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Introduction

The reaction of cobalt atoms with pentamethylcyclopenta-
diene leads, beside other products, to the formation st [(
Cp*)Co],Hz (1).2 1is paramagnetic and contains a very short
Co—Co bond of 2.253(1) A. To explain this short bonding
distance, a free CeCo double bond was originally postulated.
The three bridging hydrido ligands were missed in the original
low temperature X-ray analysis. Although considerable residual
electron density was observed on the crystallographic 2-fold
axis perpendicular to the GeCo bonding vector, the distances
from this electron density to the Co atoms were not in a typical
range expected for a metal hydride bond. In addition, as is figyre 2. View along the Ce-Co*-bonding vector. Displacement
well-known, the situation here is complicated by the fact that ellipsoides are drawn at the 50% probability level.
experimental errors may cause the accumulation of electron
density on symmetry elements. The residual electron density TaPle 1. Experimental Data
was therefore not properly interpreted. The paramagnetism of space group  P2/c (No. 13) volume (&) 952.2

1, as well as its inert behavior in the presence of CO, were not a(A) 9.548(1) dearc (/) 1.36
sufficiently investigated and this consequently led to an b (A) 8.499(1) T(K) 20.0£0.1
; a ; dednd c(R) 12.214(2) 1 (R) 1.15863(8)
incomplete structural modél.In the meantime theoretidadn 4 (deg) 106.11(2) u (em) 3151

experiment& work by other groups led to the conclusion that 7
1 contains thregi,-bridging hydrido ligands. This conclusion
was supported by a new X-ray structural analysis,afi which
electron density was located that could be assigned to the

abs cor analytical (min 1.319/max 1.776)
(sin B/ limit (A1) 0.705

. . : cryst dimens (mm) 3.&1.2x1.0
hydrido ligands. In view of the remarkably short-€Go bond, no. of measd reflcnsih, —k, +1) 2919
we were interested in obtaining more detailed information about no. of independent reflcns 2337
the bridging hydride ligands. To this end, we have undertaken no. of variable parameters 338
a neutron diffraction study, the results of which we report here. R(FY) 0.088 WRE?) 0.085

EOF 1.169  WRE)[F >30(F)]  0.043 (1407 reflcns)
Experimental Section ) ) . )
being attached to the cold finger of an Air Products and Chemicals
1 was synthesized by the method described by Schneider?ét al. Inc. Model CS-202 Displex closed-cycle refrigerator. Measurements
Single crystals suitable for neutron diffraction were grown by slow Were made at the Brookhaven High Flux Beam Reactor, with an
cooling of a solution ofL in diethyl ether to—20 °C. A crystal with automated four-circle diffractometer operating under the Reactor
a volume of 3.6 mrhwas mounted on an aluminum pin oriented ~Experimental Control Facilifyand a wavelength of 1.15863(8) A. The
approximately along the crystallographic [010] direction and im- temperature was held at 20.8@.1) K during measurements of the
mediately placed in an indium-sealed aluminum can under argon, beforeBragg reflections.
The cell constants were determined by a least-squares fit of the sin

(1) (@) University of Southern California. (b) Brookhaven National ¢ values of 32 centered reflections (35.3 26 < 76.5). The
Laboratory. (c) Max-Planck-Institut. (d) Current address: Institut fu  intensities of the 2919 Bragg reflections f0h < 13, -11 <k =< 0,
Anorganische Chemie, UniverditaH Essen, 45117 Essen, Germany. —16 < | < +16) were measured with@26 step-scan technique. For

(2) Schneider, J. J.; Goddard, R.; Werner, S.;dgau C.Angew. Chem. o < d* < 0.43 A1 the scan range was varied accordingh2) =

1991, 103 1145;Agnew Chem Int. Ed. Engl 1991, 30, 1124. 2.6°, with a step size of 0.06 For 0.43< d* < 0.70 A%, the scan
(3) Schneider, J. JAngew Chem 1992 104, 1422;Angew. Chemint. : . o z

Ed. Engl.1992 31, 1392. range was varied according &260 = (0.149+ 5.919 tan9)°, and the
(4) Abrahamson, H. B.; Niccolai, G. P.; Heinekey, D. M.; Casey, C. P.;

Bursten, B. EAngew Chem1992 104, 464;Angew Chem, Int. Ed. (6) (a) Dimmler, D. G.; Greenlaw, N.; Kelley, M. A.; Potter, D. W.;

Engl. 1992 31, 471. Rankowitz, S.; Stubblefield, F. WEEE Trans Nucl. Sci 1976 23,
(5) Kersten, J. L.; Rheingold, A. L.; Theopold, K. H.; Casey, C. P.; 398. (b) McMullan, R. K.; Andrews, L. C.; Koetzle, T. F.; Reidinger,

Widenhoefer, R. A.; Hop, C. E. C. AAngew. Cheml992 104, 1364; R.; Thomas, R.; Williams, G. J. B.; NEXDAS Neutron and X-ray

