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C–C Bond Formation

Tandem C–C Bond Cleavage of Cyclopropanols and Oxidative
Aromatization by Manganese(IV) Oxide in a Direct C–H to C–C
Functionalization of Heteroaromatics
Desta Doro Bume,[a] Cody Ross Pitts,[a] and Thomas Lectka*[a]

Abstract: We report a direct C–H to C–C bond functionaliza-
tion of electron-deficient heteroaromatics enabled by mild C–C
bond cleavage of cyclopropanols as a new route to β-aryl
carbonyl-containing products. Additionally, as an alternative to
using a “catalyst” that requires an excess amount of a sacrificial
oxidant for regeneration and/or oxidative aromatization, this
paper features manganese(IV) oxide as an inexpensive “dual
role” reagent – effecting both C–C bond cleavage and ultimate
rearomatization. Under the specified conditions, a variety of

Introduction

The C–H to C–C bond functionalization of aromatic molecules
is an essential part of organic synthesis. As the prototypical
example, Friedel–Crafts chemistry has been instrumental in
alkylation, arylation, and acylation of countless aromatic sys-
tems.[1] However, these reactions are less amenable to electron-
deficient substrates, such as the nitrogen-based heterocycles
that comprise a substantial portion of biologically relevant mol-
ecules.[2] Instead, such substrates provide a better electronic
platform to construct C–C bonds by pairing, for instance, nu-
cleophilic radicals with electron-deficient sites on the aromatic
ring (thus guiding the opposite selectivity of Friedel–Crafts
chemistry).[3] This concept has received a large amount of atten-
tion in recent decades, especially regarding the addition of sp3-
carbon-centered radicals to heteroaromatics by decarboxyla-
tion,[4] dehalogenation,[5] and the decomposition of alkylboron
species[6] and metal sulfinate compounds,[7] among other
methods.[8] From another vantage point, more efficient meth-
ods and increasingly complex structures may be accessible by
applying direct C–C activation. Given our recent experience
with cyclopropane ring-opening chemistry,[9] we envisioned
that the generation of an alkyl radical by C–C bond cleavage of
a cyclopropanol in the presence of an electron-deficient aro-
matic ring could yield an interesting variety of β-aryl
carbonyl-containing products not previously reported in the lit-
erature.[10]
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heterocycles proved competent for regioselective C–C bond for-
mation, alongside a diverse array of cyclopropanols with broad
functional-group tolerance. We highlight applications to com-
plex-molecule synthesis and direct derivatization of biologically
active alkaloids. Furthermore, kinetic isotope effect (KIE) experi-
ments, radical scavengers, and some insight into the application
of tri- and tetravalent manganese species are invoked to shape
an initial mechanistic hypothesis.

Notably, a common feature of modern heterocycle alkylation
methods (e.g., in many decarboxylation reactions[4]) is the cata-
lytic generation of alkyl radicals; yet, this is invariably counter-
balanced by the necessity for an excess amount of a “sacrificial
oxidant” to restore aromaticity and/or regenerate the cata-
lyst.[11] Accordingly, it may be equally if not more advantageous
to find one inexpensive reagent to play both roles efficiently by
(1) generating alkyl radicals and (2) re-establishing aromaticity
following radical addition, thus obviating the need for a sacrifi-
cial reagent. In this paper, the “dual role” reagent approach is
applied to the search for conditions whereby heterocyclic C–C
bond formation is achieved from cyclopropanol ring-opening
chemistry. Upon screening a number of potential oxidants, we
rapidly found that stoichiometric manganese(IV) oxide success-
fully balances this dual role (Scheme 1). Manganese(IV) oxide is
inexpensive, mild, abundant, and relatively nontoxic, making it
an ideal candidate.

Scheme 1. “Dual role” reagent.

Results and Discussion

We began screening with 2-n-hexyl-1-methylcyclopropan-1-ol
(1) and an excess of pyridinium tosylate (2) in MeCN in the
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presence of the oxidants in Table 1 under N2. Although most
of these oxidants consumed the starting material (primarily
generating the corresponding enone[12]), we quickly found that
manganese(IV) oxide was competent in eliciting the desired
heterocycle alkylation reaction. Manganese(IV) oxide is a very
logical “dual role” candidate, as there is precedent for this rea-
gent playing both necessary roles. For instance, manganese(IV)
oxide has been widely utilized as a mild oxidant for allylic,
benzylic, and propargylic alcohols, and under certain circum-
stances saturated alcohols.[13] It has also been used as an
oxidant in the rearomatization of 1,4-dihydropyridines.[14]

Table 1. Screening for “dual role” oxidants.

[a] Combined 2- and 4-isomers of alkylated pyridine. [b] Using pyridinium
tosylate or pyridine/trifluoroacetic acid.

