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Summary

The structure of [ Rh(n-CsMes)H(PPh;),]PF¢ has been determined by 'H NMR
studies and a single-crystal X-ray analysis. The compound crystallises in the
orthrhombic space group P2,2,2, with lattice constants ¢ 12.926(3), b 15.216-
(3) and ¢ = 20.957(4) A, with Z = 4. The structure was determined using diffrac-
tometer data and by least-squares techniques to R = 0.0887 based .on 2805 inde-
pendent reflections with F, > 406(F,). The geometry about the metal atom may
be inferred to be a ““piano-stool’” arrangement with the CsMes ring representing
the seat and the PPhj; and H ligands the legs, although the hydrogen atom was
not directly located in the crystallographic analysis. The observed distortions in
the CsMe; ring may be attributed to the large trans-influence of the hydrido

ligand.

Introduction

Much of our current understanding of the trans-effect and trans-influence [1]
in simple transition metal coordination compounds has arisen from research
initiated by Professor Chatt and his coworkers [2] in the ICI laboratories in
the 1950’s. The observation that ligands such as CO, C,H, and PR, exhibited a
high trans-effect and also had the potential to act as w-acid ligands when coordi-
nated to electron rich transition metals led to a general theory of the trans-

* Dedicated to Professor Joseph Chatt on the occasion of his 65th birthday.
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effect based on a m-bonding model [3]. The synthesis of stable alkyl and hydrido
complexes of the platinum metals in the ICI laboratories permitted their inves-
tigation by a wide range of spectroscopic and structural techniques [4—6] and
resulted in the recognition that such ligands not only exhibited high trans-effects
{71 but also gave rise to a considerable lengthening of the {rans-metal—ligand
bond. The study of these frans-influences using NMR and structural techniques
has continued to attract the interest of chemists to this date, although there is
still some controversy as to the electronic forces responsible for the trans-
influence and its relationship to the trans-effect [8,9].

The structural implications of having ligands of high trans-influence on a
polyene also coordinated to the same metal have not been investigated in a
systematic fashion, however. Early structural studies by Dahl, Mason and their
coworkers [10,11] gave some indication that if the axial symmetry of a metal—
ligand fragment were removed, for example by a substitution such as that illus-
trated in I and II then distortions in the metal polyene unit resulted.
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The variation in C—C distances in such complexes was consistent with an
“ene-enyl” localisation as indicated in III, and was attributed to unequal popu-
lations of the C:H; e, molecular orbitals. However, there was no attempt to
evaluate the influence of the electronic characteristics of the ligand X on the
observed distortion. In this context it is perhaps worth noting that an alternative
type of distortion has been reported for cyclopentadienyl complexes of the
type M(CsR5)(L), and is illustrated in IV [12].
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The structural analysis reported in this paper of [ Rh(n-CsMe;)H(PPh3),]1 PF,,
is the first In a series of such studies aimed at elucidating the structural distor-
tions arising from the coordination of ligands of hlgh trans-influence to cyclo-
pentadienylmetal fragments.

Experimental

Unless otherwise siated the reactions were performed under anaerobic condi-
tions and the solvents were purified and distilled under nitrogen before use.
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Infrared spectra were recorded on a Perkin—Elmer 577 spectrophotometer.
Elemental analyses were performed by Butterworth Microanalytical Labora-
tories. The proton magnetic resonance spectra were recorded on a Varian HA100
and Bruker HX90 spectrometers.

[Rh(n-CsMes)Cl,], was prepared by standard literature methods [13] and
converted into Rh(n-CsMes)(NO;),(PPh;). The details of the preparation of
Rh(n-CsMe;s)(NOs)»(PPh;) and single crystal structural analysis of this compound
will be given in a subsequent publication [14].

Hydrido(triphenylphosphine )(n-pentamethylcyclopentadienyl)rhodium(III)
hexafluorophosphate

Triphenylphosphine (0.38 g, 1.48 mmol) was added to a suspension of
Rh(n-CsMes)(NO;),(PPh;) (0.46 g, 0.74 mmol) in methanol (30 cm?®) and air
was slowly bubbled through the mixture at 55°C for 0.5 h. The mixture was
cooled to room temperature and filtered. Concentration of the filtrate to
15 c¢m? and addition of NH,PF, (0.30 g, 1.8 mmol) gave yellow crystals of
[RhH(7-CsMes)(PPhs).]PF¢ (0.32 g, 48%). The sample was recrystallised from
acetone/ether to give an analytically pure sample, m.p. 192—194°C (dec.).
(Found: C, 59.0; H, 4.9; P, 10.2, RhCscH4cP5F¢ caled.: C, 60.8; H, 5.1; P, 10.2%)
A (1073 solution in nitrobenzene) 22.8 ohm~! cm? mol~!, which is consistent
with its formulation as a 1/1 electrolyte.

