
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
6 

20
20

. D
ow

nl
oa

de
d 

on
 2

02
5/

10
/1

6 
23

:3
4:

06
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
N-Heterocyclic c
The University of Texas Southwestern Medi

Dallas, Texas 75390-9038, USA. E-mail: Utt

† Electronic supplementary informa
10.1039/d0sc03116j

Cite this: Chem. Sci., 2020, 11, 7239

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 3rd June 2020
Accepted 18th June 2020

DOI: 10.1039/d0sc03116j

rsc.li/chemical-science

This journal is © The Royal Society o
arbene based catalytic platform
for Hauser–Kraus annulations†

Mohammed Sharique and Uttam K. Tambar *

The venerable Hauser–Kraus annulation is an effective and convergent method for generating oxygenated

polycyclic aromatic compounds. Despite its application in complex molecule synthesis, the harsh and

strongly basic conditions can limit its utility in more functionalized molecular settings. We have

developed the first catalytic Hauser–Kraus annulation based on N-heterocyclic carbene catalysis that

proceeds under milder conditions. We demonstrate the scope of the transformation in the presence of

several functional groups. We also propose a concerted mechanism for the annulation that proceeds

through a non-canonical Breslow intermediate.
Introduction

The Hauser–Kraus annulation is arguably one of the most
effective strategies for synthesizing oxygenated polycyclic
aromatic compounds (1, Scheme 1),1,2 which are ubiquitous in
pharmaceutical agents and biologically active natural prod-
ucts.3 The power of this reaction manifold is the ability to
generate a broad range of polyaromatic products in a conver-
gent manner, which is best depicted by the union of synthons 4
and 5. Despite the widespread utility of Hauser–Kraus annula-
tions, some drawbacks persist. First, the reaction requires
stoichiometric strong bases such as LDA, LTB, or LHMDS (pKaH

> 30 in DMSO),4 which limits the functional group tolerance of
the reaction. Secondly, the substituted phthalide substrates 2
are accessed from simple precursors such as lactol 6 through
multi-step syntheses, which oen require toxic chemicals such
as potassium and sodium cyanide.5

We were interested in developing a catalytic platform for the
synthesis of oxygenated polycyclic aromatic compounds that
would maintain all of the advantages of traditional Hauser–
Kraus annulations while also addressing the major drawbacks.
Although this classical reaction has been known for more than
40 years, no catalytic versions have been reported in the litera-
ture. We envisioned that synthon 4 could be accessed catalyti-
cally by treating phthalaldehydates such as 7, which can be
synthesized from lactols 6 in one step, with N-heterocyclic car-
bene (NHC) catalyst 8.6 A cascade of reactions would then
furnish the desired polyaromatic product without the use of
stoichiometric strong bases. In this Communication, we
describe the development of the rst catalytic Hauser–Kraus
cal Center, 5323 Harry Hines Boulevard,

am.Tambar@utsouthwestern.edu

tion (ESI) available. See DOI:

f Chemistry 2020
annulation system and we explore the generality of this method.
We also provide mechanistic data to support a concerted
mechanism for the transformation that proceeds through
a non-canonical Breslow intermediate that is unprecedented for
NHC-catalyzed annulations.
Results and discussion

Initial attempts to realize our proposal for a catalytic Hauser–
Kraus annulation commenced with the examination of ethyl
phthalaldehydate 10a and ethyl acrylate 11 (Table 1). In the
presence of NHC precursors A or B and DBU as base (pKaH ¼ 12
in DMSO),4we did not observe any annulation product 12 (Table
Scheme 1 Design of a catalytic platform for Hauser–Kraus
annulations.
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Table 1 Development of catalytic Hauser–Kraus annulationa

Entry NHC R Base Solvent Additive Temp. (�C) Time (h) Yieldb (%)

