Published on 06 February 2018. Downloaded by University of Windsor on 16/02/2018 08:06:26.

NJC

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/c7nj05039a

Received 19th December 2017,
Accepted 6th February 2018

DOI: 10.1039/c7nj05039%a

Rhodium(triphenylphosphine)carbonyl-2,4-dioxo-
3-pentyl-4-decanyloxybenzoate: synthesis,
electrochemistry and oxidative addition kinetics¥
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The synthesis, electrochemistry and oxidative addition kinetics are presented for a new [Rh(B-diketonato)-
(CO)(PPh3)] complex (2), of rhodium metal complexed with a B-diketonato ligand, B-L1 = (CHzCOC(CyoH»O-
CeH4COO)COCHs)™, containing a long and sterically large chain (R* = C;oH»OCgH4COO) substituted at the
o position. This rhodium triphenylphosphine complex (2), [Rh(B-L1)(CO)(PPh3)l, was subsequently
converted from a rhodium(l) to a rhodium(in) complex, by chemical and electrochemical oxidation. The
kinetics of the chemical conversion from Rh' to Rh", which was obtained by the oxidative addition
reaction [Rh(B-L1)(CO)(PPhs)] + CHsl, demonstrated that the reaction occurs in two reaction steps, with a
Rh"-alkyl species as the main reaction product. The sterically large and long chain (R* = C1oH2,OCgH4COO)
at the a-position of the B-diketonato ligand, did not at all affect either the second order reaction rate
constant (ky) of the first oxidative addition step of the [Rh(B-L1)(CO)PPhs] + CHsl reaction, nor the value of
the oxidation potential (E,.) of the electrochemical oxidation of [Rh'(B-L1)(CO)PPhs] to a Rh"-species. This
was proven via a literature study, by comparing the k; and E,, values from this study with the respective rate
constants (k;) and oxidation potentials (Ep,) of a wide variety of related [Rh(B-diketonato)(CO)(PPhs)l

rsc.li/njc

1 Introduction

B-Diketones are 1,3-diketones bearing two carbonyl groups
separated by one carbon atom, referred to as the o-carbon
(Fig. 1). Many B-diketones, with different substituents on the
1 and 3 position and a hydrogen atom on the a-carbon are
known," the most well-known being acetyl acetone (Hacac) with
methyl groups on both the 1 and 3 positions. Not many
B-diketones are known with substituents on the a-carbon.
The B-diketones exhibit keto-enol tautomerism (Fig. 1).” In
solution, the enol form is often the dominant form, due to the
stabilization of the intramolecular hydrogen bond. The H-atom
of the alcohol group of the enol form can easily be removed to
form a metal-B-diketonato complex, a property often used in the
solvent extraction of metals.> Rhodium-B-diketonato complexes,
such as the rhodium dicarbonyl [Rh(B-diketonato)(CO),]**° and
rhodium triphenylphosphine [Rh(B-diketonato)(CO)(PPhg)]***>
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1 Electronic supplementary information (ESI) available: Fig. S1-S4 provide the
structures of the complexes, as well as selected *'P NMR spectra which were
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complexes without such a R* substituent at the o position.
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Fig. 1 Enol-keto tautomerism of B-diketones. For most B-diketones,
substituent R* = H, however in this study R* = C;oH,;0CgH4COO, a long
and sterically large group, substituted at the a-position.

complexes, are well-known. The first step of the oxidative addi-
tion reaction of methyl iodide to the latter complex,'? is similar
to the oxidative addition reaction step of methyl iodide to
the rhodium(i) Monsanto catalyst, used during the process
of manufacturing acetic acid by the catalytic carbonylation of
methanol.™*

The oxidative addition of methyl iodide to a variety of rhodium
triphenylphosphine complexes [Rh(B-diketonato)(CO)(PPh;)], has
been studied for a series of different p-diketonato ligands,"> ™ all
showing that the oxidative addition step is followed by a methyl
migration step(s). Generally it was found that electron donating
substituents R' and R? on the B-diketone ligand (Fig. 1) enhance
the rate (higher second order rate constant k;) of oxidative
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Scheme 1 Synthetic route for the synthesis of the long and sterically large o-substituted B-diketone ligand, namely: 2,4-dioxo-3-pentyl-4-
decanyloxybenzoate (CH3COCH(C;oH2;0CgH4COO)COCHs3), referred to as the HB-L1 ligand in this study.

addition," while electron withdrawing substituents led to a

slower oxidative addition rate.”>*' However, a kinetic study
of a specific complex, [Rh((C¢H5)COCHCOR?)(CO)(PPh;)] + CH;l
(with R*> = (CH,),CH;, n = 1-3) where the substituent R>
(Fig. 1) is an alkyl chain of increasing length, showed that the
first oxidative addition step was not at all influenced by the
increasing alkyl chain length of the R* group substituted on
the B-diketonato ligand.** This was contrary to expectation,
since steric factors generally influence the rate of oxidative
addition reactions.>*** The objective of this work is to synthe-
size and characterize a [Rh(B-diketonato)(CO)(PPh;)] complex
with a B-diketonato ligand containing a long and sterically large
chain on the a-position, and to investigate the influence of the
long a-substituent on the rate of oxidative addition (k;) of
methyl iodide to this [Rh(B-diketonato)(CO)(PPhs)] complex (2),
as well as on the oxidation potential (Ej,) of the electrochemical
oxidation of Rh' to Rh™, when compared to the same reaction of
known rhodium triphenylphosphine complexes without such a
a-substituent, as obtained from literature. The B-diketone chosen
for this study is ligand (CH3;COCH(C;oH,;0CsH,COO)COCH3),
referred to as HB-L1, see Scheme 1 and Fig. 2.

