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CONSPECTUS.

Implementation of any chemical reaction in a structurally complex setting (King, S. M., J. Org.
Chem., 2014, 79, 8937) confronts structurally-defined barriers: steric environment, functional
group reactivity, product instability, and through-bond electronics. But there are also practical
barriers. Late stage reactions conducted on small quantities of material are run inevitably at lower
than optimal concentrations. Access to late stage material limits extensive optimization. Impurities
from past reactions can interfere, especially with catalytic reactions. Therefore, chemical reactions
that can be relied upon at the front lines of a complex synthesis campaign emerge from the
crucible of total synthesis as robust, dependable, and widely applied. Trost conceptualized
‘chemoselectivity’ as a reagent’s selective reaction of one functional group or reactive site in
preference to others (Trost, B. M., Science, 1983, 219, 245). Chemoselectivity and functional
group tolerance can be evaluated quickly using robustness screens (Collins, K. D., Mat. Chem.,
2013, 5,597). A reaction may also be characterized by its ‘chemofidelity’, its reliable reaction
with a functional group in any molecular context. For example, ketone reduction by an electride
(dissolving metal conditions) exhibits high chemofidelity, but low chemoselectivity: it usually
works, but many other functional groups are reduced at similar rates. Conversely, alkene
coordination chemistry effected by r Lewis acids can exhibit high chemoselectivity (Trost, B. M.,
Science, 1983, 219, 245), but low chemofidelity: it can be highly selective for alkenes, but
sensitive to substitution patterns (Larionov, E., Chem Comm., 2014, 50, 9816). In contrast, alkenes
undergo reliable, robust, and diverse hydrogen atom transfer reactions from metal hydrides to
generate carbon-centered radicals. Although there are many potential applications of this
chemistry, its functional group tolerance, high rates, and ease of execution have led to its rapid
deployment in complex synthesis campaigns. Its success derives from high chemofidelity; its
dependable reactivity in many molecular environments and with many alkene substitution patterns.
Metal hydride H-atom transfer (MHAT) reactions convert diverse, simple building blocks to more
stereochemically and functionally dense products (Crossley, S. W. M., Chem. Rev., 2016, 116,
8912). When hydrogen is returned to the metal, MHAT can be considered the radical equivalent of
Brensted acid catalysis—itself a broad reactivity paradigm. This Account summarizes our group’s
contributions to method development, reagent discovery, and mechanistic interrogation. Our
earliest contribution to this area—a stepwise hydrogenation with high chemoselectivity and high
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chemofidelity—has found application to many problems. More recently, we reported the first
examples of a dual-catalytic cross-couplings that rely on the merger of MHAT cycles and nickel
catalysis. With time, we anticipate MHAT will become a staple of chemical synthesis.

Graphical Abstract

chemofidelity
/'kemo fe'delede/
noun, reliable reactivity

independent of
molecular context

Introduction.

The Drago—Mukaiyama hydration (Figure 1) has emerged as a reliable tool with both high
chemoselectivity and chemofidelity.! It has been used in more than 38 total syntheses.!
Variation of its reactant components has led to methods for C-O, C-N, C-X, C-S, and C-C
bond formation. When our group reported a hydrogenation variant in 2014, no broad
consensus had coalesced around these reaction mechanisms. Norton? and Boger,3 however,
alluded to He transfer as a possibility. Our group and Herzon’s group proposed*® that the
compendium of Mukaiyama-type reactions display reactivity consistent with hydrogen atom
transfer from a metal hydride complex, a proposal rapidly taken up by literature highlights
and mini-reviews.® Since that time, our hydrogenation protocol has seen extensive use in the
literature due to its stereoselectivity, chemoselectivity, and chemofidelity. Some unusual
features that differentiate it from standard alkene hydrogenations are briefly listed below.

. no hydrogen gas is required; liquid silanes (PhSiHs, Ph(‘PrO)SiH,) serve as

reductants

. inexpensive ligands and abundant first row transition metals (Fe, Mn, Co) can be
used

. benzyl groups and halogens are reliably spared

. stereoselectivity is often reversed compared to other common methods

. reaction rates are high (e.g. a trisubstituted alkene has been reduced with a

second order rate constant of ca. 60 M1 s71)7

. reactions are unusually tolerant of: reaction concentration; plasticizers or
stabilizers; amine or thiol impurities. Water or O, impurities have minor effects.

In the first part of this Account, we document others’ use of our chemistry to call attention to
its broad utility and to encourage further uptake. For so simple a reaction, it has seen
extensive use in a short time. Next, we describe how this chemistry can be merged with
traditional catalytic cross-coupling cycles. And we also seek to unravel why and how these
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purported metal hydrides can generate unstabilized carbon radicals through MHAT, instead
of self-destruct through hydrogen evolution.

Thermodynamic, Chemoselective Hydrogenation (First Generation).

Hydrogenation aids complex molecule synthesis through retrosynthetic access to alkenes,
which can be disconnected many ways. However, when steric constraints dictate approach of
a reagent from one face of the alkene, alteration of stereochemistry from this ‘kinetic’
product can prove challenging. Dissolving metal reduction often allows the user to access an
alternative ‘thermodynamic’ product but this method is restricted generally to the reduction
of conjugated or electron-poor alkenes (Figure 2).8:9 The more negative reduction potential
of electron-neutral alkenes necessitates elevated temperatures and other functional groups
are reduced preferentially.

