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CLAIM TO ORIG INAL RESEARCH

One method for the elucidation of the relation-
ships between Intramolecular Rearrangements and Substitution
Processes has been described and investigated. The basis
of this method is the definite correlation of the configu-
rations of the rearrangement product and the originsl
compound, in this case 2 chloro-2,3-dimethyl hexane and
n-propyl tert. butyl carbinol. Leve a-Propyl tert. butyl
carbinol has been configurationally related to levo 2,3
dimethyl hexanol-2. An attempt to correlate the configu-
rations of levo 2,3 dimethyl hexenol-~2 and 2-chloro-2,3
dimethyl hexane however, led to the discovery of the
occurrence of an intrsmolecular rearrangement, which had
not previously been demonstrated in compounds of this
type; thus invalidating the method for the conditions
uged in these experiments, This rearrangement has been
shown to be of the "ionic" type, the "ionic mechanism"
of intramolecular resrrangement processes being
apperently applicable in this case. 1In this manner,
the processes involved in the reactions of the isomeric
octanols, n-propyl tert. butyl carbinol, 2,3 dimethyl
hexanol-2 and 2,3 dimethyl hexanol-3 with aqueous hydro-

chloric acid have been determined.
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The Mechanism

of Intramolecular Rearrangements

The object of science is to systematize the changes
which matter has been observed to undergo, to explain their
cause, and to predict their occurrence. The investigations
of the chemical reactions of the compounds of carbon have
shown, in many cases, that rearrangements of the molecular
structures concerned might occur either by the simple resad-
justment of the atoms already present, or as a result of an
addition to, or a removal from the original molecule of
certain atoms or groups of stoms. Since the molecular
structure of an organic compound is its fundamental character-
istic, the study of these rearrangement processes has become
of prime importance., The organic chemist must be able to
foresee when rearrangements may be expected to occur, and to
know with certainty when and how they have taken place.

The intimate mechanism involved in these transformations

mist therefore be understood.

The modern electronic concept of the mechanism of
these reactions considers the prior formation of an atom
deficient in electrons as the KEY to the processes of intra-

moleculasr rearrangements. This deficiency may be satisfied
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either by a new atom or radical entering the molecule in
this position, or by an atom or radical migrating from within
the molecule, that is, by an intramolecular substitution
reaction, wherein the migrating radical has substituted on
the carbon atom deficient in electrons. The investigations
of substitution or replacement reactions, however, have shown
that the new substituent need not always take up the position
in spsce about the carbon atom which the group removed had
occupied. That is, & Walden Inversion may occur. Recent
studies have indicated that intramolecular rearrangements may
involve a Walden Inversion at the carbon atom to which the
migrating radical becomes attached.

The present investigations were undertaken with
the purpose of increasing our knowledge of intramolecular
rearrangements in this direction. Prior to the description
of these investigations and their results, a survey of our
present knowledge of intramolecular rearrangement processes,
together with a review of the various theories which have

been proposed to explain these reactions, will be presented.



Historical Introduction

Organic chemistry began with the discovery of
the first molecular rearrangement in 1828. In that year
Friedrich Wohler synthesised urea, a typical product of
the living or organic world, by simply heating ammonium
cyanate (1), a typically inorganic material. This synthes-
is, being the first truly synthetic formation of an organic
compound, is usually regarded as a turning point im the hist-
ory of chemistry, for it directed attention to the possibility
of synthesising other orgsumic componnds artifically in the
laboratory from inorganic materisls. Previously, the labor-
atory or even the industrial preparation of those compounds
which are built up in plant or animal organisme, by the
combinstion of the elements or their derivatives, had been
regarded as impossible of attainment. A mysterious vital
force, which resided only in living matter, was thought
necessary.

This classic synthesis 1s also of interest as the
first recorded example of an isomeric change wherein one of a
pair of isomeric compounds weas converted into the other. Its
great significance from the synthetic standpoint, drew atten-
tion to the possibility of molecules rearranghng within them-
selves under the appropriate conditions. However, no great

progress could be made in the study of intramolecular rearr-

angements until the development of the doetrine of wvalency,
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and the assignment to the molecules of organic compounds
of definite molecular structures by Kekule, Couper, Butlerov
and Erlemmeyer after 1860. Just as soon as the significance
of the structural or space formulation of organic molecules,
that is, of the actual arrangement of the atoms within the
molecule in the sense of the order of their successive
attachments to each other, was realised, molecular rearrange-
ments were found to have occurred in a number of reactiouns.
For example, the transformation of benzil to benzilic acid,
discovered by Liebig in 1838 (2), and the transformation of
pinacol to pinacolone by Fittig in 1860 (3), were not recog-
nized as reactions involving a rearrangement within the mole-
cule until 1874.

Prior to 1874, much speculation asnd discussion
had taken place as to the formulae of benzil and benzilic
acid. Two isomeric formulae had been proposed for benzil,

T and IT, the latter on the basis of the transformation to

benzilic acid, III.

CE5C0 CeHp_ Cellg
OgH;CO CeHg (I} 60 CgHg~ COOH
I 11 III

At this time, Symons and Zincke (4) reviewed the experimental
evidence in favor of the formulae and concluded that benzil
and benzilic acid could not belong to one and the same series,

and, that in the format ion of the latter, a migration of the



phenyl group from one carbon to the other must be assumed.
This transformation discovered as it was in 1838, becomes
then, the o0ldest known molecular rearrangement wherein a
migration of s carbon radical from one carbon atom to another
has taken place.

In the same year, the pinacol-pinacolone transfor-
mation was shown by Butlerov (5) to involve an alkyl radical
migration during the process of dehydration, after he had
succeeded in synthesising the ketone from trimethyl acetyl

chloride and zing methyl.

(035)2 ‘_-OH ~H,0 (c;_zlz);5 ¢

O

(CHz)zJ_-OH 0H3-0=0

Two years previously, in 1872, Linneman (6)
had concluded, from his observations that the reaction of
isobutyl iodide with silver acetate and iodine monochloride
produced the corresponding tertiary butyl derivatives, that
a transposition of a hydrogen atom might occur during typical
double decomposition reactions.

Rearrangements of this type, wherein an atom or a
radical migrates from one atom to an adjacent atom of the
molecule, have been found to occur in avery large number
of the reactions of organic chemistry. They may be classified

88 1,2 - or .8 - or Vieinal Intramolecular Rearrangements.
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Vicinal Intramolecular Rearrangements

Many different classes of compounds have been
observed, sometimes unexpectedly. to undergo this type of
rearrangement. A. llichsel (7) visualized the reactions as
occurring in two different chemical systems, -

(2) "In a homogeneous chemical system, an intramole-
cular rearrangement takes place through a change in the
positions of certain atoms or groups of atoms in the mole-
culeand the new isomeric produce may belong to the same or
to s different chemical type."

(b) "In a heterogeneous chemicel system, the change in
chemical structure may occur with the loss of a component
part of the substance, through the catalytic effect or the
chemical action of the energy in the reagent, with isomeri-
zation of the residual structure. Or, by the union of the
substance with the reagent, where owing to the chemical energy
tmg added, an isomerization in the substance part of the
"polymolecule" takes place with partial conversion of its
free energy into bound energy, and is followed by the breaking

down of the system into the isomerized substance and the reagent."

—

1. Rearrancements and Isomerization:-

A rearrangement may simply involve, a readjustment
of the atoms oresent in the molecule, to form a product which
ig isomeric with the original compound. Intramolecular re-
arrangements occurring in this manner are referred to as

isomerizations and are generally considered to occur in the



direction producing a more stable substance.

Isomerizations involving an interchange of two
radicals on adjacent atoms of the skeleton of the molecule
have been found to occur in many of the different types
of chemiocal compounds. Hydrocarbons, alcohols, aldehyles,
ketones, ethylene oxides, isocyanides, etc., have all been

found to isomerize under various oconditions:-

_CH,=CH-CHGR 4101 CH,~CH
CH; 2 i CHy 2 2>CHR (8)
N 415(50,), CHave = 0(633 (9)
-(Ca(GHe e S /
Cﬂa/c CH CHz 2750 CH5 CH5
CHy
62.4%

CH heat-230° or CH
PCH-CH,Br _ in liquid __ &

C-CH (10)
/7 s 3
CHz below B.p. CH; |
Br
Cﬂacﬂ CH20H033 g:::sggg 5 GﬁaeﬂzzHCHzcﬁs (11)
Cl 1
CHp, . CHg
CH3 C-CH,Br Distillationi,_ /%-CHz-CHZ (12)

cE;” CH3 By



GH2¢GH-CH0 Hg012
—
.032-GH2 Reflux in Alcohol
CHy -;CaCHO Cold conc. H280 4
CHj
. o GH/C'H3 ZnClp
Cgl5=CO-CE_ 3200 i
CEz
,’CH3 ZnCls
CgHgeCOLC ::cns 50-5300
CHg
CHg
\
/G=CHO dil. acid
CE3 om @ 1360 =
Heat alone or
85% catalysts
C_.H v
676 g.cH-C,H 5%
CgHg \/
CHZ\ ‘ MgBrg
_Q-CH-CH2CHp
CH3z P

CHg=CHpn_

C=0
/

CH
AN , ,
~CH-CO-CH,

CH3

CH
%™ cr-co-cE,
c.HS

6 b

CH
3 ~
CgHg— CO-CHg
e
CHj

CHz~CHOH<CO=CHy

CGE
& 5 cr-00-c 8
Cetls

Co,H
25\
C6H5ZQ-GHO

Celp

CH3\
CH5=0~CHO
0323 CH

(13)

(14)

(15)

(16)

(17)

(18)

(19)
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200-220°
C gH gCO~CHOH=CO-C ;H distillation  C.HCO-CH,0-CO~CHg
at 4 MeMe
CeHp-C - Cgp heai aimoit > Cell5=3-0CgH; (N0, )5
N-0C.H,, (NO explosively -
stz (102 )3 at M.p. Cells~N

This latter example is similar to the familar
Beckmann rearrangement of ketoximes to acid amides (23)
affected by a large number of reagents chiefly acidic in

nature, and occasionally under the influence of heat alone.

(24) _
- also -
N-OH etc.gﬁ NH-CH g

The oxime and the corresponding amide are isomeric.
Beckmann regarded the rearrangement as involving a simple
catalyzed direct interchange of radicals between carbon
and nitrogen.

2. Rearrangements and Eliminsation Reactions:-

Changes in moleocular structure, in which a group
migrates from one position in a compound to an adjacent
position also ocour with the elimination of nitrogen,

water, halogen acid or some other simple molecule.

(21)

(22)
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Molecular rearrangements of great synthetic
importance take place on the elimination of nitrogen from
azides and related compounds, thus,-

HHo0 — R*NHz
R-CONg4 Curtius Rearr. ReN-CO —>+|R.NHs—>R-NH-CO-N H‘R1

-N, heat +|R, OB —=R-NH-C00-R;
(25)
+{E50 > R-CH,-COOH
R-CO-CHN, —92talyst , +R0H —> R-CHp=COOR,
-N
2 +NE -~ R-CH,~CO- NE
® 2 2 (26)
(Ardnt-Eistert Rearr.)
heat ~N -
heat 60° -N -
CegHp=C0-C(Ng )=CgHpg £  (C.H,),0=C=0 (28)
(Azibenzil) (diphenyl ketene)
cig ¢/ heat in amyl *is
N A eat in -
CH, NN 3

N
The elimination of water from tertiary aliphatis
carbinols by Hibbert's Iodine method (30) may proceed with or
without rearrangement. Thus pinacol when refluxed with a trsace

of iodine yields 82% 2,3 dimethyl butadiene 1,3.

CH CH CH

CH5\C _o” o trace I e - o8
s N bt NG cE? Nom
CHy | | CHg H,0 K 2

OH OH
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and similarly

Ip ;
(CHg ) 40~CHOH~-CH,COCE,, o (CH4 ) ;C~-CH=CE~COCH, (31)

Rearrangement has been found to occur in other cases, although

not completely:

CHy CHg CHz CH,

¢ - CwCH,CH Ip 20% CH,=C - C-CH,CH (32)
CHg-C - C~CH,CHg — g%C = C-CH,CH,

CHz OH e CHy

The elimination of other simple molecules may also

cause a skeletal rearrangement, thus,-

80°

~CON-NaBr NaBr + CH,-NC :
CHz~CON-Na TR z=NCO (33)
0635\ 91 06H5\
Cellg—C - N, heat g 0 " NCefls + Cla (24)
CH, Cc1 3

(CgHg)oCH-CHoC1 _Distillation =~ CgHp~CHSCH-CgHg + HC1L (35)

3. Rearrangements and Addition Reactions

The wandering of an atom or radical from one atom
to the adjacent atom is occasionally met with during addition
reactions.

A rearrangement resulting from addition to the olefinie
linkage was shown to ocour during the addition of hydrogen

halide to isopropyl ethylene.



(CHz)gCH-CH=CHp _HC1l, (CHz), CH-CHCl-CHz+(CHz)p CCl-CH5CHz
(equimolecular quantities)

Similarly, during the action of sodium on 1,1,3 triphenyl

indene
CeHb CeHp
—>Kea
PN ¢ (37)
655
and also during ozomnizatiom,
0E
(GHz)sc-?:G(OHz)z through ozonide (CHg )gc-clz-oocns (38)
C (CHz)3 03 ¢ (CHz)z

or oxidation by potassium permangsnate in acetic acid solution,

(CgHg)p C=C (CgHp)p [0] _  (0gHg)z C-CO-CgHp

(39)
Reactions in which an addition to a carbonyl growp

takes place may also proceed with rearrangement,-

i iy
CgHgCH,-C-COOEt _ Electrolytic  CgHgCHp-CH-CHpCH,CH,
| Reduction (40)
0
CHz
CgHEC=0 _ CeE50=0 | Cels
| OH _ /0-0H
OcgHgC=0 — CgHgC-0 Celg A oom (41)

OH
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CH,CO0Et CH,600E% CH,CO0Et
o NaOEt l _OH c|30

¢ 0 in |C ONa| —> (42)
l\cfoEt Et 0 NE=0E¢ o

CH,,CO0E Cs,00081 | CH,COOES

The latter two cases are respectively the historic

benzil-benzilic acid rearrangement and its reversal.

4, Rearrangements During Removal Reactions.

The historical rearrangement of pinacol to pinaco-
lone represents a vicinal rearrangement occurring on the re-
moval of the elements of water. All pinacols on treatment
with acids undergo the pinacol-pinacolone rearrangement. A
considerable volume of work has appeared dealing with this
change and the related rearrangements ofe,B, amino-alcohols,

&,B halohydrins and «,B glycols 1in general,

Zssentially similar in. character, the rearrangements
in these types of compounds have been classified into three

main groups, (43), where Y may be OH, NHZ’ Halogen:-

(I) the pinacolinic change proper:-

RR; C (Y) ~CR R, (OH)—> RR RyC~CO-Ry

(IT1) the semihydrobenzoinic change in which the tertiary
group is lost:i-

RRlC(Y).CHRZ(OH)—-——rRRleC-CHO

—> RRCH-CO-Ryo
(LI1) the semipinocolinic change in which the secondary

group 1is losti-
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— R-CO-CHR3R,

RR; C (OH) .CHR, (Y) .
L— R, ~-CO-CHRR
1 2

that is, 1,2 glycols and related &,B compounds on appropriate
treatment, in the case ¥0H by dehydrating agents, in the case
¥NH2 by deaminating agents, and in the case Yshalogen by al-
kalies, undergo rearrangement to give either aldehydes or ke-

tones depending on the conditions and the groups involved.

Similerly in the case of xB-dibromides

(CEz) ,CBr-CHoBr  Ho0 _ (CHg)p CH-CHO  (44)

This reaction is used for the prepasration of methyl isopropyl

ketone from tertiary amyl alcohol.

(CHz) oC (OH) .CHg.CH3  Br,  (CHgz)aCBr.CHBr.CHg

‘//////lﬂgo

(CH ZCH.CO.CHS-FZHBr

3)
The pinacol-pinacolone types of rearrangements are

in a sense reversible, since on reduction of the carbonyl group

to the corresponding alcohols and dehydration of these, the

original carbon skelton may be reformed (by a retropinacolone

rearrangement) .

(CHg) zC-CHOH=CHy ———61%  (CHz) oC=C(CHz) 5  (46)
(Celts] 5C-CHOH-CgHy IoHAGL00%, (C685)§80=C(08Hg)2 (47)
5 645

_ H=CH- (48)
A similar type of rearrangement takes place by the

action of potassium amide in liquid ammonia on the 11 diaryl-2

chloro-ethenes and the 1,1, diaryl 2,2 dichloro ethanes.
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(CgHg)pC=CHCl —KNH5— O Hp-C=C-CgHjp (49)
(CgHp ) pCH-CHCly; —KNHg— CgHg-C=C-CgHg (49)

Triphenyl hydroxylasmine and its related derivatives
hasve been found to undergo rearrangement to give the same
product, the phenyl imide of benzophenone,

C/H (C1) HOH

(CpHg) HB (C.H5)oC=NCzHx (50)
68’5 “ou(sr) (c1) () o1, = Coe e

—Hz

The Hofmann (A) and Lossen (B) rearrangements are
also examples 0f rearrangements occurring during the removal

type reaction,

A. ROONH; —Bro— RCONHBr —KOH— RNCO (51)
B. RCONHOCOR __alkali , RNCO (52)
~RCOOH

The most characteristpic and striking reaction of
the B-methoxy amino propiophenones is the rearrangement

which they undergo on treatment with strong bases to yield

«<.amino ketones.

CgHp-CH-CHp-COCgH; _ CHgONa , CgHECH=C-COCHg
NHOCHgz 2 (53)

T.3. Stevens has discovered a similar rearrangement in the

quaternsry ammonium salts,-

csnsco-cng-lixlm)z Br _ 10%lNeCH , cgﬁsco-clzn-m(m)z
CeHgCHp CgHgCHp  (54)
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9. Rearrangements During Substitution Reactions:-

The develdpment of structural chemistry led chemists
to regard the atoms that compose any ziven organic molecule
as being arranged according to a definite architectursl plan.
Each atom in the molecule was assumed to. occupy a definite
position and when any other atoms or group was substituted,
the entering group was supposed, always, to enter into the
very position that had been occupied by the group displaced.
That the atom or radical entering the molecule by double de-
composition ocecesionally might faill to ocecupy the position of
the out-soing stom or radical was soon realised. Linnemann
had come to this conclusion in 1872 (55) and pointed out that
the struetural formula of a substituted derivative, as a re-

sult, could not be assumed from the structural formula of the

original substance.

