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Abstract 

The kinetics of hydride transfer from Re(Rbpy)(CO)3H (bpy = 4,4'-R-2,2'-bipyridine; R = OMe, 

tBu, Me, H, Br, COOMe, CF3) to CO2 and seven different cationic N-heterocycles were 

determined. Additionally, the thermodynamic hydricities of complexes of the type 

Re(Rbpy)(CO)3H were established primarily using computational methods. Linear Free Energy 

Relationships (LFERs) derived by correlating thermodynamic and kinetic hydricities indicate that, 

in general, the rate of hydride transfer increases as the thermodynamic driving force for the reaction 

increases. Kinetic isotope effects range from inverse for hydride transfer reactions with a small 

driving force to normal for reactions with a large driving force. Hammett analysis indicates that 

hydride transfer reactions with greater thermodynamic driving force are less sensitive to changes 

in the electronic properties of the metal hydride, presumably because there is less build-up of 

charge in the increasingly early transition state. Bronsted  values were obtained for a range of 

hydride transfer reactions and along with DFT calculations suggest the reactions are concerted, 

which enables the use of Marcus theory to analyze hydride transfer reactions involving transition 

metal hydrides. It is notable, however, that even slight perturbations in the steric properties of the 

Re hydride or the hydride acceptor result in large deviations in the predicted rate of hydride transfer 

based on thermodynamic driving forces. This indicates that thermodynamic considerations alone 

cannot be used to predict the rate of hydride transfer, which has implications for catalyst design. 
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Introduction 

Transition metal hydrides are crucial intermediates in a plethora of catalytic reactions, including 

reactions relevant to: (i) energy storage applications,1 (ii) the synthesis of pharmaceuticals 2,3,4 and 

(iii) the preparation of monomers for polymerization.5 In many of these reactions, hydride transfer 

(either from a transition metal hydride to a substrate or from a substrate to a transition metal to 

form a transition metal hydride) is the turnover-limiting step. Therefore, an increased 

understanding of hydride transfer with transition metals as either the hydride donor or acceptor is 

critical for the design of efficient catalysts for current and new reactions.  

 
Two different approaches have traditionally been utilized to quantify the ability of a transition 

metal hydride to donate a hydride. Thermodynamic hydricity is the free energy required to release 

a hydride ion, H–, from a species in solution (∆GºH–) (Figure 1A).6 It is a thermodynamic parameter 

and quantifies the driving force for hydride transfer. Thermodynamic hydricity is valuable for 

understanding observed reactivity or selectivity, and for predicting if a hydride transfer reaction 

will be favorable, but it often cannot provide insight into catalytic activity. Kinetic hydricity is the 

elementary rate constant for a particular hydride transfer reaction and is related to the free energy 

of activation (∆G‡
H–) (Figure 1B).6b,6e Studies of kinetic hydricity offer information on the barriers 

for hydride transfer from a catalyst to a hydride acceptor and can establish whether that step is 

turnover-limiting and how to accelerate it. While the importance of thermodynamic and kinetic 

hydricity are well established,6 the paucity of cases where both thermodynamic and kinetic 

hydricity have been measured for the same transition metal hydride is striking.6e This void is likely 

because thermodynamic and kinetic hydricity are often challenging to measure experimentally, 

which means that finding a system where it is possible to determine both is not straightforward.  

 
Figure 1: Representations of: (A) Thermodynamic hydricity, which is the Gibbs free energy difference between a 

metal hydride (LnM-H) and the product of bond scission (LnM+ and H-). The definition includes non-specific 

solvation effects, as well as the energy of any solvent binding to the metal center. (B) Kinetic hydricity, which is 

the elementary rate constant for a hydride transfer reaction from a metal hydride (LnM-H) to a hydride acceptor (A). 

It is related to the activation energy (∆G‡
H–) for hydride transfer. 
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Linear free-energy relationships (LFERs), which correlate thermodynamic and kinetic parameters, 

are a common tool for catalyst design.7 However, given the absence of thermodynamic and kinetic 

hydricity measurements on the same system, there are few examples of LFERs for hydride transfer 

reactions involving metal hydrides. This stands in contrast to hydride transfer reactions between 

two organic substrates, where LFERs between the rate of hydride transfer and the equilibrium 

constants for exchange between the organic hydride donor and acceptor (which is a surrogate for 

relative thermodynamic hydricity) are common.6c,8 These LFERs hold for a range of hydride 

donors and acceptors and have been used to show that Marcus theory can be used to analyze 

hydride transfer between organic substrates.8a-e,8i,9 Directly connecting results from organic 

hydrides to transition metal hydrides, however, is challenging because metal hydrides are often 

larger, have more variations in electronic structure and mechanistic pathways, and are capable of 

binding acceptors after hydride transfer. Thus, to create LFERs for metal hydrides there is an 

unmet need to understand these factors.  

 
Currently, the most robust experimental LFERs involving thermodynamic hydricity of transition 

metal hydrides have entailed correlations with catalytic activity, as determined by the turnover 

frequency (TOF), rather than with a measured rate constant for an elementary step involving 

hydride transfer. For instance, Wiedner, Linehan, and co-workers showed that in CO2 

hydrogenation to formate using Co hydride catalysts, there is a strong correlation between the 

thermodynamic hydricity of the Co hydride and the TOF.10 Similarly, Ngo and Do demonstrated 

that the catalytic activity of a series of Cp*Ir-based hydrides for the transfer hydrogenation of 

benzaldehyde to benzyl alcohol using sodium formate as the hydrogen source correlates with their 

thermodynamic hydricity.11 In cases where hydride transfer is the turnover-limiting step in 

catalysis, these correlations between thermodynamic hydricity and TOF can be used as proxies for 

determining the relationship between thermodynamic and kinetic hydricity. However, despite their 

utility in predicting catalytic activity for a specific reaction, the relationships cannot be generalized 

to other substrates or readily used to develop a unified model for hydride transfer.  

 
To develop a general model for hydride transfer involving transition metal complexes, it is 

essential to correlate explicitly kinetic and thermodynamic hydricity across a range of substrates.6e 

The most prominent experimental example of the quantitative correlation of individual hydride 

transfer kinetics and thermodynamic hydricity for a transition metal hydride was performed by 
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Matsubara, Muckerman, Creutz, and co-workers.12 Their results suggest that in hydride transfer 

reactions from [Ru(tpy)(bpy)H]+ (tpy = 2,2';6',2"-terpyridine; bpy = 2,2'-bipyridine) to five 

different cationic pyridinium acceptors and CO2 (Figure 2A), there is a linear relationship between 

thermodynamic and kinetic hydricity, which implies that the rate of hydride transfer increases as 

the driving force for the reaction increases. However, problems with solubility and the 

measurement of kinetics prevented quantitative data from being obtained under the same 

conditions for most of the acceptors and no changes were made to the Ru complex, both of which 

limit the generality of their results. Faster hydride transfer was also observed with greater driving 

force in independent studies by Bullock et al. and Bruno et al. examining hydride transfer from 

several metal hydrides to a trityl cation acceptor (Figure 2B).13 Nevertheless, when Bruno et al. 

