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Mechanisms of Brønsted Acid Catalyzed Additions of Phenols and Protected
Amines to Olefins: A DFT Study
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DFT calculations at the B3LYP/6-31G(d) level were per-
formed to understand the mechanism of the recently
developed trifluoromethanesulfonic acid (TfOH) catalyzed
intermolecular additions of phenols and protected amines to
simple olefins. A novel mechanism involving a concerted,
eight-membered-ring transition structure for the addition of
the alcohol/amine to the alkene with TfOH as a catalyst was
located. In the addition transition structure, the alkene sub-

Introduction

Atom-economical nucleophilic additions of the hydroxy
and amino groups of phenols, carboxylic acids, and pro-
tected amines to unsaturated C–C multiple bonds are im-
portant reactions used to form C–O and C–N bonds.[1] Tre-
mendous effort to achieve such transformations has been
made by synthetic chemists. The commonly applied meth-
ods to achieve these additions are those using either transi-
tion-metal catalysts (such as Pd, Rh, Ru, Pt, Au complexes,

Scheme 1. TfOH-catalyzed addition of phenols and amides to alkenes.[2k]
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strate is protonated and has significant carbocation character.
Calculations to rationalize the relative reactivities of the
alcohols and amines, together with the regioselectivity of
amide addition to the diene, were also conducted. Factors
affecting isomerization of the alkene substrates in the alcohol
addition process are discussed.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

lanthanides, actinides) or main-group metal catalysts.[2] In
order to overcome the expensiveness and toxicity of transi-
tion-metal and main-group metal catalysts, Brønsted acids
have been exploited to catalyze C–O and C–N bond-forma-
tion reactions.[3] This exploration is mainly rooted in the
facts that Brønsted acids can electrophilically activate C–C
double bonds to promote the formation of the C–O and C–
N bonds.

Brønsted acid catalyzed hydroamination was recently
achieved by the Beller and Hartwig groups, respectively.[4]

Later, the Arnold and Bergman groups extended the acid-
catalyzed hydroamination of activated alkenes with anilines
to an intermolecular version.[5] The intramolecular version
of the addition of alcohols to alkenes has been well devel-
oped and has wide applications in organic synthesis. For
example, the recent synthesis of platensimycin by Nicolaou
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involves such a transformation.[6,7] However, its inter-
molecular version has been rarely reported.

In 2006, He and coworkers demonstrated that trifluoro-
methanesulfonic acid (TfOH) can catalyze the inter-
molecular addition of phenols, carboxylic acids, and tosyl-
amides to unactivated alkenes under relatively mild condi-
tions,[2k] as exemplified by the reactions shown in Scheme 1.

Although hydration of alkenes catalyzed by Brønsted ac-
ids has been studied in detail for over fifty years,[8] the
mechanistic details about the recently developed acid-cata-
lyzed direct additions of O–H and N–H bonds to unsatu-
rated C–C multiple bonds remain unclear. Here we wish to
report our DFT studies of the mechanisms of these acid-
catalyzed reactions (Scheme 1). Our calculations will detail
these acid-catalyzed processes at the molecular level, to-
gether with energetics and structures of the intermediates
and transition structures involved. In addition, an in-depth
analysis of our calculations to rationalize the different reac-
tivities between phenols and tosylamides in these additions
to olefins (Scheme 1, reactions a and b) will be provided.
Furthermore, our DFT studies will explore the origin of the
experimentally observed regioselectivity of the addition of
benzyl carbamate (CbzNH2) to 1,3-cyclohexene (Scheme 1,
reaction c), where the nitrogen atom is exclusively added to
the internal carbon atom (rather than the terminal carbon
atom) of the diene moiety.

In the Brønsted acid catalyzed additions of phenols to
acyclic olefins, in addition to the C–O bond-formation reac-
tion, an interesting C–C double-bond migration reaction
was also observed (Scheme 2, 60% yield). The C–C double-
bond migration occurs when the phenol contains a strong
electron-withdrawing group, whereas this migration does
not occur when phenol is substituted with an electron-
donating group (Scheme 2, p-nitrophenol vs. p-meth-
oxyphenol). Therefore, our computational study was also
aimed to investigate the alkene isomerization mechanism
and its energetic preference with respect to the addition
process.

