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Mechanistic Investigation of an Organocatalytic
Bromocyclization of O-Allyl Carbamates

Francisco Wanderson Moreira Ribeiro,[®! Jullyane Emi Matsushima,’®! Guilherme Obeid, !
Elisangela Vinhato,™! Alessandro Rodrigues,*!! and Thiago Carita Correra*!

Intramolecular enantioselective halocyclization of olefins repre-
sents a valuable organic synthesis strategy. This work reports the
enantioselective bromoaminocyclization of O-cinnamyl tosyl-
carbamate catalyzed by a Cinchona-derived organocatalyst as
a model reaction to understand non-covalent catalyzed bro-
moaminocyclizations. The corresponding bromo-oxazinanone
was obtained with excellent regio- and diastereoselectivity
in 69% yield and 80:20 er, promoted by a thiocarbamate-
cinchonine catalyst. This reaction served as a compelling pro-
totype for a comprehensive mechanistic investigation, combin-
ing experimental and theoretical approaches. Analysis of the
reaction mixture by electrospray ionization mass spectrometry
(ESI(+)-MS) and detailed evaluation of key intermediates via

1. Introduction

The halocyclization reaction of olefinic compounds, discov-
ered over a century ago, evolved into a powerful tool for
the synthesis of heterocycles.'! Despite its importance, metal-
catalyzed variants of halocyclization reactions only emerged
in the literature several decades later, spurred by the pio-
neering works of Kitagawa and Taguchi!® Their contribu-
tions have significantly propelled the field of N- and O-
heterocyclization reactions, encompassing halolactonization,'’
haloetherification,!®”! and haloaminocyclization.!®! These reac-
tions enable the stereocontrolled formation of vicinal halocarbon
and heteroatom-carbon bonds (Scheme 17! |eading to the
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infrared multiphoton dissociation (IRMPD) spectroscopy were
performed. The thermodynamic origins of enantioselectivity
were explored by analyzing the potential energy surface of
the reaction using density functional theory (DFT) calculations.
This analysis included relevant transition states and interme-
diates, as well as the role of non-covalent interactions within
the active catalytic species as revealed by natural bond orbital
(NBO) analysis. Consistent with the experimental observations,
DFT calculations indicated that the electrophilic bromo species
is activated by the sulfur atom of the (thio)carbonyl group of the
catalysts, and bromonium ion formation constitutes the enan-
tiodetermining step, with a calculated overall reaction barrier of
27.0 kcal mol~".

evolution of catalytic systems capable of handling a broad range
of substrates.[218-33]

In this context, O-allyl carbamates have been proven to
be effective substrates for the synthesis of valuable syn-
thetic intermediates through metal-catalyzed transformations
encompassing  formal  [3,3]-sigmatropic  rearrangements-
decarboxylation,**38  decarboxylative ~C—H  couplings,'>!
aminoacetoxylations,[*)  aminohydroxylations,[*'’  aminochlori
nations,[“#! and aminobrominations.[2#-%1 " For instance,
previous studies have reported the use of Fe(ll),*! Cu(ll),*¢!
Pd(I1),144471 and Sc(ll)“#>°! as metal sources for catalyzed halo-
cyclization reactions of O-allylic carbamates (Scheme Ta-g).
As a complementary synthetic approach, Yang and coworkers
developed the chloro-O-cyclization of O-allyl carbamates using a
Cinchona-derived quaternary ammonium salt as a phase-transfer
catalyst (PTC) (Scheme 1h).1""! These reactions lead to the regios-
elective cyclization of either 5-exo or 6-endo oxazolidinones and
oxazinanones, which contain adjacent nitrogen and halogen
(bromine or chlorine) groups.