In 2014, our group envisioned that MHAT hydrogenation could maintain the same
stereochemical outcome as dissolving metal reduction, but increase functional group
tolerance. Our work, based on the redox hydration conditions of Mukaiyamal® and studies
by Carreirall and Magnus,2 identified Mn(dpm)s and Co(dpm), (dpm = dipivaloyl
methane), PhSiH3, and superstoichiometric tert-butyl hydroperoxide (TBHP) in isopropanol
as an efficient system to reduce electron-neutral alkenes to thermodynamically-preferred
stereoisomers. These conditions display improved chemoselectivity over dissolving metal
reductions, with tolerance for functional groups such as carboxybenzyl, (thio)phenyl ethers,
aryl/alkyl iodides, aryl chlorides, aryl fluorides, electron-rich arenes, and Lewis basic
heteroarenes such as imidazole, carbonyls, and thioesters (Table 1). This hydrogenation
proved effective for the synthesis of thermodynamically-configured polycyclic systems such
as trans-decalone frameworks and petroleum biomarker drimane. In contrast, heterogeneous,
hydrogenation catalyst systems (e.g. Pd/C) favor the kinetic products of each.*

The broad functional group compatibility, experimental ease, and orthogonal selectivity of
these conditions relative to other hydrogenation methods have aided several total synthesis
endeavors (Figure 3).13

Krische and coworkers reported the total synthesis of orimadicyn A, triptoquinones B and C,
and isoiresin in 2016.14 The group achieved selective reduction of the less-substituted olefin
to favor the thermodynamic stereochemistry of isoiresin. Luo and coworkers found that use
of Fe(acac)s instead of [Co] or [Mn] complexes with our conditions afforded (+)-ibogamine
in 26% yield from the olefin.1®

MHAT hydrogenation has also found application in the pharmaceutical industry. In 2017,
Novartis reported the synthesis of a series of Raf kinase inhibitors for the treatment of cell
proliferation disorders. They found that MHAT reduction proceeded without reduction of the
aryl bromide or inhibition by the Lewis basic pyridine moiety.16

A recent synthesis of (+)-pleuromutilin from the Reisman group features MHAT
hydrogenation conditions.1’ The authors found that use of other conditions preferentially
reduced the more sterically accessible terminal olefin, while use of our MHAT-initiated
hydrogenation conditions proceeded via a transannular [1,5]-hydrogen transfer. The Herzon
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group also employed our MHAT-hydrogenation conditions during their studies on the late-
stage oxidation of (+)-pleurumutilin.1®

During the total synthesis of (—)-xestosaprol N and O by Gao and coworkers,® use of our
hydrogenation conditions overcame carbonyl reduction problems encountered with
heterogeneous catalysts (e.g. Pd/C).

In 2018, Dethe and coworkers reported the enantioselective total synthesis of (+)-taondiol,
which required installation of zrans stereochemistry at the decalin ring junction.2? The
authors found that our hydrogenation conditions selectively reduced the olefin without
removal of the benzyl protecting group. During the synthesis of the proposed structure of
navirine C, Ma and coworkers2! employed our hydrogenation conditions to yield the desired
imine. For the first time, a cyano group was shown to work efficiently as a radical acceptor
under MHAT conditions.

Synthesis of 8-arylmenthol derivatives.

When faced with material supply problems of 8-phenylmenthol in the synthesis of
diisocyanoadociane, we hypothesized that MHAT-mediated addition of radicals into pendant
arenes could provide a more expedient approach to the synthesis of 8-phenylmenthol.
Gratifyingly, our first generation hydrogenation conditions of Mn(dpm)3 and PhSiH3
induced a Smiles—Truce rearrangement of homoallyl arylsulfonates (Table 2).22 Whereas
previous syntheses required 5 to 6 steps, this method can be used for a 2-step synthesis of 8-
arylmenthol derivatives, privileged scaffolds for asymmetric induction.

Second generation MHAT-mediated hydrogenation conditions.

During analysis of the hydrogenation reagents in the absence of olefin, we noticed that
phenylsilane was slowly converted to its di-solvolysis product, diisopropoxyphenyl silane.
Curiously, the mono-solvolysis product, monoisopropoxyphenyl silane (Ph(‘PrO)SiH,), was
not observed and led us to speculate that this species was the kinetically-preferred reductant.
Independently synthesized Ph(PrO)SiH, was found to be exceptionally active and allowed
for the use of more solvents and a wider variability in temperature.” Ph(‘PrO)SiH, can be
easily prepared on multigram scale (Figure 4a) and is stable for months when stored under
inert atmosphere.

Our first generation MHAT hydrogenation conditions reduced terpineol (Figure 4b) using a
catalyst loading of 10 mol% in isopropanol, the sole competent solvent for manganese. In
contrast, Ph(PrO)SiH, caused full consumption of terpineol with only 0.1 mol% catalyst
loading (or lower) in hexanes. In contrast to the first generation conditions, the second-
generation reduction could now be run at higher concentration (1M) or lower temperature,
which may suit larger scale applications.’

Due to the increased solvent versatility permitted by Ph(‘PrO)SiH,, a number of new radical-
polar crossover methods23 and applications in total synthesis have been developed (Figure
5).24.25 |n 2015, the Pronin group reported the synthesis of emindole SB.24 A MHAT-driven
polycyclization delivered the tricyclic core of the indole diterpene; however, low efficiency
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and competitive formation of the wrong diastereomer plagued initial efforts. Pronin and
coworkers found that combination of Fe(ll1) catalysis with isopropoxy(phenyl)silane
significantly improved the yield and purity of the cyclized core.

Zhang and coworkers utilized Ph(PrO)SiH, in their total synthesis of aplydactone, a
biscyclobutane-containing natural product.2> Comparison between phenylsilane and
isopropoxy(phenyl)silane showed superior performance of the latter with respect to yield
and diastereoselectivity in the reduction of the vinyl bromide, though both could provide the
desired product without cleavage of the strained cyclobutane rings or reductive
dehalogenation.

Li and coworkers devised an efficient route to aplysiasecosterol by merger of its two halves
through Reformatsky aldol and MHAT-initiated intramolecular Giese reaction.26
Diastereoselectivity was not, however, straightforward, since three new stereocenters
emerged in the process. Use of Ph(‘PrO)SiH,, however, improved diastereoselectivity. The
authors also noted that Fe(dpm)3 enhanced diastereoselectivity relative to Fe(acac)s, which
may indicate a possible secondary role of iron in Lewis acid activation of the enone.

In brief, Ph(‘PrO)SiH, can be useful when alcoholic solvents are problematic, lower
temperatures are desirable, functional groups undergo competitive reaction, or
hydrosilylation becomes competitive. Its lower catalyst loading requirements and
compatibility with less expensive catalysts [e.g. Mn(acac)s] commend Ph(/ PrO)SiH, for
large scale application.

