¢ Brookhaven

National Laboratory
BNL-229021-2025-JAAM

GRP-COAP-84

Elucidation of Marcus Relationships for Hydride Transfer Reactions
Involving Transition Metal Hydrides

A. Kumar, M. Z. Ertem

To be published in "Journal of the American Chemical Society"

August 2025

Chemistry Department
Brookhaven National Laboratory

U.S. Department of Energy
USDOE Office of Science (SC), Basic Energy Sciences (BES). Chemical Sciences, Geosciences & Biosciences Division (CSGB)

Notice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under Contract
No.DE-SC0012704 with the U.S. Department of Energy. The publisher by accepting the manuscript for publication
acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to
publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government

purposes.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or any
third party’s use or the results of such use of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



Elucidation of Marcus Relationships for Hydride Transfer Reactions

Involving Transition Metal Hydrides

Abhishek Kumar,* Mehmed Z. Ertem,”* Nilay Hazari,»* & Alexander J. M. Miller®*

2PDepartment of Chemistry, Yale University, P. O. Box 208107, New Haven, Connecticut,
06520, USA. E-mail: nilay.hazari@yale.edu

®Chemistry Division, Brookhaven National Laboratory, Upton, New York 11973, USA. E-
mail: mzertem@bnl.gov

‘Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill,
North Carolina 27599, USA. E-mail: ajmm@email.unc.edu

Abstract

The rate of hydride transfer from three Ir hydride complexes of the type Cp*Ir(Rbpy)H* (Cp*
= CsMes; Rbpy = 4,4'-R-2,2'-bipyridine, R = OMe, H, CO2Me,) to six N-methylacridinium
(RAcr") acceptors with electronically different substituents in the 2- and 2,7-positions were
measured. Using the thermodynamic hydricity of the donors and the hydride affinity of the
acceptors the thermodynamic driving forces for hydride transfer were determined. Bronsted
plots, which correlate kinetic and thermodynamic hydricity, demonstrate distinct linear free
energy relationships for each complex, with different Bronsted o values. Thus, at the same
driving force hydride transfer from Cp*Ir(®°bpy)H* is faster than for Cp*Ir(bpy)H* or
Cp*Ir(“OMeppy)H*. Experimental and computational analyses are consistent with a concerted
hydride transfer mechanism for all Ir complexes. As the thermodynamic driving force increases
an earlier transition state is observed and all transition states also include n-stacking
interactions between the donor and acceptor, which likely contribute to the different a values.
The experimental data fits well to the Marcus model, enabling the determination of
reorganization energies (1) that range from 58-69 kcal mol'!. These are lower than 4 values for
hydride transfer reactions involving organic donors and acceptors. This work provides a rare
example of the correlation of kinetic and thermodynamic hydricity using only experimental
data and shows that hydride transfer reactions involving metal hydrides can follow Marcus
theory. The findings offer insight into controlling metal-catalyzed hydride transfer reactions,
which is valuable for designing improved systems for a range of transformations.
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Introduction
Transition metal hydrides are key intermediates in a range of important catalytic
transformations! that have applications for the synthesis of fine and commodity chemicals,?
pharmaceuticals,>* monomers for polymerization,” and molecules for energy storage.’ The
transfer of a metal hydride to an organic substrate (Eq 1) is the turnover-limiting step in many
of these processes. Thus, developing fundamental understanding of this elementary process is
expected to aid the design of improved systems. Knowledge about hydride transfer from a
metal complex is also anticipated to benefit transformations that involve the microscopic
reverse process, the transfer of a hydride from an organic substrate to generate a metal hydride,
which is the turnover-limiting step in many dehydrogenation reactions.’

L,M—H + substrate == L,M" + H-substrate” (Eq 1)

Substrates include: CO,, olefins, ketones, N-heterocycles efc.
Many studies exploring hydride transfer reactions have focused on determining and
understanding thermodynamic hydricity (AG°n-), which is the free energy required for
heterolytic cleavage of a transition metal hydride bond (M-H) to generate a H- ion in solution.®
Thermodynamic hydricity is an effective tool for predicting the driving force of a hydride
transfer reaction. Emphasis has also been placed on measuring kinetic hydricity, which is the
elementary rate constant for a hydride transfer reaction (and is connected to the free energy of
activation, AG¥y-).8>8¢ Kinetic hydricity is important for predicting rates and often selectivity

in catalysis when hydride transfer is the turnover limiting step.

Linear free energy relationships (LFERs), which correlate thermodynamic and kinetic
parameters, have found extensive use in designing improved catalysts and understanding
elementary processes.” Marcus theory, which is commonly used to model the kinetics and
thermodynamics of electron,'® hydrogen atom,!! and group transfer!'? reactions is one of the
most powerful tools to understand LFERs. Apart from enabling predictions about the rates of
reactions, it has provided unprecedented insight into the nature of transition states,'® the

synchronicity of reactions,'# and the effect of solvent on reaction barriers.!'

Marcus theory can also be used to analyze LFERs for hydride transfer reactions between
organic hydride donors and acceptors.!¢ For example, Kreevoy and co-workers used Brensted
plots, which relate thermodynamic driving force (equilibrium constant) and rate constant, to
demonstrate that organic hydride transfer reactions followed a Marcus relationship.!6&:16¢-¢ Tn
reactions involving thirty-five structurally similar hydride donors and acceptors based on

pyridiniums, quiniliniums, acridiniums, and phenanthridiniums, they concluded that over a
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Figure 1: Selected previous examples of LFERs demonstrating that hydride transfer reactions between organic
hydride donors and acceptors can be analyzed using Marcus theory. a) Kreevoy et al.’s work showing a single
Marcus relationship for different donors and acceptors, and b) Lee er al.’s work showing different Marcus
relationships depending on the structure of the acceptor. *In the Brensted plots 4; is the elementary rate
constant for hydride transfer and Keq is the equilibrium constant for the hydride transfer reaction.

range of 26 In Keq units the rates of hydride transfer followed a single Marcus relationship.
Bronsted o values of 0.37-0.47 and reorganization energies () of 88-98 kcal mol™! (Figure 1a)
were determined in a highly polar 2-propanol and water (4:1, v/v) solvent mixture.'® This work
implies that, for the molecules studied, the rates of hydride transfer can be predicted based only
on the driving force and the exact structures of the donor and acceptor are unimportant. In
related work using benzimidazoline hydride donors and acridinium hydride acceptors, Lee et
al. observed three different parallel Marcus correlations rather than a single relationship
depending on the nature of the acceptor (Figure 1b). The A values ranged from 84.3-120.0 kcal
mol! in 2-propanol and water (4:1, v/v).!f Lee’s results indicate that the structure of the
hydride acceptor can impact the relationship between the rate and thermodynamic driving
force, but the reasons why variations in the structures caused different relationships were not

elucidated.

In recent work, Glusac and co-workers used Marcus theory to analyze hydride transfer

reactions between organic hydride donors, such as substituted 2,3-dihydrobenzimidazoles, and



CO,.'7 They proposed that the A values associated with these reactions (~70-74 kcal mol™! in
DMSO) would lead to prohibitively slow rates of hydride transfer in organocatalytic CO>
reduction. It was postulated the large self-exchange reorganization energies associated with the
2,3-dihydrobenzimidazoles caused the slow rates of hydride transfer and that systems with
lower self-exchange reorganization energies were required. Metal hydrides were identified as
donors that may have lower self-exchange reorganization energies.!’"!® However, experimental
information on A values for hydride transfer from metal complexes is limited. Further, directly
connecting LFERs from organic hydrides to transition metal hydrides is complicated because
they are often larger and there are more variations in electronic structure and mechanistic
pathways. For example, metal hydrides are more likely to participate in redox chemistry and
proceed via stepwise mechanisms involving electron transfer (ET) followed by hydrogen atom
transfer (HAT).!® Thus, explicit studies of Marcus parameters of hydride transfer reactions from

metal hydrides are necessary.

To date, there are a limited number of studies of hydride transfer reactions from metal
complexes that correlate the rate of hydride transfer with the thermodynamic hydricity of the
metal hydride to generate a LFER.?° These studies typically cannot be used to assess if hydride
transfer reactions follow Marcus theory due to limitations in the experimental data. For
example, we showed that in reactions between (Rbpy)Re(CO)sH (Rbpy = 4,4'-R-2,2'-bipyridine;
R = OMe, ‘Bu, Me, H, Br, COOMe, CF;) and 5 different hydride acceptors, the reactions were
sensitive to the steric properties of the acceptor (Figure 2a).2% This prevented accurate analysis
of the data using Marcus theory. Recently, Dixon, Wiedner et al. showed that AG* for the cross-
reaction between HRh(dmpe), and Ar.CO acceptors (determined based on catalytic turnover
frequencies) can be predicted from experimentally measured values of AG* for the H- self-
exchange reactions between HRh(dmpe)»/[Rh(dmpe).]" and [Ar,CHO]-/Ar,CO (Figure 2b).?!
This was the first example of the Marcus cross-relation being used for hydride transfer
reactions involving a metal hydride and a A value of ~80.0 kcal mol! was estimated.
Nevertheless, to our knowledge there are no stoichiometric studies that directly measure the
elementary rate constant for hydride transfer in a manner which allows modelling using Marcus
theory. Further, to assess the feasibility and limitations of the Marcus model for analyzing

hydride transfer reactions there is a need for more data across a range of driving forces.

