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CONSPECTUS . ueliof

Catalytic

C arbon—carbon bond formation is the central method by which synthetic chemists add complexity, which often repre-
sents value, to molecules. Uniting a carbon chain with an aromatic substrate to yield an alkyl arene product is thus a
molecular means of creating value-added materials. A traditional method for generating alkyl arenes is Friedel—Crafts catal-
ysis, in which an alkyl halide or olefin is activated to react with an aromatic substrate. Unfortunately, despite the develop-
ment of new generations of solid-state catalysts, the reaction often requires relatively harsh conditions and frequently gives
poor to moderate selectivity. Conversely, a halide can first be incorporated into the aromatic ring, and the aryl halide can
subsequently be joined by a variety of catalytic coupling techniques. But generating the aryl halide itself can be problem-
atic, and such methods typically are not atom-economical. The addition of aromatic C—H bonds across the C—C double bonds
of olefins (olefin hydroarylation) is therefore an attractive alternative in the preparation of alkyl arenes.

Despite the dominance and practical advantages of heterogeneous catalysts in industrial synthesis, homogeneous sys-
tems can offer an enhanced ability to fine-tune catalyst activity. As such, well-defined homogeneous catalysts for the hydroary-
lation of olefins provide a potentially promising avenue to address issues of selectivity, including the production of
monoalkylated arene products and the control of linear-to-branched ratios for synthesis of long-chain alkyl arenes, and pro-
vide access to more ambient reaction conditions. However, examples of homogeneous catalysts that are active for the con-
version of unactivated aromatic and olefin substrates to alkyl arene products that function via metal-mediated C—H activation
pathways are limited. In this Account, we present results from research aimed at the development of Ru(ll) catalysts sup-
ported by the hydridotris(pyrazolyl)borate (Tp) ligand for the addition of aromatic C—H bonds across olefins. On the basis
of detailed mechanistic studies with TpRu(L)(NCMe)R catalysts, in which the neutral ancillary ligand L is varied, we have
arrived at guidelines for the development of improved catalysts that are based on the octahedral-a® motif.
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1. Introduction

Since initial reports of selective metal-mediated C—H activa-
tion, substantial understanding of these transformations has
been achieved,'? and useful catalysts for C—H bond function-
alization are emerging.3~> Such reactions offer the possibil-
ity of more efficient conversion of hydrocarbons into higher
value materials. For example, olefin hydroarylation is an atom-
economical route for construction of C—C bonds involving aro-
matic substrates (Scheme 1). Most commonly, alkylarene
synthesis has been accomplished via Friedel—Crafts cataly-

% however, such reactions have limitations.®” For exam-
ple, due to the mechanism, linear alkyl chains cannot be
accessed, and products are often more reactive than starting
materials leading to polyalkylation. New zeolite technologies
have provided increased selectivity for monoalkylated prod-
ucts with reduced waste.® Yet they require unique structural
design for each alkylarene synthesis and cannot select for lin-
ear alkylbenzenes, and polyalkylation is still problematic for
some systems.®

Catalytic Suzuki, Heck, Sonogashira, Stille, Negishi, and
related reactions provide useful methods for C—C bond for-
mation involving aromatic substrates (Scheme 2).'%'" How-
ever, such reactions require the incorporation of halide into
the aromatic substrate, which is often a low yield process
that generates halogen-containing waste. Furthermore, with
the exception of the Heck reaction, these catalysts gener-
ate a stoichiometric quantity of metal-containing waste.

Catalytic olefin hydroarylation via a pathway involving ole-
fin insertion and metal-mediated aromatic C—H activation can,
in principle, overcome the aforementioned limitations. How-
ever, avoiding side reactions whose energy profiles are often
similar to desired transformations is challenging (Scheme 3).
Competition can arise from irreversible -hydride elimination,
irreversible C—H oxidative addition, C—H activation of sub-
strates other than the arene, and multiple olefin insertions.
Thus, an efficient catalyst must provide Kinetic access to inser-
tion of a single olefin equivalent and selectively activate aro-

SCHEME 1. Hydroarylation of Olefins
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SCHEME 3. Metal-Catalyzed Olefin Hydroarylation (Red) and
Common Side Reactions
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matic versus olefin C—H bonds. These demands result in a
narrow window for success.

In addition to the Ru(ll) systems discussed herein, a few cat-
alysts for olefin hydroarylation with unactivated substrates
have been reported (Chart 1). Interestingly, Pt(ll) catalysts for
olefin hydroarylation with mild selectivity for n-alkylbenzenes
as well as selectivity for branched products have been
reported.'2~'* An Ir(lll) catalyst is robust, and this system
shares many mechanistic features with the Ru systems dis-
cussed herein.'>

We have been investigating Ru(ll) catalysts of the type
TpRu(L)(NCMe)R {Tp = hydridotris(pyrazolyl)borate; L = CO,
PMes, P(pyr)s, or P(OCH,)sCEt; R = hydrocarbyl; pyr = N-pyr-
rolyl} for olefin hydroarylation (eq 1).”'¢~2¢ Despite the poten-
tial impact of catalytic olefin hydroarylation and recent
advances,?”%® opportunities to study structure/activity rela-
tionships have been rare. We felt that TpRu(L)R fragments
would be ideal for detailed studies through modification of L,
which permits incremental adjustment of metal electron den-
sity and steric profile.

