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Ab initio MO and DFT calculations have been performed on
phosphinidene complexes of the type Cr(CO)s—PR, with R =
H, CH3, SiH3, NH,, PH,, OH, and SH. The formation of the
Cr-P bond essentially arises from a ligand-to-metal charge
transfer. While a significant © backdonation is also observed
for the Cr(CO)s—PH, Cr(CO)s-PCH3;, and Cr(CO)s—PSiH;
complexes, this is less the case for Cr(CO)s-POH, Cr(CO)s—
PSH, and Cr(CO)s-PNH,, and the backbonding almost
disappears for Cr(CO)s—PPH.,. In both the lowest lying singlet

and triplet states, all complexes exhibit a staggered
conformation. CASSCF/CASPT2 calculations performed with
the ANO basis sets indicate a closed-shell singlet ground
state along the whole series. The binding energy between
Cr(CO)s and PR ranges from 216 kJ/mol for Cr(CO)s—PNH,
to 127 kJ/mol for Cr(CO)s—PSiH3 (B3LYP values). In general,
the B3LYP-DFT scheme yields reasonable qualitative and
quantitative results when compared with CASPT2(12/12).

1 Introduction

Phosphinidenes (R—P) are known as important transient
species in phosphorus chemistry that can be stabilized
through complexation with transition metal fragments. In
contrast to analogous transient intermediates such as carb-
enes, nitrenes, and silylenes, spectroscopic information on
free phosphinidenes is rather scarce. In fact, the ESR spec-
trum of an aryl derivative (Mes—P) has only recently been
recorded.™ In most cases, these short-lived and highly reac-
tive species have been trapped in transition metal complexes
and can be used in this way as starting materials in orga-
nophosphorus syntheses. [

Recently, wel*~8 and others["1®l have shown by high-level
ab initio calculations, that phosphinidenes exhibit an in-
herent triplet electronic ground state but that the singlet
counterparts can be stabilized strongly by substituents
through both electronic and steric effects. For example, am-
ino (R,N—P) and phosphino (R,P—P) derivatives contain-
ing large alkyl groups are likely to possess a closed-shell
singlet ground state. [

Mathey 1129 and Lammertsma* suggested from numer-
ous experimental observations of the complexed species
that the phosphinidene ligand within the coordination
sphere of a metal fragment behaves as a typical singlet
monovalent intermediate giving a higher and cleaner reac-
tivity. Nevertheless, the identity of the ground state of com-
plexed phosphinidenes still remains an open question.

To our knowledge, only three theoretical studies of ter-
minal phosphinidene complexes have yet been reported.
The first one dealt with an Extended Huckel study of a
number of substituted phosphinidene ligands (PCHs,
PNH,, PPH,, ..).'? Idealized geometries were used
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throughout, based on parameters chosen from experimental
data on parent species. Although very useful, this study
only yields a qualitative picture of the considered com-
plexes. In two other studies, partial geometry optimizations
of the Cr(CO)s—PH complex were performed. 314 How-
ever, the P—Cr bond length turned out to be 1.9 A at the
Extended Hiickel level*3 while it was found to be 2.33 A
by ROHF calculations.*¥ Disagreement concerning the sin-
glet or triplet nature of the ground state of Cr(CO)s—PH
also arose. In our previous study on Cr(CO)s—PH, %! high-
level ab-initio calculations have been applied, removing
these discrepancies. We showed that Cr(CO)s—PH has a
singlet ground state with a P—Cr distance of 2.268 A. The
lowest lying triplet was 35 kJ/mol higher in energy. In this
work, an extension is made to Cr(CO)s complexes of differ-
ent phosphinidenes PR, yielding a deeper understanding of
the singlet-triplet energy problem in these species. Further-
more, the backbonding phenomenon usually observed in
metal complexes will be addressed, since it is not well
characterized yet for phosphinidene complexes. [*€]

The theoretical study presented here, includes full ge-
ometry optimizations and high-level energy calculations on
a series of simple carbonylchromium complexes,
Cr(CO)5—PR, in which R = H, CHj3, SiH3, NH,, PH,, OH,
and SH.

2 Details of the Calculations
2.1 Computational Methods

All geometries were fully optimized with density func-
tional theory, using the B3LYP functional®7118] in combi-
nation with 6-31G(d,p) basis sets for all atoms, except for
Cr. For the latter element we used a (14s,9p,5d)/[8s,5p,3d]
basis set,[**] augmented by two p-functions?? with ex-
ponents 0.120675 and 0.038610, one d-function with ex-
ponent 0.09720, and one f-function with exponent 1.0,
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respectively. This [8s,7p,4d,1f] basis set for Cr will be de-
noted hereafter as “TZ+2PDF”.

