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Groups
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This review surveys instances of the migration of groups sensitive to nucleophilic attack (structures exhibiting the C=0, C-S,
or C= Ν bonds) between two nucleophilic groups (NH2, OH, and SH). Intramolecular rearrangements connected with the
migration of acyl groups in acylated amino-phenols, amino-alcohols, polyhydric alcohols and phenols, diamines, thioglycols,
amino-thiophenols, and amino-thiols are considered. The rearrangements take place by a common mechanism through the
stage of formation of unstable cyclic compounds. Apart from the migration of acyl residues, instances of the rearrangements
associated with migration of other groups which proceed by an analogous mechanism are surveyed in the article. Such re-
arrangements

/ —C = N; HSN. H,C—NL
/ \ c ; | >C-,withX = O, S, NH;

H,C—Χ/

RjN—C—; RO—C—; etc.

are not only of theoretical interest but are also of great importance for preparative practice.
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I. INTRODUCTION primary carbon atom in acyl derivatives of polyhydric
alcohols, etc. Instances of Ν ̂  Ο and S —»N migrations of

As long ago as the start of the XXth century several in- acyl groups in acylated amino-alcohols and amino-thiols
vestigators observed examples of intramolecular rearrange- are especially frequent. It was found later that migration
ments connected with the migration of acyl groups from an between two nucleophilic groups (HjN, OH, SH) is under-
oxygen atom to a nitrogen atom in acylated amino-phenols; gone not just by acyl but also by other groups sensitive to
from oxygen at a secondary carbon atom to oxygen at a nucleophilic attack.
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Such rearrangements are not just of theoretical interest
as their mechanism is still not completely clear; they are also
of great practical importance. In several instances these
rearrangements formed the basis of the development of
simple methods of synthesising complicated compounds,
particularly iV-substituted amino-thiols, guanidinoalkanthi-
ols, and other compounds.

In this connection we thought it desirable to summarise
the published data, both our own and those of other authors,
assuming that a review of the intramolecular migration of
acyl and other groups could prove useful for organic chem-
ists.

II. MIGRATION OF AN ACYL GROUP IN ACYLATED
AMINO- PHENOLS AND AMINO-ALCOHOLS

The investigations of Bottcherx, Einhorn2, and Auwers 3" 5

showed that esters of o-amino-phenols and o-hydroxyben-
zylamines are very unstable and immediately after their
formation they rearrange into the corresponding amides as
a result of the migration of the acyl group from the oxygen
atom to the nitrogen atom. Thus, in the reduction of o-
nitrophenyl benzoate iV-benzoyl-o-aminophenol was obtained
as a result of the Ο —> Ν rearrangement1»3:

,ΝΟ, NHCOC^H,

The analogous Ο —» Ν migration of the alkoxycarbonyl
group was observed in an example of the conversion of the
o-aminophenyl alkyl carbonates (I) into the o-hydroxyphe-
nylurethanes (ΙΠ). The latter are obtained either in the
reduction of o-nitrophenyl alkyl carbonates6"8 or when aque-
ous solutions of the hydro chlorides of o-aminophenyl alkyl
carbonates are kept for a long time 6 " 9 . It is suggested6»8

that the rearrangement of (I) into (HI) proceeds through the
stage of the formation of an unstable cyclic compound (Π):

OCOOR

(I)

OH

X
NHCOOR

(III)

The migration of acid residues from oxygen to nitrogen
also takes place in the partial hydrolysis of CW-diacyl de-
rivatives of o-amino-phenols10"14. Probably here also the
rearrangement proceeds through the stage of formation of
an intermediate ring1 4:

,COR η
/NHCOR'

Moreover, examples are known of intramolecular migra-
tions of acyl groups from a nitrogen atom to an oxygen atom
for acylated iV-alkoxycarbonyls15"17 and iV-acyl deriva-
tives11»18"30 of o-amino-phenol. For example, in the acy-
lation of ΛΓ-benzoyl-o-aminophenol with acetic anhydride as
a result of the Ν -» Ο migration of acyl groups a mixture of
diacyl derivatives was isolated31:

/OCOC.H,

NHCOCH,

Rearrangements connected with the migration of acyl
groups were also observed in a series of derivatives of ali-

OCOCH,

phatic amino-alcohols 32~54. It was found that in an alkaline
medium aminoalkyl benzoates are converted into hydroxy-
alkylamides 3 3:

H,N[CH2]nOCOC,H,- .C,H,CONH{CH2]nOH (n - 2 or 3).

In an acid medium hydroxyalkylamides are in turn con-
verted into O-acyl derivatives of amino-alcohols33"38 as a
result of the Ν —» Ο conversion of the acyl group:

RCONHCH,CH,OH- H,NCH,CH,OCOR .

The reversibility of the migration of the acyl group
(O ;=* N) was also observed in the acyl derivatives of 2-ami-
no-1 -(naphth-2-yl)ethanol*, 2-amino-l-phenylpropanol40,
and certain other amino-alcohols 4 β" 5 4.

Walton and Green55 consider that a similar reversible
Ν 5=* Ο migration of an acyl group also occurs in the exam-
ple which they studied of the mutual conversion of 2-(2-
aminoethyl)-2-phenyl-y-butyrolactone (IV) into 3-(2-hy-
droxyethyl)-3-phenyl-2-pyrrolidone (VI). The authors
assume that the formation of the intermediate cyclic com-
pound (V) is possible:

H2N

C.H,

_C CH, >

=C CH, Ή+

OH-

H+~ I
H,C

C.H»

I
CH,

(IV) (V)

C.H,

H,C—C—CH,-CH»

HiC C=O

\ N /

Η

(VI)

OH.

An analogous reversible N ^ O rearrangement was ob-
served5 6 in the conversion of pyrazolidinediones (VII) into
lactones (VTH):

Ph Ν NHPh

OH I I ·
CHj CHCH~

tvuJ " ' " ivni)

Instances of the Ν -» Ο and Ο -» Ν migration of acyl groups
were also observed in a series of amino-sugar deriva-
tives5 7"6 3:

AcOCH. AcO O / A c .

I / N N H C O C H S ,

AcOCHj 6AC OH

The rearrangements connected with Ν -» Ο and Ο —• Ν

migrations of the acyl groups were also observed in the
residues of serine, threonine, and other amino-acids of
proteins ea~85, the usual N-peptide bond being converted into
an O-peptide bond:

HO—CHR

— C H R ' — C O - N H - C H - C O N H -
—CHR'—CO—O—CHR

I-CHH 2 N- [—CONH—

Probably such an Ο —» Ν migration of an acyl group also
occurs in the conversion of the hydrochioride of 0-(2-ami-
noacyl)-i\T-methylhydroxylamine (K) into the corresponding
hydroxamic acid (X) when the solution is heated or left to
stand for a long time 8 6:

ο ο

R—CH-C-O—NH —• HO—N—C—CH—R

NH, CH,

(IX)

CH, NH,

(X)

Phillips and Baltzly87 give, as a possible mechanism of
the migration of acyl groups, a scheme for the reversible
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conversion of aminoalkyl es ters (XI) into hydroxyalkylam-
ides (ΧΠ):

^ Z 0 " * ? " 1 1 t

H * - RCO-OCH,CH,NHt

*/ Ni—CH, J 'ΟΗ~
(XIV)H (XI)

II
HOCH,CH,NH—COR

(XII)

These authors think that the oxazoline (ΧΠΙ) is an inter-
mediate in the Ν -»Ο migration of an acyl group in a strongly
acid medium. This is quite probable, since on the one
hand oxazolines are formed88"91 from hydroxyalkylamides
(ΧΠ) and on the other hand they are readily converted98"94

into salts of amino-esters (XI) in an acid medium.
Phillips and Baltzlyw succeeded in separating and iden-

tifying the oxazoline (ΧΙΠ) in the rearrangement of the hy-
droxyamide (XII) into the amino-ester (XI). However,
they think that the oxazoline (XIII), which is relatively
stable in an alkaline medium, cannot be the intermediate
cyclic compound in the Ο —» Ν migration of an acyl group—
a process which is observable only in an alkaline medium.
This circumstance served as the basis for assuming that
in an alkaline medium the change of (XI) into (XII) proceeds
through the intermediate hydroxyoxazolidine (XIV) whereas
in acid the conversion of (ΧΠ) into (XI) proceeds through
the oxazoline 3 5> 3 8 ' 8 7, which was subsequently confirmed by
kinetic studies of Porter and coworkers95.

These authors found that for partly neutralised solutions
of 2-methyloxazoline (ΧΙΠ; R = CH3), initially (ΧΠΙ) is
converted into an amino-ester (XI), which is, in turn,
gradually converted into the hydroxyamide (XII). If it is
assumed that the conversion of O-acetylethanolamine (XI;
R = CH3) into an JV-acetyl derivative (ΧΠ; R = CH3) pro-
ceeds through an oxazoline (XI) ̂  (ΧΙΠ) ^ (ΧΠ), then the
O-acetylethanolamine (XI) can accumulate in the system.

On comparing the rate constants of these conversions it
was found that the iV-acetylethanolamine (XII) is formed
more rapidly from the O-acetyl derivative (XI) than the
latter from the oxazoline (ΧΠΙ). The results obtained show
that (ΧΙΠ) cannot be an intermediate in the conversion of
(XI) into (ΧΠ).

Kinetic investigations of similar acyl migrations carried
out by other investigators 9e~98 showed that the intermediate
in both the Ο -• Ν and the Ν -» Ο migrations of acyl groups
is hydroxyoxazolidine (XIV).

This conclusion agrees with the works of the study of the
opening of the oxazoline ring96»99»100. Under the action of
acid reagents the latter forms an amino-ester, and under
the action of alkaline reagents, a hydroxy-amide. Further-
more, the breaking of the oxazoline ring is accompanied by
the intermediate formation of a hydroxyoxazolidine, and the
hydroxyl group in position 2 can lose a proton with opening
of the ring in either the 1-2 or the 2-3 positions:

HOCH2CH,NH R C O — O C H J C H J N H ,

In an acid medium the bond in the 2-3 position is broken,
owing to the C-N bond being more readily polarised than
the C-O bond. On the other hand, in neutral or alkaline
media the ring is broken in position 1-2 since the C-O bond
is then more polarisable.

Phillips and Baltzly87 mainly consider the structure of
the intermediate cyclic compounds in reversible Ν ̂  Ο
migrations of the acyl groups. This served as a reason
for other authors to express their hypotheses about possible
mechanisms of such migrations.

Welsh 1<tt>1QB and Fodor and Kiss 1 0 8 consider that for the
O-»N migration of acyl groups the mechanism of the re-
arrangement can be represented by the scheme:

(XV) <xv«)

A A H a

(XVI) (XVU)

.

(XVII)

On the carbon atom of the carbonyl group of the amino-
ester (XV) there is a certain positive charge as a result of
the displacement of the electron cloud in the direction to-
wards the oxygen atom of the carbonyl group, which exhib-
its a great affinity for the electron. Under the influence
of hydroxyl ions (an alkaline medium) the salt of the amino-
ester is converted into a base and the unshared electron
pair of the nitrogen atom attacks the electron deficient car-
bonyl group, as a result of which a cyclic intermediate
compound (XVI) is formed. The migration of a proton from
nitrogen to the carbonyl oxygen gives structure (XVia), in
which as a result of alkaline hydrolysis the ester bond is
broken and the hydroxyamide (XVII) is formed.

For the Ν —• Ο migration of an acyl group the mechanism
of the rearrangement can, according to Welsh101,108, be
represented by the scheme:

(XVIH)

HA+

(XIX) (XIX») (XX)

According to this scheme a proton is added to the car-
bonyl oxygen of compound (XVIII) and the intermediate un-
stable cyclic compounds (XIX) and (XlXa) are formed owing
to interaction of the protonated carbonyl group with the al-
coholic hydroxyl.

