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ABSTRACT: Catalytic hydrofunctionalization of alkenes through radical-polar crossover metal hydrogen atom transfer 
(MHAT) offers a mild pathway for introduction of functional groups in sterically congested environments. This reaction is 
often proposed to proceed through secondary alkylcobalt(IV) intermediates, which have not been characterized unambigu-
ously. Here, we characterize a metastable (salen)Co(isopropyl) cation, which is capable of forming C–O bonds with alcohols 
as proposed in the catalytic reaction. Electron-nuclear double resonance (ENDOR) spectroscopy of this formally cobalt(IV) 
species establishes the presence of the cobalt-carbon bond, and accompanying DFT calculations indicate that the unpaired 
electron is localized on the cobalt center. Both experimental and computational studies show that the cobalt(IV)-carbon bond 
is stronger than the analogous bond in its cobalt(III) analogue, which is opposite of the usual oxidation state trend of bond 
energies. This phenomenon is attributable to an inverted ligand field that gives the bond Co––C+ character and explains its 
electrophilic reactivity at the alkyl group. The inverted Co–C bond polarity also stabilizes the formally cobalt(IV) alkyl com-
plex so that it is accessible at unusually low potentials. Even another cobalt(III) complex, [(salen)CoIII]+, is capable of oxidizing 
(salen)CoIII(iPr) to the formally cobalt(IV) state. These results give insight into the electronic structure, energetics, and reac-
tivity of a key reactive intermediate in oxidative MHAT catalysis.

Introduction 

There has been a renaissance of the use of metal-catalyzed 
hydrogen atom transfer (MHAT) to alkenes.1-2 MHAT uses 
inexpensive, abundant first-row transition metal catalysts 
under mild conditions, and gives regioselective hydrofunc-
tionalization of alkenes even in sterically congested envi-
ronments. MHAT alkene reactions involve metal species 
and alkyl radicals that are transient and highly reactive, and 
the difficulty of observing intermediates has been a chal-
lenge for mechanistic understanding.3 

The most popular catalysts for MHAT alkene reactions are 
salen-supported cobalt complexes, which catalyze isomeri-
zation,4 hydroarylation,5-6 hydroalkoxylation7-8 and epoxi-
dation.9-10 In these reactions, the alkene is treated with stoi-
chiometric silane and oxidant in the presence of a salen-co-
balt(II) precatalyst.11-15 Reaction of the cobalt species with 
silane presumably gives an unobserved cobalt(III) hydride 
complex, which transfers an H atom to the alkene to form a 
cobalt(II) complex and an alkyl radical.1, 3 This radical can 
bind reversibly to form cobalt-carbon bonds (Scheme 1), 
which lowers the concentration of the radical by an amount 
related to the homolytic bond dissociation free energy 
(BDFE) of the cobalt-alkyl complex.16-17 

The reversible homolysis of Co–C bonds has been estab-
lished for cobalt(III) alkyl and cobalt(II) species,18 inspired 
by biochemistry (methylcobalamin) and radical polymeri-

zations.17 However, most of the newly developed MHAT al-
kene reactions have two important differences from the 
previously studied systems: they utilize a strong oxidizing 
agent, most often fluorocollidinium (N-fluoro-2,4,6-trime-
thylpyridinium, ColF+) and they enable the coupling of the 
alkyl fragment with nucleophiles.11-15, 19-23 The addition of 
the oxidant is essential for the success of the catalytic reac-
tions, and it could play various roles in the catalytic reac-

Scheme 1. Oxidative MHAT hydrofunctionalizations are pro-
posed to involve a cobalt(IV) sec-alkyl complex that leads to 
the product. 
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tion, for example reoxidation of deactivated cobalt(II) spe-
cies, providing a fluoride source to form strong bonds to sil-
icon to counterbalance formation of a weak Co–H bond, or 
oxidizing the metal complex.3 The observed reactivity with 
nucleophiles is different from the traditional radical trap-
ping, and suggests a "radical-polar crossover" mechanism 
wherein the reactivity comes not from an alkyl radical, but 
from an electrophilic species that is generated through oxi-
dation.7, 9 The most frequent mechanistic proposal (e.g. for 
hydroalkoxylation) is that an oxidant converts the co-
balt(III) alkyl complex to a cobalt(IV) alkyl complex in situ.9, 

