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Investigating the Ritter Type Reaction of α-Methylene-β-hydroxy Esters in
Acidic Medium: Evidence for the Intermediacy of an Allylic Cation

Marcus M. Sá,*[a] Misael Ferreira,[a] Giovanni F. Caramori,[b] Laize Zaramello,[b]

Adailton J. Bortoluzzi,[c] Deonildo Faggion Jr.,[d] and Josiel B. Domingos*[d]

Keywords: Nucleophilic addition / Allylation / Reactive intermediates / Reaction mechanisms / Solvolysis

The acid-mediated solvolytic transformation of α-methylene-
β-hydroxy esters in acetonitrile was investigated. The reac-
tion was shown to involve nucleophilic attack either at the
terminal methylene or at the benzylic carbon. Kinetic and
theoretical studies were performed to elucidate the possible
pathways involved in the formation of the acetamide prod-
ucts, i.e., through an addition-elimination mechanism, a con-
certed process (SN2 and SN2�), or involving an allylic cation

Introduction

The chemistry of allylic derivatives and the propensity of
their nucleophilic substitution reactions to result in re-
arranged products have been the subject of intensive study
for over a century.[1–3] However, the exact structures of the
possible products formed, as well as their relative distribu-
tion, are often rather unpredictable because they are de-
pendent on the allylic substrate and on a range of reaction
variables. Therefore, detailed mechanistic studies have been
carried out to understand this transformation at such a
level that it should be possible to control the reaction pro-
file. Consequently, a diverse array of mechanisms have been
proposed for the nucleophilic substitution involving allylic
derivatives. These include SN1-type (through the intermedi-
acy of an allylic cation or a closely related intimate ion
pair), SN2�-type (by nucleophilic displacement with con-
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(SN1 and SN1�). The results of the kinetic analysis, including
the isotope effect, Hammett plot, and Eyring plot, are in
agreement with a proton transfer equilibrium prior to the for-
mation of a benzylic carbenium ion intermediate, which is
consistent with a unimolecular stepwise mechanism. Theo-
retical examination at the DFT level of theory corroborated
these findings, with the lowest activation energy being asso-
ciated with the SN1�-type mechanism.

comitant double-bond migration), stepwise addition-elimi-
nation (wherein a stabilized carbanion is invoked), as well
as combinations of these.[4–6]

Although these contributions sum up the current sce-
nario, many points of controversy or general uncertainty
and several unanswered questions still remain. Due to the
particularities of the allylic substitution, the product struc-
ture (and the mechanisms involved in this transformation)
cannot be reliably anticipated on the basis of similarities
with previously reported reactions. Further investigation is
needed to rationalize the mechanistic intricacies. Unfortu-
nately, such detailed studies are not available for nucleo-
philic reactions involving α-methylene-β-hydroxy esters,
ketones and nitriles B (Scheme 1).

Perhaps the most explored allylic framework of all time,
allylic alcohols B are widely employed as building blocks
for the stereoselective synthesis of a great variety of biolo-
gically relevant heterocycles and natural products.[7] This
versatile class of compounds is readily available from the
Morita–Baylis–Hillman reaction, an organocatalyzed cou-
pling of aldehydes with α,β-unsaturated esters, ketones or
nitriles that represent a 100%-atom-economy process. Be-
sides the overwhelming amount of research on the Morita–
Baylis–Hillman reaction, which can be inferred from the
number of recent reviews and reports published in this cre-
ative area of research,[8] only a few papers have been dedi-
cated to defining the mechanistic aspects of nucleophilic
substitution reactions involving the allylic backbone char-
acteristic of the Morita–Baylis–Hillman adducts.[9–12]

The multifunctional allylic alcohol B can formally par-
ticipate as a Michael acceptor for the conjugate addition
of suitable nucleophiles (hydride, halides, sulfinates) to give
rearranged P�-type products, which are valuable synthetic
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Scheme 1. Conceivable mechanisms for nucleophilic substitution in
the allylic scaffold.

intermediates[13,14] (Scheme 1). Although the mechanistic
outcome for the reactions carried out under basic or nearly
neutral conditions has not been explored in detail, it is gen-
erally accepted that initial nucleophilic 1,4-addition fol-
lowed by an elimination step from the intermediate A oper-
ates in these cases, rather than merely an SN1�- or SN2�-
type process. Therefore, the stereoselectivity observed for
the double bond in P�, which is dependent on the electron-
withdrawing group (EWG), could be explained by steric ef-
fects associated with the substitution pattern in A.[14]

Clearly, when the nucleophilic displacement (by halides, ni-
trate or acetonitrile) occurs under acid catalysis, this pro-
posal for the mechanism would not hold because the forma-
tion of anionic intermediate A would be unlikely to occur
in an environment with a high concentration of H+

(Scheme 1). Nonetheless, some authors[15–19] propose the
intermediacy of a protonated species AH+ (a simple variant
of A) in acidic medium to give rearranged P� after the elimi-
nation of water as a suitable leaving group. In fact, acid-
mediated nucleophilic substitutions through an SN1-type re-
action, by the intermediacy of carbenium ion C or related
ionic pairs, has only occasionally been proposed for allylic
alcohols.[20,21]

