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Abstract. Free-radical carbo-alkenylation of N-aryl, N-
benzyl, and N-phenethyl-ene-carbamates with a disulfone
provides vinylsulfones which may then be functionalized
and engaged in Heck-type coupling to furnish highly
substituted 5-, 6- and 7-membered nitrogen heterocycles.
Grignard-mediated cyclization starting from the same
substrates further

allowed a nucleophilic cascade process, affording a
straightforward access to hydrocarbazoles, which may be
regarded as potent intermediates for the synthesis of
alkaloids of the aspidosperma family.

Keywords: Heterocycle; Heck reaction; Grignard;
Vinylsulfones; Cyclization

Introduction

Nitrogen-containing  heterocycles are  widely
distributed in nature and among biologically relevant
targets.!.  Because of their importance to
pharmaceutical and agrochemical industries,?!
organic chemists have explored numerous strategies
to access them in a straightforward manner.F
Transition-metal  catalyzed  processes  (Heck
coupling, ring-closing metathesis, ....), ionic
cyclizations®! (halonium-mediated ring closure,....)
or free-radical cyclizations!® hold a prominent place
in this context, allowing a straightforward access to
heterocycles of various ring size, from simple
precursors under mild conditions. Despite the
numerous methods reported to date, there is still a
need for more straightforward methodologies to
elaborate nitrogen heterocycles, allowing a fine
tuning of the ring size, the installation of several
stereogenic centers and a good compatibility with
resident functional groups. Finally, unified strategies
offering an access to heterocycles with various ring
sizes are attractive, leading, through a minor
modification of a common framework, to structures
as diverse as those found in alkaloids depicted in
Figure 1.1

In the course of our ongoing studies on free-radical
processes, we have developed several carbo-
functionalization of olefins, 8 affording
polyfunctional systems, which we anticipated, could

be useful precursors in the preparation of nitrogen
heterocycles, intermediates in the synthesis of more
complex targets (Figure 1).

Erythraline Hainanensine

C\N:C ™

HH Aspidospermidine

Figure 1. Nitrogen heterocycle formation

For instance, we showed that the carbo-alkenylation
of electron-rich olefins leads to the formation of two
new carbon-carbon bonds with the installation of two
new functional groups.>¢9 Ketones, esters, amides,
thioesters are amongst the functional groups that may
be added, starting from the corresponding xanthates
or iodides.®! The second component is an olefin
issued from a vinylsulfone (i.e. 3). A broad variety of
addition adduct is thus available, changing the nature
of the radical precursor and that of the sulfonyl trap.
The free-radical carbo-alkenylation process is
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particularly efficient with electron-rich olefins as this
radical chain is governed by polar effects. Ene-
carbamate and enamides are thus excellent olefinic
partners for this reaction and provide the addition
products with generally high yields (Scheme 1).

PO 50,pn
3
o)
)S @ (BusSn),, DTBHN  E102C
EtO * N T oo rpee SN
1,2-DCE, 65°C
SC(=S)OEt Boc J‘ Boc
PhO,S
1a 2a
4a, 80% d.r. > 95:5
PhO2S o s0,pn
i \ (BugSn),, DTBHN
uson)y,
A2 Rt i _CO,Et
NCOsEt 1 2-DCE, 65°C N
SC(=S)OEt \ e
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Scheme 1. Carbo-alkenylation of ene-carbamates.

The occurrence of a nitrogen center and a nearby
unsaturation in compounds 4a-b led us envisaged
their further elaboration to access 5-, 6- and 7-
membered heterocycles in a limited number of steps.
Scheme 2 depicts a general strategy to access these
medium-size heterocycles, starting from a common
structural motif 1, resulting from the carbo-
alkenylation of ene-carbamates bearing an N-
alkylaryl moiety. The C-C bond formation and ring-
closure of these precursors would then be carried out
relying on two organometallic processes, i.e. an
intramolecular Heck reaction and a conjugate
addition of a Grignard reagent. Depending on the
position of the olefinic appendage and the length of
the carbon chain between N and the aryl moiety,
various heterocycles would thus be accessible.

"NCO,R'

¢ R
a-p-Addition X [ --Addition
prdaion gradanel.

Pd or Mg ¥ Pd or Mg
\ Pho,s” !

PhO,S n=01,2
X = H, Br, I, Pd, Mg

T Free-radical
carbo-alkenylation

PhO,S
+ 25 50,Ph

"NCO,R'
R

ANCOLR' -
.
X

Scheme 2. A general strategy to access nitrogenated 5-, 6-
and 7-membered heterocycles.

