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[Cu(Me,OHO[15]teteneN,)](ClO,) is very similar to that
observed in tetrakis(N,N-dimethyl glyoximato)dicopper(11)!%!3
which shows evidence of weak antiferromagnetic exchange!!
at low temperatures (5-50 K). Further investigations on the

dination geometry and physical and chemical properties of
copper(I1) complexes are currently in progress.
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A low-temperature neutron diffraction study of (x-CH,){(n*-CsHs)Rh(CO)], has been carried out in order to determine
the geometry of the bridging methylene group with high precision. The mean methylene C-H bond distance is found to
be 1.095 (1) A, and the H-C-H angle of 110.4 (1)° lies near the tetrahedral value. The dihedral angle between the CH,
and Rh,C planes is 84.1°. The cyclopentadienyl ligands are slightly distorted from an ideal pentagonal shape, reflecting
the influence of the coordination about rhodium on the five-membered rings. There is no systematic displacement of the
hydrogen atoms from the planes of the rings, with respect to the rhodium atom positions. Crystallographic data: space
group P1,Z=2,a=17857 () A, b=8914 (2) A, c =9.319 (2) A, a = 74.21 (2)°, 8 = 81.25 (1)°, v = 82.56 (2)°,
T = 15 K. The final unweighted R value based on F? for 3054 reflections ((sin 8)/A < 0.70 A-1) is 0.036.

Introduction

Over the past 15 years, a tremendously rich chemistry has
developed involving metal-carbene complexes,® and such
complexes have been postulated as intermediates in many
catalytic reaction sequences.® Recently, a series of novel
u-methylene complexes having structures of the type 1 has

L,,M\T/ML,,
C
R/,Q\R.

1

been prepared and characterized.”® Binuclear complexes with
two® and three®!? bridging methylene groups as well as one
with a single bridging methylene and two carbonyls!! are now
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Table 1. Experimental Details and Refinement Parameters

cryst wt 4.165 mg
cryst vol 2.012 mm?
(approximately

0.5 x1.0 X 4.0 mm)

cryst boundary faces {100}, {001}, {011}

calcd transmission range 0.832-0.910
no. of reflctns measd 3684
no. of independent reflectns (m) 3054

agreement factor for averaging
t

n
R.= EiE:'(F°2> ~ Fotilzn' (Foh 0.039

R(F*)=ZIFy* - k*FRAZFS? 0.036

Ry (F*) = 0.038
[EW(FQ* — K*F 2V [EwF*]'?
= 1.24
[EW(FOZ _kZFCZ)l/k4(m _ n)]lll

no. of variable parameters (n) 263

known, as are triosmium cluster systems with an Os—Os bond
bridged by a hydride and a methylene ligand'>'4 or the dipolar
“CH(CH,)(P*Me,Ph).}*'7 The methylene carbon atom of
the bridging ligand in 1 is highly distorted from tetrahedral
geometry; a recent survey of structural parameters determined
by X-ray diffraction for such compounds has indicated that
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Methylene-Bridged (CH,)[(n5-CsHs)Rh(CO)],

the internal M—C-M angles a are far less sensitive to the
composition and structures of the molecules than the external
R-C-R’ angles 8.!* The bonding in bridging methylene
complexes has been the subject of theoretical investigations'®
which have pointed out the analogy between these systems and
cyclopropanes. The bridging methylene acts as a ¢ donor and
m acceptor. Schultz, Williams, Calvert, Shapley, and Stucky'*
have applied a qualitative molecular orbital scheme to the
triosmium clusters,” in which the Os,(u-H)(u-CH,) inter-
action is described as a six-electron, four-center bond.

