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Pinacolatoboron fluoride (pinBF) is an efficient fluoride transfer
agent for diastereoselective synthesis of benzylic fluorides
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The incorporation of alkoxy ligands within a range of alkoxyfluoroboranes and dialkoxyfluoroboranes
results in fluoroborane reagents with attenuated Lewis acidity and increased ability to donate fluoride
ion(s) when compared to boron trifluoride itself. Pinacolatoboron fluoride (pinBF), prepared in situ from
BF3-OEt, and bis(O-trimethylsilyl)pinacol, has been identified as an efficient fluoride donor which allows
highly stereoselective Sy1-type epoxide ring-opening (with retention of configuration) of a range of trans-
B-methyl-substituted aryl epoxides to give the corresponding syn-fluorohydrins. The substrate scope of
this transformation is more broad than the analogous protocol using boron trifluoride alone.

© 2014 Elsevier Ltd. All rights reserved.

Stereodefined organofluorine compounds are of escalating
importance across several branches of chemistry,! owing to the
ability of the C-F bond to modify the physicochemical and biolog-
ical properties of organic molecules.” Chiral benzylic fluorides, for
instance, have found application as treatments for neurological
disorders®* and atherosclerosis,” as nerve gas immunization
agents,® and in ferroelectric liquid crystal technology.” Despite
methodological advances in stereoselective fluorination,® including
the advent of asymmetric protocols,’ the synthesis of stereode-
fined benzylic fluorides by nucleophilic fluorination is frequently
hampered by competing racemization (or epimerization) due to
the intermediacy of benzylic carbocations.!®!! As part of a research
programme into the utility of boron fluorides'? and fluorobo-
rates’>"> as inexpensive, atom-economic and easily-handled
nucleophilic fluorinating agents,'® we have reported the ring-
opening fluorination of trans-p-substituted aryl epoxides upon
treatment with BF5-OEt,.'? This reaction proceeds via stereoselec-
tive Sy1-type ring opening with retention of configuration to
provide benzylic fluoride building blocks, which we utilized for
the synthesis of a range of p-fluoroamphetamines.'? For example,
treatment of epoxide 1 (Ar=Ph) with 0.33 equiv of BFs-OEt; in
CH,Cl, at —20°C for 5 min gave syn-fluorohydrin 7 in 81% yield.
This diastereoselectivity is consistent with initial activation of 1
by co-ordination of BFs, followed by epoxide cleavage to give
benzylic carbocation 5, followed by intramolecular fluoride
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transfer to give 7. This reaction manifold did not accommodate
epoxides bearing electron-rich aryl groups: for example, under
analogous conditions, the reaction of epoxide 2 (Ar = p-Tol) gave
ketone 12 as the major product (which was isolated in 38% yield),
with no evidence of the corresponding fluorohydrin 8 being noted
in either the 'H or 'F NMR spectra of the crude product mixture.
The presence of the electron-donating aryl group presumably
serves to increase the stability of the carbocation within 6 (as com-
pared to 5), which results in a concomitant reduction of the rate of
intramolecular fluoride transfer (k;) from the anionic fluoroborate
moiety. Alternative processes such as C-C bond rotation (k;) to
give 10, and subsequent [1,2]-hydrogen atom shift to give ketone
12, are thus able to compete (Scheme 1). '

A conceptually attractive solution to this limitation is reduction
of the Lewis acidity of BFs: in this scenario the derived 8-B-4'”
fluoroborate form becomes a more powerful fluoride donor, which
should be manifest in an increase in the relative rate of fluoride
transfer (k). In fact, decreasing the Lewis acidity of BCl; or BBr3
by the introduction of hydrido or alkyl B-ligands, or strong nt-donor
alkoxy or dialkylamido B-ligands,'®'° is an established strategy to
facilitate the ring-opening chlorination or bromination of epox-
ides?° and other cyclic ethers®! by haloborane reagents. The atten-
uated Lewis acidity of these modified haloborane reagents leads to
enhanced chemoselectivity, and helps to minimise or prevent side
reactions (e.g., carbocation formation, polymerisation) otherwise
induced by the harshly Lewis acidic BCl; or BBr3 reagents. In the
first reported example of this tactic, Bell and Ciaccio reported that
(Me,N),BBr [prepared in situ by pre-mixing BBr; and B(NMe,); in a


http://crossmark.crossref.org/dialog/?doi=10.1016/j.tetlet.2014.12.044&domain=pdf
http://dx.doi.org/10.1016/j.tetlet.2014.12.044
mailto:steve.davies@chem.ox.ac.uk
http://dx.doi.org/10.1016/j.tetlet.2014.12.044
http://www.sciencedirect.com/science/journal/00404039
http://www.elsevier.com/locate/tetlet

