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see: Eisenberg, D. C; Norton, J. R. Isr. J. Chem. 1991, 31, 55–66. 

Chirik et al. ACS Catal. 2016, 6, 4105–4109.
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Metal Hydride Atom Transfer

“outer-sphere”  
alkene is not part of the ligand sphere

“inner-sphere”  
alkene ligates the metal center



Origin story

CoCl2 +  excess KCN(aq) Co(CN)53–
H2O

+ 2KCl+
M. A. Descamps,  

Compt. rend. 1868, 67, 330. 

H2  evolves from solution3K+
green



Origin story

• Iguchi showed that solutions of Co(CN)53– absorb hydrogen gas at ambient temperature 
• why did this attract interest? 
• what is the reduction product? 
• the same complex is produced by electrolysis or by “self-reduction” (allowing aqueous solutions to age)
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“For about a century, mention has been made from time to time of the liberation of hydrogen gas which occurs when aqueous  solutions of cobalt chloride 
and potassium cyanide are mixed. The reaction was regarded as extraordinary but of little practical value. With the recent interest in the deuterium 
exchange reaction catalyzed by cobalt cyanide solutions (Ogg, Mills, Weller and Wheeler), and the more general problems of hydrogenation in solution by 
metal complexes and by hydrogenase (see Halpern or Winfield), it has become important to study the mechanism of H2 evolution.”

CoCl2 +  excess KCN(aq) Co(CN)53–
H2O

+ 2KCl+
H2O

3K+

pH 9.7
optimal

see: King, N. K.; Winfield, M. E. “Reduction of Water to Hydrogen by a Complex Cyanide of Cobalt” J. Am. Chem. Soc. 1958, 80, 2060.

        Griffith, W. P.; Wilkinson, G. “The Pentacyanohydride Complexes of Cobalt(I) and Rhodium(I).” J. Chem. Soc. 1959, 2757.

        King, N. K.; Winfield, M. E. “The Liquid Phase Hydrogenation of Cyanocobaltate(II)” J. Am. Chem. Soc. 1961, 83, 3366.

        Halpern, J.; Pribanic, M. “Hydrogenation of pentacyanocobaltate(II) at high pressures” Inorg. Chem. 1970, 9, 2616.
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+

KCN

Co(CN)53–+

Origin story

380 mμ 305 mμ

967 mμ termolecular

2

• Griffith and Wilkinson observe new PMR signal at 695 cycles/sec (water at 40 Mc/sec); disappears if prepared in deuterium oxide 
• High pressures of H2 allow reduction at low [Co] 
• Self-reduction (aging) is very slow to produce 305 mμ peak compared to H2 reduction
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Hydrogenation, σ-complex, stereochemistry and mechanistic hypothesis
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JACS 1962 304.
“No other homogeneous hydrogenation system 

is known to reduce such a wide variety of substrates”



Hydrogenation, σ-complex, stereochemistry and mechanistic hypothesis
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Reduction is non-stereospecific,  
independent of isomerization, 

inconsistent with a coordinative syn-selective hydrogenation 

JACS 1968 1914; cf. Halpern JACS 1961 753)

JACS 1968 1914. • rate unaffected by [CN–] 
• [HO–Co(CN)5]3– ineffective under H2 
∴ 
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A related system: replacement of CN (X) by CO (L)
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for early mechanistic work, see:  Heck JACS 1961 4023.
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“Because of microscopic reversibility concerted cis addition and elimination of 
DCo(CO)4 cannot lead to exchange since the nonequivalence of H and D is 
preserved by the cyclic structures.”

1. Weil, Friedman, and Wender have observed that deuteration of anthracene 
or pyrene with DCo(CO)4 results in rapid isotopic exchange at the positions of 
addition only. 

H/DH

H H/D

HH
D–Co(CO)4

Why is exchange unlikely to proceed through a coordination mechanism? 

Feder, H. M.; Halpern, J. JACS 1975, 97, 7186.

Do these coordinative pathways explain all the reactivity
of HCo(CO)4?

-196 °C trap, then warm with C6H10 >15 °C: see Orchin JACS 1953 3041

Poll: 
A) anthracene cannot coordinate metal centers 
B) syn-addition prevents exchange 
C) CO cannot dissociate from Co 
D) coordination leads to hydroformylation



Do these coordinative pathways explain all the reactivity of HCo(CO)4?

1. Weil, Friedman, and Wender have observed that deuteration of anthracene 
or pyrene with DCo(C0)4 results in rapid isotopic exchange at the positions of 
addition only. 

H/DH

H H/D

HH
D–Co(CO)4

H

H

H

H

Co(CO)3
D

H

H

Co(CO3)
D

D–Co(CO)4

CO

“Because of microscopic reversibility concerted cis addition and elimination of 
DCo(C0)4 cannot lead to exchange since the nonequivalence of H and D is 
preserved by the cyclic structures.”

3. 2-Methylnaphthalene and acenaphthene are hydrogenated more readily than 
naphthalene and 9,10-dimethylanthracene more readily than anthracene.

Me

Me

Me

H

H

> >

SHADE

4. Taylor and Orchin observed nearly equal amounts of cis- and trans-dihydro 
products from the hydrogenation of 9,10-dimethylanthracene, although only 
cis-9,10-dihydro-9,10-dimethylanthracene was expected. The scheme they used 
to rationalize this observation was rather elaborate and only applicable to alkyl 
substituents which possess a-hydrogens. 
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2. Hydroxymethylated compounds are not found among the products of 
catalytic hydrogenation of PAH, although these are the usual products derived 
from olefins under oxo conditions above 180 °C.

Feder, H. M.; Halpern, J. JACS 1975, 97, 7186.

Why is exchange unlikely to proceed through a coordination mechanism? 



Two different hypotheses

Taylor, P. D.; Orchin, M. JOC 1972, 37, 3913. Feder, H. M.; Halpern, J. JACS 1975, 97, 7186.

for a description of localization energy and 
correlation to relative rates of addition to 

aromatic rings, see:  
Coullson, C. A. J. Phys. Chem. 1955, 1435.



