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Abstract (4+3)-Annulations are incredibly versatile reactions which
combine a 4-atom synthon and a 3-atom synthon to form both 7-mem-
bered carbocycles as well as heterocycles. We have previously reviewed
transition-metal-catalyzed (4+3)-annulations. In this review, we will
cover examples involving bases, NHCs, phosphines, Lewis and Brensted
acids as well as some rare examples of boronic acid catalysis and photo-
catalysis. In analogy to our previous review, we exclude annulations in-
volving cyclic dienes like furan, pyrrole, cyclohexadiene or cyclopentadi-
ene, as Chiu, Harmata, Fernandes and others have recently published
reviews encompassing such substrates. We will however discuss the re-
cent additions (2010-2020) to the literature on (4+3)-annulations in-
volving other types of 4-atom-synthons.
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1 Introduction

Methods for the synthesis of medium-sized rings con-
tinue to be of interest to the organic chemistry community.
In the past decade, there have been a multitude of applica-
tions of (4+3)-annulations towards the formation of 7-
membered rings (Figure 1.1), which are encountered in
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therapeutic agents and natural products. Many of these re-
actions involve the use of cyclic diene systems such as fu-
rans, pyrroles, cyclopentadienes and cyclohexadienes.!

(4+3)-Annulation: General Reaction Scheme

reaction
conditions

7-membered carbocycles

3-atom synthon and heterocycles

4-atom synthon

Figure 1.1 General scheme for (4+3)-annulation chemistry

In the literature, the terms annulation and cycloaddition
are often used interchangeably. By IUPAC definition, cyclo-
additions involve two or more unsaturated molecules (or
parts of the same molecule), which combine to form a cy-
clic adduct with a net reduction in bond multiplicity. In
many of the examples featured in this review, although a
cyclic adduct is formed, a net reduction of bond multiplicity
does not always occur. Hence, the term that will be used to
describe the reactions in this review will be annulation
rather than cycloaddition.

Harmata has published multiple reviews on the applica-
bility of (4+3)-annulations between allylic cations and cy-
clic dienes.?? Similarly, Fernindez published an in-depth
review on intramolecular transition-metal (Pt" and Au!
salts) catalyzed (4+3)-annulations of allylic cations and
dienes in 2012.4 This review discussed mechanistic propos-
als and transition states of (4+3)-annulations. A recent re-
view from Chiu outlined the utility of (4+3)-annulations in
the synthesis of natural products.” Swamy also presented a
review involving the synthesis of 7-membered heterocycles
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synthess (R

and carbocycles in 2020.5 Consequently, our review will
cover examples involving acyclic 4-atom equivalents in lit-
erature in recent years (2010-2020). Following our previ-
ous discussion of transition-metal-catalyzed (4+3)-annula-
tions, we will now discuss (4+3)-annulations involving bas-
es, N-heterocyclic carbenes (NHCs), phosphines, Lewis
acids, Bregnsted acids, and those involving dual-activation
modes.” A wide range of substrates are covered in this re-
view (Figure 1.2). Some coupling partners are bench stable
and are added directly to the reaction at the outset. Others
can be generated during the reaction and generally require
a catalyst for their formation. Due to the compatibility of
bases with NHCs and phosphines, this review will also cov-
er the examples of dual-activation modes.

3-atom synthons
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Figure 1.2 Recurring synthons in (4+3)-annulation chemistry

2 Bases

The following examples employ stoichiometric amounts
of an inorganic Brensted base to drive the reaction to prod-
uct. As such, the general role of a base in these reactions is
to deprotonate one of the 4- or 3-atom synthons. This step
either increases its nucleophilicity via formation of an an-
ion or generates in situ a reactive neutral intermediate after
elimination of a leaving group, both of which allow coupling
with the corresponding partner. In many instances, carbon-
ate bases tend to be the best reagents. This outcome proba-
bly stems from their milder reactivity and greater function-
al group tolerance compared to stronger bases and will
therefore be presented first.

Special Topic

Cyclic dienes (e.g., 2.1a) constitute very useful 4-atom
synthons which have been coupled to three-atom compo-
nents. For example, the reaction of 2.1a with a-halohydrox-
amates 2.1b, a precursor to aza-oxyallyl cations 2.1c, gener-
ates intriguing bicyclic compounds such as 2.1d (Scheme
2.1).2 In this scenario, K,CO; triggers an HBr elimination
from 2.1b, giving rise to the reactive intermediate 2.1c. This
work is just a recent example among many, exploiting a
similar strategy, using inorganic bases to promote the
(4+3)-annulations.®!° However, in this review we will not
cover the use of cyclic dienes as the reviews by Chiu,
Mascarefias, and Harmata have discussed their use in (4+3)-
annulations.

Zhao (2019):

K»CO3 (2.0 equiv)

RZ
T N Br% _— >
1— NHOR?®
R ©:§° R3R4 HFIP, rt, 30-90 min O\)i\f

2.1a 2.1b 0 2.1d
(2.0 equiv) R% _OR® 23 examples
“@ N 30-90% yields
R3
via2.1c

aza-oxyallyl cation

Scheme 2.1 Base-mediated (4+3)-annulation of anthranils with aza-
oxyallyl cations: a new approach to multi-substituted benzodiazepines

o-Halohydroxamates are an alternative motif that un-
dergo formal annulations. Recently, Kim employed a-halo-
hydroxamates 2.2b as aza-oxyallyl cation precursors with
8-hydroxy enones 2.2a in a Cs,CO3;-mediated formal (4+3)-
annulation for the synthesis of 1,4-oxazepan-3-one deriva-
tives 2.2c (Scheme 2.2).1' The use of a fluorinated solvent,
trifluorotoluene, was crucial in order to attain high yields.
The reaction tolerated both electron-rich and -deficient
enones, with R! corresponding to diversely substituted aryl
and hetero(aryl) groups as well as simple esters (R! = OMe
and OBn). It was also possible to couple a series of different
a-halohydroxamates (R> = Me, Et, t-Bu and allyl). This
(4+3)-formal annulation complemented the wider scope of
a Na,CO;-mediated (4+2)-formal annulation within the
same work, where -hydroxy enones 2.2a were replaced by
their y-hydroxy enone counterparts.

In the presence of Cs,COs, elimination of HBr from 2.2d
forms the key aza-oxyallyl cation 2.2e. The 6-hydroxy
enone 2.2a’ then adds to 2.2e, providing the adduct 2.2f
(Scheme 2.2). The latter undergoes an intramolecular aza-
Michael addition followed by tautomerization to give the
desired 1,4-oxazepan-3-one 2.2c".

Another commonly used 4-atom synthon is the o-qui-
none methide (0-QM). This reactive intermediate can be
generated in situ by a variety of approaches, one of which is
activation by base. Stable 0-QMs are generally limited to
highly electron-rich examples. On the other hand, C,N-cy-
clic azomethine imines are stable 1,3-dipoles and have been
extensively used in (3+2)'2-14 and (3+3)'>-17 annulations but
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Kim (2020):
9 0s2co3 (2.5 equiv)
+ X *L NHOR2
\ Ve Me CF3CeHs, 1t
24-92h
o 2.2b 2.2¢c
R (2.5 equiv) 17 examples
2.2a X =ClorBr 56-93% yields
Proposed Mechanism
o
BnO. Br Cs2C0s Bno. p
we'® Oy
\ (o]
2.2d 2.29 2.2a
aza-oxyallyl

cation addition

BnoO BnO. /)\FMe
N
o NP +H® o Me
Me ) .
T::\(/ Me aza-Michael addition &
o tautomerization Ph 6

2.2¢' o 2.2f

nucleophilic l -H @
o

Scheme 2.2 Base-promoted annulation of 8-hydroxy-a,B-unsaturated
carbonyls with aza-oxyallyl cations: synthesis of 1,4-oxazepan-3-one
derivatives

infrequently in (4+3)-annulations. As such, an unprecedent-
ed and highly diastereoselective (4+3)-annulation between
0-QM precursors, 2-(1-tosylalkyl)phenols 2.3a, and C,N-cy-
clic azomethine imines 2.3b for the construction of 1,3,4-
oxadiazepanes 2.3c¢ was developed in 2017 by Xu and Ren
in the presence of the mild base Cs,CO; (Scheme 2.3).18

Having either an electron-rich or an electron-deficient
arene in the R! position, such as in 2.3d and 2.3e, both re-
sulted in 290% yield, whereas having a simple phenyl group
(e.g., 2.3f) had a negative effect on the yield (Scheme 2.3). A
methyl group in the same position was tolerated, e.g., 2.3g,
but a substantial decrease in yield was observed when an
ethyl group was used (e.g., 2.3h). Electron-donating and
electron-withdrawing substituted phenols (R?) and imines
(R3) were tolerated. A single example employing an N-tosyl-
protected imine (R*) delivered the corresponding product
2.3i in a modest yield. The authors also incorporated the
use of N,N'-cyclic azomethine imines 2.3j in the reaction
(Scheme 2.3). In this case, the desired product cis-2.3k was
formed in excellent yield but required a higher temperature
for full conversion.

The high d.r. values were explained by differences in ste-
ric hindrance in two possible transition states: 2.4aTS and
2.4bTS (Scheme 2.4). The in situ formation of the 0-QM by
Cs,CO;-mediated elimination of TsH can either lead to the
E- or Z-isomer. However, it is the E-0-QM that delivers the
major diastereomer via the favored transition state 2.4aTS.
This is due to greater steric hindrance between the p-Cl-
phenyl moiety of Z-0-QM and the C,N-cyclic azomethine
imine in the disfavored 2.4bTS, which hinders the annula-
tion process. The favored 2.4aTS delivers the diastereomer
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Xu & Ren (2017):

R4
©
R! N -
N @ c . N I
N N $,C03 (1.5 equiv) ]
Rz—: Ts —> R
Lx OH 7/ \ 4 AMS, PhMe
—|— 50 °C, 4-48 h
3
R cis-2.3c
2.3a 2.3b 21 examples
(1.5 equiv) 26-95% yields
>20:1d.r.
Examples
R PMP
: Bz H
O QC
N
OJ _\; o,

2.3d, R = PMP, 94% yield
2.3e, R = CICgHy4, 90% yield
2.3f, R = Ph, 58% yield

2.3g, R = Me, 64% yield

2.3h, R = Et, 26% yield 2.3i, 40% yield

Using cyclic N,N'-cyclic azomethine imines

o]
PMP
(€] CSZCO:, (1.5 equiv)
s N®
OH » 4 AMS, PhMe
Ph 80 °C
2.3j cis-2.3k

(1.5 equiv) 93% yield
>20:1d.r.

Scheme 2.3 Base-mediated diastereoselective (4+3)-annulation of in
situ generated ortho-quinone methides with C,N-cyclic azomethine
imines

cis-2.4 as the major product. Furthermore, the authors at-
tempted to render the reaction enantioselective by employ-
ing a set of cinchona-derived bifunctional catalysts, albeit
without any success.

Xu and Ren (2017): Plausible Transition States

0.
o a0

E- o-QM H
cis-2.4
| major diastereomer
2.4aTs 90% yield
favored >20:1d.r.
H ¥
: \\\o
AN
NS i"\l‘e
0- C N —
R/ ]
Z-0-QM H
2.4bTS trans-2.4
disfavored minor diastereomer

Scheme 2.4 Proposed transition states as a rationale for the observed
excellent diastereoselectivity of the (4+3)-annulation
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In another instance, C,N-cyclic azomethine imines 2.5b
were coupled with N-acetyl hydrazones 2.5a (Scheme
2.5).1° The latter are precursors to 4-atom synthons called
azoalkenes 2.5d, which are reactive species generated in
situ via the base-mediated elimination of HX. In this case,
K,CO; was the optimal base for the reaction.

Chen & Xiao (2013):

R3
o= o 0
Oy _-Me N )\\
N®  KaCO3(2.0 equiv) N- R
s O RS i
o N
R‘JI\/X THF, 25 °C, 4-10 h Y ‘N=2
Me R!
2 2.5¢
R 21 examples
2.5a 2.5b 76-92% yields
(1.1 equiv)
[0}
N >\R3
-N
7, ©
—HX at N (4+3)
Me_ )
N //4
[0} 9 R!
2.5d
in situ generated
azoalkene

Scheme 2.5 (4+3)-Annulation of in situ generated azoalkenes with
C,N-cyclic azomethine imines: an efficient synthesis of tetrazepine
derivatives

Both a-bromo- and a-chlorohydrazones (e.g., 2.5a, X =
Br, Cl) gave the desired adduct, although most of the exam-
ples employed the former. Additionally, R' was most often
an aromatic ring, where both electron-donating groups
(EDGs) and electron-withdrawing groups (EWGs) at various
positions generated the corresponding products in good to
excellent yields. A heteroaromatic (2-thiophenyl) and an al-
iphatic (t-Bu) hydrazone constituted additional substrates.
Halogenated substrates (i.e., R? = F or R? = CICgH,) were suc-
cessfully employed. All but three examples used an N-ben-
zoyl substituent at R3,

Although the reaction was not suited for N,N'-cyclized
azomethine imines, this (4+3)-annulation was applicable to
cyclic hydrazones 2.6a and 2.6b. When reacted with the
standard azomethine imine 2.6¢ in the presence of K,CO;,
the corresponding polycyclic products 2.6d and 2.6e were
formed in modest yields (Scheme 2.6). Interestingly, a
(3+3)-annulation took place when the N-benzoyl hydra-
zone 2.6f was reacted with 2.6¢ instead of the standard N-
acetyl hydrazones 2.5a, delivering the triazine 2.6g
(Scheme 2.6).

Most recently, and in analogy to the work by Chen and
Xiao,' Hou and Gong?® synthesized the sulfonylated ana-
logues 2.7c of the tetrazepine derivates (Scheme 2.7). They
generated an azoalkene 2.7d in situ using K,CO; from 2.7a
as well as the azomethine ylide 2.7e in situ from 2.7b using

Special Topic

Chen and Xiao (2013):

Extension to cyclic hydrazones

Ph 0
0._Me Z
Y °:<N® @w»\%
n-NH N® KaCOj(2.0 equiv) OYN
I N N

X + N Y
o0y -
Ny

2.6a: X=Cl, Y =CH; 2.6¢c 2.6d: Y = CHy, 64% yield
2.6b: X=Br,Y=0 (1.1equiv) 2.6e: Y =0, 62% yield

THF, 25 °C

Extension to (3+3)-annulation
Ph

o
0._Ph :<N® 7 o
Y N®  K.COs (2.0 equiv) N
NH 4 N oo, N~ Ph
N °>\\ N~
I CH,Cly, 25 °C -
cl 2Cl2, N
Ph)\/ P H
2.6f 2.6¢c 2.69
(1.1 equiv) 62% yield

Scheme 2.6 Extension of the reaction to include cyclic hydrazones and
observation of the (3+3)-annulation pathway with the use of N-benzoyl
hydrazone

AgOTf as a Lewis acid catalyst in a one-step procedure.?
The scope was found to be broad, and generally gave mod-
erate to excellent yields for all substrates, regardless of sub-
stitution on 2.7a. The terminal alkyne was not tested in this
reaction and only the phenyl substituent was used in that
position. In a control study, the authors demonstrated that
on using the preformed azomethine ylide 2.7e’ in the ab-
sence of AgOTf, the desired (4+3)-cycloadduct 2.7q could be
generated in excellent yield.

Zhao also drew inspiration from Chen and Xiao’s work
and use a-halogenohydrazones 2.8a and coupled them with
nitrones 2.8b as the 1,3-dipoles. This delivered the 2,3,4,7-
tetrahydro-1,2,4,5-oxatriazepine (4+3)-cycloadducts 2.8c
with Na,CO; as the mediating base (Scheme 2.8).2!

The authors pointed out that the reaction of nitrones
2.8b resulted in a broader range of yields (45-99%) than
those of the hydrazones 2.7b (64-90%). Most of the hydra-
zones 2.8a employed were brominated (X = Br) instead of
chlorinated (X = Cl), as a-bromo hydrazones generally per-
formed better. All but two hydrazones were N-acetylated
(R? = Me) and the remainder were limited to R? = OMe as
other substituents failed. Electron-poor arenes (e.g., 2.8d,e)
gave significantly higher yields than electron-rich ones
(e.g., 2.8f) (Scheme 2.8). For the nitrones 2.8b, electron-do-
nating- and electron-withdrawing-substituted aryls at R3
were all well tolerated (e.g., 2.8g-i); heteroaryl, naphthyl
and alkyl groups (e.g., 2.8j-1) were also compatible in the
reaction. The majority of the examples had a -Bn group at
R?, as the few examples with -Ph and -Me groups gave rise
to lower yields. No reaction (NR) was observed when re-
placing the standard aldo-nitrone (H) by a keto-nitrone
(Me) (e.g., 2.8m).
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Hou and Gong (2020):

Ph
o._R Rz_/\ =S 3
Y Ph s Ny P

N
R - y X 72
)\/X = /N‘NHR:’ K2CO3 (2 equiv) Rl N

MeCN, rt, 6 h 27¢ Ar
2.7a 2.7b 3
24 examples
X=Br, Cl R®=Ts, SO.R  examp
(1.2 equiv) 64-90% yield

Ag-catalyzed in situ generated
[~ azomethine imine
2.7¢ Ph
= R3
—_— N i
¢ 16 N ©
-HBr | R? (4+3)

2.7d )7/ /<

— insitu generated -

azoalkene
............................... EXamples «=«=ss=ssssssssnsssesnnnnnnnns
R
Ph Ph
0\\ \\ PhO\s — 0\‘3 Br
-N, - 0 -N
BocN-y j\
BoeN-y BocN- j\ Ph oc

2.7f, R=F, 82% 2.7i, 65% 2.7j, 90%
2.79, R = OMe, 78%
2.7h, R=Cl, 87% Ph

b S

— N-NTs

N 3 N-NTs

- O\S ‘0 B P CQ
ocN\N

BocN~ l R

2.71, R = Br, 88%
2.7m, R = CN, 72% 2.70, R =Cl, 65%

2.7k, 64% 27n R=F 86% 2.7p,R=F, 71%
------- COan‘OIEXperlmenl‘""""""""""""""""""""""'
N Ph
N. Ts
N,NHBoc O\//\/Ph K>CO; (2 equiv) N
I . ® —_— BocN,
)\/Br N Ts MeCN N
PR N Ph
2.7a 2.7¢' 2.7q, 90% yield

Scheme 2.7 Ag(l)- and base-mediated formal (4+3)-annulation of in
situ generated 1,2-diaza-1,3-dienes with C,N-cyclic azomethine imines

In the proposed reaction mechanism, the azoalkene
2.9b, generated in situ from 2.9a via Na,CO;-promoted HBr
elimination, has two possible transitions states once it re-
acts with nitrone 2.9c (Scheme 2.9). DFT calculations al-
lowed the authors to establish 2.9TS1 as the lower energy
pathway due to the reduced steric repulsion between the
benzyl of the nitrone and the phenyl group on the
azoalkene. It was also determined that the formation of the
desired seven-membered product 2.9d was kinetically fa-
vored.?!

In 2018, both Li and Liu?? and Shao?? published similar
base-mediated (4+3)-annulations between o-chloromethyl
arylsulfonamides 2.10a and nitrones 2.10b for the synthe-
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Zhao (2016):
2 o R?
Oo._R 3 3
Y R TH Na,CO5 (3.0 equiv) A
_NH + N’
N N g N-R*
O R » ! ;
. Ly o DCE, it, 16-24 h 5
2.8c
X _2‘.§a a 2.8b 23 examples
=5 45-99% yields
............................. Examples ------=======ssanacamanaaaa-
R
c’§\/Me
N\<Ph Me R
N 0:(

| IN—Bn
/@&o N-Bn
R ph)\/o

2.8d, R = F, 99% yield 2.89, R'=H, R = Me, 95% yield

2.8e, R =Cl, 74% yield 2.8h, R'=H, R = Cl, 88% yield
2.8f, R = OMe, 45% yield 2.8i, R'=Cl, R=H, 74% yield
Me O Me Me
0o \ Q OS\ Et oﬁ/
Me
#ﬁ OS\ §< N,N+Me
N N N-Bn
| N-Bn N N-Bn { N-Bn
Ph)\/O )\\,d )\/0 Ph o
Ph
2.8j, 65% yield 2.8k, 93% yield 2.8l, 81% yield 2.8m, NR

Scheme 2.8 Construction of 2,3,4,7-tetrahydro-1,2,4,5-oxatriaze-
pines via (4+3)-annulations of a-halogenohydrazones with nitrones

Zhao (2016): Proposed Mechanism

Oy Me Oy Me
Y Na,COs3 Ph\ﬁH
e B Vi R N
| —HBr
o BT PR ©
2.9a 2.9b 2.9c
O, M
oM w SN ph
2 N-----
=< { Ph i '/
N TN . N+
L L/ i
)\ ,,,,, B Ph) ~5----- o
Ph (en
2.9TS1 2.9TS2
favored disfavored
o Me
1 Ph
g
| N—
Ph O Ph
2.9d

Scheme 2.9 Proposed mechanism

sis of benzooxadiazepines 2.10c (Scheme 2.10). The former
employed Na,CO; whereas the latter employed NaHCO;.
The o-chloromethyl arylsulfonamides are aza-ortho-qui-
none methide precursors (ao-QMs), which are generated in
situ via a base-mediated HCl 1,4-elimination.
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Li & Liu (2018): 32 examples
25-99% yields

1(\ NHTs
R1--

\/ cl Na,CO3 (1.5 equiv)
Ts R3
R2 dioxane, rt, 36 h N
2.10a 1_'/ S \< —R4
. Ri= N-R
(1.1-1.5 equiv) L °
* 2
2.10b NaHCO; (1.5 equiv) 53
R3 2.10c
Nf CHyCla, 1t, 8 h
O0"@ R*
(€] Shao (2018): 30 examples

55-97% yields

Proposed Mechanism

Ts  ph TS pn
HTs Base N---< N N\<
CU% A - O
~HCI 09 Z\-0
2.10a' ao-QM © 2.10c'
Examples
T TS ph
S ph N~
N~ N-Bn
©/\/ lN—Bn (o]
° Ph
2.10d 2.10e

Li & Liu, Shao: 94% yield Shao: 79% yield, 10:1 d.r.

Scheme 2.10 Accessing benzooxadiazepines via formal (4+3)-annula-
tions of o-chloromethyl arylsulfonamides with nitrones promoted inde-
pendently by Na,CO; and NaHCO;

Coincidently, both reactions generated the standard
product 2.10d in identical yields, with both authors’ sub-
strate scopes tolerating a wide range of aryl substituents
and a few alkyl substituents. However, only Shao’s work in-
cluded substituents other than H at the R? position, which
resulted in the preferential formation of the cis over the
trans diastereomer (e.g., 2.10e). Additionally, longer reac-
tion times (i.e., 16 h) were needed when R? = aryl, as conju-
gation within the intermediate structure of the azadiene
deactivates it and therefore decreases the reaction rate.

Guo also employed o-chloromethyl arylsulfonamides
2.11a in an unexpected two-step (4+3)-annulation with
arylcarbohydrazonoyl chlorides 2.11b for the construction
of  2,3-dihydro-1H-benzo[e][1,2,4]triazepines 2.11d
(Scheme 2.11).2% The reaction proceeded via the formation
of the intermediate 2.11c, which could be isolated and was
initially the major product before flash column chromatog-
raphy purification triggered its conversion into 2.11d. This
led to silica gel being added as the second step of the reac-
tion to completely consume 2.11c.

