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Abstract: We have studied the enantioselective transannular
aminohalogenation reaction of unsaturated medium-sized
cyclic benzosulfonamides by using both chiral Brønsted acid
and phase-transfer catalysis. Under optimized conditions, a
variety of bicyclic adducts can be obtained with good yields
and high enantioselectivities. The mechanism of the reaction

was also studied by using computational tools; we observed
that the reaction involves the participation of a conformer of
the nine-membered cyclic substrate with planar chirality in
which the stereochemical outcome is controlled by the
relative reactivity of the two pseudorotational enantiomers
when interacting with the chiral catalyst.

Introduction

Transannular reactions constitute a powerful yet significantly
underdeveloped approach for the synthesis of relatively com-
plex polycyclic scaffolds.[1] This type of reaction, in which the
two reacting points are incorporated at nonadjacent positions
within the structure of a medium or large sized cyclic
compound, shows up as an unconventional method for the
construction of a given target compound that typically benefit
from the low degree of conformational freedom of the cyclic
starting material. This situation very often conditions the
structure of the final product, in many cases providing reactivity
profiles that differ from the ones observed corresponding
intermolecular reaction. Moreover, this fixed preferred geome-
try on the starting material also calls for a very favorable

situation for transannular reactions when stereocontrol is
desired. In this context, the literature is rich in examples of
highly diastereoselective transannular reactions that take place
under substrate control when a chiral starting material is
employed.[2] In contrast, the number of examples of enantiose-
lective reactions that convert an achiral cyclic starting material
into an enantioenriched polycyclic product is very scarce.[3] All
these transformations consist on either pericyclic processes or
make use of activated alkenes as the electrophile undergoing
transannular reaction with an internal nucleophile incorporated
at the starting material.

In a different approach, we wish to present herein our
recent studies towards the development of a catalytic and
enantioselective version of a transannular aminohalogenation
process employing enebenzosultams as substrates in which a
nonactivated alkene is employed as the internal electrophile
undergoing the transannular process after activation by an
electrophilic halogen source (Scheme 1).[a] Dr. J. Luis-Barrera, Dr. S. Rodriguez, Dr. U. Uria, Dr. E. Reyes, Dr. L. Prieto,
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It should be pointed out that there are several examples of
transannular aminohalogenation reactions described in the
literature,[4] although, as mentioned earlier, all of them relying
on the use of an enantioenriched chiral starting material and in
which typically high diastereoselectivity is obtained by means
of the asymmetric induction exerted by the stereogenic centers
present at the substrates. In this sense, a catalytic and
enantioselective version of a transannular aminohalogenation
process is still elusive.

As is also shown in Scheme 1, the reaction design would
involve the initial activation of the alkene moiety with a
selected electrophilic halogen source in the presence of a chiral
catalyst. Subsequently, the transannular process would under-
go, being the stereochemistry of the overall process controlled
by the presence of the chiral catalyst.[5] In this context, and
among the different strategies described for catalytic enantiose-
lective aminohalogenation reactions, we turned our attention
to the possibility of using BINOL-based phosphoric acids as
Brønsted acid catalyst for both the activation of the electro-
philic halogen source and for achieving stereocontrol. Under
this organocatalytic activation manifold, two different concepts
have been applied to induce enantiocontrol: On one hand, a
soluble halogenating reagent (such as NBS or related N-
haloimide reagents) undergoes activation by the chiral Brønsted
acid catalyst itself[6] or, on the other, an insoluble electrophilic
halogen source is employed in the reaction, being the BINOL-
based phosphoric acid involved as a chiral phase-transfer
catalyst.[7] Both approaches will be evaluated in this reaction.

Results and Discussion

We started by searching for the optimal reaction conditions
that provide the compound 2 a with the best yield and
enantioselectivity using enesultam 1 a as model system (Ta-
ble 1). The initial reaction using NBS as halogenating agent and
in the presence of the archetypical chiral phosphoric acid (R)-
TRIP (3 a) as catalyst provided the desired transannular amino-
bromination product 2 a in a promising 65% ee after 15 minutes
(Table 1, entry 1). Remarkably, the reaction in the absence of
acid catalyst under the same conditions was also effective,
although it required a significantly longer reaction time (3 h.
Table 1, entry 2). Other phosphoric acid catalysts 3 b–f were
also evaluated but, even in all cases the reaction proceeded fast
and furnished a high yield of 2 a, in all cases enantioselectivities
were significantly lower to those provided by 3 a (Table 1,
entries 3–7). Solvent effect was also evaluated, observing that
moving to chloroform resulted into an important decrease in
enantioselectivity (Table 1, entry 8), while the reaction per-
formed similarly when moving from toluene to chlorobenzene
(Table 1, entry 9 vs. 1). On the other hand, a slight improvement
in the enantiocontrol was found working in m-xylene and in
mesitylene (Table 1, entry 10 and 11). Other halogenating
agents were tested (Table 1, entries 12–15) using mesitylene
but none of them provided improved performance with respect
to the results obtained with NBS, which was therefore selected
as the optimal electrophilic bromine source.[8] We next carried

