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The first synthesis of sulfonamide and sulfonate analogues of a sulfated carbohydrate in which the ester oxygen of the sulfate is replaced
with a CHF or CF , group is reported. This was accomplished by electrophilic fluorination of the protected sulfonate and sulfonamide precursors.

Sulfated carbohydrates play key roles in numerous biological demonstrated that the @igroup can be used as a stable
functions such as viral cell recognition, cetlell interactions, replacement for the bridging oxygen in estrone sulfate in
blood clotting, inhibition, and promotion of tumor growth that the CEk sulfonate is a good competitive inhibitor of
to name but a feW®? The sulfation of carbohydrates is steroid sulfatase and was approximately 10-fold more potent
accomplished by a class of enzymes known as sulfotrans-than its nonfluorinated analogf&ince both the fluorinated
ferases which transfer a sulfate group frorapBospho- and nonfluorinated estrone sulfate analogues h&ye@ues
adenosine 5'-phosphosulfate (PAPS) to the hydroxyl group that are far below physiological pH we reasoned that their
of the carbohydrat& Another class of enzymes, the sulfa- difference in potency was due to the fluorines interacting
tases, remove the sulfate grodpshibitors and probes of  with residues in the active site perhaps by fluorine H-bonding
these enzymes would be very useful as tools for studying with His-290, which is believed to act as a general acid
how these enzymes work in conjunction to control the during the cleavage of the-SD bond® The active site in
sulfation state of carbohydrates, which is essential to sulfatases is highly conservédyhich suggests that carbo-
understanding the role these enzymes have in regulatinghydrate sulfate analogues in which the ester oxygen is
certain biological processes. One approach to the design ofreplaced with a Cfor CFH group might also be effective
inhibitors of the sulfatases is to prepare nonhydrolyzable inhibitors of sulfatases that act upon sulfated carbohydrates.
analogues of sulfated carbohydrates such as replacing théHowever, the synthesis of such compounds presents certain
ester oxygen of the sulfate moiety with a EICHF, or Ck challenges. Benzylio-fluorinated sulfonates, such as the
unit. This approach has been used extensively to obtainestrone sulfate analogue mentioned above, can be readily
phosphonate-based inhibitors of phosphatas®ge recently prepared by electrophilic fluorination (EF) of tlecarban-
ions of their neopentyl-protected sulfonate precursors with
N-fluorobenzene sulfonimide (NFSH-¢ These reactions
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well as the phenyl ring. Indeed, EF usually works best on pylori glycosulfatasé! We anticipated thaic ould be readily
“acidic” substrates in which the resulting carbanion is constructed from iodo carbohydra8’ using Widlanski's
stabilized by two adjacent electron withdrawing groups sulfonation procedure and that the benzyl and neopentyl
(EWG's) and the vast majority of these reactions are per- protecting groups would be compatible with our EF condi-
formed on such substraté3here are only a few examples tions yet would be easily removed under neutral conditions
in the literature describing the electrophilic difluorination of at the end of the synthesis. However, reacting lithiated
less acidic substraté$and this has never been reported for neopentyl (nPt) methanesulfona#® with compoundB under
sulfonates in which the resulting carbanion is not stabilized Widlanski's conditions gave sulfonaéen only a 38% yield.
by an additional EWG as would be the case with a carbo- Berkowitz and co-workers have shown that the phosphonate
hydrate sulfonate as substrate. This letter describes the resultanalogue of6 can be prepared in good yield by reacting
of our preliminary investigations into the preparation of triflate 9 with lithiated diethyl methanephosphonate in THF/
o-fluorinated sulfonate and sulfonamide analogues of a HMPA at —78 °C.® Employing these conditions with
sulfated carbohydrate by electrophilic fluorination. We report compounds’ and9, carbohydrate sulfonatwas obtained
that this approach can be used to prepare both the monoin 75% vyield.
and difluorinated derivatives. In addition, we demonstrate  Electrophilic difluorination of6 was initially attempted
stereochemistry of the monofluorinated sulfonate can be with use of conditions similar to those we developed for the
controlled to a certain degree by the counterion of the basedifluorination of benzylic sulfonate$-4Thus, 2.5 equiv of
used to generate the carbanion. Finally, we show that thisNa HMDS in THF was added t6 at —78 °C in THF. The
methodology can also be used to prepare the correspondingnixture was stirred for 2 h and then 3.3 equiv Nf
o-fluorinated sulfonamide carbohydrates. fluorobenzene sulfonimide (NFSi) in THF was added, the
To our knowledge only a single report has appeared in mixture was stirred fol h at—78 °C, and then the reaction
the literature describing the synthesis of a pyranoside was warmed to rt and then stirred for a further 16'%
sulfonate in which the ester oxygen of the corresponding NMR analysis of the crude reaction product indicated that,
sulfate is replaced with a methylene group. This was achievedalthough peaks corresponding to the mono- and difluorinated
by Musicki and Widlanski, who reacted the 6-iodo carbo- products10 and 11 (Scheme 2) were evident, many other
hydrate derivativ@® with lithiated isopropyl methanesulfonate products were formed and compoundl® and 11 were
(4) in the presence of DMPU in THF to give carbohydrate formed in very low yields. Further studies revealed that the
sulfonates in 57% yield (Scheme Y. We wished to prepare  fluorination reaction proceeded quite readily within the first
30 min but significant decomposition occurred upon warming
the reaction mixture or with prolonged reaction times.
Nevertheless, it was found that by maintaining the reaction
at—78°C and subjectin@ to 2.5 equiv of KHMDS for just