Regarding additional reaction optimization, we found that:
(1) Pyridine (as opposed to pyridinium) is significantly less com-
petent in the reaction. This is likely due to more favorable or-
bital overlap of the pyridinium LUMO with the HOMO of the
nucleophilic carbon-centered radical.[15] (2) For ease of prepara-
tion, the pyridinium salt can be generated in situ with equimo-
lar trifluoroacetic acid and with no sacrifice in yield. (3) Heating
of the reaction mixture to 80 °C provides no further increase in
yield. (4) Decreasing the amount of pyridinium (and also the
MnO2) is accompanied by a decrease in yield.[16] (5) Lower-
valent manganese species (Entries 4 and 5, Table 1) are less
competent. Thus, the optimal conditions require stirring of
1.0 equiv. of the cyclopropanol, 1.1 equiv. of MnO2, 5.0 equiv.
of trifluoroacetic acid, and 5.0 equiv. of pyridine at room tem-
perature in MeCN overnight.

Using these conditions, we surveyed the scope of the reac-
tion for various commercially available heterocycles using 2-
benzyl-1-methylcyclopropan-1-ol and 2-n-hexyl-1-methylcyclo-
propan-1-ol (Figure 1). In the prototypical example, 2- and 4-
alkylated adducts of pyridine were isolated in 80 % yield in a
2.4:1 (3a/3b) ratio using 2-benzyl-1-methylcyclopropan-1-ol
[similar ratio of 2:1 (4a/4b) using 1]. When obstructing the 4-

Eur. J. Org. Chem. 2016, 26–30 www.eurjoc.org © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim27

position of pyridine with electron-withdrawing substituents
(e.g. 5, 6, and 7), the only major product was alkylated in the
2-position.[17] No 3-alkylated products were isolated in any in-
stance, and the presence of electron-donating substituents on
the ring produced a substantial decrease in yield (i.e. 4-meth-
oxypyridine derivative 8 was isolated in only 22 % yield). This
is consistent with the concept of pairing a nucleophilic carbon
radical with the most electron-deficient site(s) on the hetero-
cycle.

Figure 1. Reaction scope: varying heterocycles. Isolated yields reported.
[a] Unless otherwise specified.

Beyond substituted pyridines, other nitrogen-based hetero-
cycles proved equally competent in the reaction, particularly
quinoline derivatives 9–14. Quinoline behaved similarly to pyr-
idine, providing only the 2- and 4-alkylated adducts in up to
81 % yield (11 and 12). Blocking the 2- or 4-position also re-
sulted in only one product (9, 10, and 13). Additionally, 4-
bromoisoquinoline and polycyclic heterocycles, such as acridine
and phenanthridine, were regioselectively converted into one
alkylated product (14–16). Aromatic molecules that contain
multiple heteroatoms (i.e. quinoxaline and benzothiazole) also
exhibit efficient regioselective alkylation (17 and 18). Lastly, we
demonstrate the value of these products as potential building
blocks in complex-molecule synthesis, e.g., the dehydration of
alkylated isoquinoline (obtained from the reaction of 19 and
20) to obtain the extended benzopyrrocoline skeleton 21,
present in the lamellarin natural products (Scheme 2).[18]
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Scheme 2. Potential application to natural-product synthesis.

Next, we examined the substrate scope with respect to vary-
ing the cyclopropanols (Figure 2). The majority of cyclopropan-
ols in Figure 2 were easily prepared by Kulinkovich chemistry,[19]

and acridine was chosen for screening purposes due to high
regioselectivity and ease of isolation. The reaction consistently
afforded very good yields for cyclopropanols that putatively in-
volve both primary and secondary carbon-centered radical in-
termediates (22–33). To highlight a few entries: (1) The cyclo-
propanol derived from safrole produced compound 22 in 86 %
yield; this reasonably translated into a gram-scale application
of the reaction. (2) The tricyclic cyclopropanol derived from nor-
bornene produced the bicyclo[2.2.1]heptane derivative 25 in
73 % yield. (3) The presence of an amine or ether substituent
does not greatly affect the product yields (28 and 30). (4) Bi-
cyclo[3.1.0]hexan-1-ol selectively ungergoes a ring expansion to
afford β-substituted cyclohexanone 31 in good yield. (5) If the
cyclopropanol employed is a hemiacetal, the β-substituted es-
ter is equally accessible (32). (6) Finally, the reaction can also
be applied to larger molecular skeletons, such as 33 (whose
starting cyclopropanol was derived from methyl lithochol-
ate[20]). Remarkably, the secondary alcohol (in the 3-position) is
not oxidized over the course of the reaction.

