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Abstract 

The rate of hydride transfer from three Ir hydride complexes of the type Cp*Ir(Rbpy)H⁺ (Cp* 
= C5Me5; 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. Brønsted 
plots, which correlate kinetic and thermodynamic hydricity, demonstrate distinct linear free 
energy relationships for each complex, with different Brønsted a values. Thus, at the same 
driving force hydride transfer from Cp*Ir(OMebpy)H⁺ is faster than for Cp*Ir(bpy)H⁺ or 
Cp*Ir(CO2Mebpy)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 p-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 (λ) that range from 58-69 kcal mol-1. These are lower than λ 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 

transformations1 that have applications for the synthesis of fine and commodity chemicals,2 

pharmaceuticals,3,4 monomers for polymerization,5 and molecules for energy storage.6 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.7 

Many studies exploring hydride transfer reactions have focused on determining and 

understanding thermodynamic hydricity (ΔG°H–), which is the free energy required for 

heterolytic cleavage of a transition metal hydride bond (M–H) to generate a H– ion in solution.8 

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, ΔG‡H–).8b,8e 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.9 Marcus theory, which is commonly used to model the kinetics and 

thermodynamics of electron,10 hydrogen atom,11 and group transfer12 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,13 the 

synchronicity of reactions,14 and the effect of solvent on reaction barriers.15  
 
Marcus theory can also be used to analyze LFERs for hydride transfer reactions between 

organic hydride donors and acceptors.16 For example, Kreevoy and co-workers used Brønsted 

plots, which relate thermodynamic driving force (equilibrium constant) and rate constant, to 

demonstrate that organic hydride transfer reactions followed a Marcus relationship.16a,16c-e In 

reactions involving thirty-five structurally similar hydride donors and acceptors based on 

pyridiniums, quiniliniums, acridiniums, and phenanthridiniums, they concluded that over a 

 



3 
 

range of 26 ln Keq units the rates of hydride transfer followed a single Marcus relationship. 

Brønsted a values of 0.37-0.47 and reorganization energies (l) of 88-98 kcal mol-1 (Figure 1a) 

were determined in a highly polar 2-propanol and water (4:1, v/v) solvent mixture.16c 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 λ values ranged from 84.3-120.0 kcal 

mol-1 in 2-propanol and water (4:1, v/v).16f 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 

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 et al.’s work showing different Marcus 
relationships depending on the structure of the acceptor. *In the Brønsted plots k1 is the elementary rate 
constant for hydride transfer and Keq is the equilibrium constant for the hydride transfer reaction. 
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CO2.17 They proposed that the l values associated with these reactions (~70-74 kcal mol-1 in 

DMSO) would lead to prohibitively slow rates of hydride transfer in organocatalytic CO2 

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.17-18 However, experimental 

information on l 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).19 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.20 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)3H (Rbpy = 4,4'-R-2,2'-bipyridine; 

R = OMe, tBu, Me, H, Br, COOMe, CF3) and 5 different hydride acceptors, the reactions were 

sensitive to the steric properties of the acceptor (Figure 2a).20e This prevented accurate analysis 

of the data using Marcus theory. Recently, Dixon, Wiedner et al. showed that ΔG‡ for the cross-

reaction between HRh(dmpe)2 and Ar2CO acceptors (determined based on catalytic turnover 

frequencies) can be predicted from experimentally measured values of ΔG‡ for the H– self-

exchange reactions between HRh(dmpe)2/[Rh(dmpe)2]+ and [Ar2CHO]–/Ar2CO (Figure 2b).21 

This was the first example of the Marcus cross-relation being used for hydride transfer 

reactions involving a metal hydride and a l value of ~80.0 kcal mol-1 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* = C5Me5; R = OMe, H, CO2Me) to six 2- or 2,7-substituted 
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acridinium salt acceptors. This enabled us to determine the rates of hydride transfer across a 

driving force of approximately 10 kcal mol-1 (ln 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. Brønsted plots reveal that hydride transfers from the three Ir 

complexes follow different LFERs with Cp*Ir(bpy)H+ and Cp*Ir(CO2Mebpy)H+ giving slower 

rates and similar a values (~0.5), while Cp*Ir(OMebpy)H+ gives faster rates and a lower a value 

(~0.3). The LFERs for each complex fit well to a Marcus model, which enables us to determine 

l values ranging from 58-69 kcal mol-1 for these reactions. The presence of subtle interactions 

such as p-stacking between the donor and acceptor in the transition state structures for hydride 

transfer is likely partially responsible for the differences in a and l. 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. 

