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The conformational analysis of phosphine ligands in organometallic
complexes. Part 1. Triphenylphosphine coordinated to an achiral
metal centre 1
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The conformational analyses of PPh3 1 and the representative achiral metal complexes [Al(PPh3)(Me)3] 2,
[Fe(PPh3)(CO)4] 7 and [Ir(PPh3)2(CO)3]

1 8 possessing tetrahedral and trigonal-bipyramidal geometries are
reported, and comparisons between the calculated and solid-state structures are made. The intramolecular
non-bonded interactions which govern the conformational preferences of PPh3 in both the free and
complex-bound state are characterised. The equilibrium between the opposing inter ring–ring and
inter ring–ligand interactions which govern the minimum energy conformations of these complexes is
examined. Analysis of the conformational preferences of PPh3 ligands in metal complexes is facilitated
by the introduction of the novel concept of the plane of nadir energy.

As ligands, phosphines provide a versatile tool for the con-
trol of both the structure and reactivity of transition metal
complexes. Triphenylphosphine 1 is a ligand ubiquitous in
organometallic chemistry and a generalised model for the
conformational preferences of this molecule when attached to
metal centres should provide a contribution to the development
of improved reagents and catalysts. Triphenylphosphine 1 may
adopt two high energy achiral conformations, both of which
possess C3v symmetry. Firstly, the plane defined by the atoms of
each phenyl ring may lie perpendicular to the plane described
by the three Ci (Cipso) atoms (hereon referred to as the reference
plane). Secondly, the plane of each phenyl ring may lie flat,
thereby orienting all six Co (Cortho) atoms equidistant from, and
on the same side of, the reference plane. Both of these arrange-
ments incur unfavourable Ho ? ? ? Ho interactions; the latter case
is particularly destabilised because all six Ho atoms invoke a
steric penalty.2 Therefore, in order to minimise these intra-
molecular interactions, a correlated feathering of the phenyl
propellers occurs in both the free and the complex-bound state.
Each phenyl group twists about the P]Ci bond in the same sense
so that the basic framework now possesses C3 symmetry. The
vector perpendicular to the reference plane and incident upon
the P atom is thus recognised as an axis of chirality. The
helicity, or propeller chirality, in 1 can therefore be described 3 in
terms of two enantiomeric configurations, i.e. clockwise (P) and
anti-clockwise (M), respectively (Fig. 1). The two enantiomeric
configurations of 1 may undergo stereoisomerisation by a two-
ring flip mechanism, facilitated by correlated rotations about
the P]Ci bonds.4

When 1 is attached to an achiral metal centre, the two com-
plexes formed are enantiomers and hence being degenerate
occur in equal amounts. The enantiomeric complexes inter-
convert via rapid low energy intramolecular processes.5

Although structural correlations 6,7 and molecular mechanics
calculations 8 have been reported, limited success has been
achieved in developing a general model 1 which includes an
account of the intramolecular interactions associated with the
propeller conformations of PPh3 ligands attached to achiral
metal centres. In organometallic complexes containing 1, the
conformation of the three phenyl rings in the crystal is primar-
ily determined by intramolecular steric interactions.9 Molecular

modelling studies using the Chem-X† package, which employ
van der Waals interaction energy calculations, have proven
remarkably successful in determining the accessible con-
formations of a variety of organometallic complexes.10 As a
prelude to the study of more complicated systems,1 we
present a conformational analysis of 1, in both the free, and

Fig. 1 A representation of the X-ray crystal structure 11d of 1 as viewed
along the σnb]P axis, demonstrating the enantiomeric configurations P
and M, respectively

† Chem-X, designed and distributed by Chemical Design Limited,
Roundway House, Cromwell Park, Chipping Norton, Oxfordshire, UK
OX7 5SR.
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the achiral complex-bound state, using molecular modelling
techniques.