out the reaction at lower temperature (0 °C) but this did not
result in any significant improvement, only observing a slightly
slower reaction (Table 1, entry 16). Finally, the enantioselectivity
of the process was increased to 84% ee by incorporating
5 mol% of succinimide as additive (Table 1, entry 17), which is
supposed to facilitate the proton transfer or activate the
halogenating agent in the initial stages of the acid-catalyzed
reaction.[9] At this point, we also tested the reaction on larger
scale achieving the desired aminohalogenated adduct with
similar results.[10] Moreover, the absolute configuration of the
adduct 2 a was established by single-crystal X-ray analysis of an
enantiopure sample, for which a monocrystal could be
obtained.[11]

Once the experimental protocol had been optimized, we
next focused on studying the scope and limitations of the
reaction to be applied to enesulfonamides incorporating differ-
ent substituents at the aryl moiety (Table 2).[12] As it can be seen
in this table, the reaction proceeded with very high yields in all

Table 1. Screening for the best reaction conditions.[a]

Cat. Halogen source Solvent Yield [%][b] ee [%][c]

1 3 a NBS (4 a) toluene 89 65
2[d] none NBS (4 a) toluene 70 –
3 3 b NBS (4 a) toluene 92 49
4 3 c NBS (4 a) toluene 91 40
5 3 d NBS (4 a) toluene 91 15
6 3 e NBS (4 a) toluene 89 28
7 3 f NBS (4 a) toluene 99 17
8 3 a NBS (4 a) CHCl3 91 28
9 3 a NBS (4 a) PhCl 95 59
10 3 a NBS (4 a) m-xylene 95 73
11 3 a NBS (4 a) mesitylene 92 74
12 3 a 4 b mesitylene 70 7
13 3 a 4 c mesitylene 97 70
14 3 a 4 d mesitylene 91 57
15 3 a 4 e mesitylene 65 5
16[e] 3 a NBS (4 a) mesitylene 95 61
17[f] 3 a NBS (4 a) mesitylene 92 84

[a] Reactions were performed with 0.072 mmol of 1 a, halogenating agent
(0.072 mmol), catalyst (5 mol%) and the corresponding solvent (0.5 M) at
RT for 15 min. [b] Isolated yield after flash column chromatography
purification. [c] Calculated by HPLC on chiral stationary phase (see the
Supporting Information). [d] Reaction required for 180 min to reach to full
conversion. [e] Reaction carried out at 0 °C for 30 min. [f] 5 mol% of
succinimide was incorporated as additive.
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cases regardless the substitution pattern at the substrate.
However, the enantioselectivity of the process was strongly
affected by both the nature and the position of such
substituents. In particular, the reaction performed well when an
electron-withdrawing substituent was placed at the para-
position with respect to the sulfonamide moiety (compounds
2 b and 2 c) but provided very poor enantioselectivity when an
electron-donating group was placed at the same position
(compounds 2 d and 2 e). The opposite tendency was observed
when the substituent was placed at the meta-position with
respect to the sulfonamide group, obtaining good er when an
electron-donating group was incorporated (compound 2 f),
although the reaction performed much better in the absence of
succinimide as additive. In contrast, very poor enantioselectivity
was observed when this substituent was replaced by an
electron-withdrawing group (compound 2 g). Finally, 2-substi-
tuted substrate 1 h also failed to provide the corresponding
adduct 2 h with high er and, furthermore, in this case the
reaction was not completely regioselective, isolating 18% of the
isomer.