 
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. c) Summary of this work which develops LFERs for H– transfer reactions between sterically similar but 
electronically diverse metal hydrides of type Cp*Ir(Rbpy)H+ and RAcr+ acceptors. Each metal complex gives 
a different LFER that can be independently modelled using Marcus theory. 
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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 reactions22 

and there is a significant change of 2.5 kcal mol-1 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(OMebpy)H+ and Cp*Ir(bpy)H+ were synthesized following literature 

procedures,22d,23 while Cp*Ir(CO2Mebpy)H+ was prepared using a new route (Scheme S1). In all 

cases the complexes were prepared with PF6- as the anion, because of its weakly coordinating 

nature.24 

The weakest hydride donor in our series is Cp*Ir(CO2Mebpy)H+ with a thermodynamic hydricity 

of 63.6 kcal mol-1 in acetonitrile (MeCN).22d 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-1 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-1.8c 

Therefore, hydride transfer from Cp*Ir(CO2Mebpy)H+ to Acr+ is estimated to be 6.4 kcal mol-1 

downhill in MeCN. Apart from meeting our thermodynamic requirement, Acr+ is an attractive 

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 Thermodynamic Hydricity (ΔGH– in kcal mol-1)a 

Cp*Ir(OMebpy)H+ 61.1 
Cp*Ir(Hbpy)H+ 62.0 

Cp*Ir(CO2Mebpy)H+ 63.6 
  

Hydride Acceptors Hydride Affinity (ΔGH– in kcal mol-1)a 

(Me)2Acr+ 67.5 
OMeAcr+ 68.2 
MeAcr+ 68.8 
Acr+ 70.0 

BrAcr+ 72.3 
CF3Acr+ 74.4 

aThe error on thermodynamic hydricity and affinity values is estimated to be ±1 kcal mol-1. 
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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.16a,16c,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 procedures25 we synthesized a family of 2-

substituted N-methylacridiniums (RAcr+; R = CF3, Br, Me, or OMe) as PF6 salts and a N-

methylacridinium with methyl substituents in the 2 and 7-positions ((Me)2Acr+) (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 RAcr+ acceptors, we used 

equilibrium exchange measurements. Specifically, starting with unsubstituted Acr+, which has 

a known thermodynamic hydricity as a benchmark,8c 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 SIII). 

 

 
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-

1. 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).  



8 
 

Once the hydride affinity of a new RAcr+ was established, it could be used to determine the 

thermodynamic hydricity of a RAcrH 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 RAcr+ range 

from 67.5 kcal mol-1 for (Me)2Acr+ to 74.4 kcal mol-1 for CF3Acr+ (Table 1). This indicates that 

hydride transfer to more electron deficient CF3Acr+ will be more thermodynamically favorable 

than to electron rich (Me)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-1. 

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)2+ 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(Rbpy)H+] and [Acr+] giving an overall rate law of 

k1[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(OMebpy)H+, 

Table 2: Rate constants for hydride transfer from Cp*Ir(Rbpy)H+ (R = OMe, H, and CO2Me) and RAcr+ 
acceptors (R = Me2, OMe, Me, H, Br and CF3) in MeCN at 303 K under N2. 

 
RAcr+ k1 (M-1s-1)a 
R =  Cp*Ir(OMebpy)H+ Cp*Ir(bpy)H+ Cp*Ir(CO2Mebpy)H+ 
CF3 1.3 x 106 1.2 x 105 1.4 x 104 
Br 8.5 x 105 6.1 x 104 3.8 x 103 
H 1.4 x 105 7.1 x 103 2.2 x 102 

Me 8.7 x 104 2.2 x 103 6.7 x 101 
(Me)2 5.8 x 104 6.2 x 102 4.7 x 101 
OMe 3.6 x 104 5.8 x 102 Not determinedb 

aThe errors associated with the k1 values are ±5%.bWe were unable to experimentally determine the rate of 
hydride transfer from Cp*Ir(CO2Mebpy)H+ to OMeAcr+ because the rate was so slow that side decomposition 
reactions occurred. 
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which is the most thermodynamically favorable reaction (DG = -8.9 kcal mol-1), was 

significantly faster than from the unsubstituted hydride, Cp*Ir(bpy)H+ (DG = -8.0 kcal mol-1), 

which in turn gave a faster rate than the electron withdrawing hydride Cp*Ir(CO2Mebpy)H+ (DG 