Various control experiments were carried out, since the
obtained 2,3-dihydro-1H-benzo[e][1,2,4]triazepines did
not clearly correspond to the expected products that would
have arisen from a straightforward cyclization of interme-
diate 2.11c (Scheme 2.11). Interestingly, replacing silica gel
with Lewis acids such as FeCl; and MgSO, also generated
the same cycloadduct 2.11d’ (Scheme 2.11). However,
protonic acids such as AcOH, PhCO,H and p-TsOH failed as

Special Topic

Guo (2018):
'ArZ 1. Na,COj3 (2 equiv) \

- NHTs HN CH,Cl, —20 °C, 36 h X 0\
& c— , 2 silica gel,t, 12-36 h ~N
Ar

NHTs Ar'
2.11a 2.11b 2.11d
(1.2 equiv) cl 26 examples
N. - 52-78 yields
Ar2 °N” CAr!
via2.11c
NHTs
R‘—/ | - TSN At
= o — e e YN
3 A
N, 2 N
2 1
Ar NJ Ar “Ar?
2.11c

Using Lewis acids in place of silica

ph 1. Na,COj5 (2 equiv) Ts
NHTs CH,Clp, ~20 °C, 36 h N
CUT T e O
2. FeClg, 1t, 3d =
CI—< o N
MgSOy, t, 5 d Ph
2.11a' 2.11p' 2.11d'
(1.2 equiv) FeCl3: 57% yield

. MgSO0y4: 64% yield
Proposed Mechanism

HN 211b (;IHTS
)
NHTs |\ o, @ / (I ]
o — N., 2k

—HCl Ph”™ °"N” "Ph
2.11a' 2.11e 2.11f
silica gel
+H®
Ts
Ts N
ring _N i NV
expansion cyclization _
pq1q ~—PANSOR @\N L Y N Ph
=N’ Ph =N
Ph cl
2.11h 2.11g

Scheme 2.11 A (4+3)-annulation reaction of ao-QMs with arylcarbo-
hydrazonoyl chlorides for the synthesis of 2,3-dihydro-1H-benzo-
[e][1,2,4]triazepines

substitutes. Based on these observations, the authors pro-
posed that the silica gel increases the contact surface of in-
termediate 2.11c with the solvent, which helps the follow-
ing transformation, while also activating 2.11c¢ and 2.11e
(vide infra).

Substitutions were tolerated in 2.11a except for when
they were ortho relative to the NHTs group. For 2.11b, elec-
tron-rich aryl groups (Ar!) performed better than electron-
deficient ones, and para-substituted aryl groups performed
better rather than meta- or ortho-substituted ones, possibly
due to steric hindrance. The same electronic trend was ob-
served with regards to Ar?, although most examples only
used a phenyl group at this position.

The authors proposed that this reaction occurred as a
stepwise annulation process. First the electrophilic ao-QM
2.11e generated in situ from 2.11a’ via Na,CO;-mediated
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HCl elimination undergoes a conjugate addition with 2.11b"
to provide the key intermediate 2.11f. It is at this point that
silica gel is added, which assists with the base-mediated
deprotonation of 2.11f and causes the isomerization into
the anion 2.11g. A subsequent intramolecular cyclization
affords the spirocycle 2.11h, which rearranges and rearo-
matizes into the product 2.11d".

Hanson (2010):
00

w4

1
S R
Rc || H
X" F 212b
Cs,CO03 (3 equiv)
BnEtgNCI (10 mol%)

\//

@w =31

2.12c
10 examples

Dioxane/DMF (1:1)
MW, 110 °C, 20 min

o 65-78% yields

e Q§P R'
X Sen-

212 Y N 2124 \w R
Cs,C03 (3 equiv) \O\\S/,o - [
BnEtgNCI (10 mol%) 'l

HO\)
Dioxane/DMF (1:1) \‘ R2 2. 129

MW, 110 °C, 20 min 8 examp[es
via 53-65% yields

Proposed Mechanism

N //

0\319 R1 i OS“ R1

-~ RS__ -~

) - k \ S0
4 o
2.12¢ R? 2.12¢

Scheme 2.12 Formal (4+3) epoxide cascade reactions via a comple-
mentary ambiphilic pairing strategy

In 2010, Hanson and co-workers developed a formal
one-pot, cascade (4+3)-annulation for the synthesis of sul-
tams 2.12c¢ and 2.12e using Cs,CO; (Scheme 2.12).2° They
employed epoxides 2.12a and sulfonamides 2.12b and
2.12d as ambiphilic synthons. These ambiphiles possess
both an electrophilic and a nucleophilic site, which renders
them ideal components for a complementary ambiphile
pairing (CAP) cascade reaction.?> After an initial epoxide
opening, the resulting intermediate undergoes an intramo-
lecular SyAr reaction in the case of a-fluorobenzenesulfon-
amides 2.12b or an intramolecular oxa-Michael addition in
the case of vinylsulfonamides 2.12d. The reaction scope in-
cluded a variety of allyl, benzyl, alkyl, and aryl substituents
for R! and R2 The R3 substituent was exclusively halogens
and all products were generated in good yields.

It had previously been reported that epoxides efficiently
undergo ring opening by sulfonamides when heated in 1,4-
dioxane in the presence of catalytic amounts of tetra-n-bu-
tylammonium halides.?® In other instances, BnEt;NCI had
been used as a phase-transfer catalyst (PTC) under solid/lig-
uid conditions in order to give high yields in short reaction
times, with K,CO; being employed as a base.?”?® This reac-

Special Topic

tivity was ascribed to the potassium sulfonamide ion pair
interactions, which are considerably smaller than the in
situ formed quaternary ammonium pair.

When tert-butyldimethylsilyl (R)-(-)-glycidyl ether
(2.13a) was reacted with N-allyl-2,6-difluorobenzenesul-
fonamide (2.13b), desilylation of intermediate 2.13c¢ oc-
curred, furnishing 2.13d with a free hydroxy group
(Scheme 2.13). Mitsunobu reactions mediated by an oligo-
mer coupling reagent, 2°OACCs,, were performed to give
rise to the corresponding sultam esters 2.13e in excellent
yields.

Hanson (2010): F oo

NG
@VS

A ows 2 @ﬂ )’9

standard conditions

2.1‘3a 2. 13c v TBS
enantiopure

F 0\\”0 /\/ \\II
S-N
) K
(o) ",,,2’ 2GOACCs; (1.5 equiv)

DMAP (10 mol%)

2.13e CHsCl, 1t, 4 h 2.13d
5 examples 70% yield

89-98% yields

Scheme 2.13 Mitsunobu derivatizations

Another (4+3)-annulation involving small-ring-opening
was reported by Gong in 2015 (Scheme 2.14).2° At the time,
syntheses of the pyrrolo[1,2-a]azepin-9-amine skeleton in
molecules had mostly been mediated by transition-metal
catalysis with high catalyst loading.3°-37 Gong et al. identi-
fied a way to access azepines 2.14¢ via a transition-metal-
free (4+3)-annulation between ‘donor-acceptor’ reagents
2.14a and halocyclopropanes 2.14b under mild basic condi-
tions using Cs,CO;. Compounds 2.14b are precursors to
highly reactive cyclopropenes via a 1,2-elimination of HCl,
and represent unique synthons with double nucleophilic
and electrophilic centers via the cleavage of its C=C bond.

When the Ar® moiety was substituted with EDGs at the
para position, the corresponding azepines were obtained in
good yields and excellent d.r. values (e.g., 2.14d,e). However,
the opposite effect was observed with EWGs as both the
yields and d.r. values dropped significantly (e.g., 2.14f,g).

EWGs on the Ar! moiety tethered to the imine per-
formed well in contrast to EDGs, which gave low yields and
d.r. values (e.g. 2.14h-j). In this case, the reactivity of the
imine is reduced towards nucleophilic attack by EDGs. This
reduced reactivity logic applies to the single aliphatic imine
example derived from n-butylamine, which resulted in an
unidentifiable mixture of products. Bulky substituents
seemed to constitute another important limitation: when
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Gong (2015):

7 N N-pp 0

o Ar3’[ll,_ Cl Cs;C03(15equiv) pr2 . AP
2 SN T
A2 2.14b DMSO, t, 0.5-1 h 2.14c O
214 £ —-CO a 28 examples
.14a =002 46-90% yields
7:1 to >20:1 d.r.

Examples (E = CO,Et)

Ar' = 4-BrCgHy
2.14d, R =Me, 75%, 17:1 d.r.
2.14e, R = OMe, 74%, >20:1 d.r.
2.14f, R=Br, 47%, 11:1 d.r.
2.14g, R=Cl, 60%, 12:1d.r.

-, Ph
T
E (o]

2.14h, R=Cl, 70%, 17:1 d.r.
2.14i, R=H, 60%, 15:1d.r.
2.14j, R = OMe 55%, 11:1 d.r.

Scheme 2.14 Direct construction of the 9H-pyrrolo[1,2-a]azepin-9-
amine skeleton via (4+3)-annulation of alkyl 2-aroyl-1-chlorocyclopro-
panecarboxylates

Ar! = biphenyl, the reaction gave rise to the lowest d.r. value
(i.e., 7:1),and when R = tert-butyl on the ester moiety, a low
yield of 58% was obtained.

Varying Ar? led to similar observations with EDGs faring
better than EWGs on the aryl moiety. However, strong EDGs
(i.e., -Me) fared poorly. This pattern is likely due to the
EWGs reducing the nucleophilicity of 2.14a, whereas strong
EDGs decrease the acidity of 2.14a.

An indole-2-carboxaldehyde-derived donor-acceptor
2.15a was coupled with chlorocyclopropane 2.15b in an ef-
fort to expand the methodology (Scheme 2.15). After 0.6
hours, a formal (4+2)-annulation product 2.15¢ had formed.
However, it was the desired azepino[1,2-a]indole 2.15d that
constituted the major product after an hour of reaction
time. This led the authors to postulate a mechanism where
Cs,CO; deprotonates 2.15a to give 2.15e, while the base
triggers a 1,2-elimination of HCl from 2.15b (Scheme 2.15).
The reactive cyclopropene 2.15f undergoes a conjugate ad-
dition to give rise to adduct 2.15g. An intramolecular Man-
nich reaction followed by protonation then occurs. The base
deprotonates the resulting formal (4+2)-annulation inter-
mediate 2.15h to generate the anion 2.15i, which under-
goes a ring opening. Protonation of the seven-membered
heterocycle 2.15j delivers the azepine 2.15k.

Though most examples of base-mediated (4+3)-annula-
tions utilize carbonate bases, there are a select few which
use hydride, oxide or amine bases.

The first example utilizing crotonate-derived sulfonium
salts 2.16a as C; synthons was developed by Yu, Wei and
Meng in 2017 (Scheme 2.16, a).3® The authors coupled
2.16a to thioaurones 2.16b to deliver 2,5-dihydroben-
zo[4,5]thieno[3,2-b]oxepines 2.16c. Substrates with EWGs
on the tethered Ar ring worked better than their electron-

Special Topic

Gong (2015):
Qo
N I}l Ar~\H O
(o) ~Ar Ph
PMP standard =
2.15a conditions N E +
Ar=p-BrCgHy — »
+ o7 ~PMP
]
ot A 2.15¢
H E Time
2.15b 06h 57% 20%
E =CO.Me U0 <5% 80%
Proposed Mechanism
Ar A
N r,
NH
o A\
—= H | (o]
N TN Cs,CO; N A
S L\ _— H
\;‘Ph H E o S Ph
2.15a 2.15b Ph E 215k
l—H i—HCI T+H®
Ar Ar,
=N NH
o B o]
=\ o+ E N
X N\>\ Ph o S Ph
Ph
2.15e o 2.15f bh E 215
conjugate X
addition ring
opening
Ar cs
N C\)
Mannich
= \/6 Ph eaction
N — >
= +H®
E
(o]
Ph
2.15g 2.15h 2.15i

Scheme 2.15 A mechanistic study to determine an intermediate and
the proposed mechanism

rich counterparts and no steric effects were observed. An
isopropyl ester worked as well as a methyl ester group on
2.16a.

Subsequently, Peng and Li combined 2.16a with aza-
dienes 2.16d in the presence of Cs,CO; for the construction
of tetrahydroazepino[2,3-b]indoles 2.16e (Scheme 2.16,
a).% In some cases, a novel sulfide-catalyzed (4+3)-cycliza-
tion was also reported (Scheme 2.16, b). The products were
generated in good to excellent yields with many different
(hetero)aryl and aliphatic groups at R3. A single asymmetric
example of the sulfide-catalyzed reaction was attempted
with a camphor-derived sulfide, which gave rise to the en-
antioenriched cycloadduct 2.16e in 71% yield and 64% ee.

A control experiment was performed, where excess
CD;0D was added to the reaction between 2.17a and 2.17b.
The corresponding product D-2.17c incorporated 60% deu-
terium at both protons adjacent to the oxygen atom
(Scheme 2.17). DFT calculations were also performed to
provide insight into the reaction mechanism. The allylic
ylide 2.17d is generated from deprotonation of 2.17a by
NaH. Reacting the ylide with thioaurone 2.17b' via a
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Synithesis H. Lam et al.
a) Yu, Wei & Meng (2017): o
X
R1{I‘§=\
Z 8 Ar o 0
2.16b s >N\ EWG
NaH (2.5 equiv) Z=S  Ar

/ CHClg, rt, 1-60 min 2.16¢
= 28 examples
Br@ R? 66-96% yields
i )
EWG X
RZ—:/ =NTs
2.16a S A~N
(1.2 equiv) H
2.16d
Cs,CO; (1.2 equiv)
MeCN, rt, 2 h
2.16e
Peng & Li (2018): 31 examples
82-97% yields
b) Peng & Li (2018): EWG
Br, R® L} (20 mol%)
/ S
+ N _— Rz_:
N _|_ )=NTs Cs,C05 MeCN LAY e
EWG N i, 12h H
2.16e
2.16f 2.16d 13 examples
(1.2 equiv) 70-93% yields

Scheme 2.16 (a) Base-mediated (4+3)-annulations of crotonate-de-
rived sulfur ylides and thioaurones (Yu, Wei and Meng, 2017) and aza-
dienes (Peng and Li, 2018), respectively. (b) Thiophane-catalyzed
reactions.

Michael addition forms the adduct 2.17e, which deproton-
ates the a-H to afford intermediates 2.17f. H/D exchange in
the presence of CD;0D is supported by DFT calculations. A
second proton exchange occurs to provide 2.17g before an
intramolecular Sy2 reaction affords the desired (4+3)-cyc-
loadduct 2.17h.

In 2012, Mal reported the synthesis of 2-benzazepin-1-
ones 2.18c from phthalides 2.18a and 2-azidoacrylates
2.18b using LIHMDS (Scheme 2.18).4° In almost all cases,
the cycloadducts 2.18c were oxidized in the presence of
MnO,, furnishing the benzazepinediones 2.18d. The oxi-
dized products 2.18d were easier to characterize by 'H
NMR than compounds 2.18c.

The benzazepinones were generated from a variety of 2-
azidoacrylates, which ranged from the parent methyl 2-azi-
doacrylate (2.18e), methyl 2-azidocrotonate (2.18f), an azi-
do cyclic ketone (2.18g) and a series of 3-arylazidoacrylates
(e.g., 2.18h). In the case of the phthalides, three out of four
examples were characterized at the oxidized benzazepine-
dione form. Substrates containing a pyridine moiety (X = N)
were successfully employed in the reaction (e.g., 2.18h).

The authors postulated that base-mediated deprotona-
tion of phthalide 2.18a’ occurs at low temperature, afford-
ing the nucleophilic anion 2.18i, which attacks the 2-azido-
acrylate 2.18j. The resulting adduct 2.18k can proceed via
two potential pathways. Expulsion of N, forms 2.181, which
cyclizes into the seven-membered 2.18m or undergoes di-
rect attack at the lactone carbonyl to provide the bicycle

Special Topic

Yu, Wei & Meng (2017):
1

C
Cl —
/
—S® NaH (2.5 equiv) \ 7/
o ;
B! . CD30D (20 equiv) d o (60%)
\ s._*<o Z 2D
CHCl3, rt, 1 min
MeO,C | ph =/ D
Ph (60%)

MeO,C
2.17a 2.17b D-2.17¢
(1.2 equiv) 82% yield

Proposed Mechanism
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S  Ph
2.17h
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6O | ® OH | OH\
+ O
N\ E_=H N\ E N\ E
S Ph S Ph S Ph
2.17g 2.17f

Scheme 2.17 Deuterium-labelling experiment

2.18n. The bicycle undergoes subsequent ring cleavage and
the loss of N, to access 2.18m. Tautomerization into 2.180 is
followed by protonation, which yields the desired benzaze-
pinone 2.18c".

Qi and Jiang used t-BuOK in their (4+3)-annulation to
furnish benzoxepines 2.19¢ from 2-fluorophenylacetylenes
2.19a and ketones 2.19b (Scheme 2.19).4! The reaction tol-
erated various alkyl (hetero)aromatic and (cyclo)aliphatic
ketones, though steric effects constituted an important lim-
itation in the case of alkyl benzyl ketones. As for the 2-fluo-
rophenylacetylenes, good to excellent yields were obtained
whether the aromatic ring was electron-rich or poor. Fur-
thermore, employing a chlorinated substrate in lieu of fluo-
rinated 2.19a resulted in a complex mixture without 2.19¢
being formed.

To probe the mechanism of the reaction the authors
stopped the reaction between standard 2.19a" and 2.19d af-
ter an hour. They detected the p,y-unsaturated ketone
2.19e¢’ in 48% yield along with the expected (4+3)-cycload-
duct 2.19d". After isolating 2.19e’ and submitting it to the
standard reaction conditions, 2.19d" was obtained in 78%
yield. This indicated 2.19g constituted the key intermediate
of the reaction and that C-C bond formation occurred be-
fore C-0 bond formation.

These observations led the authors to postulate that
base-promoted vinylation of 2.19f with 2.19a’ first occurs
to give rise to key intermediate 2.19g. An ensuing depro-
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Mal (2012):

R1
[\Ei\(\o o T x F
X p o g L X
o R .

2.18a a2
MnO
X=CH, N LHMDS E\ E 2

(3.2 equiv) X (5 equiv
- . J I
E THF CHCl3
Z\Na —786t07>r? C 2.18¢c 6-7h
. . 14 examples
SN 65-90% yields
' —R?
Lol X
2.18b
(1.05 equiv)
E = CO.Me
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HO HO Me HO
A A
\ E l = b E = b
NH NH O
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o o
(o]
2.18e 2.18f 2.18g 2.18h
90% yield 75% yield 65% yield 70% overall yield
Proposed Mechanism
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Scheme 2.18 Anionic (4+3)-heteroannulation of 2-azidoacrylates: a
modular synthesis of 2-benzazepin-1-ones

tonation leads to (E)-enolate 2.19h, which isomerizes into
its (Z)-counterpart. This allows an intramolecular SyAr pro-
cess to happen, affording the desired benzoxepine 2.19i.
Another tert-butoxide-mediated (4+3)-annulation for
the construction of benzoxepines 2.20c was reported by
Wang who reacted 2-bromophenylacetonitriles 2.20a with

Special Topic

Qi & Jiang (2016):

| 0
. HLRZ #BuOK (1.0 equiv) AR
= + \ 43 examples
3 o
Y. | RT DMfzor’]ﬁO c 54-90% yields
No- » N2
R
2.19a 2.19b
Time Study
| 0 .
t-BuOK (1.0 equiv)
F + = —_—
\ o DMSO, 120 °C
1h, Ny
2.19a" 2.19d
2.19¢' 2.19¢’
40% yield 48% yield
Proposed Mechanism
H H
Z 0 +BUOK, £H'
+ )J\ X Ph
F Ph vinylation E [o]
2.19a’' 2.19f 2.19g
+ H t-BuOK
-H
- (E)(2)
| X T SWAr isomerization X Ph
D ) p 4 KF / @\/\g
Ph 0" “Ph F -
2.19¢ (2)-2.19n (E)-2.19h

Scheme 2.19 Base-promoted formal (4+3)-annulation between 2-flu-
orophenylacetylenes and ketones: a route to benzoxepines

ynones 2.20b in NMP (Scheme 2.20).4% All but one of the R?
groups studied were (hetero)aryl and generally worked bet-
ter when electron-rich. Electronic effects of the R! and Ar
groups had little impact on the yields. Changing the stan-
dard 2-bromo- to 2-iodo- and 2-chlorophenylacetonitrile
2.20a’ and reacting them with the standard ynone 2.20b’
resulted in a virtually identical yield of 2.20c¢’ for the iodin-
ated substrate, whereas a much poorer yield was obtained
using the chlorinated substrate (Scheme 2.20). Interesting-
ly, changing the base and solvent to DBU and DMSO, respec-
tively, changed the chemoselectivity and yielded an unex-
pected benzofuro[2,3-b]pyridine product via O-rearrange-
ment.

The authors propose that t-BuOLi triggers the nucleop-
hilic addition of 2.20a’ onto the alkyne, which forms inter-
mediate 2.20d. A second deprotonation occurs, which af-
fords enolate 2.20e. A subsequent intramolecular SyAr reac-
tion delivers the desired benzoxepine 2.20c".

Hua reported a hydroxide-promoted formal (4+3)-an-
nulation between o-fluoro-N-alkyl-benzamides 2.21a and
2-propyn-1-ol 2.21 (Scheme 2.21).#* The R! substituents
were exclusively (cyclo)alkyls and limited examples with
substituents on the arene moiety (R?) were included, e.g., 3-
Me, 4-MeO and 5-Cl. The solvent played an important role
in the chemoselectivity. The use of DMSO led to the forma-
tion of 1,4-benzoxazepin-5(4H)-ones 2.21c, whereas MeCN
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Wang (2019):
CN o NC R?
t-BuOLi (1.0 equiv) =
N A, e o
Rlq wZ NMP, 100 °C, 5 h N
Br o
220c Ar
2.20a 2.20b 30 examples

57-96% yields

Use of other aryl halides
NC

Ph
CN o | X T
/L t-BuOLi (1.0 equiv) — /
+ _— 0
L Ph
[ :[ 7 o Ph
X Ph NMP, 100 °C, 5 h 2.20¢'
' i X =Br, 96%
2.20a 2.20b X =1, 94%
X =Cl, 68%
Proposed Mechanism
CN o ) H CN on
t-BuOLi, +H |
+ _—
= Ph Michael 5 o
Br Ph addition re
Ph
2.20a' 2.20b' 2.20d
NG ph /:H*
SNAr
@
-Br \Br
o Ph
2.20c' 2.20e

Scheme 2.20 Base-controlled divergent synthesis of 5-cyanobenzox-
epines and benzofuro[2,3-b]pyridines from 2-bromophenylacetonitriles
and ynones

generated (4+2)-adducts, i.e., 1,3-benzoxazin-4(4H)-ones
2.21f. As such, real-time monitoring by '"H NMR, carried out
in DMSO-dg and CD;CN (not shown), was conducted to bet-
ter understand the chemodivergent selectivities. Interest-
ingly, the reaction between standard 2.21d and 2.21b deliv-
ered a mixture of the (4+3)- and (4+2)-adducts 2.21e and
2.21f during the first hours. The yield of the former in-
creased over time as that of the latter decreased. Increasing
the temperature from 30 to 50 °C gave 2.21f in <5%, where-
as 2.21e was furnished in 82% yield. The authors suggested
the base strength determined the chemoselectivity. KOH is
completely soluble in DMSO, which creates a superbase and
favors the rapid formation of 2.21e. In contrast, KOH is only
slightly soluble in MeCN, creating a mildly alkaline solution,
leading to the slower formation of 2.21f.

Based on these observations, it was postulated that a
KOH-promoted SyAr reaction takes place between 2.21d
and 2.21b to furnish the key intermediate 2.21g (Scheme
2.21). In DMSO, the strongly basic conditions promote the
fast and favorable amide deprotonation. The resulting N-
anion 2.21h undergoes an intramolecular nucleophilic ad-
dition onto the alkyne moiety via a 7-exo-dig cyclization.
Subsequent protonation of the resulting allylic anion 2.21i
leads to the (4+3)-adduct 2.21e. Alternatively, reversible al-
lene formation involving 2.21j can occur in MeCN, and to
some extent in DMSO, leading to the (4+2)-adduct 2.21f via
a 6-exo-trig cyclization.