3374 AJ. Cresswell et al./ Tetrahedron Letters 56 (2015) 3373-3377

O
BF3*OEt, BF;
0 — %
Me
Ar/<l/ A /<|/ Me
1, Ar = Ph, >99:1 dr 3, Ar=Ph
2, Ar = p-Tol, 90:10 dr 4, Ar=p-Tol
epoxide
cleavage
C-C bond F\ /F
Me © rotation _B ©
H,® .0BF; | F" %
Ar® iH H,® ‘
2 \''Me
Ar H
9, Ar=Ph 5, Ar = Ph
10, Ar = p-Tol 6, Ar=p-Tol
. fluoride
J [1.2]-H shift transfer l

F
Me

Ar/\n/ Me

Ar

o

OH
Ar=Ph, 81%, >99:1 dr
Ar = p-Tol, not detected

11, Ar=Ph 7,
12, Ar = p-Tol, 38% 8,

Scheme 1. p-Tol = para-tolyl.

1:2 ratio] is a convenient reagent for the Sy2-type ring-opening
bromination of epoxides.”? Similarly, Guindon and co-workers
have shown that Me,BBr is a generally effective and highly chemo-
selective reagent for the Sy2-type ring-opening bromination of
epoxides and other cyclic ethers.”® In addition, Brown and
co-workers have described the utility of (MeO),BCI** and (MeO),BBr**
[prepared in situ by pre-mixing BCl; or BBrs; respectively with
B(OMe)s] as reagents for the Sy2-type ring-opening chlorination
and bromination of epoxides. Inclusion of alkoxy substituents on
6-B-3!7 fluoroboranes is known to decrease their Lewis acidity,
and for example the fluoride affinities of a range of (methoxy)(flu-
oro)boranes have been shown to be: (MeO);B < (MeO),BF < BF3,%°
although ring-opening fluorination reactions of epoxides using
modified fluoroborane reagents are conspicuous by their paucity
in the literature.?” Nonetheless, the efficient ring-opening fluorina-
tion of epoxides such as 1 with 0.33 equiv of BF3-OEt;, implies that
the putative alkoxydifluoroborane [ROBF;] and dialkoxyfluorobo-
rane [(RO),BF] intermediates formed during this process transfer
fluoride in preference to their alkoxy group(s). Building on this
hypothesis, we resolved to investigate the ability of a range of alk-
oxy-substituted fluoroborane reagents to facilitate the successful
ring-opening fluorination of trans-B-methyl-substituted aryl epox-
ides. We report herein our findings within this area, which culmi-
nate in the identification of pinacolatoboron fluoride (pinBF) as an
efficient fluoride donor for this stereoselective ring-opening fluori-
nation reaction.

As with alkoxy-substituted chloro- and bromoboranes,
alkoxydifluoroboranes [ROBF;] and dialkoxyfluoroboranes [(RO),BF]
have previously been prepared by a redistribution process involv-
ing the treatment of B(OR); with BF; or BF3-OEt; (in the appropri-
ate stoichiometry), followed by distillation.?®*° Encouraged by this
precedent, and with the development of an operationally simple
protocol in mind, a variety of B(OR); additives, bearing alkoxy
groups with increasing steric demand, were screened to assess
their efficacy at promoting ring-opening fluorination of epoxide 2
in conjunction with BF3-OEt,. In each case, the requisite fluorinat-
ing agent was prepared in a separate reaction vessel by pre-mixing
the requisite amount of B(OR); with 0.35 equiv of BFs-OEt; (i.e.,
giving 1.05 equiv of fluoride ion available for reaction in each case)
in CH5Cl, for 5 min at rt.'? The resultant mixture was then added to

