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Abstract

The preparation of the acetone solvate of the title complex (methyl 2-(cyclohexylamino)-
1-cyclopentene-1-dithiocarboxylato)-xN, xS)carbonyltriphenyl-phosphinerhodium(l), is
described. The X-ray structure of the complex, [Rh(cacsm)(CO)(PPhs)]. CH;COCH; was
determined and a final R-value of 4.52% resulted from refinement of 5059 observed
reflections. The [Rh(cacsm)(CO)(PX3)] complexes (1), with X = phenyl (Ph), para-
chlorophenyl (p-CI-Ph), para-methoxyphenyl (p-MeO-Ph) and cyclohexyl (Cy), undergo
oxidative addition by iodomethane, forming the RAh(lll)-alkyl species (2) via an
equilibrium step, followed by the formation of the Rh(lll)-acyl species (3) according to

the reaction:

| ki, Ki m k2 m
Rh(CO) + CHl ——— Rh(CO)(CH;)() —— Rh"(COCH;)(l)
(1) k1 (2) (3)
() (1)
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The rate for the oxidative addition reaction increases by one order of magnitude for P(p-
MeO-Ph)s; compared with P(p-CI-Ph)s, while the formation rate of the RAh(lll)-acyl
species was found to be relatively independent of the higher nucleophilic character of
the metal center caused by the increased o-donating ability of P(p-MeO-Ph)s. Rate and
equilibrium constants at 25 °C in chloroform, and activation parameters for X = (p-MeO-
Ph) are as follows: k; = (1.1740.04) x107 L mol" s'; k, = (1.240.3)x107° s
ko=(2.940.1) x10° s, Ky =(12+2) L mol" |, AH"(k1)=(38%7) kJ mol’, AS*(k;)=(-172426) J
K" mol’. A one order of magnitude decrease in the oxidative addition equilibrium
constant, K;, was observed in ethyl acetate as solvent compared with acetone and

chloroform.
Keywords Oxidative addition; Rhodium; crystal structure; kinetics.

1. Introduction
The application of rhodium in catalysis is widespread, ranging amongst others from the

il Bl

production of acetic acid™ to hydrogenation,” and new catalysts, as well as catalyst
precursors, are constantly required. The [Rh(BID)(CO)(PPh3z)] complexes (BID =
monocharged bidentate ligand) can be activated towards iodomethane oxidative
addition by the introduction of the methyl ester of 2-(methylamino)-1-cyclopentene-1-
dithiocarboxylic acid (macsm) as N,S chelate.EIEI Further variation of electron density
was accomplished on the metal center by introduction of different substituents on the
aminocyclopentene-dithiocarboxylato backbone and resulted in an even greater
enhancement of the oxidative addition rate in the case when 2-(cyclohexylamino)-1-
cyclopentene 1-dithiol (macshH)EI was used as the N,S-bidentate ligand. This study
confirmed the general two-step mechanism presented in Scheme 1, in which an
equilibrium between the Rh(l) and the Rh(lll)-alkyl species exists, followed by the

formation of the Rh(lll)-acyl species as the final product.
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I CHs

N N\ /
( ™ R(CO)PXs) + CHl ki, Ki ( ™ Rh"(CO)(PXs)
s~ K s

1) (2) Alkyl
(I) Oxidative Addition

ko || k2 (M) Migratory Insertion

COCH3
N\ | |1]
(S/ Rh"(PXa)(1)

(3) Acyl

Scheme 1

This paper describes the manipulation of the electron density on the central metal
atom of [Rh(N,S-BID)(CO)(PX3)] complexes by introduction of different monodentate
phosphine ligands PX; {where X = phenyl (Ph), para-chlorophenyl (p-CI-Ph), para-
methoxyphenyl (p-MeO-Ph) and cyclohexyl (Cy)} and introducing the methyl 2-
(cyclohexylamino)-1-cyclopentene 1-dithiocarboxylato ligand (cacsm) wherein the
nitrogen atom on the bidentate ligand is functionalised by a cyclohexyl group. The
introduction of the bulky Cy-substituent improved the long-term stability of the [Rh(N,S-
BID)(CO)(PX3)] complex, and enabled the evaluation of the thermodynamic stability of
the intermediate alkyl complex (Scheme 1). The solvent effect on the above reaction

was also investigated and the crystal structure of the title complex was determined.

2. Experimental

2.1. General

All the chemicals used were of reagent grade and all preparations and measurements
were carried out in air. Infrared spectra were recorded on a Hitachi 270-50 instrument
in KBr disks or in NaCl cells, and visible absorption spectra on Hitachi 150-20 and GBC-
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916-UV spectrophotometers. The methyl ester of 2-(cyclohexylamino)-1-cyclopentene-
2-dithiocarboxylic acid (cacsmH) was prepared as described earlier.EI 'H NMR spectra
were recorded on a Bruker 300 MHz spectrometer and were referenced relative to
solvent peaks. NMR data are reported for the cacsm ligand as indicated below. ¥p
NMR spectra were recorded in CDCl3 at 121.497 MHz relative to 85% H3;PO4.

2.2. Preparation of complexes

(Methyl 2-(cyclohexylamino)-1-cyclopentene-1-dithiocarboxylato-xN-xS)dicarbonyl rho-
dium(l), [Rh(cacsm)(CQO),]

CacsmH (0.040 g, 0.16 mmol) and anhydrous sodium acetate (0.035 g, 0.42 mmol)
were dissolved in ca. 1.5 mL DMF at 5 °C. To this solution was added [Rh,Cly(CO)4]
(0.030 g, 0.077 mmol) and the orange product was precipitated by the dropwise addition
of a minimum ice cold water. The solid product was filtered on a sintered glass funnel
and quickly re-dissolved in acetone (ca. 2 mL) for further synthetic use. Yield: 0.026 g
(>40%). IR (V(CO), cm™): (KBr): 2056(s), 1992(s).