Polar (hydride, proton) or radical (hydrogen)?
Seminal paper: Sweany, R. L.; Halpern, J. "Hydrogenation of α-Methylstyrene by hydridopentacarbonylmanganese (I). 
Evidence for a Free-Radical Mechanism” J. Am. Chem. Soc. 1977, 99, 8335.
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Table I .  C I D N P  Data for the Reaction of HMn(C0)S (1.25 M )  with C ~ H S C ( C H ~ ) = C H ~  (0.24 M) at  70 "C 

I 0 4 v ,  Arbitrary units 
Proton signal (*) T i s a  s M-I s - I  N P Enhancement 

%HsCH(CH3*)2 5 . 2  3.5 -3920 11.0 (-3.6 * 0.5) X I O 2  
C ~ H S C ( C H ~ * ) = C H ~  6.9 3 . 8  1360 5.5 '  (2.5 f 0.4) X io2  

3.7 444 1 .86c (2.4 f 0.4) X I O 2  
3 .1  430 1.86' (2.3 X 0.4) X I O 2  

*HMn(CO)q 3 .O 3.8' 1200 1.85 (6.3 f 2.5) X I O 2  
j x":f C ~ H S C ( C H ~ ) = C H ~ *  

a TI values were determined by the inversion recovery method under the same conditions as  the reaction. Enhancement = ( a  - d ) / B .  This 
parameter was fixed to obtain a reasonable convergence. 

- C,Z A,*A'' Y B X 
Figure 1. Stacked plot of spectra taken during reaction in the 70 O C  probe 
of a 60-MHz, TT-14 spectrometer (1.31 M HMn(C0)5, 0.17 M N- 
methylstyrene). The lower left spectrum was taken approximately 50 s 
after heating of the sample was begun. The first 20 spectra are separated 
by 7 5 5  intervals. Each spectrum was transformed from four accumulated 
free induction decays, separated by 4 s (30" tip angle). 

been reported in the literature and is expected to be unstable 
to decomposition via Mn-C bond homolysis under the condi- 
tions of our reaction. 

The N M R  enhancements associated with the CIDNP effect 
were calculated by fitting the intensity data to equations de- 
rived from the Bloch equation modified to account for the 
initial production of nonequilibrium magnetization by the 
chemical reaction and for the time dependence (reflecting the 
concentration dependence) of the equilibrium magnetization, 
Mo. The form of the Bloch equation for the product, 
C6H&H(CH3)2, yielded by this treatment, is given by eq 6 
where M ,  is the magnetization along the magnetic field axis, 
a and p are the N M R  absorption coefficients of newly formed 
and equilibrated product, respectively, T1 is the spin-lattice 
relaxation time and Mo is P [ C ~ H S C H ( C H ~ ) ~ ] .  
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Figure 2. Time dependence of the intensity of the CH3 doublet (1 .  I ppm) 
of the C6HsCH(CH3)2 product during the reaction of C ~ H S C -  
(CH3)=CH2 with HMn(C0)s  (initially 0.22 and 2.28 M, respectively) 
at 70 "C. The circles represent experimental values while the solid curve 
is calculated from eq 6 according to the procedure described in the 
text. 

Equation 6 was integrated according to a procedure ap- 
propriate for accumulated pulsed Fourier transform N M R  
measurements in a manner related to the treatment of Poranski 
et al.I2 The resulting calculated time-dependent intensity 
equation was fitted to the observed data by means of a non- 
linear least-squares procedure, using independently determined 
T I  values to yield optimum values of the other three parame- 
ters, CY, p, and k'. Typical results of this treatment are presented 
in Figure 2 and in Table I which also lists the results of corre- 
sponding treatments for several of the reactant proton signals. 
Very similar results were obtained for another experiment with 
different initial reactant concentrations (2.28 M HMn(C0)5, 
0.22 M a-methylstyrene). Convincing support for the proposed 
interpretation and treatment is provided by (i) the excellent 
agreement between the calculated and experimental time- 
dependent intensities exemplified by Figure 2, (ii) the agree- 
ment of the values of k' in Table I, yielded by the above fitting 
procedure, with the independently determined experimental 
values (Le., a t  70 OC, klexp  = 3.8 X M-' s-I), and (iii) 
the approximate constancy (within the relatively large 
uncertainties involved in the determinations) of the enhance- 
ments computed for the several reactant and product proton 
signals. Furthermore, the magnitude of the enhancement, 
-300, is sufficiently large to support the view that the proposed 
free-radical mechanism is indeed a major reaction pathway. 

From the polarizations and the assumption of a singlet 
precursor, it follows that g for Mn(C0)s  is larger than that for 
the CsHsC(CH3)2 radical. While a reliable g value for 
Mn(C0)S (which has been detected in matrices) has not been 

Journal of the American Chemical Society / 99.25 / December 7 ,  1977 



Telltale sign: CIDNP
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X Matos, J.; Green, S. A.; Shenvi, R. A. Org. React. 2019, 100, 383-470.

J. Am. Chem. Soc. 1977, 99, 8335–8337.
Seminal paper by Halpern observed CIDNP  
during hydrogenation by isolable hydrides:  
excludes coordinative and polar mechanisms
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Telltale sign: inverse KIE

Mn–H : 1775 cm-1

C•–C–H : ca. 3000 cm-1
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+
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H/D kinetic isotope effect (KIE)

**H/D ZPE differences smaller at TS: lower force constant**

Inverse KIE is unusual!



Telltale sign: inverse KIE

Fig. 5. Isotope effect for a hydrstannation reaction as a function of the 
degree of transfer of hydrogen from tin to carbon in the transition state.

Mn–H : 1775 cm-1

C•–C–H : ca. 3000 cm-1

Me

H—Mn(CO)5
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Mn(CO)5

k3

Me

H

Mn(CO)5
+

+
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k’3

Leusink, A. J.; Budding, H. A.; Drenth, W. J. Organomet. Chem. 1967, 9, 295. 



