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hexadienyl ligand,"a'M"8 were present in spectra of [NEt4]3-d, 
and absent from those of [NEt4] 3-d6.

20 

It was initially unclear whether electrophilic addition to 22" could 
be extended to carbon-based electrophiles. We have, however, 
observed that K22 (freshly prepared from 0.15 g, 0.7 mmol of 1) 
reacts with 1 mol-equiv of PhCH2Cl (80 »L) in THF at -78 0 C 
(Scheme I) to give, at room temperature, a species with carbonyl 
absorptions at 1890 vs, 1792 s, and 1742 s cm"1 similar to those 
of 3". Addition of [Et4N]Br (0.15 g, 0.7 mmol) at room tem
perature gave, after 30 min, a suspension from which yellow flakes 
of the ^-cyclohexadienyl salt [NEt4] [Cr(^-C6H6CH2Ph)(CO)3] 
([NEt4]4—0.12 g, 0.27 mmol = 40%)21 were obtained after the 
solvent was removed under vacuum, the solid was washed with 
diethyl ether (2 X 50 mL) and redissolved in THF (10 mL), and 
diethyl ether (50 mL) was added to the filtered solution to 
crystallize the product. 

The spectroscopic characteristics of 4" establish that the benzyl 
group is exo, suggesting that the electrophilic carbon reacted 
directly with the free double bond of 22". Thus the 1H NMR 
spectrum contains a S 2.45 absorption with the 6-Hz coupling to 
the vicinal proton characteristic of an endo cyclohexadienyl proton, 
and the IR spectrum of a KBr pellet of [NEt4] 4 did not contain 
a C-Hexo band at 2790 cm"1. Conversely, the IR spectrum of 
[NEt4] [Cr(^-C6D6CH2C6H5)(CO)3] (obtained by addition of 
benzyl chloride to [Cr(j)4-C6D6)(CO)3]

2") contained a C-D6nJ0 

absorption at 2175 cm"1 (see data in footnote 18). Although it 
is reasonable that indirect addition should be unique to the ste-
rically undemanding proton, the observation of both endo and exo 
addition contrasts with results for isoelectronic Mn complexes: 
both protonation and electrophilic alkylation of dienes and arenes 
in [Mn(CO)3]" complexes are metal mediated and give endo 
products,22 while protonation and methylation of [Mn(cyclo-
octatetraene)(CO)3]" give exo adducts.23 

Although 3" is the parent of a large class of cyclohexadienyl 
complexes of [Cr(CO)3], neither this nor 4" have been previously 
reported, and neither can be prepared by nucleophilic attack on 
1. The generality of the alkylation reaction remains to be es
tablished, but our results do establish that electrophilic addition 
to 22~ provides an alternative route to cyclohexadienyl complexes 
of [Cr(CO)3] which may significantly extend the established utility 
of these species as intermediates in organic synthesis. 
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High oxidation state organometallic compounds have recently 
commanded much attention because of their structural properties, 
their catalytic applications, and their stabilization of bare main 
group ligands. It is striking, however, that few high oxidation 
state organometallics are oxidizing. This is due to the fact that 
the most actively studied species feature third-row metals and 
strong 7r-donor oxo ligands.1 The complex (MeCp)VCl3 is un
usual in this regard as it is indeed a rare example of a highly 
oxidizing organometallic complex. In this paper we describe the 
exploitation of the oxidizing power of (MeCp)VCl3 for the 
preparation of some unusual organometallic charge transfer salts.2 

The compound, (MeCp)VCl3,1, has the remarkably positive 
reduction potential of +425 mV (versus Ag/AgCl).3,4 Under 
strictly anhydrous conditions this couple is reversible as is the 
(MeCp)VCl3

0Z+ couple at 1690 mV.5 Compound 1 appears to 
be among the most strongly oxidizing neutral organometallic 
complexes known. 

The interaction of 1 with the organic donor tetramethyl-
tetrathiafulvalene6 (TmTTF) was studied. When this reaction 
is conducted at 1:1 stoichiometry in CH2Cl2 solution, we observed 
the precipitation of black microcrystalline [TmTTF]x [(MeCp)-
VCl3]. Slow recrystallization of this material from CH2Cl2 gave 
two pure species. The less soluble material analyzes as 
[TmTTF] [(MeCp)VCl3] (2).7 The cyclic voltammogram of 2 
in CH2Cl2 consists of several reversible processes and is not the 
superposition of the CVs for 1 and TmTTF.8 These results will 
be described in detail in the full report. 