= -6.4 kcal mol-1) (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.20b,20e,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(OMebpy)H+ surprisingly being almost 10 cal mol-1 K-1 less negative 

compared to Cp*Ir(bpy)H+ or Cp*Ir(CO2Mebpy)H+. The activation enthalpy for 

Cp*Ir(OMebpy)H+ is similar to that for Cp*Ir(bpy)H+ (3.4 kcal mol-1), but both are lower than 

for Cp*Ir(CO2Mebpy)H+ (4.7 kcal mol-1).  

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 
CF3Acr+, is significantly faster than hydride transfer to more electron-rich hydride acceptors, 

for example (Me)2Acr+ (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 Brønsted plot of ln(Keq) vs. ln(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 k1 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 

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

Complex DH‡ (kcal mol-1) DS‡ (cal mol-1 K-1) DG‡303 (kcal mol-1)  
Cp*Ir(OMebpy)H+ 3.5 ± 0.4  -21.8 ± 2.1  10.2 ± 1.0 

 Cp*Ir(bpy)H+ 3.4 ± 0.3  -29.6 ± 2.9  12.4 ± 1.2 
Cp*Ir(CO2Mebpy)H+ 4.7 ± 0.5  -31.7 ± 3.1  14.3 ± 1.4 

aThe errors associated with the k1 values are ±5%.  
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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-1 (ln(Keq) = 12) the rate of hydride transfer from Cp*Ir(OMebpy)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(CO2Mebpy)H+. At a driving force of 7.2 kcal mol-1 (ln(Keq) = 12), Cp*Ir(bpy)H+ only 

transfers a hydride ~4 times faster than Cp*Ir(CO2Mebpy)H+. Further, there are differences in 

the slopes of the Brønsted plots between the three complexes. An a value of 0.33 was observed 

for Cp*Ir(OMebpy)H+, compared to values of 0.51 and 0.58 for Cp*Ir(bpy)H+ and 

Cp*Ir(CO2Mebpy)H+, respectively. Consequently, as the driving force increases, the difference 

in rates between Cp*Ir(OMebpy)H+, Cp*Ir(bpy)H+ and Cp*Ir(CO2Mebpy)H+ become smaller. One 

possible explanation for the differences in a values between Cp*Ir(OMebpy)H+ and 

Cp*Ir(bpy)H+ and Cp*Ir(CO2Mebpy)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 

 
Figure 4: Brønsted plot for H− transfer from all three Cp*Ir(Rbpy)H+ (R = OMe, H, and CO2Me) hydride 
donors to the series of acridinium acceptors RAcr+ (R = (Me)2, OMe, Me, H, Br, and CF3). a) Trendlines drawn 
for the three Ir hydride donors and b) trendlines drawn for the RAcr+ hydride acceptors. The same data is used 
in a and b. Reactions conditions: Cp*Ir(Rbpy)H+ = RAcr+ = 0.44 mM at 303 K in MeCN under N2. 
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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, (Me)2Acr+, the slope is 1.40, whereas for the 

least electron rich acceptor, CF3Acr+, 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.20e,27 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 (kH/kD) 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(OMebpy)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-1, 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(Rbpy)H+ (R = OMe, H, and CO2Me) and selected RAcr+ acceptors (R = Me2, Me, OMe, 
H, Br and CF3) in MeCN at 303 K under N2. 