Linnemann had found that the replacement of the iodine
atom of isobutyl iodide by other groups might lead to the forma-

tion of the corresponding tertiary butyl derivatives:i-

CHoy,
CHp. 4g0B0CH; -~ G-Cl
® CH-CHyI CHy
CHg Ic1 0COCHg
CH
> ~G-CHg
CH,C

Six years previously, Butlerov had detected tertiary butyl

alcohol as an impurity in commercial isobutyl alcohol after
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conversion into the ehloride but had stated, "It is diffi-
cult to believe, that, in this case, trimethyl carbinol
could be formed from its primary isomer (Isobutyl alcohol)™.

(56)

The preparation of halides from certain aliphatie
straight and branched chain alcohols has been known for some-
time to fail to yield the corresponding halide: a rearrange-

ment occurring instead.

CH

~CH,~CHOH-CHo—~CH, _ HC1 75% (CHgCHy-CH-C1-CH,CHs
2 Rt e 2 (57)
25% |CHZCHg-CHy~CHCL-CHi

]

(CHz) s C-CH,OH HBr _72%.[(CHx) 5C(Br) ~CH,~CHz
573 2 65°C, 20%’JCH§)5C-CH2BI' 2 (58)
(CHg) 5,CH-CHOH-CHz S0C1, 92%  (CHg) C(CL)-CHp-CH, (59)
pyridine
(CHg) zC~CHOH-CH3z HBr 91-92.5%, (CHg)oC(Br)-CH(CHz), (60)

Similarly, Thitmore has observed the occurrence of a rearrange-
ment during the preparation of n-amyl chloride from n-amyl
alecohol by hydrochloric acid-zinc chloride reagent (61). A 57%
yield of n-amyl chloride was produced in this manner accompanied
by a 10% mixture of 2 and 3 chloropentanes. More extensive
rearrangement was shown to oc¢cur during the preparation of the
chloride of 2-Ethyl-butanol-l (62) with this reagent. Thus,
Whitmore reported the production of at least six different
chlorohexanes; namely, 3-methyl 3-chloro-pentane, 3-methyl-2
chloro-pentane, 2-methyl-E-chloro-pentane, 4-methyl 2-chloro-

pentane, 3-chlorohexane, 2-chloro hexane in addition to the
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direect substitution product Z-ethyl-l—chloro-butane.

Whitmore has also shown that the rearrangement
occurs during, rather than after the replacement of the hy-

droxyl by the chlorine.

Similarly, Henry has found (63) in the decomposition
of many primary alirhatic amines by nitrous acid, that the
hydroxyl group fails to take the position previously occupied
by the amino group, the tendency being to produce secondary
and tertiary alcohols.

CHz~CHg~CHo~O0H (42%)

— > CHE—(I}‘H-CHB (58%)
OH
CH CH
3 CH-CH,-NH, > > CH-CHyOR (25%)
CHZ” HNO, CH,
CH
L %>c-cny (75%)
CHz” OH
CH CH,~ C-CH,-CHz
CH%,\-C-CHB-IE HNOp 27 (100%)
CHz” CHy- OH

Levene and Marker have also reported (64) the par-
tial occurrence of rearrangement by the action of nitrous

acid and nitrosyl chloride on methyl phenyl ethyl amine



-1Q=

Cr.H
65\
/CH-CHgoH

Citg

Y
o
o
jas
o
/

,C-CH (33%)

CeHe _ OH
CH-CH,NHg

>CH-CH201 (907

NOCT

C.H
6 §>CH-CH5 (8%)

CHg 7|

! cl

A recent attempt to prepare 1,1, diphenyl 2;2,
diehloro-ethane, desired as an intermediate, by the action
of phosphorus pentachloride on diphenyl acetaldehyde led
not to the production of thé expeected 1,1, diphenyl 2,2, di-

chloroethane but to stilbene dichlorides, (65):

(CGH5)2 CHCHO P015 - 06H5-CHC1—CHCl-CGH5

in benzene

The above rearrangements exemplify the various kinds
of vicinal rearrangements which have been observed. Whether
they occur through simple isomerisation or as a substitution
reaction, it is to be noted tliat they are always associated
with quite definite groups of atoms. Thus, a rearrangement of
this type mey occur, in general, regardless of the particular
compound as long as it possesses these certain well defined
groupings of atoms, in elther open chain aliphatic or aromatic

compounds as well as in those of cyclic structures.



In many cases, vicinal molecular rearrangements
have proven to be of creat synthetic value, as well as of
value in the proof of the structure of a compound, in spite
of the occurrence of the rearrsngement. The commercial
synthesis of camphor involves the molecular rearrangement
of the & and B-pinenes contained in the raw material, oil
of turpentine. The classical and commonly accepted general
process (66) is based on the transformations formulated in
Scheme 1.*

The Curtius, Hofmann and Lossen rearrangements,
wherein the isocyanate formed may loose carbon monoxide by
hydrolysis to pnroduce an amine are methods for the descent
or 2 homologous series. The Curtius reaction is especially
valuable in going down a series with compounds which might
be sensitive to more violent degradative reactions. On the
other hand, the Ardnt-BEistert rearrangement of Diazoketones

represents a method for the ascent of a homologous series.

The Hofmann transformation has become a standard
method for the preparation of primary amines and is applied,
through the action of sodium hypochlorite and alkali on
phthalimide to the synthesis of anthranilic acid, the start-

ing point in the synthesis of indigo using naphthalene as

the ultimate raw material.

* 3ee Page 21
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Scheme 1
THS ﬁﬂz
CH, >CPN CH, >CH
CHy~C<CH, CHy-CZCH,
CH H CH , H
Ho __CHp 2\CH __ALHg

\CH 7 ~
&-pinene B-pinene

HC1 Rearr. by Add'n.

CH,, CH, CHg
/C ~— C\ _—C ~—
CH, CHC1 Cig—T——CH CH2 CHOAc¢
CHz~C~CHg -HC1 _ CHz-C-CHgz HAe CH,?)-C-CH3
Rearr. Rearr..
CH CH CH, CHp by 4dd'n CH CH
Camphene Hydrolysis alc.
NaOH
CH3 CH3
oy | o i, | CHOH
| CHB-C-CH5. Oxigiiign CH5-0—0H3
CH C and CHy Ho
“®~cp~~ Sulphuric \CH/C
aclds
Camphor Isoborneol

Cohen, Cook, and Hewett, applied the retropinacolone
rearrangement to the location of the quaternary methyl groups

of the hormones, oestrin, equilen, and equilenin, (67), in



the following manner,-

cestrone
reduction
and l etherification
R
—
followed by
Z Se degrada-

tion

CHON CHz0
7-Methoxy, 3l-Methyl

1: 2-cyclopenteno~-phenanthrene
These authors consider the methyl group which appears in the
final produect as the quaternary methyl group of the original
oestrone molecule, and regard these transformations as supply-
ing indisputable proof of position 13 for the methyl group.
The Beckmann rearraemgement of ketoximes has often been used as
a method of degrading ketoximes to simpler products for identi-
fication purposes.(68)

Theories of Intramolecular Rearrangements

The various theoretical interpretations of the
processes involved in intramole cular rearrangements have
assumed as intermediates, cyclopropane rings, ethylene oxide
rings, olefins, univalent nitrogen, bivalent carbon, partial

valencies, free valencies, ionic fragments, chelate compounds,

and “open sextet" atoms.
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These mechanisms may be classified into the following
groups, -
A. Mechanisms which assume the formation in one form
or enother of intermediate products, capable of independent

existence and isolatable under appropriate conditionse.

B. Mechanisms which assume the prior formstion of
"asctivated intermediates™ or "unsaturated radicals" which
possess for example free or latent valencies and are not
capable of an independent existence, but of necessity re-

organize themselves to form stable chemical compounds.

C. Mechanisms which explain all rearrangements on a
common bagis of an electronic mechanism and considers the
processes involved as occurring simultaneously and thus in-

volving no real formation of intermediate compounds.

A Formation of Tsolatable Intermedistes:-

The basic ides underlying the proposal of hypothe-
ses of this kind is the attempt to avoilid the assumption of sudden
and direct interchanges of atoms or groups within the molecule

taking place in & continuous manner as distincet from a step

by step process.

Erlenmeyer (68) introduced the concept of the

formation of an intermediate cyclopropane derivative and
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formulated the pinacol-pinacolone rearrangement as ,-

ca”)c-on cnz>c iz, .

CHz l 2 —=HOH , CHg I\ _E_, Oy I

CHz-(-CHp CHz-0-CHg CHz-C=0
. :

Under the conditions of the experiment, the cyclopropane
ring was considered incapable of existence, so that at the
moment of its formation, it was ruptured in a different
pogition from where 1t was formed by the migration of the
hydroxyl hydrogen to form the ketons.

Montagne disproved this mechanism for aromatic
pinacols (69) by a consideration of the rearrangement of sym-
tetra-parachloro benzopinacol to the corresponding pinacolone.
On the baesis of the cyelopropane ring theory, the product to
be expected would have one of the chlorine atoms in the meta

position (equation A), thus ,-

OH OH

ClCgHy | o
P EH C—C—CgH,Clp —(A)—

% /
pClOH/

Cl
actually [produces c¢yclopropane [ring theory
PC1CH pclcaaé\
pcmgﬂ;—c-c,é)—cgn,_,c:.p PCLCGH,— c—é)—csn;up

pC1CgH, mC1CgHy
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Montagne  found that the resulting pinacolone had all four
chlorine atoms in the para positions, and thus the point of

attaehment of groups during the rearrangement was not altered.

Ruzicka applied Erlenmeyer*s scheme to the explana-
tion of the Wagner rearrangement of isoborneol to camphene,
(70). Thus, he postulated the intermediate formation of a tri-
cyclene, with fision of the cyclopropane ring in a different

direction to that of the closure:-

g "I’Hz ﬁﬂa
CHp | C-0H C CH CHZ CH,
CHz-C-CHz| — CHz-C-CHz| ——= | CHz-C~CHg
CH | CH CH l CH CH CH

The intermediate tricyclene (71) was prepared by Lipp and

later by Meerwein and Von Emster, and found to be far too
stable to react under the mild conditions which are used dur-
ing the isoborneol-camphene conversion. For example, the later
authors reported that the tricyclene was praetiéally unaltered
by treatment with 33% sulphuric acid at‘lOOO, conditions under
which isoborneol is almost completely converted to camphene,

At the same time, Meerwein and Von Emster recalled the work of
Lafont, wherein optically active camphene was zonverted to
optically aetive isoborneol, and concluded that the trieyclene

eculd not be the intermediate in the isoborneol-camphene, since

the tricyelene is struecturally
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symmetrical and could thus possess no optical aetivity.

Breuer and Zincke formulated the intermediate
Tormation of an ethylene oxide during the pinaeol-pinacolone

rearrangement, (72). The subsequent rupture of the ethylene

oxide
CH CH C CH CH
3N\¢ - c( 3__>H5> ¢l . CH3C-COCH5
CHz” | | “cHy \ / CHy CHz 7
OH OH

ring eausing the migration of the group. Meerburg, (73) has
ghown that the’raté of reaction is slower in the. case of the
;ethylenehoxide‘reaetion than in the aetual rearrangement.
Similarly, Tiffeneau and co-workers, (74) found that these
oxide derivatives did not undergo the rearrangement under
conditions similar to the actual.conversien. In many cases,
they could find no evidence for their existence, their forma-
tion eequiring more vigorous conditions than those of the
pinacol-pinacolone change proper. It was thus concluded that

these characteristie ring intermediate products were not formed.

The intermediate formation of oléfins was assumed
for the conversion of iso- into tert- butyl bromide®.
Eltekoff (75) and Favorsky (76) considered the isomerisation
as proceeding through the dissogiation of the alkyl halide
into hydrogen bromide and isobutylene followed by recombina-

tion to form either the original or the isomerie bromide.

*See page. %.
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Michael and Leopold (10) fouhd that the rearrangement occurred
readily at relatively low temperatures and could find no evi-
dgnce of the production of hydrogen bromide under such condi-
tions. In addition, these authors established that the rearra-
ngement proceeded faster in the liquid phase than in the gaseous
phase where the dissociation would be the greater. Thus,
Michael and Leopold considered the reaction as proceeding through
a direct interchange between hydrogen and bromine within a

single molecule rather than hy a dissociation mechanism,

In certain rearrangements of anfﬁgﬂycols to ketones,
there is no change in the actual carbon skeleton of the mole-
cule; that is, there is no alteration in the relative positions
of the carbon radicals. Thus, McKenzie and Dennler, (77) con-
»éidered the conversion of 1l-Xnaphthyl 2:2- diphenyl ethylene
glycol fo diphenyl aceto-naphthone as best depicted through
the intermediate formation of an olefin by vinyl dehydration,
»involving no transposition of radicals.

X -CioHys . ~C6'5 xCrothy, - C6ts

CH-C ' -Ho0 ,C--:C\
H0” OHNCgHg — >  HO 1 Colly

xClOHV-CO-CH(06H5)2
However, Roger and McKay later (78) were able to show that the
product of the same type of rearrangement of dextiro o-tolyl

hydrobenzoin was a highly dextrorotatory o-tolyl deoxybenzoin.

CpH .0=CnH dilute 9-Crly
875 - 6 "7 50, C6H5.CO.CH\/C !
HOTl | NCHs o5
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‘8ince the proposed olefin intermediate could possess no
optical activity, the formation of optically active o-tolyl
deoxybenzoin from optically active o-tolyl hydrobenzoin by
this mechanism was considered inadmissable.

(B) Formation of "Activated Intermediates™
or Unsaturated Radicals.

The investization of the ethylene oxide derivatives as in-
termediates have shown that they are somewhat less reactive
than the "intermediate" formed during the pinacol-pinacolone
rearrangement. Tiffeneau, (79) then formulated a mechanism
based on the formation of active molecules with free valencies,
an actual linkage between the oxygen atom and the carbon atom

not being formed, so that the intermediate would be more re-

active than the oxide.

R R R R O _R

Ne - ¢ —Ho—= 56 - ¢{ — R-CcR

R7I_ IR R7I 'R “R
OH OH 0-

He then extended this mechanism to propose that all rearrange-
ments wherein an elimination of simple molecules such as
water, ndtrogen etc., 1s involved, proceed through an inter-
mediate which possesses "free valencies", the migration being
determined by the instability caused by the unsaturated atoms.

The rearrangement of isoborneol into camphene was accordingly
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formulated as follows:

CH_ CH CH
C—C=0H C @
/
C}fz/ cx; = CH ﬁlCH
CH-- C-CH -H,;0 CH=- C-=CH. CH=-C~CH.
3 3 2 3 3 3 i
CHs CHg CHs cH, GH, CHz

\CH/

To obtain experimental proof of this assumption, Meerwein

Nar”

studied the decomposition of camphor hydrazone (80), a re-
action considered to proceed by formation of the above hypo-
thetical intermediste. The product, however, was trieyelene.

?HS ?BB

C s G
Cﬁ;// f\\':J-NHz Hg O i ‘ i

o

a5

o

I

o

I

Q

ke
Q—t— O

Y

CHo

Ho
\CH/ \CH/

_ Meerwein concluded that the intermediate formation of the
compound with a bivalent carbon atom during the isoborneol-

camphene rearrangement could no longer be assumed,

Previous to this time, Nef had considered the re-

, 4 e 0 1
arrangement of isonitriles-nitriles at 230 as best explained

on the basis that the bivalent carbon possesses sufficient

energy to pull off an alkyl or aryl from the nitrogen and
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thus, give rise to the formation of the nitrile (81) Schroeter
applied Nef's bivalent carbon hypothesis to explain the forma-

tion of benzilic acid from benzil (82)

OH )
7 s
C.H_. -C=0 XOH C.H.~C ~-KOOH C.He- C-. (CxHz)o C=C=0
6 o . 2
O | — = %0 Ng——— 875 | == 675"2 room
CgHy -C=0 Cels=C=0 CgHs~ C=0 (6 1) _C,OH
875’2 \COOK

In order to test this view, he prepared azibenzil and found,
as he had predicted, that on heating in benzene solution it
lost nitrogen to form diphenyl ketene, whilst in met-yl al-

cohol, benzilic acid is formed.

-
-
-

.,2 ——— C6HSC\\\ —_— (C6H5) ZC:C:O

licolet. and Pele (83) observed that hydrogen peroxide, either
free or in the presence of alkall had no action on diphenyl

ketene, and conclused the above mechanismy untenable.

Similarly, Stieclitz proposed a mechanism of the
Curtius, Hofmann and Lossen rearrangements (84) wherein the
intermediate formation of molecules with univalent nitrogen
atoms was assumed. Hurthermore, the free valencies of the
univalent nitrogen were assumed to be powerful enough to de-
tach the madical R from carbon andbring about a rearrangement

to a stable molecule. Stieglitz proposed that the mechanism
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be formulated as follows:-

0 X -XY o .
RC— N7 R-C7 -N{—R-N=G0

Y

Y

(XY=Ny, HBr, RCOOH respectively)

Later, Stieglitz and Leech observed that a univalent nitro-
gen derivative wgs not a necessary intermediate (85); the
formation of such an intermediate being impossible @n the re-
arrangement of triphenyl methyl hydroxylawmine.

(CeHg)5C - N - CHg PCl, (Cglglg = C - N - CHg

I > | I
CH OH Cglgy

This forced new speculetions regarding the mechanism of these
transformations and ultimately led to the electronic con-

ception of molecular rearrangement processes.

Intramolecular rearrangements according to Ramart-Lucas

(86) are explained by usirg the concept of Perrin of semiwa lence

or single electron bonds. 4 stable molecule under the in-

fluence of a catalyst or heat is converted to a labile form which

in turn may rearrange either to give the original product or a

rearrangement product. The isomerisation of ethylene oxides was

formulated through the unstable form, which by a simple migration

of valence electrons between adjacent atoms gave the ke tone:-
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R i
R R ™ R
N P
>c - ? >6—=C - Ry — = R13C-CO-Ry
SOV IS I Ry

similarly, the Beckmann Rearrangement,

R
R 7 S
l\ R N
/C= NOH —— R - C\:N* —_— R(OH)Cf-NRl
R L or
Q RCo-N H‘Rl
H

and the isobutyl-tertiary butyl bromide isomerisation,

, H,
R R ., R .
NoA A N -
/CH-CHZBr —1;/0\ '»’CHZ > 2 /('} (ZIH:5
ér Br.

