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ABSTRACT: In Pt-catalyzed C—H acylation of 2-(2- o o FOCOE
methylphenoxy)pyridine (L') with ethyl chlorooxoacetate to [__y D w Cf ,
produce ethyl 2-(3-methyl-2-(pyridin-2-yloxy) )phenyl-2-oxoacetate N )
(L?), possible reaction steps involved in the catalytic cycle have , L o 2
been investigated, which include the ligand exchange of precatalysts cis-PtPhCN).CI; - |_1—F|>t—c| i @\‘/ o I_1_F|'t_ o
cis- and trans-Pt(PhCN),Cl, with L', the intramolecular C—H fast L fast /|_1:Pt‘C| & &
activation (cyclometalation) of cis- and trans-Pt(L'),Cl, (1), and <low N

the acylation of the trans-cyclometalated platinum complex (trans- l isomerization lmmpemi"e lfaSt of *
2) formed from the C—H activation reaction. The cis coordination ol o 0\000 . ¢l
compounds including the intermediate platinum complexes have trans_pt(phCN)zqz_U, Lept—tt 2 « L1-P|t—L2
shown much higher reactivity toward the ligand exchange and the slow & slow N\zN-pp” cl

i 1
C—H activation than their trans isomers. Consequently, the cis ot

isomers exhibit higher catalytic activity in the C—H acylation

reaction. Although the C—H activation of cis- and trans-Pt(L'),Cl, produces trans-2, the cis isomer (cis-2) is very likely formed in the
C—H activation of cis-Pt(L'),Cl, but undergoes isomerization to the more stable trans-2. The results suggest that the fast reaction
pathway via all cis-platinum complexes may be responsible for the efficient catalytic reaction, but isomerization of cis-2 to trans-2
could be highly competitive. The acylation of the trans-cycloplatinated complex produces both cis- and trans-platinum complexes
Pt(L")(L*)CL,. The regaining of the cis-platinum complex revives the catalytic cycle.

B INTRODUCTION ketones,”* aryl alkyl ketones,”® a,B-unsaturated ketones,” a-
Platinum plays an important role in the development of keto esters,”” and y-keto esters’” (Scheme 1). The reaction is
transition-metal-catalyzed C—H activation and functionaliza- believed to proceed through two distinct steps: cyclo-

tion reactions.” The ligand-directed transition-metal-catalyzed
C—H functionalization represents an important advancement
in modern organic synthesis,” which usually involves the
formation of an intermediate cyclometalated complex followed
by the functionalization of the carbon—metal bond. Cyclo-

platination (C—H activation) and acylation of the platinacycle

(functionalization). It was also noted that the precatalyst cis-

Scheme 1. Platinum-Catalyzed C—H Acylation of 2-

Sy 7
metalated platinum complexes are very stable, and in fact, Aryloxypyridines
some cyclometalated platinum complexes are so stable that oPy cis-P{PhCN),Cl, 0 OPy O O OPy
they have been used as phosphorescent materials in the (10 mol%) " ’ R R
.. 1 . . . R'cOCI (3-5 equiv) R R
fabrication of OLED (organic light-emitting diode) devices by Ry —_— or 5
R

vapor deposition.” Therefore, it is very difficult to functionalize PhCI, reflux
a cycloplatinated complex” and construct a catalytic cycle for

the C—H functionalizatior}. In. an early rep9rt, platirlum was R = alkyl, cycloalkyl, alkenyl, aryl, heteroaryl, CO,Et, CH,CH,CO,Et
shown to catalyze ortho-silylation of benzylideneamines, and RZ=MeO. Mo, H,CLBr ' '

the reaction was believed to proceed through a cyclometalated R® = MeO, Me, H, CI, Br, CO,Et.

platinum intermediate.’ Recently, we discovered the acylation R* = MeO, Me, H, Cl, CO,Et, CN, NO,

of cycloplatinated complexes derived from tridentate cyclo-
metalating ligands 6-arylamino-2,2'-bipyridine, 6-phenoxy-2,2’-
bipyridine, 6-phenylthio-2,2’-bipyridine, and 6-benzyl-2,2'-
bipyridine.” Based on the discovery, we developed an oxidant-
and additive-free, platinum-catalyzed li7gand—directed C-H
acylation reaction of 2-aryloxypyridines,” which provides an
efficient way to introduce an acyl group to the ortho-position of
the 2-aryloxypyridines and allow the synthesis of aryl aryl

Py = 2-pyridyl
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Pt(PhCN),Cl, exhibited catalytic activity higher than that of
trans-Pt(PhCN),Cl,.”" To deepen our understanding of this
interesting catalytic reaction, especially the difference in the
catalytic activity of two isomeric platinum complexes, we
decided to investigate a series of stoichiometric reactions
including the ligand exchange, cycloplatination, and the
acylation of the cycloplatinated compound, which could
construct the catalytic cycle and provide insights into the
reaction mechanism.

B RESULTS AND DISCUSSION

Comparison of Catalytic Activity of cis- and trans-
Pt(PhCN),Cl,. A previous study showed that the cis-
Pt(PhCN),Cl,-catalyzed C—H acylation of 2-(naphthalen-2-
yloxy)pyridine with ethyl chlorooxoacetate led to 80%
conversion in 1 h (reflux in chlorobenzene); however, the
use of trans-Pt(PhCN),Cl, as the catalyst achieved only about
30% conversion under the same conditions.”” To further
substantiate this difference in catalytic activity, we monitored
the product buildup with the reaction time for the reactions
catalyzed by the two isomeric platinum complexes. We chose
2-(2-methylphenoxy)pyridine (L') as the model substrate for
the investigation because the presence of the methyl group
provides a convenient way to monitor the reaction and
quantify the product formation through analyzing the proton
NMR spectra of the crude reaction mixture. As shown in eq 1,

cis- or trans-Pt(PhCN),Cl, Q O
7\ o} (10 mol%) @O
=N CICOCO,Et (3 equiv) =N OFEt
PhCl, 135 °C
1 2
- L (1)

in the presence of a catalytic amount of Pt(PhCN),Cl,, L' can
be converted into the a-keto ester (L?)”” through ortho-C—H
acylation reaction with ethyl chlorooxoacetate. To compare the
catalytic activity of cis- and trans-Pt(PhCN),Cl,, two parallel
reactions were performed using two different catalysts, and the
reactions were monitored by periodically sampling the reaction
mixture for proton NMR analysis. It should be mentioned that,
for an accurate analysis, the crude reaction mixture was treated
with an excess amount of pyridine to free any of 2-
aryloxypyridine ligands (L' and/or L?) from the platinum
before taking the NMR spectra. The comparison of the
catalytic activity is shown in Figure 1. The results clearly
demonstrated that the cis-Pt(PhCN),Cl,-catalyzed C—H
acylation reaction was remarkably faster, especially in the
initial stage of the reaction. With cis-Pt(PhCN),Cl, as the
catalyst, the acylated product L* was formed in 25, 51, and
74% yield within 15, 30, and 60 min, respectively. However,
when trans-Pt(PhCN),Cl, was used as the catalyst, the product
was formed in only S, 15, and 28%, respectively. Interestingly,
after 3 h, the yields of the product were comparable, 89 and
80% for cis- and trans-Pt(PhCN),Cl,-catalyzed reactions,
respectively. Prolonged reaction resulted in product degrada-
tion, which was also observed previously and has been
attributed to the HCl accumulated during the reaction or the
combination of HCI and platinum species.”

