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ABSTRACT: The olefin cross-metathesis reaction allows
rapid access to 1,5-dicarbonyl intermediates which, upon
treatment with a primary or secondary amine, allow the
synthesis of a range of multisubstituted carbocyclic aryl
amines. This de novo arene synthesis yields nonclassical
substitution patterns in a regioselective and predictable
approach that is compatible with several functional groups.

Efficient and selective routes to functionalized aryl amines are
of continued interest due to the presence of these molecules

in medicines, materials, and natural products and also because of
their importance as intermediates in the synthesis of hetero-
cycles. The most widely utilized route to prepare aryl amines is
via metal-catalyzed coupling reactions epitomized by the
palladium-catalyzed Buchwald−Hartwig amination1 and
Chan−Lam type coupling2 or the copper-catalyzed Ullmann
reaction.3 There are also some interesting methods that utilize
C−H activation as a means for aminating arenes.4 In addition to
cross-coupling chemistry, a number of useful dehydrogenative
aromatization strategies have been developed.5 There have also
been reports on the synthesis of substituted aryl amines using de
novo methods.6

However, it is still important to develop novel routes to aryl
amine targets with strategies avoiding the need for prefunction-
alized arene rings as starting materials and allowing for greater
functional group tolerance. Approaches that allow rapid access to
ring systems with nonclassical substitution patterns with
predictable regioselectivity are also highly valued.
Recent studies in our laboratories have enabled advances in the

de novo synthesis of heteroarenes using catalytic reactions to
construct acyclic precursors. In particular, the ring closing
metathesis reaction7 and the cross metathesis (CM) reaction8

have both been employed as lynchpins in the synthesis of
multisubstituted pyridines, pyridazines, furans, and pyrroles.
We envisaged that unsaturated 1,5-dicarbonyl A, synthesized

via a one-pot CM/oxidation of a homoallylic alcohol and
vinylketone, could be utilized in a de novo synthesis of
substituted carbocyclic aryl amines B (Scheme 1). Previously,
we have used intermediates A as precursors to pyridines,8d

obtained upon reaction with ammonia and a mild acid. In this
study we explore the suitability and scope of the same
intermediates for the formation of carbocyclic rings, brought
about by a reaction with a primary or secondary amine.
Earlier work showed that 1,5-dicarbonyl 2a could be easily

prepared from a CM reaction between alcohol 1a and methyl

vinyl ketone catalyzed by the Zhan-1B catalyst,9 followed by
oxidation with Dess-Martin periodinane10 (DMP) in the same
pot to give product 2a in 78% yield (Table 1).
Treatment of 1,5-dicarbonyl 2a with pyrrolidine (2 equiv) in

CH2Cl2 at a range of temperatures between −78 and 55 °C
allowed a cyclization to take place forming 3a in good yields
(Table 1, entries 1−4). In each case, the only other major
component in the reaction mixture was enamine 4 (note,
compound 4 was not converted into 3a upon resubjection to the
reaction conditions, vide infra). However, reducing the reaction
temperature was clearly effective at minimizing this compound
and optimizing the cyclization.
Variation in the equivalents of amine was also investigated.

Reducing the amount of amine favored the formation of
unwanted enamine 4 (Table 1, entry 5) while increasing the
equivalents of amine gave more of the desired product 3a; with 5
equiv, nearly complete conversion was observed at 0 °C (83%
isolated yield of 3a, Table 1, entry 7).
Finally, we discovered that the addition of a Lewis acid (ZnCl2

shown) was also compatible with the reaction conditions (Table
1, entry 8) and that the addition of 5 equiv of amine was sufficient
to allow good conversion to the desired product 3a at higher
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Scheme 1. A General Approach to Aromatic Carbocycles
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temperatures (compare Table 1, entries 4 and 9). Both of these
observations were to become useful when examining more
substituted systems.
Next we investigated the scope of the substitution that was

tolerated by this method. Keeping the amine portion constant,
we found that it was possible to easily vary the substitution at

positions C3 and C4 on the arene ring by altering the
components used in the synthesis of the 1,5-dicarbonyl (Table
2) providing a rapid and regioselective route to a range of
multisubstituted aryl amines. As the systems became more
substituted we found that the reaction at lower temperatures was
slow, and therefore the new examples shown in Table 2 were
performed at rt or 55 °C. In particular, substrates 2e and 2f
bearing electron-donating groups gave increasing amounts of the
enamine side product at lower temperatures. It was hypothesized
that electron-donating groups deactivated the adjacent carbonyl
group, shutting down the cyclization. Consequently, we found
that in these cases heating the reaction to 55 °C was sufficient to
allow good conversion to aryl amines 3e and 3f.
Using this methodology, we were able to synthesize 3,4-

disubstitued aryl amines incorporating both a methyl 3b and 3f−
g and an ethoxy group 3c at C4 in good yields. It was also possible
to install both electron-rich and -deficient aryl groups 3e, 3g, and
3h and a heteroaryl group at C3 3f. We were aware that the
cyclization of dicarbonyl 2d may result in two different isomers
being formed because of the presence of two enolizable CO
centers; however, only the regioisomer 3d was observed.
Note also that this methodology proved tolerant of halogen

substituents as demonstrated in 3g (this halogen could be used
for further functionalization using orthogonal palladium
chemistry if necessary). Unfortunately, substituting methyl
vinyl ketone for any other vinyl ketone in the cross metathesis
reaction gave substrates that did not participate in the cyclization,
thus restricting access to the C2 and C6 positions in the product,
adjacent to the nitrogen.
We also decided to investigate the range of amines tolerated in

the cyclization. Pyrrolidine is the most active amine that we have

Table 1. Optimization of the Cyclization

entry amine equiv temp (°C) 3aa 4a

1 2.0 −78 74 (63b) 26
2 2.0 0 71 29
3 2.0 rt 57 (50b) 43
4 2.0 55 41 59
5 1.5 0 53 57
6 3.0 0 79 21
7 5.0 0 89 (83b) 11
8 5.0 0 67c 33
9 5.0 55 70 30

aRatio of products shown (high conversion in each case). bIsolated
yield. cZnCl2 (1 equiv) was added.