During the development of a simple and general method
to prepare (Z)-allylic bromides[22] by treating 1 with a com-
bination of lithium bromide and sulfuric acid in acetonitrile
at room temp.,[23] we found that acetamides 2 and 3 (ob-
tained from a Ritter type[16,24–27] reaction with the solvent)
were competitively formed when LiBr was replaced by less
soluble sodium or potassium bromide. Our interest in syn-
thetic transformations involving allylic alcohols B[28] and in

Scheme 2. Acid-mediated Ritter type reactions of α-methylene-β-hydroxy esters 1 with acetonitrile (R = H, CH3O, CH3, F, Cl, NO2).
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mechanistic studies on nucleophilic reactions[29] prompted
us to undertake an in-depth investigation of the acid-medi-
ated solvolytic nucleophilic substitution reaction involving
the α-methylene-β-hydroxy esters 1 with acetonitrile to give
the corresponding mixture of allylic acetamides 2 and 3
(Scheme 2). Herein, we describe and discuss in detail our
full experimental and theoretical results, which we hope will
contribute to a better understanding of the behavior of
multifunctionalized allylic motifs.

Results and Discussion

Synthesis

Allylic acetamides 2 and 3 (Scheme 2) were prepared by
the acid-mediated Ritter reaction of α-methylene-β-hydroxy
esters 1 in the presence of an excess of acetonitrile (used as
the solvent). Reaction times, product ratios, and yields for
representative aryl-substituted acetamides are presented in
Table 1. The consumption of 1 was monitored by TLC and
complete conversion into the expected products was readily
achieved for more electron-rich substrates (entries 2 and 3),
whereas those substituted with electron-withdrawing groups
led to slower transformations (entries 5 and 6). In all reac-
tions studied, a mixture of isomeric acetamides 2 and 3 was
obtained. In most cases, minor amounts of allylic alcohol
4[30] were also detected (except for cases detailed in entries
2 and 6), which could be readily separated out by filtration
through a plug of silica gel.

Table 1. Experimental conditions for the synthesis of allylic acet-
amides 2 and 3 from the solvolysis of α-methylene-β-hydroxy esters
1.[a]

Entry R Time [h] Ratio [%] Yield [%] Yield
2/3/4[b] 2/3[c] [%] 2[d]

1 H 1 55:35:10 57 [1.6:1] 20
2 CH3O 0.5 92:8: � 1 85 [10:1] 60
3 CH3 0.5 60:32:8 75 [1.9:1] 30
4 F 0.5 57:33:10 55 [1.7:1] 25
5 Cl 3 55:33:12 50 [1.6:1] 25
6 NO2 120[e] 70:30: � 1 48 [2.3:1] 15

[a] Reaction conditions: 1 (1.0 mmol), H2SO4 (2.5 equiv.), MeCN
(3.0 mL), 0�25 °C. [b] The relative product distribution (%) was
determined by integration of suitable peaks in the 1H NMR spec-
trum (400 MHz, CDCl3) of the crude reaction mixture. [c] Yield
after column chromatography; rearranged alcohol 4 was also iso-
lated in up to 10% yield. [d] Yield after column chromatography
followed by crystallization (CH2Cl2) of the major isomer 2.
[e] H2SO4 (5.0 equiv.) was used.

The ratio of isomeric acetamides 2/3 varied depending
on the ring substitution, however, preferential formation of
isomer 2 was observed in all cases. An acceptable level of
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Figure 1. ORTEP plot of acetamides 2a (R = H; left) and 2d (R = F; right); ellipsoids are drawn at the 40 % probability level.

selectivity was only achieved when the aromatic ring was
substituted with a strongly electron-donating R group
(Table 1, entry 2). Due to the propensity of allylic alcohols
1 to undergo a variety of transformations involving mi-
gration of the double bond,[7,8] it is surprising to find no
mention of the competitive formation of isomeric acet-
amide 3 in related Ritter type reactions of 1 reported in the
literature.[16,20a,27]

Although complete chromatographic separation of iso-
meric acetamides 2 and 3 could not be achieved at this
stage, the major isomer 2 was selectively isolated in fair
yields after crystallization from CH2Cl2 (Table 1). The un-
equivocal structural elucidation of allylic acetamides 2a and
2d was further confirmed by single-crystal X-ray crystallo-
graphic analysis (Figure 1; see also the Supporting Infor-
mation). These compounds are isostructural and both
structures show perfect stacking of molecules along the
crystallographic c-axis. Furthermore, the presence of the
intermolecular N–H···O hydrogen bond leads to the forma-
tion of a one-dimensional polymeric structure parallel to
the [001] direction.

To check whether any of the detected products 2–4 might
be a reaction intermediate (i.e., if one product can be con-
verted into any other under the acidic reaction conditions),
control reactions were performed with acetamide 2d, acet-
amide 3d (in a 6:1 mixture with 2d), and allylic alcohol 4d,
which were separately treated with acetonitrile and H2SO4

at room temp. for several hours. After the usual aqueous
work-up, each compound was recovered unchanged and no
interconversion or decomposition in the reaction medium
was observed in any of the cases.

