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ABSTRACT

PART I. SYNTHESIS AND STUDY OF CYCLIC SULFAMATES.
PART II. INVESTIGATION OF ENDOCYCLIC NUCLEOPHILIC
SUBSTITUTION AT TETRACOORDINATE SULFUR (VI)

by

Martin G. Kociolek
University of New Hampshire, September, 1995

Part I. 5-Nitro-N -(p-toluenesulfonyl)-1,2,3-benzoxathiazole-2,2-dioxide was
synthesized and reacted with various nucleophiles. Nitrogen nucleophiles
attacked the exocyclic sulfur atom resulting in cleavage of the tosyl group.
This is due in part to the acidity of the parent benzoxathiazole ring. A series
of substituted N -H-1,2,3-benzoxathiazole-2,2-dioxides were synthesized and
their pK, values were determined. Anab initio study was also undertaken
on a simple sulfamate model in order to determine the origin of the
increased acidity of the cyclic sulfamates, compared to their acyclic analogues.
It was determined that the increased acidity was directly affected by the
conformation of the neighboring heteroatoms. This is primarily due to
heteratom-sulfur delocalization. Investigations of the role of d-orbitals on
the stabilization of the system were inconclusive. An ab initio study of the
increased acidity of the cyclic compounds compared to their acyclic analogues
of sulfamide, methyl sulfonamide and vinyl sulfonamide was undertaken.
The sulfamide and methyl sulfonamide models gave results consistent with

experimental results, the former showing an increased acidity, the latter

XVvii
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showing no change in acidity. Vinyl sulfonamide gave results contrary to
those observed experimentally. The calculation suggested no increase in
acidity, although one is observed experimentally.

Part II. The syﬁthesis was undertaken of several compounds capable of
endocyclic nucleophilic substitution through a five-membered intermediate
or transition state. The synthesis of two amino alcohols was unsuccessful. N-
methyl-N-p-toluenesulfonyl-2-phenyl-ethylenediamine was synthesized and
treated with n-butyllithium and lithium diisopropylamide. In each case, the
anticipated rearrangement product was not observed. N-p-toluenesulfonyl-
1,8-naphthosultam was also synthesized and treated with n-butyllithium and
lithium diisopropylamide. The former resulted in nucleophilic attack of the
base and ring opening. The latter resulted in an elimination-addition
reaction yielding an undesired sultam. N-2-bromobenzyl-1,8-naphthosultam
was also synthesized and treated with n-butyllithium. The sultam rearranged
to a thiazocine through an endocyclic nucleophilic substitution, presumably
by way of a five-membered intermediate or transition state, thus providing

the first example of a rearrangement through this intermediate.

XViii
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PART I

SYNTHESIS AND STUDY OF CYCLIC SULFAMATES.
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Historical

Cyclic_sulfamates.

The differences in reactivity toward nucleophiles of cyclic sulfur (IV) and
sulfur (VI) esters and amides compared to their acyclic analogues has been the
topic of some interestla-f, particularly stimulated by the work of Kaiser2.

Kaiser showed that some cyclic sulfur (VI) compounds reacted faster than
their acyclic analogues. o-Phenylene sulfate (1) was shown to hydrolyze 2 x
107 faster in base than diphenyl sulfate (2). Similarly, sulfonate 3 was shown
to react 7 x 10 6 faster than its acyclic counterpart (4). In addition, the six-
membered cyclic sulfonate 5 was shown to react 104 times less rapidly than

the five-membered compound.
o, 0. -0
O
1 2 ©\/\
.0
S
,50, 0, 5

@)

3 4

Figure 1. Cylic sulfur esters studied by Kaiser and coworkers.

These results lead to an order of reactivity: five-membered ring >> six-
membered ring > open chain analogue. The driving force for the rapid ring

opening of the five-membered heterocycles has been shown by

2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



thermochemical measurements to be relief of ring strain. The structure of 1
was determined by x-ray crystallography and it was found that all of the bond
angles and distances in the five-membered ring showed evidence of ring

strain 3.

2_0
\ -C-Cp-O-  111.6°
,50; -C-O-5-  108.6°
o -0-8-0- 97.1°

Figure 2. Experimentally determined bond angles in catechol sulfate.

The results for the cyclic sulfates and sulfonates are analogous to those
previously observed for structurally similar cyclic phosphates and
phosphonates, which also undergo basic hydrolysis very rapidly compared to
their acyclic counterparts4a-f. This increase in reactivity, however, is not
observed in all sulfur (VI)5a-b or sulfur (IV)6a-b compounds.

As part of a study of nucleophilic substitution at tetracoordinate sulfur by
Chumpradit’, the first example of the 1,2,3-benzoxathiazole-2,2-dioxide (6)

system was synthesized and reacted with phenyllithium.

O, V/‘\ ‘PR endocyclic
SO attack (not observed)
N

1 "Ph exocyclic
Tol attack
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It was initially believed that the nucleophile would attack the endocyclic
ring sulfur and cleave either the N-S or O-S bond of the five-membered ring,
this being analogous to Kaiser's saponification studies of cyclic sulfates and
sulfonates. The results, however, were contrary to this expectation. The
nucleophile attacked the exocyclic tosyl sulfur atom and cleaved the exocyclic
N-S bond.

These results led to the study, by Andersen® and co-workers, of the
reactions of a series of substituted cyclic sulfamates of this type with hydroxide
ion, as well as the reaction of 6 with other nucleophiles.

The synthesis of the cyclic sulfamate 6 was accomplished in two ways as

shown in Scheme 1.
OH OH
Pyr., TosCl
3 m-CPBA
NH, NH

Scheme 1. Synthesis of cyclic sulfamate 6.

Capuano? and co-workers reported the preparation of 8 by the reaction of
7 with thionyl chloride. Chumpradit was then able to synthesize 6 by
oxidizing 8 with m -chloroperbenzoic acid. Later, Chumpradit prepared 6 by

the direct reaction of 7 with freshly distilled sulfuryl chloride. Direct
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attempts to prepare a cyclic sulfamate from 0-aminophenol and either thiony!l
chloride or sulfuryl chloride were unsuccessful; only unreacted starting
material was recovered. The structure of cyclic sulfamate 6 was confirmed by
single-crystal x-ray analysis!0. Similar to Kaiser's catechol sulfate, the cyclic

sulfamate showed bond angles indicative of strain in the five-membered ring,

Tos

Figure 3. Experimentally determined bond angles in cyclic sulfamate 6.

When cyclic sulfamate 6 was treated with aqueous NaOH, it was shown to
give the ring-opened product resulting from nucleophilic attack at the ring
sulfur atom, this being analogous to the results observed by Kaiser for the
sulfates. In order to determine which bond, O-S or N-S, was Cleaving during
ring opening, the UV spectrum of 6 in aqueous hydroxide was compared to
the spectra of model compounds 9 and 10 in aqueous hydroxide. The
spectrum of the hydrolysis product most closely resembled that of 10,
indicating that ring opening must proceed by way of N-§ bond cleavage to

11.

Ej: OH ED: OMe C[ 0OSO;Na
II\IMe II\IH II\IN a

9 Tos 10 Tos 11 Tos
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Clark was able to use the same synthetic procedure to prepare a series of 5-
substituted cyclic sulfamates from the appropriately substituted amino

phenols and sulfuryl chloridell.

Me
Cl
t-Bu
Acyl
Br
NG,

Jle)

Tos

= ~
Z_ 0

=a 0o N ge o
T

Z TOTOTOTT T T

O,

The rates of the base induced hydrolysis of the series of 5-substituted cyclic
sulfamates (6a-g) were measured in acetonitrile. The cyclic sulfamates
showed a mechanistic profile similar to the analogous sulfates and sulfonates,
undergoing rapid alkaline hydrolysis compared to structurally similar acyclic
analogues. The Hammett plots of the psuedo-first order rate constants for the
saponification of the series of cyclic sulfamates gave a rho value of +1.83, with
the best correlation obtained with - substituent constants. This was
interpreted as meaning that there is a significant build-up of negative charge
on the nitrogen in the transition state. This is only possible if the endocylic
N-S bond, and not the 5-O bond, cleaves during hydrolysis.

Although cyclic sulfamate 6 is sensitive to hydroxide ion reacting with it to
open the ring, it is very stable toward acid. Attempts at nitration of 6 directly
with concentrated or fuming nitric acid and concentrated sulfuric or glacial
acetic acid failed, with only starting material being recovered.

Chumpradit7 reacted 6 with other nucleophiles, however, these results
which were not all analogous to Kaiser's saponification studies. The results

of these reactions are summarized in Scheme 2.
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PhLi

TOl"SOZ 'Ph
O\
MeLi
| Meli Tol-50,-CH,-50,-Tol + SO
N
KF H
Y Tol-50,-F -

O\
80, ———
N O-S0,-NH-R
Tos ﬁ_ﬁz_» R = Me, t-Butyl
6 NH-Tos

NaOMe

—————  Tol-50,-O-Me OH
NEIOC(CH3)3 } @ NH-Tos
P )

Scheme 2. Reaction of cyclic sulfamate 6 with nucleophiles.

As previously mentioned, the treatment of 6 with phenyllithium yielded
p-tolylsulfone as the major product, this arising from the attack of the
nucleophile on the tosyl sulfur atom and cleavage of the exocyclic N-S bond.
A similar reaction of 6 with methyllithium gave bis(p-tolylsulfonyl)-
methane, this arising from initial attack at the tosyl sulfur, to form methyl p-
tolylsulfone. This sulfone was then deprotonated and served as a
nucleophile to give the product. Exocyclic attack was also observed when 6
was treated with potassium fluoride in aqueous acetonitrile. This reaction
yielded p-toluenesulfony! fluoride, which suggests that the fluoride ion
attacks the tosyl sulfur. It is possible, however, that the fluoride ion opened

the ring, but that the reaction was rapidly reversible and the ring reclosed.

7
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However, the reaction was monitored by 1F NMR and only signals for
fluoride ion and p-toluenesulfonyl fluoride were observed.

The treatment of 6 with amines (methyl and t-butyl) yielded the ring
opened products, resulting from attack at the endocyclic sulfur atom. Similar
to the reaction with hydroxide, the endocyclic N-S bond, and not the O-5
bond, was cleaved.

When 6 was treated with sodium methoxide in methanol, two major
products were observed: methyl p-toluenesulfonate, resulting from attack at
the exocyclic sulfur, and the N -tosyl-o -aminophenol, resulting from attack at
the endocyclic sulfur atom.

The chemoselectivity of the nucleophilic attack could not be explained
fully. However, it was suggested that sulfamate 12 may be expected to be quite
acidic, therefore its conjugate base would act as a good leaving group. This
may be one reason to explain why the exocyclic sulfur undergoes nucleophilic
attack. The varying reactivity of different nucleophiles, however, remains

unexplained.

Acidity of sulfamates and related sulfonyl-containing compounds.

The acidity of the hydroxyl hydrogen of sulfamic acid, HoNSO,OH, has
seen considerable study, however, only a few values have been reported for
the deprotonation of the nitrogen on sulfamic acid or its esters (sulfamates).

Spillanel? and co-workers have reported the pKy's for the deprotonation at
nitrogen in a series of N -alkylsulfamic acid anions (Figure 4), as measured by
potentiometric and 13C NMR methods. The sulfamate nitrogen was found to

be only slightly more basic than the analogous sulfonamide nitrogen in N-
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alkylsulfonamides, such as MeSO;NHMe and PhSO,NHMe (pK, 11.79 and
11.43, respectively).

PK;

12.09
12.53
12.09
11.89
12.15

R-NH—SO? — R-GIRI-SOC;) . )_O

Figure 4. pK, values for sulfamates studied by Spillane and coworkers.

In the study of the hydrolysis of O-aryl-N -methylsulfamates, Williams13

and Douglas reported the pK, values for a series of these sulfamates (Figure

5).

Y X PK,
Y
H NO, 888
NO, H 8.70
Me-NH-50,-O X cl H 948
H Ccl 980
H H 10.53

Figure 5. pK, values for sulfamates studied by Williams and Druglas.

9
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To date, no values for the acidity of cyclic sulfamates have been reported,
however the acidities of cyclic sulfamides have been investigated. These
cyclic sulfamides are structurally analogous to the cyclic sulfamates, with the
sulfamate ring oxygen being replaced by a nitrogen.

Spillanel4 and co-workers have shown 2,1,3-benzothiadiazoles (13) to be
quite acidic. The unsubstituted compound (X = H) was shown to have a pK,
of 6.41. The most acidic of the series being when X = NOg; the pK, was 2.85.
Spillane pointed out that these cyclic sulfamides are considerably more acidic
(approximately 4 pKa units) than their acyclic analogues. The acyclic
sulfamides 15, 16 and 17, which can be considered acyclic analogues of 13,
have been reported to have pK, values of 11.1014, 10.1315 and 11.0414,
respectively. In addition, the six-membered sulfamide, 14, (pK; 8.79) was
shown to be more acidic (approx 2 pK, units) than the acyclic analogues but

less acidic (approximately 2 pK, units) than the five-membered analogue.

H H
X N
N ~ 50,
,50; .
N
H

13 (6.41) 14 (8.79)
M. NH g N. N B
-, ,N\ -, N
Ph”  s” 2 pn” s Ph  Ph” 8T N\~
0, 0, O,
15 (11.10) 16 (10.13) 17 (11.04)
10
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The origins of this "acid-strengthening" effect are unclear. Spillane
speculated that ring strain may play a role in this effect, however, it seems
unlikely that this is the major cause for such a large increase. Also suggested
was that overlap of the lone pairs of the nitrogen with the sulfur d-orbitals
may play a role.

This acid strengthening effect has also been observed in the case of five-
membered disulfonamides. Kingl® and co-workers have reported the H,
values at half protonation of the disulfonamides 18 and 19 to be -4.1 and -3.1,
respectively. These compounds are considerably more acidic than the acyclic
analogues 2016 and 211617, whose values have been reported to be -1.8 and

-1.7, respectively.

(O 0,
S\ S\ 82 22 02 Oz
NH 3 SL_ .S
, E N MeTIN T Me P "N P
S S H H
O, 0,
18 (-4.1) 19 (-3.1) 20 (-1.8) 21(-17)

Similarly, certain N -acyl cyclic sulphonamides have been shown to be
more acidic than their N -acyl acyclic analogues. The pKa of 1,2,4-
benzothiadiazine 22 and saccharin 2318, have been shown to be 2.90 and 1.8
respectively. Their acyclic analogues 2419 and 2516 are considerably more basic
with pKj values of 5.10 and 5.13, respectively. As was the case with the
sulphamides, ring strain may play a role, however it has been suggested that

stereoelectronic factors may have an affect. This has yet to be investigated.

11
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D o A
NH P S< S~
Me N NH, Me II>II Me

H o)

z
o}
L

22 (2.90) 23 (1.80) 24 (5.10) 25 (5.13)

Interestingly, not all cyclic sulfonamides show an increased acidity
compared to their acyclic analogues. The five-membered (26), six-membered
(27) and bicyclic (28) sulfonamides (pK; values 11.54, 12.34 and 11.65
respectively) show very little difference from the acyclic sulfonamide 29,

whose pK, has been reported to be 11.7916,

N
02 02 4
52 s, 0,5 0,
‘ NH ¢ NH Me” S« N’ Me
H

26 (11.54) 27 (12.34) 28 (11.65) 29 (11.79)

This acid stengthening effect is also not observed in the acidity of sulfones.
Bordwell?0 and co-workers reported the acidity of a number of sulfones. The
pKa of dimethyl sulfone (30) in dimethyl sulfoxide was reported to be 28.5.
The pKa values of cyclic analogues with four, five and six-membered rings
(31-33) all were found to be less acidic (1.5-2.5 units higher) than their acyclic

counterparts.

12
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0, g’z
.S < J SO {
H,C” > CH, |__| 2 50,

30 (28.5) 31 (>30) 32 (>31) 33 (>31)

The existence of delocalization in o-hetero sulfonyl compounds has been
suggested previously.
Lipscomb?l and coworkers reported the first x-ray crystal structure of
tetramethylsulfamide (34). Lipscomb observed that the geometry of the
nitrogens indicated an hybridization intermediate between sp3 and sp?. This

hybridization was similar to that suggested for a-sulphonyl carbanions (36).

O, O, O,
Me~ .S~ .Me F. .S« .F H S
] 1 | 1 H\ H
Me Me F F H y
34 35 36

Previously, it had been suggested that the retention of configuration for
these carbanions may be due to a barrier of rotation. In an effort to
understand this barrier, Lipscomb examined the isoelectronic
tetrafluorosulfamide 35. The results of this study suggested that the barrier of
rotation may arise from interactions involving replusion between thed-

orbitals localized on sulfur and the p-orbitals localized on nitrogen.
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A study of the basicity of N-methyl, N -ethyl and N,N -dimethyl
sulfonamides by Laughlin?2 and coworkers showed that these sulfonamides
are markedly less basic than simple amines. It was suggested that the
difference in acidity between RSO;NHR and RpNH (about 16 pKa units) was
too large to be solely due to inductive effects. He argued that these results

indicated a delocalization between the nitrogen and sulfonyl sulfur.

0

noUR @(1? R
R—_ﬁ_N* - R—§=N‘®

o R o R

Figure 6. N-S delocalization proposed by Laughlin.

This hypothesis was investigated by King?3 and coworkers who utilized a
search of the Cambridge Crystalographic Data Center and found that a
majority of sulfonamides had a C-S-N-C dihedral angle between 60°and120°.
This suggested that the most favorable arrangement for N-S delocalization is
0 = 80°, therefore, a sulfonamide with 6 = 0° would have less N-S
delocalization. This, in turn, would be reflected in an increase in base

strength.

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R

R
e\"R

Figure 7. Newman projection of sulfonamide conformation.

In accordance with this, King found the N -methylated analogues of 26, 27
and 28 are considerably more basic than their acyclic analoguesl6.

The existence of a barrier to rotation in a-heterosulfonyl compounds was
reported by Jennings and Spratt?4. 1H NMR studies of N,N -dialkylsulfamoy]l
chlorides (37) indicated a barrier to rotation of 11.5 kcal/mol. The observation
of diastereotopic methylene protons in the low temperature 1H NMR spectra
was consistent with 37a as the ground state conformation, but inconsistent
with 37b. The ground state conformation of these compounds was shown to
be similar to that for an o-sulfonyl carbanion. It was suggested that this
barrier of rotation arose from an overlap of the nitrogen p- orbital with the

sulfur d-orbitals.
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Figure 8. Conformations of sulfamoyl chlorides
studied by Jennings and Spratt.

The stereoelectronic effects in sulfonyl compounds were addressed by
King25 and co-workers in a study of the alkaline hydrolysis of the four and

five-membered sultones, 38a and 38b.

O o)
0, -
o-5° i
- ’
| O\j C
\_c
38a 38b 0

Figure 9. Sultones studied by King and co-workers.

Sulfonic esters typically undergo nucleophilic attack at carbon, resulting in
cleavage of the carbon-oxygen bond?6. King showed, however, that sultones
38a and 38b undergo hydrolysis with cleavage of the sulfur-oxygen bond. He
proposed that there is delocalization between the sulfur and the lone pairs on

the adjacent atom, similar to that proposed by Laughlin for sulfonamides.

16
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This delocalization varies with the C-5-X-C dihedral angle () with the
greatest delocalization being when 6 is approximately 75° and the least
delocalization being when 6 = 0°. In sultones 38a and 38b the ring geometry
forces a reduction in this delocalization. This reduction in delocalization (a)
leads to a lowering of the S-O bond order, (b) decreases the partial positive
charge on the carbon and (c) increases the partial positive charge on sulfur.
These factors all facilitate nucleophilic attack at the sulfur atom.

King also suggested that this stereoelectronic effect should appear in the
conformational preferences of sulfonic esters. A search of the Cambridge
Crystallographic Data Center (1986) indicated that a majority of the sulfonic
esters have C-5-O-C dihedrals between 60° and 90°. Aryl sulfones also show
this trend with 94% having C—S-Cipso-Cortho dihedrals of 60°-120°.

Additional evidence for N-S delocalization in both a sulfonamide and its
conjugate base is shown by N-S bond lengths determined by x-ray
crystallography. Cotton and Stokely?” reported the structure of the
disulfonamide 39a and its sodium salt 39b. The N-S bond lengths were 1.65
and 1.58 A, respectively, both below the 1.7 A estimated for a N-S single bond

from covalent radii.

O, O, 0, O
s .S s _S
PR” N ~ Ph Ph” ONT
Na*
39a 39b
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The theoretical investigation of the participation of d-orbitals on sulfur in
the bonding of o-heterosulfonyl groups has not been reported. These
compounds, however, can be considered isoelectronic to o-sulphonyl
carbanions, whose structure and bonding have been examined
computationally.

One of the first studies to examine the role of the 4-orbitals of sulfur was
reported by WolfeZ8 and co-workers, who choose the carbanion of 40a as a
model. The examination of the optimized structures with (3-21G* basis set)
and without (3-21G) d-orbitals, as well as examination of the wavefunction,
led Wolfe to conclude that d-orbitals indeed play a role in stabilization of the

anion.

O, o)
.5« .5
HC O CH H,C  ~OH
40a 40b

However, it was later suggested by Streitweiser?%.30 that this may not be an
accurate model for true compounds. This was based on the fact that 40a does
not exist, as it rapidly rearranges to methysulfinic acid (40b). In addition, it
was pointed out that hydrogen is a poor model for a methyl group, the
methyl group being bulkier and more polarizable. In an effort to provide a
more reasonable model, Streitweiser reported the study of the carbanion of
dimethyl sulfone. The analysis of the role of d-orbitals in the stabilization of
adjacent carbanions was examined by analyzing four factors: (1) structural
changes in formation of the anion, (2) rotational potential surface of the
anion, (3) proton affinity and (4) integrated spatial electron populations. The

analysis of the structural changes upon formation of the anion revealed that

18
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similar changes occurred in both cases, with and without d-orbitals. The
rotational potential energy surface provided no significant evidence one way
or the other. The calculation of the proton affinities showed little difference
when calculated with and without d-orbitals, one would expect a smaller
proton affinity if d-orbital were involved in stabilization of the anion. A
detailed analysis of the electron densities with and withoutd-orbitals showed
similar patterns of charge polarization, suggesting a lack of participation by
the d-orbitals. Streitweiser's overall conclusion was thatd-p 7 conjugation is
not an important factor in stabilizing the anion. Instead, coulombic

interactions play a dominant role.

19
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Results and Discussion

Reactions of 5-Nitro-1,2,3-Benzoxathiazole-2,2-Dioxide with Nucleophiles.

The initial aim of this research was to investigate the reactions of 5-nitro-
N -(p-toluenesulfonyl)-1,2,3-benzoxathiazole-2,2-dioxide (6g) with various
nucleophiles and compare these results to those previously reported for the
unsubstituted case, N -(p-toluenesulfonyl)-1,2,3-benzoxathiazole-2,2-dioxide
(6). This would provide information about the effect of ring substitution on
the site of nucleophilic attack and on the stability of the five-membered ring.

The attack of a nucleophile on these compounds could proceed along three
different pathways: (1) attack at tosyl sulfur atom, resulting in cleavage of the
exocyclic N-50; bond, (2) attack at the ring sulfur atom with cleavage of the
endocyclic N-50; bond and (3) attack at the ring sulfur atom with cleavage of
the endocyclic O-S bond (Scheme 3).

20
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Scheme 3. Possible pathways for the reaction of 5-nitro-1,2,3-benzoxathiazole-
2,2-dioxide with nucleophiles.

