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Abstract

An investigation into the effect of the flexibility of substituents on the disorder of the Cl–Rh–CO moiety in Vaska-type trans-
[Rh(CO)Cl(PR3)2] complexes is presented. The influence of the packing of the complexes with PR3 = P(CH2C6H5)3, P(OC6H5)3, P(O-
2-MeC6H4)3 and P(O-2,6-Me2C6H3)3 was evaluated by comparing the X-ray structures with the results of DFT calculations on these
complexes. Reasonable agreement between the calculated and molecular structures was found. A good agreement, however, was found
between the calculated and crystallographic structures when comparing the coordination polyhedron around the Rh atom. The main
difference between the calculated and solid state structures appeared to be in the orientation of the phenyl groups of the P-donor ligands.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A well-known early organometallic complex, trans-
[Ir(CO)Cl(PPh3)2], which was first reported by Angoletta
in 1959 [1], and later correctly formulated by Vaska and
DiLuzio [2], is known to exhibit catalytic activity. Inter-
estingly enough, at that time the rhodium analogue was
already known [3] and was investigated to some extent
[4]. Despite this, complexes with the general formula
trans- [M(CO)Cl(L)2] (M = Rh(I), Ir(I); X = halide or
pseudo-halide; L = neutral ligand) are still in many
instances today known as analogues to Vaska’s complex
[5,6]. Nevertheless, the Vaska-type complexes are typical
of those studied by Chatt, which enabled the application
of theories that has been developed [7]. These d8 square-
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planar systems undergo a range of reactions, such as oxi-
dative addition, with different substrates [5] and were rec-
ognized as important model systems for studies in
homogeneous catalysis. Early work by Wilkinson [8]
explored several aspects regarding the steric and electronic
properties in these Rh(I) analogues, but definite crystal
structural confirmation of the reaction products could
not be achieved.

Important aspects involved in the coordination of
ligands (mainly PR3, AsR3 and SbR3) to transition metal
atoms are the electronic and steric parameters. Firstly,
the electronic character of the M–P bond is a combined
effect of the r-bond formed by donation of the lone pair
electron from the P to the M atom and by the ability of
the P ligand to accept electron density from the metal by
back-donation into a combination of the empty 3d-orbitals
and r*-orbitals of the P atom [9]. A second factor, known
to influence the coordination of a ligand is the spatial
demand, or steric size, associated with the specific ligand.
In order to rationalise certain parameters, such as steric
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bulk and electron-donating capability, for ligands with no
or very little data available, it is important to cross-refer-
ence to other well-known ligand systems, ensuring that
all ligands employed are compared on an identical scale.
The diversity of tertiary phosphines in terms of their Lewis
basicity and bulkiness render them excellent candidates to
tune the reactivity of square-planar complexes towards a
variety of chemical processes, such as oxidative addition
and substitution reactions [10]. The effect of tertiary phos-
phine ligands with different electron-donor and -acceptor
capabilities was illustrated by Tolman [11] by measuring
the CO-stretching frequency of the trans-carbonyl group
in Ni(0) complexes of the general formula [Ni(CO)3PR3].
We have evaluated the electronic parameters of an
extended range of phosphines using the CO-stretching fre-
quencies of trans-[Rh(CO)Cl(PR3)2] [12]. The latter com-
plexes are simple to prepare, air stable and their
preparation do not pose the synthetic problems encoun-
tered with pyrophoric and volatile starting materials such
as [Ni(CO)4].

Calculation of the cone angles in trans-[Rh(CO)-
Cl(PR3)2] were performed based on the Tolman model
[11], but using the actual Rh–PR3 bond distances and
angles determined in the crystallographic studies, i.e., the
effective cone angles, hE, in this case [13]. While evaluating
the steric properties of the ligands in the trans-
[Rh(CO)Cl(PR3)2] complexes in the solid state it was
observed, as illustrated by Tolman, that the cone angles
of the phosphines can vary significantly, even for rigid
groups such as a phenyl, simply by rotation [14]. Here we
report the effect of even more flexible phosphorous con-
taining ligands, thus having the possibility of even larger
variations in their cone angle values. Normally these are
ligands containing some spacer group (O, CH2) between
the phosphorous atom and the phenyl substituent. This
allows for various orientations of the ligand which could
influence the outcome of the packing of the molecule, pos-
sibly also resulting in the statistical disorder of the Cl–Rh–
CO moiety.

