Research Article

pubs.acs.org/acscatalysis

)
<

Pt'-Catalyzed Ethylene Hydrophenylation: Influence of Dipyridyl
Chelate Ring Size on Catalyst Activity and Longevity

Bradley A. McKeown,” Hector Emanuel Gonzalez,* T. Brent Gunnoe,®" Thomas R. Cundari,**
and Michal Sabat"

TDepartment of Chemistry, University of Virginia, Charlottesville, Virginia 22904, United States

*Center for Advanced Scientific Computing and Modeling, Department of Chemistry, University of North Texas, Denton, Texas
76203, United States

© Supporting Information

ABSTRACT: Expansion of the dipyridyl ligand from a five- to six-membered

chelate for Pt"-catalyzed ethylene hydrophenylation provides an enhancement of

catalyst activity and longevity. Mechanistic studies of [(dpm)Pt(Ph)(THF)]- Catalytic
[BAr',] [dpm = 2,2'-dipyridylmethane, and Ar’ = 3,5-(CF,),C4H,] attribute the ~ Activity
improved catalytic performance at elevated temperatures to a favorable change in & B
entropy of activation with an increase in chelate ring size. The Pt catalyst Longevity [~
precursor [(dpm)Pt(Ph)(THF)][BAr’,] is among the most active catalysts for

ethylene hydrophenylation by a non-acid-catalyzed mechanism.

Chelate Ring Size
KEYWORDS: C—H activation, platinum, aromatic alkylation, olefin hydroarylation, mechanism

B INTRODUCTION (N~N = 'bpy or dpm).’ Thus, the effect of chelate ring size
on bis(pyridyl) Pt"-catalyzed ethylene hydrophenylation can be
directly evaluated without a substantial change in metal electron
density by substituting ‘bpy with dpm. Herein, we report that
substituting the bpy ligand of [("bpy)Pt(Ph)(THF)]* with
dpm provides a more active (at >90 °C) and longer-lived
catalyst. In fact, [(dpm)Pt(Ph)(THF)][BAr',] (2) is among
the most active and longest-lived catalysts for ethylene
hydrophenylation by a non-acid-catalyzed process. Mechanistic
studies suggest that the different activities of the ‘bpy- and dpm-
supported catalysts are largely a result of entropic factors.

Synthesis of alkyl arenes from arenes and olefins has historically
been achieved using Lewis acid catalysts.' Transition metal
catalysts that operate via the insertion of olefin into metal—aryl
bonds and subsequent metal-mediated aromatic C—H
activation offer opportunities for improvement over acid-
catalyzed processes.” For example, transition metal-mediated
pathways could reduce the level of polyalkylation, bias reactions
with a-olefins toward anti-Markovnikov products, regioselec-
tively produce dialkyl arenes (e.g, 1,2-, 13-, or 14-dialkyl
benzenes) from monoalkyl arenes, and catalyze oxidative olefin

hydroarylation to directly produce vinyl arenes.*™® Until
. ) B RESULTS AND DISCUSSION
recently, transition metal-catalyzed olefin hydroarylation has

been limited to the use of chelate-assisted or activated Complex 2 was prepared by protonation of (dpm)Pt(Ph), (1)
substrates.”*> Catalysts based on Ir, Ru, and Pt have been with [H(Et,0),][BAr’,] at =70 °C in THF (eq 1). Catalytic
reported with unactivated substrates (e.g., benzene and ethylene hydrophenylation using 2 was evaluated, and the
ethylene).2*** However, these systems have yet to achieve results are summarized in Table 1.

levels of selectivity and activity sufficient for application to fine

or commodity chemical synthesis, and detailed studies of the Y C(\@j BATs
impact of the catalyst’s steric and electronic profile on activity NONZ HEyoyiBary ~2N NP
and/or selectivity are needed for the rational design of VAN THF, -70 °C 2
. L o ph
improved catalysts. Q
Previously, we reported a study of ethylene hydrophenylation ) @
catalyzed by [(‘bpy)Pt(Ph)(THF)][BAr',] ['bpy = 4,4'-di-tert- . ]
butyl-2,2"-bipyridine, and Ar’ = 3,5-(CF,),C¢H,] and proposed At 100 °C under 0.1 MPa of ethylene, a solution of 0.01 mol

% 2 (relative to benzene) results in 55.3 turnovers (TO) of

a catalytic cycle that incorporates both ethylene insertion and
ethylbenzene, 10.6 TO of diethylbenzenes, and trace quantities

benzene C—H bond activation.*”” Puddephatt et al. have shown
that 'bpy and 2,2’-dipyridylmethane (dpm) have nearly
identical donor abilities when coordinated to Pt as Received: March 26, 2013
determined from a comparison of carbonyl stretching Revised:  April 15, 2013
frequencies of [(N~N)Pt(CO)(Me)]* model complexes Published: May 3, 2013
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Table 1. Catalytic Ethylene Hydrophenylation Using 2