The potential energy surface of 1 is complicated, and in sec-
tion A, we have sought primarily to characterise the inter ring–
ring interactions which accompany a correlated arrangement.
We demonstrate that the lowest energy conformation of 1 lies in
a broad potential energy well, and an equally broad range of
energetically acceptable phenyl ring orientations are accessible
via independent P]C bond rotations. In sections B and C, we
consider the effect upon the correlated conformations of 1
when coordinated to tetrahedral and trigonal-bipyramidal
achiral metal centres, respectively. Using representative struc-
tures, we establish that the calculated minimum energy con-
formations (which compare well with the crystal) lie in broad
potential energy wells, and in a manner reminiscent of the free
ligand, a range of energetically tolerable phenyl ring orien-
tations may also be adopted (via P]C bond rotation). Import-
antly, we show that the apices of the phenyl rings minimise inter
ring–ligand interactions by adopting a staggered arrangement
with respect to the ligands upon the metal. We then demon-
strate that the minimum energy conformations adopted by the
representative structures reflect an equilibrium between both
inter ring–ligand and inter ring–ring interactions. We finally
conclude that the equilibrium of intermolecular repulsive
interactions is reflected in certain experimentally determined
dihedral angles associated with the M]P bond.

Definitions
In order to study those steric factors which govern the con-
formations of triphenylphosphine in the free and metal-
complex bound forms, it is necessary to define in an unambigu-
ous fashion those geometric parameters which describe the
orientation of the phenyl rings, both with respect to each other,
and to those ligands attached to a metal centre. Figs. 2 and 3
define parameters which shall be referred to throughout these
studies. It is convenient to describe the orientation of the phenyl
ring attached to the phosphorus atom in a triphenylphosphine
ligand in terms of the torsion angle M]P]Ci]Co [hereon
referred to as ω, Fig. 2(a)]. When ω = 08, the bonds M]P and
C]Ho occupy the same plane, where H(2) is defined as being
proximal, and H(6) distal to those ligands which are attached to
the metal centre, M.

Fig. 2(b) depicts triphenylphosphine viewed along the axis
defined by the P and para-carbon atom of a phenyl ring, the
plane of which is oriented perpendicular to the reference plane.
The correlated clockwise or anti-clockwise deviation of the
torsion angle ω from 08 determines the helical chirality of the
triphenylphosphine rotor. A negative value for ω corresponds
to a clockwise torsion and therefore clockwise (P) helical chiral-
ity. A positive value for ω denotes an anti-clockwise torsion and
an anti-clockwise (M) sense of helical chirality. In this prelimin-
ary study, we choose to limit our discussion to the conformations

Fig. 2 Definition of (a) the ortho-atoms H(2) and H(6), where
ω ≠ |90|8, (b) M]P]Ci]Co (2ω) and (c) the apices associated with rings
A and B which, for example flank the ligand L1
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of triphenylphosphine coordinated to an achiral metal centre
[i.e. L1 = L2 = L3, Fig. 2(c)]. Consequently, we arbitrarily choose
to consider the clockwise (i.e. 2ω) helical configuration of 1.
The arguments put forward here for the clockwise configur-
ation at an achiral metal centre apply equally to the degenerate
enantiomeric anti-clockwise case.

Fig. 2(c) depicts a triphenylphosphine ligand possessing
clockwise (2ω) helical chirality viewed along the axis defined by
metal M (with associated ligands L1–3) and phosphorus atoms.
When ω ≠ |90|8, the ortho-hydrogen atom (and associated car-
bon atom) proximal to the metal centre M, constitute the apex
of the phenyl blade. With respect to a given ligand, such as L1,
phenyl rings A and B present an apex. Indeed, each ligand L1–3

will be flanked by the apex of two adjacent phenyl rings. In
order to monitor the displacement of the Ci, and Co/Ho atoms
(the latter of which constitute an apex) of ring A with respect
to ligand L1 for example, we have defined the torsion angles
L1]M]P]C(1) (θCi

), L1]M]P]C(2) (θCo
) and L1]M]P]H(2)

(θHo
) [Fig. 3(a)–(c), respectively].

A sawhorse projection of the perfectly staggered minimum
energy conformation of 2,2,3,3-tetramethylbutane is shown in
Fig. 4(a). The potential energy is clearly a function of the
dihedral angle H3C]C]C]CH3; the barrier to rotation being
occasioned by the fact that eclipsing methyl groups incur the
maximum steric compression. A given CH3 group upon C(2)
for example, will prefer to be oriented [via C(2)]C(3) bond rota-
tion] proximal to the point of minimum vicinal steric compres-
sion bisecting two geminal CH3 groups upon C(3). Indeed, a
continuum of minimum steric compression delimited by the
C(2)]C(3) bond axis exists at all points within the plane bisect-
ing all geminal CH3 groups [Fig. 4(a)]. We have termed a plane
incorporating all points of minimum steric compression the
plane of nadir energy. Thus, the minimum energy conformation
of 2,2,3,3-tetramethylbutane is consistent with all six CH3

