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a b s t r a c t

TpRu(CO)(NCMe)Ph is a catalyst for the conversion of benzene and ethylene to ethylbenzene. Previously,
the formation of ethylbenzene has been shown to occur through a pathway that involves ethylene co-
ordination to Ru, insertion of ethylene into the Ruephenyl bond and Ruemediated benzene CeH acti-
vation. The effect of ethylene pressure and catalyst concentration (between 0.2 and 0.01 mol % based on
benzene) on the decomposition of TpRu(CO)(NCMe)Ph was examined. Studies have shown that there are
two competing catalyst deactivation pathways. At higher concentrations of TpRu(CO)(NCMe)Ph, the
dominant deactivation pathway is likely initiated by a binuclear reaction of two Ru complexes that leads
to formation of unidentified paramagnetic species. Kinetic studies reveal that this pathway for catalyst
decomposition occurs with a second-order rate of 0.007 (1) M�1 s�1. At lower Ru concentrations,
ethylene CeH activation to form the allyl complex TpRu(CO)(h3-C4H7) is the predominant deactivation
pathway. The effect of ethylene pressure on catalyst decomposition was also examined. At higher
ethylene pressure nearly quantitative formation of TpRu(CO)(h3-C4H7) was observed.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Alkyl arenes traditionally have been synthesized using acid-
based catalysts such as Friedel-Crafts catalysts (i.e., a Lewis acid
with a Brønsted acid) or using zeolites [1e6]. The use of transition
metal catalysts that mediate the same overall process but through a
different pathway that involves metal-mediated olefin insertion
into metal-aryl bonds and CeH activation provides possible bene-
fits [7e11]. Examples of olefin hydroarylation using simple hydro-
carbons, such as benzene and ethylene, are relatively rare
[8,12e22]. Our group and others have made progress developing
catalysts based on Ir [12,13,23], Pt [14,18e20,24,25], Rh [17,26], and
Ru [7,16,27e33] to convert arenes and olefins to alkyl or alkenyl
arenes.

Our group has studied ruthenium based catalysts for olefin
hydroarylation using TpRu(L)(NCMe)Ph (Tp ¼ hydridotris(pyrazolyl)
borate; L ¼ CO, PMe3, P(OCH2)3CEt, and 2,6,7-trioxa-1-
phosphabicyclo [1,2,2]heptane) complexes [7,27e31]. Through
rsity of the South: Sewanee,
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experimental and computational studies, using the hydro-
phenylation of ethylene to produce ethylbenzene as a model
reaction, we have determined that the mechanism for transition
metal catalyzed olefin hydroarylation includes two fundamental
steps: ethylene insertion into a RuePh bond and benzene CeH
activation (Scheme 1) [7]. An important conclusion from our
studies of the TpRu(L)(NCMe)Ph series is that the ancillary ligand
(L) has a significant influence on catalytic performance. For
instance, as the ancillary ligand becomes more strongly donating
and the Ru(II) center more electron rich (as determined by cyclic
voltammetry), the activation barrier for ethylene insertion into
the Ru�Ph bond increases. As a result, the rate of ethylene
insertion into the RuePh bond is decreased for complexes with
more donating L ligands, and ethylene CeH bond activation be-
comes competitive with catalytic turnover. The net result is that
for TpRu(L)(NCMe)Ph complexes with L ¼ PMe3, P(OCH2)3CEt, or
2,6,7-trioxa-1-phosphabicyclo [1,2,2]heptane catalyst deactiva-
tion occurs rapidly with the formation of TpRu(L)(h3-C4H7)
complexes (Scheme 2) [7,27e29]. This was also observed to be
the mechanism of catalyst deactivation for the cationic Ru(II)
catalyst precursor [(HC(pz5)3)Ru(P(OCH2)3CEt) (NCMe)Ph][BAr'4]
[HC(pz5)3 ¼ tris(5-methyl-pyrazolyl)methane; BAr'4 ¼ tetrakis
[3,5-bis(trifluoromethyl)phenyl]borate] [16].
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Scheme 1. Proposed catalytic cycle for olefin hydroarylation with TpRu(L)(NCMe)Ph
complexes.

Scheme 2. Formation of h3-methyl allyl through ethylene CeH activation by TpRu complexes.

