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ABSTRACT: An expeditious, functional group-tolerant syn-
thesis of indoles from isatins is described. Isatins are treated with
Grignard reagents to yield oxindoles. These, in turn, are reduced
with Schwartz’s reagent and subjected to nucleophile addition
and dehydration to yield 2,3-disubstituted indoles regiospecifi-
cally. This represents a divergent approach to the synthesis of
these medicinally and synthetically important compounds.

Indoles are one of the most enduring motifs in organic
chemistry. They form the core of a myriad of natural products

and occur in a number of medicinally relevant compounds.1

Their importance is expressed in the wealth of methods for their
synthesis developed over the years.2 One of the most commonly
used methods is the classic Fisher indole synthesis.3 More
recently, a number of transition-metal-mediated methods have
appeared, the most well-known of which is the Larock indole
synthesis.4

Despite the rich methodology available for their synthesis, the
chemistry of indoles is not free of challenges. Among them,
especially pronounced is the question of regioselectivity in the
synthesis of 2,3-disubstituted indoles.
The majority of known methods are most suitable for the

synthesis of 2- or 3-monosubstituted indoles. This is problematic,
as 2,3-disubstituted indoles are compounds of marked
importance.5

As most known strategies for the synthesis of indoles involve
the annulation of the azacycle to an existing aromatic ring
(Scheme 1), a possibility of differently annulated regioisomers
arises. Addressing this issue is a priority in modern methods of
indole synthesis.
We envisioned an alternative approach to the regioselective

synthesis of 2,3-disubstituted indoles that involved the differ-
ential activation of the two carbonyl groups present in the isatin
molecule (Scheme 2). Isatins are an ideal substrate for the
synthesis of indoles owing to their ready availability.6,7 We
expected that the ketone group would undergo ready
substitution by a number of nucleophiles, leaving the amide
carbonyl to be manipulated in the next step.
The unique chemistry of Schwartz’s reagent, allowing for the

selective activation of amide carbonyls,8 prompted us to employ
this reagent in the second step of the synthesis to form a reactive
iminium moiety which would allow the addition of a range of
nucleophiles not available in previous work.7 We expected the
partial reduction and addition to proceed in a one-pot manner,

with subsequent dehydration to the indole proceeding
spontaneously under the acidic conditions employed. The
anticipated reaction pathway is shown in Scheme 3. The amide
carbonyl group undergoes reduction with Schwartz’s reagent.
The resulting zirconium complex is decomposed by the action of
added TFA. The addition of the nucleophile yields a hydroxy-
amine, which is then dehydrated in the acidic conditions
employed.
To test our hypothesis, we synthesized a series of oxindoles

containing different functional groups from N-benzylisatin
(Scheme 4). We employed modified literature conditions9 and
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Scheme 1. Different Approaches to the Synthesis of Indoles

Scheme 2. Selective Activation of Isatin Carbonyls
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used magnesium−iodine exchange10 to obtain the Grignard
reagents necessary. The 3-substituted oxindoles were produced
in good yields.
We then subjected the synthesized oxindoles to reduction with

Schwartz’s reagent using a modified literature procedure.8c As it
turned out, using more than 1 equiv of the reductant did not
improve the yield. We discovered that cooling the reaction
mixture prior to the addition of Schwartz’s reagent avoided over-
reduction of the sensitive functionalities. Preformed Schwartz’s
reagent was employed as using a reagent generated in situ led to
over-reduction to 2-unsubstituted indoles.
Next, we subjected the reduced substrates to the addition of

the nucleophile in the same pot. The addition of allyltributyl-
stannane, acetophenone enol TMS ether, and indole proceeded
smoothly. In the case of thiophenol it was necessary to use only 1
equiv of the nucleophile. Otherwise, extensive over-reduction to
a 3-monosubstituted indole occurred. Amines were unreactive;
neither pyrrolidine nor p-anisidine gave the expected product.
We are currently working on addressing this issue. The reaction
with dimethyl malonate did not proceed under the standard
conditions, but we were able to obtain the expected effect by the
addition of an excess of TMSOTf. We suspect that this is due to
the additional activation of the nucleophile by the formation of a
ketene acetal in situ. Contrary to our expectations, we normally
isolated a mixture of the target indole and the product of addition
which did not dehydrate spontaneously. We found that simple
treatment of the crude reaction mixture with excess TFA in
CH2Cl2 effected dehydration, converting the mixture into the
desired indole only (Scheme 5). The product was normally
obtained in good to excellent yield (Table 1).
Only when the nitro-substituted oxindole was subjected to the

reaction with thiophenol did we isolate low amounts of the
desired indole, probably due to over-reduction of the nitro group
by the thiol reagent. In the case of other functional groups the
yields stayed uniformly high. We also did not observe the desired
product in the reactions of dimethyl malonate with the arylnitro-

and -cyano-substituted substrates. This is probably due to the
more forcing conditions required in the reactions with this
nucleophile. The same probably accounts for the poor yield
when employing the electrophile bearing the acid-sensitive
methoxy group. We believe that these limitations might be
overcome by careful optimization of the reaction conditions. In
the case where TMSCN was employed as the nucleophile, we
observed quite a different reaction outcome. Instead of obtaining
the desired indole, we isolated a compound to which we ascribe
the tetrahydroquinoline structure 8. We suspect that this is due
to the decomposition of zirconocene by cyanide anion with the
release of cyclopentadiene, which reacts with the nascent
iminium salt in the manner of a Povarov reaction11−
fragmentation cascade (Scheme 6). We believe that the observed
unusual anti stereochemistry stems from the minimization of
steric hindrance in the bicyclic intermediate. This represents a
new approach to the diastereoselective synthesis of highly
substituted tetrahydroquinolines.12 We are currently in the
process of investigating the scope of this transformation.
The results show that the method employed is regiospecific in

contrast to classical methods that rely on constructing the five-
membered azacycle from scratch. The excellent functional group
tolerance of this method allows the introduction of varied
substituents to the product structure, allaying the limitations of
previous methods, i.e., especially the work of Lu et al.7 In
comparison to that methodology, the present method allows for
sensitive functionalities to be introduced in the addition step

Scheme 3. Anticipated Reaction Pathway

Scheme 4. Synthesis of Oxindoles from N-Benzylisatin

Scheme 5. Synthesis of Indoles from Oxindoles

Table 1. Yields of Indoles

substrate product yield (%)

2a 3a, 99 4a, 82 5a, 80 6a, 49 7a, 51
2b 3b, 99 4b, 82 5b, 70 6b, 84 7b, 55
2c 3c, 75 4c, 78 5c, 73 6c, 67 7c, 35a

2d 3d, 84 4d, 57 5d, 69 6d, 41 7d, 59
2e 3e, 75 4e, 73 5e, 49 6e, 67 b
2f 3f, 65 4f, 67 5f, 49 6f, 12a b

aThese products could not be isolated in pure form; yield is estimated
from NMR. bNo expected product was isolated.
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(Scheme 4) while preserving them in the next synthetic steps.
This represents a marked departure from the previous work,
where mainly hydrocarbon-substituted indoles could be
obtained. The intermediacy of an iminium cation enables the
use of a wider array of nucleophiles than only Grignard reagents,
which have been used under rather forcing conditions.7 The
method described is carried out in a straightforward and rapid
fashion, permitting the synthesis of large libraries of compounds
in a timely manner. A diverse set of nucleophiles can be
employed, including C- and S-nucleophiles, which leads to
greater diversification of the products.
In summary, we have developed an expeditious method of

synthesizing 2,3-disubstituted indoles from commercially
available isatins regiospecifically. The methodology is charac-
terized by high functional group tolerance and employs the
readily available Schwartz’s reagent as the reducing agent. It
opens up an attractive route to a variety of 2,3-disubstituted
indoles and has the potential to aid in the synthesis of
pharmacologically and synthetically relevant indole derivatives.
We have also described a new diastereoselective synthesis of
highly substituted tetrahydroquinolines.
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ABSTRACT: An efficient Pd(II)-catalyzed approach for the
direct synthesis of indolo[3,2-a]pyrrolo[3,4-c]carbazole-6,8-dio-
nes has been developed from both free and protected (NH)
indoles and maleimides via a regioselective tandem oxidative
coupling reaction. The yields are moderate to excellent. In
addition, 2-substituted indoles are suitable substrates in this
protocol, leading to the formation of indolylmaleimides. The
present methodology provides a concise route to highly functionalized indolopyrrolocarbazole derivatives.

The indolocarbazole nucleus is incorporated in a wide range
of natural products,1 pharmaceuticals,2 photorefractive

materials, and organic dyes.3 Staurosporine was the first
discovered indolocarbazole from Actinomyces. A variety of
indolocarbazole analogues have since been isolated and
confirmed.1 Most of them have shown to be effective protein
kinase inhibitors, offering tremendous promise in anticancer
activity. However, staurosporine has significant specificity to
kinases in the human body.4 Previous researchers modified the
structure of staurosporine to obtain novel skeletons, such as
indolylmaleimides and indolopyrrolocarbazoles.5 However, al-
most all of the indolopyrrolocarbazoles isolated from nature are
indolo[2,3-a]pyrrolo[3,4-c]carbazoles; little attention has been
paid to its isomers, such as indolo[3,2-a]pyrrolo[3,4-c]carbazole-
6,8-dione.6 Fonseca et al. reported the indolo[3,2-a]pyrrolo[3,4-
c]carbazole-6,8-dione in the synthesis of arcyriaflavin-A with low
yield.6a Subsequently, Bergman and Janosik finished the
synthesis from indole6b and 2,3′-biindolyl,6c respectively. The
yields were still unsatisfactory (<26%). Derivatives were
obtained as byproducts in the synthesis of indolylsuccinimides
with 1−2% yield.6d,e Thus, an efficient synthetic methodology is
highly desirable for this process.
Palladium-catalyzed oxidative cross-coupling reactions have

drawn much interest due to their C−C bond formations via
direct C−H functionalization.7−16 Indeed, they have been widely
utilized in the synthesis of heterocycles through oxidative cross-
coupling of alkenes with arenes8 or heteroarenes,9 acrylates with
vinyl carboxylates,10 2-oxazolones with olefins,11 heteroarenes
with alkynes,12 and arenes with arenes.13

Gaunt et al. reported indole alkenylation in a formal C−H/C−
H coupling fashion in 2005, elegantly achieving C-2- or C-3-
selective introduction of various alkenyl groups to indoles.14a In
recent years, research topics on Pd-catalyzed intermolecular
alkenylation of indoles or pyrrole via C−H functionalization have

been reported continuously.15,16 Itami et al. demonstrated the
formation of carbazoles from N-protected indoles via a Diels−
Alder reaction using trimetallic and bimetallic systems of Pd−
Cu−Ag.16a Most carbazole syntheses are successful with N-
protected indoles and remain challenging with a free (NH)
indole. Notably, during the preparation of this paper, a Pd-
catalyzed alkenylation of indoles and subsequent conversion to
the 1,3-disubstituted carbazoles appeared.16b A tandem approach
to functionlized carbazoles from indoles with alkenes via two
successive regioselctive oxidative Heck reactions followed by
thermal electrocyclization was also developed (Scheme 1).16c

Nevertheless, a literature survey revealed that the synthesis of
both indolopyrrolocarbazoles and indolylmaleimides via oxida-
tive Heck reactions has not been reported. In our continued
research program directed toward the synthesis of indolylsucci-
mides and related indolylmaleimides in this area,17 and intrigued
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Scheme 1. Synthesis of Carbazoles from Indoles
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by the advantages of using direct Pd-catalyzed C−H function-
alization for C−C bond formation, we envisioned that free or
protected (NH) indoles could be linked with the CC bond of
maleimides via oxidative Heck reactions. Herein, we report the
direct synthesis of indolo[3,2-a]pyrrolo[3,4-c]carbazole-6,8-
diones and 3-(2-substituted indol-3-yl)maleimides via Pd-
catalyzed regioselective tandem cross-coupling reactions.
Initially, we began our study with indole 1a and maleimide 2a

to screen the reaction conditions in the presence of 10 mol % of
Pd(OAc)2 as the catalyst and 150 mol % of Cu(OAc)2 as the
oxidant (Table 1). Compound indolo[3,2-a]-pyrrolo-[3,4-c]-
carbazole-6,8-dione 3awas obtained in 56% yield in DMSO at 80
°C (Table 1, entry 1). Product 3a was fully characterized by
spectrum analysis, which was identical to the data reported in the
literature.6a,b Next, to improve the yield, our research plan was
returned to screen various oxidants and solvents to get the
optimal reaction conditions (Table 1). Unfortunately, poor
results were obtained when oxidants such as Ag2CO3 and AgNO3
were used (Table 1, entries 2 and 3). DDQ andO2 barely worked
as oxidant (Table 1, entries 4 and 5). Decreasing the dosage of
Cu(OAc)2 gave a poor yield of product 3a around 13% (Table 1,
entry 6). The reaction did not work well using DMF and dioxane
as solvent (Table 1, entries 7 and 8). The process afforded 3a in
75% yield using a mixture of DMF/DMSO (v/v, 1/5) as solvent
(Table 1, entry 9). The reaction could work at room temperature
for a long time and gave a low yield (27%, Table 1, entry 10).
However, increasing the temperature to 120 °C, the reaction
became complex, and the yield decreased to 58% due to the
partial polymerization of maleimides (Table 1, entry 11). When
the ratio of indole to maleimide was decreased to 1:2, only 3awas
collected in 16% yield (Table 1, entry 12). Our results indicated 2
equiv of indoles and 1 equiv of maleimide took part in the
formation of the indolo[3,2-a]pyrrolo[3,4-c]carbazole-6,8-dione
annulations even if a large excess maleimide was used. Protonic
acid did not work well as cosolvent (Table 1, entry 13). PdCl2 as
catalyst did not improve the results (Table 1, entry 14). The
above result demonstrated that Pd(OAc)2/Cu(OAc)2 is a more
effective catalyst/oxidant in this reaction. It should be noted that

without any catalyst, the reaction did not generate the desired
product at all.
With the optimal reaction conditions in hand, the scope of

various indoles 1 and maleimides 2 was explored to probe the
general protocol (Table 2). Maleimide 1a reacted with indoles to

form the target products 3a−3d in 55−85% yields. Both free and
protected (NH) indoles could work well in this protocol (Table
2, entry 3). The substituent group in the indole moiety played an
important role in reaction yield. That is, an electron-rich indole
(e.g., 5-methoxylindole) had an excellent yield (Table 2, entries
2, 5, and 8), and an electron-deficient indole (e.g., 5-
chloroindole) gave a moderate yield (Table 2, entry 4). The

Table 1. Optimization of Reaction Conditionsa

entry catalystb (mol %) oxidant (equiv) solvent temp (°C)/time (h) yieldd (%)

1 Pd(OAc)2/10 Cu(OAc)2/1.5 DMSO 80/18 56
2 Pd(OAc)2/10 Ag2CO3/1.5 DMSO 80/24 17
3 Pd(OAc)2/10 AgNO3/1.5 DMSO 80/24 15
4 Pd(OAc)2/10 DDQ/1.5 DMSO 80/24 0
5 Pd(OAc)2/10 O2 DMSO 80/24 0
6 Pd(OAc)2/10 Cu(OAc)2/0.5 DMSO 80/36 13
7 Pd(OAc)2/10 Cu(OAc)2/1.5 DMF 80/18 34
8 Pd(OAc)2/10 Cu(OAc)2/1.5 dioxane 80/24 trace
9 Pd(OAc)2/10 Cu(OAc)2/1.5 DMF/DMSOc 80/18 75
10 Pd(OAc)2/10 Cu(OAc)2/1.5 DMF/DMSOc rt/120 27
11 Pd(OAc)2/10 Cu(OAc)2/1.5 DMF/DMSOc 120/18 58
12b Pd(OAc)2/10 Cu(OAc)2/1.5 DMF/DMSOc 80/18 16
13 Pd(OAc)2/10 Cu(OAc)2/1.5 AcOH/DMSOc 80/18 25
14 PdCl2/15 Cu(OAc)2/1.5 DMF/DMSOc 80/18 62

aReactions were performed using indole 1a (1.5 mmol), maleimide 2a (0.75 mmol), catalyst, and oxidant in 3 mL of solvent. bIndole 1a (0.75
mmol) and maleimide 2a (1.5 mmol) were used. cv/v = 1:5. dIsolated yield based on maleimide.

Table 2. Substrate Scope for the Synthesis of
Indolopyrrolocarbazoles (3)a

entry 1 R1, R2 2 R3 3, yieldb (%)

1 H, H H 3a, 75
2 H, 5-OCH3 H 3b, 81
3 CH3, H H 3c, 60
4 H, 5-Cl H 3d, 55
5 H, 5-OCH3 CH3 3e, 82
6 H, H CH3 3f, 73
7 H, H Ph 3g, 80
8 H, 5-OCH3 Ph 3h, 85
9 H, 5-OBn Ph 3i, 78
10 H, 7-CH3 Ph 3j, 83
11 H, H Bn 3k, 63

aReactions were performed using indoles 1 (1.5 mmol) and
maleimides 2 (0.75 mmol). bIsolated yield.
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substituent from (NH) maleimides showed no obvious impact
on yields (Table 2, entries 1, 6, 7, and 11). As we know, this is the
first two reported indole molecules that can react with one
maleimide molecule to produce the indolo[3,2-a]pyrrolo[3,4-
c]carbazole-6,8-diones involving in C-3/C-2 alkenylation for
indoles.
Subsequently, we turned our attention to investigating the

reaction of 2-substituent indoles with maleimides. First, the
maleimides were reacted with 2-substituted indoles to form 3-
indolylmaleimide products 4a−4e in 77−88% yields using the
protocol (Table 3). When 2-methylindole and maleimide were

treated in ratio of 2:1 in this protocol, 4a was obtained in 85%
yield and 5a was formed around 5% yield (Table 3, entry 1).
Interestingly, when DMSO was used as the solvent, 4a was
obtained in 43% yield, and bisindolylmaleimide 5awas isolated in
31% yield (Table 3, entry 1). It seemed that DMF could prevent
the formation of bisindolylmaleimide in a cosolvent. Thus, when
the ratio of indole to maleimide was decreased to 1:1,
indolylmaleimides 4 were obtained in moderate to excellent
yields in cosolvent conditions (Table 3, entries 2−5).
To understand the sequence of the reaction and identify the

possible reaction intermediates, additional experiments were
carried out. First, 2,3′-biindolyl 8 could not be obtained when
indole 1a solely reacted under the optimized conditions (Scheme
2). It was not subjected to Diels−Alder reaction with maleimides

to provide indolopyrrolocarbazoles.18 3-Indolylsuccinimide 6a
and 6b, obtained from indole and maleimides catalyzed by
ZnCl2,

17b could be well oxidized in the Pd-catalyzed protocol,
leading to the formation of 3-indolylmaleimides 4f and 4g in 81
and 86%, respectively (Scheme 2). Indeed, the reactions of
indoles 1a and 1b with 3-indolylsuccinimide 6a were conducted

(Scheme 3). Besides product 4f with a poor yield, both
indolopyrrolocarbazoles (3a, 3l) and bisindolylmaleimides (5b,

5c) could be obtained. Similarly, indolopyrrolocarbazoles (3g,
3m) were prepared from indolylmaleimides and indoles via the
Pd-catalyzed protocol in 22 and 32% yields, accompanied by
bisindolylmaleimides (5d, 5e) with 37 and 42% yields. In
addition, 2,3′-biindolylsuccinimides 9 were synthesized and
subjected to oxidative dehydrogenation by SeO2. Products 3
were obtained around 50% yield instead of compounds 10.19 We
suppose that compounds 10 could be formed and quickly
undergo thermal electrocyclization to provide indolopyrrolo-
carbazoles 3. Compounds 9 were also performed in Pd-catalyzed
protocol to give products 3 in about 75% yield (Scheme 3).
Finally, we conducted the reactions of indolylmaleimides with
maleimides in the protocol (Scheme 4). The dipyrrolocarbazo-

letetraones 7a and 7b were obtained in 68 and 84% yields,
respectively. It explains the fact that Pd-catalyzed alkenylation
occurs initially at the C-3-positon of indole. However, we had
used 1 equiv of indole to react with 2 equiv of maleimide via the
Pd-catalyzed protocol, leading to 3a in a yield of 16%. 7a was not
observed (Table 1, entry 12), which may be because C−H
functionalization occurs rather than the Diels−Alder reaction.
These results indicate (i) the second C−H activation starts as

soon as the β-hydride elimination of the first oxidative Heck
reaction; (ii) the second C−H activation occurs exclusively on
the indole fraction; (iii) thermal electrocyclization occurs after
the second oxidative Heck reaction.
Based on above evidence, the plausible pathway is proposed in

Scheme 5. DMSO could prevent the precipitation of Pd0 with its
Pd coordination ability in the reaction.14a,20 The desired
products 3 were synthesized directly from indoles and
maleimides via regioselective double successive oxidative Heck

Table 3. Synthesis of Indolylmaleimidesa

entry 1 R1 2 R2 4, 5 yieldb (%)

1 CH3 H 4a, 85; 5a, 5c

4a, 43; 5a, 31c,d

2 COOC2H5 H 4b, 77
3 CH3 CH3 4c, 83
4 CH3 Ph 4d, 88
5 CH3 Bn 4e, 80

aReactions were performed using indoles 1 (0.75 mmol) and
maleimides 2 (0.75 mmol). bIsolated yield. c1.5 mmol of indole 1
was used. dIn DMSO.

Scheme 2. Indole and Indolylsuccinimide Experiments

Scheme 3. Indolylsuccinimide and Indolylmaleimide
Experiments

Scheme 4. Diels−Alder Reactions
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reactions and thermal electrocyclization. The first oxidative
coupling reaction took place via regioselective C-3 palladation
(I), maleimide insertion (II), and β-hydride elimination to form
compouds 4 (R4 ≠ H). Simultaneously, the following fast
intramolecular regioselective C-2 palladation of II (R4 = H) was
performed, and the reduced Pd(0) complex was oxidized by
Cu(OAc)2 to generate Pd(II). The intermediates 10 were
formed via the second oxidative coupling reaction (III−IV).
Finally, the intermediate 10 undergo thermal induced intra-
molecular ring closure to provide products 3. When 2-
substituent indoles were used in this protocol, compounds 4
were produced and subjected to the second oxidative coupling
reaction to provide compounds 5.
In summary, an efficient Pd(II)-catalyzed protocol for the

direct synthesis of indolopyrrolocarbazoles from both free and
protected (NH) indoles and maleimides via a regioselective
oxidative cross-coupling reaction has been successfully devel-
oped. This approach is different from the usual Pd-catalyzed
regioselective C-2,C-3 alkenylation of indole and will lead to
further indolopyrrolocarbazole synthesis. In addition, 2-sub-
stituent indoles are suitable for this protocol, leading to the
formation of indolylmaleimides.
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ABSTRACT: Graphene nanoribbons (GNRs) are promising candidate materials for
the next generation of nanoscale electronics. Described herein is the synthesis of 2,4,6-
substituted benzoquinolines, which constitute building blocks for nitrogen-doped
GNRs. The presented facile and modular aza-Diels−Alder chemistry accommodates the
installation of diverse functionalities at the crowded benzoquinolines’ 2 positions. Given
the general utility of the benzoquinoline motif, these findings hold relevance not only
for carbon-based electronics but also for a range of chemical disciplines.

Graphene nanoribbons (GNRs), which are narrow strips of
sp2-hybridized carbon, are viewed as promising materials

for the next generation of nanoscale electronics.1−5 Thus, much
effort has been devoted to the bottom-up, solution-phase
synthesis of atomically well-defined all-carbon GNRs.6−15

However, only a handful of studies have focused on the
synthesis of nitrogen-containing GNRs in solution.14,15 This
lack of precedent in the literature is quite surprising, given the
known utility of substitutional doping for tuning the electrical
properties of carbon-based electronic materials.16−18 Within
this context, our group has proposed the construction of
nitrogen-doped N = 7 armchair GNRs via the cyclo-
dehydrogenation of polybenzoquinoline precursors comprised
of 4,6-linked benzoquinoline subunits (Figure 1). We have

recently used the aza-Diels−Alder (Povarov) reaction19−26 to
synthesize the envisioned oligobenzoquinoline and polybenzo-
quinoline precursors, in a rare demonstration of this reaction’s
applicability for the construction of the benzoquinoline motif.27

However, in the previous work, we did not investigate the
scope of our methodology, optimize the reaction conditions for
high yields, or demonstrate the installation of varying chemical
functionalities at the benzoquinolines’ 2 positions (correspond-

ing to edge locations in the proposed GNRs).27 Moreover, we
did not systematically evaluate both the emergent spectroscopic
and electronic properties of the synthesized constructs.27

Indeed, due to the sensitivity of the properties of GNRs to
edge modification,1−5 such studies are of paramount
importance for eventually controlling the electrical functionality
of the proposed graphitic materials.
Herein, we describe an aza-Diels−Alder route to crowded

benzoquinolines, which constitute building blocks for nitrogen-
doped N = 7 armchair GNRs. We first optimized general aza-
Diels−Alder reaction conditions for the synthesis of a 2,4,6-
substituted benzoquinoline model compound. We next
demonstrated the scope of this chemistry by preparing a
number of analogous benzoquinolines featuring electron
withdrawing, electron donating, sterically congested, or
branched alkyl functionalities at their 2 positions (all in good
yield). We, in turn, studied these compounds with ultraviolet−
visible (UV−vis) spectroscopy. We subsequently used density
functional theory calculations (DFT) to gain insight into the
factors dictating the compounds’ spectroscopic and electronic
properties. Overall, the reported findings established an
effective route to crowded benzoquinolines and provided
insight that is valuable for the ultimate rational design and
bottom-up preparation of nitrogen-doped GNRs.
We began our studies by optimizing the conditions for the

synthesis of 2,4,6-substituted benzoquinoline 3a via the Lewis
acid-promoted Povarov reaction (Table 1).26,27Thus, we first
prepared aldimine precursor 1a from commercially available
starting materials (4-bromonaphthylamine and octyl benzalde-
hyde) through a known literature protocol.26,27 To furnish 3a,
we screened a variety of Lewis acid promoters for the
cycloaddition of naphthyl alkyne 2 to aldimine 1a (Table 1);
here, we included the sacrificial oxidant chloranil28 to ensure
that 3a was fully aromatized. Although several Lewis acids

Received: October 13, 2015
Published: December 24, 2015

Figure 1. Illustration of the construction of a nitrogen-doped N = 7
GNR (left) from a polybenzoquinoline precursor (middle) comprised
of benzoquinoline subunits (right). The aryl groups at the 2 positions
of the benzoquinolines, which would influence the electronic
properties of the proposed GNR, can possess different substituents
and dihedral angles.
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(entries 2 to 4 in Table 1) resulted in modest yields for 3a, we
obtained good yields and regioselectivity for AgOTf (67%),
ZnCl2 (75%), and BF3·OEt2 (83%) (entries 5 to 7 in Table 1).
Based on our observations, we selected BF3·OEt2 as the most
promising Lewis acid for the subsequent experiments.
Having determined the optimal conditions for the

regioselective synthesis of benzoquinoline 3a in high yield,
we examined the scope of our reaction for the installation of
different substituents at this molecule’s 2 position. We therefore
used different commercially available aldehyde derivatives to
prepare distinct aldimines 1b−1i. We coupled each of these
aldimines with alkyne 2 to furnish regioisomerically pure 2,4,6-
substituted benzoquinolines 3b−3i, as confirmed by 1H and
13C nuclear magnetic resonance (NMR) spectroscopy (see
Supporting Information Figures S1 to S38). Notably, our
reaction conditions readily enabled the preparation of
benzoquinolines featuring both electron withdrawing (entries

8, 9, 10, and 12 in Table 1) and electron donating (entry 15 in
Table 1) groups in good yields of >67%. Moreover, the
protocol was capable of accommodating sterically hindered
aldimines featuring ortho substituents on their pendant phenyl
rings (entries 8 and 13 in Table 1), with no deleterious effects
on the yields. Finally, we discovered that our conditions even
permitted branched aliphatic chains (entry 14 in Table 1).
Together, the above observations underscored the general
applicability of our method for the production of benzoquino-
lines featuring varied functionalities at their 2 positions.
We proceeded to evaluate the conformations of our

aldimines and benzoquinolines. For this purpose, we
determined the solid-state structure of 1a via X-ray
crystallography techniques and compared it to the previously
reported structure of benzoquinoline 3e (Figure 2).27 For

aldimine 1a, we noted that the pendant phenyl ring was nearly
in plane with the naphthyl system (Figure 2a). Thus, the π-
conjugation along the imine backbone appeared to be
maintained, likely stabilizing this molecule. For benzoquinoline
3e, we noted that the pendant phenyl ring and the
benzoquinoline core were also close to coplanar, with their
slight dihedral angle of ∼15° presumably resulting from
crowding of the neighboring hydrogens (Figure 2b). This
analysis provided insight into the possible influence of steric
interactions on the geometry of our compounds.
We next investigated the electronic properties of benzoqui-

nolines 3a−3i with UV−vis spectroscopy. As a specific
example, the spectrum measured for compound 3e featured
absorption peaks with maxima at 223, 241, 289, 311, 349, and
367 nm (Figure 3 and Supporting Information Figure S39).
This spectrum also differed somewhat from the one obtained
for the benzoquinoline core due to the red shift and presence of

Table 1. Synthesis of 2,4,6-Substituted Benzoquinolines 3a−
3i

aReaction conditions: N-(4-ethynylnaphthalen-1-yl)acetamide (1.0
equiv), aldimine (1.1 equiv), chloranil (1.2 equiv), Lewis acid (1.5
equiv), toluene, 80 °C, under an inert atmosphere overnight. bIsolated
yield calculated on the basis of the alkyne.

Figure 2. X-ray crystal structures of (a) aldimine 1a and (b)
benzoquinoline 3e. For both crystal structures, the carbon, nitrogen,
oxygen, and bromine atoms are indicated in gray, blue, red, and purple,
respectively. Note that the hydrogen atoms in (a) and (b), as well as
the octyl chain in (a), have been omitted for clarity.

Figure 3. UV−vis absorbance spectra obtained for benzoquinoline
model compounds 3b (green line), 3e (black line), 3g (blue line), 3h
(red line), and 3i (purple line). Note that the spectra of 3b and 3g are
blue-shifted with respect to 3e and resemble the spectrum of 3h.
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distinctive peaks (Supporting Information Figure S39); the
difference could be readily rationalized by considering the
aromatic substituents and expanded π-conjugated system of 3e
(relative to the unsubstituted benzoquinoline). In general, the
spectra of our crowded benzoquinolines all exhibited clusters of
peaks at 220−300 nm and 300−375 nm but were blue- or red-
shifted with respect to one another, as illustrated for
compounds 3b, 3e, 3g, 3h, and 3i (Figure 3 and Supporting
Information Figure S39).
When analyzing our molecules’ spectroscopic properties, we

were somewhat surprised to find that the spectra of congested
compounds 3b and 3g were both substantially blue-shifted with
respect to that of compound 3e, and even generally resembled
the spectrum of compound 3h (Figure 3). Here, based on our
analysis of the solid state structure of 3e (Figure 2b), we
hypothesized that steric interactions between the benzoquino-
line core and the 2,6 substituents of the pendant phenyl rings of
3b and 3g increased the dihedral angle between the two
aromatic systems, twisting them far out of coplanarity. This
effect would decouple the benzoquinoline core and phenyl
rings, leading to a reduction in the overall size of the π-
conjugated framework for 3b and 3g and, thus, to the observed
blue shifts in the spectra.
To provide theoretical validation for our hypothesis, we

performed DFT calculations for all of the 2,4,6-substituted
benzoquinolines. As illustrative examples, Figure 4 shows the
chemical structures and corresponding HOMO and LUMO
isosurface plots for compounds 3b, 3e, 3g, 3h, and 3i. First, we
found that the orientation of the naphthyl substituent relative
to the benzoquinoline core was similar for these molecules,
with a typical dihedral angle of ∼74°. This observation
indicated that the naphthyl moiety probably played a minor
role in the blue shift observed for 3b and 3g. In addition, we
found that the dihedral angle between the pendant phenyl ring
and benzoquinoline core for 3b, 3e, 3g, and 3i could be roughly
correlated with the localization of the HOMO (Figure 4).
Indeed, this molecular orbital was more likely to encompass the
pendant phenyl ring for compounds 3e and 3i, than for
compounds 3b and 3g. Moreover, the HOMO and LUMO
orbitals of compound 3g resembled those of compound 3h,
indicating that the pendant phenyl of 3g was electronically
decoupled from its benzoquinoline core (Figure 4). Overall,
this analysis suggested that steric effects play a prominent role
in dictating the electronic properties of our compounds.
In summary, we have expanded the scope of our previously

established methodology and synthesized a library of crowded
2,4,6-substituted benzoquinolines. The presented findings hold
significance for several reasons. First, this study constitutes a
rare example (few previous reports exist)21−25,27 of the
construction of substituted benzoquinolines via the aza-
Diels−Alder reaction. Second, the scalable, straightforward,
and mild chemistry accommodates the installation of diverse
chemical functionalities at the 2 position, including electron
donating, electron withdrawing, sterically hindered, and
branched alkyl moieties, all in good yields of >67%. Third,
the spectroscopic measurements and theoretical calculations
indicate that the electronic structures of the substituted
benzoquinolines are dictated by an interplay of electronic and
steric factors; this constitutes important information for the
eventual rational design of GNRs from such building blocks.
Finally, given the known utility of the quinoline and
benzoquinoline motifs,29−32 our observations are likely to
prove valuable for a wide range of chemical disciplines.
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Figure 4. Left: The chemical structures of benzoquinolines 3i, 3e, 3b,
3g, and 3h. The dihedral angles associated with the phenyl ring at the
2 position are indicated for 3i, 3e, 3b, and 3g. Middle: The HOMO
obtained for each benzoquinoline. Right: The LUMO obtained for
each benzoquinoline.
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D.; Feng, X.; Müllen, K. Nat. Commun. 2013, 4, 2646.
(10) Kim, K. T.; Jung, J. W.; Jo, W. H. Carbon 2013, 63, 202−209.
(11) Narita, A.; Feng, X.; Hernandez, Y.; Jensen, S. A.; Bonn, M.;
Yang, H.; Verzhbitskiy, I. A.; Casiraghi, C.; Hansen, M. R.; Koch, A. H.
R.; Fytas, G.; Ivasenko, O.; Li, B.; Mali, K. S.; Balandina, T.; Mahesh,
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ABSTRACT: Chiral oxazaborolidinium ion-catalyzed asymmetric cyclo-
propanation of α- or α,β-substituted acroleins with α-alkyl-α-diazoesters has
been developed. With this methodology, chiral functionalized cyclo-
propanes containing a quaternary stereogenic center were obtained with
high to excellent enantioselectivities (up to >99% ee). The synthetic utility
of optically enriched functionalized cyclopropane was demonstrated in the
first total synthesis of (+)-hamavellone B, which establishes the absolute
configuration of natural (+)-hamavellone B.

Substituted cyclopropane is an important structural motif
that is essential for biological activity and is found in a wide

variety of natural products and medicinal agents.1 During the
past two decades, various catalytic systems have been developed
for highly diastereo- and enantioselective cyclopropanation
reactions.2 Among them, catalytic cyclopropanation of diazo
reagents and alkenes is a useful method for constructing chiral
cyclopropane derivatives. Transition-metal-catalyzed cyclopro-
panation of alkenes3 with various types of diazo compounds has
been developed to result in stereocontrolled cyclopropane
derivatives. In a complementary approach, a Lewis acid
catalyzed Michael-initiated ring-closure (MIRC) reaction
using diazo compounds as ylides proceeds with electron-
deficient olefins, such as α,β-unsaturated carbonyl compounds
(Scheme 1).4 This method provides optically active dicarbonyl
cyclopropane compounds, which were found to be important
synthetic intermediates for various applications.5

Our group reported the first example of highly enantiocon-
trolled catalytic cyclopropanation using α-aryl-α-diazoester as
an ylide (Scheme 1, R3 = Ar, X = O-t-Bu).4d The
oxazaborolidinium ion catalyzed MIRC reaction provided
highly functionalized cyclopropanes in high yields with
excellent enantioselectivities. Extension of this methodology
to include α-alkyl-α-diazoesters6 is particularly attractive
because this reaction forms cyclopropanes with a quaternary
stereogenic carbon center bearing all alkyl groups. We
envisaged enantioselective MIRC reactions with α-methyl-α-
diazoesters to provide a key intermediate 1, which has all
requisite stereocenters and functional groups for synthesis of
natural hamavellone B. In this paper, we report the first case of
highly stereoselective catalytic cyclopropanation with α-alkyl-
α-diazoester as an ylide. The synthetic utility of optically
enriched functionalized cyclopropane was demonstrated in the
first total synthesis of (+)-hamavellone B,7 which also
establishes the absolute configuration of natural hamavellone B.
Stereoselective cyclopropanation between α-bromoacrolein

and α-benzyl diazoester was first examined in the presence of
20 mol % of oxazaborolidinium ion 2a activated by triflic imide
(Table 1, entry 1). When the reaction was performed at −78
°C in CH2Cl2, the desired chiral cyclopropane 3a was formed
in 48% yield, 43% ee, and with a 7:1 of trans/cis ratio8 via the
MIRC pathway (Table 1, path a). Simultaneously, 40% of diazo
carbon-inserted product9 4 was formed as a side product via
1,2-hydride shift (path b). Use of the polar solvent propionitrile
led to an increased ratio of the desired product in 83% ee with
excellent trans selectivity (>20:1) (Table 1, entry 2). With
propionitrile as solvent, the effect of changing boracycle catalyst
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Scheme 1. Enantioselective Synthesis of Hamavellone B
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substituents was then investigated. The catalyst system with a
3,5-dimethylphenyl Ar substituent and 2-isopropylphenyl R
substituent gave the best result (Table 1, entries 3−7). The
yield of 2f improved to 66% in 99% ee with virtually complete
trans-diastereoselectivity (>20:1) (Table 1, entry 7).
With the optimized reaction conditions for asymmetric

cyclopropanation, this synthetic method was evaluated using a
range of α-alkyl-α-diazocarbonyl compounds (Table 2).

As shown in Table 2, chiral oxazaborolidinium ion 2f was
applied to a reasonable range of olefinic substrates to provide
corresponding cyclopropanes in fairly good yields with
excellent enantioselectivities (Table 2, entries 1−6). Consider-
ing the other possible reaction pathways, such as 1,2-hydride
shift (Table 1, path b),4c,9 2-pyrazoline formation,10 and the
Roskamp reaction,11 the yield of cyclopropanation products is
remarkable. Different alkyl α-diazoesters, such as benzyls or
ethyls, were good substrates for this catalytic system to provide
the corresponding cyclopropanes with lower enantioselectivities
(Table 2, entry 7 and 8). Next, α-alkyl-α-diazo N-methoxy-N-
methylamide (Weinreb amide) was applied to these catalytic
conditions because the Weinreb amide group has many
advantages in terms of facile transformation to ketones or
aldehydes. Notably, replacement of the ester group of the diazo
compound with the Weinreb amide group afforded optically
pure chiral cyclopropanes in moderate to good yields (Table 2,
entries 9 and 10).
To further investigate the substrate scope of the present

catalytic system, catalytic asymmetric cyclopropanation reaction
was performed with a range of α- or α,β-substituted acroleins
and α-ethyl-α-diazoester (Table 3). Regardless of the electronic

or steric properties of substituents on the α-position of
acroleins, highly optically active cyclopropanes 3 were obtained
(Table 3, entries 1−6). Among the α-halogen substituents, α-
bromoacrolein was the best substrate to give bromocyclopro-
panes12 in good yield with complete control of enantio- and
diastereoselectivity (Table 3, entries 1−3).
Encouraged by the good results of α-bromoacrolein, a

catalytic asymmetric cyclopropanation of (Z)-α-bromo-β-
methylacrolein was attempted to obtain highly functionalized
chiral cyclopropanes containing three stereogenic centers,
including two adjacent quaternary centers. All three chiral
centers of controlled cyclopropane were obtained in 66% yield
with an optically pure form (Table 3, entry 7). Under the
optimized conditions, cyclopropanation with α-methyl-α-diazo
Weinreb amide provided corresponding cyclopropane 3q with

Table 1. Optimization of Asymmetric Cyclopropanation of
α-Bromoacrolein with α-Benzyl-α-diazoestera

entry solvent cat. 3d, yieldb (%) 3d, eec (%) trans/cisd

1 CH2Cl2 2a 48 43 7:1
2 CH3CH2CN 2a 47 83 >20:1
3 CH3CH2CN 2b 41 77 >20:1
4 CH3CH2CN 2c 47 81 16:1
5 CH3CH2CN 2d 52 85 >20:1
6 CH3CH2CN 2e 57 98 >20:1
7 CH3CH2CN 2f 66 99 >20:1

aReaction of α-alkyl-α-diazoester (0.24 mmol) with α-bromoacrolein
(0.34 mmol) was performed in the presence of 2 (20 mol %) in 1.0
mL of propionitrile at −78 °C for 10 min. bIsolated yield.
cDetermined by chiral HPLC analysis. dDetermined by 1H NMR
analysis of crude product.

Table 2. Asymmetric Cyclopropanation of α-Bromoacrolein
with α-Alkyl-α-diazocarbonyl Compoundsa

entry 3 R1 R2 yieldb (%) eec (%)

1 3a Me O-t-Bu 50 99
2 3b Et O-t-Bu 76 >99
3 3c n-Hex O-t-Bu 62 >99
4 3d CH2Ph O-t-Bu 66 99
5 3e Propargyl O-t-Bu 50 91
6 3f allyl O-t-Bu 55 91
7 3g Et OCH2Ph 60 92
8 3h Et OEt 56 99
9 3i Me NMe(OMe) 51 >99
10 3j CH2Ph NMe(OMe) 70 >99

aReaction of α-alkyl-α-diazoester (0.24 mmol) with α-bromoacrolein
(0.34 mmol) was performed in the presence of 2f (20 mol %) in 1.0
mL of propionitrile at −78 °C for 10 min. bIsolated yield. About 30%
of diazo carbon-inserted product was formed as a major side product.
cDetermined by chiral HPLC analysis.

Table 3. Asymmetric Cyclopropanation of α- or α,β-
Substituted Acroleins with α-Ethyl-α-diazoestera

entry 3 X Y yieldb (%) eec (%)

1 3b Br H 76 >99
2 3k Cl H 57 >99
3 3l I H 53 >99
4 3m CH3 H 45 99
5 3n (CH2)4CH3 H 50 86
6 3o CH2Ph H 51 95
7 3p Br Me 75 >99
8d 3q Br Me 52 >99

aReaction of α-ethyl-α-diazoester (0.24 mmol) with α- or α,β-
substituted acroleins (0.34 mmol) was performed in the presence of 2f
(20 mol %) in 1.0 mL of propionitrile at −78 °C for 10 min. bIsolated
yield. About 30% of diazo carbon-inserted product was formed as a
major side product. cDetermined by chiral HPLC analysis. dα-Methyl-
α-diazo Weinreb amide was used instead of α-diazoester. The reaction
time was 1 h.
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excellent enantio- and diastereoselectivity, although in moder-
ate yield (Table 3, entry 8). Absolute configurations were
assigned on the basis of the structure of 3p, which was
confirmed unambiguously by X-ray crystallographic study after
transformation to the corresponding carboxylic acid 3r with a
dimethyl acetal group (Figure 1).

The observed stereochemistry for the enantioselective
cyclopropanation reaction with oxazaborolidinium ion catalyst
2f is explained by the transition-state model shown in Scheme
2, which is the same as was previously postulated for the
enantioselective cyclopropanation reaction with α-aryl-α-
diazoester.4d

Having established the scope of the synthetic methodology,
we then turned our attention to the first total synthesis of
hamavellone B, which was isolated from the soil fungus
Hamigera avellanea by Isaka and co-workers in 2008.7

Hamavellone B exhibits antimalarial and anticancer activities.
To date, there has been no reported synthesis of hamavellone
B, and its absolute structure has not been determined.
Optically pure cyclopropane 3q, a key intermediate for

hamavellone B, was successfully synthesized with catalyst 2f
(Table 3, entry 8) (Scheme 3). After conversion of aldehyde to
dimethyl acetal 5 for aldehyde protection, various radical
reduction conditions for debromination were attempted.
However, most of the attempted reactions resulted in
decomposition of starting cyclopropane 5. Fortunately, the
use of Et3B as a radical initiator at low temperature afforded the
desired product 6 in 90% isolated yield of trans isomer. After
the Weinreb amide group was converted to methyl ketone 7
with methylmagnesium chloride in 92% yield, deprotection of
the dimethyl acetal group under aqueous acidic conditions
provided the desired aldehyde 8 in 99% yield. Finally, Horner−
Wadsworth−Emmons reaction of 8 with dimethyl 2-oxopro-
pylphosphonate using K2CO3 as a base afforded (+)-hama-
vellone B in 90% yield. The physical data (NMR and optical
rotation) of synthetic hamavellone B were in agreement with

the reported data. Its structure determined from spectroscopic
analysis indicates that the absolute structure of natural
hamavellone B is a (1S,2S,3S)-configuration.13

In summary, the first case of highly enantioselective catalytic
MIRC cyclopropanation using α-alkyl-α-diazoester has been
developed. This method gives highly functionalized cyclo-
propanes containing quaternary stereogenic centers in which
excellent enantioselectivity (up to >99% ee) and virtually
complete trans-diastereoselectivity were achieved. Moreover,
this methodology was successfully applied to the first total
synthesis of (+)-hamavellone B and determination of the
absolute structure of natural hamavellone B.
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ABSTRACT: A protection strategy is described for the efficient synthesis of peptide o-aminoanilides using in situ neutralization
protocols for Boc-SPPS. On-resin protection of Boc-protected aminoacyl o-aminoanilides is achieved with 2-chlorobenzyl
chloroformate. Activation through a peptidyl-benzotriazole intermediate allows for facile conversion to peptide-thioesters for use
in native chemical ligation. In addition to providing a robust alternative to established thioester resins, as a latent thioester, the
peptide o-aminoanilide has broad utility in convergent ligation strategies.

The chemical synthesis of proteins allows for complete
control over their covalent structure and enables the

introduction of various natural and unnatural modifications with
atomic precision.1,2 Additionally, chemical synthesis enables the
preparation of mirror-image proteins and proteins with non-
natural architectures.3−5 Native chemical ligation (NCL) is a
versatile method that is commonly used in chemical protein
synthesis for the chemoselective ligation of unprotected peptide
fragments in solution.6 NCL proceeds through the selective but
reversible reaction between a peptide with an N-terminal
cysteine and a peptide-thioester. As a result, the generation of
C-terminal thioester peptides is critical for the implementation of
NCL and related synthetic approaches.
Peptide thioesters can be synthesized directly by solid phase

peptide synthesis (SPPS) using the Boc/Bzl protection
strategy.7,8 Peptide-thioester9 and peptide-thioacid10 linkers
have been used in the synthesis of a wide range of protein
molecules;11 however, the sensitivity of the thioester moiety to
nucleophiles requires the use of partially protected peptide
intermediates. For instance, His(Dnp) and Trp(For) cannot be
removed in the presence of the thioester and typically remain
protected following HF cleavage.12 Similarly, the use of the Fmoc
group for orthogonal side chain protection is limited due to the
nucleophilic nature of piperidine.13 A base stable linker that
could be converted to a thioester following chain elongation
would provide a general solution to these synthetic limitations.
The 3,4-diaminobenzoyl (Dbz) group has been developed as a

linker for the Fmoc-SPPS of thioester peptides.14,15 Following
chain elongation, the linker can be treated with nitrophenyl-
chloroformate to generate an N-acylbenzimadazolinone (Nbz)
intermediate16,17 that can be readily converted into a thioester

peptide.14 Alternatively, o-aminoanilide peptides can be obtained
by cleaving the Dbz linker without modification. Subsequent
treatment of the unprotected peptide with sodium nitrite yields
an acyl benzotriazole (Bt) intermediate18−20 that can be
intercepted by a thiol to generate C-terminal thioester peptides21

(Scheme 1) in an analogous manner to the transfer active ester

approach of Ramage.22,23 The utility of acylbenzotriazole
peptides has been extensively explored by Katrizky and applied
to the synthesis of peptide thioesters.24,25

The Dbz linker was originally developed for Fmoc-SPPS
protocols using neutral to acidic coupling conditions.15 In our
hands, the Dbz linker is not suitable for the synthesis of long
peptides using the in situ neutralization protocols for Boc SPPS,
pioneered by Schnölzer et al.,8 since the use of excess base to
neutralize residual TFA leads to branched intermediates26

(Scheme 2, top). In order to facilitate a more robust route for
peptide o-aminoanilides by Boc-SPPS, we have developed a solid
phase Dbz protection strategy that is compatible with basic in situ
neutralization coupling protocols (Scheme 2, bottom).
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Scheme 1. Peptide-Dbz Conversion to Peptide-Thioester via
Acylbenzotriazole Intermediate21
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To illustrate the limitations of the first generation Dbz linker, a
model glycine rich peptide Phe-Gly5-Dbz-Lys-NH2 was synthe-
sized using excess base during coupling.26,15 We recommend
incorporating a Lys residue at the C-terminus (ultimately part of
the leaving group) to maintain the known acid lability of α-amino
acids fromMBHA resin27 and also to provide improved handling
and ionization properties. The peptide was synthesized using a
common variant of the Boc in situ neutralization protocol, which
employs excess base (5 equiv of amino acid, 5 equiv of HATU,
7.5 equiv of DIEA).8 As may have been expected, without prior
protection of the free aromatic amine, a high degree of branched
peptides 1a−1d was obtained, while minimal amounts (>10%)
of the desired product 2 were observed (Figure 1).

To avoid the formation of branched side products, carbamate
protection of the Dbz linker has been demonstrated.26 To obtain
Dbz-peptides after cleavage, a protecting group that is TFA stable
and HF labile was evaluated. The 2-ClZ group, which is
commonly used for Lys side chain protection, was expected to
have these properties. However, because 2-ClZ-anilides are HF-
labile, we sought to validate our approach with the analogous HF-

stable ethyl carbamate. Boc-Gly-Dbz-resin was treated with 10%
(v/v) ethyl chloroformate in DCM for 16 h before a polyglycine
model peptide was synthesized. The protected chloroformate
was then cleaved by HF to yield 3. Analysis of the crude reaction
by MS showed that only negligible amounts of branched peptide
were detected, with the main mass corresponding to that of the
desired product (calculated, 783.4 Da; observed, 783.5± 0.1 Da)
(Figure 2).

Based on the results from the HF stable ethyl carbamate, the
HF labile 2-ClZ was installed by treatment of Boc-Gly-Dbz-resin
with 2-chlorobenzyl chloroformate, and the desired non-
branched model peptide 2 was formed as the main synthetic
product (Figure 3). The clean product obtained from 2-ClZ
protected Dbz is in stark contrast to that obtained from the Dbz
linker and suggests that carbamate protection could be a general
solution for the synthesis of o-aminoanilide thioester precursor
peptides by means of Boc in situ neutralization SPPS.
In order to demonstrate the broader applicability of this

approach, we synthesized peptide sequences of practical
relevance. The most common His protecting group for thioester
peptides is dinitrophenyl (Dnp).7,28 The alternative His(Bom)

Scheme 2. Use of the Dbz Linker in SPPS Using Boc in Situ Neutralization with and without a Free Amine

aConditions: Boc-Gly-OH (5 equiv), HATU (5 equiv), DIEA (7.5 equiv), DMF (0.4 M), 15 min, 23 °C. b10% (v/v) ClCO2R/CH2Cl2 (10 equiv),
16 h, 23 °C.

Figure 1. Synthesis of FGGGGG-Dbz-K-NH2 using the Boc in situ
neutralization protocol without Dbz protection. Observed masses of
branched peptides: 1a, 915.5± 0.1 Da; 1b, 972.5± 0.1 Da; 1c, 1029.7±
0.1 Da; 1d, 1086.6 ± 0.2 Da. Calculated monoisotopic masses: 1a,
915.44 Da; 1b, 972.49 Da; 1c, 1029.54 Da; 1d, 1086.50 Da.

Figure 2.Use of ethyl chloroformate protected Dbz for the synthesis of a
linear polyglycine peptide. Observed mass of 3, 783.5 ± 0.1 Da;
calculated monoisotopic mass, 783.4 Da.
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releases formaldehyde and is therefore not commonly used in
peptides for NCL.29 Because on-resin Dnp deprotection is not
compatible with thioester linkers, this side chain protecting
group remains on the peptide until ligation.7 Tryptophan is
frequently used without any side chain protection for the same
reason, or alternatively, the formyl group is removed post-
ligation.30 Therefore, we synthesized peptide 4 (WHGGG-Dbz-
K), using Boc-Trp(For)-OH and Boc-His(Dnp)-OH. Peptide
cleavage off the resin was successfully performed before and after
deprotection to generate partially protected peptide 4a or fully
unprotected peptide 4b (Figures S1 and S2). This illustrates that
the Dbz thioester precursor enables the standard usage of both of
these amino acids in the synthesis of o-aminoanilide peptides
because the linker is stable to on-resin deprotection of His(Dnp)
(20% (v/v) β-mercaptoethanol, 10% (v/v) DIEA in DMF, 23
°C) and Trp(For) (10% (v/v) piperidine in DMF, 0 °C).8,12

Biotin or other side chain modifications during Boc SPPS are
commonly introduced through the incorporation of Boc-
Lys(Fmoc)-OH.31 This approach utilizes the robust depro-
tection and orthogonality of the Fmoc protecting group. The
stability of the o-aminoanilide linker to piperidine should enable
the routine use of Boc-Lys(Fmoc)-OH (Scheme 3). Indeed, we
were pleased to find that FK(Biotin)GGG-Dbz-K (5) could be
obtained using our protocol (Figure S3). HPLC and MS analysis
showed that this biotinylated model peptide was obtained in high
purity (calculated, 951.14 Da; observed, 951.6 Da ± 0.1 Da). As
this is a general approach for Lys side chain modifications, it is

not limited to biotinylation and could be applied to other
modifications (dyes, fluorescent probes, etc.) or for the synthesis
of branched peptide32 or dendrimer thioesters.33,34

Hepcidin is a regulator of iron metabolism,35 containing eight
cysteines that are oxidized in the native conformation.36 We
sought to synthesize this peptide with a site for side chain
modification at residue 12 using side chain Fmoc protection and
NCL. The peptide DTHFPICIFCCK(Nε-biotin)-Dbz-K-NH2
(6) was prepared on MBHA resin,27 cleaved with HF, and
purified by HPLC (Figure 4). Activation to the peptidyl-

benzotriazole was achieved by incubation of 10 mM peptide in 6
MGuHCl, 100mMNaH2PO4, 50mM sodium nitrite, final pH 3,
at −15 °C, for 5 min. Direct conversion to the thioester
proceeded upon adding one volume of 200 mM Mesna in 6 M
GuHCl and 200 mM Na2HPO4 (pH 8) adjusted to a final pH of
7, for 5 min, 23 °C.21 The peptide thioester 7 was purified
immediately by preparative HPLC (53% recovered yield, Figure
S4). DTHFPICIFCCK(Nε-Biotin)-Mesna (7) was then ligated
with the N-terminal peptide CCHRSKCGMCCKT (8) in 6 M
GuHCl, 200 mM phosphate buffer (final pH 7) and 100 mM
mercaptophenylacetic acid.37 After 2 h, the peptides were fully
reduced by the addition of 10 equiv TCEP and the product (9)
was purified byHPLC, 80% conversion based on limiting peptide
7 (Figure 5).
Finally, to demonstrate the utility of this approach in the

synthesis of longer peptides, a 27 amino acid fragment of the SH2
domain (10) was prepared on a 0.1 mmol scale to yield 405mg of
peptide resin, representing 76% of the expected weight gain
(Figure S5). The resin was cleaved to yield 245 mg of crude

Figure 3. Use of 2-ClZ protected Dbz for the synthesis of a linear
polyglycine peptide. Observed mass of 2, 711.3 ± 0.1 Da; calculated
monoisotopic mass, 711.35 Da.

Scheme 3. Strategy for the Use of Boc-Lys(Fmoc)-OH in the Synthesis of Biotinylated o-Aminoanilide Peptides, Demonstrating
the Compatibility of Fmoc-Protective Groups with Boc-SPPS

Figure 4. HPLC and MS traces of DTHFPICIFCCK(Nε-biotin)-Dbz-
K-NH2 (6).
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peptide 10, 74% recovered yield, suggesting that the linker does
not reduce the loading of the resin and is stable to Boc-SPPS.
In summary, a solid phase protection strategy has been

developed that allows for the synthesis of thioester precursor o-
aminoanilide peptides. The strategy is compatible with Boc in situ
neutralization chemistry and nucleophile-labile protecting
groups, and we expect that the standard linkers and resins
previously developed for Boc-SPPS can also be used. Moreover,
the resulting o-aminoanilide peptides are compatible with
convergent ligation strategies30 and allow for N to C terminal
sequential peptide ligation.21,38 The 2-ClZ-Dbz linker enables
efficient synthesis of highly reactive aryl thioesters that can be
used directly for NCL or of highly stable alkyl thioesters that can
be stored long-term.

■ ASSOCIATED CONTENT
*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.orglett.5b03111.

Experimental procedures and HPLC and MS data of new
compounds (PDF)

■ AUTHOR INFORMATION
Corresponding Author

*E-mail: dawson@scripps.edu
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This letter is dedicated to Stephen Kent (The University of
Chicago, Chicago, IL) on the occasion of his 70th birthday. This
work was supported financially by the European Union via the
Affinomics consortium (Health-F4-2010-241481). Also, grants
to J.D.H. (BMBF 031A461) and P.E.D. (NSF 1443228) as part
of the ERASynBio MirrorBio project are gratefully acknowl-
edged.

■ REFERENCES
(1) Beligere, G. S.; Dawson, P. E. J. Am. Chem. Soc. 2000, 122, 12079−
12082.
(2) Adhikary, R.; Zimmermann, J.; Liu, J.; Forrest, R. P.; Janicki, T. D.;
Dawson, P. E.; Corcelli, S. A.; Romesberg, F. E. J. Am. Chem. Soc. 2014,
136, 13474−13477.
(3) Milton, R. C.; Milton, S. C.; Kent, S. B. Science 1992, 256, 1445−
1448.

(4) Weinstock, M. T.; Jacobsen, M. T.; Kay, M. S. Proc. Natl. Acad. Sci.
U. S. A. 2014, 111, 11679−11684.
(5) Mandal, K.; Uppalapati, M.; Ault-Riche, D.; Kenney, J.; Lowitz, J.;
Sidhu, S. S.; Kent, S. B. Proc. Natl. Acad. Sci. U. S. A. 2012, 109, 14779−
14784.
(6) Dawson, P. E.; Muir, T. W.; Clark-Lewis, I.; Kent, S. B. Science
1994, 266, 776−779.
(7) Hackeng, T.M.; Griffin, J. H.; Dawson, P. E. Proc. Natl. Acad. Sci. U.
S. A. 1999, 96, 10068−10073.
(8) Schnolzer, M.; Alewood, P.; Jones, A.; Alewood, D.; Kent, S. B. Int.
J. Pept. Protein Res. 1992, 40, 180−193.
(9) Hojo, H.; Aimoto, S. Bull. Chem. Soc. Jpn. 1991, 64, 111−117.
(10) Blake, J.; Yamashiro, D.; Ramasharma, K.; Li, C. H. Int. J. Pept.
Protein Res. 1986, 28, 468−476.
(11) Kent, S. B. Chem. Soc. Rev. 2009, 38, 338−351.
(12) Muttenthaler, M.; Albericio, F.; Dawson, P. E. Nat. Protoc. 2015,
10, 1067−1083.
(13) Li, X. Q.; Kawakami, T.; Aimoto, S. Tetrahedron Lett. 1998, 39,
8669−8672.
(14) Blanco-Canosa, J. B.; Dawson, P. E. Angew. Chem., Int. Ed. 2008,
47, 6851−6855.
(15) Blanco-Canosa, J. B.; Nardone, B.; Albericio, F.; Dawson, P. E. J.
Am. Chem. Soc. 2015, 137, 7197−7209.
(16) Pascal, R.; Chauvey, D.; Sola, R. Tetrahedron Lett. 1994, 35,
6291−6294.
(17) Sola, R.; Saguer, P.; David, M. L.; Pascal, R. J. Chem. Soc., Chem.
Commun. 1993, 1786−1788.
(18) Ladenburg, A. Ber. Dtsch. Chem. Ges. 1876, 9, 219−223.
(19) Katritzky, A. R.; Ji, F. B.; Fan, W. Q.; Beretta, P.; Bertoldi, M. J.
Heterocycl. Chem. 1992, 29, 1519−1523.
(20) Plummer, B. F.; Russell, S. J.; Reese, W. G.; Watson, W. H.;
Krawiec, M. J. Org. Chem. 1991, 56, 3219−3223.
(21) Wang, J. X.; Fang, G. M.; He, Y.; Qu, D. L.; Yu, M.; Hong, Z. Y.;
Liu, L. Angew. Chem., Int. Ed. 2015, 54, 2194−2198.
(22) Wang, P.; Layfield, R.; Landon, M.; Mayer, R. J.; Ramage, R.
Tetrahedron Lett. 1998, 39, 8711−8714.
(23)Wang, P.; Shaw, K. T.; Whigham, B.; Ramage, R. Tetrahedron Lett.
1998, 39, 8719−8720.
(24) Katritzky, A. R.; Shestopalov, A. A.; Suzuki, K. Synthesis 2004,
2004, 1806−1813.
(25) Avan, I.; Hall, C. D.; Katritzky, A. R. Chem. Soc. Rev. 2014, 43,
3575−3594.
(26) Mahto, S. K.; Howard, C. J.; Shimko, J. C.; Ottesen, J. J.
ChemBioChem 2011, 12, 2488−2494.
(27) Matsueda, G. R.; Stewart, J. M. Peptides 1981, 2, 45−50.
(28) Hackeng, T. M.; Mounier, C. M.; Bon, C.; Dawson, P. E.; Griffin,
J. H.; Kent, S. B. Proc. Natl. Acad. Sci. U. S. A. 1997, 94, 7845−7850.
(29) Dawson, P. E. Methods Enzymol. 1997, 287, 34−45.
(30) Durek, T.; Torbeev, V. Y.; Kent, S. B. Proc. Natl. Acad. Sci. U. S. A.
2007, 104, 4846−4851.
(31) Albericio, F.; Nicolas, E.; Rizo, J.; Ruizgayo, M.; Pedroso, E.;
Giralt, E. Synthesis 1990, 1990, 119−122.
(32) Tam, J. P. Proc. Natl. Acad. Sci. U. S. A. 1988, 85, 5409−5413.
(33) Wan, J.; Huang, J. X.; Vetter, I.; Mobli, M.; Lawson, J.; Tae, H. S.;
Abraham, N.; Paul, B.; Cooper, M. A.; Adams, D. J.; Lewis, R. J.;
Alewood, P. F. J. Am. Chem. Soc. 2015, 137, 3209−3212.
(34) Lempens, E. H.; van Baal, I.; van Dongen, J. L.; Hackeng, T. M.;
Merkx, M.; Meijer, E. W. Chem. - Eur. J. 2009, 15, 8760−8767.
(35) Nemeth, E.; Ganz, T. Annu. Rev. Nutr. 2006, 26, 323−342.
(36) Clark, R. J.; Tan, C. C.; Preza, G. C.; Nemeth, E.; Ganz, T.; Craik,
D. J. Chem. Biol. 2011, 18, 336−343.
(37) Johnson, E. C.; Kent, S. B. J. Am. Chem. Soc. 2006, 128, 6640−
6646.
(38) Canne, L. E.; Botti, P.; Simon, R. J.; Chen, Y. J.; Dennis, E. A.;
Kent, S. B. H. J. Am. Chem. Soc. 1999, 121, 8720−8727.
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ABSTRACT: Guajavadimer A (1), a dimeric sesquiterpene-based meroterpenoid which possessed an unprecedented two
caryophyllenes, a benzylphlorogulcinol, and a flavonone-fused complicated stereochemical skeleton, was isolated from the leaves
of Psidium guajava L. Its structure and absolute configuration were elucidated on the basis of spectroscopic data and X-ray
crystallography. Guajavadimer A (1) showed moderate hepatoprotective activity against N-acetyl-p-aminophenol (APAP)-
induced toxicity in HepG2 cells.

Myrtacea is a rich source of sesquiterpene-based
meroterpenoids.1 Some of these compounds exhibited

significant biological activities such as cytotoxicity against the
HL-601a and HepG23a,b cell lines and an inhibitory effect on
PTPIB (protein tyrosine phosphatase 1B).2b Their structural
diversity and biological activities have attracted interest from
both natural products and synthetic chemists. A typical example
was the isolation and biosysnthesis of caryophyllene-derived
meroterpenoids guajadial and psidial A, which were isolated
from Psidium guajava. L.2 P. guajava is a fruit tree wildly
distributed throughout the tropics and subtropics areas. Its
leaves are used in folk medicine as antidiabetes, hepatopro-
tective, antioxidant, hemostatic, and anti-inflammatory agents.4a

The aqueous extract of the leaves has been marketed to treat
type II diabetes in China.4b Chemical investigations on the
leaves of P. guajava led to the isolation of several sesquiterpene-
and monoterpene-based meroterpenoids with unprecedented
skeletons.2,3 Our previous chemical studies on the ethanol
extract of P. guajava resulted in the isolation of three unique
meroterpenoids with an inhibitory effect on PTPIB.2b In a
continuing study on meroterpenoids, a dimeric caryophyllene-
derived meroterpenoid guajavadimier A (1) was obtained from
the same sample. Although more than 10 sesquiterpene-based
meroterpenoids have been isolated, guajavadimier A (1)
represents the most complex dimeric sesquiterpene-based
meroterpenoids identified so far. Herein, we describe the
isolation, structural elucidation, bioactivity, and plausible
biogenesis of guajavadimer A (1, Figure 1).

Compound 1 was obtained as a colorless crystal (in MeOH:
CHCl3). Its molecular formula C61H70O8 was determined by
HRESI (−) MS at m/z: 929.4977 [M − H]− (cal. 929.4998)
and revealed 27 degrees of unsaturation. The IR spectrum
displayed absorption bands for hydroxyls (at 3280 cm−1),
aldehyde (at 2938 cm−1), and conjugated carbonyl (at 1628
cm−1) functionalities. The 1H NMR spectrum of 1 (Table 1)
showed signals of two phenolic hydroxyls at δH 12.83 and 12.71
(both were hydrogen bonded to carbonyl group); an aldehyde
at δH 10.0; two monosubstituted benzene rings at δH 7.45 (2H,
d, J = 7.2 Hz), 7.42 (2H, t, J = 7.2 Hz), 7.39 (1H, t, J = 7.2 Hz),
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Figure 1. Chemical structure of compound 1.
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7.26 (2H, t, J = 7.2 Hz), 7.20 (2H, t, J = 7.2 Hz) and 7.09 (2H,
d, 7.2 Hz); and a singlet at δH 6.62; an oxygenic methane at δH
5.55 (1H, dd, J = 12.6, 3.0 Hz); a methylene at δH 2.99 (1H, dd,
J = 16.8, 12.6 Hz) and δH 2.86 (1H, dd, J = 16.8, 3.0 Hz); two
olefinic exomethylenes at δH 5.03, 4.89, 4.81, and 4.79 (each
1H, s); a vinyl methyl singlet at δH 2.04; and six aliphatic
methyl singlets at δH 0.97,1.02, 1.03, 1.03, 1.05, and 1.48.
Analysis of the 13C NMR data (Table 1) with the aid of DEPT
experiments revealed the presence of 61 carbon resonances,
including seven methyls, 24 aromatic carbons, four olefinic
carbons, two carbonyls, 10 methylenes, and 10 methines, which
were consistent with the signals observed in the 1H NMR
spectrum and revealed four benzene rings in 1. The
aforementioned NMR spectroscopic data, molecular formula,
and the existence of sesquiterpenoid-based meroterpenoids in
this plant2 suggested that 1 was probably a dimeric
sesquiterpenoid-based meroterpenoid. The dimeric feature
and functional linkage of 1 were further corroborated by the
1D and 2D NMR observations.

Comparison of the 1H and 13C NMR data of 1 with those of
caryophyllene, psidial A,2a and guajadial2b indicated the
presence of two caryophyllene moieties, which was further
confirmed by 1H−1H COSY, 1D-TOCSY, and HMBC spectra
(Figure 2). The 1H−1H COSY data of 1 showed cross signals
for the H-1A/H-9A H-10A, H-5A/H-6A/H-7A, and H-1A/H-

Table 1. NMR Data of 1 (in CDCl3, δ Values in ppm, J Values in Hz)a

no. 13C 1H no. 13C 1H

1 108.8 1A 56.2 1.67 (m)
2 157.3 2A 27.1 1.64 (m)
3 106.1 1.70b

4 159.3 3A 41.1 1.97 (2H, m)
5 106.8 4A 88.6
6 159.6 5A 39.0 2.20 (m)
7 35.7 2.27 (m) 6A 21.8 1.30, 1.12 (m)
8 191.3 10.00 (s) 7A 36.5 2.41, 1.89 (m)
9 32.7 6.62 (s) 8A 150.7
10 140.3 9A 47.4 2.40 (dd, 18.0, 10.8)
11 127.0 7.09 (d, 7.2)
12 128.4 7.26 (t, 7.2) 10A 36.9 1.68 (dd, 18.0, 10.8)
13 126.0 7.20 (t, 7.2)
14 128.4 7.26 (t, 7.2) 1.84 (t, 10.8)
15 127.0 7.09 (d, 7.2) 11A 33.1
6OH 12.71 (s) 12A 113.7 5.03, 4.89 (s)
2′ 78.3 5.55 (dd, 12.6, 3.0) 13A 21.1 1.03 (s)

14A 30.2 1.02 (s)
3′ 43.4 2.86 (dd, 16.8, 3.0) 15A 24.6 1.50 (s)

1B 50.8 2.04 (m)
2.99 (dd, 16.8, 12.6) 2B 29.7 1.27 (m), 1.70b

3B 35.4 1.40 (m), 2.27b

4′ 195.7
5′ 102.2 4B 84.7
6′ 160.1 5B 35.1 1.74 (m)
7′ 107.2 6B 25.4 1.08, 1.29 (m)
8′ 163.3 7B 33.7 2.39, 2.18 (m)
9′ 104.1 8B 153.3
10′ 158.2 9B 41.2 2.44 (dd, 10.2, 18.3)
11′ 139.8
12′ 125.8 7.45 (d, 7.2) 10B 37.3 1.56 (t, 10.2)
13′ 128.7 7.42 (t, 7.2) 1.67 (dd, 10.2, 18.3)
14′ 128.4 7.39 (t, 7.2)
15′ 128.7 7.42 (t, 7.2) 11B 34.0
16′ 125.8 7.45 (d, 7.2) 12B 111.8 4.81, 4.79 (s)
17′ 8.1 2.04 13B 31.2 1.05 (s)
6′OH 12.83 (s) 14B 22.2 0.97 (s)

15B 21.3 1.02 (s)
aData were recorded on Bruker AV-600 spectrometer. bOverlapped with other signals.

Figure 2. Key 1H−1H COSY and HMBC correlations of 1.
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2A/H-3A coupling systems. In the HMBC spectrum, the
correlations of H-12A/C-8A, C-9A, and C-7A; H-1A/C-3A, C-
9A, and C-11A; H-5A/C-3A, and C-7A, and H-15A/C-3A, C-
4A, and C-5A indicated the presence of a caryophyllene (A)
moiety. Another caryophyllene (B) moiety also determined by
1H−1H COSY and HMBC correlations (Figure 2). Similarly, an
aldehyde benzylphlorogulcinol moiety was established by the
key HMBC correlations of H-7/C-2, C-3, and C-4; H-8/C-1,
C-4, and C-5; H-9/C-1, C-2, C-10, and C-11; and H-11/C-9.
The two caryophyllenes A and B were finally linked via the
tertiary C-7 of benzylphlorogulcinol by the key HMBC
correlations of H-7/C-5A, C-15A, C-4B, C-15B, and C-5B,
which furnished two additional dihydrobenzopyran rings. The
ROESY correlationS of H-9/H-15A and H-14B suggested the
position of caryophyllene A was in the lower of structure
(Figure 3).

Furthermore, the presence of three proton signals at δH 5.55,
2.99, and 2.86 in the 1H NMR spectrum and carbon signals at
δC 195.7, 163.3, 160.1, 158.2, 128.7(2C), 128.4, 125.8 (2C),
107.2, 104.1, 102.2, 78.3, and 43.4 in the 13C NMR spectrum
revealed a flavonone part in 1.5a,b The HMBC correlations
(Figure 2) of H-2′/C-3′, C-11′, and C-12′(16′); H-3′/C-2′,
and C-4′; H-12′/C-2′, and C-11′; and 17′-CH3/ C-8′, C-9′,
and C-10′ further confirmed the presence of a 6′,8′-dihydroxy-
9′-methylflavonone. The relative configuration of C-2′ and C-3′
was elucidated by the examination of its coupling constant.7

Moreover, the HMBC correlations between H-9 and C-7′, C-8′
were observed and suggested that the flavonone moiety was
connected at C-9. Thus, the basic planar structure of 1 was
therefore determined.
Considering compound 1 is a novel dimeric sesquiterpene-

based meroterpenoid possessing such a unique and complex
skeleton, X-ray diffraction was necessary to confirm its structure
and absolute configuration. Fortunately, a single crystal of 1 was
successfully obtained from a mixture of CHCl3: MeOH (1:1),
and X-ray crystallographic analysis was carried out by using the
anomalous dispersion of Cu Kα radiation (Figure 4). The
absolute configuration of 1 was unambiguously determined as
depicted in Figure 1 by refinement of the Flack parameter
[0.013(15)].6,10

Guajavadimer A (1) represented the first example of dimeric
meroterpenoids with two caryophyllene moieties fused with a
3.5-diformylbenzylphloroglucinol and a flavonone. This skel-
eton is unprecedented among known natural products. Scheme
1 showed a plausible biogenetic pathway for guajavadimer A
(1). In this pathway, caryophyllene (4), 3.5-dimethyl-2,4,6,-
trihydroxybenzophenone (2), and 5, 7-dihydroxy-8-methylfla-
vonone (3) were considered as the biosynthetic precursors of 1.
Compound 2 could be oxidized to generate A,3a which was
attacked by nucleophilic flavonone (3) to form the key

intermediate B. Intermediate B was readily transformed into
the key semiquinone C, which after a hetero-Diels−Alder
reaction produced intermediate D.7 Similarly, intermediate D
underwent an intramolecular transform and a hetero-Diels−
Alder reaction with caryophyllene to yield 1.
Guajavadimer A (1) was evaluated in vitro for its

hepatoprotective activity against N-acetyl-p-aminophenol
(APAP)-induced toxicity in HepG2 (human hepatocellular
liver carcinoma cell line) cell, using the hepatoprotective
activity drug bicyclol as the positive control,8 and moderate
hepatoprotective activity was observed. The cell survival rate of
1 is 67.84% at 10 μM when added into the resuscitated HePG2
cells with APAP for incubating 48h. Guajavadimer A (1) was
also measured for an inhibitory effect on PTP1B, but it showed
a negative result at 10 μM.9

In conclusion, guajavadimer A (1) represents the most
complex structure of meroterpenoids unique in its complicated
stereochemical skeleton fused with two caryophyllenes, a
benzylphloroglucinol, and a flavonone. In addition, the
dimerization mechanism of the two caryophyllene fragments
through the carbonyl of 3.5-diformylphloroglucinol, which
leads to the formation of two dihydrobenzopyran rings, is also
unprecedented. Bioactivity screening of guajavadimer A (1) was

Figure 3. Key ROESY correlations of 1.

Figure 4. X-ray crystal structure of 1.

Scheme 1. Hypothetical biogenetic pathway of 1
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carried out in some models, guajavadimer A (1) exhibited
moderate hepatoprotective activity against N-acetyl-p-amino-
phenol (APAP)-induced toxicity in HepG2 cells. The findings
presented here will attract both chemists and biologists to
pursue further investigations with synthetic efforts and in-depth
biological studies.
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ABSTRACT: [4]Cyclo-9,9-dipropyl-2,7-fluorene ([4]CF)
with the strain energy of 79.8 kcal/mol is synthesized in
high quantum yield. Impressively, hoop-shaped [4]CF exhibits
a green fluorescence emission around 512 nm offering a new
explanation for the green band (g-band) in polyfluorenes. The
solution-processed [4]CF-based organic light emitting diode
(OLED) has also been fabricated with the a stronger green
band emission. Strained semiconductors offer a promising approach to fabricating multifunctional optoelectronic materials in
organic electronics and biomedicine.