In our preliminary study on the Cr(CO)s—PH com-
plex,*® it was found that the (U)HF, (U)MP2 or CASSCF/
PT2(2/2) methods are not reliable in treating this kind of
systems. Therefore, we now only consider the higher level
CASSCF(12/12) and CASPT2(12/12) calculations, using
the B3LYP optimized geometries. ANO basis sets were
used™ for these calculations, following the contraction
scheme shown below.

primitive contracted

H 7s3p 2slp

C 10s6p3d 3s2pld

N 10s6p3d 3s2pld

(0] 10s6p3d 3s2pld

Si 13s510p4d 4s3p2d

P 13s510p4d 4s3p2d

S 13s10p4d 4s3p2d

Cr 17512p9d4f 6s4p3d1f

Our previous study*® pointed out that a more flexible
contraction with the same primitive set does not signifi-
cantly alter the results.

All B3LYP optimizations were performed using the Mul-
liken software, 23 while the CASSCF/CASPT?2 calculations
were done with the MOLCAS-4.0 code. 4

2.2 Notations

Figure 1 gives a schematic overview of the geometries
for the different complexes and their proposed shorthand
notations. For the Cr(CO);—PH, Cr(CO)s—POH, and
Cr(CO)s—PSH complexes, two forms were considered, an
“eclipsed” conformation, indicating that the P—R bond is
eclipsed with one of the Cr—C,q bonds, and a staggered
form which has its P—R bond in between two Cr—Cgq

A-form B-form
A
PH PCH;3 / PSiH3
I
y ﬁ
A-form B-form
POH /PSH PNH, / PPH;

Figure 1. Schematic representation of the different Cr(CO)s—PR
complexes considered, along with the naming convention; only
eclipsed forms are shown in this figure
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bonds. For the Cr(CO)s—PCH;/Cr(CO)s—PSiH; and
Cr(C0O)s—PNH,/Cr(CO)s—PPH, cases, additional specifi-
cations are needed to indicate the rotational orientation of
the CH3/SiH; and NH,/PH, groups, respectively. They are
referred to as A and B, following the convention of Figure
1. As a shorthand notation for use in tables, we will, for
instance, designate an eclipsed structure of the A type as ec-
A and a staggered structure as st-A. Note from Figure 1
that the B-types of Cr(CO)s;—PNH, and Cr(CO)s—PPH,
have a pyramidal NH, or PH, unit, in contrast to their
corresponding A-types.

2.3 Choice of the Active Space

The quality of a CASSCF calculation on a transition
metal system critically depends on the choice of the active
space. This space needs to include all valence orbitals neces-
sary for an adequate description of the metal—ligand bond-
ing. In a previous study,® it was demonstrated that the
ground state electronic structure of Cr(CO)g is well de-
scribed by a (10/10) space, built up from the metal 3d or-
bitals and their bonding and antibonding counterparts. For
Cr(CO)s this amounts to an occupied e4 (CO o) and ty4 (Cr
3d) shell, and a virtual eq (Cr 3d) and tyy (CO n*) shell. By
replacing one CO ligand by a phosphinidene unit, however,
an additional difficulty arises. The PR ligand has a triplet
ground state with two singly occupied p(w) orbitals. As a
consequence, both r orbitals have to be added to the orig-
inal (10/10) space. This means that the active space needed
for an adequate description of Cr(CO)s—PR consists of at
least 12 electrons in 12 orbitals.

In the CASPT2 calculations, all valence electrons as well
as the Cr semi-core 3s, 3p electrons were correlated, whereas
the rest of the core (C, N, O 1s; Si, P, S 1s, 2s, 2p; Cr 1s, 2s,
2p) was kept frozen. Finally, first-order relativistic correc-
tions (mass-velocity and Darwin term) have been added to
the CASPT2 energies.

A remark has to be made for triplet st-A
Cr(CO)s—PPHo,. In this case, it has not been possible to
perform the CASSCF/PT2(12/12) calculation with the ac-
tive space specified above. It turns out that one of the active
orbitals (representing the Cr—P o bond) spontaneously
leaves the active space, in favor of the entering 3p,(Cr) or-
bital. Therefore, two additional calculations have been per-
formed on the triplet st-A Cr(CO)s—PPH, species. The first
was to force the calculation to keep the Cr—P ¢ bond in its
active space, by freezing the orbitals during the CASSCF
run up to 3p(Cr). In another calculation, a reduced (10/11)
space was used, containing neither the Cr—P & bonding
orbital, nor the 3p,(Cr) orbital. The relative energies ob-
tained from both approaches differed by only 1.2 kJ/mol.