Et Z Et
Temperature (5 X . TOF®
C) |/—Et o:m:p (10° s
16.8° 0.0 4.0
90 (74.7¢° 0.2) (26.6) 1:12:8 14
[135.2]f [0.6] [42.7]
55.3 0.4 10.6
100 (194.9) (1.1) (39.2) 1:10:7 46
[299.1] [1.5] [63.8]
199.2 06 405
110 (252.8) (0.9) (53.5) 1:30:20 16.7
[268.4] [1.2] 161.0]
211.9 12 445
120 (233.3) (1.5) (50.7) 1:32:22 17.9
[244.5] [1.71 [54.5]

“At 0.01 mol % catalyst in C4Hg with 0.1 MPa of C,H, and
hexamethylbenzene (HMB) as an internal standard. bRatio of 1,2-,
1,3-, and 1,4-diethylbenzene after 4 h. “Turnover frequency calculated
on the basis of the total number of turnovers after 4 h. “Turnovers
after 4 h as determined by GC/MS. “Numbers in parentheses are
turnovers after 16 h. "Numbers in brackets are turnovers after 36 h.

of styrene after 4 h, corresponding to a turnover frequency
(TOF) of 4.6 X 107 s™! (the formation of diethylbenzene is
counted as a single catalytic TO). At <100 °C, plots of TO
versus time reveal minimal catalyst deactivation after 4 h
(Figures 1 and 2). Prolonged reaction times gave 235.2 and
364.4 total TO of alkyl benzenes after 16 and 36 h, respectively.
A final turnover number (TON) after 110 h at 100 °C is 469.
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Figure 1. Comparison of TO vs time for ethylene hydrophenylation
(100 °C) catalyzed by [(N~N)Pt(Ph)(THF)]* [N~N = ‘bpy
(squares) or dpm (circles)]. At 0.01 mol % Pt in C¢Hy with 0.1
MPa of C,H, and HMB as an internal standard.

The influence of temperature on catalyst activity and stability
was evaluated. At 90 °C under 0.1 MPa of ethylene pressure, a
solution of 2 in benzene results in a TOF of 1.4 X 107 s7!
(calculated after 4 h). Thus, increasing the temperature to 100
and 110 °C increases the rate of ethylene hydrophenylation
compared to the rate of the reaction at 90 °C by factors of ~3
and ~17, respectively; however, catalyst deactivation becomes
more competitive at elevated temperatures. The TON values
after 36 h at 110 °C (~331) and 120 °C (~301) are lower than
that observed at 100 °C (~364).
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Figure 2. Comparison of TO vs time (<4 h) for ethylene
hydrophenylation (100 °C) catalyzed by [(N~N)Pt(Ph)(THF)]*
[for N~N = 'bpy (squares), R* = 0.98; for N~N = dpm (circles),
R*=0.99]. At 0.01 mol % Pt in C¢Hg with 0.1 MPa of C,H, and HMB
as an internal standard.

To compare the rate of catalytic ethylene hydrophenylation
between 2 and [(‘bpy)Pt(Ph)(THF)][BAr’,] (3), we used
TOFs calculated after reaction for 4 h, which show that 2
catalyzes ethylene hydrophenylation ~3.5 times faster than 3 at
100 °C.** For example, catalysis at 100 °C under 0.1 MPa of
ethylene pressure with [(‘bpy)Pt(Ph)(THF)]* exhibits a TOF
of 1.3(2) X 1073 s after 4 h, while a TOF of 4.6(8) X 1073 57!
was observed for 2. We selected the 4 h time point because TO
versus time plots reveal little evidence of catalyst deactivation
(Figures 1 and 2). The linear regression in Figure 2 does not
extrapolate through the origin because of the heating period
required to bring the reaction solutions to 100 °C.

At 100 °C with 0.1 MPa of ethylene, almost complete
catalyst deactivation is observed after 24 h for 3, but 2 remains
active over a period of more than 4 days (Figure 1). Monitoring
catalysis using 2 until deactivation results in a TON of 469,
which is an ~5.6-fold increase compared to that with the ‘bpy
catalyst (TON of 84) under identical conditions. The identity
of the catalyst decomposition product is unknown as a black
material (presumably Pt black) and several intractable products
are observed by 'H NMR spectroscopy at the end of the
reaction. Using plots of TOF versus time, we modeled catalyst
deactivation kinetically. Both complex 2 and 3 display kinetics
that are best modeled by a process that is second-order in
platinum complex concentration.

Our proposed mechanism for cationic Pt"-catalyzed ethylene
hydrophenylation, based on detailed studies of 3, is summarized
in Scheme 1.** Substitution of the THF ligand with ethylene
initiates the cycle, followed by the insertion of ethylene into the
Pt—Ph bond. After insertion, an additional 1 equiv of ethylene
coordinates to form the catalyst resting state [(N~N)Pt-
(CH,CH,Ph)(*-C,H,)]* [N~N = dpm (4) or bpy (5)],
which has been observed during catalysis by 'H NMR
spectroscopy for both 2 and 3. Mechanistic studies could not
differentiate between reaction pathways in which the restin§
state is incorporated into or removed from the catalytic cycle.*
Displacement of ethylene by benzene and rate-limiting C—H
activation result in the formation of [(N~N)Pt(n*-C,C-
CgH;Et)(Ph)]*. Calculations for the ‘bpy—Pt complex suggest
that benzene C—H bond activation occurs by oxidative addition
to form a Pt"V intermediate.”® Ethylbenzene is liberated by
substitution with ethylene.

