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The reactions of SyN, with various amines, particularly
benzylamines, have been investigated. Benzylamines give arylimine
polysul fides, Schiff's bases and ammonia as products. The stoichio-
metric equation has been established. The reaction is quite sensitive
to structural changes and appears limited to ring substituted benzyl-
amines.

Details of the reactions of primary amines with sulfur, one
of the ''neglected fields of research'', have been investigated. Inter-
mediates have been isolated and characterized and a reaction scheme
has been proposed for the sulfur-benzylamine system. In this scheme
benzylamine polysulfides and benzylidenimine polysulfides occur as
cyclical intermediates. The final products are N-benzylidene benzyl-

amine, ammonia and benzylammonium polysulfides.
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PART |. REACTIONS OF SyNy WITH AMINES
CHAPTER 1. INTRODUCTION

1. TETRASULFUR TETRANITRIDE, SuNy
(1)

Tetrasul fur tetranitride, known since 1835, is génerally
prepared by the reaction of sulfur monochloride with ammonia, a
complex reaction whose mechanism is not clear. Tetrasulfur tetra-
nitride is an orange crystalline solid of m.p. 178°C. It is endo-

(2)

thermic with an enthalpy of formation of 110£2 Kcals/mole and
detonates on mechanical shock orlon heating to near the melting
point. The structure of SyN, is shown in Fig. 1. The four sulfur’

atoms form a bisphenoid while the four nitrogen atoms are coplanar

and occupy the corners of a square.

Fig. 1. STRUCTURE OF SiNy ‘3

a= 2.58 A.

b = 1.62 A.

c =252 A,



The sulfur-sulfur distance (a) of 2.58 A. is longer than
the normal sulfur-sulfur single bond length (2.05 A.) but shorter
than the sum of the Van der Waals radii of two sulfur atoms

(4

(3.70 XK. indicating a significant interaction. The distance

between the adjacent nitrogen atoms (¢) is 2.52 A. while the sum

(4)

of two nitrogen Van der Waals radii is 3.0 A. and a single

(5)

nitrogen-nitrogen bond is 1.40 A. Slight interaction between

the nitrogen atoms around the square also appears possible. The
sulfur-nitrogen bond length of 1.62 A. for all bonds is shorter
than the normal sulfur-nitrogen single bond length (1.76 A. in
sulfamic acid, H3N+ = 503_)(6) or the single bond radii sum of
1.74 A.(S) These facts indicate considerable delocalization of
electrons in the SyN, ring system. Several tentative bonding
schemes have been proposed.(7'8‘9’1o)
Because of the difference in electronegativities between
sulfur and nitrogen atoms, it is expected that tetrasulfur tetra-
nitride will have a partial negative charge on the nitrogen atoms
and a partial positive charge on the sulfur atoms. Consequently,
SuNy may act as either a Lewis acid through the sulfur atoms or
as a Lewis base through the nitrogen atoms. There are many stable
adducts known where SyN, acts as a Lewis base, such as SyN,*SbCis

an and Squ-BF3.(]2’]3) X-ray crystallography of these

(Fig. 2)
materials shows that the sulfur-nitrogen ring system has undergone
a conformational change. SyN,*BF3 has a very similar structure to

that of SyN,+*SbC2s. The sulfur atoms are nearly planar with two



Fig. 2. SyN,*SbCss

N—S _SZN : |
o " d\%iiN/bS/ : a: 1.72 A,

. bz *1.55 A,
c: 1.57 A.
d: 1.60 A.

'nit}ogen atoms above and two below this plane. This conformation
change might be rationalized by a weakening of the sulfur-sulfur
Interaction as a consequence of the drain of electron density from
the ring by the Lewis acid. The sulfur-nitrogen bond lengths from
the nitrogen atom coordinated to the antimony atom (a) are consid-
erablyllengthened to 1.72A. However, the sulfur-nitrogen bond lengths
from the nitrogen atom which is opposite the coordinated one (d) are
virtually unaffected.

The SyNy ring undergoes contraction with some Lewis acids.

(14)

With hydrochloric acid it forms an adduct, SyNy<+4HCZ, which with

a trace of water decomposes to thiotrithiazyl chloride, I. This

material Is also produced from SyNy with sulfur monochloride(IS) and



/s s\ﬁ *

N

S

N -
l C2
S

-

thionyl chloride.(]6) The thiotrithiazyl cation has a planar

structure with equal sulfur-nitrogen distances. Quite recently,
the stable pentathiazyl cation, 55N5+, was prepared from SyNy
with aluminium chloride in thionyl chloride.(]7) This ion has
been shown by X-ray diffraction to be a planar heart-shaped

l"iI'\g» IIu

N o+

N/S \N/S\N

With Lewis bases, SyN, generally undergoes ring contraction

or degradation. These reactions are discussed in the next section.



2. REACTIONS OF SN, WITH LEWIS BASES
A. AMINES
(18)

Schenck described several reactions of SyNy wifh organic
amines in which the reaction products did not retain any of the
original S—N linkages of SyNy. According to Schenck tertiary

amines were inert toward SyN,, while primary and secondary aromatic
amines, such as aniline, N-methylaniline, diphenylamine and naphthyl-
amine, reacted only at higher temperature to give ammonia, nitrogen,
sul fur and hydrogen sulfide.* Primary and secondary aliphatic amines
were found to react very readily, however. A typical secondary
amine, piperidine, reacted with SyN, at room temperature with the
evolution of nitrogen and ammonia. The major non-gaseous product

was thiodipiperidine, CsHjgN—S—NCsH;p. Schenck measured the

quantity of nitrogen gas evolved and established the stoichiometry

shown in equation (1). Dimethylamine also gave an analogous compound,
3S,Ny + 24C5HygNH =12(C5H oN) ,S + 8NH3 + 2N, (1)

thiobisdimethylamine, (CH3),N—S—N(CH3),.

With ethylamine Schenck was unable to obtain any character-
izable products. When SyN, and benzylamine were heated together on
a water bath, sulfur and triphenyl-(s)-triazine, III, were obtained.
Wi thout heat, Schenck obtained a different product, a yellow
crystalline material which melted at 104-105°C. From the elemental

analysis (for nitrogen and sulfur), he assigned this compound as the

*
Products containing organic component were not described.
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thioamide of thiobenzoic acid, IV (2). This structure was challenged

)
3SyNy + 6CgH5CHoNHy, —> 6CgH5—C—N==S + 8NH3 + 2N, (2)
IV
by Levl(lg) who prepared the same material (m.p. 100°C) from the

reaction of sulfur with benzylamine in the presence of lead (II)
oxide. Based on an elemental analysis (C, H, N and $) and a molecular
weight of 322, Levi proposed either of structures V or VI. (Levi

favored VI, but was unable to exclude V.) VI has been prepared from

hof TR
CeHg—C—N—S—5—N—C—C¢Hs

Vv

§—S
C-H:CH N// N CH,CzH
65 o= —Lhablghg
\S_S/N

VI
(20)

sul fur monochloride and benzylamine,



however, and its properties differed from those of the yellow solid.
Schenck(ls) also reported that while phenylhydrazine did

not react with SyN, at low temperature, it did react vigorously with

the evolution of nitrogen and ammonia when heated. For this

reaction he proposed equation (3).
3SuNy + 12CgH5NHNHy—— 125 + 8NH3 + 14N, + 12CgHg (3)

B. AMMONIA

Ruff and GeiseI(ZI) found that SyNy and liquid ammonia
reacted to give an apparent diammoniate of composition SyNy+2NHj.
However, S;N, also reacted with liquid ammonia to give an ammoniate
of composition SyNy+NH3 with an identical X-ray powder pattern and

(22)

electron absorption spectrum. The molecular weight of this

material was not reported, but it was suggested that the material
was most probably H-—&-—S——N==§-—NH2 for the following reasons.
Firstly, it decomposed to Sy;N, and ammonia in high vacuum. Secondly,
treatment with triphenylmethyl sodium in ether gave a brown mono-
sodium salt and then a yellow explosive trisodium salt. These were
presumed to represent removal of the more acidic imide hydrogen and
in the second step the two less acidic amide hydrogens. An analysis
of the‘yellow trisodium salt showed the atomic ratio of N:S:Na to be
close to 3:2:3 indicating a formula such as NazN-—S-—ﬁ—-§==N-Na.

If this view of the structure is correct, the ammonolysis of tetra-

sulfur tetranitride might be represented as in (4).



g’\
H o N}—-—S—N H—N=—§~—N
Hrll—\“.l, Is|+ NH Nis—g ¥ +|sI NH (L)
2 2 T~ - —NRp
I (] S I
N——3§——N H N—§—N—=H

C. DIAZOMETHANES

When substituted diazomethanes, such as diphenyldiazomethane
or diazofluorene, were reacted with SN, at room temperature,
nitrogen was slowly evolved, and the products isolated were bis-
diphenylmethylene-trisul fur-tetranitride, VII, and difluorenylidene-
trisulfur-tetranitride, VIII, respectively.

CeHs _AAels

~ 1
C==N=—§ —N=S==N—§ —N==(
C6H5/ \CGHS

VII

@
C

/;==N-—S-—N==S==N—-S-—N==C

VIII

A molecular weight (for VII only) and an elemental analysis

(for both) were in quite good agreement with these compositions
(23)

although structural data was lacking. Fluck proposed a possible

reaction mechanism consisting of a series of nucleophilic attacks by
- o+
the carbanionic carbon atom, R,C—N=N, to liberate free nitrogen as

shown below. The substituted thirane was also isolated.



I | | . | . | bl |
llNI Tl “— ulu TI —-HTn Ta . 'T T|
|Smm=N—5 ¥ |SmmmN—o 1§ e —| ISt IN—s!
<4 | + : B
R,C—N=N Ry Ch=N R,C -R—\-yzu
2
N  IS—Nm===§ e ]
I, | . Il -~ | ~
— (T ITI rlu — R2(|2| NI TI + RZC—?I
R,C Ngi ¥ Fsi *N N—3]| \CRZ
Il 1l I
CR; CRy N CRy
—+ RyCmmN—§—N=mSm=N—S—N==(R, (5)

D. GRIGNARD REAGENTS
Similar types of compounds were reported in the reaction of

(24)

SyNy with Grignard reagents. Thiodithiazyl diaryls,

X=—CgHy=—S —Nm=S==N—S—CgH,—X (where X = H, p-C%, p-Br and p-CH30),
were reported to resuft from the corresponding aryl-magnesium bromide;
however, no analytical data or physical or chemical properties for
these compounds were given except melting points and solubilities.
Therefore, the structures of these compounds can not be considered

to be well established. Reaction of ethylmagnesium bromide with SyNy,
(25)

resulted in a different type of compound of composition CyHg5SyN3.

The structure of this material was proposed to be C,oHgS—N==S==NH,
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E. PHOSPHINES

The weak nucleophile phosphine did not react with SQN“,(26)

but triphenylphosphine was found to give a red crystalline material

of composition S3N,P(CgHs)3 to which structure IX was.assigned_(27,28)

Triphenylphosphine sulfide, (CgHs)3P=S, and trithioformaldehyde

(CHyS)3were also detected in solution. A molecular weight and an

+ -

S—N
N{ >S—N=P(C6H5)3

S—N
IX

elemental analysis (for C, H, N, S and P) were consistent with the
proposed formula but, of course, gave no structural information.

Triphenylphosphinemethylene, (CgHs)P=CH,, was reported to give the

(27)

same compound [X when reacted with SyN,. Tricyclohexylphosphine

also gave an analogous compound of composition S3N4P(C6H11)3.(28)
No mechanism was proposed.