Hoop-shaped cycloparaphenylenes (CPPs) and related π-
conjugated molecules have attracted considerable atten-

tion from synthetic chemists and theoreticians owing to their
aesthetic structure.1 These strained molecules not only are used
as elegant segments for nanotechnology,2 host−guest molecules
for supramolecular systems,3 ligands for metal coordination,4 and
asymmetric inducer for catalysis chemistry5 but also exhibit novel
size-dependent photophysical properties.6 Therefore, these
series of molecules with radial p orbitals provide likely state-of-
the-art strained semiconductor models to tune π-channels and
optoelectronic properties in organic electronics. However, the
low fluorescence quantum yield (ΦF) of strained molecules with
the high strain energy (>70 kcal/mol) restricts their application
in OLEDs and organic lasers.1e,6b,7

Different from the π-conjugated segments above, fluorene
exhibits inherent larger exciton binding energies and excellent
charge delocalization, enabling it to be an important building
block in the molecular design of the light-emitting materials with
high quantum yield.8 In this regard, fluorene-based strained
molecules could achieve both merits of CPPs and fluorene-based
emitters with high-efficiency feature, different from fluorene-
based macrocycles9 with the same luminescence behaviors
resembling linear oligofluorenes. Furthermore, it is noted that
strained [n]cyclofluorenes ([n]CF) would offer a series of
unprecedented models to obtain insight into the contribution of
out-of-plane bending conformations to green band emission in
polyfluorenes. In addition, [4]cyclo-2,7-fluorene is the key
junction fragment to connect ring parts with bow-shaped end-
caps in armchair CNTs (Scheme 1a). However, there are few

reports on fully fluorene-based [n]CF.10 Herein, hoop-shaped
[4]cyclo-9,9-dipropyl-2,7-fluorene ([4]CF, strain energy = 79.8
kcal/mol) as an example of strained semiconductors has been
synthesized through another low toxicity method (Scheme 1).1h,i

The molecular structure of [4]CF has been first validated by X-
ray crystallographic analysis. Contrary to the deep blue emission
of controlled linear quaterfluorene ([4]LF), the [4]CF gives rise
to stronger green emissions around 512 nm in the solution, film,
and crystal state. Finally, the preliminary [4]CF-based nondoped
OLED has been fabricated by solution-processed procedures.
[4]CF can be synthesized according to the literature of CPPs

which have been synthesized by four methods, such as Bertozzi
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Scheme 1. (a) [4]CF Unit in CNT is Shown in Color; (b)
Chemical Structure of [4]CF and [4]LF
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and Jasti’s synthesis,1a,e,11 Itami’s synthesis,12 Yamago’s
synthesis,1h,i,13 and Ni0-mediated Step̨ien synthesis.1l In this
work, Yamago’s method was chosen to prepare [4]CF via two
steps utilizing a ligand exchange reaction and reductive
elimination strategy.1h,i The detailed synthetic route of the
[4]CF is fully outlined in Scheme 2. Besides, a propyl group was

introduced as one of the alkyl groups at the 9-site of the fluorene
segments to obtain suitable solubility. First, diboronic ester 2was
synthesized from dibromide 1 under Pd catalysis with a yield of
90%. 2 was heated with 1 equiv of PtCl2(cod) (cod = 1,5-
cyclooctadiene) andCsF in a refluxing tetrahydrofuran (THF) to
give an intermediate of square shape tetranuclear Pt-complex 3
with the yield of 85%. Then the Pt-complex was treated with 40
equiv of PPh3 in toluene at 100 °C for 24 h to afford [4]CF. The
strain energy of [4]CF was estimated to be ∼79.8 kcal/mol
(Scheme S1), higher than that of [8]CPP (72.2 kcal/mol).14

Considering this point, the overall yield of [4]CF from the
commercially available and inexpensive starting material 1 was
reasonably high (14%). Besides, the linear quaterfluorene
([4]LF) can be obtained as a byproduct with an overall yield
of 25%. Another yellow solid byproduct 4 was isolated. The
structure of 4 was determined by using single-crystal X-ray
analysis (Figure S10).15 Interestingly, [4]CF exhibits better
solubility than CPPs in common organic solvents, such as
cyclohexane, dichloromethane (CH2Cl2), chloroform (CHCl3),
THF, and toluene, which is important for application in solution-
processed devices.
The 1HNMR spectra of [4]CF, [4]LF, and the corresponding

monomer 1 in CDCl3 are shown in Figure 1. Two aromatic
protons (Hb and Hc) are much further downfield (∼7.57 and
7.51 ppm) than is observed in monomer 1. However, the proton

signal of Ha (∼6.73 ppm) is shifted upfield by 0.71 ppm
compared with that in dibromide 1. Due to long-range coupling
between Ha and Hb, the proton signal of Hb is split further into
four peaks. [4]CF has been fully characterized by 13C NMR and
high resolution (HR) mass spectrometry (MS) (see Supporting
Information).
Single crystals of [4]CF suitable for X-ray analysis are obtained

by the slow evaporation of THF solution at rt (Figure 2).

Structure characterization by X-ray analysis reveals that [4]CF
crystallizes in an achiral space group Pna21 at rt, which belongs to
10 polar point groups with the potential ferroelectric property,16

different from most reported [n]CPPs with the achiral space
groups. Hoop-shaped [4]CF has an ellipsoidal cavity whose
minor axes are 19% shorter than the major axes. This large
deformation is probably due to steric hindrance associated with
the propyl group. And, the average fluorenyl-fluorenyl dihedral
angle for [4]CF is 34.60° lower than the calculated 38.90°.
Compared to other fluorene-based semiconductors, the most
arresting feature of [4]CF is out-of-plane distortion. The average
distance between the 2 and 7 site (6.65 Å) in the fluorene is
shorter than that in normal fluorene (6.80−6.90 Å).17 The
tertiary carbons in each molecule are displaced out of the
fluorene plane by an average of 28.93°. The bend angle (θ) of
57.86° is also calculated according to the previous works.18 To
our knowledge, this conformation has the largest bend angle in
fluorene systems. Besides, from the position of the Ha in the
molecules, the upfield-shifted signals of Ha are probably due to
the magnetic field produced by the ring currents of the fluorenyl
π-system (Figure S9).11 The analysis of the crystal packing
structure indicates that the [4]CF can be self-organized into a
herringbone formation in the presence of the CH···π and π−π
contacts from the c axis (Figure S11) and the tubular alignment
from the b axis (Figure 2b). Impressively, the orientation of
major axis helps to distinguish the array of the enantiomers in the
crystal packing, which is probably induced by strain (Figure
S12).19

The absorption and photoluminescence (PL) spectra of
[4]CF in solution, and film are illustrated in Figure 3a. [4]CF in
diluted solution exhibits a green color and has the maximum
absorption at 349 nm (λabs1) and a shoulder-like absorption band
at 398 nm (λabs2) with weak oscillator strength. [4]CF shows
green photoluminescence with the emission maxima at 512 nm
and two shoulder peaks at 396 and 416 nm. The UV absorption
and PL spectra of [4]CF in toluene, CHCl3, and DCE are similar
to those in THF solution and film (Figure S14, Table S1). In
addition, the concentration-dependent PL spectra of [4]CF in
1,2-bichloroethane (DCE) solution, normalized through the
blue peak, are shown in Figure S15. The maximum emission at
512 nm is slightly changed with decreasing concentration from
10−4 to 10−9 M. The green index φ (φ = Igreen/Iblue) increases

Scheme 2. Synthetic Routes of [4]CF and [4]LF

Figure 1. 1H NMR spectra of [4]CF, [4]LF, and corresponding
monomer in CDCl3.

Figure 2. (a) X-ray diffraction crystallography of [4]CF. (b)
Herringbone packing alignment of [4]CF.
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with the concentration from 10−9 to 10−4 M. The shape of the PL
spectrum of [4]CF in the crystal state is identical to that of other
states (Figure S18). However, the emissions around 512 nm are
not observed in the PL spectra of [4]LF in various states (Figure
S19−S20).
To gain insight into the optical properties of [4]CF, time-

dependent DFT calculations are carried out at the B3LYP/6−
31G(d) level. According to calculation results (Scheme S2), the
strongest absorption λabs1 at 349 nm can be assigned to a
combination of HOMO→ LUMO+1 (2) and HOMO−1 (2)→
LUMO excitations. A weaker absorption λabs2 at 398 nm can be
described as the forbidden transition involving HOMO and
LUMO. Two emission bands at 396 and 416 nm for [4]CF can
be assigned to the 0−0, 0−1 intrachain transitions.20 And the
maximum emission at 512 nm is assigned to the transition
corresponding to the HOMO−LUMO energy with the oscillator
strength ( f) of 0.000. The structural relaxation from the Franck−
Condon state6b or the self-trapping of the lowest excitonic state
due to electron−phonon coupling21 may induce the forbidden
transition.
The quantum yield for [4]CF in solution and spin-coated film

are estimated to be 0.45 and 0.48 (Figure 3b, Table S2),
respectively, similar to [4]CFR.10 The values are higher than that
of other hoop-shaped molecules with a similar ring size, such as
[8]CPP (0.086b or 0.107) and [4]cyclo-2,7-pyrenylene
([4]CPY) (0.05).4a Further, the decay times of the blue emission
band are found to be biexponential decay with lifetimes of 0.70
(80.81%) and 3.17 (19.19%) ns for [4]CF, 0.60 (79.22%) and
2.00 (20.78%) ns for [4]LF, respectively (Figure S21, Table S2).
The decay time of the green emission for [4]CF exhibits single-
exponential decay (1A*) in dilute THF (7.7 ns) solution and film
(10.4 ns) suggesting that only a single fluorescent species. In this
regard, it is effectively concluded that the green emission at 512
nm is the intrinsic emitting property of [4]CF rather than the
intra- and intermolecular charge-transfer induced by photo,
interchain ketone-based excimers or fluorenone defects. Our
result strongly indicated that the distorted conformation or
entanglement chains of the fluorene segment probably induce
green emission, resulting in the poor spectral stability in wide-
band gap blue light-emitting polyfluorenes.8 The bending mode
of chain would be the third mechanism of g-band formation after
ketone and aggregates/excimers.
The oxidation curve is found to be reversible for [4]CF,

indicating the stable radical cation intermediates. [4]CF has a
lower half-wave oxidation potential of 0.61 eV (vs the ferrocene/
ferrocenium couple) than [4]LF (0.88 eV) (Figures S22−23).
The HOMO and LUMO energy levels of [4]CF are estimated to
be about −5.35 and −2.35 eV from the above-mentioned
experiments, respectively. The energy gap of [4]CF is calculated
about 3.0 eV. Finally, the preliminary OLED using the [4]CF
spin-coated film from CHCl3 as an active layer has been

fabricated with a configuration of ITO/PODET:PSS (60 nm)/
[4]CF (60 nm)/TPBi (40 nm)/LiF (1.2 nm)/Al (80 nm)
(Figures S24−S25). And the electroluminescent (EL) spectra
show the green emission at 508 nm with CIE coordinates of
(0.25, 0.52) at the 5.38 V (turn-on voltage), similar to the
corresponding PL spectra, suggesting single molecular emission
in the film states (Figure 4). And OLED exhibits the maximum

brightness of 878 cd/cm2 at 10 V with a maximum luminescent
efficiency of 0.83 cd/A, which is the first OLED via fluorene-
based strained semiconductor used as the emissive material.
In conclusion, a fully fluorene-based strained semiconductor

([4]CF, strain energy = 79.8 kcal/mol) has been designed and
synthesized successfully. Dramatically different from linear
[4]LF, [4]CF showed a green emission at 512 nm with high-
efficiency ΦF ≥ 45%. The bending conformation with a hoop
shape not only became a tool for modulating the photoelectric
properties of [4]CF but also offered an alternative explanation of
the origin of the g-band in polyfluorenes for the first time.
Furthermore, an OLED of a fluorene-based strained semi-
conductor has been fabricated via solution processing with a
stronger green emission of 508 nm and CIE coordinates of (0.25,
0.52). Steric strain will be a potential tool to design multifunc-
tional ferroelectric semiconductors for a wide range of memory
applications in the future.

■ ASSOCIATED CONTENT
*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.orglett.5b03038.

Experimental details, compound characterization, and
NMR spectra for all compounds (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

*E-mail: iamlhxie@njupt.edu.cn.
*E-mail: wei-huang@njtech.edu.cn.
*E-mail: teckpeng@ntu.edu.sg.
Author Contributions
∥Y.-Y.L. and J.-Y.L. contributed equally.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was partially supported by the National Natural
Science Funds for Excellent Young Scholar (21322402),
National Natural Science Foundation of China (21504041,
U1301243, 21274064, 51333007), National Key Basic Research
Program of China (973) (2015CB932200), Doctoral Fund of
Ministry of Education of China (20133223110007), Synergetic

Figure 3.Optical properties of [4]CF and [4]LF. (a) UV and PL spectra
of [4]CF and [4]LF in THF solution (10−5 M) and spin-coated film
from CHCl3. (b)Transient decay spectra of [4]CF in THF solution
(10−5 M) and spin-coated film from CHCl3.

Figure 4. (a) Normalized EL spectra of devices at 6−11 V. (b) Current
density−voltage−luminance characteristics of devices.

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b03038
Org. Lett. 2016, 18, 172−175

174



Innovation Center for Organic Electronics and Information
Displays, Natural Science Foundation of Jiangsu Province
(BM2012010), Excellent science and technology innovation
team of Jiangsu Higher Education Institutions (2013), and Open
Project from State Key Laboratory of Supramolecular Structure
and Materials at Jilin University (sklssm2015022). The project
was funded by the Priority Academic Program Development of
Jiangsu Higher Education Institutions and NUPTSF
(NY214176). L.H.X. thanks Jiangsu Over-seas Research &
Training Program for University Prominent Young & Middle-
aged Teachers and Presidents.

■ REFERENCES
(1) (a) Jasti, R.; Bhattacharjee, J.; Neaton, J. B.; Bertozzi, C. R. J. Am.
Chem. Soc. 2008, 130, 17646−17647. (b) Omachi, H.; Segawa, Y.; Itami,
K. Acc. Chem. Res. 2012, 45, 1378−1389. (c) Yamago, S.; Kayahara, E.;
Iwamoto, T. Chem. Rec. 2014, 14, 84−100. (d) Lewis, S. E. Chem. Soc.
Rev. 2015, 44, 2221−2304. (e) Golder, M. R.; Jasti, R. Acc. Chem. Res.
2015, 48, 557−566. (f) Darzi, E. R.; Jasti, R. Chem. Soc. Rev. 2015, 44,
6401−6410. (g) Yagi, A.; Segawa, Y.; Itami, K. J. Am. Chem. Soc. 2012,
134, 2962−2965. (h) Hitosugi, S.; Nakanishi, W.; Yamasaki, T.; Isobe,
H.Nat. Commun. 2011, 2, 492. (i) Hitosugi, S.; Yamasaki, T.; Isobe, H. J.
Am. Chem. Soc. 2012, 134, 12442−12445. (j) Iwamoto, T.; Kayahara, E.;
Yasuda, N.; Suzuki, T.; Yamago, S. Angew. Chem., Int. Ed. 2014, 53,
6430−6434. (k) Ito, H.; Mitamura, Y.; Segawa, Y.; Itami, K. Angew.
Chem., Int. Ed. 2015, 54, 159−163. (l) Mysliwiec, D.; Kondratowicz, M.;
Lis, T.; Chmielewski, P. J.; Stepien, M. J. Am. Chem. Soc. 2015, 137,
1643−1649. (m) Patel, V. K.; Kayahara, E.; Yamago, S. Chem. - Eur. J.
2015, 21, 5742−5749. (n) Kayahara, E.; Patel, V. K.; Xia, J.; Jasti, R.;
Yamago, S. Synlett 2015, 26, 1615. (o) Wong, B. M. J. Phys. Chem. C
2009, 113, 21921−21927.
(2) Omachi, H.; Nakayama, T.; Takahashi, E.; Segawa, Y.; Itami, K.
Nat. Chem. 2013, 5, 572−576.
(3) (a) Iwamoto, T.; Watanabe, Y.; Sadahiro, T.; Haino, T.; Yamago, S.
Angew. Chem., Int. Ed. 2011, 50, 8342−8344. (b) Iwamoto, T.;
Watanabe, Y.; Takaya, H.; Haino, T.; Yasuda, N.; Yamago, S. Chem. -
Eur. J. 2013, 19, 14061−14068. (c) Sato, S.; Yamasaki, T.; Isobe, H. Proc.
Natl. Acad. Sci. U. S. A. 2014, 111, 8374−8379. (d)Hitosugi, S.; Ohkubo,
K.; Iizuka, R.; Kawashima, Y.; Nakamura, K.; Sato, S.; Kono, H.;
Fukuzumi, S.; Isobe, H. Org. Lett. 2014, 16, 3352−3355. (e) Iwamoto,
T.; Slanina, Z.; Mizorogi, N.; Guo, J.; Akasaka, T.; Nagase, S.; Takaya,
H.; Yasuda, N.; Kato, T.; Yamago, S. Chem. - Eur. J. 2014, 20, 14403−
14409. (f) Ueno, H.; Nishihara, T.; Segawa, Y.; Itami, K. Angew. Chem.,
Int. Ed. 2015, 54, 3707−3711.
(4) (a) Zabula, A. V.; Filatov, A. S.; Xia, J.; Jasti, R.; Petrukhina, M. A.
Angew. Chem., Int. Ed. 2013, 52, 5033−5036. (b) Kubota, N.; Segawa, Y.;
Itami, K. J. Am. Chem. Soc. 2015, 137, 1356−1361. (c) Kayahara, E.;
Patel, V. K.; Mercier, A.; Kündig, E. P.; Yamago, S. Angew. Chem., Int. Ed.
2015, Early view.
(5) Hitosugi, S.; Matsumoto, A.; Kaimori, Y.; Iizuka, R.; Soai, K.; Isobe,
H. Org. Lett. 2014, 16, 645−647.
(6) (a) Iwamoto, T.; Watanabe, Y.; Sakamoto, Y.; Suzuki, T.; Yamago,
S. J. Am. Chem. Soc. 2011, 133, 8354−8361. (b) Fujitsuka, M.; Cho, D.
W.; Iwamoto, T.; Yamago, S.; Majima, T. Phys. Chem. Chem. Phys. 2012,
14, 14585−14588. (c) Segawa, Y.; Fukazawa, A.; Matsuura, S.; Omachi,
H.; Yamaguchi, S.; Irle, S.; Itami, K.Org. Biomol. Chem. 2012, 10, 5979−
5984. (d) Chen, H.; Golder, M. R.; Wang, F.; Jasti, R.; Swan, A. K.
Carbon 2014, 67, 203−213. (e) Alvarez, M. P.; Burrezo, P. M.; Kertesz,
M.; Iwamoto, T.; Yamago, S.; Xia, J.; Jasti, R.; Navarrete, J. T. L.;
Taravillo, M.; Baonza, V. G. Angew. Chem. 2014, 126, 7153. (f) Chen,
H.; Golder, M. R.; Wang, F.; Doorn, S. K.; Jasti, R.; Tretiak, S.; Swan, A.
K. J. Phys. Chem. C 2015, 119, 2879−2887.
(7) Darzi, E. R.; Sisto, T. J.; Jasti, R. J. Org. Chem. 2012, 77, 6624−6628.
(8) (a) Xie, L. H.; Yin, C. R.; Lai, W. Y.; Fan, Q. L.; Huang, W. Prog.
Polym. Sci. 2012, 37, 1192−1264. (b)Wang, L.; Zhang, G.-W.; Ou, C.-J.;
Xie, L.-H.; Lin, J.-Y.; Liu, Y.-Y.; Huang, W. Org. Lett. 2014, 16, 1748−
1751.

(9) (a) Simon, S. C.; Schmaltz, B.; Rouhanipour, A.; Raeder, H. J.;
Muellen, K. Adv. Mater. 2009, 21, 83−85. (b) Fomina, N.; Hogen-Esch,
T. E. Macromolecules 2008, 41, 3765−3768.
(10) Kayahara, E.; Rui, Q.; Kojima, M.; Iwamoto, T.; Suzuki, T.;
Yamago, S. Chem. - Eur. J. 2015, 21, 18939.
(11) Evans, P. J.; Darzi, E. R.; Jasti, R. Nat. Chem. 2014, 6, 404−408.
(12) Takaba, H.; Omachi, H.; Yamamoto, Y.; Bouffard, J.; Itami, K.
Angew. Chem., Int. Ed. 2009, 48, 6112−6116.
(13) Yamago, S.; Watanabe, Y.; Iwamoto, T. Angew. Chem., Int. Ed.
2010, 49, 757−759.
(14) Segawa, Y.; Omachi, H.; Itami, K.Org. Lett. 2010, 12, 2262−2265.
(15) CCDC 1031897 (4) contains the supplementary crystallographic
data for this paper. The data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. See the Supporting Information.
(16) Zhang, W.; Ye, H. Y.; Xiong, R. G. Coord. Chem. Rev. 2009, 253,
2980−2997.
(17) (a) Song, Y.; Xu, W.; Zhu, D. Tetrahedron Lett. 2010, 51, 4894−
4897. (b) Xie, L. H.; Hou, X. Y.; Hua, Y. R.; Huang, Y. Q.; Zhao, B.-M.;
Liu, F.; Peng, B.; Wei, W.; Huang, W. Org. Lett. 2007, 9, 1619−1622.
(18) Bodwell, G. J.; Fleming, J. J.; Miller, D. O. Tetrahedron 2001, 57,
3577−3585.
(19) Hitosugi, S.; Nakanishi, W.; Isobe, H. Chem. - Asian J. 2012, 7,
1550−1552.
(20) Fukuda, M.; Sawada, K.; Yoshino, K. J. Polym. Sci., Part A: Polym.
Chem. 1993, 31, 2465−2471.
(21) Adamska, L.; Nayyar, I.; Chen, H.; Swan, A. K.; Oldani, N.;
Fernandez-Alberti, S.; Golder, M. R.; Jasti, R.; Doorn, S. K.; Tretiak, S.
Nano Lett. 2014, 14, 6539.

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b03038
Org. Lett. 2016, 18, 172−175

175



Catalytic and Atom-Economic Intermolecular Amidoselenenylation
of Alkenes
E Tang,*,†,‡ Weilin Wang,‡ Yinjiao Zhao,‡ Meng Zhang,‡ and Xin Dai‡

†Key Laboratory of Medicinal Chemistry for Natural Resources (Yunnan University) Ministry of Education and ‡School of Chemical
Science and Technology, Yunnan University, 2 Green Lake North Road, Kunming 650091, China

*S Supporting Information

ABSTRACT: A method for the simple, efficient, and atom-
economic amidoselenenylation of simple alkenes under mild
conditions using TiCl4 as a catalyst and N-(phenylseleno)-
phthalimide as both a nitrogen and selenium source was
developed. A broad range of olefins can be applied to afford
vicinal amidoselenides in good yield and with high regioselectivity
and diastereoselectivity.

As basic structural moieties, amides widely exist in bioactive
natural products and pharmaceuticals.1 Therefore, the

efficient incorporation of an amido group into organic
molecules has drawn much attention. Organoselenium
compounds continue to be extensively studied because of
their recognized biological activities.2 The antioxidant proper-
ties and mimetic activity of some selenoenzymes such as
thioredoxin reductases (TrxRs), selenophosphate synthetase,
and selenoprotein P, in addition to the well-known glutathione
peroxidase (GPx), which contains a selenocysteine residue at
the active site, are well-established, making these compounds
interesting synthetic targets.3 Organoselenium compounds have
been widely used as versatile reagents in organic synthesis,
playing an important role in a wide range of transformations.4

We speculated that if both the selenium atom and amido group
can be simultaneously installed into the carbon−carbon double
bond, a variety of vicinal amidoselenides could be easily
accessed from simple alkenes, which we expect would provide
efficient access to selenocysteine.
The selenofunctionalization of olefins using electrophilic

organoselenium reagents represents an important method for
the rapid introduction of vicinal functional groups, often with
the concomitant formation of stereocenters.5 Typically, the
amidoselenenylation of olefins occurs via nucleophilic attack to
a seleniranium intermediate with organonitrile as a nucleophile
in the presence of water and trifluoromethanesulfonic acid
(Scheme 1).6 The reaction proceeds in poor yield on styrene
and electron-rich olefins. In these cases, better yields were
achieved by starting from the corresponding hydroxyselenylat-
ing or methoxyselenylating agent. Similar reactions have been
conducted using different nitriles, affording the corresponding
selenoamides.7 Another approach to selenoamides is the
acylation of the amino group in aminoselenides with a suitable
acid chloride (Scheme 1).8 Although N-(phenylseleno)-
phthalimide (NPSP) is odorless and can provide a convenient
source of electrophilic selenium, realizing the amidoseleneny-
lation of olefins by using NPSP as a nitrogen and selenium
source remains a substantial challenge because of the poor

nucleophilicity of the phthalimide counteranion, where good
nucleophilicity is a prerequisite for a highly electrophilic
seleniranium ion. Unfortunately, successful examples of such
atom-economic processes are quite rare. Coŕsova reported the
organocatalytic aminosulfenylation of α,β-unsaturated alde-
hydes; they obtained only one amidoselenenylation product by
treating cinnamic aldehyde with N-(phenylseleno)succinimide,
whereas they obtained both syn- and trans-diastereomers via the
Michael addition mechanism.9 However, the amidoselenenyla-
tion of styrene and electron-rich olefins has not been reported.
On the basis of our research interests in the Lewis acid-
catalyzed selenofunctionalization of olefins,10 we herein disclose
a Lewis acid-catalyzed intermolecular amidoselenenylation of
alkenes with NPSP as both a nitrogen and selenium source
under mild conditions and with high regioselectivity and
diastereoselectivity.
Initially, (E)-β-methylstyrene (1a) was chosen as a model

substrate with N-(phenylseleno)phthalimide11 as both the
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Scheme 1. Synthesis of Vicinal Amidoselenides by an
Intermolecular Addition Reaction of Alkenes and
Organoselenide
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nitrogen/selenium source; this reaction was rather sluggish in
the absence of catalyst, even under reflux conditions (Table 1,

entries 1 and 2). An investigation using a series of Lewis acids
and Brønsted acids identified TMSOTf and TiCl4 as active
catalysts. In the presence of 10 mol % of TMSOTf, the reaction
proceeded smoothly at −78 °C for 2 h and then −20 °C for 4 h
to afford the desired product in 75% yield (Table 1, entry 11).
With an increase of temperature, the yield of product 3a
decreased, whereas β-hydroxyalkyl phenyl selenide, the product
of the hydroxyselenenylation of an alkene, gradually became the
main product. TiCl4 (10 mol %) is a better catalyst, and the
reaction was completed at room temperature in 6 h to afford a
93% yield of the desired product 3a; no β-hydroxyalkyl phenyl
selenide was observed in the product (Table 1, entry 16). In
this case, the catalyst loading was reduced to 5 mol % to afford
product 3a in 80% yield (Table 1, entry 19). The yield of
product 3a did not increase with the increase of the amount of
the catalyst (Table 1, entry 20 and 21).
With the optimized conditions in hand, we next expanded

the substrate scope; the results are shown in Scheme 2. In
general, the reactions all proceeded smoothly to give products
in good yields and with high regioselectivity. Styrene and
styrene-bearing electron-withdrawing chloro, fluoro, and bromo
substituents and electron-donating methyl, p-methoxyl, 3,5-
diethoxyl, and 3-methoxyl-5-ethoxyl substituents gave good
yields with 99% regioselectivity (Scheme 2, 3b,d,e,h−j); by
contrast, the strongly electron-withdrawing p-nitro substituent

gave less than 5% yield (Scheme 2, 3l). (E)-β-Methyl-, (Z)-β-
methyl-, (E)-β-methoxymethyl-, and (E)-β-benzyloxymethyl-
styrenes gave good yields with 99% regioselectivity and
diastereoselectivity (Scheme 2, 3a,c,f,g,m−o,s), whereas α-
methylstyrene gave 17% yield with 99% regioselectivity
(Scheme 2, 3k). These results indicate that the attack of the
nucleophilic nitrogen at the episelenonium ion was governed by
the steric effect of the substituent in the α-position of styrene,
whereas substituents in the β-position promoted the
amidoselenenylation of alkenes. In addition, both E- and Z-
alkenes gave good results (Scheme 2, 3c,s). Furthermore,
Markovnikov-type adducts were obtained with good yields by

Table 1. Optimization of the Intermolecular
Amidoselenenylation of (E)-β-Methylstyrene (1a) and N-
(Phenylseleno)phthalimidea

entry catalyst amt of catalyst (mol %) temp (°C) yieldb (%)

1 none rt 0
2 none −78 0
3 TsOH 10 rt 0
4 PhSO3H 10 rt 0
5 TFA 10 rt 0
6 AlCl3 10 rt 0
7 AgBF4 10 rt 0
8 FeCl3 10 rt 0
9 ZnCl2 10 rt 0
10 SnCl4 10 rt 13
11 TMSOTf 10 −78 to −20 75
12 TMSOTf 10 −40 58
13 TMSOTf 10 −20 37
14 TMSOTf 10 0 20
15 TMSOTf 10 rt 15
16 TiCl4 10 rt 93
17 TiCl4 10 0 24
18 TiCl4 10 −78 0
19 TiCl4 5 rt 80
20 TiCl4 20 rt 92
21 TiCl4 40 rt 88

aThe general reaction was carried out on a 0.5 mmol scale in 5 mL of
CH2Cl2 for 6 h; the molar ratio of 1a/2a was 1/1.10. bIsolated yield.

Scheme 2. Scope of the Intermolecular Amidoselenenylation
of Alkenes and N-Phenylselenophthalimidea−c

aThe general reaction was carried out on a 0.5 mmol scale in 5 mL of
CH2Cl2; the molar ratio of 1/2a was 1/1.10. bIsolated yield. cThe
value of dr was determined by 1H NMR. dThe reaction gave 52% yield
of 2-(1-phenylseleno-2-octyl)-1H-isoindole-1,3(2H)-dione (3r) and
10% yield of 2-(2-phenylseleno-1-octyl)-1H-isoindole-1,3(2H)-dione
(3r′).
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the highly regioselective amidoselenenylation of styrenes, and
trans-type adducts were obtained regioselectively and diaster-
eoselectively by amidoselenenylation of β-methylstyrenes and
1,2-dihydronaphthalene (Scheme 2, 3a,c,f,g,m−o,q,s). The
reaction also occurred smoothly with simple cyclic alkenes
such as cyclohexene to give products with high diastereose-
lectivity (Scheme 2, 3p). The relative stereochemistry of the
reaction was indicated by the structural analysis of the crystal
structure of 3o (Figure 1). Long-chain alkenes such as 1-

octylene, however, afforded adducts 3r and 3r′ with low
regioselectivity (Scheme 2, 3r). According to the HMBC

spectra of 3r, the correlations of δC (168.6) and δH (7.75, 7.68,
4.41), and the correlation of δC (129.1) and δH (7.10, 3.68,
3.17), together with the 1H NMR, 13C NMR, and HSQC
spectra, the following structure of compound 3r can be
deduced (Figure 2).

The reaction was next investigated in terms of another N-
(phenylseleno)imide reagent, N-(phenylseleno)succinimide
(NPSS) 2b, resulting in 50% yield of amidoselenenylation
product 4a and 50% yield of hydroxyselenenylation product 9a,
both with 99% regioselectivity (Scheme 3). Treatment of other
alkenes with NPSS mainly afforded hydroxyselenenylation
products because the amidoselenenylation reactions were
quenched with aqueous NaHCO3 solution. However, the
hydroxyselenylation product 9a was treated with diethyl
azodicarboxylate (DEAD) and triphenyl phosphine in THF at
room temperature for 8 h to afford the desired product 4a in
86% yield.
The regioselectivity of the products of the amidoseleneny-

lation of alkenes was verified by the treatment of compounds
3a, 3c, and 3s with 30% H2O2 aqueous solution in THF at 0 °C
for 1.5 h and then at room temperature for 30 min to 3 h to
afford 5a, 5a′, 5c, and 5s via a selenoxide syn-elimination
reaction (Scheme 4). According to the ROESY spectrum of 5c,

the correlation of δH (7.32) and δH (6.51), together with the 1H
NMR, and 13C NMR spectra, the structure of 5c was verified to
be (Z)-2-[1-phenyl-1-propenyl]-1H-isoindole-1,3(2H)-dione,
whereas the structure of 5s was verified to be (E)-2-[1-
phenyl-1-propenyl]-1H-isoindole-1,3(2H)-dione. Therefore,
the reaction of (E)-β-methylstyphene (1a) produces (1S,2S)
and (1R,2R) adducts (±)-3c, and the reaction of (Z)-β-
methylstyphene (1s) produces (1S,2R) and (1R,2S) adducts
(±)-3s (Scheme 4).
Mechanistically, the amidoselenenylation reaction is pro-

posed to occur via the typical episelenonium ion intermediate 8
(Scheme 5). In this scenario, TiCl4 may promote the formation
of a three-membered-ring seleniranium ion with high electro-
philicity by chelation to the amide carbonyl group (6); most
importantly, the in situ generated phthalimide anion (7) would
have sufficient solubility and nucleophilicity to participate in
nucleophilic attack in situ because of its benzo-conjugate
nature. The observation of trans-type adducts supports the
proposed mechanism. In addition, the amidoselenenylation

Figure 1. ORTEP of the molecular structure of compound (±)-3o.

Scheme 3. Intermolecular Amidoselenenylation of Alkenes
and N-Phenylselenosuccinimidea,b

aThe general reaction was carried out on a 0.5 mmol scale in 5 mL of
CH2Cl2; the molar ratio of 1b/2b was 1/1.10. bIsolated yield.

Figure 2. Long-range coupling correlations of carbon atoms (δC 168.6,
129.1) and the related hydrogen atoms in compound 3r.

Scheme 4. Selenoxide syn-Elimination of Compound 3a, 3c,
and 3sa,b

aThe general reaction was carried out on a 0.2 mmol scale in 8 mL of
THF, in the presence of H2O2 aqueous solution (0.5 mL). bIsolated
yield. cThe correlation of δH3 (7.32) and δH2 (6.51) in the ROESY
spectrum of 5c.
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reaction at room temperature affords the thermodynamically
more stable Markovnikov adducts.
In conclusion, we have developed a catalytic, simple, efficient,

atom-economic, and regioselective and diastereoselective
amidoselenenylation reaction of electron-rich alkenes using
N-(phenylseleno)phthalimide as both a nitrogen and selenium
source. The use of phthalimide-type electrophilic selenium
reagents is also synthetically appealing because such an N-
protection moiety can be readily removed for subsequent
transformations. Investigations of the enantioselective amido-
selenenylation reaction are currently ongoing.
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ABSTRACT: A new strategy for 2-aminothiazoles is developed via the
copper-catalyzed coupling of oxime acetates with isothiocyanates. Various 4-
substituted and 4,5-disubstituted 2-aminothiazoles were formed smoothly
under mild reaction conditions. This process involved copper-catalyzed N−O
bond cleavage, activation of vinyl sp2 C−H bonds, and C−S/C−N bond
formations. It is noteworthy that the oxime acetates were used not only as a
substrate but also as a single oxidant.

In the past few decades, transition-metal-catalyzed oxidation
reactions have been a good method for carbon−carbon and

carbon−heteroatom bond formations.1 However, the use of the
external oxidants makes these reactions suffer from harsh
reaction conditions, poor functional group tolerance, and the
waste of the reduced external oxidant. To solve this problem,
attention has shifted to the internal oxidants.2 The reactions
which utilize internal oxidants are redox-neutral and do not
require external oxidants. While the N−N,3 N−S,4 and N−
O5−7 bonds were all used as internal oxidants, the N−O bond
is the most common. Narasaka et al. seminally studied
palladium-catalyzed intramolecular Heck-type cyclization of
oxime derivatives, and other groups recently reported
palladium-catalyzed C−H functionalizations which use the
N−O bond as the internal oxidant.5 In addition, the N−O
bond cleavage was also used as the oxidant in ruthenium- and
rhodium-catalyzed reactions.6,7 These reactions utilizing
internal oxidants have many advantages, such as mild reaction
conditions, high selectivity, and good functional group
tolerance. Thus, it is meaningful and desirable to apply internal
oxidants in more transition-metal-catalyzed oxidation coupling
reactions.
The 2-aminothiazole motif has been widely used in medicinal

chemistry.8 Until now, one of the most common methods for
the synthesis of 2-aminothiazoles has been the Hantzsch
reaction, which uses α-halocarbonyl compounds to couple with
thioureas.9 Recently, reactions directly starting from ketones
and thioureas have been also reported for synthesis of 2-
aminothiazole.10 However, they suffer from harsh reaction
conditions, poor functional group tolerance, or limited starting
materials. Therefore, it is desirable and challenging to develop
more green reagents and new routes for 2-aminothiazoles. An
oxime ester, which comes from the esterification of oxime, is
cheap and readily available.11 In recent years, we and other
groups have found that oxime esters were good synthons for
nitrogen-bearing heterocyclic compounds in the presence of a
copper catalyst,12,13 and oxime esters were used not only as
substrates but also as oxidants. We have developed a series of
methods for the synthesis of N-heterocycle compounds such as

pyrroles, imidazo[1,2-a]pyridines, pyrazoles, and pyridines via
copper-catalyzed coupling reactions with oxime esters as the
substrates (Scheme 1a−d).12 Herein, we report a novel method

for 2-aminothiazoles via the copper-catalyzed oxidative
coupling of oxime acetates with isothiocyanates using N−O
bonds as the internal oxidant; thus, there is no need for
additional oxidants (Scheme 1e).
At the start of our studies, we used acetophenone oxime

acetate (1a) and phenyl isothiocyanate (2a) as models to
screen bases, copper salts, and solvents, and the results are
summarized in Table 1. Initial attempts were performed with a
catalytic amount of CuI, K2CO3 as base, and toluene as solvent
under an air atmosphere. We were excited that the unpredicted
product N,4-diphenylthiazol-2-amine (3aa) was obtained in
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Scheme 1. Our Previous Work and This Work
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14% GC yield (Table 1, entry 1). Various bases, such as
Na2SO3, NaHSO3, KO

tBu, DBU, and Cs2CO3, were examined
(entries 2−6). To our delight, Cs2CO3 gave a satisfactory yield
(84% GC yield and 80% isolated yield). Without a base or
catalyst, there was no product detected (entries 7−8). Different
copper salts such as CuCl, CuBr, CuCl2, CuBr2, Cu(OAc)2, and
Cu(OTf)2 could also catalyze this reaction (entries 9−14).
When we used DMSO and DMF as solvents, the desired
product was not detected and acetophenone oxime acetate was
found to be decomposed into acetophenone oxime and
acetophenone (entries 15−16). However, we could obtain a
moderate yield when using 1,4-dioxane as solvent (entry 17).
When the reaction was performed under a N2 atmosphere, the
result was the same as that under an air atmosphere (entry 18).
In order to simplify the operation, we elected to carry out our
process under an air atmosphere. Thus, the optimal catalytic
system for this copper-catalyzed oxidative coupling reaction was
as follows: 1a (0.5 mmol), 2a (0.5 mmol), CuI (20 mol %), and
Cs2CO3 (0.25 mmol) in toluene (3 mL) at 105 °C under air for
8 h.
With the optimized reaction conditions in hand, the

generality of this copper-catalyzed oxidative coupling of
oxime acetates with isothiocyanates was examined. The scope
of the oxime acetates was first explored by the adoption of
phenyl isothiocyanate as the coupling partner, and the results
are summarized in Scheme 2. Both electron-rich (H, 1a; CH3,
1b; OMe, 1f) and electron-poor (halogen, 1c−e) para-
substituted acetophenone oxime acetates participated well in
this reaction, and the desired products were formed in good
yields. In addition, the substrates with a fluoro, chloro, bromo
group at the meta- or ortho-position could also react smoothly
to afford the corresponding products with good to excellent
yields (3ga−3la). In general, acetophenone oxime acetates with

an electron-donating group showed higher reactivity than those
with an electron-withdrawing group. Unfortunately, a strong
electron-withdrawing group such as nitro was not applicable in
this transformation. It is worth noting that the disubstituted
acetophenone oxime acetates were a suitable substrate, and the
corresponding products were formed in 81% and 70% yields,
respectively (3ma, 3na). Notably, a heteroaryl-bearing oxime
acetate was also compatible for this transformation and
transferred to the corresponding product in 75% yield (3oa).
More importantly, the strategy was also available for the
construction of 4,5-disubstituted 2-aminothiazoles in good
yields (3pa−3wa).
Next, the scope of isothiocyanates was examined for this

reaction (Scheme 3). For various para-substituted phenyl
isothiocyanates with electron-donating or -withdrawing sub-
stituents on the aromatic ring, the reactions proceeded
smoothly to afford the desired products 3ab−3af in good
yields. When 3-methylphenyl isothiocyanate was used, product
3ag was isolated in 77% yield. It is worth mentioning that the
annulation reaction could be expanded to alkyl and benzyl
isothiocyanates, and the corresponding products could be
formed in 90%, 73%, and 85% yields, respectively (3ah−3aj).
To gain more insight into the reaction mechanism, we added

the radical scavenger TEMPO or BHT to our standard reaction
[eqs 1 and 2]. When TEMPO was added, the reaction system
was very complex and no product was detected. In addition,
acetophenone was obtained in 18% yield and acetophenone
oxime acetate was recovered in 11% yield [eq 1]. When BHT
was added, the conditions were similar to the case with
TEMPO; acetophenone was obtained in 10% yield and
acetophenone oxime acetate was recovered in 35% yield [eq
2]. When phenyl isocyanate was added to the reaction, the
corresponding product 4 was not detected [eq 3].
Based on previous works on copper-catalyzed transformation

of oxime esters and our control experiment, a possible
mechanism is proposed in Scheme 4.12−16 First, iminium
radical A was produced via reduction by CuI.12−14 The free-

Table 1. Optimization of Reaction Conditionsa

entry [Cu] base solvent yieldb(%)

1 CuI K2CO3 toluene 14
2 CuI Na2SO3 toluene 23
3 CuI NaHSO3 toluene 13
4 CuI KOtBu toluene 43
5 CuI DBu toluene 15
6 CuI Cs2CO3 toluene 84 (80)
7 CuI − toluene n.d.
8 − Cs2CO3 toluene n.d.
9 CuCl Cs2CO3 toluene 42
10 CuBr Cs2CO3 toluene 79
11 CuCl2 Cs2CO3 toluene 12
12 CuBr2 Cs2CO3 toluene 14
13 Cu(OAc)2 Cs2CO3 toluene 69
14 Cu(OTf)2 Cs2CO3 toluene 67
15 CuI Cs2CO3 DMSO n.d.
16 CuI Cs2CO3 DMF n.d.
17 CuI Cs2CO3 1,4-dioxane 48
18c CuI Cs2CO3 toluene 82

aReaction conditions: unless otherwise noted, all reactions were
performed with 1a (0.5 mmol), 2a (0.5 mmol), base (0.25 mmol), and
[Cu] (20 mol %), in toluene (3 mL) at 105 °C under air for 8 h.
bDetermined by GC and dodecane as internal standard. Number in
parentheses is yield of isolated product. cUnder N2 atmosphere.

Scheme 2. Cu(I)-Catalyzed Synthesis of 2-Aminothiazoles
from Various Oxime Acetates and Phenyl Isothiocyanatea

aThe reactions were carried out at 105 °C using 1 (0.5 mmol), 2a (0.5
mmol), CuI (20 mol %), and Cs2CO3 (0.25 mmol) in toluene (3 mL)
under air for 8 h. Yields refer to the isolated yields.
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radical addition of iminium radical A to phenyl isothiocyanate
formed the intermediate B, which isomerized to intermediate
C. Subsequently, intramolecular free-radical addition occurs to
construct a new C−S bond to afford intermediate D (path a).15

It is also possible that the intermediate D is generated by
addition of carbon radical F to the sulfur atom of phenyl
isothiocyanate, followed by intramolecular radical cyclization

and isomerization (path b).16 Subsequently, the intermediate D
was oxidized by CuII to give the intermediate E. Finally, the
desired product 3aa was obtained by deprotonation and the
resulting acid was neutralized by the base.
In summary, an efficient and external-oxidant-free 2-amino-

thiazole synthesis from copper-catalyzed oxidative coupling of
oxime acetates with isothiocyanates has been developed.
Importantly, the reaction was accomplished through N−O
bond cleavage, and new C−S/C−N bond formations, along
with the activation of vinyl sp2 C−H bonds under mild
conditions. Various 4- and 4,5-substituted 2-aminothiazoles
were formed in good yields. Further studies on this topic are
currently underway in our laboratory.
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ABSTRACT: Photosensitive C70 was used for the catalytic oxidation of
benzylamines to the corresponding imines. The advantages of using C70
compared to C60 or other commonly used photosensitizers such as
tetraphenylporphyrin (TPP) are (1) faster reaction rates, especially
under lower energy of light sources, (2) clean reactions with simple
workup without chromatography, and (3) lower catalyst loadings. The
reactions were suitable for various benzylamine derivatives. Subsequent
nucleophilic additions to the imines were successfully carried out on
substituted products. Quenching experiments in the presence of DABCO and benzoquinone implicate the involvement of the
singlet oxygen (1O2) and the superoxide radical anion (O2

•−) as important reactive species in the oxidation.

The remarkable photosensitivity of fullerenes such as C60 and
C70 has been widely known for decades and has been

applied in photovoltaic materials and photodynamic therapy
(PDT) agents. In the case of the former, the electron-donating or
-accepting properties of fullerenes, which can be induced by
photoirradiation, is utilized. In the case of the latter, photo-
induced generation of reactive oxygen species (ROSs) such as
1O2

1,2 andO2
•−3 produced, respectively, via energy transfer (type

II reaction) and electron transfer (type I reaction) is a key
phenomenon. Importantly, the quantum yields of both type I and
II reactions are quantitiative,4 and therefore, many PDT studies
using fullerenes were reported, influenced by an initial report on
photo DNA-cleavage with C60

5 using water-soluble fullerene
materials.6 Alternatively, the use of fullerenes as organic reagents
such as a catalyst for oxidation has been studied for decades.
These studies include the oxidation of olefins,7 phenols,8 and
sulfides.9

Imines are important intermediates in the synthesis of
bioactive compounds,10 and there is a high demand for useful
synthetic methods for the production of imines.11−13 Reported
methods for the conversion of amines to imines include the use
of (1) stoichiometric oxidants such as N-tert-butylphenylsulfini-
midoyl chloride14 and o-iodoxybenzoic acid (IBX)15,16 and (2)
metal catalysts in the presence of oxidants10,17−23 or molecular
oxygen.17,24−26 Quinone- and catechol-based aerobic oxidations
of amines were also found to be efficient.27−29 These methods
provide sufficient yields but often require harsh reaction
conditions, stoichiometric oxidizing reagents, or other additives.
Recently, the use of photosensitizers has emerged as a

promising method for the conversion of amines to imines.
Photocatalysts such as organic dyes30,31 and transition-metal
complexes30,32,33 have been explored for various organic
transformations. Specifically, recent reports on the oxidation of
amines using 1O2 generated from photosensitizers such as
porphyrin derivatives34−36 and gold catalysts have received a

great attention.37 Che and co-workers used tetraphenylporphyr-
in (TPP) as a catalyst for the photooxidation of amines to imines,
which were directly subjected to a subsequent Ugi reaction.34

The same group also reported an organogold(III) complex for
the oxidation of benzylamines to imines, including the oxidative
cyanation of tertiary amines.37 König and co-workers used
porphycene in photooxidation reactions of primary and
secondary amines to provide the corresponding imines and
aldehydes.35 Recent work by Seeberger and co-workers
described the photooxidation of amines and subsequent
nucleophilic addition with TPP using continuous-flow photo-
reactor techniques.36,38

In this study, we used C60 and C70 as photocatalysts for the
oxidation of benzylamines to imines. Although the price of
fullerenes is now comparable to other photosensitizers such as
TPP, the application of fullerenes for such a reaction has not been
previously explored. While the initial trials with C60 were not as
efficient when compared to the commonly used photosensitizer
TPP, the use of C70 provided a very effective reaction even with
lower catalyst loadings. In addition, under lower light energy
(blue LED), nucleophilic addition to the imines can be
successfully carried out in the same reaction flask to provide a
substitution at the benzylic position. Due to the low solubility of
C70, the workup of the reactions is very simple and requires only
the removal of C70 by precipitation to provide imines as a single
product. The reaction was successfully applied to various
benzylamines as substrates.
As an initial trial for the oxidation of benzylamines to imines,

1,2,3,4-tetrahydroisoquinoline 1 was used as a substrate in the
presence of C60 (99.95%, MTR Ltd.) as a photocatalyst under
white light irradiation by a tungsten lamp. The reaction rates
were compared in the several different solvents as listed in Table
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1 (runs 1−4), and these studies revealed that CHCl3 was the
most efficient solvent. This solvent effect may be partially related
to the lifetime of the 1O2 in each solvent (250± 10, 91± 10, 30±
10, and 54 μs for CHCl3, CH2Cl2, THF, and CH3CN,
respectively39,40). The very slow reaction in CH3CN (run 4)
was presumably due to the low solubility of C60 in this polar
solvent. A similar situation was observed in the reaction of the
more soluble C60−Bingel adduct (SI, Figure S14), in which a
slightly faster reaction rate was shown compared to the less
soluble pristine C60 (runs 5, 11). None or only trace product
generation was observed in the absence of C60 or light (runs 8,
10). The saturated oxygen concentration was advantageous than
the ambient condition with open flask (run 9).
Importantly, the oxidation of 1 with C60 proceeded in a clean

manner to show a single product 2 in the crude extract (Figure 1)
after a simple workup of precipitation of C60 fraction by MeOH
and subsequent Celite filtration. However, the reaction efficiency
was not sufficient when compared with TPP, a commonly used
photosensitizer (runs 5, 12).As an alternative, we used C70
(99.5%, MTR Ltd.) as a catalyst, which has stronger absorbance
of visible light (Figure S25) and a longer triplet state (3C70*)
lifetime than C60 or TPP. As expected, the reaction with C70 was

much faster than the one with C60 and almost the same as the one
with TPP (runs 5, 12, 13 and Figure 2a). Importantly, we could
lower the catalyst loading of C70 to 0.01 mol % and still complete
the oxidation in a practical reaction time (28 h, run 15).
Based on the promising results of using C70 under white light

above, along with the fact that C70 has absorbance in longer
wavelength region, which has less risk of decomposition of the
compounds involved in the reaction, we used commercially
available, inexpensive diode lamps for irradiation. We compared
the reaction rates in the presence of C60, C70, and TPP. As a
result, under both blue (max: 470 nm, Figure 2b) and green
(max: 520 nm, Figure 2c) LED lights, the reaction with C70
proceeded faster than those with either TPP or C60, indicating the
advantage in the use of C70 as a photocatalyst. In addition, under
green light, the reaction of C60 was faster than that of TPP,
despite the fact that the absorbance of TPP at around 520 nm is

Table 1. Photoinduced Oxidation of Amine 1 in the Presence
of Photosensitizer (C60, TPP or C70) and under White Light
Irradiationa

aAmine 1 (50 mg, 0.38 mmol) was subjected in the reaction with 5
mL of solvent. bSatd: oxygen was saturated by bubbling (about 11.5
mM of O2 in CHCl3). Air: reaction mixture was exposed to the air by
using an open flask (about 2.1 mM of O2 in CHCl3).

cA 200 W
tungsten lamp (white light) at a distance of 20 cm (20000−20500 lx).
dThe time required for completion (with no detectable 1 by NMR)
and the time for 50% conversion from 1 to 2 (t1/2). N.D.: not
determined. eObtained from the integration of 1H NMR spectra of the
reaction mixture. N.R.: no reaction with starting material recovery.
fWithout light and under a thermal condition (40 °C). gC60-mono-
Bingel derivative (structure is provided in Figure S14, SI).

Figure 1. 1H NMR spectra of the starting material 1 (a) and the crude
extract of the reaction mixture (b) after white light irradiation with 0.1
mol % of C60 for 21 h in CHCl3 at room temperature.

Figure 2. Reaction process of oxidation under (a) white tungsten lamp
(200 W, 20000−20500 lx), (b) blue diode (emission maximum: 470
nm, 14000−14500 lx), (c) green diode (emission maximum: 520 nm,
73000−74000 lx). (d) Structures of the photosensitizers. The reactions
were carried out using 0.1 mol % of photosensitizer and 50 mg (0.38
mmol) of amine 1 in CHCl3. The value of % product was estimated by
1H NMR spectra integration.
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much higher than the one of C60 (Figure S25). This is
presumably because the quantum yields in 1O2 generation
from photoexcited fullerenes are quite high (0.96 ± 0.04 for C60

1

and 0.81 ± 0.15 for C70
2 in benzene at 532 nm) compared to the

one from TPP (0.62 ± 0.20 in benzene at 532 nm).41

Based on the above results for the efficient oxidation with C70,
we simultaneously carried out amine oxidation and nucleophilic
addition (Table 2). An initial attempt of this one-step protocol

using 0.1 mol % of C60 and white light resulted only in the
generation of imine 2, presumably due to the decomposition of 3
by white light irradiation (run 4). This was overcome by a one-
pot/two-step protocol (run 1) involving an initial step of
photooxidation with 1 mol % of C60 under white light and the
subsequent second step of nucleophile addition in dark to
provide 4 in 65% yield. By switching the photocatalyst to C70, the
yield by a one-pot/two-step protocol was improved to 71%
(white light, run 2) and 75% (blue light, run 3) with shorter
reaction times and lower catalyst loading. Furthermore, using C70
(0.1 mol %), the one-pot/one-step protocol was successfully
achieved to provide 4 in good yield with shorter reaction
intervals, especially under blue light irradiation (runs 5, 6).
The C70-catalyzed photooxidation was applied to various

benzylamines 5a−i with substituents on the aromatic ring in the
presence of C70 (0.1 mol %) under white light. As a result, all
reactions provided the corresponding imines in good yields
(>90%) within 20 h. There was no significant effect of
substituents with electron-donating groups (Me and OMe,
Table 3, runs 2, 3) or electron-withdrawing groups (F, Cl, and
CF3, runs 4, 5, and 8) in the para-position on the reaction rate.
The ortho- and meta-substitution had a slight effect to diminish
the reaction rate (runs 6, 7, 9), presumably due to steric
hindrance. These results are very similar to recent reports by
Seeberger and co-workers,38 where TPP is used as a photo-

catalyst, and indicate (1) that C70 itself does not have any
influence in the selectivity of amine oxidation and (2) that
oxidation is suitable for various kinds of benzylamine derivatives.
In addition, when an aliphatic amine (e.g., piperidine) was used
as a substrate, no imine formation was observed as a limitation of
this amine oxidation reaction. Benzylamine oxidation works
better presumably due to the stable benzylic radical formation as
an important intermediate to provide imine.
In order to elucidate aspects of the reaction mechanism, the

photooxidations were carried out in the presence of ROS
quenchers. In a detailed examination previously reported by the
groups of Seeberger38 and Baciocchi,42 two possible mechanisms
were proposed for the 1O2-mediated oxidation of amines. Both
start from initial coordination of 1O2 to amine nitrogen to cause
an exciplex formation followed by the generation of benzylic
radical through either (1) single-electron transfer to provide
amine radical cation and O2

•− and subsequent deprotonation at
the benzyl position or (2) direct hydrogen abstraction. Since we
used a photosensitizer with a higher oxidation potential as
compared to TPP, it was important to clarify what kind of ROS is
involved as reactive species in the current oxidation reaction. We
used DABCO and benzoquinone as quenchers of 1O2 and O2

•−,
respectively. In addition, anthracene was added as a competitive
substrate for oxidation by 1O2 (cycloaddition). As shown in
Table 4, significant suppression of the oxidation reaction was
observed in the presence of DABCO (run 1) with a linear
correlation in Stern−Volmer plotting (Figure S96), which

Table 2. Combination of Amine Oxidation and Nucleophilic
Additiona

two-step conditions

step I (light) step II (dark)

run S (mol %) hν
time
[h]

TMS-CN
[equiv]

time
[h]

NMR yield
of 3b [%]

yield of
4c [%]

1 C60 (1.0) W 15 2.0 1.5 73 65
2 C70 (0.1) W 7 1.5 4 >99 71
3 C70 (0.1) B 2 1.5 4 >99 75

one-step conditions (light)

run S (mol %) hν
TMS-CN
[equiv]

time
[h]

NMR yield of
3b [%]

yield of 4c

[%]

4 C60 (0.1) W 1.5 45 <5 N.D.d

5 C70 (0.1) W 1.5 10 >99 74
6 C70 (0.1) B 1.5 3 >99 76

aReactions were carried out using amine 1 (133 mg, 1.0 mmol). bThe
NMR yield was obtained by NMR integration. cObtained yields of 4
by one-time precipitation in HCl/Et2O.

dImine 2 was observed after
slight generation of 3 in the reaction process by NMR (Figure S27).

Table 3. Photoinduced Oxidation of Benzylamine Derivatives
Catalyzed by C70

substrate 5

run R1 R2 reaction time [h] yielda [%]

1 5a H Bn 7 97
2 5b p-Me p-MeBn 9 95
3 5c p-OMe p-OMeBn 6.5 92
4 5d p-F p-FBn 8 93
5 5e p-Cl p-ClBn 6 97
6 5f o-Cl o-ClBn 15 90
7 5g m-Cl m-ClBn 8 95
8 5h p-CF3 p-CF3Bn 10 95
9 5i m-CF3 m-CF3Bn 20 91

aIsolated yields.

Table 4. Effects of ROS Quenchers on Oxidationa

run
quencher

(equiv to amine) solvent
reaction time

[h]
NMR yieldb

[%]

1 DABCO (1.0) CHCl3 4 7
2 anthracene (1.0) CHCl3 4 85
3 benzoquinone (0.1)c CHCl3 4 25
4 CHCl3 4 >99

aAll reactions were carried out with amine 1 (15 mg, 0.11 mmol).
bObserved by 1H NMR of crude mixture. cReaction was carried out in
the presence of smaller amounts of quencher to avoid complex side
reactions observed in the presence of larger amounts of benzoquinone.
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indicates that 1O2 is an important reactive species involved in the
oxidation. In addition, a moderate decrease of yield was observed
in the presence of anthracene (run 2). On the other hand, a
slower reaction was also observed in the presence of
benzoquinone (run 3) indicating the involvement of O2

•−,
which is probably generated by the electron transfer from an
amine to 1O2. The detailed investigation of the mechanism is still
in progress.
Finally, the reaction was carried out on a larger scale to test the

recovery of catalyst C70. As described above, separation of C70
from reaction mixture is easily done by precipitation from
MeOH. In a reaction of 1 (2.0 g) using 12.6 mg (0.1 mol %) of
C70 (9 h under blue light), 10.1 mg of the C70 fraction was
recovered, which was subjected to a recycled reaction with 1 (2.0
g) to provide 97% yield in 10 h reaction time under blue light.
The recovered C70 fraction contained substantial amounts of C70
mono- and diepoxides as detected by HPLC and MALDI-TOF-
MS (Figures S101, S102).43 By thermal treatment (reflux in o-
dichlorobenzene for 17 h), most of the C70 epoxides were easily
converted back to underivatized C70 as indicated by both HPLC
and MALDI-TOF-MS (Figures S103, S104).
In conclusion, we successfully developed a clean and efficient

oxidation of benzylamines with a simple workup process. Due to
the efficiency of C70 as a photosensitizer, we achieved lower
catalyst loading and provided a high yield of the products. This
photoexcited C70-mediated oxidation reaction is also applicable
to many benzylamine derivatives and is suitable for simultaneous
nucleophilic additions. Easy recovery of C70 fraction, which can
be converted by simple thermal treatment to C70, enabled the
recycling of the C70 catalyst.
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ABSTRACT: A new class of readily prepared thiourea
catalysts with one or more positively charged centers and no
new hydrogen-bonding sites are exploited in several bond-
forming reactions and are orders of magnitude more reactive
than Schreiner’s thiourea. These findings provide the basis for
a new strategy for activating hydrogen-bond catalysts.

Small molecule metal-free hydrogen-bond catalysis has
become an active and vibrant research area over the past

two decades.1 Numerous classes of compounds have been
explored including binols,2 silane diols,3 squaramides,1e,4 and
α,α,α,α-tetraaryl-1,3-dioxolane-4,5-dimethanols (TADDOLs)5

among others, but no species have received more attention
than thioureas.6 Of these, N,N′-bis(3,5-bis(trifluoromethyl)-
phenyl)thiourea [(3,5-(CF3)2C6H3NH)2CS], also known as
Schreiner’s thiourea,7 occupies a privileged position because it
is an especially effective catalyst leading to relatively rapid
transformations. This has been attributed to its enhanced
acidity due to the four electron-withdrawing trifluoromethyl
groups8 and weak C−H···S hydrogen bonds that are thought to
play a factor in stabilizing the reactive Z,Z-conformer.7b,c

Cationic hydrogen bond donors such as amidinium,9

ammonium,10 guanidinium,11 pyridinium,12 and quinolinium13

ions also have been extensively explored.14 These species
correspond to protonated neutral bases and consequently are
more acidic than their corresponding conjugate bases. This may
account for their enhanced reactivities, but conformational
rigidity, changes in the binding site, and the potential use of an
additional hydrogen bond are also important contributing
effects. A different strategy for increasing the reactivity of
neutral hydrogen bond catalysts, especially in nonpolar solvents
where organic transformations of this sort are typically carried
out, is to incorporate a charged center without introducing a
new hydrogen bond site. A recent report by Berkessel et al.
exploiting this novel approach to develop Coulombic anion-
binding catalysts15 and our observation that the catalytic ability
of a phenol can be enhanced by orders of magnitude by the
presence of a charged site16 suggests that electrostatic
enhancement of hydrogen-bond catalysts is a new general
design strategy.17

To explore this hypothesis, thioureas with one and two N-
methylpyridinium ion centers were prepared, and their
reactivities in several different types of transformations were
examined. These new catalysts were compared to N,N′-
diphenylthiourea (1) and Schreiner’s thiourea (2) (Figure 1)

and are found to be orders of magnitude more reactive in
nonpolar solvents.18

Mono- and di-N-methylpyridinium ions 3 and 4 were readily
synthesized starting with commercially available 3-amino-
pyridine (5) as illustrated in Figure 2. Thiophosgene was
used to convert this amine into its isothiocyanate,19 and this
product was subsequently alkylated with methyl iodide to afford
the corresponding pyridinium ion 7. This key intermediate was
reacted with aniline to afford the iodide salt of 3 (3I).
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Figure 1. Thiourea catalysts employed in this work.

Figure 2. Synthetic routes for thioureas 3 and 4.
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Alternatively, methylation of 3-aminopyridine occurs at the
more nucleophilic ring nitrogen atom,20 and the resulting
pyridinium iodide 8 was reacted with 7 to yield the doubly
charged thiourea derivative of 4 (4I). Both iodide salts have
limited solubilities in weakly polar solvents and presumably
form deactivating NH···I− hydrogen bonds so they were
converted to their tetrakis(3,5-bis(trifluoromethyl)phenyl)-
borate (BArF4) salts 3 and 4. These metathesis reactions were
readily accomplished by stirring 3I or 4I with NaBArF4 in
CH2Cl2.
To evaluate the catalytic activity of electrostatically enhanced

thioureas 3 and 4, the Friedel−Crafts alkylation of trans-β-
nitrostyrene with N-methylindole was examined in CDCl3 at
room temperature (eq 1). This transformation was chosen

because the reaction rate has been observed to correlate with
the acidity of hydrogen bond catalysts, whereas acetic acid does
not promote this process.21,22 Second-order rate constants were
determined by monitoring the reaction via 1H NMR spectros-
copy, and the data are summarized in Table 1. Diphenylth-

iourea 1 is a poor catalyst in that it only speeds up the
uncatalyzed process by a factor of 1.4, and more than a month
is needed for half of the starting material to be converted to
product. Schreiner’s thiourea is 28 times more effective than 1,
but this transformation is still slow and has a half-life of 29 h. N-
Methylpyridinium ion containing thioureas 3 and 4 are much
more active than 2 and have half-lives of 5 h and 4 min,
respectively. An acidic impurity in 3 or 4 acting as the active
catalyst was discounted since 1 mol % of p-toluenesulfonic acid
(p-TsOH) did not afford any observable product by 1H NMR
over 20 h. These results indicate that the one charged center in
3 is more effective than the four CF3 groups in 2 by a factor of
7, and that the presence of two cationic sites affords an even
more active catalyst that is 400 times more reactive.
Catalyst loading was explored for 4 (Table 1, entries 5−8),

and as expected the Friedel−Crafts reaction rate increases with
the amount of added catalyst. A linear dependence was not
observed, but a straight line was obtained from a plot of the
second-order rate constants versus the square of the catalyst
concentrations (Figure 3). This suggests that the dimer of 4 is
the active catalyst in this transformation, which is consistent
with a previous report on thiourea catalysts.23

Carrying out the Friedel−Crafts alkylation in a few different
solvents was also examined. Little impact was noted by
switching from CDCl3 to toluene-d8, but a 5-fold increase was
observed when the reaction was carried out in CD2Cl2. All
three of these solvents have dielectric constants of less than 10,
but the most polar one of these leads to the fastest
transformation. This may be a reflection of the aggregation
state of 4 in these solvents. In any case, the doubly charged
thiourea salt is soluble in nonpolar media and displays excellent
performance characteristics.
We next turned our attention to the Diels−Alder reaction

between cyclopentadiene and methyl vinyl ketone (eq 2), in

part because Schreiner’s thiourea previously has been reported
to catalyze this transformation.7b At room temperature in
CDCl3 with 1 mol % of the catalyst, 2 accelerates this
cycloaddition by less than a factor of 1.5 relative to the
uncatalyzed process (Table 2). In contrast, the charge

containing thioureas 3 and 4 enhance the background-corrected
rates by one and 2 orders of magnitude, respectively. The half-
life for the latter transformation is also under 4 min. As for the
selectivity, the major product is the endo isomer in each
instance as expected. Its relative contribution, however,
increases from 71% for the uncatalyzed process to 81% with
Schreiner’s thiourea and 88% when either 3 or 4 is used.
Lastly, the ring-opening aminolysis of styrene oxide with

aniline was explored under solvent free conditions (SFC, eq 3).

Table 1. Kinetic Data for the Room-Temperature Friedel−
Crafts Reaction of trans-β-Nitrostyrene with N-Methylindole

entry cat. mol % solvent k (M−1 h−1) t1/2 (h) krel

1 CDCl3 2.8 × 10−3 1100
2 1 10 CDCl3 3.9 × 10−3 820 0.035
3 2 10 CDCl3 1.1 × 10−1 29 1.0
4 3 10 CDCl3 7.1 × 10−1 4.5 6.5
5 4 10 CDCl3 45 0.071 (4.3 m) 410
6 4 5 CDCl3 11 0.29 (17 m)
7 4 2.5 CDCl3 9.1 × 10−1 3.5
8 4 1 CDCl3 1.6 × 10−2 200
9 4 5 C6D5CD3 14 0.23 (14 m)
10 4 5 CD2Cl2 55 0.058 (3.5 m)

Figure 3. Linear least-squares fit of the second-order Friedel−Crafts
rate constants vs (cat. %)2; k = 0.46(cat. %)2 − 0.70, r2 = 0.999; Table
1, entries 5−8.

Table 2. Diels−Alder Kinetic Data

entry cat. k (M−1 h−1) t1/2 krel
a endo/exo

1 0.72 2.2 h 71:29
2 2 1.0 1.6 h 1.0 81:19
3 3 7.3 13 m 24 88:12
4 4 28 3.5 m 97 88:12

aCorrected for the rate of the uncatalyzed reaction.
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Product formation was monitored for each transformation and
zero and first-order processes were found to fit the data
depending upon which catalyst, if any, was used. Consequently,
qualitative results are reported (Table 3), but it is apparent that

3 and 4 are much more effective catalysts than 2. That is,
significantly higher selectivities and greater conversions are
observed (e.g., 4 gives a 93% conversion in 0.5 h whereas only
39% of the starting material has reacted in 2.33 h with 2). The
dicharged thiourea was also found to outperform 2 even when
10 times less was used (i.e., 0.1 mol % of 4 led to a 53%
conversion in 0.5 h whereas 39% of the reactant went on to
product in 2.33 h with 1 mol % of 2).24

Charged substituents are not especially effective in enhancing
acidities and lowering pKa values in polar solvents.16,25 Based
upon the 2.4 and 1.3 pKa unit acidifying effect of a m-CF3 group
on phenol and N,N′-diphenylthiourea,8,26 respectively, and the
recently measured 5.5 pKa difference between phenol and 3-
hydroxy-N-octylpyrinium ion16 all in dimethyl sulfoxide
(DMSO), one can estimate that pKa(3) = 10.4.27 This value
is essentially the same as incorporating two meta trifluor-
omethyl groups into 1 and consequently 3 is ∼2 pKa units less
acidic than Schreiner’s thiourea.8 In nonpolar solvents, a
reversal in their relative acidities undoubtedly takes place. As a
result, incorporation of a single positively charged center into a
thiourea without adding a new hydrogen bond site was found
to be catalytically more effective than the four electron-
withdrawing trifluoromethyl groups in Schreiner’s thiourea.28

Addition of a second ionic center presumably enhances the
DMSO acidity of 4 so that it is similar to 2 but leads to rate
accelerations of ∼102−103. These results represent a new
strategy for activating hydrogen bond catalysts, and a potential
means for improving stereoselectivities since lower temper-
atures typically can be employed when transformations occur
more rapidly at room temperature.29
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ABSTRACT: The Rh(III)-catalyzed regioselective C2−H
bond carbenoid insertion/cyclization of N-amidoindoles with
α-acyl diazo compounds has been developed. This method
provides a novel approach to 2H-pyrimido[1,6-a]indol-1-ones
with a broad range of functional group tolerance. The
synthetic utilities of the approach are demonstrated by
versatile chemical transformations.

Chelation-assisted C−H bond functionalizations represent
an innovative strategy for the atom-economic construction

of C−C and C−heteroatom bonds.1 Among the various
methodologies, rhodium-catalyzed cross-coupling of C−H
bonds with carbenoids has attracted growing concerns because
rhodium salts belong to particularly promising catalysts for this
transformation.2 Over the past decades, much progress has been
achieved for carbenoid insertion into Csp3-H bond,3 and
intramolecular aryl C−H bond coupling has also been well-
established,4 but highly regioselective cross-coupling of aryl C−
H bonds with carbenoids has rarely been reported.5 To date, the
pioneering report by Yu in 2012 first described that an oxime
group could induce an ortho Cphenyl−H bond cross-coupling
reaction with diazomalonates in the presence of Rh(III) catalyst.6

Since then, Rovis, Li, Glorius, and Chang further took advantage
of the directing character of O-pivaloyl hydroxamic acid,7

ammonium salts,8 N-oxides,9 and others10 to enable the Rh-
catalyzed ortho Cphenyl−H bond functionalization with diazo
compounds for assembling nitrogen-containing heterocycles.
However, despite significant progress in this field, existing
reactions are generally limited to the phenyl C−H bond
carbenoid functionalization. Therefore, developing transition
metal-catalyzed site-selective heteroaryl C−H bond cross-
coupling with carbenoids still remains challenging and important
for exploring the potential synthetic access to more complex
molecules.
However, the indole framework, especially for the 2H-

pyrimido[1,6-a]indol-1-one (HPIO) is a privileged core
structure in many bioactive molecules, natural products, and
material chemistry (Figure 1),11 and these important organics are
most likely derived from the indole C2−H alkenylation/
cyclization cascade. However, in comparison with the C2
position of indole, the C3 position is an inherently nucleophilic
reactive site, and the cross-coupling of indoles with carbenoids
could easily occur at the C3 position.12 Nevertheless,
heteroatom-directed cyclometalation strategy provides concise
access to regioselective indole C2−H bond functionalization. In
this regard, Schipper, Yoshikai, Kanai, and our group successively
reported that N-substituted N,N-dimethylaminocarbonyl,13

pyridyl,14 or pyrimidyl group15 from indoles could efficiently
enhance intermolecular C2-alkenylation with alkynes in the
presence of Rh(III), Co(II), and Ru(II) catalysts, respectively
(Scheme 1a). In view of the importance of 2H-pyrimido[1,6-
a]indol-1-ones in bioorganic and medicinal chemistry, we
recently attempted to employ N-alkylaminocarbonyl as a
directing group to produce C2-alkenylated indole intermediates
C through the reductive cross-coupling with alkynes B, and
followed by intramolecular carboamination and oxidation to
construct HPIOs (D), but we ultimately obtained only the
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Figure 1. Selected examples of functional and bioactive HPIOs.

Scheme 1. Transition Metal-Catalyzed Indole C2−H
Alkenylation Strategies
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unexpected (Z)-alkenylated indole E, in which N-alkylamino-
carbonyl group was removed via a one-pot process, and no
cyclization productDwas observed (Scheme 1b).16 In this letter,
we tried to switch the alkyne coupling partner (B) to the α-acyl
diazo compound (F) and envisioned that a carboamido group
could assist the formation of metallocyclic intermediate G
through a transition metal-catalyzed C−H activation, intermo-
lecular carbenoid insertion into indole C2−H bond and metal
carbene migratory insertion process, then underwent an
intramolecular cyclization reaction to furnish 2H-pyrimido[1,6-
a]indol-1-ones (D) (Scheme 1c).
Initially, we performed the indole C2−H bond carbenoid

insertion/cyclization cascade with α-acyldiazoacetate (2a) to
screen various metal catalysts such as Ir(III), Co(III), Ru(II)
salts, etc., in the presence of AgClO4 (10 mol %) in 1,2-
dichloroethane (DCE) at 80 °C under an Ar atmosphere for 12 h
(Table 1, entries 1−7). To our delight, we soon found that dimer

catalyst [Cp*IrCl2]2 and [Cp*RhCl2]2 could give us the desired
HPIO (3a) in 17% and 52% yields, respectively (entries 1 and 7).
Subsequently, we continued to evaluate various additives and
solvents for further improving the cross-coupling conversion
using [Cp*RhCl2]2 as catalyst. Among them, employing AgSbF6
as additive could moderately increase yield of 3a from 52% to
64% (compare entries 7−10 with 11), and DCE proved to be the
optimal solvent for this transformation (compare entries 12−14
with 11). Moreover, a slight improvement of the reaction (72%
yield of 3a) was also achieved by extending the reaction time to
24 h and increasing the reaction temperature to 100 °C (entries

11 and 15 vs 16). Finally, considering that a proper proton
source, which probably plays a role of Bronsted acid to activate
the carbonyl group from α-acyldiazoacetate, several proton-
donor additives including pivalic acid (PivOH), acetic acid,
isopropyl alcohol, and water were investigated in the Rh(III)/
AgSbF6 system, and we pleasingly found PivOH could afford the
best yield of 3a (92% yield, entries 17 vs 18). By the way, when
large-scale reaction was performed, we could still obtain 83%
yield of 3a (entry 19).
With an optimized catalytic system in hand, we then turned

our attention to explore the generality of the current procedure
by testing various N-benzylaminocarbonyl indoles (1) with 2-
diazo-3-oxo-butyric acid ethyl ester (2a). As shown in Scheme 2,

the reactivity of substituted indoles (2) was obviously dependent
on the electronic properties of substitutents. 5-Substitution on
the indole ring with electron-donating group (Me, MeO)
afforded excellent yields of 3b (90% yield) and 3c (94% yield). In
contrast, electron-withdrawing halogen substituents and ethox-
ylcarbonyl group significantly decreased the reaction conversion
and produced moderate to good yield of 3d−3f (48−72%
yields). Notably, this reaction protocol could also smoothly
convert 3-, 4-, 6-, or 7-substituted indoles to the desired HPIOs
with excellent yields (65−93%), regardless of whether electron-
deficient or electron-rich substituents were introduced into the
indole rings (3g−3k). Moreover, N-alkylaminocarbonyl indoles
(3l−3o) andN-phenylaminocarbonyl indoles (3p and 3q) could
also exhibit good reactivity with 61−86% yields, in which no
significant effect of steric hindrance from N-substituted moiety
was observed in this transformation.
Subsequently, we further investigated the scope of indole C2−

H carbenoid insertion/cyclization cascade by employing differ-

Table 1. Optimization of the Reaction Parametersa

entry catalysts additives solvent yield (%)b

1 [Cp*IrCl2]2 AgClO4 DCE 17
2 CoCp*(CO)I2 AgClO4 DCE 0
3 [Ru(p-cymene)Cl2] AgClO4 DCE 0
4 Pd(OAc)2 AgClO4 DCE 0
5 RhCl3 AgClO4 DCE 0
6 Rh2(C8H16)2Cl2 AgClO4 DCE 0
7 [Cp*RhCl2]2 AgClO4 DCE 52
8 [Cp*RhCl2]2 AgBF4 DCE 55
9 [Cp*RhCl2]2 AgNTf2 DCE 62
10 [Cp*RhCl2]2 AgOAc DCE 58
11 [Cp*RhCl2]2 AgSbF6 DCE 64
12 [Cp*RhCl2]2 AgSbF6 CH3CN 17
13 [Cp*RhCl2]2 AgSbF6 toluene trace
14 [Cp*RhCl2]2 AgSbF6 DMSO 22
15 [Cp*RhCl2]2 AgSbF6 DCE 66c

16 [Cp*RhCl2]2 AgSbF6 DCE 72c,d

17 [Cp*RhCl2]2 AgSbF6 DCE 67c,d,e

18 [Cp*RhCl2]2 AgSbF6 DCE 92c,d,f

19 [Cp*RhCl2]2 AgSbF6 DCE 83c,d,f,g

aUnless otherwise noted, all the reactions were carried out using
indole (1a) (0.10 mmol) and diazo compound (2a) (0.20 mmol) with
catalysts (2.5 mol %) in the presence of silver salts additives (10 mol
%) in solvent (2.0 mL) at 80 °C for 12 h under Ar in a sealed reaction
tube. Followed by flash chromatography on SiO2.

bIsolated yield. cThe
reaction time is 24 h. dThe reaction temperature is 100 °C. e1.0 equiv
of AcOH was added. f1.0 equiv of PivOH was added. g0.5 mmol of 1a
and 1.0 mmol of 2a was used.

