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ABSTRACT: Coordination of an alkyne—bisphosphine ligand with platinum(II) precursors produced a structural reorganization in
the ligand backbone to form stable zwitterionic platinum(II) complexes bearing an anionic platinum center. The structural
properties and reactivities of these complexes were investigated using X-ray crystallographic analyses, computational studies, and
stoichiometric reactions involving oxidative addition and reductive elimination. These studies have shown that the enhanced
nucleophilicity of the platinum center to alkyl halides promotes smooth oxidative addition and that the charge rebalance accelerates
the dissociation of the halide anion from the platinum(IV) intermediate, which is essential in the carbon—carbon bond-forming step.

H INTRODUCTION conventional Pt°/Pt" or Pd°/pd! cycles.9 Therefore, inves-
tigations of the highly efficient platinum(1I/IV)-based system
involving carbon—carbon bond-forming reactions is of great
importance for the fundamental development of organo-
metallic chemistry.

Platinum complexes exemplified by Zeise’s salt, the first-
discovered organometallic compound, have been widely
studied to gain mechanistic insights into organometallic
catalysis because of the higher stability of carbon—platinum

bonds against moisture and air in comparison with the case of During our studies on the coordination behaviors of alkyne—
other transition metals such as palladium."” Although various bisphosphine ligand 1 with various transition metals, cyclo-
platinum-catalyzed or%anic reactions such as silylation,’ butadiene—dirhodium complex 2 and 1,3-butadiene-1,4-diyl
borylation,4 amination,” and carbene-transfer reactions® are iridium(II) dimer 3 were obtained via the structural change of
well-known these days, there have only been a few reports on ligand 1 triggered by z-coordination of alkynes (Scheme
the use of platinum complexes as a catalyst for carbon—carbon 1).'>"" Although a variety of bidentate phosphine ligands
bond-forming cross-coupling reactions.”® Recently, key plati- coordinate to the single metal center while their ligand
num catalysts in these reactions have been considered to be backbone remains unchanged, ligand 1 undergoes carbon—
platinum(IV) intermediates (Figure 1), which are rather rare carbon bond-forming dimerization to afford unique types of
and exhibit unique reactivities in comparison with the dinuclear complexes. Here, we describe how the alkyne moiety
reacts with a platinum(Il) precursor differently to afford the
F 1/2 Mg2*
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Figure 1. Platinum(IV) complexes proposed as catalytic intermedi-

ates.
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Scheme 1. Alkyne-Containing Bisphosphine Ligand 1 as a
Template for Diversity in Complexation
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zwitterionic platinum(II) complexes S, which undergo
oxidative addition with alkyl halides followed by reductive
elimination to give the corresponding coupling products. We
envisioned that the use of the present zwitterionic complexes
having a carbon atom and an anionic charge on the platinum
atom would enhance both the nucleophilicity of the platinum
center and the carbanion character of the organic ligand bound
to the metal center, and thereby the carbon—carbon bond-
forming activity would also be enhanced (Scheme 2)."

Scheme 2. Reactivity of Zwitterionic Platinum Complexes
with an Anionic Metal Center
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Moreover, we expect a synergetic effect for zwitterionic
platinum complexes bearing both an anionic platinum center
and a cationic ligand linkage,"”'* which may provide a unique
character of the catalytic intermediate because of the
rebalancing of charges.

B RESULTS AND DISCUSSION

Complexation of Alkyne—Bisphosphine Ligand 1
with Platinum(ll) Precursors. As an initial attempt, the
reaction of diphenylacetylene-based bisphosphine ligand 1
with PtCly(cod) in CDCl; or CD,Cl, was performed at room
temperature (Scheme 3). Crystals of bisphosphine complex 4a
immediately precipitated from the reaction mixture. Complex
4a was then dissolved in CD,Cl, and the solution left at room
temperature for 15 days to form the new unsymmetrical
complex Sa as a precipitate. The structures of complexes 4a
and Sa were unambiguously determined using X-ray crystallo-
graphic analyses (Figure 2). Complex 4a is a cis-chelating
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Scheme 3. Isolation of Zwitterionic Complexes S
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Figure 2. ORTEP illustration of platinum complexes 4a and Sa—d
with thermal ellipsoids drawn at the 50% probability level. Hydrogen
atoms and solvent molecules are omitted for clarity.

bisphosphine—platinum(II) dichloride complex with an
unconstrained square-planar structure, in which no coordina-
tive interaction of the acetylenic moiety is observed (the C1—
C2 bond length is 1.20 A; the mean of the C3—C1—C2 and
C1—C2—C4 angles is 175°). Complex Sa was found to be a
zwitterionic complex with an anionic platinum center and a
cationic phosphoindolium moiety. The ligand changes from a
K*-P,P- to a k*-C,P-chelating mode by the conversion from
complex 4a to 5a.'”