Although metal-catalyzed strategies have been extensively
explored for the haloaminocyclization reaction of O-allylic
carbamates, no reports to date have described the devel-
opment of an enantioselective organocatalytic approach for
this transformation. This is particularly surprising considering
the remarkable progress achieved in recent years utilizing
organocatalysis for enantioselective halocyclization reactions
with other substrates.[?8335253! Perhaps one of the reasons for the
lack of organocatalyzed halocyclization variants, compared to
the metal-based strategies, could be attributed to the absence
of a generalized catalytic model to explain the organocata-
lysts’ actions, especially for non-covalent organocatalysts, as
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Scheme 1. Examples (a-h) of vicinal halocarbon and hetero-carbon bond formation representing the context of (i) this work.

the characterization of the non-covalent interactions within
the active catalytic structure is critical for understanding their
activity.[>+>7]

Despite that, the field of organocatalysis has seen significant
advancements since 2010, following the pioneering contributions
of Borhan,!*®! Fujioka,®® Tang,!®® Yeung,'® and their co-
workers. Their work on cinchona alkaloid-catalyzed asymmetric
intramolecular halocyclization of alkenes and alkynes established
organocatalysis as a key methodology for these transformations.
Since then, numerous functionalized molecules have been
synthesized through asymmetric halocyclization reactions
employing cinchona alkaloid-derived organocatalysts. In this
context, cinchona-based organocatalysts are considered a rel-
evant model system for non-covalent organocatalysts. Building
on previous reports in this area, two major pathways were
proposed to hypothesize the bromocyclization mechanism for
carbamate 1, as shown in Scheme 2.

Considering Cheng and coworkers report in similar
transformations,®?! these reactions may start with the halo-
gen transfer to the organocatalyst thiocarbamate nitrogen or
sulfur atoms, forming two different isomeric intermediate Al
and All (Scheme 2). Species Alll (Scheme 2) was also considered
as a possible intermediate based on an analog of intermedi-
ate proposed by Whitehead and coworkers that suggested a
chlorolactonization reaction to proceed via a halogen transfer
to quinuclidinic nitrogen of the catalyst.!®3! Despite the halogen
insertion site, intermediate A would bind with the substrate 1 to
produce a halonium intermediate,'®*! leading to the formation
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of product 2 and subsequent organocatalyst regeneration after
additional reaction steps.

Zhang and coworkers!®! evaluated the bromolactonization
of (2)-1,3-enynes and suggested the formation of a net of hydro-
gen bonds involving the halogen source (NBS), the organocat-
alyst, and the substrate. Based on this proposal, a trilateral
complex T (Scheme 2) was also considered a possible reaction
pathway for the title reaction.

In light of these factors and based on Yeung and coworkers
reports for organocatalytic electrophilic bromolactonization and
bromolactamization reactions,!”616266-6%1 we envision that Cin-
chona alkaloid derivatives could be used as an enantioselective
model for non-covalent catalysis to the bromoaminocyclization
of O-cinnamyl carbamate 1. Therefore, we present an experimen-
tal and theoretical mechanistic study of the catalytic abilities
of selected Cinchona alkaloid derivatives as organocatalysts for
the enantioselective bromoaminocyclization of O-cinnamyl car-
bamate 1 (Scheme 1i) as a model reaction for non-covalent
catalyzed bromoaminocyclizations.

Considering the propositions presented in Scheme 2, three
major points will be evaluated: (i) the presence of trilateral and
NBS activation pathways, (ii) the Br insertion site as part of the
NBS activation pathway, and (iii) the structure and non-covalent
network of the relevant species involved in the reaction.

To that end, the synthesis and evaluation of Cinchona-
derived organocatalysts and the optimization of reaction con-
ditions were carried out followed by a comprehensive mech-
anistic study, which was developed by combining ESI(+)-MS,
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Scheme 2. Possible pathways considered in this work for O-allyl carbamate 1 bromoaminocyclization mediated by NBS and catalyzed by a Cinchona-based
organocatalyst, inspired by previous reports on similar transformations (see text for details).

gas-phase infrared multiple photon dissociation spectroscopy
(IRMPD), and density functional theory (DFT) calculations to
allow a full description of the reaction mechanism, energetics,
and key points governing the organocatalysts activity, including
a description by the natural bond orbital (NBO) analysis of the
non-covalent framework involved in the active catalyst obtained.

2. Results and Discussion

2.1. Effects of the Catalysts Structure on the Reaction
Outcome

Building upon the work of Yeung et al, who employed
Cinchona-derived organocatalysts for electrophilic bromolac-
tonization and bromolactamization reactions in CHCl3;/PhMe
mixtures,7616266-691 e evaluated eight organocatalysts (3a-
h) (Table 1) for the enantioselective bromoaminocyclization of
O-cinnamyl carbamate 1 as a model reaction and to gather
mechanistical insights on the reaction.