In an effort to explain the difference in catalytic activity
between 2 and 3, the insertion of ethylene into the Pt—Ph bond
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Scheme 1. Proposed Catalytic Cycle for Cationic Pt"-
Catalyzed Ethylene Hydrophenylation®
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and benzene C—H bond activation were probed individually for
complex 2. Ethylene readily inserts into the Pt—Ph bond of 2 to
form [(dpm)Pt(CH,CH,Ph)(n*-C,H,)][BAr’,] (4). Under
pseudo-first-order conditions, the conversion of 2 to 4 in
CD,Cl, at 23 °C in the presence of 0.4 M C,H, proceeds with
an observed rate constant of 8.4(9) X 10™* s (eq 2). Thus,
the observed rate of ethylene insertion for 2 is slower than that
of [('bpy)Pt(Ph)(THF)]" (3) (kobs =4}).46 X 1073 s7') under

similar conditions by a factor of ~1.7.
N | \ﬁ BAr, N \_| BAr,

/ Kops = 8.4(9) x 10 577
P -z ObSc:D CI( )23 °C )4 @
THF”  Ph 04M =z X th
(2) (4)

The structure of 4 is shown in Figure 3. As observed for the
structure of [(‘bpy)Pt(CH,CH,Ph)(*-C,H,)]* (5),* the

Figure 3. ORTEP diagram of [(dpm)Pt(CH,CH,Ph)(i*-C,H,)]-
[BAr’,] (4) (50% probability; H atoms and BAr’, anion omitted for
the sake of clarity). Selected bond lengths (in angstroms): Pt—N1,
2.135(7); Pt—N2, 2.068(6); Pt—C3, 2.049(8); Pt—C1, 2.113(9); Pt—
C2, 2.113(9); C1—C2, 1.37(2). Selected bond angles (in degrees):
N1-Pt—N2, 85.3(3); Pt—C3—C4, 118.9(8); C3—C4—CS, 125.0(1).

phenyl ring is juxtaposed over the cis-pyridyl ring, but the
methylene group of the dpm ligand removes planarity, which
increases the 7—rx distance for dpm complex 4 compared to
that of ‘bpy complex S. In the solid state, the 7—x distance in 4
is 4.32 A, whereas in S, this distance is only 3.68 A.°
Comparative rates of benzene C—D bond activation by 2 and
3 were studied using reactions with excess C¢Dg to form
[(N~N)Pt(Ph-d;)(THF)]* (2-ds or 3-ds) and free C4HD.
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The reaction of 2 and C4Dg (0.5 M) occurs with a k; of 9.9(4)
X 107 s7" at 29 °C in CD,Cl, (eq 3). As observed with olefin
insertion, benzene C—D bond activation by 2 is almost twice as
slow as ac:]i)vation by [(‘bpy)Pt(Ph)(THF)]* [kqs = 1.71(S) X
1074 s71].

“|BAr,

| SN ! N N | \‘\BAr',,
N N~ I N N__~

\ / A Kops = 9.9(4) x 105 s \ A
P{ + Gds Koo = 99M) X 1075 o + —d (3
/ '\ = CD,Cl,, 29 °C /N >
THF Ph THF Ph-ds
0.5M
(2) (2-ds)

Complexes [(N~N)Pt(CH,CH,Ph)(*-C,H,)]* [N~N =
dpm (4) or bpy (5)] have been identified as the resting states
for catalytic ethylene hydrophenylation, and benzene C—H
bond activation is likely the catalytic rate-limiting step for
complex 3.* Relative rates of stoichiometric benzene activation
by 4 or § to produce ethylbenzene and 2 or 3 are similar to that
observed for C¢Dy activation by 2 and 3. The dpm complex 4
reacts with benzene (1.5 M) with an observed rate constant of
7.5(3) X 107° s7! at 54 °C. The reaction using 5 proceeds ~S
times faster with an observed rate constant of ~4 X 107* s7%.
Highly accurate integration of "H NMR spectra was prevented
by coincidental overlap of resonances between 5 and
ethylbenzene, and thus, the ratio of rates is approximate.

The rates of the stoichiometric reactions (<90 °C) are
significantly reduced for the dpm complex, whether utilizing
complex 2 or 4, versus those of their ‘bpy analogues 3 and §,
respectively. It was surmised that entropic factors might be
important to the overall difference in activation barriers
(AAGY) for catalytic ethylene hydrophenylation. The rates of
catalytic and stoichiometric reactions were determined over a
range of temperatures. Activation parameters for ethylene
hydrophenylation by each complex were obtained from Eyring
plots (50—100 °C) (Figure 4). Ideally, the rates of catalysis

-12.0 4
° mtbpy e dpm
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—~ -15.0 1
=
3
T, -16.0 -
o
S
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£
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Figure 4. Eyring plots for ethylene hydrophenylation catalyzed by
[(N~N)Pt(Ph)(THF)]* [for N~N = ‘bpy (squares), R* = 0.98; for
N~N = dpm (circles), R* = 0.98].

