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Introduction

The base-assisted additions of heteroatom nucleophiles to
cyclopropenes 2 generated in situ from stable halocyclopro-
panes 1 have emerged as a convenient route towards complex
cyclopropyl scaffolds," complementary to existing transition
metal-catalyzed methodologies>® (Scheme 1, eqn (1)).
Oxygen-," nitrogen-,” sulfur-,° or halogen’-based entities have
been successfully added, in either an inter- or an intra-
molecular fashion.® The employment of carbon-based
nucleophilic species in non-catalyzed transformations of these
types has thus far been less abundant. The apparent chal-
lenges associated with a strong basicity of organometallic
reagents on the one hand, and a lower reactivity of stabilized
carbon nucleophiles, such as enolates, toward non-conjugate
cyclopropenes on the other hand, have limited the application
of this chemistry. Within this scope, the addition of strongly
nucleophilic organometallic reagents to cyclopropenes has
been known since the 1970s.” A regioselective variant of these
chemistry exploiting bis-metallated cyclopropyl intermediates
was later shown by Marek.'® More recently, Gong demon-
strated the Michael addition of enolates to highly activated
conjugate cyclopropenylketone 4 generated in situ, which was
accompanied by the cleavage of the three-membered ring
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An unusual reaction is described, involving a formal intramolecular nucleophilic substitution of bromo-
cyclopropanes with nitrogen ylides generated in situ from N-benzyl carboxamides. It is shown that this
reaction involves cyclopropene intermediates and allows for the facile and expeditious preparation of
3-azabicyclo[3.1.0]hexan-2-one scaffolds.

(Scheme 1, eqn (2))."' Herein, we wish to report an intra-
molecular, ring-retentive 5-exo-trig cyclization of non-conju-
gated cyclopropenes 6 with nitrogen ylides, generated from
N-benzylcarboxamides 5 in the presence of relatively mild alk-
oxide bases (Scheme 1, eqn (3)). This process allowed for the
straightforward and highly expeditious assembly of biologically
relevant 3-azabicyclo[3.1.0]hexan-2-one scaffolds, although in
only moderate yields and selectivity.

Results and discussion

One of the challenges we encountered while developing the
formal nucleophilic substitution of bromocyclopropanes was
limitations in the existing synthetic approaches to cyclo-
propenes. Accordingly, a large part of our efforts was focused
on expanding the scope of well-established methods to
broaden the range of available strained olefins.'> Thus, we
demonstrated that a very efficient 1,2-dehydrohalogenation of
bromocyclopropanes could be carried out in THF in the pres-
ence of catalytic amounts of 18-crown-6 ether."* This modifi-
cation allowed for more convenient isolation and improved
overall yields of cyclopropenes compared to the classical proto-
col in dry DMSO. This proved to be particularly beneficial for
the synthesis of functionalized cyclopropenes, such as tertiary
carboxamides 9 bearing an alkyl group and an electron rich
aryl group."® Recently, we probed this procedure for the prepa-
ration of N,N-benzyl substituted cyclopropene 9a from the
corresponding bromocyclopropane 8 (R' = R*> = Bn)
(Scheme 2). Surprisingly, instead of olefin 9a, a mixture of dia-
stereomeric lactams 7a was produced in ca. 60% yield."* This
was a pleasant surprise, since this scaffold occurs in nature'®
and has significant importance for medicinal chemistry'® and
synthetic methodology."”” Employing excess freshly sublimed

Org. Biomol Chem., 2018, 16, 285-294 | 285


www.rsc.li/obc
http://orcid.org/0000-0002-1668-9311
http://crossmark.crossref.org/dialog/?doi=10.1039/c7ob02068f&domain=pdf&date_stamp=2017-12-21
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ob02068f
https://pubs.rsc.org/en/journals/journal/OB
https://pubs.rsc.org/en/journals/journal/OB?issueid=OB016002

Open Access Article. Published on 08 December 2017. Downloaded on 2/10/2026 9:57:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
R\A% _base _ l A] NuH R\A%
S (1)
Hal HH | base Nu
1 2 3
(@)
YACOZR
Ar 4
CH,(COR),
Cs,CO,
2
Ar,
R OH
R
O  cCom
Y. Gong, 2014-2015 [10]
©o
®
Me. /L\ N,R ®
€]
kAr
5 6
[¢]
Me
— N’R
(this work)
7 Ar
Scheme 1
(0] (0]
1 1
Me N/R 18-crown-6 MGKkN’R
| —_—
R +-BUOK/THF Re
Br
8 9: R', R? = Alk, Ar
[ref. 12]
18-crown-6
t-BUOK/THF gj
7a: 80%,
dr (endo:exo) 45:55
Scheme 2

tert-butoxide and carrying out the reaction under strictly an-
hydrous conditions allowed for the improvement of the yield
up to 80%, but did not affect the diastereomeric composition
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of the product (Scheme 2). This unexpected 5-exo-trig cycliza-
tion was apparently triggered by the base-assisted deprotona-
tion at the benzylic position of cyclopropene intermediate 9a
(Scheme 3). The formation of anionic species in an a-position
to nitrogen in carboxamides is well precedented."®
Stoichiometric deprotonation for intermolecular alkylation
normally requires strong organometallic bases such as #-BuLi
or n-BuLi.'® For intramolecular reactions, however, the use of
LDA and even t-BuOK has also been reported, particularly suc-
cessful in the Hurtly arylation.*®

We reasoned that lowering the C-H acidity of the benzylic
group could help shut down the 5-exo-trig cyclization pathway
and divert it to the desired dehydrohalogenation. Indeed, bro-
mocyclopropanes 8b,c possessing electron-donating substitu-
ents in an aromatic ring produced the corresponding cyclopro-
penes 9b,c as sole isolable products in moderate yields
(Scheme 4). Conversely, the stabilization of the benzylic anion
by a strong electron-withdrawing substituent resulted in
reduced nucleophilicity, which made the cyclization ineffi-
cient. Thus, the reaction of 8d, bearing a CF; group in the
para-position, afforded a very poor yield of bicyclic product
7d,%° while p-NO, analog 8e simply decomposed under the
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reaction conditions (Scheme 4). All of the substrates posses-
sing neutral or moderately electron-withdrawing substituents
reacted smoothly affording the corresponding 3-azabicyclo
[3.1.0]hexan-2-ones in moderate to high yields (Scheme 5).
Remarkably, this reaction demonstrated high tolerance to
steric hindrance at the nitrogen atom, as we were able to
efficiently cyclize the substrates bearing (a) primary, Me (8j-
8m) and n-Bu (8f), (b) secondary, i-Pr and Cy (8h,g, respect-
ively), and (c) tertiary, ¢-Bu (8i) groups. Interestingly, steric
hindrance on the nitrogen atom influences diastereo-
selectivity; however, this effect is quite weak.

