Downloaded by CARLI CONSORTIUM on June 30, 2009
Published on June 11, 1996 on http://pubs.acs.org | doi: 10.1021/0m950977q

Organometallics 1996, 15, 2735—2744

Synthesis, Structure, and Reactivity of the Complexes
Fe(n3-S,CPR3)(CO)s. Electronic Factors Affecting the
Dichotomy between 52 and 5® Coordination Modes in
Transition Metal Complexes of Dithiocarboxy Ligands

Agustin Galindo*

Departamento de Quimica Inorganica, Instituto de Ciencia de Materiales, Facultad de
Quimica, Universidad de Sevilla, CSIC, Apartado 553, 41071 Sevilla, Spain

Carlo Mealli*

Istituto per lo Studio della Stereochimica ed Energetica dei Composti di Coordinazione
(ISSEC, CNR), Via J. Nardi 39, 50132 Firenze, Italy

Jorge Cuyas, Daniel Miguel,* Victor Riera, and Julio A. Pérez-Martinez

Instituto Universitario de Quimica Organometalica “Enrique Moles”-Unidad Asociada del
CSIC, Universidad de Oviedo, E-33071 Oviedo, Spain

Claudette Bois and Yves Jeannin

Laboratoire de Chimie des Métaux de Transition, UA-CNRS 419, Université Pierre et Marie
Curie, 4 Place Jussieu, 75252 Paris Cedex 05, France

Received December 19, 1995®

The reaction of Fe(BDA)(CO); (BDA = benzylidene acetone) (1) with the dithiocarboxy
adduct S,CPR;3 affords complexes of formula Fe(3-S,CPR3)(CO)s (2). The pseudoallylic
coordination of the SCS grouping is ascertained by an X-ray determination on the cyclohexyl
derivative, 2a. The primary geometry of the complexes 2 is also maintained upon the
electrophilic attack of a methyl cation to one of the sulfur atoms. This piece of information
was obtained by solving the structure of the complex [Fe{#3-CH3SC(S)PCys} (CO)3]CF3S03
(3a). Unfortunately, the complete set of X-ray data for the latter cannot be completed due
to the high disorder affecting the CF;SO3 anion. Altogether, these and the other experimental
data available for a variety of ML,(S,CX) complexes have prompted a general theoretical
study (based on EHMO calculations) of the factors affecting the #*—#? coordination dichotomy
of the dithiocarboxy ligands, S,CX. The Fe(CO); fragment, also in view of one extra vacant
coordination site, appears better suited than other 14-electron metal fragments, such as
Mo(CO),(PR3). and Fe(PR3)Cp, to favor the pseudo-allylic coordination of the SCS grouping.
In any case, an energetic barrier is observed for the #2/5® interconversion. This is due to an
initial four-electron repulsion between the overall z-bonding S,CX level and a dzg metal
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orbita. A HOMO-LUMO avoided crossing transforms the repulsion into a bonding
attraction between the metal and the central carbon atom.

Introduction

The understanding of the factors governing the for-
mation of metal to carbon bonds constitutes the funda-
mental core of organometallic chemistry® and carries a
great relevance to more practical aspects such as the
synthesis of new molecules? or their use to improve
catalytic reactions.3

On the other hand, it is well-known that metal
complexes containing sulfur ligands are involved in
catalytic processes of great importance such as oil
hydrotreating* or coal liquefaction.> In this field, con-

® Abstract published in Advance ACS Abstracts, May 1, 1996.

(1) See: Bonding Energetics in Organometallic Compounds; Marks,
T. J., Ed.; ACS Symposium Series No. 428; American Chemical
Society: Washington, DC, 1990.

(2) Organometallics in Organic Synthesis; De Meijere, A., Tom
Dieck, H., Eds. (Vol. 1). Werner, H., Erker, G., Eds. (Vol. 2); Springer
Verlag: Berlin, 1987, 1989; Vols. 1 and 2.

(3) Parshall, G. W.; Ittel, S. D. Homogeneous Catalysis, 2nd ed.;
Wiley: New York, 1992.

siderable efforts have been made, in the last two
decades, to apply the knowledge derived from funda-
mental or synthetic organometallic chemistry to the
modeling of the more complicated heterogeneous sys-
tems.b

Studies on the coordination chemistry of the dithio-
carboxy molecules S,CPR3 have revealed that the bond-
ing of the central carbon atom to the metal is no longer
a curiosity. In particular, this feature has been fre-
quently observed in binuclear complexes,” in which the
S,CPR3 ligand acts invariably as an asymmetric bridge
between the metals with the following possible

(4) Gates, B. C.; Katzer, J. R.; Schuit, G. C. A. Chemistry of Catalytic
Processes; McGraw-Hill: New York, 1979.

(5) Derbyshire, F. J. Catalysis in Coal Liquefaction: New Directions
for Research; IEA Coal Research: London, 1988.

(6) (&) Rauchfuss, T. B. Prog. Inorg. Chem. 1991, 39, 259. (b) Jones,
W. D.; Chin, R. M. J. Am. Chem. Soc. 1992, 116, 198. (c) Angelici, R.
J. Acc. Chem. Res. 1988, 21, 387. (d) Rakowski-Dubois, M. Chem. Rev.
1989, 89, 1.
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coordination modes: 7%(S,C,S');#%(S),"29 53(S,C,);in}(S"),"™
and %3(S,C,S);#%(S,S').7>"k Concerning the latter »3—
72 species, the experimental trends’ci—% seem to indicate
that the carbon atom is preferentially coordinated to the
metal in the lower oxidation state. Simple theoretical
considerations® have suggested that the larger diffuse-
ness of the orbitals over the S,C face vs the %2 side favors
the C-coordination to the metal with more diffuse
orbitals and, in turn, with the lower oxidation state. The
point is only qualitative, and an ad-hoc study on all of
the influencing factors would be needed.

In this paper, we will concentrate only on mono-
nuclear complexes containing ligands of the type S,CX"~
(n =1, X =H, alkyl, aryl; n = 0, X = phosphine). The
73(S,C,S") coordination of the latter has been definitely
observed only for a couple of species, namely MoCI(NO)-
(PM63)2(173-52CPM63)9 and M(nS-SZCPME3)(CO)2(PM63)2
(M = Mo, W).10 In the latter, the ancillary fragment is
of the type ML4-d® with a pseudo-C,, symmetry. For-
mally, the 18-electron configuration can be attained
through the donation of the 4 & electrons of the S,CPR3
ligand. The electron saturation of the carbon atom can
be achieved through a back-donation from one of the
pseudo “to4” metal lone pairs, although this implies an
stereochemically difficult linking of the metal to seven
different atoms. Now, we have been able to synthesize
and characterize (also by X-ray) the compounds Fe(53-
S>,CPR3)(C0O)s (R = cyclohexyl (Cy), isopropyl (Pri) in
which the ancillary fragment is of the pyramidal type,
MLs-d8. The latter are conceptually simpler models for
a theoretical investigation, not only because all of the
coligands have an unique nature (carbon monoxide) but
also because the coordination of the dithiocarboxy ligand
through the S and C atoms would naturally complete
the pseudo-octahedral geometry of the 14-electron frag-
ment. By contrast, the known complexes of MLjs-d®
fragment with dithiocarboxy ligands have n2-coordina-
tion geometry (the structurally characterized case is
that of the cation!! [Ir(2-S,CPPh3)(CO)(PPhs),]™).

In this paper, beside the synthesis and characteriza-
tion of a novel Fe(CO); complex with unprecedented 73-
SCS coordination, we present a detailed EHMO study
of the electronic factors affecting the potential 73—5?2
dichotomy.