The synthesis and X-ray structure analyses of the three
unsubstituted (R = R’ = H) complexes of type 1 (u-CH,)-
[(CP)RK(CO)], (I)*"?? and the closely related (u-CH,)-
[(CsH,R)Mn(CO),}, (I, R = H; III, R = Me)*** have been
carried out previously. Here we present the results of a low-
temperature neutron diffraction study of the rhodium complex,
which has been undertaken in order to determine the geometry
of the bridging methylene group with high precision. Results
of our neutron diffraction study of the terminal methylene
complex (Cp),Ta(Me)CH,?>% will be presented elsewhere.?
To our knowledge, only one neutron diffraction study of a
compound containing a coordinated methylene group has
previously been reported, viz., that of (u-H),(u-CH,)Os;-
(CO)w (\/.]:]:]:).13’14

Experimental Section

Samples of I were crystallized from pentane in the temperature
range 0 to =35 °C.2 A single crystal with a volume of 2.01 mm?® was
selected for the neutron diffraction measurements. This sample was
mounted on an aluminum pin, the end of which had been made hollow
in order to reduce the amount of metal in the neutron beam, and was
oriented with the crystallographic g axis approximately parallel to
the pin. The crystal was sealed in an aluminum can under a helium
atmosphere and placed in a closed-cycle helium refrigerator® mounted
on a four-circle diffractometer?*® at the Brookhaven high-flux beam
reactor. A germanium (220) single-crystal monochromator was
employed to obtain a neutron beam of wavelength 1.1621 (2) A (based
on KBr, @ = 6.6000 A at T = 298 K).>! The temperature of the

(18) (a) W. A. Herrmann, I. Schweizer, M. Creswick, and 1. Bernal, J.
Organomet. Chem., 165, C17 (1979). (b) Similar structures have
meanwhile been found for compounds of the type (u-CRR’)[(7’-
CsMe;s)Rh(u-CO)], (CRR’ = tetrabromocyclopentadienylidene), (-
CRR)[(n*-CsMes)Rh(CO)}, (CRR’ = 1,3-dioxoindanylidene(2) and
C(CO,CH,);, and (u-CH,)[(n*-CsHg)Fe(NO)]s: W. A, Herrmann, J.
Plank, Ch. Baur, W. Kalcher, D. Speth, and M. L. Ziegler, Angew.
Chem., Int. Ed. Engl., 20, 193 (1981); W. A. Herrmann and Ch. Bauer,
J. Organomet. Chem., 204, C21 (1981); 209, C13 (1981); W. A,
Herrmann, M. L. Ziegler, et al., unpublished results, 1980-1981.

(19) P. Hofmann, Angew. Chem., Int. Ed. Engl., 18, 554 (1979). See also,
A. Dedieu and R. Hoffmann, J. Am. Chem. Soc., 100, 2074 (1978); A.
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R. Goddard, and I. Bernal, J. Organomet. Chem., 140, 73 (1977).
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Plank, E. Guggolz, and M. L. Ziegler, Angew. Chem., Int. Ed. Engl.,
19, 651 (1980); W, A. Herrmann, J. Plank, M. L. Ziegler, and B.
Balbach, J. 4m. Chem. Soc., 102, 5906 (1980).
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{. B7er)nal, and W. A, Herrmann, J. Organomet. Chem., 172, C39
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(29) R.K.McMullan and in part L. C. Andrews, T. F. Koetzle, F. Reidinger,
R. Thomas, and G. J. B. Williams, NEXDAS, Neutron and X-ray Data
Acquistion System, unpublished work.
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Figure 1. Molecular structure of (u-CH,)[(Cp)Rh(CO)], at 15 K
with thermal ellipsoids drawn to enclose 97% probability density.

sample during data collection was measured to be 15.0 (5) K.32
Unit-cell parameters were determined at this temperature by a
least-squares procedure on the basis of observed sin? 6 values of 32
reflections (60° < 26 < 73°). Crystal data: space group PI, Z =
2,a=185T(Q) A, b=8914(2) A, c=9319(2) A, a =7421(2)°,
8 =81.25 (1)°, v = 82.56 (2)°, V = 618.1 (2) A}, M, = 417.3, p,
= 2.242 g cm™. Experimental details and parameters describing the
subsequent structure refinement are listed in Table I.

Reflection intensities were measured in one hemisphere of reciprocal
space with 28 < 109° ((sin §)/\ < 0.70 A-') employing a /29
step—scan technique. The scan range was varied according to A26
= (2.94 + 1.24 tan §)° for the high-angle data (60° < 26 < 109°)
and A28 = 3.6° for the low-angle data. The step size was adjusted
to give between 55 and 70 steps in each scan. At each point, counts
were accumulated for approximately 2.0 s, with the exact time interval
being determined by monitoring the incident beam intensity. As a
general check on experimental stability, the intensities of two reflections
were monitored every 100 measurements. These monitor intensities
did not vary to any significant degree for the duration of data collection.

