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A stereoselective amination/cyclization cascade process has been developed that allows for the preparation of a series of
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unsaturated and substituted caprolactam derivatives in good yields. This conceptually novel protocol takes advantage over

the easy access and modular character of vinyl y-lactones that can be prepared from simple precursors. Activation of the

lactone substrate in the presence of a suitable Pd precursor and newly developed phosphoramidite ligand offers a

stereocontrolled ring-opening/allylic amination manifold under ambient conditions. The intermediate (E)-configured &

amino acid can be cyclized using a suitable dehydrating agent in an efficient one-pot, two-step sequence. This overall highly

chemo-, stereo- and regio-selective transformation streamlines the production of a wide variety of modifiable and valuable

caprolactam building blocks in an operationally attractive way.

Introduction

Lactam derivatives play an important role in the development
of new pharmaceuticals® and are useful as a starting point for
synthetic polyamides,> with caprolactam being the most
prominent monomer known to date.? Classic synthesis of
lactams is achieved using methods such as the Beckmann
rearrangement of oximes,* the Schmidt reaction between an
azide and a carbonyl compound,®> and through cyclization of
amino acids or similar precursors.® Apart from the easy
availability of stoichiometric methodologies, catalytic formation
of lactams has materialized as a more sustainable alternative
within the synthetic community fueled by the need for a higher
atom and resource economy.” Efficient methodologies have
been developed by Fujita, Yamaguchi et al. who reported on a
Rh-catalyzed oxidative N-heterocyclization of amino alcohols
giving primarily access to five- and six-membered lactams,?
whereas Hong and coworkers showed that direct lactam
synthesis can be achieved using lactones and amines as
reagents under Ir-catalysis.? Other approaches that rely on the
use of prefunctionalized substrates have also been recently
disclosed.10
Caprolactams represent key motifs of many natural
products and other biologically active compounds (Scheme 1,
top),!! and often serve as versatile synthetic intermediates for
bicyclic amino compounds and azepane ring systems.'? Despite
the recent progress noted for the catalytic synthesis of the more
common five- and six-membered lactams,*?8910.13 the scope of
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functional and modular seven-membered analogues remains
surprisingly limited. Therefore, designing new synthetic
procedures that can streamline the preparation of such
caprolactam building blocks can create new incentives for their
use as synthons in drug-development programs and the
creation of new polyamide monomers. With this challenge in
mind, we decided to contemplate on combining our expertise
in the area of allylic substitution chemistry'4 and merging this
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with vinyl y-lactones as modular substrates as outlined in
Scheme 1.

Non-strained, stable y-lactones have so far only sporadically
emerged as versatile and readily accessible substrates under
suitable catalytic conditions.> More specifically, the use of vinyl
v-lactones (Scheme 1)1 may offer a tangible way to prepare &
amino acid intermediates through allylic amination under Pd
catalysis. In the overall manifold, proper ligand engineering?’ is
crucial to control simultaneously the chemo-, regio- and stereo-
selectivity under ambient conditions in order to generate the
(E)-configured g&amino acid intermediate (Scheme 1) en route
to the caprolactam target.'® Here we present a general and
practically attractive approach for the preparation of a library
of functional caprolactams through a novel and formal tandem
ring-opening allylic amination/cyclization process, which is
controlled by a newly developed, readily accessible
phosphoramidite-based Pd catalyst.

Results and discussion

At the onset of the screening studies, we considered to use
previously reported successful phosphorus ligands!4'7 to
examine their efficacy to generate Pd-catalysts derived from
Pd,(dba)s-CHClI; (see the ESI'). We were pleased to find that the
presence of phosphoramidite ligand L1 proved to be highly
beneficial for the ring-opening allylic amination step under
ambient conditions. Furthermore, the in situ rapid cyclization of
the intermediate (E)-&-amino acid towards the lactam target
using the well-known reagent EDC'® was combined in a one-pot
two step sequence. Our screening then focused on producing
the intermediate g-amino acids 1 in the most efficient way from
lactone A using phosphoramidite L1 (Table 1, entries 1-6) as to
favor the formation of the desired lactam 3.2° The type of
solvent has a significant effect on the outcome of the tandem
process. The use of both DCM and MeOH gave access to
moderate yields of 3 while minimizing the formation of the
double allylated byproduct 2. The presence of highly polar
solvents such as DMSO and DMF or THF, however, resulted in
unproductive processes, whereas the utilization of ACN lowered
the chemo-selectivity of the process. It is important to note that
in the absence of L1 (entry 7), there was no formation of any
product pointing at the crucial role of the ligand.

