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The Chatt— Dewar - Duncanson Model Revisited: X-ray, DFT and NMR
Studies of Rhodium-Alkene Binding—Deviations from Structural Ideality

David W. Price,/*! Michael G. B. Drew,"! King Kuok (Mimi) Hii,'*! and John M. Brown®*!?!

Abstract: An analysis has been made of
deviations from ideal centrosymmetric
bonding of alkenes to transition metals
in square-planar complexes. Three sep-
arate approaches have been employed.
Firstly, the geometries obtained for a
series of X-ray crystal structures of
monosubstituted rhodium-alkene com-
plexes have been obtained. Secondly,
DFT computations on closely related
rhodium-alkene complexes are report-
ed. Thirdly, the data have been aug-
mented by recourse to the crystal struc-

square-planar ethene and monosubsti-
tuted alkene complexes. The results
obtained from these analyses provide a
consistent picture. Two distortions from
ideality are important: twisting of the
alkene about the axis between the metal
(M) and the alkene centroid and rolling
of the alkene around a cylinder enclos-
ing the metal, such that the two C—M
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bonds remain equal in length. The
presence of both of these is verified
through both X-ray structure determi-
nations and DFT calculations. For the
rolling distortion, there is a relationship
between the electronic character of the
substituent on the alkene and the direc-
tion of roll. The net effect of this is to
place the more nucleophilic carbon of
the alkene closer to the square plane.
The significance of this for the regio-
chemistry of the Heck reaction is briefly
discussed.

ture serach and retrieval file (CSSR)
database to retrieve the X-ray data for

elucidation

Introduction

One of the central paradigms in organometallic chemistry is
the model of metal —alkene binding, first described by Dewar
and given experimental context by Chatt and Duncanson.!!!
This model emphasises the dual nature of the bond with
contributions from both alkene donor and alkene acceptor
through the respective involvement of empty or filled metal d
orbitals. Not surprisingly, the precise nature of this bond has
been the subject of many theoretical and experimental
studies.?l Since coordination of an alkene and subsequent
reactions of the resulting complex to make new bonds to
carbon form the basis of a substantial sector of homogeneous
catalysis, this work has practical importance. Indeed, the
recognition of prochiral alkenes by enantiomerically pure
transition metal (TM) complexes is central to asymmetric
catalysis. A recent comprehensive review has considered the
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stereochemical aspects of the structure and chemistry of the
TM —alkene bond.P! Most discussion assumes a model of
coordination with the alkene symmetrically bound, tacitly or
otherwise. This becomes significant when the complex is
formally square planar with the alkene occupying a single
coordination site; the vector of the C—C bond is orthogonal to
the coordination plane and, ideally, is bisected by it. The
purpose of the present paper is to explore the extent to which
reality differs from this ideal and, in particular, whether the
variations that occur follow predictable patterns. Our interest
arises in part from the observed regioselectivity of the Heck
reaction, which varies for monosubstituted alkenes according
to Scheme 1.4 The control is particularly evident when a
cationic Pd catalyst is involved, that is, for the case when X =
OTH. Theoretical models for the migration step indicate that
the alkene rotates into the coordination plane prior to C—C
bond formation and that the sense of rotation will define the
outcome of the reaction.”! If the alkene is coordinated
unsymmetrically this could lead to a predisposition towards
one of the two possible products.

MO considerations: A classic paper on metal —alkene coor-
dination by Eisenstein and Hoffmann uses the extended
Hiickel approach.! In the course of the work they consider
the trajectory for nucleophilic attack on a coordinated alkene.
Part of the activation process involves asymmetric movement
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Scheme 1. The regiochemistry observed in Heck reactions with cationic palladium catalysts.

of the alkene of the type observed in the X-ray structures
discussed below. For the model reaction of [Fe(CO),(C,H,)[**
with a hydride ion, this slippage makes a positive contribution
to the energy barrier, because the LUMO of the alkene
becomes more localised on the reacting carbon as the degree
of distortion increases, giving a positive overlap population of
H- with wt*-_. Analysis of the geometry of coordinated
alkenes was refined later” in the context of bis-alkene
complexes, especially [(alkene),Rh(acac)]. Four pathways
for deviation from ideality were considered. Each one
maintains C, symmetry in the cited case and is adapted here
to a single alkene —metal bond (Scheme 2). Deviation A is the
rotation of the alkene about the axis defined by the M —alkene

_
M

G I
A B C D

Scheme 2. The possible distortions for a symmetrically disposed dihapto-
alkene metal bond: twisting A, rolling B, translating C and rocking D.

