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Table II. Oxidation of 5§ or 9 To Give Alcohols 7 or 10

[a]p
yield,® (¢ 1, CDCly), % ee
R product % deg lit. [a]p GC*
Me Ta 91 -39 -41.3% 98.5
nPr Tc 90 ~45 -48.6°  >995
Et b 92 ~44 -47.6¢ 99.0
PhCH, 7d 82 -14 -56.14 f
1(CH,); 10c 84 -21
CI(CH,),  10a 89 -33
CI(CH,), 10b 87 -32

@ After flash chromatography. ®Reported values for Aldrich. <See:
Yoshioka, M. Kawakita, T.; Ohno, M. Tetrahedron Lett. 1989, 30,
1657-1660. 4See: Berti, G.; Bottari, F.; Ferrarini, P. L.; Macchia, B.
J. Org. Chem. 1965, 30, 4091-4096. ¢The % ee was determined by
GC according to ref 17. /The % ee of 7d was determined by 'H NMR
using Eu(tfc), to be better than 95%. We are unable at the present
time to account for the discrepancy between the 'H NMR determina-
tion and the literature [«]p values.

infra), compound 5a was formed as a mixture of diastereomers
(75:25, 50% de). However, when the same reaction was carried
out in ether as solvent, compound 5a was obtained as a single
diastereomer. Since the 'H NMR signals of the Si-Me of the
two diastereomers are clearly separable (6 = 0.057 and —0.081
for the major diastereomer and 6 = 0.002 and —0.034 for the minor
one) at 200 MHz, the diastereomeric excess must be better than
the detection limit of NMR. similar alkylation of the carbanion
4 in ether with several alkyl halides gave the corresponding al-
kylated products § in good yield (Table I), again in high dia-
stereomeric excess according to 'H NMR.

The usefulness of organosilicon compounds in synthesis is due
in large part to the ease by which the silyl group can be replaced
under electrophilic substitution conditions and can thus be con-
sidered as a latent functional group.!3 However, in the case of
an alkylsilane where electrophilic substitution has to occur at a
saturated carbon, the presence of one or more electronegative
groups such as halogen or oxygen (or its equivalent) on the silyl
moiety is often required to facilitate the reaction.'*!> Recently
we found, however, that (aminomethyl)silanes can be readily
oxidized to the corresponding silanols.'® Indeed, when 5a was
treated with H,0,, oxidative cleavage of the aminomethyl car-
bon-silicon bond occurred to give silanol 6 together with phe-

Me

HO Ph
N

i
SN 6

nylethanol (7a). If the oxidation was carried out with H,0O, and
KHCO,; for a longer period (15 h), complete conversion of Sa via
6 into (S)-(-)-phenylethanol (7a) took place. Similar oxidation
of 8b,c gave the corresponding arylcarbinols 7, again in good yield.
In all cases, the arylcarbinols have the S configuration. For
compound 7c¢, the enantiomeric excess was found to be better than
99.5%, the detection limit of the capillary gas chromatographic
method.!’

We attribute the stereochemical results in the following manner.
The carbanion 4 is most likely to have the lithium ion coordinated
to both the nitrogen and the oxygen atoms of the pyrrolidine ligand
as in 8a or 8b. Similar internal chelation has been suggested for

(13) Chan, T. H,; Fleming, 1. Synthesis 1979, 761.

(14) Tamao, K.; Takui, T.; Kumada, M. J. Am. Chem. Soc. 1978, 100,
2268.

(15) Fleming, 1.: Henning, R.; Plaut, H. J. Chem. Soc., Chem. Commun.
1984, 29.

(16) Chan, T. H.; Chen, L. M.; Wang, D. J. Chem. Soc., Chem. Commun.
1988, 1280. See also: Silverman, R. B.; Banik, G. M. J. Am. Chem. Soc.
1987, 109, 2219. The (S)-(+)-2-(methoxymethyl)pyrrolidine (3) could not
be recovered from the aqueous phase after oxidation.

(17) The method of capillary gas chromatography using a chiral column
for separation of enantiomeric alcohols as their isopropylcarbamates was used.
See: Konig, W. A.; Francke, W.; Benecke, J. J. Chromatogr. 1982, 239, 227.
Under our conditions, a lower limit of 0.4% of one of the enantiomers in the
presence of the other would have been detected.
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other silyl carbanions.'® Of the two diastereomeric structures,
8a is likely to be preferred because the more bulky phenyl group
is placed exo to the bicyclic system. The electrophile RX reacts
with 8a presumably with retention of stereochemistry in a Sg-type
reaction, to give § with the S configuration at the benzylic carbon.
Since it is well established that oxidative cleavage of the car-
bon-silicon bond occurs with retention of stereochemistry,!* S-
arylcarbinol 7 is obtained as the final product.

