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with the complete incorporation of 80 into the product when the
monooxygen atom donor PhI'®0 is used. The high-spin d’
formulation for the valence electrons of the iron centers is sup-
ported by the electrochemical and magnetic measurements. The
product from the combination of (ClsTPP)Fe* and "OH, (Cl;T-
PP)Fe-OH, has a magnetic moment of 5.5 ug, which is consistent
with d’sp? valence-electron hybridization.* The assignment of
the Raman band at 882 cm™ to a dioxygen bridge (FeOOFe) is
supported by the 180-labeling experiment and the similarity of
the band to that for free HOOH (877 cm™).22 Likewise, the
electrochemical oxidation at +1.8 V vs SCE is closely similar to
that for HOOH in MeCN (1225 2L,Fe** + O, + 2HOH). The
potential shift of +0.7 V (from the +1.1 V value for the
L,Fe¥*/L,Fe** couple) is a measure of the covalent-bond for-
mation energy for [L;Fe—OOFeL,]** [(—-AG)gr = 0.7 X 23.1 =
16 kcal].?> Because (—AG)gg for the H-OOH bond is about 80
kcal, the [L,FeO-OFeL,]** bond energy should be substantially
greater than that for the HO-OH bond (AHpps = 51 kcal).26
Addition of excess “OH to 1 induces its rapid decomposition to
Fe(OH); and HOOH, which is consistent with these estimated
bond energies.

Additional support for the formulation of 1 is provided by its
stoichiometric synthesis from the combination of 2 mol of
[Fe''(Ph;P0),4](ClO,); with 1 mol of HOOH plus 2 mol of "OH
(eq 2).

[Fe!(Ph,PO),]** + HOOH + 27OH — 1 2)

The formation of 1 via the processes outlined in Scheme I
appears to be unique and represents a novel route to the formation

(24) Tsang, P. K. S.; Sawyer, D. T. Submitted for publication in J. Am.
Chem. Soc.

(25) (-AG)gr = [(Epadm*.x/mx — (Epadm*/m]23.1 keal (eV)™; (-AG)gr for
the (CITPP)Fe-OH bond is fZ kcal: Sugimoto, H.; Tung H.-C,;
Sawyer, D. T.J. Am. Chem. Soc. 1988, 110, 2465.

(26) CRC Handbook of Chemistry and Physics, 68th ed.; CRC: Boca
Raton, FL, 1987; pp F-179-F-180.

of a u-dioxygen bridge by a L;Fe(O)/L,Fe(O) coupling reaction.
In contrast, formation of a w-oxo dimer by addition of Fell-
{OPPh;),?* to 2 does not occur and appears to be precluded by
the steric effects of the triphenylphosphine oxide ligands.

Reactivity of 1. The binuclear u-dioxygen complex (1) reacts
with "OH, pyridine, and other Lewis bases with a stoichiometry
of two base molecules per 1. The reactivity of 1 with HX (X =
Cl, Br, I) and RyNX (X = Br, I) is summarized in Scheme 1.
Chloride ion in the absence of protons is different from the other
halides because it is an inadequate reductant. Instead, addition
of CI” appears to occur via a sequential process such that a mo-
nochloro derivative and a dichloro derivative are formed (see
Figure 2).

The dioxygenation by 1 of PhC=CPh is particularly compelling
evidence in support of the u-dioxygen formulation for 1.

1 + PhC=CPh — PhC(O)C(O)Ph + 2L,Fe** 3)

Although Ph;PO is not a biological ligand, the halochemistry
of Scheme I may be relevant to the myeloperoxidase (MPO, a
heme protein) activation of CI~ and HOOH.?