Figure 2: (A-C) Previous work that suggests a relationship between thermodynamic hydricity and kinetic hydricity 

for a single elementary step. (D) This work develops LFERs for hydride transfer from Re(Rbpy)(CO)3H to CO2 

and cationic N-heterocycles that differ in thermodynamic hydricity by 35 kcal mol-1. The results show there is a 

clear correlation between thermodynamic and kinetic hydricity. ACN = acetonitrile. 
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attempted to correlate the rates of hydride transfer to the equilibrium constants for exchange, as 

has been performed for organic hydride reactions, they were unable to accurately determine the 

equilibrium constants preventing the construction of a quantitative LFER.14 More recently, Ertem 

and co-workers calculated the thermodynamic and kinetic hydricities of 74 complexes of the form 

[Cp*Ir(L)(H)]q (q = –1, 0, +1) (Figure 2C).15 Their computations predicted that as the 

thermodynamic hydricity of the hydrides increased, the kinetics (ΔG‡) of electrophilic CO2 attack 

on the iridium hydride species would accelerate. Although all of these studies suggest the same 

conclusion, the hydride acceptors employed are not structurally diverse and do not span a wide 

range of hydride acceptor abilities,16 which prevents conclusions about how the nature of the 

hydride acceptor impacts the reactions. For example, the sensitivity of measurements to steric 

factors is unclear and it is unknown if a correlation between thermodynamic and kinetic hydricity 

for CO2 will be relevant to the correlation for a pyridinium cation (or other hydride acceptors). 

This prevents the transfer of results from one substrate to another substrate in catalysis. 

 
In this work, we quantify the ability of a series of electronically diverse, but sterically similar Re 

hydrides to transfer a hydride to a range of organic acceptors (Figure 2D). In fact, by modifying 

the hydride acceptor we both alter the thermodynamics of hydride transfer by 35 kcal mol-1 and 

measure hydride transfer under diverse steric conditions. This allows us to establish LFERs 

between the kinetics of hydride transfer from the metal hydrides to a given hydride acceptor and 

the thermodynamic hydricity of the different Re hydrides. We show that the conventional wisdom 

that more hydridic metal hydrides will undergo faster hydride transfer is correct only under certain 

conditions, and is especially problematic when varying both the identity of the metal hydride donor 

and acceptor. Mechanistic studies provide evidence for a concerted hydride transfer from the metal 

to the acceptor, but in some cases the thermodynamics of the product of hydride transfer binding 

to the metal center need to be considered to account for trends in rates across different hydride 

acceptors. Our large data set enables us to demonstrate that it is possible to use Marcus theory to 

interpret the rates of hydride transfer for particular metal hydride/organic acceptor pairs and we 

estimate the reorganization energy for some hydride transfer reactions. Overall, the kinetic and 

thermodynamic analyses detailed herein provide guidance on when different strategies are 

appropriate for predictive design of catalysts or reaction conditions to promote or inhibit hydride 

transfer from metal hydrides. 
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Results and Discussion 

Experimental Measurements of Kinetic Hydricity 

To explore the correlation between kinetic and thermodynamic hydricity we synthesized 

electronically varied Re hydrides of the form Re(Rbpy)(CO)3H (Rbpy = 4,4'-R-2,2'-bipyridine; R 

= OMe, tBu, Me, H, Br, COOMe, and CF3, see section SII). These complexes were selected for 

synthetic ease and because it was previously demonstrated that the kinetics of CO2 insertion to 

form formate complexes of the type Re(Rbpy)(CO)3{OC(O)H} can be measured for some of these 

hydrides.17 Although referred to as CO2 insertion reactions, the first step of these reactions is likely 

rate-determining outer-sphere hydride transfer18 to CO2 (Figure 3 & vide infra), and therefore the 

measured rates reflect the kinetic hydricity of the transition metal hydride.19 We determined the 

kinetics of CO2 insertion into Re(Rbpy)(CO)3H in acetonitrile (ACN) using UV-Vis spectroscopy 

with an excess of CO2 (0.257 M in ACN at 30 °C) to ensure pseudo-first-order conditions (Figure 

3). Representative kinetic traces where the first three half-lives of the reaction are used to 

determine the rate constant are shown in Figure S2. As observed  previously, these reactions are 

first-order in [Re] and [CO2], so the overall rate law is rate = k1[Re(Rbpy)(CO)3H][CO2] (see 

Figure S3).17 Values of k1 for each reaction were obtained by dividing the kobs value from a plot of 
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Figure 3: Hammett plot for CO2 insertion into Re(Rbpy)(CO)3H. Reaction conditions: [Re(Rbpy)(CO)3H]: ~0.3 

mM, [CO2]: 0.257 M, ACN, 30 °C.  
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ln([Re(Rbpy)(CO)3H] versus time by the concentration of CO2. The concentration of CO2 in ACN 

was determined using quantitative 13C NMR spectroscopy (see section SV). 

 
A Hammett plot was generated for the insertion of CO2 into our electronically diverse Re hydrides 

(Figure 3). We used a summed Hammett parameter to account for the disubstituted bpy, and the 

best correlation was obtained using Ssp, but the summed parameters Ssp
+ and Ssp

- also give 

excellent correlations (see Figures S5-S7).20 A negative slope of –1.19 is observed in the Hammett 

plot, suggesting a positive charge build-up on the Re center in the transition state (TS) supporting 

an outer-sphere rate-determining step for CO2 insertion, which is stabilized by more electron-rich 

ligands. In fact, there is a difference in the elementary rate constant for CO2 insertion of more than 

two orders of magnitude between our most electron-donating hydride (Re(OMebpy)(CO)3H) and 

our least electron-donating hydride (Re(CF3bpy)(CO)3H) indicating the profound influence of 

electronic factors on this reaction. Our results demonstrate a strong linear correlation between the 

Hammett parameter and kinetic hydricity. Given that previous work by Miller et al. demonstrated 

a strong linear correlation between the Hammett parameter and thermodynamic hydricity of 

(distinct) metal hydrides,21 this is suggestive of a LFER between kinetic and thermodynamic 

hydricity (vide infra).  

 
To gain further information about CO2 insertion into our family of Re hydrides, the activation 

parameters for insertion were determined using Eyring analysis (Table 1). Negative entropies were 

found for all of the insertion reactions, indicating a highly organized rate-limiting TS, in agreement 

with an outer-sphere CO2 insertion mechanism where two molecules combine to form one 

species.19e-g The entropic unfavorability of these CO2 insertion reactions, –33 to –49 cal mol-1 K-1, 

is larger than other examples of CO2 insertion into metal hydrides, which range from –10 to –35 

cal mol-1 K-1, suggesting that there may be a stronger interaction between the hydride and the 

Table 1: Activation parameters for CO2 insertion into Re(Rbpy)(CO)3H in ACN at 30 °C. 

Entry Complex H‡ (kcal 

mol-1) 

 S‡ (cal mol-

1 K-1) 

G‡
303 (kcal 

mol-1) 