catalytic Et

TpRu(L)(NCMe)Ph
FOH, (1)
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CHART 2. Structure of TpRu(L)(L')R (Table 1 lists L, R, and L)

TABLE 1. TpRu(L)(L")R systems.

complex L R i

1 0 Me NCMe
2 o Ph NCMe
3 PMe; Me NCMe
4 PMe; Ph NCMe

5 P(pyr)s? Me NCMe
6 P(pyr)s? Ph NCMe

7 1%-P,C-P(pyr)2(NC;Hs)? 1P, G-P(pyr)2(NC,Hs)? NCMe

8 P(OCH,)5CEt Ph NCMe
9 (€0] 2-furyl NCMe
10 (€0] 2-thienyl NCMe
11 PMEg 7]3'C3H4Me

12 PMe; Ph 7>-CH,
13 PMe; 7]1'C2H3 7]2'C2H4
14 PMEg CHchchZCH 772'C2H4
15 PMe; n'-GH3 NCMe
16 (€0 n>-GHMe

9 pyr = N-pyrrolyl.

TABLE 2. Experimental Kops and AG*s for Degenerate NCMe/NCCD3
Exchange by Complexes 2, 4, and 5.

<y L 7 L
r'?_)N\lla <R NCCD PV_7N\F[< —R
K= | " NeeH, ——= R | N NeeD;  *+ NCCHa
N\l/ N Kobs N N
NO \ —NO)
B B
H \\7 H
L = CO (2), PMe3 (4) or P(pyr)s(5); R = Me or Ph
complex  temp (°Q  Kgps (x107* 7" relative to kys of 2 AG* (kcal/mol)
2 70 03202) 1 27.2(1)
4 60 1.56(4) 49 25.4(1)
5 60 1.47(2) 4.6 25.4(1)

2. Catalyst Architecture

Complexes discussed here possess the formally anionic 6e~
donor («3-coordination) Tp, a 2e~ donor neutral ancillary
ligand (L), NCMe or 5%-CyH,4 (L), and hydrocarby! (R) ligand
(Chart 2 and Table 1). For all TpRu(L)(NCMe)R systems, NCMe
is sufficiently labile at moderate temperatures to provide five-
coordinate TpRu(L)R systems that are necessary to bind and
activate olefin or aromatic substrates. Since degenerate NCMe/
NCCDs; exchange from TpRu(L)(NCCH3)R in NCCDs is proposed
to be dissociative,”***> the AG* for exchange of isotopomers
should depend upon the rate of NCMe dissociation for 2, 4,
and 5 (Table 2). Although data are limited, the relative rates
of NCMe dissociation from TpRu(L)(NCMe)Ph complexes cor-
relate with the donating ability of L.

The ancillary ligand L has been varied among CO,?°
P(pyr)s,3° P(OCH,)5CEt,>*3" and PMes,?° which provides a

TABLE 3. Comparison of Cone Angle and Ru(lll/ll) Redox Potentials
for Ligands upon Coordination to {TpRu(NCMe)Ph}

15 5
|T| @v YN o go Hac. SHach,
D A

Ligand; o Ff/
Electronic Effect: =
Ru(lli/) Ox. potential of 1.03 0.82 0.55 0.29
TpRu(L)(NCMe)Ph (V) (vs. NHE)
Steric Perturbation:
Cone Angle () 952 145° 1012 1182

9 Reference 29. © Reference 30.

means of tuning the sterics and electronics of TpRu(L)(NCMe)R
(Table 3). We have used reversible Ru(lll/Il) potentials obtained
from cyclic voltammetry to estimate the relative electron den-
sity among catalyst precursors and thus determine the impact
of metal electron density, as a function of L, on catalysis. The
relative electron densities of the Ru phenyl complexes are 4
(PMes) > 8 {P(OCH,)5CEt} > 6 {P(pyr)s} > 2 (CO).

3. Stoichiometric Aromatic C—H Activation
by TpRu(L)(NCMe)R as a Function of L

Catalytic hydrophenylation of ethylene by TpRu(CO)(NCMe)Ph
reveals an intermolecular Kinetic isotope effect (C—H activa-
tion of CgHg Vs CsDe) Of kn/kp = 2.1(1),” suggesting that ben-
zene C—H activation is rate-determining. Therefore, decreasing
the activation barrier to aromatic C—H activation should
enhance catalyst activity, and thus, we sought to understand
the impact of L on this transformation.

