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ABSTRACT. Complimentary to classical hydroboration
and boron-Wittig reactions, a new, efficient access to cyclic
1,3-dienyl boronic esters has been developed via diene or
triene metathesis. Subsequently, fused pyrroles were
synthesized with a broad substrate scope from the reaction
of cyclic 1,3-dienyl boronic esters with arylnitroso
compounds using a one-pot hetero-Diels—Alder/ring
contraction sequence.

INTRODUCTION

Nitrogenous heterocycles are one of the most commonly
investigated and essential families of organic compounds,
mainly due to their presence in many important molecules
used in various fields ranging from life to materials sciences.
Pyrroles and their derivatives in particular occupy a
prominent place in this family, for example, as basic
structural units in many natural products,' such as the
porphyrins of heme, the constituents of hemoglobins and
oxygen-carrying myoglobins, and chlorophyll, a pigment
essential to life. They are also found in vitamin B12 and in
many alkaloids isolated from marine organisms such as
lamellarins 2 or spongiacidin B.3 In addition to natural
products, many pyrrole derivatives of synthetic origin have
remarkable biological activities, including anticancer, anti-
inflammatory, antibiotic, anti-HIV, anti-tuberculosis,
antimalarials, fungicides, etc. Some of them are used for
medicinal purposes, such as atorvastatin and tolmetin, or for
plant treatments, such as chlorfenapyr.*

Among all the molecules of interest having a pyrrole core,
a number of them have also a cyclic structure juxtaposed
with this moiety. While benzofused derivatives, as indoles,
isoindoles and carbazoles, are the most prominent examples
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of this family, other compounds for which the adjacent ring
is not aromatic also exhibit remarkable biological activities.
This includes, in particular, 1 which acts as an inhibitor of
the HSP90 protein for regulation of the dopaminergic
pathway in Parkinson's disease,” 2 which blocks CFTR
protein for the treatment of severe diarrhea,® 3 for the
prevention of cellular replication of hepatitis C virus
(HCV),” and 4, an inhibitor of histone deacetylases that play
an important role in the regulation of gene expression.® Also,
ketorolac 5 is a nonsteroidal anti-inflammatory drug with
analgesic activity ? and molindone 6 (Moban) has been used
in the United States as an antipsychotic for the treatment of
schizophrenia.'?
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The synthesis of differently substituted pyrroles has been
the subject of a great deal of work and there are numerous
reviews describing various strategies.'!*¢ In addition to the
named, classical, methods and their variants, including
Hantzsch,'? Knorr,!3 Paal-Knorr '# reactions, or the more
recently reported van Leussen ' and Barton-Zard
syntheses,'® a number of other original strategies based on
multicomponent !7 and (or) transition metal catalyzed
processes '8 have also been developed, as has the use of 3,6-
dihydro-1,2-oxazines as precursors.'? Indeed, some of these
approaches have been applied to fused pyrroles.?? We
recently proposed a new mild synthesis of N-aryl pyrroles
from dienyl pinacol boronic esters and nitrosoarenes 2! and,
in this paper, we expand the scope of this methodology to
the preparation of fused pyrroles 8 (Scheme 1) 22 and also
include new metathesis reactions to access cyclic precursors
7, which complements the classical routes usually employed
for the synthesis of these valuable building blocks.?
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Scheme 1. Synthesis of cyclic dienyl boronic esters 7 and their
conversion to fused pyrroles 8.
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RESULTS AND DISCUSSION

1,3-Dienyl boronic esters 7a-d were first prepared in 70-
86% yields by hydroboration of the corresponding 1,3-
enynes with pinacolborane in the presence of the Schwartz’
reagent (Scheme 2).2* In parallel, an (E)-stereoselective
boron-Wittig reaction between bis[(pinacolato)boryl]
methane and o,B-unsaturated aldehydes with lithium
tetramethylpiperidide as base furnished 7e-g in good
yields.??

Scheme 2. Synthesis of cyclic dienyl boronic esters 7a-g by
hydroboration and boron-Wittig reactions.

HBpin (0.8 eq.)
Schwartz cat.(0.2 eq.)

A. Hydroboration
O/ O/\/Bpin
Bpin Bpin Bpin Bpin

g

7a (72%) 7b (84%) 7c (70%) d (86%)

0 °C, then rt, 64h

B. Boron-Wittig reaction

LiTMP (1.2 eq.)
@0 pinB-CH,-Bpin (1.2 eq.) - Bpin
THF, -78°C, 5h |
Bpin Bpin Bpin
p_/ N\ Tord_/
7e (59%) 7 (56%) 79 (62%)

To increase the range of cyclic dienyl boronic esters, we
then turned our attention to another approach, i.e. the ring
closing enyne metathesis (RCEM), a powerful tool for the
synthesis of 1,3-diene.?® Such a reaction could be followed
by a cross-metathesis reaction (CM) that then allowed the
post-functionalization of the initial dienyl structure. The
reactants used in this second step were generally mono-
substituted alkenes, whether activated or not.?’ Although 2-

vinyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (vinyl-Bpin)
has been used occasionally as a metathesis partner with
dienes,?® to our knowledge, it has been never involved in a
one-pot, two-step sequence, making such an approach both
attractive and useful to access a wider range of boronate-
substituted dienes (Scheme 3).

Scheme 3. Synthesis of cyclic dienes viaa RCEM-CM sequence.

(/\i — Ol/\ ” O/\/R
X Alkene |

R = CO,Me, COMe, CHO, CH,SiMe3 Ph,  Ref 27
alkyl, CH,0Ac, CH(OH)Me

R =Bpin This work
Hence, our investigations started with enyne 9h as a model
substrate. Conducting the RCEM reaction in DCM at RT for
18h in the presence of the 1st-generation Grubbs catalyst
afforded a mixture of dienes 10 and 7h (55/45 with no
residual starting material) (Eq 1). In the absence of vinyl-
Bpin, the ring closure was complete under the same
experimental conditions (Eq 2). Conversely, a 15%
conversion was observed with enyne 11 where the boronic
ester function was already present on the alkene moiety (Eq
3).% In parallel, cross metathesis of the isolated diene 10
with vinyl-Bpin was carried out, to deliver only moderate
amounts of 7h (Eq 4). These results suggest that the
cyclization step takes place first in the tandem RCEM/CM
sequence. Finally, the best results were obtained by
conducting this process at reflux in DCM with three
equivalents of vinyl-Bpin over 4h to give boronate-
substituted diene 7h in 48% isolated yield (Eq 5).3°
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S =/ Bpin
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oh DCM, rt,18h

100% conversion (55/45)
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The scope of this approach was then evaluated under
these optimized conditions with various other enynes
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(Scheme 4). As previously observed for 7h, besides variable
amounts of pinBCH=CHBpin resulting from the self-
coupling of pinacol vinylboronate, dienes 7h-7k were
obtained as (E)-isomers (*Jz= 18.2 to 18.5 Hz) in moderate
isolated yields mainly due to the low stability of these
compounds during the purification step, in particular in the
case of the dihydrofuran derivative 7i.

Scheme 4. Synthesis of cyclic dienyl boronic esters 7h-7k via a

RCEM/CM sequence.
Z Bpin  Grubbs 1 (10%) ~x_-Bpin
(/V\ L pen Sups1(10%) O'/V
X (3 equiv.) DCM, reflux, 4h

9 7
XBpin X Bpin
Tos~N®/\/ O@/\/
7h (48%) 7i (47%)
EtO,C. XBpin  Eto,C X ~Bpin
CbzHN EtO,C
7j (56%) 7K (63%)

Having at our disposal the triene 12,3! we also envisaged
whether this compound could constitute a valuable precursor
of a different cyclic dienyl boronic ester 71, provided that the
metathesis reaction was regioselective. This was indeed
found to be the case and, after heating in DCM for 24h at
45°C in the presence of the Grubbs 2nd generation catalyst,
the expected boronate 71 was obtained in 70% yield, without
any traces of the 7-membered ring (Scheme 5). Its structure
was confirmed by single crystal X-ray diffraction analysis.>?

Scheme 5. Synthesis of diene 71 from 12 via a RCM reaction.

j\ Grubbs |1
P Y0 N/\"/\/Bpi” _(5mol%) Ph/\oj\N o Bpin
| ;
DCM, 45°C, 24h 5:)/\/

O\K 12 7N 70%

Having developed access to a series of different cyclic boryl
dienes 7a-1, we then undertook to evaluate their reactivity in
the presence of aryl nitroso compounds in order to obtain the
corresponding fused pyrroles. Mechanistic aspects of this
reaction have been already investigated and we rationalized
the observed formation of pyrroles by a [4+2]-Diels—Alder
cycloaddition, followed by a ring contraction of the resulting
oxazine (Scheme 6).2!

Scheme 6. Proposed mechanism for the formation of pyrroles from the
corresponding boronodienes and arylnitroso compounds.

BX, BX,
R ,J/ Nitroso R Rlng
+ | —_— E\ N—Ar
N i t i
R'),\\ ~Ar Diels Alder R'/\/N\ contraction

To our knowledge, the only example of cyclic reactants
described to date was reported by us, giving a low yield of
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pyrrole 8ba from 7b and nitrosobenzene 13a. Replacement
of pinacol by diethanolamine (which causes quaternization
of boron, making the diene more electron-rich, and thus
increases the reactivity towards ArNO) had a beneficial

effect as exemplified in Scheme 7.%!

Scheme 7. Synthesis of pyrrole 8ba from 7b or its diethanolamine

derivative 7’b.?!

O—\\_ §e PhNO 13a
B MeOH, it, 16h ™
N N
21% \©
H
| __PhNO13a >
/N>

MeOH, rt, 2h
48%

However,

observed with different basic/nucleophilic

exemplified in Table 1.

Table 1. Optimization of the Diels-Alder cycloaddition/cycle contraction

cascade for 7b and PhNO.