Integrated intensities were obtained by a modification of the
Lehmann and Larsen profile analysis,*® with a program™ that employs
an interactive CRT display. Observed intensities were corrected for
absorption (u = 2.127 ¢cm™) by means of numerical integration over
a Gaussian grid of points®* and converted to squared structure factors,
F.2 = I'sin 24. Variances were estimated as

(F Y = o*(count) + A-F*+ B

where o*(count) is the variance based on counting statistics. Coef-
ficients 4 and B were estimated to be 0.0016 and 2.56, respectively
on an absolute scale with F,2 in barn, on the basis of the discrepancies
between Friedel-related reflections 0/ and #0]. Multiple observations
of the same and Friedel-related reflections were averaged to give 3054
independent values of F,2,

Atomic coordinates?!® of the nonhydrogen atoms from the X-ray
determination defined the initial model for the refinement on the basis
of the neutron data. After a few cycles, a difference scattering density
synthesis indicated the locations of all hydrogen atoms. A total of
263 parameters, comprised of positional and anisotropic thermal factors

(31) J.D. H. Donnay and H. M. Ondik, Eds., *‘Crystal Data Determinative
Tables”, Vol. 2, 3rd ed., U.S. Department of Commerce and Joint
C%mmittee on Powder Diffraction Standards, Washington, D.C,, 1973,
p C-164.

(32) Temperature readings were calibrated with reference to a magnetic
phase transition in FeF, at Ty = 78,38 (1) K: M. T. Hutchings, M.
P. Schulhof, and H. J. Guggenheim, Phys. Rev. B, 8, 154 (1972). With
an FeF, crystal mounted in the same fashion as the sample used in the
present study, the platinum resistance thermometer used to monitor the
temperature indicated Ty = 76.1 K. Thus 2 K was added to the
recorded values.

(33) ?4975 )Lehmann and F. K. Larsen, Acta Crystallogr., Sect. A, A3, 580

1974).
(34) F. Takusagawa, PEAK, unpublished work.
(35) W. R. Busing and H. A. Levy, Acta Crystallogr., 10, 180 (1957).
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Table II. Positional and Thermal Parameters®
atom X Y z Ui Un Uss U, Uis Ui