Figure 2. Reaction scope: varying cyclopropanols. Isolated yields reported.
[a] Alkylated solely in the 9-position.
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In addition to the synthesis of non-natural steroid 33, we
also briefly explored the application of this reaction to other
particularly complex substrates that represent drug derivatives
and/or natural products (Figure 3). Bisacodyl, a known laxative
containing a substituted pyridine,[21] was alkylated in the 2- and
4-positions in a 1:1 ratio in 44 % yield (34). Benzoylquinine, an
antimalarial derivative[22] also employed as an asymmetric cata-
lyst,[23] was selectively alkylated in the 2-position of its quinol-
ine ring in 39 % yield (35).

Figure 3. Direct application to complex molecules.

As a final point of interest, we offer initial insight into the
reaction mechanism. The first step of our working hypothesis
involves putative coordination of manganese(IV) oxide and
one-electron oxidation of the cyclopropanol, activating the
more substituted C–C bond to produce a β-oxo carbon-cen-
tered radical intermediate (possibly in equilibrium with the cor-
responding metalloradical[24]).[25] In the presence of TEMPO
(36), a notorious radical scavenger,[26] no alkylation of the
heterocycle was observed in the 1H NMR spectrum of the crude
reaction mixture (Scheme 3). Additionally, we took the opportu-
nity to apply Selectfluor (37) as a radical trap, as it is an estab-
lished source of atomic fluorine in the presence of alkyl radicals
(Scheme 3).[27] The β-fluorinated product 38 is, in fact, observed
by 19F NMR spectroscopy, strongly supporting initial cyclo-
propanol ring-opening to produce a radical intermediate.[28]

Scheme 3. Radical scavengers.

In the subsequent step of the mechanism, the heterocycle
acts as the “radical trap”, and the C–C bond is formed. Then, a
manganese species is likely responsible for oxidative aromatiza-
tion. To investigate the C–C bond formation and C–H cleavage
steps, we designed both inter- and intramolecular kinetic iso-
tope effect (KIE) experiments with deuterated pyridine deriva-
tives (Scheme 4). Both instances reflect a small, secondary iso-
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tope effect (average intermolecular KIE = 1.03 for the 2- and 4-
positions, average intramolecular KIE = 1.18 for the 2-position),
allowing us to state with certainty that C–H cleavage is not
rate-determining.[29] This step is expectedly facile due to a gain
in aromaticity.[30]

Scheme 4. Competitive kinetic isotope effects (averages of at least two runs).
[PH] = product of C–H bond cleavage; [PD] = product of C–D bond cleavage.

Perhaps the most complicated aspect of the mechanism in-
volves the precise nature of the reactive manganese species.
Although an in-depth mechanistic study is beyond the scope
of this article, we offer a few notes on the involvement of man-
ganese in cyclopropanol ring-opening and oxidative aromatiza-
tion. In the literature, manganese(III) reagents have been suc-
cessfully employed in cyclopropanol ring-opening chemistry.[31]

In our hands, both manganese(IV) and manganese(III) reagents
produced the desired product; however, the product yield
when using manganese(III) is virtually one-half that of the opti-
mized conditions (Table 1). The fact that a manganese(III) rea-
gent produces the desirable product at all may hint at the idea
that manganese(III) could be a key player in oxidative aromati-
zation. In fact, there is literature precedent for the rearomatiza-
tion of 1,4-dihydropyridines (i.e., Hantzsch esters 39 to 40)
using both manganese(III) and manganese(IV) reagents
(Scheme 5).[14,32] Depending on the nature of the substrate, it
is conceivable that rearomatization could occur by an electron
transfer/loss of proton or a hydrogen atom abstraction mecha-
nism.[8b,32,33] In any case, current findings suggest that both
oxidation states of manganese could play a role in the cyclo-
propanol C–C bond cleavage and rearomatization steps. One
feasible mechanistic pathway is proposed in Scheme 6.

Scheme 5. Precedent for the role of tri- and tetravalent manganese in the
oxidative aromatization of Hantzsch esters.
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Scheme 6. Working mechanistic hypothesis.

Conclusions

The “dual role” nature of manganese(IV) dioxide allows for effi-
cient (1) C–C bond cleavage of cyclopropanols and (2) rearoma-
tization following C–C bond formation in the alkylation of
heterocycles. This method is tolerant of multiple combinations
of heterocycles and cyclopropanols, containing a variety of sub-
stituents. We demonstrate that products of this reaction can be
used as building blocks for natural-product synthesis; we also
explore the direct derivatization of complex biologically rele-
vant molecules. Initial mechanistic insights suggest a radical-
based mechanism from radical scavenger experiments, that C–
H cleavage is not rate-limiting from competitive KIE experi-
ments, and that at least two different oxidation states of man-
ganese (III and IV) might play a role in both C–C bond cleavage
and rearomatization.

Experimental Section
Supporting Information (see footnote on the first page of this
article): General experimental procedures and characterization data.
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