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ABSTRACT: We report the first intermolecular NHC-
catalyzed hydroacylation of electron-neutral olefins. Treat-
ment of aromatic aldehydes with cyclopropenes under mild
conditions affords valuable acylcyclopropanes in moderate
to high yields with an excellent level of diastereocontrol.
Preliminary mechanistic studies suggest that product
formation occurs via a concerted syn hydroacylation
pathway.

he use of N-heterocyclic carbenes (NHCs) as organocata-

lysts provides a unique activation mode of aldehydes,
inverting thelr innate reactivity by rendering the carbonyl carbon
nucleophilic." This Umpolung strategy has notably been applied
in the Stetter reaction, the addition of aldehydes to Michael
acceptors (eq 1).” Extensive studies in this field culminated in
elegant reports on both intra- and intermolecular variants of this
transformation with excellent stereochemical control.” In 2009,
our group reported the first intramolecular hydroacylation of
electron-neutral olefins to afford substituted chromanones (eq 2).*
More recently, we demonstrated that this transformation can be
performed in a hlghly enantioselective fashion® and be further
extended to alkynes.® Our theoretical studies suggest a concerted
although highly asynchronous hydroacylation pathway, which
differs substantially from the stepwme mechanism generally
accepted for the Stetter reaction.” To increase the utility of this
new mode of reactivity in NHC organocatalysis, an intermolecular

variant would be highly desirable (eq 3).
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A remaining challenge in organocatalysis:
intermolecular hydroacylation of electron-neutral olefins
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Cyclopropenes represent versatile synthetic building blocks
and eXhlblt special reactivity because of their inherent ring
strain.® These properties have already been widely exploited in
metal-catalyzed processes.” Notably, the group of Vy Dong
recently described a Rh-catalyzed method for the highly
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Table 1. Optimization of Reaction Conditions”

o
o v, NHC-HX, (x mol%) H
base (2x mol%)
H + Mé [ :] 2
. ,Q)L solvent (0.25 M), 40°C, 24 h Cl

1a (1 equiv) I3a j
=N N . TaAr=Mes X=Cl
ClOy ph e~ NN e ~FUAr 76 Ar = Gy, X = BF,

+ P
s\,,N s swu

2& {1.5 equiv)

Tac
NHCeHX yield dr
entry (x mol%) base solvent (%)" (L)
1 4(20)  K,COs THF ) 520:1
2 5(20)  K,COs THF <5 -
3 6(20)  K,CO, THF 5 -
4 7a(20)  K,COs THF 93 >15:1
5 7b(20)  K,COs THF <5 -
6 7¢(20)  K,COs THF <5 -
7 7a(20)  DBU THF 82 >20:1
8 7a (20) KHMDS THF 48 3.5:1
9 7a(10)  K,COs THE 94 520:1
10 7a(5) K,CO;4 THF 88 >20:1
11 7a(5) K,CO;3 toluene 28 14:1
12 7a(s) K,CO;3 t-amylOH 41 10:1

13 7a(s)  K,COy'  THF >99 (919 >20:1
“ Conditions: 1a (0.1 or 0.2 mmol, 1 equiv), 2a (1.5 equiv), NHCeHX (x
mol%), base (2x mol%), solvent (0.25 M), 40 °C, 24 h. *Yield
determined by 'H NMR of the crude product using CHZBrZ as, the
internal standard. © Diastereomeric ratios determined by "H NMR. 1.0
equiv of base was used. “Yield after purification.

enantioselective  hydroacylation of cyclopropenes with
salicylaldehydes.'® In contrast, cyclopropenes have rarely been
reported as substrates in organocatalysis.''* Furthermore, the use of
electron-neutral olefins in organocatalyzed processes remains a
virtually unmet challenge.'' Herein we report the NHC-cata-
lyzed hydroacylation of cyclopropenes, an unprecedented
intermolecular organocatalyzed addition to electron-neutral
olefins. It is characterized by a broad substrate scope with
excellent diastereocontrol and affords densely functionalized
acylcyclopropanes.?

