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Abstract: The reaction of cycloplatinated(Il) complex
[PtMe(bhq)(py)], 1, (bhgH = benzo[h]quinoline and py =
pyridine) with acyl chloride gives the organoplatinum(1V)
complex [PtCI(COMe)Me(bhq)(py)], Pox. Attempts to
grow crystals of the Pt(IV) complex Pox in CH:Cl2
solvent forms the trichloro cycloplatinated(IV) complex
[PtCls(bhg)(py)], Peryst, Which its structure is determined
by X-ray crystallography. The mechanism of the reactions
is computationally investigated which suggest that first C-
Cl bond of acyl chloride is oxidatively added to Pt(lI)
center of complex 1 through a cationic five-coordinate
intermediate to give an octahedral Pt(IV) complex in
which two new bonds, Pt-Cl and Pt-C(O)Me, are formed.
In the resulted Pt(IV) complex, two Pt-Me and Pt-
C(O)Me bonds are in the cis position to each other which
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increase the possibility of C-C reductive elimination. The energy barriers for both these two elementary reactions and structures are

calculated using DFT calculations.
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1. INTRODUCTION

Two elementary reactions, i.e. oxidative addition and
reductive elimination, are among the most important
reactions in organometallic chemistry and organic
synthesis due to their essential role for completing the
catalytic processes.** There are many reports in the
literature including platinum(11) complexes in which these
complexes have been extensively used to study their
chemistry.>® Chelating N”N donor (such as 1,10-
phenanthroline) organoplatinum complexes have been
used in this regard.’®! These organoplatinum(ll)
complexes bearing N~N chelating ligands are extremely
reactive toward oxidative addition reactions, and in the
most cases, it is confirmed that they proceed through an
Sn2 mechanism.*213 On the other hand, cycloplatinated
complexes in which CAN chelate ligands are 2-
phenypyridinate or benzo-h-quinolate, have been recently
used in oxidative addition and reductive elimination
process, although compared to NN complexes less
studies have been reported on the reactivity of these
cyclometalated  compounds.'?'416  The  attractive
chemistry of the cyclometalated compounds and

importance of their  reactivity prompted us to
investigate the reactivity of cycloplatinated (11) complex
[PtMe(bhg)(py)], 1, in which bhgH = benzo[h]quinoline
and py = pyridine, in acyl chloride oxidative addition to Pt

center to  form  cycloplatinated(IV)  complex
[PtCI(COMe)Me(bhg)(py)], Pox. Then, C-C bond
forming  reductive  elimination from  Pox is

computationally investigated to give [PtCl(bhqg)(py)], Pre.
DFT calculations are also used to give further insight into
the possible transition states and intermediates during
these processes, i.e. C—Cl bond oxidative addition and C—
C reductive elimination.

2. RESULTS AND DISCUSSION

The starting Pt(ll) complex [PtMe(bhqg)(py)], 1, reacts
with acyl chloride to produce the cycloplatinated(lV)
complex [PtCI(COMe)Me(bhqg)(py)], Pox. As shown in
Figure 1, the *H NMR spectrum of Pox shows two singlet
signals at 1.18 (2Jpwy = 71.6 Hz) and 2.73 (3Jpws = 11.0 Hz)
for protons of Me and COMe groups, respectively. The
coupling constant value of 2Jp = 71.6 Hz for Pt-Me is
much lower than the corresponding value of 85.4 Hz for
Me found for the starting Pt(ll) complex 1, showing the
oxidation of Pt(Il) complex 1 to Pt(IV) complex Pox.
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Fig. 1. 'H NMR spectra (aliphatic region) of the starting Pt(Il) complex
1 and Pt(IV) product Pox (resulting from the oxidative addition of
complex 1 and acyl chloride in CDCls. The assignments and coupling
constants are shown.

Attempts to grow suitable crystals of cyclometalated
Pt(IV) complex [PtCI(COMe)Me(bhqg)(py)], Pox, for a
single crystal X-ray diffraction experiment in solvents
such as acetone and benzene were not successful. During
the crystallization process in CH,Cl, at room temperature,
an interesting trichloro Pt(IV) complex [PtCls(bha)(py)],
Peryst, IS obtained. As suggested in Scheme 1, the
formation of this complex can proceed via C-C bond
reductive elimination from Pox to give [PtCl(bhg)(py)],
Pre (see the Computational section). The reaction of
CH2Cl; solvent with Pre forms the final product Peryst.

Me-COMe
(‘:ON; reductive cl O
e elimination Cl CHZC\Q \ Cl CH,Cl, \ Cl
/P\
N ' [N
cl / / \ cl /
X

Peryst
Scheme 1. Suggested route for formation of complex Perysi from Pox in
CH,ClI; solvent during crystallization process.

