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An asymmetric tandem reaction of a,a-dicyanoalkenes and enantiomerically pure a,B-unsaturated N-sulfinyl imino esters is

reported herein. It involves a four step-protocol that ends up in the generation of a new family of tetracyclic products in a

diastereoselective fashion. The overall process takes place in good yields and moderate to good enantioselectivities, and

entails the formation of three bonds and four stereocenters. A plausible reaction mechanism has also been proposed.

Introduction

Tandem reactions, categorized as a series of chemical
transformations that follow one another in a defined order,
have revolutionized the field of organic chemistry. They enable
us to create molecular complexity in a single chemical
operation, thereby avoiding time-consuming purification and
intermediate isolation processes, and approaching the concept
of ideal synthesis introduced by Hendrickson several decades
ago.l It is known that Nature uses this principle in the highly
efficient synthesis of biomolecules with extraordinary
selectivity. Moreover, the concept of tandem reactions has
been around for more than a century, being the Robinson
annulation one of the earliest and more emblematic examples.?
However, it was not until the end of the last century that
tandem reactions gained exposure in organic synthesis,
standing nowadays at the forefront of chemical synthesis.
Additionally, the interest in combining asymmetric processes
with tandem reactions is obvious, since multiple stereogenic
centers can be created in a single synthetic step.3

The ambident character of 1,1-dicyanoalkenes bearing
enolizable sites converts them into ideal reagents to be engaged
in domino processes, since they can react as nucleophiles
through the a- and y-positions and as electrophiles through the
B-position.* Reactions that take advantage of the excellent
vinylogous donor properties of dicyanoalkenes start by their
reaction with an electrophile, ending up with a remaining
conjugated malononitrile moiety, suitable for further
transformations in a tandem fashion. This reactivity shows the
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usefulness of the vinylogy principle for the design of tandem
protocols. A wide variety of electrophiles have been combined
with 1,1-dicyanoalkenes in tandem protocols such as 2-
2,2-disubstituted
5-vinyloxazolidine-2,4-diones,®

hydroxycinnamaldehydes,> enynals,®
cyclopentene-1,3-diones,”
nitroalkenes,® a-succinimide-substituted allenoates,’®© 3-
ethynyl-2-oxoindolin-3-yl acetates,!! 4-unsaturated isoxazol-5-
ones,12 enals,13

a-vinyl 2-mercaptoquinoline-3-

carbaldehydes,* N-protected methyleneindolinones,’> 2-

pyrrole benzaldehydes,'® 3-alkenyl-oxindoles,’” methylene
cyclopropanes,!® 3-sulfonamido substituted enones,® allenyllic
aryl

and

alcohols,?® 2-nitrobenzofuranes? or trifluoromethyl
ketones,??
carbocycles.

Despite the widespread usage of 1,1-dicyanoalkenes in

rendering new families of heterocycles

tandem protocols, their reactivity with conjugated sulfinyl
imines as electrophilic partners has only been evaluated by our
research group. On the one hand, we found that the reaction of
with
butylsulfinyl imines in the presence of DBU gave rise to

1,1-dicyanoalkenes fluorinated conjugated N-tert-

polycyclic trifluoromethyl arenes by means of a new

cycloaromatizacion cascade process. This took place in
isopropanol with concomitant elimination of both cyano groups
and the sulfinyl amine moiety (Scheme 1, A).23 On the other
hand, the use of fluorinated conjugated N-p-tolylsulfinyl imines
in dichloromethane triggered a divergent reactivity pathway
that led to tetracyclic compounds through an azetidinimine
rearrangement, with elimination of the sulfinyl amine moiety
while retaining in this case both cyano groups (Scheme 1, B).2*

In this work, we found that the reaction of 1,1-
dicyanoalkenes with conjugated N-sulfinyl imino esters follows,
again, a different reactivity pathway, rendering a new family of
polycyclic heterocycles and increasing the structural diversity of
the overall process just by changing the substitution pattern of
the starting conjugated sulfinyl imines (Scheme 1, C). The
optimization of this asymmetric tandem process and the
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evaluation of its scope are reported herein. A plausible
mechanistic explanation of the divergent reactivity observed is
also discussed.

