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ABSTRACT: The Rh(III) complexes [(tbpy)2Rh(OMe)(L)]-
[X]n (

tbpy = 4,4′-di-tert-butyl-2,2′-bipyridyl; L = MeOH, n = 2,
X = OTf (OTf = trifluoromethanesulfonate), TFA (TFA =
trifluoroacetate); L = TFA, n = 1, X = OTf) have been shown
to activate dihydrogen via net 1,2-addition of the H−H bond
across the RhIII−OMe bond. The bis(methoxide) complex
[(tbpy)2Rh(OMe)2][OTf] was synthesized by addition of
CsOH·H2O in methanol to [(tbpy)2Rh(OTf)2][OTf] in
CH3CN. The addition of HTFA to [(tbpy)2Rh(OMe)2][OTf]
leads to the formation of [(tbpy)2Rh(OMe)(MeOH)][OTf]-
[TFA], which exists in equilibrium with [(tbpy)2Rh(OMe)(TFA)][OTf]. The mixture of [(tbpy)2Rh(OMe)(MeOH)][OTf]-
[TFA] and [(tbpy)2Rh(OMe)(TFA)][OTf] activates dihydrogen at 68 °C to give methanol and [(tbpy)2Rh(H)(TFA)][OTf].
Studies indicate that the activation of dihydrogen has a first-order dependence on the Rh(III) methoxide complex and a
dependence on hydrogen that is between zero and first order. Combined experimental and computational studies have led to a
proposed mechanism for hydrogen activation by [(tbpy)2Rh(OMe)(MeOH)][OTf][TFA] that involves dissociation of MeOH,
coordination of hydrogen, and 1,2-addition of hydrogen across the Rh−OMe bond. DFT calculations indicate that there is a
substantial energy penalty for MeOH dissociation and a relatively flat energy surface for subsequent hydrogen coordination and
activation.

■ INTRODUCTION

The activation of covalent bonds (e.g., H−H, Si−H, and C−H
bonds) is relevant to the development of catalytic reactions
using dihydrogen, silanes, and hydrocarbons. For example,
catalytic hydrogenations are among the most versatile and
important synthetic processes.1−3 For transition-metal-cata-
lyzed hydrogenation reactions, the dihydrogen activation step
usually occurs by oxidative addition to the metal to form a
bis(hydride) complex or by 1,2-addition across a M−X (X =
OR, NR2, SR, etc.) bond to produce (H)M−X(H). The latter
reaction is often considered heterolytic cleavage with formal
transfer of a proton to the ligand X and transfer of a hydride to
the metal (Scheme 1). Heterolytic cleavage of dihydrogen is
likely involved in hydrogenations of aldehydes, ketones, and
imines and in the generation of Stryker’s reagent.4,5

Furthermore, net dihydrogen addition across M−OR bonds
could play a role in deoxygenation of biomass (or compounds
that model biomass) via hydrogenolysis of ethers.6,7

Examples of stoichiometric dihydrogen or related C−H
activations by d6 hydroxide and amido complexes have been
reported. For example, d6 complexes have been demonstrated
to activate dihydrogen and/or arene C−H bonds.8,9 Complexes
with d8 configurations have also been shown to perform
stoichiometric activation of H−H or C−H bonds. Goldberg
and co-workers have reported dihydrogen activation by the d8

Pd(II) complexes (PCP)Pd(OR) (PCP = 2,6-bis-
(CH2P

tBu2)2C6H3; R = H, CH3)
10,11 and benzene C−H

activation by d8 Rh(I) complexes (PNP)Rh(X) (PNP = 2,6-
((di-tert-butylphosphino)methyl)pyridine; X = OH,
OCH2CF3).

12,13 Furthermore, the Ir(I) and Rh(I) complexes
[(κ4-COD)M(μ-OH)]2 (M = Rh, Ir; COD = 1,5-cyclo-
octadiene) activate C−H bonds of indene to give [(COD)Rh-
(η3-indenyl)].14,15 Examples of both H−H activation and C−H
activation across d8 PtII−X bonds accelerated by Pt(0) particles
are also known.16,17 We reported that the net addition of H−H
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Scheme 1. 1,2-Addition of Dihydrogen across M−X (X =
OR, NR2, SR) Bonds
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across the Pt−NHPh bond of [(tbpy)Pt(Me)(NHPh)] is
catalyzed by Pt(s).16 Piers and co-workers reported benzene
C−H addition across the PtII−OH bonds of (BIAN)Pt(OH)2
(BIAN = bis(3,5-bis(2,6-diisopropylphenyl)benzene)-
acenapthenequinonediimine), which is also accelerated by in
situ generated Pt(0) particles.17

The half-sandwich complexes [Cp*M(PMe3)(SDmp)]-
[BAr′4] (M = Rh, Ir; Dmp = 2,6-dimesitylphenyl; BAr′4 =
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) mediates heter-
olysis of dihydrogen to form [Cp*Rh(PMe3)(H)(HSDmp)]-
[BAr′4], which hydrogenates benzaldehyde, N-benzylideneani-
line, and cyclohexanone.18 The heterolytic activation of
dihydrogen by [TpMe2Rh(SPh)2(NCMe)] (TpMe2 = hydrotris-
(3,5-dimethylpyrazolyl)borate) to form TpMe2Rh(H)(SPh)-
(NCMe) and PhSH has been reported.19,20

We sought a robust Rh(III) complex supported by N-based
ligands to study dihydrogen addition across RhIII−OR bonds.
Herein, we report the preparation of [(tbpy)2Rh(OMe)2]

+ and
its use as a precursor for heterolytic dihydrogen activation
across a RhIII−OMe bond.

■ RESULTS AND DISCUSSION
The reaction of [(tbpy)2Rh(OTf)2][OTf] in CH3CN with 2.5
equiv of CsOH·H2O in MeOH at room temperature produces
[(tbpy)2Rh(OMe)2][OTf] (1) in 90% isolated yield (eq 1).

The 1H NMR spectrum of 1 shows six tbpy aromatic
resonances, two tBu singlets, and one methoxide resonance
(2.6 ppm), which is consistent with the expected C2 symmetry.
The Rh(III) complex [(tbpy)2Rh(OMe)2]Cl was prepared
using the same method as for complex 1 except [(tbpy)Rh-
(Cl)2]Cl was used as the starting material. A metathesis
reaction of [(tbpy)2Rh(OMe)2]Cl with NaBAr′4 leads to the
formation of [(tbpy)2Rh(OMe)2]BAr′4 (2). A crystal of
complex 2 suitable for an X-ray diffraction study was obtained
(Figure 1). The structure of 2 confirms the expected pseudo-
octahedral coordination sphere. The Rh−O1 and Rh−O2 bond
lengths are 2.003(2) Å and 2.002(2) Å, respectively. The Rh−
O1−C1 and Rh−O2−C2 bond angles are 117.8(2) Å and
117.2(2)°, respectively.
The addition of 1 equiv of HTFA (trifluoroacetic acid) to a

suspension of complex 1 in THF results in a homogeneous
solution (Scheme 2). After the solution is stirred for 12 h at
room temperature, [(tbpy)2Rh(MeOH)2][OTf][TFA]2 (3)
precipitates from solution as a yellow solid. 1H NMR analysis
of the filtrate after removing 3 by filtration indicates a mixture
of the two (tbpy)2Rh complexes [(tbpy)2Rh(OMe)(MeOH)]-
[OTf][TFA] (4) and [(tbpy)2Rh(OMe)(TFA)][OTf] (5) in
an approximate 2:1 ratio. The 19F NMR spectrum of the
mixture of 4 and 5 contains a single OTf resonance at −80.1
ppm and two TFA resonances at −77.0 and −77.3 ppm.

A crystal of complex 4 suitable for an X-ray diffraction study
was obtained by layering a methylene chloride solution of
complexes 3−5 with pentane (Figure 2). The Rh−O bond
length of the methoxide ligand (Rh−O1 = 1.994(3) Å) is
slightly shorter than that of the methanol ligand (Rh−O2 =
2.062(3) Å), and the O−C bond distance for the methoxide
ligand (O1−C1 = 1.396(6) Å) is slightly shorter than the O−C
bond distance for the methanol ligand (O2−C2 = 1.427(6) Å).
The Rh−O−C bond angles for the methoxide and methanol
ligands are 119.4(3)° and 121.0(3)°, respectively. When

Figure 1. ORTEP diagram (50% probability ellipsoids) of [(tbpy)2Rh-
(OMe)2]BAr′4 (2). Counterions and hydrogen atoms are omitted for
clarity. Selected bond lengths (Å): Rh−N1, 2.048(2); Rh−N2,
2.017(2); Rh−N3, 2.049(2); Rh−N4, 2.022(2); Rh−O1, 2.003(2);
Rh−O2, 2.002(2); O1−C1, 1.396(3); O2−C2, 1.402(3). Selected
bond angles (deg): Rh−O1−C1, 117.8(2); Rh−O2−C2, 117.2(2);
N4−Rh−N3, 96.84(9); O1−Rh−O2, 91.73(8); N1−Rh−N2,
79.68(9); N1−Rh−N4, 95.97(8); N2−Rh−N3, 96.84(9).