mid-point. Deviation B is the rolling movement of the alkene
on the surface of a cylinder centred on M, for which the
direction of the projection of the rhodium-alkene mid-point
vector onto the square plane and all the rhodium-—alkene
bond lengths stay constant. Deviation C is the translation of
the alkene perpendicular to the plane that is defined by M and
non-alkene ligands. Finally, deviation D is the rocking of the
alkene whilst maintaining its mid-point in the square plane
and retaining the orthogonal relationship between the C—C
bond and the square plane. In the specific case quoted,
extended Hiickel calculations showed that the trend in
energetics for the four processes is D > C > A > B, with the
low-energy processes A and B almost equivalent at small
displacements. Further work in this system, which included
nonbonded interactions between the chiral ligand and bound
ethene molecules by means of molecular mechanics, endorsed
the conclusion that distortion B is energetically most favoured
and predicted the extent of distortion observed in the crystal
structure to within 0.5°.®1 On energetic grounds, distortions C
and D are not considered further in this discussion.
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Evidence from crystallography:

+ BH* X~ We examined the crystal struc-
ture search and retrieval file
(CSSR) databasel to retrieve
o the structures of all square-
+ BH* X

planar #n*ethene complexes
and all monosubstitiuted al-
kene variants. Among the sim-
ple n*-ethene complexes, there
are 31 relevant Pt structures out
of a total of 44; of the rest 11
are Rh complexes with just one representative from Ir
chemistry and one from Pd. Among the monosubstituted
alkene complexes there is an even greater dominance of Pt
structures, with 25 out of a total of 28; the remainder
comprises one Pd and two Rh complexes. The objective was to
discover variations in coordination geometry and, in partic-
ular, to correlate any asymmetric displacements of the alkene
relative to the coordination plane. Cursory examination
indicated that the distortion indicated by B in Scheme 2 is
frequently significant. For the 7?-ethene complexes, a measure
of the extent of this distortion was defined by comparing the
two angles subtended at the metal by the bonds from the
metal to the alkene and its trans substituent (Scheme 3). If
the variation in these was greater than 6°, the X-ray structure
and the discussion in the original paper were further
scrutinised. For the resulting eleven structures Ca—M and
C(—M bond lengths were plotted against the C-M-X angle.
Within experimental error the two bond lengths were com-
parable across the range of complexes, indicating that
distortion C does not make a substantial contribution to
nonideality.'”! Interestingly, the most accurate structure
determination for Zeise’s salt is by neutron diffraction,'!]
and places the structure within our definition of distorted
alkene complexes. The centroid of the alkene is 0.22 A out of
the coordination plane. Neutron inelastic scattering indicates
a large-amplitude rotational oscillation of the ethene.l'”
Among other examples, the structure containing a bis-oxazo-
line ligand shows considerable rolling distortion that results
from nonbonded interactions of the ethene with this ligand
(Scheme 3).

Much discussion of departures from ideal coordination
geometry accompanies the X-ray structures of the monosub-
stituted alkene complexes. Applying the same criteria as
before, the structures of eleven Pt complexes were examined
in detail. In all of these, the bond from Pt to the more
substituted carbon was the longer, frequently significantly so
(Scheme 4). This indicates that the distortion of type B is
accompanied by some contribution from type C. In nine of the
eleven structures, the methylene carbon was closer to the
coordination plane than the methine carbon, subtending the
smaller angle (i.e., angle a was generally smaller than angle
B). The four B-oxyethene structures!® form a consistent
pattern with the methylene group closest to the coordination
plane; the electronic basis for this has already been discuss-
ed.[* Lone-pair donation from the oxygen is considered to
impart oxonium-ion character to the alkene C—O bond and at
the same time o character is transferred to the C—M bond of
the alkene remote from oxygen. In a related case, the E-
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Scheme 3. C-M-X angles [°] versus C—M bond lengths [A] for X-ray structures of selected 7>-cthene complexes

(see text). Symbol x represents the values for an undistorted complex. The CSSR codons are displayed.

disubstituted enamine complex 1 has the N-terminus of the
alkene significantly displaced away from the coordination
plane.l'l The majority of alkyl- or aryl-substituted alkenes

A

HN cl
i
|| —Pt—PMe,Ph
Me;HC Cl

2 3

H*N pi—
i S BN )

X = NMey, H, NO,
Y = Me, CI

follow a similar pattern. This is not universal, however, the
most striking case being that of complex 2 in which two
distinct crystal forms (orange or yellow) were obtained with
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the opposite sense of distor-
tion."! Thus in one form the
angle subtended at the metal
from the trans chloride to the
methylene carbon is greater
than that to the methine carbon
(158.8, 163.0°), while in the
second form the opposite is
the case (166.4, 154.5°). For
arylalkene complexes 3 it was
suggested that the alkene coor-
dination with reference to the
square plane will be dependent
on the para-substituent—as this
becomes more electron-with-
drawing, so the perpendicular
will cut the double bond closer
to its mid-point.'®l A picture
emerges of rather easy out-of-
plane distortion of coordinated
alkenes, dictated in some cases
by crystal packing as well as
electronic or steric factors and
in some cases accompanied by
significant libration of the al-
kene.