G‡
303 (kcal 

mol-1)a 

1 Re(OMebpy)(CO)3H 3.8 ± 0.7  -48.9 ± 2.0 18.7 ± 0.5 -0.9 

2 Re(tBubpy)(CO)3H 6.0 ± 0.7  -43.4 ± 2.0 19.1 ± 0.5 -0.5 

3 Re(Mebpy)(CO)3H 5.0 ± 0.7  -46.3 ± 2.0 19.1 ± 0.5 -0.5 

4 Re(bpy)(CO)3H 7.1 ± 0.7  -41.3 ± 2.0 19.6 ± 0.5 0  

5 Re(Brbpy)(CO)3H 10.2 ± 0.9  -33.4 ± 2.8 20.3 ± 0.6 0.7 

6 Re(COOMebpy)(CO)3H 8.8 ± 0.7  -40.2 ± 2.0 21.0 ± 0.6 1.4 

7 Re(CF3bpy)(CO)3H 8.9 ± 0.3  -41.4 ± 2.0 21.5 ± 0.6 1.9 
aObtained by subtracting the value of G‡

303 for a particular complex from the G‡
303 value for the unsubstituted 

complex Re(bpy)(CO)3H. 
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carbon of CO2 in the TS for the Re complexes.19f,19g In agreement with this hypothesis, an inverse 

kinetic isotope effect (KIE) of kH/kD = 0.60 ± 0.08 is observed when the rate constants for CO2 

insertion into Re(bpy)(CO)3H and Re(bpy)(CO)3D are compared. Although inverse isotope effects 

are often observed in CO2 insertion reactions because the strength of the C−H bond formed is 

greater than the strength of the M−H bond broken, this is a relatively large inverse isotope effect 

that is consistent with a late TS in which there is a stronger interaction between the hydride and 

the carbon of CO2.
19f,19g 

 
Next, we systematically explored how the identity of the acceptor influences the kinetic hydricity 

of the Re hydride complexes. While it is expected that kinetic hydricity of a particular metal 

hydride will vary with the identity of the acceptor,6b,6e,12,22 the present system provided a unique 

opportunity to explore how the Hammett slope and KIE change as a function of driving force 

effects and steric properties. Therefore, we explored hydride transfer from our Re hydrides to a 

range of hydride acceptors (Figures 4 and S1523). We studied hydride acceptors whose conjugate 

hydride donors have known thermodynamic hydricities in ACN, such as 1,3-dimethylpyridin-1-

ium (MePic+),12 1,3-dimethyl-1H-benzo[d]imidazol-3-ium (MeBzIm+),6c,12 1,3-dimethyl-2-phenyl-

1H-benzo[d]imidazol-3-ium (PhMeBzIm+),6c,24 5-methylphenanthridin-5-ium (MeAnt+),6c,8c 10-

methylacridin-10-ium (MeAcr+),6c,14 9-phenyl-10-methylacridin-10-ium (PhMeAcr+),6c,25 and the 

trityl cation (Trit+).6c,26 This provided a range of hydride acceptors whose conjugate hydride 

 
Figure 4: Hydride transfer reactions between our series of Re complexes and a variety of different hydride 

acceptors. aThe value listed is the hydride affinity of the hydride acceptor (or the thermodynamic hydricity of the 

conjugate hydride donor) based on numbers previously reported in the literature. 
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donors have thermodynamic hydricities between 41 and 99 kcal mol-1 to compare with hydride 

transfer to CO2, whose conjugate hydride donor has a thermodynamic hydricity of 44 kcal mol-1.27  

 
 Hydride transfer to the acceptors with the greatest hydride affinity — MeAnt+, MeAcr+, and Trit+ 

— is too fast for kinetics to be measured even using a stopped-flow instrument. Based on the 

instrument response factor, we estimate the rate constant for hydride transfer from Re(bpy)(CO)3H 

to these substrates is >6.5 x 106 M-1s-1, assuming a bimolecular reaction. In contrast, the rates of 

hydride transfer to PhMeAcr+ could be measured using a stopped-flow instrument. Hydride transfer 

to MePic+, MeBzIm+, and PhMeBzIm+ is slower and we measured the rates for the majority of our 

Re hydrides by UV-Vis spectroscopic monitoring of shaken reaction solutions. However, for these 

acceptors the rates of hydride transfer from the electron deficient hydrides Re(Rbpy)(CO)3H (R = 

COOMe and CF3) were so slow that a significant amount of decomposition was observed and we 

were unable to obtain quantifiable data for these complexes. For the cationic N-heterocyclic 

acceptors, where we were able to measure the kinetics, the rate laws are 

k1[Acceptor+][Re(Rbpy)(CO)3H], consistent with a bimolecular reaction (see Figures S20-23). 

Eyring analysis indicates that the entropies for hydride transfer to MePic+, MeBzIm+, PhMeBzIm+, 

and PhMeAcr+ are similar (Table 2), consistent with the reactions proceeding via analogous TSs 

(vide infra). However, the entropies are much smaller than those associated with hydride transfer 

to CO2. A possible explanation for this observation is that there is significantly more solvent 

ordering in the reaction with CO2, as in this case two neutral molecules are forming a charged TS. 

In contrast, in hydride transfer to the cationic N-heterocyclic acceptors one of the starting materials 

is already charged, so a smaller amount of new solvent ordering required in the TS.28  

 
To gain more information about how hydride transfer varies as the acceptor is changed, KIEs 

Table 2: Activation parameters and kinetic isotope effects for hydride transfer from Re(bpy)(CO)3H to different 

hydride acceptors in ACN at 30 °C. 

Entry Hydride 

Acceptor 

Thermodynamic 

Hydricity kcal mol-1 a 
H‡ kcal 

mol-1 

S‡ cal 

mol-1 k-1 

G‡
303 (kcal 

mol-1) 

KIE 

(kH/kD) 

1 MePic+ 41 ± 3 15.8 ± 0.7 –16.6 ± 2.0 21.2 ± 0.3 0.38 ± 0.05 

2 CO2
 44b 7.4 ± 0.9 –40.1 ± 2.8 19.6 ± 0.04 0.60 ± 0.08 

3 MeBzIm+ 45 ± 3 17.3 ± 0.7 –14.2 ± 2.0 22.0 ± 0.4 0.43 ± 0.06 

4 PhMeBzIm+ 50 ± 2 17.3 ± 0.9 –19.6 ± 2.9 23.3 ± 0.07 0.45 ± 0.06 

5 PhMeAcr+ 76 ± 3c 4.9 ± 0.4 –17.9 ± 1.3 10.1 ± 0.1 1.65 ± 0.23 
aThermodynamic hydricity of conjugate hydride donor of the chosen acceptor. bNo error is included as 44 kcal 

mol-1 is an approximate hydride affinity for CO2. cUncertainty is estimated based on comparison with the error on 

thermodynamic hydricities measured using similar methods in the literature. 
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(kH/kD) were measured for hydride transfer between Re(bpy)(CO)3H or Re(bpy)(CO)3D and 

MePic+, MeBzIm+, PhMeBzIm+, and PhMeAcr+ (Table 2). The KIEs increase as the thermodynamic 

driving force for the reaction increases. For example, the KIE for hydride transfer to MePic+, which 

has the smallest driving force, is 0.38 ± 0.05, while the KIE for hydride transfer to PhMeAcr+, 

which has the largest driving force, is 1.65 ± 0.05. For the hydride acceptors that display inverse 

kinetic isotope effects we propose that when the reactions involve a hydride donor and a hydride 

acceptor that are more closely matched energetically, the TS becomes more product-like. In the 

product, the C−H bond that is formed is stronger than the Re−H bond that is broken and as a result 

the magnitude of the inverse KIE is greater as the TS becomes more product-like. The change from 

inverse to normal KIE that is observed with PhMeAcr+ is harder to interpret, although Bullock and 

co-workers observed a similar effect when they explored KIEs in hydride transfer reactions 

between metal hydrides with different thermodynamic hydricity and the trityl cation.29 In their 

case, they proposed that when reactions have increased driving force, there is less involvement of 

force constants with isotopically sensitive modes in the TSs, and this could be also the case in our 

work. Overall, even though the exact reasons for the changes in KIE are unclear on a molecular 

level, our results demonstrate for the first time that KIEs for hydride transfer move in a relatively 

predictable fashion as the thermodynamic hydricity of the hydride acceptor is varied. 