Further analysis of the reaction profile was achieved by
running the Ritter type reaction of 1 directly in an NMR
tube for various reaction times (see the Supporting Infor-
mation). Formation of the three expected products 2–4 with
simultaneous consumption of substrate 1 was evidenced in
the first few minutes, immediately after the addition of
H2SO4 to a solution of 1 in CD3CN. The reaction reached
completion (� 95% conversion by NMR spectroscopic
analysis) three hours later to give 2/3/4 in ratios that were
similar to those given in Table 1.

www.eurjoc.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 0000, 0–04

Mechanistic Analysis and Kinetic Data

The mechanism of the acid-mediated solvolysis reactions
of α-methylene-β-hydroxy esters 1 in acetonitrile (Scheme 2)
was investigated by means of kinetic and theoretical ap-
proaches. The reaction kinetics were monitored spectropho-
tometrically by measuring the appearance of major acet-
amide products 2, which show distinct spectral profiles with
maximum absorptions at around 270 nm. The reaction
obeyed pseudo-first-order kinetics for at least three half-
lives. Figure 2 shows the dependence of the reaction of 1a
(R = H; see the Supporting Information for R = CH3O,
CH3, F, and Cl) on the acid concentration, with a linear
correlation between kapp, the pseudo-first-order rate con-
stant, and the concentration of sulfuric acid.

Figure 2. Acid-mediated solvolysis reactions of α-methylene-β-
hydroxy ester 1a (R = H) in acetonitrile at 25 °C.

The apparent second-order rate constants kH were deter-
mined from the slopes of these correlation curves. As shown
in Table 2, the reaction rates were greatly increased by the
introduction of electron-donating substituents at the para-
position. However, because the substitution pattern can af-
fect either pre-equilibrium protonation or a subsequent
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rate-controlling step with the formation of a positively
charged intermediate, a reaction pathway involving the BH+

intermediate (Scheme 1) cannot be kinetically distinguished
at this point.

Table 2. Apparent second-order rate constant for the acid-catalyzed
solvolysis of α-methylene-β-hydroxy esters 1a–f in CH3CN at 25 °C.

Entry 1[a] R kH (Lmol–1 s–1)

1 1a H 5.8 �10–3

2 1b CH3O 9.5�102

3 1c CH3 0.1
4 1d F 8.7�10–3

5 1e Cl 1.5�10–3

[a] It was not possible to observe the formation of any product
from 1f (R = NO2) under the experimental conditions of the kinetic
studies.

To ascertain whether the protonation step is rate-con-
trolling, the solvent kinetic isotope effect was determined
for the solvolysis of the unsubstituted α-methylene-β-
hydroxy ester 1a. It was observed that changing the acid
catalyst from H2SO4 to D2SO4 led to a small inverse solvent
kinetic isotope effect of kH(H)/kH(D) = 0.91, which is typical
of reactions proceeding with a rapid protonation in pre-
equilibrium.

In addition, the rate constants shown in Table 2 are well-
correlated in the Hammett plot with the appropriate Ham-
mett substitution constants (Figure 3). Whereas ordinary σ
constants did not correlate with the experimental data, a
rather satisfactory linear correlation with the σ+ values was
obtained, giving a reaction constant, ρ, of –6.5. These data
suggest that, in the transition state, electron-donating
groups stabilize the positive charge developed at the benz-
ylic carbon through direct resonance interaction, which is
consistent with a stepwise mechanism.

Figure 3. Hammett plot for the solvolysis reaction of α-methylene-
β-hydroxy esters 1 in acetonitrile at 25 °C (R = H, CH3O, CH3, F,
Cl).

These results strongly support the hypothesis of a rate-
controlling step involving the formation of a carbenium ion
intermediate, as expected for the unimolecular pathway
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(Scheme 3). In this case, the second-order rate constant kH

is the product k1Keq, where k1 is the rate constant for the
formation of the carbenium ion intermediate I and Keq is
the equilibrium constant for the protonation of the α-meth-
ylene-β-hydroxy ester 1.

Scheme 3. Generation of carbenium ion I (R = H, CH3O, CH3, F,
Cl).

The effect of temperature on the reaction rate was
studied over a range of 25–65 °C. The experimental entropy
of activation (ΔS‡ = –37.2 Jmol–1 K–1) was obtained from
an Eyring plot (Figure 4). The negative sign of the observed
entropy of activation is typical of solvolysis processes, indi-
cating an extensive reorganization of the solvent shell in the
transition state as a result of the solvation of ions. In ad-
dition, the magnitude of the entropy of activation is indica-
tive of a unimolecular rather than bimolecular reaction,
which normally presents larger negative values in solvolytic
reactions (ca. –60 to –80 Jmol–1 K–1).[31]

Figure 4. Eyring plot for the solvolysis reaction of α-methylene-β-
hydroxy ester 1a (R = H), in acetonitrile from 25 to 65 °C.

Mechanistic Analysis and Theoretical Investigation

Possible mechanisms for the formation of nitrilium cat-
ions II and III from protonated α-methylene-β-hydroxy es-
ters 1H+ (Scheme 4) were also investigated through the de-
termination of the intrinsic reaction coordinate (IRC),[32]

the minimum energy pathway connecting reactants to prod-
ucts via a transition state. All calculations were performed
with the Gaussian03 package,[33a] using the B3LYP[33b,33c]/
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TZVP[33d,33e] level of theory. Three representative substrates
were chosen based on the substitution pattern of the aryl R
group, wherein R = CH3O represents an electron-donating
group (1b), R = NO2 an electron-withdrawing group (1f),
and R = H for the unsubstituted control (1a).

