13 NMR § 291.0, 112.3, 109.5, 90.8, 36.4. The light yellow
solution of the new isomer darkened upon standing at room temperature to
give Cp7ZrCH3Cl ‘and CpyZrfn 2-OCCH5-C,0).

Preparation of (CpyZrCH3)}t -n 2-OCCH2-O,CXCppZrH)  (5). A
suspension of 0.75 g (2.0 mmol) 1:Et70 and 0.60 g (2.0 mmol) CppZrHCl in 40
mL toluene was stirred at room temperature for 1 h. The reaction mixture
was filtered through a medium frit filter packed with 2 cm celite. The
filtrate was concentrated under vacuum. The resulting solid was washed
three times (1N mL each) with ether then dried under vacuum to yield N.40 g
(40%) of 5. IH NMR (CgDg, 90 MHz) § 5.60 (s, 10H), 5.50 (s, 10H), 5.44 (s,
1H), 4.72 (s, 1H), 0,56 (d, T = 1 Hz, 1H), 0.19 (broad s, 1H); 13C NMR (CgDyg,
272.5 MHz) § 191.8, 109.7, 104.3, %8.2, 21.7; IR (nujol) 1603, 1540 cm-!
P e

Reaction of (CppZrCH3}t n ZDéCHz-O,C)(szZrH) (5) with CHsl.
To a NMR sample tube containing 11 mg (0.022 mmol) of 5 in 0.4 mL CgNg
was added 10 UL (large excess) of CH3l via syringe. An intermediate was

ohserved upon mixing of the reagents: 4 NMR § 6.07 (s, 10H), 5.9%8 (s, 10H),
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4.09 (s, 1H), 3.55 (s, 1H), 0.14 (s, 3H), After standing at room temperature
for 20 min, only a Inew isomer (6) was present with 1H NMR
8§ 5.93 (s, 10H), 5.76 (s, 10H), 4.79 (d, J = 1.5 Hz, IH), 4.28 (d, J = 1.5 Hz,
1H), 0.60 (s, 3H). The final product was unstable at room temperature and
decomposed to Cp27rCH3l and Cp27rf 2-OCCH2-0,C) (8).

Preparation of (Cpy7rCH3XCp2ZrCHCH2Mt -0O) (7). To a suspension of
0.3% g (1.0 mmol) 1°Et20 and 0.30 g (1.2 mmol) Cp2ZrHC! in 20 mL Et20 at
-409C was added 20 mL of THF, The reaction mixture was stirred at -40°C
for 3 h then 0OC for 2 h before filtering through a medium frit packed with 2
cm celite. The filtrate was concentrated under vacuum to give a solid which
was washed with ether to yield 0.30 g (60%) of 7. 1H NMR (CgDg, 90 MHz)
3 7.56 (dd, J = 20, 15 Hz, (H), 6.57 (dd, J = 15, 4.4 Hz, IH), 5.77 (dd, J = 20,
4.4 Hz, 1H), 5.80 (s, LOH), 5.75 (s, 10H), 0.26 (s, 3H); 13C NMR (CgDyg, 22.5
MHz) §  167.3, 128.4, 115.4, 115.1, 47.4; IR (nujol) 738 cm-l
O 707

Reaction of Z,E-10 with CpZrCH3Cl. To a 5 mm NMR sample tube
was loaded 12 mg (0.030 mmol) of 7,E-10 (in 3:1 ratio) and 8 mg (1 equiv) of
Cpy7rCH3Cl. The sample tube was capped and kept in liquid N7, THF-dg
(0.4 mL) was added via syringe., The frozen solvent was thawed and the
sample was stored at -500C., !H NMR spectrum of the reaction was recorded
at this temperature. H NMR § 6,18 (s, 10H), 5.68 (s, 10H), 5.18 (q, I = 6.3
Hz, 3H), 1.80 (d, 7 = 6.3 Hz, 3H), 0.15 (s, 3H), -0.67 (s, 3H). The same
spectrum was ohtained at room temperature. Difference IH NOE spectro-

scony: irradiation of the downfield Tp resonance enhanced vinylic resonance
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at § 5.18% and Zr-CH3 at § 0.15, Irradiation of Cp resonance at
$ 5.68 resulted in enhancement of methyl protons at
§ 1.80 and 7-CHj3 at § -0.67.

Photolysis of CppZrd2 and Cpp7d OC(CH3)=CH2) CH326 (28). Toa
pyrex NMR  sample tube fitted with a septum <cap was
loaded 35 mg (0.09 mmoD of CpyZb, and 0.5 equiv of 28
dissolved in 0.5 mL CgNg. The tube was irradiated under UV for 2.5 h. Iy
NMR showed complete disappearance of the enolate and appearance of
(sz‘ZrCH3{ CpﬂrC(CHg):CH;ﬂO in 60%. H NMR (CgDg, 90 MH2)
§ 5.81 (s, 10H), 5.78 (s, 10H), 2.09 (broad s, 3H), 0.27 (s, 3H), vinyl protons
were not located. Excess anhydrous HCI gas was introduced to the NMR tube
via syringe. IH NMR of the hydrolysis reaction showed resonances due to
propene, methane and (Cp27rC1)»0,

Thermolysis of 12, 13, and 15. Compounds 12, 13, and 15 were
generated in situ from reactions of 2 or 11 with® CHO and acetone in C¢Dg.
Compound 12 was heated at 709C for 5 min. 1H NMR showed a clean
reaction producing stvrene and (Cpy7rCH3)»0. IH NMR § 5.74 (s, 20H),
0.24 (s, 6H), Compound 13 was heated at 759C for & h, Iy
NMR showed clean decomposition to isobutylene and (CpyZrCH3)70.
Compound 15 was heatéd at 759C for 10 min. lH NMR of volatile products
collected by vacuum 'transfer showed a 2:1 mixture of trans:cis
8 -methyl styrene. The !H NMR of the residue shows resonances due to
(CppZrCH3)70.

Reaction of CpyZrHX with CpyZd. O(CH3)=CH) CH3 (28) (X = CH3, CI).
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Compound 28 and excess Cp»?7rHX were placed in a 5 mm NMR sample tube
along with 0.4 mL of CgNg. The tube was capped and heated to 70°C for 1
min. 1H NMR spectrum showed a clean reaction that yielded two products,
(Cp2ZrCH3XCp27ZrXYD  and  Cp2Zr(CH2CH2CH3YCH3, (Cp2ZrCH3)-
(Cop7rCNO:  'H NMR § 5,93 (s, 10H), 5.82 (s, 10H), 0.31 (s, 3H),

Preparation of CppdZrCH3Cl. A mixture of 90 mL freshly distilled
CsHg, 10 mL Ety0, 50 mL of D70 and a small amount of Na metal was
stirred at room temperature for 2 days. The organic layer was separated and
dried over MgSOy. Fther and monomeric CpH(D) were separated form high
boiling material by distillation. Additional CpH(D) was obtained from heating
the residue at 1009C. The combined ether and CpH(D) was again stirred with
N0 (25 mL)and small amount of Na. The procedures of deuterium exchange,
separation and distillation were repeated four times. The final ether mixture
was allowed to stand at RT for a week to achieve maximum dimerization of
CpH(M), After removing ether by distillation, the residue \-vas heated at
100°C to vyield 14.0 mL of CoD. 'H NMR shows 77% deuterium incorpora-
tion.

