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Abstract: The photolysis of diazoalkanes is a timely strat-
egy to conduct carbene-transfer reactions under mild and
metal-free reaction conditions, and has developed as an
important alternative to conventional metal-catalyzed car-
bene-transfer reactions. One of the major limitations lies
within the rapidly occurring side reaction of the carbene
intermediate with remaining diazoalkane molecules that
result in the use of an excess of the reaction partner and
thus impacts on the reaction efficiency. Herein, we de-
scribe a protocol that takes advantage of the in situ gen-
eration of donor-acceptor diazoalkanes by Bamford-Ste-
vens reaction. Following this strategy, the concentration
of the diazoalkane reaction partner can be minimized to
reduce unwanted side reactions and to now conduct pho-
tochemical carbene transfer reactions under stoichiometric
reaction conditions. We have explored this approach in
the C—H and N—H functionalization and cyclopropanation
reaction of N-heterocycles and could demonstrate the ap-
plicability of this method in 51 examples.

/

The photolysis of diazomethane in ethereal solution was stud-
ied by Meerwein and co-workers in 1942 and is probably one
of the first examples for the direct, yet unselective, functionali-
zation reaction of unreactive C—H bonds."? The limitations of
this methodology lie within the high reactivity of the carbene
intermediate and thus unselective downstream reaction, which
led to the development of metal-catalyzed carbene-transfer re-
actions. The advances in this research have guided the devel-
opment of highly efficient catalysts, based on precious metals,
such as Rh, Ir, Pd, or Au, and today there several protocols that
allow highly efficient and site-selective C—H functionalization
reactions.”?
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In recent years, the visible-light photolysis of diazoalkanes
attracted the interest of organic synthetic chemists to conduct
metal-free carbene-transfer reactions,® and first reports al-
ready accentuate its high potential in photochemical, metal-
free cycloaddition,” rearrangement,” olefination,® X—H,©?
and C—H functionalization reactions.® Despite these advances,
applications are mainly limited to the use of a large excess of
one reaction partner due to rapidly occurring side reactions of
the carbene intermediate with remaining unreacted diazoal-
kane molecules, for example, in diazine (3) formation
(Scheme 1).

Stoichiometric photochemical carbene-transfer reactions are
highly attractive and this approach should allow highly atom-
economic transformations under mild reaction conditions. To
address this challenge, we sought to study the in situ genera-
tion of diazoalkanes from bench-stable precursors. For this pur-
pose, we decided to study the reaction of tosyl hydrazones (4)
under basic reaction conditions,"” while illuminating the reac-
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Scheme 1. Photochemical carbene-transfer reactions: conventional vs. in situ
approach.
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tion mixture with visible light at ambient temperature. This ap-
proach should allow the in situ generation of diazoalkanes,""
which should undergo carbene-transfer reactions under photo-
chemical conditions with significantly improved side-reaction
profile compared to the direct photolysis of diazoalkanes.
Against this background, we have conducted a systematic
study on photochemical carbene-transfer reactions by using an
in situ protocol for the generation of the diazoalkane. Follow-
ing this approach, we now open up a new pathway towards
carbene transfer reactions under stoichiometric reaction condi-
tions.

We initiated our investigations by studying the Bamford-Ste-
vens reaction of tosyl hydrazone (4a) with and without the ad-
dition of N-methyl indole (5) as a nucleophile and both in the
dark and under irradiation with visible light at 470 nm. When
subjecting tosyl hydrazone 4a to basic conditions in dichloro-
methane solvent at room temperature, we could indeed ob-
serve the formation of the desired methyl phenyldiazoace-
tate 1 (Scheme 2a). When performing this reaction under irra-
diation with blue LEDs under otherwise identical conditions,
methyl phenyldiazoacetate 1 was only formed in small
amounts (< 10%) and the decomposition of the diazoester to
the diazine 3 was observed (Scheme 2b).