Bpin

X

S - D
MeOD, 1M, 3.5h, r.t. N

\
7b gba ©h

PhNO (2 equiv.), Additive

entry additive equiv. yield (%)?
1 - - 21
2 PPh; 1.0 20
3 TMP 1.0 27
4 DMAP 1.0 30
5 Diethanolamine 1.0 33
6 Bu,NOH 1.0 36
7 DBN 1.0 44
8 DBU 1.0 49
9 DBU 0.8 51 (41)P
10 DBU 0.5 26
11 DBU© 0.8 44
12 DBU, mol. sieves ¢ 0.8 49

2 Yield determined by 'H NMR on the reaction crude with 1,3,5-
trimethoxybenzene as internal standard. ® Yield in isolated product after
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although tetracoordinated diethanolamine
esters, such as 7°b, appear a priori to be more suitable in
these cycloaddition reactions through higher reactivity
towards nitroso species, their synthesis is sometimes
challenging, often involving only modest yields due to the
products not always being crystalline or readily isolated in a
pure form.*} Pinacol boronate esters remain the most readily
accessible, stable derivatives and are by far the most used in
organic synthesis. Therefore, we decided to study the
influence of an additional, external base/nucleophile, that
could be added in situ to achieve quaternization of the boron
atom as in the case of 7°b and, thus, significantly potentially
increase the yield in the nitroso additions reactions. Indeed,
this strategy was viable and improved reactivity was
additives
compared to those involving the pinacol ester alone, as
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purification by silica gel chromatography. ¢ Dropwise addition of a
diene solution to a mixture DBU and PhNO.? Under argon with
anhydrous DBU and molecular sieves previously activated under 1
mbar at 150 °C for 16 h.-

Examining Table 1, it can be seen that the addition of
triphenylphosphine was only poorly effective (20%, entry 2)
compared with no additive (entry 1). However, the use of an
amine, in general terms, enhanced product yields, perhaps
surprisingly so considering that even the use of a highly
hindered secondary amine, i.e. 2,2,6,6,6-
tetramethylpiperidine (TMP, entry 3), increased the yield of
pyrrole 8ba to 27%. The use of the more nucleophilic
DMAP did not show any marked enhancement over the
more hindered TMP (entry 4). Diethanolamine and tetra-n-
butylammonium hydroxide both gave slightly better results
(entries 5 and 6). However, it was the bicyclic and stronger
amidine bases, DBN and DBU, that were the most efficient

Scheme 8. Synthesis of fused pyrroles 8 from cyclic dienyl boronic esters 7.

at assisting the conversion of diene 7b to the pyrrole 8ba
(entries 7 and 8). Focussing more on the use of DBU, it was
found that its amount could be advantageously reduced to
0.8 equivalents (see entry 9 and 10). Further optimization by
slow addition of the diene to the nitrosobenzene/DBU
mixture or the presence of molecular sieves gave no positive
significant improvement (see entries 11-12). Hence, using
the best conditions developed herein, the yields, although
still moderate, were significantly improved up to 41% (entry
9), therefore providing a useful entry to the desired pyrrole
systems considering that two successive reactions were
involved in this process.

We then examined the wider application of this reaction
to establish the scope of the Diels Alder cycloaddition/cycle
contraction cascade to access fused pyrroles from a variety
of cyclic dienes 7.

ArNO

13y

T O
o O

8ba (41%)? 8ca (66%)?
Y 10
@ s

8ha (52%)"

@

8aa (46%)?

Tos<
b

8ga (66%)°

Cbz\
RO

8ia (58%)"°

Q

8lb (77%)b 8lc (73%)°

MeOH, rt, 3.5h

8da (46%)?

EtO,C, ><:E>

CbzHN

8ja (42%)°"

aw

\
8xy Ar

D@Q
“h R

8ea (45%)?
Cb:
EtOZC><:[\> Z\'\Il | A
EtO,C @) N
e

8fa (55%)°

o

8ka (38% 8la (89%)°

Cbz\ CbZ\ Cbz\ Cbz\N N
|
Dy O oD 0D

8ld (67%)°

2.9 9

CO,Et Br NO,
8le (82%)° 8If (66%)° 8lg (75%)°

2 With addition of 0.8 equiv. of DBU.P Without DBU.® Overall yield starting from enynes 9h-k (three steps sequence).

As can be seen in Scheme 8, the borodiene additions
proceeded in moderate to good yields using nitrosobenzene,
i.e. yields varying from 41-89%. There does not appear to be
any particular trend with respect to yields and ring size or
electronics. Running the reactions of dienes 7b, 7¢ and 7g
with nitrosobenzene and without the addition of DBU
caused a considerable drop in the yields of cycloadduct in
both cases, i.e. from 41% to 21% (for 7b), 66% to 31% (for
7¢) and 66% to 42% (for 7g). This reinforces the positive
role that DBU plays in this reaction, but it is not clear
precisely what that is. In view of the production of azo and
azo-oxide side products in competition with the main

cycloaddition reaction, DBU may act to slow the
disproportion reaction relative to the cycloaddition-
rearrangement to the pyrrole, hence improving overall
conversion. Nevertheless, Scheme 8 also shows that the
DBU approach is not absolutely necessary if the diene is
reactive enough. Hence, the reactions of substituted
nitrosobenzenes to diene 71 successfully produced a range of
6,5-fused cycloadducts in 66-89% yields. The diene 71
seems to be the most reactive system examined in this
reaction to date, whether reacting with either electron rich or
electron deficient nitrosobenzenes (see adducts 8la-8lg,
Scheme 8). All the NMR data were in agreement with the
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proposed structures and, in the case of 8ga, it was confirmed
by single crystal X-ray diffraction analysis.??

The successful application of the aryl nitroso-cycloaddition
to the cyclic boronate-substituted diene, rearrangement and
pyrrole formation was also extended to outer-ring diene
systems of type 15 (Scheme 9), thus giving access to 3,4-
connected compounds 16, another family of annulated
pyrroles. To exemplify this type of approach, the precursors
15a and 15b were synthesized by a palladium-catalyzed
cycloisomerization of the corresponding enynes 11 and 14
according our previously reported procedure.>* Due to a low
stability observed during purification by chromatography on
silica gel, these dienes were not isolated and we carried out
the following step in the same pot without removing the
palladium catalyst. Products 16a-b were thus obtained in
moderate yields, mainly due to a partial deborylation of 15
during the cycloisomerisation process as previously
observed for similar processes (Scheme 9).34

Scheme 9. Synthesis of fused pyrroles 16a-b from enynes 11 and 14.

/ Bpin Bpin

Pd(dba)s.CHClj. 2 oo
=
———> Tos—N ~Ph
4h -~

P(o-tol)3 AcOl

Tos—I _Plotol)g ACOH,_
= toluene, rt, 2h

11 n=1 15a,b 16a  48% (two steps)
14 n=2 16b  35% (two steps)
CONCLUSION

In summary, we have realized the synthesis of a series of
fused pyrroles from the corresponding 1,3-dienyl boronate
esters, which adds to the chemist's armory of classical
synthetic methods for accessing pyrrole-containing products
and especially the more unusual fused bicyclic systems. For
this particular application, a new route involving a ring
closing enyne metathesis / cross-metathesis sequence was
also developed to access novel boryl dienes that,
subsequently, give access to a supplementary range of
products with diversified structures.

EXPERIMENTAL SECTION

Solvents were freshly distilled from sodium/benzophenone
(THF, toluene) or phosphorus pentoxide (DCM). Methanol
and other commercially available chemicals were used
without further purification. Column chromatography
purifications were performed over silica gel (Merck
Geduran 60, 0.063—0.200 mm). Flash chromatography
purifications were performed on a Grace Reveleris™ with
Puriflash™ 15um flash cartridges (Interchim). NMR spectra
were recorded at 300 or 400 MHz for 'H, 75 or 101 MHz for
13C and 96 or 128 MHz for !'B. 'H and '*C NMR chemical
shifts were referenced to Me,Si as internal reference, and !'B
NMR chemical shifts to external BF;-OEt,. All 3C and !'B
NMR were proton-decoupled. High-resolution mass spectra
(HMRS) were obtained on a Q-TOF instrument and
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measured using either electrospray ionization (ESI) or
atmospheric  solids analysis probe (ASAP). X-ray
crystallographic data were collected on an APEXII crystal
diffractometer. Specific rotation (in deg cm’® g') was
measured on a Perkin Elmer-341 polarimeter. Melting
points were measured on a melting point apparatus. Stuart
SMP10.

1-Ethynylcyclopent-1-ene,® 1-ethynylcyclohex-1-ene, 3¢ 1-
ethynylcyclohept-1-ene,?” 1-ethynylcyclooct-1-ene,’” 5,6-
dihydro-2H-pyran-3-carbaldehyde, 1-tosyl-1,2,3,6-
tetrahydropyridine-4-carbaldehyde,® 9h,* 10,4' 11,3 9j,4
9k ** were prepared as previously described. Perillaldehyde
and 3-(allyloxy)-1-propyne 9i are commercially available.

General procedure for the synthesis of boronates 7a-7d
by catalytic hydroboration. To a mixture of 1-
ethynylcycloalk-1-ene (1.86 mmol) and Schwartz catalyst
(104 mg, 0.37 mmol) at 0 °C under argon atmosphere, was
added dropwise H-Bpin (216 pL, 1.49 mmol). The reaction
mixture was stirred at room temperature for 64 h, then
diluted with Et,0 (10 mL). H,O (5 mL) was cautiously
added. The aqueous layer was extracted with Et,0 (3x15
mL). The combined organic layers were washed with brine
(5 mL), dried over anhydrous MgSO, and evaporated. The
crude product was purified by filtration on silica gel pad,
eluted with a 95/5 pentane/Et,O mixture or by distillation.