3 Results and Discussion
3.1 Electronic Structure

As quite a number of geometrical effects and properties
of the relative energies cannot be fully understood without
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Figure 2. Schematic drawing of the orbital interactions in singlet st-A Cr(CO);—PCHj;

having the electronic structure of the considered complexes
in mind, the latter will be discussed first.

A careful analysis of the bonding situation in
Cr(CO)s—PH has already been reported.*! Therefore, we
will recall briefly here the most important features. As a
guideline, the orbital correlation diagram for the singlet
st—A Cr(CO)s—PCH; complex shown in Figure 2, together
with contour plots of the most important orbitals shown in
Figure 3 are used in what follows. The highest occupied
orbitals of the d® Cr(CO)s fragment are the e orbitals (dy,
dy,) and a b, (d2_,? orbital, which are stabilised through =
backbonding with the empty CO =* orbitals. The lowest
unoccupied orbital is of a; symmetry (d,?), followed by a b,
(dyy) orbital. Both point directly towards the CO ligands
and constitute the antibonding combinations arising from
a o-interaction with the CO 5c orbitals. The PR molecule
has a o orbital directed along the P—R bond containing
the phosphorus lone pair, n,. Two phosphorus p orbitals,
perpendicular to the P—R bond, contain another pair of
electrons, usually in a triplet ground state configuration.
However, the bonding is best understood by considering a
singlet PR. In this case, one p orbital, perpendicular to the
P—R bond and doubly occupied, is used to form a ¢ bond
with the empty a,; orbital of the Cr(CO)s fragment. The
remaining empty p, orbital of PR is in an orientation suited
to © backbonding with the doubly occupied d,,(Cr) orbital.
The antibonding combination arising from this interaction
constitutes the LUMO of the resulting complex. For clarity,
the phosphinidene complex in Figure 2 is represented with
a Cr—P—R angle of 90°. Optimized structures, on the other
hand, have an Cr—P—R angle of 105—130°. This can be
understood by considering the secondary stabilizing inter-
action between the phosphorus np, lone pair and the
d,#(Cr) orbital (HOMO-4 of Figure 3) which increases if the
Cr—P—R angle gets larger than 90°.

It is interesting to look at the evolution of the © back-
bonding through the series of complexes. Figure 4 shows
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contour plots of the bonding orbital [with predominant
d,,(Cr) character] involved in the © backdonation. Immedi-
ately perceptible is the decrease of the p,(P) orbital contri-
bution in the series Cr(CO)s—PCH3z; — Cr(CO)s—POH —
Cr(CO)s—PNHo,. The same trend is seen for the analogous
series of second-row R groups. There, the decrease of the p
orbital contribution is even more pronounced (an extreme
case is shown as HOMO-1 of Cr(CO)s—PPH, in Figure 6.
In order to have a more physical picture of the n backbond
strength, density difference plots have also been made and
are shown in Figure 5. This difference corresponds to the
deformation density upon bond formation and is obtained
as follows.

Ap = pror(complex) — [pror(Singlet PR) + pior(Cr(CO)s)]

To compute Ap, the geometries of the fragments are
frozen to their corresponding geometries in the complex.
Full lines in Figure 5 correspond to an increase in total
density, dotted lines to a decrease. As expected, one can see
that charge is transferred from the d,,(Cr) orbital to the
px(P) orbital. Again, the extent of this charge transfer de-
creases as R varies in the order CH; — OH — NH,. The
same is also seen for the second-row series, but to a slightly
higher extent. How can we understand such a weakening of
the © back transfer? Table 1 shows the energy difference
(AE) between the LUMO of the different PR fragments —
the orbital which is involved in © backbonding — and the
dy,(Cr) orbital of Cr(CO)s. The larger the energy difference
between both partners involved in the & bond, the weaker
this bond. In more chemical terms, one could say that in
PNH,, PPH,, POH, and PSH the empty phosphorus p, or-
bital is already used by the neighboring heteroatom to delo-
calize its lone pair, making this orbital less available for
backbonding with the d,,(Cr) orbital. O and S, which have
a larger electronegativity than N and P, respectively, delo-
calize their lone pair to a lesser extent, such that the phos-
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(a) LUMO

(b) HOMO

(c) HOMO-1

(d) HOMO-2

(e) HOMO-3

(f) HOMO-4

Figure 3. Molecular orbitals of the st-A Cr(CO)s—PCH; molecule; the isosurfaces are plotted at a value of 0.05 a.u.

phorus p, orbital remains more suited to backbonding with
Cr in the Cr(CO);—POH and Cr(CO)s—PSH complexes.
This explains the fact that the = bond strength of Cr(CO)s.
—POH lies in between that of Cr(CO)s—PCH; and
Cr(CO)s—PNH,. The same applies to Cr(CO)s—PSH.