MPO
Cl" + HOOH —— -OCl + H,0 (4)

Some of these intermediates may be similar to the intermediate
in the Fe!"Cl;/H,0,/RH system in MeCN,!” which is highly
efficient for the epoxidation of olefins and for the chlorination
of PhCH(O) to PhC(O)Cl and of cyclohexane to cyclohexyl
chloride.
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The relative stability of the cis and trans isomers of the disubstituted d® metal carbonyls M(CO),L, (M = Cr, Mo and L = NH,,
PH;, C,H,) and M(CO),LL" (M = Mo, L = C,H,, L’ = CH,) has been studied theoretically through ab initio SCF calculations.
Correlation effects were studied for Cr(CO),L, with L = NH;, PH,, C,H, through CAS SCF (complete active space SCF)
calculations. The results may be summarized as follows: (i) for M(CO),4L,, with L = NH;, PHj, the cis isomer is more stable
than the trans one; (ii) for M(CO),L, with L = C,H, or M(CO),LL’ with L = C,;H, and L’ = CH,, the trans isomer is more
stable than the cis one; (iii) going from Cr to Mo increases the stability of the cis isomer for L = NH;, PH; but decreases it for
L = C,H,. These theoretical results are in excellent agreement with the bulk of structural data. The results for L = NH;, PH,
are understood easily in terms of competition for = back-bonding, but no simple rationale emerges for the greater stability of the

trans structure in the case of ethylene or carbene ligands.

Introduction

Much theoretical work has been devoted to the study of the
conformation of organometallics.! Comparatively, few theoretical
studies deal with the relative stability of geometrical isomers. Noell
and Hay studied the structures and relative energies of the cis
and trans isomers of Pt(PH;),XY (with X, Y = H, Cl) and of
Pt(CH;),H,.>* The Pt(PH;),H, system was also investigated
by Morokuma et al.* Dedieu has calculated the relative stabilities

(1) See for instance: Quantum Chemistry: the Challenge of Transition
Metals and Coordination Chemistry; Veillard, A., Ed.; Reidel: Dor-
drecht, The Netherlands, 1986.

(2) Noell, J. O.; Hay, P. J. Inorg. Chem. 1982, 2!, 14.

(3) Noell, J. O.; Hay, P. J. J. Am. Chem. Soc. 1982, 104, 4578.

(4) Kitaura, K.; Obara, S.; Morokuma, K. J. Am. Chem. Soc. 1981, 103,
2891.
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of the most probable stereoisomers for the rhodium complexes
RhCle, HthClLJ, HthCle, H2RhC1L2(C2H4), and Hth-
CIL,(C,H:).> He also investigated the cis—trans conformational
isomerism of H,Fe(CQ),.%

For the disubstituted d® metal carbonyls M(CO),L,, two ste-
reoisomers are possible, namely the cis 1 and the trans 2. For
organometallics with a coordination number of 6, the octahedron
is usually rather rigid’ and structures such as 1 and 2 do not
interconvert easily (although polytopal rearrangement has been
reported in a number of cases®!4). For these systems, the question

(5) Dedieu, A. Inorg. Chem. 1980, 9, 375.

(6) Dedieu, A.; Nakamura, S.; Sheldon, J. C. Chem. Phys. Let:. 1987, 141,
323

(7) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry; Wiley:
New York, 1980; p 1221.
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of knowing which is the most stable isomer is raised on many
occasions:

(i) The photosubstitution of monosubstituted d® metal carbonyls
M(CO)sL

M(CO),L + L’ % M(CO),LL’ + CO

is highly stereospecific, yielding in most cases the cis isomer.!
Does this stereospecificity reflect kinetic or thermodynamic fac-
tors?

(ii) In these photosubstitution reactions, the only systematic
exception to the cis stereospecificity seems to occur when L and
L’ are olefinic ligands, leading in these cases to the trans deriv-
ative.!”20 This has been ascribed to a thermodynamic instability

- of the cis derivative relative to the trans one.!'® More recently the
observation has been reported of both the cis-Cr(CO)4(C,H,),
and the trans-M(CO),(C,H,), (M = Cr, Mo, W) compounds?!~2
(with the greater stability of the trans derivative confirmed for
Cr(CO)4(C;Hy)y).

(iii) Photolysis of W(CO);CPh, at 25 °C in the presence of
a linear alkene results in metathetical exchange, probably through
the formation of an intermediate cis alkylidene/alkene complex,?*
while its photochemical reaction with cyclooctene at —60 °C gives
a trans carbene (olefin) complex.?* We have previously inter-
preted these results on the basis of the trans carbene (olefin)
complex being thermodynamically more stable than the cis iso-
mer.!¢ This has been experimentally confirmed by the synthesis
of alkene—carbene complexes in which the two functions are trans
(although the kinetic product is probably the cis complex).?