Rh(1) 0.146 41 (8) 0.20923 (7)) 0.07993 (7) 0.0033(3) 0.0043(2) 0.0064(2) 0.0015(2) -0.0026 (2) -0.0012(2)
Rh(2) 0.35107(8) 0.25304(7) 0.26497(7) 0.0040(3) 0.0061(3) 0.0071(2) 0.0020(2) —-0.0033(2) —-0.0024(2)
C(1) -0.027 19 (8) 0.19041 (7) 0.238 45 (6) 0.0060 (3) 0.0099(2) 0.0085(2) 0.0009(2) —-0.0011(¢2) -0.0019(2)
C(2) 0.52324(8) 0.28370(7) 0.10582(7) 0.0054 (2) 0.0110(2) 0.0103 (2) -0.0001(2) -0.0007 (2) -—-0.0038(2)
Cc(3) 0.30442(8) 0.05197(7) 0.216 80 (7) 0.0094 (3) 0.0066 (2) 0.0104(2) 0.0025(2) —-0.0050(2) -0.0019(2)
O(1) -0.1378(1) 0.176 58 (9) 0.336 57 (8) 0.0087 (3) 0.0151(3) 0.0111(¢3) -0.0006 (2) 0.0017 (2) —-0.0033(2)
0(2) 0.636 3 (1) 0.29999(9) 0.01022(8) 0.0087(3) 0.0180(3) 0.0126 (3) -0.0029(2) 0.0011 (2) —0.0048 (3)
H(1) 0.406 7 (2) -0.006 8(2) 0.1522(2) 0.0216 (7) 0.0246 (6) 0.0309(7) 0.0095(5) —0.0045(5) -0.0126 (5)
H(2) 0.2471(2) -0.0329(2 0.3150(2) 0.0282(7) 0.0196 (6) 0.0235(6) -—0.0035(5) —0.0046 (5) 0.0011(5)
C(1A) 0.19998(8) 0.13335(7) -0.136 86 (6) 0.0075(3) 0.0081(2) 0.0094(2) 0.0012(2) -0.0020(2) -0.0031(2)
C(2A) 0.025 70 (8) 0.20046 (7) -0.12054 (6) 0.0058 (2) 0.0086 (2) 0.0092(2) -0.0002 (2) -—0.0026 (2) -0.0020(2)
C(3A) 0.02868(8) 0.36368(7) -0.126 03 (6) 0.0058(2) 0.0077(2) 0.0091(2) 0.0013(2) -0.0027(2) -0.0006 (2)
C(4A) 0.20322(8) 0.39563(7) -0.14262(6) 0.0076 (3) 0.0074 (2) 0.0093 (2) —0.0004 (2) -0.0022(2) -0.0010(2)
C(5A) 0.30983(8) 0.25197(7) -0.14496 (6) 0.0057 (2) 0.0095(2) 0.0095(2) 0.0008(2) -0.0015(2) -0.0024 (2)
H(1A) 0.2411(2) 0.0137(2) ~0.1400(2) 0.0260(7) 0.0147(5) 0.0314(7) 0.0034(5) —0.0042(5) -0.0079 (5)
H(2A) -0.087 9 (2) 0.1403(2) -0.1117(2) 0.0160(6) 0.0259(6) 0.0320(7) -0.0070(5) -—0.0050(5) -0.0091 (5
H(3A) -0.0845(2) 0.4473(2) -0.1172(2) 0.0174(6) 0.0202(6) 0.0296 (6) 0.0072(5) -—0.0059 (5) —0.0060 (5)
H(4A) 0.2488(2) 0.506 5(2) ~0.1467(2) 0.0258(7) 0.0164(6) 0.0318(7) -0.0056 (5) —0.0053 (5) —0.0056 (5)
H(5A) 0.449 2 (2) 0.2380(2) -—0.1585(2) 0.0102(6) 0.0273(6) 0.0331(7) 0.0013(5) —-0.0033(5) —-0.0097 (5)
C(1B) 0.38993(9) 0.19967(7) 0.508 12(7) 0.0109 (3) 0.0127(3) 0.0104 (2) 0.0046 (2) —0.0060(2) —-0.0036(2)
C(2B) 0.451 18 (8) 0.348 40 (8) 0.429 84 (7) 0.0077(3) 0.0151(3) 0.0131(3) 0.0011(2) -0.0041(2) -0.0070(2)
C(3B) 0.306 22 (8) 0.45522(7) 0.37951(7) 0.0108 (3) 0.0092(3) 0.0124(2) 0.0009(2) -0.0029(2) -—0.0045(2)
C(4B) 0.15732(8) 0.37145(7) 0.42154(7) 0.0069 (3) 0.0102(2) 0.0099(2) 0.0026 (2) -0.0022(2) -0.0031(2)
C(5B) 0.26902(8) 0.21316(7) 0.49845(6) 0.0106 (3) 0.0100(3) 0.0086 (2) 0.0008 (2) -0.0016 (2) -0.0019 (2)
H(1B) 0.467 4 (2) 0.096 7 (2) 0.5635(2) 0.0327(8) 0.0246 (6) 0.0284(7) 0.0119(6) —0.0147 (6) —0.0037 (5)
H(2B) 0.5841(2) 0.376 6 (2) 0.4157(2) 0.0150(7) 0.0420(8) 0.0364 (8) —0.0046 (6) —0.0053 (6) —0.0161(7)
H(3B) 0.3098(2) 0.577 3 (2) 0.3177(2) 0.0343(8) 0.0152 (6) 0.0322(7) —0.0026 (5) —0.0048 (6) —0.0023 (5)
H(4B) 0.0277 (2) 0.417 4 (2) 0.3973(2) 0.0143(6) 0.0297(7) 0.0281(6) 0.0052(5) -0.0060(S) —0.0078(5)
H(SB) 0.1233(2) 0.1207(2) 0.5451(2) 0.0295(8) 0.0223(6) 0.0285(6) -0.0092(6) 0.0001(6) —0.0024(5)
@ Thermal parameters are of the form exp{-2n*(A’a**U,, + ... + 2ika*b*U,; + ..)].

