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Abstract

An analysis of crystal structures of the type (n°-CsH,R)ML, (x=1-5) has been undertaken. A measure of the
steric and electronic effects associated with L and R has been assessed from the arrangement of the L ligands
relative to R and from the bending of R out of the cyclopentadienyl plane. The analysis revealed that when L
and R were large, steric effects were dominant and the preferred conformer was such that L and R avoided
each other as far as possible. Steric effects for small L. and R were significant when x was large. For instance
L groups were always staggered with respect to R for x=4 but for x=2 both staggered and eclipsed conformers
were observed. Thus electronic factors were only dominant for a Iimited number of structures in which L, R
and x were small. The resuits thus confirm an earlier proposal (N. J. Coville, K. E. du Plooy and W. Pickl,
Coord. Chem. Rev., 116 (1991) 1) that significant steric interactions are anticipated between the ring and the

hgand set in (n°-C;H,R)ML, complexes.

Introduction

Over the years, our research group has focused on
the synthesis and study of mono-substituted cyclopen-
tadienyl complexes of a range of transition metals. The
NMR spectra of the complexes (1°-CsH,R)Fe(CO)(L)I
have shown that the ligand set consisting of CO, L
and I, adopt certain conformations relative to R in
preference to others [1, 2]. Molecular mechanics cal-
culations and crystal structure determinations estab-
lished that the preferential conformations observed in
solution are similar to those obtained in the solid state.
We have thus come to the conclusion that, although
electronic factors play a role, the preferred confor-
mations in our complexes are mainly determined by
steric factors. These steric considerations dictate that
large R and L groups tend to adopt conformations in
which they will be positioned away from each other.
We wished to assess whether our findings could be
related to a wider range of similar complexes. Herein
we report the analysis of the crystallographic data
available on a range of mono-substituted cyclopenta-
dienyl transition metal half-sandwich complexes.

Some years ago, Muetterties et al. [3] published an
analysis of (arene)Cr(CO), type complexes. This study,
which also summarised much earlier work in the area,
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correlated orientational effects of the arene ring with
the remaining ligands in the complex. Not unexpectedly,
the orientation of the arene ring with respect to the
three CO ligands (or other ligands) was shown to be
dependent on intramolecular (electronic, steric) and
intermolecular (crystal packing) effects. More recently
Hunter and co-workers have analysed the arene plan-
arity of ring substituted (%*CsHsR)Cr(CO), complexes
and related the influence of substituent rdonor/acceptor
effects to this phenomenon [4].

In recent studies Poli [5] has analysed four-legged
piano-stool structures of the type (n°-C¢Hes)ML, and
(7°-CsHs)ML,. A conformational analysis of the solid-
state structures of (ring)M(L)(L")(PPh;) (ring=unsub-
stituted or substituted cyclopentadienyl or unsubstituted
or substituted benzene) [6a] and metal diphosphine
complexes [6b] has also been reported. The variation
of bond distances and angles in metal-PPh, complexes
has also been analysed [6c].

Since the pioneering work of Biirgi and Dunitz it
has also been realised that crystallographic analyses
can be used to obtain information on chemical trans-
formations [7]. Examples of the analysis of crystal
structures to obtain static and dynamic information for
use in organometallic chemistry have also been reported
over the years. Shambayati er al. used this approach
to study Lewis acid carbonyl complexes, as well as to
obtain conformations of #-bonding ligands in transition
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metal complexes [8]. Davies and co-workers [9] used
crystal structures to undertake a conformational analysis
of complexes containing the CpFe(CO)(PPh;) auxiliary.
The mechanism of the rearrangement of the metal
framework in Au,Ru; clusters was studied by Orpen
and Salter [10] using this approach.

It is thus apparent that much information is available
from the crystal structure determinations that have been
reported over the decades.

Methodology

A search of the Cambridge Data File base was
undertaken and all structures of the type (n’-
C;H,R)ML, (1) were accessed. A listing of many of
these structures was recently reported [11] but no
analysis of the data was undertaken. For a full listing
of all (n°-CsH,R)ML, structures published until mid
1992, see ‘Supplementary material’.

This collection of structures is divided into subsets
to facilitate comparisons (see Tables 1-4). Firstly the
complexes were divided according to the number of
ligands, L, attached to the metal, viz. (7°-CsH,R)ML;,
(7*-C;H,R)ML,, (n°-CsH,R)ML; and (7°-CsH,R)ML,
(see la-1d below; here different ligands are shown
attached to M). These groups were then subdivided,
e.g. according to the number of carbonyl ligands
(L=CO) present. The reason for this second sub-
division will become apparent in the discussion below.