Next, we performed this experiment in the presence of N-
methyl indole 5. We could observe that tosyl hydrazone 4a is
rapidly consumed and the desired C—H functionalization pro-
duct6a is formed at the same time. Notably, only small
amounts of diazoester 1 could be observed by 'H NMR spec-
troscopy of the reaction mixture (<7%) and as a consequence
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Table 1. Reaction optimization.

Ph

NHTs base (1.5 equiv) CO,Me
N . @ blue LED (470 nm)
CO.Me N\ solvent ,:
1.0 equiv 1.0 equiv \
4a 5 6a
Entry® R Base Solvent Yield [%]
1 CO,Me Cs,CO, DCM 86
2 CO,Me K,CO, DCM 31
3 CO,Me KOtBu DCM 36
4 CO,Me NaOtBu DCM 59
5 CO,Me NEt, DCM 49
6" CO,Me Cs,CO, DCM no rct.
71 methyl phenyldiazoacetate  DCM 38
(1)
8 CO,Me Cs,CO, DCM 66

[a] Tosyl hydrazone 4a (0.2 mmol, 1.0 equiv) and Cs,CO; (0.3 mmol,
1.5 equiv) were suspended in 1.0 mL of DCM. Then indole (0.2 mmol,
1.0 equiv) and another 1.0 mL of DCM were added to the reaction mixture
and irradiated with one 3 W LED for 5-6 hours. [b] Reaction in the dark.
[c] Reaction with methyl phenyldiazoacetate (1.0 equiv) instead of 4a and
N-methyl indole 2 (1.0 equiv). [d] Reaction with 4a (1.0g, 3 mmol,
1.0 equiv), 5 (3 mmol, 1.0 equiv), Cs,CO; (4.5 mmol, 1.5 equiv) in 10 mL
DCM using 50 W blue LED.

(Scheme 2¢). In the absence of light, no C—H functionalization
reaction was observed under otherwise identical conditions
(Table 1, entry 6). This data indicates that the C—H functionali-
zation of indole heterocycles only takes place in the presence
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Scheme 2. a) Reaction of tosyl hydrazone 4a and Cs,CO; (1.5 equiv) in the dark; b) Reaction of tosyl hydrazone 4a and Cs,CO; (1.5 equiv) under irradiation
with 470 nm LEDs (3 W); c) Reaction of tosyl hydrazone 4a and Cs,CO; (1.5 equiv) in the presence of N-methyl indole (5, 1.0 equiv) under irradiation with
470 nm LEDs (3 W); Color coding: orange tosyl hydrazone 4a, blue methyl phenyldiazoacetate 1, grey diazine 3, brown N-methyl indole 5, green C—H func-

tionalization product 6a.
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In further experiments, we investigated different solvents, re-
action times, and bases in this transformation to further opti-
mize the C—H functionalization reaction of indole."? However,
in the case of tertiary amines or alkoxide bases, only signifi-
cantly reduced reaction yields were observed, which might be
reasoned by the high basicity and rapidly occurring Bamford-
Stevens reaction (Table 1). Among all other bases and solvents
tested, the combination of Cs,CO; and dichloromethane (DCM)
solvent proved to be optimal and the C—H functionalization
product 6a was obtained in 86 % isolated yield under stoichio-
metric reaction conditions. Importantly, when performing the
reaction of methyl phenyldiazoacetate and N-methyl indole
under stoichiometric conditions, the desired product was ob-
tained only in significantly decreased yield (Table 1, entry 7).
We also studied the application of this methodology in gram
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scale, and could obtain the desired C—H functionalization
product in 66% yield without further optimization (Table 1,
entry 8).

