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Convergent synthesis and protein binding of vicinal
difluorides by stereodivergent C-C bond formation
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THE BIGGER PICTURE Configurations and conformations of organic molecules affect properties and func-
tion. The conformation about acyclic C-C single bonds is difficult to control, leading to guidelines that limit
such units in drug molecules. Vicinal difluorides contain one fluorine on two contiguous saturated carbons
and adopt specific conformations, but stereoselective synthesis of such difluorides is difficult. We report a
catalytic method to synthesize all four stereoisomers of vicinal difluorides by forming the C-C bond between
two mono-fluorinated units with high yield, stereoselectivity, and tolerance of heteroaryl groups that are com-
mon in drug molecules. Chemical probes containing the vicinal difluoride motif were developed, and prote-
omic studies provide evidence for stereospecific ligand-protein interactions by the vicinal difluorides. This
strategy will be valuable for controlling the conformation of highly substituted C-C bonds and enabling the
design of new classes of biologically active molecules.

SUMMARY

Vicinal difluorides adopt defined conformations due to the electronic properties of fluorine. Therefore, they
could be valuable for controlling the constellation of functional groups about acyclic C-C bonds in organic
molecules if all stereoisomers of the difluorides could be synthesized. However, stereoselective synthesis
of vicinal difluorides has been cumbersome. The location of functional groups within organic molecules is
important because it influences function, particularly biological function. We report a catalytic synthesis of
acyclic vicinal difluoride sterecisomers by C-C bond formation between two monofluoro units, along with
crystallographic and computational data showing that the gauche relationship of two fluorides causes sub-
stituents to occupy defined positions about the C(sp®-C(sp®) bond. Photoreactive chemical probes tethered
to vicinal difluorides showed that difluorides bind more strongly than the analogous monofluorides, which
possess less defined conformations, and that individual stereoisomers of the difluorides bind distinctly to
the human proteome.

INTRODUCTION

The absolute and relative configuration of stereogenic centers
and the conformations around rotatable bonds define the struc-
ture of organic molecules and resulting properties, such as the
ability to bind to proteins, nucleic acids, and carbohydrates.'™
Many strategies have been developed to control the conforma-
tions of molecules that contain planar functional groups, such
as amides or alkenes,*® saturated rings,'®'® or two arenes
connected by a single bond.'®2* However, strategies to control
the conformation about acyclic bonds connecting two sp*-hy-
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bridized carbon atoms are more limited because the barrier to
rotation around a C(sp-C(sp® bond is usually low** and
because conformers resulting from rotation around a C(sp®)-
C(sp®) bond are often similar in energy.?>° Indeed, guidelines
for designing molecules for medicinal chemistry recommend
limiting the number of rotatable bonds in a molecule.?”+?®
Vicinal difluoride units are defined as two adjacent carbon
atoms bonded to one fluorine atom each, most commonly refer-
ring specifically to a unit containing two saturated carbons con-
nected to one fluorine each.?® The size of a fluorine atom is
similar to that of a hydrogen atom,*° so a vicinal difluoride motif
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Figure 1. Stereodivergent synthesis of vicinal difluorides as a novel strategy to control the confirmation of acyclic C(sp®)-C(sp®) bonds

(A) Structural features of vicinal difluorides.

(B) Prior syntheses of vicinal difluorides by stereospecific or non-stereoselective C-F bond formations.
(C) This work: modular synthesis of vicinal difluorides by stereodivergent C-C bond formation.

(D) Reaction design and the proposed catalytic cycle.

containing two sp®-hybridized carbon atoms is sterically similar
to that of two adjacent methine units. In addition, most C(sp®)-
F bonds are stable (bond dissociation energy > 110 kcal/mol,
Figure 1A, top left),’" making the “C—F” bond resistant to most
chemical transformations. As a result, replacement of a C(H)-
C(H) unit, in which both carbons are sp®-hybridized, by an anal-
ogous saturated vicinal difluoride C(F)-C(F) unit does not signif-
icantly change the steric properties or the chemical reactivity of
the compound.

Yet, saturated vicinal difluorides often adopt a defined confor-
mation about the C(sp®)-C(sp®) bond.?**?*® The stabilizing hy-
perconjugation between the ¢* orbital of the C-F bond and an
adjacent, occupied ¢ orbital causes a saturated vicinal difluoride
motif to favor the conformer in which the two F atoms are posi-
tioned gauche to each other (shown for difluoroethane at the
right of Figure 1A).%*" This stable gauche relationship between
two adjacent fluorine atoms allows one to predict the relative po-
sition (e.g., gauche or anti) of the other substituents (Figure 1A,
bottom left) in the most favorable conformation. Because the
most favorable conformer of each stereoisomer of a given vicinal
difluoride compound is different, one can control the relative po-
sition of substituents about the C-C bond by synthesizing the
corresponding stereoisomer (Figure 1A, bottom right). Indeed,
the active conformation of y-aminobutyric acid (GABA) bound
to GABA receptors was deduced from the stable gauche confor-
mation of vicinal fluoride analogs of GABA, which were prepared
as individual stereoisomers in 12 steps.®®