Scheme 2. Reaction of [(tbpy)2Rh(OMe)2][OTf] (1) with
HTFA (1 equiv) Leading to the Formation of Three
Products
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crystals of 4 are dissolved in THF-d8, the
1H NMR spectrum

shows a mixture of 4 and 5. This result is consistent with the
rapid establishment of an equilibrium between 4 and 5.
The room-temperature 1H NMR spectrum of [(tbpy)2Rh-

(OMe)(MeOH)][OTf][TFA] (4) contains a single resonance
for the methoxide and methanol CH3 groups, which is
inconsistent with a static asymmetric complex. However,
variable-temperature NMR spectroscopy revealed a dynamic
process that is consistent with rapid proton exchange between
the methanol and methoxide ligands. Density functional theory
(DFT) calculations indicate a ΔH⧧ value of 3.1 kcal/mol and a
ΔG⧧ value of 4.8 kcal/mol (298 K) for the intramolecular
proton transfer (see the Supporting Information). Below room
temperature, the sharp singlet at 2.83 ppm in the room-
temperature 1H NMR spectrum broadens (the coalescence
temperature is observed at −36 °C) and partially resolves into
two broad resonances at ∼3.0 and ∼2.7 ppm, which we
assigned to the methoxide and methanol ligands. The slow
exchange limit was not reached at −94 °C for the methanol and
methoxide CH3 protons. The response of the aromatic and tBu
resonances is also consistent with the proposed fluxional
process. The coordinated MeOH ligand of 4 does not exchange
with free MeOH on the NMR timescale. Thus, the fluxional
process does not likely involve MeOH dissociation. Instead, we
are observing an exchange of the OH proton between the
MeOH and OMe ligands.
Heating (68 °C) a mixture of complexes 4 and 5 with

dihydrogen (15−55 psig) produces free MeOH and
[(tbpy)2Rh(H)(TFA)]

+ (6) (eq 2). Complex 5 is quickly
consumed after pressurizing with dihydrogen and heating to 68
°C. The hydride complex [(tbpy)2Rh(H)(TFA)][OTf] (6) has
been independently synthesized via the oxidative addition of
HTFA to the Rh(I) complex [(tbpy)2Rh]

+ (eq 3). A Hg
poisoning test was performed to test for possible formation of

Rh nanoparticles,21 but the rate of disappearance of complexes
4 and 5 was not significantly altered in the presence of Hg.
Under rigorous anaerobic conditions, complex 6 is stable in

THF-d8. However, in the absence of dihydrogen and without
rigorous protection from air, complex 6 decomposes to
[(tbpy)3Rh]

3+ and unknown products over a period of several
hours at room temperature. In addition, the hydride complex 6
is sensitive to chloride sources. Failure to remove residual
CH2Cl2 from the synthesis of [(tbpy)2Rh(OMe)2][OTf] leads
to the formation of the second hydride species [(tbpy)2Rh-
(H)(Cl)]+ (−14.42 ppm, d, 1JRh−H = 12 Hz) from the reaction
of 6 and CH2Cl2. [(tbpy)2Rh(H)(Cl)][TFA] has been
independently synthesized by the oxidative addition of HCl
to [(tbpy)2Rh][TFA] (eq 3). When [(tbpy)2Rh(H)(TFA)]-
[OTf] is dissolved in THF, CH2Cl2 (∼5 equiv) is added, the
mixture is pressurized with dihydrogen (25 psig) and heated to
70 °C for 24 h, complete conversion to [(tbpy)2Rh(Cl)2]-
[TFA] (8) is observed (Scheme 3). In addition, the hydride
complex 6 reacts (6.5 h, 70 °C) with excess CH2Br2 (19 equiv)
to generate [(tbpy)2Rh(Br)2][TFA] (9). The identity of 9 has
been confirmed by independent synthesis (Scheme 4).

1H NMR spectroscopy was used to monitor the reaction of 4
and 5 with hydrogen over a range of hydrogen pressures (15,
30, 45, and 55 psig). Unless otherwise noted, all kinetic
experiments were performed at least in triplicate. Intermediates
were not observed. Representative kinetic plots of concen-
tration of Rh starting material versus time are shown in Figure
3. The range of initial hydrogen concentrations is 6.3 × 10−3 M
(15 psig) to 1.8 × 10−2 M (55 psig), which gives an
approximate 2.9-fold change in initial concentration from 15 to
55 psig. The dependence of rate on hydrogen concentration is
not definitive. Two observations are consistent with a process
that is zero order in dihydrogen and first order in Rh complex.
First, good fits (R2 = 0.96−0.99) for a first-order exponential
decay fit are obtained as well as natural log plots (Table 1,
Figures 3 and 4). Second, within deviations of the experiments,
the rates of reaction show little dependence on concentration of
dihydrogen between 15 and 45 psi (Figure 3 and Table 1).
However, kobs values (taken from first-order fits) indicate that
the rate of reaction increases by a factor of ∼1.5 with a 2.9-fold

Figure 2. ORTEP diagram (50% probability ellipsoids) of [(tbpy)2Rh-
(OMe)(MeOH)][OTf][TFA] (4). Counterions and most hydrogen
atoms are omitted for clarity. Selected bond lengths (Å): Rh−N1,
2.002(4); Rh−N2, 2.026(4); Rh−N3, 2.063(4); Rh−N4, 2.016(4);
Rh−O1, 1.994(3); Rh−O2, 2.062(3); O1−C1, 1.396(6); O2−C2,
1.427(6). Selected bond angles (deg): Rh−O1−C1, 119.4(3); Rh−
O2−C2, 121.0(3); N4−Rh−N3, 79.4(1); O1−Rh−O2, 89.4(1); N1−
Rh−N2, 80.2(1); N1−Rh−N4, 97.4(1); N2−Rh−N3, 100.1(1).
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increase in initial hydrogen concentration (comparing the
results using 15 psig to those using 55 psig). Thus, the kinetic
data point to a dependence on hydrogen concentration that is
intermediate between zero and first order (see below).
We probed the influence of free methanol on the rate of

dihydrogen activation (Table 2 and Figure 5). The reaction rate
increases by a factor of approximately 2 from 0.002 M MeOH
to 0.011 M of free MeOH. A plot of kobs versus concentration
of MeOH reveals a non-first-order acceleration (Figure 5). This
is surprising, since MeOH dissociation likely precedes
dihydrogen coordination to Rh (see below). This possibly
suggests that two factors are at play for the influence of MeOH
on the rate of hydrogen activation: (1) coordination chemistry
with Rh and (2) adjustment of solvent polarity (see below).
Efforts to perform the reaction in other polar solvents (e.g.,
CH3NO2, CH3CN, acetone) resulted in decomposition of
complexes 4 and 5 without production of 6.
The rate of degenerate exchange between coordinated and

free methanol was determined under pseudo-first-order
conditions. In separate experiments, CD3OD (5, 10, and 20
equiv relative to Rh) was added to a solution of complex 4 in
THF-d8. A plot of kobs values (obtained from first-order fits for
disappearance of the resonance for coordinated MeOH for 4)
versus the concentration of CD3OD provides support that the
reaction is zero order in MeOH (Figure 6). This is consistent
with rate-limiting dissociation of MeOH (Scheme 5). The k
values obtained for the fits of the first-order exponential decay
plots (Table 3) are statistically identical or very similar to the
kobs values for the dihydrogen activation reaction (kobs =
[5.1(9)] × 10−4 s−1) in the absence of added MeOH (0.002 M
free MeOH; see Table 2). To test for a KIE for degenerate

methanol exchange from [(tbpy)2Rh(CH3OH)(OCH3)]
2+, we

prepared [(tbpy)2Rh(CD3OD)(OCD3)]
2+ and measured the

rate of exchange between coordinated CD3OD and free

Scheme 3. Reaction of [(tbpy)2Rh(H)(TFA)][OTf] (6) with
CH2Cl2 Leading to the Formation of a Second Hydride
Species, [(tbpy)2Rh(H)(Cl)][TFA] (7), and Excess CH2Cl2
Leading to the Formation of [(tbpy)2Rh(Cl)2][TFA] (8)

a

aThe reaction is performed in the presence of H2 to suppress
decomposition of complex 6.

Scheme 4. Reaction of [(tbpy)2Rh(H)(TFA)][OTf] (6) with
Excess CH2Br2 Leading to the Formation of
[(tbpy)2Rh(Br)2][TFA] (9) without Observation of an
Intermediate Hydride Speciesa

aThe reaction is performed in the presence of H2 to suppress
decomposition of complex 6.

Figure 3. Disappearance of starting material (complexes 4 and 5)
under a variable pressure of dihydrogen.