We report here our efforts to generate, from 3-
component carbo-alkenylation products, 5-, 6- and 7-
membered heterocycles through the intramolecular
addition of an aryl-metal species (X = Pd or Mg,
Scheme 2) onto the unsaturated sulfone. Tandem
nucleophilic cyclizations were also carried out on the

10.1002/adsc.201700485

same substrates, leading to polycyclic systems with
good stereocontrol.

Results and Discussion

The study started with the preparation of the desired
three-component adducts through the free-radical
carbo-alkenylation of enamides 6a-g, using xanthates
5a-c and vinyldisulfone 3 under conditions reported
previously.[®d Conjugated sulfones 7a-j were thus
obtained in generally high yields as the E-isomer
(Table 1). Interestingly, the reaction conditions were
compatible with substrates bearing a bromine
substituent on the aromatic ring, as in 7f and 7j.
Finally, scaling up is allowed as 7b was for instance
prepared on a 6.7 mmol scale leading to 3.4 g of
product.

Table 1. Free-radical carbo-olefination of enamides.

5 AN PhO2S A~ A NR
PUpS Ar Y NR! SO,Ph
RS OBt + . 3
5a, R = CO,Et 6a-g (BugSn),, DTBHN |
5b, R = COMe R'=CO,Me, Boc  1,2-DCE, 65°C  PhO28 R
5¢,R=CN n=0,1,2 7a-j

Mer@/\ Meom MeO
NB m
MeO NCO,Me MeO oc 50 NBoc
Ph h

e M
OQS,J/_<j P 0284//—<j PhO,s—7
CO,Et CO,Et
7a, 88% 7b, 90% 7¢,77% O
CO,Et
Meoj@/\NBoc Meoj@/\NBoc Eoc
MeO MeO
| | Br N
PhO,S CN PhO,S CO,Et
2 2 2 SO,Ph
7d, 88% 7e, 90% 7, 78%
CN R Br
Boc Boc
MeO N MeO N NBoc
MeO: i N MeO: ; N h
SO,Ph OMe SO,Ph  PhO,S CO,Et

79,91% 7h,R"=CN 83%

7i, R" = CO,Et 90%

7j, 53%

lodination of the aryl substituent in 7b-i was then
carried out using I, and AgSO: in MeOH.P!
lodoarenes 8a-c and 8e-f were obtained in good
yields and excellent regioselectivity, except for
arylamine 7g, which led to an inseparable mixture of
two ortho-iodoarenes 8d-d’ in a 68% overall yield
(Table 2).

Table 2. lodination of arylamines 7b-i.
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n n
MeO NBoc Ag;SO04 I MeO NBoc
MeOH or EtOH
_— >
M
MeO . \ time (h), 20 °c "0 \

R SO,Ph R R > SO,Ph
7b-d,g-i R = CO,Et, CN 8a-f
n=0,1,2
R'=H, OMe
Entry Arene Time  lodoarene Yield (%)M
1 b 05h 8a 80
2 7c 2h 8b 70
3 7d 2h 8c 74
4 79 2h  8d-8d’l 68
5 7h 2h 8e 92
6 7i 0.7h 8f 92

[l |solated yields. [P 3:2 mixture.

With the iodoarenes 8a-f in hands, we then evaluated
their  reactivity in  Heck-type  processes.lt”]
Preliminary attempts were carried out using precursor
8a, using Pd(OACc), and PPh; with DBU as a base
(Table 3, Conditions A, entry 1). Under these
conditions, the expected 7-membered ring compound
was not formed, but instead we observed the
isomerization of the double bond to afford ene-
carbamate 10. Changing the palladium source to
Pdx(dba); and heating in dimethylacetamide
(DMA)!2 forced the cyclization and led to the
desired 7-membered ring carbamate 9a in reasonable
yield as a E/Z mixture of isomers (Table 3,
Conditions B, entry 2). Addition of P(o-Tol); (60
mol%) to the previous conditions had a dramatic
effect,'! leading to the same carbamate 9a but in a
94% vyield as a single Z-isomer (Table 3, Conditions
C, entry 3). When these conditions were applied to 8b,
the same observations were made and better yield and
selectivities were obtained using the combination
Pdz(dba)s/P(o-Tol)s/NEt; in DMA (entry 5).

Table 3. Heck reaction on iodoarylamines 8a-b.