A reasonable conclusion
from surveying the literature is
that an electron-releasing sub-
stituent causes its bound carbon
to be displaced away from the
square plane. Surprisingly there
are very few cases which permit
predictions about the effect of
electron-withdrawing substitu-
ents in related circumstances.
One of the best documented
cases is that of coordinated
dehydroamino acids and relat-
ed ligands.!'”) The pattern is one
where the carbon bearing the
electron-withdrawing function-

ality shifts towards the square plane, indicated in structure 4.
One non-chelated enamide example indicates the same
trend,!'s but only to a modest extent.

,«Oﬁ/ R
M || NH

'RO,C

Me
o
,Rh'x
e

The aim of the present work was to carry out realistic DFT
computations to determine the ground-state structures of a
series of alkene complexes and to compare the results with
actual X-ray structures. This required a choice of system for
which a range of alkenes form stable complexes. The rhodium
bis-alkene acetyl acetonates appeared ideal; they are easily
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atoms was defined as the 1s shell. All
calculations were spin restricted and

relativistic effects were not included.
| /Pt—C| Model structures were built from the
HzC C|l structure of [(C,H,),Rh(acac)]. Sub-
stituents were added by using crystal
structure data for representative bond
lengths, angles and torsions, but no a
priori distortion was imposed on the
square-planar coordination sphere.
The structures were then optimised
with respect to their energies by using

HOHzc PMegPh

PROPTC

o 17

pt—cl  EtN'

HgIC// double-¢ STO basis sets on all atoms

initially, and triple-& plus polarisation
STO basis sets for all atoms for final
production runs. These basis sets have
been shown to be adequate in describ-
ing the structure and bonding of metal

N cl carbonyls,™ which are among the
H3N (o]

| _Pt— a most computationally demanding
| = Pt—CI | _ Pt——C| Ha (l: /l F’t—CI 20// class of transition metal compounds.
H,oC Cll HoC i 4 cl Ci To formalise the deviations from ideal-
ity in a coherent set of complexes, the
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Scheme 4. C-M-X angles [°] versus C—M bond lengths [A] for X-ray structures of selected 7>monosubstituted

DFT calculations on bis-alkene
rhodium complexes

ethene complexes (see text). The closed circles represent angle a and the open squares angle 3 as defined. Symbol

x represents the values for an undistorted complex. The CSSR codons are displayed.

prepared, stable and crystalline. In addition the d/ isomer of a
monosubstituted alkene complex has one C,-symmetric
rotamer, simplifying computation. DFT calculations are
discussed first. The Kohn-Sham formulation of density
functional theory provides geometric data for transition metal
complexes (amongst others) that are comparable with highly
correlated Hartree — Fock calculations!'l and leads to molec-
ular orbitals with a good physical basis;?! thus we have
confidence in using these in our analyses.

Computational Details

DFT calculations were carried out with ADFP!U (v2.0) on a Silicon
Graphics Indigo workstation. The calculations were carried out within the
framework of the generalised gradient approximation (GGA) by using the
local density functional of Voska, Wilk and Nusair (VWN),?l the exchange
correction of Beckel®! and the correlation correction of Perdew.? Frozen
core orbitals were used for all atoms other than hydrogen, with the core
orbitals for rhodium defined as the 1s, 2s, 2p, 3s, 3p and 3d shells (leaving
the 4s, 4p, Ss, 5p and 4d orbitals that contain nine valence and eight
subvalence electrons in the neutral atom). The core for all other heavy

4590 ——
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The ethene complex
[(C,H,),Rh(acac)] (5): The
X-ray structure of complex 5
has been solved in the older

“\\\I

5

H

Figure 1. Definitions of the twist angle 8 looking down the alkene mid-
point —rhodium axis (A), and the roll angle ¢, looking at the molecule in
the square plane with the frans-acac oxygen, rhodium atom and alkene
mid-point all in the plane of the page (B).
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literature although the coordinates are not available.l!
Consequently the structure was redetermined Figure 2, and
a comparison between this and the DFT minimum energy
structure is given in Table 1. Selected bond lengths and angles

Figure 2. ORTEP structure of complex 5 with ellipsoids at 30 % proba-
bility.

Table 1. Comparison between bond lengths [A] and angles [°] from the
X-ray data and the DFT minimum energy structure for compound 5.

