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en atom transfer to alkenes:
a roadmap for metal hydrides and radicals

Sophia L. Shevick, a Conner V. Wilson,b Simona Kotesova,a Dongyoung Kim,b

Patrick L. Holland *b and Ryan A. Shenvi *a

Hydrogen atom transfer from a metal hydride (MHAT) has emerged as a powerful, if puzzling, technique in

chemical synthesis. In catalytic MHAT reactions, earth-abundant metal complexes generate stabilized and

unstabilized carbon-centered radicals from alkenes of various substitution patterns with robust

chemoselectivity. This perspective combines organic and inorganic perspectives to outline challenges

and opportunities, and to propose working models to assist further developments. We attempt to

demystify the putative intermediates, the basic elementary steps, and the energetic implications,

especially for cage pair formation, collapse and separation. Distinctions between catalysts with strong-

field (SF) and weak-field (WF) ligand environments may explain some differences in reactivity and

selectivity, and provide an organizing principle for kinetics that transcends the typical thermodynamic

analysis. This blueprint should aid practitioners who hope to enter and expand this exciting area of

chemistry.
1. Introduction

Many impactful advances in synthesis have come from organ-
ometallic chemistry, a eld that leverages the synergy between
organic and inorganic chemistry. The dominant concepts in
organometallic chemistry simply extend the models of organic
chemistry: for example, the SN1 reaction becomes dissociative
substitution, and the octet rule expands to the 18-electron rule.1

These models serve the community well for complexes domi-
nated by strong-eld supporting ligands (e.g. cyclopentadienyl,
carbonyl, phosphine, and pyridine), but a new generation of
organometallic reactions has arisen in which the metal has no
strong-eld supporting ligands, and these systems require
a different view.2 The availability of adjacent oxidation states
facilitates homolysis to form radical intermediates; supporting
ligands can be labile; multiple spin states may be present; the
18-electron rule is not obeyed routinely; and bonds are oen
weaker. Developing useful models for understanding these
different organometallic compounds requires a renewed part-
nership between organic and inorganic chemists.3,4

Here, we analyze metal hydride (M–H) hydrogen atom
transfer (MHAT) methods for Markovnikov hydro-
functionalization of alkenes, where our groups have found
common interests. The radical MHAT mechanism emanated
from the work of Iguchi, Halpern, Jackman and others and
10550 North Torrey Pines Road, La Jolla,
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explained the reactions of hydridocyano- and hydridocarbo-
nylmetal complexes with activated alkenes as outer-sphere
additions of hydrogen, as opposed to coordinative metal
insertions, hydridic additions or protonations.5 MHAT is
a powerful working model that also explains Drago-Mukaiyama
hydrofunctionalizations, which now encompass diverse cross-
coupling methods. This collaborative Perspective uses our
organic and inorganic backgrounds to propose a mechanistic
framework for MHAT reactions, highlighting areas of emerging
consensus as well as areas where mechanistic studies are
needed.

Prior to work by Mukaiyama and Norton, conversion of
alkenes to carbon-centered radicals mainly involved the addi-
tion of tin-, carbon- or heteroatom-centered radicals to the
alkene; formal addition of a hydrogen atom to an alkene to
generate unstabilized radicals had little preparative precedent.
Carreira's expansion of Mukaiyama-type chemistry to include
an array of electrophilic partners, like diazodicarboxylates,
signaled a key turning point.6 These methods established
reagent combinations that could transform alkenes into Mar-
kovnikov addition products, but with reversed polarity and high
chemoselectivity compared to conventional protic hydro-
functionalizations. In hindsight, these reactions likely proceed
via MHAT.5

Scheme 1 shows representative examples of proton transfer
and hydrogen atom transfer, which generate ion pairs and
radical pairs, respectively. At rst, the polar pathwaymay appear
more reasonable, because it is a staple of introductory organic
chemistry courses. Consider, however, that until the 1930s the
invocation of an unstabilized carbocation had not reached the
Chem. Sci., 2020, 11, 12401–12422 | 12401
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Scheme 1 Comparing alkene addition through polar and radical
pathways: proton transfer versus hydrogen atom transfer.
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point of an organizing mechanistic principle.7 Whitmore
recognized the generality of carbocations throughout organic
chemistry,8 yet his depictions of ionic hydrocarbons (R3C

+) were
so controversial that they were excluded from J. Am. Chem. Soc.9

Our present comfort with carbocations as legitimate interme-
diates stems from their predictive and didactic power to explain
many chemical reactions, from skeletal rearrangements10 to SN1
reactions.11 The complex solvation kinetics of carbocation/
anion pairs explain the rate effects of salt additives,12 unusual
stereochemical outcomes of tert-alkyl halide solvolyses,13,14 and
isotope scrambling of alkyl arylsulfonates.15 Carbocation
chemistry has now become an enabling technology that
converts, for example, light olens like isobutene, butene and
propene to high-value gasoline-range blendstocks using strong
ðTop rowÞ Ryan Shenvi; Patrick Holland;
and Dongyoung Kim; ðbottom rowÞ

Conner Wilson; Sophia Shevick; and Simona Kotesova
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Brønsted acids to protonate alkenes.16

The models developed for carbocation/anion pairs as reac-
tion intermediates should guide our consideration of radical
cage pairs. Whereas ion pairs are most inuenced by electro-
statics and ion–solvent interactions, neutral radical pairs are
instead primarily affected by solvent viscosity, as well as spin
state, radical mass and/or size (vide infra). Despite these
differences, there are also similarities. Just as the contact-ion
pair mechanistic paradigm provides a framework to under-
stand the kinetics of cationic rearrangements and substitu-
tions, the behavior of the radical pair—return to reactants,
collapse to organometallics, or escape from the solvent cage—
determines how the metal-catalyzed radical reaction
unfolds.17,18 The proton transfer/contact ion pair model thus
provides a conceptual scaffold on which to hang the less-
familiar hydrogen transfer/radical cage pair model and incor-
porate it into our collective chemical psyche.
This journal is © The Royal Society of Chemistry 2020
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In this article, we classify transition-metal hydrides that can
perform alkene MHAT into two rough categories: those bearing
strong-eld (SF) ligands and those bearing weak-eld (WF)
ligands. The SF systems, studied by Halpern, Bullock, Norton
and others, utilize Mo, W, V, Cr, Mn, Fe and Co catalysts having
strong-eld supporting ligands, such as carbonyls, that lead to
low-spin complexes.5,19 In catalytic reactions with SF complexes,
the hydride complexes are oen isolable, and the hydrogen
atom source is oen H2. The scope of MHAT reactions for SF
systems is typically limited to isomerizations, cyclizations, and
hydrogenations, and the rates of catalysis are generally slow.
Below we attribute these slow rates to the higher bond disso-
ciation enthalpy (BDE) of the M–H bond, which leads to an
endothermic hydrogen atom transfer to many alkenes. The
greater stability of these M–H bonds has allowed their extensive
interrogation, in contrast to a more recent class of metal
hydride. This second class, initially studied by Drago and
Mukaiyama, uses an Fe, Mn or Co complex as catalyst.5,20,21

These catalysts have weak-eld supporting ligands based on N
or O donors, and thus we call them WF systems. With WF
systems, the catalytic reactions are much more rapid,
proceeding at room temperature, even when using electron-
neutral alkenes. These reactions use a reductant such as
PhSiH3 or NaBH4, which is assumed to generate a transition-
metal hydride complex based on the MHAT reaction products,
but the transient hydrides have not been isolated in these
systems. Below, we attribute these phenomena to a lower M–H
BDE in these systems, which hinders the identication of
intermediates but leads to greater reactivity.

Despite these differences, a common mechanistic scaffold is
now invoked for all theWFMHAT reactions. In Scheme 2, this is
shown as a branching catalytic cycle. In this perspective, we
Scheme 2 Intermediates to be considered during WF MHAT, highlightin

This journal is © The Royal Society of Chemistry 2020
consider the likely composition and behavior of transiently
formed intermediates, especially the metal hydride and the
caged radical pair. We emphasize that considering the ther-
modynamics and kinetics of radical pair generation provides an
organizing principle similar to the powerful concept of contact
ion pairing, and we describe some of the outstanding questions
and opportunities. As with the carbocation, the model of MHAT
provides explanatory, predictive and didactic power that is likely
to accelerate the implementation and evolution of useful cata-
lytic methods.
2. Metal hydrides in MHAT reactions
2.1 Formation of metal hydride

Metal hydride species have been a longstanding topic of study
in organometallic chemistry, and bond dissociation enthalpies
(BDE) are known for many M–H bonds in classic 18-electron
organometallic hydride complexes.22 Measured BDE values are
generally 52 kcal mol�1 or greater,22,23 which renders them
thermodynamically stable with respect to H2 formation, and
slow for MHAT.

In the WF systems, M–H bonds are thought to be much
weaker (vide infra). Formation of such weakM–H bondsmust be
compensated by a strong bond in another product. Thus,
reductants in WF systems are typically silanes or borohydrides,
which have Si–H or B–H bonds that can be broken to formmuch
stronger Si–O, Si–F, B–O, or B–F bonds, providing a driving
force. (For instance, the Si–H BDE of Me3Si–H is 95 kcal mol�1

and the Si–O BDE of Me3Si–OEt is 122 kcal mol�1.) Typical WF
catalyst systems provide a source of alkoxide or uoride, which
is an important design feature (Scheme 3).5
g one- and two-electron steps.