(7) See for example: (a) Bianchini, C.; Ghilardi, C. A.; Meli, A,
Midollini, S.; Orlandini, A. Organometallics 1982, 1, 778. (b) Miguel,
D.; Riera, V.; Miguel, J. A.; Gomez, M.; Solans, X. Organometallics
1991, 10, 1683. (c) Alvarez, B.; Miguel, D.; Riera, V.; Miguel, J. A;;
Garcia-Granda, S. Organometallics 1991, 10, 384. (d) Alvarez, B;
Garcia-Granda, S.; Jeannin, Y.; Miguel, D.; Miguel, J. A.; Riera, V.
Organometallics 1991, 10, 3005. (e) Miguel, D.; Pérez-Martinez, J. A.;
Riera, V.; Garcia-Granda, S. Angew. Chem., Int. Ed. Engl. 1992, 31,
76. (f) Cuyas, J.; Miguel, D.; Pérez-Martinez, J. A.; Riera, V.; Garcia-
Granda, S. Polyhedron 1992, 11, 2713. (g) Miguel, D.; Pérez-Martinez,
J. A.; Riera, V.; Garcia-Granda, S. Organometallics 1993, 12, 1394.
(h) Miguel, D.; Pérez-Martinez, J. A.; Riera, V.; Garcia-Granda, S.
Organometallics 1993, 12, 2888. (i) Miguel, D.; Pérez-Martinez, J. A;;
Riera, V.; Garcia-Granda, S. Organometallics 1994, 13, 1336. (j)
Barrado, G.; Li, J.; Miguel, D.; Pérez-Martinez, J. A.; Riera, V.; Bois,
C.; Jeannin, Y. Organometallics 1994, 13, 2330. (k) Miguel, D.; Pérez-
Martinez, J. A.; Riera, V.; Garcia-Granda, S. Organometallics 1994,
13, 4667. () Lopez, E. M.; Miguel, D.; Pérez-Martinez, J. A.; Riera,
V.; Garcia-Granda, S. J. Organomet. Chem. 1995, 492, 23.

(8) Jemmis, E. D.; Subramanian, G.; Prasad, B. V. Organometallics
1993, 12, 4267.

(9) Carmona, E.; Gutiérrez-Puebla, E.; Monge, A.; Pérez, P. J.;
Séanchez, L. Inorg. Chem. 1989, 28, 2120.

(10) Galindo, A.; Gutiérrez-Puebla, E.; Monge, A.; Pastor, A.; Piz-
zano, A.; Ruiz, C.; Sanchez, L.; Carmona, E. Inorg. Chem. 1993, 32,
5569.

(11) Boniface, S. M.; Clark, G. R. J. Organomet. Chem. 1980, 188,
263.
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Experimental Section

All reactions were carried out in dry solvents under a
nitrogen atmosphere. Details of instrumentation and experi-
mental procedures have been given elsewhere.”d Literature
procedures for the preparation of starting materials are quoted
in each case. Ligands and other reagents were purchased and
used without purification unless otherwise stated.

Fe(53-S,CPCys3)(CO)s (2a). A mixture of Fe(BDA)(CO)s (1,
BDA = benzylidene acetone) (0.50 g, 1.75 mmol)*? and S,CPCy;
(0.71 g, 2.00 mmol), in CH,Cl, (20 cm?), was stirred overnight
at room temperature. The solvent was then evaporated in
vacuo, and the solid residue was chromatographed in alumina
(activity 111, 2.5 x 15 cm column). Elution with a 1.5 Et,O/
hexane mixture gave a red band which was collected. Slow
evaporation at reduced pressure gave 2a as deep red micro-
crystals. Yield: 0.35 g, 40%. Anal. Calcd for Cy;HasFeOs-
PS,: C, 53.23; H, 6.70. Found: C, 53.05; H, 6.43.

Fe(73-S,CPPri;)(CO); (2b). To a solution of PPri; (380 uL,
2.00 mmol), in a mixture of CH,CI, (20 mL) and CS; (3 mL),
was added compound 1 (0.5 g, 1.75 mmol).*?2 The mixture was
stirred overnight at room temperature and 2b was isolated
following a procedure similar to that described for 2a. Yield:
0.243 g, 37%. Anal. Calcd for Ci3H2:FeO3PS,: C, 41.50; H,
5.63. Found: C, 41.43; H, 5.68.

[Fe{n3-CH3SC(S)PCys} (CO);]CF3SO; (3a). To a solution
of 2a (0.20 g, 0.40 mmol), in CH.CI, (20 mL), was added methyl
triflate, CF3SOsMe (46 uL, 0.40 mmol), and the mixture was
stirred for 5 min and then filtered through kieselguhr. The
solvent was removed in vacuo, the residue was washed with
Et,0 (2 x 5 mL) dissolved in CH,CI; (5 mL), and the solution
was layered with hexane (20 mL) and kept in a refrigerator
at —20 °C for several days. When the diffusion was complete,
compound 3a was obtained as a microcrystalline orange-red
solid. Yield: 0.22 g, 83%. Anal. Calcd for Cy4H3sF3FeOgPSs:
C, 43.64; H, 5.49. Found: C, 43.87; H, 5.62.

[Fe{n3-CH3SC(S)PPris} (CO)s]CFsSO;s (3b). Compound
3b was prepared as described above for 3a, from 2b (0.2 g,
0.532 mmol) and methyl triflate (0.087 g, 0.532 mmol).
Yield: 0.215 g, 75%. Anal. Calcd for CisH24F3FeOsPSs: C,
33.34; H, 4.48. Found: C, 33.55; H, 4.79.

X-ray Diffraction Studies of 2a and 3a. Crystals suit-
able for an X-ray determination were grown by slow diffusion
of hexane into concentrated solutions of the compounds (2a
and 3a) in CH,Cl, at —20 °C. Relevant crystallographic details
for 2a are given in Table 3. Unit cell parameters were
determined from the least-squares refinement of a set of 25
centered reflections. Two standard reflections were monitored
periodically; they showed no change during data collection.
Corrections were made for Lorentz and polarization effects.
An empirical absorption correction was applied with DI-
FABS.® Structures were solved by direct methods with
SHELX86% and subsequent Fourier maps. Refinement and
other calculations were made with CRYSTALS.*® Non-
hydrogen atoms with the exception of carbon atoms of cyclo-
hexyl rings were refined anisotropically. Refinements were
carried out in four blocks by minimizing the function Y w(F, —
F¢)?, with unit weights. Hydrogen atoms were placed in
calculated positions. A perspective drawing for 2a (Figure 1)
was made with ORTEP.16

The crystal structure of 3a could not be successfully
completed mostly on account of the high disorder affecting the
anion CF3SOs;. The lattice parameters were determined as

(12) Domingos, A. J. P.; Howell, J. A. S.; Johnson, B. F. G.; Lewis,
J. Inorg. Synth. 1990, 28, 52.

(13) Walker, N.; Stuart, D. Acta Crystallogr. 1983, A39, 158.

(14) Sheldrick, G. M. SHELX86, Program for Crystal Structure
Solution. University of Gottingen, Gottingen, 1986.

(15) Watkin, D. J.; Carruthers, J. R.; Betteridge, P. W. CRYSTALS,
An advanced Crystallographic Computing Program; Chemical Crystal-
lography Laboratory, Oxford University: Oxford, U.K., 1985.

(16) Johnson, C. K. ORTEP II; Report ORNL-5138; Oak Ridge
National Laboratory: Oak Ridge, TN, 1979.
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Fe(173-Sz(PR3)(CO)3

follows: monoclinic, space group C2/c, a = 25.926(9) A, b =
18.086(4) A, c = 15.858(8) A, # = 115.75(1)°, Z =8, R = 0.182,
Rw = 0.211. Additional data are reported as Supporting
Information. By using the available observed reflections
(1461), it was possible to establish the basic structure of the
cationic complex, but the CF3;SO3 anion caused serious prob-
lems for the refinement. The final R factor cannot become
lower than 18%, and the coordinates remain affected by high
standard deviations. Accordingly we provide the available
structural parameters only as Supporting Information. Only
a CAMERON? drawing of the cation is reported in the text
(Figure 2), which shows the gross structural features. Any
detailed discussion of the geometry is avoided.