groups being oriented proximal to a plane of nadir energy. This
is a trivial definition in the case of 2,2,3,3-tetramethylbutane, as
the distance between the vicinal CH3 groups is essentially fixed.
It is conventional therefore to describe the minimum vicinal
steric compression between the spherically symmetric CH3

groups in terms of points in space.
Fig. 4(b) shows the three planes of nadir energy described by

adjacent ligands L, coordinated to a tetrahedral or trigonal-

Fig. 3 Newman projections along the M]P bond demonstrating the
torsion angles (a) L1]M]P]C(1)i (θCi

), (b) L1]M]P]C(2)o (θCo
), and (c)
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bipyramidal achiral metal centre. In the case of R = CH3 [i.e.
P(CH3)3], the spherically symmetric CH3 groups will prefer to
be oriented (via P]M bond rotation) proximal to a plane of
nadir energy, thereby staggering the P]C and M]L bonds.
Again, this constitutes a trivial application of the definition.
However, in the case of R = Ph (i.e. PPh3), the atoms associated
with a ring apex will prefer to be orientated proximal to the
planes of nadir energy; the ring apices and not the P]C bonds
will be staggered with respect to the M]L bonds. As the torsion
angle ω varies, the position of the atoms associated with a ring
apex will move with respect to the plane of nadir energy. There-
fore, in the context of this study, discussions related to the steric
compression imposed by two flanking ligands upon a phenyl
ring apex are more appropriately described within planes.

Several criteria have guided our choice of metal complex for
this particular study. In the first instance, we have chosen to
examine the conformational preferences of the triphenyl-
phosphine ligand coordinated to a metal centre possessing C3

symmetry. Consequently, we are restricted in our analyses to
complexes of tetrahedral or trigonal-bipyramidal geometry.
For simplicity, we have considered complexes in which the
ligands (other than triphenylphosphine) possess the highest
symmetry possible. Our choice of complexes 2–8 (Fig. 5) allows
us to examine how variations in both the complex geometry,
and the nature of the ligand influence the conformational pref-
erences of 1. Our choice of 8 allows us to extend 1 this study at a
later date to encompass prochiral metal complexes.

Results and discussion

A Triphenylphosphine
Before analysing the conformations of 1 when coordinated to a
metal centre, it is instructive to consider the case of triphenyl-
phosphine alone. In doing so, the manner in which the phenyl
rings interact with each other can be considered 4 before intro-
ducing the additional non-bonded interactions derived from
the ligands associated with a metal centre. The X-ray crystal
structure of 1 (Fig. 1) has been reported previously,11a–d and
values of ωA–C are presented in Table 1.

Molecular modelling studies using the Chem-X package,
employing van der Waals interaction energy calculations, have
been used to investigate the thermodynamically preferred con-
formations of 1. The crystallographically derived coordinates of
1 11d provided the starting point for our studies. The structure
was modified by setting ω of rings A–C (Fig. 6) = 08 thereby
affording a C3v symmetrical starting point. The torsion angle
ωA was driven through the range 0→2908 in 108 increments.
Analysis outside this range corresponds to an inversion of the

Fig. 4 The planes of nadir energy described by (a) the CH3 groups
upon C(3) within 2,2,3,3-tetramethylbutane, and (b) the ligands L,
upon an achiral metal centre, M
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Fig. 5 The achiral complexes 2–8
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rotor-sense and is therefore irrelevant as energetically degener-
ate conformations are produced.2 At each increment, the van
der Waals interaction energy of the structure was allowed to
minimise by independent rotation about the P]Ci bonds associ-
ated with rings B and C until the default energy convergence
criteria were achieved. The calculated change in energy associ-
ated with driving ωA (0→2908) is presented in Fig. 7. The vari-
ation of ωB/C associated with driving ωA through this range is
also presented in Fig. 8.