To a suspension of 5.4 g (0.22 mol) of NaH in 80 mL THF at 00C was
added a solution of 14.0 mL (17.3 g, 0.17 mmol) of freshly distilled CpD in 20
mL THF, After gas evolution, the purple reaction mixture was stirred at
room temperature for 30 min and solvent was removed under vacuum. The
residue was recrystallized from cooling a THF-pentane solution to -20°C,
The pink solid was collected by filtration, washed with pentane and dried

under vacuum to yield 13.8 g (92%) of NaCpd,
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Preparation of f‘,Dyd'ZrClq was achieved by closelv following a known
method.*3 To a solution of 11.5 g (0.049 mol) of ZrCly in 50 mL benzene was
added 8.8 g (0.10 mol) of NaCpd in THF dropwise at NOC. The reaction
mixture was stirred at room temperature for 3 h then refluxed for 10 min.
After the solvent was removed under vacuum the residue was extracted with
250 mL of CH»Cl» and filtered. The filtrate was concentrated on rotovap to
vield 5.3 g (379) of Cp7%7rCl5, |

Cpyd7rCl, was treated with H»0O and ¢NH5toyield(Cpyd7rC1),0in
97% yield, Cpyd7rCH3C1 was obtained from reaction of (CpydZrCNO with
AlfCH3)3 in 58% yield. Both conversions followed published procedures.’*0,%#!

Kinetics of the Isomerization of 2. A 5 mm NMR sample tube was
loaded 22 ma (0,950 mmol) of 12 THF and 14 mg (0.051 mmol) of
Co»p_d?r(‘.‘-‘qﬁl and capoed with a septum. The tube was placed in liquid N9
and 0.4 mL of toluene-dg was slowly added via syringe. The sample was
thawed and agitated brieflv to allow formation of 2 at -200C. The sample
was then placed in the NMR probe at 109C and spectra were ohtained at
regular intervals. The effective concentration of each isomer was calculated
from the relative integrals of the two Cs5Hj5 signals. Least square analysis of
first order plots of In(Xe-X) vs. time yielded the rate constants. The
procedure was repeated and activation parameters were derived from
additional rate constants recorded at 15 and ?240C,

Reactions of 1-2 THF with LoPtR3Cl (R= CH3, Cl; L = PMe3,
PMej ¢, PMed»). A 5 mm NMR tube was loaded with 1.2 THF

(20 mg), | equiv of LoPtRCl and N.4t mL of CgDg. The sample tube was
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caoped, shaken and centrifuged. Using 2 THF as internal standard, the !H
NMR spectrum showed quantitative formation of one product. 1H, 31P NMR

data and proposed structure of the products are shown in Table VI.
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CHAPTER I

The Reactions of Phosphonium and Sulfoxonium Ylides

With Acyl Derivatives of Titanocene and Zirconocene
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Introduction

The importance of transition metal acyl complexes in stoichiometric
and catalvtic transformations has now been widely accepted. Metal acyl
derivatives have been prepared bv oxidative-addition of acyl halides,
carboxylic anhydrides or by insertion reactions.’

Rased on the known reactivities of the acyls in the literature,
similarities between transition metal acyl complexes and their organic carbony!
analogs (ketone, ester and aldehyde) have emerged. Enolates have long been
used in the C-C bond formation in organic synthesis. Nebprotonation of the
acyl ligands with bulky non-nuclophilic base to form the corresponding
metallaenolates has been recently reported,2-%,5C  These reactive species
have shown activities comparable to the organic enolates in alkylation and
aldol condensation reactions. Furthermore, reactions of chiral ironenolates
exhibit high asymmetric induction which is potentially useful for the

enantiomeric synthesis of organic molecules. P

0

?
LnMéCHz —_ LnM’j\CHZ H-Base

M =Zr,Co,Fe

The reactivities of acyls towards nucleophiles, however, are not well
understood. FExamples are limited to mostly metal hvdride reactions. Iron
and ruthenium acyls of CoM(COXPR3NCOCH3) have been reduced to metal

alkyls by BH3/THF, Initial coordination of the Lewis acid BH3 to acvl
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oxygen followed by hydride addition and elimination are oronosed. Similar
reductions were also observed hetween reactions of diborane and acyl
complexes of Co, Mo, Ir, Pd, an Pt.6 Intra- and intermolecular additions of
hydride to acyl carbonyl have been demonstrated for the formation of

metal aldehyde complexes of 7r.758,16

0
BH, or
L el
LM~ CHy B Ln MCH,CH,
M = Fe,Co Mo, Ir,Pd,Pt
L can K
2 erz \’4
Cp,Zr 0
R g ~CpZrHX o 1,
HT
H
0

s J‘kR A . 0

Cp Zr (:Rzr
2 \H j\

Reactions of alkoxy nucleophiles with metal acyls often show

cleavage of the metal-carbon bonds and formation of carboxylic acid
derivatives presumably by addition of OR- to acyl carbony!l followed by
elimination of the metal fragment.9 The analogous sequence is also
proposed for the lactone formation from carbonvlation of a Mn alkyl.
complex.!? In this case, the oxvgen atom of an existing carbony! functions

as the nucleophile.
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TInfortunatelv, reactions bhetween carbon nucleonhiles and acyl
complexes are rare. Treatment of metal acyls with alkyl lithium reagents

often leads to products not involving the carbonyl sites.ll Although no direct

0°
I ORG l,jl"> e |
LAMCCHy ——— [ LnM-Clt-CHs} — LnM+ CHCOR
OR M=Co,Mn
07 o 2
M M"\ M
oY
0 0®
M
0

evidence has been suggested, intramolecular addition of metal alkvl to acvl.
has been in the formation of ketone complexes of 7Zr and
Ta.l?,13  This process is also promosed in the carbonylations of titana-
cvclohutene,w titanacvclooentane,ls zirconac:vc:Iooen'cene,16 and Cr
Fischer carbene-alkvne adduct!” to vield Ti vinvl ketenes, cyclopentanone,

7r ketones and Cr ketene complexes, respectively.

R
Ln M\ S LnM M=7Zr Ta
R R=¢,CH3

R
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Recently, we have discovered a Tewis acid (AlMe3) catalyzed
formation of 7Zr ketone complexes from acyls in our laboratories.!® The
exact nature of the reaction is currently under investigation. Two
mechanistic possibilities are (1) addition of Al-alkyl to carbonyl followed by
halide elimination, (?) formation of Zr-alkyl by metathesis reaction and

subsequent intramolecular alkyl addition to aryl.