Chem. Sci., 2020, 11, 12401–12422 | 12403
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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.
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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
12404 | Chem. Sci., 2020, 11, 12401–12422
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 4 Potential mechanisms of metal-hydride formation.

This journal is © The Royal Society of Chemistry 2020
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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-field and weak-field catalyst systems
for MHAT, with examples of catalysts and electronic configurations.
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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 effective 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
effective 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
This journal is © The Royal Society of Chemistry 2020
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 different 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
Chem. Sci., 2020, 11, 12401–12422 | 12405
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as exchange of labile ligands in WF systems. Therefore, a recur-
sive approach of computational prediction and experimental
testing is essential for reliable progress.

In general, hydrides of high-spin metal centers are
uncommon, and the potential for weak M–H BDEs leading to
useful MHAT reactivity motivates future study in this area.
Moving from b-diketonates to higher-denticity supporting
ligands would have multiple benets. First, these ligands give
more predictable geometries, leading to more reliable compu-
tations. Second, chelating ligands oen give spectroscopic
handles that could ease the characterization of eeting hydride
intermediates. Third, they may allow access to stable complexes
in lower oxidation states, due to lower lability of the chelating
ligand. Finally, they are more amenable to systematic modi-
cation of steric and electronic inuences on the metal, giving
exibility to the catalyst design.
Fig. 2 Thermodynamic model for differences between SF (top) and
WF (bottom) MHAT reactions, which explains the higher reactivity of
WF systems.
2.3 Effects of strong-eld vs. weak-eld hydrides on
thermodynamics of HAT, rate-limiting step, kinetics, and
chemoselectivity

Metal hydrides that have slightly weakened bonds
(�60 kcal mol�1, viz. tin-hydrides: 78 kcal mol�1) can transfer
a hydrogen atom if the reaction partner is already an open shell
species (e.g. TEMPO) or can signicantly stabilize the resulting
radical (e.g. a-methylstyrene). Therefore, expansion of this reac-
tivity to unactivated alkenes raises a thermodynamic conundrum
because MHAT forms two relatively unstable species: an unsat-
urated, reduced metal complex and an unstabilized organic
radical. For example, metal hydride H-atom transfer to ethylene
or propylene is thermodynamically favorable only if theM–HBDE
is less than 36 kcal mol�1.40 Even assuming a barrierless reaction,
then, the M–H BDEmust be 50 kcal mol�1 or less for MHAT to be
kinetically feasible near room temperature (taking into account
an activation barrier of 24 kcal mol�1, which is a half-life of 11
hours at room temperature). This explains why the rates are low
in MHAT systems with SF catalysts whose bonds are greater than
50 kcal mol�1 (Fig. 2, top).

Whereas SF CpCr(CO)3H forms rapidly from CpCr(CO)3 and
H2 and undergoes slow MHAT, WF systems are thought to
undergo fast MHAT, so that other steps in the catalytic cycle
become turnover limiting. For example, replacement of phe-
nylsilane with isopropoxyphenylsilane greatly increased reac-
tion rates for many MHAT reactions catalyzed by Mn and Fe,
which is consistent with the idea that M–H formation, not
MHAT, can be turnover limiting.26 Combined with the different
relative bond strengths described above, these results suggest
a Hammond postulate model in which SF systems have a high
barrier for MHAT because it is endothermic, while WF systems
have a low barrier for MHAT because it is exothermic (Fig. 2).

Recently, mechanistic and computational evaluation of Fe3+–
H formed in the HAT alkene coupling reaction suggested the
formation of the reactive Fe3+–H as the turnover frequency
determining step and the subsequent transfer of hydrogen
atom to be a fast, irreversible and thermodynamically favorable
step in the catalytic cycle.27 A kinetic model derived from the
computational barriers in this study indicated that the HAT step
12406 | Chem. Sci., 2020, 11, 12401–12422
is so rapid that the steady-state concentration of Fe3+–H in the
catalytic reaction would be less than 10�16 M! In another
example, (salen)Co3+–H was shown to consume alkyl-
substituted, unactivated alkenes within 30 minutes even at
substrate concentrations of 1 � 10�3 M and a pre-catalyst
concentration of 1 � 10�4.33 More information could in prin-
ciple be gleaned from determination of rate laws, but kinetic
analysis has proven challenging. For example, the cobalt-
catalyzed hydrohydrazination and hydroazidation, as well as
the iron-catalyzed alkene–alkene coupling, exhibited partial-
order rate dependencies on metal, alkene and silane,28 and
apparent orders for alkene, radical acceptor, and silane that
depended on the choice of alkene.25 In the future, greater
insight could come from measuring the rates of elementary
steps that are proposed in catalytic reactions.

The extraordinarily low BDFE proposed for WF M–H species
may be one key to their widespread applications in synthetic
chemistry. In contrast to SF systems, hydrogen atom transfer
from WF systems to alkenes is exothermic, even to
electronically-unbiased alkenes. This enables WF systems to
also generate nucleophilic alkyl radicals, and the range of
electrophilic radicalophiles for MHAT is expanded. As the
concentration of the reactive metal hydride remains low, alkyl
radicals generated react preferentially with stoichiometric rad-
icalophile coupling partners instead of a second equivalent of
metal hydride. SF MHAT systems, with higher BDFEs and
This journal is © The Royal Society of Chemistry 2020
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endergonic HAT, exhibit more limited reaction rates and variety
of reaction partners (giving hydrogenation and hydro-
formylation). However, the ability to observe and characterize
these SF metal hydrides has provided a basis for our current
mechanistic understanding of the MHAT mechanism and
generality of MHAT within the literature.

Despite its increased utility, the weak M–H bond in WF
systems also poses challenges. A recurring problem in high-
energy WF systems is catalyst deactivation to a reduced
species, such as the buildup of Fe2+(acac)2 in the iron(III)-cata-
lyzed alkene coupling reaction,25 possibly due to bimolecular
hydrogen evolution, as observed in SF systems.41 One role of the
oxidants that are oen added to the WFMHAT reactions may be
to rescue these low-valent M2+ species and return them to the
catalytic cycle as M3+. In the case of MHAT hydrogenation,42 M2+

species are necessary intermediates in the catalytic cycle and
must be turned over by oxidant. Additionally, super-
stoichiometric amounts of reductants may be used to replace
equivalents consumed by side reactions.

InWF systems, formation of the high-energymetal hydridemay
compete with other reactions, particularly those of the hydrosilane,
so that appropriate silane choice is crucial. The dehydrogenative
coupling of silanes and alcohols is one such process, and is known
to be catalyzed by alkoxides43 as well as metal acetylacetonates.44

Formation of alkoxysilanes can prove benecial (see Section 2.1),
but these same alkoxysilanes decompose in protic solvents, so that
aprotic solvents like benzene and ethyl acetate are preferred.
Silanes may also yield byproducts via reduction of ketones, alde-
hydes, and nitriles.45 Replacement of phenylsilane with iso-
propoxyphenylsilane eliminated these side reactions in the Mn-
catalyzed hydrogenation of alkenes, and signicantly reduced
the catalyst loading from 10 mol% to 0.05 mol%.26 This observa-
tion demonstrates the power of appropriate silane choice for
speeding the desired hydride formation so that the desired cata-
lytic MHAT cycle “outruns” side reactions.

Identication of metal hydride properties that are required
for broad-scope MHATmight allow the design of ligand spheres
with new functions (see also Section 7 for asymmetric reac-
tions). For example, the Norton group has recently found that
Gade's iso-PmBox nickel hydride can undergo MHAT with tri-
uoromethylstyrenes.46 Since WF MHAT (Mn–H and Fe–H)
itself can be merged with canonical nickel cross-coupling via
bimetallic dual catalysis,47 reactivity of the iso-PmBox nickel
hydride hints at the possibility of a dual-functional, but mono-
metallic catalytic cycle.
Fig. 3 Trends in rates of SF MHAT reactions.
3. Trends in alkene selectivity for
strong-field MHAT and weak-field
MHAT

Much of the seminal work to understand MHAT kinetics relied
on direct measurements of rate constants from isolable SF
metal-hydrides and correlation with BDEs of the M–H bond.
Although weaker bonds oen lead to faster rates of MHAT, there
have been many exceptions to this rule due to contributions
from the steric environment around the metal–ligand complex
This journal is © The Royal Society of Chemistry 2020
and the substrate alkene. These observations directly excluded
the competing hypothesis of direct homolysis to the free Hc and
clearly indicated that these reactions were bimolecular between
metal-hydride and alkene. Several interesting relative rate
studies are summarized below.

Variation of the ligand environment of MHAT catalysts
revealed the potential for departure from trends predicted
by BDEs or pKa in both vanadium hydride and chromium
hydride systems. For example, rates of MHAT from
a [H–V(CO)4(diphosphine)] series decreased as the M–H bond
weakened – a counterintuitive effect. This rate trend also
opposed correlation with pKa values, which decreased as ligand
bite angle increased. Instead, rates correlated well to the steric
size of the chelating ligand: dppm (17 � 10�3 M�1 s�1) > dppe
(9 � 10�3) > dppp (7 � 10�3) > dppb (5.7 � 10�3), implying that
small increases in steric repulsion could oppose electronic
acceleration (Fig. 3a, le).48 Similarly, hydrogen/deuterium
exchange rates from a chromium hydride catalyst (h5-C5R5)
Cr(CO)3H (R ¼ Ph, Me, H) to methyl methacrylate-d5 indicated
that as chromium hydride became more congested, the rate of
the rst MHAT event decreased (Fig. 3a, right).49,50 Taken
together, a clean correlation of rate to M–H BDE or pKa was
excluded and instead sterics were proposed to play a signicant
role in the relative rates of MHAT.

