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Abstract: A structural determination of the King-Bisnette complex Mo(r-CsH:)(CO)y(r-CH.SCH3) has shown
that the CH;SCHj; ligand does not at all behave as a olefinic-like unidentate ligand but instead effectively simulates
an allylic group in its functioning as a bidentate ligand. The formulation of this ligand in the metal complex as a
w-bonding, three-electron neutral donor (with two spin-paired electrons in the = orbital and one unpaired electron
in the =* orbital) is conceptually preferred even though the observed H,C-S bond length value of 1.78 =+ 0.01 A
is not indicative of any significant degree of multiple bond character. A comparison of its structural features with
those of Mo(r-C,H)(CO)«(p-CH ;C:HCH:) and other related Mo(r-C;H:)(CO). XY complexes is given. The rela-
tively similar orientations of the (CH,SCH3) ligand and the allylic part of the (p-CH3;CsH.CH.) ligand with respect
to the common Mo(#-C;Hg)(CO), fragment are found to be in accord with the stereochemical equivalence of the
sulfur atom with two of the allylic carbon atoms. Crystals of Mo(r-C;H;)(CO)x(r-CH:SCH ) are monoclinic with
four monomeric mglecules in a unit cell of symmetry P2;/n and dimensions a = 13.57 = 0.02A,5 = 7.97 £+ 0.01 A,
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XV. The Molecular

c =970 = 001 A, vy = 97° = 20"

A full-matrix anisotropic-isotropic least-squares refinement with three-di-

mensional photographic data resulted in discrepancy factors of R, = 8.3%, and R, = 9.9%;.

everal metal carbonyl complexes containing the new
ligand (CH.SCH3;) recently have been prepared by
King and Bisnette?® from the reactions between chloro-
methyl methyl sulfides and various metal carbonyl
anions. From the reaction of NaMo(w-C;H;)(CO),;
with CICH,SCH; in tetrahydrofuran at 25° these
workers isolated a yellow crystalline tricarbonyl com-
plex Mo(w-C;H;)(CO)x(a-CH.SCH3) which decarbonyl-
ates either by pyrolysis at 70° or by ultraviolet irradia-
tion to give a stable yellow solid. The chemical analy-
ses and osmometric molecular weight determination*
of this latter compound established its molecular
formula as Mo(w-C;H;)}(CO)(7-CH,SCH;). The cor-
responding W(x-C;H;)(CO)y(7-CH,SCH3) and yellow
liquid Mn(CO),(7-CH,;SCH3;) were also synthesized.?
King and Bisnette? provided convincing evidence
that the (CH:SCH;) ligand in the diamagnetic molyb-
denum tricarbonyl complex is o-bonded through the
methylene group to the molybdenum atom (i.e., without
any Mo-S linkage) on the basis of the compound’s
infrared, ultraviolet, and nmr spectra® and their simi-
larities with those of the corresponding o-bonded alkyl

(1) Previous paper in this series: H. Vahrenkamp, V. A, Uchtman,
and L. F. Dahl, J. Am. Chem. Soc., 90, 3272 (1968). The title of this
series has been revised from ““Sulfur” to *‘Chalcogen” in order to include
preparative and structural work on oxygen, selenium, and tellurium
complexes,

(2) This manuscript is based in part on a dissertation submitted by
E. R, de Gil to the Graduate School of the University of Wisconsin in
partial fulfillment of the requirements for the Ph.D. degree, Aug 1968,

(3) R. B. King and M, B, Bisnette, J, Am, Chem. Soc., 86, 1267
(1964); Inorg. Chem., 4, 486 (1965).

(4) Anal. Caled for Mo(w-CsH:)(CO)(r-CH-SCH3): C, 38.8;
H, 3.6; S, 11.5; Mo, 34.5; O, 11.5; mol wt, 278. Found: C, 38.9,
38.3; H,3.6,3.7; S,11.2,11.6; Mo, 33.5,34,5; O, 11.1,11.6; mol wt,
262.3

(5) The reported infrared spectrum? of Mo(w-CsHs)(CO)(w-CHo-
SCHy) taken in halocarbon oil mulls shows two strong absorption bands
in the metal carbonyl region at 1838 and 1922 cm=1, Other reported
bands are at 3060 (vw), 1415 (m), 1305 (w), 1055 (w), 1003 (w), 963 (w),
807 (m), 778 (w), 715 (vw), and 686 (vw) cm~1, The reported nmr pro-
ton spectrum? displays a characteristic AX pattern for the =-CH:SCH3
ligand with two nonequivalent but coupled CH; protons exhibiting two
doublets at = 7.33 and 8.11, J = 6.0 cps. Typical sharp singlet reso-
nances at 7 4.85 and 8.12 are due to the cyclopentadienyl and methyl
hydrogen atoms, respectively,

and phenyl derivatives, Mo(w-C;H;}(CO):R (R =
CH;, C:H;, C¢H;). The close analogies in method of
preparation, stoichiometry, and physical propertiest—2
to the allylic complex Mo(w-C;H;}(CO)(7-C3H;) led
King and Bisnette® to propose a molecular structure
for the dicarbonyl complex with the (CH,SCH3;) ligand
coordinated to the molybdenum atom both by metal-
carbon and metal-sulfur bonds. Consistent with the
nonequivalence of the two CH, protons in the com-
pound’s nmr spectrum, they further postulated two-
possible “limiting”’ modes of bonding of the neutral
three-electron donating (CH,SCH;) ligand with the
metal atom—one involving a carbon-sulfur double
bond w-bonded to the molybdenum atom and the other
containing a three-membered molybdenum-carbon-
sulfur ring.