Hydridobis(triphenylphosphine)(n-pentamethylcyclopentadieny!)rhodium(III)
tetraphenylborate

This compound was prepared similarly using NaBPh, instead of NHPF, in
51% yield, m.p. 158—159°C (dec.). (Found: C, 78.1; H, 6.0. RhC;oH¢(BP,
caled.: C, 77.7; H, 6.1%). A,, (~1073 solution in nitrobenzene) 20.2 ohm™'
mol~1.

s

cm-

Hydridobis(triphenylphosphine )(n-pentamethylcyclopentadienyl)rhodium(IIT)
perchlorate

- Triphenylphosphine (0.92 g, 3.51 mmol) was added to a solution of Rh(7n-
CsMe;s)(C,Hy), (0.51 g, 1.73 mmol) in dry benzene (25 cm?®) and the mixture
was stirred at 60°C for 1 h. HCIO, (0.35 g, 3.5 mmol) in methanol (25 cm?) was
added to the reaction mixture with stirring. Addition of ether to the yellow
solution gave crystals of [Rh(n-CsMes)H(PPh3),]ClO4 (1.22 g, 82%). (Found C,
62.8; H, 5.1. RhC4¢H4,ClO4P, caled.: C, 64.0; H, 5.3%).

The spectroscopic data for the complexes [ Rh(n-CsMes;)H(PPh3).]1X, where
X = PFg, ClO4and BPh,, are summarised in Table 1. Preliminary examination
of the crystals from the above reactions suggested that the PFg salt would be
most suitable for a three dimensicnal single crystal analysis.

Collection and reduction of diffraction_ data

[Rh{(n-CsMe;s)(H)(PPh;),] PF¢ was recrystallised from CHCIl;/petroleum
(40—60°C) as yellow transparent irregular blocks. A single crystal with overall
dimensions 0.40 X 0.30 X 0.30 mm was selected for the crystallographic analysis
and mounted on the end of a fine glass fibre. Preliminary oscillation and
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TABLE 2
SUMMARY OF CRYSTAL DATA FOR [Rh(7-CsMe s)(H)(PPh3),1PF g

F.W. 908
a12.926(3) A .
b 15.216(3) A a=g=7=90°

€20.957(4) A

Volume 4122 A3

Systematic absences h00 for h odd; 0k0 for k odd; 00! fox! odd
Space group P2;2,2,

Z=4

d(calcd.) 1.468g ecm™3

d(found) 1.45(2) g cm~3 (by flotation)
F(000) 1860

A(Mo-Kg) 0.7107 A

2805 symmetry independent reflecticns 1.5 < 20 < 28°
Crystal dimensions 0.40 X 0.30 X 0.30 mm

Weissenberg photographs taken with Cu-K, (A 1.51418 A) radiation showed
the complex to crystallise in the orthorhombic system in a cell of dimensions,
212.93 &, b 15.22 & and ¢ 20.96 A. The observed systematic absences were
consistent with the space group P2,2,2, (D3-19) [15], and the measured and
calculated densities suggested that Z = 4.

After these preliminary analyses the crystal was carefully set on a Nonius
CAD 4 automatic diffractometer and the setting angles of 15 strong reflections
were used to determine the unit cell parameters accurately. These together with
the other relevant crystallographic data are summarised in Table 2. All the
reflections used in the crystallographic analysis were given a fast prescan and
those with a net count greater than 5 in the prescan were subjected to a slow
scan to yield a total count of 3000, but with the maximum time for measuring
any reflection set at 60 s. The slow scan was made over the range of 0.70 + 0.30
tan @ in 96 steps, the first and last 16 being considered as left and right back-
grounds, respectively, and the intermediate 64 steps as the peak. The aperture
width was determined from the expression 4.00 + 0.30 tan ¢ mm.

The net intensity and its estimated standard deviation were calculated from
the equations:

Ions = [ — 2(By + BR)]S

(_T(Iobs) = [c + 4(By, + Bg)1V*S

where C is the peak count, B;, and By are the two background counts and S is
the scale factor which includes the Lorentz and polarization effects and a cor-
rection for the time taken to measure a reflection.

