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ABSTRACT: Activity descriptors are a powerful tool for the design of catalysts than can efficiently utilize H2 with minimal 
energy losses. In this study, we develop the use of hydricity and H− self-exchange rates as thermodynamic and kinetic de-
scriptors for the hydrogenation of ketones by molecular catalysts. Two complexes with known hydricity, HRh(dmpe)2 and 
HCo(dmpe)2, were investigated for the catalytic hydrogenation of ketones under mild conditions (1.5 atm, 25 °C). The rho-
dium catalyst proved to be an efficient catalyst for a wide range of ketones, whereas the cobalt catalyst could only hydrogenate 
electron-deficient ketones. Using a combination of experiment and electronic structure theory, thermodynamic hydricity val-
ues were established for 46 alkoxide/ketone pairs in both MeCN and THF solvent. Through comparison of the hydricities of 
the catalysts and substrates, it was determined that catalysis was only observed for catalyst/ketone pairs with an exergonic 
H− transfer step. Mechanistic studies revealed that H− transfer was rate-limiting step for catalysis, allowing for the experi-
mental and computation construction of linear free-energy relationships (LFERs) for H− transfer. Further analysis revealed 
the LFERs could be reproduced using Marcus theory, in which the H− self-exchange rates for the HRh/Rh+ and ketone/alkoxide 
pairs were used to predict the experimentally measured catalytic barriers within 2 kcal mol−1. These studies significantly 
expand the scope of catalytic reactions that can be analyzed with a thermodynamic hydricity descriptor and firmly establish 
Marcus theory as a valid approach to develop kinetic descriptors for designing catalysts for H− transfer reactions. 

INTRODUCTION 

Hydrogen is the smallest molecule, yet is of enormous 
value for modern society. Catalytic hydrogenation of un-
saturated organics, such as olefins, esters, and ketones, are 
key reactions in the petrochemical, agrochemical, pharma-
ceutical, and food industries.1-4 Hydrogen will also be indis-
pensable for the transition to a net-zero economy. While 
most hydrogen is currently derived from fossil fuels, much 
effort has been put forth to develop alternative methods of 
hydrogen production with a low or negative carbon foot-
print.5 Hydrogen also holds promise for storage of renewa-
ble electricity in liquid organic hydrogen carriers.6-7 Given 
the scale of current and future demand for hydrogen, it is 
imperative to develop catalysts that can efficiently activate 
and transfer hydrogen to organic molecules under mild re-
action conditions. 

Thermodynamic activity descriptors are a powerful tool 
to understand and predict the activity and efficiency of a 
catalyst for a given chemical transformation.8-10 Heteroge-
neous catalysts typically follow radical mechanisms, leading 
to the use of the H• binding energy as an activity descriptor 
for reactions involving hydrogen.11-13 In contrast, molecular 
catalysts follow heterolytic reaction pathways involving hy-
dride transfer (H−). Thermodynamic hydricity is the heter-
olytic bond strength of a hydride donor (D–H) correspond-
ing to the standard Gibbs free energy for dissociation of H− 

(ΔG°H−).14-16 If the hydricity of a donor molecule (D–H) and 
the hydride acceptor ability (−ΔG°H−) of an acceptor mole-
cule (A+) are both known, then Hess’s law can be used to 

calculate the Gibbs free energy for H− transfer between the 
two molecules. 

Many molecular catalysts undergo two hydride transfer 
reactions during hydrogenation: generation of a metal hy-
dride via base-assisted heterolytic cleavage of H2, and reac-
tion of the metal hydride with the substrate. The thermody-
namic driving force, and hence spontaneity, of each of these 
steps can be calculated from the hydricities of H2, the cata-
lyst, and the substrate. Hydricity is an effective descriptor 
for catalytic hydrogenation of CO2 to formate (HCO2−)17-23 
and the electrocatalytic interconversion of H+/H224-26 and 
CO2/HCO2−.27-30 Several uses of hydricity as a descriptor for 
CO2 reduction include the rational design of new catalysts 
and reaction pathways from pre-existing hydricity values 
for metal hydride complexes,27, 31-32 analysis of linear free-
energy relationships (LFERs) between catalyst hydricity 
and the rate of hydride transfer to CO2,22, 33 and tuning cata-
lyst hydricity to afford a smooth free energy profile and high 
turnover frequency (TOF) for catalysis (i.e., the Sabatier 
principle).33-35 

Hydricity values have been tabulated for a wide range of 
catalysts and reducing agents, including transition metal 
hydride complexes,14 main-group metal and metalloid hy-
drides,36-38 and NADH derivatives.39-41 In contrast, few hy-
dricities are known for molecules that are of interest as cat-
alytic substrates, and the use of hydricity as a catalytic ac-
tivity descriptor has primarily been limited to interconver-
sions of H+/H2 and CO2/HCO2−. Ngo and Do studied the cor-
relation between catalyst hydricity and the rate of catalytic 
transfer hydrogenation of benzaldehyde by Ir piano-stool 



 

complexes,42 although the hydride acceptor ability of the 
benzaldehyde substrate was not reported. Zhu and co-
workers have developed a database of hydricity enthalpies 
(ΔH°H−) for organic hydride donors,43 including catalytically 
relevant substrates such as ketones,44 olefins,45 and 
imines.46 However, enthalpies are not sufficient for predict-
ing and understanding H− transfer reactions due to signifi-
cant entropic contributions that result from a change in 
charge and solvation of the donors and acceptors.47 

Here we develop hydricity as a descriptor for hydro-
genation of ketones by two catalysts with known hydrici-
ties, HRh(dmpe)2 and HCo(dmpe)2 (dmpe = 1,2-bis(dime-
thylphosphino)ethane).33 Mechanistic studies reveal these 
catalysts operate by rate-limiting hydride transfer to the ke-
tone substrate, suggesting hydricity as a competent de-
scriptor for the catalytic reaction. A quantitative scale of ke-
tone hydride acceptor abilities was constructed using elec-
tronic structure calculations and was anchored to the cata-
lyst hydricity by measuring the equilibrium for hydride 
transfer to select ketones. These hydride affinities were 
used to establish a LFER between the catalytic TOF and the 
driving force for H− transfer. Moving beyond a purely ther-
modynamic activity descriptor, we show that a Marcus-
based theoretical framework can be used to predict the ki-
netics of the catalytic hydride transfer from the inde-
pendently measured hydride self-exchange reactions of the 
catalyst and substrate. These studies greatly expand the 
toolbox for understanding and predicting the thermody-
namics and kinetics of catalytic hydride transfer reactions. 