Fig. 1. Comparison of catalytic hydrophenylation of ethylene by TpRu(CO)Ph(NCMe) at
0.1 MPa ethylene and 90 �C at Ru mol % loadings of 0.01, 0.05, and 0.2 mol % (relative to
benzene).
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Thus, we have demonstrated that incorporation of the strongly
p-acidic ligand CO (i.e., catalyst precursor TpRu(CO)(NCMe)Ph)
gives rise to the longest-lived and most active catalyst among the
TpRu(L) (NCMe)Ph series [7,27e32]. Using 0.025 mol % (relative to
benzene) of TpRu(CO)(NCMe)Ph at 90 �C and with 0.1 MPa of
ethylene, 415 turnovers (TOs) of ethylbenzene were achieved
before catalyst deactivation [27]. In contrast, under 0.2 MPa of
ethylene in benzene at 90 �C, 0.1 mol % of TpRu(CO)(NCMe)Ph
(relative to benzene) catalyzes the formation of ethylbenzene with
only approximately 75 TOs of ethylbenzene [31]. Unlike the phos-
phine and phosphite catalysts, formation of an h3-allyl Ru(II)
decomposition product was not observed. However, in the absence
of benzene, TpRu(CO)(NCMe)Ph and ethylene (1.7 MPa) in THF
(70 �C) were demonstrated to convert to TpRu(CO)(h3-C4H7) in
nearly quantitative yield [29]. Instead, studies suggest that the
deactivation product is a paramagnetic (NMR silent) multinuclear
Ru species that could not be definitively characterized [30]. Given
the performance of TpRu(CO)(NCMe)Ph and the apparent depar-
ture in pathway for catalyst deactivation, we more closely studied
the decomposition of TpRu(CO)(NCMe)Ph during catalytic ethylene
hydrophenylation. We have found two competing pathways for
Please cite this article in press as: E.E. Joslin, et al., Journal
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catalyst deactivation that are dependent on the reaction conditions.
2. Results and discussion

2.1. Study of TpRu(CO)(NCMe)Ph concentration

To further investigate the disparity between the catalytic results
for TpRu(CO)(NCMe)Ph using 0.1 and 0.025 mol % catalyst loadings,
a systematic screening of catalyst loading (0.2e0.01 mol % relative
to benzene) was performed. Data are shown in Fig. 1. Using a
catalyst loading of 0.2 mol % TpRu(CO)(NCMe)Ph, under 0.1 MPa of
ethylene at 90 �C catalytic ethylene hydrophenylation results in
only 90 TOs of ethylbenzene. Ethylbenzene production increases by
more than 5-fold when the catalyst loading is decreased to 0.01mol
% to give 490 TOs.

For the reactions shown in Fig. 1, we probed for the formation of
the allyl complex TpRu(CO)(h3-C4H7). After cessation of catalyst
activity using 0.2 mol % TpRu(CO)(NCMe)Ph, analysis of the non-
volatiles of the reaction by 1H NMR spectroscopy revealed isola-
tion of TpRu(CO)(h3-C4H7) in 12% yield based on HMDS (hexame-
thyldisiloxane) as an internal standard. The yield of TpRu(CO)(h3-
C4H7) increases with decreased starting catalyst loading (Table 1).
This suggests that a competition exists between deactivation
pathways to form the previously proposed NMR silent para-
magnetic multinuclear Ru species and TpRu(CO)(h3-C4H7) (Scheme
3) [30]. As the starting catalyst concentration is decreased, the
deactivation pathway to form TpRu(CO)(h3-C4H7) becomes
increasingly competitive.
of Organometallic Chemistry (2017), http://dx.doi.org/10.1016/



Table 1
Effect of catalyst loading on TOs of ethylbenzene and % yield of TpRu(CO)(h3-C4H7).a

[Ru]
(mol %)

TOsb TpRu(CO)(h3-C4H7)
(% yield)c

0.2 90 12
0.1 193 22
0.025 415 60
0.01 490 62

a Reactions conducted at 0.1 MPa of ethylene in benzene at 90 �C.
b TOs were determined by GC-MS using n-decane as an internal standard.
c % yield was determined by post catalysis analysis of reaction non-volatiles by 1H

NMR spectroscopy.

Scheme 3. Competing deactivation pathways during catalytic ethylene hydrophenylation using TpRu(CO)(NCMe)Ph.

Fig. 2. Comparison of ethylene hydrophenylation at various pressures of ethylene
using TpRu(CO)(NCMe)Ph (0.01 mol % relative to benzene) as the catalyst precursor at
90 �C.

Table 2
Comparison of TpRu(CO)(h3-C4H7) yield from catalytic ethylene hydrophenylation
with variable ethylene pressure.a
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2.2. Influence of ethylene concentration on TpRu(CO)(NCMe)Ph
decomposition

Previously, it has been demonstrated that the rate of ethylene
hydrophenylation catalyzed by TpRu(CO)(NCMe)Ph has an inverse
dependence on ethylene concentration [31]. The decreased rate of
catalysis with increasing ethylene concentration is attributed to the
proposed catalyst resting state, TpRu(CO)(h2-C2H4) (CH2CH2Ph),
which removes Ru from the catalytic cycle (Scheme 2). Thus, for
optimal catalysis, the ethylene to benzene ratio is required to be
low. We anticipated that the pathway of deactivation of TpRu(-
CO)(NCMe)Ph might depend on ethylene concentration. To
examine the effect of ethylene concentration on catalyst deactiva-
tion, catalytic experiments were conducted using 0.01 mol %
TpRu(CO)(NCMe)Ph (relative to benzene) at 90 �C with varied
ethylene pressures (0.1, 0.2 or 0.3 MPa).

