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Abstract: A strategy for the NHC-catalyzed asymmetric
synthesis of spirobenzazepinones, spiro-1,2-diazepinones,
and spiro-1,2-oxazepinones has been developed via [3+4]-
cycloaddition reactions of isatin-derived enals (3C component)
with in-situ-generated aza-o-quinone methides, azoalkenes,
and nitrosoalkenes (4atom components). The [3+4] annula-
tion strategy leads to the seven-membered target spiro hetero-
cycles bearing an oxindole moiety in high yields and excellent
enantioselectivities with a wide variety of substrates. Notably,
the benzazepinone synthesis is atroposelective and an all-
carbon spiro stereocenter is generated.

The search for efficient approaches to synthesize nitrogen-
containing heterocycles with biological activity starting from
cheap and easily available substrates has always been a central
goal in modern organic synthesis. In particular, seven-
membered N-heterocycles are privileged structures that play
an important role as pharmaceuticals in medicinal chemis-
try.! Typical examples with a benzazepine and a 1,2-diaze-
pine scaffold are shown in Figure 1. For instance, mozavap-
tan is used as a nonpeptide arginine vasopressin (AVP) V-2
receptor antagonist.”*! It has been developed as a racemic
mixture based on the central chirality of the stereocenter at
C5. Later, it was shown that the 58 enantiomer is the eutomer
and the 5R isomer the distomer.?! Interestingly, axial chirality
is also present, and thus atropisomers with important
pharmaceutical implications may exist.’*! Although the
atropisomers of mozavaptan could not be isolated separately,
it was mentioned that the bioactivity is caused by the
stereoisomer with cis,aS,5S-configuration.”™! It is evident in
this context that the development of efficient strategies for
the catalytic asymmetric synthesis of such seven-membered
N-heterocycles, including the aspects of atroposelectivity and
the creation of spiro stereogenic centers, is highly desirable.
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Figure 1. Examples of benzazepines and 1,2-diazepines.

Within the rapidly growing realm of organocatalysis, N-
heterocyclic carbenes (NHCs) have emerged as a powerful
tool in asymmetric synthesis, covering now a full subchapter
of organocatalysis.”) Among the various reactive intermedi-
ates available through NHC-Lewis-base catalysis, such as acyl
anion,” enolate,’! and homoenolate!® equivalents, the latter
ones play an especially important role in asymmetric annu-
lation procedures. In particular, NHC-catalyzed [3+4] annu-
lations via the homoenolate pathway turned out to be
a reliable entry to seven-membered heterocycles.*# How-
ever, procedures for the direct asymmetric synthesis of seven-
membered spiro-N-heterocycles via NHC-catalysis remain
elusive because NHC-based homoenolate 3C components
derived from simple enals cannot be used to create an all-
carbon spiro-stereocenter (Scheme 1).

‘With this in mind, we wondered whether the combination
of isatin-derived enals”’ and NHC-catalysis™® together with
aza-o-quinone methides or azoalkenes, which can be readily
generated in situ from N-(ortho-chloromethyl)aryl amides!!
or a-halogeno hydrazones,®®'" respectively, can open a direct
[3+4] annulation entry for the asymmetric synthesis of
spirobenzazepinones and spiro-1,2-diazepinones bearing an
oxindole moiety connected through the spirocenter. Herein,
we report the first procedure for the NHC-catalyzed enantio-
and atroposelective synthesis of the title spiro heterocycles.

The planned NHC-catalyzed [3+4] annulation reaction
was evaluated by using the isatin-derived enal 1a (1.1 equiv)
and N-(ortho-chloromethyl)aryl amide 2a (1.0 equiv) in
dichloromethane (CH,Cl,) at room temperature. Notably,
the reaction proceeded smoothly and afforded the desired
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Scheme 1. Spirobenzazepine and spiro-1,2-diazepine synthesis by NHC
catalysis.

product in moderate yield when the achiral triazolium salt 4a
as the precatalyst and K;PO, as the base were used (Table 1,
entry 1). Next, we examined enantiopure triazolium-derived
NHC catalysts (entries 2-9). To our delight, we found that the
precatalyst 4d led to an efficient reaction (71%) with
moderate diastereoselectivity (4:1) and a good enantiomeric
ratio of 79:21 (entry 4). Switching from the precatalyst 4d (V-
perfluorobenzene) to 4e (N-1,3,5-trichlorobenzene) led to no
improvement in the enantiomeric ratio (entry 5). By screen-

Table 1: Optimization of the NHC-catalyzed [3+4] annulation reac-
tions !