With dichlorophenyl phosphine complete degradation of the
(29)

SuNy ring system was observed. The overall reaction was found

to be as shown in equation (6).

3SuNy + 30CgH5PCR,—> 10CgHsP(S)Cry + 2CH5P(CR) NP (S)Ca(CgHs)
+ 3[CgHsP(Ca) NP (Co) ,CeHslCa + 2[CgH5P(CR) NP (Co) (CgH5)NP(CR) ,CeHs1CR

+ [CgHsP(Ca) NP (Co) (CgHsINP(CR) (CqH5INP(CR) o (CeHs) ICs (6)

Phosphorous trichloride was also found to attack the SyN, cage

(30,31)

in a similar manner giving complete degradation. A major pro-
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duct identified was the phosphonitrilic chloride, X.

[CagP=N—PC,==N—PCL3] [PCig]

X

F. CYANIDE ION
Cyanide ion is known to react readily with elemental sulfur

(32)

to give thiocyanide and has also been found to react readily
with SyN,. When SyN, and potassium cyanide were mixed together in
dimethylformamide in a mole ratio of 1:2, a red precipitate was
obtained whose composition based on an elemental analysis (for K,

(27)

S, N and C) corresponded to KCN3S,. This material was proposed
to be a complex containing 2 moles of KSCN per mole of K, (C,N;(Sg)
based on a rather poor molecular weight determination. Since

guanidine, XI, was obtained on hydrolysis, the material was inferred

to have a carbon atom linked to three nitrogen atoms.
NH,
NH,—— C == NH

X1

The structure of (C,N;pSg) "2 was therefore tentatively proposed to

be either XII or XIII.
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N
o Il - & =
N—=S—N-=S==N—S—T—C— —§ =—N==S==N —S==N
C==N
XIII

G. SUMMARY

Nucleophiles react with S N, to open the ring system. The
products can be roughly classified into four categories.

1. Ring contraction with the retention of the alternating S-N-S-N
bond system as reported with triphenyl phosphine.

2. Ring cleavage in which the product retains the alternating
S-N-S-N chain system as represented by ammonia, disubstituted
diazomethanes and Grignard reagents.

3. Complete degradation of the SyN, system to ammonia, nitrogen

and sulfides as exhibited by secondary alkylamines.

L. Complete degradafion to products rather unrelated to the starting
materials as in the case of benzylamine.

In many cases (ammonia, secondary amines, Grignard reagents)
the nucleophiles attack at sulfur; however, in other cases (triphenyl
phosphine and disubstituted diazomethane) both sulfur and nitrogen
are proposed to undergo attack by the nucleophiles. |In some cases
(Grignard reagents and cyanide ion) the compositions of the products
are not very reliable, while in others (benzylamine, disubstituted
diazomethane and triphenylphosphine) the structures of the products
are not known with certainty. In both amines and phosphines slight

differences in nucleophilicity lead to drastic changes in the products.



3. AIMS OF THE PRESENT WORK

The wide variety of apparent nucleophilic substitution
reactions and the generally poor characterization of the products
clearly warrants further work before any generalization about
substitution on SyN, can be drawn. Of the various nucleophiles
described, the reaction of benzylamine seems most peculiar although
the structure of the product is not clear. The work described in
this section is aimed at establishing the correct structure of the
benzylamine-SyNy reaction products, as well as the stoichiometric
equation for this reaction. The latter point is particularly
important since attempts to formulate mechanistic interpretations

of nucleophilic substitution on SyNy have been frustrated by the

lack of even an overall chemical equation to describe the reactions.

Since changes in nucleophiles apparently cause such drastic
changes in products, the effect of ring substituted benzflamines
will be investigated in the hope of learning the effect of slight
changes in the nucleophilicity of the attacking base. Other amines
such as a-methylbenzylamine, butylamine, allylamine and phenyl-

hydrazine, will also be investigated.



CHAPTER Il. RESULTS AND DISCUSSION

1. CHARACTERIZATION OF ARYLIMINE POLYSULFIDES

When the reaction of tetrasulfur tetranitride with benzylamine
was repeated as described by Schenck(]s) (about 1 mole of SyNy to 7
moles of benzylamine at room temperature),an exothermic reaction
occurred. This was accompanied by several color changes (orange to
green to brilliant yellow), and ammonia was evolved. Yellow needles
of m.p. 100.5 ~ 102°C were obtained by washing the reaction mixture
with ice cold methanol. These appeared to be identical to the
material described by Schenck and constituted the major crystalline
product. The elemental analysis (for C, H, N and S) corresponded
quite closely to the composition [C7H5N52]x, and the molecular
weight (osmometric in benzene) showed x to be 2. This was in agree-

(19)

ment with Levi's observations on his sample formed in the
reaction of sulfur with benzylamine in the presence of lead (II)
oxide. The properties of this yellow solid were, however,
inconsistent with both of Levi's proposed structures (V and VI) and
also with that of Schenck (IV). It should have been formulated as
benzylidenimine tetrasulfide, XIV, based on the following evidence.
H H
C6H5—-(|‘.N—-S—S—S—S—N-=C|:—-CGH5
X1V

The elemental analysis was consistent with any of the four

structures. The molecular weight of 322 clearly eliminated structure

14
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IV, but was consistent with the three other structures. The NMR
spectrum showed a sharp singlet at -7.87 ppm and a multiplet at
-7.05 to -7.48 ppm (Fig. 3). Integration indicated one proton
for the singlet and five protons for the multiplet (phenyl group).
This eliminated structure VI. It was not possible to rule out V
on this basis although it would have been rather surprising to
have found such a sharp singlet for a thioamide proton (usually
about 0.5 ppm wide or more). However, the IR spectrum showed no
N-H stretching absorption (above 3100 cm™!) eliminating structure V.
There was, however, a weak band at 1630 cm™! assignable to a C==N-.
Furthermore, two analogous compounds were isolated from the
same reaction mixture whose NMR spectra (Figs. 4 and 5) were quite
similar to that of the yellow solid XIV. They each showed one
sharp singlet downfield of a phenylmultiplet, and integration of
these gave 1:5 in both cases. Elemental analyses and molecular
weights confirmed the NMR spectral indication that these two com-
pounds had the same organic component as XIV. In these compounds
three and two sulfur atoms replaced the four in XIX. Table 1 lists
NMR chemical shifts of benzylidene protons, ﬁeHs-—é=, for various
compounds with a benzylidenimine group, C6H56==N-. Chemical shifts
for benzylidene protons in the known compounds (first 5 entries)
lie between -7.73 ppm and -8.61 ppm. The chemical shifts of the
low field singlets for the three compounds isolated from -the
reaction of tetrasulfur tetranitride with benzylamine (entries 6-8)
lie in this region. Thus, chemical shifts also confirmed the benzyl-

idenimine structures.
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Fig. 3. NMR SPECTRUM OF BENZYLIDENIMINE TETRASULFIDE

(IN CC2y)




17

("793 NI) (N

30147NS1@ 3INIWINIAITAZNIE 40 WNY1IIdS YWN G "Bi4 mo.uq:m_thmz_z_zuc_4>Nzum 40 WNYLI3IdS ¥WN "% °B14g



18

The last compound in Table 1, an analogous monosulfide prepared
from SyN, and p-chlorobenzylamine, is of particular interest. The
NMR spectrum was very similar to that of compound IV, with a sharp
singlet downfield of the phenyl multiplet (areas 1:4; Fig.15).

The elemental analysis showed only one sulfur atom per two nitrogen
atoms, and with a molecular weight of 322, the NMR spectrum required
this compound to have a symmetrical structure. There is only one
possible symmetrical structure with one sulfur which satisfies the
other requirements: p-chlorobenzylidenimine monosulfide,
Cz-—CGHug-nN-S-—N==EC6H4-CQ. The similarity in NMR spectra then
requires similar structures for the,other materials.

Pyrolysis of benzylidenimine tetrasulfide gave elemental sulfur,
benzonitrile and triphenyl-s-triazine, [II. This result also supports
structure XIV. A similar arylimine disulfide (disubstituted on both
benzylidene-carbons) had been previously, prepared by a completely

(35)

different route starting from phenyl magnesium bromide, benzo-
nitrile and sulfurmonochloride as shown In equation (7). The evidence

for structure was mainly chemical and included the method of synthesis
2CgHsMgBr +  2CgHsCN  + S50 — -

CoHs CoHs
SC=N—5—5—N=C_
CeHs NeHs

XV

+ 2MgBrCg | (7)

and the observed reactions. Thus, XV was found to react with con-

centrated hydrochloric acid to give benzophenone imine hydrochloride,



Table 1. NMR CHEMICAL SHIFTS FOR VARIOQUS

BENZYLIDENIMINE COMPOUNDS

Entry No. Compounds

1 CgHsCH=N=N=CHC gH
|
2 CGHSCH=N'N'C6H5
3 CH30CgHy, CH=N=N=CHC¢H,CH30
o
4 —C=N-0H
5 CgH5CH=N=CH,CgH s
6 C6H50H=N-54~N=CHC6H5
7 C6H5CH=N-S3'N=CHC6H5
8 CeHsCH=N'52'N=CHc6H5
¢
9 CH30C g Hy, CH=N=S,, =N=CHCgH,, CH30’
10 CQCGHHCH=N-CH2C6H4C£
]] CQCGH“CHQN‘SQ'N-CHCGHQCQ
12 C4CgHy, CH=N=S=N=CHC¢H,, C2

*
CH30- at =3.85 ppm.

CeHs-
(ppm)

-7.3k

and -7.75

-6.50

to -7.

-6.95

and -7.78

-7.16

to -7.

-7.12

to -7.

-7.05
to -7

-7.32
to -7

-7.24

to -7.

-6.67
to -7

'7'32

to =7.

-7.23

-7 .44
to -7

70

80

55

48

.88

84

.52

92

.87

-CummN -
(ppm)

“Tnd3

-8.61

-8.22

-8.02

=7 .87

-8.42

-7.95

-8.44

-8.65

19

Solvents

Cc2“(33a)
(33b)

acetone

cocz3(33°)

cocg, (348
CCLy
CDCL4
CCLy
cCey
cCey
CDC25
CDCA s

CDClg

CDCLg
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(CgHg) ,C=NH+HC2, and sulfur monochloride, while with dilute sulfuric
acid it was hydrolyzed to benzophenone, ammonia and sulfur. Pyrolysis
followed by treatment with acid also gave benzophenone imine hydro-

chloride.

2. TETRASULFUR TETRANITRIDE WITH BENZYLAMINE
A. STOICHIOMETRY
As described above, SyN, reacts very readily with benzylamine
to give a mixture of sulfur and benzylidenimine polysulfides in which

(19)

the tetrasulfide predominates. Schenck's proposed reaction,
corrected to the benzylidenimine tetrasulfide structure, is given in

equation (8). Ammonia was measured in the reaction to verify this

SuNy + 2CgH5CHoNHy —> C6H5g==N—-54-—N==gC6H5 + N, + 2NH3 (8)
equation. When a five-fold excess of acid (5 HCL/SyN,) was used to
trap the ammonia, the acid trap was found to be basic at the end of
the reaction. Clearly more than 5 moles of NHz/mole of SyN, was
evolved rather than the two required by equation (8). Formation of
benzylidenimine tetrasulfide from benzylamine represents oxidation,
and taking nitrogen to retain its -3 oxidation state in ammonia,
sulfur must be reduced. The change in sulfur is from +3 in SyN,
to +% in benzylidenimine tetrasulfide--a change of 2%/sulfur or
lOe-/Squ. Each conversion of two benzylamines to a benzylidenimine
tetrasulfide, however, only represents a ke change. An additional

oxidized product representing a 6e change is required. Schenck's
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equation used the conversion of 2 nitrogens (-3 oxidation state)
of SyNy to a N, (0 oxidation state) for this purpose. It is clear
from the large quantity of ammonia evolved, however, that all of
the nitrogen of SyN, must go to ammonia. Since 80 ~ 85% of sulfur
has been accounted for already, the oxidized product must arise
from benzylamine.

