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ABSTRACT: Brønsted and Lewis acids can catalyze the Prins
cyclization, an efficient method for the synthesis of
tetrahydropyrans from homoallylic alcohols and carbonyl
compounds. Synergistic effects between weak Brønsted and
Lewis acids in these reactions have been analyzed by density
functional theory [M06-L/def2-QZVP/IEFPCM(CH2Cl2)//
M06-L/6-311+G(2df,2p)]. In order to characterize the
reactivities of the employed Lewis acids, methyl anion and
hydroxide affinities were determined. On the basis of our
calculations, we found that the coordination of Lewis acids to carboxylic and sulfonic acids results in a significant increase in the
Brønsted acidities of the latter.

■ INTRODUCTION

The acid-catalyzed addition of olefins to aldehydes, the Prins
reaction,1 is a powerful method for the formation of C−C
bonds and can be employed for the synthesis of many natural
products.2 While the combination of olefins and aldehydes
typically results in diols or allyl alcohols, Hanschke reported on
the formation of tetrahydropyrans from 3-buten-1-ol and a
variety of aldehydes and ketones A (Scheme 1).3 It has been
demonstrated that either strong Brønsted acids or strong Lewis
acids can be employed as effective catalysts for the Prins
cyclization.2a,c A strong Lewis acid such as SiMe3Cl, TiCl4, or
InCl3 can replace the Brønsted acid H+ in Scheme 1 and

coordinate to the carbonyl group of A. Both Brønsted and
Lewis acids lead to increased electrophilicity of the carbonyl (in
B) and facilitate the subsequent attack of the alcohol C yielding
the hemiacetal D. After elimination of water, the intermediate
oxacarbenium ion E undergoes a 6-endo-trig cyclization to form
a tetrahydropyranyl cation G that can easily be trapped by a
nucleophile to give the experimentally isolated tetrahydropyran
H. Different nucleophiles X− (e.g., halides, arenes, nitriles) have
successfully been employed for the final transformation of G to
H.4 Both inter- and intramolecular modes of nucleophilic
trapping have been explored in synthesis.2,4 It has recently been
shown that the acetal F can be formed as an intermediate under
the reaction conditions as well and can be transformed to the
tetrahydropyran H in the presence of weak Lewis acids.5

It has also been shown that strong Lewis acids (e.g., TiCl4,
SiMe3Cl, InCl3) are able to catalyze the Prins cyclization of but-
3-en-1-ol (1) and 2-methoxybenzaldehyde (2) (Scheme 2),
while neither weak Lewis acids (e.g., LiCl, MgBr2) nor weak
Brønsted acids (acetic acid, benzoic acid, p-toluenesulfonic
acid) cause this transformation.5 Surprisingly, a combination of
weak Lewis acids (e.g., MgBr2) and weak Brønsted acids (e.g.,
p-toluenesulfonic acid) also resulted in efficient cyclization
reactions with moderate to excellent yields (Scheme 2).5

Following the seminal studies by Olah and others on
superacids,6 it has been proposed that the synergistic effects
between weak Lewis acids and weak Brønsted acids might arise
from an acidity increase of the latter by coordination of the
Lewis acid.5
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Scheme 1. Mechanism of the Acid-Catalyzed Prins
Cyclization Reaction
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In order to test this hypothesis, we examined the energetics
of the acid-catalyzed Prins reaction and quantified the acidity
change upon coordination of the Lewis acid by means of
density functional theory. We now report on the calculated
acidity changes in both acetic acid and methanesulfonic acids as
model Brønsted acids and discuss how these affect the energy
profile.

■ RESULTS AND DISCUSSION
Brønsted-Acid-Catalyzed Prins Cyclization. We first

calculated the free energy profile for an acid-catalyzed Prins
reaction. These calculations were performed at the M06-L/
def2-TZVPP/IEFPCM(CH2Cl2)//M06-L/6-31+G(d,p)/
IEFPCM(CH2Cl2) level. We employed the slightly truncated
model system in Scheme 3. The overall reaction leading to the
experimentally preferred stereoisomer 6 was calculated to be
slightly exergonic by 2.8 kcal mol−1.