This observed strong dependence of the enantioselectivity
with the substitution pattern was in general attributed to the
variable reaction rate of the reaction for each of the substrates
tested, which provided an opportunity for the uncatalyzed
background reaction to be operative.[13] Moreover, it should be
highlighted that in the NMR spectra of precursors 1 a–h
conformational rigidity could be appreciated, since there are
magnetically non-equivalent geminal methylene protons.[14]

Taking into account these results, we decided to continue
the study by evaluating the effect of modifying the size of the
cyclic starting material, concluding that it turns out to be a
crucial factor (Table 3). When a smaller ring was used (1 i), the
reaction did not provide the aminobrominating adduct 2 i and
when employing substrate 1 j with one more CH2, the desired
adduct 2 j was isolated in a moderate yield although as a
racemic mixture. It should be highlighted that the reaction was
completely diastereospecific, observing that 2 j (derived from
enesulfonamide 1 j with E configuration) presented the protons
of the stereogenic centers in a trans arrangement.

In view of these results, we turned our attention to evaluate
the use of phase-transfer catalysis conditions that, as men-
tioned, have also provided good results in other reported
examples of intramolecular enantioselective aminohalogenation
reactions. We started selecting the best halogen source 4 f–k for
carrying out the reaction in the presence of the archetypical
chiral phosphoric acid (R)-TRIP (3 a) and excess of neat sodium
carbonate in mesitylene at room temperature (Table 4, en-
tries 1–6). Under these conditions, the model substrate 1 a was
satisfactorily transformed into adduct 2 a regardless the sub-
stitution pattern of the halogen source employed, obtaining in
all cases the desired product with high yield and promising ee.
Taking these results into account, together with the difficulty of
preparing the halogenating agents, the optimization process
was continued with salt 4 f which provided the compound 2 a
with 92% yield and 79% ee (Table 4, entry 1). Temperature
effect was also evaluated (Table 4, entries 7 and 8) and a slight
improvement in the enantiocontrol was found working at 0 °C,
although longer reaction times were needed in order to reach
full conversions (3 h vs. 4.5 h). However, working at lower
temperatures (� 15 °C) was not beneficial due to the slowing
down of the reaction (7 h) and decrease in the yield (Table 4,
entry 8). Finally, different solvents mixtures were tested (Table 4,
entries 9–11), observing that the model substrate 1 a was
converted into transannular aminohalogenation product 2 a in

Table 2. Use of differently substituted enesulfonamides.[a]

[a] Reactions were performed with 0.072 mmol of 1 a–h, NBS
(0.072 mmol), succinimide (5 mol%), catalyst 3 a (5 mol%) in mesitylene
(0.5 M) at RT until complete consumption of the starting material (TLC
monitoring). Isolated yield after flash column chromatography purification
are given and er was calculated by HPLC on chiral stationary phase (see
the Supporting Information). [b] Reaction carried out in the absence of
succinimide. [c] 18% of the corresponding regioisomer was isolated as
well (see the Supporting Information).

Table 3. Use of enesulfonamides with different ring sizes.[a]

[a] Reactions were performed with 0.072 mmol of 1 a,i–j, NBS
(0.072 mmol), succinimide (5 mol%), catalyst 3 a (5 mol%) in mesitylene
(0.5 M) at RT until complete consumption of the starting material (TLC
monitoring). Isolated yield after flash column chromatography purification
are given and er was calculated by HPLC on chiral stationary phase (see
the Supporting Information). [b] n.d.: not determined. [c] The substrate 1 j
was employed as a mixture of E :Z (10 :1) diastereoisomers.
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excellent yield and ee after 23 h when a mixture of mesitylene/
hexane (1 :1) was used (Table 4, entry 9).

After the optimization process, the best conditions involved
the use of bromine/ammonium salt adduct 4 f as the most
effective halogenating agent in the presence of an excess of
neat sodium carbonate, catalyst 3 a and in a binary mesitylene/
hexane (1 :1) solvent system (Table 4).[15] These conditions were
subsequently applied to some of the substrates that had
previously provided poor stereocontrol in the conditions shown
in Table 2. As it can be seen in Table 5, a significant improve-
ment on the enantioselectivity was observed in all cases tested,
keeping the excellent yield for all examples.