Similarly, steric and electronic properties of the alkene
partner play a signicant role in determining rate. The rates of
MHAT from (h5-C5H5)Cr(CO)3H to phenyl-, alkyl- and
carbomethoxy-substituted alkenes decreased with increasing
steric bulk of substituents at the alkene terminus (Fig. 3b).51

MHAT rates increased according to electronic stabilization of
the intermediate carbon-centered radical (measured by C–H
BDE: R ¼ alkyl, 97 kcal mol�1 vs. carbomethoxy, 85 kcal mol�1

vs. phenyl, 84 kcal mol�1): greater stabilization decreased the
rate of hydrogen atom transfer back to the metal.51 Overall,
Chem. Sci., 2020, 11, 12401–12422 | 12407
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Scheme 6 Weak-field-ligand M–H complexes display chemo-
selectivity for alkenes.
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relative rates showed that electronically biased (phenyl and
carbomethoxy substituted) alkenes reacted more rapidly than
electron neutral alkenes, but were slowed signicantly by alkyl
substitution at the reacting terminus.

Because of the low stability of WF systems, M–H BDEs have
not been measured. Relative trends, however, have been
deduced by probing the reaction partners in a way that is
analogous to the SF systems (Fig. 4). For example, Herzon
studied the relative rate of MHAT alkene hydrogenation and
showed that rate trends were reversed compared to traditional
reductions catalyzed by palladium. A survey of Co(acac)2-cata-
lyzed hydrogenations showed more rapid consumption of 1,1-
disubstituted alkenes over mono-substituted alkenes, consis-
tent with rate acceleration by nascent radical stabilization and
in contrast to relative rates governed by metal coordination.52 It
is not clear whether the relative rates reect the MHAT step
itself or include collapse to an intermediate meta-stable orga-
nocobalt complex that then must homolyze.

Interpretation of electronic effects on MHAT rate can also be
complicated by steric bulk about the WF ligands. For example,
hydrogenation catalyzed by manganese bearing the larger dpm
(dipivaloylmethane) ligand occurred more rapidly with mono-
substituted alkenes than bulkier 1,1-disubstituted alkenes. In
line with this observation, sterically-encumbered Co(salen)
catalysts clearly distinguish between alkene substitution
patterns, independent of any Co–C bond, reacting quickly with
1,1-disubstituted alkenes but sluggishly with trisubstituted
alkenes, even though MHAT to both substrates would lead to an
identical tertiary radical.17

An interesting trend that appears in the WF systems is a pref-
erence for electron neutral and rich alkenes over electron with-
drawn alkenes (see Fig. 4). Iron diketonates, for example, react
Fig. 4 Relative rates of reactivity of WF MHAT systems with alkenes.

12408 | Chem. Sci., 2020, 11, 12401–12422
preferentially with electron rich alkenes over electrophilic alkenes
like enones and enoates.53 These relative rates differ from SF
catalysts, which react more quickly with electron-decient
alkenes; for example, (h5-C5H5)Cr(CO)3H undergoes MHAT to
acrylates roughly 5000 times faster than to unactivated 1,1-
disubstituted alkenes.54 Anecdotal reports show WF Mn(dpm)3
pre-catalysts can cause preferential reaction of electron-decient
alkenes over electron-rich,55 but a systematic rate comparison
showed the opposite preference and that trends are muted
among alkenes of various substitution patterns. The preference
for WF metal hydrides to react with electron-rich alkenes over
electron-decient alkenes is consistent with their general toler-
ance of electrophiles like diazodicarboxylates, chlorosulfonates
and azides (Scheme 6), which instead react with the carbon
radical generated by MHAT. This remarkable chemoselectivity
has led to the widespread application of WF systems.42

By using the systematic kinetic characterization of SF
systems as a guide, future interrogations of WF systems should
establish general rate trends and allow correlation to steric
environment, M–H BDE and pKa. This knowledge will illumi-
nate MHAT preparative methods, many of which are still poorly
understood.
4. MHAT catalysis proceeds through
a solvent-caged radical pair
4.1 Radical pairs are surrounded by a solvent cage

Aer formation of the metal hydride, the next step in the MHAT
cycle (Scheme 2 above) involves collision between this metal
hydride and an alkene, whereby a hydrogen atom is transferred
to generate a carbon-centered radical and metal complex that is
formally reduced by one electron. The resulting metal species is
frequently described as a metal-centered radical or “metal-
loradical” which we use in accordance with the literature.19 It is
also a convenient term that conceptually captures the ensuing
reactivity from its solvent-caged pairing with the carbon radical,
and their behavior together as a “radical pair.” In contrast with
SF systems where the metalloradical typically has 17 valence
electrons, in WF systems both the metal hydride and the met-
alloradical are likely to have unpaired electrons, and there is no
requirement for this metalloradical to have an odd number of
electrons.

If these WF reactions indeed proceed via the same MHAT
mechanism exhibited by SF complexes, then simultaneous
formation of a metallo/organic radical pair will be surrounded
This journal is © The Royal Society of Chemistry 2020
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Scheme 7 Mechanistic basis for cage effects in MHAT reactions.

Fig. 5 Observation of CIDNP and inverse KIE in SF MHAT systems.
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by a “cage” of solvent molecules (see Scheme 1 above). The
original conception of the “solvent-caged radical pair” mecha-
nism was introduced by Franck and Rabinowitsch in 1934,56

and explains CIDNP effects, rate–viscosity correlations, isotope
scrambling, stereochemistry of radical reactions and effects on
quantum yields.57 InMHAT reactions, cage collapse – also called
primary geminate recombination – includes b-hydrogen atom
back transfer to reform starting materials or isomerization
products, as well as collapse to an organometallic interme-
diate.58,59 Cage escape pathways include interception of
a second metal-hydride equivalent to yield hydrogenation
products or trapping with a suitable “radicalophile” yielding
hydrofunctionalized products (see Scheme 2 above).

Described in purely kinetic terms, cage effects refer to the
proportion of radical pairs that react from within this solvent
cage to the sum of all radical pathways that result from diffu-
sion into solvent (Scheme 7).60 Early models sought to under-
stand the cage effect by modeling the Brownian motion of
spherical particles surrounded by a solvent of uniform
density.61–63 The solvent-caged radical pair was treated as
a “hole” in the solvent; escape from this pocket was determined
by the density of the surrounding molecules. Thus, an intuitive
connection between bulk solvent viscosity was related to the
magnitude of the cage effect for a given radical pair. Subsequent
work on both organic radical pairs and SF metalloradical pairs
showed a more complicated relationship in which non-uniform
solvents, molecular rotation, and spin alignment led to devia-
tions in cage effects that could not be explained by bulk solvent
viscosity alone.62,64,65 Furthermore, it became increasingly clear
that organic radical pairs and metallo/organic radical pairs
required different considerations due to the method of radical
pair formation, the large size of the metalloradicals formed,
metal-solvent coordination and spin relaxation.
Scheme 8 Effects of viscosity and micellar conditions in SF MHAT.
4.2 Early evidence for cage effects in MHAT reactions

In a seminal report from Sweany and Halpern, observation of
chemically induced dynamic nuclear polarization (CIDNP) in
the hydrogenation of a-methylstyrene showed the reversible
formation of a reactive radical-pair intermediate.66,67 They also
observed an inverse kinetic isotope effect (kH/kD ¼ 0.4), which
could conceivably come from a single-step reaction with a very
late transition state,68 but is easiest to rationalize through
reversible formation of a cage pair. As the C–H(D) bond formed
in the radical pair has a higher frequency than theM–H(D) bond
This journal is © The Royal Society of Chemistry 2020
of the starting metal hydride/deuteride, the equilibrium
constant for this preequilibrium is higher for the metal deu-
teride, leading to a higher concentration of the deuterated
radical pair and faster formation of deuterated products.
Subsequent studies using SF hydridocarbonylmetal complexes
of cobalt, iron and manganese in the hydrogenation of conju-
gated alkenes, similarly observed inverse KIE and CIDNP effects
(Fig. 5).69–73 It is important to note that the lack of observed
CIDNP or inverse KIE could occur with a radical-pair mecha-
nism if it has an irreversible metal-hydride hydrogen atom
transfer step. In contrast, WF systems like those catalyzed by b-
diketonate iron and cobalt complexes typically display normal
KIE values.27,28 However, Mn(dpm)3-catalyzed MHAT reactions
have exhibited weak inverse KIE in overall reaction rates, as well
as inverse KIE by competition between PhSiH3 and PhSiD3.26

Interpretation is frustrated by the inuence of isotope effects in
the preceding M–H formation step, and the difficulty of
detecting unstable WF M–H species in situ.