NMR studies using PtMe,(cod) instead of PtCl,(cod)
showed that dimethylplatinum complex Sb was formed much
more quickly (within 120 min) than complex Sa (Table S1 and
Figures S2 and S3 in the Supporting Information). Other
platinum precursors such as PtPh,(cod) and Pt(C=
C'Bu),(cod) also underwent a similar intramolecular cycliza-
tion to form zwitterionic complexes S5c,d (Scheme 4).
Complexes Sb—d were successfully isolated in good yields
(62—82%) by recrystallization from a benzene or toluene
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Scheme 4. Complexation of Alkyne—Bisphosphine Ligand 1
with PtR,(cod)

Ph, Ph, R
P R PtR,(cod) '~pph,
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=4 )
- toluene or benzene p O
rt, 10-24 h Ph,
1 5b (R = Me) 82%
5¢ (R = Ph) 82%

5d (R = C=C'Bu) 62%

solution. Dichloroplatinum complex Sa was alternatively
prepared by the treatment of dimethyl complex Sb with
hydrochloric acid. The structures of complexes Sb—d were also
determined using X-ray crystallographic analyses (Figure 2).
Structural Properties of Zwitterionic Platinum(ll)
Complexes 5. The characteristic structural parameters of
zwitterionic complexes $ in the X-ray crystal structures are
summarized in Table 1. The supporting ligand derived from

Table 1. Comparison of Structural Parameters of
Zwitterionic Platinum Complexes 5

of zwitterionic platinum complexes 5, the oxidative addition
reactions of methyl iodide to complexes § were performed. At
first, the reaction of the dimethylplatinum(II) complex Sb with
1.1 equiv of Mel was monitored with 'H and *'P NMR
analyses at room temperature (Scheme S and Figure 3a). After

Scheme 5. Oxidative Addition and Reductive Elimination
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Pt—X1 (A) 2379(1)  2.107(4)  2.058(2) 2.044(3)
Pt—X2 (A) 2.378(1)  2.100(3)  2.054(3) 2.027(3)
Pt—C3 (A) 1.990(5)  2.048(4)  2.056(2) 2.040(3)
Pt—P1 (A) 2.194(1)  2.231(1)  2.2616(8) 2.248(1)
C3—-C4 (A) 1.373(8)  1361(5)  1.374(4) 1.374(4)
c%gc;t—cs—% 23.2(9) 31.8(6) 30.7(4) 31.8(5)
eg
C4—C3—Pt—P1 44.5(4) 42.0(3) 42.7(2) 45.2(3)
(deg)

alkyne—bisphosphine 1 is composed of two coordination units:
phosphoindolium (shown in green) and triarylphosphine
(shown in magenta). All zwitterionic complexes have a
square-planar structure around the platinum center. The
C3—C4 bond lengths in the phosphoindolium ring exhibit a
double-bond character, which indicates that the negative
charge at the platinum atom and the positive charge at the
phosphorus atom are separated.'® The bond lengths between
platinum and the supporting ligands (Pt—C3 and Pt—P1) are
considered as indicators of the magnitude of the trans
influence, whose strength is in the order Ph > Me » ‘BuC=
C > CI. The dihedral angles of the two units in the supporting
ligand (C3—C4—CS5—C6) are approximately 31° (X # Cl) and
23.2° (X = Cl). The phosphoindolium ring unit is also
distorted toward the coordination square plane by 42—45°.
The distorted coordination structure is important for

L pere
stabilizing the six-membered platinacycle (Pt—C3—C4—CS—
C6-P1).