A—M—D A= p}—D

1c 1d

The analysis concentrated on structures that met the
following criteria.

(a) The complexes should contain a transition metal,
M.

(b) The complexes should contain a mono-substituted
cyclopentadienyl ligand, i.e. a cyclopentadienyl ring with
only one ring substituent.

(c) The cyclopentadienyl ring must be bonded via
all five ring carbons to the metal, i.e. the n°-bonding
mode.

(d) Complexes should contain only one n°-bonded
cyclopentadienyl ring, i.e. half-sandwich complexes only
were considered.

(e) Only complexes containing one (n°-CsH,R)M
moiety were considered.

(f) To simplify the analysis, only ligands, L, coor-
dinated to the metal through one atom, i.e. n'-bonding,
were considered. (This excludes, for example, n*-allyl
ligands and n*-diphosphine ligands).

The data contained in ‘Supplementary material’ do
contain several compounds that do not meet the above
criteria. Thus, chelating ligands have been excluded
from the discussion that follows. Occasionally explicit
mention will be made to these structures since they
also provide information on bond lengths, bond angles,
etc. A small number of crystal structures were not
analysed due to apparent errors in the reported atomic
coordinates, e.g. see ref. 49.

Results

The free C;Hs;™ ion is aromatic, with completely
delocalised m-electrons. However, upon complexation
of the cyclopentadienyl anion with an ML, fragment,
the aromaticity is affected [12]. Three possible modes
for attaching the n°-bonded cyclopentadienyl ring to

a metal are shown below (2a-2c).
M M
2b 2¢

M

2a

During a recent re-determination and analysis of the
structure of (7°~CsHs)Mn(CO),, it was found that
partial localisation of the cyclopentadienyl ring electrons
occurred [12]. The (7°-CsHs)Mn(CO), molecule was
expected to be cylindrically symmetrical, but a number
of structural features contradicted this expectation.

Recently, the crystal structure of (n°-C;H,;)Co(CO),
was reported [13] and compared with the crystal struc-
tures of Cp*Co(CO), (Cp* =n’-C;Mes;, 7°-CsBzs, n°-
CsPh;). In these molecules, the aromaticity of the
cyclopentadienyl ligands was disturbed. The cyclopen-
tadienyl ring bonds which were eclipsed by the M—CO
bonds were longer (C(3)-C(4), C(1)-C(2)=1.424-1.429
A) than those which were not eclipsed (C(2)-C(3),
C(4)-C(5), C(1)-C(5)=1.393-1.411 K) (see 3).



In the analysis of the crystal structures, discussed
below, two particular features were deemed important.

(a) The conformations of the ligand set attached to
the metal, as viewed down the cyclopentadienyl ring
centroid~metal axis (4). The conformations are defined
by the torsional angle ¢(C—Cen-M-L) (C=cyclopen-
tadienyl ring ipso-carbon, Cen = cyclopentadienyl ring
centroid, M =metal, LL=the atom through which the
ligand is coordinated to M. Note: the torsional angles
in Tables 1-4 are reported as negative or positive values.
These values are defined relative to the ring substituents,
with no implication with regard to chirality).

R

A
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(b) The deviation, a (in degrees), of the cyclopen-
tadienyl ring substituent from the cyclopentadienyl ring
mean plane (5).

(n°-CsH,R)ML s complexes

Only one crystal structure determination of a complex
that falls in this category, (n°-C;H,Me)Mo(CO),I, [14],
has been reported (Table 1). If the cyclopentadienyl
ring is considered as occupying one coordination site
(instead of three), then the molecule can be described

as having a distorted octahedral geometry about Mo
(6). The Mo atom is slightly lifted out of this plane,
towards the cyclopentadienyl ring, and the CO groups
are arranged in a cis configuration

o) R
\\\\c 0
\

—Co
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o

When the molecule is viewed down the ring cen-
troid-Mo axis (7), a conformation with the two CO
groups on either side of the ring substituent, and the
I groups away from the substituent, is observed. The
cyclopentadienyl ring appears to deviate from complete
aromatic delocalisation with the non-ligand eclipsed
C-C bond shorter than the others (C(3)-C(4)=1.387
versus the other C-C bond lengths of 1.413-1.434). An
n>-allylic, n*-ene bonding type was proposed for this
structure.

