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position.* Thus, a stereoelectronic effect may also be involved
in this stereoselective enolization process.'”> The factors that
influence the metal-dependent keto—enol equilibria as well as the
further reactivity of transition metal-enol compounds are currently
under investigation.
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Unidentate tetrahydroborate ligands were the most recently
discovered of the three major BH,~ bonding modes and still remain
the least well-understood, compared with bidentate and tridentate
geometries. Few examples are known: of these, only Cu(y'-
BH,)(PMePh,);,'! Cu(y'-BH,)[(PPh,CH,);CMe],> FeH(n'-
BH‘)(dmpC)z,j and Hrz[N(SlMechgpM32)2] 2H3(BH4)34 have
been characterized structurally, while other examples have been
formulated on spectroscopic grounds.* All of these complexes
contain at most one unidentate BH,~ group, and all but one are
18-electron species. We now describe the synthesis and properties
of several interesting vanadium tetrahydroborates; among them
are compounds that contain six and eight V-H bonds, and a

(1) (a) Bommer, 1. C.; Morse, K. W. Inorg. Chem. 1980, 19, 587-593. (b)
Kutal, C.; Grutsch, P.; Atwood, J. L.; Rogers, R. D. Inorg. Chem. 1978, 17,
3558-3562. (c) Tagusagawa, F.; Fumagalli, A.; Koetzle, T. F.; Shore, S. G.;
Schmitkons, T.; Fratini, A. V.; Morse, K. W.; Wei, C.-Y.; Bau, R. J. Am.
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Chem. Soc. 1985, 107, 3361-3362. (e) Barron, A. R.; Salt, J. E.; Wilkinson,
G.; Motevalli, M.; Hursthouse, M. B. Polyhedron 1986, 5, 1833-1837.

Scheme I°
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Figure 1. (a) Molecular structure of V(BH,),(PMe;);. Important bond
distances (A) and angles (deg) are as follows: V-P = 2,510 (1), V-H
= 1.83 (3), V--B = 2.365 (5), B-H, = 1.14 (3), B-H, = 1.03 (3), P-V-P
= |78.45 (5), B-V-B = 118.9 (2), 120.6 (1). (b) Molecular structure
of V(BH,);(dmpe),. Important bond distances (A) and angles (deg) are
as follows: V-P =2.503 (1), V-H = 1.88 (3), V--B = 2.833 (4), B-H,
= 1.12 (3), B-H, = 1.03 (4), V-H-B = 140 (1).

15-electron complex that contains two unidentate BH;™ groups.

Tetrahydroborates of the group 5 elements are rare,® and, for
the first-row metal vanadium, the only well-characterized examples
known contain at most one BH,  group per metal center.”*

(6) Marks, T. J.; Kolb, . R. Chem. Rev. 1977, 77, 263-293,
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Interaction of VCl,(thf); with excess NaBH, in 1,2-dimethoxy-
ethane (dme) gives a purple solution,’ from which the first binary
tetrahydroborate of vanadium, [Na(dme)][V(BH,),], 1,'° may
be obtained after crystallization from diethyl ether (see Scheme
I). The infrared spectrum of 1 is consistent with an eight-co-

VCly(thf); + 4NaBH, + dme —
[Na(dme)][V(BH,),] + 3NaCl + 3thf

ordinate geometry in which the vanadium center is surrounded
by four bidentate BH,~ groups. Treatment of [V(BH,),"] solutions
with PMe;, or more conveniently, interaction of VCl;(PMe;), with
LiBH,, yields the neutral tris(tetrahydroborate), V(BH,)3(PMe;),,
2.!''  This bright green paramagnetic complex (uee = 2.5 up)
possesses three strong IR bands in a pattern characteristic of
bidentate BH,~ groups.

VCL(PMe,), + 3LiBH, — V(BH,);(PMe;), + 3LiCl

The X-ray crystal structure of 2 (Figure 1a)'? reveals a nearly
ideal D;; hexagonal bipyramid with three bidentate BH,~ groups
in the equatorial plane and two PMe; ligands occupying the axial
sites. The V-P distance of 2.510 (1) A is comparable with those
of other vanadium phosphine complexes, while the V-H and V..B
distances of 1.83 (3) A and 2.365 (5) A, respectively, are similar
to those in other vanadium BH,~ complexes.” This structure differs
fundamentally from that of the d' titanium analogue Ti(BH,);-
(PMe,),,!? in which the symmetry is lowered to C, and two of the
tetrahydroborate groups adopt unusual “side-on” bonding geom-
etries. The structural differences between the titanium and va-
nadium species may arise from a Jahn-Teller distortion: in D;,
symmetry, the electronic configuration is orbitally degenerate
(Jahn-Teller susceptible) for a d! ion but orbitally nondegenerate
for a d? ion.

