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Abstract: The prototypical reactivity profiles of transition metal 

dihydrogen complexes (M-H2) are well-characterized with respect to 

oxidative addition (to afford dihydrides, M(H)2) and as acids, 

heterolytically delivering H+ to a base and H- to the metal. In the course 

of this study we explored plausible alternative pathways for H2 

activation, namely direct activation through H-atom or hydride transfer 

from the σ-H2 adducts. To this end, we describe herein the reactivity 

of an isostructural pair of a neutral S = ½ and an anionic S = 0 Co-H2 

adduct, both supported by a trisphosphine borane ligand (P3
B). The 

thermally stable metalloradical, (P3
B)Co(H2), serves as a competent 

precursor for hydrogen atom transfer to tBu3ArO. What is more, its 

anionic derivative, the dihydrogen complex [(P3
B)Co(H2)]

1-, is a 

competent precursor for hydride transfer to BEt3, establishing its 

remarkable hydricity. The latter finding is essentially without 

precedent among the vast number of M-H2 complexes known. 

Introduction 

Longstanding interest in the study of transition metal dihydrogen 

adduct complexes (M-H2) and isomeric transition metal dihydrides 

(M(H)2) derives from their ubiquity in H2-consuming or evolving 

processes.1,2 Transition metal hydrides can serve as a source of 

protons,3 H-atoms,4 or hydrides5 depending on the nature of the 

hydride-ligated transition metal center and supporting ligands. In 

contrast, reactivity patterns typically observed for intact M-H2 

complexes are far less diverse. This distinction can be 

rationalized by consideration of the canonical bonding description 

for dihydrogen adducts, where σ-donation from H2 to a Lewis 

acidic, often cationic transition metal center imparts acidity to the 

coordinated H2 ligand. In contrast, increased π-backdonation into 

the σ* orbital of the H2 ligand in electron rich systems elongates 

the H-H distance, in the limit yielding the dihydride products of 

oxidative addition, as opposed to a stabilized but ‘hydridic’ H2 

adduct (Figure 1). 

Like Kubas’s seminal complexes, M(CO)3(PR3)2(H2) (M = Mo, W; 

R = Cy, iPr),6 the majority of non-classical H2 adducts that have 

been studied are stabilized by coordinatively saturated d6 systems 

of the 4d and 5d metals.1,2 More recent work has led to the 

discovery of less common H2-adducts of Fe, Co, and Ni, including 

the first well-characterized paramagnetic7, anionic8, and formally 

d10 H2 adducts 9  of a transition metal (Figure 2). Given the 

distinctive nature of these species, we wondered whether they 

might access reactivity patterns different from more typical H2 

adducts, frequently studied for their Brønsted acidities. Drawing a 

simple analogy to the chemistry of transition metal hydrides, we 

hypothesized that coordination of H2 to either an S = 1/2 

metalloradical, or a highly-reduced, possibly anionic metal center. 

might impart significant H-atom donor ability or hydricity, 

respectively, to the intact H2 ligand (Figure 1).  

 
Figure 1. (Top) Typical reactivity patterns observed for transition metal H2 
adducts. (Bottom) Reactivity targeted for radical and anionic Co dihydrogen 
adducts in this study. 

 
Figure 2. Examples of (A, B) S = 1/2 and (C) anionic S = 0 H2 adducts (E = Al, 
Ga, In; M = Na, K).7,8  
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Results and Discussion 

With these aims in mind, we targeted a system where both a 
neutral, S = 1/2 H2 adduct and an anionic, S = 0 H2 adduct could 
be stabilized. While no such redox pairs had yet been described, 
we postulated that one-electron reduction of P3

BCo(H2) 
[Co](H2)•7b,c ([Co] = P3

BCo) might yield an anionic H2-adduct 
bearing significant structural analogy to a series of fascinating H2 
complexes reported recently by Lu and coworkers (Figure 2C).8 

