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Abstract: A direct dearomative photocatalyzed (3+2)
cycloaddition between indoles and vinyldiazo reagents is
described. The transformation is enabled by the devel-
opment of a novel oxidizing CrIII photocatalyst, its
specific reactivity attributed to increased absorptive
properties over earlier Cr analogs and greater stability
than Ru counterparts. A variety of fused indoline
compounds are synthesized using this method, including
densely functionalized ring systems that are feasible due
to base-free conditions. Experimental insights corrobo-
rate a cycloaddition initiated by nucleophilic attack at
C3 of the indole radical cation by the vinyldiazo species.

Introduction

Photoredox catalysis has emerged as a staple for novel
bond-forming transformations.[1] Reactions in this class,
originating from an excited-state species generated by light
initiation, involve highly active intermediates that are
produced via single electron transfer. Chemists now have an
arsenal of metal- and nonmetal-based photocatalysts that
display ranges of reactivity owing to their respective excited
state reduction potentials. Multiple classes of reaction types
proceeding by electron transfer can be catalyzed by these
species, such as atom-transfer processes, cross-couplings,
and cycloadditions. Despite numerous catalysts at our
disposal, advancements remain necessary when limitations
are encountered in reaction manifolds. Related to our
development of synthetic transformations using active metal
photocatalysts,[2] emphasizing metals based on the first
row,[3] we recently reported a (3+2) cycloaddition between
alkenes and vinyldiazo species (Figure 1a).[2f] This trans-
formation initiates via oxidation of the electron rich alkene
using either chromium or ruthenium catalysis, and we were

enticed by the prospect that this photocatalyzed cyclo-
addition may translate to heterocycles such as indoles. The
densely-substituted fused indoline structure that would
result from a cycloaddition is a prevalent structural motif in
a variety of natural products and bioactive molecules.[4] A
differentiating challenge of this proposed process is that it
would necessitate a dearomatization.[5] A potentially com-
peting nucleophile addition pathway would involve substitu-
tion with rapid rearomatization. In seminal reports, Nicewicz
and co-workers showed downhill rearomatization after
either N-nucleophile[6a] or diazoacetate addition[6b] to arene
radical cations (Figure 1b), and Gryko and co-workers
described the photoredox C2 alkylation of indoles with α-
diazoesters (Figure 1c).[7,8] Photocatalytic intra- and intermo-
lecular dearomative cycloadditions proceeding by energy
transfer have been described,[9] as have photoredox dear-
omative additions featuring intramolecular nucleophiles.[10]

Metal-photocatalyzed dearomative cycloadditions proceed-
ing by electron transfer, however, are quite rare.[11] Photo-
catalyzed (4+2) cycloadditions between indoles and dienes
have been achieved using either oxidizing triarylpyryliums[12]

or heterogeneous metal compositions,[13] which offered
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Figure 1. (3+2) cycloadditions expanded to dearomatizations. a) Pre-
evious (3+2) cycloaddition with alkenes. b) Photocatalyzed nucleo-
philic attack on arene radical cation. c) Photocatalyzed diazo addition
to indoles with rearomatization.
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promise that extrapolating to this type of (3+2) cyclo-
addition was conceivable and would represent a mechanistic
complement to carbene-mediated processes by Davies and
Doyle.[14,15] Herein, we report the successful realization of
this photoredox transformation, specifically enabled by the
development of a novel chromium(III) photocatalyst with
increased activity.

Results and Discussion

In the aforementioned radical cation (3+2) cycloaddition
between alkenes and vinyldiazo species,[2f] both [Cr-
(Ph2phen)3](BF4)3 (1a, Ered= +1.40 V in CH3NO2)

[16] and
[Ru(bpz)3](PF6)2 (2, Ered= +1.45 V in CH3CN) were active
photocatalysts; the Ru catalysts generally afforded faster
reactivity, but in select cases Cr was uniquely operative. The
reduction potential of N� H indole (Ered= +1.16 V in
CH3CN)[17] suggested that this oxidative process could be
transferable to these heterocycles; a heteroarene oxidation
leading to its radical cation would initiate the cycloaddition
mechanism. A key aspect in the design of this process is that
in situ N-substitution would likely be necessary; the indoline
product would otherwise be more susceptible to oxidation
than the indole itself, thus suppressing propagation. This
principle is consistent with earlier examples of photosensi-
tized (4+2) cycloadditions between indoles and dienes.[12,13]