For all complexes considered, the LUMO is the anti-
bonding orbital involved in the = backbond discussed
above. For R = PH, PCHj3, PSiH;, this orbital is a simple
antibonding combination of the p,(P) orbital and the
d,,(Cr) orbital. However, for the internally conjugated PR
fragments, this orbital is also antibonding between P and
R. As an example, Figure 6 shows the LUMO of st-A
Cr(CO)s—PPH..

Calculated Mulliken charges show that the most electro-
philic phosphinidene centers are found for Cr(CO)s—POH
(0 = 0.57 e”) and Cr(CO)s—PNH, (gp = 0.48 e7),
whereas Cr(CO)s—PSiH; has the least electrophilic P (gp =
0.14 e7). In general, the charge at the P center is consider-
ably reduced upon excitation to the triplet state, due to an
occupation of the LUMO, which is an orbital mainly lo-
calized on the PR unit. The charges at the Cr center are
nearly constant throughout the series (—1.5 e~ for singlets
and —1.3 e~ for triplet species). The total PR fragment
charge (sum of the Mulliken charges) gives an estimate of
the total charge transfer from PR to Cr(CO)s. It is seen that
this charge transfer is largest for Cr(CO)s—PNH, (0.45 e™)
and smallest for Cr(CO)s—PSiH; (0.20 e7). As shown in a
further section, these compounds also have the largest and
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Table 1. Various properties of complexed and free phosphinidenes

AT — S AEM
B3LYP QCISD(T)! [eV]
PH —139.2 -117.2 1.86
PCH; —125.9 —108.8 2.56
POH —76.5 —70.7 3.20
PNH, —5.0 —5.0 4.14
PSiH; —123.8 —-107.1 1.82
PSH —37.2 -255 2.90
PPH, —-10.5 -5.0 3.71
AT — S)@ B.E.
B3LYP CASPT2M [kJ/
mol]
Cr(CO)s—PH 24.6 36.6 1375
Cr(CO)s—PCH; 244 35.8 134.9
Cr(CO)s—POH  86.0 95.3 186.4
Cr(CO)s—PNH, 102.5 108.7 216.0
Cr(CO)s—PSiH; 3.8 11.2 126.9
Cr(CO)s—PSH  75.2 84.4 173.4
Cr(CO)s—PPH, 30.1 23.7 137.5

[ E(lowest lying triplet) — E(lowest lying singlet) [kJ/mol]. —
Bl Using the 6—311++G(3df,2p) basis and based on (U)MP2/
6—31G(d,p) geometries given in ref.}l. A negative value corre-
sponds to a triplet ground state. — [l Energy difference between
the LUMO of singlet PR and the dy, orbital of Cr(CO)s. —
[l Including relativistic corrections.

smallest binding energy, respectively. For the triplet species,
calculations show that the spin density is mainly locacted
on both the Cr and P centers [pS(Cr) varies from 0.61 to

Eur. J. Inorg. Chem. 1999, 107—-115
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(a) Cr(CO)s-PCH; st-A n-bond (b) Cr(CO)s-POH st 7-bond (c) Cr(CO)s-PNH, st-A m-bond

(d) Cr(CO)s-PSiH3 st-B 7-bond (e) Cr(CO)s-PSH st 7-bond (f) Cr(CO)s-PPH; st-A 7-bond

Figure 4. Contour plots of the p,(P)—d,,(Cr) bonding orbital involved in & backdonation of the different complexes