The intensity data was collected in the range 1.5 < § < 28° with two intensity
control reflections being measured every 50 reflections. The crystals showed no
indications of decomposition during data collection. A total of 4392 reflections
were measured 2805 of which satisfied the condition | Fy| = 40(l Fol) and were
symmetry independent. - )

The structure was solved and refined using conventional Patterson, Fourier

and least squares methods. A computed three-dimensional Patterson map indi-
{Continued onp. 177)
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TABLE 5

SELECTED DISTANCES (A) AND ANGLES () FOR RhH(n-C5Me 5)(PPh3),PFg (Estlmatcd standard
deviations in parentheses).

Rh—C(1) ' 2.265(15) C(1)—C(2)—C(3) 106.3(1.4)
Rh—C(2) 2.254(16) C(2)—C(3)—C(4) 107.2(1.4)
Rh—C(3) 2.212(15) C(3)—C(4)—C(5) 106.9(1.6)
Rh—C(4) 2.246(18) C(4)—C(5)—C(1) 113.401.7)
Rh—C(5) 2.245(17) C(5)—C(1)—C(2) 106.3(1.5)
Rh--C(11) 3.407(16) P(3)—F(1) 1.539(20)
Rh--C(21) 3.445(16) P(3)—F(2) 1.527(20)
Rh--C(31) 3.391(16) P(3)—F(3) 1.569(20)
Rh---C(41) 3.523(17) P(3)—F(4) 1.528(20)
Rh--C(51) 3.457(16) P(3)—F(5) 1.486(20)
C(1)—C(2) 1.429(26) F(1)—P(3)—F(2) 95.11(1.2)
C(2)—C(3) . 1.451(24) F(1)—P(3)—F(4) 89.72(1.2)
c@)—Cc(a) 1.477(26) F()—P(3)—F(5) 89.66(1.2)
C(4)—C(5) 1.314(25) - F(1)—P(3)—F(6) 91.57(1.2)
C(1)—C(5) 1.426(27) F(2)—P(3)—F(6) 87.70(1.2)
C(1y—~C(11) 1.488(28) F(3)—P(3)—F(6) 87.57(1.2)
C(2)—C(21) 1.496(26) F(4)—P(3)~F(6) 92.79(1.2)
C(3)—C(31) 1.506(26) F(L)—P(3)—F(3) 83.79(1.2)
Grtab  aman  roTes medd
C(3)—C(51) 1.510¢26) F(4)—P(3)—F(5) 86.45(1.2)
Rh—P(1) 2.309(4) F(3)—P(3)—F(4) 91.39(1.2)
Rh—P(2) : 2.306(5)

cated the Rh—Rh vectors between symmetry related atoms. A difference
Fourier synthesis based on the parameters of the Rh atom revealed the two
phosphorus atoms coordinated to the metal. Two cycles of full matrix least
squares refinement on these positions gave a discrepancy index, R, of 0.31 and
located most of the remaining non-hydrogen atoms including the disordered
PF,~ ion. A further four cycles of refinement on all these positions with the
phenyl rings constrained to be regular hexagons (C—C distance 1.395 A) and
treated as rigid groups reduced R to 0.15. At this stage, anisotropic temperature
factors were introduced to the Rh, P and F atoms which further reduced R to
0.11. In the final refinement, the hydrogen atoms belonging to the PPh; groups
were allowed to ride on the parent carbon atoms in the calculated positions
(C—H fixed at 1.08 &) and anisotropic temperature factors were assigned to all
the carbon atoms. The model chosen for the disordered F group was one in
which the six anisotropic atoms occupied the most populated octahedral sites.
The weighting scheme used was w = 1/(¢2F, + 0.00070 F,*) and gave a satis-
factory analysis of variance with parity groups, sin 8 and (Fyl Frmax)''?. The
refinement finally converged to R; = 0.0887 and R, = 0.0924 where R; and R,
are as defined in the usual fashion. The final non-hydrogen atomic fractional
coordinates are listed in Table 3, and their anisotropic vibrational amplitudes in
Table 4. Intramolecular interatomic d1stances and interbond angles are tabulated

in Table 5 *.

