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ABSTRACT: Fluorinated cycloalkyl motifs continue to receive
intense interest in medicinal chemistry due to their potential to
modulate physicochemical properties. In recent years, this interest
has extended to gem-difluorocyclobutanes as small, polar, yet
lipophilic moieties. However, strategies to access gem-difluorocy-
clobutanes remain limited, presenting opportunities for the
development of new synthetic methods. Here, we report the
synthesis and divergent functionalization of gem-difluorocyclobu-
tanols to generate a diverse range of 1,1-disubstituted-3,3-
difluorocyclobutanes. The use of organolanthanum reagents is
crucial to achieve the addition of carbon nucleophiles to
commercially available difluorocyclobutanone to avoid the
undesired elimination of HF by controlling nucleophile basicity.
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The generated difluorocyclobutanols enable functionalization through carbocation and radical intermediates, providing diverse 1,1-
disubstituted difluorocyclobutanes and expediting access to new design options for medicinal or materials chemistry.

B INTRODUCTION

Fluorinated motifs are prevalent in materials, agrochemical,
and medicinal chemistry industries.' In drug discovery, the
introduction of a fluorine atom into a scaffold can modulate
crucial physicochemical properties such as pK,, lipophilicity, or
solubility, as well as often improve the metabolic profile of a
compound in development.” Fluorine atoms have also been
shown to potentially improve potency through weak non-
covalent interactions with biological targets.3 At the same time,
cyclobutanes are important structural motifs in bioactive small
molecules and natural products.” The strained yet stable
structure coupled with advances in synthetic tractability has led
to broader application by medicinal chemists and successful
inclusion in 10 FDA-approved drugs.’ Among these,
fluciclovine and ivosidenib contain fluorinated cyclobutanes,{”7
combining the beneficial properties of fluorine and cyclobutane
derivatives.*” In the development of Ivosidenib (Figure 1A),
the gem-difluorocyclobutane motif was found to be crucial in
increasing metabolic stability while maintaining potency.’
Similar trends were observed in the development of
glutaminase-1 (GLS-1) inhibitor IPN60090 and melanin
concentrating hormone receptor 1 inhibitor BMS-814580
(Figure 1A)."%" In the latter case, 1,1-disubstitution of the
gem-difluorocyclobutane proved crucial to block a metabolic
weak spot while maintaining efﬁcacy.11 Spirocyclic-1,1-
disubstituted gem-difluorocyclobutanes have also been em-
ployed to stabilize bioactive conformations and lower the pK,y
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of neighboring basic amidine sites, mitigating hERG inhibition
and P-gp efflux of amidine-based f-secretase inhibitors, further
illustrating their applicability in drug discovery programs.'”
Despite the interest in 1,1-disubstituted gem-difluorocyclobu-
tanes, recent synthetic strategies have predominantly focused
on monosubstituted gem-difluorocyclobutanes."” Deoxyfluori-
nation of the preformed 3,3-disubstituted cyclobutanone is
currently the only general strategy to access 1,1-disubstituted
gem-difluorocyclobutanes (Figure 1B).*'* In some cases, 1,1-
disubstituted gem-difluorocyclobutanes are seen as single
examples in a broader reaction scope.'® For example, He and
Hartwig showcased an example of the Pd-catalyzed a-arylation
of the difluorocyclobutane ester, while Grygorenko and co-
workers demonstrated a similar transformation promoted by
NaHMDS (Figure 1B).'®'” Thus, 1,1-disubstitued gem-
difluorocyclobutanes present an underexplored and valuable
motif for medicinal chemistry, where opportunities remain for
synthetic innovation.