Although vicinal difluorides are potentially valuable substruc-
tures, the construction of such subunits has been limited or
cumbersome, or both, particularly with control of absolute and
relative configuration. Current syntheses of saturated vicinal di-

3710 Chem 10, 3709-3721, December 12, 2024

fluorides have followed two strategies, both involving the forma-
tion of C-F bonds with the connecting C-C bond in place (Fig-
ure 1B): (1) two sequential nucleophilic substitution reactions
between fluoride nucleophiles and an epoxide or a diol,***" and
(2) the difluorination of alkenes.*>™*® The route involving nucleo-
philic substitution often requires harsh, toxic reagents, such as
HF or SF,,“>*! that cannot be used in a typical laboratory and
are limited in their tolerance of functional groups even when
used in a specialized facility, and the synthesis of a series of ste-
reoisomers is challenging”® because the substitution reactions are
stereospecific. The second approach involving enantioselective
difluorination of alkenes is limited in scope and requires single
olefin stereocisomers to occur with high diastereoselectivity.”*>?
We envisioned that these synthetic challenges could be ad-
dressed and the effect of two adjacent fluorine atoms on confor-
mation and consequent protein binding could be evaluated by an
alternative, convergent strategy that forms the C—-C bond within
the vicinal difluoride unit and proteomic analysis of the resulting
structures. No method is known to form the C-C bond between
two saturated carbons in vicinal difluorides by joining two
different fluorine-containing units, let alone a method that occurs
enantioselectively or one that controls the configurations of the
two stereogenic centers individually. However, if such a reaction
that controls absolute and relative configuration could be real-
ized, then the impact of fluorine atoms at two vicinal carbons
could be assessed by comparing the binding of the individual
stereoisomers to a proteome and comparing the binding of these
compounds to that of analogs containing a single fluorine atom.
To achieve such bond formation, we devised a strategy
involving allylic substitution. Catalytic allylic substitution could
form the carbon-carbon bond, and methods that combine one
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transition-metal catalyst to control the configuration of the nucle-
ophile®*°* and another to control the configuration of the elec-
trophile®>™" could, thereby, dictate the absolute and relative
configurations of the two stereogenic centers. We invoked allylic
substitutions because the scope of reactions of allyliridium cat-
alysts that we have studied encompasses those with a fluorine
atom in one of the two coupling partners.”**> At the same
time, we recognized that application of this strategy to form
vicinal difluorides would confront several challenges when
joining two fluorine-containing units, particularly with stereo-
chemical control. Fluorine is the most electronegative element,
but, paradoxically, a fluorine atom makes the carbon to which
it is attached less electrophilic.”®®® Thus, it was unclear if a
fluorinated allylic electrophile would react with a fluorinated
nucleophile to form the central C-C bond. Moreover, the repul-
sion between two approaching C-F units is stronger than that
between one C-F and one “C-H” unit due to the high electron
density around fluorine atoms, making it uncertain whether two
fluorinated partners would react to form the C-C bond and
whether the electronic properties would allow all stereoisomers
to be formed with selectivity dictated by the catalyst rather
than the reactants. Finally, the presence of multiple substituents
around the vicinal carbons accompanying the fluorine atoms
made it unclear whether the two small fluorine atoms would
dictate the conformation about the newly formed C-C bond in
the product or whether the conformation would be controlled
by the steric or electronic properties of the other groups.

Despite these challenges, we show that the convergent
construction of all four stereoisomers of a vicinal difluoride motif
occurs stereoselectively by forming the C(sp®-C(sp®) bond be-
tween two achiral or racemic mono-fluorinated building blocks
in a single reaction catalyzed by copper and iridium complexes
and that the presence and stereochemical disposition of the
fluorine atoms strongly influences protein binding. The appro-
priate electrophilicity was achieved by adjusting the leaving
group, and selective binding of single isomers to specific
proteins controlled by the vicinal difluoride unit was revealed
by attaching a photoreactive chemical probe to the vicinal di-
fluorides and their monofluoride analogs and analyzing binding
to the proteome of human embryonic kidney (HEK293T) cells.
Distinct binding of one of the four stereoisomers to the thiore-
doxin reductase TXNRD2 was identified and confirmed, showing
how stereodivergent synthetic strategies® can enhance selec-
tive binding of molecules with acyclic core structures.