Boc

Meo@i\/'\l Conditions "0
R
MeO | = MeO

NBoc

SO,Ph / R
8a, R = CO,Et 9a,R=CO,Et SOPh
8b, R = COMe 9b, R = COMe

Boc
Meoj@i\/’\‘ﬂj/\
|
MeO | ‘ R
soph 10
Entry Arl Conditions® Product E/Z Yield
ratio (%)™
1 8a A 10 2:1 82
2 8a B 9a 1:1 65
3 8a o 9a 1:0 94
4 8b B 9b 7:3 70
5 8b C 9b 1:0 89
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[ Cond. A: Pd(OAC): (15 mol%), PPhs (60 mol%), NEt;
(3 eq), DBU (1.5 eq), PhMe then 70 °C, 3 h; Cond. B:
Pdx(dba)s (15 mol%), NEts (3 eq) DMA, 140 °C, 2 h;
Cond. C: Pdy(dba)z (15 mol%), P(o-Tol)z (60 mol%) NEt;
(3 eq), PhMe, 110 °C, 2 h. 1 |solated yields.

Removal of the Boc protecting group in 9a led to the
corresponding amine which was not isolated, but
directly treated with camphorsulfonic acid in toluene
to provide, in high overall yield, the lactam 11,
possessing the tricyclic structure of hainanensine
(Figure 1).["14 The structure and stereochemistry of
11 was unambiguously assigned through X-ray
diffraction studies. The stereochemistry of 9b was
assigned accordingly (Scheme 3).

MeO 1. TFA, CH,Cl, MeO o
NBoc 20°C, 1h N
—_—
MeO I CO,Et 2.CSA,PhMe  MeO
110 °C, 2 h /

SO,Ph SO,Ph
9a 11 94% (2 steps)
o]
{ N
0 _
HO

X-ray 11 Hainanensine

Scheme 3. Deprotection and lactamization of 9a.

The isomerization of the vinylic 8a into the allylic
sulfone 10 could easily be carried out by treatment
with DBU,™! which led us examine the behavior of
10 under the above Heck reaction conditions.
Treatment of 10 under conditions C led to no reaction,
likely as a result of the important steric hindrance
around the olefinic moiety. However, when
conditions B, without ligand, were tested, 10 was
converted, in good vyield, into a 8:2 mixture of
cyclized products 12a and 12b (Scheme 4). These
compounds result from a 6-exo Heck cyclization,™®
o- to nitrogen, which delivers the corresponding
alkyl-Pd species, undergoing a B-hydride elimination
to form predominantly tetrahydroisoquinoline 12a. A
low amount of 12b was also formed resulting from
the competitive elimination of the sulfonyl group.i*™
The structure of 12b was confirmed through X-ray
diffraction studies, while that of 12a, was secured
after removal of the Boc group and subsequent
lactamization under acidic conditions, leading to 13
in excellent overall yield.
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Boc
DBU, THF  MeO N
8a — » ‘
1h,78°C 10 o CO,Et
SO,Ph
10 96%, E/Z (77/33)

Pd,(dba)s, NEt,
DMA, 140 °C, 3 h

MeO MeO
MeO NBoc + MeO NBoc
EtO,C SO,Ph EtO,C
12a 70% (8:2) 12b
1. TFA, CH,Cl,
20°C,1h
2. CSA, PhMe
110 °C, 2 h
;S/%af%% X-ray 12b

Scheme 4. Heck reaction on iodoaryl-ene-carbamate 10.

The isoquinoline 6-membered ring may also be
accessible directly starting from the iodoaryl
benzylamine, as shown for 8c (Scheme 5). Treatment
of the latter, under conditions B, thus led to the
formation of the 6-membered ring system 14. The
latter may be formed through a 6-exo Heck
cyclization, followed by the isomerization of the
cyclization product. Isomerization of 8c in the basic
medium prior to a 6-endo Heck reaction might also
be invoked and has some precedent in the
literature.[® However, when 8c was first isomerized
into the ene-carbamate 15, then cyclized under
conditions B, the corresponding isoindolines 16a and
16b were formed in reasonable yields instead of 14,
thus ruling out the alternative isomerization/6-endo
process. This also establishes that the 5-exo Heck
cyclization is possible,’91 even with sterically
hindered ene-carbamate such as 15. As above,
desulfonylation also occurred in small amount to
produce 16b. A 6-exo reaction was also observed
with aryl bromide 7j, leading to 16c as a single Z-
isomer using conditions C (Scheme 5). Removal of
the N-Boc group and lactamization afforded tricyclic
16d in good overall yield and only 4 steps from the
corresponding enamide. NOESY  experiments
(supporting  information)  establish  the  Z-
configuration of the vinylsulfone moiety in 16d as
well as in its precursor 16c, in good agreement with
observations made during the transformation of 8a
into Z-9a (Table 3)