for all 29 altsoms, a scale factor k, and a type I isotropic extinction Table IIl. Geometry around the Rh~Rh Core

parameter,”® was varied by a full-matrix least-squares procedure Rh-C Distan

minimizing Sw(F - FFL Weights were taken as w = 1/0(F), RR(-CUA) 5364 (1) BhO)CVBy 2,245 (1)

The most significant extinction correlation applied to F.? was 0.65 Rh(1)-C(2A)  2.244 (1)  Rh(2)-C(2B) 2.226 )

for reflection 020. Neutron-scattering lengths were taken to be bgy Rh(1)-C(3A)  2.282(1) Rh(2)-C(3B) 2:298 1)

=0.588 X 10-12, bo =(0.580 X ]0-12, bC = 0.665 X 10—12, and bH = Rh(1)-C(4A) 2.302 ¢ Rh(2)-C(4B) 2.304 (1)

-0.374 X 102 ¢m.® The individual rhodium atom scattering lengths Rh(1)-C(SA)  2.249(1) Rh(2-C(SB)  2.247 (1)

were allowed to vary, but the resulting values agreed within their
standard deviations with the literature value quoted above, which was
employed in the latter cycles. The refinement was terminated when
the maximum shift/esd for any parameter was less than 0.1. A
difference synthesis computed at this stage was essentially featureless.
Final agreement factors are included in Table I, while positional and
thermal parameters for all atoms are listed in Table I1.%°

Results and Discussion

The molecular structure of (u-CH,)[(Cp)Rh(CO)}, at 15
K is illustrated in Figure 1.° An approximate local twofold
axis relating the halves of the dimer passes through the
methylene carbon C(3). Intramolecular bond distances and
angles are indicated in Figure 2 and Table III, while a ste-
reoscopic view of the packing of four molecules intersecting
one unit cell is presented in Figure 3. There are no unusual
intra- or intermolecular nonbonded contacts.

The mean*' C-H distance in the methylene group is found
to be 1.095 (1) A and the H~C-H angle 110.4 (1)°. The

(36) P. Becker and P. Coppens, Acta Crystallogr., Sect. A, A31, 417 (1975).
(37) Least-squares refinements were carried out with LINEX79, a modified
version of ORFLS: W. R. Busing, K. O. Martin, and H. A. Levy, Report
ORNL-TM-305, Oak Ridge National Laboratory, Oak Ridge, TN,
1962.

L. Koester in “Neutron Physics”, Springer-Verlag, Berlin, Heidelberg,
New York, 1977, p 36.

The nomenclature here is somewhat different than that employed in ref
21, viz.,, H(1) = H(3A), H(2) = H(3B), C(1A)-C(5A) = C(4)—C(8),
C(1B)-C(3B) = C(11)-C(13), C(4B) = C(9), and C(5B) = C(10).
C. K. Johnson, ORTEP II, Report ORNL-5138, Oak Ridge National
Laboratory, Oak Ridge, TN, 1976.

Standard deviations of mean values have been estimated as o((x)) =
[Eia1"(x; = (x))?/n(n - 1)]!/2, except where n = 2 when the average
of the individual esd’s has been used if this exceeds o((x)).
TUPAC-IUB Commission on Biochemical Nomenclature, J. Mol. Biol.,
52, 1 (1970).