[Rh(cacsm)(CO)(PPhs)] (1a)

To the above mentioned solution (ca. 2 mL) containing [Rh(cacsm)(CO),] was added
solid PPh; (0.042 g, 0.16 mmol) and the [Rh(cacsm)(CO)(PPh3)] complex precipitated
after scratching the bottom of the beaker with a small spatula. The complex was filtered
(yield: 0.034 g; 84%). Crystals suitable for X-ray structure determination (covered with a
thin layer of Canada balsam to avoid losing the solvent acetone) were obtained from
more dilute acetone solutions at 0 °C after 2-3 h. IR (v(CO), cm'1): (KBr): 1944¢(s).
(CHCI3,): 1994(s). 'HNMR (CeDs): 8(ppm) 1.22, 1.52, 1.79, 2.05, 2.71, 3.45: (6xm,
11xH, N-CgH11); 2.17: (s, 3xH, S-CHz3); 2.18: (t, 2xH, -CHa3)); 1.34: (m, 2xH, -CHzw4));
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2.77: (t, 2xH, -CHysy); 7.01: (m, 9xH, 2x(0-H-Ph)s + 1x(p-H-Ph)3); 7.92: (m, 6xH, 2x(m-
H-Ph)s). *'P NMR (CDCl3) 8(ppm): 47.4; 'J(P-Rh) 144.6 Hz.

[Rh(cacsm)(CO)(PX3)], (X = p-CI-Ph or p-MeO-Ph or Cy)

These complexes were prepared as described for the [Rh(cacsm)(CO)(PPhs)] complex
in the previous paragraph. IR (KBr, cm'1); v(CO); X = p-CI-Ph, 1962(s); X = p-MeO-Ph,
1956(s); X = Cy, 1929(s).

[Rh(cacsm)(CO)(P(p-CI-Ph)3)] (1b)

'H NMR (CgDs): 8(ppm) 1.25, 1.55, 1.81, 2.04, 2.65, 3.43 (6xm, 11xH, N-CgH11); 2.14:
(s, 3xH, S-CHj3); 2.16: (t, 2xH, -CHys)); 1.40: (m, 2xH, -CHz4)); 2.74: (t, 2xH, -CHys));
7.10 (6xH) and 7.54(6xH): (2xm, 12xH, 2x(m-H-Ph)s + 2x(0-H-Ph)s). *'P NMR (CDCl5)
8(ppm): 45.7; 'J(P-Rh) 147.1 Hz.

[Rh(cacsm)(CO)(P(p-MeO-Ph)s)] (1¢c)

"H NMR (Ce¢De): 8(ppm) 1.29, 1.55, 1.83, 2.11, 2.81: (5xm, 11xH, N-CeH11); 2.27: (s,
3xH, S-CHa3); 2.23: (t, 2xH, -CHyay); 1.37: (m, 2xH, -CHaa));, 2.82: (t, 2xH, -CHas));
6.72(6xH) and 7.94(6xH): (2xm, 12xH, 2x(m-H-Ph)s + 2x(0-H-Ph)s). *'P NMR (CDCls)
8(ppm): 41.5; 'J(P-Rh) 146.1 Hz.

[Rh(cacsm)(CO)(P(Cy)3)] (1d)

"H NMR (C¢De): 8(ppm), 1.40, 1.58, 1.83, 2.02, 2.44: (5xm, 11xH, N-CgH11); 2.66: (s,
3xH, S-CHa); 2.14: (t, 2xH, -CHz)); 1.29: (m, 2xH, -CHzw)); 2.78: (t, 2xH, -CHys)); 1.20,
1.72,2.15, 2.70: (4xwp, 33H, 3x(CgH11)).

lodomethyl(methyl 2-(cyclohexylamino)-1-cyclopentene-1-dithiocarboxyla-to-kN-xS)car-
bonyl(tri-X-phosphine)rhodium(lll). [Rh(l)(cacsm)(CH3)(CO)-(PX3)] (2)

The intermediate alkyl complexes (2) (forming within seconds and converting to the
acetyl species (3) within minutes) were characterised in solution by 'H and *'P NMR,

and IR spectroscopy, as shown previously. Data for X=Ph (2a): IR (v(CO), cm'1):
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(CHCl3, cm™): 2050. "H NMR (CgDe): 8(ppm) 1.20, 1.51, 1.71, 2.00, 2.70, 3.44: (6xm,
11xH, N-CgHq1); 1.10 (t, 3xH, Rh-CHs, {*J(RhCH)~*J(PRhCH)~2Hz}) 2.06: (s, 3xH, S-
CHs); 2.09: (t, 2xH, -CHz()); 1.30: (m, 2xH, -CHyay); 2.73: (t, 2xH, -CHys)); 7.3-7.9: (m,
15xH, -Phs). *'P NMR (CDCls) 8(ppm): 29.3; 'J(P-Rh) 128 Hz. X=p-CI-Ph (2b): *'P NMR
(CDCls) 8(ppm): 27.5; 'J(P-Rh) 127 Hz. X= p-MeO-Ph (2¢): *'P NMR (CDCls) §(ppm):
41.5; "J(P-Rh) 146.1 Hz.