Column chromatography on silica gel separated this product in
the form of N-benzylidene benzylamine, CgHsCH==N—CH,CgzHs, along
with benzaldehyde, the latter arising from hydrolysis of the former
on the column. N-benzylidene benzylamine is formally derivable
from benzyiamine by a 2e” oxidation and subsequent elimination of
ammonia. Thus, 3 moles of N-benzylidene benzylamine would be
required to account for the missing 6e change. One might then

formulate the overall reaction as:

SL,,NL, + 8C6H5CH2NH2—)- C6H5CH==N—S|+—N=CHC6H5

+ 3CgH5CH==N—CH,C¢Hs + 7NHj (9)

where the 3 N-benzylidene benzylamines are needed to complete
reduction of the sulfur from the +3 to the +% formal oxidation state.
Four moles of ammonia arise from the four nitrogens of SN, and the
remalning three result from the formation of the 3 moles of N-benzyl-
Idene benzylamine. To test this proposed equation a reaction was run
using an 8 to 1 molar ratio of benzylamine to SyN, where quantitative
isolation of all products was attempted.

Tetrasul fur tetranitride, 5 mmoles, and 40 mmoles of benzylamine
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were found to evolve 34 mmoles of ammonia. The reaction mixture was
separated by washing with cold methanol. The methanol insoluble
solids contained mainly benzylidenimine tetrasulfide with a small
amount of sulfur and benzylidenimine di- and trisulfides. The
methanol soluble part contained mainly N-benzylidene benzylamine
with a small amount of benzylidenimine tetrasulfide. After evapor-
ation of the solvent the latter ratio was estimated from an NMR
spectrum. From this ratio and the total weight (after removal of
the methanol) the quantity of N-benzylidene benzylamine formed was
found to be 14 mmoles. From the total weight of solids the number
of mmoles* of benzylidenimine polysulfides was found to be 5.2.

The stoichiometry of equation (9) was, therefore, quite closely
approximated (calcd. coefficients 1:8:1:3:7; found 1:8:1.0:2.8:6.8).
This equation does not show benzaldehyde as a product, and
indeed it was not observed unless the reaction mixture was chromato-

graphed on silica gel. Apparently, benzaldehyde is a hydrolysis

product of the Schiff's base (10).

*
The molecular weight of the mixture of sulfur and arylimine poly-

sulfides was assumed to be that of benzylidenimine tetrasulfide since

CeHsCHm=N—S, —N==CHCgHs = XCgHgCH==N=—S3—N==CHCgHs5

+ yCgHgCH==N—8 ,—N==CHCcH5 + (4=3x-2y)S

This approximation should be fairly good regardless of the sizes of
x and y; however, since the sum of x and y is less than 0.1, the

approximation is quite accurate.
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CgH5CH==N—CHCgHs + Hp0 —~ CgH5CHO + CgH5CHoNH, (10)

When an excess of benzylamine (v22moles of benzylamine/mole of
SyNy) was used as solvent, no benzylidenimine polysulfide was
obtained. The yield of N-benzyidene benzylamine increased consid-
erably and an orange solid, subsequently identified as benzylammonium
polysulfide, (C6H5CH2NH3)ZSX, was obtained in addition to a small
amount of benzylammonium thiosulfate, (CgHs5CHyNH3),S,03. This must
be due to reaction of benzylidenimine polysulfide with the excess
benzylamine. This reaction and the characterization of the products
will be discussed later.

When the ratio of SyN, to benzylamine was 1:8, the yield was
almost quantitative based on equation (9). When benzylamine was
used in less than a 1:8 molar ratio, reaction (9) was still observed,
but the yield of products decreased. When this reaction was followed
by NMR spectroscopy, the final products were found to be present along
with the starting materials even in the early stages of the reaction
(5 minutes). The concentration of final products increased, and the
concentration of reactants decreased as time passed; the reaction
was completed in about 15 hours. Since no peaks not assignable to
reactants or products were observed at any time, there were no inter-

mediates formed in high enough concentration to be detected by NMR.

B. SOLVENTS
Since the reaction as run (neat amine + SyN,) was heterogeneous

and would not be useful for solid amines, the effect of various solvents
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on the reaction was briefly investigated. A nonpolar solvent, benzene,
resulted in a very slow reaction (if any). A large quantity of starting
material was recovered with no indication of more than a trace of
benzylidenimine polysulfides.

Acetone resulted in rapid loss of SyN, and amine; however, this
appears to be aWiilgerodt-Kindler reaction.* Dimethylformamide, pyridine
and triethylamine gave benzylidenimine polysulfides, but the yields were
lower than in the absence of solvent. Yields of benzylidenimine poly-
sulfides under similar conditions are recorded in Table 2 based both on
total sulfur present in the polysulfides and on the total molar quantity

of benzylidenimine polysulfides formed (i.e., equation 9).
Table 2, EFFECT OF SOLVENTS

Amount of Solvent+ Yield (%)
(m1) Based on Based on
Total Sulfur Equation (9)

NO SOLVENT 80 100
DMF 4 L5 52
PYRIDINE 4 48 60
TRIETHYLAMINE - 63 91

+Per 2 ml benzylamine + ~500 mg SyNy.

*
Although S N, has not previously been examined as a sulfur source
under Will gerodt-Kindler conditions, its reactivity in this sense is

probably not too surprising. See introduction section of Part ||

for a discussion of theWillgerodt-Kindler reactions.
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3. EFFECT OF PARA SUBSTITUTION
The benzylamines reacted (in addition to unsubstituted benzyl-
amine) were p-methoxy, p-chloro and p-nitrobenzylamines. The order

(36)

of the Hammett o values is:

p-CH30 (op = -0.27) > p-H (cp = 0.00) >

p-C% (op = +0.23) > p-NO, (op = +0.78)

p-Methoxy- and p-chlorobenzylamines, like unsubstituted benzyliamine,
gave p-substituted benzylidenimine tetrasulfide as the major product.
With p-nitrobenzylamine the major product was elemental sulfur;
benzylidenimine polysulfides were not present. The yields of p-

substituted benzylidenimine polysulfides are shown in Table 3.

Table 3. EFFECT OF PARA SUBSTITUTION

SUBSTITUENTS YIELD OF BENZYLIDENIMINE YIELD OF SULFUR™™
POLYSULFIDES* (%) :
0-CH30 82.0 0
H 100 vl
p-C% - 79.2 14.8
p-NO2 - L7.6

e
w

Based on equation (9).

bk
““Based on total sulfur.

The yield of elemental sulfur increased as the Hammett o values
increase. Unsubstituted benzylamine showed the highest

yield of benzylidenimine polysulfides; a change of the o constant in either
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way resulted in a slight decrease. However, there is no obvious
substituent effect since the yields are reasonably high with both
p-me thoxy and'p-chlorobenzy]amine. Since the substituent effect

was small for these two, it is surprising that p-nitrobenzylamine
did not produce any benzylidenimine polysulfide. p-Nitrobenzylamine
must have undergone some other reaction--perhaps reduction of the

nitro group.

L., TETRASULFUR TETRANITRIDE WITH OTHER AMINES

When phenylhydrazine was reacted with S N, (8:1 mole ratio),
diphenyl disulfide, CgH5S,CgHg, diphenyl monosulfide, CgH5SCgHs,
elemental sulfur and ammonia were produced. In this reaction only
about 2.2 moles of ammonia/mole of SyN, were evolved. Thus, nitrogen
gas must have been formed here directly from SyN,. Had a reaction
analogous to that with benzylamine occurred to give
CGH5-N-=N-Sx-N==N—-C6H5 followed by breakdown of this to
CeHsstsHs + 2No, it should still have resulted in evolution of 7
moles of ammonia. Therefore, the reaction is quite different from

that of benzylamine and appears best formulated as in (11). The

SuNy + 2CgHsNHNHy — CgHsS CeHs + (4 - x)S + 2NH3 + 3N,  (11)

where x = | and 2

yield of diphenylpolysulfides based on equation (11) is 74%.

CHy
CeH

products; however, none was analogous to the benzylidenimine poly-

a=Methylbenzylamine, ;::CHNHz, gave a complex mixture of

sulfides isolated with benzylamine. Although complete characterization
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of the products was not attempted, no product could be found in which
the CH3-protons occurred as a singlet in the NMR spectrum (as required
for a C==N bond). Since para substituted benzylamines showed
electronic effects to be fairly unimportant in determining the yield of
arylimine polysulfides, the failure to obtain arylimine polysulfides
from a-methylbenzylamine can probably not be explained on electronic
grounds. |t is rather difficult to explaln this result as a steric
effect of the methyl group since this would not be expected to be
particularly large. Nevertheless, either steric factors or direct
participation of the second C-H of the benzyl-CHz-group at some stage
of the reaction appear to be the only alternatives.

n-Butylamine reacted fairly rapidly with tetrasulfur tetranitride
(13:1 molar ratio) to give n-butylammonium thiosuifate, (n-Cy,HgNH3),5,03
(almost 70% of total sulfur). Since n-butylamine was used in fairly
substantial excess, this is, at least, somewhat analogous to the
benzylamine reaction where benzylammonium polysulfide, (CGHSCHZNHg)ZSx
(oxidizable to benzylammonium thiosulfate, (CgHs5CHaNH3)2S5,03), Is the
product with a substantial excess of amine.* n-Butylammonium thio-
sulfate is assumed to be an oxidized product of n-butylammonium poly-
sulfides, (n-CquNH3)ZSx. It may be possible that with more careful
control of reaction conditions some other intermediate products may
be isolable.

When allylamine reacted with SyN,, a polymeric substance whose

composition was not determined resulted.

*
See page 32.
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It appears at this point that the reaction of SyNy to give
arylimine polysulfides is fairly specific, being limited to ring

substituted benzylamines.

5. REACTIONS OF BENZYLIDENIMINE POLYSULFIDE
A. PYROLYSIS

Previously, the chemistry of arylimine polysulfides was limited
almost entirely to acidic hydrolysis. A brief survey of the chemistry
of benzylidenimine tetrasulfide was consequently undertaken.

The mass spectrum of benzylidenimine tetrasulfide failed to show
the parent peak. Instead, unexpected species such as Sx+ (x = 8, 7,
6, 5, 4, 3, 2, 1) as well as C6H5C55N+ were observed. The sulfur
species with x > 4 clearly arise from thermal decomposition rather than
fragmentation, and the whole mass spectrum is, therefore, probably that
of pyrolysis products.

When benzylidenimine tetrasulfide was heated to 105°C (Jjust above
the melting point) in vacuo, it gave hydrogen sulfide, elemental
sul fur, benzonitrile and triphenyl-s-triazine,Ill, as the main products
along with some ammonia. Thus, the main decomposition is described by

equation (12). The yield of sulfur based on equation (12) was 82%, and

CeHsCHm=N—S, —N=CHCgH5—> H,S + (CeHsC=N) + 2 sq (12)

67% of the total nitrogen was found In the triphenyl-s-triazine and
benzonitrile. Equation (12) can not explain the presence of ammonia;
therefore, some other reaction must occur in competition with (12).