2 Experimental
2.1 Materials and apparatus

Solid and liquid materials (Merck, Aldrich) were used without
further purification. The solvents were distilled before use and
water was doubly distilled. Flash chromatography was per-
formed on Silica gel 60 (Merck, grain size 0.040-0.063 mm),
utilizing an overpressure not exceeding 100 Torr (1 Torr =
1 mmHg = 133.32 Pa). Liquid reactants were distilled prior to
use. Organic solvents were dried according to published methods.>®

2.2 Synthesis

2.2.1 Synthesis of the Hf-L1 ligand: 2,4-dioxo-3-pentyl 4-
decanyloxybenzoate CH;COCH(C10H,,0C¢H,CO0)COCH,, (HB-L1).
The sodium salt of 4-decyloxybenzoate was synthesised by slowly

P N N N

adding 4-decyloxybenzoic acid (0.02 mol, 5.688 g) in THF (15 ml
pre-dried overnight), to a stirred suspension of sodium hydride
(0.02 mol, 0.480 g) in THF (20 ml pre-dried overnight). The
reaction mixture was stirred overnight at room temperature.
Anhydrous DMF (25 ml) was added to the product and stirred
under argon for 30 minutes, followed by the addition of
3-chloropentane-2,4-dione (0.02 mol, 2.692 g) in 10 ml of
anhydrous DMF. Argon was passed through the light orange
reaction mixture for another 30 minutes, after which the reaction
was stirred under reflux at 50-60 °C for 24 hours. A light yellow
reaction mixture was obtained and cooled to room temperature.
Water (200 ml) was added and the product was extracted twice
with 50 ml CHCIl;. Extractions were dried over sodium sulfate
and the solvent was evaporated under reduced pressure. The
product was purified by column chromatography, with a hexane::
ethylacetate (1:3) solution as eluant, and further purified by
re-crystallisation in benzene. This resulted in a pale pink solid,
with a yield of 4.8348 g (85%). M.p. 61.63 °C.

'H NMR (600 MHz, CDCl;, 25 °C, numbering of C is given in
Fig. S1 in the EST{): 6 14.50 (s, Enol-H), 8.05 (d, *Jyy; = 8.9 Hz,
3'- & 5'-H), 6.93 (d, *Jy_iy = 8.9 Hz, 2’- & 6/-H), 5.70 (s, H), 4.02
(t, *J-u = 6.6 Hz, 1-CH,), 2.39 (s, CH;-B), 2.06 (s, CH;-B), 1.81
(m, 2-CH,), 1.46 (m, 3-CH,), 1.40-1.20 (m, 4-9-CH,), 0.88
(t, *Jun = 6.9 Hz, 10-CH,).

BC{'H} NMR (151 MHz, CDCl;, 25 °C, numbering of C is
given in Fig. S1 in the ESIT): 6 199.41 (s, CO-B), 185.00 (s, CO-B),
171.66 (s, COO), 163.70 (s, 1'-C), 132.34 (s, 3’- & 5'-C), 121.30
(s, 4'-C), 114.20 (s, 2’- & 6'-C), 85.05 (s, CH-), 68.30 (s, 1-C), 31.90,
29.56, 29.56, 29.36, 29.32 (s, 4-8-C), 29.09 (s, 2-C), 27.50 (s, CH;-B),
25.98 (s, 3-C), 22.69 (s, 9-C), 20.81 (s, CH,-B), 14.13 (s, 10-C).

2.2.2 Synthesis of the Rh complex (1): 2,4-dioxo-3-pentyl-
4-decanyloxybenzoate rhodium(i)-dicarbonyl, [Rh(B-L1)(CO),].
The B-diketone ligand Hp-L1 (synthesised in 2.2.1) 2,4-dioxo-
3-pentyl-4-decanyloxybenzoate (0.536 mmol, 0.14 g) and
sodium acetate (0.536 mmol, 44.0 mg) were dissolved in a few
drops of methanol. A saturated solution of rhodium dimer
[Rh,(p-Cl),(CO),] (Sigma Aldrich, 0.268 mmol, 104 mg) in

Fig. 2 Structure of the [Rh(B-L1)(CO)PPhs] complex (2) of this study, with the B-diketonato ligand, B-L1, containing a long and sterically large

a-substituent, R* = C1gH»;0CgH4COO.
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methanol was slowly added into the B-diketone-sodium acetate
solution. The vials were washed with more methanol, also adding
the washings to the reaction mixture. Ice was added to force
precipitation of a yellow-orange product and the reaction mixture
was stirred for an hour at room temperature. The resulting
precipitate was recrystallized from hexane, yielding the expected
rhodium dicarbonyl complex (1), with a yield of 0.1029 g (74%).

'H NMR (600 MHz, CDCl3, 25 °C, numbering of C is given in
Fig. S2 in the EST%): 6 8.11 (d, *J_ns = 8.9 Hz, 3'- & 5'-H), 6.96
(d, *Juu = 8.9 Hz, 2/- & 6/-H), 4.03 (t, *Jiz_11 = 6.6 Hz, 1-CH,), 2.07
(s, CHz-B), 1.81 (m, 2-CH,), 1.47 (m, 3-CH,), 1.40-1.20 (m, 4-9-CH,),
0.88 (t, *Jy-u = 6.9 Hz, 10-CHj).

C{'H} NMR (151 MHz, CDCl;, 25 °C, numbering of C is
given in Fig. S2 in the ESIf): § 183.45 (d, Yrnc = 73.2, CO),
182.52 (s, CO-B), 165.22 (s, COO), 163.78 (s, 1'-C), 132.28 (s, 3'- &
5'-C), 129.39 (s, CH-B), 120.98 (s, 4'-C), 114.45 (s, 2/- & 6'-C),
68.39 (s, 1-C), 31.89, 29.55, 29.55, 29.34, 29.31 (s, 4-8-C), 29.07 (s,
2-C), 25.97 (s, 3-C), 23.48 (s, CH;-), 22.68 (s, 9-C), 14.11 (s, 10-C).

IR peaks: 2079; 2005 1(CO)/cm .

