
DOI: 10.1002/chem.200902487

SN2� versus SN2 Reactivity: Control of Regioselectivity in Conversions of
Baylis–Hillman Adducts

Mahiuddin Baidya, Grygoriy Y. Remennikov, Peter Mayer, and Herbert Mayr*[a]

Dedicated to Dr. Klaus Rçmer on the occasion of his 70th birthday

Introduction

Nucleophilic substitutions of allyl derivatives often proceed
with allylic rearrangements. As depicted in Scheme 1, these

reactions may either proceed via allyl cations, through addi-
tion–elimination mechanisms, or via concerted SN2� process-
es.[1–3] Whereas allylic substitutions through intermediate
allyl cations have intensively been explored,[2] only few ex-
amples involving the addition–elimination mechanism
(bottom of Scheme 1) have been reported.[3a, b] Bordwell and
co-workers concluded that the concerted SN2� mechanism
may well be a myth.[3c,3d]

Since 1968, a large variety of allyl derivatives have
become available through Baylis–Hillman reactions.[4] Be-
cause of their high functionality, these products are valuable
building blocks in organic synthesis, and the regioselective
conversion of these products is an important challenge for
synthetic chemists. The acetoxy groups in Baylis–Hillman
acetates 1 have been substituted by nitrogen, oxygen, sulfur,
and carbon nucleophiles (Scheme 2).[5–9] The catalysis of
these reactions by 1,4-diazabicyclo ACHTUNGTRENNUNG[2.2.2]octane (DABCO)
has been rationalized through the intermediacy of allylam-
monium ions 2, the formation of which has been proven in
few cases.[5c,10]

While amine-catalyzed Baylis–Hillman reactions yield b-
hydroxy-a-methylene carbonyl compounds 4, the corre-
sponding TiCl4-induced reactions give rise to the stereose-
lective formation of (Z)-2-(chloromethyl)vinyl carbonyl
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Scheme 1. Nucleophilic substitutions with allylic rearrangement.
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compounds 5 (Scheme 3).[11] We now report that the reac-
tions of compounds 5 with tertiary amines and pyridines
lead to the formation of isolable allylammonium salts, the

alleged intermediates of the amine-catalyzed nucleophilic
substitutions of Baylis–Hillman acetates (Scheme 2). By in-
vestigating products and kinetics of the reactions of these
ammonium ions with various carbanions, we were able to
elucidate the involved mechanisms and derive conditions for
the regioselective conversions of Baylis–Hillman products.

Results

Isolation of the ammonium salts 6 : Treatment of the readily
accessible 2-(halomethyl)vinyl ketones or esters 5[12] with
DABCO or quinuclidine in absolute THF resulted in the
formation of the allylammonium halides 6 a–g, which pre-
cipitated as colorless powders (Scheme 4, Table 1). The sub-

stituted pyridinium salts 6 h–l were prepared analogously,
but the isolated yields were lower (except for 6 h) because
of their partial solubility in THF. The pyridinium salts 6 h–l
are more sensitive to moisture than the corresponding
DABCO and quinuclidine salts 6 a–g.

NOESY experiments (Figure 1) showed that the ammoni-
um chlorides 6 a–c and 6 f, g obtained with DABCO and qui-
nuclidine were predominantly formed as Z isomers (>
90 %), whereas the ammonium bromides 6 d, e (R2 =OMe)
were predominantly formed as E isomers (> 60 %).[10b] In
contrast, all pyridinium salts 6 h–l (X= Cl, Br) were pro-

duced with a high excess of the E isomers, and the E/Z ratio
was even greater than 90:10 for compounds 6 i–l where X=

Cl (Table 1).

Reactions of the Baylis–Hillman ammonium ions 6 with
carb ACHTUNGTRENNUNGanions 7: Treatment of 6 a with 1.2 equivalents of potas-
sium malonate 7 a in DMSO for 10 s or 1 min at ambient
temperature gave mixtures of 8 a and 9 a in ratios of 96:4
and 92:8, respectively (Scheme 5). When the reaction time
was extended to 24 h, only the styrene derivative 9 a was ob-
tained. Because the isolated methylene derivative 8 a was
also transformed into 9 a by treatment with 7 a, one can con-
clude that 8 a is the kinetically controlled product, whereas
9 a is the product of thermodynamic control.

When strictly kinetically controlled conditions were estab-
lished by treating the ammonium salts 6 with only 0.9 equiv-
alents of the carbanions 7 a–g, the methylene derivatives
8 a–m were produced selectively (Table 2). Only the reac-

Scheme 2. Nucleophilic substitution reaction of Baylis–Hillman acetate in
the presence of DABCO.