Isomerization, cycloisomerization, and retrocycloisomerization.

The supposition of an MHAT mechanism in our hydrogenation led us to imagine that the
corresponding isomerization may be possible through catalyst modification, as demonstrated
by Norton27:28 and others?® (Figure 6a). A mild, radical olefin isomerization would be
valuable as canonical transition metal-catalyzed methods30 require coordination of the metal
to the olefin and can be inhibited by strong Lewis bases like amines.3! In contrast, metal
hydrides that engage in MHAT do not coordinate to olefins and can display high functional
group tolerance.321 As demonstrated by Norton,28 the fate of a radical can undergo
numerous pathways in the absence of a traditional radical trap (e.g. O5): back transfer
(KpackH[M-]) resulting in the starting olefin, hydrogenation (knyq[M—H], isomerization
(Kiso[M- ]), and cyclization (keyc). Theoretically, isomerization should be favored by low
concentrations of metal hydride and slow M—C bond formation (Figure 6b).

We discovered that catalytic Co(Sal®!.BY)Cl and PhSiH3 under anaerobic conditions
effected the isomerization of terminal olefins by one position, with minimal reduction of the
double bond.33 Co(Sal®B4BU)C] reacted preferentially with 1,1-disubstituted olefins in the
presence of trisubstituted olefins due to the unfavorable steric interaction between the bulky
ligand and the more hindered olefin. As a result, thermodynamically unfavorable products,
such as 1,3-skipped dienes and p,y-unsaturated ketones could be obtained (Figure 7a). As
expected for carbon-centered radicals, pendant olefins were engaged to provide the
equivalents of a pericyclic ene reaction, or an intramolecular Friedel-Crafts alkylation under
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mild conditions (Figure 7b), resulting in a mechanistically unique polyene cyclization.
Adjacent strained rings were also cleaved, an observation that led to an expedient synthesis
of humulene oxide from caryophyllene oxide (Figure 7c).

Although 1,1-disubstituted olefins isomerized efficiently at room temperature, mono-
substituted olefins required elevated temperatures. Interestingly, a competition experiment
between a mono- and a 1,1-disubstituted olefin completely suppressed isomerization, which
led us to suspect formation of an off-cycle organometallic intermediate (Figure 8). Heating
the reaction mixture yielded product, presumably through homolysis of the Co—C bond and
concomitant hydrogen atom abstraction to regenerate a cobalt hydride and isomeric olefin.

Like MHAT hydrogenation, the utility of MHAT isomerization is best appreciated by its
rapid uptake and application to natural product synthesis (Figure 9). In our initial report, -
funebrene was isomerized to a-funebrene without decomposition of the strained core,
whereas Bransted acids caused decomposition.33 Sun, Li, and co-workers modified the
Co(SalMeO.BuC|-catalyzed cycloisomerization to forge the cyclohexyl D ring of the
notoamides 1, R and F.34 The authors indicated that attempts to form this bond using
alternative radical methods or Friedel-Crafts alkylation were unsuccessful. Metz and
coworkers found use of our method for the synthesis of 3B-hydroxy-7p-kemp-8(9)-en-6-one.
35 In contrast, rhodium-catalyzed isomerization leads to the conjugated olefin.36

The classic homoallyl radical rearrangement has also been encountered using MHAT
catalysis. For example, a side chain migration was observed during the synthesis of the
asmarines,3’ a pathway that was unfortunate for us but could be beneficial for others. In a
beautiful application of MHAT chemistry, the Newhouse and Maimone groups effected a
homoallyl radical rearrangement to synthesize andrastatin D and terretonin L (Figure 10).38

The rate of these cycloisomerization reactions is of special interest: ongoing studies in our
laboratory have demonstrated that some substrates reach >90% conversion in under 1
minute. Our current work pertaining to the cycloisomerization33 has yielded an overall
bimolecular rate constant on the order of 101-102 M~1s1. The high reactivity,
chemoselectivity, and tolerance for numerous solvents, including water, invites use of these
reactions for bioconjugation.39 These high rates are not limited to cobalt, since both iron-
and manganese-catalyzed MHAT reactions have been reported to be completed on the order
of minutes to hours,1:7:40

MHAT and Ni Dual Catalysis.

Prior to 2016, MHAT-based methods utilized well-established stoichiometric radical traps to
install heteroatomic functional groups.! We thought a step-change in the field might be
enabled by a transition metal co-catalyst to engage traditional cross-coupling partners.
Nickel offered a good starting point#142 due to its precedence in radical cross-coupling
reactions with polar electrophiles, such as aryl and alky! halides*3 (Figure 11). Barriers to
this schema included: (1) kinetically competent intersection of two catalytic cycles; (2)
redox compatibility of two metal complexes; and (3) suppression of undesired reactivity
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accessible by each complex in isolation, such as Ni-reductive Heck reactivity, isomerization,
and hydrogenation.

Our first investigation in this area entailed a method for the hydroarylation of unactivated
terminal olefins,* utilizing Ni-catalyzed electrophile-electrophile conditions pioneered by
Weix.41 Co(Sal®BU:BY) was the only effective MHAT catalyst under the reaction conditions
and required fluoropyridinium 2 as an oxidant.> Ph(’PrO)SiH, was most effective in the
reaction,” whereas PhSiH5 produced a significant amount of competitive hydrosilylation. A
variety of terminal olefins containing numerous functional groups were tolerated, including
thioethers, alkyl bromides, nitriles, and unprotected alcohols (Table 3). Although electron-
deficient arenes were superior substrates for the arylation, both electron-rich and -neutral
arenes gave moderate yields. Additionally, pharmaceutically-relevant heterocycles such as
pyridine and pyrazoles proved compatible.

Mechanistic interrogation of Co-/Ni-hydroarylation indicated that the reaction proceeded via
direct cobalt-alkyl to nickel transmetalation,*6 a step that has few precedents in the
literature.*’ Kinetic analysis (RPKA)*8 indicated an apparent rate law that was first order in
both cobalt and nickel, ruling out a mechanism whereby rate-limiting cobalt—carbon bond
homolysis led to freely-diffusing alkyl radical (Figure 12a, i). Furthermore, hydroarylation
of a “radical clock” with varying concentrations of nickel pre-catalyst indicated minimal
direct relationship between loading and unrearranged:rearranged product ratios (Figure 12b).
49 These results ruled out a radical cage escape mechanism (Figure 12a, ii) but were
consistent with a cage rebound mechanism (Figure 12a, iii).

