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ABSTRACT: Metal homoenolates, produced via C−C
bond cleavage of cyclopropanols, have been extensively
investigated as nucleophiles for the synthesis of β-
substituted carbonyl derivatives. Herein, we demonstrate
that zinc homoenolates can react as carbonyl-electrophiles
in the presence of nucleophilic amines to yield highly
valuable trans-cyclopropylamines in good yields and high
diastereoselectivities. GSK2879552, a lysine demethylase 1
inhibitor currently in clinical trials for the treatment of
small cell lung carcinoma, was synthesized using this
strategy.

The chemistry of metal homoenolates has a rich history.1

These reagents are traditionally used as nucleophiles that
can be trapped by various electrophiles or transition metal
catalysts to generate β-functionalized aldehydes and ketones
(Scheme 1, path a). Zinc homoenolates participate in a range of

reactions including additions to carbonyls, copper-catalyzed
conjugate additions, and allylation reactions.2 Metal homo-
enolates have also been used as nucleophiles in transition-
metal-catalyzed C−C and C−X bond-forming reactions.3

While the nucleophilic reactivity of zinc homoenolates at C3
has been extensively explored, we hypothesized that these
reagents could also behave as electrophiles at C1, leading to
new opportunities for method development with this class of
compounds (Scheme 1, path b).4 To test this hypothesis, we
chose to explore the reactivity of zinc homoenolates derived
from cyclopropanols with nucleophilic amines (Scheme 2a).5 In
the presence of base and a zinc salt, the cyclopropanol can ring-

open to generate zinc homoenolate A.5,6 Formation of
intermediate B, via reaction of the amine at the electrophilic
carbonyl position and subsequent nucleophilic ring closure,
would yield trans-cyclopropylamine products.7,8 Following this
synthetic strategy allows us to fully realize the amphoteric
nature of the zinc-homoenolate, with both the electro- and
nucleophilic carbons being important for cyclopropylamine
formation.9,10 The products of these transformations are also of
high synthetic interest due to their prevalence in pharmaceut-
icals (Scheme 2b).11 While several methods for the synthesis of
trans-cyclopropylamines have been reported, achieving high
levels of diastereo- and enantioselectivity often remains a
challenge.11b,12,13

We initiated our investigation into the electrophilic reactivity
of homoenolates for the synthesis of cyclopropylamines by
exploring the reaction of cyclopropanol 1a with morpholine in
the presence of zinc salts (Table 1). We chose zinc salts for the
generation of the homoenolate based on previous reports,
which suggested that zinc cyclopropoxides undergo rapid and
reversible ring opening/ring closing via the formation of a
short-lived zinc homoenolate intermediate (cyclopropanol ⇌
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Scheme 1. Typical Homoenolate Reactivity of
Cyclopropanols Towards Electrophiles (E+, Path a) and
Proposed Inverse Electrophilic Reactivity in the Presence of
Nucleophiles (Nu, Path b)

Scheme 2. (a) Reaction Design for the Synthesis of
Cyclopropylamines from Zinc Homoenolates; (b)
Prevalence of the trans-Cyclopropylamine Motif in the
Pharmaceutical Industry
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A, Scheme 2a).6 Treating 1a and morpholine with Et2Zn in 1,4-
dioxane at 110 °C for 18 h yielded cyclopropylamine 2a in 64%
yield and >20:1 d.r. (Table 1, entry 1). The use of 1a in slight
excess (1.5 equiv) led to an increase in yield to 83% (entry 2).
To avoid functional group limitations associated with the use

of Et2Zn, we next explored whether other zinc salts could
promote this transformation. Replacing Et2Zn with ZnCl2 was
surprisingly effective, affording 2a in 69% yield, with a decrease
in diastereoselectivity to 6.2:1 (entry 3). Adding Na2CO3 to the
reaction further increased the yield to 89% (entry 4). A screen
of various zinc salts revealed that Zn(CN)2 was optimal,
affording 2a in quantitative yield with an excellent diaster-
eoselectivity of 20:1 (entries 4−6). Using Zn(CN)2, the
amount of 1a could be lowered to 1.2 equiv without a
significant drop in yield or diastereoselectivity (entry 7).
Two control experiments illustrated the crucial role of zinc in

the reaction. The desired product was not detected in the
absence of zinc (entry 8) or when using a combination of a
strong base (NaH) and MgCl2 (entry 9). While other metals
can generate homoenolates from cyclopropanol derivatives,
zinc is necessary for reversible ring opening and ring closing of
the homoenolate intermediate.3,5,6