Scheme 4. Mechanistic representation of possible pathways for the
solvolysis reaction of protonated α-methylene-β-hydroxy esters 1H+

in acetonitrile (R = H, CH3O, NO2).

Scheme 4 illustrates the four mechanisms under study
that are related to the participation of a carbenium ion in-
termediate (by SN1 vs. SN1�) or to a concerted nucleophilic
substitution process (by SN2 vs. SN2�). According to
Scheme 4, two possible sites (C1 and C3) are envisioned for
nucleophilic attack on the allylic moiety regardless of
whether the mechanism involves a stepwise process or a bi-
molecular displacement. Further transformation of inter-
mediates II and III into the corresponding allylic acet-
amides 2 and 3 under hydrolytic conditions is a well-estab-
lished process and was not addressed in this mechanistic
study.

Analysis of the energy barrier for each of the four solvo-
lytic pathways originating from the protonated α-methyl-
ene-β-hydroxy esters 1H+ (Scheme 4) allowed estimation of
the activation energy (Ea) in most cases (Table 3). In the
case of the SN2 mechanism (entries 1, 5, and 9), it was not
possible to observe a single transition state for the conver-
sion of the substrate into the product, even after an exhaus-
tive search. Consequently, no further examination was per-
formed for this mechanism. Even though the activation en-
ergy values for the alternative SN2�-type bimolecular
mechanism could be calculated in the three cases (entries 2,
6, and 10), they were much higher than the values found
for the stepwise mechanisms (entries 3, 4, 7, 8, 11, and 12).
These data endorse the stepwise mechanisms over the unfa-
vorable simultaneous displacement of the leaving group by
acetonitrile.

www.eurjoc.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 0000, 0–06

Table 3. Activation energies (Ea) according to the type of reaction
mechanism and substitution pattern (R).

Entry R Mechanism type Ea [kcalmol–1]

1 H SN2 not found
2 H SN2� 21.50
3 H SN1 12.72
4 H SN1� 10.13
5 CH3O SN2 not found
6 CH3O SN2� 21.72
7 CH3O SN1 7.67
8 CH3O SN1� 4.61
9 NO2 SN2 not found
10 NO2 SN2� 21.36
11 NO2 SN1 13.71
12 NO2 SN1� 11.27

It is also important to note that, of the two possible step-
wise processes (SN1 and SN1�), SN1� is predicted to be prev-
alent in all cases (compare Table 3, entries 3 and 4; 7 and
8; 11 and 12), giving the corresponding allyl acetamides 2
via intermediate II as the major isomer, in agreement with
the observed experimental data (see Table 1). The concor-
dance between the theoretical and experimental results in-
volving the isomeric ratio of 2/3 supports the possibility
that the product distribution is controlled kinetically, given
that no equilibration between 2 and 3 takes place under the
reaction conditions (see above).

The energy diagram for the stepwise mechanisms (SN1
vs. SN1�) in the solvolysis reaction of unsubstituted α-meth-
ylene-β-hydroxy ester 1a (R = H) is shown in Figure 5. The
energy diagrams for the substituted analogues 1b (R =
CH3O) and 1f (R = NO2) show similar profiles, with minor
changes in the bond lengths and the geometries (see the
Supporting Information for R = CH3O and NO2). For in-
stance, the effect of the electron-donating group reflects the
expected capacity of each substituent to stabilize a positive
charge, with the methoxy group presenting a much lower
energy barrier in relation to the other cases studied. The
results of these theoretical studies provide a good fit with
the experimental findings in which α-methylene-β-hydroxy
ester 1b (R = CH3O) is approximately 2� 105 times more
reactive than 1a (R = H).

Finally, the preferential formation of allylic acetamide 2
(through an SN1�-type mechanism) over acetamide 3
(through an SN1-type mechanism) could also be predicted
from the theoretical results. Natural bond orbital (NBO)
population analysis of the transition states TSIIA and
TSIIIA (Figure S16 of the Supporting Information) re-
vealed that the most stabilizing interactions involving occu-
pied and nonoccupied NBOs are the N lone pair of aceto-
nitrile, LP(N)�p(C), and the π-type conjugative delocaliza-
tions π(CC)�p(C), which are more stabilizing in TSIIA than
in TSIIIA. Conjugative delocalizations involving NBOs
from ester moieties [π(CO)�π*(CC)] and [σ(CO)�σ*(CC)] are
not significant in either case. Contributions to steric ex-
change energy, the energy associated with N-electron anti-
symmetry of the wave function, which is closely related to
the concept of steric ‘contact’ between electron pairs, were
evaluated by computing the interactions between occupied
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Figure 5. Energy diagram with predicted geometries and relative
energies obtained from calculations of the stepwise pathways
(dashed line = SN1 and dotted line = SN1�) for unsubstituted α-
methylene-β-hydroxy ester 1a (R = H).

NLMOs. The investigation of such interactions in both
transition state structures, TSIIA and TSIIIA, indicated
that only the latter TS presented some steric destabilizing
interactions between acetonitrile and water molecules (Fig-
ure S17 of the Supporting Information); however, such ste-
ric effects can be considered to be of minor significance.