A variety of phosphoramidite ligands L2-L12 (entries 8-18)
were then scrutinized under the conditions of entry 1,
illustrating the critical influence of the N-substitution and biaryl
backbone on the chemo-, regio- and stereoselectivity of this
catalytic process. For instance, too bulky N-substituents (L4-L6,
entries 10-12) do not permit the formation of 3, whereas ligands
equipped with piperidine and phenyl (L2 and L3) provided good
yields of intermediate 1 with high chemoselectivity and
moderate E/Z ratios (entries 8-9). To our delight, the
introduction of cyclohexyl groups (L7, entry 13) further
increased the E-stereoselective formation of 1 and thus the
yield of 3 while retaining good chemo-selectivity. Interestingly,
a binaphthyl ligand backbone was not essential to achieve high
selectivity, which became clear from studying the biphenyl
based ligands L8-L12 and the steric effect of their N-

2 | Chem. Sci., 2020, 11, 1-6

Page 2 of 7

substituents (entries 15-18). Cyclopentyl and i-By, substituted
ligands L9 and L12 provided productive®@hd0raeiéroseleiive
catalysts for the formation of 3 though with slightly lower yields
and stereoselectivity as compared to L8. The reaction did not
proceed with ligands comprising of cycloheptyl or i-Pr groups
(L10 and L11). These results indicate that steric modulation of
the N-substituent of the ligand is key to the success of the
formation of caprolactam 3. From all ligands studied, the novel
ligand L8 (entry 14) provided the best combination of yield (for
1 and 3) and selectivity features.

Table 1 Screening and optimization studies towards the stereoselective conversion of
substrate A into caprolactam 3 using aniline as reagent®

Ph
o PhHN— o
_ Pdx(dba)CHCI £71 COOH Ph
o) Ligand EDC (1.5 equiv) N
/A — + v
Z  Solvent, tt, 12h Ph t,1h —
Ph PhNH —
2 Ph
A (1.5 equiv) PhN CHzCHzCOzH) 3
2
L (E/2)-2 _
90 . M OO
R
~ / (O >_Me O /Me
>P-N >P—N >P—N
o) \ O o
SO CYIal o
PH Ph
L1:R=Me L3:R=Ph L5 (rac) L6

L2: RR = -(CHp)s- L4 R =i-Pr

OO Q O < L8: R = c-Hex
L7 SEP—N 8>P—N< t?b: E = EEZ?&
OO z:> O R L1t:R=iPr
L12: R = CHyi-Pr
Entry L Solvent Yield of 1 E:Z-1¢ 1/2¢ Yield of 3
(%) (%)
1 L1 DCM 83 82:18 16:1 66
2 L1 THF 0 - - -
3 L1 ACN 67 89:11 5:1 59
4 L1 MeOH 78 82:18 17:1 64
5 L1 DMF 0 - - -
6 L1 DMSO 0 - - -
7 - DCM 0 - - -
8 L2 DCM 85 77:23 16:1 65
9 L3 DCM 82 61:39 >20:1 53
10 L4 DCM <1 - - -
11 L5 DCM 0 - - -
12 L6 DCM 0 - - -
13 L7 DCM 79 96:4 10:1 76
14 L8 DCM 80 97:3 10:1 77
15 L9 DCM 79 94:6 13:1 74
16 L10 DCM <1 - - -
17 L11 DCM 0 - - -
18 L12 DCM 82 91:9 15:1 75
19de L8 DCM 88 93:7 >20:1 82
204 L8 DCM 86 98:2 >20:1 84

9 Lactone A (0.20 mmol), PhNH, (0.30 mmol, 1.5 equiv), solvent (0.20 mL),
Pd,(dba)s-CHCl; (2.0 mol%), L (8.0 mol%), rt, 12 h; then EDC (0.30 mmol), 1 h. b
Determined by 'H NMR analysis in CDCl3 using CH,Br, as an internal standard. ¢
Determined by 'H NMR analysis. ¢ PANH, (2.0 equiv). ¢ Pd,(dba)s;-CHCl; (3.0 mol %),
L1 (12.0 mol%).f Solvent (0.30 mL).