24 The cobalt(IV) species is key, because its Co–C bond could 
potentially cleave through homolysis to a radical or through 
heterolysis to a carbocation (Scheme 1),7 but more often an 
SN2-like process is proposed in MHAT reactions.9, 19, 22 This 
hypothesis is based on mechanistic studies in which oxida-
tion of alkylcobalt(III) complexes leads to alkyl group dis-
placement by nucleophiles, giving a product in which the al-
kyl has undergone stereochemical inversion.24-25 However, 
spectroscopic evidence for an alkylcobalt(IV) species dur-
ing catalysis has been absent. 

EPR spectroscopy has been used in an effort to characterize 
the species generated by oxidizing cobalt(III) alkyl com-
plexes of salen26 and other macrocyclic supporting lig-
ands,27-28 and the widely varying spectra were interpreted 
as evidence for formation of a cobalt(IV) species, but there 
was no direct evidence that the cobalt-carbon bond was in-
tact and no spin quantitation (see SI for discussion).  Here, 
we provide the first definitive evidence for the presence of 
a Co–C bond in a catalytically relevant cobalt(IV) isopropyl 
complex. In contrast to the usual trend in organometallic 
chemistry, the more-oxidized cobalt(IV) alkyl complex has 

a stronger Co–C bond than its cobalt(III) analogue. In addi-
tion to explaining this phenomenon, we test the stoichio-
metric reactivity of the cobalt(IV) alkyl with alcohols to 
learn whether it is a competent intermediate in hydroalkox-
ylation. These results provide a launching point for under-
standing the organometallic species present in MHAT al-
kene reactions, and a basis for systematic evaluation of 
metal-carbon bond energies in MHAT systems. 

Results and Discussion 

Our studies started with the cobalt(II) species 1, which was 
reduced and then treated with 2-bromopropane to give the 
diamagnetic cobalt(III) complex (salenPh)Co(iPr) (2) 
(Scheme 2). It is of central importance that 2 is a secondary 
alkyl complex, because it models the secondary alkyl com-
plexes that are generated from Markovnikov addition of H• 
to alkenes in MHAT catalysis (Scheme 1).1 In the 1H NMR 
spectrum of 2 (Fig. S3), the two methyl groups of the cobalt-
bound isopropyl ligand are rendered inequivalent by the 
chiral salen ligand. This cobalt(III) alkyl complex decom-
poses slowly in solution at room temperature through Co–C 
bond homolysis.18 Accordingly, samples of 2 inevitably con-
tained a small impurity (<10%) of 1, which gives a charac-
teristic broad peak at  –0.19 ppm in the 1H NMR spectrum. 

We found that 2 reacts with tris(4-bromophenyl)aminium 
(NAr3•+) salts at –78 °C in toluene/CH2Cl2 to give a green so-
lution. The X-band (Fig. 1a and S5) EPR spectra of solutions 
frozen at 77 K show a signal from the S = ½ product 3 
(Scheme 2), which is satisfactorily simulated with a near-
axial g-tensor, gl|  = 2.178 and g=(g2+g3)/2  2 and a 59Co (I 
= 7/2) hyperfine tensor with  A|| = 85 G and A  ~  30 G. The 
g-values show a slight sensitivity to the counterions, BArF4 
vs SbCl6 (Fig. S5), which we attribute to differences in ion 
pairing, while A|| does not. This solvation effect does not in-
fluence the Co-C bonding:  the ENDOR spectra described be-
low are key to characterizing the Co–C bonding, and these 
are identical for the two salts. 

The large deviation of g|| from 2 and large 57Co hyperfine 
coupling, A||, unambiguously establish that the unpaired 
spin lies predominantly on the cobalt center. The g and A 
values are furthermore consistent with the DFT computa-
tions and orbital ordering discussed below. We compare the 
spectroscopic parameters of 3 to those of other macrocyclic 
cobalt(IV) complexes in the Supporting Information;27-31 
our system is distinguished by its relevance to catalytic 
MHAT reactions by virtue of its secondary alkyl group and 
salen supporting ligand. 