The calculated energy profile presented in Fig. 7 is in good
qualitative agreement with previous studies using semi-
empirical methods,2,11d which conclude that the barrier to P]C
bond rotation is low. A broad energy minimum was identified
for 1, corresponding to ωA = 240→2608 and centred upon
ωA = ca. 2508. Energy maxima were identified at ωA = 0 and
2908. As ωA is driven through 0→2408, the corresponding
torsion angles for rings B and C (ωB and ωC) converge to
approximately 2508 (Fig. 8). Thereafter, the values of ωB and
ωC remain relatively unperturbed as ωA is driven through ca.
240→2608. The calculations suggest therefore that the opti-
mum value of ωA–C is approximately 2508, thereby affording an
overall C3 symmetry for the structure. Furthermore, the broad
(ωA = ca. 240→2608) and shallow energy minimum associated
with driving the P]C bond of ring A, in concert with the

Fig. 6 The ortho-hydrogen atoms H(2) and H(6) viewed along the
σnb]P axis
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Fig. 7 The conformational energy of 1

Table 1 Crystallographically derived data for 1–8

ω/8 1θ(cryst.) a/8

Structure (refcode)

1 (PTRPHE) 11a

1 (PTRPHE01-03) 11b–d

2 (KIFSOH) 11e

3 (PNOMNA) 11f

4 (DAJCIA) 11g

5 (ASBRNI) 11h

6 (PASPNI) 11i

7 (PPTCFE) 11j

8 (KISGEY) 11k

A

256
256
239
244
254
235
253
247
253
246

B

229
227
239
248
239
226
235
244
239
242

C

224
225
238
247
227
234
251
241
237
249

Ci

80
115
64
72
77
84
78

Co

64
95
47
59
59
66
60

Ho

53
81
34
49
44
54
48

All values of ωA–C have been normalised to the clockwise rotor sense. In
defining ω = σnb]P]Ci]Co in 1, σnb has been designated as the vector
perpendicular to the reference plane and incident upon the P atom.
a Except for 2, average value cited.
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absence of a notable perturbation of the torsion angles ωB/C in
the same range, suggests that a degree of mutually independent
rotation about all three P]C bonds of 1 is energetically
tolerable.

As ωA is driven through 0→2358 and 270→2908, ωB and
ωC deviate markedly from their optimum value (Fig. 8). In
order to appreciate the intramolecular interactions attending
these energy maxima, a brief analysis of the manner in which
the ortho-hydrogen atoms of ring A impinge upon the adjacent
phenyl rings B and C is warranted. As expected, the tetrahedral
geometry about the P atom of 1 (σnb]P]C = 115.58) enforces
intramolecular distances of the type ring A H(6) ? ? ? ring
C < ring A H(2) ? ? ? ring B as ωA is driven 0→ca. 2858. There-
fore, it can be anticipated that in this range the steric require-
ments of atoms of type H(6) will be more demanding than
those of type H(2). As ωA is driven through 0→2108, the degree
to which H(6) of ring A may impinge upon ring C is minimal.
Consequently, ring C may relax into an approximately per-
pendicular orientation with respect to ring A (Fig. 8). In doing
so, H(6) of ring C impinges markedly upon ring B. In order to
relieve this sterically demanding interaction, ring B is forced
to adopt an almost perpendicular orientation with respect to
ring C. It is the relief of the intramolecular steric compression
imposed upon ring B by ring C as ωA is driven, which facilitates
the observed energy minimum.

The calculated lowest energy conformation of 1 (ωA–C = ca.
2508) is such that the P]C bond of each phenyl ring lies in the
plane of the impinging phenyl ring [Fig. 9(a)]. The dominant
interaction occurs between the atoms H(6) and C(1) of adjacent
phenyl rings. Rotation about a single P]C bond invokes add-
itional steric compression between the H(6) and C(2) atoms of
adjacent rings; however as can be seen from Fig. 8, small devi-
ations from the equilibrium structure may be easily accom-
modated. The intramolecular energy of the system rises to
a maximum as ωA is driven through ca. 270→2908 (Fig. 7).
It is within this range that the distance between both Ho atoms
of ring A and the C(1) atoms of the adjacent rings B and
C approach a minimum. Consequently, rings B and C are
forced into essentially vertical orientations (Fig. 8) in order to
accommodate the intramolecular infringement. As ωA→2908,
|ωB/C|→08 and an energy maximum accompanies what amounts
to the two-ring flip stereoisomerisation process.4