The synthesis of 5-nitrosulfamate 6g was analogous to that of sulfamate 6
(Scheme 1)1, starting with commercially available 4-nitro-2-aminophenol.
Analogous to the reactions of the unsubstituted cyclic sulfamate (6)
previously reported, the 5-nitro compound was reacted with various
nucleophiles. The cyclic sulfamate was reacted with one equivalent of

sodium hydroxide in acetonitrile/water (5:1).

O NaOH o, OH
, 802 —_— , SOZ +
O,N N O,N N O,N NH

Tos H Tos
6 % 92 %

6g 41 42
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After work-up, the reaction yielded a small amount (6%) of the N-
unsubstituted sulfamate 41, indicating that the reaction proceeded in part
through pathway (1). The major product (92%) was 4-nitro-2-(N -tosyl)-
aminophenol (42); this product most likely arises through attack at the
endocyclic sulfur atom, either pathway (2) or (3). The acidic workup results in
loss of the sulfate group yielding the same product for either pathway.
Therefore, we cannot determine if ring opening proceeds through O-S of N-S
bond cleavage after initial attack of the nucleophile. The attack at the ring
sulfur is analogous to that reported for the treatment of the cyclic sulfamate 6
with sodium hydroxide7. As previously mentioned, it was determined
experimentally that the ring opening proceeds by way of N-5 bond cleavage.
Hammett correlations of the rate constants for the saponification of a series of
these cyclic sulfamates suggested that the ring opening of the 5-nitro
sulfamate may also proceed by way of N-S bond cleavage. The reaction of 6
with hydroxide ion, however, showed no evidence for attack on the N-tosyl
sulfur atom.

The reaction of 6g with either sodium azide or potassium fluoride in
acetonitrile/water at room temperature resulted in nucleophilic attack at the

tosyl sulfur atom (pathway 1).

O X" (@)
\ \
,50, — ,S0, + X-Tos
O,N N N

! X =Ny orF O2N |
Tos H

6g a1
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Both reactions resulted in the formation of the N-H sulfamate 41 and tosyl
fluoride or tosyl azide, respectively. The reaction with potassium azide was
very rapid, went to completion in 15 minutes, and yielded 41 in 93% yield.
The reaction with potassium fluoride required 12 hours for completion,
yielding 41 in 81% yield.

Several attempts were made to react 6g with carbon nucleophiles.
Treatment with sodium cyanide in acetonitrile/HyO resulted in a brown
sticky solid which showed several spots on tlc; no pure compounds could be
isolated from the mixture. Similar results were observed when 6g was
reacted with t-butylmagnesium chloride in THF.

Sulfamate 6g was then reacted with several amine nucleophiles. The
reaction with imidazole provided some interesting results. Initially, the
sulfamate was reacted with one equivalent of imidazole in an
acetonitrile/HpO solution. After acidic workup, three compounds were
isolated, the detosylated sulfamate (41), p-toluenesulfonyl imidazole and half
of the starting material. The reaction was repeated, using a neutral aqueous
workup. The aqueous layer yielded a yellow solid which was identified as the
imidazolium salt of the sulfamate anion (43). It seems that two equivalents
of the imidazole are necessary for the reaction to run to completion. The first
attacks the tosyl sulfur to form the tosyl imidazole and the second forms a salt

with the sulfamate anion.
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Similar results were observed when 6g was reacted with benzyl or t-butyl
amine. The amine appears to attack the tosyl sulfur atom forming the tosyl
amine and a second equivalent of base forms a salt with the cyclic sulfamate
anion.

Compound 6g was also treated, under analogous conditions, with one
equivalent of pyridine. It was envisioned that if nucleophilic attack occurred
at the tosyl sulfur atom, the resulting N-p-toluensulfonylpyridiniun ion
would form a salt with the sulfamate anion. This reaction, however,
returned only the starting N -tosylsulfamate. We cannot rule out that
nucleophilic attack occurred, however, it may be rapidly reversible.

The results from the reactions with imidazole and the two primary amines
provided evidence for the increased acidity of the benzo-fused five-
membered cyclic sulfamate 6g, as was previously suggested. The formation of
the imidazolium salts indicates that the pKj of the cyclic sulfamate must lie
below that of protonated imidazole (ca. 7). This is considerably lower than the
pK of previously reported acyclic sulfamates. It seems that the "acid
strengthening "effect” observed for sulfamides, aryl sulfonamides and

disulfonamides may also be observed for the case of cyclic sulfamates.
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Synthesis of Cyclic Sulfamates

These results prompted the experimental investigation of the acidity of
these cyclic sulfamates. A series of eight substituted cyclic sulfamates was

synthesized for pK, determinations.

# X
4l1a NO,
41b H

Y
H

H

Y 9) 41c Me H
\ 41d Br H

j@[ SO ge a1 H
X E 41f cl

cl

41h ©:i

Compounds 41a-e were derived from the N -tosylsulfamates, whose
synthesis has been previously described!l. Removal of the tosyl group was
accomplished by treatment of the N-tosyl compounds with either potassium

fluoride or sodium azide in acetonitrile/water (5:1, v/v).

O NaNj; or KF (@)
\ \
ISOQ - ,50,
N N
X X H

X = NO,, H, Me, Br, Cl

4la-e
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Compound 41f was synthesized by a modified procedure used for the

synthesis of compound 41e.

OH Cl 0O
2ELN \
) > SO,
Cl NH SO,CL, (5 equiv.) N

Cl 0
Tos 0°C, CH,,CL Tos

41f

N -(2-hydroxy-5-chlorophenyl)-p-toluenesulfonamide was treated with two
equivalents of triethylamine and a five-fold excess of sulfuryl chloride at 0 °C.
The results were formation of the five-membered cyclic sulfamate as well as
chlorination at the 6-position to give dichlorosulfamate 41f. Detosylation was
accomplished by treatment with sodium azide as described previously.

The synthesis of the 6-nitrosulfamate 41g, was envisioned to proceed from
the N -tosylated analogue, in the manner in which 41a-e were prepared.
However, the synthesis of the N-tosyl compound from 2-amino-5-nitro
phenol gave very low yields. Significant amounts of this compound could
not be obtained, so alternate method were desired.

Initially, the nitration of the unsubstituted sulfamate 6 was attempted by
stirring the sulfamate with an excess of sodium nitrite in trifluoroacetic acid
at room temperature for 3 days. The starting sulfamate was the only
compound recovered after aqueous work-up.

The nitration of sulfamate 6 was previously reported using a two phase
system of methylene chloride and a fuming nitric acid/sulfuric acid
mixture3l. The solution was stirred rapidly for two days at room

temperature.
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o} HNO, (fuming) ©O2N o,
/S0, ,50,
N H,SO, / CH,Cl, N

SO, R.T. 48 hrs SO,

The methylene chloride layer yielded a dinitrated sulfamate whose
structure was proposed to be that of the 45. The exact location of the nitro
group on the tosyl ring was not unequivocally assigned. However, in our
case, the sulfonate group was to be removed to get the desired product, so its
exact location was not relevant. The nitro group on the benzoxathiazole ring
was believed to be in the six position by comparison of the aromatic region of
the 1H NMR spectrum of 45 with that of a spectrum of authentic 6-nitro N-
tosyl sulfamate synthesized as previously mentioned. This location was

verified by conversion to 5-nitro-2-aminophenol as shown in Scheme 4.
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O,N o} O,N O=5=ONa
.50, NaOH 2
N e NNa

)\ <\
NO, NO,
45 46a
O,N ONa
O,N OH 6N HCI O,
NH, SO,
N
47
o\
46b NO,

Scheme 4. Conversion of dinitro sulfamate to 5-nitro-2-aminophenol.

The dinitrated species was hydrolyzed with aqueous NaOH in acetonitrile,
to give a yellow solid whose structure was not determined; it could be either
of the two ring-opened products (46a-b). This solid was then refluxed in 6N
HCI for 20 hours. Neutralization of the reaction mixture followed by
extraction with diethyl ether yielded a yellow solid whose mp and 1H NMR
spectrum matched that of 5-nitro-2-aminophenol (47).

Once the position of the nitro group was established to be at the 6-position
of the aromatic ring, the dinitrated species was then treated with 2

equivalents of imidazole in acetonitrile, yielding 41g in a 71% yield.
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The previously unreported naptho-fused sulfamate (41h) was prepared by
the same methods as those for the compounds for 41a-e, starting with

3-amino-2-naphthol.

OH pyridine OH  EyN Z XA
SO, Cl I 502
NH2 TosCl I}H 1 Ly \ P 1}1
Tos Tos
NaNj,
Y
7 X
| ,50,
AN F N
H
41h

3-Amino-2-naphthol was selectively tosylated at nitrogen using pyridine
and tosyl chloride. The N-tosyl sulfamate was then prepared by treatment
with triethylamine and sulfuryl chloride. Removal of the tosyl group was
accomplished as previously described with sodium azide to give 41h in 89%
yield.

The syntheses of the 5- and 6- amino sulfamates, 48, were also attempted by
reduction of the corresponding nitro compounds. Compound 41a (or 41g)
was dissolved in MeOH and stirred with 5% palladium on carbon under a

hydrogen atmosphere.
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O, H, , 5% Pd/C SN
SO, o ,SOZ
‘ R.T. MeOH N
O,N H,N N

N
H 2

not observed

41a 48

The mixture was stirred until loss of the bright yellow color of the starting
sulfamate was evident. Upon opening the reaction mixture to the
atmosphere and filtering of the catalyst, the filtrate immediately turned dark
brown. A dark brown to black solid was recovered, however, no pure
compounds could be isolated.

The synthesis of the pyridino-fused sulfamate was also attempted. It was
envisioned that this compound could be synthesized in an analogous

manner to other sulfamates, starting with the 2-amino-3-hydroxypyridine.

SO,

49

2-Hydroxy-3-aminopyridine was treated with pyridine and tosyl chloride in
methylene chloride in an attempt to selectively tosylate the amino nitrogen.
However, these conditions resulted in a mixture of what appeared, by IH

NMR, to be the N-tosyl and O-tosyl compounds.
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X OH pyridine Xy O~ Tos X~ OH
| TosCl | z T2
Z oy NH NH
N~ NH e N 2 N©
Tos

The desired N-tosyl aminohydroxypyridine was previously reported to be
accessible from the O-tosyl aminohydroxypyridine by way of a base-induced
rearrangement32, The O-tosyl compound was prepared by treatment of 2-
amino-3-hydroxypyridine with triethylamine and tosyl chloride. Subsequent
treatment with a 30-fold excess of N -butyllithium yielded the N -tosyl

compound in 55% yield.

H —_
Xy O Et;N X~ O —Tos nBuLi X OH
P e~ L — L.
NH NH NH
N 2 CH,CL, 2 N )
Tos

The N -tosyl compound was then treated with triethylamine (2 equiv.) and
sulfuryl chloride in CHpCl, at -78°C (Scheme 5), followed by warming to room
temperature. After washing with water and evaporation of the solvent a
brown sticky solid remained. Analysis by tlc showed one major spot and
several brown streaky spots. The compound giving the major spot was
isolated and was determined to be p-toluenesulfonyl chloride. Numerous
attempts were made varying the amounts of reagents, reaction time and
reaction temperature. In all cases, tosyl chloride was the only isolable
product. Analysis by tlc early in the reaction showed a spot for the tosyl

chloride as well as a spot where the product would be expected to be seen.

31

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The compound giving this spot quickly disappeared as the reaction progressed
and the tosyl chloride spot grew. Attempts to stop the reaction and isolate the
compound giving this spot were unsuccessful. One explanation for these
results is the formation of the N-tosyl sulfamate followed by rapid

nucleophilic attack at the tosyl sulfur by chloride anion.

(IOH S0,Cl, (I ,\/\/E
N)

K‘ SOZ N

Cl—S—Tol
C)2

Scheme 5. Attempted synthesis of pyrido-fused sulfamate.

Unsuccessful attempts to isolate N -tosyl sulfamate by stopping the
reaction before completion suggests that the compound may undergo
nucleophilic attack as rapidly as it is formed. The rapid nucleophilic attack at
the tosyl sulfur may be a consequence of the acidity of 49. The pyrido-fused
sulfamate would be expected to be very acidic, therefore, its conjugate base
would be a very good leaving group. Numerous attempts at isolation of 49 or

its anion were unsuccessful.

pK,_Determinations
The pKa values for the eight cyclic sulfamates were determined by
potentiometric methods as described by Albert and Serjeant33. The samples

were run at 0.01M concentration (0.25 g in 25 mL) in 60% (v/v) EtOH/H>O.
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The samples were titrated with 0.1N NaOH which was prepared and
standardized with KHP daily. A typical data table for a pK; determination is

shown in Table 1, tables for 41a,c-h are shown in Appendix.

Table 1. Data table for pK; determination of sulfamate 41b.

% ion. mL base [HA] [A-] {H*} pH pKa
10 0.25 0.009 0.001 0.000188 3.73 4.68
20 0.50 0.008 0.002 0 4.01 4.61
30 0.75 0.007 0.003 0 4.23 4.60
40 1.00 0.006 0.004 0 4.43 4.60
50 1.25 0.005 0.005 0 4.62 4.61
60 1.50 0.004 0.006 0 4.81 4.63
70 1.75 0.003 0.007 0 5.02 4.65
80 2.00 0.002 0.008 0 5.32 4.71

averages: 10-80% ( 8 points ) 4.64 +0.07
10-70% ( 7 points ) 4.63 = 0.05
20-70% ( 6 points ) 4.62 +0.03

The pH values were recorded as the acids were titrated at 9 intervals
between 10-90% ionization. The pK;, values at each interval were calculated
using equation (1), which includes a correction for hydrogen ion activity
{H*}(2). This correlation need only be applied for pH values below 4.0; at

higher values the hydrogen activity is essentially zero.
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pKa = pH + logio [HA] - {(H*} / [A~] + {H*} (1)

{H*+} =10 -pH

@

The most reliable results for the calculation of a pK; value lie in the 20-

80% ionization range. A typical titration curve has a steep slope in the area of

10% and 90% ionization, therefore, these values are not accurate and are often

not averaged into the overall pK; value. The pK; values are reported along

with the ionization range over which the data was taken. In addition, the

degree of precision was calculated in the form of scatter. The scatter

represents the largest deviation from the average for that particular data set

and is reported along with the number of points taken. The pK, values

determined for the eight cyclic sulfamates are shown in Table 2.

Table 2. Potentiometrically determined pKjys for cyclic sulfamates 41a-h.

41a
41b
41c
41d
41e
41f
41g
41h

Ka
2.76
4.62
4.73
3.47
3.72
2.87
2.33
3.84

scatter (#)

% ion.

+0.07 (5)
+0.03 (6)
+0.03 (7)
+0.05 (5)
+0.05 (6)
+0.04 (6)
+0.04 (5)
+0.02 (5)

30-70
20-70
10-70
30-70
30-80
20-70
40-80
30-70

The pK, values for compounds 41a-g were then used to construct

Hammett plots to evaluate the correlation and determine the substituent
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constant. The ¢ values34 for each compound are shown in Table 3. For

compounds 41a-e , 6y was used, for compound 41g ,6p was used and for 41f,

Om+0p was used.

Table 3. Substituent constants used for Hammett plots of pK; values of 41a-g.

compound
41a

41b
41c
41d
41e
41f
41g

o constant

Om

Om

gvalue
0.74

0

-0.06
0.34
0.37
0.59
0.77
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Graph 1. Hammett plot for sulfamates 41a-g.
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Graph 2. Hammett plot for sulfamates 41a-f.
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Graph 3. Hammett plot for sulfamates 41a-e.
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IFrom the Hammett plots, the reaction constant (p), the correlation

coefficient (r) and standard error (s) were calculated. The results of the three

plots are summarized in Table 4.

Table 4. Results of Hammett plots for compounds 41a-g.

compounds P xr

4la-g 2.74 0.975
41a-f 2.71 0.974
4la-e 2.52 0.974

[en

0.16
0.17
0.15

All three plots gave a straight line with satisfactory correlation. Removal

of the dichloro compound (41f) and/or the 6-nitro compound (41g), shown in

Graphs 2 and 3, had no effect on the correlation or error of the plots. The

reaction constants obtained were consistent with those previously reported

for the ionization of a series of cyclic sulfamides (2.8) and for a series of

sulphamate esters, MeNHSO,OAr (2.5).

The relative gas phase acidities for this series of cyclic sulfamates were also

calculated using semi-empirical (AM1)35 methods. The relative acidities were

determined by the calculation of the energy change for the isodesmic reaction

shown in Figure 10.
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; AN O\ O\ l N O\ o,
X S0, + S0, —» X—— S0, + 50,
Z N N Z N N

5 - - H

Figure 10. Isodesmic reaction used to calculate relative acidities for
substituted benzo-fused five-membered cyclic sulfamates.

The heats of formation for the neutral and anionic sulfamates were
calculated at AM1 level. The structures were optimized at the same level,
cartesian coordinates are shown in Appendix. The values obtained are

shown in Table 5.

Table 5. Calculated (AM1) heats of formation (kcal/mol) for neutral and
anionic sulfamates.

X NH N-

H -70.563 -109.859
Me -78.105 -117.095
5-NOy -65.030 -117.773
6-NO, -64.500 -120.311
Br -64.747 -108.920
Cl -76.731 -120.431
5,6-CL,Cl -81.324 -128.791
Nap -52.546 -95.629

The relative acidities (AE for the reaction) calculated using the isodesmic

equation are shown in Table 6.
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Table 6. Relative acidities of substituted sulfamates.

compound X AE (kcal/mol)
41a 5-NO» 13.447

41b H 0

4ic Me -0.306

41d Br 4.877

41e Cl 4.404

41f 5,6-C1,Cl 8.171

41g 6-NO» 16515

41h Nap. 3.787

Hammett plots (Graph 4 and 5) were constructed plotting the calculated
relative acidities vs experimentally determined pK and vs Hammett

substituent constants.
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Graph 4. Plot of the calculated relative acidities (AM1) vs experimental pK,
for substituted benzo-fused five-memebered cyclic sulfamates.
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Graph 5. Hammett plot of relative acidities (AM1) vs substituent constants
for substituted benzo-fuse five-membered cyclic sulfamates.
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The plot of calculated relative acidity vs experimental pK, gave a
satisfactory correlation with a reaction coefficient (r) = 0.914 and a standard
error (s) = 0.279. The Hammett plot also gave average correlation withr =
0.923 and s = 0.102. The less than excellent correlation of the calculated values
is a reflection of the low level at which they were calculated. The semi-
empirical (AM1) level provided an adequate description of the the general
trend in relative acidity but was not precise in descibing the exact acidity.

An attempt was made to calculated solution phase acidities by

incorporating heats of solvation into the calculations. Geometry
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optimization and single point energies were calculated at the AM1 semi-

empirical level incorporating the Cramer-Truhlar solvation parameters3°,

The relative acidities from these calculation are shown in Table 7.

Table7. Relative acidities calculated incorporating Cramer-Truhlar solvation

parameters.

compound
4]1a

41b
41c
41d
41e
41f
41g

41h

X

5-NO;
H

Me

Br

Cl
5,6-C1,Cl
6-NO;
Nap.

AE (kcal/mol)
2.708

0

1.009

3.081

1.014

2.516

5.429

0.352

The calculated values indicate that the Cramer-Truhlar solvation model

did not provide an accurate description for the sulfamate. The order of acidity

was very much inconsistent with that predicted by gas phase calculations as

well as with the experimental results.
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Attempted Synthesis of 0 -Monoquinoneimine from Cyclic Sulfamates

The cyclic sulfamates were evisioned to be a possible source of o-
quinoneimine3’. It was believed that upon heating the sulfamate would
extrude sulfur dioxide to give the unstable 0-quinoneimine which could then

be trapped with an alkene to give the Diels-Alder adduct (Scheme 6).

R

5 © Ow0 O
o, o U o

,SOZ —_— ~ D — . @]
Yo% N N
I

R R O

Scheme 6. Proposed formation and trapping of 0 -quinioneimine.

N-Tosyl sulfamate 6 was initially refluxed in a variety of high boiling
solvents and the disappearance of starting material monitored by tlc. It was
found that the starting material rapidly disappeared when refluxed in 1,2
dichlorobenzene (bp 180°C); also, the evolution of sulfur dioxide was
observed by holding a wet piece of litmus paper over the neck of the flask.

Compound 6 was refluxed in dichlorobenzene in the presence of an excess of
maleic anhydride. The reaction mixture, which turned dark brown over
time, was refluxed for 5 hours. It was believed that none of the Diels-Alder
adduct was formed. The tlc of the reaction mixture showed several highly
colored spots all of which were present when the sulfamate was heated in the

absence of maleic anhydride.
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It was believed that the tosyl group may be the cause of further
decomposition aside from the extrusion of sulfur dioxide. It has been shown
that there exists a correlation between the electron impact-induced
fragmentation of a molecule and its thermolysis products. The El-mass
spectrum of 6 gave a molecular ion atm /z = 325 and shows no significant
peak atm /z = 261 resulting from initial loss of SO;. The first peak in the
spectrum appears atm /z = 155 indicating the formation of the tosyl ion

(Scheme 7).

m/fz =251
not observed

0]

m/z =315 v
©: .50, + Tol-SO,"

N

' m/z =155
Scheme 7. Initial EI-MS fragmentation of N-tosyl cyclic sulfamates.
This data might indicate that the N-tosyl is likely to fragment under the
high temperature reflux conditions. In order to eliminate this possibility, the
N -methyl sulfamate was synthesized as previously reported by Chumpradit.

The El-mass spectrum showed a parent ion atm /z = 185, and a base peak at

m/z = 120, which arises from the initial loss of SO;H (Scheme 8).
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O\ O
59 — + HO-SO
N SN

!
Me CH,"

m/z =185 m/z =120

Scheme 8. Initial EI-MS fragmentation of N -methyl cyclic sulfamates.

It was hoped that the fragment with m /z = 120 was the desired 0-
quinoneimine and that this fragment could be formed under thermal
conditions. The N-methyl compound was then refluxed in 1,2-
dichlorobenzene together with maleic anhydride. The solution was refluxed
for 18 hours, becoming a dark orange color. Tlc showed a large dark streaky
spot. Removal of the solvent gave a dark solid, which was very insoluble in
chloroform. No pure compounds could be isolated from the mixture. An
analogous reaction was carried out using dimethyl maleate in the place of
maleic anhydride. The results were similar; no Diels-Alder adduct could be
isolated.

It was thought that substitution on the aromatic ring of the
benzoxathiazole might allow extrusion to occur under conditions which were
less harsh. The N -methyl-5-nitrosulfamate was synthesized and refluxed in
mesitylene in the presence of acenaphthylene for 18 hours. Removal of the
solvent left a brown-orange oil. Tlc indicated that some starting material was
left as well as another compound. The unknown compound was isolated. Its
IH NMR spectrum showed numerous peaks, none of which were thought to
correspond to the desired Diels-Alder adduct. It appeared that the sulfamates

were indeed extruding sulfur dioxide; however, the formation of the
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quinoneimine could not be demonstrated. The high temperatures may be
causing further decomposition to occur before the quinoneimine can react to
form the Diels-Alder adduct.

It was thought that the extrusion of sulfur dioxide could possible be
induced photochemically. A solution of the N-methyl sulfamate in
acetonitrile was irradiated in a Rayonet apparatus for 8 hours until the
starting material had disappeared (tlc). The solution turned dark red and a
black solid deposited in the reaction vessel as the reaction proceeded. The
solid was found to be insoluble in chloroform. A1H NMR spectrum
measured in acetone showed numerous peaks. The reaction was run again in
the presence of maleic anhydride. The solution again turned red and a solid
deposited as the reaction proceeded. The resulting solid was the same as was
formed in the analogous reaction run in the absence of maleic anhydride.