 
To probe if the effect of varying the electronic properties of the metal hydride influences the rate 

of hydride transfer to different hydride acceptors in a predictable fashion, we constructed Hammett 

plots for the transfer of a hydride from Re(Rbpy)(CO)3H to MePic+, MeBzIm+, PhMeBzIm+, and 

PhMeAcr+ (Figure S28). All of the Hammett plots give negative slopes, indicating that more 

electron-donating substituents increase the rate of the reaction and suggesting that the reactions 

follow similar pathways. Given that thermodynamic hydricity is proposed to correlate with the 

Hammett parameter,21 our data indicates that there is a generalizable correlation between the 

thermodynamic hydricity of the different Re hydrides and the rates at which they transfer a hydride, 

which extends across acceptors with a range in thermodynamic hydricity of at least 35 kcal mol-1. 

Essentially, for any given hydride acceptor, the relative rate of hydride transfer from a Re hydride 

can be predicted based on the Hammett parameter of the Re hydride, which is likely related to their 

thermodynamic hydricity (vide infra).  

 

Interestingly, when the slopes of the Hammett plot () for the different cationic N-heterocyclic 
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acceptors are compared to their hydride affinities, we observe an approximately linear decrease in 

 as the thermodynamic driving force increases (Figure 5). As the reaction becomes more 

thermodynamically favorable, the electronic differences between the bpy ligands become less 

important. We propose that in reactions in which there is less thermodynamic driving force, the 

TS is later and more product-like. If the TS is more product-like, the extent to which the Re−H 

bond is broken is greater and the Re center is more positively charged. The influence of the 

substituents on the bpy ligand would be expected to be greater when the Re center is more 

positively charged, explaining why reactions with less thermodynamic driving force have larger  

values. This explanation is analogous with our proposal for the observed changes in KIEs.30  

In our plot of  versus the hydride affinity of the acceptor, CO2 is an outlier and has a much lower 

sensitivity to ligand electronic factors than would be expected based on the thermodynamic driving 

force for hydride transfer (red square in Figure 5). However, hydride transfer to CO2 is the only 

reaction studied, where the product of hydride transfer, in this case the formate anion, binds to the 

metal center (Figure 3). Therefore, the metal containing product is a Re-formate, not a Re-ACN 

complex. Accordingly, when determining the thermodynamic driving force for this reaction, it is 

important to add the binding energy of formate to Re, so that an effective thermodynamic hydride 

affinity of CO2 is calculated.6e,31 For hydride transfer from Re(bpy)(CO)3H to CO2, we estimate 

computationally that formate binding is approximately 12 kcal mol-1 more favorable than ACN 
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Figure 5: Correlation between the slope of the Hammett plot () and the hydride affinity of the acceptor. Effective 

thermodynamic hydride affinity is used for CO2 (point shown in black). The uncorrected hydride affinity of CO2 

of 44 kcal mol-1 is shown in red, as this point is not included in the fit. 

 



12 

 

binding, and as a result the effective thermodynamic hydride affinity of CO2 is 56.0 kcal mol-1 (see 

section SXIV and vide infra).32 When this correction is made, CO2 is no longer an outlier and gives 

a value of , which enables an approximately linear fit for all data points (black markers in Figure 

5) At this stage, the exact reasons why effective thermodynamic hydride affinity needs to be 

considered to obtain a linear fit are unclear, especially given that solvent binding is proposed to 

occur after the rate-determining step of hydride transfer (vide infra). Nevertheless, the empirical 

trend is clear, and this is the first time a relationship between the thermodynamic hydride affinity 

of the acceptor and the electronic sensitivity of the hydride donor has been derived. 

 
Our experiments with different hydride acceptors enable us to compare how the absolute rate of 

hydride transfer from any one of our Re hydrides to the different hydride acceptors varies. We 

hypothesized that, as observed by Creutz et al., the rate of hydride transfer would become faster 

as the thermodynamic driving force for hydride transfer increased.12 Qualitatively, our results with 

Re(bpy)(CO)3H support this observation (Table 3 and see Tables S3-S8 for rates with other Re 

hydrides), as the rates of hydride transfer that are too fast to measure are observed for MeAnt+, 

MeAcr+, and Trit+, which have some of the largest thermodynamic driving forces. Similarly, we 

can measure the rates of hydride transfer to MePic+, MeBzIm+, and PhMeBzIm+, which have some 

of the lowest thermodynamic driving forces. However, more detailed analysis of the rates of 

hydride transfer from Re(bpy)(CO)3H to MePic+, MeBzIm+, PhMeBzIm+, and PhMeAcr+ reveal a 

poor correlation with the thermodynamic driving force. In fact, the slowest rate of hydride transfer 

is observed to PhMeBzIm+, which has a larger thermodynamic driving force than either MePic+ or 

Table 3: Experimental rates (k1) for hydride transfer from Re(bpy)(CO)3H to different hydride acceptors in ACN 

at 30 °C. 

Entry Hydride 

Acceptor 

Thermodynamic 

Hydricity kcal mol-1,a 

k1 (M-1 s-1)c Rate Relative to 
MePic+ 

1 MePic+ 41 ± 3 1.24 x 10-2 - 

2 MeBzIm+ 45 ± 3 3.97 x 10-3 0.33 

3 PhMeBzIm+ 50 ± 2 3.68 x 10-4 3.7 x 10-2 

4 CO2 56b 4.28 x 10-2 3.5 

5 MeAnt+ 61 ± 2d > 6.5 x 106 NA 

6 MeAcr+ 70 ± 2 > 6.5 x 106 NA 

7 PhMeAcr+ 76 ± 3d 2.01 x 105 1.6 x 107 

8 Trit+ 99 ± 0.5 > 6.5 x 106  NA 
aThermodynamic hydricity of conjugate hydride donor of the chosen acceptor. bEffective thermodynamic hydride 

affinity including formate binding. No error is included as the initial value of 44 kcal mol-1 before the correction 

for formate binding is an approximate hydride affinity for CO2. cA 10% error is associated with the rate. 
dUncertainty is estimated based on comparison with the error on thermodynamic hydricities measured using similar 

methods in the literature. 
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MeBzIm+. Similarly, it is surprising that we can measure a rate for hydride transfer to PhMeAcr+, 

when it is a significantly better hydride acceptor than MeAnt+ or MeAcr+. This data suggests that 

the thermodynamic hydricity of the acceptor is not the only factor that needs to be considered in 

understanding the rates of hydride transfer.  

 
Steric Effects on Kinetic Hydricity 

We hypothesized that steric factors may be causing the decrease in the relative rate of hydride 

transfer to PhMeBzIm+ and PhMeAcr+ compared to other acceptors. This would explain why 

hydride transfer to MePic+ is faster than hydride transfer to either of the more sterically congested 

acceptors MeBzIm+ or PhMeBzIm+, despite the lower thermodynamic driving force.33 To 

rigorously assess the influence of steric factors, we synthesized 1,3-R2-1H-benzo[d]imidazol-3-

ium cations (RBzIm+) (R = Me, Et, Pr, iPr), which have similar thermodynamic hydride affinities 

(ΔΔG°H– between the acceptors is 0.7 kcal mol-1) but varied steric properties (see sections SXVI 

& SXVII). We then quantified the rate of hydride transfer from Re(OMebpy)(CO)3H to the different 

acceptors (Figure 6). Consistent with our proposal, there is a difference of one order of magnitude 

in rate constant for hydride transfer between MeBzIm+ and EtBzIm+ and a staggering three orders 

of magnitude between MeBzIm+ and iPrBzIm+. These results suggest that the deviations we observe 

MeBzIm EtBzIm PrBzIm iPrBzIm
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Figure 6: Rates of hydride transfer from Re(OMebpy)(CO)3H to hydride acceptors with different steric properties 

but similar thermodynamic hydricities. Rates have units of M-1 s-1 and have an error of ±10 %. 
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between the rate constant for hydride transfer (Table 3) and the thermodynamic driving force for 

the reaction with cationic N-heterocycles are related to steric factors.  