could be determined using in situ '"H NMR spectroscopy.
However, significant overlap between the resonances of the
catalyst resting state and the alkylbenzene products prevented
accurate integration. We chose instead to compare TOFs
calculated after reaction times in which catalyst decomposition
is negligible (see Figure 2 and Table 2). Using the second-order
rate constants for catalyst decomposition, the percent decrease

dx.doi.org/10.1021/cs400231f | ACS Catal. 2013, 3, 1165—-1171
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Table 2. Turnover Frequencies for Ethylene
Hydrophenylation (50—100 °C) and Activation Parameters®

[(N~N)Pt(Ph)(THF)]*
dpm (2) ‘bpy (3)
TOF AGF TOF AGF
temp (°C) (x107° s71)  (kecal/mol)? (x1075 s™!) (kcal/mol)®
50° 1.1(3) 27(3) 1.1(1) 27(2)
70¢ 6.6(5) 27(3) 9(1) 27(2)
907 140(60) 27(3) 44(5) 27(2)
100° 510(20) 27(3) 210(30) 27(2)
AHF (kcal/mol) 29(3) 23(2)
AS* (eu) 6(9) —-11(6)

“At 0.01 mol % catalyst in C4Hg with HMB as an internal standard.
UF f activation calculated usi imental enthalpies and
ree energy of activation calculated using experimental enthalpies an
entropies of activation. “TOF calculated after 16 h. “TOF calculated

after 4 h. “TOF calculated after 1 h.

in catalyst concentration was determined after 1 h at 100 °C.
For catalysis using complex 2, a decrease in active catalyst
concentration is calculated to be <1%. Catalysis with complex 3
is calculated to have ~3.5% catalyst decomposition after 1 h at
100 °C. The negligible degree of catalyst decomposition at 100
°C and the fact that catalyst decomposition at lower
temperatures will proceed at slower rates support the use of
TO to calculate the TOF for the Eyring plots. The TOF and
activation parameters are summarized in Table 2. The values of
AH?* are 29(3) and 23(2) kcal/mol for 2 and 3, respectively,
with a AAH* of 6(4) kcal/mol in favor of the bipyridyl-
supported complex 3. Interestingly, the AS* value for 2 [6(9)
eu] is positive, while the AS* value for 3 [—11(6) eu] is
negative and larger in magnitude. Although the deviations for
the ASF values are relatively large, as is often observed, it is
clear that 2 has an entropic advantage over 3, and the Eyring
plot (Figure 4) shows that 2 is a more active catalyst than 3 at
>90 °C.

Because of the lack of highly accurate integration in 'H NMR
spectra for stoichiometric reactions of 4 and 5 with benzene,
activation parameters for stoichiometric C—D bond activation
of C¢Dg by 2 and 3 were obtained from Eyring plots [29—59
°C (Figure S)]. Enthalpies of activation for C¢D (0.5 M) C—D

Htbpy @ dpm
-10.5 1@
-11.5 -
=
[a)
[}
S,
t.,. -12.5 4
S
=
£
-13.5 4
-14.5 T T T T T T ]
3 3.05 31 3.15 3.2 3.25 33 3.35
1/T (103 K?)

Figure S. Eyring plots for C4Dy C—D bond activation by
[(N~N)Pt(Ph)(THF)]* [for N~N = 'bpy (squares), R* = 0.98; for
N~N = dpm (circles), R* = 0.99]. Because of their small values, the
deviations are obscured by the size of the data point markers.
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bond activation are almost statistically indistinguishable
between the complexes with values of 23(2) and 19(2) keal/
mol for 2 and 3, respectively (Table 3). Similar to the AS*

Table 3. Activation Parameters and k
D Bond Activation at 29—59 °C“?

Values for C;Dg C—

obs

[(N~N)Pt(Ph)(THF)]*
dpm (2) ‘bpy (3)
koks AG¢calcd b kobs AG#calcd b
temp (°C) (x107*s7Y)  (kcal/mol)®” (x107* s7)  (kcal/mol)
29 0.99(4) 23(2) 1.71(4) 22(2)
37 2.00(5) 23(2) 5.7(3) 22(2)
45 6.8(2) 23(2) 9.17(8) 22(2)
54 17.3(4) 23(2) 18.5(5) 22(2)
59 30(2) 23(2) 44(7) 22(2)
AHF (kcal/mol) 23(2) 19(2)
AS* (eu) 0(4) —-10(6)

“Determined by '"H NMR spectroscopy with 0.03 M Pt and 0.5 M
C¢D¢ in CD,Cl, with hexamethyldisilane as an internal standard. bFree
energy of activation calculated using experimental enthalpies and
entropies of activation.

values for catalytic ethylene hydrophenylation, 3 suffers a larger
entropic penalty, compared to that of 2, with a AS* value of
—10(6) eu for the activation of a C—D bond of C(Dy, while the
reaction is almost entropically neutral for 2 [AS* = 0(4) eu].
Unfortunately, deviations in AS* for C4Dj activation are too
large to provide a meaningful comparison.