R R R

/KO | . ><
szzr ARy CPZZr—O

~ci

(Il—AlR'Z

In this chapter, we will examine the interactions of metal acyl
comnlexes of Ti and 7r with neutral carbon nucleophiles of

phosphonium and sulfoxonium vlides. !9

Results and Discussion

It has been shown that reactions of th Ti chloro acyl complexes (1)
with CH5P43 afford ketene complexes (2) via dehydrohalogenation. The
same products were also obtained when strong non-nucleophilic bases
( e.q., NaN(TMS);) were used in the reactions presumably by the same
mechanism’2 feq. 1). This methodology has been extended to the 7r series.
The substituted 7.r ketone analogs are of interest for their ease in preparation

and handling. More importantly, Lewis acid activated 7Zr ketenes have

heen demonstrated to react cleanly with olefinic substrates to vield cyclic
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CH
3
/Ko CH,P¢ Jk CH.P.CcI (1)
2 '3 .
CPZT'\ + or - (CPzT'—O)n 3 :',or'3
E NaN(TMs), NaCl +
1 £ HN(TMS),
R

A THE ~ AlMe; (2)
(CPZZr 0)2 AlMe3 + 2 HC=CH . szbf.l/ﬁ + THF

enolates that are potentiallv useful in the synthesis of large organic
molecules20 (ea. 2). The 7Zr chloro acvls, precursors to the ketene
complexes, can bhe easilv prepared from hydrozirconation of alkenes
followed by carbonylation reactionld (eq. 3). As previously reported,’a
treatment of complex 3 with NaN(TMS), gave 7Zr ketene dimer & in high
yield (309) (eq. #). A minor product was also observed. Complex 4 was
assigned as th 7,7-isomer by comparison of its vinyl proton shift (5.6% ppm)
with a structurally characterized 7,7-4-AlMe3 adduct (6.05 ppm).”0 The
minor product contained one vinyl proton at 4.61 ppm and was assumed to be

the isomeric dimer 7,E-4.71

\C!

3

~

Cp.ZrHC K f co /i;
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Co,Zf 0 +NaN(TMSl, — . P2
P2\ 2 g—2iC (@)
cl P2
Z2,2-4

It is not clear whether the 7 isomer of the 7r ketene complex is the
kinetic or thermodynamic oroduct of the reaction. For steric reasons, the
strong bulky base NaN(TMS)» seems to favor front side deprotonation and the
formation of the 7. isomer. No further isomerization to the E-isomer has vet
been observed. Neprotonation of 3 using bulky but less basic phosphorous
ylide CH3CHP43 has enabled us to observe an intermediate at low
temperature. Mixing of 3 and CH3CHP43 in toluene at -209C gave a
homogeneous orange solution. Addition of pentane to' the reaction
precipitated a yellow solid. Tsolation of the solid was impractical for its low
melting point (<RT), The identity of the yellow precipitate was deduced
from its 4, 13, and 3P NMR data (Table 1) to be a
CH3CHoP43+Cl- adduct of Zr ketene (5). The lack of C-P coupling at the
quartenary carbon suggests that the P is coordinated to the oxygen and the
chemical shift of the vinyl proton (4.7] ppm) implies a trans double bond
geometry for the ketene complex. Although the solubility of 5 in toluene
resembles that of a neutra! complex} the 3P NMR signal (26.1 ppm)
suggests a cationic rather than a penta coordinated phosphorous.”? The true

form of F-5 is probahly an average of the three resonance structures shown in
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Scheme |
o
szz|l' $ - - szzr — szztr-—- ?
Cl  PEt ¢, CI PEI?s g PEtds

Scheme I. After warming a toluene solution of E-5 to 00C, a second product
was observed, This new complex was assigned to be th 7 isomer of 5 (Z-5)
hased on its vinyl proton shift (5.41 ppm). The rate of the isomerization varied
from hours to days at 09C. A possible mechanism is shown in Scheme II
suggesting isomerization via proton exchange as catalyzed by the excess
vlide present in the reaction mixture. After overnight at room

temperature, the solution of E-5 afforded CH3CH3P43*Cl~ and ketene

Scheme 11
eﬁ $,PCH CHy ) ®
Cp,r— Cp,2r—0 + $PCHCH,
-5 C apgt Cl  PCHCH;
S - #PCHCH
cpzzlr-cl) SPCHER CpyZr 0 +  #;PCHCH,
Cle Cl pCHC
T o
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dimers of E,F-4 or F,7-4 (eq. 5). The ratio of F,E-4 to E,7-4 is depended on the
rate of isomerization of E-5. Only a small amount of 7,7-4 was observed.
The ahove results demonstrate that the stereochemistry of substituted Zr
ketene complexes can he controlled by employing different hases for the

dehydrohaloegenation of the chloro acyl complexes.

E-5 ———— EE-4 - )
2 : or E.Z-4 + CHCH,PPCI (5

~

Replacing the halide leaving group with a alkyl ligand, the 7r acyl
complex Cpy7r(COCH3)CH3 (6) when treated with NaN(TMS), and CH2P¢3

gave the ketene anion 7 and enolate 8,723 respectively?C,23 (eq. 6). 1t appears

Iy
Cp,2f—0 Ng NaNTMS, cpzzr/go PS¢ z/oTCH
3

that the methyl ligand decreases the a-oroton acidity of the acyl complex.
Instead of serving as a base in the reaction, the phosphorous vlide reacts as a
nucleonhile transferring the methvlene group to the acyl complex. Enolate 8
was also obtained from reaction between anion 7 and
CH3P¢3+Cl- (eq. 7). There are two probable mechanisms that can account
for the observation. First, we exclude the possibility of enolate formation by

direct alkylation of 7 at the quarternary carbon bhased on alkyl labeling
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experiment. Treatment of methyl substituted anion with CH3P¢$3+Cl-
cleanly afforded enolate 9 (ea. %), No direct alkylation product

10 was observed, The alternative mechanism suggests that anion 7

CH
CoZ—D Na + CHPPQO — cpzz\r”oY 4+ Phy+NaCl (D)
CH, CH,
Z 8
CH,
CH.CH H
CoZF—0 Na+ CHPRO ——— Cpz e S
o HPY A {OT o G (®)
3 CHy CHy Gy
3 10

deprotonates CH2P4$3*Cl~ to form CH9Pp3 and the acyl complex 6.
Although the relative basicity hetween CH»P¢13andanion? isnotknown,the
eauilibrium is shifted to the right by the irreversible formation of enolate 8

from CH7P4h3 and the acyl complex (Scheme III). The phosphonium ylide is

Scheme MM
CH, s
A ocH
szz\r—O Na CPZZ\r 0 szZr
CH3 —_— CH.} : ¥H3 CHZ
+ + - +

CHPECI CH,P$;  NaCl Pé, NaCl
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not the onlv reagent that can transform acvls into enolates. Treatment of 6
with the less basic sulfoxonium vlide CH-SO(CH3)» resulted in clean and
higher vield of 8 (ea. 9). Complex 8 was isolated and purified by vacuum
distillation (600C, 10-% torr. Contrarv to most transition metal
orzanometallic complexes, 8 is a colorless liquid at room temperature (a
crystalline white solid at -400). Complex 8 was characterized by IR, lH, 132
NAMR . and elemental analysis. The enolate nature of 8 was confirmed by its
reaction with organic carbonyls. Pivalaldehyde reacts with 8 instantly to give

the aldol product of CpyZr(OCHRUCH,COCH3)CH3 (11) (eq. 10).
2 2 3 3

CHs

N 7 O~ CH3 (9)
cpzz{)\o + CH,SICHY), —— p 70 Y 7+ oMso
CHy CHs

(3 8

~

(0]
O~ ~CHy .0
CoZ —_— Z (19}
28 SERRNEC oZ Y
g u

The transformation of 7Zr alkyl acyls apnears to be general.
Complexes of CpyZr(COb) (12), Cpyr7.r(COCH,CH3)CH3) (13), and CpyZr-
(COCH,CH24YCH3 (14) were also converted to their corresponding enolates
CpZr(OCh=CHp)d (15), CorZr(OCCH,CH3=CH»)CH3 (16), and CpyZr-
(OCCHHCH»4=CH,)CH3 (17) by CH»Pb3 and CH2SO(CH3)> (ea. 11).
Attembts to nrepare enolates from substituted phosphorous vlides were not

successful. Reaction of 6 with CH3CHP43 gave a mixture of unidentified
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|
CH,S(CH,)
, C H2P¢5 R B:
2,13,14 $. 8 8

