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if reaction 2 is carried out under nitrogen purge, pure 7b
is obtained directly and in yields exceeding 90%. At-
mospheric carbonylation of 7b readily gives 7a, and this
two-step sequence is the preferred route to this compound.
Similar interconversion in a related dirhodium system has
been well-documented by Dixon et al.,'! who have also
chronicled the rich derivatives chemistry of [(n-
CsHs)thz(CO)](#'772,772‘HFB)-12

Clearly the M{(CO),(n?>-HFB) complexes show great
promise toward the synthesis of a variety of dimetalla-
cyclobutenes. The scope of the reaction, the conversion
of the compounds to the corresponding dimetallate-
trahedranes and their further derivatization as well as the
mechanism?? of reactions 1 and 2 are being actively pur-
sued in our laboratories.
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Summary: A variety of ketones react with (n°-
C:Me;), Ti==CH,, formed in situ by thermolysis of the title
compound, to yield Ti enolates in a process that is highly
regioselective and extraordinarily stereoselective.
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Enolates are among the most important synthetic in-
termediates due to the variety of C~C bond-forming re-
actions and other functionalizations they mediate. Fol-
lowing the pioneering studies of Stork and Hudrlik? and
House et al.,? Li enolates have been the most widely used;
however, there has been growing interest in the use of other
metals?* in order to obtain improved selectivity. We wish
to report the preparation of Ti enolates from ketones and
bis(n®-pentamethylcyclopentadienyl)dimethyltitanium(IV)
(1)5 with regioselectivity comparable to hindered amide
bases and the best stereoselectivity yet observed.

As summarized in Table I, good to excellent yields of
enolates result when the corresponding ketones are heated
at 100 °C with a slight excess of 1 in toluene in a sealed
tube (or under a static Ar atmosphere). For example 2-
methylcyclohexanone (2b) yielded 87% of the less sub-
stituted enolate 3b and <0.5% of the more substituted one
3c. When 2b was treated with lithium diisopropylamide
(LDA) and trimethylsilyl chloride, a 99:1 ratio of less
substituted to more substituted trimethylsilyl enol ethers
was obtained.? With excess 2b, the mixture of enolates 3b
+ 3¢ observed initially was converted completely to 3¢ by
continued heating (48 h at 100 °C). No enolate 3d was
detected when the substrate was 2,6-dimethylcyclo-
hexanone (2d). In the acyclic series, methyl isopropyl
ketone (4e) afforded an 86:3 ratio of yields of less sub-
stituted (5e) to more substituted (5f) enolates. The minor
enolate (5f) is probably not formed directly from 4e, as
diisopropyl ketone (4g) yielded no detectable enolate 5g.
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i,Ry = Rp=H, Ry= Ph
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k,Ry = Rp:H, Ry* CHaPh

Although methyl ethyl ketone (4a) afforded a mixture
of all three possible enolates (5a, 6a, and 5b), diethyl ke-

tone (4c) and dipropyl ketone (4d) each yielded only a
single enolate (5¢ and 5d, respectively) within the limit of
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Table I. Enolate Formation from Ketones and Cp,*TiMe,

ketone enolate % yield®
2a 3a 95
2b 3b 87
3c <0.5
2d 3d <0.5
4a 5a 34
6a 11 } 79
5b 34
4c 5¢c 91
6c <0.5
4d 5d 81
6d <0.5
4e 5e 86
5¢ 3} 8
4ig 5g <0.5
4h 5h 71 (99)°
4i 5i 74 (96)°
4 5 67
6j 7 } 75
5k 1
7 8a 62
8b 4} 66
9 10 63 (80)°
11 12 86
13a 14a 94
13b 14b 80
15 5

¢Determined by *H NMR spectroscopy in toluene-dg after 21 £
1 h at 100 £ 2 °C. No enolate detected is signified by <0.56%.
b After 115 h at 80 °C in toluene-ds.

detection by 'H NMR (~0.5%). The E stereochemistry
was assigned on the basis of NOE experiments, which
showed a 5-10% enhancement of the vinyl H signal for
the E isomer but a negligible one for the Z isomer when
the Ti-bound methyl was irradiated.® These NOE ex-
periments were performed on samples, prepared by using
excess ketone at 80 °C (4 days), which had E:Z ratios of
yields equal to 64:36 and 89:4 starting from 4c¢ and 44,
respectively. The chemical shifts of the vinyl H’s (Table
I1, supplementary material) follow the general rule that
the (E)-enolate H resonance is downfield from the (Z)-
enolate H resonance.?> On the basis of these results, we
conclude that steric factors play an exceedingly important
role in these reactions of 1 (vide infra). Furthermore, they
appear in a dramatic fashion as the substrate goes from
4a to 4c, a change of but one CH, moiety.