This journal is © The Royal Society of Chemistry 2020
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A further increase in the yield of 3 in the presence of L8 was
finally obtained by increasing the amount of catalyst, aniline
and solvent (entries 19 and 20) providing the caprolactam
product in 84% vyield and with high stereo- (E/Z = 98:2) and
chemo-selectivity (1:2>20:1).

With the optimized conditions of entry 20 in Table 1, we
then set out to examine the scope of this new transformation
(Scheme 2, compounds 3-28) focusing first on variation of the
vinyl lactone reagent. Lactones with para-substituted aryl
substituents were productive substrates giving the caprolactam
derivatives 3—10 in high isolated yields (>80% in most cases) and
with excellent stereo- (typically with E/Z ratios >95:5), regio-
and chemo-selectivity control. The presence of meta-,
ortho,para-di- or 3,5-di-substituted aryl groups (11-15; 71-90%,
E/Z > 96:4) did not have any significant effect on the outcome

o 1. Pdy(dba); CHCl5 0o
L8, PhNH, N,Ph
DCM, rt, 12 h
59 L, 7
2. Then: EDC (1.5 equiv) —
R t, 1h
R
Phey R’ 8.R’ = p-OMe, 70%, E/Z = 93:7%
O—@ 9.R’ = p-tBu, 91%, E/Z>99:1
o 10. R" = p-Ph, 80%, E/Z = 97:3
3.R" = p-H, 82%, E/Z = 98:2 1. R’ = m-tBu, 74%, E/Z = 97:3%
4.R’ =pMe 81%, E/Z = 96:4 12. R'=m—CI,90%, E/Z =96:4
5.R’ = p-SMe, 82%, £/Z = 90:10  13. R’ = m-CFj, 85%, E/Z = 97:3
6. R’ = p-Br, 84%, E/Z = 97:3 14.R" = 0,p-F5, 77%, E/Z = 99:1
7.R = p-F, 90%, E/Z = 97:3 15.R" = m,m-Me,, 71%, E/Z>99:1
X-ray of 3
Phey Phoy \

OQ

16. R’ = OMe, 65%, £/7>99:1°
17.R" =H, 77%, E/Z = 99:1

Me
O N
_Ph 0
N 19.73%, E/Z = 93:7
= [ s
R s

20.67%, E/Z=178:22

0
y 2
o

18. 85%, E/Z = 98:2

21.80%, E/Z=99:1%

-
o/
22.72%, E/Z =87:13

23.R=Bn, X =Y = H: 75%, £/2>99:1°

24. R = -CH,CH,Ph, X = Y = H: 51%, £/Z = 26:74°
25.R = -CH,iPr, X = Y = H : 54%, £/Z = 62:38 9
26.R=X=Ph,Y=H:81%, £/Z=973

27.R = Ph, X = $=CH,, Y = H: 52%, £/7>99:1
28.R=Ph, X = H, Y = Me: 63%, £/2>99:1°¢

Scheme 2 Scope in vinyl-substituted y-lactone substrates. All reactions were
performed under the optimized conditions (Table 1, entry 20). Isolated yields are
reported, and the reported E/Z ratios for the intermediate gamino acids were
determined by *H NMR; the inset shows the molecular structure determined for 3
by X-ray analysis, see footnote 21. Scheme notes: ¢ Using DCM/EtOH (1:1 v/v) as
solvent. 2 L1 (12.0 mol %), MeOH (0.30 mL), 24 h. € Using L1 (12.0 mol%), MeOH,
24 h, 30 9C; note that the same stereoisomer is formed though with a different
E/Z priority assignment, and thus in this case the Z isomer is required towards
lactam formation. ¢ Using P(OPh); (12.0 mol%), MeOH, 24 h. ¢ L1 (12.0 mol%),
MeOH, 60 °C.

This journal is © The Royal Society of Chemistry 2020
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of the tandem process, and the desired products could.he£easily
formed and isolated. Larger aromatic stffaéédE9¢R0aSOidse
present in lactam products 16 and 17 are also tolerated, while
this new protocol furthermore allows the introduction of
heteroaromatic fragments (18-22) in the final products.