To support our hypothesis that 2a can be generated via an
amphoteric zinc homoenolate intermediate, side-by-side
reactions with trans-1a and cis-1a were performed.14 In both
reactions, trans-2a was obtained as the major product in >20:1
and 18:1 d.r., respectively (eq 1). This result supports the
formation of a common intermediate in both transformations
(A/B in Scheme 2a), which destroys the stereochemical

information at C1 of the cyclopropane. Ring closure to form
the cyclopropylamine appears to be an irreversible process
(under kinetic control) since product cis-2a does not
equilibrate to the more stable trans-2a under the standard
reaction conditions (eq 2). The formation of trans-2a as the
major product is controlled by the minimization of the 1,3-
allylic strain in iminium intermediate B.
Table 2a highlights the scope of cyclopropylamines that can

be prepared using cyclopropanol 1a as starting material.
Heterocyclic amines of various ring sizes could be efficiently
converted to the corresponding cyclopropylamines 2a−c.
Indoline could be transformed to 2d in 87% yield and >20:1
d.r. using Et2Zn. Various functional groups such as ketals,
carbamates, nitroaromatics, and unsaturated heterocycles were
tolerated under these reaction conditions and gave products
2e−h in moderate to good yields (61−89%) and high levels of
diastereoselectivity. Acyclic secondary amines required more
reactive Et2Zn for product formation (2i−2k). The benzyl
group in cyclopropylamine 2j can be removed in quantitative
yield upon treatment with Pd/C under a H2 atmosphere.

15 bis-
Cyclopropylamine 2l was formed in 44% yield using 2.2 equiv
of 1a. Finally, reactions with primary amines required that the
temperature be lowered to 60 °C for 1 h at the end of the
reaction for optimal product yields (2m). Without this
temperature adjustment, the ring-opened imine byproduct,
resulting from the condensation of benzylamine with the
homoenolate, was observed as the major product.
The scope of cyclopropanol starting materials is highlighted

in Table 2b. Arylcyclopropylamines 2n−2p were isolated in
moderate to good yields. Product 2p is reminiscent of the
cyclopropylamine motif found in Ticagrelor (Scheme 2b).11

The sterically demanding 2-cyclohexyl product 2r required
longer reaction times (42 h) to reach completion. Cyclo-
propylamine 2s was obtained in 70% yield and >20:1 d.r. using
substoichiometric quantities of Zn(CN)2 (40 mol %). Lastly,
cyclopropylamine 2u was prepared in 52% yield using
dimethylformamide (DMF) as the source of dimethylamine.
To validate our method as a means to access complex targets

relevant to the pharmaceutical industry, we explored the
synthesis of GSK2879552. This compound, an inhibitor of
lysine demethylase 1 (LSD1), is currently in clinical trials for
the treatment of small cell lung cancer.16 In our laboratory,
GSK2879552 was prepared from amine 3 and trans-2-
phenylcyclopropanol 1b in 50% yield over two steps (Scheme
3).15 The late-stage incorporation of the cyclopropane motif
should provide an interesting opportunity for further SAR
studies on the cyclopropylamine ring.17

Initial experiments indicate that this reaction occurs with
high levels of enantiospecificity (es) despite the high reaction
temperature of 110 °C. Starting from enantioenriched 1a (99%
ee), 2a, 2e, 2f, 2g, 2h, and 2j can be obtained in 89−93% es
(Table 3).18