Attempted replication of the transmetalation in a stoichiometric experiment with a pre-
formed nickel oxidative addition intermediate with a cobalt alkyl complex proved
informative. The reaction of Co(l11)(Sal®B4:BU)(.Pr) (4) with an isolated dtbbpyNi(I)Arl
complex (3) led to cross-coupled product (5) in only 10% yield, far from the quantitative
yield expected if these two species were involved in the rate-determining transmetalation
step (Figure 12¢). Additionally, use of dtbbyNi(I1)Arl as the nickel pre-catalyst in the
catalytic reaction exhibited an induction period.

The combination of these results — the low yield of the stoichiometric experiment and the
induction period under catalytic conditions — provided evidence against a Ni(0)/Ni(1l)
catalytic cycle and led us to consider the likelihood of a Ni(I)/Ni(lll) reaction pathway
(Figure 13). Here, oxidative addition across a Ni(l) complex generates a Ni(lll)-aryl
intermediate, which can act as a single electron oxidant®0 of the Co(ll1)-alkyl species to
generate a Ni(ll)-aryl/Co(IV)-alkyl pair. Rapid homolysis of the cobalt alkyl bond generates
an alkyl radical that is immediately captured by the Ni(ll) aryl species to generate a
Ni(llharyl(alkyl) species, followed by reductive elimination to product. Co(l11) and Ni(l) are
regenerated after the transmetalation, reflected in our ability to run the hydroarylation
reaction without exogenous oxidant when starting with a Co(ll1) pre-catalyst. The facility of
solvent cage collapse of a carbon radical with its Ni(ll)aryl partner is supported by the high
bimolecular rate constant (1 x 108 M1 s71) calculated from Weix’s data.4%
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This understanding of the Co-/Ni-transmetalation provides a template from which to design
new dual catalytic reactions. However, the well-precedented instability of tertiary alkylcobalt
complexes®? limited this catalytic system to terminal olefins. A complete reconstruction of
the reaction conditions was necessary to develop a reaction in which a trisubstituted carbon
is captured by a nickel(11) organometallic.** We determined that a freely-diffusing radical

(as opposed to carbon radical/ nickel(1l) cage pair) would more closely resemble the
compendium of traditional Ni cross-coupling reactions and pursued metal complexes that
might allow radical cage escape.

Iron-Based MHAT/Ni chemistry.

Transition to a free radical capture mechanism required the use of p-diketonate ligands on
the MHAT catalyst, complexes that have been implicated in nonorganometallic, radical
reactivity.l Achieving a similar reaction rate between the MHAT and Ni cycle was crucial
for success. A screen of MHAT catalysts resulted in a “Goldilocks Scenario”: Co was too
fast, Mn was too slow, but Fe was just right.52

Internal olefins, substrates that were incompatible with Co(Sal®B4:8BY), could be coupled in
high yield (Table 4). The reaction proved tolerant to many functional groups such as
carbamates, perfluorinated olefins, redox-active esters, amides, vinyl thioethers, vinyl
boronates, and nitriles. This method offered a complementary approach to similar
dehalogenative?! or decarboxylative approaches;>3 however, in the case where the
corresponding alkyl-X components were unknown, as in the case of the fused cyclobutene,
this method offered a viable way to synthesize otherwise inaccessible motifs. More
surprisingly, hydroarylation of 1,1-di- or trisubstituted olefins successfully forged arylated
quaternary carbons, a difficult synthetic problem remaining in the field of Ni catalysis.>*
Olefins offer the unique benefit of starting from prochiral sp? carbons, rather than a
preformed tetrasubstituted carbon like tertiary alkyl bromides,43:2 which can be laborious to
synthesize or unstable. Both cyclic and linear substrates could be derived from Wittig
olefinations of commercially available ketones, and coupled with equal efficiency and high
regioselectivity. Unsaturated heterocycles — oxetanes, tetrahydrofurans, pyrans, thianes,
pyrrolidines, and piperidines, — could all be coupled with a range a (hetero)aryl iodides and
bromides.

The Fe/Ni system accelerated access to motifs found in numerous pharmaceutical patents.
Our arylation method constructed oxetane- and piperidine-bearing quaternary centers in
fewer steps and at a fraction of the cost of the initial patent reports (Figure 14).55:56.57 we
hope to extend our dual catalytic system to engage unactivated alkyl counterparts resulting
in a hydroalkylation of unactivated olefins. Such sp3-sp3 coupling when applied to natural
product synthesis could allow unusual retrosynthetic disconnections to yield functional
group handles that are chemically innocuous and ubiquitous in nature.

Thermochemistry Discussion.

Both our group? and the Herzon group® have proposed that carbon-centered radical
intermediates formed in Drago-Mukaiyama reactions? arise from a MHAT elementary step
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rather than coordinative hydrometallation followed by metal-carbon bond homolysis (Figure
15).

Successful MHAT to electron-neutral alkenes implies that the intermediate metal hydrides
must have BDFE values (7.e. AG°\) that are weaker than any characterized metal hydride
bond®>8:59 but outcompete bimolecular hydrogen evolution (Figure 16). Weak metal hydrides
(<56 kcal/mol) are thermodynamically unstable to hydrogen evolution via bimolecular
interaction of two metal hydrides®? and C—H bonds adjacent to carbon-centered radicals
have BDFE values on the order of ~40 kcal/mol.61 The weakest well-characterized metal
hydride has a BDFE value of 50.3 kcal/mol but does not add across unactivated alkenes at an
appreciable rate.58 How can MHAT outcompete hydrogen evolution?