Entry Hydride donor  Hydride acceptor  Thermodynamic  
driving force (kcal mol−1)a 

KIE (kH/kD)b 

1 Cp*Ir(CO2Mebpy)H+ Acr+ 6.4 0.92  
2 Cp*Ir(bpy)H+ OMeAcr+ 6.2 0.82  
3 Cp*Ir(OMebpy)H+ (Me)2Acr+ 6.4 1.3  
     

4 Cp*Ir(CO2Mebpy)H+ BrAcr+ 8.6 0.99 
5 Cp*Ir(bpy)H+ Acr+ 8 1.08 
6 Cp*Ir(OMebpy)H+ Acr+ 8.8 1.7 
     

7 Cp*Ir(CO2Mebpy)H+ CF3Acr+ 10.7 1.13 
8 Cp*Ir(bpy)H+ BrAcr+ 10.2 1.74 
9 Cp*Ir(OMebpy)H+ BrAcr+ 11.4 2.1 

aDetermined by comparing the thermodynamic hydricity of the Ir complex with the hydride affinity of the 
acridinium acceptor. bThe errors associated with the values are ±5%.  
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force varied significantly across the series of complexes. For Cp*Ir(CO2Mebpy)H+, the KIE only 

increased by 0.21 as the driving force was increased, whereas for Cp*Ir(bpy)H+, and 

Cp*Ir(OMebpy)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 (ΔG°ET) 

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).28 The thermodynamic driving forces for electron transfer (ΔG°ET) ranged from 20.5 

to 33.9 kcal mol-1 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-1 (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-1). 

Next, we investigated the possibility of pathways involving initial PT from Cp*Ir(Rbpy)H+ to 

Acr+ (Figure 5c). Previously, Miller and co-workers determined that complexes of the type 

Cp*Ir(Rbpy)H+ have pKa values between 16-24 in MeCN.22d We determined that the pKa 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 (ΔG°PT) from the Ir hydrides 

 
Figure 5: Possible pathways for hydride transfer from Cp*Ir(Rbpy)H+ to RAcr+ acceptors. 
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to the acridinium acceptor were determined to be significantly uphill (ΔG°PT ≥ 19.7 kcal mol-1, 

see Table 5). Given the activation energies for the overall hydride transfer are lower than 19.7 

kcal mol-1, 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). 

A pathway involving initial HAT from Cp*Ir(Rbpy)H+ would result in the formation of 

Cp*Ir(Rbpy)+ (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 (ΔG°HAT) is thermodynamically 

uphill by values ranging from 22.8 to 27.0 kcal mol-1 (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 

Table 5: Experimentally and computationally determined free energies (ΔG‡	and	ΔG°) for different elementary 
steps associated with hydride transfer from Cp*Ir(Rbpy)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  ΔG‡HT 

(kcal mol−1) 
ΔG°ET 

(kcal mol−1) 
ΔG°PT 

(kcal mol−1) 
ΔG°HAT 

(kcal mol−1) 
Cp*Ir(OMebpy)H+ 10.2 ± 1.0 (11.6) 24.6 (28.5) ≥ 34.6 (80.9) (27.0) 

 Cp*Ir(bpy)H+ 12.4 ± 1.2 (11.7)  27.7 (30.2) ≥ 29.7 (73.1) (25.7) 
Cp*Ir(CO2Mebpy)H+ 14.3 ± 1.4 (13.3) 32.1 (32.4) ≥ 19.7 (62.7) (22.8) 
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the transition state. The Ir−H bond distance in the transition state (1.713-1.761 Å) is elongated 

relative to the Ir−H bond distance in Cp*Ir(Rbpy)H+ (1.600-1.602 Å). 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(OMebpy)H+, 1.713 Å, is slightly shorter than the distance in 

Cp*Ir(bpy)H+, 1.733 Å, which is in turn shorter than the distance in Cp*Ir(CO2Mebpy)H, 1.761 

Å. 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 CAcr−H bond. For 

Cp*Ir(OMebpy)H+, the distance, 1.497 Å, is longer than for Cp*Ir(bpy)H+, 1.430 Å, and 

Cp*Ir(CO2Mebpy)H, 1.406 Å.  
 
To gain more insight into the nature of the transition states, we used the Intrinsic Bond Strength 

Index (IBSI)29 to evaluate the percentage of bond cleavage of the Ir−H bond and bond 

formation of the CAcr−H bond in the transition state for a reaction between Cp*Ir(Rbpy)H+ and 

 
Figure 6: a) Calculated transition state structures for direct hydride transfer from Cp*Ir(Rbpy)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 π–π stacking in the transition state for hydride transfer from Cp*Ir(bpy)H+ to 
Acr+. c) Schematic showing the offset, defined as the slip angle, between the aromatic rings involved in π–
π stacking. 
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Acr+ (Table 6). The data clearly shows that there is less Ir−H bond cleavage and less CAcr−H 

bond formation for Cp*Ir(OMebpy)H+ and more Ir−H bond cleavage and more CAcr−H bond 

formation for Cp*Ir(CO2Mebpy)H+. This indicates a later transition state for hydride transfer 

from Cp*Ir(CO2Mebpy)H+ with a stronger interaction between the hydride and hydridophilic 

carbon of Acr+ (CAcr), consistent with the observed Ir−H and CAcr−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). 