Scheme 2. TfOH-catalyzed phenol addition vs. alkene isomeriza-
tion.[2k]

The present mechanistic study will provide an in-depth
understanding of the details of the acid-catalyzed C–O and
C–N bond formations. The mechanistic insights could also
be useful to understand other transition-metal-catalyzed re-
actions, which have been speculated to be catalyzed by
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acids.[9] The mechanistic information obtained can be used
to guide the design of chiral Brønsted acids for asymmetric
C–O and C–N bond-formation reactions and to help
understand the recent asymmetric Brønsted acid catalyzed
reactions in general.[10]

Results and Discussion

We will first discuss the mechanism of Brønsted acid cat-
alyzed intermolecular addition of phenol to olefins and the
substituent effects in this reaction. A similar mechanism of
addition of tosylamide to olefins will also be discussed.
Then, we will investigate the regioselectivity in the hydro-
amination of 1,3-dienes. Finally, we will explore the ter-
minal olefin migration process and explain why some ad-
ditions are faster than the double-bond migration. The dis-
cussed relative energies in our work are B3LYP/6-31G(d)-
computed Gibbs free energies in the gas phase, unless speci-
fically noted.

The Mechanism of Brønsted Acid Catalyzed Addition of
Phenol to Olefin and the Effect of Substituents

Figure 1 shows the computed energy surface for the
TfOH-catalyzed addition of phenol to cyclohexene in the
gas phase. The optimized structures involved in this ad-
dition are also given in Figure 1. In the first step of the
addition reaction, cyclohexene, phenol, and TfOH are
found to form complex 1.[11] This complexation process is
exothermic by 12.6 kcalmol–1, but it is endergonic by
5.9 kcalmol–1, because of the entropy penalty for bringing
three molecules together. Formation of stable complex 1 is
mainly due to three favorable interactions between the reac-
tants and catalyst. One stabilization interaction in complex
1 is the hydrogen-bonding interaction between the O8–H7
hydroxy group of the phenol and the O6 atom in the TfOH
catalyst, as demonstrated by the nearly linear O8–H7···O6
geometry with a H7···O6 distance of 1.93 Å and a O8–
H7···O6 angle of 164.7°. The other stabilization encoun-
tered in complex 1 comes from attraction between the C–C
π bond in cyclohexene and the proton in TfOH. In complex
1, the distances of C1···H3 and C2···H3 are 2.15 and
2.11 Å, respectively. This interaction resembles the proton-
ation process of alkenes by strong acids.[12] The third stabili-
zation in complex 1 is the C1–H9···O8 interaction. The
H9···O8 distance here is 2.47 Å, shorter than the sum of the
van der Waals radius of hydrogen and oxygen. Such C–
H···O interactions can be found in many organic and bio-
logical systems.[13] In addition, there exists a relatively weak
C–H···F interaction in complex 1, which involves C2–
H10···F11 interaction between cyclohexene and the CF3

group of the catalyst. Both the C1–H9 and C2–H10 dis-
tances in complex 1 are 1.09 Å.

We computed the bond critical points (BCPs) in complex
1 by using the atoms in molecules (AIM) theory[14] to fur-
ther explore the stabilization of C–H···X (X = O, F) interac-
tions. Table 1 summarizes the computed electron density
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Figure 1. Reaction energy profile and optimized geometries of the TfOH-catalyzed addition of phenol to an olefin. Distances are in Å.

values (ρb), their Laplacian values (∆2ρb, diagonalization of
the Hessian of the electron density yields three eigenvalues,
λ1 � λ2 � λ3, and thus, ∆2ρb = λ1 + λ2 + λ3), and the bond
ellipticities (ε = λ1/λ2 – 1, measuring the extent to which
charge is preferentially accumulated). If the computed elec-
tron density value is in the range of 0.002–0.035 au and its
Laplacian value is in the range of 0.024–0.139 au,[15] the
corresponding interaction can be regarded as a strong inter-
action. The O8–H7···O6, π(C1=C2)···H3–O4, and C1–
H9···O8 interactions have the computed electron density
values of 0.0253, 0.0273, and 0.0095 au, respectively. Their
Laplacian values are 0.0841, 0.0621, and 0.0335 au, respec-
tively. Therefore, these three interactions can be regarded as
strong interactions responsible for the stabilization of com-
plex 1.[16] However, the C2–H10···F11 interaction has the
computed electron density value of 0.0033 au and a Lapla-
cian value of 0.0169 au. Therefore, this interaction is con-
sidered to be weak.