DFT studies were used to compare catalysis with the dpm
and 'bpy complexes. Because [(N~N)Pt(CH,CH,Ph)(;*-
C,H,)]" [N~N = dpm (4) or bpy (5)] is observed as the
catalyst resting state,” activation parameters for benzene C—H
bond activation were calculated relative to these intermediates
(full details are provided in the Supporting Information). Given
m-arene stacking between a pyridine ring of N~N and the
phenyl group of the phenethyl ligand in the crystal structures of
[(N~N)Pt(CH,CH,Ph)(#*-C,H,)]*, calculations with and
without this interaction in the resting states and transition
states were modeled. We focused on C—H oxidative addition of
benzene because previous research indicated this to be the
preferred pathway for benzene C—H bond activation.*

For both the dpm and ‘bpy resting states, 4 and S,
respectively, the nonstacked conformations are calculated to
be more favorable at 100 °C (Scheme 2) and were used to
calculate activation parameters for benzene C—H bond
activation. Table 4 shows calculated activation parameters for
the lowest-energy conversions of 4 and $ to the transition states
for benzene C—H bond activation. Consistent with exper-
imental observations, calculated activation parameters for 4 and
S are similar. At 100 °C, the model predicts complex 4 to have
an ~3 kcal/mol advantage over complex S. Importantly, DFT
calculations indicate a more favorable AS* for 4 compared with
that for S. Given the anticipated limits of such calculations and
experimental uncertainties, the DFT calculations are in
agreement with experiment.

B CONCLUSIONS

In summary, an increase in the chelate size for bis-pyridyl
ligands on Pt" catalysts for ethylene hydrophenylation provides
an enhancement of the activity and longevity. Using the dpm
catalyst precursor 2 provides a TON of ~470, which, to the
best of our knowledge, is comparable to the best catalyst for

dx.doi.org/10.1021/cs400231f | ACS Catal. 2013, 3, 1165—-1171



ACS Catalysis

Research Article

Scheme 2. Calculated Equilibria (100 °C) between
Conformations of Catalyst Resting States with or without
m—nt Arene Interaction

Resting State Resting State
without n-Arene with t-Arene
Interaction Interaction
| Sy . |BAT, SOy N, [BA"s
=N N.__= N N__=
\Pt/ . \Pt/
N\ \
n o oy u
(4) (5)
n= 1 0
AG g 24
(kcal/mol) ’
AH 7
(kcal/mol) 02 b
AS -3.1 -4.3
(e.u)

Table 4. Calculated Activation Parameters (100 °C) for
Benzene Activation by [(N~N)Pt(CH,CH,Ph)(7*>-C,H,)]*

dpm (4) ‘bpy (S)
AG¥ (kcal/mol) 36.8 39.9
AH¥ (keal/mol) 37.0 39.4
AS* (eu) 0.5 -1.6

ethylene hydrophenylation by a non-acidic pathway. For
example, Periana, Goddard, and co-workers have reported
that [Ir(u-acac-0,0,C;)(acac-0,0)(acac-C;)], (6) catalyzes
ethylene hydrophenylation with a TON of 455 after 3 h at
180 °C, which is, to the best of our knowledge, among the most
effective transition metal catalysts for ethylene hydrophenyla-
tion.* Because the conditions for catalysis using 2 and 6 are
different, we synthesized and tested 6 for catalytic activity under
the conditions used in this study. At 120 °C under 0.1 MPa of
ethylene, the iridium-catalyzed reaction (0.01 mol % Ir) yielded
4.0 and 12.9 TO of ethylbenzene after 4 and 16 h, respectively,
which corresponds to a TOF of 2.8 X 10™* s™". Complex 2
gives a TOF (120 °C) of 1.8 X 107 s, which is 65 times more
active than the Ir catalyst. In addition, we probed the TON
using the Ir catalyst 6 at 180 °C using the same catalyst loading
that was used in the Pt-catalyzed reactions (i.e,, 0.01 mol %).
Under these conditions, complex 6 provided an ethylbenzene
TON of 161. Thus, complex 2 is among the most active and
longest-lived catalysts for the non-acid-catalyzed hydropheny-
lation of ethylene. Analyses of the elementary steps of the
catalytic cycle (e.g., ethylene insertion and benzene C—H bond
activation) demonstrate that the larger chelate ring of the dpm
ligand provides an entropic advantage compared to that of ‘bpy,
which results in increased catalytic activity at elevated
temperatures.