Steric crowding occurs due to the large number of
ligands attached to the metal. Consequently, the cen-
troid-Mo-L. angles (L=equatorial ligands) are small
(Cen-Mo-CO=101-102°, Cen-Mo-1=107°) when
compared to (n°-CH,R)ML, complexes ((n°-
CsH,COMe)V(CO),: Cen-V-CO angles=119-120°
[15a]; (n°-CsH,Pr)WCl,: Cen-W-CI angles=110-111°
[15b]). The ring substituent, Me, consequently responds
to this large steric interaction by bending out of the
cyclopentadienyl ring plane, away from the metal, by
a relatively large amount (a=8.1°).

(7°-CsH ,R)ML., complexes

These complexes are considered as seven-coordinate,
with the cyclopentadienyl ring occupying three coor-
dination sites on the metal. A fairly wide range of
crystal structures of complexes containing four L ligands
have been reported (Table 2). To facilitate the dis-
cussion, the complexes in this group will be discussed
according to the number of L=CO groups present in
the structure.

(n’-CsH,R)M(CO), complexes

Two extreme conformations are possible for these
complexes when all the ligands, L, are the same: the
‘eclipsed’ and ‘staggered’ conformations, shown below

(8).
8a 8b




TABLE 1. (°-CsH,R)ML; complexes

M R C D E d(M-C)¢ d(C-C)¢ d(C-R)4 Ref®
o b d)b, < ¢b, c ¢b, c ¢b, c d(M—Cen)d
Mo Me CcO I I 2.301-2.375 1.387-1.434 1.496 14
8.1 —47 -5 132 -138 1.998

For explanation of superscripts see footnotes to Table 3.

TABLE 2. (7’-CsH,R)ML, complexes

M R A B C D d(M-C)¢ d(C-C)* d(C-R)* Ref.*
o ¢b, c ¢b, c ¢b, c ¢b, c d(M—Cen)d

(i) (n*-CsH,R)M(CO), complexes

v COMe CO CO CO Cco 2.231-2.293 1.402-1 440 1.490 15a
—0.7 32 —58 121 — 149 1.920

() (n°-CsH,R)MCI, complexes

w 'Pr Cl Cl Cl Cl 2304-2 348 1.388-1.422 1.507 15b
34 136 46 —44 —-134 1.995

(ui) (7°-CsH,R)M(CO);X complexes

Cr CHO CcO Co CcO AuPPh, 2.164-2 230 1.37-1.42 1.45 17a
—~23 49 151 ~58 -135 1.838

Mo Me CcO Cco CcO HgCl 231-2.35 1.35-142 1.51 17b
2.9 36 132 - 60 —144 2.00

Mo CHO CO CO CO AuPPh, 2.310-2.392 1.401-1.428 1.448 17c¢
—-22 32 145 —65 —140 2.012

Mo COMe CO CcO CO Me 2.305-2.380 1 403-1.427 1.478 17d
0.8 32 139 -61 —141 2.01

w COMe CcO CcO CcO Me 2.30-2.41 1.34-1.49 1.47 17d
2.3 32 127 -143 —55 2012

w CH,0COMe CO CO CO Cl 2.300-2.411 1.410-1.472 1.486 18
7.7 -129 -37 52 142 2 006
6.8 —134 —42 46 137 2308-2 377 1.419-1.454 1499

1.994

w C X CcO CcO CO Me 2.310-2.385 1.406-1.417 1.427 19
5.6 91 ~175 —-170 10 2.003

() (7’-CsH,R)M(CO),(X)(Y) complexes

Mo Me CcO Cco Hgl AsPhMe, 2.28-2.40 1381-1499 1439 20
6.3 38 —135 —48 129 1.991

Mo Me CcO CcO I P(OMe), 2.288-2 2411 1.376-1.476 1518 21
0.7 38 —142 —57 127 2.020

Mn Me CcO Cco GeCl, GeCl, 2.109-2 149 1.379-1 451 1.513 22
0.0 166 —14 —106 80 1.757

