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Abstract

The ligand influence on olefin hydrogenation using four capping arene ligated Rh(l) catalyst
precursors (FP)Rh(n>C2Hs)Cl {FP = capping arene ligands, including 6-FP (8,8'-(1,2-
phenylene)diquinoline), 6-""FP  (8,8'-(2,3-naphthalene)diquinoline), 5-FP  (1,2-bis(N-7-
azaindolyl)benzene) and 5-"°FP [2,3-bis(N-7-azaindolyl)naphthalene]} has been studied. Our
studies indicate that relative observed rates of catalytic olefin hydrogenation follow the trend (6-
FP)RNh(n?-C2H4)CI > (5-FP)Rh(n?-C2H.4)CI. Based on combined experimental and DFT modeling
studies, we propose that the observed differences in rate of (6-FP)Rh(n*>C2H4)Cl and (5-
FP)Rh(n?-C2H.)CI catalyzed olefin hydrogenation are most likely attributed to the difference in the
activation energies for the dihydrogen oxidative addition step. We are unable to directly compare
the rates of olefin hydrogenation using (6-"\"FP)Rh(n?-C2H4)Cl and (5-"°"FP)Rh(n?-C2H.)Cl as the
catalyst precursor since (5-""FP)Rh(n?-C2H.)Cl undergoes relatively rapid formation of an active

catalyst that does not coordinate 5-\PFFP.



Introduction

Many homogeneous catalytic processes based on transition metal catalysts occur through
catalytic cycles that form transition metal intermediates in different formal oxidation states. For
example, for transition metal-based catalytic processes, oxidative addition and reductive
elimination reactions are often key steps in catalytic processes, and these fundamental reactions
increase formal metal oxidation state and coordination number (oxidative addition) or decrease
formal metal oxidation state and coordination number (reductive elimination).”'® A common motif
for processes based on group 9 metals is for a catalytic cycle to involve d® (+1 oxidation state)
and d® (+3 oxidation state) intermediates.” '"'° To improve catalytic activity, studies have been
directed toward understanding trends for oxidative addition and reductive elimination by tuning a
variety of features (e.g., electronic properties of the metal and ligand, steric properties of the
ligand).?>3" Herein, we report on studies to quantify the ability of capping arene ligands to
modulate the energetics of Rh-catalyzed olefin hydrogenation by impacting the stability of Rh(l)

versus Rh(lll) intermediates and transition states.

For catalytic processes that proceed through different transition metal redox states, the
different oxidation states present variable d-electron counts and idealized geometries. Ligand
design that selectively stabilizes, or destabilizes, a specific redox state, based on d-electron count
and/or a preferred geometry/coordination number, potentially can be used to optimize rates of
catalysis.?*2% 3235 Recently, our group has reported on the use of “capping arene” ligands (FP)
with Co, Rh and Ir metals.?" 3% For capping arene-Rh complexes, we have studied the ability of
the capping arene structure to modulate the reductive elimination of MeX (X = halides,
pseudohalides) from (FP)Rh"(Me)(X)2.3® The conceptual foundation of our approach is that the
structure of different capping arene ligands can control the distance between the metal and an

arene group (i.e., the capping arene), and that this controllable metal/arene interaction can be



used to selectively stabilize or destabilize intermediates and/or transition states. Thus, this
approach is different from approaches such as hemilabile ligands, which can facilitate catalysis
through dissociation/re-coordination of a coordinating group. Having observed differences in
these stoichiometric reactions based on capping arene ligand identity, we sought to extend our
studies and understanding of the impact of capping arene ligands using a well understood

catalytic reaction.

In this work, we sought a reaction with a well-defined set of possible mechanistic pathways
and clear involvement of M" and M"*? formal oxidation states that are formed via oxidative addition
and reductive elimination reactions. Thus, Rh-catalyzed olefin hydrogenation was selected for the
model study. Although specific mechanisms may vary based on ligand(s), olefin substrate, and
conditions, the key steps of olefin hydrogenation are usually proposed to be oxidative addition of
H., olefin coordination, migratory insertion of coordinated olefin into a Rh-hydride bond, and
reductive elimination from a Rh'"(H)(alkyl) intermediate to release the hydrogenated product
(Scheme 1).5 17410 previous studies have shown that the oxidative addition is often the rate-
determining step for Rh(l) catalyzed olefin hydrogenation.® “**¢ Thus, we anticipated that the
capping arene ligated Rh(l) catalyzed olefin hydrogenation would follow one of the general
mechanisms shown in Scheme 1, during which the oxidative addition of H> on the Rh(l) metal

center would likely play an important role in the catalytic cycle.
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Scheme 1. General mechanisms for homogenous Rh-catalyzed olefin hydrogenation reactions.

Herein, we report on studies of capping arene ligated Rh(l) catalyzed olefin hydrogenation
including combined experimental and computational studies to understand the mechanism and
quantify catalytic performance. Our studies reveal that the reaction rate of olefin hydrogenation is
dependent on the capping arene ligands on Rh, for which the trend is identified to be (6-FP)Rh(n?*
C2H4)Cl > (5-FP)Rh(n?-C2H4)CI (Scheme 2). Combined experimental and computational modeling
studies allow us to understand and explain the relative rates of reaction based on the identity of
the Rh catalyst precursor. Catalytic olefin hydrogenation using (5-""FP)Rh(n?-C2H4)Cl and (6-
NPEP)Rh(n?-C2H4)Cl was also studied; however, under conditions of catalysis, the complex (5-
NPEP)Rh(n?-C2H4)Cl likely forms an active catalyst that is not ligated by the 5-"°FP ligand, and
thus comparison of catalysis using (5-\"FP)Rh(n?-C2H4)ClI versus (6-""FP)Rh(n?-C2H.)Cl was not

possible.
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Scheme 2. Trend of ligand impact on rate of catalytic olefin hydrogenation using capping arene ligated Rh
complexes as catalyst precursors.

