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Treatment of the a-lithio carbene anions (CO);W[C(XR)CH,]Li (3; XR = OCH;, N(CHj),) with the
a,f-unsaturated carbene complexes (CO);W[C(OCH;)C(SiR’5)=CHj;] (4; R’ = CHj;, C¢Hj;) followed by
quenching the reaction with the appropriate electrophilic reagent EX (EX = (CHj,);SiCl, CF;CO.H,
CH,CO,H) afforded the a-silylated vinyl ether complexes (CO);W[C(XR)CH,CH,CH=C(OCH;)SiR’;]
(5) in yields ranging from 23 to 89%. For complexes 5 only the isomers having the E configuration about
the carbon-carbon double bond of the a-silylated vinyl ether groups were obtained. Treatment of 3b (XR
= N(CH,;),) with 4a (R’ = CHj) followed by only column chromatography afforded 5b (XR = N(CH,),,
R’ = CHj;) in 10% yield as well as the (u-bis(carbene))ditungsten complex (CO);W[C(N(CH,),)CH,C-
H,CH,C(OCH,)]W(CO); (6) in 58% yield. On the other hand, treatment of 3b (XR = N(CHj),) with 4b
(R” = CgHj;) followed by HCI at —78 °C produced the (u-bis{(a-(triphenylsilyl)alkyl)carbene])ditungsten
complex (CO);W[C(N(CH,),)CH,CH,CH(8i(C¢H;)3;)C(OCHZ)]W(CO)5 (7d). Complex 7d underwent clean
rearrangement in CgHg solution at 25 °C to give 5d (XR = N(CHjy),, R’ = CgHg) and W(CO)g. Acidic
hydrolysis of the a-trimethylsilylated viny! ether group in complexes 5a (XR = OCHj;, R’ = CH3) and 5b
(XR = N(CH,),, R’ = CHj;) resulted in good yields of the corresponding acylsilanes (CO);W[C(XR)-
CH,CH,CH,C(O)Si(CH;);] (10). Complex 5b (XR = N(CH,),, R’ = CHj;) was also characterized by
single-crystal X-ray diffraction methods. Complex 5b crystallizes in the centric P2,/n space group with
cell constants (at 20 °C) a = 6.840 (7) &, b = 22.425 (6) A, ¢ = 13.721 (9) A, 8 = 98.64 (9)°, and Dyeq =
1.71 g cm™3 for Z = 4. Least-squares refinement based on 2832 independent observed [F, > 5¢(F,)] reflections
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led to a final conventional R value of 0.026.

Introduction

Although “Fischer-type” carbene complexes have been
extensively studied over the past 25 years,! many sub-
classes of these interesting compounds remain virtually
unexplored. One such subclass, namely [(a-(silyl)alkyl)-
carbene]metal complexes, has received little attention since
the initial report of (CO);Cr[C(OCH,CH,)CH,Si(CH,)s]
(1) by Connor and Jones in 1973.2 Compound 1 was

OCH,CH, N(CHg),
(CO)sCr (CO)W

CHoSICHa)s CHySI(CHy)y

o

1 2

prepared by treating Cr(CO)g with (CH,),SiCH,Li, fol-
lowed by exchange of Li* for N(CH,),* in the resulting
metal acylate anion and finally alkylation with
(CH4CH,);0*BF,". On the other hand, compound 2, which
was recently used by us in the Peterson reaction to syn-
thesize [(alkenyl)(dimethylamino)carbene]tungsten com-
plexes, was prepared by the C-silylation of (CO);W[C(N-
(CH;),)CH,]Li (3b) with (CHy)3SiCl®  Furthermore,
[(a-(trimethylsilyl)alkyl)alkoxycarbene]tungsten complexes
may be reactive intermediates in the preparation of [(al-
kylalkoxycarbene]tungsten complexes.t This article
describes the synthesis of four new a-silylated vinyl ether
carbene complexes (5a~d), which are proposed to arise
from an unusual rearrangement of [(a-(silyl)alkyl)alk-

tPresent address: 3M Company, St. Paul, MN 55144-1000.

oxycarbene]tungsten complexes, as well as the X-ray
crystal structure of 5b.

Results and Discussion

During our investigations on the conjugate addition
reactions of o-lithio carbene anions to «,8-unsaturated
carbene complexes to synthesize new (u-bis(carbene))di-
metal® and (u-tris(carbene))trimetal® complexes we occa-
sionally found that molecules containing both a vinyl ether
group and a transition-metal carbene fragment were pro-
duced. The formation of these vinyl ether derivatives was
dependent upon the reaction conditions and/or the
structure of the a,8-unsaturated carbene complex. For
example, treatment of the a-lithio carbene anion 3b with
the a-silylated a,3-unsaturated carbene complex 4a fol-
lowed by chromatography on silica gel afforded both the
a-silylated vinyl ether derivative 5b (10%) as well as the
(u-bis(carbene))ditungsten complex 6 (58%) (eq 1).

We subsequently found that if chlorotrimethylsilane was
used to quench the reaction (eq 1) prior to chromatography

(1) Détz, K. H.; Fischer, H.; Hofmann, P.; Kreiss}, F. R.; Schubert, U.;
Weiss, K. Transition Metal Carbene Complexes; Verlag Chemie: We-
inheim, Germany, 1983.

(2) Connor, J. A,; Jones, E. M. J. Organomet. Chem. 1978, 60, 71.

(3) Macomber, D. W.; Madhukar, P.; Rogers, R. D. Organometallics
1989, 8, 1275.

(4) Parlier, A.; Rudler, H. J. Chem. Soc., Chem. Commun. 1986, 514.

(5) (a) Macomber, D. W.; Hung, M. H.; Verma, A. G.; Rogers, R. D.
Organometallics 1988, 7, 2072, (b) Macomber, D. W.; Hung, M. H.;
Madhukar, P.; Liang, M.; Rogers, R. D. Organometallics 1991, 10, 737.

(6) Macomber, D. W.; Hung, M. H. J. Organomet. Chem. 1989, 366,
147.