EPR spin quantitation of 3 indicates that it is formed from 2 
in yields from 59% to 77%, with higher yields arising from 
the BArF4 salt of the oxidant (Table S1). Additionally, we ex-
plored the thermal stability of 3 by monitoring the decay of 
the EPR signal after warming the sample to progressively 
higher temperatures and at each step subsequently moni-
toring the loss of the 77 K EPR signal. The stability of 3 was 
greater for the BArF4 salt, suggesting a more facile decom-
position pathway with SbCl6 anion. The BArF4 salt 3 is rela-
tively stable at –40 °C, but decomposes significantly over the 
course of an hour at –19 °C (Fig. S7). This experiment was 
repeated with 3 in the presence of ethanol. 3 is stable to eth-
anol at –78o C, but is consumed substantially at –40 °C (Fig. 
S7). This indicates that a reaction of 3 with (or facilitated 
by) ethanol is faster than the spontaneous decomposition of 

Scheme 2. Preparation of (salenPh)Co(iPr)+ (3). 
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3. This reactivity with alcohols, which is relevant to the 
mechanism of hydroalkoxylation, is explored below. 

To determine whether the isopropyl group is indeed bound 
to cobalt in 3, we used ENDOR (electron nuclear double res-
onance) spectroscopy,32 which revealed hyperfine coupling 
between the electron spin and 13C and 1H nuclei that are co-
valently linked. We assigned these couplings through spe-
cific isotopic substitution of the isopropyl group to replace 
the seven H with D (3-2H) or the three carbons with 13C (3-
13C). Although the g values are slightly sensitive to the coun-
terion as noted above, the ENDOR responses of the isopro-
pyl group are independent of counterion (Fig. S9-S10). 

The Q-band Davies pulsed 13C ENDOR spectrum of 3-13C col-
lected near the high-field edge of the EPR spectrum (Figure 
1b) shows three distinct doublets from three hyperfine-
coupled 13C, with splittings of 13CA1 = 8 MHz, 13CA2 = 5 MHz, 
and 13CA3 = 2 MHz. The response from the 13C with the larg-
est doublet splitting (13CA1 = 8 MHz), which exhibits inten-
sity out to A ~ 14 MHz, is assigned to the methine carbon 
that is directly bonded to the spin-bearing metal center. 
Simulation of the responses of this 13C in the 2D pattern of 
13C Davies ENDOR spectra collected across the EPR enve-
lope of 3 shows that its hyperfine coupling is described by 
an anisotropic tensor with components of the same sign 
(Fig. S11), A = -[7, 14, 7] MHz. 

The absolute negative sign of the couplings was determined 
by application of a protocol that employs multiple Davies-
ENDOR 3-pulse electron spin-echo pulse sequences, de-
noted PESTRE (Fig. 2).33 In this protocol the first set of se-
quences is applied without RF to establish a baseline (BSL) 
spin-echo response; sequences in the second set incorpo-
rate an RF pulse at the frequency of interest (ENDOR); the 
third set creates a dynamic reference level (DRL) whose 
transient offset from BSL is generated by relaxation effects 
that depend on the sign of the hyperfine coupling. The op-
posite signs of the deviation of the DRL from the BSL (de-
noted DRL-δ) when probing the + and – partners of the 

methine 13C hyperfine doublet (Fig. 2) independently estab-
lish the negative sign of the hyperfine coupling. The result-
ing negative isotropic coupling,  Aiso = –9.3 MHz, implies that 
spin delocalization occurs through polarization of a Co–C -
bond, which is also found in DFT calculations (see below). 
The negative sign of the anisotropic component of A implies 
that the anisotropic contribution of the negative local spin 
on carbon dominates the direct through-space dipolar cou-
pling to the positive spin on Co.  

The two weaker 13C couplings are assigned to the two me-
thyl carbons, which are diastereotopic and thus inequiva-
lent, much like the situation observed in the NMR spectra of 
the cobalt(III) alkyl 2 described above. The ENDOR spectra 
collected across the EPR envelope (Fig. S12) show that their 
hyperfine couplings are isotropic within error, 13CA1iso = -5 
MHz, 13CA2iso = -2 MHz.  The sign of 13CA1iso, was again deter-
mined by the PESTRE technique (Fig. 2). This approach 
could not be applied to the smaller 13CA2iso coupling, and thus 
its sign is given to match that of 13CA1iso.  