In this work, we experimentally measure the rates of hydride transfer from three Ir complexes

of the form Cp*Ir(Rbpy)H" (Cp* = CsMes; R = OMe, H, CO;Me) to six 2- or 2,7-substituted
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Figure 2: Selected previous examples of LFERs between metal hydride donors and organic acceptors: a) Our
work showing a correlation between thermodynamic and kinetic hydricity. b) Dixon and Wiedner’s work
showing that catalytic turnover frequency (TOF) in ketone hydrogenation correlates with thermodynamic
hydricity and the TOF can be predicted using the Marcus cross-relation involving calculating self-exchange
rates. ¢) Summary of this work which develops LFERs for H- transfer reactions between sterically similar but
electronically diverse metal hydrides of type Cp*Ir(*bpy)H" and RAcr" acceptors. Each metal complex gives
a different LFER that can be independently modelled using Marcus theory.

acridinium salt acceptors. This enabled us to determine the rates of hydride transfer across a
driving force of approximately 10 kcal mol! (In Keq = ~ 7-22) without significantly altering
the steric properties of the substrates. Experimental and computational studies provide
evidence for a direct hydride transfer pathway instead of stepwise pathways involving initial
proton transfer (PT), ET, or HAT. Brensted plots reveal that hydride transfers from the three Ir
complexes follow different LFERs with Cp*Ir(bpy)H" and Cp*Ir(“**°bpy)H" giving slower
rates and similar o values (~0.5), while Cp*Ir(®Mbpy)H" gives faster rates and a lower o value
(~0.3). The LFERSs for each complex fit well to a Marcus model, which enables us to determine
A values ranging from 58-69 kcal mol™! for these reactions. The presence of subtle interactions
such as m-stacking between the donor and acceptor in the transition state structures for hydride
transfer is likely partially responsible for the differences in o and A. Overall, our results provide
one of the first demonstrations that Marcus theory can be used to model hydride transfer
reactions involving metal hydrides, but suggest that subtle structural variations influence
reaction rates. The fundamental information in this work provides guidelines on how to

modulate the rates of hydride transfer reactions, which is likely relevant to catalysis.



Results

Selection, Synthesis, and Characterization of Hydride Donors and Acceptors

We selected the known Ir hydrides, Cp*Ir(Rbpy)H* (R = OMe, H, COOMe), as our hydride
donors because it has been demonstrated that they participate in hydride transfer reactions??
and there is a significant change of 2.5 kcal mol™! in the thermodynamic hydricity of the
complexes as the substituents in the 4 and 4'-positions of the bpy ligand are varied (Table 1).
Further, the changes in thermodynamic hydricity that occur with different substituents in the 4
and 4'-positions of the bpy ligand are not expected to interfere with the steric properties around
the Ir center. Cp*Ir(®Mbpy)H" and Cp*Ir(bpy)H' were synthesized following literature
procedures,??%?3 while Cp*Ir(“©>ebpy)H" was prepared using a new route (Scheme S1). In all
cases the complexes were prepared with PF¢™ as the anion, because of its weakly coordinating
nature.?*

Table 1: Thermodynamic hydricities (in MeCN) of hydride donors and hydride affinities (the thermodynamic

hydricity of the conjugate hydride donor) of hydride acceptors used in this work.
Hydride Donors Hydride Acceptors

\‘ />_<Q ] I;FG' | R
i R'=H, R" = OMe (°MeAcr*)
- \“‘:"Ir\H R = OMe (Cp*Ir(°Meppy)H*) i 0 R'=H, R" = Me (MeAcr*)
J N ,!l H (Cp*Ir(bpy)H*) L/ N— R=HR=H (Acr*)
R //‘ CO,Me (Cp*Ir(CO2Meppy)H*): PRy R'=H, R" = Br (®"Acr*)
Q R'=H, R" = CF5 (CF3Acr*)
; R'=R" = Me (M2Acr)
| R
Hydride Donors Thermodynamic Hydricity (AGu— in keal mol!)?
Cp*Ir(®Mebpy)H" 61.1
Cp*Ir(fbpy)H" 62.0
Cp*Ir(“©Meppy)H* 63.6
Hydride Acceptors Hydride Affinity (AGn— in kcal mol!)?
(Me)2 A o 67.5
OMe A cr* 68.2
MeAcr* 68.8
Acr* 70.0
Bracrt 72.3
CBAcrt 74.4

*The error on thermodynamic hydricity and affinity values is estimated to be =1 kcal mol™.

The weakest hydride donor in our series is Cp*Ir(“©*°bpy)H" with a thermodynamic hydricity
of 63.6 kcal mol'! in acetonitrile (MeCN).2¢ Thus, to ensure that hydride transfer reactions
from all our Cp*Ir(Rbpy)H" complexes were thermodynamically favorable, we needed to use a
family of hydride acceptors with hydride affinities greater than 63.6 kcal mol! in MeCN. (The
hydride affinity is the thermodynamic hydricity of the conjugate hydride donor.) Previously, it
was reported that N-methylacridinium (Acr") has a hydride affinity of 70.0 kcal mol.%
Therefore, hydride transfer from Cp*Ir(“9?Mebpy)H" to Acr" is estimated to be 6.4 kcal mol!

downhill in MeCN. Apart from meeting our thermodynamic requirement, Acr” is an attractive
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hydride acceptor because both it and its conjugate hydride donor, N-methylacridine (AcrH),
have been utilized extensively in organic hydride transfer reactions.'®®!¢16i Further, we
hypothesized that we could generate a family of N-methylacridiniums with different hydride
affinities, without significant variation in steric profile, by adding substituents in the 2 and/or
7-positions of Acr®. Using modified literature procedures?® we synthesized a family of 2-
substituted N-methylacridiniums (RAcr*; R = CF3, Br, Me, or OMe) as PFs salts and a N-
methylacridinium with methyl substituents in the 2 and 7-positions (M®?Acr") (Scheme S2).
We also synthesized the corresponding N-methylacridines (RAcrH, see Section SII in the SI),

which are the expected products of hydride transfer to RAcr®.

To determine the hydride affinities of our series of substituted ®Acr" acceptors, we used
equilibrium exchange measurements. Specifically, starting with unsubstituted Acr*, which has
a known thermodynamic hydricity as a benchmark,® we measured the equilibrium constant for
hydride transfer when AcrH was treated with a substituted RAcr' in MeCN (see Figure 3 for a
generic representation of the equilibrium exchange reaction). Using the value of the
equilibrium constant determined by NMR spectroscopy and the known thermodynamic

hydricity of AcrH, the hydride affinity of the RAcr" could be determined (see Section SIIT).

- - R -
| RelRs
N+ oN— === { en— + N—
H pE;  MeCN pr- H
R R" K -

(Me)2AcrH
OMep o1 +0.602 (0.36)
MeAcrH }+1.30 (0.11)
+2.30 —1.24l +1.20
0.02 8.25)| |(0.13
Hacrd (0.02)  (8.25)] [(0.13)
—2.25| [ +2.30
(45.7)| (0.02)
BracrH
-2.10
(34.5)
CR3acrH

Figure 3: Experimentally determined relative free energies (in red) for hydride transfer between different
RAcr' acceptors and RAcrH donors in MeCN. The free energies were determined from the equilibrium
constants, which were measured using NMR spectroscopy and are shown in pink in parentheses. Vertical
arrows show the direction of established equilibria. The errors on the values are estimated to be £1 kcal mol
!, Given that unsubstituted AcrH has a known thermodynamic hydricity it was possible to use these relative
free energies to determine the thermodynamic hydricity of all substituted acridines (RAcrH) studied in this
work (see Table 1).



Once the hydride affinity of a new RAcr" was established, it could be used to determine the
thermodynamic hydricity of a R®AcrH with different substituents. Figure 3 shows the
equilibrium constants and corresponding relative free energies for hydride exchange measured
for our series of RAcr* acceptors. In some cases, equilibrium constants were measured in both
directions to ensure accurate values. The hydride affinities for our full series of ®Acr* range
from 67.5 kcal mol™! for M2Acr* to 74.4 kcal mol™! for “F*Acr* (Table 1). This indicates that
hydride transfer to more electron deficient “¥3Acr* will be more thermodynamically favorable
than to electron rich M®2Acr’. Combining our Ir hydride donors with our acridinium hydride
acceptors the range of driving forces for hydride transfer is between 3.9 and 13.3 kcal mol!.
Hence, our series of compounds provides a variety of driving forces for hydride transfer, while

maintaining a similar steric profile.

Experimental Measurements of Hydride Transfer Rates and Correlation Between Kinetic and

Thermodynamic Hydricity

Initial experiments between complexes of the type Cp*Ir(Rbpy)H" and the unsubstituted
acceptor Acr” in MeCN showed that hydride transfer to form Cp*Ir(Rbpy)(MeCN)?** and AcrH
was quantitative and rapid. Due to the fast rates of these reactions, we elucidated the kinetics
of hydride transfer using a stopped-flow instrument with a UV-Vis detector. As expected, the
reactions are first-order in [Cp*Ir(*bpy)H'] and [Acr'] giving an overall rate law of
k[Cp*Ir(Rbpy)H"][Acr'] (Figures S40-S45). The rate constants follow the thermodynamic
favorability of the reactions. Hydride transfer from the electron-rich hydride, Cp*Ir(®™¢bpy)H",

Table 2: Rate constants for hydride transfer from Cp*Ir(®bpy)H" (R = OMe, H, and CO:Me) and RAcr*
acceptors (R = Mez, OMe, Me, H, Br and CF3) in MeCN at 303 K under Na.

