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Abstract

A method for deoxyfluorination of aliphatic primary, secondary, and tertiary alcohols is

reported, employing a nontrigonal phosphorous triamide for base-free alcohol activation in
conjunction with an organic soluble fluoride donor and a triarylborane fluoride shuttling

catalyst. Mechanistic experiments are consistent with a reaction that proceeds by collapse of an
oxyphosphonium fluoroborate ion pair with fluoride transfer. The substrate scope complements
existing deoxyfluorination methods and enables preparation of homochiral secondary and tertiary
alky! fluorides by stereoinversion of the substrate alcohol.
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1. Introduction

Alcohol deoxyfluorination is a useful approach to valuable organofluorine compounds.!
Leading methods employ fluorinated sulfur- (e.g. DAST, PyFluor)%34 or carbon-based

(e.g. AlkylIFluor, CpFluor)® reagents in conjunction with a suitable base to promote alkyl
alcohol conversion to an oxynucleofuge followed by /n situ displacement with fluoride (Fig.
1A).57 In principle, the application of these techniques to homochiral alcohols provides

for a synthesis of stereochemically-defined alkylfluorides but in practice the activated
intermediate is prone to either B-elimination or stereoablative ionization, especially for
tertiary alcohol substrates.8 Due in part to this synthetic limitation, there are only a small
number of pharmaceuticals incorporating fully substituted C—F stereogenic centers.®

Advances in main group chemistry are unveiling new approaches to bond activation

and functionalization.10 For instance, the biphilicl! phosphorus triamide 1 is known

to undergo rapid oxidative addition to O—H bonds under mild and neutral conditions,
generating an equilibrium mixture of ring-chain tautomers 1.[H][OR] and 1’:[OR] (Fig.
1B).12 We considered the possibility that this O—H activation transformation might be
advanced in service of a net deoxyfluorination sequence by further conversion to an
alkoxyphosphonium ion, either by hydride abstraction from 1-[H][OR] or A-quaternization
of 1’-[ORY]. This line of thinking was informed by the recognition that oxyphosphonium ions
are well-known intermediates in Appel deoxyhalogenation,13-14 although their application to
deoxyfluorination is comparatively rare.15:16 As notable precedent, Ohmori has described
the thermal decomposition of electrochemically-generated alkoxytriphenylphosphonium
tetrafluoroborates to the corresponding fluoroalkanes.1” Accordingly, if a suitable trigger
for alkoxyphosphonium fluoroborate formation from tautomers 1.[H][OR] and 1’-[OR] were
identified, then an entry to alcohol deoxyfluorination could be envisioned.

Here, we report the successful realization of this deoxyfluorination design plan within a one-
pot method proceeding by: (#) alcohol O—H activation under neutral, nonbasic conditions,
(7)) triggered formation of an alkoxyphosphonium leaving group, and (//j) chemoselective
nucleophilic fluoride transfer from a weakly basic fluoroborate ion. The mild, nonbasic
conditions of both the O—H activation and nucleophilic fluoride transfer reactions suppress
undesired elimination in favor of desired deoxyfluorination, enabling the synthesis of
stereochemically-enriched tertiary alkyl fluorides.
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2. Results

2.1 Impact of Reaction Condition Variables.
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Initial investigations were undertaken with 4-phenyl-2-butanol ((£)-2a), which was
successfully converted to fluorinated product (+)-3a in 81% yield (Table 1, entry 1) by
treatment with biphilic phosphorus triamide 1 (1.05 equiv) followed by triphenylmethyl
tetrafluoroborate (Ph3CBFy4, 1.05 equiv) in 1,4-dioxane at room temperature. Under these
conditions, the desired deoxyfluorination pathway was favored over formation of the
combined elimination side-products 3a” (5.8:1 ratio of 3a:3a”). The product selectivity for
deoxyfluorination could be improved if stoichiometric Ph3CBF4 was replaced by 1.05 equiv
of the soluble fluoride ion donor triphenylmethyl fluoride (Ph3CF) and a catalytic quantity
of BF3-OEt, (5 mol%), effectively generating the PhsC* electrophile and BF,~ nucleophile
in situ.18.19 By this Lewis acid-catalyzed “fluoride shuttling” approach,2° alkylfluoride
()-3a was formed in 83% yield and 8.3:1 selectivity in favor of deoxyfluorination over
elimination (entry 2).21 Examining the effect of catalyst stoichiometry, the yield of desired
deoxyfluorinated product was unaffected across a range of loadings; however, the selectivity
between fluorinated and eliminated products decreased with increasing catalyst loading
(entries 2-5).