R ~
Cp Zr/OT CH CHe
Z\R. CHCHg CH; 17

products that contained no enolate or ketene anion (!4 NMR). Triethyl
phosphonium ethvlide CH3CHP(CH,H3)3 reacted as a base when treated with
6 to give anion Cp?7r(OCCH-)CH3~ with PRty* as the counterion (18) (eq. 1?2).
Without anv acidic orotons, Cpy7r(CO®)d (12) reacted with either
CH3CHPb3 or CH3CHP(Ft)3 cleanly to give Cp?Zr(DC=CHCH3)  (19)
leq. 13), The IH NMR  spectrum of comnlex 19 showed
two vinvl oroton signals (quartets at %#.92 and 4.93 ppm) and two methyl
resonances (doublets at 1.71 and 1.72 ppm) in a ratio of 3:2. Since only one
Tn resonance was observed and the difference in the vinyl proton shifts was
small (0.01 nom) for configuration isomers, we therefore considered complex

19 existed as a mixture of conformers (or rotamers). The double bond

CH;
/KO © ®
B + CHCHPEN, — GpZ{—0 Pt 02)
CH,§ ‘ CH,

£ ‘8
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p
CH,CHP(Et b P(E1)
cpzzr\/go + Ci&: ; ¢)3 cpzz{ T 8
¢ 3 % CH, 5
12 19

geometrv of 19 is not known.

One plausible mechanism for the formation of enolates from acyls and
vlides is shown in Scheme IV. Addition of the neutral ylide to th C=0 of the
acyl comolex generates a zwitterion intermediate 20 which can subsequently

rearrange and eliminate Pd13 or PMSO to form the enolate complex.

Scheme IV

R ® L)
J\ i :
0
L= Py S(CH) R R
b SO, 20

Recall that chloro acvl complexesof Ti(1)reacted with phosphoniumylides
to form neutral ketene complexes (2) (eq. 1). The possibility of enolate
formation from the same complexes with less hasic sulfoxonium vlides was

examined. Treatment of a yellow suspension of acvl complex 1 with excess
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CH>SOICH3)» (toluene, RT) resulted in a homogeneous solution from which a
red solid 21 was isolate (779) (eq. 14). The product 21 is moderately air
sensitive and is stable in solid state at room temperature under inert
atmosnhere indefinitelv. Complex 21 is not soluble in pentane and ether, but
readilv dissolves in other organic solvents. 1Jnlike the oligomeric ketene
complex 2 ohtained from reaction of U and CH9P#3 (eq. 1), elemental
analvsis and spectral data (Tahle 1) of 21 suggest a cyclic structure.
Cryoscopic molecular determination revealed a monomeric 21 in solution

(mol. wt. calcd., 234; found, 230).

CHy

0
] ]
I 0+ 2om3cH), —— cpzn\/;>= + CHgSCl + DMSO (14

Cl
L 21

~

The carhon and hvdrogen compositions of 21 and the reaction by-
oroducts (CH13)»SOC!I and (CH3)»SO, suggest that two succeeding reactions
are involved in the generation of 21 from | and CH5SO(CH3),, The first step
is thought to he the formation of ketene 2 and (CH3)3SOCIL, The ketene
complex reacts further with vlide to give 21 and DMSO. This hypothesis was
examined by treatment of 2 prepared independentlv’2 with (",H.?'SO(C‘H‘;\?_.
The red ketene isomer of 2 reacted instantly to give 21. The same product 21
was also obtained from the isomeric vellow ketene 2a, hut much slower, This

is consistent with previous ohservation that complex 2 is the kinetic and
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reactive ketene oligomers and an equilibrium exists between 2 and 2a in
solution in favor of 2a (1:10)52 (Scheme V). The coupling of the ylide CH»
and the ketene complex is rationalized to proceed by an ionic intermediate 22
(resembled 20 in Scheme IV) generated by ylide coordination to the metal.
Rearrangement of intermediate 22 and elimination of MMSO would then give

the product observed (Scheme V1),

Scheme V
CH3 0
CHS(CH
CoTi Co.Ti— —— | —
Ci o~ ~
CHZE(CHJ)Z
szﬂ<>= + DMSO
2~l
SchemeV1
5 =

C‘;S(Cl-g 2
- p@ﬁg«:m Hzé»[L = cﬁw, Gyl ;>=

/
{-O ~
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Although misinteroreted as (Cp2TiIOCCH2)» (23), complex 21 has heen
ohserved before in the reaction of (Cp?TiCH»)7 (28) with CO2%4 (eq. 15). The
carbonvlation of 22 was repeated and monitored by |H NMR. The signals
corresponding to 21 an Cop»?Ti(CO)» increased with time at the expense of
starting dimer 28, Red ketene 2 and an unidentified oroduct 25 were also
oresent in small but constant amount throughout the reaction. BRridging
methylene complex 2% was completely consumed under ] atm of CO after
22.5 h at room temperature. CnyTi(CO)9 and 21 were present in 50 and
3N% hased on internal standard (ea. 16). Many possible reaction pathways

have bheen considered, hut no attempts were made to elucidate the

mechanism,

N\

/ ) —_—— . (19
Cp;' l\/T lez + CO Cpéﬁ}_ O/lez

24 &

co . ; i
24 _— CPZT'Q: + szTl(CO)Z + CpZTt—g + 23 (e
g -~
30% 0% 10%, 10%

The sulfoxonium vlide CH,SO(CH3); also reacts with mono-
substituted Ti ketenes. Complex CD;Ti(nZ-OCCHd)-O,C\ (27) was prepared
by deprotonation of CoyTi(COCH2¢)C1 (26) with NaN(TMS),, Only one

isomer of 27 was ohtained. !H NOE experiments performed using 27 and its
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ethvlene insertion product titanaoxacyclopentane CpTiOCCH,CH»=CHd
(28), however, failed to establish the doubled bond geometry
of 27. The complex was tentatively assigned as the 7 isomer bhased
on possible steric interaction between th bulky base (NaN(TMS\?_] and the
acvl complex. The 7r ketene complex & prepared in a similar manner as 77,
also has Z double hond. The Ti ketene complex 27 reacted slowly with
CH7SO(CH2), (ty, o+ 2 h) to vield CopTiOCCH2=CHé (29) (CH»Clp, RT, ea.
17), Complex 29 was characterized spectroscopically ('H, 3¢ NMR, Tahle

D) for it decomoosed in solution to unidentified products.