Table 1. Average kobs Values from the First-Order Fits to
Kinetic Plots for the Reaction of 4 and 5 with H2 at 68 °Ca

H2 (psig) kobs (10
−4 s−1)b

15 5.4(7)
30 6.8(9)
45 5.1(9)
55 8.0(8)

aSee Figure 3. bkobs values are the average from at least three
independent reactions.
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CH3OH. From three independent experiments [CH3OH] =
0.1 M the first-order kobs = [2.6(5)] × 10−4 s−1. Thus, a KIE of
kH/kD = 2.2(4) is observed for degenerate exchange of
coordinated and free methanol using [(tbpy)2Rh(CH3OH)-
(OCH3)]

2+/CD3OD (kH) and [(tbpy)2Rh(CD3OD)-
(OCD3)]

2+/CH3OH (kD). Similarly, the half-life for H2

activation by [(tbpy)2Rh(CD3OD)(OCD3)]
2+ is approximately

2.5 times greater than that using [(tbpy)2Rh(CH3OH)-
(OCH3)]

2+.
In order to determine whether or not a kinetic isotope effect

(KIE) is observed when activating D2, we reacted the mixture
of 4 and 5 with D2. The average kobs from the first-order
exponential decay plots for the reaction using 45 psig of D2
(kobs = [3.2(5)] × 10−4 s−1) indicate that the reaction proceeds
at a slightly faster rate with H2 (kobs = [5.1(9)] × 10−4 s−1).
Thus, the data are consistent with a small KIE with kH/kD =
1.6(4). No appreciable change in rate was observed upon
varying the pressure of D2 (we could not obtain the
concentration of D2 in the 1H NMR experiments; kobs = 5.1
× 10−4 s−1 (20 psig), 4.9 × 10−4 s−1 (30 psig), 4.9 × 10−4 s−1

(55 psig)). The high-pressure (>20 psig) experiments with D2
were performed once.
When D2 is used in place of H2, the final deuteride product

should be [(tbpy)2Rh(D)(TFA)][OTf] (Scheme 6). As
expected, the hydride resonance at −13.3 ppm is initially
absent in the 1H NMR spectrum of the reactions using D2.
Eventually, the appearance of HD (4.50 ppm, 1JHD = 42 Hz)
occurs simultaneously with the formation of the protio Rh−H
complex [(tbpy)2Rh(H)(TFA)][OTf]. Additionally, free H2 is
observed. A source of H+ (e.g., free MeOH) likely results in the

Figure 4. Representative plot of the natural log of total starting
material (complexes 4 and 5) versus time under 30 psig of dihydrogen
(R2 = 0.98).

Table 2. Average kobs Values from the First-Order Decay
Plots of the Reaction of Protonation Product with H2 (45
psig) and Added MeOH (0, 3, and 5 equiv) at 68 °C

MeOH (equiv) [MeOH] (M) kobs (s
−1)a

0 0.002 [5.1(9)] × 10−4

3 0.07 [7.1(9)] × 10−4

5 0.11 [1.05(9)] × 10−3

akobs values are the average from at least three independent reactions.

Figure 5. Plot of kobs versus concentration of methanol for the
activation of dihydrogen by complexes 4 and 5.

Figure 6. Plot of kobs versus [CD3OD] for the exchange of coordinated
MeOH of [(tbpy)2Rh(OMe)(MeOH)][OTf][TFA] (4) with free
CD3OD.

Scheme 5. Monitoring of the Rate of Coordinated MeOH
Exchange with Free CD3OD, Giving the Rate of MeOH
Dissociationa

aSee Table 3.

Table 3. Average kobs Values from the First-Order Decay
Plots for the Exchange of Coordinated MeOH of
[(tbpy)2Rh(OMe)(MeOH)][OTf][TFA] (4) with CD3OD at
68 °C

CD3OD (equiv) [CD3OD] (M) kobs (10
−4 s−1)a ΔG⧧ (kcal/mol)

5 0.11 5.8(3) 25.0(2)
10 0.21 6.5(3) 25.0(1)
20 0.43 6.6(4) 25.1(1)

akobs values are the average from at least three independent reactions.
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formation of Rh−H, HD, and H2. As shown in Scheme 6, the
initial product from the reaction with D2, [(tbpy)2Rh(D)-
(TFA)]+, can be protonated to form [(tbpy)2Rh(η

2-HD)-
(TFA)]2+, and the loss of D+ would give [(tbpy)2Rh(H)-
(TFA)]+. Exchange of D2 with coordinated HD of [(tbpy)2Rh-
(η2-HD)(TFA)]2+ would produce free HD.
Scheme 7 shows a likely pathway for the net 1,2-addition of

H2 across the Rh−OMe bond to form complex 6. Methanol
dissociation from [(tbpy)2Rh(OMe)(MeOH)]2+ (4) would

form the five-coordinate species [(tbpy)2Rh(OMe)]2+ (10).
Dihydrogen coordination gives [(tbpy)2Rh(OMe)(η2-H2)]-
[OTf][TFA], and 1,2-addition across the Rh−OMe bond
produces the Rh−hydride product [(tbpy)2R(H)(MeOH)]2+

(11). Complex 11 can convert to 6, which is the final Rh
product, by loss of MeOH and coordination of TFA.
In addition to experimental rate and isotope effects, we have

also carried out density functional calculations to examine the
structures and energy landscape for 1,2-addition of dihydrogen
to complex 4. All calculations were carried out with Gaussian
09.22 Complex 4 was modeled without tBu groups on the bpy
ligands (4′). The M0623,24 functional with the 6-31G(d,p)-
[LANL2DZ for Rh] basis set and the pseudopotential were
used to optimize all ground-state and transition-state structures.
The larger basis set 6-311++G(2d,2p) (LANL2TZ(f) for Rh)
was used for further refinement of energies. THF solvent effects
were modeled with the implicit SMD model.25

To begin, we examined the energetics for MeOH loss to
create a vacant coordination site on the Rh metal center in
complex 4′ (Scheme 8, Figure 7). We did not examine
associative mechanisms, since the Rh complex is an octahedral
18-electron species. As was somewhat expected, on the solvated
potential energy surface no transition structure was located for
direct MeOH dissociation. Therefore, the ΔH⧧ for MeOH
dissociation and H2 coordination is estimated by the
thermodynamic enthalpy penalty for complete MeOH
dissociation to give 10′. The ΔH for MeOH dissociation is
22.2 kcal/mol relative to complex 4′. We also examined the
possibility that added MeOH can facilitate MeOH dissociation
from the Rh coordination sphere. In accordance with Figure 6,
the calculations suggest no acceleration of this process with
added MeOH (see the Supporting Information for details).
After the five-coordinate complex 10′ is generated,

dihydrogen can form a weak interaction with the Rh metal
center to give the [(bpy)2Rh(OMe)(H2)]

2+ complex with ΔH
= 15.4 kcal/mol (Scheme 8). Thus, coordination of hydrogen
to 10′ is calculated to be exothermic by 6.8 kcal/mol. Similar to

Scheme 6. Proposed Pathway for the Formation of HD, H2,
and Rh−H during the Reaction of
[(tbpy)2Rh(OMe)(MeOH)][OTf][TFA] (4) with D2 after
the Initial Formation of [(tbpy)2Rh(D)(TFA)]

+

Scheme 7. Proposed Mechanism for H2 Activation by [(tbpy)2Rh(OMe)(MeOH)[TFA][OTf] (4)
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the case for many other metal−H2 coordination intermediates,

the H−H bond length is stretched from its equilibrium bond

length of 0.74 Å to 0.80 Å,26,27 and the Rh−hydrogen

interaction distances are between 1.87 and 1.89 Å.

After dihydrogen coordination there is a concerted transition
state for 1,2-addition of H−H across the Rh−OMe bond that
results in the Rh−H complex 11′ (Scheme 8). In this transition
state, the H−H is stretched to a partial bond length of 0.94 Å.
The other geometrics, including the forming O−H bond and

Scheme 8. Calculated Reaction Pathway for H2 Activation by the Model Complex [(bpy)2Rh(OMe)(MeOH)]2+ (kcal/mol)

Figure 7. Dihydrogen coordination and 1,2-addition transition-state structures. Bond lengths are in Å.
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forming Rh−H bond, are similar to previously reported 1,2-
addition transition states to metal alkoxide species.28,10,11,16,29,30

In the transition state there is also a short Rh−H interaction
distance (1.81 Å) between the Rh metal center and the
hydrogen that migrates from coordinated H2 to the methoxide
ligand.
The calculated ΔH⧧ value for 1,2-addition is 22.2 kcal/mol

relative to complex 4′ and dihydrogen, and the resulting Rh−H
species is −9.9 kcal/mol exothermic. While the Rh−H2
coordination complex is stabilized by ∼7 kcal/mol relative to
complex 10′, overall the dihydrogen activation energy surface is
flat for both coordination and cleavage of the H−H bond. On
the basis of the enthalpy surface, dissociation of MeOH from
complex 4′ is equal in energy to the dihydrogen activation
transition state. This enthalpy landscape qualitatively matches
the experimentally determined first-order rate dependence on
Rh complexes and non-first-order rate dependence on
dihydrogen pressure and could simultaneously explain the
small KIE value observed if both transition states contribute to
controlling the reaction rate. However, because a fully
optimized transition state was not found for MeOH
dissociation from complex 4′, caution should be taken in the
interpretation of a rate-limiting reaction step from this enthalpy
surface.
While the calculated enthalpy landscape for dihydrogen

coordination and 1,2-addition is in reasonable accordance with
experiment, the free energy landscape is challenging to
interpret. The ΔG value for MeOH dissociation and the
energy of intermediate 10′ is 10.2 kcal/mol. However, this free
energy value cannot be used to approximate the ΔG⧧ value for
H2 coordination, since MeOH is fully dissociated and the value
highly overestimates translational entropy. In cases like this
where the enthalpy surface is flat in the region for bond
coordination and activation, caution should be used when
interpreting the free energy landscape and it is likely best to
examine the enthalpy landscape.
We have also examined the impact of added MeOH on the

