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Abstract: A combined experimental and computational inves-
tigation was conducted to identify a mild and effective Lewis-
acidic activator for TollF, in the gem-difluorination of diazo
compounds. Computationally, borosilicate, a common constitu-
ent of laboratory glassware, was found to spontaneously acti-

vate TollF,, and an extensive experimental survey confirmed
borosilicate as the most effective activator to date. The key to
realizing this borosilicate-activated reaction was the use of high
purity TollF,, which is prepared by a reproducible, multigram-
scale synthesis.

Introduction

The benefits of incorporating fluorine into pharmaceutical and
agrochemical agents are widely recognized. Fluorine is routinely
employed as a biostere for hydrogen, which alters the lipophil-
icity, metabolic stability and chemical reactivity of biologically
active compounds.!"! Fluorination of organic molecules is a sig-
nificant obstacle that has challenged researchers for decades
and, as evidenced by the relative scarcity of fluorine-containing
natural products, even Nature only has a minimally evolved bio-
chemistry of fluorine.””! Elemental fluorine is the simplest elec-
trophilic fluorinating agent, though it reacts explosively with
organic compounds. Hypervalent polyfluorides of other
strongly electronegative elements, such as XeF, 3! CIF;“
BrF;,! IFs! and SF,!”! are also extremely oxidizing and vio-
lently reactive with water, such that only XeF,® is regularly
used in synthesis.[>10

The 1950's discovery of SF, as a selective deoxygenative
fluorination reagent!’"! was timely due to emerging interest in
(and the increasing significance of) novel fluorinating agents.
Less volatile, more controllable derivatives of SF,, [e.g. DAST!'?
(1) and Deoxo-Fluort'3 (2), Figure 1], were significant, but as
fuming liquids they remain challenging to handle owing to
their sensitivity to water and their tendency decompose on
standing. Recently XtalFluor-E (3) and XtalFluor-M (4) were re-
ported to be highly effective deoxofluorination salts synthe-
sized by treating DAST with BF3-OEt,.'*

lodine (poly)fluorides of increased stability and practicality
over IF5 have also been developed, such as the hypervalent
iodoarene-derived fluorides 5! and 6 [(difluoroiodo)toluene,
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Figure 1. Structure and reactivity profiles of hypervalent sulfur- and iodine-
based fluorination reagents.

TollF,1.1'1 Contrary to PhIC, (7) which has been widely used as
chlorine-transfer agent for over a century,!'”? (difluoroiodo)tolu-
ene has only recently become popular as a fluorination rea-
gent.!" While polyfluorides 1-4 react to generate sulfonyl
fluoride waste (Figure 1),'>'?! jodanes 6 and 7 generate iodo-
benzene and halide ion byproducts. These halide nucleophiles
can be trapped when iodanes 6 or 7 react with ambiphilic di-
azoesters, giving gem-dihalide products [Equations (1) and
(2)1.29211 This chemistry parallels the reactivity between diazo
compounds and elemental halogens, and because TollF, reacts
as a surrogate for elemental fluorine, it provides a facile and
economical means to synthesize biologically-relevant difluor-
ides.

In analogy to the activation of sulfur polyfluorides with
BF5-OFEt,, Lewis acid activation of TollF, was required to bolster
its reactivity with phenyl diazoacetates (Equation 2). Unfortu-
nately, inconsistent yields and poor functional group compati-
bilities were found for the fluorination reactions employing the
previously reported activator BF;-OEt,.1*2! Gouverneur and co-
workers reported similar outcomes in their gem-difluorination
reactions of 11 (Equation 3).23 The highly variable yields in
these two studies appeared to derive from the poor compatibil-
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0 1.1 equiv. PhICI, 0
—_—-—
OMe 5 mol-% pyridine OMe (1)
8 N, CH,Cly, 5 min cl cl
9, 90% yield
1.1 equiv. TollF,
0 1 mol-% BF5-OEt, 0
—_— = 2)
OMe  phal 110°C OMe
8 N 5 min F F
10, 66% yield
N 1.2 equiv. TollF, F F
1 mol-% BF5-OEt
| X CF, (] 3 2__ | = CF3 (3)
Ny PhCI/CH,Cl5, 110°C  Ss
R " 10 min R 12

12 R = 4-Ph, 52% yield; R = 4-NO,, 46% yield;
R = 4-CO;Me, 80% yield, R = 3-(OC7H15), 37% vyield

ity between BF;-OEt, and electron-rich functional groups. To
overcome this obstacle we conducted a combined experimen-
tal and computational exploration for milder Lewis-acidic acti-
vators of TollF,. Here we report the results of the investigation,
and show that borosilicate glassware is a highly effective initia-
tor for the gem-difluorination reaction.