a solution of epoxide 2 in CH,Cl, at —20°C for 5 min, then
quenched by the addition of satd ag NaHCOs (i.e., analogous to
the conditions that we have previously employed to effect the
ring-opening fluorination of trans-B-substituted aryl epoxides
using BF5-OEt, alone),’? and the product distribution was then
analysed by '"H NMR spectroscopy. These reactions all gave rise
to mixtures of products, of which the three main components were
identified as fluorohydrin 8, ketone 12 and the corresponding ether
13 (it being crucial that there was no evidence of fluorohydrin 8 in
either the 'H or °F NMR spectra of the crude product mixture of
the analogous reaction employing BFs3-OEt, alone). It was noted
that integration of the resonance associated with the C(1)H proton
(i.e., CHF) within fluorohydrin 8 at 6y 5.12 ppm (1H, dd, J 48.1, 7.3)
against the combined ArCHs resonances associated with all com-
pounds present in the mixture (collection of singlet resonances
at 6y ~2.3-2.4 ppm) allowed quantification of the amount of
fluorohydrin 8 in the mixture (‘NMR yield’) which gave excellent
correlation with the isolated yield of fluorohydrin 8. For example,
treatment of epoxide 2 (92:8 dr) with a 2:1 mixture of BF;-OEt,
and B(OMe)s (0.35 equiv and 0.18 equiv, respectively) gave fluor-
ohydrin 8, ketone 12, and ether 13a in the ratio of 28:34:38,
respectively; chromatographic purification provided 8 in 22% yield
(>95:5dr), 12 in 26% yield, and 13a in 31% yield (>95:5 dr). The rel-
ative syn-configuration within fluorohydrin 8 was assigned from
the diagnostic value of the '"H NMR 3] coupling constant between
C(1)H and C(2)H (}J;5=7.3Hz),"? but the relative configuration
within ether 13a was not assigned.?° The relative syn-configuration
within 8 is also consistent with the stereochemical outcome of the
ring-opening fluorination of related trans-p-substituted aryl
epoxides with BF;-OEt, that we have previously reported:'? the
stereochemical outcome of this process has been unambiguously
established by single crystal X-ray diffraction analysis in several
cases (including that of 1 giving 7).'? Increasing the quantity of
BF3-OEt, and B(OMe)s; (to 0.70 and 0.35 equiv, respectively) in an
effort to promote the ring-opening fluorination reaction in fact
led to production of a decreased amount of fluorohydrin 8: under
these conditions a 5:49:46 mixture of 8, 12 and 13a, respectively,
was produced. Of all the conditions examined, the use of 0.70 equiv
of B(O'Pr); and 0.35equiv of BF5;-OEt, [i.e., 1.05equiv of the
putative (‘PrO),BF complex] proved the most efficacious, and
delivered a 53:28:19 mixture of fluorohydrin 8, ketone 12 and
ether 13c, from which 8 was isolated in 41% yield and >95:5 dr.
Attempted optimisation of the temperature of this reaction did
not prove particularly fruitful: between —50 °C and 10 °C, increas-
ing the temperature in 10 °C intervals, gave a maximum 46% ‘NMR
yield’ of fluorohydrin 8 when the reaction was conducted at
—10 °C, although a significant decrease in the conversion to 8 (only
3% ‘NMR yield’) was noted when the reaction was run at 10 °C
(Scheme 2).

In an effort to suppress unwanted alkoxy transfer competing
with the desired fluoride transfer, the efficacy of cyclic B(2)-flu-
oro-1,3-dioxa-2-boracycles as fluorinating agents was next
explored. B-Chloro-1,3-dioxa-2-boracyclopentane,’'*> B-chloro-
4,4,5,5-tetramethyl-1,3-dioxa-2-boracyclopentane (pinBCl)**> and
B-chloro-1,3-dioxa-2-boracyclohexane®** have previously been
prepared by treatment of the corresponding diols with BCls,
although the analogous preparation of the fluorine analogues has
not been reported. In the event, initial attempts at the use of this
protocol with BF5-OEt, were not successful, and therefore an alter-
native was sought. Aldridge and co-workers have pioneered a con-
venient metathesis approach to alkoxy-substituted fluoroboranes,
in which trimethylsilyl ethers serve as latent B-alkoxy ligands,*®
and a variant of this approach has also been demonstrated by
Yamamoto and co-workers to access a B-ethynyl boronic ester.>®
Encouraged by this precedent, a range of bis(O-trimethylsilyl)
ethers 14-20 were prepared by disilylation of the corresponding
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(‘BUO),BF (1.05)°  18:33:49 <15%° (12%) -

Scheme 2. p-Tol = para-tolyl. °The ‘NMR yield’ was calculated by integration of the
CHF resonance against the combined ArCHs; resonances in the 'H NMR spectrum of
the crude product mixture. ®On pre-mixing BF;-OEt, and B(O'Bu);, some gelatinous
material was formed that proved insoluble in CH,Cl, and this material was not
transferred into the reaction vessel containing the epoxide. “An impure sample of 8
was isolated.