1,2-addition transition state for dihydrogen activation. Figure 7
shows this transition state and how MeOH acts to shuttle the
hydrogen during formation of the Rh−H species. Methanol has
been previously shown to act as a proton shuttle in the
isomerization of Ru hydrido alkynyl intermediates to Ru
vinylidene complexes.31 The ΔH⧧ and ΔG⧧ values for the
MeOH-assisted pathway are 9.4 and 17.9 kcal/mol, respec-
tively. This suggests that on the enthalpy surface there is a
significant energetic advantage for MeOH to assist hydrogen
transfer. However, this enthalpy advantage is significantly
mitigated by an entropy penalty. On the free energy surface the
MeOH-assisted transition state is ∼2 kcal/mol lower in energy
than the transition state without MeOH. Corrections for the
small concentration of added MeOH at 0.43 M shows that this
MeOH assistance likely only accounts for an ∼1 kcal/mol
lower activation free energy, which is possibly in accordance
with the modest rate enhancement shown in Figure 5.
Rate law I in Scheme 9 is derived from the pathway in

Scheme 7 using the steady-state approximation, and rate law II
is the variant in which MeOH serves as a catalyst in the
dihydrogen activation step (k3). Both rate laws are consistent
with the observed dependence on H2 if the magnitude of
k2k3[H2] is sufficiently large. That is, the k2k3[H2] term can
cancel (or partially cancel) the first-order [H2] term in the
numerator. The DFT calculations predict that the ΔH⧧ values
for methanol dissociation and dihydrogen activation are similar

(Scheme 8). Thus, it is not unreasonable that the k2k3[H2] term
could compete with other terms in the denominators. The non-
zero-order/non-first-order dependence on [H2] is also
consistent with a small KIE for H2 versus D2 activation.
However, the rate laws (I and II) in Scheme 9 cannot

account for the acceleration in rate as a function of increased
[MeOH] even in the case of MeOH-catalyzed dihydrogen
activation (rate law II). Both rate laws predict that increased
[MeOH] would inhibit the rate of reaction. We propose that
the MeOH acceleration is a result of a solvent polarity effect. As
indicated above, we attempted to compare the rate of
dihydrogen activation in THF with more polar solvents
(CH3NO2, CH3CN, acetone), but the reactions resulted in
decomposition of complexes 4 and 5 without production of 6.
Another possibility is that the added MeOH aids dissociation of
MeOH (k1) via hydrogen bonding. To test this, we compared
the impact of added CD3OD on the activation of H2 to that of
CH3OH. We cannot conclude whether or not there is an
isotope effect for the MeOH acceleration for the reaction of 4
and 5 with dihydrogen in the presence of 3 equiv of MeOH
versus 3 equiv of CD3OD because the deviations are too large.
A small KIE is observed for activation of D2 versus H2. The

activation of D2 leads to the formation of CH3OD (methanol-
d), and we hypothesized that coordination of CH3OD to Rh
might affect the rate of methanol dissociation (k1 in Scheme 5).
Thus, if the reaction of 4 and 5 with D2 leads to the formation
of [(tbpy)2Rh(CH3OD)(OCH3)]

2+, the kH/kD value observed
for H2/D2 activation might be explained. However, our results
suggest that [(tbpy)2Rh(CH3OD)(OCH3)]

2+ likely does not
form during D2 activation by 4 and 5. The activation of D2 by 4
or 5 would produce [(tbpy)2Rh(CH3OD)(H)]

2+, which then
dissociates CH3OD to form 6. Exchange of coordinated
CH3OH and free CH3OD would likely require formation of
the five-coordinate intermediate [(tbpy)2Rh(OCH3)]

2+, and
our kinetic analysis suggests that this intermediate should react
more rapidly with dihydrogen than with free methanol.
However, it is possible to rationalize the small KIE for H2
versus D2 activation if the dependence on H2 is intermediate
between zero and first order. Thus, a relatively large KIE for H2
versus D2 would be attenuated by the non-first-order
dependence. This scenario is consistent with a slight increase
in rate of H2 activation when the initial concentration is
increased by a factor of 2.9 (see above). Unfortunately, the
large deviations do not allow a quantified determination of the
impact of H2 concentration on rate.

■ SUMMARY
The addition of 1 equivalent of HTFA to [(tbpy)2Rh(OMe)2]-
[OTf] leads to the formation of [(tbpy)2Rh(OMe)(MeOH)]-
[OTf][TFA] and [(tbpy)2Rh(OMe)(TFA)][OTf], which
activate dihydrogen by net 1,2-addition of H−H across the
RhIII−OMe bond. The reaction displays non-first-order
dependence on concentration of dihydrogen and a first-order

Scheme 9. Rate Laws Based on the Proposed Pathway
Shown in Scheme 7 and a Variant with Methanol-Catalyzed
H2 Activation
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dependence on concentration of Rh starting material. The
calculated ΔH⧧ for the H2 activation step is only 6.8 kcal/mol
from the dihydrogen adduct. In contrast, the calculated ΔH
value for MeOH dissociation from [(bpy)2Rh(OMe)(MeOH)-
[TFA][OTf] (4′) is 22.2 kcal/mol. Thus, we propose that the
dicationic charge of the [(tbpy)2Rh(OMe)]2+ fragment affects
the energetics of overall H2 activation in two ways: (1) the
enthalpy for dissociation of the Lewis basic methanol is
relatively large and (2) the electrophilic character of the Rh(III)
results in a very small ΔH⧧ value for the 1,2-addition of H2
across the Rh−OMe bond. Thus, dihydrogen coordination to
Rh(III) enhances its acidity,32,26 and the basic methoxide can
easily deprotonate the coordinated dihydrogen ligand. The
addition of free MeOH provides a slight rate acceleration, and
calculations predict that the participation of MeOH in the core
unit for H2 activation can lower the ΔH⧧ value. These results
show promise for the use of highly electrophilic late transition
metals with basic heteroatomic ligands (e.g., hydroxide,
alkoxide, amido) for dihydrogen activation chemistry and the
use of basic additives as cocatalysts.

■ EXPERIMENTAL SECTION
General Considerations. Unless otherwise noted, all synthetic

procedures were performed under anaerobic conditions in a nitrogen-
filled glovebox or by using standard Schlenk techniques. Glovebox
purity was maintained by periodic nitrogen purges and was monitored
by an oxygen analyzer (O2(g) <15 ppm for all reactions). Toluene,
tetrahydrofuran, and diethyl ether were dried by distillation from
sodium/benzophenone. Pentane was distilled over P2O5. Acetonitrile
and methanol were dried by distillation from CaH2. Hexanes, benzene,
and dichloromethane were purified by passage through a column of
activated alumina. Acetonitrile-d3, methylene chloride-d2, acetone-d6,
and THF-d8 were stored under a N2 atmosphere over 4 Å molecular
sieves. H2 and D2 were purchased from Matheson Gas and Cambridge
Isotope Laboratories, respectively, and used as received. 1H and 13C
NMR spectra were recorded on a Varian Mercury Plus 300 MHz
spectrometer (75 MHz operating frequency for 13C NMR), Varian
Inova 500 MHz spectrometer (125 MHz operating frequency for 13C
NMR), Bruker Avance DRX 600 MHz spectrometer (150 MHz
operative frequency for 13C NMR), or Bruker Avance III 800 MHz
spectrometer (201 MHz operative frequency for 13C NMR). All 1H
and 13C NMR spectra are referenced against residual proton signals
(1H NMR) or the 13C resonances of the deuterated solvent (13C
NMR). 19F NMR (operating frequency 282 MHz) spectra were
obtained on a Varian Mercury Plus 300 MHz spectrometer and
referenced against an external standard of hexafluorobenzene (δ
−164.9). Elemental analyses were performed by Atlantic Microlabs,
Inc. High-resolution mass spectra were acquired in ESI mode from
samples dissolved in a 3/1 acetonitrile/water solution containing
sodium trifluoroacetate (NaTFA). Mass spectra are reported as M+ for
monocationic complexes or as [M + H+] or [M + Na+] for neutral
complexes, using [Na(NaTFA)x]

+ clusters as an internal standard. In
all cases, observed isotopic envelopes were consistent with the
molecular composition reported. For products with a simple spectrum,
the monoisotopic ion is reported; for products with a complicated
spectrum, the major peaks in the isotopic envelope are reported.
Spectra were collected on either a Shimadzu IT-TOF or an Agilent
6230 TOF instrument. The preparation of NaBAr′4 has been
previously reported.33 The tbpy versions of [(bpy)2Rh(X)2]X (X =
Cl, Br) were synthesized following the published procedure.34

(COE)2Rh(TFA) (COE = cyclooctene) was made following the
literature procedure using AgTFA instead of AgPF6.

35 The synthesis of
[(bpy)2Rh(H)(OTf)]

+ has been previously reported without full
experimental details or characterization data.36 The oxidative additions
of HTFA and HCl to [(tbpy)2Rh]

+, to form [(tbpy)2Rh(H)(TFA)]
+

and [(tbpy)2Rh(H)(Cl)]
+, respectively, were based on this synthesis.

