Chinese Chemical Letters 34 (2023) 107823

journal homepage: www.elsevier.com/locate/cclet

Contents lists available at ScienceDirect

Chinese Chemical Letters

[4 + 3] Cycloaddition of ketenimines with furocarbenoids: Divergent ®)

Check for

and efficient synthesis of fused cycloheptatriene and tropone scaffolds %

Jin Wang!, Zhaoyang Li', Shengxin Bai, Qinghua Zhou, Tengteng Wu, Zhongyan Hu*,

Xianxiu Xu*

Chemical Engineering and Materials Science, Collaborative Innovation Center of Functionalized Probes for Chemical Imaging in Universities of Shandong, Key
Laboratory of Molecular and Nano Probes, College of Chemistry, Ministry of Education, Institute of Molecular and Nano Science, Shandong Normal

University, Ji'nan 250014, China

ARTICLE INFO ABSTRACT

Article history:

Received 12 June 2022

Revised 8 September 2022
Accepted 13 September 2022
Available online 15 September 2022

Keywords:

Domino reactions
Isocyanides
Ene-yne-ketones
Cycloheptafuran scaffolds
[4+3] cycloaddition

An unprecedent [4 + 3] cycloaddition of furoketenimines with furocarbenoids has been disclosed for the
divergent and efficient synthesis of cycloheptafuran and cycloheptapyrrole scaffolds. Zinc chloride acted
as promoters for both the formation of these two transient intermediates from isocyanides and ene-
yne-ketones, and the subsequent construction of seven-membered ring. Three rings and five bonds were
constructed successively in this three-component one-pot domino reaction.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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Cycloheptafuran and cycloheptapyrrole scaffolds are widely
found in many natural products with significant biological activi-
ties (Fig. 1). For example, rubrolone B has cardioprotective activ-
ity [1,2], frondosin B is served as an interleukin-8 receptor antag-
onist [3], myrrhterpenoid H possesses neuroprotective effects, and
exotines A and B show inhibition of nitric oxide production [4,5].
While a number of synthetic methods for the construction of these
fused frameworks have been documented [6-13], the development
of highly efficient synthetic approaches is still desirable.

Ketenimines, a type of unique heterocumulenes, have been ex-
plored as versatile synthons for the synthesis of carbocycles and
heterocycles via cycloaddition reactions (Scheme 1) [14,15]. In most
cases, ketenimines served as a 2 component to undergo [2 + 2]
[16-19], [3+2] [20-23] and [4 + 2] [24,25] cycloaddition reactions
(Scheme 1a). Occasionally, vinyl, phenyl or furyl substituted keten-
imines can act as 47 component in [4+2] [26-29] and [4+1]
[30] cycloadditions, respectively (Scheme 1b). Additionally, diflu-
oroketenimines acting as 1,3-dipoles was disclosed by Wang and
coworkers [31,32]. Despite these well-developed reaction activity
the higher-order cycloaddition of ketenimines remain unexplored.

Isocyanide has been proven to be a useful precursor for the syn-
thesis of ketenimines [14,15,33,34] via coupling reactions with car-

* Corresponding authors.
E-mail addresses: huzy@sdnu.edu.cn (Z. Hu), xuxx677@sdnu.edu.cn (X. Xu).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.cclet.2022.107823

benes [14,29,31,32,35] and allyl- or propargyl carbonates [36,37],
as well as isocyanide-based multicomponent reactions [14,38,39].
Recently, the research groups of Li [30] and us [28] independently
developed a convenient method to generate furyl-ketenimines in
situ following with [4+ 1] and [4 + 2] cycloadditions by treatment
of ene-yne-ketones with isocyanides. With this background and
in continuation to our interest in isocyanide-based annulations
[40-45], we report herein a [4+ 3] cycloaddition between the in
situ generated furyl-ketenimines with zinc furyl-carbenoids, both
of which are formed by a zinc promoted reaction of isocyanides
with ene-yne-ketones (Scheme 1c). This transformation not only
provides a novel protocol for the synthesis of fused cyclohepta-
triene and tropone scaffolds with highly efficiency, but also rep-
resents the first example of higher-order [4+ 3] cycloaddition of
ketenimines with perfect atom economy.