Result and Discussion

We studied four capping arene Rh(l) complexes as catalyst precursors for olefin
hydrogenation of the general formula (capping arene)Rh(n?-C2H4)CI. The capping arene ligands

that we studied include 6-FP (8,8'-(1,2-phenylene)diquinoline, 1 in Scheme 3), 5-FP (1,2-bis(N-
7-azaindolyl)benzene, 2 in Scheme 3), 6-\"FP (8,8'-(2,3-naphthalene)diquinoline, 3 in Scheme

3), and 5-"°FP (2,3-bis(N-7-azaindolyl)naphthalene, 4 in Scheme 3). Our previous studies
indicated that the arene groups (benzene for FP, and naphthalene for N°FP) can coordinate to the
Rh center in a dihapto fashion, and the quinolinyl or N-7-azaindolyl backbones can be used to
tune the coordination of the arene based on the structure and position of the arene moiety.>* *
Structures based on single-crystal X-ray diffraction data show that the distances from Rh center
to the closest carbon(s) on the arene moiety are shorter in 1 than in 2 (~2.6 A vs. ~3.1 A).*® This
structural difference could influence the relative stabilities of Rh(I) complexes, which often favors
a square planar structure, versus Rh(lll), which often favors an octahedral structure. Thus, we

anticipated that the relative rates of catalytic olefin hydrogenation would depend on the identity of

the capping arene ligand.
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Scheme 3. Examples of (capping arene)Rh(n?-C2H4)Cl complexes used in this study.

The preparation of capping arene-Rh complexes in this study followed previously reported
methods.* We compared Rh-catalyzed hydrogenation of various olefins (Figure 1) by monitoring
catalysis in situ using "H NMR spectroscopy. In a representative experiment, a J. Young tube was
charged with 0.4 mL of a 1 mM solution of Rh complex, 4 mM of hexamethylbenzene (HMB,
internal standard), and 44 mM of olefin in CD2Cl; followed by pressurizing with 50 psig of Hz. The
reaction tube was heated to 45 °C, and 'H NMR spectra were collected at 0, 1, 2 and 4 hours.
The concentration of olefin, hydrogen and the hydrogenated product were determined by the
integration with respect to the internal standard HMB. For the hydrogenation of cyclohexene,
styrene, trans-2-pentene and cis-2-pentene (Figure 1), the reaction rate data show that the rate
of hydrogenation using either 1 or 3 is faster than 2. The catalyst precursor 4 gives the most rapid
catalysis, but we have evidence that 4 converts to a catalyst that is not ligated by the 5-N°FP
ligand (see below for more details). Thus, we have excluded data for 4 from Figure 1. In
comparison, the rates for hydrogenation of 3,3-dimethyl-1-butene with the three catalysts do not
show a statistically significant difference. The hydrogenation of tri-substituted and tetra-
substituted olefins 2-methyl-2-butene and 2,3-dimethyl-butene does not occur with any of the Rh

catalysts. Also, the hydrogenation of trans-stilbene was not observed.
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Figure 1. Comparison of olefin hydrogenation rate with various olefin using catalyzed by (FP)Rh(n?-C2H.)CI
(FP = 5-FP, 6-FP or 6-N°FFP). The bars show rate data from at least three independent experiments with
standard deviations shown as error bars. * Complex 3 is not stable at prolonged reaction times. Thus, the
rate data were determined using data collected at 0, 20, 40 and 60 minutes. ** The isomerization of cis-2-
pentene to trans-2-pentene and 1-pentene competes with the hydrogenation of cis-2-pentene. Thus, the
rate of catalytic hydrogenation of cis-2-pentene could not be accurately quantified.

Overview of possible catalytic mechanism. To understand the trend of the ligand effect
shown in Figure 1, a series of mechanistic studies were performed. Scheme 4 shows two
mechanisms for catalytic olefin hydrogenation using (FP)Rh(n?>-C2H4)Cl based on the general
mechanisms of Rh catalyzed olefin hydrogenation shown in Scheme 1.% 7425 The proposed
mechanism on the left (Scheme 4A) is the “olefin first” mechanism. In this mechanism, the
precursor (FP)Rh'(n?-C,H,)ClI first undergoes olefin exchange to form (FP)Rh'(n-olefin)Cl (Step

a). Then, oxidative addition of H, takes place to generate the cationic Rh(lll) complex
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[(FP)Rh"(H)2(n-olefin)]* with an outer sphere chloride anion (Step b). After that, olefin migratory
insertion leads to the formation of [(FP)Rh"(H)(k'-hydrocarbyl)]CI (Step ¢). Finally, the
hydrogenated product is released by reductive elimination, and the Rh complex coordinates
another equivalent of olefin to form (FP)Rh'(n?-olefin)Cl (Step d). The proposed mechanism on
the right (Scheme 4B) is the “hydrogen first” mechanism. In this mechanism, (FP)Rh'(n?-C2H.)ClI
reacts with Ha first to give the oxidative addition product (Step e), followed by olefin exchange to
form [(FP)Rh"(H)2(n?-olefin)]CI (Step f). The catalytic cycle starting with [(FP)Rh"(H)2(n?-olefin)]CI
is similar to the cycle in Scheme 4A, which undergoes an olefin migratory insertion (Step g),

reductive elimination and olefin coordination (Step h), and H2 oxidative addition (Step i).

Mechanism A: Olefin First Mechanism B: Hydrogen First
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Scheme 4. Two proposed mechanisms for FP-Rh catalyzed olefin hydrogenation.

Kinetic studies. To further understand the mechanism of the FP-Rh catalyzed olefin
hydrogenation, we studied the dependence of reaction rate on dihydrogen pressure using 1 and

styrene using the method of initial rates. The initial concentration of dihydrogen in solution phase
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was determined by the integration of the resonance due to dissolved H> compared to the internal
standard HMB. A plot of In(kobs) versus In[H] (Figure 2A) shows a slope close to 1, indicating the
reaction likely has a first order dependence on dihydrogen concentration. The plot of In(kobs)
versus In[1] (Figure 2B) shows a slope of 0.95(4), indicating a likely first order dependence on the
concentration of 1. A plot of kops vs. [styrene] with a curve fit using the function y = ax /(b + x) in
Figure 2C shows an R? value of 0.95, indicating a Michaelis—Menten relationship (@ = Vimax, b =
Kw). One possible explanation for the Michaelis—Menten relationship based on concentration of
styrene is a reversible exchange of ethylene between 1 and styrene prior to the H, oxidative
addition.®” When the styrene hydrogenation is performed with a substantial excess of styrene,
which is calculated to be 0.9(4) mol/L for the experimental condition (see Supporting Information),
the styrene exchange becomes the fast step, which would lead to a zero-order rate law in
styrene.® Based on these studies, a rate equation for the 1 catalyzed styrene hydrogenation is
shown in Eqg. 1. When styrene concentration is significant, the rate equation can be expressed by

Eq. 2.

