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CONSPECTUS

Meldrum’s acid (2,2-dimethyl-1,3-dioxane-4,6-di-

one) is a molecule with a unique history, owing

to its originally misassigned structure, as well as a
unique place among acylating agents, owing to its high
acidity and remarkable electrophilicity. In this Account, we A
outline the work of our group and others toward hamess- o=
ing the reactivity of Meldrum’s add derivatives in catalytic el
C—C bond-forming reactions.

Meldrum's acld alkylidene Meidrum's acids

Taking advantage of the ability of Meldrum'’s acid l;m " l cataytc
to decompose to CO, and acetone following acyl sub- F
stitution, we have shown that intramolecular L X,

Friedel—Crafts acylations can be performed under
mild Lewis acidic conditions to yield a variety of ben-
zocyclic ketones. In a further expansion of this
method, a domino Friedel—Crafts acylation/a-tert alkylation reaction was used to complete the first total synthesis of (4)-
taiwaniaquinol B.

The unique characteristics of Meldrum’s acid extend to its alkylidene derivatives, which have also proven exceptionally useful
for the development of new reactions not readily accessible from other unsaturated carbonyl electrophiles. By combining the elec-
trophilicity and dienophilicity of alkylidene Meldrum’s acid with our Friedel—Crafts chemistry, we have demonstrated new dom-
ino syntheses of coumarin derivatives and tetrahydrofluorenones by conjugate additions, Diels—Alder cycdoadditions, and C—H
functionalizations. Additionally, we have used these powerful acceptors to allow conjugate alkenylation with functionalized orga-
nostannanes, and conjugate allylation under very mild conditions. We have also shown that these molecules permit the asym-
metric formation of all-carbon quaternary stereocenters via enantioselective conjugate additions. These reactions employ dialkylzinc
nudeophiles, maximizing functional group compatibility, while the presence of a Meldrum’s acid moiety in the product allows a
variety of postaddition modifications. A full investigation of this reaction has determined the structural factors of the alkylidene
that contribute to optimal enantioselectivity. We have also used these acceptors to form tertiary propargylic stereocenters in very
high enantiomeric excess by an extremely mild, Rh(l)-catalyzed addition of TMS-acetylene.

Overall, we demonstrate that Meldrum'’s acid and its derivatives provide access to a broad range of reactivities that, com-
bined with their ease of handling and preparation, make them ideal electrophiles.

Introduction

Meldrum'’s acid (2,2-dimethyl-1,3-dioxane-4,6-di-
one, 1) and its derivatives are exceedingly versatile
reagents in organic synthesis (Figure 1). First synthe-
sized by Meldrum in 1908, the correct structure
was elucidated in 1948 by Davidson and Bemhard.?
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The simplicity of its structure, combined with its
unique properties and complex reactivity, has made
Meldrum’s acid a molecule of great synthetic® and
theoretical interest.*

A wide array of synthetic transformations have
emerged as a result of the intrinsic electrophilic and
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FIGURE 1. Meldrum’s acid (1) and alkylidene derivatives (2)

nucleophilic properties of the 1,3-dioxan-4,6-dione core of Mel-
drum’s acid. Derivatives with at least one hydrogen atom at C(5)
are enolizable and are ambident nucleophiles, which have been
reacted under stoichiometric and catalytic conditions with a vari-
ety of electrophiles at either the C(5)-position or the carbonyl
oxygens.

On the other hand, the carbonyls of Meldrum’s acids, the
C(4) and C(6) positions, are highly susceptible to nucleophilic
attack. Acyl substitution results in a unique ring-opening reac-
tion with loss of acetone, followed in some cases by decar-
boxylation. While there is a significant body of literature on
various ring-opening strategies by heteronucleophiles,
carbon—carbon bond-forming reactions have been over-
looked, as a direct consequence of Meldrum’s acids” high acid-
ity® (pKa of 4.83—4.93° in H,0) and their propensity to be
deprotonated by Brensted basic carbon nucleophiles.

At the time that we initiated our research program, acylation
of carbon nucleophiles with Meldrum’s acids was scarcely doc-
umented. Nonenolizable Meldrum'’s acid derivatives (quaternized
Meldrum'’s acids) were reported to react with organolithium
reagents, in both inter- and intramolecular fashions. The synthe-
sis of the natural product 6-damascone (4) was achieved by addi-
tion of allyllithium to Meldrum’s acid 3, followed by
decarboxylation and alkene isomerization (eq 1).” Maleic anhy-
drides 6 were prepared from Meldrum’s acids 5 (eq 2), where
allylic deprotonation induced ring enlargement through nucleo-
philic attack on the carbonyl and C—C bond cleavage; treatment
with acid gave the anhydrides with concomitant alkene migration.®
While efficient, the narrow scope of these transformations is seem-
ingly not amenable to the development of catalytic carbon—carbon
bond-forming methods.
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3 4
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SCHEME 1. Ketene Formation from Meldrum’s Acids
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It is well established that the thermal instability of Mel-
drum’s acid allows access to highly reactive ketene interme-
diates. Flash vacuum pyrolysis (FVP) of Meldrum’s acids leads
to ketenes 7,° while enolizable Meldrum’s acids, when heated
at 100 °C, undergo retro-hetero-Diels—Alder cycloaddition
with loss of acetone to furnish acyl ketenes 8 (Scheme 1).'°

The ability of Meldrum’s acids derivatives to decompose to
highly electrophilic ketenes opens up the possibility of forg-
ing new C—C bonds from these intermediates. For example,
pyrolysis of phenylthioether 9 furnished Friedel—Crafts acy-
lation product 10, albeit in an undetermined vyield, in addi-
tion to phenyl vinyl sulfide (eq 3)."" Similarly, pyrolysis of 11
yielded a Friedel—Crafts acylation byproduct, benzofuran-
2(3H)-one (12), in a modest 10% yield (eq 4)."% In these cases,
the unconventional FVP conditions present a practical limita-
tion in terms of exploiting the unique reactivity of Meldrum’s
acid derivatives.