Mn Me CcO CcO Si1Cl, SiCl, 2.112-2.165 1389-1419 1.503 23
32 0 179 —-90 88 1.772

Mn Me CcO CO SnPh, H 2.120-2.138 1.370-1.437 1.474 24
3.6 67 —46 —140 156 1.769

Mn Me CcO Cco S1(F)Ph, H 2123-2142 1.411-1.430 1.497 25
35 15 131 —~78 —135 1.757

Mn Me CO CcO SiCl, H 2.115-2.139 1.383-1 425 1.491 23
3.5 21 131 -77 —138 1.759

Mn Me CcO CO Si(Me)(Ph)(1-Np) H® 2.10-2.14 1.38-1 46 1.49 26
4.0 14 —-102 120 176

v) (n*-C;H,R)M(CO)(X)(Y)(Z) complexes

Mn Me CO PMe;, SiHPh, H 2106-2.144 1.376-1.405 1.480 25
3.8 —28 —139 69 127 1.767

For explanation of superscripts see footnotes to Table 3



Only one structure of a mono-substituted cyclopen-
tadienyl tetracarbonyl transition metal complex has been
reported, namely (n°-CsH,COMe)V(CO), [15a] (Table
2(i)). The angles between the four CO groups and the
centroid-metal axis (Cen—-V-CO) are very similar
(119-120°).

The torsional angles between the two CO ligands
closest to the ring substituent (COMe),
¢(C-Cen-V-CO), are 32 and —58 °C, respectively.
One might have expected the CO groups to be more
symmetrically arranged (e.g. 8b), but the COMe group
appears to be the cause of this asymmetric arrangement.
This substituent is almost coplanar with the cyclopen-
tadienyl ring. (The C of the COMe substituent deviates
from the cyclopentadienyl ring mean plane by 0.7°
towards the metal. The methyl group is also bent towards
the metal by 4°, and the O is turned away from the
mean plane and the metal by 4°). The CO ligand with
the larger C-Cen-V-CO torsional angle is on the same
side as the larger COMe methyl group, a phenomenon
observed with other related complexes (see below).

(7’-CsH,R)MCI, complexes

The complex, (n°-CsH,Pr)WCl, [15b] (Table 2(ii))
has Cen-W-Cl angles of 110-111°, which are smaller
than the Cen—-V-CO angles reported for the structure
discussed above.

The two Cl ligands on either side of the ring sub-
stituent are approximately equidistant from the sub-
stituent, corresponding to the most extreme ‘staggered’
conformation (8b). The 'Pr substituent is arranged in
a way which minimises steric interactions with groups
below the ring: the two methyl groups point in the
direction away from the metal. As a result, this group
only bends out of the cyclopentadienyl ring plane, away
from the metal, by 3.4°.

The cyclopentadienyl ring C—C bond lengths indicate
incomplete delocalisation, with the C(3)-C(4) bond
being the shortest (1.388 A), and the two bonds adjacent
to the substituent, C(1)-C(5), and C(1)-C(2) the longest
(1.420-1.421 A) (see 7 for numbering scheme).

(7’-CsH,R)M(CO);X complexes [17-19]

The crystal structures of seven complexes of this type
have been determined (Table 2(iii)). For five of these
complexes (M=Cr, Mo, W; R=Me, CHO, COMe,
CH,0COMe; X = AuPPh,, HgCl, Me, Cl), the X group
occupies a position as far away from the ring substituent
as possible (¢(C-Cen-M-X)= 1135 to 144°), without
the ring substituent being eclipsed by a CO group
(smallest $(C—Cen-M-CO)= +32°). Although elec-
tronic effects may play a role here (for example with
the small X=Cl ligand), in all instances [16] steric
effects (X>CO) [16] can adequately explain the con-
formations. The ring substituent deviations from the

cyclopentadienyl ring plane, «, are normal for the
coplanar CHO and COMe groups. The angle a is fairly
large (6.8-7.7°) for CH,OCOMe. The long OCOMe
chain points down slightly towards the M(CO), moiety
in the structure [18].

Of note is the relationship between the COMe group
atoms (O,C) and the ligand set. For both (n°-
C;H,COMe)M(CO);Me (M =Mo, W) the CO nearest
to the ring substituent is closest to the O of the COMe
group (see Table 2(i)).

For the remaining two structures, the X group (M =W,
X =Me) gets as close as 10° [19] and 55° [17d] to the
ring substituent. In the case of the latter structure
[17d], disorder has been observed with regard to the
Me position, where the positions of Me and one of
the CO groups ‘trans‘ to the ring substituent are in-
terchangeable. The other complex in this series has
X=Me at —141° [17d]. The small Me ligand thus
shows no specific preferences with regard to its positions
relative to a ring substituent.