 
Given that steric differences between hydride acceptors cause deviations in the relationship 

between the rate of hydride transfer and the thermodynamic driving force for the reaction, we 

hypothesized that a similar effect would be observed when the steric properties around the metal 

hydride were altered. To examine this, we synthesized Re(6,6'-dimethyl-2,2'-bipyridine)(CO)3H 

(Re(6-Mebpy)(CO)3H) and measured its rates of hydride transfer to CO2, MePic+, MeBzIm+, and 

PhMeAcr+ (Table 4). In order, to place the measured rate constants for hydride transfer from Re(6-

Mebpy)(CO)3H into the Hammett plots shown in Figures 3 and S28, a sp for the 6,6'-methyl 

substituents is required. This is problematic because ortho Hammett parameters do not exist. 

However, Kubiak et al. showed that there is a linear relationship between the electrochemical 

reduction potentials for complexes of the type Re(Rbpy)(CO)3Cl and their Hammett parameter.34 

Using this relationship, we estimate that Re(6-Mebpy)(CO)3H has a Ssp of –0.26 (see section 

SXVIII). Although this sp reflects both electronic and steric changes associated with the 

introduction of the 6,6'-methyl substituents, the steric impact is likely minimal because theoretical 

calculations show the geometrical parameters around the Re center in Re(6-Mebpy)(CO)3H are 

essentially the same as our other Re hydrides. Thus, the estimated Ssp primarily reflects the 

electronic properties of the complex. 

 
Table 4 shows the predicted rate of hydride transfer from Re(6-Mebpy)(CO)3H based only on its 

estimated Ssp and the linear equation fitting the Hammett plots for the 4-substituted bpy 

complexes (see Figures 3, S28, and S36). For all hydride acceptors, we observed experimental 

Table 4: Predicted and measured rates for hydride transfer from Re(6-MeBpy)(CO)3H to different hydride acceptors 

in ACN at 30 °C. 

Entry Acceptor Thermodynamic 

Hydricity (kcal 

mol-1)a 

Predicted k1 Re(6-

Mebpy)(CO)3H (M-1 

s-1)b 

Measured k1 Re(6-

Mebpy)(CO)3H (M-1 s-

1)c 

Rate 

Decrease 

1 MePic+ 41 ± 3 4.46 x 10-2 4.01 x 10-3 11 

2 MeBzIm+ 45 ± 3 2.14 x 10-2 1.10 x 10-3 20 

3 CO2 56d 8.50 x 10-2 2.00 x 10-2 4.3 

4 PhMeAcr+ 68 ± 3e 4.00 x 105 9.33 x 104 4.3 
aThermodynamic hydricity of conjugate hydride donor of the chosen acceptor. bValue predicted from using 

Hammett plots in Figures 3 and S28 based on a Sp of -0.26 (see section SXVIII). cA 10% error is used for the k1 

value. dEffective thermodynamic hydride affinity including formate binding. No error is included as the initial 

value of 44 kcal mol-1 before the correction for formate binding is an approximate hydride affinity for CO2. 

Uncertainty is estimated based on comparison with the error on thermodynamic hydricities measured using similar 

methods in the literature. 
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rates that are slower for Re(6-Mebpy)(CO)3H than: (i) those predicted based solely on the estimated 

Ssp value and (ii) those obtained for the analogous 4,4'-substituted bpy hydride, 

Re(Mebpy)(CO)3H. In general, the effect is more significant for hydride acceptors that are also 

sterically bulky, so hydride transfer to MeBzIm+ is 20 times slower than the expected rate based 

solely on the Ssp value, while transfer to less bulky CO2 is only 4 times slower. This is consistent 

with the decrease in rate being related to the 6,6'-methyl groups resulting in increased steric clash 

in the TS, which is supported by DFT calculations. However, PhMeAcr+, which is one of the 

bulkiest hydride acceptors, is an exception to this trend and displays a rate that is only 4 times 

slower than the predicted value. It is possible that the steric factors associated with the metal 

hydride are comparatively less important in this case because there is a stronger thermodynamic 

driving force for the reaction, which means that there is a less pronounced interaction between the 

metal hydride and the acceptor in the TS. Taken together, our results show that steric factors are 

important in determining the rate of hydride transfer and that even small changes to either the 

hydride donor or acceptor can lead to substantial deviations from what is expected based on the 

thermodynamic driving force for a reaction. 

 
Experimental and Computational Estimation of Thermodynamic Hydricity 

To develop LFERs between kinetic and thermodynamic hydricity, we needed to obtain 

thermodynamic hydricities for our family of Re hydrides. Attempts to experimentally determine 

thermodynamic hydricity according to thermochemical cycles were unsuccessful (see sections 

SXXI-XXIII for details).6b However, the potential-pKa method27a allowed us to estimate that the 

thermodynamic hydricity of Re(bpy)(CO)3H is > 40 kcal mol-1 (see Section SXXIII). As traditional 

thermochemical methods did not yield a precise thermodynamic hydricity, we approximated a 

value using the known linear correlation between the first reduction potential of a metal solvato 

complex and the thermodynamic hydricity of its corresponding metal hydride developed by 

Kubiak et al.6d Using cyclic voltammetry, we determined the reduction potentials of 

Re(Rbpy)(CO)3(ACN)+ (R = OMe, Me, H) in ACN and then utilized the previously established 

relationships to estimate that the thermodynamic hydricities of Re(OMebpy)(CO)3H, 

Re(Mebpy)(CO)3H, and Re(Hbpy)(CO)3H are 42, 43, and 45 kcal mol-1, respectively (see section 

SXXIV). The predicted hydricity for the unsubstituted complex Re(bpy)(CO)3H agrees with our 

lower bound of 40 kcal mol-1 and is consistent within error with our hydride transfer reactions, as 

we observe hydride transfer to MePic+, which has a hydride affinity of 41 ± 3 kcal mol-1. Further, 
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the electrochemical data suggests that Re(OMebpy)(CO)3H and Re(Mebpy)(CO)3H are more 

hydridic than the unsubstituted species, which is in line with our experimental kinetic data and the 

proposed correlation between Hammett parameter and thermodynamic hydricity.21 

 
To more precisely determine the thermodynamic hydricity of our family of Re(Rbpy)(CO)3H 

complexes, we turned to computational approaches and performed calculations using density 

functional theory (DFT) and wavefunction based methods (see section SXXV). Using the M06 

functional35 in conjunction with the def2-TZVPP basis set36 and SMD continuum solvation 

model37 for ACN, the thermodynamic hydricity of Re(bpy)(CO)3H is estimated to be 41.1 ± 1.5 

kcal mol-1 (Table 5). This value was obtained by taking the average of computed thermodynamic 

hydricities from isodesmic equilibrium exchange reactions between Re(bpy)(CO)3H and five other 

transition metal hydrides that range in experimental hydricity from 36 to 62 kcal mol-1 and vary in 

charge (see Table S13).6e Several other popular density functionals (Table S43) and calculations 

at the DLPNO-CCSD(T)/def2-TZVPP level of theory38 (Table S44) resulted in a similar value for 

the thermodynamic hydricity of Re(bpy)(CO)3H. Overall, our calculated thermodynamic hydricity 

value for Re(bpy)(CO)3H is in agreement with the value predicted experimentally using the first 

reduction potential. 