(iv) The most studied of these disubstituted derivatives are
certainly the phosphine-substituted complexes. Results regarding
the relative stability of the cis and trans derivatives may be
summarized as follows: There is a tendency to isomerize to the
trans structure when the steric bulk of the PR ligands increases.?’

(8) Vancea, L.; Pomeroy, R. K.; Graham, W. A. G. J. Am. Chem. Soc.
1976, 98, 1407,
(9) Darensbourg, D. J. Inorg. Chem. 1979, 18, 14.

(10) Fischer, H.; Fischer, E. O.; Werner, H. J. Organomet. Chem. 1974, 73,
331,

(11) Fischer, H.; Motsch, A.; Markl, R.; Ackermann, K. Organometallics
1988, 4, 726.

(12) Dixon, D. T.; Kola, J. C.; Howell, J. A. S. J. Chem. Soc., Dalton Trans.
1984, 1307.

(13) Dobson, G. R.; Awad, H. H.; Basson, S. S. Inorg. Chim. Acta 1986, 118,
LS-Ls6.

(14) Asali, K. J.; Basson, S. S,; Tucker, J. S.; Hester, B. C.; Cortes, J. E.;
Awad, H. H.; Dobson, G. R. J. Am. Chem. Soc. 1987, 109, 5386.

(15) See references given in ref 16.

(16) Daniel, C.; Veillard, A. Nouv. J. Chim. 1986, 10, 83.

(17) Wrighton, M. S.; Hammond, G. S.; Gray, H. B. J. Organomet. Chem.
1974, 70, 283.

(18) Geoffroy, G. L.; Wrighton, M. S. Organometallic Photochemistry;
Academic Press: New York, 1979; p 180.

(19) Grevels, F. W.; Lindemann, M.; Benn, R.; Goddard, R.; Kruger, C. Z.
Naturforsch. 1980, 358, 1298.

(20) Grevels, F. W; Skibbe, V.; J. Chem. Soc., Chem. Commun. 1984, 681.

(21) Gregory, M. F.; Jackson, S. A.; Poliakoff, M.; Turner, J. J. J. Chem.
Soc., Chem. Commun. 1986, 1175,

(22) Weiller, B. H.; Grant, E. R. J. Am. Chem. Soc. 1987, 109, 1252,

(23) Grevels, F. W.; Jacke, J.; Ozkar, S. J. Am. Chem. Soc. 1987, 109, 7536.

(24) Fong, L. K.; Cooper, N. J. J. Am. Chem. Soc. 1984, 106, 2595.

(25) Angermund, K.; Grevels, F. W.; Kruger, C.; Skibbe, V. Angew. Chem.,
Int. Ed. Engl. 1984, 23, 904.

(26) Alvarez, C.; Pacreau, A.; Parlier, A.; Rudler, H.; Daran, J.-C. Or-
ganometallics 1987, 6, 1057.
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Table I. Relative SCF and CAS SCF Energy (in kcal/mol) of the
Cis and Trans Isomers of the Systems M(CO)4L; and M(CO),LL’

AE(cis—trans)

SCF CAS SCF

Cr(CO),(NH,), 2.14 -132
1.26

Cr(CO),(PH,), -0.4 -2.1

Mo(CO),(NH,), -11.5

Mo(CO)4(PH,), -8.9

Cr(CO)4(C,H,), -2.0 6.3

Mo(CO)4(C,H,), 4.0

Mo(CO),(C,H,)(CH,) 8.6

4 With the bond lengths of ref 33. ® With the Cr-C bond lengths set
equal to 1.907 A.

For instance, while Cr(CO)4(PH;), exists in the cis form,? the
species Cr(CO),(PMe,), favors the trans steréochemistry and
Cr(CO),(PEt,), exists predominantly in the trans isomeric form.?®
For the compounds Mo(CO),(PR3),, the cis stereochemistry is
slightly favored for R = Me but not for R = Et, n-Bu, Ph.%303!
The trans isomer is thermodynamically more stable by about 1
kcal/mol for L = P-n-Bu,, PEt; and by perhaps 2-3 kcal/mol
for L = PPh;.3! Going from chromium to molybdenum displaces
the equilibrium toward the cis isomer.!>3?