Table 2. Selected geometrical parameters as obtained using B3LYP optimizations

r(P—Cr) r(P—R)
A SA A SA free PR
Cr(CO)s—PH ec 2.273 2.365 1.438 1.424 x+ 1.434
st 2.268 2.368 1.438 1.425 13- 1.435
Cr(CO)5—PCH; ec-A 2.281 2.376 1.867 1.859 A 1.822
ec-B 2.282 2.378 1.861 1.861 SA, 1.861
st-A 2.279 2.375 1.868 1.859
st-B 2.274 2.375 1.865 1.863
Cr(CO)s—PNH, ec-A 2.312 2.444 1.664 1.700 1A, 1.649
ec-B 2.269 2.405 1.768 1.696 SA 1.716
st-A 2.303 2.432 1.666 1.703
st-B 2.267 2.402 1.768 1.696
Cr(CO)s—POH ec 2.242 2.394 1.660 1.668 A 1.643
st 2.239 2.392 1.662 1.670 A 1.663
Cr(CO)s—PSiH; ec-A 2.293 2.343 2.291 2.253 A 2.236
ec-B 2.293 2.343 2.281 2.253 A, 2.270
st-A 2.292 2.344 2.290 2.253
st-B 2.288 2.344 2.283 2.256
Cr(CO)s—PPH, ec-A 2.359 2.447 2.034 2.104 A, 1.963
ec-B 2.273 2.360 2.298 2.208 SA 2.210
st-A 2.355 2.532 2.036 2.125
st-B 2.273 2.357 2.297 2.209
Cr(CO)s—PSH ec 2.282 2.396 2.093 2.126 A 2.002
st 2.279 2.400 2.095 2.127 SA 2.119

0.99 e, while pS(P) lies between 1.23 and 1.45 e~]. An ex-
tremely low pS(P) value is found in Cr(CO)s—PPH,, prob-
ably caused by the fact that in this molecule, a considerable
amount of spin density is also found on the phosphanyl P.

Eur. J. Inorg. Chem. 1999, 107—-115

A full table containing the calculated mulliken charges and
spin densities is supplied as supporting information (avail-
able on the WWW under http://www.wiley-vch.de/home/
eurjic or from the author).
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(a) Cr(CO)s-PCH; st-A

(b Cr(CO)5-POH st

(¢) Cr(CO)s-PNH, st-A

(d) Cr(CO)s-PSiH; st-B

(e) Cr(CO)5-PSH st

(f) Cr(CO)s-PPH, st-A

Figure 5. Density difference plots Ap = pyr(complex) — {pwr(Singlet PR) + pyoi[Cr(CO)s]} of the various complexes, made in the plane
containing the © backbond; full lines correspond to an increase in electron density upon bond formation, dotted lines to a decrease; the
maximum and minimum contour levels are 0.009 and —0.009 a.u., respectively, with intervals of 0.001 a.u.

(a) LUMO

(b) HOMO-1

Figure 6. Some selected orbitals of the singlet st-A Cr(CO)s—
PPH, complex

3.2 Geometries

Optimized P—R bond lengths of free phosphinidenes are
listed in Table 2. The B3LYP values are consistently slightly
larger than UMP2 values obtained in previous work.F!
However, on the average, the difference in the calculated
P—R distances is only about 0.01 A, which is too small to
be significant. This, together with previous work on phos-
phorus-containing species, 126! shows that B3LYP is a re-
liable tool to obtain geometries of phosphinidenes.

Selected geometrical parameters of the complexes of
interest are shown in Table 2. Included are the P—Cr and
P—R distances, For singlet Cr(CO)s—PH, a P—Cr bond
length of 2.27 A was found, as compared to previously re-
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ported values of 1.9 A (Extended Huickel)™*®! and 2.33 A
(ROHF).* For triplet Cr(CO)s—PH, a P—Cr distance of
about 2.37 A was found, significantly shorter than the 2.67
A of the ROHF result reported earlier.** Hence, the need
for a careful geometry optimization before obtaining accu-
rate electronic energies of these complexes is evident. In
view of the successes of DFT in the last decadel?” 32 we
felt that a full geometry optimization using B3LYP and the
basis set specified above is a very reasonable choice.

As can be seen from Table 2, in all singlet complexes the
P—Cr distance is close to 2.3 A. For the phosphane com-
plexe Cr(CO)s—PHs;, an experimental P—Cr distance of
2.35 A was found.3 Our calculated P—Cr distances thus
suggest that the P—Cr bond in the presently studied phos-
phinidene complexes has nearly single bond character.

The P—Cr bond lengths of the various molecules also
seem to correlate with the observed © bond strengths dis-
cussed in the previous section and shown in Figures 4 and
5. As expected, the P—Cr bond becomes shorter as the =
bond strength increases. Only Cr(CO)s—POH and
Cr(CO)s—PSH do not follow this trend. However, in view
of the small differences in these bond lengths, such an ap-
parent correlation might be questionable.

