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ABSTRACT: Photoredox catalysis has transformed the land-
scape of radical-based synthetic chemistry. Additions of radicals
generated through photoredox catalysis to carbon−carbon π-
bonds are well-established; however, this approach has yet to be
applied to the functionalization of carbon−carbon σ-bonds. Here,
we report the first such use of photoredox catalysis to promote
the addition of organic halides to the carbocycle [1.1.1]-
propellane; the product bicyclo[1.1.1]pentanes (BCPs) are
motifs of high importance in the pharmaceutical industry and
in materials chemistry. Showing broad substrate scope and
functional group tolerance, this methodology results in the first
examples of bicyclopentylation of sp2 carbon−halogen bonds to access (hetero)arylated BCPs, as well as the functionalization of
nonstabilized sp3 radicals. Substrates containing alkene acceptors allow the single-step construction of polycyclic bicyclopentane
products through unprecedented atom transfer radical cyclization cascades, while the potential to accelerate drug discovery is
demonstrated through late-stage bicyclopentylations of natural productlike and druglike molecules. Mechanistic investigations
demonstrate the importance of the photocatalyst in this chemistry and provide insight into the balance of radical stability and
strain relief in the reaction cycle.
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■ INTRODUCTION

Bicyclo[1.1.1]pentanes (BCPs) are the subject of much
interest in medicinal chemistry as surrogates for arene,1 tert-
butyl,2 and acetylene groups,3 displaying improved pharmaco-
kinetic properties, compared to their parent motifs, while
maintaining substituent geometry (Figure 1a).4 BCPs are most
commonly accessed through ring-opening reactions of [1.1.1]-
propellane (tricyclo[1.1.1.01,3]pentane/‘TCP’);5 however, the
synthesis of carbon-substituted BCPs has typically required
harsh reaction conditions, such as heating with organometallic
reagents3,6 or high-pressure mercury lamp irradiation (Figure
1b),7 which are incompatible with the synthesis of complex
targets containing this motif. These drawbacks hamper the
application of bicyclo[1.1.1]pentanes in medicinal and agro-
chemistry settings.
In previous work, we described the use of triethylborane to

initiate atom transfer radical addition (ATRA) reactions of
activated alkyl halides with [1.1.1]propellane.8 However, this
chemistry showed limitations in functional group tolerance
(e.g., amines and aldehydes) and was unable to access BCPs
with sp2 substituents such as arenes and heteroarenes, which
are highly desirable for medicinal chemistry appliations. We
questioned whether photoredox catalysis9 could overcome

these restrictions, thus enabling the synthesis of BCP
derivatives not possible to date. The photoredox activation
of carbon−halogen bonds to access carbon-centered radicals is
well-established, but despite many examples of addition of
these intermediates to carbon−carbon π-bonds,10 equivalent
additions to carbon−carbon σ-bonds remain unknown (Figure
1c).
Here, we describe the realization of photoredox-catalyzed

ATRA reactions of organic halides with TCP, which represents
the first example of photoredox catalysis in carbon−carbon σ-
bond functionalization.11 This strategy not only enables
additions of (hetero)aryl radicals, but also nonstabilized alkyl
radicals, providing access to a wide variety BCP products. We
further extend this chemistry to two-component atom transfer
radical cyclization (ATRC) processes, whereby one or more
carbocyclic rings are formed before intermolecular radical
capture by TCP. To our knowledge, such two-component
ATRCs are without precedent across radical chemistry. Finally,
we describe applications of this reactivity to a range of
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biomolecules and pharmaceutical/agrochemical derivatives,
and mechanistic studies that explore the balance between
radical initiation by the photocatalyst and genuine photoredox
catalysis.