To gain a deeper insight into this difference in catalytic
activity and other aspects of the reaction mechanism, it is
necessary to investigate a series of stoichiometric reactions that
are likely involved in the catalytic cycle. As shown in Scheme 2,
the Pt-catalyzed C—H acylation reaction most likely proceeds
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Figure 1. Comparison of catalytic activity of cis- and trans-
Pt(PhCN),Cl,. Data reported are based on single runs. For ease of
readability, a smooth curve is added to connect the points using a
graphing program but not intended to suggest any accurate kinetic
features of the reaction.

through the exchange of the benzonitrile ligands of cis- or
trans-Pt(PhCN),Cl, with the substrate L' to form the
coordination complex 1, followed by the intramolecular C—
H activation/cycloplatination to produce the cyclometalated
compound 2 and the subsequent acylation of the cyclo-
platinated compounds to produce the coordination com-
pounds 3, which would enter into the next catalytic cycle
through ligand exchange with L' and release the product L?.
For each possible intermediate platinum complex, there are
two possible configurational isomers, namely, trans and cis
isomers, depending upon the specific arrangement of the two
N donors. Our study will be focused on characterizing these
configurational isomers and comparing their chemical
reactivities.

Reaction of 2-(2-Methylphenoxy)pyridine (L") with
cis- and trans-Pt(PhCN),Cl,. Our initial study was to
examine if a cycloplatinated complex would be formed under
the conditions used in the catalytic reaction (reflux in
chlorobenzene). Indeed, the reaction of L' with cis-Pt-
(PhCN),Cl, proceeded smoothly in chlorobenzene at reflux,
and all of cis-Pt(PhCN),Cl, was consumed after 2—3 h. The
reaction produced a mixture of a coordination complex
Pt(L'),Cl, (1) and a cycloplatinated complex (2), which
turned out to be trans-1 and trans-2, in 41 and 42% isolated
yield, respectively (Scheme 3). When trans-Pt(PhCN),Cl, was
used, the reaction also produced a mixture of trans-1 and trans-
2 in 45 and 32% yield, respectively. The cycloplatination
reaction is reversible. While heating trans-1 in chlorobenzene
at reflux gave a mixture of trans-1 and trans-2, the
cycloplatinated complex trans-2 underwent complete proto-
nolysis to give trans-1 when treated with an excess amount of
HCL In fact, the coordination complex trans-1 can be
conveniently prepared in 82% yield from the reaction of cis-
Pt(PhCN),Cl, with L' in the presence of HCI (Scheme 4). It
can be reasoned that the addition of a HCI scavenger should
drive the cycloplatination to completion. Indeed, in the
presence of K,CO,, the reaction of L' with cis-Pt(PhCN),Cl,
in chlorobenzene at reflux for 2 h produced trans-2 in 64%
isolated yield. No coordination complex was presented in the
final reaction mixture.

The structure of trans-2 was determined by X-ray
crystallography, and the trans relationship of the pyridine N
donors was confirmed (Figure 2). The attempt to grow a
suitable crystal of coordination complex trans-1 for X-ray
structure determination was unsuccessful. To determine the
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Scheme 2. Possible Reaction Steps Involved in the Pt-Catalyzed C—H Acylation of L'
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structure of the coordination complex, we decided to make a
similar complex using a different substrate. As expected, the
reaction of 2-phenoxypyridine (L*) with cis-Pt(PhCN),Cl, in
the presence of HCI also produced trans-4 in good yield
(Scheme 4), and fortunately, the structure of trans-4 was
successfully determined by X-ray crystallography. The
formation of cis coordination complexes cis-1 and cis-4 was
not detected under these reaction conditions. Instead, cis-1 and
cis-4 were prepared by reacting 2-aryloxypyridines L' and L?,
respectively, with K,PtCl, in water/acetic acid at room
temperature (Scheme S). The reactions produced exclusively
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the cis isomers and were obviously under kinetic control.
Interestingly, attempting to grow crystals of cis-1 for X-ray was
unsuccessful, but suitable crystals of cis-4 were successfully
prepared for X-ray structure determination. The molecular
structures of trans-2, trans-4, and cis-4 are shown in Figure 2.
The crystal data and refinement parameters are listed in Tables
S1—S3 (Supporting Information). The selected bond lengths
and angles relevant to the platinum coordination sphere are
listed in Table 1.

The platinum in trans-2 adopts a square-planar geometry
typically found in a Pt(II) complex. The Pt—N(1) (cyclo-
metalated ligand) is slightly shorter (by 0.026 A) than the Pt—
N(2) (coordinating ligand) bond. The six-membered metal-
lacycle exhibits a boat-like conformation with the oxygen and
the platinum being the two flagpoles, which is similar to the
structure of a cyclometalated palladium complex formed with
an aryl heteroaryl ether® and other cycloplatinated complexes
based on the aryl heteroaryl amine ligand” or six-membered
coordination platinum complexes based on N- or C-linked
bis(pyridine) ligands."® The distances from Pt and O atoms to
the boat-bottom plane defined by the four atoms C(5)C(6)-
C(7)N(1) are 0.826 and 0.498 A, respectively. The lengths of
Pt—C and Pt—N bonds are similar to those found in the six-
membered cycloplatinated complexes.'' The Pt—Cl bond
(2.4121(6) A) is longer than a normal Pt—Cl (in the range
of 2.30—2.33 A)."” This is due to the 1nﬂuence of the stronger
carbon donor which is trans to the chloride."

For both coordination complexes trans- and cis-4, the
platinum displays a nearly perfect square-planar geometry,
which is similar to the crystal structures of cis- and trans-
dichlorobispyridine platinum complexes reported previously."*
Although the two organic ligands in trans-4 are placed
symmetrically with Pt as the inversion center, the cis-4 has
two coordinating ligands arranged unsymmetrically, which is
obviously due to the steric effect. In both structures, the
coordinating pyridyl rings are twisted from the square-planar
Pt coordination planes. The lengths of the two Pt—N bonds
are slightly different. There is a distinct feature of the 'H NMR
spectra of cis and trans coordination complexes 1 and 4, which
is the difference in chemical shifts of the ortho protons of the
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Figure 2. ORTEP diagram of complexes trans-2 (left), trans-4 (middle),

probability level. Hydrogen atoms are omitted for clarity.
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Scheme S. Synthesis of cis-1 and cis-4
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phenyl rings in the ligands L' and L? of the coordination
complexes. The signals of the cis isomer appear at a
significantly lower frequency compared to those of the trans
isomers (about 0.5 ppm in difference). By reviewing the crystal
structure, it was discovered that the ortho protons of one
coordination ligand in cis-4 are located above an aromatic ring
of the other coordination ligand, either the pyridyl ring or the
phenyl ring, therefore in the shielding region. The distances of
the hydrogens to the aromatic plane are 3.03 and 2946 A,
respectively (Figure 3), indicative of CH/x interaction.'> This
distinct feature can help us to assign the configuration of other
similar platinum coordination complex with 2-aryloxypyridine
ligands.