The reaction of O-cinnamyl carbamate 1 with 1.2 equiv of NBS
was initially tested with organocatalysts 3a—g under 0.1 equiv.
of catalyst loading in CHCl;/PhMe (2:1) at —50 °C with 0.03 M
of substrate concentration by 24 h (Table 1, entries 1-7). Initial
evaluations of eight thiocarbamate organocatalysts (3a-g) con-
firmed their efficiency in catalyzing heterocycle 2 formation. The
catalytic activity of cinchonine-derived catalysts 3a, 3b and 3c
(Table 1, entries 1, 2, and 3 respectively) does not present sig-
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nificant changes, indicating that the opposite electronic effect
of the —OMe and —CF; substituents in the aryl group does not
influence the stereochemical outcome.

According to Table 1, entry 4, the organocatalyst 3d was the
least active for the formation of bromoaminocyclization hetero-
cycle 2 in 78% yield. Apparently, steric effects on substituents
in the ortho position of the thiocarbamate group could inhibit
electrophilic bromine transfer.

Two additional thiocarbamate organocatalysts were evalu-
ated, derived from quinidine (3e) and cinchonidine (3f) (Table 1,
entries 5 and 6, respectively), along with the thiourea-type
organocatalyst 3g (Table 1, entry 7), also derived from cinchoni-
dine. Despite their high efficiency in promoting the formation
of compound 2, organocatalysts 3e, 3f, and 3g were not active
in the formation of heterocycle 2 with appreciable levels of
enantioselectivity. However, the trend observed in the enan-
tiomeric ratios across entries 1-7 (Table 1) indicates that these
pseudoenantiomeric organocatalysts, 3e and 3f, induce oppo-
site enantiomeric preferences in the formation of product 2
(53:47 and 48:52, respectively). Even though these enantiomeric
ratios indicate that 2 is formed in an almost racemic form, these
results suggest that the organocatalysts exert control in the
enantiomeric excess of the reaction.

A thiourea-type organocatalyst 3g derived from cinchonidine
was also tested but was also not active in the formation of
heterocycle 2 at appreciable levels of enantioselectivity.

It should be noted that the reaction solvent was also evalu-
ated at this stage to verify its influence on the enantioselectivity
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Table 1. Bromoaminocyclization of 1 using catalysts with selected Cin-
chona chiral frameworks.?)

(0]
catalyst (0.1 equiv.)
- j\ T NBS (1.2 equiv.) o/lLN/TS
Ts — 2T,
PRS0 N 24h,-50 °C
1 solvent =
Br

CF3

Entry Cat Solvent? Yield [%]° erd

1 3a CHCl3/PhMe (2:1) 100 57:43

2 3b CHCl3/PhMe (2:1) 100 53:47

3 3c CHCl3/PhMe (2:1) 100 57:43

4 3d CHCl3/PhMe (2:1) 78 54:46
5 3e CHCl3/PhMe (2:1) 100 53:47

6 3f CHCl3/PhMe (2:1) 100 48:52
7 3g CHCl3/PhMe (2:1) 100 45:55
8 3a CHCl3/PhMe (1:1)® 100 69:31

9 3a CHCl3/PhMe (1:1) 100 70:30
10 3h CHCls/PhMe (1:1) 100(69)" 80:20

) Reactions were carried out with 1 (0.20 mmol), catalyst (0.02 mmol) and
NBS (0.24 mmol) in solvent (0.03 M) by 24 h.

b The CHCl; used contains 1.0% v/v EtOH additive.

9 H NMR yield.

9 The enantiomeric ratio (er) values were determined by HPLC analysis
using a Chiralpack AD-H column.

® performed at 0.1 M.

f) 1solated yield.

levels obtained to this point (er 57:43, Table 1, entry 1 for 3a).
The detailed results on the 13 different solvents tested using
organocatalyst 3a are shown in Table S1. This evaluation showed
that the optimal reaction condition was achieved with a mixture
of chloroform and toluene in a 1:1 ratio (Table 1, entry 9), at a
concentration of 0.03 M relative to O-allyl carbamate 1. In this
concentration, heterocycle 2 was obtained with an enantiomeric
ratio of 70:30 and yield of 100% (Table 1, entry 9).