In order to gain more definite structural information
concerning the nature of the carbon-sulfur interaction
of this unusual organosulfur ligand with a transition
metal, an X-ray analysis of Mo(w-CsH;)(CO)y(r-
CH,SCH;) was undertaken. A particular incentive for
this investigation was the desire to determine from the
detailed molecular parameters whether the (CH;SCH3)
ligand can be best described in this metal complex
as being stereochemically similar to many w-bonding
simple olefins in effectively occupying only onre co-
ordination site of the metal atom (e.g., analogous to the
unidentate ethylene group in Zeise’s salt, K[(C.HJ)-
PtCl;]- H,O°®) or whether it instead behaves as a chelating
bldentate ligand in an analogous fashion to a metal-
coordinated allylic group by the formal occupation of
two metal coordination sites.

(6) The observance of four strong infrared metal carbonyl stretching
frequencies in solutions of Mo(m-C:Hs)(CO)(7-CsHs) and related
species? (in contrast to only two infrared carbonyl solution bands in
Mo(7-CsHs)(CO)o(7-CH:SCHs)) has been interpreted by Davison and
Rodes from an nmr temperature-dependence study to result from a
configurational equilibrium in solution between two w-allyl isomers
which probably interconvert by internal rotation.

(7) R. B. King, Inorg. Chem., 5, 2242 (1966).

(8) A, Davison and W. C, Rode, ibid., 6, 2124 (1967).

9) I. A, Wunderlich and D. P. Mellor, Acta Cryst., 7, 130 (1954),
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Experimental Section

Unit Cell and Collection of Intensity Data, Orange crystals of
Mo(r-C;HsXCO)o 7-CH.SCH;) were generously supplied to us by
Dr. R. B. King of Mellon Institute (now at the University of
Georgia). Precession and Weissenberg photographs, taken at room
temperature with Mo K« radiation, showed the crystals to be mono-
clinic with Cer-2/m Laue symmetry. The lattice parameters® a =

13.57 £ 0.02A,b = 7.97 =001 A,c = 9.70 = 0.01 A, y = 97° %
20’ were determined from 0/ and A4kO precession photographs
taken on a camera whose settings were calibrated with a NaCl
crystal; volume of the unit cell = 1041.3 A3, The calculated
density of 1.77 g/cm? for four molecules per unit cell is consistent
with the experimental value of 1.76 g/cm? determined by the flota-
tion method in solutions of ethyl iodide and 2-iodopropane.

A crystal of approximate dimensions 0.15 X 0.10 X 0.20 mm was
used for the gathering of intensity data. This crystal was mounted
in a thin-walled glass capillary with the 0.20-mm direction (which
approximately corresponds to the b axis) oriented along the spindle
axis. Multiple-film equiinclination Weissenberg data for reciprocal
levels 40/ through 48/ and timed-exposure precession data for
Okl 1kl, hkO, and hk1 were taken with Zr-filtered Mo K radiation.
The intensities of all reflections were visually estimated with a series
of timed exposures of a selected reflection from the same crystal.
Corrections were made for spot extension!! and Lorentz-polariza-
tion effects, but no extinction or absorption corrections were
applied. For Mo K radiation (A 0.7107 A) the linear absorption
coefficient (u) of 13.9 cm~! results in a uRmax value of only 0.1 for
which the variation of absorption correction factors with 6 is
negligible.!2 The Weissenberg and precession intensity data were
placed on a single relative scale by a least-squares method!? to give
a total of 1761 independent reflections, The weighted disagreement
factor for the least-squares merging was 5.7 7.

The observed systematic absences, which are {#k0} with # + k
odd and {00/} with / odd, uniquely define P2;/n [nonstandard setting
of P2,/b (Cu.5, no. 14)]1 as the probable space group. Since all
atoms were found to be in fourfold sets of general positions ==(x,
v, z; Yo — x, 1 — y, /2 4 2), the structural analysis required the
location of one molybdenum, one sulfur, nine carbon, two oxygen,
and ideally ten hydrogen atoms corresponding to one molecule as
the crystallographically asymmetric unit.

Determination and Refinement of the Structure. A three-dimen-
sional Patterson function!4 led to a self-consistent set of coordinates
for the independent molybdenum and sulfur atoms. A first
approximation to an electron density map!¢ phased on the molyb-
denum and sulfur atoms was calculated, and an interpretation of this
map yielded initial coordinates for the 11 remaining nonhydrogen
atoms. Four cycles of isotropic least-squares rigid-body refine-
ment!® with the restriction of the cyclopentadienyl ring to a regular
D:» pentagon of bond length 1.41 A gave discrepancy values of
R =[S/ F,) — |F.|/2/Fs]1 X 100 = 10.2% and R; = [Zw' Fo| —
F, 2Zw|F%'/> X 100 = 12.2%. One additional cycle of least
squares with individual isotropic thermal parameters for all atoms
but with no rigid-body constraints imposed on the cyclopentadienyl
ring yielded the same discrepancy values but gave significant changes
(greater than 3¢) in the corresponding coordinates of the carbon
atoms in the cyclopentadienyl ring. Since a three-dimensional
Fourier difference map!4 indicated some anisotropic electron
density around the molybdenum and sulfur atoms, additional
cycles of least-squares refinement without rigid-body constraints on
the cyclopentadienyl ring were carried out with anisotropic thermal
parameters for the molybdenum and sulfur atoms and isotropic
ones for the carbon and oxygen atoms.!® The discrepancy factors

(10) The lattice dimensions and space group symmetry are based on
the ¢ direction (rather than the b direction) as the unique symmetry axis
in the monoclinic system,

(11) D, C. Phillips, Acta Cryst., 7, 746 (1954),

(12) "'International Tables for X.Ray Crystallography,” Vol. II,
The Kynoch Press, Birmingham, England, 1959, p 295.