Acetyliodo(methyl 2-(cyclohexylamino)-1-cyclopentene-1-dithiocarboxylato-xN-xS)(tri-X-
phosphine)rhodium(Ill). [Rh(l)(cacsm)(COCHs)(PX3)] (X = Ph, p-CI-Ph or p-MeO-Ph or
Cy)

The acetyl complexes (3) are the final products in Scheme 1 and complexes of this type
i

have been characterised by X-ray crystallography and other methods.™ To a saturated
benzene solution of [Rh(cacsm)(CO)(PPh3)] (2 mL) was added 3 drops of iodomethane.
After 20 min, the solution was cooled to 2 °C and slow evaporation of the solvent
overnight yielded red, excessively twinned crystals (0.020 g, yield >70%).

Data for X=Ph (3a): IR (\(CO), cm™): (CHCls): 1714; (KBr): 1712. "H NMR (C¢De):
8(ppm) 1.24, 1.58, 1.73, 1.98, 2.71, 3.45: (6xm, 11xH, N-CgH11); 2.10: (s, 3xH, S-CHa);
2.12: (t, 2xH, -CHya)); 1.30: (m, 2xH, -CHaa)); 2.72: (t, 2xH, -CHys); 2.15: (s, 3xH,
COCH3); 7.2-7.8: (m, 15xH, 3xPh). *'P NMR (CDCls) §(ppm): 27.3; 'J(P-Rh) 121 Hz.

Data for X= p-Cl-Ph (3b): IR (V(CO), cm™): (CHCI3): 1713. *'P NMR (CDCls)
8(ppm): 26.5; "J(P-Rh) 120 Hz. X= p-MeO-Ph (3¢): IR (V(CO), cm™): (CHCls): 1714. *'P
NMR (CDCls) 8(ppm): 41.5; "J(P-Rh) 146.1 Hz.

2.3. Kinetic Measurements

The two reaction steps shown in Scheme 1 could be monitored by UV/visible
measurements for all complexes, except for the [Rh(cacsm)(CO)(PCys)] complex, where
only one reaction was observed. More rapid first reactions (as in the case of
[Rh(cacsm)(CO)(PPhs3)] and [Rh(cacsm)(CO)(P(p-MeO-Ph);)]) were monitored on a
Durrum D110 stopped-flow instrument or, in the case of the slower reactions, on a GBC-
916 UV-visible spectrophotometer. Control kinetic experiments utilising IR (NaCl cells),

'H and *'P NMR spectroscopy were done for every complex to confirm the reaction
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progress as monitored by the UV-visible studies, and the rates obtained from the three
methods did not differ significantly. All temperatures are reported to 0.1 °C accuracy.
The observed first-order rate constants were calculated from absorbance vs. time data
for both the fast and slow reactions by means of the least-squares program
SCIENTIST.EI

[Rh] = 1.5-5x10* M. Variation of [Rh] by this factor of ca. four showed no influence on

All reactions were monitored under pseudo-first-order conditions with

the rate constants. Different selected kinetic runs under nitrogen atmosphere showed
no appreciable affect on the rates and reaction yields and the kinetics were
consequently studied under normal laboratory conditions. The kinetics of all the
complexes were investigated in chloroform (freshly distilled) and acetone as solvents
while the kinetics of [Rh(cacsm)(CO)(P(p-MeO-Ph)s)] was also studied in ethyl acetate.
Supplementary material of rate constants is available from the authors.

2.4. Structure determination

The three dimensional intensity data (MoK, radiation) were collected on a Syntex P-1
Diffractometer. All reflections were corrected for Lorentz and polarization effects, while
data reduction was performed by the PROFIT program.EI
the Patterson method (SHELXSSGEI) and successive Fourier syntheses (SHELXL97EI).

All the relevant structural detail and refinement parameters are given in Table 1. The

The structure was solved by

hydrogen atom positions were calculated using a ridi -H =
methylene C-H = 0.97 A; methyl C-H = 1.08 A],E—and—wefe—Feﬁﬁed—wi%h—aﬂ—eveFaH—
isotropic thermal parameter. Complete sets of structure factors, anisotropic thermal

parameters and hydrogen atomic coordinates are available as Supplementary Material.

Table 1  Crystallographic data for [Rh(cacsm)(CO)(PPh3)].CH3COCH; (1).

C35H41NS,0,PRh

Formula

Formula weight 705.7
Crystal system Triclinic
Space group Pl

alA 9.856(2)
b /A 11.008(2)
c/A 16.407(3)
ol 94.40(2)
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Table 1 (cont.) Crystallographic data for [Rh(cacsm)(CO)(PPh3)].CH3COCH; (1).