X-ray DFT
C11-Rh 2.089 2.142
C12—Rh 2.089 2.152
C11-C12 1.392 1.386
O1-Rh 2.035 2.062
C11-Rh-O1 161 161
O1-Rh-O2 92 91
C1-Rh-O2 87 89
H-C-Rh (av) 109 111

from the X-ray data are given in Table 2. The structure of the
molecule has crystallographically imposed C; symmetry
although this was not imposed in the DFT calculation. It will
be seen that there is a close correspondence between the two
structures although heavy-atom

_ 20
bond lengths are about 2-3% Orbital Energy

Table 2. Bond lengths [A] and angles [°] in the metal coordination sphere
for 5.

Rh-O1 2.060(4) Rh—C12 2.142(6)
Rh—C11 2.147(7) O1#1-Rh—O1 91.0(2)
O1-Rh-C12# 186.7(2) O1-Rh-C12 160.4(2)
C12#1-Rh-C12 89.1(4) O1-Rh-Cl1# 186.0(3)
C12-Rh-C11# 1102.1(3) O1-Rh-C11 161.4(2)
C12-Rh-C11 37.8(3) C11#1-Rh-C11 90.9(5)

Symmetry transformations used to generate equivalent atoms: #1 x,
—y+1/2, z.

poise between donation from occupied metal orbitals (1b,, 2b,
and 1a,) to unoccupied olefin st* orbitals (1a, and 1b,) and
from occupied olefin & orbitals (mainly 1b;) to unoccupied
metal orbitals (mainly 1b,).

Rhodium complexes of monosubstituted ethenes: The good
correspondence observed between the structure of the ethene
complex and the DFT calculations gave confidence in the
approach adopted. A series of computational analyses were
carried out for Rh(acac) complexes of monosubstituted
alkenes, initially as dl rather than meso isomers with the
substituents placed in exo-positions. For the methoxyethene
and methyl acrylate complexes two rotameric forms were
separately subjected to analysis. In all cases the structure of
bound alkene was significantly perturbed from a symmetrical
arrangement, and the structural changes were analysed
according to the precepts of Scheme 4. The modified struc-
tures could be accounted for in terms of the 6 and ¢ distortions
(A and B in Figure 1). For all monosubstituted alkenes the
optimised structures displayed a combination of both dis-
tortions from the idealised geometry, consistent with, but not
directly predicted by our earlier studies.”) The outcome is
shown in Figure 4. In all the d/-exo cases the alkene twist is
such as to rotate the alkene substituent away from the
Rh(acac) plane; this sense is consistent with the reduction of

shorter in the DFT calculations [ev] Ca o a

relative to the experimental EiEY (l. f-‘.

values. The degree of rehybrid- — & J ) -_E

isation is comparable in the two 1.0+

sets of data, when evaluated CH i 2 M e

; 204  orhital o — - =) — 1 LF 4

either from the average H-C- (b .-]_-1

Rh angles of the coordinated 04 O ks

alkene or the C=C bond length. o e !I':" —_

Both the X-ray structure and 404 o @) o _'_:;.E i 30

the DFT calculations indicate 9] ~ el o ET'q ; I ;
: : -5.04 e sy R R 1, S

that thf.) alkf:ne is symmetrlcally 0.y 1 . 28 : NTRETRE -

bound in this case, an important his T L - =

. . 6.1 vl h — 1B - "

factor if the complex is to be i i o

used as a model for the under- 7.0 1B —# 1 "':J I;I

standing of substitution-in- T - b

duced distortions in alkene ge- i e

ometry. A correlation diagram ol - m___'.r_.

for the parent bis-alkene com- ¥ B (W

plex is shown in Figure 3. This
reaffirms the notion that met-
al—olefin bonding is a counter-  parent complex 5.
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Figure 3. Orbital correlation diagram derived from DFT computation of the minimum energy structure of the
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Figure 4. The DFT-computed minimum energy structures for a range of
monosubstituted complexes of the form [(alkene),Rh(acac)]. Binding
energies are italicised under the relevant structures. The values of the twist
angle 6 and the roll angle ¢ as defined in Figure 1 are given. For the DFT
calculation on the bis(ethene) complex reported here, C,, symmetry was
imposed, for all others ¢, symmetry was imposed.

nonbonded interactions between the substituent and the
proximate oxygen atom of Rh(acac).

Consider the complexes with alkenes carrying an electron-
donor substituent first, including the bis-fluoroethene com-