RESULTS 

Catalytic Studies. HRh(dmpe)2 and HCo(dmpe)2 were 
investigated for the hydrogenation of simple ketone sub-
strates, such as benzophenones and trifluoroacetophe-
nones, in THF solution. Reaction progress was monitored by 
1H NMR spectroscopy and the yields determined relative to 
an internal standard. In the initial screening, the metal com-
plexes, bases, catalyst loading, hydrogen pressure and tem-
perature were varied to identify the optimal conditions for 
catalysis (see Table S1 for full results).  

Rh(dmpe)2OTf was used as the initial precursor that will 
form the hydride donor species HRh(dmpe)2 (ΔG°H−,MeCN = 
26.6 kcal/mol)14 in the presence of H2 and a strong base. The 
amidine base DBU was tested for hydrogenation of benzo-
phenone but no conversion was observed. When Verkade’s 
aminophosphine base (VkdiPr) was used, benzophenone 
was slowly converted to benzhydrol with a yield of 16% in 
24 hours, while reaching 98% in 231 hours. Increasing the 
hydrogen pressure with VkdiPr base did not afford major im-
provements in the yield. When the strong anionic base 
KOtBu was used, benzophenone was hydrogenated under 
mild conditions (298K and 1 atm H2), affording an 85% 
yield in 3 hours. Increasing the hydrogen pressure to 1.9 
atm affords 97% yield whereas 20.5 atm affords full conver-
sion to benzhydrol. Based on these findings, high H2 pres-
sures are not needed for high reaction conversions. 

Two less hydridic complexes, HRh(dppe)2 (ΔG°H−,MeCN ~ 
36.2 kcal/mol)33 and HCo(dmpe)2 (ΔG°H−,MeCN = 36.3 
kcal/mol),48 showed no conversion for the hydrogenation of 
benzophenone. However, HCo(dmpe)2 was an active cata-
lyst for the hydrogenation of trifluoromethylacetophenone, 
a more electron deficient ketone. Using VkdiPr base, 

complete conversion to the alcohol was achieved in 2 hours 
with a 3.0 mol% catalyst loading and in 24 hours using only 
0.5 mol% HCo(dmpe)2. The more hydridic HRh(dmpe)2 also 
catalyzed the hydrogenation of trifluoromethyl-acetophe-
none under mild conditions. A pertinent observation is that 
the weaker bases such as VkdiPr or DBU afford conversion to 
the corresponding alcohol, in contrast to the results with 
the more electron rich benzophenone. VkdiPr affords full 
conversion of trifluoromethylacetophenone, whereas 
KOtBu affords only a moderate yield of the alcohol product 
due to incompatibility with the fluorinated ketone. 

Next, the substrate scope of HRh(dmpe)2 and 
HCo(dmpe)2 was tested by hydrogenating ketones with var-
ying functional groups. Based on the initial screenings, 
KOtBu was used as the base when possible, and VkdiPr was 
used for some ketones, such as acetophenones, that are in-
compatible with KOtBu. The reactions were performed in J-
Young NMR tubes at room temperature under 1.8 atm H2 in 
THF-d8 and monitored in situ by 1H NMR spectroscopy. The 
yields in Table 1 are reported as the maximum product for-
mation observed by NMR spectroscopy. Some substrates 
reach full conversion in a few hours, while the more chal-
lenging substrates require a few days of reaction (yield-
time plots are provided in Section 9 of the SI)  

We started by hydrogenating para-substituted benzo-
phenones containing electron donating and electron with-
drawing substituents with known Hammett parameters.49 
Mono- and di-substituted benzophenones with methyl or 
methoxy groups can be quantitatively hydrogenated by 
HRh(dmpe)2 using either stochiometric or 5.0 mol% KOtBu 
base (Table 1, entries 2-5). The catalyst was incompatible 
with hydroxy substituents (entries 6-7), while amino sub-
stitution afforded a high yield (entry 11). The more electron 
rich dimethylamino- and diethylamino- substituted benzo-
phenones can be hydrogenated slowly with moderate yield 
(entries 8-10). Amongst the halogen-substituted benzophe-
nones, only the p-chloro derivative is hydrogenated quanti-
tatively (entry 12), while the p-bromo substituted ketone 
was incompatible with the rhodium catalyst (entry 13). 
Both p-CN and p-CF3 electron deficient substituted benzo-
phenones were quantitatively converted to the correspond-
ing alcohol/alkoxide (entries 16-20). In contrast, the nitro-
substituted benzophenones are not selectively hydrogen-
ated to the alcohol, possibly due to the hydrogenation of the 
nitro group (entries 14-15).  

Other ketones such as fluorenone and pivalophenone af-
forded 79% and 98% yield respectively (entries 22 and 25), 
whereas no reaction was observed for anthrone and dicy-
clohexyl ketone (entries 23-24). Substituted trifluoro-
methylacetophenones are an easier substrate that can be 
quantitatively converted to the corresponding alcohol (en-
tries 26-28). In contrast, acetophenones proved to be chal-
lenging substrates, affording less selectivity and only mod-
erate yields (entries 28-32).  

The same conditions were used to test HCo(dmpe)2 as a 
catalyst. Being less hydridic, the cobalt complex does not hy-
drogenate electron rich ketones, but efficiently hydrogen-
ates electron-poor ketones such as -CN or -CF3 substituted 
benzophenones (entries 17-20). Similarly, electron-poor 
trifluoroacetophenones (entries 26-28) are quantitatively 
hydrogenated. 

 



 

Table 1. Substrate scope for catalytic hydrogenation of ketones to alkoxides.a 

No. Ketone 

Yield (time) b 
(M = Rh) 

 

No. Ketone 

Yield (time) b 
(M = Rh) 

Yield (time)  b 
(M = Co) 

KOtBu  
(5 mol%) 

KOtBu  
(1.0 eq) 

KOtBu  
(5 mol%) 

KOtBu  
(1.0 eq) 

VkdiPr 
(1.0 eq) 

1 

          

99% 
(72h) 

99% 
(24h) 

17 

   

96% 
(24h) 

n.d. 
95% 

(144h) 

2 

  

98% 
(72h) 

99% 
(24h) 

18 

   

99% 
(24h) 

99% 
(0.5h) c 

99% 
(24h) 

3 

  

99% 
(144h) 

99% 
(24h) 

19 

   

99% 
(24h) 

99% 
(0.5h) c 

99% 
(24h) 

4 

 

99% 
(144h) 

99% 
(144h) 

20 

   

99% 
(24h) 

99% 
(0.5h) c 

99% 
(24h) 

5 

 

92% 
(144h) 

99% 
(144h) 

21 

 

0% 
42%d 

(24h) 
n.d. 

6 

   

0% 
(144h) 

n.d. 22 

     

79% 
(24h) 

n.d. n.d. 

7 

   

0% 
(144h) 

n.d. 23 

      

0% n.d. n.d. 