The only previous theoretical study of the cis—trans isomerism
in these disubstituted derivatives is the one by Marynick et al.**
based on PRDDO calculations for M(CO),(NH;), with M = Cr?,
Mn*, Fe?*, Co**, Cr(CO),(N,),, and Cr(CO),4(PH,),. The cis
conformations of Cr(CO),(INH;), and Cr(CO)4(N,), were favored
by 6 and 1.6 kcal/mol, respectively. For Cr(CO),(PH,), the
isomerization energy was close to zero.

We have reinvestigated this problem by carrying out ab initio
SCF and CAS SCF calculations for the systems M(CO),L, (with
M = Cr, Mo and L = NH,, PH;, C,H,) and M(CO),LL’ (with
M = Mo, L = C,H,, and L’ = CH,). Our purpose was to assess
the values of the isomerization energies, which may be needed
to elucidate certain reaction mechanisms.

Calculations

The calculations were carried out for the two structures, cis and trans,
of each system. Although an accurate calculation would require a com-
plete geometry optimization for each structure, we have used somewhat
idealized geometries, which are described in the Appendix. The SCF
calculations were carried out with the system of programs Asterix,* using
the following Gaussian basis sets: for molybdenum a (16,11,9) set con-
tracted to [7,5,5],% for chromium a (14,9,6) set contracted to [6,4,3],%
for phosphorus a (11,7) set* contracted to [4,3], for the first-row atoms
a (9,5) set* contracted to {3,2], and for hydrogen a (4) set*® contracted

(27) Boyles, M. L,; Brown, D. V.; Drake, D. A.; Hostetler, C. K.; Maves,
C. K.; Mosbo, J. A. Inorg. Chem. 19858, 24, 3126.

(28) Guggenberger, L. J; Klabunde, V.; Schunn, R. A. Inorg. Chem. 1973,
12, 1143.

(29) Darensbourg, D. J.; Sachs, R. In ref 30.

(30) Cotton, F. A.; Darensbourg, D. J,; Klein, S.; Kolthammer, B. W. S.
Inorg. Chem. 1982, 21, 2661.

(31) Darensbourg, D. J.; Graves, A. H. Inorg. Chem. 1979, 18, 1257.

(32) Jenkins, J. M.; Moss, J. R.; Shaw, B. L. J. Chem. Soc. A 1969, 2796.

(33) Marynick, D. S.; Akari, S.; Nickerson, D. F. Inorg. Chem. 1985, 24,
868.

(34) Benard, M.; Daniel, C.; Dedieu, A.; Demuynck, J.; Rohmer, M. M.;
Strich, A.; Veillard, A.; Wiest, R. Unpublished work.

(35) This basis set is made from the (15,9,8) basis of ref 36 by adding an
additional s function (exponent (0.2597), two p functions (exponents
0.1665 and 0.0588), and one d diffuse function (exponent 0.0528).
These exponents were chosen according to the even-tempered criterion
of Raffenetti and Ruedenberg.?’

(36) Veillard, A.; Dedieu, A. Theor. Chim. Acta 1984, 65, 215,

(37) Raffenetti, R. C.; Bardo, R. D.; Ruedenberg, K. In Energy Structure
and Reactivity; Smith, D. W., McRae, W. B, Eds.; Wiley: New York,
1973; p 164.

(38) This basis set is made from the (13,7,5) set of ref 39 by adding an
additional s function (exponent 0.2732) and two p functions (exponents
0.2021 and 0.06516) and replacing the last d function with two d
functions (exponents 0.2584 and 0.08231).

(39) Hyla-Kryspin, I.; Demuynck, J.; Strich, A.; Benard, M. J. Chem. Phys.
1981, 75, 3954.

(40) Huzinaga, S. Technical Report, University of Edmonton, 1971.
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to [2] (namely the contracted basis set is single-{ for the core orbitals,
double-¢ for the valence orbitals and the metal (n + 1)p orbitals, triple-{
for the metal (n + 1)s and 3d orbitals, and quadruple-{ for the metal 4d
orbitals). The SCF calculations were performed for the closed-shell
configurations, which are reported with the corresponding energy values
in the Appendix.