A single-crystal X-ray diffraction study9 of 2 reveals that the 
TmTTF+ subunits assemble as a zigzag chain of TmTTF pairs 
(Figure 1). The interlamenar distances are extremely short at 
ca. 3.35 A (cf. a-graphite, 3.354 A10) and are substantially shorter 

(1) Herrmann, W. A.; Felixberger, J. K.; Herdtweck, E.; Schafer, A.; 
Okuda, J. Angew. Chem., Int. Ed. Engl. 1982, 26, 466. Bottomley, F.; Sutin, 
L. J. Chem. Soc, Chem. Commun. 1987, 1112. Su, F.-M.; Cooper, C; Geib, 
S. J.; Rheingold, A. L.; Mayer, J. M. J. Am. Chem. Soc. 1986, 108, 3545. 

(2) Organometallic donors: Dixon, D. A.; Miller, J. S. J. Am. Chem. Soc. 
1987, 109, 3656. Bolinger, C. M.; Darkwa, J.; Gammie, G.; Gammon, G.; 
Lyding, J. W.; Rauchfuss, T. B.; Wilson, S. R. Organometallics 1986, 5, 2386. 

(3) von Thiele, K.-H.; Oswald, L. Z. Anorg. AlIg. Chem. 1976, 423, 231. 
(4) Morse, D. B.; Hendrickson, D. N.; Rauchfuss, T. B.; Wilson, S. R. 

Organometallics 1988, 7, 496. 
(5) A nonaqueous Cp2Fe°',+ reference electrode (CH2Cl2, Bu4NPF6) was 

used; potentials were corrected to Ag/AgCl. 
(6) Ferraris, J. P.; Poehler, T. O.; Bloch, A. N.; Cowan, D. O. Tetrahedron 

Lett. 1973, 27, 2553. 
(7) Anal. Calcd for C16H19VS4Cl3: C, 38.68; H, 3.85; V, 10.25. Found: 

C, 38.72; H, 3.76; V, 10.29. 
(8) Cyclic voltammetry data (£„ (mV) versus Ag/AgCl, 10"1 M TBAHFP, 

10"3 M complex, «(e") from i' versus i>'/2): (MeCp)VCl3
0/", E°% « 455, E"* 

» 395; TmTTF0Z+, £™ ~ 326, ET* at 260; 2, £"» « 315 (n = 1), E* =* 435 
(n = 1), £•"*" = 255 (n = 2). 

(9) [TmTTF][(MeCp)VCl3]: opaque plate 0.1 X 0.2 X 0.4 mm, PlxJc, 
a = 8.310 (2) A, b = 10.112 (8) A, c = 24.035 (5) A, /S = 91.90(2)°, V = 
2018 (2) A3, and p^ = 1.635 g/cm3 for Z = 4. Enraf-Nonius CAD4 
automated x-axis diffractometer, 25 0C, Mo Ka 3.0 < 20 < 46.0° (±h-k-l), 
3206 reflections (2802 unique, Rx = 0.024, 1343 observed, / > 2.581(7)); 
corrected for anomalous dispersion, absorption (maximum and minimum 
numerical transmission factors, 0.926 and 0.766, for \i «• 12.73 cm"1), Lorentz 
and polarization effects. Solution SHELXS-86 (all but Cp ring atoms) and 
difference Fourier syntheses. H atoms were fixed in "idealized" positions, but 
the remaining atoms were independently refined (SHELX). R = 0.058 and Rw 
= 0.061. 

(10) Greenwood, N. N.; Earnshaw, A. Chemistry of the Elements; Per-
gamon Press: Oxford, 1982; p 340. 
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Figure 1. The structure of [TmTTF] [(MeCp)VCl3]. The view is along 
the b-c diagonal. 

than other partially oxidized TmTTF derivatives (e.g., 
[TmTTF]2X, ~3.5 A).11 The short anion-cation contacts12 may 
be responsible for the contracted interlamenar distances: the 
shortest V-Cl bond is directed toward three sulfur atoms, with 
Cl-S distances of 3.479 (5) to 3.683 (5) A. The (MeCp)VCl3-
species are situated in pockets defined by the TmTTF pairs. The 
V-Cl distances in the salt are all —0.11 A longer than found for 
(MeCp)VCl3. Magnetic susceptibility measurements indicate that 
2 has an effective magnetic moment at 300 K of ^eff = 3.04 t̂8 
which slowly decreases until apparent spin-pairing occurs at ca. 
30 K. The magnetic susceptibility of 2 is field independent from 
100 G to 48 kG. 