An analogous mechanism was almost simultaneously
advanced to explain the migration of acyl groups in the for-
mation of a mixture of iVO-diacyl derivatives of o-amino-
phenol31.

A somewhat different mechanism for the Ν -» Ο migra-
tion of acyl groups, according to which the movement of the
acyl groups takes place in two stages, was proposed by
Fodor and Kiss104:

—C—C— H+

HO NH HO NH, ,

c/ '

(XXI)

(1)

(XXIa)

HO NH, ~*

(XXIa)

"-C-C- '

ψ
_R OHJ

(XXII)

- C - C -

(2)

(XXIII)
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The first stage is the formation in a strongly acidic me-
dium of the unstable salt of an iV-acylamide (XXIa). The
second stage is the formation of an intermediate cyclic
compound (ΧΧΠ), which then is stabilised by the breaking
of the C-N bond owing to its greater polarisability in an
acid medium with formation of a salt of an O-acylhydroxy-
amine (ΧΧΠΙ).

Starting from the above ideas on the possible mechanism
of the Ν -+ Ο migration of acyl groups, it can be concluded
that the rate of this rearrangement should increase with
the hydrogen ion concentration. This was confirmed ex-
perimentally by Fodor and Kiss105.

The influence of the pH of the medium on the degree of
the Ο -+ Ν migration of an acyl group was also studied. It
appeared that the degree of conversion of O-acyl deriva-
tives of amino-alcohols into JV-acyl derivatives increases
with the pH of the medium ".β5,1 0 1,1 0 2,1 0 6. For example,
the conversion of 2-aminoethyl benzoate into an amide is
complete at pH ~ 10; at pH 8 the degree of conversion
reaches 20%, whereas at pH < 7.5 the formation of the am-
ide is hardly observed. A study of the reaction kinetics
of the conversion of O-acetylethanolamine into the corre-
sponding amide confirmed that with increase in the pH of
the medium the rate of the rearrangement also increases95.

A noteworthy feature is that the Ν -» Ο migration of an
acyl group takes place only partly and at a low rate, where-
as the Ο -» Ν migration is instantaneous and almost quanti-
tative <*,iorr,ioe# This iS evidently connected with the differ-
ence in the electronegativities of nitrogen and oxygen. As
the electronegativity of nitrogen is less than that of oxygen
the positive charge (+δ) on the carbon atom of the carbonyl
group bonded with a nitrogen atom will be less than for a
carbonyl group bonded with an oxygen atom:

-A
This can probably explain why the rate of formation of

an intermediate cyclic compound during the rearrangement
of an O-acyl derivative of an amino-alcohol is greater than
for the rearrangement of an N-acyl derivative.

Taking into account that the approach of a proton to oxy-
gen or of a hydroxide ion to a carbonyl-carbon increases
the electron displacement, it could be expected that the
Ν -» Ο and Ο -• Ν migrations of an acyl group in acylated
amino-alcohols will take place in both acid and alkaline
media. However, the experimental results show that
Ο -+ Ν migration takes place only in an alkaline medium
and the Ν -» Ο migration in acid, which agrees with the
above mechanism of Ο ̂  Ν migration88»98»101"106, which as-
sumes the formation of an intermediate cyclic compound.

The migration of an acyl group from oxygen to nitrogen
in acylated amino-alcohols takes place only in an alkaline
medium, since in an acid medium the amino-group exists
in the form of the ammonium ion:

9 II
R-C-O-C-C-I I

NH,

and therefore the formation of an intermediate ring is im-
possible.

With an ΛΓ-acyl derivative of an amino-alcohol the Ν —• Ο
migration in an alkaline medium cannot proceed, since
under these conditions the free electron pair of the nitrogen
atom probably removes the positive charge on the carbon
atom of the carbonyl group, making impossible the forma-
tion of an intermediate cyclic compound. This explains
the stability of the hydroxyamides in an alkaline medium
and of the amino-esters in acid.

The formation of an intermediate ring in Ν ̂  Ο rear-
rangements is confirmed also by experimental results on
the effect on this process of the mutual arrangement of the
hydroxy- and amino-groups in the acylated amino-alcohols.
Thus, Ν -» Ο migration of an acetyl group is observed in
the benzoylation of o-N-acetylaminophenol but is not ob-
served for the />-isomer29; Ο -• Ν migrations of the acyl
group in acylated amino-alcohols of the general formula
RCOOfCHâ NHa only take place when η = 2 or 3, that is,
under conditions when the closing of five- or six-membered
rings is possible 33.

The migration of an acyl group in acyl derivatives of
1,2-amino-alcohols is also considerably affected by substit-
uents at the carbon atoms 103>106~120.

For the acyl derivatives of the amino-alcohols H2N-CHR-
CHR'-OH, where R = R' = H, the free rotation around a
C-C bond is not reflected on the acyl migration, but on
introducing substituents which restrict free rotation the
migration is naturally hindered and made more complicated.

In the acylated diastereoisomers of 1,2-amino-alcohols
(cis- and threo-, trans- and erythro-) one observes the same
rate of migration of acyl groups. As might have been ex-
pected, the similarity in the position of the functional
groups (NH2 and OH) should facilitate the formation of an
intermediate ring, and consequently, a more rapid migra-
tion of acyl groups, which found confirmation in a series of
studies106"120.

\60

20

" ZO HO
time, «tays — "

Figure 1. Rate of Ν -* Ο rearrangement in 0.115 Ν alcoholic HC1
solution:
1) iV-benzoyl-̂ -ephedrine; 2) N-benzoylephedrine.

For example, the rate of Ν -» Ο migration of an acyl
group in the cis- and trans -forms of dZ-acetamidocyclohex-
anol are different; the cts-form rearranges 5-6 times
more rapidly than the trans -form1 1 4:

Q.·* Q
H3N C=O

CH,

It was also shown that the rate of the Ν -» Ο migration
of the benzoyl group in i\T-benzoylephedrine (XXIV) and N-
benzoyl-!\J/-ephedrine (XXV) differ considerably under the
same conditions101»107, as Fig. 1 shows.

Η C.H, ΟΟΟ,Η, C,H6Η Η,ΟΝΟΟΟ,Η, C

C C

CH, Η OH

erythro·

(XXIV)

Η OH

threo·

(XXV)
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The examples given above show that unlike the rapid
migration of acyl groups in acylated 1,2-amino-alcohols
having cis- and tkreo-iorms in the analogous compounds of
trans- and erythro-iorms the rearrangement is extremely
s low 1 1 1 " 1 1 6 and is accelerated only on raising the tempera-
ture 1 0 4 » 1 0 5 . Thus, the iV-benzoyl derivative of trans-zxcii-
nocyclohexanol undergoes hardly any rearrangement at room
temperature, whereas in a sealed tube at l O O t an O-ben-
zoyl derivative is formed in 48-50% yield after 2 h.

By making use of the difference in the rate of migration
of acyl groups in diastereoisomers, the configuration of
amino-alcohols can be established 1 0 1 ~ 1 1 6 > 1 2 1 ~ 1 2 6 .

To separate the s tereoisomers, Fodor proposed 1 1 0» 1 1 1 >U5

to t reat a mixture of the N-acyl derivatives of threo- and
ery thro-forms of amino-alcohols with hydrochloric acid at
room temperature. Here the N-derivatives of the threo-
forms a r e rapidly and almost quantitatively rearranged into
O-derivatives as a result of the Ν - Ό migration of acyl
groups, whereas the N-derivatives of the erythro-iorms
a r e unchanged under these conditions. The O-acyl deriva-
tives of the threo-iorms which a r e produced a r e readily
soluble in aqueous hydrochloric acid and hence a re easily
separated from the i\r-acyl derivatives of the erythro-iorms.

Fodor also noted 1 1 0 that the prolonged holding of N-ben-
zoylephedrine (erythro-iorm) in alcoholic HC1 brings about
its partial conversion into O-benzoyl-t//-ephedrine (threo-
form). An analogous change in the configuration as a r e -
sult of the migration of acyl groups was also observed by
Welsh1 0 1»1 0 2 on treating ΛΓ-acyl-^-ephedrine with hot alco-
holic HC1; only O-acyl-^-ephedrine is obtained, whereas
the products of the acyl migration of JV-acetylephedrine a re
the O-acetylephedrine and a large proportion of O-acetyl-
V'-ephedrine. It appears that the migration of an acyl
group can proceed in two directions: with retention of the
configuration of the amino-alcohol (Λ-mechanism) and with
change in configuration (/-mechanism).

The migration of an acyl group (N -» O) in acylated 1,2-
amino-alcohols with a l inear s tructure usually proceeds
with retention of the configuration 1 0 3>1 0 4>1 0V1 4>1 1 5 and only
in exceptional instances and severe experimental conditions
is the rearrangement accompanied by a change in configu-
ration 1 0 1> 1 0 2> 1 0 5> 1 1 05u 3> 1 1 4.

The / mechanism of the rearrangement can be repre-
sented by the scheme 1 0 1 , 1 0 2 :

Η - O H ,Rr

C—"Η

NH/H

— C C — Η

Ο.

According to this scheme complete inversion at the car-
bon takes place as a result of the approach of the carbonyl
oxygen to the asymmetric carbon atom simultaneously with
the attack by the proton at the hydroxyl oxygen.

The migration of an acyl group (N —> O) with inversion is
observed also in a series of acylated alicyclic amino-alco-
hols1 2 1. Thus under the action of hydrogen chloride cis-
iV-acetylated amino-alcohols are converted into cis-O-a.ce-
tyl derivatives, whereas the trans-derivatives are not
rearranged under these conditions. However, under se-
vere conditions (boiling, long treatment with HC1) trans-N-
acetyl derivatives are converted into cis-O-acetyl deriva-

tives, but the rearrangement is accompanied by a change
in configuration:

(XXVI)

OH

AR
Ν Η

V
(XXVIII)

xι£
(XXX)

NH,

(XXXI)

In the cis-isomer (XXVIII) the Ν -» Ο migration of an
acyl group takes place readily, since the intermediate com-
pound (XXIX) is formed without strain. In the trans-iso-
mer (XXVI) rearrangement with retention of configuration
is prevented by steric factors. The intermediate com-
pound (ΧΧνΠ) is structurally strained and is obtained from
the amide of the fnms-isomer (XXVI) with great difficulty,
therefore the migration of an acyl group leading to the
frans-ester is very difficult. Although in compound (XXVI)
in the Ν —• Ο migration of an acyl group the removal of a
hydroxyl after the scheme of the / mechanism requires
more severe conditions the formation of the intermediate
compound (XXIX) may be more rapid than that of (XX VII).

As confirmation of the proposed mechanisms of Ν —» Ο
migration of an acyl group both with retention of the con-
figuration and with inversion there is the work on the re-
placement of an acyl group by a thioacyl127. For the threo-
epimers of iV-thiobenzoyl derivatives of amino-alcohols
studied by Farkas and Sicher127 the replacement of the acyl
group as might have been expected, proceeds by the R
mechanism:

Η R,

O^ ,ΝΗ

Χ SH

(-H2S)
*

<XXXII; fftreo-form ) (XXXIII) (XXXV)

2-Mercapto-2-phenyloxazoiidine (ΧΧΧΠΙ) is formed as
the intermediate cyclic compound and is stabilised in the
form of 2-phenyloxazoline (XXXIV) which is readily con-
verted in an acid medium into an amino-ester salt (XXXV).
Therefore on heating with alcoholic HC1 the ΛΓ-thiobenzoyl
derivatives of threo-isomere of 1,2-amino-alcohols were
isolated as the hydrochlorides of amino-esters; the for-
mation of aminothioesters was not observed.

