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the acid scavenger of choice, although this reagent did not prove
suitable for use in relatively slow annulations involving highly
substituted allenes or allenes which are not very soluble in ace-
tonitrile. For example, treatment of allenylsilane 1b with 2 equiv
of TpBF, and excess poly(4-vinylpyridine) furnished the desired
azulene in only 46% yield (68% based on recovered allene) after
67 hat 25 °C.> In cases such as this superior results are obtained
by employing methyltrimethoxysilane as the acid scavenger
(entries 2-6).

As indicated in Table I, the new azulene synthesis proceeds best
with 1,3-dialkyl(zert-butyldimethylsilyl)allenes. Annulations
employing (tert-butyldimethylsilyl)allenes are more efficient than
those involving trimethylsilyl derivatives, since in the latter re-
actions desilylation of the intermediate vinyl cations occurs to
generate propargyl-substituted cycloheptatrienes as significant
byproducts. As expected, allenylsilanes lacking C-1 alkyl groups
(Scheme I, R! = H) do not participate in the reaction since in
these cases the desired annulation would require the unfavorable
rearrangement of a secondary to primary vinyl cation. Finally,
reactions employing allenylsilanes lacking C-3 substituents (e.g.,
entry 7) proceed in diminished yield due to the partial destruction
of annulation product initiated by the electrophilic attack of
tropylium cation at C-3 of the azulene.®

Preliminary experiments indicate that this [3 + 2] annulation
can also be applied to substituted tropylium derivatives provided
that the substituent does not bear protons on its o-carbon atom.’
Thus as shown in Scheme 11, allenylsilane 1a was found to combine
with phenyl- (15a)® and ter:-butyltropylium tetrafluoroborate
(15b)° to afford a mixture of isomeric azulenes in which the C-5
substituted product is the predominant regioisomer.

To our knowledge the annulation products produced in this
study are the first 2-silylazulenes to be reported. If desired, the
2-trialkylsilyl group can easily be removed by protodesilylation.
For example, exposure of 8 to 48% aqueous HBF, in CH;CN at
25 °C for 30 min furnished blue crystals of 1,3-dimethylazulene!®
in quantitative yield. We anticipate that this annulation strategy
will find wide application for the preparation of diverse substituted
azulenes.
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(5) In the case of relatively slow annulations, decomposition of TpBF,
becomes a serious problem. In a control experiment, TpBF, was exposed to
poly(4-vinylpyridine) in the absence of allenylsilane under standard annulation
conditions. After 24 h, only 10% of the TpBF, remained unchanged.

(6) Electrophilic substitution reactions of azulenes with tropylium cations
are well known: Hafner, K.; Stephan, A.; Bernhard, C. Liebigs Ann. Chem.
1961, 650, 42. Anderson, A. G., Jr.; Replogle, L. L. J. Org. Chem. 1963, 28,
262. Nozoe, T.; Toda, T.; Asao, T.; Yamanouchi, A. Bull. Chem. Soc. Jpn.
1968, 41, 2935,

(7) Under the conditions of our annulation tropylium ions bearing alkyl
groups with a-hydrogens undergo deprotonation to afford heptafulvene de-
rivatives which rapidly polymerize. For related reactions, see: Nozoe, T.;
Takahashi, K.; Yamamoto, H. Bull. Chem. Soc. Jpn. 1969, 42, 3277,

(8) Okamato, K.; Komatsu, K.; Murai, O.; Sakaguchi, O.; Matsui, Y. Bull.
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The chemistry of organometallic compounds containing oxo
and peroxo ligands is an area of increasing interest with potential
relevance to selective catalytic oxidation of hydrocarbons. Very
few peroxo-alkyl derivatives have been isolated,! and their re-
activity patterns are still largely unexplored. Recently there has
been an increased emphasis placed on the synthesis of transi-
tion-metal compounds containing oxo groups in combination with
alkyl or hydride ligands.2 The most extensively studied orga-
notransition-metal-oxo system comprises Cp*Re(=0); (Cp* =
(n°-CsMes)) and its derivatives, and here the Re==0 bonds are
found to undergo reduction with carbon monoxide and cyclo-
addition of diphenylketene and phenylisocyanate, in addition to
more conventional metathetical reactions with halide, hydride,
and alkyl derivatives of main group elements such as Li, Al, Si,
or Zn.2