\‘ >/_<L _IF PF6 13
|

N ‘ + 74 CSN* H_transfer SV 'ir\ +
% PFg R%
s s
R
-
RAert ki (M 1shy?
= Cp*Ir(®™bpy)H"  Cp*Ir(bpy)H" Cp*Ir(“**bpy)H"
CF3 1.3 x10° 1.2x10° 1.4x 10
Br 8.5x10° 6.1x10* 3.8x10°
H 1.4x10° 7.1x10° 2.2x10?
Me 8.7 x 10* 22x10° 6.7 x 10!
(Me) 5.8 x 10* 6.2 x 102 47x 10!
OMe 3.6 x 10* 5.8x 107 Not determined®

*The errors associated with the k; values are £5%.°We were unable to experimentally determine the rate of
hydride transfer from Cp*Ir(“©?Mebpy)H" to “M°Acr* because the rate was so slow that side decomposition
reactions occurred.



which is the most thermodynamically favorable reaction (AG = —8.9 kcal mol!), was
significantly faster than from the unsubstituted hydride, Cp*Ir(bpy)H" (AG = —8.0 kcal mol!),
which in turn gave a faster rate than the electron withdrawing hydride Cp*Ir(“°?M¢bpy)H" (AG
= —6.4 kcal mol!) (Table 2). The large differences in rates (three orders of magnitude) as the
electronic properties of the metal hydride are changed are consistent with previous observations

in the literature for hydride transfer reactions.?0020¢.26

To gain further insight into the hydride transfer reactions, the activation parameters for hydride
transfer from Cp*Ir(Rbpy)H" to Acr* were determined using Eyring analysis (Figures S46-S48
and Table 3). Consistent with a second-order reaction in which two molecules are combining
to form one molecule in the transition state, the entropies of activation are large and negative.
The activation entropies are not all the same, however, with the activation entropy for hydride
transfer from Cp*Ir(®°bpy)H" surprisingly being almost 10 cal mol! K- less negative
compared to Cp*Ir(bpy)H" or Cp*Ir(““*Mebpy)H'. The activation enthalpy for
Cp*Ir(®Mebpy)H" is similar to that for Cp*Ir(bpy)H" (3.4 kcal mol™!), but both are lower than
for Cp*Ir(“O*Mebpy)H* (4.7 kcal mol™).

Table 3: Activation parameters for hydride transfer from Cp*Ir(*bpy)H" (R = OMe, H, and CO2Me) to the
unsubstituted acceptor, Acr, in MeCN at 303 K.

Complex AH* (kcal mol'!)  AS*(cal mol! K!') AG*303 (keal mol™)
Cp*Ir(“Vebpy)H* 35404 218421 102+1.0
Cp*Ir(bpy)H" 34403 29.6+2.9 124412
Cp*Ir(COMebpy)H* 47+0.5 31.7+3.1 143+14

*The errors associated with the k; values are £5%.
To complement our experiments varying the electronic properties of the hydride donor, we next
determined the kinetics of hydride transfer from Cp*Ir(Rbpy)H" to our full series of hydride
acceptors (RAcr") with different electronic properties. For all three Ir complexes, the same trend
was observed. Hydride transfer to more electron-deficient hydride acceptors, for example
CESAcr”, is significantly faster than hydride transfer to more electron-rich hydride acceptors,
for example M®?Acr* (Table 2). This follows expected trends based on the thermodynamic
favorability of the hydride transfer reaction and suggests a correlation between kinetic and

thermodynamic hydricity.

We constructed a Brensted plot of In(Keq) vs. In(k1), where Keq is the equilibrium constant for
hydride transfer derived from the experimental thermodynamic hydricity of the Ir hydrides and
the hydride affinity of the acridinium acceptors and 4 is the rate constant for hydride transfer
at 303 K in MeCN (Figure 4a). For all three Ir complexes, a clear correlation was observed

between the thermodynamic driving force and the rate of the reaction, but the correlation was
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Figure 4: Bronsted plot for H™ transfer from all three Cp*Ir(*bpy)H" (R = OMe, H, and CO2Me) hydride
donors to the series of acridinium acceptors *Acr” (R = (Me)2, OMe, Me, H, Br, and CF3). a) Trendlines drawn
for the three Ir hydride donors and b) trendlines drawn for the *Acr* hydride acceptors. The same data is used
in a and b. Reactions conditions: Cp*Ir(*bpy)H" = RAcr* = 0.44 mM at 303 K in MeCN under N.

different for all three complexes. Thus, different reaction rates were observed for hydride
transfer reactions at the same specific driving force for hydride transfer. For example, at a
driving force of 7.2 kcal mol™! (In(Keq) = 12) the rate of hydride transfer from Cp*Ir(®°bpy)H"
to Acr” was approximately 26 times faster than for hydride transfer from Cp*Ir(bpy)H' to
MeAcr*. This indicates that thermodynamic driving force is not the only factor in determining
the rate of hydride transfer and the structure of the Ir complex is important. The difference in
rates as a function of driving force is smaller for Cp*Ir(bpy)H" compared to
Cp*Ir(“©Mebpy)H". At a driving force of 7.2 kcal mol! (In(Keq) = 12), Cp*Ir(bpy)H" only
transfers a hydride ~4 times faster than Cp*Ir(““*¢bpy)H". Further, there are differences in
the slopes of the Bransted plots between the three complexes. An a value of 0.33 was observed
for Cp*Ir(®Mebpy)H*, compared to values of 0.51 and 0.58 for Cp*Ir(bpy)H' and
Cp*Ir(“©Mebpy)H", respectively. Consequently, as the driving force increases, the difference
in rates between Cp*Ir(®Mebpy)H", Cp*Ir(bpy)H" and Cp*Ir(“O*Mebpy)H* become smaller. One
possible explanation for the differences in o values between Cp*Ir(®M¢bpy)H" and
Cp*Ir(bpy)H" and Cp*Ir(““*°bpy)H" is that the hydride transfer reaction proceeds via
different mechanisms. The pathway for hydride transfer is explored further using a combination

of experimental and theoretical methods in subsequent sections.

The data from Figure 4a is represented in a different manner in Figure 4b, where instead of
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trendlines being included for each Ir complex, trendlines are shown for each acridinium (RAcr)
acceptor. Although each line only contains three points, which limits analysis, the linear
correlations are relatively strong. Each RAcr" acceptor gives a distinct correlation with the
series of Ir complexes, indicating that the rate depends on the structure of the acceptor and not
just the driving force of the reaction. At the same driving force more electron rich RAcr*
acceptors give faster rates of hydride transfer. Additionally, as the RAcr" acceptor becomes less
electron-deficient the slope of the correlation decreases markedly. Hence, for the most electron
rich acceptor for which we have three data points, M9?Acr”, the slope is 1.40, whereas for the

least electron rich acceptor, “F*Acr”, the slope is 1.02.

Kinetic Isotope Effects Associated with Hydride Transfer

Kinetic isotope effects (KIEs) provide valuable information about the mechanism of hydride
transfer reactions.?’>?” To search for any possible change in mechanism and analyze trends in
driving force, we synthesized complexes of the type Cp*Ir(Rbpy)D" (see Section SVIII) and
measured the KIE (kn/kp) for hydride transfer to several different acridinium acceptors. Table
4 collects three sets of KIE measurements at three different driving forces. Within each set of
measurements, each of the three Ir hydride complexes is paired with an appropriate organic
acceptor to achieve the desired driving force. Two trends are apparent in Table 4: (i) although
the KIE values are similar at a given driving force, the most hydridic Ir hydride complex
Cp*Ir(®ebpy)H" has a slightly larger KIE in all cases (e.g. 1.3 vs 0.82 vs. 0.92 for a driving
force of ca. 6.3 kcal mol!, entries 1-3); (ii) the KIE values for all complexes increase as the

driving force increases. However, the magnitude of the change in KIE as a function of driving

Table 4: Experimentally determined KIE values and thermodynamic driving forces for hydride transfer
reaction between Cp*Ir(*bpy)H" (R = OMe, H, and CO:Me) and selected RAcr* acceptors (R = Me2, Me, OMe,
H, Br and CF3) in MeCN at 303 K under Na.