We began our investigation by treating aryl isocyanide 1a with
ene-yne-ketone 2a (for more details, see Supporting information).
To our delight, under ZnCl, promoted conditions cycloheptafuran
product 3aa was formed in 46% yield, while the cycloheptapyrrole
4aa was obtained in 24% yield (Table 1, entry 1). The structures of
3aa and 4aa were unambiguously assigned by X-ray crystallogra-
phy (Fig. 2, CCDC Nos. 1974901 and 2018184). Fortunately, rising
the reaction temperature to 90 °C resulted in improved 74% yield
for 3aa along with only 8% of 4aa obtained (entry 2), while higher
temperature showed adverse effect on 3aa formation (entry 3).
Lowering the ZnCl, loading from 1.0 equiv. to 0.8 equiv. dramati-
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Fig. 1. Cycloheptafuran and cycloheptapyrrole scaffold alkaloids.

a) ketenimines as 2z component
R? g3

R2
R? R® [2+2] [3+2]or[4+2] /
>=C=N' \Q or R’ NN
R! multlple bonds, 1,3- n=01,2
dipolars or azadienes n
4-/5-/6-membered

carbocycles & heterocycles

R? R3 R2
i
C=N [4+2]or[4+1] PN R3
= —_— 7 | —\ _ benzofused (or without)
¢ N dienophiles or N 5-/6-membered carbocycles
\ez R isocyanides R' n

Ph Ac
e}
Me\&mm
0
Ac
HN  Ph
R

R = 4-OMeCgH,

N
]
R

Ph

R = 4-OMeCgH,

4aa 4aa, CCDC 2018184

Fig. 2. X-ray crystallography of 3aa and 4aa.

cally affected the reaction efficiency (entry 4). Other zinc salts such
as ZnBry, Znl,, Zn(0Tf), and Zn(OAc), provided inferior results re-
garding the yield of 3aa (entries 5-8). This reaction only took place
in halogenated solvents (entries 9 and 10); minimal amount of 3aa
was formed in other reaction media (entries 11 and 12).

Next, we turned our attention to optimizing the formation of
4aa. Initial effort to convert 3aa directly to 4aa under previously
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Table 1
Optimization of reaction conditions.?
NC Ph
0.
Ao AC agdiive M© 4
+ | —_—
CH,Cl, Al
OMe N Ph Hf‘ll Ph
1a 2a 3aa R = 4-OMeCgH, 4aa
Entry  Additive (equiv.)  Solvent  Temp. (°C) Time (h) Yield (%)°
3aa 4aa

1 ZnCl, (1.0) CH,Cl, 60 24 46 24
2 ZnCl; (1.0) CH,Cl, 90 1.5 74 8
3 ZnCl; (1.0) CH,Cl, 100 0.5 62 7
4 ZnCl, (0.8) CH,Cl, 90 3 55 15
5 ZnBr, (1.0) CH,Cl, 90 1.5 62 trace
6 Znl, (1.0) CH,Cl, 90 3 47 trace
7 Zn(OTf), (1.0) CH,Cl, 90 13 53 14
8 Zn(0Ac); (1.0) CH,Cl, 90 17 trace
9 ZnCl; (1.0) CHCl5 90 1.5 64 11
10 ZnCl, (1.0) DCE 90 2 54 13
11 ZnCl, (1.0) EtOH 90 20 - -
12 ZnCl;, (1.0) Toluene 90 5 - -
13 ZnCl; (1.0) CH,Cl, 90 72 - 30
14¢ ZnCl, (1.0) CH,Cl, 90 18 - 26

m-CPBA (1.0)
154 ZnCl, (1.0), CH,Cl, 25 15 - 74

m-CPBA (1.0)
164¢  ZnCl, (1.0), CH,Cl, 25 18 - 82

m-CPBA (1.0)

2 Reaction conditions: Additive (1.0 equiv.) was added to a solution of isocyanide
1a (0.3 mmol) and ene-yne-ketone 2a (0.6 mmol) in CH,Cl, (2 mL) under air atmo-
sphere.

b Isolated yields.

¢ 1.0 equiv. of m-CPBA was added after the reaction mixture was stirred for 1.5 h.

4 1.0 equiv. of m-CPBA was added after the reaction mixture was stirred for
10 min.

e 2.5 equiv. of 2a was used.

optimized conditions in prolonged reaction time only provided 30%
yield (entry 13). When oxidant m-CPBA (or HOAc, see Supporting
information for details) was added the conversion and decomposi-
tion of 3aa was promoted (entry 14). A more detailed investigation
into the reaction procedure revealed when 1.0 equiv. of m-CPBA
was added after the reaction mixture was stirred for 10 min at 25
°C, the desired product 4aa was obtained in 74% yield (entry 15).
Finally, 82% yield of 4aa was obtained when 2.5 equiv. of 2a was
used at 25 °C (entry 16). Herein, the optimal reaction conditions
for 3aa and 4aa were determined as shown in entry 2 and entry
16, respectively.