Ts R
\

precat. 10 mol%
base 1.50 equiv.
solvent 0.2 M, r.t.
—_—_——

1Ban 2aR=H
R 2aR=Me . %%
: =N
; _N, _N- +N Ar +N Ph +N’Ph
éq\?N*Ph BEC . \B/F4 i} ;'CrBF4 ;
BF, 4 OTBDPS - BF, Ph>\OTBS
4a :::' :: = 2N,|g-SEtZC6H3 :;;AX,_: g:.:ss 4h 4
: 4d: Ar = CgF5
5 4e: Ar = 2,4,6-ClyCgH,
Entry 4  Solvent Base Yield [96]®  d.rd  er [%]9
1 42  CHCl, KPO, 55 - -
2 4b  CH)Cl, KPO, 58 4:1 72:28
3 4c  CHClL,  KPO, 56 40 77:23
4 4d  CHCl,  KPO, 71 5:1 79:21
5 4e CH,ClL, KPO, 67 5:1 73:27
6 4f  CHJCl,  KpPO, 55 3.1 62:38
7 4g CHCl, K,PO, 68 4:1 59:41
8 4h  CH,Cl,  KPO, 63 421 74:26
9 4i CH,Cl, K;PO, n.r. - -
10 4d EtOAc Cs,CO, 68 4:1 93:7
116 4d  EtOAc Cs,CO, 58 >20:1 90:10

[a] Reaction conditions: isatin-derived enal 1a (0.22 mmol, 1.1 equiv)
and 2a (0.2 mmol, 1.0 equiv), 10 mol % catalyst, base (0.3 mmol,

1.5 equiv), solvent (1 mL), r.t., 12 h. [b] Yield of the isolated product 3
after chromatography. [c] The diastereomeric ratio of the atropisomers
was determined by "H NMR analysis. [d] e.r. was determined by chiral
HPLC analysis of the purified product. [e] 2a" was used as starting
material. n.r.=No reaction.
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ing different bases and solvents, Cs,CO; and ethyl acetate
were found to afford the desired product with improved e.r.
(93:7), good yield, (68 % ) and moderate d.r. (4:1; entry 10). A
further attempt to afford 3a’ with excellent diastereoselec-
tivity was carried out using 2a’ as starting material (entry 11).
However, slightly erosive effects on the reaction efficiency
and selectivity (58%, 90:10 e.r.) were observed (for the
complete optimization table, see the Supporting Informa-
tion).

Our next step was to explore the generality of this
approach to atropo- and enantioselectively assemble a range
of substituted spirobenzazepinones bearing a quaternary
stereocenter under the established optimal reaction condi-
tions. As indicated in Table 2, a number of substituted isatin-
derived enals 1 were found to be suitable for this reaction.
Variations in the electronic (3b-e) and steric (3 f) properties
of the substituents on the benzene ring of the enals 1 were
investigated and the corresponding spirobenzazepinones 3
were isolated in good yields with high enantiomeric ratios and
good diastereoselectivities. For the purpose of product

Table 2: Atroposelective asymmetric synthesis of spirobenzazepino-
[al
nes.

O
precat. 4d 10 mol%
H HN Cs,CO03 1.5 equiv.
RL I}Ra EIOACO.3M, rt, 12h o

1

3c:R= F62% 6:1d.r,937er.

3a 68%, 3b: 73%‘ 2 3f: 61%,
41dr, 946er. 51dr,94555er 3d:R=Cl64% 81dr, 964er. g1dr 98515er.
3e:R=Br57%, 5:1d.r, 982 er.
=
3h: R = OMe 75%, o

41dr,955er

>yN
>/N : R=Me 72%,
31dr.,928er.

