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Although fluorobis(phenylsulfonyl)methane (FBSM) and its cyclic analog 2-fluoro-1,3-benzodithiole-
1,1,3,3-tetraoxide (FBDT) possess similar physicochemical properties, Shibata et al. found that FBSM failed
to undergo nucleophilic monofluoromethylation of aldehydes regardless of the reaction conditions at-
tempted (using various organic and inorganic bases). However, it was later discovered by Hu et al. that
the nucleophilic monofluoromethylation could be accomplished by employing lithium hexamethyldisi-
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lazide (LiHMDS) as a base. Herein, we present an in-depth computational investigation into the intrigu-
ing effects of reagent structure and bases on the nucleophilic monofluoromethylation of aldehydes. The
computations reveal the 1,4-diazabicyclo[2.2.2]octane (DABCO) catalyzed nucleophilic monofluoromethy-
lation of benzaldehyde with acyclic FBSM is a thermodynamically unfavorable process mainly due to the
destabilizing O---O lone pair repulsions in FBSM product, whereas such repulsion could be largely avoided
in FBDT product because of its constrained five-membered ring structure. Employing LIHMDS as a base
can not only facilitate the nucleophilic monofluoromethylation via Li-O interactions but also render the

monofluoromethylation of benzaldehyde with FBSM thermodynamically favored.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

The increasing importance of the monofluoromethyl group
in pharmaceuticals and agrochemicals as well as materials de-
velopment has spurred tremendous efforts in the develop-
ment of practical reagents for their incorporation into target
molecules [1-17]. Among various fluoromethylating reagents, flu-
orobis(phenylsulfonyl)methane (FBSM) [18,19] and its cyclic analog
2-fluoro-1,3-benzodithiole-1,1,3,3-tetraoxide (FBDT) [20] are popu-
lar nucleophilic reagents that have been widely used in monoflu-
oromethylation reactions [21-29]. Interestingly, while FBSM and
FBDT possess similar acidity (pK, of FBSM: 14.3 vs. FBDT: 13.5)
[30] and their carbanions have comparable nucleophilicity (Mayr’s
nucleophilicity parameter (N) of FBSM: 17.46 vs. FBDT: 19.03)
(Scheme 1a) [31], contrasting outcomes were observed in their
reactions with aldehydes. In 2010, Shibata et al. found that the
nucleophilic monofluoromethylation of aldehydes could proceed
well with FBDT in the presence of 1,4-diazabicyclo[2.2.2]octane
(DABCO) (Scheme 1b), but no desired product was observed
when the reagent was switched from FBDT to FBSM (Scheme 1c)
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Scheme 1. (a) Physicochemical properties of FBSM and FBDT and (b-d) their appli-
cations in nucleophilic monofluoromethylation of benzaldehyde.
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Fig. 1. Calculated free energy profiles for monofluoromethylation of benzaldehyde
with FBDT (a) and FBSM (b), using the DABCO as the base.

[20]. However, Hu et al. subsequently demonstrated that em-
ploying an organometallic base lithium hexamethyldisilazide (LiH-
MDS) in combination with FBSM could enable the nucleophilic
monofluoromethylation reaction of aldehydes at low temperatures
(Scheme 1d) [32].

As a continuation of our research efforts on the
structure—reactivity relationship and mechanism of fluorina-
tion/fluoroalkylation reagents [30,33-51], we report herein a
computational study of these important nucleophilic monofluo-
romethylation reactions with an aim of understanding: (a) why
the two monofluoroalkylating reagents FBDT and FBSM gave
completely different results under identical conditions despite
possessing similar physicochemical properties (Scheme 1b wvs.
1c)? (b) why changing the base from DABCO to LiHMDS could
successfully promote the FBSM monofluoromethylation reaction
(Scheme 1c vs. 1d)?

Density functional theory (DFT) calculations were performed
at the MO06-2X/6-311+G(2d,p)—SMD//M06-2X/6-31G(d,p)—SMD
level of theory (see Supporting information for computational de-
tails). The computed free energy profiles of nucleophilic monoflu-
oromethylation of benzaldehyde with FBDT and FBSM are sum-
marized in Fig. 1. The first step is deprotonation of the
reagent by DABCO to generate the hydrogen bond stabilized «-
fluorocarbanion. The barrier for the deprotonation is slightly lower
for FBDT (TS1,: 8.7 kcal/mol) than for FBSM (TS1y: 9.5 kcal/mol),
in accord with our recent observation that the C-H bond is slightly

2388

Chinese Chemical Letters 33 (2022) 2387-2390

i
g
Q 8 §
I
-Ss0 ¢ * 3 oy
oTyYVF =
Ph OH —m;—%_ '.\
Py Stronger O-O lone pair repulsion
0
L {
\ &
\ 1!
y 1
O, .
o8 80 Q [
E 5 0 = ~¥ ~
HO H -g'
P, : *