 

Figure 1. (a) Frozen-solution X-band EPR spectrum of 3 recorded at 77 K; black = experimental spectrum, red = simulation 
using parameters listed. (b) 13C Q-band, 2 K, Davies pulsed ENDOR spectrum of 3-13C showing three distinct signals from hy-
perfine-coupled 13C, with assignments as indicated. Overlaying the spectrum is a simulation of the methine 13C signal  (- - -) 
derived from analysis of the 2D field-frequency pattern of ENDOR spectra (Fig S11), which yielded the hyperfine tensor, A = -[7, 
14, 7], coaxial with the g-tensor, as described in the text. (c) (upper) 1H 2K Q-band Mims ENDOR spectra of 3 (black) and 3-2H 
(red); the difference spectrum (middle, blue) shows 1H hyperfine-coupled signals from the cobalt-bound isopropyl group; 
(lower) 2H 2K CW ENDOR spectrum of 3-2H (red)with frequency axis scaled by the ratio of nuclear g-factors. Conditions: see 
Fig. S5 (1a), Fig. S11 (1b), Fig. S14, and S15 (1c). 

 



  

The pulsed 1H Mims ENDOR spectrum of 3 (Figure 1c) 
shows two 1H hyperfine-coupled signals, one with 1HA1 = –
12 MHz, where the sign was determined by PESTRE meas-
urements, and the other with 1HA2 = ±3 MHz (sign not deter-
mined; Fig. S13). These signals are absent in 3-2H, and the 

2H CW ENDOR spectrum of 3-2H shows two signals with 
|2HA1| = 1.8 MHz and |2HA2| = 0.5 MHz, which correspond to 
the two 1H signals, but with couplings reduced by the ratio 
of gyromagnetic ratios 1H/2H = 6.51 = 1HA/2HA (Fig. S14). 
These observations assign the protons to the cobalt-bound 
isopropyl group; we further assign the larger coupling to 
the proton on the Co-bound methine carbon, and the much 
smaller coupling to indistinguishable responses from the 
two methyl groups. Both 1/2H signals are invariant across 
the EPR signal (Fig. S12, S15), corresponding to isotropic 
couplings that arise from through-bond interaction be-
tween the cobalt-localized electron and the 1H/2H nuclei of 
the isopropyl group.  

The electronic structure of 3 was characterized by density-
functional theory (DFT) calculations on an S = 1/2 model of 
3 optimized using a reparametrized B3PW91 functional and 
the 6-311G(d,p) basis set (see SI for details). Calculations 
(Fig. S16-S17) give the orbital ordering of Figure 3, using an 
axis choice that has the largest (g||) axis of the g tensor along 
the y axis, bisecting the O-Co-O angle. The computations sat-
isfactorily reproduce both the near-axial g tensor (exp. g = 
2.18, 2.02, 2.02; calcd. 2.23, 2.06, 2.04) and the magnitude 
of the hyperfine coupling to 59Co (exp. Aiso = 139 MHz, calcd. 
93 MHz). Most of the calculated unpaired spin density 
(+0.85 e–) lies on the cobalt site (Fig. S18), refuting an alter-
native electronic structure with a cobalt(III) and a salen 
radical cation. The optimized geometry at cobalt is square 
pyramidal, with the isopropyl group in the axial position. 

Despite the expectation for a higher formal oxidation state, 
the calculated Co–C distance of 2.05 Å in 3 is longer than that 
calculated for the cobalt(III) isopropyl analogue (1.97 Å).34 