* Lists of observed and calculated structure factors are available from the authors on request.
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All calculations were performed on the Queen Mary College ICL1904S and
University of London CDC 7600 computers with the programs SHELX-76
[16] (structure determination and refinement) and PLUTO [17] (diagrams).
Neutral atom scattering factors were taken from refeérence 18 (H) and 19
(others) with those of the heavier elements being modified for anomalous dis-
persion taking the Af" and Af” values from ref. 20.

Description of the structure

The structure of [ RhH(n-CsMes)(PPh,;),]1PF consists of discrete anions and
cations with the geometry of the cation being a distorted pseudo-octahedron.
The labelling scheme used in the following discussion is indicated on the illus-
tration of the molecular siructure of the cation shown in Fig. 1.

Despite the partial disorder, the refined PF¢™ anion has nearly octahedral
symmetry. Considering the problem of disorder and the asymmetric environ-
ment of the anion, the distortions from idealised octahedral symmetry are not
significant. The cis-F—P—F angles range between 84 and 95° (see Table 5) sug-
gesting that the model chosen for the anion is acceptable. The shortest inter-
molecular contacts involving fluorine atoms are with the phenyl hydrogen atoms
with a minimum distance of 2.47 &

Not surprisingly, the small hydrido ligand in close proximity to the rhodium
atom was not directly detected by the X-ray crystal analysis. Its presence has
nonetheless been demonstrated by the spectroscopic data summarised in Table
1. Its presence is also suggested by the angle subtended by the P(1)—Rh—P(2)
with the C; ring plane (ca. 79°, see Table 6). Therefore it can reasonably be
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Fig. 1. Molecular structure of [RhH(n-CsMe)(PPh3),1".
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TABLE 6
SELECTED LEAST-SQUARES PLANES IN [RhH(1-C5Mes)(PPh3),1PFg

Equations are of the form px + qy + rz =s. g (A) is the root mean square standard deviation; atomic
deviations (A) are in square brackets,

Plane 1 (through atoms Rh, P(1), P(2))

p q r s
7.9561 9.5020 —10.0763 —2.1618

Plane 2 (through atoms C(1), C(2), C(3), C(4) and C(5H))
b . q r s (4]
~1.6595 12.7273 11.1660 1.6963 0.0049
[C(1), 0.0054; C(2), —0.0069; C(3), 0.0059; C{4), —0.0027; C(5). —0.0017; C(11), —0.1384: C(21),
—0.2684; C(31), —0.2344: C(41), —0.3315: C(51), —0.2785: Rh, 1.8903]
Plane 3 (through atoms C(11), C(21), C(31), C(41) and C(51)»)
) 4 q r s g
1.4357 12.8903 10.8893 1.2941 0.0440

[C(l), 0.2281; C(2), 0.220; C(3), 0.2699; C(4), 0.2754; C(5), 0.2520; C(11), 0.0513: C(21), —0.0615:
C(31), 0.0495: C(41), —0.0170: C(51), —0.0224: Rh, 2.1397] .

Angles between normals to planes

Plane 1 and Plane 2 79.21°
Plane 1 and Plane 3 77.83°
Plane 2 and Plane 3 1.39°

implied that the hydrido ligand, together with the two phosphine ligands repre-
sent the three legs of the piano-stool geometry. The isoelectronic complex
[RuH(PPh3);(n-C¢HsPPh)]BF 4 has a closely related geometry [21].

The C; ring of the cation is planar but not coplanar with the carbon atoms
of the Me; ring. It is clear from Table 6 that the Me groups are bent away from
the rhodium atom to a very significant extent; the ring defined by the methyl
carbon atoms is ca. 0.25 A further from the rhodium atom than the C; ring.
The extent of bending back in this complex is substantially greater than in
Rh(n-CsMes)(dba) * where the Mes—Cs ring separation is reported [24] te be
ca. 0.10 A. It seems possible that this departure from the idealised planar
geometry of the n-CsMes ligand is due to steric effects introduced by the pres-
ence of the two triphenylphosphine ligands.

Discussion

The trans-influence of the ligands L and X in complexes of the type
.M(n-C5R;)L,X can have two distinct geometric manifestations. Firstly the com-
bined trans-influence of the ligands L and X is likely to be reflected in the
distance of the metal atom from the plane of the C; ring and secondly the dif-
ference in the trans-influences of the ligands L and X could be reflected in an
asymmetry of the CsRs—M distance parameters.