(7’-CsH,R)M(CO),(X)(Y) complexes [20-26]

The crystal structures of eight complexes are con-
sidered in this category (Table 2(iv)). Four of these
complexes contain a hydride ligand ‘bridging’ the metal
(M=Mn; X=Si(A)(B)(C) or SnPh;; Y=H), and will
be considered separately.

Interestingly, all four of the remaining structures
(R=Me, M=Mo, Mn), are complexes which have a
trans arrangement of the X and Y lhigands of the metal
ligand set. Eight extreme conformations (including
mirror  images) are possible for trans-(n’-
CsH,R)M(CO),(X)(Y) complexes (9a-h). The rota-
tional conformers which were observed for these com-
plexes were those in which the bulky X or Y groups
avoided positions close to the cyclopentadienyl ring
substituent (smallest ¢(C-Cen-M-X/Y)=48 to 88°).

(e10] M
Oc * Y co
Y X ocC co

Y co 7 oc X ‘
cO X
a b c d

coO x

oc Y X CO
x M ocC coO

X cO ocC Y T
co M
e f g h

9

The substituent deviation, «, ranged from 0.0 to 3.2°.
(The deviation of 6.3° for (n°-CsH,Me)Mo(CO),(Hgl)-
(AsPhMe,) [20] is not significant, see footnote to
Tables). The positions of the CO groups, whether
eclipsed or staggered with respect to R, did not seem
to affect « significantly.
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The (n°-CsH,R)M(CO),(X)(H) complexes have the
H and X ligands in a cis-configuration. The X ligand
is situated away from the Me ring substituent in each
case (77-140°). The three ligands, other than H (2 CO
and X), were all separated by dihedral angles of ap-
proximately 120°, which indicates the small effect of
H on the conformers. The Me ring substituents bend
away from the metal, and the cyclopentadienyl ring,
by relatively small but similar amounts (3.5-4.0°), re-
gardless of the CO positions relative to R. It is to be
noted that all C(ring)-C(Me) distances are shorter in
these complexes (~1.49 A) than the average
C(ring)-C(Me) distance (~1.51 A) found for all other
1n°-CsH Me-containing complexes.

(m’-CsH ,R)M(CO)(X)(Y)(Z) complexes

Only one structure of this type, (7n’-
CsH Me)M(CO)(PMe,)(SiHPh,)(H) [25] (Table 2(v)),
has been reported. A comparison with the similar
structures above can be made since the structures are
related by replacement of a CO ligand for the bulkier
PMe, ligand. The predicted steric effects are observed.
Thus, the conformation is staggered with respect to R
(8b), with the larger PMe, and SiHPh, ligands positioned
relatively far away from R (¢(C-Cen-M-X/Y) are — 139
and 69°, respectively). Not unexpectedly, the deviation
of R from the cyclopentadienyl ring mean plane, g, is
relatively small (3.8°).

(n’-CsH,R)ML; (L=A, B, C) complexes [1b, 2, 19,
27-63]

The (7°-C;H,R)M(A)(B)(C) complexes (Table 3),
can be divided into six different groups, based on the
types of the ligands attached to the metal. The first
and second subsets are those complexes containing the
most symmetrical ligand sets (A=B=C=CO or CI),
and are discussed first. Complexes with A=B#C
(A=B=CO or A=B=other ligands), and finally, com-
plexes with A#B+C (A=CO or other ligands), are
then discussed.

Some of the different possible extreme conformations
for (n°-CsH,R)M(A)(B)(C) complexes are shown in
10.

X Y X z . x £z Y.z o
RO RORuNOS
z Y X
a b c d e f
10
(n’-CsH,R)M(CO); complexes
The crystal structures of eleven substituted cyclopen-

tadienyl tricarbonyl transition metal complexes have
been reported (Table 3(i)). In these complexes, the

ligands are regarded as occupying six coordination sites
on the metal (the cyclopentadienyl ring occupies three
sites). The structures can be described as having a
distorted octahedral geometry, or ‘piano-stool’ structure.
Consistent with the octahedral geometry, the OC-M-CO
bonds of these complexes are typically 90-91°.