It should be emphasized that all of the bicyclic products 7
were obtained as mixtures of endo- and exo-diastereomers.
This was not surprising, taking into account the relatively high
acidity of the tertiary C-H group at C-4, and the possibility of a
facile base-assisted epimerization under the reaction con-
ditions. The cyclization of ylide 6, generated by the deprotona-
tion of cyclopropenylamide 9, should provide cyclopropyl
anion 10 (Scheme 6). Subsequent protonation affords a
mixture of exo-7 and endo-7 products, and their initial ratio
depends on stereo-electronic factors at the cyclization step.
However, the final product ratio is determined by a thermo-
dynamic equilibrium that occurs via stabilized cyclic ylide 11.
The exo-/endo-ratio change can be monitored in time by GC

This journal is © The Royal Society of Chemistry 2018
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(shown for compound 7m, Fig. 1). In some cases, such as with
ortho-chlorinated derivative 71, deprotonation at C-4 cannot be
achieved efficiently due to steric hindrance, so the final dia-
stereomeric ratio matches that for the initial kinetic distri-
bution (Fig. 2).*"

It should also be pointed out that the difference in the
thermodynamic stabilities of endo- and exo-diastereomers in
five-membered scaffold 7 is not large enough to warrant high
degrees of diastereoselectivity. Our DFT modeling showed that
exo-7j is more stable than endo-7j by only 2.386 x 107 amu
(1.50 keal mol ™), which corresponds to the best achievable dr
of ca. 70:30.>> Also, this modeling helped to assign relative
configurations of the diastereomeric bicyclic products. Indeed,
calculation showed that dihedral angles between (C-4)-H and
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Identity
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“Denotes values calculated from GC integrations Retention Time (min)

Fig. 1 Real-time GC monitoring of endo-7m:exo-7m equilibrium in
the reaction mixture containing bromocyclopropane 8m and t-BuOK in
THF at 30 °C.
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Fig. 2 Real-time GC monitoring of endo-71: exo-71 equilibrium in the
reaction mixture containing bromocyclopropane 8l and t-BuOK in THF
at 30 °C.

Fig. 3 ORTEP drawing of the crystal structure of compound exo-7j
(CCDC 15752777) showing atom numbering labels and 50% probability
amplitude displacement ellipsoids.

(C-5)-H bonds in endo- and exo-isomers are 36.8° and 94.4°,
respectively.”® This suggests that the value of the corres-
ponding vicinal spin-spin coupling constants for endo-isomers
should be larger. Indeed, the benzylic proton signals in the 'H
NMR spectra appeared as doublets for the isomers (endo) and
as singlets for another one (exo). Also, the relative configur-
ation of exo-7j was independently and unambiguously
assigned by single-crystal X-ray diffraction (Fig. 3).

Conclusion

A cascade, base-assisted dehydrohalogenation/5-exo-trig
nucleophilic cyclization of stabilized benzylic anions to cyclo-
propenes was discovered. This reaction represents the first
example of the non-catalytic addition of carbon nucleophiles
to unactivated cyclopropenes. The obtained results are valu-
able as a proof of concept and are being applied in design of
the diastereoselective cyclization of carbon-based nucleophiles
to obtain six- and seven-membered ring systems. The latter
models are expected to allow for better stereo-electronic
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control, due to a more substantial difference in the thermo-
dynamic stabilities of the corresponding diastereomers.
Synthetic and computational studies towards this goal are cur-
rently underway in our laboratories.

Experimental part

NMR spectra were recorded on a Bruker Avance DRX-500
spectrometer (500 MHz) equipped with a dual carbon/proton
cryoprobe (CPDUL) or with a BBO probe or on a Bruker Avance
DPX-400 spectrometer (400 MHz) equipped with a quadruple-
band gradient probe (H/C/P/F QNP). *C NMR spectra were
recorded with broadband decoupling. IR spectra were recorded
on a ThermoFisher Nicolet™ iS™ 5 FT-IR spectrometer.
HRMS was carried out on a LCT Premier (Micromass
Technologies) instrument employing ESI TOF detection tech-
niques. Glassware used in moisture-free syntheses was flame-
dried under vacuum prior to use. Column chromatography
was carried out on silica gel (Sorbent Technologies,
40-63 mm). Pre-coated silica gel plates (Sorbent Technologies
Silica XG 200 mm) were used for TLC analyses. Anhydrous
THF and dichloromethane (DCM) were obtained by the distil-
lation of a degassed commercially available HPLC-grade
inhibitor-free solvent over calcium hydride and stored over 4 A
molecular sieves under nitrogen. Commercial potassium tert-
butoxide was sublimed under vacuum prior to use. The synth-
eses of bromocyclopropanes 8a-m are described in the ESL{**
All other reagents and solvents were purchased from commer-
cial vendors and used as received.

