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For the first time, di-, tri- and tetrasubstituted
pentafluorosulfanylated pyrrolidines have been efftiently
synthetized via 1,3-dipolar cycloaddition. In the ase of tetra-
substituted pyrrolidines, an unusual mixture of 1/1
regioisomers was obtained. Theoretical calculationshave
been carried out and the regioselectivity has beeexplained
compared to the results previously obtained in the
trifluoromethylated pyrrolidines series.

The chemistry of organofluorine compounds is adigpileveloping
research area due to its wide range of applicatiores number of
important fields such as drug discovery, matersdtences and
agrochemistry. This particular interest in fluorine chemistrydse

to the physicochemical characteristics of fluoratem, including its

Ewelina Falkowskd, Vincent Tognetti® Laurent Joubert,Philippe Jubaul,* Jean-
Philippe Bouillon? * Xavier Pannecoucke

FsS R 2a:R'=H, R?=Bn
— 2b: R' = H, R? = 4-NO,-Bn
OR? 2c:R=H, R?=(CHj,);;-CH3
[0) I 2d: R'=CH3, R?=Bn
FsS RY
COH 2 3a:R'=H,R?2=R%=Bn
1
o Rz H ® FsS R 3b:R'=H,R2=H,R%=Bn
1o Rl CH, — R 3c: RL= H, R2 = H, R3= (R)-CH(CH,)Ph

N. . 3d:R'=CHz R?=H,R®=Bn
R® 3e:Rl=H, R2 R?= Morpholi
o) e: =H, R4, = Morpholine

(i) R?0OH (2 equiv.), HOBt (1.1 equiv.), DCC (2 equiv.), DMAP (1 equiv.), CH,Cl,, 0 C.
(ii) R?RNH (2 equiv.), HOB (1.1 equiv.), DCC (2 equiv.), DMAP (1 equiv.), CH,Cl,, 0 C.

Scheme 1 Synthesis  of

esters2 and amides8.

pentafluorosulfanyl-substituted

Having in hands these scaffolds, we were interestectheir

small size and high electronegativity. In particulae presence of Usefulness to access more valuable skeletons. ip@eD

this atom in organic molecules affects their préipsr such as
conformation, acidity/basicity of the neighbourifugctional groups,
enhanced metabolic stability and increased lipagtyil> As a
consequence, intensive efforts have been devottdu: tdevelopment
of original methods for the introduction of one twvo fluorine
atoms, trifluoromethyl (C§, trifluoromethylsulfanyl (SCE and
perfluoroalkyl groups ((Cf,CFs) onto a carbon skeletdnAmong
these fluorine containing functional groups, thatpfuorosulfanyl
(SKs) group, also called as “super-trifluoromethyl gotuis one of
the emergent perfluorinated substituents. It displanique and
useful properties such as high electronegativityh fipophilicity, an
important steric hindrance, and high thermal anehtbal stability*
This pentafluorosulfanyl group has been introdugeite efficiently
in biologically active compounds leading in someses to

cycloadditions which are described as involvingassical one-step
mechanisn¥* are a useful tool in organic synthesis. Howevel
knowledge about these reactions has significantbived from the
original concerted mechanism. Indeed, 1,3-dipolgcloaddition
reactions of thiocarbonyl ylides oZ)(C,N-diphenylnitrone in the
presence of strongly electrophilic dipolarophilegts as dimethyl
2,3-dicyanofumarat® gem-1,1-dinitroetheri® or a-phenylnitro-
ethene’ were reported as two-steps processes througheriaitic
intermediates, leading to various heterocycles. Agnthem, five-
membered nitrogen derivatives, especially the Righubstituted
pyrrolidines, are widely encountered in pharmaoelgi natural
alkaloids, organocatalysts, and are also very u$efilding blocks
in synthetic organic chemistf° In particular, trifluoromethylated
pyrrolidines have been efficiently synthetized gsthe 1,3-dipolar

interesting properties Compared to other fluorinated moieties, théycloaddition of a non-stabilised azomethine ylidéth electro-
introduction of SE group is less developed in the Iiteratur@?f'C'eQ;fba|kenes (4,4,4-trifluorocrotonates) asiatly reported by
essentially because of the lack of efficient sytith@ethods but also BEGUé®™® and then largely developed by Waffd in an elegant

because few Sfbuilding blocks are described up to dateery

catalytic enantioselective approach.

recenﬂy’ we have reportédl mild and efficient Synthesis of newwlth our new type of electron-deficient alkenes, wmere interested

pentafluorosulfanyl-substituted acrylic estérand amide8 from 3-
pentafluorosulfanyl-propenoic acidgscheme 1).