Entry  Hydride donor = Hydride acceptor Thermodynamic KIE (kn/kp)®
driving force (kcal mol™)?
1 Cp*Ir(COMeppy)H* Acr® 6.4 0.92
2 Cp*Ir(bpy)H" OMepcrt 6.2 0.82
3 Cp*Ir(®Mebpy)H" M2 Acrt 6.4 1.3
4 Cp*Ir(COMeppy)H* Bracrt 8.6 0.99
5 Cp*Ir(bpy)H" Acr® 8 1.08
6 Cp*Ir(®Mebpy)H" Acr? 8.8 1.7
7 Cp*Ir(COMeppy)H* CEBAcrt 10.7 1.13
8 Cp*Ir(bpy)H" Bracr® 10.2 1.74
9 Cp*Ir(®Mebpy)H* Bracrt 11.4 2.1

*Determined by comparing the thermodynamic hydricity of the Ir complex with the hydride affinity of the
acridinium acceptor. "The errors associated with the values are £5%.
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force varied significantly across the series of complexes. For Cp*Ir(“©*M¢bpy)H*, the KIE only
increased by 0.21 as the driving force was increased, whereas for Cp*Ir(bpy)H", and

Cp*Ir(®Mebpy)H", the KIEs increased by approximately 0.8.

Elucidation of the Pathway for Hydride Transfer

Hydride transfer can occur via a direct concerted mechanism, or via other pathways that involve
initial ET, PT, or HAT (Figure 5). Although, it is hard to obtain direct experimental evidence
for a concerted hydride transfer, it is possible to perform experiments that eliminate pathways
involving initial ET or PT for hydride transfer. To investigate a pathway involving initial ET
(Figure 5b), cyclic voltammograms of all the Cp*Ir(Rbpy)H" donors and RAcr* acceptors were
recorded in MeCN using 0.1 M tetrabutylammonium hexafluorophosphate as an electrolyte
(see Section SIX). The thermodynamic driving forces associated with electron transfer (AG°gr)
from Cp*Ir(Rbpy)H" to RAcr" acceptors were calculated based on the potentials corresponding
to oxidation of the hydride donor and reduction of the acridinium acceptors (as tabulated in
Table S2).2® The thermodynamic driving forces for electron transfer (AG°gr) ranged from 20.5
to 33.9 kcal mol™! which were similar to those obtained from calculations (see Table 5 for Acr®
and Table S2 for other acceptors). Given that Eyring analysis indicated that the activation
energies for hydride transfer to Acr* ranged from 10-14 kcal mol™! (vide supra and Table 5), an
initial step involving ET can be ruled out as the experimentally observed barriers are lower
than would be required for a barrierless ET process (20.5 kcal mol™!).

a) Direct concerted hydride transfer

Cp*Ir(Ropy)H* + Racr —H L > [Cp*Ir(Rbpy)*-—-H-—-RAcr*]} —— > Cp*Ir(Rbpy)(MeCN)Z* + RAcrH

MeCN
b) Initial ET followed by subsequent PT ET or HAT
PT ET
Cp*Ir(Rbpy)H* + RAcr —EL > Cp*Ir(Ropy)HZ* + RAcr ML, Cp*Ir(Ropy)(MeCN)?* + RAcrH
MeCN
c) Initial PT followed by successive ET ET
PT ET ET
Cp*Ir(Ropy)H* + RAcr* ——— Cp*Ir(Rbpy) + RAcrHZ* ——>5. Cp*Ir(Rbpy)(MeCN)?* + RAcrH
MeCN

d) Initial HAT followed by ET

HAT

Cp*Ir(Ropy)H* + RAcrt 25 Cp*Ir(Ropy)*+ RAcrH* _ET Cp*Ir(Ropy)(MeCN)?* + RAcrH

MeCN
Figure 5: Possible pathways for hydride transfer from Cp*Ir(*bpy)H" to RAcr" acceptors.

Next, we investigated the possibility of pathways involving initial PT from Cp*Ir(Rbpy)H" to
Acr” (Figure 5¢). Previously, Miller and co-workers determined that complexes of the type
Cp*Ir(Rbpy)H" have pK, values between 16-24 in MeCN.?2¢ We determined that the pK, of the
conjugate acid of the unsubstituted acridinium acceptor (Acr”) is less than <1.8 in MeCN (see

Section SIX). Based on these pKa values, the free energies for PT (AG®pt) from the Ir hydrides

12



to the acridinium acceptor were determined to be significantly uphill (AG®°pr > 19.7 kcal mol!,
see Table 5). Given the activation energies for the overall hydride transfer are lower than 19.7
kcal mol™!, pathways involving initial PT can be ruled out, consistent with the computationally

determined free energy change values for PT (Table 5 and Tables S3-S4).

Table 5: Experimentally and computationally determined free energies (AG* and AG®) for different elementary
steps associated with hydride transfer from Cp*Ir(*bpy)H" to Acr*. The values presented in parentheses are
computationally determined using the MN15/def2-TZVP level of theory with the SMD continuum solvation
model for MeCN.

Hydride donors AG*ar AG°Er AG®pr AG®uar
(kcal mol™) (kcal mol ™) (kcal mol™)  (kcal mol™)
Cp*Ir(™bpy)H' 102+ 1.0 (11.6) 246(285)  >34.6(309) 27.0)
Cp*Ir(bpy)H" 124+12(11.7) 27.7(302)  >29.7(73.1) (25.7)

Cp*Ir(COMebpy)H' 143 + 1.4 (13.3) 32.1(324)  >19.7(62.7) (22.8)

A pathway involving initial HAT from Cp*Ir(*bpy)H* would result in the formation of
Cp*Ir(*bpy)" (Figure 5d). In principle, if we could experimentally determine the bond
dissociation free energy (BDFE) of the Ir-H bond in Cp*Ir(Rbpy)H", we could eliminate this
pathway if the BDFE was greater than the activation energy for hydride transfer. Unfortunately,
due to the instability of Cp*Ir(Rbpy)*, we were unable to determine BDFEs experimentally.
Therefore, we used theoretical calculations to estimate the thermodynamics associated with an
HAT pathway. To ensure the accuracy of our calculations, three different computational
approaches were utilized. Here, we present the results from calculations at the MN15/def2-
TZVP level with the SMD continuum solvation model for MeCN following geometry
optimizations at the B3LYP-D3BJ level of theory in vacuum unless noted otherwise (see
Section SXV). The calculations demonstrate that initial HAT (AG°uar) is thermodynamically
uphill by values ranging from 22.8 to 27.0 kcal mol! (see Table 5 for results with Acr™ and
Table S5 for results with other acceptors), again suggesting that this is not a valid pathway for
the hydride transfer reactions because even a barrierless HAT reaction would incur a higher

activation energy than was experimentally observed.

The elimination of pathways involving initial PT, ET, or HAT, suggests that the hydride transfer
reactions from Cp*Ir(Rbpy)H" to RAcr" are proceeding via direct hydride transfer. Therefore,
we initially calculated the transition state structures and energies for direct hydride transfer
from Cp*Ir(Rbpy)H" to Acr' (Table 5). Good agreement was observed between the calculated
and experimental activation energies, providing further support to the hypothesis that these
reactions proceed via a single concerted step. The structures of the transitions state are shown
in Figure 6, with selected geometrical parameters listed in Table 6. In all cases there is a clear

interaction between the Ir hydride and the hydridophilic carbon center of the Acr” acceptor in
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Figure 6: a) Calculated transition state structures for direct hydride transfer from Cp*Ir(*bpy)H" to Acr™.
The structures clearly show the interaction between the Ir center, the hydride and the hydridophilic carbon
of Acr”. b) Image showing the 7—= stacking in the transition state for hydride transfer from Cp*Ir(bpy)H" to
Acr®. ¢) Schematic showing the offset, defined as the slip angle, between the aromatic rings involved in 71—
w stacking.

the transition state. The Ir—H bond distance in the transition state (1.713-1.761 A) is elongated
relative to the Ir—H bond distance in Cp*Ir(Rbpy)H" (1.600-1.602 A). One apparent trend is a
shorter Ir—H distance in the transition state structure for stronger hydride donors. For example,
the Ir—H bond distance in Cp*Ir(®™¢bpy)H*, 1.713 A, is slightly shorter than the distance in
Cp*Ir(bpy)H", 1.733 A, which is in turn shorter than the distance in Cp*Ir(“°*Mebpy)H, 1.761
A. There are even larger differences in the distances between the Ir—H and the incoming carbon
atom of Acr’, which reflects the degree of formation of the new Caea—H bond. For
Cp*Ir(®Mebpy)H*, the distance, 1.497 A, is longer than for Cp*Ir(bpy)H", 1.430 A, and
Cp*Ir(“°>Mebpy)H, 1.406 A.

To gain more insight into the nature of the transition states, we used the Intrinsic Bond Strength
Index (IBSI)® to evaluate the percentage of bond cleavage of the Ir-H bond and bond

formation of the Cac—H bond in the transition state for a reaction between Cp*Ir(Rbpy)H"* and
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Acr” (Table 6). The data clearly shows that there is less Ir-H bond cleavage and less Cae—H
bond formation for Cp*Ir(®Mebpy)H" and more Ir-H bond cleavage and more Cae—H bond
formation for Cp*Ir(““*M¢bpy)H". This indicates a later transition state for hydride transfer
from Cp*Ir(“©*ebpy)H" with a stronger interaction between the hydride and hydridophilic
carbon of Acr” (Cacr), consistent with the observed Ir—H and Cas—H bond distances in the
transition state. For all RAcr" acceptors, theoretical calculations indicate an earlier transition
state, as measured by Ir-H bond distances and the IBSI, for more thermodynamically favored

reactions (Table S19).