0276-7333/91/2310-2121$02.50/0 © 1991 American Chemical Society
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N(CHa), OCH, chromatography

(CO)5W=( ot (COW THF, on silica ge!
CH,Li 5 %Ha -78°C
3p (CHy),SI

4a

(CO)W OCH, (CO)W W(CO)s

(CHy)N p/ O Si(CHg); + (CHg)N OCH; (1)

5b 6
on silica gel, only complex 5b was produced (eq 2).
XR OCH; (1) THF,-78°C
. + (CO)sW 2 EX
CH,Li . CH; (3) chromatography on silica gel
3a, XR = OCH, R’3Si

b, XR = N(CHs), 4a, R=CH;j
b, R=CgHs

(CO)W OCH,

RX P SRy (2)
Sa—d

Moreover, the other a-silylated vinyl ether derivatives
5a,c,d could be prepared by reacting anions 3 with a-si-
lylated a,8-unsaturated carbene complexes 4, in different
combinations, followed by the appropriate electrophilic
quenching agents EX (eq 2). In all cases the reaction
conditions for workup, which are listed in Table I, were
optimized to give the highest yields of complexes 5.

The structures of 5a—d were easily established through
spectroscopic (*H and *C NMR) as well as analytical
methods. For example, the 'H and 3C NMR chemical
shift values associated with the (methoxycarbene)tungsten
and ((dimethylamino)carbene)tungsten fragments for 5a,c
and 5b,d, respectively, are consistent with their assigned
structures and are similar to those of other Fischer-type
tungsten carbene complexes.>*»¢ Furthermore, the 'H and
13C NMR chemical shift values associated with the a-si-
lylated vinyl ether fragments of 5a~d are also consistent
with their assigned structures.®’” Because complexes 5a—d
contain a trisubstituted alkene group, two possible struc-
tural isomers are possible. For each compound (5a-d),
however, only one isomer was isolated. For complex 5b,
the E configuration was unambiguously assigned to the
carbon-carbon double bond on the basis of an X-ray
crystal structure (vide infra). Moreover, the close simi-
larities of the 'H and *C NMR chemical shift values of
the a-silylated vinyl ether group in compounds 5a,¢,d with
5b suggest that the double bond in these compounds also
has the E configuration.

The molecular structure and atom-labeling scheme for
complex 5b are shown in Figure 1, whereas bond distances
and angles are presented in Table II. The overall structure
of 5b contains an octahedrally disposed (aminocarbene)-
tungsten pentacarbonyl fragment connected through two
methylene groups to an a-trimethylsilylated vinyl ether
iroup. The W-C(carbene) (W-C(8)) distance of 2.252 (5)

, and bond angles about the carbene carbon W-C(6)-N
(129.7 (4)°), W-C(6)-C(7) (116.7 (3)°), and N-C(6)-C(7)
(113.6 (5)°) are typical of other (aminocarbene)tungsten
complexes.? Likewise, the bond distances and angles as-
sociated with the a-trimethylsilylated vinyl ether group
in 5b are similar to the structural parameters reported for

(7) (a) Rahman, A. Nuclear Magnetic Resonance; Springer-Verlag:
New York, 1986; pp 13, 16. (b) Barillier, D.; Strobel, M. P.; Morin, L.;
Paquer, D. Tetrahedron 1983, 39, 767. (c) Strobel, M. P.; Andrieu, C. G,;
Paquer, D.; Vazeux, M.; Pham, C. Nouv. J. Chem. 1980, 4, 101. (d)
Dexheimer, E. M,; Spialter, L. J. Organomet. Chem. 1976, 107, 229. (e)
Soderquist, J. A.; Hsu, G. J. H. Organometallics 1982, 1, 830. (f) So-
derquist, J. A.; Rivera, I.; Negron, A. J. Org. Chem. 1989, 54, 4051,
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Table I. Yields and Reaction Conditions for the
Preparation of Complexes 5

compd XR R’ EX/temp, °C % yield
5a OCH, CH,  (CH,),SiCl/-10 53
5b N(CH,); CH, (CH,);SiCl/-10 89
5¢ OCH, CeHs CF,CO,H/-78 23
5d N(CH3)2 CsH5 CH3C02H/‘40 56

Table II. Bond Distances (A) and Angles (deg) for
Compound 5b

Bond Distances

W-C(1) 1998 6)  W-C(2) 2.024 (6)
W-C(3) 2.008 (6) W-C(4) 2.019 (6)
W-C(5) 2.042 (6) W-C(6) 2.252 (5)
Si—C(10) 1.891 (5) Si-C(13) 1.860 (6)
Si—-C(14) 1.856 (6) Si-C(15) 1.857 (8)
O(1)-C(1) 1.150 (8) 0(2)-C(2) 1,146 (6)
0(3)-C(3) 1.165 (6) 0(4)-C(4) 1.154 (6)
0(5)-C(5) 1135 (6)  O(6)-C(10)  1.387 (6)
0(6)-C(16) 1.396 (7) N-C(6) 1.306 (6)
N-C(11) 1474 (6)  N-C(12) 1.477 (7)
C(6)-C(7) 1.530 (7) C(7)-C(8) 1.537 (7)
C(8)-C(9) 1500 (7)  C(@)-C(10) 1318 (7)
Bond Angles
C(1)-W-C(2) 85.6 (2) C(1)-W-C(3) 92.0 (2)
C(2)-W-C(3) 89.4 (2) C(1)-W-C(4) 85.7 (2)
C(2)-W-C(4) 171.2 (2) C(3)-W-C(4) 90.1 (2)
C(1)-W-C(5) 914 (2) C(2-W-C(5) 91.0 (2)
C(3)-W-C(5) 176.6 (2) C(4)-W-C(5) 90.1 (2)
C(1)-W-C(6) 176.3 (2) C(2)-W-C(6) 92.7 (2)
C(3)-W-C(8) 84.7 (2) C(4)-W-C(6) 96.0 (2)
C(5)-W-C(6) 92.0 (2) C(10)-8Si~C(13) 109.9 (3)
C(10)-Si-C(14) 1079 (3) C(13)-Si-C(14) 109.2 (3)
C(10)-Si-C(15) 111.1 (3) C(13)-Si-C(15) 111.1 (3)

C(14)-Si-C(15)  107.6 (4) C(10)-0(6)-C(16) 120.3 (5)
C(6)-N-C(11) 1226 (5) C(6)-N-C(12) 126.5 (5)
C(11)-N-C(12) 110.8 (5) W-C(1)~0(1) 178.9 (5)
W-C(2)-0(2) 175.5 (8) W-C(3)-0(3) 177.6 (5)
W-C(4)-0(4) 176.3 (5) W-C(5)-0(5) 178.9 (5)
W-C(6)-N 129.7 (4) W-C(6)-C(7) 116.7 (3)
N-C(8)-C(7) 113.6 (5) C(6)-C(7)-C(8) 111.0 (4)
C(7)-C(8)-C(9) 1114 (5) C(8)-C(9)-C(10)  125.0 (5)
Si-C(10)-0(6) 123.6 (4) Si-C(10)-C(9) 122.6 (4)

0(6)-C(10)-C(9) 113.5 (5)

Figure 1. Molecular structure and atom-labeling scheme for 8b
with the atoms represented by their 50% probability ellipsoids
for thermal motion.

both organic® and organometallic® molecules containing
this group.