Given known difficulties in tertiary alcohol deoxyfluorination, conversion of tertiary alcohol
2b to tertiary alkylfluoride 3b was attempted under the foregoing conditions (1.05 equiv

of 1, 1.05 equiv of Ph3CF, 5 mol% of BF3-OEty). In the event, fluorinated product 3b

was indeed isolated, albeit in a modest yield (55%) and with an increase in the formation

of elimination side-products 3b” (Table 2, entry 1). Improvements in yield and selectivity
for 3b were achieved by varying the boron Lewis acid,24 whereby a qualitative correlation
between deoxyfluorination yield and computed fluoride ion affinity (FIA) was observed (see
SI Section IX for full details).2> Namely, it was found that tris(2,4-difluorophenyl)borane
(B1, FIA = 72 kcal/mol) afforded 3b in 80% yield and enhanced selectivity (4.2:1) (entry
6). By contrast, the use of either a more fluorophilic (i.e. tris(pentafluorophenyl)borane,
FIA=88 kcal/mol, entry 7)26 or a less fluorophilic (i.e. triphenylborane, FIA=62, entry 4)
triarylborane led to diminished yield of 3b.27 In the former case, (F5Cg)3B presumably
binds F~ too avidly and disfavors fluoride transfer to the fer-carbon center. In the latter
case, Ph3B binds F~ too poorly and does not activate the Ph3CF donor. This trend was
corroborated experimentally via the Gutmann-Beckett method, in which the shift in 31p
NMR resonance (A8) upon borane complexation with triethylphosphine oxide is correlated
to Lewis acidity.28 However, FIA is not the only determinant of reaction success; cationic
phosphacorrole Lewis acids with similar FIA to B1 did not promote fluorination (see Sl
Section V11 E for full details).2?

For comparison, several known protocols for deoxyfluorination were evaluated using the
challenging tertiary alcohol 2b as substrate (Table 2, entries 8-10),34 but each returned

the product alkyl fluoride 3b in lower yield and selectivity. As is evident, the P-mediated, B-
catalyzed method presents a useful complement to existing techniques for deoxyfluorination,
especially in the case of 3° alcohols.
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2.2 NMR Investigations of Reaction Intermediates.

The course of the deoxyfluorination reaction described in Table 2, entry 6 was monitored by
in situ 31P NMR spectroscopy (Fig. 2). The spectroscopic data establishes that nontrigonal
triamide 1 (6 159.8 ppm) is rapidly converted by reaction with alcohol 2b into an
equilibrium mixture composed of hydridophosphorane 1.[H][OR] (6 -37.6 ppm, d, 1Jb_y
= 588 Hz) as the major component and ring-chain tautomer 1’-[OR] (6 117.1 ppm) as

the minor component (the minor atropisomer of 1”-[OR] can also be observed at & 110.2
ppm). The signals for these species decrease over the ensuing deoxyfluorination reaction
timecourse with growth of a new 3P NMR resonance at & 36.9 ppm (a minor resonance
assigned as an atropisomer was also observed & 35.9 ppm). This latter species was shown
to correspond to A-tritylated phosphonamide 4 after synthesis and X-ray crystallography of
the related 4-[BF3] adduct (see Sl Section VIl B'). This stoichiometric byproduct can be
efficiently separated from the fluorinated product by silica gel chromatography.

