
© 2022. Thieme. All rights reserved. Synform 2022/06, A86–A91 • Published online: May 17, 2022 • DOI: 10.1055/s-0040-1720561

Literature CoverageSynform

Carbocations are very reactive intermediates but are rare-
ly present in C–H functionalization mechanisms, which are 
dominated by carbon radical and metal alkyl intermediates. 
It has been a goal for the lab of Professor Patricia Musacchio 
at the Worcester Polytechnic Institute (USA), ever since its 
inception as a new lab, to develop mild strategies that can 
‘dismantle’ a C(sp3)–H bond all the way down to a carboca-
tion. “Formally, this means we were tasking ourselves with 
removing a  hydride from a C(sp3)–H bond,” explained Pro-
fessor  Musacchio. She continued: “In looking at heterolytic 
bond dissociation energies needed to do this, we immediately 
recognized this was only feasible for a few types of activated 
molecules and it could not be a reliable general strategy  across 
all C(sp3)–H bonds.1 Thus, we focused in on the hydride entity 
and played around with the idea of breaking up the hydride 
into constituents that could be more easily removed from a 

C–H bond.” The group began questioning whether they could 
sequentially remove a hydrogen atom (H •) and an electron 
(e–) from a desired C–H bond, the sum of which would give 
a hydride, H – = H • + e– (Scheme 1). The group thought this 
could be a simple alternative to a direct hydride abstraction 
as both hydrogen-atom transfer (HAT) and oxidation of radi-
cals, otherwise known as radical-polar crossover (RPC), have 
both been demonstrated as reliable reaction processes in re-
cent enabling methods.2,3 Moreover, they wondered whether 
they could accomplish both steps, [HAT + RPC], in one cata-
lytic  cycle and do it in a mild fashion. Professor Musacchio re-
marked: “We saw an opportunity in the redox neutral nature 
of visible-light photoredox catalysis and its reported efficien-
cies at facilitating both HAT and RPC processes, thus we start-
ed our efforts there.” 
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Scheme 1 Finding a way around a direct hydride abstraction
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She continued: “As a bonus, this same [HAT + RPC] 
mechan istic design is hypothesized to be the mechanism 
ethylbenzene dehydrogenase (EBDH) operates by to enantio-
selectively hydroxylate ethylbenzene with water as the oxy-
gen atom source.4 So we knew nature would be on our side.” 

Early on in the process, the group was in discussion with 
medicinal chemists Dr. Hatice Yayla and Dr. Manj Lall at Pfizer 
in Groton, CT (USA). “It became clear we were all interested in 
exploring the potential of a transformation that could easily 
access carbocations directly from C–H bonds and what sort 
of impact that could have on facilitating late-stage functional-
ization of drug compounds,” explained Professor Musacchio. 
She continued: “Due to the unique properties of fluorine on 
a compound’s liphophilicity, conformation, and  metabolic 
stability, Yayla and Lall were particularly excited by the 
platform’s potential to establish a robust and mild C(sp3)–H 
fluorination with all commercially available reagents. So we 
decided to team up! Also, Dr. Yayla and I are good friends from 

graduate school, so it was a dream come true to get to work 
with her in a professional setting!” 

Professor Musacchio pointed out that in some respects, 
the field of C(sp3)–H fluorination is quite mature and that 
 elegant work by Paquin and Sammis,5 Lectka,6 Britton,7 and 
Chen8 utilized electrophilic fluorinating reagents to target 
many C(sp3)–H bonds, providing an array of options with this 
class of reagents. “However, if you need a general C–H fluorin-
ation method that can engage nucleophilic fluoride reagents, 
only one synthetic strategy was available before: the P450-
inspired system developed by Groves and team at Princeton 
University (USA).9 Practicing chemists have far fewer options 
with nu cleophilic fluoride. Fluorination chemists are very 
aware of the advantages and disadvantages of nucleophilic 
and electrophilic fluorine reagents,” said Professor Musacchio. 
She continued: “For example, the high reactivity of electro-
philic fluorine reagents can’t be beaten, but if we can coax 
 fluoride sources to act on its (weakly) nucleophilic properties, 
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Scheme 2  Proposed photocatalytic cycle for the [HAT + RPC] process with a few highlighted drug compounds
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it can open up the door to practical advantages such as greater 
solubility, non-oxidizing reagent, and potential radiolabelling 
applications with fluorine-18.” 