Accordingly, reduction of P3
BCoBr with strong reductants (i.e. K 

metal, Na naphthalenide) under an H2 atmosphere generated 
deep red [P3

BCo(H2)][M(THF)n] [Co](H2)1-
 (Figure 3A).7b In the 1H 

NMR spectrum of [Co](H2)1-
 the dihydrogen resonance is 

observed at -8.58 ppm. Its short relaxation time (T1min = 26 ms, 
500 MHz) is consistent with an intact H2 ligand. 10  Further 
corroboration of its assignment as a σ-adduct of intact H2 was 
provided by preparation of [Co](HD)1-, (JHD = 29.5(4) Hz).11 From 
the measured values of T1min (corrected for dipolar interactions) 
and JHD, the H-H distance in [Co](H2)1-

 is predicted to be 0.93(1) 
Å and 0.94(1) Å, respectively.12  

With the aforementioned complexes reported by Lu and 
coworkers, [Co](H2)1-

 completes a unique series of group-13-
element anchored trisphosphine Co complexes that stabilize 
anionic H2 adducts (Figure 2C; Table 1).  Complex [Co](H2)1-

 fits 
previously observed trends, where traversing down group 13, an 
increase in Co-E bonding is observed, with concomitant 
weakening of the H-H bond. This has been attributed to a “pull-

pull” effect, with an increase in -donation from Co to E promoting 

an increase in -donation from H2 to Co.8 Thus, across this series, 
the H-H bond of [Co](H2)1-

 is the least activated. Attributing this 
effect primarily to a change in σ-donation from H2 to Co suggests 
that B-anchored [Co](H2)1-

 should be the most hydridic of this 
series.  

Table 1. Comparison of physical parameters for anionic H2 adducts of Co 

(Figure 2C). The value r is the ratio of the Co-E distance to the sum of the atomic 

radii.8  

Parameter E = B 

([Co](H2)1-) 

E = Al E = Ga E = In 

JHD (Hz)  29.5(4) 28.5(3) 27.6(16) 26.3(8) 

T1min (ms) 26[a] 26[b] 27[b] 29[b] 

T1min(corr) (ms) 34 44 45 52 

dHH (JHD) (Å) 0.94(1) 0.96(1) 0.98(3) 1.00(1) 

dHH (T1) (Å) 0.93(1) 0.97(1) 0.98(1) 1.00(1) 

Co-E (Å) 2.252[c] 2.471(2) 2.383(5) 2.465(1) 

r 1.07 1.00 0.96 0.92 

 [a] measured at 500 MHz, [b] measured at 400 MHz, [c] determined 

computationally 

With complexes [Co](H2)• and [Co](H2)1-
 in hand, we sought to 

independently prepare the diamagnetic hydride product that might 
be generated upon H-atom or hydride transfer, respectively, from 
these precursors. The green hydride complex P3

BCo-H [Co](H)  
was obtained by treating the cationic complex [P3

BCo][BAr4
F] with 

an equivalent of KHBEt3 (Figure 3B).10 Its hydride ligand is 
observable by both 1H NMR (-14.2 ppm, -60 ºC) and IR (νCo-H = 
1943 cm-1) spectroscopy. Computationally, the hydride ligand of 
[Co](H) preferentially lies co-planar with the phosphine ligands, 

with the complex displaying an overall square-pyramidal 
geometry that accommodates the binding of an additional ligand 
trans to the boron anchor. 13  This is also identified in the low 
temperature 1H NMR spectrum of [Co](H) under vacuum, with 
inequivalent 31P couplings to the hydride ligand (td, J = 81, 53 Hz). 
Temperature dependent binding of N2 and H2 to generate 
[Co](H)(N2) and [Co](H)(H2) is observed by both NMR and UV-
Visible spectroscopy (see SI for additional details); 
thermochemical parameters for H2 binding were determined from 
a van’t Hoff analysis of variable temperature UV-Visible spectra 