The addition reaction from complex 1 gives final com-
plex 3 via concerted eight-membered-ring transition state
TS2. The intrinsic reaction coordinate (IRC) calculation
demonstrates that TS2 directly connects complex 1 and
complex 3 without involving the formation of any other in-
termediate. In TS2, the C2–H3 and C1–O8 bonds are form-
ing and H7 is transferring from the hydroxy group of phe-
nol to the O6 atom of TfOH. Because of this concerted
character, the addition leads to the cis addition product.
The total activation free energy[17] is 29.4 kcalmol–1, and
the formation of complex 3 is exergonic by 5.6 kcalmol–1,
suggesting that this addition is feasible and does not require
a high temperature. This is consistent with the experimental

www.eurjoc.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2008, 4296–43034298

Table 1. Analysis of several important bond critical points (BCPs)
in complex 1.

BCP ρb ∆2ρb λ1 λ2 λ3 ε

1 0.0253 0.0841 –0.0355 –0.0344 0.1540 0.0320
2 0.0273 0.0621 –0.0343 –0.0189 0.1153 0.8148
3 0.0095 0.0335 –0.0099 –0.0089 0.0523 0.1124
4 0.0033 0.0169 –0.0031 –0.0020 0.0220 0.5500

observation that the addition takes places at room tempera-
ture to 50 °C. Calculations in toluene solution also unveiled
a concerted nature of this addition process (details in the
Supporting Information). The calculated implicit solvation
effect can roughly stabilize the separated reactants by
4.7 kcalmol–1, but destabilize complex 1 and TS2 by 3.7
and 0.9 kcalmol–1, respectively. In addition, stepwise ad-
dition to generate carbocation intermediate is not favored
energetically (endogonic by 62.1 kcalmol–1 in solution).
The recent theoretical study by the Goddard group also
supported the concerted mechanism for the TsOH-cata-
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Scheme 3. Computed relative energies (∆G, ∆H in parentheses and ∆E0 in square brackets, kcalmol–1) for the TfOH-catalyzed addition
of phenols to an olefin.

lyzed substitution, rather than the stepwise cationic mecha-
nism.[18d] The stepwise protonation/nucleophilic addition
could be achieved when a superacid is used.[2j]

Concerted TS2 has an asynchronous character. In TS2,
the forming C2–H3 bond length is 1.15 Å, which is very
close to a normal C–H bond, implying that the protonation
occurs prior to both the C1–O8 bond formation and the
H7 shift process from O8 to O6. IRC calculations also dem-
onstrate that the protonation of cyclohexene, the C1–O8
bond formation, and the H7 shift process from O8 to O6
take place in sequence. Therefore, in TS2, the cyclohexene
moiety can be regarded as to have significant protonated
character. Calculations show that the protonated cyclohex-
ene in TS2 has a positive charge of 0.701 electrons. Thus, it
is expected that any factor that can stabilize the positive
charge at the protonated cyclohexene moiety of TS2, such
as an electron-donating group nearby, can stabilize the tran-
sition state, and consequently, lower the activation barrier
of the addition reaction.

We performed further calculations to investigate how
various substituents in the phenols affect the reaction rates
(Scheme 3). The computational results show that an elec-
tron-donating substituent on phenol enhances the addition,
whereas an electron-withdrawing group reduces the reac-
tion rate. For example, the activation free energy of TfOH-
catalyzed addition of p-methoxyphenol to cyclohexene is
2.1 kcalmol–1 lower than that of the addition of unsubsti-
tuted phenol, whereas the activation free energy of p-ni-
trophenol added to cyclohexene is 2.4 kcalmol–1 higher.
These computational results indicate that the reaction con-
ditions can be milder when p-methoxyphenol is used as a
substrate, consistent with the experimental observations.

The Mechanism of Brønsted Acid Catalyzed Addition of
Tosylamide to an Olefin

The addition of tosylamide to cyclohexene shares the
same concerted mechanism as that of phenol. The compu-
tational potential energy surface and the optimized struc-
tures of the stationary points are shown in Figure 2. Transi-
tion state TS5 is also asynchronous because protonation of
cyclohexene occurs prior to both C1–N2 bond formation
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and proton transfer from N2 to O3 in the concerted pro-
cess. The total activation free energy of the addition of
tosylamide to cyclohexene is 35.8 kcalmol–1, which is
6.4 kcalmol–1 higher than that of the phenol addition. This
is consistent with the experimental observation that tosyl-
amide addition to inert olefins requires a higher reaction
temperature than that of the phenol addition (Scheme 1).