With the optimized conditions in hand (Table 1, entry 2), we
began to investigate the generality of this strategy for synthe-
sis of cycloheptafuran 3 (Scheme 2). In general, isocyanide sub-
strates 1 with both electron-donating and electron-withdrawing
substituents on the phenyl ring are compatible with this reaction,
providing the desired products 3aa—3ga with good yields. Grat-
ifyingly, phenyl isocyanides with sterically hindered 2-methyl or
2,6-dimethyl substitution provided satisfactory yields (3ha-3ja).
Naphthyl isocyanides could also be participated in this reaction
to afford 3ka and 3la with good yields. In the case of alkyl iso-
cyanides, benzyl isocyanides were converted into corresponding
cycloheptafurans in good yields (3ma—3oa). The tert-butyl, cyclo-
hexyl and active methylene isocyanide substrates could also be
compatible in this method to afford 3pa—3ra with slightly lower
yields. Notably, the structure of product 3ra was further confirmed
by X-ray crystallography (CCDC: 1974898). It is worth mentioning
that bromo, iodo and ester groups were tolerated in this reaction,
thus providing a useful handle for further modification. Particu-
larly, a gram-scale synthesis of 3aa (0.989g, 71% yield) was carried
out, demonstrating the practicability of this protocol.
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ZnCl; (1.0 equiv.)
—_—
CH,Cl,, 90 °C
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3aa, R = 4-MeO, 74% (71%)?
3ba, R = 3-MeO, 55%
Me3ca, R = 4-Ph, 75%
3da, R = 4-Me, 73%
3ea, R = 4-Br, 65%
3fa, R = 4-1, 63%

3ga, R = 4-CO,Et, 60%

3ma,R=H, 73%
3na, R = 4-NO,, 66%

30a, R = 4-CF, 72% 3pa, 40%

3ka, 75%

3qa, 57% 3ra, 35%

3ra, CCDC 1974898

Scheme 2. Scope of isocyanides 1. Reaction conditions: ZnCl, (1.0 equiv.) was added to a solution of isocyanide 1 (0.3 mmol) and ene-yne-ketone 2 (0.6 mmol) in CH,Cl,
(2mL) at 90 °C in an air atmosphere for 1.5 h. Isolated yields. @ Gram scale synthesis, 0.989 g 3aa was obtained.

R3 ZnCl, (1.0 equiv.)

A-NC
r * l CHyCly, 90 °C

2b, R?=R%=Me, R* = 4-MeCgH,  2¢, R? = R®= Me, R* = 4-MeOCgH,
2d, R? = R® = Me, R* = 4-PhCgH, 2e, R? = R® = Me, R* = 4-FC4H,

2f, R? = R% = Me, R* = 4-CICgH, 2g, R? = R® = Me, R* = 4-BrCgH,

2h, R?=R%=Me, R*=4-CF3C¢H,  2i, R? =R® = Me, R* = 4-CO,MeCgH,
2j, R? = R® = Me, R* = 3-MeCgH,4 2k, R% = R® = Me, R* = 3-CICgH,

21, R? = R® = Me, R* = 2-nathphyl 2m, R? = R® = Me, R* = 3-thienyl
2n,R?=R%®=Et,R* = Ph 20, R? = OEt, R® = Me, R* = Ph

3ab, R* = 4-MeCgH,, 67%
3ad, R* = 4-PhCgHy, 71%
3ae, R* = 4-FC4H,, 68%

3af, R* = 4-CICgH,, 71%
3ag, R* = 4-BrCgHy, 68%
3ah, R* = 4-CF3CgH,, 63%
3ai, R* = 4-CO,MeCgHy, 65%
3aj, R* = 3-MeCgHj, 65%
3ak, R* = 3-CICgH,, 66%

o)
Ph Et
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OHN  Ph ' Ph 5ac, R* = 4-MeOCgH,, 70%°
Ar 3an, 54% Ar 320,46%  5am, R* = 3-thienyl, 64%"

Scheme 3. Scope of ene-yne-ketones 2. Reaction conditions: ZnCl, (1.0 equiv.), 1a
(0.3 mmol) and ene-yne-ketone 2 (0.6 mmol) in CH,Cl; (2mL) at 90 °C in an air
atmosphere for 1.5 h. Isolated yields. 2 At 0 °C for 10 min. ® At 0 °C for 15 min.