Special Topic

Hua (2019):

0._NHR! | | 1. KOH (3.0 equiv)

J __DMS0,30°C, 12h
X F + Me
R2 P HO 2.50°C,12h

2.21a 2.21b 2.21c
(1.2 equiv) 11 examples
18-70% yields
Time Study
Oy NHn-Pr KOH
F " DMSO- de d\ . n-Pr
jMe

“0 NMR tube Az

2.21d 2.21b 2.21e 2.21f

(1.2 equiv)

30°C,1h 58% 10%

30°C,2h 74% 6%

30 °C,2 hthen 50 °C, 12 h 82% trace

Proposed Mechanism
(o] NHn-Pr | | (o] NHn-Pr
KOH, +H "
P J AL LI N
HO SNAr |

2.21d 2.21b 2.21g

r|1-Pr
NO

n-Pr 7-exo- dlg o —\'
221e <~ ( CHZ 0 FZ)

2.21i 2.21h

Scheme 2.21 Base-promoted chemodivergent formation of 1,4-benz-
oxazepin-5(4H)-ones

The final example comes from the Harmata group. They
have had a long-standing interest in (4+3)-annulations in-
volving allylic cations and their use in the synthesis of natu-
ral products.*4#> Building on the work of Katritzky in the
late 1970s, thermal (4+3)-annulation reactions between N-
alkylated oxidopyridinium ions and dienes have not been
well developed, whereas N-arylated substrates perform ex-
ceptionally well in the reaction (Scheme 2.22, a).%6

These scaffolds are substructures found in a number of
alkaloids and facile methods to prepare them are of inter-
est. To improve the reaction with N-alkyl substrates,
Harmata utilized the ester-substituted pyridine 2.22d to
enable the desired annulation reaction with both 2,3-di-
methylbutadiene and 1,3-butadiene (Scheme 2.22, b).4’
DFT calculations predicted a concerted annulation. They
also support an endo transition state TSA which is 0.7
kcal/mol lower in energy than the exo transition state TSB.

The authors explored 1-substituted and 1,2-disubstitut-
ed dienes to examine the regio- and stereoselectivity of the
reaction (Scheme 2.23). In most cases, there was little en-
do/exo selectivity (2.23a-c). Regioselectivity was excellent
in all cases with formation of a single regioisomer. Dienes
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a) Katritzky (1975-1980)
NO,
| ——  90% yield
© 2 \N 2 Me,
ahs Jk% Mo
P + M PhMe, 70 °C, 12 h R2?
e s
Rl Me |
R'=Me, R?=Ph

2.22a 2.22b iy 2.22¢ o,
THF, 40-45 °C, 48 h

H1=/

—

28% yield
b) Harmata (2017) J R
o R k]/ J c
HO E O~ E rR R<oc
X E MeOT | (10 equiv) |
N CH,Cl, i EtN e
2.22d € MeCN, 85 °C 2.22¢
E = CO,Me 2.22a' 13 examples

66-99% yield
DFT Calculations

= _\i :
oN | :
HO\:‘(E/E vs. 0—_AE 3 OC“‘ |
g W

) ) N
Me Me Me
TSA: endo (4+3) TSB: exo (4+43) 2.22¢'
AGF =235 AGF=242 ; AG=-14.4

Scheme 2.22 (a) Katritzky’s heat-mediated (4+3)-annulation.
(b) Harmata’s heat-mediated (4+3)-annulation.

containing carbocycles participated in the reaction and
gave slightly better d.r. (e.g., 2.23d). When looking at 2,3-
disubstituted dienes (e.g., 2.23e), regioselectivities were
generally poor. One interesting example used the diene-
tethered oxidopyridinium ion 2.23f to obtain a diastereo-
meric mixture of 2.23g and 2.23h.

Harmata (2017): Examples (E = CO,Me)

2.23a, 70% yield ~ 2.23b, R=0Ac  2.23d, 99% yield 2.23e, 79% yield
1:1d.r. 2.23c, R = OMe 1:1.7d.r. 1.5:1rr.
both cases: 69% yield
1:1dr.

Intramolecular Reaction

oo E 7000
| S EtsN (3 equiv) oc’
) _ENGeauw) NTE
MeCN B
W 85°C,6h ~

2.23f

+

4
2

2.23g +2.23h

o
84% yield (1:1.9)

Scheme 2.23 Selected examples and an intramolecular reaction

The sole example where the endo product was strongly
favored was with diene 2.24b (Scheme 2.24). In this case,
the regioselectivity gradually degraded over the course of
48 hours. When each regioisomer was subjected to the re-
action conditions, a similar mixture of 2.24c and 2.24d
would arise indicating reversibility of the annulation

Special Topic

(Scheme 2.24). Furthermore, subjecting either 2.24c or
2.24d to the reaction conditions with excess 2,3-dimethyl-
butadiene led to full conversion into the new cycloadduct
2.24e in both cases.

Harmata (2017): Erosion of Regioselectivity

.P
(o] E Ph
X
EtsN (3 equiv.
| + 2 + = 3 auiv)
:.I‘I . T meon
e o
85°C 2.24c 2.24d
2.24a 2'24b, 2 h, 76% yield, 13:1 r.r.
(10 equiv) 8 h, 58% yield, 5.3:1 r.r.

48 h, 46% yield, 2.1:1 r.r.
Reversibility of Cycloaddition

Et3N (3 equiv), TfOH (1 drop)
2.24c + 2.24d
Qj/ MeCN, 85 °C, 24 h 231)
2. 24c
QT

Et3N (3 equiv), TfOH (1 drop)
2.24c + 2.24d

(2.6:1)

MeCN, 85 °C, 24 h

2 24d
Et3N (2 equiv), EtsNH*TfO™ (1 equiv)
2,3-dimethylbutadiene (30 equiv) --==----=-m--sms- '
Me,
| MeCN, 85 °C, 24 h : :
% Vi . Me :
2.24¢ . e 67% yield ; Joc i £
EtsN (3 equiv), EtNH*TfO™ (1 equw) r:l
2,3-dimethylbutadiene (30 equiv) } Me
} 2.24e
MeCN, 85 °C, 24 h brmmmmmmmmmmmeees '
I
2 24d 87% yield

Scheme 2.24 Erosion of regioselectivity over time for certain sub-
strates and control studies to show the reversibility of the annulation

Base-mediated methods were broadly applicable but
generally gave racemic products. One method to enable en-
antioselective transformations is to couple the base-medi-
ated activation of one substrate with a chiral catalyst, such
as an NHC, which we will cover in the next section.

3 Annulations Using N-Heterocyclic Carbenes
3.1 N-Heterocyclic Carbenes (NHCs)

In general, NHC catalysts are reacted with aldehydes to
create umpolung reactivity via the formation of a Breslow
intermediate. The traditionally electrophilic aldehyde is
turned into a nucleophilic conjugated enol that can attack
an electrophilic partner. In the case of NHC-catalyzed
(4+3)-annulations, chiral NHC catalysts ensure that the re-
actions can provide heterocycles in enantiomerically en-
riched form. The last step of the catalytic cycle usually in-
volves a nucleophilic addition/elimination mechanism,
where the positively charged NHC moiety linked to the re-
stored carbonyl is ejected, thereby delivering the desired
seven-membered ring and regenerating the active NHC.
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In this past decade, the Ye group has made important
contributions to this field. In 2013, they reported the first
NHC-catalyzed (4+3)-annulation of p-monosubstituted
enals 3.1.1a (R? = H) with ortho-quinone methides (0-QMs)
3.1.1b to form the corresponding benzo-g-lactones cis-
3.1.1c(Scheme 3.1.1).#8 A few examples of the intermolecu-
lar reaction were reported, and even fewer enantioselective
results. The authors stated that the typically unfavorable
formation of a seven-membered ring is compensated by the
driving force of re-aromatization and that this path out-
competes potential (3+2)- and (4+2)-annulations. Building
on these findings, in 2015, Ye developed a (4+3)-annulation
of enals 3.1.1a and aurones 3.1.1d with the same chiral tri-
azolium catalyst 3.1.1aNHC to provide the corresponding
benzofuran-fused e-lactones cis-3.1.3e (Scheme 3.1.1).4° In
the following year, they were able to incorporate thiazolo-
nes 3.1.1f to yield the corresponding thiazole-fused e-lac-
tones 3.1.1g using near-identical conditions (Scheme 3.1.1,
2016).>°

More recently, Ye incorporated both f-monosubstituted
(R? = H) and B,B-disubstituted enals (R?> = Me) 3.1.1a in a
new (4+3)-annulation (Scheme 3.1.1, 2019).5! Such a reac-
tion was previously restricted to f-monosubstituted enals
because of the steric encumbrance at the B-position. How-
ever, Ye previously reported methodologies that employed
bifunctional NHCs with a free hydroxy group, e.g., catalyst
3.1.1bNHC, which proved crucial in generating the desired
seven-membered benzofuroazepinones cis-3.1.1i using au-
rone-derived azadienes 3.1.1h as the enal annulation part-
ner.

Ye’s (4+3)-annulation reactions via asymmetric NHC ca-
talysis have greatly contributed to this field. The result is
that a common set of general conditions can tolerate vari-
ous substrate classes.

In the case of benzo-¢-lactones 3.1.1c, it is worth noting
that a greater diastereoselectivities were observed for -al-
kyl enals compared to B-aryl enals 3.1.1a. Substrates bear-
ing a variety of substitution patterns on the tethered aryl
moiety regardless of electronic effects, with the only excep-
tion being with a cinnamyl substituent (64% yield, 4:1 d.r.).
Once again, B-alkyl enals were more successful than B-aryl
enals, in terms of diastereoselectivity, with benzofuran-
fused e-lactones cis-3.1.1e being formed exclusively. Similar
general observations were made about the reaction scope
for the formation of the thiazole-fused -lactones cis-3.1.1g.

When aurone-derived azadienes 3.1.1h were reacted
with B,B-disubstituted enals, >20:1 d.r. was typical except
when R! = R? = Me. When R! = an electron rich or poor aryl
group, the products were generated in good yields and ex-
cellent ee values (e.g., 3.1.2a). Various substitution patterns
on the tethered aryl moiety of the azadiene resulted in
modest yields, but maintained excellent ee values (e.g.,
3.1.2b). Interestingly, f-monosubstituted enals all resulted
in lower d.r. (8:1 to 13:1 d.r,, e.g., 3.1.2c). ,-Dialkylenals

Special Topic

Ye (2013): Ar! Ye (2015):
o) R3
4 \
O="o
R1
o SR2 o_©°
o) R3 3.1.1b 3.1.1d
3.1.1aNHC (10 mol%) | | 3.1.1aNHC (10 mol%)
KOAc (10 mol%) KOAc (15 mol%)
o. 0 1,4-dioxane, rt 1,4-dioxane
N 40°C,1-4h
cis-3.1.1c cis-3.1.1e
18 examples 22 examples
79-97% yields 60-99% yields
3:1t0>20:1d.r. 4:1 to >20:1 d.r.
81-98% ee R2 0O 99% ee
RNy
3.1.1a
(1.2 equiv)
Ar?
Ye (2016): OwArz N | Ye (2019):
Ny S (P
) X R' g2
R )
OY .R! Ard Ar*
3.1.1f 3.1.1h o
05}/“2 N—""0
Ne S 3.1.1aNHC (10 mol%)  3.1.1bNHC (10 mol%) Ts
KOAc (15 mol%)  KOAc (20 mol%)
Ard 1,4-dioxane, rt, 12 h DCM (R2 = Me)
cis-3.1.1g 1,4-dioxane (R? = H) cis-3.1.1i
15 examples 40 °C, 12-48 h 25 examples

64-90% yields
4:1to >20:1 d.r.
97 to >99% ee

43-97% yields
8:1to >20:1 d.r.
92 t0 >99% ee

F3C ) )
O\ BF4 BF4
NN N \NN
FsC - FsC o ph
CF.
F3C CFs 3
3.1.1aNHC 3.1.1bNHC

Scheme 3.1.1 NHC-catalyzed (4+3)-annulations of enals and 0-QM-
like molecules: highly enantioselective synthesis of seven-membered
heterocycles

gave the desired products in modest yields but maintained
high ee values (e.g., 3.1.2d). Various aryl groups on the enal
and the azadiene coupling partners were all tolerated.

The authors proposed that the NHC is bifunctional. The
free hydroxy group proves to be crucial in directing the re-
actions towards forming seven-membered heterocycles, as
opposed to forming spirocyclic cyclopentanones cis-3.1.3b
and cis-3.1.3d via a competitive (3+2)-annulation. Control
experiments revealed it was possible to transform e-lac-
tones cis-3.1.3a and cis-3.1.3c into the respective afore-
mentioned spirocycles when employing 3.1.3aNHC and
3.1.3bNHC, which possess no free hydroxy group (Scheme
3.1.3). No reaction occurred when 3.1.1aNHC replaced
3.1.3aNHC, and neither was it possible to transform cis-
3.1.3b into cis-3.1.3a. This outcome suggested the (4+3)-
annulation is the kinetic pathway whereas the (3+2)-annu-
lation is the thermodynamic.
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a) Ye (2013): Examples

(o] o}
XX Q4
[0} o
Rt Ar R! n
14 examples 4 examples
3:1to5:1d.r. >20:1d.r.
81-95% ee 93-98% ee

b) Ye (2019): Examples

Me
PMP e PMP
S Ph
o o
/N Z ~ 0
TS Ts
3.1.2a 3.1.2b 3.1.2c 3.1.2d
96% yield 65% yield 67% yield 61% yield
>20:1 d.r. >20:1d.r. 13:1d.r. >20:1d.r.
99% ee 99% ee >99% ee 99% ee

Scheme 3.1.2 Selected examples: (a) Ye (2013), and (b) Ye (2019).

a) Ye (201 5)

31 3aNHC (20 mol%) o N
KOAc (20 mol%) Mes
THF, it, 12 h |3|=4

1.3aNHi
. cis-3.1.3b 3.1.3aNHC
cis-3.1.3a 71% yield
>20:1 d.r., >99% ee
b) Ye (2016):
3.1.3bNHC (20 mol%) nPr N
nPr KOAc (20 mol%) 4 8
Ph T o Ph o “¥gPh
o THF, rt, 24 h §\\ S BF,
0—"s N=( 3.1.3bNHC
:< Ph
N Ph cis-3.1.3d
cis-3.1.3c 85% yield
>99% ee single diastereomer

>99% ee

Scheme 3.1.3 Control experiments for the transformations of the
(4+3)-cycloadduct into the (3+2)-cycloadduct: (a) Ye (2015), and (b) Ye
(2016).

A general reaction mechanism is outlined in Scheme
3.1.4, where the active catalyst 3.1.4NHC initially forms a
vinyl Breslow intermediate 3.1.4b with enal 3.1.4a. Control
of diastereo- and enantioselectivity is achieved via H-bonds
between the carbonyl/imine of the 4-atom synthon and the
hydroxy group of the NHC, which also increases the reactiv-
ity. Furthermore, an isopropyl group in the o-position on
the arene of the triazolylidene moiety increases the bulk of
the catalyst 3.1.4NHC. This interaction favors a subsequent
Michael addition onto the 0-QM-like substrate instead of a
1,2-addition to give enolate 3.1.4c. The latter undergoes
Lewis basic O-acylation due to intramolecular H-bonding
that enhances the Lewis acidity of the carbonyl. This inter-
action yields the kinetically favored seven-membered ring

Special Topic

cis-3.1.4d and regenerates the active NHC catalyst. As such,
thermodynamic Lewis basic C-acylation, which would yield
spirocycles such as cis-3.1.3a and cis-3.1.3b, is thwarted.

Ye's General Proposed Mechanism:

(0]
X
e on (7—N o)
TN R
. =2 Ar Ar Ph/\)J\H
oo R ol
cis-3.1.4d ol 3.1.4a
3.1.4NHC
cyclization Breslow
intermediate
o~ formation
Ar'— 7,\!
' AN N<
Ar Ar _7\ | Ar
Ar' OH oH
|
Ph” H
R - — 1.4
N i 3.1.4b
=N
3.1.4c 3.1.4bq N-Ar tatom
S N\
s OH th
1,4-addition ‘Xr] % synthon
O\H Ph H X=0orN-Ts
-~ X
AN/
(~C:QQ(H
n
L R |

Scheme 3.1.4 General proposed catalytic cycle

By 2018, (4+3)-annulations for the construction of O-
and N-heterocycles were well developed. Ye next explored
sulfur heterocycles since these bioactive compounds are
found in a great number of natural products. They reported
an NHC-catalyzed (4+3)-annulation of bromoenals 3.1.5a
with 1,2-benzenedithiol (3.1.5b) to produce ben-
zo[1,5]dithiepin-2-ones 3.1.5¢ (Scheme 3.1.5).>2

The reaction was successful with EDGs and EWGs at the
para, meta and ortho positions of the (-aryl group of bro-
moenals 3.1.5a, where R' = Ar and R? = H (e.g., 3.1.5d)
(Scheme 3.1.5). Aliphatic a-bromoenals gave the highest
yields, where R! = alkyl and R?> = H (e.g., 3.1.5e). The bro-
moenal where R' = R? = Me gave the corresponding thiolac-
tone 3.1.5f in a high yield. The reactivity of a substituted
1,2-benzenedithiol 3.1.5b was not explored. Omission of
3.1.5aNHC led to the formation of dithiane 3.1.5g corre-
sponding to the (4+2)-cyclization adduct. A control experi-
ment revealed the latter could be transformed into thiolac-
tone 3.1.5¢’ in the presence of the NHC by ring expansion
(Scheme 3.1.5). This result signified that the reactivity of
the NHC differed from past observations as it did not imme-
diately react with one of the substrates. The authors also
explored the synthesis of six-membered heterocycles. Ki-
netic data for the (4+3)-annulation showed that 3.1.5g was
generated in 90% yield in the first thirty minutes. It was
only after extended time that ring-expansion took place to
form 3.1.5¢’ in 88% yield, with complete consumption of
3.1.5g after 9 hours.
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Ye (2018):

R2 O SH  3.1.5aNHC (20 mol%)
S X
SH Rb,CO3 (1.2 equiv)

Br PhMe, rt, overnight

3.1.5a 3.1.5b 3.1 5c
(1.5 equiv) N 15 examples
=N BFA 64-87% yields
NN N-pn
3.1.5aNHC
Examples
o] o] o]
S S S
= =
X X X
S S S Me
nPr Me
3.1.5d 3.1.5e 3.1.5f
70% yield CN 87% yield 83% yield
Formation of intermediate
o
PR X n Rb2COs 3.1.5aNHC o]

Br (1.0 equlv 20 mol%) S
: l
Rb,CO3 S
(20 mol%) Ph
3.1.5¢9 3.1.5¢'
SH i

trans/cis = 9:1 73% yield
(1.5 equiv)

Enantioselective reaction

0
/\HL . (js“ 31 56NHC (20 mal’ @[j
Ph " H
P4
Br SH

Rb,CO;3 (1.2 equiv) Ph

(2-3.1.52' (1.5 equiv) PhMe, rt 3.1.5¢'
€] 81% yield
ﬁN\ BF4 34% ee
N__N-
Br o Ph
3.1.5bNHC

Scheme 3.1.5 (4+3)-Annulation of bromoenals and 1,2-benzenedithi-
ol: base-promoted (4+2) reaction and NHC-catalyzed ring expansion

The authors attempted to develop an enantioselective
version, but 3.1.5bNHC generated 3.1.5c¢" in only 34% ee
(Scheme 3.1.5).

In the proposed mechanism, 1,2-benzenedithiol 3.1.6b
first attacks enal 3.1.6a via a base-mediated Michael addi-
tion to give adduct 3.1.6c (Scheme 3.1.6). An intramolecular
Sy2 reaction occurs which generates the 1,4-dithiane
3.1.6d. Concurrently, 3.1.6NHC catalyzes the formation of
the Breslow intermediate 3.1.6e. Cleavage of the C-S bond
leads to acylazolium 3.1.6f, which undergoes intramolecu-
lar thio-lactonization to yield 3.1.6g and regenerate
3.1.6NHC.

Just prior to Ye’s work on 1,2-benzenedithiols, Lu and
Du reported the first NHC-catalyzed asymmetric formal
(4+3)-annulations of a,f-unsaturated acylazoliums derived
from (Z)-2-bromoenals 3.1.7a with 2-aminobenzenethiols
3.1.7b and aryl 1,2-diamines 3.1.7d for the syntheses of
1,5-benzothiazepines 3.1.7c and 1,5-benzodiazepin-2-ones
3.1.7e (Scheme 3.1.7).°3°% While (4+3)-annulations had
been extensively studied, the use of 1,4-bisnucleophiles
with a,B-unsaturated acylazoliums remained unexplored.

Special Topic

Ye (2018):

SH
oo (X
/\)L @[ s o
Michael
addition Ph H Sy2
(2)- 3.1.6a 3.1.6b N
3.1.6¢c
s o] o]
(¥N S ”\H
: e CICL
- Ph
Ph 3.1.6NHC
3.1.69 . ‘ Breslow 3.1.6d
lactonization mtermeq/ate
formation

OH
o o Ay
B &
@S T
P

I Ph
C-S bond 3.1.6e
3.1.6f cleavage

Scheme 3.1.6 Proposed catalytic cycle

The aforementioned seven-membered heterocyclic moi-
eties are found in many natural products and have promi-
nent pharmacological and diverse biological activities. Ad-
ditionally, unprotected aryl amines 3.1.7b and 3.1.7d are
seldom used as nucleophiles in C(sp?)-N bond formation.
These methodologies avoid an N-deprotection step and di-
rect N-functionalization steps may be immediately applied.
N-Protected bis- and mono-secondary benzene 1,2-di-
amines 3.1.8h and 3.1.8i failed to react (Scheme 3.1.8).

In the case of 1,5-benzothiazepines (e.g., 3.1.8a), it was
observed that the steric and electronic properties of the
substituents had limited impact on the reaction yields and
ee values (Scheme 3.1.8). On the other hand, the reaction
yields of 1,5-benzodiazepin-2-ones appeared to be influ-
enced by the steric effect of the ortho substituents of the
(Z)-2-bromoenal phenyl ring. Relatively large 0o-OMe 3.1.8b
and o-Br groups resulted in considerably lower yields than
the other substituted aryl ring examples; however, the ee
remained high. Apart from these cases, monosubstituted
(hetero)aryl, such as 3.1.8c, and naphthyl groups linked to
the enal and symmetrical disubstituted aryl 1,2-diamines
3.1.8e were generally obtained in good yields and ee. None-
theless, important limitations included the non-applicabili-
ty of this reaction to alkyl-tethered enals as well as alkyl
1,2-diamines. The issue of regioselectivity was raised when
unsymmetrical aryl 1,2-diamines were employed. In the
case of meta-substituted diamines, a poor ratio was ob-
tained (e.g., 3.1.8fa and 3.1.8fb) and the regioisomers were
often inseparable by column chromatography. Neverthe-
less, the combined yields were high and the ee values re-
mained excellent. On the other hand, ortho-substituted di-
amines gave products (e.g., 3.1.8d) with outstanding regio-
selectivity.
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a) Lu & Du (2017):

(o] R'
SH 3.1.7aNHC (10 mol%) N S
R' " "H Rz—; NaOAc (2.0 equiv) ~ R2-
Br + Z > NH, - > 7 N
PhMe, 4 AMS H O
(2)-3.1.7a 3.1.7b 1, Np, 36 h
15equv 2990 3.1.7¢
! 19 examples
\)\ BF, | 46-73% yields
: 80-98% ee
\/N®
Mes .
3.1.7aNHC

b) Lu & Du (2018):

H Ar
NH, 3.1.7bNHC (10 mol%) N
Ar = H I NaOAc (2 Oequiv) R~
4
DCM, 4 AMS H o
(2-3.1.7a 3.1.7d )
1.5 equiv oo Tt No, overnight 3.1.7e
[e] : 31 examples
—N ;
/\“ ¥ \ 48-99% yields
NggMes |  74-99% ee
° :
BF,
3.1.7bNHC

Scheme 3.1.7 (a) Formal (4+3)-annulation of a,B-unsaturated ac-
ylazoliums: access to enantioenriched N-H-free 1,5-benzothiazepines.
(b) Direct and enantioselective synthesis of N-H-free 1,5-benzodiaze-
pin-2-ones by an NHC-catalyzed (4+3)-annulation reaction.