A few early examples of putative MHAT reactions sought to
inform mechanistic considerations of a caged radical-pair by
exploring the effect of solvent density. In work by Jacobsen and
Chem. Sci., 2020, 11, 12401–12422 | 12409
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Bergman, the “cage effect” in the hydrogenation of a dicobalt
bridging vinylidene complex with a molybdenum hydride could
be measured by relative yields of cage collapse to organometallic
clusters or cage escape to hydrogenated products. Even in
nonpolar solvents such as benzene, the relative ratios of cage
collapse and escape products were high relative to those impli-
cated in the cage effects of typical organic radical pairs (vide infra).
When a viscous solvent (Nujol) was used, the cage collapse
product was formed almost exclusively (Scheme 8, top).74 Two
other studies to evaluate cage effects in the manganese- and
cobalt-hydride mediated hydrogenation of conjugated alkenes
made similar observations. Cage collapse and escape products
were measured via formation of hydroformylated and hydroge-
nated products, respectively. In both studies, signicantly higher
ratios of hydroformylated products to hydrogenated products
were found in highly viscous solvents (Nujol and octane)75 or
under micellar conditions with sodium undecanoate and sodium
lauryl sulfate (Scheme 8, bottom).76 These studies used methods
established for organic radical-pairs and applied them to the
study of metallo/organic radical pairs.
Scheme 9 The heavy atom effect in metalloradical pairs.
4.3 Quantication of cage effects with fractional cage
efficiency (Fc)

Pioneering work by Koenig, Finke and Tyler established that “cage
effects” for metallo/organic radical pairs required distinctive
mechanistic considerations from their organic radical counter-
parts.57,77,78 Similar to cage efficiencies described for organic radical
pairs, fractional cage efficiency, Fc, was dened as the ratio of rate
constants for cage collapse (kcollapse) to the sum of all pathways
from the solvent cage (kcollapse and kdiffusion) (eqn (1)); a higher Fc
indicated a “stronger” cage effect.59 In the presence of a suitable
trapping reagent, even at modest concentrations (0.1 M), the
observed rate of trapped product formation (kobs) would be
decreased by Fc, as not all radical cage pairs formed (k1) would
proceed toward product due to competition with cage collapse
pathways (eqn (2)), noting that Fc for most metal–ligand homolytic
bond dissociations had a value ranging from 0.1 < Fc < 0.9.78 Of
particular note are the incredibly high Fc values measured for
many organocobalt complexes; in the case of adocobinamide
(coenzyme B12) in ethylene glycol, the Fc was measured to be
greater than 0.94.58

Fc ¼ kcollapse/(kcollapse + kdiffusion) (1)

kobs ¼ [1 � Fc] � k1 (2)

4.4 Comparing organic and metallo/organic radical cage
pairs

Early studies noted that radical pairs formed by MHAT exhibi-
ted a more pronounced “cage effect” than organic radical
pairs.74 The latter are typically formed from perester, azo,
hyponitrite or peroxo precursors, in which spin state (triplet
versus singlet) and intervening gas molecules substantially
increase the likelihood of diffusion into solvent versus primary
geminate cage collapse.63 In contrast, radical pairs formed via
12410 | Chem. Sci., 2020, 11, 12401–12422
MHAT arise from a ground-state bimolecular reaction of an
alkene and a reactive metal hydride with no intervening gas
molecules.

In reactions in which organic radical pairs are formed, triplet
or singlet states of the radical pair can signicantly alter Fc,
biasing subsequent cage escape versus cage collapse pathways.
The presence of a heavy atom – either “internally” within the
reactant molecule or “externally” as a solute – has been shown
to have a pronounced effect on the intersystem crossover rate
between radical singlet and triplet spin states, affecting the
subsequent kinetic pathways (recombination or diffusion,
respectively) of the radical pair independent of solvent
viscosity.79 In metallo/organic radical pairs with strong eld
ligands, it has been demonstrated that the metalloradical serves
as the heavy atom; no change in fractional cage efficiency was
measured for the homolysis of Cp*

2TiCl2 in a 2.0 M solution of
iodobenzene (a heavy atom additive) versus a 2.0 M solution of
chlorobenzene in solvent mixtures of identical viscosities
(Scheme 9). This result was consistent with previous sugges-
tions that metallo/organic radical pairs experience no signi-
cant spin barrier for radical recombination, even for
comparatively “lighter” rst-row transition metals.80

The issue of spin crossover (intersystem crossing) rates in
organometallic chemistry has been studied in detail in
a number of reactions that are unrelated to MHAT, but which
have elucidated principles that apply as well to geminate cage
recombination.81,82 In the language of transition state theory,
crossing between potential-energy surfaces for two spin states
occurs at minimum-energy crossing points (MECPs), which
represent geometries at which the difference in energy between
the spin states is minimized. At these geometries, the magni-
tude of the spin–orbit coupling determines the mixing between
the two states, and the rate at which the molecule can jump
from one potential energy surface to the other. The spin–orbit
coupling in turn is dependent on the particular geometry and
ligand-eld parameters and is challenging to calculate.
However, in general the crossing is easier in WF systems with
low-lying excited states than in SF systems. Thus, the lifetime of
the cage pair could have a dependence on the particular prop-
erties of the metalloradical, and computational studies in this
area are imperative.

For a pair of organic radicals, the difference in enthalpy
between a solvent-caged radical pair and the solvent-separated
radicals is considered to be small and positive, so long as no
radical–solvent complex is formed. However, for a metalloradical,
differences in solvation energy are altered if Lewis basic additives
This journal is © The Royal Society of Chemistry 2020
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or solvent molecules coordinate—and potentially stabilize—the
metalloradical. For metalloradicals with strong eld ligands,
stabilizing interactions between the SOMO of the 17-electron
metalloradical and the Lewis base lone pair have been suggested to
form an energetically-stabilizing 2-center, 3-electron bond, some-
times referred to as a “19-electron” species.77,78,83 Although tran-
siently formed “19-electron” reactive intermediates are speculative
in MHAT catalyst systems, the identication of a “19-electron”
dimethylglyoximato cobalt complex (Co(dmg)2(pyr)2) complex may
be relevant, since the corresponding metal-hydride (or its ligand
bound equivalent) undergoes MHAT to electronically-activated
alkenes.84 Less is known about stabilizing interactions between
WFMHAT “metalloradicals” and solvent, although calculations on
Fe2+(acac)2 showed that binding of two molecules of ethanol had
a net DG� ¼ �0.6 kcal mol�1.85
4.5 Understanding factors that govern cage effects

Given the potential for complexation between metalloradicals
and solvent, an important question is raised about the entropic
contribution to the “cage effect.” In general, it is assumed that
radical cage escape results in an increase in entropy. This
increase in entropy raises a contrast to contact ion pairs, for
which solvent organization around charged ions results in an
overall decrease in entropy. For this reason, the size of disso-
ciated ions plays an important role in chemical solvation, as
larger ions experience weaker interactions with the solvent,
whereas small ions experience an energetic penalty (sodium ion
versus tetrabutylammonium ion).86 If dissolution of the radical
pair has positive entropy (as suggested), the “cage effect” would
arise wholly from enthalpic factors.57

Fortunately, the interest in understanding the cage effect on
metal–ligand bond dissociation energies has created a better
understanding of the thermodynamic forces creating the cage
effect. In particular, earlier inconsistencies between correlating
bulk solvent viscosity and cage effects have been remedied by
considering “microviscosity” (Fig. 6). Whereas bulk viscosity is
a measure of solvent uidity, solvent microviscosity aims to
quantify the local viscosity around the radical pair by examining
rotational or translational diffusion coefficients, typically with
NMR. In two studies by Tyler, the cage effect was found to be
highly correlated to solvent microviscosities (measured by
DOSY NMR of a probe molecule) and not bulk viscosities, in
mixtures of both protic and aprotic solvents.87,88 Applying an
understanding and quantication of microviscosities to MHAT
Fig. 6 Microviscosity better explains cage effects than an approxi-
mation of solvent as uniform.

This journal is © The Royal Society of Chemistry 2020
cage effects may enable synthetic chemists to tune the
“strength” of the solvent cage through careful selection of
solvent and/or solvent mixtures.

Early examinations of MHAT using strong-eld ligands
provided a clear conceptual understanding of the radical cage
pair because the in-cage reactions—reversion to the starting
materials, collapse to the organometallic species—competed
with diffusion out of the solvent cage, substantiated through
observation of CIDNP and inverse KIE. As many contemporary
methods utilize weak-eld ligands, quantication of cage
effects is more difficult because of the irreversibility of the rst
hydrogen atom transfer, inability to study proposed reaction
intermediates outside of computation, and challenge in
understanding reaction kinetics. However, building an under-
standing of cage effects for these weak-eld ligands will be
essential in order to bias reaction products and/or impart
asymmetry in the products through “catalyst control.” In the
following sections, we examine the pathways from the solvent-
caged radical pair.
5. Possible roles of metal alkyls in
MHAT with WF catalysts

One pathway from the MHAT-derived radical cage pair is
collapse within the solvent cage to form an organometallic
species (see Scheme 2 above). In the hydrogenation of conju-
gated alkenes the formation of hydroformylated side products
was frequently proposed to proceed through the organometallic
“cage collapse” product.75,76 A large body of literature
(emanating from the study of vitamin B12) describes the ther-
modynamics and kinetics of Co3+–C bond homolysis, particu-
larly with (salen)Co-alkyl complexes (Fig. 7A).89 Because of this
supporting literature, alkyl–cobalt complexes have been
hypothesized frequently as intermediates, beginning with
seminal mechanistic work by Nishinaga on the Drago hydra-
tion.90 Only recently, however, was a MHAT-relevant sec-alkyl
cobalt salen complex characterized by 1H NMR and implicated
in a turnover-limiting transmetalation step to a nickel cocata-
lyst.18 The intermediacy of a sec-alkyl cobalt(III) salen species was
required to explain catalyst control over MHAT epoxide forma-
tion versus pinacol rearrangement, and guided the proposal of
an alkylcobalt(IV) species in reactions previously proposed to
involve carbocations.91,92 However, not all organocobalt species
formed through MHAT necessarily lie on the catalytic cycle; in
certain cases, they may act as reservoirs of alkyl radicals. For
example, one cobalt catalyst was sequestered as an alkylcobalt
in an MHAT alkene isomerization and only re-entered the
catalytic cycle through Co–C bond homolysis (via thermolysis).17