The complexes TpRu(L)(NCMe)R mediate stoichiometric
C—H activation of aromatic substrates to generate TpRu(L)-
(NCMe)Ar and RH (egs 2—4).”-1%722 Benzene activation upon
reaction of TpRu(L)(NCMe)Ph and CsDg have been traced by
"H/2H NMR spectroscopy (eq 4),>*2° and mechanistic studies
indicate that the pathway in Scheme 4 is most likely.”2
Acetonitrile dissociation creates a vacant site for reversible
benzene coordination, which precedes rate-determining C—H
activation and subsequent coordination of acetonitrile to form
TpRu(L)(NCMe)Ph. Consistent with the proposed pathway,
increasing the concentration of free acetonitrile suppresses the
rate of CsDs C—D activation.”'®22 Strongly bound isonitrile
ligands retard benzene C—H(D) activation (eq 6),%? which pro-
vides additional evidence that 16-electron TpRu(L)R systems
are responsible for aromatic C—H activation. Similar to cata-
lytic reactions, Kinetic isotope effects are observed for ben-
zene activation by TpRu(L)(NCMe)Me (L = CO or PMes; eq
5).722 DFT calculations (see below) indicate that the transi-
tion state for benzene C—H bond breaking is the highest
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energy species on the reaction coordinate for overall benzene
C—H activation.
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Table 4 displays kons Values for CsDg activation by CO com-
plex 2, PMes complex 4, and phosphite complex 8 in the pres-
ence of 1 equiv of acetonitrile (0.035 M). Analysis of benzene
C—H(D) activation by P(pyr); complexes 5 and 6 is compli-
cated by yields that are <70%.%3 A plot of Keps for C¢Dg acti-
vation versus Ru(lll/ll) potential gives a linear correlation with
R? = 0.97 (Figure 1). Despite limited data and multiple fac-
tors that may contribute to kops for benzene C—H activation
(Scheme 4), this trend indicates that increased metal electron
density facilitates the overall rate of benzene C—H activation.2
Furthermore, the relationship suggests that d®/d> redox poten-
tials might be viable predictors of activity for TpRu(L)(NCMe)R
catalysts, related Ru(ll) systems and other d® complexes.

Computational studies utilizing the B3LYP hybrid functional
and effective core potentials indicate that AG® for benzene
coordination is largely dependent on the steric profile of L
(Scheme 5; Figure 2). For example, PEt; and PMe; are
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SCHEME 4. Proposed Pathway and Rate Law for Benzene C—H
Activation by TpRu(L)(NCMe)R {[Ru] = Concentration of
TpRu(L)(NCMe)R}
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TABLE 4. Rate Constants for Benzene C—H(D) Activation by
TpRu(L)(NCMe)Ph at 60 °C with Added NCMe (0.035 M)

complex Kops (x 1075 s77) AG* (kcal/mol)
4 1.36(4) 27.0(5)
3 1.20Q2) 27.1(1)
2 0.462(3) 27.7(1)

expected to differ little in terms of o-donating ability, and the
2.1 kcal/mol difference in binding free energy of benzene to
TpRu(L)Ph is ascribed to the difference in steric bulk (cone
angles: PMes = 118°; PEt; = 132°).2 The calculated depen-
dence of benzene coordination on steric profile of L (i.e., larger
L inhibits benzene coordination) suggests that complexes with
bulky phosphines might be less proficient at aromatic C—H
activation, consistent with experimental studies of P(pyr); com-
plexes 5 and 6.2 Heating the methyl complex 5 in benzene
does produce methane and the phenyl complex 6; however,
the yield ("H NMR) of 6 is <70% under all conditions studied
(eq 7). Likewise, heating 6 in CsDg produces CsHsD and 6-ds
but again with yields < 70% (eq 8). The low yields for ben-
zene C—D activation likely reflect the difficulty in substitut-
ing the linear NCMe ligand with the more sterically imposing

PMe3

~14 P(OCHa)sCEt

n

“é 1.0

=

-«

0.2 : ‘ :
0.25 0.45 0.65 0.85 1.05

Ru(lll/l) Redox Potential

FIGURE 1. Plot of Ru(lll/l) potentials versus Kops for CsDg C—D
activation by TpRu(L)(NCMe)Ph. R? = 0.97.
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SCHEME 5. Calculated Free Energy (kcal/mol; 298 K) for Benzene C—H Activation by TpRu(L)(NCMe)Ph¢

L=Co
L =P(pyr)s

L = P(OCH,),CEt
L = PMe;

L=CNH

L = PEt,

100 110 120 130 140 150
Cone Angle (deg)

FIGURE 2. Plot of ligand cone angle versus calculated AG® (kcal/
mol, 298 K) for benzene coordination to TpRu(L)Ph.

benzene to TpRu{P(pyr)s}R), which allows decomposition path-
ways to compete with benzene C—H activation.

/-§/R __Me CeHs '.i \Flm/Ph
TSNCMe  -CH,

§N/| < ™
/N A \/N
) e & o

NCMe
<70% yield

0@0 000

CeDs I
/y/R“<Ph Tono 4 SR
NCMe - CgHsD | NCMe
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<70% yield

The mechanism of C—H activation determines the influ-
ence of ligand parameters on the propensity toward C—H

SCHEME 6. Mechanisms for C—H Activation: o-Bond Metathesis
(SBM), Oxidative Hydrogen Migration (OHM), Oxidative Addition
(OA), and Electrophilic Substitution (ES)

(" sBM
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R ¥
= LHM< ] LM-R + H® ——= LM—R + R—H

R R

bond cleavage, and several pathways for C—H activation have
been elucidated for metal-mediated C—H activation (Scheme
6)." Computational and experimental studies of C—H activa-
tion by TpRu(L)R on model Tab—Ru {Tab = tris(azo)borate} and
full Tp—Ru models suggest that the transformations traverse
concerted o-bond metathesis (SBM) pathways with close Ru—H
contacts.”'7333% Figure 3 and Table 5 contain calculated
bond distances in benzene C—H activation transition states for
TpRu(L)(CeHg)Ph {L = CO, P(pyrs), P(OCH,);CEt, and PMes} with