B 82.72(2)

yl° 103.39(3)

VIAS 1715.7(6)

V4 2

Poaic Mg m™ 1.366

Crystal dimensions /mm 0.40x0.25x0.15
F(000) 732
Diffractometer SYNTEX P-1
Radiation /graphite monochromated; A Mo Ke; 0.70173 A
u /mm’™” 0.697

Scan type 6-260

0 limits /° 1.9- 251
Octants collected +11;+13;+19
Number of data collected 6410

Number of unique data used 5059

Number of variables 389

Decay <1%

R, 0.045

wR," 0.106
Goodness of fit 1.166

Residual electron density /max/min/ 0.63/-0.64

a) —
Ry=X||Fol-|Fell/]Fol

® Ref 11, wR2={2[ng02-Fcz)z]/Z[w(Foz)z]}“; Weighting scheme: w=1/[c*(F,?)+ (0.44P)*+ 3.8P];
P=[2F ;2 + max(F,’,0)]/3

3. Results and Discussion

3.1. Structure

The atom numbering of the [Rh(cacsm)(CO)(PPh3)] molecule is given in Fig. 1 with the
most important bond lengths and angles reported in Table 2. The compound
crystallizes as approximately square planar [Rh(cacsm)(CO)(PPh3s)] complexes and
acetone solvent molecules. The acetone molecule is ordered but has high thermal
motion. It exhibits only weak van der Waals interactions of 2.6-2.8 A between the
acetone-oxygen (O2) and the outer PPhs-protons (H23 and H24), as well as 2.80 A

between the carbonyl-oxygen (O1) and one acetone-methyl proton (H511).
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Figure 1 Atom numbering scheme for [Rh(cacsm)(CO)(PPh3)]

Table 2

(30%

probability

ellipsoids), with hydrogen atoms omitted for clarity. First and second digits
denote ring number and atom in ring respectively.

Selected interatomic bond distances (A) and angles (°) with esd’s in
parentheses for [Rh(cacsm)(CO)(PPh3)].CH3COCH;.
Rh-C(1) 1.828(5) S(2)-C(7) 1.770(5)
Rh-N(1) 2.125(3) C(1)-0(1) 1.155(6)
Rh-P 2.2681(12) C(7)-C(6) 1.349(6)
Rh-S(1) 2.2917(14) C(6)-C(2) 1.434(6)
P-C(11) 1.836(5) C(6)-C(5) 1.518(6)
P-C(31) 1.832(5) C(3)-C(4) 1.502(7)
N(1)-C(2) 1.316(5) C(3)-C(2) 1.535(6)
N(1)-C(41) 1.495(5) C(4)-C(5) 1.455(8)
S(1)-C(7) 1.710(5) C(41)-C(46) 1.514(6)
S(2)-C(8) 1.772(7) C(41)-C(42) 1.525(6)
C(1)-Rh-N(1) 97.8(2) C(12)-C(11)-P 123.8(4)
C(1)-Rh-P 83.0(2) N(1)-C(41)-C(46) 113.6(4)
N(1)-Rh-P 178.5(1) N(1)-C(41)-C(42) 111.8(4)
C(1)-Rh-S(1) 167.5(2) C(46)-C(41)-C(42) 112.6(4)
N(1)-Rh-S(1) 93.5(1) O(1)-C(1)-Rh 171.6(5)
P-Rh-S(1) 85.55(5) C(6)-C(7)-S(1) 128.2(4)
C(21)-P-C(11) 99.6(2) C(6)-C(7)-S(2) 115.8(3)
C(21)-P-C(31) 105.8(2) S(1)-C(7)-S(2) 116.1(3)
C(11)-P-C(31) 104.0(2) C(7)-C(6)-C(2) 128.8(4)
C(21)-P-Rh 117.3(2) C(7)-C(6)-C(5) 121.3(4)
C(11)-P-Rh 119.7(2) C(2)-C(6)-C(5) 109.8(4)
C(31)-P-Rh 108.8(2) C(4)-C(3)-C(2) 105.9(4)
C(2)-N(1)-C(41) 114.3(4) N(1)-C(2)-C(6) 129.4(4)
C(2)-N(1)-Rh 126.7(3) N(1)-C(2)-C(3) 123.2(4)
C(41)-N(1)-Rh 118.8(3) C(6)-C(2)-C(3) 107.4(4)
C(7)-S(1)-Rh 111.7(2) C(5)-C(4)-C(3) 109.1(4)
C(8)-S(2)-C(7) 106.6(3) C(4)-C(5)-C(6) 106.5(4)
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Only one carbonyl ligand is substituted when reacting [Rh(cacsm)(CO),] with PPh3
to form the [Rh(cacsm)(CO)(PPhs)] complex, which is in agreement with what was found

in previous studies.D

Although it is expected that the carbonyl trans to the sulfur atom
should be substituted by PPhs in the [Rh(N,S-BID)(CO),] complex, the reactivity of the
Rh(l) center is such that the thermodynamically stable isomer will be favoured in
solution after a short time. The thermodynamically stable isomer in solution and that
characterised by X-ray crystallography was the one with the trans N-Rh-P orientation,
similar to that found in [Rh(macsm)(CO)(PPhg,)]D macsm = (methyl 2-(methylamino)-1-
b2k

cyclopentene-1-dithiocarboxylate). It is known that it is not necessarily always the
thermodynamically stable isomer that crystallises out since the crystallisation energy of
a specific isomer will determine the solid state structure, specifically in labile Rh(l)
systems.

The observed Rh-P bond length of 2.268(1) A obtained from this study is in
excellent agreement with the Rh-P bond distances of 2.258(2)-2.281(2) A found in
previous studies for the same type of [Rh(BID)(CO)(PPh3)] complexes. In these the
PPh3; was also frans to a coordinating nitrogen atom in six- and five-membered chelate
rings formed between the bidentate ligand and the Rh atomm
to the 2.269(1) A found in the [Rh(macsm)(CO)(PPhs)] complex.