SRer Mo NN
@Iﬁ OO

CHj CH,

12 (10%) (78%)

In contrast to the dearth of C—C bond-forming reactions of
Meldrum’s acid derivatives, alkylidene Meldrum’s acids 2 have
found relatively extensive use as electrophiles in conjugate
additions and as both heterodienes and dienophiles in [4 +
2] cycloadditions. Their anomalously high reactivity led them
to be termed “neutral organic acids’,'® and they have subse-
quently been used extensively in studies on conjugate addi-
tion."* Similarly, the highly electron-deficient alkene present
in 2 is significantly more reactive as a dienophile compared
with the analogous alkylidene malonates.'®> However, system-
atic investigation of new catalytic methods based around
these unique molecules has not been fully explored.

Inspired by the untapped potential of Meldrum’s acid deriv-
atives, our group has dedicated a great deal of effort to the
design, discovery, and development of novel catalytic C—C
bond-forming processes. Meldrum’s acid’s availability, ease of
functionalization, handling, purification (generally by recrys-
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tallization), and moisture stability are additional characteris-
tics that were also taken into consideration in the quest to
identify ideal electrophilic reagents. In this Account, our efforts
in exploiting the electrophilicity of Meldrum’s acid derivatives
in Lewis acid- and transition metal-catalyzed C—C bond-form-
ing reactions are described.

1-Indanone Synthesis from Benzyl Meldrum’s Acids
through Metal Triflate-Catalyzed Intramolecular Friedel—
Crafts Acylation. Our first studies to determine the viability
of adding carbon-based nucleophiles to Meldrum'’s acid deriv-
atives were carried out by reacting benzyl Meldrum’s acids in
the presence of a Lewis acid. We postulated that neutral non-
basic s-nucleophilic arenes would react with more electro-
philic Lewis acid-activated Meldrum’s acid derivatives,
eliminating the problems associated with its high acidity, and
making the process a new variant of the Friedel—Crafts acy-
lation (eq 5). Although this venerable reaction is the most
powerful means of preparing aromatic ketones, it still suffers
from significant drawbacks in the context of modern organic
synthesis. Typical procedures rely on formation of acid chlo-
rides and the use of stoichiometric amounts of strong Lewis
acids, both of which involve the generation of significant
quantities of acidic or metallic waste. Aside from the associ-
ated safety and environmental concerns, the combination acid
chlorides and stoichiometric amounts of strong Lewis acids
also poses problems for functional group compatibility and
product isolation. We believed that the use of Meldrum'’s acid
as acylating agent would provide a solution to overcome both
of these issues simultaneously.

S % O\A M(OTH),, B R
_ -
J ¢] -/ ®)
R = R R'
R R

At the outset of studying the Friedel—Crafts acylation with
Meldrum'’s acid, despite their ubiquitous use for activation of
carbonyl compounds, there were nearly no reports of the use
of Lewis acids in ring-opening reactions of Meldrum'’s acid.
The sole example was the ZnCl,-catalyzed addition of a hin-
dered TMS-protected phenol to Meldrum’s acid reported by
Rigo and co-workers (eq 6).'®

Br
OTMS (5 mol % OTMS
1 + 6
/@[ ChaCly 80 °C °c \“/\”/ ©
Br Br (65%)

Validating our hypotheses, enolizable benzyl Meldrum’s
acids were acylated upon heating with a catalytic amount of
Sc(OTH); (Scheme 2).'7 Yields were generally excellent for elec-
tron-rich 3,5-dimethoxy-substituted arene nucleophiles, while
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SCHEME 2. 1-Indanone Synthesis and Analogues from Enolizable
Benzyl Meldrum’s Acids®
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?Yb(OTf); (7—10 mol %) used as catalyst.
lower but acceptable yields were obtained for less z-nucleo-
philic benzene rings. A significant gem-dialkyl effect was
observed, where increasing substitution at the benzylic posi-
tion favored cyclization and led to higher yields of acylation
product over analogous unsubstituted cases. More impor-
tantly, our goal of developing a mild Friedel—Crafts acylation
protocol was demonstrated by the compatibility of aryl and
alkyl ethers, thio- and silylethers, ketals, and alkyl chlorides
over a range of substitution patterns. Larger ring sizes could
also be formed, leading to tetralones and benzosuberones. In
addition, compared with traditional acylation procedures, the
generation of volatile and inert side products (acetone and
CO,) simplified product isolation and purification because sto-
ichiometric amounts of metal waste were not produced.
2-Substituted 1-Indanone Synthesis from Quaternized
Benzyl Meldrum’s Acids. While the reactions shown in
Scheme 2 demonstrated that the acidic Meldrum'’s acid pro-
ton was not necessarily incompatible with the use of carbon
nucleophiles, these limited the available substitutions in the



cyclized products. However, another advantage of using Mel-
drum’s acid as an acylating agent is that it can be easily func-
tionalized at C(5) by addition of reactive electrophiles (eq 7).