A) Previous work

o
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major product
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(28-79%)
C) This work

Scheme 1. Divergent reactivity of conjugated sulfinyl imines with 1,1-
dicyanoalkenes.

Results and discussion

Our study was initiated with dicyanoalkene 1a, derived from 1-
tetralone, and enantiomerically pure conjugated N-tert-butyl-
and N-p-tolylsulfinyl a-imino esters 2a, b as model substrates.
Previous work from our laboratory demonstrated that DBU was
the base of choice to perform the reaction of 1,1-
dicyanoalkenes with fluorinated conjugated sulfinyl imines.
Therefore, a mixture of compounds 1a and 2a was treated with
DBU in dichloromethane at room temperature. After 16 hours,
the novel tetracyclic derivative 3a was isolated in 57% yield and
86:14 enantiomeric ratio (Table 1, entry 1). The unexpected
formation of compound 3a reveals a new divergent pathway in
the reaction of dicyanoalkenes with conjugated N-sulfinyl imino
esters, ending up with the creation of three new bonds and four
stereocenters in a very selective manner. Other organic and
inorganic bases such as EtsN, Na,COs or NaH, were also tested
in this tandem process with little success (Table 1, entries 2-4).
The reaction with N-p-tolylsulfinyl imino ester 2b took place less
efficiently, affording product 3a in 36% vyield and 77:23
enantiomeric ratio (Table 1, entry 5). The influence of the
solvent was examined next. However, the efficiency of the
tandem protocol did not improve with any of the different types

2| J. Name., 2012, 00, 1-3

of solvents tested (Table 1, entries 6-9), when C%\Biﬂ%g &mg
the reaction in dichloromethane. DOI: 10.1039/D60B00277C

Moreover, in order to enhance the enantioselectivity, the
reaction was performed at low temperature. In this context,
starting the process at -78 °C and allowing the reaction mixture
to reach room temperature, the enantiomeric ratio of the final
product (84:16 er) was comparable to that obtained at room
temperature, although with a noticeable drop in yield (Table 1,
entry 10). When the reaction was performed at 0 °C, the
enantioselectivity of the process increased until 92:8 er, albeit
with a poor 39% chemical yield (Table 1, entry 11). Finally,
enlarging the reaction time until 48 h, it was possible to increase
the final yield to 68%, with an excellent enantiomeric ratio of
93:7 (Table 1, entry 12). In light of this study, we concluded that
the optimal conditions for the new asymmetric tandem reaction
involved the use of tert-butylsulfinyl imine 2a and DBU as a
base, in dichloromethane at 0 °C for 48 h (Table 1, entry 12).
These reaction conditions were further applied to other
dicyanoalkenes 1 and conjugated sulfinyl imino esters 2 in order
to evaluate the scope of our tandem process. The results of this
study are summarized in Table 2.

Table 1. Optimization of the conditions for the tandem reaction of
dicyanoalkenes 1 with conjugated sulfinyl imino esters 2.2

NC.__CN .
e
R/S\ N Base

.

’ F’hA\ACOZEt Solvent, T, time

1a 2a (R= t-Bu) 3a
2b (R= p-Tol)
En 2 Solvent Base T Time 3a(%) erd
try (°c) (h) b,c
1 2a  CH)Cl, DBU 25 16 57 86:14
2 2a  CHyCl, EtsN 25 16 — —
3 2a  CH.Cl, Na,CO; 25 16 - -
4 2a  CHyCl, NaH 25 16 18 76:24
5 2b  CHyCl, DBU 25 16 36 77:23
6 2a i-PrOH DBU 25 16 21 79:21
7 2a Toluene DBU 25 16 29 82:18
8 2a THF DBU 25 16 25 78:22
9 2a MeCN DBU 25 16 22 69:31
10 2a CHyCl DBU -78 16 15 84:16
tort

11 2a CH)Cl, DBU 0 16 39 92:8
12 2a CHyCh DBU 0 48 68 93:7

2 Reactions were performed with 1a (0.4 mmol), 2a/b (0.2 mmol) and base (0.4
mmol) in the corresponding solvent (0.03M), temperature and time. ®Isolated
yields after flash column chromatography. ¢ In all cases, compound 3a was
obtained with excellent diastereoselectivity. ¢ Enantiomeric ratios were
determined by HPLC analysis on a chiral stationary phase (see Supporting
Information for details).