>

a \b
L—Ru';-g-l‘-l

N
a‘./b

FIGURE 3. Transition state geometry for benzene C—H activation
by TpRu(L)(CsHe)Ph (see Table 5 for calculated distances a, b, and ¢
note, relative orientation of phenyl rings and Ru/H not depicted).
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TABLE 5. Calculated Distances (A) for C—H Activation Transition
State of TpRu(L)(C¢He)Ph

L Ru—C (a) Ru—H (b) C—H (9
(€0] 2.19 1.65 1.61
P(pyr)s 2.21 1.64 1.57/1.60
P(OCH,)5CEt 2.18 1.61 1.69
PMe; 2.18 1.61 1.66

CHART 3. TpRu(L)Me Complexes and para-Substituted Arenes to
Probe Mechanism of C—H Activation

mEs
B———-Nr’> ga

L=
\\N_Cﬁ\> | % CO or PMe3
Ru---H
~N | ) X =
\-——J NHj, OCHg, H, F,

Cl, Br, CN or NO,

SCHEME 7. Computational Studies of C—H Activation by
TpRu(L)(Me)(Ce¢HsX) Give Hammett Plots (versus op) with Good Linear
Fits (X = NO,, CN, Br, Cl, F, H, OMe, and NH,)

X
AG1
pe—_— X
’,P |/ /IP\ I|-/CH4
Tu\ H — /Ru
L. — 1 @
B/ O X

From calculated
AG values

Plot ky/ky versus Hammett o, parameters
gives linear fit with p =2.6 (L = CO) and 3.2 (L = PMe3)

Ru—H contacts ranging from 1.61 to 1.65 A (Table 5). Calcu-
lations suggest that increasing the donor ability of L results in
shorter Ru—H distances in the transition state, consistent with
enhanced Ru-to-H electron donation as the donor ability of L
is increased. More extensive C—H bond breaking results in
shorter M—C and M—H bond distances. Thus, computational
studies of aromatic C—H activation by TpRu(L)R suggest a
SBM-type transition state bearing protic character on the acti-
vated hydrogen. To compensate for this protic character, the
metal back-donates electron density from a filled orbital to the
transannular hydrogen, which has been termed oxidative
hydrogen migration (OHM) and is thus differentiated from
SBM with d° metal centers.>>3° The formal oxidation state of
Ru in the transition state is perhaps best considered as Ru(lV).
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SCHEME 8. Model of Transition State for C—H Activation of
Benzene by TpRu(L)R
B————Nr'>

\\N,_Eﬁx\'s*/R\\ St
/R
NS ©/

SCHEME 9. Wheland-Type Intermediate in Electrophilic Aromatic
Substitution {[Ru] = TpRu(L)} Is Not the Operative Mechanism for
TpRu(L)R Systems

ll? H
P &
[Ru]
X
X

[Rul = TPR() l
R—H

ATy
+ RH

To further probe C—H activation, an experimental/compu-
tational Hammett study of aromatic C—H activation by
TpRu(L)Me (L = CO or PMes) (Chart 3) was performed.3? Exper-
imentally, for the xylyl compounds, aromatic C—H activation
is only observed when X is electron-withdrawing (eq 9). Cal-
culations of C—H activation from the arene adducts
TpRu(L)(Me)(CeHsX) (X is para to the activated hydrogen) reveal
good linear fits in Hammett plots with positive slopes (Scheme
7). These studies are consistent with Ru coordination of the
aromatic C—H bond, which results in negative charge local-
ized into the aromatic ring (Scheme 8), followed by transfer of
a proton via SBM. Stated succinctly, the metal coordinates the
aromatic C—H bond and activates it toward a “metal-assisted”
intramolecular proton transfer to a basic hydrocarbyl ligand
(Scheme 8). Notably, the Hammett studies provide evidence
against an electrophilic aromatic substitution pathway (Scheme
9).

<FS7  PMeg <E>7 PMeg
P S py—Me N

%/| “~NCMe + Me i Me E, /%7/\':? /NCMeMe ©
N\ N \©/ 60°C N\T X
H'B/N@ @) H‘B/U Me
For X = H, NHp, OMe: decomposition

For X = NO,: 33% isolated yield, 48% yield by NMR

For X = Br: 23% isolated yield, 33% yield by NMR
Calculated AG* for benzene C—H activation from
TpRu(L)(CsHe)Ph are 15.5 kcal/mol (L= CO) < 16.8 kcal/mol
{L = P(OCH,)5CEt} < 17.1 kcal/mol (L = PMes) < 21.7 kcal/
mol {L = P(pyr)s}. Disregarding the bulky P(pyr); system, DFT
calculations suggest that benzene C—H activation is acceler-
ated by less donating ligands, which contrasts the experimen-
tal results; however, experimental results are for the multistep
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SCHEME 10. Proposed Catalytic Cycle for Olefin Hydroarylation"
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9 Benzene and ethylene shown.

overall benzene C—H activation and render a direct compar-
ison between calculation and experiment (even for the over-
all multistep process) difficult. Perhaps the most salient point
from studies of stoichiometric benzene C—H activation by
TpRu(L)(NCMe)Ph is that variation of L alters the energetics, but
not substantially. The AG*'s derived from experimental Kqs are
within a 1 kcal/mol range, and calculated AG¥s for benzene
C—H activation vary by ~2 kcal/mol if bulky P(pyr); is
excluded from consideration (Scheme 5).