In order to provide a plausible rationale for the observed
reactivity in the Brønsted acid-catalyzed reaction, we decided to
study the reaction between 1 a and 2 a catalyzed by 3 a
computationally. The conformational flexibility of compound
1 a generates additional issues for the study of the reaction
mechanism. Although it is known that nine-membered carbo-
cycles present several conformations of similar energies easily
interconverted by pseudorotation,[16] the fused aromatic ring,
the endocyclic double bond and the sulfonamide group in 1 a
introduce nonsymmetric structures and contribute significantly
to the ring strain increasing the interconversion barriers.
Because of that, it is not possible to carry out a systematic
conformational analysis of the sixteen symmetrical configura-

tions of a nine-membered ring.[17] Moreover, the presence of
the double bond provides planar chirality to 1 a and constrain
the interconversion of enantiomers. To overcome these issues,
we performed a conformational analysis of 1 a. A first analysis
using molecular dynamics (MD) simulations showed one
predominant conformer A and small amounts of a second one
as the preferred situation at ambient temperature in chloroform
as a solvent (Figure 1).

Conformer A showed the phenyl group almost perpendicu-
lar to the double bond, composing a concave area containing
the phenyl group and the three methylenes. All these meth-
ylenes are oriented staggered each other and the pyramidaliza-
tion of the nitrogen pointing out the lone pairs outside the
ring.

Table 4. Optimization of the reaction employing phase-transfer catalysis.[a]

Halogen
source

Solvent T
[°C]

Yield
[%][b]

ee.
[%][c]

1 4 f mesitylene RT 92 79
2 4 g mesitylene RT 75 78
3 4 h mesitylene RT 92 78
4 4 i mesitylene RT 85 79
5 4 j mesitylene RT 73 75
6 4 k mesitylene RT 92 80
7 4 f mesitylene 0 86 86
8 4 f mesitylene � 15 45 87
9[d] 4 f mesitylene/hexane

(1 :1)
0 95 91

10[d] 4 f m-xylene/hexane
(1 :1)

0 95 87

11[d] 4 f toluene/hexane (1 :1) 0 90 84

[a] Reactions were performed with 0.05 mmol of 1 a, brominating agent 4
(0.065 mmol), catalyst 3 a (10 mol%) and Na2CO3 (0.20 mmol) until
complete consumption of the starting material (TLC monitoring). [b]
Isolated yield after flash column chromatography purification. [c] Calcu-
lated by HPLC on chiral stationary phase (see the Supporting Information).
[d] Reaction required for 23 h to reach to full conversion.

Table 5. Enantioselective transannular aminohalogenation under PTC.[a]

[a] Reactions were performed with 0.05 mmol of 1 a–h, brominating agent
4 f (0.065 mmol), catalyst 3 a (10 mol%) and Na2CO3 (0.20 mmol) in a 1 :1
mixture of mesitylene and n-hexane at 0 °C until complete consumption
of the starting material (TLC monitoring). Isolated yields after flash column
chromatography purification are given and er was calculated by HPLC on
chiral stationary phase (see the Supporting Information). [b] 8% of the
regioisomer was also isolated (see the Supporting Information).

Figure 1. Conformational analysis of 1 a by using MD simulations. Population
analysis was carried out with 250000 snapshots. The representation was
made on the basis of the more flexible dihedral angles α and β.
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We carried out, in parallel, a conformational search using
Macromodel software[18] from which we constructed a pseudor-
otational itinerary of lower energy (for other alternatives and
conformations see the Supporting Information; Figure 2). All the
transition structures between conformers were located and
characterized at wb97xd/def2svp/pcm= toluene level of theory.
These transition structures were verified by the corresponding
IRC analyses; the corresponding energy profile of optimized
points is also given in Figure 2.

The pseudorotational itinerary of 1 a consists of two
enantiomeric sections in which conformers A and D, and the
corresponding enantiomers, account for 94 and 6%, respec-
tively, according to a Boltzmann distribution. These results
confirmed the MD analysis that predicted the same predom-
inant conformers. The geometrical difference between con-
formers A and D resides in the relative orientation of the
methylenes. In fact, all the conformers present geometries in
which the aromatic ring is out of the plane of the double bond
preventing conjugation. Consequently, one enantioface of the
double bond points towards the inside region of the molecule
(nitrogen atom) and the other one to the outside region. The
highest barrier in the conformational itinerary for the intercon-
version of A into ent-A, is 17.1 kcalmol� 1 and corresponds to
the loss of the planar chiral information.[19] The kinetic constant
calculated for that barrier is 1.78 s� 1 (0.12 s� 1 at 0 °C) and the
half-life t1/2 is 0.390 s (6 s at 0 °C). These values agree with a

relatively slow conformational racemization at ambient temper-
ature.