(13) P. W. Sutton and M., D. Glick, “A Crystallographic Data Cor-
relation Program for the CDC 1604 Computer,” University of Wis-
consin, 1964,
| (14) J. F. Blount, Ph.D. Thesis (Appendix), University of Wisconsin,

965,

(15) “DBCGHW, A Fortran Crystallographic Least-Squares Rigid-
Body Program for the CDC 1604 and 3600 Computers,” University of
Wisconsin, 1965.

(16) W. R. Busing, K, O, Martin, and H. A. Levy, “OR FLS, A
Fortran Crystallographic Least-Squares Program,” ORNL-TM.305,
Qak Ridge National Laboratory, 1963,

Journal of the American Chemical Society | 91:14 | July 2, 1969

were reduced to R = 83% and R: = 9.9%. During the last
cycle no parameter changed by more than 0.050. The final posi-
tional parameters agreed within 1¢ with the corresponding values
from the isotropic nonrigid-body least-squares refinement. A final
three-dimensional Fourier difference map based on the anisotropic—
isotropic refinement showed no residual density greater than +1.8
e/A% or less than —0.9 e/A%.

In these least-squares refinements the function minimized was
Sw| Fs| — ,F.|* where individual weights were assigned to the ob-
served structure factors according to the function 4/, = 20/F, if
I, > 4l(min) and /y = 1.25L*Fol,{min) if [, < 4I(min). The
scattering factors reported by Thomas and Umedal!™ were utilized
for molybdenum; for sulfur the scattering factors were those of
Dawson, ® while for carbon and oxygen the values used were those
of Berghuis, er al.!* Although no anomalous dispersion corrections
of the scattering factors were made, the real and imaginary disper-
sion corrections for Mo K« radiation are sufficiently small (i.e., Af’
= —1.7 and Af"’ = 0.9 for molybdenum; Af’" = 0.1 and Af"’ =
0.2 for sulfur)® that their estimated net effect on the atomic co-
ordinates of this centrosymmetric crystal was considered to be
negligible. 2!

The positional and thermal parameters obtained from the output
of the last cycle of the anisotropic-isotropic least-squares refinement
are presented in Table .22 Intramolecular distances and bond
angles together with estimated standard deviations, calculated with
the Busing-Martin-Levy program?? from the full inverse matrix
(containing estimated lattice parameter uncertainties), are listed in
Table II. Least-squares calculations? of “‘best” molecular planes
formed by certain atoms and the perpendicular distances of these
and other atoms from these planes are given in Table III.

Table I. Final Atomic Parameters with Estimated Standard
Deviations of Last Significant Figures Given in Parentheses
Atom X y z B
Mo 0.0118(0.5) 0.2415(0.8) 0.2200(1) a
S —0.0552 (1) 0.2784 (3) 0.4507 (3) a
C 0.1861 (8) 0.2507 (14) 0.2230(13) 4.4(2)
C, 0.1529 (8) 0.2576 (14) 0.0831(13) 4.5(2)
C; 0.1108 (7) 0.4072 (13) 0.0639(12) 4.1(2)
Cy 0.1171 (8) 0.4973 (14) 0.1867(13) 4.4(2)
Cs 0.1622 (9) 0.4055(15) 0.2867 (14) 5.1(2)
Cs —0.1505(8) 0.1011 (14) 0.4954 (13) 4.4(2)
C; —0.1065(7) 0.3819(13) 0.3114(12) 4.1(2)
C; —0.0945 (6) 0.1860 (11) 0.0939 (11) 3.0(D)
C, —0.0140(7) 0.0005 (13) 0.2382(10) 3.9(D)
Os —0.1593(5) 0.1524 (9) 0.0134 (9 4.7(D
0O, —0.0334(6) —0.1508 (11) 0.2455(8) 4.7(1)

¢ Anisotropic temperature factors of the form exp{—[Buh® +
Bak?® 4 Byl? + 2Bihk -+ 2Bishl + 2Buskl]} were used for the molyb-
denum and sulfur atoms. The resulting thermal coefficients
(X 10%) with esd of the last significant figure given in parentheses are

Bll B22 BSS Bl2 BIS BZS
Mo 414 (4) 1004 (12) 974 (11) 24(4) —28(6) 129 (10)
S 521(14) 1395(45) 901 (37) —97 (18) —14(18) 75(28)

(17) L. H. Thomas and K, Umeda, J. Chem. Phys., 26, 293 (1957).

(18) B, Dawson, Acta Cryst., 13, 403 (1960).