Oxidative Addition of Alkyl Halides to Zwitterionic
Platinum(ll) Complexes. As an initial study of the reactivity
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Figure 3. Time-dependent percentage amounts of the reaction of
zwitterionic platinum complexes (a, 5b; b, 5¢; ¢, 5d) with Mel.
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S min, the two methyl peaks for complex Sb disappeared,
whereas three peaks of methyl protons bearing a *J('H—'?*Pt)
satellite coupling corresponding to platinum(IV) species
appeared in the '"H NMR spectrum (Figure SS). As signals
of platinum(IV) intermediates gradually decreased over the 2.5
h monitoring period, one new signal for the methyl proton
increased, which corresponds to the methyliodo complex 8b
formed by reductive elimination, affording ethane. This result
clearly indicates the involvement of a fast oxidative addition
and a rate-determining reductive elimination via the formation
of platinum(IV) intermediates. When the same reaction using
deuterated methyl iodide (CD;I) was performed, three peaks
of methyl protons of platinum(IV) species were also observed
in the '"H NMR spectrum, in which the peak intensities were
lower than those when CH,l was used (Table S3 and Figure
S6). This result suggests the equilibrium between the
hexacoordinate complex 6b and the pentacoordinate complex
7b-X, which caused a rapid exchange of three methyl groups
via pseudorotation in 7b-X.

On the other hand, the reactivity of diphenyl and dialkynyl
complexes Sc,d differed from that of dimethyl complex Sb
(Figure 3b,c). The reactions of 5c,d clearly showed first-order
kinetics for the conversion of the starting complexes and did
not afford observable amounts of platinum(IV) intermedi-
ates,'” which indicates that the rate-determining step is shifted
to oxidative addition. The overall reaction rates depend on the
R! group on the platinum center, which decreases in the order
Ph > Me > alkynyl groups. The slowest reaction of 5d was not
completed after 12 h.'® The resulting platinum(II) complex
was successfully analyzed with X-ray crystallography in the case
of phenyliodoplatinum(II) complex 8c (Figure 4). In a

Figure 4. ORTEP illustration of zwitterionic platinum complex 8c
with thermal ellipsoids drawn at the 50% probability level. Hydrogen
atoms and solvent atoms are omitted for clarity.

reflection of the difference in trans influences discussed
above, the phenyl group is located at the position trans to
the phosphine moiety, which is also supported by the
formation of only the isomer observed in NMR analyses.
The fact that all of the reactions with Mel proceeded at room
temperature is in sharp contrast to the behavior of
commercially available platinum complexes such as

851

PtMe,(dppe) and PtMe,(cod), which did not afford the
coupling product at all even at room temperature (Table S5).
Although PtMe,(dppe) is known to undergo the oxidative
addition of Mel to give PtMe;I(dppe), it is rather stable at
room temperature and requires a higher temperature and the
use of a polar solvent to cause both C—C formation and C—I
reductive elimination.'”” Tt should be noted that the present
zwitterionic complexes undergo a rapid oxidative addition
followed by reductive elimination to give ethane in a nonpolar
solvent at room temperature with high efficiency.

Diphenyl complex Sc also reacted with allyl halides at
ambient temperatures to afford allylbenzene as a major
coupling product together with biphenyl as a minor product
(Scheme 6a). Iodooctane was less reactive with Sc at room

Scheme 6. Stoichiometric Reactions of Diphenylplatinum
Complex 5c with Alkyl Halides

Ph_-Fh
b N
Pt\PPhZ Xy
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p CDClg, 24 h
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5¢

temperature and underwent a coupling reaction with diphenyl
complex Sc in o-dichlorobenzene at 80 °C to yield 41% of n-
octylbenzene and 21% of biphenyl as coupling products
(Scheme 6b).

Effect of External Halide Anions on the Reaction
Rate. To investigate the influence of the halide anions on the
reaction rate, we next carried out the reaction of complex 5b
and Mel with the addition of tetrabutylammonium halides as
external halide sources (Scheme 7). In comparison with the
reaction without additive (condition A), the consumption rate
of the intermediates was apparently decreased by the addition
of 5.0 equiv of Bu,NI (condition B). The addition of Bu,NBr
(condition C) and Bu,NCI (condition D) suppressed the
reductive elimination step more significantly in comparison to

Scheme 7. Influence of X~ in the Reductive Elimination
from Platinum(IV) Intermediates
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condition B (Figure Sa). The first-order reaction rates
estimated from the slopes of linear lines in the logarithmic
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Figure S. Time-dependent percentage amounts of the platinum(IV)
intermediate in the presence of Bu,NX: (a) normal plot; (b) natural
logarithm plot and linear approximation. Additive condition: (A)
without additive; (B) with Bu,NI; (C) with Bu,NBr; (D) with
Bu,NCL

plot are in the order A > B > C > D (Figure Sb), which means
that a higher concentration of iodide in the reaction media
decreases the reaction rate slightly and that a harder halide
anion decreases the rate more significantly than a softer halide.
These results suggest that pentacoordinate complex 7-X is the
key intermediate leading to complex 8 via reductive
elimination (vide infra).