Despite weak bond strengths ranging from 19 kcal mol�1 to
40 kcal mol�1, the rate of decomposition through homolysis of
a Co–C bond at room temperature can be slow (hours to days),
depending on substitution patterns.89 Organocobalt interme-
diates may also release alkyl radicals through radical chain
propagation whereby carbon-centered, heteroatom-centered
radicals, solvent, or O2 promote Co–C homolysis.93 These
intermediate radical chain processes may operate in concert
Chem. Sci., 2020, 11, 12401–12422 | 12411
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Fig. 7 (A) General structure of (salen)Co alkyls. (B) Proposed structure
of an iron(III) alkyl complex with an amine-bis(phenolate) supporting
ligand.
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with a catalytic cycle in many MHAT hydrofunctionalization
variants (see Scheme 2 above) and were implicated via variable
concentration radical clock experiments in a cobalt-catalyzed
MHAT hydroarylation.18 In general, the kinetic stability of
primary and secondary salen-supported alkylcobalt(III)
complexes may differentiate cobalt MHAT catalysis from iron
and manganese, insofar as organometallic intermediates may
need to be considered.

Other WF systems have yielded little direct evidence for
metal–carbon bond formation. This may be because the metal–
carbon bonds in WF systems are particularly weak and reactive.
For example, despite the abundance of alkyl complexes in low-
valent SF Mn organometallic chemistry, relatively few structur-
ally characterized manganese(III) alkyl complexes have been
reported.94 The difficulty in preparing WF Mn3+ alkyl complexes
has been attributed to rapid disproportionation to more stable
Mn2+ and Mn4+ species.94 Likewise, with WF iron systems, the
simple iron(III) alkyl complex [Fe(CH3)4

�] is thermally
unstable.95 The stability may be even lower in catalytic WF iron
systems; a recent computational study on Fe-catalyzed alkene
MHAT reactions suggested that the homolytic bond energy of
the iron(III) complex (acac)2Fe–tBu is only 1.5 kcal mol�1.27 In
contrast, amine-bis(phenolate) iron complexes, which can
catalyze MHAT hydroamination96,97 and hydrouorination98 as
well as radical polymerization that follows a related mecha-
nism,99 have been studied by EPR, UV-Vis and Mössbauer
spectroscopy during polymerization, and these suggested the
formation of a transient iron(III) alkyl complex with a high-spin
electronic conguration (Fig. 7B).100 In the future, more work is
needed on trapping and in situ spectroscopic characterization of
metal-alkyl intermediates in WF systems.
Scheme 10 Diverging pathways observed in MHAT, demonstrating
the importance of the solvent cage.
6. Reactions from the radical pair
6.1 Competing pathways: hydrogenation, isomerization,
and cyclization

Using any method of radical generation, ensuring cross-
selectivity in radical termination is important to establish
useful transformations that extend beyond formation of
symmetrical dimers. Radical dimerization products are rarely
observed in MHAT reactions,101 consistent with early evidence
that cage collapse and hydrogenation pathways can proceed at
rates close to that of diffusion.102,103 In particular, cobalt salen
catalyzed reactions may benet from the “persistent radical
effect.” As the (salen)Co2+ metalloradical does not homodi-
merize, self-termination of the alkyl radical results in an excess
12412 | Chem. Sci., 2020, 11, 12401–12422
of metalloradical concentration relative to the alkyl radical
concentration; any difference in concentration will drive rapid
alkyl radical capture and favor the cross-reaction.104

Once a substrate escapes the primary geminate solvent-
caged pair, several pathways are possible: hydrogenation (via
trapping of a second equivalent of M–H or H–bond donor),
intramolecular cyclization, reaction with a suitable radical-
ophile (vide infra), or secondary geminate cage pair formation
(which may lead to isomerization via b-hydrogen atom
abstraction). Here, we will consider isomerization, hydrogena-
tion, reductive cyclization and cycloisomerization pathways
(Scheme 10). The relative distribution of these products is
dependent on rates of the competing pathways – for bimolec-
ular reactions such as hydrogenation and secondary geminate
recombination, the concentration of the relevant metal species
will affect its reaction rate. Cyclization, a unimolecular reaction,
is possible if an appropriate internal bond or an abstractable
hydrogen bond is available. As shown by radical clock studies of
Beckwith and Ingold, cyclization follows Baldwin's rules, and is
accelerated via Thorpe–Ingold effects, polar effects, and lowered
sterics.54,105 Additionally, a-alkoxy substituents have been
shown to increase the nucleophilicities of carbon-centered
radicals. By virtue of the polar effect, the enhanced nucleophi-
licity accelerates the addition of radicals to electron-decient
alkenes and thus increases the rate of radical cyclization.
When enol ethers are used to generate a-alkoxy radicals, cycli-
zation onto a pendant styrene takes place.106

Once a substrate has cyclized, the nascent radical can
undergo a second hydrogen atom transfer resulting in reductive
cyclization. Alternatively, the substrate can re-engage the met-
alloradical (secondary geminate recombination), which can
abstract a hydrogen atom leading to cycloisomerization and
reformation of the metal-hydride (analogous to k�1, Scheme 2).
Much like the competition between isomerization and
This journal is © The Royal Society of Chemistry 2020
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Scheme 11 Radical isomerization of electron-neutral alkenes by
MHAT: mechanistic information from radical clock competition
experiments.
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hydrogenation, competition between reductive cyclization and
cycloisomerization is inuenced by the ratio of metalloradical
to metal hydride.107 Therefore, the properties and concentration
of the metal hydride are important in tuning selectivity of this
trapping event.

The selectivity aer cyclization can change depending on the
choice of metal hydride. In studies of cyclization of a-
substituted acrylate esters, use of CpCr(CO)3H maintained
a high concentration of metal hydride in solution and resulted
primarily in reductive cyclization. On the other hand, use of
Co(dmgBF2)2L2, resulted in primarily cycloisomerization, as
a large concentration of metalloradical was maintained in
solution.107 Additionally, sterics of the acceptor alkenes played
a role in controlling the rate of the second MHAT. In particular,
substrates with tertiary C–H bonds underwent reductive cycli-
zation, presumably because steric hindrance obstructed met-
alloradical approach.54

Kinetic studies of MHAT reactivity point to the importance of
controlling the rate of the second MHAT in biasing product
distribution.48,108 Factors such as M–H BDE, alkene BDEs,
concentration and structure of the M–H and alkene can control
whether back transfer, hydrogenation, or isomerization
predominate. Similarly, factors that inuence the rate of
secondary MHAT – BDEs, M–H concentration, polar effects, and
sterics – affect the competition between hydrogenation, reduc-
tive cyclization, cycloisomerization, or trapping with a radical-
ophile. By understanding the factors that control the
distribution of these products, future studies may allow exer-
tion of greater control over reactivity patterns and uncover novel
reactivity.

Independently, we disclosed in 2014 a method similar to
Norton's that utilized putative (salen)Co3+–H to effect the
cycloisomerization of unbiased alkenes onto pendant alkenes
or arene rings (Scheme 11).17 Substrates could undergo either
single-bond isomerization or cycloisomerization, and the ratio
of products was measured as a function of electronics on the
salen ligand. Notably, increasing electron density on the salen
ligand led to increased ratios of cycloisomerized to isomerized
products. Several effects could account for the increase in
persistence of the carbon radical: a more electron-rich catalyst
could decrease the rate of b-hydrogen atom transfer to the
catalyst, radical cage escape could be favored due to electro-
static repulsion, cage reentry could be disfavored due to polar
effects or catalyst aggregation could reduce the concentration of
Co2+ available for b-hydrogen atom transfer.

