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Mechanistic investigation of the selective
reduction of Meldrum’s acids to b-hydroxy acids
using SmI2 and H2O†

Michal Szostak,* Sarah E. Lyons, Malcolm Spain and David J. Procter*

The mechanism of a recently reported first mono-reduction of

cyclic 1,3-diesters (Meldrum’s acids) to b-hydroxy acids with

SmI2–H2O has been studied using a combination of reactivity,

deuteration, kinetic isotope and radical clock experiments. Most

crucially, the data indicate that the reaction proceeds via reversible

electron transfer and that water, as a ligand for SmI2, stabilizes the

radical anion intermediate rather than only promoting the first

electron transfer as originally proposed.

Reduction of carbonyl groups with low-valent metals to gen-
erate ketyl intermediates is a fundamental process in organic
synthesis.1 For more polar carboxylic acid derivatives, single
electron transfer from the metal centre to form acyl-type
radicals is more challenging due to lower electrophilicity of
the carbonyl group precursors, which prevents selective elec-
tron transfer under mild conditions.2 Moreover, the formed
acyl-type radicals often undergo undesired decarbonylation to
give carbon monoxide and alkyl radicals.3 Accordingly, success-
ful examples of generation of acyl-type radicals from polar
carbonyl groups remain rare.1–3

Over the past decade, samarium(II) iodide (SmI2, Kagan’s
reagent) has emerged as a valuable reagent for promoting
electron transfer processes to carboxylic acid derivatives.4,5 In
particular, the reagent formed by activation of SmI2 with Lewis
basic ligands6 has enabled mild and modular synthesis of acyl-
type radical intermediates from various carboxylic acid pre-
cursors.7,8 Perhaps most intriguing among these reagents are
SmI2–H2O complexes6b formed via the addition of water to
SmI2(THF)n due to their excellent chemoselectivity in diverse
radical reactions.9

Recently, our laboratory has demonstrated that SmI2–H2O
exhibits remarkable selectivity in the reduction of carbonyl

groups of cyclic 1,3-diesters (Fig. 1)10 and lactones11 in that
the system shows full selectivity for the electron transfer to
cyclic esters over their acyclic analogues. The reduction of cyclic
1,3-diesters (Meldrum’s acids) with SmI2

10 is of particular
interest for the synthesis of b-hydroxy acids – important building
blocks for the synthesis of pharmaceuticals and polymers12 –
directly from Meldrum’s acids.13 Furthermore, the easily
assembled a,b-unsaturated Meldrum’s acids13 undergo sequen-
tial reductions in the presence of SmI2–H2O,10a providing a
general route for the synthesis of b-hydroxy acids, while other
methods involve multiple steps.14 Finally, a large scale practical
reduction of Meldrum’s acids using SmI2–H2O has been devel-
oped,10d,e and the potential of acyl-type radical intermediates in
cyclizations and reaction cascades has been demonstrated;10b,c

however, at present the effect of the reaction components on the
generation of acyl-type radicals from Meldrum’s acids remains
unclear.

Herein, we report the mechanistic investigation of the
SmI2–H2O-promoted first mono-reduction of Meldrum’s acids

Fig. 1 (A) Previous studies: chemoselective electron transfer to Mel-
drum’s acids (reduction, cyclization and cyclization cascades). (B) This
work: mechanistic investigation and role of water.
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to b-hydroxy acids. The reaction proceeds via acyl-type radical
intermediates generated by a direct electron transfer from
Sm(II) to the ester carbonyl. The study represents one of the
first mechanistic analyses of electron transfer processes to
carbonyl groups mediated by SmI2.15 Importantly, this investi-
gation outlines the interplay between SmI2 and H2O ligand,16

establishes the reversibility of the initial electron transfer and
provides insights for the rational development of radical reac-
tions based on the versatile Meldrum’s acid template using
Sm(II) complexes.

Initial studies suggested that selectivity in the mono-
reduction of Meldrum’s acids resulted from the rate of the
initial electron transfer to the carbonyl group and anomeric
stabilization of the radical anion intermediate.10a,b Moreover,
water as the ligand to Sm(II) was critical for the observed
reactivity. However, after continuous probing of the reaction
pathway, several observations suggested that an alternative
mechanism might be operative.

To elucidate the role of electronic and steric stabilization in
the SmI2-mediated reduction of Meldrum’s acids, a series of
reactivity studies were performed (Table 1).17 Because of the
heterogenicity of the reaction, kinetic studies proved not to be a
viable tool in the present reaction. Remarkably, in the series of
selected substrates (Table 1, entries 1–6) full selectivity for the
reduction of alpha-disubstituted esters over alpha-monosubstituted
esters was observed (Table 1, entries 4 and 5). Moreover, appreci-
able levels of selectivity were obtained depending on electronic
properties of the a-carbon substituent at the ester group under-
going the reduction (Table 1, entries 1–3 and 6) consistent with
electronic stabilization of ketyl-type radicals. The steric acceleration
of the reduction is unexpected and contrasts with the previously
observed steric inhibition of coordination of polar groups to Sm(II)

in the reduction of lactones and acyclic esters.15a,b We hypothesize
that the steric acceleration in the present case results from a
torsional strain in the radical anion intermediate in a half-chair
conformation.10a,b