(E)-2-(2-(Cyclopent-1-en-1-yl)vinyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (7a). 158 mg (72%). Colorless oil, bp
=70-80°C/0.1 mbar. 'H NMR (300 MHz, CDCls) 8 7.25 (d,
J=18.0 Hz, 1H), 5.94-5.86 (m, 1H), 5.41 (d, J = 18.0 Hz,
1H), 2.44 (t, J = 7.6 Hz, 4H), 1.91 (quint, J = 7.6 Hz, 2H),
1.28 (s, 12H). The spectroscopic data match with those
reported in the literature.*
(E)-2-(2-(Cyclohex-1-en-1-yl)vinyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (7b). 197 mg (84%). Colorless oil, bp
= 90-110°C/0.1 mbar. '"H NMR (400 MHz, CDCl;) 6 7.02
(d, J=18.2 Hz, 1H), 6.01-5.92 (m, 1H), 5.42 (d, J = 18.2
Hz, 1H), 2.19-2.10 (m, 4H), 1.70-1.54 (m, 4H), 1.27 (s,
12H). The spectroscopic data match with those reported in
the literature.**
(E)-2-(2-(Cyclohept-1-en-1-yl)vinyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (7c). 325 mg (70%). Colorless oil. 'H
NMR (300 MHz, CDCl;) 6 6.99 (d, J = 18.2 Hz, 1H), 6.09
(t,J= 6.8 Hz, 1H), 5.45 (d, J= 18.2 Hz, 1H), 2.37-2.29 (m,
2H), 2.29-2.19 (m, 2H), 1.80-1.70 (m, 2H), 1.54-1.42 (m,
4H), 1.26 (s, 12H). BC{'H} NMR (75 MHz, CDCl;) 4 153.9,
144.4, 139.1, 83.1, 32.3, 29.0, 26.7, 26.4, 26.2, 24.9. The
carbon a to boron was not observed. '"B{'H} NMR (96
MHz, CDCl;) 6 29.8. HRMS (ESI+) (M+Na)* calculated for
C5H,50,!'BNa 271.1840, found 271.1843.
(E)-2-(2-(Cyclooct-1-en-1-yl)vinyl)-4,4,5, 5-tetramethyl-
1,3,2-dioxaborolane (7d). 421 mg (86%). Colorless oil, bp
= 100-120°C/0.1 mbar. '"H NMR (300 MHz, CDCl;) & 6.98
(d, J=18.2 Hz, 1H), 5.92 (t, J = 8.3 Hz, 1H), 5.48 (d, J =
18.2 Hz, 1H), 2.44-2.35 (m, 2H), 2.27-2.15 (m, 2H), 1.58-
1.36 (m, 8H), 1.28 (s, 12H). BC{'H} NMR (75 MHz,
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CDCl;) 6 153.0, 140.9, 137.3, 83.2, 30.3, 28.6, 27.6, 27.0,
26.2, 25.0, 23.9. The carbon a to boron was not observed.
HB{'H} NMR (96 MHz, CDCl;) & 29.6. HRMS (ESI+)
(M+Na)" calculated for C;¢H,,0,'"BNa 285.1996, found
285.1997.

General procedure for the synthesis of boronates 7e-7g
via a Boron-Wittig reaction. An oven-dried Schlenk
charged with bis(4,4,5,5-tetramethyl- 1,3,2-dioxaborolan-2-
yl)methane (429 mg, 1.6 mmol) and dry THF (2.1 mL) was
sealed under argon with a septum cap. The reaction vial was
cooled to 0°C, and a solution of LITMP (235 mg, 1.6 mmol)
in dry THF (1.6 mL) was added dropwise. The reaction was
allowed to stir for 5 min. at 0°C and then cooled to -78°C.
After addition of a solution of the aldehyde (1.3 mmol) in
dry THF (2.8 mL), the reaction mixture was stirred at -78°C
for additional 5 h. Upon completion, the solvent was
removed under reduced pressure. The product was isolated
by silica gel chromatography (cyclohexane/EtOAc: 100/0 to
90/10).

(S,E)-4,4,5,5-Tetramethyl-2-(2-(4-(prop-1-en-2-
vl)cyclohex-1-en-1-yl)vinyl)-1,3,2-dioxaborolane (7e). 76
mg (59%). Colorless oil, R= 0.52 (cyclohexane/EtOAc:
95/5). '"H NMR (300 MHz, CDCl3) & 7.03 (d, J = 18.2 Hz,
1H), 6.00-5.92 (m, 1H), 5.42 (d, /= 18.2 Hz, 1H), 4.76-4.64
(m, 2H), 2.37-2.22 (m, 2H), 2.21-2.01 (m, 3H), 1.94-1.82
(m, 1H), 1.72 (d, J = 1.0 Hz, 3H), 1.55-1.38 (m, 1H), 1.26
(s, 12H). BC{'H} NMR (75 MHz, CDCl;) § 152.7, 149.5,
136.9, 133.5, 112.7 (br), 108.9, 83.1, 41.2, 31.7, 27.4, 24.9,
24.3,20.9. "B{'H} NMR (96 MHz, CDCl;) 4 31.0. HRMS
(ESI+) (M+Na)* calculated for C;;H,;0,!'"BNa 297.1996,
found 297.1996.
(E)-2-(2-(3,6-Dihydro-2H-pyran-4-yl)vinyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (7f). 174 mg (56%).
Colorless oil, R= 0.24 (Cyclohexane/EtOAc: 9/1). 'H NMR
(400 MHz, CDCl3) 8 6.91 (d, J=18.7 Hz, 1H), 6.03 (s, 1H),
5.26 (d,J=18.7 Hz, 1H), 4.35-4.27 (m, 2H), 3.74 (t, J=5.5
Hz, 2H), 2.30-2.23 (m, 2H), 1.26 (s, 12H). BC{'H} NMR
(101 MHz, CDCl3) 8 148.8, 136.2, 129.9, 83.4, 65.3, 64.2,
26.1,24.9. The carbon a to boron was not observed. "B {'H}
NMR (128 MHz, CDCl;) & 30.4. HRMS (ESI+) (M+Na)*
calculated for C,3H,;05''BNa 259.1476, found, 259.1479.
(E)-5-(2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-
vl)vinyl)-1-tosyl-1,2,3,6-tetrahydropyridine (7g). 318 mg
(62%). White solid, mp = 130-132 °C. R= 0.18
(cyclohexane/EtOAc: 9/1). '"H NMR (300 MHz, CDCl;) &
7.67 (d, J= 8.3 Hz, 2H), 7.31 (d, /= 8.3 Hz, 2H), 6.90 (d, J
=18.6 Hz, 1H), 5.97-5.92 (m, 1H), 5.36 (d, /= 18.6 Hz, 1H),
3.74-3.66 (m, 2H), 3.17 (t, J = 5.7 Hz, 2H), 2.42 (s, 3H),
2.38-2.29 (m, 2H), 1.26 (s, 12H). BC{'H} NMR (75 MHz,
CDCl;) 6 148.7, 143.7, 133.43, 133.41, 130.3, 129.8, 127.8,
83.5,44.4,42.7,26.1,24.9, 21.6. The carbon a to boron was
not observed. ''"B{'H} NMR (96 MHz, CDCl3) & 30.1.
HRMS (ESI+) (M+Na)* calculated for C,,H,sNO,''BNaS
412.1724, found 412.1724.

General procedure for the synthesis of boronates 7h-7k
via a RCEM-CM sequence. In a dry 2-neck round-bottom

flask, under an argon atmosphere, was dissolved enyne (1.0
mmol) in anhydrous DCM (35 mL). To this solution was
added vinylboronic acid pinacol ester (509 uL, 3.0 mmol).
The resulting mixture was degassed by slow bubbling of
argon for 10 minutes before the introduction of Grubbs 1
catalyst (81 mg, 0.1 mmol). The reaction mixture was stirred
at reflux for 4 hours. DCM was evaporated and the product
was purified by flash chromatography (cyclohexane/EtOAc:
100/0 to 95/5). The reaction was also carried out on a 2.5
mmol scale for 7h.

(E)-3-(2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-
yhvinyl)-1-tosyl-2,5-dihydro-1H-pyrrole (7h). 180 mg
(48%). 650 mg (69%) on a 2.5 mmol scale. Colorless oil,
R~ 0.59 (cyclohexane/EtOAc: 95/5). 'H NMR (300 MHz,
CDCl;) 6 7.71 (d, J= 8.1 Hz, 2H), 7.31 (d, J = 8.1 Hz, 2H),
6.98 (d, J = 18.4 Hz, 1H), 5.72 (brs, 1H), 5.34 (d, J = 18.4
Hz, 1H), 4.21 (s, 4H), 2.42 (s, 3H), 1.26 (s, 12H). The
spectroscopic data match with those reported in the
literature.*
(E)-2-(2-(2,5-Dihydrofuran-3-yl)vinyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (7i). 103 mg (47%). Colorless oil, R=
0.69 (cyclohexane/EtOAc: 8/2). 'H NMR (300 MHz,
CDCl3) 6 7.16 (d, J = 18.5 Hz, 1H), 5.97 (brs, 1H), 5.31 (d,
J=18.3 Hz, 1H), 4.79-4.67 (m, 4H), 1.27 (s, 12H). BC{'H}
NMR (75 MHz, CDCl;) 6 141.4, 139.7, 128.3, 83.6, 76.3,
74.2,24.9. The carbon o to boron was not observed. ''B{'H}
NMR (128 MHz, CDCl;) 6 29.3. HRMS (ESI+) (M+H)*
calculated for Ci,H,,!'BO; 223.1505, found 223.1495.
Ethyl (E)-1-((benzyloxycarbonyl)amino)-3-(2-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)cyclopent-3-ene-
I-carboxylate (7j). 247 mg (56%). Colorless oil, R= 0.37
(cyclohexane/EtOAc: 8/2). 'H NMR (300 MHz, CDCl;) &
7.37-7.31 (m, 5H), 7.16 (d, J = 18.2 Hz, 1H), 5.80 (s, 1H),
5.40 (brs, 1H), 5.39 (d, J=18.2 Hz, 1H), 5.09 (s, 2H), 4.27-
4.11 (m, 2H), 3.26-3.07 (m, 2H), 2.87-2.70 (m, 2H), 1.27 (s,
12H), 1.21 (t, J = 7.2 Hz, 6H). BC{'H} NMR (101 MHz,
CDCl;) 8 173.8, 155.4, 144.8, 141.1, 136.4, 130.7, 128.6,
128.2, 128.2, 118.2 (br), 83.4, 66.8, 64.4, 61.9, 45.0, 43.1,
24.9,14.2. '"B{'H} NMR (128 MHz, CDCl;) § 31.0. HRMS
(ESI+) (M+Na)* calculated for Cp,H3,NO4!'BNa 464.2215,
found 464.2218.