Figure 3. Distances of the ortho-hydrogen atoms to the aromatic ring
planes in cis-4.

Ligand Exchange of L' with Pt(PhCN),Cl,. The reaction
of L' and Pt(PhCN),Cl, in chlorobenzene at reflux was under
thermodynamic control, and the C—H activation/cyclo-
metalation occurred readily under those conditions, which
provided very limited information about the ligand exchange
step. Therefore, we investigated the ligand exchange reaction at
a lower temperature using 1,2-dichloroethane (DCE) as the
solvent, hoping that the C—H activation would be minimum at
reflux in DCE. As expected, the ligand exchange with cis-
Pt(PhCN),Cl, proceeded smoothly for the first hour to
produce a mixture of mainly the coordination complex cis-1, a
small amount of trans-1, trans-2, and monosubstituted
platinum complex trans-Pt(L')(PhCN)Cl, (trans-S) in a
ratio of 66:15:8:11 and combined yield of 90% (Table 2),
along with a small amount of other unidentified products.
Complex cis-1 was produced in 60% yield. In contrast, in the
reaction with trans-Pt(PhCN),Cl,, the formation of trans-1 is

Table 1. Bond Lengths (A) and Angles (deg) for Compounds trans-2, trans-4, and cis-4

trans-2 trans-4
Pt(1)—C(7) 1.988(2) Pt(1)-N(1)’
Pt(1)-N(1) 2.011(2) Pt(1)-N(1)
Pt(1)-N(2) 2.037(2) Pt(1)—-CI(1)
Pt(1)—CI(1) 2.4121(6) Pt(1)—CI(1)’
C(7)-Pt(1)-N(1) 86.93(9) N(1)'—Pt(1)-N(1)
C(7)-Pt(1)-N(2) 92.69(9) N(1)'—Pt(1)—CI(1)
N(1)-Pt(1)-N(2) 177.25(8) N(1)-Pt(1)—Cl(1)
C(7)-Pt(1)-CI(1) 176.90(7) N(1)’-Pt(1)-CI(1)’
N(1)-Pt(1)—Cl(1) 92.12(6) N(1)-Pt(1)—Cl(1)’
N(2)-Pt(1)—Cl(1) 88.11(6) CI(1)=Pt(1)-CI(1)’

3161

cis-4

2.0311(19) Pt(1)-N(1) 2.034(5)
2.0311(19) Pt(1)—-N(2) 2.041(S)
2.3030(6) Pt(1)—Cl(2) 2.2989(16)
2.3030(6) Pt(1)—CI(1) 2.3000(16)
180.00(10) N(1)-Pt(1)-N(2) 90.36(19)
91.13(6) N(1)-Pt(1)-CI(2) 177.40(13)
88.87(6) N(2)—Pt(1)—Cl(2) 89.41(14)
88.87(6) N(1)-Pt(1)-CI(1) 88.37(14)
91.13(6) N(2)—Pt(1)—Cl(1) 177.89(14)
179.999(16) ClI(2)-Pt(1)—CI(1) 91.79(7)
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Table 2. Product Yields and Distribution for Ligand Exchange Reactions of L' with cis- and trans-Pt(PhCN),CL,”

1 o]
Pt(PhCN),Cl, cis-1 + trans-1 + trans-2 + LI-Pt—NGPh + others
DCE, 84 °C CIJI
trans-5
reagents cis-Pt(PhCN),Cl, trans-Pt(PhCN),Cl,
products cis-1 trans-1 trans-2 trans-S total cis-1 trans-1 trans-2 trans-S total
1h 60% 14% 6% 10% 90% 19% 5% 8% 38% 70%
2h 67% 16% 4% 9% 96%
3h 67% 19% 4% 10% 100% 33% 9% 9% 40% 91%
8h 63% 21% 7% 9% 100% 33% 14% 15% 34% 96%
22h 24% 27% 32% 15% 98%

“Conditions: Pt(PhCN),Cl, (1 molar equiv), ligand L' (3.4 molar equiv), DCE (2 mL), 84 °C. The yields were estimated by analyzing '"H NMR
spectra of crude reaction mixtures, and the calculations were based on the integrations of the 6-Hs of the pyridine rings, which appear in the high-
frequency region and are isolated from all other hydrogen atoms in the complexes, the ligand, and the solvent (Figures $10 and S11).

much slower. The major product is monosubstituted complex
trans-3, which was formed in 38% yield within 1 h, along with
cis-1, trans-1, and trans-2 in 19, 5, and 8% yield, respectively.
The yield of cis-1 was only increased to 33% after 3 h, with
40% of monosubstituted complex trans-S. Prolonged reaction
led to the accumulation of trans-1 and trans-2.

Several points can be noted from the data in the Table 2.
First, the ligand exchange of cis-Pt(PhCN),Cl, with L' is much
faster than that of its trans isomer. In particular, the further
ligand substitution of trans-$ with L' is very slow. Second, the
intramolecular C—H activation of both cis-1 and trans-1 is very
slow, as the amount of trans-2 in the reactions did not increase
much. Third, the isomerization of cis-1 to trans-1 is very
sluggish, too, as the yield of cis-1 remained nearly constant
during 8 h of monitoring the reaction of cis-Pt(PhCN),Cl,
with L'. Finally, the reaction appeared to be stereoselective but
not specific since both reactions of cis- and trans-Pt-
(PhCN),Cl, produced more cis-1 than trans-1. Square-planar
16-e Pt(II) complexes undergo associative ligand exchange,
and most of the reactions proceed with the retention of the
configuration, namely, stereospecifically.'® In cases where a
change of the configuration is observed such as isomerization
of a square-planar Pt(II) complex, pseudorotation of a five-
coordinate intermediate has been proposed as the most likely
cause of the configuration change.1 However, this isomer-
ization cannot explain the predominate formation of cis-1 over
trans-1 in the reaction of trans-Pt(PhCN),Cl,, as the trans-1
should be more stable than cis-1. A possible reason might be
that the formation of cis-1 in the reaction of trans-
Pt(PhCN),Cl, was through an isomerization of trans-Pt-
(PhCN),Cl, to cis-Pt(PhCN),Cl, followed by the stereo-
specific ligand exchange (eq 2). There have been reports of an
equillisrium between cis- and trans-Pt(PhCN),ClL, in solu-
tion.

e

trans-Pt(PhCN), Cl, <5 cis-Pt(PhCN),Cl, 5 cis-1 )