diols with MesSiCl. Subsequently, 1.05 equiv of 14-20 was then
mixed with 1.05 equiv of BF;-OEt; in CH,Cl, for 5 min at rt. The
resultant mixture was then added to a solution of epoxide 2 in
CH,Cl, at —10°C.*” Each of these reactions produced fluorohydrin 8
and ketone 12, in addition to other unidentified products, and an
‘NMR yield’ was calculated for 8. This proved to be low to modest
(<36%) in all of the cases examined with the exception of the reac-
tion using bis(O-trimethylsilyl)pinacol 20, which gave 8 in 56%
‘NMR yield'. Purification of this mixture allowed isolation of 8 in
57% yield and >95:5 dr (Scheme 3).

On mixing BF3-OEt, and bis(O-trimethylsilyl)pinacol 20 in
CD,(Cl, at rt, a colourless solution containing a small amount of
an unidentified white precipitate was produced. The solution was
decanted and analysed by 'H, !'B, 13C and '°F NMR spectroscopy,
which showed only trace amounts (<1%) of both BF3-OEt, and 20
remaining, the presence of MesSiF and one other fluorine-contain-
ing species, assigned as pinBF (65 20.6 ppm;>® 6 —152 ppm),>9%°
alongside one other identifiable species, tentatively assigned as
bis(0-pinacolatoboryl)pinacol 21.#! The yield of pinBF was esti-
mated at 60% based on integration of its tetramethyl resonance
in the "H NMR spectrum (at éy 1.34 ppm) against the combined
methyl resonances present for all compounds in the mixture (col-
lection of singlet resonances at dy 1.25-1.40 ppm). If this repre-
sents an accurate quantification of the amount of active
fluorinating agent generated in this manner, it may account for
the moderate yield (57%) of fluorohydrin 8 obtained from the treat-
ment of epoxide 2 with in situ generated pinBF. Unfortunately,
attempts to improve the yield of 8 by increasing the amount of pin-
BF promoted formation of ketone 12 at the expense of 8, and sev-
eral attempts to isolate pinBF via distillation proved unsuccessful
(Scheme 4).

Having established that pinBF is an efficient fluorinating agent
for epoxide 2, the effect of the reaction temperature on the yield
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Scheme 3. p-Tol = para-tolyl. °The ‘NMR yield’ was calculated by integration of the
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of fluorohydrin 8 was evaluated (range from —50 °C to 30 °C), with
reaction at room temperature (20-25 °C) proving marginally supe-
rior (and operationally more facile), furnishing a 77:23 mixture of
fluorohydrin 8 and ketone 12, from which 8 was isolated in 59%
yield and >95:5 dr.*?> With an optimal procedure in hand, the gen-
erality of this approach across a number of trans-g-methyl-substi-
tuted aryl epoxides 1 and 22-33 was next assessed (Scheme 5);*
this range was chosen so that the effect of the electronic nature of
the aryl groups (with associated Brown-Okamoto ¢* substituent
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dr (min) ratio Yield (dr) ’ Yield
p-MeOCeH, -0.78  22,96:4 dr 5 34:46, 0:100 34, - - 46, 69%
p-PhOCeH,  -0.50 23, 96:4 dr 5 35:47, 0:100 35, - - 47, 78%
p-MeCgH,4 -0.31 2,90:10dr 5 8:12,77:23 8, 59% (>95:5 dr) 7.3 12, not isolated
p-PhCgH,4 -0.18  24,98:2dr 5 36:48,70:30 36, 53% (>95:5 dr) 71 48, 25%
2-naphthyl -0.13  25,96:4dr 5 37:49,73:27  37,56% (>95:5 dr) 71 49, 22%
p-FCeHs -0.07  26,94:6dr 5 38:50, 77:23 38, 52% (>95:5 dr) 7.2 50, 10%
(i Ph 0.00 1,>99:1 dr 5 7:11, 81:19 7,63% (98:2 dr) 71 11, not isolated
% m-MeOCgH,  +0.05 27,93:7 dr 5 39:51, 66:34 39, 54% (>95:5 dr) 7.0 51, not isolated
% p-CICeH4 +0.11 28,94:6 dr 10 40:52,68:32 40, 57% (>95:5 dr) 7.0 52, 27%
qé')- p-BrCsHs +0.15  29,94:6dr 10 41:53,62:38 41, 54% (>95:5 dr) 6.8 53, 31%
; m-FCgH,4 +0.35  30,95:5dr 15 42:54,72:28  42,55% (90:10dr) 6.8 (4.6)* 54, 22%
% m-CICgH, +0.40  31,92:8dr 15 43:55,74:26  43,56% (89:11dr) 6.7 (4.6)° 55, 23%
@ m-BrCeH,4 +0.41 32,91:9dr 15 44:56,71:29  44,51% (88:12dr) 6.6 (4.8)% 56, 20%
p-CF3CgH4 +0.61 33,94:6 dr 30 no reaction 45, — - 57, -