At this stage of the investigation we postulated that the
immediate precursors to complexes 5a-d were the (u-
bis[(a-(silyl)alkyl)carbene})ditungsten complexes (CO);W-
[C(XR)CH,CH,CH(SiR’3)C(OCH,3)1W(CO); (7; vide infra)
which, in turn, arise from the protonation of the a-lithio

(8) Egert, E.; Beck, H.; Schmidt, D.; Gonschorrek, C.; Hoppe, D.
Tetrahedron Lett. 1987, 28, 789.

(9) (a) Lappert, M. F.; Raston, C. L.; Engelhardt, L. M.; White, A. H.
J. Chem. Soc., Chem. Commun. 1985, 521. (b) Petersen, J. L.; Egan, J.
W., Jr. Organometallics 1987, 6, 2007.



[(a-(Silyl)alkyl)alkoxycarbene]tungsten Complexes

Scheme I
N(CHJ), OCH,3 HCI/E10
‘°°)5w=( + (CO)W THF, -78°C -78°C
CH,Li CH,
3p (CgHs)3Si
4b
(CO)sW W(CO)s
————
(CHj)oN OCH CeHg, 25°C
2 H O SiCeHgls
7d
(CO)W OCH, . WO
A o
(CHa) N Si(CeHs)s

(u-bis(carbene))ditungsten anions {(CO);W[C(XR)-
CH,CH,C(SiR’;)C(OCH,)]W(CO);iLi. These a-lithio (u-
bis(carbene))ditungsten anions, which have previously been
shown to readily react with various electrophiles to afford
(u-bis(carbene))ditungsten complexes,’ are produced by
the conjugate addition of anions 3 to the «,8-unsaturated
carbene complexes 4. At no time during the preparation
of complexes 5a—d, according to eq 2, did we isolate or
detect the proposed intermediates 7. Furthermore, com-
plex 6 (eq 1) most likely arises by the photodesilylation?™
of (CO)sW[C(N(CH,;),)CH,CH,CH(Si(CHg)3) C(OCH,)]W-
(CO)s (7h).

It was subsequently found that by changing the reaction
conditions and isolation techniques described in eq 1 we
were able to isolate one of these elusive (u-bis[(a-(silyl)-
alkyl)carbene])ditungsten complexes namely 7d (Scheme
I). Thus, treatment of 4b with 3b followed by quenching
the reaction with HCl (78 °C), and then low-temperature
chromatography, afforded 7d as a yellow oil. The structure
of complex 7d was established through a combination of
'H and 3C NMR spectroscopy. The characteristic reso-
nances for the magnetically different (aminocarbene)-
tungsten and (alkoxycarbene)tungsten fragments were
readily observed. For example, the 'H NMR (CDCly)
spectrum of 7d exhibited resonances at § 3.64 and 2.78
[W=C(N(CHj),)] and 4.55 (W=C(OCH,)), whereas the
13C NMR (CDCly) spectrum exhibited resonances at &
258.17 [W=C(N(CHjy),)] and ¢ 338.81 (W=C(OCHjy)).
Furthermore, the proton attached to the asymmetric a-
(triphenylsilyl)alkyl carbon [CH(Si(CgH;);)] appeared at
6 4.83 as a doublet of doublets (J = 10, 3 Hz; ABC pat-
tern)®® in the 'H NMR spectrum. It is interesting to note
that, unlike 7b, complex 7d did not undergo proto-
desilylation to 6 upon silica gel chromatography. This may
be due to the greater hydrolytic stability of the C-Si(C¢Hs),
bonlclilizn complex 7d over the C-Si(CH,); bond in complex
7b.1%

We next observed that a purified sample of 7d rear-
ranged cleanly in C¢Dg solution and at 25 °C to its a-tri-
phenylsilyl vinyl ether derivative 5d (Scheme I). The other
organometallic product from this rearrangement was de-

(10) Dyer, J. R. Applications of Absorption Spectroscopy of Organic
Compounds; Prentice-Hall: Englewood Cliffs, NJ, 1965; pp 120-122.

(11) Eaborn, C.; Bott, R. W. In Organometallic Compounds of the
Group IV Elements; MacDiarmid, A. G., Ed.; Marcel Dekker: New York,
1968; pp 350-536.

(12) Although the rates of acidic and basic hydrolyses of R5Si—C bonds
appear not to be available, the relative hydrolytic stabilities of these
bonds may be related to those of the corresponding silyl ethers (i.e.
R4Si-0). For example, under basic conditions trimethylsily! ethers are
hydrolyzed slightly faster than triphenylsilyl ethers, whereas under acidic
conditions trimethylsilyl ethers are hydrolyzed 400 times faster than their
triphenylsilyl ether analogues.!®

(13) Denmark, S. E.; Hammer, R. P.; Weber, E. J.; Habermas, K. L.
J. Org. Chem. 1987, 52, 185 and references therein.
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termined by '3C NMR spectroscopy to be W(CO)g (8
191.14), which, no doubt, arises from dismutation of W-
(CO)s. A proposed first step in this unusual rearrangement
(i.e. 7d to 5d) would be a 1,3-shift of the triphenylsilyl
group to produce the transient intermediate 8. A closely

