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benzoxazinone (2, R = H, R5 = H). First, 2-alkylamino 
substitution can greatly increase acylation rates. Secondly, 
branched or bulky R in 2-NHR significantly slow deacy- 
lation, and branched R block deacylation by N-cyclization 
(Itz). Finally, alkyl substitution of R5 dramatically slows 
all modes of deacylation when R is larger than methyl. For 
example, the combination of these effects in 2-(iso- 
propylamino)-5-ethylbenzoxazinone results in an 86-fold 
increase in It1 and a 770-fold decrease in kOff, for an overall 
67 000-fold decrease in Ki vs. the lead compound, thereby 

demonstrating the utility of the mechanistic approach in 
guiding the design of enzyme inhibitors. 

Acknowledgment. We are grateful to Roland Bille- 
deau for synthetic assistance. 

Allen Krantz,* Robin W. Spencer, Tim F. Tam 
Everton Thomas, Leslie J. Copp 

Syntex Research (Canada) 
Mississauga, Ontario L5N 3 x 4 ,  Canada 

Received October 24, 1986 

Art ides 

Thienot hiopyran-2-sulfonamides: A Novel Class of Water-Soluble Carbonic 
Anhydrase Inhibitors 

Gerald S. Ponticello,* Mark B. Freedman, Charles N. Habecker, Paulette A. Lyle, Harvey Schwam, 
Sandor L. Varga, Marcia E. Christy, William C. Randall, and John J. Baldwin* 

Merck Sharp & Dohme Research Laboratories, West Point, Pennsylvania 19486. Received July 28, 1986 

An attempt to develop a water-soluble carbonic anhydrase inhibitor focused on exploring structure-activity relationships 
in the thienothiopyransulfonamide class. The strategy to influence water solubility while retaining carbonic anhydrase 
activity involved the introduction of a hydroxyl moiety and adjusting the oxidation state of the sulfur on the thiopyran 
portion of the molecule. Compounds 4 and 17 best fit the criteria of aqueous solubility and inhibitory potency vs. 
human carbonic anhydrase I1 and are candidates for evaluation as topically effective antiglaucoma agents. 

Since the discovery of carbonic anhydrase (CA) by 
Meldrum and Roughton in 1932,1a various aryl and het- 
eroaryl sulfonamides have been synthesized and evaluated 
as inhibitors (CAI)lb," for possible therapeutic use as di- 
uretics,2 cerebral  vasodilator^,^ anticonvulsants," and an- 
tiglaucoma  agent^.^,^ The CAIs in current use1 include 
acetazolamide (A), dichlorophenamide (B), ethoxzolamide 
(C), and methazolamide (D); these compounds, when ad- 
ministered systemically, lower intraocular pressure (IOP) 
by reducing aqueous humor formation.6 However, their 
use is limited by side effects, which include fatigue, de- 
pression, gastrointestinal disturbances, metabolic acidosis, 
and anorexia. In order to circumvent these problems, 
attempts have been made to develop compounds that are 
effective when applied topically to the eye. Such an ap- 
proach would permit therapeutically useful concentrations 
to be achieved locally, i.e., a t  the level of the ciliary pro- 
cess,l while reducing the systemic presentation of the drug 

(1) (a) Meldrum, N. U.; Roughton, F. T. W. J.  Physiol. (London) 
1933,80,113. (b) Maren, T. H. Physiol. Rev. 1967,47,595. (c) 
Maren, T. H. Invest. Ophthalmol. 1974, 13,479. 

(2) Peters, G.; Roch-Ramel, F. In Handbook of Experimental 
Pharmacology, Diuretics; Herken, H., Ed.; Springer: Heidel- 
berg, 1969; p 257. 

(3) (a) Cross, P. E.; Gadsby, B.; Holland, G. F.; McLamore, W. M. 
J. Med. Chem. 1978,21,845. (b) Barnish, I. T.; Cross, P. E.; 
Dickinson, R. P.; Gadsby, B.; Parry, M. J.; Randall, M. J.; 
Sinclair, I. W. J .  Med. Chem. 1980,23,117. (c) Barnish, I. T.; 
Cross, P. E.; Dickinson, R. P.; Parry, M. J.; Randall, M. J. J .  
Med. Chem. 1981,24, 959. 

(4) (a) Gray, W. D.; Maren, T. H.; Sisson, G. M.; Smith, F. H. J.  
Pharmacol. Exp. Ther. 1957,121,160. (b) Gray, W. D.; Rauh, 
C. E. J.  Pharmacol. Exp. Ther. 1967, 156, 383. 

(5) Zimmerman, J. J. Ann. Ophthalmol. 1978, 10, 509. 
(6) (a) Becker, B. Am. J.  Ophthalmol. 1954,37,13. (b) Frieden- 

wald, 3. C. Am. J. Ophthalmol. 1949, 32,9. 
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to a no-effect level. Recently, 2-sulfamoyl-6-benzothiazolyl 
2,2-dimethylpropanoate (E)7 and other ethoxzolamide 
derivatives8 have been reported to be topically effective 
ocular hypotensive agents in rabbits. 

To date, all of the CAIs studied as antiglaucoma agents 
have lacked water solubility in the 1 4 %  range and, 
therefore, have been administered to patients either sys- 
temically or topically as suspensions or gels. In this paper 
we wish to report on a novel class of CAIs, the thieno- 
thiopyran-2-sulfonamides, which exhibit water solubility 

(7) Sugrue, M. F.; Gautheron, P.; Schmitt, C.; Viader, M. P.; 
Conquet, P.; Smith, R. L.; Share, N. N.; Stone, C. A. J .  
Pharmacol. Exp. Ther. 1985,232, 534. 