Could MHAT (low ν M–H/D to high ν C–H/D) yield a normal KIE?

So, theory allows inverse KIE with a sufficiently late TS or a normal KIE with anything earlier, 
but there is an alternative interpretation

Nalesnik, T. E.; Freudenberger, J. H.; Orchin. M. J. Mol. Catal.1982, 16: 43. 

Me

Fig. 3. Effect of extent H and D transfer from Co to C 
on free energy of inverse isotope effect with Ph2C=CH2; 
(b) normal isotope effect with bifluorenylidine

Poll:  
A) No, ZPEs would be reversed  
B) No, inverse KIE is diagnostic of MHAT  
C) Yes, if TS is not too late  
D) Yes, if rxn is irreversible



Mn–H : 1775 cm-1

C•–C–H : ca. 3000 cm-1
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=

“equilibrium isotope effect” 
larger k-3 for H 

ΔGH‡ > ΔGD‡

C–H
C–D

C–H
C–D

M–H
M–D

ΔGH‡ < ΔGD‡

inverse KIE normal KIE
k3 k–3

dP/dt = k’3 [radical pair]

Telltale sign: inverse KIE



MHAT allows specific predictions to be made: branched hydroformylation

alkylH–Co(CO)4 +
>15 °C

alkyl
CHO

H

recall:

• linear aldehydes predominate     • inhibited by CO pressure

PhH–Co(CO)4 +
Ph

H

CHO
except:

• branched aldehydes predominate  • uninhibited by CO pressure
J. Organomet. Chem. 1985; 279, 165. 
CO pressure: H–Mn(CO)5 hydrometallation of dienes: JACS 1987, 1995.

emissive signals: 
2-phenyl-propanal and 
acylcobalt intermediate 
(independently synthesized)

“In addition, after more than one minute. some runs in C6D6, show the kind of 
line-broadened deterioration of the NMR spectra that would he expected If 
paramagnetic species were present. Paramagnetic species greatly enhance 
proton spin-lattice relaxation times, causing polarization to disappear rapidly. In 
view of these factors, it might be considered remarkable that any CIDNP can be 
detected from HCo(CO)-styrene reactions.”  

Other implication is that polarization is carried through multiple steps, which then 
must be fast. These could be radical steps, but the presence of polarization in 
ethylbenzene (reduction path) indicates CIDNP from the first step, consistent with 
Halpern’s experiments.

“no alternative explanation for CIDNP is considered to be viable” 
not entirely true: see para-hydrogen and the “monday morning effect”

collapse

85  s

222  s

Bockman, T.M.; Garst. J. F.; King. R.B.; Marko. L.; Ungvary, F.  
J. Organomet. Chem. 1985; 279, 165.



BDEs (we are not invoking H•(sol))

Effects of neither phosphine or phosphite substitution nor permethylation of the cyclopentadienyl ring on the M-H bond energies could 
be detected within the error limits of the method. (but these substitution reactions affect rate of MHAT)

Tilset, M.; Parker, V. D. “Solution Homolytic Bond Dissociation Energies of Organotransition-Metal Hydrides” 
 J. Am. Chem. Soc. 1989, 111, 6711–6717. 

BDE is important because it influences rate of reaction with alkene, much like pKa influences rate of reactivity with a base

cf. cyclohexane C–H: 96 kcal/mol; H3CS–H: 88 kcal/mol; nBu3Sn–H: 78 kcal/mol; Co(CO)4H: 58 kcal/mol



Correlation of M–H BDE and rate: not the whole story!
Bullock, R. M.; Samsel, E. G.  J. Am. Chem. Soc. 1990, 112, 6886–6898. 

H3C
CH3

H3C H3C

CH3

Cp

Cp*



Correlation of M–H BDE and rate: exceptions!

BDE is important because it influences rate of reaction with alkene, much like pKa influences rate of reactivity with a base

opposite correlation: as BDE decreases, rate decreases 
not BDE for either: sterics

alkene electronics also affect MHAT rate



Correlation of viscosity and product distribution

E. N. Jacobsen and R. G. Bergman, J. Am. Chem. Soc., 1985, 107, 2023–2032. F. Ungvary and L. Mark ́o, J. Organomet. Chem., 1983, 249, 411–414.  
Y. Matsui and M. Orchin, J. Organomet. Chem., 1983, 244, 369–373. 

Tyler et al. J. Am. Chem. Soc., 2016, 138, 9389–9392. 



Correlation of concentration and product distribution

Matos et al., Angew. Chem. Int Ed., 2020, 107, 2023–2032. 



Rates of movement within cage



Rates of movement within cage

The temperatures at which their half lives are 10 h are indicated by T1/2 

T1/2 65 °C T1/2 30 °C

no regioisomeric scrambling!!  
β-H abstraction is not competitive

A. Gridnev, S. D. Ittel, B. B. Wayland and M. Fryd, Organometallics, 1996, 15, 5116.



Low energy hydrometalation with no M–H cis-vacant site

close contact 
radical pair

start here

note late TS: 
long C–H 

short Co–H

microscopic reverse



MHAT to non-conjugated alkenes?

k = 2.2 x 10-5 M-1 s-1 (68°C) 
kH/kD ~ 0.5 
DCr(CO)3Cp 

also H/D exchange 
in substrate

“To our knowledge this is the first direct experimental evidence for hydrogen atom transfer from a metal hydride to an alkene  
which cannot form a stabilized benzylic or allylic intermediate”

Bullock, R. M.; Samsel, E. G.  J. Am. Chem. Soc. 1987, 109, 6542.

Slow, but general?
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Figure 4. Different excess experiments with NFTPB.  An 
induction period is observed at 20 mol% loading but the rate is 
parallel to the standard conditions (a line has been added as a 
visual aid). Higher loadings of oxidant led to deleterious ef-
fects on the yield and rate, possibly due to off-pathway reac-
tions with the nickel catalyst.   
  