Computational Details. All the MO calculations were of
the extended Huckel type!® (EHMO) using a weighted-modified
Wolfsbherg—Helmholz formula®® and standard atomic param-
eters.?® The 3D drawings and correlation diagrams were
performed with the program CACAO.?* The selected geo-
metrical parameters used for the dithio acid ligands are C—S
=175A,C-P=178A,C-H=1.05A, Fe—S=23 A Mo-S
=2.5A, and S—C—S =117°. Other bond distances and angles
have been taken from experimental structures.

Results and Discussion

Synthesis of Fe(3-S,CPR3)(CO); Compounds (R
= Cy (2a), Pri (2b)). Crystal Structure of 2a. As it
has been pointed out above, only a few mononuclear
complexes containing #3-S,CPRj3 ligands have been
reported®19 which contain at least two types of ancillary
ligands apart from S,CPR3. Our interest in the coor-
dination of the central carbon of the S,CPR3 ligand to a
metal center prompted us to prepare even simpler
mononuclear complexes with a minimum number of
coligands, possibly all of the same nature. By freeing
one coordination site with respect to the other known
ancillary fragments, the S,CPR3 should better adapt to
the metal. Moreover, the potential 73—#,2 dichotomy
would be definitely less hindered.

In previous synthetic work relative to some binuclear
species,’®i~k we found that the #3 coordination of the
SCS carbon atom occurs preferentially at the site of the
metal in the lower oxidation state, usually zerovalent.
This prompted us to try the synthesis of mononuclear
species containing MLz fragments with 14 valence
electrons, such as Fe(CO);3; or Ru(CO)s;. As mentioned,
they should favor the »® coordination of the SCPRj3
ligands. After several unsuccessful attempts, starting
from Fe(CO)s, Fez(CO)g, and M3(CO)12 (M = Fe, Ru), it
was found that the tricarbonyl iron(0) complex Fe(BDA)-
(CO)3 (BDA = benzylidene acetone) (1)!2 reacts slowly
in CH,Cl, at room temperature with trialkylphosphonio
dithiocarboxy adducts, S,CPRg3, to afford, after overnight
stirring, a dark red solution from which the desired
complexes Fe(n3-S,CPR3)(CO); (2a,b; see Scheme 1)
were isolated in moderate yields (37—40%). In fact, the
reaction of 1 with carbon disulfide and trialkylphos-
phines had been explored some years ago by Dixneuf et
al.22 In their work, they used smaller phosphines, such

(17) Pearce, L. J.; Watkin, D. J. CAMERON; Chemical Crystal-
lography Laboratory, Oxford University: Oxford, U.K., 1992.

(18) (a) Hoffmann, R. 3. Chem. Phys. 1963, 39, 1397. (b) Hoffmann,
R.; Lipscomb, W. N. J. Chem. Phys. 1962, 36, 2179; 1962, 37, 3489.

(19) Ammeter, J. H.; Burgi, H.-B.; Thibeault, J. C.; Hoffmann, R.
J. Am. Chem. Soc. 1978, 100, 3686.

(20) Alvarez, S. Tables of Parameters for Extended Huckel Calcula-
tions; Departamento de Quimica Inorganica, Universitat de Barce-
lona: Barcelona, Spain, 1989.

(21) Mealli, C.; Proserpio, D. M. J. Chem. Educ. 1990, 67, 399.
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Table 1. IR and 3'P{'H} NMR Data for the New

Complexes
IR (CH.Cly): 31P{1H} NMR:2
compd »(CO), cm~! 0(S2CP)

Fe(173-S;CPCy3)(CO); (2a) 2043 vs, 1974 s, 1952 m 38.2
Fe(53-S,CPPri3)(CO); (2b) 2045 vs, 1975 s, 1954 m 47.4
[Fe(173-MeSC(S)PCys)(CO)s]- 2086 vs, 2029 s, 2012 s 41.0

[CF3303] (3a)
[Fe(;73-MeSC(S)PPris)(CO)s]- 2087 vs, 2029 s, 2014 s 51.1

[CF3S03] (3b)

@ In solutions of CDCly, 6 (ppm) from internal 85% H3POa.

as PMes, PBus, or PMe,Ph, and the reaction produced
low yields of the carbon disulfide compounds Fe(y?-
CS,)(PR3)2(CO)3, instead of complexes with S,CPR3. The
result is not surprising since, as we have pointed out
before, the use of bulky and basic phosphines (i.e. PCys
or PPri3) is often necessary to obtain stable complexes
with S,CPR3 ligands.”™ The analytical and spectroscopic
data of complexes 2a,b (Tables 1 and 2) were fully
consistent with their formulation as containing #3-
phosphonio dithiocarboxy ligands. Highly significant
was the presence, in the 2*C{H} NMR spectra, of the
signal attributable to the central carbon of the ligand
[0 74.6, 1J(PC) = 66 Hz for 2a, and 6 74.3, 1J(PC) = 67
Hz for 2b], in the region expected for %3 coordination.”>.10
In order to attain a detailed knowledge of the structural
features, useful also for the subsequent MO studies, a
single crystal of compound 2a was subjected to an X-ray
determination. The results are summarized in Table 4
(bond lengths and angles). Figure 1 shows a schematic
view of one of the two crystallographically independent
(although chemically equivalent) molecules contained
in the asymmetric unit.

The molecule of 2a consists of a pyramidal Fe(CO)3
fragment, to which the tricyclohexylphosphonio dithio-
carboxy ligand is bound in a pseudoallylic #° fashion
through the two sulfur and the central carbon atom. The
distance Fe—C(1) of 1.96(1) A is close to Fe—C(carbon
disulfide) of 1.983(8) A found for the complex Fe(;2-CS,)-
(PPh3)2(C0)2.22 Also, it is significantly shorter than the
distance to the central allyl carbon atom [2.083(13) A],
found in the complex Fe(3-CH3CHCHCHPh)(SnPhs),-
(C0O)3.22 The overall geometry of the molecule can be

(22) Le Bozec, H.; Dixneuf, P. H.; Carty, A. J.; Taylor, N. J. Inorg.
Chem. 1978, 17, 2568.

(23) Chang, S.; White, P. S.; Brookhart, M. Organometallics 1993,
12, 3636.



Downloaded by CARLI CONSORTIUM on June 30, 2009
Published on June 11, 1996 on http://pubs.acs.org | doi: 10.1021/0m950977q

2738 Organometallics, Vol. 15, No. 12, 1996

Galindo et al.

Table 2. 'H and B¥C{'H} NMR Data for the New Complexes?

compd IH NMR: ¢, ppm

B3C{1H} NMR: 9, ppm

2a  2.64[m, 3H, CH of Cy], 2.32—1.31 [m, br, 30 H, CH, of Cy]

2b  2.95[m, 3H, CH of Pri], 1.54 [dd (15 and 7), 18 H, CHs of Pri]

3a  2.80[m, 3H, CH of Cy], 2.27 [s, 3H, CH3S], 2.40—1.28
[m, br, 30 H, CH; of Cy]

3b 3.03 [m, 3H, CH of Pri], 2.14 [s, 3H, CH3S], 1.50 [dd (16 and 7),

18 H, CHs of Pri]

213.6 [s, 1 x FeCO], 210.7 [s, 2 x FeCO], 74.6 [d (66), S,CP], 33.9
[d (42), C! of Cy],

27.8 [d (3), C2 and C® of Cy], 27.3 [d (11), C® and C5 of Cy], 26.0
[s, C* of Cy]

213.4[s, 1 x FeCO], 210.7 [s, 2 x FeCO], 74.3 [d (67), S;CP], 24.6
[d (44), CH of Pr'], 17.9 [s, CH3 of Pr']

206.5 [d (3), FeCQ], 204.8 and 203.2 [s, FeCO], 67.8 [d (56), S,CP],
33.7 [d (39), C* of Cy], 27.4 [s, C% and C8 of Cy], 26.4 [d (11), C3 and
CS5 of Cy], 25.2 [s, C* of Cy], 12.7 [d (2), CH3S]

206.3 [d (2), FeCO], 204.6 and 202.8 [s, FeCO], 67.7 [d (58), S,CP],
24.3 [d (41), CH of Pri], 17.3 [s, CH3 of Pri], 12.1 [d (2), CH3S]

a From CD,Cl; solutions. Coupling constants, in Hz, in parentheses.