A B C
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Figure 2. Studies of reaction order for hydrogenation of styrene using (6-FP)Rh(CI)(n?-Cz2Ha) (1). The
reaction conditions are: For the determination of order in Hz (Figure 2A): 1 mM 1, 44 mM styrene, variable
psig of Hz (20, 30, 40 or 50 psig), 45 °C. For the determination of order in 1 (Figure 2B): variable mM 1 (0.2,
0.5, 1, 2 or 4 mM), 44 mM styrene, 50 psig Hz, 45 °C. For the determination of order in styrene (Figure 2C):
0.5 mM 1, variable mM styrene (11, 44, 87, 174 or 348 mM), 50 psig Hz, 45 °C.

rate = K[1][H:][styrene] (1)
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rate = k'[1][H2] (2)

In the Supporting Information, we show the rates of olefin hydrogenation using 4 as the
catalyst precursor. In all cases, catalysis with 4 is substantially faster than the other capping arene
Rh complexes. The rate dependences on [H2] and [Rh] for the 4 catalyzed styrene hydrogenation
was determined. Similar to 6FP-A catalyzed styrene hydrogenation, a first order dependence on
[H2] was observed (Figure 3A). However, surprisingly, the results in Figure 3B suggests a half-
order dependence on concentration of 4. This half-order dependence on [4] suggests the possible
formation of a dimeric Rh complex from 4.5 *® For example, dissociation of the 5-"°FP ligand
could form a chloride-bridged Rh dimer, which could serve as the catalyst precursor (see
Supporting Information Section 6.3 for details). Consistent with this hypothesis, the rate
dependence on [Rh] using [Rh(n?-CzHi)(u-Cl)]2 as the catalyst precursor for styrene
hydrogenation revealed a half-order dependence (Figure 3C), and the observed rate is at least
10 times faster than the 4 catalyzed styrene hydrogenation under the same conditions. Although
the active species in 4 catalyzed styrene hydrogenation could be different from the active species
for [Rh(n?CzHa)2(u-Cl)l2, the difference in rate law on [4] and [1] for their catalytic styrene
hydrogenation is evidence that the catalytic styrene hydrogenation for 4 and 1 undergoes different
mechanisms, in which 4 is likely to form a dimeric species without the 5-""FP ligand during the

catalysis, while the active catalyst for 1 maintains the monomeric form during catalysis.
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Figure 3. Studies of reaction order for hydrogenation of styrene using (5-N°FP)Rh(CI)(n?-C2H4) (4) or
[Rh(n2-C2Ha)(u-Cl)]2. The reaction conditions are: For the determination of order in Hz (Figure 3A): 1 mM 4,
87 mM styrene, variable psig of Hz (20, 30, 40 or 50 psig), 45 °C. For the determination of order in 4 (Figure
3B): variable mM 4 (0.5, 1, 1.5, 2 or 4 mM), 87 mM styrene, 50 psig Hz, 45 °C. For the determination of
order in [Rh(n2-C2H4)(u-Cl)]2 (Figure 3C): variable mM 4 (0.25, 0.5, 0.75, 1 or 2 mM), 44 mM styrene, 50

psig Hz, 45 °C.

To estimate the activation energy for our Rh-catalyzed styrene hydrogenation, an Eyring

analysis was performed by measuring the reaction rate at temperatures from 25 °C to 55 °C. The

resulting Eyring plot shows a linear fit with R? > 0.95. The AH* and AS* values were calculated to

be 12.6(9) kcal/mol and -23(3) cal/K-mol, respectively (Figure 4). The negative value of activation

entropy (ASY) is similar to the AS* for styrene hydrogenation catalyzed by Wilkinson’s catalyst (-

21.5 cal/K-mol).>*
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Figure 4. Eyring plot for the hydrogenation of styrene catalyzed by (6-FP)Rh(n?-C2H4)CI (1). All data points
and standard deviations are based on at least three independent experiments. Reaction conditions: 1 mM
1, 44 mM styrene, 50 psig Hz, variable temperature (24, 34, 39, 43, 4 , 54 or 59 °C).

Observation and characterization of (6-FP)Rh(CI)(n?-styrene). While monitoring styrene
hydrogenation using 1 as catalyst precursor by '"H NMR spectroscopy, new resonances in the
aromatic region were observed, which are likely due to the active catalyst or an intermediate for
the Rh catalyzed styrene hydrogenation. To study the identity of this new Rh complex, styrene
and 1 were mixed in CD2Cl», which leads to the formation of (6-FP)Rh(Cl)(n?-styrene) (1a). Since
the new aromatic resonances in the '"H NMR spectrum of styrene hydrogenation catalyzed by 1
are consistent with the chemical shifts of the isolated 1a formed by olefin exchange, we propose
that the first step of this styrene hydrogenation reaction is likely to be the formation of 1a. The 'H
NMR spectrum of isolated 1a shows two sets of resonances with an integration ratio of ~1:1.5.

This ratio does not show a detectable change at different concentrations of 1a. Exchange peaks
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between the two species observed by 'H NMR spectroscopy were observed by a 2D-Exchange
Spectroscopy (2D-EXSY) experiment, which indicates that the two species likely undergo
exchange (Figure S64 in Supporting Information). The rate constant for the exchange between
the two species was determined to be 0.076 s™ (see details for the calculation in Supporting
Information). Coalescence or line broadening of the two species is not observed by raising the

temperature of the NMR probe up to 70 °C. Instead, decomposition of 1a is observed at 70 °C.

It is established that the generally preferred olefin orientation in square planar and d®
complexes is with the C=C bond perpendicular to the square plane;** % ¢ however, the capping
arene ligand of 1a can potentially be considered a tridentate ligand, which complicates
consideration of the coordination environment around Rh including olefin orientation and

rotational dynamics (Figure 5).%

A single crystal X-ray diffraction study of 1a indicates that the
6FP capping arene ligand serves as a tridentate ligand, coordinating to the Rh center with two
quinoline nitrogen atoms (N1, N2) and the benzene ring in n? fashion (C10 and C11) (Figure 6).
The geometry of 1a is approximately trigonal bipyramidal, in which the triangular plane consists
of one of the quinoline nitrogen (N1), arene moiety on the ligand (C10 and C11) and the styrene
(C25 and C26), and the axial positions are coordinated to the second quinoline nitrogen (N2) and
the chloride (ClI1). The bond angles are slightly distorted from the ideal trigonal bipyramidal
geometry. The bond angle between N1 and the centroid of C10 and C11 is 88.1°. The angles
between the centroid of the styrene C=C bond and N1 or centroid of C10 and C11 are 137.2° and
133.7°, respectively. The styrene C=C bond is oriented in the trigonal plane with a slight distortion
(the dihedral angle between the plane of N1I-Rh1-C10-C11 and the plane of N1-Rh1-C25-C26
is 6.01°). The bond lengths between Rh center and ligated atoms do not exhibit a significant

difference from the corresponding bond lengths in 1 (= 0.04 A).? Interestingly, although the DFT

calculations on the structure of 1a in the solid-state is consistent with the crystal structure, DFT
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calculations suggest a square planar conformation with the arene moiety at the axial position of
the plane when 1a is dissolved in dichloromethane. One explanation for the preference of trigonal
bipyramidal conformation for 1a in the solid phase is that the -1 stacking between the phenyl
ring of coordinated styrene and the quinoline ring with N2 (the distance between the centroids of

these two rings is 3.484 A) could stabilize the trigonal bipyramidal conformation.