As already reported for ery thro-epimers Ν —> Ο migra-
tion of acyl groups can take place by either an R mechanism
or with inversion (/ mechanism). It is known 88>101,10V28,129

that the / mechanism presumes nucleophilic attack of the
oxygen atom of the carbonyl group at the β-carbon atom.
Since sulphur is more nucleophilic than oxygen the replace-
ment of an acyl group by thioacyl should facilitate for
ery^ro-epimers the reaction by an / mechanism, which
was also confirmed in the study by Farkas and Sicher1 2 7.
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ΙΠ. MIGRATION OF AN ACYL GROUP IN ACYLATED
DIAMINES

At the end of the last century Widman130 noted that the
2-acetamidomethylaniline (I) is converted into 2'-(amino-
methyl)acetanilide (Π) on treatment with hydrochloric acid:

/CH1NRCOCH, H C 1 ., /

(I)
•NH,

(II)
NHCOCH,

The analogous Ν -• N' migration of the acyl group was

also observed in the reduction of l-benzoyl-2-cyano-l,2-
dihydroquinoline (III). As a result of the reaction 2-(ben-
zamidomethyl)tetrahydroquinoline (V) was isolated. The
authors 1 3 1" 1 3 3 suggested that initially 2-aminomethyl-l-ben-
zoyltetrahydroquinoline (IV) is formed, which then under-
goes rearrangement accompanied by the Ν -» Ν' migration
of an acyl group:

[«NH, N:H,NHCOCH,.

The rearrangement described by Wheeler134 of the un-
symmetrical N-a.cyl derivatives of thiourea (VI) in isomeric
symmetrical derivatives (VIE) is also probably connected
with the Ν -» Ν' migration of acyl groups taking place
through the stage of formation of an intermediate unstable
ring (VII):

passes through the stage of formation of the unstable inter-
mediate five-membered ring (X):

COCH,

CHS—NH—CH,CH,—Ν S V

(IX)

O- CHS

•X

Ν H-i

(X)

COCH3

-» CHa—N—CH.CH.NH—/ V

(XI)

As was shown137, the rate of rearrangement depends on
the structure of the initial compounds, which confirms the
mechanism of the Ν —• N' migration through a stage of for-
mation of an intermediate ring. Compound (IX), which
contains two methylene groups between nitrogen atoms,
rearranges readily on distillation (90-130°C). N-(2-
MethylaminopropyDpropioanilide (ΧΠ) is more stable and
on distillation is rearranged to only a slight extent, but the
rate of rearrangement is considerably increased at 175-
185°C. This fact can probably be explained by steric hin-
drance in the formation of an intermediate ring. 2V-(3-
Methylaminopropyl)propionanilide (ΧΙΠ), in which the
Ν —» Ν' migration of an acyl group should take place through
the stage of formation of an intermediate six-membered
ring, is fairly stable and is only partly rearranged at tem-
peratures > 200°C:

CHS—NH—CH—CH,N-

CH,
(XII)

COCHj
I

; CH,—NH—CHr-CHj—CH,—N-

(XIII)

COC,H6

I

S=C,
,OH

"Ν"" Χ : Η ,

(VI)
C.H,

(VII)

CH,CO—NH—C—NHC,H» .
II

s
(VIII)

Subsequently an example of the Ν —»Ν' migration of
acyl groups was observed in the derivatives of ethylenedi-
amine1 3 5, triazines1 3 6, aminoalkylanilines137, 3,8-diaza-
bicyclo[3,2,l]octane (A),138 3,9-diaza-bicyclo[3,3,l]nonane
(B),139 and also iV-aminoacylated amino-thiols (C):1 4 0"1 4 2

Γ \JH\ICOR (A)

(B)

H S C-CH 5

HS N — C O C H J N H J

CO

CHR—NH,

H2C CH,

• HS HN—COCH 2 NH .

CO

CHR—NH 2

It was suggested137"142 that the Ν -+ Ν' migration of acyl
groups proceeds by a mechanism similar to the analogous
Ν -» Ο migration in acylated amino-alcohols. Thus N-(2-
anilinoethyl)-iV-methylacetamide (XI) was isolated from the
distillation of N-(2-methylaminoethyl)acetanilide tfX)· In
the opinion of Wright and coworkers137 (XI) is obtained as
a result of the intramolecular rearrangement of (IX), which

IV. MIGRATION OF AN ACYL GROUP IN ACYLATED
POLYHYDRIC ALCOHOLS AND PHENOLS

The migration of acyl groups has also been noted in a
series of acylated polyhydric phenols and alcohols.

Thus, in the hydrolysis of 3,5-diacetyl-4-benzoylgallic
acid (I), both in acid and in aqueous solutions of weak bases,
3-benzoylgallic acid (Π) is formed143:

OCOCH,
\

-COOH

OH
\

•HO -<f \-COOH

OCOCH,
(I)

In the treatment of 3-acetyl-4-benzoylprotocatechuic
acid (ΠΙ) with bases or acids, 3-benzoylprotocatechuic acid
(V) was isolated144. Fischer1 4 4 thinks that this O — O'
migration of an acyl group proceeds through the intermedi-
ate cyclic compound (IV):

(V)

The possibility of the existence of an intermediate cyclic
compound of type (IV) was shown by Helferich and Liesen145
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by the example of 2-benzoyloxybenzyl alcohol (benzoylsali-
genin), which was isolated in two desmotropic forms—open
(VI) and cyclic (VII), capable of mutual inter conversion:

CH2OH
CH,ONa, then H,SO.

HClinCHCI,

OH

C,H6

(VI) (VII)

The migration of acid residues (O — O') is also observed
for acyl derivatives of glucose1 4 6"1 5 4. In the given example
the rearrangement proceeds through the stage of formation
of an intermediate ring1 5 2"1 5 4:

A similar Ο —» Ο' rearrangement of acyl groups was ob-
served in the preparation of mixed esters of glycerol155 and
in the saponification of triglycerides1 5 6. For example, in
the action of silver nitrite on alcoholic solutions of α/3-di-
(/>-nitrobenzoyl)-a!'-iodohydrin or a^-distearyl-a'-iodohy-
drin with the aim of obtaining diesters of glycerol containing
a free alcoholic group in the α'-position <*a'-di-(£-nitro-
benzoyl)- and αα'-distearyl-glycerols with a free hydroxyl
group in the β position were isolated.

In these instances, according to Winstein and Buckles157

migration of an acyl group also proceeds through interme-
diate cyclic compounds:

H,C-I

HC—OCOR-

H
a
C—OCOR

H.C-O.
I >C-R

HC—O'

H
S
C- -OCOR

H , C - O V /

H C — 0 7 ^

HsC—OCOR

H,C—OCOR

HC—OH

H,C-OCOR

where R = />-NO2C6H4, C^H^.
According to Fischer143»144»155, the mechanism of migra-

tion of acyl groups in polyhydric alcohols is connected with

the intramolecular interaction of ^C=O and OH groups

with the formation of an intermediate cyclic compound,
which then opens with the migration of a hydrogen atom.

The mechanism of the Ο —» O' migration of acyl groups
in polyhydric alcohols was considered in greater detail by
Doerschuk158, who proposed the following scheme:

OH

H C — O 7 NR

(IX)

H2C-O-<f

HC—OH

H 2 C — O H

(X)

For the carbonyl group the partial shift of an electron pair
to the side of the more electronegative oxygen atom and the
consequent appearance of some positive charge on the car-
bon atom of the carbonyl group is characteristic. The
electron pair of the oxygen atom of the hydroxyl group at-
tacks the electron deficient carbonyl group (VUI); during
this an intermediate cyclic compound (DC) is formed which
is cleaved at the C-0 bond in the β-position owing to its
easier polarisability, forming (X).

On assuming such a mechanism for the Ο —• Ο' migra-
tion of an acyl group the rate of rearrangement should be
influenced by the degree of polarisation of the carbonyl
group and consequently also the magnitude of the positive

charge on the carbonyl carbon, which is due to the influence
of the pH of the medium and the nature of the acyl group.
In experiment this in fact was confirmed159»160. For ex-
ample, glyceryl /3-monopalmitate in alcoholic 0.5 Ν HC1 at
room temperature is completely converted into the a-iso-
mer in 24 h, whereas in more dilute solutions (0.005 N)
rearrangement does not take place1 5 9. The benzoyl group
migrates slowly158 or not at all 1 6 0 owing to the effect of
conjugation, leading to some filling of the electron defici-
ency on the carbonyl carbon. On the other hand, the re-
arrangement proceeds rapidly for the acetyl group. This
is especially noticeable for the example of the /3-trichloro-
acetyl group with a clearly expressed positive charge on
the carbonyl-carbon156.

Proof of the intramolecular mechanism of the Ο —» Ο'
migration of the acyl group was given by the results 1 5 8 on
the rearrangement of glyceryl β-monopalmitate in an acid
medium in the presence of labelled 1~14C glycerol. As a
result of this reaction α-monopalmitate free from 14C was
isolated.

V. MIGRATION OF AN ACYL GROUP IN ACYLATED
THIOGLYCOLS AND THIOGLYCEROLS

In thioglycols161"166 and thioglycerols167 the S — Ο mi-
gration of an acyl group is observed in neutral and alkaline
media, and under severe conditions also in an acid medi-
um 1 6 8. For example, on long heating in an acid medium
irans-2-acetylthiocyclohexanol is converted into trans-O-
acetyl-2-thiocyclohexanol:

As a result of Martin and Hedrick's investigations166 it
is suggested that the S —• Ο migration of acyl groups can be
represented by the scheme:

Ί
CH,

where Kx and/f2 are the acid ionisation constants and fe1-fe4

the rate constants for cyclisation and breaking of the C-0
and C-S bonds respectively.

As for the acyl derivatives of amino-alcohols87»97»98 and
polyhydric alcohols155 >157 the migration of acyl groups in
acylated thioglycols proceeds through the formation of an
unstable intermediate cyclic compound (III) which is opened
at the site of the most easily polarisable bond, depending
on the pH. It has been shown that the migration of an acyl
group from sulphur to oxygen takes place only in neutral or
alkaline media; the reversible Ο —> S migration was not
observed here. According to Martin1 6 6, the stage of cycli-
sation precedes the ionisation of acyl derivatives of thio-
glycols with the formation of a thiolate ion (IV) or an alkox-
ide ion (II), which naturally is possible in alkaline or neutral
media. The formation of a cyclic intermediate compound
(III), as for Ο ^ Ν, Ν -* Ν', Ο —» Ο' migrations is also
connected with the intramolecular interaction of a carbonyl
carbon with a hydroxyl oxygen, in the example of (Π), or
with sulphur—for (IV). Since nucleophilic properties are
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expressed more strongly by sulphur than by oxygen the
formation of intermediate ring (ΙΠ) from the thiolate ion
(IV) should be faster than the formation of (ΠΙ) from (Π),
which is confirmed by the ratio of the rates of these reac-
tions {kl/ki = 1/20). However, a study of reaction rates
showed that the ratio k2/k3 =* 10"10, that is, the rate of
opening of ring (III) with the formation of the S-acyl deriva-
tive (I) is so low that the process proceeds in the main with
the formation of the O-acyl derivative (V).

The migration of an acyl group was also studied in the
CH3COS[CH8]nOH series where η = 2, 3, 4. As might be
expected, in accordance with the assumption concerning
the formation of an intermediate cyclic compound, the mi-
gration of acyl groups takes place rapidly for η = 2, more
slowly for η = 3, and hardly at all at η => 4. It was found
that the rate of the S —• Ο migration in S-acetylmercapto-
ethanol is approximately 30 times as great as the rate of
the analogous change in propyl compounds185.

