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Sulfonation is prized for its ability to impart water-
solubility to hydrophobic molecules such as dyes. This
modification is usually performed as a final step, since
sulfonated molecules are poorly soluble in most organic
solvents, which complicates their synthesis and purifica-
tion. This work compares the intrinsic lability of different
sulfonate esters, identifying new sulfonate protecting
groups and mild, selective cleavage conditions.

There are many choices of protecting groups for alcohols,
phenols, carbonyls, carboxylates, thiols, and amines, but few
examples of protecting groups for sulfonic acids.! Protection
of sulfonates as simple esters is problematic because sulfonate
esters are potent electrophiles. To overcome this issue, a
number of sterically hindered protecting groups for sulfonic
acids have been proposed and utilized for the synthesis of
sulfonated molecules. Secondary isopropyl (iPr) sulfonates
react more slowly with nucleophiles but are poorly stable to
acidic conditions, chromatography, and prolonged storage.>*
Isobutyl (iBu) sulfonates are more stable to acidic conditions
and can be stored but exhibit increased sensitivity to nucleo-
philic cleavage.>* Neopentyl (Neo) sulfonates are highly hin-
dered and thus strongly resistant to nucleophilic displacement
but are difficult to remove.® Trichloroethyl (TCE) sulfonates
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are stable to nonbasic nucleophiles but react with basic
nucleophiles.”

Triggered “safety-catch” sulfonate protecting groups have
been described that utilize the inherent stability of neopentyl
sulfonates, combined with an intramolecular trigger that allows
selective removal. *® Roberts et al.® pioneered this approach,
creating a Boc-containing neopentyl protecting group dubbed
“Neo N-B”; removal of the Boc group with TFA followed by
subsequent neutralization of the unmasked amine allows cycla-
tive cleavage of the sulfonate. However, these triggered sulfo-
nate protecting groups have not found wide use, in part because
of the need for their multistep synthesis and inherent high cost.
Ideally, protecting groups should be inexpensive, stable to a
wide variety of conditions, and selectively cleaved to liberate the
free sulfonate without requiring further purification steps.

There has been little direct comparison of the intrinsic
stability properties of sulfonate esters formed from commer-
cially available alcohols to reaction conditions commonly
encountered in organic synthesis. Since my lab routinely syn-
thesizes sulfonated molecules, we are interested in expanding
the range of available sulfonate protecting groups and in
establishing the chemical stability of each sulfonate ester.

[B-Fluorinated electrophiles are particularly resistant to nu-
cleophilic substitution as a result of electronic deactivation of
reactivity.’ For example, trifluoroethyl iodide and trifluoroethyl
sulfonates are highly recalcitrant to nucleophilic substitution;
displacement requires high temperatures and extended reaction
times.'® Potential sulfonate protecting groups thus include esters
of difluoroethanol (DFE), hexafluoroisopropanol (HFIP), tri-
fluoroethanol (TFE), and a-(trifluoromethyl)benzyl alcohol
(TEMB)."! Other candidate sulfonate protecting groups include
phenyl (Ph; because it is sp>-hybridized), tetrahydropyran-2-
methyl (THPM; reported to be more stable to nucleophiles than
iBu'?), and 3-methyl-3-oxetane-methanol, which is nominally a
neopentyl alcohol (Figure 1).
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FIGURE 1. Commercially available alcohols as potential sulfonate

protecting groups.

Dansyl sulfonate esters of 12 candidate alcohols were
synthesized to screen the stability of each protecting group
to different reaction conditions. Dansyl esters fluoresce
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TABLE 1.  Stability Profiles of Dansylates Formed from Commercially
Available Alcohols”

dansylate  Nal” piperidine® NaN;¢ Fe(0)° NaOH' HBr¢ BBry"

nBu (1) - - + o - o
iPr (2) o - -
iBu (3) - - + o - -
Neo (4) + + o + + - -
TCE (5) + R R - - + +
THPM (6) - o + + - R
Ph (7) + + + + - + +
DFE (8) - - + - 0 +
TFE (9) + + o + + 4+
HFIP (10) + R R + - + +
TFMB (11) + + - + - - -
oxetane (12) — - + - R R

“For each condition, the dansylate was assessed to be stable (+), give
partial cleava%e (0), give complete cleavage (—), or react to form other
products (R). 1 M Nal in acetone, reflux, 16 h. “20% piperidine/DMF,
rt, 16 h. “0.3 mmol/mL NaNj in DMSO, 70 °C, 16 h. “Excess Fe(0), 2:2:1
EtOH/HOACc/H,0, 50 °C, 1 h.”9:1 CH,Cl,/2 M NaOH in MeOH, rt,
16 h. €48% HBr, reflux, 2 h. "0.1 M BBrz in CH,Cl,, rt, 2 h.

yellow-green, whereas the liberated free dansyl sulfonate
fluoresces blue. This allows the rapid detection of cleavage
by TLC and by visual inspection of the reaction vial using a
hand-held UV lamp. The results are shown in Table 1.