Immediately apparent from Table 2 is the lengthening of
the P—Cr distances following electronic transition from the
LA’ to the 3A"’ state. This effect is mainly due to the exci-

Eur. J. Inorg. Chem. 1999, 107—-115
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tation of an electron into the LUMO, which is strongly anti-
bonding between Cr and P.

Upon closer inspection of Table 2, a number of points
deserve some comment. While for Cr(CO)s—PCH; and
Cr(CO)s—PSiH; no significant geometry differences are
found between the A and B forms, the B forms of
Cr(CO)s—PNH, and Cr(CO)s—PPH, exhibit considerably
shorter P—Cr bonds than the corresponding A confor-
mations. This effect is related to the electronic structure of
singlet PNH, and PPH,. In these molecules, the amino or
phosphanyl = lone pair is conjugated with the empty p or-
bital on the phosphinidene P, resulting in a planar structure
with sp? hybridization of the tricoordinated N and P atoms
(see for instance ref.[l). As a consequence, the second phos-
phinidene lone pair is found in a p orbital in the plane of
the molecule. A schematic drawing of the two highest occu-
pied molecular orbitals of both singlet PNH, and PPH, is
shown in Scheme 1.

HOMO

I||III
i
second HOMO

Scheme 1

The most important difference between the A and B
forms of the PNH, or PPH, complexes, as can be seen from
Figure 1, is not the rotation of the amino or phosphanyl
group, but the fact that these groups are pyramidal in the
B conformation, in contrast to their A counterparts. As
such, the B-coordinated PNH, or PPH, phosphinidenes are
no longer internally conjugated. As a consequence, the
empty p-orbital on the ligating P-atom becomes more avail-
able for accepting a m backdonation of the metal, which
results in a shorter P—Cr bond as compared to the A con-
formations.

One additional point has to be noted about the structures
of Cr(C0O)s—PNH, and Cr(CO)s—PPH.. It is well known!
that triplet PNH, and PPH, are characterized by a pyrami-
dal structure. The triplet A conformations, however, were
optimized within Cg; symmetry where the phosphinidene
unit is prevented from becoming pyramidal. It was found
that, when re-optimizing the triplet ec-A form in C; sym-
metry, the molecule converged to the triplet st-B form. As
such, the triplet A forms of Cr(CO)s—PNH, and
Cr(CO)s—PPH, might be transition states for inversion at
the pyramidal phosphinidene center or rotation around the
P—R bond. Since we are not able to perform vibrational
analyses of these structures, the identity of the triplet A
Cr(CO)s—PNH, and Cr(CO)s—PPH, (minimum or tran-
sition structure) remains an open question.

While for Cr(CO)s—PCH; and Cr(CO)s—PSiH; the
P—R distances are systematically shorter in the triplet
structures — in contrast to the situation in free phosphinid-
enes (Table 2) — a reverse trend is seen for Cr(CO)s—POH
and Cr(CO)s—PSH as well as for the A forms of
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Cr(CO)s—PNH, and Cr(CO)s—PPHo,. Since in these mol-
ecules the LUMO is also anti-bonding between P and R
(see, for example, the LUMO in Figure 6), excitation of one
electron to the LUMO causes the P—R bond to become
longer with respect to the corresponding singlet form.

3.3 Relative Energies

In our previous study™ on Cr(CO)s—PH a detailed
analysis of the relative energy of the A and B forms using
different methods and basis sets was performed. Here, we
present only results obtained at the B3LYP and
CASPT2(12/12) (including relativistic corrections) levels.
The obtained relative energies are shown in Table 3. At each
optimized singlet or triplet geometry, both lowest lying sin-
glet and triplet states were calculated.

3.3.1 Conformational Behavior

We will focus on a few general characteristics of the rela-
tive energies. In every case, both B3LYP and CASPT2
methods predict a singlet staggered conformation for the
ground state, except for Cr(CO)s—PNH,, where CASPT2
gives a singlet st-A ground state, lying 1.6 kJ/mol below the
ec-A structure, in contrast to B3LYP, which gives a singlet
ec-A ground state, 1.2 kJ/mol below the st-A form. For a
given conformation, the energy difference between eclipsed
and staggered is rather small; the largest value amounts to
10.7 kd/mol [Cr(CO)s—PSiH3, ec-B — st-B, CASPT2]. Since
frequency analyses were beyond the scope of this work, it
is impossible to say whether the eclipsed forms are true min-
ima on the potential energy surface. They might as well be
transition structures for rotation of one staggered form to
another. For the A and B forms of Cr(CO)s—PCH; and
Cr(CO)s—PSiH; no large deviations are seen. This is, how-
ever, not true for Cr(CO)s—PNH, and Cr(CO)s—PPH..
The important difference in coordination mode of PR for
these complexes (A or B) has already been highlighted in
the previous section on geometries. As expected, it is now
confirmed that, for singlet complexes, the most favorable
conformation is A while it turns out to be B for triplet
forms.