Figure 5. DFT calculated structure of (6-FP)Rh(CI)(n?-styrene) (1a). The left structure is calculated using
solvent parameters with dielectric constant = 8.93 and probe radius = 2.33 A to match dichloromethane.
The right structure is calculated using crystal optimization.

Figure 6. ORTEP of (6-FP)Rh(CI)(n?-styrene) (1a). Ellipsoids are drawn at 50% probability level. Hydrogen
atoms and noncoordinating solvents are omitted for clarity. Selected bond lengths for 1a (A): Rh1-N1
2.188(4), Rh1-N2 2.093(10), Rh1-CI1 2.3448(12), Rh1-C10 2.541(5), Rh1-C11 2.522(16), Rh1-C25
2.060(5), Rh1-C26 2.122(5), C25-C26 1.420(8). Selected bond angles for 1a (deg): CI1-Rh1-N1 94.08(10),
Cl1-Rh1-N2 178.4(3), CI1-Rh1-C10 95.98(12), CI1-Rh1-C11 104.0(3), ClI1-Rh1-C25 87.08(16), CI1-Rh1-
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C26 88.88(15), N1-Rh1-N2 86.2(3), N1-Rh1-C10 71.86(16), N1-Rh1-C11 104.6(3), N1-Rh1-C25 117.2(2),
N2-Rh1-C10 83.6(3), N2-Rh1-C11 74.4(4), N2-Rh1-C25 94.2(3), N2-Rh1-C26 91.5(4), The distance
between the centroid of the phenyl ring of coordinated styrene and the centroid of the quinoline ring
containing N2 is 3.484 A.

The observation of exchange peaks in the '"H NMR spectrum of 1a are attributed to dynamics
of the C=C bond of styrene. Assuming a preferred C=C orientation in the square plane of the
approximately square planar structure (see above and Figure 5), four styrene isomers are
possible (Scheme 5). The four isomers can undergo exchange by either rotation of the styrene
C=C bond or face flipping (either with or without styrene dissociation).>’®" The observation of two
isomers by 'H NMR spectroscopy indicates that the conformational changes are likely slow on
the NMR timescale and that two isomers are likely thermodynamically favored. The
thermodynamics of these conformers were probed with DFT (Scheme 5). DFT predicts the LC
(lower-cis, cis relative to the 6FP backbone) conformation to be the lowest in Gibbs free energy
due to favorable van der Waals (vdW) interactions between the aryl ring of styrene and the
capping arene. At 318 K, the UC (upper-cis) conformation lies 1.5 kcal/mol above the LC
conformer according to DFT. UC also benefits from favorable vdW interactions with the 6FP
moiety, although here the -1 stacking is poorly aligned such that UC is not stabilized as much
as LC. The UT (upper-trans) and the LT (lower-trans) structures reside 4.71 and 4.74 kcal/mol
above the LC configuration. Neither of these conformers exhibit vdW stabilizing interactions
between styrene and the capping arene. Thus, the DFT calculations predict that the two

experimentally observed species are LC (major) and UC (minor).
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Upper-cis (UC) Upper-trans (UT)
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Scheme 5. Possible conformational isomers of (6-FP)Rh(Cl)(n?-styrene) (1a) and proposed exchange
pathways. The conformers’ short-hand names and DFT free energies at 318 K are boxed; U (upper)
indicates the phenyl group of styrene points to the opposite position of the arene moiety of the 6FP ligand,
L (lower) indicates the phenyl group of styrene points towards the arene moiety of the 6-FP ligand, C
indicates cis to the 6-FP ligand backbone, T indicates trans to the 6-FP ligand backbone, which is illustrated
on the right of Scheme 5.

Isotopic scrambling between styrene and D. A study using D, and styrene was performed
to further explore the catalytic styrene hydrogenation. The result of this isotopic study indicates
that deuterium is incorporated into ethylbenzene more selectively in the terminal methyl position
of the ethyl group (Scheme 6). For a catalytic process that involves irreversible oxidative addition
of Hz (or Dy), it is expected that D will be equally incorporated into the benzylic and methyl
positions of ethylbenzene.®? Monitoring the conversion of styrene and D> to ethylbenzene using 1
as catalyst precursor reveals that the benzylic position of ethylbenzene contains 0.54(3) D and
1.46(3) "H (or 27% deuterated), and the methyl position of ethylbenzene contains 1.38(6) 2D and
1.62 (6) 'H (or 46% deuterated). Hence, the hydrogenation process likely involves reversible

activation of H, and irreversible ethylbenzene formation because the distribution of D on
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ethylbenzene would be equivalent at both the benzylic and methyl positions if an irreversible H»
oxidative addition pathway is followed. Further, isotopic scrambling between styrene and D, was
observed. After 48 hours of reaction with the conditions indicated in Scheme 6, the product of H/D
exchange was observed by "H NMR spectroscopy (Figure 7). The major H/D exchange products
for styrene are the terminal substituted products, trans-1-deutero-styrene (6.74 ppm, 3Jun = 11
Hz; 5.25 ppm, d, 3Jun = 11 Hz) and cis-1-deutero-styrene (6.75 ppm, d, *Jus = 18 Hz; 5.77 ppm,
d, %Jun = 18 Hz). Additionally, resonances for free HD (4.59 ppm, t, "Jup = 43 Hz) and H; (4.59
ppm, s) are observed, which can be attributed to the H/D exchange between styrene and D». Thus,
the observation of isotopic scrambling between styrene and D, provides evidence that the

activation of styrene and dihydrogen are likely both reversible.