4. Catalytic Olefin Hydroarylation using
TpRu(CO)(NCMe)Ph

TpRu(CO)(NCMe)Ph (2) is a precatalyst for olefin hydroaryla-
tion via a non-Friedel—Crafts pathway.”'® A proposed cycle
based on experimental and computational studies is shown in
Scheme 10 with typical catalytic results in Table 6.”22 The first
step involves acetonitrile dissociation followed by olefin coor-
dination to produce TpRu(CO)(;7>-ethylene)Ph. Subsequent ole-
fin insertion into the Ru—Ph bond results in C—C bond
formation. Reacting TpRu(CO)(NCMe)Ph with ethylene in aceto-
nitrile results in formation of TpRu(CO)(NCMe)(CH,CH,Ph),”
which substantiates the suggestion that the TpRu(L)R systems
can coordinate and insert olefins (eq 10). Furthermore,
TpRu(CO)(NCMe)(CH,CH,Ph) reacts with CgDs to produce
PhCH,CH,D and TpRu(CO)(NCMe)(Ph-ds), and catalysis with
Ce¢Dgs and CyH, yields C¢DsCH,CH,D and CgHsCH,CH,D (the
latter is derived from the starting protio-phenyl complex) as
indicated by 'H NMR and mass spectrometry (eq 11). Heat-
ing TpRu(CO)(NCMe)(CH>CH,Ph) in benzene (90 °C, 25 psi
C;Hy) produces TpRu(CO)(CH,CH,Ph)(172-CoHy), the catalyst rest-

Tp-Supported Ru(ll) Catalysts for Hydroarylation Foley et al.

ing state, and ethylbenzene. The rate of catalytic ethylene
hydrophenylation decreases with increasing ethylene pres-
sure (Figure 4), consistent with TpRu(CO)(n*-ethylene)-
(CH,CH,Ph) as the resting state. The final steps of the proposed
catalytic cycle are ethylene/benzene exchange followed by Ru-
mediated C—H activation of coordinated benzene to release
ethylbenzene. Monitoring a CDCl; solution of TpRu(CO)-
(NCMe)(CH,CH,Ph) by "H NMR (70 °C) reveals the quantita-
tive production of styrene, CHDCl, and TpRu(CO)(NCMe)Cl (eq
12), which suggests that S-hydride elimination from
TpRu(CO)(NCMe)(CH,CH,Ph) is kinetically facile. Consistent
with the experimental results, DFT calculations on a
(Tab)Ru(CO)(CH>CH>Ph) model reveal an activation barrier to
p-hydride elimination of only 4.2 kcal/mol (eq 13). Thus, lack
of styrene under catalytic conditions is best explained by
reversible S-hydride elimination. Intermolecular kinetic iso-
tope effects, as determined by catalysis in a 1:1 molar mix-
ture of CgHg and C¢Ds, suggest that benzene C—H activation
is the rate-determining step in the catalytic cycle, in agree-
ment with DFT calculations of all steps in ethylene hydrophe-
nylation by all TpRu(L)(NCMe)Ph catalyst precursors (Scheme
11).
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5. Comparison of Catalysis by
TpRu(L)(NCMe)R Systems

We sought to probe the impact of L on TpRu(L)(NCMe)Ph cat-
alysts by testing L = CO, PMes, P(OCH,)sCEt, and P(pyr); for
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TABLE 6. Catalytic Addition of Arene C—H Bonds across C=C"

Unsaturated

a
Arene Substrate TON TOF Products
Et c
benzene ethylene 51 (77)b 35x10°
Me
benzene propylene 10 69x10* ©/ ©)\ @J
1.6:1 ratio
benzene 1-hexene® 11 50x10 ©/HX ©)\ ©J
1.7:1 ratio
. O_Et
furan® ethylene 17 20x10* ;\ /;
S\_Et
thiophene ethylene 39 69x10% ;\ /;

9 Given as (mol 2)~" s~'. ® Turnovers observed after 24 h are given in parentheses. © Trace quantities of 1,3- and 1,4-diethylbenzene are also produced. ¢ Fifty
equivalents based on 2, after 6 h. ¢ Conditions of 120 °C, 40 psi, 1 mol % catalyst.  Twenty-four hours. 9 Three hours. " Unless otherwise noted, reaction

conditions are 90 °C, 25 psi of gas, 0.1 mol% of 2, 4 h.

o
*

*

Rate of catalysis
(obs X 10%) =
*

(=]

T T T T T

10 20 30 40 50 60
Ethylene Pressure (psi)

FIGURE 4. Dependence of the rate on ethylene pressure for
addition of benzene to ethylene (0.1 mol % of 2, 70 °C).

ethylene hydrophenylation. If the RDS of ethylene hydrophe-
nylation is benzene C—H activation to form ethylbenzene,
incorporation of PMe; or P(OCH,);sCEt is expected to acceler-
ate ethylbenzene formation. However, as detailed below,
catalysis with L = PMes; and P(OCH,)sCEt is hindered by a
reduced rate of olefin insertion, which opens the door to com-
petitive olefin C—H activation for 4 and 8. The P(pyr); com-
plex 6 is a poor olefin hydroarylation catalyst due to the bulk
of P(pyr)s, which prevents olefin coordination.