(8) (a) Lewis, R. A.; Schoenwald, R. D.; Eller, M. G.; Barfknecht, 
C. F.; Phelps, C. D. Arch. Ophthalmol. (Chicago) 1984,102, 
1821. (b) Schoenwald, R. D.; Eller, M. G.; Dixson, J. A.; 
Barfknecht, C .  F. J .  Med. Chem. 1984,27, 810. 
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Table I 

Ponticello e t  al. 

partitn 
coeff 

(1-octanol, CAI:Cd 
recrystn % total sol," pH 7.4 150 X CA binding: 

compd R n analysis mp, OC solvent yield mg/mL buffer) pK,b M Ki X M 
2 4-(=0) 0 C7H7N03S3 222-223 CH3CN 64 0.07 5.5 8.6 0.85 0.363 f 

(C, H, N) 0.084 
3 4-OH 0 C7HgN03S3 168-170 CH3CN 95 0.64 4.8 9.4 3.0 2.8 f 1.2 

(C, H, N) 
4 4-OH 2 C,HgNO& 167-168 CH3CN-Et20 84 12.5 0.45 8.35 1.3 0.84 f 

(C, H, N) 0.09 
R-4 4-OH 2 C7HgNO& 170-171 CHSCN 

S-4  4-OH 2 C,HqNO.Sa 170-171 CHXN 
(C, H, N) 

' (C,  H,-N) 

(C. H. N) 
5 4-(=0) 2 C7H7NO6S3 242-243 

79 6.3 0.42 8.35 2.2 

73 6.4 0.42 8.3 0.75 

CH3CN 67 0.27 0.92 7.92 0.5 

6 4-OH 1 C,HdNOdS, 155-175 (CHs)2CHOH-CHpOH 53 12.0 0.12 8.68 10.0 

76 0.56 0.69 8.35 0.45 

12 8.2 0.36 8.6 1.0 

_ _  
' (C, H;Nj 

(C. H, N) 
8 4-H 2 C7HgNO& 199.5-200.5 CHSNOZ 

13 5-OH 2 C7HgNO& 172-176 CH30H-CHC13 
(C, H, N) 

ethoxzolamide (C) 

2-sulfamoyl-6-benzothiazolyl 2,2-dimethylpropanoate (E) 

0.024 

0.058 

0.04 

0.4 

1.54 f 
0.13 

0.67 f 0.3 

10.4 f 1.7 

0.33 f 
0.11 

0.711 f 
0.024 

0.049 f 
0.0009 

"Total solubility measured in pH 7.4 buffer at 25 OC. bpK, values were determined in 30% EtOH-H20. CAcetozolamide was utilized as 
a control for each determination shown and had an Zm value that ranged between 0.9 and 1.1 X 10" M. dInhibitor and CA were preincu- 
bated for 5 min. 

Table I1 

4 

comDd R n analysis 

partitn coeff 
(1-octanol, 

recrystn % total sol: pH 7.4 
mD, OC solvent yield mg/mL buffer) p K e b  

ZE0 X CA binding: 
M Ki X M 

15 7-(=0) 0 CTH7N03S3 

16 7-OH 0 CTHpNOaSn 
(C,H,N) 

'(C,H,N) - 
17 7-OH 2 C7HgNObS3 

213-214 CHBCN 31 0.08 8.1 8.45 

157-158 CHSCN 98 1.4 3.0 9.0 

163-165 CH30H-CHC13 49 15.0 0.26 8.34 

265-268 CH3OH-CH3CN 41 0.06 0.63 7.32 

190-200 (CH2)zCHOH- 89 7.2 0.098 8.82 

0.35 0.115 f 0.006 

2.3 1.42 f 0.17 

4.0 3.05 * 0.30 

2.2 1.41 f 0.06 

25 30.9 f 1.2 
CHSOH 

20 6-OH 2 C7HgNO& 186-188 CHBOH 46 7.3 0.2 8.52 4 1.82 f 0.56 

"Total solubility measured in pH 7.4 buffer a t  25 "C. bpK, values were determined in 30% EtOH-H20. cAcetazolamide was utilized a8 
M. dInhibitor and CA were preincu- 

(C,H,N) 

a control for each determination shown and had an Zb0 value that ranged between 0.9 and 1.1 X 
bated for 5 min. 

in the range of 1% and are capable of being formulated 
in aqueous solution for topical administration. 

Chemistry. The compounds prepared in this study, 
2-20, have been divided into two structural groups, the 
thieno[2,3-b]thiopyrans and the thieno[3,2-b]thiopyrans. 
The particular examples within these two classes are 
summarized in Tables I and 11. 

The examples in Table I are members of the 5,6-di- 
hydro-4H-thieno[2,3-b]thiopyran class. The synthesis of 

the key intermediate, ketone 1, has been described by 
Degani et al.9 and Cagniant and Cagniant.lo Reaction of 
ketone 1 with H2S04-Ac20 in CH2C12 provided the sulfonic 
acid derivative in nearly quantitative yield. Conversion 
of the sulfonic acid to the intermediate sulfonyl chloride 

(9) Degani, I.; Fochi, R.; Spunta, G. Ann. Chim. (Rome) 1968,58, 
263. 

(10) Cagniant, P.; Cagniant, D. Bull. SOC. Chin. Fr. 1966, 2172. 
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Oxone 

0 
II 

OH 
I 

9 

MEMCI/DIEA 

CH2C12 
- 

4 aqueous NH3 
5 Oxone 
6 H30' 

1 4- 10 -- 
12 

4 5 

r n S O 2 N H I  - H p -  Pd/C 

was accomplished by using PC1, in CH2C12. Subsequent 
treatment of the intermediate with aqueous NH3 gave 2 
in modest yield. Reduction of 2 with NaBH4 in absolute 
EtOH provided the alcohol 3. Oxidation of 3 with Oxone 
(2 KHSO5-KHSO4-KzSO4) gave the alcohol sulfone 4. 
Alternate procedures involving protection of ketone 1 or 
alcohol 11 as the ethylene ketal or MEM ether, respec- 
tively, proved inferior vis-&vis the approach described vide 
supra. Oxidation of 4 with Jones reagent and 3 with NaI04 
yielded the ketone sulfone 5 and the hydroxy sulfoxide 6, 
respectively. In the latter case, the sulfoxide 6 was ob- 
tained as a mixture of diastereomers, as evidenced by 
HPLC analysis. Dehydration of 4 with CF3C02H-H2S04 
yielded 7, which was hydrogenated over 10% Pd/C as 
catalyst to yield the saturated compound 8. 