[(tbpy)2Rh(OTf)2][OTf]. This complex was prepared with mod-
ification to the procedure reported by Meyer and co-workers.34 The
complex [(tbpy)2RhCl2]Cl (0.4995 g, 0.6695 mmol) was dissolved in
1,2-dichlorobenzene (24 mL). HOTf (355 μL, 4.01 mmol) was added
via a microsyringe. The yellow solution was heated at reflux overnight.
When the mixture was cooled to room temperature, Et2O (20 mL)
was added through the condenser. The reaction mixture was placed in
the freezer for several hours to allow maximum precipitation. The solid
was collected by filtration through a fine-porosity frit, washed with
Et2O, and dried under vacuum for approximately 1 h. In air, the solid
was reconstituted in CH2Cl2 and washed with H2O (3 × 100 mL).
The combined organic extracts were washed with brine (1 × 100 mL),
dried over Na2SO4, and reduced to dryness using a rotary evaporator.
The yellow solid was dried under vacuum overnight. The solid was
reconstituted in CH2Cl2 and reprecipitated with Et2O. The solid was
collected over a fine-porosity frit, washed with Et2O, and dried under
vacuum (0.522 g, 72%). 1H NMR (300 MHz, CD3CN): δ 9.19 (d,
3JH5−H6 = 6 Hz, 2H, tbpy 6/6′), 8.65 (d, 4JH3−H5 = 2 Hz, 2H, tbpy 3/
3′), 8.47 (d, 4JH3−H5 = 2 Hz, 2H, tbpy 3/3′), 8.21 (dd, 3JH5−H6 = 6 Hz,
4JH3−H5 = 2 Hz, 2H, tbpy 5/5′), 7.45 (dd, 3JH5−H6 = 6 Hz, 4JH3−H5 = 2
Hz, 2H, tbpy 5/5′), 7.36 (d, 3JH5−H6 = 7 Hz, 2H, tbpy 6/6′), 1.58, 1.37
(each a s, 18H, tBu). 13C NMR (75 MHz, CD3CN): δ 169.7, 169.1,
158.6, 156.5, 152.9, 150.9, 127.8, 127.2, 124.4, 124.2 (each a s, tbpy
aromatic C’s), 37.3, 36.9 (each a s, tBu C(CH3)3) 30.5, 30.2 (each a s,
tBu C(CH3)3). A quartet for O3SCF3 was not observed in the 13C
NMR spectrum. 19F NMR (282 MHz, CD3CN): δ −79.7 (s, OTf).
Anal. Calcd for C39H48F9N4O9RhS3: C, 43.10; H, 4.45; N, 5.15.
Found: C, 42.61; H, 4.25; N, 5.04.

[(tbpy)2Rh(OMe)2][OTf] (1). A solution of [(tbpy)2Rh(OTf)2]-
[OTf] (0.1999 g, 0.1839 mmol) in CH3CN (∼10 mL) was slowly
added to a solution of CsOH·H2O (0.0775 g, 0.462 mmol) in
methanol (∼5 mL). The yellow solution was stirred at room
temperature for 1 h before the solvent was removed under vacuum.
The yellow solid was dissolved in CH2Cl2 and the solution filtered
through a plug of Celite. The Celite was washed with CH2Cl2 (5 × 5
mL). The filtrate was reduced to ∼2 mL under vacuum. Pentane (5
mL) was added to precipitate a yellow solid. The solid was collected
over a fine-porosity frit and then dried under vacuum before being
transferred to a pressure tube. Pentane (∼20 mL) was added, and the
heterogeneous solution was stirred at room temperature overnight.
The pressure tube was sonicated for 1 h. The solid was collected over a
fine-porosity frit, washed with additional pentane (2 × 5 mL), and
dried under vacuum (0.142 g, 90%). 1H NMR (300 MHz, CD3CN): δ
9.37 and 7.42 (each a d, 3JH5−H6 = 6 Hz, 2H each, tbpy 6/6′), 8.51,
8.41 (each a d, 4JH3−H5 = 2 Hz, 2H each, tbpy 3/3′), 7.9, 7.35 (dd,
3JH5−H6 = 6 Hz, 4JH3−H5 = 2 Hz, 2H each, tbpy 5/5′), 2.62 (bs, 6H,
OCH3), 1.55, 1.36 (each a s, 18H each, tBu). 13C NMR (75 MHz,
CD2Cl2): δ 165.9, 164.6, 156.6, 155.7, 150.2, 149.7, 125.5, 124.9,
120.9, 120.7 (each a s, tbpy aromatic C’s), 56.7 (s, OCH3), 36.4, 36.1
(each a s, C(CH3)3), 30.8, 30.5 (each a s, C(CH3)3).

19F NMR (282
MHz, CD2Cl2): δ −79.1 (s, OTf). Anal. Calcd for C39H54F3N4O5Rh:
C, 55.05; H, 6.40; N, 6.58. Found: C, 55.22; H, 6.40; N, 6.49.

[(tbpy)2Rh(OMe)2]Cl. A procedure analogous to the synthesis of
[(tbpy)2Rh(OMe)2][OTf] was employed, except [(tbpy)2Rh(Cl)2]Cl
(0.2529 g, 0.3390 mmol) was used as the starting material (0.2288 g,
92%). 1H NMR (300 MHz, CD3CN): δ 9.38 (d, 3JH5−H6 = 6 Hz, 2H,
tbpy 6/6′), 8.53 (d, 4JH3−H5 = 2 Hz, 2H, tbpy 3/3′), 8.43 (d, 4JH3−H5 =
2 Hz, 2H, tbpy 3/3′), 7.97 (dd, 3JH5−H6 = 6 Hz, 4JH3−H5 = 2 Hz, 2H,
tbpy 5/5′), 7.42 (d, 3JH5−H6 = 6 Hz, 2H, tbpy 6/6′), 7.33 (dd, 3JH5−H6 =
6 Hz, 4JH3−H5 = 2 Hz, 2H, tbpy 5/5′), 2.63 (s, 6H, OCH3), 1.55, 1.36
(each a s, 18H each, tBu). 13C NMR (151 MHz, CD2Cl2): δ 166.18,
164.95, 156.74, 155.99, 149.91, 149.67, 125.18, 124.71, 121.93, 121.78
(each a s, tbpy aromatic C’s), 56.0 (OCH3), 36.6, 36.3 (each a s,
C(CH3)3), 30.9, 30.6 (each a s, C(CH3)3). MS (M+ =
C38H54N4O2Rh

+; m/z obsd, m/z calcd, ppm): 701.3308, 701.3296, 1.7.
[(tbpy)2Rh(OMe)2][BAr′4] (2). [(tbpy)2Rh(OMe)2]Cl (0.1877 g,

0.2546 mmol) was partially dissolved in THF (∼20 mL). NaBAr′4
(0.2256 g, 0.2546 mmol) in THF (∼5 mL) was added dropwise. The
resulting solution was stirred at room temperature for 1 h before
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reducing the solvent volume to 10 mL under vacuum. The solution
was filtered through Celite to remove NaCl. The Celite was washed
with THF (5 × 10 mL). The filtrate was reduced to dryness in vacuo.
The resulting yellow solid was taken up in Et2O and transferred to a
vial. The Et2O was removed under vacuum to yield an orange-yellow
low-density solid. The solid was dried further under vacuum (0.3789 g,
95%). X-ray-quality crystals were grown by layering a solution of
complex 2 in Et2O with hexane. 1H NMR (300 MHz, CD3CN): δ 9.38
(d, 3JH5−H6 = 6 Hz, 2H, tbpy 6/6′), 8.51 (s, 2H, tbpy 3/3′), 8.41 (s,
2H, tbpy 3/3′), 7.97 (dd, 3JH5−H6 = 6 Hz, 4JH3−H5 = 2 Hz, 2H, tbpy 5/
5′), 7.73−7.63 (m, 12H, BAr′4), 7.42 (d, 3JH5−H6 = 6 Hz, 2H, tbpy 6/
6′), 7.33 (dd, 3JH5−H6 = 6 Hz, 4JH3−H5 = 2 Hz, 2H, tbpy 5/5′), 2.63 (s,
6H, OCH3), 1.55, 1.35 (each a s, 18H, tBu). 13C NMR (201 MHz,
CD3CN): δ 166.3, 165.2, 125.3, 125.3, 122.2, 122.2, 157.1, 156.5,
150.8, 149.8 (each a s, tbpy aromatic C’s), 162.6 (q, 1JB−Cipso = 50 Hz,
BAr′4), 135.6 (BAr′4), 129.9 (q, 2JC−F = 32 Hz, 31 Hz, m-BAr′4), 125.4
(q, 1JC−F = 272 Hz, CF3−BAr′4), 118.7 (BAr′4), 55.9 (s, OCH3), 36.7,
36.4 (each a s, C(CH3)3), 30.6, 30.3 (each a s, C(CH3)3).

19F NMR
(282 MHz, CD3CN): δ −63.6 (s, BAr′4). MS (M+ = C38H54N4O2Rh

+;
m/z obsd, m/z calcd, ppm): 701.3304, 701.3296, 1.1.
[(tbpy)2Rh(OMe)2][TFA]. [(

tbpy)2Rh(OMe)2]Cl (0.2288 g, 0.3104
mmol) was suspended in CH3CN (∼25 mL). NaTFA (0.0425 g, 0.312
mmol) in CH3CN (∼5 mL) was added dropwise. [(tbpy)2Rh(OMe)2]
Cl dissolved completely upon addition of NaTFA, and the solution
became slightly cloudy. The resulting mixture was stirred at room
temperature for 1 h before it was evaporated to dryness in vacuo. The
yellow residue was dissolved in CH2Cl2 and filtered through Celite.
The Celite was washed with CH2Cl2 (5 × 5 mL). The filtrate was
reduced to dryness under vacuum. The yellow solid was reconstituted
in CH2Cl2 and precipitated with pentane. The solid was combined
with pentane (∼15 mL) and sonicated for 1 h. The solid was collected
by filtration through a fine-porosity frit, washed with additional
pentane, and dried under vacuum (0.2200 g, 87%). 1H NMR (800
MHz, CD3CN): δ 9.38 (d, 3JH5−H6 = 6 Hz, 2H, tbpy 6/6′), 8.53 (d,
4JH3−H5 = 2 Hz, 2H, tbpy 3/3′), 8.43 (d, 4JH3−H5 = 2 Hz, 2H, tbpy 3/
3′), 7.97 (dd, 3JH5−H6 = 6 Hz, 4JH3−H5 = 2 Hz, 2H, tbpy 5/5′), 7.42 (d,
3JH5−H6 = 6 Hz, 2H, tbpy 6/6′), 7.34 (dd, 3JH5−H6 = 6 Hz, 4JH3−H5 = 2
Hz, 2H, tbpy 5/5′), 2.62 (s, 3H, OCH3), 1.55, 1.36 (each a s, 18H,
tBu). 13C NMR (201 MHz, CD3CN): δ 166.3, 165.2, 157.1, 156.5,
150.8, 149.9, 125.4, 125.3, 122.3, 122.2 (each a s, tbpy aromatic C’s),
55.9 (s, OCH3), 36.7, 36.4 (each a s, C(CH3)3), 30.7, 30.3 (each a s,
3C, C(CH3)3).