Table 6: Geometrical parameters of calculated transition state structures for direct hydride transfer from
Cp*Ir(*bpy)H" to Acr”.
Hydride donor  Bond distances (A) Intrinsic bond strength index dx— (A)® Slip angle

(%)* ©
Ir-H : Caa—H Ir-H i Cac—H
Cp*Ir(®Mebpy)H* 1.663 1.639 20.7 423 3.251 21.39
Cp*Ir(bpy)H" 1.683 1.594 23.8 49.1 3.269 21.14
Cp*Ir(“°™Meppy)H"  1.710 1.512 28.9 51.8 3.220 23.22

4Intrinsic bond strength index values are used to calculate the bond cleavage percentage of the Ir-H bond and
bond formation percentage of the Cac—H bond in the transition state structure. °dz—« (A) is the distance between
the m—planes of bpy and Acr” in the transition state structure. °Slip angle (°) is the angle between the ring vector
joining the centroids of two aromatic rings of bpy and Acr” and the ring normal to one of the aromatic rings of
bpy (see Figure 6¢).

A feature of the transition state structures for hydride transfer from Cp*Ir(*bpy)H" to Acr” is
the presence of clear m—r stacking interactions between one of the aromatic rings of bpy in
Cp*Ir(Rbpy)H" and one of the aromatic rings in Acr” (Figure 6b). The average distance between
the planes containing the bpy and Acr” aromatic systems (dx_r) is ~3.25 A, which is consistent
with previous reports of 7 stacking (Table 6).>° The distance between the rings is similar for all
three hydride donors, with no trend based on the substituents. An attribute of the n—m stacking
is that the centroids in the aromatic rings in bpy and Acr” do not align directly, which is similar
to what has been observed in many other systems with n—n stacking.>® The degree of the offset,
defined as the slip angle, can be quantified by measuring the angle between the ring vector
between the centroids of the two rings and the normal from the centroid of the one of the rings
(Figure 6c¢). The slip angles for all three complexes are between 21-23° suggesting that the

nature of the hydride donor does not impact the relative orientation of the bpy and Acr” rings.

When the full set of RAcr" acceptors is considered, theoretical calculations exhibit excellent
correlation with the experimental measurements for the trends in the thermodynamic
hydricities as revealed by the Bronsted plot of In(Keq) vs. In(k1), where Keq is the equilibrium
constant for the hydride transfer reaction derived from computed relative hydricities of

Cp*Ir(*bpy)H" complexes and RAcr" acceptors and ki is the experimental rate constant for
p P
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hydride transfer reaction (Figures S69-S71). These Bronsted plots exhibit essentially the same
slopes (Figure S72-S74) as those derived from experimental thermodynamic hydricities
(Figure 4) indicating the accurate computational prediction of the relative thermodynamic
hydricities. We conclude from this observation that thermodynamic hydricity values reported
in the literature??® for Cp*Ir(Rbpy)H" and determined in this work for RAcr" acceptors are likely

accurate.

For kinetic hydricities, the calculations reproduce the observed patterns when a Cp*Ir(*bpy)H*
complex is changed for a given RAcr" acceptor, i.e. Cp*Ir(®™°bpy)H"* reacts faster than
Cp*Ir(bpy)H" and Cp*Ir(“©*Mebpy)H" (Table S14). However, there is significant scatter in the
calculated activation energies when the ®Acr* acceptors are varied for a given Cp*Ir(Rbpy)H"
complex, i.e. for Cp*Ir(®™°bpy)H" the rate of hydride transfer to McAcr" is predicted to be
approximately the same as for B'Acr*. This results in different slopes compared to the
experimental Bronsted plots when calculated activation energies are plotted against calculated
thermodynamic driving force. To evaluate if these discrepancies arise due to shortcomings with
the selected levels of DFT, we carried out further calculations at the DLPNO-CCSD(T) level
of theory (see Section SXV). Similar results with scattered activation free energies were
observed (Tables S17-S18). Surprisingly, the computed activation free energies in vacuum at
all levels of theories provided much improved correlation with the trends observed for
experimental rates even partially reproducing the trends in the slopes of Brensted plots (Figure
S81-S84). Although in vacuum the absolute values of activation free energies differ
significantly from the experimental measurements (Tables S15-S16), this observation indicates
that they provide better prediction for the trends in experimental rates compared to those
computed using continuum solvation models. These results also suggest that the discrepancy
in the correlation of computed activation free energies and the experimental rates originates
from accounting for bulk solvation effects using continuum models rather than the level of

theories applied in the present work.

Application of Marcus Theory to Hydride Transfer from Cp*Ir(Rbpy)H" to Acr”*

Given that our experimental and computational results indicate that hydride transfer from
Cp*Ir(Rbpy)H" to acridinium acceptors proceeds through a single concerted step, we fitted the
data in the Brensted plot (Figure 4a) for each metal hydride donor (Cp*Ir(*bpy)H'; R = OMe,
H, and CO;Me) to the Marcus relation. Specifically, we used Eq 2, which has previously been

used to model hydride transfer reactions involving organic donors and acceptors:!’
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where ki is the rate constant for hydride transfer, kg is the Boltzmann constant, 7 is the
temperature, /4 is Planck’s constant, /7" is the standard free energy required to bring the reactants
together to form a precursor complex (the electrostatic work term), R is the gas constant, 1 is
the reorganization energy, and Keq is the equilibrium constant for the hydride transfer reaction.
It has previously been demonstrated that A values are highly sensitive to the value of W in
hydride transfer reactions involving organic substrates.!®*! Given our relatively small data
sets, we did not want to treat both /" and 4 as variables in Eq 2. Therefore, a previously
described method,*? which required experimental data on the solid-state structures of
Cp*Ir(bpy)H" and Acr*, was used to estimate a " value of 0.23 kcal mol™! for a representative
hydride transfer reaction between Cp*Ir(bpy)H" and Acr” (see Section SXII). The data sets for
hydride transfer from Cp*Ir(®¢bpy)H", Cp*Ir(bpy)H", and Cp*Ir(“**°bpy)H" to Acr’ were
then all fitted to Eq 2 using 0.23 kcal mol™! as the W value (Figure 7). The fits for Cp*Ir(bpy)H"
and Cp*Ir(“©*Mebpy)H" are excellent, while the fit for Cp*Ir(®Mbpy)H" is slightly worse. The
A values for H™ transfer were estimated to be approximately 58, 65, and 69 kcal mol! for
hydride transfer from Cp*Ir(®M¢bpy)H*, Cp*Ir(bpy)H", and Cp*Ir(“O*Mebpy)H*, respectively.
When the value of W is increased, the value of 4 decreases, but the trends between compounds
remain the same, so Cp*Ir(®°bpy)H" gives lower A values than Cp*Ir(bpy)H', and
Cp*Ir(““>ebpy)H". Further, the absolute change in A is relatively small as W is varied. For
example, when a W value of 2.5 kcal mol™! is used for Cp*Ir(®ebpy)H", 1 is predicted to be
48 kcal mol!. In this case, there is a slightly better fit of the data to Eq 2 (Figure S66),

suggesting that the estimated value of " 0.23 kcal mol™! may be an underestimate. In contrast,

16
B Cp*Ir(OMepbpy)H*
14 | M Cp*lr(bpy)H*
H Cp*Ir(CO2Meppy)H*
12 |
(Me)2A0r+. CF3ACK
)ﬁ10 7
84
OMeAcr,
o + Cp*Ir(Rbpy)H* ? Goodness
6 1 erAcr ™ R= (kcal mol") of fit
OMe ~58 0.79
4 | mMeAcrt H ~65 0.95
Me2ZAcr CO,Me ~69 0.94
6 8 10 12 14 16 18 20 22
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Figure 7: Marcus fits for H™ transfer from Cp*Ir(®bpy)H" (R = OMe, H, and CO2Me) hydride donors to
acridinium acceptors ®*Acr” (R = (Me)2, OMe, Me, H, Br, and CF3). All the data were fitted to the Marcus
relation shown in Eq 2 with W = 0.23 kcal mol™..
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the fits for Cp*Ir(bpy)H" and Cp*Ir(“©*Mebpy)H" are worse when a value for W of 2.5 kcal
mol! is used, suggesting that a lower estimate of W is better for these systems. This indicates
that even if the values of W are different for all three complexes, the trend of Cp*Ir(®Mebpy)H*
giving a lower A values than Cp*Ir(bpy)H" and Cp*Ir(“©*Mebpy)H" is likely correct. We also
estimated " computationally for the reactions of Acr® with Cp*Ir(*bpy)H but using these
values gave worse fits to Eq 2, and consequently this approach was not pursued further (Table

S21).

