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Introduction

Metal carbenes nowadays have been recognized as important
active intermediates for many organic reactions, such as
cyclopropanations, X-H (X = C, Si, O, S, N, efc.) insertions, 1,2-
migrations, Buchner reactions, [2,3]-sigmatropic rearrange-
ments, ylide formations and others.* In these reactions, a metal
carbene can be used as a C1 synthon to form diverse carbon-
and hetero-ring compounds.” However, it is very rare to utilize
a metal carbene intermediate as a C1 synthon to construct four-
membered cyclic compounds via a [3 + 1] cyclization process. In
2009, Barluenga and co-workers reported the first example of [3
+ 1] cyclization by using a copper carbene intermediate derived
from simple diazo compounds, vinyldiazo esters as the C1
synthon to synthesize cyclobutene derivatives.* Recently, Scho-
maker et al. successfully developed a [3 + 1] cyclization of
rhodium carbene with bicyclic methylene aziridines to produce
highly substituted methylene azetidines with excellent stereo-
and regio-selectivity.*”* To the best of our knowledge, using in
situ generated metal carbene as the C1 synthon to form B-lac-
tams via the [3 + 1] cyclization reaction has never been reported.

B-Lactams have been recognized as one of the most
acclaimed classes of aza-ring compounds since the structure
elucidation of penicillin in 1945.* Diverse B-lactam derivatives
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excellent yields under mild reaction conditions. This reaction represents the first example of [3 + 1]
cyclization for the synthesis of B-lactams utilizing a metal carbene intermediate as the C1 synthon.

have shown important antibacterial, antimicrobial, anticancer,
antiviral, antihyperglycemic and other biological activities.’> The
incorporation of the difluoromethylene (CF,) group into organic
compounds can usually substantially alter the physical and
biological properties of the compounds, resulting in useful
biological and pharmacological effects.® In fact, a,a-difluoro-p-
lactams have been disclosed to be effective in the inhibition of
human leukocyte elastase (Scheme 1).” Several methods have
been established to synthesize these compounds.”’® Among
them, intramolecular ring closure of 3-functionalized-2,2-
difluoroamides® (Scheme 2A) and [2 + 2] cyclization of halodi-
fluoroacetates with imines® (Scheme 2B) were common
methods. While the former often needs multistep synthesized
substrates and excess sodium hydride or phosphine,® the latter
requires excess zinc powder or organozinc reagent’ and some-
times provides a mixture of the a,o-difluoro-p-amino ester and
o,o-difluoro-B-lactam.®” Recently, our group realized copper-
catalyzed [3 + 2] cyclization of a-bromodifluoroacetamides with
alkenes/alkynes to synthesize a,a-difluoro-y-lactam derivatives,
where o-bromodifluoroacetamides might be recognized as
a three-atom synthon and acted as both the difluoromethylene
group (CF,) and amido group source."* We envision thata [3 + 1]
cyclization of a-bromodifluoroacetamides might be realized by
choosing an appropriate C1 synthon. Herein, we report the first
example of copper-catalyzed [3 + 1] cyclization of a-bromodi-
fluoroacetamides with cyclopropenes for facile access to a series
of a,a-difluoro-p-lactams (Scheme 2c).
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. " o
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Scheme 1 Some representative examples of a,a-difluoro-B-lactams.
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Scheme 2 The synthesis of a,a-difluoro-p-lactams.