RESULTS AND DISCUSSION

Formation of vicinal difluorides

To achieve a convergent synthesis of vicinal difluorides by
formation of the C-C bond using the coupling of a fluoroallyl
electrophile and an «-fluorinated pronucleophile, we followed
our strategy involving a combination of copper and iridium cata-
lysts and azaarene-substituted enolate nucleophiles.®*** In this
reaction design, a Lewis-acidic copper catalyst, which is ligated
by a chiral bisphosphine, would coordinate to the nitrogen and
the oxygen atom of a 2-fluoro-2-azaarylcarbonyl compound as
pronucleophile and generate the corresponding chiral Cu-eno-
late intermediate in the presence of a base. This Cu-enolate
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would react with a chiral, cationic (3-fluoroallyl)iridium species
to generate the vicinal difluoride product (Figures 1C and 1D). Af-
ter thorough investigations of the effect of the bisphosphine
ligand bound to copper on the yield and stereoselectivity of the
catalytic allylic substitution between methyl 2-fluoro-2-(pyridin-
2-yl)acetate (1a) and (2)-3-fluoro-3-phenylallyl methyl carbonate
(2aa) with (R4, R, R)-[Ir] as the iridium cocatalyst (see Tables 1 and
S1), we found that reactions with the ligand (R, R)-Ph-BPE (L6) or
its enantiomer (ent-L6) afforded the desired vicinal difluoride
product 3a or 5a in 83% or 80% vyield, respectively, with excel-
lent stereoselectivity (15:1 diastereomeric ratio [dr], 99% ee for
8a and 20:1 dr, 97% ee for 5a; Table 1, entries 8, 9). The reaction
in the presence of a WALPHOS-type ligand L2 and (R,,R,R)-[Ir]
formed product 5a in high yield and with high stereoselectivity
(Table 1, entry 2), but the reaction with the enantiomer of L2
(ent-L2) afforded product 3a with low stereoselectivity. (Table 1,
entry 3). This mismatch of selectivity with ligand L2 was not
observed in allylic substitutions between two non-fluorinated
building blocks under similar reaction conditions®® and is consis-
tent with our previous discussion that repulsion between two ap-
proaching fluorine atoms makes the control of stereochemistry
difficult. Several pronucleophiles containing five-membered het-
erocyclic arenes reacted with 2aa and formed the corresponding
vicinal difluorides in low yields (Table 1, entry 12) but were known
to react with cinnamyl methyl carbonate, which is the non-fluori-
nated analog of 2aa, to afford the corresponding mono-fluori-
nated products in high yields under similar reaction conditions.*
The contrast between these outcomes is consistent with the
aforementioned challenge that a fluorine atom makes the carbon
to which it is attached less electrophilic. To increase the electro-
philicity of the fluoroallyl unit and improve the yield of the reac-
tion, we tested the electrophile 2ap (Figure 2A, condition B)
that contains a more reactive leaving group, —OTroc (Troc =
2,2,2-trichloroethoxycarbonyl), than that in a methyl carbonate.
Indeed, we found that reactions of 2af with fluorinated pronu-
cleophiles containing five-membered heteroarenes generally
formed vicinal difluorides in higher yields than those with 2aa
(Table 1, entries 13, 14). Control experiments indicated that
both the Cu/bisphosphine catalyst and the Ir catalyst were
necessary for this reaction (Table 1, entries 10, 11).

Examples of pronucleophiles that underwent this catalytic re-
action are shown in Figure 2A. A series of a-fluoroacetates and
oa-fluoroketones that contained six-membered heteroarenes,
such as pyridines, pyrazines, pyrimidines, and quinolines, re-
acted with the fluorinated electrophiles 2aa or 2a to form the
corresponding vicinal difluoride products 3a, 3¢c-3g, 3i, and 3n
in good yields (69%-96%), with acceptable to high diastereose-
lectivity (dr 5:1-20:1) and excellent enantioselectivity (ee 97%-
99%). a-Fluoroacetates containing five-membered heteroar-
enes, such as benzoxazole, benzothiazole, and benzimidazole,
also underwent the catalytic reaction to afford products 3b,
3m, and 3h in 83%-85% yield, with 8:1-12:1 dr, and >99%
enantiomeric excess. In addition to «a-fluoro-a-azaaryl acetates
and ketones, «-fluoro-acetamides containing the benzoxazole
and the benzothiazole moieties underwent allylic substitution
to form products 3l and 3j in good vyields (78% for 3j, 99%
for 3l) and with high stereoselectivity (dr 9:1, ee 98% for 3j; dr
14:1, ee 95% for 3l). Heteroaryl groups that contain three or
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Table 1. Development of reaction conditions for the allylic substitution between 2-fluoro-2-azaarylacetates 1a, 1b, and (2)-3-fluoro-3-

phenylallylic electrophile 2aa or 2a

Cu(MeCN),PFg (5 mol%)