4592
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plex. Classification of fluorine as an electron-donating
substituent implies an important contribution from m dona-
tion that outweighs its 0~ character. For all complexes in this
class the unsubstituted carbon of the bound alkene is closer to
the coordination plane, the extent of which varies with the
substituent. Conversely, the methine carbon is more distant
from the coordination plane, IT The most striking case is
methoxyethene, in which the extent of lateral displacement of
the alkene centroid from the square plane is in accord with the
observations already discussed for related Pt-monoalkene XR
structures.'”] The rotameric forms of the complex with the
vinyl ether entity in fransoid or cisoid conformation provide
similar results. The preferred ground-state conformation of an
alkoxyalkene is cisoid,?! but the DFT calculations place the
transoid conformer 10 kJmol~' lower in energy, in line with
the X-ray structure of a vinyl ether complex [EVINPT] cited
in Scheme 4. DFT calculations also place the styrene complex
in the same category with a positive value of ¢, implying that
the methylene carbon of the alkene is closer to the coordi-
nation plane than the methine carbon. The distortion in this
case may be purely due to steric interactions between the
bulky phenyl ring and the acac group. The structure repro-
duces the main features of the X-ray determination, but
exaggerates their deviation from ideality (vide infra). In
contrast, for the four DFT calculations on complexes that
contain electron-deficient alkenes, the calculated distortion
displaces the substituted carbon towards the plane IT, and ¢ is
negative. The extent of shift of the centroid is rather less here
than for the electron-rich alkenes, but the trend is just as clear.
For methyl acrylate, there is only a small difference in ground-
state energy between the s-cis and s-frans forms,?®! although
X-ray structures of its 7*-alkene complexes indicate that the
s-cis form is favoured.?”) DFT calculations were carried out
for both the s-cis and s-trans conformers of the symmetrical dl
isomer. Their structures were similar, with a 7 kJmol™!
difference in favour of the s-cis conformer, but when the
X-ray structure became available this proved to be the
unsymmetrical meso form (vide infra). Hence a further
computation was carried out for the experimentally observed
conformer, which proved to be 7 kJmol~' more stable than
the s-cis dl form. The extent of distortion of the double bond
according to B does not correlate with the electron-with-
drawing power of the substituent; the phenylsulfonyl group is
a superior electron-withdrawing group to methoxycarbonyl in
both ¢ and o~ linear free-energy relationship (LFE) series.[
This indicates that both electronic and steric factors contrib-
ute to the ground-state structure and the extent of deviation
can be correlated only approximately with the electron-
withdrawing character of the substituent. Although this is
intuitively expected—the alkene terminus which forms the
better o bond is shifted towards the square plane—it has not
been clearly defined in the literature. The X-ray structures
described below reinforce this result.

X-ray structures of bis-alkene rhodium complexes: Aside
from the redetermination of the bis-ethene complex, three
further structures were solved: bis(phenylethene)rhodium
pentane-2,4-dioate (6), bis(u>-methylpropenoate)rhodium
pentane-2,4-dioate (7) and ethene(phenysulfonyloxyeth-

0947-6539/00/0624-4592 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 24
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ene)rhodium pentane-2,4-dioate (8). The data collection
details are recorded in the Experimental Section.

Ph
Me Me
o, 0 TcoaMe
Rh, { RN, <

N . -0 .
l Me' l Me
Ph CO,Me
6 7 8

X-ray structure of bis(phenylethene)rhodium pentane-24-
dioate (6): In this bis-styrene complex there are two molecules
in the asymmetric unit of a centrosymmetric space group with
similar structures. Since one of the independent molecules has
the alkenes bound Re, Re and the other has them bound Si, Si,
the structure resembles a racemate but small differences
between the two molecular parameters makes them distinct.
Both molecules exhibit the alkene twist 6 anticipated from the
DFT calculations, but the alkene is more centrosymmetrically
bound in the X-ray structures than in the theoretical model,
that is, experimental ¢ values are smaller than calculated
values. Indeed, within experimental error, the centroid of the
Rh-alkene bond is in the square plane in both molecules. In
the two molecules of the asymmetric unit, the aryl rings are
differentially twisted out of the plane of conjugation with the
coordinated alkene, the dihedral angle C,,;,-C,,-C,-C;
varying between 10 and 20°; for the DFT structure the
corresponding dihedral angle is 9°. The ORTEP diagram is
recorded in Figure 5 along with a comparison of the X-ray and

Figure 5. The structure of complex 6 with ellipsoids at 30% probability.
The inset shows a comparison of elevation views of the XR and DFT
structures.

DFT structures viewed in elevation and the key bond lengths
and angles from the X-ray data are collected in Table 3. An
X-ray structure of bis-styrene PtCl,, which exists as the
unsymmetrical d form, has been reported.;*!

X-ray structure of bis(ny>-methylpropenoate)rhodium pentane-
24-dioate (7): Crystallisation of the product formed by
displacing ethene from [(C,H,),Rh(acac)] with methyl acryl-
ate led to a complex obtained as orange crystals whose
structure is shown in Figure 6 (top) (Table 4 gives a compar-
ison of the X-ray and DFT data for the C-Rh-O angles), with
bond lengths and angles recorded in Table 5. This defines the
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Table 3. Bond lengths [A] and angles [°] in the metal coordination sphere
for 6.