To that end, our initial screening of reactivity is shown in
Figure 2a. We treated 5-bromoindole with ethyl vinyldiazoa-
cetate using both the Cr and Ru photocatalysts (entries 1,
2), adding an acid chloride and NaHCO3 for post-cyclo-
addition acylation. Acetyl chloride afforded modest yields,
but more encouraging results were obtained using benzoyl
chloride. We were delighted to observe the formation of
product 5—with exclusive regio- and diastereoselectivity—
but in somewhat modest yield compared to the previous
cycloaddition yields using electron rich alkenes. Other
oxidizing photocatalyst systems were examined, both organ-

ic and inorganic (see Supporting Information for full catalyst
screen), but were met with limited success.[18] [Ru(bpz)3]-
(PF6)2 has been the most broadly successful photocatalyst in
inducing radical cation cycloadditions;[2f, 19] thus its unexcep-
tional activity here prompted us to probe deeper. The
bipyrazine ligands impart improved oxidation capacity over
bipyridine ligands (i.e., as in [Ru(bpy)3]

2+), but we hypothe-
sized that these ligands may also be reactive with the
acylating agent.[20] Indeed, when we subjected the Ru
catalyst to BzCl and irradiation, a marked change in UV/Vis
absorption was observed (Figure 2b), suggesting the catalyst
composition had transformed during the reaction.[21]

[Cr(Ph2phen)3](BF4)3 was generally less reactive than
[Ru(bpz)3](PF6)2 in radical cation cycloadditions, but we
thought this catalyst system framework may offer a path
forward. One reason for the lesser reactivity of the Cr
complex is its weaker absorption properties; if absorbance
could be increased, then it could possibly translate to a more
reactive catalyst. Electron-rich substituents are known to
have measurable effects on bathochromic shifts in
absorbance,[22] and we hypothesized this principle may be
applicable to the chromium trisphenanthrolinyl complexes.
We found that introducing p-OMe substituents on the
phenyls of the bathophenanthroline (1b, [Cr(PMP2phen)3]-
(BF4)3) led to a complex with a red-shifted, higher
absorbance (Figure 3a). A similar experiment with BzCl and
irradiation also indicated more promising catalyst stability.
To our delight, this complex also led to a significant increase
in yield in the (3+2) cycloaddition, affording an improve-
ment to 75% yield of the desired acylated cycloadduct

Figure 2. a) Initial Ru and Cr catalyst evaluation. b) Time-lapsed UV/Vis
evaluation of Ru catalyst stability to BzCl and irradiation. [a] NMR yield
determined using CH2Br2 as a standard.

Figure 3. a) Implementing a red-shift in the trisphenanthrolinyl Cr
complex, and its time-lapsed UV/Vis evaluation to BzCl and irradiation.
b) Successful cycloaddition with [Cr(PMP2phen)3](BF4)3. [a] NMR yield
determined using CH2Br2 as a standard.
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(Figure 3b). Further increasing the amount of BzCl and
NaHCO3 to 3 and 5 equiv. respectively was highly beneficial,
yielding 94% of cycloadduct 5. Chloroformates were equally
effective as acylating agents in the transformation; using
2,2,2-trichloroethoxycarbonyl chloride (TrocCl) we obtained
an excellent 95% yield of the cycloadduct.

The scope of this dearomative cycloaddition is depicted
in Scheme 1. The reaction tolerated a number of C5-func-
tional groups on the heterocycle, including halides, esters,
silyl ethers, boronates, nitriles, and nitro groups (5a–5 i).
Silyl ether 5f and nitro 5 i were afforded in moderate yields,
implicating a window of optimal reactivity based on the
electronic nature of the indole starting material. Substitu-
tions at C4, C6, and C7 (5 j–l) were all accommodated. In
addition to ethyl vinyldiazoacetate, the tert-butyl, benzyl,

and phenyl esters were effectively reactive (5n–p). A
diazoacetate with β-substitution could also participate in the
cycloaddition (5q), although γ-substitution was not
tolerated.[23] Several acid chlorides and chloroformates could
be utilized (5r–w), generally with the stipulation that there
was no α-C� H on the acylating agent.[24] Finally, the reaction
was also not limited to diazoesters; the (3+2) cycloaddition
was effective using an acylpyrazole-based vinyldiazo species
(5x, 64% yield).

Table 1 highlights the importance of various parameters
in this cycloaddition. The choice of base was important;
other inorganic and organic bases were not as successful
(entries 2–4), sometimes shutting down the cycloaddition
altogether. Visible light (23 W CFL) was the optimal light
source, although other light sources still promoted reactivity
(entries 6,7). Fewer equivalents of the vinyldiazo reagent
were tolerated, albeit in modestly diminished yield (entry 8).
This reaction can be conveniently set up open to air,
although we found the reaction performed equally well in an
oxygen or inert atmosphere (entries 9,10), suggesting little
to no role for O2. Lower catalyst loading led to a marginal
decrease in yield (entry 11). Catalyst and light were essential
for cycloaddition to occur (entries 12,13), while acylating
agent was critical for the reaction to progress (entry 14).
Added TEMPO significantly hampered reactivity, suggest-
ing radical intermediacy in the mechanism (vide infra).