 
We next calculated the relative thermodynamic hydricities of Re(Rbpy)(CO)3H (R = OMe, tBu, 

Me, Br, COOMe, CF3) through isodesmic exchange reactions with Re(bpy)(CO)3H using 

M06/def2-TZVPP, several other DFT methods, and DLPNO-CCSD(T)/def2-TZVPP (Tables 5 & 

S15-S25). In all cases, computed relative hydricities are similar, suggesting that the relative 

Table 5: Computed relative and absolute thermodynamic hydricities of Re(Rbpy)(CO)3H in ACN, determined 

through isodesmic exchange reactions with Re(bpy)(CO)3H. 

 

Re(Rbpy)(CO)3H 

Relative 

Thermodynamic 

Hydricity (kcal mol-1) 

Computed 

Thermodynamic 

Hydricity (kcal mol-1) 

Re(OMebpy)(CO)3H -1.2 39.9 

Re(Mebpy)(CO)3H -0.5 40.6 

Re(tBubpy)(CO)3H -0.2 40.9 

Re(bpy)(CO)3H 0.0 41.1 

Re(Brbpy)(CO)3H 1.2 42.3 

Re(COOMebpy)(CO)3H 2.4 43.5 

Re(CF3bpy)(CO)3H 1.7 42.8 
aAll computations were performed at the M06/def2-TZVPP level with SMD continuum solvation model for ACN. 
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thermodynamic hydricity is mostly invariant to the chosen level of theory. Hammett plots of 

relative thermodynamic hydricity versus Ssp for the different disubstituted bpy complexes 

displayed linear correlations, consistent with the proposed correlation between Hammett parameter 

and thermodynamic hydricity (Figures S49, S55-S56, & S63).21 Using the computed 

thermodynamic hydricity of Re(bpy)(CO)3H and the relative values found for the substituted 

complexes, computed thermodynamic values were established for all of our complexes (Table 5). 

The overall trend in thermodynamic hydricity is that complexes containing more electron rich bpy 

ligands are more hydridic than compounds with less electron rich bpy ligands, which is consistent 

with a previous work on the thermodynamic hydricity of Ir complexes with electronically different 

bpy ligands.21 The only counterintuitive result is that Re(COOMebpy)(CO)3H is less hydridic than 

Re(CF3bpy)(CO)3H, but when computational errors are considered these values are quite similar. 

 
Computational Modeling of Kinetic Hydricity 

We calculated the kinetic hydricities of our family of Re(Rbpy)(CO)3H complexes with different 

acceptors, starting with hydride transfer to CO2. The computed free energy profiles for CO2 

insertion into Re(bpy)(CO)3H (with and without explicit ACN solvent molecules) indicate outer-

sphere hydride transfer to CO2 to form I to be rate limiting, assuming facile rotation of the formate 

ligand in I to form II (Figure 7 and S47-S48). The TS (TS-I) for hydride transfer from Re to CO2 

features only an interaction between the hydride and the carbon atom of CO2, with no interaction 

 
Figure 7. Computed free-energy profile (kcal mol-1) for hydride addition to CO2 to generate formate complex II 

with five explicit molecules of ACN included. For more information on the release of the formate ligand from Re 

in II to generate an ACN adduct, see Figure S47. 
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between Re and the oxygen atoms of CO2. This type of outer-sphere TS is similar to calculated 

pathways for CO2 insertion into a variety of other coordinatively saturated hydrides.19a,39 It is, 

however, different compared with a previous calculation of CO2 insertion into Re(bpy)(CO)3H, 

which featured an inner-sphere pathway with both a Re–O and a C–H interaction in the initial 

TS.40 Nevertheless, the previous result was obtained via geometry optimizations in vacuum. 

Consistent with our observation that formate remains coordinated to Re, the substitution of 

coordinated formate with a solvent ACN molecule was computed to be thermodynamically uphill 

(see Figures S47-S48). 

 
When we consider CO2 insertion into the full Re(Rbpy)(CO)3H series, we observe that the 

computed activation free energies (G‡) at the M06 level of theory (as well as other DFT methods 

and DLPNO-CCSD(T)/def2-TZVPP) exhibit strong correlations with the Hammett Ssp parameter 

(Figures S50, S61-S62, & S66), matching our experimental results. Further, at the M06 level of 

theory there is agreement between the computed and experimental activation energies and the 

computed activation energies are strongly correlated with the experimentally measured rate 

constants (ln(kexpt)) (Figure 8). This suggests that calculations can predict the rates of CO2 insertion 

with complexes containing other substituents on the bpy ligand. We also investigated the 

geometric features, bond order properties, and partial atomic charges of the family of the Re 

hydrides, along with the TS associated with hydride transfer. No significant correlations were 
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Figure 8. Plot of experimental activation free energies (G‡

expt, in red) and computed activation free energies (G‡, 

in blue) (kcal mol-1) of Re(Rbpy)(CO)3H complexes versus the natural logarithm of relative experimental CO2 

insertion rates (ln(kexpt)) at M06/def2-TZVPP level of theory and 303 K. 
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observed except for the consistent differences in properties like C–H bond distance and bond order, 

and partial atomic charges of Re, H and C atoms in optimized TS structures between complexes 

supported by the most electron-donating (R = OMe) and most electron-withdrawing (R = CF3) bpy 

ligands (Tables S26-S27). The TS is later and more product like for the CF3 substituted ligand. 

 
Next, we examined hydride transfer from Re(Rbpy)(CO)3H to MePic+, MeBzIm+, PhMeBzIm+, and 

PhMeAcr+. These reactions involve a single TS in which the Re hydride bond is cleaved and the 

C–H bond is formed (Figure S81), consistent with concerted hydride transfer, as opposed to 

electron transfer (ET) followed by proton transfer (PT) or vice versa. After the hydride has 

transferred, the substrate presumably diffuses into solution, and solvent binds to the cationic metal 

center. The calculated activation energies for hydride transfer from Re(bpy)(CO)3H follow a 

similar trend to the experimental activation energies (Table S28) with the barrier being lower for 

PhMeAcr+ (G‡ = 17.8 kcal mol-1) than for MePic+, MeBzIm+, PhMeBzIm+. However, the computed 

G‡ of 17.8 kcal mol-1 is significantly higher than the experimentally measured G‡ of 10.1 kcal 

mol-1 for PhMeAcr+ and although our search for alternative conformers for the hydride transfer TS 

structure led to slightly lower activation free energies (G‡ = 16.5 kcal mol-1), the difference is 

still significant. We note that among the list of organic hydride acceptors investigated 

computationally, PhMeAcr+ features the largest driving force and quantum tunneling effects might 

need to be considered for more accurate predictions.  

 

The computed activation energy  is higher for hydride transfer from Re(bpy)(CO)3H to 

PhMeBzIm+ (G‡ = 21.5 kcal mol-1) compared to that of MeBzIm+ (G‡ = 19.7 kcal mol-1), in line 

with experimental trends and predicted steric effects. In contrast, the calculations cannot reproduce 

the observed experimental trend for MePic+ (G‡ = 22.9 kcal mol-1), as it has a slightly higher 

calculated activation energy than MeBzIm+, and PhMeBzIm+. This minor discrepancy is 

unsurprising given the relatively small differences observed experimentally and the range of 

activation energies computed for different isomer products of MePic+ (G‡ = 19.7 and 20.6 kcal 

mol-1). Inspection of geometric features, bond order properties, and partial atomic charges indicate 

relatively early TS structures for hydride transfer from Re(bpy)(CO)3H to PhMeAcr+ (Tables S39-

S40) compared to MePic+, MeBzIm+, PhMeBzIm+, as we hypothesized from our experimental 

trends. However, the computed properties are indistinguishable when comparing MePic+, MeBzIm+, 

and PhMeBzIm+, most likely due to the similarities in the thermodynamic driving force for hydride 
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transfer, which mean that there are not large changes in the TS structure (Tables S29-S36). 