R"X

\A (R" = alkyl allyl benzyl)
O\j[,( KoCOs, DMF, 1t %

(38-95%)

As shown in Scheme 3, reactions of quaternized benzyl
Meldrum’s acids gave 2-substituted 1-indanones in excellent
yields."” Notably, the yields were far less variable with
changes in z-nucleophilicity than were the reactions of eno-
lizable Meldrum’s acids. Importantly, a variety of groups could
be added to C(5) of the starting materials, leading to diverse
2-substituents in the products while demonstrating further
functional group compatibility. Reactions yielding 2,3-disub-
stituted 1-indanones proceeded with high diastereoselectiv-
ity, and larger rings sizes could also be accessed.

A few salient observations deserve further mention. For
both type of substrates, enolizable and quaternized Meldrum’s
acids, competition studies determined the rate of carbocycliza-
tion to be tetralone > benzosuberone > indanone (Figure 2).'”2

O o o)
1-tetralone 1-benzosuberone 1-indanone

FIGURE 2. Structure of benzocyclic ketones and relative rate of
carbocyclization.

Furthermore, it was found that sp3- and sp2-hybridized
nitrogen atoms in the substrate inhibited Lewis acid
catalysis.'”® For the Friedel—Crafts cyclization to proceed in
the synthesis of the potent acetylcholinesterase inhibitor done-
pezil (13) and pyridine analogue 14, addition of more than a
full equivalent of catalyst (120 mol % of TfOH or TMSOTY) was

necessary (eqs 8 and 9).
t:N

donepezil (13)

0]
TfOH MeO
(120 mol %)
—>
CH3N02 MeO
100 °C 7 N
(77%) (1) =N

Deactivation of the Lewis acid catalyst was not encoun-
tered with nonbasic nitrogen-containing substrates, because
the Friedel—Crafts reaction could be performed in acetoni-
trile.'” Furthermore, indolyl Meldrum’s acids with electron-

TIOH
(1 20 mol %)

Meomo ol
CH,NO,
100 °C
(61%)
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SCHEME 3. 2-Substituted 1-Indanones from Quaternized Benzyl
Meldrum’s Acids
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withdrawing N-substituents underwent Friedel—Crafts acylation
to give exclusively the N-protected 4,5-fused indole ring sys-
tems with catalytic amounts of Lewis acid (Scheme 4).'® The
regioselectivity of the cyclization of the 4-substituted indoles
to the 5-position was most likely the result of geometrical con-
straints associated with the indole bicyclic system, because we
demonstrated that the indole 3-position is the most nucleo-
philic toward electrophilic aromatic substitution in an inter-
molecular acylation of N-nosyl indole.

SCHEME 4. Synthesis of Fused 4,5-Disubstituted Indole Ring
Systems by Intramolecular Friedel—Crafts Acylation of 4-Substituted

Indoles
BF3*OEt, (20 mol %)
or Yb(OTf); (10 mol %
MeNO, 100 °C

e
s

R= H(54% R=H 78%
R = Me (92%) R= Me (83%)
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R = p-FCgH,CH, (98%)
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SCHEME 5. Proposed Reaction Pathways for Acylation with
Quaternized and Enolizable Meldrum'’s Acids
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On the basis of extensive Kinetic studies, the probable
mechanism of these reactions was determined. The most
important finding was that the mechanism depends on the
Meldrum’s acid substitution.'® Enolizable Meldrum’s acids
undergo a retro-hetero-Diels—Alder reaction to give an acyl
ketene, which appears to be the active acylating agent
(Scheme 5, pathway a).'% Attack of the arene, followed by
decarboxylation then leads to the indanone. Nonenolizable
Meldrum’s acids are most likely attacked directly by the arene
after Lewis acid complexation (Scheme 5, pathway b). Loss of
acetone then feeds into the same decarboxylation pathway as
for the enolizable substrates.

Total Synthesis of (+)-Taiwaniaquinol B via TMSOTf-
Mediated Intramolecular Friedel—Crafts Acylation/Car-
bonyl a-tert-Alkylation. Our Friedel—Crafts acylation
strategy with Meldrum'’s acids rapidly assembles 2-substituted,
2,3-disubstituted, and 3,3-disubstituted 1-indanones. How-
ever, an inherent limitation of this method is the inability to
C-alkylate f3,-disubstituted benzyl Meldrum'’s acids to gener-
ate two contiguous all-carbon quaternary centers, O-alkyla-
tion being favored. Acylation of such precursors would have
provided access to 2,3,3-trisubstituted 1-indanones (Scheme
6).

As discussed previously, under specific reaction conditions,
the acylation of enolizable benzyl Meldrum'’s acids occurs via
the intermediacy of an acyl ketene that produces a 1-in-
danone-2-carboxylic acid species, which subsequently decar-
boxylates (Scheme 5, pathway a). This peculiar reactivity was
combined with the established Lewis acid-promoted intramo-
lecular tert-alkylation of p-ketoesters with alkenes?® and
prompted us to explore the synthesis of hexahydrofluo-
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SCHEME 6. Postulated Synthesis of 2,3,3-Trisubstituted 1-
Indanones
e 04,0 RX LN Ro O\L
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o} O\L e A
~ 0 1 P 4
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renones through intramolecular domino Friedel—Crafts acyla-
tion/carbonyl a-tert-alkylation reactions.