Sodium iodide in refluxing acetone is a nonbasic nucleo-
phile that deprotected nBu, iBu, iPr, oxetane, THPM, and
DFE esters. Although THPM and DFE showed greater
stability to cleavage among this group, they nonetheless
succumbed under conditions commonly used in the Finkel-
stein reaction. In contrast, Neo, TFE, TCE, Ph, HFIP, and
TFMB were inert.

Piperidine (20% solution in DMF) is a basic nucleophile
that readily cleaved the nBu ester and reacted with the TCE
ester to form a sulfonamide. The TCE sulfonate ester has
been previously described to be labile to nucleophilic amines
such as piperidine and to be prone to formation of dichloro-
vinyl esters when used as a protecting group for sulfates.’
Prolonged treatment with piperidine (overnight, rt) also
resulted in the complete cleavage of iPr, iBu, DFE, and
oxetane and gave partial cleavage of THPM. HFIP yielded a
complex mixture of products that were not identified. Only
Neo, TFE, Ph, and TFMB survived intact.

Neo sulfonates are known to be deprotected with small
nucleophiles at high temperature, such as overnight treatment
with tetramethylammonium chloride in DMF at 160 °C.°
Milder cleavage of Neo sulfates has been reported with a slight
excess of NaNj in DMF at 70 °C.'? Under similar conditions
in DMSO, TFMB was cleaved and partial cleavage of Neo
and TFE sulfonates was observed (Table 1). HFIP rapidly
reacted to form a side product, presumably the sulfonyl azide.
TCE was more stable but yielded the same side product.
Heating to 100 °C completely cleaved Neo and TFE; only
Ph was inert to these conditions.

Treatment with NaOH under nonaqueous conditions in
9:1 DCM/MeOH'? at room temperature cleaved HFIP and
TCE in under 1 h. Interestingly, HFIP underwent a very
rapid transesterification to the methyl ester prior to hydro-
lysis. Neo esters were stable to these conditions, whereas Ph,
TFMB, and even TFE sulfonate esters were cleaved after
overnight incubation at room temperature. Cleavage of TFE
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sulfates has previously been reported to require refluxing
with potassium zerr-butoxide in zert-butanol.'

All of the sulfonate esters evaluated in this work were
stable to mildly reducing conditions such as NaBH,. TCE
sulfonates have been reported to be cleaved by reduction
with zinc,” and in this study TCE was the only sulfonate
found to be removed by reduction with iron (Table 1).

Most sulfonates are stable to moderately acidic condi-
tions. Only the iPr ester was found to be labile to TFA at rt
for 16 h. The lability of the iPr group is presumably due to
formation of a stabilized secondary carbocation.

Hot strong acids cleave most sulfonates. Even Neo has been
reported to be labile to overnight reflux in 6 M HCL.” Cleavage
under these conditions is presumably due to methyl migration. '
In this study, it was found that refluxing in 48% HBr for 2 h also
cleaved Neo, as well as iPr, nBu, iBu, THPM, and TFMB. DFE
was partially cleaved under these conditions, whereas oxetane
12 reacted with HBr to open the oxetane ring but interestingly
did not cleave to the sulfonate. Only TCE, Ph, HFIP, and TFE
survived intact. Similarly, treatment with concentrated sulfuric
acid at room temperature for 90 min cleaved Neo and TFMB
dansylates but not TCE, HFIP, TFE, or Ph.

Screening of Lewis acids revealed that the Neo group can
be removed under even milder conditions. The Lewis acid
BBr;, commonly used to cleave aryl methyl ethers, was found
to rapidly remove Neo in less than 15 min at 0 °C. Oxetane 12
formed the ring-opened brominated product, as was ob-
served in HBr. These conditions also removed TFMB but
not TCE, HFIP, DFE, TFE, or Ph.

In some circumstances, Neo has been reported to be
cleaved under less acidic solvolysis conditions. For example,
Liu et al.'® have found that Neo protection of a difluoro-
sulfotyrosine residue within a peptide can be removed by
extended (4—5 day) treatment with 0.1% TFA. In this case,
the fluorinated sulfonate is expected to increase the rate of
solvolysis. Similarly, Simpson et al.'” have recently reported
that Neo sulfates in peptides can be cleaved by treatment
with ammonium acetate (2M, 37 °C, 6 h). However, these
conditions had no effect on Neo dansylate, even at 60 °C,
possibly because of poor solubility. When dissolved in
DMSO, diluted with 2 M ammonium acetate, and heated
at 100 °C for 2 h, only partial cleavage was effected.