Scheme 3. Tertiary amine and TiCl4-induced Baylis–Hillman reactions.

Scheme 4. Preparation of ammonium salts 6 from Baylis–Hillman ad-
ducts 5.

Table 1. Reactions of tertiary amines with the Baylis–Hillman adducts 5.

NR3 R1 R2 X Product Yield[a]

[%]
Z :E[b]

OMe Me Cl 6a 86 93:7

H Me Cl 6b 82 92:8

NO2 Me Cl 6c 82 90:10

OMe OMe Br 6d 83 30:70

H OMe Br 6e[c] 87 40:60[c]

OMe Me Cl 6 f 87 92:8

NO2 Me Cl 6g 95 94:6

H OMe Br 6h 93 17:83

OMe Me Cl 6 i 73 7:93

OMe Me Cl 6j 40 9:91

OMe Me Cl 6k 43 7:93

OMe Me Cl 6 l 46 8:92

[a] Isolated yield. [b] Determined by 1H NMR spectroscopy. [c] The same
reaction in a 1:1 H2O/THF solvent mixture produced 6 e with a Z/E ratio
of 18:82; ref. [10b].

Figure 1. Configurational assignment of the ammonium salts 6 a–l by
NOESY experiments (arrows indicate observed NOE effects).
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tions of the malononitrile anion 7 e with the ammonium
salts 6 a, 6 f, and 6 i gave complex product mixtures which
have not been identified.

The expected SN2� product 8 n from the reaction of the di-
medone carbanion 7 h with 6 a was not detectable; instead
the tetrahydrochromone 10 was isolated as a 1:1 mixture of
diastereomers (Scheme 6). One of the diastereomers crystal-
lized and was characterized by X-ray analysis (Figure 2).

Reactions of the allyl chloride 5 a with nucleophiles : Com-
pounds 8 a and 9 a, which have been obtained from the am-
monium salt 6 a (Scheme 5) can also be directly synthesized
from the Baylis–Hillman chloride 5 a (Scheme 7). Combina-
tion of equimolar amounts of 5 a and K-7 a in DMSO gave a
26:74 mixture of 8 a and 9 a (Table 3, entry 1).[13] When ther-
modynamic product control was realized by treating 5 a with
1.2 equivalents of K-7 a in the presence or absence of
DABCO, the arylidene derivative 9 a was formed exclusively
(Table 3, entries 2, 3). The resulting 88:12 mixture of (E)-9 a
and (Z)-9 a was separated by column chromatography. Only
8 a, the kinetically controlled product, was observed and iso-
lated with 63 % yield, when these reagents were combined
in THF/H2O solution (Table 3, entry 4). It can be expected
that compounds 8 b–m as well as the thermodynamically fa-
vored isomers 9 b–m can be synthesized analogously from
the allyl chlorides 5 and the carbanions 7 without generating
the corresponding ammonium ions 6 as intermediates
(Scheme 5, Table 2).

Quantification of the electrophilicities of the ammonium
salts 6 : In numerous publications, we have demonstrated
that the rates of the reactions of diarylcarbenium ions with
nucleophiles follow Equation (1), in which E is the electro-

Scheme 5. Plausible reaction mechanism for the formation of 9a.

Table 2. Reactions of the ammonium salts 6a–l (1.0 equiv) with substoi-
chiometric amounts (0.90 equiv) of the potassium salts of the carbanions
7a–g (in DMSO, at ambient temperature, 20 h).

Ammonium salt Carbanion Product Yield
[%]

6a 7a 8 a 94

6a 7b 8 b 81[c]

6a 7c 8 c [b,c]

6a 7d 8 d 79[c]

6a 7e [a]

6b 7a 8 e 94

6b 7 f 8 f 87

6c 7a 8 g 85

6c 7b 8 h 91

6d 7a 8 i 90

6d 7 f 8 j 85

6e 7a 8 k 95

6e 7g 8 l 87

6e 7 f 8 m 88

6 f 7a 8 a 71
6 f 7e [a]

6 i 7a 8 a 78
6 i 7d 8 d 75
6 i 7e [a]

6j 7a 8 a 85
6k 7a 8 a 82

[a] Complex mixture. [b] Cyclized product was also observed (see text).
[c] Small amount of SN2 product was also observed.
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philicity parameter, N is the nucleophilicity parameter, and
s is the nucleophile-specific slope parameter.[14] This rela-
tionship also holds for nucleophilic additions of carbanions
to quinone methides,[15] which can be considered as stabi-
lized benzhydryl cations, and to several Michael acceptors.[16]

log kð20 �CÞ ¼ sðN þ EÞ ð1Þ

To characterize the electrophilicities of the ammonium
ions 6 by Equation (1), we have studied the kinetics of their
reactions with some of the carbanions 7. Although the UV

bands of the ammonium salts 6
partially overlap with those of
the substitution products 8,
sufficient changes of the UV
spectra allowed us to follow
the reaction kinetics photomet-
rically by using a diode array
spectrometer coupled to an in-
sertion probe described previ-
ously (see also the Supporting