A feature of the transition state structures for hydride transfer from Cp*Ir(Rbpy)H+ to Acr+ is 

the presence of clear π–π 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 (dπ–π) is ~3.25 Å, which is consistent 

with previous reports of π stacking (Table 6).30 The distance between the rings is similar for all 

three hydride donors, with no trend based on the substituents. An attribute of the π–π 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 π–π stacking.30 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 Brønsted plot of ln(Keq) vs. ln(k1), where Keq is the equilibrium 

constant for the hydride transfer reaction derived from computed relative hydricities of 

Cp*Ir(Rbpy)H+ complexes and RAcr+ acceptors and k1 is the experimental rate constant for 

Table 6: Geometrical parameters of calculated transition state structures for direct hydride transfer from 
Cp*Ir(Rbpy)H+ to Acr+. 

Hydride donor Bond distances (Å) Intrinsic bond strength index 
(%)a 

dπ−π (Å)b Slip angle 
(°)c 

 Ir−H CAcr−H Ir−H CAcr−H    
Cp*Ir(OMebpy)H+ 1.663 1.639 20.7 42.3 3.251 21.39 

Cp*Ir(bpy)H+ 1.683 1.594 23.8 49.1 3.269 21.14 

Cp*Ir(CO2Mebpy)H+ 1.710 1.512 28.9 51.8 3.220 23.22 

aIntrinsic bond strength index values are used to calculate the bond cleavage percentage of the Ir−H bond and 
bond formation percentage of the CAcr−H bond in the transition state structure. bdπ−π (Å) is the distance between 
the π−planes of bpy and Acr+ in the transition state structure. cSlip 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 6c).  
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hydride transfer reaction (Figures S69-S71). These Brønsted 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 literature22d 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(Rbpy)H+ 

complex is changed for a given RAcr+ acceptor, i.e. Cp*Ir(OMebpy)H+ reacts faster than 

Cp*Ir(bpy)H+ and Cp*Ir(CO2Mebpy)H+ (Table S14). However, there is significant scatter in the 

calculated activation energies when the RAcr+ acceptors are varied for a given Cp*Ir(Rbpy)H+ 

complex, i.e. for Cp*Ir(OMebpy)H+ the rate of hydride transfer to MeAcr+ is predicted to be 

approximately the same as for BrAcr+. This results in different slopes compared to the 

experimental Brønsted 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 Brønsted 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 Brønsted plot (Figure 4a) for each metal hydride donor (Cp*Ir(Rbpy)H+; R = OMe, 

H, and CO2Me) to the Marcus relation. Specifically, we used Eq 2, which has previously been 

used to model hydride transfer reactions involving organic donors and acceptors:17 
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where k1 is the rate constant for hydride transfer, kB is the Boltzmann constant, T is the 

temperature, h is Planck’s constant, Wr 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, λ is 

the reorganization energy, and Keq is the equilibrium constant for the hydride transfer reaction. 

It has previously been demonstrated that λ values are highly sensitive to the value of Wr in 

hydride transfer reactions involving organic substrates.16c,31 Given our relatively small data 

sets, we did not want to treat both Wr and λ as variables in Eq 2. Therefore, a previously 

described method,32 which required experimental data on the solid-state structures of 

Cp*Ir(bpy)H+ and Acr+, was used to estimate a Wr value of 0.23 kcal mol-1 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(OMebpy)H+, Cp*Ir(bpy)H+, and Cp*Ir(CO2Mebpy)H+ to Acr+ were 

then all fitted to Eq 2 using 0.23 kcal mol-1 as the Wr value (Figure 7). The fits for Cp*Ir(bpy)H+ 

and Cp*Ir(CO2Mebpy)H+ are excellent, while the fit for Cp*Ir(OMebpy)H+ is slightly worse. The 

λ values for H− transfer were estimated to be approximately 58, 65, and 69 kcal mol-1 for 

hydride transfer from Cp*Ir(OMebpy)H+, Cp*Ir(bpy)H+, and Cp*Ir(CO2Mebpy)H+, respectively. 