Interestingly, the EI-mass spectrum of the N-H sulfamates was not
analogous to that of the N-methyl compounds. The former sulfamates gave a
molecular ion peak atm /z = 171, however, a peak was not observed atm /z =
106 or 107, which would be expected from loss of SO, or SO,H. The largest
peak in the spectrum was atm /z =79, a loss of 92 mw, which is believed to

result from initial loss of SO, and CO (Scheme 9).

m/z =171 m/z="79

Scheme 9. Initial EI-MS fragmentation of N-H cyclic sulfamates.
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These results are analogous to those observed by DeJongh38a-b and co-
workers for o -phenylene sulfite, which fragments with loss of SO and CO.
These fragmentation patterns were duplicated in the gas-phase pyrolysis of
the sulfite, which resulted in the formation of cyclopentadieneone dimer

(Scheme 10).

O
o} A O
SO —_——— ——
O, -S5O A
-CO
(@]

Scheme 10. Pyrolysis of 0 -phenylene sulfite reported by DeJongh.

It was envisioned that the N-H sulfamate, under gas-phase pyrolysis
conditions, might undergo the loss of SO, and CO to give the
cyclopentadieneimine which might dimerize similarly to cyclopentadieneone

(Scheme 11).

HN

o\ A NH
O —
-50, /

Scheme 11. Proposed pyrolysis of N-H cyclic sulfamate,

LZ

HN

The N -unsubstituted sulfamate was heated under vacuum and passed
through a quartz tube containing glass beads. Several attempts were made,
each varying the temperature of the quartz tube, from 250 to 400 °C. In all

cases, no solid was collected in the dry ice/acetone trap at the end of the
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apparatus. However, a brown orange solid deposited in the quartz tube just at
the very exit of the oven. Tlc analysis of this compound showed several
spots. ThelH NMR spectrum showed many peaks including some in the
aromatic region. No single compound could be isolated from the mixture.
Also, in most cases, a good portion of the starting material turned brown and
appeared to be decomposing in the heating flask.

It appears that in the case of the benzofused five-membered cyclic
sulfamates, the decomposition pathway, either thermal or light induced, is
not simply the loss of sulfur dioxide, but involves more extensive
decomposition. These results indicate that the sulfamates do not provide a

source of 0-quinoneimines.

Theoretical Investigation of Sulfamate Model

The origins of the acid strengthening effect, which has been previously
observed in sulfamides, disulfonamides and certain sulfonamides, and now
in sulfamates has not been fully investigated. It has been suggested that ring
strain may play an important role in the lowering of the pK;s of these
compounds. However, the magnitude of the change seems too large to be
due to this alone. Stereoelectronic effects involving the sulfonyl sulfur and
neighboring heteroatoms have also been observed and have been suggested
to play some role. The degree to which each of these factors affects the change
in acidity has not been theoretically investigated. In an effort to understand
the contribution of each of these factors to the acid strengthening effect, an ab
initio study of a simple sulfamate model was undertaken.

Sulfamic acid was chosen as a simple model to study the effect of

conformational change on the pK; of sulfamates. By applying various
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constraints to the molecule we could model a sequence of conformations of
the sulfamate going from an acyclic-like geometry to a ring-like geometry and
assess the degree to which each of these changes affects the pKj.

The geometries of all the conformations (applying constraints where
necessary) were optimized at the RHF/3-21+G(*)39 level, cartesian coordinates
for all structures are shown in Appendix. This level incorporates d-orbitals
on the sulfur atom and also diffuse functions necessary for proper treatment
of the anionic species. By calculating the energies for both the neutral and
anioic species, AH for the deprotonation at nitrogen was obtained. The AH
values for each conformation were then compared to judge the relative
acidity of each conformation. Three factors which were thought to contribute
to the overall lowering of the pK, were examined. These three factors
included O-5 bond rotation, N-S bond rotation and ring contraction.

Initially, the model was allowed to optimize to its lowest energy
conformation (50a), in which the H;-O,-S-N dihedral = 180° (hydroxyl
hydrogen bisects the sulfonyl oxygens) and the O-S-N-(lone pair) dihedral =
180° ( nitrogen lone pair bisects the sulfonyl oxygen). The molecule was then
subjected to a series of conformational changes, to evaluate the three factors
mentioned above, until the ring-like geometry was reached. The optimized

structures representing these changes in conformation are shown in Figure

11.
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N-S bond

rotation

Figure 11. Conformation of sulfamic acid model.

The conformation of the nitrogen in relation to the sulfur atom is
consistent with the experimental results observed in other systems
containing a sulfonyl sulfur with a neighboring nitrogen, such as
sulfonamides. The conformation of the oxygen, however, seems inconsistent
with the geometry observed in similar systems, such as the sultones studied
by King. As previously mentioned, most sultones prefer a geometry with a C-
O-5-C dihedral of 75-90°. Structure 50a was compared to a structure whose
H1-O2.5-N dihedral was constrained to 90°, and the two were shown to be
very close in energy with 50a being only 1 kcal/mol lower in energy. The
preference for that conformation in sultones may solely arise from steric

interactions between an alkyl group on the oxygen and the sulfonyl oxygens.
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The possibility was also raised that, hydrogen bonding between the hydroxyl
hydrogen and sulfonyl oxygens might stabilize structure 50a. An analysis of
the Mulliken bond order of this compound, however, reveals no significant
hydrogen bonding.

The single point energies of the neutral and anionic forms of 50a-d from
which the pK; changes were calculated, as well as the relative energies of the

different conformations, are shown in Table 8.

Table 8. Calculated (3-21+G(*)) energies for 50a-d and their anions.

compound  E (NHp) Erel (NHp) E (NH") Erel (NH")
50a -674.929742 0 -674.376334 0

50b -674.921973 4.9 -674.369018 4.6

50c -674.905323  15.3 -674.356589  12.4

50d -674.889493  25.2 -674.343595  20.6

The first conformational change examined was N-S bond rotation. The
O-5-N-(lone pair) dihedral was constrained to 90° and the Hj-O,-5-N
dihedral at 180°, the optimized structure is represented 50b. The resulting 90°
rotation of the N-S bond caused a difference in energy of the two neutral
species (50a to 50b) of +4.9 kcal/mol and a difference between the anions of
+4.6 kcal/mol. The difference between the two AH values of the two
conformations was -0.3 kcal/mol. This translates to a ApK, of -0.22 units
resulting from the N-S bond rotation;i.e, the acidity was increased on going

from 50a to 50b.
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The O2-S bond was then rotated, with the H;-O-S5-N dihedral angle
constrained at 0°, keeping the O2-5-N-(lone pair) dihedral at its previous
value of 90°. This conformational changing resulted in a difference in
energies from 50b to 50c of 10.4 kcal/mol for the neutral species and 7.8
kcal/mol for the anions. The difference in the two AH values was -2.65
kcal/mol, which leads to a ApK; of -2.03 units.

The internal angle of 50c were then constrained to resemble the ring-like
geometry of the five-membered cyclic sulfamate. The internal angles were
taken from the crystal structure of the N-tosyl sulfamate previously
mentioned. The angles were constrained as follows: Hj-Op-S =112°, Op-5-N =
95°, S-N-Hg = 108°. The effects of constraining these internal angles were
changes of 9.9 kcal/mol and 8.2 kcal/mol for the neutral molecules and
anions, respectively. The AH value going from 50c to 50d was -1.78 kcal/mol,
which leads to a ApK, of -1.36 units.

The calculations suggest that the overall pK, change in going from the
acyclic structure to the cyclic structure is 3.6 pK; units. To properly test the
validity of these results, the experimentally determined pK, for a cyclic
sulfamate must be compared to an acyclic analogue. A proper compound to
compare to cyclic sulfamate 6 would be phenyl N-phenyl aminosulfonate (52).
The pKy value for this compound has not yet been reported. A similar

compound, 51, has been reported to have a pK, in 50% EtOH/H>O of 10.53.

M. o H
_O. _O.
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This value is approximately 5.8 units higher that that of the cyclic compound
6. The computational results suggest that the difference should be smaller,
around 3.6 pK, units. It is conceivable, however, that the presence of a phenyl
group attached to the nitrogen in place of the methyl could increase the acidity
by as much as 2.5 pK, units. This has been shown experimentally in the case of
PhNHSO,;Ph versus MeNHSO,Ph where the pK; values differ by 2.67 units,
with the former sulfonamide being more acidic. If the sulfamate were
analogous to the sulfonamide, then the pK; of 52 is predicted to be around 8
(10.53 - 2.67). This would bring the change in pK, between the cyclic and acyclic
sulfamates in the range of the theoretical model (3.6). These results are
analogous to experimental results seen in cyclic sulfamides; cyclic sulfamide 13
(pKa = 6.4) is approximately 3.7 pK; units more acidic than its acyclic analogue
(pKa =10.1).

One other factor which may serve to lower the pK; of the cyclic structure is
the conformation of the aromatic ring in regard to the adjacent heteroatoms.
In the acyclic compound the aromatic ring can adopt a conformation
maximizing the interaction between the ring and the lone pairs on the
heteroatoms. The constrained geometry of the cyclic structure might change
this interaction, having a subsequent effect on the acidity of the compound.

It has been experimentally shown in the case of six-membered sulfamides that

this factor may not provide a significant change in the acidity.
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Sulfamide 53 (pKa = 10.66)17, which does not have an aromatic ring adjacent
to the nitrogen was shown to be 2.62 pK, units more acidic than acyclic
analogue 54 (pKj, = 13.28)40. Sulfamide 55 (pK, = 8.79)17, which does possesses
an aromatic ring adjacent to the nitrogen was shown to be 2.55 pK; units more
acidic than its acyclic analogue 56 (pK, = 11.34)40. If the conformation of the
aromatic ring in regard to the nitrogen did play a significant role in the
increased acidity the difference between 53 and 54 would be expected to be larger
than that between 55 and 56.

It appears that the increase in acidity for the five-membered sulfamates is
directly dependent on the amount of delocalization present between the lone
pairs on the hetero-atoms and the sulfur atom. This delocalization is directly
effected by bond rotation and angle contraction going from 50a to 50d and is

reflected in the O-S and N-S bond lengths (Table 9)

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 9. Selected bond lengths for 50a-d and their anions.

N-S (NH) N-S (N') O-S (NH) O-S (N-)

50a 1.58 1.52 1.59 1.65
50b 1.60 1.52 1.58 1.65
50c 1.62 1.53 1.58 1.66
50d 1.65 1.58 1.61 1.69

As the conformation of the neutral species is changed to provide for less and
less delocalization, there is a corresponding increase in the appropriate bond
lengﬂm. This inhibition of delocalization has a direct effect on the acidity of the
compound. The expected shortening of the N-S bond length in the anion
compared to the neutral compound resulting from an increase in N-S
delocalization is also seen. This causes the expected increase in O-S bond
length. Evidence for this N-S delocalization has been determined by x-ray
crystallography. Cotton and Stokely reported the crystal structures of
(PhSO2)2NH and (PhSO;)2N-Nat whose N-S bond lengths were 1.65 and 1.58 A,
respectively?”.

The results of the theoretical study indicate that, for the case of cyclic
sulfamates, the nitrogen-sulfur delocalization plays a minor role in the
observed increase in acidity. The major contribution seems to arise from
inhibition of oxygen-sulfur delocalization caused by rotation of the O-S bond.
As previously suggested, ring strain does play a role in the increased acidity,
in so much as it directly affects both the O-S and N-S delocalization as is

apparent from the observed increases in bond lengths.
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It seems that systems which are capable of this type of delocalization
(Figure 12) with the sulfonyl sulfur atom are likely to exhibit the observed

"acid strengthening" effect.

Figure 12. Heteroatom-sulfur delocalization observed in sulfamate model.

Our calculations show this to be the case for sulfamates. By analogy, this
type of delocalization may also play a significant role in the cyclic sulfamides
(nitrogen analogues of sulfamates) previously mentioned.

This explanation may not be limited to only heteroatom-sulfur
delocalization, but may also apply to the case of aryl sulfonamides. The cyclic
sulfonamide 57 (pK; = 6.2)4! has been shown to be 2.2 pK, units more acidic

than its acyclic analogue 58 (pK; = 8.4).

0,8—N o,
S JH
Ph” \1}1
Ph
57 (6.2) 58 (8.4)

This increase in acidity may arise from inhibition of delocalization

between the aromatic ring and the sulfonyl sulfur. This would increase the
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positive charge on sulfur, in turn making the sulfonamide hydrogen more
acidic. In systems where this type of delocalization is not possible, such as the
aliphatic sulfonamides 26-29, no increase in acidity is observed for the cyclic
analogues.

To further investigate the acid strengthening effect, calculations were
performed on other heteroatom-sulfonyl systems to determine the theoretical
changes in acidity and compare them to known values. The systems
investigated were the sulfamides and aryl sulfonamides which have been
shown experimentally to exhibit an increased acidity, and aliphatic
sulfonamides which do not exhibit an increase.

Sulfamide, HoN-50,-NHj, was used as the model for the sulfamide
functional group. The acyclic model, both the neutral and anionic
compounds (59a-b) were allowed to optimize without constraints. The cyclic
model (60a-b) was constrained in a five-membered ring-like geometry,
applying the following constraints: ZH;-N-S =108°; ZN-5-N = 95°, ZH-N-S
= 108°; H1-N-5-N dihedral = 0°; H1-N-5-N dihedral = 0°. These angles were
determined by geometry optimization, using a lower level basis set (HF/STO-
3G), of a five-membered cyclic sulfamide. The remaining bond lengths and
angles were allowed to optimize to the lowest energy conformation. The

optimized structure and calculated energies (hartrees) are shown in Figure 13.
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Figure 13. Optimized geometries and energies (hartrees) for sulfamide.

The differences between the AH values for the deprotonation of the cyclic
and acyclic sulfamides was calculated to be 2.875 kcal/mol lower for the cyclic
compound. This results in a pK; 2.20 units lower for the cyclic compound
compared to that of the acyclic compound. Experimentally, for benzo-fused
five-membered sulfamides (13), it has been shown that the pKj of the cyclic
compound 13 is approx. 3.7 units lower than the acyclic compound 16.
Although there is a difference of 1.5 pKa units between experimentally
observed value and the calculated values, the acid strengthening affect is still
observed in the case of sulfamides. The difference might arise from changes
in the geometry of the nitrogens. The calculated values were obtained on a
structure with primarily planar nitrogens. The lack of experimental structure

data on these five-membered sulfamides makes it impossible to know
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whether the nitrogen atoms are actually planar. Slight differences in the
geometries could account for relatively small energy differences in the
compounds. A change in energy of only 1 kcal/mol could account for the
discrepancy between the calculated change in pK, and the expermintally
observed value.

Similar calculations were performed on methyl sulfonamide, CH3-SO;-
NHpy. For the acyclic model (61a-b), both the neutral and anionic compounds
were allowed to optimize to their lowest energy geometries. In order to
properly model the cyclic compound, the geometry of the five-membered
saturated sulfonamide was optimized using a lower basis set. The two carbon
atoms P to the sulfur atom were then removed, to give methyl sulfonamide
(62a-b). The appropriate bond angle and dihedral angle were then constrained
in the five-membered ring geometry as follows: ZH;-C-S=108°, ZC-5-N =
98°, /S-N-Hp =107°, H1-C-5-N dihedral = 13° and C-5-N-H> dihedral = 0°.

Important to note is that the five-membered sulfonamide ring is not
planar, but slightly puckered by rotation around the carbon sulfur bond,
presumably to relieve steric interaction caused by the eclipsed conformation
of the methyl hydrogen and the sulfonyl oxygens. The optimized structure

and energies (hartrees) are shown in Figure 14.
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Figure 14. Optimized structures and energies (hartrees) for methyl
sulfonamide.

The results of the calculations show a AH value for the cyclic sulfonamide
which is 1.21 kcal/mol larger than that of the acyclic compound. The suggests
that the acidity of the cyclic compound should be approx. 0.9 units higher; i.e.
less acidic, than the acyclic compound. These results seem to correlate
reasonably well with experimental results which show that aliphatic
sulfonamides show no increase in acidity when incorporated into ring
structures. The five-membered saturated sulfonamide 26 has been shown to
have almost the same pKj as acyclic analogue 29. The six-membered

compound 27 has been shown to be 0.55 units less acidic than 29.
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In order to examine the acid strengthening effect in aryl sulfonamides,
vinyl sulfonamide (CHp=CH-SO,-NHj;) was used as a model. It was hoped
that the alkene would serve as an appropriate mimic for a phenyl group
attached to the sulfur atom. As done previously, the acyclic compounds were
allowed to optimized to their lowest geometry. The vinyl sulfonamide,
however, would not act as an appropriate model for the cyclic compounds.
By constraining the internal angle in a ring-like geometry, the sulfonamide
hydrogen and a vinyl hydrogen were put in very close proximity, providing
substantial steric interactions. The «,B-unsaturated five-membered cyclic
sulfonamide was used in its place. The optimized geometries and energies

(hartrees) are shown in Figure 15.
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-714.5585798 -713.9911229

64a 64b

Figure 15. Optimized geometries and energies (hartrees) for vinyl
sulfonamide models.

The calculations showed results similar to those observed for the methyl
sulfonamide. The cyclic compounds was calculated 1.0 pK, units less acidic
that the acyclic compound. As previously mentioned, aryl sulfonamides
have been shown experimentally to display an increase in acidity when
incorporated into a ring structure, however these results do not corroborate
this. It is quite conceivable that 63a and 64a do not adequately mimic the

stereoelectronic factors in aryl sulfonamides.

Much controversy has surrounded the area of d-orbitals on sulfur and

their effect on stabilizing adjacent anions. In an effort to examine this role in
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the case of the cyclic sulfamates, the sulfamic acid model previously
mentioned was further examined.

Previously the geometries of sulphamic acid and its anion were optimized
at the 3-21+G(*) level, which incorporates d-orbital on the sulfur atom. To
examine the effects of these orbitals, the compounds were reoptimized at the
3-21+G39 level, without d-orbitals. The reoptimized structures are shown in

Figure 16.

-674.62919800 -674.091720700

65a 65b

Figure 16. Optimized geometries and energies for sulfamic acid without 4-
orbitals (3-21+G).

The analysis of the role of d-orbitals on the stabilization of the anion was
approached in two ways: (1) examination of the structural changes upon
formation of the anion and (2) comparison of the proton affinities with and

without d-orbitals. Select bond distances are shown in Table 10.
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Table 10. Selected bond distances (A) for sulfamic acid, with and without
d-orbitals.

with d-orbitals without d-orbitals

NH N- NH N-
S-N 1.573 1.521 1.657 1.677
S-O 1.600 1.648 1.677 1.724
S=0 1.430 1.460 1.589 1.606

The examination of the structural changes upon formation of the anion
can be primarily focused on the changes in the length of the N-S bond. In the
structure without d-orbitals the N-S bond lengthens 0.02 A when the anion is
formed, with d-orbitals this bond shortens 0.052 A. The shortening of this
bond with d-orbitals suggests that they have some stabilizing effect on the
anion, resulting in an increase in the N-S delocalization reflected by the
shortened bond length.

An examination of the proton affinities (difference in the energies of the
neutral and anionic compounds) of the two compounds, however, suggests
otherwise. Ifd-orbital participation were indeed important in stabilizing the
anion, the proton affinity of the compound with d-orbitals should be lower
than that without, due to extra stabilization afforded by the d-orbitals. In the
sulphamic acid case, however, the proton affinity of the compound with d-
orbitals is 9.73 kcal/mol larger than the compounds withoutd-orbital. This
suggests that the d-orbitals do not serve to stabilize than anion and may in

fact, serve to destabilize it.
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Conclusions

In summary, 5-nitro-N -(p-toluenesulfonyl)-1,2,3-benzoxathiazole-2,2-
dioxide (6g) was shown to react with nucleophiles differently than the parent
N -(p-toluenesulfonyl)-1,2,3-benzoxathiazole-2,2-dioxide (6a). Amine
nucleophiles were shown to attack the exocyclic sulfur atom and cleave the
tosyl group. This reactivity was, in part, thought to be caused by the acidity of
the benzoxathiazole ring. To further investigate this, a series of substituted
N-H-1,2,3-benzoxathiazole-2,2-dioxides (41a-h)(cyclic sulfamates) was
synthesized and their pK;s determined. The cyclic sulfamates were shown to
be more acidic than their acyclic analogues. The origins of this "acid
stengthening" effect in sulfamates was investigated by ab initio calculations,
using sulfamic acid as a model. The overall pK,; change was shown to arise
from three factors: N-S bond rotation, O-S bond rotation and ring contraction.
O-S rotation was responsible for the largest contribution, followed by ring
contraction and lastly, N-S bond rotation. It has been previously suggested
that the delocalization between the sulfur atom and the atom being
deprotonated (in the case of sulfamates, nitrogen) was a major contributor to
this effect. The results on the sulfamate model lead to the conclusion that
this delocalization plays a minor role and the primary contributor is the
delocalization between the sulfur atom and the heteroatom on the opposite
side of the sulfur from the atom being deprotonated (in the case of
sulfamates, oxygen). This conclusion may be extended to other systems
capable of this type of delocalization which have shown this acid
strengthening effect.

The contribution of d-orbitals to the stabilization of the sulfamate anion

was also investigated using ab initio methods. These results were ambiguous,
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providing no certain evidence either way of the role of d-orbitals in this
system.

Lastly, the acid strengthening effect in other sulfonyl-containing
heterocycles was investigated by ab initio methods. The sulfamide model
was consistent with experimental results, in that the cyclic compound was
shown to be more acidic than the acyclic analogue. The methyl sulfonamide
was also consistent with experiment in that there is no difference between the
cyclic and acyclic compounds. Results for the vinyl sulfonamide, used as a
model for aryl sulfonamides, was inconsistent with experiment. The
calculations suggest no difference between the acyclic and cyclic compounds.
However, experiment has shown otherwise, with the cyclic compound being
more acidic. This inconsistency may be the result of lack of a proper model.

Further work that could be done in this area includes continued
investigation into the chemoselectivity of nucleophilic attack on the N-tosyl
sulfamate. The reasons why certain nucleophiles attack the exocylic sulfur
whereas others attack the endocyclic sulfur remain unexplained. Insight
might be gained by substituting the sulfonyl aryl group and investigating how
the different substituents affect the selectivity of nucleophilic attack. In
addition, further computational investigations into the acid strengthening
effect in other sulfonyl-containing heterocycles would provide useful
information regarding hetero atom-sulfur delocalization. Higher level
computations also might provide further insight into the role of d-orbitals in

these systems.
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PART II

INVESTIGATION OF ENDOCYCLIC SUBSTITUTION AT
TETRACOORDINATE SULFUR (VI).
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Historical

Nucleophilic Substitution at Tetracoordinate Sulfur (VI)

Nucleophilic substitution reactions at tetracoordinate sulfur (VI) have
been the topic of some interest and have been reviewed42-46,

The stereochemistry of nucleophilic substitution at tetracoordinate sulfur
(VI) was first described by Andersen?” and coworkers. When (-)-menthyl-(S)-
phenylmethanesulfonate-160,180 (66) was treated with p-tolylmagnesium
bromide, optically active benzyl p-tolyl sulfone-160,180 (67) was obtained.
The absolute configuration of the sulfone was assigned as S, indicating that

the nucleophilic attack proceeded with inversion of configuration at sulfur.

16 16O
ﬁ p-TolMgBr M
MenO >ﬁ < CH,Ph »  PhCH, "';SI < p-Tol
O O
18 18
66 67

Two mechanisms have been considered for nucleophilic substitution at

tetracoordinate sulfur (VI) (Figure 17).
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Figure 17. Pathways for sulfonyl transfer reaction.