Scheme 1. Widlanski Synthesis of Sulfonate
SO;Pr

I 15 min and then adding 3.0 equiv of NFSi dropwise over
% LICH,SOSPr ) 1so Q 15 min and reacting for an additional 15 min the reaction
TMiRo S OBn THF-DMPU TMSO ST " was cleaner and compound® and 11, which could be
-78°C -20°C separated by chromatography, were isolated in 18% and 52%
5

3 yields, respectively.

Before further EF studies were undertaken deprotection
of the sulfonate moiety in compounds) and 11 was
examined. Subjectingyl to LiBr in refluxing butanoné for
48 h resulted in less than 50% deprotection and in the case
of compoundLO very little deprotection was achieved in this
time frame. Roberts et al. have described the removal of
neopentyl groups from sulfonates using tetramethyl am-
monium chloride in DMF at 160C.** However, this also

pyranoside sulfonaté (Scheme 2) and use it as a model
system for our investigations. Compou@ds the protected
sulfonate analogue of glucose-6-sulfate, a component of
mucus glyceroglucolipids and a substrate ftelicobacter

Scheme 2. Synthesis of Sulfonates, 10, and11 proceeded very slowly.
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Due to the difficulties associated with removing the in a 59% yield favoring the upfield diastereomer in a ratio
neopentyl group, we decided to examine the isobutyl moiety of 7:1, which also shows that the de is dependent upon the
as a sulfonate protecting group since it is easier to remove. concentration of base. The best yield of difluorinated
Reaction of lithiated isobutyl methanesulfonaf) with compoundl5 was obtained with 3.0 equiv of Na HMDS
carbohydrat® gave sulfonatd 3in 75% yield (Scheme 3).  and 3.5 equiv of NFSi, which gavis in a 48% vyield.

1% NMR analysis of the crude reaction products from all
of the above reactions indicated that one particular byproduct

Scheme 3. Synthesis of Carbohydratdgt and 15 was sometimes formed in substantial amounts. The amount
SO4iBu of this byproduct increased as the amount of base and NFSi
orf LICH,SO,Bu (12) increased above 1 equiv, if the reaction times were prolonged,
Bno% THF-HMPA Bno or if the temperature was allowed to warm aboveé8 °C
Bno Sy oBn -78°c B0 7 after the addition of NFSi. This byproduct was isolated and
9 R 75/" found to be compound6 (Scheme 3). Oncé5 is formed,
(1) base, THF Ry SO the B-proton is acidic enough to be removed by the base
78°C, 15 min and elimination of S@and isobutoxide occurs. This result
(2) NFSi, THF B0 OBn Bné%& may account, at least in part, for our difficulty in obtaining
-78°C, 15 min 15in yields greater than 48%.

14, R=H, R F
15 R=R=F Deprotection of the sulfonate group in compounds

13—15was achieved by treating them with an excess of LiBr
in refluxing THF for several hours, which gave sulfonates
Treatment ofl3 with 2.0 equiv of base at78 °C in THF 17-19in 81-91% yield (Scheme 4). Removal of the benzyl
for 15 min followed by the addition of 2.5 equiv of NFSi
and stirring at—78 °C for 15 min gave a mixture of mono-,
14, and difluorinatedl5, products (entries-14 in Table 1).