10.1002/adsc.201700485

MeO
]@NB"C _Pdy(dba)s, NEt; NBoc
MeO |
c

{ y DA, 140°C, 3
PhO,S
PhO,S 8c
14, 59%
DBU, THF
16 h, 78 °C
I
Boe P NE
N dz(dba)s ts NBoc
MeO
MeO f\ﬂ\sozph DMA, 140 °C, 3 h e
R
oM
€ >eoN

15, 90% (E/Z : 63/37) 16a, R = SO,Ph (47%, E/Z : 55/46)

+16b, R = H (13%)
Pd,(dba)s, NEts Boc 1. TFA, CH,Cl,
7i P(o-Tol)3 N COoE _20°C,1h
—_—
PhMe, 110 °C, 3 h ‘ 2.CSA PhMe CSA, PhMe
110 °C, 2 h
SO,Ph

SO,Ph
16¢, 83% 16d, 64%
(Z/E > 95:5) (Z/E > 95:5)
Scheme 5. Heck reaction on bromo- and

iodoarylbenzylamine 7j and 8c.

The 5-exo Heck cyclization was then extended to
iodoarylamines 8e-f, using again conditions B. As
described for the analogue 8c, the cyclization was
effective, leading directly to the fully substituted
indole products after isomerization of the
intermediate formed upon cyclization (Scheme 6).
Under conditions B, the Heck cyclization is thus
followed by an isomerization and the removal of the
Boc protecting group to give 17a.2° Under milder
conditions (110°C instead of 140°C), 8f led to the
Boc-protected indole 17b in excellent yield. Bromide
7f was reactive under conditions C (with a
phosphine) and led to a mixture of the protected and
unprotected indoles 18a and 18b in good overall
yield. This sequence thus provides a straightforward
access to functionalized indoles in only two or three
steps starting from simple ene-carbamates.

OMe  SO,Ph OMe _-SO,Ph
MeO '~ R Pdy(dba), NEt; MeO A
_— »
MeO N DMA, A,3h o0 N
Boc R K
8e,R=CN T=140°C 17a,R=CN,R'=H 61%

8f, R = CO,Et T=110°C 17b, R = CO,Et, R'=Boc 89%

SO2Ph py,(dba)s, NEts SOzPh
B
N PhMe, 110°C, 3 h N CO,Et

Boc

7f 18a, R =Boc 60%
+18b,R=H 28%

Scheme 6. An access to the indole skeleton through Heck
reaction on haloarylamines 7f and 8e-f.
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As shown above, the free-radical olefin carbo-
alkenylation-Heck cyclization sequence provides a
straightforward entry to a variety of 5-, 6- and 7-
membered nitrogen heterocycles in generally good
yields. The carbo-alkenylation of olefins also allows
the incorporation of a second functional group, which
might be wuseful for further functionalization,
including cascade processes. It was thus anticipated
that iodides 8a-f might be involved in a double
cyclization, resulting from the addition of an aryl-
metal onto the unsaturated sulfone, followed by a
second cyclization on the ester or nitrile of the side
chain (Scheme 7).

SO,Ph SO,Ph
. _XH
8af — R' —> R
N N
R M = MgBr R
X=0,N

Scheme 7. Nucleophilic cascade processes as a route to
hydrocarbazoles.

Preliminary attempts were carried out starting from
aryl iodide 8f. A Grignard reagent was thus generated
from the latter using Knochel reagent?! (i-PrMgClI-
LiCl in THF), then transmetallation of the
organomagnesium intermediate with a stoichiometric
amount of CuCN (Table 4, entry 1). Two cyclized
products 19 and 20 were thus formed; i.e. a keto-
sulfone 19 resulting from the expected double
cyclization depicted in Scheme 7, and a second
tricyclic system 20, likely formed through further
reduction of 19 under the reaction conditions. Each
compound was formed as a single diastereomer, with
stereochemistry as shown. A second experiment
(entry 2), without the addition of the copper salt,
afforded the same products in a similar ratio, showing
that the Grignard reagent alone was adding to the
vinyl sulfone and that the resulting a-sulfonyl
carbanion was reactive enough to add to the ester
group.?? Several conditions were then tested to
decrease the amount of alcohol formed during the
process. Adding i-PrMgCI-LiCl slowly, using a
syringe pump (entry 3), slightly improved the ratio in
favor of the ketone 19. Changing the solvent from
THF to benzene did not modify the ratio (entry 4), in
contrast with earlier work suggesting that when
benzene was used as a solvent, the reduction by i-
PrMgCI-LiCl could be minimized.™ Finally
transmetallation with ZnCl, led to the same results
(entry 5).4 Interestingly, monitoring of the reaction
mixture (TLC analysis) after 1 h at -90°C showed that,
even at this low temperature, formation of the
Grignard reagent and the double cyclization were
occurring and were faster than the transmetallation.