of [Co](H)/[Co](H)(H2) in toluene (ΔH = -8.5(2) kcal mol-1; ΔS = 
-14(1) cal mol-1 K-1; Figure 3). For relevant comparison, the 
energetics of H2 binding for [Co]/[Co](H2)• in toluene have been 

previously reported (ΔH = -12.5(3) kcal mol-1; ΔS = -26(3) cal 
mol-1 K-1). Given the available experimental data and literature 
precedent, we prefer to assign it as an intact CoI dihydrogen 
adduct [Co](H)(H2) rather than the CoIII trihydride product of 
oxidative addition, P3

BCo(H)3. The fluctional nature of this 
complex, even at very low temperatures in solution, limits an   
unequivocal assignment of this species. Computationally, the 
dihydrogen adduct isomer, [Co](H)(H2) is preferred by 4.3 
kcal/mol relative to the trihydride isomer.14  

 

Figure 3. Synthesis of [Co](H2)1-
 (A) and [Co](H)/[Co](H)(H2) (B). (C) Variable 

temperature binding of H2 in toluene is shown with corresponding van’t Hoff plot 
(30 – 80 °C; concentration [Co](H)/[Co](H)(H2) = 0.72 mM). 

We next assessed the propensity for [Co](H2)• to serve as an H-
atom donor. While examples of homolytic H2 activation by reactive 
transition metal radicals have been known for decades,15,16 only 
very recently has this type of reactivity been observed for M-H2 
adduct precursors. Specifically, structurally-related cationic FeI-
H2 radicals7d,e (Figure 2B) and a CoI-H2 complex17 were shown to 
promote net bimolecular H2 activation. While bimolecular H2 
cleavage is not observed for the S = ½ Fe-H2 and Co-H2 
complexes we have reported previously,7a,b,c the Co-H2 species 
[Co](H2)• displays HAT reactivity upon exposure to a suitable H-
atom acceptor; all of these reactions were carried out under an H2 
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atmosphere as rapid H2 dissociation was observed in its absence. 

Thus, treating [Co](H2)• with the stable phenoxyl radical tBu3ArO 

(BDFE O-H = 76.7 kcal/mol (benzene)18) at room temperature 
under an H2 atmosphere rapidly generated the hydride complex 
P3

BCo(H)(H2) [Co](H)(H2) and tBu3ArOH (85% yield; Scheme 1), 
presumably via generation of [Co](H) which then binds H2.19 
Under a D2 atmosphere, partial deuterium incorporation was 

observed.20 Treating [Co](H2)• with TEMPO, a poorer H-atom 
acceptor (BDFE O-H = 65.2 kcal/mol (benzene)18), still effected 
its slow conversion (over several days) to generate some of the 
hydride complex [Co](H) (11%) and TEMPO-H, but kinetically 
competitive decomposition pathways complicated analysis of this 
transformation.  

 
Scheme 1. Reactivity of H2 adduct precursors toward H-atom and hydride 
transfer under an H2 atmosphere to generate an equilibrium mixture of [Co](H) 
and [Co](H)(H2). 

Next, we assessed the possibility of hydride transfer reactivity 
from the anionic complex [Co](H2)1-. While heterolytic activation 
of non-classical H2 adducts is quite common, such examples 
proceed with proton and not hydride transfer. Conceptually 
related reactions have been described, however, where inner-
sphere H2 activation proceeds with partial hydride transfer to a 
supporting borane ligand, generating a metal-bound 
borohydride.