Though several complexes with a trans-[Rh(CO)Cl{-
P(OR)3}2] molecular structure have previously been syn-
thesized (R = Me [15], Ph [15–17], 4-MeC6H4 [17], 4-
ClC6H4 [17]), none of these compounds’ solid state struc-
tures, as determined by X-ray diffraction, has yet been
described, although structures of related phosphine com-
plexes have been extensively reported [12]. In this study,
only aryl substituents were selected, as these are the most
comparable to the other Vaska-type systems studied, con-
taining aryl phosphines. Previous to our study, the molec-
ular structure of only one rhodium Vaska-type compound
containing P(OR)3 with the aryl moiety was reported,
namely trans-[Rh(CO)Cl{P(O-2-tBu-C6H4)3}2] [18].

The aim of the present study was thus to investigate the
effect of the flexibility of the substituents on the disorder of
the Cl–Rh–CO moiety in trans-[Rh(CO)Cl(PR3)2] type
complexes. The influence of the packing of the complexes
with PR3 = P(CH2C6H5)3, 1 [19], P(OC6H5)3, 2, P(O-2-
MeC6H4)3, 3, [20] and P(O-2,6-Me2C6H3)3, 4, [21] was
evaluated by comparing the X-ray structures with the
results from DFT calculations on these complexes. Two
of these complexes do not show statistical disorder of the
Cl–Rh–CO moiety in the solid state, namely 1 and 2, while
3 and 4 show a disorder of this moiety.

2. Experimental

2.1. Reagents and general procedures

Pentane and dichloromethane were pre-dried by passage
over alumina (neutral, Brockmann grade I) and subse-
quently distilled from the appropriate drying agent [22].
[Rh(CO)2Cl]2 was prepared according to the method
described in the literature [23], while the substituted phos-
phites were prepared by reacting the appropriate phenol
with PCl3 in the presence of NEt3 analogous to the synthe-
sis of tris(2-butylpenyl)phosphite [24]. The compounds
trans-[Rh(CO)Cl{P(CH2C6H5)3}2], 1, [19], trans-
[Rh(CO)Cl{P(O-2-MeC6H4)3}2], 3, [20] and trans-
[Rh(CO)Cl{P(O-2,6-Me2C6H3)3}2], 4, [21] were prepared
as communicated previously. All other chemicals were
obtained from Sigma–Aldrich and used as obtained.

NMR spectra were recorded on a Varian Inova
300 MHz spectrometer (1H: 300 MHz, 13C: 75.5 MHz,
31P: 121.46 MHz) at ambient temperature, and were refer-
enced relative to TMS (1H and 13C) or 85% H3PO4 (31P),
using one of the following: the residual protonated impuri-
ties in the solvent (1H NMR: CDCl3: d 7.27) or external
85% H3PO4 (31P). Infrared spectra were recorded on a Bru-
ker Equinox 55 FT-IR spectrometer and analysed with the
Bruker OPUS-NT software. Infrared data for solution
spectra were collected using NaCl windows (optical path-
length 0.1 mm).

2.2. Structure determination

Crystals of trans-[Rh(CO)Cl{P(OC6H5)3}2], 2, were
grown from CH2Cl2 as described below. X-Ray diffraction
data for 2 were collected on a Bruker SMART CCD 1K
diffractometer using MoKa (0.71073 Å) and x-scans at
293(2) K. After the collection was completed, the first 50
frames were repeated to check for decay, which was not
observed. All reflections were merged and integrated using
SAINT [25] and were corrected for Lorentz, polarization and
absorption effects using SADABS [26]. The structures were
solved by the heavy atom method and refined through
full-matrix least-squares cycles using the SHELXL97 [27] soft-
ware package with R(jFoj � jFcj)2 being minimized. All
non-H atoms were refined with anisotropic displacement
parameters, while the H atoms were constrained to parent
sites by means of a riding model. The DIAMOND [28] Visual
Crystal Structure Information System software was used
for the graphics. Crystal data and details of data collection
and refinement are given in Table 1. (CCDC reference
number CCDC620798. See http://www.ccdc.cam.ac.uk).