Here, we report general approaches to the synthesis of gem-
difluorocyclobutanes from difluorocyclobutanone that consid-
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Figure 1. (A) gem-Difluorocyclobutane-containing bioactive mole-
cules. (B) Current synthetic strategies to access 1,1-disubstituted gem-
difluorocyclobutanes. (C) This work: double functionalization of 3,3-
difluorocyclobutanone to access a diverse range of 1,1-disubstituted
gem-difluorocyclobutanes.

erably expand access to this motif. 1-Substituted-difluorocy-
clobutan-1-ols are prepared through the use of organo-
lanthanum reagents, overcoming the high sensitivity of
difluorocyclobutanone to elimination. 1-Aryl-difluorocyclobu-
tanols enable iron-catalyzed reactions with arene and thiol
nucleophiles, invoking the formation of a difluorocyclobutane
carbocation. We also demonstrate the direct formation of the
difluorocyclobutane radical using low-valent titanium. These
strategies allow for the rapid generation of a diverse set of 1,1-
disubstituted difluorocyclobutanes, which display high stability
and potential for further diversification, thus expanding the
potential design options for medicinal chemists.

B RESULTS AND DISCUSSION

We envisaged that 1,1-disubstituted difluorocyclobutanes
could be efficiently prepared in a divergent manner through
the application of commercially available 3,3-difluorocyclobu-
tanone as a double electrophile, involving nucleophilic addition
of organometallic reagents, followed by functionalization of the
resulting tertiary alcohol through polar carbocation or radical
intermediates. Therefore, we began our studies by investigating
the addition of organometallic reagents to 3,3-difluorocyclo-
butanone, expecting nucleophilic addition with either organo-
lithium or Grignard reagents would afford the desired
difluorocyclobutanols, as has been described with other four-
membered ring derivatives."*”*° However, scanning the
literature revealed very few examples of organometallic
additions to difluorocyclobutanone, with examples limited to
patents reporting very low yields.”*>* Indeed, in our hands,
treatment of the ketone with 4-methoxyphenyllithium gave

only trace amounts of the desired difluorocyclobutanol 1 (6%
yield, Table 1, entry 1; by contrast, the yield with

Table 1. Selected Optimization for the Organometallic
Addition to Difluorocyclobutanone

F F
Ml lanthanide
+ /©/ reagent
—_—
MeO! THF
o

1 2 3
Entry M] Lanthanide reagent Isolated yield* (%)

1 2 3

1 Li - 6 0 0

2 MgBr - 14 15 2

3 MgBr CeCl3 25 7 3

4 MgBr LaCl3+2LiCl 82 0 0

5 Li LaCl3+2LiCl 79 0 0

6 MgCl-LiCl LaCl3+2LiCl 0 0 0

F F
PMP—[M] e
_— 1
o
l PMP—[M]
F F F FPMP PMP
—F PMP—[M] -F~
—_—
O[M] o O[M]

3-fluorocyclobut-2-enone

1-[M]

MeO

“On a 0.47 mmol scale. Full table in Supporting Information, Table
S3.

cyclobutanone is typically ~90%). Similar results were
observed when the corresponding Grignard reagent was
used, providing difluorocyclobutanol 1 in 14% yield, along
with 2 and 3 as significant side-products in the reaction (Table
1, entry 2 and lower scheme).

The observation of small quantities of side products 2 and 3
indicated the cause of the different and unsuccessful outcome
to be the marked increase in acidity of the a-protons in
comparison to the nonfluorinated cyclobutanone (pK, 20 in
H,0).””” The formation of the side products was rationalized
through, first, an E1, elimination to afford 3-fluorocyclobut-2-
enone. An addition—elimination reaction involving either the
generated excess organometallic reagent or difluorocyclobuta-
nol anion affords 2 and 3, respectively.

Given our envisaged central role of the difluorocyclobuta-
nols to the strategy for further diversification, as well as being
valuable pharmacophores themselves,”® we surveyed alter-
native reagents to promote 1,2-addition over competing a-
deprotonation by controlling the nucleophile basicity. A variety
of oxophilic and nonbasic organometallic reagents were
investigated, including organolanthanide,”" organocerium,’”

https://doi.org/10.1021/acs.joc.5c01175
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Scheme 1. Preparation of Difluorocyclobutanols from Transmetalation of Organolithium Reagents to Organolanthanum

a
Reagents
F F
F F
O/Br/I/H n-BuLi (2.0 equiv) U LaClz-2LiCl (2.2 equiv) LaCly-2LiCl . \
THF (0.2 M), =78 °C, 30 min d 0°C,1h O/ 0°C,2h
(@) OH
(2.2 equiv) (1.0 equiv)
From Ar-X

1,79% R= TIPS: 4,82% j 5, 40%

H: 9, quant.?