Information).[14k] Pseudo-first-order rate constants kobs were
obtained by fitting the decays of the absorbances of the sty-
rene chromophor in the ammonium ions 6 to monoexponen-
tial functions. Because the employed allylammonium ions 6
only had a configurational purity of 90–93 %, the observed
monoexponential decays indicate that the electrophilicities
of the Z and E isomers do not differ significantly. Plots of
kobs versus the concentrations of the carbanions 7 were
linear (Figure 3), and the second-order rate constants, which
correspond to the slopes of these correlation lines, are listed
in Table 4.

Only for the reactions of the potassium salt of diethyl
malonate (7) with several ammonium ions 6 the kobs versus
[7] plots showed slight deviations from linearity. As speci-
fied in the Supporting Information, these deviations were
small and have been neglected in the evaluations.

Because of strongly overlapping UV bands, the photomet-
ric monitoring of the reactions of the coumarin-derived am-
monium ion 6 m[10a] with the carbanions 7 a–f is problematic.
Therefore, the reaction of 6 m with the anion of Meldrum�s
acid (7 f) was followed by 1H NMR spectroscopy in
[D6]DMSO. The reactivity of 6 m was furthermore character-
ized through its reaction with the blue carbanion 7 i (potas-
sium salt of bis(4-nitrophenyl)methyl anion),[18] which has
been followed photometrically under pseudo-first-order con-
ditions using the electrophile 6 m in high excess (Scheme 8).
Details are given in the Supporting Information.

Scheme 6. Reaction of the dimedone anion 7 h with the DABCO salt 6 a in DMSO.

Figure 2. Crystal structure of cis-10 obtained from the reaction of 6 a and
K-7h.

Scheme 7. Reaction of 5a with the carbanion of diethyl malonate (7a).

Table 3. Reaction of 5 a with 7a under various conditions (2 h, room
temperature).

Entry 5 a :7a :DABCO ratio Solvent Yield of
8a [%]

Yield of
9 a [%]

1 1.0:1.0:0 DMSO 24 67
2 1.0:1.2:0 DMSO 0 93
3 1.0:1.2:1.0 DMSO 0 65
4 1.0:1.2:1.0 THF/H2O (1:1) 63 0

Figure 3. Exponential decay of the absorbance A of 6 i at 340 nm and
linear correlation of the pseudo-first-order rate constants kobs versus [7d]
for the reaction of 6 i with 7d in DMSO at 20 8C.
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Substitution of the second-order rate constants k listed in
Table 4 and the previously published N and s parameters for
the carbanions 7[15a,17, 18] into Equation (1) yielded the elec-
trophilicity parameters E for 6 which were averaged and
listed in Table 4. Comparison of the experimental rate con-
stants k and those calculated from N, s, and the averaged E
values derived in this work shows agreement within a factor
of 4. It has thus been demonstrated that Equation (1), which
presently covers 40 orders of magnitude, can also be applied
to the SN2� substitutions studied in this work.

Discussion

The observed second-order kinetics for the reactions of the
allylammonium ions 6 with the carbanions 7 exclude the SN1
mechanism and are in line with a concerted SN2� reaction
(Scheme 1, middle) as well as with an addition–elimination
mechanism (Scheme 1, bottom).

The similar reactivities of the allylammonium ions (6,
R1 = OMe, R2 = Me) with DABCO and quinuclidine leaving

groups (6 a, f) and pyridine leaving groups (6 i–l) shown in
Table 4 allow us to differentiate between these alternatives.
In previous work we have demonstrated that DABCO is a
106-fold better nucleofuge than DMAP.[19] If breaking of the
C�N bond were involved in the rate-determining step, 6 a
should be considerably more reactive than 6 i, because both
compounds differ only in the nature of the leaving groups
(DABCO vs. DMAP). The observation that both com-
pounds show almost identical electrophilic reactivities indi-
cates the occurrence of an addition–elimination mechanism
with the addition step rate-determining.

The fact that the reactions of 5 and 6 with carbanions give
the methylene compounds 8 under conditions of kinetic con-
trol, and not the thermodynamically favored isomer 9, indi-
cates that these compounds prefer SN2� over SN2 reactions
which might produce compounds 9 directly. It can, there-
fore, be assumed that the allylammonium ions 6 a–l, formally
SN2 products of the reactions of 5 with amines, are analo-
gously formed via two consecutive SN2� reactions
(Scheme 9).