http://www.ccdc.cam.ac.uk


Table 1
Crystal data and structural refinement for trans-[Rh(CO)Cl{-
P(OC6H5)3}2], 2

trans-[Rh(CO)Cl{P(OC6H5)3}2]

Empirical formula C37H30ClO7P2Rh
Formula weight 786.91
T (K) 293(2)
Wavelength (Å) 0.71073
Crystal system Triclinic
Space group P�1
a (Å) 10.039(2)
b (Å) 10.973(2)
c (Å) 16.872(3)
a (�) 98.34(3)
b (�) 97.90(3)
c (�) 103.85(3)
V (Å3) 1756.5(6)
Z 2
Calculated density (mg m�3) 1.488
Absorption coefficient (mm�1) 0.701
F(000) 800
Crystal size (mm) 0.34 · 0.20 · 0.12
h Range (�) 2.0–28.3
Index ranges �12 6 h 6 13,

�13 6 k 6 14,
�22 6 l 6 22

Collected reflections collected 12095
Unique reflections 8416
Observed reflections 5020
Rint 0.0272
Completeness to 2h 96.1%
Maximum and minimum transmission 0.921–0.796
Refinement method Full-matrix least square on F2

Data/restraints/parameters 8416/0/433
Goodness-of-fit on F2 0.990
Final R1 indices [I > 2r(I)] R1 = 0.0514, wR2 = 0.1019
R1 (all data) R1 = 0.1084, wR2 = 0.1214
Largest different peak and hole (e Å�3) 0.512 and �0.446
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2.3. Preparation of trans-carbonylchloro-

bis(triphenylphosphite)rhodium(I), 2

A solution of P(OC6H5)3 (80 mg, 0.258 mmol) in pen-
tane (1.0 ml) was slowly added to a yellow solution of
[Rh(CO)2Cl]2 (24.9 mg, 0.064 mmol) in pentane (3.0 ml).
Gas evolution was observed immediately, the solution dec-
olourized and a light yellow precipitate formed. The super-
natant was decanted and the solids washed with pentane
(3 · 2 ml) to leave the pure title compound. Crystals suit-
able for single crystal X-ray analysis were grown from
CH2Cl2. Yield: 94 mg, 93%; 1H NMR (300 MHz, CDCl3):
d 7.37–7.14 (m, 30H); 31P{H} NMR (121.46 MHz, CDCl3):
d 121.5 (d, 1JRh–P = 214 Hz); IR m(CO): 2016 cm�1.

2.4. DFT calculations

To allow more insight in the geometrical conformations
of complexes 1–4, DFT calculations were performed using
the GAUSSIAN03 package [29] on a pentium computer. We
employed the Becke hybrid three parameter DFT method
using the Lee, Yang and Parr correlation functional
(B3LYP) [30] and the LANL2DZ [31] basis set. The struc-
tures of complexes 1–4 and its isomers were optimized
without constraints. Minima were verified via frequency
analysis of the stationary point. The Hyperchem 7.52 pack-
age [32] was used for the overlay of solid state and calcu-
lated structures, as well as for the calculation of the root
mean difference.

3. Results and discussion

3.1. Solid state structure of trans-

[Rh(CO)Cl{P(OC6H5)3}2], 2

A molecular diagram showing the numbering scheme of
the title compound trans-[Rh(CO)Cl{P(OC6H5)3}2], 2, is
presented in Fig. 1, with selected bond lengths, angles
and torsion angles in Table 2 and the hydrogen bonding
interactions in Table 3. The compound trans-[Rh(CO)Cl{-
P(OC6H5)3}2], 2, crystallizes in the triclinic space group P�1
with Z = 2. This results in the Rh atom lying on a general
position and no disorder of the Cl–Rh–CO moiety. All
angles within the Rh coordination polyhedron are close
to those expected for a square-planar environment (Table
2) with the Rh atom displaced 0.0080(10) Å from the coor-
dination plane (rms error of fitted atoms = 0.0042). Each
triphenylphosphite has one oxygen atom close to the coor-
dination plane, with O–P–Rh–CO torsion angles of only
�1.58(18) and �1.92(2)� (Table 2), and with the oxygens
in a gauche conformation relative to the P–P axis giving
rise to a pseudo mirror plane through the Cl–Rh–CO moi-
ety, perpendicular to the P–Rh–P 0 axis.