In the case of 20 and 22 bearing a 2-thienyl and 3-furyl group,
respectively, the observed stereoselectivity was significantly
lower which may be ascribed to the potential of these groups to
interact with the Pd-catalyst while affecting the n—o-m
equilibrium as depicted in Scheme 1. Finally, introducing other
y-substituents in the lactam product such as different alkyl
substituents (23—-25; 54-75%),22 and the introduction of
additional a-positioned groups (26, 81%; 27, 52%) were also
feasible preserving excellent stereoselectivity. The methylidene
substituted product 27 could act as potential Michael acceptor
for late-stage modification towards the formation of
biologically active compounds. The preparation of 28 (63%)
additionally demonstrates that also lactones with substituted
vinyl groups are productive substrates.?3

0o 1. Pdy(dba)3 CHCl3 0
L8, RNH, R
50 DCM, 1t, 12 h N
7 7
2. Then: EDC (1.5 equiv) —
A Ph rt,1h
Ph

29.Y = p-OMe, 80%, E/Z=97:3
30.Y = 0-OMe, 91%, E/Z>99:1
31.Y = m-OMe, 86%, E/Z = 99:1

0 32.Y = m-Me, 74%, E/Z = 92:8
N Y 33.Y =p-F, 93%, E/Z =982
34.Y = p-Ph, 75%, E/Z = 97:3

35.Y = p-OH, 58%, E/Z>99:1

36. Y = p-CH,CH,0H, 62%, E/Z = 94:62
37.Y = m-CO,Et, 68%, E/Z = 96:4

38.Y = 3,5-di-Me, 83%, £/Z = 94:6

39. Y = 3-OMe-4-Br, 73%, E/Z = 99:1

H
0 %
40, 71% Ph 41.60% 42.74%
E/7599:1 E/Z>99:1 E/Z =955
N
— 43.81% 44. 71%
E/Z =955 E/7>99:1
45, GQ%U O
O Me (o]
N N
)\© N’X O
Ph 46, 559 o Ph 49 58%

E/7>99:1 E/7>99:1
47. X = Bn, 48%, £/7>99:12

48. X = c-hex, 37%, E/2>99:1?

Scheme 3 Scope in amine reagents. All reactions were performed under the
optimized conditions (Table 1, entry 20). Isolated yields are reported, and the £/Z
ratios for the intermediate s-amino acids were determined by *H NMR, though in
the preparation 45, the E/Z selectivity could not be determined accurately.
Scheme note: ? Using DCM/EtOH (1:1 v/v) as solvent.

Chem. Sci., 2020, 11, 1-6 | 3
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Our attention was then on further widening the scope of
caprolactam products by combining vinyl lactone A and various
amine reaction partners (Scheme 3, compounds 29-49). A
range of substituted anilines could be coupled to ring-opened
lactone A under the optimized conditions providing overall
good to excellent yields of caprolactams 29-40 under high
stereocontrol. The use of larger (hetero)aromatic amines
(41-44) gave access to lactam products with N-indole, N-1,3-
benzodioxole, N-benzofuran and N-naphthyl groups. The di-
lactam derivative 45 could be prepared in appreciable yield
(69%) despite the more challenging nature of this formal
tandem bis allylic amination/cyclization process.

(o}
(a) HOOC .
NHPh EDC (1.5 equiv) N'Ph
— DCM (1 M), rt, 1h
Ph H (0.2 mmol scale) —
1 Ph 3

with E/Z >99:1: 98% NMR yield versus E/Z = 69:31: 60% NMR yield

(b) standard  HOOC,
cond/tons \—>_r\,'—NHPh
PhNH2
OO "
Ospy  (rac)qL1: 83%, £12=52:18

OO 0 g Me  (S-L1:82%, E/Z=82:18

(c) i
A. standard conditons Ph 3. ﬁo;)/‘é yield
550mmol, 1.049 ~  phNH, E/7 = 9%;3

(d)

o} 3 O
/Ph /
N TfOH N mCPBA
\ DCM, rt _/ Dbomrn

PH PH PH O
50, 77% 51, 85%, dr>99:1
DCM
DCM BI’Z Pd/C
PCC | 40°C rt MeOH v H2. 1t
(o] o
Ph .Ph
N’ N
N\ 7/
PH PH  OH
54, 56% 52, 92%, dr>99:1
53, 83%, dr>99:1
o] o)
oyp  __ CAN
- 0,
29 N ACN/H,0, 0°C NH 55, 40%
x
Ph Ph
(o] o}
Pd/C, H
, F2 N-PMP CAN NH
MeOH, rt ACN/H,O
Ph 0°C  pn
56, 90% 57, 75%
Ph
0 Ph standard conditons O. 59, 54%
- > 8 | E/Z>99:1
0.01 M, PhNH, Ph