Table 4. Anionic cascade using i-PrMgCI-LiCl reagent.

10.1002/adsc.201700485

OMe SO,Ph N
Meojétl ﬁjOzEt Conditions
MeO N OMe H SOzPh
Boc MeO OH
8f
MeO E&loc%H 20
Entry  Conditions Yield Yield
19 20
(%) (%)Lfal
1 i-PrMgCI-LiCl, CuCN & 37 37
2 i-PrMgCI-LiCI ! 30 30
3 i-PrMgCI-LiCl, Cond Al 52 20
4 i-PrMgCI-LiCl, Cond B [ 48 27

5 i-PrMgCI-LiCl, ZnCl, ™ 51 22

el j-PrMgCI-LiCl (2 equiv.), THF, 6.5 h at 0°C then RT,
12h, then CuCN-2 LiCl (1.2 equiv.), -25°C, 2.5 h. Il j-
PrMgCI-LiCl (2.8 equiv.), THF, 6.5 h at -40°C. [ Cond.
A: i-PrMgCI-LiCl (2.8 equiv.) added with a syringe pump
over 12h, THF, 0°C. M Cond. B: i-PrMgCI-LiCl (4.8
equiv.) added with a syringe pump over 12h, benzene, RT.
I Cond. C: i-PrMgCI-LiCl (3.8 equiv.), THF, -90°C, then
ZnCl,, THF, -90°C, to RT, 4 h. [ Isolated yields after
chromatography. @ 19 and 20 were obtained as single
diastereoisomers (supporting information).

Treatment of the ketone 19 with i-PrMgCI-LiCl led to
the alcohol 20 in 47% vyield with complete
diastereocontrol, along with 43% of the recovered
starting material, thus demonstrating that 20 was
formed through reduction of 19 with the excess of i-
PrMgCI-LiCl (Scheme 8). 19 was also reduced more
efficiently with NaBH, affording 20 in high yield and
complete diastereocontrol.

OMe H SO,Ph OMe
MeO A O

H SO,Ph
Reduction MeO B OH
—_—

MeO N2 MeO N™ =
BocH BocH

19 i-PrMgCI-LiCl, THF, 0°C, 1h
NaBH,4, THF, 0°C, 1h

20, 47% (82% brsm), d.r. > 95:5
20, 95%, d.r. > 95:5

Scheme 8. Reduction of ketone 19.

The stereochemistry of 19 and that of the reduced
product 20, assigned through *H NMR studies (for
extensive NMR experiments, see supporting
information), indicates that epimerization at the chiral
center bearing the sulfonyl group has occurred. This
isomerization likely took place prior to the reduction,
as enolization of the a-sulfonylketone 19 into its
epimer 19” (which has not been isolated) (Scheme 9)
should be relatively easy under the reaction
conditions, considering the acidity of the proton a- to
the carbonyl group (pka ranging between 11-15 in
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DMSO0).122251 DFT calculations showed that 19 and
19’ display lowest energy twist-boat conformations,
with energy difference (computed at the M06-2X/6-
31G(d,p) level) of 3.5 kcal/mol. Closer examination
of these conformations however revealed that axial
and equatorial approaches of the reductive agent onto
the carbonyl group of 19 are both hindered, while the
equatorial position is more easily accessible in the
least stable 19°, rationalizing the stereochemical
outcome.?®! The strong interaction between the
PhSO, moiety and the ortho-OMe substituent of the
aromatic substituent in 19" explains its higher energy
as compared to 19. The reduction of 19 thus proceeds
under a Curtin-Hammett regime, through the least
stable, but more reactive epimer 19°. It is finally
worth noticing that when alcohol 20 was oxidized
using Dess-Martin periodinane, ketone 19 was
obtained in 78% yield as a single isomer. Oxidation
of 20 likely provides first the ketone isomer 197,
which then epimerizes into the thermodynamically
more stable epimer 19.

MeO N™ = MeO N™ =
BocH 19 BocH 19’
0 +3.5
Dess-Martin periodinane
NaBH, or i-PrMgCI-LiCl
CH,Cly, -15°C-RT
(78%, d.r. > 95:5)
OMe H SO,Ph
MeO H OH
MeO N~7
BocH

20

Energy difference at M06-2X/6-31G(d,p) level (kcal/mol)

Scheme 9. Epimerization and computed models for the
reduction of ketone 19.