Attempts to grow crystals of [TmTTF]2(MeCp)VCl3 resulted 
in crystals of [TmTTF]3[|(MeCp)VCl2}2(/i-0)]2 (3).13 This 
fascinating species, which apparently arises by partial oxygenation 
of the 2:1 salt, is comprised of a partially oxidized stack of TmTTF 
together with a mixed-valence bimetallic anion (Figure 2). The 
lattice is comprised of layers of TmTTF stacks separated by 
(MeCp)2V2Cl4O

- units. The TmTTF chains exhibit a periodicity 
such that every third TmTTF molecule is tilted by 3° relative to 
the stacking vector. The oxo-bridged divanadium anion is un-
symmetrical with V-O distances of 1.772 (4) and 1.833 (4) A.14 

In this case the interlamenar distances between the TmTTF units 
are normal at 3.56 (1) A. Preliminary magnetic susceptibility 
measurements indicate 3 has a highly coupled magnetic system.15 

At a field of 10 KG, 3 exhibits a temperature independent 
magnetic moment of 3.65 ^B (per [(MeCp)2V2Cl4O] [TmTTF]3/2) 
down to 20 K, whereupon a ferromagnetic transition occurs, 
resulting in nc!! = 3.9 juB at 5 K. The magnetic moment of 3 is 
field dependent below 20 K. A single-crystal two-probe con
ductivity16 measurement along the c axis (TmTTF-stacking vector) 

(U) Kobayashi, H.; Kobayashi, A.; Sasaki, Y.; Saito, G.; Inokughi, H. 
Bull. Chem. Soc. Jpn. 1984, 57, 2025. 

(12) For a recent discussion, see (a) Enge, T. J.; Wang, H. H.; Beno, M. 
A.; Williams, J. M.; Wangbo, M.-H.; Evain, M. / . Am. Chem. Soc. 1986,108, 
8215. (b) Whangbo, M.-H,; Williams, J. M.; Schultz, A. J.; Emge, T. J.; 
Beno, M. A. / . Am. Chem. Soc. 1987, 109, 90. 

(13) [TmTTF]3[I(MeCp)VCl2I2(M-O)I2: opaque green crystal 0.2 X 0.5 
X 0.6 mm, ^I (av of normalized structure factors and successful refinement), 
a = 12.984 (5) A, b = 13.154 (4) A, c = 10.770 (4) A, a = 98.45 (3)°, /3 = 
93.56 (3)°, 7 = 70.22 (3)°, K = 1712 (1) A3 and p ^ = 1.568 g/cm3 for Z 
= 1. Syntex P2, automated four-circle diffractometer, 25 0C, Mo Ka 3.0 < 
20 < 50.0° (±h±k+l), 6661 reflections (6058 unique, R, = 0.032, 4034 
observed, / > 2.58<r(/)); corrected for anomalous dispersion, absorption 
(maximum and minimum numerical transmission factors, 0.759 and 0.479, 
for ii- 12.18 cm-1), Lorentz and polarization effects, MULTAN-81 located V, 
Cl, and S atoms. H atoms were fixed in "idealized" positions, and remaining 
atoms were independently refined. R = 0.050 and Rw = 0.059. 

(14) Cp2*V2I40 is known: Darkwa, J.; Bottomley, F.; White, P. S. Or-
ganometallics 1986, 5, 2165. 
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Figure 2. Two views of the structure of [TmTTF]3KMeCp)2V2Cl4O]2, 
the unit cell is indicated (A) down the a axis end-on to the TmTTF units 
and (B) down the c axis, the stacking direction. 

indicates this compound is a semiconductor ( £ g = 0.54 eV; 5.1 
X 10"6 fi"1 cm'1 at 300 K) with a slightly decreased band gap at 
lower temperatures. 

To summarize, we have shown the oxidizing power of certain 
high oxidation state organometallics can be exploited for the 

(15) Morse, D. B.; Hendrickson, D. N.; Lyding, J. W.; Rauchfuss, T. B., 
work in progress. 

(16) The crystals were not large enough along the TmTTF stacking di
rection for four-probe measurements. For a description of the instrumentation, 
see: Lyding, J. W.; Hubacek, J. S.; Gammie, G.; Thorne, R. E. Phys. Rev. 
B: Condens. Matter 1986, 33, 4341. 
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preparation of a new class of charge-transfer salts.17 
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We report the polarized IR spectrum of cyclobutadiene (1) 
aligned by photoselection and the static 13C NMR spectrum of 
vicinally 13C-dilabeled 1 in argon matrix. The rate of intercon
version between [1,2-,3C2]-1 (IA) and [1,4-13C2J-I (IB) exceeds 
103 S'1 at ~25 K. 