Indoles with C2- and/or C3-substitution proved to be
uniquely challenging. Several acylating agents were inves-
tigated with indole 6a (Scheme 2a). Standard conditions
utilizing TrocCl with NaHCO3 for acylation proved to be
incompatible, as were most other acylating reagents exam-
ined (see Supporting Information for full list of reagents).

Scheme 1. Photocatalyzed (3+2) cycloaddition - reaction scope. [a]
Pyrazole (from diazo rearrangement) present; yield is of cycloadduct
only.

Table 1: Evaluation of photocatalyzed indole (3+2) cycloadditions with
[Cr(PMP2phen)3](BF4)3.

[a] Yields determined by 1H NMR with CH2Br2 as a standard. [b]<20%
unprotected cycloaddition product observed.

Scheme 2. Expansion of cycloaddition to C2/C3-substituted indoles.
a) Evaluation of base-mediated conditions with acylation agents.
b) Facile deprotonation of indole radical cation. c) Base-free conditions
in the cycloaddition. [a] Yields determined by 1H NMR with CH2Br2 as a
standard.
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More electron deficient benzoyl chlorides exhibited moder-
ate reactivity (entries 3, 4). We believed a different reagent
could be fruitful, perhaps more compact or one that would
avoid HCl byproduct generation.[25] TFAA was ineffective,
but encouragingly, the infrequently used trimethylacetic
formic anhydride (8)[26,27] showed measurable activity.
Although the modest reactivity across these acylating agents
was perhaps predictable due to the increased substitution
around the indoline nitrogen, we did not believe that sterics
alone could fully explain the reaction failure. We hypothe-
sized that in the presence of the base necessary for N-
acylation, the radical cation intermediate could be compet-
itively deprotonated, leading to a radical species that
complicates reactivity (Scheme 2b). A base-free acylation
may circumvent this problem. We thus examined several
potential acylation agents without the addition of base on
indole 6a (Scheme 2c). Trimethylacetic formic anhydride
was singularly effective, generating N-formyl cycloadduct 7
in excellent yield.

A range of C2/C3 mono- and disubstituted indoles could
engage in the cycloaddition using this unique anhydride
reagent (Scheme 3). Indoles with fused rings were notably
effective (7e–h). A substituent on the fused ring induces
high diastereoselectivity in the facial addition (7h). Nitrogen
substituents have been routinely challenging in this class of
cycloadditions, but in this case a phthalimide-based trypt-
amine derivative was tolerated in modest yield (7 i). A
comparison of products 7 j and 7k is also informative. Based
on our previous understanding of this class of reactions, the
vinyldiazo acts as a nucleophile to attack the C3 position of
the radical cation intermediate. The yields of adducts 7j and
7k are consistent with this mechanistic picture, implicating a
responsiveness to the steric environment in this nucleophilic
attack.[28]

To shed insight on the mechanistic pathway, several
experiments were conducted. First, both N-Me indole 9a
and N-Troc indole 9b were not viable substrates (Sche-
me 4a), establishing that the N� H indole species is required
for the cycloaddition to proceed.[29] Second, the (3+2)
cycloaddition was performed in the presence of 2,5-dimeth-
yl-2,4-hexadiene (10, Scheme 4b). This triplet-quenching
additive has been shown to inhibit reactivity in photo-
catalytic intramolecular (2+2) cycloadditions between in-
doles and alkenes.[9b,e] The (3+2) cycloaddition between
indole 3a and vinyldiazo 4a is virtually unaffected by this
diene; this outcome implicates the lack of an energy transfer
pathway.[30] Next, indole competitions are depicted in
Scheme 4c. 5-Bromoindole (3a) was subjected to the cyclo-
addition in the presence of an equivalent of either 5-
methoxycarbonylindole (3b) or 5-methylindole (3c). In the
former case the cycloaddition preferences are about the
same, while in the latter there is a near-exclusive selectivity
for cycloaddition with the 5-methylindole. This reaction
profile is consistent with reactivity being governed by the
indole’s electronic properties; the more oxidizable indole
preferentially engages. The reduction potential of vinyldiazo
4a is +1.57 V vs. SCE,[2f] higher than the indoles used in this
experiment. This difference suggests photocatalyzed oxida-
tion of the vinyldiazo species is not as likely.

Scheme 3. Photocatalyzed (3+2) cycloaddition with C2/C3-substituted
indoles. [a] 2 mol% 1b, 5 equiv 4a.