Hydrogen evolution is observed in some Drago-Mukaiyama reactions*#%—consistent with
weak M—H BDFE values—particularly at higher pre-catalyst loadings, even while the
desired hydrofunctionalization reaction proceeds (Figure 17). The predominance of MHAT
pathways may be due to 1) a lower kinetic driving force from bimolecular hydrogen
evolution based on its second order rate law in [M-H] (low [M-H] and high [alkene]),
and/or 2) a lower rate constant for hydrogen evolution than MHAT to alkenes. Hydrogen
evolution should impart a high entropic cost (AS¥) through an ordered bimolecular reductive
elimination transition state.52:63 In contrast, MHAT across an alkene should exhibit a lower
AS* cost due to lower steric and symmetry demands, especially for metal complexes with
sterically bulky supporting ligands.52:63 This rationale may explain observations*33 that
bulkier ligands like dpm and salen®!:8BY versus acac and salen™H have generally allowed
lower catalyst loadings for the same hydrofunctionalization reactions (Figure 17).1:4.33
Bulky ligands may also prevent dimerization of the reduced metal, 64 which requires
reoxidation to the active precatalyst.

The origin of low BDFE of Drago-Mukaiyama M—H complexes! may be low bond enthalpy
and features that Mayer®8:65.66.67 gyggests can contribute to favorable entropic change upon
MHAT: 1) Mn, Fe, or Co metal centers, 2) M!! to M reduction upon MHAT, 3) ligands
which bind the metal center via hard N, O, and CI atoms, and a feature which Mayer’s
complexes do not possess 4) entropically favorable decrease in coordination number upon
loss of He (Figure 17). Formation of these weak M—H bonds is likely driven by Si/B—X and
Si/B-0O bond formation and cleavage of O-O bonds (from O,/peroxides) through ligand
exchange between silanes/boranes and metal pre-catalysts.

Finally, either ligands or the metal center may stabilize a developing radical in the transition
state. At the extreme, bonds to carbon could form,33:44 especially at secondary radicals,
which would serve to minimize the effective endergonicity by providing kinetically
accessible, yet thermodynamically stable intermediates, and decrease the concentration of
metal hydride available for unproductive reactions.

Conclusion.

The proposal that metal hydride atom transfer (MHAT) underlies the Drago-Mukaiyama
reaction engine provides a predictive, explanatory and exploratory model for future work: it
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offers answers and also questions. Just as importantly, MHAT catalysis has become a useful,
general method in synthetic chemistry. Many contributions preceded our own work and,
hopefully, will also succeed it. In addition to advancing MHAT as an organizing principle,
our group has added new methods of hydrogenation, isomerization, Smiles-Truce
rearrangement, and hydroarylation via secondary metal involvement. En route to these
contributions, we have discovered that isopropoxyphenylsilane significantly expands the
efficiency and compatibility of MHAT catalysis and enables new reactivity. Mechanistic
contributions have included demonstration that HAT is unlikely to occur from a ligand
hydrogen,’ our hydrogenation exhibits a small inverse 1H/2H KIE,” and our Co/Ni dual-
catalyzed hydroarylation occurs via direct transmetalation, not free radical diffusion.*
Among the most important attributes of MHAT catalysis, especially hydrogenation, is its
chemofidelity. reliable reactivity, no matter the molecular context or alkene substitution
pattern. High chemofidelity will no doubt lead to the continued use of MHAT in chemical
synthesis, but especially in the crucible of natural products synthesis—an unsparing proving
ground for chemical methods. As synthetic space and natural product space begin to merge
in the coming era, MHAT may play a critical role.
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Drago-Mukaiyama hydration HAT Hydrogenation

* no hydrogen gas is required

Co(acac), OH R3SiH or
PhSiHg H ROH - abundant first row transition metals
—_
i-PrOH cat. Co + stereoselectivity is often reversed
0O, (or Mn Fe)

compared to other common methods

Figure 1.
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MHAT elementary step

}

History, attributes and proposed mechanism of Drago-Mukaiyama reactions.

Acc Chem Res. Author manuscript; available in PMC 2019 November 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Green et al.

Page 16

Pd/C

L|/N|H3 HCOzNH4
Et20 MeOH
-78°C 65 °C

(88%) (86%)

Figure 2.
Dissolving metal reduction versus catalytic hydrogenation: stereochemical divergence.
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Krische et al., 2016
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Gao et al., 2018
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Dethe et al., 2018
Me Me
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Ma et al., 2018
N
Me
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navirine C

e,

Br

Mn(dpm); (0.5 equiv)
PhSiH; (3 equiv)
TBHP (2 equiv)

I-PrOH, 25 °C
(71%)

Fe(acac); (0.8 equiv)
PhSiHj (2.5 equiv) N
TBHP (1.5 equiv) \
_—

EtOH, 60 °C, 6 h N
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Mn(dpm); (0.15 equiv) CO,Et
PhSiH; (4 equiv)
TBHP (4 equiv) B
—_— X
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(52%) 7NN

Mn(dpm)s (0.1 equiv)
PhSiH; (1.5 equiv)
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E—
I-PrOH, rt
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Mn(dpm); (0.1 equiv)
PhSiH; (2 equiv)
TBHP (3 equiv)
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(73%)

Mn(dpm)g (0.05 equiv)
PhSiH; (1 equiv)
TBHP (1 equiv)

i-PrOH, 1t, 4 h
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Mn(dpm); (0.2 equiv)

PhSiH3 (2 equiv) o
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_ 0
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Figure 3.