4-Chlorobenzaldehyde 1a and 3-methyl-3-phenylcyclopro-
pene 2a'® were chosen as model substrates to optimize the re-
action conditions (Table 1). We began our study with thiazolium
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Table 2. Variations of Aromatic Aldehyde®”
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AH Y MéPR T~

THF (0.25 M), 40 °C, 24 h wd Ph
1b-p (1 equiv) 2a (1.5 equiv) 3b-p
o] F O cl 0
Br Me: Ph f Mej Ph e Ph
3b 3c 3d“

dr>20:1, 96% dr>20:1, 97% dr>20:1, 61%

FaC md B MeO.C we Ph e Ph

§ ;:o
2 ::o
fé’ ;zo

dr 11:1, 78% / 5% dr 16:1,62% / 3% dr>20:1, 63%

0 o O o)
m SOl (Y
Ph M Ph M Ph md Ph
3h 3 3j¢
dr>20:1, 80% / 2% dr>20:1, 75% dr>20:1, 64%
o o 0

%
med Ph Me md Ph Me0 Me Ph
3k° 31 3m?
dr>20:1, 75% dr>20:1, 68% dr>20:1, 44%
o} o] 0
O S
N
3
md Ph ud Ph me Ph
3n 30° 3p?
dr>20:1, 88% / 3% dr>20:1, 60% dr>20:1, 72%

“ Conditions: aldehyde 1b—p (0.5 or 1 mmol, 1 equiv), cyclopropene 2a
(1.5 equiv), NHCeHX (5 mol%), K,COs (1 equiv), THF (0.25 M), 40
°C, 24 h. " Diastereomeric ratios as determined by "H NMR and yield of
the major l-acylcyclopropanes 3b—p after purification are shown. For
some substrates, a small amount of the u-diastereoisomer could also be
isolated (second yield). €10 mol% of 7a was used. 420 mol% of 7a
was used.

salt 4, which had consistently shown excellent reactivity in our
previous hydroacylation reactions.*>®'* With K,COj as the base
and THE as the solvent, acylcyclopropane 3a was obtained in an
encouraging yield and very high diastereoselectivity (Table 1,
entry 1). NOE studies secured the structure of the major product
as the like-diastereomer I-3a."> A survey of carbene precursors
showed that whereas thiazolium salt 5 and triazolium salt 6 gave
no to little formation of the desired product (entry 2 and 3), the
mesityl-substituted triazolium salt 7a'® was particularly efficient,
providing 3a in quantitative yield (entry 4). Interestingly, the
phenyl- and pentafluorophenyl-substituted analogues 7b—c
were completely ineffective (entries S and 6)."” Stronger bases
such as DBU and KHMDS proved detrimental to the conversion
and/or diastereoselectivity (entries 7 and 8). The catalyst loading
could be lowered to 10 mol% without any influence on the
reaction outcome, but a further decrease to 5 mol% slightly
reduced the conversion (entries 9 and 10). At this stage, various
solvents were screened, but both apolar and polar protic solvents
were inferior to THF (entries 11 and 12). In the end, by
increasing the amount of base, full conversion could be restored
with only 5 mol% of the catalyst without compromising the
diastereoselectivity (entry 13).

With this optimized condition in hand, we sought to examine
the generality of this transformation (Table 2). A variety of
aromatic aldehydes successfully underwent hydroacylation.'®
The amount of triazolium catalyst employed was adapted based
on the reactivity of the substrates to achieve full conversion.'
Halogen-substituted benzaldehydes reacted efficiently, and the

Table 3. Variations of Cyclopropene®”

7a (5 mol%) O
K,;CO3 (1 equiv)

o .
H + 7 e
R Ar THF (0.25 M), 40 °C, 24 h

Cl Cl %

1a (1 equiv)  2g-u (1.5 equiv) 3q-u
(o} o}

cl Mej C'/©)‘E CID)‘E
, S

3q CF3 3r OMe
dr8:1, 74% / 10% dr>201, 91% dr 15:1, 91% / 5%
o o
cl HOH,C Ph cl PH COMe

3t 3u
dr>20:1, 87%° dr ~ 1.6:1, 52%¢

? Conditions: aldehyde 1b—p (1 mmol, 1 equiv), cyclopropene 2a (1.5
equiv), NHC-HX (5 mol%), K,CO3 (1 equiv), THF (025 M),
40 °C, 24 h. " Diastereomeric ratios as determined by "H NMR and
yield of the major l-acylcyclopropanes 3q—u after purification are
shown. For some substrates, a small amount of the u-diastereoisomer
could also be isolated (second yield). * Product 3tis in equilibrium with its
closed, hemiketal form and was characterized as its correspondmg tert-
butyldimethylsilylether. The yield over two steps is shown. 15410 mol%
of 7a was used.