11, 42% 12, 72%

Me
From R-H

R= TIPS: 6,89% 7, 68%
H: 10, 90%2 :l

(\ N
0.
17, 58%° 18, 90% 19, 64%

20, 90% 21,87%

OMOM

22, 71%9 23, 50%%°

“On a 0.5 mmol scale. *Deprotection carried out with TBAF (1.2 equiv) in THF (0.2 M), rt, 1.5 h. "Using t-BuLi (4.4 equiv). “Transmetalation
carried out at —78 °C for 1.5 h, followed by 0.5 h at 0 °C. “Lithiation carried out at 0 °C for 1 h. “Using s-BuLi (2.0 equiv)

Table 2. Selected Optimization for the Friedel—Crafts Reaction between Difluorocyclobutanol 1 and o-Cresol

FF

Me
NS
HO

MeO o-cresol
1 (equiv)
entry” catalyst (mol %)
1 Ca(NT%,), (5) + NBu,PF, (5)
2 LiNTf, (11) + NBu,PF; (5.5)
3 FeCl, (10)
4 HNTT, (10)
S FeCl, (10)
6 FeCl, (10)
7° FeCl, (10)

catalyst

solvent (0.2 M)

40°C,3h

solvent equiv yield 24 (%)"°
CH,Cl, 5.0 97

CH,Cl, 5.0 97

CH,Cl, 5.0 100 (96)
CH,Cl, 5.0 95

PhMe 5.0 96

PhMe 3.0 95 (91)
PhMe 3.0 96 (92)

“On a 47 pmol scale. “Yield determined by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard. Isolated yields in

parentheses. “At 110 °C.

and organozincate reagents’” generated by transmetalation
from organolithium or Grignard reagents, and reacted initially
with cyclobutanone to ensure appropriate nucleophilic
reactivity (see Table S1).>* CeCl; and LaCly2LiCl were
chosen as the best performing reagents to form organo-
lanthanum and organocerium nucleophiles, respectively, and
then applied with difluorocyclobutanone. The use of CeCly
gave an improvement with the desired difluorocyclobutanol 1
formed in 25% yield, with trace amounts of 2 and 3 observed
(Table 1, entry 3). Pleasingly, the use of LaCl;-2LiCl with 4-
methoxyphenylmagnesium bromide exclusively gave the
desired difluorocyclobutanol 1 in 82% isolated yield, with no
formation of elimination products 2 or 3 (Table 1, entry 4). A

similar reactivity was observed with the lanthanum reagent
derived from the corresponding organolithium, affording the
product in a 79% isolated yield (Table 1, entry S). The
importance of full transmetalation of the Grignard or
organolithium reagent to form the organolanthanum reagent
is noted, as simply prestirring the LaCl;-2LiCl with the ketone
severely impacted the yield (Table S1, entry 3). Using the
same conditions with a Turbo Grignard reagent resulted in no
productive reaction and recovery of the protonated Grignard
reagent (Table 1, entry 6).

With these conditions, we examined the scope of the
organolanthanum additions to difluorocyclobutanone using
more readily generated organolithium reagents and trans-

10427 https://doi.org/10.1021/acs,joc.5¢01175
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Scheme 2. Reaction Scope of Difluorocyclobutanols with Arene, Thiol, and Azide Nucleophiles Using Iron Catalysis to

Generate Carbocation Intermediates”

nucleophile (3.0 equiv)
FeCl3 (10 mol%)

PhMe (0.2 M), 110°C, 3 h

1-11,13, 22
Arene i

OH 25, 94%
OMe 24,91%*
OTIPS 26, 69%
] 27,67%

X= OH 28,61%
OTIPS 29, 69% (4:1, C4:C2)

40, 65%°

Thiol

OTIPS  42,65%

30, 84% 31,71% 32,53%

45, 95%
46, 95%2
47, 84%
48, 63%

55, 87%

Azide

56,91% 57,81%

58, 87% 59, 90%4 60, 92%¢

“Reactions performed on a 0.1 mmol scale. *at 40 °C. ® Reaction time of 24 h. ¢ From difluorocyclobutanol 22. *FeCl; (10 mol %), TMSN; (1.2

equiv), MeCN (0.2 M), 40 °C, 24 h.