Considering the possible concurrent reactions involving halo-
nium ion transfer via olefin-to-olefin between the vinyl portion
of organocatalysts 3a-g and the alkene group of substrate 1,127
we decided to verify if inhibiting this phenomenon may enhance
the efficiency of the organocatalysts. To that end, organocatalyst
3h, whose vinyl portion is saturated, was used. This organocat-
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alyst improved the enantiomeric ratio of compound 2 to an er
of 80:20, with an isolated yield of 69% (Table 1, entry 10). The
absolute configuration of the major enantiomer of heterocycle 2
was assigned as (S,S) based on a comparison of its optical activity
data and chiral HPLC traces with those reported by Shi et al.!*!
Through this synthetic investigation, we identified a catalytic sys-
tem exhibiting enantioselectivity sufficient to demonstrate the
potential of organocatalyst 3h in the aforementioned title reac-
tion. This finding has enabled a mechanistic investigation of the
reaction, which is presented in this paper.

2.2. Analysis of Reaction Intermediates by ESI(+)-MS and
IRMPD Spectroscopy

The species formed during the reaction were evaluated by sam-
pling the reaction media after 10 h of reaction and analyzing
this sample by ESI(+)-MS after dilution in acetonitrile (ACN), so
the initial NBS concentration would be diluted to a 107> mol L™
range.

Because the reaction kinetics and relative stability of the
species present in the reaction media affect the intermediates
and other species that could be detected in solution,” the
use of different catalysts can allow the detection of ions rep-
resenting different reaction steps. For this reason, the reaction
mechanism reported is discussed based on a compilation of cor-
related ions observed for the catalysts 3f and 3g, as no relevant
intermediate species were observed when using other catalysts.
Scheme 3 shows a catalytic cycle proposed based on the m/z
ratios detected by ESI(+)-MS (Figures S1 and S2) and IRMPD
spectroscopy results that will be discussed in the next sections.

Besides the ions with m/z ratios assigned to the protonated
catalysts ([3f + H]* and [3g + HI"), protonated substrate 1
(I + HI*) and product 2 ([2 + HI"), two ions with m/z 507-
509 and 976-978 were observed, consistent with the formation
of brominated intermediates. It was not possible to observe ions
related to NBS or succinimide as the detection efficiency of these
species was verified to be extremely low in comparison with
the other species evaluated. No ions with m/z correlated to the
trilateral complex mechanism, intermediate T (Scheme 2), were
detected.

As described previously, the proposition of reaction mech-
anism solely by the evaluation of m/z values may prevent the
nature of the ion to be determined, even when tandem MS is
used.l?7! In this specific case, the ions with m/z 507-509, inter-
mediate A [3g + Br]* may show diverse Br' insertion sites (Al,
All, and Alll-Scheme 2), and the ions with m/z 976-978 can be
associated with diverse isomeric intermediates like [3f + Br + 1]*
[3f + Br + 11", where the 1 represents the enolic form of the
substrate-and [3f + H + 2]*.

IRMPD spectroscopy is based on the evaluation of an ion
fragmentation efficiency as a function of the IR wavelength that
promotes ion photodissociation. Therefore, the measured frag-
mentation efficiency can reveal the absorption bands of isolated
ions, allowing for isomers differentiation and the determination
of the nature of the species probed.”+7”!
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Scheme 3. Overall catalytic cycle proposal for NBS and O-allyl carbamate 1 reaction based on the combined ESI(+)-MS and IRMPD spectroscopy results for

catalysts 3f and 3g. See Figure 2 for the complete reaction mechanism.

Therefore, the ions with m/z 507-509, and 976-978 observed
were further subjected to analysis by IRMPD spectroscopy to
confirm their nature, as will be discussed in detail in the next
sections.

2.3. Catalyst Activation and Bromide Binding Site

Figure 1a shows the IRMPD spectrum of the intermediate with
m/z 507-509 assigned as [3g + Br]™ formed upon transfer of Br
from NBS to the catalyst while Figure 1b,c depicts the theoreti-
cal spectra for putative structures of distinct intermediates with
bromine insertion on different sites: the thiocarbamate nitro-
gen (Al), the thiocarbonyl sulfur atom (All), and the quinuclidinic
nitrogen (Alll) (Scheme 2).