For comparison, Clark and Untch” reported that treat-
ment of 4d with LDA and subsequent addition of t-
BuMe,SiCl gave a 65:35 mixture of (E)- and (Z)-enolates,
respectively. Corey and Gross® demonstrated that treat-
ment of 4¢ with lithium tert-octyl-tert-butylamide (LOBA)
in the presence of Me,SiCl afforded a 98:2 E:Z mixture.
Ireland et al.? had reported that the sequential trapping
procedure using LDA and ¢t-BuMe,SiCl on 4¢ gave a 77:23
ratio of E:Z silyl enol ethers, and Corey and Gross® re-
ported a 77:23 E:Z ratio of trimethylsilyl enol ethers from
the “internally trapped reaction” of 4¢ with LDA /Me;SiCL
The sequential treatment of 4¢ with LOBA and Me;SiCl
was not reported; therefore, it is not clear that the com-
bined reagent is crucial in this particular case, especially
in light of the agreement between the (sequential) results

(6) The geometry of trimethylsilyl enol ethers has been assigned in an
analogous manner: Keller, T. H.; Neeland, E. G.; Weiler, L. J. Org. Chem.
1987, 52, 1870.
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(8) Corey, E. J.; Gross, A. W. Tetrahedron Lett. 1984, 25, 495.

(9) Ireland, R. E.; Mueller, R. H.; Willard, A. K. J. Am. Chem. Soc.
1976, 98, 2868.
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of Ireland et al. and the (internally trapped) results of
Corey and Gross, when LDA was the base in each case. In
any event, our ratio of E:Z > 180 is the best stereoselec-
tivity yet observed for enolate formation from 4c.

In some cases, notably methyl tert-butyl ketone (4h) and
acetophenone (4i), the yields were substantially improved
by running the reactions at 80 °C rather than 100 °C. For
comparison with our results for 4j, the use of LDA followed
by Me3SiCl resulted in an 86:14 ratio of E:Z trimethylsilyl
enol ethers,? corresponding to our enolates 5j and 6j, re-
spectively. Some other interesting results were obtained
from 2-cyclohexenone (7), which afforded predominantly
the extended enolate (8a, see supplementary material)
rather than the cross-conjugated isomer (8b), and 2,3-ep-
oxycyclohexanone (9), which gave chemoselective enolate
formation (cf. 10) rather than epoxide opening. Cyclo-
hexane-1,4-dione (11, 0.5 equiv) yielded the 1,3-diene 12
rather than the isomeric 1,4-diene derivative. Steroidal
ketones 5a-cholestan-3-one (13a) and progesterone (13b)
yielded the A%*-enolates 14a and 14b, respectively.l’ In
the latter case, some (5%) of the cross-conjugated enolate
(15) was formed along with the extended enoclate 14b, as
in the case of 7.

The mechanism of enolate formation was elucidated
with the aid of cyclohexanone-2,2,6,6-d,. H-abstraction
from the ketone is not rate-limiting, as ky/kp ~ 1.1 £ 0.1.1!
Moreover, C'H, was the only methane isotopomer detected
by GC-MS in the headspace above the reaction mixture,
and the deuterium atom removed from the ketone was
located by NMR on the Ti-bound methyl group. Scheme
I is consistent with our labeling results and the lack of a
significant kinetic isotope effect, assuming that the first
step is rate-limiting. The highly ordered transition state
helps explain the high levels of selectivity observed, as it
prevents the substrate from avoiding the steric constraints
imposed by the two pentamethylcyclopentadienyls.
Scheme I also incorporates the ideas of McDade, Green,
and Bercaw,® who studied the thermal decomposition of
1 to the fulvene complex (°-C;Me;)(C;Me,CH,)TiMe (16)
and methane. They interpreted the results of their kinetic
and labeling studies in terms of the titanium-methylidene
intermediate (3°-C;Me;),TiCH,. We also observed 16 in
those cases (2d, 4g) where no enolate was produced.

Clawson, Buchwald, and Grubbs!? reported that the
titanocene methylene species Cp,TiCH, (generated in situ)
converts enolizable ketones to olefins but that it converts
hindered, «,a-disubstituted ketones to the corresponding
enolates. They interpreted this change in terms of steric
hindrance to the formation of a metallocyclobutane in-
termediate in the olefination reaction of crowded ketones.
Apparently, by making the methylene reagent more
crowded, we also effectively suppress the olefination re-
action, as we observe at most traces of the corresponding
olefins by capillary GLC.

Stille and Grubbs!® have also prepared Ti enolates from
Cp,;TiCH, and acid chlorides. Although this reaction is