(CO}W OCH, (CO)sW OCH,
(CHaN Z W) (CHIN A SiCeHely
Si(CeHs)a W(CO)s

related organic analogue of this proposed 1,3-shift is the
B-keto silane to siloxyalkene rearrangement.* It has also
been observed that several different unstable alkylcarbene
complexes undergo a similar rearrangement in which an
intramolecular hydrogen shift ultimately produces met-
al-alkene complexes.}® Reductive elimination of 8 would
then result in the formation of 5d and a W(CO); fragment.
This last step is the same as the proposed final step in the
mechanism of hydrosilylation of alkynes.” It is also
possible that the unobserved (CO);W-alkene complex!® 9
is produced as an intermediate after reductive elimination
of 8 and then leads to the observed product 7d by disso-
ciation of the (CO);W fragment. Moreover, the two-step
proposed mechanism outlined above is consistent with the
observed E stereochemistry associated with the a-tri-
phenylsilylated vinyl ether group in 5d. Although only the
rearrangement of 7d to 5d has been observed, we feel this
is strong evidence to suggest that the other a-silylated vinyl
ether complexes 5a—c arise similarly from 7a-c, respec-
tively. It should also be noted that to the best of our
knowledge the two closely related mononuclear [(a-(si-
lyl)alkyl)carbene]metal complexes 12 and 2% do not undergo
this rearrangement. The reason for the reactivity differ-
ences of 1 and 2 as compared to the (u-bis(carbene))di-
tungsten complexes 7 remains to be elucidated.

Acidic hydrolysis™ of the a-trimethylsilylated vinyl
ether group in complexes 5a,b resulted in good yields of
the corresponding acylsilanes 10a,b, respectively (eq 3).

(CO)W OCH, o (COW o)
I o —_— (3
RX Si(CHy)s RX SKCH,);
8a, RX = OCH, 108, RX = OCH,

b, RX = N(CH3), b, RX = N(CH3),

The characteristic downfield chemical shifts associated
with the carbonyl carbon of the acylsilane group in 10a (6
246.81) and 10b (6 247.81) in the *C NMR spectra are
similar to those of other organic acylsilanes.” The overall
process of converting [(a-(silyl)alkyl)alkoxycarbene]tung-
sten complexes (i.e. 7) to acylsilanes (i.e. 10) represents a
new method of preparation for acylsilanes, which are
finding increasing use in organic synthesis.!®

Experimental Section
General Data. All reactions were conducted under an inert
argon or nitrogen atmosphere. Hexane, pentane, methylene
chloride, and chlorotrimethylsilane were distilled from calcium
hydride under nitrogen. Diethyl ether and tetrahydrofuran were

(14) Kwart, H.; Barnette, W. E. J. Am. Chem. Soc. 1977, 99, 614.

(_15) These investigations were kindly brought to our attention by a
reviewer.

(16) (a) Fischer, E. O.; Held, W. J. Organomet. Chem. 1976, 112, C59.
(b) Casey, C. P.; Albin, L. D.; Burkhardt, T. J. J. Am. Chem. Soc. 1977,
99, 2533. (c) Brookhart, M.; Tucker, J. R.; Husk, G. R. J. Am. Chem. Soc.
1983, 105, 258. (d) Hatton, W. G.; Gladysz, J. A. J. Am. Chem. Soc. 1983,
105, 6157.

(17) Speier, J. L. Adv. Organomet. Chem. 1978, 17, 407.

(18) (a) Capperucci, A.; Degl’'Innocenti, A.; Faggi, C.; Ricci, A.; Dem-
bech, P.; Seconi, G. J. Org. Chem. 1988, 53, 3612. (b) Schinzer, D. Syn-
thesis 1989, 179 and references therein. (c¢) Soderquist, J. A. Org. Synth.
1989, 68, 25. (d) Yanagisawa, A.; Habaue, S.; Yamamoto, H. J. Org.
Chem. 1989, 54, 5198.
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Table III. Crystal Data and Summary of Intensity Data
Collection and Refinement of Compound 5b

formula CgH3aNOgSIiW
color/shape yellow/parallelepiped
mol wt 537.3
space group P2,/n
temp, °C 20
cell constants?

a, 6.840 (7)

b, A 22.425 (6)

c, A 13.721 (9)

8, deg 98.64 (9)
cell vol, A3 2081
formula units/unit cell 4
D(calcd), g em™ 1.71
u(caled), em™? 53.8
diffractometer/scan Enraf-Nonius CAD-4/6-26
range of relative transmissn factors, % 50-100

Mo Ko (A = 0.71073 A)
0.15 % 0.38 X 0.55
0.80 + 0.35 tan 8

radiatn, graphite monochromator
max cryst dimens, mm
scan width, deg

std reflns 400; 0,18,0; 0,0,12
decay of stds, % %2

no. of reflns measd 4048

26 range, deg 252050
range of hkl +8, +26, £16

no. of rflns obsd [F, 2 5¢(F,)}° 2832

computer programs® SHELX%

structure soln heavy-atom techniques

no. of params varied 244

weights [o(F,)? + 0.00008F 2!
GOF 0.8

R = Z|F| - |Fll/ ZIF) 0.026

Ry 0.026

largest feature in final diff map, e A3 0.5

¢ Least-squares refinement of ((sin 4)/A)? values for 25 reflections, 6
> 20°. ®Corrections: Lorentz-polarization and absorption (empirical, y
scan). ¢Neutral scattering factors and anomalous dispersion corrections
from ref 27.

distilled from sodium benzophenone ketyl under nitrogen.
Trifluoroacetic acid, chlorotriphenylsilane, and vinylmagnesium
bromide were purchased from Aldrich Chemical Co. and used
without further purification. The starting (alkylcarbene)tungsten
and (alkenylcarbene)tungsten complexes (CO);W[C(OCH;)CH,),1?
(CO);W[C(N(CH;);)CH;],? and (CO)sW[C(OCH,)C(Si(CHg)g)=
CHj;) (4a)% were prepared according to literature procedures.
Flash chromatography?' was conducted on E. Merck silica gel 60
(40~-63 um). Low-temperature flash chromatography was con-
ducted under nitrogen on silica gel with use of a modified low-
temperature®? air-sensitive flash chromatography apparatus.?

'H and ¥C NMR spectra were recorded on a Bruker WM-400
instrument operating at 400.1 and 100.6 MHz, respectively. 'H
NMR data are reported as follows: chemical shift in parts per
million referenced to TMS or residual solvent proton resonance
(multiplicity, coupling constant(s) in hertz, number of protons).
13C NMR data are reported as follows: chemical shift in parts
per million referenced to residual solvent carbon resonance.
Low-resolution mass spectra were acquired on a Finnigan 4000
instrument, and spectral data are listed as m/e (intensity of base
peak) for only the tungsten-184 isotope. Elemental analyses were
performed by Microlytics, South Deerfield, MA.