2.2.3 Synthesis of the Rh complex (2): 2,4-dioxo-3-pentyl-4-
decanyloxybenzoate-carbonyl-triphenyl-phosphine rhodium(i)
(rhodium(triphenylphosphine)carbonyl-2,4-dioxo-3-pentyl-4-
decanyloxybenzoate), [Rh(B-L1)(CO)(PPh;)]. The synthesis
was conducted according to published methods,*?*>” with
slight changes. To a solution of the rhodium dicarbonyl
complex (1), synthesised in 2.2.2, namely [Rh(B-L1)(CO),]
(0.1 mmol, 0.0544 g) in 30 ml n-hexane, was added a solution
of PPh; (0.1 mmol, 0.0262 g) in warm 15 ml n-hexane, which
resulted in CO gas bubbling off. The resulting reaction mixture
was stirred for 5 min in a boiling water bath, until no more CO
gas was released and subsequently filtered while still warm. Pure
crystals of the desired rhodium triphenylphosphine complex (2)
were obtained by slowly cooling the filtered reaction mixture
overnight at room temperature. Yield 0.0429 g (79.8%).

'H NMR (600 MHz, CDCl;, 25 °C, numbering of C is given in
Fig. S3 in the ESIt): § 8.09 (d, *J;_yy = 8.9 Hz, 3’- & 5'-H), 7.68
(m, b- & f-H), 7.44 (m, d-H), 7.40 (m, c- & e-H), 6.93 (d, *Jyy_yy =
8.9 Hz, 2/- & 6/-H), 4.02 (t, *Jy_i1 = 6.6 Hz, 1-CH,), 2.10 (s, CH;3-),
1.80 (m, 2-CH,), 1.59 (s, CH;-f), 1.46 (m, 3-CH,), 1.40-1.20
(m, 4-9-CH,), 0.88 (t, *J_yy = 6.9 Hz, 10-CHj).

Bc{'H} NMR (151 MHz, CDCls, 25 °C, numbering of C is
given in Fig. S3 in the ESIt): 4 189.01 (d, Yrn-c = 76.2 Hz, Jp_¢c =
25.2 Hz, CO), 182.56 (s, CO-B), 180.05 (s, CO-B), 165.55 (s, COO),
163.48 (s, 1'-C), 134.51 (d, ¥p_c = 11.5 Hz, b- & -C), 132.14 (s,
3/- & 5'-C), 130.35 (s, d-C), 129.25 (s, C-B), 128.52 (d, Yp.c =
12.1 Hz, a-C), 128.08 (d, ¥Jp_c = 10.9 Hz, c- & e-C), 121.57 (s, 4'-C),
114.28 (s, 2/- & 6'-C), 68.31 (s, 1-C), 31.89, 29.55, 29.55, 29.34, 29.32
(s, 4-8-C), 29.07 (s, 2-C), 25.97 (s, 3-C), 24.06 (s, CHy-f), 23.13
(s, CH3-B), 22.69 (s, 9-C), 14.13 (s, 10-C).

*'p{'"H} NMR (243 MHz, CDClj, 25 °C): § 49.24 (d, “Jgnrp =
176.4 Hz).

IR peaks: 1983 1(CO)/cm .

2.3 Spectroscopy and spectrophotometry

The 'H, C and *'P NMR spectra of all the products were
recorded at 600.28, 150.96 and 242.99 MHz respectively, on a

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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600 MHz Bruker AVANCE II spectrometer, at 25 °C. All the
samples were dissolved in deuterated chloroform. The
chemical shifts were reported relative to SiMe, (0.00 ppm) for
the 'H and '*C spectra, and relative to 85% H;PO, (0 ppm)
for the *'P spectra. Positive values indicate a downfield shift.
FTIR measurements (solid samples) were determined by a
Bruker Tensor 27 IR spectrometer and Pike MIRacle ATR,
running OPUS software (Version 1.1). Infrared spectra in
solution were recorded on a Bruker Tensor 27 infrared spectro-
meter. UV measurements were recorded on a Shimadzu
UV-1650PC UV/vis spectrometer, equipped with a multi-cell
thermostated cell holder (+0.1 °C).

2.4 Kinetic measurements

Oxidative addition reactions were monitored by spectrophoto-
metry, namely by IR (monitoring formation and disappearance
of the carbonyl peaks), by UV/vis (monitoring the change in
absorbance at wavelength 334 nm, in chloroform), and by
'H and *'P-NMR spectroscopy (by monitoring the change in
integration units of the various signals with time). All kinetic
measurements were monitored under pseudo first order
conditions (varying the concentration of one reactant while
keeping the other constant, by being in excess), with the
concentration of [CH;I] at 10 to 1000 times the concentration
of the [Rh(B-L1)(CO)PPh;] complex in the specified solution
(therefore staying basically constant relative to the complex).
The concentration of complex (2) was in the order of
[Rh(B-L1)(CO)PPh;] = 0.00005 mol dm* for UV/vis measure-
ments and = 0.001 mol dm® for IR measurements. Kinetic
measurements, under pseudo first order conditions, for different
concentrations of [Rh(B-L1)(CO)PPh;] at a constant [CH3l]
concentration, confirmed that the concentration of complex (2)
[Rh(B-L1)(CO)PPh;] did not influence the value of the observed
kinetic rate constant. The observed first order rate constants
(kobs) were obtained from least-square fits of absorbance vs. time
data.”® The [Rh(B-L1)(CO)PPh;] complex (2) was tested for
stability for at least 24 hours, by NMR in a deuterated chloro-
form solution.

2.5 Calculations

Pseudo first order rate constants, k.,s, were calculated by
fitting® the experimentally obtained kinetic data to the first
order equation:**

A — Ay = (4 — Aoo)e(iknbsm) (1)

with 4;,, A, and A, being the absorbance of the indicated
species at time ¢, infinity and at time O respectively. The
experimentally determined pseudo first order rate constants
(kops) were converted to the second order rate constants, k;
(in dm® mol~" s"), by determining the slope of the linear plots
of ko.ps against the concentration of the incoming iodomethane
ligand. Non-zero intercepts implied that:

kobs = kl[CHSI] + kflv (2)

with k; = second order rate constant of the forward reaction of
the first kinetic step (Scheme 4) and k_; = first order rate
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Table 1 Kinetic rate constants (ky, k» and k) for the oxidative addition of iodomethane to [Rh(HB-L1)(CO)(PPhs)], complex (2), in chloroform at 25 °C,

as monitored by IR, NMR and UV/vis

Rh(m)-alkyl1 Rh(m)-acyll Rh(m)-alkyl1 Rh(m)-acyl1 Rh(ur)-alkyl2

T Rh(y depletion formation formation depletion depletion formation

°C ky/mol™ dm?® s™* kiy/mol™* dm® s™* ky/mol™* dm® s~ kofs™t kofs™t ks/s™t
IR 25 0.0200(1) 0.034(2) 0.019(1) 0.000054(6) 0.000101(2)  0.000080(1)
NMR 25 0.000050(2) 0.000040(3)  0.000056(2)