Scheme 4. Deprotection ofl3—15

excess LBr K\ _SOsLi  Pd(OHpH, R\ _soyLi
1341 THF, reflux R THF-MeOH R
Table 1. Electrophilic Fluorination ofL3 with Various Bases } BnO Q o)
and N-Fluorobenzenesulfonimide BnO OBn Ho OH
OBn OH
entry base yield of 14¢ yield of 15 17 R=R'=H (91%) 20, R=R'=H (82%)
- 18, R=H, R' = F (91%) 21,R=H, R =F (96%)
1 NaHMDS 23 (1:21) 31 19 R =R = F (81%) 22 R=R'= F (74%)
2 KHMDS? 4(1:9) 31
3 LiHMDS¢ 20 (4:1) 4
4 BuLi® 52 (5.3:1) 17 _
5 NaHMDS? 59 (1:7.2) 12 groups with Pd(OH)H, gave carbohydrate sulfonates
6 NaHMDS¢ 17 48 20—22in 74—96% vyield. The de of compourtl did not
S 16
a2.0 equiv of base, 2.5 equiv of NFSi1.2 equiv of base, 1.5 equiv of Change Slgmflcantly from that of compourl@l.
NFSi. 3.0 equiv of base, 3.5 equiv of NFSiShown in parentheses is We recently reported that the a-difluoromethyl sulfon-
the ratio of the downfield diastereomer {177) to the upfield diastereomer : ; il
(6 ~183) as determined bYF NMR. amide analogue of estrone sulfate is also a good inhibitor of

steroid sulfatas®. Therefore, we decided to examine whether

the sulfonamide equivalents of compourgfs-22could be
With NaHMDS as basel4 and 15 were obtained in yields coqstructed. We recently demonstrateq tinfﬁ.lorosulfon—
of 23% and 31%. With KHMDS14 and 15 were obtained ~ amides can be prepared by EF of bis(dimethoxybenzyl)-
in 31% and 4% vyields, respectively. With LiIHMDS, the protected sulfonamidé8.a,a-Difluoroalkyl sulfonamides
overall yield was low with the monofluorinated product Were bestobtained by treating the sulfonamide with 1.3 equiv
predominating. Withn-BuLi, the monofluoro produci4 of n-BuLi or n-BuK in the presence of 5 equiv of HMPA
dominated and was obtained in a 52% yield. In all cases followed by 1.5 equiv of NFSi at-78 °C in THF and then
compoundl4 was formed as a mixture of diastereomers as
determined by‘-9|: NMR. Interestingly, the stereochemical (16) We were unable to obtain the crystal structure of the monofluorinated
- - . diastereomers and therefore we were unable to determine their absolute
outcome of the fluorination reaction was dependent upon stereochemistry, which makes rationalizing the effect of the counterion on
the cation of the base. When lithium was the cation the stereochemistry very difficult. In contrast to the significant number of
(LIHMDS and n- BULI) formation of the downfield diaste- theoretical and synthetic studies @rcarbanions of sulfones, studies related
. . to a-carbanions of sulfonate esters and sulfonamides are scarce. As with
reomer at —177 was favored (5.3:1 with-BuLi). However, the sulfones, many factors may affect their structure and reactivity patterns
when Na or K was the cation, formation of the upfield such as negative hyperconjugation, complexation of the cations with the
. . . sulfonate group or carbaniom—cation and catiofrsolvent interactions,
d'aStereom.er al —183 was fa_Vored (21:1 V‘_“th Na.HMDS)' differences in the sizes of the cations, etc. For a discussion on the structure
The best yield ofL4 was obtained by reacting3 with 1.2 of a-carbanions of sulfones see: Raabe, G.; Gais, H-J.; Fleishhhugr,
; ; ; ; Am. Chem. S0d 996,118, 4622 and references therein.
equiv of NaHMDS and 1.5 equiv of NFSi, which gaté (17) Liu, Y.; Ahmed, V. Hill, B.; Taylor, S.DOrg. Biomol. Chem2005

3, 3329.
(15) Xie, M.; Widlanski, T. STetrahedron Lett1996,37, 4443. (18) Hill, B.; Liu, Y.; Taylor, S. D. Qg. Lett. 2004,6, 4285.
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warming to rt. The purified monofluoro derivatives, which
were obtained in yields of 41—-69%, were subjected to the
same conditions which gave the difluoro compounds in
modest yieldg8®

Sulfonamide carbohydrat was obtained in a 65% yield
by reacting triflate9 with the lithium salt ofN,N-bis(2,4-
dimethoxybenzyl)methane sulfonamid23j°® The condi-
tions described above for monofluorination of less complex
alkyl sulfonamide® were not suitable for sulfonamid&4