This journal is © The Royal Society of Chemistry 2012

in studying the 1,3-dipolar cycloaddition of clasdi azomethine

ylides with pentafluorosulfanyl-substituted acrylesters2 and

amides3 which could offer, for the first time, an efficieentry to
Sk-substituted pyrrolidines.
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Our initial studies began with the reaction tfans-benzyl ylide 4, we turned our attention to the useNsbenzylidene glycine
pentafluorosulfanylacrylate 2a  with  N-(methoxymethyl)N- methyl este6 which could give us an access to tetrasubstitSted
[(trimethylsilyl)methyl]-N-benzylamine 4 in the presence of a pyrrolidines.

catalytic amount of trifluoroacetic acid in dichdonethane (Scheme

2). To our delight, we obtained the expected-@ffrolidine5ain a Table 1 Study of optimal conditions for 1,3-dipolar cyctimhtion

good isolated yield (69%). When the same conditiwese applied with imino estet6 or 7
to Sk-unsaturated amidea, we did not observe a complete Fss\_>ﬁ
Y

conversion (46%). Using 2 equivalents of dipolaitgpprecursord
enabled the conversion to reach 96% and the peataBulfanyl-

o
substituted pyrrolidin&b was isolated in 79% yield. 2a:Y = OBn FsS,  COY FsS,  COY
FeS FsS, f\\coan 3e: Y = morpholino AgOAG, PPh; b b
\Z}OBH . TMSAN[\OCHa 1M TFA (0.1 equiv) 7 \ . v o, A CocH; T Hico,C N AT
K Ph CH,Cl, 0 C, 2h NK Ar N CO,CH; H
1 equiv. 1.2 equiv. 69% Ph 6: Ar = Ph (+-) 810 (+) 8-10'
2a 2 (+1)5a 7: Ar = p-MeO-Ph
B F
e Fs. o " Entry  Sk- 6or7  AgOAc PPh Time Yield®
5 o N \ . . . 0 0 0
L%N/B" . TMS/\I\L/\OCHg 1M TFA (0.1 equiv.) o 1 derg:tlve (Ge ((1;_1 “7/5) (m?lloA)) (mc:)LIO/O ) (2)7 40((/]?).1v
& en Ph CHaC, 0 C. 20 L 2 2a 6(3) 20 20 90 75 (L1}
1 equiv. 2 equiv. Ph 3d 2a 6 (3) 20 20 21 73 (11,
3a 4 (+)5b 4 2a 7(3) 20 20 21 35(2:17
5 3e 6 (3) 20 20 219 48 (1:1.5Y

Scheme 2Synthesis of pentafluorosulfanyl pyrrolidings and5b.

Under the above-described reaction conditions Her gynthesis of
Sk-pyrrolidines in each series, several pentafludfasylated

esters and amides were engaged in order to stedgdbpe of the
reaction.

[0) [0)
\ A\
FsS \\\c—o FsS, \&Cioi(CH2)11'CH3 FsS, Me, C0zBn
OzN:@
. L !
Ph Ph Ph

5¢c: 88% 5d: 62% be: 46%

Bn

— 0
W\ / N\ A\ \ /
Fss, C-NH FS_  C—NH  Fs. N 0 Fs M C—NH
T 1§ i !
Ph Ph Ph LPh
5f. 92% 5g: 84% 5h: 73% 5i: 36%

Figure 1 Scope of the 1,3-dipolar cycloaddition using preou4 of
azomethine ylidé!