Figure 1a shows two major bands at 3433 and 3362 cm™',
assigned to the NH stretches of the secondary amines of the
thiourea portion according to the theoretical spectrum of the
bromine atom binding to the sulfur atom-intermediate All (S-
Br) (Figure 1b, red), which shows these NH bands at 3455 and
3362 cm~'. The experimental band at 2972 cm~' was assigned
to CH stretches and predicted by theoretical calculations in this
same region. It is relevant to notice that the absorption bands
predicted by the theoretical calculations for the Br binding on
the substrate thiourea nitrogen atom (intermediate Al (N-Br)
Figure 1b, blue trace) at 3268 and 3468 cm™' or the coordina-
tion on the quinuclidinic nitrogen (Alll) based on the Whitehead
proposal for chlorine association at 3380 cm™' (Figure 1c, green
trace) did not show similarity with the experimental spectrum.

These results show that the thiocarbonyl sulfur atom as the
bromine binding site (Figure 1b) and that the Br coordination at
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the other N centers can be disregarded. This evidence is in line
with the experimental observation that the conversion yield is
higher for thioureas and thiocarbamates than for their oxygen
substituted counterparts.

It is also worth noticing that intermediate T for the trilat-
eral complex mechanism would not be greatly influenced by
this effect, as the NBS interaction in this intermediate would
not take place at the (thio)carbonyl group, being an additional
indirect evidence for disregarding this trilateral complex reaction
pathway.

2.4. The Nature of the Enantioselective Intermediates

Figure 1d shows the IRMPD spectrum of the ion with m/z 976-
978, which could be correlated to the isomeric intermediates
[3f + Br + 117/[3f + Br + 11" and [3f + H + 2], named Byeto/Beno
and E, respectively.

There are four distinctive bands in this IRMPD spectrum at
2955, 3100, 3429, and 3530 cm~". The sharp band at 3429 cm™'
was assigned to the catalyst thiourea N-H oscillator as it appears
in the same region as the band observed for the thiourea N—H
band of the isolated [3f + HI" (Figure 1d, dashed purple trace).
This suggests that the thiourea N—H is not directly involved in
H-bonding interactions in these intermediates as this band is not
disturbed in the intermediate compared to the catalyst.

The two broader bands at 3100 and 3530 c¢cm™' reveal
relevant information on the nature of the ions with m/z
976-978. Based on the pKa value of carbamate 1 (x3.7),787°!
the N-tosyl-carbamate 1 can undergo tautomerization to form
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Figure 1. (a) IRMPD spectrum of intermediate m/z 507-509 observed in the reaction media of NBS, substrate 1, and catalyst 3g. Absorption spectra
calculated at the B3LYP/6-311 + G(d,p) for intermediate [3g + Br]* for different bromine insertion sites: (b) sulfur atom All, (c) aryl nitrogen Al (blue trace),
and quinuclidinic nitrogen Alll (green trace). (d) IRMPD spectrum of intermediate m/z 976-978 observed in the reaction media of NBS, substrate 1, and
catalyst 3f (black trace). Dashed purple insert shows selected experimental bands of protonated catalyst [3f + H]™ for comparison. The complete IRMPD

spectra of this species can be found in Figure S3. Absorption spectra calculated at the B3LYP/6-311 + G(d,p) for (e) intermediate [3f + Br + 11"
(E-green trace). For computational details, see Supporting Information.

trace) and (f) intermediate [3f + H + 2]+

~1can

N-tosyl-carbonimidate 1, and the broader band at 3530 cm
be assigned to a redshifted H-bonded OH stretches of 1.

The IRMPD spectra of the substrate sodium adduct [1 + Na]*™
(Figure S3a) showed an NH stretch expected to be present for
the keto form at 3412 cm~, in agreement with the calculations.
No enolic O—H bands were observed at 3601 cm~' as predicted
by the calculation, and the band at 3530 cm™' observed for the
ion with m/z 976-978 suggests the enol form is only stabilized
when interacting with the activated catalysts. This is in line with
the fact that the enol formation would leave the nitrogen center
free to interact with the Br atom (Figure Te).