The double anionic cyclization cascade was then
extended to nitrile 8e (Scheme 10). This led to a
tricyclic product 21, obtained as a single cis-isomer,
and exhibiting an enamine function resulting from the
tautomerization of the a-sulfonylimine product.

10.1002/adsc.201700485

OMe SO,Ph OMe . SO.Ph
Meoﬁ[l /@N P MeO: ‘ : i NH,
—_—
MeO N THF, 0°C to RT MeO g N ,_‘
Boc 3h BocH
8e 21, 54%, d.r. > 95:5

Scheme 10. Double anionic cyclization of nitrile 8e.

Finally, the strategy was applied to the cyclization of
cyclic enamide 24, easily obtained through the free-
radical carbo-olefination of enamide 22, followed by
the iodination of the resulting three-component
adduct 23 (Scheme 11). lodoaryl-enamide 24 was
thus treated with i-PrMgCI-LiCl under above
conditions, leading to the expected tetracyclic product
25, as a single isomer, albeit in poor yield. No trace
of the ketone precursor was detected under such
conditions. The poor vyield is probably due to the
important strain and the trans-stereochemistry in
precursor 24, which disfavors the successive
cyclizations. The structure of 25 was unambiguously
established through H NMR studies (Supporting
information). Although the yield of the cyclization
step is low, the unusual structure of 25 is noteworthy,
with 3 stereogenic centers created in a single pot.

Et0,C” “SC(=S)OEt
PhO,S. A
5 SOz Phozs/\‘

YN0
—_—
/@\ (BusSn),, DTBHN
1,2-DCE, 65°C
MeO OMe MeO OMe
OMe OMe
22 23 (76% d.r. > 95:5)
AgSOy, EtOH
I, 0°C-RT
2h

Et0,C
FPrMgCI-LICI  PhO,8” X:*"""N"0
-

THF, 0°C to RT '
25h
MeO

MeO OMe OMe
25 (17%, d.r. > 95:5) 24 (82%, d.r. > 95:5)

OMe

Sy

Scheme 11. Double anionic cyclization of enamide 24.

Conclusion

In summary, we reported here on the straightforward
access to a series of nitrogen heterocycles through a
sequence of 3 consecutive reactions, including a free-
radical olefin carbo-alkenylation, followed by a
regioselective iodination of an arene, and finally an
organometallic-mediated cyclization. Intramolecular
Heck reaction and anionic (Grignard) processes were
used to close the ring and generate the heterocycles.
5-, 6 and 7-membered rings are thus accessible
through this sequence, offering an efficient and
unified access to precursors of various alkaloids

6
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(Figure 1).21 The initial carbo-alkenylation of
olefins may also be performed on compounds bearing
an aryl bromide, thus allowing the elaboration into a
given heterocycle in only 2 steps (7] and 7f, scheme
5-6). The use of the Knochel “turbo Grignard”
reagent led to double anionic cyclization affording
polycyclic systems in generally good yields and high
stereocontrol. Interestingly, further stereoselective
reduction of the resulting ketone was also observed
under these conditions. Finally, it is worth adding that
an access to enantioenriched 5- and 6-membered
heterocycles is at hand starting from precursors 10 or
15 using Pd catalysts and chiral ligands. Work along
these lines is currently under progress and will be
reported in due course.

Experimental Section

General procedure A for the Free-radical carbo-
alkenylation of ene-carbamates.

To a solution of xanthate 5a (1 equiv.) in dry 1,2-DCE (2.5
to 15 mL) were added ene-carbamate 6 (1 to 2 equiv.),
vinyldisulfone 3 (1.2 equiv.) and di(tributyltin) (1 to 1.5
equiv.). The reaction mixture was degassed, then 15 mol%
of DTBHN were added and the reaction mixture was
stirred for 1.5 h at 65°C. The yellow reaction mixture was
then concentrated under reduced pressure and purified by

chromatography on silica gel (Petroleum ether
(PE)/EtOAC).
(E)-Ethyl 4-((3,4-dimethoxyphenethyl)