Molecule 1 Molecule 2
Rh—05 2.07(2) 2.01(2)
Rh—C21 2.11(3) 2.17(3)
Rh—C22 2.18(2) 2.19(2)
Rh—-0O1 2.18(2) 2.15(2)
Rh—Cl11 2.21(3) 2.24(3)
Rh—C12 2.28(3) 2.16(2)
O5-Rh—C21 164.5(9) 159.8(9)
O5-Rh—C22 158.9(7) 162.7(10)
C21-Rh—C22 36.5(9) 37.5(9)
0O5-Rh—01 89.8(8) 90.1(7)
C21-Rh—0O1 84.6(9) 82.9(8)
C22—Rh—-0O1 95.2(10) 94.8(9)
O5—Rh-C11 82.7(9) 81.4(8)
C21-Rh-C11 106.8(10) 110.1(9)
C22-Rh-C11 86.1(10) 89.2(9)
O1-Rh-C11 161.1(8) 162.3(9)
0O5-Rh-C12 95.509) 91.7(8)
C21-Rh-C12 85.9(8) 88.0(9)
C22-Rh-C12 85.8(11) 90.0(10)
O1-Rh-C12 162.3(7) 157.8(8)
C11-Rh-C12 36.6(8) 39.0(10)

Figure 6. Top: The structure of complex 7 with ellipsoids at 30%
probability. Bottom: Comparison of XR and DFT structures for the
unsymmetrical meso-isomer.

crystalline complex as the unsymmetrical meso isomer, but
with one alkene coordinated in exo and one in endo fashion.
With this in hand, a direct comparison between the geom-
etries of a calculated structure and an observed structure
embracing an electron-withdrawing alkene was possible, and
an excellent correspondence is found. Figure 6 (bottom)
demonstarates the close similarity between the experimental
and computational structures. The main features of the X-ray
structure are reproduced: the greater degree of twist dis-
tortion A for the alkene with the exo ester, the shift of the
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Table 4. Comparison of the X-ray and DFT data for the C-Rh-O angles [°]
for compound 7.

Table 6. Bond lengths [A] and angles [°] in the metal coordination sphere
for 8.

DFT X-ray
endo-H,C-Rh-O 155 156
endo-(OC)C-Rh-O 165 163
exo-H,C-Rh-O 156 154
exo-(OC)C-Rh-O 166 169

Table 5. Bond lengths [A] and angles [°] in the metal coordination sphere
for 7.

Rh1-O1 2.037(11) Rh1-05 2.074(12)
Rh1-C21 2.15(2) Rh1-C11 2.15(2)
Rh1-C12 2.16(2) Rh1-C22 2.19(2)
O1-Rh1-05 83.8(4) O1-Rh1-C21 86.4(5)
05-Rh1-C21 156.5(5) O1-Rh1-C11 153.9(6)
05-Rh1-Cl1 82.5(6) C21-Rh1-Cl1 110.8(7)
O1-Rh1-C12 168.6(5) 05-Rh1-C12 94.8(6)
C21-Rh1-C12 86.0(7) C11-Rh1-C12 37.5(6)
O1-Rh1-C22 84.5(5) 05-Rh1-C22 163.6(5)
C21-Rh1-C22 38.0(6) C11-Rh1-C22 97.1(6)
C12-Rh1-C22 94.7(6)

methoxycarbonyl-bearing carbon towards the square plane in
both cases and the cisoid conformation of the af-unsaturated
carbonyl groups. The C—Rh bond lengths do not vary widely;
the DFT calculations predict longer C—Rh bonds to the
methine carbon than the methylene carbon, and this is
realised experimentally for the endo alkene.

X-ray structure of ethene(phenysulfonyloxyethene)rhodium
pentane-2 4-dioate (8): Although it is not one of the structures
considered in the DFT calculations, the availability of good
quality crystals of the phenylsulfonyloxy complex and the
established electron-withdrawing character of the substitu-
entl? encouraged us to study the structure. The result is
encouraging, since it fits nicely with expectation and even
provides an internal calibration. Within error, the ethene is
centrosymmetrically coordinated and the substituted alkene is
not. There is a small degree of twist A, but also a significant
lateral displacement according to B (Figure 1) such that the
substituted carbon is closer to the coordination plane; the
(SO,)C-Rh-O angle is 164.1(2)° and the (H,)C-Rh-O angle is
154.1(2)°. The two C—Rh bond lengths for the alkene are
comparable (2.094(5), 2.100(5) A) and both are significantly
shorter than the ethene C—Rh bond lengths (2.138(5),
2.148(5) A). The alkene C=C bond is longer than the ethene
C=C bond at 1.430(7) A versus 1.372(8) A. The structure is
shown in Figure 7 and selected bond lengths and angles are
given in Table 6.