This journal is © The Royal Society of Chemistry 20xx
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Initially, we evaluated the asymmetric tandem reaction with
conjugated sulfinylimine 2a (R?= Ph, R3= Et) and several
substituted bicyclic 1,1-dicyanoalkenes 1 derived from 1-
tetralone (X= CH3). Compared to the unsubstituted compound
3a (R'=H, 93:7 er), the electron-donating methoxy group at the
6 position produced a slightly lower er value (3b, 90:10 er);
while the bromine electron-withdrawing group provided the
best enantiomeric ratio (3c, 97:3 er), and the methoxy group at
the 8 position led to comparable results (3d, 92:8 er). The
presence of two methoxy substituents at the 6 and 7 positions
of the starting dicyanoalkene yielded a significant drop in

mist]

ARTICLE

enantioselectivity (3e, 84:16 er); while substitu@g\nAﬁltdetgﬁmg
position completely prevented the tandem: reactionsprobabiy
due to steric issues. 1,1-Dicyanoalkenes derived from 4-
chromanone (X= O) and 4-thiochromanone (X= S) were also
compatible with the reaction, giving rise to the corresponding
tetracycles 3g (95:5 er) and 3h (78:22 er), respectively, being the
latter quite less efficient in terms of enantiocontrol. In all cases,
the tandem reaction was highly diastereoselective (up to 20:1
dr) and the final products were obtained in good yields (49-68%)
(Table 2), considering that the tandem process comprises four
chemical transformations.

Table 2. Scope of the tandem reaction of dicyanoalkenes 1 with conjugated sulfinylimino esters 2. & ¢ d

DBU

CH,Cly, 0°C, 48 h

WCO,Et
anH
""""Ph

3a (R'= H, X= CH,), 68%, 15:1 dr, 93:7 er

3b (R'=6-MeO, X= CH,), 57%, 20:1 dr, 90:10 er

3c (R'= 6-Br, X= CH,), 49%, 10:1 dr, 97:3 er

3d (R'= 8-MeO, X= CH,), 57%, 20:1 dr, 92:8 er -
3e (R'= 6,7-(MeO),, X= CHy), 57%, 18:1 dr, 84:16 er

3f (R'= 5-MeO, X= CH,), 0%

3g (R1= H, X=0), 59%, 11:1 dr, 95:5 er

3h (R'=H, X=8), 52%, 7:1 dr, 78:22 er

from NC CN (1l)and 2a:

3t, 52%, 10:1 dr, 61:39 er

from 1i-k and 2a:

3i (Y= 0), 56%, 10:1 dr, 79:21 er
3j (Y=S), 45%, 10:1 dr, 89:11 er
3k (Y= NH), 0%

31 (R3= i-Pr), 42%, 20:1 dr, 85:15 er
3m (R%= Me), 53%, 7:1 dr, 90:10 er

3n (R?= 4-CICgH,, X= O), 75%, 10:1 dr, 91:9 er

30 (R?= 4-EtOCgHy4, X= 0), 62%, 10:1 dr, 84:16 er
3p (R?= 1-naphthyl, X= CH,), 45%, 10:1 dr, 83:17 er
3q (R?=2-naphthyl, X= CHy), 65%, 8:1 dr, 92:8 er

3r (R%= 2-thienyl, X= CHy), 47%, 11:1 dr, 82:18 er
3s (R?= Me,CHCH,, X= CHy), 48%, 20:1 dr, 78:22 er

3u, 53%, 20:1 dr, 86:14 er

a Unless otherwise noted, reactions were carried out with 1 (0.4-1.0 mmol) and 2 (0.2-0.5 mmol), DBU (2 equiv) in dichloromethane (2 mL) at 0 °C
for 48 h. ® Isolated yields after flash column chromatography. ¢ Enantiomeric ratios were determined by HPLC analysis on a chiral stationary phase
(see the Supporting Information for details). ¢ Diastereoisomeric ratios were determined by 'H-NMR of the crude reaction mixtures.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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Starting dicyanoalkenes 1 bearing heterocyclic five-
membered rings were also examined. In this context, substrates
containing a furane and a thiophene moieties behaved as
expected, giving rise to tetracycles 3i and 3j with moderate er
values (79:21 and 89:11, respectively). However, the
dicyanoalkene containing a pyrrole moiety did not react with
the conjugated sulfinyl imine 2a (Table 2).