Scheme 2. Substrate Scopea,b

aAll the reactions were carried out using indole (1) (0.10 mmol) and
diazo compound (2) (0.20 mmol) with [Cp*RhCl2]2 (2.5 mol %) in
the presence of AgSbF6 (10 mol %) and PivOH (1.0 equiv) in DCE
(2.0 mL) at 100 °C for 24 h under Ar in a sealed reaction tube.
Followed by flash chromatography on SiO2.

bIsolated yield.
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ent α-acyldiazo compounds. It was found that this protocol
tolerated a wide range of diazo compounds. Among them, α-
alkylacyl, α-arylacyl, and α-methyloxymethylacyl substituted
diazoacetetes could easily enable assembly of the corresponding
HPIOs with good to excellent yields (3r−3w). Moreover, when
α-acyl diazoketone was employed as the substrate in this reaction
system, the desired 4-acetyl-2-benzyl-3-methyl HPIO (3x) could
be obtained with 57% yield. More importantly, α-acyl
diazosulfone could also be rapidly converted to 4-sulfonyl-
containing HPIO (3y) in 81% yield. Finally, we also found when
N-benzylaminocarbonyl pyrrole was applied to the carbenoid
insertion with diazo compound 1a, the reaction still worked and
produced the corresponding 2H-pyrrolo[1,2-c]pyrimidin-1-one
(3z) in 47% yield. By the way, the structure of 3f was already
unambiguously assigned by its single crystal X-ray analysis (see SI
for more details).
Finally, we converted 3a to the corresponding free N−H 3a-1

(86% yield), alcohol 3a-2 (82% yield), and the decarbonylated
HPIO 3a-3 (69% overall yield) through reduction, hydrolysis,
and a decarbonylation process, respectively. Meanwhile, the
carbon−carbon double bond in the pyrimidone ring could also
be selectively reduced to produce 3,4-dihydro-2H-pyrimido[1,6-
a]indol-1-one 3a-4 in 81% yield (Scheme 3). These HPIO
derivatives could be further used for constructing more complex
organic molecules.

To investigate the possible mechanism of this transformation,
the H/D exchane of N-benzylaminocarbonyl indole 1a was
conducted in Rh(III)/CH3OD system for 24 h in the absence of
diazo compounds, and 87% deuterium incorporation at the
indole C2-position was observed (eq 1 in Scheme 4). On the
contrary, no H/D exchange of N-propionyl indole 1t was
observed under the same conditions (eq 2 in Scheme 4). This
result implied that amido moiety played a key role of chelation in
promoting the indole C2−H bond cleavage. Subsequently, the
intermolecular isotope effect (KH/KD = 2.0) further indicated

that C2−H bond-breaking was possibly involved in the rate-
limiting step of this transformation (eq 3 in Scheme 4) (see SI for
more details).
On the basis of the above-mentioned results, a plausible

mechanism is proposed in Scheme 5. The initial N-coordination

of substrate 1a to Rh(III) catalyst followed by C2−H bond
activation afforded rhodacycle intermediate A via a concerted
metalation/deprotonation (CMD) process.17 Subsequently, the
coordination of diazo compound 2a to Rh(III) species A was
followed by the denitrogenation to generate Rh-carbene species
B, which would undergo 1,1-aryl migratory insertion to form
rhodacycle intermediate C.18 Finally, the protonlysis/intra-
molecular cyclization of C furnished 3a with regeneration of
Rh(III) catalyst.19

In conclusion, we have developed a novel Rh(III)-catalyzed
regioselective indole C2−H bond carbenoid insertion/cycliza-
tion with α-acyl diazocompounds for rapid assembly of 2H-
pyrimido[1,6-a]indol-1-ones. This method tolerates a wide
range of readily available indoles and diazo compounds. Further
synthetic applications to bioactive molecules are underway in our
laboratory.
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ABSTRACT: A transition-metal-free multicomponent cou-
pling cyclization reaction was explored involving arynes,
tosylhydrazine, and α-bromo ketones. The reaction proceeds
via a formal [2 + 2 + 2] cycloaddition, giving access to
cinnoline derivatives in moderate yields under mild conditions.
Three chemical bonds were formedtwo C−N bonds and
one C−C bondin a single step.

In the past decades, arynes have emerged as powerful synthons
widely used in the synthesis of heterocycles and complex

natural products.1 This is mainly because of the introduction of
2-(trimethylsilyl)aryl triflates as aryne precursors, which allow
arynes to be generated under mild and easily controlled
conditions, such as treatment with fluoride.2 Arynes can also
proceed to various chemical reactions, including nucleophilic
addition,3 cycloaddition,4 annulation,5 coupling,6 insertion,7 and
others.8 When transition metals, such as palladium and nickel,
were introduced into benzyne chemistry, many unprecedented
transformations (such as [2 + 2 + 2] cycloaddition) were quickly
developed.9

Cinnoline is an important nitrogen-containing heterocyclic
compound, and its derivatives exhibit widespread potent
biological and pharmaceutical activities, such as inhibitory
activity toward CSF-1R, inhibited ulceration, anti-inflammatory,
antitumor, and anticancer activity (Figure 1).10

As cinnoline analogues exhibit superior properties, there are
various approaches for the synthesis of cinnolines.11 In recent
years, Ge and co-workers reported distinguished work for the
synthesis of cinnolines by copper-catalyzed aerobic dehydrogen-
ative cyclization (Scheme 1a).12 In addition, the You group
developed a general route to cinnolines through the rhodium-

catalyzed oxidative C−H activation/cyclization reaction
(Scheme 1b).13 Furthermore, Willis and co-workers exploited a
copper-catalyzed tandem C−N bond formation reaction for the
efficient synthesis of functionalized cinnolines (Scheme 1c).14

More recently, Reddy and co-workers developed a directed C−H
activation strategy for the synthesis of benzo[c]cinnolines
through a sequential C−C and C−N bond formation.15 Herein,
a transition-metal-free multicomponent coupling cyclization
reaction was developed for direct access to cinnolines (Scheme
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Figure 1. Selected biologically active cinnoline derivatives.

Scheme 1. Strategic Access to Cinnolines
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1d). Advantages of this method include the use of commercially
available starting materials, mild reaction conditions, and the
formation of three chemical bonds in a single step.
Our initial investigations of this new route to cinnolines

focused on the three-component reaction of 2-(trimethylsilyl)-
phenyl triflate (1a) and tosylhydrazine (2) with α-bromoaceto-
phenone (3a). The desired product, 3-phenylcinnoline (4aa),
was furnished with 34% yield when the reaction proceeded in the
presence of 3.0 equiv of CsF at 80 °C for 3 h in CH3CN (entry 1).
Encouraged by the aforementioned result, other reaction
conditions were investigated, and the results are summarized in
Table 1. First, the amount of CsF was examined (entries 1−4).

The desired product 4aa was satisfactorily afforded in 63% yield
when 8.0 equiv of CsF were used in CH3CN at 80 °C (entry 4).
Additionally, lowering the reaction temperature did not increase
the yields of 4aa (entries 5−8). However, increasing the
temperature to 90 °C resulted in the best yield (entry 9).
Subsequently, various solvents were screened, revealing that
CH3CN was the best choice for the reaction. A satisfactory yield
of the desired product 4aa was not obtained in other solvents
(dioxane, THF, DCE, toluene, and EtOAc) (entries 10−14).
After optimizing the reaction conditions, we explored the

substrate scope of α-bromo ketones (3), as shown in Scheme 2. It
is noteworthy that the electronic properties of the substituents
on the aromatic ring system were shown to have a significant
influence on the efficiency of this transformation. The α-bromo
ketones bearing electron-neutral (H), electron-donating (4-Me,
3-OMe, 4-OMe), and halo-substituted (4-F, 3-Cl, 4-Cl, 3,4-2Cl,
4-Br) groups attached to the benzene ring transformed smoothly
into corresponding products in moderate to good yields (56%−
70%; 4aa−4ai). Much to our satisfaction, β-naphthyl and
biphenyl group substrates were also compatible, giving the
expected products 4al and 4am in 69% and 43% yield,
respectively. However, the electron-withdrawing groups (4-
CN, 4-NO2) have a negative effect on this reaction, and the
desired product 4aj had a low yield (48%), and 4ak was not

detected. In addition, when the substituents were heterocyclic
(2-benzofuryl) and alkyl (methyl) groups, the desired products
4an and 4ao were not afforded. The structure of 4aa was
identified by single-crystal X-ray diffraction (see Supporting
Information (SI)).
Encouraged by the results described above, the scope of 2-

(trimethylsilyl)aryl triflates (1) was subsequently examined
(Scheme 3). First, symmetrically substituted aryne precursor

1b was explored, and the corresponding product 4ba was
obtained in moderate yield (43%). Moreover, when nonsym-
metrical arynes derived from precursors 1d and 1e were used in
the annulation, the products 4da/4da′ and 4ea/4ea′ were
afforded as a mixture of two isomers in good yields (61% and
66%, respectively). However, the reaction of the 3-methoxy
substituted aryne precursor 1c gained the sole regioisomers, and

Table 1. Optimization of the Reaction Conditionsa

entry solvent CsF (equiv) temp (°C) yield (%)b

1 CH3CN 3 80 34
2 CH3CN 5 80 46
3 CH3CN 6 80 57
4 CH3CN 8 80 63
5 CH3CN 8 rt 24
6 CH3CN 8 40 46
7 CH3CN 8 60 51
8 CH3CN 8 70 60
9 CH3CN 8 90 69
10 dioxane 8 80 trace
11 THF 8 70 27
12 DCE 8 80 trace
13 toluene 8 80 35
14 EtOAc 8 80 14

aReaction conditions: 1a (0.1 mmol, 1.0 equiv), 2 (0.15 mmol, 1.5
equiv), 3a (0.1 mmol, 1.0 equiv), CsF (0.8 mmol, 8.0 equiv), and
solvent (2 mL) for 3 h in a sealed tube. bIsolated yields.

Scheme 2. Scope of α-Bromo Ketonesa

aReactions were carried out with 1a (0.5 mmol, 1.0 equiv), 2 (0.75
mmol, 1.5 equiv), 3 (0.5 mmol, 1.0 equiv), and CsF (8.0 equiv) in the
CH3CN (4 mL) at 90 °C for 3 h in a sealed tube. Isolated products.

Scheme 3. Scope of 2-(Trimethylsilyl)aryl Triflatesa

aIsolated products.
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the corresponding products 4ca−4cf were obtained in 35%−
57% yields.
To gain insight into the reaction process, control experiments

were performed (Scheme 4). The reaction of benzyne precursor

1a with tosylhydrazone 516,17 did not afford the target product
4aa under standard conditions. This result identified that
compound 5 may not be the intermediate for this reaction (eq
1). Furthermore, the reaction between 1a and 2 proceeded
smoothly to give 1-methyl-4-(phenylsulfonyl)benzene 6 in 75%
yield together with small amounts of diphenylhydrazine 7 (12%)
(eq 2). When 3.0 equiv of 1a and 1.0 equiv of 2 participated in
this reaction, the main product was also compound 6 with a trace
of 7 and a small quantity of (E)-1,2-diphenyldiazene 8 (7%) (eq
3). Moreover, the compound 8 could be reduced to 7 in 52%
yield in the presence of tosylhydrazine 2 (eq 4). It was proven
that diazene could be in situ generated in this reaction. In
addition, other α-halo ketones have also been checked under
standard conditions. The desired product 4aa was not afforded
when using α-chloroacetophenone 9 as a substrate (eq 5).
However, the product 4aa was obtained in 38% yield in the
presence of α-iodoacetophenone 10 (eq 6).
On the basis of the above-mentioned experimental results, a

possible reaction mechanism for this reaction is proposed as
shown in Scheme 5 (using 4aa as an example). Initially, 2-
(trimethylsilyl)phenyl triflate 1a furnishes the benzyne 1a′ in the
presence of CsF. Meanwhile, tosylhydrazine 2 decomposes into
the 4-methylbenzenesulfinate anion 11 and intermediate diazene
A in the presence of CsF.18 Subsequently, the diazene A reacts
with benzyne 1a′ and α-bromoacetophenone 3a through a
coupling annulation reaction to afford intermediate B.19 Finally,
intermediate B is converted to the desired product 4aa through
an aromatization reaction with elimination of H2O. On the other
hand, in the absence of 3a, the decomposed 4-methylbenzene-
sulfinate anion 11 and diazene A could capture benzyne 1a′ to
give 1-methyl-4-(phenylsulfonyl)benzene 6, and (E)-1,2-
diphenyldiazene 8, respectively.20 The (E)-1,2-diphenyldiazene

8 could be reduced by diazene A, transforming into
diphenylhydrazine 7.18,21

We further explored the application of cinnolines in organic
synthesis as shown in Scheme 6 (4aa as an example). 3-

Phenylcinnoline 4aa transformed into 3-phenylcinnolin-4-ol 12
in moderate yield (59%) through three-step reactions.10a Certain
literature10a,d indicates that the cinnolin-4-ols are also very useful
building blocks for the construction of pharmacologically active
cinnoline derivatives.
In summary, we have developed a novel transition-metal-free

multicomponent coupling cyclization reaction for the efficient
and convenient synthesis of cinnoline derivatives by simple
treatment with CsF in the absence of catalyst. This method
allows the formation of new C−C and C−N bonds in a single
step. Further studies on this method for the synthesis of other
bioactive compounds and applications are in progress in our
laboratory.
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ABSTRACT: A series of polyfused aromatics containing coronene and perylene in
their frameworks was successfully constructed by a modified Ramirez−Corey−
Fuchs reaction as the key reaction. Typical six-membered annulation and atypical
five-membered annulation through controlled reaction conditions led to a range of
extensively conjugate aromatics as possible candidates for organic semiconductors.
A significant p-type field-effect mobility of 0.42−0.64 cm2/V·s was obtained from
one of the derivatives, dibenzo[a,d]coronene.

The organic skeletons with multiple benzene rings fused
together in linear or nonlinear ways have always been a

subject of intensive investigations due to their rich electronic
properties and potential in diverse applications like nonlinear
optics, light-emitting diodes, field-effect transistors, and solar
cells.1 The efficiency of charge conduction, photoluminescence,
and related material features count on the size, shape, and
functional groups decorated around the aromatic core, among
others. The packing of these polyaromatics, as determined by
the electrostatic, steric, and π−π interactions between
neighboring molecules, greatly influence those bulk properties
to be used in the organic electronics.2 Thus, the ability to
design and synthesize new frameworks of polyfused aromatics
is essential to fully explore the potential of these systems.
A plethora of synthetic approaches have been developed for

highly symmetric polyfused aromatics like linear acenes,
perylenes and coronene and their derivatives by Scholl, Clar,
Müllen, and others.3 The discovery of a parent coronene
framework by Scholl and Meyer in 1932 created a new class of
semiconductor materials with the extension of conjugation
from the central coronene core.4 For example, the symmetri-
cally extended tetrabenzocoronene, hexa-cata-benzocoronene,
hexa-peri-benzocoronene, and/or their ring-substituted deriva-
tives have been reported to give decent field-effect mobility in
thin film or single crystal state.5 Extended polyaromatics with
perylene as the central core have also been explored in various
applications.6 The unsymmetrically extended derivatives remain
less explored,7 presumably due to a lack of generalized synthetic
strategies toward these compounds. In this work, we report the
synthesis and spectroscopic characterization of a number of
extended polyaromatics embedding perylene and coronene
frameworks using common and uncommon pathways of Scholl
reactions on the arylated olefinic derivatives. Field-effect

transistor devices were also fabricated for selected samples to
demonstrate their potential as charge conducting materials.
The major synthetic approaches are displayed in Schemes 1

and 3. In both schemes, similar central key starting polyaryl

olefin derivatives are used (Scheme 2). These olefinic
derivatives have been the primary building block in the
structural design of many polyaromatic hydrocarbons and also
an ideal candidate to study the Scholl reactions due to good
solubility and low oxidation potential.8 Many research plans
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Scheme 1. Synthesis of Coronene- and Perylene-Embedded
Derivatives
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have been used to prepare these derivatives, featuring their
applicability in the oxidative coupling and related reactions.
Two powerful tools for the construction of these derivatives are
Ramirez−Corey−Fuchs9 and Suzuki coupling or the Barton−
Kellogg reaction10−reaction between azomethine and thio-
ketone, followed by dethionation reaction.
However, these were either low or even nonyielding for the

ketones desired in our design (Scheme 2). For example, when

thioketone 35 reacted with azomethine 36, the yield of
thioepoxide 37 was rather low, at 27%. Additionally, the general
Corey−Fuchs reaction on the ketones 2, 11, and 20−22 did
not yield the desired dibromo olefin derivatives 3, 12, and 23−
25 by employing triphenylphosphine or the more reactive
trialkoxyphosphines.
Thus, a synthetic protocol for dibenzocorones and

benzonapthoperylenes similar to that for tetrabenzocoronene
and hexabenzocoronene cannot be used. Instead, a modified
process with carbon tetrachloride and triphenylphosphine as
the reagent (1/3/6, mole ratio with respect to the ketone
reactant) was found to give the desired dichloro olefin
derivatives. In addition, the scope of the reaction was expanded
by enforcing a similar strategy on five ketones (2, 11, and 20−
22) to obtain the dichloro olefin derivatives (4, 13, and 26−28)
in excellent yields of 78−85% (Scheme 2). The reason for
discriminative reactivity of aromatic ketones toward the
reagents like carbon tetrabromide and carbon tetrachloride
was considered on the basis of low flexibility of the aromatic
core in the chosen ketones in accommodating the two bromo
atoms on the other side of the double bond. The smaller
chlorine atom allows the reaction to proceed smoothly. To
prepare the polyarylolefins (5−9, 14−18, and 29−31), the
dichloromethylene derivatives were treated with aryl boronic
acid employing the palladium-catalyzed Suzuki coupling in the
presence of phase-transfer catalyst. The use of phase-transfer
catalyst not only reduced the reaction time but also led to purer
products.
To obtain completely fused derivatives, derivatives 5−9, 14−

18, and 29−31 were subjected to a two-step oxidative coupling
strategy using iodine and iron chloride as the catalyst. A variety
of reagents is available to carry out oxidative coupling (or
cyclodehydrogenation) on these derivatives, like DDQ, iron
chloride, or iodine (UV-mediated coupling). The rate of
oxidative coupling depends on the oxidation potential of
polyaryl olefins, functional groups, and the strength of the

oxidizing reagents.11 Due to failure of the first two reagents in
our case, the derivatives 5−9, 14−18, and 29−31 were
subjected to iodine-mediated oxidative coupling under UV
irradiation. This nevertheless could not result in complete
fusion, even in the presence of higher equivalency of iodine
(2.5−5.0). In the case of 5−9 and 14−18, the mixtures could
not be purified, while the partially fused derivatives 32 and 33
were isolated in a pure state (Scheme 3).

Complete fusion of aryl groups to the desired aromatic
nucleus was achieved using iron chloride in nitromethane.
Although the coupling reaction carried out by use of Lewis
acids are not free from side products from chlorination,
polymerization, aryl transfer, or even rearrangement of the
desired products,12 higher yields of fully fused products in 71−
85% can be achieved by controlling the reaction time and mole
ratio of iron chloride used. The product skeletons were
unraveled on the basis of NMR, MALDI-TOF mass, and also
crystal XRD analyses for selected ones (Figure S87, SI). The
product structures were constructed predominantly through
six-membered ring oxidative coupling modes, although as will
be elaborated later, abnormal five-membered ring coupling was
also observed. The rate of coupling reaction for the polyaryl
olefin derivatives was affected by their functional groups, which
modulate the oxidation potential. Electron-donating substitu-
ents such as methoxy groups on the phenyl rings not only
lowered the reaction time but also increased the yields of
reactions (Table 1, entries 2, 7, 12, 13), whereas fluoro groups
on the phenyls slightly deactivated the aromatic skeleton for the
desired coupling reactions. For 3-thienylated derivative 9, an
inseparable mixture of annulated and polymerized products was
obtained. Additionally, the derivative 18 substituted with a 1-
naphthyl moiety gave a mixture of annulated products that
could not be isolated in pure state. (Table 1, entry 10). The
Scholl reaction of derivatives 8 and 17 led to the formation of
the DNC and NPP by a regiospecific cyclodehydrogenation
reaction. The possible formation of the other analogous
hydrocarbons such as DNC1 or DNC2 was ruled out on the
basis of the NMR and single-crystal XRD data.
When the Scholl reaction was applied on tetraphenyl-olefin

32, a rare cyclodehydrogenation reaction with five-membered
ring coupling gave indenoperylene derivative Ph-BINP in an
excellent yield of 80%. One phenyl group remained unfused in

Scheme 2. Synthesis of Polyaryl Olefins Scheme 3. Synthesis of Perylene-Embedded Derivatives
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this derivative even with excessive iron chloride, which also led
to polymerization. Indeed, very few reports on this unexpected
five-membered oxidative coupling are known. One precedent
was described by Müllen et al. in their synthesis of
benzoindenoperylene from structurally common naphthalene
derivatives using Lewis acids like FeCl3 and AlCl3 at room and
elevated temperatures, respectively.13 The derivative 33
carrying methoxy groups produced fluorenthrenoperylene
derivative Met-BFP via successive six-, five-, and six-membered
cyclodehydrogenation reactions (Table 1, entry 12). Addition-
ally, we were able to isolate pure Met-PhBNP with only 1-fold
oxidative coupling reaction on 33 with a shorter reaction time
of 4 h.
In order to rationalize the formation of Ph-BINP and DNC,

two plausible mechanisms are suggested (Schemes S4 and S5,
SI). The loss of one electron from the partially fused derivative
29 can result in a cation radical that allows the six- or five-
membered ring fusion reactions. The existence of cation−
radical intermediates in the oxidative coupling reactions is
already well-acknowledged.14 In the 3,9-substituted polyaryl
olefins 31−33, the five-membered ring closure occurred
possibly due to difference in electron-richness7,12b on the
benzoanthracene unit. The formation of the DNC was
attributed to the higher reactivity of 1-position as compared
to the 3-position of naphthyl unit, resulting from the resonance
stabilization of cation-radicals.
The chemical transformation of polyaryl olefins into their

ring-fused analogous was confirmed for DNC and PhBINP
derivatives based on their single-crystal XRD analyses (Figure
S88, SI). Indenoperylene derivative PhBINP was found to be
slightly twisted due to steric hindrance at the bridging positions.
An efficient π−π overlap (overlap distance, 3.378 Å) was
observed among polyaromatic segments in the crystal packing.
Similarly, the X-ray crystal structure of DNC showed that the
molecule was twisted at the naphthyl bridge, while there was
efficient cofacial packing among the coronene units, with an
interplanar distance of 3.3 Å.
Owing to their planar aromatic skeletons and polar

functional groups, some perylenes15 and other polyaromatic
derivatives exhibit aggregation behavior in their solution states.
Different stacking patterns such as J- and H-aggregates form

depend on the concentration and the nature of the solvent.16

This phenomenon was also observed for perylene derivative
Met-BFP, when concentration-dependent NMR spectra were
taken in solvents like DMSO-d6 (Figure S89a, SI). Significant
shifting and merging of NMR signals were observed upon
increasing the derivative concentration in solution. The
aggregation in this derivative can be explained based on the
increased dipole moment and planarization of the molecule
after fusion from the precursors A and B (Figure S89b, SI).
The DBC and BNP derivatives displayed light-yellow to

yellow color, while indeno- and fluorenthrenoperylene
derivatives gave orange color in their solid states. Absorption
spectra of the derivatives as recorded in dilute dichloromethane
solutions are illustrated in Figure 1a and S90−91, while related

data is summarized in Table S1 (SI). Coronene hydrocarbon
exhibits four absorption bands in the region of ∼250−350 nm,
with the maximum absorption observed at ∼300 nm. The
absorption featured were assigned to be attributed due to the
π−π* electronic transitions of coronene core.17 The
dibenzocoronene DBC displayed a bathochromic shift in
absorption profile, with the structurally analogous absorption
pattern centered at 293, 330, 379, and 399 nm. Thus,
absorption features of both coronene and DBC are best
described by similar electronic states with different energies.
Perylene hydrocarbon shows absorption in the range of ∼250−
435 nm,18 whereas benzonaphthoperylene, indenoperylene,
and fluorenthrenoperylene derivatives afford structurally similar
but shifted absorption maxima toward higher wavelength region
presumably due to extension of conjugation. In perylene
derivatives, the HOMO is primarily localized in the perylene
unit, indicating the electronic transitions could best be
attributed by this core (Figure S95, SI). The DBC and BNP
derivatives displayed blue to blue-green, Ph-BINP yellow, while
Met-BFP orange emissions in their dilute solutions Figure 1b
and S92−93, SI). In the derivatives BNP to Met-BFP, the
emission color shifts from blue to orange presumably due to
increased conjugation. To demonstrate the potential of these
polyfused aromatics, single-crystal field-effect transistors
(SCFETs) were fabricated with one of the derivatives. Thus,
rod-shaped single crystals of the derivative DBC were obtained
by the physical vapor transport method at 360 °C using helium
as the carrier gas.
A top-contact, top-gate SCFET was fabricated by laminating

the crystal on a glass substrate with painted colloidal graphite as
the source and drain, perylene as the dielectric, and colloidal
graphite on its top as the gate electrode. The channel length,
width, and perylene thickness were 1.0−0.5 mm, 0.25−0.20
mm, and 1.8−2.5 μm, respectively. An average mobility of 0.42
cm2/V·s and maximum mobility of 0.64 cm2/V·s were obtained
for DBC (Figures S96−98 and Table S2, SI).

Table 1. Conversion of Aryl Olefins to Fused Derivatives
through Oxidative Coupling Reactions

entry reactant product yieldc (%) timed (h)

1 5 DBC 76 24
2 6 Met-DBC 81 6
3 7 Flu-DBC 65 20
4 8 DNC 77 12
5 9 mixturea 12
6 14 BNP 70 24
7 15 Met-BNP 85 6
8 16 Flu-BNP 69 24
9 17 NPP 71 12
10 18 mixtureb 24
11 32 Ph-BINP 80 36
12 33 Met-PhBNP 81 4
13 33 Met-BFP 82 12
14 34 Met-BBFNP 24

aCompound DTC could not be isolated pure. bIn this case, mixtures
of derivatives were obtained. c,dYields and time are given for iron
chloride-mediated oxidative coupling reactions.

Figure 1. (a, b) Normalized absorption and emission spectra as
recorded in dichloromethane.
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In conclusion, we have successfully synthesized new series of
polyfused aromatics containing perylene and coronene frame-
works through a multistep synthetic approach involving new
ways of utilizing Scholl reactions. Newly constructed derivatives
are well characterized by spectroscopic techniques such as
NMR and MALDI−mass techniques. The chemical structures
of DBC, Flu-DBC, DNC, and Ph-BINP were confirmed by
single-crystal XRD analysis and were found to have face-to-face
packing arrangements. One of the derivatives DBC (dibenzo-
corone) gave an average p-type field-effect mobility of 0.42
cm2/V·s.
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ABSTRACT: An efficient synthetic protocol for the stereo-
selective synthesis of cyclomarin A is reported. Key steps in the
syntheses of the building blocks are an asymmetric chelate−
enolate Claisen rearrangement, an asymmetric hydrogenation,
and highly diastereoselective additions of organozinc and
-titanium reagents.

Most people in industrial nations believe that tuberculosis
(TB) has been wiped out, but statistically almost every

third human is infected by Mycobacterium tuberculosis (MTB).1

Behind HIV/AIDS, TB stands at position two in the list of lethal
infections.2 Several multidrug resistant bacteria are resistant not
only toward first-line medication but also toward second-line
medicine.3 Therefore, the development of new drugs, with a new
mode of action, is highly desired.
In 1999, Clardy et al. described the isolation and structure

elucidation of the cyclomarins from the marine streptomycete
CNB-982 (Figure 1).4 The crude extract showed a moderate

cytotoxicity, with an IC50 of ∼2.5 μM of the major metabolite
cyclomarin A (Cyc A) toward several cancer cell lines. Theminor
metabolites cyclomarin B and C (Cyc B and C) are only found in
trace amounts (2−3%). Later, a further derivate cyclomarin D
(Cyc D), missing an N-methyl group, was isolated from
Salinispora arenicola CNS-205.5 Besides the moderate cytotox-
icity, the cyclomarins show some antiviral6 and antibiotic activity,
especially against MTB, while the exact mode of action was not
clear until recently.7 Detailed studies at Novartis identified
ClpC1, a subunit of the caseinolytic protease, as the target
protein. Very recently, the same researchers also reported
significant antimalaria activity. Cyclomarin A selectively inhibits
the PfAp3Ase of Plasmodium falciparum in a nanomolar range,
but not the human homologue in FHIT.8 To the best of our
knowledge, a natural product with two different targets in two

highly important human pathogens is unprecedented. To date,
all studies have been carried out with cyclomarin A (and
derivatives thereof) from fermentation, since no total synthesis
has been reported. Only one synthesis of the minor metabolite
cyclomarin C, lacking the epoxide functionality on the
hydroxytryptophan, has been described by Yao et al.9 Herein,
we report the first total synthesis of cyclomarin A, which should
open the way to synthetic derivatives for SAR studies to develop
efficient drugs to fight both diseases.
Some of the unusual amino acids found in cyclomarins, e.g., 5-

hydroxyleucine and the β-methoxyphenylalanine, are also
present in other natural products.10 Others, such as the tert-
prenylated β-hydroxytryptophan and the adjacent 2-amino-3,5-
dimethyl-4-hexenoic acid, are unique to cyclomarins. Although
the synthesis of cyclomarin A has not been reported, several
syntheses of building blocks have been described during the last
several years.11−14

We developed our own synthetic protocols toward the
required building blocks based on our long-term experience in
amino acid synthesis.15 When chelated amino acid ester enolates
are used, β-hydroxy amino acids become easily available via an
aldol reaction,16 and γ,δ-unsaturated amino acids can be obtained
either by transition-metal-catalyzed allylic alkylation17 or chelate
enolate Claisen rearrangement.18 While allylic alkylation
provides anti-configured products, the syn isomers can be
obtained via Claisen rearrangement. Therefore, this approach
was used here to generate the desired N-protected amino acid
(2S,3R)-4 (Scheme 1).
The chelate Claisen rearrangement of chiral ester (S)-1 gave

rise to the desired amino acid with perfect chirality transfer and
diastereoselectivity.18 After methylation, the double bond was
cleaved via ozonolysis. Unfortunately, attempts to introduce the
required terminal methyl group via Wittig reaction9 failed. Even
with a 5-fold excess of the Wittig reagent only 21% of the desired
product 3 could be obtained, while the large excess of basic
Wittig reagent caused complete epimerization of the β-methyl
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Figure 1. Natural occurring cyclomarins.
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group. Better results could be obtained using a modified Julia−
Kocienski reaction,19 normally used for (E)-selective olefina-
tions. Sulfone A was deprotonated with LHMDS, and the
solution was added to a fresh prepared aldehyde (without
purification). Under these conditions, the protected amino acid 3
could be obtained without significant epimerization. During the
synthesis, we recognized that the N-Boc-protecting group could
not be removed in the peptide without several side reactions.
Therefore, we replaced the Boc-protecting group by an Alloc
group. Subsequent saponification gave rise to building block 4.
The synthesis of protected 5-hydroxyleucine 9 (Scheme 2)

started with the commercially available Roche ester 5, which was

protected, reduced to the aldehyde 6, and directly used in an
olefination using Schmidt’s phosphonoglycinate B.20 The α,β-
unsaturated amino acid derivative 7 obtained was subjected to a
stereoselective hydrogenation21 using (R)-monophos as a
ligand.22 SubsequentN-methylation and saponification provided
amino acid 9 in high yield and selectivity.
The third unusual building block, β-methoxyphenylalanine 13,

should be accessible via chelate-controlled arylmetal addition
toward a protected (R)-serinal, obtained from ester 10 (Scheme
3).23 Our first attempts using phenylmagnesium bromide (3
equiv) gave the addition product in acceptable yield (60%) but
only moderate diastereoselectivity (ratio 7:3). Much better
results could be obtained with the corresponding titanium
reagents,24 providing 11 as a single diastereomer.O-Methylation,
cleavage of the silyl ether, and subsequent oxidation gave rise to
the desired acid 13 in excellent yield.
By far, most of our encounteded difficulties caused the

synthesis of the tert-prenylated epoxidized β-hydroxytryptophan,
mainly because of the lability of the β-OH group and the terminal

double bond of the prenyl group. Recently, we reported the
synthesis of an N-Boc-protected tert-prenylated β-hydroxytryp-
tophan derivative,25 which unfortunately could not be applied
here, since the Boc-protecting group could not be removed
without decomposition. Therefore, we had to develop a new
protocol, introducing the epoxy group relatively early in the
synthesis.
Recently, a new method was reported for the regioselective

tert-prenylation of electron-demanding indoles.26 We applied
this Pd-catalyzed protocol to 3-indolecarboxylate 14, giving rise
to indole 15 in almost quantitative yield (Scheme 4). The
reaction temperature was kept at 0 °C to suppress the competing
n-prenylation. After saponification of the ester, the free acid was
subjected to a thermal decarboxylation.27 Heating the neat acid
to 180 °C resulted in a clean decarboxylation in perfect yield. The

Scheme 1. Synthesis of (2S,3R)-4

Scheme 2. Synthesis of (2S,4R)-9

Scheme 3. Synthesis of (2S,3R)-13

Scheme 4. Synthesis of (2S,3R)-25
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prenylated indole 16 was converted into the corresponding 3-
iodo derivative 17, and the terminal double bond was
transformed into epoxide 1814b using a Sharpless dihydrox-
ylation as a stereodetermining step. Compound 18 was lithiated
at −78 °C using BuLi and was subsequently transmetalated to
the corresponding organozinc reagent 19,28 which was added to
the solution of fresh prepared aldehyde 20. The desired product
21 was formed in acceptable yield as a 9:1 diastereomeric
mixture. Out of four possible stereoisomers, only two isomers
were obtained and the isomeric mixture was the result of the
moderate selectivity of the Sharpless dihydroxylation (80% ee).
Therefore, the carbonyl addition toward chiral aldehyde 20
proceeded with excellent diastereoselectivity. The secondary OH
functionality was subjected to silyl protection. While most
silylation reactions caused complete decomposition of the
molecule, only the combination of TBMDSOTf and lutidine
gave acceptable results. At −40 °C the side reactions could be
suppressed almost completely, and after only 15 min, the desired
silyl ether 22 was obtained in good yield. The primary silyl group
could selectively be removed in the presence of the secondary
one using NH4F in methanol.29 This reagent is less reactive than
the commonly used Bu4NF, but it is therefore more selective.
Interestingly, no complete conversion was observed, while the
primary alcohol 23 was obtained diastereomerically pure.
Obviously the silyl ether of the “wrong epoxide” does not
undergo cleavage under these reaction conditions. Alcohol 23
was oxidized to the corresponding aldehyde,30 a rather unstable
compound. Workup had to be done at 0 °C and the crude
aldehyde was directly converted into methyl ester 24 using N-
iodosuccinimide (NIS) in MeOH.31 This ester was saponified

directly before the peptide coupling to avoid decomposition of
the labile acid.
With these building blocks in hand, we started the synthesis of

the linear heptapeptide. Ring closure was planned between the
aminohexenoic acid and the N-methylated leucine. Therefore,
the synthesis started with this amino acid. BEP (2-bromo-1-
ethylpyridinium tetrafluoroborate)32 was used for the coupling
with protected valine. Surprisingly, the cleavage of the Cbz-
protecting group required a pressure of 20 atm of H2. HCl (2
equiv) was added to suppress the formation of diketopiperazine.
The dipeptide salt was subjected in the next peptide coupling
step with activated 13. Since an excellent yield was obtained, the
same protocol was also used in the next coupling step with
comparable success. HOBT was used to activate theN-methyl-4-
hydroxyleucine 9 to avoid epimerization during the coupling
step. By this sequence, pentapeptide 29 could be obtained
enantiomerically pure in gram scale. For the coupling of the
highly sensitive hydroxytryptophan, methyl ester 24 was
saponified and the crude product (without purification) was
directly coupled using the BEP protocol to give 30 in acceptable
yield. The alloc protecting group was removed under Pd
catalysis, and the final amino acid 4 was connected. After
removing the protecting groups, the deprotected heptapeptide
was slowly added to a diluted solution of PyBOP (2 equiv) and
base in CH2Cl2 (final concentration: 1 mM). Under these
conditions, O-silylated cyclomarin A (32) could be obtained in
good yield (Scheme 5). The removal of the two silyl protecting
groups was more challenging than expected, since they could not
be removed in one step without decomposition. Therefore, we
decided to use a two-step protocol where the primary OH group
was deprotected first using the NH4F method. The secondary

Scheme 5. Synthesis of Cyclomarin A
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one was removed afterward using exactly 1 equiv of TBAF at 0
°C.
In conclusion, we can show that the unusual amino acids of the

cyclomarins can be synthesized in enantiomerically pure form in
high yields. With these building blocks in hand, cyclomarin A, the
most complex representative of this family of cyclopeptides,
could be obtained. Syntheses of the other family members and
derivatives thereof for SAR studies are under investigation.
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(23) Deska, J.; Haḧn, S.; Kazmaier, U. Org. Lett. 2011, 13, 3210−3213.
(24) (a) Takahashi, H.; Tanahashi, K.; Higashiyama, K.; Onishi, H.
Chem. Pharm. Bull. 1986, 34, 479−485. (b) Muramatsu, Y.; Harada, T.
Chem. - Eur. J. 2008, 14, 10560−10563.
(25) Barbie, P.; Kazmaier, U.Org. Biomol. Chem. 2015, 13, 9267−9275.
(26) Johnson, K. F.; Van Zeeland, R.; Stanley, L. M.Org. Lett. 2013, 15,
2798−2801.
(27) (a) Piers, E.; Brown, R. K. Can. J. Chem. 1962, 40, 559−561.
(b) Powers, J. C. Tetrahedron Lett. 1965, 6, 655−658. (c) Hendrickson,
J. B.; Wang, J. Org. Lett. 2004, 6, 3−5.
(28) (a) Miller, F. P.; Metzger, A.; Schade, M. A.; Haag, B. A.;
Gavrushin, A.; Knochel, P. Chem. - Eur. J. 2009, 15, 7192−7202.
(b) Metzger, A.; Berhardt, S.; Manolikates, G.; Knochel, P. Angew.
Chem., Int. Ed. 2010, 49, 4665−4668.
(29) Kawai, A.; Hara, O.; Hamada, Y.; Shiori, T. Tetrahedron Lett.
1988, 29, 6331−6334.
(30) Parikh, J. R.; Doering, W. v. E. J. Am. Chem. Soc. 1967, 89, 5505−
5507.
(31) McDonald, C.; Holcomb, H.; Kennedy, K.; Kirkpatrick, E.;
Leathers, T.; Vanemon, P. J. Org. Chem. 1989, 54, 1213−1215.
(32) Li, P.; Xu, J. C. J. Org. Chem. 2000, 65, 2951−2958.

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b03292
Org. Lett. 2016, 18, 204−207

207



3‑Imidoallenylphosphonates: In Situ Formation and β‑Alkoxylation
Jan K. E. T. Berton, Thomas S. A. Heugebaert, Wouter Debrouwer, and Christian V. Stevens*

SynBioC Research Group, Department of Sustainable Organic Chemistry and Technology, Faculty of Bioscience Engineering, Ghent
University, Coupure Links 653, B-9000 Ghent, Belgium

*S Supporting Information

ABSTRACT: 3-Imidoallenylphosphonates, allenes bearing
both an electron-withdrawing and -donating group, were
isolated for the first time. An alkoxy substituent was introduced
into these unprecedented intermediates in a one-pot approach,
yielding β-functionalized aminophosphonates in excellent
yields and short reaction times. The mechanistic insights
gained are important additions to the domain of allene chemistry. Addition of biologically important molecules, including
monoglycerides, amino acids, and nucleosides, proves the general applicability of the developed method.

Allenes are highly interesting building blocks, displaying a
broad range of reactivities owing to their unique molecular

structure of cumulated double bonds.1,2 Like alkynes,3,4 they are
excellent substrates for transition-metal-catalyzed cycloisomeri-
zations and readily participate in cycloadditions.5 They are,
however, often underused because of their supposedly low
stability. Amino-substituted allenes react with alcohols, thiols,
and secondary amines to give 1,2-adducts6 and react in [2 + 2] or
[2 + 4] cycloadditions.7 These electron-rich allenamines,
however, are difficult to handle. They tend to polymerize even
at low temperatures and are sensitive to moisture.8 Amido-
allenes, being less electron-rich, are more stable and display
enamide reactivity. For instance, they are hydroaminated
through Lewis acid activation of the proximal double bond9 or
undergo alkoxylation at the α- or γ-position, but usually not at the
β-position.10 On the other hand, nucleophilic addition to
acceptor substituted allenes usually takes place at the β-position
yielding either the nonconjugated (kinetic control) or the
conjugated (thermodynamic control) product. In this work we
explored the unique reactivity pattern of allenylphosphonates
bearing an imideN-substituent. As part of our continuing interest
in phosphonylated N-containing compounds,11−15 we inves-
tigated the one-pot synthesis and conversion of these previously
unreported 3-imidoallenylphosphonates 8 (Scheme 1b). The
first synthesis of allenylphosphonates was reported simulta-
neously by Mark and Boisselle, employing a [2,3]-sigmatropic
rearrangement of phosphonylated propargyl alcohols.16,17 These
allenylphosphonates were readily activated by electrophiles to
produce oxaphospholenes through intramolecular cyclization.18

Recently, the Fadel group reported the same sigmatropic
rearrangement for ynamido-alcohols, yielding the corresponding
1-sulfonamidoallenylphosphonates 2.19 They could be selec-
tively reduced to α-vinylaminophosphonates 3, but also reacted
in a 5-endo-dig cyclization upon deprotection of the PMB-group
with CAN (Scheme 1a).20 Reaction with primary amines
produced phosphonylated imidazoles 5.21

Phosphite addition to propyn iminium salts failed to produce
3-aminoallenylphosphonates, and to the best of our knowledge,

there is no further information on the synthesis or reactivity of 3-
aminoallenylphosphonates 8.22,23 Aside from the mechanistic
interest, they are also precursors to γ-aminophosphonates.
Aminophosphonates are bioisosteres of amino acids and can act
as peptidomimetics in known antibacterial, antifungal, and
herbicidal agents.24 Allenes themselves can also play an
important role in the metabolic stability of pharmaceuticals.
Enprostil is a marketed prostaglandin analogue that is over 600
times more potent than PGE2 in inhibiting gastric acid
secretion.25

Our investigation started from phosphonylated propargyl-
amines 7a−b, which were easily prepared using an improved
literature procedure. Gao reported an elegant phosphonylation
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Scheme 1. Approaches for the Synthesis of
Aminoallenylphosphonates
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of alkynes under a dry air atmosphere, but only on a 0.5 mmol
scale and requiring 16 h.26 When scaling up the reaction we
found that also Glaser coupling occurred, which could be
suppressed by bubbling oxygen through the reaction mixture.
The phosphonylated alkynes 7a−b were obtained in high yields
on a 10 mmol scale in drastically shortened reaction times (see
Supporting Information). In preliminary experiments, phospho-
nylated N,N-di-Boc-propargylamine 7a was used as starting
material. At first, stoichiometric isomerization was evaluated with
organolithium bases (BuLi, LDA) in aprotic media.27,28

However, the isomeric allenic products could not be detected
(Table 1, entries 1−2).29

Accordingly, phthalimidoyl protected alkyne 7bwas then used
exclusively, as the Boc-groups of alkyne 7a were not stable under
the previously applied conditions. Next, the isomerization using a
milder NaH or KOtBu aprotic system was investigated. Using a
stoichiometric amount of NaH, 32% of the starting material was
converted into the allene within 1 h,30 after which degradation
quickly occurred (entry 3). Using a catalytic amount of NaH led
to a lower conversion, while secondary reactions still occurred
(entry 4). When performing the reaction in DMSO with KOtBu
as the base,31 7% conversion to an addition product 9 was
observed (entry 5). Although allene 8b was not detected, this
addition product caught our interest given the position of the
double bond.32 Switching the solvent to THF and employing a
stoichiometric amount of base33 gave the allene intermediate 8b
and the addition product 9 together for the first time (entry 6).
Providing a proton source by adding 1 equiv of t-BuOHmarkedly
increased the conversion of the starting material, giving ∼50% of
the allene in only 2 min at 0 °C (entry 7). Longer reaction times
gave complex mixtures. Screening of different solvents in the
KOtBu/t-BuOH system revealed that conversion to allene 8b
was rapid but a conversion higher than 50% could not be
achieved (SI, Table 1), as alkyne 7b and allene 8b were most
likely in equilibrium. We then decided to scavenge the
intermediate allene 8b to obtain full conversion to the addition
product.
Performing the addition in t-BuOH instead of adding just 1

equiv of t-BuOH as a proton source34 clearly drives addition of

the nucleophile to the allene intermediate (entry 8). Increasing
the amount of KOtBu to 2 equiv gave complete reaction in no
more than 60 s (entry 9). We next investigated whether other
and eventually nonvolatilenucleophiles could be added. To
that end, a non-nucleophilic base, an aprotic solvent, and the use
of a stoichiometric amount of the nucleophile were required
(conditions A). Hence, K2CO3 and THF were selected, using 1
equiv of EtOH as the nucleophile. The addition product 10 was
obtained as the single product, but full conversion required 8
days (entry 10). We reasoned that the limited solubility of the
base hampered reaction progress. Thus, replacing K2CO3 with
Cs2CO3 gave a completed reaction in only 40 min (entry 11).35

NMR disclosed a Z-configuration of the olefin based on a 2.5%
NOE-enhancement of the vinylic proton when irradiating CH2P.
No NOE-effects were observed between OCH2 and the vinylic
proton.
Next, we prepared a small library of derivatives. The addition

of primary, secondary, and tertiary alcohols was first evaluated
(Scheme 2, compounds 9−11). As steric hindrance of the
introduced nucleophile increased, the transformation proceeded
more slowly, and in the case of t-BuOH, a complex mixture was
obtained. With i-PrOH, the addition product was still the major
product, along with some remaining alkyne and allene starting
material and a multitude of minor impurities. For volatile
nucleophiles, the nucleophile could be applied as the solvent
(conditions B). With EtOH, addition was rapid (60 s), and the
addition product 10 was isolated in 97% yield. The i-PrOH
derivative 11 could similarly be obtained in 94% yield. Upon
conducting the reaction in t-BuOH as a solvent, 82% conversion
to 9 was achieved after 3 h at 40 °C. Longer reaction times gave
secondary reactions that prevented isolation of 9. Other primary
alcohols such as n-BuOH and BnOH smoothly gave the desired
compounds 12 and 14 in yields around 90% (conditions A),
again without the need for purification. Phenol reacted rapidly to
give a mixture of two addition products 13a and 13b in a 6:1 ratio
and 90% yield. With the sterically demanding (−)-borneol as a
nucleophile, the intermediacy of the allene was illustrated once
again, but a conversion higher than 20% to the addition product
15 could not be achieved, nor could 15 be isolated. The presence
of an electrophilic group in the substrate, such as the aldehyde in
5-HMF (5-hydroxymethylfurfural), did not complicate matters
giving full conversion to 16 in 90% crude yield in 1 h. When
preparing an analytical sample, the removal of some minor
impurities required reversed phase flash chromatography causing
partial degradation, which has been previously observed in the
isolation of related HMF derivatives.36 The coupling of two
allene moieties with ethylene glycol also proved to be easily
achievable as all of the starting material was converted into an
easily separable 91/9 mixture of bis-adduct 17a and monoadduct
17b. When water was evaluated as a nucleophile, the formation of
the corresponding ketone was expected, but we instead observed
formation of a complex reaction mixture, probably due to aldol-
type reactions.
Finally, the addition of more complex and biologically relevant

molecules was investigated. Addition of DL-α-palmitin gave rise
to phospholipid-type product 18. Full conversion was obtained
in 30 min, resulting in four addition products (ratio 9:34:50:7 in
96% crude yield), which could not be separately isolated (see SI).
Addition of protected amino acids resulted in phosphono-
peptides 19 and 20. Phosphonopeptides often display important
biological activities. Bialaphos for instance is an antibacterial
metabolite, which also possesses strong herbicidal properties.24

Adduct 19was isolated in 63% yield as a 9/1 Z/Emixture. Partial

Table 1. Optimization of Isomerization and Nucleophilic
Addition Conditions

entry
equiv
base base solvent

time
(min) t (°C) 8 (%)c

9/10
(%)c

1 1 BuLi dry Et2O 60 −78 0 0
2 1 LDA dry Et2O 180 0 0 0
3 1 NaH dry THF 60 rt 32 0
4 0.2 NaH dry THF 30 Δ 24 0
5 0.2 KOtBu DMSO 5 rt 0 7
6 1 KOtBu dry THF 1 rt 19 4
7a 0.2 KOtBu dry THF 2 0 47 0
8 1 KOtBu t-BuOH 5 40 34 25
9 2 KOtBu t-BuOH 1 40 0 100
10b 1 K2CO3 THF 8 days rt 0 100
11b 1 Cs2CO3 THF 40 rt 0 100

a1 equiv of t-BuOH added. b1 equiv of EtOH added. c31P NMR
conversion.
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elimination of the addition product 19, giving 22 and 23, was
unavoidable, even when running the reaction at 0 °C, and
accounts for the slightly lowered yield in comparison to less
complex nucleophiles (Scheme 3).

Addition of N-Z-L-tyrosine methyl ester did not suffer from
this elimination reaction, as no acidic proton is present in the
tyrosine methyl ester. As was the case with the addition of
phenol, allylphosphonate 20a and vinylphosphonate 20b were
swiftly formed in a 6:1 ratio in 97% crude yield, after which the
regioisomers were separated from each other. The conformation
of 20b was confirmed to be Z, as a 2% NOE-effect was found on
the vinylic proton when irradiating NCH2. Ultimately, the
addition of protected uridine was evaluated, as phosphono-
nucleosides such as tenofovir and adefovir are used in the
treatment of HIV. We were pleased to find that the uridine
addition product 21 could be isolated in 64% yield. For all of the
synthesized derivatives, addition selectively occurs at the central
C-atom. This illustrates that 3-imidoallenylphosphonates behave
as acceptor substituted allenes.
Finally, we investigated the mechanism of this alkoxylation

reaction. Michael addition to alkyne 7b37 would initially produce
vinylphosphonate 28 which can isomerize to yield the
allylphosphonate 27. Although vinylphosphonate 28 was never

detected in NMR experiments, only alkoxylation of isolated
allene 8b can unambiguously rule out Michael addition. To this
end, alkyne 7b was isomerized (Cs2CO3/THF; see SI) to the
allene 8b resulting in the first ever isolation of the 3-
imidoallenylphosphonate 8b in 16% yield. First, it was found
to be stable for several days, thus countering arguments that these
allenes display low stability. Second, allene 8b was indeed in
equilibrium with alkyne 7b, as 16% isomerization to 7b was
found under the same conditions.
Most importantly, full conversion of allene 8b to allylphosph-

onate 27 in the presence of Cs2CO3 and EtOH is compelling
evidence for the allene being the key intermediate in this one-pot,
two-step reaction. However, it is clear that product 28 can also be
produced from the addition to allene 8b (Scheme 4). Regardless
of the nucleophile adding across the Cα−Cβ or the Cβ−Cγ double
bond, the formation of a nonconjugated allyl anion, 24 or 26,

Scheme 2. Substrate Scope of Formation of β-Functionalized Aminophosphonatesa

aIsolated yield and reaction time are indicated.

Scheme 3. Elimination of the N-Z-L-Serine Methyl Ester
Addition Product

Scheme 4. Proposed Mechanism
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results, owing to the unique orbital structure of allenes. These
nonconjugated anions either can be immediately protonated to
give 27 or 28 respectively or can rotate around their single bond,
forming the conjugated allyl anion 25. After protonation this can
lead again to the formation of either the allylphosphonate 27 or
the vinylphosphonate 28.
During our syntheses we exclusively observed the formation of

allylphosponates 27, except for phenolic nucleophiles. In the case
of phenol addition at rt, a 6:1 27/28 ratio was found. When this
addition was repeated at 0 °C we found a 12:1 27/28 ratio. This
indicates either that the addition reaction is under kinetic control
or that Michael addition to alkyne 7b occurs (7b to 28) and is
suppressed at this lower temperature. Whatever the case, it was
shown that the pathway does not primarily pass over 28. Under
the applied conditions (rt, Cs2CO3) 28 did not isomerize to 27.
Furthermore, 27 was shown to be the thermodynamically more
stable product, as 28 was entirely converted to 27 upon 18 h of
reflux. Thus, the formation of 28 is not a part of the major
reaction pathway.38 This is in accordance with literature data, as
addition of NaN3 to 3-phenylpropa-1,2-dienylphosphonate also
gives the allylphosphonate, preserving the double bond
conjugated to the aromatic group.39

In conclusion, the first synthesis of 3-imidoallenyl-
phosphonates was demonstrated. This transformation proceeds
via a prototropic rearrangement under very mild conditions, and
the imidoallenylphosphonate was isolated and characterized.
Moreover, it can be alkoxylated in a one-pot procedure in very
short reaction times in excellent chemical yields. The method is
applicable to an array of highly functionalized biologically
relevant nucleophiles, furnishing these adducts in moderate to
good yields. Purification on column was needed only in the case
of the more complex nucleophiles (15−21).

■ ASSOCIATED CONTENT
*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.orglett.5b03314.

Experimental details, product characterizations, and
spectral data (PDF)

■ AUTHOR INFORMATION
Corresponding Author

*E-mail: chris.stevens@ugent.be.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
J.K.E.T.B. thanks Ghent Univeristy for financial support.
T.S.A.H. and W.D. thank the Research Foundation Flanders
(FWO) for financial support for postdoctoral mandates. Prof.
Joseph J. Bozell (University of Tennessee, Knoxville) is thanked
for useful suggestions.

■ REFERENCES
(1)Modern Allene Chemistry; Krause, N., Hashmi, A. S. K., Eds.; Wiley-
VCH: Weinheim, Germany, 2004.
(2) Fourgeaud, P.; Dayde,́ B.; Volle, J.; Vors, J.; Van der Lee, A.; Pirat,
J.; Virieux, D. Org. Lett. 2011, 13, 5076.
(3) Debrouwer, W.; Seigneur, R. A. J.; Heugebaert, T. S. A.; Stevens, C.
V. Chem. Commun. 2015, 51, 729.
(4) Debrouwer, W.; Heugebaert, T. S. A.; Roman, B. I.; Stevens, C. V.
Adv. Synth. Catal. 2015, 357, 2975.

(5) Krause, N.; Winter, C. Chem. Rev. 2011, 111, 1994.
(6) Klop, W.; Klusener, P. A. A.; Brandsma, L. Recl. Trav. Chim. Pays-
Bas 1984, 103, 27.
(7) Klop, W.; Klusener, P. A. A.; Brandsma, L. Recl. Trav. Chim. Pays-
Bas 1984, 103, 85.
(8) Lu, T.; Lu, Z.; Ma, Z. X.; Zhang, Y.; Hsung, R. P. Chem. Rev. 2013,
113, 4862.
(9) Hill, A. W.; Elsegood, M. R.; Kimber, M. C. J. Org. Chem. 2010, 75,
5406.
(10) Horino, Y.; Takata, Y.; Hashimoto, K.; Kuroda, S.; Kimura, M.;
Tamaru, Y. Org. Biomol. Chem. 2008, 6, 4105.
(11) Debrouwer, W.; Heugebaert, T. S.; Stevens, C. V. J. Org. Chem.
2014, 79, 4322.
(12) Debrouwer, W.; Heugebaert, T. S.; Van Hecke, K.; Stevens, C. V.
J. Org. Chem. 2013, 78, 8232.
(13) VanWaes, F. E. A.; Debrouwer, W.; Heugebaert, T. S. A.; Stevens,
C. V. ARKIVOC 2014, 386.
(14) Dieltiens, N.; Moonen, K.; Stevens, C. V. Chem. - Eur. J. 2007, 13,
203.
(15) Moonen, K.; Van Meenen, E.; Verwee, A.; Stevens, C. V. Angew.
Chem., Int. Ed. 2005, 44, 7407.
(16) Mark, V. Tetrahedron Lett. 1962, 3, 281.
(17) Boisselle, A. P.; Meinhardt, N. A. J. Org. Chem. 1962, 27, 1828.
(18) Macomber, R. S. J. Am. Chem. Soc. 1977, 99, 3072.
(19) Gomes, F.; Fadel, A.; Rabasso, N. J. Org. Chem. 2012, 77, 5439.
(20) Adler, P.; Gomes, F.; Fadel, A.; Rabasso, N. Eur. J. Org. Chem.
2013, 2013, 7546.
(21) Yu, L.; Deng, Y.; Cao, J. J. Org. Chem. 2015, 80, 4729.
(22) Reisser, M.; Maier, A.; Maas, G. Eur. J. Org. Chem. 2003, 2003,
2071.
(23) Reisser, M.; Maas, G. J. Org. Chem. 2004, 69, 4913.
(24) Aminophosphonic and aminophosphinic acids: Chemistry and
Biological Activity; Kukhar, V. P., Hudson, H. R., Eds.; Wiley: Hoboken,
NJ, 2000.
(25) Carpio, H.; Cooper, G. F.; Edwards, J. A.; Fried, J. H.; Garay, G.
L.; Guzman, A.; Mendez, J. A.; Muchowski, J. M.; Roszkowski, A. P.; Van
Horn, A. R. Prostaglandins 1987, 33, 169.
(26) Gao, Y.; Wang, G.; Chen, L.; Xu, P.; Zhao, Y.; Zhou, Y.; Han, L. J.
Am. Chem. Soc. 2009, 131, 7956.
(27) Steinmetz, M. G.; Mayes, R. T. J. Am. Chem. Soc. 1985, 107, 2111.
(28) Doye, S.; Hotopp, T.;Wartchow, R.;Winterfeldt, E.Chem. - Eur. J.
1998, 4, 1480.
(29)With BuLi the alkyne was dephosphonylated, while LDA attacked
the tBu-group producing the carbamic acid which cyclized to produce
the oxazolidinone.
(30) Sturtz, G.; Paugam, J. P.; Corbel, B. Synthesis 1974, 1974, 730.
(31) Selling, H. A.; Rompes, J. A.; Montijn, P. P.; Hoff, S.; van Boom, J.
H.; Brandsma, L.; Arens, J. F. Recl. Trav. Chim. Pays-Bas 1969, 88, 119.
(32) A 2JHP coupling constant of about 20 Hz is typical for a PCsp

3

fragment, indicating protonation of the carbon in α-position to the
phosphonate had occurred.
(33) Lehrich, F.; Hopf, H. Tetrahedron Lett. 1987, 28, 2697.
(34) Deutsch, E. A.; Snider, B. B. Tetrahedron Lett. 1983, 24, 3701.
(35) It was noted that when a catalytic amount of Cs2CO3was used, full
conversion could not be obtained.
(36) Heugebaert, T. S. A.; Stevens, C. V.; Kappe, C. O. ChemSusChem
2015, 8, 1648.
(37) Panarina, A. E.; Dogadina, A. V.; Ionin, B. I. Russ. J. Gen. Chem.
2003, 73, 1729.
(38) Moreover, it was shown that the addition was irreversible under
the applied conditions. No exchange of the alkoxy moiety was observed
upon reacting 10 with BnOH and Cs2CO3.
(39) Abramovitch, R. A.; Konieczny, M.; Pennington, W.;
Kanamathareddy, S.; Vedachalam, M. J. Chem. Soc., Chem. Commun.
1990, 269.

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b03314
Org. Lett. 2016, 18, 208−211

211



Ruthenium-Catalyzed Urea Synthesis Using Methanol as the C1
Source
Seung Hyo Kim and Soon Hyeok Hong*

Center for Nanoparticle Research, Institute for Basic Science (IBS), Seoul 151-742, Republic of Korea

Department of Chemistry, College of Natural Sciences, Seoul National University, Seoul 151-747, Republic of Korea

Korea Carbon Capture Sequestration R&D Center (KCRC), Daejeon 305-303, Republic of Korea

*S Supporting Information

ABSTRACT: An unprecedented protocol for urea synthesis directly
from methanol and amine was accomplished. The reaction is highly
atom-economical, producing hydrogen as the sole byproduct.
Commercially available ruthenium pincer complexes were used as
catalysts. In addition, no additive, such as a base, oxidant, or hydrogen
acceptor, was required. Furthermore, unsymmetrical urea derivatives
were successfully obtained via a one-pot, two-step reaction.

Urea derivatives are commonly found in widespread
applications, such as biologically active compounds,

pharmaceuticals, agricultural pesticides, dyes for cellulose fibers,
and antioxidants in gasoline.1 Many classical protocols and
catalytic transformations have been developed for urea
synthesis. Traditional syntheses of urea derivatives use
phosgene and isocyanates, which cause tremendous toxico-
logical and environmental problems (Scheme 1).2 Alternative
routes using carbon monoxide (CO) as the source of the
carbonyl moiety have been developed;3 these carbonylation
reactions are generally carried out at high temperatures under
high CO pressure with oxidants. In recent years, the utilization
of CO2 has attracted significant attention because it is a

renewable carbon resource.4 However, the required stoichio-
metric use of expensive and waste-producing dehydrating
reagents, such as di-tert-butyl azodicarboxylate (DBAD), to
generate the isocyanate intermediates still limits the utility of
the reaction.4 Therefore, versatile urea synthesis under mild
conditions that avoids environmentally harmful reagents
remains a major challenge.
Recently, environmentally benign and atom-economical C−

N and C−C bond formation reactions utilizing alcohols,
generating water5 or hydrogen6,7 as the byproduct, have
attracted much attention. By applying the concept of
acceptorless dehydrogenative activation of alcohols,7 and
based on the thermodynamic feasibility for the formation of
1,3-dimethyl urea from methylamine and methanol (ΔH°298 =
−66.2 kJ/mol, ΔG°298 = −268.8 kJ/mol),8 we envisioned an
unprecedented strategy to synthesize urea derivatives directly
from amines utilizing methanol as the C1 source.
Utilization of methanol as the C1 feedstock could be an ideal

solution to reduce the predominant dependence on conven-
tional toxic C1 sources, such as phosgene and isocyanates, for
urea synthesis.9 For intermolecular coupling of alcohols and
amines, three pathways, i.e., imination,10 alkylation,7e and
amidation,11 have been well reported. Recently, formylation of
amines using methanol as the C1 source has been developed.12

Inspired by previous works, we devised a possible strategy to
synthesize urea utilizing methanol as follows: (1) Generation of
formamide in situ and (2) coupling of the formamide with
amine using an active catalyst that can mediate activation of
formamide followed by dehydrogenation of the resultant
hemiaminal intermediate.
To identify an active catalyst for the proposed urea synthesis,

we investigated complex 4, which was recently used for the
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Scheme 1. Synthesis of Urea Derivatives
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formylation of amine and nitrile with excess methanol.12a The
reaction of benzylamine (8a) and methanol under modified
conditions with less methanol (1.0 equiv vs amine) generated a
trace amount of 1,3-dibenzyl urea (9aa, 5%) (Table 1, entry 5).

Inspired by this result, other Ru-based complexes that had been
reported to catalyze acceptorless dehydrogenative coupling
reactions were screened to improve the reaction efficiency. The
N-formylation catalytic system developed by the Glorius group
was not active for urea synthesis (entry 4).12b Milstein’s catalyst
(5)11d also did not produce any urea under the reaction
conditions (entry 6). Complexes 6 and 7, which showed
excellent performance for hydrogenation of esters,13 were not
active for this reaction (entries 7 and 8). To our delight, Ru
complex 2, which is known as the Ru-MACHO catalyst,6b,14

afforded desired product 9aa in an excellent yield (93%) in the
presence of a catalytic amount of K2CO3 (entry 2). Analogous
complex 3 containing cyclohexyl groups on the phosphine
moiety gave a slightly lower yield (88%, entry 3). Finally, when
complex 1 (Ru-MACHO-BH) was used as a precatalyst, a
quantitative amount of 9aa was obtained under base-free
conditions (entry 1). The reaction was optimized in a closed
reaction vessel due to the low boiling point of methanol.
Toluene was the best solvent among those tested (entries 9−
12). Notably, the developed reaction is highly atom-
economical, produces hydrogen gas as the sole byproduct,
and is catalyzed by a low loading of the Ru catalyst (0.1 mol %,
TONs ≈ 295, Table S2) without any additive such as a base,
oxidant, or hydrogen acceptor.
Using the optimized conditions, the scope of the reaction

was examined (Scheme 2). Various amines smoothly provided
the corresponding symmetrical urea products in good to

excellent yields. Electron-rich benzylamines (8a−e) produced
the corresponding ureas smoothly. The reaction worked
efficiently even in a gram-scale reaction (1.07 g of 8a, 91%).
The use of chloride- and bromide-substituted benzylamines
(8f−8h) required a higher catalyst loading (1, 2 mol %) and a
base additive (KOH, 15 mol %) to obtain the products in good
yields. Pyridine functional groups (8i and 8j) were tolerated
under the reaction conditions. Various kinds of aliphatic amines
afforded the desired urea products in very good to excellent
yields (8k−8o). In the case of 2-adamantyl amine (8p), a poor
yield of 9pp (31%) was observed and most of the 8p remained;
this was presumably due to high steric hindrance. Furthermore,
the use of diamines 8q and 8r in the reaction resulted in the
production of cyclic ureas. The yield of the product was
relatively decreased probably due to the coordination effect of
diamine. To our delight, subjection of chiral amine 8s to the
reaction generated urea product 9ss with no epimerization.
However, secondary amines, such as 8t, and electron-deficient
aryl amines, such as aniline, were not applicable under the
developed reaction conditions. In the case of 8t, the
corresponding formamide was formed as the major product,
which implies that the second nucleophilic addition of the
secondary amine to formamide could be the limiting step for
the urea synthesis. Aniline did not react at all under the reaction
conditions. Therefore, in the case of 4-aminobenzyl amine (8e),
selective urea formation on the aliphatic amine group was
achieved in an 84% yield.
Next, we turned our attention to the synthesis of

unsymmetrical urea derivatives. Traditionally, unsymmetrical
ureas are synthesized via nucleophilic attack of amines on
isocyanates. Recently, Buchwald and co-workers reported an
unsymmetrical urea synthesis using an arylisocyanate inter-
mediate synthesized by Pd-catalyzed cross-coupling of aryl

Table 1. Urea Synthesis from Methanol and Benzylamine
Using Various Catalystsa

entry Ru complex (0.5 mol %) solvent yield (%)

1 1 toluene 97
2b 2 toluene 93
3b 3 toluene 88
4c [Ru(cod)(2-methylallyl)2] toluene 0
5 4 toluene 5
6 5 toluene 0
7b 6 toluene 0
8b 7 toluene 0
9 1 hexane 81
10 1 THF 80
11 1 dioxane 60
12 1 p-xylene 87

aReaction conditions: benzylamine (2 mmol, 1.0 equiv), [Ru] (0.5
mol %), methanol (2 mmol), toluene (1.5 mL), 140 °C, 24 h in a
closed vessel; NMR yield; p-xylene was used as a standard. bK2CO3
(0.5 mol %). c[Ru(cod)(2-methylallyl)2] (0.5 mol %), KOtBu (1.5
mol %), and dicyclohexylimidazolium chloride (ICy-HCl, 1 mol %).

Scheme 2. Symmetrical Urea Synthesis from Methanol and
Aminea

aReaction conditions: amine (2 mmol, 1.0 equiv), 1 (0.5 mol %),
methanol (2 mmol), toluene (1.5 mL), 140 °C, 24 h in a closed vessel;
isolated yield. bAmine (10 mmol, 1.0 equiv), 1 (0.5 mol %), c1 (2 mol
%), methanol (4 mmol), KOH (15 mol %). dAmine (1 mmol, 1.0
equiv), 1 (1 mol %), methanol (2 mmol).
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chlorides and triflates with sodium cyanate.15 Other efforts have
been devoted to achieve in situ generation of isocyanates from
different precursors, such as carboxylic acids, carbamic acids,4c

carbamates,16 acyl azides,17 hydroxamic acids,18 or acetoaceta-
nilide.19 They have also been prepared by functionalization of
mother ureas via N-alkylation20 or N-arylation.21 Despite the
significant advances in this field, many procedures still suffer
from a limited availability of starting materials and a restricted
substrate scope.
To elucidate the viability of the optimized reaction

conditions for the synthesis of unsymmetrical urea, two
different aliphatic amines, i.e., 8a and 8k, were reacted in a
reaction vessel (Scheme S1). This reaction produced three of
the corresponding urea derivatives with a statistical distribution:
Symmetrical 9aa (21%) and 9kk (25%), and unsymmetrical
9ak (48%). The reaction of 4-aminobenzyl amine (8e) with
benzylamine resulted in a similar distribution of products. To
improve the selectivity toward the unsymmetrical ureas, we
devised a strategy comprising a sequential two-step reaction in
one pot by first generating formamide from an amine and
methanol, and then reacting the formamide with the second
amine. This reaction strategy was proven to be viable by the
reaction of 10 and 8k to produce 9ak in an excellent yield
(94%) under the catalytic conditions of 1. Recently, Reddy and
co-workers reported Cu-catalyzed unsymmetrical urea synthesis
from formamide and amines using tert-butylhydroperoxide
(TBHP) as a stoichiometric oxidant at a relatively low
efficiency (mostly <50% yields).22 Here, an unsymmetrical
urea synthesis from formamide and amine was achieved under
oxidant-free conditions with high efficiency.
Combining the current strategy and the previous report of

formamide synthesis using methanol,12 we attempted selective
unsymmetrical urea synthesis in one pot. After first generating
benzyl formamide from 8 using methanol as the solvent, the
methanol was removed in vacuum. Then, n-hexyl amine and
toluene were added to the reaction tube with an additional
loading of Ru complex 1 under inert conditions. After further
reaction for 16 h at 120 °C, desired 1-benzyl-3-hexyl urea 9ak
was obtained in a good yield (79%).
The scope of the reaction was expanded to include a variety

of coupling partners, and various unsymmetrical ureas were
synthesized in good to excellent yields (Scheme 3). Reactions
with amines containing heterocycles provided the correspond-
ing ureas, i.e., 9aj and 9av, in very good yields. Notably, using
secondary amines as the second cross partners was successful
(9at and 9au) although symmetrical urea synthesis of
secondary amines was not possible; this implies that tertiary
formamides are not reactive for further urea functionalization
because of steric congestion. Unfortunately, the use of aniline in
the reaction did not generate a urea derivative, as in the case of
symmetrical urea synthesis. It is worthwhile to note that a
diamine reacted with in situ generated formamide to afford a
diurea compound (9aw).
An independent reaction with paraformaldehyde and benzyl-

amine under our reaction conditions gave 1,3-dibenzylurea
(Scheme S3a). To investigate the possibility of an isocyanate
mediated mechanism, N-benzyl formamide was treated with
aniline utilizing complex 1, but no reaction occurred (Scheme
S3b). Since benzyl isocyanate is easily reacted with aniline to
form the corresponding urea,23 the isocyanate mediated urea
formation pathway was ruled out. In addition, isocyanate was
not observed from N-benzyl formamide under our reaction
conditions (Scheme S3b). Involvement of amidine was also

excluded, as we could not observe the formation of amidine
under our reaction conditions even in the presence of
molecular sieves to remove water. Based on the results, the
formation of urea is proposed to follow the pathway shown in
Scheme 4. The primary amine is oxidatively coupled with

formaldehyde, which is formed from dehydrogenation of
methanol, to generate the formamide. Subsequent nucleophilic
attack of an amine on the formamide generates the hemiaminal
analogue, which is further dehydrogenated to the urea.
In conclusion, we reported a novel urea synthetic method

directly from methanol and amines catalyzed by a readily
available ruthenium PNP catalyst with hydrogen as the sole
byproduct. No additive, such as a base, oxidant, or hydrogen
acceptor, was required. Symmetrical and unsymmetrical urea
derivatives were successfully obtained using methanol as the C1
feedstock by applying a dehydrogenative condensation strategy.

Scheme 3. Unsymmetrical Urea Synthesis from Methanol
and Aminea

aReaction conditions: (1) amine (0.5 mmol, 1.2 equiv), 1 (2 mol %),
methanol (2 mL), 150 °C, 12 h in a closed vessel; (2) amine (0.42
mmol, 1 equiv), toluene (1.5 mL), 1 (4 mol %), 120 °C, 16 h in a
closed vessel; isolated yield. bm-Xylylenediamine (0.21 mmol) in the
second step.

Scheme 4. Proposed Mechanism
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ABSTRACT: A silver-catalyzed oxidative cyclization of 2- or
3-propargylamide-substituted indoles to synthesize phospho-
rated indoloazepinone derivatives is described. This reaction
displays a difunctionalizalion of alkynes with diphenyl-
phosphine oxides to construct a seven-membered ring through
a radical cyclization process. The indoloazepinones derivatives
are common structural motifs found in many natural products
and pharmaceuticals.

Pyrroloazepinones are considered important structural
motifs, which are present in various natural and

pharmaceutical products, such as Hymenialdisine,1 Paullones,2

and Lantonduine A (Figure 1).3 Moreover, pyrroloazepinone

derivatives have been identified to inhibit different protein
kinases for the treatment of a variety of diseases.4 Owing to their
biological properties, a series of powerful strategies for the
synthesis of pyrrolo- and indolo-azepinones have been
developed.5 In general, the construction of the bicyclic ring
system is the key step to synthesizing pyrrolo- and indolo-
azepinones derivatives.6−8 For example, in 2009, the Beller group
reported the intramolecular cyclization of pyrrolos with alkynes
to synthesize pyrroloazepinones in the presence of gold or
platinum salts.7 Rominger and co-workers disclosed a gold-
catalyzed alkynyl-substituted indole-3-carboxaminde to con-
struct azepino[3,4-b]indol-1-ones.8 However, these methods
have some significant drawbacks, as they require a metal catalyst,
high temperature, and long reaction time. Consequently,
developing a new and effective method to solve these limitations
is highly desired.
Phosphorus-containing heterocycles have broad applications

in the field of material science,9 medicinal chemistry,10 organic
synthesis,11 and ligand chemistry.12 In the past decades, in light
of their importance, the construction of C−P bonds has attracted
great attention, and enormous efforts have been expended. The

traditional strategies for C−P bond formation include transition-
metal-catalyzed cross-coupling reactions13 and electrophilic
phosphorus reagents with a carbon nucleophile.14 With the
development of radical chemistry, the active P-radicals [R1R2P-
(O)·] tandem procedures and alternative methods to construct
the C−P bond have been explored.15,16 Specifically, the
phosphorus radical exhibits high reactivity with alkynes and
inactivated alkynes (Scheme 1).16 In 2013, Ag-catalyzed
oxidative C−H/P−H functionalization of diphenylphosphine
oxide with internal alkynes was established by Miura16a and
Duan,16b independently. Recently, Zhang16d and Wu16e

developed the difunctionalization phosphonation of alkynes to
synthesize coumarin derivatives. Not long ago, our group16c,f also
described two silver-mediated C−P bond formation reactions of
alkynes via a P-radical tandem cyclization process. However,
these reports all described the formation of five- or six-membered
rings, difunctionalizalion of alkynes with a phosphorus radical to
synthesize the products containing a seven-membered ring have
been rarely reported. Herein, we described an example of
phosphorus radicals participating in the oxidative cyclization
reaction of 2- or 3-propargylamide-substituted indole to
synthesize indoloazepinones derivatives.
Our investigation beagn with 3-propargylamide-substituted

indole 1a and diphenylphosphine oxide in the presence of
AgNO3 (10 mol %) and Zn(NO3)2·6H2O (2.0 equiv) in MeCN
under argon, and the desired product was obtained in 42% yield
(Table 1, entry 1). The structure of 3a was determined by X-ray
crystal structure analysis (see the Supporting Information).17

Motivated by this result, a series of representational silver salts
and solvents were tested, the result indicated that AgOAc (10
mol %) and THF could remarkably enhance the yield up to 73%
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Figure 1. Pyrrolo- and indolo-azepinone derivatives.
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(Table 1, entries 2−11). Other nitrate additives such as
Mg(NO3)2·6H2O, Cu(NO3)2·3H2O, and Ce(NO3)2·6H2O
were also examined in this reaction, but no better yields were
obtained (Table 1, entries 12−14). A yield of 80% was isolated
after decreasing the amount of Zn(NO3)2·6H2O to 1.5 equiv

(Table 1, entries 15−16). In addition, increasing or decreasing
AgOAc loadings led to lower yields (Table 1, entries 17−18).
Control experiments indicated that no reaction took place in the
absence of the catalyst or additives (Table 1, entries 19−21).
With optimized conditions in hand, we next explored the

scope of the substrates and the results are summarized in Scheme
2. First, the effect of substituents on the aryl groups attached to

the alkynes was examined. The substrates bearing electron-
donating (Me, OMe) and electron-withdrawing (Br, Cl) groups
on the ortho- or meta-position reacted successfully and gave the
desired products in moderate to good yields (3a−3f).
Substituent groups on the para-position of the substrates had
no obvious electronic effect in this reaction, providing the
corresponding compounds in good yields (3g−3l). With two
substituents on the phenyl ring, the substrate was tolerated well
to give the desired product 3m in 73% yield. Gratifyingly,
substrates with naphthalene 1n and thiophene 1o attached to the
triple bond could also proceed smoothly, affording the desired
products 3n and 3o in 65% and 45% yields, respectively. When
the substituent group R2 (such as OMe, Cl, Me) was situated at
the 5-, 6-, 7-position of the N-methylindole, the substrates
converted into the corresponding products in moderate yields
(3q−3r). In addition, the substrate with one or two N−H groups
only gave a trace amount of the desired products (3s, 3t). We
considered the lower yields might be due to the fact that the N−
H group affects the eletrophilicity of the 2-position of the N-
methylindole. The scope of phosphorylations was also explored.