(C}) The Modern Electronic Concept of Intramolecular
Rearrangements

The modern electronic concept of intramolecular
Tearrangements has been formulated during the development
of the modern electronic theories of valency. Whitmore has
presented a general application of these concepts in his
paper (87) entitled, ™The Common Basis of Intramolecular Re-
arrangements"”, wherein he states, "The purpose of this paper
is to show that rearrangements and the pecularities of organic
tmethathetical® reactions have a common mechanism based on the

very nature of the 'bonds' in orgenic molegules. All the

essentials of the mechanism proposed in this paper are old



and are implicit in conceptions of atoms and molecules
introduced durine the last twenty years by G. N. Lewis, Apthur
Michael, Julius Stieglitz, Lauder W. Jones, W. A+ Noyes, Hans
Meerwein, H. J. Lucas and Charles PrévosStecccseeeeess INn recent
yesrs, Meerwein and his co-workers have added materially to
our knowledge of rearrangements and have shown that conditions
which favor ionization also favor rearrangement in many cases Ut
The present study is an eitension of this work, but is not%
limited to0 cases in which ordinary ionization is posgsible. The
English school of organic chemists, iucluding Robinson, Ingold,
Shoppee and their students has long emphasized the dependence
of various types of rearrangements on electron transfer within
the molecule. The present study involves, then, a fusion and

a simplification as well as a more general application of much

that has pone before."

Whitmore then formulated all vicinal rearrangements
electronically by expressing that portion of the molecule

involved in these processes in the ceneral form,-

System (1) tA¢ B, X

where X us msually oxygen or halogen or other strongly
electronegative atom and A and B are atoms like carbon and
nitrogen which are neither strongly electronegative nor
gtrongly electropositive, and where each atom has a cdmpleted

octet of electrons, the linkages being due to a sharing of



these electrons. "™When a modecule containing system (1)
is brought into a reaction which results in the removal of
X from its attachment to atom B, then, regardless of the
‘mechanism, of the process, X keeps a éomplete octet of
electrons and leaves B with only a sextet of electrons, an
"open sextet"™. Thus, at some instant system (1) becomes

tht B e :i:

o«

Three different changes may take place:
i The positice organic fragment, depending on the chemi-
cal nature and emvitoment of A and B, may have a life long

enough to allow it to combine with a negative ion Y in the

reaction mixture.

‘4 I B + Y . éL:f&ﬁ:Y:

In sueh a case, the reaction is ™normal"™, no rearrangement
takes place, and the process resembles the simple metathetical
reactions of inorganic chemistry. It is not usual for an or-

ganic reaction to follow this course entirely.

2. If the atom A has a hydrogen attached to it, the frag-

ment can be stabilized by loss of a proton.

H e » e &

<A . B—>H + a4 1L B

- ) e o

The product is an olefin or other unsaturated molecule. This

process is very common in organic reactions and has led many to
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believe that the olefin is ah intermediate oroduct in

- such reaction instead of merely a by-product.

d. The nature and environment of A and B may be such
that B has the greater attraction for electrons or that A
can more readily dispense with a pair of its electrons. In
either case, a change in the fragment will leave 4 with an

open sextet.

The shift of the electron pair includes the atom or group

which it holds?

"The new fragment can then recombine with the ion X
or with a new negative ion Y from the reaction mixture. The

result is an "abnormal"™ or rearranged product, the series of

changew being

R R R R

oo P
e o . .

A B:X.:>5A.B — Al B.—>Y: A . B.

e rearranéed positive fragment has a hydrogen

If atom B in th
attached to it, the system may lose a proton. Depending on
fhe other groups attached to A and B, the resulting unsaturated
compound may or may not be identical with that obtained by

the loss of a proton from the original fregment. It is im-
portant to note that the shift of electrons within the positive
fragment, and the stabilization by loss of a proton are
monomolecular processes which may effectively compete with the

bimolecular union of the original or the rearranged fragment
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with an ion from the reaction mixture.™

Whitmore stressed that this hypothesis does no%
assume that a group leaves one vart of s molecule and later
attaches itself to g different part, the important process
being the intrsmolecular transfer of an electron pair with
the attached group from an adjacent atom. The KBY to mole-
cular rearrangements on this basis is the formation of an
atom with an "open sextet”, s deficiency of an electron pair,

to act as a centre of instability.

The hypothesis in the above form has since beem
modified by the consideration thst the processes involved
may take place simultaneously, so that an atom with s true
'open sextet' may probably not actually be formed as an
intermediate. That is to say, a simultaneous addition and
dissociation of reactants, a simultaneous formation and

breaking of linksges is considered as takine place.

Various authors have applied the electronic concept
to the explanation of the different vicinal rearrangements,

in the following manner (the asterisk® indicating the atom

with the ™open sextet" );

A, Rearrancements and Ysomerigstion

The Beckman Rearrangement -

The spontaneous Beckmann rearrangement which the
picryl and related ethers of ketoximes undergo was regsrded

by Chapman and Howis (88) as proceeding by an intramolecular



-3

exchange of positions of ther hydrogarbén radical and the
Picrate group, through perhaps a preliminary dissociation
taking place within the molecule; this dissociation never

reaching the stage of true ionisation

N:0C Hy(NOg) 3 | N* :0CgH,(NOg) 3
o 1 rearr.
QﬁHS—Cl}:O - Cglly - ('Zi:OC@HZ(NO,g)g
CgHgNH CgHy: N
B. Rearrangements and Elimination

The Curtius Rearrangement - The elimination of the nitrogen

leaves an "open sextet™.

: -No M .- 0 . |
R-CONg ~———> R:C-N* ———— C{-N:R ——— R-N=C=0
The Wagner Meerwein Rearrangement-

Tngold (89) considered that "there may be special
structures in which the natural distribution of affinity
(apart from any tendency to elimination) is such as to loosen
one of the attached groups, and give riée, under suitable |
conditions, to isomeric change dependent on the formation of
an ion."™ An iénic mechanism was put torward in explanation

of the Wagner rearrangement by Meerwein (90). The evidence

in support of this mechaniém is provided by the observation
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that the ease of the transformation increased with in-
creasing anionic stability of X and with inereasing
dielectric constant of the medium. Bartlett and Pockel

(91) formulated the arrangement in the following manner

CH5 CH3 CH3
Cl Cl
H ‘ «1T | L E
C. Rearrangements and Addition Reactions-

The M"positive fragment™ whieh undergoes rearrange-
ment may not only be formed by the removal of an atom or
group with a complete ectet of electrons but may also be
formed by the addition of a proton to one carbon of an
ethylenic linkage leaving the other carbon atom with only

six glectrons.*(92)
| o+
(CH,) ,CH-CH=CHp —(CH,) ,CH-CH-CHy _CI  (CHg) 5CH-CHC1-CHg

H:} rearr.

(CHz) 5C*-CHgCHy _C1  (CHg) 5C(C1) -CoH5

The Benzil-Benzilic Acid Rearrangement-

The benzil-benzilic acid change has been formulated
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by Ingold (92) and Shoppee (93):

TBH5 76H5 Uetls
S UIN A |
0=—=¢C = ?=o OH 0’30'- §=0 H 0= g —4? — OH
Clls HO Celtg HO CgHg

Robinson had considered that the driving force of the re-
arrangement lies in the strong tendency of the ion C—OH

"to stabilize itself by becoming a true ion of a carbaxy-

lic acid" (by the loss of an electron pair.) (94). Accor
ding to Ingold and Shoppee this excess of '‘electrons sta-
bilizes itself by a "pinacolic eleectron displacement™ to-
wards the other carbonyl group which acts as an "electron
sink". These. authors considered that both an electron
source and an electron-sink must be present in a molecule

for pinacolic electron displacement to occur.

D. Rearrangements and Removal Reczctions-

Whitmore and Church (95) have reported the formation
of four different octylenes on the dehydration of 2,2-

dimethyl hexanol-l, by heating with concentrated sulphuric
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&cid, and have formulated their formation as follows:-

CHy CH

3
CyHg —c.; - CH,O0H -0H C4Hg - c'z - CH*
CH5 CHZ
Shift of n-C,Hg Shift of CHx-
clgﬁz CH,
*<'1 - CH,C, By C4Hg-*C - CH,CH,
CH

3

~ Proton loss Proton loss

from amyl from methyl from butyl from ethyl

s e
?=CHC4H9 ? - CH204H9 CSH7CH;C-02H5, C4H90=CHCH5
CH CH

3 3

The Pinacol-pinacolone Rearrangement-

"The Stieglitz mechanism of the pinacolone rearrange-
ment assumes that an intermediate oxonium salt (I) loses water
to leave a nucleus (II) in which one of the carbon atoms pos-
sesses only three pairs of electrons. This "fault" in the mole-
cule is then repaired by the migration of a negative methYl
group, with its full complement of electrons, from the adjacent

carbon atom to the electron. deficient carbon atom.™ (96)



-4]1-

CH c 1*
E, [ LHB H
CHz - € - OH HX CH. :C: 0: H
- 3 X -
CH; - C - CH
3
| CH :C: CH
OH S X 3
10
5 H )
H,0
i A+
CHg
o
?Hs CHz : G
CHy - C - CHy -HX CHy : C (:CHg) X-
| — .s
CHy - C = 0 10
H R

Hofmann and Lossen Rearrangements-

Bright and Hauser have represented (97) the general
course for the Hofmann and Léssen rearrangements of compounds
of the type R-CO-NH-X (where X 1s halogen, bengoate, etc.,) in
the presence of alkali, as follows,

R-CO-NHK *+ KOH ————s— (R-CO~-NX), K+ HOH
RNCO —& (R-CON*)+KX

"First, en acid-base reaction occurs forming the salt

(I): many salts of this type can be isolated. Second, the anidn
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of the salt releases X with a complete ocfet,of electrons

(i.e. as an anion) leaving the nitrogen atom with only a

sextet of electrons. Third, the molecule is stabilized by
rearrangement to an isocyanate. The stabilization by rearrange-
ment is considered to involve a shift of an electron vair with

the group R attached from ¢ to N".

E. Rearrangements and Substitution Reactions
The extensive rearrancement which /hitmore has

reported (98) in the preparation of the chloride of 2 ethyl-
butanol-1 by the action of hydrochloric acid-zinc chloride
reagent, wherein six different chlorohexanes, namely 3-methyl-
3-chloropentane (B), 3-methyl-2-chloropentane (C);2-methyl-
2-chloro pentane (F), 4-methyl-2 chloro pentane (C), 2-methyl-2-
chloro pentane (F), 4-methyl - 2-chloro pentane (G), 3-chloro-
hexane D, 2-chlorohexane B, in addition to the direct substi-

tution product 2-ethyl l-chloro butane (A) are vroduced, has

been formulsted as in scheme 2.%*

The Mieratine Radical

Wallis and Moyer have studied the Hofmann rearrance-
memt of dextro 3,5-dinitro 6,& —nanhthyl benzamide. (99)
In this molecule optical activity is conditioned by the res-
triction of free rotation about the diphenyl linkage. On
rearrangerent, an optically.aetive amine, 3,5-—dinitro, 6,

o-naphthylsmine was obtained with no change of sign in the

* S5ge Pace 43
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rotatory power and no appreciable racemisation
NOp NOg

These results were interpreted as showing that
at no time is the blocking effect of the -CON group re-
moved, that is, in rearrangements of this sort the
radiecal R is never free even momentarily. This change is
therefore truly intramolecular, the migrating gromp being
never completely free, either as a negative, positive or
neutral fragment. "The process therefore seems clear enough.
After the hydrogen bromide has been removed from the
nitrogen atom the appropriate picture of the system must
be much like that indicsted in the following diagram:

=L - C\. 0

~
~
-

N
with dotted lines indicating partial valencies which are
beginning t0 fOrmececcccee With subsequent motion of the
nitrogen atom the bond between the two carbon atoms will

grow continuously wesker, and this will be accompanied by a
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§£rengthening of the dotted bdonds and the appeafance of an
additional bond between the nitrogen and carbon atoms.....

One could predict that no free radical, positive or negative,
would appear. Therefore, an asymmetriec configuration is main-

tainedq.®

4 slmilar observation has been made by Bell, (100)
optically active 6-nitro - 2 methyl diphenyl - 2 carboxylic
acid when submitted to the Hofmann or Curtius reactions pro-

ducing an amine of the same sigan of rotation

CH COOH CH., ;smf
NO.

NOZ

The aspect of the problem of molecular rearrangements
which considers the relative ease with which groups migrate
is not as yet fully understood, the study of the relative mi-
grating aptitudes of groups having led to many anomalous re-
sults. Thus, Orekov and Roger, (101}, observed in l-phenyl
2-amino - 1 anisyl ethanol, that the aﬁisyl group migrated,

there being no evidence that the phenyl had migrated at all:-

CH,0-C4H, .
c - CHZNI'Iz HNOB C6H5CO-CH2—C6H4-O*CH3
71 3
C6H5 OH

whereas, with 2-amino-1l:2-diphenyl, l-anisyl ethanol-l,McKenzieé
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and Mills found that, the phenyl group migrated, (102):

CH50-06H4
/('3 - ?H—C H5 Z CH50—06H4—CO~CH(C6H5)2
C.H OH NH
65 2

Molecular Rearrangements and Substitution Processes

A new chapter in the st@dy of Intramolecular Re-
arrangements was begun with the discovery by McKenzie, Roger
and Wills in 1926, of the transformation without loss of op-
tical activity of an optically active amino alcohol to an op-
tically active ketone, wherein a hydrocarbon radical had mi-
srated from the adjacent carbon atom to the asymmetric carbon
atom, (103). In spite of the intramolecular rearrangement in-

volved, the optical activity was preserved.

Sefs Cefls

* : T —— % .

& CgHy - Cl - c'3 CHz HNOp d(,6H5cI;| clz H
OH  NH, CH,

4 reaction of substitution at the optically active
centre is involved during the transposition of the phenyl group,

the phenyl group replacing the eliminated amino group.

8imple Substitution Processesi-

The surprising discovery that a new substitutent need
not always enter the exact spatial position occupied by the atom
or radical being replaced, but may enter another valence position

on the same carbon atom was reported by Walden in 1893. (104).



~47~

Walden had established the following transformations:

1-COOH-CH,~CH(NH,) ~COOH - HNO, 1-COOE~CH5CHOH~COOH
NOC1 lPClg
1-COOH-CH,-CHC1.,COOH d-COOH-CH,~CHC1-COOH
Scheme 3

That is, Walden had found it possible to obtain from an opti-
cally active substance containing a single asymmetric carbon
atom, the substitution product in either of its optically ac-
tive forms. In one of these transformations, Walden realized
a chénge of configuration or an optical inversion must have
ocecurred. That is to say, the relative spatial positions

of the atoms or radicals in union with the asymmetric carbon

atom had been altered.

Optical inversion had not been anticipated as a
corollary to the Van't Hoff-LeBel theory of the stereochemistry
of esrbon compounds and thus was considered the result of an
abnormal substitution. It was however, soon ebserved to occur
so frequently and so regularly that Fischer was led to regard
the process as normal rather than abnormal and as representing

& very general phenomenon (105) which he designated ™ The Walden

Inversion.”

The cuestion at once arose as to whether a theopetical

explanation of "The Walden Inversion®™ could be formulated.
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W+ Ostwald in his review of Jalden's paper comments, some-
what sarcastically, "One may indeed be highly expectant of
efforts which will be made to explain this contradiction,"

(L08) .

Modern Theories of Walden Inversion:-

The modern theory of the typical substitution re-
action of organic chemistry was suggested by London's quantum
mechanical interpretation of the process and was developed and

applied by Meer and Polanyi, by Olson, and hy Hughes and Ingold.

London has shown (107) from gquantum mechanical con-
siderations that the energy of activation for reactions of the
type:Y+XZ—— YX+ Z, 1s smallest if the atom approaches (the
molecule) along the line Jjoining the nucleii of the molecule.
It also follows from his theory that the activation energy
(under this condition) would be, in general, as little as

one-seventh of the dissocation energy of the dissociating mole-

cule (Xz).

Eyring and Polanyi (108) applied London's theory
to the simplest substitution reaction, the atomic exchange con-

version of para hydrogen to ortho hydrogen by hydrogen atoms.
H-+ p-H2 —— o-Hg + H-

The designated ideal simplicity of this transformation involv-

ing a single process and only one reactant permits of a theoretical
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treatment as well as an experimental study. Applieation

of London's theory showed that the energy of activation of
reactions of this type is a minimum if the hydrogen atom
approaches the hydrogen molecule along the molecular axis,
(Fig.1l) and is so large that under ordinary circumstances the
transformation would not occur if the attacking atom were to
approach the molecule symmetrically, (Fig.2); that is, per-

pendicularly to the molecular axis.

H- — H¥*H H- — . |
H
Fig. l. Fi L] 2‘

Theoretical calculations, (109), show that the activation ener-
gj of the process as in Fig.2 1s about 100Kg. cal., whereas for
the process as shown in Fig.l, is only about 13-15 kg. cal.
Experimentally, the activation energy was found by Farkas (110)
to be 4,300 -11,000 calories and by Geib and Harteckr(lll) to
be 7250 * 250 calories. Pelzer and Wigner (112) have extended
the calculations for a molecular axis approach to obtain a

value for the reaction velocity which is in excellent agreement

with experimental results. The general agreement between theory

and experiement in this case as well as in other similar cases,
that have been reported, indicates that the processes involved

in the reactions of the type; Y + XZ2—YX + Z, may be considered
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(1) The attacking atom Y approaches the molecule X3Z
along the molecular axis. Since the activation energy re-
quired in these reactions is only a fraction of the energy
required to break either bond outright, the approaech of the

attacking atom Y, must weaken the bond XZ.

(2) The energy of activation of the reaction allows Y
to form with XZ an activated state,-the state where X is at-
tracted equally to both Y and 4. This activated state repre-
sented by a linear configuraticn of the three atoms then

breaks down to either Y+ XZ or YL + Z,

Indirect Substitutions:-

In 1932, Meer and Polanyli formulated a stereo-chemi-
cal corollary to the interpretation; namely, that all bimole-
cular substitution reactions of the type,-

- Rl\f - / -
X + RZ cC—Y —mm> X RZ + Y
R <<%
3
took place with inversion and classified them as "Negstive
echanism™ reactions, (113). These authors pointed out that
when a substitutent of the negative type is exchanged for a
negative ion (anion), the driving force of the reaction must
lie in the intercction of the negative ion with the cerbon

atom to which it becomes attached, (the effect of the positive

ion being restricted to a "salt effect"), and that the negative
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ion will necessarily approach the carbon atom from the
side opposite to the group to be substituted, since the

. dipole .
electrostetic forces of the,attacked by the ion will cause
this to be the position of minimum energy. Thus, the new
substitutent X, will always react with the carbon atom at
the face of the tetrahedron which is opposite to the posi-
tion of the original substitutent, Y. A Walden s inversion

will accordingly always occur.