The scope of our tandem protocol with respect to the
sulfinyl imine counterpart (2) in their reaction with bicyclic
dicyanoalkenes 1a (derived from 1-tetralone) and 1g (derived
from 4-chromanone) was examined next. Regarding the ester
substitution (R3), isopropyl and methyl esters were good
partners for the tandem reaction, albeit providing lower er
values in the tetracyclic products 31 (85:15 er) and 3m (90:10 er)
than the ethyl ester derivative (3a, 93:7 er). With respect to the
B-position (R?), the tandem protocol was compatible with
aromatic substituents bearing both electron-withdrawing (3n)
and electron-donating (30) substituents, as well as naphthyl
groups (3p, q) and heteroaromatic substituents such as the 2-
thienyl group (3r). The process was also tolerated with an
aliphatic substituent (3s) at the R? position of the conjugated
sulfinyl imino esters 2. In these cases, the expected tetracyclic
products were obtained in good vyields (45-75%) and
enantioselectivity ranging from 78:22 to 92:8 er (Table 2).

We also tested a monocyclic 1,1-dicyanoalkene derived
from propiophenone (1l). This reacted with sulfinyl imino ester
2a, affording the expected product 3t in good yield but with a
dramatic drop in enantioselectivity (61:39 er), compared with
the bicyclic dicyanoalkenes. This difference was probably due to
the lower conformational flexibility of the bicyclic substrates
that confers rigidity to the transition state, allowing for a better
enantiocontrol. Finally, dicyanoalkene 1m (derived from 2-
tetralone), which possesses two reactive sites, provided also the
desired product 3u, by means of its reaction, through the most
acidic benzylic position, with conjugated sulfinyl imino ester 2a
(Table 2).25

To assess the utility of this tandem protocol, a gram-scale
experiment was carried out. Thus, starting from 2.34 g (12
mmol) of 1,1-dicyanoalkene 1a, and 1.92 g (6 mmol) of
conjugated N-tert-butylsulfinyl imino ester 2a, 1.55 g of
tetracyclic derivative 3a were obtained, i.e. this product was
isolated in 65% overall yield after four reaction steps that
occurred in a tandem fashion (Scheme 2). Moreover, no erosion
of the enantioselectivity was observed.

NC.__CN

%, 0
RSN DBU, CH,Cl,
* 0°C, 48 h
PhA\)LcozEt :
1a (2,34 g) 2a (1,92 g) 3a (1,559, 65 %)

Scheme 2. Gram-scale experiment with dicyanoalkene 1a and
conjugated sulfinyl imino ester 2a.

The structure of final products 3 was determined by means
of an X-ray diffraction analysis of compound (%)-3m.2¢
Furthemore, the absolute configuration of the four newly
created stereocenters was unequivocally assigned by electronic
circular dichroism of compound 3c, assuming identical

4| J. Name., 2012, 00, 1-3
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stereochemical outcome for all other tetrDa%%PejsOé,gé%%??BPﬁéﬁ
in Table 2 (see Supporting Information for details).
Once confirmed the unexpected molecular skeleton of products
3, a mechanistic proposal to explain their formation has been
outlined below in Scheme 3. The tandem reaction would start
with the base-mediated conjugated addition of the 1,1-
dicyanoalkene 1 through its y-position to the sulfinyl imino ester
2, rendering enamino ester 4. This 1,4-addition reaction would
take place by the opposite face of the bulky terc-butyl
substituent at the sulfinyl group, providing the configuration
showed in intermediate 4 at the Ph-containing stereocenter.
This stereochemical outcome is based on theoretical
calculations performed in our previous work with fluorinated
conjugated sulfinyl imines.?? Then, deprotonation of
intermediate 4 would generate an anionic species that, this
time, would undergo intramolecular conjugated addition
through the a-position of the dicyanoalkene to the conjugated
ester moiety, affording the fused five-membered ring 5. In this
case, the nucleophilic addition would take place by the upper
face (Re-face attack) since the bottom one would be shielded by
the phenyl group at the adjacent carbon. Subsequently, the N-
sulfinyl amine would preferentially react with the upwards
nitrile moiety, giving rise to amidine 6, with four stereocenters.
Finally, hydrolysis of the sulfinyl group would deliver the final
tetracyclic heterocycle 3 after tautomeric equilibrium (Scheme
3).