Treatment of V(BH,);(PMe,), with excess 1,2-bis(dimethyl-
phosphino)ethane (dmpe), gives dmpe-BH; and a purple vana-
dium(II) product V(BH,),(dmpe),, 3.4 This species, which may

VCly(dmpe), + 2NaBH, — V(BH,),(dmpe), + 2NaCl

also be prepared from VCl,(dmpe), and NaBH, in tetrahydro-
furan, is paramagnetic (u.; = 3.6up) and possesses two strong
broad vgy IR bands of equal intensity and an intense absorption
at 1060 cm™! that has been attributed to unidentate BH,~ coor-
dination.'® The X-ray crystal structure (Figure 1b)'* reveals that
both tetrahydroborate groups are indeed unidentate. The vana-
dium center adopts a trans octahedral geometry with V-P = 2.503
(1) A, V-H = 1.88 (3) A, and V--B = 2.833 (4) A. The V-H

(7) (a) Marks, T. J.; Kennelly, W. J. J. Am. Chem. Soc. 1978, 97,
1439-1443. (b) Kinney, R. J; Jones, W. D.; Bergman, R. G. J. Am. Chem.
Soc. 1978, 100, 7902-7915. (c) Cotton, F. A;; Duraj, S. A.; Roth, W. J. Inorg.
Chem. 1984, 23,4113-4115. (d) Cotton, F. A.; Duraj, S. A.; Falvello, L. R;
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29.1; H, 12.2; V, 20.6. Found: C, 28.6; H, 12.3; V, 20.3,

(12) Space group (=50 °C) Pnma, with a = 10.350 (1) A, 5 = 11.095 (2)
A, c=14.228 (2) X ¥V =1634 (1) A%, Z = 4, Rp = 3.4%, Ryr = 2.9% on
128 variables and 959 data with I > 2.58¢(). Atoms V, P1, P2, Cl, C3, Bl,
Hla, H3a, H11, and H12 were constrained to the crystallographic mirror
plane at y = 0.25, all non-hydrogen atoms were refined anisotropically, and
the hydrogen atoms were located in the difference Fourier maps and refined
with independent isotropic thermal parameters.

(13) Jensen, J. A; Girolami, G. S. J. Chem. Soc., Chem. Commun. 1986,
1160-1162.

(14) IR (Nujol, cm!) 2341 sh, 2312 vs b, 2110 sh, 2095 vs b; 'H NMR
(C¢Ds, 25 °C) 6 -8.6 (s, fwhm = 500 Hz, PCH,), -19.3 (s, fwhm = 950 Hz,
PMe,). Anal. Caled: C, 37.8; H, 10.6; V, 13.4. Found: C, 37.8; H, 10.4;
vV, 13.5.

(15) Space group (=75 °C) P2;/n, with a = 8.469 (2) A, b = 13.735 (4)
A c=9666(7)A, 3=9614(3)°V=1118(2)A%, Z =2, R =3.2%, R.r
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distance is comparable to that in 2, but the long V.--B distance
clearly establishes the »' bonding mode. The V-H-B angle of
140 (1)° is intermediate between those of 121.7 (4)° for Cu-
(n'-BH,)(PMePh,); and 161.7° for FeH(n'-BH,)(dmpe),."* The
structure of 3 again differs from that of its titanium analogue,
Ti(BH,),(dmpe),, which possesses an eight-coordinate geometry
with bidentate BH,™ ligands.'® The difference may be attributed
to the smaller size of vanadium and to the preference of d? species
to adopt octahedral coordination environments. Interestingly,
despite the n!-BH, coordination, 3 does not react with Lewis bases
such as PMe; and excess dmpe.

These vanadium complexes are of interest as molecules that
contain V-H bonds;!” further, 3 is notable as the first example
of a crystallographically characterized bis(n'-BH,) complex.
Vanadium tetrahydroborates may also prove useful as molecular
precursors for ceramic thin films, as shown by the formation of
TiB, by thermolysis of the titanium tris(tetrahydroborate) Ti-
(BH,);(dme).!® Further studies along these directions are in
progress.

Acknowledgment. We thank the National Science Foundation
(Grant CHE 85-21757) and the Office of Naval Research under
their Young Investigator Award Program for support of this
research. We particularly acknowledge Dr. Scott Wilson and
Charlotte Stern of the University of Illinois X-ray Crystallographic
Laboratory for performing the X-ray crystal structure determi-
nation. G.S.G. is the recipient of an A. P. Sloan Foundation
Fellowship (1988-1990).

Supplementary Material Available: Tables of atomic coordinates
and complete lists of bond distances and angles for V(BH,);-
(PMe;), and V(BH,),(dmpe), (4 pages); tables of observed and
calculated structure factors for V(BH,);(PMe;), and V(BH,),-
(dmpe), (11 pages). Ordering information is given on any current
masthead page.

(16) Jensen, J. A.; Wilson, S. R.; Schultz, A. J.; Girolami, G. S. J. Am.
Chem. Soc. 1987, 109, 8094-8096.

(17) Hessen, B.; Van Bolhuis, F.; Teuben, J. H. J. Am. Chem. Soc. 1988,
110, 295-296.

(18) Jensen, J. A.; Gozum, J. E.; Pollina, D. M.; Girolami, G. S. J. Am.
Chem. Soc. 1988, 110, 1643-1644.

Evidence for Centrally Directed Bonds in Trinuclear
Metal Cluster Compounds: The Apparent Free Rotation
of the Cr(CO)¢ Unit in (OC)sCr{Os(CO);(PMe,)],

Harry B. Davis, Frederick W. B. Einstein, Victor J. Johnston,
and Roland K. Pomeroy*

Department of Chemistry, Simon Fraser University
Burnaby, British Columbia, Canada V5A 1S6

Received January 25, 1988

Metal-metal bonds in trinuclear clusters are usually regarded
as two-center two-electron bonds.! There are, however, studies
that indicate that the metal-metal bonding in these compounds
should be described in terms of a centrally directed, three-center
two-electron molecular orbital, along with edge-bridging molecular
orbitals,” We have recently reported observations consistent with
the latter view for Os;(CO),,.> Here we present evidence that
in solution the Cr(CO); unit freely rotates in both isomers of the
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