Olsen extended this theory to postulate inversion
in every substitution, (114). Substitution reactions,
Y+ XZ— YX + Z, taking place by mechanism in which either
dissociation of XZ is the primary step or the formation of
the complex YXZ is the prirary step, were considered as
limiting cases of an inclusive group in which dissociation
and association may be simultaneous phenomena. Olson referred
to the quantum mechanical considerations of Pauling and Slater
(115) which have indicated that the carbon eigenfunction which
is involved in the carbon chlorine bond extends beyond the
carbon atom on the side away from the chlorine. That is,
the carbon atom has a tendency to form a bond at each ﬁéce~
of the tetrahedron. Furthermore, the weaker the bond is to
the apex, the stronger the bond is to the opposite face.
Therefore, "The group which is to be displaced determines a
unique path for the entering group, such that the system re-
guires less energy than it would for any other path®*. Olson
considered it immaterial whether there is first addition to

the face-centered bond or whether there is a dissociation
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which strengthening this bond attracts the entéring
group, causing a similtaneous addition. This then leads
to complete inversion of configuration for the reaction

which takes place in one step,.

H. Menke (116) had given experimental support to
the existence of this face-centered bond, since his inter-
pretation of the X-ray diffraction pattern of liquid carbon
tetraechloride required the assumption that the chlorine from
one molecule of carbon tetrachloride in the liguid state was

face~-centered on the adjoining carbon tetrachloride tetrshedion,

The relative energies of the two possible transition
states (I,II) which could be involved in this transformation
were assessed by Hughes and Ingold (117) by application of the
exclusion principle; that is, by consideration of the conditions
which would minimize the replusive exchange enerBy integrals.,
They conclude that state I will correspond to a smaller state

of activation then state II.

By By By Bz
. | \l iy
l | =2

BS 33

T TE

Hughes and Ingold considered the effect arising from the ex-

clusion principle to be more important, and in all ordinary
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eases determinative, than the effeet of the dipole field

in the line C-Y, previously considered by Meer and Polanyil
to be the force which preferentially directs the anionic
reagent to the position leading to inversion. Such a view
is confirmed by Read and Walker's observation (118) of in-
version occurring in the replacement by OH™ of I\T‘+-—--Me3 in
l1-piperityl trimenthyl ammonium hydroxide to give a piperitol.
In this case, the bond to be ruptured is C - ﬁ Rz and the
electrostatic forces alone would direct the attackipg anion
to the position giving a retained configuration, whereas,
the exclusion principle still favors transition state I.

The experimental results indicate that inversion of configu-
ration occurs and thus the exclusion principle is determina-
tive. That is to say, the most favorable method of attack

still remains along the line of the linking involved in sub-

stitution.

Confirmation of the theorsdtical views was given By Ogg
and Polanyi who were able to arrive at a theoretical acti-
vation energy for the "llegative Mechanism"™ reaction, by an
extension of the previous quantum mechanical considerations.
(119). The calculation of the activation energy was based on
the aporoach of the negative lon toward the positive end of
the earbon halogen dipole along the line joining the carbon

and halogen nucleui. The theoretically established values
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were in:geheral agreement with the experimentally observed

activation energies,

Various other experimental observations were cited
by these authors in support of their theoretical considerations.
The investigations of Phillips and Kenyon (120),on the reactions
of the toluene sulfonates, in which the conclusion was reached
that substitut ion by a negative ion resul ted in a Walden
inversion, support these considerations. The kinetic studiss
of the rscemisation of optically active halides by the corres-
ponding halogen ion wherein the velocity constants of the
racemisation have been found similar to the velocity of substi-
tution by halogen ions, has brought additional evidence (120a).
The thermodynamical indices, for example, the activation
energies and collision numbers, have also been found similar
Whéthar gsubstitution or racemisation was consldered, and re-

gardless of ion or structure of the compound.(120b)

For a particular case of the reaction of an organic
halide with hslide ion, the validity of the theory has been
conclusively demonstrated by the work with radioactive iodine
isotopes (121). The rate of exchange, that is, substitution
between d1 sec. octyl iodide and sodium iodide containing the
radioactive isotope of the halogen obtained by exposure to
the sction of neutrons, was determined by measurement of the
radioactivity of the products. 1In another series of experi-

ments, the rate of racimisation of dextro sec. Octyl 1ladide
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by sodium iodide in acetone was determined polarimetrically.
‘When reduced to the same units, the two processes were
foumd to have velocity constants acreeing to within 10%.
This resction clearly involves exchange between the iodine
atom of the sec octyl iodide and the iodine ions of the
solution,

The™Negative Mechanism" group of substitution
reactions includes the following transformations,-

(A)  The conversions of optically active halides with
galts of inorganic or organic sacids, for example, lithium
chloride, silver acetate, sodiwum benzoste belong to this
class of substitution and are accordingly accompanied by

Walden Inversion.

Levorotatory bromides and iodides all lead on the

action of lithium chloride to dextrotatory chlorides (122).

levo CHE-CHI-C6H9 Q s CHS-CHCI—C4H9
'LiCL

The action of potassium acetate on levo ethyl
bromo propionate in absolute ethyl alcohol under reflux
for 6 hours yields dextro ethyl &-acetoxy propionate (123)

1-0H5-CHBr-COOEt CHZCGOK ~CHS~CH—COOE#
[@] OCOCHz

Y

Levo rotatory phenyl methyl chlormethane produces

by gentle warming with silver acetate the dextro rotatory
&
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acetate of phenyl methyl carbinol

¢ H C.H
A~ 6 é(}H-Cl a_ . d- 6 5\011-0-00-011 (120Dp)
OHZCOOAg 5
CHzCOONa

The reaction with silver acetate is accompanied by consider-
able partial racemisation. The ascetate obtained in this
manner has a smaller rotation than thé one obtained through
direct acetylation of the garbinelsg, and also than the one
obtained by analogous means using the sodium acetate.
Bergmann considered this to be an indication that the silver
acetate tehds t0 react by a "positive mechanism" and pointed

out that the favoured formation of the silver chloride must

play an important role.

Marker, Whitmore and Xamm (124) have established the

following transformations in sterol chemistry

- D
cﬁsdﬁ3k

cholestyl chloride ¢ and hydrolysis epi-cholestanol

PCL
5

Potssgsium scetate was considered to have produced inversion
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(B) The reaction of an optically active halide with
sodium malonic ester, that is with malonic ester ion,
leads to an alkyl malonic ester with opposite configura-

tion.(120Dv)

C H CH

a- & Sem-c1 S — 65
vida NaCH(COOR), 1~ CHéOH-CH(COOR)z
¢ H
6 5 CE H
1- /CH- H,C00
CHz

Similarly d-2-bromo butane by the malonic ester synthesis

yields 1-B-methyl valeric acid.

(C) The reactions of the sulfonic esters of optically
active hydroxy compounds with the alkali salts of inorganic
and organic acids (125), such as potassium acetate,
potassium benzoate, lithium chloride, sodium bromide,

potassium iodide etc., havéf%hown t0 produce products with

a change of conficuration.

Ammonia and orimary and secondary amines have
also been found to react with such esters to produce optically

active animes. The stereochemical nature of the reaction is
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not definite but there are indications that these derivatives

have the same configuration as the original sulphonate (126).
(D) Replacement by means of halides of Phosphorus and

Sulphur are assumed to proceed through the prior formation

of an ester-halide. These ester halides are considered %o

ionise to form a halide iom (127), especially in the presence

of pyridine or other tertiary base owing to the production

of pyridinium halides;-

CoHy ) _OH
Et00C” N\H

\\\\ PCl5 80012

= ¢ H 050
¢.m ~P- 3
676N — " a1 65> 07 c1”
Et00C” H ) E$00077 \ H
c1
¢ H
65\0/H

d- /\
&t00C Cl
‘The decomposition of the alkyl chloroformates in the presence
of a tertiary base may be regarded similsrly. (128)

(E) Replacement by means of hydrogen halides under
conditions favoringionisation are considered to proceed by

& mechanism quite similar fto the mechanisms in the case of



-bh9-~

the halides of vhosphorus and sulfur (129), an oxonium ion

being formed as on intermediste.

AN N\ -
— C-CH >>C-OH+C1 >C1-C<  + HO

Meer and Polanyi distinguished between these re-
placements by an anion, the "negative mechanism" substitu-
tion, and those in which the attack is by a cation, a
positive mechanism" substitution. There are very few cases
of true "positive mechanism" substitutions, wherein a
positive ion may be considered to attack the negative end of
the polar bond, thus taking the negstive substituent to form
a neutral molecule, leaving as the remainder, a positive

carbon radicaui;

Rl R
N\t - + +
Ré——c-—X + Y—-XY + Ré——c
R
Ry 3

‘This latter is stabilized in a secondary reaction, whereby
the optical result of the substitution depends on the
stability of the configuration in the positively charged
radicle. Substitution through the "positive mechanism®

then need not be accompanied by Walden Inversion nor by

recemization.



Displacements of the halogens of organic halides with
silver oxide or silver salts involve & heterogeneous attack by
silver ions on the organic halide absorbed on the surfaee of the
insoluble silver salt. Hughes and Ingold, et al (130), assume
that the absorption of the halide stretches the carbon-halogen
bond, and an absorbed silver ion takes advantage of the disturb-
ance in order to extract the halogen as an ion. The final step
4involves the heterogeneous reaction of the carbon cation with an
ebsorbed nucleophilic reagent or solvent molecule. The substit-

ution process then depends on an assisted positive mechanism.

Olson extended his face-centred bond theory to explain
substitutions in which an apparent direct substitution without
Walden inversion occurs. “Thus, if the face of the asymmetric
carbon atom opposite t0 the ehlorine were absorbed on some
surface, the carbon-chlorine bond would be weakened causing ths
dissociation of chloride ion and inversion to form a wall complex.
Hydroxide ion would now add, again causing inversion and releas-
ing the molecule from the surface? The net result would be the
production of the product with same configuration. The action of
gilice on the hydrolysis of optically sctive phenyl bromosascetic
acid to produce the mandelic acid with the same configuration
was explained with this mechanism. The function of silver salts
was interpreted similarly. The action of the silica, silver oxide
end silver salts might thus be regarded as & ™ face-centre

shielding " effect blocking the "negative mechanism® as well
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as a catalytic effect wherein the bond of the group to be
displaced is weakened, facilitating the occurrence of the

"positive mechanism®™.

"Pace-centre shielding" effects have also been
postulated within the molecule. The presence of a charged
group o1 the appropriate sign (negative for the organie
cation and positive for the anion) was considered by Hughes
and Ingold (129) as tending to stabilise and to preserve

]CQ
the ion. Since the ion is a betaine ©

C this structure
is 1likely to remain until a new group enters the position
vacated by the one expelled: the result being a consider-
sble retention of configuration. If the reagent intervenes
before the intramolecular stablising structure 1s Ilormed,

only partisl retention of form will be observed.

Winstein and Iucas (131) slso postulated a "face-
centre shielding” in a mechanism developed %0 account for
the retention of configuration in the conversion by hydrogen
bromide of dl-threo 3-~bromo butanol: to dl-2,3-dibromobutane

HBr

dl- CH_-CHOH-CHB -CHgy ————— d1- CH,-CHBr-CHB,~CH
threo- © re No W.I. 3 3

The unusual benavior of the bromobutanols was

aseribed to the presence of the bromine atom in the follow-

ing mechanism, o .
\/ + _
\f/__ om _+8, f....08, L | cl,f By
. ~H O Br +Br Br-
Br-C Br-Q 5 Q A

A
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wherein the bromine atom is considered as being attracted
%o the back face of the carbon atom holding the hydroxium

group in the-same way that an independent bromine ion may.,

Substitution by negative ions is accompanied by a
steric hindrance effect when large substituents are attach-
edtho the carbon atom at which substitution takes place. The
effects of complete steric hindrance were studied by
Bartlett and Knox. (132) "A derivative of bicycio z,z,1
heptane with & substituent on the bridge head is incapsble
of reacting by the currently favoured mechanism of negative
substitution with Walden Inversion. In the first place,
no negative ion or other nucleoPhilic reagent can approach
carbon atom 1 from the side opposite to the substituent
and get within bond-forming distance, because carbon atoms
3,4,6 and 7 or 8 form a cage around it, 1In the second
place, the three carbon atoms directly bound to the bridge-
head (carbons 2,6 and 7) are not free to alter their
positions as requiredifor an inversion of configuration,
Both these restrictions apply whether there is optical
activity present in the system or not. Hence we may work
with an optically imactive series of compounds and still
be sure that the mechanism of reaction which, in optically

agtive compounds, underlies the Walden inversion is excluded.®



(X £NHs:~ 1 apocamphylamine

=0H :- apocamphanol-1

1l-Apocamphylamine was found to react with nitrous
acid to form apocemphanol-l (X=0H), with nitrosyl chloride
to form l-chloro apocamphenol (X=Cl). The hydroxyl sroup of
apocamphanol-l could not be replaced by the action of
thionyl chloride, phosvhorus pentachloride or gaseous hydrogen
bromide. The chlorine group of l-chloro apocamohane could
not be reolaced by the action of 30% alcoholic potassium
hydroxide. "We can now say cuite definitely that no inversion,
or series of inversions, need be involved, in the reaction
of an amine with nitrous acid or nitrosyl chloride. These
reactions proceed as smoothly and rapidly when the ‘alden

Inversion is proliibited as when it is possible".

Recently Bartlett with Cohen has continued his
studies of structures which prohibit the Walden Inversion.
The sddition product of maleic énhydride'fo 9-bromoanthra-~
cene, a derivative of dibenzobicyclo-octadiene, is structurally

incapable of a Walden Inversion in the replacement of the
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Bromine. and as these authors have found, shows no replace~ .
ment of this bromine on boiling for 18 hours with 30% KOH in
50% aqueous ethyl alcohol (133). The bromine however can
be replaced by hydrogen with reduction using sodium and
alcohol. It is to be noted, that, although the bridge head
carbon is directly bound to two phenyl croups which in the
acyclic analogues means an enhanced activity of the group X,

again no renlacement occurs through a negative mechanism.

/O—N

v//A\\\////f
|

CH O\

i/\i/\ /‘,’F- 5
N~ ®

"Pace-centre shielding" has been shown to facili-
tate direct substitution. Replacement reactions involving
intermediate compound formation, in which the entering atom
and the atom which it replaces are held on the same side of
the sgymmetric carbon atom have been shown to be equally
effective in facilitating direct substitution. Transforma-
tions by means of thionyl chloride, carbonyl chloride, and

by hydrogen halides msy take place in this manner, under
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conditions inhibitory to ionisation.

0
; ~ VN .
(&) =C-0H _s0C1p C 01/30»30-01 + S0g (134 )
. /N
(B) —0-0H _ COC1_ =C o _00—>2C-C1 + COp (135)
(c) C-OH _Hol Ry w3
X¢- 3 -C1 + Hs0 (136)

Under suitable conditions, low temperatures in the case C,
and in the absence of substances causing ionisation, the
intermediates may decompose to yield the respective products
with no change in configuratiomn. Catalysts for reaction (B)
are magnesium and mercuric chlorides. (135) A possible
catalyst for reaction (A4) is zinc oxide. (137)
Digsociation Mechanisws

Reactions of the two previous classes are complicated.
in some cases by primary dissociation into ions of the sub-
stance under consideration. IFor example, Ward has observed
that phehyl ethyl carbinyl chloride when dissolved in an
alcohol water mixture, liberates hydrochloric acid at a rate
which is independent of the hydroxyl ion concentration. (138)
That is to say, the halide does not react directly with the

hydroxyl ion but undergoes & primery dissociation into ioms.
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Bimolecular substitutions in which the bond is
exchanged in one act, (Snz),are distincuished by Hughes
and Ingold (139) from substitutions in vhich the bond is
broken and then reconstructed in separate acts (Snl).
Which of these mechanisms will operate in a given example
depends, inter alia, on structure, i.e. on the groups
attached to the seat of substitution. Groups which with-
draw electrons thereby facilitate avproach of the mucleophilic
reagent, the oresence of which is necessary for reaction by
mechanism. (Sn,) Groups which supply electrons favor the

dissociation which is the rate determining step of mechanism

Snq .
1 Hughes and Ingold's views on the effect of groups

may be summsrised as follows,- Replacements in methyl halides

are exclusively bimolecular.

(1) Alkyl eroups release electroms more strongly than
hydroecen, and hence the progressive replacement of the hydrogen

atan in & methyl chloride by alkyl groumps will tend to replace

mechani sm Sn2 by mechanism Snl.

(2) Aryl substituents at the seat of substitution

facilitate mechanism Sngy much more strongly than do alkyl

groups.
(3) Groups of the form, COOR, being electron attractors

will serve toe stablish mechani sm Sn2 to the exclusion of

Snl.
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(4) The carboxylate ion group, - CO0~, repels
electrons and thus a transition from mechanism Sn2 to Sn1

is expected.

Mechanism‘Snl may involve inversion, racemisation,
or retention of form depending on the circumstances which
have to be considered in detail. The presence of an unsaturated
group, such as phenyl, at the seat of substitution introduces
mesomerism, a factor which temnds to stabilise and at the same

time to flatten the ion. The result will be enhanced

racemisation.

A number of investigators have emphasised that
the solvent nust play an especially important part in the
ionic fission, since in all spontaneous ionisations it is
solvation which reduces the activation energy to accessible
values. The hydrolysis and solvolysis of optically-active
alkyl halides have been found to occur with VWalden inversion.
(140), Ogg and Polanyi (141) consider the process to take
place as follows, - "The transition %o the ionic state can
only take place if both ions are formed as hydrates, other-
wise the sctivation heat would be unaccessibly high. A%

the moment of its formation the carbonium ion can add a water
molecule only on its side opposite to the halogen link. It

is to this side, therefore, that the hydr oxyl group formed on

decomposition of the carbonium hydrate, will become linked to™,
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The picture of the process is:-

06%3 CH5 06H5 st )
- * e 00 — +
E H
CH CH
6 O / 3
ut + \c + CIHO
/' \ 2
HO H

Stiegmen and Hammett (140) also suggest that another
solvent molecule removes the proton. Olson and Voge con-
gsider the first step to be hydrogen bond formation with the

bromide ion in the case of hydroxylic solvents (142)

Bartlett has recently observed that the composition

of the product obtained from a solvolytic reaction exhibits

a devendence on the solvent composition, (143) and concluded

that the rate determining step in this case was ionization,

the solvent serving to solvate the anion and that the solvent

components than compete for the cation in rough proportion

t0 their mole fractions.
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Roger and McKenzie (144) formulated the following

experimental scheme in 1929;

CH C H
. // 26 5
.- 8 %*
- - - 18 { ] - hnd _C
1-CHy CH:NH2 COOH C B, CH g?.&") d-CgH -G N
LCOH C H
0 NE, OH 205
v HNOg
d-C Hs-CHOE-GOGH
RC1,
v CHCH, ¥
- - -COOH A- \
) 0 ¢Hp=CHO1-C00 CH-C*_-C —CHCH
I 6 5 , Il 2 65
TP 400 b o
| dil H 304
TR o 2
d—CGHs-C-ﬂm_.ﬂg COOH
HIO,, .
l '* ~CH C, He
- . C H.CH iloBr d-C H -C¥*-C—CH.C.H
1-0635-0}1011 COOH 06 5OH 112 %657 ' 2C Hy
OH OH

The nrocesses of intramolecular rescrancement and ‘/alden

inversion were thus definitely linked one to the other.