Scheme 1. P-Radicals Participating in Oxidative Cyclization
Reaction with Alkynes

Table 1. Optimization of the Reaction Conditionsa

entry cat. (mol %) additive (equiv) solvent yieldb (%)

1 AgNO3 (10) Zn(NO3)2·6H2O (2.0) MeCN 42
2 AgOAc (10) Zn(NO3)2·6H2O (2.0) MeCN 60
3 AgOTf (10) Zn(NO3)2·6H2O (2.0) MeCN 53
4 Ag2O (10) Zn(NO3)2·6H2O (2.0) MeCN 51
5 Ag2CO3 (10) Zn(NO3)2·6H2O (2.0) MeCN 50
6 AgBF4 (10) Zn(NO3)2·6H2O (2.0) MeCN 45
7 AgOAc (10) Zn(NO3)2·6H2O (2.0) DCE 64
8 AgOAc (10) Zn(NO3)2·6H2O (2.0) THF 73
9 AgOAc (10) Zn(NO3)2·6H2O (2.0) acetone 54
10 AgOAc (10) Zn(NO3)2·6H2O (2.0) toluene 27
11 AgOAc (10) Zn(NO3)2·6H2O (2.0) DMF trace
12 AgOAc (10) Mg(NO3)2·6H2O (2.0) THF 57
13 AgOAc (10) Cu(NO3)2·3H2O (2.0) THF trace
14 AgOAc (10) Ce(NO3)2·6H2O (2.0) THF trace
15 AgOAc (10) Zn(NO3)2·6H2O (1.0) THF 70
16 AgOAc (10) Zn(NO3)2·6H2O (1.5) THF 80
17 AgOAc (20) Zn(NO3)2·6H2O (1.5) THF 67
18 AgOAc (5) Zn(NO3)2·6H2O (1.5) THF 71
19 − Zn(NO3)2·6H2O (1.5) THF 0
20 AgOAc (10) − THF 0
21 AgOAc (100) − THF 0

aReaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), catalyst, and
additive in anhydrous solvents (2 mL) with stirring at 60 °C under
argon for 10 h. bIsolated yield.

Scheme 2. Scope of Phosphonation of 3-Propargylamide-
Substituted Indolesa,b

aReaction conditions: 1 (0.2 mmol), 2 (0.4 mmol), AgOAc (0.02
mmol), and Zn(NO3)2·6H2O (0.3 mmol) in anhydrous THF (2 mL)
at 60 °C under argon for 10 h. bIsolated yields.
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For para-substituted diphenylphosphine oxides, both electron-
donating (Me, OMe) and electron-withdrawing (Cl) groups
obtained the desired products in moderate yields (3u−3w); even
a substrate with disubstituent groups gave 3x in 83% yield.
Unfortunately, ethyl phenylphosphinate was not compatible with
the reaction conditions due to the decreased nucleophilicity of
the phosphorus radical (3y).
Encouraged by the above results, we intended to broaden the

reaction scope with 2-propargylamide-substituted indoles and
diphenylphosphine oxide. As shown in Scheme 3, in the presence

of Ag2SO4 (10 mol %) and Zn(NO3)2·6H2O (1.0 equiv), the
reaction of 4a with diphenylphosphine oxide was conducted in
acetone giving the desired product 5a in 72% yield.18 It was noted
that the substrates bearing electron-donating groups were more
favorable than electron-withdrawing groups (5a−5h). Further-
more, substrates with thiophene 4i attached to the triple bond
could also proceed successfully, affording the desired product 5i
in 65% yields. Thus, both 2- or 3-propargylamide-substituted
indoles could be compatible with the reaction conditions to give
corresponding compounds.
In order to investigate the mechanism more clearly, control

experiments were conducted (Scheme 4). The phosphorylation
reaction of 1a was strongly inhibited to produce the desired
product in the presence of TEMPO, and 92% of 1a was
recovered, which suppressed the transformation toward a radical
process (Scheme 4a). When the [Ph2P(O)Ag] complex was used
in a stoichiometric fashion, in the presence or absence of AgOAc,
the expected product 3a was not detected (Scheme 4b).
However, [Ph2(O)PAg] (10 mol %) could catalyze the
phosphorylation reaction of 1a to give 3a in 73% yield. Hence,
we considered that the P-radical is generated from Ph2P(O)H in
the presence of silver salt; however, in contrast to previous
reports,15c the [Ph2P(O)Ag] complex was not an active
intermediate in our reaction.
On the basis of the above experiments and previous reports on

the phosphorus radical, a plausible mechanism was proposed
(Scheme 5). First, the P-radical A is generated from diphenyl-
phosphine oxide by a Ag(I) salt under the standard conditions.
Subsequently, the selective addition of the P-radical A to the

carbon−carbon triple bond of 1a generates vinyl radical
intermediate B, which undergoes a 7-endo-trig process to form
intermediate C. The intermediate C goes through a single-
electron transfer process, giving intermediate D. Finally,
intermediate D undergoes deprotonation to give the targeted
product 3a.
In summary, we have reported a silver-catalyzed oxidative

cyclization of propargylamide-substituted indoles. The reaction
provided a novel method to synthesize various phosphorated
indoloazepinone derivatives with moderate to good yields in a
simple, cheap, and efficient protocol. The indoloazepinone
derivatives are common structural motifs in many natural
products and pharmaceuticals. In addition, we have presented an
interesting example of the difunctionalizalion of alkynes with
diphenylphosphine oxide to synthesize the compounds contain-
ing a seven-membered ring through a radical cyclization process.
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ABSTRACT: A unified route to oxygenated Plakortin
pentalenes is described. Along with the previously disclosed
total synthesis of hippolachnin A, the potential of this scheme
is demonstrated by the first total synthesis of gracilioether E, as
well as the total synthesis of gracilioether F. Key features of the
unified synthetic strategy include the concise construction of
common key intermediate 1 and a topological-strategy guided
functionalization of a highly substituted cyclobutene providing efficient access to the core skeletons.

The Plakortin polyketides are a large family of marine
natural products characterized by rich chemical diversity

and promising biological activities (Figure 1). The family owes

its name to plakortin, the initial secondary metabolite that was
isolated by Faulkner in 1978 from sponges of the genus
Plakortis.1a Ever since, new members of the Plakortin family
have been continuously reported (in particular by Faulkner1),
and to date, an impressive number of these marine, sponge-
derived natural products are known.2 In recent years, the
groups of Nakao, Zampella, and Han have described the most
complex members of the Plakortins, namely the gracilioethers A
(2) and E−K (3−6), and hippolachnin A (7) (Figure 1A).3 A
number of these compounds demonstrate significant antima-
larial and antifungal properties, as well as pregnane-X-receptor
(PXR) agonistic efficacies. With the exception of gracilioether J,
the Plakortin pentalenes share a densely functionalized tricyclic
core that varies in its degree and pattern of oxidation. In light of

their unique molecular frameworks and their promising
biological profiles, any member of the tricyclic oxygenated
Plakortin pentalenes poses an attractive synthetic challenge.
Cognizant of the structural similarities between the Plakortin

pentalenes, which is reflected by the common cyclopentafuran
core motif (Figure 1B), we sought to develop a unified
synthetic approach that would enable the synthesis of several
distinct gracilioethers and hippolachnin A (7).4 We envisioned
that alcohol 1 and in particular ethylidenecyclobutane 8 (8a: R
= CH2CO2Me, 8b: R = H, Figure 2) could serve as a flexible

handle, enabling the total synthesis of several members of this
intriguing class of marine natural products. Herein, we report
the realization of such an endeavor culminating in the total
syntheses of (±)-gracilioether E (3) and (±)-gracilioether F
(4) (Figure 2).5,6

Received: November 23, 2015
Published: December 21, 2015

Figure 1. (A) Selected members of the Plakortin pentalenes. (B)
Structural motif common to this class of natural products.

Figure 2. Synthesis of gracilioethers F (4) and E (3) from a common
intermediate from the hippolachnin A (7) synthesis.
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We recently reported the first total synthesis of hippolachnin
A (7).4 Key to our synthesis was the topological strategy-guided
functionalization of a highly substituted cyclobutene (Scheme
1). In this context, BF3·2AcOH mediated ene-type function-

alization of α,β-unsaturated ester 9, accessible in five steps from
(±)-4-acetoxy-cyclopentenone (10), provided rapid access to
pivotal cyclopentafurane 8a. Stereoselective hydrogenation of
the concomitantly generated ethylidenecyclobutane moiety,
and oxidation of the pendant side chain then completed the
total synthesis of hippolachnin A (7).
We were intrigued by the possibility of advancing cyclo-

pentafurane 8a into gracilioether E (3) through the
implementation of merely two synthetic transformations;
namely: (1) oxidative fragmentation/rearrangement of the
ethylidenecyclobutane and (2) formation of the vinylogous
carbonate (Figure 3A). In addition to relying on a traditional

sequence involving cleavage of the methylenecyclobutene to
the corresponding ketone and subsequent Baeyer−Villiger
oxidation, we became interested in exploring the implementa-
tion of de Boer’s direct one-step lactone formation from
strained olefins. In this respect, α-substituted methylenecyclo-
butanes have been observed to undergo ozonolysis cleavage, as
shown for the conversion of 2-adamantyl methylenecyclo-
butane 11 into γ-lactone 12.7

Following de Boer’s procedure, ozonolysis of alkene 8a
indeed afforded γ-lactone 13, albeit in small amounts (5%
yield) (Scheme 2). The major product corresponded to the
ozonolysis product, cyclobutane 14 (93% yield). Since changes
to the reaction temperature, reaction time, or the workup
conditions failed to improve the yield of γ-lactone 13, we

started evaluating the Baeyer−Villiger oxidation of ketone 14.
The transformation 14 → 13, however, turned out to be more
challenging than initially anticipated. Attempts involving
mCPBA, as well as combinations of mCPBA and Lewis acids
such as BF3·OEt2, Sc(OTf)3, and In(OTf)3 that are known to
enhance Baeyer−Villiger oxidations,8 proved unsuccessful, and
ketone 14 was recovered unchanged. Upon turning to more
demanding conditions the low reactivity of ketone 14 could,
however, be successfully overcome. Thus, employing Uenishi’s
solvent-free Baeyer−Villiger oxidation conditions (mCPBA +
solid NaHCO3)

9 ensured clean conversion of cyclobutanone 14
yielding γ-lactone 13 along with its regioisomer 15 (not
shown)10 as a separable mixture in a combined yield of 87% and
an isomeric ratio of 2.8:1. Notably, the low reaction
temperature initially employed (−78 °C, then 4 °C) proved
to be beneficial toward the observed regioselectivity.11

With γ-lactone 13 in hand, we set out to test conditions for
the installation of the vinylogous carbonate (Scheme 3).

Application of previously successful oxidation conditions
(NaHMDS, PhSeCl; then H2O2)

4 afforded exclusively (E)-
olefin 16.10 The use of LDA hampered the enolate reactivity
toward electrophilic reagents such as (but not limited to)
TMSCl and PhSeCl only leading to C(3)-epimerization (→
17).10 Anticipating that a larger counterion might be beneficial
toward reactivity and selectivity, we investigated the efficacy of
KHMDS. Submission of ester 13 to a two-step selenoxide
elimination protocol utilizing KHMDS as base indeed afforded
gracilioether E (3) in 63% yield, thus completing its first total
synthesis in 10 steps and an overall yield of 9% starting from
(±)-4-acetoxy-2-cyclopentenone (10). The spectroscopic data

Scheme 1. Total Synthesis of Hippolachnin A (7) Enabled
through Ene-Type Functionalization of Cyclobutene 9

Figure 3. (A) Envisioned formal synthetic steps necessary toward
completing the total synthesis of gracilioether E (3). (B) de Boer’s
seminal report on one-step methylenecyclobutane-to-γ-lactone trans-
formations.

Scheme 2. Construction of the Key γ-Lactone Motif en
Route to Gracilioether E (3)

Scheme 3. Completion of the Total Synthesis of
Gracilioether E (3)
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of the synthetic material were in full accordance with those
reported for natural gracilioether E (3).3b

Having developed synthetic routes to gracilioether E (3) and
hippolachnin A (7), both of which feature a common
vinylogous carbonate functionality, we next focused on the
synthesis of a cyclopentafuranone containing gracilioether, such
as gracilioether F (4). In light of the successful ene-type
cyclization of α,β-unsaturated ester 9, we wondered whether
alcohol 1 (the direct precursor to 9) could be utilized with
equal efficiency for analogous cationic cyclizations. Along these
lines, we decided to probe the possibility of engaging alcohol 1
in a Prins cyclization with either paraformaldehyde or its
masked equivalent dimethoxymethane (Figure 4A). If success-
ful, the obtained ethylidenecyclobutane 8b would set the stage
for the synthesis of cyclopentafuranone 4 (Figure 4B).

In accordance with our earlier observations,4 the anticipated
participation of the sterically hindered tertiary alcohol in a Prins
cyclization turned out to be quite challenging. After several
setbacks involving the labile character of alcohol 1 toward
(Lewis) acidic media, we were pleased to note that the desired
transformation could be triggered in the presence of Sc(OTf)3
and paraformaldehyde.12 Following extensive experimentation,
we found that the reaction was best conducted in CHCl3 at low
temperature using catalytic amounts of Sc(OTf)3. In the
experiment, when a 0.35 M solution of alcohol 1 in CHCl3 at
−78 °C was treated with 5 equiv of paraformaldehyde and 20
mol % Sc(OTf)3, annulated cyclization product 8b was
obtained in 36% yield as an inseparable 5:1 mixture of olefin
diastereomers, as judged by 1H NMR spectroscopy of the
unpurified reaction mixture (Scheme 4). However, considerable

amounts of unreacted alcohol 1 were recovered (41%),
rendering the overall process in 61% yield, based on recovered
starting material. Efforts to increase the efficiency of this
transformation using dimethoxymethane instead of paraformal-
dehyde remained fruitless.12

Having secured access to ethylidenecyclobutane 8b, we
sought to explore its use in the synthesis of gracilioether F (4).

To our delight, γ-lactone 18 could be obtained smoothly from
alkene 8b employing a two-step sequence (Scheme 5).

Ozonolysis of ethylidenecyclobutane 8b at −78 °C delivered
ketone 19 in 83% yield, and in turn small amounts of γ-lactone
18 (5% yield). Notably, short reaction times were found to be
necessary to ensure cyclobutanone 19 was obtained in high
yields, as otherwise significant overoxidation takes place.
Treatment of ketone 19 with aqueous H2O2 produced a
separable mixture of both Baeyer−Villiger oxidation products,
lactones 18 and 20 (not shown) in 94% combined yield, and an
isomeric ratio of 1.8:1, as determined by 1H NMR
spectroscopic analysis of the unpurified reaction mixture.
With γ-lactone 18 in hand, we started evaluating conditions
for the ether oxidation. While the use of in situ generated RuO4
(RuCl3·6H2O/NaIO4)

13 or PCC14 failed to effect the C−H
oxidation, we were pleased to find that excess CrO3 in a hot
aqueous mixture of Ac2O and AcOH afforded gracilioether F
(4) in 94% isolated yield.15 The spectroscopic data, including
MS, IR, and NMR, were in full agreement with those of the
natural product reported by Zampella3b and of the material
reported by Brown.5

In conclusion, we have described a unified route to
oxygenated Plakortin pentalenes. Central to our unified strategy
is the use of common key intermediate 1 and the topological
strategy-guided functionalization of a highly substituted cyclo-
butene. In this context, rapid access to the mutual cyclo-
pentafuran core was secured by strategic applications of a
cationic cyclization on alcohol 1 (Prins) or its ester derivative 9
(ene-type). The thus obtained ethylidenecyclobutanes served as
flexible intermediates for further elaboration into gracilioethers
E and F and, as previously shown, into hippolachnin A.
Notably, with completion of the herein described total
syntheses, we have successfully employed our unified strategy
toward members of each of the three structural subclasses
comprising the tricyclic oxygenated Plakortin pentalenes.
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Figure 4. (A) Topological strategy-guided Prins cyclization of
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Scheme 5. Completion of the Total Synthesis of
Gracilioether F (4)

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b03356
Org. Lett. 2016, 18, 220−223

222



■ AUTHOR INFORMATION

Corresponding Author

*E-mail: carreira@org.chem.ethz.ch.

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We are grateful to Dr. M.-O. Ebert, R. Arnold, R. Frankenstein,
and P. Zumbrunnen from the Laboratorium für Organische
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ABSTRACT: The tricyclohexylphosphine-catalyzed [3 + 2]
cycloaddition of (E)-alkyl 5-substituted phenylpent-4-en-2-
ynoates with [60]fullerene was studied. This reaction under-
goes an initial 1,3-addition of phosphines toward the α-carbons
of enynoates. Subsequent cycloaddition of the generated 1,3-
dipoles with [60]fullerene and elimination of tricyclohexyl-
phosphines resulted in cyclopentenofullerenes in 20−43%
yields. The isolated cyclopentenofullerenes were observed to
serve as n-type materials in organic photovoltaics, providing a
maximum average power conversion efficiency of 3.79 ±
0.29% upon embedding with P3HT in the active layer.

Conjugate addition is an important methodology in the
field of applied synthetic chemistry.1 Organophosphines

behave as nucleophiles to initiate chemical reactions via
addition reactions to electron-deficient alkenoates, allenoates,
and alkynoates, thereby generating reactive 1,3-dipolar species
in situ for further reactions with electrophiles.2 In this context,
conjugate 1,n-addition (n = even number), such as 1,2-,3 1,4- or
(β),4 and 1,6-addition5 patterns, have been observed because of
resonance stabilization. The evolution of new addition patterns
governing conjugated systems toward phosphines inspired us to
explore this topic. One unusual three-component reaction was
demonstrated to undergo addition of phosphines at the α(δ′)-
carbon of enyndioates followed by addition to aldehydes and
cyclization to generate lactones.6 Furthermore, the addition
pattern was shown to be substrate-dependent because swapping
the functionality on the conjugated π-systems resulted in
different addition patterns. For instance, ynenoates A
proceeded through 1,4-addition reactions, evidenced by
formation of cyclopentenofullerenes A′ through cycloaddition
of the generated dipoles Ia with C60 (Scheme 1).7 Recently, we
demonstrated a unique conjugate 1,3-addition reaction for
oligoynoates toward phosphines.8 Our continuing interest in
finding new conjugated π-systems susceptible to α-addition led
us to evaluate the regioselectivity of enynoates 1 with
phosphines. Two possible addition pathways, 1,4- or 1,3- (α)
addition, toward phosphines were envisioned via dipolar species
Ib or Ic. These two 1,3-dipoles can undergo addition to C60
followed by cyclization and elimination of phosphines, thereby
generating isomeric cyclopentenofullerenes A′ and 2, respec-
tively. Unequivocally distinguishing between these two addition
patterns is not possible without solid evidence for the structures
of the isolated products. Furthermore, to our knowledge, the
1,3-addition (α) pattern is less common compared to other

existing 1,n-addition (n = even number) patterns.4 In a report,
Nagao et al. demonstrated that PBu3 catalyzed the anti-
carboboration of an enynoate with organoboranes via 1,4-
addition of phosphine.9

In the context of using fullerenes in organic photovoltaics,
light harvesting with greener and renewable approaches is
essential in materials science research for the development of
solar technology. Thin-film organic photovoltaics (OPVs) with
a conducting polymer, poly(3-hexylthiophene) (P3HT), and a
fullerene derivative, [6,6]-phenyl-C61 butyric acid methyl ester
(PC61BM),10 as the active layer have been demonstrated to
efficiently generate power under illumination.11 Several other
representative functionalized fullerene derivatives have been
utilized for OPV applications.12 However, the disclosed

Received: November 24, 2015
Published: December 31, 2015

Scheme 1. Reactivity of Ynenoates A and Enynoates 1
toward the Conjugate Addition of Phosphines
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fullerene materials for OPVs with higher power conversion
efficiencies (PCEs) exceeding that of P3HT/PC61BM have
been constructed using bisadducts of fullerenes13 because of the
demand for n-type materials with higher LUMO energy
levels.14 By combining synthetic methodologies and applica-
tions, we here report the formal catalytic 1,3-addition of
phosphines to enynoates through reaction scope analyses and
solid evidence of product crystal structures. Furthermore, the
isolated cyclopentenofullerenes (CPFs) are demonstrated to be
a new class of efficient n-type fullerene materials upon being
embedded with P3HT as the active layer for organic
photovoltaics, providing PCEs comparable to those of
P3HT/PC61BM.
To commence this study, we first investigated the reaction

conditions with enynoate 1a and C60 catalyzed by PCy3 using
variable reactant molar ratios (Table 1). Preliminary screening

(entries 1−5) showed that a reaction with 40 mol % of PCy3 at
120 °C for 6 h (entry 4) provided one of the best yields (34%).
Slightly increasing the molar amount of enynoate 1a to 1.2
equiv increased the yield (38%; 89% based on consumed C60,
entry 6); however, those with 1.5 and 2 equiv of 1a gave lower
yields of monoadducts because of the increased formation of
bisadducts (entries 7−8). Furthermore, the reaction performed
poorly when carried out at a higher temperature (130 °C),
likely because of the competing reaction of 1a with 1,3-dipoles,
as evidenced by dark-colored baseline materials (entry 9).
Reactions conducted at a lower temperature (110 °C) also
resulted in a comparable yield (entry 10); reactions run at 100

°C provided approximately half the yield obtained using the
best reaction conditions. The formation of 1,3-dipoles became
notably sluggish at room temperature, leading to a nearly full
recovery of the starting material 1a (entries 12−13). We also
observed that the reaction was less efficient when the source of
the catalyst was switched to tricyclohexylphosphonium
tetrafluoroborate and sodium hydride (HPCy3

+BF4
−/NaH,

entry 14). Our attempts to use other organophosphine catalysts
such as PBu3 or PMe3 yielded trace amounts of the desired
products at room temperature (entries 15−16); however, PBu3
produced a substantial amount of 2a under standard conditions
(9%, entry 17). Finally, reactions with amino catalysts did not
yield the desired products (entries 18−19), but instead gave
polymeric baseline materials, with a C60 recovery greater than
80%.
With the optimal reaction conditions in hand, we next

examined the scope of PCy3-catalyzed cycloaddition reactions
of [60]fullerene with various enynoates 1a−l (Table 2).

Enynoates bearing different substituted phenyl or alkyl groups
(R1) all underwent PCy3-catalyzed cycloaddition with C60 to
afford cyclopenteno[60]fullerenes (2a−l) in 20−43% isolated
yields (54−89% based on recovered C60, entries 1−12). The
relatively poor yields resulted from the substrates 1 with an R1

group consisting of a 4-fluorophenyl group (entry 11) or alkyl
functionality (n-hexyl, entry 12). The less-reactive substrate 1k
may have been incurred through resonance of the fluoro-
substituent on the phenyl moiety toward the alkynyl α-carbon.
Because of electronic effects, the alkynyl α-carbon of 1l became
less positively charged and was thus less electrophilic toward
phosphines. Furthermore, variations of the R2 alkyl function-

Table 1. Optimization of the Reaction Conditionsa

entry C60:1a:K (equiv) catalyst (K) temp (°C) time (h) yieldb (%)

1 1:1:0.1 PCy3 120 6 16(77)
2 1:1:0.2 PCy3 120 6 22(81)
3 1:1:0.3 PCy3 120 6 30(73)
4 1:1:0.4 PCy3 120 6 34(80)
5 1:1:1 PCy3 120 6 33(79)
6 1:1.2:0.4 PCy3 120 6 38(89)
7 1:1.8:0.4 PCy3 120 6 19(60)
8 1:2.4:0.4 PCy3 120 6 16(28)
9 1:1.2:0.4 PCy3 130 6 19(80)
10 1:1.2:0.4 PCy3 110 6 36(79)
11 1:1.2:0.4 PCy3 100 6 17(93)
12 1:1.2:0.4 PCy3 rt 6 trace
13 1:1.2:0.4 PCy3 rt 24 trace
14 1:1.2:0.4 PCy3

c 120 6 11(31)
15 1:1.2:0.4 PMe3 rt 24 trace
16 1:1.2:0.4 PBu3 rt 24 trace
17 1:1.2:0.4 PBu3 120 6 9(32)
18 1:1.2:0.4 DBU 120 6 0
19 1:1.2:0.4 DMAP 120 6 0

aReaction conditions: C60 (72 mg, 0.10 mmol) in 10 mL of anhydrous
1,2-dichlorobenzene (o-DCB). bIsolated yields after column chroma-
tography; values in parentheses were based on conversion of C60.
cPCy3 was generated from HPCy3

+BF4
−/NaH.

Table 2. Study of the Reaction Scopea

entry 1 R1 R2 2 yield [%]b

1 1a Ph Me 2a 38(89)
2 1b 4-Me-Ph Me 2b 27(73)
3 1c 4-C4H9-Ph Me 2c 33(74)
4 1d 4-C6H13-Ph Me 2d 35(75)
5 1e 4-C8H17-Ph Me 2e 42(83)
6 1f 4-C10H21-Ph Me 2f 33(73)
7 1g 4-C12H25-Ph Me 2g 33(61)
8 1h 4-tert-butyl-Ph Me 2h 35(71)
9 1i 4-OMe-Ph Me 2i 43(81)
10 1j 3-OMe-Ph Me 2j 36(73)
11 1k 4-F-Ph Me 2k 27(73)
12 1l C6H13 Me 2l 20(54)
13 1m Ph Et 2m 31(59)
14 1n Ph n-Bu 2n 27(57)
15 1o Ph iso-Bu 2o 29(59)
16 1p Ph n-hexyl 2p 30(69)
17 1q Ph n-octyl 2q 26(66)

aReaction conditions: C60 (72 mg, 0.10 mmol), enynoates 1 (0.12
mmol), PCy3 (0.04 mmol) in 10 mL of anhydrous o-DCB. bIsolated
yields (%) after column chromatography; values in parentheses were
based on conversion of C60.
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alities of the alkyl ester also resulted in the formation of 2m−q
in 26−31% yield (57−69% based on recovered C60, entries 13−
17). Among the prepared fullerene derivatives, compounds 2c−
g and 2n−q were much more soluble in chloroform or
dichloromethane, rendering them good candidate materials for
solution-processed bulk heterojunction organic photovoltaic
(OPVs) applications. The cyclopentenofullerenes (2) were
characterized by MS, 1H, and 13C NMR and infrared
spectroscopy. Cyclopentenofullerene 2i (Figure 1) was

successfully crystallized from a CS2/toluene solution through
slow evaporation of CS2,

15 affirming that the product structure
was formed through a [3 + 2] cycloaddition reaction.
Additionally, X-ray single-crystal diffraction analysis confirmed
that the new covalent bond with C60 was formed through the β-
and δ-carbons of enynoates 1.
A plausible catalytic cycle is presented in Scheme 2. Because

of the new covalent bonds of β- and δ-carbons of enynoates 1
with C60, the reaction pathway via an initial nucleophilic attack

of a phosphine to the β-carbon of enynoates 1 was excluded.
Thus, an initial α-addition (1,3-addition) of PCy3 to enynoates
1 was proposed to generate the 1,3-dipolar species Ia′. Addition
of Ia′ to C60 and subsequent 5-endo-trig cyclization provided
intermediates Ic′. After proton transfer and elimination of PCy3
from Id′, products 2 were formed. We attempted to isolate
unstable intermediate Ic′ from the reaction in entry 9 (Table 2)
and observed that it produced the product in ca. 4% yield. The
retrieved flash mass data with m/z = 1217.4 (M++1) by
atmospheric pressure chemical ionization APCI, as well as 1H
and 31P NMR data (Figures S92−S93), supported the possible
existence of proposed intermediate Ic′ during the course of the
reaction.
Cyclic voltammetry (CV) studies revealed that the first half-

wave reduction potentials (1E1/2) of 2 were similar in value;
these reduction potentials ranged from −1.16 to −1.20 V
(Table S2). Among the various cyclopentenofullerenes,
compound 2h, which was substituted with a 4-tert-butylphenyl
group, exhibited the lowest 1E1/2 value of −1.20 V and thus
exhibited the highest LUMO energy level. We fabricated
photovoltaic cells with layer configurations of glass/ITO/
PEDOT:PSS/P3HT:CPFs/Ca/Al in a preliminary application
study; these cells were prepared by spin-coating the blends of
P3HT and CPFs in an o-DCB solution as the active layer
(P3HT:CPFs, 15 mg mL−1). Table S3 lists the summary of the
device performance parameter data for each CPF in the active
layer with an active layer composition ratio for P3HT:CPFs of
1:0.9 (w/w) for 2b−g and 1:1 (w/w) for 2o−q. In our
experience, the devices incorporating CPFs 2d and 2e with 4-n-
hexyl- and 4-n-octylphenyl solubilizing moieties exhibited
relatively higher PCEs of the studied CPFs (entries 3 and 4),
with average PCEs of 3.71 ± 0.37% and 3.79 ± 0.29%,
respectively. In particular, the devices with 2d and 2e in the
active layer reached PCEs of up to 4.1%. However, devices with
CPFs with much shorter or longer solubilizing groups (R1 = 4-
methyl- and 4-n-butylphenyl, entries 1−2; R1 = 4-n-decylphenyl
and 4-n-dodecylphenyl, entries 5−6) did not exhibit better
PCEs. Furthermore, substituting the alkyl functionalities on the
alkyl esters with longer alkyl chains resulted in PCEs > 3.0%
(entries 7−9). Among the devices fabricated with 2o−q,
superior performance was displayed by the device with 2p,
which exhibited a PCEave of 3.57 ± 0.10%. These OPV results
indicate that these compounds compose another new class of
fullerene derivatives to be utilized as efficient n-type materials
in thin-film bulk heterojunction organic photovoltaic studies.
The preparation of CPFs required four synthetic steps from
corresponding aryl halide precursors (see Supporting Informa-
tion).
In summary, we demonstrated the tricyclohexylphosphine-

catalyzed [3 + 2] cycloaddition of (E)-alkyl 5-substituted
phenylpent-4-en-2-ynoates with [60]fullerene. This reaction
proceeded through an initial nucleophilic 1,3-addition of
phosphines toward the α-carbon of enynoates to generate
reactive 1,3-dipole species. The structures of these fullerene
derivatives were supported by single-crystal X-ray diffraction
analyses. Furthermore, the isolated cyclopentenofullerene
derivatives acted as efficient n-type materials in organic
photovoltaics, providing power conversion efficiencies com-
parable to that of P3HT/PC61BM when embedded with P3HT
in the active layer.

Figure 1. Solid-state structure of compound 2i.

Scheme 2. Proposed Catalytic Cycle
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ABSTRACT: A transition-metal-free deacylative C(sp3)−C(sp2)
bond cleavage for the synthetically practical oxidative amination of
ketones and aldehydes to nitriles is first described, using cheap and
commercially abundant NaNO2 as the oxidant and the nitrogen
source. Various nitriles bearing aryl, heteroaryl, alkyl, and alkenyl
groups could be smoothly obtained from ketones and aldehydes in
high yields, avoiding highly toxic cyanides or transition metals.

The selective cleavage of unstrained C−C bonds has been
progressing in recent years.1−4 The cleavage of unstrained

C−C single bonds2 has always been a critical issue due to its
uncontrollable selectivity and inertness compared to the strained
C−C bonds such as cyclopropanes with strained small rings or
tertiary alcohols with high steric repulsion.3,4 Transition-metal-
catalyzed C−C bond activation has been frequently reported
using palladium and copper as catalysts. For example, Murakami
and co-workers developed palladium-catalyzed C−C bond
cleavage of three to five membered rings.3 Jiao and co-workers
reported copper-catalyzed deacylative C−C bond cleavage under
oxidative conditions, patterned in a Bayer−Villager type of
oxidative C−C bond cleavage.2 To date, the deacylative C−C
bond cleavaging oxidative amination reaction toward nitriles
under transition-metal-free conditions has not yet reported.
Nitriles are ubiquitous building blocks in organic synthesis,
pharmaceutics (Figure 1), and chemical engineering, as they can
be easily transformed into aldehydes, amines, amides,

thioamides, acids, esters, heterocyclic compounds, etc.5,6

Conventional methods to access nitriles, such as the Sandmeyer
and Rosenmund von Braun reactions, were widely employed in
the early years.7 Recently, metal cyanides, metalloid cyanides
[MCN (M = Na, K, Zn, Cu), TMSCN, nBu3SnCN, K3Fe-
(CN)6],

8 and organonitriles9,10 as direct CN sources have also
been established. Other methods have also been reported.11,12

Nevertheless, to the best of our knowledge, no example has been
reported to date in which nitriles were directly prepared through
C−C bond cleavage from carbonyl compounds under transition-
metal-free conditions. Herein, we report a practical AlCl3-
promoted oxidative amination of ketones and aldehydes using
NaNO2 via unstrained C(sp3)−C(sp2) bond cleavage.
Initially, using the oxidative amination of 1-phenyl-2-actone

(1a) as a model reaction, different nitrogen sources were selected
to optimize conversions (Table 1). Using anhydrous aluminum
chloride as the Lewis acid and NaNO2 as the oxidant as well as
nitrogen source, 1a was obtained in 90% conversion (entry 1). It
was found out that both AlCl3 and NaNO2 were necessary for the
oxidative amination of 1a to 2a (entries 2 and 3). One advantage
for this approach was that the reaction was not air or moisture
sensitive and could be run under open air. The reaction under
argon atmosphere afforded the same conversion as that under
open air (entries 5 and 1), indicating that air was not the oxygen
source. Other nitrogen sources such as NaNO3 and t-BuONO
gave much lower conversions (entries 6 and 7). Using
ammonium hydroxide as the nitrogen source was not successful
(entry 8). The radical trapping agent TEMPO could partially
inhibit the reaction (entry 9). Brønsted acids such as acetic acid
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Figure 1. Nitrile-containing pharmaceuticals.
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and TfOH and BF3·OET2 fail to promote this reaction (entries
10−12). The conditions described in entry 1 were chosen as the
standard conditions for further study.
The scope of this deacylative C−C bond cleavage oxidative

amination of ketones and aldehydes to nitriles was then
investigated. Aryl and alkyl ketones and aldehydes could be
smoothly converted to the desired nitriles (Scheme 1). For
example, various aryl and heteroaryl nitriles were obtained in
high isolated yields (1b−m). The substrates bearing other
carbonyl groups instead of an acetyl group could also give the
desired nitriles in high yields (Scheme 1, 1n and 1o). Similar to
the reaction of 1o, both PhCN andMeCN have been detected by
GC. Actually, under open air, most MeCN was evaporated.
However, acetic acid was also afforded. After workup, only PhCN
was isolated in 91% yield. The unstable enone substrate 1p could
give the corresponding product in acceptable yield. Besides
(hetero)aryl ketones, this method is also suitable for conversion
of aliphatic ketones to the corresponding nitriles in high yields
(Scheme 1, 1q−t). What should be noted is that aldehydes 1u
and 1v were also successfully converted to nitriles.
The kinetic isotope effect (KIE) for 1a is described in Scheme

2. A second-order KIE with a value of 0.7 was found for 1a-D
(Scheme 2, top). For the compound 1a′-D, a kH/kD of 1 was
observed. No KIE of 1a-D or 1a′-D indicates the rate-
determining step is a C−H cleavage step. Compound 3 was
initially hypothesized as a possible intermediate for the
conversion to nitrile 2a, and a first-order KIE was observed
(Scheme 2, bottom). Another possible intermediate 4a was
observed by GC−MS. Compound 4a could not be directly
detected by 1H NMR, whereas 1,2-dione 5a was observed by 1H
NMR. Oxime 4a could be converted to nitrile 2a in 78% yield
under standard reaction conditions, but the substrate 1a′ bearing
an α-methyl group is difficult to convert to 2a (Scheme 3).
Therefore, 4a could be the intermediate in this reaction.
A possible reaction mechanism is proposed in Scheme 4. First,

1a reacts with NaNO2 and AlCl3 probably via nitric oxide radical
to form intermediate A,4a which quickly tautomerized to B. The
existence of B is supported by observation of 4a by GC−MS

experiments (Scheme 3). Intermediate B transforms to final
target nitrile 2a via Beckmann fragmentation.

Table 1. Reaction Conditionsa

entry Lewis acid (equiv) [N] atmosphere convb (%)

1 AlCl3 (2) NaNO2 open air 90
2 NaNO2 open air 0
3 AlCl3 (2) open air 0
4 AlCl3 (1) NaNO2 argon 53
5 AlCl3 (2) NaNO2 argon 90
6 AlCl3 (2) NaNO3 open air 53
7 AlCl3 (2) tBuONO open air 39
8 AlCl3 (2) NH3·H2O open air 0
9c AlCl3 (2) NaNO2 open air 16
10 AcO2H (1) NaNO2 open air 1
11 TfOH (1) NaNO2 open air 11
12 BF3·OEt2 (1.0) NaNO2 open air 16

aReaction conditions: 1a (0.5 mmol), AlCl3 (2 equiv), [N] (10 equiv),
DMF (0.5 M), 90 °C, open air, 1.5 h. bDetermined by GC using
dioxane as the internal standard. cWith 1.6 equiv TEMPO to NaNO2.
See the Supporting Information for details.

Scheme 1. Reaction Scopea

aReaction conditions: 1 (2 mmol), NaNO2 (10 equiv), AlCl3 (2.0
equiv), DMF (0.5 M), 90 °C, monitored by TLC; isolated yields. b120
°C. c100 °C. dDetermined by GC using dioxane as an internal
standard. See the Supporting Information for details.

Scheme 2. Kinetic Isotope Effects
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In conclusion, we have developed a new approach to selective
unstrained C−C bond cleavage which provides highly efficient
and synthetically practical cyanide-free access to oxidative
amination of ketones and aldehydes to nitriles in high yields
and wide scope. The use of cheap and commercially abundant
AlCl3 as Lewis acid and NaNO2 as the oxidant as well as the
nitrogen source avoids highly toxic cyanides and expensive
transition metals. The mechanistic studies illustrated a possible
radical pathway, providing new access to unstrained C−C bond
cleavage. Studies on a new type of C−C bond cleavage using this
approach are underway in our group.
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ABSTRACT: The rhodium(III)-catalyzed direct C−H func-
tionalization of azobenzenes with ethyl glyoxalate and aryl
glyoxals is described. This protocol provides the facile and
efficient formation of various C3-acylated-(2H)-indazoles in
moderate to high yields.

The indazole heterocycle has been recognized as a crucial
structural core found in natural products and pharmaceut-

icals with a broad spectrum of medicinal applications.1 In
particular, the 3-acyl indazole motif is present in molecules that
possess anticancer, antiemetic, viral polymerase inhibition, and
anti-inflammatory activities (Figure 1).2 The classical routes to 3-

acyl indazoles involve (1) N-nitrosation of acetanilides followed
by intramolecular cyclization onto the ortho-methylene group,
(2) multistep synthesis from isatins via hydrolysis of the amide
unit, diazotization and reduction, and (3) direct lithiation at the
C3-position followed by the addition of electrophiles.3

Surprisingly, however, the catalytic preparation of 3-acyl indazole
scaffolds remains virtually unexplored.
With advances in transition-metal-catalyzed C−H bond

functionalization, great effort has been devoted to the formation
of various heterocycles.4 In this area, recent progress has been
focused on the preparation of indazoles via the oxidative
annulation process of hydrazones under palladium, copper, and
iron catalysis.5 Lavis and Ellman disclosed beautiful works on the
synthesis of 2,3-diaryl-2H-indazoles via the Rh(III)- or Co(III)-
catalyzed redox-neutral coupling of azobenzenes with aryl
aldehydes (Scheme 1).6

In addition, Glorius demonstrated the Rh- and Cu-catalyzed
tandem C−N and N−N bond formations between arylimidates
and sulfonyl azides providing 3-oxo-(1H)-indazoles.7 Recently,
our group reported a new strategy for the construction of 2,3-
dihydro-(1H)-indazoles from arylhydrazines with various olefins
under Rh(III) catalysis.8 Moreover, Wang reported the
recatalyzed annulation of azobenzenes and aldehydes affording
2,3-diaryl-(2H)-indazoles.9 In continuation of our recent studies
on the rhodium-catalyzed C−H functionalization and hetero-
cycle synthesis,10 we herein present the Rh(III)-catalyzed direct
C−H addition followed by intramolecular cyclization of
azobenzenes with α-keto aldehydes, such as ethyl glyoxalate
and aryl glyoxals, affording 3-acyl-(2H)-indazoles.
The optimization of reaction conditions was initiated by

examining the coupling of azobenzene (1a) and ethyl glyoxalate
(2a) under rhodium catalysis (Table 1). To our delight, the
cationic rhodium complex, derived from [Cp*RhCl2]2 and
AgSbF6, was found to promote the coupling of 1a and 2a in DCE
at 60 °C to provide the monoalkylated compound 3aa in
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Figure 1. Bioactive 3-acyl indazole compounds.

Scheme 1. Indazole Synthesis via C−H Functionalization
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concomitant with indazole compounds 3ab and 3ac (Table 1,
entry 1). Screening of solvents such asMeOH, t-AmOH, toluene,
and 1,4-dioxane did not provide the coupling products in a
satisfactory yield (Table 1, entries 2−5). However, the addition
of NaOAc as an additive showed an increment of the formation
of coupling products in 60% combined yield (Table 1, entry 6).
This reaction was found to be comparable with KOAc and
AgOAc additives, but Cu(OAc)2 was less effective in this
coupling reaction (Table 1, entries 7−9). In all cases, we could
not control the formation of alkylated azobenzene 3aa and
indazoles 3ab and 3ac. However, increasing the amount of ethyl
glyoxalate (2a) to 3 equiv, indazole 3acwas exclusively formed in
high yield (Table 1, entry 10).
To evaluate the scope of this process, the optimal reaction

conditions were subjected to a range of azobenzenes 1a−1n
(Scheme 2). In case of para-substituted azobenzenes 1b and 1c
with electron-rich groups, high yields of C7-alkylated indazole
compounds 3bc and 3cc were obtained. However, electron-
deficient azobenzenes 1d−1f underwent the formation of
indazole products 3db−3fb and 3dc−3fc at elevated temper-
ature (100 °C) in good to high yields, but lower ratio between
indazoles 3db−3fb and C7-alkylated indazoles 3dc−3fc was
detected. Thus, with the increased loading of 2a (5 equiv), a good
level of ratio and improved yields of indazole products were
obtained. Interestingly, meta-substituted azobenzenes 1g and 1h
with OMe and F groups, respectively, provided good to high
yields of C7-alkylated indazoles 3gc and 3hc. In contrast,
azobenzenes 1i and 1j containing halogen groups (Cl and Br) at
themeta-position, provided indazoles 3ib and 3jb along with C7-
alkylated indazoles 3ic and 3jc in high yields. However, sterically
congestedmeta-acetyl azobenzene 1k provided only C3-acylated
indazole 3kb. Additionally, ortho-substituted azobenzenes 1l−1n
proved to be good substrates for the formation of indazoles 3lb−
3nb.

To further explore the scope and limitation of this trans-
formation, various glyoxals 2b−2k were screened, as shown in
Scheme 3. Initially, ortho-substituted azobenzene 1m was
coupled with phenyl glyoxal (2b) under the optimized reaction
conditions to afford the desired indazole 4b in 46% yield.
However, the addition of AgOAc instead of NaOAc provided an
improved yield (56%) of 4b. Other reaction conditions were
found to be inferior for the coupling of 1m and 2b. The modified
conditions were applied to various aryl glyoxals 2c−2i to give the
corresponding products 4c−4i in moderate yields. To our
delight, heteroaryl glyoxal 2j and alkyl glyoxal 2k also
participated in the coupling reaction to furnish indazoles 4j
and 4k, respectively. In addition, in the case of para- and meta-
substituted azobenzenes 1b and 1j, C3-acylated indazoles 4l and
4mwere exclusively formed, and C7-alkylated indazoles were not
observed presumably due to fast intramolecular cyclization of
monoalkylated intermediates.
Further investigation of unsymmetrical azobenzenes 1o and

1p with 2a revealed that this transformation can predominantly
occur at the ortho-C−H bonds on the electron-rich aromatic ring
to provide the corresponding indazoles (5a and 6a′) as major

Table 1. Selected Optimization for Reaction Conditionsa

entry additive (mol %) solvent yield (%),b ratioc

1 AgSbF6 (10) DCE 30 (8:1:1)
2 AgSbF6 (10) MeOH N.R.
3 AgSbF6 (10) t-AmOH trace
4 AgSbF6 (10) toluene trace
5 AgSbF6 (10) dioxane 12 (1:0:1)
6 AgSbF6 (10), NaOAc (30) DCE 60 (5:1:4)
7 AgSbF6 (10), KOAc (30) DCE 55 (6:1:3)
8 AgSbF6 (10), AgOAc (30) DCE 56 (5:1:4)
9 AgSbF6 (10), Cu(OAc)2 (30) DCE 20 (1:2:1)
10d AgSbF6 (10), NaOAc (30) DCE 95 (0:1:48)

aReaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), [RhCp*Cl2]2
(2.5 mol %), additive (quantity noted), solvent (1 mL) at 60 °C for 20
h under air in reaction tubes. bIsolated yield by column
chromatography. cParentheses shows ratio of 3aa/3ab/3ac. dCom-
pound 2a (0.6 mmol) was used.

Scheme 2. Scope of Azobenzenesa

aReaction conditions: 1a−1n (0.2 mmol), 2a (0.6 mmol),
[RhCp*Cl2]2 (2.5 mol %), AgSbF6 (10 mol %), NaOAc (30 mol
%), DCE (1 mL) at 60 °C for 20 h under air in reaction tubes.
bIsolated yield by flash column chromatography. cReactions were
performed at 100 °C for 20 h. dReactions were performed with 2a (1.0
mmol) at 100 °C for 20 h.
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products (Scheme 4). In addition, when we performed the
reaction of azobenzene 1q containing sterically different

aromatic rings, a single product 7a was obtained in 98% yield.
This result indicates that the steric environment of azobenzene is
also crucial to tune the site-selectivity of this transformation.
To gain mechanistic insight, we carried out an experiment of

3aa with aryl glyoxal 2c under the standard reaction conditions
(Scheme 5). A trace amount of 3ab and no crossover product 4p
was observed. This result indicates irreversible addition of α-keto
aldehydes to the rhodacycle intermediate, which is in contrast to
those of the Rh(III)- and Co(III)-catalyzed reversible insertion
of aldehydes, imines, and isocyanates.11 For an example on
irreversible insertion of aldehydes, Li demonstrated the Rh(III)-
catalyzed C−H addition of phenylpyridines to ethyl glyoxalate,12

which is thermodynamically favorable due to aldehyde
destabilization as opposed to additions to standard aldehydes.

Thus, our reaction afforded C7-alkylated indazole 8a as a major
product in 56% yield, and no formation of 8b was detected,
which shows that intramolecular cyclization of α-hydroxy
ketones generated from aryl glyoxals is faster than α-hydroxy
esters generated from ethyl glyoxalate. The above results also
support the formation of indazoles 4l and 4m through
monoalkylation followed by fast intramolecular cyclization. In
sharp contrast, in the case of ethyl glyoxalate, the formation of
bis-alkylation took place faster than intramolecular cyclization to
give C7-alkylated indazole products.
Next, we envisioned the sequential C−H activation of our

products by assisting indazole and carbonyl directing groups.
Thus, the deuterium-labeling experiment of 4c was performed,
which resulted in H/D exchanges at all C−H bonds in the
proximity of indazole and carbonyl directing groups (Scheme 6).
However, the sequential C−H functionalization of 4c with
acrylate 9a took place preferentially on the 4-methoxyphenyl ring
to furnish mono-olefination product 10a in 32% yield.

Based on the precedent literatures on the C−H functionaliza-
tion of azobenzenes with carbonyl compounds,6,9,10b,d a plausible
mechanistic pathway for the formation of ortho-alkylated
azobenzenes and indazoles is depicted in Scheme 7. First,
coordination of an azo group in azobenzene 1a to a cationic
Rh(III) catalyst and subsequent C−H cleavage generates a five-
membered rhodacycle species I.13 Then coordination of ethyl
glyoxalate 2a to I affords an intermediate II. An irreversible
insertion of α-keto aldehydes to a Rh−carbonyl bond of
intermediate II forms the seven-membered rhodacycle III,12

which undergoes protonation to give the alkylated product 3aa

Scheme 3. Scope of Glyoxalsa

aReaction conditions: 1b, 1j, and 1m (0.2 mmol), 2b−2k (0.6 mmol),
[RhCp*Cl2]2 (2.5 mol %), AgSbF6 (10 mol %), AgOAc (30 mol %),
DCE (1 mL) at 100 °C for 20 h under air in reaction tubes. bIsolated
yield by flash column chromatography. cNaOAc (30 mol %) was used.

Scheme 4. Reactions of Unsymmetrical Azobenzenes

Scheme 5. Reversibility and Competition Experiment

Scheme 6. Deuterium-Labelling Experiment and Sequential
C−H Functionalization of Indazole Product
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and an active Rh(III) catalyst. Further alkylation of 3aa affords
bis-alkylated intermediate IV, which on cyclization and
subsequent aromatization delivers indazole 3ac.
In conclusion, we disclosed the rhodium(III)-catalyzed direct

insertion of ethyl glyoxalate and aryl glyoxals to azobenzenes C−
H bonds followed by intramolecular cyclization affording highly
substituted indazoles. This approach allows the generation of an
array of C3-carbonylated indazoles, which are known to be
crucial scaffolds of biologically active compounds. Further
mechanistic investigations revealed that the insertion step of α-
keto aldehydes to rhodacycle intermediate is irreversible, which is
in sharp contrast to those of other π-unsaturates under Rh- and
Co-catalysis.
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Schröder, N.; Glorius, F. Adv. Synth. Catal. 2014, 356, 1443. (c) Song,
G.; Wang, F.; Li, X. Chem. Soc. Rev. 2012, 41, 3651.
(5) (a) Inamoto, K.; Saito, T.; Katsuno, M.; Sakamoto, T.; Hiroya, K.
Org. Lett. 2007, 9, 2931. (b) Zhang, T.; Bao, W. J. Org. Chem. 2013, 78,
1317. (c) Li, X.; He, L.; Chen, H.; Wu, W.; Jiang, H. J. Org. Chem. 2013,
78, 3636.
(6) (a) Lian, Y.; Bergman, R. G.; Lavis, L. D.; Ellman, J. A. J. Am. Chem.
Soc. 2013, 135, 7122. (b) Hummel, J. R.; Ellman, J. A. J. Am. Chem. Soc.
2015, 137, 490.
(7) Yu, D.-G.; Suri, M.; Glorius, F. J. Am. Chem. Soc. 2013, 135, 8802.
(8) Han, S.; Shin, Y.; Sharma, S.; Mishra, N. K.; Park, J.; Kim, M.; Kim,
M.; Jang, J.; Kim, I. S. Org. Lett. 2014, 16, 2494.
(9) Geng, X.; Wang, C. Org. Lett. 2015, 17, 2434.
(10) (a) Mishra, N. K.; Park, J.; Sharma, S.; Han, S.; Kim, M.; Shin, Y.;
Jang, J.; Kwak, J. H.; Jung, Y. H.; Kim, I. S. Chem. Commun. 2014, 50,
2350. (b) Sharma, S.; Han, S. H.; Han, S.; Ji, W.; Oh, J.; Lee, S.-Y.; Oh, J.
S.; Jung, Y. H.; Kim, I. S.Org. Lett. 2015, 17, 2852. (c) Park, J.; Mishra, N.
K.; Sharma, S.; Han, S.; Shin, Y.; Jeong, T.; Oh, J. S.; Kwak, J. H.; Jung, Y.
H.; Kim, I. S. J. Org. Chem. 2015, 80, 1818. (d) Han, S.; Mishra, N. K.;
Sharma, S.; Park, J.; Choi, M.; Lee, S.-Y.; Oh, J. S.; Jung, Y. H.; Kim, I. S. J.
Org. Chem. 2015, 80, 8026.
(11) For selected examples on the Rh-catalyzed reversible insertion of
π-unsaturates to C−H bonds, see: (a) Zhang, X.-S.; Chen, K.; Shi, Z.-J.
Chem. Sci. 2014, 5, 2146. (b) Li, Y.; Li, B.-J.; Wang, W.-H.; Huang, W.-
P.; Zhang, X.-S.; Chen, K.; Shi, Z.-J. Angew. Chem., Int. Ed. 2011, 50,
2115. (c) Tsai, A. S.; Tauchert, M. E.; Bergman, R. G.; Ellman, J. A. J. Am.
Chem. Soc. 2011, 133, 1248. (d) Li, H.; Li, Y.; Zhang, X.-S.; Chen, K.;
Wang, X.; Shi, Z.-J. J. Am. Chem. Soc. 2011, 133, 15244. (e) Li, H.; Li, Y.;
Zhang, X.-S.; Chen, K.; Wang, X.; Shi, Z.-J. J. Am. Chem. Soc. 2011, 133,
15244. (f) Chen, K.; Li, H.; Lei, Z.-Q.; Li, Y.; Ye, W.-H.; Zhang, L.-S.;
Sun, J.; Shi, Z.-J. Angew. Chem., Int. Ed. 2012, 51, 9851. (g) Li, Y.; Zhang,
X.-S.; Li, H.; Wang, W.-H.; Chen, K.; Li, B.-J.; Shi, Z.-J. Chem. Sci. 2012,
3, 1634. (h) Zhang, X.-S.; Li, Y.; Li, H.; Chen, K.; Lei, Z.-Q.; Shi, Z.-J.
Chem. - Eur. J. 2012, 50, 16214. (i) Li, Y.; Zhang, X.-S.; Zhu, Q.-L.; Shi,
Z.-J. Org. Lett. 2012, 14, 4498. (j) Li, Y.; Zhang, X.-S.; Chen, K.; He, K.-
H.; Pan, F.; Li, B.-J.; Shi, Z.-J. Org. Lett. 2012, 14, 636. (k) Zhang, X.-S.;
Zhu, Q.-L.; Luo, F.-X.; Chen, G.; Wang, X.; Shi, Z.-J. Eur. J. Org. Chem.
2013, 2013, 6530. (l) Jeong, T.; Han, S.; Mishra, N. K.; Sharma, S.; Lee,
S.-Y.; Oh, J. S.; Kwak, J. H.; Jung, Y. H.; Kim, I. S. J. Org. Chem. 2015, 80,
7243 For Co-catalyzed reversible insertion of aldehydes to C−H bonds,
see ref 6b.
(12) Yang, L.; Correia, C. A.; Li, C.-J. Adv. Synth. Catal. 2011, 353,
1269.
(13) For a selected review for the heteroatom-directed rhodacycle
intermediates, see: Colby, D. A.; Bergman, R. G.; Ellman, J. A. Chem.
Rev. 2010, 110, 624.

Scheme 7. Plausible Reaction Pathway

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b03368
Org. Lett. 2016, 18, 232−235

235



Asymmetric Direct 1,2-Addition of Aryl Grignard Reagents to Aryl
Alkyl Ketones
Kazuki Osakama and Makoto Nakajima*

Graduate School of Pharmaceutical Sciences, Kumamoto University, 5-1, Oe-honmachi, Chuo-ku, Kumamoto 862-0973, Japan

*S Supporting Information

ABSTRACT: The enantioselective addition of Grignard reagents
to ketones was promoted by a BINOL derivative bearing alkyl
chains at the 3,3′-positions. This is the first asymmetric direct aryl
Grignard addition to ketones reported to date. A variety of tertiary
diaryl alcohols could be obtained in high yields and enantiose-
lectivities without using any other metal source.

Enantiopure tertiary alcohols are important structural motifs
in organic chemistry and are ubiquitous in natural products

and pharmaceutical compounds.1 The simplest approach to
constructing these structures involves the enantioselective 1,2-
addition of organometallics to ketones.2,3 The addition of alkyl
groups to ketones has been achieved by developing catalysts
using organozinc,4 titanium,4 and aluminum.5 By contrast, the
enantioselective addition of readily available Grignard reagents
has proven to be more difficult.6 Recently, copper-catalyzed
asymmetric additions of alkyl Grignard reagents were reported.7

Only a few Grignard reagent additions have been achieved
without the use of additional metals, and these reactions have
required more than stoichiometric amounts of a chiral ligand to
achieve a high enantioselectivity.8,9

The addition of aryl groups to ketones was first achieved using
an asymmetric reaction of ZnPh2, as reported by Fu et al. in
1998.10 Over the two subsequent decades, several approaches to
obtaining chiral tertiary alcohols have been explored using
arylzinc,11 -titanium,12 -boron compounds,13 and -aluminum.14

These reports showed excellent results; however, they are
disadvantaged in their requirement for nucleophile preparation.
For example, the preparation of arylzinc reagents from excess
ZnEt2 and arylboron compounds required elevated temperatures
and long reaction times. Triarylaluminum compounds were
prepared from AlCl3 and 3 equiv of aryl Grignard reagents in
THF over 12 h. In comparison with these preparations,
asymmetric direct aryl Grignard additions to ketones are very
simple procedures and efficient methods for reduction of other
metal wastes. Although enantioselective catalytic additions of aryl
Grignard reagents with excess amounts of Ti(OiPr)4 were
reported recently,15 to the best of our knowledge, no examples of
enantioselective aryl Grignard addition to simple ketones
without the use of other metals have yet been described.16

We previously reported the enantioselective alkynylation of
lithium acetylide to ketones using lithium binaphtholate as a
catalyst.17 Here, we report the first direct asymmetric addition of

aryl Grignard reagents to simple ketones using magnesium
binaphtholate as a chiral ligand, providing tertiary diaryl alcohols
in high yields and enantioselectivities.
Initially, we attempted the addition of a THF solution of 2′-

acetonaphthone (1a) to phenylmagnesium bromide (2a) (3.5
equiv) and (R)-BINOL (3a) (100 mol %) as a chiral ligand in
THF at−45 °C (Table 1, entry 1). In our research, 2 equiv of the
Grignard reagent was consumed during deprotonation of the
chiral ligand, and more than 1 equiv of the reagent was essential
for the reaction with a ketone; therefore, we first used 3.5 equiv of
2a. The reaction proceeded smoothly to give the tertiary alcohol
4a in good yield and low ee. The stereoselectivity was improved
by investigating other BINOL derivatives. The desired product
was obtained in moderate enantioselectivity in the presence of
(R)-3,3′-diphenyl-1,1′-binaphthol 3b, which was the best catalyst
identified in our previous alkynylation reactions (entry 2). This
result suggested that the high stereoinduction of tertiary alcohols
was essential for obtaining steric effects at the 3,3′-positions of
the BINOL skeleton. We next tested the 2,6-dimethylphenyl-
substituted BINOL derivative 3c, but no enantioselectivity was
achieved (entry 3).
BINOLs with substituents at the 3,3′-positions are versatile

C2-symmetric chiral ligands; however, few examples have
described the use of compounds bearing alkyl groups in these
positions as asymmetric ligands.18 Therefore, we accepted the
challenge associated with synthesizing these new types of BINOL
ligands. The BINOL derivatives 3d and 3e, bearing benzyl and 1-
methoxy-1-methylethyl groups, provided a poor yield and poor
enantioselectivity (entries 4 and 5); however, the ligand 3f, which
included 2-methoxy-2-methylpropyl groups, yielded an im-
proved enantioselectivity (entry 6). The ligand 3g gave almost
the same result (entry 7). We next introduced bulky aliphatic
chains at the 3,3′-positions of BINOL (entries 8 and 9).

Received: November 25, 2015
Published: December 24, 2015

Letter

pubs.acs.org/OrgLett

© 2015 American Chemical Society 236 DOI: 10.1021/acs.orglett.5b03379
Org. Lett. 2016, 18, 236−239



Gratifyingly, we succeeded in improving the enantioselectivity.
The tertiary alcohol was obtained in a 92% yield and 90% ee
using ligand 3i with 3,3-dimethylbutyl groups. Furthermore,
reactions unrelated to the ligand were partially suppressed by
addition of phenylmagnesium bromide (2a) to the mixture of 2′-
acetonaphthone (1a) and the ligand 3i in THF, yielding the
corresponding product in 94% yield and 93% ee (entry 10).19 In
our procedure, the reaction reached completion within 1 h. The
reaction time was shorter than the time required for the
corresponding aryl organometallics, which generally required
over 12 h. Although we used stoichiometric amounts of the chiral
ligand 3i, this ligand was easily recovered and reused.20

The conditions optimized for ketone 1a were applied to the
reactions of other simple ketones 1b−g (Table 2). 1′-
Acetonaphthone (1b) showed a lower chemical yield than 1a,
although the obtained product 4b displayed an excellent
enantioselectivity (entry 2). Although the product 4e displayed
a slightly lower enantioselectivity, the aromatic ketones 1c−e
bearing electron-donating and -withdrawing groups smoothly
reacted to give the tertiary alcohols 4c−e in very high yields and
enantioselectivities (entries 3−5). 2-Naphthyl ethyl ketone (1f),
which included bulkier R2 groups than 1a, reacted with an
acceptable enantioselectivity (entry 6). Cyclohexyl methyl
ketone (1g) gave a high yield with a low ee (entry 7). Therefore,
intermolecular interactions such as π−π stacking between the
aromatic ketone and the Grignard reagent appeared to play a key
role in the transition state of the 1,2-addition.

We next investigated the reactions of various Grignard
reagents with acetophenone (1h) (Table 3). 2-Naphthylmagne-

sium bromide (2b) afforded the product ent-4a in good yield
with a high enantioselectivity (entry 1) with an absolute
configuration opposite that of the product 4a derived from the
phenyl addition to 2′-acetonaphthone. The use of 2c and 2d,
which bore electron-donating groups at the 4′-, and 3′-positions
of the aromatic group, slightly decreased the enantioselectivities
of the tertiary alcohols ent-4c and 4h (entries 2 and 3). A
methoxy group at the 2′-position dramatically decreased the ee
(entry 4). This effect was attributed to chelation at the metal
center. The methyl-substituted Grignard reagents 2f and 2g
generated the product in a high yield and acceptable ee (entries 5
and 6). Compounds 2h and 2i, which bore electron-withdrawing
groups, provided a slightly lower chemical yield, but the ee values
of the tertiary alcohols 4l and ent-4ewere excellent (entries 7 and
8). A reaction of cyclohexylmagnesium bromide (2j) dramati-
cally decreased the yield of the product, accompanied by a
moderate ee (entry 9). The basicity of the aliphatic Grignard
reagent was stronger than that of the aromatic reagent; therefore,
enolization of the ketone occurred as the main side reaction.

Table 1. Optimization of the Chiral Ligandsa

aUnless otherwise noted, the reactions were conducted using the
following procedure: A THF solution of 2′-acetonaphthone (1a) (0.5
mmol) was added to a solution of phenylmagnesium bromide (2a)
(1.75 mmol) and ligand 3 (0.5 mmol) in THF (1.0 mL) at −45 °C.
bPhenylmagnesium bromide (2a) (1.75 mmol) was added to the
solution of 2′-acetonaphthone (1a) (0.5 mmol) and ligand 3 (0.5
mmol) in THF (1.0 mL) at −45 °C.

Table 2. Various Simple Ketones Were Tested for the
Preparation of the Tertiary Alcoholsa

entry 1 R1 R2 4 yield (%) ee (%)

1 1a 2-naphthyl Me 4a 94 93
2 1b 1-naphthyl Me 4b 70 96
3 1c 4-MeOC6H4 Me 4c 95 91
4 1d 4-BrC6H4 Me 4d 92 91
5 1e 4-ClC6H4 Me 4e 98 86
6 1f 2-naphthyl Et 4f 97 86
7 1g cHex Me 4g 92 30

aAll reactions were conducted using ketone 1 (0.5 mmol),
phenylmagnesium bromide (2a) (1.75 mmol), and ligand 3i (0.5
mmol) in THF (1.0 mL) at −45 °C.

Table 3. Various Grignard Reagents Were Tested for the
Preparation of the Tertiary Alcoholsa

entry 2 R3 4 yield (%) ee (%)

1 2b 2-naphthyl ent-4a 80 94
2 2c 4-MeOC6H4 ent-4c 94 84
3 2d 3-MeOC6H4 4h 90 87
4 2e 2-MeOC6H4 4i 97 6
5 2f 4-MeC6H4 4j 96 88
6 2g 2-MeC6H4 4k 98 90
7 2h 4-FC6H4 4l 83 94
8 2i 4-ClC6H4 ent-4e 70 97
9 2j cHex ent-4g 10 59

aAll reactions were conducted using acetophenone (1h) (0.5 mmol),
Grignard reagent 2 (1.75 mmol), and ligand 3i (0.5 mmol) in THF
(1.0 mL) at −45 °C.
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The mechanism underlying the stereoinduction was inves-
tigated by examining the structure of the Mg salt of the ligand
(Table 4). BINOL derivatives have two oxygen atoms; therefore,

two compounds, the monomagnesium salt 5 and the
dimagnesium salt 6, were presumed to be present. Mono-
magnesium binaphtholate was used as a good asymmetric
catalyst and could be readily prepared from BINOL and
nBu2Mg.21 We tried to use this species in our Grignard addition;
however, the product was obtained in a moderate yield and a low
ee (entry 1). We attempted a reaction of 1a and 1.5 equiv of 2a in
the absence of ligand 3i, and the tertiary alcohol was obtained in
77% yield (entry 2). This chemical yield was lower than that
obtained in the presence of the ligand. No enantioselectivity was
achieved from the O-methylated BINOL derivative 7 (entry 3).
We next examined the relationship between the ee values of

the ligand 3i and those of the product 4a. No clear nonlinear
effects were observed in the 1,2-addition between 1a and 2a.22

Aggregation has been reported in magnesium binaphtholate;21a,e

however, we assumed that the monomeric species acted as an
asymmetric auxiliary in the transition state.
These results suggested that the dimagnesium salt 6 was

generated in the reaction and coordinated to the Grignard
reagent as a Lewis base to enhance the nucleophilicity.
Furthermore, themagnesium atom of 6was effective in activating
the ketone, and substituents at the 3,3′-positions of BINOLs
controlled the direction of nucleophilic attack on the prochiral
carbon atom. Although further investigations of the mechanism
are required to fully understand this method, the transition state
appeared to be a monomeric dimagnesium salt 6.
Finally, we examined the effects of the ratio between the chiral

ligand 3i and the Grignard reagent (Table 5). Interestingly, even
50 mol % of 3i gave the product in a good yield and an ee of 90%
(entry 3); however, reducing the amounts of the chiral ligand
tended to reduce the yield and ee (entries 4 and 5). These results
suggested that the complex between the Grignard reagent and 3i
was more reactive than the Grignard reagent alone. Therefore, a
well-designed BINOLmay provide a high ee in a catalytic version
of this asymmetric Grignard addition. We are currently
investigating the synthesis of more effective BINOL derivative.
In conclusion, we have demonstrated the first example of

enantioselective direct aryl Grignard additions to aryl alkyl
ketones to afford the tertiary diaryl alcohols. Our protocol is very
simple and does not require other metals or long reaction times.

Our new BINOL derivative 3i is easily recyclable and may
potentially afford catalytic activity. Further investigations toward
achieving BINOL-catalyzed direct Grignard additions are
currently in progress.
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ABSTRACT: Reactions of α-diazo-β-ketoesters with cyclic
ketones, lactones, and carbonates are reported. Thanks to the
combined use of salt [CpRu(CH3CN)3][BArF] and 1,10-
phenanthroline as catalyst for the diazo decomposition,
effective and practical syntheses of spiro bicyclic ketals,
orthoesters, and orthocarbonates are afforded.

Electrophilic metal carbenes are known to react with
nucleophilic carbonyl groups and form carbonyl ylides.1

These reactive intermediates, metal-free 1 or metal-bound 2
(Scheme 1), behave as 1,3-dipoles and are known to react in [3 +

2]-dipolar cycloadditions to yield oxygenated 5-membered
heterocycles (Scheme 1, route a).2 Alternatively, carbonyl ylides
1 or 2 may condense to form epoxides and dioxolenes (routes b
and c). While these intramolecular reactions occur with carbonyl
ylides derived from aldehydes and ketones,2b,c,3 they are
unknown with ylides made by additions of esters and
carbonates.1a,4,5 Herein, in a general development, reactions of
α-diazo-β-ketoesters 3 with cyclic ketones are reported but also
with lactones and cyclic carbonates. Effective and reliable
syntheses of spiro ketals 4, orthoesters 5, and orthocarbonates
6 are afforded thanks to the combined use of [CpRu(CH3CN)3]-

[BArF] 7a (Cp = C5H5, BArF = tetrakis[3,5-bis(trifluoromethyl)-
phenyl]borate)6 and 1,10-phenanthroline (phen)7 as diazo
decomposition catalyst.8 A mild counterion effect9 is also
reported as 7a is shown to be more reactive than classical
[CpRu(CH3CN)3][PF6] 7b;10 the increased reactivity of 7a
allowing in general a use of a 1:1 stoichiometry between diazo
reagents and reactive carbonyl groups in these intermolecular
condensations.
Recently, in the context of syn-stereoselective epoxide

openings, it was shown that [CpRu(CH3CN)3][BArF] 7a
efficiently catalyzes the decomposition of α-diazo-β-ketoesters
and promotes condensation reactions of the generated carbenes
with oxirane substrates.6,11 This salt leads to higher substrate
conversion, reaction selectivity, and catalyst turnovers than 7b.12

It was then logical to test the combination of 7a and phen in
other condensation reactions, and that of reactive carbonyl
groups in particular.
First, the catalytic combination of 7a and phen was tested with

cyclohexanone 8a. α-Diazo-β-ketoesters 3a to 3f were used as
substrates in a 1:1 stoichiometry, and positive results were
obtained in these initial experiments (Scheme 2). In practice,
diazo 3a to 3f (1 equiv) were added to solutions of 8a (1 equiv)
in CH2Cl2 together with [CpRu(CH3CN)3][BArF] 7a and phen
(2.5 mol % each). After 3 h at 60 °C, full conversions were usually
achieved; the conversions being determined by 1H NMR
spectroscopy (400 MHz, crude mixtures).13 With bulkier tBu
ester 3d, a prolonged reaction time of 4.5 h was necessary to
afford full decomposition of the diazo reagent. Spiroketal adducts
4a to 4d were isolated in moderate to good yields (55−79%,
Scheme 2). For the formation of 4a, it was shown that the
reaction is easily scaled up to a 1 g scale (see Supporting
Information). With a linear propyl chain α to the carbonyl group
(3e), similar reactivity and yields were obtained (4e, 85%), while,
with a phenyl substituent, the reaction was slower and a lower
yield of ketal was achieved (4f, 15%).14 With these reactions and
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Scheme 1. Selective Formation of Spiro Ketals, Orthoesters,
and Orthocarbonates
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conditions in hand, a comparison of the reactivity of BArF 7a and
PF6 7b complexes was performed. The results are reported in
Table S1 (Supporting Information). The difference is moderate
for most substrates but strong in case of a steric hindrance, i.e., for
4d. As a rule, an increased reactivity is observed for the BArF
complex 7a, which was kept for further experiments.
Cyclic saturated and unsaturated ketones 8g to 8l were then

used to afford spiro dioxolenes 4g to 4l as only products in yields
up to 83% (Scheme 3). Epoxides were never observed in the

crude reaction mixtures nor cyclopropanes in the reactions of
unsaturated substrates 8j and 8k.15 Increasing the ring size, from
four to seven, improved the stability of the corresponding ketals.
In fact, products 4 are quite sensitive to acidic conditions
decomposing upon standing over silica gel and after a few hours
in CDCl3. Although unlikely, the possibility to perform this
reaction stereoselectively was examined with 4-tBu-cyclohex-
anone 8l (Scheme 3). As expected, a 1:1 mixture of
diastereomers was afforded.16 The isomers of 4l displayed a
rather large difference in retardation factors (0.57 and 0.43, TLC
silica gel, pentane/ether 9:1) and could be separated on column
chromatography (40 and 41%, respectively). This lack of

selectivity was confirmed with estrone 8m (Scheme 4) for
which an excellent yield of product 4mwas obtained (90%) albeit

as a 1:1 mixture of diastereoisomers.15 This result shows that the
dioxolene reactivity is general, even in the case of rigid sterically
encumbered substrates.
Treating cyclohexane-1,4-dione 8n with two equivalents of 3a

afforded products of double cycloadditions and a 1:1 mixture of
trans-4n and cis-4n′ was also obtained (Scheme 5). It was again

possible to separate the adducts by chromatography (37 and 34%
yield, respectively). The trans and cis configurations and the
solid-state conformations were established by X-ray diffraction
analyses.17

A mechanistic rationale, consistent with the experimental
results, is proposed in Scheme 6. Complex 7a reacts with phen to
generate [CpRu(phen)(CH3CN)][BArF], which, upon dissoci-
ation of acetonitrile, forms the 16-electron catalytically active
species A. The diazo moiety reacts with A to afford metal carbene
intermediate B by nitrogen extrusion. At this stage, a nucleophilic
attack of the cyclic ketone occurs to form the carbonyl ylide
intermediate C. Subsequent ring closure affords the desired
products of condensation (C→D). The spiro products are then
released and the catalytic cycle continues.
Based on this proposal, the reactivity of lactones and cyclic

carbonates with carbene intermediates of type B was envisaged.
Saturated and unsaturated lactones 9a to 9f (Scheme 7) were first
tested under previously developed conditions (3 h reaction time,
1 equiv of 3a). A lower reactivity was immediately noticed as
conversions of only 60% were observed. To obtain the
corresponding orthoesters 5a to 5f in moderate to good yields
(57−82%), it was necessary to increase both reaction time (up to
24 h) and stoichiometry (3a, 3 equiv). As before, with
unsaturated lactones 9d and 9e, evidence of competing

Scheme 2. Spiro Ketal Synthesis: Initial Experiments

Scheme 3. Spiro Ketal Synthesis: Extension

Scheme 4. Reactivity with Estrone

Scheme 5. Bis Spiro Ketal Synthesisa

aReaction conditions: 3a (2.0 equiv), 7a and phen (2.5 mol % each),
60 °C, CH2Cl2, 3 h, c = 0.5 M. OLEX views of the crystal structure of
4n and 4n′. Thermal ellipsoids are drawn at 50% probability.
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cyclopropanation or epoxide formations could not be found.
Also, using coumarin 9f, a complete formation of desired product
was monitored but trioxospiro 5f decomposed partially during
the chromatography (SiO2 or Al2O3) to be afforded in only 64%
yield.18

Reactions with cyclic carbonates 10a to 10c to form
corresponding adducts 6a to 6c were even slower (Scheme 8).
Three days were necessary to ensure complete conversion. In the
case of orthocarbonates 6a and 6b, the isolation was complicated
by their sensitivity (yields up to 36% only). In the case of 6b, a 1:1
mixture of diastereoisomer was observed by 1H NMR analysis,
and only one diastereoisomer could be isolated (27%). Using 6-
membered ring 10c, product 6c was however obtained in good
yield (72%).
This lower reactivity of lactones 9 and cyclic carbonates 10 is

not trivially explained. One rationalization could have been a
stronger complexation of catalyst [CpRu(phen)][BArF] A with
compounds 9 or 10, which would have slowed the release of A
and hence the catalytic cycle. However, a comparative analysis of

Gutmann’s scale of solvent Lewis basicity indicates that ketones,
esters, and (to a lesser degree) carbonates present similar Donor
Numbers (15−18 kcal·mol−1).19 It is therefore more likely that
lactones and cyclic carbonates are less nucleophilic than ketones
for the trapping of the electrophilic carbene (step B → C,
Scheme 6).
In conclusion, using a combination of [CpRu(CH3CN)3]-

[BArF] 7a and 1,10-phenanthroline, it was found that α-diazo-β-
ketoesters 3 react with a large range of cyclic carbonyl moieties.
The reaction conditions are mild and spiro ketals, orthoesters,
and orthocarbonates are generated selectively. Due to a general
acid sensitivity of the products, care must be taken during their
purification, and moderate to good yields are obtained (up to
90%). Interestingly, these reactions seem to be the first examples
of intermolecular condensations of metal carbenes with esters
and carbonates leading afterward to an intramolecular ring
closure. In terms of potential application, a use of compounds 4,
5, and 6 can be furthermore foreseen in protecting group
strategies as masked forms of cyclic ketones, esters, and
carbonates.
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ABSTRACT: Neosartoryadins A (1) and B (2), both with a
unique 6/6/6/5 quinazoline ring system connected directly to
a 6/5/5 imidazoindolone ring, together with three biogeneti-
cally related compounds 3−5, were isolated from the
endophytic fungus Neosartorya udagawae HDN13-313. The
absolute configurations of new compounds 1−4 were
established. Compounds 1 and 2 displayed anti-influenza
virus A (H1N1) activities with IC50 values of 66 and 58 μM,
respectively (ribavirin as positive control, IC50 = 94 μM).