8 

 

83% 
(144h) 

87% 
(48h) 

24 

             

0% n.d. n.d. 

9 

 

n.d. 
14% 

(144h) 
25 

           

n.d. 
98% 

(144h) 
(10%)e 

0% 

10 

   

n.d. 
24% 

(456h) 
26 

           

n.d. 
99% 

(99%)e 
(24h) 

99% 
(24h) 

11 

  

78% 
(144h) 

94% 
(144h) 

27 

     

n.d. 
99%e 
(24h) 

99% 
(24h) 

12 

   

97% 
(144h) 

99% 
(24h) 

28 

   

n.d. 
99%e 
(24h) 

99% 
(24h) 

13 

   

0% n.d. 29 

            

n.d. 
53%e 

(144h) 
n.d. 

14 

 

0% n.d. 30 

   

n.d. 
1%e 

(72h) 
n.d. 

15 

 

0% n.d. 31 

   

n.d. 
98%e 
(48h) 

n.d. 

16 

 

99% 
(24h) 

n.d. 32 

      

n.d. 
48%e 

(144h) 
0% 

a Conditions: 0.05 mmol ketone, 5 mol% or 1.0 equiv base, and 3 mol% [Rh(dmpe)2]OTf or HCo(dmpe)2 in 0.6 mL THF-d8 at 1.5 atm 
H2 and 25 °C. b Yields measured by 1H NMR spectroscopy vs an internal standard and evaluated at 24h intervals.  c  Monitored in 5–
10min intervals. d Side reactions observed forming a yellow precipitate. e Reaction is performed with 1.0 eq. VkdiPr 

 
 

 



 

Mechanistic Studies. Our group previously reported 
the mechanism for hydrogenation of CO2 to formate using 
HCo(dmpe)2 and HRh(dmpe)2.50 Here we investigated a 
similar sequence of elementary steps for the hydrogenation 
of ketones: hydride transfer from HRh(dmpe)2 to the ketone 
substrate (I), oxidative addition of H2 to [Rh(dmpe)2]+ (II), 
and deprotonation of [(H)2Rh(dmpe)2]+ by an alkoxide an-
ion to regenerate HRh(dmpe)2 (III). Each step of the pro-
posed mechanism (I-III) was carried out independently to 
determine its feasibility (Scheme 1). 

 

Scheme 1. Elementary reaction steps investigated for 
hydrogenation of ketones by HRh(dmpe)2. 

 
 
Step I was evaluated through the reaction of 

HRh(dmpe)251 with three different substituted benzophe-
nones (4,4′-H; 4,4′-OMe; and 3,3′-CF3) in a 1:1 molar ratio in 
THF-d8. The reaction was monitored by NMR spectroscopy 
until equilibrium was reached in ~36-48 h. NMR spectra 
displayed a single set of resonances for each reactant and 
product, from which an equilibrium constant can be calcu-
lated. However, it is well known that equilibrium constants 
for proton transfer in low-polarity solvents can be strongly 
impacted by ion-pairing effects.52-53 Since the H− transfer re-
action involves reaction of two neutral molecules to afford 
a cation and anion, the speciation between contact and solv-
ated ion-pairs (Scheme 1) needs to be accounted for in the 
quantification of the reaction equilibrium. 

Based on the observation of a single resonance for each 
reactant and product, the contact and solvated ion-pairs are 
presumably in rapid equilibrium on the NMR timescale. 
Therefore the Fuoss-Eigen equation was used to evaluate 
the Coulombic interaction at the minimum distance of ap-
proach between ions.52 For these hydride transfer reactions 

in THF solvent, the equilibrium constant for ion-pair disso-
ciation (KIPD) was estimated to be ~ 2 × 10−5 M, correspond-
ing to a free energy change of +6.4 kcal/mol (see Section 7 
of SI for full details). This estimate was in good agreement 
with DFT calculations, which afforded values of +5.6-6.8 
kcal/mol for dissociation of the [Rh(dmpe)2]+[Ar2CHO]− 
ion-pair. For consistency with the established acidity 
scales,53-54 the KIPD estimated from the Fuoss-Eigen equation 
was used to calculate values of KHT for formation of the 
[Rh(dmpe)2]+[Ar2CHO]− ion-pair (Scheme 1). The KHT val-
ues obtained from this approach, as well as the apparent 
equilibrium constants (Kapp) that are uncorrected for ion-
pairing, are listed in Table 2; full details of the calculations 
are provided in Section 7 of the SI.  

 

Table 2. Thermodynamic data for H− transfer from 
HRh(dmpe)2 to benzophenones in THF a 

Substituents Kapp b ΔG°app c KHT d ΔG°HT c 
4,4′-OMe  0.016 2.5 8.6 −1.3 

4,4′-H 0.37 0.6 130 −2.9 
3,3′-CF3 11 −1.4 1000 −4.1 

a An uncertainty of ±20% is estimated for these 
measurements. b Unitless. c kcal mol−1. d M−1. 

 
To evaluate the kinetics of H− transfer, EXSY NMR exper-

iments were performed at variable mixing times for reac-
tion of HRh(dmpe)2 with 4,4′-dimethoxy-benzophenone. No 
observable exchange was detected between the rhodium 
hydride and the alkoxide when using mixing times from 
0.01–0.5 s, indicating a slow transformation on the EXSY 
timescale. The lower kinetic limit for EXSY has been esti-
mated as ~0.01 s−1,55-56 suggesting the transition state bar-
rier for hydride transfer is at least 20 kcal/mol.  

For the H2 addition reaction (Step II in Scheme 1), a J-
Young NMR tube containing a solution of [Rh(dmpe)2]OTf 
in THF-d8 was pressurized to 1.5 bar H2. Integration of the 
resonances for [Rh(dmpe)2]+ and [H2Rh(dmpe)2]+ in the 
31P{1H} NMR spectrum afforded KH2 = 2.0(1) atm-1 (ΔG° = 
−0.4 kcal/mol), in line with previous measurements.57 1H 
EXSY NMR spectroscopy revealed an exchange correlation 
between solvated H2 and the dihydride ligands of 
[H2Rh(dmpe)2]+ (Figure 1). The exchange crosspeaks  

 

 

Figure 1. 1H EXSY NMR spectrum for H2 addition to 
[Rh(dmpe)2]+ to form [H2Rh(dmpe)2]+ (1.5 atm, THF-d8). 