Similarly, when considering hydride transfer for the full series of Re(Rbpy)(CO)3H complexes to 

MePic+, MeBzIm+, PhMeBzIm+, and PhMeAcr+, the only notable differences are observed between 

the most thermodynamically different complexes featuring either OMe or CF3 substituents on the 

bpy. Specifically, the TS is always later for the CF3 substituted complex. 

 
The ability of the calculations to match experimental trends is further highlighted by the computed 

activation energies for hydride transfer from Re(bpy)(CO)3H to the sterically diverse RBzIm+ (R 

= Me, Et, Pr, and iPr) series. The calculated activation energies are 19.7, 20.3, 21.4 and 23.0 kcal 

mol-1 respectively for R = Me, Et, Pr and iPr (span from lowest to highest barrier is 3.3 kcal mol-1, 

Table S42), consistent with the large steric effect observed experimentally. We also investigated 

hydride transfer from Re(CF3bpy)(CO)3H and Re(OMebpy)(CO)3H to the RBzIm+ (R = Me, Et, Pr, 

and iPr) series. The differences in computed activation energies for the sterically varied substrates 

were higher for Re(CF3bpy)(CO)3H (G‡ = 20.6 (Me), 21.4 (Et), 23.2 (Pr), and 25.1 (iPr) kcal mol-1; 

overall span is 4.5 kcal mol-1) and smaller for Re(OMebpy)(CO)3H (G‡ = 18.7 (Me), 18.6 (Et), 

19.0 (Pr), and 19.1 (iPr) kcal mol-1; overall span is 0.4 kcal mol-1). This suggests that the extent of 

steric effects may be related to the thermodynamic hydricity of the hydride donor and that when 

there is a less hydridic donor and therefore a smaller thermodynamic driving force for the reaction, 

steric factors are magnified, presumably because there are more steric clashes in a later TS. Our 

experimental studies using Re(6-Mebpy)(CO)3H also suggest that the effect of steric factors on rate 

may be related to the thermodynamic driving force for the reaction. Overall, our kinetic 

calculations show that: (i) hydride transfer is rate-determining and concerted in the reactions we 

are studying; (ii) as the reaction becomes more thermodynamically favorable either by varying the 

hydride donor or acceptor, the TS becomes earlier; and (iii) steric effects are large but influenced 

by the overall reaction thermodynamics. 

 
Linear Free Energy Relationships and Marcus Analysis 

Using the computed thermodynamic hydricities for Re(Rbpy)(CO)3H (R = OMe, tBu, Me, H, Br, 

COOMe, CF3), we examined the relationship between thermodynamic hydricity and the 

experimental rates of CO2 insertion. Figure 9A plots the natural logarithm of the rate constant for 

CO2 insertion versus thermodynamic hydricity and shows that more hydridic complexes give faster 

rates of insertion. The kinetic hydricity is related to the activation energy of a specific hydride 
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transfer reaction from Re to CO2, while the thermodynamic hydricity represents the dissociation 

of H– and does not involve CO2. Thus, the correlation is significant because it relates a fundamental 

thermodynamic property of the metal complex to the kinetics of a specific reaction. However, 

although this plot represents an elegant demonstration of a LFER between kinetic and 

thermodynamic hydricity, further analysis is difficult because the units of the values on the x and 

y axis are not the same. Therefore, in Figure 9B, we generated a classical Brønsted plot of ln(Keq) 

(where Keq is the equilibrium constant for the hydride transfer reaction derived from the calculated 

thermodynamic hydricity of the transition metal hydride and the experimental value for the hydride 

acceptor) against ln(k1) (where k1 is the rate constant for hydride transfer at 303 K) for the hydride 

transfer reaction.41 This is analogous to what has been plotted in the literature for organic hydride 

transfer reactions8a-f. Our LFER has a slope (Brønsted ) of 0.790 ± 0.02, which is within the range 

observed for reactions between organic hydride donors and acceptors. The  value is consistent 

with hydride transfer to CO2 involving a concerted hydride transfer TS.8d,8i Further support for the 

concerted reaction comes from the Eyring analyses (vide supra), which gave rise to activation 

parameters in the expected range for a concerted process. This is because hydride transfer reactions 

that proceed via stepwise ET-PT-ET pathways have been reported to exhibit inverse temperature 
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Figure 9: LFERs for CO2 insertion into Re(Rbpy)(CO)3H. (A) LFER comparing thermodynamic hydricity and the 

ln of the rate of hydride transfer, or kinetic hydricity. (B) Brønsted plot comparing thermodynamic hydricity and 

the ln of the rate constant. The slope of the plot () is 0.790. This plot uses the effective hydride affinity of CO2, 

including formate binding to Re(bpy)(CO)3(ACN)+ (56 kcal mol-1) to calculate Keq (ln(Keq)=-G/RT), but the slope 

is the same if absolute hydricity (44 kcal mol-1) is used. Reaction conditions: [Re(Rbpy)(CO)3H]: ~0.3 mM, [CO2]: 

0.26 M, ACN, 30 °C. 
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dependence (and thus negative ∆H‡ values), which is not observed here.42 Finally, in the case of 

CO2 insertion, our extensive experimental data also enables us to plot the activation energies (G‡) 

for CO2 insertion into Re(Rbpy)(CO)3H against the computed thermodynamic hydricity and as 

expected this shows a linear relationship, with a slope that is essentially the same as the plot of 

kinetic versus thermodynamic hydricity in Figure 9A (see Figure S83). Importantly, when we plot 

activation energies from theory against the computed thermodynamic hydricities, we see similar 

trends, suggesting that in the future, theory can be used to develop robust LFERs. 

 
Linear correlations between thermodynamic and kinetic hydricity are also observed in the 

Brønsted plots for the reactions of our family of Re hydrides with MePic+, MeBzIm+, PhMeBzIm+, 

and PhMeAcr+ (Figure S82). In each plot, the slope is positive, indicating more rapid hydride 

transfer with more hydridic metal hydrides. However, the magnitude of the slope () changes by 

approximately a factor of two across the series of hydride donors/acceptors. Further, the value of 

 for each specific hydride transfer reaction has an approximately linear relationship with the 

hydride affinity of the chosen acceptor (Figure 10). It is notable that the slope of the LFER for 

hydride transfer to CO2 fits well with the full data set only when we also consider effective hydride 

affinity. It could easily be assumed that only the H– transfer would be related to the barrier of 

hydride transfer, but Figure 10 shows that the binding of formate to the Re center must be 

accounted for in analyzing LFERs. This has implications for catalysis, as it implies that the binding 

of a substrate after hydride transfer can impact the expected rate. In future work, we will investigate 
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Figure 10: Correlation between the slope of Brønsted plots and thermodynamic hydricity of the conjugate hydride 

acceptor. Effective thermodynamic hydride affinity is used for CO2, which is calculated by estimating the binding 

energy of formate to [Re(bpy)(CO)3(ACN)]+.  
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the exact reasons why effective hydride affinity needs to be considered for CO2 insertion and 

potentially other substrates where binding occurs after H– transfer. 