In outer sphere electron transfer reactions A has been estimated computationally using Eq 3:10-33
A=A + A5 (Eq 3)
where Ai,s accounts for the internal molecular structural changes, and A accounts for the solvent
reorganization energy. To support the values derived from experimental data, we determined 4
computationally by performing geometry optimizations at the r2-SCAN-3c¢ level of theory** in
vacuum, followed by single point calculations at the B3LYP-D3BJ level in conjunction with
the CPCM solvation model®> for a reaction between Cp*Ir(bpy)H" and Acr* (Eq S8). A
modified version of the four-point scheme for electron transfer® was used to calculate that A
is 37.2 kcal mol! and a two-sphere model'® applied for As, which yielded estimated values
between 9-19 kcal mol! depending on the assigned value for the separation distance between
Cp*Ir(bpy)H" and Acr® (5 A to 7 A) (Table S20). This leads to a calculated A value of
approximately 58-68 kcal mol! (with the inclusion of the free energy of solvent coordination
to the metal center after hydride transfer, AG = —10.6 kcal mol!; Figure S85)°7 suggesting that
we have a solid model, given the inherent challenges associated with calculating A*® and the
sensitivity of A to . We note that as we contract the separation distance between the spheres
representing Cp*Ir(bpy)H" and Acr” in the the two sphere model, the A; value approaches zero
and the variation in distance is the source of the large uncertainty in the estimation (Table S20).
To gain further insight about 4, we developed models of reactant and product complexes in the
presence of sixty explicit solvent molecules (Figure S85) and estimated a 4, value of 3.7 kcal
mol™! and a i, value of 48.8 kcal mol! (excluding explicit solvent molecules and including the
free energy of solvent binding after hydride transfer). This yields a calculated 4 of ~53 kcal
mol! for A, which is in reasonable agreement with experiment and our computational model
without explicit solvent molecules. The relatively small magnitude of 4, compared to Ain is in

line with the inner-sphere nature of the hydride transfer reaction.

18



Discussion

Correlation Between Thermodynamic Driving Force and Kinetics of Hydride Transfer

In this work, we have completed the first correlations between kinetic and thermodynamic
hydricity for a metal complex using only experimental data. 1t is challenging to perform this
type of study because both kinetic and thermodynamic hydricity are difficult to measure.®® For
example, to determine kinetic hydricity, it is necessary to find synthetically accessible, tunable,
and stable hydride donors and acceptors that undergo clean hydride transfer reactions at rates
that can be measured spectroscopically. Further, to correlate kinetic and thermodynamic
hydricity successfully across a range of complexes, all measurements must be performed in the
same solvent and the electronic properties of the donor and acceptor need to be modified
without varying the steric properties.?’® Using Cp*Ir(Rbpy)H" type hydride donors and ®*Acr*

as hydride acceptors, which are both stable in MeCN, we have met these demanding criteria.

An initial analysis of the relationship between kinetic and thermodynamic hydricity for hydride
transfer from Cp*Ir(Rbpy)H"* to RAcr was conducted using plots of In(ki) vs In(Keq). These
Bronsted plots can be analyzed without knowledge of the detailed mechanism of hydride
transfer, and it is valuable to probe the relationship in this way before introducing mechanism-
dependent Marcus analysis. In our case, Brensted plots clearly show that there are LFERs
between thermodynamic driving force and the rate of hydride transfer between Cp*Ir(*bpy)H*
and the acridinium acceptors (RAcr") with the rate of hydride transfer increasing as the
thermodynamic driving force of the reaction increases (Figure 4). A surprising finding is
immediately apparent from Figure 4: our data reveals that each individual Cp*Ir(Rbpy)H"
complex follows its own LFER, rather than all combinations of metal hydride and organic
acceptors obeying the same relationship. For example, we observe that at the same driving
force hydride transfer reactions involving an Ir complex with a more electron rich bpy ligand,

Cp*Ir(®Mebpy)H", occurs significantly faster than those with less electron rich bpy ligands.

Our distinct LFERs stand in contrast to the seminal results from Kreevoy for organic hydride

donors and acceptors, !¢

which suggest that rates for a wide range of organic hydride donors
and acceptors depend only on the thermodynamic driving force (Figure 1a). Instead, our results
are most consistent with Lee et al.’s work for hydride transfer for organic systems (Figure
1b),'%" which show different LFERs depending on the structure of the acceptor and donor, but
that a given donor will display an LFER with a group of acceptors. However, further analysis
of Kreevoy’s data reveal that the fits for a single donor with a set of acceptors are better than

for all donors (Figures S67-S68) and it is likely because the data set is so wide that the scatter
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for structurally different donors is less apparent. Hence, the trends we observe are also captured
in Kreevoy’s work and it is likely always the case that structurally similar donors and acceptors

give better correlations.

Analysis of the LFERs for the three different Ir hydride donors reveals a less steep Bronsted
slope (a = ~0.3) for Cp*Ir(®Mebpy)H" compared to either Cp*Ir(Rbpy)H* (R = H and CO,Me)
(o = ~0.5). This indicates that a greater change in thermodynamic hydricity is required to
accelerate the rate of hydride transfer from Cp*Ir(®™bpy)H* compared to Cp*Ir(Rbpy)H" (R =
H and CO:;Me). The observed a values are within the range observed for hydride transfer
between organic hydride donors and acceptors and are broadly consistent with a pathway
involving concerted hydride transfer.!615¢-¢ Nevertheless, it is noteworthy that the o value for
Cp*Ir(®ebpy)H" is lower than the other complexes. Recent studies on understanding multi-
site proton-coupled electron transfer (PCET) reactions have demonstrated that subtle effects
related to concerted but asynchronous transfer of the proton and electron can give rise to low
a values.” Further, in organic hydride transfer reactions an imbalance in the change in the
hybridization states of the hydride donor and hydride acceptor along the reaction coordinate
has led to atypical behavior.* In our case, it is certainly feasible that there is small imbalance
in the transition state, which could cause deviations from an a value of 0.5 and that this would

be most pronounced for one of the Ir complexes.

When the Bronsted slopes for different acridinium acceptors (Figure 4b) are compared to their
hydride affinities, we observe a linear increase in o as the thermodynamic driving force
increases (Figure 8). This implies that as the hydride transfer reaction becomes more

thermodynamically favorable, the rate of hydride transfer starts to depend less strongly on the
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Figure 8: Correlation between the slope of Brensted plots and thermodynamic affinities of acridinium
acceptors.
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thermodynamic hydricity of the Ir hydride. This observation is consistent with our previous
results for hydride donation from (Rbpy)Re(CO);sH complexes to organic acceptors,?’
suggesting that the somewhat unexpected linear trend is general. Although the physical reasons
for the linear relationship are unclear, the general trend can be explained by considering the
nature of the transition state for hydride transfer. In reactions in which there is less
thermodynamic driving force the transition state is later and more product like (vide infra).
Therefore, there is greater cleavage of the Ir—H and more incipient charge on the metal center,
which causes there to be a larger influence from the substituents on the bpy ligand. This
observation is particularly relevant for catalysis, where it is desirable to run reactions as close
to thermoneutral as possible to avoid thermodynamic sinks. A common strategy for achieving
this goal is to vary the substituents on the catalyst. For the types of hydride transfer reactions
studied in this work it is important to be aware that as a reaction moves further away from
thermoneutral changing the substituents on the donor or acceptor will have a smaller influence

on the rate.

A feature of our LFERS is that we determined the driving force (In Keq) for the hydride transfer
reactions by including both the hydride transfer steps and the binding of MeCN to the Ir

complex after hydride transfer (Eq 4). This is because thermodynamic hydricity, which was

H transfer
Step i

Cp*Ir(Ropy)H* + RAcr? Cp*Ir(Rbpy)?* + RAcrH Cp*Ir(Rbpy)( y?* + RAcrH (Eq 4)

Step i
used to determine the thermodynamic driving force for the reaction, explicitly considers solvent
binding.®® It is possible that the differences we observed between the complexes are at least
partially related to variation in the strength of MeCN binding to the Ir complexes depending
on the substituents on the bpy ligand. Determining the binding constant of MeCN to
Cp*Ir(Rbpy)" experimentally is challenging. Therefore, theoretical calculations were
performed to estimate the thermodynamic free energy for MeCN binding to the Ir center after
the hydride transfer step which resulted in computed AG values of -9.9, -9.1 and -6.8 kcal mol
U for Cp*Ir(““Mebpy)?*, Cp*Ir(bpy)**, and Cp*Ir(®cbpy)>*, respectively, using initial
geometry optimizations in vacuum at the B3LYP-D3BJ level, followed by MN15 single point
calculations with SMD solvation (Table S6). Using this information, revised Brensted plots
were prepared where only the thermodynamic driving force associated with the hydride transfer
step was included. These plots result in essentially the same slopes in the Bronsted plots (Figure

S65) as observed without the solvent binding correction, indicating that MeCN coordination is
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not responsible for the differences between the Ir complexes. Similar results are obtained if

calculations are performed using different methods (Figure S65).

In general, we observe that although theory is excellent at reproducing our experimental trends
relating to reaction thermodynamics and absolute reaction barriers, it is less effective at
reproducing trends related to kinetic factors. Specifically, it cannot capture the subtle variations
in the rates of hydride transfer as the RAcr* acceptor is varied for any given Ir complex.
However, given that the differences in activation barrier for hydride transfer from various *Acr*
acceptors to a given Ir hydride donor are small (between 0.2-2 kcal mol!), it is perhaps
unsurprising that this is beyond the accuracy of applied computational methods. One interesting
observation is the better reproduction of experimental variations in AG* related to substituent
effects for the acceptor by calculations performed in vacuum, which indicates that the
theoretical methods are likely struggling to account for solvation effects. At this stage, we
recommend the use of a range of density functionals in conjunction with continuum solvation
methods to calculate thermodynamic hydricity, and the MN15 level of theory to predict
individual AG* values for a given hydride transfer reaction. Nevertheless, our inability to
accurately reproduce kinetic changes related to substituent effects provides a compelling
rationale for the need for experimental kinetic studies to study this type of reaction and the

continued development of improved theoretical methods.

