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Abstract: Mild conditions are reported for the hydroxylation
of aliphatic C¢H bonds through radical translocation, oxida-
tion to carbocation, and nucleophilic trapping with H2O. This
remote functionalization employs fac-[Ir(ppy)3] together with
Tzo sulfonate esters and sulfonamides to facilitate the site-
selective replacement of relatively inert C¢H bonds with the
more synthetically useful C¢OH group. The hydroxylation of
a range of substrates and the methoxylation of two substrates
through 1,6- and 1,7-hydrogen-atom transfer are demon-
strated. In addition, a synthesis of the antidepressant fluoxetine
using remote hydroxylation as a key step is presented.

Despite recent advances,[1] the site-selective functionaliza-
tion of unactivated aliphatic C¢H bonds remains a significant
challenge. The strategies employed for the functionalization
of aliphatic C¢H bonds largely fall into two categories:
“innate” (hinging on the inherent reactivity of C¢H bonds)
and “guided” (C¢H functionalization is “guided by external
reagents or directing groups”).[2]

Of the guided functionalization strategies, remote func-
tionalization[3,4] involves the covalent attachment of a direct-
ing group to a substrate molecule. The directing groups may
be armed with functionalities that 1) can be converted into an
open-shell intermediate (for radical translocation),[3] 2) direct
the inner sphere of a transition metal to a remote C¢H
bond,[4] and 3) direct a metal oxo species to a C¢H bond for
hydroxylation.[4]

An underexplored approach to the remote functionaliza-
tion of aliphatic C¢H bonds involves the transformation
proposed in Scheme 1. We envisioned the formation of an
electron-poor aryl radical 2 (R1 and/or X = electron-with-
drawing group) that abstracts a hydrogen atom from a remote
sp3-hybridized carbon atom to generate an alkyl radical 3 (a
radical translocation event). Such translocations are often
predictable and selective, proceeding with first-order rate
constants of approximately 106–108 s¢1.[3i,o] The oxidation of
an aryl radical (the calculated reduction potential, E88[Ar·/

Ar+], is around 2.0 V versus the saturated calomel electrode,
SCE)[5] by single-electron transfer (SET) to generate an aryl
cation is unlikely; the unproductive consumption of 2 is likely
to involve hydrogen-atom transfer (HAT) from the solvent.[6]

The alkyl radicals resulting from translocation can be
oxidized by SET[7] and converted into carbocations 4 by
mild oxidizing agents (the oxidation half potentials, Eox, of
tertiary/benzylic radicals are around 0–0.75 V, SCE).[7a] Such
SET processes (3!4, Scheme 1) are likely to proceed near
the diffusion limit.[7b] One can envision subsequent processes
including elimination, nucleophilic attack, or rearrangement.
While nature uses a similar strategy for the desaturation of
fatty acids,[8] this approach has received scant attention from
the synthetic community,[3j,k, n] and would serve as an example
of a radical–polar crossover process that proceeds through
radical translocation.[3j–l,n, 9]

We recognized that a strategy such as the one depicted in
Scheme 1 could be realized with the use of photoredox

Scheme 1. A redox catalysis strategy for remote functionalization by
radical translocation.
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catalysis, which has recently proven instrumental in providing
solutions to long-standing problems in organic synthesis.[10]

We envisioned that a ground-state photocatalyst (fac-[Ir-
(ppy)3]) could intercept a photon and undergo conversion to
excited state [Ir(ppy)3]* (E88[Ir3+*/Ir4+] =¢1.73 V, SCE),[10c]

which would donate an electron with diffusion-controlled
efficiency[10i] to an arenediazonium 1 (the reduction half
potential of 1, Ered =¢0.1– + 0.5 V, SCE)[11] to generate an
aryl radical 2, which would translocate to alkyl radical 3. The
oxidatively quenched photocatalyst ([Ir(ppy)3]

+, E88[Ir3+/
Ir4+] =+ 0.77 V, SCE)[10c] generated by SET from [Ir(ppy)3]*
to 1 would then accept an electron from the alkyl radical 3 to
generate carbocation 4 and regenerate [Ir(ppy)3]. Alterna-
tively, SET from 3 to 1 to generate 4 and another radical 2 is
a favorable process that gives rise to a chain reaction (rather
than a catalytic process). Herein, we report a remote hydrox-
ylation procedure (NuH = H2O) inspired by Scheme 1.

We identified the Tzo group (Scheme 2) as an ideal
starting point. TzoCl-derived sulfonate esters and sulfona-
mides are effective substrates for remote desaturation that

proceeds along a pathway similar to the one in Scheme 1.[3n]

Electron-deficient radicals derived from species such as this
one are often reactive toward translocation to electron-rich
aliphatic C¢H bonds.[3m,n,12] Further, the tosylates resulting
from remote functionalization would be readily manipulated.
Thus, isoamyl alcohol was converted into Tzo sulfonate ester 5
(Scheme 2), which was designated for feasibility and optimi-
zation studies for remote hydroxylation.