 

increased in intensity with the mixing time with a linear 
correlation between the mixing time and the ratio of the in-
tensity of the crosspeaks to diagonal peaks (Figure S4), in-
dicating a direct exchange between dihydrogen and the rho-
dium dihydride complex. EXSYCalc was used to calculate a 
pseudo-first order rate constant of k1 = 110(10) s−1 (at 1.5 
bar H2) for binding of H2, corresponding to a transition state 
free energy barrier of 14.6 kcal/mol using the Eyring equa-
tion. Similarly, 31P EXSY NMR spectra showed an exchange 
correlation between the two inequivalent phosphorus envi-
ronments of [H2Rh(dmpe)2]+ (Figure S5). The P-P exchange 
rate was similar to that of H2 binding, suggesting the ex-
change process results from reversible hydrogen dissocia-
tion and rebinding. 

To investigate the deprotonation of the catalyst (Step III 
in Scheme 1), [H2Rh(dmpe)2]+ was treated with 1 equiv 
KOtBu in THF-d8. The reaction was shifted almost entirely 
towards the products, preventing accurate quantification of 
an equilibrium. Performing the reverse reaction by adding 
tBuOH to a solution of HRh(dmpe)2 in THF-d8 did not pro-
duce any detectable amounts of tBuO−, [H2Rh(dmpe)2]+, or 
[Rh(dmpe)2]+, confirming that the deprotonation step is 
highly exergonic. Therefore, we estimate that KH+ > 103 M 
(ΔG° < −4.1 kcal/mol) with KOtBu as the base.  

These stoichiometric experiments indicate that all three 
proposed elementary steps are feasible and that the hydride 
transfer step (I) is much slower than hydrogen addition (II) 
and deprotonation (III) when catalysis is performed using 
benzophenone derivatives with a high concentration of a 
strong base. As further confirmation, operando NMR spec-
troscopy was used to identify the catalyst speciation during 
the hydrogenation of 4,4′-dimethoxybenzophenone using 
[Rh(dmpe)2]OTf and 1.0 equiv of KOtBu. HRh(dmpe)2 was 
the only observable species in the 31P{1H} NMR spectrum at 
both low conversion (10%) and high conversion (99%) of 
the ketone (Figure S48), consistent with hydride transfer 
being the rate-determining step for catalysis with 1.0 equiv 
of KOtBu. In the presence of lower concentrations of KOtBu 
or using weaker bases, deprotonation of the dihydride likely 
contributes to the catalytic rate, similar to previous findings 
in the hydrogenation of CO2 by HRh(dmpe)2.50 

Thermodynamic Hydricity. In previous studies, we 
used hydricity values measured in MeCN to analyze cata-
lytic reactivity in THF solution.33 However, establishing a 
more rigorous scale of hydricity values in THF has proven 
necessary for this work that expands the range of com-
pounds in our analyses. Using previously reported equilib-
rium measurements51, 57 and the free energy for heterolytic 
cleavage of H2 in THF solution (ΔG°H2,THF = 68.7 kcal/mol),58 
the hydricity of HRh(dmpe)2 in THF was determined to be 
29.9 kcal/mol (see section 6 of SI for full details). Similarly, 
a hydricity 39.7 kcal/mol was calculated for HCo(dmpe)2 in 
THF based on a combination of experimental measure-
ments and DFT computations.33, 59 

Electronic structure calculations were employed to de-
termine hydricity values for the alkoxide anions in both 
MeCN and THF solution (Table 3; full details of the method-
ology are provided in the Experimental section). All values 
are obtained relative to a standard due to the challenges 
with calculating absolute hydricities using H−.60 In MeCN so-
lution, the anionic hydride donor [HW(CO)5]− (ΔG°H− = 40.0 
kcal/mol)14 was selected as the standard and was 

benchmarked against HCO2− (ΔG°H− ~ 44 kcal/mol)61-62 and 
BH4− (ΔG°H− ~ 50 kcal/mol).36 A necessary consideration 
with these compounds is the role of the solvent binding to 
the vacant Lewis acid site generated by loss of hydride, e.g. 
W(CO)5+, CO2, and BH3. When acetonitrile binding is in-
cluded in the calculations, the method predicts the hydricity 
values of HCO2− and BH4− within 2 kcal/mol of their litera-
ture estimates, suggesting a high degree of accuracy in the 
alkoxide hydricity values. 

For THF solution, the alkoxide hydricity values were an-
chored to HRh(dmpe)2 based on the experimental measure-
ment of the equilibrium hydride transfer to different ke-
tones discussed above. This approach affords a hydricity of 
24.8 kcal/mol for 4,4′-dimethoxybenzhydroxide (the conju-
gate alkoxide of 4,4′-dimethoxybenzophenone) by subtract-
ing the hydricity of HRh(dmpe)2 from the standard free en-
ergy of the hydride transfer step (see section 7 in the SI). 
Hydricities for the other alkoxide species in THF were then 
calculated using the same computational method and the 
reference value for 4,4′-dimethoxybenzhydroxide. 

Hydricity values in THF were also calculated for BH4− 
and HCO2−, both of which are broadly utilized in hydride 
transfer reactions but do not have established hydricities in 
THF. The hydricity for BH4− (45.7 kcal/mol) includes the 
free energy for solvent binding to BH3, which is slightly 
larger for THF than for MeCN. The hydricity of HCO2− (42.1 
kcal/mol) is slightly lower than a previous estimate (>44.7 
kcal/mol) in THF.20   

These THF values correspond to “free-ion” hydricities 
since the experimentally measured equilibrium constant 
has been corrected for ion-pairing effects using the Eigen-
Fuoss equation.52-53 To determine the extent of H− transfer 
under experimental conditions, the hydricities of the do-
nor/acceptor pair must be combined with the free energy 
for any relevant ion pairing reactions; an example is given 
in Scheme 2 for a neutral metal hydride reacting with a ke-
tone.    

 

Scheme 2. Thermodynamic cycle for determining the 
impact of ion-pairing on hydride transfer.      

    
 
As a cross-check, we plotted the calculated hydricity of 

the alkoxides versus the sum of the Hammett parameters 
(Σσp) for the aryl substituents. For each class of ketone, the 
resulting plots showed a linear correlation in both MeCN 
and THF solution with more electron deficient ketones 
(larger Σσp) being stronger hydride acceptors (larger 
ΔG°H−), as shown in Figures S1-S2. Based on the strength of 
these correlations, we estimate an uncertainty of ~1 
kcal/mol in the relative hydricity values.  