0.54(3) D: 1.46(3) H
6FP-A 30 mM

¥ .
N 50 psig D, /1.38(6) D: 1.62(6) H
(j 40°C

180 mM DCM-dy

Scheme 6. Isotopic study for (6-FP)Rh(CI)(n?-C2H.) (1) catalyzed styrene hydrogenation. The reaction is
performed in triplicate with following conditions: 0.5 mL CD2Clz2, 180 mM styrene, 30 mM 1, 50 psig Do,
40 °C. The reaction is monitored by 'H NMR spectroscopy every 24 hours. The data for deuterium
incorporation are after 48 hours of reaction.
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Figure 7. '"H NMR spectroscopy evidence for H/D exchange between styrene and D2. (A), (B), (C): the
three vinyl peaks for styrene. (D): the HD and Hz peaks. The reaction was performed in triplicate with the
following conditions: 0.5 mM CD2Cl2, 180 mM styrene, 30 mM (6-FP)Rh(CI)(n?-Cz2H4) (1), 50 psig D2, 40 °C.
The reaction was monitored by 'H NMR spectroscopy every 24 hours. The data for deuterium incorporation
correspond to 48 hours of reaction.

Based on our experimental studies, a mechanism for the styrene hydrogenation process using
1a as catalyst precursor is proposed (Scheme 7). The oxidative addition of D, (or H>) to 1a forms
[(6-FP)Rh(D)2(n?styrene)]Cl (1b-d-), and 1b-d2> can mediate migratory insertion of styrene into a
Rh-D bond to form [(6-FP)Rh(D)(1-phenyl-2-D-ethyl)]CI or [(6-FP)Rh(D)(1-D-2-phenylethyl)]CI
(1c-d. or 1c’-d:). The reverse reaction, B-hydride elimination, can form [(6-FP)Rh(H)(D)(n?*-
styrene-d1)]Cl (1b'-d2), which can undergo ligand exchange with free styrene to generate free
styrene-di and [(6-FP)Rh(H)(D)(n*-styrene)]Cl (1b-di). Net H-D reductive elimination of [(6-
FP)Rh(H)(D)(n?-styrene)]CI can occur to form the observed formation of free HD. The formation
of dihydrogen (H.) is likely generated from H/D exchange between HD and styrene via the same
pathway. Moreover, the observation of the terminal exchange product (CéHs—CH=CHD) can be

explained by the favored formation of the branched olefin insertion product [(6-FP)Rh(D)(1-
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phenyl-2-D-ethyl)]Cl (1c'-d2) rather than the olefin insertion product [(6-FP)Rh(D)(1-D-2-

phenylethyl)ICI (1c-d>).

N/Rh\D
D/H
1b-d, \ /N’—’Rh\D
Ph
=\ g 2
\ /N/Rh\CI 1cd2 @)\/D
(L)==

\ /N/\Rh\/DJ\Ph
HD
m =
HDDH PN O
-HD L )th/jf ted,
\ N TH/ID “H/ID

1b'-d,
Scheme 7. Proposed mechanism that explains deuterium incorporation into ethylbenzene during styrene
hydrogenation using (6-FP)Rh(CI)(n?-C2H4) (1) as catalyst precursor and D».

Mechanistic Studies based on Density Functional Theory. To understand how the
capping arene ligand identity influences the Rh-catalyzed hydrogenation of olefins, we performed
Density Functional Theory (DFT) calculations. These calculations utilized the B3LYP functional

with the D3 correction for London dispersion (van der Waals attraction) forces.

The mechanism we studied, based on experimental results (see above), begins with
displacement of a coordinated ligand with the olefin to be hydrogenated. The metal catalyst then
undergoes oxidative addition by H. to generate two hydride ligands. With two hydrides and the
olefin present, the olefin then undergoes insertion into an [M]-H bond (M = metal) to form an alkyl

ligand. Finally, the catalyst reductively eliminates the second hydride to form the alkane.

Starting with (5-FP)Rh(n?-C2H4)CI (2), displacement of ethylene with styrene is uphill by 3.7

kcal/mol. As expected, styrene prefers to bind the Rh via the alkenyl chain as opposed to the
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phenyl ring (see Supporting Information). The DFT calculations predict little geometric change
between Rh and the capping arene when ethylene and styrene are exchanged. The Rh—Ccap
distances for 2 are calculated to be 3.14 A and 3.16 A; whereas when styrene is coordinated
these distances are both calculated to be 3.12 A. With the formation of (5-FP)Rh(n?-styrene)ClI
(2a), the complex can now dissociate chloride and undergo subsequent H, oxidative addition
towards [(5-FP)Rh(H)2(n?-styrene)]Cl (2b). The oxidative addition transition state (2-TS1) lies 21.0
kcal/mol above the starting state. In 2-TS1, one of the H atoms from H, maintains a non-covalent
interaction with the nearby chloride, leading to unequal Rh—H distances: one Rh—H distance is
1.53 A while the other is 1.67 A (the former H being in-plane with the N-Rh-N and the latter being
the axial H directed towards CI'). Additionally, in 2-TS1, the C=C bond of styrene orients parallel
to the N-Rh-N plane (Figure 8), despite the preferred orthogonal orientation in 2a. Following
oxidative addition of dihydrogen, the free energy of 2b lies 16.0 kcal/mol above the starting state;
this high free energy confirms the bias towards Rh(l) when bound to the capping arene ligand.
The complex 2b can undergo styrene migratory insertion into a Rh—H bond to form 2¢. This
migratory insertion transition state (2-TS2) has 4 possible styrene conformations. The aryl ring of
styrene can reside in the UC, LC, UT, or LT conformations, where U and L are upper and lower
(relative to the N-Rh—N plane), C and T are cis and trans (relative to the 5-FP backbone). DFT
predicts the 2-TS-LC conformation to be the most favorable, resulting in a free energy barrier of
16.5 kcal/mol relative to 2. The LC conformation enables favorable interaction between styrene
and the 5-FP ligand, similar to 1a. In ascending free energy and relative to 2, the other 2-ts2
barriers for UC, LT, and UT are 17.6, 20.8, and 22.9 kcal/mol, respectively. Again, we see the C
conformations to be lower in free energy due to the favorable vdW interactions between styrene
and the 5-FP ligand. In 2¢, the H axial to the N-Rh—N plane reorients to reside in the plane; the
chloride subsequently binds to Rh via the axial coordination site so that Rh remains 5-coordinate.

Finally, the complex overcomes the last barrier (2-TS3) in which the second H atom is transferred
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leading to reductive elimination of ethylbenzene. The transition state 2-TS3 lies 18.9 kcal/mol
above 2, and the reduced intermediate [(5-FP)RhCI]" and free ethylbenzene (2d) are -5.6 kcal/mol
relative to the starting state. Our calculations are consistent with the oxidative addition of

dihydrogen (2-TS1) being the rate-limiting step; 2-TS3 requires 2.1 kcal/mol less than 2-TS1.

NN SFP—Rh_,

Scheme 8. DFT free energies at 318 K for conversion of styrene to ethyl benzene using (5-FP)Rh(n?-
C2H4)CI (2) as catalyst precursor. Free energies are in kcal/mol.