resulting acylcyclopropanes 3b and 3¢ were obtained in high
yields and diastereoselectivities. A higher catalyst loading
(20 mol%) was necessary for the more sterically demanding
2-chlorobenzaldehyde to improve the yield of product 3d.
Aldehydes bearing electron-withdrawing functionalities, such as
a p-trifluoromethyl or p-methoxycarbonyl group, were found to
react with a slight decrease in diastereocontrol and constituted
the only substrates where the product diastereomeric ratios were
<20:1. Nonetheless 3e and 3f were isolated in reasonable yields.
The parent benzaldehyde and other electronically similar alde-
hydes also exhibited excellent reactivity, affording products 3g,*°
3h, and 3i in moderate to good yields. The sterically demanding
1-naphthaldehyde showed lower reactivity, and 20 mol% of
catalyst was required to obtain 1-naphthyl-substituted derivative
3j. Aldehydes bearing electron-donating substituents generally
represent more challenging substrates in NHC organocatalysis
and similarly in the present reaction. Increasing the catalyst
loading to 10 mol% however allowed the isolation of 3- and
4-methyl-substituted derivatives 3k and 3l in good yields. The
electron-rich methoxy functionality was also tolerated, and acylcy-
clopropane 3m could be obtained with superb diastereocontrol,
albeit in moderate yield*' Additionally, heteroaromatic aldehydes
participated successfully in this hydroacylation reaction. 2-Furyl-,
3-thiophenyl-, and 3-pyridyl substituted products 3n—p were iso-
lated with yields comparable to their carbocyclic analogues. Sahcy
laldehyde gave no detectable amount of the desired product.” In
contrast to the known method where an ortho-hydroxyl functionality
on the aldehyde coupling partner appeared to be necessary," our
organocatalytic method provides a novel range of substrates that
complements existing metal-catalyzed processes.

‘We next examined the reaction with a range of cyclopropenes.
Other 3-methyl-substituted cyclopropenes reacted similarly
to the parent compound 2a. Electron-withdrawing, electron-
donating, and polyaromatic groups were all well tolerated.
4-(Trifluoromethyl) phenyl-substituted acylcyclopropane 3q was
obtained in a good yield but with reduced diastereoselectivity
(8:1), whereas its 4-methoxy and 4-naphthyl analogues 3r and 3s
were formed in a highly selective manner (Table 3). Similar
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Scheme 1. Study on the General Reaction Pathway”

7a {5mol%) OH
K2CO;3 (1 equiv)

1a .+ 2a - . Ma@®%) , < 4)

(1equiv) (1.5equiv) THF (0.25M),40°C, 1h  3a(10%) 8 (72%)
7a (5 mol%) c
K,CO;4 (1 equiv) o) + 0
1a 13e v HE 1a (8 fv) 8 (68 Av)n 5
o+ : S I-3e (96%) + u-3e (4%)
(1equiv)  (1equiv) THF (0.25 M), 40°C, 24 h 3a (0%)
2q 7a (5 mol%) o]
i KyCO;4 (1 equiv,

o e KCOden sy ©

(1 equiv) 2r  THF (0.25M),40°C, 24 h r,  Usa (11%)
cl M A 3r(6%)
(5 equiv)

“Yields determined by "H NMR spectroscopy using CH,Br, as an
internal standard.

Scheme 2. Deuterium Labeling Studies”

0% D 0%D
o 7a (10 mol%) 9 \H H /85% B
0% K2COg (1 equiv) : D
- THF (0.25 M)
1.5 equiv . % 7
Br (1.5 equiv) 40°C. 24 h Br Mé Ph (7]
1b-D (1 equiv) 1-3b-D (82%)
(>99% D)
92% D 88%D
D D ’1 >
7a (10 mol%) G P
1a, Md Ph _ KeCOs(1equiv) " @
{1.2qui) 2a-D, THF (0.25 M) = :
(1.5 equiv) 40°C, 24 h w Meé Ph
(95% D) 1-3b-D, (81%)

