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ABSTRACT
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up to 89% vyield, 99% ee
trans:cis = 99:1

An efficient one-pot asymmetric synthesis of highly substituted y-lactams containing a-methylene groups has been successfully developed.
A wide range of y-lactams could be obtained in high yields with excellent diastereomeric ratios of up to 99:1 in favor of trans isomers. In
particular, excellent enantioselectivities of the two newly formed stereogenic centers with up to 99% ee were observed.

o-Methylene-y-lactams are key structural units occurring in
a wide variety of biologically active natural products.'®
Compared with their isosteric replacement a-methylene-y-
lactones, they are frequently used as DNA polymerase
inhibitors, nuclear vitamin D receptor inhibitors, or cellular
steroidal inhibitors’ due to their similar bioactivities in
antibacterial, anti-inflammatory, and antianaphylactic proper-
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ties, however with much lower toxic side effects.!®?
Because of their excellent activities for potential drug
candidates as well as their role as significant building blocks
for the total synthesis of a series of targeted compounds,
the construction of a-methylene-y-lactam skeletons has
received much attention over the past three decades.'®!®
The representative asymmetric synthetic approaches to
y-lactams include the cyclization of nitrogen radicals,'" the
cycloaddition reaction,'? the transition-metal-catalyzed in-
tramolecular carbenoid C—H insertion,'? the ring expansion
of B-lactams,'* NHC-catalyzed addition of enals to imines,'”
and tandem sequence aza-Michael/intramolecular nucleo-
philic substitution.'® In addition to these methods, there are
some indirect approaches based on using chiral reagents such
as bis-zr-allylpalladium complexes'” or chiral B-alkoxycar-
bonylallylboronates,'® providing the precursors of y-lactams.
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For example, Villiéras'” reported a synthesis of y-lactams
with two examples, by addition of S-functional crotylzinc
reagents to chiral N-a-aminoesters in 60% yield, 92% de,
and in 86% yield, 100% de, respectively. However, more
steps were needed including reduction and acidic cleavage
to remove the auxiliary for achieving the final products.
Despite the fact that considerable efforts have been made, a
more efficient, reliable, and convenient route to o.-methylene-
y-lactams is still in high demand.

Previously, we have reported our achievements about the
aza-Barbier reaction for asymmetric synthesis of various
important chiral amines.'® For example, we reported a highly
diastereoselective synthesis of chiral homoallylic amines by
Zn-mediated allylation of chiral N-fert-butanesulfinyl imines
at room temperature (Scheme 1, 2a, R' = R> = H). By
simply turning the reaction conditions, a remarkable stereo-
control was provided, affording the products R/S-3a in good
yields and with up to 99:1 dr.'”® Moreover, when 3-ben-
zoyloxyallyl bromide (Scheme 1, 2b, R' = OBz, R? = H)
or 3-arylallyl bromide (Scheme 1, 2¢, R! = Ar, R?> = H)
was used, a direct o-hydroxyallylation or cinnamylation
of imines 1 in a highly stereoselective manner was
observed.'”® ¢ In the meantime, a dramatic LiCl effect was
found on the stereocontrol so that DMF could be used as
solvent to replace the unpleasant HMPA.'* In our continu-
ous interest to explore the utilities of chiral sulfinyl auxiliary,
we envisioned whether it was possible to use f3,y-disubsti-
tuted allyl bromide (Scheme 1, 2e, R! = Me, R?> = CO,Et)
for setting up another interesting class of homoallylic amines
3 with two adjacent chiral centers simultaneously and which
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Scheme 1. Asymmetric Allylation Using Different Allyl
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by subjecting to further cyclization would yield the chiral
o-methylene-y-lactams $ in a one-pot varient. In this work,
we disclose our success on such an efficient synthesis with
high yields and excellent diastereo- and enantioselectivities.

Our initial investigation commenced with the reaction
between the model substrates (R)-N-fert-butanesulfinyl imine
1a and ethyl 2-(bromomethyl)acrylate (Table 1, 2d, R' = H,

Table 1. Initial Attempts in Reaction Conditions Screening

\

NS <

\
/S""' Zn
y < R? additive Ph
Ph) * Br xR solvent OEt
1a 2d ad ©O
R'=H, R%=CO,Et
solvent and Zn/2d
entry® additive® time (h) (equiv) yield (%)° de (%)?
1 5 mL of THF* 8 2 87 —68
2 5 mL of DMF* 11 2 94 52
3 5 mL of DMF 11 2 48 96
4 5 mL of HMPA/ 11 2 23 93
5 2 mL of DMF 12 2 76 99
6 1 mL of DMF 12 2 81 99
7 0.5 mL of DMF 11 2 86 96
8 5 mL of DMF 18 2 45 96
9 1 mL of DMF 75 2 79 97
10 1 mL of DMF 11 3 94 97
11 1 mL of DMF® 11 3 88 98

“ Reaction was performed with 0.2 mmol of 1a, Zn/2d, and additive in
dry solvent at rt. 2 equiv of LiCl was used as additive unless otherwise
noted. ¢ Isolated yield. ¢ Determined by '"H NMR of the product. 3d was
converted to the lactam to determine its configuration and confirm its
diastereomeric excess (see Supporting Information). ¢ Without any additive.