When the value of Wr is increased, the value of λ decreases, but the trends between compounds 

remain the same, so Cp*Ir(OMebpy)H+ gives lower λ values than Cp*Ir(bpy)H+, and 

Cp*Ir(CO2Mebpy)H+. Further, the absolute change in λ is relatively small as Wr is varied. For 

example, when a Wr value of 2.5 kcal mol-1 is used for Cp*Ir(OMebpy)H+, λ is predicted to be 

48 kcal mol-1. In this case, there is a slightly better fit of the data to Eq 2 (Figure S66), 

suggesting that the estimated value of Wr 0.23 kcal mol-1 may be an underestimate. In contrast, 

 
Figure 7: Marcus fits for H− transfer from Cp*Ir(Rbpy)H+ (R = OMe, H, and CO2Me) hydride donors to 
acridinium acceptors RAcr+ (R = (Me)2, OMe, Me, H, Br, and CF3). All the data were fitted to the Marcus 
relation shown in Eq 2 with Wr = 0.23 kcal mol-1.  
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the fits for Cp*Ir(bpy)H+ and Cp*Ir(CO2Mebpy)H+ are worse when a value for Wr of 2.5 kcal 

mol-1 is used, suggesting that a lower estimate of Wr is better for these systems. This indicates 

that even if the values of Wr are different for all three complexes, the trend of Cp*Ir(OMebpy)H+ 

giving a lower λ values than Cp*Ir(bpy)H+ and Cp*Ir(CO2Mebpy)H+ is likely correct. We also 

estimated Wr computationally for the reactions of Acr+ with Cp*Ir(Rbpy)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 λ has been estimated computationally using Eq 3:10,33 

𝜆 = 𝜆'() +	𝜆*		(𝐸𝑞	3) 
where λint accounts for the internal molecular structural changes, and λs accounts for the solvent 

reorganization energy. To support the values derived from experimental data, we determined λ 

computationally by performing geometry optimizations at the r2-SCAN-3c level of theory34 in 

vacuum, followed by single point calculations at the B3LYP-D3BJ level in conjunction with 

the CPCM solvation model35 for a reaction between Cp*Ir(bpy)H+ and Acr+ (Eq S8). A 

modified version of the four-point scheme for electron transfer36 was used to calculate that λint 

is 37.2 kcal mol-1 and a two-sphere model10 applied for λs, which yielded estimated values 

between 9-19 kcal mol-1 depending on the assigned value for the separation distance between 

Cp*Ir(bpy)H+ and Acr+ (5 Å to 7 Å) (Table S20). This leads to a calculated λ value of 

approximately 58-68 kcal mol-1 (with the inclusion of the free energy of solvent coordination 

to the metal center after hydride transfer, DG = -10.6 kcal mol-1; Figure S85)37 suggesting that 

we have a solid model, given the inherent challenges associated with calculating λ38 and the 

sensitivity of λ to Wr. 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 λs 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 λ, we developed models of reactant and product complexes in the 

presence of sixty explicit solvent molecules (Figure S85) and estimated a λs value of 3.7 kcal 

mol-1 and a λint value of 48.8 kcal mol-1 (excluding explicit solvent molecules and including the 

free energy of solvent binding after hydride transfer). This yields a calculated λ of ~53 kcal 

mol-1 for λ, which is in reasonable agreement with experiment and our computational model 

without explicit solvent molecules. The relatively small magnitude of λs compared to λint is in 

line with the inner-sphere nature of the hydride transfer reaction. 
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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. It is challenging to perform this 

type of study because both kinetic and thermodynamic hydricity are difficult to measure.8e 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.20e Using Cp*Ir(Rbpy)H+ type hydride donors and RAcr+ 

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 ln(k1) vs ln(Keq). These 

Brønsted 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, Brønsted plots clearly show that there are LFERs 

between thermodynamic driving force and the rate of hydride transfer between Cp*Ir(Rbpy)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(OMebpy)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,16c 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),16i 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 Brønsted 

slope (α = ~0.3) for Cp*Ir(OMebpy)H+ compared to either Cp*Ir(Rbpy)H+ (R = H and CO2Me) 

(α = ~0.5). This indicates that a greater change in thermodynamic hydricity is required to 

accelerate the rate of hydride transfer from Cp*Ir(OMebpy)H+ compared to Cp*Ir(Rbpy)H+ (R = 

H and CO2Me). The observed α 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.16a,16c-e Nevertheless, it is noteworthy that the α value for 

Cp*Ir(OMebpy)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 

α values.39 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.40 In our case, it is certainly feasible that there is small imbalance 

in the transition state, which could cause deviations from an α value of 0.5 and that this would 

be most pronounced for one of the Ir complexes. 
 