We report herein the synthesis of Cp*,W==0, an exceptionally
reactive organometallic oxo derivative, which may be both reduced
by H, to Cp*,WH,, and cleanly oxidized with O, to the W(VI)
derivative (7°-CsMes)W(=0),(0OCsMe;). The latter compound
arises from an unusual reaction which effects insertion of an
oxygen atom from dioxygen into a W-(53-CsMes) bond.

The oxo derivative, Cp*,W=0,* is obtained by reaction of
Cp*,WCl,® with KOH,,, similar to the preparation of Cp, W=0°
(eq 1). Cp*,W==0 is a member of a relatively rare, but growing,

Cp*,WCl, + 2KOH, ) ——> Cp*,W=0 + 2KCl + H,0
(M

(1) (a) Faller, J. W.; Yinong, Ma Organometallics 1988, 7, 559-561. (b)
van Asselt, A.; Trimmer, M. S.; Schaefer, W. P.; Bercaw, J. E. J. Am. Chem.
Soc. 1988, 110, 8254-8255. (c) Legzdins, P.; Phillips, E. C.; Rettig, S. J;
Sanchez, L.; Trotter, J.; Yee, V. C. Organometallics 1988, 7, 1877-1878.

(2) (a) Mimoun, H. Comprehensive Coordination Chemistry, Wilkinson,
G., Gillard, R. D., McCleverty, J. A. Eds.; New York, Vol. 6, pp 317-410.
(b) Bottomley, F.; Sutin, L. Adv. Organomet. Chem. 1988, 28, 339-396. (c)
Holm, R. Chem. Rev. 1987, 87, 1401-1449,

(3) (a) Herrmann, W. A. J. Mol. Catal. 1987, 41, 109-122. (b) Felix-
berger, J. K.; Kuchler, E. H.; Paciello, R. A.; Herrmann, W. A. Angew.
Chem., Int. Ed. Engl. 1988, 27, 946-948. (c) Herrmann, W. A.; Herdtweck,
E.; Floel, M.; Kulpe, J.; Kusthardt, U.; Okuda, J. Polyhedron 1987, 6,
1165-1182.

(4) Cp*;W=0: Elemental Anal. Found (Calcd) C, 51.2 (51.1); H, 6.4
(6.4). 'H NMR (400 MHz, C¢Dg) 8 1.87 (s, #°-C5(CH,)s); *C NMR (100
MHz, C¢Dg) 8 13.6 (q, Ve = 127, n%-Cs(CHy)s), 8 107.6 (s, 7°-Cs(CHj)s);
70 NMR (12.5 MHz, C¢Dj, relative to external H,07) 6 770 (s, W=0).
(n'-CsMes)(n°-CsMes) W(=0),: Elemental Anal. Found (Calcd) C, 48.8
(49.4); H, 5.9 (6.2). 'H NMR (400 MHz, C;Dy, 25 °C) 8 1.80 (s, 7°-C;s-
(CH3)s); 'H NMR (400 MHz, C;Dg, =90 °C) 6 1.52 (s, 7°-Cs(CH3)s), 1.92
(s, 2(CH3y) of n'-C5(CH,)s), 2.00 (s, 2(CH;) of 41-C5(CHy)s), 2.56 (s, 1(CHS3)
of n'-Cs(CHy)s); *C NMR (100 MHz, C;Dg, =90 °C) & 10.1 (g, n*-Cs-
(CH3)s), 117.4 (s, °-C5(CHs)s), 11.2 (q, 2C of #!-Cs(CH4)s), 12.5 (q, 2C of
7'-Cs(CHy)s), 30.5 (q, 1C of n!-C5(CH,)s), 83.3 (s, 1C of #1-C5(CHy)s), 134.0
(s, 2C of n!-C5(CH3)s), 2C of #'-Cs(CH;)5 obscured by solvent; 170 NMR
(12.5 MHz, C¢Dy, relative to external H,1’0) § 738 (s, 2W=0). Cp*W(=
0),(0OCsMe;): Elemental Anal. Found (Caled) C, 47.5 (47.8); H, 5.8 (6.0).
'H NMR (400 MHz, C¢Dg) 8 1.85 (s, #°-C5(CH,)s), 1.40 (s, 1(CH,) of
n1-Cs(CHy)s), 1.62 (q, partially resolved, SJc_y = 1,2(CHj) of n-C5s(CH,)s),
1.78 (q, partially resolved, SJc_y = 1,2(CH;) of 3-C5(CH,)s); °C NMR (100
MHz, C¢Dq) § 11.0 (q, 'Jop = 127, 7°-C5(CHj)s), 118.5 (s, n°-Cs(CHy)s),
23.9 (q, ey = 127, 1(CHjy) of #1-Cs(CH,)s), 10.2 (q, ey = 125, 2(CH;)
of n1-C5(CH,)s), 11.4 (q, ey = 125, 2(CH;) of #!-Cs(CH3)s), 93.4 (s, 1C
of n'-Cs(CHy)s), 134.7 (s, 2C of 51-C5(CHy,)s), 137.3 (s, 2C of 7'-C5(CHa)s);
70 NMR (12.5 MHz, C¢Dq, relative to external H,170) 8 684 (s, 2W=0),
& W-0-CsMes (unknown since the required labeled derivative has not yet been
synthesized).