Although in all cases the theoretical and experimental
results are consistent with a stepwise process, the hypothesis
that the formation of a carbenium ion as a reaction inter-
mediate is the rate-controlling step was puely based on the
experimental evidence. Moreover, the stepwise SN1�-type
process ultimately leads to the major acetamides 2, which
have greater stability. This stability is endorsed by compar-
ing the changes in the Gibbs free energies of the products
(acetamides 2 and 3) with those of the reagents (α-methyl-
ene-β-hydroxy esters 1), as shown in Table 4. For all rea-
gents 1, independent of the substitution pattern (R), the
SN1� path is more exergonic than the SN1 path.

Table 4. Changes in the calculated Gibbs free energies (kcalmol–1)
of acetamides 2 and 3 in relation to those of the reagents (α-methyl-
ene-β-hydroxy esters 1).

1 R Acetamide 2 Acetamide 3

1a H –20.37 –16.76
1b CH3O –18.56 –14.37
1f NO2 –16.52 –13.76

It can therefore be assumed that nucleophilic substitution
involving allylic derivatives bearing aryl moieties is strongly
dependent on the nature of the substituent. This effect is
directly related to the stabilization of a benzylic carbenium
ion intermediate, whereas product formation is controlled
kinetically.

Conclusions

Kinetic and theoretical investigations were undertaken to
elucidate the mechanism involved in the acid-mediated sol-
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volysis reaction of α-methylene-β-hydroxy esters in acetoni-
trile to give isomeric acetamides 2 and 3. The kinetic data
showed that the reaction rates are greatly increased by elec-
tron-donating substitution at the para-position. All results
for the solvent kinetic isotope effect, Hammett plot, and
Eyring plot support the hypothesis of rapid protonation in
a pre-equilibrium step, followed by the formation of a benz-
ylic carbenium ion intermediate and that the product distri-
bution is governed by kinetic control. The theoretical stud-
ies corroborated these results, showing that the preferential
formation of allylic acetamide 2 over the isomeric acet-
amide 3 through a stepwise SN1�-type mechanism is due to
a lower energy barrier.

Experimental Section
General Experimental Procedures: See the Supporting Information.

Typical Procedure for the Synthesis of Acetamides 2 and 3: To a
stirred solution of α-methylene-β-hydroxy ester 1 (1.0 mmol) in
MeCN (3.0 mL) was added 96% H2SO4 (2.5 mmol) at 0–5 °C. The
reaction was allowed to warm and stirring was continued at 25 °C.
After the time given in Table 1, the final mixture was diluted with
CH2Cl2 and washed with H2O, satd. NaHCO3, and brine. The or-
ganic extract was dried with Na2SO4, filtered, and concentrated
under reduced pressure. The resulting residue was purified by
chromatography (silica gel; hexane/ethyl acetate, 6:4) to give the
corresponding mixture of isomeric acetamides 2 and 3 (Table 1).
The major isomer 2 could be separated by filtration after crystalliz-
ing from CH2Cl2 followed by washing of the solid with diethyl
ether. Acetamides 2a, 2c, and 2e are known compounds and their
IR and NMR (1H and 13C) spectra were in agreement with re-
ported data.[16,20a,27]

Methyl (E)-2-(Acetamidomethyl)-3-(4-methoxyphenyl)-2-propenoate
(2b): White solid; m.p. 108.0–110.0 °C. IR (KBr): ν̃max = 3419,
3285, 2956, 2841, 1714, 1636, 1606, 1538, 1514, 1438, 1307, 1261,
1233, 1180 cm–1. 1H NMR (400 MHz, CDCl3): δ = 1.97 (s, 3 H),
3.80 (s, 3 H), 4.34 (d, J = 5.6 Hz, 2 H), 6.18 (br s 1 H), 6.91 (d, J

= 8.8 Hz, 2 H), 7.49 (d, J = 8.8 Hz, 2 H), 7.72 (s, 1 H) ppm. 13C
NMR (100 MHz, CDCl3): δ = 23.4 (CH3), 37.0 (CH2), 52.3
(OCH3), 55.4 (OCH3), 114.3 (2� CH), 125.2 (C), 126.6 (C), 131.8
(2� CH), 142.5 (CH), 160.7 (C), 168.7 (C), 169.8 (C) ppm.
C14H17NO4 (263.29): calcd. C 63.87, H 6.51, N 5.32; found C
63.77, H 6.87, N 5.09.

Methyl (E)-2-(Acetamidomethyl)-3-(4-fluorophenyl)-2-propenoate
(2d): White solid; m.p. 156.5–158.0 °C. IR (KBr): ν̃max = 3434,
3260, 3067, 2953, 1706, 1630, 1601, 1552, 1508, 1225 cm–1. 1H
NMR (400 MHz, CDCl3): δ = 1.99 (s, 3 H), 3.85 (s, 3 H), 4.32 (d,
J = 6.0 Hz, 2 H), 6.16 (br s 1 H), 7.11 (t, J = 8.6 Hz, 2 H), 7.22
(dd, J = 5.2, 8.6 Hz, 2 H), 7.74 (s, 1 H) ppm. 13C NMR (100 MHz,
CDCl3): δ = 23.4 (CH3), 36.8 (CH2), 52.4 (OCH3), 116.0 (d, J =
21.4 Hz, 2� CH), 127.6 (C), 130.3 (C), 131.9 (d, J = 8.3 Hz, 2 �

CH), 141.3 (CH), 163.3 (d, J = 249.2 Hz, 1 C), 168.4 (C), 169.8
(C) ppm. C13H14FNO3 (251.26): calcd. C 62.14, H 5.62, N 5.57;
found C 62.33, H 6.05, N 5.77.