The structure of monosubstituted complex trans-S was
determined by X-ray crystallography (Figure 4). The crystal
data and refinements parameters are listed in Table S4
(Supporting Information). There are two independent
molecules, trans-SA and trans-SB, in the crystal. The selected
bond lengths and angles are listed in Table 3. In both trans-SA
and trans-5B, the coordination sphere displays a square-planar
geometry. The Pt—N(benzonitrile) bond (1.969(3) A for 5A)
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is shorter than the Pt—N(pyridine) bond (2.013(3) A for 5A),
which is consistent with the shorter Pt—N bonds found in
other platinum complexes based on nitrile ligands.'” The
coordination plane forms dihedral angles of 84.39 and 66.58°
with the pyridyl ring and the benzonitrile’s phenyl ring,
respectively, in SA. For molecule trans-SB, the dihedral angles
are 72.93 and 40.79° respectively, whereas in the crystal
structure of trans-Pt(PhCN),Cl,, the phenyl rings are
essentially coplanar with the plane of the coordination
sphere.'”*"

Further reaction of trans-S could either be the second ligand
exchange with L' to give trans-1 or the C—H activation to
produce a cyclometalated complex. Refluxing trans-5 in DCE
led to decomposition of platinum complexes, as indicated by
TLC, which showed a large dark-brown unmovable spot on the
spotting line. Perhaps a more meaningful experiment is to
examine the competition between C—H activation and ligand
exchange reaction of trans-5 in the presence of excess L'
because a large excess amount of the substrate is used in the
catalytic reaction. The reaction of trans-5 with L' (molar ratio
of trans-5/L' = 1:2) in DCE was very slow, but after 24 h, the
reaction produced a mixture of cis-1, trans-1, trans-2, and
remaining trans-5 in 11, 12, 19, and 32% yield, respectively (‘H
NMR analysis, Figure S12). Some decomposition of platinum
complexes was also observed based on TLC analysis. Under
the same conditions (molar ratio of substrate/L' = 1:2, DCE,
reflux, 24 h), the reaction of trans-1 gave a mixture of trans-2
and remaining trans-1 in 30 and 58% yield, respectively ("H
NMR analysis, Figure S13), while the reaction of cis-1
produced a mixture of trans-2, trans-1, and remaining cis-1 in
41, 9, and 29% yield, respectively ('"H NMR analysis, Figure
S14). In both cases, the amount of free L' was increased by
about 10—15% at the end of reaction, indicating the
decomposition of platinum complexes. These results indicate
that the intramolecular C—H activation of trans-$ is competing
with but not faster than the ligand substitution, especially in
the presence of a large excess amount of L' under the catalytic
conditions. The C—H activation of cis-1 is faster than that of
trans-S and trans-1. It is noteworthy that the ligand exchange of
trans-S with L' also produced cis-1, indicating that isomer-
ization of trans-S to cis-S may occur under the reaction
conditions if the ligand exchange is stereospecific. The C—H
activation of the formed cis-1 may also contribute to the
formation of trans-2 in the reaction of trans-S. Although cis-S
should be formed in the reaction of cis-Pt(PhCN),Cl,, the
potential C—H activation of cis-5 would not be competitive
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Table 3. Selected Bond Lengths (A) and Angles (deg) for Compound trans-5

trans-SA
Pt(1)—N(1) 2.013(3)
Pt(1)-N(2) 1.969(3)
Pt(1)—CI(1) 2.2970(8)
Pt(1)—-CI(2) 2.3034(9)
N(2)-Pt(1)-N(1) 176.07(11)
N(2)-Pt(1)—ClI(1) 92.32(8)
N(1)-Pt(1)—Cl(1) 88.85(8)
N(2)-Pt(1)—Cl(2) 89.56(8)
N(1)-Pt(1)-CI(2) 89.32(8)
CI(1)—Pt(1)-CI(2) 178.01(3)
C(13)-N(2)-Pt(1) 171.4(3)
CI(1)—Pt(1)—-N(1)-C(1) 85.72
Cl(2)—Pt(1)—N(1)—-C(5) 83.39

trans-SB
Pt(2)-N(3) 2.013(3)
Pt(2)—-N(4) 1.957(3)
Pt(2)-Cl(4) 2.2997(8)
Pt(2)-CI(3) 2.3061(8)
N(4)—Pt(2)—N(3) 177.61(11)
N(4)—Pt(2)—Cl(4) 91.75(8)
N(3)—Pt(2)—Cl(4) 87.81(8)
N(4)-Pt(2)—Cl(3) 89.60(8)
N(3)-Pt(2)—CI(3) 90.88(8)
Cl(4)—Pt(2)-CI(3) 178.32(3)
C(32)-N(4)-Pt(2) 178.0(3)
CI(3)—Pt(2)-N(3)—C(24) 72.88
Cl(4)—Pt(2)—N(3)—C(20) 72.83

because the ligand exchange with L' to form cis-1 is much
faster than the C—H activation (cis-1/trans-2 = 10:1, Table 2).

Intramolecular C—H Activation/Cyclometalation of
cis- and trans-1. We further compared the cycloplatination of
cis- and trans-1 in the absence of L' and controlled conditions,
namely, using K,COj; as a HCI scavenger, and the results are
summarized in Table 4. In the presence of an excess amount of
K,COs3, when a solution of cis-1 in chlorobenzene was refluxed

Table 4. Product Yields and Distribution for C—H
Activation Reactions of cis- and trans-1°

PhCI
cis-1 or trans-1 —— cis-1 + trans1 + trans-2 + L'+ others

133 °C

reactant cis-1 trans-1

products trans2 cis-1 transs1 L' trans2 transs1 L'
1h 55% 0 23% 10% 26% 61% 6%
2h 54% 19% 10% 38% 42% 10%
3h 58% 14% 10% 52% 28% 10%
4h 64% 10% 10% 58% 22% 10%
Sh 67% 8% 10% 67% 15% 12%
9h 71% 3% 14% 72% 8% 14%
separate run
15 min 54% 0 24% 10%
30 min 58% 23% 10%
1h 59% 23% 10%

“Yields were estimated by analyzing 'H NMR spectra of crude
reaction mixtures, and the calculations were based on the integrations
of the 6-Hs of the pyridine rings of the complexes and the ligand L'
(Figure S15).
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for 1 h, trans-2 was formed in 55% yield. It was also found that,
at this point, cis-1 was completely isomerized to trans-1. Under
the same reaction conditions, the reaction of trans-1 only
produced 26% of trans-2 in 1 h. After 9 h, the C—H activation
was complete in both cases. It is clear that the cis isomer is
more reactive toward the intramolecular C—H activation. In a
separate experiment, the cycloplatination reaction of cis-1 was
more carefully monitored, and it showed that C—H activation
of cis-1 was highly reactive and the isomerization of cis-1 was
competing. Within 15 min, all of cis-1 was consumed and
produced trans-2 in 54% yield, along with 24% yield of trans-1
due to isomerization. The yield of trans-2 was only increased to
58 and 59% at 30 min and 1 h, respectively. The
decomposition of platinum complexes to release free ligand
L' was also observed in both reactions.