The complexes discussed here were found in both
of the extreme ‘staggered’ and ‘eclipsed’ conformations
depicted in 10a and 10b (X=Y=Z=C0), as well as
other conformations between these two extremes. The
large variations in the positions of CO indicate that
both steric and electronic effects associated with R
could determine the preferential conformations ob-
tained. Significantly for (n°*-C;H,R)M(CO); (M=Mn,
Re; R=CHO, COMe) the CO ligands adopt conformer
10a. This must be determined specifically by electronic
(electron withdrawal) effects. By contrast, when
R=S81Me; (M=Re) a similar conformer is observed
but in this instance steric effects must be dominant.

The largest values for « were found for complexes
containing small metals and large ring substituents
(e.g. M=Cr, R=PPh,, «=98). The chiral
C(H)(Me)(NHCOMe) substituent has a small « value
(3.8°), despite the presence of an eclipsed CO at the
ring substituent position. Further, there is no evidence
of intramolecular interactions between the substituent
and CO since the largest NHCOMe group is turned
in the direction away from the M(CO), moiety [31].

(m’-CsH,R)MCl; complexes

Only one crystal structure of this type has been
reported, namely (n°>-CsH,Me)VCl, [36] (Table 3(i1)).
The CI-M-Cl angles (99-103°) are larger than the
OC-M-CO angles (~90°) of the structures discussed
above and the Me group does not deviate significantly
from the cyclopentadienyl ring plane (a¢=3.9°). The
cyclopentadienyl ring ipso-carbon is eclipsed by one of
the Cl ligands (conformation 10b) (X=Y =Z=Cl) and
is indicative of an electronic effect determining the
conformer choice.

(7n’-CsH,R)M(CO),X complexes

Among the sixteen structures with Y=2=CO (10)
that fall in this group (Table 3(iii}), a wide range of
conformers, are obtained. It is observed that nine
complexes have ¢=180=+30° three with ¢=120430°
and four with ¢=60430°. Only three complexes have
conformer 10b and in these complexes X (a carbene
ligand) was attached to the metal via sp?-carbon atoms.
This C atom can arrange in such a way as to minimise
steric interactions with the cyclopentadienyl ring. Thus
for most of the structures steric effects predominate
and result in conformations where large X groups adopt
positions away from R. This does not explain the
conformational preferences of small groups such as NO
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or the carbenes. The NO ligand is often found in a
position near trans to the cyclopentadienyl ring sub-
stituent, and it appears that an electronic effect operates
in the case of this ligand. The carbene adopts con-
formations similar to 10b (R=Me) again suggesting
electronic effects are significant.

(n’-CsH,R)MX,Y complexes

Comparisons between complexes in this series are
difficult, since X differs substantially between complexes
(Table 3(iv)). For example, X could be a small group
such as NO, or a large ligand, such as PMe,. Hence
no specific conformational preferences with regard to
the arrangement of the X and Y ligands were noted.

(m’-CsH,R)M(CO)(X)(Y) complexes

This series of complexes contains a set of ten com-
plexes with X =halogen (M= Fe, Ru; Y =PR;, P(OR),,
RNC). The CO and halogen ligands did not ex-
hibit any preferential positions with respect to the
ring substituent, R (¢$(C-Cen-M-CO)=1-154°,
&(C—Cen—M-halogen) =2-165°). However, the bulky
ligand Y always occupied positions away from the ring
substituent. The torsional angle, ¢(C-Cen-M-Y), in
these structures was 1n the range 74-167°. Interestingly,
none of the ligands, CO, halogen or Y were found
with torsional angles ¢(C—-Cen-M-L)=180+ 13"

The deviation of R from the cyclopentadienyl ring
mean plane, «, was in the direction away from the
metal. For large R groups (‘Bu, neomenthyl), a was
large (8.8°, 9.8°, respectively). Large unsymimetrical R
groups that could rotate in such a way as to minimise
interactions with the metal-ligand set (e.g. CHPh,) had
a smaller « value (2.8°).

A further six complexes in this group (X halogen)
also showed similar conformational preferences. Again,
regions close to the cyclopentadienyl ring substituents
were not occupied by the bulky Y ligands (Y = phos-
phines and COCO-p-Tol). The torsional angle range,
H(C—Cen-M-Y), was 88-180°, while for the other li-
gands, ¢(C-Cen-M-L) was in the range 30-165°.