(methoxycarbonyl)amino)-6-(phenylsulfonyl) hex-5-
enoate (7a). Synthesized according to general procedure A,
from ethyl xanthate 5a (143 mg, 0.687 mmol, 1 equiv.),
ene-carbamate 6a (365 mg, 1.38 mmol, 2 equiv.), E-1,2-
Bis(phenylsulfonyl)ethylene 3 (254 mg, 0.83 mmol, 1.2
equiv.) and di(tributyltin) (400 pL, 0.75 mmol, 1.1 equiv.)
in 1,2-DCE (3 mL). Purification by flash chromatography
(PE/EtOAC 70:30 to 50:50) afforded 7a (314 mg, 88%) as
a pale yellow oil. Rf = 0.28 (PE/EtOAc 70/30); IR (ATR)
vmax (cm) = 1727, 1695, 1515, 1446, 1260, 1144, 1025,
755; 'H-NMR (300 MHz, CDCls) § (ppm) = 7.89-7.79 (m,
2H), 7.65-7.46 (m, 3H), 7.04-6.85 (m, 1H), 6.80-6.75 (m,
1H), 6.71-6.59 (m, 2H), 6.38 (d, J = 15.0 Hz, 1H), 4.82-
4.42 (m, 1H), 4.09 (g, J = 7.2 Hz, 2H), 3.86 (s, 3H), 3.84 (s,
3H), 3.77-3.59 (m, 3H), 3.35-3.14 (m, 2H), 2.87-2.64 (m,
2H), 2.37-2.21 (m, 2H), 2.08-1.88 (m, 2H), 1.21 (t, J = 7.2
Hz, 3H); *C-NMR(75 MHz, CDCls) & (ppm) = 172.4,
156.6, 149.0, 147.7, 144.1, 139.9, 133.6, 132.2, 131.0,
129.4, 127.7, 120.7, 111.9, 111.4, 60.7, 56.2, 55.9, 52.9,
46.9, 36.1, 30.4, 26.4, 14.2; HRMS (ESI) Calcd. for
C26H33sNOgNaS [M+Na]* 542.1819, found 542.1819.

General procedure C for the Heck reaction.

To a stirred solution of iodoarylamines 8 (1 equiv.), (o-
tol)sP (conditions C) and Pdz(dba)s (0.15 equiv.) in toluene
(conditions C) or DMA (conditions B) were added EtsN (3
equiv.) at room temperature and the resulting mixture was
stirred under reflux for 2 h. The reaction mixture was
guenched with saturated NH.Cl ag. and partitioned
between CH.CIl, and water. The organic phase was
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collected and the aqueous phase extracted with CH,Cl; (2
x 30 mL). The combined organic extract was dried over
Na,SO,, filtered and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel
(EP/EtOAC) to afford the desired compound.

(2)-Tert-butyl 2-(3-ethoxy-3-oxopropyl)-7,8-dimethoxy-
1-((phenylsulfonyl)methylene)-4,5-dihydro-1H-
benzo[d]azepine-3(2H)-carboxylate (9a). Synthesized
according to general procedure C (conditions C) from
iodide 8a (2.1 g, 3.06 mmol, 1 equiv.) in PhMe (30 mL),
(o-tol)sP (558.1 mg, 1.836 mmol, 0.6 equiv.), Pdx(dba)s
(420.3 mg, 0.459 mmol, 0.15 equiv.) and EtsN (1.29 mL,
9.18 mmol, 3 equiv.). Purification by flash
chromatography on silica gel, (70/30 to 60/40 PE/EtOAc)
afforded compound 9a (1.601 g, 94%) as a yellow oil.

Rt = 0.23 (PE/AcOELt 60/40); IR (ATR) vmax (cm*) = 2972,
1729, 1694, 1514, 1446, 1264, 1143, 1082, 731; 'H-NMR
(400 MHz, CDCl3) 6 (ppm) = 8.05-7.92 (m, 2H), 7.61-7.46
(m, 3H), 6.59 (s, 1H), 6.57 (s, 1H), 6.38 (s, 1H), 6.33 (t, J
= 7.2 Hz, 1H), 4.05 (g, J = 7.2 Hz, 2H), 3.82 (s, 3H), 3.79
(s, 3H), 3.74-3.64 (m, 1H), 3.55-3.41 (m, 1H), 2.86-2.73
(m, 2H), 2.28-2.18 (m, 2H), 2.11-2.00 (m, 1H), 1.78-1.67
(m, 1H), 1.48 (s, 9H), 1.20 (t, J = 7.2 Hz, 3H); ¥*C-NMR
(100 MHz, CDCl3) & (ppm) = 172.6, 156.3, 155.1, 150.7,
148.2, 142.2, 133.4, 132.0, 131.5, 129.3, 127.6, 114.7,
113.4, 80.8, 60.4, 56.7, 56.2, 52.1, 41.5, 36.0, 31.1, 28.5,
28.0, 14.2; HRMS (ESI) Calcd. for CaH37NOgNaS
[M+Na]* 582.2288 found 582.2286.

General procedure D for anionic cascade using Knochel
Grignard reagent.