We could not detect the formation of cis cyclometalated
complex cis-2 in above reactions; however, we cannot rule out
the formation of this isomer. A possible reason might be that
the trans-2 may be more stable than its cis isomer, and under
the reaction conditions, cis-2 can easily isomerize to more
stable trans-2. We performed DFT calculations to assess the
relative stability of the two isomers. The optimized geometries
are shown in Figure S, and the structural data are listed in
Table S. The optimized geometry of frans-2 matches the
molecular structure determined by the X-ray crystallography.
Both cis and trans isomers display a boat-shape six-membered
platinacycle. The distance of Pt and O to the plane of the boat-
bottom are 0.644 and 0.396 A for trans-2, respectively, and
0.696 and 0.410 A for cis-2, respectively. The calculations also
revealed that the trans-2 is indeed more stable than cis-2 by
4.43 kcal/mol, which indicates that even if at equilibrium
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Figure 5. DFT-optimized geometries of trans-2 and cis-2.

Table 5. Bond Lengths (A) and Angles (deg) of Optimized
Geometries of trans-2 and cis-2

cis-2 trans-2

calculated calculated X-ray
Pt—C 1.959 Pt—C 1.971 1.988
Pt—N1 2.056 Pt—N1 2.046 2.011
Pt—N2 2.265 Pt—N2 2.058 2.037
Pt—Cl 2.333 Pt—Cl 2.473 2.412
C—Pt—Cl 94.43 C—Pt-Cl 178.14 176.9
N1-Pt—N2 93.36 N1-Pt—N2 177.04 177.24
C—Pt—N1 88.56 C—Pt—N1 89.13 86.93
C—-Pt—N2 176.28 C—Pt—N2 92.36 92.68
N1-Pt—Cl 177.00 N1-Pt—Cl 92.59 92.13
N2—Pt—Cl 83.68 N2—-Pt—Cl 85.89 88.12

(about 132 °C, at reflux in chlorobenzene), the ratio of trans-
and cis-2 would be 99.6:0.4 in the reaction mixture.
Acylation of Cyclometalated Platinum Complex
trans-2. The reaction of the cyclometalated platinum complex
with ethyl chlorooxoacetate in chlorobenzene under reflux was
too fast and caused severe degradation of reactants/products.
The reaction mixture quickly turned dark brown, and the 'H
NMR spectrum of the reaction mixture was very messy.
Therefore, we used DCE as the solvent, and at reflux, the
acylation reaction proceeded smoothly to produce cis-3 and
trans-3, as well as trans-1 as the major products (Scheme 6).
The formation of trans-1 can be attributed to the protonolysis
of trans-2 by the inevitable presence of HCI in the acylating
reagent. The fast acylation reaction suggests that the acylation
step is not the rate-determining step in the catalytic acylation
reaction of L' with ethyl chlorooxoacetate as C—H activation
in DCE was very slow, as discussed above. The formation of
cis-3 is very interesting as the coordination configuration in
trans-2 was not retained during acylating step. The monitoring

of the reaction showed that the ratio of cis-3 to trans-3 was
about 1:3 and remained unchanged as the reaction time
increased, which suggests that the reaction was under kinetic
control. In fact, no isomerization of cis-3 to trans-3 was
observed when heating a solution of cis-3 in DCE at reflux.

The reaction of cis-3 with 2 equiv of ligand L' in
chlorobenzene at reflux was complete in 1.5 h, producing a
mixture of trans-1 and trans-2 in a 1:6 ratio (Figure S16) and
releasing the acylated ligand L* (Scheme 7), which completes
the catalytic cycle. The similar reaction of trans-3 with ligand
L' was very sluggish, with only about 50% conversion after 8 h
and produced trans-2 and acylated ligand L* of about equal
molar amounts (Figure S17), which indicates that the C—H
activation is faster than the ligand exchange and the ligand
exchange reaction may be the rate-limiting step. Again, the
faster ligand exchange reaction with the cis isomer is notable.
At lower temperature, when refluxing the mixture of L' and cis-
3 in DCE for 1 h, no appreciable amount of ligand exchange
product, neither cis-1 nor trans-1, was detected.

Catalytic Activity of the Intermediate Platinum
Complexes. In principle, if an intermediate platinum complex
is involved in the catalytic cycle, it should effectively catalyze
the C—H acylation, as well. Therefore, we investigated the
catalytic activity of cis-1, trans-1, trans-2, trans-S, cis-3, and
trans-3 in the C—H acylation reaction of L', especially
compared the catalytic activity of the pairs of cis and trans
isomers. The results are shown in Figures 6 and 7. It can be
seen from Figures 6 and 7 that the cis complexes demonstrated
much higher catalytic activity than their corresponding trans
isomers, especially in the initial stage of the reaction. At 1 h, in
the cis-1- and cis-3-catalyzed reactions, acylated product L* was
produced in 83 and 73% yield, respectively; however, in the
trans-1- and trans-3-catalyzed reactions, L* was produced only
in about 5% yield. The catalytic activity of the cyclometalated
platinum complex trans-2 was between those of cis-1 and trans-

Scheme 6. Acylation of trans-2 with Ethyl Chlorooxoacetate

L

(3 equiv)

CICOCO,Et /Q\KU\

/O DCE, 84 °c N\ Cl

| PN

Tolo” N7 SN

& OTol

trans-2 cis-3
3164

St

Pt
RSN
|

TolO 7

OTol
@
0
TolO | 7

trans-1

cl”

trans-3

https://doi.org/10.1021/acs.organomet.1c00377
Organometallics 2021, 40, 3158—3169


https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00377/suppl_file/om1c00377_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00377/suppl_file/om1c00377_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00377?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00377?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00377?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00377?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00377?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00377?fig=sch6&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.1c00377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organometallics

pubs.acs.org/Organometallics

Scheme 7. Reaction of cis-3 with Ligand L'
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Figure 6. Comparison of catalytic activity of cis-1, trans-1, trans-2, and
trans-S in the catalytic C—H acylation reaction. Data reported are
based on single runs. For ease of readability, a smooth curve is added
to connect the points using a graphing program but not intended to
suggest any accurate kinetic features of the reaction.
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Figure 7. Comparison of catalytic activity of cis-3 and trans-3 in the
catalytic C—H acylation reaction. Data reported are based on single
runs. For ease of readability, a smooth curve is added to connect the
points using a graphing program but not intended to suggest any
accurate kinetic features of the reaction.

1, with the formation of L* in 53% after 1 h. Such a moderate
catalytic activity of trans-2 can be attributed to the two facts:
(i) the acylation of trans-2 produced both cis-3 and trans-3,
and (ii) cis-3 demonstrated a high catalytic activity which is
comparable to that of cis-1. The moderate catalytic activity of
trans-2 (lower than that of cis-1 and cis-3 but higher than that
of trans-1) also indicates that the isomerization of cis-2 to
trans-2 is highly competitive but not necessarily faster than the
acylation of cis-2 and implies the formation of cis-2 in the
intramolecular C—H activation of cis-1. Complex trans-S
displays a catalytic activity lower than that of cis-1 and trans-
2 but higher than that of trans-1, leading to the formation of L?
in 22% vyield at 1 h. This is easy to understand because the
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reaction of trans-S with L' generates both cis-1 and trans-1, and
intramolecular C—H activation of trans-5 may also be
competitive. Complex trans-3 demonstrated the lowest
catalytic activity among all platinum complexes evaluated
here, possibly due to the rate-limiting ligand exchange of trans-
3 with substrate L' as mentioned above.