The 4-hydroxy moiety of 4 was transposed to the 5- 
position, as illustrated in Scheme 11. Hydroboration of 
9 followed by oxidation with H2O2 provided a mixture of 
alcohols 10 and 11, which were inseparable by TLC. The 
formation of the 5-hydroxy isomer was evidenced in the 
NMR by a triplet a t  6 4.7 for H4 of alcohol 11 and by a 
multiplet a t  6 4.33 for H5 of alcohol 10, respectively. 
Further oxidation of the mixture with Mn02 in CHC1, 
selectively oxidized the benzylic alcohol of 11 to yield the 
ketone 1, leaving 10 essentially untouched, as evidenced 

8 2  

7 8 

Scheme I11 
DMA? OMMA 

DCC 

/ 9 0.2 N 
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chromat-----'-, 
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14 

by both TLC and lH NMR. The separation of 1 and 10 
was easily achieved by chromatography. Protection of 10 
as the MEM etherll 12 was accomplished by using (me- 
thoxyethoxy)methyl chloride with diisopropylethylamine 
in CH2C1,. Sequential treatment of 12 with n-BuLi yielded 
the 2-lithio derivative, which on reaction with SOz, then 
N-chlorosuccinimide followed by aqueous NH,, gave the 
2-sulfonamide intermediate. Without isolation, the crude 
sulfonamide was treated with Oxone and then hydrolyzed 
in acid to yield 13 in overall 12% yield. 

Since compound 4, which was one of the most potent 
carbonic anhydrase inhibitors, contained a chiral center, 
it  was of interest to resolve this compound. A successful 
approach is outlined in Scheme 111. Treatment of 4,with 
(R)-0-methylmandelic acid, (dimethy1amino)pyridine 
(DMAP), and dicyclohexylcarbodiimide (DCC) in THF 
gave the mixture of diastereomers S,R-14 and R,R-14, 
which were separated on a preparative scale by careful 
silica gel chromatography to yield first S ,R-14 followed 
by R,R-14. Mild base hydrolysis then provided pure 
samples of 5 - 4  and R-4, respectively. The absolute 
stereochemistry was assigned on the basis of lH NMR and 
X-ray crystallographic analysis of R,R-14.12 Alternatively, 
use of (-)-a-methoxy-a-(trifluoromethy1)phenylacetic acid 

(11) Corey, E. J.; Gras, J. L.; Ulrich, P. Tetrahedron Lett .  1976, 
809. 

(12) Trost, B. M.; Belletire, J. L.; Godleski, S.; McDougal, P.;k 
Balkovec, J. M.; Baldwin, J. J.; Christy, M. E.; Ponticello, G.  
S.; Varga, S. L.; Springer, J. M. J.  Org. Chem. 1986,51, 2370. 
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as a resolving agent failed to provide a diastereomeric 
mixture that could be conveniently separated by chro- 
matography. 

When the points of ring fusion between the thiophene 
and thiopyran are reversed as in the thieno[3,24]thio- 
 pyran^,^,'^ the examples 16-20 were prepared from the 
ketone 15 in essentially an analogous manner to the com- 
pounds in the thieno[2,3-b]thiopyran class. This key in- 
termediate 15 was obtained from the ethylene ketal de- 
rivative of 6,7-dihydro-5H-7-oxothieno[3,2- b] thiopyrang via 
the n-BuLi procedure described vide supra. 

Biochemistry. The in vitro evaluation of compounds 
2-20 and ethoxzolamide (C) is summarized in Tables I and 
11. The various examples were evaluated by the pH state 
assay using purified human erythrocyte carbonic anhydrase 
I1 as described in the Experimental Section. Results are 
expressed as Im values and are obtained from semilog plots 
of percent inhibition of enzyme against log concentration 
of test compound. Ki values were determined by a 
fluorescence competition assay employing the fluorescent 
CA inhibitor dan~y1amide.l~ The data were fitted by a 
nonlinear least-squares program, and all determinations 
were performed in triplicate. 
Results and Discussion 

I t  has been reported that the CA inhibitor 2- 
sulfamoyl-6-benzothiazolyl2,2-dimethylpropanoate (E)7 
is capable of lowering intraocular pressure in rabbits when 
administered as an aqueous suspension. Because of the 
potential disadvantages of suspensions as pharmaceutical 
vehicles, such as changes in particle size with time, vari- 
ability in the applied dose, lower pharmaceutical accept- 
ability, and in some cases poorer bioavailability, an in- 
vestigation was initiated to discover a CA inhibitor with 
increased water solubility vis-&vis known drugs. This 
effort has concentrated on an evaluation of the thieno- 
thiopyran sulfonamides 2-20 found in Tables I and 11. 

The interaction of these compounds with CA was de- 
termined by two methods. The first of these was a mea- 
sure of the inhibition of carbonic anhydrase I1 (CA 11) and 
is recorded as an Is0 value. The second method is a com- 
petition study based on an interaction of the test com- 
pound and dansylamide for binding to CA 11. The com- 
parison of in vitro inhibition (Im) and binding (KJ values 
of the examples studied (Table I and 11) demonstrates a 
close agreement between the two assays, with a correlation 
coefficient of 0.9945. 

For CA inhibitory activity within these series, the 
thieno[2,3-b] thiopyrans were slightly more potent inhib- 
itors than the corresponding thieno[3,2-b]thiopyrans. The 
only exceptions are compounds 3 and 16, which exhibit 
essentially the same level of inhibitory potency. In both 
ring systems, the sulfoxides 6 and 19 show markedly re- 
duced activity from their corresponding sulfides 2, 3, 15, 
and 16 and sulfones 4,5, 17, and 18. The oxidation state 
of the C-4 or C-7 oxygen is also important for CA activity, 
with the ketone possessing an Ih0 half that of the alcohol 
(5 vs. 4 and 18 vs. 17, respectively). In contrast, little or 
no difference between the transposed alcohols, 4 VS. 13, 
17 vs. 20, respectively, was observed in these series. 

