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The thermolysis of Meldrum’s acid derivatives has emerged as a powerful methodology to generate

ketenes in polymeric structures, but the required high temperatures for ketene formation may reduce its

broad applicability. We take a molecular approach toward addressing this limitation by engineering

Meldrum’s acid derivatives to undergo thermolysis at significantly lower temperatures. Two distinct

strategies are presented and a thorough understanding of the molecular interactions governing their

reactivity is provided through model compound design and synthesis, crystal structure analysis, and

computation of transition structures. The generality of these molecular design principles allows for the

generation of ketenes under mild thermal conditions, providing significant opportunities as

a comprehensive and wide-ranging tool for controlling reactivity in both chemical and materials science

applications.
Introduction

As polymer chemists seek to design materials that move beyond

the traditional applications of commodity plastics, particular

attention has shifted to the synthesis of functional polymers to

address future challenges in health, energy, defense and envi-

ronmental technologies.1 Living polymerization strategies have

provided unparalleled control over polymer synthesis, but

functional polymers for next-generation material applications

require marrying precision polymer synthesis with strategies that

provide versatile, robust, and orthogonal chemical modification

of polymers.2,3 Recently our group and others have demon-

strated the versatility of ketenes4 in polymer chemistry5 as an

effective functional group for crosslinking and/or functionaliza-

tion of polymer thin-films.6 To date, this methodology has

provided opportunities in a number of advanced applications,

including the patterning of substrates,6,7 controlled crosslinking

of commodity polyolefins8 and fabrication of mechanically

robust, solvent–stable nanostructured materials.9 Crucial for this

methodology has been the use of 5,5-dialkyl Meldrum’s acid10 as
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a stable and modular ketene precursor that can be incorporated

into a variety of polymer backbones. Specifically, upon heating

dialkyl derivatives at elevated temperatures (>200 �C), a thermal

decomposition of the strained Meldrum’s acid ring provides the

desired dialkyl ketene along with acetone and carbon dioxide

(CO2) (Scheme 1).11 Although this thermolysis temperature is

well-suited to robust polyolefins, where standard processing

conditions require high temperatures,12 thermally sensitive

materials are not amenable to this type of processing.13

Accordingly, we sought to molecularly engineer Meldrum’s acid

derivatives in order to develop a family of ketene precursors with

lower activation temperatures.

Our observation that spiro-ring strain at the five position of

Meldrum’s acid lowers the ketene formation temperature (Tkf)
6

gave us confidence that the structure and energetics of Mel-

drum’s acid derivatives dictates their reactivity. Further, litera-

ture reports have noted that interactions of the Meldrum’s acid

carbonyls with electron withdrawing and/or donating moieties

generate ketenes at lower temperatures.14 For example, neigh-

boring group participation (NGP) has been well established for

decades and employs through-space interactions between Lewis

bases and carbonyls to accelerate and/or determine the stereo-

chemistry of reactions.15 Conversely, Fillion and co-workers
Scheme 1 Thermolysis of Meldrum’s acid to ketene, acetone and carbon

dioxide.
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recently found that Lewis acidic rare-earth triflates and/or

Brønsted acids activate the Meldrum’s acid carbonyl.16 They

employed these Meldrum’s acid derivatives as highly reactive

electrophiles in catalytic Friedel–Crafts type chemistry, predict-

ing a ketene intermediate to be formed at moderate temperatures

(<150 �C).16–19

In our efforts to molecularly engineer Meldrum’s acid con-

taining materials for the generation of ketenes at low tempera-

tures, we chose to pursue two distinct mechanisms: the activation

the Meldrum’s acid carbonyls by (1) intramolecular electron

donation of a Lewis base into the carbonyl carbon atom (Scheme

2A) and (2) electron withdrawal by a Brønsted acid (Scheme 2B).

Particular attention is given to understanding the mechanism of

these distinct approaches through model compound design and

synthesis, crystal structure analysis, and computational studies

of the transition structures. The molecular design principles,

materials synthesis, and further understanding of the thermolytic

chemistry described herein will be of broad use to synthetic

chemists and material scientists for a variety of applications.
Scheme 2 Pathways to lower the thermolysis temperature of Meldrum’s

acid derivatives through interactions with (a) Lewis bases or (b) Brønsted

acids.