The increasing catalytic activity of the trans isomers in the
later stage of the reaction is also noticeable. Especially in the
case of trans-Pt(PhCN),Cl, and trans-1-catalyzed reactions,
after 3—6 h, the yields of the product L? became comparable to
those of the reactions catalyzed by their cis isomers. This can
be reasonably explained by the access to the intermediate cis-
platinum complexes during the reaction, namely, the formation
of cis-1 in the ligand exchange of trans-(PhCN),Cl, with
substrate L' and the formation of small amount of cis-3 in the
acylation of cycloplatinated compound trans-2. Taking a
further look at the extremely low catalytic activity of trans-1
and trans-3 at the initial stage, it is possible that the access to a
cis complex, even in a small amount, effectively activates the
catalytic process. Therefore, it is believed that there exists a fast
pathway via all cis intermediates, cis-Pt(PhCNS,),Cl, — cis-1 -
cis-2 = cis-3, which is, if not solely, mainly responsible for the
efficient Pt-catalyzed C—H acylation of 2-aryloxypyridines with
ethyl chlorooxoacetate. Another competing pathway is cis-
Pt(PhCN,),Cl, — cis-1 — cis-2 — trans-2 — cis-3.

Bl CONCLUSIONS

The platinum-catalyzed C—H acylation of 2-aryloxypyridines
represents a rare case of ligand-directed C—H functionalization
through a platinacycle intermediate. Studies of a series of
stoichiometric reactions connect key reaction steps and furnish
a catalytic cycle, which provide a strong support for the
proposed reaction mechanism. The cis-platinum complexes,
including the precatalyst cis-Pt(PhCN),Cl, and intermediate
platinum complexes, exhibit remarkably higher reactivity
toward the ligand exchange and the intramolecular C—H
activation reactions when compared with that of their
corresponding trans isomers, which reasonably explains the
higher catalytic activity demonstrated by the cis isomers.
However, the cis — trans isomerization is also competitive,
suggesting multiple reaction pathways in the catalytic reaction
(Scheme 8). The results indicate that the fast reaction pathway
via all cis-platinum complexes, cis-Pt(PhCN,),Cl, — cis-1 —
cis-2 — cis-3, is responsible for the efficient catalytic C—H
acylation reaction, although cis-2 has not been isolated and
tested. Since the isomerization of cis-2 to trans-2 is highly
competitive, another fast pathway could be cis-Pt(PhCN,),Cl,
— cis-1 = cis-2 = trans-2 — cis-3. To compare the reactivity
of cis-2 and trans-2 in the acylation reaction may require a
theoretical approach® as cis-2 is not experimentally accessible.
The formation of both coordination platinum complexes cis-3
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Scheme 8. Multiple Reaction Pathways in the Pt-Catalyzed C—H Acylation Reaction
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and trans-3 from the acylation of cycloplatinated complex
trans-2 also allows regaining of a cis-platinum complex to revive

the catalytic cycle.

B EXPERIMENTAL SECTION

General Experimental Methods. All reactions involving
moisture- and/or oxygen-sensitive compounds were carried out
under an argon atmosphere and anhydrous conditions. All anhydrous
solvents used were purchased and used as received. cis-Pt-
(PhCN),CL,>" and trans-Pt(PhCN),ClL,>> were prepared according
to literature procedures and purified by column chromatography if
necessary. 2((2-Methylphenoxy))pyridine (L') and 2—phenoxypyr—
idine (L) were prepared according to literature procedure.”’ All
other reagents were purchased and were used as received. Thin layer
chromatography was performed with silica gel 60 F,s, plates. "H and
3C NMR spectra were recorded on a Bruker 400 MHz spectrometer
at 298 K using CDCl; or CD,Cl, as the solvent. Chemical shifts were
reported relative to TMS (0.0 ppm) and chloroform-d (77.0 ppm for
C). Elemental analyses were performed at Atlantic Microlab,
Norcross, GA.

Comparison of Catalytic Activity of cis- and trans-Pt-
(PhCN),Cl,. General Procedure A. A 25 mL, three-neck round-
bottom flask equipped with a condenser was dried and purged with
argon and then charged with 2-(2-methylphenoxy)pyridine (L') (92.6
mg, 0.50 mmol), ethyl chlorooxoacetate (114 uL, 1.0 mmol),
mesitylene (23 uL, 0.17 mmol, as the internal standard), and
anhydrous chlorobenzene (3.0 mL). The mixture was stirred and
heated to reflux under argon. After the reaction mixture reached
reflux, a solution of cis-Pt(PhCN),Cl, (23.2 mg, 0.05 mmol) in 0.5
mL of chlorobenzene was added to the refluxing reaction mixture via a
syringe. For NMR samplings at intervals, a 0.1 mL aliquot was taken
by syringe and added to a 10 mL single-neck round-bottom flask
equipped with a condenser. One drop of pyridine was added, and the
reaction mixture was stirred and heated at 100 °C for S min to release
the acylated ligand from the platinum. The crude mixture was then
analyzed by "H NMR, and the yield of product L? was calculated
based on the internal standard (Figure S9).

Reaction of L' with cis-Pt(PhCN),Cl, in Chlorobenzene.
General Procedure B. A 25 mL, three-neck round-bottom flask
equipped with a condenser was charged with cis-Pt(PhCN),Cl,
(236.1 mg, 0.5 mmol), L' (277.9 mg, 1.5 mmol), and anhydrous
chlorobenzene (4.0 mL). The mixture was stirred and heated at reflux
for 2.5 h. The products, coordination complex trans-1, and
cyclometalated complex trans-2 were separated via column
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chromatography on silica gel with dichloromethane/ethyl acetate
(20:1) as the eluting solvent.

Complex Pt(L'),Cl, (trans-1): white solid, 130.7 mg, 41%; 'H
NMR (400 MHz, CD,Cl,) 6 8.75 (dd, J = 5.9, 1.8 Hz, 2H), 7.65 (td, |
= 8.8, 1.8 Hz, 2H), 7.32—7.16 (m, 8H), 7.03 (t, ] = 6.4 Hz, 2H), 6.51
(d, J = 8.5 Hz, 2H), 2.31 (s, 6H); '*C NMR (100 MHz, CD,CL,) §
164.7, 1532, 152.4, 141.5, 132.4, 131.4, 128.1, 126.7, 121.6, 119.5,
111.4, 16.5. Anal. Calcd for C,,H,,CLN,O,Pt: C, 45.29; H, 3.48; N,
4.40. Found: C, 44.99; H, 3.72; N, 4.40.