B EXPERIMENTAL SECTION

General Methods. Unless otherwise noted, all synthetic
procedures were performed under anaerobic conditions in a
nitrogen-filled glovebox or by using standard Schlenk
techniques. Glovebox purity was maintained by periodic
nitrogen purges and was monitored by an oxygen analyzer
(<15 ppm O, for all reactions). Tetrahydrofuran and diethyl
ether were dried by distillation from sodium/benzophenone
and CaH,, respectively. n-Pentane was distilled over P,Os.
Methylene chloride and benzene were purified by being passed
through a column of activated alumina. Benzene-ds and
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dichloromethane-d, were used as received and stored under a
N, atmosphere over 4 A molecular sieves. '"H NMR spectra
were recorded using a Varian Mercury 300, Unity Innova 500
MHz, or Bruker 800 MHz spectrometer. *C NMR spectra
were recorded using a Varian Mercury 300 (operating
frequency of 75 MHz), Unity Innova 500 MHz (operating
frequency of 125 MHz), or Bruker 800 MHz spectrometer
(operating frequency of 201 MHz). All '"H and C NMR
spectra are referenced against residual proton signals ('H
NMR) or the *C resonances (13C NMR) of the deuterated
solvents. "F NMR (operating frequency of 282 MHz) spectra
were obtained on a Varian 300 MHz spectrometer and
referenced against an external standard of hexafluorobenzene
(6 —164.9). GC/MS was performed using a Shimadzu GCMS-
QP2010 Plus system with a 30 m X 0.25 mm SHRXI-SMS
column with a 0.25 mm film thickness using negative chemical
ionization (NCI), which also allows for simulated electron
impact (SEI) ionization, or electron impact (EI) ionization.
Ethylene (99.5%) was purchased in a gas cylinder from GTS-
Welco and used as received. All other reagents were used as
purchased from commercial sources. The preparation, isolation,
and characterization of [Ir(u-acac-O,0,C;)-(acac-0,0)-(acac-
Cy)l" [H(Et,0),][BAr,] [Ar' = 35-(CF,),CeHy)* [Pt-
(Ph),(Et,S)],° 2,2'-dipyridylmethane,'® [(*bpy)Pt(Ph)-
(THF)][BAr,],* and [(‘"bpy)Pt(CH,CH,Ph)(r>-C,H,)]-
[BAr'4]* have been previously reported.

Computational Methods. All calculations were conducted
utilizing Gaussian03."" The B3LYP'” functional was employed
in conjunction with the Stevens effective core potentials and
valence basis sets'> augmented by a d polarization function for
carbon (& = 0.8) and nitrogen (&g = 0.8), viz. CEP-31G(d).
Closed-shell (diamagnetic) species were modeled within the
restricced Kohn—Sham formalism. All systems were fully
optimized without symmetry constraints, and analytic calcu-
lations of the energy Hessian were performed to confirm
stationary points as minima or transition states and to obtain
vibrational frequencies that were used in the calculation of gas-
phase free energies at 1 bar and 298.15 K.

Synthesis of (dpm)PtPh, (1). To a suspension of
[Pt(Ph),(Et,S)], (0.35 g, 0.40 mmol) in Et,0O (30 mL) was
added 2 equiv of 2,2-dipyridylmethane (0.14 g, 0.80 mmol).
The suspension was stirred at room temperature for ~12 h.
The mixture, with a substantial precipitate observed, was
reduced in vacuo, and hexanes were added (~20 mL). The
solution was filtered, and the white precipitate was washed with
diethyl ether (2 X § mL) and hexanes (2 X S mL) and dried
under vacuum: isolated 0.35 g (83%); '"H NMR (800 MHz,
CD,Cl,) & 8.45 (d, *Jgy = 6 Hz, 2H, dpm), 7.76 (td, *Jypy = 8
Hz, “lyy = 2 Hz, 2H, dpm), 7.47 (m, 6H, dpm and H°-Ph),
7.07 (ddd, ¥y = 8 Hz, *Jyy = 6 Hz, *Jyy = 2 Hz, 2H, dpm),
6.90 (t, ¥Jgy = 8 Hz, 4H, H™-Ph), 6.77 (t, *Juy = 7 Hz, 2H, HP-
Ph), 4.74 (br s, 2H, dpm-CH,); *C NMR (201 MHz, CD,Cl,)
0 1559, 151.9, 145.1, 138.8, 138.1, 127.0, 124.7, 124.2, 121.9
(dpm and Ph aromatic), 47.7 (dpm-CH,). Anal. Calcd for
PtN,C,;Hy, (%): C, 53.17; H, 3.89; N, 5.39. Found: C, 52.65;
H, 3.98; N, S.31.

Synthesis of [(dpm)Pt(Ph)(THF)I[BAr',] (2). A suspen-
sion of (dpm)Pt(Ph), (1) (0.07 g, 0.1 mmol) in THF (30 mL)
was cooled to approximately —70 °C. One equivalent of
[H(Et,0),][BAr',] (0.15 g 0.10 mmol), dissolved in THF
(~10 mL, 303 K), was added. The solution was immediately
placed under vacuum, and the volatiles were removed under
reduced pressure. The residue was treated with n-pentane (~2
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mL), which was then removed under vacuum to afford a fluffy
blue-green solid. The solid was dried in vacuo: isolated 0.17 g
(90%); 'H NMR (500 MHz, CD,Cl,) & 8.47 (t, }Jyy = 6 Hz,
2H, dpm), 7.92 (td, *Jyy = 8 Hz, *Juy = 2 Hz, 1H, dpm), 7.80
(td, ¥y = 8 Hz, Yy = 2 Hz, 1H, dpm), 7.73 (s, 8H, H*-Ar’),
7.62 (d, *Juy = 8 Hz, 1H, dpm), 7.56 (s, 4H, HP-Ar’), 7.48
(overlapping m, 2H, dpm), 7.37 (dd, *Jyy = 8 Hz, *Jyyy = 1 Hz,
2H, H°-Ph), 7.09 (t, *Jgg = 8 Hz, 2H, H™-Ph), 7.04 (ddd, *Juy
= 8 Hz, ¥y = 6 Hz, “Juy = 2 Hz, 1H, dpm) 6.98 (t, *Jyy = 7
Hz, 1H, HP-Ph), 4.64 (v br s, 2H, dpm-CH,), 4.05 (s, 4H, a-
THF), 1.78 (s, 4H, S-THF); 3C NMR (75 MHz, CD,CL,) &
1623 (g, Ar', 'Jpcipso = 49 Hz), 156.7, 154.6, 153.7, 149.8,
140.8, 140.3, 136.5, 135.2 (Ar'), 129.4 (q, m-Ar’, )] = 32 Hz),
1287, 1282, 126.4, 1259, 125.5, 125.4, 1252 (dpm and Ph
aromatic), 125.0 (q, CF5-Ar’, YJcr = 272 Hz), 117.9 (Ar'), 77.4
(a-THF), 474 (dpm-CH,), 24.9 (B-THF); F NMR (282
MHz, CD,Cl,) 6 —63.1 (s, CF;—Ar’). Anal. Calcd for
PtN,OBF,,C.;Hys (%): C, 46.20; H, 2.57; N, 2.03. Found:
C, 45.96; H, 2.44; N, 2.13.