The reaction may proceed through a concerted mechanism (b), involving
and Sn2-like transition state. Alternatively, it could go through a two-step
process (a), involving a pentacoordinate trigonal bipyramidal sulfurane
intermediate. The question of a concerted or step-wise mechanism is still

disputed; arguments for both pathways have appeared in the literature.

Williams48 and coworkers have presented evidence for a single transition

state, therefore a concerted mechanism in sulfonyl transfer between

oxyanions and nitroaryl esters of 4-nitrobenzenesulfonic acid (Scheme 12).
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Scheme 12. Sulfonyl transfer between oxyanions and nitoaryl ester of
4-nitrobenzenesulfonic acid.

A series of oxyanions with basicities both smaller and larger than
4-nitrophenolate were used as nucleophiles. Should this reaction follow a
step-wise mechanism, a change in the rate-determining step should have
occurred as the incoming group became more or less basic than the leaving
group. This would have given a Brensted relationship which was non-
linear, with break at ApKy= 0 resulting from a stepwise mechanism with two
electronically distinct transition states. The Brensted relationship observed
was linear, suggesting a single transition state concerted mechanism. The
possibility of the intermediate being in a shallow energy well with two
electronically similar transition states cannot be ruled out unequivocally.

A similar study was also reported by Williams#? and coworkers which
involved the sulfonyl transfer between substituted pyridines and phenolate
anion in aqueous solutions (Scheme 13). Analogous to the previous study, a
single transition state, concerted mechanism, was supported by the Brensted

plot data.
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Scheme 13. Sulfonyl transfer between substituted pyridines and phenol.

Williams®0 and coworkers presented further evidence to support a
concerted mechanism in the sulfonyl transfer between isoquinoline-N-
sulfonate and substituted pyridines (Scheme 14). A Brensted study was
conducted between pH 7-8. If a stepwise mechanism is operative, the
Bronsted plot would exhibit a break at the pK of isoquinoline. If a concerted
mechanism is operative, the plot would be linear. The reaction obeyed a

linear plot suggesting a concerted mechanism.
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Scheme 14. Sulfonyl transfer between subtituted pyridine and isoquinoline.

Engberts®! and coworkers presented evidence for the formation of a
pentacoordinate intermediate (68) in the intramolecular carboxyl-catalyzed

hydrolysis of sulfonamides (Scheme 15).

73

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R H-I'-\I \O
+ 20N F -
SO,NR SO,NH S O
| AN 24N 8 | X 2 | XN
— = O
- /
N CO,H AF CcO, AP ~cC
R R R \
68 O
| L
+ ¥
) -
R,HN 5
\ O
AJIIRS
5+ - -
\ | -5 {<O o
/ / / /O
CO,H R R (\:\
. o}
R,NH i
- 69

Scheme 15. Engbert's intramolecular carboxyl-catalyzed hydrolysis of
sulfonamides.

The main argument put forth for a stepwise mechanism was based on the
negative p value (-0.54 + 0.02) for the acid catalyzed hydrolysis of aromatic
sulfonamides with substituents meta and para to the carboxyl functionality.
This negative value is consistent with a reduction of electron density on the
carboxyl group in the transition state compared to the initial state. This
implies that the new sulfur-oxygen bond is already fully formed in the
transition state of the slow step. The sulfur-nitrogen bond is partially broken.
The leaving group p value is very small and negative, signifying that the
nitrogen must carry a small positive charge in the transition state. The p
value for the sulfonyl center (-0.58 = 0.01) implies a reduction of electron

density on going to the transition state. The effects of the substituents are
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consistent with a transition state structure in which all three centers, carboxyl,
sulfonyl and nitrogen, are more electron deficient than in their initial state.
The transition state that fits these requirements is that for the breakdown of
the pentacoordinate intermediate. Engberts concluded a stepwise mechanism
involving a sulfurane intermediate.

Engberts®2 and coworkers reported further support for this stepwise
mechanism in the form ofab inito calculations. The preference rules for
pentacoordinate phosphorus compounds were applied to sulfur compounds;
the structure 70 was found to be the most favorable structure. This
compound has a structure in which the ring would be attached via apical-

equatorial positions with the C-5-O,yangle equal to 90°.

+
- NH
O I, | 3

Firei
X

70

Calculations on different conformations of this intermediate showed a
clear preference for the trigonal bipyramidal structure with apical bonds to the
incoming nucleophile and the leaving amine.

Martin®3 and coworkers synthesized the analogue of the sulfurane
intermediate expected from endocyclic substitution at sulfur (VI). The
sulfanilide dioxide 71d resulted from the treatment of conjugate acid 71 with

tetraethylammonium hydroxide.
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71d

The dynamic interconversion between conjugate acids 71a and 71b was
evident by the coalescence, at high temperatures, of two 19F NMR singlets
into one. Base catalysis was postulated to go through the sulfuranilide
dioxide 71d as evident by a broad singlet in the 1°F NMR spectrum. The
stabilization of the anion of 71c by bridging to form 71d would lower the
energy of the equilibrium and explain a large increase in the rate of base-

catalyzed equilibration.

CF,

N
Q

The pK value for the hypothetical equilibrium between alcohol 71a and its

conjugate base (71c), was estimated by a Hammett correlation to be 9.1. The
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observed value was 7.2. The lower value suggested that the structure in
solution was that of 71d and not the open-chained isomer 71c.

An x-ray structure analysis was done on sulfurane 71d. The geometry
about the sulfur atom was shown to be trigonal bipyramidal. The equatorial
angles were shown to be 117.8° and 122.7°, very close (less than 3° deviation)
to ideal (120°). The apical O-5-O angle was shown to be 192.3°, 12° from the
ideal (180°). This deformation from linearity was explained by Martin to be
caused by repulsive interaction between non-bonding electrons on the
equatorial oxygens and also by ring strain in the two bridged five-membered

rings.

Endocyclic Substitution at Sulfur (VI)

Nucleophilic attack at sulfur is generally assumed to take place in an SN2
like fashion, with the incoming nucleophile at an angle approximately 180°
from the leaving group. This would lead to an apical-apical arrangement of
the nucleophile and leaving group in the trigonal bipyramidal intermediate
or transition state, leading to inversion of configuration at the sulfur. The
orientation of the nucleophile and leaving group, however, can take other
arrangements. The nucleophile could approach 120° to the leaving group,
resulting in an equatorial-equatorial arrangement, leading to an inversion of
configuration at sulfur. The nucleophile could also approach 90° to the
leaving group, resulting in an apical-equatorial arrangement, leading to a
retention of configuration at sulfur (Figure 18). Although there are no
demonstrated cases of retention of configuration at tetracoordinate sulfur
(VI), there are examples of retention in nucleophilic substitution at

tricoordinate sulfur (IV)5455,
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Figure 18. Stereochemical arrangements for nucleophilic substitution at
sulfur (VI).

To determine if colinearity is necessary in nucleophilic substitution at
sulfur (VI), endocyclic substitution3® can be used to probe the affect of
deviation from the ideal Nuc-S-L angle of 180°. In endocyclic substitution the
leaving group (L) is bound directly to the nucleophile (N), so the atom being
being attacked (X) is transfered intramolecularly. This is in contrast to
exocylic substitution, in which the the atom being attacked (X) is attached to
the nucleophile (N). Intramolecular nucleophilic attack results in ring

formation and loss of the leaving (L) from the parent molecule.

Qe
N X N—X
N\ endocyclic

—~ —_— N
N X—\_I; N—X * L
ot exocyclic
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Wudl and Lee>* first demonstrated intramolecular nucleophilic
substitution at sulfinyl sulfur via a five-membered cyclic pentacoordinate

intermediate or transition state (Scheme 16).

Ar A£
Ph O_S\) base Ph O—S\’
O O
Me® NH M® N
Me Me
72
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Ph OH Ph O\ ;“ .
,Ar -——— /S\O
Mé I}‘_i“"uo VAN
Me |, Me
74 73

Scheme 16. Wudl's example of retention of configuration in endocyclic
substitution of sulfur (IV).

When (R)-1-ephedrine-4-toluenesulfinate (72), at low concentrations, was
treated with lithium dicyclohexylamide, sulfinyl transfer took place. It was
determined that the transfer took place with retention of configuration. As
the concentrations were increased the amount of inversion increased, due to
the increase in the likelihood of intermolecular substitution. This led to the
conclusion that the reaction at low concentrations was an example of
intramolecular endocyclic substitution. The five-membered tetracoordinate

sulfurane 73 was proposed as an intermediate.
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“Examples of endocyclic nucleophilic substitution at sulfur (VI) have been
reported by Hellwinkel7 and Closson®® and coworkers for sulfonamides of
the general type 75, with R, R' and R" being combinations of H, CH3 and
OCHs. Treatment of these compounds with two equivalents of alkyllithiums
(methyl and n-butyl) resulted in rearrangement to sulfones of the general

type 76, in moderate to good yields.

R'
H‘N

75 76

A crossover experiment was performed with a mixture of two
sulfonamides; (1) R = CH3, R'= CHj3, R"= H and (2) R = OCH3s, R"= OCH3, R'=
CHjs. After treatment with n-butyllithium, GC analysis of the product
mixture showed only two products, those resulting from intramolecular
rearrangement; no intermolecular products were observed.

Closson postulated a mechanism for this reaction which involved the

formation of a dianion 78, prior to rearrangement (Scheme 17).
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Scheme 17. Postulated mechanism for Hellwinkel-Closson rearrangement.

In support of the first step, ortho metallation, the treatment of the
sulfonamide with one equivalent of the alkyllithium and quenching with
methyl iodide led to the ortho methyl sulfonamide arising from the mono
anion 77. No evidence was offered for the existence of the dianion (78),
however, its formation was postulated based on the following: (1) theortho
site is the position of sulfonyl transfer, (2) if the ortho position is blocked the
reaction doesn't take place and (3) chelation of a lithium cation with a
sulfonyl oxygen via a six membered ring is possible.

Hellwinkel and coworkers extended this reaction to cyclic sulfonamides of
the general type 79. Treatment with two equivalents of n-butyllithium
caused the rearrangement to a dibenzol[b f][1,4]thiazepine dioxide structure

(80).
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Hellwinkel®® postulated a mechanism similar to Closson's involving
formation of a dianion 81. Treatment of 79 with one equivalent of n-
butyllithium gave mono-metallationortho to the sulfonyl group.
Hellwinkel noted that this anion was too far away for an intramolecular
transmetalation to occur. Once the second equivalent was added, the
compound rearranged to the thiazepine. Whether structure 82 is an
intermediate or transition state in the rearrangement could not be

determined.

Analogously, Hellwinkel0 treated (N -phenyl)-6H-dibenzolc,e]-[1,2]thiazin-
5,5-dioxide (83) with n-butyllithium at low temperature and observed a
rearrangement product, 14H-tribenzolb,e,g][1,4]thiazocin-9,9-dioxide (84).
Whether structure 85 is a transition state or intermediate was not

determined.
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Hellwinkel®0 also investigated the synthetic utility of this rearrangement,
as a means of making seven-membered heterocycles from five-membered
heterocycles. Rearrangement of 1,2-benzisothiazolone-1,1-dioxide 86, upon
treatment with n-butyllithium provided the dibenzo[b f][1,4]-thiazepin

derivative 87.

02 Br SOZ
EN 71-BuLi
N —
N\
e H
O
86 87

Although the carbonyl was potentially a site of nucleophilic attack by the
carbanion (88), it was rationalized that the carbanion cannot achieve the
prefered angle of attack (100°) with the carbonyl bond, in order to form
intermediate 89. It is in position, however, to attack the sulfur center to form

the trigonal bipyramidal structure (90).
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Hellwinkel and Lenz®! further explored the rearrangement of
sulfonamides (Scheme 18). N-Napthyl-N -methyl-4-toluenesulfonamide (91)
rearranged to the aminosulfone 94 when treated with only one equivalent of
n-butyllithium. The mechanism was postulated to be metallation ortho to
the sulfonyl group forming anion 92, followed by transmetallation to the

position ortho to the nitrogen (93), then rearrangement.
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Scheme 18. Hellwinkel's transmetallation mechanism for the rearrangement
of sulfonamide 91.

A similar transmetalltion was observed when sulfonamide 95 was treated
with n-butyllithium or t-butyllithium, rearrangement then led to the sulfone
96 (Scheme 19)61. Formation of the product was explained by initial metal-
halogen exchange followed by two transmetallations, then rearrangement. It
is of interest that the initial carbanion could have reacted with the sulfur
atom and rearranged through a six-membered transition state or
intermediate, instead transmetalation occurred and the rearrangement took

place by way of a four-membered transition state or intermediate.
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Scheme 19. Hellwinkel's transmetallation mechanism for the rearrangement
of sulfonamide 95.

An apparent example of endocylic substitution at sulfur (VI) was reported
by Andersen®2 and coworkers. 2-Aminophenyl 4-toluenulfonate (97) was
treated with n-butyllithium and found to rearrange to sulfonamide 98. The
reaction was found to be irreversible, by treatment of 98 with n-butyllithium;

no sulfonate 97 was detected.

O—5—Tol n-Buli OH
02 —_—
NH, N=5="Tol

97 98
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Several other sulfonates were shown to rearrange to their corresponding
sulfonamides. The analogous pyridine compound 99 rearranged in a 70%
yield. The two naphthyl compound, 100 and 101, also yielded the rearranged

products in low yields, 33% and 20% respectively.

NH, O-50,-Tos NH,
| N OS50 Tos 0-50,-Tos
N~ T NH,
99 100 101

An initial crossover experiment was performed to determine whether this
rearrangement went by way of an intramolecular or an intermolecular
pathway. An equal mixture of sulfonates 102 and 103 was treated with four
equivalents of n-butyllithium. If the reaction were going intermolecularly,
the reaction mixture should contain four products. An intramolecular

reaction would give only two products.

0-5s C(CH,) 0-5 OCH.
s s
H,C NH, NH,

102 103
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The 'H NMR spectrum of the product mixture showed only two products.
Comparison to spectra of all four independently synthesized possible
sulfonamides showed the two products to be the ones arising from
intramolecular rearrangement. It was concluded that this reaction was
intramolecular; however, this was based on the assumption that the two
sulfonates rearranged at the same rate. The possibility existed that one
sulfonate reacted faster than the other. This would allow for the faster
reacting sulfonate to react intermolecularly to completion before the slower
sulfonate had reacted significantly. If this indeed were the case, only the
intramolecular products would be observed even though the rearrangement
might be actually occurring intermolecularly.

In an effort to rule out this possibility, a crossover experiment involving
the sufonate 104 and its corresponding deuterium labeled analogue 105 was
undertaken. The rates of the two compounds were not expected to differ

significantly.

o-5 CH, 0-5 D,
0, O,

?H{ ?H{

CH; CD;

104 105

Compounds 104 and 105 were treated with three equivalents of lithium
diisopropylamide. The deuterium distribution detected by mass spectrometry

was found to be consistent with that calculated for an intramolecular reaction.
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These results support the previous crossover experiment, indicating that the

rate of reaction of compounds 102 and 103 are not significantly different.
Even though the reaction was shown to be intramolecular, it was not

necessarily an example of endocylic substitution. An alternative mechanism

was put forth to explain the formation of the products (Scheme 20).

Z O
T
T
s
Y
z 0
Iz
wn
|
=

O -
(:E 0,5— Ar
NH

106

Scheme 20. Elimination-addition pathway for rearrangement of sulfonate 97.

This mechanism involves the base-induced 1,4-elimination to form an
ortho-quinoneimine 106 and p-toluenesulfinate anion. The ion pair could
then recombine within a solvent cage to give the observed sulfonamides.

This mechanism was suspected to be involved due to the isolation of
2,2'-hydroxy-5,5'-dimethylazobenzene (108) from the reaction mixture

(Scheme 21).
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Scheme 21. Mechanism of 1,4-elimination-addition of 2-aminoaryl
arenesulfonates.

This product might arise by a base-induced elimination to form the o-
quinoneimine (106), followed by attack of the nitrogen anion to give 107. A
second base-induced elimination, followed by deprotonation led to the
azobenzene (108).

To investigate the validity of the elimination-addition mechanism, 2'-(8'-
amino)naphthyl-4-toluenesulfonate  (109) was synthesized and reacted under
the conditions for rearrangement (Scheme 22). Sulfonate 109 seems unlikely
to undergo endocyclic substitution, because of the distance between the
nitrogen and sulfur atom. This compound can, however, undergo the

elimination-addition pathway. Treatment of 109 with three equivalents of 11~
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butyllithium gave sulfonamide 110 in 78% yield. This indicated that, at least

in this particular case, either the elimination-addition or intermoleular

substitution pathway is operative.

’}'ol
Tol

i° |502

NH, 50, NH
O 1n-BuLi OH

109 110

- Tol 0,5 Tol

NH { 50, NH,

|

O " O

Scheme 22. Mechanism for rearrangement of 2'-(8-amino)naphthyl-4-
toluenesulfonate.

Andersen®? and coworkers also reported the rearrangement of
sulfamidates. Compound 111 when treated with lithium diisopropylamide,
rearranged to 113 in 45% yield. Another compound isolated from the
reaction mixture was N-methyl-p-toluenesulfinamide. It was postulated that
this reaction may go through and elimination-addition mechanism (Scheme

23). Initial base-induced elimination formed quinone 112. Approximately

half of the sulfinimide anion added to this quinoneimine to give the

observed rearranged product and the other half was protonated to form N-
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methyl-p-toluenesulfinamide. The remaining quinoneimine was speculated

to account for polymeric material recovered from the reaction mixture.

NCH OH
I 3 l X
O—S—Tol O
AN T — i
| 0 — N~ N—S—Tol
> H 0
N NH, NCH,4
111 113

Scheme 23. Suggested rearrangement mechanism for sulfamidates.

Watanabe®3 and coworkers reported that a pyridine solution of 114
rearranged to 116. It was suggested that this reaction may go through
intermediate or transition state 115. No evidence was presented that this is in
fact an intramolecular reaction. If it is, however, it would be an example of

endocyclic nucleophilic substitution at sulfur (VI) through a five-membered

ring.
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Andersen®? and coworkers also reported the investigation of a series of
compounds, designed to rearrange by way of an endocyclic nucleophilic
substitution through a six-membered transition state or intermediate.

Sulfonate 117 was reported to rearrange to the corresponding sulfonamide
when treated with an excess of lithium diisopropylamide. In an effort to
determine whether this reaction was intramolecular or intermolecular, equal
amounts of compound 117 and its isotopomer 119 were treated under the
same conditions. Sulfonamide 118 and its isotopomers were isolated from
the reaction mixture. The deuterium distribution detected by mass
spectrometry was found to be consistent with an intermolecular and not an

intramolecular reaction.
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Sulfonamide 120 was a potential candidate for endocyclic nucleophilic
substitution. Treatment of 120 with n-butyllithium gave none of the expected
rearrangement product, but yielded 2-pentylaniline (121) and N -methyl-p-
toluensulfonamide (122). The products were thought to arise from an

elimination-addition mechanism as shown in Scheme 24.
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Scheme 24. Mechanism for base-induced elimination of 120.

Two other compounds, thought to possibly undergo endocyclic
nucleophilic substitution, were investigated®2. Compound 123 when treated
with a variety of bases, sodium hydride, n-butyllithium and lithium
diisopropylamide, gave none of the expected rearrangement product. In all
cases, the isolated products were aminosulfone 124 and sulfinate salt 125. The
products were thought to arise from base-induced elimination followed by

hydride attack on the generated imine as shown in Scheme 25.
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Scheme 25. Base-induced elimination of sulfonamide 123.

An analogous reaction was that of disulfonamide 126, treatment with -
butyllithium gave N-methyl sulfonamide 127. This resulted from
deprotonation of the nitrogen methyl group, followed by elimination of

sulfinate anion, followed by hydride attack on the resulting imine (Scheme

26).
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Scheme 26. Mechanism for the base-induced elimination of disulfonamide
126.

The literature has several examples of nucleophilic substitution at sulfur
(VI). The work of Hellwinkel and Closson provided several examples of
endocyclic nucleophilic substitution which are presumed to proceed through
a four-membered intermediate or transition state. One example of a
compound which could proceed through a six-membered intermediate or
transition state has been reported to rearrange through an intermolecular
exocyclic substitution rather that the desired intramolecular endocyclic
substitution. The case of the five-membered intermediate or transition state
is still in question. Andersen has reported a five-membered case which
appears to rearrange intramolecularly; however, there is a strong possibility
that it may go by way of an elimination-addition mechanism. Therefore it

may not be a case of endocyclic nucleophilic substitution at sulfur (VI).
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Results and Discussion

The purpose of this research was to further investigate the stereochemical
requirements of nucleophilic substitution at tetracoordinate sulfur (VI), by
utilizing compounds of the general type 127. These molecules are capable of
undergoing substitution endocyclically, thus allowing control of the angle of

approach of the nucleophile by varying the chain length n.

Previous work by Hellwinkel and Closson has shown that for compounds
where n = 1, nucleophilic substitution proceeds endocyclically through a four-
membered intermediate or transition state. This is preferred over exocyclic
substitution. Andersen has shown that one case where a six-membered
transition state is necessary for nucleophilic substitution, the exocyclic
reaction is preferred over the endocyclic reaction. The case of the five-
membered transition state or intermediate is less clear. Andersen has shown
that for certain compounds this reaction does proceed intramolecularly,
however, it seems that there is a competing elimination-addition mechanism
that provides the same products as the desired endocyclic substitution
mechanism. Therefore, the existence of the five-membered intermediate or

transition state is still in question.
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This research was directed toward the synthesis and study of molecules
which are capable of undergoing endocyclic nucleophilic substitution via the
five-membered intermediate, without the possibility of an elimination-
addition mechanism. This would provide further insight into the possibility
of a five-membered intermediate or transition state in nucleophilic

substitution at sulfur (VI).

The previously mentioned aminoaryl sulfonates, which underwent the
elimination-addition reaction, had the leaving group and nucleophile
attached to an aromatic ring which served as a two carbon spacer. This
allowed for formation of the quinonimine intermediate upon elimination. It
was the original goal of this project to synthesis analogous aminoalkyl
sulfonates of the general type 128, which possessed two aliphatic carbon

joining the leaving group (O) and nucleophile (N).

H‘
Ar—5S—-0O N—R"™
O,
R R R
128

These compounds would be unable to undergo an elimination as did the
aryl sulfonates. Initially, we felt that R, R' and R" were necessary in the
model compounds. The carbon adjacent to the oxygen should be secondary to
prevent nucleophilic attack at that carbon which would result in loss of the
tosylate group. Additionally, this might prevent nucleophilic attack of the

nitrogen and aziridine formation. It was also necessary to have a tertiary
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carbon adjacent to nitrogen to prevent deprotonation and 1,2-elimination of
the tosylate.
The first synthesis attempted was that of 129. This compound seemed to be

accessible in several steps from acenaphthequinone (130) (Scheme 27).

W R \ "‘“ R

129 ﬂ

05 = &

Scheme 27. Retro-synthesis of aminosulfonate 129.

The acenaphthequinone (130) was protected as its monoketal (131) by
treatment with one equivalent of ethylene glycol in refluxing toluene using a
Dean-Stark apparatus to remove the water®%. The mono-ketal (131) was
separated from a small amount of diketal (5%) byproduct by recrystallization
in methanol. Compound 131 was recovered in 86% yield. The mono-ketal

(131) was then refluxed in toluene with n-butylamine for three hours.
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During the course of the reaction, no water was collected in the attached
Dean-Stark trap. Evaporation of the reaction mixture yielded only starting
material; none of the desired imine, 132, was present. An analogous reaction
was attempted using Linde 4A molecular sieves to drive the equilibrium to

the right by removing the water. Again only starting material was recovered.

o 0
HQ OH (\ © (\ 2
\-——/ O —N—» ©
130 — s
cat. TosOH ;1_BuNH2
PhCH, PhCH,
A A

131 132

An alternate method used to incorporated the nitrogen functionality was
conversion of the protected ketone to an oxime. Ketoximes have been
reported to undergo nucleophilic attack at carbon by alkyllithiums and alkyl-
magnesium halides to give hydroxylamines which could be further reduced
to the desired amine®®.