Scheme 5. °The associated coupling constant for the minor diastereoisomer (where formed) is shown in parentheses.

constants ranging from —0.78 to +0.61)* on the efficacy of this
procedure could be investigated, and a direct comparison of sub-
strate scope when employing BF5-OEt, alone could be made.'? Con-
sistent with our previous investigations using BFs;-OEt, alone,'?
reaction of the very electron-rich species 22 (Ar=p-MeOCgH,)
and 23 (p-PhOCgH,4) with pinBF gave the corresponding arylpro-
pan-2-ones 46 and 47 as major products, which were isolated in
69% and 78% yields, respectively. No trace of the corresponding
fluorohydrins 34 and 35 was apparent by 'H and '°F NMR spectro-
scopic analyses of the crude product mixtures. In contrast to the
results using BF5-OEt, alone,'? however, ring-opening fluorination
of the modestly electron-rich species 24 (Ar = p-PhCgH,) and 25
(Ar = 2-naphthyl) upon treatment with pinBF gave the correspond-
ing fluorohydrins 36 and 37 as the major products, which were iso-
lated in 53% and 56% yields, respectively, and in >95:5 dr in both
cases. The relative syn-configuration within fluorohydrin 36
(Ar = p-PhCgH4) was established unambiguously by single crystal
X-ray diffraction analysis (Figure 1).*> This analysis also supports
our initial configurational assignment of fluorohydrin 8, and
allowed the relative syn-configuration within 37 to be confidently
assigned from the diagnostic values of the 'H NMR 3] coupling con-
stant between C(1)H and C(2)H (7.1 Hz in both cases). The remain-

Figure 1. X-ray crystal structure of 36 (selected H atoms are omitted for clarity).

ing substrates 1 and 26-33 when treated with pinBF revealed
similar behaviour to the corresponding reactions employing BF;_
-OEt, alone.'? Reaction of epoxides 26 (Ar = p-FCgH,), 1 (Ar = Ph)
and 27 (Ar=m-MeOCgH,4) with pinBF gave complete conversion
to the corresponding fluorohydrins 38, 7 and 39 within 5 min,
which were isolated in 52%, 63% and 54% yields, respectively, and
>95:5 dr in each case, whilst reaction of the more electron-defi-
cient species 28 (Ar = p-ClCgH4) and 29 (Ar = p-BrCgH,4) required a
reaction time of 10 min to give fluorohydrins 40 and 41 (57% and
54% isolated yields, respectively, and >95:5 dr in both cases).
Meanwhile, treatment of epoxides 30 (Ar = m-FCgH,), 31 (Ar = m-
ClC¢H4) and 32 (Ar = m-BrCgH,) with pinBF required 15 min for
complete consumption of starting material, and gave the corre-
sponding fluorohydrins 42-44 in ~90:10 dr in each case, consis-
tent with an apparent erosion of the diastereoselectivity of the
fluorination process. This may suggest a competing Sn2-type
ring-opening occurs in these cases, which has previously been
observed during the formation of fluorohydrin products from very
electron-poor aryl epoxides upon treatment with BF5-OEt,.%®
Finally, reaction of 33 (Ar = p-CF3CsH4) with pinBF resulted in no
reaction, and returned only starting material (Scheme 5).

In conclusion, treatment of a range of trans-p-methyl-substi-
tuted aryl epoxides with pinacolatoboron fluoride (pinBF), gener-
ated in situ from BF3-OEt; and bis(O-trimethylsilyl)pinacol,
results in highly stereoselective Sy1-type epoxide ring-opening to
give the corresponding syn-fluorohydrins. This operationally-sim-
ple protocol, which benefits from short reaction time at ambient
temperature, allows access to stereodefined benzylic fluoride
building blocks (the hydroxyl functionality within these building
blocks being an ideal synthetic handle for conversion to a range
of other functionality). The substrate scope of this reaction
includes those epoxides bearing relatively electron-rich aryl
groups, which fail to deliver fluorohydrins using BF;-OEt, alone
as the fluorinating agent.
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