Alkylation of the carbanion 4 with dihalides can be selectively
controlled at the monoalkylation stage to give compounds 9, again
with the same high diastereoselectivity (Table 1). Subsequent
oxidation of 9 gave the halo alcohols 10 (Table 11). Either 9 or
10 can be manipulated further by functional-group transforma-
tions. An example is the conversion of the halo alcohols 10a,b
under basic conditions to the optically active cyclic ethers 11a,b.

The present results demonstrate that highly stereoselective
reaction can be achieved with chiral organosilicon compounds.
Since the chemistry of a-silyl carbanions!® as well as the elec-
trophile substitution reactions of organosilicon compounds!? have
been extensively utilized in organic synthesis, we expect that chiral
organosilicon compound 1 and similar reagents will find application
in enantioselective synthesis,
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The migratory insertion reaction of alkylcarbonyl metal com-
pounds is one of the most fundamental reactions in organometallic
chemistry.2 An interesting comparison arises in the group V
metals, since vanadocene systems readily form acyls via this route?
while niobium and tantalum analogues* do not (eq 1 and 2).°

Cp,YMe + 2CO — Cp,V(CO)(COMe) )
Cp,NbMe + CO — Cp,Nb(CO)(Me) )

(1) (a) Wesleyan University. (b) Yale University.

(2) Collman, J. P.; Hegedus, L. S. Principles and Applications of Orga-
notransition Metal Chemistry; University Science Books: Mill Valley, CA,
1980; Chapter S.

(3) Fachinetti, G.; Del Nero, S,; Floriani, C. J. Chem. Soc., Dalton Trans.
1976, 203~-208.

(4) (2) Labinger, J. A,; Schwartz, J. J. Am. Chem. Soc. 1975, 97,
1596-1597. (b) Klazinga, A. H,; Teuben, J. H. J. Organomet. Chem. 1979,
165, 31-37. (c) Otto, E. E. H.; Brintzinger, H. H. J. Organomet. Chem. 1979,
170, 209-216. (d) Klazinga, A. H,; Teuben, J. H. J. Organomet. Chem. 1980,
194, 309-316. (e) Parshall, G. W.; Schrock, R. R. Chem. Rev. 1976, 76,
243-268.

(5) Abbreviations used: Cp = (n°-CsHy), Cp’ = (*-CsH,SiMe,), Cp* =
(n*-CsMes).
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Figure 1. ORTEP drawing of the cation in 2 with most of the hydrogens
omitted for clarity. Key bond lengths: Nb—C¢ 2.446 (2); Nb-Cl, 2.121
(5); Nb-01, 2.233 (4); C1-01, 1.242 (5); C1-C2, 1.506 (8) A. Angles:
C¢-Nb-01, 80.9 (1), O1-Nb-Cl, 32.4 (2); Nb-C1-01, 78.8 (3); Ol~
C1-C2, 127.1 (5)°.

Brintzinger reported that [Cp,Nb(CO),] [BF,] reacts with MeLi
to give Cp,Nb(Me)(CO) and suggested the intermediacy of
Cp,Nb(COMe)(CO).%* Also, Schrock reported the reaction of
Cp*TaMe, with CO to give an acetone complex Cp*Ta(Me),-
(O=CMe,):6 an acyl intermediate is also likely in this process.’
However, there are no isolable acylmetallocenes for these metals.
We recently reported the preparation of the C=0 bound ketene
complexes exo-Cp’,Nb(Cl)(O=C=CR;) (R, = Me,, Ph;, MePh,
EtPh) and described the conversion of one derivative to the first
hydride-ketene complex, exo-Cp’,Nb(H)(O=C=CMePh).}
Since complexed heterocumulenes often exhibit enhanced nu-
cleophilicity at the free terminus,® we sought the conversion of
these compounds to niobocene acyls. Herein we describe the
preparation, structure, and reactivity of two such compounds, one
of which is a highly electron deficient acyl hydride compound
which results from the preferential protonation of a ketene ligand.