3.3.2 Singlet-Triplet Energy Difference

Table 1 contains the singlet-triplet energy differences [A(T
— S)] for both free and complexed phosphinidenes. The A(T
— S) values shown refer to E(lowest lying triplet) — E(low-
est lying singlet). For free PR species, QCISD(T) values are
also given.B! It is seen that, on the average, B3LYP results
are about 10—20 kJ/mol higher than the QCISD(T) values.
Since a detailed discussion of the variation of AE(T—S)
throughout the PR series has already been given else-
where, Bl it will not be discussed any further in this work.
While all free phosphinidenes considered have a triplet
ground state, all their complexed counterparts have a singlet
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Table 3. Relative energies of the complexed species considered
B3LYP CASPT2™ B3LYP CASPT2M
1A/ SAH 1A/ 3Arr 1A/ 3AH 1Ar 3A!I
Cr(CO)s—PH Cr(CO)s—POH
ec A 1.0 56.4 1.9 65.6 ec A 1.4 118.9 2.4 113.4
A 35.0 26.3 40.7 38.9 SA 338 89.6 47.8 98.3
st A 0.0 52.6 0.0 60.6 st A 0.0 113.6 0.0 109.0
SA 30.9 24.6 36.7 36.6 SA 30.3 86.0 43.3 95.3
Cr(CO)5 PSH
A 1.9 104.0 4.0 101.8
SA 311 77.5 47.4 87.4
st A 0.0 99.9 0.0 96.5
SA 27.6 75.2 42.3 84.4
Cr(CO)s— PCHS Cr(CO)s— PNH2
ec-A A 3.6 56.1 5.1 59.6 ec-A A -1.2 148.6 1.6 142.3
SAY 34.7 26.9 46.5 39.0 SA 31.0 119.6 51.7 130.4
ec-B A 2.9 61.1 8. 68.2 ec-B A 116.1 144.1 97.0 136.9
SAY 38.0 28.2 52.9 42.6 SA 156.3 102.2 148.5 111.2
st-A A 0.0 51.1 0.0 53.5 st-A A 0.0 146.3 0.0 140.1
SAY 28.2 24.4 39.0 35.8 SA 29.3 119.5 46.3 129.3
st-B A 0.0 59.5 0.9 63.1 st-B A 113.3 140.9 91.9 131.9
SAY 33.4 28.3 45.6 40.4 SA 153.5 101.3 144.3 108.7
Cr(CO)5— PS|H3 Cr(CO)s— PPH2
ec-A 6.0 29.5 5.8 30.0 ec-A A 0.1 148.4 2.9 142.9
3A” 35.3 4.2 45.3 13.3 SA" 28.3 123.7 50.3 130.1
ec-B A 6.0 335 10.7 38.2 ec-B A 333 65.2 18.0 53.8
SAY 38.5 6.0 50.2 15.9 SA 70.1 31.9 61.1 27.3
st-A A 2.9 27.3 0.5 25.3 st-A A 0.0 145.5 0.0 137.8
SAY 30.3 3.8 38.7 11.2 SA 32.9 128.4 52.7 162.7[01
st-B A 0.0 30.6 0.0 30.6 st-B A 28.8 60.5 111 47.1
SAY 31.0 5.0 41.0 13.7 SA 63.6 30.1 53.0 23.7

@ Including relativistic corrections. — ! CASSCF frozen up to 3p(Cr).

ground state. For the complexed forms, B3LYP apparently
underestimates the CASPT2 values. It is seen that the larger
the absolute value of the singlet-triplet splitting of the free
PR, the smaller this quantity for Cr(CO)s—PR. One excep-
tion to this rough tendency, is Cr(CO)s—PPH,. Based upon
the analysis of the © bond strength of the previous section,
we can tentatively say that in this case, the singlet form is
less stable (ralative to other complexes) due to its very weak
n backbonding. Note, however, that a direct comparison
between A(T — S) values for free and complexed phosphin-
idenes might not be legitimate, since in free phosphinidenes
it concerns an excitation within PR orbitals, while in com-
plexed phosphinidenes, the excitation is from the HOMO,
which is an orbital with mainly d,,(Cr) character, to the
LUMO, having mainly p,(P) character.