The quinazoline-containing indole alkaloids, which possess
pyrimido[2,1-b]quinazoline and imidazo[1,2-a]indole

moieties linked by a methylene (and in some cases further
linked via additional spiro-bridges), were first isolated from
Aspergillus fumigates in 1992 and named fumiquinazolines A−
C.1 In the following decades, about 40 fumiquinazoline
analogues with these structural characteristics were reported
from various fungal genera, including Aspergillus sp.,1 Acre-
monium sp.,2 and Neosartorya sp.,3 and named fiscalins,3

aniquinazolines,4 quinadolines,5 etc. (Figure S1, Supporting
Information, SI). Biogenetically, they are all derived from
anthranilic acid (ATA) and tryptophan, together with two other
amino acids, including alanine, valine, glycine, leucine, 2-
aminoisobutyric acid (Aib), etc.6 As an important class of
tremorgenic mycotoxins, they show potent biological properties
such as antifungal,2 cytotoxic,7 antifeedant,8 and antiviral9

activities. Because of their structural novelty and attractive
bioactivities, these compounds have attracted broad interest
from chemical and biosynthetic scientists.
During our search for novel bioactive secondary metabolites

from microorganisms derived from diverse ecological environ-
ments,10−12 an endophytic fungus Neosartorya udagawae
HDN13-313, isolated from the root of the mangrove plant
Aricennia marina, was selected for investigation due to its
extract’s interesting HPLC−UV profile and weak cytotoxicity
(41% inhibition of P388 cells at 100 μg/mL). Further
examination of a bulk culture led to the discovery of four
new quinazoline-containing indole alkaloids, named neo-
sartoryadins A and B (1 and 2) and fiscalins E and F (3 and
4), along with a known biogenetic related compound fiscalin C
(5)3 (Figure 1). The absolute configurations of new
compounds 1−4 were established on the basis of NOESY
spectra, electronic circular dichroism (ECD), or single-crystal
X-ray diffraction analysis (for compound 3). Distinguishing 1
and 2 from classic fumiquinazoline alkaloids such as
compounds 3−5 is the unprecedented pyrido[2,1-b]-

quinazoline moiety with the quinazoline conjugated to a
pyridine (C ring) rather than to a pyrimidine ring and the
existence of a unique tetrahydrofuran ring (D ring).
Compounds 1 and 2 showed potential antiviral activity against
influenza virus A (H1N1). Herein, we report the details for the
isolation, structure elucidation, bioactivity, and a plausible
biogenetic pathway to 1 and 2.
Compounds 1 and 2 were obtained as white amorphous

powders. Their molecular formulas were established as
C27H26N4O5 and C27H26N4O6 according to the HRESIMS-
protonated molecular ions detected at m/z 487.1966 and
503.1924, respectively. The 1D NMR data of 1 and 2 included
four methyls, one methylene, 10 methines (including eight
aromatic methines), and 12 nonprotonated carbons (including
three carbonyls) (Table 1). Analysis of the 1D and 2D NMR
data of 1 and 2 revealed two sets of four contiguous sp2
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Figure 1. Structures of compounds 1−5.
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aromatic proton signals (δH 8.24−7.22), indicating the presence
of two ortho-disubstituted aromatic rings.
Similar to the fumiquinazolines, the presence of a quinazoline

ring system (A and B rings) in 1 was deduced from
characteristic 13C NMR resonances (Table 1; C-4 to C-12),1

along with the HMBC correlations from H-10 (δH 8.23) to C-6
(δC 146.8)/C-12 (δC 161.1), from H-9 (δH 7.66) to C-11 (δC
122.8) and the 1H−15N HMBC correlation from H-7 to N-5
(δN 281.7). The quinazoline ring was further fused with a
pyridine (C ring) to form a pyrido[2,1-b]quinazoline moiety
which was established from HMBC correlations between H-14
(δH 4.93) to C-1 (δC 106.2)/C-4 (δC 144.2), H3-28 (δH 1.18)/
H3-29 (δH 1.11) to C-1/C-2 (δC 50.5)/C-3 (δC 192.8), and
from 1-OH (δH 6.92) to C-1/C-2/C-14 (δC 61.7).
The HMBC correlations from H-26 (δH 7.63) to C-16 (δC

85.6) and C-22 (δC 138.8), from H-23 (δH 7.29) to C-27 (δC
137.0), from H-17 (δH 4.98) to C-16, and the 1H−15N HMBC
correlation from H-17 to N-21 (δN 289.2) suggested the
presence of a substituted indole moiety. The imidazo[1,2-
a]indole moiety (E, F, and G rings) was further constructed on
the basis of the HMBC correlations from H3-30 (δH 1.06)/H3-
31 (δH 1.03) to C-19 (δC 65.3)/C-20 (δC 176.0), from 18-NH

(δH 2.36) to C-16/C-17/C-30 (δC 25.6)/C-31 (δC 26.3), and
the 1H−15N HMBC correlations from H-17 to N-18 (δN
277.9), and from H3-30/H3-31 to N-18. The chemical shifts
of the 6/5/5 imidazo[1,2-a]indole moiety also agree with those
reported for the fumiquinazolines.1

The imidazo[1,2-a]indole and the pyrido[2,1-b]quinazoline
moieties were linked by C-15 (δC 40.1) based on HMBC
correlations from H2-15 (δH 3.52, 2.63) to C-1 and C-14 in ring
C and C-16, C-17 and C-27 in F and from H-14 to C-16 and
the 1H−15N HMBC correlation from H2-15 to N-13 (δN
264.0). Finally, the planar structure of 1 was completed by a
furan ring (D ring) evidenced by the chemical shifts of C-16
(δC 85.6) and the distinctive hemiketal carbon (δC 106.2, C-1),
as well as the required degrees of unsaturation.
The NMR data of 2 were very similar to those of 1. The

major differences between them included the multiplicity of H-
17, which was changed from a doublet in 1 to a singlet in 2, and
the replacement of nitrogen-linked H-18 (δH 2.36) in 1 by a
hydroxyl group (δH 5.94, 18-OH), which was further supported
by the HMBC correlation from 18-OH to C-17 (Figure S2, SI),
and the chemical shifts of C-17 and C-19 similar to those in the
reported tryptoquivaline L.13

The relative configurations of 1 and 2 were established on
the basis of NOESY and NOE spectral data (Figure 2 and

Figure S3, SI). The NOESY and NOE spectra displayed
correlations from 1-OH to H-14 and H-26 and between H-15a
(δH 3.52 in 1 and δH 3.48 in 2) and H-14, indicating that 1-OH,
H-14, H-15a, and H-26 were on the same side of the furan ring.
The correlations between H-15b (δH 2.63 in 1 and δH 2.76 in
2) and H-17 suggested that H-17 was on the other side.
The absolute configuration of 1 was determined by

comparing experimental and calculated ECD spectra using
time-dependent density-functional theory (TDDFT). The DFT
reoptimization of the initial MMFF minima of the arbitrarily
selected (1R,14R,16S,17R)-1, which was performed at the
B3LYP/TZVP level with a PCM solvent model for MeOH,
resulted in only one optimized conformer (Figure S4, SI).
Subsequently, the absolute configuration of compound 1 was
established from close agreement of the TDDFT-calculated
ECD spectrum of (1R,14R,16S,17R)-1 with that determined
experimentally (Figure 3). Since compounds 1 and 2 exhibited
almost identical ECD spectra, the absolute configuration of 2
was also established as 1R,14R,16S,17S (Figure 3).
Compounds 3 and 4 had the same molecular formula of

C28H31N5O5 based on the HRESIMS ions detected at m/z
518.2393 [M + H]+ and 518.2398 [M + H]+, respectively.
Their 1D NMR data (Table S2, SI) indicated the presence of
five methyls (including a methoxy), one methylene, 11
methines (including eight aromatic methines), and 11 non-

Table 1. 1H (500 MHz), 13C (125 MHz) and 15N (50 MHz)
NMR Data of Compounds 1 and 2 in DMSO-d6 (δ ppm)

1 2

no. δC/N δH (J, Hz) δC δH (J, Hz)

1 106.2 106.2
2 50.5 50.6
3 192.8 193.0
4 144.2 144.6
5 281.7b

6 146.8 146.7
7 129.3 7.90−7.93a 129.4 7.85−7.91a

8 135.2 7.90−7.93a 135.1 7.85−7.91a

9 129.0 7.66, m 128.9 7.65, t (7.6)
10 126.7 8.23, d (7.9) 126.6 8.22, d (8.0)
11 122.8 122.6
12 161.1 161.1
13 264.0b

14 61.7 4.93, d (6.6) 61.9 4.98, d (6.8)
15 40.1 3.52, dd (15.3, 6.8) 42.5 3.48, dd (15.3, 6.9)

2.63, d (15.3) 2.76, d (15.5)
16 85.6 85.3
17 82.4 4.98, d (9.8) 87.0 4.74, s
18 277.9b 2.36, d (9.8)
19 65.3 71.2
20 176.0 171.8
21 289.2b

22 138.8 137.8
23 115.3 7.29, d (7.6) 114.8 7.31−7.37a

24 130.4 7.37, t (7.6) 130.3 7.31−7.37a

25 125.5 7.24, t (7.6) 125.4 7.23, t (7.9)
26 126.9 7.63, d (7.6) 127.3 7.71, d (7.6)
27 137.0 137.3
28 16.4 1.18, s 16.4 1.20, s
29 21.0 1.11, s 20.9 1.14, s
30 25.6 1.06, s 17.3 1.01, s
31 26.3 1.03, s 23.4 1.09, s
1-OH 6.92, s 6.90, s
18-OH 5.94, s

aSignals were overlapped. bObtained from 1H−15N HMBC spectrum.

Figure 2. Key COSY, HMBC, NOESY, and NOE correlations of 1.
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protonated carbons (including three carbonyls) and suggested
that they possessed quinazoline-containing indole alkaloid
skeleton, similar to epi-fiscalin C and fiscalin C (5).3,13 Further
analysis of the 2D NMR data revealed that compounds 3 and 4
had the same planar structure and the main differences to 5
were the replacement of H-3 in 5 by methoxy group in 3 and 4
(Figure S2, SI).
The absolute configuration of 3 was determined unambig-

uously by the X-ray diffraction (CCDC 1413444) as
3R,14R,16S,17R (Figure 4), with Flack parameter −0.05 (17).

The 1H and 13C NMR spectra of 3 and 4 were very similar but
not identical. The most significant difference between them in
the 13C NMR spectra (Table S2, SI) was the signals of C-28
(δC 30.5 in 3 and δC 37.6 in 4), which indicated that they are
epimers with different absolute configuration at C-3.7,9,13 The
relative configuration of 4 was further deduced as
3S*,14R*,16S*,17R* according to the NOESY correlation
between H3-29 (δH 0.91) and H-15b (δH 2.57), H-17 (δH 5.19)
and H-15b, and H-14 (δH 5.33) and OH-16 (δH 5.80) (Figure
S3, SI). The absolute configuration of compound 4 was finally
determined as 3S,14R,16S,17R based on the similar ECD curve
between 3 and 4 (Figure 5).7,9 In addition, the similar ECD
curves of compounds 3 and 4 to fiscalin C suggested that they
shared the same absolute configuration at C-14, C-16, and C-
17, which indicated that the configuration of C-3 has almost no
effect on the ECD spectra of them.3,7,9,13

Compounds 1 and 2 represent a new class of quinazoline-
containing indole alkaloids with a unique 6/6/6/5 quinazoline
ring system connected directly to a 6/5/5 imidazoindolone ring
system, requiring a different process from the classic ones to

form the pyrido[2,1-b]quinazoline unit. Similar to the reported
biogenetic pathway for fumiquinazoline A,1,14 compounds 1
and 2 are also speculated to be biosynthesized from L-
tryptophan, ATA, L-valine, and 2-aminoisobutyric acid (Aib)
(Scheme 1). Different from the formation of 3 and 4,15

compounds 1 and 2 are generated by further modification of
the key intermediate 5 including oxidation, hydrolysis,
nucleophilic attack by water, dehydration, deprotonation, and
subsequently aldol reaction to form the unprecedented C ring.6

The cytotoxicity of 1−5 was tested using the methylthiazole-
trazolium (MTT) method against the HL-60 cancer cell line,16

but no activity was detected (IC50 > 50 μM). The antiviral
activity of them was also evaluated against influenza A virus

Figure 3. Experimental ECD spectra of compounds 1 and 2 and the
calculated spectrum for (1R,14R,16S,17R)-1.

Figure 4. X-ray ORTEP diagram of compound 3.

Figure 5. Experimental ECD spectra of compounds 3 and 4.

Scheme 1. Hypothetical Biogenetic Pathway of Compounds
1−4
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(H1N1) using the cytopathic effect (CPE) inhibition assay.17

Compounds 1 and 2 exhibited inhibitory effects with IC50
values of 66 μM and 58 μM, respectively (ribavirin as positive
control, IC50 = 94 μM).
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ABSTRACT: The synthesis of difluoromethylene-containing
heterocycles was achieved via the palladium-catalyzed 1,1-
difluoroallylation of heteronucleophiles followed by intra-
molecular Heck reaction. The allylic substitution of 3-bromo-
3,3-difluoropropene was regioselectively accomplished by
heteronucleophiles without rearrangement to give the
corresponding 1,1-difluoroallylated compounds whose Heck
cyclization proceeded in a 5-exo manner to afford ring-
difluorinated indolines and dihydrobenzofurans. Their defluorinative allylic substitution further provided 2-fluoroindoles and 2-
fluorobenzofurans.

Allylic substitutions including nucleophilic reactions (SN2′
and SN2 reaction) and palladium-catalyzed reactions (the

Tsuji−Trost reaction) have been applied in various synthetic
processes as one of the most important organic reactions.1

Despite the versatility of allylic substitution, it is often difficult
to control the regioselectivity of unsymmetrically substituted
allylic substrates. For example, gem-difluoroallylic electrophiles
have served as two-fluorine-containing three-carbon building
blocks; substitution on their carbon atoms α or γ to the
fluorine substituents affords 1,1- or 3,3-difluoroallylic com-
pounds, respectively.2−4 The regioselectivity in such reactions
has not been well controlled; however, it has been typically
determined by the choice of substrate. Even worse for product
selectivity, both of the difluoroallylated products are
susceptible to further C−F substitution by nucleophiles.
In recent times, we developed a base-mediated selective

SN2′ reaction of 3-bromo-3,3-difluoropropene (1) with
brominated heteronucleophiles 2 (Scheme 1a).5 In this
previous report, the subsequent 5-exo radical cyclization of

the obtained 3,3-difluoroallyl compounds 3 afforded 3-
difluoromethylated 2,3-dihydrobenzoheteroles. In contrast,
we herein disclose the complete switching of the regiose-
lectivity in the reactions of 1 with heteronucleophiles 2 using
a palladium catalyst (Scheme 1b). The α-selective substitution
of 1 with 2-bromophenols 2a and 2-bromoanilines 2b
selectively proceeded via the Tsuji−Trost reaction to afford
O- and N-(1,1-difluoroallyl) compounds 5.6 Furthermore,
their subsequent 5-exo Heck reaction7 provided ring-
difluorinated benzoheterole derivatives 6.8

First, we sought a suitable base for the α-selective Tsuji−
Trost reaction using 2-bromophenol (2aa) in the presence of
4 mol % of Pd(OAc)2 and 16 mol % of PPh3 (Table 1).
Weak bases (NaHCO3 and KHCO3) were found to be
ineffective in this reaction (entries 2 and 3). The use of
NaOMe promoted the selective formation of the α-
substitution product 5aa, albeit in low yield (entry 4). Both
the yield of 5aa and the 5aa/3aa ratio were drastically
improved by the use of t-BuOK or NaH without the loss of
the C−Br bond of 2aa (entries 5 and 6). When the amount
of Pd(OAc)2 was reduced to 1 mol % (entry 7), 5aa was
obtained in 97% isolated yield. Notably, the Pd catalysts
switched the regioselectivity in the allylic substitution of 1
with 2aa since γ-selective substitution proceeded with Cs2CO3
in the absence of Pd catalysts, as we have reported previously
(entry 1).5

The α-selective Tsuji−Trost reaction of 2-bromophenols 2a
was then investigated with the optimal conditions obtained
above (Table 2). Phenols 2ab and 2ac with electron-donating
methyl and methoxy groups along with phenol 2ad with an
electron-withdrawing cyano group successfully underwent
regioselective allylation with 1 in the presence of the Pd
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Scheme 1. Regioswitchable Allylic Substitution of 3-Bromo-
3,3-difluoropropene (1)
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catalyst. The corresponding 1,1-difluoroallylated compounds
5ab−ad were obtained in 94, 93, and 95% yields, respectively
(entries 2−4). The 1,1-difluoroallylation of chlorine-substi-
tuted bromophenol 2ae proceeded without the loss of its C−
Cl and C−Br bonds, leading to the formation of 5ae in 96%
yield (entry 5). 1-Bromo-2-naphthol (2af) also participated in
the reaction to give 5af in 94% yield (entry 6).9

The obtained 1,1-difluoroallylated compounds 5a under-
went an intramolecular Heck reaction in a 5-exo manner to
afford 2,2-difluorinated 3-methylene-2,3-dihydrobenzofuran 6a
(Table 3). Upon treatment of 5aa with 1 mol % of Pd(OAc)2
and 5.0 equiv of NaOAc, dihydrobenzofuran 6aa was
synthesized in 94% yield. Irrespective of the substituents on
the aromatic rings, the 5-exo Heck reactions of 5ab−af
successfully proceeded to afford the corresponding difluori-
nated dihydrobenzofuran 6ab−af in high to excellent yields
(entries 2−6).
Next, we sought suitable conditions for the 1,1-

difluoroallylation of sulfonamides with 3-bromo-3,3-difluor-
opropene (1) using N-(2-bromophenyl)-4-methylbenzenesul-
fonamide (2ba) as a model substrate (Table 4). Although the

reaction of 2ba with 1 was conducted under the optimal
conditions for phenols 2a, both the 1,1-difluoroallylated
compound 5ba and 3,3-difluoroallylated compound 3ba
were obtained in an almost 1:1 ratio (entry 1). To improve
the yield and the regioselectivity, several bidentate phosphine
ligands were used with Pd2(dba)3·CHCl3 (entries 2−5).
Among them, 4,5-bis(diphenylphosphino)-9,9-dimethylxan-
thene (Xantphos), which was used with NaH, provided the
highest total yield of 5ba and 3ba (entry 5), albeit with no
selectivity. Other bases used with Xantphos were thus
examined for α-selective substitution (entries 6−9). Although
t-BuOK was comparable to NaH (entry 6), lithium bases
(LiH, LDA, and LHMDS) improved the 5ba/3ba ratios,
providing excellent total yields of 5ba and 3ba (entries 7−9).
Further screening of solvents and temperatures (entries 10−
15) revealed that LHMDS exhibited the best efficiency in
ether at 0 °C (entry 15).
Since the isolation of 5b from 3b proved troublesome, we

attempted the direct synthesis of N-sulfonyl-2,2-difluoro-3-
methyleneindolines 6b via the 1,1-difluoroallylation of N-
sulfonylanilines 2b followed by Heck cyclization using the
mixtures of 5b and 3b obtained immediately after aqueous
workup (Table 5). When a crude mixture of 5ba and 3ba
prepared with 1.1 equiv of 1 under the optimal conditions
above was treated with 1 mol % of Pd(OAc)2, 10 mol % of
NEt3, and 1.2 equiv of sodium benzoate, N-tosyl-2,2-difluoro-
3-methyleneindoline (6ba) was obtained in 84% isolated yield
from 2ba (entry 1). Similarly, N-tosylanilines 2bb and 2bc
bearing electron-donating groups (Me and OMe) and 2bd−bf
bearing halogen substituents (F, Cl, and Br) successfully
underwent the sequence of 1,1-difluoroallylation and Heck
cyclization to afford the corresponding indolines 6bb−bf in
high yields (entries 2−6). Notably, in each case, the selective
and almost quantitative formation of 5b in the 1,1-
difluoroallylation step was confirmed by 19F NMR measure-
ment. 1,1-Difluoroallylation of N-mesylanilines 2bg and 2bh
also proceeded at room temperature, leading to selective
formation of 5bg and 5bh, whose Heck cyclization gave N-
mesylindolines 6bg and 6bh in good yields (entries 7 and 8).
In addition, the 2,2-difluorinated 3-methylene-2,3-dihydro-

benzoheteroles obtained via the aforementioned sequence
were further transformed into 2-fluorobenzoheteroles (eqs
1−3).8a,10 2,2-Difluorinated dihydronaphthofuran 6af under-

Table 1. Screening of Bases for the α-Selective Tsuji−Trost
Reaction with Phenol 2aa

entry x base (y equiv) time (min) 5aaa (%) 3aaa (%)

1b Cs2CO3 (1.0) 30 16c 79c

2 4 NaHCO3 (1.0) 60 2 2
3 4 KHCO3 (1.0) 60 2 2
4 4 NaOMe (1.1) 30 27 2
5 4 t-BuOK (1.0) 30 92 3
6 4 NaH (1.0) 15 96 4
7 1 NaH (1.0) 30 97c 3

aYield was determined by 19F NMR measurements using PhCF3 as an
internal standard. b1 (2.0 equiv), N-methyl-2-pyrrolidone (NMP), 90
°C. See ref 5. cIsolated yield.

Table 2. 1,1-Difluoroallylation of Phenols 2a

aIsolated yield. bYield was determined by 19F NMR measurement
using PhCF3 as an internal standard.

Table 3. Synthesis of Dihydrobenzofurans 6a

aIsolated yield. b1,2,2,6,6-Pentamethylpiperidine was used instead of
NaOAc.
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went SN2′ substitution with benzylmethylamine to afford 3-
(aminomethyl)-2-fluoronaphthofuran 7 in 99% yield, requiring
neither catalysts nor additives (eq 1).3 In the case of indoline
derivative 6ba, the SN2′ reaction was completed more quickly
to give the corresponding N-tosylated 2-fluoroindole 8 in 95%
yield (eq 2). The nickel-catalyzed defluorinative coupling of

6af with 4-octyne via β-fluorine elimination also proceeded in
the presence of Et3SiH to afford the 3-allylated 2-
fluoronaphthofuran 9 in 89% yield (eq 3).11 Similarly,
indoline 6ba underwent nickel-catalyzed coupling with 3-
hexyne to give the corresponding 2-fluoroindole 10 in 87%
yield (eq 4).
In summary, we have disclosed that (i) 1,1-difluoroallylation

of phenols and N-sulfonylanilines with 3-bromo-3,3-difluor-

Table 4. Screening of Conditions for the α-Selective Tsuji−Trost Reaction with Aniline 2ba

entry ligand base (x equiv) solvent conditions 5baa (%) 3baa (%)

1b PPh3 NaH (1.0) THF 40 °C, 4 h 36 39
2 dppe NaH (1.0) THF 40 °C, 2 h NDc 3
3 dppb NaH (1.0) THF 40 °C, 2 h NDc 3
4 dppf NaH (1.0) THF 40 °C, 2 h 25 28
5 Xantphos NaH (1.0) THF 40 °C, 2 h 49 48
6 Xantphos t-BuOK (1.0) THF 40 °C, 1 h 47 49
7 Xantphos LiH (1.0) THF 40 °C, 3 h 62 36
8 Xantphos LDA (1.2) THF 40 °C, 0.5 h 55 31
9 Xantphos LHMDS (1.2)d THF 40 °C, 0.5 h 63 37
10 Xantphos LHMDS (1.2)d DMF 40 °C, 1 h 54 46
11 Xantphos LHMDS (1.2)d hexane 40 °C, 4 h 13 5
12 Xantphos LHMDS (1.2)d ether 40 °C, 4 h 50 10
13 Xantphos LHMDS (1.2)d ether rt, 0.5 h 86 14
14 Xantphos LHMDS (1.2)e ether rt, 0.5 h 91 9
15 Xantphos LHMDS (1.2)e ether 0 °C, 1 h 92 8

aYield was determined by 19F NMR measurement using PhCF3 as an internal standard.
bPd(OAc)2 (1 mol %), PPh3 (4 mol %).

cND = not detected.
dTHF solution. eEther solution.

Table 5. Synthesis of Indolines 6b from Anilines 2b

entry 2b conditions
5b + 3bb

(%) 5b:3bc
time
(h) 6bd (%)

1 2ba 0 °C, 1 h 99 93:7 1 6ba, 84
2 2bb 0 °C, 2 h quant 92:8 2 6bb, 82
3 2bc 0 °C, 2 h quant 92:8 2 6bc, 88
4e 2bd 0 °C, 2 h quant 93:7 0.5 6bd, 78
5 2be 0 °C, 0.5 h 98 94:6 0.5 6be, 78
6 2bf 0 °C, 0.5 h quant 95:5 0.5 6bf, 82
7 2bg rt, 0.5 h 94 91:9 1 6bg, 60
8 2bh rt, 0.5 h 97 93:7 1 6bh, 60

aEther solution. bYield was determined by 19F NMR measurement
using PhCF3 as an internal standard. cRatio was determined by 19F
NMR measurement. dIsolated yield. eNEt3 (4 mol %).
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opropene (1) was accomplished by a palladium catalyst and
(ii) its practical use provided a facile synthetic platform for
ring-fluorinated benzoheterole derivatives. In light of our
previously reported synthesis of difluoromethylated dihydro-
benzoheteroles via the base-mediated 3,3-difluoroallylation
with 1,5 the current method serves as a complementary
approach to fluorine-containing benzoheterole derivatives,
which are promising for pharmaceutical and agrochemical
uses.12
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ABSTRACT: A highly enantioselective copper/N-heterocy-
clic carbene catalyzed allylic arylation with organolithium
compounds is presented. The use of commercial or readily
prepared aryllithium reagents in the reaction with allyl
bromides affords a variety of chiral diarylvinylmethanes,
comprising a privileged structural motif in pharmaceuticals,
in high yields with good to excellent regio- and enantiose-
lectivities. The versatility of this new transformation is illustrated in the formal synthesis of the marketed drug tolterodine
(Detrol).

The enantioselective synthesis of diarylmethane tertiary
stereogenic centers, a structural motif that is present in

many natural products and pharmaceuticals, has attracted
considerable attention in recent years.1 Examples of compounds
bearing this subunit include podofilox (Condylox),1b nomifen-
sine, CDP-840,1c (+)-sertraline (Zoloft),1d and (R)-tolter-
odine,1e the latter being a drug with blockbuster status. Catalytic
asymmetric synthesis methods to access these compounds
comprise both stereospecific and enantioselective transforma-
tions.2−7,10 The first approaches, based on chiral starting
materials, include a nickel-catalyzed cross-coupling of 1,1-diaryl
ethers described by the group of Jarvo3a and a stereoretentive
rhodium-catalyzed decarbonylation of enantioenriched β,β-
diarylpropionaldehydes reported by the group of Carreira.3b

Catalytic enantioselective strategies include Friedel−Crafts
reactions,4a iridium-catalyzed asymmetric hydrogenation of 1,1-
diarylalkenes,4b,c a cooperative rhodium/phosphoric acid-cata-
lyzed asymmetric arylation of α-aryl-α-diazo compounds with
aniline derivates,4d and a copper-catalyzed enantioselective
electrophilic arylation of allylic amides with diaryliodonium
salts.4e Another attractive approach has been reported by Fu and
co-workers, where racemic benzylic alcohols were converted into
1,1-diarylalkanes using an enantioselective nickel-catalyzed
cross-coupling protocol.4f

Transition-metal-catalyzed 1,4-addition of organoboron com-
pounds to substituted electron-deficient styrenes has also been
shown to be effective in accessing this structural motif, in
particular using a rhodium-based catalyst.5 Additionally, the
catalytic enantiotopic group selective cross-coupling of achiral
geminal bis(pinacolboronates)6 and the recently developed
additions of malonates7a or boron reagents7b,c to quinone
methides provide useful chiral gem-diarylmethines and boronic
esters derivates.
Diarylmethane stereogenic centers can also be accessed via

metal-catalyzed arylation of aryl-substituted allyl electrophiles

using organometallic reagents.2a,8d−g We envisioned that an
asymmetric allylic arylation (AAAr) with highly reactive
aryllithium reagents, as presented here, would provide a viable
and attractive alternative to access these chiral structures. In the
case of copper, the use of the corresponding alkyl nucleophiles
has been well established, and AAA reactions of a wide range of
alkyl metal reagents and allylic systems have been reported.8a−e,9

In contrast, the introduction of less reactive aryl groups continues
to provide major challenges, and several groups embarked on the
development of a general and efficient catalytic system for the
formation of chiral diarylmethanes based on this trans-
formation.10 High regio- and enantioselectivity was demon-
strated by Hoveyda and co-workers using chiral bidentate N-
heterocyclic carbenes (NHC) for the AAAr with aryldialkylalu-
minum reagents,10a derived from the corresponding organo-
lithium compounds. Bidentate NHChave also been employed by
the group of Hayashi in the allylic substitution with less reactive
arylboronates and allyl phosphates.10b,c Additionally, aryl
Grignard reagents have been employed by Tomioka and co-
workers using chiral monodentate N-heterocyclic carbenes.10d,e

Recently, we reported that organolithium compounds, among
the most widely used reagents in organic synthesis, can be
directly used as nucleophiles in copper-catalyzed AAA with a
variety of allyl systems.11 The use of Taniaphos or monodentate
phosphoramidites as chiral ligands in dichloromethane and n-
hexane as solvent and cosolvent, allowed us to control the high
reactivity of these compounds and obtain excellent regio- and
enantioselectivities in AAA reactions. Disappointingly, the
reaction with PhLi under these conditions consistently led to
poor regioselectivities.11aAs aryllithium compounds are com-
mercially available or readily accessible by lithium−halogen
exchange12 and, moreover, they are often employed as precursors
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for other organometallic compounds (Al, B, Zn), the develop-
ment of a general AAAr method using these reagents is highly
desirable.
Herein, we report the first regio- and enantioselective method

for the copper-catalyzed AAAr with aryllithium compounds to
afford optically active diarylvinylmethanes with excellent regio-
and enantioselectivities (SN2′:SN2 up to 98:2, er up to 97:3).
The reaction between allyl bromide 1a and commercially

available PhLi, in the presence of catalytic amounts of CuBr·
SMe2 and chiral ligands, was used for the initial optimization
(Table 1).11a PhLi was diluted with hexane and added over 2 h to

a solution of allyl bromide in CH2Cl2 at −80 °C. As the use of
chiral phosphorus ligands, which provided high selectivity for
alkyllithium reagents,11 did not lead to satisfactory results (entry
1, Table 1 and results not shown), we decided to evaluate a series
of strong σ-donating NHCs. The use of chiral bidentate NHC−
Cu catalysts, in situ prepared by deprotonating imidazolinium
salt L210a and structurally related imidazolinium salts L3 and L4,
led to low ormoderate regioselectivities (entries 2−4, Table 1).13
We then examined sterically demanding chiral monodentate
NHC ligands, and an improved regio- and good enantioselec-
tivity were observed when the catalyst derived from imidazoli-
nium salt L510d was used (entry 5, Table 1). To our delight, the
catalyst derived from L6, having o-tolyl moieties, led to a major
increase in regioselectivity toward the branched product 2a (b,l =
97:3) with excellent enantioselectivity (97:3 er, entry 6). A
possible rationale is that the use of bulkier aryl substituents on
the N atoms enhances the reductive elimination step favoring the
SN2′ product.14 Importantly, the isolated air-stable CuCl−NHC

complex derived from L6 gave the same result, avoiding the use
of NaOtBu and simplifying the procedure (entry 7).
Having established optimal conditions, we next investigated

the substrate scope and generality of this arylation reaction by
using PhLi; the results are summarized in Scheme 1.

The presence of chloro or bromo substituents at the aromatic
ring of the substrate were well tolerated, affording the
corresponding diarylvinylmethanes in high yields and selectiv-
ities and providing synthetically useful functionalities for further
transformations (2a−d). Importantly, no evidence of lithium−
halogen exchange was observed, highlighting the high chemo-
selectivity of the reaction. Trifluoromethylated and fluorinated
compounds, which are very important in the agrochemical and
pharmaceutical industries,15 were also suitable substrates
furnishing the corresponding gem-biaryl products with excellent
selectivities (2e−g). High selectivities were also obtained when
electron-donating substituents (1h, 1j, and 1k) or sterically
demanding substrates such as 1-naphthyl-substituted allyl
bromide (1i) or compounds 1j and 1k were used with this
Cu−NHC-based catalyst system. Arylation of compound 1l was
accomplished with good regio- and enantioselectivity, providing
2l, which is an advanced intermediate in the synthesis of

Table 1. Screening of Different Ligandsa

entry L [Cu] 2a:3ab 2a, erc

1 L1 CuBr·SMe2 10:90 n.d.
2 L2 CuBr·SMe2 70:30 n.d.
3 L3 CuBr·SMe2 47:53 n.d.
4 L4 CuBr·SMe2 37:63 n.d.
5 L5 CuBr·SMe2 63:37 94:6
6 L6 CuBr·SMe2 97:3 97:3
7 CuClL6 97:3 97:3

aConditions: allyl bromide (0.2 mmol) in CH2Cl2 (2 mL). PhLi (0.3
mmol, 1.8 M solution in dibutyl ether diluted with hexane to a final
concentration of 0.4 M) added over 2 h. All reactions gave full
conversion. b2a/3a ratios and conversions determined by GC−MS
and 1H NMR spectroscopy. cDetermined by chiral HPLC after
conversion to the corresponding primary alcohol using a hydro-
boration−oxidation procedure (see the SI).

Scheme 1. Substrate Scope for the Cu-Catalyzed
Enantioselective Allylic Arylationa

aConditions: allyl bromide 1 (0.2 mmol) in CH2Cl2 (2 mL). PhLi (0.3
mmol, 1.8 M solution in dibutyl ether diluted with hexane to a final
concentration of 0.4 M) added over 2 h. All reactions gave full
conversion. 2/3 ratios and conversions determined by GC−MS and
1H NMR spectroscopy. Er determined by chiral HPLC after
conversion to the corresponding primary alcohol using a hydro-
boration−oxidation procedure (see the SI). bThe absolute config-
uration of 2a was assigned by comparing the sign of the optical
rotation with the literature value (ref 10d). c(4R,5R)-L6 was used
instead. d5 mmol (1.2 g) scale reaction using 3 mol % of catalyst.
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sertraline,10d a major pharmaceutical for the treatment of
depression. Compound 2k bearing m-methyl and o-methoxy
substituents at the aryl ring was also prepared with excellent
regio- (97:3) and enantioselectivity (96:4) serving as precursor
for the synthesis of (R)-tolterodine (see below). Importantly,
when this reaction was performed on a larger scale (5 mmol, 1.2
g), using a lower catalyst loading (3 mol %), product 2k was still
obtained with the same selectivities without erosion of yield.
Allylic bromides bearing a phenol ether or protected amine
provided highly functionalized chiral building blocks 2m and 2n,
with excellent yields and regioselectivity although the
enantioselectivity decreased slightly. The use of a dioxolane-
containing allylic bromide 1o led to the diastereoselective
formation of valuable 1,2-hydroxyallyl moiety 2o with excellent
stereocontrol for the anti-isomer.16

We next explored the scope of the reaction with respect to the
aryllithium component using 1a as the electrophilic counterpart.
However, to our surprise, no conversion was observed when p-
tolyllithium or (p-methoxyphenyl)lithium solutions, prepared in
THF via bromide−lithium exchange using t-BuLi, were
employed in the reaction under previously optimized conditions
(entries 1 and 2, Table 2).

Changing THF to less coordinating Et2O as solvent led to the
same result (entry 3, Table 2). As the use of t-BuLi to effect
lithium−halogen exchange generates 1 equiv of 2-methylpro-
pene, which may coordinatively interfere with the Cu catalyst, we
decided to use a different method for the lithiation. Lithium
metal17 in combination with p-bromotoluene was still unsat-
isfactory, although the use of p-chlorotoluene allowed us to reach
47% conversion in the corresponding AAAr reaction (entry 5).
Finally, we found that the use of n-BuLi and Et2O as solvent,
which avoids SN2 reaction18 of the resulting ArLi and n-BuBr,
allowed us to obtain the desired product with full conversion and

high regio- and enantioselectivity (entry 6, Table 2, and 2p,
Scheme 2). Under these conditions, aryllithiums bearing

electron-donating methoxy- and alkyl groups as well as
electron-withdrawing −CF3 substituents participate in the
reactions with allyl bromides 1a,f in good to excellent yields
and regio- and enantioselectivities (Scheme 2). A limitation
found for this Cu−NHC-based catalytic system is that the use of
o-methoxy-substituted phenyllithium suffered from diminished
enantioselectivity as seen for compound 2v.
To finally demonstrate the efficiency and applicability of the

present methodology, we performed the synthesis of chiral
alcohol 4k,6 a precursor of (R)-tolterodine (Detrol). Here, the
catalytic allylic arylation of 2kwith phenyllithium is followed by a
one-pot hydroboration−oxidation to afford advanced inter-
mediate 4k in 64% yield (96:4 er) (Scheme 3). (R)-Tolterodine
is a potent competitive muscarine receptor antagonist for the
treatment of urinary incontinence and cystitis.1e

In summary, the highly enantioselective Cu-catalyzed direct
allylic arylation using organolithium compounds has been
described. The use of readily available aryllithium reagents in
combination with allyl bromides and use of a copper−NHC
catalyst are key factors for the success of this reaction. The only
stoichiometric waste produced in this novel transformation is
LiBr. The use of n-BuLi was found to be essential for the

Table 2. Screening of Different Conditions for the
Preparation of Reactive Homemade Aryllithium
Compoundsa

entry R1 lithiation cond (final conc, M) conv (%)/2:3, 2a er

1 OMe t-BuLi, −30 °C to rt, 1 h
1:2 THF/pentane (0.57)

0

2 Me t-BuLi, −30 °C to rt, 1 h
1:2 THF/pentane (0.57)

0

3 Me t-BuLi, −30 °C to rt, 1 h
1:2 Et2O/pentane (0.57)

0

4 Me Li, Et2O, rt, 2 h (1.5) 0
5b Me Li, Et2O, rt, 2 h (1.5) 47/95:5
6 Me n-BuLi, −30 °C to rt, 1 h

4:3 Et2O/hexane (0.69)
>99/85:15, 2a 97:3

aConditions: allyl bromide (0.2 mmol) in CH2Cl2 (2 mL). RLi (0.4
mmol) was diluted with hexane to a final concentration of 0.4 M and
was added over 2 h. 2a/3a ratios and conversions determined by GC−
MS and 1H NMR spectroscopy. Er determined by chiral HPLC after
conversion to the corresponding primary alcohol using a hydro-
boration−oxidation procedure (see the SI). b1-Chloro-4-methylben-
zene was used instead.

Scheme 2. Scope of Aryllithium Compoundsa

aConditions: allyl bromide (0.2 mmol) in CH2Cl2 (2 mL). R2Li (0.4
mmol) was diluted with hexane to a final concentration of 0.4 M and
added over 2 h. All reactions gave full conversion. 2/3 ratios and
conversions determined by GC−MS and 1H NMR spectroscopy. Er
determined by chiral HPLC after conversion to the corresponding
primary alcohol using a hydroboration−oxidation procedure (see the
SI).

Scheme 3. Conversion of (R)-2k into (R)-4k, a Synthetic
Intermediate of Tolterodine
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preparation of aryllithium compounds. The broad substrate and
reagent scope and the application of the new method in the
formal catalytic enantioselective synthesis of (R)-tolterodine
illustrates the potential of this allylic arylation for the synthesis of
important chiral diarylmethane structures.
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Minnaard, A. J.; Feringa, B. L. Chem. Commun. 2006, 409.
(c) Kacprzynski, M. A.; May, T. L.; Kazane, S. A.; Hoveyda, A. H.
Angew. Chem., Int. Ed. 2007, 46, 4554. (d) Langlois, J.-B.; Alexakis, A.
Angew. Chem., Int. Ed. 2011, 50, 1877. (e) Shido, Y.; Yoshida, M.;
Tanabe, M.; Ohmiya, H.; Sawamura, M. J. Am. Chem. Soc. 2012, 134,
18573. (f) You, H.; Rideau, E.; Sidera, M.; Fletcher, S. P. Nature 2015,
517, 351.
(10) (a) Gao, F.; Lee, Y.; Mandai, K.; Hoveyda, A. H.Angew. Chem., Int.
Ed. 2010, 49, 8370. (b) Shintani, R.; Takatsu, K.; Takeda, M.; Hayashi,
T. Angew. Chem., Int. Ed. 2011, 50, 8656. (c) Takeda, M.; Takatsu, K.;
Shintani, R.; Hayashi, T. J. Org. Chem. 2014, 79, 2354. (d) Selim, K. B.;
Matsumoto, Y.; Yamada, K.; Tomioka, K. Angew. Chem., Int. Ed. 2009,
48, 8733. (e) Selim, K. B.; Nakanishi, H.; Matsumoto, Y.; Yamamoto, Y.;
Yamada, K.; Tomioka, K. J. Org. Chem. 2011, 76, 1398.
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ABSTRACT: Three dibenzo[a,e]pentalene derivatives contain-
ing two redox-active amine substituents have been prepared. The
degree of amine−amine electronic coupling through the
dibenzo[a,e]pentalene bridge greatly depends on the substitu-
tion positions. Three monoamine compounds have been
prepared for comparison studies. The experimental data and
analysis were corroborated by time-dependent density functional
theory results of mixed-valent compounds.

Dibenzo[a,e]pentalene (DBP) is a ladder-type ring-fused
hydrocarbon with unique electronic and antiaromatic

properties.1 Thanks to recent successes in the development of
synthetic methodology,2 DBP derivatives have now become
readily available from ordinary starting materials. This has
greatly stimulated the studies of DBP derivatives in various
fields of organic electronics and optoelectronics, including
organic field-effect transistors,3 organic photovoltaics,4 and
photoluminescence.5 We report herein the use of DBP as a
conjugated bridge to mediate the electronic coupling between
two mixed-valent redox sites. Interestingly, the placement of
redox sites on different positions of the DBP core gives rise to
significantly different degrees of coupling.
Electronic communications between mixed-valent redox-

active components have received continuous attention since
the pioneering work of Creutz and Taube.6 Apart from
inorganic or organometallic complexes,7 purely organic redox-
active components have been used as redox termini in mixed-
valent compounds.8,9 Three C2-symmetric compounds with
two amine substituents on the 2,7- (1), 3,8- (2), and 5,10- (3)
positions of the DBP core have been prepared for the purpose
of electronic coupling studies (Figure 1). In addition, three
DBP derivatives 4−6 with one amine substituent have been
prepared for comparison. Triarylamines are useful redox sites
for constructing organic mixed-valent systems due to the well-
defined N•+/0 process in a relatively low potential region and a
high extinction coefficient of intervalence charge-transfer
(IVCT) transitions.9 The attachment of long alkyl chains
(C8H17) is beneficial for improving the solubility of these
compounds. These compounds were prepared via a Pd(dba)2-
catalyzed (dba = dibenzylideneacetone) C−N coupling of di(p-
octylphenyl)amine with 2,7-dichloro-5,10-diphenylDBP, 3,8-
dichloro-5,10-diphenylDBP, or 5,10-di(p-chlorophenyl)DBP,
which were in turn synthesized via a Pd(OAc)2/n-Bu4NOAc-
catalyzed homoannulation10 of a chloro-substituted o-alkyny-

laryl iodide substrate. The details of synthesis and character-
ization are provided in the Supporting Information (SI).
Compounds 1 and 2 show two well-defined N•+/0 redox

couples in the potential window between +0.4 and +1.2 V vs
Ag/AgCl, as displayed by the cyclic voltammograms (CVs) in
Figure 2a. The potential splitting (ΔE) between two waves is
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Figure 1. Diamine compounds 1−3 with a dibenzo[a,e]pentalene
bridge and monoamine model compounds 4−6.
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240 and 310 mV for 1 and 2, respectively. Both compounds
have a large comproportionation constant Kc for the
equilibrium [N0−N0] + [N•+−N•+] → 2[N0−N•+] (Table 1),

indicating that the one-electron-oxidized state has good
thermodynamic stability. In comparison, the potential splitting
between two N•+/0 processes of 3 is much smaller (around 80
mV, Figure 2b), and the splitting is more discernible from the
differential pulse voltammogram (DPV). The monoamine
compounds 4−6 show one N•+/0 redox wave at similar
potential region (Figure 2c). In addition, one cathodic redox
wave around −1.2 V attributed to the reduction of the DBP
core3 is observed for all of the six compounds prepared.
In order to examine the electronic coupling of the above

compounds, they are subjected to oxidative electrolysis at a
transparent indium−tin oxide (ITO) glass electrode. Figure 3
shows the absorption spectral changes of three diamine
compounds recorded during the oxidative spectroelectrochem-
ical measurements. In the first one-electron oxidation step of 1
(single oxidation; potential was gradually increased from +0.70
to +0.90 V vs Ag/AgCl), some new absorption bands between
700 and 1200 nm appeared. In the second one-electron

oxidation step (double oxidation; potential was further
increased to +1.20 V), these new bands continued to increase.
The sharp absorption band around at 750 nm of 12+ is
characteristic of the N•+-localized transition.9,11 The main
absorption bands at 1100 nm of 1•+ and 12+ are attributable to
the bridge to N•+ charge-transfer (BNCT) transitions, as
supported by the time-dependent density functional theory
(TDDFT) results below. It is surprising that no lower energy
absorptions that could be assigned to potential IVCT
transitions were observed for 1•+.
In stark contrast, an intense and broad absorption band at

2200 nm (εmax = 8900 M−1 cm−1) appeared in the single
oxidation of 2, which decreased in the double-oxidation step
(Figure 3b,c). This band is attributed to the IVCT transitions
of 2•+, and this assignment is further supported by the TDDFT
results discussed below. For compound 3 with a smaller
potential splitting, shallow and broad IVCT absorptions were
observed in the single oxidation step (Figure 3d, εmax < 3000
M−1 cm−1).
When the three monoamine compounds 4−6 were subjected

to similar oxidative electrolysis, only the appearance of the
BNCT transitions (between 800 and 1500 nm) and the N•+-
localized transition (around 700 nm) were observed (Figure S1,
SI). No other lower energy absorptions appeared. This is in
agreement with the assignment of the near-infrared absorptions
of 1•+−3•+; namely, IVCT transitions are only observed for 2•+

and 3•+.

Figure 2. (a) CVs of 1 and 2. (b) CV and DPV of 3. (c) CVs of 4−6.
Measurement conditions: glassy carbon working electrode; Pt wire
counter electrode; Ag/AgCl in aq NaCl as reference electrode; 0.1 M
Bu4NClO4/CH2Cl2. Potentials are summarized in Table 1.

Table 1. Electrochemical Dataa

compd E1 (V) E2 (V) Ecath
b (V) ΔEc (mV) Kc

d

1 +0.72 +0.96 −1.19 240 1.2 × 104

2 +0.66 +0.97 −1.19 310 1.8 × 105

3 +0.88 +0.96 −1.28 80 23
4 +0.80 −1.17
5 +0.79 −1.18
6 +0.90 −1.23

aPotentials are reported vs Ag/AgCl. Potentials vs ferrocene0/+ can be
estimated by subtracting 0.45 V. bPotentials of the cathodic scan. cΔE
= E2 − E1.

dKc = 10(ΔE/59).

Figure 3. Absorption spectral changes of 1 (a), 2 (b, c), and 3 (d, e) in
0.1 M Bu4NClO4/CH2Cl2 by stepwise electrolysis at an ITO glass
electrode. The applied potentials shown in the insets are referenced vs
Ag/AgCl.
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The IVCT band of 2•+ is well separated from the higher
energy absorptions (Figure S2). The full bandwidth at half-
height (Δν̃1/2, 1700 cm−1) is much narrower with respect to the
theoretical value for a class II system, as determined by
Δν̃1/2,theo = (2310Eop)

1/2 = 3200 cm−1,12 where Eop is the
energy of the IVCT band (4500 cm−1). In addition, the IVCT
band of 2•+ is distinctly asymmetric with some shallow shoulder
bands on the high energy side (probably from vibronic
structures). This indicates that 2•+ is a strongly coupled system
and likely belongs to a delocalized class III system. The
electronic coupling Vab can either be estimated by 2Vab = Eop
(for a class III system, Vab,III = 2250 cm−1) or Vab = (μgeEop)/
eRab (see details in the SI for a strongly coupled class II system,
Vab,II = 480 cm−1), where μge is the transition dipole moment
(6.0 D), e is the elementary charge, and Rab is the diabatic
electron transfer (ET) distance and taken to be the geometrical
N−N distance (11.6 Å). The large deviation between the Vab,III

and Vab,II values suggests a large error in estimating the ET
distance.13

The IVCT band of 3•+ is very broad, and the center of the
band is located around 2700−2800 nm, where big noises from
the solvent are present. It is difficult to distinguish the whole
shape of the IVCT band. The near-infrared absorptions of 3•+

were thus fitted to multiple symmetric curves using Gaussian
functions (Figure S3). The deconvoluted IVCT band has a
reasonable Δν̃1/2 value of 3200 cm−1 (see details in the SI). The
Vab value is estimated to be 250 cm−1 by analyzing the higher
energy side of the deconvoluted IVCT band using Vab =
0.0206(εmaxEopΔν̃1/2)1/2/(Rab),

12 where Rab is again taken to be
geometrical N−N distance (14.6 Å). Note that for a symmetric
IVCT band, this equation gives exactly the same value as Vab =
(μgeEop)/eRab. Due to the error in deconvoluting the IVCT
band and estimating the ET distance, the calculated Vab value
should be taken with care.
The Vab values of 1

•+ (Vab,II) and 3•+ are smaller than that of
4,4′-bis(N,N-di-p-anisylamino)tolane with a conjugated bridge
but comparable N−N distance (Rab = 12.48 Å; Vab = 3.1 kcal/
mol =1080 cm−1).14 However, this comparison should be taken
with great care because the estimated Vab values are greatly
dependent on the measurement conditions and calculation
methods.

TDDFT calculations have been performed on the DFT-
optimized structures of the open-shell compounds Me-1+, Me-
2+, and Me-3+ by replacing the octyl chains of 1+−3+ with
methyl groups (see details in Table S1, Figure 4, and Figures
S4−S6). The predicted D1 excitation of Me-1+ have potential
IVCT character, which is dominated by the spin transition from
the β-highest occupied spin orbital (HOSO) to the β-lowest
unoccupied spin orbital (LUSO). However, this excitation has
very weak oscillator strength ( f = 0.01) and very low energy (λ
= 7442 nm), which means that the IVCT transition of this
compound is essentially forbidden. The predicted D3 excitation
of Me-1+ ( f = 0.3783, λ = 1060 nm) is responsible for the
observed absorptions at 1100 nm of 1+. This excitation has the
dominant spin transition from β-HOSO-1 to β-LUSO,
attributable to the BNCT transitions. In comparison, IVCT
transitions with large oscillator strengths have been reproduced
for Me-2+ and Me-3+ at 2144 and 2629 nm, respectively. Both
transitions are dominated by the β-HOSO → β-LUSO
excitations, where the p orbitals of the amine atom are in
out-of-phase and in-phase combination, respectively, and both
orbitals have large contributions from the bridge segment. This
kind of excitations and orbital compositions are observed in
most TDDFT results of mixed-valent bistriarylamines.9d,h,15 In
the higher energy region, BNCT, amine-to-bridge charge
transfer, and bridge-localized transitions are predicted (Table
S1). It should be kept in mind that DFT calculations often tend
to overestimate delocalization and give symmetrical delocalized
structures. The TDDFT results based on these structures
should be taken with care since 3•+ is clearly a class II
compound from the experimental side.
It is strange that the no IVCT band has been observed and

predicted for 1•+ or Me-1+. The β-HOSO and β-LUSO orbitals
of Me-1+ are localized on the triarylamine segment; however,
those of Me-2+ and Me-3+ are delocalized. A similar situation is
present for the spin density distribution (Figure S7, again
keeping in mind the apparent delocalization of DFT
calculations). The DFT-calculated energy splitting between
the highest occupied molecular orbital (HOMO) and
HOMO−1 of neutral Me-1, Me-2, and Me-3 is 0.022, 0.31,
and 0.22 eV, respectively (Figure S8). This trend does
reproduce that of the experimentally determined degree of
electronic coupling of 1•+−3•+. The attachment of two amine

Figure 4. TDDFT results Me-1+ (a), Me-2+ (b), and Me-3+ (c).
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substituents on the 2,7-positions of the DBP core results in
near-degenerate HOMO and HOMO−1 orbitals, which is in
agreement with the absence of efficient amine−amine coupling
in 1•+.
In summary, the degree of amine−amine electronic coupling

through the DBP bridge was found to be greatly dependent on
the substitution pattern of the redox sites. Efficient coupling is
present between two amine substituents on the 3,8- and 5,10-
positions of DBP. However, little coupling is present between
the two distal amine sites through the 2,7-positions of the
bridge. The latter system is dominated by the bridge to
aminium charge transfer in the one-electron oxidized state. This
information is of great significance for the design of new mixed-
valent systems and DBP derivatives for optoelectronic
applications. In addition, the amine-substituted DBP derivatives
possess appealing electrochemical properties and rich electronic
absorptions at different redox states, which may make them
useful in near-infrared electrochromism and redox-driven
molecular switches.16
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ABSTRACT: The first catalytic asymmetric vinylogous aldol reaction of activated allyls to activated acyclic ketones is disclosed.
A variety of activated acyclic ketones, such as trifluoromethyl ketones, α-ketoesters, and α-keto phosphonates, were found to be
involved forming diverse γ-selective aldol adducts with high enantioselectivities (up to >99% ee). The method provides an
effective, general strategy to access valuable chiral electron-withdrawing group-substituted tertiary hydroxyl-based carboxylic
acids.

Chiral electron-withdrawing-group-functionalized tertiary
hydroxy-based carboxylic acids (EWG-THCAs) consti-

tute a wide range of key structural motifs in molecules with
important biological activities (Scheme 1). Over 2800
compounds with potential bioactivities feature CF3-α-THCA
as the structural unit,1,2 especially Mosher’s acid1a,2 A, which is
widely used in asymmetric synthesis. The trifluoromethyl-

substituted 2-isoxazolines (B) as CF3-β-THCAs
3 found in

almost 27000 molecules have synthetic applications in
veterinary medicine and agrochemicals. Notably, CF3-γ-
THCAs (e.g., molecule C) and CF3-δ-THCAs (e.g., molecule
D) often exhibit anti-HIV activities.4 THCAs featuring other
electron-withdrawing groups, such as carboxylic acid derivatives
(CA-THCAs, e.g., molecules E−H) and phosphonates (PA-
THCAs, e.g., molecules I−K), on the α−δ positions of
carboxylic acids are also important frameworks of many
bioactive compounds.5 Despite the existence of key catalytic
asymmetric strategies to diverse enantiomerically enriched
EWG-THCAs,6−8 a divergent strategy to simultaneously
furnish chiral CF3-(α−δ)-THCAs, CA-(α−δ)-THCAs, and
PA-(α−δ)-THCAs is lacking. It is thus highly desirable to
devise a practical and efficient method to realize this important
task.
In recent years, asymmetric vinylogous aldol (AVA) reaction

has been demonstrated to be expedient in generating
multifunctional chiral alcohols with an easily modified
unsaturated long carbon skeleton, thereby allowing structurally
complex chiral molecules with divergent synthetic targets.9

Retrosynthetic analyses (Scheme 1) of a general AVA reaction
of activated allyls to activated acyclic ketones, including
trifluoromethyl ketones, γ-ketoesters, and α-keto phosphonates,
reveal the possibility of achieving the divergent synthesis of
these desired chiral EWG-(α−δ)-THCAs.
In 2009, Shibasaki and co-workers described a highly

enantio- and γ-selective aldol reaction of allyl cyanide to simple
acyclic ketones, to pioneer the work of activated allyls in the
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Scheme 1. Representative Bioactive Compounds
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asymmetric vinylogous reaction.10 Reports of vinylogous
reactions involving activated allyls as nucleophiles have been
described since then.11 Nonetheless, the AVA reaction of
activated allyls to activated acyclic ketones is still unmet, and
two formidable challenges remain. The first is γ-selectivity.
Lower electron density on the γ position of activated allyl-
generating dienolates than the α position often leads to the
poor γ-selectivity.12 For example, asymmetric allylic alkylation
of Morita−Baylis−Hillman carbonates with allyl ketones is
highly α-selective.12c For more sterically hindered cyclic
ketimines, good α-selectivity is found in the asymmetric
Mannich reaction of allyl ketones.12d To discriminate the
reactive enolate site, shielding the α position by introducing a
bulky modifier at the α-position13 or using an additional
catalyst14c is necessary.
Another issue is enantioselectivity and universality. No

example to date has been reported of an asymmetric vinylogous
reaction of activated allyls to trifluoromethyl ketones and α-
keto phosphonates, and only modest enantioselectivity was
obtained for the asymmetric reaction of allyl cyanide with α-
ketoesters.10 Universality-wise, no asymmetric protocol has
been able to be effectively performed on trifluoromethyl
ketones, α-ketoesters, and α-keto phosphonates electrophiles.
Herein, we report the first catalytic asymmetric VA reaction of
activated allyls to activated acyclic ketones. The strategy is
general in that it is applicable to diverse activated acyclic
ketones, including trifluoromethyl ketones, α-ketoesters, and α-
keto phosphonates, thus furnishing the desired divergent
synthesis of chiral EWG-(α−δ)-THCAs.
Allyl ketones11b,12c,d,14 are easily prepared and most

commonly used as activated allyls for asymmetric direct
vinylogous reactions.14 To probe the feasibility of the desired
reaction on its reactivity, regioselectivity, and stereoselectivity,
our study was thus initiated with the model reaction between
allyl phenyl ketone 1a and trifluoromethyl acetophenone 2a.
The reaction was first performed in toluene at 25 °C, using 10
mol % of L-leucine-derived tertiary amine−thiourea I as the
catalyst15 (Table 1, entry 1). It was observed that most of 1a
was transformed to the α,β-alkene 4a via proton transfer, and
the desired AVA adduct 3a was obtained in only 12% yield.
Although the reactivity was poor, moderate enantioselectivity
and excellent E-selectivity were observed, indicating the
effectiveness of the bifunctional catalyst. Takemoto’s chiral
1,2-cyclohexanediamine-based tertiary amine−thiourea II16 was
then examined, providing 3a in 17% yield with 91% ee and
modest E-selectivity (entry 2). We replaced the thiourea of II
by the urea, but the corresponding catalyst III promoted 1a to
completely generate 4a (entry 3). Next, the reaction was
performed in different solvents using 10 mol % of II as the
catalyst (entries 4−7). The results revealed that tert-
butylbenzene was the most suitable solvent, affording 3a in
28% yield with 92% ee and an 8:1 E/Z ratio (entry 7). A
variation of the reaction temperature showed that the E/Z ratio
of 3a could be raised to >20:1 at a lower temperature (entries
8−10) and −10 °C was optimal (entry 9). When the amount of
1a was increased to 3.0 equiv, 65% yield of 3a was achieved
(entry 11). The adduct 3a could be obtained in 87% yield and
94% ee by utilizing catalyst IV,16c an analogue of catalyst II with
a pyrrolidine as the tertiary amine moiety (entry 12). The basic
Na3PO4 additive was found to further positively influence both
yield and enantioselectivity (entry 13).
With the optimal reaction conditions in hand, we

investigated direct AVA reaction of distinct allyl aryl ketones

1 to various trifluoromethyl ketones 2 (Scheme 2). The
reactions were often complete within 24−72 h, providing

adducts 3a−y with yields of 60−98%, enantioselectivites of 70−
99% ee, and E/Z ratios of more than 20:1. It should be noted
that allyl ketones 1 with the ortho-substituents on phenyl rings
(3r and 3w) gave depressed enantiomeric excesses, whereas
allyl 2-thienyl ketone gave 3y with excellent enantioselectivity.

Table 1. Optimization of the Reaction Conditionsa

entry catalyst solvent
temp
(°C) t (h)

yield
(%)b

ee
(%)c E/Zd

1 I toluene 25 45 12 77 >20:1
2 II toluene 25 45 17 91 4:1
3 III toluene 25 45 trace N.A. N.A.
4 II THF 25 45 N.R. N.A. N.A.
5 II DCM 25 45 10 80 3:1
6 II Et2O 25 45 14 88 >20:1
7 II t-BuPh 25 45 28 92 8:1
8 II t-BuPh 0 45 43 95 >20:1
9 II t-BuPh −10 45 42 96 >20:1
10 II t-BuPh −20 45 44 96 >20:1
11e II t-BuPh −10 62 65 96 >20:1
12e IV t-BuPh −10 38 87 94 >20:1
13e,f IV t-BuPh −10 38 91 95 >20:1

aReaction conditions: 1a (0.075 mmol), 2a (0.05 mmol), catalyst
(0.005 mmol), 0.5 mL of solvent. bYield of isolated product.
cDetermined by HPLC analysis on a chiral stationary phase.
dDetermined by crude 1H NMR spectra. e1a:2a = 3:1. f2.0 equiv of
Na3PO4 were used as an additive.

Scheme 2. Direct AVA Reaction between 1 and 2a

aReaction conditions: 1 (0.3 mmol), 2 (0.1 mmol), catalyst (0.01
mmol), Na3PO4 (0.2 mmol), 1.0 mL of tBuPh. bAfter a single
recrystallization, ee > 99%. cThe ee value and yield were obtained after
a single recrystallization. Initial data: 80% yield, 85% ee.
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We then selected two classes of acylic activated ketones 5, i.e.
α-ketoesters and α-ketophosphonates for further examination
(Scheme 3). Under slightly modified reaction conditions (10

mol % of catalyst IV, 2.0 equiv of K2HPO4, −20 °C), a range of
α-ketoesters were first explored, including aromatic substrates
with diverse substitution patterns and methyl/ethyl α-
ketoisovalerate as the representative of aliphatic substrates.
The corresponding AVA adducts (6a−m) were obtained in
60−92% yields with 89−97% ee and >20:1 E-selectivity within
20−52 h. The different ester groups of α-ketoesters resulted in
similar reactivity and enantioselectivity. α-Ketophosphonate
also proved to be a viable substrate, giving α-hydroxyphosph-
onates 6n−o in excellent enantioselectivity.
To demonstrate the synthetic value of this work, a series of

transformations from vinylogous aldol adducts were then
performed (Scheme 4). The δ-CF3-THCA derivative 7 was
obtained in 86% yield with 95% ee from the reduction of 3u
with H2 on Pd/C, followed by a Baeyer−Villiger rearrangement
(BVR) with m-CPBA. Reduction of adduct 3a with H2 on Pd/
C for 6 h afforded CF3-based tertiary alcohol 8 featuring a long
carbon chain and without compromising the ee value. After
ozonolysis, 3a could be conveniently converted to aldehyde 9,
which herein is demonstrated as a common intermediate to
access (α−γ)-CF3-THCAs (Scheme 1). First, through a
sequence of Wittig reaction, hydrolysis, and reduction, alcohol
11 as the γ-CF3-THCA derivative was attainable with >99% ee.
Jones oxidation of 9 presented β-CF3-THCA 12 in 92% yield.
By treatment of PhMgBr and then Jones reagents (CrO3,

H2SO4, and H2O), ketone 13 as the precursor of insecticides
B3c was obtained with >99% ee. Since the aldehyde group of 9
inhibited the methylation of the tertiary alcohol, an acetal
protecting method by using trimethyl orthoformate was
attempted. Unsurprisingly, yields of both protection and the
corresponding deprotection by TFA were excellent. Following
an efficient acetylation of aldehyde and ozonization, (R)-
Mosher’s acid A was obtained with >99% ee. Clearly, these
strategies could be readily employed to address the divergent
synthesis of chiral CA-(α−δ)-THCAs and PA-(α−δ)-THCAs.
In summary, we have developed the first catalytic asymmetric

AVA reaction of activated allyls to activated acyclic ketones. A
series of activated acyclic ketones, such as trifluoromethyl
ketones, γ-ketoesters, and α-keto phosphonates, were suitable
in the established strategy, thus generating diverse γ-selective
aldol adducts with high enantioselectivities (up to >99% ee).
The reported synthetic method provides an expedient approach
to various biologically important chiral EWG-substituted
tertiary hydroxy-based α-, β-, γ-, and δ-carboxylic acids through
divergent synthesis with excellent results. Further investigations
into the employment of activated allyls in unprecedented AVA
reactions, and the resulting divergent synthesis of significant
bioactive molecules, are ongoing and will be reported in due
course.
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ABSTRACT: A new parameter, trifluoromethylthio cation-
donating ability (Tt+DA), is introduced as a quantitative
descriptor for the propensity of electrophilic trifluoromethylth-
iolating reagents to transfer a CF3S moiety in organic
synthesis. The first Tt+DA scale of popular reagents has
been established through DFT calculations. Excellent
correlation has been identified between the Tt+DAs of N-
SCF3-type reagents and the pKa of the corresponding acids,
offering a powerful avenue for the rational design of novel
reagents.

The trifluoromethylthio moiety (CF3S) is one of the most
lipophilic substituents.1 Introduction of a CF3S group into

drug candidates could significantly enhance their cell membrane
permeabilities.2 The high electronegativity of the CF3S group
could substantially improve the metabolic stability of drug
candidates.3 Hence, this unique group has attracted substantial
interest from pharmaceutical and agrochemical industries as well
as the academic community for its use in isostere-based drug
design.2,4

In response to a growing demand for CF3S-containing
compounds in medicinal chemistry, chemists are continuously
seeking efficient and practical strategies for selective installation
of the CF3S group onto the desired scaffold.2,4,5 Among the
powerful methods developed,2,4,5 electrophilic trifluorome-
thylthiolation has attracted considerable interest in recent
years.4e,i The rapid progress of this direction is due to the
invention of a series of power-variable electrophilic CF3S transfer
reagents6−15 (Figure 1) by several groups, such as Munavalli,8a

Billard and Langlois,9a,10a Lu and Shen,11a,13a,14 and Shibata.15

The availability of these reagents has greatly accelerated the
discovery of new trifluoromethylthiolation reactions16 and thus
contributed significantly to an efficient synthesis of compounds
possessing fabulous biological properties. Surprisingly, despite
significant achievements in developing various reagents and great
synthetic utility, scant attention has been devoted to detailed
structure−reactivity relationship studies. Consequently, the
rational design of novel reagents has been seriously hampered.
Very recently, Shen and Lu presented an excellent structure−
reactivity study on their trifluoromethanesulfenate reagent
(Figure 1, Lu and Shen 2013). On this basis, they were able to
find simple and cheaper second-generation reagents (Figure 1,
Lu and Shen 2015).14 Additionally, since the available reagents
showed very rich and diverse reactivity,4e,i this field would be well
served by a scale to quantitatively rank the trifluoromethylth-
iolating abilities of various reagents. However, such a scale was
not available. As a sequence, the current development of new
reactions and optimization of reagents still rely largely on the
traditional trial-and-error approach. Therefore, establishment of
such a scale is urgently needed.
Herein, we introduce a previously unexplored parameter, the

trifluoromethylthio cation-donating ability (Tt+DA), as a
quantitative descriptor of the tendency of a given reagent to
release the trifluoromethylthio cation. The Tt+DA parameter of a
reagent is defined as the Gibbs free energy change of the reaction
(ΔGrxn) at 298.15 K in eq 1, which was obtained by DFT
calculations. On the basis of DFT calculations, the first Tt+DA
scale of popular reagents is established, and a good
correspondence has been found between the computed Tt+DA
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Figure 1. Typical electrophilic CF3S transfer reagents.
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values of the reagents and the experimentally observed relative
trifluoromethylthiolating capabilities. Furthermore, the effect of
structure variations on the trifluoromethylthio cation-donating
abilities is disclosed.
Truhlar et al.’s M06-2X hybrid functional has been shown to

provide accurate predictions for main group thermochemistry.17

Accordingly, the M06-2X functional was employed for
calculating the Tt+DA values. Geometry optimizations and
frequency computations were performed using Gaussian 0918 at
the M06-2X/[6-31+G(d)+LANL2DZ(I)] level of theory,17 in
conjunction with the SMD model19 to account for the solvation
effects of dichloromethane (DCM), a commonly used solvent in
electrophilic trifluoromethylthiolations. To obtain more accurate
electronic energies, single-point energy calculations were
performed at the SMD-M06-2X/[6-311++G(2df, 2p)+Def2-
QZVPPD(I)] level with the SMD-M06-2X/[6-31+G-
(d)+LANL2DZ(I)] structures. Notably, this level of theory
provides reliable predictions of the known experimental C/N/
O−S bond dissociation enthalpies with a mean unsigned error of
1.1 kcal mol−1 (for details, see Table S1).
The free “CF3S

+” intermediate has been proposed to be
involved in trifluoromethylthiolations.20 However, it is found in
this calculation that the geometry optimization of the CF3S

+

species always led to a +CF2SF species (Scheme 1), suggesting

that the putative CF3S
+ intermediate should not be an energy

minimum on the potential energy surface and, hence, should not
be recommended for trifluoromethylthiolation as a valid
intermediate. Though at first glance, this may not be so
conceivable, by closer inspection, one could find that this is
indeed reasonable. As a result of the relatively high electro-
negativity of the sulfur atom compared to carbon, the electron-
deficient sulfur cation (if generated) should be significantly less
stable than the carbocation, thus resulting in its rapid
isomerization to the +CF2SF species. It is worth emphasizing
that this has an important implication for the mechanism of
electrophilic trifluoromethylthiolations. That is, electrophilic
transfer of a CF3S group from reagent to substrate should not
proceed via an SN1-type of process involving a free CF3S

+

intermediate but rather via an SN2-type mechanism.
The unexpected finding mentioned above led us to evaluate

the Tt+DA value of a given reagent in a relative manner by using
the CF3S exchange reaction in eq 2. One merit that eq 2 can offer

is the cancellation of potential error. In this study, the relative
Tt+DA values anchored to the CF3CO2SCF3 with an arbitrarily
assigned value of 0.0 kcal mol−1. The calculated relative Tt+DA
values for 46 electrophilic CF3S transfer reagents in DCM are
presented in Table 1. To elucidate the effects of structural
variations on their Tt+DAs, these reagents are grouped into three
categories according to the heteroatom to which SCF3 is

attached: (1) N-SCF3 reagents (1A−1H); (2) O-SCF3 reagents
(2A−2K); and (3) F-SCF3, Cl-SCF3, and CF3S-SCF3 reagents
(3A−3C). Among these reagents, the N-SCF3 family is arguably
the most popular CF3S

+ source and has been utilized in
trifluoromethylthiolation of a wide range of nucleophiles. The
calculation predicted that Shen’s N-trifluoromethylthiosaccharin
1A1

13a has the lowest Tt+DA value of 17.9 kcal mol−1 among
these reported N-SCF3 reagents, meaning that it should be the
most powerful N-SCF3 reagent reported so far. Replacing the
sulfonyl unit of Shen’s reagent 1A1with a carbonyl group leads to
a significant decrease in the ability to transfer a trifluorome-
thylthio cation, as seen for Munavalli’s reagent 1B1

8a (33.0 kcal
mol−1). The decreased ability to release a trifluoromethylthio
cation from Munavalli’s reagent 1B1 than from Shen’s reagent
1A1 could be because the resulting nitrogen anion stabilized by
the carbonyl group is not as effective as by the sulfonyl group.1b

Removing the π-system of Munavalli’s reagent 1B1 yields Haas’s
reagent 1C,7a which is 1.9 kcal mol−1 less favorable to transfer a
trifluoromethylthio cation compared to reagent 1B1. Replace-
ment of two carbonyl groups of Haas’s reagent 1C with a phenyl
group and a hydrogen leads to a dramatic increase in the Tt+DA
value, as seen for Billard and Langlois’s reagent 1D1

9a (59.7 kcal
mol−1). Substitution of the phenyl of reagent 1D1 with a benzyl
further increases the Tt+DA value by ca. 22 kcal mol−1 (1D1 59.7
vs 1E9a 81.4 kcal mol−1), while an electron-withdrawing
carbobenzyloxy substitution (1F9a) decreases the Tt+DA value
by ca. 12 kcal mol−1. The Tt+DA values of Billard and Langlois’s
reagents 1D1 and 1G are very close to each other (1D1 59.7 vs 1G
59.1 kcal mol−1). Replacing the phenyl group with an electron-
withdrawing p-toluenesulfonyl group yields Billard’s second-
generation reagent 1H,9a which is ca. 16 kcal mol−1 more
favorable to transfer a trifluoromethylthio cation than reagent

Scheme 1. Sulfur Cation versus Carbocation

Table 1. Calculated Relative Tt+DA Values of Electrophilic
CF3S Transfer Reagents in DCM
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1G. Finally, examination of a remote substituent effect on the
Tt+DAs of the threemost popularN-SCF3 reagents 1A1, 1B1, and
1D1 obtained a good linear correlation between the Tt+DA
values and the Hammett σp constants (see Figure S1), allowing
their trifluoromethylthio cation-donating abilities to be fine-
tuned by substituents.
For the O-SCF3 reagents, the Tt

+DA values of Lu and Shen’s
first- (2A) and second- (2C-2I) generation reagents11a,14 display
a narrow distribution around 50.5−57.4 kcal mol−1, indicating
that the change of structures does not affect their trifluor-
omethylthio cation transfer abilities much. This is mainly because
the substituents are located far apart from the reaction center. In
contrast, direct substitution at the reaction center with the
electron-withdrawing acetyl and trifluoroacetyl groups can
enhance the ability to transfer a trifluoromethylthio cation by
around 32 and 54 kcal mol−1 for Haas’s reagents 2J21 and 2K,21b

respectively. Finally, calculation predicted that the Tt+DA values
of reagents Cl-SCF3 (3A),22 F-SCF3 (3B),23 and CF3S-SCF3
(3C)6 are 11.1, 18.3, and 25.1 kcal mol−1, respectively, suggesting
that their electrophilic trifluoromethylthiolating capability
should be stronger than that of Munavalli’s reagent.
Interestingly, plotting the Tt+DAs of N-SCF3 reagents against

the pKa values
24 of the corresponding acids yields an excellent

linear relationship with a regression coefficient of 0.998 (Figure
2), indicating that the linear free energy relationship holds in

these two systems.26 This offers a good opportunity for future
design of new reagents, considering that substantial pKa data
have already been accumulated in the past.24,25

Finally, for easy comparison, we compiled a Tt+DA scale for
representative electrophilic trifluoromethylating reagents (Fig-
ure 3). With the Tt+DA scale in hand, we naturally wanted to
know how well these theoretically obtained results can explain
experiments. Indeed, the practical value of the Tt+DA scale has

been verified. For instance, Lu and Shen found that the reagents
in Figure 4 exhibited dramatically different reactivity in the

trifluoromethylthiolation of 2-(naphthalen-2-yl)ethanol.4i,13a

Clearly, one can see that there is good correspondence between
the computed Tt+DAs and the experimentally observed
reactivities of these reagents. Moreover, Lu and Shen’s first-
(2A) and second- (2C-2I) generation reagents showed very
similar efficiency in the trifluoromethylthiolation of β-
ketoester,12,14 which, again, can be explained by a similarity of
their Tt+DA values. Furthermore, this calculation predicted that
Billard’s trifluoromethanesulfanylamides9a (1D1 and 1G) should
have a relatively weak electrophilic trifluoromethylthiolating
ability. This corresponds well with the experimental observations
that a strong Lewis/Brønsted acid was required as an activator in
the related transformations.4e,j Note that the Tt+DA scale, like
other thermodynamic measures, such as the recently developed
methyl cation affinity scale27 and halenium affinity (HalA)
scale,28 may be applied under thermodynamically controlled
conditions. For cases where kinetic factors play a role, energetic
analyses of transition states and reaction paths would have to be
considered.
In summary, we have developed a quantitative scale for the

trifluoromethylthio cation-donating ability of electrophilic CF3S
transfer reagents. Excellent linear correlation has been found
between the Tt+DAs of N-SCF3-type electrophilic trifluorome-
thylthiolating reagents and the pKa values of the corresponding
acids, which would offer a desired quantitative guide for future
rational design of novel reagents and reactions.
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ABSTRACT: The use of an excess amount of tetraphenyl-
phosphonium tetrafluoroborate in 1,1,1,3,3,3-hexafluoroiso-
propanol, which can stabilize the intermediate cation in the
reaction, efficiently promoted epoxide-initiated cation−olefin
polycyclization reactions with broad functional group tolerance
and water and oxygen tolerance.