Subsequent work called into question our initial consider-
ation that the isomerization product arose only from the initial
primary geminate radical pair. We observed that the ratio of
isomerization to cycloisomerization depended on overall reac-
tion concentration, rather than ligand electronics alone.
Increasing dilution with no changes to the catalyst structure
favored cycloisomerization.33 If isomerization took place exclu-
sively from the primary geminate radical pair, then the ratio of
isomerization to cycloisomerization would be expected to
remain constant as both rates would depend only on the
concentration of the primary geminate radical pair. To explain
this result, isomerization and cycloisomerization products must
This journal is © The Royal Society of Chemistry 2020
be formed upon cage escape and re-entry. As the dilution
increases, the radical has more time to cyclize before it is
intercepted by a second cobalt(II) metalloradical. As isomeriza-
tion observed in this experiment is predominantly due to
secondary geminate recombination, it appears that Fc is low in
this system when compared to the strong-eld MHAT systems
discussed earlier.106 This observation is in line with the
decomposition of an analogous isopropyl organocobalt
complex ([salophenCo(pyr)(iPr)]), in which cage escape/
hydrogenation was the predominant pathway and isomeriza-
tion was aminor product (relative khydrog/kiso� 30), even though
both products proceeded through the same solvent-caged
radical pair upon Co–C homolysis.59

More recently, an exploration of cobalt-catalyzed polyene
cyclization identied effects of the catalyst structure on the
diastereomeric ratios of cyclization products with trans or cis
ring junctions depending on the salen ligand backbone. This
effect was attributed to the likely formation of secondary orga-
nocobalt(III) complexes,109 effectively increasing Fc by
Chem. Sci., 2020, 11, 12401–12422 | 12413
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introducing a kinetically competitive cage collapse pathway.
Substrate arene deuteration did not result in product alkane
deuteration, which one would expect from M–D formation and
engagement of another alkene. This result indicated that arene
rearomatization did not occur via Mc back-HAT to reform the
M–H or M–D, and that termination of cycloisomerization onto
arene rings likely proceeded via an oxidation/deprotonation
pathway.
Scheme 13 Catalyst turnover in WF systems regenerating M3+.
6.2 Alkyl radical trapping and turnover

MHAT chemistry generates a diverse set of alkene hydro-
functionalization products, which include the formation of C–
C, –N, –O, –S, and –X (halogen) bonds. These product outputs
arise from interception of the radical with traps. These are
complex reaction networks; all inputs and additives must be
compatible with intermediates within the MHAT catalytic
system, including the reactive metal hydride (see Scheme 2).
Remarkably, many radicalophiles from classical radical chem-
istry – persistent radicals (i.e. TEMPO), hydrogen or halogen
transfer reagents, diazodicarboxylates, sulfonyl azides and
cyanides, electron-decient alkenes and electron-decient
heterocycles – have all been utilized productively in MHAT
chemistry.5 The intermediate resulting from alkyl radical addi-
tion to the radicalophile trap is an open shell intermediate and
must undergo either a redox or atom transfer step to form the
closed-shell product (Scheme 12). An outstanding question in
many MHAT methods is whether formation of the closed-shell
product is also involved in (and necessary for) catalyst turnover.

In contrast to classic radical chemistry, MHAT reactions
undergo turnover through catalytic cycles and not radical
chains (although radical chains may be present – for example,
Scheme 12 Reactivity and examples of p-radical traps. Possible roles
of metal in these steps.

12414 | Chem. Sci., 2020, 11, 12401–12422
in radical transformations mediated by tin hydrides, open-shell
addition products abstract a hydrogen atom from tin hydride,
generating a tin radical which may subsequently generate alkyl
radicals via atom abstraction).110 In radical chain reactions, the
rates of propagation steps must be sufficiently fast to compete
with radical dimerization and chain termination pathways.
MHAT hydrofunctionalizations, in contrast, turn over the
reduced M2+ by reaction with excess oxidant (oxygen, TBHP,
uorocollidinium, etc.) or by interception of open-shell addition
intermediates. The M3+ must then intercept a hydride equiva-
lent to reform the M–H active species.

As MHAT methods have expanded, understanding the
turnover step – particularly under anaerobic conditions – has
become more complicated. In the context of hydro-
hydrazination, Carreira insightfully proposed that Co2+ (and by
analogy Mn2+) catalytic intermediates were oxidized in situ by
the nitrogen-centered radical products resulting from alkyl
radical addition, fullling the same role as molecular oxygen in
the original Drago-Mukaiyama hydration (Scheme 13a).28 This
radical reduction/M2+ oxidation mechanism likely permeates
many variations of these catalytic cycles, given the number of
radical traps that can engage alkyl radicals and become single-
electron oxidants themselves. In contrast, in the MHAT Giese
reaction, a different step was proposed. Aer MHAT and attack
of the alkyl radical on the acceptor alkene, the a-ester radical
could react with an iron(II)–alcohol complex through concerted
proton-coupled electron transfer to give the observed product
(Scheme 13b).27 The byproduct is an iron(III) alkoxide that could
then continue the catalytic cycle as described above. The barrier
height for concerted PCET was computed to be similar to
a stepwise mechanism involving the protonation of an iron-
bound enolate. The generality of this reoxidation step through
PCET pathways is unknown and may depend on the presence or
absence of alcohol and the specic metal complex.
This journal is © The Royal Society of Chemistry 2020
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Understanding catalyst turnover also enabled the hydroge-
nation of unbiased alkenes via MHAT, in which conditions did
not include a radicalophile but required two equivalents of
metal hydride for every equivalent of alkene. Overall, stoichio-
metric oxidant (TBHP) was necessary to turn over the catalytic
cycle. Exact mechanistic details when using TBHP—a 2-electron
oxidant—to effect a formal single electron oxidation have not
been rigorously studied but may involve the formation of M3+–

OH, M3+–OtBu, M3+–OOtBu or even M4+]O (which would
undergo comproportionation with M2+).111,112
6.3 Mechanisms with metal-mediated radical trapping

Addition of the nascent carbon radical to the radicalophile
partner could use well-established radical addition pathways,
but some reaction partners are resistant to radical capture
directly and so additional mechanistic pathways may be
considered. Below we consider examples in which a metal
complex mediates more than just the MHAT step and, instead,
may govern subsequent reactions of the alkyl radical. Three
general pathways of bond formation are considered: (1) direct
reaction of the alkyl radical with a trap (Scheme 12 above); (2)
oxidative ligand transfer (OLT) whereby the alkyl radical
abstracts a ligand from a metal-trap coordinated complex via
radical addition and abstraction (Scheme 14 le); or (3) cage
collapse to an organometallic complex which is oxidized prior
to reaction with the nucleophile (Scheme 14 right). This last
pathway (3) can be described as a radical-polar crossover (RPC),
since the alkyl intermediate displays reactivity reminiscent of
a carbocation. Both OLT and RPC can represent a polarity
reversal since a nucleophilic alkyl radical exhibits electrophilic
behavior, as described below. Each of these three pathways may
predominate depending on minor changes to substrates,
reagents, or catalyst.

The consideration of metal coordination and an OLT or RPC
pathway stems from examples where a reaction partner is
unlikely to react with an alkyl radical directly. The most
apparent examples include MHAT-catalyzed hydroazidations
and hydrouorinations, which may involve activation of the
stoichiometric radical trap by the metal catalyst.113–115 Whereas
classical radical azidations can occur by addition to sulfonyl
azide followed by extrusion of sulfonyl radical (Scheme 12,
above),116 anionic azide may require prior activation as it is
unlikely to react directly with alkyl radicals.117 MHAT alkene
hydroazidation using superstoichiometric iron oxalate and
sodium azide may, therefore, involve formation of an iron(III)–
azide complex which can directly intercept alkyl radicals, rather
Scheme 14 OLT and RPC pathways.

This journal is © The Royal Society of Chemistry 2020
than radicals reacting with sodium azide itself.114 This mecha-
nistic possibility mimics reactivity observed for iron azide
complexes that transfer azide to carbon radicals (generated by
means other than MHAT).118–120

The uorine sources used in MHAT hydrouorinations are
well-studied in polar chemistry but less so in radical chemistry,
confounding our understanding of radical MHAT hydro-
uorination chemistry. N-Fluorobenzenesulfonimide (NFSI)
and Selectuor were shown to directly intercept alkyl radicals
generated by perester thermolysis and photolysis, but N-uo-
ropyridinium salts could not.121 Instead, these uorine sources
are known to formmetal uoride species via oxidation or ligand
exchange; metal uorides formed in situ may act as radical
uorination reagents, and not the stoichiometric uorine salts
themselves. Literature precedent for OLT radical uorination
stems from a manganese tetramesitylporphyrin-catalyzed
radical reaction, in which the manganese(IV) complex
Mn(TMP)F2 is formed in situ from uoride salts and can transfer
a uorine atom to alkyl radicals to form a C–F bond and
a manganese(III) species.122,123 Similarly, silver-mediated alkyl
radical uorination with Selectuor is proposed to occur via
a silver uoride radical trap.122 Within the MHAT literature,
radical hydrouorination using an iron hydride catalyst (from
Fe2(ox)3 and NaBH4) with Selectuor and NFSI as compatible
uorinating reagents has been reported.115 Interestingly, within
this same catalytic system, switching to an in situ-generated
cobalt hydride catalyst (from Co(acac)3 and phenylsilane) and
Selectuor did not lead to uorinated product. These results
suggest that the iron catalyst plays additional roles beyond alkyl
radical generation and that formation of an iron–uoride
complex may participate in radical trapping. In additional, N-
uoropyridinium salts have also been used for radical MHAT
uorination in conjunction with cobalt salen catalysts.113 Given
that N-uoropyridinium salts may be resistant to direct radical
capture (vide supra), OLT or RPC pathways are reasonable
alternatives.