■ RESULTS AND DISCUSSION
Benzyl iodide, which is a substrate that was ineffective using
triethylborane initiation,8 was selected for reaction optimiza-
tion (see Table 1). A range of transition-metal photocatalysts
were found to be effective in this transformation (Table 1,
entries 1−4),12 from which fac-Ir(ppy)3 (2.5 mol %, blue LED
irradiation) emerged as a suitable and readily available catalyst.
Pivalonitrile proved a superior solvent to acetonitrile (Table 1,
entry 7),13 with low yields observed in other media (Table 1,
entries 8, 9), and in the absence of catalyst or light (entries 10
and 11). Two equivalents of TCP led to optimal conversion,
with incomplete reaction observed below this loading,14 and
lower yields due to the formation of “staffane” oligomers
(multiple additions to TCP) when above.12,15 The optimized
conditions (Table 1, entry 7) gave bicyclopentane 3 in 87%
yield.
We next explored whether this novel reactivity could be

applied to other substrates not suitable for classical radical
chain methods, such as aryl and heteroaryl iodides; to this end,
2-iodopyridine was subjected to an equivalent catalyst screen.
To our delight, fac-Ir(ppy)3 again proved successful and
superior to other transition-metal catalysts (Table 1, entry 12).
Interestingly, the use of the organophotocatalyst 4CzIPN
proved more efficient for 2-iodopyridine, compared to the
reaction with benzyl iodide (Table 1, entry 16 versus entry 6).
The optimized conditions enabled the installation of the

BCP motif in a wide variety of compounds, with excellent
functional group tolerance (Figure 2). We first examined a

range of (hetero)aromatic iodides, which are unreactive using
other modes of radical initiation. Pleasingly, the use of
photoredox catalysis uniquely accommodated these challeng-
ing substrates, delivering valuable (hetero)arylated BCPs 5−16
in moderate to high yields (29%−87%). The flexibility of this
chemistry is illustrated by the functionalization of three
different positions on the pyridine ring (5−8), as well as
application to quinoline, isoquinoline, and pyrimidine hetero-
cycles (11−16). Particularly notable is the selective mono-
ATRA reaction of 2,5-diiodopyridine (9, 62%), and the double
bicyclopentylation of 2,6-diiodopyridine (10, 56%). Aryl
iodides proved suitable substrates, providing electron-with-
drawing substituents were present (17−21).
Unactivated primary and secondary alkyl iodides also

afforded BCPs in excellent yields (22−30, 68%−99%).
Notable examples include amines 22 and 23, a substrate
class that is also unreactive under triethylborane initiation, and
the near-quantitative yield of the BCP-phenylalanine analogue
27 on both 0.15 mmol (99%) and 1.5 mmol (85%, 1 mol %
fac-Ir(ppy)3) scale. Benzylic and heterobenzylic iodides
delivered ATRA products in good yields (31−46, 51%−
93%), as did iodides or bromides adjacent to electron-
withdrawing groups (47−64, 44%−99%), where a wide variety
of heterocyclic ketones were successfully tolerated. The high
yield of aldehyde 50 (72%) underlines the mild nature of the
reaction conditions, compared with the use of triethylborane
initiator (38%).8

Reactions that form one or more rings during the course of
the atom transfer process can occur when the substrate
contains acceptor motifs such as alkenes. We questioned
whether photoredox-generated radicals could undergo such
cyclization processes prior to interception by TCPa tandem
atom transfer radical cyclization (ATRC)/bicyclopentylation
reaction that accesses densely functionalized bicyclopentanes
in a single step. Most photoredox-promoted cyclizations
proceed in a reductive fashion,16 and of the few photoredox

Figure 1. (a) Examples of bicyclo[1.1.1]pentane (BCP) drug
analogues. (b) Entries to carbon-substituted BCPs from [1.1.1]
propellane via anionic or radical addition. (c) This work: Photoredox-
catalyzed functionalization of [1.1.1]propellane.