Rs; R= CI55%

51dr,946er. N
3k: R =Br 51%, Me

41dr,964er 31 52%,
3 55“/
41d? 802°0er 3mmo|0848947%, 3:1d.r, 90:10er.
41d r 96 4er)
N
>’/ CI
Cl
3m 59%, 3n: 49% 30: 52%, 3p: 58%,
41dr,991er. 71dr,99:1er. 5:1dr.,982er >20:1d.r,90:10er.

3q: X=H51%,
>20:1d.r.,99:1er.

3r: X=CI50%,
>20:1d.r.955er.

r = 4-t-butyl-Ph 5

3t 65%

9
3s:63%, >2011dr, 8812 er

101 dr.9010 er X-ray crystal structure of 3q

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Reaction conditions: isatin-derived enals 1 (0.33 mmol, 1.1 equiv),
aryl sulfonamide 2 (0.3 mmol, 1.0 equiv), 10 mol % precatalyst 4d,
Cs,CO; (0.45 mmol, 1.5 equiv), EtOAc (1.5 mL), r.t., 12 h; Yields of
isolated products 3 after chromatography. The ratio of atropisomers
(d.r.) was determined by "H NMR analysis. e.r. was determined by chiral
HPLC analysis of the purified product.
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diversity, a wide range of N-(ortho-chloromethyl)aryl amides
2 was also examined. As shown in Table 2, a variety of
electron-rich and electron-deficient substituents R® were
compatible and afforded the expected spiroheterocycles
(3g-k) in good yields, moderate diastereoselectivities, and
high enantiomeric ratios. The exception was the 6-Cl-sub-
stituted amide 3 g, which resulted in reduced enantioselectiv-
ity. Furthermore, this NHC-catalyzed annulation reaction was
extended by variation of the N-substituent R' of the enals 1,
resulting in good to excellent enantioselectivities (R = Me, Et,
Ph, 4-t-BuPh). Research on atropisomerism®*'" has indicated
that a substituent at the ortho-position of the benzene ring of
seven-membered benzolactams increases the conformational
barrier of the corresponding atropisomers. Thus, using N-
(ortho-chloromethyl)aryl amides bearing a methyl group at
the ortho-position (2a’), afforded excellent diastereoselectiv-
ities (3p-t). The absolute configuration given for all of the
spirobenzazepinones 3, with (S) at the spiro center and (aS)
for the major atropisomer, is based on the X-ray structure
analysis of 3q (see Table2 and the Supporting Informa-
tion).!"?!

To emphasize the generality of our approach, the applic-
ability of the NHC-catalysis with isatin-derived enals 1 to
generate spiro-1,2-diazepinones 6 was examined by using
azoalkenes, which were obtained insitu from a-halogeno
hydrazones 5 under basic conditions (Table 3). No coversion
was observed under the previous standard conditions,
whereas with CCl, as solvent, 4g as precatalyst, and
TMEDA as base, the corresponding spiro-1,2-diazepinone
product 6a was obtained in 81% yield with excellent
enantioselectivity. The generality of this procedure in terms

Table 3: Asymmetric synthesis of spiro-1,2-diazepinones.

Ts
|

%4 Ts O N-N
/ ! precat. 4g 10 mol% 7/ A\ 3
7z H ANH - TMEDA 125 2 R
rRIC | o + N‘ equiv. P
SN gl Ol GOt 12h i o
R? NN
R?
1 5 6
0. Ts Ts o,
?zN‘N O N 6b: R' = Me 85%, 97.5:25 er. >/N~N
/ i R {\l 6c: R' = OMe 79%, 98.5:1.5e.r. Me A \
wPh g ph 6d:R'=F71%,91585er. : Ph
o 6e: R'=Cl70%,97:3er. NS0
’I‘ N0 6f: R" = Br 66%, 97:3 e.r wé L
6a: 81%, o73er Bn 6g:R'=NO, 51%, 946 er. 6h: 83%, 90:10 e.r.
(4 mmol, 1.82g, 83%,97:3 e.r.) T Ts
o i° SN Ts
Ts Ny Y N Oy N,
SN /o0 Lo ?’ N
T Q;/L m O O OO
A o R'
Ph o N
N R 6m: R 2"-Me 86%, 97:3 e.r Bn OMe

