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Abstract: The first assortment of achiral pentafluorosulfanylated cyclobutanes (SF5-CBs) are now synthetically accessible through 
strain-release functionalization of [1.1.0]bicyclobutanes (BCBs) using SF5Cl. Methods for both chloropentafluorosulfanylation and 
hydropentafluorosulfanylation of BCBs are detailed herein, as well as proof-of-concept that the logic extends to 
tetrafluoro(aryl)sulfanylation, tetrafluoro(trifluoromethyl)sulfanylation, and iodopentafluorosulfanyl-ation. Considering the SF5 group 
and CBs have been employed as nonclassical bioisosteres, structural aspects of these unique SF5-CB “hybrid isosteres” were also 
studied using SC-XRD. Ostensibly, the reaction proceeds through a curious polarity mismatch addition of SF5 radicals to the 
electrophilic sites of the BCBs. The nature of the C(sp3)–SF5 bond formation step was studied and contextualized using DFT 
calculations.  

The pursuit of new methods to install the pentafluorosulfanyl (SF5) group on organic molecules is no longer reserved for 
connoisseurs.  Traditionally, synthesizing or working with SF5Cl – one of the few known SF5-transfer reagents – has mandated 
handling toxic and corrosive gases (arguably stifling growth in this research area).[1]  However, using a contemporary mild 
oxidative fluorination strategy,[2,3] a stock solution of SF5Cl can now be prepared easily in house without the need to handle it 
as a gas.[4]  This timely advance in reagent accessibility empowers the broader chemical community to address a lag in the 
development of tactics to make C–SF5 bonds. 

Notably distinct from bottom-up aryl-SF5 synthesis,[2,5] methods for direct C–SF5 bond formation have been largely limited 
to SF5 radical addition across p-bonds for decades (i.e., alkenes and alkynes,[6] as well as a-diazo carbonyls[4b]).[1b]  This topic 
remains a lively focus of several research programs and has served as a prominent strategy to access SF5-containing building 
blocks.[7]  These efforts have, for instance, enabled the evaluation of the SF5 group as a promising bioisosteric replacement 
for a CF3 or t-Bu group in medicinal and agrochemistry settings.[8] 

Recently, our group has begun to explore an alternative approach to C–SF5 bond formation by merging SF5 radical chemistry 
with strain-release functionalization of s-bonds.  In collaboration with the Cornella group in 2022, we reported the first strategy 
for pentafluorosulfanylation of [1.1.1]propellane (Scheme 1, top panel).[9]  Remarkably, the resultant SF5-bicyclopentane (SF5-
BCP) core structure comprises two distinct elements of bioisosterism, as BCPs are established bioisosteric replacements for 
arenes.[10]  We proposed that access to SF5-BCP and similar "hybrid isosteres" could create new opportunities for mix-and-
match molecular design strategies in drug discovery.[9,11]  Note that additional validation for the concept was provided earlier 
this year in a study on the role of CF2-BCPs in such a capacity.[12] 

Herein, we disclose two synthetic methods that grant access to complementary types of SF5-containing hybrid isosteres – 
SF5-cyclobutanes (SF5-CBs) – through SF5 radical addition across [1.1.0]bicyclobutanes (BCBs).[13]  Similar to BCPs, 
cyclobutane (CB) rings are being employed more frequently in medicinal chemistry,[14] e.g., as bioisosteric replacements for 
arenes or alkenes.[15]  In contrast to SF5-BCPs, the non-linear exit vectors of SF5-CBs afford an added degree of flexibility in 
the three-dimensional organization of the SF5 group (Scheme 1, top panel).  

To our knowledge, no SF5-containing cyclobutanes with 1,3-substitution patterns have been reported in the literature to 
date,[16] prompting further investigation into structural features, chemical stability, and downstream functionalization of SF5-
CBs.  Interestingly, this study also demonstrates that addition of "electrophilic" SF5 radicals across BCBs substituted with 
electron-withdrawing groups (EWGs) can overcome an apparent radical polarity mismatch[17] that has notoriously inhibited 
analogous reactions with alkenes (Scheme 1, bottom panel).[6]   
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Scheme 1. (Top) Strain-release pentafluorosulfanylation of [1.1.1]propellane (previous work) and [1.1.0]bicyclobutane (this work) to access hybrid 

isosteres. (Bottom) Highlighting how strain-release SF5-functionalization overrides a radical polarity mismatch that has hindered related transformations. 