21 , 22 , 23  To our knowledge, a lone example exists 
where outer-sphere hydride transfer from an H2 adduct precursor 
has been invoked, from the recent study by Lu and coworkers, 
where anionic Co-H2 complexes (Figure 2C) could transfer 
hydride equivalents to CO2.8,14 
 
These Al, Ga, and In anchored anionic Co-H2 complexes (Figure 
2C) were reported to be relatively potent hydride donors, with 
thermodynamic hydricites (ΔGºH-) of 32.0(1) kcal/mol (E = Al) and 
37.4(1) kcal/mol (E = Ga).14 Consistent with these hydricities, 
chemical access to these anionic Co-H2 complexes was provided 
by direct metallation in the presence of [Li][BEt3H].8 Notably, 
attempts to access [Co](H2)1-

  by treating [Co](H)(H2) with excess 
KHBEt3 under an H2 atmosphere were unsuccessful, with 
reactivity driven in the presence of N2 leading to the irreversible 
formation of the anionic N2 adduct [Co](N2)1-. Given this 
observation, we set to assess whether anionic [Co](H2)1-

 might 
serve a sufficiently strong hydride donor to react with a very poor 
hydride acceptor, BEt3 (ΔGºH- = 26 kcal/mol in MeCN). To limit the 
decomposition of [Co](H2)1-, this transformation was carried out 
under an H2 atmosphere.  In this case, [Co](H2)1-

 was observed 
to slowly transfer a hydride equivalent to BEt3, generating an 
equivalent of KHBEt3 and [Co](H)(H2) in good yields (86%; 
Scheme 1). These experiments establish that the thermodynamic 
hydricity of [Co](H2)1-

 is characteristic of strong main group 
hydride donors, and some of the most hydridic transition metal 
complexes for which hydricities have been measured.5,24 Since H2 
adducts are not generally thought to be hydridic, this observation 
is all the more striking.  
 
A compelling issue in this chemistry centers around the factors 
that contribute to the preference for reactivity from the non-
classical H2 adduct or its dihydride isomer. 25  From simple 

energetic considerations, for species in tautomeric equilibrium, it 
must be the case that the thermodynamically preferred isomer is 
simultaneously a poorer proton, H-atom, and hydride donor.26 

This is required because the product of proton (or H-
atom/hydride) transfer from either tautomer is identical, where the 
overall energetics of the reaction are dictated by the difference in 
energy between the two tautomers. We anticipate that both 
[Co](H2)• and [Co](H2)1-

  are in rapid tautomeric equilibrium with 
their dihydride isomers, so each of these possible isomers may 
serve as the direct precursor to H-atom or hydride transfer.27  

 
The same is likely true of existing systems that have been shown 
to access H-atom or hydride transfer reactivity from H2 adduct 
precursors (Scheme 2). In an interesting and very recent example 
of HAT described by Bullock and coworkers, second order kinetic 
behavior was observed at early reaction times, with a first order 
profile as the reaction proceeded toward completion.7e It was 
proposed that an initial oxidative addition step, followed by HAT 
reactivity from a transient dihydride to generate the terminal 
products (Scheme 2A) was suggested by the data. However, we 
think this proposed sequential mechanism is inconsistent with the 
2nd order term dominating the overall reaction profile at early 
times. Instead, we suggest the observed kinetics are consistent 
with competing 1st and 2nd order pathways, where the 2nd order 
reaction dominates at high FeI concentrations (Scheme 2B). One 
scenario consistent with this behavior would be competing 
reactivity from the dihydrogen and dihydride isomers, with rate 
limiting oxidative addition in the latter case; alternative 
mechanisms are also consistent with this kinetic profile (see SI for 
detailed discussion). One factor critical for the observation of 
mixed order kinetic behavior in this system is the relatively high 
barrier to oxidative addition associated with the formation of the 
trans-dihydride complex. This is in sharp contrast with the Co-H2 
adducts outlined in this study, where rapid tautomeric equilibria 
are accessible.  