Correlation effects were studied for Cr(CO)4(NH,),, Cr(CO),(PHs,),,
and Cr(CO),4(C;H,), through CAS SCF (complete active space SCF)
calculations.*! Only the 7 correlation effects were included, since it is
the dr—pr back-bonding that seems to be responsible for the greater
stability of one isomer over the other (cf. below). The set of active CAS
SCF orbitals includes three strongly occupied orbitals that are mainly
of 3d, character and three weakly occupied orbitals, mainly of 4d,
character, used to correlate the first ones. This set of active orbitals is
populated by six electrons, and these calculations are referred as CAS
SCF 6a6e. The corresponding energy values are given in the Appendix.

Results and Discussion

Our discussion will center on the relative energies of the cis
and trans isomers (Table I). We shall discuss first the theoretical
results. Next we shall compare them to the experimental data,
and finally we shall try to rationalize them.

For Cr(CO),(NHj),, the trans isomer is marginally more stable
than the cis isomer, by about 1-2 kcal/mol, at the SCF level.
However, at the CAS SCF level, the cis isomer becomes more
stable than the trans one by 13.2 kcal/mol.#>  This is comparable
to the situation found for Fe(CO),H,, where the inclusion of
correlation effects was necessary in order to account for the greater
stability of the cis isomer.®

For Cr(CO)4(PH,),, the greater stability of the cis isomer
increases from 0.4 kcal/mol at the SCF level to 2.1 kcal/mol at
the CAS SCF level. Thus, although correlation increases the
stability of the cis isomer for both ligands NH; and PH3, this
increase is considerably reduced for PH, compared to that for
NH;.

For Mo(CO)4(NH3;), and Mo(CO)4(PH,),, the cis isomer is
already more stable than the trans one by several kilocalories per
mole at the SCF level (respectively 11.5 and 8.9 kcal/mol). From
the results obtained for the analogous Cr derivatives, we may infer
that this greater stability of the cis derivative will be appreciably
increased by correlation effects for the NH; ligand but only
marginally increased for the PH; ligand.

For Cr(CO)4(C,Hy),, the cis isomer is slightly more stable than
the trans one at the SCF level (by 2.0 kcal/mol). This order of
stability is reversed at the CAS SCF level, with the trans isomer
now more stable than the cis one by 6.3 kcal/mol.

For Mo(CO)4(C,H,), and Mo(CO),(C,H,)(CH,), the trans
isomer is more stable than the cis one at the SCF level (by 4.0
and 8.6 kcal/mol). For Mo(CO),(C,H,), we expect that this
greater stability of the trans isomer will be increased by the
inclusion of correlation effects, in analogy with the results obtained
for CI'(CO)4(C2H4)2.

The above results may be summarized in the following way.

(i) For L = NH,;, PHj,, the cis isomer is more stable than the
trans one; correlation effects appear to contribute predominantly
to this greater stability of the cis isomer for L = NHj, but their
effect is much smaller for L = PH,.

(ii) For L = C,H,, CH,, the trans isomer is more stable than
the cis one and the correlation effects seem to contribute sig-
nificantly to this greater stability of the trans isomer (at least for
Cr(CO)4(C;3Hy),).

(iit) Judging from the SCF results, going from Cr to Mo in-
creases the stability of the cis isomer for L = NH,, PH; but
decreases it for L = C,H,.

Before trying to rationalize these results, we shall compare them
to the experimental data. The greater stability of the cis isomer
for M(CO),L, with M = Cr, Mo and L = NHj;, PH; is in
agreement with the cis structures reported experimentally.?43

(41) Siegbahn, P. E. M.; Almlof, J.; Heiberg, A.; Roos, B. J. Chem. Phys.
1981, 74, 2384.