The mono-ketal (131) was added to a 50% aqueous ethanol solution
containing hydroxylamine hydrochloride and sodium hydroxide and refluxed
for thirty minutes. A mixture (5:1) of the two isomers of 133, recovered in
84% yield, was then treated with n-butyllithium (four equivalents) in THF.
The reaction mixture, after workup, yielded many spots on tlc; the desired
hydroxylamine (134) could not be isolated. Reaction with two equivalents of
n-butyllithium gave back only starting material. Analogous reactions with

methyllithium and methylmagnesium iodide were also unsuccessful.
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The O-methyl oxime (133b) was also prepared by reaction of 131 with O-
methylhydroxylamine hydrochloride in pyridine at room temperature for
twelve hours. The oxime 133b was isolated in 92% yield. Reaction of the O-
methyl oxime with methyllithium® (one equivalent) gave only starting
material. Use of an excess of methyllithium gave a mixture which showed
many spots on tlc; no single compound could be isolated.

Further attempts at synthesis of the naphtho-fused compound 129 were
abandoned. It did not appear that incorporation of a tertiary amine into the

five-membered naphtho-fused ring would be possible by this route.
A similar acyclic aminosulfonate, 135, was envisioned to be a suitable
model for study. The amino sulfonate seemed accessible from the analogous

amino ketone (136) which could be synthesized by a Neber rearrangement®?

of the appropriate N -tosyl oxime®8 or N -chloroimine®? (137) (Scheme 28).
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Scheme 28. Retro-synthesis of aminosulfonate 135.

A large number of o-aminoketones have been synthesized from the
appropriate oximes via the Neber rearrangement’V. Treatment of the
ketoxime (138) with a strong base leads to formation of the azirine (139) which
upon acid hydroylsis gives the aminoketone hydrochloride salt (140) (Scheme

29).

X~N N O, NH,I
\: base y aq. HCI > (
R ——————
R R’ R R' R R’
138 139 140

Scheme 29. Neber rearrangement.

The desired starting ketone, isobutyrophenone (141), was commercially
available. Treatment of 141 with hydroxylamine hydrochloride and sodium
hydroxide in refluxing 50% aqueous ethanol for three hours gave oxime 142
in 97% yield. This oxime was treated with one equivalent of p-

toluenesulfonyl chloride and sodium bicarbonate in 1:1 dioxane/HpO for 18
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hours at room temperature. The products isolated were not the desired O-
tosyl oxime, but a mixture of the two amides 144 and 145 resulting from a
Beckmann rearrangement’! of the O-tosyl oxime (143). Similar products were
observed when the oxime was treated with p-toluensulfonyl chloride and
pyridine in ethanol. Also treatment of 142 with potassium hydroxide and

p-toluensulfonyl choride in 1:1 acetone/water gave a complex mixture of

products.
O Me HONHyHCI HOSN  Me  qosp 1050~ N Me
—_— A\ ———— >_<
NaOH NaHCO,
Ph Me  gon/ H,0O Ph Me  djoxane/H,0 Ph Me
141 142 143
Me o l
)\ + Me _Ph
Ph II\T Me 1}1
H Me H
144 145

The preparation of the O-tosyl oxime (143) did not seem possible due to the
facile Beckmann rearrangement under these conditions. The alternative was
the Neber rearrangement by way of the N -chloroimine.

The isobutyrophenone oxime, 142, was reduced by hydrogen using 5%
palladium on carbon in methanol to give amine 146 in 65% yield. The
amine was then dichlorinated using N,N -dichloro-p-toluenesulfonamide,
prepared from p-toluenesulfonamide and chlorine bleach. The

dichloroamine 147 was not isolated , but was treated with excess sodium
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methoxide in methanol. This caused initial formation of the N-chloroimine
(148), which upon reaction with more base formed the intermediate azirine
which was hydrolyzed with 2N HCl. The aminoketone hydrochloride salt

was recovered in 28% yield.

HO-N  Me H, HN Me CL,NSO,Tol CLN Me
5% Pd-C C.H
Ph Me MeOH Ph Me 6116 Ph Me
142 146 147
MeONa
MeOH
o NiLep D MeONa  Cl=
3 MeOH \> (
e e
3 | Me
PR Me 2) 2N HCL Ph Me
149 148

An alternative synthesis of the N-chloroimine (148) was also used.
Treatment of a solution of isopropylmagnesium chloride in diethyl ether
with benzonitrile gave imine 150, which was not isolated but immediately
chlorinated with N ,N -dichloro-p-toluenesulfonamide?? to give N -chloro
imine 148. This was then treated as previously to give the aminoketone
hydrochloride salt. This route provided better overall yields and was the

easier of the two procedures to carry out on a larger scale.
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The aminoketone was reductively alkylated in two steps. The amine was
refluxed in toluene with one equivalent of benzaldehyde to give the keto-
imine 151, which was then reduced with excess sodium borohydride in
methanol. Simultaneous reduction of the ketone and imine functionalities

gave the N-benzyl aminoalcohol (152) in 65% yield.

Ph
A NLC naon Q NE: PhCHO o N
>—|L —_— S N——
Me Me tol Me
Ph Me Ph Me ° Zene Ph Me
149 136 151
Ph xs NaBH,
H_/ M EtOH
TosO N HO N
\
Me 7% Me
Ph Me Ph Me
153 152

The tosylation of the alcohol functionality, to form the aminosulfonate
153, was attempted under various conditions”3. Treatment of 152 with

pyridine and p-toluenesulfonyl chloride in methylene chloride returned
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starting material as well as pyridinium tosylate and the hydrochloride salt of
152. Using triethylamine as the base returned only starting material.
Attempts at tosylation using tosyl chloride with pyridine as the solvent, as
have been previously reported, were also unsuccessful. It was thought that
if the nitrogen could be protected, O-tosylation could be done using a stronger
base. Attempts to make the N -protected 9-fluroenylmethoxy carbonyl
(Fmoc)74 derivative were unsuccessful. The inability to protect the nitrogen
most likely arose from the nitrogen being too sterically hindered which
prevented attachment of the very bulky Fmoc protecting group. Tosylation
using sodium hydride in THF was also unsuccessful primarily due to the
insolubility of the sodium salt of the aminoalcohol.

The inability to selectively tosylate the oxygen of the o-aminoalcohol was
unexpected , as this has been reported to be possible in several similar
systems. The problems encountered with aminosulfonate 152 may arise from
steric interactions and also strong hydrogen bonding between the alcoholic
hydrogen and the nitrogen. This, however, is only speculation.

With the inability to synthesize the desired amino sulfonate, an analogous
nitrogen analogue model was considered.

Diamine 154 was a compound which might undergo endocyclic
nucleophilic substitution. It was hoped that deprotonation of the primary
amine would cause rearrangement to 155, with the driving force being the
difference between the pK,s of the primary and secondary amines. This
reaction would also be irrreversible, because once the rearrangement
occurred, the new sulfonamide would be deprotonated stopping any

rearrangement back to 154.
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The synthesis of 154 was envisioned to be accessible from the analogous

ketone 156, which could be synthesized from ketone 157 and sulfonamide 158
(Scheme 30).

o} X
Tol Tol >_/
* | P
SO, v 50, 157
H,N N- Me o) N- Me
> > Tol
Ph Ph © \SO
154 156 O,
- Me
N
H
158

Scheme 30. Retro-synthesis of diamine 154.

Sulfonamide 158 was deprotonated with n-butyllithium or sodium
hydride in THF at 0 °C, a-chloroacetophenone was added dropwise and the
reaction was allowed to warm to room temperature. Analysis by tlc showed
five different spots. No attempt was made to isolate any products. The
formation of several products might be the results of the sulfonamide anion

not only acting as a nucleophile but also as a base. It is conceivable that the
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sulfonamide anion could deprotonate the product, forming an enolate which

could further react with a molecule of o-chloroacetophenone.

1) n-BulLi /THF
or

II{ NaH / THF
N. £ » mixture of several compound
Tol—S”~  "Me X P
O, 2) PhCOCH,CI
158

To avoid this potential problem, the o-chloroacetophenone was
converted to the more reactive o-iodoacetophenone’ by treatment with
sodium iodide in acetone. The iodo compound was then reacted with the
sodium salt of N-methyl-p-toluenesulfonamide in DMF at room temperature
for one to two hours. The reaction mixture was poured over ice and 156

precipitated in a 81% yield.

015 cl Nal O\\ 1
acetone /

Ph Ph Me
|
O N — SO, Tol
—> >_/

- Ph

| NaH Na ] 156

N — N
M s0,Tol  THF M SO,Tol
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The synthesis of the diamine 154 was completed by treatment of 156 with
hydroxylamine hydrochloride in pyridine at room temperature for twelve
hours, yielding oxime 159 in 80% yield. Reduction of the oxime was
accomplished by hydrogenation using 10% palladium on barium sulfate in

MeOH. The diamine 154 was isolated in 90% yield.

I}/Ie I}/Ie
HO-~
HONHZ-HCI N N— SOZTol H2 HZN N— SOZTOI
156 ——————> \>_/ — . >___/
pyridine Ph 5%Pd-BaSO; )
MeOH
159 154

Compound 154 was reacted with two equivalents of n-butyllithium at -78
°C, then allowed to warm to room temperature with stirring for fifteen hours.
After workup, only starting material was recovered. When three equivalents
of n-butyllithium were used, under the same conditions, a yellow oil was
recovered which showed several spots by tle. ATH NMR spectrum showed
no starting material, but many peaks. No pure compounds could be isolated
from the mixture. Analogous results were observed when five equivalents
were used. It is quite possible that the first two equivalents of butyllithium
are forming the nitrogen anion as well as deprotonating the aromatic ring
ortho to the sulfonyl group. The third equivalent may be acting as a
nucleophile further attacking the molecule causing the formation of several
side products. To eliminate this, a non-nucleophilic base was required.

The diamine 154 was treated with two equivalents of lithium

diisopropylamide at -78 °C, then stirred at room temperature for fifteen
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hours. After workup, only starting material was isolated. Analogous
reactions were run using three and five equivalents of lithium
diisopropylamide; only starting material was recovered in all cases. The lack
of any decomposition products being formed when more than two
equivalents were used suggests that the butyllithium, in the previous case,
may have indeed been acting as a nucleophile and attacking the molecule,
most likely at the sulfonyl sulfur.

The lack of intramolecular reaction when 154 was treated with base may lie
in the mode of coordination of the lithium cation. The most stable
conformation of the diamine 154 would be expected to be the one in which
the phenyl group and the N-methyl nitrogen are antito one another (a), as
opposed to the two nitrogens being anti to one another (b) (Figure 19). Both
conformations exhibit one gauche interaction, however, the steric
interactions between the phenyl group and the tosyl methyl nitrogen in (b)

would seem to rule out this conformation as being the most preferred.

H H
Ph ~ NH, Ph ~ NH,
_Tos Tos<
S T oA
H Me Me H

Figure 19. Conformations of diamine 154.
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Conformation (a) would be the most likely conformation for the molecule
to adopt if it were to go through an intramolecular sulfonyl transfer. The
question, however, remains as to how the lithium coordinates in this
conformation. Two possibilities seem likely (Figure 20). The lithium cation
could coordinate to both nitrogens forming a five-membered ring (I), the ring
would have to adopt a puckered shape to avoid any eclipsing interaction. The
other mode of coordination could be the coordination of the cation to the
nitrogen anion and one of the sulfonyl oxygens (II). This would form a
seven-membered ring in which the molecule could maintain the staggered

conformation.

i 3
Ph N: Ph 1\1‘ ~Li
¢ C’
’ il
N~ S’/O N— S— Tol
Me "~ Tol I:/Ie (g
@ (1)
v R ol
Ph N\\ Ph._ N- - Li
L )
H N’ H Ne_ #
I / \ | , \”S\ Tol
H Me ‘Iso2 H e &
Tol

Figure 20. Proposed lithium coordination to anion of 154.

The coordination as in (I) has been previously suggested in the case of

intramolecular sulfinyl transfer by Wudl and coworkers®. Wudl suggested
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that coordination in this fashion was expected to activate the sulfur toward
nucleophilic attack. The other mode of coordination would have the
opposite effect. Coordination of the two nitrogens to the lithium cation
would seem to effectively move the sulfonyl group away from the nitrogen
anion, thus making nucleophilic attack less likely.

In the case of diamine 154, if indeed the anion is being formed, this may be
a case of coordination of the type (I), which would seem to effectively negate

the likelihood of intramolecular sulfonyl transfer.

The lack of success in finding a suitable acyclic compound which would
undergo enocyclic nucleophilic substitution led to examination of cyclic

compbunds of the general type 160.

160 161

These compounds differ from the previous examples in that the leaving
group and the sulfonyl sulfur atom are now contained in a ring. Attack of the
nucleophile and subsequent cleavage of the SO-L bond leads to formation of
a larger ring (161). As previously mentioned, Hellwinkel5%.60 studied
compounds of this general type, in which n =3 and m = 1. These compounds
went through a four-membered intermediate or transition state and resulted

in formation of a seven-membered ring. This research focused on examples
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where n = 3 and m = 2; these compounds would go through a five-membered
intermediate or transition state and result in an eight membered ring.

The synthesis of a series of N -substituted 1,8-naphthosultams had
previously been reported during a study of their properties3l. Two of these
sultams, the N -tosyl (162) and N -2-bromobenzyl (163) appeared to be likely

candidates for endocylic substitution of this type.

162 X= s—(
OZS—N O

0 . Oy

1,8-Naphthosultam (164) was dissolved in methylene chloride and treated
with triethylamine and p-toluenesulfonyl chloride at room temperature for

twelve hours. The N-tosyl compound 162 was recovered in 56% yield.

O,
H s
0,5—N 0,5—N

TosCl, Et;N
164 162
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It was believed that treatment of the 162 with two equivalents of strong
base would result in formation of the dianion 165. This is analogous to
results previously reported by Hellwinkel. The dianion could then react
endocyclically to form the pentacoordinate intermediate 166. Breakdown of

this could form the eight-membered dithiazocine (167) (Scheme 31).

(v

’ 802 -, 502
C
162 165
; "0, s
0,5 NH 0,5——N
] C‘
167 166

Scheme 31. Proposed rearrangement of N -tosyl sultam 162 to the
dithiazocine 167.
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The alternative pathway would be transmetallation of 165 to form dianion
168, which could then react endocyclically through the four-membered

intermediate 161, resulting in sultam 170.

Li
SO
0,5—N~ 0,5—N~ )2

\“ —_— l ! Li

168
028 I— N OZS _—NT\

~so

Li o2
170 169

Scheme 32. Proposed rearrangement of tosyl sultam 165 to sultam 170.

N-tosyl sultam 162 was treated with two equivalents of #-butyllithium in
THF at -78 °C and the mixture was allowed to warm to room temperature
with stirring for one hour. Analysis by tlc showed only one spot. After
aqueous workup and purification on a silica gel column, a white solid was

recovered. This solid was identified as sulfone 171.
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OZS—N \\\\

2 n-BuLi S0, HN”
162 171

The n-butyllithum was evidently too good a nucleophile and opened the
sultam ring. The base was then changed to a less nucleophilic base, lithium
diisopropylamide. Treatment of 162 with two equivalents of LDA at -78 °C,
then warming the mixture to room temperature with stirring for one hour,
gave a mixture which showed two major spots on tlc After aqueous acidic
workup, a yellow oil was recovered. The oil was dissolved in diethyl ether
and extracted with 2H NaOH. Acidification of the aqueous extract gave a tan
solid, which showed two spots on tlc; one which moved up the plate and the
other remained at the baseline. The componds were separated by column
chromatography on silica gel and identified as 1,8-naphthosultam (164) and p-
tolueneuslfonic acid (172) (baseline spot). The mechanism for the formation
of these products can be explained by the elimination mechanism shown in
Scheme 33. Deprotonation of the tosyl methyl group lead to elimination of
the sultam anion and formation of ortho-sulfoquinomethane Quenching

with aqueous acid protonates the sultam and forms the sulfonic acid.
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164 172

Scheme 33. Proposed reaction of N-tosyl sultam 162 with lithium diisopropyl
amide.

The other compound investigated was the N -2'-bromobenzylsultam 163.
The benzyl sultam was prepared by treatment of 1,8 naphthosultam (164),
with triethylamine and 2-bromobenzyl bromide for eighteen hours in

refluxing in benzene. This yielded the desired sultam in 62% yield.

Br

H —
05— N . 0,8——N
Et;N
N Br 3
CeHg
A
164 163
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It was believed that lithium-halogen exchange should form anion 173,
which could undergo endocylic nucleophilic substitution by way of

intermediate 174 to form thiazocine 175 (Scheme 34).

Br (:

“
163 173
- ~
05 NH ~————— Tosi-N
175 174

Scheme 34. Proposed rearrangement of benzyl sultam 163 to thiazocine 175.

Sultam 163 was treated with one equivalent of #-butyllithium in THF at
-78 °C. The mixture was allowed to warm to room temperature and stirred
for 1 hour. Analysis by tlc showed one major spot. The reaction mixture was

poured into diethyl ether and extracted with 2N HCl. The acidic aqueous
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extract was made basic and a light yellow precipitate filtered. The 1H NMR,
13C NMR, infrared and mass spectra all supported thiazocine 175 as the
structure.

An alternate structure 178, which also fits the spectral data was considered.
This product could arise by the mechanism shown in Scheme 35.
Transmetallation of the anion 163 could form benzyl anion 176, which could
then eliminate to form imine 177. Addition of the sulfinate anion to the

imine carbon could form the six membered 1,3-thiazine 178.

Li
N
0,5—N 0,5——N7}_ Li
“
163 176

|
by g

0,57 " NH SO, NA©
“ “
178 177

Scheme 35. Proposed rearrangemnt of benzyl sultam 163 to 1,3-thiazine 178.
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In order to differentiate between the two structures 175 and 178, a 13C
NMR experiment employing a DEPT (Distortionless Enhancement by
Polarization Transfer) pulse sequence was employed. This pulse sequence
allows one to distinguish between carbons with different hybridization. The
pulse sequence was set to allow for CH3 and CH carbons to appear in the
positive region (above the baseline) of the spectrum and CHj to appear in the
negative. Tertiary carbons are omitted; the number of these is determined by
comparison to the normal 13C spectrum.

This experiment allowed a distinction to be made between 175 and 178 by
the number of different types of carbons in each. Both compounds contain 17
peaks in the normal 13C NMR spectrum. The DEPT of 175 should contain 10
CH peaks and 1 CHjy peaks. The DEPT of 178 should contain only 12 CH
peaks.

The DEPT and normal 13C NMR spectra are shown in Figure 21. The
rearranged compound shows 10 positive peaks, corresponding to CH carbons
and one negative peak corresponding to a lone CHj carbon. By comparison to
the normal 13C spectrum, it was determined that the compound has 6 tertiary
carbons. These results indicate that the rearranged product of the

bromobenzylsultam 163 is thiazocine 175.
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Figure 21. DEPT and 13C NMR spectra for 175.
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Conclusions

In summary, the synthesis of two amino alcohols was attempted. It was
thought that compounds 129 and 135 would be likely to undergo endocyclic
nucleophilic substitution through a five-membered transition state or
intermediate. The synthesis of these compounds, however was unsuccessful.

Diamine 154 was also investigated, as it also could undergo endocylic
nucleophilic substitution through a five-membered transition state or
intermediate. It was shown that treatment of this compound with strong
bases resulted in no rearrangement, as primarily starting material was
recovered. It is believed that the coordination of the lithium cation with the
diamine could prevent transfer of the sulfonyl group.

Tosyl sultam 162 was also investigated. It was believed that deprotonation
o to the sulfonyl group followed by endocyclic nucleophilic attack would
result in formation of the eight-membered dithiazocine 167. Treatment of
162 with n -butyllithium resulted in nucleophilic attack of the base at the
sulfonamide sulfur atom resulting in ring opening. Treatment with lithium
diisopropylamide resulted in elimination and loss of the tosyl group. None
of the hoped for rearrangement product was observed in either case.

Benzyl sultam 163 was also investigated, as it also was capable of endocyclic
substitution by way of a five-membered intermediate or transition state.
Treatment of 163 with n-butyllithium resulted in formation of thiazocine 175.
This product can only arise from rearrangement of 163 by endocyclic
nucleophilic substitution through a five-membered transition state or
intermediate.

Previously, only examples of endocylic substitution through a four-

membered transition state or intermediate have appeared in the literature.
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The case of the five-membered intermediate, up to this point has been
ambiguous. The rearrangement of 2-aminoaryl arenesulfonates (97) is an
apparent example, however evidence for a competing elimination addition
mechanism makes this rearrangement suspect. The synthesis of 175,
therefore, provides the first example of endocyclic nucleophilic substitution
through a five-membered intermediate.

Future work that could be done in this area includes investigation into the
stereochemistry of the products of the rearrangement of 163. Whether this
reaction proceeds with retention or inversion at the sulfonyl center would
provide an important piece of information on substitution reactions at sulfur
(VI). Furthermore, the synthetic usefulness of this reaction could be extended
to similar systems, as it provides a route to novel eight-membered

heterocycles.
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Experimental

Instrumentation.

Melting points were obtained with a Thomas Hoover melting point
apparatus and are uncorrected. Infrared (IR) spectra were obtained on a
Nicolet FT-IR model 205. Nuclear magnetic resonance (!H and 13C NMR)
soectra were obtained at 360 MHz for 1H and 90.6 MHz for 13C on a Bruker
AM-360 spectrometer. All chemical shifts are reported in parts per million
(ppm) downfield from a trimethylsilane (TMS) internal standard, unless
otherwise noted. Coupling constants (J) are give in hertz (Hz). Mass spectra
were obtained on a Hewlett Packard model 5988-A GC/MS quadropolar
spectrometer using electron impact (EI) ionization unless otherwise stated.
Elemental analyses were performed by Nancy Cherim at the University
Instrumentation Center. pH values were obtained on a Orion Research
model 401A digital pH meter using a standard glass electrode calibrated with
pH 4 and pH 7 buffer solutions. Ab initio and semi-empirical calculations
were carried out using Spartan (version 1.0.3) on a Silicon Graphics

workstation.

Materials.

All chemicals used were reagent grade or better. Solvents were purified
and dried by standard techniques. Thin layer chromatography (tlc)
experiments were conducted on 0.2 mm thick pre-coated, aluminum-backed
plates of silica gel (Aldrich Chemical). Column chromatography was

performed using 70-230 or 200-400 mesh silica gel (Aldrich Chemical).
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Known starting materials.

The synthesis of compounds 6a-c,f,g have been previously reported.

pKa Determinations.

Experimental pK, values were obtained by potentiometric titration as
outlined in Albert and Serjeant. The pK, values were determined in 60% v/v
EtOH/water mixtures, primarily due to the low solubility of the compounds in
pure water. The samples were typically run at 0.01M concentrations (0.25
mmol in 25 mL) and titrated with 0.1N NaOH (standardized with KHP) at 25
°C. The measurements of pH were taken at nine intervals from 10-90%

ionization.

Reaction of 5-nitro-N -(p-toluenesulfonyl)-1,2,3-benzoxathiazole-2,2-dioxide (6g)
with imidazole.