. A RCOCH
CpF TilGH3)p ——= Gp¥ Ti==CH, =0 .
ity
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limited to the preparation of such enolates as would be
obtained by H removal from the methyl group of methyl
ketones, it is a useful complement to our approach, which
is not regioselective in the case of some methyl ketones (cf.
4a). The preparation of Ti enolates from TiCl, and tri-
methylsilyl enol ethers,! from (i-Pr0);TiCl and Li eno-
lates,® or from Cp,TiMeCl and Li enolates!® is limited by
the selectivity with which the starting materials can be
prepared.
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Summary: Reduction of bis(n®-arene)vanadium(0) com-
plexes with potassium gives the corresponding bis(n®-ar-
ene)vanadium(-I) derivatives (arene = CgHq, 1,3,5-
C¢Hs;Me,) as their Kt salts. A single-crystal diffraction
study of solvated K[(1°-1,3,5-C¢H;Me;),V] shows that the
anion presents two different rotameric configurations in
the solid, though the sandwich structure is preserved, and
that contact ion pairs are established with the Kt cations,
which also interact with THF and dioxane solvent mole-
cules. Crystal data: monoclinic, space group P2, a =
10.213 (2) A, b = 18.518 3) A, c = 13.402 3)A, 8 =
89.58 (1)°, V = 2534.6 A% and Z = 4.
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In 1975 it was reported that the EPR signal of [V(Cg-
Hg),] (1a) disappears on contacting the latter with a po-
tassium mirror in chelating solvents.! However, in spite
of the theoretical and practical implications of this ob-
servation, organovanadium(-I) chemistry is still restricted
to the hexacarbonylvanadate anion and its substituted
derivatives.?

We now report that, when 1 is mixed with excess po-
tassium sand in tetrahydrofuran, THF? at room temper-
ature, dark exceedingly air-sensitive solutions result.!

[V(arene)] + K ——— K[V(arene),] a)
1a,b 2a,b

a, arene = CgH,;
b, arene = 1,3,5-C¢H;Me; (mesitylene)

After filtration of the unreacted potassium and addition
of either diethyl ether or n-heptane, 2a precipitates as a
black microcrystalline solid.> On the other hand, ditution
of a filtered THF solution of 2b by either of the same
solvents causes immediate and quantitative decomposition
to 1b and elemental potassium.®

On cooling a concentrated solution (0.22 M) to —40 °C,
2b was isolated as a black microcrystalline product in low
yield (ca. 20%). 2b is even more air sensitive than 2a and
is decomposed into elemental potassium and 1b when
suspended in n-heptane.”

When 1b and potassium sand were mixed in 1,4-dioxane,
a burgundy-brown powder separated out. When it was
redissolved by adding sufficient THF to the reaction
mixture and cooling to —40 °C, black-brown crystals, 2¢,
suitable for X-ray data collection, could be grown.?

The crystallographic study shows that the asymmetric
unit contains two independent {V(CsH;Mey),]™ sandwiches
and their respective K* cations and two THF, and one
dioxane solvent molecules.? Despite the poor quality of

(1) Elschenbroich, C.; Gerson, F. J. Am. Chem. Soc. 1975, 97,
3556-3557.

(2) (a) Calderazzo, F.; Pampaloni, G. J. Organomet. Chem, 1983, 250,
(C33-C35 and references therein. (b) Wenke, D.; Rehder, D. Ibid. 1984,
273, C43-C45. (c) Richmond, T. G.; Shi, Q.-Z.; Trogler, W. C.; Basolo,
F. J. Chem. Soc., Chem. Commun. 1983, 650-652. (d) Calderazzo, F.;
Pampaloni, G.; Vitali, D.; Zanazzi, P. F. J. Chem. Soc., Dalton Trans.
1982, 1993-1997. (e) Calderazzo, F.; Pampaloni, G.; Vitali, D. Gazz. Chim.
Ital. 1981, 111, 455-458. (f) Allinson, J. S.; Aylett, B. J.; Colquhoun, H.
M. J. Organomet. Chem. 1976, 112, C7-C8. (g) Davison, A.; Reger, D.
L. Ibid. 1970, 23, 491-496. (h) Ellis, J. E.; Faltynek, R. A. Ibid. 1975, 93,
205-217.

(8) Vanadium concentrations were 0.03-0.1 M.

(4) In the case of benzene as the ligand, by careful filtration and
titration of the unreacted potassium, the quantitative formation of a 1:1
K/V adduct was demonstrated.

(5) The composition KV(CgHg),-1.25THF was established analytically
after careful addition of water (alkalimetric titration for K; recovery of
la; GC for THF).

(6) On the basis of a titration of the potassium released during such
a decomposition, a 70% yield could be evaluated for the formation of 2b
in reaction 1.

(7) From the titration of the released potassium, the approximate
composition KV(CgHzMey)-2THF was deduced (K: found, 8.0; caled,
8.2).

(8) Crystal data for K[V(C;H;Me;),)-(C4H0)-!/2(CH0,) (2¢):
monoclinic, space group P2, from satisfactory refinement (see below); a
=10.213 (2) A, b= 18518 (3) A,c = 13.402 (3) A, 8 = 89.58 (1)°, V =
2534.6 A3, Z = 4, F(000) = 952, D ;cq = 1.17 g/cm®, Mo Ka radiation, A
=0.71069 A, x(Mo Ka) = 5.56 cm'cf, w ~2 6 scan mode, 6 range = 2.5-25°,
R = 0.057, and R,, = 0.061 for 1181 independent reflections with F, >
50(F,). The space group determination was not straightforward: initial
attempts in the orthorhombic P2,2,2, (from systematic absences) were
not successful; the monoclinic choice was adopted after a careful exam-
ination of the equivalence conditions.
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