metalation with LaCl;-2LiCl (see Scheme 1). Electron-rich (1,
4—7), electron-neutral (8), and electron-poor (11—12) aryl
halides underwent lithium-halogen exchange, transmetalation,
and addition in good yields. This could be extended to
complex, medicinally relevant aryl halides such as the
Celecoxib fragment (13). p-Chlorophenyl substrate 11 proved
difficult, with elimination products observed under all tested
conditions (Table S4), which we ascribe to interactions
between the aryl chloride and LaCl;-2LiCl reducing the
efficiency. Deprotection of TIPS-difluorocyclobutanols 4 and 6
using TBAF proceeded in excellent yields, revealing a phenolic
handle for further functionalization. Electron-poor heteroaryl
halides (14—17) required a slight adjustment in reaction
conditions to accommodate for the instability of the generated
pyridyllithium species, with the transmetalation commenced at
—78 °C before warming to 0 °C.

Direct deprotonation with subsequent transmetalation of
electron-rich heterocycles, such as benzofuran (18) and
pyrazole (19), and alkynes (20—21) was also successful.
Directed ortho-lithiation of MOM-protected phenol gave the

desired difluorocyclobutanol 22 in good yield. Similarly,
deprotonation of N-Boc pyrrolidine in the C2 position gave
alkyl difluorocyclobutanol 23 as an analogue of proline.
Overall, this approach provides significantly enhanced access
to a broad range of difluorocyclobutanols by controlling the
nucleophile basicity, paving the way for broader applications in
synthetic and medicinal chemistry.

With a diverse set of valuable difluorocyclobutanols in hand,
we turned our attention to their onward reactions to form 1,1-
disubstituted difluorocyclobutanes. The generation of carbo-
cation intermediates on four-membered rings and reaction
with nucleophiles has been reported from cyclobutanols,'®'**
oxetanols,*! azetidinols,”* and thietanol dioxides.”>° Here, we
investigated conditions for the generation and trapping of a
difluorocyclobutane carbocation with arene nucleophiles. To
our delight, treatment of difluorocyclobutanol 1 with o-cresol
and the Ca®, Li*, or Fe** catalysts gave full conversion and
near quantitative yields of the desired diaryl-difluorocyclobu-
tane 24 (Table 2, entries 1—3), without promoting
elimination. The H' catalyst also gave full conversion and

https://doi.org/10.1021/acs.joc.5c01175
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similarly excellent yields (Table 2, entry 4). No formation of
side-products was observed in the "H NMR spectrum of the
crude reaction mixture. Using the inexpensive and abundant
FeCl; catalyst, the solvent was changed from dichloromethane
to toluene, as a more environmentally and industrially
acceptable alternative (Table 2, entry S). The loading of the
nucleophile could also be reduced from 5.0 to 3.0 equiv (Table
2, entry 6), presenting an attractive protocol for access to a
diverse range of 1,1-disubstituted difluorocyclobutanes. To
combat issues of solubility and reactivity across a broader
substrate scope, we examined higher temperature conditions,
which gave equally high yields with o-cresol and broadly
beneficial effects with other nucleophiles (110 °C; entry 7).*°

Under the more general higher temperature conditions, the
scope of the Friedel—Crafts reaction was explored by varying
the difluorocyclobutanol substrate and arene nucleophiles
(Scheme 2). Varying the para-substitution from a methoxy
group to a hydroxy group (25) gave a slight increase in yield,
while including an OTIPS group in the same position gave the
desired product 26 with no observed deprotection. A change
to the electron-withdrawing p-chlorophenyl group also well-
tolerated 27, although the presence of stronger electron-
withdrawing substituents such as p-trifluoromethyl only gave
trace amounts of the product. Substrates with substitution at
the meta-position (28—29), as well as benzofuran (30), pyrene
(31), and dibenzothiophene (32) derivatives, were all
successfully reacted. Only m-OTIPS difluorocyclobutanol 29
gave a 4:1 mixture of C4:C2 regioisomers; all other reactions
proceeded with complete C4 selectivity. More complex
aromatic substituents, such as 33, were also successful,
providing a route to medicinally relevant 1,1-diaryl difluor-
ocyclobutanes.