Diethyl (E)-3-(2-(4,4,5,5-tetramethyl-1, 3, 2-dioxaborolan-2-
yl)vinyl)cyclopent-3-ene-1, 1-dicarboxylate (7k). Colorless
oil, 229 mg (63%). R~ 0.42 (cyclohexane/EtOAc: 8/2).'H
NMR (400 MHz, CDCl;) 6 7.13 (d, J= 18.3 Hz, 1H), 5.73-
5.77 (m, 1H), 5.45 (d, /= 18.4 Hz, 1H), 4.20 (q, /= 7.1 Hz,
4H), 3.10-3.15 (m, 4H), 1.27 (s, 12H), 1.25 (t, J = 7.2 Hz,
6H). BC{'H} NMR (101 MHz, CDCl;) & 172.0, 144.8,
141.3, 130.7, 118.2 (br), 83.4, 61.7, 58.9, 41.2, 39.1, 24.9,
14.1. "B{'H} NMR (128 MHz, CDCl;) & 31.2. HRMS
(ESI+) (M+Na)* calculated for C19H,oNO4!'BNa 387.1955,
found 387.1952.

Synthesis of benzyl (E)-4-(2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)vinyl)-3,6-dihydro-2H-1,2-0xazine-2-
carboxylate (7/). In a flame dried Schlenk flask under an
argon flow, boronated triene 12 (170 mg, 0.43 mmol) 3! was
dissolved in anhydrous degassed dry DCM (13 mL) and
Grubbs catalyst 2" generation (18 mg, 0.021 mmol) was
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added. The reaction mixture was stirred at 45 °C for 24 h.
After evaporation of the solvent, the residue was purified by
silica gel chromatography (cyclohexane/EtOAc: 100/0 to
80/20) to afford 71 as a white solid (98 mg, 70%), mp = 124-5
°C. R= 0.05 (cyclohexane/EtOAc: 8/1). 'H NMR (400
MHz, CDCls) 6 7.42-7.29 (m, 5H), 6.97 (d, J=18.5 Hz, 1H),
5.98 (brs, 1H), 5.48 (d, J = 18.5 Hz, 1H), 5.21 (s, 2H), 4.53
(d, J=2.7 Hz, 2H), 4.31 (d, J = 2.1 Hz, 2H), 1.27 (s, 12H).
BC{'H} NMR (101 MHz, CDCl;) & 155.5, 147.0, 136.0,
133.0, 128.7, 128.4, 128.3, 127.2, 115.8 (br), 83.6, 68.7,
67.9, 44.8, 249."B{'H} NMR (96 MHz, CDCl;) & 30.0.
HRMS (ESI+) (M+H)" calculated for C,H,,NOs'°B
371.2019, found 371.2015.

General procedure for the synthesis of fused pyrroles 8aa
to 8ga. In a flame dried round-bottom flask under an argon
atmosphere, was dissolved boronated diene 7 (0.30 mmol)
in MeOH (0.3 mL) and DBU (38 mg, 37uL, 0.25 mmol).
The resulting mixture was stirred at room temperature for 5
minutes and PhNO (64 mg, 0.60 mmol was added. The
reaction was stirred for 3.5 hours at room temperature.
MeOH was evaporated and the residue was purified by silica
gel chromatography (cyclohexane/EtOAc: 100/0 to 95/5).

1-Phenyl-1,4,5,6-tetrahydrocyclopenta[b]pyrrole (8aa).*’
25 mg (46%). Yellow oil, R= 0.68 (pentane/Et,0: 94/6). 'H
NMR (300 MHz, CDCl;) § 7.45-7.34 (m, 4H), 7.25-7.18 (m,
1H), 6.94 (d, J=2.8 Hz, 1H), 6.13 (d, J=2.9 Hz, 1H), 2.89
(t, J=7.0 Hz, 2H), 2.70 (t, J= 7.0 Hz, 2H), 2.47 (p, /= 7.1
Hz, 2H). BC{'H} NMR (75 MHz, CDCl3) & 140.9, 137.2,
129.5,129.2,125.2, 122.4, 121.0, 105.4, 29.4, 26.9, 25.5.
1-Phenyl-4,5,6, 7-tetrahydro-1H-indole (8ba). 24 mg (41%).
Colorless oil, Ry = 0.43 (cyclohexane/EtOAc: 95/5). 'H
NMR (300 MHz, CDCl3) 6 7.45-7.38 (m, 2H), 7.33-7.27 (m,
3H), 6.77 (d,J=2.6 Hz, 1H), 6.10 (d, /= 2.6 Hz, 1H), 2.60
(m, 4H), 1.85-1.73 (m, 4H). BC{'H} NMR (75 MHyz,
CDCl;) 8 ppm 140.4, 129.2, 128.2, 126.2, 124.6, 120.0,
119.1, 108.2, 23.8, 23.6, 23.5, 23.3. The spectroscopic data
match with those reported in the literature.?!
1-Phenyl-1,4,5,6,7,8-hexahydrocyclohepta[b]pyrrole
(8ca). ¥ 41 mg (66%). Yellow oil, R= 0.59 (cyclohexane
/EtOAc: 95/5). 'TH NMR (300 MHz, CDCl3) 8 7.47-7.39 (m,
2H), 7.36-7.30 (m, 1H), 7.29-7.23 (m, 2H), 6.60 (d, J = 2.7
Hz, 1H), 6.06 (d, J = 2.7 Hz, 1H), 2.71-2.59 (m, 4H), 1.89-
1.79 (m, 2H), 1.79-1.69 (m, 2H), 1.68-1.58 (m, 2H). 3C{'H}
NMR (75 MHz, CDCl3) & 140.7, 131.9, 129.0, 126.7, 126.3,
123.9, 119.0, 109.7, 32.4, 29.0, 28.7, 27.9, 27.1.
1-Phenyl-4,5,6,7,8,9-hexahydro-1H-cycloocta[b]pyrrole
(8da). 31 mg (46%). Yellow oil, R= 0.63
(cyclohexane/EtOAc: 95/5). 'TH NMR (300 MHz, CDCl;) &
7.47-7.39 (m, 2H), 7.37-7.27 (m, 3H), 6.68 (d, J = 2.8 Hz,
1H), 6.06 (d, J = 2.8 Hz, 1H), 2.70-2.58 (m, 4H), 1.72-1.61
(m, 2H), 1.59-1.39 (m, 6H). BC{'H} NMR (75 MHyz,
CDCl;) 8 140.9, 130.1, 129.1, 126.9, 126.4, 121.7, 120.1,
108.8, 31.3, 30.2, 26.1, 26.0, 25.8, 23.3. HRMS (ESI+)
(M+H)* calculated for C,cH,oN 226.1590, found 226.1590.
(R)-1-Phenyl-6-(prop-1-en-2-yl)-4,5,6, 7-tetrahydro-1H-
indole (8ea). 32 mg (45%). Yellow oil, R= 0.27
(cyclohexane). [a]?°p = -48.2 (c= 0.01, CH,Cl,). '"H NMR
(400 MHz, CDCly) & 7.44 (t, J = 7.7 Hz, 2H), 7.33-7.28 (m,
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3H), 6.80 (d, J=2.9 Hz, 1H), 6.13 (d, /=2.9 Hz, 1H), 4.78
(s, 2H), 2.78-2.53 (m, 4H), 2.42-2.32 (m, 1H), 2.04-1.94 (m,
1H), 1.78 (s, 3H), 1.76-1.66 (m, 1H). BC{'H} NMR (101
MHz, CDCl;) & 149.8, 140.3, 129.3, 127.9, 126.3, 124.7,
120.4, 118.8, 109.3, 108.0, 42.9, 29.0, 28.9, 23.5, 21.0.
HRMS (ASAP+) (M+H)" calculated for C,7HpN 238.1596,
found 238.1591.

1-Phenyl-1,4,5, 7-tetrahydropyrano/3,4-b]pyrrole (8fa). 33
mg (55%). White solid, mp = 55-57°C, R~ 0.19
(pentane/Et,0O : 95/5). 'TH NMR (300 MHz, CDCl;) & 7.48-
7.40 (m, 2H), 7.31 (dt, J=7.0, 3.0 Hz, 3H), 6.82 (d, J=2.9
Hz, 1H), 6.07 (d, J = 2.9 Hz, 1H), 4.76 (t, J = 1.6 Hz, 2H),
3.93 (t, J = 5.5 Hz, 2H), 2.72 (t, J = 5.5 Hz, 2H). BC{'H}
NMR (75 MHz, CDCl3) § 139.7, 129.4, 126.5, 124.9, 124.2,
120.5, 117.8, 105.1, 65.6, 65.1, 24.7. HRMS (ESI+)
(M+Na)* calculated for C;3H;;NONa 222.0889, found
222.0889.

1-Phenyl-5-tosyl-4,5,6, 7-tetrahydro-1H-pyrrolo[3,2-
c/pyridine (8ga). 70 mg (66%). Yellow solid, mp = 138-
139°C, R= 0.27 (cyclohexane/EtOAc: 9/1). 'H NMR (400
MHz, CDCl;) 6 7.72 (d, J = 8.0 Hz, 2H), 7.41 (t,J= 7.7 Hz,
2H), 7.34-7.28 (m, 3H), 7.19 (d, J = 7.8 Hz, 2H), 6.77 (d, J
=2.9Hz, 1H), 6.05 (d, J=2.9 Hz, 1H), 4.23 (s, 2H), 3.39 (t,
J = 5.7 Hz, 2H), 2.70 (t, J = 5.7 Hz, 2H), 2.41 (s, 3H).
BC{'H} NMR (101 MHz, CDCl;) & 143.5, 139.5, 1344,
129.7, 129.5, 127.8, 126.8, 125.0, 124.3, 121.2, 115.1,
106.0, 44.6, 44.0, 23.9, 21.6. HRMS (ESI+) (M+Na)"
calculated for C,H,oN,O,NaS 375.1138, found 375.1140.