Lu & Du (2017 & 2018): Selected Examples

Cl
y Cl n Ph
N H
ol ol ol O
2 :
H o N o N Hoo
H O
3.1.8a 3.1.8b 3.1.8¢c 3.1.8d
63% yield 50% yield 99% yield 79% yield
94% ee 99% ee 96.5% ee r.r. >20:1

94% ee

H Ph n Ph H Ph
cl Cl \
| +
Cl N 7 N Cl N
H O H O H O

3.1.8e 3.1.8fa 3.1.8fb

90% yield 47% yield 29% yield
96.4% ee 98.5% ee 99% ee
Limitations

o standard

NHR' conditions
Ar/\)kH . @ — % > MR
Br NHR?2

(2)-3.1.89 R'=R2=Ts, 3.1.8h
1.5 equiv R'=H, R?=Ts, 3.1.8i

Scheme 3.1.8 Selected examples from the reaction scope and the ef-
fect of mono- and bis-protected aryl 1,2-diamines 3.1.8h and 3.1.8i on
the reaction
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Special Topic

As a control experiment, (E)-3.1.9a was submitted to
the standard reaction conditions with benzene-1,2-di-
amine (3.1.9b). The benzodiazepin-2-one 3.1.9¢ was only
formed in 51% yield, as opposed to 96% yield when (Z)-
3.1.9a was used (Scheme 3.1.9). This outcome demonstrat-
ed that the stereochemistry of 2-bromoenals strongly influ-
enced the yield but not the enantioselectivity, which re-
mained the same (Z: 97% ee, E: 97.5% ee). This outcome was
also observed in the case of 1,5-benzothiazepines. Further-
more, B,B-disubstituted 2-bromoenal 3.1.9d was not a com-
patible substrate.

Lu & Du (2017):

Ph O NH, standard
\HJ\ H O+ (:[ condmons
NH,

Br
31 .9c
(E)-3.1.9a 3.1.9b 51% yield
(1.5 equiv) 97.5% ee
Use of a j3,B-disubstituted 2-bromoenal
Me O standard
X NH; conditions
Ph H . % NR
Br NH,
3.1.9d
(1.5 equiv)

Scheme 3.1.9 Effect of the double bond configuration of standard 2-
bromoenal 3.1.9a on the reaction

In the proposed catalytic cycle, the intermediate
3.1.10b, formed from active 3.1.10NHC and (Z)-3.1.10a, in-
stigates the formation of 3.1.10c after tautomerization
(Scheme 3.1.10). The latter is unstable and bromide elimi-
nation gives way to the in situ formed key reactive (E)-o.,3-
unsaturated acylazolium 3.1.10d. H-bonding is a key factor
in generating enantioselectivity, as 3.1.10e attacks 3.1.10d
via a 1,4-addition rather than through a 1,2-addition, which
would lead to the same product via an alternative but race-
mic pathway. In the postulated transition state, 3.1.10e at-
tacks from the Si face because the Re face is sterically ob-
structed by a large chiral group. Following tautomerization,
chiral adduct 3.1.10f cyclizes into lactam 3.1.10g while re-
generating the active 3.1.10NHC.

In a previous study of a thiourea-mediated (4+3)-annu-
lation of in situ generated acylazoliums with 2-aminoben-
zenethiols, the authors surmised that the S-nucleophilic
moiety of the latter first underwent a selective 1,4-addition
onto the acylazoliums. Next, the N-nucleophilic moiety cy-
clized via an N-acylation step (see later on in Section 4 of
this review).>> This selectivity was taken advantage of in the
synthesis of 1,5-benzodiazepin-2-ones.

The developments in (4+3)-annulations have led to in-
creasingly complex structures. The enantioselective con-
struction of spirocyclic indoles was one area of further in-
vestigation.
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Lu and Du (2017): Proposed Mechanism

H Ph [0}
N
[I jz /\)LH
N
-3.1.10a
3.1.10g @
Breslow
N intermediate
Mes formation
NHz 3.1.10NHC
0 ® 0 =N,
® _
HoN,,, N—NHC* /T N-Mes
y \  Br
' HO' \
3100 PP

Si-face attack & {1 3.1.10f
tautomerization

a%-a® umpolung effect
t & tautomerization

o

o ®

Ph/\HLNHC*
Br

) ®
3.1.10e _/ @on-N NHC*‘A 3.1.10c
PH  Med —-Br
3.1.10d o7y
NH, Ph
NH, 31.10d
3.1.10e

Scheme 3.1.10 Proposed catalytic cycle

In the search for new reaction partners for (4+3)-annu-
lations, Li et al. developed an enantioselective NHC-cata-
lyzed reaction of ortho-hydroxyphenyl-substituted para-
quinone methides (p-QMs) 3.1.11a with isatin-derived
enals 3.1.11b for the synthesis of spirobenzoxopinones
bearing an oxindole moiety 3.1.11c¢ (Scheme 3.1.11).56

Electron-donating (e.g., 3.1.11d) as well as electron-
withdrawing substitution (e.g., 3.1.11e) on the p-QM and
enal aryl backbones gave good yields and high asymmetric
induction (Scheme 3.1.11). The authors emphasize that
there were no obvious electronic or steric effects. The less
bulky diisopropyl-derived 3.1.11f also reacted well. Howev-
er, no examples containing less bulky dialkylated p-QMs
were included, probably because a competitive 1,4-addition
side-reaction occurs instead of the desired 1,6-addition. Fi-
nally, oxindole 3.1.11g (lacking an N-protecting group) was
also synthesized in good yield and excellent ee.

In analogy to Enders’ findings,>® the double bond config-
uration of the enal 3.1.12a had no significant impact on the
yield and asymmetric induction (Scheme 3.1.12). In anoth-
er experiment, the presence of the TBS-protected hydroxy
group in 3.1.12d prevented formation of the expected prod-
uct 3.1.12f. Rather, the ene-ester 3.1.12e was the only ob-
served product, suggesting that 3.1.12b does not directly
react with 3.1.12a under the reaction conditions. Addition-
ally, in an effort to demonstrate the synthetic potential of
the reaction, both tert-butyl groups of 3.1.12¢ could be re-
moved using AlCl; in two steps.

Special Topic

Li & Li (2018):
AL o
R4
= N,R‘ 3.1.11NHC (10 mol%)
NaOAc (1 equiv)
7 N\
-|= // oH DCE, rt,48 h
R2
(o)
3.1.11a 3.1.11b 3.1.11¢c
(1.2 equiv) o 21 examples
O BF, | 71-89% yields
R th“. NN g >20:1 d.r.
Ph = %
OH OTBS \/g . 84 t0 >99% ee
R4 F
F
Ar 3.1.11NHC F
Examples
\\——N Ar,
‘ ?‘ d)@ L ?ﬁ
o CI
3.1.11d, R*= 3.1.11e,R*= 3.1.111, 3.1.11g,
79% y/eld 87% yleld R%= iPr R%= tBu
>20:1d.r. >20:1d.r. R'=Bn R'=H
>99% ee 96% ee 75% yield  88% yield

>20:1d.r. >20:1d.r.
97% ee 96% ee

Scheme 3.1.11 NHC-catalyzed enantioselective (4+3)-annulation of
ortho-hydroxyphenyl-substituted para-quinone methides with isatin-
derived enals. Selected examples from the reaction scope.

a) Li & Li (2018):

o
A o 3
= N-Bn standard
condmons
( (2-3.1.12a:3.1.12¢'
79% yield

pure (2 or (F)}3.1.12a  3.1.12b >20:1 d.r., 96% ee
(1.2 equiv) (E)-3.1.12a:3.1.12¢'

77% yield
>20:1d.r., 96% ee

TBS-protected substrate
o

Bu Bu MeOZC Bu Bu
1.3.1.12a (1.2 equiv) O
| NHC (10 mol%) TBSO CO,Me

NaOAc (1 equiv)

O DCE, 1, 1 h
—_———
oTBS

2. MeOH, 48 h

3.1.12e

3.1.12d 37% yield

3.1.12f
not obtained

Scheme 3.1.12 Control experiments to understand the effect of the
substrates

It is proposed in Scheme 3.1.13 that Breslow intermedi-
ate 3.1.13b is formed from 3.1.13NHC and p-QM 3.1.13a.
The azolium homoenolate intermediate then attacks
3.1.13c via a 1,6-addition to produce acylazolium 3.1.13d.
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The latter undergoes intramolecular cyclization to afford
lactone 3.1.13e. No explanation was given as to how the
chiral NHC induces the observed stereoselectivity.

Li & Li (2018): Proposed Mechanism
Ar

\

N Tu: oTBS
3.1.13e b EPh 3.1.13a
Ph

3.1.13NHC

lactonization Breslow
Bu intermediate o) Bn
Bn formation N
HO
Ar =4
\ u
Bu N c
N OH
‘N
Ph
ol o "’§Ph
31134 NHC 3.1.13p OTBS
1,

- (o)
6-addition
tBu | \‘)i

Scheme 3.1.13 Proposed catalytic cycle

The last example in this section describes the work of
Chi from 2014. Though the synthesis of five- and six-mem-
bered dinitrogen-fused heterocycles via (3+2)- and (3+3)-
annulations has been widely studied, this was not the case
for seven-membered dinitrogen-fused heterocyclic deriva-
tives 3.1.14c¢ via (4+3)-annulations. Chi et al. therefore de-
veloped an NHC-catalyzed (4+3)-annulation of azomethine
imines 3.1.14a and enals 3.1.14b with high diastereo- and
enantioselectivity (Scheme 3.1.14).°7 This reaction is a rare
example where the enal acts as the 4-atom rather than the
3-atom synthon. Additionally, the reactive sites of azome-
thine imine 3.1.14a are multiple bonds away from those of
the NHC catalysts. Such an effective resolution was deemed
impressive and thus a potentially useful strategy for chal-
lenging substrates.

The reaction worked effectively with azomethine
imines 3.1.14a derived from various (hetero)aryl aldehydes
and pyrazolidinones as well as with enals 3.1.14b having
different (hetero)aryl substituents other than phenyl. One
limitation was a significant drop in enantioselectivity when
avinyl substituent (cinnamyl) was tethered to the enal (84%
ee).

The authors found that the enantiomers of racemic
starting material 3.1.14a reacted differently in the presence
of the chiral NHC-catalyst 3.1.14NHC. Therefore a kinetic
resolution of azomethine imines could be carried out to ob-
tain the enantiomerically enriched species (S)-3.1.14a

Special Topic

Chi (2014):
9 0  3.1.14NHC (20mol%) O 9 s114e
S ) .
J\)<,N H 3.1.14[0] (1.2 equiv) N\ oo 17 examples
R NO 4 — 52-81% yields
L gt Me™ps KeCOsldequ) £ >20:1dr.
3.1.14a 31.14p  DCOMTHRt  R® i 84 to 99% ee
(2.2 equiv) 48-96 h
0
XN tBu tBu
N 1
=
BF,
tBu tBu
3.1.14NHC 3.1.14[0]

Kinetic resolution of azomethine imines

Me O
0 o}
{ Ph/vl\ H o 3\\
J\J{NQ 3.1.14b' (1.2 equiv) N E N_ph
g2 "N® — g2 N\\f + \/
\__, 3.1.14NHC (20 mol%) Rl R,

3.1.14[0] (1.2 equiv)  (S)-3.1.14a .
K2COg3 (4 equiv) 5 examples 3.1.14c¢
THF, rt, 70-96 h  38-51% yields 26—44% yields

53-96% ee 93-99% ee

(rac)-3.1.14a

Scheme 3.1.14 NHC-catalyzed (4+3)-annulation for the formation of
seven-membered dinitrogen-fused heterocycles

(Scheme 3.1.14). Five examples were resolved with high se-
lectivity factors (S = 60-339) by adding enal 3.1.14b’ in ex-
cess, all the while maintaining good yield and ee.

The authors postulate that formation of the Breslow in-
termediate 3.1.15b from active 3.1.15NHC and enal 3.1.15a
is followed by oxidation by quinone 3.1.15[0] (Scheme
3.1.15). The resulting adduct 3.1.15c is deprotonated at its
y-carbon by K,CO, to generate chiral vinyl enolate 3.1.15d,
which acts as a 1,4-dipolarophile in the subsequent steps in

Chi (2014): Proposed mechanism

3.1.15a
product @‘O
¢ '

lactamization . N
-N
) 0
Mes
0 3.1.15NHC " HO N\K
e —
Ph NG

PH Mes

O (0]
Ph N 3.1.15b
_ : W) Breslow
®N-N intermediate
Ph Mes’
3.1.15f oxidation
(o)
o [0]
o) nucleophilic
addition S
N=Sy
® \ NN
N .

o
/N N
P NS “ o) ° Mes
3.1.15e{~Ph ~ ¥ K2COg T
ﬂ—/
o~ ON H B
O 4\, H® Ph
o/
Ved 3.1.15¢
Ph  3.1.15d

Scheme 3.1.15 Proposed catalytic cycle
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a formal (4+3)-annulation. It first adds onto azomethine
imine 3.1.15e to form 3.1.15f, which undergoes intramo-
lecular cyclization to eject the seven-membered desired
product while regenerating the active NHC catalyst. It is
worth noting that it is the difference in reactivity between
chiral 3.1.15d and the two enantiomers of 3.1.15e that al-
lows for kinetic resolution.

3.2 N-Heterocyclic Carbenes and Base Dual-Activa-
tion

In many instances, NHC catalysis can easily be com-
bined with base-activation of various substrates to promote
(4+3)-annulations. In these situations, a dual-activation oc-
curs, where the NHC reacts with the aldehyde substrate to
form a Breslow intermediate while the base activates a sec-
ondary substrate. This allows the generation of two reactive
intermediates in situ. This strategy has the advantage of us-
ing relatively stable starting materials to generate complex
heterocyclic products. Additionally, because the formation
of the NHC requires the addition of base, the two modes are
highly compatible.

An excellent example of this concept comes from the
work of Scheidt in 2013,%8 and related work by Ye on a near
identical method.*® Ye used preformed 0-QMs, limiting the
scope of the reaction to piperonal derivatives. The authors>8
stated that they had to perform extensive tuning of the re-
action. Significant challenges had to be overcome such as
NHC-Lewis base and NHC-0-QM compatibility, potential di-
merization of the reactive transient 0-QM and the obliga-
tion to have equilibrium populations of both the NHC-ho-
moenolate and the 0-QM. The authors used CsF/18-crown-
6 to generate the 0-QM from 3.2.1b which was then cou-
pled with cinnamaldehyde derivative 3.2.1a, to afford the
desired seven-membered ring lactones 3.2.1c¢ (Scheme
3.2.1). A temperature of -18 °C and a reaction time of 12
hours were necessary to achieve optimal stereoselectivities.
Interestingly, using the reactive acrolein 3.2.1d and the
standard precursor 3.2.1b" in the presence of a different
NHC catalyst, 3.2.1bNHC, furnished the dihydrocoumarin
3.2.1ein good yield and excellent enantioselectivity.

Cinnamaldehydes bearing EDGs and EWGs participated
in the reaction (3.2.1f-k), whereas only 0-QM precursors
with EDGs were effective. Additional substitution at the
benzylic position of the 0-QM precursors gave rise to vici-
nally substituted products 3.2.11-n in good yields yet mod-
erate diastereoselectivities.

In the proposed mechanism, the Breslow intermediate
3.2.10 is first generated from 3.2.1aNHC and cinnamalde-
hyde 3.2.1a". Concurrently, the fluoride anion attacks the
TBS group on 3.2.1b’, forming the corresponding 0-QM via a
desilylation/elimination process. A C-C bond-forming event
ensues via a 1,4-addition from the less-hindered side of the
NHC-homoenolate onto 3.2.1b"-0-QM. After tautomeriza-

Special Topic

Scheidt (2013):
o TBSO. _~ 3.21aNHC(20mol%) Oy o
--R2  CsF (2 equiv] =
Ar/\)I\H + g M _JR®  CsFequiv) | R
R! 18-crown-6 (2 equiv) B
.2.1 .2.1 -
321a (g equ';'v) 1-BusNeOAC (30 mol%) R
THF, -18 °C, 12 h 3.2.1c
15 examples
Ph 0~>\ 56-85% yields
Ph); =N Me 1:1t0 >20:1 d.r.
74-98% ee

N |

Ph =N

o ®

BF4 Et BFs e

Me
3.2.1aNHC 3.2.1bNHC
o 8BS0 321bNHC (10mol%) 00
\)]\ N CsF (2 equiv)
—_— .
H Br Me"™

18-crown-6 (2 equiv) 32.1e

3.2.1d 3.2.1b' n-BugN+OAc (30 mol%) 82% yield
(2 equiv) THF, -18 °C, 12 h 94% ee
Examples
o 0

§ O
3.2.1f, R = Me, 59% yield, 96% ee

3.2.19, R =Br, 61% yield, 92% ee
3.2.1h, R=Cl, 64% yie/d 92% ee

3.2.1i, R = Me, 57% yield, 96% ee
3.2.1j, R = OMe, 56% yield, 98% ee
3.2.1k, R = Br, 56% yield, 98% ee

[0}

Ph
85% yield
1.2:1 d.r. (anti/syn)
3.2.11 76% ee (anti) 3.2.1n
83% yield 79% yield
2:1d.r. (anti/syn) 1:1 dr (anti/syn)
82% ee (anti) E 74% ee (anti)
Proposed Mechanism

3.2.1¢' N 3.2.1a'
‘Ar
tautomerization & 3.2.1aNHC
O-acylation

blocks

front fac
OH ‘Ar
ph)\/K(N (o)
)

3.2.10 H Ph

1,4-addition

~TBS E Br
3.2.1b"-0-QM —Br 3.2.1b'

Scheme 3.2.1 (4+3)-Annulation of cinnamaldehyde derivatives and
0-QMs.

tion of the resulting adduct 3.2.1p, an intramolecular O-ac-
ylation releases the 7-membered lactone 3.2.1¢’ and regen-
erates 3.2.1NHC.
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In 2016, Enders et al. focused attention on the NHC-cat-
alyzed direct asymmetric synthesis of seven-membered
spiro-N-heterocycles. Two classes of products were at the
heart of their research: spirobenzazepinones 3.2.2c gener-
ated atroposelectively from isatin-derived enals 3.2.2a and
N-(ortho-chloromethyl)aryl amides 3.2.2b (Scheme 3.2.2),
as well as spiro-1,2-diazepinones 3.2.4¢ generated from the
same category of enals and a-halo hydrazones 3.2.4b (see
Scheme 3.2.4).5°

Enders (2016):
Ts

ZJ = NH
R |
/ H X cl
R2— S o 3.2.2b
= N _—
Rt 3.2.2NHC (10 mol%)
Cs,CO3 (1.5 equiv)
EtOAc, rt, 12 h
3.2.2a 3.2.2¢
1.1 equiv o 20 examples
g ‘y OF 49-75% yields
NN F BRe 3:110>20:1dr.
=N F 76-98% ee
®
F
3.2.2NHC F
F
Proposed Mechanism
Consl
g o 3.2.2a
3.2.2¢' N
0 < | Breslow
: N‘N intermediate
lactamization formation

Al
3.2.2NHC'

Qs

E !
Bn 1,4-addition 3.2.2d Ar
3.2.2f o /
i =N mesomer
I formation
aWN_ g‘Ar
Ts
Cs,CO;4 N HO g
3.22b' —— Q /— o
—HCI .
3.2.2b'-aza- ‘Bn

o-quinone 3.2.2¢

Scheme 3.2.2 Asymmetric synthesis of spirobenzazepinones with at-
roposelectivity

Precursors 3.2.2b and 3.2.4b are converted in situ into
aza-0-QMs and azoalkenes, respectively, via Cs,CO5;-medi-
ated 1,2-elimination of HCI. Both reactions tolerated a wide
range of electronically and sterically substituted substrates
to provide the corresponding products in good ee values.

The authors postulated a plausible catalytic cycle for the
synthesis of spirobenzazepinones. Enal 3.2.2a" and
3.2.2NHC' react together to give the Breslow intermediate
3.2.2d. Its mesomeric form 3.2.2e reacts with in situ gener-
ated aza-o-quinone 3.2.2b' via a 1,4-addition to build a qua-

Special Topic

ternary stereocenter in acylazolium 3.2.2f. Intramolecular
cyclization yields lactam 3.2.2¢’ and regenerates the active
catalyst 3.2.2NHC'".

The removal of the N-tosyl group or reduction of the
carbonyl group on the azepinone ring of spirobenzazepino-
ne 3.2.3a to form 3.2.3b and 3.2.3c, respectively, eliminated
atropisomerism. The authors also measured a coalescence
and interconversion of 3.2.3a atropisomers above 90 °C in
DMSO-dg (Scheme 3.2.3).

Enders (2016):

3.2.3b
79% yield
88% ee
no atropisomers

Mg, MeOH, rt

3.2.3¢c
55% yield
88% ee
no atropisomers

4:1d.r., 88% ee

thermal
epimerization of
atropisomers

DMSO-dg, >90 °C

Scheme 3.2.3 Derivatization leading to loss of atropisomerism and
thermal epimerization studies

The mechanism for the synthesis of spiro-1,2-diazepi-
nones is similar to that of spirobenzazepinones. The double
bond configuration of 3.2.4a" was shown to have no signifi-
cant impact on the yield or ee of spiro-1,2-diazepinones
3.2.4c¢’ (Scheme 3.2.4). Compound 3.2.4a" was also coupled
to cyclic hydrazones to give polycyclic spiro-1,2-diazepino-
nes 3.2.4d, 3.24e and 3.2.4f, as well as to an a-chloro-
oxime to give spiro-1,2-oxazepinone 3.2.4g.

In 2014, Glorius was able ‘to selectively generate different
products from identical substrates, utilizing catalyst rather
than substrate control’. Indeed, by simply modifying the
NHC catalysts, enantioenriched 1,2-diazepines 3.2.5¢ and
pyrazoles 3.2.5d were formed with good chemo- and regi-
oselectivity from enal 3.2.5a and a-chloro hydrazone 3.2.5b
(Scheme 3.2.5).5° During the optimization, it was surmised
that the electronic and steric differences of the catalysts
3.2.5aNHC and 3.2.5bNHC were responsible for the change
in annulation mechanism. Using N-Boc hydrazones was
also essential for the selectivity and good yields as other N-
protecting groups were not as efficient.