For comparison, we also predicted the Gibbs free energy surface for the catalytic
hydrogenation of styrene using 1 as catalyst precursor. Experiments reveal that at 318 K, Rh with
the 6-FP ligand produces ethylbenzene nearly twice as fast as Rh with the 5-FP ligand. The
complex 2 generates ethylbenzene at a rate of 0.41(4) uM/s while 1 gives a catalytic rate of
0.822(8) uM/s (Figure 1). The rate-limiting oxidative addition barrier for the 5-FP ligand is
calculated to be 21.0 kcal/mol (2-TS1). We anticipated that the 6-FP ligand might lower the
activation barrier and improve the thermodynamics for oxidative addition of dihydrogen since the
arene moiety would be positioned closer to the Rh center and consequently favor the Rh(lll)
product, hence providing a stabilizing effect. The free energy surface for conversion of styrene to

ethylbenzene by 1 is displayed below (Scheme 9).
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Scheme 9. DFT free energies at 318 K for conversion of styrene to ethyl benzene via the (6-FP)Rh(n?-
C2H4)CI (1) catalyst. Free energies are in kcal/mol.

The proposed mechanism based on DFT calculations (Scheme 9) is consistent with the
mechanism based on experimental results shown in Scheme 7. Starting with 1 at 0.0 kcal/mol,
the displacement of ethylene by styrene is endergonic by 3.4 kcal/mol (1a). For 1, the Rh—Ccsp
distances are calculated to be 2.96 A and 3.03 A; for 1a, these same distances are decreased to
2.91 A and 3.00 A. Oxidative addition of H, requires a free energy barrier of 19.8 kcal/mol (1-TS1),
leading to 1b at 15.0 kcal/mol above the starting state. For subsequent styrene insertion into a
Rh—H bond, DFT predicts a barrier of 16.9 kcal/mol (1-TS2-UC). For 1-TS2, the LC, UT, and LT
conformers stand 17.3, 19.2, and 20.7 kcal/mol above 1, such that the UC yields the lowest barrier.
Again, the C conformations are lower in energy than the T analogs; however, 1-TS2 prefers
structure UC while 2-TS2 prefers LC. This is a consequence of the stacking orientation of styrene
with the 5-FP and 6-FP ligands. The following intermediate, (6-FP)Rh(CsHo)Cl (1c) lies
significantly lower than the 5-FP analog at 8.0 kcal/mol relative to 1. We hypothesize that this
lowering in free energy is due to stabilization of the Rh"' center by the 6-FP capping arene moiety.

Rh" is a saturated 18-electron system that prefers an octahedral coordination environment. The
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5-FP ligand prevents Rh'" of this preferred 6-coordinate geometry since the arene is positioned
at a distance that challenges arene to Rh electron-donation; however, 6-FP allows the Rh"' in 1¢
to achieve a pseudo-octahedral coordination with a Rh—C.,p distance of 2.49 A, thus making 1¢
a low-energy intermediate. In comparison, the analogous Rh—Ccp distance in 2¢ is 2.74 A. The
trend that a Rh" complex with 6-FP ligand is more stable than the similar Rh"' complex with 5-FP
ligand is consistent with our previous studies, in which the reductive elimination of (5-
FP)Rh(Me)(TFA). (TFA = trifluoroacetate) is faster and gives higher yield than (6-
FP)Rh(Me)(TFA)..* Finally, reductive elimination to form free ethylbenzene through 1-TS3 is
predicted by DFT to be 18.7 kcal/mol above the starting state, leading to (6-FP)RhCI (1d) and a
free ethylbenzene at -5.6 kcal/mol. Both mechanisms in Scheme 8 and Scheme 9 are different
from the proposed mechanism for olefin hydrogenation catalyzed by a Rh complex bearing a
hemilabile PNN ligand, which is proposed to follow a “hydrogen first” mechanism involving the
release of one coordination site from the hemilabile ligand to allow olefin coordination.®® In
contrast, in our proposed mechanisms the capping arene ligand does not change its coordination
number, rather, the position of the arene relative to Rh influences the energetics of intermediates

and transition states.

Because TS1 is calculated to be the highest barrier for catalyst precursors with both the 5-FP

and 6-FP mechanisms, it is likely the primary contributor to the kinetic rate for styrene
hydrogenation. In the calculated pathway using the 5-FP ligand, AG§FP for the dihydrogen
oxidative addition is 21.0 kcal/mol. For the 6-FP ligand, AG},, is reduced to 19.8 kcal/mol. The

calculated AGgFP is consistent with the experimental value from the Eyring plot, which is 20(1)

kcal/mol (Figure 4).

The difference in barriers for dihydrogen oxidative addition (AAG¥= AGE,, — AGE,,) is -1.2
kcal/mol. Using the Eyring equation along with our computed AAG*, we predict that the 6-FP
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ligand enables Rh to produce ethylbenzene 6.6 times faster than 5-FP, which, given deviations in
both experimental and computational data, agree well with the experimentally observed rate
enhancement of approximately 2-fold for 6-FP over 5-FP. These results are consistent with our
hypothesis that 6-FP ligands should favor Rh(lll) states more than 5-FP ligands. Our
rationalization is that the 6-FP structure places the arene group of the capping arene ligand in
closer proximity to Rh(lll), hence enhancing arene to Rh donation and providing a more stable
complex. In contrast, the 5-FP structure, which positions the arene group farther, should relatively
destabilize the Rh(lll) state. The calculated Rh—Cc.s, distances in both the transition states for
dihydrogen oxidative addition and the products are consistent with this explanation. In 2-TS1 the
Rh—C..p distances are 3.04 and 3.28 A. The analogous distances for 1-TS2 are 2.82 and 3.14 A
(Figure 8). Additionally, the non-covalent interaction of the outer-shell CI" with the reacting H-
seems to play a role. In 2-TS1, the CI-H distance is quite short at 1.86 A (not shown), whereas
this distance is increased to 2.05 A in 1-TS1, indicating a weaker interaction. Because CI" induces
a partial positive charge on the H, a stronger interaction means a more positive H, which is less
likely to bind to Rh. Indeed, the free energy surfaces show this to be the case. The CI-H distance
in 2-TS1 is shorter by 0.19 A, resulting in a stronger dipole and thus more positive charge on H,

which in turn requires a higher free energy barrier to oxidize Rh.
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Rh-H,=1.59 Rh-Ccaps =2.82 Rh-Ceaps = 2.79 Rh-H,=1.67 Rh-Coaps = 3.04 Rh-Ceaps = 3.03
Hh'Hp =1.53 Rh-CCAF',L =3.14 Hh-CCAP,L =3.19 Hh'Hp =1.53 Hh-CCAP,L =3.28 Hh-CCAF',L =3.19