When considering the cyclization reaction, that is, the attack
of the nitrogen atom to the activated double bound, con-
formers A/D, and ent-A/ent-D lead to attacks by the 6Re and 6Si
faces of the double bond, respectively. Since a conformational
equilibrium connects both enantiomers we could see the whole
process as a dynamic kinetic resolution (DKR) when a chiral
catalyst is used. According to the Curting-Hammettt principle,[20]

such a DKR-like scenario would require a faster reaction for one
conformer, a slow reaction for the other and a much faster
equilibration between them. Consequently, we next studied the
cyclization reaction.

Denmark and Burk reported[9] that, in the presence of a
Lewis base, NBS is cooperatively activated by a phosphoric acid
to form a phosphate hypobromite which transfer bromine to
the substrate. Accordingly, we can propose the catalytic cycle
illustrated in Figure 3. Once formed the reactive halogenating
reagent C1, an encounter pair EP is formed with the reactant
(1 a) leading to a bromiranium intermediate IN which evolves to
PR through TS2. Product PR, by the action of the Lewis base
and NBS, yields the product 2 a and regenerates the active
catalytic species C1, starting the cycle again. For the calcu-
lations, we fixed our attention in the transformation of EP into
PR. Any alternative bifunctional interaction between the
catalyst and the sulfonamide group of the substrate can be
discarded because it would prevent the anti-type intramolecular
attack of the nitrogen atom.

We could assume that the reaction takes place with the
racemic conformers A and ent-A. However, on the basis of
Curtin-Hammett’s principle[20] the reaction might also take place
with racemic D and ent-D which are only 1.7 kcalmol� 1 above
the former. Other conformers are too high in energy to be
considered as candidates to be the most reactive ones. We
carried out the whole study of the process with (R)-BINOL-
phosphoric acid as a reduced model of the real catalyst. This
model, being also chiral, presented a simpler structure which
reduces computational cost. Consequently, we approached
chiral phosphate hypobromite C1 to A, D and their enantiomers
by the corresponding enantiotopic faces (6Si for A and D, and
6Re for ent-A and ent-D). After an exhaustive exploration of the
potential energy surface (PES), we located the most stable
transition structures corresponding to TS1a and TS1b formed
from A and ent-A, respectively. The IRC’s for these transition
structures indicated that they connect the corresponding
encounter pairs EPa and EPb with bromiranium intermediates
which, after optimization yield INa (1.09 kcalmol� 1 lower than
TS1a) and INb (2.1 kcalmol� 1 lower than TS1b) as stable
stationary points.

It has been reported that in the case of double bonds
conjugated with aromatic rings (styrenes and stilbenes), in
which there is a quite different electronic distribution due to
the substituents, the intermediate formed after bromination
features a stabilized carbocation rather than a bromiranium
ring.[21] An alternate situation between carbocations have also
been suggested based on NMR experiments.[22] However, as it
has been mentioned above, the orientation of the aromatic ring

Figure 2. Top: Pseudorotational itinerary of lower energy for 1 a. The
enantiomeric part is given at the bottom of the catalytic cycle (relative
energies [kcalmol� 1] are given in brackets for one enantiomeric part).
Bottom: Energy profile of a half-cycle corresponding to one enantiomeric
part.
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out of the plane of the double bond prevents conjugation and
justifies the absence of a benzylic carbocationic intermediate. In
our case, it can be observed for the transition structures that C7
is more pyramidalized than C6, the C7� Br distance (2.39 and
2.40 Å for TS1a and TS1b, respectively) being shorter than the
C6� Br distance (2.51 and 2.52 Å for TS1a and TS1b, respec-

tively). This is in agreement with the development of an
incipient positive charge at homobenzylic position, which, in
turn, it should be stabilized by the nitrogen lone pairs. NCI
calculations[23] corroborated this stabilizing interaction (Figure 4;
only the most stable b series is showed; for the whole analysis
see the Supporting Information). The above situation observed

Figure 3. Catalytic cycle for the enantioselective transannular reaction of 1 a.