With 4 as catalyst (0.1 mol %) with benzene and ethylene,
analysis of the catalyst mixture after heating reveals minimal
production of ethylbenzene and near quantitative production
of the n3-allyl complex TpRu(PMes)(i>-CsHsMe) (11, eq 14),
which was independently prepared. Monitoring the reaction of
4 with ethylene (80 psi) in THF-dg at 60 °C reveals that initial
ethylene C—H activation is the culprit in the formation of 11
(Scheme 12). During the conversion, the emergence and dis-
appearance of three primary Ru intermediates, TpRu(PMes)-
(7*-CaH,4)Ph (12), TpRu(PMes)(i?-CoHa)('-C2Hs) (13) (in addition
to free benzene), and TpRu(PMes)(17>-CyH,)(CH2CH,CH=CH,)
(14), were observed.?? Assuming that ethylene coordination to
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TpRu(PMes)(;'-C2Hs) is rapid, conversion of 12 to 13 provides
the rate of Ru-mediated ethylene C—H activation (kc,n,acc =
1.1(1) x 10~*s71). Ethylene insertion into the Ru—vinyl bond
to form 14 occurs with Ke,n,ins = 5.9(6) x 107> s~ 1. Thus, we
propose that the poor catalytic activity exhibited by 4 is due
to a substantial AG* for ethylene insertion that allows ethyl-
ene C—H activation to compete and results in a relatively rapid
removal of active catalyst via formation of the »3-allyl com-
plex 11. DFT calculations (Scheme 11) suggest that replacing
CO with PMes increases the activation barrier for ethylene
coordination and insertion with AAG* = 9.9 kcal/mol (Table
7).

@ PMe; PMes

| 250 p5| /\/
Sru=P
Ru—
L

%/| \NCMe —»
\ L—NO 70 °o ‘//N
L7 @) \\7 11)

Similar to the PMes complex 4, at 250 psi ethylene in
THF at 70 °C complex 2 is cleanly converted to TpRu(CO)(;3-
C3HsMe) (16) in 98% yield. However, monitoring the conver-
sion of 2 and ethylene (80 psi) to 16 at 60 °C in THF-dg
reveals important differences from the PMe; complex 4
(Scheme 13). The reaction of 2 with ethylene (in the absence
of benzene) proceeds via ethylene coordination and rapid ole-
fin insertion followed by ethylene C—H activation to produce
free ethylbenzene and presumably TpRu(CO)(r?-CaHa)('-CoHs).
As opposed to 4 (see above), a more rapid rate of olefin inser-
tion for the CO system 2 is indicated since neither
TpRu(CO)(%-CaHg)(Ph) nor TpRu(CO)(p*-CaHy)(p'-CoHs) s
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SCHEME 11. Calculated Free Energies (kcal/mol) for Catalytic Cycle of Ethylene Hydrophenylation by TpRu(L)(NCMe)Ph {L = CO, PMe;,

P(OCH,)sCEt, or P(pyr)s}°

L=CO

L = PMes
L =P(pyn)s

70 indicates vacant coordination site.

SCHEME 12. Proposed Mechanism for Formation of TpRu(PMes)(;3-CsHsMe) (11) from the Reaction of TpRu(PMes)(NCMe)Ph (4) and

Ethylene?

26.9(1)

Ap F’Mes PMes : P
Y | —Ph 2O
" / NCMe 1 / \/ 1%/
\ ) N
O @
-NCMe -CeHg
+CoH, +C2H,

4 AG* (kcal/mol) calculated from rate constants at 60 °C.

TABLE 7. Combined Steric and Electronic Impact on the Ethylene
Coordination/Insertion Step for Olefin Hydroarylation by
TpRu(L)(NCMe)Ph?

complex L AG (kcal/mol) for B — TS1
2 (€0] 9.9
8 P(OCH,)5CEt 13.8
4 PMe; 19.8
6 P(pyr); 25.0

9B in the table refers to species B in Scheme 11.

observed by "H NMR spectroscopy. The rate of ethylene C—H
activation by TpRu(CO)(>-CaH4)(CH2CHPh) is Ke,nac = 3.4(4)
x 107° 571, ~3 times slower than ethylene C—H activation by
the PMe; system. Thus, the relative rates of olefin C—H acti-
vation are similar to relative rates of overall benzene C—H(D)
activation (Table 4).

Me AP
, /\Tu/\ :%/\Ru— ~

\ N .
/N\_] (12) HB/L] (13) H-\EL/N\Q] 9] H-B/N\Q] (11)

+CQH4

PMe;

L

-CoHy

Combined experimental and computational studies sug-
gest that the major impact of replacing CO with PMe;s is to
increase the activation barrier to ethylene insertion, which
results in Kinetically competitive ethylene C—H activation. Inhi-
bition of olefin coordination and insertion may result from
enhanced Ru-to-olefin dsz-to-7* backbonding in C (Scheme 11)
as Ru electron density is increased. Consistent with this sug-
gestion, for L = CO, P(OCH,)sCEt, or PMes, calculated AG* val-
ues for ethylene insertion (17.8, 19.9, and 23.9 kcal/mol,
respectively) increase with increasing donor ability of L
(Scheme 11). Perhaps more instructive are calculated AG* val-
ues for conversion of 16-electron TpRu(L)Ph (B) to TS1. The
data (Table 7) reflect the combined impact of sterics and elec-
tronics with olefin coordination/insertion favored by small
(e.g., CO) and less donating ligands. It is notable that the two
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SCHEME 13. Proposed Mechanism for Formation of TpRu(CO)-
(7*>-C3HsMe) (16)°