The one-step epoxide-initiated cation−olefin polycycliza-
tion of (3S)-2,3-oxidosqualene (1), a linear epoxy

polyene, to form the polycyclic steroid lanosterol (2) is
efficiently catalyzed by enzymes in living systems (Scheme 1).1

Mimicking this process has long interested synthetic organic
chemists.2 Pioneering work by Goldsmith and van Tamelen
revealed that BF3·Et2O catalyzes epoxide-initiated cation−olefin
polycyclizations.3 Corey established that MeAlCl2 and analo-
gous compounds are efficient catalysts, and they have been used
to construct many natural polycyclic terpenoids.4 Other Lewis
acids (e.g., InBr3,

5a Sc(OTf)3,
5b SnCl4,

2c,5c FeCl3,
5d,e TiCl4

5f),
zeolites,1c,6 and radical catalysts (Ti3+)7 also catalyze cascade
cyclizations. Although enzymatic cation−olefin polycyclization
initiates through protonation of the epoxide by an aspartic acid
residue,1 Brønsted acid-catalyzed polycyclizations give mostly
monocyclized products because of the premature termination
of the cation intermediates.4m,8

1,1,1,3,3,3-Hexafluoroisopropanol (HFIP) has high polarity,
high ionizing power, and weak nucleophilicity.9 These proper-
ties make it a good solvent for the stabilization of cations and
radicals.10 HFIP acts as a Brønsted acid (pKa = 9.3) catalyst of
reactions normally catalyzed by Lewis acids.11 Beǵue ́ et al.
reported that HFIP promotes epoxide ring opening by aromatic
amines.11h Mayr et al. and our group found that trifluor-
oethanol (TFE) and HFIP promote inter- and intramolecular
Friedel−Crafts alkylation reactions between electron-rich
arenes and epoxides.11i,j Herein, we report that the use of an
excess amount of Ph4PBF4 in HFIP efficiently promotes

epoxide-initiated cation−olefin polycyclizations with very high
chemical yields and broad functional group tolerance.
Our aim was to find a practical method to construct

polycyclic frameworks by cationic polycyclizations,11k and we
chose the challenging tricyclization of epoxy olefin 3 as a model
reaction (Table 1). Stirring a 0.01 M solution of 3 in HFIP at 0
°C for 24 h gave the desired tricyclized product 4 (40%),
oxygen-bridged monocyclized product 5 (27%), and a mixture
of incompletely cyclized products 6 (32%; inseparable by
column chromatography, Table 1, entry 1). The yield of 4
decreased when the reaction was carried out at room
temperature or at a higher concentration (entries 2 and 3).
Replacing HFIP with TFE (pKa = 12.4) or perfluoro-tert-
butanol (PFTB, pKa = 5.4) resulted in no reaction after 24 h
(entries 4 and 5). Epoxy olefin 3 was rapidly consumed when
treated with p-toluenesulfonic acid in CH2Cl2, but the yield of 4
was only 23% (entry 6); the major byproducts were 5 (19%)
and incompletely cyclized products (56%). Salts were added to
increase the polarity of the reaction medium. Metal salts were
insoluble in HFIP, and the reaction rate and yield did not
change when Bu4NBr or Bu4NClO4 was added (entries 7 and
8). Surprisingly, Bu4NBF4 markedly accelerated the reaction
(which was complete after slow addition of the substrate to the
salt-containing HFIP solution at 0 °C, t = 5 min), and the yield
of 4 increased to 51% (entry 9). The commonly used ionic
liquid BMIMBF4 had similar effects (entry 10). The yield of 4
was highest when 0.1 M Ph4PBF4 was used (60%, entry 11).
Decreasing the Ph4PBF4 concentration decreased the yield
(entry 12), but the reaction was still fast. HFIP freezes at −4
°C, but the reaction temperature could be lowered by
dissolving more salts in the HFIP. Reaction at −45 °C in a
mixture of 20 mmol of Bu4NBF4 in 10 mL of HFIP
([Bu4NBF4] = 2 M), which was a gluey liquid even at this
temperature, gave 4 in 57% yield (entry 13), which is

Received: December 2, 2015
Published: January 7, 2016

Scheme 1. Biosynthesis of Lanosterol
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comparable to the yield at 0 °C (entry 11). We also tested
other F-containing noncoordinating salts (entries 14−16). The
yields of these reactions were higher than with HFIP alone and
were similar to the yield for Bu4NBF4/HFIP. Compared to BF4
salts, Bu4NSbF6 and Bu4NBARF gave similar yields, but the
reactions were much slower, whereas the reaction with the PF6
salt was as fast as that with BF4 salts. Both PF6 and BF4 salts can
hydrolyze in aqueous solution to form HF (pKa = 3.17),12

which explains why the reactions with these salts were fast.
Adding 0.1 equiv of HF to the Bu4NBARF/HFIP system
resulted in instantaneous reaction, but the yield was the same
(entry 17). Adding 0.1 equiv of HF to HFIP alone also greatly
accelerated the reaction but had no effect on the yield
(compare entries 1 and 18). This indicated that traces of HF
from the decomposition of PF6 or BF4 salts accelerated the
reaction and that the noncoordinating F anions increased the
yield. A control reaction in dichloromethane with HF and
Ph4PBF4 did not proceed even after 24 h, indicating the
essential role of HFIP (entry 19). Among these reaction media,
Ph4PBF4/HFIP gave the highest yield and a high reaction rate
(entry 11).13 A reaction carried out under strictly anhydrous
conditions gave a similar yield as a reaction in air. In fact, when
we added 20 equiv of water to the reaction medium, 4 was
obtained in similar yield (entry 20).14 Excess water resulted in
diol formation via epoxy olefin hydrolysis.

The Ph4PBF4/HFIP system was then tested in the
dicyclization of phenyl substrate 7. The reaction was complete
in 5 min and afforded 8 in 88% yield (Table 2, entry 1), with

the oxygen-bridged product as the only byproduct. In pure
HFIP, the same substrate also provided 8 (86%), but the
reaction time was 1 h. The substrate scope was studied by
varying the substituents on the phenyl ring (entries 2−9).
Unlike the method using Lewis acid catalysts, this method does
not require protection of substrates with a phenoxy group
(entries 8 and 9). Hydroxy-substituted substrate 25 reacted
directly, but the yield was only 62% (entry 10), probably

Table 1. Solvent and Salt Effects on Tricyclizationa

entry solvent + additive time
temp
(°C)

yield of 4b

(%)

1 HFIP 24 h 0 40
2 HFIP 12 h rt 30
3c HFIP 7 h 0 35
4 TFE 24 h 0 NR
5 PFTB 24 h 0 NR
6 CH2Cl2 + p-TSA (0.1 equiv) 15 min 0 23
7 HFIP + Bu4NBr (0.1 M) 6 h 0 35
8 HFIP + Bu4NClO4 (0.1 M) 24 h 0 43
9 HFIP + Bu4NBF4 (0.1 M) 5 min 0 51
10 HFIP + BMIMBF4 (0.1 M) 5 min 0 52
11 HFIP + Ph4PBF4 (0.1 M) 5 min 0 60
12 HFIP + Ph4PBF4 (0.04 M) 5 min 0 42
13 HFIP + Bu4NBF4 (2 M) 5 min −45 57
14 HFIP + Bu4NPF6 (0.1 M) 5 min 0 51
15 HFIP + Bu4NSbF6 (0.1 M) 6 h 0 54
16 HFIP + Bu4NBARF (0.02 M) 48 h 0 48
17 HFIP + Bu4NBARF (0.02 M) +

HF (0.001 M)
5 min 0 51

18 HFIP + HF (0.001 M) 5 min 0 37
19 DCM + Ph4PBF4 (0.1 M) + HF

(0.001 M)
24 h 0 NR

20d HFIP + Ph4PBF4 (0.1 M) + H2O
(0.2 M)

5 min 0 56

aReaction conditions: 3 (0.1 mmol) was gradually added to the
solution (10 mL). bIsolated yield. cHFIP (1 mL) was used. dH2O (2
mmol) was added.

Table 2. Dicyclizations of Epoxy Olefinsa

aReaction conditions: epoxy olefin (0.1 mmol) was gradually added to
HFIP (10 mL) containing Ph4PBF4 (1 mmol) at 0 °C.
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because the hydroxy group destabilized the partial positive
charge that developed during heterolytic cleavage of the nearby
oxirane ring.2c

Tricyclization of 1 mmol of 3 in Ph4PBF4/HFIP (50 mL) at
0 °C was complete in 5 min (42%), (Table 3, entry 1), and

after the HFIP was distilled off, Ph4PBF4 was precipitated by
addition of excess EtOAc to the residue. Thus, both HFIP and
Ph4PBF4 could be recycled. We evaluated the efficiency of
reactions in this new medium by preparing other tri- and
tetracyclic products. Substrates 27 and 29, which bear a
methoxy or phenolic hydroxy substituent, gave tricyclization
products (61% and 60%, entries 2 and 3), and epoxide 31 gave
a tetracyclization product (39% yield, ∼79% per ring formed,
entry 4).
We wondered whether the method could be used to cyclize

2,3-oxidosqualene, in which the terminating group is an olefin.
After reaction for 1.5 h at 0 °C, 2,3-oxidosqualene (rac-1, 0.1
mmol) gave 14-epithalianol (33, 36% yield) via cation−olefin
tricyclization, a hydride and methyl 1,2-shift, and proton
elimination, with oxygen-bridged product 34 as the byproduct
(25%, Scheme 2).

Prearrangement of the polyene into the proper conformation
is believed to be crucial for polycyclization.5a,15 HFIP forms
helical hydrogen-bonding networks in the solid and liquid
states.16 Thus, we suspected that in HFIP the linear polyene
adopt a more compacted conformation due to the hydrophobic
interactions between HFIP hydrogen-bonding clusters and
hydrocarbon substrate17,18 (note that trifluoroethanol and

perfluoro-tert-butanol did not promote the polycyclization
reaction, and the fluorocarbon−hydrocarbon interactions19 may
not be the driving force for folding of the substrates).
We propose that in HFIP, the epoxide substrate in a more

organized chair−chair−chair conformation was activated by
traces of HF generated by BF4 solvolysis in HFIP, initiating
complete cyclization to give 4 (Scheme 3).20 The intermediate

cation was stabilized by HFIP10 or by BF4 anions,
10g,21 which

offered more protection to the intermediate cation from the
nucleophilic attack or elimination by a intermolecular
nucleophile.22 The intermediate cation either was trapped by
oxygen to give the oxygen-bridged product or underwent a side
reaction to give products of incomplete cyclization.3c The
inability of traces of water to quench the reaction may have
been due to the fact that the excess HFIP diminished the
nucleophilicity of water via the formation of strong hydrogen
bonds.23

In conclusion, a new reaction medium (Ph4PBF4/HFIP),
acting as both Brønsted acid catalyst and solvent, efficiently
promoted epoxide-initiated polycyclizations in the absence of a
metal catalyst. High yields, broad functional-group tolerance,
water and oxygen tolerance, and a short reaction time make this
an attractive method for preparing polycyclic terpenoids.
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4756. (b) Kürti, L.; Chein, R.-J.; Corey, E. J. J. Am. Chem. Soc. 2008,
130, 9031−9036. (c) Rajendar, G.; Corey, E. J. J. Am. Chem. Soc. 2015,
137, 5837−5844.
(3) (a) Goldsmith, D. J. J. Am. Chem. Soc. 1962, 84, 3913−3918.
(b) van Tamelen, E. E.; Storni, A.; Hessler, E. J.; Schwartz, M. J. Am.
Chem. Soc. 1963, 85, 3295−3296. (c) Goldsmith, D. J.; Phillips, C. F. J.
Am. Chem. Soc. 1969, 91, 5862−5870. (d) van Tamelen, E. E.;
McCormick, J. P. J. Am. Chem. Soc. 1969, 91, 1847−1848. (e) van
Tamelen, E. E.; Carlson, J. G.; Russell, R. K.; Zawacky, S. R. J. Am.
Chem. Soc. 1981, 103, 4615−4616. (f) van Tamelen, E. E.; Leiden, T.
M. J. Am. Chem. Soc. 1982, 104, 2061−2062. (g) Tanis, S. P. J. Org.
Chem. 1988, 53, 4929−4938.
(4) (a) Corey, E. J.; Sodeoka, M. Tetrahedron Lett. 1991, 32, 7005−
7008. (b) Corey, E. J.; Lee, J. J. Am. Chem. Soc. 1993, 115, 8873−8874.
(c) Corey, E. J.; Lin, S. J. Am. Chem. Soc. 1996, 118, 8765−8766.
(d) Corey, E. J.; Luo, G.; Lin, S. J. Am. Chem. Soc. 1997, 119, 9927−
9928. (e) Huang, A. X.; Xiong, Z.-M.; Corey, E. J. J. Am. Chem. Soc.
1999, 121, 9999−10000. (f) Zhang, J.-H.; Corey, E. J. Org. Lett. 2001,
3, 3215−3216. (g) Mi, Y.; Schreiber, J. V.; Corey, E. J. J. Am. Chem.
Soc. 2002, 124, 11290−11291. (h) Behenna, D. C.; Corey, E. J. J. Am.
Chem. Soc. 2008, 130, 6720−6721. (i) Surendra, K.; Corey, E. J. J. Am.
Chem. Soc. 2008, 130, 8865−8869. (j) Surendra, K.; Corey, E. J. J. Am.
Chem. Soc. 2009, 131, 13928−13929. (k) Shenvi, R. A.; Corey, E. J.
Org. Lett. 2010, 12, 3548−3551. (l) Xu, S.-Y.; Gu, J.-X.; Li, H.-L.; Ma,
D.-H.; Xie, X.-G.; She, X.-G. Org. Lett. 2014, 16, 1996−1999.
(m) Suzuki, K.; Yamakoshi, H.; Nakamura, S. Chem. - Eur. J. 2015, 21,
17605−17609.
(5) For other Lewis acids, see: (a) Zhao, J.-F.; Zhao, Y.-J.; Loh, T.-P.
Chem. Commun. 2008, 1353−1355. (b) Bogenstaẗter, M.; Limberg, A.;
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D.; Beǵue,́ J.-P. Tetrahedron Lett. 2000, 41, 2895−2898. (g) Legros, J.;
Crousse, B.; Bonnet-Delpon, D.; Beǵue,́ J.-P. Eur. J. Org. Chem. 2002,
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ABSTRACT: The Brønsted acid catalyzed Meyer−Schuster
reaction of hemiaminals was studied for the stereoselective
synthesis of β-enaminones. Hemiaminals were formed from
propargyl aldehydes (or the oxidation of propargyl alcohols)
and amines in the presence of Brønsted acids. A critical step to
control the stereochemistry of the products is the protonation
of the corresponding allenol intermediate, which is dictated by the Brønsted acid used, the steric effect of the amine, and the
electronic effect of the propargyl aldehyde.

The classical Meyer−Schuster rearrangement has previously
been employed to convert propargyl alcohols to α,β-

unsaturated carbonyl compounds under various metal-catalyzed
and metal-free conditions.1−4 Extensive studies on the
mechanism and investigation into efficient catalytic systems
have been conducted. In addition to this simple rearrangement
of propargyl alcohols to α,β-unsaturated carbonyl compounds,
tandem approaches have been demonstrated (Scheme 1)
involving the in situ formation of propargyl alcohols, which is
followed by Meyer−Schuster rearrangement; this avoids the
need for a separate synthesis of propargyl alcohols. By adding
external electrophiles or organometallic species to propargyl

alcohols, α-functionalized unsaturated carbonyl compounds
have been obtained via Meyer−Schuster reaction followed by
α-addition.5 β-Functionalized unsaturated carbonyl compounds
are also synthesized by a tandem protocol involving
nucleophilic addition to propargyl carbonyl compounds to
form hemiaminal intermediates, which subsequently undergo
Meyer−Schuster rearrangement. A gold-catalyzed reaction of
propargyl aldehydes with primary amides and a metal-free
reaction of propargyl aldehydes with amines were reported as
recent examples of the synthesis of β-functionalized unsaturated
carbonyl compounds.2l,6

Although classical Meyer−Schuster reactions are known to
occur in the presence of Brønsted acids such as sulfuric acid,
acetic acid, and formic acid, the effect of these acids on the
stereochemistry of the product has not been extensively
studied. In the case of the Meyer−Schuster reactions of
hemiaminals, Z-alkenes have previously been observed as major
products (Scheme 1).2l,6 In the gold-catalyzed rearrangement of
hemiaminals, additional treatment of the reaction mixtures was
required to alter the stereochemistry of the products.2l

However, to the best of our knowledge, there is no catalytic
reaction to direct the selective formation of E or Z isomers
during the Meyer−Schuster rearrangement of hemiaminals. In
this study, we present the stereocontrolled Brønsted acid-
catalyzed rearrangement of hemiaminals to afford synthetically
and biologically useful β-enaminones (Scheme 1).7−10

The reaction between phenylpropargyl aldehyde 1a and
morpholine 1b was run in the presence of several Brønsted acid
catalysts (0.25 equiv) at 80 °C in air (see Table 1).
Optimization began with isopropyl alcohol (IPA) and
hexafluoroisopropyl alcohol (HFIP) (entries 1 and 2,
respectively). While sterically similar, the pKa values of these
two alcohols are very different. Upon addition of HFIP, the
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yield of 1c was increased compared to that upon addition of
IPA. Furthermore, while the IPA-catalyzed reaction was found
to favor the Z-isomer, the HFIP-catalyzed reaction predom-
inately formed the E-isomer. Phenol (PhOH), which has similar
acidity to HFIP, catalyzed the reaction to afford 1c in 56%
yield, which is comparable to the HFIP-catalyzed reaction (55%
yield); however, the Z-isomer was the major product (entries 2
and 4). Phenol derivatives possessing an electron-donating
group (OMe) and an electron-withdrawing group (NO2)
produced 1c in 48% (E/Z = 1:2.8) and 60% (E/Z = 3.1:1)
yield, respectively (entries 3 and 5). Following the use of these
alcohols as acid catalysts, several carboxylic acid derivatives
were also tested; phenylacetic acid, benzoic acid, 2-nitrobenzoic
acid, and trifluoroacetic acid (TFA) (entries 6−9). Except for
TFA, these additives were found to improve the yield of 1c,
favoring complete E-stereoselectivity. In the case of sulfonic
acids, p-toluenesulfonic acid (TsOH), and camphorsulfonic
acid, Z-1c was isolated as the major product (entries 10 and
11). In the absence of an acid catalyst, the reaction still
proceeded to afford 1c in 23% yield with an E/Z ratio of 1:2.7
(entry 12). On the basis of the Brønsted acid screening, it is
apparent that benzoic acid derivatives preferentially form E-1c,
while sulfonic acids form Z-1c with synthetically useful
selectivity.
In our previous reports on oxidative coupling reactions using

propargyl alcohols, we demonstrated that the combination of
copper salts and TEMPO induces the oxidation of propargyl
alcohols, which leads to good yield in the subsequent Cu-
catalyzed reaction.11 Among copper−TEMPO-catalyzed oxida-
tive reactions, the dealkynylation of propargyl alcohols occurs
via hemiacetal intermediates, which are the common
intermediates of the Meyer−Schuster rearrangement.11b

Various copper salts were tested in order to suppress undesired
dealkynylation and promote the desired Meyer−Schuster
rearrangement of hemiaminals. The best yield of the desired
product was achieved in the presence of CuOTf·benzene (see
the Supporting Information). Phenylpropargyl alcohol 1a′ was
subjected to a tandem reaction involving CuOTf·benzene-
catalyzed oxidation followed by Brønsted acid catalyzed
Meyer−Schuster reaction (Scheme 2). The reaction of 1a′
and 1b in the presence of CuOTf·benzene and benzoic acid
afforded exclusively E-1c in 41% yield. Conversely, when

benzoic acid was replaced with TsOH, Z-1c was exclusively
obtained in 51% yield. Compared to the reaction using
aldehydes, this tandem approach using both copper and
Brønsted acid catalysts still suffers from copper-catalyzed
oxidation-dealkynylation alongside the desired copper-catalyzed
oxidation−Meyer−Schuster rearrangement, resulting in de-
creased yields. Nevertheless, the stereoselectivity was controlled
by Brønsted acids in a similar manner to the analogous reaction
of aldehydes.
To probe the mechanism of the Brønsted acid catalyzed

Meyer−Schuster reaction, an 18O-labeling experiment was
conducted using aldehyde 1a (Scheme 3). The reaction of 1a

and 1b in the presence of H2
18O provided 1c with the Z-isomer

as the major product (E/Z = 1:3). In both Z and E isomers,
more amounts of 16O-labeled 1c than 18O-labeled 1c were
observed (see the Supporting Information).
In light of these 18O-labeling experiments, the reaction

mechanism is proposed in Scheme 4. Propargyl aldehyde 1a

undergoes an addition with an amine to afford hemiaminal I.
This intermediate would be converted to allenol III, either
through the complete dissociation of water or a 1,3-shift of the
hydroxyl group across the triple bond. On the basis of 18O-
labeling experiments, while both routes occur, the 1,3-shift is
slightly more favored. To elucidate E/Z isomer formation,
independently synthesized E and Z isomers were re-exposed to
Brønsted acidic conditions, as shown in Scheme 5. The ability
of TsOH to promote the formation of Z-isomers was applied to
the reaction of E-1c, resulting in no isomerization. The reaction
of benzoic acid with Z-1c also showed no isomerization.

Table 1. Optimization of the Synthesis of 1c

entry acid catalysts pKa* yield (%) ratio (E/Z)

1 IPA 16.5 31 1:3.7
2 HFIP 9.3 55 2.6:1
3 4-OMePhOH 10.2 48 1:2.8
4 PhOH 9.95 56 1:2.7
5 4-NO2PhOH 7.1 60 3.1:1
6 phenylacetic acid 4.76 79 E only
7 PhCO2H 4.2 88 E only
8 2-NO2PhCO2H 2.2 82 E only
9 TFA −0.25 47 1:3.2
10 TsOH 2.1 60 1:12.5
11 camphorsulfonic acid 1.5 74 1:6.3
12 23 1:2.7

*Evans’ pKa values in H2O.

Scheme 2. Tandem Oxidation and Meyer−Schuster
Rearrangement of 1a′

Scheme 3. 18O-Labeling Experiment

Scheme 4. Proposed Reaction Mechanism
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Accordingly, the stereochemistry of the β-enaminone products
may be determined during the protonation of allenol III. The
intramolecular hydrogen bonding of intermediate V results in
Z-stereoselectivity, while E-isomers are formed via intermediate
IV. The cationic intermediates IV and V are presumed to exist
alongside a counteranion. Depending on the electrostatic
interaction of the counter-anions with the corresponding
cationic intermediates, the ratio between IV and V can be
varied, resulting in a different ratio of E/Z products. Benzoates
may bind tightly to the cation, which builds up the steric
hindrance on the protonated carbonyl group to prevent
intramolecular hydrogen bonding. Sulfonates may act as weakly
bound anions to promote the intramolecular hydrogen bonding
required for the formation of Z-products.12 Because this
reaction is conducted in a nonpolar solvent, toluene, electro-
static interactions play an important role in controlling the
stereochemistry of the product.
Next, the scope of the reaction was examined (Figure 1).

Substituted aromatic propargyl aldehydes were subjected to the

established Brønsted acid catalyzed Meyer−Schuster rearrange-
ment conditions to afford β-enaminones 1c−6c in good yields
with high stereoselectivities. The benzoic acid catalyzed
reaction favored the formation of E isomers in good yields,
while the TsOH-catalyzed reaction provided the desired
products in slightly lower yields with good Z-selectivity. In
contrast, aliphatic propargyl aldehydes afforded 7c and 8c with
E-selectivity, regardless of the Brønsted acid catalyst used.
Following this, different amines were screened; piperidine,
pyrrolidine, and N-benzylmethylamines showed a similar
product distribution upon the addition of benzoic acid and
TsOH (9c−11c). The reactions of diethylamine with propargyl
aldehyde afforded Z-12c in the presence of TsOH and a

mixture of E and Z isomers in the presence of benzoic acid (E:Z
= 1.5:1). Applying bulky carboxylic acids, such as pivalic acid
and adamantanecarboxylic acid (AdmCO2H) increased the
proprtion of E-12c. Presumably, the reaction of diethylamine
favors the reaction via intermediate V to afford Z-12c (Scheme
4). However, the coordination of a bulky counteranion to the
protonated carbonyl group switches the preferred stereo-
chemistry to the E-isomer. According to these results for
different substrates, the E/Z stereoselectivity of this reaction is
mainly controlled by the Brønsted acids used, but the size of
the amine and the electronic properties of the propargyl
aldehyde also have an impact on electrostatic interaction and
intramolecular hydrogen bonding.
In conclusion, we have presented the stereocontrolled

Meyer−Schuster rearrangement of hemiaminals derived from
propargyl aldehydes and amines, in which Brønsted acids
increase the yield of the product and direct the stereochemistry
of the resulting β-enaminones. A key factor controlling this
stereochemistry is the intramolecular hydrogen bonding
present in the protonated β-enaminone. Weak electrostatic
interaction of the tosylate anion with the protonated β-
enaminone promotes intramolecular hydrogen bonding to
afford Z-isomers, while strong electrostatic interactions favors
formation of the E-isomer. In addition to the effect caused by
various Brønsted acids, the steric effect of the amine and the
electronic properties of the propargyl aldehyde affected the
intramolecular hydrogen bonding of the intermediates to
produce a different distribution of E/Z products.
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ABSTRACT: Previously inaccessible N-Boc-protected propargylic and allylic
amines were synthesized by the reaction between N-Boc-aminals and organo-
magnesium reagents through the in situ generated N-Boc-imine intermediates. The
obtained N-Boc-propargylic amines could be readily converted into unprecedented
N-Boc-ketimines by oxidation with manganese dioxide.

Propargylic and allylic amines represent an important class
of versatile building blocks for the synthesis of nitrogen-

containing organic compounds.1 Among these, synthetically
useful N-Boc-protected propargylic and allylic amines 1 are
readily prepared from the nucleophilic addition of alkynyl and
alkenyl metal reagents to N-Boc-imines, which can be
generated from their precursors 2 upon treatment with bases
including basic nucleophiles (Scheme 1).2,3 However, this

method is applicable to N-Boc-imines with C-aryl or C-alkyl
groups, as most N-Boc-imine precursors 3 with a C-alkynyl or
C-alkenyl group still remain unobtainable.4 Accordingly, in the
synthesis of N-Boc-protected propargylic and allylic amines 1,
alkynyl and alkenyl groups should be introduced as
nucleophiles and not as part of electrophiles. Therefore, α-
alkynyl and α-alkenyl-substituted N-Boc-propargylic and allylic
amines 4 have not been synthesized to date.5 Herein, we report
the synthesis of previously inaccessible N-Boc-propargylic and
allylic amines 4 via the reaction of N-Boc-aminals 5 with
organomagnesium reagents and the subsequent oxidation to
furnish unprecedented N-Boc-ketimines 6 that can be used for
the generation of tetrasubstituted carbon centers.
We have previously reported that the treatment of N-Boc-

protected aminals with an inorganic base can generate N-Boc-

imines with various substituents on the imine carbon atom.6

Based on these results, we initially examined the synthesis of N-
Boc-propargylic amines via the in situ generated N-Boc-imine 7
from the reaction of N-Boc-aminal 5a with organometallic
bases and nucleophiles (Scheme 2). When butyllithium was

employed at −78 °C, N-Boc-aminal 5a was consumed
immediately. However, the desired addition product 8a (R =
Bu) was obtained in low yield, probably due to the presence of
multiple reaction sites in 5a and 7. Indeed, cleavage of the Boc
group was observed for 5a. Conversely, treatment of 5a with
methylmagnesium bromide at −20 °C afforded the desired
adduct 8b (R = Me) cleanly.7 Furthermore, diethylzinc could
also be used for the synthesis of propargylic amine 8c (R = Et).
Consequently, we chose the readily available organomagnesium
reagents as nucleophiles for further investigations into the
scope of this reaction.
Initially, N-Boc-aminals 5 with C-alkynyl and C-alkenyl

groups were treated with alkynyl and alkenylmagnesium halides
in THF at −20 °C (Table 1). The desired 1,2-addition to the
resulting N-Boc-imines proceeded exclusively and furnished
unprecedented N-Boc-propargylic and allylic amines 4 in good
yields, while possible 1,4-adducts were not observed. The
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Scheme 1. Synthesis of N-Boc-Protected Propargylic and
Allylic Amines

Scheme 2. Reactions of N-Boc-Aminal 5a with
Organometallic Reagents
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reactions of N-Boc-imine intermediates containing a C-alkenyl
group afforded the corresponding cis/trans isomerized product
in only trace amounts (entries 10−15).
We then investigated the scope of this method by examining

a variety of alkyl and arylmagnesium reagents (Table 2). While
the reaction of 5a with linear alkylmagnesium reagents afforded
the desired adducts 8a (R = Bu) and 8b (R = Me) in good
yields (entries 1 and 2), the use of isopropylmagnesium
chloride resulted in the generation of 8d (R = i-Pr) in low yield
on account of the undesired reduction of the N-Boc-imine
intermediate (entry 3). Interestingly, the addition of zinc
chloride proved to be effective in suppressing this side reaction,
leading to a significantly increased yield (entry 4).8 Positive
effects of zinc chloride were also observed in the reaction of
allylmagnesium chloride (entry 6 vs 7). Aromatic and
heteroaromatic magnesium reagents also furnished N-Boc-
propargylic amines 8g (R = Ph) and 8h (R = 2-furyl) in good
yields (entries 8 and 9).

The present method was found to be applicable to a wide
variety of N-Boc-aminals (Table 3). The in situ generated N-

Boc-imine intermediate from an N-Boc-aminal with a 1-
heptynyl group contains an acidic proton at the γ-position, and
its deprotonation under basic conditions seems to be a possible
side reaction. However, even with highly basic methylmagne-
sium bromide, the desired adduct 9a (R = 1-heptynyl) was
obtained in good yield (entry 1). The addition of
methylmagnesium bromide to an N-Boc-aminal carrying a 2-
phenylethyl group proceeded in preference to the deprotona-
tion of the α-proton of the in situ generated N-Boc-imine
intermediate (entry 4). The use of a phenyl-substituted N-Boc-
aminal afforded adduct 9e (R = Ph) in high yield (entry 5), and
the reaction of Cbz-protected aminal 10 with methylmagne-
sium bromide furnished Cbz-protected propargylic amine 11 in
good yield (Scheme 3).
The obtained α-vinyl-substituted N-Boc-propargylic amine 4f

could be converted into N-Boc-protected 1,2-aminoalcohol 12
in good yield by an ozonolysis and a subsequent reduction with
NaBH4 (Scheme 4). In this transformation, the vinyl group
reacted with ozone selectively, despite the presence of the
phenylethynyl group.9

Table 1. Synthesis of α-Alkynyl and α-Alkenyl-Substituted N-
Boc-Propargylic and Allylic Amines 4a

aThe reaction between 5 (0.05 mmol) and the corresponding
organomagnesium reagent (0.11−0.33 mmol) was carried out in
THF (0.5 mL) at −20 °C. bIsolated yield. cPerformed on a 2.2 mmol
scale. dPerformed on a 1.0 mmol scale. eCis/trans = 15/1. fCis/trans =
>20/1. gCis/trans = 1/>20.

Table 2. Synthesis of Various N-Boc-Propargylic Amines 8a

entry R-MgX (equiv) ZnCl2 (equiv) yield (%)b

1 Bu-MgCl 2.2 0 8a 70
2 Me-MgBr 2.2 0 8b 93
3 i-Pr-MgCl 3.3 0 8d 19
4 i-Pr-MgCl 3.3 1.1 8d 93
5 t-Bu-MgCl 4.4 1.5 8e 69
6 Allyl-MgCl 3.3 0 8f 19
7c Allyl-MgCl 3.3 1.1 8f 78
8 Ph-MgBr 2.2 0 8g 93
9 2-Furyl-MgBr 3.3 0 8h 89

aThe reaction between 5a (0.05 mmol) and the corresponding
organomagnesium reagent (0.11−0.22 mmol) was carried out in the
presence of ZnCl2 (0−0.08 mmol) in THF (0.5 mL) at −20 °C.
bIsolated yield. ct = 40 min.

Table 3. Synthesis of N-Boc-Amines 9 Having Various α-
Substituentsa

aThe reaction between 5 (0.05 mmol) and the corrsponding
organomagnesium reagent (0.11 mmol) was carried out in THF
(0.5 mL) at −20 °C. bIsolated yield. cCis/trans = >20/1. dCis/trans =
1/>20.
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N-Boc-protected ketimines are valuable prochiral electro-
philes to produce N-Boc-protected chiral α-tertiary amines.10

To the best of our knowledge, however, available N-Boc-
ketimines have been limited to those substituted with aryl or
electron-withdrawing groups.11 In the course of the present
study on N-Boc-protected imines, we became interested in
developing an efficient method for the synthesis of novel N-
Boc-ketimines. We found that the oxidation of α-alkynyl and
alkenyl-substituted N-Boc-propargylic amines 4 with manga-
nese dioxide afforded unprecedented N-Boc-protected dia-
lkynyl ketimines and alkenyl alkynyl ketimines 6 in good yields
(Table 4).12,13 While N-Boc-dialkynyl ketimines were obtained

as a 1:1 mixture of E- and Z-isomers (entries 1−3 and 5), Z-
ketimine 6d was formed exclusively in the case of an N-Boc-
alkenyl alkynyl ketimine (entry 4), and a cis/trans isomerization
of the styryl group was not observed (entry 4).14

While oxidation of N-Boc-protected α-phenylpropargylic
amine 8g with manganese dioxide afforded the corresponding
N-Boc-ketimine 13 exclusively as the Z-isomer in good yield,11q

the reaction of the non-α-substituted N-Boc-propargylic amine
14 did not yield the desired N-Boc-aldimine 15, even at higher
temperature (Scheme 5). These results suggested that the

presence of an alkynyl, alkenyl, or aryl substituent is necessary
at the α-position for the oxidation to proceed.

Treatment of the obtained dialkynyl imine 6a with lithium
trimethylsilylacetylide resulted in the formation of the N-Boc-
protected tris(alkynyl)methylamine 16 with three different
terminal substituents (Scheme 6).15 The Boc group was cleanly
deprotected by treatment with trimethylsilyl iodide in
acetonitrile (see Supporting Information).

In summary, we have synthesized N-Boc-protected prop-
argylic and allylic amines via the reaction between N-Boc-
aminals and organomagnesium reagents, in which N-Boc-
imines are generated as reactive intermediates under basic
conditions and are subsequently subjected to an addition
reaction. This process allows direct synthetic access to
unprecedented α-alkynyl and α-alkenyl-substituted N-Boc-
propargylic and allylic amines in an operationally simple
process. The obtained N-Boc-propargylic and allylic amines are
readily oxidized by manganese dioxide to afford previously
unobtainable ketimines. Accordingly, this method represents a
rare example for the oxidation of N-Boc-amines to N-Boc-
ketimines. We are currently exploring applications of the newly
obtained N-Boc-ketimines in other transformations including
catalytic asymmetric reactions.
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Scheme 3. Reaction of N-Cbz-Aminal 10 with
Methylmagnesium Bromide

Scheme 4. Synthesis of N-Boc-1,2-Aminoalcohol 12

Table 4. Oxidation of N-Boc-Propargylic Amines 4 To
Furnish N-Boc-ketimines 6a

aThe reaction between 4 (0.05 mmol) and manganese dioxide (1.0
mmol) was carried out in dichloromethane (0.5 mL) at room
temperature. bIsolated yield. cPerformed in 1,2-dichloroethane at 50
°C. dPerformed on a 1.0 mmol scale. eE/Z = 1/>20. fCis/trans = 1/
>20. gPerformed in 1,2-dichloroethane at 80 °C.

Scheme 5. Effects of the α-Substituent in N-Boc-Propargylic
Amines on the Oxidation To Give N-Boc-Imines

Scheme 6. Synthesis of N-Boc-Tris(alkynyl)methylamine 16
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Chem. - Eur. J. 2012, 18, 2440. (d) Trost, B. M.; Hung, C.-I; Koester,
D. C.; Miller, Y. Org. Lett. 2015, 17, 3778.
(4) An N-Boc-imine with an E-styryl group has previously been
reported: (a) Okada, A.; Shibuguchi, T.; Ohshima, T.; Masu, H.;
Yamaguchi, K.; Shibasaki, M. Angew. Chem., Int. Ed. 2005, 44, 4564.
(b) Kano, T.; Sakamoto, R.; Akakura, M.; Maruoka, K. J. Am. Chem.
Soc. 2012, 134, 7516.
(5) For selected reviews on related syntheses of propargylic and
allylic amines, see: (a) Gommermann, N.; Koradin, C.; Knochel, P.
Synthesis 2002, 2002, 2143. (b) Korbad, B. L.; Lee, S.-H. Eur. J. Org.
Chem. 2014, 2014, 5089.
(6) Kano, T.; Kobayashi, R.; Maruoka, K. Angew. Chem., Int. Ed.
2015, 54, 8471.
(7) No reaction, even at room temperature, was observed when an
N,N′-bis(Boc)-protected aminal was used instead of N,N,N′-tris(Boc)-
protected aminal 5a.
(8) (a) Hatano, M.; Yamashita, K.; Mizuno, M.; Ito, O.; Ishihara, K.
Angew. Chem., Int. Ed. 2015, 54, 2707. (b) Hatano, M.; Yamashita, K.;
Ishihara, K. Org. Lett. 2015, 17, 2412.
(9) McCurry, P. M., Jr.; Abe, K. Tetrahedron Lett. 1974, 15, 1387.
(10) For recent reviews, see: (a) Riant, O.; Hannedouche, J. Org.
Biomol. Chem. 2007, 5, 873. (b) Cozzi, P. G.; Hilgraf, R.;
Zimmermann, N. Eur. J. Org. Chem. 2007, 2007, 5969. (c) Connon,
S. J. Angew. Chem., Int. Ed. 2008, 47, 1176. (d) Shibasaki, M.; Kanai,
M. Chem. Rev. 2008, 108, 2853. (e) Kumagai, N.; Shibasaki, M. Bull.
Chem. Soc. Jpn. 2015, 88, 503.
(11) (a) Boyer, J. H.; Fu, P. P. J. Org. Chem. 1972, 37, 3556. (b) Jung,
M. E.; Shishido, K.; Light, L.; Davis, L. Tetrahedron Lett. 1981, 22,
4607. (c) Kupfer, R.; Meier, S.; Würthwein, E.-U. Synthesis 1984, 1984,
688. (d) Trione, C.; Toledo, L. M.; Kuduk, S. D.; Fowler, F. W.;
Grierson, D. S. J. Org. Chem. 1993, 58, 2075. (e) Dessipri, E.; Tirrell,
D. A. Macromolecules 1994, 27, 5463. (f) Moldenhauer, J.-P.; Möller,
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ABSTRACT: An efficient, three-component domino reaction
between aldehydes, amines, and the Bestmann−Ohira reagent is
reported that enables a general, mild, and straightforward access
to 1,4,5-trisubstituted 1,2,3-triazolines and triazoles. The
reaction proceeds through a domino-condensation/1,3-dipolar
cycloaddition sequence to afford the triazoline derivatives with
excellent diastereoselectivity. Moreover, when both amine and
aldehyde employed for this reaction are aromatic, a spontaneous
oxidation afforded 1,4,5-trisubstituted triazoles in moderate yields.

1,4,5-Trisubstituted triazolines are an important class of
heterocycle which in addition to their exceptional biological
profiles1 serve as versatile precursors to important compounds
such as aziridines,2 triazoles,3 and β-amino alcohols (Figure 1).4

The most direct and common method for the synthesis of
substituted triazolines is through the 1,3-dipolar cycloaddition
reaction of azides with activated olefins (Figure 2, eq 1).5

However, this approach is effective only for the activated olefins,
limiting the applications of this method to a few useful examples.
An alternative process that relies on the cycloaddition reactions
of various diazo compounds with preformed Schiff bases is also in
use to achieve the synthesis of triazolines.6 Despite the fact that
these reactions are well-established, most such reactions exhibit a
narrow substrate scope and require elevated temperature or
catalysts, preventing the use of these methods in chemical
biology. In this respect, novel protocols for the mild, efficient,
cost-effective, and stereoselective synthesis of triazolines are
highly desirable.
The ready availability, mild reaction conditions, and high

functional group tolerance make dimethyl α-diazo-β-oxopropyl-
phosphonate (Bestmann−Ohira reagent, BOR) a frequently
used reagent for the synthesis of homologated alkynes from
aldehydes bearing fragile functional groups.7 Later, notable
reports by Namboothiri and Smietana, as well as recent advances,
have shown that the dimethyl (diazomethyl)phosphonate anion
(DAMP) generated in situ from BOR could be employed as a
versatile 1,3-dipole for the synthesis of phosphonylpyrazoles.8−10

However, to the best of our knowledge, the application of BOR
in the synthesis of heterocyclic compounds remains limited to
the synthesis of phosphonylpyrazoles. The relevance of triazo-
lines and triazoles as key structural constituents of numerous
biologically active compounds inspired us to investigate further
the utility of BOR in devising novel protocols for accessing this
particular class of compound (Figure 1). We speculated that if an
in situ generated Schiff base was treated with BOR, it would
undergo a dipolar cycloaddition reaction to generate the
triazoline molecule. For this strategy to be successful, Schiff
base formation and the subsequent cyclization would have to be
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Figure 1. Selected examples for bioactive triazoline and triazole
derivatives.

Figure 2. Synthesis of 1,4,5-trisubstituted triazolines.
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faster than the undesired aldehyde homologation by in situ
generated DAMP anion from BOR. Our hypothesis was
successfully realized herein, demonstrating for the first time
that BOR can be employed in a domino multicomponent
reaction involving aldehydes and amines for the diastereose-
lective synthesis of 1,4,5-trisubstituted 1,2,3-triazolines (Figure 2,
eq 2). Of note, this reaction proceeds through trans-selective
cyclization with respect to 5-aryl/alkyl substitution and
phosphonate. Notably, the phosphonyltriazolines are stable
and the conversion to aziridines through denitrogenation has not
been observed under the present reaction conditions.
Furthermore, an attempt to expand the scope of the reaction
revealed that phosphonyltriazoles could be synthesized if
arylamines are employed in the reaction instead of aliphatic ones.
Our hypothesis was initially tested by performing a reaction

between benzaldehyde 1a, n-propylamine 3a, and BOR 2 in the
presence of potassium carbonate in methanol, and pleasingly, the
reaction afforded 4-phosphonyltriazoline 4a in 80% yield with
excellent diastereoselectivity. Upon further optimization of the
reaction conditions, the diastereoselective formation of 1,2,3-
triazolines was achieved without the aid of a base and desiccant
with the same yield, and these optimized conditions were
selected for further studies (Scheme 1).

Having identified the conditions for the synthesis of
triazolines, we next examined the scope of this facile three-
component reaction. n-Propylamine 3awas selected as the amine
participant to validate the scope of the aldehyde moiety (Scheme
2). Interestingly, electron-neutral and electron-releasing sub-
stituents at the 4-position of the aromatic aldehyde were found to
be equally efficient and did not influence the efficiency of the
present domino reaction (4b−d), while electron-withdrawing
substituents such as nitro- and trifluoromethyl groups failed to
deliver the product. Importantly, a boronic acid moiety was
demonstrated to be compatible with the reaction, and triazoline
4d was obtained in 77% yield. Subsequently, various aldehydes
having electronically different substituents at different positions
were reacted with propylamine in the presence of BOR and
proven to be effective (4e−g). A variety of hydroxyaryl aldehydes
were tolerated and provided the triazolines in good yields (4h−
j). The reaction attempted with ferrocenecarboxaldehyde also
worked well (4k). When aryl aldehydes were replaced by
heteroaryl and aliphatic aldehydes, the reaction proceeded
smoothly leading to the formation of the corresponding
triazolines, albeit in moderate yields (4l−q). For instance,
cinnamaldehyde underwent facile reaction with tert-butylamine
to afford the product 4q in 67% yield, and the structure of 4qwas
confirmed by X-ray diffraction analysis.11 Notably, the reaction
carried out using terephthalaldehyde afforded the anticipated bis-
triazoline 4s in 78% yield.
Scheme 3 illustrates the scope of the amine component in the

reaction. The reaction was found to be high yielding in most
cases where linear aliphatic amines were used (4t−w). Besides
linear amines, tert-butyl- and allylamines afforded the triazoline
derivatives in good yields (4x,y). The reaction proceeded well

with isopropyl and benzylamine yielding the triazoline
derivatives in moderate yields (4z,aa). Phenethyl-, cyclohexyl-,
and adamantylamines were also suitable partners for the reaction,
affording the products in good yields (4ab−ad). Interestingly,
the reaction was feasible with amines bearing additional
functional groups, and the reaction was tolerant of functional
groups such as hydroxyl and disubstituted amines. The reaction
was also explored using various substituted aliphatic amines such
as diethylaminoethylamine and morpholinopropylamine
(4af,ag).
The broad substrate scope exhibited by the reaction prompted

us to explore the possibility of using aromatic amines, and
surprisingly, the reaction involving aniline, benzaldehyde, and
BOR led to the formation of phosphonyltriazole (Figure 2, eq 2).
Presumably, the initially formed triazoline derivative undergoes a
spontaneous air oxidation to afford triazoles, constituting an
efficient, single-step protocol for synthesizing densely function-
alized triazoles from readily available starting materials. This
multicomponent strategy provides an efficient alternative to the
metal- and organocatalyzed cycloaddition reactions for the
synthesis of substituted triazoles.12,13 In view of the extensive
applications of 1,4,5-trisubstituted 1,2,3-triazoles in the
pharmaceutical industry as HIV protease inhibitors, anticancer
drugs, antituberculosis drugs, antifungal agents, anticancer drugs,
and antibacterial drugs, this metal-free synthesis of triazole was
further investigated for better reaction conditions.14 Further

Scheme 1. Synthesis of 1,2,3-Triazolines

Scheme 2. Substrate Scope for theMulticomponent Reaction:
Variation of Aldehydesa

aYields given are isolated after SiO2 column chromatographic
purification. b2.5 equiv of 3a was used. cWith 4.0 equiv of each 2
and 3a.
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development of the reaction revealed the need for a mild
organic/inorganic base in a stoichiometric amount to deliver the
triazole derivative in a reasonable yield. This observation may be
attributed to the lower basicity of aromatic amines in comparison
to aliphatic amines, and a brief screening of various bases showed
that K2CO3 provided the product 6a in 45% yield.
Subsequent to the optimization of the reaction conditions, we

next explored the generality of this unique strategy for triazole
synthesis (Scheme 4). The reaction proceeded well with a series
of anilines bearing diverse substitutions at the 4-position of the
arene ring, and the corresponding triazole derivatives were
isolated in modest yields (6a−e). Notably, the reaction worked
well with 3- and 3,4-disubstituted anilines to generate the
corresponding triazoles in good yields (6f−h). Next, aldehyde
scope was examined for the reaction using 4-iodoaniline as the
amine substrate, and electronically different substituents have
barely shown any influence on the outcome of the reaction. For
instance, substrates with electron-rich and electron-withdrawing
substitutions at the 4-position of the aryl ring furnished the
synthetically useful iodoaryltriazoles in reasonable yield (6i−l).
Remarkably, the reaction attempted with furfural was effective,
and the product was obtained in 43% yield (6m). The reactions
attempted with aliphatic aldehydes were unsuccessful.
In accordance with the previous reports on the synthesis of

phosphonylpyrazoles, a mechanistic rationale for this domino-
multicomponent synthesis of triazolines and triazoles is
proposed as shown in Scheme 5. The reaction is likely to be
initiated by in situ generation of Schiff base I. Next, dimethyl
diazomethylphosphonate (DAMP) anion generated in situ from
BOR undergoes nucleophilic addition to the intermediate I. The
resulting intermediate II would subsequently undergo a 5-endo-
dig cyclization to afford the product 4. When amine and aldehyde

moieties are aromatic, product 4 further undergoes a
spontaneous air-assisted oxidative aromatization to provide
triazole derivatives 6.
In summary, a metal-free, efficient, facile, and simple three-

component synthesis of 1,4,5-trisubstituted triazolines and
triazoles has been developed. The reaction proceeds under
mild conditions (room temperature and no catalyst/base) and
employs inexpensive and readily available aldehydes, amines, and
BOR, making this strategy a versatile and unique method for
accessing a novel class of phosphonylated triazolines and
triazoles with consistently high efficiency in the former case.
Given the relevance of these heterocyclic scaffolds in the
agrochemical and pharmaceutical industries, we anticipate that
this new method for the synthesis of phosphonyltriazoles will
find potential applicability.

Scheme 3. Substrate Scope for the Multicomponent Reaction:
Variation of Aminesa

aYields given are of isolated products after SiO2 column chromato-
graphic purification. b2.0 equiv of K2CO3 was used.

Scheme 4. Substrate Scope for theMulticomponent Reaction:
Synthesis of Triazolesa

aYields given are of isolated products after SiO2 column chromato-
graphic purification.

Scheme 5. Proposed Mechanistic Pathway
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ABSTRACT: Oxidative allene amination provides rapid access
to densely functionalized amine-containing stereotriads
through highly reactive bicyclic methyleneaziridine intermedi-
ates. This strategy has been demonstrated as a viable approach
for the construction of the densely functionalized aminocyclitol
core of jogyamycin, a natural product with potent antiprotozoal
activity. Importantly, the flexibility of oxidative allene
amination will enable the syntheses of modified aminocyclitol
analogues of the jogyamycin core.

Jogyamycin (1) was first isolated in 2012 from a culture broth
of Streptomyces sp. a-WM-JG-16.2, joining a family of

aminocyclopentitols that include pactamycin (2), cranomycin
(3), and TM-026 (4) (Figure 1).1 Jogyamycin itself exhibits

potent antiprotozoal activity against important diseases including
malaria and African sleeping sickness, while pactamycin and
analogs have been shown to possess anticancer, antiviral, and
antimicrobial activity in addition to antiprotozoal activity.1,2

Crystal structures of pactamycin with the ribosomal 30S subunit
indicate it acts as a universal inhibitor of translocation in a highly
conserved region of the ribosome, explaining the wide range of
biological activity exhibited by this family of molecules.3 Subtle
structural changes in the aminocyclitol motif have been shown to
alter the activity of these natural products significantly.2d−g

Further exploration of the structure−activity relationship of this
family of molecules may help attenuate the cytotoxicity that these
compounds possess.
In addition to their potent biological activity, jogyamycin and

its analogs pose a significant synthetic challenge that has drawn
the interest of a number of research groups.4 All members of this
class of compounds exhibit a fully substituted cyclopentane ring
system with a heteroatom present on each carbon. Three
contiguous quaternary carbons, as well as the dense function-
alization around the ring that includes sensitive urea and aniline
moieties, have inspired various strategies to achieve the syntheses

of these challenging motifs.4 Pactamycin was the first molecule in
this family to yield to total synthesis, as reported by Hanessian
and co-workers in 2011 (Scheme 1).4a This landmark synthesis

converted L-threonine into the oxazoline 5 to set the C-7
stereocenter. This stereochemical information was parlayed to
the C-1 stereocenter through an aldol reaction, yielding 6 after a
short sequence of steps. A series of functional group
interconversions and a Ti-mediated aldol reaction/condensation
led to the formation of 7, which was eventually transformed to 2
in 21 subsequent steps.
The most recent synthesis of pactamycin was completed by

the Johnson group in 2013 (Scheme 2).4b This fundamentally
different strategy first sets the C-2 stereocenter via an asymmetric
Mannich reaction between 8 and 9, albeit with the incorrect
configuration. Stereochemistry at the urea-bearing C-1, as well as
at C-7, was set using a desymmetrizing β-diketone mono-
reduction to yield 10. Intramolecular aldol condensation/
selective epimerization of 11 delivered 12 with the correct C-2
stereochemistry, which was then carried on to 2 in 7 steps.
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Figure 1. Biologically active aminocyclitol natural products.

Scheme 1. Hanessian’s Approach to Pactamycin
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Two similarities between the Hanessian and Johnson
syntheses are the intramolecular aldol condensations to close
the cyclopentene rings and the use of the exocyclic C-7
stereocenter as the linchpin of the synthetic strategy. Hanessian
used C-7 to set the important C-1 stereocenter that, in turn, was
employed to set all subsequent stereocenters in the synthesis.
Johnson also engaged the C-7 stereocenter to set the correct

stereochemistry at C-1 and used both C-1 and C-7 to “correct”
the C-2 stereochemistry. This strategic use of the C-7
stereocenter proved vital to both Johnson and Hanessian’s work.
In contrast to pactamycin, both jogyamycin 1 and 4 lack a C-7

stereocenter. It has been shown that the subtle changes of the C-
1 side chain have a significant effect on the biological activity.2c,g

Furthermore, attempts by Johnson and co-workers to cleave the
alcohol at C-7 during studies directed toward analogue synthesis
were unsuccessful.2f Therefore, we felt that it would be useful to
develop a synthesis of 1 that could accommodate flexibility in the
oxidation state at C-7. We also wanted to develop a strategy that
would eventually be capable of delivering access to a broad range
of jogyamycin analogues where the positioning, identity, and
stereochemistry of heteroatoms in the cyclopentane core could
be controlled at will. Finally, developing a potentially asymmetric
synthesis of 1 would be an interesting challenge in the absence of
the diastereocontrol provided by the handle at C-7.4b

With these goals in mind, we proposed to apply our recently
developed oxidative allene aminationmethod to the construction
of the cyclopentitol core of jogyamycin.5 The retrosynthetic
analysis is shown in Scheme 3. Moving from 1 to 13, we
envisaged that the alcohol at C-4 and the aniline at C-3 could
arise through an epoxidation/epoxide opening sequence of 13.
The exocyclic alcohol could be installed via a selective allylic C−
H oxidation and the amine at C-2 from a functional group
interconversion of the 2° alcohol in the key target 14. The

cyclopentene ring of 14 would arise from a ring-closing
metathesis of the diene 15. The relative stereochemistry at C-5
was predicted to be set through an addition of isopropenyl-
magnesium bromide to the carbonyl of 16 through chelation
control. The olefin at C-3 of 15 could be formed through a
sulfamate cleavage/elimination sequence of 16. Amino ketone
16 would arise from the allene 17 through an enesulfamate
intermediate, as described in more detail in Scheme 4.

Previous work in our group has shown that allene aziridination
yields enesulfamate intermediates that serve as tunable and
versatile scaffolds for further functionalization (Scheme 4).5 By
using different electrophiles, the installation of various
heteroatoms at the three original allene carbons can be
accomplished in a stereodefined manner in two steps. In
addition to heteroatom diversity, our methods provide stereo-
chemical diversity, as illustrated by work showing all four O/N/
O triads are accessible from a single allene precursor.5b Effective
transfer of the axial chirality of the allene to the triad enables the
syntheses of enantiomerically enriched amine products. This
flexibility indicated oxidative allene amination would be an ideal
vehicle for not only the synthesis of 1, but more importantly,
functionally and stereochemically diverse analogues of 1 that
could be employed for SAR studies of jogyamycin.
The substrate homoallenic sulfamate 19 was synthesized in

one step from commercially available homoallenic alcohol 18
(Scheme 5).6 Rh-catalyzed intramolecular aziridination of 19 is

observed exclusively at the proximal double bond of the allene in
a > 20:1 E/Z ratio; no aziridination of the distal bond occurs. Due
to its relative instability, 20 is not isolated but is subjected to ring
opening with water following a quick solvent exchange. The
crude alcohol is then protected with a TBS group prior to
isolation to furnish the enesulfamate 21 in good yield over the
three steps with just a single purification step. This reaction
sequence has been performed several times on scales up to 8 g
with consistent yields obtained.

Scheme 2. Johnson’s Approach to Pactamycin

Scheme 3. Proposed Retrosynthetic Approach towards the
Jogyamycin Core Using Oxidative Allene Amination

Scheme 4. Oxidative Allene Amination for the Synthesis of
Densely Functionalized Amine Triads

Scheme 5. Synthesis of the Key Enesulfamate 21
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With significant quantities of 21 in hand, the next goal was to
develop conditions for setting the important C-1 stereocenter.
Epoxidation of 21, followed by immediate rearrangement,
yielded the imino alcohol 22 in near-quantitative yields but
with low dr (Table 1). While the stereocenter at C-5 appeared to

be of little importance, as it is later destroyed via oxidation to a
ketone, this low dr could be transferred to the C-1 stereocenter if
chelation control operates in the addition of the organometallic
reagent to the imine of 22, which was observed in prior studies.
Changing the temperature had little effect on the dr of 22; the
greatest effect on dr seemed to be the age of the DMDO solution,
with older solutions giving decreased dr. To complicate the
situation, low yields were generally observed when EtMgBr was
used as the nucleophile for addition to 22, as significant
competing hydride reduction was observed (Table 1, entry 1).
Addition of anhydrous CeCl3 or LaCl3−2LiCl to the EtMgBr did
not yield any improvements.7 Reaction of vinylmagnesium
bromide or ethynylmagnesium bromide with 22 gave slightly
better yields, but the selectivity of the organometallic addition
still mirrored that of the DMDO oxidation (entries 2, 3).
However, cooling the ethynylmagnesium bromide solution at 0
°C for approximately 30 to 60 min prior to addition of 22
resulted in both higher yields and significantly improved dr
(entry 4). This cooling protocol resulted in the formation of
considerable amounts of precipitate, leading to the hypothesis
that perturbation of the Schlenk equilibrium yields formation of
higher-order species that increase the propensity for attack
opposite the bulky −OTBS group, irrespective of the C-5
stereocenter.4c,5b,8 Addition of acetylides to similar imines has
previously proven to be a viable strategy for introducing new
functionality that can later be manipulated into the desired
functional groups.9 The stereochemical relationship between C-
1 and C-2 of 24 was confirmed by X-ray crystallography (see the
Supporting Information (SI) for further details).
Having set the C-1 stereocenter, the alkyne was reduced to

form 16 (Scheme 6). Reaction of the carbonyl of 16 with
isopropenyl MgBr in the presence of CeCl3 occurred through
chelation control to deliver 25 and set the C-5 stereocenter;
isopropenyl MgBr alone gave only recovered starting material,
likely due to enolization of the sterically encumbered ketone
outcompeting the desired nucleophilic addition.7a The product
25was isolated as a single diastereomer in high yield over the two
steps. The relative stereochemical relationships between C1−

C2−C5 in 25 were confirmed by X-ray crystallography (see the
SI for further details).
Next, we set about activating the nitrogen of 25 by installing an

electron-withdrawing group to render the sulfamate susceptible
to nucleophilic ring opening. Unfortunately, the sulfamate
nitrogen of 25 proved resistant to further functionalization
using a variety of electrophiles, likely due to the large steric bulk
around the nitrogen coupled with its weak nucleophilic character.
As this strategy was unsuccessful, attempts to alleviate some of
the steric bulk by removing the TBS group were carried out.
Although subsequent reaction of the nitrogen still proved
difficult, the oxazolidinone 26 could be formed using forcing
conditions with triphosgene. With the nitrogen sufficiently
activated, the sulfamate of 26 could be cleaved using thiophenol
as a pro-nucleophile, followed by extended stirring with aqueous
HCl to liberate SO3 and yield 27.10 Selective oxidation to the
sulfoxide, followed by thermolysis, yielded 28 and 29 as
approximately a 1:1 mixture.11 Unfortunately, all attempts to
cleave the oxazolidinone were unsuccessful, as were attempts to
carry out ring closing metathesis.
Due to the inability to cleave the oxazolidinone in 28 and 29,

we opted to avoid such intermediates by attempting to
functionalize the less hindered nitrogen prior to addition of the
isopropenyl group. The isopropenyl subunit could later be
installed after cleavage of the sulfamate. Unfortunately, all
attempts to functionalize the nitrogen of 16 led to recovered
starting material. Attempts to install the urea directly on 24, using
dimethylcarbamoyl chloride or methyl isocyanate, led to either
recovered starting material or complex mixtures of products.
However, reaction of 24 with Boc2O yielded 30 in high yield
(Scheme 7). Attempts to hydrogenate 30 to the alkane yielded
16 (see Scheme 6), presumably due to the increased sterics
posed by the ethyl group as compared to the alkyne. To
circumvent this issue, 30 was reacted directly with thiophenol to
yield 31 in near-quantitative yield. Oxidation to the sulfoxide
permitted reduction of the alkyne under high pressures of H2
which, after thermolysis, yielded 32 in good yield. Addition of the
isopropenyl subunit to C-5 of 32 to deliver 33 initially proved
more difficult than anticipated due to oxazolidinone formation

Table 1. Setting the Relative Stereochemistries at C1 and C2

entry R product yield dra

1b Et 16 29%c 1.9:1
2 CHCH2 23 45% 2:1
3 CCH 24 48% 2.3:1
4d CCH 24 68% 11.5:1

aBased on 1H NMR analysis of crude product. bReaction using
CH2Cl2 as the solvent. cIsolated yield and dr are before DMP
oxidation. Hydride reduction was a significant byproduct observed in
18% yield. dGrignard prestirred at 0 °C for 1 h prior to addition. Yield
refers to isolated material.

Scheme 6. First Attempted Route to the Key Core 14
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with the tertiary alkoxide resulting from nucleophilic addition to
the ketone. Ultimately, we found that performing the addition in
the presence of CeCl3−2LiCl at −40 °C slowed down the attack
of the resulting alkoxide on the Boc group such that diene 33
could be isolated as the major product in >20:1 dr.7b Desilylation
of 33, followed by ring closing metathesis using the Grubbs II
catalyst, delivered 14 in excellent yield. The configuration of the
C-5 stereocenter was confirmed by 1D nOesy analysis, indicating
that the organometallic addition to 32 proceeds through
chelation control, where the C-5 stereochemistry is dictated by
the configuration at C-1.
In conclusion, we have established a reliable route to a densely

functionalized cyclopentene motif 14 which maps onto the core
of jogyamycin. The challenging C-5 and C-1 quaternary
stereocenters are set at an early stage using oxidative allene
aziridination as a key step. Employing this approach allows
deoxygenation to be achieved at C-7 of jogyamycin, which has
proven challenging using reported routes to pactamycin. Another
nice feature of this strategy is our anticipated ability to utilize
different allene substrates, easily install diverse nucleophiles at
either the C1 or C-2 stereocenters, introduce different side
chains at C5, and manipulate oxidation of the alkene of the
cyclopentene core to enable the versatile syntheses of novel
analogues. Work to complete the synthesis of jogyamycin is
currently underway and is focused on amination at the C-2
position, oxidation of the C-6 position, and establishment of the
C-3 and C-4 stereocenters. The beautiful work carried out in the
total syntheses of pactamycin will aid us in this endeavor.4a−c
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Lavalleé, C. Bioorg. Med. Chem. 2013, 21, 1775. (f) Sharpe, R. J.;
Malinowski, J. T.; Sorana, F.; Luft, J. C.; Bowerman, C. J.; DeSimone, J.
M.; Johnson, J. S. Bioorg. Med. Chem. 2015, 23, 1849. (g) Almabruk, K.
H.; Lu, W.; Li, X.; Abugreen, M.; Kelly, J. X.; Mahmud, T. Org. Lett.
2013, 15, 1678.
(3) (a) Egebjerg, J.; Garrett, R. A. Biochimie 1991, 73, 1145. (b) Carter,
A. P.; Clemons, W. M.; Brodersen, D. E.; Morgan-Warren, R. J.;
Wimberly, B. T.; Ramakrishnan, V. Nature 2000, 407, 340. (c) Dinos,
G.; Wilson, D. N.; Teraoka, Y.; Szaflarski, W.; Fucini, P.; Kalpaxis, D.;
Nierhaus, K. H.Mol. Cell 2004, 13, 113. (d) Tourigny, D. S.; Fernańdez,
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ABSTRACT: A Pd(II)/Pyrox-catalyzed enantioselecitve ad-
dition of arylboronic acids to 3-ketimino oxindoles was
developed, providing chiral 3-amino-2-oxindoles with a
quaternary stereocenter in high yields and with good
enantioselectivities. A variety of functionalized 3-ketimino
oxindoles can be used, and the method tolerates some variation in arylboronic acid scope. This asymmetric arylation provides an
alternative efficient catalytic method for the preparation of chiral 3-aryl-3-amino-2-oxindoles, which also represents the first
example of a Pd(II)-catalyzed addition of arylborons to exocyclic ketimines.

Transition-metal-catalyzed asymmetric additions of organo-
metallic reagents to imines represent useful strategies for

the construction of chiral α-polysubstituted amines.1 Initiated by
the pioneering work of the Hayashi group, asymmetric additions
of arylboron reagents to imines have become an important
research topic.2−6 In 2010, the Hayashi group reported the first
example of a rhodium-catalyzed asymmetric addition of
arylboron reagents to ketimines.3 Furthermore, the groups of
Lam,4 Xu,5 and Lin/Feng6 have also reported the asymmetric
addition of organoboron reagents to ketimines catalyzed by
rhodium complexes. However, the asymmetric addition of
arylboron reagents to different types of ketimines is compara-
tively rare. Methodology that utilizes chiral palladium complexes
as catalysts in the same reaction is attractive because of the lower
cost of palladium salts compared with rhodium.7−9 Several
groups have studied the addition of arylboron to imine using
their own chiral palladium catalysts.7c−j Only recently, palladium
catalytic systems were developed for the addition of arylboronic
acids to ketimines.8 However, only endocyclic ketimines have
been used as substrates, possibly due to the strained
configuration of these types of compounds and their stability
to hydrolysis.
Recently, the catalytic asymmetric construction of chiral 3,3-

disubstituted 2-oxindoles has attracted much attention due to
their unique bioactivity.10 Oxindole compounds bearing chiral α-
tertiary amines at the C3 position have been reported to be
biologically active against a variety of targets.11 Several groups
have developed different strategies to construct the core
structural motif of these types of chiral compounds.12−17 One
procedure involves concurrent generation of the chiral
tetrasubstituted carbon stereocenters and asymmetric intra-
molecular construction of the oxindole skeleton. An intra-
molecular α-arylation of α-amino amides and an intramolecular
reductive addition of arylhalides to α-ketimino amides have been
developed by the groups of Kündig and Ley, respectively.13 A
general strategy utilizes the asymmetric addition of 3-
monosubstituted oxindoles to carbon or nitrogen electro-
philes.14,15 Another complementary strategy involves the

addition of nucleophiles to 3-ketimino-2-oxindoles. Chiral
organocatalysts and Lewis acid catalysts have been used to
catalyze the addition of a number of nucleophiles, such as silyl
ketene imines, pyrazolones, nitroalkanes, 1,3-dicarbonyl com-
pounds, alcohols, peroxides, and thiols.16 However, the
enantioselective catalytic addition of aryl nucleophiles to 3-
ketimino-2-oxindoles is still a challenge. Recently, Pedro and co-
workers reported an interesting and efficient organocatalytic
asymmetric addition of naphthols and electron-rich phenols to 3-
ketimino-2-oxindoles (eq 1),17 but this methodology is only

suitable for electron-rich ArOH as aryl nucleophiles. We propose
that the transition-metal-catalyzed asymmetric addition of
arylboron reagents will provide an alternative methodology for
the arylation of 3-ketimino oxindoles.18 Herein we report an
asymmetric Pd(II)-catalyzed addition of arylboronic acids to 3-
ketimino oxindoles (eq 2).
Initially, different ketimine nitrogen protecting groups (R1)

were investigated using phenylboronic acid as the boron reagent,
employing Pd(TFA)2 as the palladium source and t-Bu-Nicox as
the chiral ligand (Table 1). The Boc-protected substrate, which
has been widely used in other asymmetric catalytic additions of
nucleophiles to 3-ketimino oxindoles, is not an active substrate
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for this Pd(II)-catalyzed addition reaction (entry 1). We were
pleased to discover that the addition proceeded smoothly with
sulfonyl-protected ketimines (entry 2). Good enantioselectivity
was observed with the sterically bulky protecting group, tert-butyl
sufonyl (84% ee, entry 3). Different protecting groups (R2) for
the oxindole nitrogen were also screened. Poor results were
obtained with methyl as the R2 group (entry 4). Substrate 5
bearing an α-naphthalenemethyl protecting group showed better
enantioselectivity but lower yield compared to substrate 3 (entry
5). We speculated that a bulky and electron-withdrawing R2

group would improve the reactivity and enantioseletivity of the
catalytic reaction. Therefore, substrates 6 and 7 were prepared,
which bear 2-nitrobenzyl or 2,6-dicholobenzyl as protecting
groups, respectively. The catalytic results showed that substrate 6
was not stable under the reaction conditions, and substrate 7

provided the best reults among all the prepared substrates
(entries 6 and 7). Subsequently, ligand screening was conducted
using 7 as the substrate (entries 7−17). A ligand bearing a chiral
indane-fused oxazoline group at the pyridine showed the best
chiral inducing ability (entries 13 vs 7−12,14). Nicox19a and
IsoQuinox19b gave the desired product with similar results when
the corresponding Pyrox19c ligands were used (entries 7−14).
Due to the lower cost of starting material and easier preparation
of Pyrox compared to the other two types of ligands, we chose it
as the optimized ligand. Other types of ligands such as Phox,19d−f

FcPhox,19g,h and Binap19i were also tested, all of which gave poor
results (entries 15−17). Other conditions such as solvents and
Pd source were also screened, but lower reactivity were
observed.8a Thus, the optimized reaction conditions were
found to be using In-Pyrox as the chiral ligand and Pd(TFA)2
as palladium source in TFE solvent at 70 °C (entry 13).
With the optimized reaction conditions in hand, different 3-

ketimino-2-oxindoles were tested. As shown in Scheme 1,

different substituents at different positions of the substrates all
gave similar enantioselectivities (8a−i). Substituents at the 7-
position decreased the enantioselectivity only slightly. The
reaction proceeds smoothly with substrates bearing electron-rich
substituents (8b,c) and halides, except bromide, maybe due to
some side reactions caused by bromide (8d−i). Unfortunately,
the reaction of 4-substituted 3-ketimino-2-oxindole failed to
proceed, possibly due to steric hindrance.
The arylboronic acid scope was also investigated (Scheme 2).

Various para-substituted arylboronic acids reacted with 7 to
furnish 3-amino-2-oxindoles in excellent yields and with high
enantioseletivities (8j−p). Arylboronic acids possessing meta-
substituents also gave the addition products with good results
(8q−s). Good yields and ee’s were also obtained for
disubstituted arylboronic acids (8t,u). The results showed that
arylboronic acids bearing oxygen substituents at the meta

Table 1. Reaction Optimizationa

entry substrate ligand yieldb (%) eec (%)

1 1 t-Bu-Nicox NR
2 2 t-Bu-Nicox 64 30
3 3 t-Bu-Nicox 81 84
4 4 t-Bu-Nicox 69 30
5 5 t-Bu-Nicox 51 91
6d 6 t-Bu-Nicox
7 7 t-Bu-Nicox 87 90
8 7 i-Pr-Nicox 81 84
9 7 Bn-Nicox 94 72
10 7 Cy-Nicox 93 87
11 7 i-Pr-Pyrox 91 85
12 7 t-Bu-Pyrox 88 90
13 7 In-Pyrox 96 93
14 7 i-Pr-IsoQuinox 96 85
15e 7 i-Pr-Phox 23 66
16e 7 i-Pr-FcPhox 37 96
17e 7 Binap NR

aReaction conditions: 0.10 mmol of substrate, 5 mol % of Pd(TFA)2,
6.0 mol % of ligand, and PhB(OH)2 (0.20 mmol) in unpurified TFE
(1.5 mL) at 70 °C for 7 h under an air atmosphere. TFA =
trifluoroacetic acetate, TFE = trifluoroethanol. bYield of isolated
product. cDetermined by HPLC using a chiral Daicel column.
dSubstrate or product decomposed. e24 h.

Scheme 1. Substrate Scopea

aReactions conditions: 0.10 mmol of substrate, 5 mol % of Pd(TFA)2,
6.0 mol % of ligand, and PhB(OH)2 (0.20 mmol) in unpurified TFE
(1.5 mL) at 70 °C for 7−36 h under an air atmosphere. bYield of
isolated product. cDetermined by HPLC using a chiral column.
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position were able to marginally improve the ee (8r,u). However,
no reaction occurred using o-tolylboronic acid as the nucleophile.
A heteroaromatic boronic acid was also examined, and the
desired product was obtained with excellent ee (98%) but only
moderate yield (8v).
The absolute configuration of the product 8a was determined

to be R and the absolute configuration of the CN bond of the
substrate 7 was determined to be (E) by X-ray crystallographic
analysis (Figure 1). This stereochemical outcome can be

explained using the model shown in Figure 1. The aryl group
is bound to the Pd center and is cis to the pyridine group of the
Pyrox; the ketimine is bound at the position that is trans to the
pyridine moiety. When the imine group of the substrate has an
(E) geometry, the R1 group of the ketimine is oriented upward
and thus positioned away from the chiral group of the oxazoline

(9) in the favored transition state. This leads to (R)-8 as the
major product.
The R2 group was deprotected using a simple tBuOK/O2-

deprotecting method, affording 10 in 92% yield without a
reduction in ee value.20a The tBuSO2 group can also be removed
efficiently using an AlCl3−PhOMe system (Scheme 3).20b

In summary, we have developed a palladium-catalyzed
asymmetric arylation of 3-ketimino oxindoles with arylboronic
acids. The desired 2-oxindoles bearing chiral α-tertiary amines at
the 3-position were prepared in good yields and with high
enantioselectivities. A relatively wide substrate scope of
oxindoles and arylboronic acids are compatible with the mild
reaction conditions. This reaction is the first example of a Pd(II)-
catalyzed addition of arylborons to exocyclic ketimines.
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ABSTRACT: An efficient Ir(III)-catalyzed C−H activation and
annulations of aryloxime with α-diazocarbonyl compounds has been
developed for the synthesis of substituted isoquinoline N-oxides. The
reaction proceeds under mild atmospheric conditions, without any
external oxidants and releases N2 and H2O as the byproducts. In
addition, synthetic applications of the N-oxide products have been
established by performing further functionalization. An interesting
dimeric iridacyclic complex allied through a bis-silver carboxylate bridge
has been isolated that efficiently catalyzed the reaction.

The N-oxide of isoquinoline and pyridine derivatives
represents an important structural unit found in various

natural products,1 pharmaceutical agents,2 and chiral ligands.3

Besides this, N-oxides are isolable synthons with widespread
utility in the functionalization of heterocycles and the synthesis of
natural products.4 Traditional synthesis of N-oxides involves the
direct oxidation of parent heterocycles with a stoichiometric
amount of peroxides or peracids.5 The major limitations of these
methods are the prerequisite of a completely fabricated
heterocyclic unit and the compatibility of the sensitive functional
group present on the substrate. The use of transition-metal-
catalyzed transformations had, to some extent, addressed the
oxidation under mild conditions.6 Recently, C−H activation
approaches have taken precedence over traditional methods,
especially in the context of the synthesis of isoquinoline(oxide)
derivatives by the annulation of simple imines/oximes with easily
accessible alkenes/alkynes.7 The inaugural entry in this regard
was documented by Huang et al. and involves the Pd-catalyzed
annulations of aryloximes and diary acetylenes via an C−H
activation approach leading to isoquinoline N-oxides.8 However,
the requirement of high temperature and a stoichiometric
amount of acids and alkyne scope are the major limitations of this
approach. Recently, the Glorius group reported an elegant
example of a Rh(III)-catalyzed intermolecular annulation
reaction using vinyl or aryloximes and diazo compounds for
the synthesis of pyridine and isoquinoline N-oxides.9a

Although substantial progress has been made in this type of
C−H functionalization, the scope is mainly limited to Rh(III)
catalytic systems.9,10 Consequently, finding alternative catalytic
systems for the synthesis of (hetero)aryl-fused pyridineN-oxides
and their derivatives with a divergent product scope is of leading
research interest. To explore a new catalyst with a versatile
reaction scope, our attention has been focused on the Cp*Ir(III)
catalyst system because of its excellent performance in C−H
bond functionalization.11−13 Inspired by these results, we

envisioned the feasibility of directed C−H activation and
annulation of aryloxime and α-diazocarbonyl compounds
under iridium catalytic systems. Herein, we report the first
Ir(III)-catalyzed intermolecular C−H functionalization and
annulations of aromatic oxime with α-diazocarbonyl compounds
affording diversely substituted isoquinoline N-oxides that allows
a considerable expansion of C−H activation and annulations
approaches (Scheme 1). Additionally, the present reaction

conditions provide a straightforward approach to the preparation
of phosphorylated heterocycles, which have numerous applica-
tions in organic synthesis and material science.
To initiate the study, acetophenone oxime 1a and Ohira-

Bestman’s diazophosphonate 2a were selected as model
substrates to screen the reaction parameters. After performing
a few optimization experiments, we were pleased to find that the
reaction proceeded very well to give 3a in 95% yield, using 2.0
mol % of the [IrCp*Cl2]2 and 8.0 mol % of AgNTf2 in methanol
at 30 °C (Scheme 1). The effect of solvent is found to be very
crucial for the reaction, and methanol is found to be the best
solvent (see the Supporting Information for a detailed
optimization table). Interestingly, under similar conditions, a
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Scheme 1. Isoquinoline N-Oxide Synthesis
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[Cp*Rh(III)] catalytic systemwas found to be less efficient (55%
crude yield).
With the optimized reaction conditions in hand, we next

examined the substrate scope of this transformation (Scheme 2).

Substrates bearing both electron-donating groups (3b, 3c) and
electron-withdrawing groups (3d−3g) were compatible in this
transformation and provided the corresponding N-oxide
products in excellent yields. Next, the scope of the reaction
was extended to benzaldehyde oxime derivatives. We were
gratified to observe that not only benzaldehyde oxime 3h but also
substrates with electron-donating substituents 3i−3j and
electron-withdrawing substituents 3k−3m were found to be
compatible and provided the requisite N-oxide products in
excellent yield. The reaction with substrates bearing substitution
at meta (3l) and ortho (3m) positions were found to be sluggish
under standard reaction conditions. However, the reaction yields
could be increased to considerable amounts upon increasing the
reaction temperature to 60 °C. Further, the effect of substitution
on the methyl side of acetophenone oxime was studied. For
instance, the reaction of oximes derived from acetophenone
(2n), benzophenone (2o), and α-tetralone (2p) provided the
cyclized products 3n, 3o, and 3p, respectively, in excellent yields.
However, reaction with vinyl and alkenyl oxime substrates was
found to be very sluggish under the present conditions.

After successful conversion of aryloximes to isoquinoline N-
oxide derivatives, we studied the feasibility of heteroaryloxime
derivatives. We were pleased to see that the reaction of 1-(furan-
2-yl)ethanone oxime with 2a under standard reaction conditions
gave the desired product 4a in 92% yield (Scheme 2). Similarly,
other heteroaromatic oximes derived from N-methylpyrrole
(4b), benzofuran (4c), and benzothiophene (4d) were found to
be compatible under these conditions. Additionally, the structure
of 4c was confirmed by X-ray crystallographic analysis.
With the established oxime scope in hand, we then explored

the substituent effect on the diazo compound by changing the
carbonyl substituent. Surprisingly, with treatment of dimethyl(1-
diazo-3-methyl-2-oxobutyl)phosphonate, only the alkylated
product 5 was observed in excellent yield, without further
cyclization (Scheme 3). Likewise, the cyclopropyl-substituted

diazo compound gives exclusively the alkylated product 6 in high
yield. The molecular structure of 6 was unambiguously
established with the help of single-crystal X-ray structural
analysis. At this stage, we hypothesized that maybe the higher
energy barrier for the keto−enol isomerization is the reason for
the isolation of the alkylated products and presumed that the
increase in the reaction temperature is required to push the
reaction to the final cyclized products. In fact, when the reaction
was carried out at 60 °C, the cyclized N-oxide product 7 was
obtained as the major product (70%) along with minor amount
of alkylated products. This observation concludes that the overall
reaction proceeds via alkylation followed by cyclization to give
the isoquinoline N-oxide product. When phenyl-substituted
diazo compound was used under standard conditions, only the
cyclized product 8 was obtained in poor yield, maybe due to the
steric bulkiness of the diazo compounds.
To further extend the generality of our reaction, the diazo

compound without a phosphonate group was screened to afford
various 4-substituted isoquinoline N-oxide (Scheme 3). The
reaction of 3-diazopentane-2,4-dione occurred smoothly with
both acetophenone oxime and benzaldehyde oxime to furnish
desired N-oxide products 9a and 9h, respectively, in very good
yield. Similarly, reaction of ethyl-2-diazo-3-oxobutanoate with 1a

Scheme 2. Substrate Scope of (Hetero)Aryl Oximea

aIsolated yields are given. bReaction carried out at 60 °C.