Later Bartlett and Pockel studied the pinmcol

rearrancement of cis and trans 1,2 direthyl cyclohexandiol-

1,2, (145) The trans glycol was found to yield on
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rearrangement 78% l-methyl l-scetyl cyclopentane. The cis

‘glycol however oroduced 2,2-dimethyl cgelohexanone in 74%

’| I‘
OHB 0
CH

3

yield using the seme procedure.

These authors considered their observations as follows,-
®In the cis pinacol, the ring carbon atom and the methyl

group which micrates are about egually remote (on a time

H 2 p which is eliminated in the
average) from the OH zroup whic

resction. In the trans pinscol, the ring carbon atom which

migrates is much more remote from the replaced hydroxyl

group than the methyl. In other words, a group migrates

by preference which is located in space near the opposite

gside of carbon stom No.l, to that occupied by the hydroxyl

group which is replaced. This is inconsistent with the idea

that the hydroxyl group is actually removed before the

mierat ion occurs, for then the radical most accessible to
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the open spot on carbon No. 1 would surégly be the one to
migrate. The fact that different produects result from

the two stereoisomers slso excludes the formation of g
racemisable Mopen sextet" as do the pinacolic and semi-
pinacolic deaminations of McKenzie which yield optically
active products. There remasins only the possibility that
the micration of carbon and the expulsion of the hydroxyl
are simultaneous processes. The preferred migration of

the radical situated near the back side of the carbom No. 1
brings out a very strong resemblance between the pinacol
rearrangement and those replacement reactions in which it
has been so elegantly shown that Yalden Inversion attends
every act of replacement”. Vhether or not a Walden Inversion
mechenism is the only one by which a pinacol rearrangement
occurs, Bartlett and Pockel have established a case in which

the inversion mechanism is the preferred one.

Bartlett snd Bavey (146) vointed out that the above
studies had left something to be desired in exactness of
interpretation due to the non-planar structure of the cyclo-
hexane ring, which property allows of many different orienta-
tions of adjacent substituents with respect to each other,
Thus, they extended the investigation to the pinacol rearrange-
ment of cis and trans 1,8-dimethyl cyclopentane diol-1,2

wherein the planar nature of the five membered ring makes

the relstive positions of the groups in space much more
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certain, Refluxing the cis glycol with 30% aqueous sulphuric
acid produced in 87% yield 2,2 dimethyl cyclopentanone-1.
"Thus the methyl group has migrated in that pinacol in which
it is in a position to displace the adjacent hydroxyl group
by attacking the opposite side of the carbon atom holding it,
as in the Walden Inversion®. Identical treatment of the
trans pinacol produced only a tar. "These results with the
five and six membered rings support the generalization that

a group cannot migrate in the pinacol rearrangement unless

by a simple movement it can reach the adjacent carbon atom

on the face opposite the hydroxyl group which it is replacing.
Thus in these pinacols the methyl group can migrate only in

the cis modifications".

However Criegee and Plate have observed, contrary
to expectations that both the cis and the trans isomers of
diphenylacenaphthendiol produce the same product on rearrange-
ment, diphenylacenaphthenone, and that the difference in
the rates of isomerisation of the two isomers was not particular-
1y great (eis / trans = 7/28). (147) The relatively large
differences in the rearrangement products which were expected
due to the difference in sypatial structures of the pinacols

was not observed. Similarly Hans Meerwein (148) by modifying

Bartlett and Bayley's experimental conditions observed that

the trans glycol of 1,2 dimethyl cyclopentane 1,28 diol produced,

: 0
on treatment with concentrated sulphuric acid at -10°, 22%
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2,2 dimethyl cyclopentanone and concluded that the difference
in behavior of the two isomers is thus one of degree and

not of kind. Bernstein and Whitmore have recently investi-
gated the rearrangement by semipinacolic deamination of levo
1,l1-diphenyl 2~amino proponol -1 to dextro methyl phenyl
acetophenone in order-to ascertain whether the shifting phenyl
group actually takes the place of the removed amino group or
takes part in a Walden Inversion by approaching the bsasck of
the adjacent carbon atom, the front being considered as the

corner holding the amino group.

%, o 1

H HINO CH,.-C*C—C. 1

/i‘)’ (‘} 6 5 2 - é(f I 675
NHZ CH H O

99% yield

They were able to establish that the levo amino alcohol and
the dextro ketone were of opposite configuration and thus
concluded that the transformation imvolved a Walden Inversion.
This cives additional evidence for the 'rearward' attack on

a carbon stom dur ing the replacement of a group®.

Bartlett and POcHel also considered the relation-~
ship of the Walden Inversion to the mechanism of the Wagner-
Meerween rearrangement of camphene hydrochloride to isobornyl

chloride and concluded that here too a complete Talden
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Inversioni s involved at the starred earbon atom (15)

camphene hydrochloride isobornyl chloride

Similarly the comversion of isobornyl chloride into camphene
must involve a Walden Inversion, isobornyl chloride elimi-
nating hydrochlorie acid quite readily with the formation
of camphene on simvly boiling with water. On the other
hand. the comversion of the stereoisomeric chloride, bornyl
chloride to camphene, a step upon which the synthesis of
camphor depends, cannot involve a Walden Inversion. This
latter transformation however, reouires8 the action of bases
for the elimination of the hydrochloric acid. That is, there
i8 8 considerasble difference in the facility with which
‘these reactions proceed, the loss of the hydrochloric acid
occurring with much greater facility from isobamyl chloride,
the transformation which involves a Walden Inversiom. A
similar behavior was observed by Huckel and Nerdel (151)
for the isoborpyl amd bornyl amines (ClzNﬁg). TIsobornyl

smine resctine with nitrous acid produced only pure camphene

and camphene hydrate.c Bofnyl amine produced the same two
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bicyclic products, camphene and camphene hydrate and in addi-
tion considerable smounts of >X-terpineol, a monocycliec
end-product, wherein the gem-dimethyl bridge has not been
reformed. That is to ssy, intramolecular rearrangements
need not always involve a Jalden Inversion, these cases,

however, seemingly proceeding less readily.

It was thus highly desirable to investigate a case
wherein steric factors could have no possible dominating
influence, in order to establish the natural stereochemical
course of the migrating group and if possible the extent
of the rale played by the two mechanisms, namely that proceed-
ing with and that proceeding without Walden Inversion. We
therefore turned to a study of simple alephatic compounds

whose stereochemical relationships could be ascertained.
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The Present Investigation

A survey of our present knowledge of substitution
processes and intramolecular rearrangements has indicated
an apparently nstural tendency for one group to replace
another by a Walden Inversion mechanism. The question
arises as to whether a Walden Inversion mechanism is the
ohly one by which an intramolecular rearrangement occurs,
in the absence of steric or other possible directing in-
fluences. A few cases have been established wherein the
inversion mechanism is seemingly the one preferred. On
the other hand, there are certain special cases wherein a
Walden inversion’could not have been involved in the trans-
formation. However these latter rearrangements are all of
the type in which a rearrangement occurs as a consequence
of a removal reaction. No simple aliphatic case of a
rearrangement occurring during the reolacement of one group

in a molecule by another has heretofore: been investigated

from this point of view.

The basis of sy such study is the definite

correlation of the configuration of the original compound
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and the rearrangenent product. In only a few cases have the
relative configurations of the two compounds concerned been

established,

P. G. Stevens and coworkers (152) have shown that
dextro n-pvropyl tert.—butyl carbinol on treatment with
saturéted aqueous hydrochloric acid yields a levorotatory
chloride, containing 94.2% tertiary chlorine. That is a re-
arrangement from a secondary carbinol to a tertiary chloride
had occurred accompanied by a change in the sign of rotation.
Tt has long been recognized that a change of sign of rotation
does not represent a change of configuration, for there are
mumerous cases where such a change of sign occurs in which
no change of confipuration could be involved. That is, the
relative conficurations must be known in order to be able to

draw conclusions regarding the mechanism.

This rearrsngement could be comsidered an example
of a retropinacolone rearrangement, the tertiary chloride

being assigned the structure of 2-chloro,2,3-dimethyl hexane.

¢z, CH,

/ox? o 1-C,H CIHz(.!, CH

d-C yH- CHOR- 00l HCL , 1-CgH,-CH-C-CH_
3 1

Equation 1.
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This tertiary halide may be configurationally related
to the oricinal carbinel through the following series

of relationshivs,-

H CHg H CH
L\ |13
A. n~05H779 ~-C-CH, n'C5H77% -?-CHZ I
OH CH, CHz Cl
E CH H Yom
|* e I* é i H
. -g*~0-C N=CrH,~0*-C=CH
B CH, ? ? H, 3 7/ >-Cr
OH CH, CH, OH
i i
I
. "
C. CHS-IF*-(Cﬂz)SCH5 n-CZHng COOCH, G
OH § CH, |
H y H ¢
|
D. CHSj?*-COOH n-05H77p*-GGOH P

OH CH o
~&\\\\ . ,///’ %

)
E n-C.H,-£*-COOH
3 7d§

Herein, lies a possible method for the elucidation of the

relationships between Substitution Processes and Intramolecular
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Rearrangements. Should the two conficurationally related
carbinols, n-propyl tert. butyl carbinol (A) and 2,3 dimethyl
hexenol-2 (H) produce under identical conditions the same
chloride with the same sign of rotation, the transformation
of A to T accordine to Ecuation L. must have proceeded without
Balden Inversion. On the other hand, should the carbinol A
produce a chloride, identical in structure but differine in
the sign of rotation from the chloride obtained from carbinol
H, the transformation must have proceeded with Walden Inversion.
Furthermore, should it be pnossible to ascertain the maximum
rotations of the carbinol A and the chloride I, the extent

to which this rearrangement involves a Walden Inversion

mechanism may be found.

The occurrence of a retropinacolone type of re-
arrancement during the opreparation of the chlorides of
secondary carbinals containing the grouping RBC-CHOH- has
long been known. (153) Thus pinacolyl alcohol <ives a
tertiary chloride in atileast 90% yield, the tertiary bromide
being produced similarly in 92.50 yield.

HC1_905 (CH5)2C(01)-CH(CH5)

—— 2
EBr_92.5% (CH5)2C(Br)-CH(CH5)2 (155)

(154 )
(0H5)60-CHOH-CH5

This transformetion has hot been studied from the poimt of

view of establishing the stereochemical mechanism involved.
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On the other hand, the preparation of the tertiary
chloride (I) from the corresponding tertiary alcohol, 2,3 |
dimethyl hexonal-2 (H) represents a type of transformation
which has as yet not been investigated throughly. Whitmore
(156 ) has assumed however the production of the correspond-
ing chloride from tertiary alcohols of the general type
RéCH-G(OH)-Rz wherein two adjacent carbon atoms hold tertiary
hydroxyl and tertiary hydrogen, respectively. There have
been several cases renorted where no rearrangement occurs

during the replacement of a tertiary hvdroxyl group.

For example, benzpinacol dissolved in a cold -
benzene solution is readily converted by hydrogen chloride
into the corresvondine dichloride in 75.8% yields. (157)
Similarly Huckel (158) has reported the preparation of the
menthyl chlorides in nearly pure>form from l-menthol.

By the use of thionyl chloride, hydrobenzoin has been con-
verted to the corresponding stilbene dichloride (159a) and
dipvhenyl tertisry butyl carbinel to the corresponding
chloride. (159b) The chloride of enaphthyl nopinol has been
prevared using phosphorus pentachloride in licroin (160)
Gonant and Blatt produced phenyl tertiary butyl carbinyl

bromide from phenyl tert. butyl carbinel by ovassinge dry hydrogen

bromide into the cold carbinel. (161l) Nevertheless, the

possibility of a rearrancement should not be overlooked.



Perhaps the most satisfactory method of detecting the
occurrence of s rearrangement during the preparation of
substituted derivatives of carbinols of this type, RpCH-C(OH)-Ra,
would be to prepare this type of compound optically active with
the carbon atom alpha to that with the hydroxyl group the optic-
ally active centre, for reéetions which involve this centre
would certainly effect the optical activity in a characteristic
manner.,

The starting material for such a study &s outlined
above thus becomes x-methyl valeric acid (F). %~-methyl valeric
acid (F) ocan be configurationally related t0 n-propyl tertiary
butyl carbinol (A) as well as to the tertiary alcohol, 2,3-di-
methyl hexenol-2 (H). A correlation of the configurations of
X~-methyl valeric acid (H), alternatively referred to as
n-propyl methyl scetic acid, and «~-hydroxy valeric acid (B)
may be made by the application of Marker's Rule (162), an empir-
ical rule proposed by Marker in 1936 for predicting the relative
configurations of optically active compounds. From a correlation
of the moleculsr rotations of & series of configurationally
related compounds, sn empirical table of ordinal numbers was
developed for twenty-nine of the common groups which occur in
many optically compounds. By means of these ordinal numbers,
gome three hundred known configurations were successfully
checked. Marker's Rile may be stated :- If the arrangement

of the ordinal numbers of the substituents of the two

molecules at the corners of the #ace of the carbon tetrahedron

diemmetrically opposite to the hydrogen
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atom are both clockwise or both counterclockwise, when considered
in the same sense, the two compounds have the same configuration

for the same sign of rotation.

The ordinel numbers assicned to the groups with
which we are concerned are,- n-03H7:14; CH3:25;0H:24;C00H:25.

Applying the rule we have

25 25
CO0H CQ0H
/H‘\\
C.H OH C_Hy N\ CHs
3 3- '
A ———} 14— - 25
E. P,

The above corresponding faces of the tetrahedrons using

the ordinal numbers for the groups are shown. All these
numbers increase counterclockwise. Therefore the compounds
B and P have the same confipuration for the same sign of
rotation. Levene and Harris (163) have also considered
these acids to be configuratienally related by the appli-

cation of the postulates of Boys to their results.

Marker's rule may also be applied to the corre-

lation of the configurations of e-hydroxy valeric acid (E),

lactic scid (D) and methyl n-butyl carbinol (C), the ordinal
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number for C4H9 being 11,

25 25 11

COOH COOH CoHg

: \ /{\ /\
I \ OH cH N\ o cH N\ om
37 - 24 9% ~ 24 235 ——— = o4
14

E. D. C.

The ordinal numbers are seen here to be in a counterclock-
wise sequence also, so0 that these substances all have the
same configuration for the same sign of rotation. However,
these three substances have been definitely configuration-
ally related by Levene, Haller and llarker(1l64) employing a
chemical method of correlation of configuration, which is
based on the axiom of stereochemistry that no change of
conficuration of the carbon atom under consideration will

occur if the valencies of said carbon atom are not involved

in the reactions employed.

No direct chemical method has been found for
correlating the configuration of methyl tert butyl carbinol
(B). P. &. Stevens (165) has applied Freudenberg's Displace-
ment Rule or Optical Displacement FPrinciple (Verschiebungsgesatz )
This principle (166) postuiates that in similar confisurationally
related substances, an identical substitution on identical

groups produces a shift of the rotation in the same direction.
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The correlation of methyl tert. butyl carbinol was accomplished
by comparing the rotation of its acetate, benzoate and
phthalate and those of the closely related carbinol, methyl
n-butyl carbinol, and dextro shift from the acetates through
the benzoates to the vhthalates being observed. According to
the Displacement Rule thus, methyl. tert butyl carbinol (B)

and methyl n-butyl carbinol (C) are configurationally relsted

when they have the same sien of rotation.

Stevens and coworkers (167) similarly applied
Freudenbterg's Rule to the determination of the configurations
of propyl t-butyl carbinol (A) and concluded that levo propyl

t-butyl carbinol has the same confiruration as dextro methyl

t-butyl carbinol (B).

Thus according to the gbove series of correlative
studies of conficurations levo n-propyl tert-butyl carbinol
(A) possesses the same configuration as dextro n-propyl

methyl acetic acid (F), that is, Qmethyl valeric acid.

In the present investigation, X ~-methyl valeric
acid (F) was configurationally related by direct chemécal
means to 2,3-dimethyl hexanol-2 (I). The K-methyl valeric

acid was prepared through the malonic ester spnthesis, in a
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mamer similar to that employed by Levene and Bass (168)

CHzCHoCHoBR 4-NaCH(COOEt)2~ﬁ—CH50H20H20H(COOEt)2

NaOEt
(CH5)2304

CHgy
OHZCchHgd{EOOEt)z
|
hydrolysis
CH
3 ?&3

CH3CHoCHp-CH-COOH _ Heat  CHzCHoCH3C(COOH)s
170-900

the product of each step being purified by fractionsl
distillation. The resulting acid was characterised by
the preparation of the anilide, M.P. 950, that reported
beine M.P. 95.20. (169) A pertial resolution was finally
carried out usins the alkaloid cinchonidine, through the

galt of which was obtained a dextro-methyl valeric acid

25
with a molecular rotation [n,-i]D = 8.270. The  -methyl

valeric acid also possessed the following characteristic,
25

B.P. 84.5°C £ 9 mm., 97.50 C @ 165 mm: n = 1.4121;
25 D
d = 0.920: M.R. 2: Found - 31.38; Calc - 31.25. Levene

4
and Marker had previously assigned to this acid the maximum

25 25 25
rotstion M = 21.4, B.P.; 96°C @ 156 nmm, n = 1.4117,4 = 0.920.
D D 4
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By treatment of this acid with diazomethene in
ethereal solution, the methyl ester 0f «-methyl valeric scid
(6) was obteined, B.P. 77°C @ 98kmn., n5’= 1.4004, a2P. 0.87s,
M.R. - Found;-36.03, Calc.- 36.19,[1]25a4+11.85. Thus, dextro
x-methyl valeric acid and its dextro ester have been configura-
tionally related through a sure reaction for the preparation of
an ester in a very pure state, the onmly by-product being a gas.