It is interesting to note the significant increase in the Rh-N bond length of 2.125(3)

and is almost identical

A compared with those previously found where the nitrogen atom was also positioned
trans to PPhj in the related [Rh(BID)(CO)(PPh3)] complexes, i.e., 2.088(6), 2.092(7),
2.098(9) and 2.087(4) A for BID = 2—pico|inate,m N—o-tolylsalicylaldiminate,E 8-
hel Bl

hydroxyquinolinate™ and methyl 2-(methylamino)-1-cyclopentene 1-dithiocarboxylate
respectively. The steric interaction between the bulky cyclohexyl group on the nitrogen
atom and the carbonyl ligand causes the cacsm ligand to rotate away from the carbonyl
(yet still in the square planar plane) on the nitrogen side of the ligand and towards the
phosphine on the sulfur side, and forced the carbonyl upwards. This is illustrated by the
out of plane bending of the Rh-CO bond (S(1)-Rh-C(1) = 167.5(2)°). Further
manifestation of this fact comes from the shorter Rh-S bond distance of 2.292(1) A,
compared with the equivalent bond distance of 2.298(1) A in [Rh(macsm)(CO)(PPhs)].

This shift of the N,S-BID-ligand within the square plane is also observed in the

251



respective decrease and increase of the S-Rh-P and N-Rh-C(1) bond angles (85.6(1)
and 97.8(2)°) compared with the equivalent angles of 87.5(1) and 94.1(2)° in
[Rh(macsm)(CO)(PPh3)]. The net result of the large steric demand of the cyclohexyl
group (vs. the methyl in the macsm complex) is therefore that the complete N-S
bidentate backbone is "rotated" by ca. 2-3° in the plane, away from the Rh-CO bond
towards the direction of the Rh-P bond. This intramolecular steric repulsion is also
manifested in the subtle distortion in the PPhj ligand, as is clear from (i) the Rh-P-C(11)
and Rh-P-C(12) bond angles (119.7(2) and 117.3(2) °), compared to the Rh-P-C(13)
angle of 108.8(2) °, and (ii) the C(11)-P-C(12) (99.6(2) °, compared with the C(11)-P-
C(13) and C(12)-P-C(13) angles of 104.0(2) and 105.8(2) °, respectively. The dihedral
angle between the planes formed by the Rh-coordinated atoms and those forming the
chelate ring is 12.5(2)°, which is substantially larger than the ca. 3° observed in the

corresponding [Rh(macsm)(CO)(PPh3)] complex,E‘I

again indicative of intramolecular
strain as pointed out above.

The Rh-CO bond length of 1.828(5) A is comparable with the bond length of
1.836(5) A found in the [Rh(macsm)(CO)(PPh;)] complexla—“I

is also coordinated frans to a sulfur donor atom. Both these bond lengths are

wherein the carbonyl ligand

significantly longer than in similar complexes where the carbonyl was frans to an oxygen
atom in similar [Rh(BID)(CO)(PPhs)] Xes; i e in
fourteen of these was 1.796(8) N DT LT By jilsicRicas e
ascribed directly to the large frans influence of sulfur, increasing the nucleophilicity of

the metal center and thus effectively decreasing the o-donating ability of the CO-ligand,
resulting in a weaker Rh-CO bond.

Upon comparison of the bond lengths in the chelate ring, that is N-C(2)-C(6)-C(7)-
S(1), 1.315(5), 1.434(6), 1.349(6), 1.710(5) A, with the respective single bond distances
N-C(41), 1.495(5) A; C(2)-C(3)-C(4)-C(5)-C(6), 1.455(8)-1.535(6) A and S(2)-C(8) or
S(2)-C(7), 1.772(6) A (average), the definite shortening of all the bonds of the chelate
ring is obvious. This is especially true for the C(2)-C(6), C(6)-C(7) and C(3)-C(4) bonds,
clearly exhibiting significant m-character. It is also further manifested by the dihedral
angle between the cyclopentene ring and the metal chelating atoms, which is only

3.3(3)°, indicative of the delocalized n-character in the chelate ring bonds.
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A general decrease of v(CO) in the [Rh(cacsm)(CO)(PXs3)] complexes as the
basicity of the tertiary phosphines increases, was observed: X=(p-CI-Ph), v(CO)=1962,;
X=(p-MeO-Ph), v(CO)=1956; X=(Ph), (CO)=1944; X=(Cy), v(CO)=1929 cm™. It was
expected that the v(CO) values for X=(p-MeO-Ph) and X=(Ph) would be the other way
around, (pKj, values of the phosphines are 1.0, 2.73, 4.57 and 9.7 for X=p-CI-Ph, Ph, p-
MeO-Ph and Cy respectiverEk. An interesting observation related to the infrared data
stems from the substantial distortion induced on the Rh-C=O bond, which is only
171.6(5) ° and deviates significantly from linearity. It was previously shown that in the
b 42 ns-[Rh(PPhs),(CO)(CI)], a decrease in v(CO) of
18 cm™ (from 1983 to 1965 cm™') was induced by packing effects, resulting in a bending
of the Rh-C=O bond of about 10 °. This was also described in the
[Rh(acac)(CO)(PFcPhy)] (Fc=ferrocenyl) complex where the Rh-C=0O bond angle was
found to be 170(1) o bd

Rh(l) analogue of Vaska's complex,

3.2. Kinetics
It is known for these [Rh(BID)(CO)(PPh3)] complexes, that in the cases where BID =
sl

unsymmetrical bidentate ligands, different isomers exist in solution.™ This is specifically
true for bidentate ligands with donor atoms that have similar characteristics, such as
trifluoroacetylacetonate, cupferrate and aminovinylketonate chelates. In this current
study, however, only minor amounts (0-5%) of the thermodynamically unstable isomers
(i.e. for the complexes [Rh(cacsm)(CO)(PX3)]) with trans S-Rh-P moieties were
observed. Since these thermodynamically unfavourable isomers were present in such
low concentrations for all the complexes investigated in this study, possible interference
therefrom was ignored.