This free energy scale can be compared to previous tab-
ulations of the enthalpy for hydride transfer to ketones in 
acetonitrile solution.44 Three ketones substrates appear in 
both scales – benzophenone, acetophenone, and flu-
orenone. The free energy hydricities are non-systematically



 

Table 3. Thermodynamic Hydricity Values in MeCN and THFa 

H− Donor 
ΔG°H− 

(kcal/mol) 
H− Donor 

ΔG°H− 
(kcal/mol) 

H− Donor 
ΔG°H− 

(kcal/mol) 
 MeCN THF  MeCN THF  MeCN THF 

 

22.5 19.2 

  

33.4 31.2 

   

43.7 40.5 

  

25.6 22.2 

 

33.7 31.6 

  

45.6 42.4 

 

26.3 22.7 

 

34.7 32.7 

     

46.9 43.6 

 

27.7 24.5 

 

34.7 32.8 

         

47.7 44.6 

 

27.9 24.8c 

 

34.4 32.9 

     

48.0 45.2 

 

28.8 25.6 

  

37.0 35.8 

    

48.9 46.1 

 

28.8 25.8 

 

37.9 36.7 

 

51.4 49.3 

 

29.3 26.0 

    

22.4 18.7 
            

22.7 20.0 

 

29.3 26.1 

    

24.6 21.1 

        

23.6 20.5 

      

30.9 27.8 

   

26.0 22.5 

       

28.3 25.2 

     

30.6 27.8 

      

27.3 23.7 

       

29.9 27.0 

   

31.5 28.8 

            

27.2 24.2 

       

32.4 28.8 

   

31.5 28.9 

       

27.9 24.7     HRh(dmpe)2 26.6b 29.9c  

    

31.5 29.0 

     

28.7 25.7     HCo(dmpe)2 36.3d 39.7c 

 

32.4 29.9 

 

29.3 26.2              BH4− 48.9 45.7 

 

32.0 30.3 

   

31.0 28.7             HCO2− 46.1 42.1 

  

33.1 30.8 

 

40.5 37.3    

a Unless otherwise noted, values are computationally determined from gas phase calculation at the G3MP2 level and solvation 
energy calculated at the ωB97X-D/aD level using COSMO b Reference 51. c Derivation in SI, Section 6. d Reference 48  



 

lower than the enthalpies by 7.8 kcal/mol for acetophe-
none, 6.2 kcal/mol for benzophenone, and 16.5 kcal/mol for 
fluorenone. The differences between the two scales likely 
result from a combination of entropic effects and a system-
atic component due to the use of different assumptions for 
defining the anchoring point of each scale.41 If these differ-
ences are assumed to result entirely from entropic effects, 
then large negative hydricity entropies (ΔS°H−) of −26 cal 
mol−1 K−1, −21 cal mol−1 K−1, and −55 cal mol−1 K−1 can be cal-
culated for the three ketones. Regardless of the precise con-
tributions of entropy and systematic error, these large dif-
ferences indicate the current scale based on free energy af-
fords a more accurate predictive capability than the previ-
ous scale based on enthalpy. 

Moving from MeCN to THF causes the alkoxides to be-
come stronger hydride donors (lower ΔG°H–) while the rho-
dium and cobalt hydride complexes become weaker hy-
dride donors (larger ΔG°H–). This effect is attributed to the 
combination of differences in molecular charge of the hy-
dride donors and dielectric constant (ε) of the solvents. 
Upon moving from MeCN (ε = 37.5) to THF (ε = 7.6), an ani-
onic hydride donor (e.g., R2CHO–) is destabilized (Table 
S12) and becomes a stronger H− donor. For a neutral hy-
dride donor such as HM(dmpe)2, the cationic product is 

destabilized upon switching from MeCN to THF, thereby 
making the compound a weaker H− donor. 

 
Correlating Thermodynamic and Kinetic Hydricity. 

Since hydride transfer was determined to be the rate-limit-
ing step for hydrogenation of the benzophenone deriva-
tives, the rates of the overall catalytic reactions correspond 
to the rates for hydride transfer from the HRh(dmpe)2 cata-
lyst to the ketone substrate. We established the reaction 
profile and calculated initial turnover frequencies (TOFs) 
for the series of substituted benzophenones (Table S2). 
Higher TOFs were measured for electron-withdrawing sub-
stituents and lower TOFs were measured for electron-do-
nating substituents. This is consistent with the calculated 
hydricity values, where lower alkoxide hydricities afford 
slower rates and higher hydricities afford faster rates.  

The equilibrium constants for hydride transfer from 
HRh(dmpe)2 to the benzophenone substrates (Keq,H−) were 
determined from the hydricity values listed in Table 3. Plot-
ting ln(TOF) versus ln(Keq,H−) afforded a linear Brønsted plot 
with a slope of α = 0.51 (Figure 2a), indicating a linear free  

 
 

 
Figure 2. Analysis of hydride transfer from Rh and Co catalysts to ketone substrates. a) Brønsted plot for experimental catalytic TOF 
and calculated hydricity for the hydrogenation of substituted benzophenones by HRh(dmpe)2. b) DFT calculated transition state 
energies and reaction free energy of the hydride transfer step between HRh(dmpe)2 and substituted benzophenones. c) DFT 
calculated transition state energies and reaction free energy of the hydride transfer step between HM(dmpe)2 (M = Co, Rh) and 
different classes of ketones.  



 

 
energy relationship (LFER) between the thermodynam-

ics and kinetics of hydride transfer. When ion-pairing of the 
products was taken into account (as illustrated in Scheme 
1), the entire Brønsted plot was shifted to higher values of 
ln(Keq,H−) but the slope of the plot was unaffected. Similar 
measurements were performed for HCo(dmpe)2, but identi-
fication of a linear free energy relationship was hindered by 
the limited number of electron-deficient benzophenones 
that could be hydrogenated by the Co catalyst. 

To examine the LFERs over a broader range of ketones 
than could be accessed experimentally, the transition state 
and reaction free energy for H− transfer were calculated us-
ing DFT methods (see Experimental and section 10 of SI for 
details). When examining H− transfer from HRh(dmpe)2 to 
substituted benzophenones, a linear correlation was ob-
served between ΔG° and ΔG‡ with a slope of α = 0.62 (Figure 
2b,), which is slightly higher than the experimental value of 
α = 0.51. Direct calculation of the ion-pairing free energy be-
tween [Rh(dmpe)2]+ and [Ar2CHO]– indicates a gradual in-
crease in the ion-pairing strength as the alkoxide becomes 
more electron rich. For example, the ion pairing free energy 
is −4.9 kcal/mol with two p-chloro groups (σp = +0.23) and 
−6.3 kcal/mol with two p-methoxy groups (σp = −0.27). This 
trend suggests that reduced electron density on the oxygen 
atom stabilizes the anion in solution. Inclusion of the ion-
pairing free energy in the plot of ΔG‡ vs ΔG° results in a shal-
lower slope of α = 0.54 (Figure 2b), in good agreement with 
the experimentally measured slope. 