Results and discussion

Given that cyclopropenes can usually serve as carbene pre-
cusors™ and considering our recent work on the copper-cata-
lyzed ring-opening coupling reaction of cyclopropene and
phosphite via a possible copper vinyl carbene species,* we
chose cyclopropene (2a) for the initial test of the [3 + 1] cycli-
zation. The reaction of a-bromodifluoroacetamide 1a (0.2
mmol) and 2a (0.24 mmol, 1.2 equiv.) was performed in the
presence of Cul (10 mol%), phen (L1, 10 mol%) and K,CO; (2.0
equiv.) in CH;CN (2 mL) under a nitrogen atmosphere at 30 °C.
After 24 h, we were pleased to find that the expected [3 + 1]
cyclization product a,a-difluoro-p-lactam 3a was obtained in
60% yield (entry 1). When the ligand was absent, the yield of 3a
decreased to 51% (entry 2), which showed that the ligand played
a minor role through the coordination with the active Cu
species.™ Without the catalyst or the base, no reaction occurred
(entries 3 and 4). Other metal catalysts, such as Pd, Rh and Ag,
which are usually used in the formation of metal carbenes, were
ineffective for this [3 + 1] cyclization (for details, see ESI Table
S2+t). Further copper catalyst screening found that Cul was the
superior choice (entries 5-7). Other ligands L2-L4 did not
improve the yield of 3a (entries 8-10; for details, see ESI Table
S17). Scanning the base (entries 11 and 12; for details, see ESI
Table S37) showcased that K,CO; was the best one. Other
solvents were also tested (entries 13 and 14; for details, see ESI
Table S41), and no better results were obtained. When the
reaction was performed at an elevated temperature (40 °C), the
yield of 3a was increased to 65% (entry 15). To our delight, 3a
was obtained in 86% yield when cyclopropene was added via
a syringe'® for 30 min (entry 16). Decreasing or increasing the
amount of K,CO; could not improve the yield of 3a (entries 17
and 18). During these reactions, only E-a,a-difluoro-B-lactam 3a
was obtained and the corresponding Z-isomer was not
observed.

With the optimized reaction conditions (Table 1, entry 16),
we set to investigate the scope of a-bromodifluoroacetamides 1
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Table 1 The optimization of reaction conditions®

_

M Cat. (10 mol%)
. 0 /©/ LM ligand (10 mol%) N
Br%” base (2.0 equiv) F o)
1a 2a solvent, 30 °C, N, 3a
Entry M cat. Ligand Base Solvent Yield (%)
1 Cul L1 K,CO; CH,CN 60
2 Cul None K,CO;3 CH;CN 51
3 None L1 K,CO; CH,CN N.R.
4 Cul L1 None CH;CN N.R.
5 Cucl L1 K,CO; CH,CN 3
6 CuBr L1 K,CO3 CH;CN 35
7 Cu cat.? L1 K,CO; CH,CN N.R.
8 Cul L2 K,COs CH,CN 59
9 Cul L3 K,CO; CH,CN 60
10 Cul L4 K,COs CH,CN 45
11 Cul L1 KO'Bu CH;CN N.R.
12 Cul L1 Cs,CO;3 CH;CN Trace
13 Cul L1 K,CO3 THF 28
14 Cul L1 K,CO; DCE <20
15¢ Cul L1 K,CO; CH,CN 65
164 Cul L1 K,CO; CH,CN 86
175%¢ Cul L1 K,CO; CH,CN 46
184/ Cu K,CO; CH,;CN 57

I L1
Ph Ph
C</_ b— e >>j<,_ ?i<<— N~
W M W N\ Q_@
L1 L2 L3 L4

¢ Reaction conditions: 1a (0.2 mmol, 1.0 equiv.), 2a (0.24 mmol, 1.2
equiv.), solvent (2 mL), catalyst (10 mol%), ligand (10 mol%), base
22.0 equiv.), 24 h. Yields of isolated 3a were given. N.R. = no reaction.
Cu cat. = Cu(CH;CN),PF,. © The reaction was performed at 40 °C.
4 The solution of 1a in 2 mL CH;CN was added via a syringe for 30
minutes. ¢ 1 equiv. K,CO; was used.’ 3 equiv. K,CO; was used.