Evidently, the trityl cation electrophile (generated by fluoride abstraction from Ph3CF by
B1) reacts with the o3-P tautomer 1’«[OR] even though present as the minor constituent
of the ring-chain equilibrium. In line with this hypothesis, o3-P compound 5 (prepared
by reaction of ()-2a with chlorodiazaphospholene3? in the presence of base, see SI
Section VII for details) is converted to fluorinated product (£)-3a in 74% yield by
exposure to 1.05 equiv Ph3CF and 5 mol% B1 (Fig. 3).31 Along complementary lines,
utilizing hydridoalkoxyphosphorane 6-[H][OR] (a structurally constrained analogue of

1 that can only exist as the o®-P tautomer)32 results in no deoxyfluorinated product

3b; instead, fluoroalkoxyphosphorane 6:[F][OR] stemming from hydride abstraction and
fluoride addition to a cationic P center is observed. Indeed, fluoroalkoxyphosphoranes are
the primary alcohol-derived side products observed under the reported synthetic reaction
conditions (Figure 2, indicated by *), and the amount observed is inversely correlated to
substrate performance under deoxyfluorination conditions.

2.3 Mechanistic Model.

Consistent with the preceding results, a proposed stepwise reaction sequence for the
deoxyfluorination reaction is depicted in Figure 4. First, activation of the O—H bond of
alcohol 2 by 1 generates an equilibrium mixture of the o3-P and o®-P tautomers 1’.[OR]
and 1-[H][ORY], respectively (Step I). Simultaneously, the borane cata-lyst Ar3B reversibly
abstracts fluoride from Ph3CF, resulting in an ion pair consisting of [ArsB-F]-and Ph3C*
(Step 1), which can quaternize o-P 1’-[OR] (Step I11). This P-quaternization step is
possibly initiated by single-electron oxidation.33 The resulting alkoxyphosphonium 7 can
undergo O-dealkylation by fluoride transfer from [Ar3B —F]~ to regenerate catalyst ArsB,34
liberate phosphonamide 4, and deliver fluorinated product 3 (Step 1V).

2.4 Reaction Scope and Examples.

Qualitative observations made during study of the substrate scope of this alcohol
deoxyfluorination method conform to the foregoing mechanistic picture (Fig. 5). Tertiary
alcohols, which establish a significant population of reactive o3-P tautomer 1’-[OR] by
virtue of the substrate steric bulk,122 are efficiently converted into the corresponding tertiary
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fluorides 3b-3j in good chemical yield (42-90% yield) by suppression of deleterious
elimination, likely owing to the lack of exogenous Brgnsted base in the reaction conditions.
Of note in this regard is homobenzylic product 3d, which would be prone to elimination

to a stable styrene product. Additionally, differentially halogenated product 3e is formed

in good yield (71%) with preservation of the primary alkyl bromide moiety; trivalent
phosphorus triamide 1 is weakly nucleophilic and reacts only slowly with most alkyl
halide electrophiles. Saturated amine heterocycles such as Boc-protected azetidine 3g and
piperidine 3h can be fluorinated efficiently at both endocyclic and exocyclic positions,
respectively. Unsaturated moieties such as cyclic olefins (3i) and alkynes (3j) are well-
tolerated in the fluorination protocol. Example 3f illustrates an instance where the standard
Lewis acid catalysis conditions gave only trace deoxyfluorination; we speculate that the
presence of Lewis basic functionality inhibits boron Lewis acid turnover. Accordingly, the
use of stoichiometric Ph3CBF4 in place of Ph3CF/B1 (cf. Table 1, entry 1 above) returned
the deoxyfluorination product in good yield (53%).

Secondary alcohols are also converted into alkyl fluorides (3a, 3k-30, 52-87% yield).
Secondary benzylic product 3k could be obtained in good yield, despite the propensity for
elimination. The reaction conditions are tolerant of sulfones (3l, 87% yield), acyclic olefins
(3m, 62% yield), and dialkyl ethers (30, 57% yield). Fluorination of substrates containing
Lewis basic pyridine rings are viable but require increased loading of B1 on account of
acid-base adduct formation (3n). Biomolecule scaffolds including protected carbohydrates
(30) can also be fluorinated.

Primary alkyl alcohols can also be converted into the corresponding 1° alkylfluorides,
although the reactions require heating to 50 °C in these cases (3p and 3q, 50% and 41%
yield, respectively). This observation likely stems from the o3-P tautomer being relatively
disfavored (as compared to that derived from 2° and 3° alcohols), due to diminished
destabilizing steric effects in the more crowded o°-P tautomer. Consequently, we note the
relative reactivity of substrates observed in the present method (3° ~ 2° > 1°) complements
that reported for other thermally stable deoxyfluorination reagents.2:3:

2.5 Stereochemical Studies.

In order to probe the stereochemical outcome of the fluoride transfer step,

the deoxyfluorination of homochiral cyclic substrates was investigated (Fig.