Six esters are stable to sodium iodide: Neo, TFE, TCE, Ph,
TFMB, and HFIP (Table 1). To examine their stability to
other reaction conditions on a preparative scale, the respec-
tive p-toluenesulfonyl esters (tosylates) were prepared.

Treatment with 20% piperidine in DMF is well-tolerated
by TFE, Ph, Neo, and TFMB tosylates 13—16 (Table 2). On
the other hand, the TCE ester 17 reacts to form p-toluene-
sulfonyl piperidine (TsPip),” and the HFIP ester 18 gives a
complicated mixture of products.

Treatment at room temperature with 2 equiv of NaOH in
9:1 DCM/MeOH cleaves most of the tosylates; only Neo
survives (Table 2). This deprotection method is particularly
useful, as the precipitated sulfonate can be easily separated by
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TABLE 2.  Stability of p-Toluenesulfonate Esters (Tosylates)
Q.0 o) .
HSCO“sf — HacO“sf e X
OR X
R 20% piperidine/DMF? NaOH? BBry
TFE 13 stable (95% 13)” cleaved (82% NaOTs)° stable (100% 13)°
Ph 14 stable (97% 14)° cleaved (72% NaOTs)® stable (95% 14)”
Neo 15 stable (93% 15)° stable (95% 15)° cleaved (0% 15)”
TFMB 16 stable (92% 16)"
TCE 17 cleaved (25% 17, 75% TsPip)°
HFIP 18 cleaved (mixture)

cleaved (0% 16)°
stable (100% 17)”
stable (100% 18)°

cleaved (65% NaOTs)*
cleaved (80% NaOTs)”
cleaved (82% NaOTs)¢

16 h, rt. “Isolated recovery of starting material. “Estimated from NMR of the crude material. “2 equiv of NaOH in 9:1 DCM/MeOH, 16 h, rt.

“Isolated product. 3 equiv of BBr3, CH,Cl,, 0 °C, 2.5 h.

filtration and/or extraction. In the case of 16, simple filtration
afforded pure sodium p-toluenesulfonate (NaOTs). For 13,
the filtered product was contaminated with sodium trifluor-
oethoxide but could be purified by subsequent acidification
and removal of the trifluoroethanol. Alternatively, extraction
rather than filtration affords pure NaOTs.

Conversely, treatment with 3 equiv of BBr3 at 0 °C cleaves
both Neo and TFMB tosylates but leaves TFE, Ph, HFIP,
and TCE tosylates unaffected. Complete cleavage of 15 and
16 could also be achieved with 1 equiv of BBrzat —78 °C. No
neopentyl bromide or alcohol was recovered, suggesting that
methyl migration occurred during the deprotection.'

Replacement of BBr3 with the milder Lewis acid BCl; was
equally effective, allowing the isolation of NaOTs in 92% yield
after treatment of 15 with 1 equiv of BCI; for 30 min at 0 °C.

Overall, Neo, TFE, and Ph groups are the most broadly
stable sulfonate protecting groups. Ph exhibits the highest
stability to nucleophiles, even hot NaN;. TFE and Ph are
cleaved under basic conditions, whereas Neo is complemen-
tary in its stability as it is cleaved by hot aqueous acid or
strong Lewis acid treatment (Table 1). TFMB sulfonates can
be cleaved under acidic or basic conditions yet exhibit high
stability to most nucleophiles. TCE and HFIP sulfonates are
poorly stable and reactive under basic conditions but are
highly stable to iodide and acidic conditions. TCE esters are
also uniquely labile to reducing conditions (Table 1).?

These screening results have established the intrinsic labi-
lity of sulfonate esters based on commercially available
alcohols and can serve as a guide for the judicious selection
of a sulfonate protecting group. Moreover, two mild clea-
vage conditions have been described that together cleave
virtually all sulfonate protecting groups, at or below room
temperature. Most sulfonates, including TFE and Ph, can be
cleaved at room temperature with NaOH under nonaqueous
conditions. Sulfonates that are prone to solvolysis in hot
protic acid, such as Neo and TFMB, can be cleaved with a
stoichiometric amount of BBr; or BCl; at well below room
temperature. Finally, the general stability of fluorinated
sulfonate protecting groups suggests that, like the neopentyl
group, they are suitable platforms for the construction of
protecting groups with engineered lability.

Experimental Section

General Procedure for the Synthesis of Dansyl Sulfonate Esters
1—12. Dansyl chloride (135 mg, 0.5 mmol) and an alcohol
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(0.5 mmol) were dissolved in 2 mL of CH,Cl,. DABCO'
(67.5 mg, 0.6 mmol) in 1 mL of CH,Cl, was added, resulting
in rapid warming and precipitate formation. After completion,
the reaction was directly purified by silica gel flash chromatog-
raphy (0—25% ethyl acetate in hexanes).