Conclusion

Taking the new X-ray structures together and applying the
same criteria as was used for CSSR-acquired structures, a
consistent pattern arises (Scheme 5). In all cases the substi-
tuted carbon lies closer to the coordination plane, in contrast
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Rh-05 2.030(4) Rh—O1 2.038(4)
Rh—C11 2.094(5) Rh—C12 2.100(5)
Rh—C22 2.138(5) Rh—C21 2.148(5)
05-Rh-O1 91.51(13) 05-Rh-C11 84.7(2)
O1-Rh-C11 154.1(2) 05-Rh-C12 81.7(2)
O1-Rh-C12 164.1(2) C11-Rh-CI12 39.9(2)
05-Rh-C22 160.9(2) O1-Rh-C22 86.0(2)
C11-Rh-C22 89.2(2) 12-Rh-C22 105.0(2)
05-Rh-C21 161.2(2) 1-Rh-C21 83.8(2)
C11-Rh-C21 107.2(2) 12-Rh-C21 98.1(2)
C22-Rh-C21 37.1(2)

Figure 7. The structure of complex 8 with ellipsoids at 30% probability.

to most of the data accumulated in Scheme 4. Complex 9 is
included for completeness and provides an additional pair of
data points from the 7*ethene coordinates for comparison.
This work was originally motivated by considerations of the

Me
o NHCOtBu
<. RO cHMe
LS
Me™  Meo,C
9

regiochemistry of metal-catalysed reactions of alkenes and
the interpretation of trends. For example, in the Heck reaction
of aryl or vinyl triflates with substituted alkenes there appears
to be an electronic influence on the reaction course, namely, a
preference for the new C—C bond to be formed at the more
electron-rich of the two unsaturated centres. The reaction
mechanism indicated by DFT calculationsP! involves rotation
of an orthogonal alkene into the square plane followed by
C—C bond formation. Depending on the direction of rotation,
coupling will occur to either Ca or CB. The present
observations accord well with literature experimental results
if a least-motion pathway is considered, and alkene rotation
occurs towards the Pd—electrophile bond. This is especially
true when cationic intermediates (normally the case with
triflate electrophiles) are employed; the new C—C bond is
formed at the alkene terminus that carries the more electron-
releasing substituents. In all cases considered here the out-
come is the same. An electron-releasing substituent on an
alkene shifts away from the coordination plane, whilst an
electron-withdrawing substituent shifts towards the coordina-
tion plane. The first case had previously been recognised and
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Rhodium-Alkene Complexes

4587-4596

2.22 T T T
C-Mbond 22 [ p 7-endo m ’
length
2.18 | -1
216 F o 7-exo + Zox0 ®
R 2.14 | + * ®9 .
|\ ’ 212 | -
_~-M—0
HCB ‘ N—Me °g
o) ' 2.1 °8 .
.- L] 9
Me 208 1 1 1
150 155 160 165 170
C-M-X angle

Scheme 5. C-M-X angles [°] versus C—M bond lengths [A] for X-ray structures of complexes 7, 8 and 9. Closed
symbols represent angle a, open symbols represent angle § and crosses represent either angle of a coordinated

ethene.

exemplified, but the second had not. Hence, a more complete
picture of geometry variation in coordinated alkenes and the
underlying causes is now on hand. In conclusion, a note of
caution is warranted. The energy of displacement of a
coordinated alkene along either path A or path B (Figure 1)
is small, and for many of the structures cited may be of the
same order as crystal packing forces.['?]

Experimental Section

Crystallographic data: Crystal data are given in Table 7, together with
refinement details. Data for all four crystals were collected with Mo,

Table 7. Crystal data and structure refinement details for compounds 5, 6, 7 and 8.

radiation with the MARresearch Im-
age Plate System. The crystals were
positioned at 75 mm from the image
plate. 95 frames were measured at 2°
intervals with a counting time of
2 mins. Data analysis was carried out
with the XDS program.®3 All struc-
tures were solved using direct methods
with the SHELXS-86 program.* All
non-hydrogen atoms were refined
with anisotropic thermal parameters.
The hydrogen atoms were included in
geometric positions apart from those
on the ethene carbon atoms, which
were allowed to refine independently.
All four structures were then refined
on F? using SHELXL-93.1%] Crystallo-
graphic data (excluding structure fac-
tors) for the structures reported in this
paper have been deposited with the
Cambridge Crystallographic Data
Centre as supplementary publication

no. CCDC-145506-144509. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB21EZ, UK
(fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk). Calculations
were carried out on a Silicon Graphics R4000 Workstation at the University
of Reading.