We demonstrated that 1,3-dipolar cycloaddition ddué applied to
various SE-unsaturated esters, secondary and tertiary araglasll
as chiral amide, leading to the expected pyrroiiddin moderate to
excellent isolated yields. Interestingly trisuhsgiid ester d) and

amide Bd) (Scheme 1) reacted also to give the correspondi
pyrrolidines 6e and 5i) in moderate yields (46% and 36%|_

respectively), probably due to the steric hindrantehe starting
materials. It is worth noting that the reaction \y@o to be totally
diastereoselective. Indeed, in all cases, staftom (E) acrylates?

or acrylamides3, only the trans pyrrolidines were obtained, as

racemic mixtures, except in the case of the pro@gcivhich was

obtained as a 1:1 mixture tfans diastereoisomers, which could be

separated by silica gel column chromatograghians relationship
between the two substituents was confirmed by Xd#fraction
analysis of pyrrolidine derivativef.'?

After demonstrating that 1,3-dipolar cycloadditionccurred

-

2 Global isolated yield of regioisomersRatio of regioisomers’ 0.15 equiv. *
Et:N. 90.25 equiv. of EN.  Room temperaturéReflux.9 Conv. ~ 55%.

Our study began with the reaction ofsSsaturated est&@a with
glycine derivatives (1.7 equiv.) in the presence of 10 mol% AgOAc/
PPh and 15 mol% EN at room temperature. A promising 40%
yield of pyrrolidines8+8’ (Table 1, entry 1), as a 1:1 mixture of two
regioisomers, was obtained. By increasing the qtyanfi AgOAc/
PPh to 20 mol% and BN to 25 mol%, the expected pyrrolidines
were obtained in 75% yield but in a quite long teactime (90h,
Table 1, entry 2). When allowed to warm to reflpyyrolidines8
and 8 were obtained in 73% yield after 21h (Table 1,ner&).
Stereochemistry of the produdsand 8’ was elucidated based on
NOESY experiments and was independently confirmethe X-ray
analysis in the case 8f*2

Two major differences appeared concerning the eyiddion of this
dipole precursor6 in the Sk-series compared to the previously
reported Ckones'®® The first one concerns the kinetic of the
reaction which is much slower (21h in refluxed diicbmethane)
with 2a compared to the one observed using thg &flog (5h at
room temperature). The second one is the regiocltigmindeed, in
the CR series, the reaction was almost totally regioseleddr >
98:2) whereas a 1:1 mixture of regioisom&s8’ was obtained
using 2a. When2a was reacted with dipole precursor(entry 4),
only 55% conversion of Sfderivatives was observed after 21h.
Longer reaction times led to degradation of theseigd pyrrolidines
9+9'. When SE-amide3ewas engaged in the cycloaddition reaction
with 6, a lower yield of10+10’ (48%, entry 5) was observed
ﬁ(&mpared to the one during the reaction witg-&ter2a (entry 3).

heoretical calculations were then carried outrideo to cast light
on the factors governing the observed regiochemidto this aim,
three theories were combined, all based on thegpyinguantum
observable (the electron density), namely DFT (&tedmine the
mechanism), conceptual DFT (to characterize readbiehaviours),
and Bader's theory (QTAIM) (to quantify interaction$ Three
model systemsl1-13 (Scheme 3) were investigated: unsaturated
CFs- and Sk-esters and the correspondings@fide, considering
the imine forms a complex with AgPMeAGm= -22 kcal/mol).

efficiently between SEdipolarophiles and precursor of azomethine

2| J. Name., 2012, 00, 1-3
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11: Y = OMe, Rg = CF3
12: Y = OMe, Rg = SFg
13: Y = NMe,, R = SFg

Scheme Model system4 1-13for the theoretical study.

The first step is the formation of a non-covaledtact (without
noticeable global electron charge transferpetween the two
reaction partners. For each model compound, siXerdifit
orientations were studied, as depicted in Figure &ke
Supplementary Information). They are classifiedoading to the
corresponding regiochemistry, the relative posgioof the
substituents, as well as thecis-or strans possible isomerization
(Table S1, Supplementary Information). This addémtsiation (that
is also encountered in other cycloaddition reasjidncan be
qualitatively rationalized in the framework of ceptual DFT (using
the recently developed first-state specific duacdtor)™® which
shows the nucleophilic regions coming on top of #hectrophilic
areas. It also appeared that the most nucleoptalticon atom on the
imine moiety is that linked to the methoxycarborsgdbstituent
(Figure S2, Supplementary Information).