The methyl «-methyl valerate was next converted by
the Grignard reaction using 3 moles of methyl magnesium iodide

to 2,3-dimethyl hexanol-2 (H).

CHz clmz /cnz
CHzCHoCHo-CH-COOCH, _g_ﬁmﬁé%a_, cnscnacnz-cn-cicns
(G) 3 (H) OH

The following physical constants were observed;ﬁﬁ]%5= -15,35°
B.P. 76°C @ 29 m., n35: 1.4288, a55: 0.8314. The asymmetric
carbon atom was not involved in this transformation, so that
dextro methyl «-methyl valerate and levo 2,3-dimethyl hexanol-2
possess the same configuration. That is to say, levo 2,3-di-
methyl hexanol-2 has been directly correlated to dexiro w«methyl
valeric acid which had been related configurationally to n-
propyl tert. butyl carbinol. In this manner, the carbinols A
and H have been shown to be configurationally related when

both have the same sign of rotation.

cnécnzcﬂg-clz—clz-cns «—> cﬂzcﬂgcnz-cl:—f-qgs
OE CHz CHz OH

(A) (H)
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It may be noted here that the interchance of the hydroxyl

confiocu-

rationally related carbinols (A and H), does not change

gign of rotation.

Inactive 2,3=dimethyl hexanol-2 was also synthesised

by the following procedure:-

CFSG’F-’ECFZCHO CFgl.Tp_: ee— CFSCFQCchHOH CHg
—
cold Pwrg
Y
CH,CH,CH, CHBrCH,
e
CE, CHg
o 7 ' J
y —_— O,CH (MeBr )C
OH50H20H2CH-(,}—LH540H5COCH5 CHgOHBG”EO_-(-»-_. r)CH,
OH

The various steps in this synthesis were carried out very
carefully to avoid the occurrerce of molecular rearrangements,
not encountered in the previous

synthesis, must be considered in this procedure. The result-

ing 2,3 dimethyl hexsnol-2 was purified by fractional

distillstion through a total condensation variable take-off

s = - T 0
column with an efficiency of 15 theoretical plates; B.P. 756% C

2 29 mm ngf’; 1.4290
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Having established the conficurational relationships
of levo n-propyl t-butyl carbinol %o levo 2,3 dimethyl
hexanol-2, the remaininz steps which comprise this method
for the elucidation of the spatial processes of intramolecular
rearrangements are the transformetion of the two carbinols
to the chlorides, levo n-propyl t-butyl carbinol to the
isomeric chloride,™* and levo 2,3=dimethyl hexanol-2 to its
corresoondine chloride, vhich products would possess as

formulated the same structure but may or may not be different

in siegn
_CH3 CHz /CHg CHz /CH5
CHzCHpCH2-GH-CCCH,  CH3CH2CHp-CH-QZCHZ  CHzCH2CHp-CH-GZCHp
OH “CHx 61 OH
A. I. H,

A substitution reaction which sinrly replaces the tertiary
hydroxyl group of the carbinol H by a chlorine would not
involve the asymmetric centre, so that the corresponding
ehloride would be configurationally related to the original
carbinol H. and thus to the carbinol éé However when the
carbinol H, -E,ZQdimethyl hexanol-2 [ML ==15.35, was treated
with saturated aqueous hydrochloric acid, the reagent employed

by Stevens, the oroduct was an optically inactive chloride, B.P.

25 L
s - w 1.4330., Hydrolysis of the chloride yielded an
143.5-44 nD 1 1
optically inactive carbinol, B.P. 71.5-73°C, nD - 1.4294.

The chloride was completely hydrolysed by water, as no test

* 3ee Page 78
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for chlorides was obtained on the hydrolysis product with
either acueous or alcoholic silver nitrates, thus showing

the chloride to be tertiary.

should the conversion of the tertiary carbinol,
2,5-dimethyl hexanol-2 to the tertiary chloride have been
& simple substitution reaction, the tertiary hydroxyl oroup
being directly revlaced by chlorine, and thus not involving
the valencies of the optically active carbon, the optical
activity would have been maintained. Furthermore, by
analogous consideration, the carbinol recovered by hydrolysis
would have been identical with the initial carbinol, it was

not, as shown in the following table.

25 25
[1\.1] B.P. @ 29 mm n  TPhenyl Urethane
D D
INITTIAT CARRINOL -15.35 7500 1,4288 M.D., 740%
RECOVERED " 0 71.5-73°C 1,4294 1I.P. 52.62.5°

*Prepared from inative carbinol
The optically active carbon atom must therefore have been
involved in these transformations. That is to say, an intra-
molecular rearrangement has taken vlace.
2,3=dimethyl hexanol-2 may be considered as possess-
ine a structure analogous to isobutyl alcohol, 2-ethyl

l-butanol, methyl isopropyl carhinol, diisopropyl carbinol, etec.,
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all containing the common grouping RBCH-C(OHJ, with the dig-
'tinction that the hydroxyl group is either primary or

| secondary in these latter carbinols. Alcohols of this genersal
structure as well as those containine the grouping RZC—O-OH,
are knowm to be ecapable of undergoing rearrsngement, showing

this tendency in some cases to = very high degree, thus,-

B ok
(CHg ) ,CH-CH, 0 HBr. 5.1k (CH,)50-CH, (171)
5 i s 0 Br
(G Hg) 5CH-CH, OH ZnCly-HCl. 35-40% (CoHy ) ,C-CH, (98)
£ c1
c _ , 90% (CH_),C-CH-CH, (172
(CE,),CH-CHOH-CHj atnggo ~ 907 (OH,),C-CH-CH, )
c1
CHy ) 5CH~CHOH~CH (CH,, ) HC1
(CHg ) O°% “at20°  100% (CHg )50~ CHZCH (CHy ),

cl (172)

By anology then, the rearrangement which we have shown to

‘occur in the transformation of 2,3 dimethyl hexanol-2 to

the tertiary chloride may be formulated;

CH50H20HBCH-?-CH5 > CH5CH20H521Q:CH5

OH
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Considerine the easy replacement of the tertiary hydroxyl,
a mixture of the corresponding chloride and the isomeric re-

arranged chloride micht be expected.

The question now arises as to how the tertiary
carbinol, corresvoonding to the chloride obtained by re-
arrangement, namely 2,3 dimethyl hexanol-3, behaved when treat-
ed under similar conditions to the.isomeric 2,3=dimethyl
hexanol-2. Whitmore has previously treated the former
carbinol with hydrogen chloride gas to produce a chloride
B. P. 41-43 © 12 mm, o 1.4550 d = 0.8869 and has assumed
that this product was %he corre3poﬁding chloride (156).

The carbinol was prepared by the same procedure as used by

Whitmore, namely, from methyl isopropyl ketone and the

Grignard reagent prepared from n-propyl bromide;

_CH3 CH3 ~CHz
CHzCH2CHMgBr + cagcocg(m-g——-——» CH50H20H2(|3-CH\ -
OH

The 2,3 dimethyl hexanol-3 synthesised in this investigation
was fractionally distilled through the 15-plate total
condensation variable take-off column; the fractions employed

2b

in this work having a B. P. 72,69C @ 29 mm, nD = 1,4301.

ihe two isomeric carbinols, 2,3-dimethyl hexanol-2

and 2,3-dimethyl hexanol-3 were both»converted to the
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chlorides by shaking with a large excess of concentrated
hydrochloric acid for 12 hrs., a procedure essentially similar
to that recommended in Organic Syntheses (173) for the
preparation of tertiary butyl chloride from tertiary butyl
alcohol. The following table shows the constants of the

various chlorides obtained in these transformations

Carbinol Reagent B.F. Reg act. Indices
20 25
@ 12mm. n n
D D
2,3-dimethyl hexanol-2 sat.aq. HC1 43.5-44°C 1.4352 1.4330
" w cone. HC1 1,4351  1.4330
2,3~dimethyl hexan6l-3 conc. HCL 1.43563  1.4333
HC1l gas 41-430C 1.4350 - (156)
2 12 mm

These observations may be reconciled séfisfactorily on the
assumption that both possible chlorides, 2 chloro, 2,3-dimethyl
hexane and 3 chloro, 2,3-dimethyl hexane are oroduced, the

same equilibrium mixture of the two always being formed from
either of the two carbinols, under the experinental conditions

employed in these transformationse.

The comparabtively small difference in the refractive

indices of‘the tertiary carbinols (2,3-dimethyl hexanol-2,

25 25
n = 1.4288 and 2,3-dimethyl hexsnol-3, n = 1.4301) may be

D . D o
used in order to arrive at a rough estimate of the composition

of the carbinol produced by the hydrolysis of the optically
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inactive chloride previously described. The Mixture Rale of
the physical properties of binary mixtures of orcanic liguids
which postulates the chance of refractive index of a binary
mixture as being a linear function of the composition may be
applied. These carbinols are members of a closely related
aliphatic series so would be expected to show very small
deviations from this rule, these deviations being considered
due to a certain decree of co-ordination between the molecules
of the two substances concerned, a number of possibilities

for co-ordination complexes srising on mixing of two alcohols,
and secondly, to slterations in the desree of association of
each pure constitment by addition of moleculés of the ether
(174). 4spvlication of the !lixture Rule in this case indicates
8 Hb0-50 mixture of the two tertiary carbinols in the hydrolysis
product (1.4294 being the mézn of 1.4288 and 1.4301).

The refractive index of a mixture made up of equal amounts of
the two: pure carbinols was found to be 1,4295 which checks

with 1.4294, the refractive index of the hydrolysis product,

as well as with the calculated mean.

Phe success of the use of the refractive index
determination depends upon the absence of small amounts of
unsuspected substances which could easily lead to erroneous
conclusiohs. Another method of analysis was found in the

fact that the carbinols as well as the mixture of carbinols

may be converted into the phenyl urethanes and that the
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composition of a mixture of urethanes may be determined using
the method of thermal analyses of Rheinboldt and his coworkers
(175), Shriner and Fuson have stated {176) that urethanes

can be obtained from tertiary alcohols only with ecreat diffi-
culty, the difficulties in obtaining derivations of tertiary
alcohols being due not only to the slowness with which they
react, but also to the ease with which replacement of the
hydroxyl or elimination of water takes place. In this investi-
gation, it was found that phenyl urethanes of the tertiary
carbinols could be obtained quite easily, albeit quite slowly,
in spite of the fact that tertiary alcohols of the type
RZCHE:O(OH)R2 underco dehydration very readily. The carbinol
and the phenyl isocyanate were simrly mixed at 0°C in a dry
test-tube, allowed to warm up to room temperature, and stand
(1 week or more) until the mixture had turned solid. A
mixture consistin- of equal amounts of the two urethanes,

that from 2,3~dimethyl hexanol-2 melting at 740, and that
from £,3-dimethyl hexanol-3,11.P.90.5°. was found to melt ot
56-63°. The phenyl urethame of the carbinol, obtained by
hydrolysis of the'ohloride prevared from optically active
2,3«dimethyl hexenol-2, melted at 52-62.5°. Aurthermore a
mixture of these two samples melted in the same range,
53°-6200. That is no significant difference in melting

points was observed. As a result of the application of
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this method of analysis, nearly equivalent amounts of the
two carbinols are found to be vresent in the carbinol from
the hydrolysis, a result which is in agreement with the
results obtained from a study of the refractive indices.
In this manner, the hydrolysis of the inactive chloride to
the inactive chloride and thus in all probability the
formation of the inactive chloride from the optically
active carbinol has been shown to yield a mixture consisting
of spproximately equal amounts of the two isomeric tertiary
compounds, That is to say, 50% of the product obtained
from 8 reaction involving the replacement of the hydroxyl
group in 2,3-dimethyl hexan®l-2 and apparently also in

2,3-dimethyl hexanol-3 18 the rearrangement product.

A molecular rearrangement which involves the
qptically active centre has therefore been shown %o occur
during the replacement of the hydroxyl group in the optically
active carbinol, levo 2,3-dimethyl hexanel-2 (HY} by & chlorine
atom. That is, one of the necessary steps for the establish-
ment of the configurationsl relationship of n-propyl t -butyl
carbinol (A) and the product of rearrangement, formulated as
2-chloro-2,3-dimethyl hexanol-2 involves in itself a molecular

rearrengement. It can thus be stated that regardless of the

mechanism by which the rearrangements takes place, the method
just described for discovering the relationship of substitution

processes and molecular rearrangements is invalid under the



the conditions used in these experiments. Furthermore
any future application of this method must first establish
the comditions necessary for the non-occurrence of thig

type of rearrangement.

Theoretical Discussion

The processes involved in the particular transfor-
/mation under discussion may be considered in the light
of the mechanisms proposed for the Wagner-lMeerwein re-
arrangement, to which the rearrangement just described is
esgentially as closely allied as to the pinacol transfor-
mation. It will be recalled that Meerwein explained the
Wagner rearrangement by an ionic hypothesis, after he had
found that dissociation, or ionisation, occurred in
camphene hydrochloride and isobornyl chloride, analogously
t0 triphenyl methyl-chloride, the rearrangement of camphene
hydrochloride being preceded by its ionisation and therefore
really consisting not in the migration of a chlorine atom,
but in the regrouping of the cation™, (177) Meerwein and
his eollaborators also established that the comversion of
camphene hydrochloride and other camphens hydrate esters
into the corresponding isobornyl ester is a reversible
process, the equilibrium strongly favoring the isobornyl

ester. (178)
Meerwein and Wortmenn (179) extended the ionic

hypothesis to all cases of Wagner rearrangement, the function

*3See Page 38
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of the acid used in bringing about the chance, being first
to esterify the hydroxyl sroup, the ester then ionising %o
produce an ion in which the real migration occurs. The
quern electronic theory admits. of the vossibility of an
incipient fonisation, a prior dissocistion into ions, as
one possible manner in which an "open sextet'may be formed,
but considers in addition. that any removal of a group with
1ts complete octet of electrons from another atom, thus
necessarily leaving an “open sextet™ on this atom, as the
cause of the occurrence of a rearransement. Thus, the
application of the ionic hypothesis by Meerwein and Wortmen
to the isobornecl-camphene and analocous rearransements ig
not wvalid uhless independent evidence of a tendency to
ionise is forthcomino. That is to say, the ionic mechanism
of rearrangements is apnlicable only to such cases where there
is evidence of the ability to ionise of the molecules con-
cerned.

The transformstions which 2,3-dimethyl hexanol-2
have just been shown to undergo during the resctior with
hydrochloric acid may first be considered-on the above basis:-

| (1) Some evidence was cited at the bezinnine of this
discussion* which indicated that tertiary hydroxyl groups,the
most readily replaced of their type,micht be directly renrlaced

without rearrancement occurrine. Some of the 2-chloro,2,3-dimethyl

* See Pare 80
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-hexane may be vroduced in this manner.
(2) The removal of the hydroxyl group from the carbinol
leaves an "open sextet™ on the fragment (I) which rearrances
%o fragment (II), which in turn forms the corresponding

chloride on entry into the molecule of the chloride ion.

?Hg ,CHZ C'H5 6/0'35
n-CgH7-G - C-CHz -0H n-Cgy-C - §~cHy
H OH H
I
H
migration
' CH
iz ,CHs (> CHs
n-03Hy-C - G-CHz c1- n-CgHy_C*- G-CHg
Cl H II H

The isomeric tertiary chloride 3-chloro, 2,3-dimethyl Khexane is
thus formed.

(3) The characteristic property of tertiary hslides
however, with the exception of the special structures
studied by Bartlett and coworkers® is their tendency to
dissociate into ions, it being_manifested by the extraor-
dinary mobility of their halide groups. The halide group
may be rapidly and quantitatively eliminated by shaking
with water or alcohol even in the cold, the ease of this
hydrolysis decreasing with increased molecular weight
ﬁrobably because of decreasing solubility (180). Hughes

has shown that their hydrolysis is unimoleculsr, the

*3ee Pages 63 and 64
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the measured rate being that of ionisation of the halide.
That is to say, tertiary chlorides possess the specisl
structural conditions necessary for ionisetion. The 2 snd
d-chloro 2,3-dimethyl hexanes then may be regarded as tending

to ionise to form the cations I and TI respectively:

Analocously to the Meerwein postulation that
camphene hydrochloride and isobornyl chloride form cations
which are in ecuilibrium with each other, the cations:I

and IY may be considered to form an ecuilibrium system.

?Hs CHz Cig | CHg
n-CzHr;-? - ¢-CHz _ n-CgHv;-_g_ - C“,'Cﬁg
H H
IT

A secondary rearrangement of the isomeric chlorides formed

by processes (1) and (2) may thus occur. The interconversion
of the free ions might be expected to be relatively rapld,
since it involves only a movement of electrons, together

with the attached hydrogen atom. In fact, it has been
suggested that the intermediste ion in the camphene hydro-
chloride-isobornyl chloride corwersion may be mesomeric be-

tween the two correspondine cations. (181)
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The mesomeric structure in the case of the cations

I and IT mey be formulated (ITI);-

CHz _H. ,CHg
n-CzH7 ¥ “CHy
ITI

In the former case, the preferred structure of the mesomeric
form must approach the structure of the isobornyl cation, since
the equilibrium favors the formation of isobornyl chlorides.
In the latter example, the formation of approximately equal
amounts of the two possible chlorides and carbinols appears

to indicate the symmetricel nature of the mesomeric structure.

The intresmolecular tautomeric system as formula ted
for the cations I and II, in which the two cations differ
only in the position of an electron pair with its accompany-
ing hydrogen atom, recalls the controversy originated by
Khsrasch and Darkis (182) concerning the possibility of the
existence of electromeric forms of ethylene compounds, the
limits of the unsymmetrical displacement of the pair of

electrons in this case being the two ionized forms;-

X Ve \ 7
AN a N . —— -
c : O ,G X 0\ -~ /0 * 3'\
5 ® ? )

When the radicsls attached to the carbon atoms of the double

bomd are sbout the same in electronegativity, the addition of
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the halogen acids to yield nearly ecuivalent asmounts of the
two possible addition products (183) indicates that the
tendency for the formation of the two ionized forms is nearly
equal. The relative electro-negativities (184) of the
n-propyl and the methyl groups on the two carbon atoms of
structure ITI involved in the mesomeric formulation differ
but slightly, so that theoretically the tendency toward the
formation: of the cations I and II and thus their derivatives

also is approximately ecqual, in acreement with our results.