A solution of imidazole (0.050 g, 0.730 mmol) in water (2 mL) was added to a
solution of 6g (0.135 g, 0.365 mmol) in CH3CN (10 mL). The solution was
stirred at room temperature for 30 minutes. The solvent was evaporated and
the residue was triturated with CHCl3 (10 mL) and filtered. The organic layer
yielded p-toluenesulfonyl imidazole (0.072 g, 89%), whose mp, IR and 1H NMR
spectra matched those in the literature. The bright yellow solid, removed by
filtration, was dissolved in water (10 mL) and the solution was acidified with
6N HCIl. The aqueous solution was extracted with CHCl3 (3 x 10 mL). The
combined organic layers were dried over magnesium sulfate and evaporated to
yield 5-nitro-N-H-1,2,3-benzoxathiazole-2,2-dioxide (41a) (0.054 g, 69 %): mp 147-
50 °C dec; MSm /z 216 (M*); IR (KBr) 3272 (NH, sharp), 1600, 1525 (NO»), 1475,
1430, 1375, 1345 (NOg, SOp), 1230, 1220, 1180 (SO2); 1TH NMR (acetone-ds) & 8.08
(dd, 1H,J =25, 8.5 Hz), 8.00 (d, 1H, ] = 2.5 Hz), 7.25 (d, 1H, ] = 8.5 Hz); 13C

126

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(acetone-dg) ©108.5,112.2, 120.0, 131.3, 145.5, 147.2. Anal. Calcd. for CgH4N205S:
C,33.34; H, 1.87; N, 12.96. Found C, 33.30; H, 1.89; N, 12.92.

Reaction of 5-nitro-N -(p-toluenesulfonyl)-1,2,3-benzoxathiazole-2,2-dioxide (6g)
with benzylamine.

Sulfamate 6g (0.050 g, 0.135 mmol) was dissolved in CH3CN (10 mL) and
benzylamine (0.04 mL, 0.27 mmol) was added. The solution was stirred at
room temperature for 30 minutes. The solvent was evaporated under reduced
pressure and the residue triturated with CHCl3 (15 mL) and filtered.
Concentration yielded N -benzyl-p-toluenesulfonamide (0.031 g, 88%) whose
mp and 1H NMR spectrum matched those reported in the literature. A
solution of the filtered solid in water (20 mL) was acidified with 6N HCIl and
then extracted with CHCI3 (3 x 10 mL). The CHCL3 extract was dried with
magnesium sulfate and concentrated under reduced pressure to yield a yellow

solid (0.025g, 86%) which was identified as 41a.

Reaction of 5-nitro-N -(p-toluenesulfonyl)-1,2,3-benzoxathiazole-2,2-dioxide (6g)
with t-butylamine.

Sulfamate 6g (0.100 g, 0.270 mmol) was dissolved in CH3CN (10 mL),
t-butylamine (0.057 mL, 0.540 mmol) was added and the solution was stirred at
room temperature for 1.5 hours. The solvent was evaporated under reduced
pressure and the residue was triturated with CHCl3 (10 mL). The undissolved
solid was dissolved in water (15 mL), The solution was cooled in an ice/water
bath and acidified with 6N HCI. The resulting precipitate was filtered and dried
under reduced pressure to yield a tan solid (0.031 g, 53 %) which was identified

as 4la. The N-t-butyl-p-toluenesulfonamide was not isolated.
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Reaction of 5-nitro-N -(p-toluenesulfonyl)-1,2,3-benzoxathiazole-2,2-dioxide (6g)
with pyridine.

Sulfamate 6g (0.050g, 0.135 mmol) was dissolved in CHCl3 (10 mL); pyridine
(0.011 mL, 0.135 mmol) was added and the solution was stirred at room
temperature. After 3 hours, tlc showed the presence of starting material. An
additional equivalent of pyridine ( 0.011 mL) was added and the solution was

stirred for 24 hr; only starting material was detected by tlc.

Reaction of 5-nitro-N -(p-toluenesulfonyl)-1,2,3-benzoxathiazole-2,2-dioxide (6g)
with sodium azide.

Sulfamate 6g (0.100 g, 0.270 mmol) was dissolved in CH3CN (5 mL) and
sodium azide (0.018 g, 0.260 mmol) in water (1 mL) was added. The reaction
mixture was stirred for 15 minutes at room temperature. Removal of the
solvent under reduced pressure gave a solid which was triturated with CHCl3
(10 mL). The undissolved solid was filtered , dissolved in water (10 mL), and
the solution was cooled in ice/water bath and acidified with 6N HCl. The
resulting precipitate was filtered and dried under reduced pressure to give a tan
solid (0.052 g, 93%) which was identified as 41a. The CHCl3 layer was
concentrated under reduced pressure to give a yellow solid identified as p-
toluenesulfonyl azide, whose mp and 1H NMR spectrum matched those in the

literature.

Reaction of 5-nitro-N -(p-toluenesulfonyl)-1,2,3-benzoxathiazole-2,2-dioxide (6g)
with potassium fluoride.

Sulfamate 6g (0.100 g, 0.270 mmol) was dissolved in CH3CN (5 mL).
Potassium fluoride (0.018 g, 0.260 mmol) in HyO (1mL) was added and the

reaction mixture was stirred at room temperature for 12 hours. The solvents
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were removed under reduced pressure. The residue was triturated with CHCL3
(10 mL). The undissolved solid was filtered and dissolved in HyO (10 mL), the
solution was cooled in an ice/water bath and acidified with 6N HCl. The
resulting precipitate was filtered and dried under reduced pressure to give a tan
solid (0.045 g, 81%) which was identified as 41a. The CHCI3 layer was dried
with magnesium sulfate and concentrated under reduced pressure to give p-
toluenesulfonyl fluoride, whose mp and 1H NMR spectrum matched those in

the literature.

Reaction of 5-nitro-N -(p-toluenesulfonyl)-1,2,3-benzoxathiazole-2,2-dioxide (6g)
with sodium hydroxide.

A solution of NaOH (6.4 mg, 0.16 mmol) in water (2 mL) was added to 6g
(0.058 g, 0.16 mmol) in CH3CN (10 mL) and the mixture was stirred at room
temperature for 2 hours. The solution was acidified with 6 N HCl and extracted
with CHCI3 (3 x 5 mL). Removal of the solvent yielded 41a (2 mg, 6%). The
aqueous layer was then extracted with EtO (3 x 5 mL); concentration of the
organic solution yielded 42 (0.045, 92 %) whose mp, IR, 1TH NMR and 13C NMR

spectra matched those previously reported.

3-H-1,2,3-Benzoxathiazole 2,2-dioxide (41b).

3-Tosyl-1,2,3-benzoxathiazole 2,2-dioxide (6a) (2.0 g, 6.2 mmol) was dissolved
in CH3CN (100 mL). Sodium azide (0.4 g, 6.2 mmol) in water (40 mL) was
added dropwise and the solution was stirred for 14 hours at room temperature.
The solution was evaporated under reduced pressure leaving a tan solid which
was triturated with CHCI3 (50 mL) and filtered. The undissolved solid was
dissolved in water (100 mL) and the solution was acidified with concentrated

HCIl. The resulting precipitate was filtered and dried under reduced pressure
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yielding 41b as tan needles (0.93 g, 89%). mp 76-79 °C dec; MSm /z (relative
intensity) 171 (35, M*), 106 (6), 79 (100). 1H NMR (acetone-dg) 8 7.07 (m, 5H);
13C NMR (acetone-dg) 8111.4,113.5,124.3, 124.9, 129.1, 143.6. Anal. Calcd. for
CeHs5NOsS: C, 42.10; H, 2.94; N, 8.18. Found: C, 41.91; H, 3.04; N, 8.02.

3-H-5-Methyl-1,2,3-benzoxathiazole 2,2-dioxide (41c).

3-Tosyl-5-methyl-1,2,3-benzoxathiazole 2,2-dioxide (6b) (0.2 g, 0.58 mmol) was
dissolved in CH3CN (20 mL) at room temperature. Sodium azide (0.038 g, 0.58
mmol) in water (2 mL) was added and the solution was stirred for 24 hours.
The solvent was evaporated under reduced pressure to give a solid which was
triturated with acetone and filtered. The undissolved solid was then taken up
in water (20 mL) and acidified with concentrated HCl. A white precipitate was
filtered and dried under reduced pressure giving 41c as a white powder (0.063 g,
71 %). mp 99-100 °C dec; MSm /z (relative intensity) 185 (37, M*), 93 (100); 1H
NMR (acetone-dg) 6 2.31 (s, 3H), 6.93 (dd, 1H,J =2, 8 Hz), 6.96 (d, 1H, ] = 2 Hz),
7.11(d, 1H,J = 8 Hz); 13C NMR (acetone-dg) 6 21.1,111.4,114.0, 124.3, 130.8, 135.8,
142.0. Anal. Calcd. for CyHyNO3S: C, 45.40; H, 3.81; N, 7.56. Found: C, 45.40; H,
3.84; N, 7.44.

3-H-5-Bromo-1,2,3-benzoxathiazole 2,2-dioxide (41d).
3-Tosyl-5-bromo-1,2,3-benzoxathiazole 2,2-dioxide (6f) (0.2 g, 0.5 mmol) was
dissolved in CH3CN (8 mL). Potassium fluoride ( 0. 029 g, 0.5 mmol) in water
(1.5 mL) was added and the solution was stirred at room temperature for 12
hours. The solution was evaporated under reduced pressure leaving a dark
solid which was triturated with CHCI3 (15 mL) and filtered. The undissolved
solid was dissolved in water (15 mL) and acidified with concentrated HCI while

cooling in an ice/water bath. The resulting precipitate was filtered and dried
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under reduced pressure to yield 41d as an off-white solid (0.051 g, 40 %). mp 178-
181 °C dec; MS m /z (relative intensity) 251 (34, M*), 249 (35), 159 (37), 157 (44),
78 (100); TH NMR (acetone-dg) 87.23 (d, 1H,] = 8.6 Hz), 7.30 (dd, 1H,] = 2.1, 8.6
Hz), 7.33 (d, 1H, ] = 2.1 Hz); 13C NMR (acetone-dg) §113.1,115.8, 117.0, 126.1,
131.9, 142.3. Anal. Caled. for CgHgBrNQOsS: C, 28.82; H, 1.61; N, 5.60. Found: C,
28.73; H, 1.55; N, 5.44.

3-H-5-Chloro-1,2,3-benzoxathiazole 2,2-dioxide (41e).

3-Tosyl-5-chloro-1,2,3-benzoxathiazole 2,2-dioxide (6c) (0.3 g, 0.8 mmol) was
dissolved in CH3CN (50 mL). Imidazole (0.057 g, 1.6 mmol) in CH3CN (5 mL)
was added and the solution was stirred at room temperature for 14 hours. The
solvent was evaporated under reduced pressure. CHCl3 (25 ml) was added to
the residual solid. The mixture was extracted with water (2 x 10 mL). The
aqueous layer was cooled in an ice/water bath and acidified with 6N HCl. A
white precipitate of 41e (0.10 g, 61 %) was filtered and dried under reduced
pressure. mp 168-170 °C dec.; MS m/z (relative intensity) 207 (79, M*), 205 (32),
113 (100), 111 (34). 1TH NMR (acetone-dg) 6 7.27 (d,1H,J =89 Hz),7.19(d, 1H, ] =
2.1Hz),7.14 (dd, 1H,] = 8.9, 2.1 Hz). 13C NMR (acetone-dg) 8113.1,113.5, 123.6,
130.3, 131.9, 142.3. Anal. Caled. CgH4CINO3S: C, 35.05; H, 1.96; N, 6.81. Found:
C, 35.00; H, 2.01; N, 6.80.

N-(2-Hydroxy-5-chlorophenyl)-4-toluenesulfonamide.

2-Amino-4-chlorophenol (10 g , 70 mmol) was dissolved in CH2Clp (150 mL)
in a 500 mL round-bottom flask. The flask was flushed with nitrogen and
cooled to -78°C in a dry ice/acetone bath. Pyridine (6.30 mL, 78 mmol) was
added dropwise. The mixture was stirred for 20 minutes. p-Toluenesulfonyl

chloride (15 g, 78 mmol) in CHCl, (100 mL) was added dropwise to the stirred
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solution. The mixture was allowed to warm to room temperature and was
stirred for 12 hours. Water (100 mL) was added to the mixture and the two
layers were stirred vigorously. The layers were separated and the aqueous layer
was washed with CH2ClI, (50 mL). The combined organic layers were dried
with magnesium sulfate and concentrated under reduced pressure to yield a
sticky brown solid. Recrystallization from hexanes/ethyl acetate (4:1) gave a
tan solid (13.3 g, 62.9%). The mp and 1H NMR spectrum matched those

previously reported for this compound.

3-Tosyl-5,6-dichloro-1,2,3-benzoxathiazole-2,2,dioxide.

N -(2-Hydroxy-5-chlorophenyl)-4-toluenesulfonamide (5.0 g, 17 mmol), was
dissolved in CHpClp (100 mL) in a 250 mL three-neck round-bottom flask fitted
with an addition funnel, magnetic stirrer and nitrogen inlet. The flask was
cooled to 0 °C in ice water bath. Triethylamine (4.70 mL, 34 mmol) was added
dropwise to the solution which was stirred for 15 minutes. Sulfuryl chloride
(8.49 mL, 85 mmol) in CH>Clp (25 mL) was added dropwise over a 15 minute
period. The solution was allowed to warm to room temperature and stirred for
12 hours. Water (100 mL) was added to the mixture which was then stirred
vigorously for 15 minutes. The layers were separated and the aqueous portion
was washed with CHzClp (50 mL). The combined organic layers were dried
with magnesium sulfate and concentrated under reduced pressure. The sticky
brown solid that resulted was recrystallized from benzene yielding a tan solid
(2.45 g, 36.5 %) identified as 3-tosyl-5,6-dichloro-1,2,3-benzoxathiazole-

2,2, dioxide. mp. 135-140 °C; 1H NMR (CDCL3) §2.45 (s, 3H), 7.22 (s, 2H), 7.37 (d,
2H, ] =8.0Hz), 7.78 (s, 2H), 7.87 (d, 2H, ] = 8 Hz).
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3-H-5,6-Dichloro-1,2,3-benzoxathiazole 2,2-dioxide (41f).

3-Tosyl-5,6-dichloro-1,2,3-benzoxathiazole 2,2-dioxide (0.3 g, 0.73 mmol) was
dissolved in CH3CN (30 mL). Imidazole (0.099 g, 1.5 mmol) in CH3CN (10mL)
was added and the solution stirred for 12 hours at room temperature. The
solvent was evaporated under reduced pressure. The residual solid was
triturated with CHCL3 (30 mL) for 10 minutes. The undissolved solid was
filtered and dissolved in water (30 mL). The filtrate was cooled in an ice-water
bath and acidified with 6N HCIL. A white precipitate of 41f (0.14 g, 75 %) was
filtered and dried under reduced pressure. mp 177-181 °C dec; MSm /z
(relative intensity) 241 (27, M*), 239 (37), 149 (59), 147 (100), 112 (75). 1H NMR
(acetone-dg) 87.59 (s, 1H), 7.39 (s, 1H); 13 C NMR (acetone-dg) & 113.6,114.3,
123.2,128.2, 130.2, 141.9. Anal. Calcd. for C¢gH3ClbNOsS: C, 30.02; H, 1.26; N, 5.84.
Found: C, 29.94; H, 1.32; N, 5.77.

Attempted nitration of 3-tosyl 1,2,3-benzoxathiazole 2,2-dioxide with sodium
nitrite in trifluoroacetic acid.

Sulfamate 6 (2.00 g, 6 mmol) was dissolved in trifluoroacetic acid (50 mL).
Sodium nitrite (2.07 g, 30 mmol) was added and the solution was stirred at
room temperature for 3 days. The solution was then poured into water (25
mL). A yellow solid precipitated, which was filtered, washed with water ( 25
mL) and air dried. The 1H NMR spectrum of the solid showed it to be

unreacted 6.

Dinitro 3-Tosyl-1,2,3-benzoxathiazole 2,2-dioxide (45).
Sulfamate 6 (1.6 g, 5 mmol) was dissolved in CH>Cl in a 50 mL round-
bottom flask. Concentrated sulfuric acid (10 mL) was added slowly followed by

the addition of 90% fuming nitric acid (5 mL). The mixture was stirred
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vigorously at room temperature for 48 hours. The CH>Cl; layer was
evaporated by a slow stream of nitrogen, followed by addition of water (50 mL).
A yellow precipitate formed and was filtered. Recrystallization from ethyl
acetate gave yellow crystals of 45 (0.425 g, 20%). mp 190-192 °C; 1TH NMR
(CDCl3) 62.71 (s,3H),7.63 (d, 1H, ] =8.2Hz),7.83 (d, 1H,] = 9.0 Hz), 8.03 (d, 1H, ]
=23 Hz),8.16 (dd, 1H,] = 2.1, 8.2 Hz),8.26 (dd, 1H, ] =2.3,9.0 Hz), 8.58 (d, 1H, ] =
2.1); 13C NMR (CDCl3) $20.9,108.4,114.2,121.80, 125.1, 130.3, 132.1, 134.3, 134.8,
139.9, 142.5, 145.2, 149.1.

4-Nitro-2-aminophenol.

The dinitrosulfamate (45) (0.2 g, 0.48 mmol) was dissolved in CH3CN
(6 mL). Aqueous 0.1 N NaOH (2 mL) was added dropwise and the mixture was
stirred at room temperature until starting material was no longer observed by
tlc. The solvent was removed under vacuum leaving a bright yellow solid.
The solid was refluxed in 50% HCI (10 mL) for 20 hours. The solution was
cooled, neutralized with 0.1 N NaOH and then extracted with CHCI3 (2 x 10
mL). The combined organic layers were dried with magnesium sulfate and
concentrated under reduced pressure to give a red orange solid which was
recrystallized from aqueous EtOH. The mp and 'H NMR spectrum of this solid
matched that of a known sample of 5-nitro-2-aminophenol, mp 195-200 °C dec.
(lit. 198-200 °C dec); 1H NMR (acetone-dg) 6 3.46 (broad s, 1H), 6.74 (d, 1H, ] = 8.7
Hz), 7.61 (d, 1H,2.5 Hz), 7.65 (dd, 1H, J = 2.5, 8.7 Hz), 9.11 (broad s, 2H).

3-H-6-Nitro-1,2,3-benzoxathiazole 2,2-dioxide (41g).
The dinitrosulfamate (45) (0.1 g, 0.24 mmol) was dissolved in CH3CN (10
mL). Imidazole (0.033 g, 0.48 mmol) was added to the solution which was

stirred at room temperature for 1 hour. The solvent was removed under

134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



vacuum leaving a bright yellow solid. CHCl3 (15 mL) was added and the
mixture was stirred for 5 minutes. The undissolved precipitate was filtered and
dissolved in water (15 mL) which was acidified with 6N HCl. The aqueous
solution was extracted with ethyl acetate (2 x 10 mL). The ethyl acetate extract
was dried with calcium chloride and evaporated under vacuum to yield
compound 41g, (0.036, 71%). mp 200-202 °C dec; MSm /z 216 (M*); 1H NMR
(acetone-dg) 6 7.33 (d, 1H, J=9.4 Hz), 8.16 (m, 2H); 13C NMR (acetone-dg) & 107.5,
111.7,112.9, 135.9, 141.8, 143.1. Anal. Calcd. for CgH4N2OsS: C, 33.34; H, 1.87; N,
12.96. Found: C, 33.40; H, 1.76; N, 12.99.

3-H-1,2,3-Naphtho[2,3-d/oxathiazole 2,2-dioxide (41h).

3-Tosyl-1,2,3-naphtho[2,3-d]Joxathiazole 2,2-dioxide (0.38 g, 1.0 mmol) was
dissolved in CH3CN (25 mL). Sodium azide (0.066 g, 1 mmol) in water (2 ml)
was added and the solution was stirred for 12 hours at room temperature. The
solvents were evaporated under reduced pressure leaving a tan solid, which
was triturated with CHCL3 (20 mL) for 10 minutes. The undissolved solid was
filtered and dissolved in water (20 mL). The aqueous solution was cooled in
ice/water bath and acidified with 6 N HCl. Tan needles of 41h (0.196 g, 89 %)
were filtered from the solution and dried under reduced pressure, mp 167-170
°C dec; MS m / z (relative intensity) 221 (15, M*), 129 (93), 102 (100); 1H NMR
(acetone-dg) & 7.47 (m, 2H), 7.53 (s, 1H), 7.72 (s, 1H), 7.88 (m, 2H); 13C NMR
(acetone-dg) 6 107.8,108.9, 125.9, 126.5, 127.6, 128.2, 130.0, 130.1, 131.4, 143.0.
Anal. Caled. for C1oH7NO3S: C, 54.29; H, 3.19; N, 6.33. Found: C, 54.38;, H, 3.15;
N, 6.38.
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2-Aminopyrid-3-yl 4-toluensulfonate .

1-Amino-2-hydroxy pyridine (3.0 g, 27 mmol) was suspended in CH>Clp
(50 mL) and cooled to 0 °C in an ice/water bath. Triethylamine (3.75 mL, 27
mmol) was added and the solution was stirred for 15 minutes. p-
Toluenesulfonyl chloride (5.14, 27 mmol) was added and the solution was
allowed to warm to room temperature and was stirred for 12 hours. Water
(25 mL) was added and the solution was stirred vigorously for 10 minutes.
The layers were separated and the organic layer was dried with magnesium
sulfate and the solvent was evaporated under reduced pressure giving a tan
solid (4.65 g, 65 %), whose mp and IH NMR spectrum matched those
previously reported for 2-aminopyrid-3-yl 4-toluensulfonate. mp 131-132 °C
(1it.32 mp 131-132 °C); 'H NMR (acetone-ds) & 2.43 (s, 3H), 6.54 (dd, 1H, J=
6.0,7.7 Hz), 7.28 (dd, 1H, J= 1.5, 7.7 Hz), 7 44 (d, 2H, ]J= 8.0 Hz), 7.80 (d, 2H, J= 8.0
Hz), 7.84 (dd, 1H, J= 1.5, 6.0 Hz).

N -(3-Hydroxynapth-1-yl)-4-toluenesulfonamide.

2-Aminopyrid-3-yl 4-toluensulfonate (0.5 g, 0.19 mmol) was dissolved in
THF (50 mL) and the solution was cooled to -78 °C in a dry ice/acetone bath
under nitrogen. n-Butyllithium (7.42 mL, 7.6 mmol) was added dropwise and
the solution was slowly warmed to room temperature over a 1 hour period.
Water (25 mL) was added and the resulting layers were separated. The aqueous
layer was extracted with CHpClp (25 mL) to remove any remaining starting
material. The aqueous solution was cooled in ice/water bath and carefully
neutralized with 6N HCI. A tan solid precipitated which was filtered and dried
under reduced pressure to give a tan solid (0.27 g, 54 %) whose mp, 1TH NMR
and 13C NMR spectra matched those previously reported for N-(3-
Hydroxynapth-1-yl)-4-toluenesulfonamide, mp 159-162 °C (lit.32 mp 162-165 °C);
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IH NMR (acetone-dg) & 2.36 (s, 3H), 6.71 (dd, 1H, J= 6.0, 7.7 Hz), 7.12 (dd, 1H, J=
1.5,77Hz),7.29 (d,2H,] =8 Hz), 7.53 (dd, 1H,J = 1.5, 6.0 Hz), 7.84 (d,2H,] = 8
Hz).

Reduction of 3-H-5-nitro-1,2,3-benzoxathiazole-2,2-dioxide by catalytic
hydrogenation.