Recent studies on the (salen)Co-catalyzed hydro-
functionalization of alkenes with hypervalent iodine(III)
carboxylates is consistent with an OLT or an RPC pathway that
leads to product (Scheme 15).124 Selectivity for hydro-
functionalization over isomerization was found to be sensitive
to both concentration and enantioenrichment of the catalyst,
implying that hydrofunctionalization involves the interaction of
multiple cobalt species. Further kinetic analysis showed that
formation of isomerization byproducts had a rst order
dependence on [Co], whereas formation of hydrofunctionalized
products had a second order dependence on [Co], suggesting
that the turnover limiting step is a reaction between two distinct
cobalt species – an organocobalt complex and a cobalt-bound
nucleophile. Two pathways could be operative which proceed
through an oxidized cobalt species: the cobalt-bound nucleo-
phile complex may oxidize the organocobalt(III) species to
a reactive organocobalt(IV) species, initiating alkyl ligand
transfer by either OLT or RPC pathways. If OLT operates,
homolysis of the organocobalt(IV) species would be followed by
radical attack on a second cobalt-bound nucleophile. If RPC
occurs, the organocobalt(IV) species can undergo displacement
Chem. Sci., 2020, 11, 12401–12422 | 12415
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Scheme 15 Mechanistic possibilities including a bimetallic pathway.
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by the former carboxylate ligand of the hypervalent iodine atom
to form the hydrofunctionalized product. These mechanisms of
C–O bond formation via OLT and RPC from meta-stable orga-
nocobalt species differ from proposals in the literature that
alkyl radicals formed viaMHAT are directly oxidized to unstable
carbocations. Such a mechanistic conundrum is not unprece-
dented. For example, C–O bond formation in manganese(III)
acetate-mediated oxidative lactonization of alkenes had been
proposed to involve carbocation formation, but the absence of
rearranged products from a norbornene substrate, which is
considered diagnostic of a carbocation intermediate, conicted
with this hypothesis.125 Instead, cyclization of the intermediate
radical to forge the C–O bond in the g-lactone was suggested to
proceed through OLT without formation of a carbocation.

In the context of MHAT catalysis, the hypothesis of C-radical
oxidation to a carbocation competes with the hypothesis of
organometallic oxidation. Metastable organocobalt(III) species
bearing porphyrin or salen ligands undergo reduction and
oxidation to form unstable organocobalt(II) and organo-
cobalt(IV) species, respectively, which can undergo carbon–
cobalt bond cleavage more readily.126 In particular, organo-
cobalt(IV) complexes may undergo homolysis or heterolysis,
depending on the identity of the ligand and/or surrounding
nucleophiles.127 Nucleophilic attack on the organocobalt(IV)
species at the carbon center may form the new carbon–hetero-
atom bond and regenerate the cobalt(II) precatalyst.126 Several
(salen)Co MHAT methods that form carbon–heteroatom bonds
with nucleophilic coupling partners have revised the original
carbon-centered radical oxidation model and now invoke these
organocobalt(IV) species.18,31 An organocobalt(IV) species could
heterolyze to form a transient carbocation, or homolyze the Co–
C bond to release a carbon radical that undergoes OLT from
another cobalt complex, for example uorine from a Co–F
complex. The overall transformation resembles an RPC, but the
organocobalt species is oxidized instead of the carbon-centered
radical. Considering organocobalt oxidation as opposed to
12416 | Chem. Sci., 2020, 11, 12401–12422
direct oxidation of the carbon radical has interesting mecha-
nistic implications, but also important preparative value.
Organocobalt complexes have a much lower oxidation potential
than alkyl radicals, therefore permitting the use of a wider set of
chemical oxidants with a range of redox potentials.127 Further-
more, organocobalt(IV) species are considerably stabilized rela-
tive to electron-neutral alkyl carbocations and substitution or
rearrangement pathways can be biased by changes to the
ligand, relatively independent from substrate structure.91 In all,
our knowledge of organocobalt reactivity can support the
accelerating development of new methods, especially asymme-
try, at the edge of mechanistic understanding (see Section 7).

Finally, combining MHAT catalysis in heterobimetallic
catalytic cycles offers additional ways to engage non-radical
coupling partners (Scheme 16). How the two catalytic cycles
intersect may be determined by the fractional cage efficiency
(Fc) of each MHAT reaction. In a cobalt-/nickel-dual catalytic
terminal alkene-iodoarene coupling, we hypothesized that
a metastable alkylcobalt(III) intermediate could undergo turn-
over limiting transmetalation to nickel via a cage-rebound type
mechanism.18 The generality of this catalytic metalation/trans-
metalation was shown in subsequent work that replaced the
nickel complex with a chromium salt, effectively converting the
weakly nucleophilic organocobalt complex to a strongly nucle-
ophilic organochromium complex.128,129

Collapse to the meta-stable organocobalt reected the
instability of secondary radicals and the increased capacity to
form a C–Co bond (k2) rather than escape the solvent cage (k3).
Replacing the (salen)Co catalyst with an iron130 or a manga-
nese47 hydride catalyst was part of a strategy to circumvent
collapse/transmetalation and instead capture solvent-separated
radicals with nickel co-catalysts. Cobalt catalysts did not readily
form organometallics from tertiary radicals; instead isomeri-
zation (k�1*, differentiated from return to starting material, k�1)
predominated. Iron and manganese catalysts were proposed to
favor cage escape (k3) and capture intermediates in a nickel
catalytic cycle. These heterobimetallic catalytic methods forged
all-carbon quaternary carbon centers with aryl and alkyl elec-
trophiles and expanded the range of MHAT catalysis outside
classic radicalophiles to include traditional cross-coupling
partners.

7. Asymmetric MHAT reactions

In Section 4, we discussed evidence for the MHAT radical-pair
mechanism from reaction kinetics, isotope studies, CIDNP,
and solvent-viscosity correlations. Another approach toward
understanding radical-pair mechanisms evaluates the stereo-
chemical retention from putative radical-pair intermediates.
Organic rearrangements that proceed via radical pair forma-
tion, such as the 1,2-Wittig rearrangement, can still exhibit high
levels of stereospecicity, reinforcing the notion that radical
formation and recombination within the solvent cage can occur
faster than racemization through solvent-cage escape and
recapture.131

Still, the retention of asymmetry as evidence for the cage
effect may underestimate radical cage effects, since rotational
This journal is © The Royal Society of Chemistry 2020
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Scheme 16 Pathways from the solvent cage determine how MHAT
cycles intersect cross-coupling cycles.

Scheme 17 Molecular rotation occurs on the same timescale as cage
collapse.
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motion within the solvent cage can lead to racemization before
solvent cage escape (Scheme 17). For example, when the
photolysis of azobis-a-phenylethane was carried out in the
presence of scavengers (2-ethyl-2-nitrosopropane and thio-
phenol, 1.15 M), the “cage products” were comprised of three
different dimers: non-meso RR and SS-dimers and meso dimers
(Fc ¼ 0.3) (Scheme 17a). Only the RR-dimer product can arise
from immediate collapse of the radical-pair within the solvent
cage, while the SS-dimer andmeso product can only be observed
aer a 180� out-of-plane rotation of at least one of the partners
of the radical pair. The ratios of products found within this
study led to the conclusion that the relative rates of recombi-
nation, diffusion and rotation were 1.0, 2.4 and 15,
respectively.132

A similar conclusion was made in the formation of an
alkylcobalt(III) complex via MHAT (Scheme 17b). Several foun-
dational studies on MHAT, particularly utilizing cobalt hydride
complexes, have established that the formal addition of
a hydrogen atom across an alkene proceeds stereospecically to
form the syn addition product (oen observed as cage collapse
to the organocobalt).133,134 When cyclopentene-d8 was treated
with (tetraanisylporphyrinato)cobalt(III)hydride ((TAP)Co–H),
two diastereomers – the cis and trans organocobalt addition
products – were formed, in which formation of trans product
implied that a secondary process aer radical-pair formation
was occurring. At higher temperatures (60 �C), the cis/trans ratio
was equal to 1.0, while at lower temperatures (6–23 �C), the cis/
trans ratio increased to a relatively constant value of 2.8. To test
whether cis/trans isomerization was due to reformation of
This journal is © The Royal Society of Chemistry 2020
starting materials and addition aer rotation or cage escape,
the authors ran the experiment for different periods of time at
23 �C; extrapolation to zero time showed that the “baseline”
ratio was only moderately selective for the cis-addition product
(cis/trans ¼ 3.5). Furthermore, no other products other than the
cis and trans products were observed, which would be expected
if isomerization were the main pathway for interconversion (via
(TAP)Co–D deuterium scrambling). The authors attribute this
moderate selectivity to molecular rotation of the alkyl radical
within the solvent cage before cage collapse to form the orga-
nocobalt.135 Other studies have suggested that radical-pair
collapse for organocobalt species is faster than molecular
rotation; organocobalt formation could be highly dependent on
the identity of the cobalt complex.133,134

In related experiments, the racemization of organometallic
complexes through carbon–metal bond homolysis was evalu-
ated in two systems. Measuring the optical rotation of enan-
tioenriched (alkyl)bis(dimethylglyoximato)cobalt(III) at
a constant temperature over time led to a rst-order rate of
racemization of the organocobalt.136 The identity of the axial
pyridine base had a small effect on the racemization rate, while
the presence of an electron-withdrawing group on the a-carbon
led to slower racemization, likely by increasing the bond
dissociation energy of the organocobalt complex. Another study
monitored the racemization of an acyl-rhodium(III) alkyl
complex over time, establishing a rst order rate of racemiza-
tion (krac ¼ 6.4 � 10�6).137 Both examples describe positive
enthalpies and entropies of racemization, as well as low barriers
to recombination of the metallo/organic radical pairs formed
Chem. Sci., 2020, 11, 12401–12422 | 12417
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Scheme 18 Potential mechanisms for asymmetric MHAT reactions
using (salen)Co catalysts.

Scheme 19 New asymmetric MHAT reactions.
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upon homolysis (�2 kcal mol�1). The aforementioned studies
suggest that collapse of the primary geminate radical pair may
result in limited enantioselectivies due to molecular rotation
within the solvent cage. Below, we explore methods of MHAT
asymmetric catalysis in which several mechanisms for asym-
metric induction are considered.