(38)
(39

(40)
(41)

(42)

(b) Ring Center~Rh-X Angles (Deg)
ring A-Rh(1)-Rh(2) 132.85 (4) ring B-Rh(2)-C(2) 134.61 (5)
ring B-Rh(2)-Rh(1) 132.20(3) ring A-Rh(1)-C(3) 130.94 (4)
ting A-Rh(1)~C(1) 134.70 (4) ring B-Rh(2)-C(3) 130.87 (4)

(c) Dihedral Angles (Deg)

[Rh(1),Rh(2),C(3)]~[C(3),H(1),H(2)] 84.1
[Rh(1),Rh(2),C(3)]-[Rh(1),Rh(2),C(1),C(2)] 89.7
ring A-ring B 29.9

(d) Torsion Angle (Deg)*
C(1»»Rh(1)-Rh(2)-C(2) -176.91 (5)

dihedral angle between the CH, and Rh,C planes is 84.1°;
consonant with this small rotation from the favored!® per-
pendicular conformation, the Rh—C-H angles fall into two
groups with mean values 112.3 (7) and 119.3 (3)°. There is
also a slight twisting of the Rh(Cp)(CO) units about the
Rh-Rh bond as indicated in 2, so that the C(1)-Rh(1)-Rh-

0
¢
t:‘\
W B o
(WG
% c
c
0
2 3

(2)-C(2) torsion angle is —176.9°. The rotation of the CH,
plane is in the expected direction, maintaining optimum overlap
between the CH, p orbital and the metal-metal antibonding
7,* 3. The geometry of coordinated methylene ligands will
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Table IV. Geometry of the M—u-CH,-M Core in Compounds with Bridging CH, Ligands

meth- dist, A angles, deg
compd 0d®  M-M M-C? C-H?> M-C-M(a) H-C-H(®) dihedral® ref

(u-CH,)[(CP)Rh(CO)], () N 2.662(1) 2.050(1) 1.095(2) 81.0(1) 1104 (D) 84.1 this work
(u-CH,)[(Cp)Mn(CO), ], (1D x4 2.799(1) 2.025(1) 0.93(2)  87.43(7) 108.8(1.5) 88.0 24a
(u-CH,) [(MeCp)Mn(CO), ], (111) X 2779(1) 2.013(5) 0.90(5) 87.3(2) 92(8) 87.5 24b
(u-CH, )(u-C0), [Fe(CO), 1, (IV) Xe 2.504(1) 2015Q) f 76.6 (1) 908 11b
(-CH,), [Ru(PMe,), ], (V) N  2643(4) 2.116(5) 1.086(2) 77.3(2° 107(2)° 88.5(3) 10
(u-CH,), (u-Me)[Ru(PMe,),},BF, (VI) X  2.732(1) 2.090(7) h 81.6 (4) A h 9b
(u-CH,), [Ru(PMe,), ], (BF,), (V1I) X 2641(1) 2071(5) 0.92(5) 79.2(2) 102(4¢) 87.3 9b
(u-H), (u-CH,)0s,(CO),, (VILL) N  2.824(3) 2151(6) 1.09(1) 821(2)  106.0(8) 88.8 14

% N = neutron diffraction, X = X-ray diffraction.

b Mean value. ¢ Dihedral angle defined by M-C-M and CH,. d Low-temperature (130

K) study. € Low-temperature (238 K) study. f Methylene hydrogen atoms placed at idealized positions. £ Required by crystallographic
symmetry. " Positions of methylene hydrogen atoms not determined.
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Figure 2. Bond distances and angles (a) around the rhodium atoms.
(b and c) within the Cp rings. Estimated standard deviations of all
distances are 0.001 A or less except for C~H bonds (0.002 A). Esd’s
of angles are 0.1° or less. Displacements from the least-squares plane
through the carbon atom of each Cp ring are indicated in parentheses
in part b. Esd’s in these displacements are 0.001-0.002 A for carbon
and rhodium atoms and 0.003—0.004 A for hydrogen atoms.

be discussed further (vide infra).

The molecular geometry is in generally good agreement with
that found by X-ray diffraction at room temperature,?' except
for discrepancies in bond distances and angles involving hy-
drogen atoms and some differences in the dimensions of the

Figure 3. Stereoscopic view of the packing of four molecules inter-
secting one unit cell viewed along a*, with thermal ellipsoids as in
Figure 1.