 
We began screening for pentafluorosulfanylation conditions using 1-(phenylsulfonyl)bicyclo[1.1.0]butane, due to the relative 

synthetic accessibility of sulfone-substituted BCBs.[18]  During reaction optimization (see SI), we determined that overnight 
irradiation of the substrate and SF5Cl with white LEDs in an n-pentane:EtOAc solvent mixture provided the anticipated 
chloropentafluorosulfanylated products (1) in 71% yield by 19F NMR analysis (Table 1).  The anti and syn isomers of 1 formed 
in a 1.1:1 ratio and proved completely separable by chromatography on silica gel without need for HPLC purification.  Isomers 
were assigned based on distinct shifts in the 1H NMR spectra and confirmed by single-crystal X-ray diffraction (SC-XRD). 

Using these conditions, we explored the scope of the reaction on a variety of substituted BCBs (Method A, Table 1).  For 
one, chloropentafluorosulfanylated CBs bearing arylsulfonyl substituents with a range of electron-withdrawing and electron-
donating substituents in the para (2-8), meta (9-10), and ortho (11-12) positions are accessible in 52-85% yield by 19F NMR.  
Products containing alkylsulfonyl substituents, such as i-Pr (13) or t-Bu (14), were also formed in good yields (92% and 63%, 
respectively).  Additionally, we found that both unsaturated and saturated heterocycles may be tolerated to varying degrees. 
For instance, thiophene-containing 15 formed in 76% yield, while the piperidine-based sulfonamide 16 only formed in 25% 
yield (isolation also proved particularly challenging for 16).  Note that indole-containing substrates and sterically hindered 
substrates (e.g., with a 1-phenylsulfonyl-2,2-dimethyl or a 1-phenylsulfonyl-3-trimethylsilyl substitution pattern) were less 
compatible under these conditions.  See the SI for details. 

Regarding selectivity, the anti:syn ratios range from 1:1 to 2.5:1, which is typical for radical addition reactions to BCBs.[19]  
It is important to stress that the difference in retention factors (Rf values) of both isomers is enough to permit complete 
chromatographic separation in nearly all cases. 

Over the course of this study, we discovered that hydropentafluorosulfanylated cyclobutanes often accounted for a portion 
of the material balance.  Initial attempts to re-optimize reaction conditions for hydropentafluorosulfanylation (inspired by recent 
work from Paquin and co-workers[20]) indicated that chloropentafluorosulfanylation often still competes.  To circumvent this 
problem, we pursued an alternative approach to access hydropentafluorosulfanylated cyclobutanes from their chlorinated 
congeners via C–Cl bond reduction.   

Upon screening for C–Cl bond functionalization conditions, we found that 1 can be converted to 17 using inexpensive 
transition metal salts and NaBH4, i.e., via a metal boride-type reduction.[21]  Originally, we observed that Co(acac)2, NiCl2, 
FeCl2, and CuCl2 were all competent in transforming purified 1 to 17 (see SI).  We later discovered that Co(acac)2 provided 
reliably higher conversions when telescoping the crude reaction mixture from Method A to reductive conditions without 
intermediate purification.  This convenient one-pot formal hydropentafluorosulfanylation sequence is defined as Method B in 
Table 1. 

The substrate scope and functional group tolerance of Method B to access compounds 17-32 largely reflect that of Method 
A, with some exceptions.  For instance, upon submitting a crude reaction mixture containing 3 to reduction conditions, 
conversion to 17 in 52% yield by 19F NMR was observed in lieu of 19.  This is consistent with the known propensity of metal 
borides and aluminides to reduce aryl bromides to their corresponding benzene rings.[22]  Regarding selectivity, the cis:trans 
ratios range from 1:1 to 1.6:1 and often differ from ratios observed using Method A, also indicating that C–Cl bond reduction 
is not stereoretentive.  Lastly, note that both cis and trans isomers were separable by chromatography in nearly all cases.  
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Although a complete mechanistic study on the metal boride reduction step in Method B is beyond the scope of this work, 

we conducted a brief isotopic labelling study of the hydride and proton sources using syn-3, which undergoes both a-chloro 
and aryl bromide reduction (Scheme 2).  Our observations of % D incorporation under these reaction conditions are consistent 
with previous metal boride and aluminide literature on aryl halide reduction and also suggest that a-chloro reduction likely 
occurs via a radical or anionic intermediate.[23]  

Table 1. Substrate scope for chloropentafluorosulfanylation (Method A) and hydropentafluorosulfanylation (Method B) of [1.1.0]bicyclobutanes. 19F NMR yields 

are reported with isolated yields in parentheses. aObserved anti:syn product ratio. bObserved cis:trans product ratio. cOnly the syn isomer was isolated. 
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Scheme 2. Probing reductive dechlorination with deuterium-labelled reagents. 