w L (5.5 mol%) 7N E Ph 77N E_ph
)\ﬂ X o+ X =
(RaR,R)-[IF] (x mol %) ? 2
base (y mol %) F COzMe MeOZC F
a (0. 1 mmol) 2a (1.1 equiv) THF, rt, 24 h
Cu(MeCN),PFg (5 mol%)
R\l o] F L (5.5 mol%) F Ph F Ph
+
OMOMe ph)\ﬂom (RaR,R)-[IF] (x mol %)
F base (y mol %) F COzMe MeOZC F
1b (0.1 mmol) 2a (1.1 equiv) THF, rt, 24 h 3b 5d
PPh; Me Me
pryp- S -PO¥2 = Q
Fe Ve Fe & P R ®
> < Me 5 - M Ph
Me Mé - %
L1 L2, Ar = 3,5-(CF3),CgHg- L3, (S)-Me-DuPhos O~ p—Ir—) 5 ©
07 4
0
Ph N—
<1 90 e 7
6] PR, PR, z b
P/\/ Ar
0 PR, PRy Q Ph (Ra.R.R)-[IF], Ar = 2-anisyl
<o Ph
L4, R = 3,5-tBu-4-MeO-CgHy- L5, R = m-xylyl L6, (R,R)-Ph-BPE
Entry Nu ~-OLG Ligand X Base y Yield (%)? dr® ee (%)°
1 1a —0OCO,Me L1 5 KoCO3 120 90 1:2 n.d.
2 1a —0OCO,Me L2 5 K>COs3 120 88 1:12 >99
3 1a —0OCO,Me ent-L2 5 K>COs3 120 85 3:1 n.d.
4 1a —0OCO,Me L3 5 KoCO3 120 16 1:1 n.d.
8 1a —0OCO,Me L4 5) KoCO3 120 53 2:1 n.d.
6 1a —0OCO,Me L5 5 KoCO3 120 88 1:4 n.d.
7 1a —0CO,Me L6 5 KoCOg 120 779 13:1 >99
8 1a —0OCO,Me L6 5 KoCO3 50 83¢ 15:1 99
9 1a —0OCO,Me ent-L6 5 KoCO3 50 80¢ 1:20 97
10 1a —0OCO,Me L6 0 KoCO3 50 0 N/A N/A
11 1a —0OCO,Me none® 5 K>COs3 50 0 N/A N/A
12 1b —0OCO,Me L6 3 KoCO3 100 43 3:1 n.d.
13 1b —QOTroc L6 3 KoCO3 100 83 12:1 >99
14 1b —OTroc ent-L6 3 K,COs 100 73¢ 1:5 >99

#Combined NMR vyield of both diastereomers, unless specified otherwise.

PThe ratio of 3a to 5a or 3b to 5d.

°n.d. stands for not determined.

9disolated yield of one diastereomer.

°In the absence of Cu(MeCN)4PF¢ and ligand.

four nitrogen atoms, such as a triazine (30) and a tetrazole (3k),
were also compatible with this reaction. The moderate diaster-
eoselectivity (dr 3:1) for the formation of compound 3o, presum-
ably, results from weak binding of the nitrogen atom in the
triazine to the Lewis-acidic copper, due to steric effects.

Figure 2B shows a series of (2)-3-fluoro-3-arylallyl methyl car-
bonates containing substituted aryl or heteroaryl groups that un-
derwent the catalytic allylic substitution with «-fluoroacetate 1g
and formed the corresponding vicinal difluorides in good yields
(57%-85%) and with high stereoselectivity (dr 8:1-24:1, ee
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98%-99%). Reactions of (2)-3-fluoro-3-arylallyl methyl carbon-
ates containing electron-rich, electron-neutral, and electron-
poor aryl groups (4a-4g) afforded the products in good
yield and with excellent diastereo- and enantioselectivity. This
catalytic method tolerated structures with versatile synthetic
handles, such as mono- or di-halogenated aryl rings (4a, 4b,
4f), Boc-protected aniline (4k), and a carbonate-masked
benzylic alcohol (4j). Simple heteroarenes, such as furan
(4h) and thiophene (4i), also were compatible with this
transformation.
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A Scope of the a-fluoro-a-azaaryl acetates, ketones, and acetamides?

N O N
w condition AorB  (Het|l )
y — /

F F CO)X
1 (0.1 mmol) 3
condition A condition B
Cu(MeCN)4PFg (5 mol%) Cu(MeCN)4PFg (5 mol%) M =
(R,R)-Ph-BPE (5.5 mol%) (R,R)-Ph-BPE (5.5 mol%) QQ 2T Ph Ph
(Ra,R,R)-[I] (3-5 mol %) (Ra,R,R)-[Ir] (3 mol %) O<p /"|r—-)> Ph b
K,COs (3Fo-50%), THF, 11,24 h | | K,CO;5 (1 'e:quiv), THF, 1t, 24 h o~ lll ) ’Ci/\/P
Iz P Ph
Ar
Ph)\/\OCOZMe Ph)\v\OTroc \gr BFY Ph
2aa (1.1 equiv) 2ap (1.1 equiv) (RaRR)-IIr], Ar = 2-anisyl (RR)-Ph-BPE
E Ph & |N E Ph = IN E Ph
. L~ , x = e >
F COo,Me ¥ ‘co,Me F COuEt F' co)Me F ToMe
3a, 83% vield 3b, 83% yield 3c, 71% vield 3d, 78% yield 3e, 85% yield
dr 15:1, ee 99%¢ dr 12:1, ee >99%° dr 5:1, ee >99%° dr 17:1, ee >99%?” dr >20:1, ee 99%”
le E Ph Q\R\l F. Ph E Ph
NW NW r
F co,Me F CoMe Mé F CO,Me F toMe F C(O)NMe,
ent-3f, 69% yield 3g, 96% yield 3h, 83% yield 3i, 82% vyield 3j, 78% yield
dr >20:1, ee >99%”9 dr17:1, ee >99%" dr 11:1, ee 99%>f dr 8:1, ee 97%" dr9:1, ee 98%>"
tBu tBu
OMe
N-n NN
N’ \ e F, Ph
ey
5" / ’ MeO N)W
PR F CONMe, F C(O)NMe2 F CO,Me F CO,Me F T(O)NMe,
3k, 73% yield 31, 99% yield 3m, 85% yield 3n, 84% yield 30, 62% yield
dr >20:1, ee >99%¢ dr 14:1, ee 95%°° dr 8:1, ee >99%°¢ dr 11:1, ee >99%%¢ dr 3:1, ee 97%