3-H-5-Nitro-1,2,3-benzoxathiazole-2,2-dioxide (41a) (0.3 g, 1.4 mmol) was
dissolved in MeOH (20 mL), 5% palladium on carbon (0.05 g) was added and the
mixture was stirred under a hydrogen atmosphere for 2 hours. When the
bright yellow color of the nitro sulfamate was no longer evident, the reaction
was stopped. The catalyst was filtered; during filtration the solution quickly
turned dark brown. The MeOH was evaporated under reduced pressure giving
a brown solid. The solid was only sparingly soluble in acetone, and the 1H
NMR spectrum showed many peaks in the aromatic region. An1H NMR
spectrum in DO also showed numerous peaks. No attempt to isolate any pure

products was made.

Reduction of 3-H—6-nitro-1,2,3-benzoxatﬁiazole-Z,Z-dioxide by catalytic
hydrogenation.

3-H-6-Nitro-1,2,3-benzoxathiazole-2,2-dioxide (41g) (0.13 g, 0.6 mmol) was
dissolved in MeOH (20 mL), 5% palladium on carbon (0.05 g) was added and the
mixture was stirred under a hydrogen atmosphere for 1.5 hours. When the
bright yellow color of the nitro sulfamate was no longer evident, the reaction
was stopped. The catalyst was filtered and washed with MeOH (10 mL). The
filtrate quickly turned dark brown. The MeOH was evaporated under reduced
pressure giving a sticky brown solid. A1H NMR spectrum in deuterated

acetone showed many peaks in the aromatic region. An1H NMR spectrum in
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D20 also showed numerous peaks. No attempt to isolate any pure products

was made.

Reaction of 6 with maleic anhydride in 1,2-dichlorobenzene.
3-Tosyl-1,2,3-benzoxathiazole-2,2-dioxide ( ) (0.33 g, 1 mmol) and maleic
anhydride (0.10 g, 1 mmol) were dissolved in 1,2-dichlorobezene (3 mL) and the

solution refluxed (20 hours) until all of the starting material was gone, by tlc.
During the reflux period, SO, was detected by holding moist pH paper over the
mouth of the flask. Several spots were apparent on the tlc. Attempts to isolate
product by column chromatography (silica gel) were unsuccessful. Mixtures of
several unidentified compounds were observed by analysis of the TH NMR

spectra of the different fractions.

Reaction of N -methyl-1,2,3-benzoxathiazole 2,2-dioxide with maleic anhydride
in 1,2-dichlorobenzene.

3-Methyl-1,2,3-benzoxathiazole 2,2-dioxide (0.1 g, 0.54 mmol) and maleic
anhydride (0.5 g, 0.54 mmol) were refluxed in 1,2-dichlorobenzene (20 mL).
The reaction was monitored for disappearance of starting material by tlc. After
20 hours, all tof he starting material had disappeared. Several spots were
evidént by tlc. Attempts to isolate any pure products from the black reaction
mixture by column chromatography (silica gel), were unsuccessful.

An analogous reaction was carried out using dimethyl maleate instead of
maleic anhydride. Similar results were observed. No pure products were

isolated.
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Reaction of 3-methyl-5-nitro-1,2,3-benzoxathiazole 2,2-dioxide with
acenaphthylene in mesitylene.

3-Methyl-5-nitro-1,2,3-benzoxathiazole 2,2-dioxide (0.02 g, 0.09 mmol) and
acenaphthylene (0.01 g, 0.09 mmol) were dissolved in mesitylene (10 ml) and
the mixture was refluxed for 18 hours. The solvent was removed by
distillation leaving a brown-orange oil. Analysis by tlc showed two spot, one
corresponding to starting material and the other to an unknown compound.
The compounds were separated by column chromatography (silica gel, 2:1
hexanes/ethyl acetate). The lH NMR spectrum of the unknown spot showed it
to be a mixture of several compounds. Attempts to isolated a pure compound

from this mixture were unsuccessful.

Irradiation of 3-tosyl-1,2,3-benzoxathiazole 2,2-dioxide (6a).
3-Tosyl-1,2,3-benzoxahiazole-2,2-dioxide (0.05 g, 0.15 mmol) and
acenaphthylene (0.050 g, 0.32 mmol) were dissolved in ethyl ether (50 mL) in a
60 mL quartz tube under nitrogen. The solution was irradiated in a Rayonet
photochemical reactor for two hours. The solution turned brown, tlc showed
acenaphthylene and a brown spot at the baseline. The brown material was only
sparingly soluble acetone. TH NMR spectrum showed many peaks, no pure

compound could be isolated.

Pyrolysis of 3-H-1,2,3-Benzoxathiazole 2,2-dioxide (41b).

Compound 41b (0.4 g, 2.3 mmol) was placed in a 50 mL round-bottom flask
which was attacked to a quartz tube, filled with loosely packed glass beads,
which was inserted into a pyrolysis oven. A dry ice/acetone trap was placed at
the exit of the oven and the entire system was attached to a vacuum pump.

The quart tube was heated to 400 °C and the reaction flask heated to induce
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sublimation of 41b. The pyrolysis was continued for 20 minutes. No
compounds were collected in the trap, however, a brown-orange compound
was deposited in the tube at the exit of the oven. The solid was taken up in
CHCl3 and passed through a 1 inch silica gel plug. The tlc of the CHCl3 showed
mainly one spot. A1H NMR spectrum of the material showed many peaks in
the aromatic region. Attempts to isolate only one compound from the mixture
were unsuccessful.

Several other attempts were made varying the oven temperature and rate of

sublimation. Similar results were observed in all cases.

Acenaphthequinone mono-ethylene ketal (131).

Acenaphthequinone (10 g, 55 mmol), ethylene glycol (3.4g, 3.0 mL, 55 mmol)
and p -toluenesulfonic acid (0.55 g) were refluxed in toluene (200 mL) in a 500
mL round bottom flask fitted with a Dean-Stark apparatus. After 4 hours, the
theoretical amount of water (1 mL) had been collected in the trap so the
reaction was stopped. The solution was filtered and the filtrate was washed
with 20% NaOH (100 mL). The mixture was dried with magnesium sulfate
and concentrated under reduced pressure giving a brown-orange oil which
solidified upon cooling. The brown solid was recrystallized from MeOH,
giving 131 (9.72g, 78%). mp 93-95 °C (lit.64 mp 96-97 °C); MSm /z (relative
intensity) 226 (25, M+), 198 (71), 170 (100), 154 (34), 126 (88), 114 (31); 1H NMR
(CDCl3) & 4.44 (m, 2H), 4.66 (m, 2H), 7.71-8.14 (m, 6H); 13C NMR (CDCl3) 8 66.4,
104.8,121.0, 121.7, 126.9, 128.3, 128.7, 129.4, 130.4, 131.8, 134.0, 142.7, 201 4.

Reaction of 131 with n -butylamine.
Method A: Compound 131 (0.50 g, 2.2 mmol) and n-butylamine (0.22 mL, 2.2

mol) were dissolved in toluene (50 mL) in a 100 mL round bottom flask fitted
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with a Dean-Stark apparatus. The solution was refluxed for 3 hours, during
which time the solution became dark brown, no water was collected in the
Dean-Stark trap. The solution was concentrated under reduced pressure. A lH

NMR spectrum of the residual solid showed it to be mostly unreacted 131.

Method B: Compound 131 (0.23 g, 1 mmol) was dissolved in n-butylamine (5
mL) and oven-dried Linde 4A molecular sieves were added. The solution was
refluxed while being monitored by tlc for disappearance of starting material.
After 3 hours the solution was dark brown and showed mostly starting

material by tlc. An additional reflux for 12 hours showed no change.

Acenaphthequinone mono-ethylene ketal oxime (133a).

Hydroxylamine hydrochloride (6.0 g, 86 mmol) was dissolved in 10% NaOH
(25 mL) and 131 (3.0 g, 13 mmol) was added. 95% EtOH (25 mL) was added
slowly until the mixture became homogeneous. The reaction was refluxed for
1 hour. Water was added until the solution became cloudy and the solution
was cooled to 0 °C overnight. A mixture of the two isomers of oxime 133a
precipitated as orange plates (2.68g, 84%). mp °C; MSm /z (relative intensity)
241 (6, M), 224 (91), 180 (100), 152 (45), 125 (7), 75 (2); 1H NMR (CDCl3) 81.72 (s,
1H), 4.51 (m, 8 H), 7.55-8.37 (m, 10 H), 8.59 (s, 1H); 13C NMR (CDCI3) 865.9,67.1,
109.7,110.1, 1154, 117.8, 119.1, 120.2, 126.3, 126.6, 126.7, 127.8, 128.2, 128.4,130.4,
131.5,137.1,137.5, 137.8, 139.4, 156.9, 158 8.

Reaction of acenaphthequinone mono-ethylene ketal oxime (133a) with
n-butyllithium.
Method A: Oxime 133a (0.2 g, 0.8 mmol) was dissolved in THF (5 mL) in a

three-neck round bottom flask equipped with an addition funnel and
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evacuated with nitrogen. The flask was cooled to 0 °C in an ice water bath and
n-butyllithium (2 mL, 3.2 mmol) was added dropwise. The reaction was stirred
for 1 hour allowing it to warm to room temperature. Water (2 mL) was added
and the solution was extracted with EtpO (2 X 5 mL). The ether extracts were
dried with magnesium sulfate and concentrated under reduced pressure
leaving an orange oil. Analysis by tlc and 1H NMR showed several

compounds, no pure compounds could be isolated from the mixture.

Method B: Oxime 133a (0.2 g, 0.8 mmol) was dissolved in THF (5 mL) and
cooled to 0 °C. n-Butyllithium ( 1 mL, 1.6 mmol) was added dropwise and the
the solution allowed to warm to room temperature and stirred for 4 hours.
Water was added and the reaction worked-up as previously. A1H NMR

spectrum of the residue showed only starting material.

Reaction of acenaphthequinone mono-ethylene ketal oxime (133a) with
methylmagnesium iodide.

Magnesium (500 mg) was covered with THF (5 mL). Methyl iodide (0.25 mL,
4 mmol) and a small crystal of iodine were added. The reaction refluxed
spontaneously for a 30 minutes. Once the reflux had ceased, 133a (0.24 g,
1mmol) in THF (5 mL) was added dropwise. The reaction was stirred at room
temperature. After 1 hour the reaction mixture showed only starting material
by tle. The solution was refluxed for 4 hours, then quenched with water (5 mL)
and extracted with with Et;O (2 X 5 mL). The ether was dried with magnesium
sulfate and concentrated under reduced pressure. The residual solid was

shown, by TH NMR, to be mainly unreacted 133a.
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Reaction of acenaphthequinone mono-ethylene ketal oxime (133a) with
methyllthium.

Oxime 133a (1 g, 4 mmol) was dissolved in THF (10 mL) and cooled to 0 °C.
Methyllithiurﬁ ( 5.7 mL, 8 mmol) was added dropwise and the the solution was
allowed to warm to room temperature and was stirred for 4 hours. Analysis by
tlc showed starting material. The reaction was stirred for an additional 16
hours and quenched with MeOH (5 mL). The tlc showed mostly starting

material.

O-Methylhydroxylamine hydrochloride.

NaOH (2.50 g, 61 mmol) was dissolved in 95% EtOH (500 mL). N-
hydroxyphthalimide (10 g, 61 mmol) was added, followed by methyl iodide (20
mL, 305 mmol). The solution was stirred overnight at room temperature. The
solvents were removed under reduced pressure. The residual solid was
triturated with CHCL3 (200 mL) and filtered. The CHCL3 solution was
evaporated and the residue was recrystallized in 95 % EtOH yielding white
crystal of N-methoxyphthalimide. The solid was then suspended in 6N HCl
(200 mL) and refluxed for 5 hours. The solvents were removed under reduced
pressure and the residual solid was triturated with EtoO (200 mL) and filtered.
The undissolved solid was taken up from 95% EtOH, EtO was added slowly
until the solution became cloudy. Upon cooling a white crystalline solid
precipitated, the mp and 'H NMR of the solid matched those for O-
methylhydroxylamine hydrochloride. mp 85-86 °C (lit. mp 86-88 °C); 1H NMR
(D20) & 3.72 (s).
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Acenaphthaquinone mono-ethylene ketal O-methyl oxime (133b).

Compound 131 (0.158 g, 0,7 mmol) and O-methylhydroxylamine
hydrochloride (0.07 g, 0.8 mmol) were stirred in pyridine (3 mL) at room
temperature under a nitrogen atmosphere for 12 hours. Water (50 mL) was
added and the reaction cooled to 0 °C. A white solid (0.149 g, 83 %), identified as
a mixture of both isomers of 133b, precipitated and was filtered. mp 141-143°C;
MSm /z (relative intensity) 255 (6,Mt), 224 (79), 180 (100), 152 (78), 125 (22), 75
(8); TH NMR (acetone-dg) 8 4.06 (s, 3H), 4.11 (s, 3 H), 4.34-4.58 (m, 8 H), 7.58-8.22
(m, 12 H); 13C NMR (acetone-dg) 8 63.1, 63.5, 66.4, 68.2, 110.1, 111.8, 118.0, 120.2,
121.3,126.5, 126.8, 127.3, 127 .4, 128.6, 128.9, 129.2, 129.3, 129.4, 129.5, 131.2, 131.3,
132.8,137.6,138.1, 139.3, 141.1, 156.7, 158.2.

Reaction of acenaphthaquinone mono-ethylene ketal O-methyl oxime (133b)
with methyllithium.

Method A: Compound 133b (0.357 g, 1.4 mmol) was dissolved in THF (10 mL)
and cooled to -78 °C in a dry ice/acetone bath under a nitrogen atmosphere.
Methyllithium (1 mL, 1.4 mmol) was added and the solution allowed to warm
to room temperature over a 2 hour period. The reaction was quenched with
MeOH (2 mL). Water ( 100 mL) was added and the solution stored at 0 °C

overnight. White crystals were filtered and identified as unreacted 133b.

Method B: Compound 133b (0.15 g, 0.59 mmol) was dissolved in THF and
cooled to -78 °C under a nitrogen atmosphere. Methyllithium (5 mL, 0.7
mmol) was added dropwise and the solution allowed to warm to room
temperature and stirred for 4 hours. The reaction was quenched with MeOH (5
mL). Water (50 mL) was added and the aqueous solution extracted with CHCl3

(2 X 25 mL). The CHCIj3 layers were dried with magnesium sulfate and
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concentrated under reduced pressure yielding a brown oil. The 1H NMR
showed many peaks. Several spots were observed on tlc, no pure compounds

could be isolated from the mixture.

Isobutyrophenone oxime (142).

Isobutyrophenone (141) (10.0 g, 68 mmol) was added to a solution of
hydroxylamine hydrochloride (8.0 g, 82 mmol) and NaOH (3.3 g, 82 mmol) in
water (150 mL). 95% EtOH was added until the mixture became homogeneous.
The solution was refluxed for 3 hours. The solution was poured over water
(500 mL) and cooled overnight at 0 °C. The aqueous solution was extracted
with CHCI3 (2 X 150 mL). The CHCI3 was dried with magnesium sulfate and
evaporated under reduced pressure giving a clear oil. Upon standing the oil
solidified to a white solid (10.8, 97%) identified as both isomers of 142. mp 93-
96°C (lit. mp 95-96°C); 1H NMR (CDCl3) 61.23(d,3H,J=6.8 Hz), 1.31(d, 3H,] =
7.1 Hz),2.94 (sept, 1 H, ] = 6.8 Hz), 3.71 (sept, 1H, ] = 7.1 Hz), 7.38-7.52 (m, 10 H);
13C NMR (CDClz) § 19.5, 20.2, 21.9, 27.9, 34.6, 127.7, 127.8, 128.2, 128.5,128.6, 133.9,
135.9, 193.1, 164.8.

Attempted tosylation of isobutyrophenone oxime (142).

Method A: Isobutyrophenone oxime (142) (1.0 g, 6 mmol), p-toluenesulfonyl
chloride (1.72 g, 9 mmol) and NaHCO;3 (1.26g, 15 mmol) were dissolved in 3:1
water/dioxane (40 mL) and stirred vigorously for 18 hours. Water (50 mL) was
added and the solution extracted with toluene (2 X 20 mL). The toluene was
evaporated under reduced pressure giving a clear oil; addition of petroleum
ether (20 mL) caused a solid to precipitate. The solid was tentatively identified
as a mixture of N -isopropyl benzamide (144) and N -phenyl isobutyramide (145).

The two compounds were not separated, only spectra of the mixture was
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obtained. MS m/z 163 (M*); 1TH NMR (CDCL3) 8§1.25(d, 6 H,] = 6.8), 1.27 (d, 6H,
J =6.4Hz),1,17 (s, broad, 1H), 2.52 (sept, 1H, ] = 6.8 Hz), 4.30 (sept, 1 H,] = 6.4
Hz),5.97 (s, broad, 1H), 7.07-7.77 (m, 10 H); 13C NMR (CDCl3) & 19.6,22.8, 36.6,
41.9,119.7,124.0, 126.8, 128.5, 128.9, 131.2, 134.9, 138.1, 166.8, 175.3.

Method B: Isobutyrophenone oxime (142)(0.5 g, 3.2 mmol) and p-
toluenesulfonyl chloride (0.59 g, 3.1 mmol) were dissolved in absolute EtOH (20
mL). Pyridine (0.3 mL, 3.8 mmol) was added and the solution stirred at room
temperature for 14 hours. A tlc of the reaction mixture showed several spots
including starting material as well two spots corresponding to the amides 144
and 145 observed in the previous reaction. No attempt was made to isolate any

products from the reaction mixture.

Method C: Isobutyrophenone oxime (142) (0.5 g, 3.1 mmol) and KOH (0.174 g,
3.1 mmol) were dissolved in 1:1 acetone/water (10 mL) and cooled to 0 °C. p-
Toluenesulfonyl chloride (0.59 g, 3.1 mmol) in acetone (5 ml) was added
dropwise over a fifteen minute period. The solution was stirred for an
additional 20 minutes at 0 °C. The solution darkened with time; tlc showed

many spots. No attempt was made to isolate any products from the mixture.

1-Phenyl-isobutylamine (146).

Isobutyrophenone oxime (142) (9.8 g, 60 mmol) was dissolved in MeOH (60
mL), 5% palladium on carbon (1 g) was added and the solution stirred under a
hydrogen atmosphere for 24 hours. The solution was filtered through a
sintered glass funnel to remove the catalyst, 6N HCI (15 mL) was added and the
solvents evaporated under reduced pressure. The residual red solid was

triturated with EtpO (200 mL) for 30 minutes. The undissolved solid was
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filtered and washed with acetone. The solid was dissolved in water and made
slightly basic with 6N NaOH. The aqueous solution was extracted with EtyO (2
X 50 mL). The ether extarct was dried with magnesium sulfate and evaporated
under reduced pressure giving 5.8 g of an oil identified as 146. 1H NMR
(CDCl3) 60.78 (d, 3H,] = 6.7 Hz), 0.99 (d, 3H, ] = 6.7), 1.47 (s, 1H), 1.84 (dsept, 1 H,
J=6.7,72Hz),3.60 (d, 1H, ] = 7.2 Hz), 7.22-7.34 (m, 5H); 13C NMR (CDCl3) § 18.7,
19.5,35.2,62.2,126.5, 126.8, 127.6, 127.9, 145.3.

N,N -Dichloro-p-toluenesulfonamide.

p-Toluenesulfonamide (10 g, 58.5 mmol) was dissolved in glacial acetic acid
(200 mL). A commercial bleach solution (5% NaOCI) was added dropwise. As
the addition proceeded a precipitate from solution. The bleach was added until
no further precipitate appeared to be forming (approx 250 mL). The white solid
was filtered and washed (4 X 50 mL) with water. The solid was dried under
reduced pressure for 24 hours. The mp matched that reported in the literature
and the TH NMR and 13C NMR spectra were fully consistent with that expected
for N,N -dichloro-p-toluenesulfonamide. mp 81-82 °C (lit.”2 mp 83 °C); 1H NMR
(CDCl3) 62.54 (s, 3H), 7.47 (d, 2H, ] = 8 Hz), 7.99 (d, 2H, ] = 8 Hz); 13C NMR
(CDClz) 622.0,125.9,129.9,131.6, 147.8.

2-Amino-isobutyrophenone hydrochloride (149).

Method A: 1-Phenyl-isobutylamine (146) (6.4 g, 43 mmol) was dissolved
benzene (25 mL) and cooled to 0 °C in an ice water bath. N ,N -dichloro-p-
toluenesulfonamide (10.2 g, 43 mmol) in benzene (25 mL) was added dropwise
over a 10 minute period.The reaction mixture was allowed to warm to room
temperature and was stirred for an additional 2 hours, the precipitate (p-

toluenesulfonamide) was filtered. The benzene solution was slowly added to a
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solution of NaOMe in MeOH (prepared from Na metal (3.0g, 130mmol) in
MeOH) dropwise over a ten minute period. The reaction mixture was then
refluxed for 20 hours. The reaction was cooled to room temperature,then to 0
°C. The benzene solution was poured into 2N HCI (150 mL) and was stirred
vigorously. The layers were separated and the organic layer was washed with
additional 2N HCI (2 X 50 mL). The combined acidic aqueous layers were
washed with Et;O (2 X 50 mL) and then concentrated under reduced pressure.
The residual solid was refluxed in 2-propanol/HCI (100:1) (150 mL) for 2 hours.
The undissolved solid (NaCl) was filtered and the solution was cooled. A
small amount of NaCl formed and was filtered. The 2-propanol solution was
evaporated and the residue triturated with EtpO (50 mL) and filtered. The filter
cake was washed with acetone leaving a white solid, 149 (2.4g, 28%). mp 184-187
°C (lit. mp 187-188 °C);'H NMR (D20) 8 1.71 (s, 3H), 7.44 (dd, 2H, ] = 7.4, 7.6 Hz),
7.57 (t, 1H,] =7.6 Hz), 7.82 (d, 2H, ] = 7.4 Hz); 13C NMR (D0, dioxane used as
reference) 8 25.7, 28.6, 71.5, 133.9, 134.0, 137.6, 139.0, 205.9.

Method B: Magnesium (6 g) was covered with 100 mL Et,O, 2-chloropropane (5
mL, 55 mmol) and one iodine crystal were added. The reaction began to reflux
spontaneously. The remaining 2-chloropropane (18 mL, 197 mmol) in Et,O
(100mL) was added dropwise, so as to maintain a vigorous reflux. Once the
reaction had subsided, benzonitrile (10.3 mL, 100 mmol) in diethyl ether (10
mL) was added dropwise over a ten minute period. The solution was refluxed
for 12 hours. The reaction flask was cooled to room temperature, followed by
cooling in an an ice water bath. MeOH was added dropwise until no reaction
was apparent upon further addition. The solution was filtered and the solid
washed with EtpO (2 X 50 mL). The combined ether washes were dried with

magnesium sulfate and evaporated under reduced pressure. The residual oil,
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imine 150, was dissolved in benzene (50 mL) and cooled to 0 °C in an ice water
bath. A solution of N,N -dichloro-p-toluenesulfonamide (11g, 45 mmol) in
benzene (10 mL) was added dropwise and the reaction allowed to warm to
room temperature and stirred for 4 hours. The solution was filtered, to
remove p-toluenesulfonamide, and a solution of NaOMe in MeOH (5 g
sodium in 50 mL MeOH) was added dropwise over a ten minute period. The
solution was refluxed for 2 hours then cooled to 0 °C and filtered, to remove
precipitated NaCl. The benzene solution was slowly poured into 2 N HCl (200
mL) with vigorous stirring. The layers were separated and the benzene layer
was extracted with 2 N HCI (2 X 50 mL). The combined acidic aqueous layers
were concentrated under reduced pressure. The residual solid was refluxed in
2-propanol/HCl (100:1) (200 mL). The undissolved solid was filtered and the 2-
propanol solution was concentrated. The residual solid was triturated with
diethyl ether (150 mL) and filtered, the filter cake was washed with acetone. A

white solid (7.1 g, 36%), 149, was recovered.