To a solution of iodide (1 equiv.) in THF was added
dropwise, using a syringe pump, a 1.18 M solution of i-
PrMgCI-LiCl in THF (1.3 to 4 equiv.) at 0°C. The yellow
reaction mixture was stirred 1-2 h at 0°C, then 1-2 h at
room temperature and finally quenched with an aqueous
ammonium chloride solution. The aqueous layer was
extracted with EtOAc. The combined organic layers were
washed with brine, dried over sodium sulfate and
concentrated under reduced pressure. The crude mixture,
after purification by column chromatography (silica gel),
gave tricyclic ketones and corresponding alcohols.

Ketone (19) and alcohol (20). Synthesized according to
general procedure D from iodide 8e (205.7 mg, 0.30 mmol,
1 equiv.) in THF (3 mL) and 1.18 M solution of i-PrMgCl-
LiCl in THF (0.56 mL, 0.66 mmol, 2.2 equiv.) added via
syringe pump for 12 h at 0°C. Purification by flash
chromatography on silica gel (PE/EtOAc 80/20 to 72/18)
afforded the ketone 19 (80.3 mg, 52%, d.r. > 95:5) as a
colorless oil and alcohol 20 (31.4 mg, 20%, d.r. > 95:5) as
a white solid.

(4S,4aR,9aR)-Tert-butyl 5,6,7-trimethoxy-3-0x0-4-
(phenylsulfonyl)-2,3,4,4a-tetrahydro-1H-carbazole-

9(9aH)-carboxylate (19). Rs = 0.44 (PE/EtOAc 70/30); IR
(ATR) vmax (cm™) = 2969, 1701, 1604, 1484, 1394, 1323,
1168; *H-NMR (600 MHz, 328.2 K, CDCls) & (ppm) =
7.97-7.93 (m, 2H), 7.71-7.67 (m, 1H), 7.63-7.58 (m, 2H),
7.24 (brs, 1H), 4.98-4.90 (m, 2H), 4.71 (d, J = 10.0 Hz,
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1H), 3.84 (s, 3H), 3.72 (s, 3H), 3.71 (s, 3H), 2.74 (ddt, J =
15.1 Hz, J = 13.7 Hz and J = 4.2 Hz, 1H), 2.55 (dt, J =
17.8 Hz and J = 4.1 Hz, 1H), 2.40-2.33 (m, 1H), 2.21 (ddd,
J=18.0Hz, J=13.6 Hzand J = 4.5 Hz, 1H), 1.59 (s, 9H);
BC-NMR (50 MHz, CDCls) & (ppm) = 200.7, 154.8, 152.1,
149.7, 139.5, 139.2, 137.3, 134.3, 129.5 , 128.5, 111.5,
95.8, 81.8, 71.8, 61.2, 60.7, 56.6, 56.2, 38.2, 34.7, 28.6,
24.8; HRMS (ESI) Calcd. for CasH3s1NOgNaS [M+Na]*
540.1668 found 540.1665.

(3S,4R,4aR,9aR)-Tert-butyl 3-hydroxy-5,6,7-
trimethoxy-4-(phenylsulfonyl)-2,3,4,4a-tetrahydro-1H-
carbazole-9(9aH)-carboxylate (20). Rt = 0.22 (PE/EtOACc
70/30); Mp = 120°C (PE/EtOAc); IR (ATR) vmax (cm™) =
3497, 2974, 1699, 1596, 1478, 1332, 1146, 914; 'H-NMR
(300 MHz, CDCls) 6 (ppm) = 8.10-7.99 (m, 2H), 7.74-7.55
(m, 3H), 7.43-7.10 (brs, 1H), 4.94 (d, J =4.0 Hz, 1H), 4.85-
4.66 (m, 1H), 4.46-4.16 (brs, 1H), 4.08-3.93 (m, 1H), 3.89
(d, J=7.9 Hz, 1H), 3.82 (s, 3H), 3.70 (s, 3H), 3.37 (s, 3H),
2.53-2.37 (m, 1H), 2.30 (dg, J = 3.8 Hz and J = 13.0 Hz,
1H), 1.98-1.83 (m, 1H), 1.62-1.37 (m, 10H); *)C-NMR (50
MHz, CDCls) & (ppm) = 154.1, 151.8, 150.5, 139.9, 137.6,
137.2, 134.1, 1295, 128.2, 111.3, 96.7, 81.2, 70.1, 64.3,
61.0,60.2,57.1,56.2,41.0, 28.5, 28.0, 27.6; HRMS (ESI)
Calcd. for CgzsH3sNOgNaS [M+Na]* 542.1825 found
542.1821.

Experimental Details

Crystal Structures CCDC1537658 (11%, CCDC1542052
(12b) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via
www .ccdc.cam.ac.uk/data_request/cif.
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