6). Deoxyfluorination of A-Boc-antr-4-hydroxy-L-proline methyl ester provided sy
diastereomer 3r (72%) and A-Boc-syrn-4-hydroxy-L-proline methyl ester provided anti-
diastereomer 3s (76%), indicating that neither anchimeric assistance nor stereoelectronic
ring effects determine the stereochemical outcome in these cases. Evidently, nucleophilic
displacement of the activated oxyphosphonium ion by fluoroborate proceeds with inversion
of stereochemistry. Indeed, tropane alkaloid 3t was also obtained by stereospecific invertive
deoxyfluorination of A-Boc-nortropine 2t. Correspondingly, the sterol 3p-hydroxy-5a.-
androstan-17-one (2u) under standard conditions afforded 3a-fluoro-steroid 3u as a single
diastereomer. The saturated sterol 2v is fluorinated with retention of stereochemistry, a result
we attribute to the homoallylic stabilization of the intermediate nonclassical carbocation.3®
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The preference for stereochemical inversion during deoxyfluorination holds equally for
acyclic enantioenriched substrates (Fig. 7). The deoxyfluorination of homochiral secondary
alcohol (5)-2a (>99:1 e.r.) afforded homochiral secondary alkyl fluoride (#)-3a3% in 82%
chemical yield and with excellent enantiospecificity for inversion (97.5:2.5 e.r.). Notably,
deoxyfluorination of homochiral tertiary alcohol (S)-2w (97.5:2.5 e.r.) similarly afforded
enantioenriched tertiary alkyl fluoride (/)-3w in both good yield (68%) and with good
configurational purity (91:9 e.r.). The latter case was also examined under a variety

of previously published conditions for alkyl fluorination, and each delivered fluorinated
product in diminished yield and selectivity while exhibiting varying stereochemical
outcomes (see Sl Section VI D for full details).

3. Discussion

The results above illustrate the efficient deoxyfluorination of primary, secondary, and tertiary
alcohols employing a phosphorus triamide reagent as alcohol activator and a borane catalyst
as fluoride shuttle. This non-basic, dual activation approach is particularly efficient in the
activation of tertiary substrates—a substrate class that is traditionally challenging for similar
deoxyfluorination protocols—and displays selectivity for inversion of stereochemistry at the
alcoholic position. Given the high degree of steric crowding inherent to substitution at 3°
carbon electrophiles, it seems reasonable to expect significant C—O dissociation prior to
C-F bond formation in net fluoride transfer step. A stereoinvertive stepwise substitution
reaction3” proceeding by rapid collapse of a contact ion pair38 (composed of an incipient
phosphine oxide-stabilized carbocation and fluoroborate anion) before solvent cage escape
would account for the observed stereochemistry. This interpretation is consistent with other
instances of stereospecific inversion at unactivated hindered tertiary sites,3° including those
mediated by alkoxyphosphonium ions.*? Furthermore, a cyclopropyl-containing substrate
(2x) is observed to undergo ring-opening fluorination under the reaction conditions,
supporting the putative intermediacy of a carbocation (see SI Section VI for full details).

As an aside, we note that both o3-P tautomer 1’<[OR] and oxyphosphonium 7 are inherently
stereogenic at phosphorus. The extent to which that P-stereochemistry is influenced by

the chirality of the alcohol substrate or impacts the enantiospecificity of deoxyfluorination
remains a matter of ongoing investigation.*! Nevertheless, our finding establishes a route

to difficult-to-access tertiary alkyl C—F stereocenters, especially those devoid of adjacent
functional groups such as found in 3w, by relay of stereochemistry from comparatively
easy-to-prepare homochiral tertiary C-O starting materials.