Preparation and characterisation of rhodium complexes: [(acac)Rh-
(CH,),] was prepared as previously published by the reaction of
potassium acetylacetonate with [Rh(C,H,),Cl],. Replacement of ethene by
other alkenes was carried out by the procedure outlined below: The alkene
(0.1 mL) was added to a solution of [(acac)Rh(C,H,),] (0.1 g, 0.39 mmol.)
in diethyl ether (1 mL), whereupon gas evolution was observed. The
reaction mixture was stirred for 10 min before evaporation to dryness
under reduced pressure. Petroleum ether (30-40%, 5-10 mL) was added
to the residue at —78°C, and the product was obtained as a yellow solid,

5 6 7 8
formula [Rh(acac)(C,H,),] [Rh(acac)(CH,CHPh),] [Rh(acac)(CH,CHCO,CH,),] [Rh(acac)(C,H,)(CH,CHSO;Ph)]
empirical formula CyH;50,Rh C,H;;0O,Rh C5sH;,0O4Rh C,sH,,0OsRhS
M, 258.12 410.30 374.19 414.27
T [K] 293(2) 293(2) 293(2) 293(2)
1 [A] 0.71073 0.71073 0.71073 0.71073
crystal system orthorhombic monoclinic monoclinic monoclinic
space group Pnma P2/c P2,/n P2,/n
V4 4 4 4 4
a[A] 7.775(9) 8.429(7) 10.960(11) 8.882(9)
b [A] 14.506(12) 35.45(3) 9.362(9) 9.615(10)
c[A] 9.232(9) 13.507(7) 16.015(14) 19.38(2)
BI°] 90 95.23(1) 91.22(1) 92.68(1)
V [A3] 1041 4019 1643 1653
Pearea [Mgm=] 1.653 1.356 1.513 1.646
« [mm™] 0.858 1.601 1.058 1.173
F(000) 524 1680 760 832
crystal size [mm] 0.15 % 0.20 x 0.25 0.25x0.25 x 0.15 0.25 x 0.30 x 0.30 0.25 x 0.30 x 0.30
0 range [°] 2.81-24.98 2.68-25.02 2.52-25.28 2.37-25.84
index ranges 0<h<9 0<h<9 0<h<12 0<h<10
—-17<k<17 —41<k<41 -9<k<10 -10<k<11
-9<I<10 —-10<1<10 —-18<1<18 —-23<1<23
reflections collected 2959 5191 4862 4765
independent reflections [R(int)] 913 [0.0301] 3140 [0.0821] 2696 [0.0879] 2842 [0.0235]
data/restraints/parameters 913/4/76 3133/16/475 2696/6/201 2842/7/223
GOOF on F? 0.851 0.779 1.090 1.075
R1 [I>20(1)] 0.0486 0.0863 0.1139 0.0407
wR2 [I>20(I)] 0.1307 0.2314 0.2729 0.1150
R1 (all data) 0.0519 0.1623 0.1602 0.0448
wR2 (all data) 0.1370 0.3054 0.3025 0.1208
largest diff. peak/hole [e A3 1.076/ — 1.958 0.557/ —0.628 0.878/ —1.525 1.370/ - 1.311
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which was filtered off and washed with cold solvent. In all cases the NMR
spectra were fluxional at room temperature, with complex 'H spectra at
lower temperatures, presumably due to a mixture of interchanging
rotamers or diastereomers.

Bis(n*-methylpropenoate) complex 6: Yield 113 mg, 78 %; IR (Kbr): 7=
1725 (s), 1715 cm™" (s); for 3C NMR spectra see Table 8.

Bis(phenylethene) complex 7: Yield: 103 mg, 65%. elemental analysis
caled (%) for C, Hy;O,Rh: C 61.45, H 5.65; found: C 61.4, H 5.4 %; for
13C NMR spectra see Table 8.

Ethene(phenysulfonyloxyethene) complex 8: Yield 80%; for “C NMR
spectra see Table 8.

Table 8. C NMR spectra of rhodium alkene complexes 5, 6, 7 and 8.1%

CH, CHY CH; CH CO  Others
5Pl 59.6 (12) - 273 99.1 1864 -
6l 493(14) 70.1(12) 26.6 985 1855 131.1-122.3, Ph

535(12) 726 (12) 27.1 987 185.6 140.4,140.7,140.8, C-1
53.7(12) 735(12) 273 989 1857

56.1(12) 73.9 (12) 1858

56.1(12) 75.4 (10)

57.5 (14)

74 598 (12) 58.6(14) 271 99.1 186.1 518,519,523, OMe
612 (12) 613 (14) 272 992 1863 172.6,172.7, 173.1, CO,Me
61.6 (12) 61.6 (14) 186.4
642 (12) 62.5 (14)

8l 522(25) 61.6(25) 27.0 992 1861 149.6, C-1
68.1 (13) 274 187.0 122.0,127.0, 129.7, Ph
69.1 (13)

[a] Chemical shifts are given in ppm relative to TMS, recorded at
125.7 MHz in CDCl;. J(Rh—C) coupling [Hz] given in parentheses. [b] At
273 K. [c] At 233 K. [d] At 253 K. [e] At 243 K.
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