The water solubility was influenced by several factors: 
(a) presence and position of a hydroxyl group, (b) oxidation 
state of the sulfur atom, and (c) chirality of the hydroxyl 
substituent. Replacement of the 4-hydrogen of 8 by a 
hydroxyl moiety as in 4 has a significant effect on water 
solubility; for example, a solubility of 0.56 mg/mL for 8 
compares with 12.5 mg/mL for 4, respectively. Transpo- 

(13) Chen, R. F.; Kernohan, J. C. J. Bid.  Chem. 1967,242, 5813. 
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sition of the hydroxyl group from the 4- to the 5-position 
and from the 7- to the 6-position attenuates water solu- 
bility (4 vs. 13 and 17 VI. 20, respectively). In compounds 
containing a hydroxyl substituent, the sulfone derivative 
4 and 17 have higher aqueous solubility than the corre- 
sponding sulfides 3 and 16 and the sulfoxides 6 and 19. 
The des-hydroxyl derivative 8 and the ketones 2,5, 15, and 
16 are among the least soluble members of these series; 
however, they are among the most potent inhibitors of CA. 

For the first time, a chiral preference for CA was dem- 
onstrated by a comparison of the enantiomers R - 4  and 
5-4. The results showed that the S isomer was favored 
over the R enantiomer by a factor of 3. Interestingly, the 
water solubility of the enantiomers R - 4  and 5 - 4  was half 
that of the racemate 4. 

The application of quantitative structure-activity rela- 
tionships to these classes of carbonic anhydrase inhibitors 
is certainly desirable in view of the successful applications 
of this technique to benzene~ulfonamides.~~-~~ The re- 
stricted size of the set of compounds in the present study, 
however, precludes more than very preliminary analyses 
of this sort. Multiple regression was used to fit log P and 
pKa to equations of the form 

pY = A(1og P) + BpKa + C 
In this equation pY represents -log (Ijo) or -log (Ki) and 
the concentration units are 1 X M. The two enan- 
tiomers of compound 4 were not included in this study. 

For both the inhibition and binding data, log P was 
found to enter the above equation in a statistically sig- 
nificant manner, p < 0.02, while the contribution of pKa 
was marginal, 0.05 < p < 0.10. The resulting equations 
are 

~ 1 5 0  = (0.61 f 0.17) log P - (0.49 f 0.22)pKa + 3.928 
n = 13, r = 0.775, s = 0.469, F,,,, = 7.52 

n = 12, r = 0.792, s = 0.447, F2,9 = 7.57 
These results suggest that an increase in log P and a 

decrease in pKa promote the binding and inhibitory po- 
tency of these compounds. 

In summary, compounds 4 and 17 appear to adequately 
combine both water solubility and CAI activity. These 
features render 4 and 17 worthy candidates for further 
evaluation as antiglaucoma agents. 
Experimental Section 

'H NMR spectra were determined in the indicated solvent on 
a Varian T-60, XL-300 or a GE-NMR NT360 spectrometer with 
tetramethylsilane as an internal standard. Optical rotation 
measurements were obtained on a Perkin-Elmer 141 polarimeter. 
Melting points were determined on a Thomas-Hoover apparatus, 
in open capillary tubes, and are uncorrected. Microanalyses are 
within 0.4% of theoretical values when indicated by symbols of 
the elements. Silica gel 60 (E. Merck, Darmstadt) was used for 
column chromatography, 230-430 mesh for Still columns and 
70-230 mesh for gravity columns. Organic solutions were dried 
over MgS04 and filtered, and the filtrates were concentrated to 
dryness on a Buchi rotary evaporator under water-aspirator 
pressure (20 mm). 

5,6-Dihydro-4H-4-oxothieno[2,3-b lthiopyran-2-sulfon- 
amide (2). To a stirred solution of 1 (85.1 g, 0.5 mol) in CHzClz 
(800 mL) a t  -10 "C was added in one portion AczO (143.8 mL, 
1.5 mol) followed by concentrated HzS04 (30.7 mL, 0.55 mol) 

(14) Kakeya, N.; Yata, N.; Kamada, A.; Aoki, M. Chem. Pharm. 

(15) Kakeya, N.; Yata, N.; Kamada, A.; Masaru, A. Chem. Pharm. 

(16) Hansch, C.; McClarin, J.; Klein, T.; Langridge, R. Mol. Phar- 

pKi = (0.76 f 0.21) log P - (0.56 f 0.28)pKa + 4.742 

Bull. 1969, 17, 2000. 

Bull. 1969, 17, 2558. 

macol. 1985,27, 493. 
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added dropwise over 10 min. The mixture was stirred a t  10-15 
"C for 0.5 h and then filtered. The olive green, hydroscopic solid 
was washed with Et20 and dried immediately in vacuo to yield 
120.9 g (96.6%) of the sulfonic acid intermediate. The compound 
(120.9 g, 0.483 mol) was suspended in CHzClz (800 mL) and stirred 
at  0-4 "C while PC1, (140.8 g, 0.68 mol) was added in one portion. 
The cooling bath was removed, and the mixture was stirred for 
1.5 h as the temperature rose to  ambient tempekature. The 
resulting dark maroon solution was added to ice (400 mL). The 
CHzClz layer was separated, and the aqueous layer was extracted 
with CHzClz (3X). The combined organic layers were washed with 
saturated NaCl and filtered through activated carbon on top of 
a pad of Super-Cel, and the amber filtrate was dried, filtered, and 
concentrated to  dryness to yield 129 g (99%) of the sulfonyl 
chloride intermediate as a pale grayish-green solid. This com- 
pound (129 g, 0.48 mol) was dissolved in acetone (400 mL) with 
warming and added to  concentrated NH40H (300 mL) a t  -30 OC 
with rapid stirring over a 20-min period. The mixture was stirred 
at 0 "C for an additional 15 min and was concentrated to remove 
the acetone. The remaining yellow suspension was filtered, and 
the solid was washed with cold H20 and dried overnight a t  100 
"C to yield 99 g of 2. 
5,6-Dihydro-4H-4-hydroxythieno[2,3- b lthiopyran-2- 