We have also found that cyclopropylamines can be prepared
in a one-pot fashion from readily available α-chloroaldehydes
(eq 3). Addition of (IZn)2CH2 to α-chloroaldehyde 4 yields a

zinc-cyclopropoxide species.6a Instead of quenching the
reaction to isolate cyclopropanol 1a, the desired amine can

Table 1. Effect of Zinc Salts on the Reaction of
Cyclopropanols with Aminesa

entry Zn source base equiv of 1a yieldb d.r.b

1 Et2Zn − 1.0 64% >20:1
2 Et2Zn − 1.5 83% >20:1
3 ZnCl2 − 1.5 69% 6.2:1
4 ZnCl2 Na2CO3 1.5 89% 4.9:1
5 Zn(OAc)2 Na2CO3 1.5 95% 7.1:1
6 Zn(CN)2 Na2CO3 1.5 99% 20:1
7 Zn(CN)2 Na2CO3 1.2 91% >20:1
8 − − 1.5 0% −
9 −c NaH 1.0 0% −

aReactions were performed using morpholine (0.1 mmol, 1.0 equiv),
cyclopropanol 1a (1.0−1.5 equiv), Zn source (2.0 equiv), and base
(2.0 equiv, if added) in 1,4-dioxane (0.1 M) at 110 °C for 18 h.
bDetermined by GC-MS using dodecane as an internal standard. Yield
of both diastereomers. cMgCl2 (2.0 equiv) instead of a source of zinc.
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be added to the mixture and 2a is obtained in good yield and
moderate d.r. after heating at 90 °C for 18 h. Based on these
results, we anticipate that enantioenriched cyclopropylamines
should be readily available from enantioenriched α-chloroalde-
hydes, and work toward this goal is ongoing in our laboratory.
In summary, zinc homoenolates, generated in situ via

cyclopropanol ring opening, can react as electrophiles in the
presence of amines to yield trans-cyclopropylamines. This
transformation reveals the amphoteric nature of zinc homo-

enolate derivatives, which we anticipate will provide exciting
opportunities for the development of new synthetic methods
using these reagents. The application of this method to the
synthesis of enantioenriched cyclopropylamines and the use of
other nucleophiles in similar ring-closing processes are
currently being explored in our laboratory.
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discussions and critical reading of this manuscript.

■ REFERENCES
(1) For reviews on metal homoenolates, see: (a) Crimmins, M. T.;
Nantermet, P. G. Org. Prep. Proced. Int. 1993, 25, 41−81.
(b) Kuwajima, I.; Nakamura, E. Top. Curr. Chem. 1990, 155, 1−39.

Table 2. Reaction Scope for the Synthesis of
Cyclopropylamines from Zinc Homoenolatesa

aReactions were performed using 1.2 equiv of cyclopropanol, 1.0 equiv
of amine, 2.0 equiv of Zn(CN)2, and 2.0 equiv of Na2CO3 in 1,4-
dioxane (0.1 M) at 110 °C for 18 h. Yields are isolated yields of major
diastereomer (average of 2 runs); d.r.’s were determined by 1H NMR
analysis of crude reaction mixtures. bEt2Zn was used instead of
Zn(CN)2 and Na2CO3.

c80 mol % of Zn(CN)2.
d2.2 equiv of 1a and 4

equiv of Zn(CN)2; 42 h reaction time. ett = trans,trans isomer, ct =
cis,trans isomer, cc = cis,cis isomer. f18 h at 110 °C, then 1 h at 60 °C.
g1 equiv of Zn(CN)2.

h4 equiv of Zn(CN)2; 42 h. i40 mol % of
Zn(CN)2.

jUsing DMF as solvent and source of amine (0.1 M) and
Et2Zn (2.0 equiv). 1H NMR yield due to product volatility.