Table 3. Crystal Data and Refinement Details for
Fe(n3-S,CPCy;)(CO); (2a)

Table 4. Selected Bond Lengths (A) and Angles
(deg) for Fe(n3-S,CPCy3)(CO); (2a)

formula C22H33FBO3P82
fw 496.44

cryst system, space group monoclinic, P2:/n
a, A 22.409(9)

b, A 10.749(7)

c, A 22.132(7)

p, deg 112.36(4)

Vv, A3 4930(5)
molecules/cell 8

T, K 293

Pcalc, 9 cm™3 1.34

F(000) 2096
diffractometer Philips PW1100
A(Mo Ka), A 0.71069

cryst size, mm 0.65 x 0.50 x 0.45
cryst color red

u, cm™t 18.1

method of collcn /26 scan

scan range, deg 0<60=<25

collen limits h, —25,23; k, 0.12; 1, 0.25
no. of reflcns measd 8492

no. of reflcns obsd, | = 3a(1) 2962

no. of params 339

residuals R, Ry 0.055, 0.059

2R = (IAF|)/Z|Fol; Rw = [TW(AF/yw|F,[]"2, w = 1.

approximated to a C; symmetry, with a staggered
disposition of the pseudoallyl SCS group with respect
to the three carbonyl ligands. The two Fe—C(carbonyl)
distances trans to the sulfur atoms [1.76(1) and 1.78(1)
A] are shorter than the Fe—C(carbonyl) trans to the
central carbon of S,CPCy; [1.84(1) A]. This may reflect
a larger trans influence of the coordinated carbon with
respect to the sulfur atoms. According to the spectro-
scopic data available for 2a, the inequivalency of the
carbonyl groups persists in solution at room tempera-
ture. Two signals, of relative intensity 2:1, are observed
for the carbonyl groups in the 13C NMR spectra. This
is consistent with the existence of a rotation barrier of
the pseudoallyl system around the Cj axis of the Fe-
(CO); fragment. Unfortunately heating of complexes
2a,b in solution leads to extensive decomposition within
few minutes, and this precluded an experimental mea-
sure of the rotational barrier.

Reactivity of Fe(n3-S,CPRj3)(CO); (2a,b) with
Electrophiles. Crystal Structure of [Fe{n3-CH3SC-
(S)PCy3}(CO)3]CF3S0;3 (3a). Electron-rich compounds
containing 73-S,CPR;3 ligands, such as M(73-S,CPMej3)-
(CO)2(PMe3)2 (M = Mo, W), can be alkylated with Mel
on one of the sulfur atoms to give a phosphonio
dithioester or protonated to afford, ultimately, the
phosphoniodithioformate ligand.’® All the attempts to
obtain stable compounds from the protonation of com-
plexes 2a,b have been fruitless so far. Upon addition
of strong acids, such as HBF4-OEt; or HCI, an instan-
taneous reaction takes place, and the IR monitoring

molecule 1 molecule 2
Fe(1)—-S(1) 2.322(3) Fe(51)—S(51) 2.328(3)
Fe(1)—S(2) 2.300(3) Fe(51)—S(52) 2.311(3)
Fe(1)—C(1) 1.96(1) Fe(51)—C(51) 1.99(1)
Fe(1)-C(2) 1.78 Fe(51)—C(52) 1.80(1)
Fe(1)—C(3) 1.76(1) Fe(51)—C(53) 1.77(1)
Fe(1)—C(4) 1.84(1) Fe(51)—C(54) 1.83(1)
S(1)—C(1) 1.73(1)  S(51)-C(51) 1.76(1)
S(2)—C(1) 1.76(1)  S(52)—C(51) 1.774(9)
P(1)—-C(1) 1.80(1) P(51)—C(51) 1.76(1)
P(1)—C(10) 1.84(1)  P(51)—C(60) 1.83(1)
P(1)—C(20) 1.812(9) P(51)—C(70) 1.81(1)
P(1)—C(30) 1.83(1) P(51)—C(80) 1.83(1)
0(2)—-C(2) 1.13(1) 0(52)—C(52) 1.13(1)
0(3)-C(3) 1.15(1)  O(53)—C(53) 1.15(1)
O(4)—C(4) 1.13(1)  O(54)—C(54) 1.12(1)
S(2)—-Fe(1)—S(1) 78.6(1) S(52)—Fe(51)—S(51) 78.4(1)
C(1)—Fe(1)—S(1) 46.8(3) C(51)—Fe(51)-S(51) 47.3(3)
C(1)-Fe(1)-S(2) 47.9(3)  C(51)—Fe(51)—-S(52) 47.8(3)
C(2)—Fe(1)—S(1) 158.0(4) C(52)—Fe(51)—S(51) 156.9(4)
C(2)—Fe(1)—-S(2) 88.6(4) C(52)—Fe(51)—S(52) 88.4(4)

C(2)—Fe(1)-C(1)] 111.7(5) C(52)—Fe(51)—C(51) 110.2(5)

C(3)—Fe(1)-S(1) 93.2(4)  C(53)—Fe(51)—S(51) 91.9(3)
C(3)-Fe(1)-S(2) 156.8(4) C(53)—Fe(51)-S(52) 157.3(3)
C(3)-Fe(1)-C(1) 111.3(5) C(53)—Fe(51)—C(51) 111.0(4)
C(3)-Fe(1)-C(2) 91.8(6) C(53)—Fe(51)—C(52) 93.4(5)
C(4)—Fe(1)-S(1) 101.2(4) C(54)—Fe(51)—S(51) 102.5(4)
C(4)-Fe(1)-S(2) 103.7(4) C(54)—Fe(51)-S(52) 102.7(4)
C(4)-Fe(1)-C(1) 135.1(5) C(54)—Fe(51)—C(51) 135.8(5)
C(4)-Fe(1)-C(2) 99.1(6)  C(54)—Fe(51)—C(52) 98.8(5)
C(4)—Fe(1)-C(3) 99.1(5)  C(54)—Fe(51)—C(53) 99.4(5)
C(1)-S(1)-Fe(1) 555(3)  C(51)-S(51)—Fe(51) 56.2(3)
C(1)-S(2)-Fe(1) 55.8(3) C(51)-S(52)—Fe(51) 56.5(3)
S(1)—C(1)-Fe(l) 77.7(4)  S(51)-C(51)—Fe(51) 76.6(4)
S(2)-C(1)-Fe(1) 76.3(4)  S(52)-C(51)—Fe(51) 75.7(4)
S(@)-C(1)-S(1)  113.9(6) S(52)-C(51)-S(51) 112.5(5)
P(1)-C(1)-Fe(1) 136.8(6) P(51)—C(51)—Fe(51) 135.7(6)
P(1)-C(1)-S(1)  121.0(6) P(51)-C(51)—-S(51) 122.9(5)
P(1)-C(1)-S(2)  1195(6) P(51)-C(51)-S(52)  120.0(6)

0(2)-C(2)—Fe(1)
0(3)—C(3)—Fe(1)
0(4)—C(4)—Fe(1)

178.7(12) 0O(52)—-C(52)—Fe(51) 178.2(11)
176.0(10) O(53)—C(53)—Fe(51) 178.7(9)
176.5(12) O(54)—C(54)—Fe(51) 177.5(11)

reveals the appearance of »(CO) bands at frequencies
very close to those of the methyl derivatives 3a,b.
However, extensive decomposition occurs within min-
utes, giving rise to a complex mixture of signals in the
IR and 3P NMR spectra.