Intramolecular rearrangements can occur as a result of
the S —» Ο migration not only of acyl1 6 1"1 6 8 but also of other
groups. Thus the formation of alkylene sulphides (X) in
the reaction of alkylene oxides (VI) with thiocyanates «3,ie9-ns
is connected with the migration of CN groups from the sul-
phur atom to the oxygen atom:

ICH21. ,[CH2J,

(VI)

(IX)

(VII)

[CH2ln

\

(X)

(VIII)

The intermediate cyclic compound (VQI) was isolated172

as a />-nitrobenzoyl derivative.
The formation of alkylene sulphides in the interaction of

alkylene oxides with thiourea1β9 >174 or with methyl xanthatesx74

must be considered as a reaction in which there is an S —» Ο
migration of amidine (A) or thiomethoxycarbonyl (B) groups:

(A)

Hrs" ζ-
H 2 C-O-C

H,C-S-

H,C— O=C'
NsiH,

H2G—Ο7 ^

(Β) + CH3O—C—S"
H2C—S—C—OCH3

I +i —»•

H2C—0 \)CH3

It was noted that S-acyl175"177 and S-alkoxycarbonyl de-
rivatives 1 7 8 of thiourea are converted into the corresponding
TV-derivatives of thiourea on heating or basification:

HNL

H4N·\/ -sx
Η -

 X N H

Ξ
\c=s

where X = COR or COOR.
In the alkaline hydrolysis of 2-acetamido-4-chlorophe-

nylthiobenzoate (I) 2-benzoylamino-4-chlorothiophenol (IV)
was isolated and characterised. By analogy with the acyl
migration in acylated amino-phenols14 it can be assumed
that here an S -• Ν migration is accompanied by the forma-
tion of intermediate unstable cyclic compounds (II) and (ΙΠ):

NHCOCeH5 .
(H) COCH3-J ι- (,| | ) -1 ( I V )

An analogous S -* Ν migration of acyl groups in a series
of aliphatic compounds containing sulphur and nitrogen,
leading to iV-substituted amino-alkanethiols was first re-
ported by Baddiley and Thain180 in 1951 by the example of
S-acetylmercaptoethylamine; the latter gradually forms
a thiol in aqueous solution. A freshly prepared solution
of S-acetyl-2-mercaptoethylamine shows initially a nega-
tive reaction for the SH group but after as little as 5 min
the proportion of SH groups becomes appreciable.

The formation of thiol can here be assumed to be the
result of the following processes.

(a) Hydrolysis of the S-acyl derivative with the forma-
tion of an amino-thiol and an acid:

ΟΗ,ΟΟβΟΗ,ΟΗ,ΝΗ, + Η , Ο — CH,COOH + ΗβΟΗ,ΟΗ,ΝΗ».

(b) Migration of the acyl group from the sulphur atom
to the nitrogen atom, that is, as a result of "reacylation":

C H , C O S C H , C H , N H . - • H S C H J C H J N H C O C H , ·

Subsequent investigations cast light on the mechanism of
conversion of an S-acyl derivative of 2-mercaptoethylam-
ine.

zo tff m to wo 120
time, min —»

Figure 2. Rate of conversion of S-acetyl-2-mercaptoethylamine
into a thiol as a function of the pH of the solution:
7)pH 5; 2 ) p H 4 ; 3) 1 Ν HC1.

VI. MIGRATION OF AN ACYL GROUP IN ACYLATED
AMINO-THIOPHENO LS AND AMINO-THIOLS

Rearrangements which are accompanied by the migration
of acyl groups from a sulphur atom to a nitrogen atom were
first observed for S-acyl derivatives of thiourea1 7 5"1 7 8 and
diacyl derivatives of o-amino-thiophenols179.

Wieland and Bokelmann181 found that S-acetyl-2-mer-
captoethylamine is extremely stable in 2 Ν HC1, and the
formation of free thiol is not observed under these condi-
tions. With decrease in the acidity of the solution (pH
<* 4) the reaction at the SH group becomes positive and a
gradual rise in thiol concentration is observed (Fig. 2).
The main products of the conversion of S-acetyl-2-mer-
captoethylamine in neutral and weakly acidic media were
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AT-acetyl-2-mercaptoethylamine and 2-methylthiazoline-A2;
2 -mercaptoethylamine, a possible hydrolysis product,
was not observed even by a chromatographic method181.

Experimental results 1 8 0" 1 8 2 and kinetic studies 98»1ββ,183»184

suggest that the conversion of S-acyl derivatives of amino-
thiols (V) in neutral and weakly alkaline media proceeds
as a result of an intramolecular S —• Ν migration of an acyl
group through the stage of formation of an intermediate
cyclic compound (VI) according to the scheme:

H,C CHi H,C- H,C- H,C- CH,

• H£ NH

(Va) (VI) (VII)

In strongly acid media where the concentration of free
amino-groups is insignificant owing to the formation of
ammonium ions (V), the rate of this conversion should be
low. With increase in pH the concentration of free amino-
groups increases (Va), and consequently there is an in-
crease in the rate of "reacylation".

The formation of an intermediate cyclic compound of
the type of (VI) found confirmation in the studies of Smiss-
man and Sorenson185 and others 1 8 6. Thus on distilling the
free base 1-piperidinomethyl thioacetate (Villa), 1-acetyl-
piperidine (X) was obtained. The mechanism of this trans-
formation can be represented as follows:

y (VUI) (Villa)

Ό
(X)

+ (CHr=S)

An investigation of the rate of "reacylation" of S-acetyl-
2-mercaptoethylamine showed that at pH 4 and 5 the reac-
tion is unimolecular181 but at pH > 5 it becomes bimolecu-
lar 9 8, 1 8 3, 1 8 4. However, it is difficult to explain such a
marked change in the order of reaction for so slight a
change in pH.

As well as the pH of the medium, the nature of the acyl
group at the sulphur atom also affects the rate of migration
of the acyl groups in amino-thiols, also in both the Ο —» Ο'
and the Ο -• Ν migrations. For example, S-benzoyl-2-
mercaptoethylamine is converted into the thiol at one-tenth
the rate of the conversion of the S-acetyl derivative181.

Since the migration of acyl groups proceeds through the
formation of an intermediate cyclic compound, it is quite
natural for rearrangement to occur only for amino-thiols
containing a primary or secondary amino-group. Com-
pounds which contain a tertiary amino-group do not rear-
range and in aqueous solution can only be hydrolysed with
the formation of a free thiol. Thus S-acetyl-2-dimethyl-
aminoethyl mercaptan undergoes partial hydrolysis at pH
7-8 and in 1 h forms ~ 17% SH groups titratable by iodine
as a result of this 1 8 1.

In studying the migration of acyl groups in S-acetyl
derivatives of amino-alkanethiols of general formula
CH3COS[CH2]nNH2 (with η = 3, 4, 6, or 10), it was found
that at pH ~ 7.0 apart from S-acetyl-2-mercaptoethylamine
(« = 2), only S-acetyl-3-mercaptopropropylamine (n = 3) is
rearranged at a measurable rate 1 8 2 . On comparing the
rate of reacylation of the β- and y-S-acetyl derivatives of
amino-thiols the γ derivative is rearranged at one-hun-
dredth the rate of the β- substituted derivative. This agrees
with the finding that the formation of an intermediate five-
membered cyclic compound from the S-acetyl-2-mercap-
toethylamine (« = 2) takes place 70 times more rapidly
than the formation of the corresponding six-membered ring

from S-acetyl-3-mercaptopropylamine183. The higher
homologues of S-acetyl-ω-aminoalkanethiols (n = 4, 6, 10)
cannot undergo rearrangement and their deacylation is pos-
sible only as a result of hydrolysis, the rate of which
increases with the pH1 8 2.

Certain other instances of S —> Ν migration of acyl
groups are also known. Thus in an attempt to isolate the
free base of 2-ethylaminoethyl thiobenzoate (XI) from its
hydrobromide, Stirling187 obtained a product of S -» Ν
migration—iV-benzoyl-2-ethylaminoethanethiol (ΧΠ); in
addition to that an NS- dibenzoyl derivative (ΧΙΠ) was also
isolated from the reaction products; its formation can be
explained by the reaction of the amido -thiol (ΧΠ), obtained
as a result of S —» Ν rearrangement, with the amino-ester
(XI):

HSCHjCHtNCOCjH,

(XII) C,HS

C,H6COSCH,CH,NH

Q H S

. C,H6COSCH,CH2NCOC,H6 +HSCH JCH,NHC, 1H 5 .

(XIII)

Rearrangements associated with the S -» Ν migration of
acyl and alkoxycarbonyl groups was also observed for S-
derivatives of cysteine188»189, peptides190, ephedrine191, and
2 -mercaptoethylamine and acylated amino-acids l*°-142 , l e a ,1 9 3.

It must be pointed out that very little information has
been published on the Ν —• S migration of acyl groups in an
acid medium. Martin and coworkers183 found that N-a.ce-
tyl-2-mercaptoethylamine (XIV) in an acid medium forms
mainly 2-methylthiazoline-A2 (XVI), together with a little
S-acetyl-2-mercaptoethylamine (XV), which was identified
only spectrophotometrically:

CH,CONHCH,CH,SH •

(XIV)

H,NCH,CH,SCOCH,

(XV)

: - C H ,

(XVI)

An instance of Ν - • S migration of an acyl group in an

acid medium was also observed by Sicher and Svoboda194,195

in studying the cyclisation of epimers of JV-acyl derivatives
of acyclic 1,2-amino-thiols (threo- and erythro-iorma).
The first stage of reaction for both epimers (XVII, XVIIa)
is the formation of an unstable 2-hydroxythiazolidine inter-
mediate derivative (XVHI, XVIIIa):

R—CH—CH—R'
I I
SH NHCOR'

(XVII; threo-tom)

R— CH—CH— R'

SH NHCOR*

(XVII a; erythro-fonn)

C—C

S NH

R — C H — C H — R '
I I
S Ν

(XVIII)

Η Η"

\ 6

S NH

R·

(XIX; trans-)

R-CH-CH-R'

i Ν

(XVIII a)

R
(XIX a; tf#.)

• R-CH-CH-R'

R'OCS NH,

(XX)
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For the threo- epimer (XVII) the intermediate ring (XVIII)
in an acid medium is converted exclusively into A2-thiazo-
line derivative (XIX), where the substituents R and R' at
the carbon atoms are in the trans -position, that is, the
formation of (XIX) does not lead to approach of the substi-
tuents. For the erythro-epimer (XVIIa) the product of the
Ν -» S migration of the acyl group is formed-S-acylami-
noalkanethiol (XX), since the formation of (XVilla) from
(XVIIa) leads to the approach of the substituents R and R',
and the thiazoline ring (XKa) is structurally strained. As
a result of this there is opening of the hydroxythiazolidine
intermediate ring (XVIHa) at the C-N bond, and the acyl
group migrates from the nitrogen atom to the sulphur atom.

An example of an Ν —* S migration of an ethoxycarbonyl
group has also been described198. In the treatment of 2-
(JV-ethoxy-iV-ethoxycarbonylaminoJethyl mercaptan (XXI)
with dilute hydrochloric acid the formation of the thiol car-
bonate (XXII) was observed; this was then converted by
alkaline hydrolysis into the thiol (ΧΧΠΙ):

—CH,CH»SH CiHjONHCHjCHiSCOOCiH, •

(XXII)
H,CC/''

(XXI)
-» CiH,ONHCH,CH,SH

(XXIII)

From what has been said above it follows that the mi-
gration of acyl groups in acylated amino-alcohols and ami-
no-thiols proceeds by a similar mechanism. In the first
stage of the process, whether in acid or in alkaline media,
an intermediate unstable cyclic compound (hydroxyoxazoli-
dine) for amino-alcohols and hydroxythiazolidine for amino-
thiols) is formed. In the second stage this intermediate
cyclic compound is converted, depending on the pH of the
medium, into various final products.

A comparative study of the rate of migration of acyl
groups in acylated derivatives of amino-alcohols and amino-
thiols showed that the rate of the S —· Ν migration is greater
than that of the Ο -> Ν migration97. Moreover it is known
that the formation of a hydroxyoxazolidine as an intermedi-
ate compound in the rearrangement of O-acyl derivatives
of amino-alcohols takes place 140 times more rapidly than
the formation of hydroxythiazolidine from amino-thiols97.