At this point, the high relative energy of triplet st-A
Cr(CO)s—PPH, should be noted. As explained in the sec-
tion on the choice of the active space, problems were enco-
untered for this molecule. The most probable reason is the
relatively long P—Cr bond length obtained by B3LYP for
this molecule.

In summary, in order to obtain Cr(CO)s—PR complexes
with singlet ground states well below the triplet state, the
phosphinidene ligand should have an internally stabilized
singlet state through © donation of the R group. However,
if this internal = donation becomes too strong, the P-center
is no longer sufficiently able to accept = donation from the
Cr(CO)s fragment. As such, two opposing effects are pres-
ent, yielding — for the series presently studied — an opti-
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mum for Cr(CO)s—PNH,. The latter complex has a A(T —
S) value of 108.7 kJ/mol at the CASPT2 level.

3.3.3 Overall Stability

The main parameter to judge the overall stability of a
complex is the binding energy listed in Table 1, which is
defined as B.E. = E[Cr(CO)s—PR] — {E(triplet PR) +
E[Cr(CO)s]}. As discussed in our previous study™® on
Cr(CO)s—PH, CASPT2(12/12) turns out to be somewhat
problematic for the B.E. of this type of compounds. Upon
dissociation of the phosphinidene ligand, the (12/12) space
reduces to a (10/10) space on the Cr(CO)s fragment and a
(2/2) space on the PR unit. A (2/2) space on triplet PH, in
fact, is a simple ROHF calculation. Considerably different
CASPT2 energies were obtained when instead a (6/10)
space on PH was used, including all valence orbitals and
the 3d(P) orbitals (about 34 kJ/mol). After correcting the
CASPT2(12/12) binding energy for the shortcomings of the
(2/2) active space and for basis set superposition errors
(BSSE), values very close to the B3LYP results were ob-
tained. Therefore, we present here only the B.E. obtained
using B3LYP. The Cr(CO)s;—PNH, complex has a B.E. of
216 kJ/mol, followed by Cr(CO)s—POH (186 kJ/mol) and
Cr(CO)s—PSH (173 kJ/mol). Then the B.E. drops by about
36 kJ/mol for the remaining complexes, with Cr(CO)s—
PSiH; having the lowest B.E. of 127 kJ/mol. It is thus seen
that the complex having the highest A(T — S) also has the
highest B.E.
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4 Concluding Remarks

Cr(CO)s complexes of differently substituted phosphini-
denes (PR, R = H, CHjs, SiH3z, NH,, PH,, OH, and SH)
have been studied by high level ab initio (CASPT2 + re-
latvistic corrections) and density functional (B3LYP) meth-
ods. It is shown that the P—Cr bond is essentially formed
by a ligand-to-metal o charge transfer; © backbonding is
also manifested in the complexes of PH, PCHs;, and PSiH;,
but its importance systematically decreases in Cr(CQO)s—-
POH, Cr(CO)s—PSH, and Cr(CO)s—PNH,, and is almost
absent in Cr(CO)s—PPH,. Both B3LYP and CASPT2
methods show that all complexes have a singlet, staggered
ground state conformation. There is only one case
[Cr(CO)s—PNH,] where B3LYP predicts a different ground
state conformation from CASPT2, but the energy difference
is rather small — the eclipsed-staggered energy differences
are small in general. One of the most intriguing parameters,
both from an experimental and theoretical point of view,
is the singlet-triplet energy difference [A(T — S)] in these
complexes. While the largest gap is found for
Cr(CO)s—PNH, amounting to 103 kJ/mol at the B3LYP
level and 109 kJ/mol at the CASPT?2 level, Cr(CO)s—PSiH;
exhibits the smallest gap of only 4 kJ/mol at B3LYP and 11
kJ/mol at CASPT2. The binding energies (B.E.) for P—Cr
bond cleavage, as computed by the B3LYP method, show a
similar behavior; the largest value is 216 kJ/mol for
Cr(CO)s—PNH,, while Cr(CO)s—PSiH; has the smallest
B.E. of 127 kJ/mol. The trends in A(T—S) and B.E. can be
understood in terms of electronic structure.

The qualitative trends emphasized by CASPT2 calcu-
lations are well reproduced by the B3LYP method and, in
most cases, a quantitative agreement between the two meth-
ods is found as well.
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