Cyclometalated Complex trans-2: 126.4 mg, 42%; "H NMR (400
MHz, CD,CL,) 6 9.38 (dd, ] = 6.2, 1.6 Hz, 1H), 8.82 (dd, ] = 5.9, 1.5
Hz, 1H), 7.85 (td, ] = 8.7, 1.9 Hz, 1H), 7.77 (td, ] = 8.9, 1.9 Hz, 1H),
7.29 (m, 1H), 7.23—7.19 (m, 3H), 7.06 (td, ] = 7.2, 1.2 Hz, 1H), 7.00
(td, ] = 7.4, 1.4 Hz, 1H), 6.90—6.84 (m, 2H), 6.64 (t, ] = 7.4 Hz, 1H),
6.48—6.39 (m, 2H), 2.40 (s, 3H), 2.05 (s, 3H); *C NMR (100 MHz,
CD,CL) & 164.0, 160.4, 152.9, 152.5, 152.3, 151.8, 141.3, 141.1,
133.1, 1324, 131.4, 1283, 127.0, 126.6, 125.5, 124.4, 121.8, 119.7,
119.6, 115.8, 115.5, 111.1, 17.0, 16.0. Anal. Calcd for
C,,H,,CIN,0,Pt: C, 48.05; H, 3.53; N, 4.67. Found: C, 48.30; H,
3.71; N, 4.61.

Reaction of L' with trans-Pt(PhCN),Cl, in Chlorobenzene.
Following general procedure B, the reaction mixture was refluxed for
6 h for a complete conversion. Products trans-1 and trans-2 were
isolated in 45 and 32% yields, respectively.

Alternative Synthesis of trans-1. A 50 mlL, single-necked
round-bottom flask equipped with a condenser and then charged with
L' (189.7 mg, 1.02 mmol), cis-Pt(PhCN),Cl, (230.9 mg, 0.49 mmol),
and anhydrous chlorobenzene (8 mL). The mixture was stirred and
heated at reflux for 1 h. A few drops of concentrated HCI were added
to the reaction, and the mixture was stirred and heated at reflux for 1
h. After being cooled to room temperature and concentrated via a
rotary evaporator, the product was precipitated with the addition of
hexanes and afforded trans-1 as a white solid, 256.3 mg, 82%.

Synthesis of trans-Pt(L3),Cl, (trans-4). Following the procedure
for the synthesis of trans-1, trans-4 was obtained in 79% yield, yellow
solid: "H NMR (400 MHz, CDCl;) 6 8.77 (dd, J = 6.0, 1.6 Hz, 2H),
7.64—7.60 (m, 2H), 7.42—7.28 (m, 10H), 7.00 (t, J = 6.4 Hz, 2H),
6.62 (d, ] = 8.3 Hz, 2H); *C NMR (100 MHz, CDCl;) § 165.0,
154.1, 152.7, 140.7, 130.2, 125.9, 121.3, 119.1, 112.1. Anal. Calcd for
C,,H,sCLN,O,Pt: C, 43.43; H, 2.98; N, 4.60. Found: C, 43.63; H,
2.93; N, 4.62.

Synthesis of cis-Pt(L"),Cl, (cis-1). A 25 mL, single-neck round-
bottom flask was charged with K,PtCl, (415.7 mg, 1.00 mmol) and
deionized H,O (5.0 mL). This mixture was stirred to form a
homogeneous solution. In a separate 25 mlL, single-neck round-
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bottom flask, L' (749.0 mg, 4.04 mmol) was dissolved in glacial acetic
acid (5.0 mL). This solution was then added to the aqueous solution
of K,PtCl,, and the mixture was allowed to stir at room temperature
for 5 days. The precipitates were collected via suction filtration, and
the product was purified via column chromatography on silica gel with
dichloromethane/ethyl acetate (v/v = 20:1) as the eluting solvent.
Product cis-Pt(L"),Cl, (cis-1) was obtained as a white solid, 248.3 mg,
38%: 'H NMR (400 MHz, CDCL,) 6 9.03 (d, J = 5.8 Hz, 2H), 7.62
(td, J = 7.5, 1.8 Hz, 2H), 7.27 (d, ] = 7.5 Hz, 2H), 7.24—7.16 (m,
4H), 6.97 (t, ] = 6.7 Hz, 2H), 6.63 (d, ] = 7.7 Hz, 2H), 6.31 (d, ] =
8.2, 2H), 1.97 (s, 6H); *C NMR (100 MHz, CDCl;) § 164.3, 154.1,
150.9, 140.9, 132.2, 130.4, 128.1, 126.9, 120.9, 119.2, 109.9, 15.8.
Anal. Caled for C,,H,,CLN,O,Pt: C, 45.29; H, 3.48; N, 4.40. Found:
C, 44.99; H, 3.50; N, 4.43.

Synthesis of CiS-Pt(L3)2C|2 (cis-4). Following the procedure for
the synthesis of cis-1, complex cis-4 was obtained as a white solid in
41% vyield. Crystals suitable for X-ray structure determination were
grown by solvent diffusion in dichloromethane/hexanes: 'H NMR
(400 MHz, CD,CL) & 8.95-8.92 (m, 2H), 7.74—7.71 (m, 2H),
7.46—7.42 (m, 4H), 7.36—7.32 (m, 2H), 7.05—7.01 (m, 2H), 6.82—
6.80 (m, 2H), 6.56—6.54 (m, 2H); *C NMR (100 MHz, CD,Cl,) §
164.4, 153.5, 153.0, 1412, 130.6, 126.4, 120.3, 119.7, 111.4. Anal.
Caled for Cyy,5H g Cly sN,O,Pt: C, 42.45; H, 2.96; N, 4.45. Found:
C,42.63; H, 2.96; N, 4.45.

Alternative Synthesis of Cyclometalated Complex trans-2.
A 100 mL, single-necked round-bottom flask equipped with a
condenser was charged with L' (466.4 mg, 2.52 mmol), cis-
Pt(PhCN),Cl, (477.3 mg, 1.01 mmol), K,CO; (1.24 mg, 8.98
mmol), and anhydrous chlorobenzene (18 mL). The mixture was
stirred and heated at reflux for 2 h. After being cooled to room
temperature and concentrated in vacuo, the product was purified via
column chromatography on silica gel with dichloromethane/ethyl
acetate (v/v = 25:1) as the eluting solvent, white solid, 386.0 mg,
64%. Crystals for X-ray crystallography were grown by slow
evaporation in 1,2-dichloroethane.

Intramolecular C—H Activation/Cycloplatination of cis- and
trans-1. A 25 mL, three-neck round-bottom flask equipped with a
condenser was charged with cis-1 (or trans-1) (31.8 mg, 0.0S mmol),
potassium carbonate (49.8 mg, 0.30 mmol), and anhydrous
chlorobenzene (3.0 mL). The mixture was stirred and heated at
reflux. For sampling at intervals, a small aliquot (0.1 mL) of the crude
reaction mixture was withdrawn from the reaction mixture by a
syringe and analyzed by '"H NMR.