Linear free energy relationships were also calculated for 
hydride transfer from HRh(dmpe)2 and HCo(dmpe)2 to sub-
stituted acetophenones and trifluoroacetophenones (Fig-
ure 2c). For Rh, the LFERs for acetophenones and benzo-
phenenones nearly coincide, while the LFER for trifluoro-
acetophenones is offset to afford similar barriers at 
stronger driving force. This suggests a larger intrinsic bar-
rier for H− transfer to trifluoroacetophenones, likely due to 
steric interactions between the CF3 group and the catalyst. 
Similar LFER trends were observed for reaction of 
HCo(dmpe)2 with the different classes of ketones; each Co-
based LFER is shifted to weaker driving force and higher 
transition-state barrier in comparison to its Rh-based ana-
logue.  

A representative transition-state (TS) structure for re-
action of HRh(dmpe)2 with benzophenone is shown in Fig-
ure 3a. The TS involves nucleophilic attack of Rh−H on the 
carbonyl group with a typical Bürgi-Dunitz angle (H–C–O) 
of 106–107° across the series of substituted benzophe-
nones.63 In the TS, the Rh–H distance increases from 1.758 
Å to 1.808 Å as ΔG‡ for the H− transfer increases (i.e., slower 
reaction), corresponding to a 9.5–12.6% elongation relative 
to the Rh–H bond length of HRh(dmpe)2 (Figure 3b). Con-
versely, the C–H distances in the TS decrease from 2.033 Å 
to 1.791 Å as ΔG‡ increases, representing a 59-79% elonga-
tion relative to the alkoxide products (1.134–1.140 Å). 
These trends are consistent with Hammond’s postulate, 
which predicts an early transition state and a smaller extent 
of H− transfer for an exergonic reaction with a low barrier.64 
Similar trends were observed for the substituted acetophe-
nones and trifluoroacetophenones, as well as for 
HCo(dmpe)2 as the hydride donor (Figures S97-S108). 

 

Figure 3. Hydride transfer from HRh(dmpe)2 to substituted 
benzophenones; a) Representative transition state structure 
(HRh(dmpe)2 + benzophenone). b) Correlation between the 
transition state Rh–H, H–C distances and the TS energy. c) 
Correlation between the degree of geometric reorganization in 
the [Rh(dmpe)2]+ and Ar2CO fragments and the TS energy. 

The TS structures exhibited varying degrees of reorgan-
ization of the Rh(dmpe)2 and Ar2CO molecules. The struc-
tural rearrangement of these fragments can be quantified 
with the four-coordinate geometry index (τ4), which is a 
function of the largest (α) and second largest (β) bond an-
gles in a four-coordinate structure (eq 1).65 The percent of 
geometric reorganization was defined using the τ4 values 
for the reactant (R), product (P), and TS structures (eq 2).  

 

     𝜏4 =
360 − (𝛼 + 𝛽)

141
                                                   (1) 

     % rearrangement =
𝜏4(𝑅) − 𝜏4(𝑇𝑆)

𝜏4(𝑅) − 𝜏4(𝑃)
× 100        (2) 

  



 

Each substituted benzophenone was approximated as a 
trigonal pyramidal geometry having a “dummy” atom in the 
apical position. Consistent with Hammond’s postulate, the 
ketone reorganization in the TS varies from ~26% at low 
ΔG‡ to ~42% at high ΔG‡ (Figure 3c). In contrast, the 
Rh(dmpe)2 fragment is ~75% converted from reactant to 
product geometry in the TS with no apparent dependence 
on ΔG‡. 

 
Marcus Theory for H− Transfer. The observation that 

Rh(dmpe)2 and Ar2CO exhibit different degrees of geomet-
ric reorganization in the TS is reminiscent of the additivity 
postulate of the Marcus formalism for proton-coupled elec-
tron transfer.66 In the present context, the additivity postu-
late implies that the intrinsic barrier (λ) for H− transfer from 
HRh(dmpe)2 to Ar2CO is equal to the mean of the intrinsic 
barriers for degenerate H− self-exchange between 
HRh(dmpe)2 / [Rh(dmpe)2]+ and Ar2CHO− / Ar2CO.  

To test whether the additivity postulate holds, we set to 
compare the kinetics for H− self-exchange with the kinetics 
of H− transfer that were measured from the catalytic TOFs. 
The standard Marcus relation was employed for these stud-
ies (eq 3-5),67-69 where ΔG‡ is the free energy of activation  

            ∆𝐺≠ = 𝑊r +
(𝜆 + ∆𝐺°′)2

4𝜆
                            (3) 

     ∆𝐺°′ = ∆𝐺° − 𝑊r + 𝑊p          (4) 

            𝜆DH/A =
𝜆DH/D + 𝜆AH/A

2
                                (5) 

determined by the Eyring equation, Wr and Wp are the 
work terms for bringing together the reactants and prod-
ucts, ΔG° is the standard free energy of H− transfer based on 
the hydricity values in Table 2, ΔG°' is the modified driving 
force that accounts for the work terms, λDH/A is the intrinsic 
barrier for non-degenerate H− transfer between a hydride 
donor (DH) / acceptor (A) pair, and λDH/D and λAH/A are the 
intrinsic barriers for degenerate H− self-exchange. The work 
terms were evaluated on a Coulombic basis and estimated 
as the ion-pairing free energy calculated from the Eigen-
Fuoss equation. As a result, Wr and Wp were assumed to be 
0 kcal/mol for approach of a neutral species with either a 
neutral or charged second species.  

Hydride self-exchange between an alkoxide/ketone pair 
was studied through the reaction between 25 mM (4-MeO-
C6H4)2CHO−K+ and 25 mM (4-MeO-C6H4)(Ph)C=O, which is a 
pseudo-degenerate H− transfer with ΔG°' = −0.8 kcal/mol. 
The reaction was monitored by 1H NMR spectroscopy at am-
bient temperature in THF-d8 solution and was observed to 
be very slow, reaching 50% conversion in ~7 days. A sec-
ond-order rate constant of 9.3(3) × 10−5 M−1 s−1 was calcu-
lated from the first 3% of the reaction conversion (Figure 
S22), corresponding to ΔG‡ = 23.0 kcal/mol and λ = 93.4 
kcal/mol. Similarly, a rate constant of 4(1) × 10−5 M−1 s−1 was 
measured for reaction of (4-MeO-C6H4)(Ph)CHO−K+ with (4-
Me-C6H4)2C=O (ΔG°' = −0.4 kcal/mol), affording ΔG‡ = 23.5 
kcal/mol and λ = 94.6 kcal/mol (Figure S24). These values 
were averaged to obtain a final value of λ = 94.0 kcal/mol 
for alkoxide/ketone self-exchange that was assumed to be 
representative for all the benzophenone derivatives. 