Scheme 3. Synthesis of (±)-GSK2879552

Table 3. Enantiospecific Synthesis of Cyclopropylamines

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.7b07104
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.7b07104
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b07104/suppl_file/ja7b07104_si_001.pdf
mailto:sroussea@chem.utoronto.ca
http://orcid.org/0000-0002-6505-5593
http://dx.doi.org/10.1021/jacs.7b07104


(2) (a) Nakamura, E.; Aoki, S.; Sekiya, K.; Oshino, H.; Kuwajima, I. J.
Am. Chem. Soc. 1987, 109, 8056−8066. (b) Nakamura, E.; Sekiya, K.;
Kuwajima, I. Tetrahedron Lett. 1987, 28, 337−340. (c) Oshino, H.;
Nakamura, E.; Kuwajima, I. J. Org. Chem. 1985, 50, 2802−2804.
(d) Nakamura, E.; Kuwajima, I. J. Am. Chem. Soc. 1984, 106, 3368−
3370.
(3) For reviews on the use of cyclopropanols in transition metal
catalysis, see: (a) Fumagalli, G.; Stanton, S.; Bower, J. F. Chem. Rev.
2017, 117, 9404−9432. (b) Nikolaev, A.; Orellana, A. Synthesis 2016,
48, 1741−1768.
(4) The intramolecular nucleophilic addition of an alcohol to a
palladium homoenolate to generate a spiroketal was recently reported.
See: Davis, D. C.; Walker, K. L.; Hu, C.; Zare, R. N.; Waymouth, R.
M.; Dai, M. J. Am. Chem. Soc. 2016, 138, 10693−10699.
(5) Cyclopropanol and its derivatives have been broadly investigated
as convenient precursors to metal homoenolates, since the cyclo-
propane ring readily undergoes C−C bond cleavage in the presence of
base. See: Kulinkovich, O. G. Chem. Rev. 2003, 103, 2597−2632 and
refs 1−3.
(6) (a) Cheng, K.; Carroll, P. J.; Walsh, P. J. Org. Lett. 2011, 13,
2346−2349. (b) Nomura, K.; Matsubara, S. Chem. - Asian J. 2010, 5,
147−152. (c) Nomura, K.; Matsubara, S. Chem. Lett. 2007, 36, 164−
165.
(7) Nomura, K.; Oshima, K.; Matsubara, S. Tetrahedron Lett. 2004,
45, 5957−5959.
(8) This ring closure is mechanistically reminiscent of the final step in
the Kulinkovich−de Meijere reaction, which generates cyclopropyl-
amines from amides (or nitriles) and Grignard reagents in the
presence of a titanium catalyst. For selected references, see ref 13.
(9) He, Z.; Zajdlik, A.; Yudin, A. K. Acc. Chem. Res. 2014, 47, 1029−
1040.
(10) Molecules that contain both electro- and nucleophilic reaction
sites have also been called “ambiphilic”. See: Samarakoon, T. B.; Hur,
M. Y.; Kurtz, R. D.; Hanson, P. R. Org. Lett. 2010, 12, 2182−2185 and
references therein.
(11) (a) Talele, T. T. J. Med. Chem. 2016, 59, 8712−8756.
(b) Miyamura, S.; Itami, K.; Yamaguchi, J. Synthesis 2017, 49, 1131−
1149.
(12) For selected synthetic methods for the preparation of trans-
cyclopropylamines, see: (a) Charette, A. B.; Cote, B. J. Am. Chem. Soc.
1995, 117, 12721−12732. (b) Davies, H. M. L.; Bruzinski, P. R.; Lake,
D. H.; Kong, N.; Fall, M. J. J. Am. Chem. Soc. 1996, 118, 6897−6907.
(c) Begis, G.; Cladingboel, D.; Motherwell, W. B. Chem. Commun.
2003, 2656−2657. (d) Wurz, R. P.; Charette, A. B. J. Org. Chem. 2004,
69, 1262−1269. (e) Moreau, B.; Charette, A. B. J. Am. Chem. Soc.
2005, 127, 18014−18015. (f) Chanthamath, S.; Nguyen, D. T.;
Shibatomi, K.; Iwasa, S. Org. Lett. 2013, 15, 772−775. (g) Parra, A.;
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