The emerging area of asymmetric MHAT transformations
have so far utilized cobalt catalysts with salen-type ligands to
explore enantioselective carbon–heteroatom bond formation
via RPC pathways (Scheme 18). While chiral salen ligands are
commonly employed in asymmetric alkene oxidation reactions,
previous modes of enantioinduction are distinct in that facial
selectivity is determined by a “side-on” approach of the alkene
over the salen ligand.138 For (salen)Co-based MHAT methods,
several different hypotheses have been put forward for the
enantiodetermining step, but current evidence points to two
possibilities: a dynamic kinetic resolution (DKR) of an oxidized
organocobalt(IV) complex followed by nucleophile displacement
(Scheme 18b), or enantioenrichment of a scalemic organo-
cobalt(III) before oxidation to an organocobalt(IV) (Scheme 18c).
In either scenario, an enantiospecic cage collapse pathway
(Scheme 18a) was ruled out or considered unlikely.

The rst example of asymmetric MHAT comes from the
Pronin group, who developed a method to access enantioen-
riched epoxides (80–95% ee) from dialkyl(vinyl)carbinols using
a modied cobalt salen catalyst (Scheme 19, le).91,139 This
discovery was based on their prior observation of divergent
reactivity in radical-polar crossover (RPC) MHAT trans-
formations leading to semi-pinacol rearrangements and
epoxide formation depending on the salen ligand backbone.91

The authors suggest a dynamic kinetic resolution of an orga-
nocobalt(IV) intermediate followed by enantiodetermining
nucleophilic displacement (Scheme 18b). Support for this
hypothesis came from an Eyring analysis of enantioselectivity,
which showed that enantioselectivity was enthalpically
controlled and that electron-rich and polarizable salen ligands
of similar steric bulk exhibited higher levels of asymmetry. A
proposed model of enantioinduction described a noncovalent
interaction between the ligand-based radical cation on the
aromatic rings of the salen stabilized by the aromatic rings of
the backbone, leading to a relative stabilization of the intra-
molecular nucleophilic displacement of the (S)-organocobalt(IV)
and formation of the (R)-epoxide product.

Expanding upon a preliminary disclosure of asymmetric
tetrahydrofuran formation via RPC,92 the Shigehisa group
explored the formation of enantioenriched tetrahydrofurans
using alkenyl alcohols with substituted binaphthyl cobalt salen
catalysts (Scheme 19, right).140 An interesting kinetic effect was
observed with the silane; sterically-hindered silanes or slow
addition of silane led to a switch in enantioselectivity, indicative
of two enantiodetermining steps in the mechanism. The rst
step proposed was a radical chain mechanism leading to
enantioenrichment of the (R)-organocobalt(III) species, which
underwent oxidation to the organocobalt(IV) species and
subsequent displacement by the pendant alcohol to form the
(S)-enantiomer (63–94% ee) (Scheme 18c). When a bulky silane
was used or silane was added slowly, the radical chain was less
12418 | Chem. Sci., 2020, 11, 12401–12422
pronounced and a second enantiodetermining step dominated,
leading to the switch in enantioselectivity. This second enan-
tiodetermining step was like that suggested by Pronin, involving
a DKR of an organocobalt(IV) complex, favoring displacement
from the (S)-organocobalt(IV) intermediate, leading to the (R)-
enantiomer in moderate enantioselectivities (33–72% ee). Eyr-
ing analysis was consistent with differential enthalpy as a main
contributor to enantioselectivity for formation of both (R) and
(S)-products. Computational analysis suggested that non-
covalent interactions (CH–p) between the aromatic rings of the
ligand and the arene groups of the substrate led to stabilization
of the favored diasteromeric organocobalt intermediate
(Scheme 18c) or the transition state for nucleophilic displace-
ment (Scheme 18b).

The aforementioned examples exert catalyst control in
asymmetric induction via formation of scalemic organometallic
species and intramolecular displacement of a pendant nucleo-
phile. It should be noted that an intermolecular asymmetric
This journal is © The Royal Society of Chemistry 2020
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Markovnikov hydroamination of alkenes from electronically
unbiased alkenes and donor–acceptor diazo reagents (77–84%
ee) could potentially proceed via a MHAT mechanism as well.141

In this case, a newly developed N-imidazolinylphenyl 8-amino-
quinoline ligand was used. A detailed exploration of the enan-
tiodetermining step is not included in this report, although the
presence of radicals was implicated by cyclopropyl ring
opening. Other radical clocks to differentiate polar ring opening
from radical ring opening were not included. For trans-
formations involving Mn- or Fe-catalyzed MHAT, the inherent
instability of these organometallic complexes may make
differentiation between diastereomeric organometallic species
untenable for asymmetric transformations (see Section 5).
Other approaches towards asymmetric MHAT methods may
bias facial selectivity in the initial hydrogen atom transfer step
or trap solvent-separated radicals generated in MHAT in dual
catalytic cycles or with stereogenic radical traps. Understanding
the energetics of the solvent-caged radical pair in MHAT will
signicantly affect the development of these asymmetric
methods.

8. Conclusions

The mechanistic framework provided by well-characterized SF
systems has illuminated the murkier mechanisms of high-
energy MHAT reactions of WF systems, and has identied
gaps in our knowledge. The M–H bond strengths are lower in
WF systems, and their unique reactivity derives in part from the
thermodynamics of forming and cleaving these bonds, and the
attendant effects on the kinetics. However, M–H BDE values are
not sufficient to explain differences in selectivity between SF
andWF systems: in general, SF systems react preferentially with
conjugated, electron-decient alkenes and WF systems react
rst with unconjugated, electron-rich alkenes, even when
conjugated alkenes are present. The differences in selectivity
are reminiscent of normal- versus inverse-demand Diels–Alder
cycloadditions. Here, HOMO–LUMO interactions serve as
useful tools to conceptualize reactivity, and are reversed when
considering partners of opposite electron densities and orbital
energy levels. The more complicated interactions of the alkene
orbitals with SOMOs in the WF metal-hydride species, however,
are not as amenable to easy interpretation. Further insight will
require a better understanding of the electronic and geometric
structures of WF hydride complexes.

We have also highlighted the ubiquity of solvent cage effects,
which can have a marked inuence on selectivities and rates,
yet have rarely been considered in the newWF catalytic systems.
Careful characterization of radical lifetimes using different
radical clocks with varying reactant concentrations and a range
of solvents could help identify idiosyncratic cage effects and
radical cage pair lifetimes.

The payoff for improved understanding is substantial in
terms of applications. A prior review posited that intersection of
MHAT with canonical cross-coupling cycles could expand
coupling partners beyond classical radical traps.5 This proposal
has now come to fruition: haloarenes, haloalkanes and alde-
hydes now serve as viable reactants, and more can be imagined
This journal is © The Royal Society of Chemistry 2020
based on this established platform. An evaluation of non-
canonical radical traps points to dual roles for many MHAT
catalysts in both alkyl radical generation and in situ generation
of metal-complexed radicalophiles. The expansion of MHAT to
include additional reaction partners may rest on the incorpo-
ration of these dual roles and our understanding of the various
reactive metal complexes that are present in situ.

As described above, MHAT from scalemic catalysts can
enable enantioselective transformations outside the reach of
coordinating transition metals and traditional chiral Lewis
acids. The two breakthrough examples in the literature are
intramolecular reactions that establish important principles for
absolute stereocontrol, but intermolecular variants may nd
greater utility. These examples accomplish asymmetric hydro-
functionalizations which cannot be achieved with classical,
polar modes of reactivity. One pitfall of current methods is that
the ligands used for asymmetry are extremely large and
synthetically cumbersome. In the future, it would be benecial
to use smaller or higher turnover number (TON) catalysts to
achieve a reduction of Process Mass Intensity (PMI), the ratio of
total mass input to product mass output.

Yet another potential application of MHAT is in polymeri-
zation methods,142,143 as classical mediators of atom transfer
radical polymerization (ATRP) and organometallic-mediated
radical polymerization (OMRP) do not typically utilize
electron-neutral alkenes. Incorporation of a wider range of
alkenes would allow materials scientists to source different
feedstocks whose corresponding radicals exhibit unique reac-
tivity preferences.

A limiting factor within current MHAT methodology is the
need for compatibility between stoichiometric reductants and
oxidants to turn over catalytic cycles. In the future, generation of
catalytic WF metal(III) hydrides through stoichiometric or elec-
trocatalytic reduction to a metal(I) species in the presence of
proton sources could provide a sustainable method to generate
catalytic metal hydrides. Since electrocatalytic H2 production
from water uses similar metals as WF MHAT catalysts,144 this
large body of research could provide a starting point fromwhich
to design new MHAT catalytic systems.

The catalytic formation of alkyl radicals from alkenes via
MHAT has established synthetic utility, evident through its
widespread adoption in chemical synthesis. It has also raised
many mechanistic questions. Given the complex web of reaction
pathways that rely on various, coexistingmetal species in solution,
it is remarkable that these reactions can be orchestrated with high
selectivity for desired product formation. Further explorations are
needed, beginning with characterization of the catalytic inter-
mediates and study of the rates of the elementary steps. In addi-
tion, the various, competing fates of the radical intermediates
must be determined to better adapt them to our needs in
synthesis. In our view, MHAT represents a revolutionary method
to generate high-energy carbon-centered radicals, and its trans-
formational potential in synthesis is just emerging.
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