The larger picture, however, is the general strategy taken 
to ‘dismantling’ a C(sp3)–H bond. “Back when we started in 
2019, we already knew this was the problem we wanted to 
tackle,” said Professor Musacchio. She explained: “The most 
common way to access a carbocation intermediate is from an 
existing functional group: alkyl halide, olefin, protected alco-
hol, epoxide, etc., but there are very few ways to access carbo-
cations directly from C(sp3)–H bonds, especially under mild 
conditions, with mild reagents and oxidants. Indeed, when 
you look at the field of C–H functionalization, the majority 

of new methods rely on alkyl radical or metal alkyl interme-
diates. We wondered if we could leverage the high reactivity 
of a carbocation intermediate for C–H functionalization, we 
just had to figure out how to get there.” 

The key for the group to getting the chemistry to work 
was finding the right oxidizing agent that could generate an 
active HAT reagent. They looked at several different reagents 
and then narrowed in on peroxides: carbon-based peroxides 
are fairly mild oxidants. When they tested tert-butyl peroxy-
benzoate (TBPB), the group immediately observed fluorinated 
product for their model substrate. “From there, investigating 
various reducing photocatalysts led us to Ir(dFppy)3, which 
is reducing but also has enough oxidizing power to mediate 

A88

Scheme 3  Monofluorination and difluorination of simple compounds
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the radical-polar crossover step (radical oxidation),” remarked 
Professor Musacchio. She continued: “This is the beauty of the 
reaction – the oxidation of the carbon radicals is not all that 
hard, so we could get away with using a mildly oxidizing pho-
tocatalyst (Scheme 2). This is the key advantage our chemistry 
has over other C–H fluorination reactions that utilize Select-
Fluor (which is a strong oxidant).” 

Professor Musacchio revealed that the difluorination from 
Figure 6 of the original paper (see Scheme 3) was actually an 
unexpected finding. “We had started our investigations by 
fluor inating tertiary benzylic hydrocarbons, but when we 
moved to secondary benzylic hydrocarbons, we found difluor-
ination products along with the expected monofluorination 
product,” she said. Although excited that their platform could 
be extended to difunctionalization of methylene sites, the 
group was surprised. Their first instincts were the second 
[HAT + RPC] sequence would be less favorable due to the in-
ductive effects of the fluoride. “However, we found it difficult 
to prevent the difluorination from occurring on simple sub-
strates and ultimately had to adjust the equivalents of our 
 system to make the fluoride the limiting reagent to selectively 
obtain monofluoro products,” said Professor Musacchio, who 
added: “However, on complex substrates, we did not observe 
the same issue.”

For secondary benzylic substrates, a second subjection 
of the crude reaction mixtures (after an aqueous base wash) 
to the [HAT + RPC] protocol afforded good yields of the gem-
difluoro products. 

“The finding of the difluorination has definitely opened up 
a new area of research in my lab – exploring the reactivity of 
α-halo carbocations,” said Professor Musacchio. She went on: 
“We’ve found a way to generate these less explored intermedi-
ates under mild conditions and expect this to result in several 
new methods.”

The group is really excited to continue developing this 
 chemical toolbox as a robust unified C–H functionalization 
platform that can engage other nucleophiles, especially  given 
the high applicability to drug compounds the fluorina tion 
 seemed to have. Professor Musacchio said: “We do a little 
 teaser of this at the end of our paper and show that already 
many other nucleophile types can react in the photochemi-
cal formal  hydride abstraction – arenes via Friedel–Crafts 
reactions, nitrogen nucleophiles to give a C–H azidation and 
the Ritter reaction, alcohols for etherification reactions, and 
carboxylic acids for esterifications. Additionally, we envision 
this could be a powerful strategy for making saturated hetero-
cycles through intramolecular trapping of pendant nucleo-
philes. The possibility of teaming up with a radiolabelling ex-
pert to  apply this to fluorine-18 efforts is also on the horizon. 

And of course, we aim to extend the [HAT + RPC] strategy to 
aliphatic sub strates. We are currently redesigning our hydro-
gen-atom transfer reagents so as to functionalize aliphatic 
methylene sites, which would be a great accomplishment.” 

Professor Musacchio concluded: “Lastly, we would like to 
acknowledge similar work that was recently published from 
the Doyle group.10 Throughout the development stages, Prof. 
Doyle and I became aware our teams were working on related 
mechanistic questions. We communicated regularly, sharing 
progress with each other along the way and were able to time 
the release of the work within a few weeks of each other. Her 
team performed some excellent work establishing that me-
thyl radical is their operative hydrogen-atom abstractor in the 
[HAT + RPC] design. She proved to be a great mentor to our 
young team throughout this process, for which we are grate-
ful.”  
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