This is probably influenced by the fact that a positive
charge on the carbon atom of the carbonyl group connected
with the oxygen atom is greater than that at the carbon atom
of a carbonyl group connected with a sulphur atom.

It can be suggested that owing to this effect the rate of
Ο -• Ν migration should be greater than the rate of S -* Ν
migration. But since the subsequent opening of the hy-
droxythiazolidine ring in an alkaline medium, leading to the
formation of an JV-acyl derivative of the amino-thiol takes
place much more rapidly than the opening of the hydroxy-
oxazolidine OT, in the end the rate of the S -» Ν rearrange-
ment is greater.

VH. REARRANGEMENT OF AMINOALKYL DERIVATIVES
OF ISOTHIOUREA AND ISOSELENOUREA

Rearrangements similar to the S->N migration of acyl
groups in acylated amino-thiols are also observed in a
series of aminoalkyl substituted isothioureas1B7-20*.

Thus during the neutralisation of an aqueous solution of
a salt of S-2-aminoethylisothiourea with one equivalent of
alkali (pH =* 7.0) the formation of 2-mercaptoethylguanidine
is observed197:

/ N H ,

H,,NCH,CH,S—C 2 HBr
lequiv.NaOH

HI*/"

C-NHCHjCH^H-HBr.

Initially attempts were made to explain the mechanism
of such a conversion by the known reactions for the aminol-
ysis of S-substituted thioureas, leading to the formation of
guanidine derivatives 2O6>aoe:

,NH,
• H,NCH,CH,SH+ C-NHCH,CH»SH

But here the aminolysis should precede the hydrolytic
splitting of the C-S bond in 2-aminoethylisothiourea with
the formation of 2-mercaptoethylamine; this is possible
only at pH > 10 and elevated temperature:

2 C—SCH,

ro/'

Η,Νν

:,CH,HH» · 2 H B r 4 N * ° H ' 2HtNCH.CHtSH -f

+ 4NaBr + 4H,O

In studying the stability of aqueous solutions of S- 2 - amino-
ethylisothiourea at various pH, Khym and coworkers199

found that this compound does not change at room tempera-
ture in 0.2 Ν HC1 in 14 days. At pH <* 3.5, S-2-aminoeth-
ylisothiourea in aqueous solution is completely converted
into 2-aminothiazoline and an ammonium salt after four
days. At somewhat higher pH (~ 4.5) in addition to 2-ami-
nothiazoline, 2-mercaptoethylguanidine is also observed.
In neutral or weakly alkaline medium this isothiuronium
compound is instantaneously and completely converted into
2-mercaptoethylguanidine. In a strongly alkaline medium
the reaction for the formation of a guanidine derivative
competes with the reaction for the formation of 2-mercap-
toethylamine as a result of the hydrolytic splitting of the
isothiuronium salt, and consequently both 2-mercaptoethyl-
guanidine and 2-mercaptoethylamine are observed in the
solution together. *

The above authors gave the name "transguanidation" to
the conversion of the isothiouronium compounds into guani-
dine and thiazoline derivatives199, as it is a special case of
intramolecular S —» Ν rearrangement.

The mechanism of this rearrangement is explained as
follows: S-2-aminoethyl isothiourea (I) can exist in an un-
stable cyclic form (Π) which is produced as a result of
nucleophilic attack by the β-amino- group on the thiourea
residue. This unstable intermediate cyclic compound (Π)
is subsequently converted either into 2-mercaptoethylguani-
dine (III) or into 2-aminothiazoline (IV), depending upon the
reaction, medium: according to the following scheme:

A. Formation of an unstable intermediate ring:

H2

(I)

H,c CH2

H,N y% + H +

H2C

HNN ^ S + 2H +

·- III)

B. Stabilisation of intermediate ring (Π) at pH « 7.0:

•H,C———CH,

H N S + 2H*

L an

H,C CH,

Ε HhL SH + H,0 .

Η,Ϊ'
(III)

C. Stabilisation of ring (II) at pH =* 3.5:

H,C CH,H,C CH,

Hhk ^ S + 2H

L (II)

H,C CH2 H2C CH,
i +

 J- " κ ι c -g->- Nk k

NH, NH,
(IV)

In neutral or weakly alkaline media cleavage of ring (II)
occurs with formation of 2-mercaptoethylguanidine (ΠΙ)
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since at a low proton concentration the uncharged amino-
group facilitates migration of the electrons of the neigh-
bouring C-S bond to the sulphur atom, which in this way
leads to breaking of this C-S bond and formation of (ΠΙ).

In a weakly acid medium as a result of addition of a pro-
ton to one of the amino-groups electrons of the C-N bond
are displaced, an ammonium ion is lost, and 2-aminothi-
azoline (IV) is formed.

Confirmation of the "transguanidation" reaction scheme,
which proceeds with formation of an intermediate cyclic
compound, was also obtained by Rachinskii and Slavachev-
skaya207, who studied the rate of conversion of S-2-amino-
ethylisothiuronium into 2-aminothiazoline in aqueous solu-
tion at pH ~ 3.5.

In addition the authors2 0 7 showed that the reaction of
"transguanidation" can be used to obtain a series of guani-
dinoalkanethiols and the corresponding disulphides.

In studying the behaviour of various S-substituted thio-
ureas in aqueous solutions it was observed that in neutral
or weakly alkaline media there is a sharp difference in the
rate of formation of the thiol depending on the structure of
the isothiuronium salts 2 0 7. Aminoalkylisothiuronium com-
pounds, which contain a primary or secondary amino-group
in the β or γ position at pH ~ 7.5 are converted almost in-
stantaneously and quantitatively into the thiol, whereas the
analogous compounds with a tertiary amino-group do not
form a thiol under these conditions.

In addition it has been noted that S-3-aminopropyliso-
thiourea (V) undergoes rearrangement at a higher pH than
S-2-aminoethylisothiourea201. Thus the optimal conditions
for the quantitative conversion of (V) into 2-aminopenthi-
azoline (VI) are pH 4.5 and for rearrangement into 3-mer-
captopropylguanidine (VII), pH 8.

,NH,

HaNCHjCHjCHiSC

(V)

CH2 ~
/ \

HaC CH,

HN S

HjN / \NH,

pH4,S

CHj
/ \

H,C CH,
- I I

Ν S

H,NN

H,N

(VI)

C—NHCH,CH,CH,SH

(VII)

With lengthening of the carbon chain between the amino-
groups and the thiourea residue naturally the formation of
the unstable intermediate ring (Π) is hindered and the de-
gree of rearrangement is decreased201»207.

The difficulty of forming a seven-membered intermedi-
ate cyclic compound explains why the salt of S-4-aminobu-
tylthiourea (VHI) is stable in aqueous solution at pH 7.
However, on standing for several days at pH 9.2, a mix-
ture of 4-mercaptobutylamine (DC) and 4-mercaptobutyl-
guanidine (X) is formed, which, as has been shown201 is the
consequence of aminolysis:

NH, NH, NH, NH,

H2N[CH2]4SC + H2N[CH2]4SC -• H2N[CH2]4SH + C—NH[CH2)4SC ->

Η NH NH NH
(VIII) (IX)

NH,

2C—NH[CH2]4SH

(X)

The introduction of alkyl substituents to the nitrogen
atoms of amino-groups of the thiourea residue has no effect
on the rearrangement of S-aminoalkylisothiouronium

salts201»208"210. However, the presence of alkyl substitu-
ents at the nitrogen atoms of the amido-groups decreases
the degree of "transguanidation". S-aminoalkyl-substituted
thioureas, which contain one substituent at the nitrogen
atom of the amido-group undergo rearrangement more eas-
ily than those which contain two substituents 2 0 8 " 2 1 0 .

"Transguanidation" is also observed in a series of iso-
thiuronium derivatives of hydrocarbons. Thus Wolfrom
and coworkers211,212 showed that at pH =* 7 the salt 2-(3,4,6-
tri-O-acetyl-2-amino-2-desoxy-2-D-galactopyranosyl)-2-
isothiourea (XI) is converted into the corresponding guani-
dinothiol (XII) by the scheme:

In recent years information has also been pub-
lished208"210»213 about the analogous rearrangement of deriv-
atives of isoselenourea. At pH ~ 7.0, 2-aminoethyliso-
selenourea (ΧΠΙ) is converted into 2-guanidoethylselenol
(XIV) but at pH ~ 3.5 2-aminoselenazoline (XV) is formed,
that is, the reaction of "transguanidation" takes place by
the usual scheme:

H,C-CH,

1+ I

H,N Se

C

(XIII)

ι ι
HN Se +2H+

C
/ \

-H,N NH, - 1

HSC—CH2

- E S ^ U Ν SeH
\ (Xl\0

C

H,N NH,

H,C—CH,
PH~3.» I I

' Ν Se
X/ (XV)

k
The "transguanidation" rules, found by the examples of

aminoalkyl-substituted isothioureas 8 0 1,8 0 7, extend also to
the corresponding derivatives of isoselenourea208"210. The
relative rate of rearrangement of the isothiuronium com-
pounds and their selenium analogues were studied spectro-
photometrically. It was found208"210 that 2- and 3-amino-
alkyl derivatives of isoselenourea undergo rearrangement
much more rapidly than the corresponding thio-analogues.
It was also observed208"210 that aminoalkyl substituted iso-
selenoureas which contain a tertiary amino-group are, un-
like the corresponding S analogues, capable of undergoing
partial hydrolysis in a neutral medium, which is evidently
explained by the C-Se bond being weaker than the C-S
bond.

We assume that "transguanidation" can be considered as
an instance of S -• Ν (or Se -» N) migration of an amidine
group which takes place by the same mechanism as the mi-
gration of acyl groups in acylated amino-thiols.

vTH. REARRANGEMENT OF CERTAIN AMINOALKYL
SULPHIDES

Naturally it was suggested that S-aminoalkyl derivatives
of compounds which contain elements structurally similar
to thiourea:

>
|

C—S (CH,)n NH;
v | >N ι
^>C— S (CH,)rt NH; / ^ C — S (CH,)rt NH
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can also rearrange with formation of the corresponding N-
substituted aminoalkane thiols:

•NH—'
HS ( C H , ) B N - C ^ _ ; HS (CH,) n N - C ^

Such rearrangements, which take place by the mecha-
nism of S -» Ν migration of acyl groups in the series of
acylated amino-thiols, were also observed in S-aminoalkyl-
substituted dithiocarbamates214»215, xanthic216 and trithio-
carbonic217 acids.

Thus, in the treatment of salts S-(2-aminoethyl)-iV-
phenyldithiocarbamate (I), obtained by the reaction of salts
of 2-mercaptoethylamine with phenyl isothiocyanate, l-(2-
mercaptoethyl)-3-phenyl-2-thiourea (III) was liberated by
one equivalent of a weak base2 1 4:

s
Η JN CH,CH,SH + C,H6NCS -• HJN CH,CH,S--C-NHC(He •

(I)
-H tC—NH SH τ S

V
/\

H,C—S NHC.H,
(II) (III)

[
H tC—NH SH -ιχ -

H,C—S NHC,H,J

C,H,NH-C-NHCH,CH|SH.

This rearrangement i s a part icular example of an S - • Ν

migration of a thiocarbamyl group and is also associated
with the formation of an unstable thiazolidine ring (II).

Pustoshkin and Rachinskii215 found that S-aminoethyl de-
rivatives of diethyl dithiocarbamate undergo an analogous
rearrangement in an alkaline medium. The reaction of
sodium diethyldithiocarbamate with 2-chloroethylamine was
first studied by Postovskii218, who showed that the main
product of the reaction is S-2-aminoethyldiethyldithiocar-
bamate (IV). Somewhat later Johnstone and Gallagher219

noted, in repeating this work, that besides the compound
(IV) another unidentified reaction product is also formed
in large amount. This led Pustoshkin and Rachinskii to in-
vestigate the reaction in greater detail. As a result it was
found that in an alkaline medium not only S-2-aminoethyl-
diethyldithiocarbamate (IV) is formed, but also a product
of S -» Ν rearrangement (VI) which does not exhibit salt-
forming properties, is titrated by iodine, is readily oxi-
dised by atmospheric oxygen and gives isothiuronium com-
pounds with halogenoalkylamines.