(42) Additional configuration interaction calculations showed that the in-
clusion of the d,-p, correlation (i.e. correlation of the d, electrons
through the w*¢q orbitals) does not significantly change the isomeri-
zation energy.
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That the cis isomer is comparatively more stable for the molyb-
denum derivatives than for the chromium ones for L = NH,, PH,4
is in agreement with the experimental trend reported for L =
PMe;,, with the trans stereochemistry favored for Cr(CO),-
(PMe;),2 but the cis stereochemistry favored for Mo(CO),-
(PMe;),. %

The greater stability of the trans structure for M(CO)4(C,H,),
with M = Cr, Mo is in agreement with the trans structures that
have been reported experimentally for Cr, Mo, and W tetra-
carbonyl bis(olefin) systems.!%323.4  We note that, although both
cis and trans structures have been observed experimentally for
Cr(C0)4(C,H,),,2" the trans structure appears to be thermo-
dynamically more stable?? (although kinetic control at the level
of the photochemical reaction may result in the production of the
cis isomer only,? in agreement with the theoretical predictions').

The greater stability of the trans structure for Mo(CO),(C,-
H,)(CH,) is in agreement with the trans structures that have been
reported experimentally for alkene~carbene complexes of tung-
sten.”*?¢ We also note that in the work of ref 26, although the
cis alkene—carbene complex is probably the kinetic product of the
initial photoreaction (in agreement with our theoretical predic-
tion'®), only the trans product is obtained, as a consequence of
the higher stability of this trans isomer.

Ideally, one would like to identify the factors that are responsible
for the greater stability of one isomer over the other. We discuss
first the case of the complexes with the ligands NH; and PH,.
For these small ligands, steric effects may be discarded and the
electronic factor responsible for one isomer being preferred is =
back-bonding from the metal t,, orbitals to the carbonyls (Burdett
has shown that, to first order, o interactions alone yield equal
stability for the two isomers*’). If L is a ¢ donor only, 7
back-bonding will be enhanced for the carbonyl ligands trans to
L, compared to carbonyl ligands which are mutually trans. Since
the cis isomer reduces the number of mutually trans carbonyls,
it should be preferred.?® This rationalizes the greater stability
of the cis structure for M(CO),L, (L = NH;, PH;). The same
argument also accounts for the increased stability of the cis
structure when the correlation effects are included, since =
back-donation is enhanced through these correlation effects.646-50
It also accounts for the increased stabilization of the cis isomer
when going from chromium to molybdenum, since the latter is
expected to be a better w-donor than the former.5! Finally the
reduction in the cis—trans isomerization energy as one goes from
M(CO)4(NH,), to M(CO),(PH3;), has been ascribed by Marynick
to the fact that PH, is not a pure o donor but can also act as a
7 acceptor, in contrast to the case for NH,.3%%3

In contrast to the complexes with NH; and PH; ligands, which
favor the cis structure, the bis(ethylene) and the ethylene—carbene
complexes prefer the trans structure. A qualitative explanation
of the greater stability of the trans bis(alkene) complexes has been
advanced in terms of competition for 7 back-bonding,>** namely
that a trans CO group will weaken the M-alkene bond (since there
will always be competition for the d, electrons between C,H, and
a CO group trans to it, while there will be no competition between
two trans C,H, groups, provided that they are mutually perpen-
dicular®), with the cis compound being less stable than the trans

(43) Lin, J. T.; Hagen, G. P.; Ellis, J. E. J. Am. Chem. Soc. 1983, 105, 2296.

(44) Stolz, I. W.; Dobson, G. R.; Sheline, R. K. Inorg. Chem. 1963, 2, 1264.

(45) Burdett, J. K. Inorg. Chem. 1976, 15, 212.

(46) Luthi, H. P.; Siegbahn, P. E. M.; Almlof, J. J. Phys. Chem. 1985, 89,
2156.

(47) Bagus, P. S.; Roos, B. O. J. Chem. Phys. 1981, 75, 5961.

(48) Moncrieff, D.; Ford, P. C.; Hillier, I. H.; Saunders, V. R. J. Chem. Soc.,
Chem. Commun. 1983, 1108,

(49) Blomberg, M. R. A,; Brandemark, U. B.; Siegbahn, P. E. M.; Mathisen,
K.; Karlstrém, G. J. Phys. Chem. 1985, 89, 2171.

(50) Rohlfing, C. M.; Hay, P. J. J. Chem. Phys. 1985, 83, 4641.