J > o =
Rh-H,=1.59 Rh-Cgpps = 2.82 Rh-Ccaps = 2.79 Rh-H, = 1.67 Rh-Cgaps = 3.04 Rh-Ceaps = 3.03
Hh'Hp =1.53 Hh'CCAF,L =3.14 Hh'CCAp,L =3.19 Hh'Hp =1.53 Hh'CCAp!L =3.28 Hh'CCAp,L =3.19

Figure 8. DFT-optimized transition states (1-TS1 and 2-TS1) and products (1b and 2b) for Hz oxidative
addition for: (5-FP)Rh(n?-styrene)Cl (left) and (6-FP)Rh(n?-styrene)Cl (right). Distances are in A. Rh-Ha and
Rh-Hp denotes distances between Rh and the axial and in-plane hydrogens, respectively. Rh-Ccaprs and
Rh-Ccap.. denote the short and long distances between Rh and the 2 closest C’s of the arene moieties.

Although the transition states for the reductive elimination of ethylbenzene from 2¢ and 1¢c
show a very close relative energy (~0.2 kcal/mol difference) with respect to the catalyst precursor
(2 or 1, respectively), the difference between the activation energies for the reductive elimination
of 2c and 1c is significant. The calculated activation energy for the reductive elimination of 2¢ is
4.6 kcal/mol, whereas the activation energy for the reductive elimination of 1¢ is 10.7 kcal/mol.
This activation barrier difference in reductive elimination could be attributed to the difference in

stability of 2c and 1¢, as discussed above.

26



Summary and Conclusions

We have investigated the ligand effect of four capping arene-Rh complexes on olefin
hydrogenation reactions. The trend on reaction rates indicates an observed dependence on the
coordinated capping arene ligand where 4 > 1 > 2, while the 3 undergoes rapid decomposition
process to generate free ligand. Based on the kinetic and computational modeling studies, an
“olefin first” hydrogenation mechanism has been proposed. For the comparison of 2 and 1, the
DFT calculations are consistent with our hypothesis. Relative to 5-FP, the structure of the 6-FP
ligand stabilizes Rh(lll) complexes and the dihydrogen oxidative addition transition state that
forms the first Rh(lll) intermediate. Our computational modeling suggests that the rate-
determining step is probably the oxidative addition of dihydrogen, and the calculated activation
barrier for 1 catalyzed styrene hydrogenation is 1.2 kcal/mol lower than that for 2, which is
consistent with our experimental results. We anticipate that the strategy of using the structural
features of capping arene ligands, and specifically metal/arene distance and bonding, to modulate
the energetics of intermediates and transition states can be extended to other catalytic reactions,

especially those that proceed via formal redox and coordination number/geometry changes.

Experimental Section

General Methods. Unless otherwise noted, all reactions were operated under a dinitrogen
atmosphere in a glovebox (O2 < 10 ppm) or using standard Schlenk line techniques. All solvents
were dried, degassed and stored in the glovebox with 4A molecular sieves. All glassware was
dried in an oven (150 °C) overnight before use. All NMR spectra were recorded on Varian Inova
600 MHz spectrometer or Bruker Advance |ll 800 MHz spectrometer. The operating frequency for
BC{'H} NMR spectroscopy is 150 MHz (on 600 MHz instrument) or 201 MHz (on 800 MHz

instrument). All '"H NMR and "C{'H} NMR spectra are referenced against the residual 'H
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resonances ("H NMR) or the "*C{'H} resonances ("*C{'"H} NMR) of the deuterated solvents. All
spectra were recorded at 25 °C unless otherwise indicated. The temperature for all variable
temperature NMR experiments were calibrated using a MeOH-d, standard.®* The preparation of
[Rh(N?-C2Ha)2(u-Cl)lz, 5-FP, 6-FP, 5-N°FP, 6-\PFP, (5-FP)Rh(CI)(n*-C2Ha), (6-FP)Rh(CI)(n*-C2Ha),

(5-"PFP)Rh(CI)(n>-C2Ha4), (6-N"FP)Rh(CI)(n*-C2H4) followed reported procedures.>®

Synthesis and Characterization of (6-FP)Rh(CI)(n?-styrene). To a THF solution (25 mL) of
(6-FP)Rh(CI)(n>-C2Ha) (20 mg, 40 umol), styrene (0.20 mL, 182 mg, 1.75 mmol) was added and
stirred at room temperature for 24 hours. The reaction solution was filtered through a Buchner
funnel with fine fritted disc. The amount of solvent was reduced by vacuum to obtain a
concentrated solution. 30 mL of pentanes was added to the solution, and the products precipitated
as an orange powder. X-ray quality crystals of (6-FP)Rh(Cl)(n?styrene) were obtained by slow
vapor diffusion of n-pentane into a benzene solution. Two isomers were obtained with a molecular
ratio of approximately 1 (species A) to 1.5 (species B). '"H NMR (600 MHz, CD2Cl,) & 9.95 (d, J
=4 Hz, 1H, Ar-H, A), 9.85 (d, J = 4 Hz, 1H, Ar-H, B), 8.33 (d, J = 4 Hz, 1H, Ar-H, B), 8.21 (d, J
=8 Hz, 1H, Ar-H, A), 8.13 (d, J = 8, 1H, Ar-H, B), 8.08 (d, J = 8 Hz, 1H, Ar-H, B), 8.05 (d, J=8
Hz, 1H, Ar—H, A), 7.97 (d, J = 7 Hz, 1H, Ar-H, A), 7.77 (t, J = 8 Hz, 1H, Ar-H, B), 7.73 (t, J= 8
Hz, 1H, Ar-H, A), 7.63 — 7.59 (m, 2H, Ar-H, B), 7.58 (d, J = 7 Hz, 1H, Ar-H, A), 7.56 — 7.50 (m,
5H), 7.47 —7.45 (m, 1H, Ar-H, B), 7.44 (d, J = 8 Hz, 2H, Ar-H, B), 7.43 — 7.39 (m, 2H, Ar-H, A),
7.32 (t, J=8 Hz, 1H, Ar—H, A), 7.30 — 7.27 (m, 1H, Ar-H, A; 1H, Ar-H, B), 6.98 (t, J = 8 Hz, 1H,
Ar-H, A), 6.96 — 6.93 (m, 1H, Ar-H, A; 1H, Ar-H, B), 6.87 (dd, J = 7 Hz, 1H, Ar-H, A), 6.82 (d, J
=5 Hz, 1H, Ar-H, A), 6.76 — 6.69 (m, 4H), 6.45 (t, J = 7 Hz, 1H, Ar-H, B), 6.31 (t, J = 7 Hz, 2H,
Ar-H, B), 6.25 (d, J = 7 Hz, 2H, Ar-H, B), 5.88 (dd, J = 8, 5 Hz, 1H, A), 5.46 — 5.40 (m, 1H,
PhCH=C, A), 3.99 (d, 3Jun = 8 Hz, 1H, PhC=C-H, B), 3.68 (t, *Jun = 10 Hz, 1H, PhCH=C, B), 2.92
(d, 3Jun = 11 Hz, 1H, PhC=C-H, B), 2.12 (d, *Jun = 12 Hz, 1H, PhC=C-H, A), 1.73 (d, *Jun = 8
Hz, 1H, PhC=C-H, A). *C NMR (201 MHz, CD,Cl;) & 156.6, 154.3, 154.1, 153.9, 151.1, 150.2,
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150.2, 147.0, 146.8, 141.3, 141.2, 140.7, 140.6, 138.1, 137.4, 136.9, 136.8, 135.5, 135.1, 134.9,
134.6, 133.9, 133.4, 132.8, 132.5, 131.5, 131.4, 131.2, 130.2, 127.8, 127.6, 127.5, 127.4, 127.2,
127.1,126.9, 126.8, 126.7, 126.4, 126.3, 124.4, 124.1, 122.4, 122.2, 121.8, 121.5, 120.5, 114.1,
57.8 (d, "Jrnc = 18 Hz, Ph—C for coordinated styrene on A), 48.2 (d, 'Jrnc = 13 Hz, Ph—C for
coordinated styrene on B), 41.6 (d, 'Jrn—c = 21 Hz, PhC=C for coordinated styrene on B), 33.5 (d,
'Urh-c = 13 Hz, PhC=C for coordinated styrene on A). We were unable to obtain satisfactory

