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Abstract
The development of a general catalyst system for the direct anti-Markovnikov
hydrofunctionalization of alkenes is presented. A unique catalyst system comprised of an
acridinium photooxidant and a hydrogen atom transfer reagent allows for a range of alkene anti-
Markovnikov hydrofunctionalization reactions including hydroalkoxylation, hydroamination, and
hydroacetoxylation.
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Markovnikov alkene reactivity occupies a significant portion of chemical reaction space for
unsaturated hydrocarbons and provides a direct method for the synthesis of some of the most
important commodity and fine chemicals.! llustrative examples include the production of
isopropanol, manufactured on a 1.5 million ton scale annually through the sulfuric acid
promoted addition of water to propene, as well as the synthesis of fer-butyl amine, made
through the direct addition of ammonia to isobutylene using a zeolite promoter.2 In the
context of modern synthetic methods, these processes approach ideal, as they adhere to the
principles of atom economy? and employ readily available chemical feedstocks.

Of equal importance is ready access to the complimentary anti-Markovnikov addition
adducts, but this has proven to be a challenging prospect for the field of catalysis. In the past
several decades, synthetic chemists have devoted considerable effort towards the
identification of a broadly applicable direct catalytic method for the reversal of Markovnikov
selectivity. Efforts to date in this area have focused mainly on employing transition metal-
based catalytic platforms to realize this goal, with notable achievements in anti-
Markovnikov hydroamination made by Hartwig* and Buchwald,® and an anti-Markovnikov
hydration protocol disclosed by Grubbs.® However, a catalytic system that enables the
addition of a variety of heteroatom nucleophiles across a broad range of activated and
unactivated alkenes has remained elusive.’
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Prior to our efforts, a significant body of work from the laboratories of Arnold,® Gassman,®
Inoue, 10 and Mizuno!! demonstrated that heteroatom nucleophiles add with predictable anti-
Markovnikov regioselectivity to cation radicals (2) derived from single electron oxidation of
alkenes (Scheme 1).12.13 Ajded by computational analysis, Arnold proposed that the
observed regioselectivity in these processes could be attributed to selective homolytic bond
cleavage of an initial three-membered adduct 3. The resultant, more stabilized radical 4 that
is formed in lieu of less stable radical 5, can proceed to a variety of reaction events including
cyclization, arylation by the photooxidant, or secondary oxidation followed by a second
nucleophilic capture event.

Despite these reports, the use of cation radical-mediated strategies for anti-Markovnikov
selective alkene hydrofunctionalizations to give products of type 6 in synthetic applications
remains scarce, perhaps due to a dearth of catalytic variants. In addition, most olefins
investigated in this context have been largely limited to 1,1-diarylethylene derivatives, which
have been postulated to undergo nucleophilic addition through the formation of exciplex
intermediates rather than discrete cation radicals.10-11 To be adopted as a general synthetic
strategy, we felt that access to a broader range of alkene substrates was required as well as
the identification of a more generally applicable catalyst system. As a starting point to the
development of this catalysis program, we elected to investigate the intra-molecular anti-
Markovnikov addition of alcohols to olefins, a reaction that had limited literature precedent.
11 Key to the implementation of this strategy was the identification of a suitable catalyst that
was capable of single electron oxidation of a number of alkene substrates.

Why Organic Photoredox Catalysis?

In organic chemistry, alkene oxidation often implies processes that incorporate oxygen
atoms in the final ‘oxidized” molecule. However, identifying chemical oxidants that do not
deliver oxygen atoms to the olefin, yet are powerful enough to remove electrons from the
parent molecule, is a significant challenge. Electrochemical oxidation is often employed in
this context to access reactive radical ion intermediates,14 however, this reaction manifold
leads to products of net two-electron oxidation processes, which we hoped to avoid in order
to access a net redox-neutral anti-Markovnikov addition reaction of alkenes.

To put the challenge of alkene oxidation into perspective, Scheme 2 depicts the oxidation
potentials of some prevalent alkene classes. Electron-rich alkenes such as en-amines and
silyl enol ethers have relatively low oxidation potentials (+0.25-1.25 V vs. SCE), and can be
easily oxidized by common ground state oxidants such as ferrocenium ion (FeCp,*) (+0.4 V
vs. SCE), 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 7; +0.5 V) or cerium(1V)
ammonium nitrate (CAN; +1.0 V vs. SCE). However, simple alkenes such as terminal
styrenes, and mono-, di- and tri-substituted aliphatic alkenes generally have redox potentials
that exceed +1.7 V vs. SCE. To our knowledge, there are no ground state oxidants that can
approach this oxidizing capability.1® For this reason, we chose to explore excited-state
oxidants as catalysts for this purpose. Recently, the venerable [Ru(bpy)3]4* and derivatives
thereof have been used extensively as photoredox catalysts to oxidize a range of electron-
rich alkenes.18 Unfortunately, neither the excited state of [Ru(bpy)s]2*, nor its tricationic
oxidation state ([Ru(bpy)3]3*) is capable of single electron oxidation of alkenes with
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potentials higher than +1.3 V vs. SCE, limiting the potential scope of alkenes to only the
most electron rich.

Conversely, some organic photooxidants have high reduction potentials in the excited state.
Cyanoarene oxidants, such as 9,10-dicyanoanthracene, have excited state reduction
potentials ranging beyond +2.0 V vs. SCE. However, this class of photooxidant has been
shown to undergo radical-ion pair recombination reactions to afford net arylated products,
and tend to suffer from short excited state lifetimes.1” Recently, however, Fukuzumi
introduced a cationic organic oxidant, 9-mesityl-10-methylacridinium perchlorate (A = 430
nm), that possesses an excited state reduction potential in excess of +2.06 V and has been
proposed to possess a long-lived charge-transfer excited state (8*).18-20 Given this report,
we felt that the Fukuzumi catalyst was an excellent starting point for further investigation.