We employed Tzo ester 5, the photocatalyst fac-[Ir(ppy)3],
48% HBF4 (2 equiv, for the liberation of 5a from 5,
Scheme 2),[13] H2O, and CH3NO2 (Scheme 3). This mixture
was degassed through three freeze-pump-thaw cycles in
a round-bottom flask and then vigorously stirred and
irradiated with blue LEDs (Supporting Information, Fig-

ure S1). The resulting mixture was irradiated for 4 h at 25 88C
and afforded 6, the desired product of hydroxylation at the
tertiary position, in 58% yield. The 1H NMR spectrum of the
crude product mixture showed no evidence for the formation
of either the reduction product 7 or desaturation product 9,
but small amounts of desaturation product 8. 1,7-Hydrogen-
atom transfers (HATs) such as this have been previously
reported.[3n,o]

The optimization of this protocol and the establishment of
the roles of the parameters listed in Scheme 3, including light,
fac-[Ir(ppy)3], acid, H2O as co-solvent, and temperature, and
a comparison to Baran’s desaturation conditions[3n] are
depicted in Table 1.[14] A decreased irradiation time resulted

in decreased yields of 6[14] (because of incomplete consump-
tion of 5 as determined by TLC and NMR analyses).
However, 18 h of irradiation resulted in the formation of 6
in 57 % yield (Table 1, entry 1); 6 does not appear to degrade
over prolonged periods of irradiation. When the loading of
the photocatalyst was reduced (Table 1, entries 2–4), the yield
of 6 dropped considerably, thus demonstrating the impor-
tance of fac-[Ir(ppy)3]. The optimal catalyst loading was
10 mol%. Further increased loadings did not lead to an
improved yield.[14] The omission of acid (Table 1, entry 5)
resulted in the recovery of starting material 5. Surprisingly,
experiments run in the dark with 10 mol % fac-[Ir(ppy)3]
resulted in product yields of 40% and 50% when the
reactions were stirred for 4 h and 18 h, respectively (Table 1,
entries 6 and 7). The ground state E88 for fac-[Ir(ppy)3]
(+ 0.77 V, SCE)[10c] is higher than the Ered of 5 a (¢0.12 V,
SCE, see the Supporting Information) determined with cyclic
voltammetry (CV). The difference of 890 mV for this electron
transfer is not prohibitive, considering that the process is
coupled to the irreversible loss of N2. It is also possible that
ground-state fac-[Ir(ppy)3] serves as an initiator by trans-
ferring an electron to 1, while SET from radical intermediates
such as 3 to 1 is a propagation step in a chain reaction that
accounts for product formation. The reduction of arenedia-
zonium salts in the dark under conditions in which SET is
even less favorable have been observed elsewhere, albeit at

Table 1: Optimization of reaction conditions.[a]

Entry Deviation from conditions given in Scheme 3 Yield of 6 [%][b]

1 irradiation for 18 h 57
2 no fac-[Ir(ppy)3] 11
3 fac-[Ir(ppy)3] (1 mol%) 4
4 fac-[Ir(ppy)3] (5 mol%) 12
5 no acid 0
6 light excluded, stirred for 4 h 40
7 light excluded 50
8 no freeze-pump-thaw 57
9 H2O (20 equiv), irradiation for 4 h trace
10 Baran’s conditions, H2O (2 mL) added 18
11 TEMPO (1 equiv) 31
12 reaction at 60 88C 40

[a] The reaction time was 18 h unless stated otherwise. [b] Yields of
isolated products. Baran’s conditions: TEMPO (1 equiv), TFA (2 equiv),
at 60 88C for 1.5 h without irradiation.

Scheme 2. Isoamyl TzO ester.

Scheme 3. Conversion of 5 into hydroxylation product 6.
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lower efficiency,[15a–c] while the irreversible formation of alkyl
radicals has been reported in a related context.[15d] Similarly,
a ground-state Ru polypyridyl catalyzes the oxidative esterifi-
cation of aldehydes without irradiation.[15e] We elected to
irradiate future reactions with blue LEDs because of the
improvement in yield, however, the reaction in the dark is
a subject of ongoing investigation in our lab.

Product 6 was obtained in 57% yield without degassing
the solvent, thus indicating that freeze-pump-thaw is not
necessary (Table 1, entry 8). A decrease in the excess of H2O
that was used (Table 1, entry 9) resulted in the formation of
trace quantities of 6. Other photocatalysts ([Ru(phen)3]PF6,
[Ir(dF(CF3)ppy)2(dtbbpy)]PF6, ethyl eosin, [Ru(bpy)3]-
(PF6)2)

[16, 17] afforded at most trace amounts of 6, while solvent
screens demonstrated that CH3NO2 was the optimal sol-
vent.[14] The implementation of Baran’s desaturation condi-
tions[3n] with added H2O (Table 1, entry 10) afforded only
18% of 6 and 30 % of desaturation product 8, thus demon-
strating that this approach is less effective for hydroxylation.
In addition, employment of the conditions summarized in
entry 8 of Table 1, but in the presence of TEMPO (1 equiv)
resulted in 31% of 6 and 40% of 8 (Table 1, entry 11). Finally,
an experiment run at 60 88C (Table 1, entry 12) gave 6 in 40%
yield with traces of 8, thus indicating that the elimination
observed in entry 10 is not simply a result of higher temper-
ature. Experiments run at lower temperature have also
produced insight (Table 2, see below).