It seems that the Fe(CO)s fragment is not electron-
rich enough to stabilize the cationic complex with the
resulting (trialkylphosphonio)dithioformate ligand. The
same effect could be responsible of the diminished
nucleophilicity of the S,C system in 2a,b when com-
pared with the above mentioned complexes of Mo and
W, containing the electron-richer fragment M(CO),-
(PMe3),. Thus, compounds 2a,b do not react with
methyl iodide upon prolonged stirring. Nonetheless, by
using a more electrophilic reagent, such as methyl
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Figure 1. Perspective view (ORTEP) of one of the two
independent molecules in the asymmetric unit of Fe(#3-S,-
CPCys3)(C0O); (2a), showing the atom numbering.

Figure 2. Perspective view (CAMERON)’ of the cation
[Fe{#3-CH3SC(S)PCy3}(CO)3] in 3a, showing the atom
numbering.

triflate, the alkylation can be accomplished in a few
minutes affording, after appropriate workup, the ex-
pected trialkylphosphonio dithioesters 3a,b (see Scheme
1) in good yield (83 and 71%, respectively). Analytical
and spectroscopic data of 3a,b (see Tables 1 and 2) are
in good agreement with the structure proposed for them
in Scheme 1. Again, the 13C NMR spectra display the
signals attributable to the central carbon of the ligand
as weak doublets in the region expected for #3(S,C,S')
coordination [6 67.8, 1J(PC) = 56 Hz for 3a, and 6 67.7,
1J(PC) =58 Hz for 3b]. To confirm this point, an X-ray
determination of 3a was attempted. Unfortunately, it
has been impossible to refine the structure to a reason-
able level of accuracy, mainly due to the high disorder
affecting the triflate anion. Accordingly, we present in
Figure 2 only the gross structural features.
Essentially, the tricyclohexylphosphonio dithioester,
resulting from the addition of methyl group to one sulfur
atom of S,CPCys, is bonded to the iron atom in a
pseudoallylic fashion, as was previously found'© for
[M{#73-CH3SC(S)PMes} (CO)2(PMe3),]™ (M = Mo, W). The
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overall disposition of the SCS grouping with respect to
the Fe(CO); fragment remains staggered as in complex
2a. Notice that the presence of the methyl group
destroys the C; symmetry of the parent complex 2a and
renders inequivalent the three CO ligands. Accordingly,
the 13C{1H} NMR spectrum of 3a in solution exhibits
three different signals for the carbonyl groups. The one
at the highest frequency appears as a doublet with a
small coupling, 3J(PC) = 3 Hz, and can be tentatively
assigned to the carbonyl group trans to the central
carbon of the dithioester ligand. The spectrum of the
triisopropylphosphine derivative, 3b, shows similar
features.

Qualitative MO Description of the 52 and 33
Dichotomy. Dithiocarboxy ligands of the type S,CX"~
(n =1, X = H, alkyl, aryl; n = 0, X = phosphine) with
four & electrons do remarkably associate good donor
properties (via the sulfur atoms) to residual acceptor
capabilities at the central carbon atom. In particular,
upon an efficient donation to the metal atom, the species
are susceptible of becoming significantly carbocationic.?*
In turn, the electron-richer metal activates one of its
nonbonding orbitals (lone pair) and back donates or even
transfers electrons into the carbon atom itself. A
different class of dithiocarboxy ligands contains formally
six 7 electrons (X = NR3, OR, SR, O, etc.). Also in this
case the 2 coordination is occasionally attainable,?®
although it is evident that the electron-rich metal has
to compete not only with the sulfur atoms but also with
the additional z-donor substituent to quench the cat-
ionic character of the central carbon atom. Thus, in
order to limit the complexity of the problem the follow-
ing discussion will be focused only on the structural ?—
n3 dichotomy of dithiocarboxy complexes with only four
m electrons.

Most of the arguments are based on the results of MO
calculations of the extended Huckel type.’® The basic
parameter of the »2—53 interconversion is the ca. 90°
rotation of the whole dithiocarboxy ligand about the
S---S vector, as shown in I. Also other subtle structural

s’
M/“,;:,.XCi X

<= Y

13-S2CX

12-SoCX

(24) For some examples that evidence the carbon electrophylic
character, see: (a) Miguel, D.; Miguel, J. A.; Riera, V.; Solans, X.
Angew. Chem., Int. Ed. Engl. 1989, 28, 1014. (b) Faridoon; Spalding,
T. R.; Fergurson, G.; Kennedy, J. D.; Fontaine, X. L. R. J. Chem. Soc.,
Chem. Commun. 1989, 906. (c) Bianchini, C.; Meli, A.; Dapporto, P.;
Tofanari, A.; Zanello, P. Inorg. Chem. 1987, 26, 3677. (d) Bianchini,
C.; Mealli, C.; Meli, A.; Scapacci, G. Organometallics 1983, 2, 141. (e)
Bianchini, C.; Meli, A.; Orlandini, A. Inorg. Chem. 1982, 21, 4161 and
4166. (f) Bianchini, C.; Meli, A.; Nuzzi, F.; Dapporto, P. J. Organomet.
Che. 1982, 236, 245. (g) Ashworth, T. V.; Singleton, E.; Laing, M. J.
Chem. Soc., Chem. Commun. 1976, 875. (h) Einstein, F. W.; Enwall,
E.; Flitcroft, N.; Leach, J. M. J. Inorg. Nucl. Chem. 1972, 34, 885.

(25) (a) Hyde, J.; Venkatasubramanian, K.; Zubieta, J. Inorg. Chem.
1978, 17, 414. (b) Tatsumisago, M.; Matsubayashi, G.; Tanaka, T.;
Nishigaki, S.; Nakatsu, K. J. Chem. Soc., Dalton Trans. 1982, 121. (c)
Carmona, E.; Galindo, A.; Gutiérrez-Puebla, E.; Monge, A.; Puerta, C.
Inorg. Chem. 1986, 25, 3804. (d) Carmona, E.; Galindo, A.; Guille-
Photin, C.; Lai, R.; Monge, A.; Ruiz, C.; Sanchez, L. Inorg. Chem. 1988,
27, 488. (e) Cotton, F. A.; Extine, M. W.; Niswander, R. H. Inorg.
Chem. 1978, 17, 692. (f) Wright, L. L.; Haltiwanger, R. C.; Noordik,
J.; Rakowski DuBois, M. J. Am. Chem. Soc. 1987, 109, 282.
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parameters (essentially those relative to the ancillary
metal fragment) can affect the »?—»2 dichotomy, but,
due to the limitations of the computational method, they
can be hardly optimized. Nor can the energetics in-
volved be a tool of quantitative discernment but only a
useful guideline for the most reasonable interconversion
pathway. Most important is the identification of the
major orbital interactions as well as their evolution.
This goal is facilitated by the graphic interface package
CACAO,2t which helps to disclose MO arguments of
chemical significance and macroscopic evidence.

Let us first summarize a few well-known aspects of
the stereochemistry of the monomeric transition metal
complexes with dithiocarboxylate ligands. The support-
ing metal fragments seem to fall in one of the following
categories: (i) butterfly shaped ML,4-d® fragments (see
I1);(ii) a variation of the type above where a cyclopen-

...........

I} n v Vv

tadienyl ligand replaces three single ligands in a fac
arrangement, MCp(L) (see Il1); (iii) planar ML,-d®
fragments, isolobal with the ML;-d® ones (see 1V); (iv)
pyramidal MLz-d® fragments (see V).

With the possible exception of the fragments of type
IV (most suited for the 2 mode), all of the other
fragments have been found to support either the %2 or
the 78 coordination mode of the dithiocarboxylate ligands.
Some of the most significant examples, which have been
characterized by X-ray methods, are summarized in
Table 5 (2 complexes) and Table 6 (° complexes).