The reaction progress of the iodomethane oxidative addition to
[Rh(cacsm)(CO)(P(p-MeO-Ph)]) is shown in Fig. 2. At large [Mel] ((b) in Fig. 2) the
formation of the alkyl intermediate (band at 2080 cm'1) is well defined, which then
converts to the acyl species (band at 1713 cm™). However, at lower [Mel], as illustrated
in (a), the alkyl intermediate band at 2080 cm™ is not so pronounced, and the
disappearance of the Rh(l) at 1960 cm™ is virtually identical to the formation of the acyl

species. These spectral changes clearly indicate a mechanism as shown in Scheme 1,
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typical of a rapid pre-equilibrium followed by a relatively slow acyl formation, for which
the rate expressions are given in Egs. 1 and 2 as discussed below. In all the reactions
studied, there was no indication of an equilibrium for the formation of the acyl species.
Thus, in Scheme 1, k» = 0.

047 (a) [CH3l=0.1 M

(At=50 s)
Abs l
0.0:

A2
0.41

1 (b) [CHsl]=1.0 M
2 , [« ! (At=50 s)
14, 3
5 ] 5 2 3
6 3 1
0.0T

2200 2000 1800 1600

Wavenumber /cm™

Figure 2 Repetitive IR scans for [Rh(cacsm)(CO)(P(p-MeO-Ph);)]; CHCI;, 25 °C,
[Rh}iot = 1.6x10* M.: (a) [CH3l]=0.1 M; (b) [CH3l]=1.0 M [See also scheme 1:
1 Rh(l)-reactant, 2 Rh(lll)-alkyl, 3 Rh(lll)-acyl].

The starting complexes could be adequately characterised by 'H NMR
spectroscopy. However, the "H spectra of the intermediate alkyl and acyl species were
quite complex due to the non-equivalence introduced at the protons on the
cyclopentene and cyclohexyl moieties. All the complexes could however be
characterised by *'P NMR spectroscopy.

It is interesting to note that the overall reaction proceeds from a square planar
(classic sixteen electron complex) via the intermediate octahedral eighteen electron
species to eventuaEI|Iy form the five-coordinate, square pyramidal moiety (classic sixteen

electron complex).
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Figure 3 Temperature and [CHsl] dependence of the pseudo-first-order rate constant
for the formation of (a) [Rh(l)(cacsm)(CO)(P(p-MeO-Ph)s;)(CHs3)] (alkyl
product, Scheme 1); (b) [Rh(l)(cacsm)(COCH3)(P(p-MeO-Ph)s)] (acyl
product, Scheme 1) in CHCIs, [Rh}it = 1.6x10™ M.

A plot of the observed first-order rate constants of the oxidative addition reaction
(step | in Scheme 1) vs. iodomethane concentration, yields a linear relationship with a
non-zero intercept for P(p-Cl-Ph)s, PPhs and P(p-MeO-Ph)s as phosphine ligands in the

metal complex. An example of such a plot is shown in Fig. 3(a), in which the solid lines
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represent the least-squares fits of the k**,s-data vs. [CHsl] to Eq. 1 (at three different
temperatures). This is consistent with the rate expression of an equilibrium reaction as
presented as the first step in Scheme 1, with kP ops = pseudo first order rate constant for

the oxidative addition step. The respective k1 and k.1 constants are given in Table 3.
K ops = ka[CHal] + k.4 (1)

Table 3 Kinetic and equilibrium data for the oxidative addition of iodomethane to
complexes of the type [Rh(N,S-BID)(CO)(PX3)] (N,S-BID=cacsm, macsm,
macsh respectively) in different solvents at 25 °C.

N,S-BID & Dy x? 10%k; 10%.+1  AH'(ki)  AS*(k1) Ky © Ki®  10%;,
and Solvent /L mol”s™ 15 KkImol' K mol"  /Lmo”  /Lmol /s
cacsm
chloroform 5,4 p-MeO-Ph  117(4) 12(3) 38(7) -134(20) 10(2) 12(2) 2.9(1)
acetone 21; 17 p-MeO-Ph  108(4) 15(3) -- -- 7.2(4) 4(1) 9.4(3)
ethyl acetate 6; 17 p-MeO-Ph 25(5) 15(4) -- -- 1.6(4) 0.8(3) 17(1)
chloroform 5,4 Ph 56(1) 19(1)  39(7) -138(20)  2.9(1) 3(1) 5(1)
acetone 21;17  Ph 43(5) 11(3) - - 4(1) - -
chloroform 5;4 p-CI-Ph 10(1) 8(1) 25(5) -192(16) 1.3(3) 1.1(3) 6.2(8)
acetone 21; 17 p-Cl-Ph 20(1) 2.7(3) - -- 7.3(6) - -
chloroform  5;4 Cy 0.2° 29 54(1) " -122(4)" 0.1 - 79
macsh ¢
chloroform 5,4 Ph 380(1) 26(4) 26(4) -166(13) 15(3) 36(4) 7.2(2)
macsm "
chloroform 5; 4 Ph 34(1) 8.6(8) 23(3) -195(11)  4(1) 4(1) 7.6(4)
a) Ref. 28.

b) For PX3, Ph=Phenyl, X=p-MeO-Ph=paramethoxyphenyl, p-Cl-Ph=parachlorophenyl, Cy=cyclohexyl.
C) K1=k1/k.1; Eq.1.

d) Egqg.2.

e) Estimated from IR data, from Kikz =7.7(1)x10'4 s’ (Suppl. Material), and assuming ko=7x107s™.

f)  Calculated for combined forward rate constant k2Kj.

g) Ref. 4; masch=2-methylamino-1-cyclopentene-1-dithiocarboxylate.

h) Ref. 4, macsm=methyl 2-(methylamino)-1-cyclopentene-1-dithiocarboxylate.