When the Brønsted slopes for different acridinium acceptors (Figure 4b) are compared to their 

hydride affinities, we observe a linear increase in α 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 

 
Figure 8: Correlation between the slope of Brønsted 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)3H complexes to organic acceptors,20e 

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 (ln 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 

used to determine the thermodynamic driving force for the reaction, explicitly considers solvent 

binding.8b 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 DG values of -9.9, -9.1 and -6.8 kcal mol-

1 for Cp*Ir(CO2Mebpy)2+, Cp*Ir(bpy)2+, and Cp*Ir(OMebpy)2+, 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 Brønsted 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 Brønsted 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 RAcr+ 

acceptors to a given Ir hydride donor are small (between 0.2-2 kcal mol-1), 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 DG‡ 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 DG‡ 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(Rbpy)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(Rbpy)H+ to Acr+ indicates that the entropy of activation is different for Cp*Ir(OMebpy)H+ 

compared to Cp*Ir(bpy)H+ or Cp*Ir(CO2Mebpy)H+ (Table 3), which could imply that the reaction 

 
Figure 9: Comparison of thermodynamic free energy changes (ΔG°) 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(OMebpy)H+ is different relative to Cp*Ir(bpy)H+ or 

Cp*Ir(CO2Mebpy)H+. For example, hydride transfer from Cp*Ir(OMebpy)H+ could proceed via a 

concerted process, while reactions from Cp*Ir(bpy)H+ and Cp*Ir(CO2Mebpy)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(OMebpy)H+ and Cp*Ir(CO2Mebpy)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(Rbpy)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.20e,27c The changes from inverse to normal KIE as hydride transfer becomes 

more thermodynamically favorable for Cp*Ir(bpy)H+ and Cp*Ir(CO2Mebpy)H+ have also been 

observed for other systems.20e,27c We propose that the slightly higher KIE values observed for 

the most hydridic Cp*Ir(OMebpy)H+ donor, indicate the existence of a more reactant-like 

transition state structure compared to less hydridic Cp*Ir(CO2Mebpy)H+ donor. This hypothesis 

is consistent with the less negative value of activation entropy value obtained in case of 

Cp*Ir(OMebpy)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(CO2Mebpy)H+ compared to Cp*Ir(OMebpy)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.41 
 
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 CAcr−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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Table 6. As the reaction becomes more thermodynamically favorable the extent of Ir−H bond 

cleavage decreases and the degree of CAcr−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 CF3Acr+ compared to lower hydride affinities, 

such as (Me)2Acr. 
 
Along with the differences in the Ir−H and CAcr−H bond distances between the three Ir donors 

with any specific RAcr+ acceptor, there are also changes in the extent of π-stacking between the 

bpy plane of Cp*Ir(Rbpy)H+ (R = OMe, H, and CO2Me) 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 Brønsted plot for Cp*Ir(OMebpy)H+, Cp*Ir(bpy)H+, and 

Cp*Ir(CO2Mebpy)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 α even for closely related 

systems.39,40  
 
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] (BArF4 

= {3,5-(CF3)2C6H3}4B-) and [Acr][BArF4] (see Section SII). The rate of hydride transfer 

between [Cp*Ir(bpy)H][BArF4] and [Acr][BArF4] is the same (within error) as for related 

 
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 RAcr+ acceptors. 
The solid and dashed lines show the trend in the CAcr+−H and Ir−H bond distances, respectively. 
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compounds with PF6 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][BArF4] is 

0.99, the same (within error) as the KIE obtained for compounds with PF6 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(OMebpy)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.26b,42 
 