X-ray Data Collection, Structure Determination, and
Refinement for Compound 5b. A yellow single crystal of the
title compound was mounted in a thin-walled glass capillary and
transferred to the goniometer. The space group was determined
to be the centric P2,/n from the systematic absences. A summary
of data collection parameters is given in Table III.

Least-squares refinement with isotropic thermal parameters
led to R = 0.051. The geometrically constrained hydrogen atoms
were placed in calculated positions 0.95 A from the bonded carbon

. (19) Macomber, D. W. Organometallics 1984, 3, 1589 and references
therein.

4(20) Macomber, D. W.; Liang, M.; Rogers, R. D. Organometallics 1988,
7, 416.

(21) Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923.

(22) Liang, M. M.S. Thesis, Kansas State University, 1987.

(23) Kremer, K. A. M,; Helquist, P. Organometallics 1984, 3, 1743.
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Table IV. Final Fractional Coordinates for Compound 5b

atom x/a ¥/b z/c B(eqv),® A2
w 0.20956 (3)  0.38957 (1) 0.07934 (1) 2,22
Si 0.9099 (2) 0.10298 (7) 0.1224 (1) 2.98
0(1) 0.1591 (8) 0.5043 (2) 0.2054 (3) 5.37
0(2) 0.6415 (7) 0.3869 (2) 0.2008 (3) 4.65
0@3) 0.0711 (7) 0.3042 (2) 0.2403 (3) 4.79
0(4) -0.2363 (6) 0.4141 (2) —0.0137 (3) 4.22
05 0.3532 (6) 0.4674 (2) -0.0900 (3) 4.02
0(6) 0.5985 (7) 0.1411 (2) -0.0321 (3) 4.84
N 0.1609 (7) 0.2855 (2) -0.0870 (3) 2.98
C() 0.1783 (9) 0.4627 (3) 0.1586 (4) 341
C(2) 0.4880 (9) 0.3864 (3) 0.1540 (4) 2.88
C(3) 0.1196 (8) 0.3366 (3) 0.1819 (4) 3.04
C4) -0.0746 (8) 0.4033 (2) 0.0187 (4) 2.78
C(5) 0.3026 (8) 0.4391 (3) -0.0299 (4) 2.72
C(6) 0.2478 (7) 0.3037 (2) -0.0008 (3) 2.36
C() 0.3893 (8) 0.2578 (2) 0.0536 (4) 2.81
C(8) 0.5905 (8) 0.2591 (2) 0.0166 (4) 3.09
(o1¢:)] 0.7310 (8) 0.2145 (2) 0.0701 (4) 2.97
CQ10) 0.7397 (8) 0.1577 (2) 0.0466 (4) 277
C(11) 0.0245 (9) 0.3235 (3) -0.1533 (4) 3.96
C(12) 0.173 (1) 0.2252 (3) -0.1290 (5) 4.26
C(13) 0.765 (1) 0.0381 (3) 0.1568 (4) 4,11
C(14) 1.025 (1) 0.1418 (3) 0.2361 (5) 4.56
C(15) 1.112 (1) 0.0785 (3) 0.0551 (6) 5.51
C(16) 0.622 (1) 0.0889 (3) ~-0.0846 (5) 5.52

®Bleqv) = */3[a%8y; + b%Byy + ¢%Bsy + ablcos ¥)By; + ac(cos B)B;
+ be(cos a)ﬁza].

atom and allowed to ride on that atom with B fixed at 5.5 A2. The
methyl hydrogen atoms were refined as rigid groups with C-H
fixed at 0.95 A and B fixed at 5.5 A%, but with rotational freedom.
Refinement of non-hydrogen atoms with anisotropic temperature
factors led to the final values of R = 0.026 and R,, = 0.026. The
final values of the positional parameters are given in Table IV.

(Triphenylsilyl)ethylene. The title compound was prepared
according to a procedure developed for (trimethylsilyl)ethylene?
as follows: chlorotriphenylsilane (5.00 g, 17.0 mmol) was dissolved
in THF (100 mL), and 1.0 M vinylmagnesium bromide in THF
(18.7 mL, 18.7 mmol) was added dropwise through a cannula.
After the addition was complete, the reaction mixture was refluxed
for 24 h, cooled to 25 °C, and then hydrolyzed with water. The
resulting solution was exhaustively extracted with methylene
chloride, and the combined organic extracts were washed with
3 N HCl (25 mL), followed by two times with water (25 mL). The
organic extracts were dried over anhydrous magnesium sulfate
and then filtered. Removal of the solvent under vacuum afforded
4.87 g (100%) of (triphenylsilyl)ethylene.

1-Bromo-1-(triphenylsilyl)ethylene. The title compound
was prepared according to the literature procedure?® from (tri-
phenylsilyl)ethylene.

(CO);W[C(OCH;)C(Si(C¢H;);)=—CH,] (4b). To a stirred
solution of 1-bromo-1-(triphenylsilyl)ethylene (3.30 g, 9.0 mmol)
in 50 mL of diethyl ether, which was cooled to -24 °C, was added
2.5 M n-BuLi (4.20 mL, 10.5 mmol) via a syringe. The resulting
white suspension was stirred at ~24 °C for 1.5 h and then
transferred through a cannula to a suspension of tungsten hex-
acarbonyl (3.17 g, 9.0 mmol) in 250 mL of diethyl ether at 25 °C.
The resulting clear red reaction mixture was stirred at 25 °C for
3 h, and then the solvent was removed under vacuum. The
resulting yellow-orange residue was then taken up in 10 mL of
nitrogen-saturated water. To this aqueous solution was added
trimethyloxonium tetrafluoroborate (1.60 g, 10.2 mmol) in small
portions. The resulting carbene complex was extracted into
methylene chloride, and the combined organic extracts were
washed twice with 25 mL of water and then dried over anhydrous

(24) Brandsman, L.; Verkruijsse, H. D. Preparative Polar Organo-
metallic Chemistry; Springer-Verlag: New York, 1987; Vol. 1, p 48.

(25) Brook, A. G.; Duff, J. M.; Anderson, D. G. Can. J. Chem. 1970,
48, 561.

(26) SHELX76 by G. M. Sheldrick, a system of computer programs
for X-ray structure determination, as locally modified (1976).