The solid state structure of complex Peryst was further
determined crystallographically as shown in Figure 2. The
crystallographic data and structural analysis are given in
Table 1 and selected bond distances and angles with
estimated standard deviations are reported in Table 2. It
crystallizes in the Triclinic crystal system in the space
group P-1. The complex Peryst has an octahedral geometry
with PtCN2CI3 coordination, in which the N atom of the
bhq ligand is trans to the N atom of the pyridine. The
maximum deviation from the ideal geometry in both
molecules is found for the chelating bite angle of the bhq
ligand, i.e. C(16)-Pt(1)-N(2) = 81.8(2)°, which indicates
that the bhq chelate is probably under strain. The Pt-CI(3)
bond is longer than Pt-CI(1) and Pt-CI(2), which is due to
higher trans influence of carbon compare to CI.
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Table 1. Crystal data and structure refinement for complex Peryst

Empirical formula

Formula weight
Temperature, K
Wavelength, A
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)

Absorption coefficient

F(000)

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

558.74
100(2)

0.71073
Triclinic

P-1
a=7.968(3) A
b =8.334(3) A
¢ =12.640(4) A
o= 94.564(9)°
B =93.339(3)°
y = 99.949(11)°
6246.0(16) A

2

2.253 g-cm™

9.005 mm™*

528

1.617 to 27.312°

5278

3530 [R(int) = 0.0283]

97.1%

Semi-empirical from equivalents

Refinement method F2
Data / restraints / parameters 3530/0/217
Goodness-of-fit on F? 0.995

Final R indices [l > 20 (1)]
R indices (all data)
Largest diff. peak and hole

R1=0.0341, wR2 = 0.0637
R1=0.0471, wR2 = 0.0681
1.131 and -0.805-A

Table 2. Selected experimental bond distances (A) and angles (deg) for
complex Peryst

bond distance or angle bond angle

CI(1)-Pt(1) 2.3134(19) N(2)-Pt(1)-CI(1)  88.84(16)
CI(2)-Pt(1) 2.3200(18) N(1)-Pt(1)-CI(1)  90.05(15)
CI(3)-Pt(1) 2.4339(16) C(16)-Pt(1)-Cl(2) 89.17(18)
N(1)-Pt(1) 2047(5)  N(2)-Pt(1)-CI(2)  88.71(16)
N(2)-Pt(1) 2037(5)  N(1)-Pt(1)-CI(2)  92.38(15)
C(16)-Pt(1) 2021(6)  CIQ)-PH1)-CI2)  177.47(5)
C(16)-Pt(1)-N(2) 81.8(2) C(16)-Pt(1)-CI(3)  175.04(16)
C(16)-Pt(1)-N(1) 96.1(2) N(2)-Pt(1)-CI(3)  93.39(14)
N(2)-Pt(1)-N(1) 1776(2)  N(1)-Pt(1)-CI(3)  88.66(14)

C(16)-Pt(1)-CI(1) 89.86(18)  CI(1)-Pt(1)-CI(3)  88.73(6)

Figure 2. Perspective view of the complex [PtCls(bha)(py)], Peryst
together with the numbering scheme. Ellipsoids are drawn at the 50%
probability level. Selected bond distances and angles are shown in Table
2.

Mechanistic study of the oxidative addition process

It is commonly established that alkyl halide and other
small organic reagents such as acyl halides, are

|-115




Inorganic Chemistry Research

oxidatively added to d® square planar complexes via an
Sn2 mechanism.213 This process includes nucleophilic
substitution of halide by metal complex to give a metal—
carbon bond, followed by coordination of halide to vacant
site of 5-coordinate square pyramidal intermediate to give
a six-coordinate octahedral product. The oxidative
addition reactions, (1 — Pox) shown in Scheme 2, are
computationally investigated and possible transition states
and intermediates along with energy barrier needed for
the reaction are computed.
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Scheme 2. Schematic illustrating oxidation addition of complex 1 with
acyl chloride and C-C reductive elimination from Pt(IV) product.

Me

o o) -
oN;
ool
o
VAN
N “/‘\
\‘ —

- TSge

The DFT-optimized structures of the reactants, transition
states, intermediates and products for the reaction of 1
with acyl chloride at the B3LYP level are illustrated in
Figure 3. Some important geometrical parameters are also
reported.

Three steps can be proposed for oxidative addition
process 1 — Pox (see Scheme 2).