Synthesis of [(dpm)Pt(CH,CH,Ph)(;?-C,H,)I[BAr’,] (4).
A solution of 2 (0.042 g, 0.031 mmol) in CD,Cl, (20 mL) was
transferred to a stainless steel reactor. The reactor was then
pressurized with 3.5 bar of C,H,. The reaction mixture was
stirred for 6 h. The volatiles were removed under vacuum. The
residue was treated with n-pentane (~2 mL), which was then
removed under vacuum to afford a fluffy solid. The solid was
then dried in vacuo: isolated 0.037 g (89%); 'H NMR (500
MHz, CD,Cl,) 6 8.62 (d, *Jyy = 6 Hz, 1H, dpm), 8.19 (d, *Jyy
= 6 Hz, 1H, dpm), 8.01 (td, *Jyyy = 8 Hz, Yy = 2 Hz, 1H,
dpm), 7.85 (td, *Jyy = 8 Hz, YJyy = 2 Hz, 1H, dpm), 7.74 (s,
8H, HO-Ar'), 7.62—7.45 (m, 7H, HP-Ar’, H°-Ph and dpm), 7.40
(ddd, *Jyy = 8 Hz, iy = 6 Hz, *Jyy = 2 Hz, 1H, dpm), 7.18—
7.04 (m, 3H, H™-Ph and HP-Ph), 6.99—6.93 (m, 2H, dpm),
4.15-3.91 (m, 6H, dpm-CH, and C,H,), 2.25 (t, *Jyy = 7 Hz,
2H, —CH,CH,Ph), 1.45—1.23 (m, 2H, —CH,CH,Ph); C
NMR (125 MHz, CD,CL,) § 162.2 (q, Ar’, ycipso = 49 Hz),
154.7, 153.0, 149.6, 147.8, 143.6, 142.3, 141.2, 1352 (Ar),
129.3 (q, m-Ar, ¥er = 32 Hz), 129.0, 1283, 127.0, 1267,
126.4, 126.1, 125.0 (q, Ar/, YJcr = 272 Hz), 117.9 (Ar’), 100.9
(dpm and Ph aromatic), 73.0 (s with Pt satellites, Jp,c = 210
Hz, C,H,), 462 (dpm-CH,), 369 (—CH,CH,Ph), 15.3
(—CH,CH,Ph); F NMR (282 MHz, CD,CL) § —63.1 (s,
CF,—Ar’). Anal. Caled for PtN,BF,,CsiHss (%): C, 46.74; H,
2.60; N, 2.06. Found: C, 46.35; H, 2.73; N, 2.10.

Catalytic Olefin Hydrophenylation. A representative
catalytic reaction is described. [(dpm)Pt(Ph)(THF)][BAr’,]
(2) (0.019 g, 0.013 mmol) was dissolved in 12.0 mL of benzene
containing 0.01 mol % hexamethylbenzene (HMB) relative to
benzene as an internal standard. The reaction mixture was
placed in a stainless steel pressure reactor, charged with
ethylene (0.1 MPa), pressurized to a total of 0.8 MPa with N,,
and heated to 100 °C. After a given time period, the reaction
mixture was allowed to cool to room temperature and was
analyzed by GC/MS. Peak areas of the products and the
internal standard were used to calculate product yields.
Ethylbenzene production was quantified using linear regression
analysis of gas chromatograms of standard samples. A set of five
known standards were prepared consisting of 2:1, 4:1, 6:1, 8:1,
and 10:1 molar ratios of ethylbenzene to HMB in benzene. A
plot of the peak area ratios versus molar ratios gave a regression
line. For the GC/MS system, the slope and correlation
coefficient (R?) for ethylbenzene were 0.68 and 0.99,
respectively. Identical procedures were used to quantify the
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production of styrene, 1,3-diethylbenzene, 1,4-diethylbenzene,
and 1,2-diethylbenzene. The slope and correlation coefficients
(R?) for these species are 0.51 and 0.99, 0.52 and 0.99, 0.53 and
0.99, and 0.55 and 0.99, respectively.