(27) International Tables for X-ray Crystallography; Kynoch Press:
Birmingham, England; Vol. IV, pp 72, 99, 149.
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magnesium sulfate. The solvent was removed under vacuum, and
the resulting orange-red residue was taken up in a minimum of
methylene chloride and then transferred to a column of silica gel.
Elution of the column with 10% methylene chloride/90% hexane,
collection of all the red fractions, and removal of the solvent under
vacuum afforded 4b (4.00 g, 68%): red-brown crystals; mp 108-109
°C; 'H NMR (CDCl,) é 7.55-7.31 (m, 15 H), 6.44 (s, 1 H), 5.87
(s, 1 H), 4.19 (s, 3 H); 3C{*H} NMR (CDCly) & 332.37, 203.29,
197.36, 166.70, 136.03, 135.83, 133.05, 129.83, 127.87, 68.65. Anal.
Calcd for Co;H006SiW: C, 49.55; H, 3.08. Found: C, 49.37; H,
3.11.

(E)-(CO);W[C(OCH;)CH,CH,CH=C(OCHj;)Si(CHj;);] (5a).
To a stirred solution of (CO);W[C(OCH;)CHj] (0.50 g, 1.3 mmol)
in 30 mL of THF at ~78 °C was added (2.5 M) n-BuLi/hexane
(0.63 mL, 1.6 mmol). After the resulting solution of 3a was stirred
for 30 min at -78 °C, a solution of 4a (0.61 g, 1.3 mmol) in 30 mL
of THF was introduced through a cannula. The temperature of
the solution was brought slowly to —10 °C over the course of 3
h, and then chlorotrimethylsilane (0.83 mL, 6.5 mmol) was added
and the mixture stirred at 10 °C for an additional 5 min. The
solution was warmed to 25 °C, the solvent was then removed under
vacuum, and the resulting residue was transferred, with a min-
imum amount of methylene chloride, to a silica gel column.
Elution of the column with 15% methylene chloride/85% hexane,
collection of all the yellow fractions, and removal of the solvent
under vacuum gave 5a (0.36 g, 53%): 'H NMR (CDCl;) 6 4.95
(t,J = 7.0 Hz, 1 H), 4.61 (s, 3 H), 3.60 (s, 3 H), 3.25 (t,J = 7.3
Hz, 2 H), 2.35 (q, J = 7.4 Hz, 2 H), 0.17 (s, 9 H); 3C{'H] NMR
(CDCly) 6 336.80, 203.33, 197.27, 163.28, 122.27, 70.35, 64.26, 58.71,
22.07, -0.47; MS (15.9 eV) m/e 524 (M*, 8%), 496 (2), 468 (6),
440 (30), 384 (25). Anal. Caled for C;sHy0,SiW: C, 34.37; H,
3.85. Found: C, 34.50; H, 3.93. Besides 5a, a small amount of
the (u-bis(carbene))ditungsten complex (CO);W[C(OCH;)CH,C-
H,CH,C(OCH,)]W(CO);,% which is less polar than 5a, was also
isolated.

(E)-(CO); W[C(N(CH,),)CH,CH,CH=C(OCH;)Si(CHj;);]
(5b). To a stirred solution of (CO);W[C(N(CHj;),)CH;] (0.95 g,
2.4 mmol) in 50 mL of THF at -78 °C was added 2.5 M n-
BuLi/hexane (1.2 mL, 2.9 mmol). After the resulting solution
of 3b was stirred for 30 min at —78 °C, a solution of 4a (1.12 g,
2.4 mmol) in 50 mL of THF was introduced through a cannula.
The temperature of the solution was brought slowly to -10 °C
over the course of 3 h, and then chlorotrimethylsilane (1.52 mL,
12.0 mmol) was added. The solution was warmed to 25 °C, the
solvent was removed under vacuum, and the resulting residue was
transferred, with a minimum amount of methylene chloride, to
a column of silica gel. Elution of the column with 20% methy-
lene/80% hexane, collection of all the yellow fractions, and re-
moval of the solvent under vacuum gave 5b (1.15 g, 89%): yellow
needles; mp 123-124 °C; 'H NMR (CDCl,) § 5.06 (t, J = 7.1 Hz,
1 H), 3.78 (s, 3 H), 3.61 (s, 3 H), 3.35 (s, 3 H), 3.14 (t, J = 8.5 Hz,
2 H), 2.24 (m, 2 H), 0.14 (s, 9 H); 3C{!H} NMR (CDCl,) 5 259.01,
203.14, 199.03, 163.98, 121.73, 58.15, 55.95, 53.57, 40.92, 17.36, -0.33;
MS (11.2 eV) m/e 537 (M*, 98%), 509 (62), 481 (61), 453 (100),
425 (1), 397 (14). Anal. Calcd for CigHy3NOgSiW: C, 35.77; H,
4.31; N, 2.61. Found: C, 35.73; H, 4.14; N, 2.57.

(E)-(CO);W[C(OCH;)CH,CH,CH=C(OCH;)Si(CsH;);]
(5¢). To a stirred solution of (CO);W[C(OCH3)CH;] (0.50 g, 1.3
mmol) in 30 mL of THF at -78 °C was added 2.5 M n-BuLi/
hexane (0.63 mL, 1.6 mmol). After stirring the resulting solution
of 3a was stirred for 30 min at -78 °C, a solution of 4b (0.84 g,
1.3 mmol) in 30 mL of THF was introduced through a cannula.
After the reaction mixture was stirred for 2 h at -78 °C, tri-
fluoroacetic acid (0.20 mL, 2.6 mmol) was added with continued
stirring for 5 min. The solution was warmed to 25 °C, the solvent
was removed under vacuum, and the resulting residue was
transferred, with a minimum amount of methylene chloride, to
a column of silica gel. Elution of the column with 10% methylene
chloride/90% hexane, collection of all the fractions from the
second yellow band, and removal of the solvent under vacuum
gave 5¢ (0.21 g, 23%): yellow-orange oily crystals; mp 84 °C dec;
H NMR (CDCl,) § 7.62-7.35 (m, 15 H), 5.06 (t,J = 7.2 Hz, 1 H),
4.50 (s, 3 H), 3.40 (s, 3 H), 3.27 (t,J = 7.3 Hz, 2 H), 2.47 (q, J
= 7.3 Hz, 2 H); 3C{'H} NMR (CDCl,) 4 335.97, 203.19, 197.22,
158.95, 136.07, 133.96, 129.73, 129.13, 127.92, 70.33, 64.13, 59.76,
22.45. Anal. Caled for CoHpgO0,SiW: C, 50.71; H, 3.69. Found:
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C, 51.54; H, 3.89. Repeated attempts to obtain a carbon analysis
within the acceptable +0.4 limits by a combination of recrys-
tallization and chromatography were unsuccessful.