(5) Parkin, G.; Bercaw, J. E. Polyhedron 1988, 7, 2053-2082.

(6) Green, M. L. H.; Lynch, A. H.; Swanwick, M. G. J. Chem. Soc.,
Dalton Trans. 1972, 1445-1447.
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class of neutral transition-metal-oxo compounds in which the metal
center is closed shell (18 electron) without oxygen-to-metal
lone-pair donation. We propose to denote these as “class b” M=0
derivatives in order to distinguish them from the more common
“class a” (M=0 <> M*=Q") derivatives, for which lone-pair
donation from oxygen to the metal center imparts triple bond
character. Thus, the W=0 bond order for Cp*,W==0 is aptly
described as two, with little triple bond character contributing.
The comparatively weak, and hence, reactive W=0 bond is
evident from both its spectroscopic features and its chemical
reactivity. For example, Cp*,W==0 is characterized by a strong
y(W=0) in its infrared spectrum at 860 cm™! (820 cm™! for
Cp*,W="30) (cf. y(M=0) =~ 930-1000 cm™! for class a).”1°
Oxygen exchange between Cp*,W=0 and water, as followed by
isotopic exchange with H,'®0 or H,'’O (IR or 1’0 NMR), is rapid,
even at room temperature. In THF solution at 25 °C, for example,
the second-order rate constant for oxygen exchange is approxi-
mately 2(1) X 10™* s™M"1, larger than representative values
reported for anionic and cationic complexes in aqueous solutions.'!
The dihydroxy derivative, Cp*,W(OH),, formed by an overall

(7) Nlustrative comparisons of »(M-0) stretching frequencies: class a
CH;Re03; 999 and 960 ecm™ (ref 8); class b Cp*ReQ;, 909 and 878 cm™ (ref
9). Published data on 70 chemical shifts are thus far limited so that no firm
conclusions can be presently drawn regarding the 1’0 chemical shifts for the
different classes (a and b) of oxo ligands. For reference, 1’0 chemical shifts
for some other oxo (terminal and bridging) derivatives are given in ref 10,

(8) Beattie, I. R.; Jones, P. J. Inorg. Chem. 1979, 18, 2318-2319.