Fig. 1 (A) The proposed mechanism of intramolecular Lewis base

activation to lower the thermolysis temperature of Meldrum’s acid

derivatives. (B) Monomers with different Lewis bases designed and

synthesized and (C) subsequent radically polymerized to afford Mel-

drum’s acid containing materials.

Scheme 3 Synthesis of Lewis base-containing Meldrum’s acid

derivatives.
Results and discussion

Lewis base activation

Initially, the intramolecular interaction of Lewis bases with the

carbonyl carbons of Meldrum’s acid was examined. Specifically,

we hypothesized that the presence of an intramolecular hetero-

atom would lower the energy barrier toward thermolysis

(Fig. 1A). Based on previous studies of neighboring group

effects,15,20–22 it is important to carefully select both the nature of

the Lewis base and the ring size in transition structure 1 to

optimize the interaction. To explore the utility and scope of this

chemistry, we designed and synthesized a number of derivatives

containing different Lewis bases in various intramolecular rela-

tionships with the Meldrum’s acid carbonyl (Fig. 1B).

The three molecules (2, 3 and 4) initially employed for

screening the validity of the proposed mechanism are structurally

similar, varying only with respect to the Lewis basic heteroatom.

All three are able to form the proposed five-membered ring

transition structures (1) and contain Lewis bases that are known

to participate in NGP, including ethers,23 thioethers,24 and

amines.20,25 The styrenic derivatives of the comparative mole-

cules were selected due to their utility in radical polymerization

(Fig. 1C), which will allow these monomers to be incorporated

into a range of material platforms.26–29 Furthermore, examina-

tion of the polymers derived from these molecules is advanta-

geous, as these materials are not volatile and allow the

thermolysis behaviour to be studied without problems associated

with sublimation.
This journal is ª The Royal Society of Chemistry 2012
Syntheses of the styrenic monomers generally began with

a Knoevenagel condensation of 4-vinylbenzaldehyde with Mel-

drum’s acid and in situ reduction to yield the 5-(para-vinyl-

benzyl)-substituted Meldrum’s acid.30 Subsequent alkylation at

the five position under mildly basic conditions with the appro-

priate 2-bromoethyl derivative affords the desired b-substituted

Meldrum’s acid with appropriately placed heteroatoms for NGP

(Scheme 3) (see ESI†). Alternatively, monomer 3 could be
Chem. Sci., 2012, 3, 766–771 | 767
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prepared by ring-opening of the electrophilic cyclopropyl Mel-

drum’s acid31 with an organic thiol under basic conditions fol-

lowed by alkylation with para-vinylbenzyl chloride. Radical

polymerization of these Meldrum’s acid derivatives was achieved

with the use of azobisisobutyronitrile (AIBN) at 65 �C under

oxygen-free conditions (Fig. 1C).

To understand the thermolysis behavior of Meldrum’s acid

derivatives and determine their Tkf, thermal gravimetric analysis

(TGA), which measures mass loss as a function of increasing

temperature, was employed. TGA has previously been used as

a tool to measure the mass loss of acetone and CO2 accompa-

nying ketene formation from Meldrum’s acid derivatives.6,9

Fig. 2 shows the TGA curves of the polymers made from

monomers 2, 3 and 4. An initial mass loss is evident for all

polymers well below the ceiling temperature of polystyrene and is

in close agreement with the theoretical mass loss of acetone and

CO2 to form the desired ketene. Similar results were also

observed when the monomers were copolymerized with styrene,

with slight differences in % weight loss, due to the different

overall molecular weights for the repeat units. This can be seen in

Fig. 2 where the TGA curves are normalized and analyzed

against the parent polymer 9 of the dibenzyl Meldrum’s acid

reported previously.6,9

As shown in Fig. 2, the thioether (7) and ether (8) polymers

show negligible changes in thermolysis temperature as compared

to the parent polymer 9. In contrast, the polymer bearing

a tertiary amine (6) shows a considerably lower temperature at

which acetone and CO2 are released. If the temperature at which

5 mol% of acetone and CO2 has been generated is defined as the

Tkf, then the thermolysis temperature of 9 is 216 �C, while that of
6 is 158 �C. This significant difference of �60 �C in thermolysis

temperature from the parent Meldrum’s acid suggests that the

Lewis basic amine plays an important role in activating the

Meldrum’s acid toward thermolysis. Ketene formation from

monomer 2 was confirmed by TGA coupled mass spectroscopy

and thermolysis of monomer 2, which resulted in the character-

istic peaks in the 13CNMR spectrum at 214.8 and 215.3 ppm

corresponding to the carbonyl carbons of the two isomers

(cis and trans) of the cyclobutanedione dimerization product.