The addition of 1.1 equiv of HBF,-OEt, to an ether suspension
of yellow Cp’,Nb(Cl)(O=C=CEtPh) (1) causes the suspended
solid to dissolve immediately with bleaching of the yellow color.
After 30 s (25 °C), a colorless solid precipitates (70%) and is
isolated by filtration; it may be recrystallized from CH,Cl,/Et,0.
The product is identified as the cationic acyl [Cp’,Nb(Cl)(»?*-
COCHEtPh)][BF,] (2) (eq 3). While the reaction proceeds

Cl cl+ -

CpoNb“0 + HBF4 OEt, — CpNbeO BFs (3)
\CI Etgo \6/
LI} 1
E/C\ Et"lc\
 “ph '/ Npn
1 2

cleanly for other ketene complexes (as seen by NMR), the
products are isolated as pale yellow oils; as such, the chemistry
to be discussed below was carried out with 2. The 'H NMR
spectrum of 2 is consistent with the proposed formulation,!® and

(6) Wood, C. D.; Schrock, R. R. J. Am. Chem. Soc. 1979, 101, 5421-5422,

(7) Arnold, J; Tilley, T. D.; Rheingold, A. L.; Geib, S. J.; Arif, A. M. J.
Am. Chem. Soc. 1989, 111, 149~164.

(8) Halfon, S. E.; Fermin, M. C.; Bruno, J. W. J. Am. Chem. Soc. 1989,
111, 5490-5491.

(9) (a) Bianchini, C.; Mealli, C.; Meli, A.; Sabat, M,; Silvestri, J.; Hoff-
man, R. Organometallics 1986, 5, 1733-1742. (b) Khasnis, D. V.; LeBozec,
H.; Dixneuf, P. H.; Adams, R. D. Organometallics 1986, 5, 1772-1778.
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the IR spectrum contains an acyl C=0 stretch at 1615 cm™’,
indicative of an n*acyl.!! The crystal structure determination!?
(Figure 1) confirms this. The cation and anion are well separated,
and the closest non-hydrogen cation—anion contact (3.191 (9) A)
is between a BF,” fluoride and a Cp’ carbon (C13). The acyl
ligand is in the O-inside configuration, as is seen in the thermo-
dynamic isomer of the isoelectronic zirconium analogue Cp,Zr-
(C1)(COMe).!? Key distances and angles for 2 are given in the
figure caption.

Since trivalent (CsR),Nb(COR)(L) is otherwise unavailable
(eq 2), we sought the reduction of compound 2 (a Nb(V) com-
pound) as a means of generating such a species and observing its
degradation pathway(s). Reduction with 2 equiv of amalgamated
sodium proceeds as shown in eq 4. The product is the ketene-

ct

P - 2Na M H
CpaNgeD BF: > CoaN-O + cppNgtp (4)
& THF c N
] LI 1
.C o] c
Btd e Et’ ‘Ph Ph’ et
2 E-3 Z-3

hydride compound exo-Cp/,;Nb(H)(O=C=CEtPh) (3), isolated
as a mixture of E and Z isomers; this class of compounds is known
to undergo facile E-Z isomerization in THF solution.® To probe
the mechanism by which 3 arises, the deuterium analogue 2-d;
was prepared from 1 and D,SO,. Treatment of this compound
with sodium (as in eq 4) gave rise to Cp’,Nb(D)(O=C=CEtPh),
as indicated by 'H and ?D NMR; the latter confirmed that the
Nb-D site was the only deuterated position. As such, the acyl
B-hydrogen is the source of the hydride ligand in 3.1

We indicated earlier that the chemistry of the chloro ketene
complexes Cp’,Nb(C1)(O==C=CR,) is dominated by the ketene
ligand,? and the protonation chemistry (eq 3) also occurs there.
However, in complex 3 the hydride is also potentially reactive
toward electrophiles. As such, we treated 3 with HBF,-Et,0O in
order to probe the regiochemistry of addition. The reaction (eq
5) proceeded cleanly to the cationic acyl hydride 4, with no sign

H H* .
CpaNDZO + HBF; OEt, —»= CpNG«O BFs (%)
ol Eto0 &
LI 1
o S
Et” 'ph B4 Nppy
H
3 4

of hydride protonolysis. The formulation of 4 is confirmed by
'H NMR, which shows ethyl and phenyl resonances, eight Cp~H
and two SiMe; resonances for the nonequivalent Cp’ groups, the
acyl 8-hydrogen (5.13 ppm, apparent triplet), and the Nb-H at
2.79 ppm;'© this latter resonance is relatively far downfield for
a metal hydride, but this is to be expected for a cationic Nb(V)
hydride. Compound 4 is more conveniently prepared from chloro
acyl 2 without isolation of the intermediate 3, and the yield of
this two-step sequence is 61% (based on 2); 4 can be recrystallized
from CH,Cl,/Et,0 to give well-formed transparent parallelep-
ipeds. Like 2, it is reasonably air-stable in the solid state for several
hours, but gradually yellows; both are indefinitely stable under
inert atmosphere. Compound 4 is a member of a relatively small

(10) Spectral and analytical data and full details of the synthetic procedure
are included as supplementary material.