Catalytic reactions with 0.01 mol % TpRu(CO)(NCMe)Ph and
0.1 MPa of ethylene in benzene achieve 490 TOs of ethylbenzene
after c.a. (or approximately) 60 h at 90 �C. Analysis of the reaction
non-volatiles after catalyst deactivation by 1H NMR spectroscopy
showed formation of TpRu(CO)(h3-C4H7) in 62% yield. As the
ethylene pressure is increased, catalytic activity and longevity are
significantly reduced (Fig. 2). For example, increasing the ethylene
pressure to 0.3 MPa results in an ~80% decrease in TOs with no
observed catalytic activity after 12 h of reaction. This is attributed to
an increase in the rate of TpRu(CO)(h3-C4H7) formation at higher
ethylene concentration in solution. At ethylene pressures�0.1MPa,
the formation of the allyl complex, TpRu(CO)(h3-C4H7), is quanti-
tative (Table 2). These results suggest that at low ethylene con-
centrations, deactivation via formation of TpRu(CO)(h3-C4H7) is
competitivewith formation of the proposed paramagnetic complex
(the formation of which is presumed to be independent of
ethylene; see below), but the allyl complex dominates at higher
ethylene concentrations.
Ethylene pressure
(MPa)

Time (h) TOsb TpRu(CO)(h3-C4H7)
(% yield)c

0.1 62 490 62
0.2 16 189 Quantitative
0.3 8 94 Quantitative

a 0.01 mol % TpRu(CO)(NCMe)Ph at 90 �C.
b TOs was determined by GC-MS using n-decane, as an internal standard.
c % yield was determined by post catalysis analysis of reaction non-volatiles by 1H

NMR spectroscopy.
2.3. Kinetics of TpRu(CO)(NCMe)Ph decomposition under non-
catalytic conditions

Probing the deactivation of TpRu(CO)(NCMe)Ph under catalytic
conditions (i.e., in the presence of benzene and ethylene) is
complicated by the two proposed competing processes (Scheme 3).
Thus, we studied the decomposition of TpRu(CO)(NCMe)Ph in the
absence of benzene and ethylene. Heating a solution of
Please cite this article in press as: E.E. Joslin, et al., Journal
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TpRu(CO)(NCMe)Ph (0.03 M) in THF-d8 at 75 �C results in slow
decomposition of the catalyst precursor as observed by 1H NMR
spectroscopy. As the reaction progresses, resonances for TpRu(-
CO)(NCMe)Ph steadily decrease as very broad resonances consis-
tent with the formation of paramagnetic species appear. Plots of
concentration of TpRu(CO)(NCMe)Ph and ln [TpRu(CO)(NCMe)Ph]
are not linear. However, a second-order plot, [TpRu(CO)(NCMe)
Ph]�1 vs. time, provides a clean linear fit, indicating that the
decomposition pathway is likely second order in TpRu(CO)(NCMe)
Ph (Fig. 3). The rate of decomposition was determined to be 0.007
(1) M�1 s�1 at 75 �C.
of Organometallic Chemistry (2017), http://dx.doi.org/10.1016/



Fig. 3. Second-order plot for the decomposition of TpRu(CO)(NCMe)Ph in THF-d8 at
75 �C, as monitored by 1H NMR spectroscopy (R2 ¼ 0.98).
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3. Conclusions

TpRu(CO)(NCMe)Ph is an effective catalyst for ethylene hydro-
phenylation. In an effort to better understand possible pathways for
catalyst deactivation, the influence of catalyst loading and ethylene
pressure on catalytic performance and deactivation product was
examined. Based on these studies, there are two competing deac-
tivation pathways for catalytic ethylene hydrophenylation: 1) a
likely bimolecular decomposition pathway that results in the for-
mation of uncharacterized paramagnetic species, and 2) formation
of the h3-allyl complex TpRu(CO)(h3-C4H7), which arises due to
ethylene C�H activation (Scheme 2). It was determined that both
the starting catalyst precursor and ethylene concentration influ-
ence catalyst longevity as well as the dominant pathway for deac-
tivation. Higher catalyst loading and low ethylene concentrations
bias the decomposition toward the formation of paramagnetic
species, while low catalyst loading and high ethylene concentra-
tions result in formation of TpRu(CO)(h3-C4H7). Optimal catalytic
conditions for maximum turnovers were found to be with low
catalyst loadings and ethylene concentrations.
4. Materials and methods