Table 1. Reaction Optimization

entry substrate photocatalyst solvent yielda (%)

1 1 fac-Ir(ppy)3 MeCN 63
2 1 Ir[(dF(CF3)ppy)2(bpy)]PF6 MeCN 65
3 1 Ir(4′-Fppy)3 MeCN 60
4 1 Ru(bpy)3(PF6)2 MeCN 64
5 1 p-Anisaldehydeb MeCN 31
6 1 4CzIPNc MeCN 47
7 1 fac-Ir(ppy)3 t-BuCN 87
8 1 fac-Ir(ppy)3 DMF 49
9 1 fac-Ir(ppy)3 DMSO 20
10 1 none MeCN 7
11 1 fac-Ir(ppy)3, dark MeCN 0
12 2 fac-Ir(ppy)3 t-BuCN 84
13 2 Ir(4′-Fppy)3 t-BuCN 66
14 2 Ir[dF(CF3)ppy]2(dtbbpy)PF6 t-BuCN 77
15 2 Ru(bpy)3(PF6)2 t-BuCN 32
16 2 4CzIPNc t-BuCN 78

aIsolated yield. b20 mol % catalyst, white LEDs. c5 mol % catalyst.
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ATRCs known,10f,13,17 to our knowledge, no two-component
ATRC processes of this type have been reported.18 Challenges
to this transformation include premature capture of the initially
formed radical by TCP precyclization, or iodine atom
abstraction post-cyclization instead of reaction with TCP, or
interruption of the cascade by a catalyst quenching process.
Figure 3 shows the results of this investigation. Under

equivalent conditions, tetrahydrofuran, pyrrolidine, and cyclo-
pentane BCPs were formed in excellent yields (65−73, 60%−
98%), with no products of direct addition of the initially
formed radical to TCP observed. In many cases, these
reactions were accompanied by installation of a stereocenter,
which proceeded with selectivities up to 11:1.19 Bicyclic
products could be accessed from cyclic iodides, such as fused
heterocycles 74−7620 (68%−77%), which were formed as
single stereoisomers at the new stereocenters. Unusual BCP
spirocycles 77−79 were prepared by cyclization of the
indicated precursors (67%−79%), and, finally, a polycycliza-
tion to the angular triquinane 80 was achieved in 72% yield
(9:1 dr), where two C−C bonds are forged prior to radical
capture by TCP. Such highly functionalized BCP-containing
compounds are currently inaccessible by other means.
The potential of this bicyclopentylation to operate in

settings relevant to medicinal chemistry research was
demonstrated through late-stage diversification of various
biomolecules and druglike compounds (see Figure 4).
Exceptional tolerance of functional groups was observed,
with BCP derivatives isolated in high yields. Dipeptides bearing
serine residues were efficiently transformed to bicyclopentane

dipeptides in two steps (81 and 82), the BCP amino acid in
the latter being an analogue of the phenylalanine residue in
aspartame. BCP nucleoside 83 was derived in two steps from
cyclouridine, without the need for any protecting groups. High
facial selectivity was observed in this process, and in the C-
glycosylation in glucose derivative 84. BCP steroids 85 and 86
were obtained from corticosterone and epiandrosterone,
respectively, with 86 being formed as a single diastereomer
due to pyramidalization of the intermediate radical.20 Most
pleasing were the successful functionalizations of iodides
derived from pharmaceuticals and agrochemicals (87−92),
including metronidazole (antibiotic and antiprotozoal agent),
penicillin G (antibiotic), pretilachlor (pesticide), indomethacin
(NSAID), and telmisartan (angiotensin II receptor antago-
nist).
BCP halides are useful precursors to other derivative-

s,3,7a,c,8,21 and further transformations of the iodo-BCP
products were briefly explored (see Figure 4). Mild reduction
of the C−I bond in 88 delivered the BCP penicillin G analogue
93, while lithiation of piperidine adduct 23 followed by cross-
coupling,3 afforded the bis-heterocycle-substituted BCP 94.
Lithiation of 19 and electrophilic trapping with CO2 gave acid
95, the two-step synthesis of which compares favorably with
the seven-step approach reported in work toward a darapladib
analogue.1b Finally, the potential of the iodo-BCP framework
to serve as a precursor to other useful functionalities was
demonstrated by the Ag(I)-promoted iodide abstraction/
rearrangement/cyclization to spirocyclic cyclobutane 96.