Angew. Chemunt. Ed. Engl 1992 31, 1341. Data Acquisition System (unpublished).
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Table 2. Structural Results on Triply Hydrogen-Bridged Metalletal Bonds [Mfi>-H)sM]

distance (A) angle (deg)
compound M-M M —H(br) H---H M—H-M H—-M—-H ref
Cop(u-H)s(175-Cp*)2 2.253(9) 1.641(6) 2.068(7) 86.8(3) 78.1(3) this work
(neutron)
[Ir 2(u-H)a(55-Cp*)2] 2.465(3) 1.78(1) 2.22(2) 87.8(4) 77.2(7) 11
(neutron)
[Rex(u-H)sHe(triphos)T 2.594(1) 1.86(4) 2.30(4) 89.6(10) 77.4(10) 13
(neutron)
[Cox(u-H)s(as)s] 2.377(8) 1.70 2.11 88.7 76.6 14
(X-ray)
Table 3. Variation of Co-H Distance with Hydrogen Coordination Number
compound H coord no. Ce-Co dist A Co-H dist (&) Co—H—Co angle (deg) ref
CoH(CO), 1 1.558(18) 15
Cop(ua-H)s(17%-Cp*)2 2 2.253(9) 1.641(6) 86.8(3) this work
CosFefus-H)(CO)X[P(OMe)]s 3 2.489(7) 1.734(4) 91.8(2) 16
[Cos(u6-H)(COg] ~ 6 2.580(12) 1.823(13) 90.0(6) 17

a All entries in Table 3 are derived from neutron diffraction structure determinations, except those for CoM{@€h) were derived from an

electron diffraction study.

step size was varied to give approximately 60 points in each scan. The2CgHg!112 and [Re(uz-H)sHs(triphos)[ [N(CzHs)4] ™.t and an
scan profiles were integrated, and the background corrections wereX-ray analysis has been obtained for a compound with a similar
determined by summing the counts for four steps on either end of eachCg,H, core, [Co(uz-H)a(as)s]" [B(CeHs)a]~ [as = CH3C(CHs-
scan. The experimental stability was monitored by three intensity AsPhy)3].14 Despite differences in the metals and their oxidation

standards scanned every 100 reflections. Symmetry equivalent reflec-

tions were averaged to yield 2337 reflections w{R?) = 0.018]. A
Lorentz correction and analytical absorption correction were applied.
Neutron scattering lengths used &g = 2.780,bc = 6.6484 andcby

= —3.709 fmé Initial atomic positions of Co and C as well as of the
H atoms on the Cp* ring were taken from the X-ray restltShe

three hydride ligands were located in a difference-Fourier synthesis.

states, these results show a remarkably constant geometry for
the M(u2-H)sM cores of these molecules (Table 2), witk-HH
nonbonding contacts remaining fairly constant in the range 2.0
2.3 A, and M-H—M and H—-M—H angles confined within the
narrow limits 88+ 2 and 77+ 1°, respectively.

Also instructive is a comparison of €d1 distances as a

Least-squares refinements were carried out using the program UPALS, f\,nction of the coordination number of hydrogen (Table 3). The

minimizing the quantityw|F2 — F2|. Weights were chosen asw
[04(F®) + (0.0FHA?L The total of 338 parameters included

positional and anisotropic thermal parameters for the 28 independent
atoms, a scale factor, and an extinction parameter. The effects of

extinction were negligible. In the last refinement cycle, 33 weak

present neutron analysis dffills one of the missing entries in
the sequence CeH (terminal), Co(uz-H), Cos(us-H), Cos(ues
H), and allows one to see a gradual increase ir-Balistance
(1.56, 1.64, 1.73, 1.82 A) along the above se¥ie¥’ This may

reflections were omitted because they were influenced by aluminum reflect a decrease in Gd4 bond order as the coordination

powder diffraction from the cryostat. The refinement converggu/[
o(p) < 0.001] toR(F?) = 0.088, wRF? = 0.085, and EOF= 1.169
[WR(F) = 0.043 for 1407 reflections having > 30(F)]. The final
difference-Fourier synthesis was essentially featureless.

Results and Discussion

CompoundL crystallizes in the monoclinic space groBp/c
(No. 13), as reported earliéf. The molecular structure is given
in Figure 1. The center of gravity of the molecule lies on the
crystallographic 2-fold axis perpendicular to the-€&o bonding
vector. The methyl groups lie almost ideally in the plane of

the Cp* ring. The bond distances and angles are within the
expected values. Three hydrido ligands were localized bridging

the metat-metal bond. The hydrido ligands form an equilateral
triangle [Figure 2; average ‘HH distance: 2.068(7) A], and
thus the existence of ideak,-hydrido ligand8 has been
confirmed. H(2) lies on the 2-fold axis, while H(1) is in a
general position. The CeH—Co and H-Co—H angles amount
in average to 86.8(3) and 78.1{3)espectively, and the CeH

distances to 1.641(6) A. As expected, these values differ (14)

significantly from those obtained by the X-ray diffraction
experiment [Ce-H—Co angle= 97(3f; Co—H distance=
1.47(5) A)5

number of hydrogen increases.
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