The Hydroamination of a 1,3-Diene and Its Regioselectivity
Catalyzed by a Brønsted Acid

TfOH-catalyzed hydroamination of CbzNH2 to cyclo-
hexadiene may occur at the internal or terminal carbon
atom of the dienyl moiety to give two regioisomers. How-
ever, it is observed that the NHCbz group adds only
towards the internal carbon atom of the dienyl moiety
(Scheme 1, reaction c). To understand this regioselectivity
better, we computed the potential energy surfaces for the
addition of CbzNH2 to the internal carbon atom (pathway
1) and to the terminal carbon atom (pathway 2) of the di-
enyl moiety in cyclohexadiene (Figure 3). The 1,4-addition
of CbzNH2 to cyclohexadiene may also give the experimen-
tally obtained product, but we could not locate such a tran-
sition state. This is due to the formation of stable complexes
7 and 10, which prefer to undergo 1,2-addition rather than
1,4-addition according to the principle of least motion of
atoms.

Pathway 1 starts from formation of complex 7 among
the olefin moiety, the catalyst, and the nucleophile. The ni-
trogen atom of the nucleophile is close to the internal car-
bon atom of the diene moiety. The complexation is exother-
mic by 12.1 kcalmol–1. Then, through concerted but asyn-
chronous transition state TS8, complex 7 is transformed
into complex 9, in which there is a hydrogen bond between
the final addition product and the TfOH catalyst. The acti-
vation free energy of pathway 1 is 27.1 kcalmol–1. Pathway
2 of nitrogen addition to the terminal carbon atom of the
diene moiety shares a similar mechanism to that of path-
way 1. The activation free energy of pathway 2 is
37.4 kcalmol–1, which is 10.3 kcalmol–1 higher than that of
pathway 1, suggesting that only the internal addition prod-
uct can be obtained, in agreement with the experimental
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Figure 2. Potential energy profile of TfOH-catalyzed addition of tosylamide to an olefin. Distances are in Å.

Figure 3. Potential energy profile of TfOH-catalyzed hydroamination of 1,3-cyclohexadiene.

results (Scheme 1, reaction c). This preference is even higher
in dichloroethane solution, as the reaction barrier of path-
way 1 is 14.3 kcalmol–1 lower than that of pathway 2.

The preference for pathway 1 over pathway 2 can be
understood by comparing the relative stabilities of TS8 and
TS11. Because the dienyl moieties in TS8 and TS11 are
highly protonated, similar to TS2 and TS5 discussed above,
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we can appreciate their relative stability by considering two
protonated cyclohexadiene cations (Scheme 4).[18] The ter-
minal protonated cyclohexadiene I, similar to the cationic
part in TS8, is an allylic carbocation; in contrast, the in-
ternal protonated cyclohexadiene II, similar to the cationic
part in TS11, is an isolated carbocation. An allylic carbo-
cation is more stable than an isolated carbocation because
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of conjugation effects. Scheme 4 shows that the formation
of an allylic carbocation is more exergonic than that of an
isolated carbocation by 20.6 kcalmol–1. Consequently, it is
reasonable to understand why TS8 with an allylic carbo-
cation is more stable than TS11 with an isolated carbo-
cation. Therefore the exclusive regioselectivity of addition
to cyclohexadiene can be well expected.

Scheme 4. Energies of protonation of cyclohexadiene.

Phenol Addition to Terminal Olefins: Addition Versus
Double-Bond Migration

To rationalize why the double-bond migration can com-
pete with the addition reaction of p-nitrophenol to an acy-
clic olefin (Scheme 2), the activation free energies of the ad-
ditions of p-methoxyphenol and p-nitrophenol must be
compared with that of the double-bond migration reaction.
The computational energy surfaces of additions of p-meth-
oxyphenol and p-nitrophenol to an alkene are shown in
Figure 4, where we used 1-pentene as a model for the exper-
imentally used acyclic olefin.

Phenol addition to the olefin prefers to add to the in-
ternal carbon atom of 1-pentene, following the Markonikov
rule for the addition of acids to alkenes.[19] This addition

Figure 4. Potential energy profiles of TfOH-catalyzed intermolecular addition of p-methoxyphenol (left) and p-nitrophenol (right) to a
terminal olefin.
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selectivity can be rationalized by the fact that the addition
of phenol to the internal carbon atom is through a transi-
tion state with secondary carbocation character, whereas
the alternative addition is through a transition state with
primary carbocation character. The activation free energy
of p-methoxyphenol addition is 25.3 kcalmol–1, whereas
that of p-nitrophenol is 27.3 kcalmol–1. This suggests that
the former addition is faster than the latter [B3LYP/6-
311++G(d,p) single-point calculations also show that the
difference in the activation barrier is about 2.5 kcalmol–1 in
terms of electronic energy]. Both addition reactions have
their respective competitive double-bond isomerizations, as
discussed below.

