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ABSTRACT

Lewis acid promoted substitution reactions employing Meldrum’s acid and 5-methyl Meldrum’s acid as carbon-based leaving groups are
described which transform unstrained quaternary and tertiary benzylic Csp3�Csp3 bonds into Csp3�X bonds (X = C, H, N). Importantly, this reaction
has a broad scope in terms of both suitable substrates and nucleophiles with good to excellent yields obtained (typically >90%).

The direct modification/functionalization of sp3-hybri-
dized carbon centers through cleavage of unstrained C�C
σ-bonds remains a challenging transformation in organic
synthesis.1�5 In 2009 our group discovered two such
reactions in which Meldrum’s acid functions as a highly
effective and convenient leaving group in the Pd-catalyzed
hydrogenolysis of quaternary benzyl Meldrum’s acids,6

replacing an unstrained benzylic Csp3�Csp3 σ-bond with a
Csp3�H bond with inversion of configuration (Scheme 1)
and additionally with tertiary benzylic Meldrum’s acids

in the presence of Sc(OTf)3 and a nucleophile.7 Subse-
quently, Li’s group described a related FeCl3-catalyzed
substitution at sp3-hybridized tertiary stabilized (primarily
diaryl) carbon centers, with π-nucleophiles, in which 1,3-
diphenylpropane-1,3-dione acted as a leaving group.8

We postulated that substitution of Meldrum’s acid
derivatives at sp3-hybridized benzylic carbon centers with
carbon- and heteroatom-based nucleophiles, via C�C
σ-bond cleaving/C�X (X = C, N, H) σ-bond forming
reactions, would allow for benzylic functionalization.
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Herein, we report a Lewis acid promoted modification/
functionalization of sp3-hybridized quaternary and ter-
tiary benzylic carbon centers through displacement of
carbon-based leaving groups, namely Meldrum’s acid
and 5-methyl Meldrum’s acid (Scheme 1).
The substitution reaction was shown to be general

with an array of substrate substitutions and nucleophiles,
undermild conditions, and proceeding in good to excellent
yields.
The ability to substituteMeldrum’s acid at quaternary all-

carbon sp3-hybridized centers with a methyl group was first
explored. Trimethylaluminum was chosen for its combined
Lewis aciditiy and nucleophilic properties upon complexa-
tion with a Lewis base.9 A wide array of readily available
benzyl Meldrum’s acids 1 effectively reacted with Me3Al to
yield 2 in excellent yields at room temperature.As depicted in
Table 1, the process was general as electronics and sterics did
not affect the efficiency of the substitution reaction. Both
mesomerically and inductively donating groups, electron
neutral groups as well asmildly electronwithdrawing groups,
afforded the desired product with excellent isolated yields.

Having established the substrate scope of the methyla-
tion of benzyl Meldrum’s acids, we proceeded to explore
the range of nucleophiles compatible with this system.
After optimization studies,10 it was found that a com-
bination of Lewis acid, AlCl3, and an external nucleo-
phile furnished substitution products in good yield
under mild reaction conditions (Figure 1).11 From 1c,
the relatively weak nucleophile allyltrimethylsilane and
methallyltrimethylsilane led to 2o and 2p, respectively,
in excellent yields. Allenyl and propargyl compounds
2q and 2r were formed from 1c and propargylTMS and
allenylSnBu3, respectively.
The same net result of our hydrogenolysis protocol6 was

achieved by the reaction of 1c with i-Bu3Al, which

furnished 2s in 84% yield (Figure 1). Substitution was also
realized with TMSCN, yielding 2t in quantitative yield.
π-Nucleophiles 2-methylfuran and 2-methylthiophene
were also effective in the substitution reaction, with complete
regioselectivity for the 5-position. Reacting 2-(trimethyl-
siloxy)furan and 1c led to a 9:1 mixture of regioisomeric
butenolides in an 84% combined yield. Furthermore, the
azide functionality was also introduced at the benzylic posi-
tion via the use of azidotrimethylsilane.
The generality of the substitution reaction was further

established by investigating the reactivity of tertiary

Scheme 1. General Strategy

Table 1. Methyl Substitution at Quaternary Centers

entry X R; R0 yielda (%)

1 H R�R0 = (CH2)5 (1a) quant (2a)
2 4-t-Bu R = R0 = Me (1b) 96 (2b)
3 4-(MeO) R = R0 = Me (1c) 93 (2c)
4 4-(C8H17O) R = R0 = Me (1d) 95 (2d)
5 4-Cl R�R0 = (CH2)5 (1e) quant (2e)
6 4-F R�R0 = (CH2)5 (1f) 95 (2f)
7 2-Et R = R0 = Me (1g) 91 (2g)
8 2-(C8H17O) R = R0 = Me (1h) 94 (2h)
9 2-F R�R0 = (CH2)5 (1i) 96 (2i)
10 3- t-Bu R = R0 = Me (1j) 98 (2j)
11 3-(C6H13) R = R0 = Me (1k) 97 (2k)
12b 3-(C8H17O) R = R0 = Me (1l) 89 (2l)
13 3-TMS R = R0 = Me (1m) quant (2m)
14 3-F R�R0 = (CH2)5 (1n) 98 (2n)

a In all cases, conversion was >95%. bReaction time was 5 h.