Evidence for formation of an organocobalt species.   
 The potential intermediacy of an organocobalt complex in 
the hydroarylation also informed our initial reaction design.4  
Previously explored olefin hydrofunctionalization reactions 
utilizing a cobalt salen catalyst, hydrosilane and oxidant, have 
explicitly suggested the intermediacy of an organocobalt com-
plex,24,26,27 although its presence in a catalytic reaction could 
not be confirmed spectroscopically.27a   
 During our previous studies of olefin isomerization – also 
employing a cobalt salen catalyst and phenylsilane – we hy-
pothesized the off-cycle formation of an organocobalt species 
during the isomerization of terminal olefins.5d Whereas 1,1-
disubstituted alkenes isomerized rapidly at room temperature, 
monosubstituted alkenes required elevated temperatures (>60 
°C). A competition experiment between a 1,1-disubstituted 
alkene and monosubstituted alkene led to isomerization only 
upon heating; the room temperature isomerization was com-
pletely suppressed (Figure 5A).  This observation was con-
sistent with our hypothesis that reactivity was arrested by cata-
lyst sequestration through secondary organocobalt formation, 
rather than a higher kinetic barrier of HAT to monosubstituted 
alkenes compared to 1,1-disubstituted alkenes. Even gentle 
heating leads to homolysis of the cobalt–carbon bond, fol-
lowed by M• abstraction of the internal C–H bond and subse-
quent isomerization to the more thermodynamically stable 
internal alkene.28  
 The stability of organocobalt complexes (Scheme 1, path-
way 3) is largely influenced by steric interaction between the 
cobalt ligand and the carbon substituent, as well as the identity 
of the trans-axial ligand.29 The synthesis and characterization 
of secondary organocobalt complexes has precedent in the 
literature, while the isolation of tertiary alkyl cobalt species 
has not been possible, lending further support to our hypothe-
sis for organocobalt formation in the isomerization reaction of 
monosubstituted olefins.30 In spite of the lack of spectroscopic 
characterization of sec-alkyl cobalt salen complexes, we set 
out to observe the formation of an organocobalt in the related 
isomerization reaction explored by our lab5d via 1H NMR 
spectroscopy, since it appeared relevant to the rate determin-
ing step in the hydroarylation. When 4-phenyl-1-butene was 
subjected to MHAT isomerization conditions in d6-benzene, 
no isomerization took place at room temperature – as observed 
previously – but a new diamagnetic alkylcobalt complex could 
be observed by 1H NMR in d6-DMSO. The identity of this 
organocobalt complex was confirmed by independent synthe-

sis from NaCo(I)salen and (3-bromobutyl)benzene (Figure 
5B). Both reaction products showed identical peaks in the far-
upfield region of their 1H NMR spectra: a distinctive pair of 
doublets at d –0.43 and –0.54 ppm corresponding to diastereo-
topic methyls.31 The methine proton could also be visualized 
as a multiplet at d 5.33 ppm.  The observation of an organoco-
balt complex was consistent with the observed rate law of the 
catalytic hydroarylation in which an organocobalt complex 
described the cobalt catalyst resting state and could act as ei-
ther a stable reservoir of alkyl radicals or a reactive intermedi-
ate. 
 

 
Figure 5. (A) Evidence for stability of sec-alkyl-Co(SaltBu,tBu) 
organometallic complexes at room temperature: the active 
catalyst appears to be sequestered; (B) observation of two 
diastereotopic methyls at –0.4 and 0.5 ppm from both Co(I) 
SN2 and from Co(III)/PhSiH3/alkene combination. 
  
 Although we had spectroscopic evidence suggesting for-
mation of an organocobalt complex under relevant cobalt(III)–
hydride-catalyzed isomerization conditions, we wondered if its 
formation was reversible and more accurately described as an 
equilibrium favoring starting alkene and cobalt(III)–hydride 
(“back HAT”). A rapid, reversible MHAT equilibrium would 
be kinetically indistinguishable from a stable organometallic 
catalyst resting state as it comes before the rate determining 
step in the hydroarylation.  We therefore ran the hydroaryla-
tion reaction with a d2-alkene isomer to probe reversibility 
through isotopic exchange.  The hydroarylation product was 
isolated from the catalytic reaction with a slight increase in 
hydrogen incorporation at the terminal methyl group (13% 
increase in hydrogen incorporation compared to expected) 
(Figure 6). This experiment agreed with cage-pair formation 
followed by collapse to a metastable organocobalt complex: 
the cobalt resting state before rate-determining transmeta-
lation. Furthermore, the minimal H/D isotopic exchange ob-
served provided additional evidence against a nickel-only re-
ductive Heck (Scheme 2A), as an alkyl nickel species could 
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B In situ observation of an alkylcobalt species by 1H NMR

A Inhibition of alkene isomerization with terminal olefins (ambient temperature)

rearrangement to synthesize andrastatin D and terretonin L
(Figure 10).38

The rate of these cycloisomerization reactions is of special
interest: ongoing studies in our laboratory have demonstrated
that some substrates reach >90% conversion in under 1min. Our
current work pertaining to the cycloisomerization33 has yielded

an overall bimolecular rate constant on the order of 101!102
M!1 s!1. The high reactivity, chemoselectivity, and tolerance for
numerous solvents, including water, invites use of these
reactions for bioconjugation.39 These high rates are not limited
to cobalt, since both iron- and manganese-catalyzed MHAT
reactions have been reported to be completed in times on the
order of minutes to hours.1,7,40