Step 1. As shown in Scheme 1, two reactants at the
beginning are unbounded. The rate-controlling step
includes the nucleophilic substitution of chloride in acyl
chloride by the Pt center of 1. Upon the substitution of
chloride and the simultaneous partial removal of chloride
ion, the transition state TSox is formed. The TSox
structure includes the CI-Cyeyi-Pt, Pt-Cacyi-Me and Pt-Cacyi-
O arrangements with bond angles of 97.1, 103.1 and
105.8°, respectively. During the formation of TSox in the
first step, the major changes in bond lengths are seen for
Cl-Cayi and Pt-Cayi bonds. The Cl---Cay  distance
increases from 1.922 A in acyl chloride to 2.176 A in
transition structure TSox, while the Pt---Cay distance
decreases from far apart in the reactants to 2.572 A in
TSox. As shown in Figure 3, no significant changes were
observed for the other bonds, showing that the oxidative
addition reaction of acyl chloride to complex 1 contains
concurrently the breaking of CI-Cay bond and the
construction of the Pt-Cyey bond in TSox. The observation
of a negative imaginary frequency confirms the accuracy
of transition state, TSox. This frequency corresponds to a
CI-Cyeyi-Pt stretching vibrational mode.

Step 2. The formation of TSox is followed by fully
breaking and forming of CI-Csy and Pt-Cay bonds,
respectively, to give the ionic  5-coordinate
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[PtMe(COMe)(bhg)(py)]*Cl- intermediate, IM1. The
cationic part of this intermediate has a square pyramidal
geometry, where the acyl group is located in the apical
position. The chloride ion is in the outer sphere of Pt
complex.

Step 3. At the end, the free chloride ion coordinates to the
Pt(1V) center of IML1 to give the acylplatinum(IV) product
of [PtMeCI(COMe)(bhqg)(py)], Pox, with an octahedral
geometry around the Pt center (see Figure 3). The Pt-Cl
and Pt—Cacyi bond lengths in Pox are 2.660 and 2.054 A,
respectively. As clear in Figure 3, the bond lengths of the
reactant 1 (with the Pt center in oxidation state +2) are
shorter than those of the corresponding Pt(IV) product,
Pox. For example, the Pt-Cwe bond in 1 is shorter (2.063
A) than that in Pox (2.080 A).

e ‘\0 ‘\f.
SN I

1 ‘z TSo. 0\3" M1 &
Pt-C(Me) 2.080
Pt-C(Me) 2063  Pt-C(Me) 2.067 Pt-C(bhq) 2.041
Pt-C(bhq) 2010  Pt-Clacyl) 2,572 Pt-N(bhq) 2.223
Pt-N(bhq) 2191 Clacyl)-Cl 2.176 Pt-N(py) 2.245
Pt-N(py) 2.189 Pt-C(acyl)-Cl 97.1 Pt-C(acyl) 2.043
F) LN o
e g o 2
o -g;’f% “o*((:«
*g® ag o o ¢
<9 A
TSRE POX PRE
Pt-C(Me) 2.270 Pt-C(Me) 2.080 Pt-Cl 2.443
Pt-C(bhq) 2.034  Pt-C(bhq) 2.035 Pt-C(bhq) 2.014
Pt-C(acyl) 2290  Pt-Clacyl) 2.054 Pt-N(bha) 2.060
C(Me)-Pt-C(acyl) 48.1 Cl-Pt-C(acyl) 177.5 Pt-N(py) 2.197

Figure 3. Optimized structures of the Pt species involved in the reaction
of complex 1 with acyl chloride. Some important geometrical parameters
(A and °) are also shown.

Mechanistic study of the reductive elimination process

It is well recognized that the C-C reductive elimination
from the saturated d® 6-coordinate complexes such as
Pt(IV) complexes usually take places through prior
dissociation of a ligand.!® Indeed, the formation of a
cationic five-coordinated intermediate is responsible for
the C-C reductive elimination process.t”*® Also, the C—C
reductive elimination from 5-coordinate d® metal
complexes occurs more easily than from the
corresponding 6-coordinate complexes.?’ To investigate
the C-C coupling reductive elimination from
cycloplatinated(IV) complex Pox, we computed acetone
elimination from Pox to give [PtMe(bhqg)(py)], 1, (see
Scheme 2). The acetone reductive elimination from
intermediate IM1 proceeds through transition state TSre,
(see Scheme 2) in which the bonds between Pt center and
Me and acyl leaving groups (Me-C(O)Me) are extended
(from 2.080 and 2.043 A in IM1 to 2.270 and 2.290 A in
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TSre, respectively) and the Me-Pt-acyl bond angle is
considerably reduced (from 88.6° in IM1 to 48.1° in
TSre). As acetone dissociates, the Pt(l1)-Cl bond is
formed giving [PtCl(bhq)(py)] complex, Pre.

Free energy change profile

The free energy profile for the reaction of complex 1 with
acyl chloride is shown in Figure 4. The formation of
intermediate IM1 can be considered as the first step of
oxidative addition of MeCOCI to complex 1. This step
proceeds through TSox with the energy barrier of 21.8
kcal/mol. Trapping of 5-coordinated intermediate 1M1 by
chloride ion is a downhill process to form the
cycloplatinated(lV) product Pox, which is located 13.3
kcal/mol lower in energy compare to IM1.