(19) J. Berghuis, 1J. M. Haanappel, M. Potters, B. O. Loopstra,
C. H. MacGillavry, and A. L. Veenendaal, ibid., 8, 478 (1955).

(20) D. H. Templeton in “International Tables for X.Ray Crystal-
lography,” Vol. IlI, The Kynoch Press, Birmingham, England, 1962,
p 215; C. H. Dauben and D. H. Templeton, Acta Cryst., 8, 841 (1955).

(21) D. H. Templeton, ibid., 8, 842 (1955).

(22) A table containing observed and calculated structure factors has
been deposited as Document No. NAPS-00334 with the ASIS National
Augxiliary Publications Service, c¢fo CCM Information Sciences, Inc.,
22 West 34th St., New York, N. Y. 1000l. A copy may be secured by
a citing of the document number and by the remitting of $1.00 for
microfiche or $3.00 for photocopies, Advance payment is required.
Make checks or money orders payable to: ASIS-NAPS.

(23) W. R. Busing, K. O. Martin, and H. A. Levy, *OR FFE, A
Fortran Crystallographic Function and Error Program,” ORNL-TM.
306, Oak Ridge National Laboratory, 1964,

(24) D. L. Smith, Ph.D, Thesis (Appendix 1V), University of Wis.
consin, 1962,



Table I
A. Intramolecular Distances (A) with
Estimated Standard Deviations
Mo-S 2.442 (3) Mo-C, 2.35(1)
Mo-C; 2.24 (1) Mo-C, 2.32(1)
Mo-M® 2.18 Mo-C; 2.32(1)
Mo-Nqcb 2.16 Mo-C, 2.36 (1)
Mo-C; 2.37 (1)
S-C; 1.78 (1) 2.34 (av)
S-Cs 1.82(1) .
Cy - Cy 2.86 (1) Mo-C.y 2.018
Mo-Cs 1.903 (9) C-C. 1.43 (1)
Mo-C, 1.918 (10) Ci-C;s 1.39()
— C-C; 1.38(1)
1.910 (av) Ca‘C4 1.40 (1)
C:Cs 1.45(1
Cs-Os 1.18 (1) ‘ LW
Cy-Oy 1.20Q1) 1.41 (av)
1.19 (av)

B. Bond Angles (Degrees) and Estimated Standard Deviations
Cs-Mo-Cy 77.5(4) Mo-Cs-Oy 177.3 (9)
Cs-Mo-C,° 124.5 (7) Mo-Cs-Os 178.6 (8)
Cy-Mo-Cye 123.4(7) —_—
Co-Mo-C; 78.5 (4) 178.0 (av)
Cs-Mo-S 109.3 (3) Mo-C:-S 73.5(3)
Cy-Mo-C; 114.0(4)

Cy-Mo-S 89.9(3) C-C-Cs 105 (1)
Cs-Mo-Ng? 90.1 (6) C-C-C; 108 (1)
Cy-Mo-N,? 105.9 (7) C,-C3-Cy 108 (1)
Cs-Mo-M;? 94.9 (6) C;—Cy-Cs 109 (1)
Cy-Mo-Mge® 102.5(7) C—C:-C 107 (1)
C;-Mo-Ce 120.9(7)

S-Mo-Coy? 119.6 (1) 107 (av)
Nio?=Mo-Cepe 123.1(7)

M,2-Mo-Cgpf 122.9(8)

C;-Mo-S 44.4(3)

C-S-Cs 105.0 ()

Mo-S-C; 111.94)

Mo-S-C; 61.9(3)

@ M,, designates the midpoint between atoms S and C;. ? N,
designates the point on the S-C; line such that the dot product be-
tween the (Mo-N,.) and (S-C) vectors is zero (i.e., the two vectors
are perpendicular to each other). ¢ C, is the centroid of C;Hs.

Results and Discussion

General Configuration. The Mo(w-C;H;)(CO)y(7-
CH,SCH;) complex exists in the solid state as discrete
monomeric molecules of point-group symmetry C;-1.
Figure | shows two views of the molecular configuration
with pertinent molecular parameters; the basic geom-
etry with the Mo(7-C;H;)(CO), fragment coordinated
to both the methylene carbon and sulfur atoms of the
CH,SCHj; ligand is as predicted by King and Bisnette. ?
The arrangement of the four molecules in the unit cell
is given in Figure 2. The closest intermolecular ap-
proaches of 3.43 A for C: - -0 contacts and 3.47 A for
C..-C contacts are greater than van der Waals dis-
tances and hence indicate that no unusual intermolec-
ular interactions exist in the crystalline state.

The molybdenum atom can be pictured as lying
between two planes, one formed by the carbon atoms
of the cyclopentadienyl group and the other passing
through the two carbonyl carbon atoms and the methy-
lene carbon-sulfur part of the CH,SCH; ligand. As
shown in Table III these two planes are within 4° of
being parallel. This disposition of the cyclopentadienyl
and two carbonyl ligands about the molybdenum atom
in Mo(7-C:H;)(CO)(CH,SCH;) is scarcely different
from that in other Mo(7-C;H;)(CO),XY complexes?s3¢
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Table III. Least-Squares Molecular Planes for the
Unconstrained Refinement Model of Mo(r-CsHs X CO)o(r-CH,SCH3)

I. Equations of Best Planes®-® and Perpendicular Distances from
These Planes (A)
(A) Plane through C,, C,, C;, C4, and Cs
0.845X + 0.462Y — 0.269Z — 2.261 = 0