In conclusion, for 1 in the free state, calculations suggest that
the optimum value of ω which obviates energetically demand-
ing intramolecular interactions is ca. 250 ± 108. It is clear that
the intramolecular interaction which governs conformational
stability is associated with an ortho-atom of type H(6) and an
ipso-carbon atom of a neighbouring phenyl ring. The crystallo-
graphically derived values of ωA–C are summarised in Table 1.
The value of ωA adopted in the crystal (ωA = 2568) correlates
reasonably well with the calculation. However, the crystallo-
graphically derived values for rings B and C (ωB/C = 227/2258)
are at variance with the calculated energy minimum, suggesting

Fig. 8 The variation of ωB (h) and ωC (e) with ωA in 1

that these two rings are perturbed in the crystal. This perturb-
ation places the H(6) atoms of rings B and C closer together,
thereby invoking a steric penalty otherwise absent in the calcu-
lated minimum energy structure. Full minimisation of 1 cor-
roborates our assertion that the global minimum corresponds
to the C3 symmetric structure whereby ωA–C = ca. 2508.‡ We and
others 2,11d have noted the disparity between the calculation and
the crystal.§ Calculations 12 and gas phase basicity measure-
ments 13 of arylphosphines and their nitrogen analogues suggest
that the rehybridisation of phosphorus via the dispersion of σnb

electron density, although attendant,14 is less marked than for
nitrogen. Solid state 31P NMR analysis of 1 suggests a large
amplitude of motion about the P]C bonds.15 This observation
is wholly consistent with our calculations which suggest that the
energy barriers to P]C bond rotation are low. Therefore, as a
stereoelectronic effect for ring A is expected to be weak, the
observed distortion of molecular symmetry in the crystal is
consistent with packing effects.7a,11a,d

B Triphenylphosphine coordinated to a tetrahedral metal centre
For the case of triphenylphosphine coordinated to a tetrahedral
metal centre, we consider complex 2 as a representative
example. In a manner similar to that described earlier, the crys-
tallographically derived coordinates of 2 11e provided the start-
ing point for our calculations. The structure was modified by
firstly setting the torsion angles ωA–C = 08 and θCi

= 1808. The
torsion angle ωA was driven through the range 0→2908 in 108
increments, and the torsion angles ωB/C were also driven

Fig. 9 The calculated lowest energy conformation of 1 as viewed
along (a) the C]P bond axis of one phenyl ring and (b) the P]σnb axis.
Atoms of type H(6) alone are displayed.

‡ Consistent with the observation that the equilibrium structure of an
isolated OPPh3 fragment is also close to a symmetric propeller shape
(E. Bye, W. B. Schweizer and J. D. Dunitz, J. Am. Chem. Soc., 1982,
104, 5393).
§ The values of ωA–C for OPPh3 in the crystal are very similar to those
observed for 1 (C. P. Brock, W. B. Schweizer and J. D. Dunitz, J. Am.
Chem. Soc., 1985, 107, 6964). Here, a stereoelectronic argument has
been invoked in order to rationalise the apparent ‘flattening’ (ωA =
2608) of one ring with respect to the reference plane. Interestingly, this
‘flattened’ ring possesses a significant librational amplitude in the crys-
tal (J. D. Dunitz, E. F. Maverick and K. N. Trueblood, Angew. Chem.,
Int. Ed. Engl., 1988, 27, 880), suggesting that long-range packing forces
are being opposed by a weak stereoelectronic preference of one phenyl
ring to be oriented perpendicular to the P]O bond.
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(0→2908, 48 increments) with concomitant minimisation of all
rotatable bonds until the default energy convergence criteria
were achieved. The calculated change in intramolecular energy
associated with driving the torsion angle ωA through the range
0→2908 is presented in Fig. 10. The variation of ωB and ωC

arising as ωA is driven through the same range is presented in
Fig. 11.

One broad energy minimum was found to be centred upon
ωA = ca. 2378, which is in accord with the crystal (Table 1). It
would appear that coordination of 1 to a tetrahedral metal
centre possessing sterically demanding ligands will decrease the
average value of ω from ca. 250 ± 108 (Fig. 7) to ca. 240 ± 108
(Figs. 10 and 11). In this case, it is clear that ligands L1–3 impose
a restriction upon P]C bond rotation which is otherwise absent
in the free ligand. In contrast, the crystallographically observed
values of ωA–C in the tetrahedral complex [Mn(PPh3)(NO)3] 3
(Table 1) are comparable to those of the free ligand 1. This is
consistent with the NO ligand being less sterically demanding
than the CH3 ligand, and therefore presenting less of an
impediment to P]C bond rotation. Returning once again to 2,
Fig. 11 demonstrates that in the range ωA = ca. 230→2508, the
torsion angles ωB and ωC are essentially unperturbed from
ω = ca. 2308. This suggests that the relative orientations of
rings B and C are effectively isolated from and independent of
ring A within this range. This is in marked contrast to the free
ligand 1 (Fig. 8). In the same range, ring C is allowed to relax
markedly (ωC > 2608) in the absence of steric compression
from ring A.