To further investigate the effect of nitrogen-containing Lewis

bases, a set of Meldrum’s acid derivatives was synthesized to
Fig. 2 TGA curves of Meldrum’s acid containing polymers. The drop in

mass corresponds to the loss of acetone and CO2, which accompanies

ketene formation.

768 | Chem. Sci., 2012, 3, 766–771
explore the importance of the intramolecular orientation of the

neighboring heteroatom as well as the basicity of the nitrogen

atom.32–34 The monomers and the TGA results from their cor-

responding polymers are shown in Fig. 3. Monomer 10 will lead

to an increase in the ring size of the proposed transition state 1 to

a six-membered ring, which is known to significantly diminish

the rate of reaction in NGP. As shown in Fig. 3B, the thermolysis

temperature of the polymer derived from 10 is almost 50 �C
higher than for 6, with an onset temperature of 207 �C. To
decouple the intramolecular from intermolecular influence of the

tertiary amine, the synthesis of the extended amino monomer 11

was accomplished. Significantly, this derivative actually increases

the thermolysis temperature, which can be attributed to a remote

electronic effect. Lastly, to probe the influence of nitrogen atoms

with varying Lewis basicities, 12 was designed to allow the

proper structure for a five-membered ring TS in 1 but with a less

Lewis basic nitrogen contained in the aromatic triazole ring.

Fig. 3B shows that the thermolysis onset temperature of the

polymer derived from 12 is 190 �C, an intermediate value

between the thermolysis temperature of 6 and the parent poly-

mer, 9. Taken together, these results prove that subtle differences

in molecular design can dramatically modulate the kinetic barrier

to thermolysis over a wide range of temperatures, thereby dis-

playing the generality of this approach to tune Tkf of Meldrum’s

acid derivatives.

In order to rationalize the significant drop in temperature

provided by monomer 2, crystal structures of four relevant

molecules were studied. The structures of 2 and 10‡ are presented

in Fig. 4, while the structures of 5 and 12 can be found in ESI†.

Interestingly, a sterically unfavorable gauche conformation was

observed for the two-carbon spacer between the Meldrum’s acid

ring in 2 and the tertiary amine. This solid-state conformation

puts the Lewis basic tertiary amine in close proximity to the
Fig. 3 (A) Nitrogen containing Meldrum’s acid derivatives synthesized

and (B) the TGA curves of the polymers derived from each derivative.

This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2sc00841f


Fig. 4 ORTEP diagrams of tertiary amine containing monomers 2 and

10 with 50% probability ellipsoids. 2 shows a short 2.89 �A distance

between the nitrogen and carbonyl carbon, which is in contrast to the

long 5.23 �A distance for 10.

Fig. 5 Computational studies provide a (A) predicted reaction pathway

and (B) a reaction coordinate diagram showing transition structures for

a stepwise thermolysis of 13 to generate ketene 15.
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electron deficient carbonyl carbon, a distance measuring only

2.9 �A. This distance is significantly less than the 3.2 �A that the

van der Waals radii would predict,35 and suggest the two atoms

in monomer 2 have an interaction which overcomes their

inherent steric repulsion. Significantly, the intramolecular

phenomenon is similar to that observed by Burgi and Dunitz for

amines and ketones,36 which led to their well-known prediction

about the angle of attack on a carbonyl.37 When comparing the

structure of 2 to the crystal structure of monomer 10, the three-

carbon spacer between the Meldrum’s acid ring and tertiary

amine is in the sterically favorable anti conformation, placing the

tertiary amine a significant distance from the carbonyl carbon of

Meldrum’s acid (5.2 �A). The interaction of the amine with the

carbonyl carbon in the crystal structure of monomer 2 indicates

that this important intramolecular interaction may have impli-

cations on the chemistry of 2 and, thus, the polymeric material 5,

as was hypothesized in Fig. 1A.