A plot of the observed first-order rate constants vs. [CH3l] for the formation of the
acyl species (step Il in Scheme 1) for the complexes [Rh(cacsm)(CO)(P(p-CI-Ph)3)] and
[Rh(cacsm)(CO)(P(p-MeO-Ph)3)] shows limiting kinetics as depicted in Fig. 3(b). The

solid curved lines represent the least-squares fits of the kyps-data (kC'obS = CO insertion
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step) vs. [CHsl] to Eq. (2) (at three different temperatures), which corresponds to a
mechanism consisting of a fast pre-equilibrium reaction as presented in Scheme 1 (K
= equilibrium constant), followed by a second slower reaction with a rate constant k..

The values obtained for K1 and k> are listed in Table 3.

_ keKi[CHgl]
" 1+ K4[CHsl] (2)

GIobs

It is clear from Table 3 that there is an excellent agreement between the
equilibrium constant for the formation of the alkyl complex as obtained from studying the
first and second steps separately. This, together with the IR data as typically shown in
Fig. 2, confirms the mechanism as proposed in Scheme 1. This limiting dependence is
also in agreement with that previously observed for the Rh(lll)-alkyl disappearance (as
in [Rh(l)(macsm)(CO)(PPha)(CHs,)])E and  Rh(lll)-acyl formation (as in
[Rh(l)(macsm)(COCHs;)(PPhs)]), for which the reaction rate constants were also equal
within experimental error.

In the case of the reaction between [Rh(cacsm)(CO)(PCys)] and iodomethane,
however, only one step is observed by UV-visible spectroscopy, and the plot of the
observed first-order rate constants vs. [CHsl] shows a linear relationship with a very
small intercept. When this reaction was monitored by infrared spectroscopy, time scans
between 2200 and 1650 cm™ showed only a very small peak at 2050 cm™,
corresponding to the intermediate Rh(ll1)-CO-alkyl species (Fig. 2(a)). This implies that
the formation of this intermediate Rh(lll)-CO-alkyl species is thermodynamically
unfavourable, but that it still does form, albeit in small concentrations.

This was also the case in a previous study done by Botha et a/El—for—(-he—exida-\-’rve—

addition of iodomethane to [Rh(Sacac)(CO)(PXs)] (Sacac= thioacetylacetonate), where

the X substituents were the same as in this current study. However, the mechanism in
the latter case was presented as in Scheme 1 but with the k4 path absent. It was
consequently assumed that formation of the Rh(lll)-acyl species was more rapid than
that of the Rh(lll)-alkyl species (k2 >> k1), i.e., that the Rh(lll)-alkyl species could be
considered as a steady state intermediate. However, if a small equilibrium constant (K1)

is assumed for the first equilibrium step of the mechanism presented for the reaction of
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[Rh(cacsm)(CO)(PCys)] with iodomethane, Eq. 2 simplifies to kopsg = k2K1[CHasl], which
predicts a linear relationship between ky,sq and [CHsl] with the second order rate
constant equal to k2K4. This result confirms that the same general mechanism holds as
described for the complexes where P(p-Cl-Ph)s, PPhs and P(p-MeO-Ph)s; were used as
the phosphines in the metal complex. However, what is observed
spectrophotometrically is finally kinetically controlled by a small K; value for
[Rh(cacsm)(CO)(PCys)]. This is exactly what is to be expected considering the large
steric demand of PCys, which inhibits the formation of the Rh(lll) alkyl species.

The three tertiary phosphines P(p-CIl-Ph)s;, PPhz and P(p-MeO-Ph); have the same

E‘, and will therefore have virtually the same steric demand.

cone angle 6 of 145°
However, electronically there is an increase in their o-donating ability from left to right as
is predicted by their Bronsted pK, valuesﬁ of 1.03, 2.73 and 4.57, respectively. The
second-order rate constants for the oxidative addition (k4), show an order of magnitude
increase from P(p-Cl-Ph)s to P(p-MeO-Ph); (Table 3), which is in direct agreement with
the higher basicity of the respective Rh(I) complexes. However, if the pKs-value of PCy;
(9.7) is considered, it is anticipated that k; should be larger compared with the other

phosphines, due to the increased nucleophilicity introduced to the_metal center. This is

not the case, since the cone angle of PCys is very large (170° {
larger steric demand compared with the others. The latter consequently overshadows
the electronic effect, resulting in an estimated second order constant of only 1.5x10™ L
mol™ s™ (Table 3). This is ca. three orders of magnitude smaller than the rate constants
observed for the other three phosphines. The [Rh(cacsm)(CO)(PCys)] complex is thus
significantly deactivated towards iodomethane oxidative addition.