Due to the phosphites’ flexible nature, different orienta-
tions resulting in variations in cone angle sizes are observed
and may not necessarily be a true reflexion of the steric
properties of the phosphite in solution compared with the
solid state. In the title compound, intramolecular hydrogen
interactions (Table 3) are observed between some phenyl
rings with the O spacers of adjacent substituents on the P
atom, yielding significant differences in steric profile for
the two triphenylphosphites. The cone angle values (Table
4) obtained for P1 and P2 respectively show a difference of
ca. 10� mainly due to the influence of this interaction found
in phosphite P1. A similar, but weaker interaction is also
noted in phosphite P2 in the C42–H42� � �O5 interaction.
Various intermolecular interactions, with Cl and O of the
central Cl–Rh–CO moiety, are also noted which could be
partly responsible for the observed packing.

We previously communicated the solid state structures of
trans-[Rh(CO)Cl{P(CH2C6H5)3}2], 1, [19], trans-[Rh(CO)-
Cl{P(O-2-MeC6H4)3}2], 3, [20] and trans-[Rh(CO)Cl{P(O-
2,6-Me2C6H3)3}2], 4, [21]. It appears that the more flexible
Group 15 ligands discussed here might play some part in
the outcome of the statistical disorder of the Cl–Rh–CO
moiety. This may either be due to intramolecular interac-
tions found in the substituents of the phosphites, varying
its steric size, or by the inter- and intramolecular interac-
tions to the chloride of the Cl–Rh–CO moiety. There are



Fig. 1. Molecular structure of trans-[Rh(CO)Cl{P(OC6H5)3}2], 2 (30% probability). H atoms have been omitted for clarity. For the aromatic rings, the
first digit refers to the P-atom, the second digit to the ring number, while the third digit indicates the number of the C atom in the ring.

Table 2
Selected interatomic bond distances (Å) and angles (�) for trans-
[Rh(CO)Cl{P(OC6H5)3}2], 2

Distances (Å)
Rh–C 1.814(4) P1–O1 1.588(3)
Rh–P1 2.2651(12) P1–O2 1.588(3)
Rh–P2 2.2747(12) P1–O3 1.585(3)
Rh–Cl 2.3538(12) P2–O4 1.580(3)
C–O 1.141(4) P2–O5 1.584(3)

P2–O6 1.589(3)

Angles (�)
C–Rh–P1 90.60(12) Rh–P1–O1 110.97(10)
C–Rh–P2 90.35(12) Rh–P1–O2 118.40(11)
P1–Rh–P2 178.89(4) Rh–P1–O3 120.89(11)
C–Rh–Cl 179.30(13) Rh–P2–O4 109.22(11)
O–C–Rh 179.0(4) Rh–P2–O5 120.28(12)
P1–Rh–Cl 88.89(4) Rh–P2–O6 120.22(12)
P2–Rh–Cl 90.16(4)

Torsion angles (�)
C–Rh–P1–O1 �1.61(17) C–Rh–P2–O4 �1.82(19)
C–Rh–P1–O2 120.96(18) C–Rh–P2–O5 �124.50(18)
C–Rh–P1–O3 �125.53(18) C–Rh–P2–O6 121.28(18)

Table 3
Inter- and intra-molecular hydrogen interactions (Å) and angles (�) for
trans-[Rh(CO)Cl{P(OC6H5)3}2], 2

D–H� � �A d(D–H) d(H� � �A) d(D� � �A) \(DHA)

C16–H16� � �O2 0.93 2.50 3.104(5) 123.2
C16–H16� � �O2i 0.93 2.90 3.436(5) 118.1
C16–H16� � �O3i 0.93 2.66 3.369(5) 133.6
C15–H15� � �Cli 0.93 2.89 3.797(5) 166.7
C34–H34� � �Oii 0.93 2.65 3.380(6) 136.0
C43–H43� � �Cliii 0.93 2.87 3.711(6) 151.8
C42–H42� � �O5 0.93 2.73 3.321(5) 122.1

i = �x, 1 � y, 1 � z; ii = �1 + x, y, z; iii = �x, �y, �z.
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also the interactions from some hydrogens of the phosphine
substituents with the metal centre which could influence the
packing arrangement. Here we discuss more detail of the
above mentioned molecular structures and specifically eval-
uate several similar interactions found in these. In addition,
we would like to draw attention to the structure of 4 [21],
which is the only complex studied in this series with two
independent molecules in the asymmetric unit in the solid
state. The two molecules show little difference in the two ori-
entations, possibly due to slightly different packing effects.
The similarity of the two independent molecules of com-
pound 4 is shown in a superimposed ball-and-stick drawing
in Fig. 2. The calculated rms overlay error in the two struc-
tures was less than 0.1 Å.