sulfonamide (3). To a mixture of 2 (50 g, 0.2 mol) in absolute 
EtOH (2 L) was added with stirring NaBH4 (10 g, 0.26 mol). After 
the reaction mixture was heated at reflux for 20 min, the sus- 
pension was cooled and the solvent was removed under reduced 
pressure. Water was added to the residue and the p H  adjusted 
to 8.5 with 6 N HC1. The mixture was extracted with EtOAc (3X), 
and the organic extracts were dried, filtered, and concentrated 
to dryness to yield 47.9 g of 3. 
5,6-Dihydro-4H-4-hydroxythieno[2,3-b lthiopyran-2- 

sulfonamide 7,7-Dioxide (4). To a suspension of 3 (50 g, 0.19 
mol) in CH30H (650 mL) was added dropwise a solution of Oxone 
(184 g, 0.3 mol) in H 2 0  (1 L). After a slight exotherm (25-45 "C), 
the reaction was stirred at room temperature for 3 h, and then 
the CH30H was removed under reduced pressure. The aqueous 
layer was extracted with EtOAc (6X). The organic extracts were 
dried, filtered, and concentrated to  dryness. The residue was 
triturated with Et20,  and the solid was filtered to  yield 47.3 g of 
4. 

5,6-Dihydro-4H-4-[ 2-methoxy-2-phenylacetoxy]thieno- 
[2,3-b]thiopyran-2-sulfonamide 7,7-Dioxide (S,R-14 and 
R,R-14). (Dimethy1amino)pyridine (320 mg, 2.6 mmol), 4 (4.95 
g, 17.5 mmol), and (R)-0-methylmandelic acid (4.4 g, 26.3 mmol) 
were dissolved in THF (100 mL). Dicyclohexylcarbodiimide (5.4 
g, 26.3 mmol) was added, and the mixture was stirred at ambient 
temperature overnight. Dicyclohexylurea was removed by fil- 
tration and washed with THF. The filtrate and wash were com- 
bined and concentrated to dryness, and the residue was chro- 
matographed on silica gel 60. The products were eluted with 
EtOAc-hexane (1:l) to yield 1.7 g of S,R-14 and 1.4 g of R,R-14, 
respectively. Recrystallization of these products from THF- 
hexane yielded S S - 1 4  (mp 16Ck161 "C) and R,R-14 (mp 173-174 
"C), respectively: [.]"D -33.1 (c  1, THF) for S,R-14 and +6.4 
(c 1, THF) for R,R-14. The full absolute stereochemistry of 
R ,R -14 was determined by X-ray crystallography.12 

(R)-5,6-Dihydro-4H-4-hydroxythieno[2,3-b It hiopyran-2- 
sulfonamide 7,7-Dioxide (4). A mixture of R,R-14 (6.0 g, 13.9 
mmol) and 0.2 N NaOH (290 mL) was stirred a t  ambient tem- 
perature for 1 h. The pH of the solution was adjusted to  7.0 with 
3 N HC1, and the mixture was extracted with EtOAc (3X). The 
extracts were combined and concentrated to  dryness, and the 
residue was crystallized from CH3CN to yield 3.1 g of R - 4  [.I2'D 

(S )-5,6-Dihydro-4H-4-hydroxyt hieno[ 2,3- b lthiopyran-2- 
sulfonamide 7,7-Dioxide (4). The S isomer was prepared in 
an analogous manner from S,R-14  [aI2OD +16.0 (c 1, CH,OH). 
5,6-Dihydro-4H-4-oxothieno[2,3- b ]thiopyran-2-sulfon- 

amide 7,7-Dioxide (5). To a solution of 4 (0.6 g, 2.1 mmol) in 
acetone (20 mL) was added Jones reagent (1 mL), and the mixture 
was stirred at  ambient temperature for 10 min. After the mixture 
was poured into HzO, the aqueous phase was extracted with 
EtOAc (3X), and the organic extracts were washed with saturated 
NaHC03, dried, filtered, and concentrated to dryness to yield 0.4 
g of 5. 

-16.0 (C 1, CHSOH). 
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5,6-Dihydro-4 H -4- hydroxyt hieno[ 2,3- b It hiopyran-2- 
sulfonamide 7-Oxide (6). To a solution of NaI04 (1.6 g, 7.7 
mmol) in H 2 0  (40 mL) was added dropwise a t  ambient tem- 
perature a solution of 4 (1.6 g, 6.4 mmol) in CHBOH (100 mL). 
After the mixture was stirred overnight a t  ambient temperature, 
it  was filtered, the solid residue was washed with CH30H, and 
the combined organic extracts were concentrated to dryness. The 
residue was treated with silica gel 60 and dry packed on a column 
of silica gel 60. The column was eluted with 20% CH30H-CHC13 
to yield 0.9 g of 6 as a mixture of diastereomers by HPLC (64% 
a and 34% p). 

5,6-Dihydro-4H-thieno[ 2,3- b ]thiopyran-2-sulfonamide 
7,7-Dioxide (8). Preparation of GH-Thieno[Z,t-b]thio- 
pyran-2-sulfonamide 7,7-Dioxide (7). A mixture of 4 (0.9 g, 
0.003 mol), concentrated H@04 (3 mL), and CF3COzH (20 mL) 
was heated with stirring a t  50 "C for 20 h. After removal of the 
CF3C02H under reduced pressure, the residue was dissolved in 
EtOAc (25 mL) and the solution was washed with H 2 0  (2X), 
saturated NaHC03 (2X), and H 2 0  (2X). The organic extracts were 
dried, filtered, and concentrated to dryness to yield 0.74 g (90%) 
of 7: mp 214.5-216 "C (CH,NOz). Anal. (C7H,N04S3) C, H, N. 

A solution of 7 (3.05 g, 0.011 mol) in absolute EtOH (130 mL) 
and CH30H (20 mL) was hydrogenated on a Parr apparatus a t  
40 psi with 5% Pd/C (250 mg) a t  ambient temperature. After 
15 min, 10% Pd/C was added, followed by another addition after 
30 min. After 16 h, the catalyst was filtered under Nz and the 
filtrate concentrated to dryness. The residue was dissolved in 
absolute EtOH (100 mL) and CH30H (50 mL) and hydrogenated 
at 50 psi with 10% Pd/C (500 mg) for 16 h. The catalyst was 
filtered under N2, and the filtrate was concentrated to dryness. 
The residue was chromatographed on silica gel, and the product 
was eluted with 10% CH30H-CHC13 to yield 2.3 g of 8. 