(1R*,55*)-3-Benzyl-1-methyl-4-phenyl-3-azabicyclo[3.1.0]hexan-
2-one (7a)

Typical procedure I. An oven-dried Wheaton vial equipped
with a Teflon septum cap was charged with freshly sublimed
t-BuOK (315 mg, 2.80 mmol) and 18-crown-6 ether (18.5 mg,
0.07 mmol) in a nitrogen-filled glovebox. Anhydrous THF
(2.22 mL) was then added to this vial and the solution was
stirred to premix for 30 minutes. A solution of N,N-dibenzyl-
2-bromo-1-methylcyclopropane-1-carboxamide (8a) (251 mg,
0.70 mmol) in anhydrous THF (1.48 mL) was added dropwise
to the stirred reaction mixture, which was then stirred at
30 °C until starting materials were consumed (10 min for the
reaction of 7a). The reaction was then quenched by pouring
the mixture into brine (35 mL). The aqueous layer was
extracted with EtOAc (2 x 20 mL). The combined organic
phases were washed with brine (20 mL), dried with MgSO,,
gravity filtered, and concentrated in vacuo. The crude material
contains a mixture of diastereomers 45:55 (endo:exo).
Purification by column chromatography eluting with a
mixture of hexanes/EtOAc (2 : 1) afforded the titled product as
a pale yellow oil (R 0.38). Yield 156 mg (0.56 mmol, 80%).
endo-7a: '"H NMR (400 MHz, CDCl;) § 7.42-7.32 (m, 3H),
7.31-7.21 (m, 3H), 7.20-7.14 (m, 2H), 7.09-7.01 (m, 2H), 5.06
(d, J = 15.0 Hz, 1H), 4.57 (d, J = 6.0 Hz, 1H), 3.50 (d, J = 14.5
Hz, 1H), 1.93-1.86 (m, 1H), 1.42 (s, 3H), 1.05 (t, J = 4.5 Hz,

This journal is © The Royal Society of Chemistry 2018
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1H), 0.64 (dd, J = 7.8, 5.0 Hz, 1H); "*C NMR (126 MHz, CDCl;)
5177.6,138.5, 136.6, 128.9 (2C), 128.9 (2C), 128.7 (2C), 128.0,
127.6, 127.0 (2C), 59.6, 44.2, 27.1, 26.6, 16.4, 15.2. exo-7a:
"H NMR (400 MHz, CDCl3) § 7.42-7.32 (m, 3H), 7.31-7.21 (m,
3H), 7.20-7.14 (m, 2H), 7.09-7.01 (m, 2H), 5.00 (d, J = 14.9
Hz, 1H), 4.12 (s, 1H), 3.36 (d, J = 14.7 Hz, 1H), 1.58 (dd, J =
7.5, 3.9 Hz, 1H), 1.48 (s, 3H), 0.72 (t, J = 4.3 Hz, 1H), 0.92 (dd,
J = 7.5, 4.6 Hz, 1H); *C NMR (126 MHz, CDCl;) § 176.5,
140.8, 137.2, 129.2 (2C), 128.8 (2C), 128.5, 128.5 (2C), 127.6,
127.0 (2C), 61.8, 43.9, 26.4, 25.6, 19.3, 15.1. FTIR (NaCl,
em™): 3063, 3030, 2961, 2928, 2869, 1694, 1495, 1454, 1414,
1357, 1301, 1200, 1151, 1078, 1029, 941, 747, 761, 701, 622;
HRMS (TOF ES): found 300.1378, calculated for C;oH;oNONa
(M + Na) 300.1364 (4.7 ppm); EA found C 82.12, 82.00,
H 6.76, 6.74, N 5.19, 5.12, calculated for C;oH;,NO: C 82.28,
H 6.90, N 5.05.

(1R*,55*)-3-Butyl-1-methyl-4-(4-(trifluoromethyl)phenyl)-3-
azabicyclo[3.1.0]hexan-2-one (7d)

This compound was synthesized according to the Typical
procedure I employing 2-bromo-N-butyl-1-methyl-N-(4-
(trifluoromethyl)benzyl)cyclopropane-1-carboxamide (8d)
(67 mg, 0.171 mmol), 18-crown-6 ether (4.5 mg,
0.017 mmol), and #BuOK (77 mg, 0.68 mmol). The reaction
mixture was stirred at rt for 5 min and then quenched with a
saturated solution of ammonium chloride. The -crude
material contains an inseparable mixture of diastereomers
15:85 (endo: exo). Purification by column chromatography
eluting with a mixture of hexanes/EtOAc (2:1) afforded the
titled product as a colorless oil (R¢ 0.33). Yield: 12.4 mg
(0.046 mmol, 27%). endo-7d: "H NMR (500 MHz, CDCl;)
57.64 (d, J = 8.2 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 4.90 (d, J =
6.2 Hz, 1H), 3.66 (ddd, J = 13.9, 8.9, 7.1 Hz, 1H), 2.50-2.43
(m, 1H), 1.96 (ddd, J = 7.7, 6.1, 4.0 Hz, 1H), 1.41 (s, 3H),
1.36-1.25 (m, 2H), 1.25-1.15 (m, 2H), 0.89 (t, J = 4.5 Hz, 1H),
0.85 (t, J = 7.3 Hz, 3H), 0.62 (dd, J = 7.8, 5.0 Hz, 1H);
C NMR (126 MHz, CDCl;) 6 177.2, 143.0, 130.0 (q, *Jcr =
40.0 Hz), 126.9 (2C), 125.8 (q, *Jer = 3.7 Hz, 2C), 124.0 (q,
Yer = 271.9 Hz), 59.7, 40.2, 28.8, 28.2, 26.6, 20.1, 16.1, 15.0,
13.8. exo-7d: 'H NMR (500 MHz, CDCl;) 6§ 7.64 (d, J = 8.2 Hz,
2H), 7.33 (d, J = 8.0 Hz, 2H), 4.43 (s, 1H), 3.59 (dt, J = 14.0,
7.8 Hz, 1H), 2.46 (ddd, J = 13.8, 7.8, 5.5 Hz, 1H), 1.57 (dd, J =
7.5, 4.0 Hz, 1H), 1.43 (s, 3H), 1.36-1.25 (m, 2H), 1.25-1.15
(m, 2H), 1.00 (dd, J = 7.5, 4.7 Hz, 1H), 0.85 (t, J = 7.3 Hz, 3H),
0.80 (t, J = 4.3 Hz, 1H); *C NMR (126 MHz, CDCl;) § 176.5,
145.4, 130.6 (q, >Jcr = 32.7 Hz), 126.9 (2C), 126.1 (q, *Jcr = 3.9
Hz, 2C), 124.0 (q, Ycr = 271.9 Hz), 62.2, 40.0, 29.6, 26.4, 25.8,
19.9, 19.9, 14.9, 13.7. '°F NMR (376 MHz, chloroform-d)
§ —62.5, —62.6; FTIR (NaCl, cm_1): 2961, 2933, 2873, 1676,
1645, 1459, 1414, 1326, 1294, 1246, 1166, 1125, 1067, 1018,
959, 846, 756, 608; HRMS (TOF ES): found 312.1578, calcu-
lated for C;,H,;NOF; (M + H) 312.1575 (1.0 ppm); EA found
C 65.70, 65.45, H 6.38, 6.65, N 4.39, 4.78, calculated for
C1,H,0F;NO: C 65.58, H 6.48, N 4.50.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