710 uL of H,O was used as additive. ¢ None-predried DMF was used.

R? = CO,Et). According to our previous reports, different kinds
of solvents were tested in this reation. Unfortunately, the
diastereomeric excesses of products were not satisfactory when
THF and DMF were used as solvents (Table 1, entries 1 and
2). When DMF was employed in combination with 2 equiv of
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LiCl as an additive, excellent diastereomeric excess (96%) was
observed, however with much lower yield (Table 1, entry 3).
With the HMPA system, an analogous result was obtained
(Table 1, entry 4). On the basis of the eximious diastereomeric
excess in the DMF and LiCl system, further study on improving
the reaction yield was taken into consideration. By increasing
the substrate concentration, to our delight, improved yields were
obtained (Table 1, entries 3 vs 5—7). In addition, extension of
the reaction time did not seem to affect the yield (Table 1, entry
3 vs 8 and entry 6 vs 9). Remarkably, excellent yield and
diastereomeric excess could be achieved simultaneously when
the amounts of Zn and allyl bromide 2d were increased to 3
equiv (Table 1, entry 10). Untreated DMF was also proven to
be a suitable solvent, retaining a similar yield and diastereomeric
excess (Table 1, entry 11).

Encouraged by the above success, we subsequently turned
the extension to y-methyl substituted allyl bromide by using
(Z)-ethyl 2-(bromomethyl)butenoate 2e for investigating the
reaction with substrate (R)-N-fert-butanesulfinyl imine la
under the optimal reaction conditions (Table 1, entry 10).
Although we failed to obtain the expectant product 3e under
the selected conditions, we were pleased to see that 4e, a
ring-closed product of 3e, was produced. Upon removal of
the sulfinyl auxiliary, 4e could be easily transformed to highly
functionalized a-methylene-y-lactam Se in 83% yield and
92% ee (Scheme 2, route A). Then it was found that under

Scheme 2. Different Process to Se

Zn, LiCl '
_DMF. rt, 8h _ HCl-dioxane
83% yield, 92% ee
o]

Al
S
N
J 0
Ph™ Ja Zn Licl S 1)HCI dioxane o
DMF, tt, 8 h 2) NaOH
+ _B H,0 methanol HN
| 89% yield OEt 80% yield Ph”* *
B'JYOH 89% de 89% ee
5e
(o]
2e
(1) Zn, LiCl, DMF, rt, 8 h
c (2) HCl-dioxane

the presence of 1—5 equiv of water the same reation occurred
to afford 3e in 89% yield and 89% de. As an alternative
way, 3e could also be cyclized to yield y-lactam Se in about
80% yield (Scheme 2, route B). These results indicated that
under the reaction process 3e was formed first upon the
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treatment of imine la and allyl bromide 2e, followed by
cyclization to yield the product 4e immediately, which was
then treatd with HCl—dioxane to afford Se upon removal of
the auxiliary. Thus, the one-pot synthesis of Se could be
realized (Scheme 2, route C).

Due to the dramatic effect of anhydrous LiCl in this
reaction (Table 1), further investigation was taken to optimize
the reaction conditions on LiCl loading (Table 2).

Table 2. Effect of the Loading of Anhydrous LiCl

Q o]
'S < (1) Zn, LiCl
N~ HN
p + Br | ogt —CMF. 80 FE
Ph (2) HCl-dioxane py,
1a 2e 5e
entry® LiCl (equiv) yield (%)° ee (%) trans:cis®
1 - 43 12 99:1
2 1 40 32 99:1
3 3 91 96 99:1
4 5 86 99 99:1

“Reaction was performed with imine 1a (0.2 mmol), Zn, and allyl
bromide 2e (0.6 mmol) and anhydrous LiCl in 1 mL of dly DMF at rt and
was then treated with 1 N HCl—dioxane (0.5 mL). ”Isolated yield.
¢ Determined by chiral HPLC analysis.

As shown in Table 2, very poor result (43% yield and
12% ee) was observed when the reaction occurred in the
absence of LiCl (Table 2, entry 1). The presence of LiCl
exerted a remarkable impact on enantioselectivities (Table
2, entries 1—4). The best result was given when 5 equiv of
LiCl was used where Se was obtained in 99% ee and 99:1
dr (Table 2, entry 4).