While we have been able to demonstrate that molecular design

of Meldrum’s acid derivatives can lead to significant lowering of

the thermolysis temperature, the transition state and mechanism

is difficult to probe experimentally because of the high temper-

atures and fast kinetics of thermolysis. For this reason, a range of

computational studies was performed in order to understand the

mechanism for ketene formation from Meldrum’s acid deriva-

tives. To the best of our knowledge, no computational study on

the thermolysis of dialkyl Meldrum’s acid to dialkyl ketene has

been reported, although thermolysis of different Meldrum’s acid

derivatives and various dioxinones to acylketenes or cumu-

lenones has been studied.38–41 All computations were carried out

using Density Functional Theory (DFT) at the B3LYP/6-31G*

level of theory.42 By computing the thermolysis of 5,50-dimethyl

Meldrum’s acid, an analogue of 5, and using that as a starting

point, the energies of the transition structures of a number of

derivatives were compared.

For all calculations, the styrene ring was represented as

a methyl group to simplify the structural degrees of freedom of

the derivatives and minimize computation time. The thermolysis

of the analogue of monomer 5 was computed and a concerted

mechanism was found with coincident loss of acetone and CO2

and a relative activation energy (DE‡) of 39.7 kcal mol�1. The
This journal is ª The Royal Society of Chemistry 2012
thermolysis is endothermic by 14.3 kcal mol�1. With the forma-

tion of ketene from the analogue of monomer 5 as a benchmark,

we calculated the DE‡ of the analogues of monomers 2, 3 and 4

exploring the same concerted mechanism. In all cases the

monomers showed a DE‡ > 42 kcal mol�1, making the

thermolysis unfavorable as compared to the parent system.

Although this result was consistent with observations for the

ether and thioether systems, it diverged from experimental results

for monomer 2, which displayed a �60 �C drop in thermolysis

temperature. As a result, an alternate, multi-step mechanism for

the thermolysis of 2 was considered.

Computation of a multi-step pathway for 13, the methyl

analogue of monomer 2, provides a DE‡ for the initial loss of

acetone of 37.2 kcal mol�1, 2.6 kcal mol�1 lower in relative energy

than the thermolysis of the analogue of monomer 5 (Fig. 5). In

this calculated reaction mechanism, initial loss of acetone with

a DE‡ of 37.2 kcal mol�1 from 13 leads to a cyclic structure found

in a relatively flat area of the potential energy surface at a DE‡ of

about 26 kcal mol�1 (14). Immediate decarboxylation then

produces the desired ketene. These results were supported by an

intrinsic reaction coordinate (IRC)43 calculation starting from

the zwitterionic energy minimum structure (ESI†). The IRC

showed a distinct shallow region of the reaction coordinate

owing to the decarboxylation at 25.7 kcal mol�1, but no energy

minimum is evident, indicating a barrier-free decarboxylation to

form the dialkyl ketene 15. Analogous studies with other

heteroatoms (i.e. analogues of 3 and 4) or a different intra-

molecular relationship of the amine (analogue of 10) did not

behave similarly, instead preferring to undergo thermolysis in

a concerted fashion with DE‡ higher than that of 5. Beyond
Chem. Sci., 2012, 3, 766–771 | 769
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rationalizing experimental observations, these computational

studies of ketene precursors provide mechanistic insights into the

thermolytic events occurring in Meldrum’s acid based polymeric

materials.
Brønsted-acid activation

In examining other strategies for lowering the thermolysis

temperature of dialkyl Meldrum’s acid derivatives, we were

inspired by an observation of Fillion et al. that triflic acid can

catalyze the acylation of Meldrum’s acid derivatives at reduced

temperatures.16 Brønsted-acid derivatives were therefore

designed that would allow the study of both the intramolecular

and intermolecular effects of Brønsted-acid activation as well as

the relationship between Tkf and the magnitude of the Brønsted

acidity (Fig. 6A).

With the success of the computational study in understanding

Lewis base activated ketene formation, it was employed as

a screening tool to rationally design Brønsted-acid derivatives.

Initially, ketene formation from molecules 16 and 17 was

computed to test the effect of the alcohol as an intramolecular

hydrogen bond donor, and multiple plausible mechanisms of

thermolysis fromBrønsted acid activated systemswere considered

(Fig. 6B). If thermolysis was to occur along path a, the carbonyl

participating in hydrogen bonding is that of the resulting CO2.

Conversely, thermolysis by path b allows the hydrogen-bound

carbonyl to be that of the resulting ketene. Lower activation

barrierswere found computationally in both cases employing path

a for 16 and 17, where the carbonyl participating in hydrogen
Fig. 6 (A) Brønsted-acid containing Meldrum’s acid derivatives studied

and (B) the TGA profiles of 18 and 19.