The simulated spectra of intermediate Be,o, considering the
3f interaction with the enolic form of the substrate and the
Br insertion in the sulfur atom are shown in Figure le. This
calculated spectrum shows two bands at 3390 and 3440 cm™'
correlated to the thiourea N—H stretch and the H-bonded enol
OH. This intermediate also shows a series of C—H oscillators
assigned as those giving rise to the sharp band at 2955 cm~' in
the experimental IRMPD spectrum.

The broad band at 3100 cm™, nevertheless, is not predicted
by this calculation but was assigned to an H-bonded NH stretch
of the quinuclidinic N interacting with product 2 carbonyl group

ChemCatChem 2025, 17, €202402004 (6 of 10)

(Benol -red

(3f + H + 2], Scheme 3-E). This band would appear redshifted
from the expected free quinuclidinic N*—H stretch of the pro-
tonated catalyst [3f 4+ H]* observed experimentally at 3216 cm™
(Figure 1d, dashed purple trace).

This led us to propose that upon cyclization of the sub-
strate from intermediate Be,, to E, the H-bonded enol gives
rise to a carbonyl group, and the hydrogen atom is formally
transferred to protonate the quinuclidinic N as depicted in inter-
mediate E (Figure 1f). Therefore, the protonated quinuclidinic
N—H would still partially share the proton with the carbonyl
oxygen, redshifting and broadening this oscillator absorption
to the 3100 cm~' range observed as a broad band in the exper-
iment, but blueshifted from the theoretical predicted formal
protonated quinuclidinic N—H stretch at 2900 cm~' (Figure 1f).

These experimental and theoretical results suggest that the
ion with m/z 976-978 observed could be assigned to a mixture
of intermediates B, and E.

2.5. Origins of the Enantiomeric Control

Considering the experimental evidence discussed in the previ-
ous sections, especially the mass spectrometry results for the

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 2. Potential energy surface for the bromoaminocyclization of 1 to the formation of the (R,R)-2 (blue pathway) and (S,5)-2 (brown pathway) products,
calculated at the M06-2X/6-3114++G(2d,2p)//M06-2X/6-31G(d,p) level of theory in CHCl3 (SMD model) at 223.15 K. Gibbs free energy values are shown in kcal
mol~". The sum of the energies of 1, NBS, and 3h are set to zero. Simplified representations of the species are shown for the (5,5)-2 products formation for
simplicity. A version of this figure with the structural representation of all species can be found in Supporting Information.

reactions carried out for the organocatalysts 3f and 3g, the
overall reaction mechanism depicted in Scheme 3 was proposed.

The reaction mechanism would start with the Br transfer
from NBS to the thiourea/thiocarbamate sulfur atom, forming
the active catalyst represented by All in Scheme 3. This interme-
diate would bind to the enol form of the substrate (1'), forming
the intermediate Be,o that would proceed to the formation of
the product-organocatalyst complex E followed by the release
of the product 2, and regeneration of the catalyst. Considering
the structures of the intermediates observed in this study, the
transformation from B, to E was proposed to take place via a
bromonium transition state.

Based on this proposal, the potential energy surface (PES) for
this reaction was carried out for the most successful catalyst 3 h

ChemCatChem 2025, 17, €202402004 (7 of 10)

prepared (Table 1, entry 11) using density functional theory (DFT)
calculations at the M06-2X/6-3114++G(2d,2p)//M06-2X/6-31G(d,p)
level of theory at 223.15 K considering CHCl; as the solvation
medium using the SMD model (Figure 2).18%!

The initial mechanistic step representing the Br transfer from
NBS to the sulfur atom of the thiourea group followed by the
transfer of a hydrogen atom of the thiourea group to the quin-
uclidine nitrogen a first intermediate IntA (Figure 2) compatible
with the experimental results discussed in the previous sections.

Then, species 1 bind to 3h-Br™ through two diverse con-
formations, leading to the formation of intermediates Int-B and
Int-B’ with relative free energies of 25.0 and 24.2 kcal mol~'
representing the pathway that leads to the (5,5)-2 and (R R)-2
products, respectively.