(1R*,55*)-3-Butyl-1-methyl-4-phenyl-3-azabicyclo[3.1.0]hexan-2-
one (7f)

This compound was synthesized according to the Typical pro-
cedure I employing N-benzyl-2-bromo-N-butyl-1-methyl-
cyclopropane-1-carboxamide (8f) (229 mg, 0.70 mmol),
18-crown-6 ether (18.5 mg, 0.07 mmol), and #BuOK (314 mg,
2.80 mmol). The reaction mixture was stirred overnight at
30 °C. The crude material contains an inseparable mixture of
diastereomers 53:47 (endo:exo). Purification by column
chromatography eluting with a mixture of hexanes/EtOAc
(3:1) afforded the titled product as a yellow oil (R 0.30). Yield
119.2 mg (0.49 mmol, 70%). endo-7f: '"H NMR (400 MHz,
CDCly) 6 7.41-7.29 (m, 3H), 7.15-7.09 (m, 2H), 4.85 (d, J = 6.0
Hz, 1H), 3.63 (ddd, J = 13.8, 8.6, 7.3 Hz, 1H), 2.50 (m, 1H), 1.93
(ddd, J = 7.7, 6.0, 3.9 Hz, 1H), 1.40 (s, 3H), 1.38-1.12 (m, 4H),
0.99-0.91 (m, 1H), 0.84 (t, J = 7.3 Hz, 3H), 0.59 (dd, J = 7.7,
5.0 Hz, 1H); C NMR (126 MHz, CDCl;) 6 177.4, 138.8, 128.8
(2C), 127.9, 126.8 (2C), 60.2, 40.2, 29.0, 26.9, 26.7, 20.2, 16.2,
15.2, 13.9. exo-7f: 'H NMR (400 MHz, CDCl;) § 7.41-7.29 (m,
3H), 7.22-7.17 (m, 2H), 4.35 (s, 1H), 3.55 (dt, J = 13.9, 7.7 Hz,
1H), 2.50 (m, 1H), 1.59 (dd, J = 7.5, 3.9 Hz, 1H), 1.42 (s, 3H),
1.38-1.12 (m, 4H), 0.99-0.91 (m, 1H), 0.84 (t, J = 7.3 Hz, 3H),
0.76 (t, J = 4.2 Hz, 1H); "*C NMR (126 MHz, CDCl;) § 176.6,
141.3, 129.1 (2C), 128.3, 126.7 (2C), 62.8, 39.9, 29.8, 26.7, 25.9,
20.0 (2C), 15.1, 13.8. FTIR (NaCl, cm™): 2960, 2931, 2872,
1692, 1457, 1417, 1372, 1219, 1051, 756, 701. HRMS (TOF ES):
found 266.1514, calculated for C;¢H,,;NONa (M + Na) 266.1521
(2.6 ppm); EA found C 78.81, 79.23, H 8.42, 8.50, N 5.92, 5.55,
calculated for C;¢H,;NO: C 78.97, H 8.70, N 5.76.

(1R*,55*)-3-Isopropyl-1-methyl-4-phenyl-3-azabicyclo[3.1.0]
hexan-2-one (7g)

This compound was synthesized according to the Typical pro-
cedure I employing N-benzyl-2-bromo-N-isopropyl-1-methyl-
cyclopropane-1-carboxamide (8g) (217 mg, 0.70 mmol),
18-crown-6 ether (18.5 mg, 0.07 mmol), and #BuOK (314 mg,
2.80 mmol). The reaction mixture was stirred at 30 °C for 3 h.
The crude material contains a mixture of diastereomers 50 : 50
(endo : exo). Purification by column chromatography eluting
with a mixture of hexanes/EtOAc (3:1) afforded the titled
product as a pale yellow glass (R; 0.36, 0.30). Yield 104.3 mg
(0.455 mmol, 65%). Analytical samples of individual diastereo-
mers were obtained by column chromatography on silica gel
eluting with a CH,Cl,/EtOAc mixture (10 : 1). endo-7g: "H NMR
(400 MHz, CDCl3) & 7.42-7.32 (m, 3H), 7.26-7.21 (m, 2H), 4.86
(d, J = 5.8 Hz, 1H), 3.47 (p, J = 6.8 Hz, 1H), 1.91 (ddd, J = 7.7,
5.9, 3.9 Hz, 1H), 1.38 (s, 3H), 1.32 (d, J = 6.9 Hz, 3H), 1.15 (d,
J = 6.8 Hz, 3H), 1.08 (t, ] = 4.4 Hz, 1H), 0.62 (dd, J = 7.7, 4.8 Hz,
1H); *C NMR (126 MHz, CDCl;) § 178.2, 140.4, 128.7 (2C),
128.0, 126.9 (2C), 61.4, 46.1, 27.3, 26.8, 20.0, 19.6, 16.2, 15.1.
exo-7g: "H NMR (500 MHz, CDCl;), § '"H NMR (500 MHz,
CDCl;) § 7.38-7.33 (m, 2H), 7.33-7.28 (m, 1H), 7.27-7.21 (m,
2H), 4.36 (s, 1H), 4.02 (p, J = 6.9 Hz, 1H), 1.49 (dd, J = 7.3,
3.9 Hz, 1H), 1.44 (s, 3H), 1.08 (d, J = 6.8 Hz, 3H), 0.91 (dd, J =
7.3, 4.6 Hz, 1H), 0.77 (d, J = 6.9 Hz, 3H), 0.66 (t, J = 4.2 Hz, 1H);
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3C NMR (126 MHz, CDCI3) § 176.8, 143.6, 128.9 (2C), 128.2,
126.7 (2C), 61.5, 44.7, 26.6, 26.2, 21.3, 20.4, 19.5, 15.0. FTIR
(NaCl, em™): 2970, 2931, 1685, 1456, 1412, 1380, 1345, 1223,
1028, 956, 763, 738, 702. HRMS (TOF ES): found 252.1353, cal-
culated for C,;5H;,NONa (M + Na) 252.1364 (4.4 ppm); EA
found C 78.47, 78.68, H 8.55, 8.18, N 6.07, 6.40, calculated for
C15H1oNO: C 78.56, H 8.35, N 6.11.