Methyl 3-Acetamido-3-(4-fluorophenyl)-2-methylenepropanoate
(3d): Colorless oil; obtained as a mixture (90:10) of 3d/2d. IR
(KBr): ν̃max = 3286, 3049, 2954, 2853, 1725, 1653, 1511, 1439, 1293,
1226, 1158, 1093 cm–1. 1H NMR (400 MHz, CDCl3): δ = 2.05 (s,
3 H), 3.69 (s, 3 H), 5.93 (s, 1 H), 5.97 (d, J = 9.2 Hz, 1 H), 6.36 (s,
1 H), 6.67 (br s, 1 H), 6.99 (t, J = 8.6 Hz, 2 H), 7.22 (dd, J = 5.6,
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8.6 Hz, 2 H) ppm. 13C NMR (100 MHz, CDCl3): δ = 23.5 (CH3),
52.2 (OCH3), 54.4 (CH), 115.6 (d, J = 21.3 Hz, 2� CH), 127.8
(CH2), 128.2 (d, J = 8.1 Hz, 2� CH), 135.5 (C), 139.0 (C), 162.2
(d, J = 244.7 Hz, C), 166.3 (C), 169.3 (C) ppm. HRMS (ESI+): m/z
calcd. for C13H14FNO3 [M + Na]+ 274.0850; found 274.0852.

Methyl (E)-2-(Acetamidomethyl)-3-(4-nitrophenyl)-2-propenoate
(2f): White solid; m.p. 129.5–131.0 °C. IR (KBr): ν̃max = 3440,
3250, 3073, 1727, 1631, 1515, 1345, 1236, 1205, 1122 cm–1. 1H
NMR (400 MHz, CDCl3): δ = 1.99 (s, 3 H), 3.88 (s, 3 H), 4.27 (d,
J = 6.0 Hz, 2 H), 6.19 (br s 1 H), 7.75 (d, J = 8.4 Hz, 2 H), 7.78
(s, 1 H), 8.28 (d, J = 8.4 Hz, 2 H) ppm. 13C NMR (100 MHz,
CDCl3): δ = 23.3 (CH3), 36.7 (CH2), 52.6 (OCH3), 123.9 (2� CH),
130.5 (2� CH), 131.2 (C), 139.4 (CH), 140.8 (C), 147.8 (C), 167.6
(C), 170.0 (C) ppm. HRMS (ESI+): m/z calcd. for C13H14N2O5 [M
+ Na]+ 301.0795; found 301.0795.

Kinetic Measurements: Solvolysis reactions of substrates 1a–e
(0.10 mmolL–1) in the presence of concentrated sulfuric acid were
carried out in a quartz cell with 3.0 mL final volume in acetonitrile.
All reactions, at 25.0 °C, were monitored by following the increase
in absorbance resulting from the release of the corresponding acet-
amide products with a spectrophotometer fitted with a thermostat-
ted cell holder (Varian Cary 60). Apparent first-order rate con-
stants (kapp) were calculated by using a nonlinear least-squares fit-
ting of the absorbance vs. time. Second-order rate constants (kH)
were obtained from the slopes of plots of the apparent first-order
rate constants against the concentration of sulfuric acid.

Computational Procedures: All calculations were performed with
the Gaussian03 package at the B3LYP/TZVP level of theory.
Geometry optimizations and the search for transition states were
performed in the gas phase. To find the guess structures to evaluate
the transition states (TS), relaxed scans of the reaction pathways of
the potential energy surface were performed. The identified saddle
points were then optimized as transition states. TS structures were
identified by eigenvalue analysis of the eigenvalues of the Hessian
matrix, which exhibited a unique imaginary for each TS structure,
confirming that all first-order saddle points are local minima on
the potential energy surface. On the other hand, reagent complex
and intermediate structures were characterized as minima on the
potential energy surface, in which no imaginary eigenvalues were
observed. The scan approach was employed because the quadratic
synchronous transit method, QST2, failed to generate the initial
guess structure or to optimize it to a TS. The TS structures ob-
tained were related to the desired regents and products through
IRC calculations.

Crystallographic Data: CCDC-904351 (for 2a) and -904352 (for 2d)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental procedures and 1H and 13C NMR spectra for
acetamides 2a–f and 3d; computational data, including the Car-
tesian coordinates and imaginary frequencies of transition state
structures TSIa, TSIIa, TSIIIa, TSIb, TSIIb, TSIIIb, TSIf, TSIIf,
TSIIIf.

Acknowledgments

The authors wish to thank the Central de Análises (Departamento
de Química, UFSC, Florianópolis) for spectroscopic analysis. Spe-
cial thanks go to Dr. Paulo Cesar Leal and Prof. Hernan Terenzi

www.eurjoc.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 0000, 0–08

from CEBIME for recording the mass spectra. G. F. C. and L. Z.
thank Cenapad-SP for the excellent service and computational time
provided. M. F., D. F. J., and L. Z. are grateful to Conselho Na-
cional de Desenvolvimento Científico e Tecnológico (CNPq) and
Coordenação de Aperfeiçoamento de Pessoal de Nível Superior
(CAPES) for fellowships. A. J. B., J. B. D., and M. M. S are grateful
to CNPq for research fellowships. Financial support from INCT-
Catalysis/CNPq is also gratefully acknowledged.