(Table 2). N-Aryl-o-bromodifluoroacetamides bearing either
electron-donating or -withdrawing groups at the para/meta/
ortho positions of the aromatic rings, such as 1a-1m, worked
well and afforded the desired ao,o-difluoro-p-lactams 3a-3m in
moderate to excellent yields, but for the reaction of 1b, 1c, 1g,
1h, 11 and 1m, a relatively larger amount of 2a or a higher
temperature was required. Disubstituted N-aryl-a-bromodi-
fluoroacetamides 1n-1r also easily underwent the [3 + 1] cycli-
zation, giving the desired products 3n-3r in 47-85% yields.
These results showed that the electronic effect was inconse-
quential during the transformation. Compared with other a-
bromodifluoroacetamides 1, ortho-substituted amides 11, 1m
and 1o0-1r gave the corresponding [3 + 1] cyclization products 31,
3m and 30-3r in reasonable yields, which showed that the steric
hindrance had no clear effect on the reactivity profile. N-Alkyl-o-
bromodifluoroacetamides 1s and 1t were also examined and the
corresponding a,a-difluoro-B-lactams 3s and 3t were obtained
in acceptable yields. Furthermore, other amides instead of 1
were tested. The decomposition of o-bromo-a,a-difluor-
oacetamide was observed under the optimal conditions,
without the formation of the desired product. No reaction

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Scope of a-bromodifluoroacetamides 1¢
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Table 3 Scope of cyclopropenes 2¢

Ph

0 —
Br%J\ R PX standard conditions .R
N + R —— N
FroH F
I
1 2a 3 ©
Ph /ij/m—iJ Ph, OCH; _ ph B Ph ~
- - 7 - T )= Q
% - % )l@ - A
F F F F
F o F o

3a 86% 3¢ 79%5°

3b 64%¢

Ph Q/F Ph ij
N NS
F F
F o F o
3f88%

1.50 g, 83/n al 6 mmol scale

3g 70%”c 3h 32%>°

Br
e 0
7
NS N
F F CHs
o F o F o
3k 60% 3154%7

Ph, F. CH; Ph /@OCHJ
J e
F F CHg
F % F o

30 70%¢

3e 64%

o]

3i 70%¢

OCF;  Ph

3n 85% 3p 47%

Ph Ph PN Ph Ph Ph
— [ ) — ‘ — J/ —
X v
N N cl N N
)% CH, %/\c?\ an van\
3 3
F F Y% F Y% S

3q 54%¢ 3r 58% 3s 429%00f 3t 38%00"

“ Reactions conditions: 1 (0.2 mmol, 1.0 equiv.), 2a (0.24 mmol, 1.2
equiv.), Cul (10 mol%), L1 (10 mol%), K2C03 (2.0 equiv.), CH;CN (4
mL), 40 °C, N,, 24 h; isolated yields. ® 2a (0.40 mmol 2.0 equiv.).
¢ performed at 50 °C. @ 2a (0.30 mmol, 1.5 equiv.). ¢ Performed at 70
°c./ 1.0 equiv. K,CO; was used.

occurred for a-bromo-N-phenylacetamide, and almost quanti-
tative feedstock was recovered. Pleasingly, a gram-scale reaction
(6 mmol of 1d) can be readily implemented under the standard
conditions with only slightly diminished reactivity (1.50 g, 83%
yield).

Subsequently, we surveyed the scope of cyclopropenes 2
(Table 3). The aryl methyl cyclopropenes 2b-2k, with either
electron-donating or -withdrawing functional groups at the
para, meta, or ortho positions on the aromatic rings could be
efficiently converted into the desired a,a-difluoro-B-lactams 4b-
4k in moderate to good yields. The structure of the [3 + 1]
cyclization product was further determined by a single-crystal
diffraction experiment of 4j. Naphthyl- or thienyl-containing
cyclopropenes 21 and 2m could undergo the [3 + 1] cyclization
smoothly, resulting in the corresponding products 41 and 4m in
moderate yields. Next, other alkyl groups connected to cyclo-
propenes were examined. When ethyl group substituted aryl
cyclopropenes 2n and 20 were used as the substrates, the
desired [3 + 1] cyclization proceeded very smoothly and stereo-
selectively formed E-o,a-difluoro-p-lactams 4n and 4o in excel-
lent yields. The reaction of i-propyl-substituted aryl
cyclopropene 2p could produce [3 + 1] cyclization product 4p in
a moderate yield (50% total yield), albeit with a low selectivity
(Z/IE = 1/1). For the tetrahydronaphthyl substituted substrate
2q, E-o,o-difluoro-B-lactam 4q could be generated in 45% yield
with specific selectivity. Dialkyl cyclopropene 2r and diaryl
cyclopropenes 2s-2v were also suitable substrates, and the