In the case of 2–8, where L1–3 are identical, the volume of
space between two adjacent ligands will be symmetrical about
the plane which bisects them. Furthermore, an atom or group

Fig. 10 The calculated conformational energy of complexes 2 (,), 7
(h) and 8 (e). A comparison between the relative energies of 2, 7 and 8
is not implied.

Fig. 11 The variation of ωB (e) and ωC (h) with ωA in 2

of atoms which impinges upon the volume of space flanked by
two ligands will prefer to be oriented proximal to the plane of
minimal steric compression, i.e. the plane of nadir energy.
Therefore, the plane of nadir energy for complexes 2–8 will be
coincident upon |θ| = 608. It is important to note that the steric
influence of two adjacent ligands about the plane of nadir
energy will depend upon: (i) the nature (size) of the ligands, (ii)
the geometry about the metal, and (iii) the P]M bond length,
and is expected to diminish along the M]P bond axis. Fig. 12
describes the calculated effect upon the torsion angles θCi /Co /Ho

associated with ring A as ωA is driven (0→2908). The magni-
tudes of the torsion angles θCi /Co /Ho

 derived from the crystal
are in good agreement with the calculation.

The orientation adopted by the phenyl rings of the triphenyl-
phosphine ligand in 2 will be governed by the ability of the
impinging atoms associated with the apex of phenyl ring A (for
example) to be placed proximal to the plane of nadir energy
which bisects ligands L1 and L3. This may be achieved via P]C
and M]P bond rotations. For a given value of ωA which ensures
that the impinging atom associated with a phenyl ring apex is of
the type H(2) alone, one can expect H(2) to be oriented (via
M]P bond rotation) proximal to the plane of nadir energy.
Thus, if one considers the apex of ring A relative to the ligand
L1, one would expect θHo

= 1608 and θCo/Ci
> 1608. This is

indeed found to be the case for values of ωA = 220→2308
(Fig. 12). Furthermore, it can be seen that θCi

> 1608 reflects
rotation about the M]P bond in response to the steric compres-
sion imposed by adjacent ligands upon the apex of ring A. As
ωA is driven 230→2508 (Fig. 10), the total van der Waals
energy of the system approaches a minimum. Both of the
atoms associated with the C(2)]H(2) bond now constitute
the interacting apex of the phenyl ring. Consequently, both
atoms attempt to lie proximal to the plane of nadir energy,
resulting in θHo

< 1608 < θCo
. In brief, the lowest energy con-

formation of 2 is consistent with the apices [i.e. C(2)]H(2)] of
all three phenyl rings lying proximal to the plane of nadir
energy. The range of ω delimited by the intersection of the
plane of nadir energy (θ = 1608) and the curves associated with
θCo/Ho

 (i.e. vertical dashed lines, 220→2608, Fig. 12) is signifi-
cant. This range corresponds to the energetically accessible
(Fig. 10) orientations available to the phenyl rings of the PPh3

fragment in 2.
As discussed previously, θCi

 must increase (via M]P bond
rotation) within the range ωA = 0→2408 in order to orient the
atoms associated with the ring apex proximal to the plane of
nadir energy. Thus, an increase in θCi

 accompanies the mini-
misation of inter ring–ligand interactions. For ωA > 2408, the
diminished steric influence of the adjacent ligands upon the
ring apex is reflected in a decrease in the magnitude of θCi

.
However, as the inter A ring–ligand interactions diminish, steri-
cally demanding inter ring–ring interactions give rise to an
increase in the total energy of the complex. Therefore, θCi

(max.)
correlates with the optimum value of ω which minimises both

Fig. 12 The variation of θCi
 (n), θCo

 (s) and θHo
 (h) with ωA in 2
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inter ring–ring and inter ring–ligand interactions. In the
calculation θCi

 achieves a maximum value of 1848 at ωA =
2408. Allowing for the small discrepancies between the per-
fectly symmetrical structure used for our calculations and the
crystal structure, θCi