# .
0 #
Cp, im0  + CHS(CH), — cpzri<>=/ + DMSO ("
27 25

Nisubstituted ketene complex CpsTi(n2-0CCh»-0,0)25 (30) reacted
with CH»SO(CH3), to give infractable oroducts (no 1H NMR signals). The
diohenv! analog of 21, however, can he achieved hy a complete different
method of svnthesis. Heating a toluene solution of 3-t-hutvltitanacvclo-
hutane”® (a source of titanocene methvlidene "CpyTi=CH%") and excess
diohenvlketene (709, 1N min) afforded analvtically pure crystalline
nrecioitates of 31 in 71% vield77 leq. 1), Compblex 31 was characterized by
hoth snectroscopic and chemical means. H, 13C NMR, and IR data of 31 are
listed in Table I. Hydrolysis reaction of 31 using anhvdrous HCIl gas
gave CpyTiCly and ¢oCHCOCH3 (!H NMR), Attempts to prepare 21 from
"Cp?TiCH»" and CH»CCO were unsuccessful, since free ketene dimerizes

rapidly under reaction conditions.
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Metallaoxacyclobutanes (e.g., 21, 29, 31) have been proposed as
intermediates in the transition metal catalyzed olefin epoxidations28 and
conversion of carbonyls to alkenes hy metal alkylidenes.”® The analogous
comblexes have heen ohserved in the olefin oxidation bv $03,37 as well as in
"Wittig" transformations31,22 (Figure 1). Besides complex 21, 29, and 31,
only three other metallaoxacyclobutanes have been reported. Preparations of
these comnlexes involved treatment of high valent, electron rich transition
metals [ 1r(), Rh(D), and Pt/O)) with tetracvano oxiranes (eq. 19). The
nlatinaoxacvclobutane has been structurally characterized to show a

nuckered ring svstem. 3?2

O C/R O_‘C’R R
R
0=CR, 0—cRe 0 CR;
Sl |
M=CR2 M_CRz‘ M CRZ
Figure 1
CN
N CN CN N
LnM + ——— LnM>S<C M=Ir Rh
= Pt (
N o7 “eN F .

CN
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Recrystallization of 21 and 31 from a variety of solvents failed to
vield crystals suitable for X-ray analysis. The solution structures of the
titanoxacvclobutanes were examined using NDynamic NMR techniques. At
room temperature, the lH NMR spectrum of 21 exhibited one sharp singlet
for the two Cp ligands and a broad lump for the. Ti-CH9 protons. The
methylene signal sharpened with increaséd temperature characteristic of an
exchange process. After cooling a CN,»Cly solution of 21 to -40°C, the
methvlene signal resolved into two doublets (2.23 and 1.24 ppm, Ay = 87 Hz)
with geminal coupling of 10 Hz, AT -409C, the Cp's also appeared as two
singlets (Ay = 2 Hz) (Fig. 2). The above results strongly suggest a puckered
ring for 21 at low temperature. Interconversion of the two degenerated
puckered conformers by ring flip is rapid at room temperature. The free
energy of activation (AG:F) for the exchange process was calculated to be
13.0 * 0.2 kcal. Similar ring inversion was also observed for 29 with AGT -
12,9 * 2.2 kcal Fig. 3). Unlike 21 and 29, complex 31 is puckered at room
temperature (two Cp's and two CppTiCH» signals, Table ). Coalescence
of the Cp resonances was achieved at 1100C and AGH for the ring flip was
calculated to be 19.2 % 0.7 kcal (Fig. 4). Tt appears that in the puckered
conformation of titanaoxacyclobutane, the back donation from the lone pair
of electrons of the oxygen atom to the metal and orbital is maximized (Fig.
5). Similar argument for the w-donation of an alkoxv ligand to Ti(IV) has
heen used to rationalize the lengthening of Ti-Cl bond in

CDyTi(OCH?CHg\Cl.n The large difference observed in the AG¥'s of 21 and
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Figure 5

31 is attributed to the additional stabilization for 31
achieved by delocalization of the second lone pair of electrons on the oxygeﬁ
through the exo double bond to the aryl group. The same stabilization,
however, is not nresent for mono-phenyl 29 (0GF: 31> 215 29). This
is rationalized as the ohenyl ring is out of conjugation
bv free rotation. In complex 31, for steric and electronic reasons, one of the
two phenyl rings is forced to be in conjuegation with the exo double bond.
Complex 21 and 31 are unreactive toward ethylene and CO.
Hydrolvsis reaction of 21 and 31 with anhydrous HCI| gave acetone and
»2CHCOCH,, resoectively. Treatment of 21 with one equivalent of iodine
resulted in the cleavage of the Ti-C bond to form -iodo enolate 32. lodine
also reacted with 31 to give the corresponding enolate 33 (eq. 20). Both
complex 32 and 33 have been characterized by !H and !3C NMR (Table D.

Metal enolate complex of this type has never been observed directly. o -Halo-

(@]
o
=1
;Sil
+
NH
(@]
™ o
'~
2
20
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genated 7n enolates are implied in the synthesis of [,4-diketones from
a,0'-dibromoketones mediated by- 7n/Cu couple.3% Noyori has also suggested
the reactive intermediates in the iron carbonyls catalyzed coupling reactions
between q ,a'-Dolvbromoketones and olefin substrates as q-bromoenolates of
iron.35 Flimination of the bromide ion forms an oxvallvl cation which can

undergo cycloaddition reaction with 1,3-diene to vield seven-membered ring

- .
0 oA o~ g
%*f 2 INA e K
Br Br L B o)
Fe,(CO4
O/FeBr o-FeBr @ o]
Y — v |
Br -
Br
Figure 6

ketone (Fig. 6). Unfortunatelv, the a-iodoenolates of Ti (32 and 33) were
unreactive toward furan. This is not surprising since hoth 32 and 33 are
stable organometallic species whereas a-bromo Fe enolate is proposed as
reactive intermediate. Furthermore, formation of an oxyallyl cation is less
likely for an electron deficient dO, Ti(IV), complex than d® Fe(ll) species (Fig.

7.
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Figure 7

We have also investigated interactions of 7r ketenes with CH»SO-
(CH3)5. Unlike its Ti counterpart, the Cpy7r(n2-OCCH»-0,C) (34) complex
reacted slowly even with large excess of ylide. After 30 h at room
temperature, the IH NMR spectrum of the reaction mixture revealed a small
but new set of Cp (.11 oom) and vinyl (3.9%, 3.91 pom) resonances in 10:1:1
ratio. Since the chemical shifts of the vinyl protons resembled the exo-
methvlene of 21, the new species was assigned as
Cp» J,rf)(‘.(‘.sz(:H) (35) (eq. 21). Reaction of the highly soluble 7r ketene

7,7 -4 with excess CH»SO(CH3)5 required heating(700C overnight) for comnlete

%ZZr-J—J}) + CHZE(CHS)Z S cpzzr©= (2

u 3

consumption of the starting ketene complex. Spectral data and
subsequent hvdrolysis reaction sugegested a dimer like complex (36) (eq. 22).