4.1. General methods

Unless otherwise noted, all synthetic procedures were per-
formed under anaerobic conditions in a nitrogen-filled glovebox or
by using standard Schlenk techniques. Glovebox purity was main-
tained by periodic nitrogen purges and was monitored by an oxy-
gen analyzer [O2(g) < 15 ppm for all reactions]. The preparation,
isolation and characterization of TpRu(CO)Ph(NCMe) [31] and
TpRu(CO)(h3-C4H7) [29] have been previously reported. Benzene
was purified by passage through a column of activated alumina.
Benzene-d6 and THF-d8 were stored under a nitrogen atmosphere
over 4 Å molecular sieves. 1H NMR spectra were recorded on a
Varian MRS 600 MHz spectrometer. All 1H spectra are referenced
against residual proton signals. GC/MS was performed using a
Shimadzu GCMS-QP2010 Plus system with simulated electron
impact or electron impact ionization. Ethylene (99.5%) was pur-
chased from GTS-Welco and used as received. All other reagents
were used as received from commercial sources.
Please cite this article in press as: E.E. Joslin, et al., Journal
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4.2. Representative catalytic ethylene hydrophenylation reaction

TpRu(CO)(NCMe)Ph (0.0103 g, 0.0224 mmol, 0.1 mol % Ru rela-
tive to benzene) was dissolved in 2 mL of benzene. In a 25 mL
volumetric flask, n-decane (0.199 g, 0.273 mL, 0.5 mol % n-decane
relative to benzene) was added to benzene to produce a stock so-
lution containing an internal standard. To generate 6 mL of a
0.025 mol % Ru catalyst solution: 1.5 mL of a 0.1 mol % Ru solution,
1.5 mL of a 0.5 mol % n-decane solution and 3 mL of benzene were
transferred to a stainless steel pressure reactor. The reactor was
charged with 0.1 MPa of ethylene, pressurized with dinitrogen to a
total pressure of 0.8 MPa, and heated to 90 �C. After a given dura-
tion of time the reactor was cooled to room temperature and an
aliquot of the reaction mixture was removed. The reaction mixture
was analyzed by GC/MS using peak areas of the products and the
internal standard to calculate product yields. Ethylbenzene pro-
duction was quantified using linear regression analysis of gas
chromatograms of standard samples. A set of eight known stan-
dards were prepared consisting of 1:5, 3:5, 5:5, 7.5:5, 10:5, 50:5,
100:5 and 150:5M ratios of ethylbenzene to n-decane inmethylene
chloride. A plot of peak area ratios versus molar ratios gave a
regression line. For the GC/MS system, the slope and correlation
coefficient for ethylbenzene were 0.18 and 0.99, respectively. All
reactions were repeated in triplicate to ensure reproducibility.

4.3. Quantification of TpRu(CO)(h3-C4H7) from catalytic
experiments

A catalytic reaction was performed as stated above. After
completion of catalysis, the reactor was brought into the glovebox,
and the volatiles were removed in vacuo. The non-volatiles were
dissolved in C6D6 (0.4 mL) and placed in an NMR tube with 20 mL of
a 5.0 mM HMDS (hexamethyldisiloxane) stock solution in C6D6. A
1H NMR spectrum was collected (pulse delay of 20 s) and an allyl
resonance corresponding to TpRu(CO)(h3-C4H7) (4.4 ppm) was in-
tegrated relative to the HMDS standard to calculate the percent
yield of TpRu(CO)(h3-C4H7).

4.4. Kinetic measurements of TpRu(CO)(NCMe)Ph decomposition

A THF-d8 solution of TpRu(CO)(NCMe)Ph (0.0125 g,
0.0272 mmol) and hexamethyldisilane (as an internal standard)
was made in a 1 mL volumetric flask. The solution was divided
(300 mL aliquots) and transferred into three J. Young NMR tubes.
The NMR tubes were placed into the temperature calibrated NMR
probe (equilibrated at 76 �C). The temperature was determined
using a 80% Ethylene Glycol in DMSO-d6 and the following equation
provided by Bruker Instruments, Inc. VT-CalibrationManual: T(K)¼
(4.218eD)/0.009132, whereD is the shift difference (ppm) between
CH2 and OH peaks of the ethylene glycol. Reaction progress was
monitored by 1H NMR spectroscopy using automated data acqui-
sition. A single transient was used for each time point with 900 s
delay between transients. The rate of the reaction was determined
by monitoring the disappearance of the most upfield Tp resonance
(6.02 ppm) of the starting material. The rate of decomposition was
determined utilizing data up to 75% conversion (30,000 s), as the
presence of a significant concentration of the resultant para-
magnetic product introduced substantial error in the resonance
integrations.
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