31P EXSY spectroscopy was used to measure the kinetics 
of H− self-exchange between HRh(dmpe)2 and 
[Rh(dmpe)2]OTf in THF-d8 solution at 25 °C. No exchange 
peaks were observed at low concentrations (2.5 mM of each 

complex), while weak exchange peaks were observed when 
the concentration of [Rh(dmpe)2]OTf was increased to 15 
mM  and the number of experimental scans was increased 
from 256 to 1024 (Figure 4a). Integration of the exchange 
cross-peaks at two different mixing times (0.3 s and 0.5 s) 
afforded a second-order rate constant of 5(4) M−1 s−1, corre-
sponding to ΔG‡ = 16.5 kcal/mol and λ = 66.0 kcal/mol. 

Using the measured λ values for self-exchange, the 
cross-reaction between HRh(dmpe)2 and Ar2C=O is pre-
dicted to have λ = 80.0 kcal/mol. This value was used to con-
struct a theoretical LFER by using equation 3 to calculate 
ΔG‡ for a series of cross reactions having the same ΔG°' as 
the HRh(dmpe) / Ar2C=O pairs. An analogous LFER was ob-
tained by converting the catalytic TOFs (h−1) into a second-
order rate constant (M−1 s−1), followed by application of the 
Eyring equation to obtain an experimental ΔG‡. Very good 
agreement was observed between the theoretical and ex-
perimental LFERs, with Marcus theory predicting the exper-
imental barrier within 0.9–2.0 kcal/mol (Figure 4b). A sim-
ilar degree of accuracy has been reported for using  Marcus 
theory to predict the rate of hydrogen atom transfer.66 

 

 
Figure 4. a) 31P EXSY NMR spectrum for H− self-exchange 
between HRh(dmpe)2 and [Rh(dmpe)2]+ (THF-d8). b) LFERs for 
H− transfer from HRh(dmpe)2 to benzophenone derivates 
showing experiment catalytic measurements and the 
predictions from Marcus theory. 

 



 

DISCUSSION 

Based on the newly established hydricity scale and the 
stoichiometric reactivity studies, we propose the catalytic 
mechanism shown in Scheme 3 for hydrogenation of ke-
tones by HRh(dmpe)2 using benzophenone as a representa-
tive example. The initial catalyst state, [Rh(dmpe)2][OTf], is 
converted into the active hydride donor, HRh(dmpe)2, 
through sequential reaction with H2 and the KOtBu base 
(steps i-ii). Due to the low dielectric constant of the THF sol-
vent, hydride transfer from HRh(dmpe)2 to benzophenone 
results in an ion-pair between [Rh(dmpe)2]+ and [Ph2CHO−] 
(step iii). This ion-pair persists upon reaction with H2 to 
form the rhodium dihydride that remains ion-paired with 
the benzophenoxide product, [(H)2Rh(dmpe)2][Ph2CHO−] 
(step iv). At this stage the dihydride can follow two path-
ways for deprotonation. In the first path, KOtBu can directly 
deprotonate the dihydride without involvement of the ion-
paired benzophenoxide (step v). In a second potential path-
way, the ion-paired benzophenoxide can directly deproto-
nate the dihydride to form benzophenol (step vi), followed 
by rapid deprotonation of benzophenol by the KOtBu base. 
A similar “proton relay” pathway was previously suggested 
in a DFT study of CO2 hydrogenation by HCo(dmpe)2, 
wherein formate relays a proton from the [(H)2Co(dmpe)2]+ 
intermediate to the exogeneous Verkade’s base.70 Alterna-
tively, anion exchange of benzophenoxide for tert-butoxide 
could afford a [(H)2Rh(dmpe)2+][tBuO−] ion-pair than can 
undergo deprotonation reactions analogous to steps v-vi.  

This proposed mechanism for hydrogenation of ketones 
is similar to, but more complex than, the proposed mecha-
nism for hydrogenation of CO2 using HM(diphosphine)2 cat-
alysts that did not consider ion-pairing as a key phenome-
non.33, 50 The ability of ion-pairing to drive hydride transfer 
has parallels with previous studies showing substrate bind-
ing increases the effective hydricity of a metal hydride com-
plex.22, 32, 58 The latter effect is common for octahedral d6 
metal hydrides in which the initial hydride transfer 

generates a five-coordinate, 16e− intermediate that has a 
high affinity for binding a sixth ligand. In contrast, hydride 
transfer from d8 metal hydrides, such as HRh(dmpe)2, re-
sults in a stable 16e− square-planar complex with a low af-
finity for binding another ligand. Both metal-coordination 
and ion-pairing enhance the effective hydricity of a metal 
hydride, but ion-pairing is potentially more advantageous 
for catalysis since it does not block the open metal site for 
subsequent H2 binding.  

Reactivity studies of HRh(dmpe)2 were consistent with 
rate-limiting H− transfer during hydrogenation of the sub-
stituted benzophenones. This conclusion is supported by 
the observation of an LFER between the free energy for hy-
dride transfer and the catalytic TOF. Whereas the existence 
of the LFER is unsurprising,10, 71-73 the resulting quantitative 
analysis provides insight into the tradeoffs between the 
thermodynamics and kinetics of hydride transfer. A 
Brønsted coefficient of α = 0.51 was measured for H− trans-
fer from HRh(dmpe)2 to the benzophenones. Larger values 
of α have been reported for H− transfer to CO2 from a series 
of HCo(diphosphine)2 catalysts (α = 0.78)33 and 
HRe(Rbpy)(CO)3 complexes (α = 0.79).74 Assuming these re-
actions all occur by a similar H− transfer mechanism, one 
can conclude the barrier for reduction of ketones is less sen-
sitive to the reaction driving force than CO2. This behavior 
has implications for catalyst design − increasing the rate of 
H− transfer to a ketone by an order of magnitude requires a 
large increase in the catalyst hydricity (ΔΔG°H− = −2.7 
kcal/mol), while the same rate enhancement for CO2 reduc-
tion can be achieved with a smaller change in the catalyst 
hydricity (ΔΔG°H− = −1.7 kcal/mol). 

Marcus theory provides a framework for a more de-
tailed understanding and greater predictive capability than 
possible with simple LFER analysis. While the use of Marcus 
theory for analyzing proton-coupled electron transfer 
andhydrogen atom transfer is firmly established,75-77 exten-
sions to hydride transfer reactions have been limited. Most 
applications of Marcus theory for hydride transfer have  

Scheme 3. Proposed mechanism for ketone hydrogenation catalyzed by HRh(dmpe)2 with benzophenone depicted 
as a representative example. 