Results and Discussion

The computational studies were based on a two-step activation
of TollF,: complex formation between 6 and a Lewis acid (LA),
followed by heterolytic fluoride abstraction to generate the io-
donium ion pair (Table 1). The Gibbs' energies for TollF, activa-
tion (AG®,.) were calculated as the sum of the energies of com-
plex formation (AG°.,mp) and fluoride abstraction (AG®,y,s). The
energy for the BF;-mediated iodane activation was calculated
as a reference to facilitate identification of viable Lewis acid
candidates (Table 1, entry 1).24 Though most gave significantly
higher values for AG°,.; than did BF; (entries 2-4), TiF, was
promising (AG°,¢ = 24.7 kcal mol™', entry 5). Because a slow

Table 1. Gibbs' energies of complex formation (AG°comp), fluoride abstraction
(AG°,ps), and activation (AG°,) between TollF, and Lewis acidic additives.!

1 A
+ LA . *  products
701~ F AGga o
- o o ® i
n AG| , | LA—F
reactants abs ’ Tol~ ~F
||: AGZomp ,’,’
I ,
Tol” “F---LA  complex
Entry  Lewis acid® AGcomp AG° s AG°
[kcal mol~"] [kcal mol~"] [kcal mol™"]
1 BF,-OFt, 14.9 445 59.4
2 AlF3 128.4 44.8 173.2
3 GaF; 64.5 44.8 104.9
4 FeFs 734 63.9 137.3
5 TiF,4 -21.9 46.6 24.7
6 borosilicate -57.7 49.6 -8.2
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reaction was also observed without BF;-OEt,,'2" we also investi-
gated a borosilicate-like cluster (Figure 2, inset) which predicted
spontaneous fluoride abstraction (AG®,.; = -8.2 kcal mol™', en-
try 6). This computational result showed that complex forma-
tion derives from shared electron density between the Lewis-
basic F 2p orbital and the Lewis-acidic B 2p orbital (Figure 2),
resulting in an increase in the I-F bond length from 2.04 A to
2.27 A2526) This indicates that borosilicate is significantly more
Lewis acidic towards TollF, than BF5-OEt,?”? Calculations show
that this stems from the local geometry of the boron centre in
borosilicate, where the non-optimal dihedral angles between
donor (O 2p) and acceptor (B 2p) orbitals enhance boron's Le-
wis acidity.[2829

Figure 2. Highest occupied molecular orbital (HOMO) for the borosilicate-To-
IIF, complex. Magnification shows the boron atom with substantial orbital
overlap with the Lewis-basic fluorine. Inset: borosilicate (bsg) cluster used in
molecular modelling.

A borosilicate flask-activated gem-difluorination reaction
would be a major improvement over the use of BF5;-OEt, as an
activator. A previous attempt of this reaction only proceeded in
40 % yield in 2 hours (Table 2, entry 1), but the experiment was

Table 2. Control experiments for the gem-difluorination of phenyldiazoace-
tates using various silicates as activating agents for TollF.

R 1.1 equiv. TollF. R
O Pth 110°C o
P ——
OMe vessel, time OMe
8a/8b N, additive 10a/10b F F

Entry Substrate  Vessel Additive (5 wt-%) Time  Yield®
1 8aR=H bsg®! - 2h 10a 40 %
2 8aR=H bsg - 10 min  10a 81 %!
3 8b R=0Ts bsg - 8 min  10b 81 %!
4 8b R=0Ts PFA - 1h -
5 8b R=0Ts Nalgene - 1h -
6 8b R=0Ts PFA borosilicate 10 min  10b 76 %'
7 8b R=0Ts PFA SiO, gel 1h -
8 8b R=0Ts PFA Pasteur pipette 1h -
9 8b R=0Ts PFA quartz 1h -
10 8b R=0Ts silanized - 10 min  10b 67 %!

borosilicate

[a] Calculations were conducted at the B3LYP/6-311+G(d,p) level of theory
using a 6-311G* basis set for iodine.

Eur. J. Org. Chem. 0000, 0-0 www.eurjoc.org

[a] Isolated yield. [b] Borosilicate flask. [c] Glyoxylate isolated in ca. 15 % yield.
[d] New glassware used. PFA: 4 mL of PFA (Teflon™) vial.
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repeated and gave 10b in 81 % yield over 10 min (entry 2).
This improvement is a consequence of using pure TollF, in the
reaction,?! indicating the importance of reagent quality to re-
alizing rapid and efficient activation by the borosilicate glass-
ware.B% To rule out surface impurities being responsible for the
improved reactivity, newly purchased glassware and stir bar
were used in the reaction, and gave 10b in 81 % yield (Table 2,
entry 3). Experiments conducted in Nalgene and PFA vials
failed, though addition of 5 wt.-% ground borosilicate to a reac-
tion in PFA gave 10b in 76 % yield (entries 4-6). Reactions per-
formed in boron-free silicates, such as silica gel, Pasteur pipette
glass, and ground quartz failed (entries 7-9), which strongly
supports boron's role in the activation process. Use of a silan-
ized borosilicate vial gave 10b in 76 % yield (entry 10), indicat-
ing that passivating the glass surface fails to impede the gem-
difluorination reaction.