As illustrated in Scheme 7, a stoichiometric amount of
TMSOTf promoted the domino dicyclization reaction of Mel-
drum’s acid 15 to tricycle 16 in 70% isolated yield. From
the latter, the total synthesis of taiwaniaquinol B (17),2"
member of a small family of diterpenoid natural products
displaying aromatase inhibitory activity,?? was complet-
ed.”?

SCHEME 7. Total Synthesis of Taiwaniaquinol B

HO COOH

TMSOTI (1.2 equiv)
CH3NO;, reflux, 1h
(70%)

HO o MeQ fo)

MeO MeO
HO Me Me

taiwaniaquinol B (17) 16

A tentative mechanism for the TMSOTf-mediated intramo-
lecular Friedel—Crafts acylation/carbonyl a-tert-alkylation dom-
ino reaction is depicted in Scheme 8. Treatment of enolizable
Meldrum’s acid 15 with TMSOTf forms the corresponding 6-si-
loxy-1,3-dioxin-4-one with release of one equivalent of TfOH.
Retro-hetero-Diels—Alder reaction of the thermally unstable
dioxinone generates an acyl ketene, which undergoes
intramolecular arylation by the electron-rich aromatic to fur-
nish key 1-indanone 18 as its enol form. a-tert-Alkylation of
18 with the triflic acid-activated alkene followed by decar-
boxylation leads to tricycle 16.
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SCHEME 8. Tentative Mechanism for the Domino Friedel—Crafts
Acylation/Carbonyl o-tert-Alkylation Reaction

MeO

OTMS
+ TfOH

retro hetero
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MeO 0 co,tms

MeO MeO
Me Me

Reactions of 5-Alkylidene Meldrum’s Acids

Properties and Preparation of Alkylidene Meldrum’s
Acids. The conjugated alkylidene derivatives of Meldrum’s acid
share many of the qualities of the saturated Meldrum'’s acid
derivatives presented above. That is, they are typically crystal-
line, stable solids that can be prepared on large scale and puri-
fied by recrystallization. In terms of reactivity, a quantitative
measure of their electrophilicity has recently been reported by
Mayr, who found that they are ~10"" times more reactive than
the corresponding diethyl alkylidene malonates.**

Alkylidene Meldrum’s acids are most easily prepared by
the Knoevenagel condensation of Meldrum’s acid with alde-
hydes and ketones. Synthesis of alkylidenes derived from
aldehydes can be achieved under a large variety of condi-
tions, but the ones that we have found to be most general and
reliable are the pyrrolidinium acetate-catalyzed condensation
in benzene?> and the aqueous reaction reported by Bigi and
co-workers (Scheme 9a).° For alkylidenes not accessible by
these routes, an alternative is the preparation of methoxy- or
dimethylaminomethylene Meldrum’s acids followed by addi-
tion/elimination using organometallic nucleophiles (Scheme
9b).2” Alkylidenes derived from ketones are nearly always
prepared by us using the TiCl,-mediated condensation of
ketones with Meldrum’s acid (Scheme 9¢).2®

Domino Reactions of Alkylidene Meldrum’s Acids
Involving Friedel—Crafts Acylations. Expanding on the
powerful acylating abilities of Meldrum’s acid in Lewis-acid
catalyzed Friedel—Crafts reactions, we have developed dom-
ino processes that also take advantage of the highly electro-
philic character of alkylidene Meldrum’s acids. The general

SCHEME 9. Preparation of Alkylidene Meldrum'’s Acids
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JOL . oyo PhH, 50 °C
o) o
R H or
OMO H,0, 75 °C i]/g
RMgBr
THF, 0°C
(b)
OMe N oyo
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O
+
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strategy is to use the alkene in a first reaction that either intro-
duces an electron-rich aromatic group or otherwise permits a
new reaction of an already present aromatic ring. Upon con-
sumption of the alkene, the Meldrum'’s acid moiety can then
function as the new electrophilic center for Lewis acid-cata-
lyzed acylation.

Reactions with Electron-Rich Phenols. Our first exam-
ple of this approach was the reaction of electron-rich phenols
as bisnucleophiles with alkylidene Meldrum’s acids acting as
biselectrophiles. A reaction involving the combination of Mel-
drum’s acid, an aldehyde, and phloroglucinol (1,3,5-trihy-
droxybenzene) in pyridine had been reported but was limited
to that very electron-rich nucleophile.>® We believed that a
Lewis acid-catalyzed protocol would be more effective in terms
of supporting less-activated phenols while using preformed
alkylidenes would broaden the scope of electrophiles.

We found that the Yb(OTf)s-catalyzed reaction of electron-
rich phenols with monosubstituted Meldrum'’s acids proceeded
exclusively by C-alkylation/O-acylation to give 3,4-dihydro-
coumarin products.® It was further found that methoxy-sub-
stituted alkylidene Meldrum’s acids undergo loss of methanol
to give coumarins, permitting easy access to some naturally
occurring compounds. When disubstituted Meldrum’s acids
were used as electrophiles, a shift in chemoselectivity was
observed. Now, the additions occurred exclusively by O-alky-
lation/C-acylation to give chromanones and chromones
(Scheme 10). This shift is most likely due to the increased
steric hindrance around the electrophilic alkene, favoring
attack by the more accessible phenol oxygen.