(E)-(CO)sW[C(N(CH,;),)CH,CH,CH=C(OCH;)Si(C¢H);]
(5d). To a stirred solution of (CO);W[C(N(CHs),)CH,) (0.30 g,
0.76 mmol) in 30 mL of THF at -78 °C was added 2.5 M n-
BuLi/hexane (0.36 mL, 0.9 mmol). After the resulting solution
of 3b was stirred for 30 min at —78 °C, a solution of 4b (0.50 g,
0.76 mmol) in 30 mL of THF was transferred through a cannula.
The temperature of the solution was brought slowly to —40 °C
over the course of 3 h, glacial acetic acid (0.21 mL, 3.7 mmol) was
then added, and the mixture was stirred at —40 °C for an addi-
tional 10 min. Next, the solution was warmed to 25 °C, the solvent
was removed under vacuum, and the resulting residue was
transferred, with a minimum amount of methylene chloride, to
a column of silica gel. Elution of the column with 20% methylene
chloride/80% hexane, collection of all the yellow fractions, and
removal of the solvent under vacuum gave 5d (0.31 g, 56%): small
yellow crystals; mp 123 °C; 'H NMR (CDCly) & 7.63-7.36 (m, 15
H), 5.17 (t, J = 7.1 Hz, 1 H), 3.72 (s, 3 H), 3.40 (s, 3 H), 3.26 (s,
3 H), 3.15 (t, J = 8.3 Hz, 2 H), 2.40 (m, 2 H); *H NMR (C¢Dg)
8 17.76 (m, 6 H), 7.19 (m, 9 H), 5.31 (t, J = 7.0 Hz, 1 H), 3.33 (s,
3 H), 2.88 (br s, 5 H), 2.32 (m, 2 H), 2.01 (s, 3 H); *C{!H} NMR
(CDCly) & 258.21, 203.08, 198.91, 159.45, 135.00, 133.80, 129.74,
128.29, 127.96, 59.68, 55.90, 53.07, 40.94, 21.74; ’C{!H} NMR (C¢Dg)
§ 257.40, 203.09, 199.54, 159.99, 136.43, 134.43, 130.13, 128.56,
128.37, 59.65, 55.24, 53.14, 39.88, 21.72. Anal. Calcd for
C3oHgNOgSiW: C, 51.32; H, 4.03; N, 1.93. Found: C, 51.38; H,
4.07; N, 1.79.

Preparation of (E)-(CO);W[C(N(CH;),)CH,CH,CH=C-
(OCH;)Si(CH,);] (5b) and (CO);W[C(N(CH;);)CH,CH,C-
H,C(OCH,)]W(CO); (6). To a stirred solution of (CO);W|[C-
{N(CH,;),)CH,] (0.50 g, 1.3 mmol) in 50 mL of THF at -78 °C
was added 2.5 M n-BuLi/hexane (0.61 mL, 1.6 mmol). After the
mixture was stirred for 30 min, a solution of 4a (0.60 g, 1.3 mmol)
in 50 mL of THF was introduced slowly through a cannula. The
deep red color of 4a was immediately discharged upon its addition
to the solution of anion 3b. The resulting mixture was stirred
at —78 °C for 30 min and warmed to 25 °C, and the solvent was
removed under high vacuum to give a yellow-brown residue. This
residue was taken up in 30 mL of anhydrous THF and passed
through a short column of silica gel with continued elution of the
column with methylene chloride. All the yellow fractions were
collected, and the solvent was removed under vacuum. The
resulting residue was taken up in a minimum amount of methylene
chloride and the solution transferred to a column of silica gel.
Elution of the column with 20% methylene chloride/80% hexane,
collection of the first yellow-orange band, and removal of the
solvent under vacuum afforded 6° (0.58 g, 58%). Continued
elution of the column with 20% methylene chloride/80% hexane,
collection of all the yellow fractions, and removal of the solvent
under vacuum afforded 5b (0.07 g, 10%).

Preparation of (CO);W[C(N(CH;),)CH,CH,CH(Si(Cq-
H;);)C(OCH;)]W(CO); (7d) and Its Rearrangement to 5d.
To a stirred solution of (CO);W[C(N(CHj);)CHjy) (0.10 g, 0.25
mmol) in 10 mL of THF at -78 °C was added 2.5 M n-BuLi/
hexane (0.12 mL, 0.30 mmol). After the resulting solution of 3b
was stirred for 30 min at -78 °C, a solution of 4b (0.17 g, 0.26
mmol) in 10 mL of THF was added through a cannula. After the
reaction mixture was stirred for 1.5 h at =78 °C, a 1 M solution
of HC in anhydrous diethyl ether (0.25 mL, 0.25 mmol) was added
and stirring was continued for 0.5 h at -78 °C. The reaction
mixture was warmed to 0 °C and the solvent removed under
vacuum at this temperature; the resulting residue was transferred,
with a minimum amount of anhydrous methylene chloride, to a
column of silica gel at —30 °C. Elution of the column (at -30 °C)
with 20% methylene chloride/80% hexane produced a red band,
which upon removal of the solvent under vacuum afforded re-
covered 4b (30 mg). The column was eluted further with 20%
methylene chloride/80% hexane, and the resulting yellow fractions
were collected under nitrogen at 0 °C. The solvent was removed
under vacuum at 0 °C to afford 7d (ca. 0.1 g): 'H NMR (CDCly)
6 7.62-7.34 (m, 15 H), 4.83 (dd, J = 10, 3 Hz, 1 H), 4.55 (s, 3 H),
3.64 (s, 3 H), 3.47 (m, 1 H), 2.97 (m, 1 H), 2.78 (s, 3 H), 2.46 (m,
1 H), 1.52 (m, 1 H); 'H NMR (C¢De) 6 7.76-7.01 (m, 15 H), 5.02
(dd, J = 10.6, 2.8 Hz, 1 H), 4.12 (s, 3 H), 3.51 (m, 1 H), 2.88 (m,
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1H), 2.71 (s, 3 H), 2.58 (m, 1 H), 1.81 (s, 3 H), 1.51 (m, 1 H); *C{*H}
NMR (CDCl,) & 338.81, 258.17, 202.61, 198.94, 198.67, 197.40,
136.36, 130.24, 128.10, 128.01, 69.70, 69.58, 55.95, 55.39, 40.09, 27.95.