Table I. Typical Orientation Factors of IR Transitions of 
Photoaligned Rare-Gas Matrix-Isolated Cyclobutadiene (1) 
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Cyclobutadiene2 was initially assigned DAh symmetry on the 
basis of its matrix-isolation IR spectrum,3'4 in disagreement with 
most early5"8 and all recent9"12 calculations which predict a Dlh 

singlet ground state. Additional IR experiments led to the con
clusion that the ground state is in fact rectangular.13 

Heavy-atom tunneling has been proposed14 to rationalize the 
activation parameters for valence tautomerization deduced from 

(1) Present address: Department of Chemistry, The University of Texas 
at Austin, Austin, TX 78712-1167. 
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(6) Buenker, R. J.; Peyerimhoff, S. D. J. Chem. Phys. 1968, 48, 354. 
(7) Allinger, N. L.; Gilardeau, C; Chow, L. W. Tetrahedron 1968, 24, 

2401. 
(8) Allinger, N. 
(9) Kollmar, H.; 
(10) Borden, W. 

100, 388. 
(11) Jafri, J. A.; 
(12) Hess, B. A., 

105, 695. 
(13) Masamune, S.; Souto-Bachiller, F. A.; Machiguchi, T.; Bertie, J. E. 

/ . Am. Chem. Soc. 1978, 100, 4889. 
(14) Carpenter, B. K. J. Am. Chem. Soc. 1983, /OJ, 1700. 

L.; Tai, J. C. Theor. Chim. Acta 1968, 12, 29. 
; Staemmler, V. / . Am. Chem. Soc. 1977, 99, 3583. 
. T.; Davidson, E. R.; Hart, P. / . Am. Chem. Soc. 1978, 

Newton, M. D. J. Am. Chem. Soc. 1978, 100, 5012. 
, Jr.; Carsky, P.; Schaad, L. J. J. Am. Chem. Soc. 1983, 
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"x is the out-of-plane axis, and y is the short and z the long inplane 
axis. bKu = (cos2 u>, where u = x, y, or z, u is the angle between the 
molecular axis u and the laboratory axis Z, and the pointed brackets 
indicate ensemble averaging. The accuracy of the experimental deter
mination from Ku = du/(du + 2) was about ±0.01; du = E2/EY, where 
E2 (Ey) is the absorbance of light polarized along Z (30-21 'Assigned 
on the basis of calculated intensities. 
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Figure 1. Experimental 13C NMR spectra of (A) cyclobutadiene (1) 
13C-labeled in vicinal positions, (B) mixture of isotopomeric labeled cy
clobutadiene dimers (3), and (C) [l,2-13C2]cyclobutene-3,4-dicarboxylic 
anhydride (2). 

solution-trapping experiments15,16 on vicinally dideuteriated 1. 
Calculations1718 have yielded tunneling rates of 105-10n s"1 at 
-10 0 C. 

We have used the anhydride 2 " as a photochemical source20 

of rare-gas matrix-isolated 1. UV irradiation with linearly po
larized light produced persistent linear dichroism in the IR bands 
of argon matrix-isolated 1 and of its overirradiation product, C2H2. 
Persistent partial alignment was also observed for CO2 produced 
from 2 with linearly polarized light. In neon matrices, alignment 
was observed only for 1. Under a variety of conditions, including 
temperatures as low as 2.8 K in Ne and 3.2 K in Ar, and a 

(15) Whitman, D. W.; Carpenter, B. K. J. Am. Chem. Soc. 1980, 102, 
4272. 

(16) Whitman, D. W.; Carpenter, B. K. J. Am. Chem. Soc. 1982, 104, 
6473. 

(17) Huang, M.-J.; Wolfsberg, M. J. Am. Chem. Soc. 1984, 106, 4039. 
(18) Dewar, M. J. S.; Merz, K. M., Jr.; Stewart, J. J. P. J. Am. Chem. 

Soc. 1984, 106, 4040. 
(19) Synthesized according to the procedure of Koltzenburg et al. (KoIt-

zenburg G.; Fuss, P. G.; Leitich J. Tetrahedron Lett. 1966, 3409). 
(20) Maier, G.; Hartan, H.-G.; Sayrac, T. Angew. Chem., Int. Ed. Engl. 

1976, 15, 226. 
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