(1R*,55*)-3-Cyclohexyl-1-methyl-4-phenyl-3-azabicyclo[3.1.0]
hexan-2-one (7h)

This compound was synthesized according to the Typical pro-
cedure I employing N-benzyl-2-bromo-N-cyclohexyl-1-methyl-
cyclopropane-1-carboxamide (8h) (245 mg, 0.70 mmol),
18-crown-6 ether (18.5 mg, 0.07 mmol), and #+-BuOK (314 mg,
2.80 mmol). The reaction mixture was stirred overnight at
30 °C. The crude material contains an inseparable mixture of
diastereomers 45:55 (endo:exo). Purification by column
chromatography eluting with a mixture of hexanes/EtOAc
(3:1) afforded the titled product as a colorless glass (R¢ 0.38).
Yield 141.3 mg (0.525 mmol, 75%). endo-7h 'H NMR
(400 MHz, CDCl;) § 7.41-7.27 (m, 3H), 7.25-7.18 (m, 2H), 4.85
(d, J = 6.0 Hz, 1H), 3.10 (tt, J = 12.2, 3.5 Hz, 1H), 2.04-1.90 (m,
1H), 1.87 (ddd, J = 7.8, 6.0, 3.9 Hz, 1H), 1.67 (dd, J = 22.8,
11.2 Hz, 4H), 1.57-1.44 (m, 2H), 1.35 (s, 3H), 1.17-0.92 (m,
4H), 0.57 (dd, J = 7.8, 4.8 Hz, 1H); >C NMR (126 MHz, CDCl;)
5 178.2, 140.6, 128.6 (2C), 127.9, 126.8 (2C), 61.2, 54.5, 30.1,
29.6, 27.5, 26.8, 26.3, 26.0, 25.5, 16.2, 15.1. exo-7h: 'H NMR
(400 MHz, CDCl3) § 7.41-7.27 (m, 3H), 7.25-7.18 (m, 2H), 4.37
(s, 1H), 3.65 (tt, J = 12.1, 3.8 Hz, 1H), 1.73-1.59 (m, 1H),
1.55-1.42 (m, 5H), 1.42 (s, 3H), 1.43-1.33 (m, 1H), 1.30-1.21
(m, 2H), 1.18-1.00 (m, 1H), 1.00-0.70 (m, 2H), 0.64 (t, J = 4.2
Hz, 1H); *C NMR (126 MHz, CDCl;) § 176.9, 143.9, 128.9 (2C),
128.0, 126.6 (2C), 61.6, 52.7, 31.9, 30.9, 26.8, 26.3, 25.9, 25.9,
25.5, 19.6, 15.0. FTIR (NaCl, cm_l): 2931, 2855, 1684, 1453,
1414, 1360, 1205, 1028, 894, 751, 736, 702, 624. HRMS (TOF
ES): found 292.1664, calculated for C;3H,3NONa (M + Na)
292.1677 (4.4 ppm); EA found C 80.31, 80.34, H 8.89, 8.86,
N 4.95, 5.14, calculated for C,3H,3NO: C 80.26, H 8.61, N 5.20.

(1R*,55*)-3-(tert-Butyl)-1-methyl-4-phenyl-3-azabicyclo[3.1.0]
hexan-2-one (7i)

This compound was synthesized according to the Typical pro-
cedure I employing N-benzyl-2-bromo-N-(tert-butyl)-1-methyl-
cyclopropane-1-carboxamide (8i) (227 mg, 0.70 mmol),
18-crown-6 ether (18.5 mg, 0.07 mmol), and #BuOK (314 mg,
2.80 mmol). The reaction mixture was stirred overnight at
30 °C. The crude material contains an inseparable mixture of
diastereomers 47:53 (endo:exo). Purification by column
chromatography eluting with a mixture of hexanes/EtOAc
(3:1) afforded the titled product as a colorless glass (R; 0.44).
Yield 109 mg (0.448 mmol, 64%). endo-7i: "H NMR (500 MHz,
CDCl3) § 7.39-7.26 (m, 4H), 7.28-7.14 (m, 1H), 4.97 (d, J =
6.5 Hz, 1H), 1.88 (ddd, J = 7.9, 6.5, 3.7 Hz, 1H), 1.34 (s, 3H),
1.26 (s, 9H), 0.98 (t, J = 4.3 Hz, 1H), 0.49 (dd, J = 7.9, 4.8 Hz,
1H); *C NMR (126 MHz, CDCl;) § 178.8, 144.7, 128.5 (2C),
127.1, 125.5 (2C), 61.1, 54.4, 28.3 (3C), 28.3, 28.3, 16.1, 15.7.
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'H NMR (500 MHz, CDCl3) § 7.39-7.26 (m, 4H), 7.28-7.14 (m,
1H), 4.57 (s, 1H), 1.40 (dd, J = 7.2, 3.9 Hz, 1H), 1.38 (s, 3H),
1.24 (s, 9H), 0.84 (dd, J = 7.2, 4.3 Hz, 1H), 0.66 (t, J = 4.1 Hz,
1H); *C NMR (126 MHz, CDCl;) § 177.8, 143.7, 128.9 (2C),
127.7, 126.1 (2C), 62.7, 55.5, 28.1 (3C), 26.4, 26.0, 19.2, 14.9.
FTIR (NaCl, cm™"): 2963, 2929, 2869, 1664, 1493, 1455, 1396,
1383, 1359, 1343, 1221, 1198, 1141, 950, 762, 740, 705; HRMS
(TOF ES): found 266.1528, calculated for C;cH,;NONa
(M + Na) 266.1521 (2.6 ppm); EA found C 79.05, 79.07, H 8.60,
8.95, N 5.92, 5.57, calculated for C;¢H,;NO: C 78.97, H 8.70,
N 5.76.