Two sets of signals in equal intensities were observed with one correspond-



Cp,2r—0 Cp,Zr—0
P2 ? P27,
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'—'Zl’sz O—Zprz
2,2-4 @
CF,COH

0 .
CpZrlOCCR), + CPZZ;(@CHzCH;Bu)(O@C%) +c+43§o-5crg5u

ing to the ketene part of 36. The new upfield viny!l signal (4.16 ppm, triplet)
was not due to the isomerization of ketene double bond (E,E-4 has vinyl signal
at 4.A0 ppm), but from a zirconaoxacyclobutane. Hydrolysis of the reaction
mixture confirmed the assignment.

Recall that our original objective was to examine enolate formation
from counling of sulfoxonium vylide with chloro acyl complex. We have shown
that reactions of Ti acyls and CH»SO(CH3)y afford ketene complexes which
react further with excess vlide to yield titanaoxacyclobutanes. Treatment of
7r chloro acvl Cp?7r(COCH3)CL (37) with CH-SO(CH3),, however, gave a
mixture of two oroducts 3% and 38 at -?N0C. Complex 34 was identified by
comparison with an authentic sample. Based on the !H NMR data, complex 38
was considered as the DMSO adduct of the desired enolate (§ 6.17, Cp; 3.93,
3.81, CHy; 1.75, CH3; 1.68, DMSO), After warming the mixture to room
temperature, the IH NMR of the reaction showed a decreasing 34, presumably
hy formation of insoluble olizomers. The resonances corresoonding to 38

were replaced by a new set of signals (5,98, Cp; 3.86, 3.83, CHy; .68,
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CHaz; 1.75, DMSO), We attribute this new species as the uncoordinate enolate
39 (Scheme VII). Treatment of complex 39 with excess CH2SO(CH3)» for two
days (RT) resulted in the formation of another new species. It has the same
IH NMR as complex 34 in the Cn and vinyl regions. 'sing deuterium labeled
acyl Cp?27r(COCNRCI (d3-37) in the reaction, the fate of the acyl methyl
was monitored by ZH NMR, The results are presented in Scheme VII, The Zr-
methvlene protons of 35 that were ohscured hv the DMSO signal in the 1H
NMR were located at § 1.75 from the ?H NMR spectrum of d5-35, Reaction
nroducts 3% and 38 demonstrate that sulfoxonium vlides are capable of reacting
with 7r chloro acvl complexes in both acid-base and nucleoohilic fashions.
The mechanism for the formation of zirconaoxacvclobutane from 39 is
thought to oroceed by deprotonation of the enolate methvl oroton followed by

intramolecular nucleophilic displacement of chloride.

Scheme VI
(C (c
ng Q CI%?) €Dy
a2/ CH,S(CH Hy Q
o (Co,Zr—0)n + Gp,Zf DMSO + (CHy§ C1
¢l \ CH
34 (of 2

38

(CH)SCI + 0z C_“‘ji (CHy,
3 Pe '\}= szzw + DMSO

(CDZ’ 35

?%



From the results ohtained above, it apoears that reactions of metal
acvls with phosphonium and sulfoxonium vlides vyield ketene or enolate
complexes, depending on the metal and the ancillary ligands. More
imoortantlv, we have shown that counling of neutral Ti and Zr ketene
comblexes with sulfoxonium vlides afford metallaoxacyclobutanes, a class of
compounds that have heen speculated on but seldom observed. The ahsence of
these metallaoxacvclohutane snecies is orohably due to the lack of synthetic
routes, rather than their inherent instahilities. The corresponding carbon
analog (metallacvclobutane) and the higher and lower homologs
(metallaoxacvclonentane and metallaoxirane) are known f‘or various transition
metals. Metallaoxiranes are metal comnlexes of aldehydes, ketones and
ketenes. Reactions of these complexes (especially T, Zr) with alkenes (and
alkynes) have heen shown to form metallaoxacyclopentanes (and -pentenes).
Rased on our observations in the counling of vlides and metal ketenes, a
general method may be in hand for the synthesis of other
metallaoxacvclohbutanes from metal aldehvde and ketone complexes. An
alternate synthetic entry will be the deprotonation of chloro enolate complex

(e.q., 39), followed by internal chloride displacement.

Ry ‘R XY G R
MQ<¢ L M>—% R X
Y

Figure 8
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Experimental Section

Salt free phosohorous ylides, CH»P¢3 and CH3CHP¢3, were oprepared
by Koster's method.36  Sulfoxonium ylides were orepared by literature
method37 and stored in neat form at -4#N9C. Acyl complexes of Ti and Zr
were prepared hy carbonylation3® of the corresﬁonding alkyl comnounds.39
3-tRutvititanacvclobutane?6 and (CosTiCH2» 40 were synthesized by known
methods, Ketene and diphenvl ketene were prepared following established
orocedures .41

Nichloromethane was stirred over P90Os5 and degassed. Pentane,
hexane were stirred over concenfrat'ed H»SOy, then sodium-benzonhenone
ketyl. Renzene, diethyl ester, toluene and tetrahydrofuran were stirred over
CaH» then sodium henzoohenone ketyl. Solvents thus dried and deoxveenated
were vacuum transferred into flask sealed with teflon screw valves and
stored under argon. Benzene-dg, toluene-dg, and THF-dg were dried and
deoxveenated bv stirring over sodium henzophenone ketyl.

General procedures. All manioulation of air or moisture-sensitive
compounds were carried out using standard high-vacuum Schlenk line and drv
hox techniques. Argon used for Schlenk work was opurified by passage
through columns of RASF RS-11 (Chemalog) and Linde ’4: molecular sieves.
NMR spectra were recorded on a Varian EM-390 (90 MHz IH), a JEOL FX-
900 (89,60 MHz 'H, 13,76 MHz ?H, 22.5 MHz 13C, 36.2 MHz, 3!P), or a
Rrucker WM-500 (500,13 MHz JH, 74,76 MHz ?H, 125 MHz !'30), Variable
temperature !H NMR experiments were performed on the JEOL FX-900,

Infrared spectra were ohtained on a Beckman IR 4240 spectroohotometer.
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Elemental analyses were nerformed by Nornis and Kolbe of West Germany.

Reaction of CpZr{COCH2CH2™Bu)Cl (3) with ¢3P=CHCH3. Toa 5
mm NMR tube was loaded 18 mg (0,049 mmol) of CpyZr(COCH>CH»BUIC]
and 19 mg (1.3 equiv) of $3P-CHCH3. The samble tube was cooled to -789C
and 0.4 mL of toluene-df was added via syringe. The tube was agitated
hrieflv at -?N9C to give a homogeneous orange solution. E-5: 'H NMR (00C,
an MHz) § 6.82-7.87 m, L5H), 5.96 (s, 10H), 4,70 (t, T = 6.8 Hz, 1H), 3.94 (dq, -
T = A, 11,7 Hz, ?2H), 2,44 (d, J = 6.8 Hz, 2H), 1.22 (hroad s, 9H), 1.1% (¢, T =
6.8 Hz, 3H); 13C NMR (-100C, 100 MHz) §193.1, 107.0, 86.4,45.4,33.0,
30.4, 16.0 (Ta_p = 49 Hz), 6.9% (Jc_p = 4.4 Hz); 3P (-200C, 36.2 MHz) §
26.1. The reaction mixture was allowed to stand at 09C (for hours or days)
and a new set of signals appeared in the |H NMR spectrum. Z-5: & 5.98 (s,
1NH), 5.41 ft, J = 6.8 Hz, 1H), 2,62 (d, T = 6.8 Hz, 2H), 1.35 (hroad s, 9H).
After standineg overnight at RT, white precipnitates formed and the IH NMR
of the nopale vellow solution showed a mixture of Z,7-, Z,E-, EE-
[ Cpr7r(n?-COCHCH,BYU-C,0) )5,