Bn 6j: R? = Me 85%, 955 e.r. 6n: R' = 4-OMe 79%, 96.5:35 e.r.
6i: 68%, 98.5:1 5er.  6k: RZ=Et83%, 92.5:75er 60:R =4-F 75%, 96:4 er
6l: R? = Ph 64%, 93:7 e.r. 6p: R' = 4-Cl 64%, 94:6 e.r

6q: R'=4-Br 71%, 955 e.r.

ak'b.afie, ago aRe

6v: 51% 928er.

6r: 77%,97.525e.r.

6s: 69%, 89.5:10.5e.r. 6t: 72%,97.5:25 er. 6u: 56%, 91:9 e.r.

[a] Reaction conditions: isatin-derived enals 1 (0.33 mmol, 1.1 equiv),
tosyl hydrazones 5 (0.3 mmol, 1.0 equiv), 10 mol % precatalyst 4g,
TMEDA (0.375 mmol, 1.25 equiv), CCl, (1.5 mL), r.t., 12 h; Yields of
isolated products 6 after chromatography. e.r. was determined by chiral
HPLC analysis of the purified product.
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of various substrates was then explored. As indicated in
Table 3, a broad range of different enal substrates bearing
electron-neutral, -releasing, and -withdrawing substituents on
the aromatic ring were investigated in the asymmetric
annulation with N-tosyl hydrazone Sa, giving the correspond-
ing spiro-1,2-diazepinone products (6a-i) with excellent
enantioselectivities and moderate to very good yields. Enal
substrates with varied N-substituents (R, =Me, Et, Ph) could
also be employed in this annulation procedure and led to
excellent yields and high enantioselectivities (6j-1).

Various a-chloro N-tosyl hydrazones 5 were found to be
suitable azoalkene precursors for this transformation, yield-
ing the desired spiro-1,2-diazepinones 6 with excellent yields
and high enantioselectivities in most cases (6 m-t). Gratify-
ingly, the extension of the substrate range to heterocycle- or
alkyl-substituted hydrazones Su and v was also successful and
provided the related spiro [3+4] annulations products in very
good enantioselectivities (6u, v). A gram-scale reaction using
the current chiral NHC catalysis system worked well without
affecting the efficiency and stereochemical outcome of the
reaction.

Further investigations indicated that the atropisomerism
caused by the high rotational barrier around the aryl-N bond
in the spirobenzazepinone 3a disappears by removing the N-
tosyl group to form 3u or by reducing the carbonyl group on
the azepinone ring to give 3v. Moreover, high-temperature
"H-NMR experiments of 3a in [Dg]DMSO were carried out
indicating a coalescence and interconversion of the atrop-
isomers at > 90°C (Scheme 2; Supporting Information).

a) Mg, MeOH, r.t.

Bn
3u: 79% yield, 94:6 e.r.
no atropisomers

(hermal epimerization;
i of atropisomers

3a: 946 er,dr. 41

Bn b) LiAIH,4, THF, 50°C

3v: 55% vyield, 94:6 e.r.
no atropisomers

Scheme 2. Thermal epimerization and loss of atropisomerism study.

Additionally, polycyclic spiro-1,2-diazepinones could also
be synthesized with the standard NHC catalysis system. When
cyclic hydrazones Sw and 5x were used as reaction partners
(Scheme 3), the polycyclic products 6w and 6x could be
obtained in good yields and excellent diastereo- and enatio-
selectivities. Interestingly, when the seven-membered hydra-
zone Sy was applied under the standard catalytic conditions,
the corresponding polycyclic spiro-1,2-diazepinone 6y with
two fused seven-membered rings was obtained in 49 % yield
with an enantiomeric ratio of 91.5:8.5, which will greatly
enrich the diversity of our method. An X-ray crystallographic
analysis of compound 6x was performed to determine the

Angew. Chem. 2016, 128, 11276 —11280
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NH N” : Ts

sogly Y-
o, QI

Bn
6w: X =CH, 57%, 99:1 er.
6x: X =0 64%, 99:1 er.d.r. >20:1

\\,,s"'\ p

of B

Bn

Sw X =CHy; 5x: X=0
precat. 4g 10 mol%
TMEDA 1.25 equiv.