In fact, there is only one fully documented case of real
n?—n® dichotomy. This is provided by the compound3°©
FeCp(S2CCH3)(#*-dppm) (dppm = Ph,PCH,PPh;) for
which both coordination modes are evident in solution.
In this case, different crystallization procedures have
also allowed the separation and the X-ray characteriza-
tion of the two isomers. The differences affecting the
geometry of the fragment FeCp(L) in the two structures
are very small, thus confirming that the governing
factors of the dichotomy are very subtle. In the other
cases, the 72 and the %3 conformation seems to depend
on parameters such as the nature and charge of the
metal itself, the nature and disposition of the ancillary

(26) (a) Kunze, U.; Merkel, R.; Winter, W. Angew. Chem., Int. Ed.
Engl. 1982, 21, 290. (b) Winter, W.; Merkel, R.; Kunze, U. Z.
Naturforsch. B 1983, 38, 747.

(27) Bianchini, C.; Innocenti, P.; Meli, A.; Orlandini, A.; Scapacci,
G. J. Organomet. Chem. 1982, 233, 233.

(28) Gopinathan, S.; Unni, I. R.; Gopinathan, C.; Puranik, V. G.;
Tabale, S. S.; Guru Row, T. N. Polyhedron 1987, 6, 1859.

(29) Darensbourg, D. J.; Wiegreffe, H. P.; Reibenspies, J. H. Orga-
nometallics 1991, 10, 6.

(30) Scott, F.; Kruger, G. J.; Cronje, S.; Lombard, A.; Raubenheimer,
H. G.; Benn, R.; Rufinska, A. Organometallics 1990, 9, 1071.

(31) Miguel, D.; Riera, V.; Miguel, J. A.; Bois, C.; Philoche-Levisalles,
M.; Jeannin, Y. J. Chem. Soc., Dalton Trans. 1987, 2875.

(32) Miguel, D.; Riera, V.; Miguel, J. A.; Diego, F.; Bois, C.; Jeannin,
Y. J. Chem. Soc., Dalton Trans. 1990, 2719.

(33) Alvarez, B.; Miguel, D.; Pérez-Martinez, J. A.; Riera, V.; Garcia-
Granda, S. J. Organomet. Chem. 1992, 427, C33.

(34) Usbn, R.; Forniés, J.; Usdn, M. A.; Yague, J. F.; Jones, P. G,;
Meyer-Base, K. J. Chem. Soc., Dalton Trans. 1986, 947.

(35) Bruce, M. I.; Hambley, T. W.; Snow, M. R.; Swincer, G. A. J.
Organomet. Chem. 1984, 273, 361.
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Table 5. Selected X-ray-Characterized Examples
of M(n?-S,CX) Compounds

L(A) angle (deg)
complexes 72-S,CX M-S Cc-S S—C—-S ref
ML,4-d® Fragment
MnBr(CO)s(72-S,CCMe,PPh;)  2.351(1) 1.691(5) 112.5(3) 26
2.380(1) 1.675(5)
ReBr(CO);(2-S,CCMe,PPhs)  2.488(1) 1.717(4) 113.6(2) 26
2.503(1) 1.664(4)
[Fe(depe)2(72-S,CH)](BPhy) 2.326(5) 1.66(2) 110.009) 27
2.312(5) 1.69(2)
[Fe(depe),(7%-S,CPEt:)](BPhs), 2.261(3) 1.68(1)  109.9(5) 27
2.305(3) 1.68(1)
RUCI(CO)(PPhs)(172-S,CH) 2.447(2) 1.67(1) 115(Q1) 28
2.427(2) 1.67(1)
[W(CO)4(5%-S,CCH3)](PPN) 2.557(5) 1.67(2)  113(1) 29
2.565(5) 1.71(2)
Fe(Cp)(*-dppm)(172-S,CCH3) 2.265(2) 1.683(6) 109.0(4) 30
2.260(2) 1.676(7)
[MN(CO)3(171-S,CPCys3)- 2.383(2) 1.66(1) 116.4(5) 31
(172-S2CPCy3)ICIO,
2.361(3) 1.673(7)
[MN(CO)(PEts)(7%- 2.375(1) 1.680(3) 113.5(2) 32
S,CPEt3)]CIO,
2.354(1) 1.677(3)
Mn(CO),(PEt3)2(572-S2,CH) 2.422(2) 1.651(7) 115.9(8) 31
2.422(2) 1.651(7)
Mn(CO)5(SNCl3)(572-S,CPCys)  2.362(2) 1.676(8) 113.9 33
2.348(3) 1.663(7)
ML;-d® Fragment
[Ir(CO)(PPha)a(%-S,CPPh3)IBF, 2.307(5) 1.66(2)  110.7(4) 11
2.377(5) 1.70(2)
ML ,-d® Fragment
Pd(C6Fs)2(172-S2,CPCys3) 2.368(2) 1.672(4) 19.0(3) 34

2.415(2) 1.662(6)

ligands, and, finally, also the flexibility of the metal
fragment itself to reorganize geometrically.
ML3(S2.CX) Complexes. Ultimately, the MO picture
of the ?—,® dichotomy in dithiocarboxylate complexes
is comparable for all of the different types of metal
fragments depicted in 11—V, but perhaps the neatest
analysis is carried out with the fragments of the type
MLs-d8. In this case, the d, frontier metal orbital, which
is able to switch from a metal lone pair (52 coordination)
into a donor o-hybrid, is easily identified. In the other
cases, at least two metal orbitals have suited symmetry
and topology and their reciprocal mixing somewhat
complicates the picture. Two examples of alternative
coordination modes supported by the fragments ML can
be quoted: (i) the cation!! [Ir(52-S,CPPh3)(CO)(PPh3),] "
(V1); (ii) the complex Fe(53-S,CPCy3)(CO)s (2a, VII).

OC\ s

PN

..... Nt C—PPhs
P Ny

PhsP

PCy3
Vi vil

The 3 + 2 rotamer in the iridium complex VI adapts
to a pseudo-trigonal bipyramid, TBP (one axial and one
equatorial sulfur atom), while the conversion to the 73-
coordination mode (of type VII) implies an initial
reorientation of the S,CX ligand to a pseudo-square
pyramidal »2-conformer (SP). Specific calculations, by
using the fragment [Ir(CO)(PHs),]*, show that the
pseudo-72-TBP geometry VI is more stable than the SP
one by ca. 15—20 kcal/mol, which has sulfur and
phosphorus atoms quasi coplanar. This is attributable
to the unique nature of one terminal ligand (CO), and
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Table 6. Selected X-ray-Characterized Examples of M(3-S,CX) Compounds

dists (A) angle (deg) torsion angle (deg)
complexes 73-S,CX M-S Cc-S M—-C S—-C-S M—-S—C-S ref

Ru(Cp)(13-S2CCHMeCgH4PPh,) 2.426(1) 1.728(4) 2.175(4) 121.3(2) 97 35
2.418(1) 1.722(4)

MoCI(NO)(PMes)2(173-S,CPMes) 2.492(8) 1.75(2) 2.14(3) 123(2) 91 9
2.50(1) 1.76(3)

Fe(Cp)(71-dppm)(173-S2CCHa) 2.291(1) 1.735(3) 2.039(3) 118.4(2) 95 30
2.300(1) 1.711(3)

W(CO)2(PMes)2(13-S2CPMes) 2.505(8) 1.73(2) 2.12(2) 117(1) 10
2.541(7) 1.77(2)

Fe(CO)s(53-S2CPCys3) 2.322(3) 1.73(1) 1.96(1) 113.9(6) this work

(molecule 1 of 2a) 2.300(3) 1.76(2)

likely, a freezing of the observed TBP geometry for #?
prevents the subsequent attainment of the 73 conformer.
Conversely the TBP—SP rearrangement of the 52 con-
former has no sizable barrier for a cylindrically sym-
metric pyramidal fragments such as Fe(CO)s;. The
frontier MOs of the latter are well-known3® and are in
the following order: a high-lying o-hybrid, two degener-
ate and orthogonal d; hybrids (shown in VIII), and three
lower “tyg-reminiscent” levels.