It is natural to assume that here an intramolecular re-
arrangement of (IV) proceeds through the stage of forma-
tion of an unstable intermediate ring (V), which, depending
on the conditions, is stabilised either in the form of an
AW-substituted thiourea (VI) by breaking of a C-S bond or
as a 2-thiazolidinethione (VII) by loss of an amine mole-
cule:

(IV)

HS S CH»

V
I N N H -

(V)

• HSCHsCH,NHCN(C,H6)»
II

(VI) S

yS— ~CHf "

N H — C H , (VII)

A rearrangement connected with S —» Ν migration was
also observed in a series of S-/3(y)-aminoalkyl derivatives
of the ethyl xanthate216. The reaction of potassium xanth-
ate with /3-chloroethylamine in alcoholic solution at room

temperature gave the ethyl #-2-mercaptoethyl monothio-
carbamate (X), which is formed as a result of the rear-
rangement of S-2-aminoethylxanthate (VIII):

CsHjO—C—SK + aCH»CH,NHi - CjH6O—C—SCHaCHaNHs -

(VIII)

-C»H6O S — CH,n S

HS HN-
(IX) (X)

— CH,

Ί - C H ,

• HSCHjCH,NH—C—OC,HS.

It has been shown218 that the "transguanidation" rules are
also retained here: the formation of the derivatives of ethyl
monothiocarbamate was observed only when potassium
xanthate reacts with halogenoalkylamines with a primary or
secondary amino-group. Only the S-aminoalkyl xanthate
is obtained for halogenoalkylamines with a tertiary amino-
group or with a long carbon chain, when the formation of
intermediate ring (IX) is hindered.

Here also the rearrangement can be regarded as S —» Ν
migration of a thioethoxycarbonyl group, taking place by
the same mechanism as in derivatives of thioglycol174.

An analogous S -» Ν rearrangement was also observed
in S-/3(y)-aminoalkyl-substituted esters of trithiocarbonic
acids2 1 7. The reaction of sodium methyl trithiocarbonate
with 2-bromoethylamine at low temperature gives methyl
iV-(2-mercaptoethyl) dithiocarbamate (XI), which is con-
verted into 2-thiazolidinethione (XII) on heating:

s s
CH,S—C—SNa + BrCHjCHiNHjHBr -* CHaS—C—SCHiCH,NH, · HBr —

S[CHjS S CHs-iX 11
HS NH-CH,J

t H,C—S
HSCH,CH,NH-C-SCH, -^ I \

C=S

(XI) H a C - N H
(XII)

Papers have recently appeared on the possibility of an
S —• Ν rearrangement in a series of S-aminoalkyl deriva-
tives of certain heterocycles.

Khym and coworkers201 showed that 2-(2-aminoethyl-
mercapto)imidazoline (ΧΙΠ) stable in 0.2 NKCl, atpH ~ 7.0,
is converted into 2-(2-mercaptoethylamino)imidazoline
(XIV) to the extent of 70% in 10 min, but the product of the
rearrangement was not isolated and was only characterised
chromatographically. In Khym's opinion the rearrange-
ment proceeds thus:

Η,Ο-ΝΗ NH-CH» -· HaC-Nix ι l· ιH«C-N

I ^C—SCH,CH,NH,

H,C—NH

(XIII)

[
Η,Ο-ΝΗ NH-CH» -·ix ι
H.C-NH S CH,J

'Z—NHCH,CHaSH.

HiC—NH

(XIV)

Pavlova and coworkers 209»210>220 investigated the rear-
rangement of a considerable number of S-aminoalkyl de-
rivatives of 2-mercaptoimidazoline containing primary,
secondary, and tertiary amino-groups, over a wide range
of pH. According to their results the conversion of these
substances into iV-substituted amino-thiols proceeds in ac-
cordance with the general mechanism of S -» Ν rearrange-
ment. They isolated the products of the rearrangement
and characterised them as disulphides, whose structures
were demonstrated by countersynthesis.

Subsequently an analogous rearrangement was studied by
the example of the rearrangement of S-2(3)-aminoalkyl
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derivatives of 2-mercaptothiazoline209'210'220»221 and2-mer-
capto-oxazoline222 into the corresponding thiols:

k.—SCHJCHJNHJ :

(XV)

H2C Χ.

HjC NH NH—CJJj
(XVI)

H2C—X^
r-9 \ .

H,C—NT

—NHCHSCH2SH ,

(XVII)

where X = S, O.
The assumption that the rearrangement of 2-(2-amino-

ethylmercapto)thiazoline (XV; X = S) proceeds with for-
mation of an unstable intermediate bicyclic compound
(XVI; X = S) naturally leads to the question as to which
ring of the compound (XVI; X = S) is opened—that newly
formed (B) or the original one (A)? To determine this,
Pavlova and Rachinskii 21° obtained 2-(2-aminoisopropyl-
mercapto)thiazoline (XVIII) and 2-(2-aminoethylmercapto)-
5-methylthiazoline (XIX). It can be suggested that in the
S —» Ν rearrangement of these compounds the same inter-
mediate bicyclic compound (XX) should be formed, in which
the breaking of a C-S bond can proceed with the same
probability in any ring of the compound (XX) and then the
production of a mixture of the products (XXI) and (XXII)
should be expected:

H2C—Ν

C—SCHCHaNHa

H,C:—S CH3
CH s-HC-

V
C—SCH,CHtNHj

-S (XIX)

(XVIII) \ ΓΗ^-ΝΗ NH-CH, ~\ /

C

"H^C——S S —CHCH3
I (XX)

I pH 7-e; O,

,,N-CH2/ Ji—CH2\ / -N—CH3 \
I — S—CHCH2NH—C<( I I + I —S-CHiCHoNH—Cf | I
\ I X S—CH 2 / a \ \s—CHCH,/,

(XXI) (XXII)

However, it was found210 that the only product of the
rearrangement of (XVm) is 2-(2-thiazolinylamino)isopro-
pylmercaptan, isolated as the disulphide (XXI) and for
(XIX) bis-{/3-[2-(5-methyl)thiazolinylamino]ethyl} disul-
phide (XXII). The results obtained suggest that the rear-
rangement of S-aminoalkyl derivatives of 2-mercaptothi-
azoline (and other heterocycles) does not proceed through
the formation of the bicyclic intermediate spirane com-
pound, but through a transition state.

Later Clapp and coworkers223 studied the conversion of
2-(3-aminopropylthio)penthiazine (ΧΧΠΙ) into 2-(3-mercap-
topropylamino)penthiazine (XXIV) in an alkaline medium:

(CHJOS C-S(CH 2 ) 3 NH 2

2 — Ν Η
c

(XXIII)

cnt C—NH (CHOsSH

(XXIV)

At the same time, in the reaction of 2-thiopenthiazine
(XXV) with 2-bromoethylammonium chloride instead of the
expected 2-(2-aminoethylthio)penthiazine dihydrobromide
(XXVI) the authors isolated 2-(3-aminopropylthio)thiazoline

(ΧΧνΠΙ). It was suggested that the formation of (XXVEtt)
is the result of the rearrangement of (XXVI) in an acid me
dium through the intermediate compound (XXVII):

(CHs)3

^ BrCH,CH,NH,.HBr
C-SH » (CH2)3

(XXV)

xNHx

C-S(CH,),NH 2

(XXVI)

/ " " \ / N H \
(CH 2) 3 C

(XXVII)

'(CH,). HaN(CH2)3S—C

(XXVIII)

In an attempt to bring about the rearrangement of S-2-
aminoethyl derivatives of 2-mercaptobenzimidazole and
2-mercaptobenzthiazole it was found that these compounds
do not form a thiol at pH 7-9 and room temperature2 2 4.
Probably the difficulty of rearrangement is connected with
a decrease in the positive charge on the C te) carbon atom
as a result of the influence of the double bond of the imida-
zole or thiazole ring. The results agree with the fact that
in the reaction of 2-mercaptothiazole with halogenoalkyl-
amines in an alkaline medium the corresponding S-amino-
alkyl derivatives are obtained, and not the thiols, as the
possible products of the rearrangement225. However,
Manolov226 succeeded in effecting the thermal rearrange-
ment of 2-(2-aminoethylmercapto)benzthiazole (XXIX) into
2-(benzthiazol-2-ylamine)ethanethiol (XXX). The conver-
sion of (XXK) into (XXX) was carried out as follows: the
base (XXIX) was heated in an atmosphere of nitrogen at
160°C for 1 h. The thiol (XXX) isolated as a result of the
rearrangement of (XXIX) was shown chromatographically
to be identical with the thiol obtained by the countersynthe-
sis:

1 C—SCH2CH,NH2 -. HSCH,iCH2HN—C

(XXIX)

HaC CH 2 -f-H,N-C

Johnston and Gallagher227 observed the S -» Ν rearrange-
ment for derivatives of 6-mercaptopurine. In an attempt
to obtain 6-(2-aminoethylthio)purine by the reaction of 6-
mercaptopurine with 2-bromoethylammonium bromide in
the presence of potassium carbonate, unchanged 6-mercap-
topurine, /3-purin-6-ylaminoethanthiol (ΧΧΧΠ), and the
corresponding disulphide were isolated; the expected 6-
(2-aminoethylthio)purine (XXXI) was not. As the authors
proposed227 (XXXI) is formed initially and in an alkaline
medium it rearranged into |3-purin-6-ylaminoethanethiol
(XXXII):

SCH,CH,NH, NHCHiCHaSH

Ν || \ Κ,οο,
> + BrCH,CH2NH,-HBr

(XXXI) (XXXII)

Later a similar rearrangement was also described for
S-aminoethyl derivatives of 8-mercapto- and 2-mercapto-
adenine and also 8-mercaptocaffeine228.

It was also found210 that 2-(2-aminoethyl)mercaptopyri-
midine (ΧΧΧΙΠ) is rearranged into the corresponding N-
substituted aminothiol (XXXIV) in neutral and slightly alka-
line media. The product of the rearrangement, isolated
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as a disulphide (XXXV), was identical with the product ob-
tained by countersynthesis:

!—SCHjCH,iNHi-2HBr
pH~T.O

(XXXIII)

' ~ N V - C 1 + (HJNCHJCH^-)!

-NHCHaCH,SH

o, (XXXIV)

(XXXV)

The rules for the S —> Ν migration were studied in
greater detail209»210 by the example of the rearrangement
of S-aminoalkyl-substituted 2-mercapto-4,6-diaminopyri-
midine.

—oOo—

We think that the results given above about the rear-
rangements associated with the intramolecular migration
of acyl and other groups represent a generalisation of in-
stances of the migration of groups sensitive to nucleophilic
attack (structures which include the bonds C=O, C=S, or
C=N) between two nucleophilic groups (H2N, OH, SH). The
study of the rules and limits of application of these rear-
rangements as well as being of general theoretical interest,
opens a path to the synthesis of new organic compounds.

REFERENCES

1. W.BOttcher, Ber., 16, 629(1883).
2. A.Einhorn and B.Pful, Annalen, 311, 34(1900).
3. K.Auwers, Annalen, 332, 159(1904).
4. K.Auwers, Ber., 37, 2249 (1904).
5. K.Auwers, Ber., 33, 1923 (1900).
6. J.H.Ransom, Amer.Chem.J., 23, 1(1900).
7. J.H.Ransom, Ber., 33, 199 (1900).
8. H.T.Upson, Amer.Chem.J., 32, 13(1904).
9. J.Stieglitz and H.T.Upson, Amer.Chem.J., 31, 458 (1904).