Next, we embarked on the application of this method in the
C—H functionalization of N-heterocycles. For this purpose, we
studied different N-protected indole derivatives (5) and tosyl
hydrazones (4) under the optimized reaction conditions. Differ-
ent substitution patterns around the indole heterocycle were
well tolerated and the C—H functionalization products were
obtained in high isolated yield. Notably, even indole heterocy-
cles bearing strongly electron-withdrawing substituents, such
as a nitrile or an ester group, reacted under the present reac-
tion conditions to the corresponding C—H functionalization
products in good yield (Scheme 3, 6d and e). When comparing
to currently available protocols that rely on metal-catalyzed

n NHTs base (1.5 equiv) R COzMe
O\/B blue LED (470 nm) o~
Ar COZMe y solvent N
Z >N
4 5 6a-6ad R’

investigations on different core-substiution patterns
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F Br NC MeO,C
A AN AN AN
N N N N
\ \ \ \

6a, 86% 6b, 76% 6c, 81% 6d, 82% 6e, 52% 6f, 69% 6g, 2% 6h, 71%
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=
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Scheme 3. Investigation of the substrate scope with N-protected indole heterocycles.
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carbene-transfer reactions, electron-deficient indole heterocy-
cle often react under either reduced yield or have not been re-
ported at all.”® Quite unexpected, even the substitution of the
indole heterocycle in the fourth position was tolerated, and
the C—H functionalization reaction proceeded in good yield
(Scheme 3, 69). Next, different N-substituted indole derivatives
were studied, which gave the desired C—H functionalization
product in good isolated yield. A range of functional groups,
including esters, nitriles, trifluoromethoxy, olefins, or halogens,
are tolerated under the present reaction conditions and in all
cases the desired C—H functionalization product was obtained
in good-to-high isolated yield (Scheme 3, 6i-w).

In further investigations, we studied different tosyl hydra-
zones under the present reaction conditions. Ester-substituted
hydrazones readily underwent C—H functionalization reaction
with N-methyl indole in good yield (Scheme 3, 6 x-ad). Impor-
tantly, the present method is particularly suited to conduct car-
bene-transfer reactions with electron-rich aryldiazoacetates
(Scheme 3, 6z and aa), which are challenging substrates in
conventional photochemical carbene-transfer reactions due to
the electron-donating nature of the aryl substituent. Halogen-
or trifluoromethoxy-substituted tosyl hydrazones react similarly
and the product of C—H functionalization can be obtained in
moderate to good yield (Scheme 3, 6ab-ad). The limitation of
the present methodology lies within the use of electron-poor
diazoacetates, because the required ketoesters can only be
prepared by multistep synthesis. Notably, when using trifluoro-
methyl- (Scheme 3, 7) or donor-substituted tosyl hydrazones
(Scheme 3, 8a and b) the C—H functionalization reaction did
not occur.

We next focused on the application of different N-heterocy-
cles, which underwent smooth C—H functionalization by using
this in situ generation protocol. Control experiments with
methyl phenyldiazoacetate revealed only diminutive amounts
of the C—H functionalization product (up to 13% yield). Note-
worthy, under the present reaction conditions, the photochem-
ical approach towards C—H functionalization of 7-azaindole
heterocycles is superior over currently available methods using
specialized Rh" catalyst, excess amount of the expensive het-
erocycle and continuous-addition techniques." Similarly, the
direct C—H functionalization of indazole heterocyicles still re-
mains a challenge in organic synthesis.™” When switching to
the electron-rich N-methyl pyrrole the product of C—H func-
tionalization of the C>~H bond was obtained in moderate yield
(Scheme 4).