The relative configuration of Se was established to be frans by
NOE analysis. Since the attempt to have the single crystal of Se
was unsuccessful, it was turned to use its precursor 4e or analogues.
Fortunately, with the crystal of the analogue 4m obtained, the
absolute configuration of the two newly generated stereocenters
in 4m was unambiguously determined to be (9R,10R) (Figure 1).
Thus, treatment of (R)-N-tert-butanesulfinyl imine 1la with
(Z)-ethyl 2-(bromomethyl) butenoate 2e in the presence of

Figure 1. X-ray crystal structure of 4m.
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3 equiv of Zn and 5 equiv of LiCl at room temperature in
DMF followed by treatment of 1 N HCI could give almost
pure (R,R)-trans-5e in a one-pot manner.

After successful establishment of the reaction conditions
for the one-pot synthesis of o.-methylene-y-lactam, we paid
attention to the investigation of the reaction generality. As
summarized in Table 3, a variety of (R)-N-tert-butanesulfinyl

Table 3. Diastereoselective Synthesis of
a-Methylene-y-lactams®

0
\\ .
S R! (1) Zn, LiCI
N < DMF, 1t, 8 h
R + Br RZ  (2) HCl-dioxane
1 2dR'=H, R?=CO,Et

2e R'=Me, R?=CO,Et

yield ee
entry® 1 R 2 5 (%)X transcis? (%)

1 la CgHs 2d 52 85 - 97
2 1b 4-MeOCgH4 2d 5b 77 - 95
3 1c CGH5CH20H2 2d 5c¢ 70 - 98
4 1d cyclohexyl 2d 5d 69 - 98
5 la CgH; 2e¢e 5e 86 99.5:.05 99
6 1b 4-MeOCgH4 2e 5f 75 99.8:02 98
7 le p-naphthyl 2e 5g 82 99505 99
8 1f 2-furanyl 2¢ 5h 89 96.6:34 99
9 1g 2-CH3;C¢H4 2e 5i 82 98.8:12 98
10 1h 4-CH3;C¢H4 2e 5j 85  99:1° 95
11 1i 4-BrCgH, 2¢e 5k 79 99:1° 98
12 1j 4-FCegH, 2e 51 73 97.1:29 98
13 1k 2,4-(MeO),C¢H; 2¢ 5m 78 99.7:0.3" 94
14 11 4-CF3;C¢Hy 2¢ 5n 51 99.6:04° 96
15 1¢ C¢H;CH.CH, 2¢e 50 59 99.4:06 92
16 1m CgH;CH=CH 2e¢e 5p 70 99.1:09 92
17 1n (CH3)CHCHy; 2e 5q 64 982:1.8 95

“ In most cases, uncyclized product was found in a minor amount (about
5—10%). » Reaction was performed with imine 1 (0.2 mmol), Zn, and allyl
bromide 2 (0.6 mmol) and anhydrous LiCl (1.0 mmol) in 1 mL of dry
DMEF at rt and was then treated with 1 N HCl—dioxane (0.5 mL). € Isolated
yield. ¥ Determined by chiral HPLC analysis unless otherwise noted.
¢ Determined by 'H NMR of the product.'® /Determined by LC-MS
analysis.
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imines 1 were examined to react with allzyl bromide 2 in
DMF in the presence of Zn (3 equiv) and LiCl (5 equiv).
Gratifyingly, all reactions proceeded smoothly at room
temperature to afford the expected products 5 with excellent
enantioselectivities (up to 99% ee) and diastereoselectivities
as well (trans:cis = 97:3 t0 99:1). Good yields were observed
in the cases of aromatic and heterocyclic substrates. Both
electron-donating and -withdrawing groups on the phenyl
ring of imines did not seem to affect the yields and
stereoselectivities significantly (Table 3, entries 1—2 and
5—13). As an exception, the substrate with a 4-CF; sub-
stituent afforded relatively lower yield due to its low
reactivity in cyclization but still retained the 96% enantio-
meric excess (Table 3, entry 14). More interestingly, when
aliphatic substrates were subjected to the reaction, the same
levels of excellent enantioselectivities were observed, albeit
the isolated yields were somehow moderate with slow
conversion (Table 3, entries 3—4 and 15—17).

In summary, we have developed an efficient and facile
one-pot approach for the asymmetric synthesis of highly
substituted y-lactam compounds containing a-methylene
groups through Zn-promoted aza-Barbier-type allylations of
(R)-N-tert-butanesulfinyl imines with allzyl bromide in DMF
at room temperature. The reaction is well-tolerated; various
aromatic and aliphatic imines could act as suitable substrates
and display excellent diastereo- and enantioselectivities. Our
access to chiral a-methylene-y-lactams, which is a key
scaffold in a wide variety of bioactive natural products and
synthetic medicines, provides a valuable tool for synthetic
chemistry.
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