Table 2. Scope of the Aryl Amine Substitution Pattern

aReaction carried out at 55 °C.
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studied, and every other derivative that was used required more
vigorous conditions. Keeping the amine equivalents high, we
examined the temperature of reaction and the addition of zinc
chloride, Table 3. Unfortunately, a coherent picture of the effect
of each variable did not emerge and the conditions for each
amine were optimized individually.

For example, utilizing piperidine or prolinol in a condensation
with 2a necessitated an increase in temperature from 0 °C to rt.
Even this tactic gave suboptimal yields, and in these cases the
addition of 1 equiv of zinc chloride at rt improved the outcome.
The reaction of 2a with morpholine led to an unreactive
precipitate being formed when zinc chloride was added, but we
found that heating this reaction to 55 °C without the Lewis acid
was a viable set of conditions.
Primary amines could also be used in the aromatization

sequence; screening showed that the best conditions in these
cases involved heating at 55 °C, with the addition of zinc chloride
having a small but detrimental effect on the yield. The formation
of compounds 3l, 3m, 3n, and 3o was then accomplished using
the optimal conditions. Unfortunately, less nucleophilic sources
of nitrogen, such as anilines, amides, and bulky amines were poor
in the cyclization. The deprotection of 3m to form 3-phenyl
aniline was then carried out using standard conditions (H2, Pd−
C, MeOH, 92% yield) to show the potential of this method to
form primary aromatic amines.
It was also desirable to examine the reaction of a relatively

precious amine in order to determine whether acceptable yields
could be obtained with less than 5 equiv. Therefore, we tested

(+)-dehydroabietylamine and its participation in the cyclization
to form 3q. In all cases we found that zinc chloride was beneficial
to the reaction and that the slow addition (syringe pump) of the
diketone to the reaction vessel allowed 1.5 equiv of the amine to
be employed in a reaction that yielded a respectable 54% of
compound 3q.
The cyclization also proved to be successful with an N,N-

disubstituted hydrazine, 1-aminopiperidine, but only at 85 °C.
Interestingly, the reaction of 2a with ammonia (excess) in
CH2Cl2 with or without zinc chloride only gave pyridine 5 as the
product, with no evidence for formation of the aniline.
To illustrate the utility of the products of this reaction, aryl

amine 3o was subjected to palladium cyclization conditions
developed by Fagnou.11 Tosyl protection of aryl amine 3o gave 6
which was then submitted to cyclization conditions to furnish
tricycle 7 in 92% yield (Scheme 2) (the structure of 7 was
determined by X-ray crystallography12).

Clearly, the mechanism of this cyclization is of interest.
Following the reaction of 2a and pyrrolidine by NMR
spectroscopy showed rapid formation of intermediate C, which
slowly disappeared as either aryl amine 3a or side product
enamine 4 emerged, depending upon the number of equivalents
of amine used in the reaction and the temperature (Scheme 3,
with higher equivalents of amine and a lower temperature
favoring formation of the aryl amine product). Enamine 4 is an

Table 3. Scope of the Amine

aReaction carried out 0 °C. bReaction carried out at rt with 1 equiv
ZnCl2.

cReaction carried out 55 °C. dReaction carried out 85 °C.
eReaction carried out at 55 °C with 1 equiv of ZnCl2.

fReaction carried
out in C2H4Cl2 and 2a added over 12 h.

Scheme 2. Cyclization of a Bromo-Substituted Substrate after
Aniline Formation

Scheme 3. A Preliminary Mechanistic Interpretation
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unwanted side product and was unreactive when resubjected to
the reaction conditions.
At this point we suggest the following mechanism: proceeding

from C with a second equivalent of amine, enamine formation
may take place on the more electrophilic carbonyl of
intermediate C, resulting in the formation of another
intermediate D. When lower equivalents of amine are used in
the reaction,D undergoes elimination to form the side product 4.
However, when a larger excess of amine is used, a second
enamine formation takes place resulting in formation of bis-
enamine E. We can conceive of two pathways by which this bis-
enamine can form the aryl amine product 3a, originating from (i)
Mannich type cyclization, followed by elimination of two
molecules of pyrrolidine, or (ii) elimination of pyrrolidine and
6π-electrocyclization, followed by another elimination. We are
not presently able to distinguish between these two pathways,
but note that the substituted intermediate F bears a strong
similarity to systems in which a facile 6π-electrocyclization is
supported by calculation13 and other experimental observa-
tions.14 However, if the electrocyclization pathway is followed,
then it is not clear what drives the formation of the cis-alkene that
must be present in F for cyclization to occur.
In summary, a useful de novo synthesis of substituted anilines

from unsaturated 1,5-dicarbonyls has been discovered. This
methodology provides access to substituted anilines in good
yields, and with a wide array of substituents and substitution
patterns being possible. We have also performed some
preliminary mechanistic experiments and suggested two distinct
possibilities for aryl amine formation. Future work will be
focused on further exploration of the reaction mechanism and
the application of this methodology to synthetic targets.
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