(1R*,55*)-4-(4-Fluorophenyl)-1,3-dimethyl-3-azabicyclo[3.1.0]
hexan-2-one (7j)

This compound was synthesized according to the Typical pro-
cedure I employing 2-bromo-N-(4-fluorobenzyl)-N,1-dimethyl-
cyclopropane-1-carboxamide (8j) (51 mg, 0.171 mmol),
18-crown-6 ether (4.5 mg, 0.017 mmol), and +BuOK (76 mg,
0.68 mmol). The reaction mixture was stirred at rt for 4 h. The
crude material contains an inseparable mixture of diastereo-
mers 60:40 (endo:exo). Purification by column chromato-
graphy eluting with a mixture of hexanes/EtOAc (3 : 1) afforded
the titled product as a colorless glass (R¢ 0.36). Yield 21.6 mg
(0.099 mmol, 58%). endo-7j: 'H NMR (400 MHz, CDCl;)
5 7.11-7.02 (m, 4H), 4.68 (d, J = 5.9 Hz, 1H), 2.61 (s, 3H), 1.93
(ddd, J = 7.7, 5.9, 4.0 Hz, 1H), 1.40 (s, 3H), 0.90 (t, J = 4.6 Hz,
1H), 0.63 (dd, J = 7.8, 5.0 Hz, 1H); ">C NMR (126 MHz, CDCl;)
5 176.4, 162.4 (d, YJep = 246.1 Hz), 136.5 (d, YJcr = 3.5 Hz),
128.0 (d, *Jcr = 8.1 Hz, 2C), 115.7 (d, ¥cr = 21.2 Hz, 2C), 62.2,
28.1, 26.9, 25.7, 16.3, 14.9. exo-7j: "H NMR (400 MHz, CDCl;)
8 7.21-7.13 (m, 2H), 7.11-7.02 (m, 2H), 4.23 (s, 1H), 2.57 (s,
3H), 1.57 (dd, J = 7.6, 3.9 Hz, 1H), 1.42 (s, 3H), 0.96 (dd, J = 7.6,
4.7 Hz, 1H), 0.81 (t, J = 4.3 Hz, 1H); *C NMR (126 MHz,
CDCly) & 176.4, 162.6 (d, "Jor = 247.0 Hz), 136.5 (d, Ycr =
3.5 Hz), 128.1 (d, *Jcr = 8.2 Hz, 2C), 116.0 (d, %Jcr = 21.7 Hz,
2C), 64.5, 27.9, 26.6, 25.7, 20.0, 15.1. ’F NMR (376 MHz,
CDCl;) 6 —113.8, —114.6; FTIR (NaCl, cm™"): 2929, 1683, 1509,
1481, 1398, 1223, 1158, 1007, 845, 819, 752, 668, 647. HRMS
(TOF ES): found 242.0960, calculated for C;3H;,NOFNa
(M + Na) 242.0957 (1.2 ppm); EA found C 71.35, 71.27, H 6.18,
6.34, N 6.26, 6.33, calculated for C,;H,,FNO: C 71.21, H 6.44,
N 6.39. Slow crystallization of the purified material from
hexane afforded a crop of crystals of exo-7j suitable for X-ray
analysis.

(1R*,58*)-4-(2,4-Difluorophenyl)-1,3-dimethyl-3-azabicyclo
[3.1.0]hexan-2-one (7k)

This compound was synthesized according to the Typical pro-
cedure I employing 2-bromo-N-(2,4-difluorobenzyl)-N,1-di-
methylcyclopropane-1-carboxamide (8k) (54 mg, 0.171 mmol),
18-crown-6 ether (4.5 mg, 0.017 mmol), and +BuOK (76 mg,
0.68 mmol). The reaction mixture was stirred at rt for 5 min
and then quenched with a saturated solution of ammonium
chloride. The crude material contains an inseparable mixture
of diastereomers 69:31 (endo:exo). Purification by column
chromatography eluting with a mixture of hexanes/EtOAc

This journal is © The Royal Society of Chemistry 2018
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(2:3) afforded the titled product as a colorless oil (R¢ 0.38).
Yield 30.2 mg (0.127 mmol, 75%). endo-7k: "H NMR (500 MHz,
CDCl3) § 6.93-6.79 (m, 3H), 4.95 (d, J = 5.9 Hz, 1H), 2.64 (s,
3H), 2.06 (ddd, J = 7.8, 5.9, 4.0 Hz, 1H), 1.38 (s, 3H), 0.77 (t, ] =
4.5 Hz, 1H), 0.64 (dd, J = 7.8, 5.0 Hz, 1H); >*C NMR (126 MHz,
CDCl3) 6 177.9, 162.3 (dd, Ycr = 249.2 Hz, *Jor = 13.2 Hz),
160.7 (dd, “Jcp = 248.8 Hz, *Jcp = 12.0 Hz), 127.8 (dd, */cr =
9.4 Hz, Jcr = 5.8 Hz), 122.1 (dd, */cr = 13.2 Hz, *Jcr = 3.9 Hz),
111.3 (dd, *Jcr = 21.0 Hz, YJor = 3.6 Hz), 104.3 (t, *Jor = 25.5
Hz), 56.0 (d, *Jcr = 4.5 Hz), 28.5, 26.5, 25.6, 16.5, 14.9. exo-7k:
'H NMR (500 MHz, CDCl;) § 7.14-7.07 (m, 1H), 6.93-6.79 (m,
2H), 4.57 (s, 1H), 2.59 (s, 3H), 1.60 (dd, J = 7.6, 3.9 Hz, 1H),
1.40 (s, 3H), 0.98 (dd, J = 7.5, 4.7 Hz, 1H), 0.82 (t, J = 4.3 Hz,
1H); *C NMR (126 MHz, CDCl;) § 176.5, 162.7 (dd, Yer =
249.7 Hz, *Jcp = 12.2 Hz), 160.8 (dd, Ycr = 249.7 Hz, *Jop =
12.2 Hz), 128.8 (dd, *Jcr = 9.9 Hz, *Jor = 5.5 Hz), 123.5 (dd,
Yo = 13.2 Hz, YJor = 3.9 Hz), 112.0 (dd, %Jcr = 21.0 Hz, YJep =
3.7 Hz), 104.4 (t, ¥cr = 25.5 Hz), 58.2 (d, *Jcp = 3.5 Hz), 27.9,
25.7, 25.6, 20.0, 14.9. '°F NMR (376 MHz, CDCl;) 6 —109.9 (d,
YJer = 7.5 Hz), —111.1 (d, *Jgr = 7.3 Hz), —115.97 (d, YJpr = 7.8
Hz), —116.03 (d, */yr = 7.3 Hz); FTIR (NaCl, cm™'): 2932, 1694,
1617, 1503, 1430, 1397, 1269, 1234, 1140, 1092, 974, 961, 850,
765, 610. HRMS (TOF ES): found 260.0862, calculated for
C13H;3NOF,Na (M + Na) 260.0863 (0.4 ppm); EA found
C 65.92, 65.51, H 5.60, 5.67, N 6.14, 5.82, calculated for
C13H,3F,NO: C 65.81, H 5.52, N 5.90.