While reductive dechlorination of a-chloro-EWG-containing substrates using metal borides has been reported,[21,24] to our 
knowledge, this approach has not been investigated extensively on a-chloro-sulfones prior to this work.  Moreover, it is 
remarkable that the SF5 group remains unscathed under such conditions. 

Subsequently, we examined whether Methods A & B translate from pentafluorosulfanylation to tetrafluoro(aryl)sulfanylation 
and tetrafluoro(trifluoromethyl)sulfanylation of BCBs (Scheme 3, top and middle panels).  Both aryl-SF4Cl compounds and 
CF3SF4Cl are known to participate in radical chain propagation reactions a la SF5Cl[2a,9,25,26] and have recently become more 
accessible through corrosive gas reagent-free syntheses.[2,4a,27]   

Although tetrafluoro(aryl)sulfanylation of 33 required additional optimization (see SI), we were able to access phenyl- and 
pyrimidyl-based compounds 34 and 35 in modest yields by 19F NMR.  Note that the -SF4- moiety in each case was prone to 
hydrolysis during workup/isolation; thus, we did not further pursue this avenue.  Conversely, 
tetrafluoro(trifluoromethyl)sulfanylation proceeded smoothly under Method A conditions to provide 36 in 75% isolated yield.  
Furthermore, the CF3SF4 group tolerated Method B conditions and afforded 37 in 56% isolated yield.  To our knowledge, 36 
and 37 are the first CF3SF4-CBs disclosed. 

 
Scheme 3. (Top) Extension to tetrafluoro(aryl)sulfanylation. (Middle) Extension to tetrafluoro(trifluoromethyl)sulfanylation. (Bottom) Proof-of-concept for 

a three-component reaction, i.e., iodopentafluorosulfanylation. 19F NMR yields are reported with isolated yields in parentheses. 

Additionally, we were inspired by the recent work of Qing and co-workers[28] to attempt iodopentafluorosulfanylation of BCBs.  
To our satisfaction, we were able to obtain proof-of-concept that 33 can be converted to 38 using a similar type of three-
component reaction (3CR) strategy (Scheme 3, bottom panel).   

Furthermore, we have begun to examine downstream synthetic modifications of select SF5-CBs reported in Table 1.  
Although we intend to explore this facet in greater detail in a follow-up study, we wish to disclose herein that SF5-CBs are 
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compatible with palladium-catalyzed arylation conditions[29] (commonly employed in the medicinal chemistry setting[30]).  
Specifically, we converted syn-3 to 39 in 42% isolated yield on the first attempt; the SF5 group survived heating in the presence 
of base (Scheme 4).  We have also included data on initial unsuccessful attempts at C–Cl and C–H bond functionalization in 
the SI.  

 
Scheme 4. Proof-of-concept that SF5-CBs are compatible with Pd-catalyzed cross-coupling conditions. Isolated yield reported. 

Considering cyclobutane rings have been employed as bioisosteric replacements for arenes,[15a] we proceeded to compare 
structural features of SF5-CBs with a similarly-substituted SF5-arene using SC-XRD (Figure 1).  Compound 40 was synthesized 
according to literature,[31] and single crystals were grown that proved suitable for X-ray diffraction.  This SF5-arene structure – 
already containing one element of bioisosterism (i.e., the SF5 group[8]) – was compared to "hybrid isostere" (SF5-CB) structures 
of trans-17, syn-1, and cis-17.   

 A condensed view of pronounced differences in our SC-XRD analyses is provided in Figure 1.  In general, the replacement 
of the phenyl ring with a cyclobutane effectively results in a 21-24% reduction in distance between terminal carbon atoms.  
The virtue, however, of the Ph à CB replacement is the added flexibility in spatial reorganization of the SF5 group that SF5-
arenes cannot offer.  In 40, the S–C1–C4–S array, with the axis defined by C1 and C4, is virtually linear.  In trans-17, the SF5 
group is situated well below the axis defined by C1 and C3 (q ≈ 42°), while the SO2Ph substituent hovers above it (f  ≈ 63°).  
Interestingly, the introduction of a Cl substituent in syn-1 simultaneously decreases q to 38° and increases f to 70°.  In cis-
17, both the SF5 and SO2Ph groups float above the axis defined by C1 and C3 with w ≈ 31° and f ≈ 37°, respectively.  Additional 
crystallographic comparisons can be found in the SI.[32]  