All the Vaska-type compounds in the above series crys-
tallize in the triclinic space group P�1. Both compounds
trans-[Rh(CO)Cl{P(CH2C6H5)3}2], 1 [19] and trans-
[Rh(CO)Cl{P(O-2,6-Me2C6H3)3}2], 4 [21] crystallize with
Z = 2. This results in the case of compound 1, like com-
pound 2, in the Rh atom lying on a general position and
therefore no statistical disorder of the Cl–Rh–CO moiety
was observed. In the case of compound 4, however, both
molecules lie on inversion centers, imposing a 50% statisti-
cal disorder on both Cl–Rh–CO moieties, as observed for
both the molecules in 4.



Table 4
Selected geometrical parameters (Å, �) for the compounds with general formula trans-[Rh(CO)Cl(PR3)2] (R = phenolate or benzyl)a

Complex M–P M–Cl C–M–Cl hE hT Ref.

1 2.3166(10) 2.3649(10) 178.76(12) 167.6 168.5 [19]
2.3143(11) 169.3 170.1

172.0 172.6
2 2.2651(12) 2.3538(12) 179.30(13) 156.1 155.8 T.W.

2.2747(12) 166.5 166.4
3 2.2906(9) 2.401(4) 180.0 167.4 167.7 [20]
4 2.3102(9) 2.381(3) 180.0 182.0 182.7 [21]

2.2996(9) 2.380(3) 182.2 182.6
PR3 = O–2–tBuC6H4 2.2856(7) 2.370(3) 175.85 181.2 181.3 [18]

a Bond lengths in Å, cone angles in degrees. Only selected parameters are shown.

Fig. 2. Superimposed ball-and-stick drawing of the two independent
molecules of trans-[Rh(CO)Cl{P(O-2,6-Me2C6H3)3}2], 4.
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Compound trans-[Rh(CO)Cl{P(O-2-MeC6H4)3}2], 3
[20], is the only compound in the current study to crystal-
lize in the triclinic space group P�1 with Z = 1. This results
in the molecule lying on an inversion centre, imposing a
50% statistical disorder on the Cl–Rh–CO moiety.

All bond lengths and angles for compounds 1, 3 and 4 are
within normal ranges for this type of compound. All angles
within the Rh coordination sphere are close to those
expected for a square-planar environment, the Rh atom
being typically displaced slightly from the coordination
plane. The Rh atom is displaced 0.0148(13) Å from the coor-
dination plane (rms error of fitted atoms = 0.0089) for
trans-[Rh(CO)Cl{P(CH2C6H5)3}2], 1. A displacement of
0.009(5) Å from the coordination plane (rms error of fitted
atoms = 0.0088) is observed for trans-[Rh(CO)Cl{P(O-2-
MeC6H4)3}2], 3. Finally Rh1 and Rh2 atoms are displaced
�0.004(5) and 0.015(5) Å from the coordination planes
(rms deviation of fitted atoms = 0.0043 and 0.0154 respec-
tively) for trans-[Rh(CO)Cl{P(O-2,6-Me2C6H3)3}2], 4.

In compound 1, only one tribenzylphosphine has one
substituent close to the coordination plane, i.e. C4 while
the other phosphine shows a �30.21(18)� torsion angle
with the coordination plane. This results in an orientation
of the two phosphines showing a pseudo inversion centre
similar to that found in the complexes with statistical disor-
ders. It should also be noted that a similar interaction with
the metal centre is present in the other structures contain-
ing the 50% statistical disorder.