 
The results in Figure 10 indicate that as the hydride affinity of the acceptor increases, and the 

overall driving force for hydride transfer increases, the activation barrier becomes less sensitive to 

changes in the thermodynamic hydricity of the hydride donor. In other words, changes in the 

thermodynamic hydricity of Re(Rbpy)(CO)3H have a much smaller influence on the rate of hydride 

transfer when there is more considerable thermodynamic driving force for the reaction (i.e., when 

PhMeAcr+ is a hydride acceptor). In contrast, if there is a low thermodynamic driving force for the 

reaction, such as hydride transfer to MePic+, then differences in the thermodynamic hydricity of 

Re(Rbpy)(CO)3H have a much larger influence on the rate of hydride transfer. Thus, our data 

suggests that optimizing the hydricity of a metal hydride complex is more critical when the 

thermodynamic driving force for the reaction is smaller. One important example that fulfills this 

criterion is catalytic reactions, where efficient catalysts have free energies of reaction for each step 

that are close to zero. Consequently, our analysis suggests that thermodynamic hydricity tuning is 

likely to have particularly large impacts on the rates of hydride transfer steps in catalysis. We also 

expect our finding (that the rates of hydride transfer reactions, which are more thermodynamically 

favorable, are less sensitive to changes in the thermodynamic hydricity) will be relevant to 

reactions involving organohydrides, where this trend has yet to be observed. 

 

The linear correlation between  and the hydride affinity of the chosen acceptor suggests a similar 

hydride transfer mechanism across the different acceptors, where the TS becomes more product-

like at lower driving forces. Accordingly, it may be possible to use Marcus theory to model single-

step hydride transfer reactions from transition metal hydrides, as has been conducted for organic 

hydrides.8a-f,9 To probe this hypothesis, we combined all the data sets used in the Brønsted plots 

into a single plot of ln(Keq) against ln(k1) for hydride transfer to all of our acceptors (Figure 11). 

While the expected trend of increasing k1 values with increasing driving force (larger Keq values) 

is observed within each series where the Re complex is varied, and more broadly for three of the 

series where the acceptor is varied, a Marcus expression would clearly not fit all of the data. This 

is likely because of the different steric properties of our hydride acceptors and indicates that it is 

not possible to make general conclusions about the rates of hydride transfer to an acceptor based 

on thermodynamic considerations and/or Marcus theory alone, unless the acceptors have similar 
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steric profiles. Further, we have not included any data from the ortho-bpy substituted complex 

Re(6-Mebpy)(CO)3H in Figure 11, because the rates of hydride transfer from this species are 

significantly slower than what would be expected based on its computed thermodynamic hydricity 

(42.2 kcal mol-1). This implies that the steric properties of a metal complex can be used to 

independently tune the rates of hydride transfer, without changing the driving force. A potential 

application of this result is related to promoting selectivity in catalytic reactions, where a certain 

driving force may be needed for a substrate to accept a hydride, but by tuning the steric properties 

it could be possible to slow the donation of the hydride to a competing substrate with greater steric 

bulk. 

 
To more rigorously assess our hypothesis that Marcus theory can be used to model reactions 

involving hydride acceptors with similar steric properties, we fit the data for hydride transfer to 

PhMeBzIm+ and PhMeAcr+, which have similar steric profiles, using Eq 1 derived from Marcus 

theory as utilized by Kreevoy8c (see section SXXVIII): 
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2
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)           (𝐸𝑞 1) 

where: k1 is the observed rate constant for hydride transfer, kB is the Boltzmann constant, T is 

temperature, h is Planck’s constant, Wr is the standard free energy of formation of the precursor 

  
Figure 11: Brønsted plot comparing thermodynamic hydricity and the ln of the rate constant for hydride transfer 

from Re(Rbpy)(CO)3H to CO2 (blue squares), MePic+ (purple diamonds), MeBzIm+ (green triangles), PhMeBzIm+ 

(maroon hexagons), and PhMeAcr+ (red circles). The solid red line is the least-squares fit to the Marcus expression 

of Eq 1 only for the data sets involving hydride transfer to PhMeBzIm+, and PhMeAcr+ with Wr = 0.0 kcal mol-1. 

A  value of 100.3 kcal mol-1 is estimated. 
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configuration from the reactants estimated as the electrostatic work term, R is the gas constant,  

is the reorganization energy, Keq is the equilibrium constant for hydride transfer. Based on a 

Coulombic model, we estimated Wr as 0 kcal mol-1 (see SI) and in this case, the red fitted line in 

Figure 11 gives good agreement with our experimental data and estimates a reorganization energy 

() value of approximately 100 kcal mol-1. This is similar to what has been observed for organic 

hydride transfer reactions8c but needs to be considered with caution because  is highly sensitive 

to changes in Wr (see Figure S85). Further, using a Wr
 value of 0, we fitted data for ln(Keq) against 

ln(k1) for hydride transfer from Re(Rbpy)(CO)3H to each individual hydride acceptor using Eq 1 

(see Figures S86-S95). Relatively good fits are observed with  values all in the range of 75-115 

kcal mol-1. This supports the proposal that when the steric properties of the metal hydride and 

organic acceptor are similar, Marcus theory can be used to model hydride transfer reactions. 

However, a prediction from Glusac et al., derived from metal hydride and organohydride self-

exchange kinetic data, is that  values involving metal hydride complexes may be smaller than 

those involving purely organic hydrides.9a This highlights that kinetic studies of “cross reactions” 

of metal hydrides and organic acceptors with similar steric properties and spanning a large range 

in driving force are needed to provide conclusive insight. In future work, we will pursue this goal 

and quantify the reorganization energies, especially in comparison to hydride transfer reactions 

between organic systems. Nevertheless, our preliminary work demonstrates that with some caveats 

the types of Marcus analysis that have been performed for purely organic hydride transfer reactions 

are likely to be applicable to reactions that involve hydride transfer from transition metal hydrides. 

 
Conclusions 

In this work, we have measured the second-order rate constants of hydride transfer (kinetic 

hydricity) from a series of structurally similar but electronically distinct Re hydrides to a diverse 

set of hydride acceptors. Using primarily computational methods, verified with some experimental 

measurements, we determined the thermodynamic hydricity of our Re hydrides, which enabled us 

to develop some of the most comprehensive LFERs reported to date involving thermodynamic and 

kinetic hydricity of transition metal complexes. In general, we observe that as the thermodynamic 

driving force for hydride transfer increases, the rate of hydride transfer also increases. This is true 

for reactions in which the thermodynamic driving force for hydride transfer varies by up to 35 kcal 

mol-1 and appears to be independent of the exact structure of the hydride acceptor. Further, 
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reactions for which there is more thermodynamic driving force are less sensitive to changes in the 

electronic properties of the metal hydride, presumably because there is less build-up of charge in 

the earlier TS. However, even slight perturbations in the steric properties of the Re hydride or the 

hydride acceptor result in large deviations in the predicted rate of hydride transfer based on 

thermodynamic driving forces. In fact, the correlations between kinetic and thermodynamic 

hydricity for our transition metal complexes breakdown dramatically when steric factors are 

introduced. We expect that steric factors can also cause deviations from the LFERs observed in 

hydride transfer reactions involving purely organic systems, but this has not been studied to date.8a-

f The observation that steric factors are important is significant to catalysis, as it indicates that 

when a substrate or catalyst is changed, the steric properties of the new substrate or catalyst, as 

well as the change in thermodynamic driving force, need to be considered when trying to predict 

reaction kinetics. In fact, it may be possible to use small changes in steric properties to influence 

selectivity in catalysis, as our results suggest that steric effects are non-linear. Finally, our results 

suggest that it in some cases it will be possible to use Marcus theory to analyze hydride transfer 

from transition metal hydrides and serve as a powerful predictive tool to control the rates of hydride 

transfer, which will be useful for the development of new and more active metal hydride catalysts. 
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