! MHAT/NI DUAL CATALYSIS
Prior to 2016, MHAT-based methods utilized well-established
stoichiometric radical traps to install heteroatomic functional
groups.1 We thought a step change in the !eld might be enabled
by the addition of a transition metal cocatalyst to engage
traditional cross-coupling partners. Nickel o"ered a good
starting point41,42 because of its precedents in radical cross-
coupling reactions with polar electrophiles, such as aryl and alkyl
halides43 (Figure 11). Barriers to this schema included (1)
kinetically competent intersection of two catalytic cycles, (2)
redox compatibility of two metal complexes, and (3)
suppression of undesired reactivity accessible by each complex
in isolation, such as Ni-catalyzed reductive Heck reactivity,
isomerization, and hydrogenation.
Our !rst investigation in this area entailed a method for the

hydroarylation of unactivated terminal ole!ns44 utilizing Ni-
catalyzed electrophile!electrophile conditions pioneered by
Weix.41 Co(SaltBu,tBu) was the only e"ective MHAT catalyst
under the reaction conditions and required #uoropyridinium 2
as an oxidant.45 Ph(iPrO)SiH2 was most e"ective in the
reaction,7 whereas PhSiH3 produced a signi!cant amount of
competitive hydrosilylation. A variety of terminal ole!ns
containing numerous functional groups were tolerated,
including thioethers, alkyl bromides, nitriles, and unprotected
alcohols (Table 3). Although electron-de!cient arenes were
superior substrates for the arylation, both electron-rich and
-neutral arenes gave moderate yields. Additionally, pharmaceuti-
cally relevant heterocycles such as pyridine and pyrazoles proved
compatible.
Mechanistic interrogation of Co/Ni-catalyzed hydroarylation

indicated that the reaction proceeded via direct cobalt!alkyl to
nickel transmetalation,46 a step that has few precedents in the
literature.47 Reaction progress kinetic analysis (RPKA)48

indicated an apparent rate law that was !rst-order in both
cobalt and nickel, ruling out a mechanism whereby rate-limiting
cobalt!carbon bond homolysis led to freely di"using alkyl
radical (Figure 12a(i)). Furthermore, hydroarylation of a
“radical clock” with varying concentrations of nickel precatalyst
indicated minimal direct relationship between the loading and
unrearranged:rearranged product ratios (Figure 12b).49 These
results ruled out a radical cage escape mechanism (Figure
12a(ii)) but were consistent with a cage rebound mechanism
(Figure 12a(iii)).
Attempted replication of the transmetalation in a stoichio-

metric experiment with a preformed nickel oxidative addition
intermediate and a cobalt alkyl complex proved informative. The
reaction of Co(III)(SaltBu,tBu)(i-Pr) (4) with an isolated
dtbbpyNi(II)ArI complex (3) led to the cross-coupled product
(5) in only 10% yield, far from the quantitative yield expected if
these two species were involved in the rate-determining
transmetalation step (Figure 12c). Additionally, use of dtbbyNi-
(II)ArI as the nickel precatalyst in the catalytic reaction
exhibited an induction period.
The combination of these results!the low yield of the

stoichiometric experiment and the induction period under

Figure 7. Co(salen)-mediated (cyclo)isomerization of ole!ns.

Figure 8. Plausible mechanistic scheme for terminal ole!ns.

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.8b00337
Acc. Chem. Res. 2018, 51, 2628!2640

2633

See: J. Am. Chem. Soc. 2014, 136, 1300; J. Am. Chem. Soc. 2014, 136, 16788.

Organometallic is not an “intermediate” but rather lies off-cycle (!!). Contrast to J. Am. Chem. Soc. 2006, 128, 11693.



Implications of MHAT to unconjugated alkenes

! THERMOCHEMISTRY DISCUSSION

Both our group4 and the Herzon group5 have proposed that
carbon-centered radical intermediates formed in Drago!
Mukaiyama reactions1 arise from an MHAT elementary step

rather than coordinative hydrometalation followed by metal!
carbon bond homolysis (Figure 15).
Successful MHAT to electron-neutral alkenes implies that the

intermediate metal hydrides must have bond dissociation free
energy (BDFE) values (i.e., !G°MH) lower than those for any

Figure 15. MHAT vs coordinative hydrometalation.

Figure 16. Thermochemical implications of an MHAT mechanism.

Figure 17. Kinetic and thermodynamic analysis of the feasibility of MHAT to alkenes.
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Why would MHAT occur to form an unstabilized radical?

association of tri!ate, !uoride, or solvent.34 Both pathways
would produce the previously mentioned Si–O or Si–F bond.

An alternative hypothesis comes from work on Co2+(dmg)
systems, which had been proposed to generate a cobalt(III)
hydride complex.35 The 1H NMR signal previously assigned to
a cobalt(III) hydride was later shown to come from a para-
magnetic cobalt(II) species. Another study suggested the
formation of a monomeric cobalt(I) complex under related
conditions. This cobalt(I) species could tautomerize to form
a metal-centered cobalt(III)-hydride catalyst that could be the
kinetically competent catalyst in MHAT with alkenes, as it has
an e!ective bond dissociation free energy of only
50.5 kcal mol!1 (Scheme 5a). Alternatively, the cobalt(I) species
could engage in proton-coupled electron transfer (PCET) to
transfer the hydrogen atom directly from the O–H group. In the
MHAT "eld, it is not o!en noted that complexes of reduced
metals and acidic protons can perform PCET that renders them
e!ective formal hydrogen atom donors,36–38 and therefore
MHAT reactions could conceivably proceed via donation of
a ligand-based and notmetal-bound H atom. These possibilities
can be distinguished using deuterium labeling experiments; for
example, transfer from the carbon backbone of b-diketonate
ligands was excluded in Drago-Mukaiyama reactions, as
deuterated ligands did not give deuterium incorporation in the
product (Scheme 5b).26 Similarly, hydrogen atom transfer from
an O–H tautomer is excluded by use of exchangeable deuterated
solvent, which would lead to deuteration of product. However,
only protium incorporation from stoichiometric hydrides is
observed in deuterated solvent. Similar labeling experiments
exclude ligand hydrogen atom transfer (PCET) from analogous
tautomers of salen analogs.30

2.2 Properties of metal hydrides in MHAT reactions

An interesting contrast emerges between the isolable SF metal
hydride catalysts used for some MHAT reactions, such as
HMn(CO)5, HCo(CO)4, and HCrCp(CO)3, and the expected (but
so far non-isolable) WF metal hydride intermediates in other
MHAT reactions (Fig. 1). First, the isolable metal hydrides in SF
systems have lower oxidation states (1+ and 2+) than the

oxidation states of the putative, in situ-generatedmetal hydrides
(3+) in WF systems. WF reactions o!en require an oxidant, such
as TBHP or O2, consistent with the requirement for higher
oxidation states. Second, the SF hydrides are supported by
strong-"eld CO and phosphine ligands, giving a low-spin elec-
tronic con"guration, while the WF metal hydrides for catalytic
HAT reactions instead have weak-"eld ligands, such as acety-
lacetonate and oxalate. Thus, the WF intermediates can have
intermediate spin or high spin electronic con"gurations with
unpaired electrons in antibonding orbitals, and the bonds are
expected to be much weaker. Quantitative support of the M–H
bond energy trend as a function of spin state is so far lacking,
because the WF hydrides are not isolable, and so researchers
have turned to computations.