© 2021 The Author(s). Published by the Royal Society of Chemistry

F. RUR standard conditions |
Dy e
F
F

[e]
E
1d 2
HaC HsCO F cl
\ Q ‘ N; \ Q \ Q
N N N
o
) F o o
! 3 ! !
4b 86% 4c 79% 4d 62%"¢ 4e 55%°¢
OCH;

B“GT%@ @%9 %@ L

4f 85% 4i75%

4g 60%>°

%@ @%9 \%AO

4j 59% (X-ray)
CCDC # 1971135

P P UL Rp

4p 65% (Z/E = 111)

4h 50%

4k 79%"°

4m 45%>9

41 459%b4

40 90%

4n 70% 4q 45%

4t, R = Me, 35%°°
4u, R=F, 55%"°
4v, R= Br, 30%>°

4r 55% (ZIE=1/5)>" 45 30%°

¢ Reactions conditions: 1a (0.2 mmol, 1.0 equiv.), 2 (0.30 mmol, 1.5

equiv) Cul (10 mol%), L1 (10 mol%), KZCO3 (2.0 equiv.), CH5CN (4

mL), 40 °C, N,, 24 h isolated yields. (0 40 mmol, 2.0 equiv.).

¢ Performed at 50 °C. ¢ Performed at 60 °C. ¢ Performed at 70 °C.” Z/E
ratio was determined by '"H NMR spectroscopy.

desired products 4s-4v were obtained in acceptable yields.
Finally, a multisubstituted cyclopropene, namely 1,3-dimethyl-
3-phenyl cyclopropene, was tested. Nevertheless, the reaction
was very complicated and no desired product was observed.

In addition, diazoacetates, as the most commonly used
metal carbene precursors,’ were tested for the novel [3 + 1]
cyclization (Scheme 3). Gratifyingly, under slightly modified
conditions, diazoacetates could undergo the desired [3 + 1]

cyclization. As shown in Scheme 3, methyl 2-diazo-2-

Rl—
<
N, o /@ R Cul (10 mol%) \ /
P(3,5-(CF3),CgH. 10 mol%
R A CO,RZ + F})LN N (3,5-(CF3)2CeHa)3 ( /o) .
s Brig A K,CO3 (3 equiv) E
CH3CN, 70 °C

R3

5 2 O 6

6a: R'=H, R?=Me, R®=H, 51%; 6d: R" = H, R? = Et, R® = 4-Me, 45%;
6b: R" = 3-F, R? = Me, R® = 4-Me, 55%; 6e: R' = H, R?=Bn, R® = H, 50%;
6c: R = 3-Cl, R? = Me, R® = 4-Me, 50%; 6f: R = H, R? = Bn, R® = 3-Me, 50%.

Reactions conditions: 5 (0.2 mmol, 1.0 equiv), 2 (0.6 mmol, 3.0 equiv), Cul (10 mol%), P(3,5-

(CF3)2CgHa)s (10 mol%), K,CO3 (3.0 equiv), CH3CN (2 mL), 70 °C, Ny, 24 h; isolated yields.