Acylation Reaction of trans-2. A 25 mlL, three-neck round-
bottom flask equipped with a condenser was dried and purged with
argon and then charged with trans-2 (119.9 mg, 0.20 mmol), ethyl
chlorooxoacetate (68 uL, 0.6 mmol), and anhydrous 1,2-dichloro-
ethane (3.0 mL). The mixture was stirred and heated to reflux for 4 h.
The mixture was cooled to room temperature and quenched with
H,0 (S mL). The aqueous layer was extracted with dichloromethane
(3 X 15 mL). Combined organic layer was washed with saturated
NaHCO; (1 x 15 mL), H,O (2 X 15 mL), and brine (2 X 15 mL)
and dried over anhydrous MgSO,. The organic solution was filtered
and concentrated via rotary evaporator, and products trans-Pt(L")-
(L*)Cl, (trans-3) and cis-Pt(L')(L?)Cl, (cis-3) were separated via
column chromatography on silica gel with dichloromethane/ethyl
acetate (v/v = 20:1), trans-3, yellow solid, 27.4% yield; cis-3, yellow
solid, 11% yield.

cis-Pt(L")(L?)Cl, (cis-3): "H NMR (400 MHz, CDCl;) § 9.02 (dd, J
=5.9, 1.6 Hz, 1H), 8.87 (dd, ] = 6.0, 1.7 Hz, 1H), 7.65 (d, ] = 7.5 Hz,
1H), 7.62—7.57 (m, 2H), 7.51-7.46 (m, 1H), 7.41 (t, ] = 7.7 Hz,
1H), 7.30-7.27 (m, 1H), 7.21-7.12 (m, 2H), 6.95—6.91 (m, 1H),
6.84—6.81 (m, 1H), 6.73 (d, ] = 7.2 Hz, 1H), 6.30 (d, ] = 8.5 Hz,
1H), 6.21 (d, ] = 8.5 Hz, 1H), 4.38 (bs, 2H, signal not resolved), 2.30
(bs, 3H), 2.10 (s, 3H), 1.37 (t, ] = 7.1 Hz, 3H); *C NMR (100 MHz,
CDCL,) 5 184.1, 164.3, 163.4, 162.7, 154.0, 153.6, 151.2, 149.3, 140.8,
140.5, 138.4, 132.0, 130.6, 130.4, 127.9, 126.9, 126.5, 120.9, 119.2,
1189, 1104, 109.0, 62.7, 16.3, 15.9, 14.1. Anal. Caled for
CsH,sCLN,OPt: C, 45.66; H, 3.56; N, 3.80. Found: C, 45.49; H,
3.78; N, 3.75.
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trans-Pt(L")(L?)Cl, (trans-3): '"H NMR (400 MHz, CDCl,) § 8.85
(d,] = 4.7 Hz, 1H), 5 8.80 (d, ] = 4.7 Hz, 1H), 7.74 (d, ] = 7.8, 1H),
7.68—7.64 (m, 1H), 7.61-7.57 (m, 1H), 7.51 (d, ] = 7.6 Hz, 1H),
7.35(t, ] = 7.6, 1H), 7.24—7.18 (m, 4H), 7.04—6.96 (m, 2H), 6.58 (d,
J=8.1Hz 1 H), 648 (d, ] = 8.7 Hz, 1H), 428 (q, ] = 6.6 Hz, 2H),
2.33 (s, 3H), 2.22 (s, 3H), 1.25 (t, ] = 7.1 Hz, 3H); '3C NMR (100
MHz, CDCL,) § 185.6, 164.2, 163.2, 162.5, 153.0, 152.9, 151.8, 150.4,
140.7, 140.3, 137.9, 132.1, 131.8, 130.8, 129.6, 128.6, 127.6, 126.5,
126.1, 121.3, 119.2, 118.8, 111.7, 110.7, 63.3, 17.6, 16.3, 13.8. Anal.
Caled for CygH,4CLN,OsPt: C, 45.66; H, 3.56; N, 3.80. Found: C,
45.45; H, 3.50; N, 3.74.

Ligand Exchange Reactions of cis- or trans-Pt(PhCN),Cl,
with L'. A 25 mL, three-neck round-bottom flask equipped with a
condenser was charged with trans-Pt(PhCN),Cl, (169.3 mg, 0.36
mmol), L' (223.7 mg, 1.21 mmol), and anhydrous 1,2-dichloroethane
(2.0 mL). The mixture was stirred and heated at reflux, and the crude
reaction mixture was periodically monitored by 'H NMR.

Synthesis of trans-Pt(PhCN)(L")Cl, (trans-5). A 25 mL, three-
neck round-bottom flask equipped with a condenser was charged with
trans-Pt(PhCN),Cl, (236.0 mg, 0.50 mmol), L' (274.8 mg, 1.48
mmol), and anhydrous 1,2-dichloroethane (2.0 mL). The mixture was
stirred and heated at reflux for 1.5 h. The monosubstituted
coordination complex was isolated and purified via column
chromatography on silica gel with dichloromethane/ethyl acetate
(v/v =100:1) as the eluting solvent. Complex trans-S was obtained as
a light yellow solid, 52.3 mg, 19%: 'H NMR (400 MHz, CDCL;) §
8.63 (dd, ] = 6.0, 1.8 Hz, 1H), 7.76 (d, ] = 8.4, 2H), 7.71-7.63 (m,
2H), 7.53 (t, J = 8.0 Hz, 2H), 7.33 (d, ] = 6.9, 1H), 7.25-7.21 (m,
3H), 7.05—7.01 (m, 1H) 6.45 (d, ] = 8.6, 1H) 2.34 (s, 3H); >*C NMR
(100 MHz, CDCL,) & 164.3, 152.1, 151.2, 141.4, 134.7, 133.5, 132.0,
131.0, 129.3, 127.9, 126.8, 121.8, 118.9, 117.0, 110.4, 109.9, 16.2.
Anal. Caled for CyH,(CL,N,OPt: C, 41.17; H, 2.91; N, 5.0S. Found:
C, 40.92; H, 2.78; N, 5.00.

Ligand Exchange Reactions of cis-3 and trans-3 with L. A
25 mL, three-neck round-bottom flask equipped with a condenser was
charged with cis-3 (or trans-3) (16.5 mg, 0.022 mmol), L' (7.7 mg,
0.044 mmol), and anhydrous chlorobenzene (1.0 mL). The mixture
was stirred and heated to reflux for 1.5 h. The reaction mixture was
concentrated via a rotary evaporator, and the crude mixture was
analyzed by 'H NMR.

B COMPUTATIONAL SECTION

DFT Calculations. Geometry optimizations, energy calculations,
and harmonic frequency calculations were carried out using Gaussian
16 (G16) program>* at density functional theory level with M062X
functional™ and def2-TZVP basis set for Pt*® and cc-pVDZ> for
other atoms (M062X/def2-TZVP-Pt/cc-pVDZ). The solvent effects
were simulated with the polarizable continuum model using the
integral equation formalism variant.”® All the computations in this
work were completed at East Carolina University using Altix 4700
computer cluster.

X-ray Crystallography. All single crystals were grown using
either the slow evaporation of a sample solution or the solvent
diffusion method. A suitable crystal was selected and mounted on a
glass fiber. All measurements were made using graphite-monochro-
mated Mo Ka radiation (0.71073 A) on a Bruker-AXS three-circle
DUO diffractometer, equipped with a SMART Apex I CCD detector.
In each case, initial space group determination was based on a matrix
consisting of 36 frames. The data were reduced using SAINT+>* and
empirical absorption correction applied using SADABS.* Structures
were solved using direct methods. Least-squares refinement for all
structures was carried out on F% All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were placed in calculated positions
and allowed to be refined isotropically as riding models. Structure
solutions, refinement, and the calculation of derived results were
performed using the SHELX and SHELXLE computer programs.”"*>
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