Computational Studies of Zwitterionic Platinum
Complexes. Density functional theory (DFT) calculations
support the charge-separated structure of these complexes
visualized with the electrostatic potential diagram and frontier
orbitals (Figure 6; see the Supporting Information for details).
Zwitterionic complex Sb has a charge-separated structure in
which the negative charge is localized on the platinum atom
and the positive charge is delocalized on the phosphoindolium
moiety. Moreover, the highest occupied molecular orbital
(HOMO) is mainly composed of the 5d orbital of the
platinum atom, while the lowest unoccupied molecular orbital
(LUMO) is delocalized on the phosphoindolium moiety.
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(2)

Figure 6. Electrostatic potential and molecular orbitals of zwitterionic
platinum complex Sb: (a) electrostatic potential; (b) HOMO; (c)
LUMO. Isovalue for MO: 0.030.

Therefore, it is suggested that the highly nucleophilic nature of
the dialkylplatinum(II) center promotes the rapid oxidative
addition of electrophiles.

The preference of zwitterionic complexes in the oxidative
addition has also been elucidated using DFT calculation
studies assessing the Sd,> orbital (Table 2). Molecular orbitals

Table 2. Parameters of Calculated Structures of Complexes
5b—d and PtMe,(dppe) for an Indication of Nucleophilicity
at the Platinum Center

complex R MO 5dz energy (eV)
Sb Me HOMO 0.597 —4.64
Sc Ph HOMO-2 0.547 —4.97
Se MeC=C HOMO-4 0.72 -5.36
PtMe, (dppe) HOMO 0.183 —5.28
HOMO-3 0.468 —6.02

of 5c,e and PtMe,(dppe) are shown for reference (Figure 7).
The energy levels of the 5d.2 orbital of zwitterionic complexes
5b (R = Me), 5¢ (R = Ph), and 5e (R = MeC=C-) instead of
5d are —4.64, — 4.97, and —5.36 €V, respectively, which are
higher than that of the typical platinum(II) complex
PtMe,(dppe) (—6.02 €V). These energy levels are closely
correlated with the first oxidation potentials measured using
cyclic voltammetry (0.47 V for Sb, 0.82 V for Sc, 0.94 V for
5d), which obviously reflects the higher nucleophilicity of
zwitterionic complexes Sb—d (Figure S9). The energy levels of
the Sd orbital are also negatively correlated with the s
character of the alkyl, aryl, and alkynyl ligands. The negatively
charged platinum center having the KZ-C,P-chelating ligand is
considered to raise the occupied 5d, orbital level so that its
effective interaction with the LUMO of the alkyl halide C—X
o* orbital promotes the Sy2-type oxidative addition.
Measurement of UV-Vis Absorption Spectra. An
increase in the occupied molecular orbitals involving 5d.:
was also observed in the UV—vis spectra of a series of
zwitterionic platinum complexes. In all zwitterionic complexes,
wide absorption peaks or shoulders were observed in the
visible region (380—530 nm) (Figure 8a). TD-DFT calcu-
lations for the optimized structure of dimethylplatinum
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Figure 7. Molecular orbitals of a series of platinum complexes: (a)
HOMO of PtMe,(dppe); (b) HOMO-3 of PtMe,(dppe): (c)
HOMO-2 of complex Sc; (d) HOMO-4 of complex Se. Isovalue
for MO: 0.030.

complex Sb demonstrated two weak sets of oscillator strengths
in the visible region, which is in good accordance with the
actual absorption spectrum (Figure 8b). Major transitions are
attributed to the charge transfer from the platinum-centered
occupied orbitals (HOMO to HOMO-2) to the LUMO
spreading around the phosphoindolium moiety of the ligand
(MLCT), which reflects the upward trend of the occupied
orbitals in zwitterionic complexes so that the HOMO—-LUMO
gap becomes narrow to lower the energy for the MLCT
transition.

Mechanistic Considerations. A proposed mechanism for
the present oxidative addition and reductive elimination
system using zwitterionic platinum complexes on the basis of
the experimental and theoretical studies described above is
summarized in Scheme 8. First, the reversible oxidative
addition of organic halides to dialkylplatinum(II) zwitterionic
complex § gives the pentacoordinate platinum(IV) species 7-X,
which is in fast equilibrium with hexacoordinate platinum(IV)
species 6. The pentacoordinate intermediate 7-X is susceptible
to reductive elimination to afford the coupling product R'—R*
and monoalkyl complex 8.