Fig. 2. Calculated structures and electrostatic potential map of P, and Py,

more acidic in FBDT than in FBSM [30]. Then, nucleophilic attack
of the resulting «-fluorocarbanion (Int1) on benzaldehyde via TS2,
in which [DABCOH]* simultaneously interacts with both sulfone
and carbonyl moieties via hydrogen-bonding interactions, yields
the products. The activation energy of nucleophilic addition for
FBDT carbanion (12.6 kcal/mol) is slightly lower than that for FBSM
carbanion (14.2 kcal/mol), in agreement with their nucleophilicity
[31]. To review the overall energy profiles, the nucleophilic addi-
tion is the rate-determining step. The overall free energy barrier
for FBDT is only 1.9 kcal/mol lower than that for FBSM, suggesting
the observed experimentally contrasting outcomes are less likely
a result of the kinetic effect. On the other hand, the nucleophilic
monofluoromethylation of benzaldehyde by FBSM is a thermody-
namically unfavorable process (AG = 3.5 kcal/mol), whereas it is
a slightly favorable process by FBDT (AG = —0.1 kcal/mol). There-
fore, the distinct behavior between FBDT and FBSM under DABCO
catalysis is primarily a result of the thermodynamic, rather than
kinetic, effects.

Scrutiny of the structure of monofluoromethylation product Py,
revealed that the O---O distances between the carbonyl and sulfonyl
oxygen are close to the sum of their van der Waals radii (Fig. 2). In-
deed, the computed electrostatic potential map indicates the desta-
bilizing O---O lone pair repulsions in Py,. Such repulsions should be
much weaker in P, due to the increased O---O distances as a result
of the constraint of the five-membered ring in FBDT. Thus, the dif-
ference in the behavior of FBDT and FBSM can be mainly ascribed
to the key difference in their structure (cyclic vs. acyclic) that re-
sults in different O---O lone pair repulsions in products.

Next, we explored why the nucleophilic addition of FBSM on
benzaldehyde could be successfully promoted by changing the
base from DABCO to LiHMDS. Computations of possible LIHMDS
complexes suggest that the LiIHMDS-benzaldehyde dimer is a sta-
ble complex that could work as a base (Scheme S1 in Support-
ing information for other higher energy LiHMDS complexes). As
shown in Fig. 3, the dissociation of LiHMDS-benzaldehyde dimer
assisted by FBSM to form IntO. is endergonic by 5.2 kcal/mol.
The deprotonation of FBSM via TS1, generating Li-coordinated
«-fluorocarbanion Intle, is exergonic by 13.5 kcal/mol. The bar-
rier for the LiIHMDS-deprotonation is 7.8 kcal/mol lower than that
for DABCO-deprotonation. The following nucleophilic attack of «-
fluorocarbanion to C=0 double bond via TS2. leads to lithium
carbinolate Int2; with a barrier of only 4.4 kcal/mol, much lower
than that of the DABCO-catalyzed process. This can be attributed
to the greater stabilization of nucleophilic attack transition state
by the Li-O interactions [32] as compared to hydrogen-bonding
interactions. Then, the protonation of lithium carbinolate Int2. by
CF3CO,H gives product Py,. The overall process is calculated to be
exergonic by 27.2 kcal/mol, with a very low barrier of 7.8 kcal/mol
(from Suby to TS1¢). Clearly, the use of LiHMDS could not only
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Fig. 3. Calculated energy profile for monofluoromethylation of FBSM on benzaldehyde, using the LIHMDS as the base.
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Scheme 2. Calculated Gibbs free energy (kcal/mol) changes of monofluoromethyla-
tion of benzaldehyde with FBSM by bases DABCO (a) or LiHMDS (b).

significantly reduce the barrier of nucleophilic monofluoromethyla-
tion (24.4papco Vs 7.81inmps kcal/mol), but also render the reaction
to be a highly thermodynamically favorable process (+3.5papco VS.
—27.21;umps keal/mol). This explains why the nucleophilic monoflu-
oromethylation could be accomplished by employing lithium hex-
amethyldisilazide (LiIHMDS) as the base. In fact, the organic base
DABCO participates in the reaction as a catalyst (Scheme 2a), while
the organometallic base LiHMDS serves as both reactant and acti-
vator (Scheme 2b).

In summary, we have performed a computational study on the
effects of reagent structure and bases on nucleophilic monoflu-
oromethylation of aldehydes. The contrasting outcomes between
cyclic FBDT and acyclic FBSM in DABCO-catalyzed nucleophilic
monofluoromethylation of benzaldehyde are primarily a result of
the thermodynamic effect. The nucleophilic monofluoromethyla-
tion of benzaldehyde with acyclic FBSM is a thermodynamically
unfavorable process due to the O---O lone pair repulsions in the
product. Such repulsions can be largely avoided in the FBDT prod-
uct due to its cyclic structure. The use of LiIHMDS can not only
facilitate the nucleophilic monofluoromethylation via Li-O interac-
tions, but also render the nucleophilic monofluoromethylation re-
action thermodynamically favored. The insights obtained regarding
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reagent structure and bases on nucleophilic monofluoromethyla-
tion should be valuable in future efforts towards the design of new
reactions.
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