Benzonitrile is known to trimerize quite readily in the presence of
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base or methanol around 110 ~ 120° at very high pressures (6000 ~
7000 atmospheres),(37) but as this reaction was carried out in
vacuo, it is rather unlikely that benzonitrile is first formed
and then trimerized. Triphenyl-s-triazine must have formed through
some other path.
B. PHOTOLYSIS

Photolysis of benzylidenimine tetrasulfide resulted in decom-
position to lower polysulfides and elemental sulfur as shown in
equation (13).

hv
RCH=N—§, —N==CHR ——> RCH==N-—S§ ;—N==CHR

+ RCH==N—§,—N==CHR + RCH==N—S—N==CHR + $ (13)
where R = CgHsg .

Benzylidenimine monosulfide has not yet been fully characterized,
but the existence of this material is fairly certaiﬁ. NMR spectra of
the mixture of benzylidenimine polysulfide often contained 4 singlet
peaks down field from the phenyl multiplets: =-8.02, -8.14, -8.42 and
-8.61 ppm. The former three peaks have been assigned for tetra-, di-
and trisulfides, respectively. The last peak must have a similar
structure to the other three since there is no other peak besides the
phenyl multiplets (i.e., =CHy- or =N-) and It does not correspond to

any other likely products (i.e.,-12.28 ppm for benzoic acid(ssd) or

-10.00 ppm for benzaldehyde 34P))

. Table 4 shows the Re values for
various benzylidenimine polysulfides which indicates that the longer
the sulfur-sulfur chain the less polar is the substance. The species

responsible for the -8.61 ppm peak in the NMR spectrum had an Re value



Table 4. Rf VALUES FOR BENZYLIDENIMINE POLYSULFIDES

\/"'CGHL{,CHEN—SX—N=CHC6H4_‘Y

g .k H p-C2” p=CH30 "
N 0.46 0.49 0.73

3 0.40 . 0.68""
2 0.36 - .

] . 0.28 .

*
Silica gel - carbon disulfide.
ok
Silica gel - methylene chloride.

dededk
This material is not fully characterized; however, see page 31.

of 0.24 (silica gel-carbon disulfide with 0.80 for sulfur) which
indicates this species is more polar than benzylidenimine disulfide.
Furthermore, almost all compounds containing sulfur develop a dark
brownish color on TLC plates when sprayed with silver nitrate
solution. As this is the case for this species, it is believed to
be benzylidenimine monosulfide.
C. DISPROPORTIONATION

Benzylidenimine trisulfide left on the bench top for several
weeks In carbon tetrachloride disproportionated into benzylidenimine
tetrasulfide and benzylidenimine disulfide. When this reaction was
followed by NMR spectra, the ratio of benzylidenimine tetrasulfide to

benzylidenimine disulfide was found to be 1:1 at all times. A TLC

30
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of this reaction mixture did not show any free elemental sulfur.

2RCH==N—S5 ;—N=CHR —> RCH=N—S5, —N==CHR + RCH=N—S,—N==CHR  (14)

R = C6H5'

After a few weeks (when about a quarter of the trisulfide had decomposed) ,
the reaction appeared to stop. This is not an equilibrium mixture since
an equimolar mixture of tetrasulfide and disulfide in carbon tetrachloride
solution on the bench top did not produce any trisulfide during a period
of several months. No explanation is offered.

Benzylidenimine trisulfide was also observed to decompose fairly
rapidly on silica gel. Although TLC showed pure trisulfide as a single
spot, repeated preparative scale TLC separations of a di-, tri- and
tetrasulfide mixture resulted in pure tetra and disulfides but did not
give a pure trisulfide fraction. When trisulfide was left on a TLC plate
in the air (in the dark), it decomposed after several hours to a new
unidentified material. Fractional crystallization from methanol was
the method of choice in obtaining pure benzylidenimine trisulfide. A
similar observation was made for a material which was probably p-methoxy
benzylidenimine trisulfide. This appeared to disproportionate into
p-methoxy benzylidenimine tetrasulfide and p-methoxy benzylidenimine
disulfide in hot methanol.

D. WITH BENZYLAMINE

When benzylidenimine tetrasulfide was added to excess benzylamine,
an immediate exothermic reaction occurred. Addition of anhydrous ether
to the resulting reddish brown solution gave an orange solid, XVI.

Tetrasulfur tetranitride, sulfur and heptasulfurimide (S;NH) were all
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found to give similar reddish brown solutions with excess benzylamine
from which orange solids precipitated on addition of anhydrous ether.
These orange solids were not stable in air and decomposed continuously
with evolution of hydrogen sulfide. They were very similar, but the
orange solid from S;NH (XVII) looked to be somewhat more unstable
decomposing even in the dry box in an inert atmosphere.

These orange solids resembled benzylammonium hexasulfide prepared
by Levi(38) from sulfur, benzylamine and hydrogen sulfide. Their NMR
spectra supported this structure [3 absorptions of relative areas
5:2:3 at -7.0 ppm, -3.96 ppm and ~=6.2 ppm which corresponded to CgHs-,
=CHy=, and -NH3+, respectively]. When a sample of the orange solid
XVIII, obtained from sulfur, was left in the air for several days, It
decomposed slowly with evolution of hydrogen sulfide to give sulfur and
benzylammonium thiosulfate. The thiosulfate presumably arose by air
oxldation of either the polysulfide or of one of its intermediate
hydrolysis products.

A sample of XVII was dissolved in methanol. It decomposed qulte
quickly to give hydrogen sulfide, benzylamine and sulfur. The molar
ratio of the latter two was 1:3.2. This result (based on equation (15))

led to an average sulfur chain length of between 7 to 8.
(CeHsNH3) oS, ——> 2CH5CHoNH, + HpS + (x-1)$ (15)

Levi's presumption of a hexasulfide was based solely on a fairly
good (averaged) composition determined by quantitative decomposition

to H,S, sulfur and benzylamine. However, nitrogen analysis of the
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orange solids XVI and XVIII indicated an average sulfur chain length
of 6 to 7, while for XVII (from SsNH), it was between 8 and 9.

Three orange solids, XVI, XVII and XVIII, were pyrolyzed to give
sulfur, thiobenzamide, 3,5-diphenyi-1,2,4-thiadiazole, diphenyl poly-
sulfide, and N-benzylthiobenzamide. These materials were isolated by
chromatography and the molar ratio of each are shown in Table 5. The
same products resulted from the three orange solids but differed
slightly in relative amounts. Either the solids differed in sulfur
chain length or they were mixtures of a specific benzylammonium poly-
sulfide (perhaps hexasulfide) with elemental sulfur where the ratios
of these two components varied in the three samples.

When XVIII was dissolved in benzylamine, it immediately gave a
reddish-brown solution. Therefore, it is very likely that benzyl-
ammonium polysulfide is responsible for the reddish-brown color of
the solution when tetrasulfur tetranitride, sulfur, benzylidenimine
tetrasulfide or heptasulfurimide reacted with benzylamine. The

ol

solution of XVIII in benzylamine when heated gave N-benzylthiobenzamide.

6. SPECTRA OF BENZYLIDENIMINE POLYSULFIDES
A. NMR SPECTRA

The chemical shift of the methylene group in alkyl polysulfides,

(39)

*
This material can also be obtained by refluxing sulfur in benzylamine
as shown in equation (16).
TR
28 + 2C6H5CH2NH2-—-> C6H5CH2_N—C—'C6H5 + NH3 + st (]6)
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Table 5. PYROLYSIS PRODUCTS FROM BENZYLAMMONIUM POLYSULFIDES

CeHsCH=N—S,—N==CHCgHs + excess CgHs5CHaNH> XVI
S7NH + excess CgHgCHoNH, XVII
Sg + excess CgHgCHoNH, XVIII
*
Products Yields
XVI XVI1 XVIII
S L.37 1.86 1617
CeH5CHpS CHyCoHs (x =2n6) 0.930 2.98 0.71
i
CgH5C—NH, 1.00 1.00 1.00
=5
.
CegHg— —CgH . . .48
eHs C\\\N”?L CeHs 0.532 1.83 1
CeHs5CH,CHoCgH - - 0.81
il
CeHsc—N"“CH2C5H5 0.3] = -

*
Yields are expressed by molar ratio of products.

RCHZSXCHZR, has been reported to be quite sensitive to sulfur chain
length.(“o’h]) For dimethyl polysulfides and dibenzyl polysulfides
the absorption moved downfield as the number of sulfur atoms in the
chain increased while for methyl chloro polysulfides, CH3SXC2, the
absorption moved upfield as the number of sulfurs increased. The

difference in chemical shifts between two members of a series became

smaller as the sulfur chain length increased in both cases.
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In the case of the unsubstituted benzylidenimine polysulfides,
the chemical shifts of the benzylidene protons are quite different.
Although it might have been expected from the above that as the sulfur
chain increased the chemical shifts would move consistently downfield
or upfield, this was not the case. The tetrasulfide came at highest
field, the disulfide was in the middle and the trisulfide was at
lowest field. In any case estimating the number of sulfurs from the
relative chemical shifts alone is obviously dangerous. The Rf value
Is a much better criterion for this purpose. As shown in Table 4,
the Rf values increase as the number of sulfurs increase in all cases.
B. UV-VISIBLE SPECTRA

Electronic absorption spectra were obtained for benzylidenimine
tetra-, tri- and disulfides. These are shown in Fig. 6. Benzyliden-
imine tetrasulfide showed three maxima: Aax 3t 243 my (e = 1.52 x 10%),
303 my (e = 2.26 x 10%) and 333 mu (e = 1.52 x 10%). Benzylidenimine
trisulfide showed two maxima: Anax 8% 242 my (e = 1.30 x 10%) and 309
mu (e = 2.40 x 10%). Benzylidenimine disulfide showed two maxima:
294 mu (e = 2.84 x 10%) and 304 mu (e = 2.86 x 10%).

A study of the UV spectra of a series of dibenzylpolysulfides of
(42)

varying chain length has been previously reported. A broad maximum
near 300 mu was observed which became more intense and was displaced
toward longer wave length as the number of sulfur atoms increased.
Dibenzylmonosulfide showed a A__.  at 260 cm™! (e = 0.16 x 10%) while

for dibenzylhexasulfide, the A _ occurred at 320 em™! (e = 0.50 x 10%).

A similar observation was made for the bis(triphenylmethyl) polysulfides,
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(CsHs)sc"sx"C(Csﬂs)3,(h3)

where the monosulfide had a Apax 2t 280

em™! (e = 0.4 x 10%) and the octasulfide had a Apax @t 330 mu

(¢ = 0.5 x 10%). These simple trends were not observed in the benzyl-
idenimine polysulfides. There are at least two absorptions in the

240 v 340 mu region for benzylidenimine disulfide and trisulfide, and

there are three absorptions for the tetrasulfide. The bands for the di-

and trisulfides are both rather broad, and it is possible, perhaps even
likely, that two or:more absorptions overlap in this region. Comparing

the spectra of benzylidenimine polysulfides with those of the Schiff's

base, N-benzylidene methylamine (Amax at 246 my, € = 1.72 x ]04)(hh) and
with elemental sulfur (xmax = 275, 265, 230 my, € = 0.09 x 10%, 0.09 x 10"
)

and 0.14 x 10%, respectiVe]y)(As also showed no obvious similarity.