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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The formation of C—Br and C—N bonds occurs through step-
wise mechanisms, involving two distinct transition states for
each type of bond for both enantiomers. Bromine insertion
proceeds via the formation of bromonium intermediates, Int-C
(25.1 kecal mol=") and Int-C’ (24.4 kcal mol~"). The formation of
Int-C’ through the TSgc’ transition state is responsible for the for-
mation of the minor enantiomer (R,R)-2 is the energetically less
favorable step at 29.0 kcal mol~". This step is crucial, as it dictates
both the rate and stereoselectivity of the reaction mechanism.
Concurrently, the formation of the bromonium ion Int-C pro-
ceeds through the transition state TSgc (28.4 kcal mol~"). Despite
the inherent precision of the level of theory used, this transition
state is 0.6 kcal mol~' more stable than TSg¢’, leading to the for-
mation of the major enantiomer (S,S)-2, which is in qualitative
agreement with the experimentally observed enantiomeric ratio
80:20, suggesting the role of this step as the enantioselective
step.

Both bromonium intermediates Int-C and Int-C' undergo
conformational changes to yield Int-D (22.7 kcal mol~") and Int-
D’ (25.2 kcal mol™"), respectively. Int-D and Int-D’ intermediates
form incipient secondary carbocations that may be stabilized
by the conjugated m-aromatic system and aromatic stacking
interactions.!®! This conformational change is essential for the
carbamate group’s nitrogen atom to achieve the appropriate
geometry for intramolecular C—N bond formation, leading to the
generation of intermediates Int-E (—20.6 kcal mol~') and Int-E’
(=11.3 kcal mol="), based on the [3f + H + 2] ions (Scheme 3-E).
The formation of Int-E and Int-E’ proceeds through transi-
tion states TSpe (23.1 kcal mol~") and TSpg’ (26.5 kcal mol™'),
respectively. In the final mechanistic step, deprotonation of the
organocatalyst by the succinimide anion leads to dissociation
of the heterocyclic product. This yields both the major enan-
tiomer (5,5)-2 and the minor enantiomer (R,R)-2 exergonically in
—42.2 and -35.3 kcal mol~", respectively. This result indicates that
the products do not deactivate the organocatalyst, regenerating
it to initiate another catalytic cycle. In this way, our DFT study
provides an energetically feasible mechanism that corroborates
with the mass spectrometry results for the formation of both
diastereomers of 2 obtained experimentally.

2.6. Non-Covalent Framework Controlling Catalytic Activity

From the experimental and theoretical evidence gathered, it is
possible to consider the actual bromonium formation transition
states (TSgc and TSgc) control the reaction enantioselectivity.
These transition states (Figure 2, bottom) exhibit high structural
similarity reflecting the analogous structures of their respective
precursors, intermediates Int-B and Int-B’ (Figure 2, top). There-
fore, these species can be considered the key structures in the
mechanism pathway responsible for the observed enantiodiver-
gence.

Int-B and Int-B’ exhibit distinct conformations of their cin-
namyl moieties within the carbamate 1" partner structures. In
the Int-B intermediate, oxygen O1 and carbon C3 adopt a
quasi-antiperiplanar geometry with a torsional angle of 148.6°.

ChemCatChem 2025, 17, €202402004 (8 of 10)

Consequently, the S-Br bromine atom interacts with the Si-face
of carbon C2 at a distance of 2.93 A (Figure 2, top).

In the Int-B’ intermediate, due to the synperiplanar conforma-
tion adopted by oxygen O1 and carbon C3 (torsional angle -6.9°),
the bromine atom interacts with the Re-face of carbon C2 at a
distance of 2.92 A.

The NBO analysis (Table S2) revealed that these intermediate
interactions are controlled mainly by the interactions of the enol
hydrogen of substrate 1 (H1) with the quinuclidinic nitrogen (N1)
and the enolate oxygen (02) where the proton can be consid-
ered to be shared between these groups (N1-H1"-02, Table S2,
entries 1Int and 2Int-the interactions discussed in this section are
represented in Figure 2).

For TSgc/TSgc, H1is fully transferred to N1and the interaction
of the enolate oxygen is via the protonated quinuclidinic nitro-
gen N1 (N1-H1T-02, Table S2, entry 3TS), as depicted at the IRMPD
spectrum of intermediate E in Figure 1d.