From a mechanistic standpoint, while both SF5Cl and BCBs are known to participate in radical chain propagations, the 
putative addition of electrophilic SF5 radicals to the 3-position of BCBs substituted with EWGs is notable.  That is, nucleophilic 
radicals are typically employed in radical addition across BCBs substituted with EWGs[33] (and electrophilic radicals pair with 
more electron-rich BCBs[34]).  Also, SF5 radical addition to analogous alkenes, such as 41 (Scheme 5, top panel), is an 
established limitation due to the apparent radical polarity mismatch (42 is formed in <10% yield even when other established 
initiation conditions are employed; see SI).  Another comparison between similarly substituted [1.1.0]bicyclobutane and 
[2.1.0]bicyclopentane, or “housane,” substrates (Scheme 5, bottom panel) reveals that conversion of 44 to 45 does not proceed 
as efficiently as  pentafluorosulfanylation of 43 to make 2, despite a similar release in ring strain.[13b] 

 

 

p-F-Ph-B(OH)2 
cat. Pd(dppf)Cl2

Cs2CO3, dioxane
80 oC, 16 hF5S

Cl
SO

O
Br

F5S

Cl
SO

O

F

42%
(initial result)

SF5-cyclobutane compatible with cross-coupling

syn-3 39

Figure 1. Select structural comparisons. Crystal structures for 40, trans-17, syn-1, and cis-17 determined by SC-XRD (displacement ellipsoids depicted at 

50% probability level). The unit cell for 40 contains two symmetry-independent moieties (only one shown). 

F5S

S
O

O

θ
φ

2.16 Å

θ = 42o          φ = 63o

F5S S
O

O

2.75 Å
F5S

S
O

O

θ
φ

2.14 Å

θ = 38o          φ = 70o

F5S S
O

O
ω φ

2.10 Å

ω = 31o          φ = 37o

Cl

comparative SC-XRD analyses

[previously accessible space] [added control over SF5 orientation on cyclobutanes]

vs.

40 trans-17 syn-1 cis-17

https://doi.org/10.26434/chemrxiv-2023-dwkhg ORCID: https://orcid.org/0000-0003-1047-8924 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-dwkhg
https://orcid.org/0000-0003-1047-8924
https://creativecommons.org/licenses/by-nc-nd/4.0/


 
Scheme 5. (Top) BCB reactivity vs. an analogously substituted alkene (Method A). (Bottom) BCB reactivity vs. an analogously substituted housane 

(Method A). 19F NMR yields are reported with isomeric ratios in parentheses. 

DFT studies at the PWPB95-D4/def2-QZVPP//PCM(Et2O)-ωB97X-D/def2-SVP level of theory (See SI for computational 
details)35 provide some insight into the observed differences in reactivity among analogously substituted BCBs, housanes, 
and alkenes (Figure 2).  For one, SF5 radical addition to BCB 33 (to make IM1) and housane 46 (to make IM2) are both 
predicted to be exergonic by 13.0 and 22.6 kcal/mol, respectively.  On the other hand, SF5 radical addition to alkene 41 (to 
make IM3) is endergonic (DG = +3.6 kcal/mol).  In addition, a significantly lower activation energy barrier was determined for 
pentafluorosulfanylation of 33 (DG‡ = +8.3 kcal/mol for TS1) vs. 46 (DG‡ = +13.3 kcal/mol for TS2), consistent with SF5 radical 
addition being less likely to occur on housanes vs. BCBs, despite appearing more favorable from a thermodynamic standpoint.  
Note that a similar barrier was computed for SF5 radical addition to alkene 41 (DG‡ = +13.4 kcal/mol for TS3).  Thus, C(sp3)–
SF5 bond formation was determined to be more kinetically favorable for the BCB substrate than either the housane or the 
alkene.  It is important to note, however, that overall reaction barriers will also account for the generation of the SF5 radical, a 
complicated process that will be discussed in a subsequent report. 
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Our relative predicted barriers for radical attack are consistent with Duarte’s model based on bond delocalization in small 
rings,[36] including the observation that BCB 33 is still determined to be less susceptible to radical attack than [1.1.1]propellane 
– the topic of our previous work.[9]  Finally, our observations are further corroborated by analysis of radical Fukui functions 
(Figure 3).[37]  Condensed Fukui functions computed for 33, 41, and 46 at the PCM(Et2O)-ωB97X-D/def2-SVP level of theory 
indicate that the BCB has a stronger susceptibility toward radical attack compared to the alkene and housane. 
 

 
Figure 3. Fukui functions comparing site-susceptibilities to radical attack. 

In short, we report on the synthesis, modification, structure,[38] and mechanistic features of pentafluorosulfanylated 
cyclobutanes (SF5-CBs), as well as their ArSF4-CB and CF3SF4-CB congeners.  Future work will expand the scope of 
pentafluorosulfanylation of [1.1.0]bicyclobutanes, as well as explore applications of SF5-CBs as "hybrid isostere" building 
blocks in complex molecule synthesis. 
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