(51) According to SCF calculations,’ the 4d orbital of Mo is higher than
the 3d orbital of Cr by about 0.4 eV.

(52) Clementi, E.; Roetti, C. At. Data Nucl. Data Tables 1974, 14, 177.

(53) Marynick, D. S. J. Am. Chem. Soc. 1984, 106, 4064.

(54) Grevels, F. W.; Skibbe, V. In ref 21.

(55) Bachmann, C.; Demuynck, J.; Veillard, A. J. Am. Chem. Soc. 1978,
100, 2366,
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since it has two sets of CO and C,H, ligands mutually trans while
the trans compound has none. However, this argument does not
consider the totality of the carbonyl ligands in the competition
for = back-bonding, and a more thorough analysis should consider
the whole set of = interactions. In the trans compound, one
ethylene and two carbonyl ligands compete for the d,, electrons,
a similar set compete for the d,, electrons, and four carbonyl
ligands compete for the d,, electrons. In the cis compound, one
ethylene and three carbonyl ligands compete for the d,, electrons,
a similar set compete for the d,, electrons, and two carbonyl ligands
compete for the d,, electrons. In fact there seems to be no simple
rationale to favor one isomer over the other. Besides, the greater
stability of the trans structure does not seem to result from the
sole steric repulsion between the ethylene ligands, since extended
Hiickel calculations® for Cr(CO)¢ with two single-face r-acceptor
carbonyl ligands (mimicking the w-acceptor character of the
ethylene ligands), either cis or trans, indicate a slightly greater
stability (of about 2 kcal/mol) of the trans derivative. This
conclusion is reinforced by the greater stability of the trans
structure for the ethylene—carbene complex, since the steric re-
pulsion should be much reduced in this system.
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program and to Dr. A. Dedieu for implementing it on the IBM
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Appendix

The geometries used in the calculations were obtained by as-
suming the following bond lengths and bond angles.

The ligand-metal-ligand angles were set equal to 90° (regular
octahedron).

For Cr(CO),L, (L = NHj,, PH,), we have used the bond lengths
of ref 33 (either optimized or assumed). For cis-Cr(CO)4(NH;),,
we have carried out two calculations, which differ only in the Cr—C
bond lengths. In the first one, we used the Cr—C bond lengths
of ref 33 (1.881 A for C trans to NH; and 1.900 for C trans to
CO); in the second one, we have used a Cr—C bond length of 1.907
A corresponding to the value optimized for the trans compound
in ref 33.

For cis-Mo(CO),(NH,);, Mo-N = 2.269 A, Mo—C = 2.056
A (for ?O cis to NH3), and Mo—C = 2.035 A (for CO trans to
NH,)}

For trans-Mo(CO),(NH,),, Mo-N = 2.271 A and Mo-C =
2075 A%

For cis-Mo(CO),(PH;),, Mo-P = 2.447 A, Mo-C = 2.043 A
(for CO cis to PH,), and Mo-C = 2.034 A (for CO trans to
PH,).¥

For trans-Mo(CO),(PH;);, Mo~-P = 2.405 A and Mo-C =
2159 A%

For Mo(CO),L,, the CO bond length and the geometrical
parameters for the ligands NH, and PH; were identical with those
used for Cr(CO),L,.

For Cr(CO)4(C2H4)2, Cr_Cco =1.90 A, (:l""(:czﬂ4 = 2.196 A,
C-C=141A,C-H=1.09 A, and C-O = 1.15 A" For the trans
structure 3, the two ethylene ligands are mutually staggered and
eclipse the carbonyl ligands.”® For the cis structure 4, the C-C
axes of the two ethylene ligands are parallel.

For MO(CO)4(C2H4)2, MO_CCO = 2.00 A and MO—CCZH‘ =
2.29 A, the other parameters being identical with those used for
Cr(CO)4(C;H4)2.

For trans-Mo(CO),(C,H,)(CH,), Mo—C¢o = 2.067 A, Mo—

Cepn, = 2.341 A, Mo—Ccy, = 2.067 A, C-C = 1.389 A, C-Hcp,

(56) Hoffmann, R. J. Chem. Phys. 1963, 39, 1397.