Cp rings. Most of the latter differences may be ascribed to
the foreshortening of C—C bonds caused by librational motion
of the Cp rings at room temperature, which is greatly reduced
at 15 K.** However, small systematic distortions of the rings
from Ds, symmetry become apparent with the increased
precision of the neutron study. In both rings, there is a
tendency for the 1-5, 2-3 and 4-5 C—C bonds, which eclipse
the Rh—Rh or Rh—C bonds, to be slightly longer than the 1-2
and 3—4 C—C bonds (see Figure 2b). The mean C-C distances
for the two sets of bonds are 1.435 (3) and 1.422 (4) A,
respectively. Distortions of Cp rings from Ds; symmetry have
also been detected in CpM(CO); (M = Mn, Re),* CH,-
Cr(C0O);,% and (CH;)¢CsMo(CO);* and may be rationalized
on the basis of molecular orbital calculations.*’ In the case
of the rhodium dimer, the alternation in bond distances is more
pronounced® for ring A, which takes a conformation in which
the Rh—Rh and Rh—C bonds lie almost directly over the ring
C—C bonds, than for ring B, which is rotated toward an al-
ternative conformation where Rh(2)-C(2) eclipses C(2B).
Barriers to this type of rotation of the Cp ring in Cp-M(CO);,
complexes are calculated to be very small.*’

Out-of-plane displacements of the atoms in the Cp rings are
given in Figure 2b. Both rings show small deviations of the
carbon atoms from planarity with carbons 2 and 5 displaced
toward the rhodium atom and carbons 1 and 4 displaced away

(43) Mean C—C bond distances are 1.430 (3) A from the present neutron
work and 1.406 (13) A from the X-ray study of ref 21b. After cor-
rection for the effects of rigid-body libration with the method described
by D. W. J. Cruickshank, Acta Crystallogr., 9, 754 (1956), mean C-C
distances from the neutron and X-ray studies are 1.432 (3) and 1.433
(12) A, respectively. The calculated root-mean-square amplitudes of
libration about axes normal to the rings are as follows (the larger values
refer to the room temperature X-ray results): ring A, 2.2 (2) vs. 8.0
(5)°; ring B, 3.0 (4) vs. 14 (1)°.

P. J. Fitzpatrick, J. Sedman, 1. S. Butler, and Y. Le Page, “Abstracts
of Papers” 179th National Meeting of the American Chemical Society,
Houston, TX, 1980, Paper INOR 201; P. J. Fitzpatrick, Y. Le Page and
1. S. Butler, Acta Crystallogr., in press.

B. Rees and P. Coppens, Acta Crystallogr., Sect. B, B29, 2516 (1973);
M. F. Bailey and L. F. Dahl, Inorg. Chem., 4, 1314 (1965).

D. E. Koshland, S. E. Meyers, and J. P. Chesick, Acta Crystallogr.,
Sect. B, B33, 2013 (1977).

T. A. Albright, P. Hofmann, and R. Hoffmann, J. Am. Chem. Soc., 99,
7546 (1977).

For the individual rings the mean “long” and “short” C—C distances are
1.438 (5) and 1.420 (6) A for ring A and 1.432 (4) and 1.425 (8) A
for B.

(44)

(49)
(46)
47
(48)
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from rhodium. There is no clear trend in the hydrogen atom
displacements, which are probably dominated by intramo-
lecular steric and crystal-packing forces. The rhodium atoms
lie very nearly over the centers of the Cp rings: the angles
between the Rh-ring center vectors and the normals to the ring
planes are 1.3 and 2.3° for rings A and B, respectively. The
angles defined by ring center—Rh—Rh or ring center-Rh-C
are also very similar, with a mean value of 133 (1)°.

In reviewing the available structural results for u-methylene
complexes (1), Herrmann, Schweizer, Creswick, and Bernal'®
noted that the M—C-M angles (a) fall the range 75-87° and
the R—-C-R’ (B8) angles in the range 92-115°. All known
structures have the carbene ligand oriented approximately
perpendicular to the M—M bond. Here we focus our attention
on unsubstituted complexes, the geometries of which are
summarized in Table IV. Application of the 18-electron rule
to compounds I-VI predicts a formal M—M bond order of 1,
which is consistent with results of a molecular orbital analysis
of compound 1.1 Interestingly, the manganese dimers (II and
III) have longer M—M distances than the rhodium dimer (I),
and both II and III possess substantially the largest a angles
in the group.2»® In fact, in view of the differences in com-
position, the relative constancy of the « angles in the remaining
six compounds is perhaps surprising. The H-C-H (8) angles
from the present neutron diffraction study of I and that of
VIII'3 are quite close to the tetrahedral value. By way of
further comparison, in our recent neutron diffraction study