CH,Cl, 02 M, rt, 12h

precat. 4g 10 mol%
TMEDA 1.25 equiv.
CH,Cl, 02 M, rt, 12h

6y: 49%, 91.5:85e.r.
d.r.>20:1

1a X-ray crystal structure of 6x
Ts
O N-N
o‘N precat. 4f 10 mol% precat. 4g 10 mol% T Y—ph
Ph Cs,C041.25 equiv. TMEDA 1.25 equiv. “,
CHZCI202M rt,12h rt,CCl,02M, 12h o
©j """" i J}E'[e,,z, orEfla N
Ts Bn
: Ph)\/C\ N-NH Z-12: 62 81%, 97.5:25er,

6a": 51%, 72:28 e.r. E-1a:6a 87%,96.5:35e.r.

Scheme 3. Polycyclic spiro-1,2-diazepinone and spiro-1,2-oxazepinone
synthesis.

absolute configuration of the spiro-1,2-diazepinone products
(Scheme 3)."! Further efforts were undertaken to synthesize
spiro-1,2-oxazepinones using a similar NHC strategy employ-
ing a-chloro oximes Sa’ as substrates. Using the precatalyst 4 f
together with Cs,CO; as base and CH,Cl, as solvent, the
spiro-1,2-oxazepinone 6a’ could be obtained with good yield
and a moderate enantiomeric ratio (72:28; Scheme 3). We
then investigated the effect of the configuration of 1a on the
reaction with 5a. Pure (Z)-1a and pure (E)-1a were freshly
prepared according to literature procedures, respectively (see
the Supporting Information), and were used as substrates for
the asymmetric synthesis of 6a. Under the standard con-
ditions, the same product 6a was obtained with only slightly
different yield and enantioselectivity, which almost matched
the result using a mixture of Z/E-1a as the starting material.
These results indicate that the double bond configuration of
1a has virtually no effect on this transformation in yield and
enatioselectivity.

On the basis of the known NHC-catalyzed cycloaddition
reactions, a possible mechanism for this asymmetric [3+4]
annulation is shown in Scheme 4. The formation of spiroben-
zazepinone 3a starts with the addition of the NHC I to the
isatin-derived enal 1a to generate the Breslow intermediates
II, which in the mesomeric form represent the azolium
homoenolate species III. From this intermediate the reaction
proceeds via a conjugate addition to the in-situ-formed aza-o-
quinone methide to create a new C—C bond and quaternary
stereocenter. The resulting acyl azolium species IV then
undergoes a lactamization to release the NHC catalyst and
furnish the spirobenzazepinone 3a with atroposelectivity. A
similar catalytic pathway is postulated for the synthesis of the
spiro-1,2-diazepinones 6.

In conclusion, we have developed an asymmetric, NHC-
catalyzed formal [3+4] cycloaddition of isatin-derived enals
with in-situ-formed aza-o-quinone methides and azoalkenes
or nitrosoalkenes to synthesize a series of spirobenzazepi-
nones and spiro-1,2-diazepinone heterocycles, as well as

Angew. Chem. 2016, 128, 11276 —11280
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Scheme 4. Postulated mechanism for the asymmetric catalytic [3+4]
annulation reactions.

spiro-1,2-oxazepinones, in good yields with very good to
excellent enantioselectivities. Notably, the asymmetric NHC-
catalyzed annulation strategy described here allows the
atroposelective asymmetric synthesis of the spirobenzazepi-
nones and also represents a new approach to access these
pharmaceutically important heterocycles bearing a quaternary
all-carbon stereocenter in gram amounts. Further applications
of NHC-catalysis for the synthesis of related heterocycles will
be reported in due course.
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