C. IR SPECTRA

There were many bands in the IR spectra of the benzylidenimine
polysulfides prepared; however, all showed weak absorption between 1640
cm™! and 1670 cm™! as well as fairly strong absorption around 850-863

ecm™Y, These regions summarized in Table 6 represent the C=N stretching

(46) and the N-S

frequency (normally found between 1640-1670 cm™!)
stretching frequency (found between 700 ~ 900 for a N-S bond order

between one and two)(u7)
(46)

. The intensity of the C==N band is known to

be quite variable. Oximes show very weak C==N stretching absorptions.

Acetophenone oxime, gz:;::c-=N-0H, for example, shows a C==N stretching

absorption whose molar extinction coefficient is almost one-twentieth of
CGHS\ (48)
1 | -
that of the Schiff's base, CeHsf’c N—R. For all of the benzyl
idenimine polysulfides prepared,the C==N stretching absorption was also

observed to be very weak.
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Fig. 6. ELECTRONIC ABSORPTION SPECTRA OF BENZYLIDENIMINE
POLYSULFIDES (IN METHANOL)

CeHsCHemmN—S, —N=CHC ¢ Hs

300 4oo 500 (mu)

C6H5CH‘N—S 3—N==CHC6H5

300 400 500 (mu)

CsH 5CH—N—52—N-CHC6H5

300 ) 500 (mu)
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Table 6. C==N AND S—N STRETCHING FREQUENCIES FOR

BENZYLIDENIMINE POLYSULFIDES

y—CgHyCH=N—S —N=CHCgH,—y

! " “Ten) Tl )

H 4 1630 853

H 3 1658 850

H 2 1655 853

() k& 1640 853

Ca 1 1640 852
CH30 4 1670 863

The S—N stretching frequency has been found to be related to
the N—S bond length by the empirical equation (17).(47) The S—N

bond lengths estimated from equation (17) are essentially constant

Yoy = 0.0483(ugy) + 1.099 (17)
where: Yo = bond length in A.

Mgy = Wave length in u.

at 1.66 A, for all-of the imines prepared. This is somewhat shorter
than the '"normal'' S—N single bond length of 1.76 A. (sulfamic acid,
H3N+-SO3_) or the single bond radii sum of 1.74 A. but is longer

than the S—N bond in tetrasulfur tetranitride (1.61 A.). These facts
suggest that the S—N bond in the benzylidenimine polysulfides has at

least some double bond character. The bond order is estimated as 1.5
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from the empirical graph given by Chapman and Waddington.(lo)* | f

these empirical relationships hold for the polysulfides, the suggested
increase in bond order over a normal N—S single bond might be inter-
preted as evidence for d;-p, double bonding between the Schiff's base

and the adjacent sulfur.

*
For comparison SyNy has a bond order of 1.65.



CHAPTER Il SUMMARY AND CONCLUSIONS

Tetrasulfur tetranitride reacts very readily with benzylamines
to give ammonia, N-benzylidene benzylamine and benzylidenimine poly-

sulfides according to equation (9). There was no obvious electronic

Squ + 8C6H5CH2NH2——) C6H5CH-N_SX—N=CHC6H5
+ 3CgH5CH==N—CH,CcHs + 7NHj (9)

where x = 4, 3, 2 and 1.

effect on this reaction as judged from the yields of ring substituted
benzylidenimine polysulfides. Dilution by solvents generally decreased
the yield; however, triethylamine is synthetically useful since the
yield is still in excess of 90%.

These reactions offer a synthetic route to arylimine polysulfides
with monosubstituted a-carbons.* The previously described route(35)
is only useful for arylimine polysulfides with disubstituted a-carbons.
The SyNy-benzylamine reaction seems to be quite sensitive to small
structural changes. oa-Methylbenzylamine did not give an analogous

compound, while phenylhydrazine was found to undergo a completely

different reaction.

SuNy + 2CgHsNHNH, —> CgHsS CgHs + (4-x)S + 2NH3 + 3N, (11)

whefe x =1 and 2.

*
See, however, page 127 for a better path to these compounds.

Lo
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The benzylidenimine polysulfides are fairly stable crystalline
materials, but the trisulfides were found to be less stable than the
di- or tetrasulfides. They all decompose readily under strongly
acidic or basic conditions. Photolysis leads to decomposition into
lower arylimine polysulfides. They are not stable above their
melting point, decomposing mainly to hydrogen sulfide, benzonitrile,
triphenyl-s-triazine and elemental sulfur.

There is an indication of multiple bonding between the polysulfide
chain and the benzylidenimine fragment shown by the S—N stretching
frequencies.

The overall nucleophilic substitution reaction of SyN, with excess
benzylamines leads to N-benzylidene benzylamine, ammonia and benzyl-

Lk
ammonium polysulfide as per equation (18)

6x + 4

SuNy + (-]-2-3(——:—]—63-)C6H5CH2NH2-—> ( ) CgH5CH=N—CH,CgHs

& (]OX + L})

4
= NH3 + ; (C6H5CH2NH3)2$X (18)

where x = 6~7 and is the number of sulfur atoms in the benzylammonium
polysulfide chain. This is conveniently broken into two separate

steps. First, the formation of benzylidenimine polysulfide from SyN,,

*

This stoichiometry is obtained by combining equation (9) with the
known stoichiometric reaction of benzylidenimine tetrasulfide with
benzylamine, as established in Part || of this thesis. This equation

is derived on page 159.
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and second, subsequent reaction of the benzylidenimine polysulfide
with benzylamine to give the final products. The former reaction

can be made nearly quantitative by careful control of the molar

ratio of reactants. Although there are several obvious color

changes during the reaction of SyN, with benzylamine to give benzyl-
idenimine polysulfides, no intermediates of sufficient stability to
be detected by NMR spectrﬁscopy were present, and indeed, benzyliden-
imine tetrasulfide and N-benzylidene benzylamine were observable
almost immediately upon mixing the reactants. The mechanism is not
clear at this time, but all of the nitrogen of SyN, goes to ammonia

and the attack of the nucleophile is specifically on sulfur.



CHAPTER |V EXPERIMENTAL

1. INSTRUMENTAL
A. NUCLEAR MAGNETIC RESONANCE SPECTRA

Proton NMR spectra were obtained on a Varian Associates Instrument,
Model A.60 or T.60. Solvents used were reagent grade carbon tetra-
chloride, deuterochloroform and dimethyl-dg sulfoxide. Blank spectra
were run on all solvents. Tetramethyl silane was used as an internal
reference, and chemical shifts are reported as parts per million upfield
from this reference.
B. INFRARED AND ULTRAVIOLET-VISIBLE SPECTRA

Infrared spectra were obtained on a Beckman IR-5 spectrophotometer.
Samples were prepared as nujol mulls or as thin films between sodium
chloride plates. Solution spectra were run in reagent grade carbon
tetrachloride solution using 0.5 mm sodium bromide cells.

Ultraviolet-visible spectra were obtained on a Cary Model 14 UV
spectrophotometer using standard 10 mm silica absorption cells and
spectroanalyzed methanol as solvent.
C. MOLECULAR WEIGHTS

Molecular weight determinations were obtained on a Mechrolab
Model 301A Vapor Pressure Osmometer with benzene as solvent. The
calibration curve was established using dibenzyl disulfide. The cal-
ibration curve was checked regularly.
D. ELEMENTAL ANALYSIS

For analyses of nitrogen only, a Coleman Nitrogen Analyzer Model

L3
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29 was used. For complete analyses of carbon, hydrogen, sulfur,
nitrogen and halogens, samples were sent to Schwarzkopf Microanalytical
Laboratory (56-19, 37th Avenue, Woodside, N.Y. 11377). For benzylamine
disulfide (unstable in room temperature), the sample was stored at dry
Ice temperature prior to analysis by Microanalysis Laboratories Ltd.
(329 St. George St., Toronto 5, Ont.).
E. MELTING POINTS

Melting points were measured on a Thomas Hoover capillary melting
point apparatus and are uncorrected.
F. PH METER

Acid-base titrations were done on a Corning PH Meter Model 7
equipped with a glass electrode, a reference calomel electrode and an
automatic temperature compensator. Calibration was done using a buffer
solution of PH 7.00.
G. DRY BOX

The handling of moisture or air sensitive materials was carried out
in a dry box, Vacuum/Atmosphere Corporation Dry Lab. Model HE-43,

equipped with Dry Train Model HE 93B.

2, SOLVENTS AND CHEMICALS

Reagent grade solvents and chemicals were used except for column
chromatography where hexane, benzene, ether and methanol were U.S.P.
grade. Sulfur was ''‘precipitated'' grade. The solvents and chemicals

were used without further purification unless specified.

3. CHROMATOGRAPHY

A. THIN LAYER CHROMATOGRAPHY
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Silica gel GFys5y (E. Merck, Germany) was applied in the usual
manner(hS) to give a 0,25 mm layer. Plates were dried in air at
least 12 hours prior to use.

Eluents were normally either carbon disulfide or methylene
cﬁloride, and elution was allowed to proceed through a distance of
15 cm. In order to detect the spots, the plates were examined under
an ultraviolet lamp and/or were developed by spraying with an aqueous
solution of silver nitrate. As the degree of activation varied
slightly, a standard reference mixture was also spotted on each plate.
B. COLUMN CHROMATOGRAPHY

Column chromatography was used to separate many reaction mixtures.
The absorbent used was silica gel (Grace 100 ~ 200 mesh). The ratio
of absorbent to sample was in the range of 20:1 to 75:1. Eluents were
hexane, benzene, ether, methanol and various mixture of these. The
rate of change of solvent polarity was dependent upon the relative Rf
values of components in the sample.

Fractions of 100 ml were collected and solvents stripped on a

rotary evaporator. Tared flasks were used so that the weight of each

fraction could be determined directly.

L., PREPARATION OF TETRASULFUR TETRANITRIDE
Tetrasulfur tetranitride was prepared from sulfur monochloride

(50)

and ammonia in the usual manner except that the crude product
was extracted with benzene using a Soxhlet extractor. A dark red
orange solution was obtained from which orange needles precipitated.

After several recrystallizations from benzene, this solid showed only
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one spot on TLC and melted sharply at 178°C d.