(max.) = θCi
(cryst.) (Table 1). Therefore,

θCi
(cryst.) serves as an experimental indicator of the minimis-

ation of inter ring–ring/ring–ligand repulsive interactions.
As previously indicated, the NO ligands in 3 exert relatively

little steric influence upon the plane of nadir energy. This is
evident not only from ωA–C (Table 1), but more notably from
θCi

(cryst.). The P]C and Mn]NO bonds are allowed to adopt
an essentially eclipsed arrangement in the absence of any steric
compulsion to orient a ring apex proximal to the nadir plane.
As expected, an increase in the steric compression about the
plane of nadir energy in a series such as [Ni(PPh3)2(Cl)3]

2

4→[Ni(PPh3)2(Br)3]
2 5→[Ni(PPh3)2(I)3]

2 6 is reflected in a con-
comitant increase in θCi

(cryst.) (64→778, Table 1). Clearly, as
the steric pressure about the plane of nadir energy increases, so
a greater degree of M]P bond rotation is required in order to
accommodate all of the atoms of the ring apex. For example, in
the case of 4, the Cl ligands exert little compulsion upon the
triphenylphosphine ligand to orient the atoms associated with
the ring apexes proximal to the plane of nadir energy. This is
not the case for 5→6, where the largest atom of the apex (Co) is
compelled to lie within the plane of nadir energy defined by the
sterically demanding Br and I ligands.

C Triphenylphosphine coordinated to a trigonal-bipyramidal
metal centre
For the case of triphenylphosphine coordinated to a trigonal-
bipyramidal metal centre, we consider complex 7 as a represen-
tative example. In a similar manner to that described for com-
plex 2, the crystallographically derived coordinates of 7 11j pro-
vided the starting point for our calculations. The calculated
change in intramolecular energy associated with driving the
torsion angle ωA through the range 0→2908 has been super-
imposed upon Fig. 10. A comparison between the relative ener-
gies of 2 and 7 is not implied. One broad energy minimum was
identified which is in good agreement with the crystal (Table 1).
The plot of ωA versus ωB/C for 7 is essentially superimposable
upon that for complex 2 in Fig. 11. The torsion angles θCi /Co /Ho

of 7 were calculated (Fig. 13) and were also found to be super-
imposable upon those presented for 2 (Fig. 12). This implies
that the steric compression about the plane of nadir energy in 2
is comparable to that of 7. A similarity is to be expected when
one considers that the steric compression imposed by both a
shorter P]M bond length and a trigonal-bipyramidal geometry
in 7 will be off-set by a decrease in the van der Waals radii of
the ligand (CH3→CO). As noted for complex 2, θCi

(max.)
corresponds to the optimum value of ωA in the crystal which
minimises the magnitude of the ring–ring and ring–ligand
interactions. Again, it should be emphasised that the range of
ω delimited by the intersection of the plane of nadir energy
(θ = 1608) and the curves associated with θCo/Ho

 (i.e. vertical

Fig. 13 The variation of θCi
 (n), θCo

 (s) and θHo
 (h) with ωA in 7

dashed lines, Fig. 13) correspond to the energetically accessible
orientations (Fig. 10) available to the phenyl rings of the PPh3

ligand in 7.
Changing the nature of the metal centre in 7 (Fe) to 8 (Ir) has

the effect of increasing the M]P (∆ = 10.12 Å) and M]CO
(∆ = 10.11 Å) bond lengths, respectively. Therefore, we investi-
gated whether the relief of intramolecular non-bonded inter-
actions in complex 8 would be manifested in the calculation. In
a similar manner to that described for complex 2, the crystal-
lographically derived coordinates of 8 11k provided the starting
point for our calculations. For simplicity, calculations were per-
formed upon one triphenylphosphine ligand alone; the other
being replaced with a CO ligand. The calculated change in
intramolecular energy associated with driving the torsion angle
ωA of 8 through the range 0→2908 has been superimposed
upon Fig. 10. Again, a comparison between the relative energies
of 2, 7 and 8 is not implied. A very broad energy minimum was
found to be centred upon ωA = ca. 2308. With the exception of
the sharp deviation of ωB/C at ωA = 2908, the plot of ωA versus
ωB/C for 8 is superimposable upon that of complex 2 (Fig. 11).
This is presumably a manifestation of the decreased steric
impediment to phenyl ring relaxation in complex 8 relative to
complexes 2 and 7.