(m-CsH,R)M(X)(Y)(Z) complexes

The crystal structure of only one complex of this
type, (n°-CsH.Me)Mn(CS)(NO)(I), has been reported
(Table 3(vi)) [63]. The methylcyclopentadienyl ring
substituent deviated from the ring, and away from the
metal-ligand set by 6.0°. The conformation had the CS
group closest to, and NO furthest from, the ring sub-
stituent (¢(C-Cen-Mn-CS) = 25°).

(7°-CsH,R)ML, complexes

The crystal structures of only three complexes of this
type have been determined (Table 4). However, an
interesting analysis of the crystal structures of unsub-

stituted and pentasubstituted cyclopentadienyl dicar-
bonyl cobalt complexes has been carried out [13] (see
above). In the analysis it was found that the bonds
‘eclipsed’ by an M-CO bond were longer than those
that were not eclipsed [13].

Only two mono-substituted cyclopentadienyl com-
plexes containing two carbonyl ligands, have been re-
ported. For one of these (M =Co, R=PPh;) [65], the
ligands are arranged nearly symmetrically about the
ring substituent (H(C—Cen-Co—CO)=91, —96°). The
shortest bond length is associated with a non-eclipsed
bond (C(4)-C(5)=1.375 A), which is trans to the ring
substituent. This shows that ring substitution leads to
a distortion of the delocalisation of the cyclopentadienyl
ring. The PPh, ring substituent is bonded to the ring
via a single bond, and the phenyl rings are arranged
to minimise steric interactions. As a result the deviation
from the cyclopentadienyl ring mean plane, «, is rel-
atively small (4.8°).

The other complex containing two CO ligands
(M=Rh, R=NO,) [66], has a less symmetrical ar-
rangement of the CO ligands (¢(C-Cen-Rh-CO) =72,
—111°). The cyclopentadienyl C-C bond lengths do
not vary significantly or show localisation. The N and
two O atoms of the NO, ring substituent are approx-
imately coplanar with the cyclopentadienyl ring plane,
and N deviates from the ring mean plane, away from
the metal («=3.7°). The ipso-C of the ring and the
NO, substituent are approximately coplanar and the
NO, mean plane deviates from the mean plane of the
other cyclopentadienyl ring carbons (C(2)-C(4)) by
approximately 10°. This indicates that the cyclopen-
tadienyl ring aromaticity has been disturbed.

Discussion

From the above analysis a number of conclusions
can be drawn.

1. When L and R are small, electronic effect will
determine the arrangement of the ligands with respect
to R. Unfortunately very few structures are available
with small L and R. From the limited data set it appears
that

(i) for (n°-CsH,R)ML, conformer 8b rather than 8a
is favoured for both electron donating and accepting
L and R (R=COMe, L=4XCO or L=3XCO, Me;
R="Pr, L=4xCl).

(i) for (n°-CsH,R)ML,, conformer 10a is favoured
for R =electron withdrawing group (R = CHO, COMe;
L=CO) whereas for R = electron donating group, con-
former 10b 1s favoured (R=CHR,Me, R=CO, Cl).
However if one of the ligands is NO then it can over-
ride the effect of R (e.g. R=Me, L=2XCO, NO) and
result 1n 10a as the preferred conformer.
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M R A B dM-C)* d(C-C)! d(C-R)* Ref.®
a™ b ¢b, c ¢b, c d(M—-CCl’l)d

Co al co =CO(C,Hg)Zr(’-CsHs), 2.072-2.130 1.382-1.417 1.730 64
6.0 —123 55 1.734

Co PPh, CcO CcO 2.018-2.112 1.375-1.426 1.765 65
4.8 91 -96 1.688

Rh NO, CO CO 2.244-2.29 1.39-1.42 1.44 66
37 72 ~111 1.926

For explanation of superscripts see footnotes to Table 3.

2. If either L or R (or both) are large then L and TABLE 5. A companson of structural data for (7’-

R will tend to be displaced from each other. This can
be influenced by the number of ligands e.g. (n°-
CsH,R)CoL, conformers appear to be dominated by
electronic effects [67]). This has been confirmed in a
number of reports. For instance both ring rotational
studies [11] and molecular mechanics calculations [1]
have revealed that the energy barrier to ring rotation
is small. However, as the ligands and/or ring substituents
become larger the interaction between the ring and
the ligand set increases.

3. When more than two different L groups are attached
to the metal or when L is a bridging ligand, predictions
become more difficult.