Enals 3.2.5a bearing para-substituted electron-donating
and electron-withdrawing aryl groups (R') generated mod-
est to good yields (40-70%). The best outcome was obtained
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Bn

Special Topic

3.2.5aNHC

0—~>\
o
=N

MeO
3.2.5bNHC

3.2.5e
65% yield
>20:1d.r., 87% ee

3.2.6a

NHC-homoenolate
formation

Enders (2016): Ts Glorius (2014):
-NH Boc
9 N NP 3.25¢
( Raj\/CI N’ 21 examples
N / H 3.2.4b A 40-73% yields
R2- 0O — > R , 85-99%ee
LA~ 3.2.4NHC (10 mol%) R
R TMEDA (1.25 equiv) .
3.2.4a CCli tt, 12 h 3240 3.2.5aNHC (10 mol%)
(1.16QuUiv)  s--==ememmmmmemeneeanes 22 examples K2C0; (2.5 equiv)
: o 51-86% yields THF, it, 16 h
N\:N'lq F BF, 79-97% ee o Boc
= F
oTBDPS @ 1 /\)J\ + - NH
F R H L e
F R?
324NHC  F 3.2.5a
B e 2.0 equiv 3.2.5b
Importance of double bond configuration
Ts 3.2.5bNHC (10 mol%)
lllH K2COj3 (2.5 equiv)
o )N‘\/ THF, 1t, 16 h
cl
/ <H Ph Boc
3.2.4b' N 3.2.5d
o _ > NI 10 examples
N 3.2.4NHC (10 mol%) A N\ Rt 52-72% yields
Bn TMEDA (1.25 equiv) R
pure (2)- or (E)-3.2.4a' CCly, 1t,12 h (2)-3.2.4a":3.2.4c' Examples
81% yield, 95% ee
(E)-3.2.4a:3.2.4c' Boc o
87% yield, 93% ee N’N
|
e Examples i, Ph
o '1‘\ O*O\N o lil\ Ph
?/ '\“ | ?/ ) 3.2.52'
L O 70% yield
T Q T 99% ee
NS0 NS0 X . ) .
B B Scheme 3.2.5 NHC-catalyzed switchable reactions of enals with
3.2.4f: X = CH, azoalkenes: formal (4+3)- and (4+1)-annulations for the synthesis of
435/2'“/(1 3240 57% yield, 98% ee 1,2-diazepines and pyrazoles
o ye 51% yield 3.2.49:X=0
>20:1 dr. 44% ee 64% yield,
83% ee ° o yiela,
>20:1d.r., 98% ee
Glorius (2014):
Scheme 3.2.4 Asymmetric synthesis of spiro-1,2-diazepinones by Boc
NHC-catalyzed (4+3)-annulation reactions )\'j @
3.2.6e 0
. . . N
with 3.2.5a" and a p-Br group resulted in a low yield of 40%. 2
N-acylati
A B-2-furyl and two alkyl enals were also well tolerated. -acyiation N”
Various substituents at para and ortho positions of aryl (R?) 3.2, GNHC
hydrazones 3.2.5b were compatible, as were 2-naphthyl BOC‘N@ o
and tert-butyl hydrazones. Cyclic hydrazones such as 3.2.5e N, \\o F \H
gave lower ee (85%, 87% ee) compared to linear ones (293% o ®\N‘|N
ee). Employing a less bulky NHC catalyst, where the N-Mes P Mes
moiety is replaced by N-p-Tol, delivered higher asymme- 3.2.6d 3.2.6b
tries (93%, 97% ee), but with poor yields (21%, 25%). The au- Boc

thors derivatized 3.2.5a" by removing the N-Boc group with

1,4-addition CN /—) N

TFA and, separately, performed a direct hydrogenation to H d |
reduce the imine functionality.

The homoenolate 3.2.6b is generated from 3.2.6NHC

and enal 3.2.6a. Meanwhile, the azoalkene is formed in situ
by means of elimination of HCI from hydrazone 3.2.6¢c. A
1,4-addition occurs where 3.2.6b attacks the electrophilic
3.2.6c-azoalkene with the help of a H-bonding interaction
between the two species. The resulting azolium 3.2.6d un-

dergoes an intramolecular N-acylation to provide the de-

Scheme 3.2.6 Proposed catalytic cycle

sired 1,2-diazepine 3.2.6e and the regenerated NHC catalyst

(Scheme 3.2.6).
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Hui coupled 2-bromoenals 3.2.7a with 1,4-bisnucleop-
hilic N-Ts hydrazones 3.2.7b for the construction of chiral
tetrahydro-1H-1,2-diazepines 3.2.7c (Scheme 3.2.7).5!

Hui (2017): Ts
e)
a NHTS N
B 3.2.7NHC (15 mol%) NI
R! % J\/CozE T RN
Br NEt3 (1.65 equiv) ‘R
PhMe, rt, 4-48 h EtO,C
3.2.7a 3.2.7b 3.2.7¢
(1.5 equiv) P bbb v 20 examples
1 70-89% yields
~>\N BF, L 201 dr

87->99% ee

O
= '
3.2.7NHC t-Bu |

Scheme 3.2.7 Stereoselective synthesis of functionalized tetrahydro-
1H-1,2-diazepines by NHC-catalyzed (4+3)-annulation

The majority of differentially substituted (hetero)aro-
matic groups gave rise to good yields and excellent ee val-
ues, although electron-rich 2-bromoenals and electron-de-
ficient N-Ts hydrazones tended to be the more efficient
substrates; all the reported examples resulted in >20:1 d.r.
Alkyl-substituted 2-bromoenals were not compatible with
the asymmetric version of this reaction.

The authors were also able to generate the standard tet-
rahydro-1H-1,2-diazepine 3.2.8c via a different methodolo-
gy with the help of the commonly used oxidant 3.2.8[0] in
NHC-catalyzed (4+3)-annulations (Scheme 3.2.8). Coupling
N-Ts hydrazone 3.2.8b with the in situ formed acylazolium
intermediate derived from cinnamaldehyde 3.2.8a and the
NHC catalyst was possible.

Hui (2017): Ts

\ (o]
o N’N

/\)k )\TTS 3.2.7NHC (10 mol%) |
Ph COEtE " Ph /
2 . ”

Ph 3.2.8[0] (1.1 equiv) Et0,C Ph
NEtg (20 mol%)
3.2.8a 3.2.8b PhMe, rt, 4-48 h 3.2.8¢c

(1.5equiv) e . 61% yield

Bu | >20:1dr.

: 96% ee

Bu  3.2.8[0] tBuj

Scheme 3.2.8 An alternative synthesis of tetrahydro-1H-1,2-diaze-
pines via an oxidation pathway

The o,B-unsaturated acylammonium species 3.2.9b cre-
ated from 3.2.9NHC and enal 3.2.9a forms H-bonds to the
conjugate base of N-Ts hydrazone 3.2.9c (Scheme 3.2.9).
This interaction helps the subsequent stereoselective
Michael addition to occur with the C-nucleophilic hydra-
zone moiety, which forms adduct 3.2.9d. A proton transfer

Special Topic

leading to another acylazolium 3.2.9e leads to a final lact-
amization step, which releases the desired tetrahydro-1H-
1,2-diazepine 3.2.9f and regenerates active 3.2.9NHC.

Hui (2017): Proposed Mechanism

Ts
N’ o

.2.9f N
2900 Ph/\)\H
Ph " 3.2.9a
Et0,C, " )
acylazolium
lactamization . N\IR formation
Ts .<N’N o
NO 7 ®

N o o Af NHe
PhMNHC 3.2.9NHC 2 9b

Ph
Et0,C S2e s -
\ )\/coza
3.2.9¢ HﬁEtS

% 55y

3.2.9d A" Mlchael Ph Al ®

addition
staggered conformation

Scheme 3.2.9 Proposed catalytic cycle

Fu and Huang developed a (4+3)-annulation reaction
mediated by chiral 3.2.10NHC, where oxotryptamines
3.2.10a and enals 3.2.10b were coupled together in the
presence of the stoichiometric oxidant 3.2.10[ O] to give rise
to enantioenriched spiro-g-lactam oxindoles 3.2.10c
(Scheme 3.2.10).5% This was the first time flexible oxotrypt-
amines were employed to construct seven-membered het-
erocycles.

The d.r. was strongly influenced by the size of R'. Bulkier
groups increasingly led to improved selectivity (i-Pr > Et >
Bn > Me). Various substituents on the oxotryptamine ring
(R?) and different arenes at the B-position of the enals were
tolerated, furnishing the corresponding products in gener-
ally good yields and asymmetries. One example, using a -
methyl enal, successfully generated the corresponding
product, albeit in poor yield.

In the proposed mechanism, formation of a Breslow in-
termediate between chiral 3.2.11NHC and enal 3.2.11a was
followed by oxidation by [0] to afford acylazolium 3.2.11b
(Scheme 3.2.11). Simultaneously, deprotonation of oxo-
tryptamine 3.2.11c under basic conditions gives rise to the
corresponding enolate. The latter attacks 3.2.11b via a
Michael addition to form intermediate 3.2.11d. Cyclization
delivers spiro-¢-lactam oxindole 3.2.11e and the regenerat-
ed catalyst.

© 2021. Thieme. All rights reserved. Synthesis 2021, 53, 4134-4177

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



4157

Fu & Huang (2019):
NHTs

o
RS/\)I\H (2.0 equiv)
3.2.10b
R2- D o
- N 3.2.10NHC (20 mol%)
R

3.2.10[0] (1.5 equiv)
DMAP (2.5 equiv)
3.2.10a THF, t, 48 h 3.2.10c
''''''''''''''''''''''''''''''''''' 25 examples
Bu | 23-95% yields
3:1to 13:1d.r.
90 to >99% ee

\
3.2.10d, R = iPr, 80% yield, iPr

13:1d.r., 99% ee
o o 3.2.10f, 52% yield
3.2.10e, R = Bn, 95% yield 3.6:1dr., 96% ee

4.6:1d.r., >99% ee

3.2.10g, 23% yield
3.3:1d.r., >99% ee

Scheme 3.2.10 Access to enantioenriched spiro-g-lactam oxindoles by
an N-heterocyclic carbene catalyzed [4+3]-annulation of flexible oxo-
tryptamines with enals

Fu & Huang (2019):

o) o
g/ \S 7 l
=/ "N R3NAH
Br -,LN'N

3.2.11a

3.2.11NHC Mes

lactamization Breslow

intermediate
formation

& oxidation

[0]

®
RZ'\)L NHC
3.2.11b

Michael
addition

DMAP
3.2.11¢c — |\ N_o°
-H Z N

R

3.2.11c-enolate

Scheme 3.2.11 Proposed catalytic cycle

The same authors were also able to develop a one-pot
process leading to enantiopure hexahydropyrroloindoles
3.2.12b, which are privileged structural motifs found in
various pharmaceuticals and natural products with promis-
ing biological activities (Scheme 3.2.12). The oxindole

Special Topic

3.2.12a underwent ring opening with methanol before re-
ductive cyclization furnished the desired products in good
to excellent yields.

Fu and Huang (2019):

OH
1. NaOMe/MeOH R3
. N\
2. LiAIH4/THF, 0 °C Ts
N
R!
3.2.12a 3.2.12b
>20:1d.r. 3 eximp[es
>99% ee 80-90% yields

>99% ee

Scheme 3.2.12 One-pot synthesis of hexahydropyrroloindoles

In summary, the NHC-catalyzed (4+3)-annulations de-
scribed use enals as the 3-atom synthons, except for a sin-
gle instance. The 4-atom partners are varied yet share an
(aza)-0-QM or (azo)diene-like structure. In some cases, the
choice of the NHC was crucial in order to form the desired
seven-membered rings, as different ring sizes or spirocycles
could be generated.

4 Phosphines

In the past few decades, phosphines have emerged as
one of the most widely used classes of organic catalysts.
They are most renowned as nucleophilic reagents with
many unsaturated compounds, including alkenes, allenes,
alkynes, and Morita-Baylis-Hillman (MBH) alcohol deriva-
tives. The zwitterionic compounds can act as versatile nuc-
leophiles and engage in various kinds of annulations.®® In
particular, allenoates and MBH derivatives are most often
used in this class of (4+3)-annulations.5* The reactions in
this section will be categorized based on those two sub-
strate classes and one interesting example will be described
using phosphazenes as active species.

Guo and Kwon explored the phosphine-catalyzed (3+2)-
annulation of N,N-cyclic azomethine imines 4.1a with alle-
noates 4.1b. They also determined that allenoates with a
second carboxylate group at the B’-position undergo (3+3)-
and (4+3)-annulations (Scheme 4.1).5> They were able to
show that bulky alkyl groups on the phosphine made the
(4+3)-annulation more favorable, providing a 3:1 mixture
of the two diastereomeric tetrahydropyrazolodiazepinones
4.1e and 4.1f in a combined yield of 63%, alongside (3+2)-
product 4.1c and (3+3)-product 4.1d.

They proposed that the phosphine adds to the B-posi-
tion of 4.1b, forming the zwitterionic phosphonium enoate
4.1g. Steric hindrance from the butyl chains on the phos-
phine hinders the (3+2)-annulation. Less bulky phosphines
were proposed to avoid these interactions. The second car-
boxylate group at the p'-position enhances the acidity of
the B’-protons, which enables an intramolecular proton
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Guo and Kwon (2011):

o pE PR3 (20 mol%) """ 7TTTToCA
©N-N * — > 4dc4if
/ANC] ZE CH,ClI

R & 2Cl>
1, 24 h
R'=p-O,NCgH;  E = CO,Me
4.1a 4.1b
(1.2 equiv)

o o]
\_/( E [“(
N>fi7¢( + jr\N/\l[M(i N’ + N
E
; R TE RI™\ % R! %
R E

E E E E
4.1c 4.1d 4.1e 4.1f
PR;=PBu; 6% 23% 48% 15%
PR3 =PMe; 40% 42% 7% 5%
Proposed Mechanism
(o]
ON-N,
/E\ﬂ_/,(’} (]
H €] R
WE 4.1a
(V —= Y E
Ch e PB 0
E E ® uz
PBu 4.1h N-N H 6-endo
B CH : 1 —— a1d
¥ a1 B
° -19 ®

4.1e,f EH 4.1k

Scheme 4.1 Phosphine-catalyzed (3+2)-, (3+3)- and (4+3)-annulations
of N,N-cyclic azomethine imines with allenoates

transfer, affording structure 4.1h. Nucleophilic addition
forms amide 4.1i. This intermediate can either engage in a
6-endo cyclization, ultimately yielding the (3+3)-annulation
product 4.1d, or undergoes a tautomerization that leads to
structure 4.1j. A 7-endo cyclization provides phosphonium
ylide 4.1k, while subsequent proton transfer and elimina-
tion of the phosphine catalyst yields the two diastereomeric
(4+3)-annulation products 4.1e and 4.1f.

In 2012, Guo and Kwon examined phosphine-catalyzed
annulations between C,N-cyclic azomethine imines 4.2a
and allenoates 4.2b (Scheme 4.2).56 When R? of 4.2b was an
aromatic ring, the results were consistent with the findings
of their previous work: (3+2)-Annulation was predomi-
nantly observed when PMe; was used as the catalyst
whereas the use of PBu; led to (4+3)-annulation. However,
when R? of 4.2b was an alkyl group, the substrates under-
went (3+2)-annulation regardless of the catalyst used.

The (4+3)-annulation delivered a single diastereomer of
the hexahydrodiazepinoisoquinoline derivatives 4.2d in
moderate to excellent yields, along with small amounts of
the (3+2)-product 4.2c. EWGs on the aromatic substituent
R? of 4.2b generally led to higher yields. Various substitu-

Special Topic

a) Guo and Kwon (2012):

R1
FIZ
Rl CO,Et
DO RR s
NG e (20 mol%)
onee | oo CO,Et
4.2a 420 ﬁ“;f'; Et0,C  R? a2d 2
(1.2 equiv) Y 4.2¢ 13 examples,

single diastereomer
42-93% yield

Proposed Mechanism

RZ
40£C02Et

4.2b

(©]
BusgP  CO.Et
PBuj;

4

N.

e
G/ TR?
@
BugP  COEt
4.29

(20 mol%)‘ph

s L

ENts 7 COEt  THEO°C. 42]  CO.Et
30 examples
4.2i 4.2b 60-98% yield
(1.5 equiv) 5:1to 33:1dr
70-96% ee
Examples

CO,Et
4.2k 4.21 4.2m
96% yield 97% yield 85% yield
30:1d.r. 30:1 d.r. 8:1dr.
94% ee 90% ee 83% ee

Scheme 4.2 Phosphine-catalyzed (3+2)- and (4+3)-annulations of C,N-
cyclic azomethine imines with allenoates

ents on the aryl ring of 4.2a delivered good yields, but led to
the formation of considerable amounts of the (3+2)-prod-
uct.

The proposed mechanism is similar to the previous ex-
ample and starts with nucleophilic addition of the phos-
phine catalyst to 4.2b, forming phosphonium enoate 4.2e,
which then attacks 4.2a to afford amide 4.2f. After tautom-
erization into intermediate 4.2g, the amide performs a 7-
endo cyclization leading to structure 4.2h, from which the
phosphine catalyst is regenerated to yield the product 4.2d.

It was not until 2016 that Guo reported the enantiose-
lective version of the reaction using a chiral phosphine cat-
alyst. Using C,N-cyclic azomethine imines 4.2i with alle-
noates 4.2b, catalyzed by chiral Kwon phosphine P1,%” they
synthesized a broad range of diversely substituted tetra-
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hydrodiazepinoquinazoline derivatives 4.2j in good to excel-
lent yields and with good d.r. and ee values. The electronic
effects of the substituents on the R? group of 4.2b appeared
to have no effect on the yield or selectivity of the reaction,
but substituents at the ortho-position lowered the diastere-
oselectivity. When R? = Me, the product was formed in only
70% ee. When R? = H, the yield dropped to 70%, while the
enantioselectivity was retained. When substituents were
introduced at position 6 of the quinazoline moiety of 4.2i,
the reaction was successful (4.2k,1), whereas a bromine at
position 7 led to a dramatic decrease in diastereoselectivity
(4.2m). In general, steric aspects seem to have a larger im-
pact than electronic effects. Examples of possible further
functionalization of the products 4.2j were also reported.
For example, selective reductions could be performed as
well as an oxidative ring opening of the quinazoline ring.

These routes rely on the phosphine catalyst activating a
neutral four-atom synthon to attack a 1,3-dipolar three-
atom synthon. Zheng and Lu described the opposite ap-
proach, activating a three-atom synthon to react with a 1,3-
diene as a four-atom synthon. In 2009, following up on the
work of Ishar et al.,%® they reported the phosphine-cata-
lyzed (4+3)-annulation reaction of ethyl allenoate 4.3b with
methyl coumalate (4.3a), forming substituted cyclohepta-
triene 4.3d along with two regioisomers of the (3+2)-cyc-
loadduct (Scheme 4.3). They performed the same reaction
with allylic carbonates 4.3c as a three-atom synthon, yield-
ing bicyclo[3.2.2]nonadienes 4.3e.%° This result was one of
the early examples using methyl coumalate in a (4+3)-an-
nulation, as well as one of the first using phosphine cataly-
sis.

While they did not succeed in optimizing the conditions
for the allenoate, so as to suppress the formation of the
(3+2)-cycloadduct, they were able to achieve this selectivity
for the reaction with allylic carbonates 4.3c. These allylic
carbonates are easily accessible from acrylates, acryloni-
triles or vinyl ketones and aldehydes through the Morita-
Baylis-Hillman (MBH) reaction.”® Zheng and Lu introduced
different aryl- and alkyl-substituents on the MBH carbon-
ates, resulting in moderate to good yields of highly substi-
tuted compounds 4.3e. The electronic effects of the substit-
uents on the aryl moiety seemed to have no effect on the
yield and replacement of the ethyl ester group by a t-butyl
ester or a methyl ketone was successfully employed. Replac-
ing the methyl ester group on the coumalate by N,N-diiso-
propylamide or a nitrile group lowered the yield to 43% and
65%, respectively.

The proposed mechanism begins with the addition of
PPh; to 4.3c, eliminating the Boc-protected allylic hydroxy
group to form tert-butoxide, carbon dioxide and allylic
phosphonium derivative 4.3f. Deprotonation of 4.3f by tert-
butoxide leads to the zwitterionic structure 4.3g, which
adds to 4.3a, giving adduct 4.3h. A 7-endo cyclization af-
fords intermediate 4.3i, from which the final product 4.3e is
formed by elimination of the phosphine catalyst. A similar

Special Topic

Zheng and Lu (2009): Et0.C co,Mme
2!

a3p GOF S
&
> Me0,C + 0 o
PPh3 (10 mol%) 20%
PhMe MeO,C
-CO, Et0,C o
4.3d oo

MeO,C N
H — 82%  Et0,C 46%
OBoc 4.3c

(o2 o) [3+2] cycloadducts
CO.Et

4.3a R MeO,C
PPh; (10 mol%) @ 4.3e
EEEE— 8 examples
PhMe 54-87% yield
reflux R high d.r
3-28h CO.Et "M9nar
Proposed Mechanism
COBoc
CO,Et
RO 2
4.3e 4.3c

X

Key Step

MeO,C
€02 MeO,C

CO,Et W9
/I 2 \|/\002Et 4.3a s
= ® I
o PPh
= 3 EtO,C O@ —-CO, Et0,C

4.3b ©pph,
4.3j 4.3d

Scheme 4.3 Phosphine-catalyzed (3+2)- and (4+3)-annulations of alle-
noates and MBH derivatives with methyl coumalate

intermediate 4.3j, formed in the reaction of the allenoate
with 4.3a, can undergo decarboxylation before the phos-
phine catalyst is eliminated to give 4.3d.

In 2017, Huang followed up Zheng and Lu’s work and re-
ported a sequential domino (4+3)-annulation/allylic alkyla-
tion of N-tosyl azadienes 4.4a with MBH carbonates 4.4b,
yielding multifunctionalized benzofuran-fused seven-
membered heterocycle derivatives 4.4c¢ in generally excel-
lent yields (Scheme 4.4). Screening of different additives re-
vealed a significant increase in yield when benzoic acid was
added in catalytic quantities, though no information was
disclosed on the mechanistic origins of this improvement.
Remarkably, a second equivalent of the MBH carbonate is
attached to the newly built seven-membered ring, with
both reactions catalyzed by trianisylphosphine. The reac-
tion tolerated diversely substituted aryl groups on the exo-
cyclic double bond of the azadiene.”’ However, an EWG at
position 4 of the core benzene ring or EDGs at the para-po-
sition of the annulated aryl group of the azadiene lowered
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the yields significantly. Different esters or a nitrile group on
the MBH derivative were generally tolerated in good to ex-
cellent yields. Furthermore, the authors successfully
demonstrated the scalability of the reaction without a de-
crease in yield.

Special Topic

the allylic alkylation to form allyl-substituted benzazepine
4.5d. With triphenylphosphine, only base-catalyzed isom-
erization to benzazepine 4.5e takes place. Both reactions
tolerated fully fluorinated methyl and ethyl groups on 4.5a
and different ester groups on 4.5b. Substrates with EWGs at
the para-position to the imidoyl group provided the highest

Huang (2017): - yields for both reactions. Interestingly, naphthyl groups on
. NTs OBoc  P(p-MeOCgHs); (25 mol%) 2 the imidoyl moiety were only successfully employed in the
w_\){ H(cozﬁa PRCORH (25 mol%) WRQ annulation with triphenylphosphine. A bromine substitu-
Z~0 e oo Z~0 ent at the ortho-position blocked the (4+3)-reaction com-
4.4a 4.4b 4.4c pletely. The authors succeeded in scaling-up the reaction to
(3.0 equiv) 19 examples : . :
_ 58-99% yield gram scale, as well as selectively reducing different func-
Proposed Mechanism E - COEt tional groups of the products.
@EQ - --» P(p-MeOCqHa)s 4.4b a) Huang (2019):
X R PR3 (25 mol%) ’ CO,R?
e Co; // OBoc y f R 2
Cs,CO03 (1.5 equiv, ==
rBuo & ), CO,R? 2CO; (1.5 equiv) I\\ )
N CHCls AN
TSN 3 R )I\CI 60 °C, 4-63 h N Rre
® fe) E F
N/ PR; +BuO 4.5a 4.5b
® = i
o Ph o n PR, Fc/:ccfjg (1.5 or 2.5 equiv)
4.4n 4.4d oreratrs
2
/\ x ) E / R1 XN T COZR 002R2
product (NTs PR e 2 OR
f 440 R CO-R
— 4.5d 4.5e
Ph 12 examples 20 examples
4.4a IFR" = p-MeOCgHy R'=Ph

38-61% yield

32-86% yield

Scheme 4.4 Phosphine-catalyzed (4+3)-annulation and allylic alkyla-
tion of N-tosyl azadienes with MBH carbonates

The first steps of their proposed mechanism are identi-
cal to the mechanism presented by Zhang and Lu (see
Scheme 4.3). The phosphine catalyst adds to 4.4b, eliminat-
ing the allylic Boc-group and forming allylic phosphonium
derivative 4.4d (Scheme 4.4). Deprotonation by the tert-bu-
toxide leads to zwitterionic structure 4.4e, which then adds
to 4.4ain a nucleophilic attack to give 4.4f. The azepine ring
is then formed via 7-endo cyclization, eliminating the phos-
phine catalyst. The benzofuran annulated dihydroazepine
4.4g is deprotonated by tert-butoxide present in the reac-
tion mixture to afford carbanion 4.4h with a negative
charge on the carbon atom bearing the carboxylate group.
The carbanion attacks a second equivalent of 4.4d, elimi-
nating the phosphine catalyst in an Sy2' reaction to yield
the final product 4.4c.