0.000040(2)
Activation parameters AH/IJ mol™  AS*/Jmol™*  AG"/k] mol™*
at 25 °C

UV/vis 15 0.0074(6)

25 0.0202(7) 55.9(7.84) —90.8(26.3)  83.0

35 0.0361(7)

constant of backward reaction of the first kinetic step
(Scheme 4). All kinetic mathematical fits were done utilizing
the fitting program, Scientist version 3.0.%% The error of all data is
presented according to crystallographic conventions: for example
in Table 1, the value obtained for &; = 0.034(2) dm® mol " s~*
implies that k; = (0.034 £ 0.002) dm® mol~' s™". The activation
parameters were determined from the Eyring relationship,”® as
shown in Fig. 6:
ki AH# AS# ks
ln?—ﬁjLTJrln7 (3)

with AH* = activation enthalpy, AS* = activation entropy,
T = temperature, k; = second order rate constant of the first
kinetic step (Scheme 4) at T, kg = Boltzmann’s constant,
h = Planck’s constant, R = universal gas constant.

2.6 Cyclic voltammetry

Cyclic voltammetry (CV) measurements were conducted on
solutions of 0.5 mmol dm® compound, in dry oxygen-free
acetonitrile, containing 0.1 mol dm™* tetrabutylammonium
hexafluorophosphate, ([N("Buy)|[PF¢]) (Fluka electrochemical
grade), as supporting electrolyte, under a blanket of purified
argon at 25 °C, utilizing a Princeton Applied Research Parstat
2273 advanced electrochemical system. A three-electrode cell,
consisting of a Pt auxiliary electrode, a glassy carbon working
electrode (surface area 3.14 mm?) and a Ag-wire pseudo reference
electrode were used. The working electrode was polished on a
Buhler polishing mat, first with a 1 micron and then with a 1
micron diamond paste respectively. All cited potentials were refer-
enced against the FcH/FcH' couple, as suggested by IUPAC.*®

3 Results and discussion
3.1 Synthesis

To synthesize a f-diketone ligand containing a long chain
on the a-position (Fig. 1), the R* = 4-decyloxybenzoate
(C10H2;0C¢H,4,COOH) which will act as the a-chain, dissolved
in tetrahydrofuran (THF), was added drop-wise to a stirred
suspension of sodium hydride (NaH) in THF, in order to depro-
tonate 4-decyloxybenzoate. Dimethylformamide (DMF) was added to
the product, followed by the addition of 3-chloropentane-2,4-dione.

New J. Chem.

The CI” atom of the latter compound was substituted by the
(C10H210C¢H,4CO0)™ chain, forming the required a-substituted
B-diketone, namely ligand 2,4-dioxo-3-pentyl-4-decanyloxybenzoate
(CH;COCH(C;H,,0C¢H,CO0)COCHS), called ligand HP-L1 in this
study; see Scheme 1. Only the enol form of ligand HB-L1 was
observed by NMR. Enol (>85% at 298 K*'*?) is often the dominant
tautomer observed for 1,3-substituted B-diketones, containing
aromatic and/or aliphatic side groups.

The rhodium dicarbonyl complex (1), [Rh(B-L1)(CO),], was
synthesised by dissolving sodium acetate in methanol (to extract
the enol H) and adding an equivalent amount of ligand Hp-L1
(2,4-dioxo-3-pentyl-4-decanyloxybenzoate) into this sodium acetate
solution. Half of this equivalent amount of the rhodium dimer
[Rh,Cl,(CO),] was added, then stirred and the yellow product (1)
precipitated; see Scheme 2. The characteristic symmetric and anti-
symmetric stretching frequencies of the two CO-groups, obtained
by infrared spectroscopy at 2079 and 2005 cm "
confirmed complexation to rhodium.

The rhodium triphenylphosphine complex (2), [Rh(B-L1)(CO)-
(PPh,)], was synthesized by adapting published methods.*?® The
rhodium dicarbonyl complex (1) [Rh(B-L1)(CO),] was dissolved in
hot hexane, triphenylphosphine (PPh;) was also added to the hot
hexane, and the reaction mixture was stirred for thirty minutes
in a water bath, until all the CO gas had bubbled off from the hot
mixture; see Scheme 3. Upon cooling, a light yellow product (2)
precipitated out. On the *'P NMR spectrum, a doublet was
observed at 49.24 ppm, due to coupling of phosphorous to the
rhodium in [Rh(B-L1)(CO)(PPhs)]. On the '"H NMR spectrum,
multiplet resonances were observed at ca. 6.3 ppm to 8.1 ppm,
representing protons of the three phenyl groups of triphenylphos-
phine, as well as protons of the phenyl group of the long
a-substituent (C;oHy;0C¢H,COO) .

respectively,

3.2 Kinetics

The [Rh(B-L1)(CO)PPh;] + CH,I oxidative addition reaction for
complex (2) of this study (Fig. 2), was studied by NMR spectro-
scopy, IR and UV/vis spectrophotometry. The results are
tabulated in Table 1, and visualized in Fig. 3 and 4 (IR results),
Fig. S4 (ESIt) and Fig. 5 (NMR results) and Fig. 6 (UV/vis
results). The IR and NMR studies gave information on the type
of Rh"™ (alkyl or acyl) reaction product(s), while the UV/vis study

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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Scheme 2 Synthetic route for the synthesis of the rhodium dicarbonyl complex (1), [Rh(B-L1)(CO),], from ligand HB-L1 = CH3COCH(C1oH210OCgH4-

COO)COCHs3 (from Scheme 1).