C —0.001 Cs —3.06
C. 0.004 Os —3.69
C; —0.004 C —3.04
Cy 0.004 Oy -3.71
Cs —0.002 S -3.29
Cs —4.99 Mo —2.015
C; -3.21

(B) Plane through Cs, Oy, Cs, Oy, and Mo
0.682X — 0.108Y — 0,724Z 4 1.802 = 0

Cs —0.01 C —1.95
Cy 0.00 C 1.58
O, 0.00 C, 2.24
Oy —0.00 C; 1.76
Mo 0 C, 0.82
S -2.29 C; 0.67
Cs —-3.22
(C) Plane through S, C;, Cs, and Cy
0.839X 4+ 0.504Y — 0.205Z + 0.65]1 = 0
N —0.00 Ce —-1.73
(e 0.03 Os —-0.70
Cs —0.02 Oy —-0.70
C, 0.02 Cep 3.13
Mo 1.11
(D) Plane through S, Cs, and C;
0.474X — 0.592Y — 0.652Z + 4.620 = 0

Cs 0 S 0
G 0 Mo 2.06

II. Angles (Degrees) between Normals to Planes

A-B 44 B-C 48

A-C 4 B-D 31

A-D 72 C-D 77

¢ The equations of the planes are given in an orthogonal &ngstrom
coordinate system (X, Y, Z) which is related to the fractional unit
cell coordinate system (x, y, z) as follows: X = xa + yb cos v,
Y = ybsin vy, Z = zc. *®Individual weights were assigned to the
atoms which form the planes according to the relation Wy =
[ac(xba(yica(zi)] ~/* where o(xx), o(yx), and o(zx) are the stan-
dard deviations in fractional coordinates of the atomic coordinates
Xk, Yk, and zx, respectively.

where either (1) X is arbitrarily designated as either a
monodentate two-electron o donor such as CO?2¥-3° or
P(C¢H;);,%' and Y represents a monodentate one-
electron o donor such as CH,CO;H?* or Sn[Fe(w-
C;H;)(CO),)Cl;% or (2) X and Y together represent two
coordination sites of a bidentate three-electron donor
such as H[MO(W'C{,H{,)(CO)?]P(CH:;)Q32 or p'CH3C6H4'
CH.,.?* From angular considerations the resulting
coordination sphere of the molybdenum atom in Mo(r-

(25) F. C. Wilson and D, P. Shoemaker, J. Chem. Phys., 37, 809
(1957).

(26) F. C. Wilson, Ph.D, Thesis, Massachusetts Institute of Tech-
nology, 1957.

(27) M. J. Bennett and R. Mason, Proc. Chem. Soc., 273 (1963);
M. J. Bennett, Ph.D, Thesis, University of Sheffield, 1965.

(28) M. R. Churchill and J. P. Fennessey, Inorg. Chem., 6, 1213
(1967).

(29) M. L. H. Green, J. K. P. Arizaratne, A. M. Berrum, M, Ishagq,
and C. K. Prout, Chem. Commun., 430 (1967).

(30) J. E. O’Connor and E, R. Corey, J, Am, Chem, Soc., 89, 3930
(1967).

(31) M. R. Churchill and J. P. Fennessey, Inorg. Chem., T, 953
(1968).

(32) R. J. Doedens and L. F. Dahl, J. Am. Chem, Soc., 87, 2576
(1965).

(33) F. A. Cotton and M., D, LaPrade, ibid., 90, 5418 (1968).

(34) H. W, Baird, Ph.D. Thesis, University of Wisconsin, 1963;
H. W, Baird and L, F, Dahl, submitted for publication,
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Mo{m=C,Hg) (CO), (m-CH, S CHy)

Figure 1. Molecular configuration of Mo(m-CsHs)(CO)o(m-CH.-

SCH;).

Figure 2. The arrangement of the four Mo(m-CsHs)(CO)(m-
CH,SCH;) molecules in the monoclinic unit cell of symmetry
P2i/n (c axis unique).

C;H:)(CO)y(m-CH,SCH;) approximates the heptaco-
ordinated environment of the molybdenum atoms in the
above complexes and of the niobium atom in Nb(r-
C;H;)(CO),3* rather than the hexacoordinated environ-
ment in organometallic tricarbonyl systems such as
Mo(CO){NHy(CH,)NH(CH,),NH;],*  Mn(7-C;Hj)-
(C0O)3,% Cr(m-CsHe)(CO);,¥ and Cr(w-CiH.SYCO)s. %
(These metal coordination numbers presume that the
cyclopentadienyl, benzene, and thiophene rings in these
complexes are stereochemically analogous to diethyl-
enetriamine as tridentate ligands.) Thus, the observed
OC-Mo-CO angle of 77.5° in Mo(m-C;H;)(CO)y(7-
CH,SCHj3) is in the same range as the cis-(OC-Mo-CO)
angles reported in [Mo(m-CsHs)(CO)sl (78.6° (av)),*
MO(W'C5H5XCO)3C2H5 (7820 (av)),” MO(7I'-C5H5)-
(CO)CsFr  (76.4° (av)),®® [Mo(m-CsH;)X(CO)l(H)-
[P(CHy)2] (77.6° (av)),32 Mo(m-C:;H;)(CO)(p-CH;CeH -
CH,) (76.6°),%% and Nb(m-C;H;}(CO), (73.9° (av)).?*
In contrast, the OC-metal-CO angles are invariably
much larger with values clustered near 90° in cis-
(diethylenetriamine)molybdenum  tricarbonyl  (85°
(av)),® Mn(7-C;H;)(CO)s (92° (av)),*® Cr(w-CoHo)-
(CO); (88°%av)),* thiophenechromium tricarbonyl
(89°),% as well as a large number of other hexacoor-
dinated metal carbonyl complexes. The C.,-metal-CO
angles, where C,, designates the centroid of the metal-
coordinated =-C;H; ring, were calculated to be within
(35) F. A. Cotton and R, M. Wing, Inorg, Chem., 4, 314 (1965).
(36) A.F. Berndt and R. E. Marsh, Acta Cryst., 16, 118 (1963).