10. L.C.Railford and E.P.Clark, J.Amer.Chem.Soc, 45, 1738
(1923).

11. R.E.Nelson and H.L.Davis, J.Amer.Chem.Soc., 48, 1677
(1926).

12. R.E.Nelson, J.R.Matchett, and J.B.Tindall, J.Amer.
Chem.Soc, 50, 919 (1928).

13. F.Bell, J.Chem.Soc, 1981(1930).
14. F.Bell, J.Chem.Soc, 2962(1931).
15. R.E.Nelson and W.C.Aitkenhead, J. Amer.Chem.Soc, 48,

1680 (1926).
16. R.E.Nelson, N.W.Shock, andW.H.Sowers, J.Amer.Chem.

Soc, 49, 3129 (1927).
17. J.H.Ransom and R.E.Nelson, J.Amer.Chem.Soc, 36, 390

(1914).
18. J.H.Ransom, Ber., 31, 1055 (1898).
19. L.C.Raiford, J.Amer.Chem.Soc, 41, 2068(1919).
20. L.C.Raiford and J.R.Couture, J. Amer.Chem.Soc, 44,

1792 (1922).
21. L.C.Raiford and H.Lankelma, J.Amer.Chem.Soc, 47,

1111 (1925).
22. L.C.Raiford and C.E.Greider, J. Amer.Chem.Soc, 46, 430

(1924).
23. L.C.Raiford and CM.Woolfoik, J.Amer. Chem.Soc, 46,

2246 (1924).
24. L.C.Raiford and J.R.Couture, J.Amer.Chem.Soc, 46,

2305 (1924).
25. L.C.Raiford and J.C.Colbert, J.Amer.Chem.Soc, 47,

1454 (1925).
26. L.C.Raiford and E.P.Clark, J.Amer.Chem.Soc, 48, 483

(1926).

Russian Chemical Reviews, 37 (8), 1968

27. R.E.Nelson and H.S.Rothrock, J . A m e r . C h e m . S o c , 51
2761 (1929).

28. C.B.Pol lard and R.E.Nelson, J . A m e r . C h e m . S o c , 53, 996
(1931).

29. L.C.Raiford and H.A.Iddles, J . A m e r . C h e m . S o c , 45, 469
(1923).

30. E.L.Totton and L.C.Raiford, J . A m e r . C h e m . S o c , 76,
5127 (1954).

3 1 . A.Le Rosen and E.Smith, J . A m e r . C h e m . S o c , 71, 2815
(1949).

32. F.Wolfheim, Ber., 47, 1447 (1914).
33. S.Gabriel, Annalen, 409, 305 (1915).
34. M.Bergmann, E.Brand, and F.Dreyer , Ber., 54, 936 (1921).

35. M.Bergmann, E.Brand, and F.Weinmann, Z.physiol.
Chem., 131, 1 (1923).

36. M.Bergmann and E.Brand, Ber., 56, 1280 (1923).
37. M.Bergmann and A.Mickeley, Z.physiol. Chem., 140, 128

(1924).

38. M.Bergmann, A.Mickeley, and F.Weinmann, Z.physiol.
Chem., 143, 108 (1925).

39. F.Bettr ieche, Z.physiol.Chem., 146, 227(1925).
40. S.Kanao, J . P h a r m . S o c . J a p a n , 48, 1070(1928); Chem.

Abs., 23, 2705 (1929).
4 1 . W.H.Hartung, J .C.Munch, and E.B.Kester, J . A m e r .

C h e m . S o c , 54, 1526 (1932).
42. V.Bruckner, A.Kramli, and L.A.Weil, J .prakt .Chem.,

143, 287 (1935).
4 3 . B.Vinkler and V.Bruckner, J .prakt .Chem., 151, 17(1938).
44. T.Immediata and A.R.Day, J .Org .Chem., 5, 512(1940).
45. W.Krable, W.Eisenlohr, and H.G.Schone, Ber., 73, 656

(1940).
46. G.Fodor, Ber., 76, 1216 (1943).
47. J .R.Reasenberg and G.B.L.Smith, J .Amer.Chem.Soc. , 66,

991 (1944).
48. A.C.Cope and E.M.Hancock, J . A m e r . C h e m . S o c , 66, 1448

(1944).
49. E.M.Hancock and A.C.Cope, J . A m e r . C h e m . S o c , 66, 1738

(1944).
50. J .R.Reasenberg and S.D.Goldberg, J . A m e r . C h e m . S o c ,

67, 933 (1945).
5 1 . D.Elliott, J . C h e m . S o c , 589(1949).
52. C.G.Alberti, Gazzetta, 82, 63 (1952).
53. G.Cignarella, Gazzetta, 93, 320 (1963).
54. "Methoden der organischen Chemie (Houben-Weyl)" (Edited

by E.MUller), Vol.XI, P a r t i , Thieme, Stuttgart, 1957,
p.939.

55. E.Walton and M.B.Green, J . C h e m . S o c , 315(1945).
56. E.Girod, R.Delley, and F.Hafliger, Helv.Chim.Acta, 40,

408 (1957).
57. T.White, J . C h e m . S o c , 1498(1938).
58. H.S.Isbel land H . L . F r u s h , J . A m e r . C h e m . S o c , 71, 1579

(1949).
59. G.Fodor and L.otvSs, Acta Chim.Acad.Sci.Hung., 5, 205

(1954).
60. D.Horton, J .B.Hughes, J .S.Jewel l , K.D.Phil ips, and

W.S.Turner , J .Org .Chem., 32, 1471 (1967).
6 1 . D.Horton, J .B.Hughes, J .S.Jewel l , K.D.Phil ips, and

W . N . T u r n e r , J .Org .Chem., 32, 1073 (1967).
62. G.Fodor and L.OtvOs, Ber., 89, 701 (1956).
63. T.D.Inch and H.G.Fletcher, J .Org .Chem., 31, 1821(1966).
64. A.Gordon, A.Martin, and R.L.M.Sunge, Biochem.J., 35,

1369 (1941).
65. P.Desnuelle and A.Casal, Biochem.Biophys. Acta, 2, 64

(1948).
66. P.Desnuelle, M.Rovery, and G.Bonjour, Biochem.Biophys.

Acta, 2, 134 (1948).
67. P.Desnuelle, M.Naudet, and E.Sambuc, Bull .Soc.chim.

France, 650 (1949).



Russian Chemical Reviews, 37 (8), 1968 601

68. P. Desnuelle and G.Bon jour, Biochem. Biophys. Acta, 7,
451 (1951).

69. D.F.Elliott, Biochem.J., 50, 542(1952).
70. A. C. Chibnall and M.W.Rees, in " The Chemical Structure

of Proteins", Ciba Foundation Symposium (Edited by
G.E.Wolstenholme and M.P.Cameron), Churchill, London,
1953, p.70.

71. D.F.Elliott, ibid., p . 129.
72. M.M.Botvinnik, S.A.Avaeva, and E.A.Mistryukov, Dokl.

Akad.Nauk SSSR, 82, 727 (1952).
73. M.M.Botvinnik, S.A.Avaeva, and E.A.Mistryukov, Zhur.

Obshch.Khim., 24, 2084 (1954).
74. R.Lumry and H.Eyrind, J.Phys.Chem., 58, 110(1954).
75. L.Wiseblatt, L.Wilson, and W.B.McConnell, Canad.J.

Chem., 33, 1295 (1955).
76. L.Ramachandran and W.B.McConnell, Canad.J. Chem., 33,

1638 (1955).
77. C.Tanford, J.Amer.Chem.Soc, 77, 1912(1955).
78. J.Crawhall and D.F.Elliott, Biochem.J., 61, 264(1955).
79. A.C.Chibnall, J.L.Mangan, and M.W.Rees, Biochem.J.,

68, 114 (1958).
80. L. Josefsson and P.Edmann, Acta Chem.Scand., 10, 148

(1956).
81. P.Edmann and L.Josefsson, Nature, 179, 1189(1957).
82. L.Josefsson and P.Edmann, Biochem.Biophys.Acta, 25,

614 (1957).
83. E.O.P.Thompson, in "Advances in Organic Chemistry"

(Edited by R.A.Raphael, E.C.Taylor, and H.Wynberg)
(Translated into Russian), Inostr.Lit., Vol.1, Moscow, 1965,
p.216.

84. L.A.Cohen and B.Witkop, Angew.Chem., 73, 253 (1961).
85. L.A.Cohen and B.Witkop, in "Molecular Rearrangements"

(Edited by P.de Mago), Interscience, New York, 1963,
Part 2, p.965.

86. S.Bittner, Y.Knobler, and M.Frankel, Tetrahedron Letters,
95 (1965).

87. A.P.Phillips and R.Baltzly, J.Amer.Chem.Soc, 69, 200
(1947).

88. E.Fry, J.Org.Chem., 14, 887(1949).
89. R.H.Wiley and L.L.Bennett, Chem.Rev., 44, 447 (1949).
90. W.S.Johnson and E.N.Schubert, J.Amer.Chem.Soc, 72,

2187(1950).
91. G.E.McCasland and E.C.Horswill, J.Amer.Chem.Soc, 73,

3744 (1951).
92. S.Gabriel and T.Heymann, Ber., 23, 2493(1890).
93. R.H.Wiley and L.L.Bennett, J.Org.Chem., 14, 458 (1949).
94. D.F.Elliott, J.Chem.Soc, 62(1950).
95. G.Porter, H.Rudon, and J.Schofield, J.Chem.Soc, 2686

(1960).
96. S.Winstein and R.Boschan, J.Amer.Chem.Soc, 72, 4669

(1950).
97. R.B.Martin and A. Par cell, J.Amer.Chem.Soc, 83, 4835

(1961).
98. R.B.Martin, R.I.Hedrick, and A.Parcell, J.Org.Chem.,

29, 3197 (1964).
99. E.Fry, J.Org.Chem., 15, 802 (1950).

100. E.Bergmann, Chem.Rev., 53, 309(1953).
101. L.H.Welsh, J.Amer.Chem.Soc, 71, 3500(1949).
102. L.Welsh, J.Org.Chem., 32, 119(1967).
103. G.Fodor and J.Kiss, J.Amer.Chem.Soc, 72, 3495 (1950).
104. G.Fodor and J.Kiss, Acta Chim.Hung., 1, 130(1951).
105. G.Fodor and J.Kiss, J.Chem.Soc, 1589(1952).
106. L.Anderson and H.A.Lardy, J.Amer.Chem.Soc, 72,3141

(1950).
107. L.H.Welsh, J.Amer.Chem.Soc, 69, 128 (1947).
108. D.F.Elliott, J.Chem.Soc, 589 (1949).
109. V.Bruckner, G.Fodor, J.Kiss, and O.Kovacs, J.Chem.

Soc, 885 (1948).

110. G.Fodor, V.Bruckner, and J.Kiss, J.Org.Chem., 14, 337
(1949).

111. G.Fodor and J.Kiss, Nature, 163, 287(1949).
112. G.Fodor and J.Kiss, Nature, 164, 917(1949).
113. G.McCasland and H.Smith, J.Amer.Chem.Soc, 72, 2190

(1950).
114. G.McCasland, J.Amer.Chem.Soc, 73, 2295 (1951).
115. G.Fodor and K.Nador, Nature, 169, 462 (1952).
116. G.Fodor, Nature, 170, 278 (1952).
117. G.Fodor, J.Kiss, andl.Sallay, J.Chem.Soc, 1858(1951).
118. G.Fodor and J.Kiss, Research, 4, 339(1951).
119. G.Fodor, Nature, 167, 690(1951).
120. G.Fodor, Experientia, 11, 129(1955).
121. E.van Tamelen, J.Amer.Chem.Soc, 73, 5773(1951).
122. G.Fodor and K.Nador, J.Chem.Soc, 721 (1953).
123. G.Fodor and O.Kovacs, J.Chem.Soc, 724(1953).
124. G.Fodor, K.Koczha, and K.Nador, Acta Physiol.Acad.Sci.