Similar improvements in reaction efficacy were also realized
for diazoacetates 8a-f, with the products being recovered in
equal or greater yield than under BF;-OEt, activation
(Scheme 1). The improvements realized for the aryl ether sub-
strates 8g (R = 4-OMe) and 8h (R = OBn) were less than antici-
pated, presumably because aryl ethers are labile under the reac-
tion conditions. The novel reaction conditions were equally ef-
fective for substrates 8i-n, with a dramatic improvement in
chemoselectivity and reaction efficacy being realized for the
allyl ester (8k) and 3,4-dimethoxybenzyl ester (8m) substrates.
Overall, the reactions carried out under borosilicate catalysis
were rapid, operationally simple, and moderate-to-good yield-
ing. Importantly, borosilicate activation of TollF, was sufficiently
mild to enable us to elucidate the possibility of a subtle, though
important discrepancy in the stability of aryl ether substitution
on the arene (8g) and ester (8m) functional groups.

R 0 R 0
OR' OR'
X F F
8 10, yield®! (yield)"!

0L O O L,

10d, 66% (66%)

1.1 equiv. TollF,
PhCI, 110 °C

borosilicate vial

10a, 81% (66%)

SN SR EN S S¥ a0 U

10g, 42% (26% 10h, 0%

10b, 81% (74%) 10c, 75% (79%

10e, 77% 10f, 65%

O O O Oy

10i, 73% (75%) 10j, 76% (79%) 10k, 69% (17%

0 o)

o OMe o

FF FF
10m, 60% OMe 10n, 67%

101, 33%

NO,

Scheme 1. gem-Difluorination of phenyldiazoacetate using borosilicate activa-
tion. [a] Isolated yield. [b] Yield using 1 mol-% BF5-OEt,.

Based on our computational studies and experimental obser-
vations, a plausible mechanism is proposed for the fluorine

Eur. J. Org. Chem. 0000, 0-0 www.eurjoc.org
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transfer reaction (Figure 3). Activation of the iodane gives an
ion pair between the iodonium ion and the borosilicate-fluor-
ide complex (F-bsg). Attack by the diazoester 8 at the electro-
philic iodine produces A, which could reductively eliminate io-
dotoluene to give B. Computationally, the initial fluoride ab-
straction is irreversible,*"! therefore we propose B to expel ni-
trogen, possibly by anchimeric assistance from the carb-
onyl!’>321 or electron-rich arene groups, and give benzylic cat-
ion C.231 Should this cation be sufficiently Lewis acidic, it could
abstract fluoride from TollF, and regenerate the original iodo-
nium ion pair.

To|||=2 o

borosmcate (bsg)

Tol\
/Tol
bsg F ,
F
® OMe O
A Nz I\T"' & Some
bsg F Fo c
= bsg—F
(0] F
Tol
0~ Sl’O‘B’O‘Sl’O k )/
O—SI\O,SI\O,SI O : ><
~0 0 00—
e
(bsg—F) bSQ F

Figure 3. Mechanistic proposal for the borosilicate (bsg)-activated gem-di-
fluorination reaction. Inset: anionic borosilicate-fluoride (bsg-F) counterion.

Conclusion

Computational analysis was a valuable complement to our ex-
perimental search for mild, highly effective activating agents for
the hypervalent iodine reagent TollF,. Two Lewis acid candi-
dates (TiF, and borosilicate glass) were identified as viable
leads, and due to the novelty and simplicity of reactions being
initiated by the elemental composition of laboratory glassware,
borosilicate was further investigated. Computational analysis
and control experiments both indicated the boron of borosili-
cate to be crucial to the improvements realized for the gem-
difluorination reaction. These studies have clarified the role of
the Lewis acid as an activating agent, and the need for high
quality TollF; in these reactions. We continue to investigate the
nature of the activation process and the source of the oxygena-
tion by-products, and these results will be disclosed in due
course.

Author Contributions: The manuscript was written by G. K. M. and
W. S. H., G. S. S. did the computational work, tested the new Lewis
acids candidates and ran the difluorination reactions on most sub-
strates. R. T. repeated and verified key experiments, and character-
ized various new diazo and difluoride compounds. J. T. synthesized
the bulk of the diazo starting materials, and developed the synthe-
sis of TollF, that enabled this work.
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