B Scope of the (2)-3-fluoro-3-arylallyl methyl carbonates?®

= 7
ﬁ|N 2 F condition A K\|N F, Ar
e Ar 0CO,Me g

F
1g (0.1 mmol) 2 (1.1 equiv) 4

F Co,Me F co,Me F co,Me F to,Me F co,Me F Cco,Me
4a, 77% yield 4b, 64% yield 4c, 79% yield 4d, 63% yield 4e, 66% yield 4f, 78% yield
dr 16:1, ee >99%" dr 15:1, ee >99%’ dr >20:1, ee >99%" dr 15:1, ee >99%’ dr 17:1, ee 99%’ dr 14:1, ee >99%"

OCO,Me NHBoc

F' Co,Me F co,Me F CoMe F co,Me

F co,Me
4g, 82% yield 4h, 57% yield 4i, 75% yield 4j, 85% vield 4k, 79% yield
dr 15:1, ee >99%" dr 8:1, ee 98%" dr 18:1, ee >99%" dr 17:1, ee >99%" dr 13:1, ee >99%"

Alsolated yield of single diastereomer unless noted otherwise. Diastereomeric ratio (dr) was determined by 19F NMR spectroscopy of the crude reaction
mixture. Enantiomeric excess (ee) was determined by chiral HPLC analysis of the isolated major diastereomer. ?Condition A, 3% [Ir] and 30% K,COs;
°condition B: Ycondition A, 5% [Ir] and 50% K,COs; *combined yield of both diastereomers; 748 h instead of 24 h; 9(S,S)-Ph-BPE and (S,,S,S)-[Ir] were used;
139% [Ir] and 30% K,COg; 5% [Ir] and 50% K,COs.

Figure 2. Scope of pronucleophiles and electrophiles that form vicinal difluorides stereoselectively

(A) Scope of the a-fluoro-a-azaaryl acetates, ketones, and acetamides for the catalytic fluoroallylation reaction and (B) scope of the (2)-3-fluoro-3-arylallyl methyl
carbonates that undergo the catalytic allylic substitution with methyl 2-pyrazinyl «-fluoroacetate (1g).
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OMe Product:
£ F(9)
Ar)\v\ocone
Ar = 2-naphthyl
(2h)
E Starting material:
| SN O Catalyst:
N
MOMe
F
F (19) Product:
Ar)\/\OCOZMe
Ar =
BocHN g
(2k)

(\N
Na !

[Cu]
(S,S)-Ph-BPE
Pronucleophile and Electrophile: (Sa S, S)-[Ir]
(\N o .
N~
MOM" Ph)\/\ocozlvle
F [Cu]
(19) (2aa) (R,R)-Ph-BPE
(Sa.S,S)-[Ir]
[Cu] [Cu] [Cu]
(R,R)-Ph-BPE (S,S)-Ph-BPE (S,S)-Ph-BPE
(Ra,R.R)-[IN] (S2S,9)-[Ir (Ra,R.R)-[IN

MeO,C E
3i, 82% yield
dr8:1, ee 97%

[Cu]
(R,R)-Ph-BPE
(RayR,R)-[IN]

MeOZC F
3b, 83% yield
dr 12:1, ee >99%

[Cu]
(R,R)-Ph-BPE
(Ra,RR)-IN]

‘/\lN E Ar
N =
MeO,C F

49, 82% yield
dr 15:1, ee >99%

[Cu]
(R,R)-Ph-BPE
(Ra,R,R)-[Ir]

=

MeO,C F
4j, 79% yield
dr 13:1, ee >99%
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MeO,C F
ent-3i, 78% yield
dr 8:1,ee 97%

[Cu]
(S,S)-Ph-BPE
(S2,S,S)Ir

MeO,C F
ent-3b, 78% yield
dr 14:1, ee >99%

[Cu]
(S,S)-Ph-BPE
(Sa,S,S)-[Ir]

leF\Ar
N =

MeO,C F
ent-4g, 81% yield
dr 15:1, ee >99%

[Cu]
(S,S)-Ph-BPE
(S.,S,S)-[Ir]

‘/AIN F, Ar
N >
MeO,C F

ent-4j, 68% vyield
dr 13:1, ee >99%

MeO,C F
5c, 68% yield
dr6:1, ee 97%

[Cu]
(S,S)-Ph-BPE
(RaR,R)-[IN]

MeO,C F
5d, 73% yield
dr 5:1, ee >99%

[Cu]
(S,S)-Ph-BPE
(Ro,R.R)-[I]

,/\IN F Ar
Nx

=

MeO,C F
Se, 82% yield
dr 10:1, ee >99%

[Cu]
(S,S)-Ph-BPE
(Ra.R.R)-[Ir]

‘/\IN E Ar
N =

MeO,C F
5f, 70% yield
dr 13:1, ee >99%

7 N F Ph
Na

MeO,C F
ent-39g, 84% yield
dr 15:1, ee >99%

(\IN F, Ph
N 5

MeO,C F
ent-5b, 78% yield
dr 18:1, ee >99%

[Cu]
(R,R)-Ph-BPE
(S..S,S)-Ir]