5. REACTIONS OF TETRASULFUR TETRANITRIDE WITH AMINES
A. BENZYLAMINE
(i)  WITHOUT SOLVENT
(a) PRELIMINARY

Tetrasulfur tetranitride (1.99 g, 10.8 mmoles) was placed in a
100 ml three-necked flask with a magnetic stirring bar. A rubber
serum stopper was placed at one of the necks, and another was
connected to a cylinder of dry nitrogen. The third neck was connected
to a gas washing bottle with 250 ml of aqueous hydrochloric acid
solution (containing 50.0 mg. equivalents of hydrochloric acid). Benzyl-
amine was degassed under vacuum in order to remove any free ammonia
which might have been present due to hydrolysis. 8.0 ml of benzylamine
(73 mmoles) was introduced through the rubber serum stopper by syringe.
The reaction mixture was stirred for 14 hours at room temperature with
a continuous nitrogen flow. The SyN, dissolved in the benzylamine to
give an orange color which gradually changed to green, dark moss green,
and after 30 minutes became brownish yellow and more viscous. These
color changes were accompanied by evolution of heat and ammonia. After
5 hours the reaction mixture did not seem to be changing but gas
evolution continued. As gas evolution decreased, the reaction mixture
became more viscous, and eventually, after about 14 hours, the reaction
mixture solidified to a yellow chunk. The aqueous hydrochloric acid
solution was found to be basic--i.e., more than 50 mmoles of ammonia

were generated. The reaction mixture was chromatographed on 250 g of
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silica gel. Products were eluted in the order given in Table 7.
Benzylidenimine tetrasulfide was purified by recrystallization
from methanol to give yellow needles of m.p. 100.5 ~ 102°C. Anal.
Caled. for CyuHioN,Sy: C, 49.97; H, 3.59; N, 8.32; S, 38.11; Mol.
Wt., 336. Found: C, 49.54; H, 3.67; N, 8.70; S, 37.70; Mol. Wt.,
332. NMR and IR spectra of this material are shown in Fig. 3 and

Fig. 7, respectively.
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Fig. 7. IR SPECTRUM OF BENZYLIDENIMINE TETRASULFIDE (IN CC2y)

Benzylidenimine trisulfide was purified by recrystallization
from methanol to give colorless white needles of m.p. 125-126°C.
Anal. Calcd. for CyyuHjoN,S3: €, 55.23; H, 3.97; N, 9.20; S, 31.59;

Mol. Wt. 304. Found: C, 55.07; H, 4.12; N, 8.98; S, 32.04; Mol,
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Benzylidenimine
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Benzylidenimine
trisulfide

Benzylidenimine
disulfide

N-Benzylidene
benzylamine

Benzaldehyde

Benzylamine

b

0.80
0.46

0.40

0.36

0.06

0.05

0.00

PRODUCTS OF SyNy, WITH BENZYLAMINE

Eluent

Hexane

13% benzene
in hexane

13% benzene
in hexane

15% benzene
in hexane

20% ether
in benzene

Lo% ether
in benzene

50% methanol
in ether

ot

“Silica gel - carbon disulfide.

o S

“"When mixtures were obtained, the amount of each component was calculated on

integrated NMR spectra.

oLt

"""Yield is based on total sulfur.
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0.56
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7.0

8%



49

Wt. 306. NMR and IR spectra of this material are shown In Fig. L and
Fig. 8, respectively.

Benzylidenimine disulfide was purified by recrystallization from
methanol to give nearly colorless white needles of m.p. 100 ~ 100.5°C.
Anal. Calcd. for Cy,HioNpS,: C, 61.74; H, L4.44; N, 10.28; S, 23.54;
Mol. Wt., 272. Found: C, 61.16; H, 4.20; N, 10.41; S, 23.74; Mol.
Wt., 271. NMR and IR spectra of this material are shown in Fig. 5
and Fig. 9, respectively.

N-Benzylidene benzylamine was obtained as an oil with a boiling
point of ~105°C at 0.1 mmHg. The NMR and IR spectra were identical
to those of an authentic sample prepared from benzylamine and benzal-
dehyde.(sl)

Benzaldghyde was identified by its characteristic odor and also
by comparison of its NMR and IR spectra with those of an authentic
sample.

(b) MOLAR RATIO OF 1:8

The reaction was repeated using 922 mg (5.01 mmoles) of SyN, and
4.4 ml (40.3 mmoles) of benzylamine. The gas washing bottle contained
50.0 mg equivalents of hydrochloric acid. After 20 hours of stirring
with a continuous nitrogen flow, the hydrochloric acid solution was
diluted to 500 ml. A 25.0 ml aliquot of this solution required 8.20
ml of 0.100 N sodium hydroxide solution for neutralization. Therefore,
16.4 mmoles of acid remained, and 33.6 mmoles of ammonia were evolved.

Treatment of the reaction mixture with ice cold absolute methanol

gave a pale yellow solution and left some solids undissolved. The
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Fig. 8. IR SPECTRUM OF BENZYLIDENIMINE TRISULFIDE (IN cC2y)
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solids were filtered and after drying weighed 1.21 g. Their TLC
showed mainly benzylidenimine tetrasulfide along with small amounts
of sulfur and benzylidenimine tri- and disulfides. The methanol

was removed from the filtrate in vacuo to give 3.26 g of oil. TLC
indicated this oil to be mainly N-benzylidene benzylamine with a
small amount of benzylidenimine tetrasulfide. From the NMR spectrum
the molar ratio of these two was estimated to be 5.3 to 1.0. Yields

of products are summarized in Table 8.

Table 8. REACTION OF SyNy, WITH BENZYLAMINE

IN MOLAR RATIO OF 1:8

Compounds Amount No. of mmoles Ratio

(mg)
Starting Materials SyNy 922 5.01 1.00
Benzylamine 4320 4o.3 8.05
Products Ammonia - 33.6 6.70
Solid” 1730 5.05 1.03
N-benzylidene 2740 14.0 2.80

benzylamine

*This solid is mainly benzylidenimine tetrasulfide with small amounts
of sulfur and benzylidenimine tri- and disulfides. To calculate the
number of mmoles, this solid was assumed to be benzylidenimine tetra-
sulfide since

RCH==N—5,~~N=CHR = xRCH==N-—S3—N==CHR + yRCH==N—S,—n==(CHR

+ (4-3x-2y)s if R = CgHe.
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(c) NMR STUDY OF REACTION PATH

The reaction was repeated using 1.340 g (7.28 mmoles) of SyNy
and 6.30 ml of benzylamine (57.7 mmoles). Periodically, a sample
was withdrawn, dissolved in CDCgy and its NMR taken. The first
sample taken five minutes after the reaction started showed peaks
for benzylidenimine tetrasulfide and N-benzylidene benzylamine in
addition to big peaks for starting benzylamine. As time passed,
the peaks of the former two materials Iincreased while those for
the latter decreased in relative intensity. After about 2 hours
nearly half of the benzylamine had been converted to products. Even
after 8 hours small amounts of benzylamine remained; however, after
14 hours no benzylamine peak was observed. During the course of
this investigation NMR spectra failed to show any other peaks.
(i1) EFFECT OF SOLVENTS
(a) BENZENE

Tetrasulfur tetranitride (516 mg, 2.80 mmoles) was dissolved in
10 ml of benzene, and 2 ml (i18.3 mmoles) of benzylamine was introduced.
The reaction was stirred for 20 hours under nitrogen, and a TLC was
taken. |t showed large quantities of SyN, and almost no benzylidenimine
tetrasulfide.
(b) ACETONE

Tetrasulfur tetranitride (511 mg, 2.78 mmoles) was dissolved in
10 ml of acetone, and 2 ml (18.3 mmoles) of benzylamine was added.
The solution became dark reddish brown fairly quickly. The reaction

mixture was stirred for 10 hours under nitrogen whereupon a TLC
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indicated no trace of either benzylidenimine tetrasulfide or tetra-
sulfur tetranitride. The solvent was stripped off to give an
uncharacterized viscous tar with a vile odor.
(¢) DIMETHYLFORMAMIDE

Tetrasulfur tetranitride (508 mg, 2.76 mmoles) was dissolved
in 4 ml of DMF. Although the solid did not go into solution com-
pletely, 2 ml of benzylamine (18.3 mmoles) was introduced. The color
of the solution immediately became green and slowly changed to
yellowish brown. The reaction mixture was stirred for about 24 hours
under nitrogen. The solvent was removed under vacuo. The products
were dissolved in a small amount of methanol and partly separated by
crystallization. The composition of the mixtures of benzylidenimine
polysulfides was estimated by NMR integration. Products obtained
were sulfur (99 mg, 3.09 mg atoms, 28% of total sulfur), benzylidenimine
tetrasulfide (303 mg, 0.902 mmoles, 32.8% of total sulfur), benzyliden-
imine trisulfide (47 mg, 0.154 mmoles, 4.2% of total sulfur), benzyl-
idenimine disulfide (122 mg, 0.449 mmoles, 8.1% of total sulfur) and
N-benzylidene benzylamine.
(d) PYRIDINE

Tetrasul fur tetranitride (530 mg, 2.88 mmoles) was dissolved in
L ml of pyridine, and 2 ml of benzylamine (18.3 mmoles) was added.
The reaction mixture was stirred for about 24 hours under nitrogen.
The solvent was stripped off in vacuo, and the reaction mixture was
dissolved in a ;mall amount of hot methanol. Benzylidenimine tetra-

sulfide (467 mg, 1.38 mmoles, 48.2% of total sulfur) crystallized out
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and was collected by filtration. The other polysulfides were found
only in trace amounts.
(e) TRIETHYLAMINE

Tetrasulfur tetranitride (524 mg, 2.84 mmoles) was dissolved in
L ml of triethylamine, and 2 ml of benzylamine (18.3 mmoles) was
added. After 24 hours of stirring under nitrogen, the solvent was
removed in vacuo to give sulfur (63 mg, 2.0 mg atom, 17.5% of total
sulfur), benzylidenimine tetrasulfide (506 mg, 1.51 mmoles, 53.1% of
total sulfur), benzylidenimine disulfide (156 mg, 0.574 mmoles, 10.1%
of total sulfur), benzylidenimine tetrasulfide (trace) and N-benzyl-
idene benzylamine.
(f) 1:8 RATIO IN TRIETHYLAMINE

Tetrasulfur tetranitride (506 mg, 2.75 mmoles) and 2.4 ml of
benzylamine (22 mmoles) were allowed to react in 4 ml of triethylamine.
After 10 hours of stirring under nitrogen, the solvent was removed in
vacuo to give sulfur (33 mg, 1.03 mmoles, 9.40% of total sulfur),
benzylidenimine tetrasulfide (662 mg, 1.97 mmoles, 71.6% of total sulfur),
benzylidenimine trisulfide (66.6 mg, 0.219 mmoles, 5.98% of total sulfur),
benzylidenimine disulfide (119 mg, 0.437 mmoles, 7.85% of total sulfur)
and N-benzylidene benzylamine (1450 mg, 7.45 mmoles).
(g) EXCESS OF BENZYLAMINE

Tetrasulfur tetranitride (500 mg, 2.72 mmoles) was covered with
6.4 ml of benzylamine (v59 mmoles) and stirred under a dry nitrogen
atmosphere. The S N, dissolved in the benzylamine to give an orange

color; however, the solution quite quickly changed to green, then
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orange, then bloody red and after 24 hours was reddish brown and
quite viscous. Upon addition of anhydrous ether, hydrogen sulfide
was slowly evolved, and a reddish solution as well as an orange
precipitate was obtained. The orange solid was filtered off (about
650 mg), and tge red ether solution was evaporated to give 5.75 g

of material which, when chromatographed on silica gel, yielded the
products shown in Table 9. The orange solid melted at 90-97°C d

in an evacuated sealed capillary and decomposed continuously in air
with the evolution of hydrogen sulfide. After several days in air
it was a mixture of sulfur and a new white solid. This white solid
was slightly soluble in methanol, quite soluble in water and
insoluble in non-polar organic solvents. |t was recrystallized from
methanol to give m.p. 173-174°C d. A series of qualitative tests to
determine the anion present in this salt were carried out on aqueous
solutions. With lead acetate, a white solid precipitated. With
silver nitrate solution, a yellowish solid precipitated which soon
turned brown. With barium chloride, a white solid precipitated
which was soluble in dilute hydrochloric acid but not in acetic
acid. Potassium permanganate solutions were very readily discolored.
Anal. Calc. for Cy,HyoN,S,03: N, 8.80. Found: N, 8.53. The IR
spectrum showed a strong N—H stretch at 3280 cm~! as shown In Fig.
10. The NMR spectrum in D,0 showed 3 peaks: =-7.20 ppm* (5.0 H for

x
CgHg=), =4.74 ppm* (peak for HDO and NH3+ exchanging) and -3.74 ppm

*
The chemical shifts show only relative locations for the 3 peaks

since no reference was used.
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Solids XIX "

N-Benzylidene
benzylamine

Benzaldehyde

oL

Xk
Benzylammonium
thiosulfate

Benzylamine

b

0.80
0.57
0.35

0.23
0.19

0.06

0.05

~0.00

~0.00

Table 9.