Torsion angles C–Rh–P–O show one substituent close
to the coordination plane on each side of the Cl–Rh–CO
moiety for both compounds 3 and 4. Several intra- and
intermolecular interactions were also observed for both
compounds, though some of these should be regarded with
some skepticism. On the other hand, some of these interac-
tions are similar to the intra molecular interactions found
in trans-[Rh(CO)Cl{P(OC6H5)3}2], 2. An agostic interac-
tion [33] between rhodium and a phenyl ring H atom,
affording a pseudo octahedral coordination environment
for the metal centre, is also observed. The latter interaction
could also be regarded as a factor contributing to the ori-
entation for a crystallographic inversion centre as this is
also not observed for trans-[Rh(CO)Cl{P(OC6H5)3}2], 2,
which did not contain the statistical disorder of the Cl–
Rh–CO moiety.

In addition, an agostic interaction between the rhodium
centre and a methyl group H atom on a phenyl ring, giving
rise to a pseudo octahedral coordination environment
around the metal centre, is also observed for compound
4. This supports the argument that these interactions could
have some influence on the disorder of the Cl–Rh–CO
moiety.

Some of the most important geometrical parameters are
summarized in Table 4 along with the data of other rele-
vant structures.

Important to note is the increase (thus the weakening) of
the Rh–P bond distance as methyl groups are introduced
on the phenyl rings of the phosphites. This is most proba-
bly a steric effect, as it is clear that the cone-angle of the
phosphites increases with increasing number of methyl
groups [hE = 156, 166 (1), 167 (3) and 182 (4)]. The elec-
tronic effect of Group 15 ligands in Vaska-type compounds
was discussed earlier [12]. The electronic effect is reflected
in the CO stretching frequency, which decreases only
slightly for the three phosphite complexes [mCO = 2016
(2), 2011 (3) and 2004 cm�1 (4)]. As expected, the trans-
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[Rh(CO)Cl{P(CH2C6H5)3}2] (1, mCO = 1968 cm�1) com-
plex, having a different electronic nature due to the lack
of electron withdrawing oxygen atoms, is at the bottom
of this range.

As mentioned previously, only one other single crystal
structure of an aryl phosphite containing rhodium Vaska-
type complex existed in the literature [18] prior to our stud-
ies. The value of the Rh–P bond distance for this complex
also fits nicely into the range of studied complexes (Table
4). Furthermore, a steady increase in steric profile, as
expressed by the Tolman (hT) and the effective (hE) cone
angles, is noted in going from P(OC6H5)3 to P(O-2,6-
Me2C6H3)3. It also seems that the phosphite P(O-2-
tBuC6H4) has the same steric bulk as that of P(O-2,6-
Me2C6H3)3, as expressed in the Tolman cone angles (hT)
of 182� for P(O-2,6-Me2C6H3)3 and 181� for P(O-2-tBu-
C6H4) respectively. Like compound 4, the Vaska-type com-
pound containing the P(O-2-tBuC6H4) phosphite ligand
was reported to be disordered around the Cl–Rh–CO moi-
ety [18].

The use of flexible aryl phosphine and phosphite ligands
gives mixed results for the statistical disorder on Vaska-
type complexes of rhodium. However, several aspects are
noted which could have an influence on the disorder. It
appears that substituents at ortho positions of the phenyl
rings tend to yield structures containing the statistical dis-
order. These substituents appear to ‘shield’ the Cl–Rh–
CO moiety from neighboring molecules, allowing the mol-
ecules to pack in a disordered fashion and preventing inter-
molecular interactions.

Furthermore, the conformation of the substituents on
the phosphorous atom should also be taken into account.
In all the studied cases two substituents are bent towards
the metal centre while the other one is pointing away. This
is the crystallographically most observed conformation for
phosphite ligands in metal complexes [34]. Complexes
where all three OR groups are bent towards the metal, such
as in the P(OC6H5)3 cobalt complex [35] or where all three
groups are bent away, appear to be quite rare [34]. The sub-
stituents bent towards the metal centre also allows for
H� � �Rh interactions, which surprisingly seems not to affect
the disordered packing as this appear in both disordered
and non-disordered structures, e.g. 1 vs. 3.
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Though the structures of 1 and 2 appear to be similar,
they show significant differences in their orientations of
phosphorous substituents. This is clearly observed by com-
paring the torsion angles.