of the terminal complex (Cp),Ta(Me)CH,,? the methylene
H-C-H angle is found to be 112.3 (2)°. The inadequacy of
simple hybridization arguments in rationalizing these angles
has been pointed out.'* In the MO analysis of the bonding
in I, Hofmann!® has indicated that the H-C-H angle in such
systems depends upon the details of a repulsive interaction
between the low-lying filled 7y, orbital and the metal-metal
bonding =,, orbital extending normal to the M—C-M plane.
Optimization of the H-C-H angle for compounds I and II has
led to calculated*® minimum energy angles of between 109 and
110° for I, in agreement with our experimental value, and
about 100° for II compared to the value of 108.8 (1.5)° from
the low-temperature X-ray study.?
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The reaction of elemental sulfur with (CH,);CsMo(CO);H produced [(CH;)sCsMoS;]; (IT) and [(CH,)sCsMoS;], (IV)
in 65% and 10% yields, respectively. The remaining product was an insoluble, presumably polymeric, material. Complex
II crystallizes in space group P2,/n with @ = 10.069 (20) A, b = 15,107 (4) A, ¢ = 7.889 (2) A, and 8 = 104.81 (2)°.
The molecule contains a planar Mo,(u-S), unit with terminal sulfido ligands in the anti configuration. In the presence
of oxygen, complex II is converted to [(CH,)sCsMoO(S)],, which crystallizes in space group P4,/n with a = b = 16.342
(3) A and ¢ = 8.456 (1) A. The molecule is similar to complex II with oxo ligands replacing the terminal sulfido ligands.
Complex IV crystallizes in space group Fdd2 with a = 15.233 (3) A, b = 45.205 (7) A, and ¢ = 8.051 (2) A. The metal
ions in this dimer are each coordinated to a single sulfur atom of a bridging disulfide ligand. The coordination sphere
of each molybdenum ion also includes two 7?-S; ligands and the #°-(CH,)sCs ligand. The reactions of [CH,CsHMo(CO),),
and of [CsHsMo(CO),); with elemental sulfur resulted primarily in the formation of insoluble materials. The dimer
[CH,CsHMoS;); (IIT) was isolated from the former reaction in very low yields. An X-ray diffraction study of this product
confirms that it is also an anti isomer of a [MoS(u-S)], dimer. The complex crystallizes in space group P2,/n with a =
7.023 (4) A, b =6.703 (2) A, c = 16.227 (8) A, and B = 95.86 (4)°. Complexes II-IV, as well as the insoluble products
from these reactions, react with hydrogen under mild conditions to form in each case a complex with hydrosulfido ligands.
In addition, III reacts with ethylene and acetylene at room temperature to form the known dimers with bridging ethane-
and ethenedithiolate ligands, respectively. The insoluble materials [(CH;),CsHs ,M0S,], (n = 1, 5) also react with these
unsaturated hydrocarbons to form the same dithiolate-bridged dimers.

Introduction
A cyclopentadienylmolybdenum dimer with two bridging
disulfide ligands (structure I) has been reported as a product

G

I
of the reaction of episulfides with cyclopentadienylmolybdenum

carbonyl hydrides.! Recently we reported that our efforts to
reproduce this synthesis resulted in the formation of dimeric
complexes with bridging alkanedithiolate ligands.2 The
bridging sulfur atoms in the latter complexes were found to
undergo unusual reactions with unsaturated molecules, and

(1) Beck, W.; Danzer, W.; Thiel, G. Angew. Chem., Int. Ed. Engl. 1973,
12, 582.

(2) Rakowski DuBois, M.; Haltiwanger, R. C.; Miller, D. J.; Glatzmaier,
G. J. Am. Chem. Soc. 1979, 101, 5245.
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