4. Conclusion

In conclusion, we have demonstrated that a base-free deoxyfluorination method can be
achieved using a nontrigonal phosphorus compound 1, triarylborane B1 as a fluoride
shuttling catalyst, and trityl fluoride as a soluble fluoride source and activator. The abasic
nature of the reaction conditions suppresses formation of elimination-derived side products,
which has historically inhibited the successful fluorination of tertiary alkyl and benzylic
alcohols. We anticipate that this stereospecific deoxyfluorination will complement existing
deoxyfluorination methods particularly for secondary and tertiary alcohols and provide new
strategies for C—F bond formation catalyzed by a Lewis acid. Importantly, the working
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understanding of the reaction mechanism pathway provides a path forward to further
development and optimization of the phosphorus reagent for deoxyfluorination, which is
currently underway in our labs.

5. Experimental Section

A full description of the general experimental methods can be found in the Supporting
Information.

5.1 Representative Synthetic Procedure.

In a nitrogen atmosphere glovebox, a 4 mL vial equipped with magnetic stir bar was

charged with alcohol substrate if solid (0.400 mmol), 1 (107.2 mg, 0.4200 mmol, 1.05
equiv), and trityl fluoride (110.2 mg, 0.4200 mmol, 1.05 equiv). The solids were dissolved

in dioxane (1.6 mL, 0.25 M), followed by addition of alcohol substrate if liquid (0.400
mmol). Tris(2,4-difluorophenyl) borane (B1, 7.0 mg, 20 umol, 0.050 equiv) was then added
to the solution. The resulting mixture was capped, removed from the glovebox, and stirred at
ambient temperature with 400 rpm stirring. After 24 hours, the reaction was transferred to a
40 mL vial with washing with ethyl acetate. The crude reaction was concentrated, taken up
in a minimal amount of dichloromethane, and then purified by flash column chromatography
on silica gel.

5.2 Spectroscopic Investigations.

In a nitrogen atmosphere glovebox, a solution of 1 (26.8 mg, 0.105 mmol, 1.05 equiv), trityl
fluoride (27.5 mg, 0.105 mmol, 1.05 equiv), and 1-fluoronaphthalene (17.5 mg, 0.120 mmol,
1.20 equiv) in dioxane (0.3 mL) were prepared in a 4 mL vial, and transferred to a J. Young
NMR tube. The J. Young tube was capped, removed from the glovebox, and inserted into an
NMR probe to obtain 31P and 1°F NMR (number of scans = 4, delay = 120 s) spectra (t =

0 min). The J. Young tube was brought back into the glovebox, and a solution of 2b (17.0
pL, 0.100 mmol, 1.00 equiv) and B1 (1.8 mg, 5.0 pmol, 0.050 equiv) in dioxane (0.2 mL)
was added. The J. Young tube was capped, shaken, removed from the glovebox, and inserted
into an NMR probe to obtain 31P and 1°F NMR spectra at 30 minutes, 2 hours, 4 hours,

and 12 hours. The quantification of product 3b and trityl fluoride was determined by relative
integration between 1-fluoronaphthalene (-123.90 ppm, m, 1F), product 3b (-138.33 ppm,
m, 1F), and trityl fluoride (-126.01 ppm, s, 1F).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) General approach to alcohol deoxyfluorination. AG = activating group. B = base.

(B) Deoxyfluorination of aliphatic alcohols via P-mediated alcohol activation through
alkoxyphosphonium species.
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1 Reaction time course by 3'P NMR
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Figure 2.
Time-stacked in situ 31P NMR spectra of the deoxyfluorination of 2b by 1 and B1 at: (a) 0

min, (b) 30 min, (c) 12 h. 1 (6 159.8 ppm), 1.[H][OR] (6 —-37.6 ppm, /=588 Hz), 1’:[OR]
(6 117.1 ppm), and 4 (& 36.9 ppm). *See Sl (Section VII A) for assignment of the minor
species as 1-[F][OR] (6 —42.5 ppm, /=879 Hz).
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Page 15

Treatment of o3-P compound 5 under standard conditions leads to 74% deoxyfluorination

yield, but o°-P scaffold 6, which cannot adopt o3-P tautomer, is ineffective at
deoxyfluorination.
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Figure 4.
Proposed reaction sequence for deoxyfluorination, proceeding by the following four stages:

(1) activation of O—H substrate by nontrigonal compound 1 to give equilibrating tautomers
1’-[OR] and 1-[H][OR]; (1) fluoride abstraction from Ar3C—F by ArsB to give ion pair
[Ph3sC*][Ar3B-F]; (111) P-quaternization of 1°-[OR] by Ph3C* to give alkoxyphosphonium
7; (IV) O-dealkylation of 7 by fluoride transfer from ArgB—F-.
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Examples of deoxyfluorination of aliphatic alcohols. Yields isolated on 0.4 mmol scale.
See Sl Section VI for full synthetic details. @ Yield determined by 1°F NMR with internal
standard. 250 °C. € 1 equiv of B1. 4Using 1.05 equiv of Ph3CBF, in place of Ph3CF and B1.
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Figure 6.
Stereospecificity of deoxyfluorination in cyclic substrates. Yields isolated on 0.4 mmol

scale. See Sl Section VI for full synthetic details. Reaction conditions: alcohol substrate (0.4
mmol), 1 (1.05 equiv), Ph3CF (1.05 equiv), B1 (5 mol%), 1,4-dioxane (0.25 M), 25 °C, 24 h.
450 °C. 240 °C
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Figure 7.
Stereospecific invertive deoxyfluorination of enantiomerically-enriched acyclic 2° and 3°

carbinols (S)-2a and (S)-2w, respectively. Yields isolated on 0.4 mmol scale. See Sl (Section
VII D) for full synthetic details. Reaction conditions: alcohol substrate (0.4 mmol), 1 (1.05
equiv), PhsCF (1.05 equiv), B1 (5 mol%), 1,4-dioxane (0.25 M), 25 °C, 24 h.

JAm Chem Soc. Author manuscript; available in PMC 2024 June 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Moon et al.

Table 1.

Discovery and optimization of 2° alcohol deoxyfluorination.

1 (1.05 equiv)

OH Catalyst (x mol%) F
Ph/\)\Me (P)(8) Ph’\)‘Me * PN
Reagent (1.05 equiv)
(¥)-2a 1,4-dioxane (0.25 M) (%)-3a 3a
25°C,24 h
Entry Reagent Catalyst Catalyst (mol%) Yield 3a Ratio (3a/3a’)@
(%)

1 Ph3CBF, -- - 81 58:1

3 PhyCF BF3-OEt, 10 83 75:1

4 PhsCF BF;-OEt, 100 81 54:1

5 PhsCF BF;-OEt, 150 81 58:1

Yields are determined by 19F NMR with internal standard. See SI Section IV for full synthetic details.

%Yield 3a’ determined by GC.
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Table 2.

Discovery and optimization of 3° alcohol deoxyfluorination.

1 (1.05 equiv)
OH Catalyst (5 mol%) F :

Ph/\/l\*Me (p)B) ph/\/LMe + ph 2 Me

©  PhyCF (1.05 equiv) Ma
2b 1,4-dioxane (0.25 M) 3b 3b’
25°C, 24 h
Entry Catalyst Yield3b  Ratio @(3b/3b’) A8 P (ppm)  FlAy C (kcal/mol)
1 BF3 OEt, 55 2.2:1 318 81
2 B(Q/Pr); 0 - 0.2 42
3 BEt; 0 -- 25.7 53
4 BPh3 <1 <1:20 23.9 62
5 B(4-F-CgHa)s 25 111 25.7 66
6 B(2,4-F,-CgH3)3 (B1) 80 42:1 30.0 72
7 B(CgFs)3 2 <1:40 35.0 88
Entry Catalyst Reagent Yield 3b Ratio & (3b/3b”)
8 - PyFluor 11 1:35
9 - PBSF 19 1:3.7
10 - AlkylFluor 44 151
1122 -- TFFH/EtzN-3HF 67 2.5:1

Yields are determined by 19¢ NMR with internal standard. See Sl (Sections 1V, V) for full synthetic details.
%Yield 3b” determined by 1H NMR.
bDifference in 31p NMR shift of Et3P=0 upon complexation with borane.

EFIuoride ion affinity (FIA) calculated at DSD-BLYP(D3JB)/Def2-QZVPP level of theory (CPCM with e = 2.21 for 1,4-dioxane) referenced to
COF2 system.23
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