Scheme 3. Scope of α-Diazocarbonyl Compoundsa

aIsolated yields are given. bReaction carried out at 60 °C.
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gave the desired product 10 in 80% yield. Sterically bulky ethyl-2-
diazo-3-oxo-3-phenylpropanoate gave product 11 in poor yields.
When the reaction was performed with sterically unsymmetrical
2-diazo-1-phenylbutane-1,3-dione, cyclization occurred exclu-
sively with the less sterically hindered carbonyl group to give 12
in good yields. Similarly, cyclic diazocarbonyl compounds like 2-
diazocyclohexane-1,3-dione and 2-diazo-5,5-dimethylcyclohex-
ane-1,3-dione were found to be very efficient coupling partners
to afford the corresponding tricyclic products 13 and 14 in
excellent yield. However, 2-diazo-1-(piperidin-1-yl)butane-1,3-
dione having an amide functionality was found to be an
ineffective diazo source under the present conditions.
To shed light on the synthetic applicability of the N-oxide

products, selected N-oxides were subjected to further function-
alization (Scheme 4). For example, refluxing compound 9h with

4-(dimethylamino)phenylboronic acid in DMSO gave the
corresponding 1-arylated product 15 in good yield.14 Selective
acetoxylation of the C1-methyl of 3a was achieved by refluxing
with acetic anhydride to get product 16 in quantitative yield.15

Further reduction of the N−O bond of 3a using Zn and NH4Cl
gave the isoquinoline product 17 in good yields.16

To gain more mechanistic insight, we carried out several
preliminary mechanistic experiments. A notable deuterium
scrambling was observed when the reaction was performed in
CD3OD in the absence of diazo compound, indicating the
reversibility of the C−H activation step. Performing the same
reaction in the presence of 2a, after 12 h of reaction, 3e was
isolated in 93%. Analysis of 3e by 1H NMR and ESI-MS showed
no deuterium incorporation of the ortho proton (see the
Supporting Information), suggesting the C−C bond formation
to be significantly faster than the back reaction of the C−H
activation step.17 A relatively low value of primary kinetic isotope
effects (KIE) was measured in parallel experiments (KIE = 1.43)
and intramolecular competition reaction (KIE = 1.67). Although
it is not convincing at the present stage, these KIE values indicate
that the C−H bond cleavage may not be the rate-limiting
stage.12,18 After treatment of 2a with [IrCp*Cl2]2 and excess
silver trifluoroacetate in 1,2-dichloroethane, a stable cyclo-
metalated Ir(III) complex (18) was obtained, initially assumed to
be monomeric Ir(III) complex.19 The complex alone catalyzes
the reaction without any Ag additives to give 95% of 3a, which
indicates the relevancy of C−H activation. X-ray crystallography
analysis of the complex revealed that the complex contains two
iridacycles connected through a dimeric silver bridge, as shown in
Scheme 5a. To the best of our knowledge, this is the first isolation

of such types of bimetallic Ir complexes, which can catalyze the
C−H activation very efficiently. Further, 18 was used as the
catalyst for selected (hetero)aryloximes to furnish 3j and 4d in
good to excellent yields (Scheme 5b).
Based on the above observed data and precedent literature

reports,9,13,20 a mechanistic pathway is proposed in Scheme 6.

The first step is the generation of a cationic Ir(III) species from
the [IrCp*Cl2]2 with AgNTf2 additive, which facilitates the key
C−H bond activation to afford a five-membered iridacyclic
intermediate I. The diazonium intermediate II may form by the
coordination of the diazo compound with I. Generation of the
carbene intermediate III is assumed to take place before the
subsequent migratory insertion of carbene to the C−Ir bond,
leading to IV.20 Alternatively, intramolecular 1,2-migratory
insertion of the aryl group would give IV.13 Next, protonolysis
of IV delivers the alkylated product V, which is supposed to be in
equilibrium with the corresponding enol intermediate VI.
Finally, intermediate VI undergoes dehydration either via 6π
electrocyclization or nucleophilic cyclization to give the desired
product.9

In summary, we have developed an Ir(III)-catalyzed mild and
external oxidant-free approach for the synthesis of isoquinoline

Scheme 4. Synthetic Application of N-Oxide Products

Scheme 5. Synthesis of Complex 18 and Its Catalytic Activity

Scheme 6. Proposed Catalytic Pathway
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and heretoaromatic-fused pyridine N-oxide derivatives. In
addition, the present protocol provides a straightforward
approach for the synthesis of phosphorylated heterocycles, an
important structural feature in organic synthesis and material
chemistry. During the course of the mechanistic investigations,
we isolated a rare dimer of bimetallic species containing two
iridacyclic units, which catalyzes the reaction without any
additives. Further studies on the dimeric Ir complex and studies
to expand this methodology for the synthesis of pyridineN-oxide
derivatives are currently underway in our laboratory.
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ABSTRACT: A biosynthetic gene cluster similar to that for
andrastin A (1) was discovered in Emericella variecolor NBRC
32302. Ctr-P450, a cytochrome P450 uniquely present in the
cluster, was coexpressed with the andrastin A biosynthetic
genes, leading to the production of the antifeedant agent
citreohybridonol (4), along with four new andrastin
derivatives. The results revealed the unusual multifunctionality of Ctr-P450 and indicated that this approach can be applied
for further natural product diversification.

The most remarkable and important feature of natural
products is their structural diversity, as this contributes to

their wide range of biological properties. The fungal
meroterpenoids are a representative class of natural products
with diverse structures and bioactivities,1,2 and especially, those
synthesized via the aromatic polyketide, 3,5-dimethylorsellinic
acid (DMOA), include numerous compounds, often with
intriguing molecular architectures. The biosynthetic gene
clusters and complete biosynthetic pathways of four DMOA-
derived meroterpenoids, namely, terretonin, austinol, anditomin,
and andrastin A, have been reported.3−10 With the accumulation
of genomic data of many fungal strains, gene clusters including a
putative DMOA synthase can now be found in several publicly
available genomes, suggesting that functional analyses and
manipulations of these gene clusters will lead to the production
of novel natural products.
Andrastin A (1), isolated as an inhibitor of the Ras

farnesyltransferase,11−13 is biosynthesized by nine dedicated
enzymes encoded by the adr cluster in Penicillium chrysogenum.10

In the biosynthetic process, the nonreducing polyketide synthase
(NR-PKS) AdrD forms the aromatic compound DMOA. This is
followed by the farnesylation, methyl esterification, epoxidation,
and cyclization catalyzed by the prenyltransferase AdrG, the
methyltransferase AdrK, the flavin-dependent mono-oxygenase
AdrH, and the terpene cyclase AdrI, respectively. Subsequently,
andrastin E (2), the tetracyclic intermediate generated thereby,
undergoes tailoring reactions performed by four enzymes: 2 is
converted into 1 by the short-chain dehydrogenase AdrF, the
ketoreductase AdrE, the acetyltransferase AdrJ, and the
cytochrome P450 mono-oxygenase AdrA (Figure 1A).
Interestingly, many meroterpenoids possessing the same

scaffold as andrastins have been isolated but modified further
or in a different manner. These molecules include citreohy-
bridonol (4),14 citreohybridones,15−17 isocitreohybridones,16−19

citreohybriddiones,18,20 and atlantinones21,22 (Figure 1B), and
some of these compounds reportedly exhibit antifeedant and
insecticidal activities. Considering their biological activities,
biosynthetic analyses or engineering of natural products with

the andrastin scaffold could facilitate the development of new
pharmaceuticals or agrochemicals. In this study, we found a gene
cluster that is similar to the adr cluster and demonstrated that a
cytochrome P450 mono-oxygenase encoded by the cluster (Ctr-
P450) is responsible for the transformation of 1 into 4.
Significantly, four new metabolites were also obtained by the
introduction of this single P450 to the production system of 1.
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Figure 1. (A) Biosynthesis of andrastin A (1). (B) Structures of selected
fungal meroterpenoids with the andrastin scaffold.
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In our previous study on the biosynthesis of anditomin, we
performed the whole genome sequencing analysis of Emericella
variecolor NBRC 32302.9 Interestingly, we found that the fungus
possesses another gene cluster that might be responsible for
meroterpenoid biosynthesis, which consists of 11 ORFs (Figure
2 and Figure S1, DDBJ/EMBL/GenBank accession number

LC102187). Although the cluster does not encode a PKS, which
is typically found in biosynthetic gene clusters for polyketide-
derived meroterpenoids, the products from 8 out of the 11 genes
are highly similar to those encoded by the adr cluster10 (43−69%
identity with each corresponding enzyme). Intriguingly, two of
the three additional enzymes are homologous to DyP-type
peroxidase (PO) and galactose oxidase (GO), respectively,
which have never been found in the previously characterized
gene clusters for fungal meroterpenoids. The remaining protein
is a putative cytochrome P450 mono-oxygenase, which is
somewhat similar to AdrA and the other P450 encoded by the
cluster (∼45% identity). It should be noted that P. chrysogenum
encodes a highly homologous protein with this putative P450
(Pc16g00090, 65% identity), but the gene is located outside the
adr cluster, and its function has yet to be elucidated. Collectively,
we reasoned that the cluster could synthesize an oxidized
derivative of 1.
To analyze the functions of the three proteins, their genes were

introduced and heterologously expressed in theAspergillus oryzae
NSAR123 transformant harboring adrF, E, J, and A, which was
constructed in our previous work.10 The transformant was
cultivated in the presence of 2, and the metabolites were analyzed
by HPLC. While the control strain without the additional genes
produced 1 and 3, the seven-gene expression system gave the
major product 4, which was not observed in the control
transformant (Figure 3A, lanes i and ii). The molecular formula
of 4 was deduced to be C28H36O8, based on the HR-EI-MS
analysis, and therefore, 4 is 14 Da larger than 1, with the
molecular formula C28H38O7. After large-scale cultivation, 4 was
purified, isolated, and then subjected to NMR analyses. The 1H
NMR spectrum of 4 was indeed similar to that of 1 but revealed
the disappearance of the signal derived from the aldehyde proton
and the presence of an oxymethine signal at 4.85 ppm. Further
2DNMR spectral analyses illuminated the lactone ring formation
between the C-6 and C-23 positions and revealed the complete
structure of 4, which was found to be a known natural product,
citreohybridonol14 (Figure 3B, Table S3, and Figures S7−S12).
To clarify the contributions by the three proteins to the

generation of 4, six-gene expression systems lacking one of the
three genes were constructed and incubated with 2. As a result, 4
was obtained from the strains expressing the P450/PO or P450/
GO, but 4 was not produced in the transformant with PO/GO,

which lacked the P450 (Figure S3). These observations clearly
indicated that the PO and GO are not involved in the formation
of 4, and that the addition of the P450 is sufficient for the
synthesis of 4. To further confirm this hypothesis, the five-gene
expression system lacking both the PO and GO was constructed.
As expected, the transformant successfully converted 2 into 4
(Figure 3A, lane iii), which ruled out the possibility that the PO
or GO participates in the biosynthesis of 4. The P450 was hereby
named Ctr-P450.
In the course of analyzing the metabolites produced by both

the seven and five-gene-expressing transformants, we realized
that four other minor products (5−8) were also produced
(Figure 3A, lanes ii and iii). All four compounds were isolated
and characterized by MS and NMR analyses (Figure 3B, Tables
S4−S7, and Figures S13−S36), and we found that none of them
was previously described and they did not seem to be derived
from 1, suggesting that Ctr-P450 works before the reaction by
the other P450 AdrA. Compound 5 is an oxidized form of
andrastin C (9) with a 6α-hydroxyl functionality and thus was
designated as 6α-hydroxyandrastin C. The structure of 6, which
was named 23-deoxocitreohybridonol, was somewhat surprising
since it has an ether linkage between C-6 and C-23 and is
apparently derived from the direct oxidation of 5. Compound 7,
named dihydrocitreohybridonol, is the hydroxylated form of 6
containing a hemiacetal moiety, while 8 was found to be the 6α-
hydroxyl derivative of andrastin B (3).
Since the isolation of the above-described molecules evoked

the question of the intermediacy of these compounds in
citreohybridonol biosynthesis, we then sought to elucidate the
pathway leading to 4 and to obtain deeper insight into the Ctr-

Figure 2. Schematic representation of the ctr (adr′) cluster and the adr
cluster. Hashed lines indicate each corresponding gene in the other
cluster.

Figure 3. Biotransformation of andrastin E (2). (A) HPLC chromato-
grams of metabolites derived from A. oryzae transformant incubated
with 2: transformants harboring (i) adrF + E + J +A; (ii) adrF + E + J +A
+ ctr-P450 + PO +GO; (iii) adrF + E + J +A + ctr-P450; (iv) adrF + E + J
+ ctr-P450. (B) Structures of compounds 4−8 isolated in this study. The
chromatograms were monitored at 254 nm.

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b03465
Org. Lett. 2016, 18, 296−299

297



P450-catalyzed reactions. First, we constructed the transformant
with four genes, adrF, adrE, adrJ, and ctr-P450, to investigate
whether the P450 AdrA was essential. The four-gene expression
system without adrA transformed 2 into 6α-hydroxyandrastin C
(5) and 23-deoxocitreohybridonol (6), but the production of 4
was not observed in this strain (Figure 3A, lane iv). This
confirmed that AdrA is indispensable for the citreohybridonol
synthesis and indicated that Ctr-P450 accepts 9 as a substrate to
perform C-6 α-hydroxylation and heterocyclization. Subse-
quently, bioconversion experiments using only Ctr-P450 or
AdrA were performed to reveal the roles of each P450. Single-
gene-expressing transformants harboring one of the two P450
genes were constructed and cultivated in the presence of one of
the obtained compounds. In the experiments with Ctr-P450, 1
and 3 were efficiently converted into 4 (Figure S4). In contrast, 5
was only transformed to 6, and dihydrocitreohybridonol (7) and
6α-hydroxyandrastin B (8) remained unconverted (Figure S4).
The other P450, AdrA, transformed 5 and 6 into 8 and 7,
respectively (Figure S5), which were not accepted by Ctr-P450
as substrates, as mentioned above. Consistently, the bioconver-
sion tests with 7 and 8 confirmed that these molecules are not
further oxidized by AdrA (Figure S5). Taken together, only 1 and
3 can be incorporated into the biosynthetic line of 4, and none of
the four new compounds isolated in this study is a pathway
intermediate for 4 (Scheme 1).
Although 1 was proved to be the precursor of 4, some

ambiguity still remained in the biosynthetic route between 1 and
4, as we were not able to isolate any intermediate for this
conversion. However, if Ctr-P450 hydroxylates the C-6 position
of 1, the resulting product would be converted to the hemiacetal
7 that cannot be further transformed into 4, and therefore, the
occurrence of the C-6 hydroxylation of 1 seems unlikely.
Consistently, 7 was not detected in the bioconversion of 1 with
Ctr-P450. Thus, one of the plausible explanations would be that
Ctr-P450 initially oxidizes C-23 of 1 to yield the corresponding
carboxylic acid 10 and then hydroxylates the C-6 position to give
11, which could spontaneously undergo lactonization to provide
4, as seen in gibberellin biogenesis24 (Scheme 1).

It should be emphasized that the introduction of a cytochrome
P450 to the already established system led to the generation of
five additional metabolites, including four novel molecules. In
terms of biosynthetic mechanisms, the multifunctionality of Ctr-
P450 is noteworthy, and the ether bridge formation to yield 6
from 9 is especially interesting because this reaction represents a
rare example in which a single P450 catalyzes both hydroxylation
and heterocyclization. A similar reaction is catalyzed in aureothin
biosynthesis, in which the P450 AurH initially hydroxylates the
allylic methylene and then forms a THF moiety with the allylic
methyl group,25 and therefore, ether formation by Ctr-P450
should proceed in a manner resembling that proposed for AurH
(Figure S6). The reaction by Ctr-P450, however, differs in that
the enzyme oxidizes an aliphatic methylene/methyl to generate
the THF ring. Additionally, although P450-catalyzed ether
linkage formation is commonly seen in the biosynthesis of fungal
meroterpenoids, such as indole diterpenoids,26,27 Ctr-P450
seems to be the first example of the generation of the ether
bridge by the utilization of a methyl group in the fungal natural
product pathways.
Combinatorial biosynthesis approaches have been widely

utilized to create natural product analogues and are considered to
be a promising methodology to afford novel drug leads.28 As
demonstrated in this study, DMOA-derived meroterpenoids are
a good starting point to perform combinatorial biosynthesis since
several gene clusters for these compounds have been identified
and many others will soon be available in this postgenomic era.
Unfortunately, we could not detect the PO and GO activities
encoded by the ctr cluster, but this could be attributed to the
possibility that the cluster might be a dead or inactive cluster with
manymutations. This hypothesis is supported by the fact that the
cluster lacks a PKS gene and that no andrastin-like molecule has
been isolated from Aspergillus (or Emericella) variecolor. Quite
interestingly, gene clusters similar to the adr or ctr cluster, with
putative PO and GO genes, are also present in several publicly
available genomes, such as those of P. expansum ATCC 24692, P.
camemberti FM 013, and P. fellutanum ATCC 48694 (Figure S2).
The cluster from P. expansum is quite similar to the adr cluster, in
terms of the gene organization, but contains additional PO and

Scheme 1. Proposed Biosynthetic Mechanism of Citreohybridonol (4) and New Andrastin Analogues (5−8)
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GO genes homologous to those found in the ctr cluster, as well as
another PO gene that is less similar to that in the ctr cluster. Two
PO and one GO gene sets are also present in the cluster from P.
camemberti, but the cluster does not encode the homologous
enzymes to AdrF, E, and J, which are responsible for the C-3
epimerization and acetylation. The absence of the genes for the
C-3 modifications is similarly observed in the cluster from P.
fellutanum, and the cluster possesses only one PO gene. Thus, the
clusters from P. camemberti and P. fellutanum might produce
andrastin-like molecules without C-3 epimerization, such as
atlantinones.21,22 Combinatorial biosynthesis with the aid of the
gene products derived from the above-described clusters could
provide new andrastin derivatives, perhaps with improved
biological activities.
In conclusion, we have derivatized the andrastin scaffold into

five compounds with Ctr-P450, using an A. oryzae heterologous
expression system. We believe that this simple approach will be
applicable not only to obtain further new andrastin analogues but
also to derivatize different classes of fungal metabolites, which
will definitely lead to the expanded diversity of natural products.
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ABSTRACT: A well-defined nonprecious metal cobalt(II)
catalyst based on a pincer PNP ligand has been employed for
the efficient N-alkylation of both aromatic and aliphatic amines
with alcohols. A subtle change of reaction conditions (simply
adding 4 Å molecular sieves) was observed to readily switch
the resulting products (amines vs imines) with high chemo-
selectivity. A range of alcohols and amines including both
aromatic and aliphatic substrates were efficiently converted to
secondary amines in good-to-excellent yields when 2 mol %
cobalt catalyst was used. Additional experiments indicate that a
hydrogen-borrowing mechanism is responsible for the tandem
acceptorless dehydrogenation/condensation/hydrogenation
process.

Precious metal (Ru, Ir, Pd, etc.) catalysis has been involved in
most crucial organic transformations to date, including

some C−C and C−N bond-forming reactions.1 High catalytic
activity and turnover frequencies have been achieved by using
such precious metal catalysts.1 However, the scarcity, cost, and
toxicity of precious metals can be problematic, making them less
attractive for widespread and large-scale commercial applications
in industry. In recent decades, the replacement of precious metal
catalysts with earth-abundant element alternatives has become a
focused research theme, in consideration of “greener” and more
sustainable chemistry for the future.2 Significant progress has
been made in the development of homogeneous base metal (Fe,
Co, Ni, etc.) catalysts,3,4 although major challenges remain as the
first-row transition metals tend to undergo one-electron changes
in oxidation state and radical reactions, which has limited their
applications as catalysts.
The catalytic N-alkylation of amines with alcohols provides a

green and atom-economic pathway for the synthesis of
substituted amines that have important synthetic applications
in pharmaceutical chemistry.5−7 Precious metal Ir- and Ru-
catalyzed amine alkylation by alcohols has been previously
reported by several groups.8−10 In these examples, a “hydrogen-
borrowing” mechanism has been proposed that involves three
successive steps, i.e., acceptorless dehydrogenation of alcohols,
imine formation, and the hydrogenation of imines using the
hydrogen equivalents generated from the previous dehydrogen-
ation step.11 Despite such advances, well-defined molecular
catalysts composed of earth-abundant metals for direct amine
alkylation remain extremely scarce to date.12−14 The only
homogeneous catalyst system involving a CoII complex that
catalyzed N-alkylation of aromatic amines by alcohols was
reported very recently but required the use of a strong base

(potassium tert-butoxide).14 Therefore, the discovery of new
molecular catalysts based on nonprecious metals enabling this
type of reaction is still highly desirable.
Recently, we have observed that an ionic cobalt(II) alkyl

complex [(PNHPCy)Co(CH2SiMe3)][BAr
F
4] (2, Scheme 1)

built on a pincer-type PNP ligand carries out hydrogenation
reactions as a precatalyst under mild conditions and at low H2
pressure (1−4 atm).15−18 The catalyst was found to be versatile
for the highly efficient reduction of a broad range of chemicals
including alkenes, aldehydes, ketones, and imines15,16 and the
transfer hydrogenation of a variety of polar double bonds,
indicating great potential of cobalt in replacing precious metal
hydrogenation catalysts.17 Furthermore, it was revealed that the
same cobalt complex catalyzed the acceptorless dehydrogenation
of alcohols as well as the formation of imines from alcohols and
amines upon heating a toluene solution of both substrates in the
presence of in situ formed catalyst 2 (Scheme 2).18 The capability
of cobalt 2 in catalyzing acceptorless dehydrogenation has been
further established by the Jones group very recently.19 During the
course of cobalt-catalyzed imine formation from alcohols and
amines, we noticed that in a few cases reduced imines (amines)
were formed as byproducts in less than 10% yield. We envisaged
that a hydrogenation process of imine in the same catalytic
system should have occurred and that it might be possible to
switch the major products from imines to amines by altering the
reaction conditions. Indeed, after many attempts, we were
pleased to find that by simply adding 4 Å molecular sieves (MS)
to the same reaction system the selective formation of
monoalkylated amines occurred in high yields (Scheme 2).
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Therefore, we present herein the versatile cobalt complex
catalyzed direct N-alkylation of various amines with alcohols,
highlighting the importance of homogeneous earth abundant
cobalt catalysts in C−N bond coupling reactions that involve a
hydrogen-borrowing mechanism.
Several related cobalt complexes (1−6, Scheme 1) previously

reported were first screened for the reaction between benzyl
alcohol and aniline (1.2 equiv) in toluene at reflux in a 100 mL
Schlenk tube with added 4 ÅMS, and the results are summarized
in Table 1. It was quite delightful to observe that when 2 (2 mol
% based on alcohol, generated in situ by the reaction of 1 and
H[BArF4]·(Et2O)2) was used as a catalyst, the desired N-
alkylated amine 9a was detected in 98% GC yield and the imine
byproduct was largely suppressed to only a trace amount, while
neutral complex 1 did not favor the formation of 9a (entries 2
and 3, Table 1). However, in the latter case, the formation of an
imine product in 12% yield was confirmed by GC analysis. In
contrast, a control experiment in the presence of 4 ÅMS, without
the addition of a cobalt catalyst, gave no reaction at all (entry 1).
In addition, changing the substituent (phenyl group vs
cyclohexyl group) on the phosphorus atom of the PNP ligand
(3) or the counteranion (4, BPh4

− instead of BArF4
−) resulted in

lower yields of 9a (entries 4 and 5), and adding a methyl group
on the nitrogen atom of the ligand (5) also affected the reactivity
(entry 6). Interestingly, the cobalt(III) complex 616 was found to
be an active catalyst as well, displaying comparable catalytic

efficacy to the cobalt(II) catalyst 2 (entry 7). Two new cobalt(II)
dihalide complexes (7 and 8, see the SI) were also examined
under the same conditions, yet no significant catalytic activity was
detected (entries 8 and 9). Other solvents including THF, 1,4-
dioxane, and fluorobenzene were tested using 2 (2 mol %) as a
catalyst, but only inferior results were obtained (entries 10−12).
Furthermore, lowering the reaction temperature drastically
decreased the yield of 9a, and reducing the volume of the
reaction vial to 50 mL also suppressed the formation of the
product (entries 13 and 14). Finally, it was found that the use of
only 1 mol % of 2 also afforded the desired product in 78% GC
yield (entry 15). Remarkably, no basic additives were required
for the highly selective formation by using the active catalyst 2, in
sharp contrast to the previously reported Co(PN5P) precatalyst,
where the presence of an excess amount of strong base,
potassium tert-butoxide, was necessary for good catalytic
performance.14

Having established the optimal catalytic conditions for the
effective N-alkylation of aniline with benzyl alcohol, we sought to
apply this methodology to other substrates, i.e., various alcohols
and amines. First, we tested the reactions of benzyl alcohol with
various aniline derivatives under standard reaction conditions (2
mol % of 2 and 4 Å MS in toluene at reflux), and the products
were isolated by silica gel column chromatography after workup.
The results are listed in Table 2. It was observed that electron-
donating substituents such as isopropyl and methoxy groups in
the ortho- or para-position of aniline favored the formation of sec-
amine products, and 9b−d were isolated in excellent yields
(entries 2−4, Table 2). In contrast, para-substituents on aniline
with electron-withdrawing groups led to slightly lower yields, and
in the case of 4-fluoroaniline, 4% imine as a byproduct was
observed on the basis of GC analysis (entry 5, Table 2). Next, we
investigated the reactions of substituted benzylic alcohols with

Scheme 1. Cobalt Complexes Studied for Catalytic N-
Alkylation

Scheme 2. Comparison of Distinct Product Selectivities in
Cobalt-Catalyzed C−N Bond Formation

Table 1. Screening of Reaction Conditions for the Selective N-
Alkylation of Aniline by Benzyl Alcohola

entry catalyst solvent yieldb (%)

1 no toluene 0
2c 1 toluene 0
3 2 toluene 98
4 3 toluene 55
5 4 toluene 85
6 5 toluene 81
7 6 toluene 97
8 7 toluene 2
9 8 toluene 4
10 2 THF 45
11 2 1,4-dioxane 66
12 2 fluorobenzene 51
13d 2 toluene 49
14e 2 toluene 45
15f 2 toluene 78

aConditions: benzyl alcohol (0.5 mmol), aniline (0.6 mmol), cobalt
catalyst (2 mol %), 4 Å MS (0.5 g), and solvent (4 mL) refluxed in a
100 mL Schlenk tube, 48 h. bDetermined by GC with
hexamethylbenzene as internal standard. c12% imine was observed.
dReaction run at 80 °C. eReaction run in a 50 mL Schlenk tube. f1 mol
% of 2 was used.
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aniline. It was noticed that strongly electron-donating 4-
methoxy-derived benzylic alcohol was an excellent substrate for
the reaction, affording the corresponding product 9h in 90%
yield (entry 8, Table 2), while electron-withdrawing substituents
on the benzylic alcohol slightly decreased the yield of the desired
sec-amine products, yet concomitant with the observation of 15%
imine byproduct (entry 9). 2-Phenylethanol was also a suitable
substrate, giving the desired sec-amine 9j in reasonable yield,
although a minor imine product was also detected (entry 10).
Interestingly, several aliphatic alcohols also underwent the N-
alkylation reactions with aniline smoothly, affording the desired
products in high yields (entries 11−14). In addition, aliphatic
amines were found to be suitable substrates for N-alkylation with
alcohols including benzylic alcohol and aliphatic alcohols
(entries 15−18). For instance, both 2-phenylethylamine and
sec-butylamine reacted effectively with benzyl alcohol to provide
the corresponding products in 82% and 93% yield, respectively,
although minor imine byproducts were also present in the
resulting reaction mixtures. Moreover, direct N-alkylation
occurred between aliphatic alcohols and 4-fluorobenzylamine
or 1-hexylamine producing, in the latter case, a sec-amine with a
long alkyl chain in good yield. The good substrate scope
involving aliphatic amines observed here is remarkable as, to the
best of our knowledge, such substrates were only previously
employed in an iron complex catalyzed N-alkylation through the
hydrogen-borrowing process.13

Encouraged by the above findings on a wide substrate scope
for the alkylation of amines by alcohols, we performed additional
experiments to further assess the ability of cobalt catalyst 2 to
promote the reactions of other types of substrates. First, it was
noted that m-diaminobenzene (0.5 mmol) could also be
alkylated with benzyl alcohol (2.0 equiv), and the bis-alkylation
product 9s was isolated in 87% yield under standard conditions

(Scheme 3). Second, when cyclohexanol, a secondary alcohol
that was not previously utilized in the N-alkylation reaction, was

used to react with aniline under the optimal conditions, a mixture
of amine, imine and ketone was detected after 48 h, with the
expected N-cyclohexylaniline being the major product (48% GC
yield, Scheme 4). Despite modest selectivity and yield, this result

further indicates the exceptional catalytic activity of the CoII

complex 2, which certainly deserves further investigation in the
future. Finally, tert-butanol and phenol were tested for the
reactions with aniline and, as expected, no coupling reactions
were detected, which is consistent with a pathway involving
initial alcohol dehydrogenation and supports the hydrogen-
borrowing mechanism for the current cobalt-catalyzed N-
alkylation reaction (Scheme 5).

In summary, we have here reported on the selective, direct N-
alkylation of both aromatic and aliphatic amines by alcohols
catalyzed by a base metal cobalt complex under base-free
conditions. The cobalt complex proved to be versatile for both
dehydrogenation and hydrogen-transfer reactions by slightly
changing the reaction conditions (adding molecular sieves). Our
efficient cobalt-catalyzed (2 mol % catalyst loading) N-alkylation
can be applied to a wide range of substrates, including even
secondary alcohols and aliphatic amines that were scarcely
addressed previously. This represents a new breakthrough in
cobalt-based catalysis in relation to sustainable chemical
synthesis and has implications for future catalyst design based
upon earth-abundant elements.
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Table 2. Substrate Scope of the N-Alkylation Reactions of
Different Amines by Alcoholsa

entry alcohol (R1 =) amine (R2 =) yieldb (%)

1 C6H5 C6H5 94 (9a)
2 C6H5 4-iPr(C6H4) 90 (9b)
3 C6H5 4-MeO(C6H4) 96 (9c)
4 C6H5 2-MeO(C6H4) 95 (9d)
5 C6H5 4-F(C6H4) 82 (9e), 4% imine
6 C6H5 4-Cl(C6H4) 80 (9f)
7 4-Me(C6H4) C6H5 84 (9g), 13% imine
8 4-MeO(C6H4) C6H5 90 (9h)
9 4-F(C6H4) C6H5 80 (9i), 15% imine
10 (C6H4)CH2 C6H5 74 (9j), 14% imine
11 propyl C6H5 91 (9k)
12 isopropyl C6H5 96 (9l)
13 pentyl C6H5 90 (9m)
14 heptyl C6H5 95 (9n)
15 C6H5 (CH2)2C6H5 82 (9o), 11% imine
16 C6H5 2-butyl 93 (9p), 2% imine
17c pentyl 4-fluorobenzyl 75 (9q)
18c heptyl 1-hexyl 86 (9r), 6% imine

aConditions: alcohol (0.5 mmol), amine (0.6 mmol), cobalt catalyst 2
(2 mol %), 4 Å MS (0.5 g), and toluene (4 mL) at reflux in a 100 mL
Schlenk tube, 48 h. bIsolated yields. cYields determined by GC
analysis.

Scheme 3. N-Alkylation of 1,3-Diaminobenzene with Benzyl
Alcohol

Scheme 4. Reaction of Cyclohexanol and Aniline Catalyzed by
2

Scheme 5. Reactivity Test of tert-Butyl Alcohol or Phenol with
Aniline
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ABSTRACT: A manganese- and borane-mediated synthesis of isobenzofur-
anones from esters and oxiranes is developed. The reaction proceeded at
aromatic, heteroaromatic, and olefinic C−H bonds with high functional group
tolerance. This is the first example of a manganese-catalyzed C−H
transformation using an oxygen-directing group. Triphenylborane played an
important role in this reaction to cooperatively promote the annulation
reaction. Kinetic isotope effect experiments revealed that C−H bond
activation of the aromatic rings was the rate-determining step.

Reactions for second- and third-row transition-metal-
catalyzed C−H transformations have been reported over

the past several decades.1 Examples of first-row transition-metal-
catalyzed C−H transformations,2 especially manganese-cata-
lyzed reactions,3,4 however, remain rare. In 2007, we reported a
manganese-catalyzed insertion of aldehydes into a C−H bond of
aromatic compounds, which was the first example of a
manganese-catalyzed C−H transformation.3a,b Since 2013,
manganese-catalyzed C(sp2)−H transformations in which the
addition of catalytic amounts of secondary amine is essential have
been reported by Wang and co-workers.3c−e Recently,
Ackermann et al. reported manganese-catalyzed synthesis of
cis-β-amino acid esters via C−H bond activation,3f and Lei and
Li’s group reported a manganese and Brønsted acid catalyzed
synthesis of substituted alkenylindoles.3g All of these trans-
formations utilized nitrogen-directing groups.
In 2008, Nakao and Hiyama et al. reported nickel-catalyzed

C−H alkenylation of pyridines.5a In this reaction, a zinc or
aluminum cocatalyst cooperatively activates the pyridine
substrates and facilitates the C-2 selective alkenylation of
pyridine derivatives. Cooperative catalytic systems have also
been applied to other C−H transformations.5 Cooperative
catalysts have high potential to enable newC−H transformations
that could not be achieved by single catalytic systems.
Recently, we reported a palladium-catalyzed C−H alkylation

of N-methoxybenzamides using oxiranes to give 3,4-dihydro-
isocoumarins.6,7 In the course of our studies to develop
manganese-catalyzed C−H transformations, we found that
isobenzofuranones were obtained by reactions between esters
and oxiranes. The manganese-catalyzed synthesis of isobenzo-
furanones is complementary to that of 3,4-dihydroisocoumarins.
Isobenzofuranones are an important class of organic

compounds, and some exist as natural products (Figure 1).8

Therefore, various methods to synthesize isobenzofuranones
have been reported.9,10 Herein we report a manganese- and
borane-mediated synthesis of isobenzofuranones from esters and

oxiranes via C−H bond activation. In this reaction, triphenylbor-
ane was indispensable to promote the reaction. To our
knowledge, this report is the first example of an oxygen-directing
group-assisted manganese-catalyzed C−H transformation.
First, various transition metal complexes and solvents were

investigated in a reaction of methyl p-toluate 1a with styrene
oxide 2a (Table 1). In a reaction with MnBr(CO)5 and
triphenylborane, the desired isobenzofuranone 3a was not
formed (Table 1, entry 1). On the other hand, a dinuclear
manganese complex, Mn2(CO)10, and BPh3 promoted the
desired reaction, and 3a was obtained in 23% yield (Table 1,
entry 2). The yield of 3a was slightly increased when the solvent
(chlorobenzene) was changed to 1,2-dichloroethane or hexane
(Table 1, entries 3 and 4).11 The yield of 3awas further improved
by increasing the amounts of the catalyst and equivalents of 2a
(Table 1, entry 5). The reaction in a mixed solvent, 1,2-
dichloroethane and hexane (1:1), gave 3a in 78% yield (Table 1,
entry 6). The reactions did not proceed at all without the
manganese catalyst (Table 1, entry 7). The desired reaction
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Figure 1. Various naturally occurring isobenzofuranones.
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scarcely proceeded when using rhenium complexes (Table 1,
entries 8−10), but other transition metal catalysts, such as
palladium, ruthenium, and iron complexes or salts, exhibited
almost no catalytic activity (Table 1, entries 11−14).
As shown in Table 1, entry 6, the manganese/borane catalysis

gave isobenzofuranone 3a in good yield, but 3a was not formed
without addition of triphenylborane (Scheme 1).12 These results
clearly show that triphenylborane played an important role in this
transformation.

The substrate scope of aromatic esters 1 was investigated
(Scheme 2). The reaction of methyl benzoate 1b with styrene
oxide 2a provided isobenzofuranone 3b in 58% yield. Esters with
an electron-donating group, such as a methoxy, tert-butyldime-
thylsilyloxyl, or N,N-dimethylamino group, 1c−1e gave the
corresponding isobenzofuranones 3c−3e in 73%−84% yields. In
the case of methyl 4-thiomethylbenzoate 1f, the desired reaction
proceeded even in the presence of a sulfur functional group,
which could potentially act as a catalyst poison. Reactions using
methyl benzoates bearing an electron-withdrawing group, such
as a trifluoromethyl or phenyl group, afforded isobenzofuranones
3g and 3h in 40% and 66% yields, respectively. The desired
reaction also proceeded in the case of methyl benzoates 1i and 1j
with a bromine atom or methoxycarbonyl group. In these
reactions, the functional groups were tolerated under the
reaction conditions and could be used for further trans-
formations. It is notable that the reaction conditions were
applicable to a drug derivative, such as probenecid methyl ester
1k to give 3k in 48% yield. The reaction of methyl 4-

cyclopropylbenzoate 1l gave the corresponding isobenzo-
furanone 3l in 60% yield without opening the cyclopropane
ring. Methyl m-toluate 1m and methyl 2-naphthalate 1n
provided single regioisomers 3m and 3n in 59% and 52% yields,
respectively. These reactions occurred at positions with less steric
repulsion. Reaction of a sterically hindered ester with a methyl
group at the ortho-position, 1o, gave isobenzofuranone 3o in 60%
yield. Based on the results of 3b and 3o, the reaction was not
inhibited by steric hindrance. Heteroaromatic methyl ester 1p
provided 3p in 36% yield. The reaction also proceeded at the
olefinic C−Hbond, and the corresponding cyclic product 3qwas
produced in 58% yield. Notably, the reaction of highly
functionalized, biologically active esters bearing a protected
mannose or estrone moiety gave the corresponding isobenzofur-
anones 3r and 3s in 58% and 25% yields, respectively. In all
entries, difunctionalized products were not formed.
The scope of oxiranes 2 was then investigated (Scheme 3).

The desired isobenzofuranones bearing an electron-donating
group, such as a methyl or methoxy group, 4a and 4b, were
obtained in 57% and 70% yields, respectively, using oxiranes 2b
and 2c. The reactions of oxiranes with a halogen atom, 2d−2f,
gave the corresponding isobenzofuranones 4c−4e in moderate
to good yields. In these cases, the functional group remained
unchanged during the reaction. An oxirane with an electron-
withdrawing group provided 4f in 78% yield. The reaction was
not affected by steric hindrance from a substituent at the ortho-
position: oxiranes with a 2-tolyl or 1-naphthyl group produced
isobenzofuranones 4g and 4h in 58% and 70% yields,
respectively. Disubstituted oxirane, 2,2-diphenyloxirane (2i),
gave the corresponding isobenzofuranone 4i in 23% yield. In a

Table 1. Screening of Catalysts and Solvents in Reactions
between Methyl p-Toluate 1a and Styrene Oxide 2aa

entry catalyst solvent yield (%)b

1c MnBr(CO)5 chlorobenzene 0
2c Mn2(CO)10 chlorobenzene 23
3c Mn2(CO)10 1,2-dichloroethane 35
4c Mn2(CO)10 hexane 35
5 Mn2(CO)10 1,2-dichloroethane 54
6 Mn2(CO)10 1,2-dichloroethane/hexane (1:1) 78 (74)d

7 none 1,2-dichloroethane/hexane (1:1) 0
8 ReBr(CO)5 1,2-dichloroethane/hexane (1:1) 0
9 Re2(CO)10 1,2-dichloroethane/hexane (1:1) 16
10 [ReBr(CO)3(thf)]2 1,2-dichloroethane/hexane (1:1) 0
11 Pd(OAc)2 1,2-dichloroethane/hexane (1:1) 4
12 Ru3(CO)12 1,2-dichloroethane/hexane (1:1) 0
13 RuH2(CO)(PPh3)3 1,2-dichloroethane/hexane (1:1) 0
14 Fe(CO)5 1,2-dichloroethane/hexane (1:1) 0

a2a (3.0 equiv). b1H NMR yield. cCatalyst (2.5 mol %), 2a (1.5
equiv). dIsolated yield.

Scheme 1. Effect of BPh3 in Manganese-Catalyzed Synthesis
of Isobenzofuranone from Aromatic Ester and Styrene Oxide

Scheme 2. Manganese-Catalyzed Synthesis of
Isobenzofuranones 3 Using Various Aromatic and Olefinic
Esters 1a

a2a (3.0 equiv). bIsolated yield. c1H NMR yield is reported in the
parentheses. ddr = 1:1.
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reaction of 2-(tert-butyl)oxirane 2k, isobenzofuranone 4j was
unexpectedly obtained. The product must have been formed
from the reaction between methyl p-anisate 1c and form-
aldehyde, which was generated in situ via C−Cbond cleavage due
to Meinwald rearrangement of 2j.13

To clarify the importance of triphenylborane in the C−H
transformation, we investigated a reaction between methyl p-
toluate 1a and phenylacetaldehyde A under manganese/borane
catalysis in 1,2-dichloroethane/hexane at 150 °C. As a result,
isobenzofuranone 3awas produced in 20% yield (Scheme 4). On

the other hand, 3a was not formed in the absence of
triphenylborane (Scheme 4). These results clearly show that
triphenylborane played an important role in the C−H trans-
formation.
The plausible reaction mechanism for the formation of

isobenzofuranones 3 is as follows (Scheme 5): (1) oxidative
addition of methyl benzoate 1 to a manganese catalyst (C−H
bond activation); (2) isomerization of oxirane 2 to an aldehyde
under Lewis acidic conditions;14 (3) insertion of an aldehyde
into the formed manganese−carbon bond; (4) intramolecular
nucleophilic cyclization; and (5) reductive elimination and
elimination of methanol to give isobenzofuranones 3 and
regenerate the manganese catalyst. The role of triphenylborane
is still ambiguous,15 but it is clear from the results of Schemes 1
and 4 that the borane was necessary for C−H transformation
(steps 1, 3, 4, and/or 5). We also investigated stoichiometric
reactions between manganated aryl species and benzaldehyde

(eqs S1 and S2 in the Supporting Information). The results
showed that BPh3 may not be indispensable in steps 3−5, and
therefore, BPh3 may be indispensable in step 1. This is
comparable to the fact that step 1 is the rate-determining step
in this reaction (see below), and step 1 may be accelerated by
BPh3.
Kinetic studies revealed that the value of the kinetic isotope

effect, kH/kD, was 2.4 (Scheme 6, eqs 1 and 2). This result
indicates that the ortho-C−H bond activation (step 1) was the
rate-determining step of the reaction.16

In summary, we successfully developed a manganese-catalyzed
synthesis of isobenzofuranones from esters and oxiranes in
moderate to good yields with high functional group tolerance.
The reaction occurred at aromatic, heteroaromatic, and olefinic
C−H bonds. This is the first example of manganese-catalyzed
C−H transformations using an oxygen-directing group.
Triphenylborane is essential for this reaction and promoted
the reaction by cooperating with the manganese catalyst. Kinetic
isotope effect experiments revealed that C−H bond activation of
the aromatic rings is the rate-determining step. We expect that
this result will contribute to the development of C−H
transformations, and the cooperative catalytic system will
provide useful insight into synthetic organic chemistry. Further
investigation to disclose the reaction mechanism, especially the
role of the borane, is ongoing in our group.
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2388. (g) Peña-Loṕez, M.; Neumann, H.; Beller, M. ChemCatChem
2015, 7, 865. (h) Mahendar, L.; Satyanarayana, G. J. Org. Chem. 2015,
80, 7089. For a review, see: (i) Karmakar, R.; Pahari, P.; Mal, D. Chem.
Rev. 2014, 114, 6213.
(10) For synthesis of isobenzofuranones via C−H activation, see:
(a) Ueura, K.; Satoh, T.; Miura, M. Org. Lett. 2007, 9, 1407.
(b) Ackermann, L.; Pospech, J. Org. Lett. 2011, 13, 4153. (c) Shi, X.;
Li, C.-J. Adv. Synth. Catal. 2012, 354, 2933. (d) Lian, Y.; Bergman, R. G.;
Ellman, J. A. Chem. Sci. 2012, 3, 3088. (e) Nandi, D.; Ghosh, D.; Chen,
S.-J.; Kuo, B.-C.; Wang, N. M.; Lee, H. M. J. Org. Chem. 2013, 78, 3445.
(f) Tan, P. W.; Juwaini, N. A. B.; Seayad, J. Org. Lett. 2013, 15, 5166.
(g) Danoun, G.; Mamone, P.; Gooßen, L. J. Chem. - Eur. J. 2013, 19,
17287. (h) Miura, H.; Tsutsui, K.; Wada, K.; Shishido, T. Chem.
Commun. 2015, 51, 1654. (i) Warratz, S.; Kornhaaβ, C.; Cajaraville, A.;
Niepötter, B.; Stalke, D.; Ackermann, L. Angew. Chem., Int. Ed. 2015, 54,
5513. (j) Jiang, Q.; Zhu, C.; Zhao, H.; Su, W. Chem. Asian J., in press,
DOI: 10.1002/asia.201500601. (k) Bechtoldt, A.; Tirler, C.;
Raghuvanshi, K.; Warratz, S.; Kornhaaß, C.; Ackermann, L. Angew.
Chem., Int. Ed., in press, DOI:10.1002/anie.201507801.
(11) For details of investigation of other solvents and temperatures, see
the Supporting Information.
(12) For details of screening of other boron compounds, see the
Supporting Information.
(13) After the reaction, 2-methyl-2-butene was detected by GC in 93%
yield. 2-Methyl-2-butene should be generated by the Meinwald
rearrangement of 2j. For details of the migration, see Scheme S2 in
the Supporting Information.. Coxon, J. M.; Hartshorn, M. P.; Lewis, A.
J.; Richards, K. E.; Swallow, W. H. Tetrahedron 1969, 25, 4445.
(14) Oxiranes are isomerized to aldehydes under Lewis acidic
conditions; see: (a) Jung, M. E.; Marquez, R. Tetrahedron Lett. 1999,
40, 3129. (b) Angle, S. R.; White, S. L. Tetrahedron Lett. 2000, 41, 8059.
(15) We investigated NMR and ReactIR experiments to elucidate the
role of triphenylborane, but no supportive results were obtained yet.
(16) For details, see Figure S1 in the Supporting Information.

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b03474
Org. Lett. 2016, 18, 304−307

307



Silaborative Carbocyclizations of 1,7-Enynes. Diastereoselective
Preparation of Chromane Derivatives
You-Cai Xiao and Christina Moberg*

KTH Royal Institute of Technology, Department of Chemistry, Organic Chemistry, SE 10044 Stockholm, Sweden

*S Supporting Information

ABSTRACT: Palladium(0)-catalyzed carbocyclization of 1,7-enynes
mediated by (chlorodimethylsilyl)pinacolborane proceeds with 1,8-
addition of the silicon and boron functions to give functionalized
cyclohexane derivatives with boron attached to the exocyclic olefin. A
variety of chromane dervatives are accessible by this method. In contrast
to the analogous reactions with 1,6-enynes, the configuration of the
newly formed stereogenic center is controlled by a stereogenic center
present in the substrate.

Cyclizations of 1,6-enynes catalyzed by a variety of metal
complexes have been extensively studied, and numerous

synthetically versatile methods for the construction of
substituted five-membered carbocycles and heterocycles have
emerged from these studies.1 In contrast, examples of
cycloisomerizations or other types of alkene−alkyne couplings
of 1,7-enynes to provide six-membered rings are more rare, and
the cyclized products are often obtained in moderate yields.2

Bismetallative cyclizations employing interelement com-
pounds,3 which contain a bond between two main group
elements, lead to cyclic products containing two reactive
functional groups.4 Further functional group transformations of
the primarily obtained products generate large structural
diversity, thereby making bisfunctionalization−cyclizations
synthetically powerful processes. Whereas such methods have
been explored for 1,6-enynes, using Si−Sn, B−Sn, and B−Si
interelement compounds,5 borastannylative carbocyclization of
1-ethenyl-2-(2-propyn-1-yloxy)benzene is the single example of
a bisfunctionalization−cyclization generating a six-membered
carbocycle.6 Instead of the desired cyclic compounds, products
from 1,2-addition of the interelement compound to the triple
bond7 are commonly obtained.6

Caŕdenas and co-workers have also reported cyclizations of
1,7-enynes8 and dienynes9 with concomitant introduction of a
single reactive group. Boron−boron compounds were used in
these reactions, but as a result of the mode of activation, the
reactions led to incorporation of only one boron function; with
most substrates the product with boron at the terminal alkene
carbon atom of the starting enyne was obtained as the sole
isomer. A monofunctionalized cyclohexane derivative was also
obtained by rhodium-catalyzed silylative cyclization of 4,4-
bis(carbomethoxy)oct-7-en-1-yne, using PhMe2SiH, which gave
a low yield (34%) of a product from initial addition of Pd−Si to
the alkyne and, thus, with the silyl function at the olefinic bond
of the product.10

Silaborative cyclizations11 are particularly attractive since the
resulting products are nontoxic and possess functions with
orthogonal reactivities, which can be transformed in a variety of

ways.12 Our previous work included cyclization of 1,6-enyne 1
using (dimethylphenylsilyl)pinacolborane (2a)13 to give 3
(Scheme 1).14 Dichloro-N,N-bis[2,6-(diisopropyl)phenyl]-

imidazolium (3-chloropyridine) palladium, Pd-PEPPSI-IPr,15

served as an efficient catalyst for the process, which provided
the products in excellent yields with control of regiochemistry
as well as olefinic bond configuration, the latter being a
consequence of the mechanism of the reaction.
The present work describes the extension of this method to

1,7-enynes. For these studies, (chlorodimethylsilyl)-
pinacolborane 2b,16 which exhibits higher reactivity than 2a17

and which results in products disposed for further trans-
formations,18 was used (Scheme 2). Reaction of 4 with
compound 2b in the presence of Pd-PEPPSI-IPr did not,
however, yield the desired cyclic compound but resulted in 1,2-
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addition to the triple bond, evidently as a result of reductive
elimination being more rapid than insertion of the alkene into
the Pd−C bond. In contrast, use of Pd2(dba)3·CHCl3 gave
compound 5, the product from 1,8-silaboration, as a single
diastereomer in a moderate yield of 51%.
Silaborative cyclization of 1-ethynyl-2-(2-propen-1-yloxy)-

benzene (6a) provided chromane derivative 7a, also as a single
diastereomer. The effect of variation of the reaction conditions
was studied using this substrate (Table 1). Best results were

obtained from reactions catalyzed by Pd-PEPPSI-IPr in THF
(entries 1−2); at 50 °C, 76% of cyclized product was isolated.
With this substrate, reaction in the presence of Pd2(dba)3·
CHCl3 resulted in a lower yield (entry 3). Catalysts prepared
from Pd2(dba)3·CHCl3 and a phosphine ligand or (η3-
C3H5)Pd(PPh3)Cl also gave inferior results (entries 4−6).
Even at 50 °C, no cyclized product was obtained from
attempted addition of the less reactive silylborane 2a (entries 7
and 8).
Since chromanes and chromenes19 display useful biological

properties, it was of interest to examine whether substrates
functionalized in the aromatic ring underwent the cyclization
and at the same time study the influence of substituents on the
reactivity. The reactions proceeded smoothly using substrates
with both electron-donating and electron-withdrawing sub-
stituents to give products 7b−g; no major impact of the
electronic properties on the reactivity was observed (Figure 1).
By use of the same procedure, the N-tosyl analogue of 6a, 8,

afforded hydroquinoline derivative 9 in good yield, and
cyclization of enyne 10 produced an isomeric chromane,
11,20 employing catalytic Pd2(dba)3·CHCl3 (Scheme 3).
Attempted cyclizations of 1,7-enynes 12−14 under the

conditions specified in Table 1, entry 2, did not result in the
desired product; from 13 and 14 the compounds from 1,2-
addition to the triple bond were instead obtained as the single

products, and from attempted reaction of 12 only starting
material was recovered. In analogy to 13, 1,6-enynes with
terminal olefinic substiuents were unreactive, affording low
yields of products.14 In contrast, 1,6-enyne 15 gave a
cyclopentane derivative with an all-carbon quaternary center
(16) in the presence of Pd-PEPPSI-IPr (Scheme 4).

Only a few diastereoselective2a,c,k,p or enantioselective1d,2a,j

cyclizations of 1,7-enynes to cyclohexane derivatives have been
reported. We were pleased to observe that the relative
configuration of the newly formed center could be controlled
by substituents at sp3-centers of the 1,7-enyne. Thus,
cyclization of rac-17 gave a 5:1 diastereomeric mixture of 18
(Scheme 5). Chiral 1,6-enynes reacted with lower selectivity.

Scheme 2. Silaborative Cyclization of 1,7-Enyne

Table 1. Optimization of Reaction Conditionsa

entry catalyst Si−B solvent temp (°C) yield (%)

1 Pd-PEPPSI-IPrb 2b THF 20 73
2 Pd-PEPPSI-IPrb 2b THF 50 76
3 Pd2(dba)3·CHCl3 2b toluene 20 65
4 Pd2(dba)3·CHCl3/Cy3P 2b toluene 50 58
5 Pd2(dba)3·CHCl3/Ph3P 2b toluene 50 56
6 (η3-C3H5)Pd-(Ph3P)Cl 2b toluene 20 60
7 Pd-PEPPSI-IPrb 2a THF 50 −
8 Pd2(dba)3·CHCl3 2a toluene 50 −

aReaction time 48 h, 5 mol % catalyst, ligand/metal 1.2:1, 6a/2b 1.2:1.
2-Propanol and pyridine were added prior to workup. bMeMgCl used
for reduction of Pd(II).

Figure 1. Synthesis of chromane derivatives.

Scheme 3. Preparation of Tetrahydroquinoline and
Chromene

Scheme 4. Cyclization of Substituted 1,6-Enyne
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Thus, under the same conditions, rac-19 gave cyclopentane
derivative 20 as a 1.7:1 mixture of diastereomers.

The trans-disubstituted enynes (R*,S*)-21 and (R*,S*)-22,
with both substituents in an equatorial position, reacted with
high diastereoselectivity to give bicyclic compounds 23 and 24,
respectively, whereas cis isomer (R*,R*)-25, in which the
alkyne substituent according to 1H NMR occupies an axial
position, gave a low yield of product when subjected to the
same reaction, most likely since addition to the axial alkyne
bond is sterically unfavored (Scheme 6).

The relative configurations of 18, 23, and 24 were
determined by 1H NMR spectroscopy. In 18, NOE interactions
between H6a and H2 as well as between H6a and the methylene
protons adjacent to silicon showed that the substituents are
trans oriented with the silicon substituent occupying an axial
position as also verified by the coupling constants (Figure 2). In
contrast, the corresponding substituents in 23 and 24 were
found to be cis, as shown by a NOE interaction between Ha and
Hb.
The reaction is assumed to follow a mechanism analogous to

that of similar processes, consisting of oxidative addition of the
silylborane to Pd(0) followed by addition of PdSi and B to the
alkyne and stereochemistry-determining insertion of the alkene

into the carbon−palladium bond and final reductive elimination
(Scheme 7).

The stereochemistry of products 23 and 24 can be
rationalized by assuming a six-membered chair formed
transition state (A, Figure 3). Assuming that the phenyl

group in 17 is forced into an axial position (B, Figure 3), as a
result of steric interaction with the olefinic bond when placed in
equatorial position (C, Figure 3), the observed stereochemistry
of the product can be explained.
In conclusion, we have developed an atom economic

cyclization of 1,7-enynes, which provides cyclohexane deriva-
tives containing reactive boron and silicon functional groups.
With proper reaction conditions, products from 1,2-addition to
the alkyne can usually be avoided. Cyclization of chiral
substrates proceeds with high diastereoselectivity.
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ABSTRACT: A new type of robust, heterogeneous, modular
Pd catalyst with metal embedded in the gel matrix is presented.
The regulatory element of its catalytic activity has been
introduced via chemical changes in the gel. The concept is
illustrated in a series of Suzuki−Miyaura cross-coupling
reactions. The demonstrated catalyst activity variations depend
on the structure of the gel.

Metal-mediated cross-coupling reactions have been at the
center of attention for several decades. From an

academically interesting topic, they developed into an indis-
pensable tool without which few chemists could imagine modern
organic synthesis.1 For this reason, much attention has been paid
to basic principles of the catalysis and complexes of catalytically
active transition metals. The dramatic success of this effort has
been illustrated by numerous high-yielding, chemically tolerant
protocols which play an important role in the synthesis of
complex, highly functionalized chemical entities.2 The main part
in the fine-tuning of the catalytic systems has been traditionally
occupied by the ligands which play a paramount role in the
reactivity of metallic complexes. Their altering, study, and
development can be seen behind every milestone successfully
reached on the way to an ideal catalytic system. The downside of
this ligand-oriented approach is inherent ligand sensitivity, which
must be, in every protocol, addressed. Water and air presence, in
particular, are the issues that require scrupulous attention.3 This
is, of course, true mainly for homogeneous catalytic systems,
where the metallic complexes are, at least partly, dissolved in the
reaction media.4

When a catalytic system is “ligandless”/heterogeneous, there
are fewer possibilities for catalyst fine-tuning. Although this type
of system has its own advantages, it can hardly compete with the
multiple options available through ligand alternation and
modification.5,6

In the present work, we revisit the above notions, connect
these scenarios, and introduce a modular concept of a tunable
catalyst which would retain the benefits of heterogeneous
catalysis while possessing a regulatory handle traditionally
reserved for homogeneous catalysis.7 Polymeric gels were
selected as the ideal platform for construction of a new type of

metal-containing catalyst. A strength of the macromolecular
materials as carriers for the catalytic metal lies in their own spatial
structure, which can be modified or otherwise tuned by cross-
linking, for example. Our ability to dramatically change their
chemical and physical properties on-demand is a crucial point of
our concept.
Herein, we illustrate the idea of a tunable heterogeneous

catalyst on Pd encased inside chemically tunable polyhydrome-
thylsiloxane (PHMS-based) gels.8 Besides commercial avail-
ability, the main motivation behind the selection of PHMS was
its unique chemical reactivity centered around the silicon
hydrogen bond. In our synthetic scenario, it serves a double
purpose: (1) The active hydrogen can be involved in a
hydrosilylation-based cross-linking reaction.8 (2) The same
functionality acts as the reducing agent/activator for palladium.9

The second crucial element of our concept is a cross-linker,
which plays the role of a functional handle for the adjustment of
the chemical properties of the desired gel (Scheme 1).
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Scheme 1. Encapsulation of Pd in PHMS-Based Gel
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In order to demonstrate the catalytic activity of the new Pd-
containing material, a simple 1,5-hexadiene cross-linked PdGel
was synthesized and screened as the catalyst in a Suzuki cross-
coupling reaction10 (Table 1).

While various obligatory bases could be used with similar
efficacy in the reaction protocol, K2CO3 was selected as the base
of the choice. Among several solvents which could have been
used as the reaction media, a mixture of EtOH/H2O (4:1) was
chosen because of its wide substrate solubility coverage and
overall best synthetic perfomance.
In order to address the possibility of the platinum traces

influencing the cross-coupling reaction, a blank, palladium-less
gel was used instead of PdGel. Not surprisingly, the experiment
did not lead to any cross-coupling reaction.11 Catalytic properties
of the PdGel and its efficacy were compared with a series of
commercially available and commonly used Pd catalysts in a
model Suzuki cross-coupling reaction (see Table 2).
The general procedure for a Pd-catalyzed Suzuki−Miyaura

reaction: to 4-iodotoluene (21.8 mg, 0.1 mmol), phenylboronic

acid (14.6 mg, 0.12 mmol), and potassium carbonate (27.6 mg,
0.2 mmol) in 80% aq EtOH (2 mL) was added the Pd catalyst
(corresponding to 1.0 mol % of the transition metal), and the
reaction mixture was stirred at 50 °C. The samples were collected
at 60 min and analyzed by GC/MS with internal standard.
The practical and fundamental importance of metal leaching

has been widely recognized. In order to map the issue we
combined traditionally used spectroscopic analysis with a set of
chemical experiments.
When samples of the supernatant liquid after the PdGel

preswelling step (24 h) were analyzed by electrothermal
vaporization/inductively coupled plasma/optical emission spec-
trometry (ETV/ICP/OES),12 no detectable amount of Pd was
observed. The observation was corroborated by chemical means:
when the supernatant solvent above was used as the solvent for
Suzuki cross-coupling reaction, no cross-coupling product was
observed after 2 h at 50 °C (Scheme 2 A). In a different

experiment, the supernatant liquid after cross-coupling reaction
and PdGel separation was subjected to the same chemical test. In
this case, 0.2% of the cross-coupling product was observed after 2
h (Scheme 2 B). The result can be attributed to a minor
disintegration of the catalytic material during the first coupling
reaction.
In order to probe the system further, the PdGel reutilization

was also examined. The experimental results showed no
reduction in the catalytic activity in a series of consecutive runs
under optimized conditions.13 Less forgiving stirring conditions
led, however, to somehow diminished catalytic activity of the
reused PdGel in the several consecutive runs. The effect can be
explained again by partial disintegration of the gelous material
(Scheme 3).
Several control experiments have been carried out to gain extra

insight into the present catalytic platform. The study evaluating
the swelling of the Pd-containing gels (PdGels) as a parameter in
themodel cross-coupling reaction clearly show the importance of
preswelling in the reaction kinetics (Scheme 4).
The implication of the experimental results above is equally

significant: influence of the swelling on the catalytic activity
suggests that the location of the active palladium is inside the gel.
In this situation, the effect of the cross-linker can arguably be
more profound.
After demonstrating the scope of general activity of the PdGel,

cross-linker control of the catalytic activity, the main strength of
our approach, was investigated. For this purpose, a series of
PHMS-based gels were synthesized employing dienes with
distinct chemical features as the cross-linkers (Figure 1).
Differences in their polarity were of particular importance.
As with a simple hexadiene, the functionalized di(poly)olefins

A−F were utilized as the PHMS cross-linkers via standard

Table 1. Suzuki−Miyaura Coupling Catalyzed by the Gel-
Encapsulated Pda

R Ar X yield (%)

a H phenyl Br 92
b 4-CH3 4-formylphenyl I 96
c H 4-tolyl I 99
d H 4-tolyl Br 96
e H 4-formylphenyl I 95
f H 4-methoxyphenyl Br 92
g 2-OCH3 4-formylphenyl I 95
h 3-OCH3 4-methyl-3-nitrophenyl I 95
i H 4-nitrophenyl Br 85
j 4-NO2 2-tolyl I 98
k 4-OCH3 4- formylphenyl I 98
l H 4-dimethylaminophenyl Br 91
m 4-CHO 1-naphthyl I 96

aGeneral procedure for a PdGel-catalyzed Suzuki−Miyaura reaction:
Haloarene (2.0 mmol), arylboronic acid (3.0 mmol), potassium
carbonate (6.0 mmol), 80% aq EtOH (20 mL), PdGel catalyst (50 mg,
corresponds to 0.2 mol % of the transition metal, preswelled, 25:1
cross-linking) was stirred at 50 °C under an Ar atmosphere (when
bromides are used the temperature is set at 80 °C). Aryl chlorides
under the same conditions gave only traces of the desired products.

Table 2. Comparison of a Catalytic Efficacy of PdGel and
Various Commercially Available Pd Catalysts

catalyst Ph-Pha (%) Tol-Pha (%)

PdGel(40:1) 0 100
Pd(dba)2 16 84
5% Pd/C 3 78
Pd(OAc)2 8 62
Pd(OAc)2 + 0.25 equiv of TPPTS 3 45
Pd(PPh3)4 0 1

aGC yields.

Scheme 2. Metal-Leaching Determination
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chemistry in the preparation of Pd-containing gels. The resultant
Pd gels were used after workup and isolation (extraction of
unreacted reagents) for comparative studies.
The substrates for the model study were not selected

indiscriminately: aryl iodides which show contrasting chemical
attributes (e.g., different polarity) and consequently could
respond to the cross-linker modified Pd gels while retaining
activity under Suzuki cross-coupling conditions were considered
the ideal cross-coupling substrates (Figure 2). 4-Iodo-N-

ispopropylbenzamide 1a, 4-iodo-N-dodecylbenzamide 1b, 4-
iodo-2-(N,N-dimethylamino)ethylbenzamide 1c, 2-(4-iodoben-
zamido)-N,N,N-trimethylethan-1-aminium iodide 1d, and 4-
iodo-N-(2-hydroxyethyl)benzamide 1e were eventually selected
as the reaction substrates which would act as chemical probes
into the catalytic activity of the PdGels. Simple phenylboronic
acid acted as the complementary cross-coupling partner.
The above plot of the cross-linker vs the structure of the

reaction substrate (Scheme 5) depicts the change of the reaction
yield with the modified catalytic gel as the variable factor. The

Scheme 3. Effect of the Reaction Mixture Agitation on PdGel
Recycling (2 h)a

aExperimental conditions: PdGel (25:1, 5 mg) was mixed with 80% aq
EtOH (0.1 mL) and kept at rt for 2 h without stirring. Then 4-
iodotoluene (0.1 mmol), phenylboronic acid (0.12 mmol), 80% aq
EtOH (2 mL), and potassium carbonate (0.2 mmol) were added, and
the reaction mixture was stirred (50 or 500 rpm) or shaken for 2 h at
50 °C under an Ar atmosphere. The reaction mixture was analyzed
(GC/MS) and the gel separated and washed with 80% ethanol. To the
wet gel were added the same amounts of reactants and the procedure
was repeated four times.

Scheme 4. Effect of PdGel Preswelling on Its Catalytic
Activitya

aExperimental conditions: 4-iodotoluene (0.2 mmol), phenylboronic
acid (0.3 mmol), potassium carbonate (0.6 mmol), 80% aq EtOH (2.0
mL), PdGel catalyst (5.0 mg, corresponds to 0.2 mol % of the
transition metal, 40:1 or 25:1 cross-linking) was stirred at 50 °C under
an Ar atmosphere, and the reaction conversion was followed by GC/
MS with internal standard.

Figure 1. Diene cross-linkers.

Figure 2. Aryl iodides.

Scheme 5. Influence of the Functionalized Cross-Linker on
the Reaction Yield (Variable Aryl Iodides, 60 min)a,14

aGeneral procedure for the PdGel catalytic activity screening: Aryl
iodide (0.2 mmol), phenylboronic acid (0.3 mmol), potassium
carbonate (0.6 mmol), 80% aq EtOH (2.0 mL), PdGel catalyst (5.0
mg - corresponds to 0.2 mol % of the transition metal, preswelled, 40:1
cross-linking) was stirred at 50 °C under an Ar atmosphere for 60 min.
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catalysts are lined up from the left to the right (A−F, Figure 1)
according to the assumed declining polarity of the cross-linkers.
The visible overall trend of the substrate response to the catalyst
thus implies the polarity of the cross-linker as the likely principal
factor causing changes in the catalyst activity. Considering the
amount of the cross-linker in the polymer matrix and the overall
amount of the matrix material in the reaction mixture, the extent
of the cross-linker impact over the catalyst activity is fairly
remarkable. The close proximity of the reaction center
(palladium) and the cross-linker-based functional group may
be likely culprit behind the extent of the observed selectivity.15

Overall, the concept of a tunable heterogeneous catalyst based
on Pd embedded in a polysiloxane matrix is presented and
demonstrated in a classical Suzuki−Miyaura protocol. The
present type of gelous catalyst, which can be conveniently
prepared in a common synthetic laboratory setting, is fairly
robust and suffers minimally from metal leakage. Importantly, it
permits an effective separation of the catalyst at the end of the
process and ultimately allows for catalyst reuse. An additional
strength of the introduced PdGel system is the concept of its
catalytic activity modulation. Changes in the catalytic activity of
the metal are accomplished via alterations in the immediate
environment of themetal. These alterations are achieved through
the functionalized cross-linkers of the gel matrix. Changes in
activity of the novel Pd gel catalyst are illustrated in a series of
experiments following the Suzuki−Miyaura protocol with the
substrates matching (mismatching) chemophysical properties of
the cross-linker. While the overall alteration of the reaction
mixture may arguably be (due to a minuscule amount of the
modified cross-linker) negligible, a more profound change in the
microenvironment of the catalytic metal may explain the
observed activity variation.
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Palmisano, G.; Cara,̀ P. D. Catal. Sci. Technol. 2011, 1, 736.
(b) Firouzabadi, H.; Iranpoor, N.; Ghaderi, A.; Ghavami, M.; Hoseini,
S. J. Bull. Chem. Soc. Jpn. 2011, 84, 100. (c) Han,W.; Liu, Ch.; Jin, Z.Adv.
Synth. Catal. 2008, 350, 501. (d) Zhang, G. Synthesis 2005, 4, 537.
(7) For a review of microencapsulated metals as catalysts, see:
Akiyama, R.; Kobayashi, S. Chem. Rev. 2009, 109, 594.
(8) For PHMS gels containing Pt and their reactivity in hydrogenation
reactions, see: Motoyama, Y.; Kamo, K.; Nagashima, H. Org. Lett. 2009,
11, 1345.
(9) Chauhan, B. P. S.; Rathore, J. S.; Glloxhani, N. Appl. Organomet.
Chem. 2005, 19, 542.
(10) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457.
(11) Rigorous RFA metal analysis did not show any appreciable
amount of Pt in the PdGels. (See the experimental details, SI.)
(12) Sensitivity of ETV/ICP/OES is in the range of ppb.
(13) The reaction mixture was shaken rather than vigorously stirred.
The PdGel was isolated and carefully washed after every run.
(14) Without the termination in 60 min, all of the reactions reached
quantitative conversion in a few hours.
(15) An important component of the concept is the metal topology: In
order to effectively tune the catalytic properties of the catalyst, the metal
should be embedded inside the polymer matrix. Our findings (the
analytical RFA and reactivity studies of the supernatant reaction solvent
indicating no loss of the metal to the environment) support this
scenario. See the SI for details.

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b03480
Org. Lett. 2016, 18, 312−315

315



Skeletally Diverse Synthesis of Indole-Fused Diazocine and
Diazepine Frameworks by One-Pot, Two-Component Cascade
Reaction
Tushar Ulhas Thikekar,† Manikandan Selvaraju,† and Chung-Ming Sun*,†,‡

†Department of Applied Chemistry, National Chiao-Tung University, 1001 Ta-Hseuh Road, Hsinchu 300-10, Taiwan
‡Department of Medicinal and Applied Chemistry, Kaohsiung Medical University, 100 Shih-Chuan First Road, Kaohsiung 807-08,
Taiwan

*S Supporting Information

ABSTRACT: An expeditious and novel strategy has been
explored for the synthesis of structurally diverse indole-fused
diazocine and diazepine derivatives. A substrate-based
diversification approach of methyl-3-aminoindole/indoline
benzoates coupled with the Pictet−Spengler reaction and
three different reaction cascades furnished indolodiazepine and indoloquinoxalines. The formation of indolodiazocines proceeds
through an initial condensation followed by intramolecular alkylation.

Indole represents one of the most versatile and important
classes of heterocycles which occupy a pivotal position in

medicinal and organic chemistry because of their unique
structural and interesting biological properties.1,2 In particular,
indoles fused with other heterocycles have shown significant
biological applications. Diazepines and diazocines are seven-and
eight-membered rings of nitrogen-containing heterocycles
found in many natural products. Among those, the indole-
fused diazepines act as kinase inhibitors and antidepressant
agents.3,4 Over the years, many medicinal chemists synthesized
a variety of compounds by installing various active groups to
the indole/indoline moieties through a new synthetic strategy.
These heterocycles have potential utility in the fields of biology,
pesticides, and medicinal chemistry.5,6 Some examples of
biologically important diazepines and diazocines are shown
Figure 1.

Their diverse biological activities and synthetic applications
have stimulated substantial interest in the study of these
important heterocycles. Surprisingly, the literature contains
only a few reports describing the synthesis of indole-fused
diazepines. Further, the combination of indoline fused with
diazocine is not yet documented. Typical molecular con-
structions of indole-fused azepine fall into two steps: Pictet−
Spengler reaction of tryptamines with pyruvates, followed by

skeletal rearrangement via aziridine formation. Kuehne et al.
reported the Pictet−Spengler reaction of tryptamine with
methylchloro pyruvate for the formation of indoloazepine.7

Similarly, Flatt and co-workers demonstrated the stepwise
synthesis of azepinoindoles through ring expansion of carbo-
lines obtained by the reaction of tryptamine with bromopyr-
uvates.8 Hence, a convenient and novel strategy for an efficient
construction of these scaffolds is highly desirable.
Synthesis of structurally complex and highly functionalized

heterocyclic skeletons is a challenging goal in modern organic
chemistry. Cascade reactions, which are defined as multiple
bond formations in a single step with a sequence of reactions,
are one of the most promising approaches.9 These processes
avoid the isolation and purification of intermediates, max-
imizing the yield of the final product and minimizing solvent
waste with high atom-economy. The attractive features of these
cascade reactions are the formation of several C−C, C−N
bonds for rapid access to fused and complex polycyclic
skeletons. In continuation of our earlier work on the synthesis
of indole fused nitrogen heterocycles,10 we aimed to carry out
an unconventional Pictet−Spengler reaction on 2-(1H-indol-1-
yl)aniline/2-(indolin-1-yl)aniline with α-bromo ketones, as
shown in Scheme 1. In this present work, we were surprised
to find that the reactivity patterns were completely altered by
the reaction conditions and substituents on substrates. The
tunable reactivity of these scaffolds allowed us to design two
different cyclization reactions with α-bromo ketones 2. It is
proposed that indole 6 will undergo cyclization at the C2
position, whereas indoline 1 will cyclize at C7 to create two
different, new molecular entities. 2-(1H-Indol-1-yl)aniline 6
successfully underwent the Pictet−Spengler cyclization which
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Figure 1. Biologically important compounds containing fused
indolodiazepine and indolodiazocine.
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on further reaction to furnish three novel heterocycles under
three different reaction conditions. To our surprise, 2-(indolin-
1-yl)aniline 1 performed condensation followed by intra-
molecular C-alkylation to deliver compounds 3 or 4 instead
the expected Pictet−Spengler reaction.
The key aspect of our new approach is the construction of

quaternary sp3 carbon atoms in fused ring systems, which
disrupts the one-dimensional planarity of the scaffolds.
Increasing the saturation may create several conformations
which can act as a suitable substrate in drug discovery to design
several high affinity ligands by creation of diverse chemical
space.11

Our studies began with the preparation of a key substrate,
methyl 3-amino-4-(indolin-1-yl)benzoate 1a, from 4-fluoro-3-
nitrobenzoic acid by sequential reactions such as esterification,
nucleophilic substitution with indoline, and nitro reduction.10c

Then, we carried out an unconventional Pictet−Spengler
reaction on compound 1a with α-bromo acetophenone 2a in
the presence of TFA (1 equiv) in refluxing chloroform (Table
1, entry 1). To our surprise, the possible Pictet−Spengler
product 5 was not observed, and a serendipitous formation of
3a was isolated in 20% yield with the remaining of starting
material 1a. Careful analysis of the proton NMR reveals the

participation of all starting material in the isolated product and
the absence of −CH2Br protons. Similarly, the mass analysis
did not show the bromo pattern corresponding to the expected
product 5. Hence, we reasoned that the product 3a is obtained
by stepwise condensation followed by intramolecular C-
alkylation. Under these reaction conditions, a high reaction
selectivity toward aromatic substitution is observed instead of
Pictet−Spengler reaction on imine carbon.
Interestingly, the proton NMR spectra of 3g shows two

conformers which are non-interconverting on the NMR time
scale at ambient temperature. This conformational behavior is
further supported by varying temperature studies as shown in
Figures 3 and 4 (Supporting Information). Although the
anticipated product was not obtained, this unprecedented
formation of indolo-fused diazocine 3 might be more
rewarding, as there are no previous reports on such a
convenient one-pot synthesis of new molecules from these
readily available starting materials. Hence, we aimed to
generalize this outcome by carrying out optimization studies
with various acid catalysts and solvents as shown in Table 1. No
reaction was observed when TCT (trichlorotriazine) or p-TSA
was employed as an acid catalyst. A survey of various solvents
such as DMSO, DMF, and acetonitrile showed the same results
with very little conversion to the desired product. Increasing
the amount of TFA (3equiv) in refluxing chloroform improved
the reaction yield up to 38%.
However, a higher yield of 88% was obtained when the

reaction was carried out in a sealed vessel at 80 °C in
chloroform for 4 h (entry 11). Further increase in TFA or
temperature did not improve the reaction yield. Thus, we
concluded that the optimum conditions for this cyclization is
the employment of 3 equiv of TFA in chloroform in a sealed
tube at 80 °C for 4 h.
The scope and limitation of the reaction were next studied to

understand, in particular, the influence of the substituents
presenting on α-bromo acetophenones (Scheme 2). We found
that the final outcome of the reaction is significantly dependent

Scheme 1. Synthesis of Skeletally Diverse Indole/Indoline
Fused Diazocines and Diazepines

Table 1. Effect of Different Reaction Parameters on the
Preparation of Indolodiazocines 3aa

entry acid (equiv) solvent temp (°C) time (h) yieldb (%)

1 TFA (1) CHCl3 reflux 24 20
2 TCT (1) DMSO 80 24 NRc

3 TCT (1) CHCl3 reflux 24 NR
4 PTSA (1) CHCl3 reflux 24 NR
5 PTSA (1) DMF 80 24 NR
6 TFA (3) DMF 80 24 10
7 TFA (3) CH3CN reflux 24 20
8 PTSA (1) CH3CN reflux 24 NR
9 TFA (3) CHCl3 reflux 24 38
10 TFA (6) CHCl3 reflux 12 45
11d TFA (3) CHCl3 80 4 88

aThe reaction was performed in the presence of 1a (0.25 mmol) and
2a (0.25 mmol) and acid catalyst in solvent (2 mL). bIsolated yield.
cNR = no reaction. dReaction performed in sealed tube.