General procedure for the synthesis of fused pyrroles 8ha
to 8ka.

In a flame dried round-bottom flask under an argon
atmosphere, was dissolved in MeOH (0.3 mL) the crude
boronated diene 7 (0.30 mmol) resulting from the RCEM-
CM sequence after evaporation of the methylene chloride.
To this mixture was added PhNO at room temperature (64
mg, 0.60 mmol). The reaction was stirred for 3.5 hours.
MeOH was evaporated and the residue was purified by silica
gel chromatography (cyclohexane/EtOAc: 100/0 to 95/5).
The reaction was also carried out on a 1.7 mmol scale for
8ha.

1-Phenyl-5-tosyl-1,4,5,6-tetrahydropyrrolo[3,4-b]pyrrole
(8ha). 53 mg (52%). 270 mg (47%) on a 1.7 mmol scale.
Yellow oil, R= 0.20 (cyclohexane/EtOAc: 9/1). 'H NMR
(300 MHz, CDCl3) 6 7.77 (d, J= 8.3 Hz, 2H), 7.46-7.38 (m,
2H), 7.34-7.19 (m, 5H), 6.93 (d, /=2.9 Hz, 1H), 6.07 (d, J
=2.9Hz, 1H),4.67-4.59 (m, 2H), 4.51-4.44 (m, 2H), 2.40 (s,
3H). BC{'H} NMR (75 MHz, CDCl;) 6 143.6, 139.6, 134.8,
130.0, 130.0, 129.1, 127.6, 126.2, 123.5, 122.7, 120.6,
104.1, 49.6, 49.0, 21.6. HRMS (ESI+) (M+Na)" calculated
for C19H;sN,O,NaS 361.0981, found 361.0979.
1-Phenyl-4,6-dihydro-1H-furo[3,4-b]pyrrole (8ia). 32 mg
(58%). Colorless oil, R= 0.75 (cyclohexane/EtOAc: 8/2). 'H
NMR (300 MHz, CDCl;) § 7.46-7.37 (m, 2H), 7.26-7.18 (m,
3H), 7.05 (d, J=2.8 Hz, 1H), 6.15 (d, /= 2.8 Hz, 1H), 5.10-
5.03 (m, 2H), 5.00-4.93 (m, 2H). 3C{'H} NMR (101 MHz,
CDCl3) 6 139.8, 133.5, 129.8, 126.6, 125.5, 123.2, 119.7,

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry

103.2, 69.4, 67.6. HRMS (ASAP+) (M+H)" calculated for
CpH1,NO 186.0919, found 186.0912.

Ethyl  5-(((benzyloxy)carbonyl)amino)-1-phenyl-1,4,5,6-
tetrahydrocyclopenta[b]pyrrole-5-carboxylate (8ja). 51 mg
(42%). Yellow oil, R= 0.19 (cyclohexane/EtOAc: 9/1). 'H
NMR (300 MHz, CDCl3) 8 7.44-7.28 (m, 9H), 7.23 (t, J =
7.2 Hz, 1H), 6.94 (d, J = 2.9 Hz, 1H), 6.08 (d, J = 2.9 Hz,
1H), 5.53 (brs, 1H), 5.15-5.01 (m, 2H), 4.29-4.11 (m, 2H),
3.82 (d, J = 15.7 Hz, 1H), 3.33-3.16 (m, 2H), 2.88 (d, J =
15.3 Hz, 1H), 1.23 (t, J = 6.8 Hz, 3H). C{'H} NMR (75
MHz, CDCl;) & 173.2, 155.5, 140.3, 136.4, 133.3, 129.6,
128.6, 128.3, 128.2, 125.6, 123.7, 123.2, 121.0, 105.2, 70.6,
67.0, 61.9, 394, 38.7, 14.2. HRMS (ESI+) (M+Na)*
calculated for C,4H,4N,0O4Na 427.1628, found 427.1634.
Diethyl 1-phenyl-4,6-dihydrocyclopenta[b]pyrrole-
5,5(1H)-dicarboxylate (8ka). 37 mg (38%). Colorless oil,
R~ 0.61 (cyclohexane/EtOAc: 8/2). 'H NMR (400 MHz,
CDCl;) 6 7.48-7.38 (m, 2H), 7.40-7.33 (m, 2H), 7.27-7.22
(m, 1H), 6.94 (d, /= 2.9 Hz, 1H), 6.08 (d, /= 2.9 Hz, 1H),
4.24 (qd,J=17.1, 1.3 Hz, 4H), 3.59 (s, 2H), 3.39 (s, 2H), 1.29
(t,J=7.2Hz, 6H). BC{'H} NMR (75 MHz, CDCl3) 6 171.8,
140.4, 132.5, 129.6, 125.5, 125.4, 123.4, 121.1, 105.2, 65.2,
61.9,35.1,34.3, 14.2. HRMS (ESI+) (M+Na)* calculated for
C19HNO4Na 350.1368, found 350.1360.

General procedure for the synthesis of fused pyrroles 8la
to 8lg. In a flame dried round-bottom flask under an argon
atmosphere, was dissolved boronated diene 71 (0.20 mmol)
and ArNO (0.40 mmol) in DCM/MeOH (6/1) (2 mL). The
resulting mixture was stirred at room temperature for 24h.
The solvent was evaporated and the residue was purified by
silica gel chromatography (cyclohexane/EtOAc: 100/0 to
95/5).

Benzyl  1-phenyl-4,7-dihydropyrrolo[3,2-d][1,2]oxazine-
5(1H)-carboxylate (8la). 59 mg (89%). Orange oil, R,=0.30
(cyclohexane/EtOAc: 6/1). 'H NMR (400 MHz, CDCl;) &
7.47-7.29 (m, 8H), 7.22-7.17 (m, 2H), 6.87 (d, J = 2.9 Hz,
1H), 6.19 (d, /=2.9 Hz, 1H), 5.26 (s, 2H), 5.00 (s, 2H), 4.76
(s, 2H). BC{'H} NMR (101 MHz, CDCl;) 8 155.6, 139.1,
136.1, 129.8, 128.7, 128.4, 128.3, 126.9, 123.4, 123.1,
121.0, 114.7,106.3, 68.0, 67.9, 45.1. HRMS (ESI+) (M+H)"
calculated for C,0H9N,O5 335.1396, found 335.1391.
Benzyl 1-(4-chlorophenyl)-4, 7-dihydropyrrolo[3,2-
dJ[1,2]oxazine-5(1H)-carboxylate (8lb). 57 mg (77%).
Yellow oil, R= 0.35 (cyclohexane/EtOAc: 6/1).'H NMR
(400 MHz, CDCl;) 6 7.44-7.31 (m, 7H), 7.14-7.09 (m, 2H),
6.82 (d, J=2.9 Hz, 1H), 6.19 (d, J = 2.9 Hz, 1H), 5.26 (s,
2H), 4.96 (s, 2H), 4.74 (s, 2H). 3C{'H} NMR (101 MHz,
CDCl;) & 155.6, 137.7, 136.1, 132.6, 130.0, 128.7, 128.4,
128.3, 124.3, 123.4, 121.0, 115.1, 106.7, 68.0, 67.7, 45.1.
HRMS (ESI+) (M+H)" calculated for CyyH;3CIN,O4
369.1006, found 369.1013.

Benzyl 1-(4-methoxyphenyl)-4,7-dihydropyrrolo[3,2-
dJ[1,2]oxazine-5(1H)-carboxylate (8lc). 53 mg (73%).
Orange oil, R = 0.15 (cyclohexane/EtOAc: 6/1) (‘H NMR
(400 MHz, CDCl3) & 7.43-7.31 (m, 5H), 7.15-7.09 (m, 2H),
6.97-6.91 (m, 2H), 6.78 (d, /=2.9 Hz, 1H), 6.15 (d, J=2.9
Hz, 1H), 5.25 (s, 2H), 4.94 (s, 2H), 4.75 (s, 2H), 3.84 (s, 3H).

BC{'H} NMR (101 MHz, CDCl;) & 158.6, 155.6, 136.1,
132.2, 128.7, 128.4, 128.3, 124.8, 123.6, 121.3, 114.9,
114.0, 105.7, 67.9, 67.8, 55.7, 45.1. HRMS (ESI+) (M+H)"
calculated for C,;H;,;N,0,4365.1501, found 365.1500.
Benzyl 1-(2-methylphenyl)-4,7-dihydropyrrolo/3, 2-
d][1,2]oxazine-5(1H)-carboxylate (8ld). 46 mg (67%).
Yellow oil. Ry = 0.25 (cyclohexane/EtOAc: 6/1).'"H NMR
(400 MHz, CDCls) 6 7.41-7.29 (m, 7H), 7.24 (m, 1H), 7.14
(m, 1H), 6.63 (d, J= 2.8 Hz, 1H), 6.16 (d, J = 2.8 Hz, 1H),
5.24 (s, 2H), 4.76 (s, 2H), 4.70 (s, 2H), 2.08 (s, 3H). 13C{'H}
NMR (101 MHz, CDCl;) 6 155.7, 137.9, 136.2, 135.3,
131.3, 128.7, 128.6, 128.3, 128.2, 127.4, 126.8, 124.3,
122.0, 113.0, 105.2, 67.8, 67.5, 45.0, 17.4. HRMS (ESI+)
(M+H)" calculated for C,;H,N,O; 349.1552, found
349.1548.