The rearrangement of 7d to 5d was conducted in an NMR tube
as follows: a small amount (ca. 30 mg) of complex 7d was placed
in a 5-mm NMR tube. The NMR tube was attached to a vacuum
line, and benzene-dg (ca. 0.6 mL), which had been dried first with
calcium hydride and then over sodium metal, was vacuum-
transferred into the NMR tube. The contents of the NMR tube
were subjected to several freeze-thaw-pump cycles, and then the
tube was flame-sealed under vacuum. The progress of the re-
arrangement, which was conducted at 25 °C, was monitored by
observing a decrease in the intensities of the resonances of 7d with
a concomitant increase in the intensities of the resonances of 5d.
Moreover, the solution changed color from an initial clear yellow
to a final opaque brown-black. After 8 h only the NMR resonances
for complex 5d and W(CO); were observed. 'H NMR (CgDg): §
7.77 (m, 6 H), 7.19 (m, 9 H), 5.30 (t,J = 7 Hz, 1 H), 3.33 (s, 3
H), 2.88 (br s, 5 H), 2.33 (m, 2 H), 2.02 (s, 3 H). *C{'H} NMR
(CeDy): & 257.50, 203.07, 199.59, 191.14 (W(CO),), 160.01, 136.45,
134.44, 130.15, 128.60, 128.44, 59.68, 55.24, 53.19, 39.89, 21.74.

(CO);W[C(OCH;)CH,CH,CH,C(0)Si(CH;);] (10a). Com-
plex 5a (100 mg, 0.2 mmol) was dissolved in 25 mL of chloroform,
and then the solvent was removed under vacuum. The resulting
residue was then allowed to stand under nitrogen at 0 °C for 8-10
weeks. After this period, 'H NMR spectroscopy revealed that
quantitative conversion to complex 10a had occurred. The re-
sulting residue was taken up in a minimum amount of methylene
chloride and the solution transferred to a column of silica gel.
Elution of the column with 50% methylene chloride/50% hexane,
collection of all the yellow fractions, and then removal of the
solvent under vacuum afforded 10a: yellow oil; *H NMR (CDCl,)
54.61 (s,3 H), 3.17 (t,J = 7.7 Hz, 2 H), 2.62 (t, J = 7.2 Hz, 2 H),
1.73 (pentet, J = 7.5 Hz, 2 H), 0.20 (s, 9 H); ¥C{'H} NMR (CDCl,)
4 336.20, 246.81, 203.14, 197.19, 70.46, 64.13, 47.03, 18.66, 1.37;
MS (14.4 eV) m/e 510 (M*, 0.6%), 454 (21), 426 (4), 398 (27), 370
(27), 342 (7). Anal. Calcd for C,H,30,SiW: C, 32.95; H, 3.56.

Found: C, 34.88; H, 3.89. The carbon analysis exceeded the
acceptable limit because purification by distillation led to de-
composition.

(CO);W[C(N(CH,),)CH,CH,CH,C(0)Si(CH,);] (10b).
Complex 5b (0.59 g, 1.1 mmol) was dissolved in a solvent mixture
of THF (20 mL), methanol (30 mL), and water (5 mL). Then
5 drops of concentrated sulfuric acid was added with stirring for
24 h at 25 °C. The reaction mixture was then extracted several
times with 50-mL portions of methylene chloride. The resulting
combined organic extracts were washed several times with water,
were then dried over anhydrous magnesium sulfate, and were
finally filtered. The solvent was removed under vacuum, and the
resulting residue was transferred, with a minimum amount of
methylene chloride, to a column of silica gel. Elution of the column
with 30% methylene chloride/70% hexane, collection of all the
yellow fractions, and then removal of the solvent under vacuum
afforded 10b (0.46 g, 80%): orange-yellow oil; 'H NMR (CDCl,)
8 3.70 (s, 3 H), 3.37 (s, 3 H), 2.97 (t, J = 8.8 Hz, 2 H), 2.71 (t, J
= 6.2 Hz, 2 H), 1.55 (m, 2 H), 0.14 (s, 9 H); *C{'H} NMR (CDCl,)
5 257.88, 247.81, 203.00, 198.90, 55.81, 53.38, 47.08, 41.20, 17.22,
1.31; MS (11.2eV) m/e 523 (M*, 0.5%), 495 (4), 467 (2), 439 (0.2).
Anal. Caled for CisHy, NOgSiW: C, 34.43; H, 4.05; N, 2.68. Found:
C, 84.53; H, 4.04; N, 2.63.
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Selective Hydrogenation of a,5-Unsaturated Aldehydes in
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Selective hydrogenation of «,5-unsaturated aldehydes catalyzed by metal-sulfonated phosphine complexes
prepared in situ is reported. The regioselectivity in the reduction was found to depend markedly on the
nature of the metal used (Ru or Rh). Others factors controlling the activity and selectivity in the case
of the ruthenium-sulfonated phosphine system were also investigated. *'P and 'H NMR experiments were
carried out to explain the behavior of the mixture RuCl,/TPPTS (TPPTS = tris(m-sulfophenyl)phosphine
trisodium salt) in water. A possible mechanism that could accommodate these results is discussed.

Introduction

a,8-Unsaturated aldehydes are known to be valuable
intermediates in the field of fragrance and flavor chem-
istry,! and very often the multistep synthesis to new
products involves the selective reduction of the carbony!
function. Hydrogenation of the carbon-carbon double
bond is readily achieved under mild conditions with high

(1) (a) Bauer, K.; Garbe, D. Common Fragrance and Flavor Materials;
VCH: New York, 1985. (b) Bauer, K.; Garbe, D. Uliman Encyclopedia,
3rd ed.; VCH: New York, 1988; Vol. All, p 141.

Scheme I

R! Rt

Ha
Re N X0 — Rz)\/\OH
z T
R! R!
R? )\AO Hz-. R2 )\/\OH

selectivity? whereas catalytic reduction of the aldehyde
group remains a challenging problem (Scheme I).
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