“Yields of l-acylcyclopropane 3b after purification.

reactivity was observed when the second substituent at the
quaternary carbon of the cyclopropene was varied to a hydro-
xymethyl group, providing 3t in good yield. A methyl ester
functionality however drastically affected both the reactivity and
the diastereoselectivity: Contrary to other examples, the diaste-
reoselectivity of the major product 3u arises from attack of the
Breslow intermediate from the face of the phenyl group.*®

To gain further mechanistic insight, a series of experiments were
designed to probe the kinetics of the reaction (Scheme 1).'>** After
1 h of reaction, 4-chlorobenzoin 8 was observed as the major product
(72%), with a small amount of the starting aldehyde la and the
product 3a (eq 4). When benzoin was subjected to the optimized
reaction condition, the desired hydroacylation product 3g could be
formed in 84% yield. To test the stability of the product under the
reaction condition, [-4-trifluoromethyl-substituted 3e was intro-
duced to the reaction of 4-chlorobenzaldehyde 1a with triazolium
salt 7a (eq S). No detectable formation of the crossover product, (4-
chlorophenyl)acylcyclopropane 3a, was observed after 24 h. 3e was
recovered quantitatively, but with slight epimerization (4%). These
observations indicate that benzoin formation is reversible, whereas
addition of the Breslow intermediate to the cyclopropene is
irreversible. In a competition experiment between the two electro-
nically different cyclopropenes 2q and 2r (eq 6), the electron-poor
2q reacted more than ten times faster than the more electron-rich 2r.
This result further confirmed that the union of the two fragments is
involved in the rate-determining step of the catalytic cycle.

To investigate the nature of the hydroacylation step, a number
of deuterium labeling experiments were carried out (Scheme 2).
When deuterated 4-bromobenzaldehyde 1b-D** was used, the
deuterium was incorporated exclusively cis to the acyl group to
give product 3b-D (eq 7).'%%¢ Addition of the Breslow inter-
mediate derived from 1b to 1,2-dideuterocyclopropene 2a-D,>’

Scheme 3. Proposed Catalytic Cycle
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provided the cis-dideuterated product 3b-D, as the only product
(eq 8). Because computational studies on stepwise anionic addition
to cyclopropenes™ have indicated formation of the negative charge
anti to the incoming nucleophile, the observed syn-deuterium
incorporation is consistent with a concerted addition mechanism,*®
as previously suggested by DFT calculations for the NHC-catalyzed
intramolecular hydroacylation of electron-neutral olefins.®

Based on the results of our preliminary mechanistic investiga-
tion, we propose a plausible catalytic cycle as outlined in
Scheme 3. First, the nucleophilic Breslow intermediate III is
formed through the addition of NHC I to aldehyde II followed
by proton transfer. III then quickly combines with a second
molecule of aldehyde IL The tetrahedral intermediate IV col-
lapses to give benzoin V as the kinetic product and regenerates
the carbene catalyst. This sequence represents a reversible process
and the Breslow intermediate can be formed anew to allow a slow,
but irreversible, attack on cyclopropene VI to give intermediate VIII,
which affords the desired acylcyclopropane IX. The diastereospe-
cific nature of this last step, supported by our deuteration studies,
points toward a concerted transition state such as VIL*® The
observed diastereoselectivity is derived from steric minimization,
with the more bulky aromatic group Ar” being placed preferentially
away from the aryl substituents of the NHC. Additionally, we
hypothesize that potential hyperconjugative interactions between
the forming C—C bond and the antiperiplanar 6*c_ 5, bond could
provide additional stabilization in the diastereomeric transition state
leading to the observed l-acylcyclopropane.®®*!

We have developed an organocatalytic intermolecular addi-
tion of aldehydes to cyclopropenes under mild conditions. This
methodology allows for a highly convergent and eflicient forma-
tion of functionalized acylcyclopropanes with excellent diastereocon-
trol. Our mechanistic investigation provides experimental evidence
for a diastereospecific hydroacylation step, which is in accordance
with a concerted mechanism.® This novel reactivity mode of NHC
organocatalysis carries mechanistic impact on related transforma-
tions and should find further interesting applications.

B ASSOCIATED CONTENT

© Supporting Information. Experimental section and char-
acterization details. This material is available free of charge via the
Internet at http://pubs.acs.org.
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