Figure 4. Optimized geometries (wb97xd/def2svp/smd= toluene) of a) TS1b, b) INb and c) TS2b. d) NCI calculations for TS1b. The blue arrow indicates a
prebonding interaction, and the green arrow points to a stabilizing van der Waals interaction. e) NCI calculations for INb. The blue arrow indicates a strong
electrostatic interaction, and the green delocalized surface indicates van der Waals interactions. Small, lenticular, bluish surfaces indicate strong interactions.
f) ELF of INb. The blue arrow indicates the presence of electron density between bromine and carbon atoms. The red arrow confirms the electrostatic
interaction by the absence of electron density between bromine and oxygen atoms as expected for an ion-pair.
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for TS1a,b is maintained in the corresponding intermediates
INa,b which resulted enough stable to be located and
characterized as minima. Again, NCI calculations corroborated
the stabilizing interaction of the nitrogen lone pairs. Moreover,
the observed distances between P� O and the bromine atom
(2.35 Å for both INa and INb) are more compatible with an
electrostatic interaction proper of an ionic pair. Both NCI and
ELF[24] analyses confirmed the ion-pair character of intermedi-
ates, the former revealing a strong electrostatic interaction and
the latter demonstrating the absence of electron density
between the oxygen and bromine atoms. Those analysis also
confirm the nonsymmetric cyclic structure of the bromiranium
ring in which the C7···Br distance is shorter than the C6···Br
distance as a consequence of a higher partial positive charge of
homobenzylic C6. Furthermore, the ELF analysis confirms the
presence of some electron density between the bromine atom
and both C6 and C7 demonstrating the formation of the three-
membered ring.

Bromiranium intermediates INa,b evolve through a second
transition structure TS2a,b to give the products. These
transition structures, according to Hammond’s postulate[25] are
rather similar to the precursor intermediates and represent the
intramolecular attack of the nitrogen to the homobenzylic
position completing the transannular cyclization. The distances
in INa,b are almost the same that in TS2a,b with the exception
of the breaking bond C6� Br which is longer in the latter, as
expected due to the formation of the C6� N bond.

In terms of energy barriers of the reaction, transition
structures TS1a and TS1b showed barriers with respect to the
reagents of 29.4 and 29.0 kcalmol� 1, and constitute the stereo-
differentiating rate-limiting step of the reaction. The formation
of the reactive reagent C1 requires, at least, 23.5 kcalmol� 1 (the
energy of the most stable encounter pair EPa). This is also
compatible with the observed DKR-type process having a
barrier of 17.1 kcalmol� 1 for the interconversion of enantiomers
(Figure 5). On the other hand, the potential energy surface
corresponding to the preferred route (b series) is close to flat
with a maximum difference between points of 1.9 kcalmol� 1.

Next, we grew up the model to the real catalyst 3 a. We
located the most stable TS1a-r and TS1b-r after introducing the

bulky groups into the BINOL system and evaluating the
conformational variability of the resulting transition structures.
Both transition structures showed barriers referred to starting
materials of 23.4 and 24.0 kcalmol� 1 for TS1a-r and TS1b-r,
respectively.

The NCI analysis (see the Supporting Information) reveals
stabilizing van der Waals interactions between the catalyst and
the substrates that justify the lower barrier calculated for the
real model (23.4 vs. 29.0 kcalmol� 1 for the BINOL model).
Interactions between the isopropyl groups of the catalyst and
the substrate, an aromatic ring in TS1b-r, and methylenes in
TS1a-r are the responsible of the small difference in energy
(only 0.6 kcalmol� 1) observed for the transition structures. This
small difference correctly predicts the modest enantiomeric
ratio observed experimentally in several cases. The total energy
barrier is compatible with the observed interconversion of
conformers leading to a DKR-type process. So, these results fully
agree with the experimental results featuring a not very
enantioselective reaction requiring, in some cases, hours for
completion at ambient temperature.

Any attempt of locating a bromiranium intermediate or a
second transition structure for the real model failed. Moreover,
it was not possible to calculate the IRC of the transition
structure due to the flatness of the PES. Because of that, we
performed relaxed scans in reverse and forward directions. In all
cases downhill pathways were obtained, no minima being
present between the corresponding transition structure and the
product (PR; for details see the Supporting Information). So, it is
possible to assume that this part of the reaction-the intra-
molecular attack of the nitrogen atom to the bromiranium
intermediate-is, in this case, almost barrierless.