Figure 1. Scope of the nucleophile. In all cases, conversion was
>95%. Nucleophile employed: aallylTMS; bmethallylTMS; cpro-
pargylTMS; dallenylSnBu3;

ei-Bu3Al (in the absence of AlCl3);
fTMSCN; g2-methylfuran; h2-methylthiophene; i2-(trimethylsiloxy)-
furan; j77% of butenolide 2w plus 7% of minor regioisomer 2x
isolated as individual components; kTMSN3.

(7) Meldrum’s acid was reductively cleaved and displaced by acetone
(C-alkylation); see: Mahoney, S. J.; Moon, D. T.; Hollinger, J.; Fillion,
E. Tetrahedron Lett. 2009, 50, 4706.

(8) Li, H.; Li,W.; Liu,W.; He, Z.; Li, Z.Angew. Chem., Int. Ed. 2011,
50, 2975.

(9) Related strategies of activation/methylation to afford tert-alkyl-
substituted aromatics have been demonstrated from tertiary benzylic
alcohols and chlorides; for an example, see: Hartsel, J. A.; Craft, D. T.;
Chen, Q.-H.; Ma, M.; Carlier, P. R. J. Org. Chem. 2012, 77, 3127 and
references cited therein.

(10) Alternative Lewis acids surveyed in optimization studies were
found to deliver inferior yields to AlCl3 with the main side reactions
being elimination and indane formation.

(11) In the absence of added nucleophile, from 1c, the following
indane was formed in 80% yield, where Ar = (4-MeO)C6H4.
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benzhydryl Meldrum’s acids 3. Relative to quaternary
benzyl Meldrum’s acids 1, benzhydryl Meldrum’s acids 3
were shown to be sensitive to the electronics of the rings.12

To our surprise, substitution product 4a was not formed
when 3a was reacted with Me3Al (Table 2, entry 1).
Instead, vigorous gas evolution was observed and starting
material recovered, suggesting a competing deprotonation
of the Meldrum’s acid moiety with formation of methane.
Similarly, the optimized conditions for allylation furnished
compound 4b in only modest yield (Table 2, entry 2).
Gratifyingly, methylation of the 5-position of Meldrum’s
acid remedied this limitation. Substitution product 4awas
formed in 92% yield when 3b was treated with Me3Al
(Table 2, entry 3). The allylation of 3b also proceeded in
highyield (Table 2, entry 4).Facile reactionswere observed
with electron-rich substrates 3c, 3d, and 3e which
efficiently afforded the desired methylation and al-
lylation products for both AlCl3 and Me3Al systems
(Table 2, entries 5�10). Substrate 3f bearing strong
inductively withdrawing substituents was inert toward

the methylation reaction (Table 2, entry 11, gas evolu-
tion also observed), and the allylation proceeded slug-
gishly (Table 2, entry 12). Remarkably, the methylated
analogue 3g enabled the methyl and allyl substitutions to
proceed in excellent yields (Table 2, entries 13 and 14). The
utility of this methodology was further demonstrated by
applying themethylation conditions to the synthesis of the
potent inhibitor of tubulin polymerization 4k (Table 2,
entry 15).13

A direct comparison to alternative leaving groups was
performed with substrates bearing the challenging qua-
ternary benzylic center motif under our optimized allyla-
tion conditions (Figure 2). In analyzing the allyl sub-
stitutions of 1o, 5a�d, Meldrum’s acid as a leaving group
was found to be superior to 1,3-diphenylpropane-1,3-dione,
acetate, chloride, and hydroxide,14 as 1o furnished 2z in
highest yield.15

In conclusion, we have described unprecedented sub-
stitution reactions through C�C σ-bond cleaving/C�X
(X = C, N, H) σ-bond forming reactions that allow
for direct modification of sp3-hybridized tertiary and
quaternary carbon centers with good to excellent
yields. Notably, a wide range of electronics and sub-
stitutions are tolerated on the substrate and a large
collection of nucleophiles can be added using this
system. Current efforts are directed at broadening
the use of Meldrum’s acid derivatives as convenient
leaving groups.
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Figure 2. Leaving group comparison in allyl substitutions.

Table 2. Substitutions at Tertiary Benzylic Centers

entry Ar; Ar0; R Cond Nu yield (%)

1a Ar = Ar0 = C6H5;

R = H (3a)

A Me N/A (4a)

2a (3a) B allyl 50 (4b)

3 Ar = Ar0 = C6H5;

R = Me (3b)

A Me 92 (4a)

4 (3b) B allyl 93 (4b)

5 Ar = Ar0 = 4-(MeO)C6H4;

R = H (3c)

A Me quant (4c)

6 (3c) B allyl 94 (4d)

7a Ar = 4-(MeO)C6H4;

Ar0 = C6H5; R = H (3d)

A Me 95 (4e)

8 (3d) B allyl 96 (4f)

9a Ar = 4-(MeO)C6H4;

Ar0 = 4-ClC6H4; R = H (3e)

A Me 87 (4g)

10a (3e) B allyl 91 (4h)

11 Ar = Ar0 = 4-ClC6H4;

R = H (3f)

A Me N/A (4i)

12a (3f) B allyl 42 (4j)

13 Ar = Ar0 = 4-ClC6H4;

R = Me (3g)

A Me 96 (4i)

14 (3g) B allyl 94 (4j)

15 Ar = 2-naphthyl;

Ar0 = 3,4,5-(OMe)3Ph;

Ar0 = 3,4,5-(OMe)3C6H2;

R = Me (3h)

A Me 99 (4k)

aReaction was performed in (CH2Cl)2 at 50 �C.
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