(11) (a) Curtis, M. D.; Shiu, K.-B.; Butler, W. M. J. Am. Chem. Soc.
1986, 108, 1550-1561. (b) Durfee, L. D.; Rothwell, I. P. Chem. Rev. 1988,
88, 1059-1079.

(12) Crystal data for 2: C,H;;NbCIOSi;BF,, MW = 636.91, monoclinic,
P2y, a=71.654 (1) A, b =15405 (4) &, c = 26.376 (6) A, a = v = 90°,
8 =93.35(2)°, ¥ =13105 (2) A}, Z = 4, D = 1.36 g cm™. Full details are
provided as supplementary material. .

(13) Erker, G.; Rosenfeldt, F. Angew. Chem., Int. Ed. Engl. 1978, 17,
605-606.

(14) (a) Hommeltoft, S. 1.; Baird, M. C. J. Am. Chem. Soc. 1985, 107,
2548-2549. (b) Hommeltoft, S. I; Baird, M. C. Organometallics 1986, 5,
190-195. (c) Sunch, S.; Baird, M. C. J. Organomet. Chem. 1988, 338,
255-260.
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class of monometallic acyl hydrides!*16 and is unusual even among
this group. Most other known examples have been prepared by
oxidative addition of aldehydes to late-transition-metal centers,
and none are as electron-deficient as this cationic Nb(V) derivative.
In spite of this, 4 shows no tendency (at 25 °C) to eliminate
aldehyde, presumably because this is precluded by the O-inside
geometry. If 4 is treated with 2 equiv of sodium, it reverts to the
ketene hydride complex 3; mechanistic studies are in progress.

In summary, then, we have utilized metal-ketene precursors
to prepare and characterize the first acylniobocene compounds.
These highly substituted derivatives show a tendency to degrade
via §-H elimination, giving ketene-hydride complexes. Studies
of the chemistry of these and related compounds are ongoing.
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Supplementary Material Available: Tables of spectral and
analytical data for 2 and 4, synthetic procedures, and listings of
unit cell data, bond lengths and angles, atomic coordinates, and
thermal parameters for 2 (11 pages); listing of observed and
calculated structure factors for 2 (20 pages). Ordering information
is given on any current masthead page.

(15) (a) Francis, B. R.; Green, M. L. H.; Luong-thi, T.; Moser, G. A. J.
Chem. Soc., Dalton Trans. 1976, 1339-1345. (b) Suggs, J. W. J. Am. Chem.
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1742-1751. (f) Thorn, D. L. J. Am. Chem. Soc. 1980, 102, 7109-7110. (g)
Landvatter, E. F.; Rauchfuss, T. B. Organometallics 1982, I, 506-513. (h)
Milstein, D. Organometallics 1982, 1, 1549-1551. (i) Bianchini, C.; Meli,
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ganometallics 1989, 8, 337-345. (j) Bianchini, C.; Peruzzini, M.; Vizza, F;
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(16) A bimetallic derivative is known: Churchill, M. R.; Wasserman, H.
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Recent experiments have demonstrated a simple relationship

between the rates and energetics for electron-transfer (ET) re-
actions.”® The dependence of long-range intramolecular ET rate
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(1) (a) Calcaterra, L. T.; Closs, G. L.; Miller, J. R. J. Am. Chem. Soc.
1983, 105, 670. (b) Miller, J. R.; Calcaterra, L. T.; Closs, G. L. Ibid. 1984,
106, 3047, (¢) Closs, G. L.; Calcaterra, L. T.; Green, N. J.; Penfield, K. W;
Miller, J. R. J. Phys. Chem. 1986, 90, 3673. (d) Closs, G. L.; Miller, J. R.
Science 1988, 240, 440.