Calculations of noncovalent interactions of TS1a,b-r corro-
borated the still present interaction between oxygen and
bromine atoms as well as that between the nitrogen and the
carbon atom at homobenzylic position, confirming that they
correspond to the first transition structures. These findings
suggest that we are moving through a stepwise process
crossing a flat PES in which the second step requires very low
energy. The comparison of the observed distances in TS1a,b of
the BINOL and real models indicates that the bulkiness of the
catalyst promotes a transition structure in which the bromine
atom approximates the double bond in a more symmetrical
way, that is, the C� Br distances are more similar between them
than in the BINOL-derived transition structures (C6� Br 2.44 Å
and C7� Br 2.45 Å in TS1b-r vs. C6� Br 2.52 Å and C7� Br 2.40 Å
in TS1b). In consonance with such a more symmetrical
approach there is a lower stabilization by the nitrogen atom as
indicated by a longer C6-N distance in TS1b-r (2.81 Å) than for
TS1b (2.76 Å, Figure 6). Actually, both are stepwise processes
but the presence of bulky groups renders more favored a
barrierless second step. This situation is substantially different
than that reported previously[26] in the course of a semi-
pinacolinic rearrangement initiated by an alkene halofunctional-
ization, in which the second part of the reaction took place in a
concomitant way with the bromine attack through an only
transition structure (Figure 7). The real difference between the
two processes is given by the topological NCI and ELF analyses,

Figure 5. Energy profiles (wb97xd/def2tzvp/smd= toluene//wb97xd/
def2svp/smd= toluene) for the transformation of 1 a into PR catalyzed by
BINOL phosphoric acid.

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202202267

Chem. Eur. J. 2022, 28, e202202267 (7 of 10) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Montag, 07.11.2022

2262 / 270670 [S. 52/55] 1

 15213765, 2022, 62, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202202267 by U

niversidad D
e Z

aragoza, W
iley O

nline L
ibrary on [22/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



which in the case of the stepwise process described here show
an interruption of the electron density when the intermediate is
formed. In contrast, in our previously reported halofunctionali-
zation of 1-alkenecyclobutanols, there is a continuous electronic
interaction along the whole concerted highly asynchronous
reaction.

Conclusion

In summary, we have shown that chiral phosphoric acids are
suitable catalysts for the enantioselective transannular amino-
halogenation reaction of enesultams leading to the formation
of compounds 2 a–h in excellent yield, diastereoselectivity, and
regioselectivity. In order to reach useful enantioselectivities, two
complementary methodologies were optimized, one of them
based on Brønsted acid catalysis and the other one on PTC.
Moreover, enesultam precursors exhibit planar chirality; how-
ever, the fast racemization between the most reactive rigid
conformers at room temperature allows a DKR process.

Computational studies predict the formation of a bromira-
nium intermediate with a simple unsubstituted phosphoric acid
derived from BINOL. Although the PES is close to planar, with
differences of less than 3 kcalmol� 1, stabilizing interactions of
the endocyclic nitrogen atom allow location and character-
ization as a stationary point, of a nonsymmetrical bromiranium
intermediate in which a higher positive charge is partially
developed at the homobenzylic position. The absence of
conjugation between the aromatic ring and the double bond
resulting in planar chirality prevents the formation of a benzylic
carbocation. On the other hand, favorable steric van der Waals
interactions formed between the substituted BINOL derivative
(the real catalyst 3 a) and the substrate causes a decrease in the
stabilizing interactions of the nitrogen that promotes the
formation of the product through a barrierless second step. The
energetics of the process were also predicted correctly as the
barrier of the process (availability of the reactive species C1) is
compatible with the reaction conditions and with the observed
equilibration of the reactive conformers (visible by NMR). The
small difference between the most favored transition structures
for each enantiotopic face is in agreement with the modest
values of ee observed in several cases. Globally, substitution in
the BINOL favored the reaction lowering the energy barrier by
5–6 kcalmol� 1 with respect to the unsubstituted derivative.

Experimental Section
Synthesis of 2 a, using Brønsted acid catalysis: A reaction vial was
equipped with a magnetic stirring bar, and charged with the
substrate 1 a (16.1 mg, 0.072 mmol) and succinimide (0.4 mg,
0.0036 mmol). To the mixture, under argon atmosphere, a solution
of (R)-TRIP hydrogen phosphate (3 a; 2.7 mg, 0.0036 mmol) was
added, followed by dry mesitylene (0.15 mL). After thermostatting
the mixture at 25 °C, N-bromosuccinimide (12.8 mg, 0.072 mmol)
was added. When the reaction was judged complete (15 min), a
saturated aqueous solution of NaHCO3 (1 mL) was added and the
mixture was extracted with CH2Cl2 (3×10 mL). The combined
organic layers were dried over Na2SO4, filtered and concentrated in