5,6-Dihydro-4H-5-hydroxythieno[ 2,341 It hiopyran-2- 
sulfonamide 7,7-Dioxide (13). Preparation of 5,6-Dihydro- 
4H-thien0[2,3-b]thiopyran-5-01 (10). To a solution of 9 (4.35 
g, 0.028 mol) in THF (90 mL) under N2 was added at  room 
temperature with stirring a solution of 1 M BH3 in THF (60 mL, 
60 mmol). After 18 h, H 2 0  (4.35 mL) was added dropwise, then 
3 N NaOH (11 mL, 0.033 mol) and 30% H202 (3.2 mL, 0.028 mol). 
After 2 h, the mixture was poured into H 2 0  and extracted with 
EtOAc (3X). The organic extracts were washed with saturated 
NaC1, dried, filtered, and concentrated to dryness to yield a 
mixture of 10 and 11. The residue was treated with CHC13 (150 
mL) and MnOz (26 g), and the mixture was stirred a t  room 
temperature overnight. The dark suspension was then filtered 
through a Super-Cel pad, and the filtrate was concentrated to  
dryness. The residue was chromatographed on silica gel eluting 
with 15% EtOAc-hexane (v/v) to yield 1.0 g of I and then 1.5 

Preparation of 5,6-Dihydro-4H-5-[(2-methoxyethoxy)- 
methoxy]thieno[2,3-b]thiopyran (12). To a solution of 10 (4.0 
g, 0.023 mol), CH2Clz (55 mL), and diisopropylethylamine (4.6 
g, 0.036 mol) was added, under N2, dropwise, (2-methoxyeth- 
oxy)methyl chloride (4.3 g, 0.034 mol). After 3 days, the reaction 
mixture was poured into CH2C12 (200 mL) and the mixture was 
washed with cold 1 N HCl(2X). The aqueous phase was back- 
washed with CH2C12. The organic extracts were washed with 
saturated NaHC03 solution, dried, filtered, and concentrated to 
dryness to yield 5.85 g (97.5%) of 12. 

TO a solution of 12 (5.85 g, 0.023 mol) in THF (100 mL) under 
N2 was added 1.6 M n-butyllithium in hexane (17 mL, 0.027 mol) 
a t  -78 "C. After the mixture was stirred for 0.5 h, SOz gas was 
passed over the surface for 45 min a t  -78 "C, and then Et20  (800 
mL) was added and the mixture was stirred for 1 h a t  ambient 
temperature. The suspension was concentrated to dryness, and 
the residue was treated with saturated NaHC03 solution (100 mL), 
cooled in an ice bath with stirring, and treated with N-chloro- 
succinimide (3.3 g, 0.025 mol). After the solution was stirred a t  
ambient temperature for 15 min, it was extracted with EtOAc 
(2X). The organic extracts were dried, filtered, and concentrated 
to dryness. The residue was dissolved in acetone (50 mL) and 
added to  concentrated aqueous NH3 (50 mL). The acetone was 
removed under reduced pressure, and the aqueous layer was 
extracted with EtOAc (2X). The organic extracts were dried, 
filtered, and concentrated to dryness to yield 8.0 g (100%) of crude 
sulfonamide intermediate. 

g of 10 (31%). 
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To a solution of sulfonamide intermediate (8.0 g, 0.0225 mol) 
in CH30H (150 mL) was added with stirring at  room temperature 
a solution of Oxone (18 g, 0.029 mol) in H20 (150 mL). After 2 
days, the suspension was filtered and the solid washed with 
CH30H. The CH30H was removed under reduced pressure from 
the filtrate, and the aqueous layer was extracted with EtOAc ( 3 ~ ) .  
The organic extracts were dried, filtered, and concentrated to 
dryness to  yield 8.6 g of crude product. The residue was dry 
packed on silica gel, chromatographed on silica gel, and eluted 
with 5% CH30H-CHCl, (v/v) to yield 2.8 g of crude (2-meth- 
oxyethoxy)methyl ether of the product. The ether (2.8 g) was 
dissolved in CH30H (50 mL) and treated with a cooled solution 
of H2S04 (50 mL) and H20 (50 mL). After the solution was stirred 
for 0.5 h at room temperature, it was poured into H20 and ex- 
tracted with EtOAc (5X). The organic extracts were washed with 
saturated NaHCO, solution and saturated NaCl solution, dried, 
filtered, and concentrated to dryness. A total of 3.0 g of crude 
product was obtained. This material was then treated with Mn02 
(10 g), Oxone (5.0 g), and acetone (100 mL), and the mixture was 
stirred a t  room temperature overnight. After 18 h, the mixture 
was fiitered through Super-Cel, the pad was washed with acetone, 
and the filtrate was concentrated to dryness. The residue was 
dry packed on silica gel and chromatographed on silica gel by 
eluting with 5% CH30H-CHC13 (v/v) to yield 0.75 g of 13. 
6,7-Dihydro-5H-7-oxothieno[ 3,2-b lthiopyran-2-sulfon- 

amide (15). A solution of 6,7-dihydro-5H-7-oxothieno[3,2-b]- 
thiopyran (5.0 g, 0.029 mol), benzene (75 mL), ethylene glycol (7.5 
mL), and p-toluenesulfonic acid (0.3 g) was heated at  reflux with 
a Dean-Stark trap for removal of H20. After 4 days, the solution 
was cooled, washed with saturated NaHC03, and separated. The 
aqueous phase was further extracted with CH2C12 (2X), and the 
combined organic extracts were dried, filtered, and concentrated 
to dryness. The residue was chromatographed on activity 2 
alumina and the product eluted with 10% EtOAc-hexane to yield 
3.95 g (63%) of ketal. Utilizing the same procedure described 
for the preparation of 13 and using the ketal (vide supra) in place 
of 12 gave the ketal sulfonamide, which on hydrolysis in acetone 
1 N HCl provided 15. 
6,7-Dihydro-5H-7-hydroxyt hieno[ 3,241 lthiopyran-2- 