Figure 2. Bicyclopentylation of (hetero)aryl iodides, unactivated 1°/2° alkyl iodides, (hetero)benzylic iodides, and α-EWG halides.
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The mechanism of this strain-release ATRA is proposed to
commence with outer-sphere SET from the excited state
Ir(III) complex A to the halide substrate (see Figure 5a,
E°(Ir4+/Ir3+*) = −1.73 V vs SCE).22 This results in reductive
cleavage of the carbon−halogen bond to give radical B, which
effects strain-relief ring opening of TCP to give bicyclopentyl
radical C. This intermediate can either undergo propagation
(Path a) to form the product BCP D and regenerate the chain
carrier B, or it can undergo oxidative quenching by the Ir(IV)
complex to regenerate the Ir(III) catalyst (Path b, E°(Ir4+/Ir3+)
= +0.77 V vs SCE)22 and form bicyclopentyl cation E. Density
functional theory (DFT) calculations23,24 using the example
substrate 4-iodopyridine (Figure 5b) show strain-relieving
addition of pyridyl radical B to TCP (ΔG = −26.3 kcal mol−1),
followed by rate-limiting propagation (TS2, ΔG⧧ = 11.8 kcal
mol−1) via iodine atom abstraction from iodopyridine to
complete the ATRA process (8). Although the latter step is
calculated (for this substrate) to be endergonic by ∼2 kcal
mol−1, the resulting pyridyl radical can be efficiently
sequestered by reaction with excess TCP. This pathway is in
competition with polar crossover via oxidation of BCP radical
C to nonclassical bicyclopentyl carbocation E, which results in
substantial strain relief (Ecell = +1.92 V, ΔG = −44.5 kcal
mol−1; see the Supporting Information for a detailed
discussion). E, in turn, rapidly converts to a cyclobutyl cation,
which can be intercepted by iodide to afford cyclobutyl iodide
F, a rearrangement that is analogous to the cationic pathway
for formation of 96 (c.f. Figure 4). Direct experimental support
for this proposed sequence of events was found in the
observation of small amounts of cyclobutyl BCP iodide 97,
which presumably arises from a further ATRA reaction of the
cyclobutyl iodide F (R = 4-pyridine).

To elucidate the extent to which the chain process balances
with true catalysis, quantum yields were measured for a
selection of substrates (Figure 5a). For ethyl iodoacetate, a
quantum yield of 682 indicates a predominant propagation
pathway to product 48. However, values of 7.4 for 2-
iodopyridine and p-CF3-benzyl iodide, and 1.4 for benzyl
iodide, reveal inefficient propagation and significant catalyst
turnover, consistent with these substrates being poorly reactive
(or unreactive) under triethylborane-initiated ATRA. These
measurements underline the essential role of the photoredox
catalyst in enabling additions of radicals not viable under
classical “radical chain” conditions.

■ CONCLUSION
In conclusion, we have established a new class of photoredox
reactivity where a carbon−carbon σ-bond is functionalized by
photocatalyst-generated radicals. These mild conditions enable
the first examples of bicyclopentylation of sp2 carbon−iodine
bonds, in addition to stabilized and nonstabilized sp3 C−X
bonds. We also demonstrate the first examples of two-

Figure 3. Two-component photoredox-catalyzed atom transfer radical
cyclizations (ATRCs).

Figure 4. Bicyclopentylations of biomolecules and pharmaceuticals/
agrochemicals, and further transformations of halogenated BCP
products.
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component atom-transfer radical cyclization reactions, where
TCP acts as an efficient intermolecular trap following ring-
forming processes. Together with the late-stage derivatization
of biologically relevant compounds and broad functional group
tolerance, this chemistry generates bicyclopentanes that are not
accessible by other routes. Given the interest in these motifs as
building blocks in medicinal chemistry, agrochemistry, and
materials research, this methodology has the potential for
widespread applications.
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