In a subsequent report in 2019, Huang et al. presented a
system that performed a phosphine-dependent (4+3)-an-
nulation. When trianisylphosphine was used, the substrates
underwent a sequential domino (4+3)-annulation/allylic al-
kylation.”? The reaction yields fluoroalkyl-substituted, ful-
ly-dehydrogenated benzazepines 4.5d,e in good yields, us-
ing trifluoroacetimidoyl chlorides 4.5a and MBH carbonates
4.5b in combination with triphenylphosphine or trianisyl-
phosphine as catalysts (Scheme 4.5, a). Both catalysts pro-
mote the (4+3)-annulation, leading to the common inter-
mediate 4.5¢, but only trianisylphosphine is able to initiate

b) Br PR3 (25 mol%) CO,R?
/©/ OBoc Cs5C03 (1.0 equiv) Br =
+ COR2 — "~ ,
N Kﬂ/ CHCls, 1t, 24 h [ %
FiC” I H CR
450" 4.5b 4.5¢'
(1.5 equiv) 42% yield

Cs,CO3 (1.5 equiv)
4.5¢' 4.5¢', 91%
CHClI3, 60 °C, 6 h

Cs,CO3 (1.5 equiv)
45¢c' + 4.5b 4.5¢', 61%
CHCl3, 60 °C, 22 h

P(p-MeOPh); (25 mol%)
45¢ + 45b 4.5d', 96%
CHCls, 60 °C, 4 h

P(p-MeOPh); (25 mol%)
Cs,CO03 (1.5 equiv)
45¢' + 4.5b 4.5d', 90%

CHClI3, 60 °C, 4 h

Scheme 4.5 (a) Phosphine-catalyzed (4+3)-annulation of novel trifluo-
roacetimidoyl chlorides and MBH carbonates with catalyst-dependent
in situ functionalization of the product. (b) Mechanistic studies.

The authors performed mechanistic studies in support
of the proposed catalyst dependence of the alkylation reac-
tion. Intermediate 4.5¢" can be trapped by adding only one
equivalent of cesium carbonate and performing the reac-
tion at room temperature (Scheme 4.5, b). Heating 4.5¢"
with base, but no phosphine catalyst gave 4.5e’ in almost
quantitative yield. When starting material 4.5b was pres-
ent, the yield dropped, but no alkylation product was
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observed. However, heating 4.5¢" with 4.5b and trianisyl-
phosphine led to 4.5d’ in excellent yield, regardless of the
presence of cesium carbonate.

In analogy to the previous mechanisms, the cycle begins
with the nucleophilic addition of the catalyst to MBH car-
bonate 4.6a, forming the zwitterionic phosphonium enoate
4.6b. Addition to the imidoyl group of acetimidoyl chloride
4.6¢ forms amide 4.6d (Scheme 4.6). Chloride is eliminated
from this intermediate, giving ketimine 4.6e. Deprotona-
tion provides zwitterionic structure 4.6f, possessing a delo-
calized negative charge that can engage in a 7-endo dearo-
mative cyclization to afford structure 4.6g. Elimination of
the phosphine catalyst gives intermediate 4.6h, which can
rearomatize by tautomerization to yield isolatable interme-
diate 4.6i. As the mechanistic study suggested, base-medi-
ated tautomerization leads to final product 4.6j, while
deprotonation affords structure 4.6k, from which addition
to activated MBH carbonate 4.6l gives alkylated product
4.6m.

Huang (2019):

i, @x

= 469
N H N7 NG o
ReN\ RN\ &) PR3 \ 1~/ PRs
4.6h CO.R? CO,R? R?
2 dearomatlzat/on €0
rearomatization
R=Ph CO,R?
N= A
a6i
Csp,CO3  |R = p-MeOCgH4
CO,R? COZR

"OGR,
e

CPRs
4.6l COLR?
o

€Oz + +BUO 464 \_0oBoc

C02R2 COzR

Scheme 4.6 Proposed mechanism for the phosphine-catalyzed (4+3)-
annulation of novel trifluoroacetimidoyl chlorides and MBH carbonates

Special Topic

Notably, there have been non-catalytic examples of
phosphine-mediated (4+3)-annulations which relate to this
topic. In 2015, Chen et al. reported that brominated MBH
derivatives 4.7a (Scheme 4.7, a), prepared from isatins 4.7f
as electrophiles in the MBH reaction (Scheme 4.7, b), can be
used in a (4+3)-annulation with in situ generated aza-o-
quinone methides 4.7e to prepare aza-spirocycloheptane
oxindole scaffolds 4.7c in moderate to good yields.”> How-
ever, a stoichiometric amount of the phosphine and ten
equivalents of base were needed to generate phosphonium
enoates 4.7d quantitatively. Bromo-substituted MBH deriv-
atives formed from aryl aldehydes with methyl acrylate
were not compatible with the reaction under the specified
conditions. EDGs on 4.7a led to better yields than EWGs. In-
troducing substituents on the N-(o-chloromethyl)aryl am-
ide 4.7b led to moderate yields, regardless of the electronic
effects of the newly introduced substituent. A benzyl group
was also successfully incorporated as a protecting group on
the nitrogen atom of 4.7a. The ethoxycarbonyl protecting
group of 4.7b could be replaced by a Boc-group, but a tosyl
group was not compatible with the reaction. The (4+3)-
cycloadducts could then be subjected to deprotection and
selective reduction. The use of chiral catalysts to make the
reaction enantioselective was not successful.

a) Chen (2015):

P(4-FCgHy); (1 equiv) CO,Et R2
Cs,CO3 (10 equiv) N
4AMS MeO,C 4

PhCFg
50°C,12h N
Me 4-7¢
20 examples
45-80% yield

Qﬁﬁz “coe (>
& N Morl!a—Baylls— /

Me Hillman reaction R!

Scheme 4.7 (a) Phosphine-catalyzed (4+3)-annulation of brominated
MBH derivatives with in situ activated N-(o-chloromethyl)aryl amides.
(b) Preparation of brominated MBH carbonates from N-methylisatin.

In 2019, Budynina et al. followed a completely different
approach in phosphine-mediated (4+3)-annulations, re-
porting a new domino self-catalytic Michael/aza-Wittig re-
action between phosphazenomalonates 4.8b and acrolein
towards hexahydroazepines (Scheme 4.8, a).”* The phosp-
hazenomalonates are generated in situ from the corre-
sponding azidomalonates 4.8a and triphenylphosphine via
a Staudinger reaction. The phosphazene moiety first acts as
an intramolecular catalyst for the Michael addition of the
malonate moiety to acrolein, before being used as a reactive

© 2021. Thieme. All rights reserved. Synthesis 2021, 53, 4134-4177

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



4162

functional group in an aza-Wittig reaction with the alde-
hyde, closing the seven-membered ring. The tetrahydroaze-
pines 4.8d were characterized in crude form as they proved
to be unstable to column chromatography materials such as
SiO, and Al, 0. As a result, the crude products were reduced
prior to purification, affording diverse hexahydroazepines
4.8e in moderate to good overall yields, independent from
electronic effects of functional groups on the (hetero)aryl
substituents (R) of 4.8a.

The application of phosphazenes in self-catalytic sys-
tems is a novel approach. To investigate the details of the
catalytic system, the authors conducted a detailed mecha-
nistic study. To learn whether the Michael addition or aza-
Wittig reaction happens first, they ran a competition exper-
iment between 4.8a’, the corresponding azido-monoester
4.8f and only one equivalent of acrolein, with the mon-
oester being unable to perform the Michael addition under
the selected conditions (Scheme 4.8, b). After two hours, 'H
NMR showed comparable amounts of the phosphazene
species 4.8b’ and 4.8g, but the ratio between annulation
product 4.8d' and aza-Wittig product 4.8h was 20:1. This
led the authors to suggest that the Michael addition is the
rate-determining step and that it occurs before an intramo-
lecular aza-Wittig reaction. Furthermore, experiments in
the absence of triphenylphosphine showed no reaction,
while the combination of triphenylphosphine and a dummy
substrate without an azide group led to polymerization of
acrolein. The otherwise unreactive 4.8g was able to cata-
lyze the Michael addition when added in catalytic amounts
to the experiment with the dummy substrate, although it
was gradually consumed by the aza-Wittig reaction. This
leads to the conclusion that the phosphazene moiety is in-
deed the active species in the catalytic cycle.

An experiment with the isolated Michael adduct 4.8a’,
acrolein, and triphenylphosphine led to intense tarring,
which the authors explained by oligomerization due to the
drastic increase in the concentration of phosphazene units
during the fast Staudinger step, occurring in the presence of
active aldehyde moieties. This outcome supported that the
order of the steps is crucial. When acrolein was exchanged
for methyl vinyl ketone, the Michael addition was slowed
down, and the aza-Wittig reaction did not proceed under
standard conditions. Upon heating, the phosphazene 4.8i
underwent a 1,5-aza-Wittig reaction with the ester, form-
ing dihydropyrrole derivative 4.8j (Scheme 4.8, c). A DFT
study supported 1,5-cyclization with the ester group being
kinetically favored over the 1,7-cyclization with the keto
group. Notably, the transition state of the rate-determining
step of the 1,7-aza-Wittig reaction between the phospha-
zene and formyl group in 4.8c is AH = 8 kcal/mol lower than
the transition state for the 1,5-aza-Wittig reaction with the
ester group, making the 1,7-cyclization more favorable.

In conclusion, phosphine catalysis represents a very
useful tool to activate specific classes of substrates, includ-
ing allenoates or Morita-Baylis-Hillman carbonates, to par-

Special Topic

a) Budynina (2019):

E 1. PPh;3 (1.05 equiv) g E NaBH,4 g E
2. \/\o (1.6 equiv) (1.5 equiv)
E —MM > - >
CHCly MeOH
R N3 10°Ctort,6h R N= 10°Ctort R N
2h H
4.8a 4.8d 4.8e
E = CO,Me 19 examples
27-73% yield
PPh; l Staudinger OPPh; 1,7-aza-Wittig
E E
ﬁ o .
Mlchael Z
N R
480 addition N O 48c
PPh; PPhg
b g E E
; rE f
Ph N Ph N
Ph4 aa':ls ; @\(1 051 ((e)qulv) PPhs PPh,
- So(0eauiv) e, 4sg 1:1:2:0.1
CH,Cly E b:d":g:h
o
= NG
Ph” N, Ph" N Ph” N
4.8f 4.8d' 4.8h
©) 1. PPh3 Me
CO,Me COzMe (Eo
COzMe / MeOZC
CH2C|2
Ph™ "Nj 1,24 h Ph 0 Me aza- Wlttlg OMe
N
4.8a’ 4.8i 4.8j

Scheme 4.8 (a) Domino self-catalytic Michael/aza-Wittig reaction be-
tween phosphazenomalonates and acrolein. (b) Mechanistic study: A
competitive reaction of a phosphazenomalonate and a phosphazenom-
onoester. (c) The same reaction with methyl vinyl ketone, resulting in a
1,5-aza-Wittig reaction.

ticipate in (4+3)-annulations with a broad variety of unsat-
urated or dipolar synthons through similar mechanisms.
However, a recent example of a domino Michael/aza-Wittig
reaction using phosphazenes as intramolecular catalysts of
both reactants showed that there are still more pathways to
be discovered that involve phosphine catalysis. Another ad-
vantage of phosphine catalysis proved to be the fact that
there is an enormous library of chiral phosphines available,
enabling the exploration of stereoselective versions of the
annulations.

5 Acids

In this section, we will survey the literature regarding
Lewis acid and Brensted acid catalyzed and mediated reac-
tions. The Lewis acids in question can contain transition
metals, but often can be used interchangeably with other
Lewis acidic metal salts and at times, even with Brensted
acids to enable the same transformation. The Bransted ac-
ids section will include methods using chiral phosphoric
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acids, which enable an enantioselective transformation, as
well as the use of achiral acids, which render racemic prod-
ucts.

5.1 Lewis Acids

Lewis acids have long been known for their capacity to
activate by complexation to Lewis basic sites.”>’6 The reac-
tions described in this section will be sorted by both the
type of metal used (In, Ga, Fe, Zn, Y, Yb, Sc, Ti) and the struc-
tural moieties participating in the reaction. Although a sep-
aration between main group and transition-metal Lewis ac-
ids may seem evident, multiple examples will illustrate that
strict categorization is not straightforward and that some
reactions can work with various kinds of Lewis acids. In the
end of the section, three examples are presented, using
Lewis acids in stoichiometric amounts or in tandem with
Brensted acids and applying the concept in the total syn-
thesis of three natural products.

In 2017, Selander examined various InX;-catalyzed
transformations of alkynyl enones 5.1.1a (Scheme 5.1.1)
with in situ generated enamines.”” When InBr; or InCly
were used and the enamine was formed from cyclopenta-
none 5.1.1b and morpholine, they were able to obtain bicy-
clo[3.2.1]alkenones 5.1.1c in very good yields. It was neces-
sary to add 4 A MS to suppress the formation of hydroami-
nation product 5.1.1d. Replacing cyclopentanone with
cyclohexanone and morpholine with pyrrolidine led to
good yields of the analogous bicyclo[3.3.1]alkenones. Other
Lewis acids such as In(OTf);, AgOTf and ZnCl, were also cat-
alysts for this reaction, although the yields were lower. No-
tably, the reaction also took place when no catalyst or only
catalytic amounts of a Bransted acid were added, albeit re-
sulting in lower yields and accompanied by the formation of
more side product.

When examining the scope of this reaction, the authors
found that the electronic properties of the R! substituents
on an aryl group of 5.1.1a had no significant effect on the
yield of the reaction, while alkyl groups at the R! position
led to moderate yields. Substitution of the aryl group by a
methyl group at the R? position decreased the yield signifi-
cantly. R® = methyl, phenyl and methoxy groups were all
tolerated. When positions R? and R® were connected by an
ethylene or propylene linker, tricyclic structures were
formed under the standard conditions. Attempts to perform
the reaction enantioselectively using chiral amines instead
of morpholine were not successful.

According to the proposed mechanism, the Lewis acid
coordinates to the m-system of the alkyne and a lone pair of
the oxygen atom in the carbonyl group of 5.1.1a’, activating
the B-position of the Michael system for the nucleophilic

Special Topic

Selander (2017):
0 R
InCl3 (20 mol%) |
morpholine (2 equiv) R? R‘\ R®
R® +
( N_ O
, DCE,80°C,18h ''n [ j
4AMS R~ 0
5.1.1c o
5.1.1a 5.1.1b 18 examples 5.1.1d
(1.5 equiv) p‘ <5% yield
32-86% yield
single diastereomer
Proposed Mechanism
O 5.1.1c'
(o} 5.1.1a'
[ j Ph Ph 0
+ Me X
u | Me
InCl
Ph ° s \( Ph
®

Scheme 5.1.1 Diastereoselective indium-catalyzed annulation of
alkynyl enones with in situ generated cyclic enamines to form bicyclo-
[3.n.1]alkenones

attack of enamine 5.1.1e. The addition product 5.1.1f rear-
ranges into 1,2-allenyl ketone 5.1.1g through Lewis acid
alkyne activation. Product 5.1.1¢" is formed by an intramo-
lecular enamine addition at the allene carbon, followed by
hydrolysis. Although the amine is in theory regenerated,
experiments with catalytic amounts remained unsuccess-
ful. The authors believe that the amine is not fully liberated
under the reaction conditions, explaining why it is used in
excess.

Wau et al. reported a catalytic regio- and diastereoselec-
tive three-component (4+3)-annulation in 2012, using ei-
ther InBr; or GaBr; as the Lewis acid.”® Remarkably, the re-
action proved to furnish cyclohepta(b)indoles 5.1.2d in ex-
cellent yields, starting from readily available indoles 5.1.2a,
carbonyls 5.1.2b and conjugated dienes 5.1.2¢, at ambient
temperature and without the need for an inert atmosphere
(Scheme 5.1.2). The corresponding triflates showed even
higher catalytic activity, but the formation of byproducts or
decomposition was observed. Some Brensted acids proved
to be suitable catalysts as well, but their use led to lower
yields and more byproducts.
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Wu (2012): R*

3 /Rs
2 R T
R\\ \/\‘o) __R% In"/Ga" cat. (10 mol%) Rz/\ .‘::\
| N Q/\ |\ \
Z~N R “R¢ ) AN
i L CHoCly, 11,2 h |
R R!
5.1.2a 5.1.2b 5.1.2¢c 5.1.2d

(2equiv)  (5equiv) 22 examples

46-94% yield
>10:1to 1:1d.r.

3 /—\Rs " 1
Lo
Ho R R mal j) R RS
=

OV-R* ;
R? 3 Rz/ ) “\ R2 R . /)
N — B — - A D
|\ ) |\ P 5.1.2¢ |\ N
Z~N) & @N\) ~N ©

R! R R!
5.1.2e 5.1.2f 5.1.2g

Scheme 5.1.2 In"/Ga"-catalyzed three-component (4+3)-annulation
of indoles, aldehydes/ketones and dienes

Both unprotected and N-alkylated indoles 5.1.2a partic-
ipated in the reaction. EDGs on the indole, as well as on
5.1.2b, accelerate the reaction rate. EWGs were also tolerat-
ed. Non-cyclic dienes 5.1.2c¢ gave significantly lower yields.
The diastereomeric ratio of the products varied between no
selectivity and >10:1, with electron-poor aldehydes gener-
ally leading to lower diastereoselectivity. The use of an un-
symmetrical diene led to a single regioisomer.

The authors proposed that 5.1.2a adds to the carbonyl
group of 5.1.2b, forming the alcohol 5.1.2e. Elimination of
the hydroxy group leads to indolyl cation 5.1.2f that can
undergo annulation with 5.1.2c. DFT studies led the au-
thors to the conclusion that the actual annulation is most
likely a two-step process. In the first step, a C-C bond is
formed between the indolyl cation and a terminal diene
carbon atom, giving intermediate 5.1.2g, which can then
undergo intramolecular ring closure to yield product 5.1.2d.

Ghorai et al. demonstrated the temperature-modulated
diastereoselective dimerization of 2-vinylindoles 5.1.3a to
form tetrahydrocarbazoles 5.1.3b and tetrahydrocyclohep-
tadiindoles 5.1.3c (Scheme 5.1.3).7° When a solution of
5.1.3a in DCE was exposed to catalytic amounts of various
Fe'l' salts at 30 °C, 5.1.3b was produced through a (4+2)-an-
nulation between two molecules of the 2-vinylindole.
Fe(OTf); proved to possess the highest catalytic activity,
giving very good yields and diastereoselectivity. When the
reaction temperature was raised to 50 °C, they observed the
formation of 5.1.3c through a (4+3)-annulation. At 80 °C,
compounds 5.1.3c were formed exclusively in excellent
yields and as single diastereomers. Methyl and halogen sub-
stituents on the aryl ring were tolerated, as well as methyl
and ethyl esters on the olefinic moiety. The reaction pro-
ceeded with an unprotected indole, although the presence
of a methyl or allyl N-protecting group led to higher yields.

Special Topic

A substrate lacking an ester group on the vinylic moiety
gave the (4+2)-annulation product regardless of the tem-
perature.

Ghorai (2018)

o R R?
Fe(OTf); (20 mol%) E N 5.1.3b
’—' 7 examples
DCE, 30°C,3h [ 62-83% yield
N “E
\_ /¢ R?

1

o

3:1t099:1d.r.

R2
5132 R R
5.1.3¢c
Fe(OTf); (20 mol%) 13 examples
68-87% yield

DCE,80°C,1h mostly >99:1 d.r.

E=COzR

Proposed Mechanism
R1

6-endo-
cyclization
—_—

aromatization 5.1.3b
—_—

7-exo-
cyclization
—_ >

aromatization 5.1.3c
—_——

Scheme 5.1.3 Temperature-modulated diastereoselective transforma-
tions of 2-vinylindoles into tetrahydrocarbazoles and tetrahydrocyclo-
heptadiindoles

The authors propose that the Fe''-based Lewis acid co-
ordinates to the indolyl nitrogen of one molecule of 5.1.3a,
reversing the polarity of the 2-vinyl group in the generated
intermediate 5.1.3d. Another molecule of 5.1.3a can attack
the vinyl group with its C3 center, affording intermediate
5.1.3e. A 6-endo-cyclization and subsequent rearomatiza-
tion leads to (4+2)-annulation product 5.1.3b, whereas an
alternative 7-exo-cyclization is followed by rearomatization
leading to product 5.1.3c.

In 2014, Liang et al. built a furan ring and a seven-mem-
bered ring in one step, using ZnCl, as a catalyst, by combin-
ing Knoevenagel adducts 5.1.4a and tert-butyldimethylsi-
lyl-protected butadien-2-ol derivates 5.1.4b (Scheme
5.1.4).89 Cyclohepta(b)furans 5.1.4c were isolated in moder-
ate to good yields with ZnCl,, while other Zn" and Pt" salts
gave lower yields.

Steric effects significantly impacted the reaction, for ex-
ample o-substituted aryl rings led to only traces of the cor-
responding product 5.1.4c, whereas substrates with sub-
stituents at meta and para positions were successfully em-
ployed. EWGs on the aryl ring also lowered the yields,
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compared to EDGs. Substrates with alkyl substituents on
the alkyne failed to react. Aryl groups next to the carbonyl
groups in 5.1.4a did not affect the reaction, whereas re-
moval of the methyl substituent on 5.1.4b decreased the
yield. Furan proved to be an unsuitable diene for this reac-
tion.

Liang (2014)'
o}
Me
OTBS ZnCl, (20 mol%) - Me
j PhMe (0.5M), Ar  Me o
80-100 °C, 30 min
TBSO R
5.1.4a 5.1.4b 5.1.4c
(5.0 equiv) 22 examples

48-80% yield
Proposed Mechamsm

O Me
Me) | [0} /J\
< o e
(\'"\R O™ |

izn] zn~ R [zn]” R
5.1.4a 5.1.4d
furyl carbene
Me
(o] o
Me 4
Mo M){Q
— —\@
o /'
Me
Me/g¢ [Zn]
®R
TBs0 5.1.4c R TBSO 5.1.4e lzn]
3-Component Reaction
o o o
Me
Me™ - an Ve OTBS  ZnCl, (20 mol%) - Me
N -
o Ve PhMe (0.5 M), Ar  Me o
110°C,2.5h
HJ\ 5.1.4b '
N ph  (5.0equiv) TBSO Ph
5.1.4i 5.1.4c'

15% yield

Scheme 5.1.4 Formation of cyclohepta(b)furans through zinc-cata-
lyzed (4+3)-annulation with concomitant furan annulation

The authors postulated two possible mechanisms, hav-
ing furyl zinc carbene 5.1.4e as a focal intermediate. This
carbene 5.1.4e is generated by coordination of the Zn" cata-
lyst to the alkyne moiety of 5.1.4a, activating it for a 5-exo-
cyclization to give a furyl zinc carbene 5.1.4d. Theoretically,
the carbene could now either (i) form a cyclopropane inter-
mediate, which could then undergo a (3,3)-sigma-
tropic/Cope rearrangement’8'82 to close the seven-mem-
bered ring, or (ii) undergo a (4+3)-annulation with the di-
ene via transition state 5.1.4e. To determine whether the
cyclopropanation/Cope pathway was viable, the cyclopro-
pane intermediate was synthesized via a different route and
was subjected to the reaction conditions. No product was
detected, suggesting the latter mechanism is more likely.
Considering that ZnCl, can catalyze Knoevenagel reactions,
the authors attempted to prepare 5.1.4¢’ in a one-pot reac-
tion directly from pentane-2,4-dione (5.1.4h), alkynal

Special Topic

5.1.4i and 5.1.4b. They obtained the desired product with a
yield of 15% under the standard conditions, though no fur-
ther attempts were taken to optimize the reaction.