sulfonamide (16). Utilizing the same procedure described for 
the preparation of 3 and using 15 in place of 2 provided 16. 
6,7-Dihydro-5H-7-hydroxythieno[3,2-b lthiopyran-2- 

sulfonamide 4,4-Dioxide (17). A solution of 16 (2.65 g, 0.01 mol), 
AcOH (27 mL), and 30% HzOz (2.7 mL, 0.24 mol) was heated at  
100 "C for 1 h. After cooling, the solution was dry packed on silica 
gel and placed on a column of silica gel, and the product was eluted 
with 7.5% CH30H-CHCl, to yield 1.4 g of 17. 
6,7-Dihydro-5H-7-oxothieno[3,2-b lthiopyran-2-sulfon- 

amide 4,4-Dioxide (18). To a solution of 16 (2.0 g, 8 mmol) in 
CH,OH (100 mL) was added dropwise at ambient temperature 
a solution of 3-chloroperbenzoic acid (4.0 g, 20 mmol) in CHCl, 
(100 mL). After the mixture was stirred overnight, it  was con- 
centrated to dryness. The residue was treated with acetone (75 
mL) and Jones reagent (6 mL). After 15 min, H 2 0  was added 
and the mixture was extracted with EtOAc (4X). The organic 
extracts were dried, filtered, and concentrated to dryness. The 
residue was dry packed on activity 5 alumina and placed on a 
column of activity 2 alumina, and the product was eluted with 
20-70% CH30H-CHCI, to yield 0.9 g of 18. 

6,7-Dihydro-5H-7-hydroxythieno[3,2-b lthiopyran-2- 
sulfonamide 4-Oxide (19). Utilizing the same procedure de- 
scribed for the preparation of 6 and using 16 in place of 3 provided 
19. 

6,7-Dihydro-5H-6-hydroxyt hieno[ 3,2-b lthiopyran-2- 
sulfonamide 4,4-Dioxide (20). Utilizing the same procedure 
described for the preparation of 13 and using 5H-thieno[3,2-b]- 
thiopyrans in place of 9 provided 20. 

HzO Solubility. A standard solution was prepared by dis- 
solving 1 mg of sample in 10 mL of CH30H. The standard solution 
was scanned by UV (Acta M VI Beckman spectrophotometer) 
to determine the wavelength of maximum absorbance, diluting 
as necessary. A saturated solution was prepared by stirring 
magnetically a small volume of p H  7.4 phosphate buffer 0.039 
M (-500 hL) in the presence of excess compound. The saturated 
solution was checked every 30 min and additional compound 
added if necessary to maintain saturation. After 4 h, the solution 

Ponticello et al. 

was filtered to  remove excess compound, using HA 0.45 hrn 
Millipore filters. The saturated solution was diluted to a t  least 
3 mL and then scanned by UV a t  the wavelength of maximum 
absorbance. Total solubility was then determined by the rela- 
tionship C'= A'C/A where C = concentration of saturated solution 
in milligrams/milliliter, A = absorbance of the standard solution 
(correcting for any dilutions), A' = absorbance of the saturated 
solution (correcting for any dilutions), and C' = concentration 
of saturated solution in milligrams/milliliter. 

pK,. The half-neutralization point was measured bX titrating 
the organic acids and bases with 0.5 N NaOH and 0.5 N HCl in 
H 2 0  and mixed solvents, using a glass-columned electrode system. 
All of the compounds were run in 30% EtOH-H,O. 

Partition Coefficients. Partition coefficients were obtained 
by equilibrating the test compound between octanol and 0.1- 
ionic-strength p H  7.4 phosphate buffer. The concentration in 
each phase was determined by UV spectrophotometry. 

In Vitro Inhibition of Human Carbonic Anhydrase 11. 
Human erythrocyte CA I1 was isolated from lysed red blood cells 
by the following affinity chromatography procedure. Citrated 
human blood (500 mL) was centrifuged a t  5000g for 10 min a t  
4 "C and the resultant plasma decanted. Red blood cells were 
washed with cold 0.9% NaCl and then centrifuged. The super- 
natant was discarded and the process of washing and centrifu- 
gation repeated. Cell lysis was achieved at  4 "C by adding an equal 
volume of cold water, and cellular debris was removed by cen- 
trifugation. Lysed human red blood cells (80 mL) were diluted 
5-fold with 0.05 M Tris-sulfate buffer, pH 8.8, and poured onto 
a 0.9 X 8 cm (4-(aminomethyl)benzenesulfonamide-CM agarose) 
affinity chromatography gel column. Chromatography was carried 
out a t  4 "C, and fractions were monitored by determining optical 
density a t  280 nm with an LKB Uvicord 111. 

The column was eluted with 0.2 M sodium sulfate in 0.1 M 
Tris-sulfate buffered at  pH 8.8 to remove all hemoglobin and other 
proteins not specifically bound. Low-activity carbonic anhydrase 
I was eluted as a single peak with 0.6 M potassium chloride in 
0.1 M potassium phosphate buffer (pH 7.2). Elution was con- 
tinued until the optical density at 280 nm was less than 0.1. Highly 
purified carbonic anhydrase I1 was eluted with 0.6 M potassium 
chloride in 0.1 M potassium phosphate buffer (pH 5.2). Carbonic 
anhydrase I1 purity was assessed by disc gel and starch gel 
electrophoresis. The gels were stained for protein with Coomassie 
Blue, and carbonic anhydrase I1 bands were visualized by 
fluorescein diacetate staining. The enzyme solution was desalted 
and concentrated to 1 mg of protein/mL of 0.1 M phosphate, pH 
7.2, on an Amicon UM-10 Ultrafiltration membrane and stored 
a t  2-5 "C. 