As the accurate computational description of proton transfer
reactions in dichloromethane solution as well as the acetal
formation is often problematic because of direct solvent
participation, we did not attempt to calculate transition states
for the acetal formation. From previous experiments in protic
solvents, the formation of the (hemi)acetal can be estimated to
occur with activation free energies of ca. 20 kcal mol−1.7

Additionally, we base the discussion of the acid-catalyzed
mechanism in Figure 1 on the protonated aldehyde 5−H+ and
include only positively charged species in the free energy profile
for reasons of simplicity.
The protonated benzaldehyde (5−H+) and but-3-en-1-ol (1)

form oxacarbenium ion 7 in a slightly exergonic reaction

(Figure 1). The subsequent cyclization reaction occurs through
transition state TS1 (ΔG⧧ = 13.8 kcal mol−1) and yields the
thermodynamically less stable tetrahydropyranyl cation 8 (ΔG
= 12.7 kcal mol−1). These calculations are in perfect agreement
with previous computational data [B3LYP/6-31G(d)] by Alder
and co-workers on a smaller model system.8 Carbocation 8 is
subsequently trapped by a chloride ion, yielding the
experimentally observed major stereoisomer 6 (Scheme 1) in
a highly exothermic charge recombination reaction.

Scheme 2. Synergistic Effects between Weak Lewis and Brønsted Acids in Prins Cyclizations (from Ref 5)

Scheme 3. Model Prins Reaction Studied Computationally,
Calculated Product Structure, and Reaction Free Energy
[M06-L/def2TZVPP/IEFPCM(CH2Cl2)//M06-L/
6-31+G(d,p)/IEFPCM(CH2Cl2)]

Figure 1. Calculated Gibbs free energy profile [M06-L/def2-TZVPP/
IEFPCM(CH2Cl2)//M06-L/6-31+G(d,p)/IEFPCM(CH2Cl2)] for
the formation of the tetrahydropyranyl cation 8 from the protonated
aldehyde 5−H+ and homoallyl alcohol 1.
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As acetals are obtained as side products in these reactions
and can be transformed to the final Prins product under the
reaction conditions, we also analyzed a direct SN2-like
intramolecular displacement of protonated acetal 9 to give
carbocation 8. The transition state for that transformation was
found to be 6.2 kcal mol−1 less favorable than TS1 (red
pathway in Figure 1). Therefore, the isolated acetals should be
formed reversibly and undergo dissociation to form oxacarbe-
nium ion 7 prior to product formation.
As most of the steps in Figure 1 are acid-catalyzed, we

subsequently analyzed whether the combination of weak
Brønsted and Lewis acids leads to an increase in Brønsted
acidity. For that purpose, we first characterized the
experimentally employed Lewis acids according to their
reactivities. Lewis acids are typically divided into different
classes according to their reactivity toward a nucleophile.9

However, not all of the Lewis acids employed in the
experimental investigation have previously been studied under
the same conditions. Therefore, we first calculated their
reactivities toward carbanions [methyl anion affinities
(MAAs), eq 1] and alkoxides [hydroxide affinities (HAs), eq
2]. These reactions were chosen for their computational
simplicity to quantify the Lewis acidities of these acids. The
results are shown in Table 1.

− ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯ +
Δ = −H C ML H C MLn

H
n3

MAA
3 (1)

− ⎯ →⎯⎯⎯⎯⎯⎯⎯ +
Δ = −HO ML HO MLn

H
n

HA
(2)

The MAAs for different Lewis acids were found to fall in a
large range between 20 (LiCl) and 95 kcal mol−1 (FeCl3), and
the HAs range from 25 to 80 kcal mol−1. Exchanging the
counterion from chloride to bromide has only a little influence
on the calculated affinities (<2.7 kcal mol−1). In general, there is
no correlation between the affinity toward carbon (MAA) and
that toward oxygen (HA). TiCl4, which is 10th in carbon
basicity, has the third highest affinity toward oxygen, while
FeCl3 displays a much higher carbon affinity in comparison
with its affinity toward oxygen. On the basis of an analysis of

Table 1, compounds with small carbon affinities (Li, Mg, and
Ti salts) have considerably larger affinities for oxygen, whereas
compounds with high carbon affinities prefer reactions with the
carbon Lewis base over the oxygen Lewis base.
As shown in Figure 2, there is no simple correlation between

the isolated yields in Prins cyclizations and the calculated MAAs
or HAs. However, with a few exceptions (e.g., the low yields
observed for the Ni salt series), our calculations predict the
same qualitative ranking of Lewis acidities as previously
determined experimentally for the Prins reaction.5 Lithium
and magnesium salts (less reactive Lewis acids in the Prins
cyclization) display smaller MAAs and HAs than moderately
reactive Lewis acids (Zn salts, SnCl2) or highly reactive Lewis
acids, in which the metal displays a high valence number (InCl3,
InBr3, FeCl3). Our predictions are also in line with previously
reported activities in benzylation reactions. Among the Lewis
acids under investigation in this study, Olah and co-workers
classified InCl3 and FeCl3 as moderately active, SnCl4 and TiCl4
as weakly active, and MgBr2 as inactive,9a which also
corresponds to the calculated MAAs.
In order to analyze the influence of coordination of a Lewis