19F NMR (282 MHz, CD3CN): δ −75.5 (s, TFA).
[(tbpy)2Rh(H)(TFA)][OTf] (6). Method 1. Exclusion of chlorinated

solvents is critical for the synthesis of complex 6. THF was freshly
distilled prior to use. [(tbpy)2Rh(OMe)2][OTf] (0.0606 g, 0.0712
mmol) was suspended in THF (∼15 mL) in a glass Fisher-Porter
reactor. HTFA (5.5 μL, 0.072 mmol) was added via a microsyringe.
Upon addition of acid, [(tbpy)2Rh(OMe)2][OTf] dissolved and the
solution changed from a bright yellow to a lighter yellow. The vessel
was pressurized with 30 psig of H2 and heated at 70 °C in an oil bath
for 17 h. After heating, the solution was a dark purple. After the
solution was cooled to room temperature, the solvent was decanted
from any insoluble species and then removed in vacuo to yield a dark
purple solid that was dried further under vacuum (0.059 g, 91%).
Method 2. [(tbpy)2Rh][TFA] (0.0050 g, 0.0066 mmol) was

dissolved in acetone-d6 in a screw-cap NMR tube. HTFA (10.2 μL
of solution, 0.00663 mmol, 0.65 M in acetone-d6) was slowly added via
a microsryinge. The purple solution turned brown and then black. The
product was analyzed by 1H NMR spectroscopy but was not isolated.
The 1H NMR (300 MHz, THF-d8): δ 9.43 (d, 3JH5−H6 = 6 Hz, 1H,
tbpy 6), 8.80 (d, 3JH5−H6 = 6 Hz, 1H, tbpy 6), 8.66 (d, 4JH3−H5 = 2 Hz,
1H, tbpy 3), 8.58 (d, 4JH3−H5 = 2 Hz, 1H, tbpy 3), 8.52 (d, 3JH5−H6 = 6
Hz, 2H, tbpy 6), 7.99 (dd, 3JH5−H6 = 5 Hz, 4JH3−H5 = 2 Hz, 1H, tbpy 5),
7.95 (dd, 3JH5−H6 = 6 Hz, 4JH3−H5 = 2 Hz, 1H, tbpy 5), 7.74 (dd,
3JH5−H6 = 6 Hz, 4JH3−H5 = 2 Hz, 1H, tbpy 5), 7.55 (dd, 3JH5−H6 = 6 Hz,
4JH3−H5 = 2 Hz, 1H, tbpy 5), 7.52 (d, 4JH3−H5 = 1 Hz, 2H, tbpy 3), 1.53
(s, 9H, tBu), 1.52 (s, 9H, tBu), 1.38 (s, 9H, tBu), 1.33 (s, 9H, tBu),
−13.36 (d, 1JRh−H = 13 Hz, 1H, Rh−H). 13C NMR (201 MHz, THF-
d8): δ 162.8, 162.2, 161.9, 161.7, 156.2, 154.8, 154.4, 154.3, 152.2,

148.8, 146.4, 146.2, 123.3, 122.5, 122.5, 122.4, 119.6, 119.6, 118.7
(each a s, tbpy aromatic C’s, one signal missing presumably due to
coincidental overlap), 33.9, 33.6, 33.5, 33.4 (each a s, C(CH3)3), 27.7,
27.7, 27.6, 27.5 (each a s, C(CH3)3).

19F NMR (282 MHz, THF-d8): δ
−76.5 (s, TFA), −79.9 (s, OTf).

[(tbpy)2Rh(H)(Cl)][TFA] (7). Method 1. [(tbpy)2Rh(H)(TFA)]-
[OTf] (0.0049 g, 0.0057 mmol) was dissolved in THF-d8 (350 μL) in
a J. Young tube. CH2Cl2 (1.8 μL, 0.028 mmol) was added via a
microsyringe. Hexamethyldisilane (HMDS, 0.2 μL) was added as an
internal standard. The tube was pressurized with 25 psig of H2(g). The
reaction mixture was placed in a 70 °C oil bath for 6 days. During this
time, the reaction progress was monitored by 1H NMR spectroscopy
until 100% conversion of [(tbpy)2Rh(H)(TFA)][OTf] was observed
(91% yield of 7 by 1H NMR spectroscopy).

Method 2. [(tbpy)2Rh][TFA] (0.0214 g, 0.0284 mmol) was
dissolved in acetone-d6 (1 mL) in a J. Young NMR tube. The tube
was placed in the freezer (−34 °C) for 2 h. HCl (25.5 μL, 0.0255
mmol, 1 N in Et2O) was added via a microsyringe to the tube
containing the cold solution. The purple solution became a darker
blackish purple upon addition of acid. After 1/2 h the solvent was
removed in vacuo to yield a dark black-purple solid (0.0125 g, 56%).
1H NMR (300 MHz, acetone-d6): δ 9.58 (d, 3JH5−H6 = 6 Hz, 1H, tbpy
6), 9.26 (d, 3JH5−H6 = 6 Hz, 1H, tbpy 6), 9.05, 8.98, 8.96, 8.90 (each a
s, 1H, tbpy 3), 7.97−7.94 (m, partially buried under d at 7.94, 1H, tbpy
5), 7.94 (d, 3JH5−H6 = 6 Hz, 2H, tbpy 5), 7.89 (d, 3JH5−H6 = 6 Hz, 1H,
tbpy 5), 7.71 (d, 3JH5−H6 = 6 Hz, 1H, tbpy 6), 7.59 (d, 3JH5−H6 = 6 Hz,
1H, tbpy 6), 7.50 (m, 1H, tbpy 5), 1.52 (s, 18H, tBu), 1.38, 1.35 (each
a s, 9H, tBu), −14.37 (bs, 1H, Rh−H). Note: In THF-d8 the hydride
resonance is observed as a doublet with 1JRh−H = 12 Hz. 1H NMR (300
MHz, THF-d8): δ −14.42 (d, 1JRh−H = 12 Hz, 1H, Rh−H). 13C NMR
(201 MHz, acetone-d6): δ 165.4, 165.0, 165.0, 164.8, 157.9, 157.4,
157.3, 154.9, 152.3, 150.8, 148.7, 126.2, 125.4, 125.0, 124.9, 122.9,
122.8, 122.7, 122.1 (each a s, tbpy aromatic C’s, one signal missing
presumably due to coincidental overlap), 36.6, 36.5, 36.4, 36.3 (each a
s, C(CH3)3), 30.6, 30.6, 30.5, 30.4 (each a s, C(CH3)3).

19F NMR (282
MHz, acetone-d6): δ −74.9 (s, TFA).

[(tbpy)2Rh][TFA]. (COE)2Rh(TFA) (0.0685 g, 0.152 mmol) was
dissolved in THF (∼5 mL). tbpy (0.0815 g, 0.304 mmol) in THF (∼2
mL) was slowly added, causing the golden yellow solution to turn dark
purple. After the mixture was stirred for 30 min, the solvent was
removed under vacuum. The dark purple solid was further dried under
vacuum for approximately 3 h. The solid was transferred to a fine-
porosity frit and washed with benzene (5 × 2 mL) to remove free tbpy.
The dark purple solid was dried under vacuum overnight (0.0908 g,
79%). 1H NMR (300 MHz, acetone-d6): δ 9.22 (d, 3JH5−H6 = 6 Hz,
4H, tbpy 6/6′), 8.46 (s, 4H, tbpy 3/3′), 7.77 (dd, 3JH5−H6 = 6 Hz,
4JH3−H5 = 2 Hz, 4H, tbpy 5/5′), 1.46 (s, 36H, tBu). 13C NMR (201
MHz, acetone-d6): δ 160.7, 156.0, 151.3, 123.9, 119.8 (each a s, tbpy
aromatic C’s), 35.4 (s, C(CH3)3), 29.5 (s, C(CH3)3).

19F NMR (282
MHz, acetone-d6): δ −75.0 (s, TFA). MS (M+ = C36H48N4Rh

+; m/z
obsd, m/z calcd, ppm): 639.2899, 639.2929, −4.7.