One-Pot Diels—Alder/Friedel—Crafts Acylation. Alky-
lidene Meldrum’s acids participate in Diels—Alder reactions
readily, because their electron deficiency makes them highly
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SCHEME 10. Synthesis of 3,4-Dihydrocoumarins Coumarins, Chromanones, and Chromones?
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SCHEME 11. Domino Diels—Alder/Friedel—Crafts Acylation Reaction
o aw 2, BFOEt, o,
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o)]AO + Ly (CH,C)) AL x (CH;Cl) o '
1y 212
2 106°C° o 100 °C H
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(Ar' electron-rich)

W6
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(58%)
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OMe o

(42%)

(64%)
2:1op

Me

Alder reaction of an enantiopure diene with ethylidene Mel-
drum’s acid (eq 10).3' Here, the new stereocenter was
installed with 4:1 dr, while other dienophiles gave the oppo-
site diastereomer.

reactive dienophiles. Although they have not been used as
often as other a,f-unsaturated carbonyls, their unique steric
and electronic properties can be useful. For example, Hicken
and Corey reported the chiral Lewis acid-catalyzed Diels—
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In our case, we capitalized on the acylating ability of Mel-
drum’s acid to develop a one-pot synthesis of tetrahydrofluo-
renone derivatives.>? This procedure involved a thermal
Diels—Alder reaction, which gave the cycloadducts in mod-
est diastereoselectivities, ranging from 2.2:1 to 1.8:1 dr, fol-
lowed by addition of catalytic BFs3-OEt, to enable the
Friedel—Crafts acylation. In this manner, a variety of substi-
tuted tetrahydrofluorenones were obtained (Scheme 11).

Domino Hydride Transfer/Cyclization/Friedel—Crafts
Acylation. The electrophilicity of alkylidene Meldrum’s acids
allows them to react with often inert nucleophiles, including
typically stable C—H bonds. Literature precedent for the reac-
tion of Meldrum’s acids with 2-aminobenzaldehydes through
1,5-hydride transfer/cyclization (eq 11)33 caught our atten-
tion because there has been a resurgence of interest in this
relatively obscure reaction. In particular, Sames and co-work-
ers have reported that a large range of nucleophilic C—H
bonds can be transformed under mild Lewis acid catalysis
(eq 12).3*

H
O TMSsCI (3 equiv) .COH .
DMF, 60 to 100 °C N
{49%)
~3:1dr
Me  BF,.0Et, (0.5 equiv) H ﬁ\
HO(CH,),0H (0.2 equiv) ‘. e 12)
CHyCl, 1, 3h
Ph (95%) 0" Ph
14:1 dr

It seemed likely that alkylidene Meldrum'’s acids could be
used to activate even more unreactive C—H bonds and that
the resulting products could undergo a Friedel—Crafts acyla-
tion under the Lewis acidic conditions in a sequential or one-
pot fashion (Scheme 12).

After optimization of the Lewis acid and solvent, Sc(OTf)s in
toluene was shown to be most effective for both steps. The
hydride shift/cyclization occurred at room temperature to give
isolable spiro products; alternatively, heating the resulting
solution to 100 °C allowed the Friedel—Crafts acylation. It was
possible to vary the substituents on each aromatic ring, and
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SCHEME 12. Proposed Hydride Transfer/Cyclization/Friedel—Crafts
Acylation Reactions

Lewis acid
—_—

hydride
transfer

X = OMe, NMe,

Friedel-Crafts
acylatlon

LeW|s acid

also to add a group at the reactive benzylic position to form
a crowded all-carbon quaternary center (Scheme 13).3°

Conjugate Addition of Organotin Nucleophiles. Aside
from reactions involving Friedel—Crafts chemistry, we have
also used the high electrophilicity of alkylidene Meldrum'’s
acid to facilitate conjugate additions of weak nucleophiles not
commonly used in such reactions. Particularly, we have devel-
oped new addition reactions of alkenyl and allyl organostan-
nanes because these are easily prepared or commercially
available, air and moisture stable, and compatible with many
functional groups. The value of using alkylidene Meldrum’s
acids for these reactions is the range of reactions available to
the Meldrum’s acid moiety after addition; for example, it can
be transformed directly into ketones via our Friedel—Crafts
protocols, as well as aldehydes,3® esters,®> and amides,®> mak-
ing it a versatile surrogate of all the common carbonyl func-
tional groups.

Rh-Catalyzed Vinylation of Alkylidene Meldrum'’s
Acids. While the rhodium-catalyzed addition of alkenylbo-
ronic acids to unsaturated acceptors has been studied by
many groups since its introduction by Miyaura,3” the corre-
sponding additions of alkenylstannanes have been essentially
ignored.?® This may be due to the relatively higher reactivity
of alkenylboronic acids, and the environmental issues revolv-
ing around organotin compounds. However, alkenylstannanes
do provide some benefits over alkenylboronic acids in terms
of ease of handling and purification, determination of stoichi-
ometry, and functional group compatibility. In addition, the
hot aqueous conditions typically employed for additions of
alkenylboronic acids may present limitations on the number
of available nucleophiles and electrophiles. A goal of our
research was to therefore use an alkenylstannane with a sen-
sitive yet orthogonal functionality under anhydrous condi-
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SCHEME 13. Benzylic C—H Bond Functionalization Using Alkylidene Meldrum’s Acids

Sc(OTi), A
(10-40 mol %) x 0 7
PhCH3 temp I 4 >R OR X N / \\
% Og H R =R
rito 100 °C
X (rt) ( )

Me
(90%) (99%) (21%)
0 b o} b 0 b
rtto > > >
100°C  MeO 0.0 MeOOMe MeO .O
H H Mé
(78%) (55%) (61%)
SCHEME 14. Addition of Allyl Acetate and Carbonate Units to Alkylidene Meldrum'’s Acids
O>(O

[RhCl(cod)], (3 mol% Rh) 0”70

pes
R OR

O)]AO + BUBSn,h/\/OR'
(B) or( Z)

R'= Ac or CO-Me

THF, t,2-8 h

> > > >
o) o} o o o) o) o) o)
_~_OAG ~_OCO,Me _~_0COMe MeO ~_OAc
(91%) (88%) OMe (80%) (71%)
OMe
> > > > >
o) o o) o o) o) o o o o
_~_OCO,Me ~_OAc cl Me” P~ OAC
| I
NG (88%) F (88%) (82%) (83%) (89%)
OAc OAc

tions and low temperature to showcase the high reactivity of
alkylidene Meldrum’s acids.