Two years later, Liang investigated the reaction of 2-azi-
domethyl-indoles 5.1.5a with trisubstituted propargyl al-
cohols 5.1.5b in the presence of Zn(OTf), (Scheme 5.1.5).83
They found that various metal triflates were effective cata-
lysts for this reaction, with Al(OTf);, Yb(OTf);, Bi(OTf); and
In(OTf); giving lower yields and Y(OTf); giving the best
yields. The conditions were then optimized using Y(OTf),,
and the tricyclic indole azepine scaffold 5.1.5¢ was ob-
tained in good yields. Numerous groups were tolerated on
all three aryl substituents of 5.1.5b, regardless of their elec-
tronic properties. Substrates with R? = alkyl on the alkyne
moiety gave the corresponding indole azepines in good
yields. Secondary alcohols and alkyl-substituted tertiary al-
cohols were not compatible with this reaction. Various hal-
ogens and methoxy substituents were tolerated as R?.

Liang (2016):

H
N
Y(OTf)3 (15 mol%) 7 N
Ar1 7 Ar!
+ Ar PhMe =/ “pAp2
o R!
120°C, 10 h R?
5.1.5a 5.1.5b N2 5.1.5¢
(2.0 equiv) 29 examples

29-85% yield
Proposed Mechanism
2

Ar? R!
1 OH
Ar1

Ar2
51.5¢ N Y(OTH),
s \K
(Tf0)3Y
Ar2 HO---Y(OTf)
Ar! / == R1
Nx Ar! Ar?

5159 5.1.5d \_(jg/
@‘\N
N, + H H515a

Ar Y(OTf)s Ar! Y(OTf); H:0
Ar! n R? g.—/ H R
N?gjhé % R _A/rz\ e
H HN ® ON H 5.1.5e
H ‘N\®
5.1.5f A

Scheme 5.1.5 Lewis acid catalyzed (4+3)-annulation of propargylic al-
cohols with 2-azidomethyl-indoles to form indole azepines

According to their proposed mechanism,348 the Y(OTf),
catalyst coordinates to 5.1.5b, forming intermediate 5.1.5d.
Protonation enables elimination of water through attack by
the C3 carbon of 5.1.5a on the alkyne, giving cationic allene
derivate 5.1.5e. Rearomatization through deprotonation
and nucleophilic attack of the negatively charged nitrogen
atom of the azide group on the allene leads to intermediate
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5.1.5f. Elimination of N, and a proton affords structure
5.1.5g, from which the Lewis acid is regenerated through
protonation, yielding product 5.1.5c.

In 2011, Pagenkopf et al. used Lewis acidic rare-earth el-
ement triflates as catalysts for the (4+3)-annulation of ni-
trones 5.1.6a with donor-acceptor cyclobutanes 5.1.6b, re-
lying on the ring strain released by opening the cyclobutane
ring in 5.1.6b (Scheme 5.1.6).%¢ Using 10 mol% of Yb(OTf)s,
they obtained oxazepines 5.1.6¢ in excellent yields and as
the pure cis-diastereomers within an hour. However, when
the catalyst loading was decreased and the reaction was
stopped after ten minutes, two different diastereomers
were found. Subjecting the mixture of the two diastereo-
mers to Yb(OTf); led to quantitative isomerization of the
trans- to the cis-diastereomer. Varying the temperature,
catalyst loading and equivalent ratios of the educts led to
different ratios of the two diastereomers, but longer reac-
tion times eventually led to the pure cis-diastereomer un-
der all conditions. Notably, the reaction did occur in the ab-
sence of a Lewis acid, as long as 4 A MS were added. Both
diastereomers were formed in a cis/trans ratio of 1.3:1.0
and in this case, isomerization was not observed.

Pagenkopf (2011):

2 o 2 o
R\ﬁm/o ) (0 Q%zg:Et Yb(OTH); (5 mol%) Rin® t\
R . D CHZCly, 1t pt N H
i 4AMS EtO,C CO,Et
5.1.6a 5.1.6b Ho cis-5.1.6¢
(1.2 equiv) Rz\N,O £ ) 21 examples
- 43-85% yield
gty H single diastereomer
EtO,C CO,Et
trans-5.1.6¢

Scheme 5.1.6 Yb(OTf);-catalyzed diastereoselective (4+3)-annulation
of nitrones with donor-acceptor cyclobutanes to afford oxazepines

The reaction time needed to give a single diastereomer
was strongly dependent on the electronic properties of the
R! substituent on 5.1.6a. Electron-rich nitrones led to
shorter reaction times. Fortunately, the yield was not dra-
matically affected directly by electronic effects, although
longer reaction times led to higher amounts of decomposi-
tion and background reactions. In addition to aryl groups,
various heteroaromatics, a cinnamyl group and a naphthyl
group were successfully incorporated in 5.1.6a. Notably, an
N-benzyl nitrone with R' = H was a suitable substrate as
well. Various R? aryl substituents and a benzyl group were
also tolerated. On 5.1.6b, a fused six-membered cyclic ether
worked as well as a non-cyclic ethyl ether, although this re-
sulted in a mixture of diastereomers.

In 2017, Wang et al. used the same catalyst in their
studies on an intramolecular (4+3)-annulation. They re-
ported the cyclization of a (3)dendralene-tethered cyclo-
propane-1,1-diester 5.1.7a, yielding vinyl-substituted
(5.3.0)decane derivates 5.1.7b that could be further derivat-

Special Topic

ized through subsequent (4+n)-annulations (Scheme
5.1.7).87 The vinyl group of the dendralene moiety not par-
ticipating in the first annulation not only enables subse-
quent derivatizations of the product, but it also stabilizes
the carbocation in intermediate 5.1.7d through delocaliza-
tion and thus facilitates the reaction. The products 5.1.7b
were obtained in good to excellent yields as a single diaste-
reomer, accompanied by the side product 5.1.7¢, formed
through (3+2)-annulation. Ratios varied between 4.5:1 and
>20:1. This observation led the authors to propose an Sy2
mechanism for the (4+3)-annulation. They suggest a nucle-
ophilic attack of the internal C-C double bond of the den-
dralene moiety on the cyclopropane, resulting in ring open-
ing through a Walden inversion. Nucleophilic attack of the
carbon atom bearing the geminal esters on the central car-
bon of the pentadienyl cation leads to a 7-endo-cyclization
to form the product.

Wang (2017):

E
E
—

! N N

“5.1.7a 5170 5.1.7¢
9 examples 5.1.7b:5.1.7¢c
65-90% yield 4.5:1 to >20:1

single diastereomer

5.1.7d
Derivatizations

o
E E E E Me Me
Me M

Fe,(CO)g
7 /) Fe(cO); -B~_Br_
PhMe N PhMe
reflux, 2 h 82 °C, 45 min

70% yield [4+3]
5.1.7b'  (brsm) 79% yield
o] cl
o
E E
Yb(OTf)3
(5 mol%) _?
> phMe, 110 c = PhMe reflux
73% yield
[6+4]
5.1.7a" 5.1.7b" 82% yield 5.1.7g
(99% ee) (99% ee)

Scheme 5.1.7 Intramolecular (4+3)-annulation between a (3)den-
dralene moiety and a cyclopropane-1,1-diester yielding vinyl-substitut-
ed (5.3.0)decane derivates.

Diene 5.1.7b readily underwent (hetero)-Diels-Alder
reactions with various dienophiles, including alkyne di-
esters, maleimides, 1,4-benzoquinone and nitrosobenzene.
An attempt to combine the (4+3)-annulation and the Diels—
Alder reaction into a one-pot sequence was also successful.
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Additionally, some more exotic derivatization reactions
were possible. The reaction of 5.1.7b" with Fe(CO), gave ad-
duct 5.1.7e, which was then able to react with dibromo
isobutyrone in a second (4+3)-annulation to give tetracyclic
scaffold 5.1.7f. The use of enantiopure starting material
5.1.7a" led to the selective formation of 5.1.7b", which was
then able to undergo a stereospecific (6+4)-annulation with
tropone to afford the pentacyclic structure 5.1.7g as a sin-
gle enantiomer.

A ring-opening (4+3)-annulation, using cyclopropane
derivatives and a rare earth element triflate as a Lewis acid
catalyst, was reported by Werz et al. in 2017.88 They sub-
jected 1,3,5-triaryl-1,3,5-triazinanes 5.1.8a and cyclopro-
pane-1,1-diesters 5.1.8b to various types of Lewis acids, of
which Sc(OTf); gave the highest yield of 1,3-diazepane de-
rivatives 5.1.8c (Scheme 5.1.8, a). When enantiopure chiral
cyclopropane derivatives were used, only one enantiomer
of the product was formed via a stereospecific reaction
with inversion of the stereocenter.

a) Werz (2017):
Ar 1 CO,R?
0 Rl CO,R? SC(OTf)3 (10 mol%) COLR?

CO,RR— > , N
CHClo, i, 14h AN\ ) examples
5.1.8b 5.1.8c Ar 52-94% yield

R? = Me or Et stereospecific
+Sc(0Tf)3 -Sc(OT); T
©
[Sc]
[50]
Sc, o
[ 1 R? O P
— —_— FI20 ) OR2
OR2 (
2
1 / NZ
5.1.8d ]l I o N
AT A 5.1.8f
5.1.8e
b) CO,R? Rl CO,R?
CO,R2 1M HCIin MeOH CO,R?
R! Em——
25 °C, 10 min Ar” NH
/N\/N\ A
Ar ) Ar 18 examples ; f
51.8¢ 42-96% yield 5.1.8g

Scheme 5.1.8 (a) Stereospecific Sc(OTf);-catalyzed ring-opening
(4+3)-annulation of cyclopropane-1,1-diesters with 1,3,5-triaryl-1,3,5-
triazinanes to form 1,3-diazepane derivatives. (b) Hydrolysis of the 1,3-
diazepanes to give 1,4-diamines.

The authors proposed a mechanism that started with
coordination of the Lewis acid to the geminal diester moi-
ety of 5.1.8b, giving 5.1.8d, which underwent nucleophilic
attack by 5.1.8a through an Sy2 mechanism. The resulting
linear zwitterionic iminium intermediate 5.1.8e is formed
through two simultaneous ring openings while inverting
the stereocenter of the former cyclopropane. Direct ring
closure of this intermediate would afford a nine-membered
ring and is therefore unfavorable. The elimination of one

Special Topic

equivalent of formaldimine shortens the chain by two at-
oms and allows the resulting intermediate 5.1.8f to under-
go a 7-endo-cyclization, affording the final product 5.1.8c.

A competition experiment with differentially substitut-
ed triazinanes did not yield any crossover product, which
led the authors to the conclusion that the triazinane precur-
sors do not decompose into three molecules of formald-
imine under the reaction conditions.

The reaction proved to tolerate a vinyl group and a
broad range of (hetero)aryl substituents at position R! on
5.1.8b, as well as various substituted aryl groups on the ni-
trogen atoms of 5.1.8a. When subjected to HCl in methanol,
the heterocycles 5.1.8c were hydrolyzed to afford linear
1,4-diamines 5.1.8g in good to excellent yields (Scheme
5.1.8, b). Combining the annulation and hydrolysis into a
one-pot sequence proved feasible.

Recently, Werz used similar conditions with Sc(OTf); to
enable a (4+3)-annulation between cyclopropane-1,1-di-
esters 5.1.9a and thiochalcones 5.1.9b to afford tetrahydro-
thiepines 5.1.9c¢ diastereoselectively (Scheme 5.1.9).8° Using
enantiopure cyclopropanes, the reaction was shown to be
stereospecific, completely transferring the stereochemical
information during the transformation, while inverting the
stereocenter of the substrate. Without heating the reaction,
tetrahydrothiophene derivates 5.1.9d formed as side prod-
ucts via a (3+2)-pathway. When ether-based solvents or a
titanium-based Lewis acid were used, the (3+2)-cycload-
ducts were the sole products. A broad range of functional-
ized (hetero)aryl substituents with various electronic prop-
erties were tolerated on both the cyclopropane and the
thiochalcone. On the cyclopropane, a succinimide and a vi-
nyl group proved to be compatible, whereas a phthalimide
group showed only low conversion. According to the pro-
posed mechanism, activated 5.1.9e undergoes an Sy2 reac-
tion with the nucleophilic sulfur atom of 5.1.9b, in analogy
to the previous example. The resulting zwitterionic inter-
mediate 5.1.9f possesses a delocalized positive charge and
can undergo ring closure to form either the five-membered
(3+2)-adduct 5.1.9d or the desired (4+3)-adduct 5.1.9c.
Subjecting isolated 5.1.9d to the reaction conditions
showed that the formation of the five-membered ring was
reversible, as it isomerized quantitatively into the thermo-
dynamically favored seven-membered ring 5.1.9c.

In 2015, Morgan et al. reported a BF;-Et,0-mediated
Nazarov cyclization of allenyl vinyl ketones 5.1.10a, inter-
cepted by a (4+3)-annulation with dienes 5.1.10b, to build a
bicyclo[4.2.1]nonene ring system 5.1.10c (Scheme 5.1.10,
a).%% Bicyclo[2.2.1]heptenes 5.1.10d were also formed in
varying quantities through a (3+2)-annulation. When buta-
diene and 2,3-dimethylbutadiene were used as dienes, only
the (4+3)-cycloadducts were formed. Introducing substitu-
ents on the ends of the diene led to increased amounts of
the (3+2)-product, and dienes bearing two substituents on
one end follow the (3+2)-pathway. This result can be ex-
plained by steric hindrance in intermediate 5.1.10f. Accord-

© 2021. Thieme. All rights reserved. Synthesis 2021, 53, 4134-4177

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



4168

Werz (2019):
S.__Ar' Sc(OTf)3 Ri

CO,R? )
A COuR? (20 mol%) COR
~ 2| + —_— +
N [ 2
R'  CO.R? Z CHoCl, —/ Ar

Ar? 40°C,2h  pp
5.1.9a 5.1.9b 5.1.90
R2=MeorBn (1.8 equiv) 31 "
38-87% y/eld [3+2] side product
—single diastereomer
—stereospecific for
chiral cyclopropanes
Proposed Mechanism
CO.R
R! 2R°
°°2R c02n2
Ar2 5c(0TNy — R' [ COR
5.1.9b
Ar! 5.1.9¢
5.1.9e
_O- [SC] [Scl-o
\
\.) >’§"R1
(‘(D OR? R20
S Ar2 5:1.9f
?Z/\ R0 0--re s £
R! A \ O ,c\r1j\7\Ar2
CO,R2 R SO0 5.1.9b
s CoR - ¢ y/ 0R22
= ® Ar
Ar! Ar? 5_‘4\
5.1.9d Ar!
[3+2] side product
Ring-Expansion
R! 1 CO,R?
CO,R? Sc(0TH); R CO,R?
S CO,R? — = S, 2
2 CHoCly _/ Ar
Ar! Ar? 40°C,2h Ar
5.1.9d 5.1.9¢

Scheme 5.1.9 Diastereoselective Sc(OTf);-catalyzed ring-opening
(4+3)-annulation of cyclopropane-1,1-diesters with thiochalcones to
form tetrahydrothiepines

ing to the proposed mechanism, the reaction proceeds
through a Lewis acid mediated Nazarov cyclization®"%? of
5.1.10a, forming intermediate 5.1.10e. Instead of deproton-
ation, this intermediate suffers nucleophilic attack by
5.1.10b to give zwitterionic intermediate 5.1.10f, which can
then undergo a ring closure and elimination of the Lewis acid
to yield the product 5.1.10c.

The final ring closure proved to be reversible, as the
(3+2)-annulation product 5.1.10d was able to isomerize
into thermodynamically more stable products when sub-
jected to the reaction conditions for an extended time
(Scheme 5.1.10, b). Depending on the substituents, either
5.1.10c, a bicyclo[5.1.2.1]nonene scaffold 5.1.10h or the
ring-opening product 5.1.10g was formed. However, con-
siderable amounts of the substrate decomposed under the
strongly acidic conditions, making the isomerization ineffi-
cient.

There are limited examples of total syntheses using a
Lewis acid catalyzed (4+3)-annulation approach, though
the transformation has the potential to generate complex
fused rings in a single step. As one of the first examples,
Winne et al. reported the reaction of dienes 5.1.11b with

Special Topic

a) Morgan (2015):

R4—\\_//—R5
H R4
5.1.10b (10 equiv)
BF3 Et,0 (1.2 equiv) R‘
CHZCIQ
—78 °C, 5 min
5.1.10a 5.1. 10c 5.1.10d
8 examples side product,
14-99% yield obtained in
BF;-Et,0 T various ratios
o €]
_BF3 o B8R
o] R* \ / RS R2 % R4
R2 R3 R! ®
2 R0
R 5
5.1.10e 5.1.10f
b) 'o
R? , R*

RS

l R*
_BFsERO 51 "’9
T chch
-78°C,2h R4

5.1.10d 5.1. 10c
up to 52% yield R

5.1.10h RS

Scheme 5.1.10 (a) Lewis acid mediated Nazarov cyclization of allenyl
vinyl ketones, intercepted by a (4+3)-annulation with dienes to build a
bicyclo[4.2.1]nonene ring system. (b) Lewis acid mediated isomeriza-
tion of the (3+2)-annulation side product.

furfuryl cations 5.1.11d, generated from furfuryl alcohols
5.1.11a and TiCl, (Scheme 5.1.11).%* Although this reaction
uses stoichiometric amounts of Lewis acid, it is included
due to the link with subsequent mechanistic studies and to-
tal syntheses described below. The resulting dihydrocyclo-
hepta(b)furans 5.1.11c were obtained in moderate to excel-
lent yields. A substituent at the 5-position of 5.1.11a proved
to be essential, as substrates lacking a substituent led to im-
mediate polymerization. Primary furfuryl alcohols gave
very low yields, whereas secondary alcohols gave very good
yields and tertiary alcohols gave almost quantitative yields.
This trend can be explained by a better stabilization of reac-
tive intermediates. Secondary furfuryl alcohols showed in-
creasing exo-selectivity for the double bond with increasing
size of the substituent on the alcohol. Various linear, cyclic
and cyclo-fused dienes participated. DFT analysis of a step-
wise vs a concerted mechanism led the authors to the con-
clusion that the stepwise mechanism is consistently fa-
vored. They proposed that a Lewis acid mediated elimina-
tion of the hydroxy group leads to the stabilized furfuryl
cation 5.1.11d. The cation is then attacked by 5.1.11b to
form allylic cation 5.1.11e. 7-endo-cyclization gives inter-
mediate 5.1.11f and deprotonation affords product 5.1.11c.
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Synithesis H. Lam et al.
Winne (2011):
Me
T o’y
/ TiCl4 (1.5 equiv) , =
"R o CHxClp, 2 h R /
-78°C to —10 °C
5.1.11a 5.1.11b 5.1.11c

(1.2-3.0 equiv) 13 examples

17-97% yield
up to 10:1 d.r.
TiCly OHO
Y ’ .
: &

Me :V— Q\> ¥
3 =/5.1.11b
® 1
R’ NR

5.1.11d

Scheme 5.1.11 Lewis acid mediated (4+3)-annulation of dienes with
furfuryl alcohols to afford dihydrocyclohepta(b)furans

Winne’s group applied this reaction in the synthesis of
the two cyclohepta(b)furan-containing natural products
frondosin B [(+)-5.1.12a] (Scheme 5.1.12) and epi-liphagal
[(+)-5.1.13a] (Scheme 5.1.13).>* They were isolated from
marine sponges and multiple groups have contributed total
synthesis studies towards these compounds.®®> The synthe-
sis of liphagal is of particular interest, as it selectively inhib-
its one isoform of the phosphatidylinositide 3-kinase (PI3K)
enzyme family, which is involved in cellular signaling pro-
cesses.”® The substrates 5.1.12b,c and 5.1.13c,d can be syn-
thesized in a few steps from commercially available com-
pounds.

a) Winne (2014):

frondosin B
(+)-5.1.12a

TiCly (1.25 equiv)
5.1.12c (2.0 equiv)

5112 —

CHCl MeO
-78t0-10°C,15h

14-26% yield 0
d

5.1.12¢c

M
O
(2.0 equiv)
51120 —— >
CHol, M0 O
—781t0-10 °C
15h O Mme
5.1.12f

FeCl3*6H,0, rt 10-16%, 1:1d.r.
CF3CO3H, 78 to —25 °C: 35%, ~1:1 d.r.

Scheme 5.1.12 Total synthesis of frondosin B through an acid-mediat-
ed (4+3)-annulation of vinylcyclohexenes with furfuryl alcohols

Special Topic

When subjecting substrates 5.1.12b and 5.1.12c¢ to stoi-
chiometric amounts of TiCl,, a complex reaction mixture
was obtained, from which small amounts of racemic O-
methyl frondosin B 5.1.12d and two minor diastereomers
5.1.12e were isolated. All three were intermediates in pre-
vious total syntheses of frondosin B and could be converted
into the natural product through demethylation and tau-
tomerization with BBr;. The formal total synthesis of fron-
dosin B was therefore successful, although the yield and se-
lectivity were not satisfactory. The use of FeCl;-6H,0 in-
stead of TiCl, led to a different tautomer of O-methyl
frondosin B (5.1.12f) in a much cleaner reaction, but the
yield was still very low. Interestingly, a bis-adduct structure
5.1.12g was also isolated, which is formed through a
Friedel-Crafts-type reaction. When trifluoroacetic acid was
used instead of the Lewis acids, a better yield of 5.1.12g was
obtained, which could then be successfully deprotected and
isomerized into the racemic final product, frondosin B
(5.1.12a), in one step with BBr;. Including the synthesis of
the substrates 5.1.12b,c, the racemic total synthesis was
completed in four steps.

For the total synthesis of epi-liphagal [(+)-5.1.13a],
compounds 5.1.13c and 5.1.13d were subjected to TiCl,,
which led to trace amounts of the desired product 5.1.13b.
The predominant product was 5.1.13e, which is formed
through irreversible proton elimination before the slower
cyclization step can occur. This proposal was supported
through DFT calculations. The use of CF;CO,H instead of Ti-
Cl, as the cation-generating reagent made this deprotona-
tion reversible, resulting in very good yields of the desired
intermediate (+)-5.1.13b, with only small amounts of
5.1.13e. The reaction also proved to be highly stereoselec-
tive and gave mainly the natural configuration of liphagal.
Surprisingly, no Friedel-Crafts product was observed. The
authors explained this with the decreased electrophilicity
of the bis(methoxy)benzofurfuryl cation, compared to the
mono(methoxy)benzofurfuryl cation. Although the total
synthesis looked very promising until this step, the last step
proved to be more challenging than expected. Efforts to re-
duce the isolated double bond in the cycloheptane ring to
that found in liphagal failed, as all attempts led to the hy-
drogen being introduced on the opposite side of the tetra-
cycle. However, the introduction of the aldehyde group was
successful, ultimately leading to an unnatural diastereomer
of liphagal.