[(tbpy)2Rh(Cl)2][TFA] (8). Method 1. [(tbpy)2RhCl2]Cl (0.2536 g,
0.3399 mmol) was dissolved in 1,2-dichlorobenzene (12 mL). HTFA
(155 μL, 2.02 mmol) was added via a microsyringe. The yellow
solution was heated at reflux overnight. After the solution was cooled
to room temperature, Et2O (∼25 mL) was added via the condenser.
The reaction mixture was placed in the freezer (−34 °C) for several
hours to allow for maximum precipitation. The reaction mixture was
filtered through a fine-porosity frit, and the solid was washed with
Et2O and was dried under vacuum for approximately 1 h. The solid
was reconstituted in CH2Cl2 (∼30 mL) and washed with H2O (3 × 75
mL). The combined organic extracts were washed with NaHCO3 (1 ×
75 mL), dried over Na2SO4, and then reduced to dryness using a
rotary evaporator. The yellow solid was dried under vacuum overnight.
The solid was reconstituted in CH2Cl2 and precipitated with Et2O.
The solid was collected by filtering through a fine-porosity frit, washed
with Et2O, and dried under vacuum (0.207 g, 75%).

Method 2. [(tbpy)2Rh(OMe)2][TFA] (0.296 g, 0.0363 mmol) was
suspended in THF (∼8 mL). HTFA stock solution in THF (56 μL,
0.65 M) was added via a microsyringe. The reaction mixture was
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stirred to dissolve the complex. The yellow solution was transferred to
a glass Fisher-Porter reaction vessel. The vessel was sealed and
removed from the glovebox. The Fisher-Porter vessel was pressurized
with 40 psig of H2(g) and placed in a 70 °C oil bath for 16.5 h. The
solution was dark brown upon removal from the oil bath. After it was
cooled to room temperature, the solution was degassed and brought
into the glovebox. The solvent was removed under vacuum. The
hydride product mixture was dissolved in CH2Cl2. The vessel was
sealed and removed from the glovebox. The vessel was pressurized
with 25 psig of H2(g) and placed in a 70 °C oil bath to heat for 23.5 h.
After it was cooled to room temperature, the solution was degassed
and brought into the glovebox. The yellow solution was reduced to
dryness under vacuum. The residue was reconstituted in DCM, and
Et2O was added to precipitate a pale yellow solid, which was collected
by filtration through a fine-porosity frit, washed with Et2O, and dried
under vacuum (0.0125 g, 42%). 1H NMR (800 MHz, CD3CN): δ 9.66
(d, 3JH5−H6 = 6 Hz, 2H, tbpy 6/6′), 8.58 (d, 4JH3−H5 = 2 Hz, 2H, tbpy
3/3′), 8.46 (d, 4JH3−H5 = 2 Hz, 2H, tbpy 3/3′), 8.01 (dd, 3JH5−H6 = 6
Hz, 4JH3−H5 = 2 Hz, 2H, tbpy 5/5′), 7.51 (d, 3JH5−H6 = 6 Hz, 2H, tbpy
6/6′), 7.43 (dd, 3JH5−H6 = 6 Hz, 2 Hz, 2H, tbpy 5/5′), 1.56 (s, 18H,
tBu), 1.37 (s, 18H, tBu). 13C NMR (201 MHz, CD3CN): δ 167.3,
166.9, 156.9, 156.8, 152.3, 150.8, 126.9, 126.3, 123.5, 123.5 (each a s,
tbpy aromatic C’s), 36.9, 36.6 (each a s, C(CH3)3), 30.5, 30.3 (each a s,
C(CH3)3).

19F NMR (282 MHz, CD3CN): δ −75.6 (s, TFA). Anal.
Calcd for C38H48Cl2F3N4O2Rh: C, 55.41; H, 5.87; N, 6.80. Found: C,
55.13; H, 5.85; N, 6.93. MS (M+ = C36H48Cl2N4Rh

+; m/z obsd, m/z
calcd, ppm): 709.2306, 709.2318, −1.7.
[(tbpy)2Rh(Br)2][TFA] (9). Method 1. [(tbpy)2Rh(Br)2]Br (0.0253

g, 0.0288 mmol) was suspended in CH3CN (∼5 mL). NaTFA (0.0040
g, 0.029 mmol) in CH3CN (∼2 mL) was added dropwise. The Rh
starting material dissolved upon addition of the NaTFA solution;
however, the solution was slightly turbid because of the NaCl
precipitate. The solution was stirred at room temperature for 1 h
before it was reduced to dryness under vacuum. The pale yellow solid
was reconstituted in CH3CN and the solution filtered through Celite
to remove NaCl. The Celite was washed with CH3CN. The filtrate was
reduced to 1 mL in vacuo. Et2O was added to precipitate a yellow solid
that was collected by filtration through a fine-porosity frit, washed with
pentane, and dried under vacuum (0.0231 g, 88%).
Method 2. [(tbpy)2Rh(OMe)2][TFA] (0.0509 g, 0.0625 mmol)

was suspended in THF (∼15 mL). HTFA (4.8 μL, 0.063 mmol) was
added via a microsyringe. The reaction mixture was stirred to dissolve
the complex. The yellow solution was transferred to a Fisher-Porter
reaction vessel. The vessel was sealed and removed from the glovebox.
The Fisher-Porter reactor was pressurized with 35 psig of H2(g) and
placed in a 70 °C oil bath for 6 h and 15 min. The solution was dark
brown upon removal from the oil bath. After the solution was cooled
to room temperature, the Fisher-Porter vessel was degassed and
brought into the glovebox. CH2Br2 (86 μL, 1.2 mmol) was added via a
microsyringe. The vessel was sealed and removed from the glovebox.
The vessel was pressurized with 20 psig of H2(g) and placed in a 70 °C
oil bath to heat for 6.5 h. The THF-insoluble yellow solid was
collected by filtration and washed with hexanes and pentane. The
filtrate was reduced to 1 mL in vacuo. Hexanes was added to the
filtrate to precipitate a yellow solid, which was collected in the same
frit as the initial solid. The solid was washed with hexanes and dried
under vacuum (0.0392 g, 69%). 1H NMR (800 MHz, CD3CN): δ 9.98
(d, 3JH5−H6 = 6 Hz, 2H, tbpy 6/6′), 8.71 (s, 2H, tbpy 3/3′), 8.59 (s,
2H, tbpy 3/3′), 8.09 (dd, 3JH5−H6 = 6 Hz, 4JH3−H5 = 2 Hz, 2H, tbpy 5/
5′), 7.59 (d, 3JH5−H6 = 6 Hz, 2H, tbpy 6/6′), 7.56 (dd, 3JH5−H6 = 6 Hz,
4JH3−H5 = 2 Hz, 2H, tbpy 5/5′), 1.67 (s, 18H, tBu), 1.48 (s, 18H, tBu).
13C NMR (201 MHz, CD3CN): δ 167.1, 166.9, 156.9, 156.8, 154.2,
150.4, 127.2, 126.3, 123.7, 123.6 (each a s, tbpy aromatic C’s), 36.9,
36.6 (each a s, C(CH3)3), 30.5, 30.3 (each a s, C(CH3)3.

19F NMR
(282 MHz, acetone-d6): δ −75.4 (s, TFA). MS (M+=
C36H48Br2N4Rh

+; m/z obsd, m/z calcd, ppm): 797.1330 (46.5),
797.1295 (49.4), 4.4; 798.1340 (19.4), 798.1327 (20.2), 1.6; 799.1306
(100), 799.1278 (100), 3.5; 800.1320 (40.3), 800.1308 (39.9), 1.5;

801.1284 (56.6), 801.1267 (54.6), 2.1; 802.1305 (20.2), 802.1290
(20.2), 1.9.

[(tbpy)2Rh(MeOH)2][OTf][TFA]2 (3). This complex is obtained as
an insoluble byproduct from the protonation of [(tbpy)2Rh(OMe)2]-
[OTf] with 1 equiv of HTFA. Complex 3 has been independently
synthesized as follows. [(tbpy)2Rh(OMe)2][OTf] (0.0385 g, 0.0452
mmol) was suspended in THF (∼5 mL). HTFA (7 μL, 0.091 mmol)
was added slowly. The addition of HTFA resulted in dissolution of
[(tbpy)2Rh(OMe)2][OTf]. After the mixture was stirred for 4 h, the
solvent was removed in vacuo. The yellow solid was redissolved in
CH2Cl2 and precipitated with pentane. The pale yellow solid was
collected via filtration though a fine porosity frit, washed with pentane
(2 × 2.5 mL), and dried under vacuum (0.0267 g, 55%). 1H NMR
(300 MHz, CD2Cl2): δ 9.42 (d,

3JH5−H6 = 6 Hz, 2H, 6/6′), 8.41 (s, 2H,
tbpy 3/3′), 8.27 (s, 2H, tbpy 3/3′), 7.99 (d, 3JH5−H6 = 6 Hz, 2H, 6/6′),
7.43 (s, 4H, tbpy 5/5′), 2.84 (s, 6H, CH3OH), 1.58 (s, 18H,

tBu), 1.36
(s, 18H, tBu). 13C NMR (151 MHz, CD2Cl2): δ 167.7, 166.4, 156.7,
156.1, 151.5, 150.0, 126.3, 126.1, 122.2, 122.0 (each a s, tbpy aromatic
C’s), 36.7, 36.3 (each a s, C(CH3)3), 30.8, 30.4 (each a s, C(CH3)3). A
HSQC experiment confirms that the CH3OH resonance is missing due
to coincidental overlap with the solvent resonance. 13C NMR (201
MHz, acetone-d6): δ 167.6, 166.4, 157.0, 157.0, 152.0, 150.2, 126.3,
126.2, 123.3, 123.1 (each a s, tbpy aromatic C’s), 53.1 (s, CH3OH),
36.9, 36.4 (each a s, C(CH3)3), 30.6, 30.2 (each a s, C(CH3)3).