Hung., 3, 27 (1952).
125. E.van Tamelen, W.F.Tousignant, and P.E.Peckham, J.

Amer.Chem.Soc, 75, 1297(1953).
126. A.Nickon and L.F.Fieser, J.Amer.Chem.Soc, 74, 5566

(1952).
127. J.Farkas" and J.Sicher, Coll.Czech.Chem.Comm., 20,

1391 (1955).
128. J . Attenburrow, D.F.Elliott, and G.F.Penny, J.Chem.Soc,

310 (1948).
129. K.Pfister, C.A.Robinson, A.C.Shabica, and M.Tishler,

J.Amer.Chem.Soc, 71, 1101 (1949).
130. O.Widman, J.prakt.Chem., [2], 47, 343 (1893).
131. H.Rupe, R.Paltzer, andK.Engel, Helv.Chim.Acta, 20,

209 (1937).
132. H.Rupe and W.Frey, Helv.Chim. Acta, 22, 673(1939).
133. A.Gassmannand H.Rupe, Helv.Chim.Acta, 22, 1241 (1939).
134. H.L.Wheeler, Amer.Chem.J., 27, 270(1902).
135. C.J.Stirling, J.Chem.Soc, 4531 (1958).
136. D.Y.Curtin and J.D.Druliner, J.Org.Chem., 32, 1552

(1967).
137. W.B.Wright, H.J.Brabander, and R. A.Hardy, J.Org.

Chem., 26, 2120 (1961).
138. G.Cignarella, E.Testa, and C.R.Pasqualucci, Tetrahedron,

19, 143 (1963).
139. G.Cignarella, E.Occelli, and E.Testa, Gazzetta, 93, 320

(1963); Chem.Abs., 59, 7474g (1963).
140. T.Weiland, H.U.Lang, and D. Liebsch, Annalen, 597, 227

(1955).
141. T.Weiland and H.Mohr, Annalen, 599, 222 (1956).
142. N.F.Albertson in "Organic Reactions" (Edited by A.C.Cope)

(Translated into Russian), Izd.Mir, Moscow, 1956, Vol.12,
p.269.

143. E.Fischer, M.Bergmann, and W. Lipschitz, Ber., 51, 45
(1918).

144. E.Fischer, Ber., 51, 51 (1918).
145. B.Helferich and H.Liesen, Ber., 83, 567(1950).
146. B.Helferich and W.Klein, Annalen, 455, 173(1927).
147. B.Helferich, H.Bredereck, and A.Schneidmuller, Annalen,

458, 111 (1927).
148. K.Josephson, Annalen, 472, 217 (1929).
149. B.Helferich and A.Muller, Ber., 63, 2142(1930).
150. W.N.Haworth, E.L.Hirst, and E.G.Teece, J.Chem.Soc,

1405 (1930).
151. L.V.Vargha, Ber., 67, 1223 (1934).
152. E.H. Farmer, Ann.Reports, 27, 103(1930).
153. E.L. Hirst and S. Peat, Ann.Reports, 31, 172(1934).
154. H.Hibbert and M.E.Greig, Canad. J.Res., 4, 254

(1931).
155. E.Fischer, Ber., 53, 1621(1920).
156. H.Hibbert and N.M.Carter, J.Amer.Chem.Soc, 51, 1601

(1929).



602 Russian Chemical Reviews, 37 (8), 1968

157. S.Winstein and R.Buckles, J.Amer.Chem.Soc, 64, 2787
(1942).

158. A.P.Doerschuk, J.Amer.Chem.Soc., 74, 4202(1952).
159. B.F.Stimmel and C.G.King, J.Amer.Chem.Soc, 56, 1724

(1934).
160. D.T.Jackson and C.G.King, J.Amer.Chem.Soc, 55, 678

(1933).
161. B.SjOberg, Ber., 74, 64 (1941).
162. P.Nylenand A.Olsen, Svenskkem.Tidskr., 53,274(1941)}

Chem.Abs., 36, 753 (1942).
163. J.S.Harding, L.W.S.Miles, and L.N.Owen, Chem. and

Ind., 42, 887 (1951).
164. J.S.Harding and L.N.Owen, J.Chem.Soc, 1528(1954).
165. J.S.Harding and L.N.Owen, J.Chem.Soc, 1436(1954).
166. B.Martin and R.I.Hedrick, J.Amer.Chem.Soc, 84, 106

(1962).
167. B.Sjo'berg, Ber., 75, 15 (1942).
168. L.W.S.Miles and L.N.Owen, J.Chem.Soc., 817(1952).
169. C.C.J.Culvenor, W.Davies, and K.H.Pausacker, J.Chem.

Soc, 1050 (1946).
170. M.G.Ettlinger, J.Amer.Chem.Soc, 72, 4793 (1950).
171. E.van Tamelen, J.Amer.Chem.Soc, 73, 3444(1951).
172. C.Price and P.Kirk, J.Amer.Chem.Soc, 75, 2396 (1953).
173. F. C. Bordwell and H.M.Andersen, J.Amer.Chem.Soc,

75, 4959 (1953).
174. C.C.J.Culvenor, W.Davies, and W.E.Savige, J.Chem.

Soc, 4480 (1952).
175. A.E.Dixon, J.Chem.Soc, 91, 122(1907).
176. A.E.Dixon and J.Taylor, J.Chem.Soc, 93, 684(1908).
177. A.E.Dixon and J.Taylor, J.Chem.Soc, 101, 2502(1912).
178. A.E.Dixon and R.T.J.Kennedy, J.Chem.Soc, 117, 80

(1920).
179. H.F.Lankelma and A.E.Knauf, J.Amer.Chem.Soc, 53,

309 (1931).
180. J.Baddiley and S.Thain, J.Chem.Soc, 3425 (1951).
181. T.Wieland and E.Bokelmann, Annalen, 576, 20 (1952).
182. T.Wieland and H.Horning, Annalen, 600, 12(1956).
183. R.B.Martin, J.Amer.Chem.Sec, 81, 5089(1959).
184. R.B.Martin and A.Parcell, J.Amer.Chem.Soc, 83,4830

(1961).
185. E.E.Smissman and J.R.J.Sorenson, J.Org.Chem., 30,

300 (1965).
186. S.Searles, S.Nukina, and E.R.Magnuson, J.Org.Chem.,

30, 1920 (1965).
187. C.J.M.Stirling, J.Chem.Soc, 4524(1958).
188. R.G.Hiskey, T.Mizogushi, and T.Inui, J.Org.Chem., 31,

1192 (1966).
189. H.P.Burchfield, Nature, 181, 49(1958).
190. A.Patchornik, J.Amer.Chem.Soc, 86, 1202 (1954).
191. Veuhatran, J.Pharm.Sci., 54, 225 (1965).
192. T.Wieland, E.Bokelmann, L.Bauer, H.U.Lang, and

H.Lau, Annalen, 583, 129 (1953).
193. W.Foyeand R.H.Zaim, J.Pharm.Sci., 53, 906(1964).
194. J.Sicher and M.Svoboda, Chem.Listy, 49, 1330(1955).
195. J.Sicher and M.Svoboda, Coll.Czech.Chem.Comm., 20,

1402 (1955).
196. L.Bauer and B.K.Ghosh, J.Org.Chem., 30, 4298(1965).
197. U.Hagen and J.Blummenfeld, Z.Naturforsch., lib, 607

(1956).
198. H.Langendorff and R.Koch, Naturwiss., 43, 524(1956).
199. J.Khym, R.Shapira, and D.Doherty, J.Amer.Chem.Soc,

79, 5663 (1957).
200. D.Doherty, R.Shapira, and W.Burnett, J.Amer.Chem.Soc,

79, 5667 (1957).
201. J.Khym, D.Doherty, and R.Shapira, J.Amer.Chem.Soc,

80, 3342 (1958).

202. F.Yu.Rachinskii, A.S.Mozzhukhin, N.M.Slavachevskaya,
and L.I.Tank, Uspekhi Khim., 28, 1488 (1959).

203. D.Doherty and R.Shapira, J.Org.Chem., 28, 1339(1963).
204. W.O.Foye, J.Pharm.Sci., 54, 557(1965).
205. B.Rathke, Ber., 14, 1774 (1881); 17,297(1884).
206. H. L.Wheeler and G.S.Jamieson, Chem.Zentr., 1, 1468

(1908).
207. F.Yu.Rachinskii and N.M.Slavachevskaya, Trudy VMOLA,

144, 17 (1962).
208. L.V.Pavlova and F.Yu.Rachinskii, Zhur.Obshch.Khim.,

35, 493 (1965).
209. F.Yu.Rachinskii, L.V.Pavlova, and G.I.Pustoshkin,

"Khimiya Seraorganicheskikh Soedinenii, Soderzhashchikh-
sya ν Neftyakh i Nefteproduktakh" (Chemistry of Organo-
sulphur Compounds Present in Petroleum and Petroleum
Products), Vol.VII, Izd.Khimii, Moscow-Leningrad, 1966,
p. 220

210. L. V. Pavlova, Author's Abstract of Candidate's Thesis,
Chemico-pharmaceutical Institute, Leningrad, 1965.

211. M.Wolfrom, W.Cramp, andD.Horton, J.Org.Chem., 28,
845 (1963).

212. M.Wolfrom, D.Horton, andD.Hutson, J.Org.Chem., 29,
2302 (1964).

213. Shih-Hsi Chu and H.Mautner, J.Org.Chem., 27, 2899
(1962).

214. A.F.Ferris and B.A.Schutz, J.Org.Chem., 28, 3140
(1963).

215. G.I.Pustoshkin and F.Yu.Rachinskii, in Collected Papers
"Biologicheskie Aktivnie Soedinenii" (Biologically Active
Compounds), Izd.Nauka, Moscow-Leningrad, 1955, p. 191.

216. G.I.Pustoshkin and F.Yu.Rachinskii, ibid., p.193.
217. G.I.Pustoshkin and F.Yu.Rachinskii, Zhur.Org.Khim.,

2, 1259(1966).
218. I.Ya.Postovskii, I.F.Kazarinova, and G.V.Afanas'eva,

Dokl.Akad.NaukSSSR, 132, 141(1960).
219. T.P.Johnston and A.Gallagher, J.Org.Chem., 26, 3780

(1961).
220. L.V.Pavlova and F.Yu.Rachinskii, see Ref.215, p.186.
221. R.C.Clapp, L.Long, and J.Hasselstrom, J.Org.Chem.,

26, 1666 (1961).
222. R.C.Clapp, L.Long, and J.Hasselstrom, J.Org.Chem.,

28, 1308 (1963).
223. R.C.Clapp, F.H.Bissett, and L.Long, J.Org.Chem., 32,

3174 (1967).
224. F.Yu.Rachinskii, N.M.Slavachevskaya, L.V.Pavlova, and

G.I.Pustoshkin, in "Referaty Dokladov i Soobshchenii IX
Mendeleevskogo S'ezda po Obshchei i Prikladnoi Khimii"
(Abstracts of Papers and Communications at the IXth
Mendeleev Conference on General and Applied Chemistry),
Izd.Nauka, Moscow, 1965, No.5, p.73.

225. F.Stewart and R.Mathes, J.Org.Chem., 14, 1111 (1949).
226. E.D.Manolov, Farmatsiya (Bolgariya), 15, 271(1965).
227. T.Johnston and A.Gallagher, J.Org.Chem., 28, 1305

(1963).
228. Kh. L. Muravich-Aleksandr, A. V. El'tsov, and Μ. Β. Kolesova,

in Collected Papers "Sintez Prirodnykh Soedinenii, ikh
Analogov i Fragmentov" (Synthesis of Natural Compounds,
their Analogues, and Fragments), Izd.Nauka, Moscow-
Leningrad, 1965, p.251.

Kirov Order of Lenin Red Banner
Military Medical Academy,
Leningrad