CgH210 Rh + PPh;

Scheme 3 Synthetic route for the synthesis of the rhodium triphenylphosphine complex (2), [Rh(B-L1)(CO)(PPhs)], from complex (1) [Rh(B-L1)(CO),l,
(from Scheme 2), containing ligand HB-L1 = CHzCOCH(C1oH2;0CgH4COO)COCH;.

0.06 1
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Fig. 3 Selected IR spectra, demonstrating the disappearance and appearance of the different reactants and products respectively, recorded at the
indicated times in seconds (shown in various colours on the graph), during the IR monitoring of the reaction of complex (2), [Rh(B-L1)(CO)PPhs] + CHl,
in chloroform. Left: Reaction step 1, with keps (Rh' disappearance) = 0.002 s7* (k; = 0.02 mol™ dm?® s7 in Scheme 4). Right: Reaction step 2, with
Kobs (Rh"-alkyl2 appearance) = 0.000080(1) s~* (k3 in Scheme 4). Initial concentrations were [Rh($-L1)(CO)PPhs] = 0.001 M, [CHsl] = 0.1 M.

provided reaction rates at different temperatures, in order to
calculate activation parameters. The proposed reaction scheme
is given in Scheme 4.

3.2.1 IR study. Infrared spectrophotometry is useful for
monitoring the disappearance and appearance of carbonyl
peaks during the oxidative addition reaction of complex (2),
due to the difference in stretching frequency, (CO), in the
reactants or products of the reaction: the CO bonds in the
various rhodium(i) complexes, [Rh'(B-diketonato)(CO)(PPh;)],
resonate at a stretching frequency, 1{CO), of ca. 1970-1984 cm™*
(see Table 2, also for related complexes from literature), while
shifting to a higher value of ca. 2050-2100 cm ™" for the oxidised
[Rh"(B-diketonato)(CH;)(I)(CO)PPh;] (Rh™-alkyl) complexes.
On the other hand, the CO bonds in the [Rh™(B-diketonato)-
(COCH,)(I)PPh;] (Rh™-acyl) complexes resonate at a much
lower stretching frequency of ca. 1700-1750 cm™ ">’ These
distinctly different values of stretching frequencies (CO) for
the Rh', Rh™-alkyl and Rh™"-acyl complexes, enable distinction

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018

by IR between the Rh' reactant and the different Rh™ products
of the [Rh(B-L1)(CO)PPh;] + CH;I oxidative addition reaction of
this study. Two reaction steps could be identified from the IR
monitoring of this [Rh(B-L1)(CO)PPh;] + CH,I reaction in
chloroform, as illustrated by the two graphs in Fig. 3, and
formulated in Scheme 4. The first step involves the disappear-
ance of the Rh' in complex (2), as the CH;I oxidatively adds to
Rh', forming a Rh™-alkyl1 intermediate product. However, the
Rh™-alkyl1 product seems to be in fast equilibrium with the
Rh"™-acyl1 product of CO insertion, since the rate of formation
of both Rh""-alkyl1 and Rh""-acyl1 is in the same order as the
rate of depletion of Rh', namely k; ~ 0.02 mol™* dm® s™7; see
Table 1. (The rate of formation of the Rh™-alkyl1l species at
2073 em ™', k; ~ 0.03 mol ' dm?® s77, is virtually only slightly
higher than the rate of disappearance of Rh’, due to the fact
that the intermediate Rh'™-alkyl1 is simultaneously being con-
verted to Rh™-acyl1 at 1727 cm ™). During the second reaction
step, both Rh™-alkyl1 and Rh™-acyl1 disappear at roughly the
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Fig. 4 Relative absorbance vs. time data of the different reactants and
products, during the IR monitoring of the oxidative addition reaction of
complex (2), [Rh(B-L1)(CO)PPhs] + CHsl: (a) Rh() depletion measured at
1983 cm™2, (b) Rh(i)-alkyll formation and depletion measured at 2073 cm™2,
(c) Rh(m-acyll formation and depletion measured at 1727 cm™! and
(d) Rh(n)-alkyl2 formation and depletion measured at 2060 cm™. Initial
concentrations were [Rh(B-L1)(CO)PPhz] = 0.001 M and [CH3l] = 0.1 M.
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Fig. 5 Relative integration units vs. time data of the different reactants and
products, during the 3P NMR monitoring of the reaction of complex (2),
[Rh(B-LI(CO)PPh3] + CHsl: (@) Rh(in)-alkyll depletion, (b) and (c) Rh(i)-acyll
and Rh(in-acyll’ depletion and (d) Rh(in-alkyl2 formation.

same rate of ca. 0.00005 s~ * (see Table 1), as the new Rh™-alkyl2
product is being formed. After 70 000 s (19 hours), virtually no
initial Rh' remained in the reaction solution, while an equili-
brium was obtained between the three Rh™ reaction products
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present in the reaction solution, namely Rh™-alkyl1, Rh™"-acyl1
and Rh™-alkyl2, see Fig. 4. The absorbance is not related to the
concentration of the different reaction products, therefore the
IR data cannot provide the relative amounts of the reaction
products in the solution.

3.2.2 NMR study. The reaction between iodomethane and
the rhodium(1) complex (2) of this study was also monitored by
*1p NMR. The phosphorous peak of the rhodium-PPh; complex
is a doublet, due to coupling between phosphorous (spin 1/2)
and rhodium (spin 1/2). The *'P doublet of the different
[Rh'(B-diketonato)(CO)(PPh;)], Rh™-alkyl and Rh™"-acyl reaction
products, can conveniently be distinguished by the values of the
J"P-""Rh) coupling, namely ca. 170 ppm for Rh' complexes,
ca. 120 ppm for Rh™-alkyl complexes and ca. 150 ppm for
Rh™-acyl complexes."®'®?! Selected fragments of the *'P NMR
spectra, recorded during the oxidative addition of complex (2),
[Rh'(B-L1)(CO)(PPh;)] + CH3l in CDCl;, are shown in Fig. $4 of
the ESIL.f The same two reaction steps observed by IR, shown
in Scheme 4, were observed when following the reaction by
*'p NMR, although the first step was too fast to be followed
kinetically by *'P NMR. Some new information was obtained by
3'p NMR, namely that actually two Rh™-acyl1 structural isomers
exist in equilibrium with Rh'™-alkyll. The acyl isomers are
Rh™-acylt at 38.54 ppm with Vg p = 153.1 Hz, as well as
Rh™-acyl1’ at 37.54 ppm with g, p = 155.1 Hz. Thus, during
the second reaction step, the Rh™-alkyl1 at 34.63 ppm (Yrp_p =
124.0 Hz), as well as isomers Rh™-acyll and Rh™-acyl1’, all
deplete at roughly the same rate as the rate of formation of the
final Rh'"-alkyl2 product, at 31.15 ppm (Jgn_p = 118.1 Hz). After
4000 min (67 hours) no initial Rh' was observed any longer, but the
four Rh™ reaction products were observed in the reaction solution
in equilibrium with each other, namely 16.4% Rh™-alkyl1, 10.8%
Rh™-acyl1, 16.3% Rh™-acyl1’ and 56.5% Rh™-alkyl2. The NMR data
thus proves that Rh™-alkyl2 is in fact the main product (at 56.5%);
see Fig. 5 for kinetic data measured until 2000 min (33 h).