SyNy WITH EXCESS BENZYLAMINE

Eluent Amount

(mg)

Hexane 132

60% benzene 96

in hexane

20% ether 1775

in benzene

Lo% ether 1950

in benzene

90% methanol 212

in ether

Methanol

*
Silica gel - carbon disulfide.

P

No. of mmoles

Fkdk

.13

3.1

18.4

0.647

Large quantity

""This material might be formed by decomposition of the orange solid, part of which dissolved

in ether.

Kk
mg atoms.

oo S L L

""""solid XIX has b components whose Re values fit those of SyNH and the three isomeric Sg(NH),.

Crystallization from ether gave 50 mg of colorless solid which melted at 112-113°C and had an
This material was S7NH; however, additional attempts failed to reproduce

Rf value of 0.57.

these materials.

The starting SyN, did not contain these materials.

99



57

WAVIN IS Cu

UAAA AR AL LSRR LA S S e p -A'T}w R {..":m,n. ARSI AARARRARAS AARE LIS AR 5 T T 1]
f | LT x ; H j e
Al T 7 A VA
AL : TATYAVA i\ ] [V Vi1 -
1A /,I LA RUENTA M| * 1T IAAT 74
o LR RN | VAL A
AN IR T O 2 Y SR RI7EEE]
Vv f ¢ | | ; I S e by
1 i i

A T

N WICIONS

Fig. 10. IR SPECTRUM OF BENZYLAMMONIUM THIOSULFATE (NUJOL MULL)

(2.0 H for -CH,-). These data indicate this material to be benzyl-
ammonium thiosulfate, (CgH5CHNH3) 25,03,
B. p-CHLOROBENZYLAMINE
(i) PRELIMINARY

Tetrasulfur tetranitride (533 mg, 2.90 mmoles) was covered with
2 ml of p-chlorobenzylamine (v15.5 mmoles) and stirred under dry
nitrogen for 24 hours. The SyN, slowly dissolved to give a reddish
brown solution. A basic gas evolved while the solution slowly turned
to a thick yellow paste. The reaction mixture was separated by
chromatography on 150 g of silica gel. The products obtained are
shown in Table 10.

p-Chlorobenzylidenimine tetrasulfide was recrystallized from



Table 10.

*
Products Rf
Sul fur 0.80
p-C% Benzylidenimine 0.49
tetrasulfide
p-C% Benzylidenimine 0.28
monhochloride
p,p'-dichloro-N- 0.09
benzylidene
benzylamine
dark brown viscous 0.0

material

SNy, WITH p-CHLOROBENZYLAMINE

Eluent Amount No. of mmoles
(mg)
Kt

Hexane 73 2.28

20% benzene 566 1.39

in hexane

50% benzene 242 0.82

in hexane

Benzene 320 1.21
Methanol 700 -

ot
-

3
>

Based on total sulfur.

*

g
N

mg atoms.

ilica gel - carbon disulfide.

Yield

(%)
19.6
47.8

13

89



2d

methanol to give yellow needles of m.p. 114.5-116°C. Anal. Calcd.
for CiyH1oN2SLCRp: C, 41.48;5 H, 2.49; N, 6.91; Ce, 17.49; S, 31.64;
Mol. Wt., 405. Found: C, 41.56; H, 2.65; N, 6.91; Ca, 17.31; S,

31.80; Mol. Wt., 395. IR and NMR spectra are shown in Fig. 11 and

Fig. 14.
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Fig. 11. IR SPECTRUM OF p-CHLOROBENZYLIDENIMINE TETRASULFIDE

(IN cCay)

p-Chlorobenzylidenimine monosulfide was also purified by
recrystallization from methanol and gave yellow needles of m.p.
146.2-146.8°C. Anal. Calcd. for CyuHygN,SCRp: C, 54.38; H, 3.26;
N, 9.06; C2, 22.93; S, 10.77; Mol. Wt., 309. Found: C, 54.15; H,
3.25; N, 9.56; Cs, 22.86; S, 10.88; Mol. Wt., 322. IR and NMR

spectra are shown in Fig. 12 and Fig. 15.
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Fig. 12. IR SPECTRUM OF p-CHLOROBENZYLIDENIMINE MONOSULFIDE
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Fig. 14. NMR SPECTRUM OF p-CHLOROBENZYLIDENIMINE Fig. 15. NMR SPECTRUM OF p-CHLOROBENZYLIDENIMINE
TETRASULFIDE MONOSULFIDE
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p,p'-Dichloro-N-benzylidene benzylamine was recrystallized from
methanol to give thin white plates of m.p. 62-65°C. Anal. Calcd.
for CiuHyNC2Zy: C, 63.66; H, 4.20; N, 5.30; Ce, 26.84; Mol. Wt.,
264, Found: C, 63.57; H, 4.18; N, 5.31; Ce, 26.58; Mol. Wt., 281.
IR and NMR spectra are shown in Fig. 13 and Fig. 16.
(ii) MOLAR RATIO OF 1:8

Tetrasulfur tetranitride (344 mg, 1.87 mmoles) was reacted with
p-chlorobenzylamine (2.11 g, 14.9 mmoles). The products obtained
were chromatographed to give sulfur (33 mg, 1.03 mmoles, 13.8% of
total sulfur), p-chlorobenzylidenimine tetrasulfide (598 mg, 1.48
mmoles, 79.2% of total sulfur) and p,p'-dichloro-N-benzylidene
benzylamine (1170 mg, 4.43 mmoles). p-Chlorobenzylidenimine mono-
sulfide was found in only trace amounts In one fraction along with
two other uncharacterized materials and the tetrasulfide.*
C. p-METHOXYBENZYLAMINE
(i) PRELIMINARY

Tetrasulfur tetranitride (542 mg, 2.94 mmoles) was covered with
2 ml of p-methoxybenzylamine (~16 mmoles) and stirred under nitrogen.

SuNy dissolved to give a brownish solution. In 10 minutes the

*A TLC of this mixture showed four spots: 0.49, 0.38, 0.30 and 0.25
(silica gel-carbon disulfide with 0.80 for sulfur). The first is
tetrasulfide, and the last is monosulfide. All of these spots
developed a dark brown color on spraying with aqueous silver nitrate
solution. The two middle spots are probably p-chlorobenzylidenimine

tri=- and disulfide.
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solution became green in color and slowly changed to yellowish brown.
These color changes were accompanied by the evolution of a basic gas.
The reaction mixture was left overnight whereupon it solidified. Ice
cold methanol was added and p-methoxybenzylidenimine tetrasulfide
precipitated as a yellow solid (710 mg). Recrystallization from
absolute ethanol gave yellow plates of m.p. 112-113°C. Anal. Calcd.
for C1gH1gN2S40,: C, 48.46; H, 4.07; N, 7.06; S, 32.34; Mol. Wt.,
397. Found: C, 48.59; H, 4.24; N, 7.10; S, 32.66; Mol. Wt., 391.

IR and NMR spectra are shown in Fig. 17 and Fig. 18.

Evaporation of the methanol solution gave a yellow oil. This
was dissolved in chloroform, and 93 mg of a white solid precipitated
(m.p. 230°C d). This solid was insoluble in most organic solvents,
slightly soluble in water and very soluble in dilute hydrochloric
acid. An aqueous solution of this material gave a white precipitate
with lead acetate solution and discolored potassium permanganate
solution. Thus, it was assumed to be p-methoxybenzylammonium thio-
sul fate.

The remaining yellow viscous oil was purified by column chroma-
tography. Elution with 5% ether in benzene gave 140 mg of a yellow
crystalline material identified by melting point and NMR spectra as
p-methoxybenzylidenimine tetrasulfide. Elution with 100% ether gave
620 mg of anisaldehyde identified by comparison of its NMR and IR

(33e, 52a) Elution with

spectra with those of an authentic sample.
80% methanol in ether gave a dark oil which was identified as p-

methoxybenzylamine by comparison of its NMR spectrum with that of



an authentic sample. Yields are summarized in Table 11.
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Fig. 17. IR SPECTRUM OF p-METHOXYBENZYLIDENIMINE TETRASULFIDE

(IN CC2y)

(i1) MOLAR RATIO OF 1:8

The reaction was repeated with a larger amount of starting
material and a mole ratio of 1 SyN, to 8 p-methoxybenzylamine.
Tetrasulfur tetranitride, 2.00 g (10.8 mmoles), was reacted with
10.9 ml of p-methoxybenzylamine (v86.6 mmoles) under nitrogen.
After 12 hours of stirring, the reaction mixture was washed with
ice cold methanol. The insoluble solid consisted of 3.13 g of

p-methoxybenzylidenimine tetrasulfide. TLC of the methanol
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Table 11. SNy WITH p-METHOXYBENZYLAMINE

Products Rf* Eluent Amount** No. of mmoles Yield™™
(mg) (%)
p-Methoxybenzyl- 0.73 5% ether 850 2.14 72.8
idenimine in benzene
tetrasulfide
Anisaldehyde 0.40 ether 620 5.17 -
Dark 0il "0 80% methanol - - -
in ether
p-Methoxybenzyl- A0 - 93 0.24 16.3
ammon i um
thiosulfate

*
Silica gel - methylene chloride.
Kok
The total weight obtained from both crystallization and chromatography.

Kk
Based on total sulfur.

solution showed several spots; Rf values of these were 0.72, 0.68,
0.61, 0.56, 0.40 and a streak near the origin (silica gei-methy]ene
chloride, with 0.73 for p-methoxybenzylidenimine tetrasulfide and
0.40 for anisaldehyde). The major component (Rf 0.40) was apparently
anisaldehyde. The methanol solution was kept in the.freezer, and 372
mg of a yellow solid precipitated. This material gave two spots on
TLC (Rf: 0.73 and 0.68, silica gel-methylene chloride, with p-
methoxybenzylidenimine tetrasulfide 0.73). An NMR spectrum of this
material is shown in Fig. 19. Comparison of Fig. 19 with Fig. 18
shows this solid to consist of two similar materials, one of which

is p-methoxybenzylidenimine tetrasulfide. The other material is

presumably also a p-methoxybenzylidenimine polysulfide (Rf: 0.68
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and NMR chemical shift for H—Cw: =8.14 ppm). The molar ratio of
these two materials was roughly 1:1. Attempted fractional crystal-
lization from hot methanol led to decomposition of one of the two
components. As shown in Fig. 20, the phenyl region and the p-
methoxy region became more complex, and a new peak appeared at
-8.40 ppm (cf. Fig. 19). The peak at -8.14 ppm decreased in size
in comparison to the peak at =7.95 ppm (H-—é-N for tetrasulfide).
This new peak is also assumed to be due to a p-methoxypolysu]fide.*
The original solvent from which these solids (372 mg) were
obtained was removed in vacuo to give 8.45 g of oil. A TLC of this
oil indicated mainly two species: Rf at 0.40 and a streak near the
origin (silica gel-methylene chloride, with 0.73 for p-methoxybenzyl-
idenimine tetrasulfide and 0.40 for anisaldehyde). An NMR spectrum
of this material in CS,, however, did not show an aldehyde proton
(-9 ~ =11 ppm). 500 mg of material was chromatographed on silica
gel to give mainly anisaldehyde and p-methoxybenzylamine. 1.0 g was
distilled under reduced pressure. A yellow oil was obtained at
175 ~ 180°C (0.1 mm Hg) which eventually crystallized at room

L1t (53)

temperature to a solid of m.p. 36.5-37.5°C ( m.p. for p,p'-

*These two new p-methoxybenzylidenimine polysulfides are believed to
be the tri- and disulfides. Unsubstituted benzylidenimine trisulfide
disproportionates into tetra- and disulfide (cf. equation 14 on page
31 ). The same phenomenon is believed to be occurring here. =-8.14

ppm is apparently the trisulfide and =8.40 ppm is the disulfide.
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dimethoxy-N-benzylidene benzylamine is 37-38°C). The NMR spectrum
of this material was taken [-3.62 ppm (singlet, 3.0 H, CH30-),
-4.58 ppm (broad singlet, 1.9 H, =CH,-), -6.58 to -7.80 ppm
(multiplet, 4.1 H, =CgHy=) and -8.10 ppm (broad singlet, 1.0 H,
H-éa-N)] and was quite consistent with that expected for p,p'-
dimethoxy-N-benzylidene benzylamine. Yields are summarized in

Table 12.