The ionic mechanism as aoplied to the Wagner-
Meerwein rearransement of camphene hydrochloride into isobornyl
chloride has been modified in recent vears. Nevell, de Salas,
and Wilson "(185) deduced that this rearrangement proceeds in
two steps from a study of exchange experiments with radioactive
chlorine, the first step involving the rapid establishment of an
ionic eguilibrium by the separation of chlorine, and the second
a relatively slow bimolecular reaction between the organic
cation so produced and a molecule of hydrogen chloride. The
exchange experiments with radioactive chlorine showed that
at 20° even under conditions during which no appreciablé
rearrangement occurred, halogen exchange was rapid and complete,
indicating that ionisation cannot be the rate determining
step in the rearrangement. Interconversion of free ions
might be eﬁpected‘to be relatively rapid, since it involves

only a movement of electrons, together with perhaps a slicht
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readjustment of molecular strain. That the rearrangement
might proceed by elimination of hydrogen chloride and re-
addition rather than by ionisation is not supported by the
formavion of camphene hydrate and not camphene from camphene
hydrochloride.(186) The rearrangement proceeded at about
one-fifteenth of the speed of chlorine exchange and thus of
ionisation, at 0% in chloroform solution, and was found
dependent upon the presence of hydrogen chloride. The way
in which this dependence was accounted for was to assume
that the slow stage of the rearrangement is a bimolecular
reaction between the organic cation and s molecule of
hydrogen chloride to give isobornyl chloride. On this basis
the mechanism of this transformation involves a reaction.

of the orgenic ion with hydrogen chloride.

Bartlett and Pockel (145) had drawn this con-
clusion esrlier from stereochemicsl considerations, for they
pointed out that the process could not involve the cation of
isobornyl chloride since this ion is of a type believed to
be configurationslly unstable (187) and would thus be expected

to vield a mixture of bornyl and isobornyl chlorides. The

product is however almost pure isobornyl chloride. Furthermore,

of the two stereoisomeric chlorides, i sobornyl chloride is

the thermodynamically unstable form, being slowly converted

to bornyl chloride under the same conditions as those causing

resrrangement. This £act too might be thought to disprove
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the intervention of the isobornyl ion. That is to say, whilst
the cation from camphene hydrochloride might be a real inter-
mediate, the isobornyl cation seems never to attain kinetic
freedom during the rearrangement. In this manner the main-
tainence of the stereochemical identity of the isobornyl

structure in this transformetion is explained.

In the light of these recent studies on the
mechanism of the camphene hydrochloride-isobornyl chloride
conversion, the simple formulation just given on the basis,
of the electronic theory as stated by Whitmore and of the
ionic hypothesis as proposed by Meerwein, for the transfor-
metions of 2,3 dimethyl hexanol-2 established in this
investigation must accordingly be somewhat extended.
Stereochemical considerations must also be spplied. The
phase of the study of Intramolecular Rearrangements which
considers these processes on the basis of the present

knowledge of substitution Process and Walden Inversion,

haes been somewhat neglected.

The resctions of optically active 2,3 dimethyl

hexsnol-2 and its derivatives may now be pictured as

follows, (Scheme 3=p. 107)

(1) The first step in the reaction of this cearbinol

with hydrochloric acid jovolves the formation of an

oxonium sslt, IV, (cf. pp. 40,59,65) which will be ionised

in the agueous medium used in these experiments.
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(2) This intermediate oxonium salt tends to lose
water to form the fragment, V, thus leaving carbon atom
#2 with only six electrons. As this dissocistion proceeds,
the face centered bond must necessaril??progressively in-
creased in stremgth. That is to say, the carbon atom
#2 becomes incressingly more reactive so that the fragment
becomes more and more unstable and must undergo a change
which will eliminate the “open sextet" being thus formed.
The fragment V may be formulated as é cation.

(3) The elimination of the 'open sextet may be
effected by a union with & chlorine ion to form 2-chloro,
2,3-dimethyl hexane VII. This normal substitution product
will be formed by a bimolecular mechanism, the entering
chloride ion being attracted by the face-centered bond to
the side of the carbom atom opposite to the hydroxyl group
just eliminated. This chloride must be obtsined optically
active since the opticzlly active carbon #3 is not involved

in this normel substitution.

(4) The 2-chloro, 2,3-dimethyl hexsne, & tertiary
halide, being capsble of at least a minimal ionisation,
will no doubt rapidly establish an jonic equilibrium, by
the separation of the chlorine, with the cation V, similar
to the equilibrium shown by Nevell, de Salas and Wilson,

(see p. 101) in the case of camphene hydrochloride, another

tertiary chloride.
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Processes 1,2,3,4, do not involve the optically
asctive centre, carbon atom #3, so that the optical activity
will not be effected.

(5) The steadily increasing strength of the face-
centered bond in process (2), may attract an electrom pair
from the next carbon, carbon atom #3, the hydrogen atom
held by the shifting electron pair migrating with it to
form the fragment, (II), in which this other tertiary
carbon atom has the"open sextet", the migrating hydrogen
atom in this casé also being attracted by the face-centered
bond to the side of the carbon atom opposite to that of the
removed hydroxyl group. Similarly fragment VI, may be
formulated as a cetion. The optically active carbon, #3,

is thus deprived momentarily of an electron pair.

(6) The new fragment VI, can then combine with a
chloride ion to form the 3-chloro,2,3 dimethyl hexane VIII.
This rearranged chloride thus formed might be expected to
be optically active but considerably racemised by analogy
with the formation of the somewhat racemised dexiro tertiary
chloride, 2.chloro-l-phenyl-2-methyl butane from levo 2-methyl-
2-phenylbutamol-1l as shown by Wallis and Bowman using thionyl
chloride (188). The removal of the hydrogen atom by
migration and the entry of the chloride ion would be expected
to take place on opposite sides of the carbon atom. The

trensformation mey thus have taken place by a Walden Imversion

mechanism.
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(7) The sbove tertiary chloride, isomeric with
2-chloro 2,3-dimethyl hexane, possesses the same funda-
mental tertiary structure, so that the two chlorides may
be considered to behave almost identically, showing the
8ame tendency to ionisation, to the same extent and in
the same menner. Thus an ionic equilibrium between this
chloride, 3 chloro-2,3-dimethyl hexane and the fragment
VI will also no doub% be rapidly established. In aay
case, this opticsally active tertiary chloride would be
readily racemised, the racemizing effect of halogen ions
on optically active compounds, of the same halogen being
well known, especially in compounds wherein the halogen
undergoes ready replacement.(190)

(8) Finelly the two cationic fragments V & VI may
8lso be considered in ionic equilibrium as previously
formulated, both carbon atoms #2 & #3, attracting the
electron pair and its attacked hydrogen atom equslly
since the groups attached to these carbon atoms are practi-
caelly equal in electronegativity. Should these two
oarbon atoms shake the electron pair end the accompanying
hydrogen atom (by a hydrogen bond), the resulting structure

wonld be the mesomeric structure {III), which has been

considered previously.
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A similsr scheme may be formulated for the isomeric tertiary

carbinol, 2,3-dimethyl hexanol-3.

The resultaent of the ionic eguilibrium in processes
4,7 and 8, is the formation, theoretically as well as expseri-
mentslly equal amounts of the two tertiary chlorides, this

mixture being opticelly inactive when optically active 2,3~
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dimethyl hexsnol-2 is used in the experiments. If these ionic
equilibris were not effective, the mixture of the chlorides
obtsined by the combined processes 3,5,6, that is the normsl
substitution and the substitution through rearrangement only,
would be expected to be optically active due to the optical
activity of the normel substitution product. It has been
found that the product obtained is optically inactive. This
definitely indicates that the chlorides first formed must

be undergoing a secondary rearrangement. Purthermore, the
loss of the optical activity shows that this secondary re-
arrangement has likely occurred in a reversible system, to
such an extent and ease, that all optical activity was lost,
guch a reversible system is that represented by the ionic

equilibris in processes 4,7 and 8.

Whether the tramsformation of one chloride to the
other involves & bimolecular mechanism similar to that
esteblished for the camphene hydrochloride-isobornyl chloride
trensformation or proceeds through an ionic mechanism
analogous t0 that proposed by Meerwein or through the mesomeric
structure III cannot be definitely stated from the evidencs

available. Prom the point of view that the mesomeric structure
represents a resonating system, the products derived there-
from would be considersbly if not totally racemized (cf.p.66A.)
On the other hand, this mesomeric intermediate ion resembles
closely the intermediate postulated by Winstein and Lucas

(p. 61) to explain the retention of configuration in the
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conversion by hydrogen bromide of dl-threo-3-bromo=butanol
to d1-2,3-dibromobutane. If the "face shielding effect"
operates here the transformation might be proceeding at
least in part by a mechanism wherein the hydrogem atom,
attracted to the back of the carbon atom, which holds the
hydroxyl or chlorine, shields this carbon atom from a
Walden Inversion mechanism. This process would facilitate
direct substitution on cerbon #2 end a&lso rearrangement
through a Walden Inversion mechanism, the chloride ion
approaching the side of carbon #3 opposite to that holding
the hydrogen atom. However, it is not possible at present
to say by which of the intimate mechanisms these transfor-
mations proceed.

The reversible rearrangement of a chloro 2,3
dimethyl hexsne to 3 chloro, 2,3 dimethyl hexane differs
from the camphene-hydrochloride-isobornyl chloride con-
wersiom in thet the stereochemical identity of the compounds
here was not maintained. This racemization may have occurred

by either of two likely paths;
(1) By the racemization of the optically active 3

chloro-2,3-dimethyl hexane, OT
(2) by racemization through the reversible ioniec

equilibria as formulated.
The evidence at hand does not gllow of a more definite

statement of mechanism, but quite definitely indicates

that an "ionic mechenism" is applicable to this rearrangememt
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(both chlorides possessing an equal tendency to ionise).
That is to say, whereas a true ionic mechanism might not be
applicable to the camphene hydrochloride-isobornyl chloride
transformations, it would seem that such s mechaniam is

actually in effect in this case.

The original formulation of the transformation
obgerved by Stevens of dextro n-propyl tert butyl carbinol
to levo 2 chloro, 2,3-dimethyl hexane must now be recon-
gsidered. It is now apparent that the observed optical
activity cannot be attributed to the tertiary chloride
as this uniergoes further rearrangement with loss of
opticel activity under the experimental conditions employed.
The observed optical activity must therefore be attributed
to the formastion of the corresponding secondary chloride
by a Walden Inversion. The change of sign and also the
low velue of the optical rotation observed (X = -0.72)

D
are thus expiained, the secondary chloride having been shown

present only to the extent of 5%

The present investigation has established then
the occurrence of & molecular rearrangement in substances
of the simple aliphatic type structure, RpCH-C(X)Rp, the
tertiary hydrogen atom migrating in reactions involving
the removal or the replacement of the tertiary gromp, X.
Substences of the analogous type, R3zC0-C(X)Rg, wherein no

tertiary hydrogen satom is present, but a hydrocarbon

radical being in its place, have not as yet been reported
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as undergoing rearrangement. In fact, Bartlett (132) has
assumed the production of the corresponding chloride of
diethyl tertiary butyl carbinol. The interconversions of the
hydrobromides of the campholytic acids reported by Noyes (189)
exenplify the latter system in the cyclic series, the trans-

formation occurring in the presence of hydrobromic acid.

CHs CHgz 033\ _CH3z3
0 ———¢ 6 ——07_

Br CH3 CHz ‘ Br
CHp ——— fﬁz
H00C~CH—— CHp HOOC-CH ——CHp

A methyl group has nmigrated in this case, under similar
conditions to the migration of the hydrogen atom in the
system RgCH-C(X )R, just studied. That is to say, re-
arrangements may still occur in the general systems
RgCH-C(OH) and RzC-C(OH) during the course of a substitution

teaction, even when the ease of normal substitution is great.

This work has also shown that the method as out=
lined in this thesis for discovering the relat ionship of
substitution processes and molecular rearrangements is in-
valt¥d under the conditions used in these experiments; no%
only for the reason, as mentioned previously, that one of

the necessary steps for the establishment of the configuration-

al relationship of the original compound and the rearrangement
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product involves in itself a molecular rearrangement,but

also for the reason, that the product resulting from the
alterstion of the carbon skeleton under stereochemical study,
itself undergoes a further rearrangement. Thus any future
application of this method must first determine the conditions
necessary for the non-occurrence of this type of rearrangement.
This thesis however has been concerned chiefly with the
occurrence of rearrangements and the mechanisms by which

these transformations take place. Although there are many
cases where molecular rearrangements have proven useful

there are also many cases in synthetic organic chemistry,
where the necessary intermediates prove impossible to prepare
due to these rearrangement processes. Having first found the
mechanisms by which intramolecular reasrrangements occur, the
next importent phase of their study is that which cansiders

the retardation of these undesirsble reactions.
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EXPERIMENTAL PART

I The Preparation of«Methyl Valeriec Acid.

The preparation of«w-methyl valeric acid
(n-propyl methyl acetic acid) was carried out through the
malonic ester sgnthesis, the method employed by Levene
and Bass.(190) . A1l the materials used in this synthe-
sis were fractionally distilled and were dried very
carefully.

(a) ©Preparation of n-propyl malonic ester.

The procedure used for the preparation of
n-propyl malonic ester was an adaption of the method
described by Adams and Kamm for the preparation of
n-butyl malonic ester. (191) The diethyl malonate used
was obtained by fractional distillation of the commercial
diethyl malonate through total condensation variable
take-off column, the packed section being 6% ins. long,
1/2 in. in diemeter, the packing consisting of single
turned glass helices (3/16 in outside diameter) packed
singly; B. P. 92° @ 17 mm. similarly, the n-propyl bromide
used boiled at 71-2° C @ 764.2 mm., The anhydrous ethyl

alcohol was prepared using magnesium ethylate rather than



use sodium, as resommended by Adams and Xemm., The resulting
n-propyl malonic ester was fractionated through the above
c¢olumn, B. P. 110-1° C € 17 mm.
(b) Preparation of methyl n-propyl maslonic ester.
The preparation of methyl n-propyl mslonic ester from the
purified product obtained in the preceding step was carried
out by an analogous procedure using 25% excess dimethyl
sulphate as the alkylating agent. Methyl ethyl ether was
observed to be a by-product of this reactiom. The methyl
n-propyl malonic ester was not isolated since the purifi-
cation of the esters by fractional distillation was re-
ported by Levene and Bass to present some difficulties
due to the proximity of the boiling-points of the alkyl
malonic esters snd their respective methyl derivatives.
(c) ©Preperation of methyl n-propyl malonic acid.
At the completion of the malonic ester synthesis in
the preceding step, as much of the alcohol as possible
ig distilled off using & slight vacuum. The residue was
then trested with a 2% solution of 3 moles potassium
hydroxide per mole of methyl m-propyl malonic ester in
80% alcohol and refluxed for 12 hrs. The reaction mixture

was then evaporated nearly to dryness and was then taken

up in water. After acidification with 25% sulphurig

acid, the free acid was extracted with ether, the ether

extract washed with water and the ether subsequently

evaporated off to yield the crude acid. The crude acid
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thus obtained was not purified but was used in theorude-form

in the next step.

(d) Preparation of e-Methyl Valeric Acid.
Decarboxylation of the crude methyl n-propyl melonic scid
was effected by heating the acid to 170-190°. Upon cessation
of evolution of carbon dioxide, the resulting crude x~-methyl
valeric acid was fractionally distilled through the 6% in.
total condensation varisble take-off column to yield s pure
d-methyl valeric acid B. P, 99-100° @ 18-19 mm. An anilide
of this acid was prepared in the usuel manner, M. P. 95°,
this derivative having been previously reported as M,P. 95.20,

(192)
II The Resolution of a-Methyl Valeric Acid.

The resolution of ol-methyl valeric acid wlso referred to as
methyl n-propyl acetic acid and Z2-n-propyl propiomic acid

was attempted with three different alkaloids, quinine, brucine
an@ cinchonidene. Levene and Mikeska resolved this acid

by repeated recrystellisations of the quinine salt from 50%
acetone the more insoluble salt being that of the levo acid.
With the materisls and facilities at hand the resolut ion by
quinine wes found unsatisfactory. There was a strong tendency
for this sslt to separate out éven with constant stirring inm
a soap-like form regardless of wariations in temperature as a
result of which the filtrations were difficult, necessitating
that it be done in the cold (outdoors), the yields per

recrystallisation very low, end the extent of resolution per

recrystallisation also very low. The melting point of the
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quinine used was 169-70° C in a sealed tube.

Bergmsnn carried out a partial resolution of the
racemic acid by means of the brucine salt. Reorystalli-
sation of the brucine salt prepared from the racemic acid
and Eastman Brucine alkaloid (M. P. 176-178°) from 35%
acetone (193), the filtration necessarily being done at 0°
dus to the solubility of the salt at room temperature, was
little better than quinine.

Satisfactory resolution was finally accomplished
using cinchonidine, the cinchonidine salt erystallising

from 66% acetone at room temperatures.

(a) Procedure for Cinchonidine Resolution.
To 215 gms. oL-methyl valeric acid dissolved in 66%
acetone (using 2 cc. 66% acetone per gm. of cinchonidine)
was added after warming the acid solution 543 gms cinchonidine
(the equivalent quantity), and 66% acetone added until, on
cooling the solution to room teﬁperature on a reciprocating

shaker, the cinchonidine salt crystallised out to a slushy

consistency. The salt was immediately filtered, sucked dry,

and recrystallised using the same procedure.

After many recrystallisations, the salt (206 gms.)
was decomposed with a 10% excess over the equivalent amount
of 1lo% hydrochloric acid, the free «-methyl valeric acid
extracted with ether, the ether extract washed twice with 10%
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hydrochloric acid and finelly washed with 10% sodium sulphate
solution the sodium sﬁlphate facilitated separation of the
ether-solution from the water used for washing until no

test for chloride ion was obtained with aqueous silver
nitrate solution. The ether solution was dried using an-
hydrous sodium shlphate overnight, and the ether removed

by distillation through the fractionating column.

The resulting acid was then fractiomated through

this column at 9 mm. The fractions boiling at 84.5°
25

possessed a constant refractive index, nD = 1.4121, g
£5 2
density - 4 » 0.920, and & molecular rotation - M]D =48.27

4- a3
> +13.11 in a

(homogeneous) the rotation being observed OCD

jacketed 2 dm. polariscope tube at 25° C. In this mamer
60 gms. of A~methyl valeric acid were prepared

M. Re 5 ¢~ Found:- 31.28; Calculated:~ 31.25
n

III The Prepsration of the Methyl Ester of ol-Methyl
Valeric Acid.