5-Dimethylamino-naphthalene-1-sulfonic Acid 2,2,2-Trifluoro-
ethyl Ester (TFE Dansylate, 9). Yellow oil (147 mg, 88%). 'H
NMR (CDCly): 6 8.66 (dt, IH, J = 8.4, 1.2 Hz),8.28 (dd, I1H, J =
7.6,1.2Hz),8.22 (dt, IH,J = 8.4,1.2Hz),7.63(dd, IH,J = 7.6, 8
Hz),7.56 (dd, 1H, J = 7.6,8.4),7.24 (m, 1H), 4.31 (q, 2H, Jur = 8
Hz),2.89 (s, 6H). ""F NMR (CDCl5): 6 —74.06 (t, Jur = 8 Hz). '*C
NMR (CDCly): 6 152.2, 132.8, 131.1, 130.3, 130.1, 130.0, 129.4,
123.1,122.1 (q, "Jer = 275 Hz), 119.2, 116.1, 65.0 (q, *Jer = 38.1
Hz), 45.6. HR-EIMS m/z calculated for C4H;sF;NOsS 334.0725,
found 334.0706.

General Procedure for the Synthesis of p-Toluenesulfonate
Esters 13—18. p-Toluenesulfonyl chloride (1.9 g, 10 mmol)
and an alcohol (10 mmol) were dissolved in 15 mL of CH,Cl,.
DABCO (1.35 g, 12 mmol) in 5 mL of CH»Cl, was added,
resulting in rapid warming and precipitate formation. After
completion, 3 mL of 1 M NaOH was added, and the reaction
was diluted into 100 mL of ethyl acetate. The organic layer was
extracted with 5% NaHCO5 (3 x 50mL),0.1 M HCI (3 x 50 mL),
water (25 mL), and brine (25 mL). The solvent was dried with
sodium sulfate and removed in vacuo.

Toluene-4-sulfonic Acid 2,2,2-Trifluoro-1-phenyl-ethyl Ester
(TFMB Tosylate, 16). White powder (2.94 g, 89%). '"H NMR
(CDCl3): 0 7.65(m, 2H), 7.4—7.27 (m, SH), 7.21 (m, 2H), 5.66 (q,
1H, J = 6.4 Hz), 2.39 (s, 3H). "’F NMR (CDCl;): 6 —76.48 (d,
3Jur = 5.6 Hz). 3C NMR (CDCly): & 145.6, 133.2, 130.5,
129.94, 129.85, 128.8, 128.3, 128.1, 122.5 (q, "Jep = 279 Hz),
78.3 (q, *Jer = 34.4 Hz), 21.8. HR-EIMS m/z calculated for
C5sH3F303SNa 353.0435, found 353.0431.

Cleavage of Trifluoroethyl p-Toluenesulfonate. To a solution
of 13 (254 mg, 1 mmol) in CH,Cl, (10 mL) was added 2 M NaOH
in MeOH (1.1 mL, 2.2 equiv). After stirring for 3 h at room
temperature, significant precipitation was observed. Water (5 mL)
was added, and the aqueous layer was extracted. The aqueous
layer was then neutralized with 10% H,SO,4 and dried by rotary
evaporation. The resulting solid was taken up in MeOH (5 mL).
After removal of the insoluble Na,SO,4 by filtration, rotary
evaporation afforded sodium p-toluenesulfonate (153 mg, 79%)
as a white powder. '"H NMR (CD;OD): 6 7.72 (d, 2H, J = 8.4
Hz),7.23 (d, 2H, J = 8 Hz), 2.36 (s, 3H). "H NMR (D,0): 6 7.53
(d,2H,J = 8 Hz), 7.20 (d, 2H, J = 8 Hz), 2.22 (s, 3H). *C NMR
(CD;0D): 6 142.3, 140.6, 128.6, 125.8, 20.2. *C NMR (D,0): 6
142.7, 139.5, 129.6, 125.5, 20.6. Spectral data were identical to
those of the commercially available material.

Cleavage of Neopentyl p-Toluenesulfonate. A solution of 15
(242 mg, 1 mmol) in CH,Cl, (5 mL) was cooled to 0 °C in an ice
bath. Boron trichloride (1 mL, 1 M in CH,Cl,, 1 equiv) was added
dropwise, and the solution was stirred on ice for 30 min. The
volatiles were removed under vacuum. Water (5 mL) was added,
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and the solution was basified with 1 M NaOH. The solution
was extracted with CH,Cl, (2 x 5 mL). The aqueous layer was
removed in vacuo to afford a white solid. To this solid was added
MeOH (5 mL). Filtration of the insoluble material followed by a
short silica gel column (0—15% MeOH/CH,Cl,) afforded 179 mg
of sodium p-toluenesulfonate (92%). Spectral data were identical
to those of the authentic material as reported above.
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