Mechanism of Hydride Transfer Reactions and the Nature of the Transition State

In principle, hydride transfer from Cp*Ir(*bpy)H" donors to Acr” acceptors may occur through
a single step direct hydride transfer or multi-step reaction pathways involving ET, PT, or HAT
as shown in Figure 5. Analysis of the activation parameters for hydride transfer from
Cp*Ir(*bpy)H" to Acr indicates that the entropy of activation is different for Cp*Ir(®bpy)H"
compared to Cp*Ir(bpy)H"* or Cp*Ir(“©*¢bpy)H" (Table 3), which could imply that the reaction

—— PT AG°,;229.7(73.1 kcal mol-')

/, ET AG°;=27.7(30.2 kcal mol™)
Ji——— HAT AG®,,,; = (25.7 kcal mol™")

Cp*Ir(bpy)H" + Acrt == - - -t - - - = -~ """~ T - - oo
p*Ir(bpy)(MeCN)?* + AcrH
Figure 9: Comparison of thermodynamic free energy changes (AG®) for pathways involving initial, PT, ET,
or HAT for hydride transfer from Cp*Ir(bpy)H" to Acr* and with the experimentally determined barrier for
hydride transfer. The values given in parentheses are computationally determined as described in Table 5.
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mechanism for hydride transfer from Cp*Ir(®™°bpy)H" is different relative to Cp*Ir(bpy)H" or
Cp*Ir(“OMebpy)H". For example, hydride transfer from Cp*Ir(®™bpy)H" could proceed via a
concerted process, while reactions from Cp*Ir(bpy)H* and Cp*Ir(“°*Mebpy)H" could proceed
via stepwise processes (or vice versa). However, our thermochemical analysis, using
experimental and thermochemical methods to determine the possibility of initial PT, ET, or
HAT, indicates that the minimum energy required for PT, ET, or HAT, is significantly higher
than the reaction barrier (see Figure 9 for Cp*Ir(bpy)H" and the Tables S2-S5 in the SI for
Cp*Ir(®Mebpy)H* and Cp*Ir(“©*Mebpy)H"). On this basis, we propose that all hydride transfer

reactions studied in this work are proceeding through a concerted hydride transfer pathway.

The KIEs obtained by comparing the rates of hydride transfer of complexes of the type
Cp*Ir(Rbpy)H" with Cp*Ir(Rbpy)D™ also provide support for a single step concerted hydride
transfer. Specifically, comparable KIEs are obtained at a similar thermodynamic driving force
for all three Cp*Ir(*bpy)H" donors and there is an increase in the KIE for hydride transfer as
the reaction becomes more thermodynamically favorable. This is consistent with previous
results both from our groups and Bullock and co-workers for reactions that proceed via direct
hydride transfer.2°*27¢ The changes from inverse to normal KIE as hydride transfer becomes
more thermodynamically favorable for Cp*Ir(bpy)H" and Cp*Ir(“°*M¢bpy)H"* have also been
observed for other systems.?%¢27¢ We propose that the slightly higher KIE values observed for
the most hydridic Cp*Ir(®™bpy)H"* donor, indicate the existence of a more reactant-like
transition state structure compared to less hydridic Cp*Ir(“°*M¢bpy)H"* donor. This hypothesis
is consistent with the less negative value of activation entropy value obtained in case of
Cp*Ir(®ebpy)H", which suggests a stronger interaction of the hydride with the Ir center than
the carbon center of acridinium (Cacr+) in the transition state structure leading to less order. The
KIE values demonstrate that as the thermodynamic driving force for hydride transfer is
increased the change in KIE is smaller for Cp*Ir(“©*Mebpy)H" compared to Cp*Ir(®Mebpy)H".
At this stage, we do not have an explanation for this observation and likely high-level
calculations that can model the movement of both the proton and the electron are required to

fully understand the observed KIEs.*!

The calculated transition state structures for hydride transfer from Cp*Ir(Rbpy)H" to RAcr®
allows for analysis of the trends in the position of the transition state in relation to the starting
material and products (e.g. early or late transition states). Figure 10 shows the trends in
calculated bond distances of the Ir-H bond and the incipient Cac—H bond in the transition state

across all of our Cp*Ir(Rbpy)H" donors and RAcr* acceptors. This complements the data in
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Figure 10: Plot showing the trends in the calculated Ir-H and incipient Cacr—H bond distances in the transition

state for the hydride transfer reactions from Cp*Ir(*Rbpy)H* (R = OMe, H, CO2Me) donors to *Acr" acceptors.
The solid and dashed lines show the trend in the Cac+—H and Ir-H bond distances, respectively.

Table 6. As the reaction becomes more thermodynamically favorable the extent of Ir-H bond
cleavage decreases and the degree of Cac—H bond formation increases, indicating an earlier
transition state. This is consistent with analysis of the transition state for hydride transfer from
Cp*Ir(Rbpy)H" to Acr* using the IBSI and supports the results from our KIE studies. Our results
show that for all three Ir hydride donors, an earlier transition state is observed for RAcr*
acceptors with higher hydride affinities, such as “"*Acr* compared to lower hydride affinities,

such as Me2Acr,

Along with the differences in the Ir-H and Ca—H bond distances between the three Ir donors
with any specific RAcr" acceptor, there are also changes in the extent of n-stacking between the
bpy plane of Cp*Ir(*bpy)H" (R = OMe, H, and CO,Me) and the aromatic rings in RAcr".
Although these changes do not follow an obvious pattern, we suggest that these variations
contribute to the different lines in the Bronsted plot for Cp*Ir(®™ebpy)H*, Cp*Ir(bpy)H", and
Cp*Ir(“©Mebpy)H". This is especially the case given that examples involving both multi-site
PCET and hydride transfer between organic donors and acceptors establish that subtle effects
can exert large and in some cases counterintuitive influences on a even for closely related

systems. %40

The hydride transfer reactions studied in this work involve two cationic species and it is
possible that aggregation between the cations and anions impact the observed rates. To probe
the potential role of ion-pairing, we synthesized the compounds [Cp*Ir(bpy)H][BArf4] (BArt4
= {3,5-(CF3),CsH3}4B") and [Acr][BArfs] (see Section SII). The rate of hydride transfer
between [Cp*Ir(bpy)H][BArts] and [Acr][BArt4] is the same (within error) as for related
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compounds with PFs anions (see Section SXIV). Further, we determined that the KIE for
hydride transfer between [Cp*Ir(bpy)H][BArf4]/[Cp*Ir(bpy)D][BArf4] and [Acr][BAr4] is
0.99, the same (within error) as the KIE obtained for compounds with PF¢ anions. These results
strongly suggest that aggregation is not an issue and the rates we are measuring relate directly
to hydride transfer. When the solvent for the reaction was changed from MeCN to a 9:1 (v:v)
mixture of a,a,a-trifluorotoluene and MeCN, hydride transfer from Cp*Ir(®™¢bpy)H" to Acr?
is still significantly faster than from Cp*Ir(bpy)H" (see Section SXIV). This argues against
aggregation effects being significant and suggests that the observed relative differences in rates
between the complexes are not related to solvent effects. There is, however, a significant

difference in the absolute rate of hydride transfer when the solvent is changed, as previously

observed. 2642

Application of Marcus Theory to Hydride Transfer from Cp*Ir(Rbpy)H" donors

Even though Marcus theory was developed for understanding outer-sphere electron transfer,!°
it has proved effective for modelling many more complicated reactions, such as hydrogen atom
transfer!! and group transfer!? reactions, and even hydride transfer between organic donors and
acceptors.'® Our ability to fit a Marcus model to the Bronsted plots for hydride transfer from
Cp*Ir(*bpy)H" to Acr* indicates that it can also be applied to a hydride transfer from a metal
complex (Figure 7). In fact, to our knowledge this work represents the first occasion when 4
values have been accurately determined using the elementary rates of hydride transfer for

transition metal complexes.*

The unique Marcus analysis of transition metal hydride complexes performed here enables
several key conclusions to be drawn: (i) The A values for hydride transfer from Cp*Ir(Rbpy)H*
complexes (< 70 kcal mol!) to organic donors are lower than those typically observed for
reactions between organic hydride donors and acceptors >70 kcal mol!). This suggests that, as
previously hypothesized in the literature,!” hydride transfer from a metal complex will be faster
than from an organic compound at the same thermodynamic driving force. (ii) The present 1
values are also consistent with those determined for other hydride transfer reactions involving
metal hydrides using the Marcus cross-relation.?! (iii) Cp*Ir(®Mebpy)H" gives faster rates of
hydride transfer even at the same thermodynamic driving force as Cp*Ir(bpy)H" and
Cp*Ir(“©Mebpy)H", consistent with its lower A value (58 kcal mol™! versus 65 and 69 kcal mol
I, respectively). (iv) There is reasonable agreement between experiment and theory in

calculating W' and A for Cp*Ir(bpy)H" but further improvement is required in computational

models. The need for experimental data to benchmark computational models, which may
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eventually enable the use computations to predict of 4 is a reason for further experimental
studies. (v) Finding systems with lower 4 values will likely be a successful strategy for
improving the rates of hydride transfer without changing the thermodynamic driving force,
which has applications to CO: reduction chemistry. For example, it may be desirable to increase
the rate of hydride transfer to CO: but increasing the thermodynamic hydricity of the metal
hydride may lead to increased protonation to generate hydrogen. Finding systems with lower 4

values provides an alternative method to optimize the rate of hydride transfer.**