Fig. 14 describes the effect upon the values of θ as ωA is
driven (0→2908) in 8. The magnitude of the torsion angles
θCi /Co /Ho

 derived from the crystal are in good agreement with
the calculation. The sharp deviation observed at ωA = 2808 for
complexes 2 and 7 (Figs. 12 and 13, respectively) is not observed
for 8. Furthermore, the range of values of ωA delimited by the
intersection of the plane of nadir energy (θ = 1608) and the
curves θCo/Ho

 (i.e. vertical dashed lines, ωA = ca. 230→2608,
Fig. 14) is less for 8 than 7. The latter observation in particular
is indicative of the diminished steric influence of the ligands
in 8 upon the nadir plane. Furthermore, it is apparent from
θCi

(cryst.) (Table 1) that a smaller degree of M]P bond rota-
tion is required to orient the largest atom of the apex proximal
to the plane of nadir energy.

In conclusion, the conformations adopted by 2, 7 and 8 in the
crystal are consistent with the calculated minimum energy
structures generated using van der Waals energy calculations. It
is reasonable to assume therefore, that the dominant influences
upon the conformations adopted by 1 in such complexes are
non-bonded repulsive interactions. The minimum energy con-
formations adopted by complex-bound 1 represent a balance
between two steric influences. Firstly, the phenyl rings within a
correlated arrangement will attempt to minimise the inter ring–
ring interactions via P]C bond rotations. Secondly, inter ring–
ligand interactions are minimised via the orientation of a ring
apex proximal to the plane of nadir energy. These orientations
can be achieved via a relatively wide range of values of ω (P]C
bond rotation), but a much smaller range of values of θCi

 (M]P
bond rotation). It has been established that both calculated
[θCi

(max.)] and experimental [θCi
(cryst.)] parameters are in

accord with the equilibrium established between both inter

Fig. 14 The variation of θCi
 (n), θCo

 (s) and θHo
 (h) with ωA in 8
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ring–ring and inter ring–ligand repulsive interactions. An
extension of this methodology to the analysis of prochiral and
stereogenic octahedral metal complexes will follow in due
course.1

Experimental

Data retrieval
Crystal structures containing appropriate molecular fragments
were located within the Cambridge Structural Database (CSD)
using the QUEST program.16 Data for these molecular struc-
tures were retrieved from the April 1997 release of the CSD in
which the master data file contained 167 797 entries.

Molecular modelling calculations
All molecular modelling calculations were conducted using the
Chem-X package (January 1997) supported on the Windows 95
platform using a Pentium personal computer. The van der
Waals energy (EvdW) calculation within Chem-X is a subset of
the full molecular mechanics calculation which assumes that all
bond lengths and angles are fixed and idealised and that the
energy depends only upon the non-bonded (including 1,4)
interactions. For all calculations, idealised structures have been
used, with average bond lengths and angles being derived from
the appropriate crystallographic data. Phenyl rings were treated
as rigid bodies of D6h symmetry. The van der Waals energy
(EvdW) considers contributions from the torsion (Vtor), electro-
static (Vel) and non-bonded (Vnb) terms [as defined in eqn. (1)],

EvdW = Vtor 1 Vel 1 Vnb (1)

but without the range of functional forms and parameters
available in the full molecular mechanics calculation. Con-
sequently, the calculations described herein can only be viewed
as qualitative in nature.

Generic barrier constants were employed in the basic form
of the torsion term (Vtor). The electrostatic contribution (Vel)
is computed as a monopole–monopole interaction using
Coulomb’s law. The van der Waals interaction potential (Vnb)
within the software package is that of Del Re et al.,17 and takes
the form given in eqn. (2).

Vnb = [A exp (2Br)]r2D 2 Cr26 (2)

In all calculations, steric contributions to Vnb from the metal
atom were not included because of the lack of adequate param-
eterisation. However, steric contributions from the metal centre
upon the conformations of the triphenylphosphine ligand are
considered to be negligible. The van der Waals energy was mini-
mised for all conformations by independent rotations about all
other single bonds (except those to CO ligands and hydrogen
atoms) within the molecule.
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