3.2.3 UVNis study. Results for the oxidative addition reaction
of complex (2), [Rh'(B-L1)(CO)(PPh;)] + CH;l, studied here by
UV/vis spectrophotometry, are shown in Fig. 6 and listed in
Table 1. The change in absorbance when rhodium(i) is converted
to rhodium(m), was monitored at wavelength 334 nm. The second
order rate constant, k; = 0.0202(7) dm® mol ' s, obtained for the
first reaction step at 25 °C, is the same as obtained by the IR study
at 25 °C.

0.0020 -8
7, 0.0015 = °
A 0.0010 =
-10
0.0005
0.0000 ; . T x . , 114 . . \
0.00 0.01 0.02 003 0.04 005 0.06 0.0032 0.0033 0.0034 0.0035

[CH,I]/ mol dm®

UT /K’

Fig. 6 Left: Temperature and [CHsl] dependence of the pseudo first order rate constant (kops) for the first step of the oxidative addition reaction of
complex (2), [Rh(B-L1)(CO)PPhs] + CHsl, in chloroform. A(UV/vis) = 334 nm. (Temperatures: A =15 °C, B = 25 °C, ¢ = 35 °C.) Right: Eyring plot, giving the

relation between k; and T, according to eqn (3).
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Scheme 4 The two reaction steps identified during the oxidative addition reaction of complex (2), [Rh(B-L1)(CO)PPhs] + CHsl.

The large negative activation entropy, As* = —90(30) kJ K™*
mol ™, is an indication towards associative activation during
the transition state, while the positive activation enthalpy,
AH" =56(8) k] mol ", shows that the oxidative addition reaction
is endothermic, i.e. the products are more stable than the
reactants. The transition state has an experimental energy
barrier of AG* (298 K) = 83 kJ mol™*. The experimental data
supports an Sy2 mechanism for the [Rh'(B-L1)(CO)(PPh;)] +
CH;I oxidative addition reaction. This type of reaction is
commonly proposed for addition of alkyl halides to square
planar d® complexes, such as the Monsanto catalyst and other
planar rhodium(1) complexes.**"*® The Sy2 mechanism involves the
nucleophilic attack by the d® rhodium(r) of [Rh'(B-L1)(CO)(PPhs)],
complex (2), on the carbon of CH;I, with the consequent formation
of a polar, five-coordinated transitional state.’” Addition of
iodide in a fast follow-up step, leads to the formation of a
[Rh"™(B-L1)(CH,)(I)(CO)PPh;] (Rh'"-alkyl1) product, see Scheme 5
for the proposed mechanism.

X-ray structures of the Rh™-alkyl and Rh™-acyl products,
with iodide coordinated to rhodium, support the proposed
mechanism in Scheme 5. For example, the Rh"™-alkyl products
of the type [Rh(L,L’-BID)(CH;)(I)(CO)PPh;], where the iodide is

Table 2

coordinated to rhodium, have previously been isolated and
characterized by solid state X-ray crystallography.**** In this
study, ligand L,L’-BID is a monocharged bidentate ligand, with
donor atoms L and L’ (when L,L’ = 0,0, then ligand L,L'-BID =
B-diketonato ligand). Additionally, the Rh™-acyl products of
methyl migration, namely [Rh(L,L’-BID)(COCH;)(I)PPh;], also
with the iodide coordinated to rhodium, have been isolated and
characterized by solid state X-ray crystallography.**~*°

3.2.4 Reactivity correlation of the rate of iodomethane
oxidative addition to a wide variety of different [Rh(f-diketonato)-
(CO)(PPh;)] complexes without a-substituents. A literature study
was conducted to obtain the IR (vco), electrochemical (Ep,)
and kinetic data (k;) of the first oxidative addition step of the
[Rh(B-diketonato)(CO)(PPh;)] + CH,I oxidative addition reaction,
for a wide variety of 16 different B-diketonato ligands without
a-substituents; see Table 2 for a summary of the data and the
respective literature references. The ligand f-diketonato =
R'COCR*COR?, with R* = H in each example, except in ligand
HB-L1 from this study, where group R* = C;oH,;OC¢H,COO
is a large and long chain. R" and R? on the B-diketonato ligand,
are different combinations of substituents Fc (ferrocenyl), Ph
(phenyl), Th (thienyl), CF; and alkyl (CH,),,CH3, where n = 1-3.