elemental analysis since the complex decomposes under vacuum.

Kinetic studies for (6-FP)Rh(CI)(n*-C2H4) catalyzed styrene hydrogenation. In a glovebox
with nitrogen atmosphere, 0.40 mL of stock solution in CD2Cl, with (6-FP)Rh(CI)(n?-C2H4), styrene
and HMB (internal standard) was added to a J. Young tube, followed by charging dihydrogen gas.
The concentration or pressure of the added chemicals is noted in Figure 2. The J. Young tube
was heated to 45 °C in the NMR instrument. Arrayed 'H NMR spectra were obtained for the initial

rates of the styrene hydrogenation.

Eyring plots for (6-FP)Rh(CI)(n?-C2H,) catalyzed styrene hydrogenation. The sample
preparation is similar to the kinetic studies described above. A J. Young tube was loaded with
0.40 mL of stock solution in CD,Cl, containing 1 mM (6-FP)Rh(CI)(7*-C2Hs), 44 mM styrene and
0.6 mM HMB (internal standard) under N> atmosphere, and then pressurized with 50 psig H.. The
J. Young tube was heated to the designated temperature noted in Figure 4 in the NMR instrument.

Arrayed "H NMR spectra were obtained to measure the initial rates of the styrene hydrogenation.

Isotopic study for (6-FP)Rh(CI)(?>-C2H4) catalyzed styrene hydrogenation. In a J. Young
tube, 8 mg (0.016 mmol) (6-FP)Rh(CI)(n*C2H4) and 10 pL (9.1 mg, 0.087 mmol) styrene were
added and dissolved in 0.5 mL CD2Cl, under N2 atmosphere. The tube was charged with 50 psig

of Dy, and heated to 40 °C in an oil bath. The reaction was monitored by 'H NMR every 24 hours.
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Computational Methods. All Density Functional Theory calculations were performed using
the Jaguar v10.9 software package by Schrddinger Inc.®® All calculations utilized the B3LYP
hybrid functional®”- % but including the Grimme-Becke-Jonson D3 correction for London dispersion
forces.®® Rh atoms were described using the Los Alamos large-core pseudopotential (9 explicit

electrons)’® "’

augmented with diffuse and polarization functions. All other atoms were described
by the 6-311G**++ basis set, including polarization and diffuse functions (designated LAV3P**++
in Jaguar). All calculations also included implicit solvent as described by the PBF Poisson

Boltzmann continuum model.”® ”® We use solvent parameters of: dielectric constant = 8.93 and

probe radius = 2.33 A to match dichloromethane.

Following geometry optimizations, we performed frequency calculations. These calculations
served to confirm the intermediate states (no negative eigenmodes in the Hessian) and transition
states (single negative eigenmodes in the Hessian). Frequency calculations also served to predict

the thermochemical properties (enthalpies, entropies, and free energies) at 318 K.

We also performed periodic calculations using the VASP Software.” These calculations
utilized the PBE GGA functional”® with the Grimme-Becke-Johnson D3 correction for London
dispersion. PAW pseudopotentials were used for all atoms. The plane-wave basis set cutoff was
set to 500 eV. Implicit solvent via the VASPsol’® /" module was used with a dielectric constant =

8.93.

Crystallographic Details. A crystal of 1a or 4a was coated with Paratone oil and mounted
on a MiTeGen MicroLoop. The X-ray intensity data were measured on a Bruker D8 Venture
Photon IlIl Kappa four-circle diffractometer system equipped with Incoatec 1uS 3.0 micro-focus
sealed X-ray tubes (Mo Ka, A = 0.71073 A; Cu Ka, A = 1.54178 A) and HELIOS double bounce
multilayer mirror monochromators. The frames were integrated with the Bruker SAINT software

package’® using a narrow-frame algorithm. Data were corrected for absorption effects using the
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Multi-Scan method (SADABS).”® The structure was solved and refined using the Bruker SHELXTL
Software Package’ within APEX3/4 "® and OLEX2%. Non-hydrogen atoms were refined
anisotropically. The vinylic hydrogen atoms on C25 and C26 in 4a were located in the electron
density map and refined isotropically. All other hydrogen atoms in both structures were placed in
geometrically calculated positions with Uiso = 1.2Uequiv Of the parent atom. In 1a, each solvent site
and part of the main molecule were disordered over two positions. The relative occupancy at each
site was freely refined. Constraints and restraints were used on the anisotropic displacement
parameters and bond lengths of most of the disordered atoms. CCDC 2166578 and 2201532

contains the supplementary crystallographic data for this paper.

Supporting Information

Additional experimental details, kinetic plots, crystal structure details and details of computational

studies, including x, y and z coordinates.
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