(57) These values were assumed on the basis of the bond lengths optimized
in ref 33 for Cr(CO)4(NH;), and Cr(CO),4(PH,), and reported in the
literature for Cr(CO)sP(C¢Hs)4%8 and Mo(CO)sP(Cg¢Hj);.%8

(58) Cotton, F. A.; Darensbourg, D. J,; llsley, W. H. Inorg. Chem. 1981, 20,
578.
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=1.10 A, and C-Hcy, = 1.07 A,*® with the molybdenum atom,

the carbene ligand, and the C—C axis of ethylene being in the same
plane?’ as shown in 5.
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For cis-Mo(CO),(C,H,)(CH,), Mo—Cco = 2.02 A for the
carbonyl ligands trans to each other, Mo—Cco = 1.97 A for the
carbonyl ligands trans to the carbene and ethylene ligands, Mo—
Ccpn, = 245 A, and Mo—Ccy, = 2.127 A, the other bond lengths
being identical with those used for the trans compound.! The
ligands carbene and ethylene sit in parallel planes, with the axes
of the M—C,pen. and C==C bonds perpendicular,® as shown in
6.

The molecular point group, the electronic configuration of the
SCF wave function, and the SCF and CAS SCF total energies
(in au, CAS SCF value in parentheses) were as follows.

Cr(CO)4(NH,),: cis, C,, (33a’)%(172”)2, ~1603.950 49 (with
the bond lengths of ref 33), -1603.952 05 (with the Cr-C bond
lengths set equal to 1.907 A) (-1604.12654); trans, C,
(252,)%(32,)%(10b,)%(12b,)?, —-1603.953 95 (—1604.105 45).

Cr(CO)4(PH;),: cis, C,, (372")%(212)%, -2175.69912 (-
2175.86797); trans, Cy,, (282,)%(4a,)%(13b,)%(13b,)?, -2175.698 47
(-2175.864 58).

Mo(CO),(NH,),: cis, C,, (392’)2(20a")?, —-4530.280 88; trans,
Csy, (292)%(42,)%(12b,)%(14b,)2, —4530.262 64.

Mo(CO)4(PH,),: cis, C,, (43a)2(24a”)?2, ~5102.034 30; trans
Cy (322,)%(52,)%(15b,)2(15b,)?, -5102.02010.

Cr(CO)4(C,Hy)y:  cis, Cy, (232;)%(62,)%(14b))3(13by)?,
-1647.53025 (—-1647.687 22); trans, D, (13a;)%(2a,)%(3b,)*
(12b,)3(13e)4, —1647.527 12 (-1647.697 23).

Mo(CO)4(C,Ha)x:  cis, Cy, (2721)%(72,)*(16b1)*(15by)2,
-4573.829 30, trans, D2d, (153.1)2(23.2)2(4b1)2(14b2)2(15e)4,
-4573.83567. ‘

Mo(CO)4(C,H)(CH,): cis, C, (41a")%(20a)?, -4534.81037;
trans, C,,, (28a,)%(5a,)%(13b,)%(15b,)?%, —4534.824 00,

(59) On the basis of the structural data for Ph,C=W(CO),(n*trans-cyclo-
octene).?* Experimental evidence suggests that the bond distances for
the second- and third-row metals will be similar.%

(60) Taylor, T. E.; Hall, M. B. J. Am. Chem. Soc. 1984, 106, 1576.

(61) On the basis of the structural data reported for cis carbene—alkene
complexes.t%¢> The Mo—Ccy, bond length in the cis isomer was assumed
to be 0.06 A longer than in the trans isomer.%

(62) Casey, C. P,; Shusterman, A. J.; Vollendorf, N. W.; Haller, K. J. J. Am.
Chem. Soc. 1982, 104, 2417.

(63) Casey, C. P.; Vollendorf, N. W.; Haller, K. J. J. Am. Chem. Soc. 1984,
106, 3754.

(64) Lappert, M. F; Pye, P. L,; Rogers, A. J.; McLaughlin, G. J. Chem.
Soc., Dalton Trans 1981, 701.

(65) Volatron, F.; Eisenstein, O. J. 4m. Chem. Soc. 1986, 108, 2173.