The present system is typical of sequential reactions, and its
rate laws were derived using suitable approximations depend-
ing on the R' substituents (eqs 1 and 2; full derivation is given
in the Supporting Information). In the case of R' = Me (eq 1),
the decrease in the platinum(IV) species in an equilibrium
between 6 and 7-X ([int] = [6] + [7]) obeys first-order
kinetics because the oxidative addition is much faster than
reductive elimination. The observed rate constant, k., is
proportional to the rate constant for reductive elimination (k;)
and is also dependent on both the concentration of halide [X~]
and the association equilibrium constant (Keq). This equation
clearly explains the experimental results concerning the halide
source and its concentration as described above (Scheme 7 and
Figure S). On the one hand, a low concentration of halide
(decrease in [X~]) and soft halide anions (decrease of K )
increase the observed rate constant (k,,), in which the
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Figure 8. (a) UV—vis spectra of complexes S, dissolved in MeCN
(50 x 10™* M). (b) Comparison of the observed absorption
spectrum and the calculated values of oscillator length in complex Sb.
Oscillator lengths for the excitation of complex Sb are estimated with
TD-DFT calculations by using the optimized structure of complex Sb.

Scheme 8. Plausible Reaction Mechanism Involving
Oxidative Addition, Halide Dissociation, and Reductive
Elimination
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equilibrium is forced to favor pentacoordinate complex 7b-X,
which readily undergoes reductive elimination. On the other
hand, the steady-state approximation can be applied to the case
of R' = Ph, alkynyl (eq 2), in which the observed rate constant
(k,p,) is correlated to the rate constants of oxidative addition
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(k,), inverse oxidative addition (k_,), and reductive elimi-
nation (k;).

R = M A8 _dlintd
dt dt
k
kobs = 73—
1+ K [X7] (1)
d[8] d[s] 2
R' = Ph, alkynyl: — = ——— = k_, [S][R*-X
alkyny ar i obslS1[ ]
kobs = k1k3
k_y + ks ()

As mentioned above, the sequential reaction of zwitterionic
complex 5b with methyl iodide is remarkably faster than those
of other dimethylplatinum(II) complexes such as
PtMe,(dppe)."® On the basis of previous studies on the
reactivity of PtMe,(dppe), the hexacoordinate platinum(IV)
complex PtMe;I(dppe) is far less reactive toward reductive
elimination due to the fast association rate of halide anion (k,
> k_,) in comparison with zwitterionic platinum(IV)
intermediates 6 and 7-X. Therefore, it forms a mixture of
both ethane and Mel because of the competitive reverse
oxidative addition with reductive elimination (k_, & k;)."® In
the present zwitterionic system, the negative charge on the
platinum center would enhance the nucleophilicity of the
platinum center to alkyl halides and accelerate the dissociation
of iodide anion by charge rebalancing to produce the coupling
product R'—R%,

B CONCLUSION

In conclusion, we have found the formation of zwitterionic
platinum complexes from an alkyne-containing bisphosphine
ligand and demonstrated the stoichiometric reactivities in
fundamental organometallic reactions. On the basis of kinetic
studies, X-ray crystallographic analyses, and DFT calculation
studies, the advantages of the zwitterionic platinum complexes
are ascribed to the acceleration of oxidative addition by the
higher level of the Pt 5d orbital and the highly dissociative
lability of the halide anion in the platinum(IV) intermediate,
leading to the selective C—C bond-forming reductive
elimination. Further studies aiming at more general and
novel catalytic reactions of the present and modified
zwitterionic platinum complexes are ongoing.
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°C): 6 1.70 ppm (d, Jp_y = 66.3 Hz, J,_y = 7.3 Hz).

(18) The consumption of 5d was completed by heating the reaction
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(19) The reductive elimination requires a higher temperature and
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shown in the scheme below. See: (a) Goldberg, K. L; Yan, J.; Winter,
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Energetics and Mechanisms of Carbon-Carbon and Carbon-Iodide
Reductive Elimination from a Pt(IV) Center. J. Am. Chem. Soc. 1995,
117, 6889. (c) Williams, B. S.; Holland, A. W.; Goldberg, K. L. Direct
Observation of C-O Reductive Elimination from Pt(IV). . Am. Chem.
Soc. 1999, 121, 252. (d) Williams, B. S.; Goldberg, K. L. Studies of
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