Scheme 2. Synthesis of Indolo-Fused Diazocines 3 or 4
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on the electronic nature of substituents attached directly on the
aromatic rings of α-bromo acetophenones. Two different types
of product formation were observed under these conditions.
Aryl rings bearing R3 electron-donating groups furnished
compounds 3a−k, whereas products 4a−d were obtained
when the R3 groups are electron-withdrawing. For example,
electron-donating substituents as well as thiophene 3k, an
electron-rich heterocycle, favor the formation of enamines 3,
whereas the electron-deficient cyano and nitro groups favor the
formation of 4. However, α-bromo ketone possessing a nitro
substituent at the ortho position did not deliver the product 4d
due to steric effects. In general, all of the substituents are well-
tolerated under the same conditions and delivered the products
with satisfactory yields. As shown in Scheme 2, the structure of
one of the representative compounds 4a is elucidated by X-ray
single-crystal analysis. On the basis of experimental observation,
a plausible mechanism is depicted in Scheme 3.

This domino transformation begins with the condensation of
2-(indolin-1-yl)aniline 1 with α-halo ketone 2 to give
intermediate A, which will undergo intramolecular alkylation
at electron-rich C7 to deliver the unexpected indolo-fused
diazocine analogues 3 or 4 with respect to the substituents.
Creation of diverse libraries with various molecular scaffolds

is an ideal goal in drug discovery research. Hence, the indoline
moiety present in compound 1 gave ample opportunity for
further diversification. The oxidation of indoline to its
corresponding indole 6 was achieved with DDQ as shown in
Scheme 4. The obtained 2-(1H-indol-1-yl)aniline 6 could act as
a suitable substrate for modified Pictet−Spengler reaction with
α-bromo ketones under acid conditions to furnish indolo
quinoxaline 7 (Scheme 4). The obtained indolo quinoxaline 7
was further treated with potassium iodide and cesium carbonate
in acetonitrile under reflux conditions for 3 h. Interestingly, this
reaction furnished a new kind of heterocycle 9 possessing
hydroxyl group at quaternary carbon (when R3 = H). The
structure of representative compound 9a is unequivocally
confirmed by X-ray crystallography as shown in Figure 2. The
compound exhibit attractive 3D-shapes due to the obvious sp3

character in the skeleton. The indole-fused seven membered
diazepine ring is twisted and hence makes the molecule
nonplanar.
The formation of 9 can be rationalized by the initial

formation of aziridine 8 which undergoes ring-opening reaction
on aqueous workup to give indole-fused diazepine 9. However,
addition of water as a cosolvent did not deliver the observed
product 9. In a further study, we tried to isolate the aziridine
intermediate 8 to understand the original source of hydroxyl
group in compound 9. Herein, we observed that the electronic

nature of R3 plays a crucial role on the stability of the aziridine
intermediate. We were able to isolate the aziridines 8a−d only
when the R3 is an electron-withdrawing substituent. As shown
in Scheme 4, the structure of aziridine 8c is elucidated by X-ray
single-crystal analysis. All efforts to isolate compound 8
possessing electron-donating R3 groups were unsuccessful,
and they furnished only compound 9 directly.
In addition, the reaction of isolated aziridine 8a with water as

a cosolvent under the optimized conditions did not proceed to
the expected product 9. Hence, the driving force for the
formation of hydroxyl-substituted product could be the
substituent-aided stability of the aziridine ring. The presence
of an electron-withdrawing group at the para position of the
aromatic ring stabilized the highly strained aziridine ring,
whereas ring-opening of aziridine was observed during the
aqueous workup if there is an electron-donating group at the
para position. Treatment of the isolated aziridines 8 in pyridine
at 140 °C in a sealed tube for 2 h underwent skeletal

Scheme 3. Plausible Mechanism for the Unexpected
Formation 3 or 4

Scheme 4. Synthesis of Indole-Fused Azirinoquinoxalines 8
and Diazepines 9 or 10

Figure 2. ORTEP diagram of compound 9a.
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rearrangement to indole-fused diazepines 10. Delighted with
this observation, we evaluated the possibility of performing the
whole transformation in a one-pot, two-step domino fashion
without isolation of the aziridine intermediate 8. To our delight,
treatment of Pictet− Spengler product 7 with pyridine at 140
°C in a sealed tube for 3 h furnished compound 10 directly. In
this transformation, the reaction condition plays a crucial role
as both the electron-donating and -withdrawing substituents
(R3) deliver the seven-membered products with satisfactory
yields. Hence, three different unique heterocycles were formed
exclusively depending on the electronic nature of the
substituents and the reaction conditions as depicted in Scheme
4. On the basis of experimental observation, a plausible
mechanism is depicted in Scheme 5. To gain insight into the

reaction mechanism, a few control experiments were
conducted. To elucidate the conversion of compound 7 to
10, a one-pot reaction for the synthesis of 10 was carried out
(Scheme 4), and the formation of compound 8 was observed
after 1 h.
This experiment strongly confirmed that this cyclization

could be rationalized to proceed through an initial intra-
molecular N-alkylation to generate aziridines 8 followed by ring
expansion under basic conditions to diazepines 10. To confirm
further, the isolated intermediate 8 was successfully converted
to 10 in refluxing pyridine for 24 h or under a sealed tube at
140 °C for 2 h. To account for the formation of 9, a tandem
aziridine formation followed by a ring-opening mechanism was
proposed (Scheme 5). Initial intramolecular N-alkylation of 7
in the presence of KI and Cs2CO3 in acetonitrile to furnish
aziridine 8. Further, it underwent ring-opening reaction with
the water molecule during the aqueous workup, aided by the
electronic effect of the substituent on α-bromo ketones. It is
noteworthy to mention that oxidation to imine formation is
favored over the dehydration to enamine.
In summary, we have disclosed an efficient method for the

construction of several undocumented indole-fused diazepines
and diazocines through a substrate-based diversification
approach. Employment of four different reactions such as
Pictet−Spengler cyclization, aziridine ring formation, skeletal
rearrangement, and hydroxylation yielded these novel hetero-
cycles. The selectivity of product formation was dictated by the
substituents and reaction conditions. This strategy provides
straightforward access to a library of compounds with privileged
structures that are of immense interest in drug discovery.
Further study on the reaction scope and their biological
application is still underway in our laboratory.
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ABSTRACT: A tricationic shape-persistent macrocycle was obtained by
methylation on the nitrogen atoms of the three 3,5-pyridylene groups of
an alternating 2,6-/3,5-substituted ethynylpyridine macrocycle. The
tricationic macrocycle recognized melamine in polar solvents such as
DMSO and water, and the host−guest association in water induced a
higher-order aggregate confirmed by UV−vis titration and dynamic light
scattering experiments. Scanning electron microscopy, transmission
electron microscopy, and atomic force microscopy indicated that fibrous
network structures resulted from the stacking of the macrocycle and
melamine complex.

Shape-persistent macrocycles (SPMs) based on a planar
framework with a broad π-surface1,2 have attracted much

attention in the fields of supramolecular chemistry and
materials science including liquid crystals,3 nanoporous
materials,4 and photoconductive materials.5 To date, SPMs of
various frameworks have been developed, and some SPMs self-
aggregate by noncovalent interactions such as π-stacking and
solvophobic effects.6 For example, Moore and co-workers
reported that a cyclic meta-phenylene ethynylene hexamer self-
assembled to form a nanofiber.6a The size and morphology of
the self-assembled structure could be controlled by changing
temperature and solvents. Höger et al. investigated phenylene
ethynylene macrocycles with flexible long alkyl side chains, and
the SPMs showed liquid-crystalline behavior.3c,d On the other
hand, several kinds of SPMs have been known to accommodate
a guest molecule in their cavities.6f,7 Miljanic and co-workers
reported crystal structures of the host−guest complex of
phenylene ethynylene macrocycles and fluorinated benzene
associating through C−H···F−C interaction.7c However, there
are few examples of self-aggregation systems triggered by
discrete molecular recognition between SPMs and organic
guests in their cavity. Yuan et al. investigated an oligoamide-
type SPM that recognized an alkylammonium ion in its cavity.
The initially resulting complex subsequently self-assembled to
form a higher-order structure.7d Nevertheless, this type of
aggregation is still rare and remains to be widely explored.
Our group also has developed SPMs8 such as 1, in which

three 2,6-pyridylene and three 3,5-pyridylene units were
alternatingly linked by acetylene bonds9 with D3h symmetry
(Scheme 1).8a In solid states, the rigid planar structure of 1
took advantage of π-stacking enhanced by the intermolecular
dipole−dipole interaction to form self-assemblies. Apart from
the self-assembling property, macrocycle 1 has multipoint
hydrogen-bonding sites inside and showed an affinity with octyl

glucoside in apolar solvent. To give water solubility in the
framework, we derivatized 1 by alkylating at the outer nitrogen
atoms to produce pyridinium derivatives (Scheme 1). Herein,
we report that the water-soluble tripyridinium cation 23+

recognized melamine, and that the discrete host−guest
association in water induced self-assembly to form fibrous
aggregates observable on the basis of dynamic light scattering
(DLS) and various microscopies (Figure 1).
Precursor 1 was treated with an excess amount of methyl

triflate (MeOTf) in CH2Cl2 at room temperature (Scheme 1).
The reaction gave one major product as a pale yellow solid,
which was assigned to trication 23+·3TfO− based on 1H NMR
and ESI-TOF-MS. The 1H NMR spectrum was very simple and
showed three kinds of aromatic signals (δ 9.55, 9.32, 6.86 ppm
in DMSO-d6) as well as the case for 1 (δ 8.75, 8.27, 7.14 ppm
in CDCl3). In comparison, though the solvents used were
different,10 the two signals on the “outward” pyridine of 1
moved remarkably downfield after the reaction. Thus, in the
product, the three nitrogen atoms in the 3,5-pyridylene units
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Scheme 1. Preparation of Macrocycle 23+·3TfO−
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were methylated. On the other hand, the “inward” three
nitrogen atoms in the 2,6-pyridylene units remained intact. The
decreased reactivity was presumably caused by the decreased
nucleophilicity, which should be suppressed by the substituents
adjacent to the inward nitrogen atoms. The signal of the tert-
butyl groups of 1 disappeared after the reaction, while two
singlets appeared at δ 4.41 and 4.21 ppm, each of which
represents nine protons based on the integration. The three
tert-butyl groups at the 2,6-pyridylene units were replaced with
methyl groups by electrophilic substitution on the oxygen
atoms. Taking those into account, we concluded that the
product of the reaction of 1 with MeOTf must be trication 23+.
The counteranion in 23+ proved to be TfO− as ESI-TOF-MS
spectra showed signals of various molecular ions involving 23+

and TfO− such as [23+ + 2TfO−]+ and [23+ + 3TfO− + H]+.
This salt 23+·3TfO− was soluble in various polar solvents such
as H2O, DMSO, and MeOH.
SPMs consisting of arylene and ethynylene units have been

developed as host molecules incorporating guests within their
cavities.6f,7,9 Macrocycle 23+ has three nitrogen atoms facing the
cavity, and these were expected to work as convergent
hydrogen-bonding acceptors with D3h symmetry. We examined
melamine as a guest molecule because melamine appears to just
fit in the cavity and has divergent hydrogen-bonding donors in
the same planar and D3h symmetric manner as in 23+.11 High
symmetry and rigidity of both the host and the guest would
reduce entropic cost that inevitably arises from the host−guest
complexation. Geometry optimization of the melamine-
incorporated 23+ was carried out using DFT (Figure 2a,b).
We predicted the formation of intermolecular hydrogen bonds
of the −NH2 groups in melamine (Ha in Figure 2c) with the
inward nitrogen atoms of 23+ (Na in Figure 2c). Unexpectedly,
the N−H···π interaction also was indicated between hydrogen

atoms of −NH2 groups in melamine (Hb in Figure 2c) and
triple bonds of 23+. In addition, the C−H···N interaction was
observed for nitrogen atoms in the triazine ring of melamine
(Nb in Figure 2c) with 4-hydrogen atoms in the 3,5-pyridylene
units of 23+ (Hc in Figure 2c). Overall, the host−guest complex
model was stabilized with nine intermolecular hydrogen bonds.
The planarity and the D3h symmetry were enforced after the
association, thus self-association seems to work well by using
the enlarged π-plane in this host−guest complex.
The affinity of host 23+ with melamine in DMSO was studied

by UV−vis titration (Figure 3). When melamine was added to a

DMSO solution of 23+·3TfO− (2.0 × 10−5 M), the absorption
band around 300 nm was decreased with a blue shift and that
around 450 nm was increased (Figure 3a). An isosbestic point
at 344 nm shows the presence of only two kinds of absorptive
species, probably 23+ and the complex 23+·melamine. The
absorption band around 450 nm might result from the
intramolecular charge transfer between electronically localized
2,6-pyridylene donors and 3,5-pyridylene acceptors in 23+,
which should be enhanced by the formation of the rigid
framework after the complexation. Indeed, the HOMO in 23+

mainly lies on the 2,6-pyridylene and the LUMO on the 3,5-
pyridylene (Figure S1). The titration curve was drawn for the
absorbance at 300 nm, and the association constant Ka was
obtained as (1.8 ± 0.3) × 103 M−1 by the curve-fitting analysis
based on the assumption of 1:1 association (Figure 3b).
Although DMSO was known to strongly interfere with specific
hydrogen bonds, 23+ fairly recognized melamine by the
multipoint hydrogen bonds even in such highly competitive
conditions.
The recognition of melamine by 23+ in H2O was also studied

by UV−vis titration (Figure 4).12 When melamine was added
to a H2O solution of 23+·3TfO− (2.0 × 10−5 M), the absorption

Figure 1. Schematic representation of the aggregation process
triggered by molecular recognition of SPM.

Figure 2. (a) Top and (b) side views of 23+·melamine optimized by
DFT calculation. Conditions: B3LYP/6-31G. (c) Supposed hydrogen
bonds in 23+·melamine.

Figure 3. (a) Change of UV−vis spectrum and (b) change of
absorbance at 300 nm of 23+·3TfO− in DMSO according to the
addition of melamine. Association constant Ka was obtained as (1.8 ±
0.3) × 103 M−1 by a curve-fitting analysis, and the fitted curve is shown
as a solid line. Conditions: [23+·3TfO−] = 2.0 × 10−5 M, [melamine] =
0 to 1.0 × 10−2 M, DMSO, 25 °C, path length = 10 mm.

Figure 4. (a) Change of UV−vis spectrum and (b) change of
absorbance at 295 nm of 23+·3TfO− in H2O according to the addition
of melamine. Conditions: [23+·3TfO−] = 2.0 × 10−5 M, [melamine] =
0 to 2.5 × 10−3 M, H2O, 25 °C, path length = 10 mm.
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band around 295 nm was weakened and a slope appeared
around 400−700 nm, accompanying the color change from
pale yellow to brown. Melamine is most likely incorporated
into the cavity of 23+ because the spectral change resembles that
in DMSO. Figure 4b shows the absorbance at 295 nm against
the molar concentration of melamine. The shape of the plot,
however, was different from that in DMSO and could not fit
with any theoretical curve, assuming simple binding models
such as 1:1 and 1:2. It was suggested that the combination of
23+ and melamine in H2O forms some kinds of higher-order
aggregates through the 23+·melamine host−guest complex-
ation.
To confirm the aggregation, Tyndall scattering was tested

using a green-emitting laser pointer (λem = 532 nm). After a
H2O solution of 23+·3TfO− (2.0 × 10−5 M) was mixed with
melamine (1.0 × 10−4 M) in a glass tube, the resulting sample
mixture exhibited a clear Tyndall scattering (Figure 5a). On the

other hand, H2O solutions of 23+·3TfO− and melamine alone
showed no meaningful Tyndall scattering as well as a DMSO
solution of the mixture. The aggregation was quantified by DLS
experiments. A sample mixture was prepared from 23+·3TfO−

(2.0 × 10−5 M) and melamine (1.0 × 10−3 M) in H2O and left
at 25 °C for 12 h. DLS of the resulting mixture was measured at
that temperature, and the mean hydrodynamic diameter of the
particles was estimated to be 2.4 μm (Figure 5b). Of course,
when DLS was examined for each the aqueous solution of 23+·
3TfO− and melamine, no meaningful scattering light could be
observed (Table S1).
Annealing experiments for the mixture of 23+·3TfO− and

melamine in H2O gave rise to insoluble materials, which were
used to investigate the mesoscopic structure of the aggregates.
When the mixture was heated at 45 °C for 5 min and then
cooled at 25 °C for 15 min, a fluffy brown precipitate appeared
(Figure 6a). This precipitate was analyzed by using various
microscopes. As shown in Figure 5, a number of fibril structures
were observed by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and atomic force
microscopy (AFM). The width of the fiber was estimated as
more than 10 nm from all the microscopic images, and this
value was much larger than that of one molecule of 23+

predicted by the DFT calculation (Figure 2). Therefore,
these observed nanofibers would be some kind of bundles from
the several columns that consist of the 23+·melamine complex.

Interestingly, the precipitate once yielded was found to never
dissolve even in DMSO. This means that the discrete host−
guest complex in DMSO would be a kinetic product that fails to
self-assemble.
Similar types of SPM-based fibril structures have been

reported by Moore, Höger, and other groups.6 We also
reported that precursor 1 self-assembled into stacked structures
only in solid states.8a Thus, the nanofibers observed in the
present study were presumably composed of the columns made
of stacked 23+·melamine. On the other hand, aqueous solutions
of 23+ without melamine showed no self-assembling as
mentioned above. Coulomb repulsion would inhibit the self-
assembly of 23+ with a large hole inside as an “apo” state of the
enzyme. When melamine was incorporated within the “apo-
host”, the π-surface of the 23+·melamine complex became
larger than that of 23+. In addition, the rigidity of the framework
of 23+ would be enhanced by the formation of the complex.
The enlarged and rigidified π-surface would enforce the
hydrophobic π-interaction, which should more than make up
for the Coulomb repulsion and the entropic loss during the
self-assembly (Figure 1).
In summary, we developed a water-soluble pyridine−

pyridinium alternating tricationic macrocycle, which recognized
melamine in polar solvents such as DMSO and H2O. The
discrete molecular recognition in water induced the stacking of
the host−guest complex to give columnar and eventually
mesoscopic fibrous structures. This approach could be applied
to various discrete host−guest combinations. The resulting
higher-order structures are expected to be functional materials
of interest, and such projects are now underway.

Figure 5. (a) Tyndall scattering of a mixture in H2O. Conditions: [2
3+·

3TfO−] = 2.0 × 10−5 M, [melamine] = 1.0 × 10−4 M, 25 °C. (b)
Hydrodynamic diameter distribution for a sample mixture of 23+·
3TfO− and melamine in H2O measured by DLS. The sample mixture
was left at 25 °C for 12 h before DLS measurement. Conditions: [23+·
3TfO−] = 2.0 × 10−5 M, [melamine] = 1.0 × 10−3 M, 25 °C.

Figure 6. (a) Precipitate appears in a mixture of 23+·3TfO− and
melamine in H2O after annealing treatment: mixture was heated at 45
°C for 5 min and then cooled at 25 °C for 15 min to form the
precipitate shown. Conditions: [23+·3TfO−] = 1.0 × 10−4 M,
[melamine] = 5.0 × 10−3 M. (b) SEM, (c) TEM, and (d) AFM
images of self-aggregated fibril structure of the precipitate. (e) Line
scan profile as marked in the AFM image.
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ABSTRACT: A novel tandem formal [5 + 1]/hemiaminaliza-
tion reaction based on the readily available (2-aminoaryl)-
divinyl ketones and various nucleophiles has been developed.
The reaction represents a highly efficient and convenient
methodology for the synthesis of 3,4-benzomorphan deriva-
tives with high diastereoselectivity, and three new bonds and
two rings are successively formed in one step under mild,
metal-free conditions.

The morphan ring system is present in many natural
products, such as morphine, and some synthetic com-

pounds with analgesic activity.1 3,4-Benzomorphan, a related
morphan skeleton with potential biological activity, can also be
found in natural products, such as strychnochromine2 (an
unusual alkaloid from Strychnos gossweileri) and aspernomine3 (a
cytotoxic anti-insectan metabolite from the sclerotia of
Aspergillus nomius). Although numerous methods for the
synthesis of the morphan structure have been developed,4,5

only few reports exist in the literature on the construction of 3,4-
benzomorphan scaffolds.2a,6−9 In 2001, Bonjoch’s group
reported a Pd-mediated intramolecular coupling of aryl iodide
with the α-carbon of a carbonyl group to give 3,4-benzomorphan
derivatives (Scheme 1, eq 1).6a Two years later, a novel
rearrangement of 2-(2-bromophenyl)-3-(3-butenyl)-3H-indol-
3-ol to generate the 3,4-benzomorphan derivative was
documented under acidic conditions in McWhorter’s work
(Scheme 1, eq 2).7 Very recently, Streuff et al. reported an elegant
double-reductive umpolung strategy of quinolones with
acrylonitrile to generate the 3,4-benzomorphan derivative in
the presence of a titanium(III) catalyst (Scheme 1, eq 3).8

However, the above methods suffer from drawbacks such as
limited substrate scope, lack of readily available precursors, or
harsh reaction conditions. Therefore, the development of a new
and general methodology for the efficient construction of the 3,4-
benzomorphan derivatives from simple starting materials under
mild conditions is highly desirable.
Creation of complicated structural molecules from simple

substrates,10 while combining economic aspects,11,12 constitutes
a great challenge in modern organic chemistry. In this context,
the one-pot tandem strategy is highly attractive since multiple
bonds and stereocenters can be formed in such a single operation
without the need to isolate intermediates.13,14 Recently, we15−20

and others21,22 developed a series of new tandem reactions on the
basis of divinyl ketones for the efficient construction of structural
heterocycles and carbocycles, such as pyrrolizidines,16 C2-

tethered pyrrole/oxazole pairs,17 8-azabicyclo[5.2.1]dec-8-
enes,18 7-azatetrahydroindoles,19 and indolizidines.20 Herein,
we report a novel and general tandem [5 + 1]/hemiaminalization
reaction of (2-aminoaryl)divinyl ketones with nitroalkanes and
activate methylene compounds for the direct and efficient
construction of 3,4-benzomorphans in one step under mild
conditions (Scheme 1, eq 4). This new general approach allows
the formation of two C−C bonds and one C−N bond in a regio-
and diastereoselective manner in a single reaction.
In the present study, initially, the reaction of (2-aminoaryl)-

divinyl ketone 1a23 with nitromethane 2awas examined carefully
to optimize the reaction conditions. As shown in Table 1, the 3,4-
benzomorphan derivative 3a could be obtained in 80% isolated
yield from the reaction of (2-aminoaryl)divinyl ketone 1a (0.30
mmol) with nitromethane 2a (1.2 equiv, 0.36 mmol) in CH3CN
(5 mL) in the presence of DBU (0.5 equiv, 0.15 mmol) at 25 °C
for 9 h, and byproduct quinoline 4a was produced in 5% yield
(Table 1, entry 1). The yield of 3a was increased to 87% within 8
h by increasing the amount of DBU to 1.0 equiv (0.30 mmol)
(Table 1, entry 2). Decreasing the amount of DBU (0.3 or 0.2
equiv) decreased the yield of 3a. Different bases were also
screened, and it was found that NaOH gave a low yield of 3awith
prolonged reaction time (Table 1, entry 5). TMG afforded the
desired product 3a in reduced yield, along with byproduct 4a in
21% yield (Table 1, entry 6), and when Et3N was employed, the
starting material 1a was recovered in 99% yield (Table 1, entry
7). The related amidine base DBN showed reaction results
similar to those of DBU but with slightly lower yield (Table 1,
entry 8). Other solvents, such as THF, DMF, and dichloro-
methane, gave lower yields of 3a (Table 1, entries 9−11).
Nitromethane was sometimes found to be unreactive in the

double Michael addition with divinyl ketones;21a,b however, it is
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an active binucleophile in our tandem reactions. To probe the
scope of this transformation, reactions of nitromethane with a
range of (2-aminoaryl)divinyl ketones were carried out under the
optimal conditions (Table 1, entry 2), and the results are
summarized in Scheme 2. It was found that the tandem reaction
showed broad tolerance for various R1 and R2 groups of

substrates 1. (2-Aminoaryl)divinyl ketones 1 having electron-
deficient (1a,b and 1f,g) and electron-rich (1d,e) aryl, phenyl
(1c), β-naphthyl (1h), heteroaromatic (1i,j), and tert-butyl (1k)
R2 groups can afford the corresponding 3,4-benzomorphan
derivatives 3a−i in good to high yields with high diastereose-
lectivity. In addition, (2-aminoaryl)divinyl ketones 1 with both
electron-donating and electron-withdrawing R1 groups gave the
polysubstituted 3,4-benzomorphans (3l−p) in high yields. It is
worth mentioning that the tandem reaction of (2-aminoaryl)-
divinyl ketones 1 with nitromethane 2a proceeded in a highly
regio- and diastereoselective manner to set four stereocenters in
the 3,4-benzomorphan frameworks on the basis of 1H and 13C
NMR spectroscopy data of products 3 (no diastereoisomers of
3a−p were detected). The configurations of 3a−p were assigned
according to the X-ray diffraction analysis of 3a.24

The tandem process mentioned above represents a concise
and highly efficient methodology for the construction of 3,4-
benzomorphan derivatives from simple precursors under very
mild conditions. To further test the generality of this new
reaction, the reactions of (2-aminoaryl)divinyl ketone 1a with
various readily available nucleophiles 2 were investigated. As
shown in Scheme 3, under the aforementioned optimal
conditions (Table 1, entry 2), the domino reactions of (2-
aminoaryl)divinyl ketone 1a with nitroethane 2b and nitro-
propane 2c proceeded smoothly, affording the corresponding
3,4-benzomorphan derivatives in high yields with diaster-
eoisomers 5b/b′ and 5c/c′ in a ratio of approximately 1:1.
Besides nitroalkane, nucleophilic active methylene compounds,
such as ethyl cyanoacetate 2d or ethyl nitroacetate 2e, also gave
high yield of 3,4-benzomorphan derivatives with diastereoismers
5d/5d′ and 5e/5e′. Malononitrile 2f and malonates 2g and 2h
afforded the 3,4-benzomorphan derivatives 5f−h in good yields,
and no other diastereoismers could be detected. The isomers of
5b/b′−5e/e′ were readily isolated with column chromatog-

Scheme 1. Synthesis of 3,4-Benzomorphan Derivatives

Table 1. Optimization of the Reaction Conditionsa

entry base (equiv) solvent
temp
(°C)

time
(h)

3a
(%)b

4a
(%)b

1 DBU (0.5) CH3CN 25 9.0 80 5
2 DBU (1.0) CH3CN 25 8.0 87 trace
3 DBU (0.3) CH3CN 25 9.0 72 10
4c DBU (0.2) CH3CN 25 72.0 60 10
5 NaOH (1.0) CH3CN 25 36.0 45 5
6 TMG (1.0) CH3CN 25 5.5 64 21
7d Et3N(1.0) CH3CN 25 72.0 0 0
8 DBN (1.0) CH3CN 25 8.0 78 trace
9e DBU (1.0) THF 25 72.0 17 20
10 DBU (1.0) DMF 25 6.0 63 5
11 DBU (1.0) CH2Cl2 25 48.0 20 37

aReactions were carried out with 1a (0.3 mmol), 2a (0.36 mmol), and
DBU (1 equiv) in solvent (5 mL) at 25 °C. bIsolated yields. c1a was
recovered in 23% yield. d1a was recovered in 99% yield. e1a was
recovered in 52% yield.

Scheme 2. Synthesis of 3,4-Benzomorphan Derivatives 3a,b

aReactions were carried out with 1 (0.3 mmol), 2a (0.36 mmol), and
DBU (1 equiv) in CH3CN (5 mL) at 25 °C. bIsolated yields.
cByproduct quinoline 4k was obtained in 40% yield.
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raphy, and the relative configurations of 5b/b′ and 5c/c′ were
confirmed by NOESY spectroscopy (see Supporting Informa-
tion). The structure of product 5ewas confirmed by X-ray single-
crystal analysis.24

With the previous15−22,25 and present results, a plausible
mechanism for the formation of 3,4-benzomorphan derivatives 3
and 5may involve Scheme 4 (with the transformation of 1a with

2a as an example). The overall process may involve the following
steps: (1) a DBU-promoted intermolecular Michael addition of
(2-aminoaryl)vinyl ketone 1a and nitromethane 2a to provide
intermediate I; (2) deprotonation of I by DBU to form anion
intermediate II; (3) consecutive intramolecular Michael addition
of anion II by selectively attacking the less hindered face to
generate anti-diastereomer cyclohexanone intermediate III in a
diastereoselective manner;15 (4) intramolecular semiaminaliza-
tion of III to furnish 3,4-benzomorphan derivative 3a. The
reason for the diastereoselectivity of this tandem process is not
very certain at this stage. Alternatively, thermodynamic control
(equilibrium isomerization of one diastereomer into the stable

one through the nitronate form of the nitro compounds under
basic conditions) is also possible.
To highlight the synthetic potential of this domino process,

two possible transformations of the hydroxylation 3,4-
benzomorphan derivative 3a were conducted to form the
benzomorphan frameworks, which are found in strychnochro-
mine2 and aspernomine3 (Scheme 5). First, the hydroxyl group

of 3a was readily removed to give the 3,4-benzomorphan
derivative 6a in high yield when 3a was treated with Et3SiH (2.0
equiv) and TiCl4 (1.5 equiv). Then, in the presence of
allyltrimethylsilane (2.0 equiv) and TiCl4 (1.5 equiv), 3a was
transformed to an allylic 3,4-benzomorphan 7a, which has a new
tetrasubstituted tertiary carbon center.
In conclusion, we have developed a novel domino strategy for

the direct and practical synthesis of 3,4-benzomorphan
derivatives through (2-aminoaryl)divinyl ketones. The reaction
involves a sequential double Michael addition/intramolecular
hemiaminalization and allows the diastereoselective construction
of 3,4-benzomorphan scaffolds in a single step from easily
available substrates in good to high yields under mild metal-free
conditions. This strategy shows the highly efficient use of the
reactive sites of (2-aminoaryl)divinyl ketones and further
expands the synthetic potential of (2-aminoaryl)divinyl ketones
in organic synthesis.
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ABSTRACT: Herein we report a Rh(I)-catalyzed two carbon insertion into C−C bonds of benzocyclobutenols by employing
symmetrical and unsymmetrical allenes. This reaction provides rapid access to alkylidene tetralins bearing two adjacent
stereogenic centers in good yields and diasteroselectivities.

The selective cleavage and functionalization of C−C bonds
by transition-metal catalysts is an intriguing process from

both mechanistic and synthetic standpoints.1 As an increasingly
sophisticated method, it enables facile assembly of scaffolds2

that could otherwise be challenging synthetic targets for
conventional methods.
One powerful extension of this method involves the insertion

of an unsaturated unit after the C−C bond cleavage, which
installs new C−C bonds and ring systems in various
synthetically meaningful contexts.3,4 Along this line, benzocy-
clobutenols have recently attracted considerable attention.5−8

In 2011, the Orellana group reported the site-selective ring
opening of the C(sp2)−C(sp3) bond adjacent to the hydroxyl
group benzocyclobutenols. This Pd-catalyzed reaction allowed
for a tandem C−C bond cleavage/cross-coupling reaction.
Since 2012, Murakami and co-workers has pioneered in the
rhodium-catalyzed tandem ring-opening/formal cycloaddition
reactions featuring alkynes6 or vinyl ketones7 surrogates as the
two-carbon synthons (Scheme 1a). Notably, the rhodium-
catalyzed site-selective ring opening set the stage for the
subsequent alkyne or alkene insertion, concluded by an
intramolecular aldol condensation to the pedant ketone. In
the vinyl ketone reactions, good to excellent diastereoselectivity
(8:1 to >20:1 dr) was achieved.7 In 2014, Wang et al.
developed a remarkable rhodium-catalyzed formal carbene
insertion into benzocyclobutenols using diazoesters.8 A wide
array of useful indanol derivatives were prepared in high yields
with excellent regio- and diastereoselectivity (Scheme 1b).
Allenes as a versatile building block9 have been widely

employed in Rh(I)-catalyzed intramolecular cycloaddition
reactions.10 We thus envisioned that allenes may serve as a
two-carbon synthon in Rh(I) catalyzed formal [4 + 2]
cycloaddition with benzocyclobutenols (Scheme 1c). This
reaction would provide rapid access to the alkylidene tetralin
skeleton, which is a privileged scaffold in bioactive molecules11

and organic synthesis.12 Importantly, the exo alkene should

allow for further elaboration of the parent compound through a
variety of well-established transformations.
We commenced our study by employing benzocyclobutenol

1a and diphenylallene 2a as the model substrates (Table 1 and
Supporting Information). Screening of Rh(I) catalysts revealed
that [Rh(cod) (OH)]2 gave the best results (entries 1−5). The
reaction could be performed at room temperature with
moderate yields in 1,4-dioxane (entry 4) and toluene (entry
5). Other solvents were not as productive. A better yield was
obtained at elevated temperature (100 °C). Thus, in the
presence of [Rh(cod) (OH)]2 in toluene at 100 °C, tetralin 3a
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Scheme 1. Rh(I)-Catalyzed Insertion to Benzocyclobutenols
with (a) Alkynes and Enones, (b) Carbenes, and (c) Allenes
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was obtained as single product in 80% yield (entry 6). Other
possible diastereomeric products were not observed in the
crude NMR, underscoring the high regio- and diastereo
selectivity. Thermal reaction13 (i.e., in the absence of [Rh(cod)
(OH)]2) did not occur even at 160 °C, suggesting that the
reactivity is due to Rh(I) catalysis. During the optimization, it
was observed that when 2.0 equiv of allene 2a was added, the
reaction did not proceed. This observation may suggest that
disassociation of Rh(I) to allene 2 is a perquisite of the C−C
cleavage.
With the optimized conditions in hand, we demonstrated the

general applicability of our method with a range of
benzocyclobutenols and allenes (Scheme 2). We first evaluated
the reaction of different allenes with benzocyclobutenol 1a.
Various allenes bearing para-substituted phenyl groups (2b, 2c,
2d) reacted smoothly to give the desired product in good yields
and high diastereoselectivity (dr > 19:1). The nature of the
para-substitution (electron-donating or -withdrawing) does not
seem to affect the reaction. Reaction of unsymmetric allenes
bearing an alkyl and an aryl substitution (2e, 2f, 2g, and 2h) did
not show good regioselectivity, resulting in two separable
regioisomers at ratios ranging from 1:1 to 5:3 in 61−89%
combined yields. However, the diastereomeric ratios for the
individual regioisomeric product remain good, ranging from
10:1 to >19:1. Disappointingly, allenes substituted with two
alkyl groups (R1 = R2 = isobutyl or n-propyl) showed no
reactivity toward 1a even at elevated temperature (120 °C),
with both benzocyclobutenol 1a and allenes being recovered. A
similar observation was made with mono-, 1,1-di-, and
trisubstituted allenes. As we previously observed that excess
2a arrested the reaction, we lowered the ratio of allene/Rh(I)
to 10:1 without a change in the ratio of 1a. Under these
conditions, the reaction still did not proceed, indicating that the
intrinsically strong coordination of Rh(I) to these allenes
prevents it from reacting with 1a.
Benzocyclobutenol with a different group at the R3 position

were then examined. Satisfyingly, various aryl groups such as
phenyl (3i,k), p-anisyl (3j,m), and p-tolyl (3l) were compatible
with the reactions. Larger alkyl groups including isopropyl
(3n), cyclohexyl (3o), cyclopropyl (3q), and n-butyl (3r) were
tolerated. The reaction yield seems to increase with smaller R3
groups (aryl > n-alkyl > cyclopropyl > isopropyl > n-
cyclohexyl). In all these cases, the desired products were
obtained in single diastereomeric form, as also evidenced in the
crude NMR spectra. Interestingly, the ring-fused benzocyclo-

butenol 2g furnished the desired tricyclic tetralin in an excellent
yield and with a high diastereoselectivity.
Various substitutions on the phenyl ring of the benzocyclo-

butenol were tolerated. Electron-donating groups (3s,t) and
electron-withdrawing groups (3u−w) did not interfere with the
reaction, giving excellent yields of the desired products.
Extension of the reaction to unsubstituted benzocyclobutenol
(R3 = R4 = H) was unsuccessful. A formal retro-aldol reaction
occurred, and o-methylbenzaldehyde was isolated in high yield.
The structure of 3l was unambiguously determined by single-

crystal X-ray diffraction, which showed that the R2 and R3
groups (R2 = R3 = tolyl for 3l) adopted a cis-configuration
(Figure 1). As a demonstration, Pd/C-catalyzed catalytic
hydrogenation of the exo olefin in 3l gave rise to tetralin 4 as
one diastereomeric product, featuring three consecutive
stereogenic centers (Scheme 3). The newly generated benzylic
group was determined to be syn to the existing aryl groups, as

Table 1. Optimization of the Reaction Conditionsa

entry catalyst temp (°C) solvent time (h) yieldb (%)

1 [Rh(cod)2]BF4 100 B 2 nd
2 Rh(PPh3)3Cl 100 B 2 5
3 [Rh(cod)Cl]2 100 B 2 15
4 [Rh(cod) (OH)]2 rt A 24 57
5 [Rh(cod) (OH)]2 rt B 24 66
6 [Rh(cod) (OH)]2 100 B 2 80
7 none 160 B 2 nd

aReaction conditions: 1a (0.1 mmol), 2a (0.11 mmol), catalyst (2.0
mol %), solvent (0.5 mL). bIsolated yields, dr > 19:1. A = 1,4-dioxane,
B = toluene; nd = not detected.

Scheme 2. Reaction Scopea−c

aReaction conditions: 1a−n (0.2 mmol), 2a−h (0.22 mmol), catalyst
(2.0 mol %), toluene (1.0 mL), 100 °C, 2 h. bIsolated yields, dr >19:1.
cfor 3ea, 3fa, 3ga, and 3ha, dr >10:1.
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determined by the coupling constant in 1H NMR (Figure S1,
Supporting Information). This is in agreement with the
projection that the hydrogen is delivered from the same face
as the hydroxyl group, through which the reactant 3l is
absorbed to the Pd catalyst surface.
To probe the reaction mechanism, we employed optically

pure allene (S)-2a14 in the reaction (Supporting Informa-
tion).15 If a stereoselective and stereospecific pathway is
assumed, such a reaction would result in chirality transfer
from the allene 2a to the product, thus giving optically pure 3a.
However, racemic 3a was obtained in numerous trials. We thus
monitored the enantiomeric excess of both allene 2a and
product 3a at different conversions (Table 2). Allene (S)-2a

was observed to undergo gradual racemization under the
reaction conditions. In contrast, when allene (S)-2a was
subjected to the reaction conditions in the absence of substrate
1a, its ee remained 99% for an extended period of time. This
observation suggested that the Ar-Rh (resulted from C−C
cleavage) but not the initial Rh(I) caused the racemization of
allene 2a. Such an observation is consistent with the report of
Cramer, where they observed that Rh−H induced racemization
of chiral allenes.16 More importantly, the ee of the product 3a
was 0% even at low conversion (17%) when the remaining
allene 2a shows an ee of 55%. Altogether, it could be deduced
that the racemic 3a was not derived from racemic 2a. Rather, it
stemmed from a nonstereospecific reaction pathway.
Based on the above analysis, a tentative mechanism is

proposed using 2a as an example (Scheme 4). First, Rh(I)
hydroxide deprotonates 1a, which then suffers ring opening of
benzocyclobutenol through β-carbon elimination, resulting in

the site-selective cleavage of the C(sp2)−C(sp3) bond.6−8,17,18
Insertion of allene 2a into the Ar−Rh (I) bond in A2 would
give an intermediate of type A3. The subsequent intramolecular
aldol reaction could happen either by the attack of the (sp3)-C
attached to the Rh (as suggested by earlier examples, not
shown) or by the attack of the terminal (sp2)-C. The latter
pathway not only explains the formation of racemic product 3a
but also accounts for the E geometry of the resulted alkene (i.e.,
not Z alkene was observed). However, the diastereoselectivity
(i.e., the cis-relationship of the methyl and phenyl group) is
puzzling. While a syn alignment of the CO and the olefinic H
is required to form the diastereomeric product, our inspection
of the molecular model does not reveal clear advantage of such
a confirmation.
In conclusion, we have developed a Rh(I)-catalyzed insertion

of allenes into benzocyclobutenols. This formal [4 + 2]
cycloaddition reaction occurred in a site- and diastereoselective
manner, providing rapid access to various alkylidene tetralins in
good yields. Given the generality, efficiency, and synthetic
utility of this method, we expect it to find application in the
syntheses of related bioactive compounds. In addition, our
preliminary mechanistic study also revealed surprising reactivity
of Rh(I) toward allenes that warrants further investigation.
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Figure 1. X-ray crystal structure of 3l.

Scheme 3. Hydrogenation of Tetralin 3l

Table 2. ee of 2a and 3a at Different Conversionsa

time (h) conversion of 1a 2a (ee, %) 3a (ee, %)

0 99
1 17 55 0
4 40 25 0
24 100 0 0

aDetermined by HPLC analysis on a chiral stationary phase.

Scheme 4. Mechanistic Proposal
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ABSTRACT: The efficient construction of a coumarin-pyrrole-isoquinoline-
fused pentacycle via the visible-light-promoted cyclization of 4-(isoquinolin-1-
ylmethyl)-3-nitrocoumarin or Yb(OTf)3-catalyzed coupling of 4-chloro-3-nitro-
coumarin and 1-methylisoquinoline is reported. This methodology has further
led to the development of the concise synthesis of the lamellarin core in one, two,
and three steps, as well as of lamellarin D trimethyl ether in three steps.

Pyrrolo[2,1-a]isoquinoline- and coumarin-fused pentacycles
constitute the molecular skeleton of the natural products

lamellarin alkaloids such as lamellarins D, H, M, N, and α-20-
sulfate (Figure 1). These lamellarin alkaloids exhibit a variety of

biological activities.1 For instance, lamellarin D not only
displays strong cytotoxic activity against tumor cell lines2 but
also serves as a potent topoisomerase I inhibitor.3 Lamellarin H
is an effective antiviral agent against the Molluscum contagiosum
virus.4 Lamellarin N shows potent inhibition activities against
protein kinases,5 and lamellarin α-20-sulfate is a potent HIV
integrase inhibitor.4,6 In light of their novel structures and
intriguing biological properties, the synthesis of the coumarin-

pyrrole-isoquinoline-fused pentacycle has become an important
and attractive goal for organic chemists. Previous pentacycle
syntheses were generally accomplished in two stages by
building the pyrrolo[2,1-a]isoquinoline core and installing the
coumarin moiety onto it (Scheme 1).7 Direct preparation of the
coumarin-pyrrole-isoquinoline-fused pentacyclic system using
pre-existing coumarin derivatives, however, has been rarely
reported.8 As a part of our ongoing research on the
development of photosensitizer-free, visible-light-mediated

Received: December 12, 2015
Published: January 7, 2016

Figure 1. Molecular structures of lamellarins D, H, M, N, and α-20-
sulfate.

Scheme 1. Previous Synthesis of Lamellarin Core
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organic reactions,9 we herein present the synthesis of a
coumarin-pyrrole-isoquinoline-fused pentacycle through the
cyclization of 4-(isoquinolin-1-ylmethyl)-3-nitrocoumarin
under the influence of visible light irradiation or Yb(OTf)3-
catalyzed coupling of 4-chloro-3-nitrocoumarin and 1-methyl-
isoquinoline. Further application of this methodology to the
synthesis of the lamellarin core, lamellarin D trimethyl ether,
and lamellarin H was also explored.
We initiated our study by choosing a coumarin-pyrrole-

quinoline-fused pentacycle 1 as the first target (Scheme 2). The

synthesis of 1 involved K2CO3-mediated coupling of
commercially available 4-chloro-3-nitrocoumarin (2) and 2-
methylquinoline (3) in 1,2-dichloroethane under reflux
conditions to give 3-nitro-4-(quinolin-2-ylmethyl)coumarin
(4) in 50% yield. During purification of the compound 4, a
new and fluorescent spot on the TLC plate was invariably
detected. This observation implied that compound 4 was light-
sensitive and slowly converted into a new product under the
influence of light. Upon exposure to visible light (23 W
fluorescent light bulb or blue LEDs), the compound 4 indeed
was found to undergo intramolecular cyclization reaction at
room temperature to give the pentacycle 1, quantitatively. No
formation of 1 was observed when the reaction was carried out
in the dark. This result confirmed that the cyclization of 4 to 1
was promoted by visible light. As for the solvent effect, among
several solvents investigated, acetonitrile gave higher conversion
in a shortest time interval. Hence, acetonitrile was used as the
solvent for all subsequent visible-light-mediated reactions. The
molecular structures of 4 and 1 were confirmed by single-crystal
X-ray diffraction analysis as presented in Figure 2.10 The X-ray
crystal structures revealed that the quinoline moiety of 4 is
almost orthogonal to the coumarin with the quinoline nitrogen

atom pointing toward the nitro group, and the pentacycle 1, as
expected, is virtually planar.
To gain more insight into the mechanism of this visible-light-

promoted cyclization, nitrocoumarin 4 was subjected to the
EPR measurements. Figure 3 depicts the EPR spectra of 4

recorded in degassed CH3CN solution under visible light
irradiation at room temperature. Upon exposure to visible light,
strong splitting EPR signals were clearly observed at around
3482−3492 G. This observation provided strong evidence to
support that the photochemical reaction of 4 involves, at least
in part, a radical species as a transient intermediate.
Based on the EPR experimental results, a plausible

mechanism for the formation of 1 from 4 via visible light
irradiation is proposed in Scheme 3. Presumably, the

photoreaction involves a visible-light-mediated intramolecular
hydrogen transfer from the methylene group to the nearby
nitro group oxygen to give the biradical species 511 which can
delocalize to the 2-oxochroman-3-ylideneazinic acid 6. The
intramolecular cyclization of 6 generates the isoxazol-2(5H)-ol
derivative 7. The nucleophilic addition of quinoline nitrogen to
the C-3 position of the coumarin ring forms the key carbon−
nitrogen bond and subsequently leads to the formation of the
quinolinium 8. Final elimination of nitrous acid from 8 and
intermittent aromatization of the pyrrole ring afford the
photogenerated pentacycle 1.
After the synthesis of pentacycle 1 has been successfully

realized, we then turned our attention to the preparation of the
coumarin-pyrrole-isoquinoline-fused pentacycle 12 and lamel-
larin core 9 as shown in Scheme 4. The synthesis started with
K2CO3-mediated coupling of 2 with 1-methylisoquinoline (10)

Scheme 2. Synthesis of Compound 1

Figure 2. X-ray crystal structures of 4 (left) and 1 (right).

Figure 3. EPR spectra of 4 recorded in degassed CH3CN solution at
room temperature after exposed to visible light.

Scheme 3. Proposed Mechanism for the Formation of 1 from
4
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in 1,2-dichloroethane to give 4-(isoquinolin-1-ylmethyl)-3-
nitro-2H-chromen-2-one (11) in 48% yield. Similar to that of
4, compound 11 was found to be highly sensitive to light and
readily undergo intramolecular cyclization reaction which made
the isolation of 11 in its pure form difficult. Thus, without
further characterization, compound 11 was subjected to visible-
light-promoted cyclization in acetonitrile to afford compound
12 in 90% yield. The subsequent Rh-catalyzed coupling12 of 12
with iodobenzene in 1,4-dioxane/m-xylene generated lamellarin
core 9 in 28% yield. Alternatively, compound 9 can also be
prepared by bromination of 12 with NBS at room temperature
to afford 13 and followed by Suzuki coupling of 13 with
phenylboronic acid in THF.7i,8 Similarly, lamellarin core
analogue 15 was synthesized from compound 1 to demonstrate
the generality of this methodology (Scheme 5). Again, the
molecular structures of both 9 and 1510 were confirmed by the
single-crystal X-ray diffraction analysis (see the Supporting
Information).

In an effort to further shorten the synthetic steps of 9 shown
in Scheme 4, we replaced 1-methylisoquinoline (10) with 1-
benzylisoquinoline (16) in which the preinstalled phenyl group
on the isoquinoline moiety would be directly introduced to
lamellarin core 9, so that the final metal-catalyzed coupling
reaction can be omitted. Unfortunately, all attempts to prepare
9 by reacting 2 with 16 under various basic conditions failed to
give the desired product, presumably due to the intrinsic steric
hindrance caused by the bulky phenyl group on 16. Further
study, to our delight, indicates that the lamellarin core 9 can be

synthesized in one step through Lewis acid catalyzed coupling
of 2 and 16 in xylene under reflux conditions. Table 1

summarizes the optimization of reaction parameters for the
one-step synthesis of lamellarin core 9 from 2 and 16.
According to Table 1, ytterbium triflate was found to be the
best Lewis acid with a yield of 17% (entry 5).
The methodology was further utilized in the preparation of

lamellarin D trimethyl ether (17), its analogue 18, and
lamellarin H as shown in Scheme 6. The Yb(OTf)3-catalyzed

coupling of 2 with commercially available paparerine (19) in
xylene under reflux conditions furnished lamellarin D trimethyl
ether analogue 18 in 14% yield. Similarly, lamellarin D
trimethyl ether (17) was synthesized by coupling 4-chloro-
6,7-dimethoxy-3-nitrocoumarin (20, prepared from 4-hydroxy-
6,7-dimethoxycoumarin in two steps; see the Supporting
Information) with 19 in 10% yield (overall yield of 8% in
three steps). Subsequent exhaustive demethylation of 17 and
18 using boron tribromide afforded the natural product
lamellarin H (21) and its analogue 22. Even though the yield
of the coupling step is relatively low, this concise synthesis
provides a quick access to the biologically important coumarin-
pyrrole-isoquinoline-fused pentacycles and lamellarin D
trimethyl ether from commercially available starting materials

Scheme 4. Synthesis of Compound 12 and Lamellarin Core
9

Scheme 5. Synthesis of Compound 15

Table 1. Optimization of Reaction Parameters for Synthesis
of Lamellarin Core 9

entry catalyst (10 mol %) time (h) yielda (%)

1 AlCl3 36 15
2 FeCl3 72 trace
3 NiNO3 72 nrb

4 BF3OEt2 72 nr
5 Yb(OTf)3 36 17
6 Sc(OTf)3 72 6
7 Ga(OTf)3 72 trace
8 Bi(OTf)3 72 trace

aIsolated yield. bNo reaction.

Scheme 6. Preparation of Compounds 17, 18, 21, and 22
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and represents the shortest route to the construction of
lamellarin core,7a,8 lamellarin D trimethyl ether, and lamellarin
H7g,13 ever reported in literature.
This one-step, sequential coupling−cyclization reaction was

also utilized to improve the preparation of pentacycles 1 and 12
by reacting 2 directly with 3 and 10 in the presence of a
catalytic amount of Yb(OTf)3 in xylene under reflux conditions
in 70% and 54% yield, respectively (Schemes 2 and 4). We
assumed that the mechanism for the formation of 1 via
Yb(OTf)3-catalyzed reaction involves the Lewis acid promoted
intramolecular proton transfer (rather than light-promoted
hydrogen atom transfer) from the 4-methylene carbon of 4 to
the nearby 3-nitro oxygen atom to afford 6. The remaining
mechanistic steps are similar to those of the visible-light-
promoted reaction as shown in Scheme 3. Compared to the
visible-light-promoted reaction, the Yb(OTf)3-catalyzed route
has the advantages of higher overall yield, one less step, and
being scalable. Nevertheless, the visible-light-promoted cycliza-
tion is more sustainable and environmentally benign and holds
the potential for efficient preparation of novel heterocyclic
aromatic compounds.
In summary, we have demonstrated that coumarin-pyrrole-

isoquinoline-fused pentacycle 12 can be prepared via either
visible-light-promoted cyclization of 4-(isoquinolin-1-ylmeth-
yl)-3-nitrocoumarin (11) or Yb(OTf)3-catalyzed coupling of 4-
chloro-3-nitrocoumarin (2) and 1-methylisoquinoline (10).
The methodology was extended to the one-, two-, and three-
step syntheses of lamellarin core 9 with overall yields of 17%,
15%, and 44%, respectively. Moreover, we have successfully
implemented this method in the synthesis of lamellarin D
trimethyl ether in three steps with an overall yield of 8% and
lamellarin H in four steps.
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ABSTRACT: Highly stereoselective aza-Peterson olefinations
from bench-stable α,α-bis(trimethylsilyl)toluene reagents and
N-substituted imines have been achieved using TMSO−/
Bu4N

+ as Lewis base activator in THF. Remarkably, and for
the first time, N-t-butanesulfinyl imines were utilized for the
synthesis of Z-stilbenes with excellent selectivities, while N-aryl
imines generated E-stilbenes under identical reaction con-
ditions. The protocol proved general for numerous examples with low molecular weight byproducts formed. The origin of the Z-
selectivity is proposed to be a result of diastereoselective addition to N-t-butanesulfinyl imines followed by syn-elimination of an
in situ formed hypervalent silicate.

Olefins are ubiquitous structural motifs in biologically
relevant entities and serve as versatile precursors for a

diverse range of chemical transformations that produce
pharmaceutical and industrially important organic compounds.1

New strategies for the facile synthesis of stereochallenging
alkenes remain a considerable focus of research. Selective access
to either the E- or Z-isomer of an alkene is often the decisive
factor in the success of any alkene synthesis method. Among the
olefin-forming transformations, selective preparation of E-
isomers has been established the most, while the corresponding
methods to access the thermodynamically less favorable Z-
alkenes remain a challenge.2,3 Several transformations have been
introduced to address this issue, including hydrogenation,4

alkyne reductive coupling5 or carbocupration,6 cross-meta-
thesis,7 terminal-to-internal olefin isomerization,8 and photo-
catalytic E-to-Z isomerization.9 A general synthesis of Z-olefins is
available from the Wittig reaction variant in which N-sulfonyl
imines are used instead of carbonyl electrophiles.10

The Peterson olefination (PO) reaction offers a superior atom
economy advantage over the Wittig reaction as it produces
noncrystalline low molecular weight silicon byproducts.11 Yet,
stereocontrol has always been the Achilles heel of the PO
reaction, especially for direct alkene synthesis (i.e., without
isolation of silyl−alcohol intermediates).1,11 Arguably, this
limiting factor, in addition to the necessity to preform α-silyl
carbanions using a strong base, has restricted its more widespread
use. In an effort to address these limitations, we have recently
reported stereoselective aza-PO reactions utilizing bench-stable
bis(trimethylsilane) reagents and N-phenyl imines to produce
thermodynamically favored E-alkenes with excellent selectivities
(Scheme 1).12 Despite this success, the significant limitation for
silicon-based olefination reactions is that no direct (without β-
hydroxysilane isolation) Z-selective method currently exists. As
such, we were stimulated to identify a Z-favoring electrophile,
and our attention was drawn to the potential use of N-t-

butanesulfinyl imines (Ellman imines) as substrates for aza-PO
reactions.13 To the best of our knowledge, t-butanesulfinyl
imines have not been previously utilized for any olefination
transformations. They are commonly used in diastereoselective
organometallic addition reactions for the synthesis of chiral
amines, with high selectivity attributed to either the formation of
a metal-chelated closed six-membered ring or open (non-
chelating) transition states.13 We have recently demonstrated
diastereoselective addition of benzyltrimethylsilanes to N-t-
butanesulfinyl imines usingMe3SiO

−/Bu4N
+ in THF to promote

the addition reaction.14,15

In this work, our motivation for investigating N-t-butanesul-
finyl imines as carbonyl replacement electrophiles was the
potential for diastereoselective addition, through a chelating six-
membered transition state, brought about by interaction of the
silicon of the α-silyl carbanion with the oxygen of the sulfinyl
imine (Figure 1). This intramolecular oxygen−silicon activation
would induce hypervalency on Si, thereby facilitating an olefin-
forming syn-elimination step with participation of the six-
membered ring guiding the outcome toward the thermodynami-
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Scheme 1. Stereoselective Aza-Peterson Olefinations
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cally less stable Z-isomers. This would contrast with an open
nonchelating addition model for the N-phenyl imine electro-
philes, which delivers the thermodynamically favored trans-
isomers (Figure 1).
At the outset, the reaction conditions of Me3SiO

−/Bu4N
+ in

THF were chosen to match those previously successfully used in
our addition reactions.14 As it would be beneficial to have both E-
and Z-isomers accessible from a single set of conditions (and
allow direct comparison), these conditions were also applied to a
number of N-aryl imine reactions, some of which have been
previously observed to give high E-selectivity using CsF/DMF.12

In this initial study, 13 bis(trimethylsilane) reagents 1a−m, five
N-aryl imines 2a−e, and 19N-t-butanesulfinyl imines 3a−s were
used (for structures, see Figures S1−S3).16
Before investigating the Z-selectivity, it was first confirmed

that changing silicon activation from a fluoride source in DMF to
Me3SiO

− in THF did not impact the high E-selectivity with N-
phenyl-substituted imines. Reaction of ((3-methoxyphenyl)-
methylene)bis(trimethylsilane) 1f and N-phenyl imine 2a in the
presence of 1.5 equiv of Me3SiOK/Bu4NCl in THF at −20 °C
provided the target alkene 6a in 87% yield with a Z/E ratio of
1:99, which was consistent with our previous results using CsF in
DMF (Table 1, entry 1).12 To determine the influence, if any, of

electronic effects of the N-aryl group on the stereochemical
outcome of the reaction, N-p-methoxyphenyl 2b, N-p-trifluor-
ometylphenyl 2c, and bis(trifluoromethyl)phenyl 2d substituted
imines were used in the reaction with 1f under the same
conditions. In each case, the product Z/E ratio remained
unchanged at 1:99, with only minor variations in yields (entries

2−4). These results pointed towardN-aryl sterics influencing the
reaction course toward highly selective E product.
Next, (R)-N-benzylidene-2-methylpropane-2-sulfinamide,

(R)-3a, was chosen as electrophile in the reaction with 1a
under identical conditions. To our delight, a complete inversion
of the stereo-outcome was obtained, with alkene 6a obtained in
89% yield with a Z/E ratio of 95:5 (entry 5). Using either the S-
isomer or a racemic mixture of sulfinyl imine 3a had no effect on
Z/E ratio (entries 6 and 7). A survey of the two sulfonyl imines 4
and 5 was next performed to compare their influence on the
stereochemical outcome of the reaction. When methylsulfonyl
imine 4 was treated with 1f in the presence of 1.5 equiv of
Me3SiOK/Bu4NCl in THF, alkene 6a was formed in 51% yield
with a poor Z/E ratio of 65:35 (entry 8). Employing p-
toluenesulfonyl imine 5 under the same reaction conditions
produced the product alkene 6a in 63% yield, having little Z/E
selectivity (45:55), which is a comparable result to that seen with
benzaldehyde (entry 9).12 This dramatic difference between
sulfinyl and sulfonyl imines is pertinent as p-toluenesulfonyl
imines are excellent substrates for the formation of Z-alkenes in
the Wittig reaction.10c Together, these initial results indicated
that N-phenyl imine and rac-N-t-butanesulfinyl imines could be
used for E- and Z-selective olefination, respectively, in the
presence of 1.5 equiv of Me3SiOK/Bu4NCl at −20 °C in THF.
The established reaction conditions were next evaluated by

employing a broad range of aryl 3a−f,h,j,k,n, heteroaryl 3r, and
organometal l ic 3s N - t -butanesulfinyl imines with
(phenylmethylene)bis(trimethylsilane) 1a (Scheme 2). Z-

Selective olefination of electron-neutral, -rich, and -poor aryl
imines having o-, m-, or p-substitution or bisubstitution worked
very well, providing the corresponding alkenes Z-6a to Z-6j in
high yields and with excellent range of Z/E ratios from 90:10 to
95:5. Pharmaceutically important heteroatomatic furan is also
compatible with the protocol to produce the corresponding
alkene Z-6k in 74% yield. Ferrocenyl imine 3swas utilized for the
first time in stereoselective olefination, providing alkene Z-6l in
69% yield and Z/E ratio of 95:5 (Scheme 2). Having successfully
explored various N-t-butanesufinyl imines, the influence of
diversely substituted bis(trimethylsilane) reagents 1b,d−f,h,j,k

Figure 1. Possible addition profiles when usingN-t-butanesulfinyl imine
and N-phenyl imine electrophiles.

Table 1. Imine Stereoeffects on Aza-Peterson Olefinationsa

entry R imine time (h) yieldb (%) Z/Ec

1 Ph 2a 3 87 1/99
2 p-MeOC6H4 2b 3 76 1/99
3 p-CF3C6H4 2c 3 84 1/99
4 3,5-(CF3)2C6H3 2d 3 85 1/99
5 (R)-S(O)tBu 3a 2 89 95/5
6 (S)-S(O)tBu 3a 2 88 95/5
7 (±)-S(O)tBu 3a 2 86 95/5
8 SO2Me 4 4d 51 65/35
9 SO2p-MeC6H4 5 4d 63 45/55

aReaction conditions: bis(silanes) (0.8 mmol), imine (0.4 mmol), and
Me3SiOK/Bu4NCl (0.6 mmol). bYield of the isolated product after
chromatography. cDetermined by 1H NMR. dReaction warmed to 0
°C for 2 h.

Scheme 2. Z-Selective PO with N-t-Butanesulfinyliminesa

aYield of the isolated product after chromatography; Z/E determined
by 1H NMR.
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with imines 3a,g,i was examined (Scheme 3). Pleasingly, each
reaction was successful with good Z/E ratios in spite of the
varying substitution patterns.

An important feature of any new synthetic method is
robustness, as its use will often be in the hands of a nonexpert.
To showcase the generality of the current method, a dual
synthetic strategy was chosen to prepare five representative
alkenes 6u−y (Scheme 4). Under conditions A, 1a was reacted

with five different imines 3g,l,o−q, providing the corresponding
alkenes in good yields with excellent Z-selectivities. In dual
conditions B, five different bis(trimethylsilanes) 1b,g,i,l,m were
employed with 3a to produce the same alkenes. Yields and Z-
selectivity for both approaches show comparable results, many of
which are within the range of experimental error. Of specific
note, bis(trimethylsilane)pyridine derivative 1m and its N-t-
butanesulfinyl analogue 3q were both compatible with this
process (Scheme 4).
To streamline the Z-alkene synthesis from aldehydes, a one-

pot approach was adopted (Scheme 5). Reaction of aldehyde and
2-methylpropane-2-sulfinamide in THF with pyrrolidine catalyst
generated the sulfinyl imine.17 Imine formation was monitored
by TLC, and upon completion, the temperature was lowered to
−20 °C, bis(trimethylsilane) added, and the reaction carried out
as previously described. Eight diversely substituted alkenes were
produced in good yields while maintaining the excellent cis-
selectivity (Scheme 5). It could be anticipated that this approach
would be of specific importance for library generation of Z-

alkenes via high-throughput synthesis. As it would be a unique
advantage to have a single silicon activation to produce both Z-
and E-isomers, the use of Me3SiO

−/Bu4N
+ withN-phenyl imines

was next evaluated. Eight bis(trimethylsilanes) were successfully
tested with sulfinyl imine 2a, providing alkenes 6b,m−o,r,u−w in
high yields and with ratios ranging from 5:95 to 1:99 (Scheme 6).

These results highlight that phenyl/sulfinyl imine E/Z
stereocontrol is general and achievable under identical reaction
conditions. This imine stereocontrolled alkene synthesis has
been applied to both Z and E chemotherapeutics combretastatin
A4 and DMU-212 (Scheme 7).18,19 The reaction of ((3,4,5-

Scheme 3. Z-Selective Olefinationa

aYield of the isolated product after chromatography; Z/E determined
by 1H NMR. bReaction performed at −20 to −10 °C.

Scheme 4. Dual Synthetic Strategya

aYield of the isolated product after chromatography; Z/E determined
by 1H NMR.

Scheme 5. One-Pot Z-Selective Aza-PO from Aldehydesa

aReaction conditions: aldehyde (0.4 mmol), sulfinamide (0.44 mmol),
bis(silanes) (0.8 mmol), and Me3SiOK/Bu4NCl (0.7 mmol); Z/E
determined by 1H NMR.

Scheme 6. E-Selective Olefinationa

aYield of the isolated product after chromatography; Z/E determined
by 1H NMR.

Scheme 7. Z-Combretastatin A4 and E-DMU-212
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trimethoxyphenyl)methylene)bis(trimethylsilane) 1l with sulfi-
nylimine 3m provided the therapeutic Z-6af in high yield and
with excellent geometrical purity. Notably, the phenol group was
tolerated, avoiding the need for functional group protection.
Moreover, the promising anticancer agent DMU-212 was
prepared from 1l and the E-favoring 1-(4-methoxyphenyl)-N-
phenylmethanimine 2e (Scheme 7).
Identification of the exact mechanistic pivot point for N-

sulfinyl- and N-phenyl imine Z/E stereocontrol requires further
investigation, but some useful observational conclusions can be
drawn at this stage. Based on our previous findings that addition
of substituted benzyltrimethylsilanes to sulfinyl imines is highly
diastereoselective,14 it could be anticipated that (arylmethylene)-
bistrimethylsilanes 1 would also be, thereby primarily setting the
stereochemical outcome of the reaction at the addition step. This
poses the question as to whether a four-membered 1-aza-2-
silacyclobutane or a six-membered 1,2,3,6-azathiazasilinane
intermediate is formed as a result of this addition. Tamao et al.
have demonstrated a concerted [2 + 2] cycloreversion
mechanism of substituted 1-aza-2-silacyclobutanes with reten-
tion of stereochemistry at the carbon atoms in the alkene
product.20 This would indicate that if a concerted [2 + 2]
addition (as proposed for PO with carbonyls21) of the α-silyl
carbanion with sulfinylimine was operating, the stereochemistry
fixed at the addition stage would be reflected in the alkene
product. Intriguingly, as Z-selectivity is observed for sulfinyl but
not sulfonyl imines, it is also plausible that a six-membered
azathiazasilinane TS (or intermediate) 7 could be operating as a
lower energy alternative pathway to the four-membered
azasilacyclobutane ring (Scheme 8). For N-aryl imines, as the

thermodynamic product is being formed, addition to form the
acyclic intermediate 8 with subsequent β-elimination could
selectively provide the trans-product.
In summary, we have demonstrated highly tunable stereo-

selective aza-Peterson olefinations with bench-stable bis-
(trimethylsilanes) and imine electrophiles, with silicon activation
achieved by trimethylsilyloxide in THF. Stereoselectivity of the
product alkene solely depends on the nature of the imine
employed. The more challenging Z-selectivity is obtained by the
use of N-sulfinyl imine electrophiles, potentially through a
unique pathway for olefination reactions. Further mechanistic
investigation of both the Z and E reaction pathway(s) is ongoing.
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ABSTRACT: An efficient aqueous synthesis of thioamides through aldehydes, sodium sulfide, and N-substituted formamides
has been developed. Both alkyl and aryl aldehydes are amenable to this protocol. N-Substituted formamides are essential for this
transformation. Readily available inorganic salt (sodium sulfide) serves as the sulfur source in water, which makes this method
much more practical and efficient. Furthermore, the late-stage modification of bioactive molecules and derivatives through this
protocol has been established.

Thioamides are prevalent organic motifs found in vital
biological and pharmaceutical molecules, such as closthioa-

mide,1a hydroxymethyl thiolactam cyclothialidine,1b and N-
cyclohexylethyl-ETAsV,1c etc. (Figure 1). Meanwhile, as

significant building blocks,2 they are widely applied to
construction of many important sulfur-containing heterocycles,3

such as thiazolins,3a,e thiazolinones,3b thiazoles,3c−e tetrazoles,3f

etc. Conventionally, Lawesson’s reagent and its analogues are
applied to the synthesis of thioamides (Scheme 1, eq 1a).4

Similarly, sulfur−phosphorus-type reagents are also used to
afford the thioamides through carboxylic acids5a or nitriles.5b,c

Practically, isothiocyanates are employed for preparing thio-
amides thesis efficiently under Friedel−Crafts conditions6

(Scheme 1, eq 1b). Moreover, Willgerodt−Kindler reaction7 is
another alternative means to reach thioamides, starting from aryl
aldehydes or aryl alkyl ketones. However, only aryl/benzyl
thioamides can be afforded even under harsh conditions.7c

Recently, several excellent approaches have been exploited by the
Nguyen,8a,d Singh,8e and Jiang8f groups (Scheme 1, eq 2) that
improve the approaches for the synthesis of thioamides by
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Figure 1. Representative bioactive thioamide scaffolds.

Scheme 1. Synthetic Methods for Thioamide
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altering different types of starting materials. Therefore, the
establishment of an effective, practical, and green strategy,9

particularly for alkyl thioamides formation, remains highly
desirable. Based on the development of sulfur atom transfer
reactions in our laboratory,10 we herein report a new aqueous
three-component synthesis of thioamides involving alkyl and aryl
aldehydes, sodium sulfide (Na2S·9H2O), and N-substituted
formamides (Scheme 1, eq 3).
We commenced our study by investigating 3-phenylpropanal

andN-formylmorpholine in the presence of sodium sulfide. With
the assistance of benzoyl peroxide (BPO), the desired product
was found in 33% yield (Table 1, entry 1). Then, cosolvents were

tested to improve the solubility, in which pyridine performed the
best in 42% yield (Table 1, entry 2−5). When the amounts of
Na2S·9H2O and BPO were reduced, the yield increased to 56%
(Table 1, entry 6). There was no higher transformation when the
amount of N-formylmorpholine (Table 1, entry 7) was reduced.
Different oxidants were estimated (Table 1, entry 8−10), in
which potassium persulfate (K2S2O8) was found to be the best
choice giving 74% yield. The yield was further promoted to 83%
by adjusting the amount of K2S2O8 to 1.8 equiv (Table 1, entry
11, conditions A). Remarkably, only a trace amount of product
could be detected when morpholine was used instead of N-
formylmorpholine (entry 14).
The readily oxidized alkyl aldehydes, which are big challenges

in thioamide synthesis, were widely investigated under
conditions A (Table 2). Different formamides and corresponding
amines were surveyed under the same conditions. As shown in
Table 2, a wide array of primary aldehydes worked well with N-
substituted formamides to afford the corresponding thioamides
in moderate to excellent yields (2a−g). Notably, a sensitive
hydroxyl group could be tolerated in this transformation (2e).
Moreover, the secondary aldehydes worked commendably under
these conditions (2h−m). The structure was further confirmed
by X-ray analysis of 2h.11 It is worth noting that naturally
occurring aldehydes and cholesterol derivative with carbon−
carbon double bonds could realize the late-stage modification12

through this transformation, such as citronellal (2e, 2f), lily
aldehyde (2j, 2k, 2l), melonal (2m), and cholesterol derivative
(2n), which offered a convenient method for drugs and bioactive

molecule modification. These results show the excellent
substrate compatibility between alkyl aldehydes and formamides.
After the generalities of alkyl aldehydes were studied, aryl

aldehydes were further investigated (Table 3). In general, aryl
aldehydes could be assembled with both primary formamides
(3a−c) and secondary formamides (3d−h) to afford the desired
products in moderate to excellent yields. Delightedly, the
formamides containing sensitive hydroxyl (3i) and allylic groups
(3j) could afford the thioamides in 74% and 75% yields.
Meanwhile, aryl aldehydes substituted with electron-rich,
-neutral, and -deficient groups (3k−v) all could afford
thioamides in 52%−95% yields. The structure was further
confirmed by X-ray crystallographic analysis of 3v.13 Thioamide
with a strong electron-rich group could be obtained as well in
excellent yield through this transformation (3r). Moreover, this
method could also be applied to condensed groups, and
heterocycles, such as naphthalene (3w), thiophene (3x), pyridine
(3y), benzofuran (3z), benzothiophene (3aa), and N-
benzylindole (3ab) could be afforded in excellent yields.
Remarkably, bis(carbothioamide) (3ac) could be obtained
through double thioamidation. 4-Hydroxybenzaldehyde (3ad),
salicylaldehyde (3ae), and estrone derivative (3af) containing a
free phenolic hydroxyl group could afford the desired thioamides

Table 1. Optimization of Reaction Conditions

aIsolated yields. bN-Formylmorpholine (2 equiv) was used. cMorpho-
line was used instead of N-formylmorpholine. BPO = benzoyl
peroxide; DMSO = dimethyl sulfoxide; NMP = 1-methylpyrrolidin-
2-one; BQ = benzoquinone.

Table 2. Scope of Alkyl Thioamidesa

aConditions A: alkyl aldehyde (0.3 mmol), Na2S·9H2O (1.05 mmol),
K2S2O8 (0.54 mmol), N-substituted formamide (1.5 mmol), pyridine
(1.5 mmol), H2O (0.5 M), 100 °C, isolated yields. b60 °C. cH2O/
glycol = 1/1 (0.3 M).
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in excellent yields as well. These results show great substrate
compatibility.
In order to gain mechanistic insight into this protocol, radical

trapping reagent TEMPOwas introduced to the reaction system,
in which the formation of desired product 3h was sharply
suppressed (Scheme 2, eq 4). Furthermore, radical clock
reactions were examined through designed 4a and 4b with
benzaldehyde under the standard conditions.14 However,
thioamides (4aa and 4bb) were obtained instead of cyclization
products, which excluded the radical pathway to a large extent
(Scheme 2, eq 5 and 6). Imine intermediate was another
possibility,8c which was formed from aldehyde and amine. Then
N-benzylideneprop-2-en-1-amine (4c) was subjected to the
standard conditions with only 10% of product formation

(Scheme 2, entry 1). Sodium formate was further added,
affording the similar result (Scheme 2, entry 2). But when
sodium dihydrogen phosphate was added to the system, 3j was
obtained in 71% yield (Scheme 2, entry 3), indicating that
hydrogen sulfide generated from sodium sulfide assisting the
transformation. To furtherly verify the hypothesis, triethylam-
monium hydrogen sulfide was examined in the system (Scheme
2, entry 4 and 5), which demonstrated that imine was activated
by hydrogen sulfide and then attacked by sodium sulfide.
On the basis of the above results, the possible mechanism is

proposed in Scheme 3. Amine release was achieved with the help

of sodium sulfide (SI, part III), accompanied by sodium formate
and hydrogen sulfide.15 Imine Awas formed with aldehyde16 and
then activated by hydrogen sulfide, forming iminium hydrogen
sulfide B. Sulfide B was attacked by sulfur anion, and
intermediate C was immediately formed, which was further
oxidized by potassium persulfate to afford the desired thioamide.
In summary, we have developed an efficient aqueous method

for the synthesis of thioamides involving aldehydes, sodium
sulfide, and N-substituted formamides. Both alkyl and aryl
aldehydes are amenable to this protocol with great functional
group toleration. N-Substituted formamides are superior to the
corresponding amines due to the slow release of hydrogen sulfide
through the hydrolysis of formamide by sodium sulfide. Readily
available inorganic salt (sodium sulfide) serves as sulfur source in
water, which makes it more practical and efficient. Further
studies on synthetic applications are ongoing in our laboratory.

Table 3. Scope of Aryl Thioamidesa

aConditions A, isolated yields. bConditions B: aldehyde (0.5 mmol),
Na2S·9H2O (1.75 mmol), BPO (1.25 mmol), DMF (2.5 mmol), H2O
(1 M), 100 °C. cConditions B in 60 °C. dAldehyde (0.5 mmol), Na2S·
9H2O (3.5 mmol), BPO (2.5 mmol), DMF (5 mmol), H2O (0.5 M),
60 °C. eAldehyde (0.5 mmol),Na2S·9H2O (3.5 mmol), BPO (2.5
mmol), DMF (5 mmol), H2O (0.5 M), 100 °C. fAldehyde (0.3
mmol), Na2S·9H2O (2.1 mmol), K2S2O8 (1.08 mmol), DMF (3
mmol), pyridine (3 mmol), H2O (0.3 M), 100 °C. gH2O/glycol = 1/1
(0.3 M).

Scheme 2. Control Experiments

Scheme 3. Proposed Mechanism
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Correction to “Auxiliary-Directed Pd-Catalyzed γ‑C(sp3)−H Bond
Activation of α‑Aminobutanoic Acid Derivatives”
Kalyan Kumar Pasunooti, Biplab Banerjee, Terence Yap, Yaojia Jiang, and Chuan-Fa Liu*
Org. Lett. 2015, 17 (24), 6094−6097. DOI: 10.1021/acs.orglett.5b03118

*S Supporting Information

In Table 2, the configuration of C3 of the two L-isoleucine-
derived compounds 6a and 6b were drawn incorrectly. The

correct structural drawings should be

Similarly, in the Supporting Information, the configuration of
C3 for all L-isoleucine-derived compounds 6, 6a, and 6b were
also drawn incorrectly, and the correctly drawn structures
should be

Correspondingly, the configuration for C3 in the names of
these compounds in the Supporting Information should also be
corrected to (2S,3S)-methyl 3-methyl-2-(5-methylisoxazole-3-
carboxamido)pentanoate (6), (2S,3R)-methyl 3-(4-methoxy-
benzyl)-2-(5-methylisoxazole-3-carboxamido)pentanoate (6a),
and (2S,3R)-6-ethyl-1-methyl-3-ethyl-2-(5-methylisoxazole-3-
carboxamido)hexanedioate (6b).
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