Determination of the Catalyst Resting State for
Ethylene Hydrophenylation Using Complex 2. Complex
2 (0.02 g, 0.01 mmol) was weighed into a J-Young NMR tube
and dissolved in C¢Dg (0.4 mL). The tube was then pressurized
with 0.1 MPa of ethylene and placed in a temperature-
equilibrated NMR probe (90 °C setting). The actual
temperature of the probe (89 °C) was determined using a
solution of 80% ethylene glycol in DMSO-dg.'* Spectra were
collected every 15 min for 4 h with eight scans and a 5.0 s pulse
delay. Beginning with the initial spectrum, the only observable
Pt species in solution was [(dpm)Pt(CH,CH,Ph)(n*-C,H,)]-
[BAr',].

Kinetics of Ethylene Insertion. A representative kinetic
experiment is described. Complex 2 (0.057 g, 0.041 mmol) and
hexamethyldisilane (HMDS, 2.0 yL as an internal standard)
were dissolved in 1.3 mL of CD,Cl,. The solution was then
divided (0.4 mL for each sample) and added to three high-
pressure NMR tubes. Each tube was pressurized with 0.4 MPa
of ethylene and placed into a temperature-equilibrated (25 °C
setting) NMR probe. The actual temperature of the probe (23
°C) was determined using a sample of methanol-d,."> Kinetic
runs were performed in triplicate. The concentration of
ethylene in solution was determined by integration against
the internal standard, HMDS. 'H NMR spectra were collected
every 1 min with four scans and a 5.0 s pulse delay. The
product peaks were integrated against that of HMDS, and from
a plot of In(1 — [4],/[2],) versus time (seconds), the rate
constants were extracted. The rate of formation of 4 from
complex 2, in the presence of 0.5 M C,H,, was 8.4(9) x 107*
s with a correlation coefficient (R*) of 0.99 for each plot.

Kinetics of Benzene-d;, C—D Bond Activation. A
representative kinetic experiment is described. Complex 2
(0.064 g, 0.046 mmol) and hexamethyldisilane (HMDS, 2.0 uL
as an internal standard) were dissolved in 1.2 mL of CD,ClL,.
The solution was then divided (0.375 mL for each sample) and
added to three NMR tubes. To each tube was added C Dy
(0.019 mL, 0.21 mmol). The tube was placed into a
temperature-equilibrated (30 °C setting) NMR probe. The
actual temperature of the probe (29 °C) was determined using
a solution of 80% ethylene glycol in DMSO-dy.'* Kinetic runs
were performed in triplicate. "H NMR spectra were collected
every 10 min with eight scans and a 5.0 s pulse delay.
Resonances for complex 2 were integrated against that of the
internal standard, HMDS, and from a plot of In([2],) versus
time (seconds), the rate constants were extracted. The rate of
formation of complex 2-ds and C4H;D in the presence of 0.5 M
C¢Dg was 9.9(4) x 107° s™" with a correlation coefficient (R?)
of 0.99 for each plot.

Substrate Concentration Corrections for the Deter-
mination of Catalytic Activation Parameters. Catalysis
with complexes 2 and 3 was performed under conditions that
are inverse first-order in ethylene concentration. Therefore, for
the Eyring analysis, the observed rate constants were multiplied
by the concentration of ethylene. The ethylene concentration
under catalytic conditions was simulated by sparging a sample
of C4Dy in a J-Young NMR tube with ethylene and pressurizing
it according to the preparation of catalytic reaction mixtures.
The concentration of ethylene was then determined in triplicate
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by integration of the ethylene resonance versus the internal
standard, HMDS, at 90 °C.

Substrate Concentration Corrections for the Deter-
mination of C,D, Activation Parameters. The reactions
with C¢Dg and complexes 2 and 3 were performed under
conditions that are first-order in the concentration of CyDj.
Therefore, for Eyring analysis, the observed rate constants were
divided by the concentration of C¢Ds.

Crystal Structure of [(dpm)Pt(CHZCHZPh)(nz-C2H4)]-
[BAr',] (3). X-ray intensities were measured on a Bruker
Apex II Kappa Duo CCD diffractometer (Mo Ka radiation, 4 =
0.71073 A) at 120 K; 2358 frames were collected up to 26 of
48.9°. Intensities were corrected for absorption by applying
Bruker SADABS.'® The structure was determined using direct
methods and standard difference map techniques and was
refined by full-matrix least-squares procedures on F* with
SHELXTL (version 6.14)."7 All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were included in
calculated positions and were refined using a riding model:
Cs3H;sBF,,N,Pt, My 1361.73, monoclinic, space group
P2(1)/c, a = 18.556(2) A, b = 17.006(2) A, c = 17.621(2) A,
=103.297(2)°, V= 5411.3(9) A>, Z = 4, pyeq = 1.671 g e .
Of 59891 measured reflections, 8865 were independent (R, =
0.0627); 746 parameters, R1 = 0.0562 [for reflections with I >
26(I)], wR2 = 0.1707 (for all reflections). CCDC-916579
contains the supplementary crystallographic data for this paper,
which can be obtained free of charge from the Cambridge
Crystallographic Data Centre (http://www.ccdc.cam.ac.uk/
data_request/cif).
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