IR (vco), electrochemical (Ep,) and kinetic data (ki) as obtained from literature, for the oxidative addition reaction of a wide variety of [Rh(B-

diketonato)(CO)(PPhs)] complexes with CHsl. B-diketonato ligand = (R)®COCR*COR?)™ (with R* = H in each ligand below, except in the last ligand H(B-L1)

from this study, where R* = C1oH»;0CgH4COO)

Complex, with abbreviation Epa(Rh)/V vs. Ref. for
for B-diketonato ligand R! R? Veolem™'  FcH/FcH' ki/mol™* dm® s~ Solvent kinetic Ref. for k;  Epa(Rh)
[Rh(dfcm)(CO)(PPh;)] Fc Fc 1977 0.108 0.157(2) Chloroform 19 46
[Rh(bab)(CO)(PPh;)] Ce¢Hs CH,CH,CH; 1981 — 0.0437(1) Chloroform 22 —
[Rh(bfcm)(CO)(PPh;)] Fc CeH; 1977 0.123 0.077(2) Chloroform 19 46
[Rh(bap)(CO)(PPhj)] C¢Hs CH,CH, 1982 — 0.0333(9) Chloroform 22 —
[Rh(bav)(CO)(PPh,)] CeH; CH,CH,CH,CH; 1983 — 0.0354(8) Chloroform 22 —
[Rh(dtm)(CO)(PPh;)] C4H;S C,HS 1971 0.320 0.029(1) Chloroform 18 49
[Rh(bth)(CO)(PPhs)] CeHs C,H,S 1970 0.296 0.0265(6) Chloroform 18 49
[Rh(acac)(CO)(PPh;)] CH; CHj; 1978 0.357 0.024(3) 1,2-Dichloroethane 15 49
[Rh(fca)(CO)(PPhs)] Fc CH; 1980 0.154 0.065(1) Chloroform 19 46
[Rh(dbm)(CO)(PPh;)] CeHs CgHs 1979 0.308 0.00961 Acetone 47 48
[Rh(ba)(CO)(PPh,)] C¢Hs CH; 1980 0.336 0.0093 Acetone 47 48
[Rh(fctfa)(CO)(PPhs)] Fc CF, 1986 — 0.00611(1) Chloroform 17 46
[Rh(tta)(CO)(PPhs)] CF; C,H3S 1981 0.426 0.00171(4) Chloroform 21 49
[Rh(tfaa)(CO)(PPh;)] CF;  CH, 1983 0.491 0.00146 Acetone 47 48
[Rh(tfba)(CO)(PPh;)] CeHs CF, 1983 0.448 0.00112 Acetone 47 48
[Rh(hfaa)(CO)(PPh;)] CF; CF; — 0.573 0.00013(1) Chloroform 20 11
[Rh(B-L1)(CO)(PPhy)] CH; CH; 1984 0.294 0.0202(7) Chloroform This study This study

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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Scheme 5 Proposed Sy2 mechanism for the oxidative addition step of the reaction of complex (2), [Rh(B-L1)(CO)PPhs] + CHsl, with formation of the

Rh"-alkyll product.

All the second order rate constants (k;) obtained for the first
reaction step of the [Rh(B-diketonato)(CO)(PPh;)] + CH;I oxida-
tive addition reaction, for this wide variety of 16 different
B-diketonato ligands from literature, are summarized in Table 2
and visualized in Fig. 7. These [Rh(B-diketonato)(CO)(PPhs)] com-
plexes can clearly be divided into four groups: group 1 consists of
those [Rh(B-diketonato)(CO)(PPh;)] complexes with a B-diketonato
ligand containing at least one electron donating Fc (ferrocenyl)
group, with a larger value of k; > 0.06 dm® mol " s . Group 2 are
those [Rh(B-diketonato)(CO)(PPh;)] complexes with a f-diketonato
ligand containing only Ph, Th or alkyl groups, with k; values
between 0.04 > k; (dm® mol™* s™') > 0.01. Group 3 are those
[Rh(B-diketonato)(CO)(PPh;)] complexes with a B-diketonato

ligand containing one strongly electron withdrawing CF; group,
with smaller values of 0.002 > k; (dm® mol " s™") > 0.001.
Group 4 consists of the [Rh(B-diketonato)(CO)(PPh;)] complex
with a f-diketonato ligand containing two strongly electron
withdrawing CF; groups, with a much smaller value of
k, < 0.0001 dm® mol™* s™*. The effect on the value of the second
order oxidative addition rate constant k;, when moving from
group 4 to group 3 to group 2 to group 1, is roughly a tenfold
increase in the value of ;. The only complex whose &, value does
not follow this trend, is complex [Rh(FcCOCHCOCF;)(CO)PPh;],
which contains both an electron donating Fc group, as well as an
electron withdrawing CF; group on the same ligand (= fctfa),
causing it to neither fit into group 1 (with Fc substituents), nor

0.20
Group 1 with a Fc group:
- -1 -1 3
0.18 k,=0.16 - 0.06 s"mol"dm
0.16
0.14
0.12 e 8
3> 3
e o
0.10 :’"’—,E ::mE
o» o2
0.08 Group 2 with Ph, Th or alkyl groups: ey g2
k, = 0.04 - 0.01 s'mol"dm’ 5g 2
£5 £°
0.06 1 5. 53
[ ! ©8 <38
0.04 23 23
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O x O X
0.02
0.00 = S
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Fig. 7 Comparison of the second order rate constants k; (in mol™ dm® s™%) of the first oxidative addition step of the [Rh(B-diketonato)(CO)(PPhs)] + CHsl
oxidative addition reaction, for a wide variety of different B-diketonato ligands without a-substituents, as obtained from literature, see Table 2. Ligand
B-diketonato = RICOCR*COR?, with R* = H in each example, except in ligand HB-L1 from this study, where group R* = C;oH,;0CgH4COO. R'and R? are
different combinations of substituents Fc (ferrocenyl), Ph (phenyl), Th (thienyl), CF3 and alkyl (CH;),CHs, where n = 1-3. Data is listed in Table 2. The
complex with ligand fctfa fits neither into group 1 (with Fc substituents), nor into group 3 (with CFs substituents), since it contains both a Fc and CF3
substituent.
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Fig. 8 Cyclic voltammograms of 0.0005 mol dm~* solution of complex
(2), [Rh(B-L1)(CO)(PPh3)], at different scan rates of v = 0.05 (brown,
smallest peak currents), 0.10 (magenta), 0.15 (green), 0.20 (red) and 0.25
(blue, largest peak currents) V s~

into group 3 (with CF; substituents), but to approximately fit into
group 2.