Benzyl 1-(4-(ethoxycarbonyl)phenyl)-4,7-
dihydropyrrolo[3,2-d][1,2]oxazine-5(1H)-carboxylate
(8le). 66 mg, (82%). Orange oil. R, = 025
(cyclohexane/EtOAc: 6/1).'"H NMR (400 MHz, CDCl;)
8.13-8.10 (m, 2H), 7.43-7.32 (m, 5H), 7.23-7.19 (m, 2H),
6.91(d,/=3.0 Hz, 1H), 6.22 (d, /= 3.0 Hz, 1H), 5.26 (s, 2H),
5.02 (s, 2H), 4.74 (s, 2H), 4.40 (q, /= 7.1 Hz, 2H), 1.41 (t,J
= 7.1 Hz, 3H). BC{'H} NMR (101 MHz, CDCl;) 6 165.8,
155.7, 142.7, 136.1, 131.4, 128.7, 128.6, 128.4, 128.3,
123.5, 122.1, 120.8, 115.9, 107.3, 68.0, 67.9, 61.4, 45.1,
14.5. HRMS (ESI+) (M+H)" calculated for Cy3Hy;3N,0s
407.1607, found 407.1603.

Benzyl 1-(4-bromophenyl)-4, 7-dihydropyrrolo/3,2-
d][1,2]oxazine-5(1H)-carboxylate (8If). 58 mg (66%).
Yellow solid, mp = 9295 °C. R, = 035
(cyclohexane/EtOAc: 6/1,). 'H NMR (400 MHz, CDCl;) &
7.59-7.52 (m, 2H), 7.44-7.31 (m, 5H), 7.08-7.02 (m, 2H),
6.82 (d, J= 2.9 Hz, 1H), 6.19 (d, J = 2.9 Hz, 1H), 5.25 (s,
2H), 4.97 (s, 2H), 4.74 (s, 2H). 3C{'H} NMR (101 MHz,
CDCl;) 8 155.6, 138.2, 136.1, 132.9, 128.7, 128.4, 128.3,
124.6, 123.4, 120.9, 120.4, 115.2, 106.8, 68.0, 67.7, 45.1.
HRMS (ESI+) (1\/[‘*‘I‘I)Jr calculated for C20H1879BTN203
413.0501, found 413.0507.

Benzyl 1-(4-nitrophenyl)-4, 7-dihydropyrrolo[3,2-
dJ[1,2]oxazine-5(1H)-carboxylate (8lg). 56 mg (75%).
Yellow solid, mp = 143-144 °C, R~ 0.30
(cyclohexane/EtOAc: 6/1). '"H NMR (400 MHz, CDCl;) &
8.35 (d, J=9.0 Hz, 2H), 7.46-7.28 (m, 7H), 6.97 (d, J=3.0
Hz, 1H), 6.29 (d, J= 3.0 Hz, 1H), 5.29 (s, 2H), 5.06 (s, 2H),
4.76 (s, 2H). BC{'H} NMR (101 MHz, CDCl;) 6 155.5,
145.5, 144.1, 135.8, 128.6, 128.4, 128.3, 125.6, 123.5,
122.2,120.8, 116.9, 108.3, 68.0, 67.7, 45.0. HRMS (ESI+)
(M+H)" calculated for C,0H;sN3Os 380.1246, found
380.1261.

Synthesis  of  (E)-N-(But-3-yn-1-yl)-4-methyl-N-(3-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

ylallyl)benzenesulfonamide 14. To a Schlenk flame dried
under an argon atmosphere were sequentially added N-(but-
3-yn-1-yl)-4-methylbenzenesulfonamide (214 mg, 0.96
mmol), (E)-2-(3-chloroprop-1-en-1-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (289 mg, 1.43 mmol), potassium
carbonate (264 mg, 1.91 mmol), Buy,NI (177 mg, 0.48 mmol)
and anhydrous DMF (8 mL). The Schlenk was closed with a
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glass stopper and the reaction mixture was heated to 50°C in
an oil bath for 65 hours. After cooling to room temperature,
water (30 mL) and EtOAc (35 mL) were added. Layers were
separated and the organic phase was washed with water
(2x30 mL), dried over anhydrous MgSO, and concentrated.
The residue was purified by silica gel chromatography
(cyclohexane/ EtOAc: 100/0 to 80/20) to afford 14 as a
colorless oil (228 mg, 61%). R~ 0.30 (cyclohexane/EtOAc:
80/20).'H NMR (400 MHz, CDCls)  7.68 (d, J = 8.3 Hz,
2H), 7.28 (d, J=8.3 Hz, 2H), 6.39 (dt,J=18.0, 5.7 Hz, 1H),
5.53(dt,J=18.0, 1.6 Hz, 1H), 3.91 (dd, /=5.7, 1.6 Hz, 2H),
3.31-3.27 (m, 2H), 2.46-2.39 (m, 5H), 1.95 (t, J = 2.7 Hz,
1H), 1.24 (s, 12H). BC{'H} NMR (101 MHz, CDCl;)
147.0, 143.5, 137.0, 129.8, 127.3, 122.6, 83.5, 81.1, 70.3,
52.5, 46.6, 24.9, 21.6, 19.3. "B{'H} NMR (128 MHz,
CDCl;) & 29.4. HRMS (ESI+) (M+H)* calculated for
Cy0H,9'’BNO,S 389.1924, found 389.1947.

General procedure for the palladium-catalyzed
isomerisation/ring contraction sequence of boronated
enynes 11 and 14.

A flame dried Schlenk was charged with Pd,dba;.CHCl; (5.2
mg, 0.05 mmol), tri-o-tolylphosphine (3.0 mg, 0.01 mmol),
acetic acid (0.6 puL, 0.001 mmol) and toluene (1 mL). After
stirring 15 min at room temperature, enyne 14 (0.2 mmol)
was added and the mixture was kept 2 hours at room
temperature under an argon atmosphere. To this crude
mixture was then added PhNO (64 mg, 0.6 mmol). After
stirring for 4h at room temperature, the volatiles were
removed and the residue was purified by silica gel
chromatography (cyclohexane/EtOAc: 100/0 to 85/15).

5-Phenyl-2-tosyl-1,2,3,5-tetrahydropyrrolo[3,4-c]pyrrole
(16a). 32 mg (48%). Colorless oil. R= 0.44
(cyclohexane/EtOAc: 8/2). 'H NMR (300 MHz, CDCl;) &
7.78 (d, J = 8.2 Hz, 2H), 7.43-7.35 (m, 2H), 7.33-7.26 (m,
5H), 6.74 (s, 2H), 4.47 (s, 4H), 2.41 (s, 3H). BC{'H} NMR
(101 MHz, CDCl3) & 143.5, 140.85, 134.45, 129.9, 129.8,
127.7,126.1, 124.9, 120.8, 110.7, 48.2, 21.7. HRMS (ESI+)
(M+Na)*calculated for C;oH;sN,O,SNa 361.0987, found
361.0981.

2-Phenyl-5-tosyl-4,5,6, 7-tetrahydro-2H-pyrrolo[3,4-
c/pyridine (16b). 24 mg (35%). Colorless oil. R= 0.14
(cyclohexane/EtOAc: 9/1). 'H NMR (400 MHz, CDCl;) &
7.77-7.68 (m, 2H), 7.42-7.37 (m, 2H), 7.34-7.28 (m, 4H),
7.24 (tt,J="17.1, 1.2 Hz, 1H), 6.78 (s, 2H), 4.25 (s, 2H), 3.39
(t, J=5.9 Hz, 2H), 2.82 (t, J/ = 5.9 Hz, 2H), 2.44 (s, 3H).
BC{'H} NMR (101 MHz, CDCl;) & 143.5, 140.7, 134.2,
129.7, 129.7, 127.8, 125.7, 120.3, 118.3, 117.3, 115.1,
113.6, 44.8, 43.7, 22.5, 21.7. HRMS (ESI+) (M+Na)*
calculated for C,0H,oN,O,SNa 375.1143, found 375.1141.

ASSOCIATED CONTENT

Supporting Information

The Journal of Organic Chemistry

'H, 13C and ''B spectra of compounds 7, 8, 14 and 16a-b; X-
ray diffraction data of 71. This material is available free of
charge on the ACS Publications website at DOI:

AUTHOR INFORMATION
Corresponding Authors

* andy.whiting@durham.ac.uk
* bertrand.carboni@univ-rennes].fr

ORCID

Benjamin Frangois: 0000-0002-8030-0809
Fabienne Berrée: 0000-0003-1811-0585
Andy Whiting: 0000-0001-8937-8445
Bertrand Carboni: 0000-0003-0529-715X

Notes

The authors declare no competing financial interest.
ACKNOWLEDGMENTS

We acknowledge the Ministére de I’Education Nationale,
de la Recherche et de la Technologie, the Centre National de
la Recherche Scientifique (CNRS) and the Région Bretagne
for financial supports. We also thank Andrei S. Batsanov
(Chemistry Department, Durham University) and Marie
Cordier (Centre de Diffractométrie X, ISCR, Rennes) for X-ray
crystallographic structure determinations.

REFERENCES

(1) a) Blunt, J. W.; Carroll, A. R.; Copp, B. R.; Davis, R. A.; Keyzers, R.
A.; Prinsep, M. R. Marine natural products. Nat. Prod. Rep. 2018, 35, 8-53
and previous reviews in this series. b) Walsh, C. T.; Garneau-Tsodikova,
S.; Howard-Jones, A. R. Biological formation of pyrroles: Nature’s logic
and enzymatic machinery. Nat. Prod. Rep. 2006, 23, 517-531.

(2) a) Bailly, C. Anticancer Properties of Lamellarins. Mar. Drugs 2015,
13, 1105-1123. b) Fan, H.; Peng, J.; Hamann, M. T.; Hu, J.-F. Lamellarins
and Related Pyrrole-Derived Alkaloids from Marine Organisms. Chem.
Rev. 2008, 108, 264-287. c) Andersen, R. J.; Faulkner, D. J.; Cun-heng, H.;
van Duyne, G. D.; Clardy, J. Metabolites of the marine prosobranch
mollusk Lamellaria sp. J. Am. Chem. Soc. 1985, 107, 5492-5495.