The reaction that we devised was the Rh-catalyzed addition
of 3-(tributylstannyl)allyl acetates and carbonates to alkylidene

SCHEME 15. Variable Alkylation in Pd(ll)-Catalyzed Reactions of

Allyl Acetate Meldrum’s Acids
g\ o
Et0 j o

PdCly(MeCN),
(5 mol %)

Meldrum’s acids.?® As shown in Scheme 14, addition of the (E)- % THI;:[I)EE(C):H 8(1h 0:1) o —

or (2)-alkene occurred at room temperature to give the addition (Y (73%)

products in good yields. Importantly, the reactions proceeded Oéﬁoy

with complete retention of double bond geometry. ph” P -OA P‘:%Z%?EA"‘)% OB(O
The utility of this reaction lies in the introduction of a highly Yb(OTN, (20 mol %) o%o

reactive yet latent electrophile that can be activated by introduc- THF, 60°C,8h  ppe”— 77

(71%)
tion of a catalytic amount of palladium. Highlighting the unique

divergent reactivity of Meldrum'’s acid, it was possible to formtwo ~ an intermediate ketene, Pd(ll)-catalyzed cyclization gave a y-lac-

different products from the same intermediate (Scheme 15).
Under neutral conditions and in the presence of alcohol to trap
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tone via O-alkylation. By removing the alcohol and adding cat-
alytic Yb(OTH)5, cyclization occurred at the Meldrum’s acid C(5)



resulting in a vinylcyclopropane as a single diastereomer.? Of
note, the synthesis of y-lactones could be carried out sequen-
tially in a single synthetic operation.

Sc(0Tf);-Catalyzed Conjugate Allylation of Alkylidene
Meldrum’s Acids. Compared with catalytic nucleophilic allyla-
tion of aldehydes and ketones, there are relatively few exam-
ples of catalytic conjugate allylations.*® Because of the high
electrophilicity of alkylidene Meldrum'’s acids and their tendency
toward 1,4-addition over competing modes of nucleophilic
attack, we believed they would be ideal acceptors for the devel-
opment of a catalytic conjugate allylation protocol.

It was found that allyltriphenyltin underwent Sc(OTf);-cata-
lyzed conjugate allylation toward a large variety of monosubsti-
tuted alkylidene Meldrum’s acids (Scheme 16).*" Reaction
conditions were extremely mild, occurring at room temperature
in CH,Cl, and no products of 1,2-addition were detected.

SCHEME 16. Catalytic Conjugate Allylation of Monosubstituted
Alkylidene Meldrum'’s Acids

%4 Sc(OTh); >
0”0 (5-15 mol %) o0
CH,Cl,

SnPhy, >~~~ 71
oy o A L.
R R =

rt, 20-36 h
55 5 >

0 0 o o] o} 0
~ TIPSO N N

(85%) F (74%)
oyo
0 0
X

(80%)
(77%)

oyo oyo
0 ¢} o) o
Q;\)i Jé)i\
N™ (89%) O.N (83%)
Ts

Use of the stronger allylating agent allyltributyltin allowed
formation of the more challenging all-carbon quaternary cen-
ters via addition to disubstituted alkylidene Meldrum'’s acids
(eq 13). In these cases, the increased steric hindrance around

the electrophilic center necessitated a higher reaction temper-
ature.

A~ SnBus O>(O
0" 0 Sc(OTH); (5 mol %) (1)
o}ﬁo (CH,Cl),, 50 °C o 0
(76-85%
A" COR ) ATCOR

Enantioselective Addition of Diorganozincs to 1-
Arylalkylidene Meldrum’s Acids. Despite their participation
in a wide array of reactions, alkylidene Meldrum’s acids have
been employed in very few catalytic, enantioselective transfor-

Meldrum’s Acids and Alkylidene Meldrum'’s Acids Dumas and Fillion

mations. Barbas and co-workers have demonstrated an organo-
catalytic Diels—Alder reaction of alkylidene Meldrum’s acids
(formed in situ) to give chiral cyclohexanones (eq 14).** Carreira
and co-workers have used monosubstituted alkylidenes as
acceptors in two different Cu-catalyzed additions: addition of
Et,Zn using a phosphoramidite ligand*® and of phenylacetylene
under very mild aqueous conditions (eqs 15 and 16, respective-
ly).** One common feature of these reactions is the use of rela-
tively weak nucleophiles/dienes at or below room temperature,
which attests to the alkylidenes’ reactivity.