Ph Ph
CO,Me CO,Me
CO,Me
| N\ N m 2
“>N N N  Ph
NOA \ \

9 10 1"
in situ protocol 74% 52% 57%
with methyl 10% <5% 13%

phenyldiazoacetate

Scheme 4. C—H functionalization of different N-heterocycles under stoichio-
metric conditions.
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Encouraged by the above-described observations on effi-
cient C—H functionalization reactions of indole heterocycles,
we became intrigued in studying the N—H functionalization of
unprotected N-heterocycles, such as indole and carbazole.®
For this purpose, we studied the reaction of indole and 3-
methyl indole with tosyl hydrazone 4a under the optimized,
stoichiometric reaction conditions, yet the desired N—H func-
tionalization product was obtained in only low yield. When
switching to carbazole heterocycles, the desired N—H function-
alization products could be obtained in good isolated yield.
Similarly, tetrahydroquinoline or thienopiperidine reacted
smoothly to the desired N—H functionalization product. The re-
action with the latter provides a direct access to biologically
important molecules and enables the direct synthesis of an an-
alogue of clopidogrel in good isolated yield. In comparison to
our previously reported method for N—H functionalization re-
actions of carbazole heterocycles,” the present method now
allows the use of secondary amines and stoichiometric reaction
conditions and thus improves on the reaction efficiency
(Scheme 5).

o OF Qo
N N N Ph
o o. o
o] o) o]
12a, 20% 12b, 54% 12c, 48%
cl cl B Br
:N :N N
Ph )\COZMe Ph )\COZMe Ph )\COZMe
13a, 53% 13b, 49% 13c, 46%
OMe
S
N
Ph )\COZMe Ph )\COZMe Ph )\COZMe
13d, 71% 13e, 54% 13f, 53%
%
g )
) X
Ph )\COZMe Ph”™ "COMe
14a, 61% 14b, 64%

clopidogrel analogue

Scheme 5. N—H functionalization under stoichiometric conditions.

In further studies, we embarked on studying cyclopropana-
tion reactions of heterocycles. For this purpose, we investigat-
ed the influence of the N-protecting group of indole heterocy-
cles in the reaction with tosyl hydrazone 4a under stoichio-
metric reaction conditions. Both a Boc and a pivaloyl protect-
ing were tolerated under the present conditions and the de-
sired cyclopropanation products were obtained in good yield.
Boc-protected indole gave the desired cyclopropanation prod-
uct (15) only as a 1:1 mixture of both diastereoisomers. Contra-
rily, the pivaloyl protected indole and derivatives thereof react-

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ed in a highly diastereoselective reaction to the corresponding
cyclopropanes (16a-d). It is important to note that the yields
of the in situ protocol compare well with the yields using light
mediated cyclopropanation reactions of protected indole het-
erocycles with aryldiazoacetates; however, the in situ protocol
now allows a stoichiometric use of the important heterocyclic
reaction partner. Under the present reaction conditions, sulfur-
containing heterocycles react selectively under cyclopropana-
tion reaction, and no product arising from C—H functionaliza-
tion was observed. The desired cyclopropanes 17 and 18 were
obtained in moderate yield, which is comparable to present
synthesis methods using expensive Au' catalysts (Scheme 6).""”!

Ph H Ph
F o = ). o o
W : @\/7' s
;\ o] N “HO
(0]
% o/}\é

2> oI
o=
o]
Ve

0]
15, 54% 16a, 65% 16b, 70%
dr. 1.2:1 d.r. >20:1 d.r. >20:1

o)\é o

16c, 68% 16d, 78 %
d.r. >20:1 d.r. >20:1
Ph Ph
H H
I N N e N
Cryy™ oy
s HO Sy
17, 43% 18, 56%

Scheme 6. Cyclopropanation of heterocycles under stoichiometric condi-
tions.

In summary, we could demonstrate that photochemical car-
bene-transfer reactions can now be conducted under stoichio-
metric reaction conditions by using a protocol that provides
an in situ access to aryldiazoacetates from tosyl hydrazones
under Bamford-Stevens conditions at ambient temperature.
The in situ generation of diazoesters is pivotal to reduce the
concentration of the diazoester in the reaction solution and to
thus reduce unwanted side reactions. This strategy now allows
efficient metal-free C—H and N—H functionalization and cyclo-
propanation reactions of heterocycles under mild and opera-
tionally simple reaction conditions and avoids the use of toxic
diazoalkane reaction partners.
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