1 A Et DBU DMF — 60 24 <5
2 B Et DBU DMF — 60 24 <5
3 C Et DBU DMF — 60 24 40
4 C Et DBU THF — 60 24 <5
5 C Et DBU PhMe — 60 24 <5
6 C Et DBU DMSO — 60 24 45
7 C Et Cs2CO3 DMSO — 60 24 <5
8 C Et NEt3 DMSO — 60 24 <5
9 C Et DIPEA DMSO — 80 100 45
10 C Bn DIPEA DMSO — 80 90 60
11 C Bn DIPEA DMSO LiBr 80 50 60
12 C Bn DIPEA DMSO LiCl 80 50 75
13 C Bn DIPEA DMSO LiOAc 80 12 80 (72)c,d

a Reaction conditions: 10 (0.25 mmol, 1 equiv.), 11 (0.5 mmol, 2 equiv.), NHC catalyst (0.05 mmol, 20 mol%), base (0.25 mmol, 1 equiv.), additive
(0.25 mmol, 1 equiv.), solvent (2.5 ml, 0.1 M). b NMR yield (trimethoxybenzene as internal standard). c 0.5 equiv. DIPEA. d Isolated yield in
parentheses.
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1, entries 1–2). Gratifyingly, the NHC catalyst derived from
imidazolium salt C, which is at least 103 times more nucleo-
philic than the carbene derived from thiazolium salt B,7 affor-
ded the desired product in 40% yield (entry 3). An examination
of other reaction solvents revealed that polar aprotic solvents
such as DMF and DMSO were the best media for the reaction,
with DMSO proving to be a slightly better solvent (entries 3–6).
We measured the conversion of the reaction in the presence of
DBU to be 95% (entry 6), suggesting that an alternate choice of
base may lead to less decomposition and more product
formation. Cs2CO3 (pKaH ¼ 10 in DMSO)4 did not yield the
desired product because of its diminished basicity (entry 7). In
addition, product was not observed in the presence of the more
basic NEt3 (pKaH ¼ 9 in DMSO),4 presumably because of the
nucleophilicity of the amine (entry 8). Ultimately, sterically
hindered DIPEA (pKaH ¼ 8.5 in DMSO)4 facilitated the forma-
tion of Hauser–Kraus annulation product 12 in 45% yield and
only 60% conversion, suggesting considerably less decomposi-
tion (entry 9). The use of benzyl phthalaldehydate 10b increased
the yield of product formation to 60% (entry 10). Finally, the
addition of lithium salts improved the efficiency of the reaction
(entries 11–13), with LiOAc proving to be the most effective
additive.8 Under the optimal reaction conditions, including
only 0.5 equivalents of DIPEA, the desired Hauser–Kraus
annulation product 12 was obtained in 72% isolated yield (entry
13).

With optimal conditions in hand, we explored the generality
of the catalytic Hauser–Kraus annulation towards different
7240 | Chem. Sci., 2020, 11, 7239–7243
benzyl phthalaldehydate substrates (Table 2A). Methyl substi-
tution at various positions in the backbone of the phthalalde-
hydate were tolerated (15a–15c). Various halogens were also
compatible with the reaction, including uorine, chlorine,
bromine, and iodine (15d–15g). The presence of halogens may
be problematic with traditional Hauser–Kraus annulation
protocols with strong lithium amides that could undergo
lithium–halogen exchange. Products with an electron-donating
methoxy substituent (15h) and electron-withdrawing benzyloxy
substituent (15i) were also generated. Because of the mildness
of the catalytic reaction conditions, the presence of an acidic
proton of an aniline-based carbamate did not prevent the
formation of the desired product 15j. Finally, we extended the
catalytic chemistry to the synthesis of polycyclic heteroaromatic
systems, such as isoquinoline 15k.

Next, we examined the scope of electrophilic coupling part-
ners (Table 2B). Several acrylates were employed in the reaction
without affecting product yield (12, 15l–15o). Acrylonitrile was
also a competent substrate for the reaction (15p). a,b-Unsatu-
rated ketones furnished Hauser–Kraus annulation products
(15q–15s) in slightly diminished yields. Although crotyl and
cinnamyl esters did not yield the desired products (15t, 15u),
internal alkenes activated by two electron-withdrawing groups
proved to be effective substrates for the reaction (15v–15x). We
were also pleased to observe the formation of benzoquinone
products 15y and 15z with quaternary carbons when 1,1-
disubstituted electron-decient alkenes were used as
substrates.
This journal is © The Royal Society of Chemistry 2020
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Table 2 Generality of catalytic Hauser–Kraus annulationa

a Reaction conditions: 13 (0.25 mmol, 1 equiv.), 14 (0.5 mmol, 2 equiv.),
NHC catalyst (0.05 mmol, 20 mol%), DIPEA (0.125 mmol, 0.5 equiv.),
LiOAc (0.25 mmol, 1 equiv.), solvent (2.5 ml, 0.1 M).