(9) Herrmann, W. A_; Serrano, R.; Bock, H. Angew. Chem., Int. Ed. Engl.
1984, 23, 383-385,

(10) (a) Filowitz, M.; Ho, R. K. C.; Klemperer, W. G.; Shum, W. Inorg.
Chem. 1979, 18, 93-103. (b) Miller, K. F.; Wentworth, R. A. D. Inorg.
Chem. 1979, 18, 984-988. (c) Klemperer, W. G.; Shum, W. J. Am. Chem.
Soc. 1978, 100, 4891-4893. (d) Besecker, C. J.; Klemperer, W. G. J. Am.
Chem. Soc. 1980, 102, 7598-7600. (e) Day, V. W.; Fredrich, M. F,;
Thompson, M. R.; Klemperer, W. G.; Liu, R.-S.; Shum, W. J. Am. Chem.
Soc. 1981, 103, 3597-3599. (f) Hillhouse, G. L.; Bercaw, J. E. J. Am. Chem.
Soc. 1984, 106, 5472-5478.

(11) We are not aware of similar measurements of the rates for oxygen
exchange in other reutral oxo compounds; however, the 30 exchange kinetics
for ionic complexes in aqueous solution have been reviewed. Typical sec-
ond-order rate constants (~25 °C, corrected for [H,0]) include [ReO,]", 1078
s"M"1; trans-[Re(en),0,]*, 1075, sLM™L [WO,]2 1072 s.M"1, It should
be noted that for all these examples the rate laws are complex, and the rates
are very pH dependent. Gamsjager, H.; Murmann, R. K. Advances in In-
organic and Bioinorganic Mechanisms, Sykes, A. G., Ed.; Academic Press:
London, 1983; Vol. 2, pp 317-380.
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1,2-addition of the HO-H bond across the W=0 double bond,
is a likely intermediate (eq 2). Similarly, Cp*,W=0 reacts

'80H
/
CpW="80 + H®0 .= |cp W =
"%oH

co*,w="%0 + H,'%0 (2)

reversibly with Me,SiCl to give Cp*,W(OSiMe,)Cl via a 1,2-
addition of the Si-Cl bond across the W=0 double bond. The
Cp*,W(0SiMe;)Cl so formed reacts further with Me;SiCl to give
Cp*,WCl, and (Me,Si),0 (Scheme I).

The relative facility of this 1,2-addition of polar X-Y groups
with the M==0 bonds is also apparent in the reaction of the related
isoelectronic, d° derivative Cp*,Ta(=0)H!? with water.
Cp*,Ta(=0)H, like Cp*,W=0, is a class b oxo derivative,
(»(Ta=0) = 850 cm™"), and undergoes rapid oxygen exchange
with water. By analogy with the rapid interconversion Cp*,Ta-
(=CH,)H = [Cp*,Ta—CHj;],!>!? the alternative sequence for

(12) van Asselt, A.; Burger, B. J; Gibson, V. C.; Bercaw, J. E. J. Am.
Chem. Soc. 1986, 108, 5347-5349.

(13) Parkin, G.; Bunel, E.; Burger, . J.; Trimmer, M. S; van Asselt, A,;
Bercaw, J. E. J. Mol. Catal. 1987, 41, 21-39.
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oxygen exchange with H,O must be considered: «-H migration
from Cp*,Ta(0O*)H to yield [Cp*,Tal'-O*H], oxidative addition
of HO-H, reductive elimination of H,O*, and a-H elimination
to give the isotopomer Cp*,Ta(=0)H. The latter possibility is
eliminated, however, by the observation that treatment of
Cp*,Ta(="20)H with excess D,!®0 results in rapid exchange of
oxygen isotopes but no H/D exchange (eq 3)."*

1GOD
/
Cp*;Ta(="80)H + D,'%0 === |cp*Ta="80D | ==

H

co*Ta(="%0)H + D,'%0 (&

Significantly, the W=0 bond of Cp*,W=0 reacts even with
nonpolar ¢ bonds such as H-H and H-SiMe;,, albeit under more
forcing conditions, to afford Cp*,WH,!® (Scheme 1).'¢

In light of the d?, W'V, nature of Cp*,W=0, we have also
investigated reactions which could result in oxidation of the
tungsten center. Thus, reaction of Cp*,W==0 with either H,O,q,
or Me;CO,H results in oxygen atom transfer!” to give the dioxo
(WY derivative, (7°-CsMes)(n'-CsMes) W(=0),* [1(WO,)ym
=895 cm™!, »(WOy) gy, = 935 cm™], which has been structurally
characterized by X-ray diffraction methods.!®