Scheme 6. Deprotection 0f23—25

30% TFAIN R\ _SO,NH, Pd(OH), H,, SO,NH,
CH,Cl, R THF-MeOH R
24-26 ——— — >
0°C.58h gy, ° HO Q
BnO OBn HO OH

OBn
27 R =R'=H (91%)
28, R =H, R = F (92%)
29 R=R'=F (82%)

30, R=R' = H (92%)
31, R=H,R'=F (88%)
32, R=R'=F (95%)

since a large number of byproducts formed upon warming
the reaction to rt. After some experimentation it was found
that the monofluoro sulfonamid25 could be isolated in
50—55% vyield by treatin@4 with 4 equiv of KHMDS or
2.5 equiv ofn-BuLi at —78 °C, stirring for 15 min, and then
adding 2.5 equiv of NFSi and reacting at78 °C for
15—30 min (Scheme 5). The reaction with KHMDS pro-

Scheme 5. Electrophilic Fluorination o4
SO,N(DMB),
OTt LiCH,SO,N(DMB), (23)
A Bno&
BnO . S OBn BnO S OBn
DMB = 2 4-dimethoxybenzyl 24 (65%)

(1} 4 equiv KHMDS, or £
2.5 equiv n-BuLi, THF, R _g0,N(DmB), (1) 2 eauiv n-Buk, THE SO,(DMB),
-78 °C, 15 min H- -78 °C, 15 min F

I —— 0]
(2) 2.5 equiv NFSI, gpoy O (2)25 equiv NFSi, THF B~ o8n
THF,-78°C,  BnO Sar O8N -78°C, 30 min d OBR

30 min 25 (50-55%) 26 (34%)

duced exclusively compoun#@5 while the reaction with
n-BuLi also produced about 10% difluorinated compound
26, which could be separated by careful chromatography.
1% NMR revealed that the stereoselectivity was not affected
by the cation as both KHMDS anaBuLi gave the same
diastereomer in very high de (95—969%).
We were unable to obtain even modest amounts50o)
of compound26 directly from24 and converting pur@5to
26 proved to be challenging. Nevertheless, after considerable
experimentation we were able to obtdé from 25 in a
modest 34% yield by briefly treatingb with n-BuK at—78
°C followed by reaction with 2.5 equiv of NFSi for 30 mif.
Deprotection of the sulfonamide moiety B4—26 was
achieved in excellent yields (881%) with TFA in
CH,CI, (Scheme 6). Further deprotection of the hydroxyl

(19) See the Supporting Information for the synthesis of reag@nt
(20) We did not detect compourid as a byproduct in these reactions.
However,%F NMR analysis of the crude reaction products suggested a

groups in primary sulfonamidez7—29 by hydrogenolysis
gave carbohydrate sulfonamid28—32in 88—95% yields.

In summary, the first synthesis of the CHF and,CF
sulfonate and sulfonamide analogues of a sulfated carbohy-
drate is reported. This was accomplished by EF of the
protected sulfonate and sulfonamide precursors. To the best
of our knowledge, this is the first example of an EF of an
unactivated sulfonate. The stereochemistry of the mono-
fluorosulfonates was dependent upon the counterion of the
base but this was not the case with the monofluorosulfon-
amides. Knowledge of the absolute stereochemistry of these
compounds would be helpful in determining the origin of
the effect of the counterion on the stereochemistry of these
reactions and we are in the process of preparing other
monofluorinated carbohydrate sulfonates and sulfonamides
that we anticipate will be more amenable to X-ray crystal-
lographic studies. Further studies on applying this methodol-
ogy to the synthesis ak-fluorinated sulfonate and sulfon-
amide analogues of other biologically relevant sulfated
carbohydrates are also in progress. Also worthy of note is
the use of reagerit3 to prepare the first Cisulfonamide
analogue of a sulfated carbohydrate. Reports describing the
synthesis of an alkyl sulfonamide via a nucleophilic substitu-
tion reaction using a monolithiated methane sulfonamide are
rare?! Reagen23 may prove to be very useful as a general
reagent for preparing compounds bearing a primary sulfon-
amide moiety, an important pharmacophore in medicinal
chemistry.
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byproduct resulting from the attack of the carbanion on the sulfur of NFSi
may have formed. This side reaction was shown to occur during the
fluorination of other alkyl sulfonamides (see ref 18).
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