X
(o]
oyo o 4100.4 ° J\’
H 2 Ar fe}
o o+ J —H ~ (14)
I MeOH, rt o o)

Ar AP (X=S, CHy)
84-99% ee
E ‘ 0. >_CV
o,P—N
gy
Oyo [N
Cu(O,CCFjy), (cat)
o (¢] o} o (15
| EtyZn
R(AN) THF, -78 °C (AR~ YEt
44-92% ee
Ph
- (Et
HN ~Et
Sy OH
/'.“
MeO PPh,
o ok OO >
Cu(OAC)»H,0 (cat)
0 o+ | o o (16)
| Na-ascorbate
R(Ar)  Ph H,0,0°C (ADR

Ph
82-97% ee

The scarcity of enantioselective reactions of alkylidene Mel-
drum’s acids first caught our attention during the synthesis of
taiwaniaquinol B, where the key stereocenter was installed by
addition of MeMgBr to a disubstituted alkylidene. In fact, at
that time there were no examples of enantioselective conju-
gate addition to form all-carbon quaternary stereocenters
(although this area has developed greatly since then).*>® The
steric congestion and relative electronic deactivation of the
electrophilic carbon makes this a very challenging area of
organic synthesis, but one for which we thought the strong
activating ability of Meldrum’s acid would be ideally suited.

As a starting point to begin our investigations we made the
fortuitous decision to examine the Cu-catalyzed addition of
dialkylzinc reagents as nucleophiles and the chiral phosphora-
midites developed especially by Feringa and co-workers as
ligands.*” Our choice was based on the commercial availability
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SCHEME 17. Enantioselective Addition of R,Zn to Disubstituted Alkylidene Meldrum’s Acids

O><O

RyZn (2.0 equiv)
19 (10 mol %)
Cu(OTH), (5 mol %)

e
AR

’

O>(O
o}
' Me

> >
0 o o o o
 'Me , 'n-B
Et Et n-eu n-Bu
cl al Cl

(88%, 95% ee) (78%, 94% ee) (87%, 87% ee)

55 55 >
o o o o o 0
/K Me O 'Me  'Me
/= \ | Et Et
s MeO,C Bu

(95%, 96% ee)

5 >
o O 9] O
. 'Me  'Me
7 E T et
N
Ts ¥s

(66%, 95% ee)

(97%, 91% ee) (99%, 93% ee)

(74%, 96% ee)

a0k
@]

(96%, 96% ee) (94%, 99% ee)

of phosphoramidite ligand 19 and various dialkylzincs, the high
functional group tolerance of dialkylzincs relative to other orga-
nometallic nucleophiles, and literature precedent for the asym-
metric conjugate addition of R,Zn to alkylidene Meldrum’s acids
to generate tertiary carbon stereocenters presented above (eq
15). This choice of nucleophile and ligand turned out to work
extremely well, and after extensive optimization of solvent and
copper source, the reaction shown in eq 17 was developed.*®

Et,Zn (2.0 i
oyo 129 r(11(0 m;q’zl)\l) oyo
Cu(OTH), (5 mol %)
OJI&O O;Tgo 17)
| DME, -40 °C tort, 48 h '
Ph” " Me ) AR
OO o ")_ph (95%, 84% ec)
OZP-N
Ph
O &
The addition of R,Zn was applied to a large range of 1-ary-
lalkylidene Meldrum'’s acids (Scheme 17). Addition of Et,Zn was

successful for an extremely varied set of substituted benzene
rings and hetereoaromatics. Nucleophiles other than diethylz-
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DME, -40°Ctort, 48 h

5 %
o [¢] o (o]
 'Me  ‘Me
Et Et
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O\>(O
[¢] o
X
] EMe Me

@?{f

(63%, 77% ee)

<o >
o} O e} e}
 (Et  'Me
Me Et
Cl F4C
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(91%, 99% ee)

> 5%
o [¢] (¢] (o]
 'Me ‘Me
1N eoL
°© Me

(92%, 84% ee)

(91%, 93% ee)
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(66%, 95% ee)

S Y S I
Et T\«O Et, T\(O n-Bu T\(\«O i-Pr 1‘(0 Me, T\‘(O

Co b0
Cl Cl

(97%, 97% ee)

ook ook
Cl Cl

(99%, 57% e6) (98%, 99% e6)

inc could also be used, although Me,Zn proved problematic (dis-
cussed further below). While ortho substituents impeded the
reaction (not shown), rotationally restricted alkylidenes derived
from cydlic ketones were excellent acceptors and the products
were formed in higher enantioselectivity than the acyclic alky-
lidenes. The higher reactivity of these alkylidenes was reinforced
by the reaction of Me,Zn, which added with excellent conver-
sion and ee.

A trend was observed relating the enantioselectivity to the
substitution pattern on the aromatic rings (Figure 3). Regardless
of their electronic nature, para substituents increased ee com-
pared with the unsubstituted case (84% ee), while meta groups
decreased selectivity. Interestingly, sterically bulky groups pro-
vided extremely high ee regardless of the position. Further inves-

y Para Meta
(O o} X=Me 89% ee 78% ee
o X=0Bn 93%ee 79% ee
. X=Cl 95% ee 74% ee
I \ Me FH 1O 0y
Xt Et X=iPr 98%ee 97% ee
Z X=tBu 99%ee 98% ee

FIGURE 3. Relationship between selectivity and substitution pattern.



tigation into these results suggests that steric interactions
between the para substituent and the large L,CuEt complex (L =
phosphoramidite 19) result in higher selectivity, while changes in
the relative conformation of meta-substituted alkylidenes
accounts for the dramatic differences in ee.