The clean reaction with O, (1 atm, 25 °C), shown in Scheme
II, further illustrates the exceptional chemical reactivity of
Cp*,W=0. The structure of the isolated product (#°-CsMes)-
W(=0),(OCsMe;)* has been determined by X-ray diffraction
methods.!”  As is apparent, one of the Cp* ligands has been
transferred to oxygen. IR and 70O NMR studies indicate that
the W-0-CsMe; oxygen originates exclusively from O,. These
results do not allow a distinction between the two most probable
pathways for the formation of (°-CsMes)W(=0),(OC;sMes):
(i) formation of (n°-CsMes)(nt-CsMes) W (=0)(n*-0,), followed
by migration of the (n!-CsMes) ligand to (2-O,), or (ii) direct
attack by O, at the W-Cp* bond leading to a bridging peroxo
species. In either case, the subsequent rearrangement of the
proposed intermediate [(n*-CsMes)W(=0)(O0C;Me;)] to
(n3-CsMes) W(=0),(OCsMes) is similar to the rearrangement
of (7°-CsMes),Hf(R)(OOCMe;) to (n°-CsMes),Hf(OR)-
(OCMe,),2 acid-catalyzed rearrangement of Cp*,Ta(n?-O—
O)CH,'® to Cp*,Ta(=0)OCH;, and the conversion of Ti and
Zr alkyls to alkoxides upon exposure to O,.%!

In summary, the “class b” metal-oxo nature for Cp*,W=0
actuates a series of interesting reactions leading to reduction of
the W=0 bond order via 1,2-additions of both polar and nonpolar
o bonds as well as oxidations of the metal center by H,0,,
HO,CMe;, or even O,. The product, (7°-CsMes)W(=0),-
(OCsMe;), arises from insertion of an oxygen atom from O, into
a W-(7*-CsMes) bond. This facile oxo transfer chemistry, both
to and from tungsten, augurs well for organotungsten derivatives
in effecting catalytic oxidation reactions.

(14) Similarly, the reaction of Cp*;Ta(=NPh)H with D,0 yields
Cp*;Ta(=0)H and PhND,.

(15) Cloke, F. G. N,; Green, J. C; Green, M. L. H,; Morley, C. P. J.
Chem. Soc., Chem. Commun. 1985, 945-946.

(16) In the reaction with Hj, the yield of Cp*;WH, is approximately 50%;
CsMesH is also formed, presumably as a product of the secondary reaction
of water with Cp*;WH, and/or Cp*,;W=0. In the reaction with HSiMe,,
Cp*,WH, is obtained in >90% yield together with (Me,Si),0; however, some
H/D exchange with benzene-ds accompanies the reaction under the reaction
conditions (220 °C, 12 h).

(17) Surprisingly, N,O does not cleanly transfer an oxygen atom to gen-
erate (7°-CsMes) (p!-CsMes) W (=0),, unlike that observed in other systems,
e.g.. (a) Vaughan, G. A.; Rupert, P. B.; Hillhouse, G. L. J. Am. Chem. Soc.
1987, 109, 5538-5539. (b) van Asselt, A.; Parkin, G.; Whinnery, L. L,;
Trimmer, M. S.; Bercaw, J. E. Unpublished results.

(18) Schaefer, W. P.; Parkin, G.; Bercaw, J. E. Manuscript in preparation.

(19) Parkin, G.; Schaefer, W. P.; Marsh, R. E.; Bercaw, J. E. Inorg. Chem.
1988, 27, 3262-4.

(20) van Asselt, A.; Santarsiero, B. D.; Bercaw, J. E. J. Am. Chem. Soc.
1986, 108, 8291-8293.