: = ¢
\| /Ph +CoHy rleu Ph
1%/ TSNCMe  +NCMe |%/| ==
NG
/ L? @ / \_7
Not observed

0 ‘i”/
@C Ph

Observed | CoHa ©/Et

by 'H NMR ,%/T”\¢
spectroscopy N\/
Keataact
=0. 34(4) o

|

~ x

/'9 Ru—/\/ Olefin Insertion /]%:/Ru/

|% Isomerlzatlon \\
N

B/NLJ 8) B/L7

Not observed
9 Rate constant reported in units of 107* s~

least efficient catalysts, L = PMes or P(pyr);, are calculated to
have the most substantial AG for conversion of B to TST.
Having observed that strongly donating PMes inhibits ole-
fin insertion, we moved to the tris-N-pyrrolylphosphine
{P(pyn)s} ligand with similar sw-acidity as CO yet with more
steric bulk than CO and PMes. Under most conditions, the
P(pyr)s complex 6 does not perform catalytic olefin hydroary-
lation. An X-ray diffraction study of 6 illustrates the impact of
the bulky P(pyr); ligand with close proximity between P(pyr)s
and phenyl ligands (Figure 5). Heating 6 (60 °C, 80 psi ethyl-
ene) in THF-dg for 5.5 days does not reveal the formation of
TpRu{P(pyr)s}*CaH4)Ph (eq 15), whereas TpRu(L)(7?-C5H4)Ph
(L = CO or PMes) is readily produced under these conditions.
The bulky P(pyr)s likely inhibits ethylene coordination to form
TpRu{P(pyr)s}(2-C5H4)Ph. Calculations reveal energetics con-
sistent with this proposal. Calculated AG for coordination of
ethylene to TpRu(L)(Ph) is negative for L = PMe; (—4.1 kcal/
mol), P(OCH,)sCEt (—6.1 kcal/mol), and CO (—7.9 kcal/mol),
but for L = P(pyr)s the coordination of ethylene is calculated
to be endergonic with AG = +1.0 kcal/mol (Scheme 11).3

/P\ Ppyrs THF-dg /\ vara

\ /NCMe } /. \ /\
Ph (1 5)
\T CaHa

(80 psi) B — N
60°C LJ
(5)

Based on the aforementioned results, the reduced cone
angle (101°) of the bicyclic phosphite ligand P(OCH,);CEt was
anticipated to allow olefin coordination while the moderate
mr-acidity was expected to facilitate olefin insertion relative to
the PMejs system. In contrast to the P(pyr); system, DFT calcu-
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lations suggest that ethylene coordination by TpRuf{P-
(OCH,)sCEt}Ph is favorable (Scheme 11) and that conversion of
TpRu{P(OCH,)sCEt}Ph to the olefin insertion transition state is
favored over the PMes complex by 6 kcal/mol (Table 7).2°
Indeed, heating TpRu{P(OCH,);CEt}(NCMe)Ph (8) in benzene
under moderate ethylene pressure results in production of eth-
ylbenzene with TON = 10 after 28 h at 90 °C.2® However,
catalysis is ultimately halted by formation of TpRu{P(OCH,)s-
CEt}(3-CsHsMe) (Scheme 14). Although ethylene insertion is
sufficiently facile to compete with ethylene C—H activation,
ultimately catalyst decomposition occurs via the latter reaction.

The amalgam of studies for TpRu(L)Ph suggests that the
key crossroads in the catalysis occurs after formation of
TpRu(L)(37%-C5H4)Ph. The reaction coordinates were calculated
for olefin C—H activation from #2-C;H, complexes C for L =
CO, P(OCH,)sCEt, and PMe; (Scheme 15). The ethylene C—H
activation event passes through an OHM transition state (TS3)
to form a Ru—vinyl intermediate F. Calculated activation free
energies relative to C for the ethylene C—H activation step are
higher than those of the ethylene insertion step. Table 8 dis-
plays relevant energetic parameters. From this point, for suc-
cessful catalysis olefin insertion and subsequent benzene
coordination/C—H activation must be substantially more rapid
than olefin C—H activation. Hence, the AAG* shown in the
fourth column of Table 8 should be optimized. Consistent with
experimental observations (see above), L = PMe; has the
smallest AAG¥, which should result in olefin C—H activation
competing with olefin insertion. The corresponding calculated
AAG* values for CO and P(OCH,)sCEt systems suggest that
both of these systems should favor olefin insertion to a greater
extent than the PMes system, which is observed experimen-
tally. However, the phosphite system only gives a few turn-
overs of ethylbenzene prior to olefin C—H activation and
formation of »3-allyl. Following olefin insertion, the catalysts
coordinate benzene and initiate C—H activation to complete
the catalytic cycle. Alternatively, olefin deinsertion reverts the
system to TpRu(L)(?>-CH4)Ph and provides another opportu-
nity for competitive olefin C—H activation. Comparing calcu-
lated AAG* values for (a) benzene coordination and
subsequent C—H activation {i.e., benzene C—H activation start-
ing from TpRu(L)CH,CH,Ph} and (b) deinsertion from
TpRu(L)CH>CH,Ph provides insight into aptitude for these two
processes (Table 8, last column). Clearly, the CO complex, with
a calculated AAG* of 3.7 Kkcal/mol, is predicted to have a
greater predilection toward benzene coordination and C—H
activation than the phosphite system with a calculated AAG*
= 7.5 kcal/mol.
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FIGURE 5. ORTEP of TpRu{P(pyr)s}NCMe)Ph (6) (left) and ball and stick diagram (right) of Ru{P(pyr)s}Ph fragment with distances (A) from
nearest pyrrolyl 2-position carbon to ipso and meta carbons of phenyl ring (hydrogen atoms omitted).