(1R*,55*)-4-(2-Chlorophenyl)-1,3-dimethyl-3-azabicyclo[3.1.0]
hexan-2-one (71)

This compound was synthesized according to the Typical pro-
cedure I employing 2-bromo-N-(2-chlorobenzyl)-N,1-dimethyl-
cyclopropane-1-carboxamide (81) (54 mg, 0.171 mmol),
18-crown-6 ether (4.5 mg, 0.017 mmol), and #BuOK (77 mg,
0.68 mmol). The reaction mixture was stirred at rt for 2 min
and then quenched with a saturated solution of ammonium
chloride. The crude material contains an inseparable mixture
of diastereomers 70:30 (endo:exo). Purification by column
chromatography eluting with a mixture of hexanes/EtOAc
(2:3) afforded the titled product as a colorless oil (R¢ 0.45).
Yield 27.7 mg (0.118 mmol, 69%). endo-71: 'H NMR (400 MHz,
CDCl,) & 7.47-7.39 (m, 1H), 7.33-7.22 (m, 2H), 6.86 (dd, J =
6.9, 2.4 Hz, 1H), 5.07 (d, J = 5.9 Hz, 1H), 2.67 (s, 3H), 2.24
(ddd, j = 7.8, 5.9, 4.0 Hz, 1H), 1.41 (s, 3H), 0.75 (t, J = 4.5 Hz,
1H), 0.60 (dd, J = 7.8, 5.0 Hz, 1H); "*C NMR (126 MHz, CDCl;)
6 178.3, 136.4, 133.1, 130.2, 128.8, 127.1, 127.0, 59.9, 28.8,
26.6, 24.9, 16.5, 15.2. exo-7l: 'H NMR (400 MHz, CDCl;)
5 7.47-7.39 (m, 1H), 7.33-7.22 (m, 2H), 7.11 (dd, J = 7.3, 2.1
Hz, 1H), 4.80 (s, 1H), 2.64 (s, 3H), 1.60 (dd, J = 7.5, 4.0 Hz, 1H),
1.38 (s, 3H), 0.99 (dd, J = 7.5, 4.7 Hz, 1H), 0.86 (t, J = 4.3 Hz,
1H); *C NMR (126 MHz, CDCl;) § 177.1, 138.0, 133.1, 130.2,
129.3, 127.7, 127.0, 61.3, 28.4, 25.2, 26.0, 20.1, 15.1. FTIR
(NaCl, em™): 2929, 1698, 1471, 1445, 1395, 1384, 1340, 1232,
1035, 972, 757, 698; HRMS (TOF ES): found 258.0660, calcu-
lated for C,3H;,NOCINa (M + Na) 258.0662 (0.8 ppm); EA
found C 66.21, 66.16, H 5.92, 6.10, N 5.64, 6.22, calculated for
C,5H,,CINO: C 66.24, H 5.99, N 5.94.
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(1R*,55*)-4-(4-Bromo-2-fluorophenyl)-1,3-dimethyl-3-azabicyclo
[3.1.0]hexan-2-one (7m)