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,10 

it has proved effective for modelling many more complicated reactions, such as hydrogen atom 

transfer11 and group transfer12 reactions, and even hydride transfer between organic donors and 

acceptors.16 Our ability to fit a Marcus model to the Brønsted plots for hydride transfer from 

Cp*Ir(Rbpy)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 λ 

values have been accurately determined using the elementary rates of hydride transfer for 

transition metal complexes.43 
 
The unique Marcus analysis of transition metal hydride complexes performed here enables 

several key conclusions to be drawn: (i) The λ values for hydride transfer from Cp*Ir(Rbpy)H+ 

complexes (< 70 kcal mol-1) to organic donors are lower than those typically observed for 

reactions between organic hydride donors and acceptors >70 kcal mol-1). This suggests that, as 

previously hypothesized in the literature,17 hydride transfer from a metal complex will be faster 

than from an organic compound at the same thermodynamic driving force. (ii) The present λ 

values are also consistent with those determined for other hydride transfer reactions involving 

metal hydrides using the Marcus cross-relation.21 (iii) Cp*Ir(OMebpy)H+ gives faster rates of 

hydride transfer even at the same thermodynamic driving force as Cp*Ir(bpy)H+ and 

Cp*Ir(CO2Mebpy)H+, consistent with its lower λ value (58 kcal mol-1 versus 65 and 69 kcal mol-

1, respectively). (iv) There is reasonable agreement between experiment and theory in 

calculating Wr and λ 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 λ is a reason for further experimental 

studies. (v) Finding systems with lower λ values will likely be a successful strategy for 

improving the rates of hydride transfer without changing the thermodynamic driving force, 

which has applications to CO2 reduction chemistry. For example, it may be desirable to increase 

the rate of hydride transfer to CO2 but increasing the thermodynamic hydricity of the metal 

hydride may lead to increased protonation to generate hydrogen. Finding systems with lower λ 

values provides an alternative method to optimize the rate of hydride transfer.44  
 
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.8b 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(CO2Mebpy)(MeCN)2+, 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)2+. The rate 

could not be measured because the reaction is very slow, likely because initial MeCN 

decoordination from Cp*Ir(CO2Mebpy)(MeCN)2+, which is required for hydride transfer is 

thermodynamically unfavorable. This stands in contrast with our reactions between 

Cp*Ir(Rbpy)H+ and organic acceptors, where ligand dissociation is not required prior to the 

hydride transfer step, and rates are fast and possible to measure experimentally. Therefore, 

using constrained optimizations we estimated the free energy of activation (DG‡) for self-

exchange between Cp*Ir(bpy)H+ and Cp*Ir(bpy)2+ to be 3.5 kcal mol-1 (Figure 11) while 

calculating the barrier for self-exchange for Acr+ with AcrH to be 21.0 kcal mol-1 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-1. This is in excellent agreement with our experimental value (DG‡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 DGº (and consequently Keq) for hydride 

 
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+. 
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transfer reactions to explicitly include distance dependent Coulombic effects. This is despite 

previous studies on electron transfer45 and hydride transfer involving organic species16c,17 

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 DGº 

as defined in Eq 5. 

Δ𝐺º' = Δ𝐺º	− 𝑊𝑟	+ 𝑊𝑝		 (Eq	5) 
where Wr and Wp are the standard free energies for the formation of precursor and successor 

complexes and are distance dependent. In our case Wp is 0 because the organic product is not 

charged, and we estimate a small value of Wr (vide supra). When we use DGº' to determine Keq 

in Eq 2, we see no significant changes in l 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,46 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 p-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 a and l 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: 

(i) There are clear LFERs between kinetic and thermodynamic hydricity but each 

Cp*Ir(Rbpy)H+ hydride donor gives a distinct α value in a Brønsted plot. This 
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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. 

(ii) 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. 

(iii) 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 p-stacking between the donor and acceptor in the transition 

state. Likely, subtle effects such as p-stacking and asynchronicity in the transition 

state lead to the observed differences in α as the hydride donor is changed.  

(iv) 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.  

(v) Marcus theory can be used to analyze hydride transfer reactions between 

Cp*Ir(Rbpy)H+ and RAcr+ and the l 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 l. 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(Rbpy)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 p-stacking impact 

the slope of the LFER between kinetic and thermodynamic hydricity and the reorganization 

energy in Marcus analysis. If a hydride acceptor cannot p-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 p-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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