acid on the Brønsted acidity, we chose acetic acid (10−H) and
methanesulfonic acid (11−H) as model systems for the
carboxylic and sulfonic acids employed in the experimental
studies. We further chose the isodesmic proton transfer
reactions (eqs 3 and 4) for this purpose, since the calculation
of absolute acidities is difficult. The similar structures of the
reactants and the products in eqs 3 and 4 reduce further errors.
While all of the experimentally employed Lewis acids were
tested for acetic acid (10−H), only the weaker Lewis acids were
considered for the methanesulfonic acid (11−H) for
comparisons.

The Lewis adducts 10−H−MLn of acetic acid (10−H) and
the different Lewis acids MLn (Figure 3) adopt cis−cis
configurations (with respect to the M−O−C−O and the O−
C−O−H dihedrals) to minimize steric repulsions. An addi-
tional O−H···Cl interaction further stabilizes the Lewis adducts
in these conformations. The extent of stabilization through
hydrogen bonding could vary, as it is known that the strength
of these interactions strongly depends on the solvent.10 While
the oxygen−(transition-)metal bond length strongly depends
on the Lewis acid, the hydrogen bond length changes only to a
smaller extent (2.03−2.22 Å). The trimethylsilylated acetic acid,
which cannot profit from a hydrogen bond, prefers the trans−
cis conformation over the cis−cis conformation (ΔG = 2.6 kcal
mol−1) because of the higher steric demand of the bulkier
trimethylsilyl substituent.
The corresponding adducts from methanesulfonic acid (11−

H) and the different Lewis acids are depicted in Figure 4. In all
cases, coordination to only one sulfinyl group was preferred
over coordination to two sulfinyl groups because of the
additional O−H···Cl interactions present in the former. Our

Table 1. Calculated Methyl Anion Affinities (MAAs, eq 1)
and Hydroxide Affinities (HAs, eq 2) for Different Lewis
Acids [in kcal mol−1; M06-L/def2-QZVP/IEFPCM
(CH2Cl2)//M06-L/6-311+G(2df,2p) Using the SDD
Pseudopotential for Sn and In]

Lewis acid MAA HA

LiCl 19.6 25.7
LiBr 20.6 26.6
MgCl2 47.3 50.0
MgBr2 50.0 52.4
Me3Si 55.7 47.7
TiCl4 58.7 66.5
ZnCl2 61.3 47.1
ZnBr2 61.5 46.7
NiBr2 69.7 57.2
NiCl2 70.3 57.6
SnCl2 74.4 64.4
SnCl4 85.2 63.5
InBr3 88.6 76.1
InCl3 91.2 78.8
FeCl3 95.7 66.2
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calculations predicted almost identical bond lengths between
the oxygen atoms and the (transition) metals for both Brønsted
acids (Figures 3 and 4). In contrast, slightly longer oxygen−
metal bond lengths (by ca. 0.03 Å) were determined for the
metal complexes of the corresponding acetate anion compared
with the sulfonate anion (see the Supporting Information).
Next, we calculated the reaction free energies for the

isodesmic proton transfer reactions (eqs 3 and 4) and

determined the changes in pKa (ΔpKa) upon coordination of
the Lewis acid according to the modified Gibbs relation (eq 5).
While all of the calculated free energies are given in the
Supporting Information, Table 2 collects the ΔpKa values
calculated from eq 5. In all cases, coordination of the Lewis acid
increases the acidities of both Brønsted acids (i.e., ΔpKa is
negative). While substantial acidity changes were calculated for
the adducts of different Lewis acids with acetic acid (−35 <
ΔpKa < −6 for 10−H), smaller changes (ΔΔpKa ≈ 5) were
determined for complexes with the stronger methanesulfonic
acid 11−H. As the acidity changes for eqs 3 and 4 are linearly
correlated with each other, similar underlying factors can be
assumed for the two Brønsted acids (Figure 5).