Inhibition of the purified human erythrocyte carbonic anhy- 
drase I1 was assessed by using a pH stat assay. This assay 
measures the rate of hydration of CO2l7 by determining the rate 
a t  which a standard solution of NaOH has to be added to a lightly 
buffered solution to maintain a constant pH as C02 is bubbled 
into the buffer. Enzymatic activity is proportional to the volume 
of a standard NaOH solution that is required to maintain the pH 
at  a given value, e.g., 8.3. To 4 mL of 0.02 M Tris-chloride buffer, 
pH 8.6, in a 5-mL Radiometer V531 jacketed assay vessel 
equilibrated a t  2 "C was added buffer-diluted enzyme (25 1L). 
C02-air (5:95) was bubbled into the assay vessel a t  a rate of 150 
mL/min. The pH stat end point was set at pH 8.3, and the volume 
of 0.025 N NaOH added over a 3-min period in order to maintain 
p H  8.3 was measured. Enzyme inhibition was measured by the 
addition of an inhibitor in 0.1 mL to 3.9 mL of buffer followed 
by the addition of enzyme and titration with NaOH. Results were 
expressed as the Im values, which were obtained from semilog plots 
of percent inhibition against log concentration. 

In Vitro Binding for Human Carbonic Anhydrase 11. The 
binding of test compounds to purified human erythrocyte carbonic 
anhydrase I1 was determined by a fluorescence competition assay 
employing the fluorescent CA inhibitor dansylamide. This com- 
pound has been shown to produce a large increase in fluorescence 
upon binding to the active site of carbonic anhydrases1, A 
fluorescence cuvette containing 1 X M human CA I1 (HCA 

(17) Leibman, K. C.; Alford, D.; Boudet, R. A. J. Pharmacol. Exp.  
Ther. 1961, 131, 271. 
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11) and 2 X M dansylamide in pH 7.4, 0.1 ionic strength 
phosphate buffer was placed in the thermostated cell holder of 
a Perkin-Elmer MPF-44B fluorescence spectrophotometer. The 
temperature was maintained at  37 "C by using a constant-tem- 
perature water circulator. The excitation and emission wave- 
lengths were set a t  280 and 460 nm, respectively. Fluorescence 
intensities were recorded following addition, with stirring, of small, 
measured aliquots of a solution of the test compound in pH 7.4 
buffer. The resulting data were converted to fluorescence intensity 
vs. compound concentration, corrected for dilution by the titrant, 
and fitted by nonlinear least squares to a model in which the 
compound and dansylamide compete for a single binding site on 
HCA 11. The dissociation constant of the dansylamide-HCA I1 
complex, which is needed for these calculations, was found to be 
1.98 X 10* M under these conditions. I t  was found in all cases 
that the data fitted well to a single-site model. There was no 
evidence for additional, lower-affinity binding sites. All binding 
determinations were done a minimum of three times. 
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Examples of a new class of alkylating agents, selenium mustards, were prepared for study of their chemical kinetic 
properties and cytotoxicities against human lymphoblastoid CCRF-CEM cells. In a series of para-substituted aryl 
2-chloroethyl selenides, a linear free energy relationship between the first-order rate constant, k ',,bp and up gave a 
p value of -1.3, indicating that formation of a cyclic ethylene selenonium ion is the rate-controlling step for alkylation 
of 4-(4-nitrobenzyl)pyridine (NBP). Consistent with the ethyleneselenonium ion pathway, rates of solvolyses were 
extremely sensitive to increasing water content, and a positive correlation was found between reactivity with NBP 
and nucleophilic selectivity (Swain-Scott s constant). The s constant, which predicts for variation in intracellular 
product spread, varied from 0.53 up to 0.95, equal to aliphatic nitrogen mustards. Alkylating activities based on 
extent of NBP alkylation, however, showed relatively low values, 8-23% of that of mechlorethamine, possibly due 
to hydrolysis occurring by a separate pathway from nucleophilic substitution. Reactivities and nucleophilic selectivities 
both showed positive correlations with cytotoxicities, suggesting that the rate and extent of alkylation of relatively 
strong nucleophilic centers mediate the biologic effects of these compounds. Two bifunctional selenium mustards 
were substantially more cytotoxic than monofunctional aromatic selenides. No additional cytotoxicity due to the 
selenium atom was observed, with the exception of diselenide (-Sese-) compounds. Thus, selenium alkylating agents 
kinetically and biologically resemble classical, mustard-type alkylating agents. 

Discovery of the antitumor properties of mechloretha- 
mine hydrochloride led to the synthesis of thousands1 of 
(2-haloethyl)imonium, aziridine, (2-haloethyl)sulfonium, 
and oxygen analogues by the early 1960s and to the de- 
velopment of alkylating agents as an established class of 
cancer chemotherapy agents. Classical alkylating agents 
may be defied as compounds that in protic media undergo 
aliphatic nucleophilic substitution reactions at  saturated, 
sp3 carbon bearing an acidic leaving group. Ligand sub- 
stitution reactions of platinum salts follow a similar nu- 
cleophilic reactivity ordera2 Although the synthesis of 
bis(2-chloroethyl) selenide was first described in 1920: the 
antitumor potential of 2-haloethyl selenides has not been 
discussed in the literature until the present paper. This 
is surprising, given the antitumor activities of selenium 

(1) Bratzel, R. P.; Goodridge, J. H.; Huntress, W. T. Cancer 
Chemother. Rep. 1963, 26, 1. 

(2) Pearson, R. G.; Sobel, H.; Songstad, J. J. Am. Chem. SOC. 1968, 

(3) Bausor, H. W.; Gibson, C. S.; Pope, W. J. J. Chem. SOC. 1920, 
90, 319. 
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antimetabolites? the anticarcinogenic effect of dietary 
~ e l e n i u m , ~  and the important role of selenium in gluta- 
thione metabolism.6 

Our own interest in 2-haloethyl selenides was prompted 
by theoretical considerations of alkylating agent nucleo- 
philic selectivity. High nucleophilic selectivity in an al- 
kylating agent, represented by the s constant of Swain and 
Scott,' should increase alkylation of the N-7 position of 
guanine of DNA8 and other moderately strong intracellular 
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(7) Swain, C. G.; Scott, C. B. J .  Am. Chem. SOC. 1953, 75, 141. 
(8) (a) Spears, C. P. Mol. Pharmacol. 1981,19,496. (b) Peterson, 

A. R.; Peterson, H.; Spears, C. P. Cancer Res. 1981,14, 3095. 

0 1987 American Chemical Society 