The formation of the C-C bonds can be then completetichotomy

being revealed by both static and dynamical appreaésee Graphs

S1-S4, Figure S3, Supplementary Information): thentacycle
formation can occur in one step that is highly asyanous (the

RSC Advances

From Table S3 (Supplementary Information), it coblkl inferred
that the highest contribution in absolute valuemstefrom the
adducts’ non-vibrational entropy. However it canramicount for
regiochemistry, at variance with the electronidsization energy
of the adductK,y), the electronic activation barrieE4;) from the
adduct, and the vibrational entropies of both atldu TS.E,q
favours path 1 in the ester cases and path 2 fiteaamd is correctly
predicted by the preference dual descrito(Graph S5,
Supplementary Information).,kis lower for path 1 in any case, a
result that can be explained using QTAIM (by foagsion local
critical point properties, Graph S6, Supplementafgrmation). As
for entropy effects (see Graph S7, Supplementdigrimation), we
epitomize their role for the Sfester12: the vibrational entropy
change from the adduct to the TS is 2.1 kcal/malenttestabilizing
in path 1 than in path 2, effectively counterbalagcthe pure
electronic features. As a consequence, a mixturegibisomers is
expected in the SFseries.

Lastly, one can wonder whether Ag(P)emay have a catalytic
effect. The corresponding activation barriers withit are actually
slightly lower (8.4 and 7.4 kcal/mol for the £K11) and Sk-esters
(12), respectively), so that the main role of the AgOand PPh
combination may be assumed (at the retained theakrehodel) to
concern precursor deprotonation.

Conclusions

In conclusion, a straightforward single step pragcedfor the
preparation of Sfsubtituted pyrrolidines using pentafluorosulfanyl-

process can thus be viewed as “one-step — two23tdgs evinced substituted acrylic esters and amides was develogedeover, a
by the reaction force profit or in two unconcertgd steps. Asconvergent DFT-Conceptual DFT-QTAIM theoretical &gy was
deduced from Table S2 (Supplementary Informatithl most gefined and applied to unravel the main factorsasting for the

thermodynamically stable products do not correspdod the
experimentally obtained ones, suggesting that theaetions are
ruled by kinetic control. Indeed, in terms of thewest AG°
activation barriers, the observed regiochemistryragieved, the
following hierarchy emerging: GFester (=11 kcal/mol) < SE

observed regiochemistry. Further developments éspecievoted
to an asymmetric version of this 1,3-dipolar cydidiéion process
are currently under investigation in our laboratoffis approach
can also be further used for the synthesis of-&Bflogues of

ester (12 kcal/mol) < SFamide (13 kcal/mol), the cycloadditionbiorelevant molecules.

with Sk-derivativesbeing slower, as experimentally observed.
Finally, in order to disentangle the main physi@ical properties
involved in this regiochemistry, a detailed eneigeiecomposition
(eq. S6, Supplementary Information) was performedthie most
favoured approaches. The first striking point iattthe reaction is
spontaneous from an electronic energy viewpoinguf 2: all
AEg,<0) because of the important adduct stabilities.id&ss (see
Figure 2),AEs,, predicts the regiochemistry described in path 1
be univocally favoured. Such results differ frohoge obtained
from Gibbs energies, notably because the overtillaion energy is
actually the sum of the adduct destabilization @@ TS activation
energy itself.

JA\ = AG 5oy

AgPMeg
kcal/mol
(kcal/mol) (kcal/mol) 11-?8 Ph\;&@ o e
"ﬂ"'f pathl o j/
Reactants ;11 — J\/\
00, TS MeO SFs
': 34 6.0/
: Ewa AgPM
| T7 Add Ph ”rlxlg eéOOMe
{-8.1/ -5. ucts N
= 0.0/ path2 ®
Adducts Reactants Fss\/\“/or\ae
o)

Figure 2 Regiochemistry according #Es,, andAG°s,, Viewpoints
for the Sk-ester compound2
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Di-, tri- and tetrasubstituted pentafluorosulfanylated pyrrolidines have been efficiently synthetized via
1,3-dipolar cycloaddition of azomethine ylides.

R’l
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