 



 

focused on organic and main-group hydrides.67-68, 78-80 
Hazari and Miller recently demonstrated an approximate 
second-order relationship between ΔG° and ΔG‡ for reaction 
of HRe(Rbpy)(CO)3 (Rbpy = 4,4'–R–2,2'–bipyridine) with 
carbocation acceptors, suggesting that hydride transfer 
from transition metals can also follow the Marcus relation-
ship.74 In this study, we show that ΔG‡ for the cross-reaction 
between HRh(dmpe)2 and a Ar2C=O acceptors can be accu-
rately predicted from experimentally measured values of 
ΔG‡ for the H− self-exchange reactions between 
HRh(dmpe)2/[Rh(dmpe)2]+ and Ar2CHO−/Ar2CO. To the 
best of our knowledge, this is the first validation that H− 
transfer reactions involving transition metal complexes can 
follow the central additivity postulate of Marcus theory.  

In the Marcus theoretical framework, the rate constant 
for H− self-exchange represents the intrinsic reactivity of a 
catalyst for H− transfer. When comparing two different cat-
alysts, the catalyst with the faster self-exchange rate (lower 
λ) will transfer a H− to the substrate faster than a catalyst 
with a slower self-exchange rate (higher λ). Surprisingly, 
the rate of H− self-exchange for HRh(dmpe)2 is much faster 
than expected based on the slow rate of metal-to-metal H− 
transfer that is observed for related [HM(diphosphine)2]+ 
complexes.81 As an example, H− transfer from [HPd(diphos-
phine)2]+ to [Pt(diphosphine)2]2+ is 3.6 kcal/mol downhill 
and occurs over the course of days,82 while degenerate H− 
transfer between HRh(dmpe)2 and [Rh(dmpe)2]+ occurs on 
the timescale of seconds. This stark difference in kinetics 
could stem in part from electrostatic repulsion during H− 
transfer between Pd and Pt, however, the calculated work 
term (Wr ~2.4 kcal/mol) is small in MeCN solvent and can-
not account for the difference in rates. Similarly, Creutz re-
ported that H− self-exchange for [(C6Me6)Ru(bpy)H]+ was 
>106 times faster than the self-exchange reaction of 
[Ru(terpy)(bpy)H]+ despite both complexes having identi-
cal charges.41 Studies are underway in our laboratories to 
investigate the origin of the rapid hydride self-exchange of 
HRh(dmpe)2. 

CONCLUSIONS 

Development of a hydricity scale for alkoxide/ketone 
pairs signifies a critical advance in the use of activity de-
scriptors for understanding and designing catalytic reac-
tions involving hydride transfer from molecular catalysts. 
Previously, hydricity was employed primarily as a catalytic 
descriptor for interconversion of H+/H2 and CO2/HCO2−. The 
present work provides hydricity values for 46 alkoxide/ke-
tone pairs, thereby greatly expanding the range of organic 
substrates with known hydricity values. The effectiveness 
of hydricity as a descriptor was demonstrated in studies of 
ketone hydrogenation by HRh(dmpe)2 and HCo(dmpe)2, 
where catalytic turnover was only observed when hydride 
transfer was thermodynamically favorable.  

Moving beyond thermodynamic descriptors, we demon-
strated that Marcus theory can be used to quantitatively an-
alyze the linear-free energy relationship (LFER) between 
the thermodynamics and kinetics of hydride transfer during 
catalysis. In Marcus theory, the rate for catalytic H− transfer 
is determined by the reaction thermodynamics and the in-
trinsic reactivities of the catalyst and substrate as measured 
by the rate of H− self-exchange for each species. This finding 
suggests a promising approach for the design of improved 
catalysts, as it is potentially more straightforward to 

develop structure-function relationships for a single ele-
mentary reaction (H− self-exchange of the catalyst) than for 
a series of catalytic reactions with different catalysts and 
substrates. A caveat is that some catalysts may follow differ-
ent mechanisms for H− self-exchange and catalytic H− trans-
fer, thereby lessening the predictive capability of a Marcus-
based approach to catalyst design. Further studies are 
needed to test the generality of Marcus theory in the predic-
tive design of catalysts for H− transfer reactions. 

EXPERIMENTAL SECTION 

General Catalytic Procedure. A typical catalytic ketone 
hydrogenation run starts with sample preparation in a 
glovebox under an inert N2 atmosphere. The ketone (1.0 
equiv), base (0.05-1.0 equiv), and catalyst (0.01-0.03 equiv) 
were dissolved in 0.6 mL THF-d8 and transferred into an 
NMR tube equipped with J-Young valves. The solution was 
then degassed by subjecting the J-Young NMR tubes to three 
freeze–pump–thaw cycles and subsequently back-filled 
with H2 gas at the desired pressure (typically 1-2 atm). After 
pressurization, The J-Young capped tubes were spun on a 
Boekel Orbitron rotator to ensure effective gas–liquid mix-
ing. Reactions were then monitored in time by acquiring 1H 
NMR and 31P{1H} NMR spectra at different time intervals. 
Yields were quantified on fully relaxed (5 × T1) spectra with 
1,3,5-trimethoxybenzene as internal standard.  

Computational Methods. Gas phase molecules were 
originally optimized with the B3LYP exchange correlation 
functional with the DZVP283  basis set. These molecules 
were further optimized at the G3MP2 level,84  except for 
W(CO)5, W(CO)5H−, W(CO)5(NCCH3), and W(CO)5(THF) 
which were optimized at the B3LYP level with the aug-cc-
pVDZ(-PP) basis set,85-87 and for ketones with a –NMe2 
group which were optimized at the B3-G3MP2 level88 since 
the electron correlation is needed. The gas phase single 
point electronic energies for BH3NCCH3, MeCN, BH3THF, 
THF, W(CO)5,  W(CO)5H−, W(CO)5(NCCH3), and 
W(CO)5(THF) were also obtained from CCSD(T) calcula-
tions89-92 with the aug-cc-pVNZ(-PP) where N = D and T. 

In the study of the hydride transfer between 
[Co(dmpe)2]H / [Rh(dmpe)2]H and ketones in THF and 
MeCN, all the geometries were optimized with the ωB97X-
D93-94 functional using the self-consistent reaction field 
(SCRF) approach95 in the conductor-like screening model 
(COSMO)96-97 in THF and MeCN, respectively. The cc-pVDZ-
PP basis set was used for Co, Rh and W, and the DZVP2 basis 
set for non-metal elements. The entropy was corrected by 
raising the frequencies below 100 cm−1 to 100 cm−1,98 in-
cluding any small negative frequencies but the largest neg-
ative frequency for each transition state structure. The cor-
rected Gibbs free energy was denoted as ΔG298K.  

Single point solvation energies were calculated with the 
ωB97X-D functional and the cc-pVDZ-PP basis set for Co, Rh 
and W, and the aug-cc-pVDZ basis set for non-metal ele-
ments with COSMO in MeCN and THF. For the hydride trans-
fer reaction, the corrected Gibbs free energy correction was 
added on the single point energy calculated with augmented 
basis set in solvent, denoted as ΔG298K,aug. 
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