(37) M. F, Bailey and L. F, Dahl, Inorg. Chem., 4, 1314 (1965).
(38) M. F. Bailey and L. F. Dahl, ibid., 4, 1306 (1965).
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Molrr-CgHg) (CO), (p=CHyCeHCHy)

Figure 3. Molecular configuration of Mo(w-CsHsXCO)o(p-CHs-
C¢H,CH;). 38

the range of 120-126° for both the hexacoordinated
and heptacoordinated metal carbonyl complexes con-
taining cyclopentadienyl rings and hence were not
utilizable in the stereochemical characterization of the
Mo(7-C;H }(CO)(w-CH,SCH;). Nevertheless, It is
obvious from the acute OC-Mo-CO angle that the
(CH,SCHy) ligand in Mo(m-C;:H;)(CO)m-CH,SCH;)
does not at all behave as a unidentate ligand but instead
effectively functions as a bidentate ligand as does a
metal-chelated allylic group.

Stereochemical Relationship of Mo(w-C;H;)(CO)y(rr-
CH2SCH3) and MO(ﬂ'-C{,Hs)(C0)2(p-CH3C6H4CH2). It
is not surprising then that the Mo(w-C;H;)(CO);
portion of the Mo(w-C;H;(CO)(m-CH,;SCH;) molecule
is closely related to the identical portion in Mo(w-
CsH;)(CO)y(p-CH;CsHCH,), where the p-methylbenzyl
ligand is somewhat unsymmetrically attached to the
molybdenum atom as an allylic group via the methylene
carbon atom, the CHy-bonded ring carbon atom, and
one adjacent ring carbon atom. Figure 3 depicts the
molecular configuration of Mo(m-C;H;)(CO)(p-CH;Ce-
H.CH,) along with relevant molecular parameters for
comparison with the corresponding ones of Mo(w-
Cs;H;)(CO)(CH,SCH;). The X-ray investigation of
this p-methylbenzyl metal complex by Cotton and
LaPrade?®® was an outgrowth of the initial preparation
by King and Fronzaglia® of Mo(w-CsH:)(CO)(CeHs-
CH,) as the first known (transition metal)-coordinated
benzyl complex and the King-Fronzaglia discovery
from nmr that this kind of organometallic molecule
possesses fluxional character in solution. It is note-
worthy that the formation of this r-allyl metal complex
causes a breakdown to some extent in the m-electron
delocalization in the phenyl ring as evidenced by a
considerable alteration of bond lengths In the remaining
four carbon atoms toward those of a cis-1,3-butadiene
ring; the entire p-CH;C¢H.CH; ligand remains approxi-
mately planar on coordination with the Mo(w-C;Hy)-
(CO), fragment. 33

From Figures 1 and 3 it is readily apparent that the
methylene carbon atom, C;, of the CH,SCH; ligand
corresponds to the exocyclic methylene carbon atom,
Ci, of the allylic group, while the sulfur atom to a
first approximation stereochemically occupies the site
taken up by the other two allylic carbon atoms, C; and
C1, of the p-methylbenzyl ligand. This stereochemical
equivalence of a divalent sulfur atom with two olefinic-

(39) R.B. King and A. Fronzaglia, J. 4m. Chem. Soc., 88, 709 (1966).



like carbon atoms, which was anticipated in this case by
King and Bisnette,? previously was found * in connection
with the crystal structures of thiophenechromium tricar-
bonyl and benzenechromium tricarbonyl being essen-
tially isomorphous with each other; an analogous iso-
morphous-like relationship between the crystal struc-
tures of “free’” benzene and “free” thiophene was first
suggested by Abrahams and Lipscomb% and later con-
firmed from an analysis of subsequent structural data
by Bailey and Dahl.