Next, the scope of the ene-yne-ketones 2 was tested (Scheme
3). For acetylacetone derived substrates 2a—2m (RZ=R3 =Me),
when aryl groups were adopted at R* position, including electron-
rich (2b and 2j), electron-neutral (2a and 2d), and electron-
deficient phenyl groups (2e—2i and 2k), as well as naphthyl group
(21), those yield furo-fused cycloheptatriene products 3ab, 3ad—3al
in good result. However, substrates 2¢ with a 4-methoxylphenyl R*
group and 2m with a 3-thienyl R* group led to a complex mix-
ture, respectively. Notably, when the reaction temperature was de-
creased to 0 °C for a few minutes, compounds 5ac and 5am, the
isomers of 3, were obtained in good yields. In addition, ene-yne-

o 0 R0 R4O
R? R®  ZnCl(1.0equiv) O R?
RI-NG | m-CPBA (1.0 equiv) J }
- + B ——— 2 3
A » CH,Cly, 25 °C RN o R
1 2

4aa, R" = 4-OMeCgH,, 82%
4ca, R' = 4-PhCgHy, 75%
4da, R" = 4-MeCgH,, 80%

Me 4ea, R" = 4-BrCqHj, 74%
4ga, R' = 4-CO,EtCgH,, 72%
4h'a, R' = 2-MeCgH,, 86%
4ia, R' = 2-Me-4-BrC¢H3, 79%
4ja, R = 2,6-diMe-4-BrCqH,, 85% MeO
4ma R' = Bn. 71% 4ab, R; = 4-MeCgHy, 87%
4pa, R = H, 50% (from t-BuNC)?  22F R =4-ClCeM,, 88%
ara, R' = CH,COLE, 47% 4ai, R 4= 4-CO,MeCgHy, 81%

4ak, R* = 3-CICgHy, 82%

Ac (o]
Ph
Phe/ o
N ] Ph
Et Q Ph (e} Me
MeO
Cl 4if, 65%2 4an, 72% 4ap. 78%

Scheme 4. Synthesis of cycloheptapyrroles 4. Reaction conditions: unless otherwise
noted, ZnCl, (1.0 equiv.) was added to a solution of isocyanide 1 (0.3 mmol) and
ene-yne-ketone 2 (0.75mmol) in CH,Cl, (2mL), and the reaction mixture was kept
at 25 °C in an air atmosphere for 10 min, then m-CPBA (1.0 equiv.) was added. The
reaction mixture was stirred for another 18 h. Isolated yields. @ ZnCl, (1.5 equiv.)
was used.

ketone substrates 2n and 20 derived from heptane-3,5-dione and
ethyl acetoacetate underwent this transformation smoothly, giving
the corresponding products 3an and 3ao in moderate yields. Dis-
appointingly, ene-yne-ketone with alkyl group at R* position failed
to yield desired product 3. It is probably because the alkyl substi-
tuted ene-yne-ketone led to a much unstable alkyl substituted zinc
furo-carbenoids.

To explore the applicability of this methodology for synthe-
sis of cycloheptapyrrole 4, the scope of both isocyanides 1 and
ene-yne-ketones 2 was tested and summarized in Scheme 4. In
terms of phenyl isocyanides, various substituent groups on the aro-
matic ring were tolerated to afford the furo-fused cycloheptapyr-
role products 4aa—4ja, 4jf with good yields. The cycloheptapyr-
role products 4ma (71%) and 4ra (47%) could also be obtained



J. Wang, Z. Li, S. Bai et al.

) Evidence for zinc carbene formation
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Me CH,Cl,, 0°C
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e) Hydrogenolysis of 3ma
Me
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0
Bn PP 80%
3ma 9

Scheme 5. Mechanistic investigation.

by using active methylene isocyanide 1m and 1r, respectively.
However, when treated with tert-butyl isocyanide 1p, the corre-
sponding product 4pa was obtained with eliminating the tert-butyl
group. In general, sterically hindered isocyanide required longer re-
action time and excess of ZnCl, were necessary, suggesting that
the formation of the pyrrole ring in product 4 may be the rate-
determining step (4ja, 4pa and 4jf). The ene-yne-ketones 2 con-
taining both electron-donating and electron-withdrawing phenyl
group on R?* position were all suitable for this reaction, providing
4ab-4ak in high yields. Ene-yne-ketone substrates 2n and 2p de-
rived from other 1,3-diketones underwent this reaction smoothly,
and desired products (4an and 4ap) were obtained in good yields.
However, ene-yne-ketone 20 derived from fB-ketoester was not vi-
able in this reaction.