The divergence in behavior, favoring elimination in the
presence of TEMPO, is not readily explained; Baran has
proposed similar carbocationic intermediates.[3n] The present
study and related desaturation work have produced no
evidence for TEMPO adducts, however, Baran produced
evidence of radical intermediates through deuteration studies.

To explore the substrate scope of this remote hydroxyl-
ation (Table 2), we employed conditions similar to the ones
summarized in entry 8 of Table 1. Cyclopentylethanol deriv-
ative 10 produced alcohol 10 a, elimination product 10 b, and
reduction product 10c in 41 %, 15 %, and 4% yields,
respectively (Table 2, entry 1). Conversion of 10 at 6 88C
(Table 2, entry 2) resulted in the slow consumption of the
triazene of 10, but an increase in the yield of 10a (48 %) after
three days of irradiation. As we have never observed an
arenediazonium salt in the 1H NMR spectra of the crude
reaction mixtures, we conclude that the HBF4-promoted
consumption of the triazene is the rate-determining step of
this process and that intermediate arenediazonium ions are
rapidly consumed. The consumption of 10 was prohibitively
slow at lower temperatures.

Menthyl derivative 11 gave alcohol 11a and elimination
product 11 b in 31% and 22% yields, respectively (Table 2,
entry 3). Substrate 12 afforded alcohol 12 a in 38 % yield
(Table 2, entry 4). The reaction of leucine derivative 13 gave
lactone 13a in 47 % yield; the tertiary alcohol was not
detected (Table 2, entry 5). Product 13a is likely to arise from
the intramolecular attack of the ester carbonyl group on the
intermediate carbocation. Interestingly, 13 proceeded along
the elimination pathway under TEMPO-promoted desatura-
tion conditions.[3n] Benzylic C¢H-bearing substrates 14, 15,
and 17–20 (Table 2, entries 6, 7, 9–12, respectively) afforded

the corresponding alcohol products in relatively high yields
(41–63%) with none of the elimination or reduction products
detected. Remote hydroxylation is also effective with Tzo

sulfonamides (13, 16, 17, 18, and 20, Table 2, entries 5, 8–10,
and 12). Hydroxylations of secondary carbon atoms in
benzylic positions were successful with both sulfonates and
sulfonamides, transforming substrates 18–20 to the corre-
sponding products in 52–56 % yield (Table 2, entries 10–12).
Entry 12 also shows a remote hydroxylation that proceeds by
1,6-HAT.

While our studies have not confirmed unambiguously that
the remote hydroxylation proceeds according to Scheme 1 or
a chain process involving SET from 3 to 1, we provide
evidence (Scheme 4) for a radical–polar crossover process
(e.g. 3!4, Scheme 1). Specifically, employment of H2

18O
(97 % 18O) results in 90% incorporation of 18O into 6.

Table 2: Substrate scope.[a]

[a] Reaction conditions: substrate (0.2929 mmol), fac-[Ir(ppy)3]
(10 mol%), CH3NO2 (10 mL), H2O (2 mL), and 48% HBF4 (2 equiv)
were mixed and then irradiated for 18 h, unless stated otherwise.
[b] Reaction was irradiated for 3 days at 6 88C.
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Finally, comparable methoxylations were possible with
the replacement of H2O by methanol (Table 3). The lower
yields relative to hydroxylation are likely due to HAT from

methanol to radical intermediates. The reduction products
isoamyl tosylate and 10c were observed in these cases, while
methanol has been used as hydrogen-atom donor for another
process.[18] These results in addition to the observed elimi-
nation products and 18O incorporation provide further
evidence for carbocation intermediates. The hydroxylation
by radical reaction with O2 is, at best, a minor process.

In addition, we recognized the utility of hydroxylation
product 19a and converted it in two steps[19] into the
antidepressant fluoxetine[20] (Scheme 5). This synthesis pro-
ceeds in only four steps from 3-phenyl-1-propanol.

In summary, we have developed a remote hydroxylation
that proceeds through radical translocation and oxidation to
carbocation en route to alcohol products and demonstrated
the utility of this method with the synthesis of fluoxetine.
These transformations represent a step toward the develop-
ment of a general radical–polar crossover methodology
exploiting radical translocations and redox catalysis/initia-
tion.

Keywords: C¢H functionalization · hydroxylation ·
redox catalysis · remote functionalization · synthetic methods
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