 

 
Scheme 2. Proposed pathway for H2 activation by S = 1/2 Fe(H2) Complexes 

(top), and a possible competing pathway proposed to account for the second 
order reactivity profile observed at early reaction times (bottom).  
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Scheme 3. Proposed pathways for H2 activation by Co(H2) complexes 

Relatedly, HAT from a putative CoI(H2) adduct precursor has 
recently been described by Choi and Lee (Scheme 3A).17 For the 
CoI(H2) complex, reliable solution NMR characterization data was 
complicated by rapid H2 exchange.28,29 Nevertheless, the ability to 
access net HAT reactivity from an H2 adduct precursor is also 
consistent with the intermediacy of a dihydride that serves as the 
kinetically competent H-atom donor. Additionally, in the 
aforementioned study by Lu and coworkers, based on combined 
computational and experimental observations, two plausible 
pathways for H2 activation were put forth, both of which invoked 
oxidative addition of H2 prior to hydride transfer reactivity 
(Scheme 3B).14 The authors suggest considering their anionic H2 
adduct as a “masked” dihydride, and do not invoke direct hydride 
transfer from the anionic H2 adduct. 
 
Given these recent examples, we further explored factors that 
might control direct homolytic, or inverse heterolytic, H2 activation 
for the present Co-system. Computational consideration of the 
spin and charge localization for [Co](H2)• and [Co](H2)1-, 
respectively, for the possible tautomers of these structures may 
suggest a predisposition for reactivity to proceed from the 
dihydride tautomer. For [Co](H2)•, unpaired spin is computed to 
be predominantly metal-centered, with less than 1% of the spin 
localized at the intact dihydrogen ligand (-0.006 e-), comparable 
to values obtained from EPR spectroscopy (aiso(1H) = -6.9 MHz; -
0.005 e- per H-atom).7c For the dihydride isomer, significantly 
more spin is localized at the terminal hydride ligand (-0.043 e-), a 
value that is comparable to M-H radicals our lab has characterized 
that undergo bimolecular H2 elimination. 30  Considering 
independently the charge localization in these complexes, 
reduction to the anionic species [Co](H2)1-

  is metal-centered for 
either isomer, with a change in charge of -0.4 at Co and remaining 
charge highly delocalized. Notably, the difference in charge 
localization at the dihydrogen or dihydride ligands upon reduction 
is minimal (< -0.01). In either charge state, a partial negative 
charge is localized at the terminal hydride ligand (-0.04) and a 
partial positive charge at the dihydrogen ligand (0.10 per H). We 
note that these charge localization calculations are distinct from 
the spin density calculations outlined for [Co](H2) • above. 

 

 
Figure 4. Transformation of [Co](H2)1- to [Co](H)/[Co](H)(H2) by UV-Visible 
spectroscopy with inset reciprocal plot exhibiting linear behavior, consistent with 
an overall second order reaction.  

For well-studied deprotonations of H2 adducts, systems tailored 
to probing the mechanism of H2 activation have shown a kinetic 
preference for direct reactivity of the dihydrogen adduct.31 This 
can be readily intuited where the microscopic reverse of this 
transformation is considered, with protonation directly at the M-H 
bond preferred, as significant structural and electronic structure 
reorganization is often required for direct metal-centered 
protonation.32 Considering, instead, the microscopic reverse of H-
atom or hydride transfer from H2 adducts, the intuitive argument 
for preferential reactivity at the M-H bond is no longer obvious. In 
this case, addition of both a proton and electron(s) must be 
accommodated and requires some electronic reorganization that 
cannot be circumvented simply through hydride-centered 
reactivity. Further, for the H2 adducts considered as H-atom and 
hydride transfer reagents, the initial hydride products of H-
atom/hydride loss are inherently coordinatively unsaturated. As a 
result, direct metal-centered reactivity may be more facile, as 
reactivity can proceed with displacement of a weakly-bound 
ligand (i.e., N2 or H2).  
 