MeO,C F
ent-5¢, 56% yield
dr 5:1, ee 98%

[Cu]
(R,R)-Ph-BPE
(S, S,S)-Ir

| T S S S

MeOZC F
ent-5d, 73% yield
dr 4:1, ee >99%

[Cu]
(R.R)-Ph-BPE
(Sa,S,S)-[Ir]

(\IN F, Ar
N =

MeO,C F
ent-5e, 75% yield
dr 12:1, ee 99%

[Cu]
(R.R)-Ph-BPE
(SaS,S)-[Ir]

‘/AIN F, Ar
Na =

MeO,C F
ent-5f, 72% vyield
dr 12:1, ee >99%

(legend on next page)
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Demonstration of stereodivergent synthesis

Results from Figure 3 show that this reaction to form the C-C
bond between vicinal fluorides stereoselectively can be used
to synthesize each of the four stereocisomers. These reactions
were conducted in this stereodivergent fashion to form products
containing a six-membered (Figures 3A and 3B) or a five-
membered heteroarene (Figure 3C), as well as those containing
various unsubstituted or substituted arenes (Figures 3D and 3E).
Each stereoisomer of a given vicinal difluoride product in Figure 3
was synthesized in good yield (56%-96%) with synthetically
useful to high diastereoselectivity (dr 4:1-18:1) and with excel-
lent enantioselectivity (ee 97%-99%) from the same, optically
inactive starting materials by simple permutation of the enantio-
mers of the Cu and the Ir catalysts. The heteroaryl group on the
azaaryl ester unit provides a defined structure to the copper-
substrate complex and is the type of subunit in a wide range of
small molecules with biological activities.®>°

Evidence for a gauche relationship between fluorine
atoms in the vicinal difluoride products

One could imagine that the large and polar groups on the carbon
atoms of the vicinal difluoride would dominate the conformation
about the vicinal difluoride unit. However, X-ray crystallographic
data of the vicinal difluoride compound 4g, which was synthe-
sized from the allylic substitution in the presence of catalytic
amounts of (R,R)-Ph-BPE (L6) and (R,,R,R)-[Ir], show that the
two C-F bonds in 4g occupy a gauche relationship in the solid-
state structure of the compound and that the two aryl groups,
which are the two largest substituents, occupy positions anti to
each other (Figure 4A). While this conformation could be the
result of minimizing steric repulsion between these two large
groups, the X-ray crystallographic data of compound ent-5d,
which was synthesized from the reaction with (R,R)-Ph-BPE
and (S,S,S)-[Ir] and is, therefore, the other diastereomeric
form of the family of vicinal difluorides, indicate that the two C-
F bonds in ent-5d are also located gauche to each other in the
solid state (Figure 4B) and that the two aryl groups, therefore,
occupy positions gauche to each other. In contrast, the two small
groups occupy positions anti to each other to minimize the
gauche interactions between the large groups in all reported
crystal structures of the analogous compounds containing one
fluorine or no fluorine atoms.>*** Thus, the properties and inter-
actions of the organic groups can contribute to the observed
conformations, but the two fluorine atoms are shown by experi-
ment to maintain their gauche relationship.

Density functional theory (DFT) calculations of the relative free
energies of the anti and gauche conformers of the two pairs of
diastereomers 3a, 5a and 3b, 5d in the solution phase (see the
supplemental information for computational details) are consis-
tent with this finding. The computed energies of the gauche con-
formers are lower than those of the other conformations (1.2-
1.9 kcal/mol lower in energy than the anti conformers) in all cases
(Figure 4C). These results indicate that the gauche conformation
of the two adjacent C—F bonds dictates the most stable structure

¢? CellPress

of these molecules, despite the potential steric repulsion be-
tween the heteroarene and the arene attached to the two adja-
cent carbons or the effect of the polarity of the alkoxycarbonyl
unit. The computed energies by DFT calculations of the mono-
fluoro analogs of these molecules containing a fluorine atom
alpha to the carbonyl unit are distinct from those of the
difluorides (see Figure S4 of the supplemental information).
The conformation of the monofluorides containing the hydrogen
and fluorine anti to each other is computed to be 0.6 to 3.1 kcal/
mol more stable, depending on the stereoisomer, than a
conformer with hydrogen and fluorine gauche to each other.
These data imply that the two fluorines in the vicinal difluorides
stabilize the gauche conformation in these structures relative
to the analogous structures containing one fluorine by no less
than 2 kcal/mol.

The ability to synthesize all four stereoisomers of the vicinal di-
fluoride compounds (Figure 3) and the low energy of the confor-
mation with the two C-F bonds gauche to each other (Figure 4)
demonstrate that one can generate a range of molecular struc-
tures containing an acyclic C(sp®)-C(sp®) bond from the same re-
actants by synthesizing the corresponding sterecisomers of a
vicinal difluoride. For example, if one considers the structures
of diastereomers 3a and 5a and seeks a structure in which the
pyridyl and the phenyl groups are located anti to each other,
then one should synthesize diastereomer 3a; likewise, if one
seeks a structure in which the pyridyl and the phenyl groups
are located gauche to each other, then stereoisomer 5a should
be synthesized. Thus, we have developed a working strategy
to control the conformation of acyclic C(sp®-C(sp®) bonds by
synthesizing the desired stereoisomer of the vicinal difluoride
motif in a modular fashion via C-C bond formation.