Recently, two computational studies evaluated a putative WF
iron(III) hydride intermediate (acac)2Fe–H using DFT and
coupled-cluster methods, and both indicated that the Fe–H BDE
is only 17–20 kcal mol!1.27,39 Interestingly, the Fe–H BDE of the
reduced iron(II) [(acac)2Fe–H]! is calculated to be much stronger
(66 kcal mol!1), because the formal iron(I) product from Fe–H
bond homolysis is high in energy. A recent experimental study in
a SF system showed the complementary trend, that the oxidation
from vanadium(I) [CpV(CO)3H]! to vanadium(II) CpV(CO)3H
decreases the V–H BDE from 55 to 36 kcal mol!1.23 These studies
indicate that manipulating the oxidation states and redox
potentials of MHAT catalysts (both SF and WF) is a promising
area for continued study. It is likely that modi"cation of the
geometry will also be in!uential because this changes the relative
energies of di!erent spin states and oxidation states. The most
systematic method to correlate structure and BDE may be
computation, but correlating the computations with experiment
can be complicated by interactions with ions and solvent, as well

Scheme 5 Hydrides can have isomers with weakly bound H on the
ligand, and deuteration experiments can test for this possibility.

Fig. 1 Contrasts between strong-!eld and weak-!eld catalyst systems
for MHAT, with examples of catalysts and electronic con!gurations.

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 12401–12422 | 12405
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Seminal reports of alkene radical hydrofunctionalizations,
prior to their recognition as WF MHAT reactions, noted the
importance of alcoholic solvent or co-solvent.21 In a particularly
clear example, when Mn(dpm)3 was treated with PhSiH3 in
dichloromethane, no reaction was observed at room tempera-
ture until the addition of isopropyl alcohol.24 One important
role of the alcohol may be to provide the alkoxide that supplies
the aforementioned driving force for Si–O or B–O bond forma-
tion. Recently, in an MHAT Giese reaction (i.e. C-radical 1,4-
addition to an acceptor alkene), we replaced Fe(acac)3 with an
iron(III) ethoxide complex [(acac)2Fe(m-OEt)]2, which eliminated
an observed induction period and led to higher yields at a lower
temperature.25 This information, combined with the observa-
tion of ethoxysilane byproducts, suggested that an acac-
supported iron ethoxide species served as a reactive, on-cycle
species to engage phenylsilane—compensating the weak M–H
bond with a strong Si–O bond.

Alkoxysilanes have been observed as byproducts of metal
hydride formation, but alkoxysilanes themselves may act as
rapid hydride donors to metal pre-catalysts. For example,
Mn(dpm)3 catalyzes the formation of isopropoxyphenylsilane
from phenylsilane and isopropanol solvent, but this alkox-
ysilane is consumed by Mn(dpm)3 faster than it is formed.26 To
generalize the impact of this discovery, we showed that PhSi(Oi-
Pr)H2 is a more active hydride donor in several classes of MHAT
reactions and in the absence of alcohol solvent.26 Interestingly,
more than one alkoxide on the silane becomes detrimental; for
example, PhSi(Oi-Pr)2H is less active than PhSiH3. Subsequent
calculations suggested that the barrier heights for silane reac-
tions with (acac)2Fe(OEt) increased in the order PhSi(OR)H2 <
PhSiH3 ! PhSi(OR)2H, supporting the idea that there is
a balance between steric and electronic factors in determining
the hydride donor ability.27

The source of the OR" or F" also may derive from an added
oxidant. In many WF catalyst systems, a cobalt(II) precatalyst
must be oxidized in situ in order to form the necessary cobalt(III)
hydride.28 Thus, catalytic conditions include an oxidant to both
turn over the catalytic cycle as well as oxidize the precatalyst to
the cobalt(III) oxidation state. The seminal Mukaiyama papers
utilized cobalt b-diketonate catalysts and oxygen,21 and later
Nojima reported a stoichiometric reaction in which an isolable
cobalt alkylperoxide complex reacts with triethylsilane to form
an alkyl silyl peroxide and a putative cobalt hydride, suggesting
that this ligand exchange enabled regeneration of the cobalt
hydride catalyst.29 This idea was further supported when the
same cobalt alkylperoxide complex was shown to be catalytically
competent in the triethylsilylperoxidation of an alkene in the
presence of oxygen and triethylsilane. More recent MHAT

papers use N-!uoro oxidants (e.g. Select!uor, !uorocollidinium
salts), which could both serve to oxidize the catalyst and drive
formation of the metal hydride via ligand exchange and
formation of a strong Si–F bond.30 However, the mechanistic
pathways for metal hydride formation from M3+ alkoxide/
!uoride precursors remain under-investigated.