In previous work Wieder et al., demonstrated that the Marcus cross-relation held for a hydride
transfer reaction between a Rh hydride and organic acceptor.®® We wanted to evaluate if the
cross-relation also held for our systems. Unfortunately, experimentally, we were unable to
accurately = measure the rate of exchange between Cp*Ir(bpy)H" and
Cp*Ir(“OMebpy)(MeCN)?*, which we aimed to use as an approximate value for the self-
exchange rate for hydride transfer between Cp*Ir(bpy)H" and Cp*Ir(bpy)(MeCN)?*. The rate
could not be measured because the reaction is very slow, likely because initial MeCN
decoordination from Cp*Ir(““*M¢bpy)(MeCN)?*, which is required for hydride transfer is
thermodynamically unfavorable. This stands in contrast with our reactions between
Cp*Ir(R*bpy)H" and organic acceptors, where ligand dissociation is not required prior to the
a) Calculated barriers for self-exchange reactions
Cp*Ir(bpy)H* + Cp*Ir(bpy)?* —» Cp*Ir(bpy)?* + Cp*Ir(bpy)H* AG} = 3.5 kcal mol™

AcrH + Acrt —— Acr* + AcrH AG* =21.0 keal mol™”
b) Barrier for the cross reaction calculated using the Marcus cross-relation
Cp*Ir(bpy)H* + Acrt ——— Cp*Ir(bpy)>* + AcrH AG* =12.2 kcal mol’

Figure 11: Calculated barriers for self-exchange reactions (a) that were used in the Marcus cross-relation to
predict the barrier for hydride transfer from Cp*Ir(bpy)H" to Acr”.

hydride transfer step, and rates are fast and possible to measure experimentally. Therefore,
using constrained optimizations we estimated the free energy of activation (AG?) for self-
exchange between Cp*Ir(bpy)H" and Cp*Ir(bpy)*" to be 3.5 kcal mol! (Figure 11) while
calculating the barrier for self-exchange for Acr” with AcrH to be 21.0 kcal mol™! by locating
the transition state structures with full optimizations. Using the Marcus cross-relation this
suggests that the barrier for hydride transfer from Cp*Ir(bpy)H* to Acr™ should be 12.2 kcal
mol!. This is in excellent agreement with our experimental value (AG*303= 12.4 + 1.2 kcal mol-
1 and indicates that the cross-relation holds, again suggesting that Marcus theory can be used

to predict the rates of hydride transfer reactions.
In our Marcus analysis we did not modify the values of AG® (and consequently Kcq) for hydride
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transfer reactions to explicitly include distance dependent Coulombic effects. This is despite
previous studies on electron transfer®> and hydride transfer involving organic species!®®!7
demonstrating that when using Marcus theory to model reactions involving charged reactants
and products it may be necessary to include a distance dependent Coulombic correction to AG®
as defined in Eq 5.
AG” = AG°— WT+ WP (Eq 5)

where W and W? are the standard free energies for the formation of precursor and successor
complexes and are distance dependent. In our case W7 is 0 because the organic product is not
charged, and we estimate a small value of W (vide supra). When we use AG® to determine Keq
in Eq 2, we see no significant changes in A and hence for simplicity we have excluded the
correction (see Section SXVI). However, if a similar analysis is being performed on a related
system involving charged reactants and products it may be necessary to use a Marcus model
that explicitly considers distance dependent Coulombic effects on the thermodynamics of the

reaction.

Given that Marcus theory was developed to model the rates of outer-sphere electron transfer,
and can struggle to model inner-sphere electron transfer,* it is surprising that it appears to be
effective for inner-sphere hydride transfer. Likely, the inner-sphere nature of the hydride
transfer reaction will always limit the generality of the Marcus model for predicting rates. For
example, in this work we demonstrate that weak effects such as m-stacking interactions are
present in the transition state, which is likely problematic for a purely outer-sphere theory and
may contribute to the differences in o and A for the closely related systems studied in this work.
Nevertheless, we show that within a range of related compounds that the Marcus model,
including the cross-relation, works well and could in principle be used to predict the rates of
hydride transfer for a new series of complexes. This is powerful for catalyst design as it

indicates that with information about thermodynamics, kinetic effects can be predicted.

Conclusions
By using carefully selected hydride donors of type Cp*Ir(Rbpy)H" and acceptors of the form
RAcr* we have explored the kinetics and thermodynamics of hydride transfer between
electronically different systems, which have similar steric profiles. The key findings of our
study are:
(1) There are clear LFERs between kinetic and thermodynamic hydricity but each
Cp*Ir(Rbpy)H" hydride donor gives a distinct o value in a Brensted plot. This
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(ii)

(iii)

(iv)

)

demonstrates that in our systems the structure of the donor differentially impacts
the rate of hydride transfer. For catalytic applications, it suggests that relatively
small electronic variations of the donor could lead to faster rates of hydride transfer
at the same thermodynamic driving force.

As hydride transfer reactions become more thermodynamically favorable,
electronic changes to the donor and acceptor have less impact. Hence, modifying
the electronic structure of a donor will likely lead to the largest changes in the rate
of hydride transfer for thermoneutral reactions.

Experimental and theoretical analysis suggests that hydride transfer between
Cp*Ir(Rbpy)H" and RAcr* proceeds via a direct concerted pathway. The transition
state for the reaction is earlier for reactions that are more thermodynamically
favorable and there is m-stacking between the donor and acceptor in the transition
state. Likely, subtle effects such as m-stacking and asynchronicity in the transition
state lead to the observed differences in a as the hydride donor is changed.

Theory is excellent at predicting both absolute and relative thermodynamics but is
significantly better at predicting absolute compared to relative kinetics. Likely
problems modelling solvation cause theory to be unable to predict relative trends in
kinetics between systems with small differences in their electronic properties and
improved theoretical methods are required to for the prediction of improved
catalysts for reactions where hydride transfer is turnover limiting.

Marcus theory can be used to analyze hydride transfer reactions between
Cp*Ir(*bpy)H" and RAcr" and the A values for hydride transfer are significantly
smaller for the metal hydride complexes studied in this work compared to organic
hydride donors. This indicates that metal hydride donors will inherently be capable
of faster rates of hydride transfer in catalysis compared to organic hydride donors
and faster systems could be developed by optimizing A. In principle, this could be
achieved by looking at the rates of self-exchange between a hydride donor and its

conjugate acceptor because our results indicate that the Marcus cross-relation holds.

The understanding of hydride transfer from Cp*Ir(*bpy)H* to RAcr" acceptors developed in
this work also provides insight into hydride transfer reactions using other metal hydrides and
different acceptors. Firstly, we hypothesize that LFERs between kinetic and thermodynamic
hydricity will only be present for reactions that proceed via direct concerted hydride transfer

and reactions that proceed in a stepwise manner involving either initial PT, ET, or HAT, will
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almost certainly follow LFERs involving different thermodynamic properties. In particular,
first-row transition metal complexes are more likely to undergo redox processes, and it is
important to understand the mechanism of hydride transfer before applying the models derived
here to new systems. Secondly, our work suggests that subtle effects such as n-stacking impact
the slope of the LFER between kinetic and thermodynamic hydricity and the reorganization
energy in Marcus analysis. If a hydride acceptor cannot n-stack, the nature of the LFER even
from the same Ir complexes studied in this work are expected to be different. In principle, if
secondary sphere effects, such as m-stacking and hydrogen bonding, are not present in the
transition state and steric factors are controlled to be uniform, it may be possible to find metal
donors and acceptors with different structures that follow a single LFER between
thermodynamic and kinetic hydricity. In this case, the reaction thermodynamics will control
the kinetics across a range of donor and acceptor structures as observed for electron transfer.
Careful computational modelling of transition states will be valuable to find appropriate
systems, which will be a goal of future work for our laboratories. Further, for ‘real-world’
systems with catalytic applications, it is likely that some secondary interactions will be present,
which will cause LFERs between kinetic and thermodynamic hydricity to only be valid for
closely related donors and acceptors, as observed in this work. This is not surprising given that
direct hydride transfer is an inner-sphere process, so the exact structure of the donor and
acceptor are expected to influence the reaction barrier. For catalyst design, it is perhaps most
important to understand what secondary interactions may be present and then design system

that optimize these effects. The creation of LFERs can help with this process.

Overall, this work offers valuable insights into fundamental aspects of hydride transfer
reactions involving transition metal hydrides and bridges a critical gap in our understanding of
the relationship between kinetic and thermodynamic factors in these reactions. The results
provide different strategies for controlling the rates of hydride transfer in both stoichiometric

and catalytic reactions and future work will focus on applying our results to catalysis.
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