N -Benzylidene-2-aminoisobutyrophenone (151).

Method A: Compound 149 (0.2 g, 1.2 mmol) was dissolved in pyridine (5 ml),
benzaldehyde (0.1 mL, 1 mmol) was added and the solution was refluxed for 6
hours. The pyridine was evaporated under reduced pressure leaving a yellow
oil, which gave two spots on tlc. The compounds were separated by column
chromatography (silica gel, 4:1 hexanes/ethyl acetate). One appeared, by 1H
NMR, to be due to a 1:1 mixture of benzaldehyde and 151. The compound

giving the other spot was isolated, however, its structure was not determined.

Method B: Compound 136 (0.2 g, 1.2 mmol) and benzaldehyde (0.12 mL, 1.2

mmol) were dissolved in toluene (20 mL) in a flask equipped with a Dean-Stark
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apparatus. The solution was refluxed (2 hours) until the theoretical amount of
water (0.2 ml) was collected. The toluene was evaporated under reduced
pressure leaving a clear oil. 1H NMR and 13C NMR spectra showed this to be
151 containing a small amount (15 %) of benzaldehyde. Attempts to separate
the compounds by column chromatography were unsuccessful. IR (KBr) 3010,
3000, 2980, 2950,2850, 1675 (C=0), 1650 (C=N)1600, 1575, 1460, 1450, 1400, 1250,
1175 cm -1, 1H NMR (CDCls) 8 1.66 (s, 6H), 7.37-7.49 (m, 7H), 7.77 (m, 2 H), 8.07
(d,2H, ] = 7.4 Hz), 8.29 (s, 1H); 13C NMR (CDClg) 8 27.2,69.9,128.0,128.2,128.7,
130.6, 131.0, 132.1, 135.0, 136.4, 160.0, 202.6. (all NMR spectra were of the mixture,

however, the values reported above are only those due to 151).

N -Benzyl-1-phenyl-2-methyl-2-amino-1-propanbl (152).

Compound 151 (85% pure) (0.1 g, 0.4 mmol) was dissolved in MeOH (10 mL).
Sodium borohydride (0.15 g, 4 mmol) was added portionwise over a 20 minute
period to the vigorously stirred solution. The solution was refluxed for 2
hours. The reaction mixture was cooled to room temperature and concentrated
HCl was added until the solution reached pH = 2 (by litmus paper). The
solvents were removed under reduced pressure. The residual solid was
washed with EtpO. The solid was dissolved in water and made basic by addition
of aqueous 2N NaOH. The aqueous solution was extracted with Et;O (2 X 25
ml). The ether extract was dried with magnesium sulfate and evaporated
under reduced pressure leaving a white solid (0.064 g, 65 %), 152. mp 102-104°C,
MS m/z (relative intensity) 296 (3, M+41), 284 (6, M+29), 256 (100,M+1), 238
(11), 148 (39), 108 (6); IR (KBr) vmax (cm-1) 3300-2700 (very broad, OH, NH); TH
NMR (CDClg) 80.90 (s, 3H), 1.19 (s, 1H), 3.79 (s, 2 H), 4.53 (s, 1 H), 7.25-7.39 (m, 10
H); 13C NMR (CDCl3) $21.7,23.5,46.4,57.3,127.1, 127.3,127.6, 127.7, 128.2, 128.5,
140.4, 140.5.
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Attempted tosylation of N -benzyl-1-phenyl-2-methyl-2-amino-1-propanol (152).
Method A: Compound 152 (0.1 g, 3.9 mmol) was dissolved in CHClz (5 mL).
Pyridine (0.03 mL, 4 mmol) and p-tolueneusulfonyl chloride (0.076 g, 4 mmol)
were added and the solution was stirred at room temperature for 24 hours. A
white solid was filtered which was tentatively identified, by 1TH NMR, to be the
hydrochloride salt of 152. The methylene chloride was evaporated under
reduced pressure. 1H NMR showed several compounds, unreacted 152,

pyridinium tosylate and several small unidentified peaks.

Method B: Compound 152 (0.1 g, 0.4 mmol) was dissolved in methylene
chloride (15 ml) and cooled to 0 °C. Triethylamine (0.056 mL, 0.4 mmol) was
added followed by p-tolueneuslfonyl chloride (0.76 g, 0.4 mmol), the reaction
was warmed to room temperature and stirred for 18 hours. The solvents were
evaporated under reduced pressure and the residual solid triturated with
CHCI3. The undissolved solid was filtered and the CHClj3 layer was dried with
magnesium sulfate and evaporated. The residual oil was identified as

unreacted 152 and triethylamine.

Method C: Compound 152 (0.1 g, 0.4 mmol) was dissolved in pyridine (10 mL),
p-toluenesulfonyl chloride (0.076 g, 0.4 mmol) was added and the solution was
stirred at room temperature for 24 hours. The solution was poured into water
(100 mL) and cooled at 0 °C for 18 hours. The aqueous solution was extracted
with EtpO (2 X25 mL). The ether extract was dried with magnesium sulfate and
evaporated under reduced pressure. The residual solid was identified as

unreacted 152.
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Attempts to protect 152 as its 9-fluorenylmethoxy carbonate derivative.

Method A: A solution of 9-fluorenylemethyl chloroformate ( 0.103 g, 0.4
mmol) in EtO (5 mL) was added to a vigorously stirred solution of 152 (0.1 g,
0.4 mmol) and KyCO3(0.106 g, 1 mmol) in EtoO (5 mL) and water (5 mL). The
solution was stirred overnight at room temperature. The layers were separated
and the ether layer waswashed with 15% HSOy (2 X 10 mL) and dried with
magnesium sulfate. Petroleum ether was added until the solution became
cloudy. The solution was cooled to 0 °C for 18 hours. A small amount of solid
had precipitated and was filtered. This was identified as 9-fluorenylmethyl
chloroformate. The ether solution was concentrated; the residue was identified

as unreacted 9-fluorenylmethyl chloroformate and 152.

Method B: Compound 152 (0.1 g, 0.4 mmol) and KHCO;3 (0.106 g, 1 mmol) were
dissolved in dioxane/water (1:1) (10 ml). 9-Fluorenylmethyl chloroformate
(0.103 g, 0.4 mmol) was added and the solution was stirred at room temperature
for 12 hours. Water (950 mL) was added until the solution became turbid and
the solution was stirred at 0 °C for 12 hours. A white precipitate was filtered
and identified as unreacted 9-fluorenylmethyl chloroformate. Evaporation of

the solvent gave a tan solid identified as unreacted 152.

Attempted synthesis of N -methyl-N -tosyl-o.-aminoacetophenone (156).
Method A: N-methyl-p-toluenesufonamide (1.48 g, 8 mmol) was dissolved in
THF (15 mL) and cooled to -78 °C in a dry ice/acetone bath. #n-Butyllithium ( 5
mL, 8 mmol) was added dropwise to the cold solution which was stirred 10
minutes. o-Chloroacetophenone (1.24 g, 8 mmol) in THF (10 mL) was added
dropwise and the reaction was allowed to warm to room temperature. The

reaction mixture was quenched with water (20 mL). The aqueous solution was
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extracted with EtpO (2 X 20 mL). The ether was dried with magnesium sulfate
and concentrated under reduced pressure leaving an orange oil. Analysis by 1H
NMR and tlc showed several compounds, no attempt was made to isolate an

pure compounds from the mixture.

Method B: N-methyl-p-toluenesulfonamide (1.48 g, 8 mmol) was dissolved in
THF (15 ml) and added to a stirred slurry of NaH ( 0.192 g, 8 mmol) in THF at 0
°C. o-Chloroacetophenone (1.24 g, 8 mmol) in THF was added dropwise. The
reaction mixuture was warmed to room temperature and was stirred for 1
hour. A number of compounds were observed by tlc of the reaction mixture,
similar to previous reaction. No attempt was made to isolate any pure

products from the mixture.

o~-lodoacetophenone.

Nal (5.5 g, 36.7 mmol) in acetone (50 ml) was added to a stirred solution of o-
chloroacetophenone (5 g, 32.3 mmol) in acetone (50 mL). The solution was
stirred at room temperature for 30 minutes. The solvent was evaporated under
reduced pressure, the residue was triturated with EtpO (100 mL) and filtered.
The ether solution was treated with ageuous sodium thiosulfate and dried with
magnesium sulfate. Concentration of the ether solution gave a yellow oil (7.5
g, 96%) identified as o-iodoacetophenone. 1H NMR (CDCL3) 6 4.35 (s, 2H), 7.42-
7.60 (m, 4H), 7.98 (d, 1H, ] = 7.6 Hz).

Sodium N -methyl-p-toluenesulfonamide.
p-Toluenesulfonamide (1.85 g, 10 mmol) dissolved in THF (15 ml) was
added to a stirred solution of NaH (0.4 g, 10 mmol) in THF (10 mL). The

solution was stirred for 30 minutes at room temperature. The solvent was
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evaporated under reduced pressure. The residual solid was triturated with
Et,O for 10 minutes and filtered. The filter cake was washed with acetone and
allowed to air dry. A white solid (1.56 g, 81 %), sodium N -methyl-p-
toluenesulfonamide was recovered and used without further purification. TH
NMR (D;0) 62.22 (s, 3H), 2.27 (s, 3H),7.19 (d, 2H,] =7.5Hz),7.45(d, 2H,] =75
Hz).

N -methyl-N-p-toluensulfonyl-o.-aminoacetophenone (156).

Sodium N -methyl-p-toluenesulfonamide (0.58 g, 3 mmol) in DMF (20 mL)
was added dropwise, over a 1 hour period, to a solution of a-iodoacetophenone
(0.73 g, 3 mmol) in DMF (20 mL). The solution was stirred for an additional 30
minutes. The solution was poured over 100 mL of ice water and cooled at 0 °C
for 18 hours. A yellowish precipitate was filtered. The solid was recrystallized
from hexanes/ethyl acetate (4:1) giving yellow crystals of 156 (0.73 g, 80%). mp
115-117 °C (dec); MS m /z (relative intensity)(CI) 344 (3, M++41), 332 (4, M*+29),
304 (100, M*+1), 186 (36), 148 (26), 123 (17), 59 (47); TH NMR (CDCl3) 8 2.46 (s,
3H), 2.84 (s, 3H), 4.58 (s, 2H), 7.34 (d, 2H, ] = 8.4 Hz), 7.49 (dd, 2H,] = 7.8, 7.4), 7.62
(t, 1H,]=7.4),7.73 (d, 2H, ] = 8.2 Hz).

N -methyl-N-p-toluenesulfonyl-o.-aminoacetophenone oxime (159).

N -methyl-N -p-toluensulfonyl-o-aminoacetophenone  (156) (0.303 g, 1 mmol)
was dissolved in pyridine (5 mL). Hydroxylamine hydrochloride (0.07 g, 1
mmol) was added to the solution and the reaction mixutre was stirred at room
temperature for 14 hours. The pyridine solution was poured into water (30
mL) and cooled to 0 °C; a yellow oil separated. The aqueous solution was
extracted with EtpO (2 X 15 mL). The ether was dried with magnesium sulfate

and evaporated under reduced pressure giving a yellow oil which solidified
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upon standing. Recrystallization of the crude solid from benzene gave a white
solid (0.254g, 80 %) identified as a mixture of the two isomers of 159. mp 174-
175 °C (dec); MS m/z (relative intensity)(CI) 359 (1, M*+41), 347 (4, M*+29), 319
(31, M++1), 198 (87), 186 (29), 147 (12), 104 (23), 79 (100); 'H NMR (CDC13) 0243
(s, 3H), 2.45 (s, 3H), 2.55 (s, 3H), 2.64 (s, 3H), 4.09 (s, 2 H), 4.39 (s, 2H), 7.27-7.80 (m,
10H), 8.33 (broad s, 1H), 8.73 (broad s, 1H); 13C NMR (CDClz) & 21.5, 34.3, 34.8,
42.8,53.3,126.8, 127.5,127.7,128.3, 128.5, 129.6, 129.7, 129.8, 133.1, 133.2, 143.6,
143.8,153.6, 153.8.

N -Methyl-N -p-toluenesulfonyl-2-phenyl-ethylenediamine (154).

N -methyl-N-p-toluenesulfonyl-o-aminoacetophenone oxime (159)(1.5g,4.5
mmol) was dissolved in MeOH (50 mL) and stirred under a hydrogen
atmosphere in the presence of 10% palladium on barium sulfate (0.2 g). The
solution was stirred at room temperature for 2 hours. The catalyst was
removed by filtration through a fritted glass funnel. The solvent was
evaporated under reduced pressure to give a clear oil, 154 (1.23 g, 90%). MSm /z
(relative intensity)(CI) 345 (2, M++41), 333 (4, M*+29), 305 (51, M*+1), 288 (18),
186 (6), 106 (14), 79 (100); IR (KBr) vmax (cm-1) 3550 (broad), 3467 (broad), 3312
(broad), 3060, 3025, 2920 (broad), 1573, 1492, 1465, 1340, 1200, 1159;

ITH NMR (Cg¢Ds) 8 1.35 (broad s, 2H), 1.87 (s, 3H), 2.40 (s, 3H), 2.61 (dd, 1H, ] = 4.1,
13.3 Hz), 3.20 (m, 1H), 3.96 (dd, 1H, ] = 4.1, 9.3 Hz), 6.81 (d, 2H, ] = 8 Hz), 7.19 (m,
3H), 7.34 (d, 2H, ] = 7.3 Hz), 7.63 (d, 2H, ] = 8 Hz); 13C NMR (CgDg) 521.0, 36.1,
54.8,59.2,127.1,127.6,127.7,128.6, 128.7, 128.8, 129.6, 135.5, 142.7, 143.9.

155

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reaction of N -methyl-N -p-toluenesulfonyl-2-phenyl-ethylenediamine (154)
with n -butyllithium.

Method A: Compound 154 (0.05 g, 0.16 mmol) was dissolved in dry THF and
cooled to -78°C in a flask flushed with nitrogen. n-Butyllithium (0.2 mL, 0.32
mmol) was added and the solution was stirred at -78 °C for 3 hours. No change
was observed by tlc; only starting material was present. The reaction mixture
was allowed to warm to room temperature and was stirred for 15 hours. The
reaction was quenched with water (10 mL). The aqueous solution was extracted
with EtpO (2 X 10 ml). The ether extract was dried with magnesium sulfate and
evaporated under reduced pressure. A yellow oil was recovered; it was
identified as unreacted 154.

An analogous reaction was performed using three equivalents of |
n-butyllithium. After workup, a yellow oil was recovered. Analysis by 1H
NMR and tlc showed several spots. No pure compounds could be isolated
from the mixture.

An analogous reaction was performed using five equivalents of
n-butyllithium. After workup, a yellow oil was recovered. Analysis by 1H
NMR and tlc showed several spots. No pure compounds could be isolated

from the mixture.

Reaction of N -methyl-N -p-toluenesulfonyl-2-phenyl-ethylenediamine (154)
with lithium diisopropylamide.

A solution of diisopropylamine (0.084 ml, 0.64 mmol) in THF (6 mL) was
cooled to -78°C. n-Butyllithium (0.4 mL, 0.64 mmol) was added and the
solution was stirred for 1 hour at -78 °C. A solution of 154 (0.1 g, 0.32 mmol) in
THF (5 mL) was added dropwise and the solution was allowed to warm to

room temperature and was stirred for 15 hours. The reaction was quenched
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with water (10 mL) and extracted with EtpO (2 X 10 mL). The ether was dried
with magnesium sulfate and concentrated under reduced pressure giving a
yellow oil, which was identified by, 1H NMR, as unreacted 154.

An analogous reaction was performed using three equivalents of lithium
diisopropylamide. After workup, the reaction mixture gave a yellow oil
identified, by IH NMR , as unreacted starting material.

An analogous reaction was performed using five equivalents of lithium
diisopropylamide. After workup, the reaction gave a yellow oil identified, by
IH NMR , as primarily unreacted starting material, with a few other small
peaks in the aromatic region. No attempt was made to isolate this trace

compound.

N-p-Toluenesulfonyl-1,8-naphthosultam (162)31.

1,8-Naphthosultam (2.05 g, 10 mmol) was dissolved in CHCl, (40 mL).
Triethylamine (1.4 mL, 10 mmol) was added along with p-toluenesulfonyl
chloride (1.91 g, 10 mmol). The solution was stirred at room temperature for 24
hours. The CHCl solution was washed with water (2 X 50 ml), dried with
magnesium sulfate and evaporated under reduced pressure. The black residue
was recrystallized from 95% EtOH giving 162 as a grey solid (2.8 g, 78%). The
mp, IH NMR and 13C NMR matched those previously reported. mp 208-210 °C
(lit. mp 210-211 °C); TH NMR (CDCl3) 4 2.34 (s, 3H), 7.27 (d, 2H, ] = 8.3 Hz), 7.58-
7.65 (m, 3H), 7.74 (t, 1H,] = 7.8 Hz), 7.93 (d, 1H, ] = 7.3 Hz), 8.07 (d, 2H, J = 8.3 Hz),
8.08 (d, 1H,J = 8.2 Hz); 13C NMR (CDCl3) 8 21.6,109.3,118.2,120.1, 121.9, 128.1,
128.5,129.2,129.3,129.7, 130.6, 130.7, 131.8, 134.1, 145.9.
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N -2-Bromobenzyl-1,8-naphthosultam (163)3L

1,8-Naphthosultam (164) (0.62 g, 3 mmol) was dissolved in benzene (10 ml).
Triethylamine (0.42 ml, 3 mmol) and 2-bromobenzyl bromide (1.56g, 6.2 mmol)
were added and the solution was refluxed for 20 hours. The solvents were
removed under reduced pressure giving a black solid residue. The major spot
on tlc was isolated using column chromatography (silica gel, 4:1 hexanes/ ethyl
acetate). The green solid was recrystallized from ethyl acetate giving green
crystal of 163 (0.57 g, 51%). The mp, 'H NMR spectrum and 13C NMR spectrum
matched those previously reported. mp 159-160 °C (lit. mp 160-162 °C); 1H
NMR (CDCl3) 6 5.10 (s, 2H), 6.50 (dd, 1H, ] = 1.6, 6.3 Hz), 7.17 (dt, 1H, ] = 1.7, 7.6
Hz), 7.25 (dt, 1H, ] = 1.2, 7.5 Hz), 7.45 (m, 2H), 7.52 (dd, 1 H,] = 1.5, 7.7 hz), 7.63
(dd, 1H,J=1.3,79 Hz), 7.78 (t, 1H,] = 7.9 Hz), 8.01 (d, 1H, ] = 7.2 Hz), 8.08 (d, 1H, ]
= 8.2 Hz); 13C NMR (CDCl) $45.6,103.7,118.6,119.1, 120.0, 122.5, 128.0, 128.1,
128.6,129.3, 129.4, 130.2, 130.6, 131.3, 132.8, 134.0, 136.1.

Reaction of N -p-toluenesulfonyl-1,8-naphthosultam (162) with n -butyllithium.
N -p-toluenesulfonyl-1,8-naphthosultam  (162) (0.114 g, 0.32 mmol) was
dissolved in THF (5 mL) and the mixture was cooled to -78 °C. n-Butyllithium
(0.4 mL, 0.64 mmol) was added and the reaction mixture was stirred at -78 °C for
20 minutes. The tlc of the reaction mixture showed only one spot. The
reaction mixture was warmed to room temperature and was stirred for 1 hour.
Water (20 mL) was added and the solution was extracted with EtpO (2 X 25 ml).
The ether was dried with magnesium sulfate and evaporated under reduced
pressure giving an orange oil. The compound giving the major spot was
isolated using column chromatography (silica gel, 4:1 hexanes/ethyl acetate).
A white solid was recovered and recrystallized from 4:1 hexanes/ethyl acetate

giving white crystals of 171 (0.85 g, 62%). mp 128-130 °C; MS m/z (relative
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intensity)(CI) 458 (5, M*+41), 446 (8, M++29), 418 (100, M*+1), 298 (5), 263 (17),
157 (6), 57 (25); 1TH NMR (acetone-dg) & 0.86 (t, 3H, ] = 7.6 Hz), 1.45 (sextet, 2H, ]
=7.4 Hz), 1.82 (pent, 2H, J = 7.5 Hz), 2.47 (s, 3H), 3.74 (t, 2H, ] = 7.9 Hz), 7.45 (d,
2H,J = 8.1 Hz), 7.48-7.55 (m, 2H), 7.76 (t, 1H, ] = 7.7 Hz), 7.88 (d, 2H, ] = 8.1 Hz),
7.90-7.93 (m, 1H), 8.32 (d, 1H, ] = 8.2 Hz), 8.51 (d, 1H, J = 7.5 Hz), 10.53 (broad s,
1H); 13C NMR (acetone-dg) d 13.3,20.9 21.5,24.5, 56.8, 122.2, 125.1, 127.2, 127.5,
127.6,130.4,132.2,134.2, 135.2, 136.9, 137.3,138.1, 144.5.

Reaction of N-p-toluenesulfonyl-1,8-naphthosultam (162) with lithium
diisopropylamide.

A solution of diisopropylamine (0.084 mL, 0.64 mmol) in THF (6 mL) was
cooled to -78 °C. n-Butyllithium (0.4 mL, 0.64 mmol) was added and the
solution was stirred at -78 °C for 1 hour. A solution of 162 (0.114 g, 0.32 mmol)
in THF (3 mL) was added and the solution was allowed to warm to room
temperature and was stirred for 2 hours. The solution was quenched with
water (20 mL) and extracted with EtpO (2 X 25 mL). The ether was dried with
magnesium sulfate and evaporated under reduced pressure. A small amount
of yellow oil was recovered which was identified as unreacted 162. The
aqueous solution was acidified (pH=2) with concentrated hydrochloric acid and
extracted with EtpO (2 X 25 mL). The ether extract was dried with magnesium
sulfate and evaporated under reduced pressure giving a tan solid, identified as

1,8-naphthosultam (164) (0.48 g).

Reaction of N -2-bromobenzyl-1,8-naphthosultam (163) with n-butyllithium.
N -2-bromobenzyl-1,8-naphthosultam (163) (0.06 g, 0.16 mmol) was dissolved
in THE (6 mL) and cooled to -78°C. n-Butyllithium (0.1 mL, 0.16 mmol) was

added and the solution was allowed to warm to room temperature and was
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stirred for 18 hours. The reaction was quenched with water (1 mL), diethyl
ether was added, and the solution was extracted with 2N HCI (2 X 10 mL). The
aqueous extracts were made basic (pH = 11) with 2 N NaOH. A yellow solid
precipitated and was filtered. The solid was purified by column
chromatography (silica gel, 4:1 hexanes ethyl acetate) to give a light yellow solid
(0.02 g, 42 %), identified as 175. mp 209-210 °C (dec); MS m/z (relative
intensity)(CI) 336 (4, M*+41), 324 (10, M*+29), 296 (100, M*+1); IR (KBr) Umax
(cm-1) 3395, 3076, , 3049, 3026, 2915, 2891, 1590, 1585, 1512, 1475, 1463, 1360, 1349,
1295, 1243, 1146, 1110; 1H NMR (CDClL3) 6 6.31 (broad t, 1H), 7.29(d, 2H,] =7.5
Hz), 7.39-7.61 (m, 8H),7.97(d, 1H,J=8.7),7.94 (d, 1H,] =89 Hz), 8.61 (d, 1H, ] =
7.5 Hz); 13C NMR (CDCl3) 654.9,124.5,124.9, 126.4, 127.4,128.0, 128.3, 129.5,
129.8,130.4, 133.3, 134.4, 135.8, 138.4, 138.7, 143.0, 143.9.
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