Table 12. SN, WITH p-METHOXYBENZYLAMINE (1:8 RATIO)

Products Amount No. of mmoles Yie]d*
(mg) (%)
p-Methoxybenzylidenimine 3320 8.37 17.5
tetrasulfide
p-Methoxybenzylidenimine 178 0.488 L.k
trisulfide
p,p'- dimethoxy-N- 8450 31.5 -

benzylidene
benzylamine

x
’Based on total sulfur.

D. p~NITROBENZYLAMINE

p-Nitrobenzylamine was prepared from potassium phthalimide

(54)

(obtained from phathalimide and potassium ethoxide ) and p-nitro-

(55,56)

benzylbromide. The NMR spectrum of p-nitrobenzylamine showed

3 absorptions: =-1.72 ppm (broad singlet, 2.2H, -NH,), -4.05 ppm
(singlet, 2.0 H, =CHy-) and -7.36 to -8.34 ppm (multiplet, 4.1 H,
=CgHy=). The melting point of the hydrogen chloride salt was 249-250°C

(Ll £ 250°c(57) and 256°C 1(58)).
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p-Nitrobenzylamine (2.0 g, 18 mmoles) was added to a flask con-
taining SyN, (500 mg, 2.72 mmoles). The reaction mixture became very
viscous. 2 ml of dimethylformamide (enough to allow the mixture to
be stirred) was added, and the reaction continued for 12 hours. The
product, a very viscous dark brown gum, was dissolved in hot methanol.
From this solution 166 mg of elemental sulfur (5.19 mg atoms, 47.6%
of total sulfur) precipitated.

The mother liquor contained a viscous tar whose NMR spectrum
showed no peaks down field of the phenyl multiplet. Characterization
of this material was not undertaken.

E. d,2-a-METHYLBENZYLAMINE

Tetrasulfur tetranitride (656 mg, 3.56 mmoles) was covered with
2 ml of a-methylbenzylamine (16 mmoles) under a nitrogen atmosphere.
The reaction mixture immediately became brownish red, and a basic
gas was evolved. After stirring for 24 hours, the reaction mixture
became very viscous. |t was dissolved in methanol and cooled to 0°C
whereupon 159 mg of sulfur (4.97 mg atoms, 34.9% of total sulfur)
precipitated. Further cooling to -20°C did not precipitate any additional
solid. A TLC of this solution showed a streak from the origin to an

R, value of 0.34 (silica gel-carbon disulfide with 0.80 for sulfur).

£
This material was separated by chromatography after the methanol had
been removed in vacuo. Separation was very poor and each fraction
obtained was a mixture of viscous dérk brown materials. The NMR
spectrum of each fraction was taken, but no material was present with

CgHs
a singlet methyl peak as required for a CH3-é-=N- group. Character-



73

ization of these materials failed mainly because satisfactory

separation could be achieved by neither distillation, recrystallization,
column chromatography nor preparative scale TLC.

F. PHENYLHYDRAZINE

(i)  WITHOUT SOLVENT

Tetrasulfur tetranitride, 514 mg (2.80 mmoles), was placed in a
100 ml flask and cooled to 0°C. A slow stream of nitrogen was intro-
duced, and the outlet gas was led into a gas washing bottle containing
7.00 mg equivalents of hydrochloric acid in 70 ml of water. 2.15 g of
phenylhydrazine (19.9 mmoles) was added and immediately solidified.
The ice bath was removed and the reaction mixture was allowed to warm
up with stirring until the phenylhydrazine melted. Around 20°C the
tetrasulfur tetranitride slowly dissolved in the phenylhydrazine. The
temperature was carefully controlled during the exothermic reaction
so as not to exceed 25°C. The brownish orange solution of S,N, changed
slowly to brilliant yellowish orange and eventually to yellow. A pre-
cipitate was also observed. After 6 hours of stirring, no more gas
evolved. The reaction mixture was kept stirring for an additional 6
hours at room temperature.

The acid trap solution was diluted to 100 ml and a 50 ml aliquot
was titrated with 0,075 N potassium hydroxide solution. 4.45 ml of
base were required to neutralize the excess acid. Therefore, 0.688 mg
equivalents of acid remained, and 6.33 mg equivalents of ammonia had
evolved, The reaction mixture was separated by column chromatography.

Hexane eluted 221 mg of elemental sulfur (6.90 mg atom, 62.4% of total
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sulfur). Elution by 15% benzene in hexane gave 196 mg of a white
solid which was recrystallized from methanol to give diphenyl-

disulfide of m.p. 59-60°C (1it‘®2) 60-61°C), R, value 0.57 (silica

£
gel-carbon disulfide, with 0.80 for sulfur), molecular weight by
mass spectrum 218 (calcd. for CypHi1gS,: 218), nitrogen analysis
<0.2%. NMR and IR spectra were identical to those of authentic
diphenyldisul fide, ¢33F:52b)

Elution with 20% benzene in hexane gave 122 mg of colorless
oil identified as diphenylimonosulfide (Rf value 0.49, molecular
weight by mass spectrum 186 (calcd. for CypH;gS: 186), nitrogen
analysis <0.2%). The NMR and IR spectra were identical to those
of authentic diphenylmonosu]fide.(339’52c)

More polar solvents eluted considerable amounts of viscous red
materials. TLC showed many spots (6 or 7 in CHyCRp). R, values of
many of these spots corresponded to Rf values of air oxidation pro-
ducts of phenylhydrazine (obtained by leaving phenylhydrazine in the
air for a week). Characterization of these components were not
attempted.

(i1) TRIETHYLAMINE AS A SOLVENT

Tetrasulfur tetranitride and phenylhydrazine were reacted in
5 ml of triethylamine and worked up as described above. The reaction
temperature was kept at 0°C for 30 hours. The amounts of starting
materials and products are listed in Table 13.

G. n-BUTYLAMINE

Tetrasulfur tetranitride (302 mg, 1.64 mmoles) was dissolved in
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Table 13. SyN, WITH PHENYLHYDRAZINE IN TRIETHYLAMINE

ek

Starting Materials Amount No. of mmoles Yiel
(mg) 2
SyuNy 504 2.74 =
CeHsNHNH, 2 (m1.) n20 .4 -
Products
Sulfur 95 2.96* 27.0
CeHsS,CeHs 326 1.49 27.2
CeHs5SCgHs 99 0.531 4.85

.
“mg atoms.

ok
""Yield is based on the percentage of total sulfur present in the
starting SyNy.

n-butylamine (2 ml, ~22 mmoles) in a 50 ml flask equipped with a
water cooled condenser and a calcium chloride drying tube. The
solution, which became red in color, was stirred for 2 days. Excess
butylamine was removed in vacuo to give a red oil containing some
crystalline material. The red oil dissolved in anhydrous ether and
left 646 mg of colorless crystals which were collected by filtration.
This white solid was insoluble in most organic solvents but was
soluble in hot alcohol and in water. |t was recrystallized from
ethanol to give colorless plates of m.p. 193°C d. A sodium fusion
of this material followed by the sodium nitroprusside test(éo)

indicated the presence of sulfur. An aqueous solution of the white

solid gave a white precipitate with lead acetate solution, a white
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precipitate with barium chloride solution and a yellowish precipitate
which turned black in a short period with silver nitrate solution.

The aqueous solution also discolored potassium permanganate solution.
These tests indicated that the anion was either thiosulfate, 5203=,

or sulfite, 803=. Nitrogen analysis showed 10.5% N (calcd. for
CgHauN2S203: N, 10.8 and for CgHoyN2SO3: N, 12.3). The IR spectrum,

Fig. 21, indicated an alkylammonium cation.
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Fig. 21. IR SPECTRUM OF BUTYLAMMONIUM THIOSULFATE (NUJOL MULL)

H. ALLYLAMINE
Allylamine (2 ml, ~27 mmoles) was added to SyNy (501 mg, 2.72
mmoles). Ammonia evolved quickly, and the color changed from orange

red to dark brown. In 6 hours the reaction mixture became very
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viscous. The excess allylamine was removed in vacuo leaving a dark
brown viscous sticky material. This material did not dissolve In
ether, benzene, hexane or alcohol. |t was assumed that polymerization

had occurred, and no further characterization was attempted.

6. REACTION OF BENZYLIDENIMINE POLYSULFIDES
A. PYROLYSIS OF BENZYLIDENIMINE TETRASULFIDE

Benzylidenimine tetrasulfide (711 mg, 2.12 mmoles) was placed
in a 100 ml flask which was evacuated to 7 x 10™% mm Hg and sealed.
The flask was heated to 105°C in an oil bath. This temperature was
just above the melting point of benzylidenimine tetrasulfide. As
the solid fused, some gas evolution was observed. An oil boiled
off at this temperature and condensed on the side wall of the flask
above the oil bath level. After 7 hours the reaction mixture was
cooled. When the flask was opened, a basic gas was detected by PH
paper, and hydrogen sulfide was detected by wet lead acetate paper.
The non-volatile products were separated by column chromatography.
Pure hexane eluted 222 mg of elemental sulfur (6.94% mg atom). Elution
with 13% benzene in hexane gave 45 mg of unreacted benzylidenimine
tetrasulfide (0.13 mmoles). Elution with 20% benzene in hexane gave
234 mg of a colorless solid. Recrystallization from a hexane-benzene
mixture gave colorless needles (Rf value, 0.14, silica gel-carbon
disulfide, with 0.80 for sulfur) of m.p. 234.5-235.5°C (Lit. for
triphenyl=-(s)-triazine is 235-235.4°C(]9) and 23]-232°C(37)). The
IR spectrum of this material was identical to that of authentic

(61).

triphenyl=(s)-triazine A 1:1 mixture of benzene and hexane
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eluted 59 mg of benzonitrile (0.572 mmoles) identified by comparison
of Its IR and NMR spectra with those of an authentic sample.
B. PHOTOLYSIS OF BENZYLIDENIMINE TETRASULFIDE

A small amount (110 mg) of pure (TLC, NMR) benzylidenimine
tetrasulfide was dissolved in 100 ml of anhydrous ether and placed
in a Pyrex tube. The solution was stirred under nitrogen and sub-
jected to a UV light source () > 280 mu) for 12 hours. TLC of the
resulting solution showed 6 spots whose Rf values were: 0.80, 0.46,
0.40, 0.36, 0.24 and 0.06 (silica gel-carbon disulfide, with 0.80
for sulfur and with 0.46 for benzylidenimine tetrasulfide). The
ether was removed in vacuo, and the remaining solid was dissolved
in carbon tetrachloride. An NMR spectrum of this solution sho<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>