19F
NMR (282 MHz, CD2Cl2): δ −77.0 (s, TFA), −80.0 (s, OTf). Anal.
Calcd for C43H56F9N4O9RhS: C, 47.87; H, 5.23; N, 5.19. Found: C,
47.81; H, 5.27; N, 5.33.

H2 Activation: Kinetic Studies. A representative catalytic reaction
is described. [(tbpy)2Rh(OMe)2][OTf] (0.0360 g, 0.0423 mmol) was
suspended in THF-d8 (2 mL) in a volumetric flask. The mixture was
stirred to dissolve as much solid as possible. HTFA (3.2 μL, 0.042
mmol) was added slowly dropwise. The solution was stirred, causing
all of the [(tbpy)2Rh(OMe)2][OTf] to dissolve. HMDS (1 μL, 0.0049
mmol) was added as an internal standard. The homogeneous yellow
solution was transferred to a tube. A stir bar was added, the tube was
capped, and the solution was stirred (300 rpm) for 12 h. Within 15
min, a yellow solid precipitated. After 12 h, the tube was removed from
the glovebox and centrifuged for 5 min. The tube was taken into a
glovebox, where the yellow solution was decanted from the yellow
solid. The solution (300 μL each) was added to five J. Young tubes.
For some experiments, MeOH was added at this point. Either 3 equiv
of methanol (0.8 μL, 0.02 mmol) or 5 equiv of methanol (1.3 μL,
0.032 mmol) was added to each tube. The amount of methanol was
based on the moles of [(tbpy)2Rh(OMe)2][OTf] added to the
volumetric flask and how much of this stock solution was added to
each tube (0.0063 mmol/tube). The tubes were all frozen with N2(l).
Before insertion into the NMR probe, each tube was degassed using
three freeze−pump−thaw cycles. The tubes were left under vacuum
for 30 s during these cycles. The tubes were then pressurized with H2
(15, 30, 45, or 55 pisg) or D2 for 15 s and inverted several times to
ensure adequate mixing. The tubes were placed into a temperature-
calibrated Varian 500 MHz spectrometer probe (equilibrated at 68
°C). The temperature was determined using 80% ethylene glycol in
DMSO-d6 and the following equation provided by Bruker Instruments,
Inc. VT-Calibration Manual: T (K) = (4.218 − Δ)/0.009132, where Δ
is the shift difference (ppm) between CH2 and OH resonances of
ethylene glycol. 1H NMR arrays were collected. Eight scans were
acquired for each spectrum. The delay time was set to 12.8 s, and the
acquisition time was set to 2.2 s. Each spectrum required 2 min to
complete. Depending on the experiment, collection of a new data
point began every 120 or 180 s. Each set of conditions was run at least
in triplicate, except for experiments with 20 psig and 30 psig of D2,
which were only performed once.

[(tbpy)2Rh(OMe)(MeOH)][OTf][TFA] (4). Complex 4 was gen-
erated in situ during the experimental setup for H2 activation (see
above). X-ray-quality crystals were grown in the crystal tube containing
[(tbpy)2Rh(MeOH)2][OTf][TFA]2, from which the stock solution
was decanted, and any residual solution remaining in the crystal tube
after decanting (hence, there is some [(tbpy)2Rh(OMe)(MeOH)]-
[OTf][TFA] present). DCM was added to the crystal tube, and the
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solution was layered with pentane. 1H NMR (300 MHz, THF-d8): δ
9.43 (d, 3JH5−H6 = 6 Hz, 2H, tbpy 6/6′), 8.83 (d, 4JH3−H5 = 2 Hz, 2H,
tbpy 3/3′), 8.65 (d, 4JH3−H5 = 2 Hz, 2H, tbpy 3/3′), 8.07 (dd, 3JH5−H6 =
6, 4JH3−H5 = 2 Hz, 2H, tbpy 5/5′), 7.56 (d, 3JH5−H6 = 6 Hz, 2H, tbpy 6/
6′), 7.49 (dd, 3JH5−H6 = 6 Hz, 4JH3−H5 = 2 Hz, 2H), 2.84 (s, 6H,
OCH3/CH3OH), 1.58, 1.34 (each a s, 18H, tbpy). 13C NMR (201
MHz, THF-d8): δ 167.4, 165.8, 157.5, 157.0, 152.3, 150.1, 126.4,
125.9, 123.3, 123.1 (each a s, tbpy), 54.85 (s, OCH3), 36.90, 36.43
(each a s, C(CH3)3), 30.60, 30.33 (each a s, C(CH3)3).

19F NMR (282
MHz, THF-d8): δ −76.8 (s, TFA), −80.1 (OTf). Anal. Calcd for
C41H55F6N4O7RhS C, 51.04; H, 5.75; N, 5.81. Found: C, 50.46; H,
5.61; N, 5.71. [(tbpy)2Rh(OMe)(TFA)][OTf] (5) is obtained as the
minor soluble product from the reaction of [(tbpy)2Rh(OMe)2][OTf]
(1) with HTFA (1 equiv). Complex 5 has not been isolated. 1H NMR
for [(tbpy)2Rh(OMe)(TFA)][OTf] (5) (500 MHz, THF-d8): δ 9.48
(d, 3JH5−H6 = 6 Hz, 1H, tbpy 6), 9.33 (d, 3JH5−H6 = 6 Hz, 1H, tbpy 6),
9.08 (d, 3JH5−H6 = 6 Hz, 1H, tbpy 6), 8.76 (s, 1H, tbpy 3), 8.71 (s, 1H,
tbpy 3), 8.52 (s, 2H, tbpy 3), 8.14 (dd, 3JH5−H6 = 6 Hz, 4JH3−H5 = 2 Hz,
1H, tbpy 5), 7.76 (d, J = 6 Hz, 1H, tbpy 6), 7.59 (unresolved dd, 1H,
tbpy 5), 7.43 (dd, 3JH5−H6 = 6 Hz, 4JH3−H5 = 2 Hz, 1H, tbpy 5), 7.36 (d,
3JH5−H6 = 6 Hz, 1H, tbpy 5), 1.44 (s, 9H, tBu), 1.38 (s, 9H, tBu). The
remaining two tBu resonances and OMe resonance are missing
presumably due to coincidental overlap with resonances for
[(tbpy)2Rh(OMe)(MeOH)][OTf][TFA] (4).
Methanol Exchange. The general procedure described above for

the H2 activation kinetic studies was utilized with the following
modifications. After the solution (300 μL each) was added to five J.
Young tubes, 5 equiv (1.3 μL, 0.032 mmol), 10 equiv (2.6 μL, 0.064
mmol), or 20 equiv of CD3OD (5.3 μL, 0.13 mmol) relative to
[(tbpy)2Rh(OMe)2][OTf] was added to each tube. Room-temperature
1H NMR spectra were acquired. The tubes were placed into a
temperature-calibrated Varian 500 MHz spectrometer probe (equili-
brated at 68 °C). The temperature was determined as described above.
1H NMR arrays were collected. Eight scans were acquired for each
spectrum. The delay time was set to 12.8 s, and the acquisition time
was set to 2.2 s. Each spectrum required 2 min to complete.
Acquisition of a new data point began every 180 s. The procedure was
repeated using 5 and 10 equiv of CD3OD.
Methanol Exchange: Coordinated CD3OD with CH3OH. The

general procedure described above for the H2 activation kinetic studies
was utilized with the following modifications. [(tbpy)2Rh(OCD3)2]-
[OTf] was prepared using the procedure for the synthesis of complex
1, except CD3OD was used instead of protio methanol. The 1H NMR
data for [(tbpy)2Rh(OCD3)2][OTf] are identical with those of
perprotio complex 1, except the methoxide peak is absent. The
deuterated complex [(tbpy)2Rh(OCD3)2][OTf] was treated with 1
equiv of DTFA. The solution (300 μL each) was divided equally into
five J. Young NMR tubes, and 5 equiv (1.3 μL, 0.032 mmol) of MeOH
was added to each tube. Room-temperature 1H NMR spectra were
acquired. The tubes were placed into a temperature-calibrated Varian
500 MHz spectrometer probe (equilibrated at 68 °C). The
temperature was determined as described above. 1H NMR arrays
were collected. Eight scans were acquired for each spectrum. The delay
time was set to 12.8 s, and the acquisition time was set to 2.2 s.
Acquisition of a new data point began every 180 s. The appearance for
the coordinated MeOH resonance was monitored and analyzed using
first-order fits.
Hg Poisoning Test. The general procedure described above for

the H2 activation kinetic studies was utilized with the following
modifications. After the solution (300 μL each) was added to five J.
Young tubes, a drop of Hg was added to each tube. Before insertion
into the NMR probe, the tube was degassed using three freeze−
pump−thaw cycles. The tube was left under vacuum for 30 s during
these cycles. The tube was pressurized with H2 (45 pisg) for 15 s and
inverted several times to ensure adequate mixing. The tube was placed
into a temperature-calibrated Varian 500 MHz spectrometer probe
(equilibrated at 68 °C). The temperature was determined as described
above. A 1H NMR array was collected. Eight scans were acquired for
each spectrum. The delay time was set to 12.8 s, and the acquisition

time was set to 2.2 s. Each spectrum required 2 min to complete.
Acquisition of a new data point began every 180 s.
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