Chemical proteomic experiments to assess binding of
vicinal difluoride stereoisomers

To assess the effect of our convergent preparation of vicinal di-
fluoride stereoisomers on their interactions with proteins, we
synthesized compounds 8a—-d, which constitute a set of four ste-
reoisomers containing photoreactive probes.”"”? We prepared
8a-d from the vicinal difluoride compound 4d and its three
stereoisomers ent-4d, 5g, and ent-5g, all of which contain a
pyrazine and a methoxy substituent that could assist binding to
proteins by hydrogen bonds (see Figure 5A and the supplemental
information for details of the synthesis). Thus, compounds 8a-
d possess a small-molecule fragment that would engage in non-
covalent interactions with proteins (the vicinal difluoride moiety
containing the pyrazine and the 4-methoxyphenyl group shown
in the orange box of Figure 5C), a photoreactive diazirine group
(blue box of Figure 5C), which forms, by photoirradiation, a car-
bene intermediate that covalently binds to the protein interacting
with the probe, and a terminal alkyne (red box of Figure 5C), which
can undergo click reactions for the detection, enrichment, identi-
fication, or visualization of the interacting protein.”® Because the
lowest-energy conformers of probes 8a—-d are different, we envi-
sioned that the identity of the proteins to which they bind and

Figure 3. Demonstration of stereodivergent synthesis

(A) Reaction scheme for the stereodivergent synthesis of a set of four stereoisomers: 3g, 5b, ent-3g, and ent-5b.

(B-E) Additional examples of stereodivergent synthesis.
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>
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&
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Figure 4. Evidence for the gauche relationship between two fluorine atoms
(A) The gauche conformation of the two C(sp®)-F bonds in vicinal difluoride compound 4g shown from the side and down the C-C bond, (B) compound ent-5d
shown down the C-C bond determined by single-crystal X-ray diffraction, and (C) calculated relative Gibbs free energies (AG(rel.)) of the anti and gauche

conformers of vicinal difluoride compounds 3a, 5a, 3b, and 5d.

the strength of such binding will be different and that such differ-
ences would become evident in chemical proteomic experiments.

To assess visually whether the individual stereoisomers of
8a-8d exhibited differences in protein binding, we labeled
HEK293T proteomes with each probe, followed by irradiation
of the proteome to photocrosslink the probes to their respec-
tive protein targets. We then appended an azide-functional-
ized rhodamine handle by copper-catalyzed azide-alkyne
cycloaddition (CUAAC) and visualized the probe-labeled pro-
teins by sodium dodecylsulfate polyacrylamide gel electro-
phoresis (SDS/PAGE) and in-gel fluorescence (Figure 6A).
Consistent with our hypothesis, we observed differential bind-
ing of proteins to each stereoisomer, with more pronounced
labeling of targets by isomer 8c than by the other three iso-
mers (Figure 6A).

To identify the proteins specifically labeled by each probe and
to identify potential stereospecific ligand-protein binding inter-
actions, we performed chemoproteomic profiling of the interac-
tions of 8a-8d in HEK293T cells (Figures 6B and S3). We treated
HEK293T cells with 8a-8d for 30 min. Harvested proteomes
were then subjected to CuAAC with an azide-functionalized
biotin enrichment handle. Probe-labeled proteins were avidin-
enriched, eluted, and analyzed by liquid chromatography-mass
spectrometry (LC-MS/MS).

Consistent with the gel-based analysis indicating the highest
degree of protein labeling with 8c, followed by its enantiomer
8b, and substantially less labeling with their diastereomers 8d
and 8a, we observed 61 and 34 proteins that were significantly
enriched and identified with 8c and 8b, respectively. No proteins
were significantly enriched over vehicle-treated controls with 8d
and 8a (Figures 6B and S3). Among proteins that were commonly
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identified across all four chemoproteomic comparisons with 8a—
8d, TXNRD2 was significantly enriched by 8c with a ratio of
enrichment of 6.82 over the control with DMSO vehicle. In
contrast, ratios of enrichment with compounds 8a, 8b, and 8d
were merely 1.03, 1.06, and 0.99, respectively (Figures 6B and
S3). To corroborate these proteomic results, we conducted
western blot pull-down. This experiment showed that treatment
of HEK293T cells with 8¢ but not with 8a, 8b, or 8d led to labeling
of TXNRD2 and did not lead to detectable labeling of unrelated
targets, such as GAPDH (Figure 6C).