Furthermore, the influence of the reverse path (k1) must also be taken into
account, since it is possible that PCys; will also increase the value of k.4, i.e., favour
reductive elimination, compared with less sterically demanding phosphines such as the
p-substituted phenyl moieties employed in this study. Already arguing a smaller Ky =
ki/k.1 value for the reaction between [Rh(cacsm)(CO)(PCys)] complex and iodomethane,
the latter argument supports the previous one, that the oxidative addition of

iodomethane to the [Rh(cacsm)(CO)(PCys)] complex proceeds according to the

258




mechanism presented in Scheme 1, with the special case where K is small (controlled
by a smaller ks and a larger k.4 value).

The effect of increased basicity on the reverse path (k.4) introduced to the metal
center by the phosphine ligand is illustrated in Table 3, where a slight increase is
observed from P(p-CI-Ph); to P(p-MeO-Ph); ( 25 °C). Again, this is in agreement with
the fact that a decrease in the nucleophilicity of the rhodium center should favour
reductive elimination.

Upon comparison of the iodomethane oxidative addition rate to
[Rh(macsm)(CO)(PPhs)], (k1 = 0.034 L mol” s™; 25 °C),E| the effect of the cyclohexyl
group (compared with methyl) on the nitrogen atom for the current
[Rh(cacsm)(CO)(PPh3)] complex, is that only a small increase in the rate (ks = 0.056(1)
L mol 5'1) is observed. This is attributed to the larger steric demand of the cyclohexyl
compared to the methyl group, inhibiting the ease of the Mel moiety entering into the
rhodium coordination sphere.

If the carbonyl insertion reactions (k, rate constants) for P(p-CIl-Ph)s;, PPhs and
P(p-MeO-Ph); are considered, a tendency that k» decreases slightly with increasing
basicity of the metal complex is observed. From this tendency, it is anticipated that k5 in
the case of PCys; should decrease. However, the dependence of both the acyl
formation and the reductive elimination steps are illustrated by the rate constant in
Table 3, and indicate that the k, values for several of the [Rh(N,S-BID)(CO)(PX3)]
EEl

complexes™ show a smaller relative effect of k, on the basicity of the Rh(l)-complex,
compared with the more significant dependence of k.4, and especially ki, thereon.
Extrapolating this behaviour to the [Rh(cacsm)(CO)(PCys)] complex and assuming k; to
be ca. 5x10° s at 25 °C, K; can be calculated as 0.15 L mol” = koKi/k, = (7.7x10™ L
mol™ s/ 5x10° s™), which is a 1-2 order of magnitude decrease compared with the K;
values obtained for the other complexes in this study (Table 3). The Ky value of ca.
0.15 L mol™ for the PCys complex is thus in excellent agreement with the tendency of K;
for all the complexes to decrease with decreasing k1 values (Table 3).

An objective of this investigation was also to study the relative effect of electron
density variation of the rhodium center on the oxidative addition rate and

thermodynamic equilibria in the [Rh(cacsm)(CO)(PXs3)] complexes. Fig. 4 illustrates the
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manipulation of the rate of formation of the alkyl intermediate as manifested by the
magnitude of the equilibrium constant, Kj. It is clear that the plateau predicted by Eq. 2
can be tuned by varying the PX3 ligand. The electron donating ability and the steric
demand of the phosphine follow the same trend as the corresponding oxidative addition:
P(p-MeO-Ph)s>PPhs>P(p-CI-Ph)s>PCys, i.e., ki =(1.17+0.04)x10", (5.6£0.1)x107%,
(1.0£0.1)x10%, 2x10° L mol” s, and Ki: (1042), (2.9+0.1), (1.320.3), ~0.1 L mol™,

respectively.

b,C,d a
5 T T T T T 3.0
5 a
- i p-MeO-Ph | i
i A | b
e R - 24
- Ph s -
A 5 E E
B g e froommmmnoo oo - 1.8
103 KClops p-CI-Ph ' i
R I S N R R 1
“m : :
| : : : d |
I B S A S sy oo — 0.6
! Cy ’ :
0 —= T : T i T : T 00
0.0 04 0.8 1.2 1.6

[CHsl] /L mol

Figure 4 Effect of the X-substituent of the phosphine ligand on the kinetic and
thermodynamic properties (ki, k2 and Kj) vs. [CHsl] as manifested in the
formation of [Rh(l)(cacsm)(COCHj3)(PX3)] (acyl product, Scheme 1) in CHCl3,
[Rh]iet = 1.6x10™ M, 25 °C.

The activation parameters for the reaction in Scheme 1 were determined from
Eyring plots and are reported in Table 3. The large negative AS”-values for the
oxidative addition step in chloroform for these [Rh(N,S-BID)(CO)(PX3)] complexes
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indicate an associative pathway for the formation of the transition state, as has been
shown and discussed previously for iodomethane oxidative addition reactions in similar
complexes.EI

In order to investigate the effect of polarity of the transition state we introduced
acetone and ethyl acetate as additional solvents having similar donor ability (as defined
by the donor number, D,, or the donor strength, Ds) but different polarity (Table 3).EI A
2.5 fold increase in the k4 rate constant was observed from ethyl acetate to acetone for
the oxidative addition of iodomethane to [Rh(cacsm)(CO)(P(p-MeO-Ph)3)], but the rate
constant in chloroform, although it is much less polar than acetone, did not show an
appreciable effect. A more significant effect on the thermodynamics of the oxidative
addition step was observed, which was stabilized in the three solvents in the order:
CHCI; > acetone > ethyl acetate, ie.: Ki: (10+2), (7.2£0.4), (1.6£0.4), L mol'1,
respectively. This again, however, is not in agreement with the order of the polarity /

donicity of these solvents.
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