The cycloplatinated(ll) product Pre resulted from the
C—C reductive elimination in IM1 via the transition state
TSre (Scheme 2 and Figure 4). To access TSre from IM1
(which is +14.2 kcal/mol higher in energy than 1), an
additional input of +27.3 kcal/mol is required. As
Me—COMe dissociates, the Pt(I1)-Cl bond is formed,
giving the final reductive elimination product Pre. The
Pt(I1) product Pre is calculated to be more stable than 1
and Pox by 32.2 and 33.1 kcal/mol, respectively.
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Figure 4. Computed energy profile for oxidative addition of acyl
chloride to the platinum(Il) complex 1 and C-C reductive elimination
from platinum(IV) complex.

3. CONCLUSIONS

The experimental study of the oxidation of
cycloplatinated(I1) complex [PtMe(bhq)(py)], 1, by acyl
chloride showed that the C-CI bond can be activated by
Pt(I1) center to form cycloplatinated(IV) complex
[PtCI(COMe)Me(bha)(py)], Pox, with two new bonds, Pt-
Cl and Pt-Cay. Attempts to grow crystals of Pox in
CHCl, solvent forms the trichloro cycloplatinated(1V)
complex [PtCls(bhg)(py)], Peryst, which its structure is
determined by X-ray crystallography. The theoretical
studies in the present work focus on the C-CI oxidative
addition reaction of 1 with CH3COCI by using B3LYP
calculations. The reaction proceeds by an Sn2 reaction
mechanism via a transition state with a bent arrangement
of the CI-Cqcyi-Pt moiety. The intermediate of the reaction
is an ionic complex [PtMe(COMe)(bhq)(py)]*Cl~ with the
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chloride remaining in the outer coordination sphere. The
values of the calculated free energies of activation in
acetone was found to be 21.8 kcal/mol. The C-C reductive
elimination from [PtCI(COMe)Me(bha)(py)], Pox, to give
[PtCI(bhqg)(py)], Pre, proceeds through a three-centred
trigonal bipyramidal transition state, with the free energy
of activations being 41.5 kcal/mol.

4. EXPERIMENTAL AND COMPUTATIONAL

DETAILS

IH NMR spectra were recorded on a Brucker 400 MHz
spectrometer in CDCls as solvent and referenced to external
TMS (0.00 ppm). All chemical shifts and coupling constants are
given in ppm and Hz, respectively. Melting points were recorded
on a Buchi 530 apparatus. [PtMe(bhq)(py)], 1, was prepared as
reported previously.?*

[PtCI(COMe)Me(bhqg)(py)], Pox. An excess of acyl chloride (50
uL) was added to a solution of complex 1, (40 mg) in 25 mL of
acetone at room temperature. The mixture was allowed to stand
at this condition for 1 h, and then the solvent was removed under
reduced pressure. The residue was washed twice with ether, and
the product was dried under vacuum. Yield: 65%, mp = 217 °C
(decomp). 'H NMR data: & 1.18 [s, 3H, 2Jpi = 71.6 Hz, Me
ligand], 2.73 (s, 3H, 3Jpti = 11.0, COMe)], 7.10-8.95 [protons of
bhq and py ligand].

Crystallography details

Single crystal X-ray diffraction data for complex Pecryst were
collected on a Bruker KAPPA APEX Il diffractometer equipped
with an APEX 1l CCD detector using a TRIUMPH
monochromator with a Mo Ko X-ray source (A = 0.71073 A).
The crystal was mounted on a cryoloop under Paratone-N oil
and kept under nitrogen. Absorption correction of the data was
carried out using the multiscan method SADABS.?? Subsequent
calculations were carried out using SHELXTL.? Structure
determination was done using intrinsic methods. Structure
solution, refinement, and creation of publication data was
performed using SHELXTL. Crystallographic data is presented
in Table 1. Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic Data
Centre, CCDC 2233679. Copies of this information may be
obtained free of charge from: The Director, CCDC, 12 Union
Road, Cambridge, CB2 1EZ, UK. Fax: +44(1223)336-033, e-
mail:  deposit@ccdc.cam.ac.uk, or via the web at
www.ccdc.cam.ac.uk.

Computational details

Gaussian 09%* was used to fully optimize all the structures at the
B3LYP level of density functional theory. The starting structures
were created by the GaussView program and optimized using
the CPCM solvation method,?® considering acetone as the
solvent as implemented in the Gaussian program. The effective
core potential of Hay and Wadt with a double-£ valence basis set
(LANL2DZ) was chosen to describe Pt and CI.?6 The 6-311G(d)
basis set was used for other atoms. Frequency calculations were
carried out at the same level of theory to identify whether the
calculated stationary point is a minimum (zero imaginary
frequency) or a transition structure (one imaginary frequency).
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