Bu" SN oN 9
NC.__CN NC .
X
Ph/\)kCOZEt Ph HN
A4 DBU, 2a
- T .
1,4 addition 4
1a (-position Re-face attack)

W=

“tBu

Z N COo,Et

1,4 addition
(a-position
Re-face attack)

?H
H,O i\) _
O/S\t-Bu

Scheme 3. Mechanistic proposal for the formation of tetracyclic
products 3.

Conclusions

In conclusion, the reaction of 1,1-dicyanoalkenes 1 with
enantiomerically pure conjugated N-sulfinyl a-imino esters 2
has been studied in this work. Thus, in the presence of DBU as
a base, enantiomerically enriched tetracyclic compounds 3
were formed in good yields by means of a tandem process

This journal is © The Royal Society of Chemistry 20xx
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involving four chemical steps, with concomitant elimination of
the sulfinyl group that acted as a chiral inducer. The
conformational constraint imposed by the bicyclic
dicyanoalkene counterpart allowed a good stereochemical
control of the process, rendering the final products with
moderate to good enantiomeric ratios and high
diastereoselectivity.

This work complements our previous studies regarding the
divergent reactivity showed by 1,1-dicyanoalkenes and
conjugated N-sulfinyl ketimines, which allowed us to synthesize
structurally diverse collections of compounds and represented
an example of diversity-oriented synthesis.

Experimental Procedure

General procedure for the synthesis of rearranged polycycles 3. To
a stirred solution of imine 2 (1 equiv.) and dicyanoalkene 1 (2 equiv.)
in DCM (0.03 M), 2 equivalents of DBU was added. After stirring for
48h at 0 °C, the solvents were evaporated under vacuum and the
crude product purified by means of flash column chromatography on
silica gel using mixtures of n-hexane and ethyl acetate as eluents.

Ethyl (7R,7aR,8S,10aS)-10-amino-10a-cyano-7-phenyl-
5,6,7,7a,8,10a-hexahydrobenzo[6,7]indeno[1,2-c]pyrrole-8-
carboxylate (3a). Starting from imine 2a (61 mg, 0.2 mmol)
and dicyanoalkene 1a (78 mg, 0.4 mmol), following the
general procedure indicated before, 3a was obtained as a
separable mixture of diastereoisomers as a brown solid
(54.mg, 68%,.15:1 d.r., 93:7 e.r.) after purification by column
chromatography with Hex:EtOAc (1:1) as eluent. The e.r. value
was determined by HPLC analysis using a Chiralpak AY-H
column (hexane:isopropanol 95:5); flow rate = 1.0 mL/min,
tmajor= 46.1 min, tminor= 35.9 min. M.p.= 194.3 — 195 °C.
[a]?®p = +50.6 (c 0.1, CHCl3). *H NMR (300 MHz, CDCls3) 6 7.85
(d, J = 7.5 Hz, 1H), 7.37 — 7.27 (m, 4H), 7.25 — 7.18 (m, 4H),
4.52 (d,J=4.5Hz, 1H), 4.26 —4.19 (m, 2H), 4.03 (d, J = 3.1 Hz,
1H), 3.63 (dd, J=4.5, 3.1 Hz, 1H), 2.95-2.76 (m, 2H), 2.17 (dd,
J=10.4, 5.5 Hz, 2H), 1.29 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz,
CDCl3) 6§ 172.0, 162.4, 147.4, 140.2, 136.6, 130.3, 129.6, 129.2
(2C), 128.8,128.2,127.7,127.7 (2C), 127.1,122.2,118.9, 75.4,
62.8,61.6, 60.6, 58.4, 28.3, 23.7, 14.2. HRMS (ESI/Q-TOF) m/z
calculated for CasH24N302* [M+H]*: 398.1863 found 398.1859.
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