A-Methyl valeric acid was converted to the methyl
ester employing diazomethsne. An ethereal solution of
diazomethane was prepared according %o the directions given

by P. Ardnt Organic Syntheses (194). 47 gms. of o-methyl

valeric acid dissolved im 100 ce.c. ether were treated with

the diazomethene ethereal solution by slow addition of

the reagent till the yellow colour persisted, the solution

then being sllowed to stand 1 day al 0° ¢. 30 gms. anhydrous

sodium sulphate were then added to the etheresal solution
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and the solution allowed to stand overnight. The solution
was filtered to remove the sodium sulphate and the excess
diazomethane removed through the partisl removal of ether in
vacuo. The remainder of the ether was distilled from the
oster and the ester then fractionated through the amall
column. The ester distilled at 98.56 mm at 770 C, the two
fractions teken possessing the same refractive index

n85 = 1.,4004. The density and molecul ar rotation were
rezpectively M = 0.8750 ana[m]za - +11.85, the rotation
(X = +15.95 b:ing observed in aDE decimeter jacketed

polariscope tube and maintained at 25° C

Mo Ro 1 :- lend: 36.03 Cale"lated. 56.19.
n

Iv Prepaeration of Levo-2,3-Dimethyl Hexqnal-2.

The prepaeration of the tertiary alcohol, levo-2,3
dimethyl hexenol-2, was accomplished by the applicatiam
of the Grignsrd Resction, tertiary alcohols being usually
synthesised by allowing & suitable Grignard reagent to react
with either an ester or a Metone. %evo-2,3 dimethyl hexsnol-2
cen thus be conveniently prepared from the m:thyl ester of
~methyl valeric apid and methyl magnesium iodide.

In a qu three necked, round bottom flask fitted
with s mechanical stirer through a mercury seal, & separatory

funnel snd an efficient reflux condenser to which a sodium

nydroxide (pellete) drying tower is attached, were placed

24 gms. of magnesium turnings s&nd 200 ce. of dry ether.
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A small portiomn (5-10 cc of the methyl iodide, 137 gms. to

be used to prepare the methyl magnesium lodide, was added
through the separatory funnel. After the reaction had start-
ed, 200 cc more of dry ether were added, and the remainder

0f the methyl iodide was added dropwise with cooling. At

the end of the addition, the contents were gllowed to warm

up with continuous stirring and then refiluxed for an sddition-
8l thirty minutes. The Grignard reagent, methyl magnesium

iodide was thus prepared.

The flask was then cooled in an ice~-bath, and
& solution of 42 gms. of dextro methyl < methyl valeriec
acid in 100 cc of dry ether was added dropwise %0 the
Grigmard reagemt solution with constant stirring. After
the solution was sdded, the whole was allowed to warm up
slowly with stirring over night. (Final temperature of
contents - 24.55). The contents of the flask were then
poured into 200 cc of a saturated smmonium chloride solu-
tion containing ice, the mixture being well stirred to ensure
complete hydrolysis of the Grignard addition compound.

The final temperature at the end of the decomposition was -

-0
1 The ether layer was separated, the aqueous layer

extraeted five times with 100 cc portions of ether. The
combined ether extracts were washed twice with 100 cc of

weter and twice with 100 ce portions of 10% potassium

carbonate solution snd then dried over snhydrous potassium

carbonate for one day. The ether was removed by distillatiomn
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through a Widmer Column with s 6% inch spiral section. The
aleohol was then fractiomasted through the 6% inch column
previously described,

25
The fractiona B. P. 75° @ 29 mm n = 1.4288 and
25 D
d = 0.831 were employed in further work. The rotation
4 7 | 25
was determined in a 2 dm. tube jacketed at 25° ¢, = =29.469,
D

From this the molecular rotation was ealculsgted:-

[],

130 % -29,46 = -15.35
100x 2 x 0.8314

\'4 Preparation of d1-2,3 dimethyl hexsnol-2 was
prepared for comparative purposes and for the preparation
of the phenyl urethanes, sccording to the scheme as out-
lined on p. 87.

(a) ©Preparation of Pentensl-2.

The methyl magnesium lodide was prepared accorde
ing to the procedure as previously outlined from 76 gms .
of magnesium turnings, 440 gms. of methyl iodide and 700 cec.
dry ether in a 2 litre three inch round bottom flask fitted
with a mechanical stirrer through a mercury seal, a Separa-

tory funnel, and an efficient reflux comdemser to which a

sodium hydroxide drying tower was attached. 216 gms. of

n-butyreldehyde was added dissolved in 260 cc dry ether,

dropwise with constant stirring and with cooling. The

reaction mixture was silrred o6vernigh$,and decomposed the
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the next day by pouring into a saturated solution of
ammonium chloride and ice. The ether layer was separated
from the §queous layer and the aqueous layer extracted
with ether. The comhined ether extracts weee washed with
water and with 10% potassium carbonate solution, and finally
drisd over anhydrous potassium carbonate. The ether was
removed by distillation, and the residue distilled through
a Claisen distilling flask at atmospheric pressure. 178 gms
of pentanol-2 were obtained, distilling at 118-119.50 c,
n20= 1l.4067, n25. 1.4048.

D D

(b) The Preparation of 2-Bromo Pentane.

The preparation of the secondary bromides of
n-pentane from the corresponding carbinols has received
much attention in the past, a mixture of the 2 and 3~bromo
compounds being obtained under all ordinary conditions.
Sherrill and co-workers have shown,however, that the use
of phosphorus tribromide at low temperaeture produces
little or no rearrangement.{195)Isocbutyl bromide containing
but 0.6% of its tertiary isomer was obtained by Whitmore
and Lux (196) from the sction of phosphorus tribromide at
low temperatures (-1°) on isobutyl alcohol. An adaptation
of the procedure established by these latter workers was

employed im this work for the preparation of 2-bromo pentane.

In 8 500 cc. flask provided with an efticient

stirrer, a thermometer and s dropping funnel, was placed

130 gms. of the pentsmol-2. After coolimg %o -59C,145 gms,
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phosphorus tribromide was added slowly during 8 hours with
vigorous stirring, maintaining the contents of the flask
below - 1% C at all times. The whole was sllowed to warm

up slowly to room temperature stirring constantly and then
allowed to stand for 15 hrs. The mixture separated into
two layers on standing. The lower layer was separated.

The upper layer was then distilled through a Claisen distilling
flagk, B. P. 520 @ 80 mm. The distilate was washed with 10%
potassium carbonate and then dried over anhydrous potassium
carbonate for 1 day. The filtered bromide wes then distilled
through a Claisen distilling flask. The 2-bromo pentane
distilled at 50.5-51° C @ 77 mm. 171.6 gms. & yleld of 77%
wes thus obtained. The refrsctive index of the product:-

20 .
n = l.4414 - the previously assigned refractive index being

D. 20
BD = 1.44125.(197)

The procedure of Whitmore and Lux (198) was &lso
carried out, the two layers not being separated. The re-
. 20
fractive index of the product obtained, nD = 1.4418,

indicated considerable resrrangement.

(¢) The preperation of 2,3 dimethyl hexamnol-2.
In s Z-X three-necked flask, fitted with a

mechanical stirrer (mercury-sealed), condenser, to which

is sttached a sodium hydroxide drying lower and a separatory

funnel is placed 30 gms. of magnesium turnings.
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The flask was then heated gently but thoroughly
with a luminous fleme and allowed to cool to room temperature,
The turnings were then covered with 100 cc. of anhydrous
ether. 6-10 cc. of & solution of 2-bromo-pentane in 175 cc.
anhydrous ether was added to start the resction. 225 cc. of
anhydrous ether were added and then the solution of 2 bromo
pentane was added dropwise to the well-stirred reaction

mixture. The whole was stirred at room temperature over night.

70 gms. of anhydrous C. P. acetone (dried over
anhydrous potassium carbonate) in 100 cc. of anhydrous ether
were slowly added, 1 drop every 3 seconds, with cooling of
the flask. When the 2-bromo pentane solution has all been

added, the reaction mixture is stirred for eight hours
before decomposition by pouring into an iced saturated
solution of ammonium chloride. Ether extraction followed,
five 100 cc. positions of ether being used. The combimed
ether extracts were washed twice with 100 cc. of 10% water,
twice with 100 cc. of 10% potassium carbonate solution,
and finally dried over anhydrous potassium carbonate.

The ether was removed and the resulting residue
distilled through a total condensation variable take-off
column with an efficiency of 15 theoretical plates. The

fractions distilling at 75° C @ 29 mm. 025, 1.4290 were used

in subsequent work.
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VI. Preparation of 2,3 Dimethyl hexanol-3.

This tertiary carbinol was prepared using the
reagents used by Whitmore and Evers, {198) methyl isopropyl
ketone and the Grignard reagent of n-propyl bromide. The
procedure used was similar to that used sbove in the pre-
paration of the isomeric 2,3 dimethyl hexasnol-2. 15 gms. of
magnesium turnings 68 gms. n-propyl bromide, and 43 gms.
of methyl isopropyl ketone were employed. In this case,
the ether extracts were washed with 5% sodium hyiroxide

gsolution and then with watere.

The resulting crude carbinol was first distilled
in a Clsisen flask, and then fractionally distilled through
the 15-plate column. The fractions distilling at 72.5° C @

29 mm, ngs - 1.4301 were used in subsequent work.
VII Preparation of Phenyl Urethanes.

1 cc. of phenyl isocyanate and 1 cc. of the tertiary
carbinol, 2,3 dimethyl hexanol-2 and 2,3 dimethyl hexanol-3,
were mixed at 00 C in & dry test-tube and allowed to warm up
slowly and to stand at room temperature for eight days.

The contents of the test-tube (sealed with collodion) were
then solid. The solid contents were washed three times with
cold Skelly Solve A, and then repeatedly crystallised from
Skelly Solve A (filtering before erystallisation each time)

until the product melted constantly. The phenyl urethane

of 2,3 dimethyl hexanol-3 melted at 90.,5° G and that of 2,3

dimethyl hexzanol-2 at 740 C.
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VIII Preparation of the Tertiary Chlorides.

(a) PFrom levo 2,3-dimethyl hexanol-2 (199).

180 cec. of concentrated hydrochloric acid (sp.gr.l1.19)
were placed in a pyrex tube prepared for sealing. This wsas
cooled and maintained at -10° in an ice-salt bath. Hydrogen
chloride gas, produced from the action of concentrated sul-
phuric acid on concentrated hydrochloric acid in a generator
a8 described by Fieser (200), was bubbled into the acid
in the type umtil it was saturated. 24 ce. of levo 2,3 dimethyl
hexanol-2 was pipetted on top of the acid. The tube was
sealed and shaken on a reciprocating shaker for one day, being
allowed to warm up to room temperature while shsking. The
tube was then allowed to stand for separation, and cooled
agein to -10°C. After thorough cooling, the tube was
opened, the chloride layer drawn off from the top of the
saturated hydrochloric scid, and washed successively with
five 25 cc. portions of concentrated hydrochloric acid,
once with a 10 cec. portion of iced water, and finally once

with an iced %% sodium bicarbonate solution until no further

carbon dioxide was evolved.

The separated chloride was dried first with

anhydrous sodium sulphate and then over anhydrous potassium

carbonate at 100 C. The drying agent was filtered off and

the optical rotation of the chloride determined. The chloride
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possessed no optical activity, ngog 1.4352, n%?: 1.4330, B. P,
43.,56-44° C @ 12 m,

Analysis (201):-
Wt. of substance. Wt. of Ag C1 % Chlorine
1.0131 gms. 0.9681 gms. 23.64%

Calculated for CgHyy Ol (m.W. 148.6): Cl = 23.86%

(b) Prom the inactive tertiary octanols,-

2,3 dimethyl hexanol-2 and 2,3 dimethyl hexanol-3.

The isomeric tertisry oetanols were both converted
to the chlorides by shaking with a large excess of concentrated
hydrochloric acid for 12 hrs. a procedure essentially similar
to that recommended in Qrganic Syntheses (202), for the pre-
paration of tert. butyl chloride from tert. butyl alcohol.

5 ccs. 0f the two carbinols, each, were shaken
for 12 hrs. on a reciprocating shaker with 56 ces. of con~

centrated hydrochloric acid (sp. gr. 1.19) in 125 cc. ground-

glass-gstoppered Erlenmeyer flasks at room temperature
(26°C). The resulting chlorides were separated, shaken 5 times
with 10 cc. portions of concenirated hydrochloric acid, once
with iced satursted sodium sulphste solution(to reduce the
solubility of the chloride in the water),once with iced 3%
godium bicarbonste solution whtil no carbon deoxide was
evolved, once agammwith saturated iced sodium sulphate
gsolution, and finally dried over anhydrous sodium sulphate.

The resulting chlorides reacted very rapidly with aqueous
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silver nitrate solution to produce s precipitate of silver
chloride.
The refractive indices of the clesar liquid chlorides

were determined:-

2
2-chloro, 2,3-dimethyl hexsane:- nDo = 1,4351; n%s = 1,4330.
8-chloro, 2,3-dimethyl hexeme:- n20 . 1,4253; n85 « 1.4333.

XI Hydrolysis of Chloride.

10 gms. of the chloride obtained from levo 2,3~
dimethyl hexanol-2 were placed in a five litre separatory
funnel containing 3 litres of distilled water. This was
shaken on a reciprocating shaker for 6 hrs. The mixture
was extracted ten times with 100 cc. of purified Skelly
Solve A. (by shsking with concentrated sulphuric acid,
potassium permanganate solution asnd distilling from phos-
phorus pentoxide), The combined extracts were washed once
with 3% sodium bicarbonate solution,twice with water and
dried over anhydrous potassium carbonate. The Skelly 3olve
A. was removed by distillation through a Widmer column.

The residue distilled at 71.5-73° C at 29 mm, nZ° = 1.4294.
The resulting carbinol was free of olefins as shovm by itis
failure to absgorb hrominme in ecarbon tetrachloride, and

also free of chlorides as shown by the negative test for

chloride ion in either aqueous or alcoholic silver nitrate.
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At this stage the refractometer was restandardized,
using s plate whose standard value is 1.5164. The measured
refractive indices were 1.5164; 1.5164, indicating the
correctness of the refractive indices measured previomsly to

this standardization.

A phenyl urethane was prepared from the sbove
carbinol by the same procedure as used for the pure octanols.
The melting point after two recrystallisatians was 52-62.50,
which was not changel by a fuether recrystallisation.

XXI. Composition of Carbinol from the Hpdrolysis
() Refractive Index Method.

The refrsctive index of the carbinol from the
hydrolysis was determined, n2b. 1.4294. Applicatiom of the
Mixture Rule indicates & mixture consisting of equel amounis
of the two tertiary carbinols, ngs = 1.4294 being the mean of
235 . 1.4288 and 1.4501, the refrastive indices of the 2,3
dimethyl hexanol-2 and 2,3 dimethyl hexanol-3 respectively.
The refractive index of a known mixture was determined; the
mixture composed of 0.8857 gms. of each of the two carbinols
gave n3® - 1.4205 which checks well With the mesu as calcu-

lated. This slso gives an indication of a linear relation

between composition and refractive index.

(b) Thermal Analysise.
The phenyl urethane of the carbinol obtained

from the hydrolysis melted at 52-62.5%., A mixture consisiing

of equal amounts of the two urethanes, that from the
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2,3 dimethyl hexanol-2 melting at 74% and that from the
2,3 dimethyl hexanol-3 melting st 90.5° was found to melt
at 56-63°, A mixed melting point of the urethane from
hydrolysis and the mixture of urethanes was determined:-
M. P. 53-639, a value showing no significant difference

in melting point. The melting points were determined from
the temperature of the first visible signs of softening

to the temperature of complete melting.
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A=D=DE~N-D-A

Nitrogen Analysis (Dumas) ;-
Wt. 6f Sample. Vol. of Nitrogen. % Nitrogenm

3.235 mg. 0.176 cc. 627%
(corr.256 765mm.)

Carbon-Hydrogen Analysis ;-

W$. of Sample. Wte. of = %ages.
0.02456 gm. CO5 =0.06518 gm. % C = 12.3%
Ho0 =0.02173 gm. % H = 9.8%

Calculated for C15HozNO ;-
N= 5.62% ; C = 72.2% ; H = 9.23%.

Phenyl Urethane of 2,3-dimethyl hexsnmol-3.

Nitrogen Analysis (Dumas) ;-
Wt. of Sample. Vol. of Nitrogen. % Nitrogen.

4,995 mg. 0.254 cc. 5.86 %
(corr.25 765mm. )

Caloulated for C1gHpsNO ;= N = 5.62%.
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SUMMARY

l. A survey of the present knowledge of Substitution
Processes and Intramolecular Rearrspgements indicated an
apparently natural tendency for one group to replace another
by a Walden Inversion mechanism. The present investigation
was underteken in order to establish in a general aliphatic
case whether or not a Walden Inversion mechanism is the only

one by which intramolecular rearrangements occur.

Accordingly one method for the elucidation
of the relationships between Substitution Processes and
Intramolecular Rearrasngements has been described and in-
vestigeted. The basis of this method is the definite cor-
relation of the configuration of the original compound
and the rearrangement product, in this case n-propyl tert.

butyl carbinol and 2 chloro-2,3-dimethyl hexane.

2e Levo n-propyl tert. butyl carbinol has been
configurationally related to levo 2,3 dimethyl hexsnol-2,
by the correlation of the configurations by direct chemical

meang of levo 2,3 dimethyl hexanol-2 to dexiro omethyl

valeric acid.
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Se An attempt to correlate the configurations of

levo 2,3 dimethyl hexanol-2 to 2-chloro-2,3-dimethyl hexane
by a normal substitution reaction not involving the opticsally
active carbon astoms led to the discovery of the occurrence
of an intramolecular rearrangement. The method described
for the elucidation of the stereochemical mechanism of
intramolecular rearrasngements has thus been shown invalid

under the conditions of the experiment.

4, Intramolecular rearrangements may quite readily

occur even in csases where the esse of normal substitution

is great.

6. The rearrangement has been formulated on the basis
of the "ionic mechanism" of intramolecular rearrangement pro-
cesses, an ionic equilibrium having been postulated between

the cations corresponding to 2 chloro- and 3 chloro- 2,3

dimethyl hexanes.

6. The formulation of the formation of a tertiary
chloride from n-propyl tert. butyl carbinol as a simple
case of a retropinacolone rearrangement has been shown to

be incorrect, due to the establishment of this ionic

equilibrium,.
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