Scheme 2 Mechanistic studies.
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We performed a series of experiments to distinguish between
a stepwise or concerted mechanism for the catalytic Hauser–
Kraus annulation (Scheme 2). As discussed previously (Table 1,
entry 13), ortho-aldehyde ester 10b yielded annulation product 12
This journal is © The Royal Society of Chemistry 2020
(eqn (1)). Surprisingly, electronically similar para-aldehyde ester
16 did not yield Stetter reaction product 17 (eqn (2)), which was
expected to form if these reaction conditions facilitated the
formation of a traditional Breslow intermediate (9, Scheme 1). In
addition, non-aromatic aldehyde ester 18 did not form the
product that would have resulted from a Stetter reaction/
Dieckmann condensation sequence (eqn (3)). These observa-
tions suggest that the traditional Breslow intermediate may not
be operative under the catalytic Hauser–Kraus reaction condi-
tions. Moreover, the results are more consistent with a concerted
[4 + 2] cycloaddition mechanism than a stepwise Stetter reaction/
Dieckmann condensation mechanism (vide infra).

Although multiple lithium salts with different counter
anions improved the efficiency of the reaction, LiOAc proved to
be the optimal additive (Table 1, entry 13). We were therefore
interested in probing the role of various counter cations of
acetate salts (eqn (4)). Whereas lithium, sodium, and potassium
acetate salts yielded the desired product 12, non-Lewis acidic
ammonium acetate did not furnish the product, suggesting the
importance of a Lewis acidic counter cation in activating the
substrates (vide infra).

Based on these observations, we propose the mechanism
depicted in Scheme 3. Deprotonation of imidazolium salt C
with DIPEA results in the formation of the catalytically active
NHC 20. Coupling of the catalyst with benzyl phthalaldehydate
10b and concomitant liberation of benzyl alcohol, which can be
detected by 1H NMR,9 results in the formation of non-canonical
Breslow intermediate 21. To the best of our knowledge, the
formation of this type of O-acylated intermediate from the
Chem. Sci., 2020, 11, 7239–7243 | 7241
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Scheme 3 Proposed mechanism with non-canonical Breslow
intermediate.
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coupling of an aldehyde and an NHC catalyst is unprece-
dented,10,11 and its reactivity may be distinct from that of
a traditional Breslow intermediate. Catalytically generated
dienes such as 21 are not accessible from aldehyde esters 16 and
18, which accounts for the lack of product formation with these
substrates (eqn (2) and (3), Scheme 2). Subsequent concerted [4
+ 2] cycloaddition of intermediate 21 with acrylate 11 results in
the formation of cycloadduct 23. The quaternary complex
depicted in transition structure 22 is consistent with the
experimentally determined rate orders,9 and it suggests the
cooperative roles of the NHC catalyst 20 and Lewis acidic
LiOAc.8,12 Decomposition of cycloadduct 23 reforms the active
catalytic NHC 20 and unveils coupled product 24, which spon-
taneously tautomerizes to the observed Hauser–Kraus annula-
tion product 12. Interestingly, when non-aromatic aldehyde
ester 18 was subjected to the optimized reaction conditions in
the absence of ethyl acrylate, liberation of benzyl alcohol was
detected by 1H NMR, suggesting the formation of an O-acylated
Breslow intermediate. The lack of Hauser–Kraus product
formation with substrate 18 under optimized conditions
(Scheme 2, eqn (3)) and the inability of this substrate to form
a diene analogous to non-canonical Breslow intermediate 21 are
consistent with a concerted [4 + 2] cycloaddition mechanism in
the catalytic Hauser–Kraus annulation.

Conclusions

We have developed the rst catalytic platform for Hauser–Kraus
annulations. Given the mildness of the reaction conditions, we
7242 | Chem. Sci., 2020, 11, 7239–7243
are able to generate a broad range of functionalized products in
synthetically useful yields. Mechanistic studies are consistent
with a concerted [4 + 2] cycloaddition that proceeds via Lewis
acid assisted NHC catalysis. The application of this catalytic
platform for the synthesis of complex functionalized molecules
and the development of an enantioselective reaction are areas of
ongoing interest in our laboratory.
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