With this in mind, we set out to probe the kinetic profiles for the 
transfer of H-atom and hydride equivalents from [Co](H2)• and 
[Co](H2)1-, respectively. 33   Hydride transfer from [Co](H2)1-

  to 
BEt3, gave reproducible kinetic behavior when monitored by UV-
Visible spectroscopy at room temperature (Figure 4). Under these 
conditions, decay of the starting material was observed with 
concurrent growth of the product hydride, and followed clean, 
isosbestic behavior for the bulk of the reaction time. From these 
data, a linear reciprocal plot indicates that the reaction follows an 
overall second order profile. At early and very long reaction times, 
deviations from isosbestic behavior are observed, which we 
attribute to competing reactivity. 34  Still, the observation of 2nd 
order kinetic behavior does not distinguish between a direct 
hydride transfer path and a pathway proceeding through a 
dihydride intermediate. Unequivocal experimental support for a 
direct hydride or H-atom transfer pathway from these H2 adducts, 
like the related examples discussed above, remains elusive 
(Scheme 4). 

 

 
Scheme 4. Plausible pathways for H2 activation at neutral S = ½ and anionic S 
= 0 Co complexes. 

To further understand the mechanisms of H-atom and hydride 
transfer in these systems, we set out to explore their reaction 
coordinates computationally (Figure 5). For both [Co](H2)• and 
[Co](H2)1- the dihydrogen isomer was calculated to be nearly 
isoenergetic with a dihydride complex that is accessible upon H2 
oxidative addition (∆G < 1 kcal/mol). A low energy transition state 
for the interconversion of the two isomers was identified for both 
charge states, with their tautomerization predicted to be more 
facile for the anionic complex (∆G‡ = 7.8 kcal/mol). A notable 
difference between the kinetically preferred reaction pathways is 
apparent at the H-atom or hydride transfer step. For the neutral 
complex, [Co](H2)•, the transition state energy for direct H-atom 
transfer from the dihydrogen complex to tBu3ArO• is lower by 14.6 
kcal/mol. The triplet to singlet minimum energy crossing point 
(MECP) is not rate determining for this transformation. The 
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opposite is observed for the anionic complex, where the lower 
energy transition state is accessed from the dihydride complex, 
[Co](H)2

1-, with this pathway preferred by 4.8 kcal/mol in this case. 

 
Figure 5. Calculated reaction coordinate for the activation of H2 by [Co](H2)• (A) 
and [Co](H2)1-

 (B). In each case, TS1 is the transition state for the 
interconversion of the dihydrogen and dihydride isomers, while TS2 is the 
transition state for the transfer of an H-atom or hydride equivalent. The 
pathways shown in blue are for the direct activation of H2 from an intact 
dihydrogen adduct. The red pathways are for an oxidative addition first 
mechanism.  
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Conclusion 

The possibility that a non-classical H2 adduct could serve as a 
precursor for outer-sphere H-atom or hydride transfer to a 
thermodynamically suitable acceptor molecule is a fundamentally 

simple idea. Nevertheless, the reactivity of -adducts has almost 
exclusively been limited to oxidative addition or deprotonation. 
Here, we noted that the tendency to consider dihydrogen 
complexes as acids is attributable to the stability of H2 adducts 
over their dihydride tautomers in thermodynamically acidic 
systems. For the present system, we consider factors controlling 
H-atom and hydride transfer reactivity from [Co](H2)• and 
[Co](H2)1-, respectively. The key here is the preferential stability 
of these unusual H2 adducts over their dihydride isomers for 
systems thermodynamically predisposed to instead access H-
atom and hydride transfer reactivity. While only a limited 
understanding of the mechanisms of these transformations have 
been established, our hope is that this work, along with the recent 
and fascinating systems discussed above, will motivate the 
development of novel strategies for the stabilization of unusual H2 
adducts that further expose new reactivity patterns. 
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Isostructural Co-H2 adducts are stabilized as highly unusual neutral S = ½ and anionic S = 0 species. The atypical reactivity of these 

complexes is described, specifically their propensity for accessing H-atom and hydride transfer.   
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