The poor result obtained for addition of Me,Zn to noncyc-
lic alkylidenes was disappointing as methyl-substituted ben-
zylic quaternary stereocenters are by far the most commonly
occurring in natural products. We therefore turned our atten-
tion to studying this addition in order to increase conversion
and determine the enantioselectivity. After examining a range
of methyl nucleophiles, different phosphoramidites, and cop-
per sources, an improved protocol was developed.*® In the end,
2-naphthyl-containing ligand 20 gave the highest enantioselec-
tivity of the eight phosphoramidites tried, while the conversion
was boosted significantly by switching Cu source to Cu(O,CCF3), -
xH>0 and running the reactions at much higher concentration
(Scheme 18).

SCHEME 18. Optimized Conditions for Addition of Me,Zn

e Cu(0,CCF3)xH,0 (5 mol %) O>(O

0" 0 Ligand 20 (10 mol %)
+ MeyZn e} 0
o | o DME, -40 °C to 5t
Final Concentration = 0.33 M A VBt
Me

Ar Et
 'Et  'Et  'Et
Me Me Me
t-Bu

(95%, 76% ee) 68% 90% ee) (84%, 97% ee)

 'Et  'Et  Et
Me Me Me
MeO

93°/o 85% ee) 82°/o 79% ee 93°/o 97% ee)

OO o,  /—2-naphthyl
O: P-N
OO )»2-naphthyl

20

Enantioselective 1,6-Conjugate Addition. During the
above studies, we noticed that sterically crowded alkylidenes
bearing an adjacent i-Pr group did not undergo the addition
reaction. Taking advantage of this observation, we devised
vinylalkylidene Meldrum’s acids containing an extended con-
jugated framework in the hopes that these acceptors would
participate in enantioselective 1,6-conjugate addition.>° This
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SCHEME 19. Enantioselective 1,6-Conjugate Additions

RoZn (2 equiv)
19 (10 mol %)
Cu(OTf), (5 mol %)

DME, -40°C to rt

MeO

(65%, 70% ee) (26%, 84% ee)

(81%, 65% ee)
4.8:1 alkene isomers

(44%, 82% ee)

(56%, 75% ee)

(19%,

83% ee)

turned out to be the case, and tertiary and quaternary car-
bon centers could be formed in up to 84% ee (Scheme 19).>’

Enantioselective Conjugate Addition to Functionalized
Alkylidene Meldrum’s Acids. The ability to form all-carbon
quaternary stereocenters with high enantioselectivity was a
breakthrough for us in terms of demonstrating the utility of
alkylidene Meldrum'’s acids. However, one drawback of this
method was that the stereocenters were substituted with only
one group (the Meldrum'’s acid) that could be easily trans-
formed in further reactions. To extend the versatility of the
products, we thought that replacing the alkyl group on the
alkylidene with a carboxylic acid derivative would provide a
new synthetic handle,>* while the unique reactivity of Mel-
drum’s acid would make these two functional groups
orthogonal.

The alkylidenes derived from o-ketoesters proved to be
highly reactive and the additions occurred with excellent
enantioselectivity (Scheme 20).>3 It was possible to vary both
the substituents on the aryl ring and the ester portion of the
alkylidene, which was an important goal in terms of develop-
ing further transformations; various dialkylzincs could also be
used.

The synthetic utility of these products was demonstrated by
various transformations outlined in Schneme 21.>® From a sin-
gle functionalized starting material, manipulation of either the
Meldrum’s acid or ester group was possible, depending on the
conditions employed; alternatively, reactions involving both
groups could be performed. Again, this versatility is due in
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SCHEME 20. Enantioselective Addition to Functionalized Alkylidenes

% .

X N N2

o) o] o) o] o)
[ 'CO,Me \ 'CO,t-Bu
Et Et

(quant, 88% ee) (quant, 86% ee)

COzMe COzMe

(97%, 92% ee) (82%, 92% ee)

COzMe

(88%, 92% ee)

large part to the unique properties of Meldrum’s acid com-
pared with other carboxyl functional groups.

SCHEME 21. Transformation of Functionalized Chiral Products

1 step 4 steps

PhI
’C BN 88% yield \ / 55% yield
2 steps
0 o o
’CO R 68% yield Ph' y
4 steps  / \ 1step
72% yield Ph'

0
ﬁ OMe
Ph E;NCO 44% yield
Enantioselective Conjugate Alkynylation of Benzylidene
Meldrum’s Acids. Expanding on and complementing Carrei-
ra’s pioneering work (eq 15), we have developed a highly
enantioselective Rh(l)-catalyzed addition of TMS-acetylene to
benzylidene Meldrum's acids (Scheme 22).>#>> The mild con-
ditions were remarkably tolerant of reactive functional groups,
including acidic phenols and sensitive boronic esters, and the
selectivities were uniformally excellent (~90% ee).
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SCHEME 22. Asymmetric Alkynylation of Benzylidene Meldrum'’s
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Conclusion

Nearly 100 years since its discovery, Meldrum'’s acid contin-
ues to offer a rich array of reactivities that set it apart from
other electrophilic agents. Meldrum'’s acid is an ideal electro-
phile for intramolecular Friedel—Crafts acylations. The sub-
strates are easy to prepare and functionalize, the reaction
conditions are mild, and functional group compatibility is high.
Also, the versatility of alkylidene Meldrum'’s acids offers a very
large platform for the development of new reactions. We are
currently developing new enantioselective conjugate addi-
tions and have recently begun investigations into C—C bond
cleaving reactions of Meldrum’s acid derivatives that are open-
ing new avenues for further discovery enabled by this fasci-
nating molecule.>®
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