Scheme 4. Mechanistic studies of the (3+2) dearomative cycloaddition.
a) Unreactivity of N-substituted indoles. b) Minimal reaction impact by
triplet-quenching diene. c) Competition experiments on electronically
differentiated indoles. [a] Yields determined by 1H NMR with dodecyl
acetate as a standard.
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Based on these experiments and the aforementioned
indole-diene (4+2) cycloadditions,[12,13] we propose the
transformation occurs as depicted in Figure 4. Oxidation of
the indole by the CrIII excited state generates radical cation
3+*. There is significant radical character at C3 in this
species,[12c,31] which then combines with the vinyldiazo to
yield intermediate 11.[32] Ring closure and subsequent
reduction with either CrII or indole substrate affords fused
indoline 13. The transformation culminates with an acylation
to drive the product outside the oxidation window of the
catalyst. In Davies’s analogous Rh-catalyzed (3+2) cyclo-
addition via a carbenoid species, the regioselectivity of the
addition was dictated by C2/C3-substitution on the
indole.[14a] In this particular photocatalyzed cycloaddition,
regioselectivity is exclusive and distinct, governed entirely
by the selectivity induced from the indole radical cation
intermediate (3+*).[33]

A couple of additional pieces of evidence are also
consistent with the proposed single electron transfer mecha-
nism. The suppressed reactivity by TEMPO (vide supra,
Table 1, entry 16) implicates the intermediacy of radical
species. Stern–Volmer quenching studies revealed a strong
linear relationship between the concentration of indole 3a
and the emission signal from the Cr complex excited state
related to electron transfer (Figure 5). Meanwhile, varying
concentrations of vinyldiazo 4a did not impact the same Cr
emission signal whatsoever.[34] These photophysical experi-

ments further point to a reaction mechanism involving
initiation by electron transfer.

The indoline cycloadducts can be readily diversified, as
shown by the transformations of indoline 5a (Scheme 5).
Removal of the trichloroethoxycarbonyl proceeds in excel-
lent yield (14). Cross couplings with the aryl bromide moiety
can be achieved with aryl or heteroaryl boron reagents
(15a,b). Allylic oxidation affords enone 16,[35] while DIBAL
reduction generates hemiaminal ether 17.[36] The fused 5,5-
ring system allows for diastereoselective transformations.
Conjugate reduction using NaBH4/Fe(tpp)Cl generates the
exclusive saturated ester diastereomer (18).[37] The enoate is
also poised for subsequent cycloadditions. Nitrile oxide
addition[38] affords isoxazoline 19 with excellent regioselec-
tivity and moderate dr, while Ag-catalyzed glycine-imine (3
+2) cycloaddition[39] yields pyrrolidine 20 featuring six
stereogenic centers. For formylated derivatives, the removal
of the N-protecting group is also straightforward under
acidic conditions (7 f!21). The synthetic handles generated
via this cycloaddition present a breadth of options for
subsequent manipulations, offering promise for wide appli-
cations.

Conclusion

The development of catalysts based on earth abundant
metals is an important endeavor toward sustainable
chemistry. These catalysts also present the possibility of
discovering unique transformations altogether. We have
described herein the development of an increased-activity
first row metal photocatalyst, [Cr(PMP2phen)3](BF4)3, and

Figure 4. Proposed reaction mechanism.

Figure 5. Stern–Volmer analysis.

Scheme 5. Indoline product diversification. (i) Zn, AcOH, 23 °C, 98%
yield. (ii) 22a, cat. Pd(dppf)Cl2, K3PO4, H2O, 1,4-dioxane, 100 °C, 68%
yield. (iii) 22b, cat. Pd(dppf)Cl2, K3PO4, H2O, 1,4-dioxane, 100 °C, 64%
yield. (iv) PDC, t-BuOOH, PhH/H2O, 0 to 23 °C, 63% yield. (v) DIBAL,
CH2Cl2, 0 °C, 64% yield. (vi) NaBH4, cat. Fe(tpp)Cl, THF/MeOH, 23 °C,
83% yield. (vii) 23, Et3N, EtOAc/CH2Cl2, 23 °C, 82% yield. (viii) 24, cat.
AgOAc, cat. PPh3, Et3N, PhCH3, 23 °C, 92% yield. (ix) HCl, MeOH/
H2O, 23 °C, 65% yield.
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demonstrated its efficacy in dearomative (3+2) cycloaddi-
tions with indoles. Densely functionalized indolines are
accessible via this extremely mild transformation, with
synthetic handles poised for further manipulation. Further
characterization of this new catalyst and derivatives, mecha-
nistic studies, and applications in additional transformations
and bioactive indoline syntheses are underway.
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