SCHEME 14. Competition between Ethylene Insertion, Which Leads
to Ethylene Hydrophenylation, And Ethylene C—H Activation, Which
Leads to Irreversible Formation of TpRu{P(OCH.);CEt}(17>-CsHs;Me)
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6. Summary/Future Catalyst Design

Through combined experimental and computational studies,
we have methodically probed the impact of steric and elec-
tronic properties of ancillary ligands on olefin hydroarylation
using octahedral Ru(ll) catalysts. Using cyclic voltammetry to
estimate metal-centered electron density, our studies of TpRu"
systems suggest that optimal catalysts will have d®/d> redox
potentials of ~1.0 V (versus NHE). We have not yet studied a
system for which the Ru(lll/ll) potential is >1.0 V and cannot

SCHEME 15. Comparison of Calculated Gibbs Free Energies (kcal/
mol) for Ethylene Insertion and Ethylene C—H Activation by
TpRu(L)(NCMe)Ph {L = CO, P(OCH,);CEt and PMes}

[=CO F

L = P(OCH,)sCEt
L = PMe,

TABLE 8. Calculations Relevant to Olefin Hydroarylation Catalyzed
by TpRu(L)Ph (kcal/mol at 298 K)

AG GH,C—H AG GH, AG* CHg AG
L activation?  insertion” AAG®™ activation® deinsertion! AAG*
[(€0] 26.4 17.8 8.6 27.1 23.4 37
P(OCH,)5CEt 27.3 19.9 7.4 30.2 22.7 75
PMe; 27.0 239 3.1 315 27.0 45

9 From TpRu(L)(7>-C2H4)Ph. ® AG*(C—H activation) — AG*(insertion).  Calculated
AG* values for benzene coordination and C—H activation after olefin insertion
step (from complexes D in Scheme 14).  Calculated AG* values for ethylene
deinsertion. ¢ AG¥(benzene C—H activation) — AG*(deinsertion).

comment on the impact of reduced electron density relative
to TpRu(CO)(NCMe)Ph. Our results suggest that increasing the
bulk of L beyond the steric profile of CO can increase lineat/
branched ratios for hydroarylation of a-olefins,” but this strat-
egy should be implemented with cognizance of the limits on
steric profile of L (see below). Perhaps most importantly within
the realm of rational homogeneous catalyst design, the inte-
gration of theory and experiment to yield detailed informa-
tion about the kinetics and thermodynamics of various
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reactions (and side reactions) that characterize a catalytic cycle,

starting from a TpRu(CO)(NCMe)Ph, suggests attractive targets

for future catalysts:

(1) Replacing CO of TpRu(CO)(NCMe)Ph with ligands that have
similar sr-acidic properties but increased steric profile may
provide selective catalysts for transformations of o-olefins.
However, in combination with the Tp ligand, ligands with
cone angles >145° will likely inhibit olefin coordination. For
TpRu(L) systems, and possibly for closely related systems,
the desired size is larger than CO but smaller than P(pyr)s.

(2) Since incorporation of strongly donating phosphine ligands
(e.g., PMes) for TpRu(L)(NCMe)Ph systems is limited by the
impact on AG* for olefin insertion, replacing the Tp ligand
with tris-nitrogen chelates that are charge neutral is an attrac-
tive target. This will allow incorporation of more donating
ligands L (in place of CO) and thus permit greater steric mod-
ulation without substantial increase in Ru-based electron
density.

(3) Similar to the use of charge neutral nitrogen chelates, replac-
ing Ru of TpRu(L)(NCMe)Ph with less electron-rich metals
should allow incorporation of more donating ligands L (rela-
tive to CO) and greater variability in the steric profile. It will be
interesting to learn whether the relative energetics for key
steps inside and outside the catalytic cycle will exhibit a sim-
ilar dependence on L as the ligand framework is retained but
the identity of the metal is altered.

(4)Moving away from the octahedral and d® motif for cata-
lyst precursors may provide catalytic systems that vary dra-
matically from the TpRu(L)R structure in terms of relative
energetics of key steps. Thus, alternative avenues to
enhance activity and control selectivity might be available
outside an octahedral d® paradigm. For example, in unpub-
lished work we are pursuing chemistry of Ru(ll) systems in
low-coordination environments, and we and others have
recently reported Pt(ll) catalyst precursors that give prom-
ising initial results for olefin hydroarylation using unacti-
vated substrates.'? 14
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