In considering why the Co–C bond is unusual, we were cog-
nizant of recent spectroscopic and computational studies on 
formally copper(III) and nickel(IV) alkyl complexes that 
have an "inverted ligand field." This means that the metal-
carbon bonding orbitals have greater metal character than 
ligand character, and thus may be envisioned as donation of 
an electron pair on the metal to a carbocation, in the reverse 
of the usual oxidation state formalism.35-38 We evaluated 
this possibility using Natural Bond Orbital (NBO) calcula-
tions, which indicated that the Co–C bond in the formally co-
balt(IV) complex 3 has 70% Co character and 30% C char-
acter, whereas the Co–C bond in the formally cobalt(III) 
complex 2 has 50% Co and 50% C character. The frontier 
orbitals in Figure 2 illustrate how the formally d5 cobalt(IV) 
(formally with an isopropyl anion and considering the top 
five orbitals in Figure 2) is "inverted," and can be viewed in-
stead as d7 cobalt(II) (formally with an isopropyl cation and 
considering the bottom five orbitals in Figure 2). This view, 
with the majority of the bonding electron density on the co-
balt, explains why oxidation of 2 gives a longer cobalt-car-
bon bond in 3 as noted above. As will become evident below, 

 

Figure 3. Qualitative computed d-orbital splitting in 3, 
with x and y axes between equatorial ligands, showing NBO 
bonding and antibonding orbitals for the Co−C bond at an 
isovalue of 0.03 au. 

Scheme 3. Hess’ Law analysis relating the difference be-
tween the BDFEs of 2 and 3 to the difference between the 
reduction potentials of 3 and 4.   
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Figure 2. PESTRE Davies ENDOR multisequence traces 
for 3: (Left) measured for methine 13CH at –(9.5 MHz) 
and +(17.2 MHz);  (Right) measured for 13CH3 at –(10.8 
MHz) and +(15.8 MHz). Both show A(13C) < 0.  Conditions: 
Microwave frequency 34.9 GHz, t/2 = 60 ns, T = 45 s, rep-
etition time 100 ms,  = 2.5 s. 



  

the importance of the latter resonance structure also ex-
plains the unusual stability of the formally cobalt(IV) spe-
cies 3. 

We also calculated the homolytic bond dissociation free en-
ergies (BDFE) of the Co–C bonds in 2 and 3 (Fig. S19). In the 
cobalt(IV) species 3, the BDFE was calculated to be 22 
kcal/mol at –65 °C, which is stronger than the calculated co-
balt(III)-carbon bond in the neutral analogue 2 (20 
kcal/mol).17 This opposes the well-known trend that BDFE 
values decrease with increasing oxidation state,39-40 which is 
expected since homolysis of a metal-ligand bond formally 
reduces the metal by one electron. To test the idea that the 
CoIV–C bond in 3 is stronger than the CoIII–C bond in 2, we 
used the thermochemical cycle in Scheme 3, which demon-
strates that the difference between these BDFE values is 
equivalent to the energetic difference between the 
(salenPh)Co(iPr)+/0 and (salenPh)Co+/0 redox potentials. 
These potentials were measured to be –0.005 V and 0.173 
V, respectively (vs. Fc+/0; 0.2 M Bu4NPF6 in CH2Cl2; Fig. S21-
S22). This indicates that the Co–C BDFE in 3 is 4 kcal/mol 
greater than the Co–C BDFE in 2 (Fig. S23) and experimen-
tally validates the counterintuitive relative BDFE values 
from the DFT calculations.  

Multiple implications arise from this finding. First, there is 
a disconnect between the calculated relative bond lengths 
and strengths, as the Co–C bond in 3 (the more oxidized spe-
cies) is calculated to be longer but stronger. One reason for 
the lack of correlation could be that the oxidized species has 
more cobalt(II) character, due to the "inverted ligand field" 
described above. Thus, it is surprisingly easy to oxidize the 
cobalt(III)-alkyl complex to cobalt(IV), because the inverted 
ligand field of the cobalt(IV)–carbon bond enables the co-
balt to share most of the positive charge with the alkyl lig-
and, irrespective of the longer Co–C distance. Another con-
tributor could be that the square-planar S = 1 cobalt(III) 

species41 that would come from Co–C homolysis in 3 is un-
stable. This formation of a high-energy product from homol-
ysis of the CoIV–C bond equates to a high CoIV–C BDFE. The 
implication for catalysis is that CoIV–C homolysis is more en-
dergonic (and likely slower) than CoIII–C homolysis, sug-
gesting that direct attack on the CoIV alkyl is more likely. 
This idea is supported by experiments showing inversion of 
stereochemistry during reactions of putative CoIV alkyl com-
plexes in the literature.42 Thus, though radicals are interme-
diates in the initial steps of MHAT hydrofunctionalizations, 
there is no need for radicals to be involved in the carbon-
heteroatom bond forming steps. 