A recent report by Rawal employs an atypical two-step
strategy to enable a ‘(4+3)-annulation’ towards the synthe-
sis of the core scaffold of (-)-ambiguine P (Scheme
5.1.14).°7 Although model studies using simpler dienes
worked well with TMSOTf in CH,Cl,, the desired diene only
formed the first C-C bond. Further reaction in the presence
of NaAuCl,;-2H,0 in i-PrOH afforded the desired cycload-
duct. This example highlights the observations of Winne
and shows limitations to the existing methodology.
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Winne (2014):

o -—X—
HO Me
CHO MeO
epi-liphagal
(+)-5.1.13a

TiCl4 (1.25 equiv)
5.1.13d (2.0 equiv)

5113c——m——

CH.Cl, MeO
~7810-10°C, 1.5 h
MeO
rac-5.1.13b 5.1.13e
<5% yield 80% yield
Me
CF4CO,H (3.0 equiv) @ Me
5.1.13d (2.0 equiv)
5118 ———> + 5.1.13e
CH,Cly We0 O O 5% yield
—7810-25°C, 1.5h
MeO 0O  Me
(#)-5.1.13b

75% yield (6:1 d.r.)

Scheme 5.1.13 Total synthesis of liphagal through an acid-mediated
(4+3)-annulation of a vinylcyclohexene with a furfuryl alcohol

Rawal (2019):

7 .
o 56% yield ambiguine P
% OTBS P
Me ’
TMSOTf K NaAuCls*2H,0
CHCl, /PrOH, rt
-78°C g
Me
W
o

57% yield

Scheme 5.1.14 TMSOTf mediated (4+3)-annulation for the synthesis
of (-)-ambiguine P.
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5.2 Bronsted Acids

In many instances, (4+3)-annulations using Brgnsted ac-

ids with an alcohol generate the carbocation along with a
molecule of H,0. This type of acid-mediated activation of
furfuryl alcohols was studied by Winne (Scheme 5.2.1).%8
For the synthesis of the rameswaralide scaffold, the reac-
tion was performed using TFA in H,O to yield the desired
multicyclic fused system (Scheme 5.2.1, a).?° More recently,
work towards the daucane sesquiterpenoid skeleton used
TFA in CH,Cl, to generate the desired cycloadduct in excel-
lent yield and as a single diastereomer (Scheme 5.2.1, b).1%
Furthermore, heterocycles other than furan could be incor-
porated using this method. In work towards the synthesis of
the giberellane and kauranoid scaffolds, Ga(OTf); (20 mol%)
or TFA (2 equiv) could be used in CH,Cl, to afford the de-
sired cycloadducts, but in poor diastereoselectivities
(Scheme 5.2.1, c).191:192 These examples illustrate that both
solvent and acid play subtle roles in the reaction.

Lewis acid catalyzed (4+3)-annulations with various
Lewis acids have been developed in recent decades, and the
scope is as diverse as the pool of appropriate synthons. This
methodology allows the synthesis of highly substituted,
multi-fused ring systems with a broad range of heteroatom
substitutions in specific patterns, but it also reveals the
main drawback: most reactions are highly substrate-specif-
ic and not generalizable. One of the reactions proved to be
useful for the total synthesis of two natural products. Al-
though most of the reactions are diastereoselective and

some are stereospecific, there have been no examples of en-

antioselectivity.

a) Pattenden (2009):

90% yield
single diastereomer

c) Winne (2019):
Me,

= Ga(OTf3)

o (20 mol%)

Ny otms ‘_3:*020'2

= 49% yield

\@ single

diastereomer

gibberellin GAs

TFA (2 equiv)
—_—
CHCl
0°C,4h

D) me

40% yield
51dr.

Scheme 5.2.1 Examples of intramolecular (4+3)-annulations towards
the synthesis of the natural product scaffolds of: (a) rameswaralide,*®
(b) daucanes,'® (c) gibberellane and kauranoids'?'-102

It is evident that although numerous strategies exist to

synthesize the 5,7,6-fused-ring scaffold, interest in prepar-

ing liphagal and frondosin B remains strong. Xue and Li
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used a similar strategy employing the benzofuran 5.2.2a
and diene 5.2.2b in the presence of (+)-camphorsulfonic
acid (CSA) (Scheme 5.2.2).94193 The use of a Brgnsted acid
did not improve the diastereoselectivity of the reaction and
a 1:1 mixture of the anti/syn (4+3)-cycloadducts was ob-
served. This cycloadduct could then be used to carry out the
formal synthesis of (+)-epi-liphagal and (+)-frondosin B.1%4

Xue & Li (2012):
; OMe
OMe R
R1
[ o
w @
o Y/ + csA o Me
—_—
A CH3NO Me
OH CH3NO> Me
Me Me Me 4 A 35-40°C e — 101
20-22 h anti/syn = 1:
5.2.2a 5.2.2b “H,0 5.2.2.c, R, R = H, 52%

5.2.2d, R’ = OMe, R? = Me, 48%
OH

[o]
5.22¢c —> 0 Me
Me

Me'

()-5-epi-Liphagal

(x)-Frondosin B
4 steps, 33% yield

Scheme 5.2.2 A novel, facile approach to frondosin B and 5-epi-lipha-
gal via a new (4+3)-annulation

In 2016, Shi demonstrated the use of 3-indolylmetha-
nols 5.2.3a in a (4+3)-annulation reaction with a,-unsatu-
rated ketones 5.2.3b using HBr in CH;CN to form spirocyclic
cycloadducts 5.2.3c (Scheme 5.2.3).1% Within 1 minute in
the presence of the acid, water is lost and the adduct is
formed in 86% yield. This species could follow two possible
pathways to obtain the desired cycloadducts. The first path-
way proposes a [1,3]-C migration of the nucleophilic carbon
center to the 2-position of the indole to form carbocation
5.2.3e. Following this step, a deprotonation will generate
5.2.3f. Michael addition will then afford the desired cyc-
loadduct 5.2.3c. A second pathway is the retro-Michael ad-
dition of 5.2.3d’ in the presence of HBr. This would generate
a stable carbocation species, which could undergo a 1,2-in-
sertion with 5.2.3b. Upon generation of 5.2.3f, a Michael
addition would form 5.2.3c.

Substitutions on either the oxindole or indole ring on
the indole substrate 5.2.3a were possible (Scheme 5.2.4).
Notably, halogen substitutions at the ortho-position of the
oxindole ring or the 6-position of the indole ring afforded
good yields of the cycloadducts (71-85%). In contrast, all
other substitutions on the other positions of the rings gave
moderate yields (49-65%).

In 2018, the Lautens group disclosed a [4+3]-annulation
between an in situ generated 0-QM 5.2.5d and an
isomiinchnone 5.2.5e to yield the syn oxa-bridged oxazo-
cine cores 5.2.5c, generating N, and H,O as the sole by-
products (Scheme 5.2.5).1% Using only a catalytic amount of

Special Topic

Shi (2016):
CO,R?
(o]
\
Ar
3-2-31? 5.2.3c, 24 examples
(4 equiv) R2 49-85% yield
>95:54d.r.
-H,0
1 min

5.2.3d
isolable intermediate
86% yield, 66:34 d.r.
Proposed Mechanism (E = CO,Et)

[1,31-C

retro-Michael
HBr j\addition
5.2.3b

5.2.3b
1,2-insertion
Michael
addition
5.2.3c

Scheme 5.2.3 Synthesis of indole derivatives from 3-indolylmethanols
and the proposed pathways towards the formation of the cycloadduct.

Shi (2016): Examples

R = Me, 50% R = Me, 50% R = Me, 50%
R =Cl, 54% R =CF3, 57% R =Br, 65%
R =Br, 54% R=F, 85%

R =Cl, 82%

R=Br, 77%

R=F, 71%
R=Cl, 85% R = Me, 49%
R =Br, 79% R=F, 49%

Scheme 5.2.4 Selected examples from the reaction scope
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CSA, it was possible to generate both reactive intermediates
in one step, eliminating the need for the rhodium catalysts
generally employed for isomiinchnone formation.
Lautens (2018):
r

O Ac
Ar
2 9 . e (ST
@l%r +HO\(\5,"~» (20 mol%) o K
N2 \: —_— .o’

DCE (0.04 M)

5.2.5¢
5.2.5a 5.2.5b n10h 20 examples
n=12 53-81% yield
(2 equiv) single diastereomer
o Ac
N, N _0® - Ar
-H,0 ( n ‘\o | . (4+3)
5.2.5¢
5.25d
U ble reactive inter i
Examples
O Ac O Ac 0O Ac
( N Ph N Ph N Ph
o] o OMe 0o
o [¢] [o]
R
5.2.5f,g 5.2.5h, 71% 5.2.5i0,
n=1,72% Ac R =Me, 53%
n=275% S R=Cl, 54%

CL; ‘@ .

5.2.5p, 67% o QO
5.2.5k Qe
R=Me, 30% e~y Ph n5=.21.‘5 8%
R,;fﬁ”,iéfi”’ Mekg O n=281%
R=Cl, 73% Q
R = CF3 49% 5.2.5q, 56%

Scheme 5.2.5 CSA-catalyzed (4+3)-annulation of diazoimides and
0-QMs

Both 6- and 7-membered diazoimide substrates partici-
pated in the reaction, with the larger ring size affording
slightly better yields (5.2.5f-g,r,s). Furthermore, an acyclic
diazoimide reacted, albeit in lower yield (5.2.5q). Electronic
effects on the aryl substituents did not follow a pattern as
both OMe and CI fared worse compared to a Me substituent
(5.2.5k-o0). Interestingly, a OMe substituent on the aryl ring
of the 0-QM gave a high yield (5.2.5h).

The use of chiral phosphoric acids (CPAs) can enable an
enantioselective (4+3)-annulation. For example, Jiao and
Shi recently reported the (4+3)-annulation between 2-in-
dolylmethanols and 0-QMs to give cyclohepta[b]indoles.!?”
The authors proposed that the 0-QM was formed initially in
solution and reacted with the indolylmethanol to first form
the C-C bond. Following the loss of a second molecule of
H,O0 from the 2-indolylmethanol, the C-O bond would form
to generate the desired (4+3)-cycloadduct (Scheme 5.2.6).

Special Topic

Jiao and Shi (2019):

N
H O OH
5.2.6a
1.2 equiv Ar
( +q 4 (10 mol%)
H
OH OH DCE 22 examples
RN MgS0Q4, 10 °C 42-95% yield
S +R? 20h 84-98% ee
5.2.6b Ar = 9-phenanthryl

-H.0

TMS
Ph J
O | * O OMe
H (o}

p-FCgHy P-FCeHs
5.2.6d 5.2.6e 5.2.6f
64% yield, 86% ee 46% yield, 70% ee 50% yield, 72% ee
(in p-xylene, 120 °C) (in PhMe, 30 °C)

via

Scheme 5.2.6 A catalytic asymmetric (4+3)-annulation of in situ gen-
erated 0-QMs with 2-indolylmethanols

To this end, the cycloadducts could be generated with
moderate to excellent ee values and yields. Interestingly,
slight modification of the reaction conditions allowed for
the rarely used tertiary benzylic alcohols to be suitable as
substrates for the annulation, albeit affording lower yields
and lower ee values of the desired cycloadducts.

Another method for the enantioselective synthesis of
cyclohepta[b]indoles was reported by Masson in 2018
(Scheme 5.2.7). Masson presented the catalytic asymmetric
(4+3)-annulation using a Hg-CPA, setting three stereocen-
ters in a single step.!®® Similarly, a 3-indolylmethanol 5.2.7a
was used in combination with a dienecarbamate 5.2.7b to
generate the cycloadduct 5.2.7c.

Following the loss of H,0 from 5.2.7a, an ion pair was
presumed to be formed between the CPA catalyst and the
newly formed indolium species. The dienecarbamate 5.2.7b
can undergo hydrogen bonding with the phosphoryl oxy-
gen to ensure a highly organized transition state. The au-
thors proposed that attack on the Re face of the indole and
Si face of the diene were favored. This facial selectivity
would create a boat-like conformation for the ring-closing
step to afford the all-cis product as the major isomer. In the
absence of an R° group, there would be free rotation around
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Synihésis H.Llam et al.

Masson (2018):
OO " )
4 |
~_R Ar N\ \
(5 mol%)
N AR > NHCbz
N NHCbz PhMe, 4 A MS 5.2.7c
0°Ctort 25 examples
5.2.7a 5.2.7b 18h 31-83% yield
Ar = 2,4,6-(iPr)3CgH. 83-98% ee
(Pr)aCeHz 3:11098:2dr.
......................... Proposed Mechanism --++----=====---=====::

Vs.

Examples
Me R*
O |
NHCbz NHCbz Nchz
5.2.7d, 57% yield 5.2.7e, 50% yield 5.2.7g, 33% yield
96/64% ee, 3:1 d.r. 99/97% ee, 3:1 d.r. 91% ee, 98:2 d.r.
Me Me
OMe Ph ~ Me Me
\
NHCbz NHCbz NHCbz
5.2.7h, 63% yield 5.2.7|, 75% yield 5.27j, 54% y/e/d
91% ee, 98:2 d.r. 94% ee, 9:1d.r. 83% ee, 98:2d.r.

Scheme 5.2.7 A novel, facile approach to frondosin B and 5-epi-lipha-
gal via a new [4+3]-annulation

the newly formed C-C bond, leading to lower diastereose-
lectivity (5.2.7d,e). However, high ee values were retained
throughout. Due to the mild conditions, substrates bearing
terminal alkenes (5.2.7g) and boronic esters (5.2.7j) could
be reacted, albeit in lower yields.

In 2017, Shi reported the highly diastereoselective
(4+3)-annulation between 0-QMs or aza-0-QMs and N,N'-
cyclic azomethine ylides using 10 mol% of a phosphoric acid
catalyst in PhMe at 80 °C in the presence of 5 A MS (Scheme
5.2.8).19 Numerous Brgnsted acids were tested including
AcOH, TFA, TsOH, TfOH, MsOH, HBr and HCI, but none gave
the desired cycloadduct. The use of CPAs under various con-
ditions led to only 28% ee.

Special Topic

Shi (2017):

. (r 5
GIY
0 P‘OH 5.2.8¢, 35 examples

. 51-92% yield
N Ar ©N (10 mol%) up to 95:5 dr
R1-L N

= R2Z

PhMe (o 1 M)
5.2.8a 5.2.8b 5AMS, 80 °C pil . 5
X = NHR, OH (1.5 equiv) —H,0
5.2.8d, 5 examples
50-66% yield
95:5d.r.

Scheme 5.2.8 Bronsted acid catalyzed stereoselective (4+3)-annula-
tions of o-hydroxybenzyl alcohols with N,N’-cyclic azomethine imines

The primary focus was the use of 0-QMs as substrates,
which afforded the cis products in moderate to excellent
yields and generally excellent diastereoselectivities. Inter-
estingly, when aza-0-QMs were used as the substrates, the
trans product was strongly favored (>95:5 d.r.). The authors
propose the reason for this change in stereoselectivity was
due to the amine group. Orientation of the bulky amine
group in the trans conformation, compared to the Ar group
of the N,N'-cyclic azomethine ylide led to lowered steric
congestion for the annulation.

Shi (2019):
o
0 Ph-p
P 0 o Cﬁ 1
= o
7
R ~ ©ON (10 mol%
N0 2_//N®
R' R ethyl propionate 5 2 9c
80°C, 18 h 35 examples
5.2.9a 5.2.9b co 45-98% yield
(2.0 equiv) 2 T
(o]
AN N
| w o
2 ON= R2
O’P/Ph R!
H Ph 5.2.99
o " _Ph
® K o-R~ t 0
M ] N © Ph OHNj
</® J, @(\_ | N ®,NQ
= N R?
R1
5.2.9d 5 2.9e 5.2.9f
....................... Three-component reaction «============s=szszes
o
o
o . . ? standard
,& HN Ph) _conditions
N° o HN
Me
5.2.9a 5.2.9h 5.2.9i 5.2.9¢'
16% yield

Scheme 5.2.9 Bronsted acid catalyzed (4+3)-cyclization of N,N'-cyclic
azomethine imines with isatoic anhydrides
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Recently, Shi also reported a (4+3)-annulation between
N,N'-cyclic azomethine imines 5.2.9b and isatoic anhy-
drides 5.2.9a involving the extrusion of CO, by using a
phosphoric acid catalyst (10 mol%) (Scheme 5.2.9)."'1° The
authors proposed that this reaction proceeds via a stepwise
pathway. Following the loss of CO,, a zwitterionic acylium
species 5.2.9d forms and reacts with the N,N'-cyclic azome-
thine imine 5.2.9b. The resulting acylium species 5.2.9e un-
dergoes an intramolecular 6-exo-dig cyclization to generate
spirocyclic intermediate 5.2.9f. This rigid structure had a
high tendency to undergo a subsequent ring opening and 7-
endo-trig cyclization resulting in the observed cycloadduct
5.2.9c.

The authors demonstrated that although the cycload-
duct could be formed through a three-component reaction
between 5.2.9a’, 5.2.9h and benzaldehyde (5.2.9i), the yield
was poor. Further experiments showed that a minimal
amount of 5.2.9b is formed from the combination of 5.2.9h
and 5.2.9i under the standard reaction conditions.

In summary, the use of Brgnsted acids has been shown
to be compatible with a variety of substrates, although each
set of conditions is highly specific to the desired transfor-
mation.'’® The reactions often employ a substrate which
can liberate a molecule of H,0 or N, to generate a reactive
intermediate. Hence, this mode of activation is often used
with substrates containing benzyl alcohols, indolylmetha-
nols or diazo functional groups. Stoichiometric amounts of
Brensted acids such as HBr, TFA or CSA are often used and
generate racemic products. When a single enantiomer of
CSA was used, it did not impart any chiral information into
the (4+3)-cycloadducts. In comparison, excellent enantiose-
lectivities could be achieved with CPAs in both polar and
apolar solvents under mild reaction conditions.

6 Boronic Acid Catalysis and Photocatalysis

In 2015, Zheng reported a method to enable (4+3)-an-
nulations between indole/benzofuran derivatives 6.1a and
1,3-dienes 6.1b. 3,5-Bis(trifluoromethyl)phenylboronic
acid was used as a catalyst to synthesize valuable cyclohepta-
[b]benzofurans, cyclohepta[b]benzothiophenes and cyclo-
hepta[b]indoles 6.1c (Scheme 6.1).!"! Syntheses of this scaf-
fold have been previously accomplished by Wu,’® Winne,*?
Hsung!'? and Li,''3 but this report was one of the first to use
boronic acid catalysis. The authors noted that they tested
various Lewis and Brgnsted acids as well as protic acids
with similar pK, values as the boronic acid chosen, but none
enabled the desired (4+3)-annulation.

The use of phenylboronic acid did not afford the desired
product, likely due to weak acidity. However, electron-defi-
cient boronic acids were tested and led to the formation of
products 6.1c under mild reaction conditions. The scope
was limited, but illustrated that O-, N- and S-heterocycles
participated in the reaction as well as both cyclic and acy-

Special Topic

Zheng (2015): Boronic Acid Catalysis

o oo O

R' R?
(zo mol%) 6.1c

_—

6.1a 6.1b CH-CI 13 examples
= i 2712 52-98% yield
X=OSorNR— (Zequ) rorso‘c 3110201 dr
Examples

61h R=H, 96%
6.1f, 81% 6.19, 76%  6.1i, R = Ph, 52%
>20:1d.r. 3:1d.r.

“er P Ph Ph
6.1d, X = 0, 94%
6.1e, X =5, 98%

Proposed Mechanism

Ar HO- B OH

ArB(OH), HO-B
s

. 0
-1a X R

Scheme 6.1 Mild arylboronic acid catalyzed selective (4+3)-annula-
tions

clic dienes, affording the products in moderate to excellent
yields (e.g., 6.1d-h). In the case of 6.1i, which was synthe-
sized from the 3-substitued indole, when the reaction was
run with 1 equivalent of the boronic acid, the yield in-
creased to 89% with identical diastereoselectivity. The au-
thors proposed that 6.1a forms an ion pair with the boronic
acid. The resulting allylic cation then reacts with the diene
to afford 6.1c.

A final example involves a report from Zhou in 2018, us-
ing a photocatalyst to induce a (4+3)-annulation and gener-
ate fluorinated benzoxepines (Scheme 6.2).''% Based on
their previous work with visible-light mediated (3+3)-an-
nulations, they developed a dual C-F bond cleavage to con-
struct a mono-fluorinated heterocycle using trifluorometh-
yl alkenes and o-hydroxyphenylacetic acid derivatives.!’
1,3-Dicyano-2,4,5,6-tetrakis(N,N-diphenylamino)-benzene
(4DPAIPN) was used as an alternative to the more expensive
Ru and Ir photocatalysts. Numerous examples were report-
ed with good to excellent yields. Halides, o-substituents and
base-sensitive groups were tolerated.

Treatment with Li,CO; gave significant amounts of the
intermediate 6.2d". This intermediate was subjected to the
reaction conditions in the absence of light or a photocata-
lyst and the desired (4+3)-cycloadduct 6.2c’ was formed in
97% yield, supporting the fact that the photocatalyst and
visible light were only required for the formation of 6.2d.

They proposed a mechanism wherein 6.2a is deproton-
ated to 6.2e, which, in comparison to 6.2a, has a lower oxi-
dation potential. Upon irradiation, the excited 4DPAIPN* ac-
cepts an electron from 6.2e to generate a radical, which
subsequently decarboxylates to afford benzylic radical 6.2f.
The benzyl radical adds to alkene 6.2b to give 6.2g. Single-
electron reduction by DPAIPN- gives radical anion 6.2h,
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Zhou (2018): Photocatalysis

OH ; NPh,

6.2a  4DPAIPN (2 mol%) ! NC CN !

(1.3 equiv) Cs,COg3 (5 equiv) o J~Ar ! ‘

Ar DMSO/H;0 (20:1) FooojPnN NPh; |

)\ 5 W blue LED 6.2¢ ; NPh, 3

CF. 12h,rt 22 examples | :

620 61-92%yield | ADPAIPN |
Examples

R? = H, Me, tBu,
OMe, Ph, Br
81-88% yield

Rs‘Q/;\

/ ~Ph

o Ph Ph
F

R5 = Me, CI = Me, CI
77-78% yield 77-78% yield

@\cozﬂ
OH

6.2a'  4DPAIPN (2 mol%)

(1.3 equiv)  Li,CO3 (5 equw)
+ Va Ph

DMSO/HZO (20:1)

Fl3 = Me, 89% yield
=CN, 79% yield

92% yield

93% y/e/d

Identification of Intermediates

Ph
)\ 5 W Blue LED . i
CFs3 3h,rt 6.2¢c, 21% yleld 6.2d", 43% yle/d
6.2b'
Ph
Cs,CO3 (2.5 equiv) /~Ph
OH F ——MM» o
F DMSO/H,0 (20:1)
6.2d' 45 min, rt 6.2¢', 97% yield
Proposed Mechanism
coz 4> =% ©\/9
6 2b o
6.2f
6. 23 4DPAIPN* 4DPAIPN- “CF,
> =
+2H*|| +2H*

visible -F
light e ~-F
4DPAIPN ( O°CFs _p ©\/\)\(
o0 6:2h o® F

Scheme 6.2 (4+3)-Annulation utilizing photocatalysis

6.2a

which undergoes a -F elimination to give 6.2d, followed by
a rapid SyV reaction to give the fluorinated dihydrobenzox-
epine 6.2c.

7 Conclusion

In conclusion, there are numerous pathways by which
(4+3)-annulations occur. Many involve base-mediated pro-
cedures. NHC activation with o,B-unsaturated aldehydes, or

Special Topic

enantioselective processes using chiral phosphoric acids,
are of particular interest. This latter approach is frequently
used to generate enantioenriched products from stable sub-
strates.

Methods involving Lewis acids, bases, amines, and
phosphines often give racemic products and require stoi-
chiometric amounts of the reagent. Further investigation
could enable catalytic and enantioselective transformations
to furnish complex, enantioenriched cycloadducts.

New results using boronic acids or photocatalysts are
emerging. For example, the use of boronic acid catalysis as
an alternative to Lewis or Bregnsted acid catalysis could be
very useful. We can anticipate further advances using these
approaches in the coming years.
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