Scheme 4. (a-b) Control experiments. (c) Gram-scale preparation of 3. (d) Product
diversification studies based on 3 and 29. For details, see the ESI'.
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Lastly, we tested several, more nucleophilic aliphaticamines
to challenge the chemo-selectivity of ouP@elelepEasreredah
As may be expected, substantially lower yields for 46-49 were
obtained (37-58%) though under excellent stereocontrol (E/Z
>99:1) in a mixed solvent system consisting of DCM/EtOH. The
1H NMR analysis of the crude products indeed indicated that
larger amounts of bis-allylated amines of type 2 had been
formed.?*

In order to examine whether the stereoselectivity indeed
plays an important role prior to the cyclization step (Scheme 1),
we compared the vyield of lactam 3 attained from a
configurationally pure sample of 1 (E/Z2>99:1) and one being a
69:31 E/Z mixture (Scheme 4a). From the results, it may be
concluded that the maximum yield unquestionably depends on
the amount of E-1 that is initially formed, and also molecular
models strongly suggest that the (Z) isomer of 1 is unable to
cyclize towards a lactam product. These results reinforce the
assumption that stereocontrol in the first step is vital to the
success of the overall manifold. The use of a simple ligand
structure (cf., L8) shows that the presence of a chiral ligand is
not a requisite. This is demonstrated by the fact that both (rac)-
and enantiopure (S)-L1 give virtually the same stereocontrol (for
1) and lead to a similar yield of 3 (Scheme 4b), thus being
consistent with the results described in Table 1.

The practicality of this new procedure for the preparation of
functional seven-membered lactams is illustrated by the scale-
up of compound 3 (Scheme 4c), and product diversification
studies using 3 and 29 were also initiated (Scheme 4d). After
establishing that scaling up does not influence the stereo-
outcome or yield of the product (cf., Scheme 2, 3), several post-
modifications were carried out. Triflic acid mediated double
bond isomerization in 3 was feasible to produce 50 in good
yield, whereas epoxidation afforded 51 with excellent
diastereoselectivity. The latter compound could be reduced by
using Pd-catalyzed hydrogenation leading to 52 in high yield.
Dibromination of 3 gives 53 (83%, with its molecular structure
confirmed by X-ray analysis, see Scheme 4),121 whereas
pyridinium chlorochromate (PCC) assisted oxidation of 3
furnished the conjugated, bis-unsaturated caprolactam
derivative 54. In order to provide free lactams potentially useful
as a new type of monomer for polyamide synthesis or
pharmaceutical precursors, compound 29 was treated with
cerium ammonium nitrate (CAN) to afford 55 in 40% yield.
Alternatively, standard hydrogenation of 29 (56, 90%) followed
by deprotection gave easy access to free lactam 57 in 75% yield.
Finally, six-membered vinyl lactone 58 could be transformed
into eight-membered lactam 59 (54%) with high stereocontrol,
and this implies that the developed cascade process may be
suitable for the preparation of an even wider range of larger
ring lactams.?>

Conclusions

In summary, this work provides a new, efficient and practical
approach for valuable caprolactam scaffolds that involves (after
ring-opening of vinyl y-lactones) a Pd-mediated stereo- and
regio-selective allylic amination followed by a cyclization step

This journal is © The Royal Society of Chemistry 2020
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affording the lactam target. This formal tandem process relies
on the use of a new, easily prepared phosphoramidite ligand
(L8) that allows to control the various process selectivity
features and, as such, the yield of the final product under
ambient conditions. The scale-up and diversification studies
show that more functional scaffolds may be created that can be
of great value to build up molecular complexity from this new
library of readily accessible caprolactam building blocks.
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stereoselective tandem synthesis of caprolactams
48 examples, high diversity, yield up to 93%, typical E/Z >95:5

A Pd-mediated stereoselective tandem process has been developed towards a large variety
of functional caprolactam synthons.
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