770 | Chem. Sci., 2012, 3, 766–771
bonding was that of the resulting CO2 upon thermolysis. Further,

the thermolysis of 17, with aDE‡ of 37.5 kcalmol�1, was calculated

to be favorable as compared to both 16 and the analogue of 5.

Unlike in the case of Lewis base activation, which relied on the

kinetically favorable intramolecular five-membered ring forma-

tion, the favorable nature of the thermolysis of 17 was related to

the flexible three-carbon spacer between the Meldrum’s acid ring

and the hydroxyl. The flexibility of this longer linker afforded

more rotational degrees of freedom between the Meldrum’s acid

ring and the hydroxyl, providing for a short hydrogen bond length

of 2.0 �A in the computationally determined minimum energy

structure of 17, compared to a length of 2.4 �A for the analogous

structure in 16 (ESI†).

These computational results allow us to predict that the acti-

vation of Meldrum’s acid by Brønsted acids was predominately

an intermolecular effect, and the translational freedom afforded

by intermolecular interactions would lower thermolysis temper-

ature. Removing the restriction of making intramolecular

derivatives simplified synthesis considerably, as we chose to

evaluate the benzyl derivatives 18 and 19.44 TGA results clearly

demonstrates the significant lowering of Tkf for these molecules,

a decrease of �40 and �50 �C, respectively. Of particular note is

the phenolic derivative 18 shows a lower thermolysis temperature

than 19, displaying the importance of Brønsted acidity on the

magnitude of this phenomenon.

Further evidence of Brønsted acids activating the Meldrum’s

acid carbonyl was obtained from the crystal structure of 18,

where a hydrogen bound dimer was observed in the solid state

(Fig. 7A).x Here, the intermolecular hydrogen bond length from

phenol proton to carbonyl oxygen is measured at 2.08 �A

(Fig. 7B), much shorter than that predicted by the van der Waals

radii of the atoms at 2.7 �A.35 This hydrogen bonding in the solid

state shows the importance of reversible interactions in these

systems and provides further evidence for Brønsted-acid activa-

tion of Meldrum’s acid carbonyl groups.

Again computation of the intermolecular hydrogen bonding

was employed to probe its effect on ketene formation. Energy

minimization of the dimer of 18, analogous to that of the crystal

structure, was successfully obtained and used for further

computation. A calculation of the concerted thermolysis of 18,

assuming no hydrogen-bonding interactions, resulted in a barrier
Fig. 7 ORTEP diagrams of 18 with 50% probability ellipsoids showing

(A) the hydrogen bond dimer unit cell and (B) a perspective with atoms

hidden providing a clear view of the hydrogen bonding interaction

between the Brønsted acidic phenol proton and the Meldrum’s acid

carbonyl.

This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2sc00841f
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of 40.8 kcal mol�1, hereafter considered as the reference point for

this molecule. The energy-minimized structure of the full dimer

was used for calculating the barrier while having hydrogen bond

interactions. Again the largest effect occurred when the carbonyl

participating in hydrogen bonding was that of the to-be-formed

CO2 fragment upon thermolysis, akin to path a in Fig. 6B. In the

presence of a fixed hydrogen bond, the calculated energy barrier

for thermolysis of 18 is 37.5 kcal mol�1, 3.2 kcal mol�1 less than

the barrier without a hydrogen bond. Such a result agrees with

the experimental findings, which indicate a distinct lowering of

Tkf for Meldrum’s acid derivatives upon formation of intermo-

lecular hydrogen bonding interactions.
Conclusions

Through molecular-scale engineering of Meldrum’s acid deriv-

atives, structure/property relationships have been determined

that allow for significant lowering of the temperature required

for ketene formation. Activation of Meldrum’s acid by either

neighboring group participation of Lewis bases or the presence

of Brønsted acids was shown to lower the thermolysis tempera-

ture by �60 �C. In both strategies, an understanding of the

influences on and mechanism of ketene formation was gained

through crystal-structure analysis and computation. This study

not only affords materials scientists the ability to fine tune the

thermolysis temperature of Meldrum’s acid derivatives for

applications in thermolytic crosslinking or condensation poly-

mer synthesis, but also illustrates the important convergence of

polymer property design with physical organic chemistry.
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