Select examples of our MHAT-mediated hydrogenation in others’ syntheses
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A. Synthesis of isopropoxy(phenyl)silane (RubenSilane) by Yamada's protocol
Me

SiH; Cu(hfac); (0.015 equiv) glz *
. N h(e} Me
i-PrOH (1.5 equiv)
CH,Cl, (3M), 0°C, 1.5 h

(63%)

iso-propoxy(phenyl)silane

B. Hydrogenation: first vs second generation - reduction in catalyst loading

First generation: Second generation:
Mn(dpm)3 (0.1 equiv) Mn(dpm); (0.001 equiv)
PhSiH3 (1.0 equiv) Ph(i-PrO)SiH, (1.5 equiv)
TBHP (1.5 equiv) TBHP (1.5 equiv)
i-PrOH, 22°C, 1 h hexanes, 22°C, 1 h
(89%, 7.5:1 d.r.) (91%, 6.6:1 d.r.)
Me
concentration  d.r. temp (°C)
-.,,'KOH 1™ 6.3 22
Me
Me 0.25M 6.6 0
(from a-terpineol) 0.1 M 7.6 -30

Figure 4.
Second generation MHAT-initiated hydrogenation conditions
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Synthetic step where Ph('PrO)SiH, was applied

Pronin et al., 2015

H
—
~—_o
A
N g
Me
OH
emindole SB
Zhang et al., 2017
Me Me
%& -
M !
© Me*’
(o]

aplydactone

Lietal., 2018

aplysiasecosterol

Fe(acac); (0.5 equiv)
Ph(i-OPr)SiH; (3 equiv)
_—

EtOH,0°C, 1h e H

(>60%, > 10:1d.r)

Mn(dpm)s (0.2 equiv)
silane (2 equiv)

o

TBHP (2.5 equiv) Me Me Me
—_—
n-hexane Br *
- M
", 1.5h >:I i
o Ivd
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Fe(dpm); (0.5 equiv)
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EtOH/ DCE/ (CH,OH),
60 °C (77%)

(4.5:1 d.r. + other isomers)

Me
Me Br
plyd

p
Total Yield (%)
71
45

Conditions Yield of Mixture (%)  Yield of Desired (%)
Fe(acac)s, PhSiH3, 60 °C 70 30
Fe(acac);, Ph(i-PrO)SiH,, 22 °C 41 21
Fe(acac);, Ph(i-PrO)SiH,, 60 °C 77 56

Figure 5. '
Application of Ph(‘PrO)SiH, in total synthesis
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A. Selecting for isomerization over hydrogenation
L]

H‘JH

H
hydrogenation )\) lsomenzatlon
-
R R ° /\)
H M—H )

B. Possible reaction pathways of a radical in the absence of external radical trap [Ref 32]
R3 R2 R3 R?

[ knM—H] H | khyd1[M—H]

JI\/ KbacknlM*] j.\/ k\g
R? X R? X

kfsoﬂy Koy,
Me
R1
boyaM—H] Zﬁ)< R?
3
R me R

R3
R'. _Me 4
\[ fkRz R2 |
X
X | o] "
The preferred reaction pathway depends on [M+] and [M—H]

(concentrations) and the relative rate constants.

Figure 6.
MHAT for the (cyclo)isomerization of olefins
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A. Isomerization of terminal olefins

H Co(salenfBuBu)C|
0.01-0.1 equiv Me
. ( quiv) R1/\r
! PhSiH; R,
R2 (0.02-0.5 equiv)

PhH, 22 or 60 °C

Me
C3H17/§/ C-,H15/\/ Me
v Qﬁ b
(91%) (83%)

t-Bu t-Bu
Co(Sal®BuBu)C|
o
M
~" 4 = - Me
2
Me Me Me
Me
(90%) (74%) (65%)
B. Cycloisomerization
b'e Co(salentBu.Bu)g| X
; (0.03-0.06 equiv)
R2 _— 1
R! N PhSiH3 R R?
(0.06-0.12 equiv) ull
H R3 PhH, 22-100 °C
R3
Pericyclic Ene Equivalents
Ph
Et0.C
EtO,! cg: j ;
% me" oras
(76%) (88%) (86%)

Intramolecular Friedel-Crafts Equivalents

EtO,C CO,Et
Me
Me

(58%) (77%) (92%)
C. Synthesis of (—)-humulene oxide by ring-cleavag
Me
Co(salenBu.Bu)C| Me o
0.01 equiv;
% Me
PhSiH;
(0.02 equiv)
PhH, 22 °C (95%) Me
1.05 gram 1 gram
M|II|poreS|gma 0.28 $/g Cheminstock: ~ $120,000

Figure 7.
Co(salen) mediated (cyclo)isomerization of olefins
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R _A . R
LaCo-H \/H * LqCo

hydrometalation:
parasitic path

ReX

Figure 8.
Plausible mechanistic scheme for terminal olefins.
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Targeted molecule

Page 23

Synthetic step where MHAT isomerization was applied

Shenvi et al., 2014

Me

a-funebrene p-funebrene

Sun & Liet al., 2016

notoamide | (R', R2 = O]
notoamide R (R = H, R2= OH)
notoamide F (R' = H, R? = OMe)

Metz et al., 2017

3p-hydroxy-7p-kemp-
8(9)-en-6-one

Co(salenfBuBu)C] (0.02 equiv)
PhSiH (0.03 equiv)

PhH, 22 °C
(90%)

Co(salenMeC.BUYC] (0.2 equiv)
PhSiH (0.4 equiv)
_—
PhH, 60 °C
then DMP (2.5 equiv)

25 °C (82%)

Co(salentBu.BY) (0.05 equiv)
PhSiHs (0.12 equiv)

acetone, 22 °C
(64%)

Figure 9.
MHAT isomerization in total synthesis.
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A. Homoallyl rearrangement in the synthesis of the asmarines (Shenvi, 2016)

Mn(dpm); (0.1 equiv)
PhSiH; (1.0 equiv)
TBHP (1.5 equiv)

i-PrOH, 50 °C
(65%, 2.5:1 d.r.)

OMe

1 (0.1 equiv),
PhSiH3 (2.5 equiv),
TsCl (1.5 equiv)

MeOH, rt, 3h
(43%)

MeM
Me © eMe
=N_ /N_
/CO\
t-Bu o o} t-Bu

Figure 10.
Homoallyl rearrangement via MHAT.
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First combination of HAT with
a second transition metal

M

R2
Y\ R R2
R3 o
R3

Figure 11.