(3) Scala, F.; Fattorusso, E.; Menna, M.; Taglialatela-Scafati, O.; Tierney,
M.; Kaiser, M.; Tasdemir, D. Bromopyrrole Alkaloids as Lead Compounds
against Protozoan Parasites. Marine Drugs 2010, 8, 2162-2174.

(4) a) Ahmad, S.; Alam, O.; Naim, M. J.; Shaquiquzzaman, M.; Mumtaz
Alam, M.; Igbal, M. Pyrrole: An insight into recent pharmacological
advances with structure activity relationship. Eur. J. Med. Chem. 2018, 157,
527-561. b) Gholap, S. S. Pyrrole: An emerging scaffold for construction
of valuable therapeutic agents. Eur. J. Med. Chem. 2016, 110, 13-31. c)
Bhardwaj, V.; Gumber, D.; Abbot, V.; Dhimana, S.; Sharmaa, P. Pyrrole: a
resourceful small molecule in key medicinal hetero-aromatics. RSC Adv.
2015, 5, 15233-15266.

(5) McFarland, N. R.; Dimant, H.; Kibuuka, L.; Ebrahimi-Fakhari, D.;
Desjardins, C. A.; Danzer, K. M.; Danzer, M.; Fan, Z.; Schwarzschild, M.
A.; Hirst, W.; McLean, P. J. Chronic treatment with novel small molecule
Hsp90 inhibitors rescues striatal dopamine levels but not o -synuclein-
induced neuronal cell loss. PLoS One 2014, 9, ¢86048.

(6) Cil, O.; Phuan, P. W.; Gillespie, A. M.; Lee, S.; Tradtrantip, L.; Yin, J.;
Tse, M.; Zachos, N. C.; Lin, R.; Donowitz, M.; Verkman, A. S.
Benzopyrimido-pyrrolo-oxazine-dione CFTR inhibitor (R)-BPO-27 for
antisecretory therapy of diarrheas caused by bacterial enterotoxins. FASEB
J. 2016, 31, 751-760.

(7) Andreev, I. A.; Manvar, D.; Barreca, M. L.; Belov, D. S.; Basu, A.;
Sweeney, N. L.; Ratmanova, N. K.; Lukyanenko, E. R.; Manfroni, G.;

ACS Paragon Plus Environment

9



oNOYTULT D WN =

The Journal of Organic Chemistry

Cecchetti, V.; Frick, D. N.; Altieri, A.; Kaushik-Basu, N.; Kurkin,A. V.
Discovery of the 2-phenyl-4,5,6,7-Tetrahydro-1H-indole as a novel anti-
hepatitis C virus targeting scaffold. Eur. J. Med. Chem. 2015, 96, 250-258.
(8) Maier, T.; Beckers, T.; Baer, T.; Vennemann, M.; Gekeler, V.;
Zimmermann, A.; Gimmnich, P.; Padiya, K. J.; Joshi, H.; Joshi, U,
Makhija, M. Novel tetrahydrofusedpyridines as histone deacetylase
inhibitors. WO Patent 2009037001, 2009.

(9) Mallinson, T. A review of ketorolac as a prehospital analgesic. J.
Paramedic Pract. 2017, 9, 522-527.

(10) a) Bagnall, A.; Fenton, M.; Kleijnen, J.; Lewis, R. Molindone for
schizophrenia and severe mental illness. Cochrane Database Syst Rev.
2007, CD002083. b) Koller, W.; Curtin, J.; Fields, J. Molindone compared
to haloperidol in a guinea-pig model of tardive dyskinesia. Neuropharm.
1984, 23, 1191-1194.

(11) a) Portilla, O.; Sathicq, G.; Martinez, J. J.; Romanelli, G. P. Green
Synthesis of Pyrrole Derivatives. Curr. Org. Synth. 2017, 14, 865-882. b)
Sobenina, L. N.; Demenev, A. P.; Mikhaleva, A. 1.; Trofimov, B. A.
Synthesis of C-vinylpyrroles. Russ. Chem. Rev. (Engl. Transl.) 2002, 71,
563-591. ¢) Jones, A. Pyrroles; Wiley, New York, 1990. d) Jones, A.; Bean,
G. P. The Chemistry of Pyrroles, Academic Press, Londres, 1977.

(12) a) Roomi, M. W.; MacDonald, S. F. The Hantzsch pyrrole synthesis.
Can. J. Chem. 1970, 48, 1689-1697. b) Hantzsch, A. Hantzsch pyrrole
synthesis. Ber. Dtsch. Chem. Ges. 1890, 23, 1474-1476.

(13) Knorr, L. Synthese von Pyrrolderivaten. Ber. Dtsch. Chem. Ges. 1884,
17, 1635-1642.

(14) a) Khaghaninejad, S.; Heravi, M.M. Paal-Knorr reaction in the
synthesis of heterocyclic compounds. Adv. Het. Chem. 2014, 111, 95-146.
b) Paal, C. Synthese von Thiophen- und Pyrrolderivaten. Ber. Dtsch. Chem.
Ges. 1885, 18, 367-371.

(15) van Leusen, D.; van Leusen, A. M. Synthetic Uses of Tosylmethyl
Isocyanide (TosMIC). Org. React. 2001, 57, 417-666.

(16) a) Ono, N. Barton-Zard Pyrrole Synthesis and Its Application to
Synthesis of Porphyrins, Polypyrroles, and Dipyrromethene Dyes.
Heterocycles 2008, 75, 243-284. b) Barton, D. H. R.; Zard, S. Z. A new
synthesis of pyrroles from nitroalkenes. J. Chem. Soc., Chem. Comm. 1985,
1098-1100.

(17) a) Estévez, V.; Villacampaa, M.; Menéndez, J. C. Recent advances in
the synthesis of pyrroles by multicomponent reactions. Chem. Soc. Rev.
2014, 43, 4633. b) Estévez, V.; Villacampaa, M.; Menéndez, J. C.
Multicomponent reactions for the synthesis of pyrroles. Chem. Soc. Rev.
2010, 39, 4402-4421.

(18) a) Zhou, N.-N.; Zhu, H.-T.; Yang, D.-S.; Guan, Z.-H. Recent
developments in the group-1B-metal-catalyzed synthesis of pyrroles. Org.
Biomol. Chem. 2016, 14, 7136-7149. b) Gulevich, A. V.; Dudnik, A. S.;
Chernyak, N.; Gevorgyan, V. Transition Metal-Mediated Synthesis of
Monocyclic Aromatic Heterocycles. Chem. Rev. 2013, 113, 3084-3213.
(19) a) Yasukawa, N.; Kuwata, M.; Imai, T.; Monguchi, Y.; Sajiki, H.;
Sawama,Y. Copper-catalyzed pyrrole synthesis from 3,6-dihydro-1,2-
oxazines. Green Chem. 2018, 20, 4409-4413. b) Berti, F.; Di Bussolo, V.;
Pineschi, M. Synthesis of Protected (1-Phenyl-1H-pyrrol-2-yl)-alkane-1-
amines from Phenylnitroso Diels—Alder Adducts with 1,2-
Dihydropyridines. J. Org. Chem. 2013, 78, 7324-7329. ¢) Humenny, W. J ;
Kyriacou, P.; Sapeta, K.; Karadeolian, A.; Kerr, M. A. Multicomponent
synthesis of pyrroles from cyclopropanes: a one-pot palladium(0)-catalyzed
dehydrocarbonylation/dehydration. Angew. Chem. Int. Ed. 2012, 51,
11088-91. d) Calvet, G.; Blanchard, N.; Kouklovsky, C. Synthesis of
Polysubstituted Pyrroles from Nitroso-Diels-Alder Cycloadducts. Synthesis
2005, 79, 3346-3354, and references cited therein.

(20) For a recent review of the synthesis of fused pyrroles via cyclization
reactions, see: Olivier, W. J.; Smith, J. A.; Bissember, A. C. Methods for
the synthesis of annulated pyrroles via cyclisation strategies. Org. Bio.
Chem. 2018, 16, 1216-1226.

(21) a) Tripoteau, F.; Eberlin, L.; Fox, M. A.; Carboni, B.; Whiting, A. A
novel, efficient synthesis of N-aryl pyrroles via reaction of 1-boronodienes
with arylnitroso compounds. Chem. Commun. 2013, 49, 5414-5416. b)
Eberlin, L.; Carboni, B.; Whiting, A. Regioisomeric and Substituent Effects
upon the Outcome of the Reaction of 1-Borodienes with Nitrosoarene
Compounds. J. Org. Chem. 2015, 80, 6574-6583.

(22) A single example of the formation of fused pyrrole from a bicyclic
dienyl boronic ester was hitherto described in our previous paper. See ref
21.

(23) a) Pyziak, J.; Walkowiak, J.; Marciniec B. Recent Advances in
Boron-Substituted 1,3-Dienes Chemistry: Synthesis and Application.
Chem. Eur. J. 2017, 23, 3502-3541. b) Eberlin, L.; Tripoteau, F.; Carreaux,

F.; Whiting, A.; Carboni, B. Boron-substituted 1,3-dienes and heterodienes
as key elements in multicomponent processes. Beilstein J. Org. Chem.
2014, 10, 237-250. ¢) Hilt, G.; P. Bolze, P. Boron-Substituted Building
Blocks in Diels-Alder and Other Cycloaddition Reactions. Synthesis, 2005,
2091-2115. d) Welker, M. A. Recent advances in syntheses and reaction
chemistry of boron and silicon substituted 1,3-dienes. Tetrahedron, 2008,
64, 11529-11539.

(24) Pereira, S.; Srebnik, M. Hydroboration of Alkynes with Pinacolborane
Catalyzed by HZrCp2Cl. Organometallics 1995, 14,3127-3128.