This compound was synthesized according to the Typical
procedure I employing 2-bromo-N-(4-bromo-2-fluorobenzyl)-
N,1-dimethylcyclopropane-1-carboxamide  (8m) (65 mg,
0.171 mmol), 18-crown-6 ether (4.5 mg, 0.017 mmol), and
t-BuOK (77 mg, 0.69 mmol). The reaction mixture was stirred
at rt for 2 min and then quenched with a saturated solution of
ammonium chloride. The crude material contains an insepar-
able mixture of diastereomers 72 :28 (endo : exo). Purification
by column chromatography eluting with a mixture of hexanes/
EtOAc (1:1) afforded the titled product as a colorless oil
(R¢ 0.35). Yield 37.8 mg (0.127 mmol, 74%). endo-7m: "H NMR
(400 MHz, CDCl,) 6 7.33-7.19 (m, 2H), 6.74 (t, ] = 8.2 Hz, 1H),
4.89 (d, J = 5.9 Hz, 1H), 2.60 (s, 3H), 2.03 (ddd, J = 8.0, 5.8, 3.9
Hz, 1H), 1.34 (s, 3H), 0.71 (t, J = 4.5 Hz, 1H), 0.60 (dd, J = 7.8,
5.0 Hz, 1H); *C NMR (126 MHz, CDCl;) § 178.0, 160.5 (d, J =
250.9 Hz), 128.2 (d, J = 4.7 Hz), 127.7 (d, J = 3.6 Hz), 125.6 (d,
J=12.8 Hz), 121.6 (d, J = 9.9 Hz), 119.6 (d, J = 24.5 Hz), 56.2 (d,
J = 4.4 Hz), 28.6, 26.7, 25.5, 16.6, 15.0. exo-7m: ‘H NMR
(400 MHz, CDCl;) § 7.33-7.19 (m, 2H), 6.96 (t, J = 8.0 Hz, 1H),
4.52 (s, 1H), 2.56 (s, 3H), 1.55 (dd, J = 7.5, 3.9 Hz, 1H), 1.35 (s,
3H), 0.95 (dd, J = 7.5, 4.8 Hz, 1H), 0.78 (t, J = 4.4 Hz, 1H);
BC NMR (126 MHz, CDCl;) § 176.6, 160.6 (d, J = 253.3 Hz),
129.0 (d,J = 5.1 Hz), 128.3 (d,J = 4.7 Hz), 126.9 (d, J = 13.0 Hz),
122.3 (d, J = 9.8 Hz), 119.8 (d, J = 23.9 Hz), 58.3 (d, J = 3.6 Hz),
28.1, 25.8, 25.6, 20.1, 14.9. '°’F NMR (376 MHz, chloroform-d)
5 —116.4, —117.3; FTIR (NaCl, cm™): 2961, 2930, 1695, 1605,
1574, 1483, 1396, 1220, 1077, 973, 883, 850, 757. HRMS (TOF
ES): found 320.0056, calculated for C;3H,3NOFBrNa (M + Na)
320.0062 (1.9 ppm); EA found 52.21, 52.44, H 4.29, 4.57,
N 4.90, 4.64, calculated for C,3H;3BrFNO: C 52.37, H 4.40,
N 4.70.

N-Butyl-N-(4-(tert-butyl)benzyl)-1-methylcycloprop-2-ene-1-
carboxamide (9b)

This compound was synthesized according to the Typical pro-
cedure I employing 2-bromo-N-butyl-N-(4-(tert-butyl)benzyl)-1-
methylcyclopropane-1-carboxamide (8b) (266 mg, 0.70 mmol),
18-crown-6 ether (18.5 mg, 0.07 mmol), and #BuOK (314 mg,
2.80 mmol). The reaction mixture was stirred at 25 °C for 47 h.
The product was isolated by column chromatography eluting
with a mixture of hexanes/EtOAc (3:2) as a yellow oil (R¢ 0.39).
Yield 72.2 mg (0.315 mmol, 45%). "H NMR (500 MHz, CDCl;)
5 7.33 (br. s, 3H), 7.22 (br. s, 1H), 7.08 (br. s, 2H), 4.81-4.48
(m, 2H), 3.44-3.18 (m, 2H), [1.95 (br. s), 1.53-1.35 (m), Y'5H],
1.37 (br. s, 11H), 1.31 (br. s, 3H); "*C NMR (126 MHz, CDCl;)
5 176.3, (150.4, 149.9, 1C), (134.6, 134.2, 1C), (127.4, 126.5,
2C), 125.6 (2C), 115.8 (2C), (50.3, 44.0, 1C), 46.4, 34.5, 31.4
(3C), (30.6, 29.1, 1C), 24.1, 23.2, 20.1, 13.9; FTIR (NaCl, cm™):
2960, 2869, 1625, 1514, 1463, 1410, 1365, 1269, 1104, 1005,
927, 819, 732, 617; HRMS (TOF ES): found 322.2147, calculated
for C,oHpoNONa (M + Na) 322.2147 (0.0 ppm); EA found
C 80.07, 80.50, H 9.75, 9.95, N 4.93, 4.97, calculated for
C,oH,oNO: C 80.22, H 9.76, N 4.68.
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N-Butyl-N-(4-methoxybenzyl )-1-methylcycloprop-2-ene-1-
carboxamide (9¢)

This compound was synthesized according to the Typical pro-
cedure I employing 2-bromo-N-butyl-N-(4-methoxybenzyl)-1-
methylcyclopropane-1-carboxamide (8¢) (248 mg, 0.70 mmol),
18-crown-6 ether (18.5 mg, 0.07 mmol), and #-BuOK (314 mg,
2.80 mmol). The reaction mixture was stirred at 25 °C for 27 h.
The product was isolated by column chromatography eluting
with a hexane/EtOAc mixture (1:1) as a yellow oil (R; 0.39).
Yield 105.3 mg (0.385 mmol, 55%). "H NMR (500 MHz, CDCl;)
5 [7.30 (br. s), 7.24 (br. s), 7.07 (br. s), Y4H], 6.86 (br. s, 2H),
4.75-4.46 (m, 2H), 3.79 (s, 3H), 3.41-3.16 (m, 2H), [1.47 (br. s),
1.37 (s), 1.26 (br. s), Y7H], 0.90 (br. s, 3H); “C NMR
(126 MHz, CDCl;) § 176.2, 158.9, 129.1, 128.0, 115.8, 114.04
(2C), 55.3, 50.1, 46.1, 43.8, 30.5, 29.0, 24.0, 23.2, 20.1, 13.9;
FTIR (NaCl, cm™"): 2958, 2933, 2872, 1615, 1513, 1464, 1417,
1302, 1247, 1175, 1104, 1033, 815, 621. HRMS (TOF ES): found
296.1637, calculated for C;;H,3NO,Na (M + Na) 296.1626
(3.7 ppm); EA found C 74.72, 74.89, H 8.75, 8.39, N 4.89, 5.19,
calculated for C;;H,3NO,: C 74.69, H 8.48, N 5.12.
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Since exo-products are somewhat more stable than endo-
isomers, the selective formation of exo-7d might be a result
of thermodynamically-driven epimerization proceeding via
a base-assisted deprotonation at the benzylic position.
Unfortunately, this reaction has to be quenched after 5 min
to obtain at least some isolated yield. Longer exposure to
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the base causes quick decomposition of both exo- and
endo-products, which does not allow us to exploit this iso-
merization for achieving even better selectivity.

Results for the detailed GC-monitoring for all other cycliza-
tion reactions are included in the ESL.{ These were used to
choose the best reaction duration and the appropriate
quenching time for each particular product.

See the ESIT for details.
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