Figure 5 shows the energy surface of the TfOH-catalyzed
isomerization of alkenes. Isomerization can lead to either
cis- or trans-alkenes via concerted transition states. Calcula-
tions indicate that the formation of a cis-alkene is slightly
favored over that of a trans-alkene (26.8 vs. 27.5 kcalmol–1

in terms of activation free energy). The activation free ener-
gies of both isomerization processes are higher than that
of the p-methoxyphenol addition by 1.5 and 2.2 kcalmol–1,
respectively. This suggests that the p-methoxyphenol ad-
dition is faster than the double-bond isomerization, so the
isomerization may not be observed experimentally. How-
ever, alkene isomerization competes with addition in the p-
nitrophenol case because both processes have very close ac-
tivation free energies (26.8 kcalmol–1 for isomerization vs.
27.3 kcalmol–1 for addition reaction). Consequently, the
addition of electron-deficient phenols to alkenes will be ac-
companied by the double-bond isomerization, whereas the
alkene isomerization is not favored when electron-rich phe-
nols are used. In the latter case, formation of the addition
products is dominant. The present calculations agree with
the experimental findings quite well. These calculations also
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Figure 5. Potential energy profile of TfOH-mediated terminal olefin migration.

suggest that isomerization of the alkenes can be avoided if
phenols bearing electron-donating substitutions are em-
ployed in the addition reaction.

Conclusions

The mechanisms of Brønsted acid catalysis are important
and fundamental for understanding classic reactions in or-
ganic synthesis. In the present investigation, we studied
TfOH-catalyzed intermolecular additions of phenols and
protected amines to olefins and 1,3-dienes with the aid of
density functional theory calculations. The activation by
TfOH brings the nucleophilic addition to work through a
concerted eight-membered-ring transition state, which is
highly asynchronous with the alkene substrate significantly
protonated. Different substituents on the phenol can in-
crease or decrease the activity of the substrate. The addition
of tosylamide to an unactivated olefin possesses a high acti-
vation energy relative to that of phenols to olefins, although
their reaction mechanisms are similar. For the hydroamin-
ation of 1,3-dienes, the amine prefers to add to the internal
carbon atom of the diene moiety. Double-bond migration
of the alkenes is a competitive process with respect to the
addition process. The extent of these two competitive pro-
cesses depends on the relative reactivities of the phenols
used.

Computational Methods
All calculations were carried out with DFT method[20] as im-
plemented in GAUSSIAN 03.[21] All structures were optimized by
the B3LYP/6-31G(d) method. Additional calculations with basis
sets containing diffuse functions at the B3LYP/6-31+G(d) and
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B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) levels have also been per-
formed for the reaction shown in Figure 1. These additional calcu-
lations gave similar relative energies as those obtained by the
B3LYP/6-31G(d) method, suggesting that B3LYP/6-31G(d) is ap-
propriate to study the TfOH-catalyzed additions in this paper (see
Table S2 in the Supporting Information). The stationary points
were characterized by harmonic analysis. For all the transition
structures, the vibration related to the imaginary frequency corre-
sponds to the nuclear motion along the reaction coordinate. Intrin-
sic reaction coordinate (IRC)[22] calculations were performed to en-
sure that the transition structures connect related intermediates
correctly. Unless specifically mentioned, the discussed Gibbs free
energy (∆G), the enthalpy (∆H), and the zero-point corrected en-
ergy (∆E0) were computed at 298 K in the gas phase by using the
B3LYP/6-31G(d) method. The solvation energies for certain impor-
tant structures were calculated by single-point calculations on the
optimized structures with the polarized continuum model (PCM)
[23] by using UAHF radii. The natural charges were calculated by
natural population analysis (NPA)[24] at the same theoretical level
as that used for geometry optimization. Topological analysis of
electron densities at bond critical points was performed with the
AIM 2000 program.[25]

Supporting Information (see footnote on the first page of this arti-
cle): Complexes of TfOH, alkene and phenol; comparison of the
intermolecular addition of phenol to olefin catalyzed by TfOH and
its C(CH3)3SO3H analog; regioselectivity of the addition of p-meth-
oxyphenol to the terminal olefin; energy differences between pre-
cursor complexes and transition states in the gas phase and in solu-
tion; discussions of possible stepwise mechanism of addition in
solution; effects of basis sets; cartesian coordinates and energies of
all species.
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