Reaction Development

With the goal of hydrofunctionalization of a broad range of alkenes in mind, we set out to
investigate the hydroetherification reaction of 9 (Scheme 3).21 We elected to investigate
substrate 9 due to its high oxidation potential (£p, = +1.95 V vs. SCE),2! which lies well
outside the range of ground state oxidants, providing us with an excellent benchmark for the
proposed reaction.

Unsurprisingly, no reaction was observed by using [Ru(bpy)s]?* as the photooxidation
catalyst, and reactions with cyanoarene photooxidants gave rise to complex product
mixtures. Perhaps more surprising to us, however, was that the use of the Fukuzumi
photocatalyst, despite prolonged irradiation and reaction times, gave only a modest yield of
product with relatively poor mass balance. Importantly, however, the productive reaction
proceeded with complete anti-Markovnikov selectivity, with major byproduct formation
appearing to be the result of a net two-electron oxidation of the substrate.

Hypothesizing that the reduction of the concomitant cation-radical was the root cause of the
divergent reactivity, we believed that shifting the necessary redox event to a more easily
reduced radical species might better facilitate the desired reaction.

To accomplish this, we envisioned a hydrogen atom transfer event from a second catalyst
that would complete the transformation and better facilitate the second redox event. A subset
of the hydrogen atom donor catalysts that were screened in this context appears in Scheme 3.
From this screen, 2-phenylmalononitrile was identified as uniquely suited to the promotion
of the desired anti-Markovnikov heterofunctionalization reaction and, to our knowledge, had
not been previously utilized as a hydrogen atom donor.

Our working hypothesis for this effect is that 2-phenylmalononitrile (15) acts as a redox-
cycling source of atomic hydrogen (Scheme 4). The C-H bond has been estimated to have a
homolytic bond dissociation energy of 79 kcal/mol,22 which is low enough to be abstracted
by the generated tertiary aliphatic radical 13. Additionally, the resulting conjugate radical of
2-phenylmalononitrile 16 is highly electrophilic and acts as an oxidant (£9 ~ +0.19 V vs.
SCE, MeCN)23 for acridine radical 14 (£ % = —0.57 V vs. SCE, MeCN),18 which is
returned to the ground state 8. The resulting phenylmalononitrile anion 17 could then
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plausibly act as a mild base to neutralize the acid generated during the course of the reaction
and reset the hydrogen-atom donor catalyst 15.

An array of alkenols was found to undergo the anti-Markovnikov hydroetherification
reaction when subjected to the described photoredox reaction conditions (Scheme 5).
Tertiary aliphatic olefins and styrenes were competent substrates in this transformation,
forming cyclic ethers ranging in size from five to seven atoms (10, 21, 22). Notably, a
challenging 6-endo cyclization was accomplished and furnished the expected anti-
Markovnikov tetrahydropyran adduct 19 despite the presence of an alternative and more
kinetically feasible 5-exo pathway. Although initially only intramolecular anti-Markovnikov
hydroalkoxylation reactions were investigated, we also reported an example of the addition
of methanol to a styrene with complete regioselectivity, and demonstrated that the anti-
Markovnikov hydrolactonization of an alkenoic acid was also possible by employing this
system.

A General Manifold for Catalysis

In the months following our initial communication, we have been able to demonstrate that
this general catalytic system is applicable to a variety of other transformations (Scheme 6).
Our laboratory recently reported an intramolecular anti-Markovnikov hydroamination
reaction of unsaturated amines using this catalytic protocol (eq. 1).24 A major advance in
this work was the use of thiophenol in truly catalytic quantities as the redox-active hydrogen
atom donor in place of the 2-phenylmalononitrile. Additionally, this catalytic platform has
been extended to achieve the intermolecular anti-Markovnikov addition of carboxylic acids
to alkenes (eq. 2).2° In particular, this second transformation offers a convergent method for
the synthesis of esters, or for the installation of an alcohol equivalent in anti-Markovnikov
fashion without the use of transition metals or organoboron reagents.

Future Outlook

Further research in our laboratory is targeted towards gaining a deeper understanding of the
mechanism of these transformations, in an effort to identify more efficient and
stereoselective catalysts. A clear limitation to our current system is the inability to employ
terminal aliphatic olefins as substrates. To address this, we are designing catalysts with
higher excited state oxidizing capabilities to access high-value targets such as styrenes and
terminal aliphatic alkenes. Nevertheless, these initial disclosures have demonstrated the
immense potential of electron-transfer catalysis in the context of new, anti-Markovnikov
selective transformations and we envision that many opportunities lie in store for the
implementation of this unique catalytic strategy.
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Comparison of some common oxidant reduction potentials (left) to some common alkene
oxidation potentials (right). All values are vs. SCE in MeCN
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A selection of H-atom donors screened for anti-Markovnikov hydroalkoxylations
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Abbreviated scope of the hydroalkoxylation reaction mediated by organic photoredox
catalysis. 2.0 Equivalents of 2-phenylmalononitrile were employed as H-atom source.
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anti-Markovnikov alkene hydroamination
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Other transformations recently reported by the Nicewicz laboratory relying on variants of
the reported hydroetherification reaction conditions
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