Δ = ΔG RT K2.303 p a (5)

In general, weaker Lewis acids such as LiCl or MgCl2
resulted in smaller acidity changes than stronger Lewis acids
such as SnCl4 or TiCl4. Since the Prins reaction depicted in
Scheme 2 depends on the protonation of aldehyde 2 (or the
intermediate acetal), an increase in the Brønsted acidity above a

Figure 2. Plots of the experimentally isolated yields versus the calculated methyl anion and hydroxide affinities of different Lewis acids [M06-L/def2-
QZVP/IEFPCM(CH2Cl2)//M06-L/6-311+G(2df,2p) using the SDD pseudopotential for Sn and In].

Figure 3. Calculated structures and selected bond lengths (in Å) for
the Lewis adducts 10−H−MLn between acetic acid (10−H) and
different Lewis acids [M06-L/def2-QZVP/IEFPCM(CH2Cl2)//M06-
L/6-311+G(2df,2p) using the SDD pseudopotential for Sn and In].

Figure 4. Calculated structures and selected bond lengths (in Å) for
the Lewis adducts 11−H−MLn between methanesulfonic acid (11−
H) and different Lewis acids [M06-L/def2-QZVP/IEFPCM-
(CH2Cl2)//M06-L/6-311+G(2df,2p)].
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certain threshold is required for the reaction to proceed. Both
the formation of the (hemi)acetal or the Prins cyclization could
be the rate-determining step in these reactions, and both
alternatives will be greatly accelerated by Brønsted acids.
Therefore, the rate of product formation will depend on the
protonation equilibrium, as the rate depends on the
concentration of 5−H+. This is also reflected in the time
dependence of the isolated yield in Table 2. While product
formation is almost complete after 30 min for strongly
activating Lewis acids such as the indium salts, it takes

significantly longer for weaker activating analogues such as the
lithium series. On the basis of the information collected in
Table 2, even a small acidity increase is obviously enough to
sufficiently increase the Brønsted acidities of carboxylic and
sulfonic acids to make them suitable catalysts for Prins
cyclization reactions.

■ CONCLUSIONS
We have analyzed the synergistic effects between weak
Brønsted and Lewis acids in Prins cyclizations employing
density functional theory [M06-L/def2-QZVP/IEFPCM-
(CH2Cl2)//M06-L/6-311+G(2df,2p)]. On the basis of these
calculations, we found that combining Lewis acids with
carboxylic and sulfonic acids leads to a significant increase in
the Brønsted acidities, which facilitates the Prins reaction. We
consider that such synergistic effects between Brønsted and
Lewis acids could also be effective in other acid-catalyzed
reactions.

■ COMPUTATIONAL DETAILS
General. All of the computations were performed using Gaussian

09.11 The calculations used tight convergence criteria and an extremely
fine grid with 99 radial shells per atom and 974 angular points per shell
for numerical integration of the density. Entropic contributions to the
reported free energies were calculated from partition functions
evaluated using Truhlar’s quasiharmonic approximation.12 This
method uses the same approximations as the usual harmonic one
except that all vibrational frequencies lower than 100 cm−1 are set
equal to 100 cm−1.

Prins Cyclization. The conformational space of each intermediate
for the Prins cyclization depicted in Figure 1 was explored using the
OPLS_2005 force field13 and a modified Monte Carlo search routine
implemented in MacroModel 9.9.14 All of the structures were
subsequently optimized using the dispersion-corrected M06-L func-
tional15 with the double-ζ 6-31+G(d,p) basis. Electronic energies were
subsequently obtained using the large triple-ζ def2-TZVPP basis set.16

Solvation by dichloromethane was taken into account by using the
IEFPCM continuum solvation model in all of the calculations.17

Methyl and Hydroxide Affinities and Acidity Changes. All of
the structures were characterized in the gas phase employing the
dispersion-corrected M06-L functional15 with the triple-ζ 6-311+G-
(2df,2p) basis set and the SDD pseudopotential18 (for In and Sn) for
the optimizations and the thermal corrections. Electronic energies
were subsequently obtained using the large quadruple-ζ def2-QZVP
basis set16 and the SDD pseudopotential18 (for In and Sn), and
solvation by dichloromethane was taken into account by using the
IEFPCM continuum solvation model.17
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R. Chem. Commun. 2012, 48, 9316−9318.
(6) (a) Olah, G. A.; Prakash, G. K. S.; Sommer, J. Science 1979, 206,
13−20. (b) Kim, D.; Klein, M. L. J. Phys. Chem. B 2000, 104, 10074−
10079. (c) Olah, G. A.; Surya Prakash, G. K.; Molnaŕ, Á.; Sommer, J.
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