3.3 Cyclic voltammetry

The cyclic voltammogram of complex (2), [Rh(B-L1)(CO)PPh;],
is shown in Fig. 8 at the indicated scan rates, with data
summarized in Table 3. The oxidation of Rh' to Rh™ is
observed at 0.299 V, versus the FcH/FcH' couple. Reduction of
a Rh™-species is observed at —0.824 V, and the reduction of the
coordinated B-L1 ligand is observed at —2.539 V (0.100 V s~ *
values). The assignments of the redox processes are in accordance
with published data for related [Rh(B-diketonato)(CO)(PPhs)]
complexes.” The electrochemical and chemical (obtained here
by oxidative addition) oxidation of [Rh(B-diketonato)(CO)(PPh;)],
complex (2), both result in a Rh™ species. According to expecta-
tion, the potential at which the electrochemical oxidation of Rh'
occurs, relates to the rate constant k; (in dm® mol ™' s %) of the
first step of the second order oxidative addition. This was found
by comparing the E,,, and &, values of a series of 16 related Rh'
B-diketonato complexes from literature with complex (2) from this
study (data summarized in Table 2). A linear correlation was
found between E,, and In(k,) of all the complexes; see Fig. 9. The
trend observed here over a potential range of nearly 0.5 V, is, that
with increasing difficulty to electrochemically oxidize rhodium(r)
to rhodium(m) (indicated by higher Ep,(Rh) values), the kinetic
rate of chemical oxidation (with CH;I) also becomes increasingly
slower. The data point of one specific complex with ligand fctfa,

Table 3 Cyclic voltammetric data (the electrochemical oxidation and
reduction potentials, £, and Eyc) obtained during the cyclic voltammetry
analysis of complex (2) [Rh(B-L1)(CO)(PPhs)l, in 0.1 mol dm™> [N("Buy)I[PFel/
CH=CN, at the indicated scan rates (v), at 25 °C

Compound UV s Epy (RD)V  Epe (Rh)/V  Ep (ligand)/V
[Rh(B-L1)(CO)(PPhJ)] 0.05  0.293 —0.798  —2.543

0.10 0.294 —0.799 —2.547

0.15 0.294 —0.799 —2.548

0.20 0.295 —0.799 —2.549

0.25 0.298 —0.800 —2.550

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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Fig. 9 Relationship between the second order rate constants k; (in mol ™t
dm?® s} of the first oxidative addition step of complexes [Rh(B-diketonato)-
(CO)(PPh3)l with CHsl, and the oxidation potential (E,s) of the rhodium()
metal in [Rh(B-diketonato)(CO)(PPhs)], as obtained from literature for a wide
variety of related Rh' triphenylphosphine complexes with different ligands,
see Table 2. Data of complex (2), [Rh(HB-L1)(CO)PPh4], is indicated by the
red dot and fits the general linear trend. The green dot indicates data of a
specific complex [Rh(FCCOCHCOCF3)(CO)PPhs], which was not used in the
linear fit (indicated by the black line), since it contains both electron
donating (Fc) and electron withdrawing (CFz) groups. Data is given in
Table 2.

namely [Rh(FcCOCHCOCF;)(CO)PPh;], deviates slightly from the
expected linear trend shown in Fig. 9, as indicated by the green
data point. The reason for this deviation is (as also concluded
from Fig. 7), since the fctfa ligand of this complex simultaneously
contains a very electron donating substituent Fc, as well as a very
electron withdrawing substituent CF3, causing it to fit neither into
group 1 (containing Fc) nor into group 3 (containing CFj).

4 Conclusion

A new [Rh(B-diketonato)(CO)(PPh;)] complex (2) was success-
fully synthesized and characterized, containing the B-diketonato
ligand B-L1 = (CH3COC(C;,H,,0CsH,COO)COCH3;) ", with a long
chain (C;oH,;0C¢H,COO) at the a-position. The conversion of
Rh' to Rh™ of this complex was investigated both chemically
(by IR, UV/vis and NMR) as well as electrochemically (by CV). The
chemical conversion of Rh' to Rh™ was obtained by oxidative
addition of CH;l to the Rh'. Following the reaction kinetics of
the [Rh(B-L1)(CO)PPh;] + CH,I reaction via IR spectra, demon-
strated that this reaction occurs in two steps: the first reaction
step is the disappearance of Rh', as the CH;I oxidatively adds to
Rh' forming a Rh™-alkyl1 product, which is in a fast equilibrium
with a Rh™-acyl1 product of CO insertion. During the second
reaction step, the formation of a new Rh™-alkyl2 main product
was observed. Additionally, it was proven by NMR data obtained
during the [Rh(B-L1)(CO)PPh;] + CH;l oxidative addition reac-
tion, that actually two Rh™-acyl1 structural isomers are present
in the reaction solution of the first reaction step (Rh™-acyl1
and Rh™-acyl1’), forming the Rh™-alkyl2 as the main reaction
product during the second reaction step, at a percentage yield
of 56.5%.

The reaction rate of the first oxidative addition step of
[Rh(B-L1)(CO)PPh;] + CH;I in chloroform, k; = 0.0202(7) mol "
dm® s7', was not at all influenced by the long and sterically
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large chain (C;oH,;0CsH,COO) substituted at the a-position of
the B-diketonato ligand, and is similar in value to the rate
of oxidative addition (k;) of related complexes without such
long and steric substituents; for example the reaction of the
similar complex [Rh(CH3;COCHCOCH;)(CO)(PPh;3)] + CH;l,
where k; = 0.024(3) mol™' dm® s™', which is the same as
k, for complex (2). The oxidation potential (E,,) for the
electrochemical oxidation of [Rh'(B-L1)(CO)PPh;] to Rh'™ also
is similar to that of related [Rh(B-diketonato)(CO)(PPh;)]
complexes without steric substituents. The oxidation potential
of complex (2) fits into the linear extrapolation of the graph
between the In of the second order oxidative addition rate
constant (Ink,) versus the oxidation potential Ep,(Rh), with
a R? value of 0.89, proving that the chemical oxidation of
[Rh(B-L1)(CO)PPh;] also has not been influenced at all by the
long chain (C;oH,;0CsH,COO) substituted at the a-position of
the B-diketonato ligand, when compared to similar complexes
from literature without an o-substituent.
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