* dba = dibenzylideneacetone
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The distance of the rhodium atom from the centre of the C; ring in
[Rh(n-CsMes)H(PPha),] PF, of 1.890 A is significantly longer than that observed
in the following related complexes: [Rh(n-CsMes)Cl.]. (1.756 &) [22];
[Rh(n-CsMes)Br,], (1.769 &) [22]; {Rh(n-CsMes)Cl, },HCL (1.777 &) [23];
Rh(n-CsMes)(NO,), (1.745 &) [14] and Rh(n-CsMes)(NO3),(PPhs) (1.815 &)
[14] and approximately the same as that reported for Rh(n-CsMes)(dba)

(1.899 &) [24]. In this series of complexes the Rh—CsMe; distance appears to
reflect the combined trans-influence of the non-cyclopentadienyl ligands, with
ligands of high trans-influence as H- and PPh; causing a lengthening of this
distance compared with ligands of low trans-influence such as C1~ and NO;™.
Such an effect is consistent with either an electrostatic or covalent view of the
metal cyclopentadienyl bonding, since the combined inductive effects of the
tertiary phosphine and hydrido ligands will serve to increase the electron density
on the rhodium atom.

The C—C distances in the cyclopentadienyl ring (see Table 5) of [ Rh(n-CsMes)-
H(PPh,),]PF¢ show a variation which is consistent with a degree of localization
in carbon—carbon bonding, which can be represented approximately by the
“ene-enyl”” form illustrated in II. A similar localization has been reported for
[Rh,(n-CsMes)z(acac);] (BF 4),, where the cyclopentadienyl rings are frans to
two oxygen atoms and a carbon atom of the bridging acetylacetonate ligands
[25]1. The short C—C bond of the cyclopentadienyl ligand lies trans to the car-
bon atom of acetyacetonzate ligand which has a high frans-influence. '

In an ML,X fragment the d,, and d,, components of the e frontier orbital set
illustrated below [26] are no longer degenerate and interact in different fashion

-]

) (X)

with the components of the cyclopentadienyl e, orbitals illustrated in VI and

A VIIL
v ®
G

(M1

(Y1)

" Extended Hiickel molecular orbital calculations, details of which are given
in the Appendix; on the ions [ Rh(n-CsHs)HL,]* (where L = NH; or PHj;), sug-
gest that the asymmetry resulting from this loss of symmetry depends on the
conformation of the [M(n-CsHs)HL.]" ion with an “ene-enyl’-localization
resulting from conformation illustrated in VIII and a “‘diene”’ localization
resulting from conformation illustrated in IX. The degree of localization sug-
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gested by the calculated overlap populations is greater for the amine than the
phosphine complex reflecting the greater difference in trans-influence between
H~ and NH;. The calculated localization effects are considerably smaller than
those reported previously [27] for the complexes [L,PtB;;H;,]%>". The calcu- -
lated overlap populations and charges are given in VIII and IX. It is noteworthy

Overiap popuiations Calculated charges
1.021 0.018 —o0081
1.065 1.018
0.092
Rh __—Rh
HaN // T H3N Ty
(MT17)
1.044 - 0.24 007
0.o0s83 1.030
-013
Rh Rh
—_—
NH4 NH3
(x)

that the calculated charges reflect in a precise fashion the nodal characteristics
of the cyclopentadienyl e, orbitals illustrated in VI and VII.

Appendix

All calculations were performed on the ICL 1906 A computer at Oxford
using the extended Hiickel (ICON 8) programs developed by Prof. R. Hoffmann
and his coworkers at Cornell University [28]. The following geometric param-
eters were used in the calculations: Rh—P 2.308 &; Rh—N 2.150 &; P—H
1.200 &; N—H 1.012 &; Rh—C 2.2522 &; C—H 1.09 A; Rh—H 1.70 A.

Tetrahedral angles about the nitrogen and phosphorus atoms were assumed.
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The electronic parameters used in the calculation are summarised below:

Orbital Exponent Hj; (eV)
Rh 5s 2,135 —8.00
Rh 5p 2.100 —4.50
P 3s . 1.600 ~—18.60
P 3p 1.600 —14.00
N 2s 1.95 —26.00
N 2p 1.95 —13.40
C2s 1.625 —21.40
C2p 1.625 —11.40
H1s 1.360 ~—13.60
Orbital Exp. 1 Coeff. 1 Exp. 2 Coeff. 2 Hj; (eV)
Rh 1d 4.290 0.5807 1.970 0.5685 —12.50
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