(21) (a) Blackburn, T. F.; Labinger, J. A; Schwartz, J. Tetrahedron Lett.
1975, 3041. (b) Lubben, T. V.; Wolczanski, P. T. J. Am. Chem. Soc. 1985,
107,701-703. (c) Lubben, T. V.; Wolczanski, P. T. J. Am. Chem. Soc. 1987,
109, 424-435.
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Although the literature abounds with examples of introducing
perfluoroalkyl groups into carbonyl compounds through organo-
metallic reagents of zinc,? calcium,’ manganese,* magnesium,’
silver,* and lithium,® the procedures are seldom applicable to
trifluoromethylation. The trifluoromethide anion (CF37) or its
metalloorganic equivalents generally show great tendency for
fluoride elimination. On the other hand, trifluoromethylation of
aromatics is achieved rather readily with a variety of methods most
notable using trifluoromethylcopper (CF;Cu),” sodium tri-
fluoroacetate,? trifluoromethyl triflate,® bis(trifluoromethyl)-
mercury ((CF;),Hg),!% and other related reagents.!!

We wish to report now a very efficient nucleophilic trifluoro-
methylation reaction for carbonyl compounds using easily prepared
trifluoromethyltrimethylsilane (TMS-CF;).1?  Over the years

(1) Synthetic Methods and Reactions. 141. Part 140, see: Olah, G. A;
Wu, A.; Faroog, O. J. Org. Chem. 1988, 53, 5143.

(2) (a) Kitazume, T.; Ishikawa, N. Chem. Lelt. 1981, 1679; 1982, 137,
1453. (b) O’Reilly, N. J.; Maruta, M.; Ishikawa, N. Chem. Lert. 1984, 517.

(3) (a) Santini, G.; Le Blanc, M.; Reiss, J. G. J. Organomet. Chem. 1977,
140, 1. (b) Santini, G.; Le Blanc, M,; Riess, J. G. J. Chem. Soc., Chem.
Commun. 1975, 678.

(4) Kitazume, T.; Ishikawa, N. Nippon Kagaku Kaishi 1984, 1725.

(5) (a) Stacy, M,; Tatlow, J. C.; Sharpe, A. B. Adv. Fluorine Chem. 1963,
3,19. (b) Stone, F. G. A.; West, R. Adv. Organomet. Chem. 1964, 1, 143,
(c) Denson, D. D.; Smith, C. F.; Tamborski, C. J. Fluorine Chem. 1973/1974,
3, 247. (d) Smith, C. F.; Soloski, E. J.; Tamborski, C. Ibid. 1974, 4, 35. (e)
McBee, E. T.; Roberts, C. W.; Meiners, A, F. J. Am. Chem. Soc. 1957, 79,
335. (f) Thoai, N. J. Fluorine Chem. 1975, 5, 115. (g) Von Werner, K.;
Gisser, A. Ibid. 1977, 10, 387.

(6) (a) Haszeldine, R. N. J. Chem. Soc. 1949, 2952, Pierce, O. R.; McBee,
E. T.; Judd, G. F. J. Am. Chem. Soc. 1954, 76, 474. (b) Johncock, P. J.
Organomet. Chem. 1969, 19, 257. (c) Gassmann, P. G.; O'Reilly, N, J.
Tetrahedron Letr. 1985, 5243, This is the most definitive paper to generate
in situ pentafluoroethyllithium. However, the method is not applicable for
the generation of trifluoromethyllithium. (d) Also, see: Gassman, P. G;
O'Reilly, N. J. J. Org. Chem. 1987, 52, 2481.

(7) Wiemers, D. M.; Burton, D. J. J. Am. Chem. Soc. 1986, 108, 832.

(8) (a) Kobayashi, Y.; Nakazato, A.; Kumadaki, I.; Filler, R. J. Fluorine
Chem. 1986, 32, 467 and references cited therein. (b) Matsui, K.; Tobita,
E.; Ando, M,; Kondo, K. Chem. Lett. 1981, 1719,

(9) Olah, G. A.; Ohyama, T. Synthesis 1976, 319.

(10) Kondratendok, N. V.; Vechirko, E. P.; Yaguploskii, L. M. Syntaetis
1980, 932.

(11) For a recent review of other methods, see: Hewitt, C. D,; Silvester,
M. J. Aldrich. Chim. Acta 1988, 21, 3.
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