¢}
C

Vil

The dithiocarboxy ligand S,CPHj3 is characterized by
two major in-plane combinations of sulfur lone pairs
(one in phase and one out-of-phase) and by the S,C
m-delocalized system. The three combinations, 7-S,C,
n.-S>C, and 7*-S,C are shown in IX—XI, respectively.

At the %2-SP coordination (see the diagram XII for
the most simplified case of a FeH33~ fragment), the two
in-plane sulfur lone pairs (So;ip. and Soy0p.) interact well
with the metal o-hybrid and the d; hybrid (the right-
most in VIII). The other filled orthogonal dzgy FMO
does instead interfere with the S,C & system which
carries already four electrons. Thus, the resulting MS,C
planar ring has two more electrons than the simplest
four-membered ring, C4H4 (i.e., it compares with an
hypothetical cyclobutadiene dianion).3” The x electron
density may be inconsistent with the planarity of the
ring, and as a qualitative explanation, the system may
choose to rearrange to the #® coordination. Most
important is the interplay of the S,C combinations IX
and XI. The empty 7*-S,C FMO (XI) is close in energy
to the metal dng orbital; thus their bonding interaction
is favored. However, the presence of the lower and filled
7-SoC FMO (IX) destabilizes the HOMO (see XI11). The

(36) See for example: Albright, T. A.; Burdett, J. K.; Whangbo, M.-
H. Orbital interactions in Chemistry; Wiley: New York, 1985.

(37) The total of & electrons in the four-membered ring can be as
many as 8 since the metal carries also a filled o-type orbital in the ty
set which is repulsive toward the out-of-phase combination of sulfur
lone pairs (n,-S,C, X).

o hybrid

XN

mixing, typical of a three-center interaction, deletes the
sulfur p, contribution to the latter HOMO which is
shown in XIIl. Notice that the x electron density
accumulates at the trans-diagonal metal and carbon
atoms.

X

The evolution of the 2 MO picture XII on bending
the ligand S;CH toward the #® mode is monitored in
Figure 3. There is an evident energy barrier (of ca. 0.8
eV) which is comparable for the FeH33~ and the Fe(CO)3
fragments.

Also, the absolute energy minimum is generally
calculated at the side of the %2 conformers. For instance,
the #2 minimum is ca. 0.4 eV deeper for the Fe(CO)3
adduct. Indeed, the EHMO method is hardly reliable
for predicting correct energetics while it provides sig-
nificant pieces of chemical information such as those
associated to the HOMO—-LUMO mixing along the
pathway and their avoided crossing.

It is implicit from the nature of the HOMO (5? side)
that the bending of the dithiocarboxy ligand induces
initially its destabilization due to the antibonding
relationship between the metal and carbon atoms. As
observed for (;3-allyl)metal complexes,® the antibonding

(38) Carfagna, C.; Galarini, r.; Linn, K.; Lopez, J. A.; Mealli, C.;
Musco, A. Organometallics 1993, 12, 3019.
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Figure 3. Diagram showing the evolution of the MOs and
the total energy for the interconversion of the n?—#°
coordination modes in the model complex FeH3(S,CH)*".

interaction between dsg and the overall 7 bonding FMO
IX is predominant at some stage of the interconversion
(see HOMO). Soon however, the mixing with the
descending LUMO (the drp—a*-S,C antibonding com-
bination, which, however, carries in-phase metal and
carbon components) overcomes the HOMO's destabiliza-
tion. Over a certain stage, the direct metal—carbon o
bond prevails in the HOMO which stabilizes toward #3.
The drawing of the latter (right side of Figure 3) shows
clearly the acquired metal—carbon o-bonding character
as well as residual 7*-S,C features. Analogously, the
LUMO appears metal—carbon antibonding in character
with residual 7*-S,C character as well. In both cases,
the S,C p, components have lost part of their initial
parallelism.

The chemical and structural consequences of the
metal—carbon bond formation are evident. There is a
net electron density accumulation in the dithiocarboxy
ligand with consequent electron loss by the metal.
Indicatively, the Mulliken analysis suggests a transfer
of ca. 0.5 electrons subsequent to the %2 rearrangement.
At the same time, the accumulation of the electrons in
the 7*-S,C level is responsible for a decrease of the C—S
overlap populations, which matches well with the
experimental results (longer C—S distances for the
compounds of Table 6 compared with those in Table 5).

Most importantly, the visual MO approach shows
that, although a new metal—carbon bond is formed, the
original features of the S,C & system (see the MOs IX—
XI) are somewhat preserved. This could be well con-
sistent with the simplest metal back-donation picture,
namely an electrostatic interaction which does not alter
significantly the character of the components. The
evident HOMO—-LUMO avoided crossing suggests an-
other possibility. At #2, the two electrons in the HOMO
do clearly belong to the metal. On bending of the
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dithiocarboxy ligand, an improved back-donation into
the emptry 7*-S,C level would be simply indicated by
the diverging HOMO—-LUMO levels (a normally in-
creasing two-center/two-electron interaction). Con-
versely, the HOMO destabilizes rather than stabilizes
on account of the prevailing four-electron repulsion
between the metal d, orbital and the low filled z-S,C
FMO. This means that also the latter level with its
electrons participates actively into the HOMO—-LUMO
interplay and their avoided crossing. Through the
mixing, the two levels can exchange their character and
eventually the ownership of the electrons is reversed.
In this respect, the system seems to undergo an oxida-
tive addition process of some sort which accumulates
metal electrons into the dithiocarboxy ligand and in
particular at the carbon atom. The latter is only one of
the two limiting descriptions, with the metal being
converted from a d8 to a d species and the S,CX ligand
becoming capable of donating as many as three electron
pairs to the metal (a very peculiar case of octahedral d®
complex). The alternative description is, as mentioned,
the simplest back-donation which perturbs only a little
of the character and electron distribution of the S,C
moiety, hence allowing the maintenance of its original
features with four z electrons. As it is often the case
in chemistry, the actual description is in between the
two limiting models.

A final remark can be made about the regioselectivity
of the electrophilic attack by a methyl cation to the
complexes 2 to give the complexes 3. These maintain
the %2 coordination of the SCS grouping. As evidenti-
ated in Figure 3, the composition of the high-lying
HOMO is quite different between 72 and 2 conformers.
In particular, the absence of any sulfur atomic orbital
contribution seems to dismiss the possibility that such
a regioselective attack can occur at 72 or that the
alkylated product can convert to this coordination mode.
Although the HOMO of the #® conformer is largely
metal—carbon bonding in character (see above), the
sulfur orbitals are well developed and appear to point
in the same direction as the S—Cgiky bond observed in
the crystal structure (compare Figures 2 and 3).

ML4(S2CX) Complexes. The underpinnings of the
n?—n?® dichotomy, illustrated above for the complexes of
the type ML3(S,CX), can be generalized also for the
species containing the fragments ML4-d®. In these cases
(the most numerous in Tables 5 and 6), the switching
from #? to #® coordination mode is accompanied by a
structural rearrangement of the metal fragment itself.
Thus, beside the nature of the metal (the oxidation state
and the charge are of importance) and that of the
coligands, the effects of geometry need to be evaluated.

A ML, fragment of type Il has well-characterized
FMOs.36 In particular, there is a relatively high o-hy-
brid, a well-hybridized frontier d, orbital (in-plane), and
a lower set of “tyg-reminiscent” orbitals. As for the 7?2
coordination mode of the MLz fragment, one o and one
in-plane d; hybrid accept the donation of electrons from
two symmetry adapted combinations of sulfur lone
pairs. Practically, this is like reconstructing a pseudo-
octahedral d® complex from a ML, fragment and a
chelate ligand. At variance with the MLj; fragments,
there is no high-lying dzzg hybrid apt to back-donate into
the carbon atom of the dithiocarboxy ligand. Two
symmetry-suited candidates are found only in the low-
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lying tyg set. These are the orbitals xz (XI1V) and x2 —
y2 (XV), respectively. In any case, the energy separation
from z*-S,C (XI1) is large but xz makes a better overlap
with the latter.