Evidence for the reaction pathway was further gained by
examining the reactivity of substrates possessing two reactive
sites (entries 7–12). These results indicate that a,b-unsaturated
Meldrum’s acids undergo chemoselective reduction in prefer-
ence to their fully saturated counterparts (entries 7 and 8).
Moreover, a cyclopropyl-clock containing substrate results in a
faster reduction than for a,a-disubstituted Meldrum’s acids
(entries 9 and 10); however, its reduction is slower than that
of an a,b-unsaturated ester (entry 11). Finally, electronically-
differentiated a,b-unsaturated substrates result in a near
statistical rate of reduction (entry 12). These results outline
the order of reactivity of Meldrum’s acids with SmI2:
a,b-unsaturated c cyclopropyl 4 a,a-disubstituted c

a-monosubstituted.18 Importantly, the data presented in
Table 1 indicate high levels of chemoselectivity in the reduction
of Meldrum’s acids with SmI2–H2O.5f

To investigate the role of water as an activating ligand for
Sm(II), a series of rate studies were performed (Fig. 2a and
ESI†). Isobutyl-substituted ester was selected as a model sub-
strate. The study was performed by monitoring the reduction of
1c with increasing concentrations of water and quenching the
reaction at low conversions. Remarkably, a non-linear depen-
dence on water concentration was found in the reduction of 1c
(Fig. 2a). In agreement with the previous results, no reaction
was observed without the water additive and at low concen-
tration of water,10a,b (0–50 equiv.; see, ESI†). Next, at higher
concentrations of water (100–400 equiv.) the rate was found to
increase linearly with a slope. However, at high concentrations
of water (4400 equiv.) the rate decreased dramatically, which is
consistent with substrate dissociation from the inner coordina-
tion sphere of Sm(II).15 These results are in contrast to the
thermodynamic redox potentials of SmI2–H2O complexes15d

and other studies.11b Importantly, the rate of reduction of
acyl-type radicals can be varied by simply changing the concen-
tration of the water additive.19

We likewise investigated the role of SmI2 in the reduction of
Meldrum’s acids (Fig. 2b and ESI†). The study was performed
by monitoring the equivalents of SmI2 required for the
reduction of 1d with a set concentration of water and quench-
ing the reaction after disappearance of the active Sm(II)

Table 1 Intermolecular competition experiments in the reduction of
Meldrum’s acids using SmI2–H2Oa

Entry A B R1, R2 R3, R4 kA/kB
b

1 1a 1b Ph, H Bn, H 1.66
2 1b 1c Bn, H i-Bu, H 2.46
3 1a 1c Ph, H i-Bu, H 5.21
4 1d 1a Ph, Me Ph, H 420 : 1
5 1e 1c i-Bu, Me i-Bu, H 420 : 1
6 1d 1e Ph, Me i-Bu, Me 3.74

7c,d 1f 1e QCHi-Pr i-Bu, Me 420 : 1
8c,d 1f 1d QCHi-Pr Ph, Me 420 : 1
9d 1h 1e –(CH2)2– i-Bu, Me 420 : 1
10d 1h 1d –(CH2)2– Ph, Me 5.13
11c,d 1f 1h QCHi-Pr –(CH2)2– 420 : 1
12c,d 1f 1g QCHi-Pr QCHPh 1.37

a Conditions: Meldrum’s acid (1 equiv.), SmI2 (2 equiv., THF), H2O
(400 equiv.), 23 1C. Reaction time 30–60 s. b Determined by 1H NMR.
c SmI2 (1 equiv.), H2O (200 equiv.). In all entries 495% yield based on
reacted starting material. d Selective exo-cyclic reduction of olefin/cyclo-
propane to give the corresponding substituted Meldrum’s acids. See ESI.

Fig. 2 (a) Plot of conversion vs. concentration of H2O for reduction of 1c.
(b) Plot of conversion vs. concentration of SmI2 for reduction of 1d.
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complex. As indicated in Fig. 2b, the reaction of 1d is linear in
SmI2 and requires more than six equivalents of the reductant.
This is consistent with previous mechanistic studies on the
reduction of carbonyl groups with SmI2

15 and indicates that the
collapse of acetonide occurs prior to the final electron transfer
from Sm(II).

To gain independent evidence on the role of electron
transfer steps, we carried out experiments employing cyclopro-
pyl clocks (Table 2 and ESI†).20 The reaction of 1h (2 equiv. of
SmI2) resulted in rapid cyclopropyl ring opening to give acyclic
ester 2h. Cyclopropyl carbinol was not detected in the reaction.
The reaction with excess of SmI2–H2O (10 equiv., rt, 2 h)

resulted in a full reduction to the b-hydroxy acid. The reduction
with SmI2–H2O (8 equiv., 15 min) gave approx. 1 : 1 ratio of 2h to
2i. The reduction using SmI2–MeOH and SmI2–THF resulted in
alcoholysis and slow, non-selective reaction. Overall, these
findings strongly suggest that the reduction of Meldrum’s acids
with SmI2–H2O occurs via fast, reversible electron transfer and
that water activates the reagent towards the electron transfer.