A ligand exchange that gives the metal hydride could occur
through associative, dissociative or concerted interchange
pathways (Scheme 4a). In the case of b-diketonate-supported
iron hydrides, DFT calculations were used to explore the
exchange of hydride for alkoxide between (acac)2Fe–OMe and
phenylsilane, suggesting that concerted ligand exchange would
have a rate similar to that observed experimentally (Scheme
4b).27 This concerted interchange mechanism also appears
feasible for Mn and Co bis-acetylacetonates but may not be
possible for the popular cobalt salen complexes,17,30–32 which
lack open cis-coordination sites. In these systems, initial insight
comes from the oxidation of a (salen)Co2+ complex with N-!u-
orocollidinium tri!ate, which did not lead to the isolation of
a Co3+–!uoride complex, but instead generated a cationic Co3+

complex with an outer sphere tri!ate counteranion. The related
Co3+ tetra!uoroborate could be generated by oxidation of Co2+

with silver(I) tetra!uoroborate, which was shown to be catalyt-
ically competent.18,33 The mechanism of hydride formation in
this instance is less obvious but one possibility is hydride
delivery from a pentavalent silicate intermediate formed by the

Scheme 3 Top: use of O or F groups (indicated as Z) provides a strong
Si–Z bond that drives uphill M–H formation. Bottom: potential
mechanisms of metal-hydride formation.

Scheme 4 Potential mechanisms of metal-hydride formation.
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association of tri!ate, !uoride, or solvent.34 Both pathways
would produce the previously mentioned Si–O or Si–F bond.

An alternative hypothesis comes from work on Co2+(dmg)
systems, which had been proposed to generate a cobalt(III)
hydride complex.35 The 1H NMR signal previously assigned to
a cobalt(III) hydride was later shown to come from a para-
magnetic cobalt(II) species. Another study suggested the
formation of a monomeric cobalt(I) complex under related
conditions. This cobalt(I) species could tautomerize to form
a metal-centered cobalt(III)-hydride catalyst that could be the
kinetically competent catalyst in MHAT with alkenes, as it has
an e!ective bond dissociation free energy of only
50.5 kcal mol!1 (Scheme 5a). Alternatively, the cobalt(I) species
could engage in proton-coupled electron transfer (PCET) to
transfer the hydrogen atom directly from the O–H group. In the
MHAT "eld, it is not o!en noted that complexes of reduced
metals and acidic protons can perform PCET that renders them
e!ective formal hydrogen atom donors,36–38 and therefore
MHAT reactions could conceivably proceed via donation of
a ligand-based and notmetal-bound H atom. These possibilities
can be distinguished using deuterium labeling experiments; for
example, transfer from the carbon backbone of b-diketonate
ligands was excluded in Drago-Mukaiyama reactions, as
deuterated ligands did not give deuterium incorporation in the
product (Scheme 5b).26 Similarly, hydrogen atom transfer from
an O–H tautomer is excluded by use of exchangeable deuterated
solvent, which would lead to deuteration of product. However,
only protium incorporation from stoichiometric hydrides is
observed in deuterated solvent. Similar labeling experiments
exclude ligand hydrogen atom transfer (PCET) from analogous
tautomers of salen analogs.30

2.2 Properties of metal hydrides in MHAT reactions

An interesting contrast emerges between the isolable SF metal
hydride catalysts used for some MHAT reactions, such as
HMn(CO)5, HCo(CO)4, and HCrCp(CO)3, and the expected (but
so far non-isolable) WF metal hydride intermediates in other
MHAT reactions (Fig. 1). First, the isolable metal hydrides in SF
systems have lower oxidation states (1+ and 2+) than the

oxidation states of the putative, in situ-generatedmetal hydrides
(3+) in WF systems. WF reactions o!en require an oxidant, such
as TBHP or O2, consistent with the requirement for higher
oxidation states. Second, the SF hydrides are supported by
strong-"eld CO and phosphine ligands, giving a low-spin elec-
tronic con"guration, while the WF metal hydrides for catalytic
HAT reactions instead have weak-"eld ligands, such as acety-
lacetonate and oxalate. Thus, the WF intermediates can have
intermediate spin or high spin electronic con"gurations with
unpaired electrons in antibonding orbitals, and the bonds are
expected to be much weaker. Quantitative support of the M–H
bond energy trend as a function of spin state is so far lacking,
because the WF hydrides are not isolable, and so researchers
have turned to computations.

Recently, two computational studies evaluated a putative WF
iron(III) hydride intermediate (acac)2Fe–H using DFT and
coupled-cluster methods, and both indicated that the Fe–H BDE
is only 17–20 kcal mol!1.27,39 Interestingly, the Fe–H BDE of the
reduced iron(II) [(acac)2Fe–H]! is calculated to be much stronger
(66 kcal mol!1), because the formal iron(I) product from Fe–H
bond homolysis is high in energy. A recent experimental study in
a SF system showed the complementary trend, that the oxidation
from vanadium(I) [CpV(CO)3H]! to vanadium(II) CpV(CO)3H
decreases the V–H BDE from 55 to 36 kcal mol!1.23 These studies
indicate that manipulating the oxidation states and redox
potentials of MHAT catalysts (both SF and WF) is a promising
area for continued study. It is likely that modi"cation of the
geometry will also be in!uential because this changes the relative
energies of di!erent spin states and oxidation states. The most
systematic method to correlate structure and BDE may be
computation, but correlating the computations with experiment
can be complicated by interactions with ions and solvent, as well

Scheme 5 Hydrides can have isomers with weakly bound H on the
ligand, and deuteration experiments can test for this possibility.

Fig. 1 Contrasts between strong-!eld and weak-!eld catalyst systems
for MHAT, with examples of catalysts and electronic con!gurations.
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Seminal reports of alkene radical hydrofunctionalizations,
prior to their recognition as WF MHAT reactions, noted the
importance of alcoholic solvent or co-solvent.21 In a particularly
clear example, when Mn(dpm)3 was treated with PhSiH3 in
dichloromethane, no reaction was observed at room tempera-
ture until the addition of isopropyl alcohol.24 One important
role of the alcohol may be to provide the alkoxide that supplies
the aforementioned driving force for Si–O or B–O bond forma-
tion. Recently, in an MHAT Giese reaction (i.e. C-radical 1,4-
addition to an acceptor alkene), we replaced Fe(acac)3 with an
iron(III) ethoxide complex [(acac)2Fe(m-OEt)]2, which eliminated
an observed induction period and led to higher yields at a lower
temperature.25 This information, combined with the observa-
tion of ethoxysilane byproducts, suggested that an acac-
supported iron ethoxide species served as a reactive, on-cycle
species to engage phenylsilane—compensating the weak M–H
bond with a strong Si–O bond.

