
10.1021/ol202410v r 2011 American Chemical Society
Published on Web 09/29/2011

ORGANIC
LETTERS

2011
Vol. 13, No. 20
5444–5447

Phosphine-Catalyzed Heine Reaction

Allen Martin, Kathleen Casto, William Morris, and Jeremy B. Morgan*

Department of Chemistry and Biochemistry, University of North Carolina Wilmington,
Dobo Hall, Wilmington, North Carolina 28403, United States

morganj@uncw.edu

Received August 2, 2011

ABSTRACT

Aziridines are important synthetic intermediates which readily undergo ring-opening reactions. It is demonstrated that electron-rich phosphines
are efficient catalysts for the regioselective rearrangement of N-acylaziridines to oxazolines. The reactions occur in excellent yield under neutral
conditions. Evidence is provided for an addition/elimination mechanism by generation of a phosphonium intermediate. Similar intermediates may
be useful for the development of alternate aziridine ring-opening processes and stereoselective synthesis with enantiopure phosphines.

Aziridines have a rich history as versatile intermediates
in organic synthesis.1 The strained three-membered ring is
highly activated for ring-opening nucleophilic addition by
a range of nucleophiles.2 Upon functionalization by ring-
opening, advanced amine synthons are produced for
applications in the fine chemical industry andbioactivemole-
cule synthesis. The aziridine structure is often chiral offer-
ing opportunities to access enantiopure intermediates.
Nucleophilic derivatization is also proposed to play an im-
portant role in the biological activity of aziridine-containing
natural products.
The aziridine ring-opening reaction with nucleophiles

primarily serves to introduce new functionality; however,
the potential of employing nucleophiles to catalyze azir-
idine transformations is well-known. Heine originally re-
ported a series of intramolecular aziridine rearrangements
that take place in the presence of nucleophilic inorganic
salts, such as sodium iodide.3 Specifically, the rearrangement

ofN-acylaziridines tooxazolines is known tooccur under a
range ofLewis acid4 andLewis base-catalyzed5 conditions.
Recently, organic catalysts, such as amines,6N-heterocyclic
carbenes,7 and phosphines,8 have been investigated for
intermolecular aziridine opening reactions with a variety
of nucleophiles. However, phosphines have not been
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reported as catalysts for the rearrangement of aziridines to
oxazolines.

We considered that phosphines may be active catalysts
for the intramolecular rearrangement of aziridines by the
mechanism outlined in Scheme 1. Nucleophile attack on
the least hindered carbonof aziridine 1 should result in ring
expansion by cyclization on the amide oxygen forming
oxazoline 3. If successful, the proposed intermediate (2)
might be engineered to furnish a range of interesting hetero-
cycles by modifying the nature of the aziridine protecting
group. If phosphines could be designed to operate via this
addition/eliminationmechanism,weenvisioned thedevelop-
ment of novel asymmetric reactions employing enantio-
enriched phosphines. Herein, we describe the application
of nucleophilic phosphine catalysis to the rearrangement
ofN-acylaziridines, also recognized as theHeine reaction.9

Identification of an adequate phosphine catalyst began
with conversion of aziridine 4, activated for nucleophilic
ring openning, to amixture of oxazolines 5 and 6 (Table 1).
Phosphine catalysts were chosen to represent varying
degrees of Lewis basicity and steric encumberance around
the phosphorus atom.10Catalystswere screened at 70 �C in
THF tominimize thermal aziridine decomposition.11Yield
and regioselectivity trends based on phosphine structure
quickly emerged. When 4 was heated in the presence of
10 mol % of PPh3, only unchanged starting material was
observedby 1HNMRafter 24h (entry 1).While a lessbasic
phosphite led to the same result (entry 2), a slight increase
in basicity resulted in a dramatic enhancement in yield
(entry 3). For the first timeaphosphine-catalyzed rearrange-
ment of aziridines to oxazolines hadbeen realized.A further
increase in phosphine basicity by employing tricyclohexyl-
phosphine (PCy3) was not tolerated (entry 4). Two tethered
diphosphines with similar basicity to PCyPh2 were investi-
gated but, for unknown reasons, failed to give any rearran-
gement product (entries 5�6).

Experiments to better understand the catalyst structural
effects were continued with a series of phosphines developed
by Buchwald and co-workers12 for transition metal catalysis
(Figure 1). The basic, sterically congested phosphines, which
are generally air-stable,13 were utilized in the rearrangement
(Table 1, entries 7�11). All exhibited some reactivity; how-
ever, sterics played a vital role in reaction yield and regios-
electivity. While the sterically hindered biaryl phosphine 7
resulted in good conversion, replacement of the tert-buyl
groups with cyclohexyl substituents (8) was detrimental14

(entries 7�8). The structure of the phenyl ring ortho to
phosphorus alsoplayed an important role in catalytic activity.
Adding substituents to the adjacent biaryl ring resulted in
lower yields but higher selectivities (entries 9 and11).Wewere
intrigued to find that cyclohexyl-derived catalysts were viable
if the ortho-aryl ringwas bulkier (10, entry 10). The increased
steric bulk in X-Phos15 (10) likely prevents a catalyst decom-
position pathway available to other cyclohexyl phosphines.