(2) (a) Irvine, M. B.; Harrison, R. J.; Beddard, G. S.; Leighton, P.; San-
ders, J. K. M., Chem. Phys, 1986, 104, 315. (b) Harrison, R. J.; Pearce, B.;
Beddard, G. S.; Cowan, J. A.; Sanders, J. K. M, Chem. Phys. 1987, 116, 429.

(3) Wasielewski, M. R.; Niemczyk, M. P.; Svec, W. A ; Pewitt, E. B. J.
Am. Chem. Soc. 19858, 107, 1080.

constants on the free-energy change (AG®) remarkably confirmed
predictions of theory.” Those data together with a fit to theory
could be used to predict the activation energies for the ET reactions
with the knowledge of temperature dependence of AG® and the
solvent reorganization energy. Therefore the measurement of
temperature-dependence, reported in Figure 1, provides a critical
test of the internal consistency of electron-transfer theory and its
implementation in describing ET rate as a function of AG®.

The reaction studied is the charge-shift ET from biphenylyl”
(B~) to naphthyl (N) group in the rigid molecule BSN shown in
the inset to Figure I. ET rates were measured in the temperature
range —94 to 100 °C® by pulse radiolysis, which is used to add
an electron to the bifunctional molecule. Time-dependent con-
centrations of the radical anions were followed by their optical
absorption. Sample preparation and data analysis have been
described elsewhere.! Solutions in 2-methyltetrahydrofuran
(MTHF) in silica cells were held in an insulated metal block which
was cooled by cold nitrogen gas and regulated to £0.5 °C by a
temperature controller (Love Control 585).

AG®° and T Dependence. Earlier measurements! at room
temperature of ET rates in the molecule shown in Figure 1 and
seven others in which different acceptor groups replaced the
naphthyl provided a range of AG® from -0.06 to —2.5 eV. Those
data were well-described by nonadiabatic ET theory of eq 1, in
which the ET reaction is considered coupled to reorganization of
both low-frequency (hAv < kT) motions of the solvent and high-
frequency (hv >> kT) skeletal vibrations of the donor and acceptor
groups. The solvent reorganization energy (A; = 0.75 eV), the

ke = (n) B2Akg TV 32 (eSS /wl) expl-[(\ + AG® +
w=0
who)? JANksT]) S = A/hw (1)

reorganization energy (A, = 0.45 eV) of high frequency modes,
represented by a single average frequency (hv = 1500 cm™), and
electronic coupling matrix element (V) were determined from
dependence of k., on AG®. The ET rate predicted by eq | with
use of these reorganization parameters is plotted along with the
measured ET rates as a function of temperature in Figure 1. This
comparison must consider the temperature dependence of AG®
and A,

Thermodynamics. The temperature dependence of AG® was
determined from direct measurement of the reaction equilibrium
constant, K,q (B'SN = BSN-).? Over the temperature range
100 to —94 °C AG® can be described as AH® — TAS® with AH®
=-1.5 £ 0.1 kcal/mol and AS® = -0.49 £ 0.37 cal/mol-K. This
standard entropy change is very small: TAS® = -0.15 £ 0.11
keal/mol at 25 °C, which is only one tenth of AH® or one fourth
of kT. This observation is consistent with an early report.10 It
is also consistent with the expectation that little entropy change
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1987, 109, 3794. (b) Gould, I. R.; Moody, R.; Farid, S. 7bid. 1988, 110, 7242.
(¢) Gould, I. R.; Moser, J. E.; Armitage, B.; Farid, S.; Goodman, J. L.;
Herman, M. S. 7bid. 1989, 111, 1917.
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Kakitani, T. Chem. Phys. 1988, 127, 249. (c) Mataga, N.; Kanda, Y.; Asahi,
T.; Miyasaka, H,; Okada, T.; Kakitani, T. /bid. 1988, 127, 239.
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4353,
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Biophys. Acta 1988, 811, 265. (d) Devault, D. Quantum Mechanical Tun-
nelling in Biological Systems, 2nd ed.; Cambridge University Press: Cam-
bridge, England, 1984.

(8) The sample is sealed in the cell under vacuum, and 100 °C (greater
than the boiling point of MTHF) can be reached under moderate pressure.

(9) To accurately determine K at temperatures below —20 °C, mixtures
of BC and NC, in which the spacer is cyclohexane were used. At room
temperature and above Ko measured with BC/NC or BS/NS mixtures agree
with each other and those obtained with the bifunctional molecule BSN.
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Reactions; Szwarc, M., Ed.; Wiley: New York, 1974; Vol 2, p 47.
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