Scheme 3 [3 + 1] cyclization of diazoacetates 5 with a-bromodi-
fluoroacetamides 2.
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phenylacetates 5a-5c¢ afforded a,a-difluoro-B-lactams 6a-6¢ in
51-55% isolated yields. Ethyl and benzylic diazos 5d and 5e
were suitable carbene precursors for the reaction and gave a,o-
difluoro-p-lactams 6d-6f in acceptable yields. Nevertheless, the
vinyldiazo compound, such as methyl (E)-2-diazopent-3-enoate,
could not produce the desired lactam, only giving a complex
mixture.

To gain insight into the mechanism of this novel [3 + 1]
cyclization, some mechanistic experiments were carried out. In
the absence of a-bromodifluoroacetamide 1, cyclopropene 2a
could undergo dimerization to form conjugated triene 7 and
cyclobutane 8 under standard conditions (Scheme 4, eqn (1)).
Furthermore, when the model reaction was quenched after 3 h
under standard conditions, 3a and 7 were obtained in 58% and
11% yields, respectively (Scheme 4, eqn (2)). These results sug-
gested that a copper vinyl carbene might be the reaction inter-
mediate." Additionally, given that a-bromo-a,a-
difluoroacetamide 1 could produce a carbon radical in the
presence of a copper catalyst,""” o-Bromodifluoroacete 9 *7
instead of 1a, was employed to react with cyclopropene 2a. As
a result, 20% of indene 10 was obtained (Scheme 4 eqn (3)),"
which was not detected in the reaction of a-bromodi-
fluoroacetamide 1a and cyclopropene 2a. Moreover, a radical
inhibitor experiment was also performed. In the presence of 5.0
equivalents of TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl),
the yield of 3d slightly decreased to 85% (Scheme 4 eqn (4)).
Collectively, these experimental results signified that radical
species might not be involved in this [3 + 1] cyclization.

On the basis of the experimental results, as well as previous
studies,'*'*** we proposed a possible reaction mechanism
(Scheme 5). The Cu(1)-complex reacted with cyclopropene 2a to
form a ring-opened vinyl copper carbene intermediate A.*°
Compared with normally accepted copper carbene inserting
into the N-H bond of aniline derivatives,* o-bromo-a.,a-
difluoroacetamide 1 with a relatively high acidity and low
nucleophilicty*® might be favoured to undergo a deprotonation
in the presence of K,CO; to form nitrogen anion species B.
Subsequently, the nitrogen anion species B attacked the copper
carbene A, generating Cu(i) species C, followed by an intra-
molecular nucleophilic substitution reaction to yield the ex-
pected product 3 and release the Cuf(r) catalyst.>* It should be
noted that different from previous reports using a vinyl carbene

standard conditions
a ———————

Ph Ph
SN v o< <! O)

7 38% 8 10%

Ph Q
~ NN
standard conditions
12 + 2a — @ m
[¢]

* F’h/L Mph @)

3h E
3a58% 7 1%
o F
standard conditions F
22  + Br>(u\o/\ O‘ @
(o}
FF d
9 10 20%
standard conditions
1d + 2a + TEMPO 3d  85% @

Scheme 4 Control experiments.

1808 | Chem. Sci,, 2021, 12, NI805-11809

View Article Online

Edge Article

l? Ph Ph
o N\KZQ 74\;Cux
A
D ecix
F Fe

Scheme 5 Proposed mechanism.

intermediate as a C3 synthon," herein the copper vinyl carbene
species acted as an interesting C1 synthon.

Conclusions

In conclusion, we have developed a facile and efficient copper-
catalyzed [3 + 1] cyclization of cyclopropenes/diazo compounds
and bromodifluoroacetamides and therefore furnished
a straightforward and efficient method for synthesizing a wide
range of valuable a,a-difluoro-p-lactams under mild conditions.
This is the first example of employing an in situ generated metal
carbene as the C1 synthon in [3 + 1] cyclization for the synthesis
of o,a-difluoro-p-lactams. This novel methodology might
provide a new pathway for the preparation of cyclic compounds
by employing in situ generated metal carbenes.
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