The relatively similar orientations of the (CH,SCH3)
ligand and the allylic part of the (p-CH;C,H,CH,) ligand
with the common Mo(m-C;H;)(CO), fragment in their
respective molecules is made apparent from an
examination of the corresponding bond lengths and
angles. The approximate angular coincidence of the
methylene C; atom in the (CH,SCHj;) ligand and the
exocyclic allyl C; atom in the (p-CH;C.H:CH,) ligand
is revealed from the corresponding values of 78.5° for
the C;-Mo-C; angle vs. 79.9° for the C,-Mo-Cy, angle
and 114.0° for the C~-Mo-C; angle vs. 120.4° for
the Ci-Mo-C,. angle. The molybdenum—(methylene
carbon) distance of 2.24 A in the (w-CH,SCH3)Mo
complex closely resembles the corresponding distance
of 2.27 A in the (p-CH;C H,CH;)Mo complex but is
51gmﬁcantly shorter than the Mo-CH, distances of
2.38 A in [Mo(Clng)(CO)3CH3]2,‘“ 2.40 A in Mo(x-
C;H;)(CO);C;H;,7 and 2.41 A in Mo(7-C;H; NCO)s-
CH,CO;H.?® This Mo-CH; bond length of 2. 24 A in
Mo(7-C;H;)(CO)(CH.SCH3) is also 0.24 A shorter
than the Mo-C; distance of 2.48 A from the
molybdenum atom to the other terminal allylic carbon
atom in Mo(mw-CsH;)(CO)(p-CH3C¢H,CHz). In ac-
cord with the stereochemical equivalence of the sulfur
atom in the Mo(r-C;H;)(CO)(CH,SCH;) molecule and
the other two allylic carbon atoms (C, and C;) in the
Mo(m-C;H:;)(CO).(p-CH;CsH;CH;) molecule, the sulfur
atom is constrained by the molecular geometry to an
equilibrium position which is oriented relative to those
of the C; and C; atoms such that the S-Mo-C; angle of
109.3° is intermediate between the Co-Mo-C,. angle of
88.1° and the C;-Mo-C; angle of 118.8°; the closeness
of the S-Mo-C, angle of 89.9° with the C,-Mo-Cy,
angle of 89.4° and with the C;-Mo-C,, angle of 83.7°
shows that the sulfur atom is similarly situated with
respect to both the allyl C; and C; atoms.

The Mo-S bond length of 2.44 = 0.01 A is v1rtually
identical with the Mo~-S distances of 2.435 and 2.440 A
(indiv esd, 0.006 A) in Mo(w-CsH;)(S:CeH:;CHj)42
and is close to the range of 2.46-2.51 A for the four
Mo-S bonds in [(C:H;0CS;);M00],04* which are not
trans to Mo-O bonds; the mean value of 2.487 = 0.007
A for these four particular Mo-S bond lengths in the
binuclear oxomolybdenum(V) xanthate complex is
presumed by Blake, Cotton, and Wood43 to represent a
normal MoVY-S bond distance. These Mo-S bond
lengths are s1gn1ﬁcantly greater than the Mo-S distances
of 2.33 = 0.02 A (av) in Mo(S:CzHa)s, ** which possesses
a prismatic structure, and the Mo-S distances of

(40) S. C. Abrahams and W. N, Lipscomb, Acta Cryst., 5,93 (1952),

(41) P. H. Bird and M. R. Churchill, Inorg. Chem., 7, 349 (1968).

(42) J. R, Knox and C. K. Prout, Chem. Commun., 1277 (1967).

(43) A. B. Blake, F. A, Cotton, and J. S, Wood, J. Am, Chem. Soc.,
86, 3024 (1964).

(44) A.E. Smith, G. N. Schrauzer, V. P. Mayweg, and W. Heinrich,
bid., 87, 5798 (1965).
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2.317 + 0.003 A (av) in [CsH;M0OLS:;* in this latter
molecule considerable w-bonding is proposed* to exist
in the four-membered Mo,S; ring bridging system.

The inability of this X-ray examination to locate the
two methylene hydrogen atoms on C; precludes any
attempt to determine the extent of deformation of the
CH,SCH; ligand from an idealized w-bonding geometry
as a result of its coordination with the molybdenum
atom. Although this ligand per se has not been
isolated, if regarded as a w-bonding neutral free radical
it necessarily must possess two spin-paired electrons in
the 7 orbital and one unpaired electron in the =* orbital.
On metal complexation the ligand thereby becomes a
three-electron donor. This ligand no doubt would be
more stable in “free” form as a positively charged
methyl methylene sulfonium ion (because of the
resultant loss of the antibonding electron) which on
coordination with a metal would then donate its
two remaining 7 electrons. In metal-(CH,SCHjy)
complexes these two possible formal views of the (-
CH,SCH;) group as either a three-electron neutral
ligand or a two-electron positively charged one are not
distinguishable in terms of the ground-state electronic
configuration. The alternative qualitative description
of the mode of interaction of the (CH:SCH3s) group with
the molybdenum atom as a neutral three-electron donor
involves the formation of electron-pair ¢ bonds within
the three-membered Mo-C-S ring. Our preference for
the w-bonding representation is that it conceptually
offers a better rationalization for the H,C-S bond
possessing some multiple bond character even though
the observed H,C-S distance given below is not signif-
icantly different from the estimated single-bond C-S
distance (which in general is subject to some variability
with environment). In any event, a bookkeeping of
electrons shows that the molybdenum atom in the
Mo(w-C;H:)(CO)(CH,SCH;) molecule achieves a
closed-shell electronic configuration in agreement with
its diamagnetic character.

The observed H,C-S bond length of 1.78 = 0.01 A
in the (CH,SCH;)Mo complex, which falls between the
estimated double-bond C-S length of 1.61 A% and the
presumed single-bond C-S length of 1.82 A, indicates
that no meaningful difference from a C-S slngle bond
exists; the S-CH; bond length of 1.82 = 0.01 A is the
expected single-bond distance. The methyl carbon of
the (CH;SCH;) ligand is oriented at a perpendicular
distance of 1.73 A out of the mean plane formed by the
molybdenum-coordinated C;, S, Cs, and Cy atoms in a
direction away from the molybdenum atom with a
H,C-S-CH; angle of 105° and a Mo-S-CH; angle of
112°.