A second implication is that it is thermodynamically favora-
ble for a cationic (salen)CoIII complex to oxidize a 
(salen)CoIII alkyl complex. Both of these species are poten-
tially accessible under catalytic conditions for oxidative 
MHAT, and the alkylcobalt(IV) species could be produced 
through oxidation by (salen)CoIII rather than ColF+ during 
catalysis. Such an electron transfer between cobalt centers 
has been proposed to explain the second-order rate de-
pendence on [Co] in an oxidative MHAT alkene reaction,13, 

25 and here we provide quantitative evidence that this elec-
tron transfer is thermodynamically reasonable. 

Finally, we examined initial aspects of the reactivity of 3. 
The reactions of putative electrochemically generated or-
ganocobalt(IV) complexes with nucleophiles, such as pyri-
dine and chloride, producing elimination and/or substitu-
tion products have been studied.28 Since such electrophilic 
species have also been proposed as intermediates in MHAT 
catalysis,9, 19, 22 we explored the reactivity of well-character-
ized 3 with alcohols under conditions similar to those used 
in the catalytic hydroalkoxylation of alkenes.7-9 We treated 
a solution of 3 with an excess of benzyl alcohol (0.15 M) or 
ethanol (0.15 M), with or without collidine as a base. Benzyl 
alcohol gave no ether product under either condition, while 
ethanol gave a yield up to 36% when the reaction was per-
formed at low temperatures where 3 is stable. Surprisingly, 
benzyl alcohol gave a lower yield of the coupling product (< 
5%). 

However, it was possible to improve the yield by lowering 
the concentration and temperature (Scheme 4). For exam-
ple, a 4.4 x 10-4 M solution of 3 reacted with benzyl alcohol 
(0.2 M) at –55 °C to give an improved 32% yield of benzyl 
isopropyl ether. The improved yields at low temperature 
are consistent with the thermal instability of 3, and the ef-
fectiveness of reducing the concentration suggests that a bi-
metallic decomposition pathway for 3 is competitive with 
nucleophilic attack on the isopropyl group.29 Though the 
yields under these conditions are mediocre, the trend sug-
gests that under catalytic conditions, the much lower con-
centration of 3 could give the observed high catalytic yields. 
It is not feasible to observe the cobalt products in stoichio-
metric reactions at catalytically relevant low concentrations 
of 3. In any case, these results show that 3 can give the prod-
uct of catalytic hydroalkoxylation, and indicate that lower-
ing concentration and temperature is useful for improving 
the yields. Future studies will aim to test the kinetic compe-
tence of various cobalt species, in order to distinguish the 
mechanism of the C–O bond formation. 

Conclusions 

Scheme 4. The alkylcobalt(IV) species 3 reacts with alcohols 
to form ethers that are the products of oxidative MHAT alkene 
hydrofunctionalization reactions. 
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It is surprisingly easy to oxidize a catalytically relevant 
(salen)cobalt(III) secondary alkyl complex to a formally co-
balt(IV) alkyl complex.43 This alkylcobalt(IV) complex is ac-
cessible under conditions used in many MHAT alkene hy-
drofunctionalizations because its formally high oxidation 
state is stabilized by a “inverted field” resonance structure 
(making it have the character of a Z ligand in the CBC 
model).44 As a result, its Co–C bond is stronger than the one 
in the analogous alkylcobalt(III) complex, and thus Co–C ho-
molytic cleavage from the cobalt(IV) species is less likely 
than direct attack on the “carbocation-like” alkyl group dur-
ing catalysis. The observed cobalt(IV) species reacts with al-
cohols affording ethers, demonstrating a key proposed step 
in the catalytic HAT reaction. Improving the yield was pos-
sible using low temperatures and concentrations, indicating 
the prospects for systematic improvement of catalytic reac-
tions that utilize these transient organometallic species.  
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SYNOPSIS: Spectroscopy, electrochemistry and computations show the nature of the cobalt-carbon bonding in the first 
catalytically relevant secondary alkylcobalt(IV) complex to be characterized in detail.    
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