Conclusions

The mechanistic alternatives for SN2� mechanisms depicted
in Scheme 1 can be summarized in a More O�Ferrall–Jencks
diagram as depicted in Figure 4.[20] Whereas the pathways
via allyl cations (path a through the bottom-right corner)
and carbanions (path e through the top-left corner) are well

Table 4. Second-order rate constants (k) for the reactions of ammonium
salts 6 with the carbanions 7 in DMSO at 20 8C and averaged E parame-
ters for the ammonium ions 6.

Ammonium
ions (E)

Carbanions[a] kACHTUNGTRENNUNG[m�1 s�1]
kcalcd

[b]ACHTUNGTRENNUNG[m�1 s�1]

6a (�18.6) 7a 4.26 11.6
6a (�18.6) 7c [c]

6a (�18.6) 7d 6.18 5.0
6a (�18.6) 7e 7.64 3.3
6 f (�18.9) 7a 2.49 7.7
6 f (�18.9) 7c [c]

6 f (�18.9) 7d 4.21 3.2
6 f (�18.9) 7e 5.22 2.2
6 i (�19.1) 7a 5.59 5.6
6 i (�19.1) 7c 0.42 0.64
6 i (�19.1) 7d 2.62 2.3
6 i (�19.1) 7e 2.24 1.6
6j (�17.9) 7a 22.1 30.8
6j (�17.9) 7c 3.06 4.1
6j (�17.9) 7d 17.1 13.6
6j (�17.9) 7e 13.1 9.1
6k (�18.2) 7a 21.0 [d]

6 l (�18.9) 7a 7.35 [d]

6m (�17.3) 7 f 8.78 � 10�4 [e] 1.3� 10�3

6m (�17.3) 7 i 77.4 58.7

[a] N and s parameters in DMSO are from refs. [15a, 17,18]: 7a, N=

20.22, s =0.65; 7 c, N=18.82, s=0.69; 7d, N =19.62, s =0.67; 7e, N=

19.36, s= 0.67; 7 f, N=13.91, s =0.86; 7 i, N=19.92, s =0.67. [b] kcalcd from
E, N, and s using Equation (1). [c] Change of the UV spectrum was not
mono-exponential. [d] kcalcd =k, because only one rate constant was used
for the calculation of E. [e] Determined by 1H NMR kinetics.

Scheme 8. Reaction of 6 m with 7 i in DMSO.

Scheme 9. SN2 reaction via two consecutive SN2� reactions.

Figure 4. More O�Ferrall–Jencks diagram.
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defined, many variants of the concerted SN2� pathways are
conceivable. Apart from the synchronous SN2� mechanism
along the diagonal (c), one can imagine a concerted mecha-
nism in which the transition state carries partial carbocation
(b) or partial carbanion character (d). In line with Bord-
well�s skepticism about the feasibility of bimolecular con-
certed mechanisms involving four or more bonds,[3] our ex-
periments clearly show that the SN2� reactions with the allyl-ACHTUNGTRENNUNGammonium ions studied in this work proceed via rate-deter-
mining Michael additions followed by the elimination of the
amines (route (e) in Figure 4).

The rates of the Michael additions can be described by
Equation (1), and Scheme 10 shows that the electrophilicity

parameters of compounds 6 a,f,i–l range between �19<E<
�18, comparable to quinone methides and benzylidene mal-
onates,[15,16] which enables us to calculate rate constants for
the reactions with various nucleophiles and to predict poten-
tial reaction partners. Reviews on scope and limitations of
the use of the reactivity parameters E, N, and s have been
published.[14]

The fact, that the stepwise SN2� reactions of the Baylis–
Hillman products 5 and 6 are considerably faster than the
corresponding SN2 reactions, can systematically be employed
in synthesis design. Because the Baylis–Hillman halides 5 as
well as the Baylis–Hillman ammonium ions 6 are the ther-
modynamically more stable allylic isomers (internal double
bonds), they are easily accessible under conditions of ther-
modynamic control. Since both 5 and 6 carry good leaving
groups, their SN2� reactions with strong nucleophiles (e.g.
carbanions) selectively yield the thermodynamically less

stable allylic isomers with terminal double bonds (e.g. 8)
under conditions of kinetic control (e.g. by using less than 1
equivalent of the nucleophiles). If stabilized carbanions are
used as nucleophiles, which have a moderate nucleofugality,
they can be replaced by the same or another nucleophile to
yield the thermodynamically favored allylic isomers 9 with
an internal double bond. Full control of regioselectivity is
thus achieved.
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