The w-Cyclopentadienyl Carbon Ring. The cyclo-
pentadienyl carbon atoms are planar within 0.005 A
(Table IITA). The indiyidual carbon-carbon distances
vary from 1.38 to 1.45 A (1nd1v esd, 0.01 A); the mean
of the individual values is 1.4]1 A. The two shortest
Mo-C distances of 2.32 A (indiv esd, 0.01 A) involve the
cyclopentadienyl carbon atoms, C; and C;, which are
trans to the sulfur atom of the (CH,SCH3) ligand; the
longest Mo-C distance is from the molybdenum atom
to C; which lies almost directly below the sulfur atom.
These different Mo-C distances reflect the fact that the

(45) D. L. Stevenson and L. F. Dahl, ibid., 89, 3721 (1967).
(46) S. C. Abrahams, Quart Rev. (London), 10, 407 (1956).
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cyclopentadienyl carbon ring is tilted such that a line
from the molybdenum atom to the centroid of the ring
is not parallel with the normal to the ring at the centroid
but instead forms an angle of 1.7°. A similar trend in
the molybdenum to cyclopentadienyl carbon distances
was observed?? in Mo(m-CsH)(CO)(p-CH;C¢H,CH,)
where the cyclopentadienyl ring is significantly tipped
away from the allylic carbon atoms. Examination of
the intramolecular bonding distances indicates that
“steric compression’ effects can satisfactorily account
for the cyclopentadienyl ring tipping in both molecules
in the (r-CH,SCH;)-molybdenum complex the S- - -C;
and H,C---C, contacts are 3.40 and 329 A,
respectively, A similar “tilting” of the =-cyclo-
pentadienyl ring as a general structural feature in the
Mo(7-C;H;)(CO)XY class of compounds was pre-
viously noted from a survey by Churchill and Fen-
nessey.?%3! Since the shortest Mo-C distances were
usually observed for the cyclopentadienyl carbon atoms
trans to the carbonyl groups, Churchill and Fen-
nessey 221 attributed the systematic Mo-C variations to
steric repulsion and/or a trans effect due to the greater
m character in the molybdenum-carbonyl bonds. The
average Mo-C distance of 2.34 A and the perpendlcular
distance from the molybdenum to cyclopentadienyl ring

Organometallic Chalcogen Complexes.
Structural Characterization of Co,(#-C,H,).S,.

of 2.02 A in Mo(r-C;H;)CO)(CH,SCH3) are identical
with the corresponding values in Mo(w-CsH:)(CO)y(p-
CH;CsH.CH,)and are close to the corresponding values
reported in the other Mo(m-C;H;)}CO),XY mole-
cules. 28.81

A view of the environment of the molybdenum atom
perpendicular to the cyclopentadienyl ring in Mo(w-
C;H;)(CO)(CH,SCH;) (Figure 1) and in Mo(n-
CsH ) (CO)(p-CH3;CsHCH,) (Figure 3) shows almost
the same relative orientation of the cyclopentadienyl
ring with respect to the two carbonyls; a similar
orientation of the cyclopentadienyl ligand relative to two
carbonyl groups is observed in [Mo(m-CsHs)(CO).)e-
(H)[P(CH3)]*? and in Nb(7-CsHs)(CO),. 3¢
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Abstract:
organometallic sulfur complex, Co(r-C;Hs)Se.

The reaction of elemental sulfur with Co(r-CsH;s)(CO). has resulted in the synthesis of a new kind of
This air-stable, relatively insoluble compound was shown to be

diamagnetic from its nmr spectrum which revealed four separate, equivalent resonances characteristic of four non-
equivalent cyclopentadienyl rings. Its stereochemical characterization as a tetranuclear cobalt complex was as-
certained from a three-dimensional X-ray diffraction study carried out on a crystal of stoichiometry Con-C;Hs)s-
S¢- 1/:CHCl;.  This solvated crystal contains eight formula species in a monoclinic unit cell of symmetry P2i/c
and dimensions a = 25.618 == 0.010 A, » = 10.604 = 0.004 A, ¢ = 19.295 = 0.008 A, 8 = 105° 43’ = 04’. The
structure, determined by the application of the Hauptman-Karle symbolic addition method, was refined by rigid-
body isotropic least squares of the automatically collected diffractometry data to an unweighted R, discrepancy in-
dex of 11.7%. The molecular structure consists of a distorted tetrahedral array of C;H:Co units interconnected by
two triply bridging disulfide S, groups and two triply bridging sulfur atoms located above the four triangular faces
of the distorted tetrahedron of nonbonding cobalt atoms. This molecular complex supplies a heretofore “missing
link” in organometallic chemistry in its exemplification of an S, ligand covalently coordinated as a four-electron
donor with three metal atoms. The one crystallographically independent chloroform molecule is closely associ-
ated by presumed hydrogen bonding with only one of the two crystallographically independent Co(r-CsHj5).S; mole-

cules.

Ithough a wide assortment of cobalt-sulfur atom
carbonyl clusters synthesized by Markdé, Bor, and
coworkers®=* have been crystallographically char-
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The detailed molecular features are compared with those of related molecular complexes.
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