3.2. Theoretical calculations

Previous data on calculated structures for the model
Vaska complexes trans-[Rh(CO)X(PY3)2] (X = NCO,
NCS, Y = H, Me) demonstrate that structural and vibra-
tional trends of these complexes can be reliably predicted
using the B3LYP DFT model [36]. The bond distances
and angles from crystal structures were in agreement with
the values predicted theoretically [36]. Similarly, theoretical
calculations on trans-[Rh(CO)Cl(PPh3)2] predicted small
energy differences between the staggered and eclipsed con-
formations, with the eclipsed conformation more stable [37].

The determination of geometrical conformation for all
four complexes was performed using the molecular struc-
ture determined by X-ray crystallography as the starting
point for DFT calculations. In order to find the global min-
imum for the structural conformations of the four com-
pounds, various starting geometries were selected from
the crystal structures. These were: (i) Optimization of the
crystal structure geometry. (ii) Optimization of the crystal
structure geometry with both ligands rotated 180�. (iii)
Optimization of the crystal structure geometry with one
of the ligands rotated 180�. The resulting optimized confor-
mations, with a view down the P–Rh–P axis, are illustrated
in Fig. 3. The energy differences between these optimized
structures were expected to give an indication which
parameters influence the statistical disorder in some of
the studied complexes. Data obtained from the various
geometrical optimizations are summarized in Table 5 as
well as the appropriate geometrical parameters from the
Fig. 4. Superimposed drawings of molecular (solid) and calculated (dashed
{P(CH2Ph)3}2], 1; (b) trans-[Rh(CO)Cl{P(OC6H5)3}2], 2; (c) trans-[Rh(CO)Cl{P
crystallographic data. For comparison the data on previ-
ously calculated structures of trans-[Rh(CO)Cl(PY3)2]
(Y = H, Me) [37] are also included in Table 5.

The calculations gave mixed results as to the lowest
energy conformation of the optimized structures. For com-
plexes 1 and 2, the calculated lowest energy conformation
agrees with the conformation of the solid state structure.
However, for complexes 3 and 4, the calculated lowest
energy conformation seems to be a different conformation
from the crystallized one. It must be kept in mind, though,
that the calculated conformations reflect a gas-state with-
out polarity or diffuse functions, rather than a solid state
conformation. There might, therefore, be an indication
that packing effects are dominant in the structures of 3
and 4. In addition, compounds 1 and 2 are non-disordered
around the Cl–Rh–CO moiety, and compounds 3 and 4 are
disordered around that moiety.

There is a fair agreement between the calculated and the
solid state structures. In Fig. 4, the superimposed calcu-
lated and solid state structures are presented. The opti-
mized bond distances agree well with the experimental
ones. All calculated bond distances are approximately
10% longer than the corresponding bond distances in the
solid state structures, which is typical for DFT calcula-
tions, see Table 5.

The differences between the calculated and solid state
structures are mostly in the orientation of the phenyl-rings
in the structures. The overall rms overlay differences of the
various structures are: 1.504 Å for 1, 1.518 Å for 2, 1.478 Å
for 3 and 1.523 Å for 4, which are quite large. The rms
overlay difference of the coordination polyhedron, how-
ever, are small. For an overlap of the Rh, Cl, C (of the
CO) and the 2P atoms, an error of 0.122 (1), 0.090 (2),
0.088 (3) and 0.094 Å (4) was calculated. No obvious differ-
ences between disordered and non-disordered structure can
, See Table 5 for conformers used) structures of (a) trans-[Rh(CO)Cl-
(O-2-MeC6H4)3}2], 3 and (d) trans-[Rh(CO)Cl{P(O-2,6-Me2C6H3)3}2], 4.
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be observed and the differences between the calculated (at
least at the level of theory used in this study) and solid state
structures can be assumed due to packing effects.

4. Conclusions

The results of structural analysis using X-ray crystallog-
raphy and DFT calculations on four related complexes of
the type trans-[Rh(CO)Cl(PR3)2] are presented. Two of
these structures show statistical disorder in the solid state
around the Cl–Rh–CO moiety, while the other two are
non-disordered. The solid state structures of all four com-
pounds show similar structural features. DFT calculations
show reasonable agreement with the structures found in X-
ray crystallography as shown by an rms overlay error of
�1.5 Å for the complete structures, and �0.10 Å for the
coordination polyhedron. The calculations did not provide
more insight into the reasons why some of these structures
show statistical disorder around the Cl–Rh–CO moiety.
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