Scheme 1. Nucleophile-Catalyzed Rearrangement of Aziridines

Table 1. Identification of Phosphine Catalysts for the Rearran-
gement of Aziridine 4a

entry catalyst yield (%)b 5:6

1 PPh3 0 ;

2 P(OPh)3 0 ;

3 PCyPh2
c 88 10:1

4 PCy3
c 11 1.5:1

5 dppec 0 ;

6 dppbc 0 ;

7 7 68 12:1

8 8 7 1.3:1

9 9 8 >20:1

10 10 85 11:1

11 11 35 >20:1

aConditions: 4 (0.1mmol), catalyst (0.01mmol), THF (0.2M), 70 �C,
24 h. bYield determined by 1H NMR of the crude reaction mixture with
1,3,5-trimethoxybenzene as internal standard. cCy=cyclohexyl, dppe=
bis(diphenylphosphino)ethane, dppb = bis(diphenylphosphino)butane.

Figure 1. Structurally diverse phosphine catalysts.
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The effect of varying the benzoyl substituent on reaction

yield and selectivity was investigated. A series of protected

aziridines with varying sterics and electronics were synthe-

sized and subjected to optimized conditions (Table 2).

Upon reaction scale-up, reactivity was inconsistent for

PCyPh2 and 7. Fortunately, X-Phos (10)-catalyzed reac-

tionswere reproducible on a 0.3mmol scale, and 10 became

the catalyst of choice. Though all aziridines underwent

some level of rearrangement, benzoyl rings substitutedwith

electron-withdrawing groups were superior. The low yields

in entries 1�3 are the result of low conversion, but longer

reaction times did not improve the yields. Complete con-

sumption of aziridine was observed for entries 4�8. With

the best mix of yield and regioselectivity, we settled on the

3,5-dinitrobenzoyl (DNB) protecting group (entry 5) for

further investigations into substrate scope.

A collection of terminal, DNB-protected aziridines
(entries 1�6, Table 3) were prepared16 and reacted under

the X-Phos-catalyzed rearrangement conditions. The 3,
5-dinitrophenyl (DNP) derived oxazolines were isolated
with good to excellent yields as a single regioisomer in all
cases. A remote alkene (entry 2) and ethers (entries 5�6)
are tolerated under the neutral rearrangement conditions.
For terminal aziridines, increasing the steric bulk of the
substituent on the carbon backbone had no detrimental
effect on the reaction yield (entries 3�4). However, the
lone disubstituted aziridine did not undergo rearrange-
ment (entry 7).
Terminal aziridines contain a chiral center which is

retained in the product oxazolines. To ascertain if chirality
transfer was occurring, aziridine 12 was synthesized with
>99% ee and subjected to the optimized rearrangement
conditions.Oxazoline 13was isolated in 94%yieldwithout
loss of enantiopurity (Scheme 2). The stereospecificity of
the rearrangement not only is important for synthetic
application in asymmetric synthesis but also sheds light
on the reaction mechanism.

Table 2. Effect of Aryl Substitution on Catalytic Rearrange-
ment with 10a

aConditions: aziridine (0.3 mmol), 10 (0.03 mmol), THF (0.2 M),
70 �C, 24 h. bAverage isolated yield from two or more runs. cRegioiso-
meric ratio (rr) = 4-methyl:5-methyl.

Table 3. Substrate Scope for the Phosphine-Catalyzed Rear-
rangementa,e

aConditions: aziridine (0.3 mmol), 10 (0.03 mmol), THF (0.2 M),
70 �C, 24 h. bAverage isolated yield from two or more runs. cOnly the
depicted regioisomer was observed following isolation. dOnly the start-
ing aziridine was observed by 1H NMR. eDNP = 3,5-dinitrophenyl.
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We propose a catalytic cycle similar to that orginially
suggested by Heine3a (Scheme 3). Terminal aziridine 14 is
susceptible to attack at the least hindered carbon by a
nucleophilic phosphine (15). The intermolecular reaction
would be rate limiting with a certain Lewis basicity at pho-
sphorus required for reactivity based on data in Table 1.
The balanced steric requirement for an optimal phosphine
catalyst can be explained by initial phosphine attack
coupled with the stability of intermediate 16. The phos-
phine catalyst must be small enough to efficiently open the
aziridine, but added steric bulk around phosphorus may
prevent nonproductive decomposition of 16. Following
collapse of 16 on oxygen, the correct regioisomer of oxazo-
line (17) is predicted and the stereochemical integrity is
maintained.
A novel phosphine-catalyzed rearrangement of aziri-

dines has been described. Future experimentswill be aimed
at developing intermolecular reactions that take advantage
of the proposed phosphonium intermediate. The diverse

array of commercially available enantioenriched phos-
phines should also facilitate the development of an azir-
idine kinetic resolution.
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Scheme 3. Proposed Catalytic CycleScheme 2. Phosphine-Catalyzed Rearrangement of an Enan-
tioenriched Aziridine