[1] a) J. F. Thorpe, J. Chem. Soc. 1905, 87, 1669; b) W. N. Haworth,
J. Chem. Soc. 1909, 95, 480; c) R. P. Linstead, L. T. D. Wil-
liams, J. Chem. Soc. 1926, 2735.

[2] a) M. C. Eagen, N. H. Cromwell, J. Org. Chem. 1974, 39, 3863;
b) M. C. Eagen, N. H. Cromwell, J. Org. Chem. 1974, 39, 911.

[3] M. Speranza, A. Troiani, J. Org. Chem. 1998, 63, 1020.
[4] a) W. G. Young, S. Winstein, H. L. Goering, J. Am. Chem. Soc.

1951, 73, 1958; b) R. E. Kepner, S. Winstein, W. G. Young, J.
Am. Chem. Soc. 1949, 71, 115.

[5] a) R. A. Sneen, Acc. Chem. Res. 1973, 6, 46; b) F. G. Bordwell,
Acc. Chem. Res. 1970, 3, 281; c) H. L. Goering, G. S. Koermer,
E. C. Linsay, J. Am. Chem. Soc. 1971, 93, 1230.

[6] a) R. M. Magid, Tetrahedron 1980, 36, 1901; b) A. Streitwieser,
E. G. Jayasree, F. Hasanayn, S. S.-H. Leung, J. Org. Chem.
2008, 73, 9426.

[7] a) V. Singh, S. Batra, Tetrahedron 2008, 64, 4511; b) D. Basa-
vaiah, P. D. Rao, R. S. Hyma, Tetrahedron 1996, 52, 8001; c)
D. Basavaiah, A. J. Rao, T. Satyanarayana, Chem. Rev. 2003,
103, 811.

[8] a) D. Basavaiah, G. Veeraraghavaiah, Chem. Soc. Rev. 2012,
41, 68; b) D. Basavaiah, B. S. Reddy, S. S. Badsara, Chem. Rev.
2010, 110, 5447; c) V. Declerck, J. Martinez, F. Lamaty, Chem.
Rev. 2009, 109, 1; d) G.-N. Ma, J.-J. Jiang, M. Shi, Y. Wei,
Chem. Commun. 2009, 5496; e) S. Gowrisankar, H. S. Lee, S. H.
Kim, K. Y. Lee, J. N. Kim, Tetrahedron 2009, 65, 8769; f) D.
Basavaiah, K. V. Rao, R. J. Heddy, Chem. Soc. Rev. 2007, 36,
1581.

[9] M. Baidya, G. Y. Remennikov, P. Mayer, H. Mayr, Chem. Eur.
J. 2010, 16, 1365.

[10] a) P. T. Kaye, R. S. Robinson, Tetrahedron 1998, 54, 13253; b)
P. O. Deane, J. J. Guthrie-Strachan, P. T. Kaye, R. E. Whittaker,
Synth. Commun. 1998, 28, 2601.

[11] a) S. E. Drewes, N. D. Emslie, J. Chem. Soc. Perkin Trans. 1
1982, 2079; b) F. Ameer, S. E. Drewes, N. D. Emslie, P. T. Kaye,
R. L. Mann, J. Chem. Soc. Perkin Trans. 1 1983, 2293; c) F.
Ameer, S. E. Drewes, M. S. Houston-McMillan, P. T. Kaye, J.
Chem. Soc. Perkin Trans. 1 1985, 1143.

[12] P. H. Mason, N. D. Emslie, Tetrahedron 1994, 50, 12001.
[13] a) B. Das, J. Banerjee, N. Chowdhury, A. Majhi, G. Mahender,

Helv. Chim. Acta 2006, 89, 876; b) B. Das, J. Banerjee, N.
Chowdhury, A. Majhi, Chem. Pharm. Bull. 2006, 54, 1725.

[14] a) B. Das, J. Banerjee, A. Majhi, G. Mahender, Tetrahedron
Lett. 2004, 45, 9225; b) S. Chandrasekhar, B. Saritha, V. Jaga-
deshwar, Ch. Narsihmulu, D. Vijay, G. D. Sarma, B. Jagadeesh,
Tetrahedron Lett. 2006, 47, 2981.

[15] R. Buchholz, H. M. R. Hoffmann, Helv. Chim. Acta 1991, 74,
1213.

[16] B. Das, A. Majhi, J. Banerjee, N. Chowdhury, J. Mol. Catal. A
2006, 260, 32.

[17] B. Das, J. Banerjee, N. Ravindranath, Tetrahedron 2004, 60,
8357.

[18] D. Basavaiah, R. S. Hyma, K. Padmaja, M. Krishnamachar-
yulu, Tetrahedron 1999, 55, 6971.

[19] D. Basavaiah, R. S. Hyma, N. Kumaragurubaran, Tetrahedron
2000, 56, 5905.

[20] a) D. Basavaiah, T. Satyanarayana, Chem. Commun. 2004, 32;
b) D. Basavaiah, D. S. Sharada, A. Veerendhar, Tetrahedron
Lett. 2004, 45, 3081.