L

(7

Page 25

R!' R?
N H Catalytic transition metal
U radical trap
74 R3
R T4
in+1
\ T /L"NI : reductant
H
R2
3
R =

L,Ni"

®
e

L,Ni"*2(Ar)l

L,Ni"*3(An)

R

Combination of MHAT and Ni: hypothetical catalytic cycle.
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a. Mechanistic hypotheses

i. Cage Escape Mechanism: ruled out by rate law (R = k[Co][Ni])

LCo" -LCo' . LNi'Ar  Ar—Ni"l -LNil Ar
ANy T LD U >
R Me | cage R “Me R” “Me

escape

ii. Radical Chain Mechanism: ruled out by radical clock experiments

Col L,Ni' L Ni'lar Ar—Nilt Ar
ol A | UL o
R “Me T R Me "-nl"' R “Me

iii. Direct Transmetalation Mechanism: current hypothesis

co'l [L,Ni"ArI]* Ar—Ni'll . LnNiI Ar
)\ 1l )\
R” “Me -LCo Me R” “Me

c. Stoichiometric experiments rule out Ni(0)/Ni(ll) cycle
Me Me

Cg /c TO o
t-Bu
t-Bu
= 3 Me Me
~_N, | Me =z
NIl 4 Me
= N/ —_—
x- THF:DMPU
t-Bu
22°C, 18 h
3 5 (10%)
Figure 12a-c.

Mechanistic investigation of Co/Ni system.

Page 26

b. Probe of cage escape versus cage rebound

Radical clock experiments rule out a radical chain mechanism

/ <~—— reactive .

L d
60 mM Co Me keye Me
E—— —_—
5-16mMNi Me

a Me’
\ <~—— unreactive knilNi] lkNi[Ni]
Me

radical chain

mechanism Me'
[Ref. 37]

u cyc

R knilNi] unrearranged rearranged

(C)] (R)
6
a Hu(2013) .
] y=1.1x-0.1_
S
£ 4
o . .
= ) . Weix (2013)
o .-7 y=07x+03
c, )
3 - Co/Ni-dual cat.
2 .,__—l——'" hydroarylation
% y=02x+0.9
T 0 . . . ' .
0 2 4 6

Relative [Ni] Increase

Acc Chem Res. Author manuscript; available in PMC 2019 November 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Green et al.

Co/Ni-Dual Catalyzed Hydroarylation Proposed Cycle

R Me
i
NI\Ar LCo"' R/\
Ar—I \ /
" Nickel Co-
( SNi—I1  Catalytic g
N Cycle  metaation Cycle LCo'l—H
x k\ R__Me /\
R Me N,,Y sl [SilH
( il LColl
N ar
Transmetalation in detail:
t-Bu 2N L
N, ol L,Ni'
Nl turns over
ZSNT Me R by oxidative
S . insertion
B 1. transmetalation
+
Me ~R 2, reductive i+
Y\ elimination [LaCo'l]
=N_ -N= turns over
/Coﬂ by Co-H
t-B [0} | (o] t-Bu product formation
t-Bu L t-Bu’
SET reductive
elimination
t-Bu t-Bu

N, ol
NI”

=

S

SHS

x 2 homolysts/

cage collapse

Sl

t-B

_Néﬁ\‘N_ —N. §N_
ColV Colll
I S o SR, S, S o

Figure 13.
Proposed mechanism for Co/Ni hydroarylation.
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Modulators of ATP-Binding Cassette Transporters62

(o]
HAT/Ni
O,
Br dual catalysis
+ —_— Me
(39%)
Br 27% overall Br
Combi-Blocks: $368/g
Mitsunobu o,
(42%) T 8% overall
1. alkylation
2. methylation Me
CO,Et 3 LAH OH
3 steps OH
(18%) Br
Modulators of Sphingosine-1 Phosphate Receptors®6? Aurora Fine Chemicals:
$3990/100 mg
(o)

HAT/Ni
dual catalysis
CO,Et e e RO
51% 3

Hydrolysis | R Et

o ; esterification

F . LAH
3. Appel
s 4. S)2 (PhSH)
o 4
o g é{@\ 10 overall
NN F yield given

JDTic Analog: kappa-Opioid Receptor Antagonists®”

3 steps: 53% overall

> F
(o} R =Boc
[this work]
Me

)

R 5 steps: 6% overall n
R =Me R=Me g
R = Boc [prior work]

883% increase in yield: 40% reduction in step count

Figure 14.
Application of Fe/Ni dual catalysis to biologically active targets.
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Page 29

Proposal: A MHAT elementary step, not coordinative hydrometallation, underlies Drago-Mukaiyama hydrofunctionalization reactions

a) MHAT to alkenes

R2 H R2
L]
[M]—H + /—<— £ H H’ + ™M]
R R! R R

M = Mn, Fe, Co

MHAT mechanism explains:

1) exclusive Markovnikov selectivity

2) intermediacy of carbon-centered radicals

3) low sensitivity to Lewis basic functional groups
4) low sensitivity to alkene substitution

Figure 15.
MHAT versus coordinative hydrometallation

b) Coordinative hydrometallation followed by M-C bond homolysis

R mp—n  H-IW) WM om® w R
,_<_ <=—= H.-1-.RZ =—= H 2 ~ o «?—(0
o w R R et el

M = Mn, Fe, Co

Coordinative mechanism fails to explain:

1) exclusive Markovnikov selectivity (contra-steric)

2) reactivity of complexes without an open coordination site cis to M-H
(cf. Ref. 33)

3) low sensitivity to Lewis basic functional groups
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Implications: MHAT elementary step requires weak M—H bonds, which would be thermodynamically unstable to bimolecular H, evolution.

a) Thermochemistry of MHAT to alkenes

R2 H R2

Kmrar .
m—n o+~ —— =t s m
R R! K-mrar R R!
AG®yy < 50 keal/mol BDE¢ = 35-40 kcal/mol

» MHAT operates in equilibrium; Kypar = e*~[(BDEc—AG®y4)/RT]
(see Ref. 2, 27, 58)

» Weakest stable metal hydride, H-V(CO),(dppb): AG°yy = 50.3 kcal/mol

no MHAT to unactivated alkenes because AAG® = ~ 10-15 kcal/mol
(see Ref. 58)

« Therefore, MHAT to unactivated alkenes may require AG° < 50 kcal/mol

Figure 16.

b) Thermochemistry of biomolecular H, evolution

2 [M]—H == H-H + 2m°

AG°y < 56 kcal/mol  BDE,, = 104 kcal/mol

* H,, evolution is spontaneous when AG°y < 56 kcal/mol

(see Ref. 60)
* H, evolution becomes increasingly favorable as AG° decreases
« For a productive reaction, MHAT to alkenes must outcompete

H, evolution

Thermochemical implications of a MHAT mechanism
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Kinetic reasons

H, evolution may have a slower rate than MHAT to alkenes due to:

i) Differences in reagent concentrations

* MHAT rate law: rateyyar = KynarflM—H]lalkene]
favored when [M—H] is low and [alkene] is high

+ Bimolecular H, evolution rate law: ratey, = kys[M—-HF

- disfavored when [M-H] is low

ii) a higher kinetic energy barrier for H, evolution than MHAT: ko< Kyyar

- a more ordered transition state (AS®*5 > AS**\jyaT)

H, evolution:
H.