The interaction of Br1 and the olefin C2-C3 bond is also
depicted for Int-B/Int-B’ (Table S2, entry 3 Int). representing
approximation of these centers before the bromonium forma-
tion. Conversely, Brl is shown to interact directly with atoms
C2 and C3 for TSgc and TSgc with a second order stabilization
energy (E(2)) of —69.82/—64.06, and —26.67/—23.13 kcal mol~"' for
TSgc /TSgc, respectively (Table S2, entries 1TS and 2TS). This dif-
ference in E(2) between the interaction of Br1-C2 and Br1-C3 can
be correlated to the preferential formation of 6-membered rings
observed in these reactions, as the attack on the C2 that would
yield the 5-membered ring is not favorable due to the greater
interaction of this reactive center with the Br, leaving C3 prone
for the attack.

Furthermore, it should be noted that there is also an inter-
action between substrate tosylate oxygen O3 and N2-H2 bond
of the catalyst thiourea for both the Int-B/Int-B’ and TSgc/TSgc’
(Table S2, entries 5Int and 5TS) besides a minor contribution of
the interaction of the oxygen O3 to the quinuclidinic nitrogen H1
(Table S2, entries 4Int and 4TS).

This 03-H2-N2 interaction may explain why thiocarbamate
derivatives of these organocatalysts do not present higher
efficiency levels in this reaction as the NH is relevant in the non-
covalent network, in agreement to low activity observed for
the ortho-substituted organocatalyst 3d (Table 1, entry 4) as the
steric effect would prevent this interaction from taking place.

3. Conclusions

This work has established a model reaction to investigate the
non-covalent activation of (thio)urea-based organocatalysts in
the bromoaminocyclization reaction of O-cinnamyl tosylcarba-
mate 1. Our study demonstrates the suitability of thiourea-
anchored chinchona alkaloids for this transformation, achieving
an er of 80220 and 69% yield in the synthesis of heterocycle
2. The experimental results observed for the series of catalysts
presented also provided valuable mechanistic insights.
ESI(+)-MS and IRMPD spectroscopy data allowed the propo-
sition of a catalytic cycle, showing that the reaction starts with
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the transfer of the NBS bromide atom to the sulfur atom of
the catalyst thiourea. This intermediate reacts with the substrate,
promoting its keto-enol tautomerism leading to a bromonium
intermediate. No evidence for the trilateral complex involving
NBS, the organocatalyst thiocarbamate and the substrate 1in the
same intermediate were observed.

DFT calculations further supported the proposed mecha-
nism, identifying specific intermediates in the enantioselective
bromoaminocyclization of O-cinnamyl carbamate (1) catalyzed
by 3h. The key intermediates responsible for enantioinduction
were identified as Int-B and Int-B’, arising from the binding
of the N-tosyl-carbonimidate tautomer (1) to the 3h-Br™ inter-
mediate. These intermediates differ in the cinnamyl moiety
conformation, leading to distinct transition states (TSgc and
TSgc’) for bromonium ion formation. The slightly lower energy of
TSgc compared to TSgc’ (AAG* = 0.6 kcal mol™) agrees with the
preferential formation of the major enantiomer (S,S)-2. This com-
putational study aligns well with the observed enantioselectivity
and mass spectrometry data, offering a detailed mechanistic
understanding for this model reaction at the molecular level.

The governing interactions on the transition state for the
bromonium formation (TSgc) show relevant hydrogen bonds
between the tosylate group and the carbamate carbonyl group
with the protonated quinuclidinic nitrogen atom and between
the tosylate group and the thiourea NH group, besides the
interaction of the olefin with the bromine atom. These interac-
tions are ultimately responsible for the stabilization of the active
catalytic structure involved in this reaction and the observed
enantiodivergence.

This work not only offers valuable insights into the reaction
pathway but also lays the foundation for the rational design
of more efficient (thio)urea-based catalysts for asymmetric bro-
moaminocyclization reactions.

Supporting Information

Experimental and theoretical methodologies are detailed in the
Supporting Information besides the synthesis of the reported
species, additional reaction optimization essays, ESI(+)-MS data
of the reaction mixture, IRMPD data not shown on the main text,
the complete PES for both reaction pathways, the NBO results
discussed in the text and the atomic coordinates and 3D ren-
dering of all the geometrical structures of the species presented
in this work. The authors have also cited additional references
within the Supporting Information.[82-10"!
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