Alkoxysilanes have been observed as byproducts of metal
hydride formation, but alkoxysilanes themselves may act as
rapid hydride donors to metal pre-catalysts. For example,
Mn(dpm)3 catalyzes the formation of isopropoxyphenylsilane
from phenylsilane and isopropanol solvent, but this alkox-
ysilane is consumed by Mn(dpm)3 faster than it is formed.26 To
generalize the impact of this discovery, we showed that PhSi(Oi-
Pr)H2 is a more active hydride donor in several classes of MHAT
reactions and in the absence of alcohol solvent.26 Interestingly,
more than one alkoxide on the silane becomes detrimental; for
example, PhSi(Oi-Pr)2H is less active than PhSiH3. Subsequent
calculations suggested that the barrier heights for silane reac-
tions with (acac)2Fe(OEt) increased in the order PhSi(OR)H2 <
PhSiH3 ! PhSi(OR)2H, supporting the idea that there is
a balance between steric and electronic factors in determining
the hydride donor ability.27

The source of the OR" or F" also may derive from an added
oxidant. In many WF catalyst systems, a cobalt(II) precatalyst
must be oxidized in situ in order to form the necessary cobalt(III)
hydride.28 Thus, catalytic conditions include an oxidant to both
turn over the catalytic cycle as well as oxidize the precatalyst to
the cobalt(III) oxidation state. The seminal Mukaiyama papers
utilized cobalt b-diketonate catalysts and oxygen,21 and later
Nojima reported a stoichiometric reaction in which an isolable
cobalt alkylperoxide complex reacts with triethylsilane to form
an alkyl silyl peroxide and a putative cobalt hydride, suggesting
that this ligand exchange enabled regeneration of the cobalt
hydride catalyst.29 This idea was further supported when the
same cobalt alkylperoxide complex was shown to be catalytically
competent in the triethylsilylperoxidation of an alkene in the
presence of oxygen and triethylsilane. More recent MHAT

papers use N-!uoro oxidants (e.g. Select!uor, !uorocollidinium
salts), which could both serve to oxidize the catalyst and drive
formation of the metal hydride via ligand exchange and
formation of a strong Si–F bond.30 However, the mechanistic
pathways for metal hydride formation from M3+ alkoxide/
!uoride precursors remain under-investigated.

A ligand exchange that gives the metal hydride could occur
through associative, dissociative or concerted interchange
pathways (Scheme 4a). In the case of b-diketonate-supported
iron hydrides, DFT calculations were used to explore the
exchange of hydride for alkoxide between (acac)2Fe–OMe and
phenylsilane, suggesting that concerted ligand exchange would
have a rate similar to that observed experimentally (Scheme
4b).27 This concerted interchange mechanism also appears
feasible for Mn and Co bis-acetylacetonates but may not be
possible for the popular cobalt salen complexes,17,30–32 which
lack open cis-coordination sites. In these systems, initial insight
comes from the oxidation of a (salen)Co2+ complex with N-!u-
orocollidinium tri!ate, which did not lead to the isolation of
a Co3+–!uoride complex, but instead generated a cationic Co3+

complex with an outer sphere tri!ate counteranion. The related
Co3+ tetra!uoroborate could be generated by oxidation of Co2+

with silver(I) tetra!uoroborate, which was shown to be catalyt-
ically competent.18,33 The mechanism of hydride formation in
this instance is less obvious but one possibility is hydride
delivery from a pentavalent silicate intermediate formed by the

Scheme 3 Top: use of O or F groups (indicated as Z) provides a strong
Si–Z bond that drives uphill M–H formation. Bottom: potential
mechanisms of metal-hydride formation.

Scheme 4 Potential mechanisms of metal-hydride formation.
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Why do we care? 
Markovnikov Functionalization by Hydrogen Atom Transfer” Organic Reactions 2019, 100, 383. (already outdated)

Direct generation of radical from alkene (!!) and capture
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Strong Field vs. Weak Field MHAT Similarities
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Markovnikov selectivity/ radical

Bullock et al. J. Am. Chem. Soc. 1987, 109, 6544.
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Norton et al. J. Am. Chem. Soc. 2008, 130, 4250.
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Nojima et al. Org. Lett. 2002, 4, 3595.
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Nojima et al. J. Org. Chem. 2005, 70, 251.

Relative rates: radical stability, contrasteric

estimate based on [Mn] hydrogenation: 60 M-1s-1 



Reductant 

isolable M–H or H2 i-PrOH, NaBH4, NaBH3CN, PhSiH3, AIBN

Reductant

Metal–H vs. ligand–H

Norton et al. J. Am. Chem. Soc. 2014, 136, 17362 Obradors et al. J. Am. Chem. Soc. 2016, 138, 4962.
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Strong Field vs. Weak Field MHAT Similarities



Reductant 

isolable M–H or H2

Metal–H vs. ligand–H

Norton et al. J. Am. Chem. Soc. 2014, 136, 17362 Obradors et al. J. Am. Chem. Soc. 2016, 138, 4962.
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Strong Field vs. Weak Field MHAT Similarities



1. Definition and differentiation 
2. Early work, hypotheses and development of understanding (Iguchi, Burnett, King/Winfield, Kwiatek, Jackman) 
3. Halpern experiments: equilibrium outer-sphere exchange vs. 1,4-coordination 
4. Inverse KIE 
5. CIDNP 
6. Relative rates 
7. Cage pair implications: viscosity 
8. Cage pair implications: stereoselectivity can be imperfect 
9. Can HAT occur on non-conjugated alkenes? Bullock precedent; Drago-Mukaiyama reactions: elementary steps? 
10. Crossley isomerization and AIBN use as hydride source (prior studies invoked organometallic as intermediate) 
11. Implications of the generality of this rxn: Si–H, energetics, hydrogen evolution, Norton L–H 
12. Examples of reactions/ differences

Summary