XV Xv
Also consider that in ML, fragments, containing
ligands with good s-acceptor capabilities (e.g. carbon
monoxide), any of tyg orbitals X1V and XV as well as yz
(with 6 character) can be depressed (vide infra). In
particular, if xz is significantly stabilized by the interac-
tion with z*co, the #° coordination becomes more

difficult to achieve. This can be compensated by a
deformation of the fragment 11 into that shown in XVI.

XVI

The two angles o and § do in general vary from 90 to
110° and from 180 to 150°, respectively. Particularly,
the latter appears to be the governing parameter as it
affects significantly the energy and the hybridization
of the orbital xz, XIV. As soon as the two axial o donors
(L") move away from the node, xz is rapidly destabilized
(for the increasing M—L' ¢* character), the gap with the
7*-S,C diminishes, and the back-donation is facilitated.

Moreover, the loss of C,, symmetry (when the dithio-
carboxy ligand moves away from #2) allows the orbital
x2 — y2 (XV), also symmetric with respect to the L'ML’
plane, to mix with xz, so their lobes are redirected. One
of the two orbitals, acting as a donor, is directed toward
the S,C carbon atom (as to maximize the overlap) while
the other maintains the former character of lone pair
(at #2) and points over the MS; plane [see in XVII the
relative FMOs calculated for the simplest model
[MOH4(773-52CPH3)]47.

Xvit

An ad-hoc MO analysis of the #?—#° dichotomy in the
model of the Mo(S,CPMe3)(CO),(PMes), compound (XVI1-
11) does not confirm that the #° structure, determined
experimentally,’® is energetically favored. The calcu-
lated barrier is ca. 0.7 eV. Also the most stabilized
conformer appears to be 2. Although the same results
were obtained for the ML3 iron complexes, the energet-
ics involved were lower in that case. In spite of this
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poor response, the preferential disposition of the pairs
of CO and phosphine ligands at %3 can be understood.
A reasonable explanation why the COs are neither both
axial or both equatorial (see XVIII) has been already
presented together with a rationale for the observed
fluxional propeller behavior of the S,CPMe3 with respect
to the ML, fragment.®® The importance of the o and 8
parameters (defined in XVI) in governing this process
has been also underlined.

MCp(L)(S2CX) Complexes. This category includes
the very special case of one metal fragment (type I11)
which is able to accommodate both %2 and % coordina-
tion modes of a dithiocarboxy ligand. This is the already
mentioned complex FeCp(S,CCH3)(*-dppm).3® The
drawing XIX schematizes the structure of the %3 con-

T
¢
Fe-t 2 Si
P
XIX XX

former. The frontier FMOs of FeCp(PH3) are closely
related to those of the fragments ML4, namely they
consist of two higher hybrids (o and dm)) and three “tyg-
reminiscent” orbitals. Given a metal of the first transi-
tion row (iron), the “ty4” levels are at least 1 eV lower
in energy than those of Mo(CO)2(PHs),, even in the
absence of any stabilizing w-acceptor CO ligands. More-
over, due to the presence of the Cp ring, the dzzy orbital
(XX) has lobes best suited for back-donation and lies
ca. 0.3 eV higher than the other “ty4" levels.

The orbital XX destabilizes on closing from 120° the
angle Cp(centroid)—Fe—P.4° This is expected to facili-
tate its interaction with the 7*-S,C level, hence the
metal back-donation (the model S;CH is used in the
calculations). However, in both the 2 and 78 structures
of the compound FeCp(S,CCHj3)(n!-dppm) the experi-
mental values of the angle remain very close to 120°.
On the other hand, one of the “tyy” levels with ¢
symmetry triggers a significant 4e-repulsion with the
FMO n,-S,C (X) thus being a factor of destabilization
for the 52 coordination mode. Experimentally, the ratio
between the #? and #® forms depends on the nature of
the terminal substituents in the dithiocarboxy ligand
(the percentage of the 52 form increases in the order H
> CHsz > Ph). At the EHMO level, the higher energy
(ca. 0.6 eV) is once again calculated for the #? form and
it may be due to an overestimation of the repulsion

(39) Galindo, A.; Mealli, C. Inorg. Chem. 1996, 35, 2406.
(40) Hofmann, P.; Padmanabhan, M. Organometallics 1983, 2, 1273.
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(XXI) between the in-phase sulfur ¢ lone pair combina-

XX1

tion (Soip.) and the other symmetric “tog” FMO. Notice
that Soip. is engaged in one major o-bonding combina-
tion at the #? structure, whereas at the 73 coordination
it is simply a lone pair, which can trigger four-electron
repulsions.

The Mulliken analysis accounts for the different bond
distances found in the 72 and #? isomers containing the
dithioacetate ligand. Namely, the C—S and Fe—S
separations appear longer in the »3 coordination (com-
pare Tables 5 and 6). The back-donation to the central
carbon atom weakens the C—S overlap populations by
ca. 10%. Also the slight decrease of the Fe—S overlap
population mirrors the antibonding relation between the
metal and the sulfur orbitals shown in XXI.

Conclusions

The synthesis and structural characterization of the
complex Fe(173-S,CPCys3)(CO)s (2a), compared to other
known systems, such as Mo(73-S;CPMejz)(CO)2(PMe3),1°
and FeCp(S,CCH3)(*-dppm),3° prompted us to inves-
tigate theoretically the problem of the structural n2—53
dichotomy in complexes of dithiocarboxylate ligands
containing four xz electrons. Intuitively, the rearrange-
ment depends on several parameters such as the nature
and the charge of the metal, the nature and the
disposition of the coligands, and the geometric features
of the ancillary metal fragment. Due to the well-known
limitations of the EHMO method, no structural optimi-
zation was attempted. Also, not much weight was
attributed to the fact that the total energetics seems in
general to favor the 5?2 coordination mode. The discus-
sion was mainly focused on the arguments of chemical
significance which stem from the comparison of the
orbital interactions in the two isomers as well as from
their monitoring along the #?—#2 interconversion path-
way. On the basis of the latter, the existence of an
energetic barrier can be justified.

Galindo et al.

Most critical for the %3 coordination is the nature of
the filled metal dzg orbital suited to interact with the
empty 7*-S,C level centered on the carbon. The more
hybridized and destabilized is the metal FMO, the better
is the back-donation. In general, the HOMO of ML (#°-
S,CX) complexes appears as the bonding combination
between the two levels in question. However, the
interconversion from 72 (modeled through a simple 90°
rotation of the dithiocarboxy ligand at the S---S vector)
shows that, before the M—C bonding relationship is
established, there is an initial repulsion between the
metal dzg and the low-lying z-S,C filled FMOs. The
repulsion is eventually overcome by an avoided crossing
with the descending LUMO (dng-7*-S,C bonding in
character). The strength of the avoided crossing deter-
mines, case by case, whether the system is stabilized
at the 52 or »® conformation.

The general 3 MO description stands between two
limiting situations. The first picture is consistent with
the typical model of two synergistic donations (from the
sulfur atoms) and back-donation (to the carbon atom).
This metal—ligand interaction resembles, for example,
that attributed to other z-four electron donor ligands*!
(e.g. 1,3-butadiene). The second interpretation suggests
that the oxidative addition of the metal may have
occurred in going from 72 to %% on account of the
HOMO—-LUMO avoided crossing. As a consequence,
the electron density which accumulates at the dithio-
carboxy ligand reduces the C—S overlap populations
according in full agreement with the longer C—S bond
distances experimentally found for the #® derivatives.
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