Reaction of CpyZH{COCHCH3)CH3:Na%2 with (CH3)3S0CL.  To a
solution of N.43 g (1,96 mmol) of 7-Ft,047 in THF at -40°C as added 0.1N mL
(1.6 mmol) of Mel. The reaction was stirred at -20°C for 30 min then solvent
was re.moved under vacuum at -200C, The residue was redissolved in ether
and was added | eauiv of NaN(TMS), in ether at -409C. SO(CH3)3Cl (1 equiv)
was added and the reaction warmed to room temperature. The reaction
mixture was filtered and ether was removed under vacuum to vield a liquid

mixture of enolate and acvl complexes. 'H NMR (C¢Dg, 90 MHz) § 5.78 (s,
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10H), 3.91 (broad s, 1H), 3.83 (s, 1H), 1.94 (q, T = 7.3 Hz, 2H), 0.99 (t, T = 7.3
Hz, 3H), 0.3 (s, 3H); & 5.74 (s, 10H), 1.41 (q, T = 7.3 Hz, 2H), 0.76 (t, T = 7.3
Hz, 3H), 0.24 (s, 3H),

Preparation of CppZr{lOCCH3=CH2)CH3 (8). A solution of 0.25 g (1.0
mmol) of Cp?7r(CH3) and N.11 mL (1.1 mmol) of (CH3)2SOCH> in 20 mL of
toluene was stirred under | atm of CO for 30 min. Toluene and (CH3)7SO

were removed under vacuum overnight. The residue was distilled (600C, 1n-4

torr) to vield a clear liguid: H NMR (CgNg, 90 MHz) § 5.80 (s, 10H), 3.82
(m, 7H), 1.61 (s, 3H), 0,32 (s, 3H); 13C NMR (C¢Dg, 90 MHz) § 164.8, 1109,
R6.2, 22.9, 21.5. '

Anal. calcd. for C4H18D0Zr: C, 57.29; H, 6.18. Found: C, 57.37; H,

Reaction of CppZr{COR)R' with $3PCH> or (CH3)2SOCH, (R = R'=
6, 12, R = CHCH3, R'= CH3, 13, R = CHpCH2¢,R'=CH3,14). Ina5mm
NMR  tube was loaded 2N0-25 mg of 12, 13 or 14, | equiv of
43PCH,  (or (CH3),SOCH,) and 0.4 mL CgNg. The NMR spectra of the
resulting solutions were recorded (Table 1),

Reaction of CpyZr(COCH3)CH3 (6) with (CH3CH,)3P=CHCH3. A
solution of 0.76 g (1.0 mmol) of Cpy7r(CH3) and N.1 mL (1.0 mmol) of neat
(CH3CH5)3P=CHCH3 in 20 ml. of benzene was stirred under 1 atm of CO.
Pale vellow solids precipitated in ? min. After 30 min at room temperature,
the supernatant was removed via cannulation and the solids were washed
twice with pentane (1.5 mL each) and dried under vacuum to vield 18, 1H

NMR (THF-dg, 90 MHz) § 5.36 (s, 10H), 4.36 (d, T = 2 Hz, 1H), 3.45(d, T =2
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Hz, 1H), 2.37 (dq, T = 7.8, 13.7, 8 Hz), 1.19 (dt, T = 7.8, 18.0 Hz, 12H), -0.61
(s, 3H). 13C NMR (THF-dg, 22.5 Hz) & 202.4, 104.8 (dm, T = 168, 7.2 Hz),
71.0(t, T = 150 H2), 12,0 (dt, T = 159, 130 Hz), 10.6 (q, T = 118 Hz), 6.1 (dq, T =
6, 179 Hz), 31P NMR (THF-dg, 36.2 MHz) § 39.0.

Reaction of CpyZr(CO4)d (12) with Et3P=CHCH3 and
&3P=CHCH3. To a solution of 62 mg (0.15 mmol) of
Cpr7e(COGYd in 5 mL of bhenzene was added 20 uL (0.20 mmol) of neat
phosphorane via syringe. The reaction was stirred for 10 min at room
temperature. Volatile material was removed under vacuum, The residue was
extracted with ether. After the removal of ether under vacuum, the second
residue was further extracted with pentane. Concentration of the pentane
solution yield an oil (19): 1H NMR (C¢gNg, 90 MHz) § 7.00-7.61 (m, 10H), 5.83
(s, 10H), 4,92 and 4.93 (q, J = 6.3 Hz, IH), 1.72 and .74 (d, J = 6.3 Hz, 3H).

To a 5 mm NMR sample tube was loaded with 21 mg (0.056 mmol)
Cor7rho, 17 mg (0,059 mmol) ¢3P=CHCH3, and 0.4 mL CgDg. The tube was
canped with rubber septum and CO was introduced via syringe. The tube was
shaken briefly and the !H NMR' for the reaction was recorded. A similar
spectrum as ahove was obtained.

Preparation of sz'i'iT-CEHFCHz (21). To a suspension of 1 (1.0 g,
3.9 mmol) in 20 mL of benzene was added 0.79 g (8.6 mmol) of neat
sulfoxonium methvlide by syringe. Reaction mixture turned red and heat was
generated, The resulting solution was filtered through a medium frit packed
with celite (2 c¢cm), then evaporated under vacuum to vield brick red solids.

The solids were washed with pentane and cold ether, then dried under
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vacuum overnight to vield 0.66 (779%) product: mp 145-1480C decomp; !H
NMR (CgDg, 90 MHz, 209C) § 5.70 (s, 10H), 3,73 (broad s, 1H), 3.64(d,J =1
Hz, 1H), 1.80 f(broad s, 2H); IH NMR (CD,Cly, 90 MHz, -400C)
§ 5.86 (s, 5H), 5.84 (s, 5H), 3,3% (hroad s, 1H), 3,28 (d, J = | Hz, 1H), 2.23 (d,
T= 10 Hz, (H), 1.24 (d, 7= 10 Hz, 1H); 13C NMR (CgDg, 22.5 MH2)
§ 182.6 (pseudo t, 27 = 5 Hz), 113.2 (dm, 17 = 174 Hz, 37 = 6 Hz), 79.0 (dd,
1= 155 Hz), 55.4 (dt, 17= 120 Hz, 37 = 8 Hz); IR (nujol) 1588 (C=C) em-1,
Mol. wt. 240 (calcd. 234),

Anal. calcd. for Cy3H14,OTi: C, 66.6%; H, 6.03. Found: , 66.65; H,
5.9%,

Reaction of (CoyTiCHp)p (28) with CO. A 5 mm NMR sample tube
loaded with 12 mg of (CpyTiCH»)» and 0.4 mL CgDg was sealed under |
atm of CO. The reaction was monitored periodically by 'H NMR,