Phenol, catechol, and resorcinol were all successful
nucleophiles, affording diaryl difluorocyclobutanes 34—36 in
good yields with complete C4 regioselectivity. o0-Cresol gave
diaryl difluorocyclobutane 24 in 90% yield on a larger 0.3
mmol scale. Nonphenolic nucleophiles, such as 1,3-dimethox-
ybenzene, were also successful in good yields. Anisole and
benzodioxole were reactive (38—39), although anisole gave a
S:1 mixture of C4:C2 regioisomers. Heterocycle nucleophile
N-methylindole 40 gave the desired product in 65% yield
under 110 °C conditions. 2-Methylfuran was also successful
(41). Complex polysubstituted phenols, a meroterpenoid
analogue, and estrone gave the corresponding difluorocyclo-
butane appended products (43, 44).

The same catalytic system was successful with thiol
nucleophiles, affording 3-sulfanyl difluorocyclobutanes. A
variety of aryl-difluorocyclobutanols were compatible (45—
52), with variation in the electronics of the arene as well as
pyrazole and benzofuran containing substrates. Interestingly,
the use of MOM-protected derivative 22 resulted in complete
MOM-deprotection to form sulfanyl difluorocyclobutane 53 as
the free phenol. Thiophenols, benzylic, and aliphatic thiols
were successful nucleophiles (54—58). Aniline nucleophiles
were unsuccessful, resulting only in the recovery of starting
material. By switching the solvent to MeCN, TMSN; could
also be employed as the nucleophile to form the 3-azido
difluorocyclobutanes 59 and 60. Through these processes, a
diverse array of difluorocyclobutane derivatives and building
blocks were prepared, expanding the range of potential
difluorocyclobutane-containing scaffolds that can be readily
prepared.

Diaryl difluorocyclobutane 44 and sulfanyl difluorocyclobu-
tane 46 were further characterized by single-crystal X-ray
diffraction. The difluorocyclobutane ring is puckered in both
cases, with a puckering angle of 23.6° and 19.9°, respectively.
This is more planar in comparison to the nonfluorinated
cyclobutanes, which are commonly puckered (~30°), to
minimize eclipsing interactions,”” but significantly more
puckered than heterocyclic four-membered rings.”">** The
aryl groups all lie out of plane, almost perpendicular to the
difluorocyclobutane (Q = 89.9° and 92.5° for 44 and 89° for
46), presumably to avoid steric clashing with the methylene
groups on the difluorocyclobutane, in line with previous
observations on four-membered rings. Interestingly, the sulfide
46 is held in a gauche conformation (dihedral angle: 64.6°) in
contrast to a similar thietane dioxide sulfide, which adopts an
anti-periplanar conformation (dihedral angle: 179.7°).*

The chemical stability of the synthesized 1,1-disubstituted
difluorocyclobutanes was studied across a range of conditions
using diaryl difluorocyclobutane 24 and difluorocyclobutane
sulfide 46 as model substrates (Table S6). Quantitative
recovery of the difluorocyclobutanes was observed across
acidic and basic conditions, as well as in the presence of strong
nucleophiles (Nal in acetone at 50 °C, H-Cys-OMe in DMF/
H,0) and in buffer solution (phosphate buffered saline),
indicating the high chemical stability of these motifs (see Table
S6), appropriate for applications in medicinal chemistry
programs involving diversification.

Functionalization of the generated 1,1-disubstituted difluor-
ocyclobutane derivatives further demonstrated the stability of
these motifs (Scheme 3). The phenol handle of difluorocy-
clobutanol 9 was alkylated with propargyl bromide in
quantitative yields. Difluorocyclobutane carboxylic acid 62
was also prepared from 2-methylfuran difluorocyclobutane 41
by ruthenium-catalyzed oxidative cleavage.”” The same
carboxylic acid was previously synthesized in four steps;*’
however, it can now be accessed in two steps from
difluorocyclobutanol 1.