Additional experiments were performed to gain insight into
the electron transfer steps (see ESI† and Table 3). (1) The
reduction of a series of a-mono and a,a-disubstituted substrates
with SmI2–D2O gives the b-hydroxy acid products with 498% D2

and D3 incorporation, suggesting that anions are protonated in a
series of electron transfer steps (see ESI†). Control reactions
demonstrate that a-proton exchange is faster than the reduction
(see ESI†). (2) The secondary kinetic isotope effect in the reduction
of 1d of 1.5 (intramolecular competition) suggests that proton
transfer to carbon is not involved in the rate determining step of
the reaction (see ESI†).21 (3) The reduction of a,b-unsaturated
Meldrum’s acids 1f and 1g (SmI2, 2 equiv.) proceeds with full
selectivity for the 1,4-reduction to give saturated Meldrum’s acid
derivatives (see ESI†). (4) Evaluation of the reduction of the
benchmark substrate using various Sm(II)–ROH systems indicates
that other SmI2 reagents can be used to promote selective mono-
reduction (Table 3). Importantly, under the optimized reaction
conditions over-reduction to 1,3-diol is not observed. Note, how-
ever, that the reactivity trend is divergent from the ligand effect on
the reduction of other carbonyl groups using Sm(II),15f which most
likely results from a combination of lower kinetic reactivity of
these substrates (entries 1–4), instability towards the reaction
conditions (entries 5 and 6), and differential coordination of the
sterically-encumbered reductants to the Meldrum’s acid carbonyl
groups (entries 7–12). Overall, these results demonstrate that
Sm(II) reagents based on chelating ligands6 and multicomponent
systems7 are new chemoselective reductants available for the
reduction of cyclic 1,3-diesters.

Scheme 1 shows a revised mechanism that is consistent with
the kinetic and reactivity studies presented herein. The key
features involve: (1) reversible initial electron transfer step; (2)
non-linear rate dependence on water concentration; (3) rate
determining second electron transfer step that is inhibited by
large concentrations of water.

In conclusion, we have elucidated the mechanism of the
selective mono-reduction of Meldrum’s acids to b-hydroxy acids

Table 2 Radical clock fragmentation studies in the reduction of Mel-
drum’s acids using SmI2

a

Entry
SmI2

(equiv.) ROH
ROH
(equiv.) Time

Conv.b

(%)
2h : 2ib

(%)

1 2 H2O 200 o1 min 87 495 : 5
2c 10 H2O 1000 2 h 495 o5 :495
3d 3 MeOH 200 1 h 495 495 : 5
4e 3 — — 3 h 50 495 : 5

a Conditions: Meldrum’s acid (1 equiv.), SmI2 (in THF), ROH, 23 1C.
b Determined by 1H NMR. Combined yield of 2h and 2i. Entries 1–3,
485% yield based on reacted starting material. c Ref. 10a. d Fragmen-
tation product consists of 2h and its methanolysis product (15 : 85).
e Entry 4, 23% yield. See ESI for full experimental details.

Table 3 Evaluation of chemoselectivity in the reduction of Meldrum’s
acids using SmI2–ROH/L.B. systemsa

Entry ROH/L.B.
ROH/L.B.
(equiv.) Time

Yieldb

(%)
Selectivity
2d : 2kb (%)

1 MeOH 4/1 v/v 2 h o5 —
2 ED 36 2 h o5 —
3 DCH 36 2 h o5 —
4 EG 36 2 h 84 495 : 5

5 n-BuNH2/H2O 12/18 5 min o5 —
6 Pyrrolidine/H2O 12/18 5 min o5 —
7 Et3N/H2O 12/18 5 min 92 495 : 5
8 Et3N/EG 12/18 5 min 84 495 : 5
9 Et3N/MeOH 12/18 2 h o5 —
10 TMEDA/H2O 12/18 5 min 46 495 : 5
11 N-Me-morpholine/H2O 12/18 5 min 80 495 : 5
12 DIPA/H2O 12/18 5 min 48 495 : 5

a Conditions: Meldrum’s acid (1 equiv.), SmI2 (4–6 equiv., THF), 23 1C.
In all entries, preformed solution of SmI2–ROH/L.B. was used. b Deter-
mined by 1H NMR. In all entries, yield based on reacted starting
material. ED = Ethylenediamine; DCH = trans-N,N0-dimethyl-1,2-
cyclohexyldiamine; EG = ethylene glycol; TMEDA = tetramethyl-
ethylenediamine.

Scheme 1 Proposed mechanism of the reduction of Meldrum’s acids.
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using the SmI2–H2O system. We hope that further research
aimed at understanding processes involving activation of SmI2

by Lewis basic ligands will enable discovery of new radical
reactions.

We are grateful to the EPRSC and GSK for financial support.
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20 M. Newcomb, Tetrahedron, 1993, 49, 1151.
21 E. M. Simmons and J. F. Hartwig, Angew. Chem., Int. Ed., 2012, 51, 3066.
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