To date few theoretical studies have been published
to assist in correlating the above ring substituent elec-
tronic (or steric) effects with ring-ligand conformations
[68a—e]. From an analysis of (n*-C,BH,)M(CO); and
(n*-~C,NH,)M(CO); complexes [68b] it was suggested
that the former complex would arrange the CO ligands
to eclipse the B atom while the latter complex would
arrange the ligands to be staggered with respect to the
N atom. Thus, CO ligands would avoid atoms of high
electronegativity. This would imply that if R was an
electron withdrawing group in (n°-CsH,R)M(CO); that
an eclipsed arrangement of the CO groups would be
expected. However, the structure of, for example, (7’-
CsH,COMe)Mn(CO); has a staggered geometry. The
reason for this and other discrepancies is not known
and perhaps could relate to the dominance of inter-
molecular packing forces.

Finally, a comparison between the above analysis and
a series of (n>-CsHs;R)Cr(CO), complexes can be made.
Hunter and co-workers [4] have convincingly indicated
that when R is a # donating group on the arene ring
that the substituent bends away from the ligand set,
while if R is a 7 accepting ligand, R bends towards
the ligand set. Steric effects are not believed to con-
tribute in these findings. A comparison of data for the
two types of complexes is shown 1n Table 5.

The data reveal that in general d(C-R) is shorter
in the cyclopentadienyl complexes. Care must be used

CsHsR)Cr(CO),* and (n5-CsH,R)ML, (x=1-4) complexes

Substituent Arene Cyclopentadienyl
complex complex
d(C-R) o d(C-R) of
A
NEt, 1.356 5.89 1.33 6.8
NH, 1.369 5.78 1.36 7.2
OMe 1.357 1.90
Me 1.501 —0.15 1.42-1.59 —-0.3-6.1
SiMe, 1.891 —-0.59 1.79 3.5
COMe 1.505 —1.04 1.47-1.50 -1.2-1.6
COMe 1.493 0.40 1.46-1.47 —-0.7-1.2
CH(tBu), 1.523 11.84
CHO 1.42-1.52 —2.2-3.0
NM 1.50-1.54  6.1-10.1

*Data taken from ref. 8b. "a=angle between least-squares planes
defined by the ipso and ortho carbon atoms of the arene and
the least-squares plane defined by the ortho and meta carbon
atoms of the arene. °See text. °NM =neomenthyl.

in comparing data for the « values. The a values have
been measured differently for the two sets of complexes.
Further, the data for the new complexes are derived
for a similar series of complexes whereas the same
is not true for the cyclopentadienyl complexes. No
obvious relationship between the two data sets is ap-
parent. If a restricted set of complexes e.g. (7°-
CsH,R)Fe(CO),(PPh;)I (R=1, CHPh,, tBu) are con-
sidered [54] it is found that « varies tBu (8.8°)>1
(4.2°)>CHPh, (2.8°) which again does not correlate
with the arene data.

Conclusions

The collected crystallographic data of (n-C;H,R)YML,
complexes have revealed that a wide range of complexes
containing different substituents, metals and ligands
has been reported. Prior to this work no comprehensive
analysis of the data had been undertaken.
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The analysis of the orientation of the ring substituent,
R, with respect to ligands, L, below the ring plane has
revealed that steric interactions between L and R are
significant. Thesc effccts influence the final conformers
observed in the solid state. OQur study has also shown
that when steric effects associated with L. and R are
small, conformational effects will be determined by a
combination of electronic and inter-molecular packing
effects. However, the data obtained to date do not
appear to fit theoretical predictions. This could be a
result of the limited data set presently available for
testing the theory.

The aromatic character of the cyclopentadienyl ring
was observed to be affected by the ring substituent.
This was rcflected in, for examplc, the cyclopentadienyl
C-C bond lengths and non-planarity of the cyclopen-
tadienyl ring. Not all the structures reflected these
findings but this could relate to the quality of the X-
ray crystallographic determinations. In this publication
we have not investigated this phenomenon in any detail.

It is anticipated that half-sandwich complexes in which
the ring contains more than one substituent would show
even more dramatic steric effects. An analysis of these
types of complexes may also further unravel the influence
of steric and electronic effects on ligand conformational
properties.

Supplementary material

Table 6 giving the X-ray crystallographic data for all
(7*-CsH,R)ML, complexes is available from the authors
on request.
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