To elucidate the mechanism, several control experiments were
carried out as shown in Scheme 5. Cyclopropane derivative 6 was
isolated in 85% yield when treating ene-yne-ketone 2a with 4-
methoxystyrene under the zinc-promoted reaction conditions, sug-
gesting the formation of a zinc furyl-carbenoid intermediate during
the reaction process (Scheme 5a) [46-51]. Presumably, zinc car-
benoid can react with isocyanide to form ketenimine [30]. Thus,
we synthesized furyl-ketenimine 7 under the known Pd-catalysis
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Scheme 6. Proposed mechanism.

conditions [30] and employed it to react with ene-yne-ketone 2a
under our zinc-promoted conditions. Gratefully, the desired cyclo-
heptafuran 3ja was obtained in good yield (Scheme 5b). This ev-
idence supports the furyl-ketenimine intermediate is involved in
the mechanism. Interestingly, when treating 1a and 2a in the pres-
ence of ZnCl, at 0 °C, a cyclized product 5aa was obtained in ex-
cellent yield. This thermodynamically labile intermediate 5aa was
readily isomerized to 3aa upon heating (Scheme 5c). These results
suggested that the [4+ 3] cycloaddition likely gave rise to com-
pound 5 firstly, which served as a key intermediate to provide cy-
cloheptafuran 3 by isomerization.

In addition, we found a 4-bromo-2-methylphenyl isocyanide
derived 5ia intermediate, formed under similar zinc-promoted re-
action conditions, can be oxidized rapidly by m-CPBA at 0 °C to
provide imine 8ia, which could be isolated and further converted
to cycloheptapyrrole 4ia after reacting at 25 °C for 24 h. Moreover,
imine 8ia could be isolated in excellent yield when reacting 1i and
2a under zinc-promoted oxidative conditions for a shorter time
(Scheme 5d). Notably, both structures of the key intermediate 5aa
(CCDC: 1974903) and 8ia (CCDC: 2047884) have been confirmed by
X-ray crystallography. These results suggested that the [4+ 3] cy-
cloaddition likely gave rise to compound 5 first, which served as a
common intermediate to either provide cycloheptafuran 3 by iso-
merization or form cycloheptapyrrole 4 by an m-CPBA oxidation-
rearrangement sequence (see Supporting information for more de-
tails). ZnCl, played multiple roles in this reaction. First, it initiated
the intramolecular cyclization to form the zinc carbenoid; second,
it promoted the [4 + 3] cycloaddition and subsequent isomerization
to form furan product 3; third, it accelerated m-CPBA oxidation to
yield imine 8 and triggered rearrangement to form pyrrole product
4, Thus, the synergistic and benign effect of a single zinc accelera-
tor is essential for this methodology. Lastly, product 3ma can un-
dergo hydrogenolysis to provide cycloheptatriene amine 9, which
can serve as a useful intermediate to access diverse substitutions
on the nitrogen (Scheme 5e).

Based on these preliminary studies and literatures [31,32,46,52],
we proposed a tentative mechanism (Scheme 6). First, Coordina-
tion of isonitrile 1 with zinc formed complex A [46], which upon
activation of alkyne moiety of 2 afforded furyl-carbenoid interme-
diate C or D [47-52]. Isocyanide migratory insertion from inter-
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mediate C or D occurred to form furyl-ketenimine F [30]. Then,
ketenimine intermediate F participated in a formal [4 + 3] cycload-
dition with another zinc furyl-carbenoid D to yield the furo-fused
cycloheptatriene 5 [53]. This process was rather fast and could be
completed at 0 °C. At last, isomerization of 5 provided the ther-
mally stable furo-fused cycloheptatriene product 3. While addition
of m-CPBA in the presence of ZnCl, caused the formation of imine
8, which eventually led to the cycloheptapyrrole product 4 via a
ZnCl, promoted rearrangement (for more details, see Supporting
information).

In summary, we have developed an efficient and divergent ap-
proach to access cycloheptafuran and cycloheptapyrrole scaffolds,
respectively. A novel [4+ 3] cycloaddition process between the in
situ generated furyl-ketenimine and zinc furyl-carbenoid is sup-
ported by mechanistic investigation. This reaction utilizes readily
available starting materials and inexpensive metal additive. Three
rings and five bonds are successively constructed, which exempli-
fied the concise and green aspect of this multicomponent domino
reaction. Further investigation of this [4+ 3] cycloaddition in the
synthesis of structurally relevant natural products and pharmaceu-
ticals is currently under investigation in our group.
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