Preparation of CpyTi(n2-OCCH$-0,C) (27). A solution of CnyTi-
(COCH>HCL(1.0 @, 3.0 mmol) NaN{ Si’fCH3)3)5 (0.6 g, 3.3 mmol) in 30 mL of
toluene was stirred at -3N0C for 30 min. The reaction mixture was warmed
to room temnerature and solvent was removed under vacuum. The con-
centrated mixture was allowed to stand overnight. The vellow precipitates
were collected by filtration and washed with pentane, ether and dried under
vacuum to vield 0.8 ¢ finclude 3.0 mmol 6f NaCl, 69°) of product: 'H NMR
(CgNg, 9N MHZ) § 7.63-6,98 (m, 5H), 6,63 (s, 1M, 5,66 (s, 10H), Complex 27
is smaringly soluble in aromatic solvents. In the presence of P(CH3)3, 1 is
solubilized to give !H NMR (CgDg) § 7.48 (m, 10H), A.97 (s, 1H), 5.18 (s,

1NH),
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Reaction of 27 with (CH3)SOCH2. To a 5 mm NMR sample was
loaded a mixture of 27 and NaCl in 0. mL CD7Cly, (CH3)2SOCH> (5 uL, 1.3
equiv) was added via syringe. 'H NMR spectra of the reaction were
recorded periodically. Reaction reached 90‘;6 completion after 7 h at room
temperature, !H NMR (90 MHz) § 7,27 (m, 5H), 5.96 (s, 10H), 4.91 (s, IH),
2.24 (hroad s, ?H). Preparative scale reaction was carried under similar
condition {400 mg of 4:1 mixture of 27 and NaCl, 0.13 mL (CH3)»S0=CH,
in 10 mL CHQCIW. Solvent CHCl» was removed under vacuum and the
residue was washed with ether. The residue (containing NaCl) was redissolved
in CH»Cl» and filtered through a pad of celite on a medium glass frit. The
filtrate was concentrated to a dark red solid which was washed with pentane
and dried under vacuum. The product decomposed in solution overnight to
unidentified material. !'H NMR spectrum of the solid is the same as above.
3¢ NUR (CN5ClH, 22.5 MHZ) § 1807, 128.6, 128.1, 126.1, 123.0, 113.3, 97.8.

Reaction of 27 with CoHy. Ethylene gas was introduced via syringe to
a 5 mm NMR sample tube loaded with 10 meg of 27 in 0.4 mL CgDg and
caoped with a seotum. Reaction turned from vellow to deep green. !H NMR
(9n MHz) 8§ 7,34 (m, 5H), 5.79 (s, 10H), 5.14 (broad s, 1H), 3.65 (broad t, 7 =
7.3 Hz, 2H), 1.95 (1, T= 7.3 Hz, 7H

Preparation of sz’lm}h:Céz (31). A. From ®Bu-titanacyclo-
butane. A solution of 0.55 g (2.0 mmol) of titanacyclobutane, 0.39
g (4.0 mmol) of dipheny! ketene in 4 mL of toluene was heated at 80°C for 10
min. Purplish red solids precipitated. The dark green supernatant was

removed by cannulation. The solids were washed with pentane and ether then
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dried under vacuum overnight (71° vield). Recrystallization from ether
dichloromethane or toluene yielded thin plates: mp 186-1890C decomp; IH
NMR (CgNg, 90 MH2) 87,26 (m, 10H), 5.89 (s, 5H), 5.44 (s, 5H), 2.54 (d, T =
10 Hz, 1H), 1.9} (d, T= 1N Hz, [H: 13C NMR (CgNg, 72.5 MHz) 8§ 55.1,
1N8.6, 113.3, 1134, 124.8, 125.3%, 131.5, 1332, 1444, 145.,9, 178.0,

Anal. calcd. for Cy5H9,0Ti: C, 77.72; H, 5.74. Found: C, 77.69; H,
5.76.

Reaction of 21 and 31 with Io. To a 5 mm NMR sample tube loaded
10-1? mg of 21 (or 31) dissolved in 0.4 mL of CgNg was added a solution of 1
equiv of 15 in 0.2 mL of CgNg via syringe. 21 + I: H NMR (CgDg, 90 MHz)
§ 6.00 (s, 10H), 4,24 (hroad s, |H), 4.06 (s, 1H), 3.37 (s, 2H); 13C NMR
(CgNg, 22.5 MHZ) § 1690, 116.2, 89.1, 7.832. 31 + Ip: IH NMR (CgNg, 90
MHz) § 7.10 (m, 10H), 5.92 (s, 10H), 4,29 (s, 2H); 13C NMR (CgNg, 22.5 MHZ)
§ 164.0, 141.3, 141.8, 130.6, 128.7, 126.2, 125.5, 117.9, 116.7, 8.56.

Reaction of épZZr(nZJ)ccnz-o,cs (34) with (CH3)>SOCH,. To a
NMR sample tube was loaded with 15 mg 34, NaCl mixture, large excess
(CH3)»SOCH, and 0.4 mL CgNg. The reaction tube was capped with a
spectrum and monitored periodicallv by H NMR, After 30 h at room
temperature, a new set of signals appeared in the l!H NMR spectrum:
§ 6.11 (s, 10H), 3.99 (s, H), 3,92 (s, IH),

Reaction of Z,Z-4 with (CH3)SOCH2. To a 5 mm NMR sample tube
was added 12 mg of 7,7-4, 2 equiv of (CH3)»SOCH» and 0.4 mL CgNg. The
tube was capped with a septum and heated to 80°C overnight. IH NMR (90

MHZ) 8§ 587 (s, 10H), 5,79 (s, 10H), 4.16 (t, T = 7.8 Hz, 1H), 2.25 (d, T = 7.8
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Hz, 2H), 2,17 (d, J = 7.R Hz, 2H), 1,29 (s, 9H), 1,16 (s, 9H),

Reaction of CppZr{(COCH3)Cl (37) with (CH3)2SOCH3. To a 5 mm
NMR sample tube was loaded 15 mg of Cpy7Zr(COCH3)CI and 0.4 mL toluene-
dg. The tube was canped with rubber septum and cooled to -2009C., One equiv
(4.2 ul) of (CH3)},SOCH, was added via micro-syringe and white solids
precipitated. |H NMR spectrum of the reaction mixture at -200C showed: §
5.83 (s, 10H), 5.33 (s, 1H), 4,53 (s, .IH), 6.17 (s, 10H), 3.93 (s, 1H), 3.81 (s, IH),
1.75 (s, 3H), 1.67 (s, 6H, DMSO). The reaction was warmed to room
temperature, After | h |H NM® of the reaction revealed a different set of
signals:  § 5.98 (s, 10H), 3.86 (s, 1H), 3.83 (s, 1H), 1.76 (s, 6H), DMSO), 1.68
(broad s, 3H). The same spectrum was obtained after 12 h at room
temperature. -Large excess of (CH3)»SOCH, (10-20 equiv) was added to the
reaction mixture, After two days at room temperature, the Iy NMR
spectrum reaction mixture exhibited signals at §6.11 (s, 10H), 3,98 (s, 1H),
3.91 (s, 1H), as the major product and 5.80 (s, 10H), 3.81 (s, 1H), 3,66 (s, |H) as

the minor nroduct.
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