Oxidation of the sulfide with m-CPBA selectively afforded
the difluorocyclobutane sulfoxide and sulfone derivatives as
novel difluorocyclobutane scaffolds. The aryl bromide handle
on difluorocyclobutane sulfide 46 allowed for Suzuki—Miyaura
cross-coupling, further demonstrating the stability of the
difluorocyclobutane motif under varying reaction conditions.
The difluorocyclobutane azide was amenable to click
chemistry, allowing for the combination of pharmacophores
such as sulfoximines to access new chemical space.*" Finally,
reduction of the azide gave access to difluorocyclobutane
amine 67 as a small, polar difluorocyclobutane building block.
The success of these diversification strategies, widely employed
in drug discovery campaigns, enhances the potential of the
difluorocyclobutane motif to be applied across a broad range of
molecular scaffolds.

We envisaged that difluorocyclobutanol derivatives could
also act as radical precursors. Inspired by the work of Suga and
Ukaji,** we treated difluorocyclobutanol 1 with TiCl,-2THF in
the presence of Mn and collidine (Scheme 4). Pleasingly, the
difluorocyclobutanol underwent homolytic C—O bond cleav-
age to the difluorocyclobutane radical and subsequent Giese
addition to acrylonitrile to afford alkyl difluorocyclobutane 68.
The same reaction with p-OTIPS-difluorocyclobutanol 4 gave
similar yields. As demonstrated by Xie et al, tuning the
electronic and steric features and reduction potential of the Ti
center allows for the same transformation under a catalytic
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Scheme 3. Further Functionalization of 1,1,-Disubstituted
gem-Difluorocyclobutanes

///\Br (1.2 equiv)
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F F

acetone (0.2 M), 60 °C, 14 h.

RuCl3 (5 mol%)
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25°C,18h
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CH,Cl, (0.1 M), 0°C, 3h
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CH,Cl, (0.05 M), 1t, 3h
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/©/Br
S

dioxane/H,0 (2:1, 0.17 M)
100°C,20h

MeO MeO

46
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CuSOy4 (5 mol%)
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tBuOH:H,0 (2:1,0.2 M), rt, 24 h
TIPSO

Br

Pd/C (10 mol%)

EtOAC (0.05 M), rt, 20 h
Hz

67, 76%

regime.”’ The use of Cp*TiCl, as the catalyst and Zn as a
reductant gave the reaction of difluorocyclobutanol 1 with
acrylonitrile (Scheme 4). These processes demonstrate the
viability of radical reactions on the difluorocyclobutane ring for
further diversification and access to new scaffolds.

B CONCLUSIONS

Difluorocyclobutanes present a valuable emerging motif for
medicinal chemistry as small, polar, yet lipophilic moieties that
are yet to be routinely investigated. We have developed
methodologies to access sets of 1,1-disubstituted gem-
difluorocyclobutanes using 3,3-difluorocyclobutanone. Unlike
other four-membered ring ketones, 3,3-difluorocyclobutanone
does not undergo productive reaction with organolithium or
Grignard reagents. The use of organolanthanum reagents
proved crucial in unlocking a route to gem-difluorocyclobuta-
nol derivatives with aryl, alkynyl, and C(sp*)-nucleophiles. 3-
Aryl-difluorocyclobutanols provided building blocks to prepare
1,1-disubstituted difluorocyclobutanes through the reaction of
the hydroxyl group. Iron chloride catalysis enabled the
generation of carbocation intermediates that smoothly reacted
with arene, thiol, and azide nucleophiles. Reactions through
difluorocyclobutyl radicals were also demonstrated. This
approach has provided rapid and divergent access to a range
of 1,1-disubstituted difluorocyclobutanes. The synthesized
difluorocyclobutane derivatives are stable under a range of
chemical and reaction conditions, allowing for further
functionalization and generation of valuable building blocks.
We anticipate that these methods will provide opportunities
for medicinal chemists to incorporate difluorocyclobutanes
into the design of biologically active compounds in medicinal
chemistry programs.
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