(25) Coombs, J. R.; Zhang, L.; Morken, J. P. Synthesis of Vinyl Boronates
from Aldehydes by a Practical Boron—Wittig Reaction. Org. Lett. 2015, 17,
1708-1711.

(26) a) Race, N. J.; Bower, J. F. Synthesis of Heteroaromatic Compounds
by Alkene and Enyne Metathesis. Topics in Heterocyclic Chemistry 2017,
47, 1-32. b) Castagnolo, D. Targets in Heterocyclic Systems, Eds O. A.
Attanasi, P. Merino, D. Spinelli, Italian Society of Chemistry, 2016, 222. c)
Kotha, S.; Panguluri, N. R.; Ali, R. Design and Synthesis of Spirocycles.
Eur. J. Org. Chem. 2017, 5316-5342. d) Li, J; Lee, D.
Enyne-Metathesis-Based Tandem Processes. Eur. J. Org. Chem. 2011,
4269-4287. e) Kotha, S.; Meshram, M.; Tiwari, A. Advanced approach to
polycyclics by a synergistic combination of enyne metathesis and Diels—
Alder reaction. Chem. Soc. Rev. 2009, 38, 2065-2092. f) Majumdar, K. C.;
Muhuri, S.; Ul Islam, R.; Chattopadhyay, B. Synthesis of Five- and Six-
Membered Heterocyclic Compounds by the Application of the Metathesis
Reactions. Heterocycles 2009, 78, 1109-1169. g) Villar, H.; Fringsa, M.;
Bolm, C. Ring closing enyne metathesis: A powerful tool for the synthesis
of heterocycles. Chem. Soc. Rev. 2007, 36, 55-66.

(27) a) Hill-Cousins, J. T.; Salim, S. S.; Bakar, Y. M.; Bellingham, R. K.;
Light, M. E.; Brown, R. C. One-pot enyne ring-closing metathesis—Diels—
Alder reactions for the synthesis of polycyclic sulfamides. Tetrahedron
2014, 70,3700-3706. b) Tiong, E. A.; Rivalti, D.; Williams, B. M.; Gleason,
J. S. A Concise Total Synthesis of (R)-Puraquinonic Acid. Angew. Chem.
Int. Ed. 2013, 52, 3442-3445. ¢) Kurhade, S. E.; Sanchawala, A. 1.;
Ravikumar, V.; Bhuniya, D.; Reddy, D. S. Total Synthesis of
Isofregenedadiol. Org. Lett. 2011, 13, 3690-3693. d) Li, J.; Lee, D.
Application of a tandem metathesis to the synthesis of (+)-
panepophenanthrin. Chem. Asian J. 2010, 5, 1298-1302. e) Dieltiens, N.;
Stevens, C. V. Domino Ring-Closing Enyne-Metathesis-Cross-Metathesis
Approach to 1-Phosphonylated Benzazepines. Synlett 2006, 2771-2776. 1)
Kummer, D. A.; Brenneman, J. B.; Martin, S. F. Application of a Domino
Intramolecular Enyne Metathesis/Cross Metathesis Reaction to the Total
Synthesis of (+)-8-epi-Xanthatin. Org. Lett. 2005, 7, 4621-4623. g)
Kitamura, T.; Sato, Y.; Mori, M. Synthetic study of (+)-anthramycin using
ring-closing enyne metathesis and cross-metathesis. Tetrahedron 2004, 60,
9649-9657. h) Clark, J. S.; Elustondo, F.; Kimber, M. C. Construction of
building-blocks for polyether synthesis using sequential catalytic ring-
closing enyne and cross metathesis. Chem. Comm. 2004, 2470-2471. i)
Kummer, D. A.; Brenneman, J. B.; Martin, S. F. Domino intramolecular
enyne metathesis/cross metathesis approach to the xanthanolides.
Enantioselective synthesis of (+)-8-epi-xanthatin. Tetrahedron 2006, 62,
11437-11449.

(28) a) Nishloka, Y.; Yano, Y.; Kinashi, N.; Oku, N.; Toriyama, Y.;
Katsumura, S.; Shinada, T.; Sakaguchi, K. Stereocontrolled. Synthesis of
Paracentrone. Synlett 2017, 28, 327-332. b) Kiesewetter, E. T.; O’Brien, R.
V.; Yu, E. C.; Meek, S. J.; Schrock, R. R.; Hoveyda, A. H. Synthesis of Z-
(Pinacolato)allylboron and Z-(Pinacolato)alkenylboron ~Compounds
through Stereoselective Catalytic Cross-Metathesis. J. Am. Chem. Soc.
2013, 135, 6026-6029. c¢) Morrill, C.; Funk, T.W.; Grubbs, R. H. Synthesis
of tri-substituted vinyl boronates via ruthenium-catalyzed olefin cross-
metathesis. Tetrahedron Lett. 2004, 45, 7733-7736. d) Morrill, C.; Grubbs,
R. H. Synthesis of Functionalized Vinyl Boronates via Ruthenium-
Catalyzed Olefin Cross-Metathesis and Subsequent Conversion to Vinyl
Halides. J. Org. Chem. 2003, 68, 6031-6034.

(29) The conversion rates were measured by comparison of integrals
between the "H NMR spectra of starting sample and crude product.

(30) Although the conversion was complete, the isolated yield was only
48%, mainly due to the low stability of this product during the purification
step. Due to the presence of excess of H,C=CHBpin, variable amounts of
the cross metathesis product, pinBCH=CHBpin, was also detected.

(31) The triene 12 was obtained via the allylation with allyl bromide of the
ene product resulting from the reaction of in situ generated benzyl
nitrosoformate with pinacol (£) (3-methyl-1,3-butadien-1-yl)boronate
(manuscript in preparation).

ACS Paragon Plus Environment

10

Page 10 of 11



Page 11 of 11 The Journal of Organic Chemistry

1
2 (32) For the X-ray structure of 71 and 8ga, see supporting information.
3 CCDC 1950726 and 1983371 respectively contain the supplementary
crystallographic data. These data can be obtained free of charge from
4 Cambridge Crystallographic Data Centre via
5 www.ccde.cam.ac.uk/data_request/cif.
(33) For a review on diethanolamine boronic esters, see: Bonin, H.;
6 Delacroix, T.; Gras, E. Dioxazaborocanes: old adducts, new tricks. Org.
7 Biomol. Chem. 2011, 9, 4714-4724.
8 (34) Hercouet, A.; Berrée, F.; Lin, C.H.; Carboni, B. Boronated Enynes as
9 Versatile Sources of Stereodefined and Skeletally Diverse Molecules. Org.
Lett. 2007, 9, 1717-1720.
10 (35) Davini, E.; Giongo, M.; Riocci, M. A large scale preparation of 1-
1 ethynylcyclopentene and 1-hexen-4-yne. Org. Prep. Proc. Int. 1995, 27,
586-590.
12 (36) Zhao, T.S. N.; Yang, Y.; Lessing, T.; Szabé K. J. Borylation of
13 Propargylic Substrates by Bimetallic Catalysis. Synthesis of Allenyl,
Propargylic, and Butadienyl Bpin Derivatives. J. Am. Chem. Soc. 2014,
14 136, 7563-7566
15 (37) Arai, S.; Koike, Y.; Hada, H.; Nishida, A. Catalytic Dicyanative [4+2]
16 Cycloaddition Triggered by Cyanopalladation of Conjugated Enynes under
17 Aerobic Conditions. J. Am. Chem. Soc. 2010, 132, 4522-4523.
(38) Song, S.; Zhu, S. F.; Pu, L. Y.; Zhou, Q. L. Iridium-Catalyzed
18 Enantioselective Hydrogenation of Unsaturated Heterocyclic Acids.
19 Angew. Chem. Int. Ed. 2013, 52, 6072-6075.
20 (39) Levin, M. D.; Tost, F. D. Gold-Catalyzed Allylation of Aryl Boronic
Acids: Accessing Cross-Coupling Reactivity with Gold. Angew. Chem. Int.
21
2 Ed. 2014, 53, 6211-6215.
(40) Sylvester, K. T.; Chirik, P. J. Iron-Catalyzed, Hydrogen-Mediated
23 Reductive Cyclization of 1,6-Enynes and Diynes: Evidence for
24 Bis(imino)pyridine Ligand Participation. J. Am. Chem. Soc. 2009, 131,
8772-8774.
25 (41) Bentz, D.; Laschat, S. S i i
. N , S. Synthesis of Perhydroindenes and
26 Perhydroisoindoles via One-Pot Enyne Metathesis/Diels-Alder Reaction;
27 Remarkable Stability of Grubbs Catalyst under Lewis Acidic Conditions.
Synthesis 2000, 1766-1773.
28 (42) Vovard-Le Bray, C.; Klein, H.; Dixneuf, P. H.; Macé, A.; Berrée, F.;
29 Carboni, B.; Derien, S. One-Step Synthesis of Strained Bicyclic Carboxylic
30 and Boronic Amino Esters via Ruthenium-Catalysed Tandem Carbene
31 Addition/Cyclopropanation of Enynes. Adv. Synth. Cat. 2012, 354, 1919-
1925.
32 (43) Morimoto, T.; Fuji, K.; Tsutsumi, K.; Kakiuchi, K. CO-Transfer
33 Carbonylation Reactions. A Catalytic Pauson—Khand-Type Reaction of
34 Enynes with Aldehydes as a Source of Carbon Monoxide. J. Am. Chem.
Soc. 2002, 124, 3806-3807.
35 (44) Winternheimer, D. J.; Merlic, C. A. Alkoxydienes via Copper-
36 Promoted Couplings: Utilizing an Alkyne Effect. Org. Lett. 2010, 12, 2508-
2510.
37 (45) Olesen, S. O.; Madsen, J. @.; Lawesson, S. Imine chemistry I. A new
38 route to pyrroles and related compounds from imines and 2-
39 chloroacrylonitrile Bull. Soc. Chim. Belg. 1978, 87, 535-538.
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 ACS Paragon Plus Environment

11


http://www.ccdc.cam.ac.uk/data_request/cif