To further assess the role of the vicinal difluoride unit, we con-
ducted parallel experiments with the monofluoro compounds
9a-d. No proteins were significantly enriched by the proteomic
protocol with compounds 9a, 9¢, and 9d, and only 20 proteins
were observed to engage significantly with 9b (Figure S3;
Table S2). TXNRD2 was detected, but it was not significantly en-
riched by any of the monofluoro compounds. This large difference
in binding affinities between the monofluoro compounds and the
vicinal difluorides is consistent with the latter compounds adopt-
ing defined conformations and is inconsistent with a difference in
affinity resulting from changes in non-covalent intermolecular in-
teractions, such as H-bonding, or changes in lipophilicity caused
by the additional fluorine atom in 8a—d. The H-bonding to tertiary
alkyl fluorides is known to be weak,”* the difference in hydropho-
bicity between monofluoro and difluoroalkyl motifs is known to be
small,” and these differences would be insensitive to stereo-
chemistry. Indeed, the computed values for partition coefficient
(logP or ClogP) and topological polar surface area (TPSA) of two
sets of four stereoisomers of the mono-fluorinated and difluori-
nated compounds are indistinguishable (see supplemental infor-
mation). Thus, all our data demonstrate that the catalytic,
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Figure 5. Design and synthesis of probes for
chemical proteomics
(A) Synthesis of probes 8a-d from all four stereo-

@)

all four stereoisomers
4d, 59, ent-4d, ent-59g

isomers of the vicinal difluoride compound 4d.

(B) The mono-fluorinated analogs 9a-d were pre-
pared for control experiments.

(C) The three important components of a probe for
fragment-based chemical proteomics.

C N diazirine for covalent linkage

srpall-mole(f:ule MeO 7"\ to the interacting protein
ragment for —
non-covalent R '\é) N=N a:jk;;net.for click. rﬁacti(?(n;
interactions M etection, enrichment,
with proteins —/ F \([3(\ S identification, visualization

stereodivergent construction of acyclic vicinal difluoride units can
be used to generate unique stereoisomeric chemoproteomic
probes that participate in stereospecific ligand-protein
interactions.

Conclusion

Together, this work shows that the formation of vicinal fluorides
by constructing the core C-C bond with stereoselective cata-
lysts that join two simple racemic or achiral monofluoro compo-
nents creates the potential to increase protein binding by con-
trolling the population of multiple conformations that are similar
in energy in the absence of fluorine. In general, this strategy to
form vicinal difluorides by formation of C-C bonds will be valu-
able for achieving conformational control in molecules contain-
ing highly substituted C(sp®-C(sp®) bonds and connects the
concept of stereodivergent synthesis to the binding of resulting
stereoisomeric products to biological macromolecules. Thus,

of the interacting protein

this synthetic strategy can now be part of the design of molecular
structures that alter a wide range of biological functions to
improve human health.

EXPERIMENTAL PROCEDURES

General procedure for the stereoselective synthesis of vicinal
difluorides

In a nitrogen-filled glovebox, a 4 mL vial equipped with a magnetic stir bar was
charged with [Cu(MeCN)4]PF¢ (9.3 mg, 0.025 mmol), (R,R)-Ph-BPE (13.9 mg,
0.0275 mmol), and THF (1.5 mL) and stirred at room temperature for 30 min
to prepare the stock solution of the copper complex (solution A). Another
4 mL vial equipped with a magnetic stir bar was charged with the pronucleo-
phile (0.11 mmol) and solution A (0.33 mL), and the resulting solution was
stirred at room temperature for 15 min (solution B). To a third 4 mL vial equip-
ped with a magnetic stir bar was added sequentially the [Ir] catalyst (3.3 mg,
0.0030 mmol, 3 mol % or 5.5 mg, 0.0050 mmol, 5 mol %), Ko,CO3 (4.1 mg,
0.030 mmol, 0.30 equiv or 13.8 mg, 0.100 mmol, 1.000 equiv), the electrophile
(0.11 mmol), THF (0.3 mL), and finally solution B (0.3 mL). The vial was capped,
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A B Figure 6. Results from chemoproteomic
102 profiling
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3210123 3210123 (B) Chemoproteomic profiling of proteins that were
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102 30 min prior to irradiation. Probe-labeled proteins
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avidin enrichment and elution, proteins were sepa-
C rated by SDS/PAGE. Both the input and pull-down
input pulldown eluate were blotted for TXNRD2 and GAPDH. All
S EL DS S, experimental' data are from n = 3 biologically inde-
——— pendent replicates/group.
GAPDH | e s s s ==
and the reaction mixture was stirred at room temperature in the glovebox for ~ACKNOWLEDGMENTS

24 h. The reaction vial was then removed from the glovebox, and hexane (ap-
prox. 1.5 mL) was added to the reaction mixture and stirred for 30 min. The
mixture was then filtered through a plug (approx. 3 cm) of silica gel, eluted
with 1:1 (v/v) hexanes/EtOAc (100% EtOAc was used for highly polar prod-
ucts), and the filtrate was concentrated in vacuo. To this crude mixture was
added a stock solution of 1,3,5-trimethoxybenzene (TMB) in CDCl; (0.05 mL,
0.67 M, 0.33 equiv) as the internal standard. This mixture was further diluted
with CDCl5 (approx. 0.55 mL) and subjected to analysis by 'H and '°F NMR
to determine the dr of the reaction. Finally, the crude mixture was purified by
column chromatography to afford the vicinal difluoride product as either a sin-
gle diastereomer or a mixture of diastereomers.
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