Figure 6. Optimized geometries (wb97xd/def2svp/smd= toluene) of the
most favored transition structures TS1a,b-r for the real catalyst 3 a. Relative
energies (ΔΔG, calculated at wb97xd/def2tzvp/ smd= toluene//wb97xd/
def2svp/smd= toluene level) are given in brackets in kcalmol� 1. Bottom: NCI
calculations. The blue arrow indicates a prebonding interaction. The ochre
arrows indicate stabilizing interactions of the nitrogen atom. The green
arrows indicate stabilizing interactions between the catalyst isopropyl group
and the aromatic ring of the substrate in TS1b-r and the methylenes of the
substrate in TS1a-r.

Figure 7. Comparison of halofunctionalization of alkenes taking place
through stepwise (this work, top) and concerted asynchronous (ref. [26],
bottom) mechanisms.
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vacuo. Purification of the crude by flash column chromatography
on silica gel (petroleum ether/EtOAc, 7 : 3) gave the corresponding
product 2 a (20.0 mg, 92%) as a white solid. [α]20D = +49.2 (c=1.0,
CH2Cl2); The er was determined by HPLC using a Chiralpak AS� H
column [n-hexane/iPrOH (70 :30)]; flow rate 1.0 mLmin� 1; τ1=

22.0 min, τ2=53.2 min (92 :8 er).

Synthesis of 2 a, using phase-transfer catalysis: A reaction vial was
equipped with a magnetic stirring bar, and charged with the
substrate 1 a (11.2 mg, 0.05 mmol), Na2CO3 (21.2 mg, 0.2 mmol) and
(R)-TRIP hydrogen phosphate (3 a; 3.8 mg, 0.005 mmol). To this vial,
under argon atmosphere, 0.5 mL of dry mesitylene and 0.5 mL of
dry hexane were added. After thermostatting the mixture at 0 °C,
the cationic brominating reagent (4 f; 23.2 mg, 0.065 mmol) was
added. When the reaction was judged complete monitored by TLC
(48 h), a saturated aqueous solution of Na2S2O3 (1 mL) was added
and, after disappearance of the yellow color, the mixture was
extracted with CH2Cl2 (3×10 mL). The combined organic layers
were dried over Na2SO4, filtered and concentrated in vacuo.
Purification of the crude by column chromatography on silica gel
gave the corresponding product 2 a (14.8 mg, 98%) as a white
solid. [α]20D : +50.7 (c=1.0, CH2Cl2); The er was determined by HPLC
using a Chiralpak OD-3 column [n-hexane/iPrOH (70 :30)]; flow rate
1.0 mLmin� 1; τ1=8.7 min, τ2=14.6 min (96 :4 er).

Spectral data of compound 2 a: m.p. (petroleum ether/EtOAc):
145–148 °C; 1H NMR (300 MHz, CDCl3): δ=7.88 (dd, J=7.5, 1.0 Hz,
1H, Carom� H), 7.62–7.46 (m, 3H, Carom� H), 5.51 (d, J=3.3 Hz, 1H,
C10� H), 4.12 (ddd, J=7.6, 6.3, 3.3 Hz, 1H, C10a� H), 3.63 (ddd, J=9.1,
6.7, 5.1 Hz, 1H, C3� HaHb), 3.53–3.32 (m, 1H, C3� HaHb), 2.42–2.19 (m,
1H, C1� HaHb), 2.19–1.88 (m, 3H, C1� HaHb, C2� H);

13C NMR (75 MHz,
CDCl3): δ=136.8 (Carom� S), 135.2 (Carom� C10), 132.7 (Carom� H), 130.6
(Carom� H), 129.7 (Carom� H), 124.4 (Carom� H), 62.1 (C10a), 50.7 (C10), 46.7
(C3), 31.5 (C1), 23.7 (C2); IR (ATR): 1303 (SO2 st as), 1260 (C� N st),
1155 cm� 1 (SO2 st sym); MS (EI) m/z (%): 221 ([M-HBr]+, 97), 156
(100), 130 (19), 129 (33), 128 (30), 115 (20), 102 (19), 89 (20), 63 (20);
HRMS (UPLC MS ESI+): Calculated for [C11H13NO2SBr]

+ : 301.9845 [M
+H]+; found: 301.9848.
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