™7 M
H

or

[tv0- -+ 1= o

Figure 17.

cf. Ref. 62
1

[ [TMPIRh---H----C---Rh[TMP]
3

AS®* = -39 cal/(molK)
-TAS® =12 kcal/mol at 298K

cf. Ref. 30

t
eyt Pk
H Pn

AS°* = -23 cal/(molK)
-TAS°* = 7 kcal/mol at 298K

Page 31

Thermodynamic reasons

Weakness of M-H bond may be due in part to entropic contributions.

For main group elements: AG°yat = AHyaT because TAS®yat = 0, but Mayer has
shown for HAT from transition metal complexes:
AG°yat = AH®yaT — TAS®yar Where TAS® a1 >> 0 (cf. Ref. 65-67)

AS°ua7 of Fe''(HBim) = 30 cal/(molK); TAS®yar = 9 kecal/mol

AS°yar of Co"(HBim) = 41 cal/(molK); TAS®yar = 12 keal/mol

(N N N

Nl I !

| |

N\ SN N\
/

Co'(H,Bim) Co''(HBim)

Hypothesis: By analogy, MHAT from Drago-Mukaiyama M-H species is

entropically favorable:

AG°yaT = AH° AT — TAS a1 < 50 keal/mol, where TAS a1 = 10-15 keal/mol at 298 K

Contributing factors:
1) First row transition metal centers (Mn, Fe, Co) which undergo
2) M to M" reduction upon HAT
3) Hard chelating atoms (O, N, Cl)
4) Decreased coordination number upon loss of H' (increased degeneracy
between high and low spin states; flexibility of coordination geometry)

Kinetic and Thermodynamic analysis of the feasibility of MHAT to alkenes.
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Table 1.

First generation hydrogenation conditions

Mn(dpm)3 (0.1 equiv)

Me PhSiH; (1.0 equiv) wMe
R\/O/ TBHP (1.5 equiv) R\/O

i-PrOH, 22 °C

Representative scope

wMe wMe wMe wMe
Csz\/O PhS\/O Pho\/o I\/O

(78% (82% (79% (83%
6:1d.r) 5:1d.r) 5:1d.r.) 5:1dr)

Other diverse unsaturated substrates

SRS "

Me (o)
_N> cl _N) %Me Me)\/\/U\SCHst
Me Me NE S o

(69%) (90%) (49%) (99%)
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Table 2.

Synthesis of 8-arylmenthol derivatives.

Mn(dpm)3 (1.0 equiv)
Me PhSiH; (1.05 equiv)

B ————
o e, TBHP (2.0 equiv) o
Me OSOLAr i-PrOH , 22 °C Me
from (-)-isopulegol 8-arylmenthol derivatives

Me" “OH Me" “OH Me* “*OH
(69%) (82%) (71%)
MeO Br
Me* OH e ""oH
(80%) (78%) (75%)
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Table 3.

Co/Ni-Dual catalysis hydroarylation of unactivated olefins.

NiBry(dtbbpy) (0.05 equiv) Me

J Co(SalfBu.BY) (0.2 equiv)
+ R — R2
. 2 (0.5 equiv)
R Ph(-PrO)Sit, (2 equiv)  ps
DMPU (0.3 M), 22 °C

—N_ N=
Co’
t-Bu—do/ \Obt-Bu Me™ "N Me
FBr,®

t-Bu t-Bu
Co(SalfBuBu) 2

Terminal Olefin Scope

CF; CF;
;i ) Br ;( ),CN
Me 3 Me 2
(61%) (42%) (66%) (75%)

Aryl lodide Scope

Ts
' NBoc cl
z N \
N Me
CgHy7

CgHy7 C"H" CgHq7
(57%) (67%) (59%) (68%)

:Ar:tive Species
'

Me NiBry(dtbbpy) (0.05 equiv) Me Me '
Co(SalfB8Y) (0.2 equw) | A Co
2 (0 5 equiv) E )\ 1
b Ph(i-PrO)SiH, (2 equiv) ores i LM R

DMPU (0.3 M), 22 °C :
(73%)
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Table 4.

Fe/Ni hydroarylation of mono-, di-, and trisubstituted olefins.

A. Sec-alkyl scope
Fe(dpm); (0.1 equiv)
NiBr,(dtbbpy) (0.025 equiv)

(o) CN Ph(l PrO)SiH, (3 equiv)
+
U Mn° (3 equiv)
! 1,4-dioxane, 22 °C

(2.5 equiv) (1.0 equiv) (81%)

Olefin scope

CN CN
| A
4
CgF17 Me ph danB
n-CgHqy
(70% (74%
3:1 pdt:ring opened) (32%) (52%) 11:1 BiL)
Aryl halide scope
(o]
o o
FsC
3 | e I B o ) \
Z o~ N X
Cl N F N
O.
Cl
(48%) (62%) (54%)
B. Tert-alkyl scope
Fe(dpm); (0.3 equiv) A
Me A NiBry(diglyme) (0.1 equiv) ®
€ Ph(i-PrO)SiH, (2 equiv) Me
+ —_—
: Mn® (1 equiv) Me
MnO, (2 equiv) OTBS
OIS DCE/NMP (1:1), 22 °C
(1.0 equiv) (1.5 equiv) (65%)

Olefin scope

(68%) (60%) 10:1 B:L) (41%)
Aryl halide scope
O, O
Me
MeO
COzEt CO,Et CO,Et
(58%) (53%) (53%) (45%)
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