[21] a) R. Siedlecka, Tetrahedron 2009, 65, 2351; b) B. Mokhtari,
R. Azadi, S. Rahmani-Nezhad, Tetrahedron Lett. 2009, 50,



Job/Unit: O30035 /KAP1 Date: 08-07-13 10:46:50 Pages: 9

Ritter Type Reaction of α-Methylene-β-hydroxy Esters

6588; c) R. R. Leleti, B. Hu, M. Prashad, O. Repic, Tetrahedron
Lett. 2007, 48, 8505.

[22] a) A. Foucaud, A. Gruiec, New J. Chem. 1991, 15, 943; b) J. S.
Yadav, B. V. S. Reddy, C. Madan, New J. Chem. 2001, 25, 1114;
c) M. M. Sá, M. D. Ramos, L. Fernandes, Tetrahedron 2006,
62, 11652; d) S. Ravichandran, Synth. Commun. 2001, 31, 2059;
e) H. M. R. Hoffmann, J. Rabe, J. Org. Chem. 1985, 50, 3849;
f) B. Das, K. Venkateswarlu, M. Krishnaiah, H. Holla, A.
Majhi, Helv. Chim. Acta 2006, 89, 1417.

[23] M. Ferreira, L. Fernandes, M. M. Sá, J. Braz. Chem. Soc. 2009,
20, 564.

[24] R. G. Kalkhambkar, S. N. Waters, K. K. Laali, Tetrahedron
Lett. 2011, 52, 867.

[25] J. C. Brandt, S. C. Elmore, R. I. Robinson, T. Wirth, Synlett
2010, 3099.

[26] J. C. Baum, J. E. Milne, J. A. Murry, O. R. Thiel, J. Org. Chem.
2009, 74, 2207.

[27] R. Hoen, T. Tiemersma-Wegman, B. Procuranti, L. Lefort,
J. G. de Vries, A. J. Minnaard, B. L. Feringa, Org. Biomol.
Chem. 2007, 5, 267.

[28] a) L. Meier, M. Ferreira, M. M. Sá, Heteroat. Chem. 2012, 23,
179; b) M. M. Sá, M. Ferreira, A. J. Bortoluzzi, L. Fernandes,
S. Cunha, Arkivoc 2010, (xi), 303; c) M. M. Sá, L. Fernandes,
M. Ferreira, A. J. Bortoluzzi, Tetrahedron Lett. 2008, 49, 1228;
d) M. M. Sá, L. Meier, L. Fernandes, S. B. C. Pergher, Catal.
Commun. 2007, 8, 1625; e) M. M. Sá, J. Braz. Chem. Soc. 2003,
14, 1005.

[29] a) J. B. Domingos, E. Longhinotti, C. A. Bunton, F. Nome, J.
Org. Chem. 2003, 68, 7051; b) J. B. Domingos, E. Longhinotti,
T. A. S. Brandao, C. A. Bunton, L. S. Santos, M. N. Eberlin,
F. Nome, J. Org. Chem. 2004, 69, 6024; c) J. B. Domingos, E.
Longhinotti, T. A. S. Brandao, L. S. Santos, M. N. Eberlin,
C. A. Bunton, F. Nome, J. Org. Chem. 2004, 69, 7898; d) F.
Avenier, J. B. Domingos, L. D. Van Vliet, F. Hollfelder, J. Am.
Chem. Soc. 2007, 129, 7611.

[30] a) D. Basavaiah, K. Padmaja, T. Satyanarayana, Synthesis
2000, 1662; b) K. Y. Lee, S. GowriSankar, J. N. Kim, Bull. Ko-
rean Chem. Soc. 2004, 25, 413.

Eur. J. Org. Chem. 0000, 0–0 © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 9

[31] a) E. Buncel, J. P. Millington, Can. J. Chem. 1965, 43, 556; b)
S. P. McManus, C. U. Pittman Jr., Organic Reactive Intermedi-
ates Academic Press, New York, 1973; c) W. P. Jencks, Cataly-
sis, in: Chemistry and Enzymology, Dover, New York, 1987.

[32] a) K. Fukui, Acc. Chem. Res. 1981, 14, 363; b) H. P. Hratchian,
H. B. Schlegel, in: Theory and Applications of Computational
Chemistry: The First 40 Years (Eds.: C. E. Dykstra, G. Frenk-
ing, K. S. Kim, G. Scuseria), Elsevier, Amsterdam, 2005, p.
195.

[33] a) M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. Montgomery, T. Vreven,
K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tom-
asi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega,
G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratch-
ian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gom-
perts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C.
Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A.
Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dap-
prich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q.
Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov,
G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayak-
kara, M. Challacombe, P. M. Gill, B. Johnson, W. Chen, M. W.
Wong, C. Gonzalez, J. A. Pople, Gaussian 03, revision C.02,
Gaussian, Inc., Wallingford CT, 2004; b) A. D. Becke, J. Chem.
Phys. 1993, 98, 5648; c) P. J. Stephens, F. J. Devlin, C. F. Chaba-
lowski, M. J. Frisch, J. Phys. Chem. 1994, 98, 11623; d) A.
Schaefer, H. Horn, R. Ahlrichs, J. Chem. Phys. 1992, 97, 2571;
e) A. Schaefer, C. Huber, R. Ahlrichs, J. Chem. Phys. 1994,
100, 5829.

Received: January 9, 2013
Published Online: �


