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PREFACE

The elucidation of the unusual structure of
ancotinine, the principal alkaloid of Lycopodium annatinum, L.,
in 1957 has created & great intersst in the studies of other
Lycopodium alkaloidas, The siructure .and stereochemistry of a
menber of other Lycopodiwm alksloids have since been elucidated.
The first part of this thesis deals, in part, with the
structure and stereochemistry of lycofoline, an slkaloild of
Lycopodium annotinum L., first isolated by Anet and Xhan of
this laboratory in 1959, This part also deals with the stereo=
chemistry of dihydrolycofoline (the hydrogensted product of
lycofoline), some sttempted resctions on amofoline (en alkaloid

of Lycopodium annotinum L.}, and equilibration studies on two

Lycopodium alkaloids.

The second part of thisz thesls is concerned with the
application of Huclear Magnetic Hesopance ( HeMoRa) spectroscépy
ﬁo (1) ring inversion of cyclohexans, (i1) restricted rotation
in some aromntic'aldehydea, (i11) spin-spin splittings In some
cyclohexene derivatives, and (iv) conformationsl analysis of
cyclohexyl acetats, | ‘

The author wishes to express his sincere thanks to
Profe Felole Anet for hls stimulating guidance and enlightening

discuszions at overy stage of the work. Thanks are also dus to
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Frofe Felelie Anst and Ire LeDe Hall for operating the H.¥e.H.
spectrometer, to Dr. Ragini Anei for helpful criticlsm on the
manuacript, to Othman bin ¥d. Sor for proofresding a part of
the thesisg. |

Pinally, the suthor wishes to thank the Cansdien
Commonwealth Scholéréhip Gommlittee for tho sward of a
scholershiip to hin. |

Thls work was fin&ncially‘suppcrta& by the Nationsl

Hegesarch Council of Canadae
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ABSTRAGT

Port 1

The structure and stersochemiatry of lycofoline,

an alkalold of Lycopodiwm annotinum L., bave bson deduced by

relating the alkalold to zcrifoline, another Lycopodium
ailkaloid, whose structure and stereochemistry are known.
The stereochemistry of dihydrolycofoline, the hydrogenated
product of lycofoline, hea a8lszo been deduced,

Attempés to dshydrete, as well as to enol-
acetylate, annololine have been unsucesssful. Baeyer-Villiger
oxidation of anmofoline has been found to yield a complicaﬁed
mixture of & mumber of minor oomponsntse

Treatment of dihydroacrifoline, ths hydrogenated
product of acrifoline, ulth strong base has yielded an «,B-
mpatirated ketone. The structure of the conjugated ketone
has been deduced frém its molecular formula and spectroscopic
eviduncos. |

Aﬁhy&rodehydradeacetylfawcettiine, the
chromfum trioxide oxidation product of anhydrodeacetyl-
fawecttline, has been found to be stable in the presonce of

8 bhose.
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Part II

The N.MoR. spectra of cyclohaxane—dll (Céﬁllﬁ)
in CSE solution has been studied over & range of ijempersiurss,
-32° to «94°, in order to follow the kinetics of the inversion
. of cyelohexane ringe The parameters for the ring inversion
of Génllﬁ have been caleculated and discussed in the 1light of
possible reaction pathway.

Low temperature H.M.HRe. gtudies on some aromatic
aldshydes have rovealed the presence of appreciable barrisr to
rotation gbout the Cald-car,bond of these compoundg. The
free eneryy of activatlon, aFﬁ, for rotation about the cald‘car
bond in benzeldehyde, ;yﬁﬁkﬂ-&im@thylaminobanzaldéhyds,
9=julolidineesrboxaldehyds, and peanlsaldehyde have been
determined snd dlascussed in the 1light of resonsnce theory.

Seversl suitably deuteratsd monosuhbstituted
cyclohezene derivstives have boen syntheslzed in order to
detormine the vicinsl coupling constanta of the homosllylie
vrotonse The values of the vicinal coupling constants obtained
for these derivatives huve.been compared and attempts have
beon mede to explalin the differences on the basis of
conrorantional equilibria.

2524393 411 411,55 ,5~0ctadeuteriocyclohexyl acetate

nas been syntheslized to determine ths viclanl coupling constants
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and conformational equilibrium of this compound. The
results have been compared with the resulte already reported
in the 1literature. .




LICOPODLIUM ALKALOIDS

PART ORB




IHTRODUCTION

3eopg of the Froblem

A conslderable amount of work has been carrisd out
recontly on the elucidation of structure and sterecchemistry
of Lycopodium alkaloldse The contribution to this
field = from this laboratory has alded considerably in the
underatanding of chemistry of these alkalofids. This part of
the thesis ls concerned with some aspects of g few Lyeopodium
alkalolds and ¢an be classified under three heads.

I. The first part of the present work deals with
the elucldation of structure and stereochemisiry of lycofoline,

an alkelold of Lycopodium annotinum L., isolated by 4net and

Khan (1) in 1959. Preliminary studies on lycofoline were
carrled cut by Khen (2) in this laboratory.
II. Annotinine, the principal alkaloid of Lycopodiun _

annotinum Le.,has a carbon gkeleton differsnt from other

Lycopodium alkaloidg and has not been so far related to any of
tﬁe other alkaloids. Annotinine like annofoline snd other
related elkeloids has the same hexahydrojulolidine system,but
its fourth ring'is.four-membere& Instead of six-membered as
found in annofoline and otber related alkaloids. ¢ne point

of attachment of the fourth ring to the hexahydrojulolidine
system 1s the same in all these alkﬁloids. The second psrt off
our work was almed at preparing a suitabla 1ntermedihte to

interrelate annofoline and annotinitie.




I11. Seversl Lzeagédium alkaloids, on treatment
with base, have been found { see pages26,27) to undery;o inversion
of configuretlon at the carbon atom (Cell),next to the carbonyl
group in the D ring of thege molecules. This finding has
proved to be lmportant in the elucidaticn ol atructure and
stereochemiatry of some Lycopodium alkéloids. The inversion
of confipuration at C«ll has been assumed to be influenced Ly
the surroundings of ring D. In order to vorlfy this asaumptian
an equilibration study of Lyecopodium alkaloids wa; proposed,
Anhydronnnofoline, I {the dehydration product of annaofoline),
dihydroacrifoline, II, and anhydrodahyuvoéeacecylfawcettiina, |
I1T { chiromium trioxide oxidation product of anhydrodescetyl=
fawcettiine), were chosen for this purpose. They were suitable
represontatives for this study as the envifonmenb of the
carbonyl group in these compounds (Fig. 1) are different., If
the Iinversion of confipurstion et C~1ll; really deponds on the -
surrcundings of ring D then one wuld expect no or very little
isomerisation In I end III and considerable isomerisation in II.
Attompts to prepare I, anhydroannofoline, have been .so: ‘far
unguccesgiul, and thersfore, our egquilibration study wag limited

to II @nd 11X,

Review of Pertinent Literature

Lycopodium annotinum L. 18 ome of about a hundred




CH,

Fig.|




species of the Lycopodium geﬁua. They belong to the group
pteridophyla and occupy an intermediate position in the
evolution of plant 1ife, linking the slgee and fungl with
the highly evolved flowering plentae.

Investigations for alkaloldal constituents in various
Lycopodium plants have bsan'reportedfaince the nineteenth
century (3,4,5),but the first reports on the alkalolds of
Lycopodium annotimum L. appeared only in 1943 (6). In this
year, Manako;and Marion roported the lsolation of annotinine
(C1glig04N) , the principal elkaloid of this species, the
previously known lycopodine (016“250N) (3,44), the obgcurines,
and several other alkaloids which were not well characterised,
hence desipnated by the letter L. followad. by 8 number e.g.
Lei (016H2502N). Other alkeloids have been isolated from
certain subespecies of Lycopodium annotinum L., end thess
include acrifoline (61632302H), annotine (CléﬂEIUBH), nicotine
'(cloﬂlhba) and i1solycopodine (0163250H). (7,8,9),

In the peat, the alkalolds were mainly isolated
and purified by the tedious and difficultly reproducible

methods of Iractlional distillatlion and fractional crystallisstion

the bases or of thelr silts. Recently a combination of
counter current distribution and sulteble pasper chromatographic

procaedures wWwas very efriéiently utilized for the isolastion




of a few new alkalolds in thig laborastory. In 1958, Anet

and Eves (10) 1soleted lycodine and in 1999, Anet end

Khan (1) succeedsd in isolating four other alkaloids,
annofoline (cléﬂzsegﬁ), lycofoline (cléﬂzsezn). lofoline
(618H2903E) and fawcettime (618H2903§). Exheustive reviews

on the distribution, iseclation and charscterisstion of
alkeloide of various Lycopodium species are avallable (5,8,11).

Chemistry of Lgeogggium Alkaloida

The chewmistry of Lycopodium elkeloids was fairly

woll developed before this work wes undertsken. The structure
and stersochemistry of several Lycopodium alkaloids were
alroady sstablished and interrelation amongat several of them
wap also achieved. The structural and stereochemical featuros
of some of the Lycopodium sikaloids have proved to be of koy '
importence in the elucldation of structuro and stereochenistry
of other related alkaloidss, The chemistyry of some of these
alkaloids is relevant to the present work and therefore in the
folloving peges a brief dlacussion of the stmuctural and
storeochenical studies of these slkalolds is presentad.
Acrifoline, 016H23025’ feDe 99-10&9, was first 1solatsd by
Mengke and Marion (7) from the plant Lycopodium annotinum

var. acrifolium Fern and has since been reported by othors (8,9).




Eerlier reports (8,9) on the functional groups in acrifoline
were based mainly on negative findings and have since been
proved to be erroneous in some respects. However, Eegtho
and 5toll (8) positively showed the presence of a keto group
with no adjecent methylene group in ascrifoline. This %
followed from thelr observation that scrifoline reacted with
phenyllithium to give & Con compound and yet did not Bhow

any tendency to form a bensylidene derivative. Acrifoline

also formed a methlodides

Perry and MacLean (12,13) have studied the nature
of the functionel groups in acrifoline., The infrared spectrum
of scrifoline in mujol showsd very strong absorption in the :
hydroxyl region, but very weak absorption in the carbonyl
rezions Howsver, in chleoreform solution acrifolins exhiblted

1 ¢na another band at 1675 e, and

a strong band at 1700 em
they were assigned to a carbonyl group end to an ungaturated
linkage respectively, Cdatelytic hydropenation of acrifoline

gave dihydroacrifoline (CqgliggOpt)e Lithium alumimm hydride

reduction of dihydroscrifoline yielded dihydreoacrifolincl

(alén27oaﬂ) and the latter showsd hydroxyl absorption (3300 cm"l),g
but no carbonyl absorption or unssturation in the infrared |
spectrum. The same compound was obtained by catalytic f
hydrogenation of serifolinol, the 1lithium aluminum hydride

raduction product of acrifoline (1lh). However, esrlier work



of Perry and MacLasn (12) erronecusly reported them to be not
identical but stercolsomers. Acetylation of acrifoline gave
monogcetylacrifoline (61332503ﬁ). the infrar@ﬁ spectrmum of
which showed bands at 1740 cm'l {acetoxy group) and 1700 em'l
{ketone) but no band in the hydroxyl rqgicn. Thege studies

. confirmed the presence of a doublo bond, a hydroxyl group, a
tortiary nitrogen, and 8 keto group in acrifoline and indicated
that acrifoline was tetracyclic.

Dihydroscrifoline (pKa 9.13) 1s 2 considerably
stronger base than aérifhline (p¥a 8434)e This difference in
basle strengths has been regarded (12) to be due to the presence
of an allylanine (~C=Celel=} giructure in acrifoline. |

Tie spplication of nuclesr magnetie resonance (MNeM.Re)
spectroscopy has provided {13,1L) further infommation on the
nature of the functional groups of scrifoline, The HeM R,
spectrum of acrifoline showed abmorptions of area equivalent
to one proton at &1§plasemnnta of 3435 and 2,0l Peperts (from
chloroform), and were attributed to > CH=0- and » 0=¢ <& groups
raspectively. 4 dbublet of ersa equivalent to three protons,
occurring at & displacement of 6420 pepems {from chloroform),
indicated the presence of a ) CHCH, groups The prosence of
one Cemethyl group wes also shown (13) by Kuhn-Roth anslysis
ol acrifoline. The N.M.He spectrum of scetyllacrifoline {1l)

confirmed tho above results. Its NJM.Re spoctrum showed




absorptions attributable to » ¢=¢ < X, > ¢iiwg-, and 2 CHOH,
at displacoments of 1.97, 2.84 and 6.30 Dspeite respectively.
& sharp puak at a dieplacament of 5.50 pepele wWas assigped to
the ~CGGH3 groups The absence of absorption at low fleld |
in both of the above H.M.HR. gpectra ruled out the presence

" of an aldehyde group, and therefdre the carbonyl group in
acrifoline nmust be ketonlece. The hydroxyl group must be
sscondary since the signal area of the D CHwOw group
corresponded toc one proton oﬁiy.

The infrared specirum of acrifoline provided a clue
to the spatial relationship of the carbonyl and the hydrozyl
groupse As mentioned earlier, acrifoline in Nujol mull showed
strong hydroxyl abasorption and wealt or no'earbonyl absorption -
in its infrared spectrum, but in solution (chloroform) showsd

l, ag well ag the usual hydroxyl

strong abgorption at 1700 cm”
abgorption, Both apeetra showed (1li) ether gbsorption nesr
13100 en™ty Tnis aiffersnce in behaviowr in the eclid state
and 1n golution has been taken s evidence for the pregence
of 8 hemlketal form in the 801id steto. S8ince only fivee

and sixzemembered cyclic hemiketals form spontensously, the
carbonyl group and the carbon atom bearing the bhydroxyl group
must be separated by two or three atoms,

Acrifoline methiodide (GITKQBQERIJ underwent Hofmann

elimination on treatmont with potnssium tertilsyy butoxide in
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boiling tertiary butanol 'yieslﬁing a8 crystalline base,
Cyqlig0,H( 1), 1n 70% ylelds Strong absorption at 900 em™t
in the infrered spectrum of I indieated the presence of a
termingl methylene group in ite. Tho ultraviclet spoctrum
of I exhibited strong sbsorption at 2400 X { x 2l,,000) and
supcested I to be & conjuprted dlene. . The anhanced double=

bond sbaorption in the infrared st 1625 em™l

also supported
thise The structural festure of 1 therefore indicated that
the double bond introduced during Hofmann roactlon was in
conjugation with the original double bond in acrifoline.
Barring rearrangement, the original double bond in acrifoline

must have cecupied & v, & position relative to & nitrogen as in
by B a '
> cwcﬁ-aaé:CHB_-.‘N< gequence,so that the segueonce in I would be

)3%:&{-&1%?12. Ozonolysle of compound I yielded formaldehyde and
this confirmed the preassnce of & terminel methylens group in it.
Catalytic hydregenation of I apparently resuited
in o mixture of pai'tially reduced and fully reduced compoundss
Oxidation of this mixturse by modified Kuhnefoth method yiselded
‘butyrie acid as well as propionic and acetic acidse. Thorsfore,
8 n=propyl group was present in the product of complete
hydrogenation of compound Ie '
Reduction of diene I with sodium borohydride gave
& diol (II), (2175{2702!‘1, m:zd 1l ,2=reduction of the latter with




godiuwa in alcohwl ylelded Cl?ﬁag{}zm IIX)e A modified
Kuho=Roth oxldation of compound III gave acetie ncld and
propionic ecide This showsd the presence of an ethyl group
In iiI.

The H.HeHe apectrum of acrifoline established that
the double bond in acrifoline was w&éﬁbgtituted. The above
Hofmann Gogradation and the oxidetion studies on the degraded
procduct showsd that the double bond must occupy & Yed=pos ition
velative to pitrogen with the ACeatom disubstituted.

Acrifaliné reackted with cyanogen bromide to yleld
two isomoric clesmvage productes, ue= and Becyancbromoacrifoline,
IV and ¥, respectively. The former, compound IV, was shown
to be formed by the cleavapge at the same C~N bond as in the
Hofmann degradation, as its qusternary trimethylammonium
bromide (C 20}132021@3%) gave a conjugated diene (01732202212)
upon treatment with potassium tertiary Butoxide. Xuhn-Roth .
oxidation studles én ths hydrogenated produet of the diene
substentiated the presence of the sequence ) C=CHCHCHH <
in acrifolines .

B=Cyanobromoacrifoline (V) rescted with trimethyle-
anine to yield a nonowerystalline guaternary mmonium bronide,
wirlch in turn gave an olly neutral product with potasaium
tartiary butoxide. The néut:ral product had two isolated

doucle bondsj the infrared spectrum of the compound indlcated -
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that one of them was in the form of 2 terminal methylene
groupe. OUOzoneclysis of the neutral compound gave formaldehyde
and this confirmed the presence of a terminal methylene group.
Catalytic hydrogenation of the neutral product followsd by
nodified KuhneRoth oxidation yielded I?utyric » Proplionic and
ccetic acids. The presence of butyric scid among the
oxidetion products proved that the hydrogenated product of
the neutral compound had 8 n-propyl side chain, and therefore,
hat the seguence -l;:-{}ﬂaCHz(}HEﬁ { wuas pregent in acrifoline.

The von Praun reaction of acrifoline, thus, not only
conlirmed the resulte of the Hofmann degradetion but in
adaition, allowed the extension of the peripheral ai:mctu&e ko
-cazcuzcng-é~Cﬂecﬁacﬁ=c <o |

Selenium dioxide oxidation of meprifoline gave two
procducta (13,1L). The major product, Cyglipy Opls of thie
reactlion proved to be an o,f-unsaturated ketone., The infrae
rod gpsctrun of i’cé perchlorate showed carbonyl absorption at

1 ang enhanced double=bond absorption at 1627 cm™r ,

1690 em”
and the ultmvioléb spectrum of its perchlorate exhibited a
naximum at 2330 E(e= 5330). Hydrogenation of the compound
gave dihydiroacrifoline and therefore the poesibllity of
skoletal rearrangement was mle:i ou_?:; The H.M.R. spectrum.of the
conjugated carbonyl compound had two peaks of srea equivalent

to oneo. proton at displacements of 1.96 and 3437 Deiele




VTR 8 b b s e YT T ALy T O S bt e S e o - oo e ar -
S e D e S e

- 11 e

ropresenting the lsolated ;Soﬁble-—bond proton and the‘
XCHeQegroup #eapectively. A single, sharp peak at a
displacement 0f 5.50 DeDoMs mfiica.tad that the methyl group
was located on the double bond u,p Yo the carbonyl group.

A singlet of srea equivalent to one proton 8t 6§ = 0.23 was
attributed to & proton on the {5~carb6n of the o ,B-unsaturabed

katone. These observations suggested the pregence of
Gil
13 :

«C0=C =CHe grouping in the conjugated ketone and of the

seguence -cogg%ﬁ?n in scrifeline,

The minor product of ~ gelenlum dioxide oxidation
of scrifoline was isomerlic to the major product but was not &
conjugated ketone.' This compound showed & carbonyl absorption
at 1725 cm'l in the infrared spectrum, But; no 'hydroxyl abgsorption.
The major product of peleniwm dloxide oxidation eould be converted
to its winor product by trestment with base end this indicated
that the minor product was formed In the reaction medium by

intramolecular addition of the hjdmxyl group to the

conjugated double~bond systeme The ease of this sddition
inmplicd thet a fivo- or sixememberad cyclic other was formed,
and that the carbon atom {5 to the carbonyl group and the
carbon atom bearing the hyém:qu' group are separated by two

or three atomse The H.HMeRe apectx;um of this compound supported
g cyclic ether structure for it. Iﬁe NeMo e s;mctm had a

doublet at & = 6,22 representing the ) CiiCH, group, snd a
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peak of arsa equivalent to oné proton at 6 = 1,99 for the
single proton on the double bond. Two pesks, euch of area
equivalent to one proton at, displacements of 3419 anad 3,54
PeDells , Were attributed Yo absorption by the two =CHeQwgroups,
one group at either end of the ather linkage. Theae NuoMeRe
data sugrested the presence of the gequ ence -CG~CR§H— in the
minor product of selenfum dioxide oxidation of aarifoline.
Dihydroacrifolinol (GIBHE?Oeﬂ) underwent Oppenauver
oxldation to yield a diketone (016393°2N" The inrrared

spectrum showed strong carbonyl absorption at 1705 em -1 ,out no
hydroxyl absorption. The carbonyl freguency indicated that
both carbonyl groups wers located in rings that are gixe
membered or largers Absorption at 1420 cm”l in the 1nfrared
spectrun of the diketone and none in this region in the apactrum
of acrifoline implied that a “CH,C0= group 4s present in the
ketone but is absent in acrifoline. Thus the ~OH300- group in
the dlketone must have arisen from & -CHB~GH(OH7~group in
acriir'olines The hydroxyl group in serifoline does not appesr
to be allylic since attempts to replasce 1t by halogen were
unsuccegaiul,

for acr1 "oline

The following struc ture /hna been proposed by French
and MacLesn (13,14) in accordance with the above findinga,
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Acrifoline

This structure can explain the existence of the hamikgtal
formed by intersotion between the carbonyl and the hydroxyl
functions. The facile coﬁversion of the a,peunsatursted
ketone {(major prodﬁct of selenium dioxide oxidation of
acrifoline) to 1ts saturated lzoner, the.cyclia ether (minor
nroduct of selenium dloxide oxidation of acrifoline), is
readily accomodsted by this aﬁructure. The structure is
bilorenetically feaslble and is compatitle with the propossl
recently put forward by Conroy (15). Furthermore, this

structure is corroborated by the work of Anet (see later)

in thig field,

Anncfoline, oleﬂageau, MePe 156-157°, was isolated by Anet
and Khan from Lycopodium annotinum L. (1)s It is a strong

base, pka 9.15. Annofoline yielded a methiodide indicating |
that the nitrogen atom in it was tertlary. It analyesed for a . :



slngle Cemethyl group.

The infrared spectrum of annofolline (16) in mijol
showed absorptions for hydroxyl group (band st 3400 cm"l)
end a ské—-a carbonyl group (band at 1700 cm"l). probebly &
ketone in & sixe- or largeremembered ring. However, the
intonsity of the earbonyl band in the infrared spectrum
(Cclu solution) of annofoline was abnormally low and resembled
thut of the alkaloid acrifoline (13). This behaviour has
been explained to be due to the existence of an equilibrium
between the hydroxyketone and the hemiktetsl forms in anncofoline
solution., The H,M.Re spectrum of anncfoline showed a doublet
at 8,937 indicating that the methyl groixp wag present as a
Y CiMe groupe

Reduction of annofoline with sodium borchydride (16)
gave two isomerle diols, 0161'127022? ’ a-&ihyciroannofolin@.
MeDe 261;,-2650 s and Besdihydroannofoline, mep. 200=203%, Later
work (17) has shown, however, that P=-dihydroannofoline 1is
not a genuine reduction product of snnofoline, but of an
igsomoric ketona. -

selenium dloxide oxidation of annofoline (18)
yielded an a,p-unsaturated ketome, G, H,.0,N, (>~m.(zzwu)
201 sp 1oz € = 3085 V.0 (CCY) 1685 cm™t), The H.M.Re
gpocirum of the gompound in CIJC13 showed a gherp band at

27 T or intensity corresponding %o one proton and wes




attributed to en olefinic proton § to the keto groupe The
singlet at 5,18 fT/waa assigned to the methyl zroup.

Thepafore 1t was concluded thet there was 8 =CO=0(Me)=CH-

system in the compounde The band for the olsfinic proton

wae unsplit snd this indicated that probably thers was a
guaternery carbon atom adjacent o the =CH group. The above
results sugresited the presence of the sequence -ca»cs(ﬂe)-cﬂz-c%~
{ where ¢” 18 guaternary center) in amnofoline,

Annofoline reacted with ethanethiol (16) to glve an
ethyl thioenol ether, Gy gHogONSs The Infrared spectrum ghowed
a weak band at 1625 cmfl (double bond) and a band at 3600 cm'l
(hydroxyl), but no band in the earbonyl region. The BeH.R.
spectrum showed thet there were no oleflinlc protons, but that the
. C-methyl group was now attached to a double bond., Hence
the group ItS-(=C<He must be present. Thus both in this
reaciion and in the gelsniwm dioxide oxidstion the keto group
in annofolline preferred to enolise in the direction of the
methyl groude

wélffoKisnner reduction of annofoline gave dihydro=-
deoxyannofoline, cléﬂa?ﬁﬁ, which no longer contained a
carbonyl groups. The reduction product gave an Owacetyl
derivative showling that the oxygen atom In thia'compound wasg
pregont as a hydroxyl fuﬁctien. Chromic acid oxldation gave
a ketone, deoxyannofoline, Cléﬂg5ﬁﬁ, Mepe 38292°, izomeric

with lycopedine, tut not identicel with 1t. Selenium dioxids
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oxidation of thia ketons @avé a8 base with weakly acldic
properties and had the characterigtics of an enolic gediketons.
(A nay (EtCH) 282 ma, shifting to 335 mu with base). Thus,
the presence of a -CHE-CH(-OH)'-GK or a -GH-GH‘?-GH(OH)- group
in annofoline was indicated.

Annofoline reacted with g=butylnitrite in t-butsnol
(16} 4n the presecnce of potasaium hydroxide to give an
~amphoteric compounds This compound underwent smcoth
dehydrogenation in the presence of palladium-charcoal to give
julolidine (I)e The farmation of the amphoteric compound
proceeds vie an intermediste nitrosoketone which 1s cleaved
by bage mt the «(0«CH{Me) bond. It was therefore concluded
thet amnofoline contalned s hexahydrojulolidine ring system,
ané that -CO-CH(M@)-GHZ group present in annofoline was lost

during the dehydrogenation stepe. Q

CH3

I . IT
In order to accomodnte the above reactions Anet
gnd Khan {16) have proposed structure {II) for annofoline.

The structurs roesembles the atructures of acrifoline and
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lycopodine, and to some extent thet of annotinine. Ammofoline
should therefure be a diastereolgomer of dlhydroscrifoline.

The structurs is also compatible with Conroyts scheme (15)

for the blopenesis of Lycopodium slkslolds., Purther, amofoline
has since besn related directly to acrifoline and indirectly

to lycopodinej this will be discuaseavin detril in a later

soctlion.

Fawcettiines 018329033, 1s the major alkasloid of L. fawcettd
(138), and & minor component of L. annotipum (1,19) and Jamaican
L. clavatum (20). It hea been ghown to be a tetracyclic
tertiary base possessing s hydroxyl group, an O=acetyl group,
and one Ce-msthyl pgroup apart from the one in the acetyl group.
Milé hydrolysis of the base yielaed a diol, deacetyle
fawcettline, 016ﬂ2702K, which on dshydration with thionyl
chloride lost only one molecule of water to give anhydro=
deacetylfawcettiine, CléﬂZSGN (18)e¢ The latter, although
1t contalned a hydroxyl group, was resistent to further
dehydration. Ozidation of fawcettiine with chromium trioxide
pave a ketoscetate, dehydrofaweettiine, 018H2703N, which
could be hydrolyssed by base to annofoline (21,22)., lowever,
it was shown later (17) that this was not a simple hydrolyesis
but one in vhicn isomerisgation acéompsniad deacetylatlone.
Since the structure of annofoline éam known (16) the groas

structures of dehydrofawcettiine and fawcettilne must be

W
G




I and II roespectively.
Q

cH

I IT IIT

The NeM.ie spectrun of anhydrodeacetylfswoettiine
(21,22) indioated the presence of only one olefinic proton
(T, Leli5) and also that the grouping CHB.-C-B is presgerved

{ Ty 94003 T 549 cepeSe)e Those data can be sccommodated by .

satructure IIl for anhydrodsacetylfawcettiine.
Annotinine, 0162{2103N s 18 the principal alkaloid

of Lycopodium snnotinum L., and was first 1solated by

Mangke and Marion (6). Much attention was centered on its
cﬁemiatry for a number of years. The degradation studies on
annotinine (23), as well as the X-ray crystallographic studies
of Przybyleka snd Marion (24) on asnnotinine bromohydrin

have led to the following structure for annotinine.




The relative stereochemlstry implied in the ambove atructure
for annotinine has been estsblished by the Xe-ray crystalloe-
graphic worke Wiesner and his co=-workers have recently
deduced theo absolute configuration (I) of snnotinine (25).
The chemistry,ps well as the ateresochemistry of annotinine
has recently been summerized by Wieasner in en article in

"progress in the chemistry of organic natural products' (26). .

Lycopodine, cléﬂesﬁﬁ, Mmepe 116°, is the major alkasloid of
many Lycopodium specles and nas been detectsd in almost all
of the mpecies. Lxtensive dogradation studles on lycopodine
have led Macheaﬁ and Harrison (27) to propose the following

structure for lycopoﬁine-;
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Lycopodine

A full account of the ﬂegradation studies on lyeopoéine has
been recently published by Maclean and his co-workers (28).
The above atructuré for lycopodine has gained suppoxrt from
the subssquent wark of Anet (17) in this field. Hs succeeded
in relating lycopodine to annofoline whose structure has been
arrived at by indspendent considerations (16). Anet's work
has anlso established the relative stereochemistry of these

alkaloids and s dlscussed in dotasil in a later section.

Lycofoline, Cléﬁasoaﬂ, mepe h=145°, [a]D-75° was first
isolated by Anet and Khen (1) from Lycopodium annotinum L.,

and lster by Burnell and his cowworkers (19) from L. fewcetti.

Preliminary wdrk‘on this alksloid was carried out by Kham (2)
in this laboratory. The infrared spactrum of lycofolins
indicated the presence of a double bond and at least one
hydroxyl group. A Cemethyl gwoup'was found by Kuhn-Hoth
determination end the tertiary nature of the nitrogen atom

was exhiblted by the formetion of a gusternary methiodlde.

T —

S
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Tha nature of the ciygen atoms in lycofoline was
detormined by acetylstion studies. Acetylation with meetlc
anhydride in pyridine solution at room tempersiure gave &
monoacetyl derivativs, 618327°3H' HePo 159-1600. The infrared
spectrmun of ths monoacetate showed bends at 3600 en” L { hyaroxyl
group) and 17}0 cm'l,(gaetate grcup),énd thus indicated the
nreaonce of a second hydroxyl group in lycofoline. Acetylation
of the second hydroxyl group was much more difficult, being
incomplete even after neven hours at 80 to 90° with acetie
aphydride-pyridine reagent. The discetyl derivative,
Ceoﬁzg()uﬂ, MeDo 113-118”, wag however, easily separated from
the monoacatyl derivative by chromatography pn alumina. The
acatylation.studias, thus, showed the presence of two hydroxyl
groups in lycofoline, one of which 1is quite strongly hindered.

Hydrogenation of lycofoline proceeded readily in
the presence of Adam's cabalyst to give dihydrolycofoline,
C16tlop02 s mepe 16=147% This confirmed the presence of a
doubie bond in lycofoline. |
' The H.M,R. spectrum of lycofoline showsed s doublet
at 9.02 jr; the'inteneity'correaponding to threo protons and
this confirmed the presence of a Cw-methyl group in the
alkeloids The position of thils band showed thsat the Cemethyl
group was attashicd to a séturatad carbon atom, and the

splitiing of 6 cep.gs, that thls carbon carried just one
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hydrogen atom. The triplet (éplitting;, I cepese) OFf relative
Intensity 1:2:1 at L7177 was sttributed to one olefinic
proton. The magnitude of the splitting showed that the grouping
lovolved was ) G =CH=CHy=. Bends &t 6.1 7 and 6.82 7,
each corresponding to one proton, could be sesigned to ) CHe0w
groups from thelr chemical shifts, The sharp band at 7.2 7
was probably due to ths protons of the hydroxyl groups
corresponding to the above two bonds, and the absence of any -
coupling was probably due to [ust exchange of the protons of
hydrozyl proups caused by the basic nitrogen atom present in
the alkalodd. ‘

The band at 6.827 was a quartet with spacings of
1083 and Heli cepese, showing that thers was coupling to two
protons. The magnitudes of the coupling constants suggosted

the following arrangement #dbout the hydroxyl group:!

H H
q OH i

or

I 1i
H ' H
The band at 6.1y 7 was quite broad, with a
ralfeband width of 10 cepe.s., indlcating coupling to three
cr four protons. The couﬁlingg congtants could not be very'

larze and & structure of the following type appeered to be

M




coneistent with the evidence:

The H.d.R. spectrum of acetyllycofoline showed the
same featwres as that of the parent alksloid except that the
quartet at 6,8 7 was shifted to 566 7 o This was
conaistent with the sasignment made earlier that the proton
responsible for this band was attached to a carbon atom
bearing an eéuatorial, and therefore unhindered, hydroxyl
group. In diacetyllyeofoline, the NeM.R. spectrum was further
modi fied by a ahii‘f on the band at 6414 T to 44 T « In
both acetylated derivatives the protons of the acetyl groups
gave rise to a sherp bend at about 8.00 7 .

Theae wore the available informstions sboutb 1ycofoline
when the present work was undertaken. The present work deals
in. part with the structure and stersuchemistry of lycofollne
end of its hydrogensted product, dihydrolycofoline. After
the preparation of the puper (29) on our results was completed
for publication, & preliminaxy cuéxgmnication by Burnell and
Taylor (30) appesred in which the same conclusions were roached,

but based on different evidence. Recently, thsse people have
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published (31) & full paper on lycofoline., Their evidences
for structure and stereochemistry of lycofoline are discussed

together with that of ours in a later section.

Interrelation and Stereochemlgtyy

The elucidetion of the gross structurss of
lycopodine (26), acrifoline {(14), arnofoline (16) and
fawcettiine (21), I, 1I, III and IV respectively (Fig. 2),
suggested their close relatlonship to each other. Interrelation
of these alkaloids has since been accomplished (17). The
stereochemistry of these alkaloids has been eluoidated by
Anet (17).

Gatalytic hydrogenstion of aerifoline (II) gave,
in addition to the previocusly reported dlhydroacrifoline, a
small yleld of annofoline (III) (17). Thus amnofoline is a
Mdihydroacrifoline” and is epimeric with the previously known
dihydroacrifoline at ch (seo Fige. 2 for numbering used). |

Attempts to interrelate anncfoline (III) and
lycopodine (I) directly had been unsuccessful. fThe Wolff=
Kishner reduction of annofoline followed by chromic acid
oxidatlon (16) ylelded a compound, desipgnated as deoxy=-
annololine, Cléﬂzsﬂﬁ’ MePe 88—920, which had the gross structure
I, but was not 1dentical with lycopodine, masp. 115?. Thie

indleated that more then one stersochemical configuration was




CH3 CHy |
N OH N7 OH
L I i
OH
CHs
LN OAc
1AVA
~ Fawcettiine
CHs

Fig.2 Structure of some Lycopodium alkaloids.
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involved. Later Anet has shown (17) that.lycopodine and deoxy-
annofoline differ only in the configuration of clk atom
bearing the methyl group.

The O-acetyl derivative of annofoline (III) has the
same gross structure as dehydrofawesettiine, the chromium
trioxide oxidatlon product of rauceftiine {IV); however, the
inonidentity of thelr hydrobromides (17) has led to the
conclusion that these two compounds are not identical. More
recently (22) Burnell's observation that the methiodides of
annofoline acetate and dehydrofawcettliine are different has
confirmed the above conclusion. However, both O-acetyl-
annofoline and dehydrofawcettiine, on hydrolysis with base,
furnished annofoline (17,21,22). These¢ surprising findings
can be explained only 1f there was an isomerisation during
the alkaline hydrolysis of dehydrofawcettiine, as it is known
that during acetylation and chromium trioxide oxidation
' isomerisations are unlikely. Thése results indicated that
annofoline and fawcettiine have opposlte stereochemistry at
Cyy, end algo that annofoline is more stable then the hydrolysis
product from dehydrofawcettiina,i.e¢.Clu epimer of annofoline
(17).

Reduction of annofoline with sodium borohydride in

boillng aqueous ethanol gave a mixture of two isomeric diols,




a= and Pedihydresnnofoline (16). Later work showed that

these two isomerg were not merely epimerie alcohols at 613,

as nmlght be assumed, but that they differed in the configuration
at Glu‘ Reduction with llthium aluminum ﬁydride or with sodiuwu
borobydride in neutrsl sclution gave only the a=isomers
However, sodium borohydride raducti&n in the presence of godium
hycroxide gave as much as 50% of the P=isomer (17)s Thus
f=dihydroannofoline 4s not a genuiné reductlon product of
annofoline, but of a ketone having the methyl group on cl& in
the opposite configurntione This would also explein the
obgervation (21) thet B=dihycroannofoline and deacetyle
fawcettiine are ldenticsl. These results show that the
reduction of snnofoline proceeds in two steps; initial
equilibration between annofoline snd the less stable ketone by
alkell, followsd by faster reduction of the less stable ketone.
The difference in the rates of reduction of the two isomers
‘can be understood on the basls of the proposed stereachemistry
of these compounds. f%the stersochemistry of these compounds

are dilscussed below.

Lycopodine has been releted to annofoline by the
following meries of resctions and thesse have allowed the
assignment of the configqration at Cl& in lycopodine (17}.
Dehydration of deacetylfawcettiine (identical to P=dihydro=
annofoline) yislded aphydrodeacetylfawcettiine, which on

chiromic acid oxidation gave an ¢lly ketone., ¥Wolfr-Kishnor
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reduction of the l= tone gave an oily bese, Cleﬂzgﬁ' proved to
be anhydrodihydrolycopodine (naturally occurring alkaloid
L=1}4}, previously prepared from lycopodine {32) by reduction
with 1ithium aluminum hydride ﬂﬁllouaé by dehydration,
Lycopodins, therefore, resembles fawcettiine in the confipuwration
at Clu and not annofoline.

Both annofoline and ecrifoline exist as mixtures of
hemiltetal and internally hydrogen bonded hydroxy ketone formsa.
This is only poseible if in these compounde ring I} assumes
pirodoninantly the ant conformation. Also for the seme reason
the hydroxyl group on 07 must be axlal. The conformation with
the D ring in the chair form would be unfavourable due tb
strong repulsion between C,) and the axial hydrozyl group on
07. Bince, annololine is the more stable one of the two Clu'
epimers, the methyl group would have to. be egquatorial on ring
D in the boat forme The partisl conformation shown (V)

'(Fig. 2) should tﬁerafora be appropriate for both annofoline
and acrifoline. However if the interaction between Glu and

07 substituent is sufficlently relieved, the chalr form of
ring & should become the preferred conformation and ,in such

&8 caso,the isomer with the clh methyl group eguatorial on
ring D would be more stable. This situation would be attained
in compounds where the hydroxyl group on 07 is abgsent and even

more 80 1f a double bond wore vresent at 6,7 or 7,8, The
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partiel conformation can be represented &s VI (Fige 2) where
the methyl group on Glu‘has the oppoelte eonfiguration to
that In V. The stabllity of conflguration on °1A depends
on whether the ring U is in a chair or boat form and this in
turn is determined by the bulk of the substituents on 07.

The stablility of lycopodine and deoxyannofoline to
base indicates that the rings B and C are fused trans. The
ready dehydration of dihydrolycopodine to the A7’8 isoner
confirmed this conclusion. Rings A and B must be fuged gis
to allow formation of & cyclic compound from as=cyanobromoe
lycopodine (27) by internal slkylation at GB' The catalytic
hydrorenation of acrifoline gave dihydroacrifbline-in major
yield and ennofoline in smaller ylelde Thls observation is
understable since hydrogenation from the less hindsred site is
expected to glve trans fusion of rings A and B and therefore,
annofoline being ﬁhe ca epimer, would have rings A and B eis
fused,

The above evidence have led Anet (17) to sesign
the staraochemisﬁny of lycopodine and amofoline as VII and
VIII (Pigs 3) respectively. The interrelation of fawcettiine,
anmnofoline and lycopodine 1s shown in Pigure 3, The propoged
stereochemistry also explains sevéral other observations. As
anticipeted, Wolff{«Kishner raducbioh of dehydrofauﬁettiine

gave larpgoely the isomerised product end no detectable amounis
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of dihydrolycopodine. Ring D in fawcettiine (¥) and therefors
in deecetylfawcettline (XI) has been represented by Anet in
the chair form, ss the methyl group would be in the extremely
unfavorable flspgepole position if the D ring existed ag a boat,
This 18 consistent with the obaervaﬁionn (17) that neither
fawcettiine (X) nor lofoline, which sre epimeric alecohols at
013 and have the 7=hydroxyl group acetylated are hydrogen bonded
in dilute carbontetrachloride solutionas. Anhydrodeacetyle
fewcettiine was resistant to further dehydration (18) and
therefore the hy&foxyl group at 013 must be trans to the
mnethyl group, in agresment with the proposed stersochemistry
for dencetylfawcettiine (XI).

The absolute configurations of lycopodine end its
related alkaloids have been shown (25) to have the same abaolute
configuration as annotinine. |

Leete (33) and Conroy (15) have proposed poseible
‘blogentie 5chemeé for annotinine. Conroy's scheme which also
explains tho bilogenesis of other Lycopodium alkalolds like the
obscurines, lycodins, lycopodine, selagine, appears to be

nore attractive,




EX PERIMINTAL

Description of the (enepal Methods

The melting points were determined on & Leltz
hot=gtagze apparatus. The infrared spectra of splutions were
measured in a micrc-caﬁ?}y ¢ell (cae 1 mm path lengthy
0«0l m1 volume) on & Peritin Elmer "Infracord" double beam
ingtruments The ultraviclet spectrum reported in this thesis
was recorded using a Beckmann DE-2 spectrophotometer in
athanol golution in 1 cm. cells,

Elewentary anglysis of a compound reported here was
kindly porformed by Miss Patiicia Revelle.

Paper chromatography, unleas‘ otherwise stated, was
carricd out according to Anet and Khan (1), on Whatmann ,
Nos 1 paper impregnated with a cltrate~phosphate buffere The
chroma to pran was.davalopad by nebutanol sstursted with water
| and the spots were revealed by spraying with e modified
Draggendort reagent {34). DLuffer of different pH values
(am montioned within the text) were used depending on the
nature of the alzmloidnl'mixture under investigations At
times the same resction mizture was aubjectod to paper chromatoe
rraghy at different pH values an& the ones giving the best
separation are presented in the beﬁ;‘t;, 'i‘m absoluie Rf values

of the different alkaloids and thelr degredation products
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varisd appreciably but their relabive values were constant.
Apprecliable amounts of acrifoline, snnofoline that
were needed for the presgent wrk were available in this

laboratory rrom previous investigations.

Conversion of Acrifeline into Lycofeline

(a) Attempted Redustion of Acrifoline szrobromfde with

Sodium and Wet Ether

added
Metallic sodium,in excess, was/in small pleces to a

well stirred saluﬁion of acrifo;ins hydrobromide (7 mg) in
woet ether {10 ml) and the stirring wes continued until ell
gsodium went in solution. The reaction mixtuwre wag ﬂilutéd
with water and the agueous portion was rejectod. The ether
extract was weshed with water, dried over anhydrous sodium
sulfote and evaporated to drynsss. The infrared spectrum of '
the product 1n carbon tetrachloride solution showed intense

bands at 3600 eu"t, 3500 em”% snd 1700 cm™r.

(b) Attempted Reduction of Acrifoline Hydrobromide with

Sodium and neButyl Alcohol
A solution of scrifoline hydrobromide { 6 mg) in

n=-butyl alcochol (3 ml) was heated to boilingj smsll pleces of
sodiun (18l mg) were added and the reflux was continued until
all sodlum went in solution. The solution was cooled and mont

of the ligquid was removed at reduced pressure., The resgidue
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was dissolved in wabter and tha alkalold materiel wus extracted
with methylene chlorides The methylene chloride extract was
drisd over anhydrous sodius sulfate and evaporated to dryness,
The infrared spectrum of the produect {in 0011‘) exhibited bands
at 3600 cm"l, 3500 em™ and 1700 ent.

(c) Reduction of Acrifoline Hyirobromide with Lithium
and Alechol in Liguid Ammonla

A suspenslion of acrifoline hydrobromide (55 mg) in
ether was added to methanol (5 ml) dissolved in liguid amuonin
{50 ml); metallic lithium (410 mg) in small slices wag added
o the woll stirred solutions The blue colour which appeared
aftor the addition of each plece of 1ithium disgppaared after
8 few seconds. After the sddition of lithium was completed,
ammoniun chloride { 2.7 g} was added to the mixture while
stirring was continued. Excess of liquid smmonia was allowed
to evaporate, The residue was dissolved in‘water; the solution
was made strongly basle and the alkalold was extracted with

chloroforme The infrered spectrum of the product (in GCIR)

did not show any absorption in the carbonyl region but extibited
bands at 3600 cm”l end 3500 cmfl.‘ Paper chromatography {(pl 7.0)

indicated the presence of two compounds {Rr 0«26 (very strong),
Ou3lp (very weak)]e In the same chromatogram acrifoline and

1ycofoline had Ry values of 056 and 0.4l respectively.

| e




The crude resction product was purified by sublimation

under vacuum, Mepe 258=260°,

(d) Reduetion of scrifoline with Lithium Aluminum
Hydride (12) |

& golution of lithium alumihum hydride (10 mg) in
dry ether (2.5 ml) was added to & stirred solution of acrifoline
{9 mg) in dry ether (3 ml) and the contents were refluxed for
seven hourss The alxture was cooled and unrescted lithium
aluminum hydride was,dﬂnﬁrayed by eareful addition of wet ether,
The reaction product was filtered and the ether solution ﬁas
dried over anhydrous sodium sulfate. The residue obtainsd on
renoval of ether did not show any infrared absorption (in Cﬂlu)
in the carbonyl peglon strong bands at 3600 em™t and 3500 om™}
woere present., Paper chromatography (pH 7.0) showed the prasencé
of one compound with Ra value of 0,60 compared to 0453 and O.42

for acrifoline and‘lycofoline regpectively,

(e) Reductifon of Acrifoline with Sodium Borohydride

Sodium borohydride (25 mg) in small portions was
added to a bolllng sclution of aerifoline (6 mg) in ethanol
(Ouly ml)s Aftor the addition af‘aodium borohydrideo was
complete, the contonts were refluxed for another two houprs.
The mixtwre was thon cooledj excess of sodium Lorohydride was .

decomposed with dilute acetic acid {(1:l) and most of tha liguld
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was then removed at reduced'g:z;esaura. - The resicue wen dissclved
in water; the solution was made aslikaline and extracted several
times with chloroforms The infrered spectrum of ths reaction
product in carbon tetrachloride sclution showed bends at

3600 em™L and 3800 en™} but no band in the carbonyl regions A
paper chromatogram (pH 7.0) on the préﬂuct; revenled the prasencé

of two compounds correspondlng %0 Rp values of 0.35 (very woak)

and Q.62 (very strongli the Rp value for aerifoline in the some

experinent was D506

Reduction of acrifoline with sodium borohydride in |
pufrer (pHi 5.0) was carried out in the same way as above,
Paper chromatopraphy {(pll 7.0) indleated the presence of two
compounds [Rg, Ouli9 (very weak), 0.7 (very strong)}, corresponding
Ba valuee for acrifoline and lycofoline were 0,69 snd 0.52
respoctively.

(£) Reduction of Acrifoline Hydrobromide with Sodlum

Borohydride in the Presence of Sodium Hydroxide

Acriroline hydrobromids {205 mg), ethanolic sodium
hydrox' de (6el g in 150 mi), and sodium borohydride (712 mg)

wore refluxed for two hours. The alkeloidal material was
1zolated in the same way aes In the preceding experiment.
Paper chromatopraphy (pd 7.0) revealed two apots at Hr values

of 050 (wesk) and 0473 {strong); the Ry values of scrifoline .
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and lycofoline were 0469 and 052 respeoctlively.

Isolation of the two compounds was carried out by
preparatlve paper chromatography on Whatmann No. 314 papor
buffored to pii 7.0 and developed with bLutanol saturated with
weters The strip corresponding to tha compound with lower Ef
value was cut from_tha rest of the péper end was gluted with
1% hydrochloric acide The acid solution wos well shaken with
chlorolarm end the chloroform layer waes rejecteds fThe acld

solution was then made basie with dilute zodlum hydroxide

golution and the aikaloiﬁal content was extracted with chloroform.

The product obtalned on removal of chloroform from the extraoct
wes sublimed at 105=115° under wvacuum. |

The sublimed product (25 mg, MmeDe 1&0-1&&9) was
erystallised from ether, m.pe 143=145%. A mized melting point
with an authentic sample of lycofoline ¢id not show any '
depreasion. The Iinfrered spectrum of the product in Hujol mull
was i1dentical with that of lycofoline, The product had
[a]y=7he5” (G, 240 in ethanol). {al, for lyderoline -75° (C,
240 in ethsnol) (1),

Small seale reduction of acrifoline hydrobromide with
goudum borohydrlde in godium ethoxide in ethanol, sodium
l1sopropoxide in 1sopropanocl, and sodium tertisry butoxide in

Letutanocl were carriscd out In the same way as above., Papoer

ehromatographie results did not show eny noticsable change in-

the smount ol lycofoline formede
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Attempts to Interrelate Dihyérolycofoline with known Lycopodium

Alknlolds

(a) Heductlon of Annofoline with Lithium and Alcohol

dn Lismuid Ammonia

Aunofoline (50 mg) wes reduced with lithiws and
methanol in 1iguld emmonia according to the procedure describoed
on payse 3Le The infrared spectrum of the reaction product in
chloroform did not show any absorption in the cai-honyl reglone
Paper chromatography (pH 7.0) indicated the presence of one
compound at Hf valuo 04173 the corresponding Rf values of
annofoline and di;:yﬁrolymfoline wore Q.30 and 0.27 respoctively.
The crude product was purified by aubiimtﬂ.on undor vaous,
feve 256° (mep. of aedihydromnnofoline 264=265°, map. of B
dillydroannofoline 200-—2039; nixed m.ps of the produst with

a=dihyiroannofoline showed depression).

(b) Reduction of Dihydroaorifoline with Lithium

Aluminun fydride
Dibyurcacrifoline (5 mg) was reduced with lithium

aluminum bydride (20 ng) in dry other in the same way as
described on pege 35« The infrared spocirum of the product
41d not show any bend in the carﬁanyl region. Papor chromaw
topraphy (pii Te0) on the resction Woc’mc% rovealed the prowonce

o two compounds [Hf 0s53 (very strong), 0.56 {(vory weak) ]
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R, velue for dihydroacrifoline 0.7 end that for dlhydro-
lycorfoline (.27

(o) Reduction of Dihydroacrifoline with Lithium and

Alcohol in Liguld Ammonia

Dlhydreserifoline { 6 mg) was reduced with 1ithium and
methanol in liguid smnonia in the same way ag described for
& similar reduction of scrifeline hydrobromide on‘pag;e 3L e
Paper chromstograrhy (pH 7.0) imdicsted the presence of only -
one compound ét‘. Ry value Q.18 the Rf values for dihydroe- |
acrifoline and dihydrolycofoline were Q.47 and 0.27 rospectively.

(¢) Redustion of Dihydromcrifollne with Sodium Borow

hydride in the Pregence of Sodiun Hydroxide

Dihydroacrifoline (L mg) was reduced with sodium
borohydride (16 mg) in ethanolic sodium hydroxide in the same
way as described on page 36 . The earbonyl band at 1700 ™t
prosent in dihyiroacrifeline wes migsing in the infrared
spectrum of the reaction product but a band of medium intensity
wan pregent at 1740 em’l.‘ Paper chromatography (pil 7.0)
revealed three spots (Hg. 025, 0e51, 0484 (woak)), Ry value
for dihydroacriroline O.47 and t&mt for dihydrolycofoline 0,27,
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Scme Resctionsg of Annofoline

As Attempied Proparation of Annofoline EnoleAcetats
le Troatment of Amnofoline with Isopropenyl Acetate

{a) A solution of emmofoline {6 mg), isopropenyl
acetate (1 ml), p-toluenesulfonic acid (8 mg) in methylene
chloride {0«5 ml) was sheken for a period of twanty=four
hours. Hethylene chloride and unreseted isopropenyl ac@tatfi
were removed at reduced pressure. The residue was dissolved
in waterj the aquaous solution was made basic with dilute
godiun hyurozide solution,and the alkaloidal material was
sxtractod with ;‘ne';hylena chlorides The infrared spectrum of
the resction product (in th) showed strong sbsorptions at
1705 ea™t
Paper chromatography (pH 7.0) indicated the presence of two

and 1740 m"l, but no band in the hydroxyl region,

compounds (Rf values O.41 and 0.55) and showed that there was
no unchanged smnofoline (R, 0.22). |

(b) A solution of amnofoline (8 mg), isopropenyl
acetate (1 ml), p-toluenesulfonic acid (7 mg), in methylens
chloride (3 ml) was refluxed for two hourse. The alkeloidal
material was worked up in the seme way as before, The infras-
rod spsctrum of thoe product in {iuu_ exhibited gtrong bands at
3600 en™, 3450 en”l, 1740 ™ ana 1705 e,

The above reaction product was dissolved in methylene
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chloride and sublected to rei‘lux for anotheor four hours with
additional amount of igopropenyl ascetate (1 ml) and pe~toluence
sulfonic acids The 1nfrar§d spectrum (in Gi‘flzl_) of the free
bage isclated at the end of the reaction ghowed Intenss

1

absorptions at 1740 cm"l and 1705 cm” -, and wesk abgorpticns

at 3600 em~t and 350 em™t.

2e Ireatment of Amnofolinme with Acetlic Avhydride

A mizture of anmofoilne (6 mg), acetic anhydride
(0.2 ml) and dry triethylamine (D.3 ml) was refluxed for two
hourse The mixturs was cooled, unreactsd acetic anhydrids was
deocomposed with methenol and most of the ligquid was removed at
reduced pressure. The residue was digsolved in waterj the
selution was basiiled with dilute sodlwn hydroxide solution and
was sxtracted several times with chloroform. The infrarsd

spoctrum of tho resction product showed strong bands at 1740 cm™t

and 1705 em™t, Paper chrematography (pH 7.0) showsd the presence
of three compounds in the resction product (R-g 0461, 0673, 0.83)
and alzo thot there was no unchanged anncfoline (Hr OelT)e

Tho same reaction was carried out for a reflux
perlod of four hours, but however, 4id not show any additional

change than that observed with the above raaction,

3. Trogtment of Annofoline with a Mixture of Acotyl

Chloricde and Acetic Anhydride

A mixture of snnofoline (& mg), mcetyl chloride
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{03 ml) and acetic anhy&riﬂé (0el ml) was hoated on a wators
bath for two hours during which time a few drops of acetyl
chlorids défetilled offy The mizture was then refluxed for an
hour, cooled and excess of acstic anhydride was decomposed

with mathanol. The liquid was removed at reduced pressure and
tha residue wag dissolved in water. fhe aqueocus solutlion was
cocled in an ice-bath, made baglic with sodlium hydroxide solution
and the free organic base was gqulckly extracted with chloroform.
The infraved spsctrum of the reaction product did not show any
absorption in the hydroxyl region but exhibited strong bands

at 1745 cm™t and 1710 en™l. Paper chromatography (pH 7.0)

of the reaction product revesled four spots, two of them being
vory strung (Re 0.65, 0,73) and the othér two being very faint
(Rf 0028, 0.8lt)s 'The one with the R, value of 0.28 may be due

0 unchan: ed snnofoline (Rf 0e3l)e

De Attempted Baeyor«Villiger Oxidatlion of Ammofoline

1. Treatwent with Poroxytrifluoroscetic Acld

A aoluﬁion of peroxybrifluoroacetic ecid was prepared
(35) by the dropwise addition of triflucroscetic ashydride
(0L ml) %0 & stirred and ice-cooled suspenslon of hydrogen
peroxide (905, 0,05 ml) in methylene chloride (O ml)e The
solution thus obtalned wes then added slowly to a vigorously

stirred solution of annofoline (5 mp) in methylene chloride
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(0e3 ml)s After standing 'at. room temperature in the dark for
forty-eight hours, the contents were evaporated to dryness st
reduced pressure. 7The residue was dissolved in water} the
agueous solution wag cvooled iIn an ice-bath end made basic with
10% sodium carbonate solution. The cold solution was extrected
several tinmes with chlordform, driad; over anhydrous sodium
sulfate and the solvent was removede The infrared spectrum
of the product in carbon tetrachloride golution did not show
any sbasorption in the hydroxyl reglon,:but showed intense
bands at 1750 et and 1790 em™t, Paper chromstography

{pH 6.0) on the reaction product showed 1t to be a mixiure

&

ol sik componentss

The above reaction was repeated by decrsasing the
reaction time to twenty-Iour hours. The infrared spactrum
(in cclh») egain did not show any absorption for hydroxyl group,

1 1

vut exhibited bands at 1750 em - and 1790 e *¢

2. Treatment with Peracetic Acid

Peracetic acid (9053 0402 ml) was added to a solutiom
of annofoline (6 mg) snd p-toluenestlfonic acid (5 mg) in
methylene chloride (O.kt ml), ané the mixture was allowed %o stand
at room tempapoture in the éark' for four dayse The elkalold
was worked up in the usual waye The infrared spec.trum’ of
tho product exhibited week bands at 3600 cm >, 3450 em™t,

strons band at 1730 cm'l, and o shoulder at 1705 ™t Paper
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chvomatography (pi 7.0) of the product showed the pressnce
of five compounds, one of them having the same Rf value

ag annofollnec.

C. Attempted Dehydration of Armmoefoline

1, freatment with Thionyl Chloride

A mixture of amnofoline (7 wmp) in dry bensene (1 ml)
and freshly distilled thionyl chloride {0.2 ml) was refluxed
for two hours, cooled and évaporsted to dryness abt reduced
pressurcs The regldus was dissolved in dllute hydrochloric
acid (17%) and the ecidic solution was washed with chloroform.
The solution was then made alkaline with sodlum hycirozzi&e
solution and the freec alkaloldal materisl was extracted with

chloroforime The infraﬁad spectrun (in colu) of the reaction=

product showed bands ab 3625 em™*, 31,00 em™> and 1700 en”t.

Paper chromatopraphy (pH 7.0) revemled three gpote with
.Ri‘ De29 (strong), 0465 (wesk), 0492 {weak)s. The major product
(2p 0429) hed the same R, value as mnnofollines

The abcve reaction was repeated with an incressed
reflux period of eipht hours but the infrared spectrum as
well ag the paper chromatoprem of the resction product,did

not indlcate any difference from those of the praceding onee

2+ ‘Preatment with Fhosshorus Pentoxide

A mixture of annofoline {6 me) in dry xylene (3 ml)




and phosphorus pentoxide (I.QG mg) was refluxed for two houps
and thepn cooled.  Bxcesn of phogphorus pentoxlde was decompossd
with careful sddition of water and the resulting solution was
evaporated to dryness. The #0lid rosidue was taken up in
water, bagified with sodium hydroxide solution,and the fres
orpanic bese was extracted with chloi*orarm. The infrared
spectrum of the product in carbon tetrachlorlde solution did
not show any band above 3000 cm"l, but showed a band at 1700 em™t,
Peper chromatography (pH £.0) indicsted the presence of seven
components with Rr:. 002 {(werk), D.16 {weak), 0.47 (strong),
Dol {strong), 0463 {strongl, 083 (weak), 0.90 (weak)s In
the same chromatogram amofoline had a Rg. value of 0el2e

The same reaction was carrioed oub for a reflux period
of thirty minutes. The infrared spectrum of the product (in
Ce‘:lu) showed bands at 3650 em™E, 3490 cm™ and 1700 om"t.
Popar chromatopraphy (pH 6.0) prevealeod five spots (Rf 0.0l, 0e20,
Oaltley Deh2, 0.655 » The most predominant spot (Rf 0e20) may be

due to unchanred annof'oline (Rf Q417)s

3¢ Iroatment with Phosphorus Uxychloride and Pyridine

To a solution of anncroline (6 mg) in dry pyridine
(0o ml}, freshly distilled phosphorus oxychloride (0.2 ml)
wag  added,and the mixture was then refluxed for two hourss

Most of ths pyridine wes removed by svaporation under 8 stream
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of nitrogen and water was added to decompose any phosphorus
cxyehloride left unrescted. The solution was made baslc and
the alkuloid material was extracted with chloroform. fThe

infrared spectrum of the product exhibited bands at 3650 e~ Y,

1 and 1700 em~t

3500 om o Paper chromstography (pH 6.0)
indlcated the pie sence of two eampcuhés with Ef'V&luas 0.02
{faint) and Q.26 (very strong) respsctively. In the ssme run

annofoline wag found to have & Ef value of OeZl.

te Troatment with peToluenefulfonyl Chloride and Pyridine

A mixture of annofoline (i mg) and petoluenesulfonyl
chloride {25 mp) in dpy pyridine (0.4 ml) was refluxed for a
neriod of one hour. The reaction product was workeg up as
deacribed in the preceding experiment. The infrared spectrum
of the peoduct in carbon tetrachloride solution showed bands
at 3650 cm'l, 3500 am"1 and 1700 cm'l. Paper chromatography
{pH 540) revealed four spots with R, veluem O¢l3 woak) ,
025 {vory strong), D71 (weak) and 0.85 {wesk}. The predominant
praduct (Rp 0.25) may Le due to unchanyed amnofoline (Re 0.24).

Attempt o dehydrate annofoline wﬁth‘pptoluene~
sulfonyl chlorideg in the presence of triethylamine was also
made in thoe same way ap aboves. The infrared spactra and the
payp r chromatorram {pH 6;0) of the reusctlon product were
identicel to those ylelded by the reactlion product of the

Poraroine reaction.
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Prevaration of Dihgdroacrifoline

A solutlon of acrifoline hydrobromide (410 mg)
in wator was hydrogenated at atmospheric preasure in the
preasence of Adam's catelyst (38 mg)e HRequired amount of
bydrogen was absorbed in forty-five minutes. The catalyst
was removed, the solution was made basgic and the alkaloidal
material was extracted with chloroform. Papor curomatography
(pii 7.0) showed the presence of twe compounds = the Bf values
of these compounds correspanded to those of snnofoline and
dihydroacrifoline respectively. More than 90F of the product
appeared to be dihydroscrifclinzo. Dihydroacrifoline wog
geparated from anﬁofoline by proparative paper chromatography
(for procedure see page 37)e The crﬁde material was then

purified by sublimation at 110-115° at 0405 nm. pregsure,

Attemptod Equilibretlon of Dihydroscerifoline

1. Treatment with Sodium Hydroxide Solutilon

Sodium hydroxide aclutfion (10%, 0.5 ml) was added
to an alcoholic solution of dihydroacrifoline (6 mgz in 0e2'ml).
The resulting solution wés refluxed for four hpura, cooled and
the free alkaloidal base wng extrascted with chloroform. Paper
chromatogrophy (pd 7.0) 1ndicateé that most of the dinydro-
acrifoline was unchanged [Re dihydboacrifaline 0.32; Re
reaction product 0.29 {strong), 0.62 {faint), 0.72 (faint)}..

B o L R N e A

:
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2. Treatment with Sedium-t=butoxide in t-butanol

(a) Small Scale Experiment

A mixture oi dihydroacrifoline (7 mg) and sodium
tertisry bhutoxlide solution {160 mg of sodium dissolved in
12.5 ml of dry i-butanol) wes refluzed for two hours. The
alkaloidal base was isolated from the reaction mixture in the
usual way. The infrared spectrum of the reaction product in
carbon tetrachloride solution exhiibited bands at 3600 am'l,
W50 em™, 1725 em™t, 1675 o™ and a shoulder st 1700 om™l,
Paper chromatography (pH 6.0) on the reaction product revealed
seven spots (Rg 0.09, 0.19, 0435, 0.45, 0.5, 0.60, 0.88), or
wirich, however, only ons (Rf 0.35) appeared to be a major
productj the rest being present in smsll quantities. The
one with the Rp value 0.19 may be dus to unchanped dlhydro-
acrifoline (Hf 0417), |

{v) Larger scale Experiment

A mixture o éihydroscrifoline (100 mg) and sodium
L-butoxide in t-butenol (& 45 g of sodium dissolved in 185 ml
of dry t-butanol) was refluxed for two hours. 10 ml of the
reaction mixture was taken out and the slkaloldal material
was isolateds The infrared spectrum {in CCluT,or the product
showed bands at 3600 em"l, 3450 em"l, 1725 cn"l, 1700 em™}
and ghoulders at 1675 en~l gna 1630 em™}, Paper chromstograghy
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{pH 6.0) showed five spots (Rf 0e16, 0e3k, 05, 0483, 0.57),
of which the component with Rf value 0,16 was nost predominent.
This was most probably due to unchenged dihydroscrlifeline
(Rp 0.18).
Therefore the residual reaction nizture was refluxed
for an additional psriod of two houﬁs and the alkaloldel
matorial was isolated iIn the usual weaye. The infrared spectrum
of the product exhibited bands at 3600 em™t, 3450 em™t, 1738 cm™l,

1475 cm"l and a ghoulder at 1630 cm‘l. Thers was no recognisable

gbgcrption at 1706 cm'l. Paper chromatography (pH 6.0)
indicated the presence of six components (R, 0409, 0.2, 0.36,
0.47, 0.8, 0.91) and the one with R, value 0.36 was the moat
predominant one. It appeared that there was no unchanged
dihydroacrifoline (R, 0.18).

The major product of the above reaction mixture was
1so0lated in the following way. The crude resction product.
was d¢lasolved in'minimm quantity of meothanol and to this a
methonolic solution of perchloric acid (70%) was added dropwise
until the soclution became slightly acidice It was then followed
by dropwise addition of ether accompanisd with scratching, the
perchlorate crystallised out. Paper chromatogram (pil G¢0)

on the perchlorste indicated the presence of only one compound

wity: the Ry value of 0436. The infrared apsctrum of the

1 1

perchlorste in Hujol mull showed bands at 3600 em — and 1675 cm -,
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and weak bands at 3100 em™t and 1640 en™t, The psrchlorate
was recrystallised from methanol ether snd dscomposed at
270=-272" The anaelysis on the perchloraste gave C, 53.13%3 H,
649853 (caleulated for CyeHyqa0,0HC10) ¢ €, 53.11%, 1, 6.72%).
The ultraviolet spectrum of the perchlorate in ethanol showed
an absorvtion at 244 mp (log €l3.7).;

Preparetion of g-Dihydroanncfoline {Deadetglraucettiine)(17)

Amnofoline (300 ng), ethanolic sodium hydroxide
solution (fel g in 100 ml) and sodium borohydride (660 mg )
wore refluxed for two hourse The contents were coole@ and the
oxcess of sndium borohyiride was dscomposed wigh dilute
acetic acld (12:1). Most of the ethanol was evaporated at
reduced pressure. The rasidue wae dissolved in water, made
basle with sodium hydroxide solution and the free organic
Base wag extracted with chloroform. A cruds reaction product
wee obtained on removel of chloroform. The infrared spectrum
of the product did not ghow any absorption in the carbonyl
repions Paper chromatogrephy (pH 7.0) showed the presence of
almost equivalent amounts of fedihydroammofocline (Rf 0e28)
and a-dihydroannofoline (Re 0.53).

Tha c¢rude reaction prbduct was chromatogrephed on
glumina ( Fluke) deaetivatcd uith S% water, The solvent used

for elution wes bengensg and chloroform in various proportions;
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20 ml fractions wers collacfed. Every third fraction was
checksd for oe-dlhysroannofoline and fBedihydroannofoline

by paper chromatogrophy. The fractions containing only
f=dihyiroannofoline were combined and the regidue left

after romoval of the solvent was dissolved in methanol-benzene.
This sclution on concentration gave crysta1s of pedihydro=

snnofoline (also known as deacetylfawcettiine), m.p. 201~h°

(reported 200=203°).

Dehzdrationvor Deacetylfawcottiine (18)

Deacetylfawcettiine (105 mg) wﬁa dissolved in

bonzene and treated with sxcess of thionyl chloride (5 ml) at
room temperature for a period of two hours. The liguid was
then removed at roduced prassure. The residue was dissolved
in water, made basic and extrscted with chloroform. Paper

chromaetoprophy (pH 7.0) of the product indicated the presence

- of two compounds, sne of them belng the predomingnt one. ‘Thore

was ne unchanged deacetylfawosttiine. ifo attempt was made for
the puriflication of the dehydrated product (i.e. anhydrodeacetyl-

Tawcettiine), and the erude product was directly employed for

the noext step.

dxidation of Anhxdrodaacagzlfawcbttiina (17)
Crude anhydrodeacotylfawcettiine obtained from the

voresolng reaction was dissolved in pyridine (1.5 ml) and

i
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the solution was added to & freshly prepared asolution of

chromium trioxide (160 mg) in pyridine (1.5 ml). The

mixture wag shaken to ensurs thorough nixing and wes sllowed

to stand at room tempersture for elighteen hours. A dark brown

papte was obbsined and the complex was decomposed with water.
The solution was 5lightly basic ané'was\maﬁﬁ strongly baslc
to make sure that all the alksloid material was present as

froe base., The alkelold was oxtracted with methylene chloride.

The infrared spectrum of the produet in carbon tetrachloride

solution ghowed a-strang band at 1700 cmfl and a weak band

at 1650 cm'lg there was no band in the hydroxyl region.
Peper chromatography (pH 7.0) revealed two spots at Rr values
0e05 {very wenk) and 0.85 (very astreng)j enhydrodescetyl-

fawcettline had & R, value of Oeble
The crude material was then sublimed at reduced
prossure, a pals yellow oll was obtainsd. The olly bass,
' anhydrodehydrodeécetylf&weett&ine was convertod to its

perchlorate in the usual way (see page |9 ). The perchlorate

was recrystallised from methanoleather, meD. 195-1960 {reported

150%C). Paper chromategraphy {pH 7.0) showed the homogonsity

ol the porchlorate.

quilibration of Anhydrodshydrodeacetylfawcetiiine

A solution of sodium hydroxide (18 mg) was made in

methanol (0.5 ml) and water (0.8 ml)}e Os5 nl of this
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solutlion was added to &nhy&fﬂdahydrodeaoetylfaﬁuettiina
percnlorate (6 mg) dissolved in methanol.  The aclution was
allowad to stand for seventeen hours and the alkaloldal
materisl was extracted with chlaroform. The infrared gpsctrum
of the product in carbon tetrachloride soiﬁﬁicnwwas super-
imposable on that of the nonequilib&ata& anhydrodehydrodsacetylé
fawcettiine messured in cerbon tetrechloride golutions Paper
chromatography (pil 6.0) on the eguilibrated product showed
the presence of two compounds [Rf Oeli3 (very woak) 0.66 {very
strong), R, of anhydredehydrodeacetylfaucettiine 0465)].

The reaection product was converted to its perchlorste,
Meps 205=2127, Paper chromatography of the perchlorate
indicated the presence of a mijor product and a minor product.
A mixture of the perchlorates of the equilibrated and the

nonequilibrated base melted over a range of 190-1950.




Structure and Sterecshemistry of Lyeofoline

Proliminary studies on lycofoline led Khan {2)
t0 propose the following pertial structure for lycofoline:

¢

> CHCH -
NG
¢

3

> C=CHCHy

. ' .
vhere mors than two R 8 are hydrogen atoms,

H

or

h HO I'I

H H

“Jhen the present work was undertaken the structures

-of acriloline, snnofoline, lycopodine and fauwcettllne wers

already ¥nown. aAnett!s work (17) had also shown the cloae
relationship existing between these slkalolids and had
slucideted thelr rslative stersochemistrye A posalble
biozenetic relationship of the Lycopodium alkaloids was
alzo proposed by Conroy (15)a |

Since lycofoline was found together with snnofoline

and other related alkaloids in Lycopodium annotinusm L. and,

e BB




- 55 =

morsover, that it wes & CiéAcompeund 1ike annofoline, acrifoline,
lycopodins, sotcey, it was spaculatéd that lycefoline has a

close structupal relationship to these alksloilds. The amount

of lycofoline aveilable was too small to carry out any
degradation studies on it. It was, thsrefore, proposed to
interrelate lydofoline with one of fhe known Lycopodium
élkaloids. This hsed the advanbage that such an interrelation
would not only provide the siructure for lycofoline but slso

its relativse stersochomlistiy.

The structursl and stersochemical features of
Lycopodium alkalolds { see introduwtion), and the nature of the
functicnal groups. of lycofoline (2) led us to belisve that
lycofolins might have one of the two stersochemical structures,
I and II {(Pig. 4)s Both of them have the ssme gross structure,
111, but differ in the conformation of the bridge ring D snd
the configuration o the C-ll; mothyl group. Structure IIT is

“consistent with the bilogenatic scheme of Lycopodium alkalolds
Tforwarded by Conroy (15}« It can be recalled here that the B
and D rings of I have the conformstional relationship as found
in acrifoline and snnofoline, whereas those in II have the
confornational relationship as found in lycopodine and
fawocottiine, Both I and II are consistent with the partial
structure proposed by Khén {2), and the position of the double

bond In those structures is the same as thet found in acrifoclines
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- 0f all the known Lycopodium alkeloids, acrifoline,
IV (¥ige §), sppeared to be ths moat sultable one to be
interrelated to a compound having structurs I directly, and
to the one with structure II indirectly. The preparation of
compound T from serifoline would involve dirscet reduction of
the ketonlec group of acrifoline to an equatorisl hydroxyl
Zroupe Un the other hand, eonversion of gerifoline to
compound II would raquire initial fizomerization of acrifoline
S0 ketone V, and subsequent reduction of v “o an equatorial
aleohol. The latter reduetion conditions might be achieved
by earrying out reduction of acrifoline undep isomerizing
conditions, evse in the presence of a base. These reduction
condi tions had been successfully employed for obtaining
deacetylfaveettiine {(16,17) from annofoling.

Attempts were first mads to prepare compound I
from acrifoline,. Aerifoline was subjected to reduction with
various rmducing agents wiilch are known to yiald equatorial
alcohol from cyclic ketones.

Lithium aluminum hydride reduction of acrifoline
wes roported to yleld acrifolinol (12}, which 1g differont
from lycofoline., The ketonle group in acrifoline ig hlghly
hindered and, thersefore, its reduction with metal hydrides
should give an "axia). aloohol. Acrifolinol, must, therefore

be regresented by VI, We reinvestigated this reduction ahd
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examined the reduction product by paper chromatography to zse
whether more than one reduction product wag involved,
However, only one product could be detected,

Attempted reductions of serifoline hydrobromide
with sodium and wet ether, as well as with sogdium and n-butyl
aleohol, proved to be unsucoessful, The Infrared spectra
of the products ghowed the pregence of the earbonyl group
eriginslly pregent in serifoline,

Reduetion of serifoline with lithium and methanol
in 1izuid ammonia yielded malnly one product; the infrared
spectrum of tho product showed the absence of carbonyl
absorption. Paper chromastography {pil 7.0) on the resction
mixture indicatsd the Rp values of the two products (0.28,
Os34) to be different Prom that of iycofoline (OuJ4l). FPurther-
more, the crude product, on purification by sublimetion yielded
erystals anich melted at 258-260° (m.pe of lycofoline ih=145°),
This product wasz not furthor characterized. In the abgence
0f anslyticsl data nothing can be definitely said about the
structure of this product. However, if {t is a reduction
product of aorifoline, structure I (Fig, L) mey be atiributed
to it, since it 1a ¥nowm (36) that reduction with lithium
and alcoliol 15 liguid ammonla ylolds the more stable alcohol,

Sodium borohydride reduc tion of aerifoline hydro~

bromide indicated the formation of two compounds., The




infrared spectrum of the resction product dicd not show any
sbeorption for the carbonyl group, thus indiceting that the
reduction was complete. Paper chyomatography on the resction
product showed thet there waz no wnchenged acrifolines The
Rf valus of the major component was the same as that of the
1ithium eluminum hydrids reduction product of ascrifolins.
Therefore, the major component was probably serd folinol,.
The second component, which was barely visible on the psper
chiromatogram, had an Rpa value of 0.35 (pil 7.0), not much
different from the Rf'valua of lycofoline.

Sodlum borohyiride reduction of acrifoline hyiroe
bromide in buffer of pH 8,0 also revealed the prosence of
two components. The minor component hed a Ry value (0.49)
close to that for lycofoline {0.52)e I the minop component
was & second reduction product of acrifoline, it could not
bs I (Fige §4), &8s sodium borohydride reduction of ltotones is
known (37) to be more stereospecific than Lithium aluminum
hydride reduction. Therefore, 1t was thought that tho
reduction was probably prsceded by alizht feomerigation at C-ll,
cauged by the weak basic medium of the reaction, and that the
minor product was prahﬂbly_the ;eduction product of the
isomerized ketone V.

Thaf: the atove mpecilation was correct wag proved

‘by reduction of acriloline hydrobromide with sodium borohydride
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in ethanolic sodium hydroxide solution, whon the yield of the
ninor component was congiderably incressed. The minor
component was fsolated by preparative paper chromatography
and purified by sublimation followed by orystallization from
ethere The erystals melted at 1i3-145° {(meps of lyecolfoline
Uh=145%). A mized melting point with en authentic sample of
lycofoline did not show any depression. The infrared spectrum
of the product in Nujol mull was identicsl with that of
lycofoline. The product had [aly =7he5° (C, 2.0 in ethenol),
[a]D for lycofoline =75° (1)s These physical propertiss thus
proved the compound to be identlical with lycofoline.

The above obasorvations, hence, 1ndiea%ad thet although
acrifoline is eertainly largely unchanged by buse (1Y, .38), it
must lsomerige to give a small equilibrium amount of the loss
stable ketone, V (Flge 4)e Lycofoline was therafore not a
reduction produet of serifoline, but of ketone V. The carbonyl
group in V is unhindered, 2o on reduction wisth sodium DOro=
hydride, 1t should plve pise to an equatorizl alcohole On these
frounds, lycofoline must have structure II. The sbove results
show that the initial equilibration betwesn sorifoline mnd the
loss stable ketone by alkall is followed by faster reductlon
of the less stable ketone. |

Sodtum borohydride reduction of acrifoline hyaro-

bromide in strong beses, like sodium ethoxide in ethanol,




- Hl =

sodlum iso=propoxide in iso=propsnol, and sodium tortiarye
butoxide in ge-bubsnol, did not indicate any increape in the
Jield of lycofoline. This indicated that the equilibrium
between aerifoline, 'V {(¥ig. L), end the lsomeriged ketone,
VE (Fige L), favoured aerifoline, IV, rether than VE, even

undor strong dbasle conditions,

Stersochemistry of Dihvdrolvcofoline

’ﬂm elucidation of the sbracture and the sterecw
chemlstry of lycofoline augpreated one of ‘cbe ‘bm structures; ,
VII and VIIXI (Pige 5) for dihydrolyeofoline. Howevar, vix
represents deacetylfawcottiine whose structuwre and ;-;zt;emo-
chemlstry has been well established (16,17,18;22). ‘Since
dihydrolycofoline is not identicel with daacecylfawccttiiné,
1% must have structure YIII (Fip. 5),

That the abéve conclusion 1s correct is also bopne

out Ly owr axporiments sttempting to Interrelste dihydro=

lycofoline 'w:m: 2 known Lycopodium alkalold. These resctions

were carried out before the structure of lycofoline was
estabilished, A

Reduction of amnofoline XX, with lithium and methanol
i liguld anﬁmonia yielded tm’ly one products Paper chromatoe
graphy showed 4t (Rp 0.17) to be different from dihydro-
lyeofoline (Rf 0.30)s The purifioed product melted at 25.69,
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vhich was different from the mel ting points of a-dlhydro-

annololine (mepe 26&v265°) and fBedihydroammofoline {(mepe
200-203%) (¥ and VII respectively in Fig. S)e The product
wes not further characterized.
Reduction of dihydsroserifolime, XI (Fig. 5), with
lithium sluminum hydrids and with lithium and slechol in
ligquid ammonla, gave products which had Rf valueg different
from that of dlhydrolycofeline. These products presumably
had the hydrozyl group at C~13 in axlal and equatorisl
oriontation respectively, with the skeleton of dihy&roaerifdline
unchangoed. However, reduwction of dihydroacrifoline wiﬁb sodium
borohydride in ethénolic sodium hyiroxlde solution yielded three
products (papsr chromatographic reaulta}, one of which had Rf
value close to that of dihydroelycofolines This component may
very well be dihydrolycofoline. -Nb further study od 1t,
however, was carried oute It has been found (p. I8 of this
ﬁneaia) that dihydroacrifoline undergpoes chances in the
prosence of strong bssej the infrared band at 1740 cm'l found
in the resaction ﬁroduct of sodium borohyiride reduction of
dihydroacrifoline might héva arisen from one of these producis.
Dihydrolycofolline 1z obtained by hydrogenation of
lycofoline, the hydrogenation 1s éxpectad {0 have taken pleace
from tho less hindered site of the double bond, This would

load to tranag fusion of rippgs A and B which 1z conglstent
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with the proposed structuwre fér dihyirolycofoline. B
The contemporsry work of Burnell and Taylor (30,31)
in this field 1s in agreement with our cmnclysions about the
structure of lycofoline. The two basez, M (01811271‘!03) and
] (cmn?_gxmu), izolated from L. fawcejctu_. (19}, were shown
by these suthors to be & monoacetyl lyecofoline and diacetyle
lycofoline respectively. However, they found that Base M
was not identical with the monomcetate obtalned by acetylation
of lycofoline. OUbviously Base M and lycofcline monoacetate
differsd only in i;&a slte of acet¥yletion, end since acetylation
of lycofs;.ina gave proferentially lycofoline monoacetate, the
acetyl group in the naturally occurring Base H must be in &

hindered position, il.s., axlally disposzeds Confirmation for

thies csme from cathylatlion reactions. Buprnell and Taylor

found that Dase M, as well as lycofoline, yielded cathylutes

after room temperature treaiment with ethyl chloroformste

in pyridines howeéar, lycofoline monoacetate remained unchanged,.
Burnell and Taylor {30,31) obtained a keto-acetate,

Cq5tipel0 3¢ OD oxidation of Base M with chromium trioxide-

pyridines Gn hydrolysis by dilute base, the ketoacetste

yielded acrifoline.
for lycofoline., The acetyl derivative of acrifoline wae,

however, found (30,31) to be not identicsl with the keto-amcotsate

oubalned after oxildation of Base M. The hydrolysis of the

Therefore they proposed structure ITI (Bis. 4)




keto-acetate to ascrifvline, thusz, involved not only hydrolysis

but nlao inversion of the configurstion at C-lli. The ketow-

acetate, was, therefore, reprossnted by thom as XII {(Fig. ),

and lycofoline by II. (¥igs 4). DBase M wns given strusture XIII

(Fige 5)e
Attempted Preparation of Annofoline Enoleicetate

It was reaslised that & sultable degradetion product
of annofoline, which would allow the rupture of its D ring, was
essential for interrolating annoioline with amotinine. The

enol-acstate {I) of annofoline appeered to be gultobls for

this purpocace. Attompts were thersfore made to prepare this

compounde | Ac
CcH 3

OH

I
Isopropenyl acetste has been found to resct smoothly

with enolizable ketones to yleld encle-acetates and has Trequently

been uvsed in the storold £ield {39). 5Small scsle reactions of

annoivline with isopropenyl acetants In the presence of petoluene=

suli'onle acid, howevor, fallod to yiecld any enol-acetates The

]
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infrared spectra showsed thet the Retonie earbonyl group was
still present in the reaction producta. The absence of any
absorption in the hyiroxyl region and the appesrance of a

new absorption at 1740 en™t indicated that the hydroxyl group
of annofoline had undsrgone acetylation. This wes expected
from the known reactions of alcohols with isopropenyl acotate,
It wep, therefore, very likely that one of the conponsnta of
the reactlon product was annofoline acetate. No attempt was
made to verif& this_axpectmtiun.

Attempts to enclemoetylate annofoline with acetic
anhydride in the presence of triethylamine and alsc with a
minturs of acetyl énlorida and acatle anhydride were also
unguccaessaful, The latter method for praﬁarﬁng enol acetate
has been used by several investigators {(L0,1)s The infrared
spectra of the resction mroducts indicated that the hydroxyl
group of annofoline was no longer praesent and that 4%
péaaumably had underpone acetylation.

The inabllity of annofoline to form enclescetute
must be duo to'lté reluctence towards enoligations It was
observed by Gynn and ﬁagering (12} that the onol-acetylation
of kotones by ketene dapended on the number of hydropen atoms
¢ to the cerbonyl proup. ALl ketones with four or more
a=hy ro;an stoms underwent acaﬁylmtion fo an &ppreciable ex.ent,

vut, se the number of ee=hydrozen atoms dropped, ths reaction
P ’
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became very slugpishe Diiségropyl keotone, with only two
a~liydrogen atoms, was found not to resct at sll. Oa these

grounds the inability of annofoline to afford an enole-acetate

is probably not surprising.

Baeyer-Villiver Oxidstion of Anncfoline
Peracid oxidation of ketones to esters or lactones,

widely known gs Baeyor-Villiger oxidation, has boen used to
gynthesize a varieby of ataroié and torpene lactones, as well
as loctones involving medium and large rings. We expected

that Daeyer«-Villiper oxidation of annofoline would pive rize

to elther of the two € -lactones, I mnd II, or a mixture of
‘ 0

II
bothe W& becams interested in thilsz reaction as 1t appeared
to us that lactons I may be a guod intermodinte for intere
relating annofoline with ennotinlne. Unfortunately, Daeyere
vi1lligor oxidations of aunofoline with peroxytrifluoroascetic

anid, as well ap with peracetlc neid, vielded complicasted

Mzt ene
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The infrered spectra of the reaction products
obtained by "oxidation” of annofoline by peroxyirifluorce
acetic acid did not show any absorpiion in the hydroxyl
region, indlesting that the hydroxyl group of annofoline had

nost probably participated in the reaction. Although the

resction product of the "oxidation" of annofoline with pedrcetic

acid exhibited hyoroxyl band in ite infrared apectrum, it

cannot bLe rmiled out that this was not due to unrescted

annoioline.
The peracid oxidetions were thus found to be

unrewardaing snd were not, therefure, pursued. It should,
however, e mentioned hsre that Baeyer-Villiger oxidation of
dihydroacrifoline (a diastsreoisomer of. annofoline) has

recently bsen reported (1L} to yield an other rather than a

lactone,

Attenpted Dehydration of Aanofoline

Proliminary attempts by Khan (2) to debydrate

anoofoline were unsuccessful. 4@ reinvestigsted this problem
ag wa were interested to carry out an equilibration study on
snhyaroannoroline, the dehydration.proﬁuct of annofoline.
However, our attempts in ihis fieclc were also unrewarding.

A number cf dehydrating agents, under different conditions,

wore amployed to affect dehydration of snnofoline. In all of

theae cases, except the one usling PEUS under reflux for two
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hours, the infrared spectra end the paper chrometograms of
the resction products indicated thst annofoline remained
moctly unchianged., Heactlion of snnofoline with P20§ in dry

xylone undar reflux for two hours yiclded a complicated

mlriure of seven components. The isolation of the individual

components appesred to involve a lot of difficulties.

Furthormore, the mixturse may not contain any dehydration
product of annofoline. This reaction wes therefors sbandoned.
The reluctance of amznofoline towards dehydration 4a
quite surprising in view of the fact that C«7 hydroxyl group
of both dihydrolycopsdine (lithium sluminum hydr ids reduction
product of lycopodine) and deacetylfawcettline undergo smooth
Jaltydration under mild conditions (37,18). The steric
envirormont of the ¢«7 hydrozyl group in annofoline is different
from thet in dibydrolycopodine (and also deacetylfawcettiine),

as the D ring in the former is In the boat form, in contrast

- to the chalr form in the latters Introduction of a double

bond Letween C«7 and C=8 in dihycrolycopodine snd deacetvle
fawcetiilne eliminstes ncn bondad interasction betwesn Ce7
hydroxyl proup and ailal hydropen atom on C-lly and thus

causes a rolief in the straln of the system. Thie may account
for easy dehydration of these compounds. Dehydration of
annofcline will also ceuse a relief of strain in anmnofoline,

but to 8 losser extent. The clogse proximity of the corbonyl
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group of annofoline to its hyﬁroxyl group may, also in part,

be responaibls for ltvs reluctance towards dshydration.

Bguilibrablon of bihgdroacgiroline

Dihydroaerifoline needed for this investigation was
rrepered by hydrogenation oftaarifoliﬁe. The purity of this
compound was ascertalned byvpaper chromatography. Tréatment
of dihydroacrifoline with 104 socium hydroxide soluilon for
four hours under refluk conditions left most of the dihydroe-
acrifoline unchanged (paper chromatographic recults)e. Ho&ever,
when dihydroacrifoline was refluxed with aoéium tertiary
butexide in gebutenol for tWQ hours a complicated mixture was
obtalneds It was obvious that ﬁihydroaerifolina had undergone
some degradation. Without any dataileé stﬁdy on the individuel
components, it was not possible to predict whether or not one
of the components conatituted the squilibrated product. However,
vtha separstion of the ainor components appeafeﬁ to be unprabti~

cable, and we proposed to study the major component only.

The major component (Dase I) was easily isolated as
its perchlorate from the crude resction mixture.and was purlfied
by recryatalligation froﬁ methanoleether. Analyasis on the
perchlorate showed that it kad the formula dléﬁesoaﬁ.ﬁﬂth.

The free bese, thus, had two hydrogen atoms lessz than
dihydroacrifcline. The Iinfrared abectrum of the,barchlorate

in Nujol mull showed intense bands at 3600 cm'l (free hydroxyl
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group) aud 1675 en™t (conjugated carbonyl group), and weak
bands at 3100 en™t (=C=H) and 1640 em™* {=C=C=). The
ultraviolet spectrum of the perchloraﬁe ghowed absorption et
24y mu (og € 3e7)e Thus, the spsetroseopic data indicated
that the free base was an a,f-unsaturated ketone, It wasg
evident that we were dealing with anoxidation product of
anncfoline rather than an equilibrated product.

The amount of Base I obtained waa very small, and
its perchlerate in 1320 Yielded a poor H.M«Re spectrum due to
1ts low concentration. However, 1t was evident thaﬁ the
methyl group of Lasge I appesared as g single sharp peak in the
middle of weak bands for the methylene protons of the molecule.
The slngle peak for t‘hé :ﬁmthyl group indicated the absencoe
of 0 CHCHB group origgiéz,;zlly prezent in dlhydroacrifoline. The
chomlical shift of ths singlet, michssmgi almost the same ns
the methylene mroionc, sugrested that the carbon atom bearing,
the methyl group was attached to a doubls bond.

The above observations ean be awamodatéd if Bage I

is reoregented by the followig-;: structurses

Base I
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The formation of Base I from dihyéroserifoline probably
involves an intermediate hydroperoxide at C=15 ( for nunbering
869 Fige 2) formed from the reaction between oxysen and the
enol of dihydroacrifoline. Ketonizatlon of the intermedinte
enollec hydroperoxide would lead to Base I, When the above
reaction was carried sut in an atmoéphare of nitrogen the
overall change of dihydroserifoline was found to be groatly
retardedes A much longer time (4 hra. compared to 2 hrs.)
needed for completion of a larger scale{see experimental)
reaction botween dihydroacrifoline snd the base also 1ndicated
the Importance of oxyszen for the reaction, These obgarvations
ere in accordance with our postulation of en intermediats

hydroporoxide in the formation of Bage I from dihydroscrifoline.

bauilibration of Anhydrodahzdrodéacetxlfawcmttiine

Anhydrodehydrodeacetylfavcettiine needed for this

study was obtained from snnofoline through a series of known

reactions. Annofcline, on reduction with sodium borohydride

in sodium hydroxide solution (17), gave a mixzturse of almost
equivalent amounts of a=dihydroannofoline end deacetyle
fawcottline (Bedinydroennofoline). Dencetylfawcotidine undope
Wont mmooth deliydration of Ce7 hyéroxyl group to yleld enhydro=
ceacetylfawcettiine (14)3 the latter on oxidstion with chromium

trioxide gave anhydrodehydrodeacetylfawcsttiiine (17).

The conditiona which afiected the hydrolysis (involving

|
|

!
|
|
|
|
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inversion of conficuration at O~lly) of dehydrofawcettiine to
anpofoline (Z22) were employed for equilibration of anhydro-
debyarodeacaeiylfsweettiine,  %The Infrared spectrum of the
equilibreted product in carbon tetrachloride solution was
superimpoaable on that of the noneguilibrateé base in

carbon tatrachloride solution. ?ape& chromatography {pid 640)
revealed the presence of two compounds and showed that the
predominant product had the same Rf value ag enhydrodehydroe
doacetyllawcettiine.

The paper chromatographic,as well as the infrared,
results tend to indlcate thet anhydrodehydrodeacetylfawcettiine
remalnoed mostly unchanged after base treatment. This sugrests
that anhydrodehydrodeacetylfawcettiine is the stable isomer
and that lsomsrlzation of anhydrodehydrodescetylfewcettiine
to the keotone with the methyl group in the opposite
confipwretlion is not favoureds This is In apreenent with
Anetts (17) conclusion that when: there 1s a double bond between
Cw? and =i in these systems, the chair form of ring D should
be the preferred conformsiion.

However, the perchlorate of the equilibrated base,
s:11ll showing two apots on the papar chromatogram, melted over
a ranpe of 205-212°; its hizher melting point compared to

195-196° for the perchlorate of anhycrodehydrodeacetylfawcettiine

1s unexpecteds A mixture of the porchloratess of the equilibrated

R R T T e A T T e e Py
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and the non equilibrated base melted over a range of 190-195°,
A more rigld confirmation of our conclusiong

that anhydrodehydrodeascetylfavcettiine is the atable isomer,

nceds the lsolabion of the major product of equllibration. A

larger seale squilibration of anhydrodehydrodeacetvlfavcetiiine

was therefore nscessary, but mi'ovt@sat@ly. this could not ke

done due to lack of an sdequate smount of the banae
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INTRODUCTION

The technique of Huclear Magnetic Rescnance (H,.i.H.)
epectroscopy has proved to be one of the most useful tools
for structural organic chemlstry. Ebwavar. its spplication
in the studies of dynamic propertia§ of orgenie molécules has
probably been even more interesting end exciting. Its succese
in the conformational analysis of organic compounds and in the
studies of structural ilsomerism due to restricted internal
rotation hase alreédy been immense.

The term "conformation" 1s used to denote any one
of the infinite number of momentary arrangements of the.atams
in space that result from rotation about single bonds. The
conformations of the compounds dictate the thormodynamic
properties, dipole moment, and spectral characteristics for
the compounds and, consequently, the determination of these
proparties helpa.in the elucidation of thelr conformations.

"Chemlical ahifts” and "spinespin aplittings” data
furnished Ly HeMoRe apectra have boen of fundsmental importance
iln the aprlicationm of the N.M.R. techniquo to conformationsl
analysis of organic compoundss The other factor which has
basn of importance in this field ie the sensitivity of N.M.R.
sicoals to time-depandanﬁ processes.e Thess important aspects

of Hedeile spectroscopy will be discussed in brief in the

e R
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following few pages as they are relevant to the work that

will be presented in this pert of the thesis. A brief

section on . "louble irradiation" has alsoc been included. .

The present work deals with the application of N.¥.R.
spectroecopy to {1) ring inversion of cyclohexane, {1§)
restricted rotation in some aromatic aldehydes, (1i1) spinespin

splittings In some cyclohexene derivatives, and (iv)

conformational analysis of eyclohoxyl acetate.

Chemlcal Shift and Coupling Constant
The condition for nuclaér magnetic resonance is

given by the relation v = yH/2w, wherse v is the frequenoy

of radlation in c;p.s., H the magnetic field at the nucleus
In

in gauss, and y the magnetogyric retio of the nucleus.
order to observe a nuclear resonance, it is, therefors,
necessary to adjust either the frequendy of the radiation or
the strength of the magnetic field at the nucleus until |

v= yH/2ne Experimentally, it is most convenient to hold v
constant and to very H continuously with time until the point,
where the resonance oceurs, is reacheds The magnetic fleld
at the nucleus is not, however, the same as the applied
magnetlc field, io, owing to dlamsgnetlic and paramagnetic

shlelding effects produced by circulation of both bonding

and non=bondlng electrons in the nelghbourhood of the nucleus (1)

e —— 8o
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The shielding, therefore, will depend on the electronic
(chemical) enviromment of the nuclel, so that nuclel, which
are chemlcally different will come into resongnce at a
different value of the magnetic fleld at a given frequency.
These differences in resonance-line positions for nuclel of
the geme kind are called chemical sﬁifts. The magnitude of
a chemieal ghift is always taken in practice with reference
to a standard; water, benzene, tetramethylsilaene, which
give only one gharp band, have bsen generally employed for
this purpose.

The shielding effects are strictly proportional to
the magnitude of the applied magnetic fleld so that the
chemical shifts are directly proportional to the applied
magnetic field. Since chemical shift 1s dependent on the Rf
oscillator freguency, as well &5 op the applied field, any
reported value should include both. Chemical shifts are,

~therefore, conveniently expressed in temusg of a noudimensional

paranetor defined by

6 (cnenionl shift) = Lo e o 406,
where H is the resonant field of the signal being messured
at o lxed frequency and Hr the corresponding resonant
field for en arbritrary feferenea.- In practice, the

separation of the signals is generally represented in
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frequency units (c.p.a.),‘uhich is readily obtained from the

equation of the resonance condition, i.e., v = yii/2w, In

terms of frequency units chemical shifts are expresssd as

§ = BZX 106
Yo
and roference pesks in Cepes., and Yo the rf oscillator

s where n 1s the sepaeretion between the sample

freguency used,
"Spin=spin coupling” arlses from magmetic inter=

actlons between groups of magnetic nuclel and takes place
tharough the bonding electrons. The offect on a micleus
coupled to snother mucleus, provided the resonsnces of the
two nuclel are well separated, is to cause s splitting of the
resonance line into two lines. The degree of spin-spin

coupling is customsrily designated by fhe coupling constant J

and is exprossed in Cep.s. Coupling conatants are 1ndepandent

of the magnetlec ficld tut are 4dependent on the structural

and storeochamicgl relationship of the interacting muclei.

’Coupling constants are also dependent on the nagneto_gyric
ratlo of the interacting nuclei. As for an axampla, the
coupling constaht between H and D nuclel in a molecule 1s
Y/ v (= 1/646 ) times that between two I nuclel in the same
eloctronic énviroment. Splitting due to spin-gpin coupling
is often smaller than the chomical shift, but when 1t is not,
the sgpectrum becomes quite complicéted, eapacially wheti more

than. two or three nuclel are coupled together,

e e T



w 82 -

The theories:behind chemical shifts and coupling

constants are complicated and have been discussed by Pople,

Schnelder and Bernstein (1,2).

Double Irrudiantion

The technicjue of double irradistion (3,&.) involves
the removal of some ap.{n. coupling by the application of a
second strong rf field in addition to the one used for
ocbaervation, The fx-ei;uency of the second rf field is adjusted
cloze to the rosonance frequency of & nucleus {or a. group
of n:uclei) end this leads to frequent transitions between the
stutes of the nucleus (or the group of nuclel), so that the
nucleus (or the group of nuclei) becomes effectively decoupled
from the remainder of the nuelear aysteﬁn. The method is
applicable 1 the chemical shift ia large compared with spin )
coupling constants and is, therefore, most convenlently used
for removing coupling between unlike nucledl having a larg;;e'
| difference in thelr reasonance frequenciess In favourable
cages, the technique has been successfully appliod (5) to

olimlnate coupling between like nuclei.

Sipnal Shape and Rate Proﬂcéaaoa

As ptated esrlier, the H.M.R. signals are sensitive
to time-dependsnt pruoeaéea. The rate of exchange of & nucleus

betwsen two sitea, chemically shifteé from each other,

o e e o
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detormines the ghape and width ol NeM.li. signals for the
nuclouse. fThe shape and width of the resonance signals
underso change in a reguler fashion with the change in the
exchange rate 1 the mean life times of the nucleus on the
sites are of the order of maguitude orf the inverse frequency
separation wvhich would he obgerved 5etwean the peaks in the
absence of an exchange procesgs. For rapid wocesses, 1.0.,

if the 1lifs times on the sites are short, the spectra are
determined by the time-average anvi:onmane of the nucleuse.

On the other hand, if the rate of exchange is much smsller, the
spactrs conalst of separste sipgnale with their normal

chemical shifts, and any fine structure due to spinospih

interactions, The rete proceas may involve intermoleculaep

or interionic exchange of atoms, groups of atoms or olectronsg,
or intramolecular rate processes such as hindered rotation '

and inversion, Eoth slow and fast passage conditions have.

been employed for the study of line shapes.
The slow passage conditions deal with the steady

state lineshapes obteined when the apectrum is swept through
slowly and has bsen so far extensively used. The most widaly
used approach to the eveluation of the relation between rates
and lineshapes is based on a semieclassical treatment sugrested
by Gutowsky, HcCall and Slichter {6)s 9Their method involves

the solution of the Bloch equations under cond!tions of
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exchangs, HeConnell (7) haé pregented a simpler solution
of the ssme problem. Thelr theorsetical considerations
succeeded in correlating the bahaviour of the resonance
lineshspes of nuclel with dhe conditlons of their exzchangs
betweon two sites. The expression for this rolationghip

will bo henceforth referred to as tﬁe lineshape equation.

The method developed by Gutowsky and his co-workers (6)

has been extended by others (8,9,10) to & number of

reaction~rate lineshape problams. The genersl equation for

a8 specles has beeﬁggiven by 4Arnold (11), and by Plette and
Andersen (12) as have squations for guadrupleta (13) and triplets
{(14,15)e The analysis for two types of sites has been ektended
Lo n types., The results for this more general problem have

been discussed in detsil by Anderson (16), Eubo (17) and

3ack (18}.

Other types of theoretical considerations have been
used to 1nterrela£e the exchan-e phenomenon W th the behaviour
of HelleHe signals. Solomon and Bloembergen (19) have
considered chemical exchenge ss a relaxation mechanism, followlng
the theory of relaxation times due to Bloembergen, Purcell
and Pound (20). Xaplan {21) has proposed a general theory of
excrange broadening, based on the time dependent squation of
the density matrix which hiss been extended by Alexander (22).

The fast passage cunditions sre concarned with the

lineshepes caused by sweeping quickly tirouph the spectrim
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and have been uged to avaluéﬁe'the line width of signals from
the decay pattern of the wigples.

The variation of the lineshape with the change ih
the mean 1ife time (J ) at the differsnt sites has been
employed to measure 77 . In most cases the brosdest range
of 7 values is covered by solving ;nmnariea‘lly the appropricte
lineshape eguation for verious walues of 7 , T, (line width),
etc., and comparing the observed spectras with the eslculated
onesj when identity between the two is found 7 1s read.
directly. An&lytieal solutions have also besn developed for
evaluating 7 in terms of measurable quantities.  These wero
employed in our study on the riag inversion of cyclohexane and
will be presented in the apprsﬁr&ate sections The wmean life
time of a specilss, :T', between exchanges has been related to
the conventional rate equations and has been ussd to deternine

varlous thermodynamic dats,

Appnlications of N.HM.R. to Conformstional Analvysis

The observetions of Lemieux and his co-workers {23),
that the chemicel shifts of substituents in polysubstltuted
gix=embored rings depend on their conformational vosition
and, furth-rmore, thst the megnitude of the coupling of
vicinal protons depend on the confqrmational relation betwesn
thom, opened up new approaches towsrds tackling conformation&;
agpects ol organic compeunds, Thelr finding that the axial

and ejuatorial protons are chemicelly shifted from easch other,
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the former appearing at a higher field than the latter, has
been explained on the basis of magnetic anigotropy in carbone-
cerbon single bonds (24,25). The above conecluslion received
irmediate recommltion and was used in the determinstion of the
conforse tion of sugars (23,26}, triozsnes (27), and isomeric
hexachloroéyclohexanes (28). The .t’i:nding suggested the
poseibility of determining the conformstional equilibris of
molecules which exist as mizture of conformers. However, in
meatsimpie eyclohoxyl derivatives the interconversion between
the conformers is so rapld that the N.M.R. spectra of these
compounds at room temperaturs fail to show distinect signalsg -
for axisl and equatorial protona. |
Theoretical caleuls tionz of eleotron coupled spin
Interactionsusing approximate valence bond ealculations by
Karplus (29) have revealed interesting and Important results.
Thoe magnitude of the vioinal coupling was found to vary with

‘dihedral angle (Flg. 1)j good agreement with the experimental

dats was obtained (30)« Although anomalous observetions have
been made (31) in some cases, vieinal coupling data have beesn
widely used to arrive at dihedral angles, and thus have

helped in the elucidation of conformations of organic compounds.
Unfortunately, the appllication of this method 1s limited to
aystems in which the vicinal coupling conetants can be detarmined.
The presence of %too meny hydrogens in sinmple eyclohexyl

derivatives causes strong coupling among many protons of

i etk -
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similar chemical $hift and, in most cases, produces conplex
spectrae. This difficulty has restristed the mpplication of
thig method %o molecules like sugar derivatives which céntain
relatively fewer and, often, well chemically enifted protons
in the ring. } .

fwo approaches have been utilized for the determination
of conformational egquilibria of substituted eyelohexane systems
from & knowledge of chemical shift data. One of them is based
on the determination of the average chemical shift of l-H
(proton attached to the carbon bearing the subgtituent), which
in most capes 1s chemically shifted from the rest of tha
protons in the fang, from the spectrum of the compound at room
temperature and relating it to the axial and eguatorial proton
chemical shifts obtained from relnéed molecules with locked
conformations. The other method involves the direct measureﬁant
of chemical shifta for axial and equatorial protons from spectra
of {rozen confafmationa. This method rests on the fact that
lowering of tempersture .'lowers: ' the rate of interconversion
between conformers and that the mean life times of each
canformor:%?i&gggiiantiy large to be detected by We.Re.
spectroscopy. In some cases, the relative peak arsss for
axial and equatorial protons available from low temperature
spectra have been used to determine conformational equilidbria,
The. parent compound, cyclohexane has also been subjected to

low teompersture investigstion.
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Hothods have been sought to simplify complex
spectra in en effort to determine the vicinal coupling
constants of orgenic compounds. The tachnique of %Ydouble
irradiation” has been introduced, This involves the removal
of undesirable gpin=apin interactign smonget nuclel, but
unfortunately, is effective only when applied to s nucleus
woll chemieslly.stilfted from its neighbours. The most
useful method in thieg respect is the technique of deutseration.
The sueccess of this.tacﬁnique is due to the fact that deuterium
is “tranaparent“ in the proton magnetic resonence spectras
Deuteérium substitution introduces only smell coupling and
quadrupole relakatiQns, both causing broadening of the
proton regsonance slgnals, however, these minor effects can
be removed by double irradiation st the deuterium resonence
frequency. Deuterium does not change the nature of the
compounds and albo all properties sssceiated with the
electronic struéture of the parent compound remain essentially
unchanged. Sui;able deateration, therefore, can yield a
very simple pﬁuton magnetic resonance spectrum for & compound
otherwlise yielding a highly complex one. An early application
of this method was the practice of using D20 ag solvent for
compounds containing exch&ngeable protonsi the easy replacement
of these protons by deuterium simplifiéd the specira. The
difficulties involved in the syntheseas of suitable deuterated
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compounds have hindered tﬁa appllcabllity of this technigue

to some extents HNevertheless, in some cases, 1t has been
possible to syntheszize suitable deuterated compounds nesded
for conformstional analysisj examples are dlscussed in & later
sections The work presented in this part of the thesis also

pointa towards the success of this techrique,

(1} Ring Inversion in Cyclohagane

Considerable interest has centered around the
conforamational analysis of cyclohexsne for a long time.'
Spectroscopic studles as well as thermodynamic data (32)
established that the cheir conformation for eyclohozane
(¥ige 2a, 28') is favoured over the alternative boat conformation
{(7ige 2b). The decreased atability of the boat form was
attrivuted to strong non-bonded interactions of eclipaed
hydrogens. Soveral theoreticsl and seml-ompirical egtimates
of the magnitude of the energy difference between the two
conformations have been reportedj however, the approximation
and asgumption 1mplielt im these calculations have led to
values ranging from as low as l.31 to as high as 10.6 koale/mole
(32)e The twist boat (Fig, 26) i1s enerpetically more favoured
than the ordinary boat form (Fig. &b) sinco the gevere none
bonded Intersctions betwesn the eclipsed hydrogens operating
in the latter is no longer present in the former. Recent

theorstical calculations by idendrickson (33) have sstimated
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Fig.2 Conformations of cyclohexane.
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the energy difference hetﬁean the chelr sand the ordinery
boat form as 6.93 keal./mole, and that between the chair and
the twist boat a8s 5.33 kodl/mole. The lattsr valus is in
good agreement with the velues obteinsd from high temperature
equilibration atudies on‘ggg-'and‘gggg§-1,3~aif§-butyl~
cyclohexane (34) and Jchnson's (35) study on. compounds with
fuzed cyclohexane ringse

The chalr form of eyelohexane possasses two types
of bonds - axia; and equatorimsl. EKlectron diffrection studles
by Hassell and?iz-wbrkers {36) revealed the noneequivalence
of the two tyyes of bondss This suggestsd the possibility
of the existence of the chair form in two different chair
conformations ~ the two @iffering from the faet that the
axial bonds in one are eguatoriel in the other and vice versa
(Pigs. 2n, 28%'). Studies (32) on substituted cyclohexane
systems and on fused slx-membered rings provided evidence in
this reapect.-‘ﬁowevor, the rapld interconversion between the
two chalr conformations in simple cyclohexane systems has
precluded the isolation of seperate conformors. The enerpy
barrier involved in the interconversion of ecyclohexane from

one conformer to the other has been estimeted by Shoppee (37)

to be 9=10 kcal./mols from considerations of qualitative espocts |

i

of energetics, whereas spsctroscopic studies laﬁ Beckett,

Pitzer and Spitzer (38) to suggest & value of 1 keal./mole
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for the processe. The mostiplauaibla trangition staste for the
ring inversion of cyclohexane e belleved (33,39b) to have a
conformation which 1s halfewsy bstween that of tha chair and
the twist-boat (26). Carsful theoretical calsulations by
Hendrickson (33) has shown it $o be 12.66 kesi./mole move
ensrgetic than the chalr form. ‘

Recently the tachnique of N.M.R. spectroscopy has
been employed to measure the rapid interconversion of
cyclohexgns. At room temperature, the N.M,R. spectrum of
cyclohexsne consists of a sharp single pesk, in accordance

with the expected rapid interconversion of the two chalr

conformers. The interconversion has been slowed down by lowering

the temperature and the concomitant changes in the N.M.R. gignal

have been used to determine the energy barrier of the inter-
converaion,

Jansen et ale (3%9) found that the single sharp peak
for cyclohexane at room temperaturs (60 Me/sec.) progressively
broadened as the temperature was lowsred and, ab-?Oo
separsted into two peamks. At stlll lower temperatures, the
spectrum ghowed two unsymmetrical bands, each of them being
split into two broed peaks, indicating incompletely resoclved
spin-spin splittings. Monlz and Dixon (40), Harris and
SZheppard (41) observad'similar chenges in the HeM.R. spoctrum
of cyclohexane with lowering of temperatures in their studies
at 1,0 Mc/sec. and reported the observation of an unaymmetricdl

troadaned quartet at the lowest tempersture studied (-’17.5Q
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and =90° respectively).

From the coslescence temperaturs, Tc, ef ~66.5°.
Jensen and his co-workers (3%a) calculated a valus of 9.7 keal./
mole for the free energy of activation, AF#, gf the inversion
procesa, The mesn 11fe time :7; of the conformers at the
coalescence temperature nesded for the calculation of AF#
was ovaluated from the relation tT; = JE?ana. uwhere 8§ is the
chemical shilt in cepess Later (39b), they adopted and
alternative procedure to determine AF#. Below coalescence,
the pesk seperatlon changes most rapidly with temperature in
the reglon of half the maximum separation and thersfore they
calculated the rate constant at the temperanturs of half
separation (=66.7°) using the sppropriate function (42). This
method yielded a value of 10.1 ¥ 0.1 kecal./mole for AF#, an
increase of C.i keal. from the previous ono.

Harris and Sheppard (L1) questioned the applicebility
of the expresslbn used by Jensen and his co-workers for the
svaluation of fr/at the coalescence temperature. They pointed
out that the formula is only corrsct for averaping between two
single uncoupled lines, and when the line widths in tho absence
of exchange sre effectively gerc. According to them the
cyclohexans case approximates better to the averaging of the
chiemical ghift of an an system (1) with J/8 =~ 1/2, where the

correct eguation 13_:7; = 1/nBs This change in the expression
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for 77  at coslescence' temperature coupled with the consideration

of line widths led Harrls and Sheppard to suggest an estimated
corraction of + 0.5 kesl./mole to Jensen's value of 10.1 keal./
mole for the frse energy of activation for the ring inversion
of* cyclohexanes, They also carried out measurements of the
rate of broadening of the single peék over the tempersture
range «20° to «70° at 40 Me/sec. The values for the mean 1ife
times, J , were determined by the Pfast exchangs approximution
method developed by Plette and Anderson (12}. The veluss of
AH# and AS# were dotermined from & plot of log J T against
1/7 for the appropriate Eyring's equation and were found %o

be 9.0 &£ 0.2 keale/mole and =7.9 % 1,0 e.u. respsctivsly.
These results ylelded a velue of 10.6 kesl./mole for N at

'660500

(11) Bing Inversion in Substltuted Cyclohexanes and

other Six-membered Rings

Ring inversion studles ea perfluorocyclchezane have
bson carried out by Tiers (43) by obearvation of the F19
regonance us B function'nf temperature. The free energy of
activation, AF#, for the prrocess hag boen determined to be
Ye9 keale/molee The smaller bér?ier for perflucrocyclohexene
comparsd with cyclohexane (10.1 to 10.6 keal./mole) has been
attributed to steric strsln present in the chaiplform of the

fluoro compounds. Reoves and Strgmme (L) have investigated
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the pate of interconversion of the conformsrs of cyclohexyl
chloride and cyclohexyl bromide by observing the changes of

1-H signal with temperature, end have estimated a value of
10,85 keale/mole for the frees energy of activaiion of the

ring inversion processes involved. They have carried out (45)
similar studies on 1,2=trans-dibromo- and 1,2-trang-dichlorce
cyclohexanes, Calvin and his co-workers (46) have reported
rate studies op the proton resgonance of [h,S-dh]-l,a-dithiane,
Ring inveraion studies on substituted 1,2-dithiene and 1,2~
dioxane (47) have alseo been carried out by these investigators.
Littringhaus et al. (48) have studied the rate of interconversion
of the conformers of lj,5=gig~diacetoxy-l,2-dithiane and have
estimated the free ensrgy of activation to be 13.9 kcal./mole.
Resves and Strgmme (4S) have reported & AF# value of 1343 £ 0.3
keal./mole for the ring inversion process in H,H'-dimethyl~
piperazine. Recently, Roberts (50) has observed a very clear

coalegcence pattern in the ?19

regonance gpectrum of 1,l-di-
fluorocyclohexane and has estimated the activation energy &,

for inveraion -of the ring to be 12 keal./mole. Heikam and

Dailsy (51) have investigated the HeMeRe. spectra of 1l-H of §

seversl cyclohexyl derivatives at low temperatures and have

calculated the activation enerpzy for the ring inversion yrocessss

of chloroe~, brumo=, iodo-cyclohexans and c¢yclohexanol to be

abuut 11.7 keales/moles
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{111) Conformstionel Studles on Substituted

cyclohsxane Systems
Eliel (52) determined the conformational equilibrium

batween &xial and sguatorial cyclohexyl bromide from the
chemical shift of the proton attached to the carbon atom beaping
the substituent group, henceforth designated as l-Hs The true
chemical shifts for axial and equatorial l-H were determined
from the spectrs of ralated compounds wlth locked conformations,
e.ge trange and clg=i=t-butyl cyclohexyl bromide respectively,
and were related to the averaged chemical shift for l-H
furnished by cyclohexyl bromide in order to evaluate the
conformational equilibrium. Reeves and Strgmme (4}) studied
the low temperature N.M.R. spectra of ecyclohexyl bromide and
cyclonexyl ehloride to determine the true chemical shift for .
sxial and eguatorial 1l-# directly. They calculated the

nopulations of conformers ai different temperatures from the

- pelative pesk areas of the two conformers at low Uemperature

and found that in hoth compounds the eguatorlial conformer of
the halopen atom was favoured to some extent., Bimilar
conformational studiss on 1l,2-trans~dibromo- and 1,2=-irans-
dichloro~cyclohexane have also been accompliehed (45). Hore
recently ¥llel snd %hill (53) investigated the conformational
equilibrium of cyclahexyl mercapten, A comparison of the

chanical shifts of l=H in cis~ and transeli=-t-butyleyclohexyl-
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morcapten with the correspénding snift in cyclohexyl
rercaptan showed that an equatorial sulfydryl group is more
favoursd than an axial one, contrary to the reports of
thiurdoglu et al. (54) made from infrared studies.

The éignalaffnr axizl and egustorial l-H of mono-
aubstituted cyclohexanes &t low tembaratures are rather complex
and broad., If the relative chemical shift betwsen axlal sand
equatorial 1l-H 18 not large enough, the signals for the two
conformera may overlap, and thias makes conformational sbudy
éiffiocult or impossible. Such 1s the case with cyclohexyl
acetate. Anet (54) hes used the technique of selasctive
deuteration to overcome such difficulty. He synthoesized
3,3, 50155 J5=hexadeutariocyclohexanol and its acetatsy both of
thom yielded welle-resoclved (Aﬂ)zx patterns, slightly broadened
in the AD part by coupling with deuterium. The X part of the
(AB)EX pattern arose from resonance signal of 1-H and its
interaction with othor protons. Analyses by coupling constante
ware carried out. Clg- and trans-3,3,4,5,5-pentadeuterio=
=t=butyl eyclohexanol furnishsd models for the "pure" axisl
and eguatorial hydroxyl conformers. Coupling constants in
these compounds were much as expacted from the Karplus
relationshipj these were related to the coupling constants

in the simple alcohol to yleld an estimats of the proportion

of conformers. At low temperatures the leH of the scetate

showed distinet slpnals for the two conformersy the coupling -
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congtants obtained were related to the coupling constants
supniled by the spectrum at room tempersture to estimate the
conformational eguilibrium. Analysis of the acetate pesk
for conformational study of the acetate appears feasible
sinco at low temporamtures the acetate peak should separate
into axial and eguatorial components. Results on an snalogous
system have been roported (56). Selective deuteration
technique has been utilized by Premuzie and Reeves (57) in
their conformational studles on 1,2-trang-chloroiocdocyclohexsne.
Lewin and Winasteln (58) have introduced selective
deuteration of a different nature., This Involves deuteration
of the adjacent positlons of l-H and thus strong coupling
effects on its resonance signal are removeds In & series

of gise and trang=2,2,6,6-tetradeuterio=-l=alkyleyclohoxanols,

" the 1=l signal appesred ag & sharp singlet. The chemlcal

shif't of this l-H signal waa then related to leil chemical
shift data supplied by the gis~ and trang-h-t-butyl model
compounds in the estimation of the conformational equilibrla
in the series. More recently Reeves and his co=-workers (59)
have employed this method of adjacent deuteration in their
low teaperature studles on some cyclohexyl esters.

The application of ﬁ.ﬂ.ﬁ. spectroscopy in the
confuormational analysis of alkylceyclohexanes has not met with

much success as yet. MNethyleyclohexane (60) and seversl

IO §xi:d
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cimethyleyclohexanes (40,4l ,60) have falled to exhiblt any
approciabls chenge in their spectra with the lowering of
tamperature, This hag boen attributed to similar chemical
ghifts for leH and the other protons on the ring or/and to
the rapid interconversion of the conformers even at low
temperatures. However, Muller and Tosch (60) have reported
the H.M.Re spectra of l.Lﬁgggrlgﬁagggggrl,B-. and cis=l,i~
dimethylcyclohexane, and cig-deealin at 60 Me/sec. to be
temperature dependent as expected 1if ring inversion processes
are involved in these compounds. The N.H.R. spectra of

some of these compounds felled to show any tempersature
depeudence when studied at 40 Mc/sec. (40,41). Recently
Heikean and Dnilmj (51) have determined the conformational
dquilibrium of cyclohexanol from thelr low temperature NetleHo

EDACTI&

Conformation of Cyclohexene and Substituted Cyclohexenes

Theoreticel calculations by Beckett, Froeman and
Pitzer (61) have shown that the "halfechalr" conforumation
(Fig. 3a, 3a') for cyclohoxens is favoured by about Z.7 keale/
nole over the altarnati§e thalf-boat? conformation (Fig. 3b).
‘hiis geomebtry hes heen confirmed in the case of certain
substituted cyclohexenes by X—réy snd electron diffraction
stucioe (62)e The bonds ol C=3 énd C=b are desipgnated as

tauasiecquatorial! (a') and 'quasi-axial! (a') positions, as
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5 4
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3b

Fig.3 Conformations of  cyclohexene.
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showne The bonds of CelL aﬁﬁ;C-S are almogt normal sguatorial
and egxial. The 'half-ehair"confﬁrmatiens are sxpascied o
undergo repid Interconversion (3a & 3e') like cyclohexane
unlsass suitably locked inte one conformation. Several 3:&,,
315 anc 3i6-disubistituted cyclohexenes have been reported (63)
to favour the diequato:ial canfbrmﬁticni Bakaghite has
concludsd recently (6}) from Infrared and Rgﬁan spectra that
axial=3=halo= and ggggé-uphﬂéecyolohexaneé aée more ataﬁle in
thhe liquid stete than their equatorial eounterparés. Gerviach (6%)
nas oaployed the technigque of NfM.R. spegtroscopy te determine
the preferred conformations of Ce6 substiﬁuants in 2 mumber of
be-gubstituted lephenyl (and methyl) cyclohoxeneg., No work

In the literature ia available as regards guantitative studies

on conformational equillibria of substituted cyclohexenes.

Hindered Internal Rotation

The succens of HeMoeRe spectroscopy in the field of
futational isomerism has been due to the fact that the
phenomenon mostly involves the reorientation of a particular
atom or & group éf stoms betweon two chomically shifted sites.
In some casea, the spin-abin splitting dsta have contfibutad'
to the studies of rotatlonal lsomerlsm. When the energy
barrier of internsl rotation ig véry high, the rotemers are
expected Yo be lsolables The gig-~and.gg§ggriﬁomeba of the

olefinle compounds ars examples of this type. In other cases,
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where 1solation is not pOssible, NeXeRe Bpectroscopy can be
uged for thelr detection as the nature of the N.H.Re. spectra
depends on the relative life timesz of thé rotauera. 'The
situation is the same as dlscussed in comnection with the ring
inverslon studies on cyclohexane co&pounds. The role of
restricted rotation has bean observad:in'compounﬁs where
rotational fsomerism is possible, due %o (1) restricted
rotation about a single bond, {11) restricted inversion at
nitrogen atom, snd (11f) partial double bond character.

We have obsarved the rphenomencn of restricted rotation
in some aromatic aldehydes whick fallz ints the third category.
Ag such only a brief reference will be made to the first two
types and a more detailed discussion of the third will be
presented here,

The general types of spectra that may be ezpected
in cases of fast and elow rotation in a variety of substituted
etlianss have been dlscussed by Pople and othurs {66,67,68).

The interconversion of the rotationsl 1somers in saturated
compounds ie very rapid and tho barpiler ig very small, and,
consequently, the NeMeRs spectra of the compounds are
essontizlly a :average'’ v of all the conformers. However,

in favoursble cases, the prates of rotation around e C-0 bond
nas been found to be slow 6nough to allow the detection of the
rotarors. The nonaquivalance of the geminal fluorine atoms in’

s W
compounds of the type UF R=CFR R (69), and the tempersture
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dependence of the Flg spectré of 1.lodifluora-l,E-dibrnmo—a,a-
dichloroethane (70}, C?aﬁr-GEraﬂ (70), CFEBr-CBrzﬁN'(?l),
CFCIE-CFQIE (50) have been reported. The observations have

bean Interpreted on the basis of restricted rotation about

Ce bond. In a few cases 1aomer abundance ratlos of substituted

ethanes have been determined {67).

The temperature dependsnoe of ﬁhe HeMelle spectra of

HNesthylethylenimine (72) and. Hesthylsllenimine (72) has led to

the detection of restricted inversion st nitrogen atom.,
The existence of rotetional isomers due to partisl
cdoubls bond charascter haes been observed in quite 8 few types

of campcunds. Both qualitstive and quantitative studies havo

been made on gome of thom. The firat observation of this king

of reatricted rotation was made in the amldes. The principle
of resonance led Pauling (73) to believe that in emides,

thers is e signiflicant contribution of

31\' /Rz Rl\ ) /"2

I 11
resonance structure II, with a nitrogen-carbon double bond

rather than a single bond. The structure II regsembles that




- 105 -

of olefinic compounds and it would tend to bring the atoms
attached to carbon and nitrogen in one plane. The contribution
of resonance structure II would inecreass the enargy barrier to
the rotation about C~H bond snd therefore would oppogs tha
fres rotation as expected from I. In structure II, the

‘ groups R2 and RB are in different electronic enviroments,

the former being trang and the latter cis to the oxygen atom
regpectively. This would cause Ra and‘RB to experience
different local magnetic fields and, hence, induce & chomical
shift between them. .This is contrary to the expectation fronm
structure I where free rotation around C-N bond tends to make
Ra and RB magn@ticaliy equivalent. It .ie obvious, therefore,
that the H.M.He apectrum of an amide would depend on the relative
conbributions of the two structures.

The first compound studied in this aspect wag H,H=-
dimethylformanide (81 = H, R2 = RB = GHB inI and I1).
Philips (74) reported the qualitative results and later
Gutowsky et al. (75) and Woodbrey and Rogers (76) carried out.
oxtenslive studlies 6n 1te At room temperature, the compound
exhibited a single line for the CeH proten but a chemically
shifted doublet for the protons of the NECH3 groupse That
this dcublet was duo to & chemical shift between the two
nonequivalent N-CHB groups and not due to coupling with the

formyl proton was evident from the fact that the regonance
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simmal for the latter was unsplit. Furthermore, the separation
between the doublet was shoun t0 be fleld dependent, the
seperation being 10 cepes. at §i0 Me. and dropping to

7 CepPese at 30 Me., whareas the separation due to coupling
would have been field indepsndent. Th;s obgervetion could

- only be explained if a signifiecant contribution of structure II
to the resonance hybrid of the smide 1s possible, The spectrum
of H,H=dimethylformamlide was found to be tempersture-depsndent.
At higher temperstures the rate of reorientation around CeH
kond increases, and the geparation between the doublet decressos
untll at a sufficiently high temperature the doublet coslesces
to glve a esingle liné. Simllar results have been obtained with
other substituted amides, the complexity of spectra hasg
sometines been reduced Ly sultable isotople substitution,

such as tho use of lsﬂ to eliminate quadrupole broadening of
proton resonances in formamide (77). The changes 1n NoM.R.
signal shapes with teuperature have been used to determine the
thormodynanlie data involved with the rotation about C-N bond
by various people;'howevar, there are considerable discrepancies
smon; the reported velues. The values found for A, the
eneriy barrier to hindered internsl rotation, vary from one
anide tu the other; Woodbrey and Rogers (76) have tried to

explain this variation on the basls of the influence of the
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substituentas. Structure II sugpests its possible stebilization
in polar solvents and ths dependsnce of energy barrier to
internal rotstlion on the nsture and concentration of the
solvent when solutions are studieds. This has been found to

be true by Woodbrey and Rogers (78) in thelr studiss on

.‘gagi-dimethylproPionamide and g,g'-dimethylcarbemylchloride

In different solvents at varied concentration. fTable I
lists some of the available dasta from internal rotation
studles on the amides.

Cur obaervhtions of restricted rotation in aromatic
aldehydes are analopous to those of the amides. Recently
Martin and Martin (30) have observed similar phencmenon in}
sthylenic aminosldshydes. The N—CHB groups of (CH3)23-0H=CH-CHG
were found to give rise to an chemically shifted doublet at 24

which brosdened at higher temperatures and coalesced to give
# sliogle peak at about 300. However, the following compounds

(GH,y) li=lH=CH~CH=CLI=CHO

s

CH., ) o NeCHSC( CI., ) =

did not show similsr trend In thelr N.M.Re spectrua. Obviously,
” .

the rotation about the Ce~H bond is sufficiently fast to make
the H«CHB groups equivalent. Studles at low temperatures may
1ndicate the nonequivalencé of the N-CH3 groups, 8o such

expariments, howsver, have been reported by Martin and Martin. .
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‘N.M.R. apectroseopié studies have also led to the
dotsction of structural isomerism due tu pertial double
bond in compounds like alkyl nitrites (81), sldoximes {81)
and nitroscamines (8l). Recently (82) N.M.R. studies on a
few Hephenylimines have led Curtin end McCarty to believe
that lgomerigzations of these compoundé.are retarded due to

contribution of regonance structures of the type

-+
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Cyclohexene=d, {minimum isotopic purity 98%4) used
for the inveatigetion of the inversion of cyclohsxane ring
was purchased from Merck Sharp and Dohme of Canada Lide
" Julolidine needed for the preparation or Y= julolidine=
carboxaldehyde was available from & previous investigaiion.

Uther chemicals ussd for the synthesls of the compounds

described in this part of the thesls were commercially aveilsble.

The purity of the compaunds wes checked by vapour phase

chroma bography (VePeCale
a Perkin ilmer "Infracord"” double beam instrument.,

All proton magnetic resonance spectra were cbtalned

on a Varian V302 60 4¢/asc. high=rosolution H.M.R. speciroe

metere Tetramethylsilane (T.M.S.) was used as an internal

standard and calibr:tion for chemical shifts was carried out

0y the usual side=band modulation techniques

at the deuterium resonance freguency was carried out by msans

of a gpin decoupler manufactured by H.M.R. Speciealties.

A temperature controlling device similar to that
deacribed by shoolery and ioberts (83) was employed to
carry put low temperature studles.  4n elsciric current was
passed through a heating @iement ina lafge Dewar rilled

with liquid nitrogen, and the evolved cold nitrogen gas was

The infrared spectra were measured on

Double irradistion
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directed through & jacket around the spinning ssmple tube.
The tempersture desired for the sample was attslined by
adjusting the current in the heatiﬁg element. A coppere
constantan thormocouple, checled at the sublimstion point

of Dry Ice (=78.51%) and found to be correct within 1%, was
placed inside the jacket and the temperature wns monitored
wlth a potentiometer calibrated from 0 to 5.0 mv,.

Corrections for the difference between the monitored temperaturs
and the true sample tempersiure were detormined by inserting
a second thmrmoeoupie directly in the solution conteined in
tho somple tube. -

The spectﬁn for cycloh@xane~dll were recorded oﬁ
five different dayse. Sample heights of 3 cm. and 5 em. in
the sample tube, with the semple tube at the bottom and 1/i*
ralsed in the probe insert respectively wers used.
Temperature corrections with the thermoecouple 1/2" from the
bottom of the aampia tube in the first case and 1/4" in the
latter case wers made @8 the receiver coil is approximately
1/2" above the prébe ingert. Tempersature corrsctions
squivalent to 0,396 mv in the former cuse and 0.221 mv in
tho latter cese were neceassry. At esch tempersture seversl
spectra were measured, half being recorded with Inereasing
and half with decreasiny linear sweep flolds and a meen value
of spectral dets was ueged for cslculation. The spectra werae

recorded at the best possibls resolution of the spectrometey




and the field homogeneily was repeatedly adjusted by observing
the decay of the wiggles on a rapid passage for the resonance

d et

signal of T.#.8. present in the sanmple scluiion. Rate
cyleulatlons wers mede both above and below the coaloscence

nolnt ueing the appropriate analytical solutions.

Synthesis
. :
RB=l,H=dimothylanino=3,3 =d,=benzaldehyde

p=H,Nedimethylaninobenzaldehyde was first converted
to its hydrochloride by adding dilute hydrochloric acid (1%) to
an alcoholle selution of the aldehyde (0.5 g) until the
solution became strongly acidics The contents were then
svaporated to dryness and the erystalline hydrochloride was
obtsined. 7The hydrochloride was dissolved i{n deuterium
oxide (5 ml) end the solution was refluxed for 24 hours. On
¢ooling, the hydrochloride cyystallized out. The contents
were thun made basic with ® solutlon of sodium hydroxide (207)
end the [ree orgenlic base was extracled with chloroform. The
chloroform extract was déi@d over anhydrous sodium sulfate and
the solvent was removed at reduced pressure. The yellow product
obtained wae purified by sublimetion at 42° at 0,05 mm. presaure,

The light grey compound was used for H.M.i. Studiss,

|
!

f
|
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JeJulolidinecarboxal dehyde

9~Julolidinecarboxaldehyde was prepared from
julolldine following the method employed by Smith and Yu (8))
for the synthesis of this compounds. The method involved the
introductlon of a formyl group in the mromstié¢ nucleus of
julolidine according to the method of Vilsmeier and Haack (85),

Julolidine (205 mg) dissolved in a small amount of
ether was added dropwise to a mixturs of Hemathylformnanilide
(240 mg) and phosphorous oxychloride (28 mg) eooled in an

ice=bath. After standing overnight, the mixture wag decomposed

with water, made alkaline, and steam distilled to remove
HNemethylaniline, On.' cooling, the aldehiyde crystallised in
the distilling flask and was collscted a’mﬁ recryastallized
froi aqueous ethanol, me.p. 81=82° (reported m.pe 83%)., The
infrared spectrum of the compound 1n Hu'jnl mall exhibitad
a strong band et 1650 em™* indicating the presemce of &

cuﬁjuggated carbonyl group.

liexadeuterio~1,3=butndiene ( butadlene-d,) (86)

A freshly prepared mixture of sodium lodide (2.3 g)
end cupric chloride (10.9 g, crystallized from deuterium oxide
te exchengze the water of hydration) in deuterium oxide
(80 m), 99.7%) was added to Ia mixture of zine dust (240 2y

Fishor) and dry dioxane (245 ml) contained in a two=litapr
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thrse-necked flasks The flask was eqipped with a mechanicsl
stirrer, a reflux condenser and an inlet for dry nitrogen

Zas. The reflux condenser was in turn connected to mn air
cooled trap and the latier to two Dry Iceescetone cooled

traps which served as recelvers for the gaseous reaction

' procucts. Hitrogen was pasﬁed throuph the system, the mixture.
was stirred and heated to mild reflux. The nitrogen inlet

was then replaced with a dropping funnel contsining hexae
chloro«l ,3«butadiene (lBG‘ml, astasn, practical grade)
dissolved in dry dioxane {75 ml). Heeting was discontipued
and hexgchlorobutaéiene was added at o rate such that a steady
reflux was maintéined. After the addltion of hexschloro- |
butadliens wag coumplete (3 hrs. 30 min) nitrogen was flushed
through the system for hslf an hour to ensure complete removal
of the gaseous resction products from the resctlon vessele
Hogt of the product collected in the first Dry-Ice-acetons
cooled trap as a cléar, colourless ilquid (15 ml at~ =70°).

This was directly used for the synthesis of the deutersted

compounds.

A3-Tetrahydrobanzaldehyde-&,2,3,h.5.5-dé {er 87)

A mixture of freshly distilled acrolein (5 g),
butadiene-dé (Lets mi), and hydroquinone (10 mg) was heatsad
in a senled tube for a period of 2 hrs. at 102-106°, A

heavy yellow liguid was obtalued and the unrescted acrolelin,
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a5 well as the impurities praeént in buta&iene-dé were
removed at reduced pressure. Distillation st 20 mm. pressure
yielded a faintly yellow liquid {2.8 g) at 65.5° to 66.5°.

A gummy residue was left in the distilling flask which most
probably was a mixturs of polymer and hgdroquinane.

' The infrared spectrum cr‘ﬁhe.cumpound (1iguid £ilm)
hed strong absorptionsat 2090, 2150, 2190, and 2275 em™t
indicating the presence of both =G-D and =C«D in the molecule.
The infrared spectrum also exhibited absorptions for aldehydic
~C-i (band at 2715 eu™) and cerbonyl group (band at 1705 cm™l).
A Vs.FPeCs analysis on the compound was carried out om & Perkin
Elmer Vapor i ractometer with a Verssmid column oyeraﬁingvai

140° which indicated a single component.

83-Petrahydrobenzoic AC10-2,2,3,04,5,5-0,

The acid was prepared by the oxidation of the
corrosponding aldehyde made earlier from acrolein and butadi spoe
dﬁ. Yo a stirred slurry of silver oxide prepared from silver
nltrate (7 gi in water (15 ml) and sodium hydroxide (3ely 2)
in water (15 ml) was added A3-tetrehydrobeng@ldahyde—E,2,3,a,B,p-
de (1 g) in small portions. The addition was completed in
15 mine and the cheracteristlic odour of sldehyde disappearcd
after 20 nine. indlcating the completion of oxidation. Ths

precipltueted silver was removed by filtration and wsshed

with water. Tho gqueous alkeline filtrate was waghed with

|
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other, made ancldic with concentrated hgérochlorid seld, and
the free orgenic acid was extracted with ether. The athsreal
extract wag dried over anhydrous sodium éﬁlfate and &8 very
vigcous liquid was obtained on remcoval of sther at ﬁeducad
rrossures The liguid erystallized in the refrigerstor. Yield
1el g« The infrared spectrum of the compound {liguid £ilm)
exhibited broad pesk for hydroxyl group characteristic of

carboxylic acids Bnd & strong carbonyl band at 1630 cm'l.

1

The bands at 2090, EISO,CZIQO, and 2275 cm - present in the

aldehyde were retained in the acid.

A3=Totrahydrobenzonitrile=2,2,3,4,5,5-d, (gf 88)

A mixture of freshly distilled acrylonitrils (3.4 ml),
butadiene~-d, (5 ml), bydroquloone (10 mg) in toluene (6 ml)
wns heated in & smealed tube for & period of 12 hrs. at
131-1370.' This yielded a heavy deep brown liquid. Unrescted
acrylonitrile aﬁd most of the toluene were removed by digtillation
at atmospheric pressure. The rest of the liguld was distilled
at reduced preésure and a colourless liquld (2.8 g) dletilled
over at 76~77° at 10 mme pressure. The infrared spectrum of
the 1lisuld showed five intensa bands in the region betwsen

1

2090~2280 cm'l, the strongeszt ome at 2250 em™ ™~ ecould be

assigned to the CE XN and the reat to =C«D and ==C=D gtretchingse.

The. gpoetrum also exhiblted absorption above 3000 cm“l, at -

1 1 ane very intense bands at 732 cm™t

1600 em” ©, and 1500 em”




- 117 =

end 695 cn™t and thus indicated the presence of toluene.

A VeP.Cs snalysle on the liguid on a Pye Argon chronatograph
with an Aplezon column at ‘.’t.3¢?f'3 also revealed the presence
of toluene. The llguid was then subjected t0 bulb to bulb
dlstillation ab reduced pressure and the liquid fraction
coming last was found to be free from toluene by infrared as

well as by VeP.C. This was used for NeM.Re studies.

aB-Tetrahydroace tophenone~2,2,3,l,5 .5-(16 (ef 89)

A mixture of methyl vinyl ketone (5 ml), butadiene-
dg (345 ml), and hydroguinone {10 mg) was pyrolyzed in a
sealed tube for 10 hrs. 15 min, }at 139-12;50. A deep yvellow
liquid was obtained and this was subjected to distilistion at
redquced pressures A colourless liguid (1.7 g) distilled over
at 68° at 20 mm. pressure. The infrered spectrum of the |
product (liquid film) showsd four bands in the region between
2090 %o 2270 cm;l for -C~D and ==CeD stretchings; a strong
band at 1700 em™ indicated the presence of earbonyl group:
in the compaun&p!. A V,P,Ce analysis of the compound on
Perkin flmer Vspor Fractometer with a Versamid column operating
at 173;0 showed a huge peak for the ketone and a vary small

paank with a lower retention time.
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Hexahydroacataphenane-&,3,3,3,h,h,ﬂ,B»d@

The wddition of detterium gas to A =tetrehydroaceto=
phencne—2,2,},h,§,5~d6 (1 g} in ethanol was carried out a%
atmospheric pressure in the presence of Adam's catalyst {50 mg).
The reguired emount of deuberium gas wes taken up in 15 min.

The catalyst was removed by filtration and ethanol was removed

at reduced pressure. The infrared spectrua of the compound
showed only two bands in 2050-2270 ¢m°1 replion, showlng the
losa of two bands responsible for 3=G~D'prasent in the
unaeturated compound. It also exhibited a strong carbonyl
gbgorntion at 1700 cm'l. The yield of hexshydreacetophencne
wes quantitative. A V.P.(. analysis on the compound on Parkin
Llmer Vapor iractomoter with & Versamid column at 112° showed
two little humps one on each sids of the huge peak for the

saturataed kebtone,

Cyclohexyl acetata~2,2,333.h-hss;5”dg

'The acstate was propersd from the corresponding ketone
haxahydroacetoﬁhenonane,2,3,3,&,h,s,Sgdg by Baeyer«Villiger
oxidation. The procodure of Zauers (90) for the Baeyer-
Villiger oxidation of canphor wes appllieds Hexshydroaceto=
phencne~dg (425 mg) was dissolved in acetic acld (2 ml)
containing aodiuﬁ’aoetate (170 mgle. To this mixture,
porecotic acid (2.1 ml LO9%) wes added dropwise. After standlng

for flve days at room temperature in the dark, the mixtwe
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was neutralized by pourdny inte 20% agueous sodium carbonaie
solution. The aqueous soluilion was then extracted with
ether. The etheresl extract was dried over axhydrous sodium
sulfate and other was removed at reduced pressurs. 4
colourless 1liguid with the eharacteristic fruity odor of an
ester was obtalped., The compound was then purified by buldb
to tull dlstllletlon ay reduced pressurc. Yisld 200 mge 4
VePeCe analysis of the compound o Parkin-Elmer Vapor
Fractometer with a Versanid column at 121% ghowed only one
poak. The infrared spe cirum 0f the compound showed two bands

1 1

in 20902270 em — region (=C=D), a carbonyl band at 1720 cm”

and a strong band at 1240 cm'l (=Dac) .




RESULTS

Inversion of the Cyclohexane Ring

The H.Mells spectrunof eyclohsxane—ﬂn in carbon
adlsulfide solution (25%) wes astudied over & wide range of low
tompepatures -32“ to —91;" in ordsr to follow the kinetics of
the inversion of cyclohexane ring. At room temperature
c'yclohaxana-du showed only one fairly broad peaivz which
became very sharp on applying doubls irradiatﬁ.on at the
douterium resonance frequency of about 9.2 Mc/sece (Flg. l).
The peak sppearcd at B+6ff 7 « All spectra were recorded
in the progence of deuterium decoupling frequency unless
epecillically mentioned. As the temperature was lowered, the
sharp pealt progreseively brosdened and ultimately at
approciably low temperature aepara‘bbd into a symmetricsal
doublet. The temperature at which the transition from the
ginglet to ihe doublet takes place on lowering the temperature
will be refarred to es the comlescence temperaturc. The
slgnal shape for cyclohexana—-dn is very sensitive near the
coalescence temperature and it is guite difficult to determine
the coelescencs te:apemt;ure'accumﬁely. o attempt was made
to determine t}m coaloscence tempersture from the echange in
signal shapes. Several signal shapes exhibited by eyclo=

haxana-du around the coalescence point are shown in Fig. 5.
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I c.ps.

0.2 c.ps..
p—
a b
H——»-
Fig.4 Cyclohexane—d, ‘of room temperature

a) Without deuterium decoupling

b) With  deuterium decoupling

————
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The changes in the N.M.R. sign&is corresponded to the simplest
exchange process between two chemically shifted siltes with
equal populations and life time, éné with no spinegpin coupling.
The separation between the doubiet increnzed on lowering of
the temperature below the coalescence point and was sccompanied
by a sharpening of the peskse. The sepaéation betweeon the
peaks l.e., the relative chemiealhshift, approached & constant
value at appreciably lower temperatures. At six different
temperatures, between =7h4.77 to =82.87°, the value for the
apparent chemical shift yenged betwesn 2&.? ¥ O.lﬂc.g.s,.
the value of 2047 c.pese. was accepted as the true chemicsl
shift between the doublet mnd was used in the eamlculations
whenever necessary. PFig. 6 showe the doublet at a few low
tomperatures.

The high fleld signal of the doublet wes assigned
to the conformation with axial proton and the low fleld one
to the conformation ﬁith the proton in the eguatorial position
in asccordance with other (28) axial snd egquatorial easignmenta.
Further evidence came from the spectrum at low temperature |
recorded in the absence of the deuterium decoupling freguency
whon the high fleld signal (band width at half height of the
peeity, 7e¢9 Cepese) appoared to be gignificantly broader than
thic low £isld one (band widtﬁ at half height of the péak,

Do Cepetle) {Fipe 6d), This is consistent with the observations

e
e e
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that axiel-axial coupling constants sre larger than eQuatoriale

axlal or squatorial-eguatorial coupling constants (91);

Rate Calculations Below Coaloscence Temperature

The line shape equation, equation {10-1}) of
rofarence (1), has been derived for two éxch.anging nuclel,
Gutowsky and Holm (75) have modified this expression for
calcu}.atiﬁg 7, the mean 1ifs time of a proton at each site,
from separztion of pesk maxima near coalescence. The relevant
squation, assuning negligible dipole~dipole broadsning, equal

population and equal mean 1ife time at the two sitesy 1s

L0 - /e (1]
T BT |

in which
ve (ceness) is the observed peak separation,
Vap (Cepase) is the pesk separation at slow exchange
(1.0., the true chemical shift), 2847 Cepese
2 7 ia the life time of a proton on either site in the

molecule,

Lelow coalescence tempsrature, rates were caloculated by using
this equation and the results sre ammarized in Table II,
Another method for determining T~ below coalescence

wag ugoeds Grunwald, Loewenstein, and Meiboom (13), and
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Loewsnatein and Neiboom {92) have related the mean life time
T orf exchangeable nuclei at a chemical site with v, the
ratio of maximum to central ninimum ve-mode intensities. This
method has been employed by Rogers and Woodbrey (76,78) ror
thelr kinetic studies on some substituted ¥,R-dimethylamides.
The expression that deals with equal gopﬁlation and egual

mean life time at the two sites and appliceble in our case is

Ty, =ttt t (.l
Van —= v[r o r or
w N2 Jvg >l (2]

where v;., is the true chemical shift as before and

r ila the ratié of maxirmum to central minfmum

vemode intensities.

We heve applied this expression for evaluating'jf'from a few
spectrn and the results are presented in %able III.

Below -73°,_the widths of the cyclohoxanewd,, signals
weré quite sharp and were only slightly broader than the T.d.Sa
rosonance signal which corresponds to the naturasl 1ine width.

I this repion, the iine width method for slow exchange developed
by Plette and Anderson {12) wéa applieds The relevant exprossion
donle with the additional broadening of the individusl pipnale

to be due to exchange phenomenon and is repreaented as

P .
. ‘I" ‘F‘; . 7/ {3]
2
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where TE' 18 the measured relaxation time and Ta its magnitude
in the absence of exchange i.es, the natural line width. The
valuae of 2/T2' wes obtalned (in c.pe.s. and then converted into
radiang} from the width at one half of maximum invensity of

peaks for cyclehexane-dll and thus one spectrum yislded two

' K
values for T2 $ an average of the two valuss was taken to

repragent Ta' for the spectrume. The value for Tz wos taken as
1 second since the correspouding values both at very slow
exchanze and very fapt exchange { sse later) were astimated

%o bs close to 1 sscond. The results are summarized in

Table IV, '

Below =81.4°, the line widths for cyclobexane~d,
signals became comparable with that of the T.M.S. signale In
tis reglon TE ang TZ' vere ﬁeasured by applying the method of
Jacobpohn and Wangsneas (93], where the exponsntial decay of
the demping of the resouance line i tsken as a direet
neasure of the effective transverse relaxstion time TQ. This
mothod was used by Plette and Anderson (12) with the holp of a
fast response Sanborn recorder in thelr kinetic studies on
alkyl nitrites. S&inee no fast response recorder was available
tu us, an alternetive method was adopted. The wiggle patterns
0f one of the cyclohaxane—dll signols and the T.M.d. aignel at
the same gwoeep rate were phetographed~direct1y from the

cacilloscope using a Land Polsroid cameraes A 20 Cepess
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frequency was photogrsphed on the same plate and wes used for
calibration purpose. Figurd 7 show typlcal Ta measurements

5t =92,4°, The signal shape under the fast passage condition
has been shown {93) o be proportional to

-t /T S |
o /T2 cos 1/2 at © : {41

The ratic y of the maxime of two wiggles (where cos 1/2 at® = 1)}

1s therefare glven by

-t/ T
Yy = e /2 sseee {53

in whalch © iz the time elapsed between the passage of the two
wigrlese The ratios of the mazims of all the well defined
wigpgles to the resonance signel {and in some cases to the first
wigrle where the resonance signal was not well defined) were
calculated and the time ractar‘t involved in a particular
ratio was dirsctly taken from the exposure of the calibrating
freguency. Thus a single exposure Yielded a number of TZ
valﬁes for the appropriate signal, the average of the values

wag used for evalueting < from squation [3]. The results

are pglven in Table V.

Hate Caleculations Above Coalegeonce Temperature

Gutowsky and Holm (75) have developed an
analyticel solutfion for determining J above comlescence

tampersture. They extended the line shaps equstlon for this




a). Cyclohexane-d. resonance signal

b). T.M.S. resonance signal

c). 20 c.p.s. frequency
(used for calibration).

Fig.7 T2 measurement from exponentialv decay of the resonance
signal.
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purpose and the golution involves the measurement of the
width at helf height of the single broad line. In the present

gimple case the relevant expression is

2 ‘ : i/2
T = £y ] [6]
% wzvmu + l‘.ﬁszgvz - BVl
where 2v (cepes.) 1s the band width st half height. This

equation was used by Hartman (9)4) to determine Tvalues for

ring inversion in CBDISH above coalsscence tempersture. The
results are summariged in Table VI, This equation is also
applicable immediately below the coalescence temperature s but
was not used in the present case.

Avove -47°, the exchenge rate is guite high and the
line widths of the cyclohexanevdn signal decreased and were
only sliphtly broader than the resonance signal due to P.M.S,
In thie region the fast exchange equation (10-22) of reference
(1) waa employed to determine 7 . In our present simple
cage the equation simplifies to

a e . L) [
v ;;r ’f}'ﬂ? 71

where w 1s the true chemical shift in radians per second. A
general solution for the fast asxchange conditions has been
developed by Pilette and Anderson (12). 7The equation [7]

'
was applied to measure T at two temperatures, 2/'1‘2 wasg
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obtained from the width at half height maxima of cyclchexane=dy,

resonance signal. A value of 1 second for T, was used for

calculation as the Ty values determined at very slow exchange

as well as very fast exchange processes were found to be close

to 1 second. The results are given in Table VII (first two).
Above «~1,0°, the method of Jacobsohn and Wangsness (93),

pe 129 was employed for the determination of T, and Tg' and

the expression for fast exchange approximation, equation {7],

T

was usaed to evaluate « The results are shown in Table YII

{lagt two)e
The temperature dependence of the rate of Inversion

can be expressed in the familiar form of the Arrhenius Lawi

k = =5 = A @ {81

where k 1s the inverslon rate constant {in this 088@-2%?), A
28 a frequency factor and Ea 18 the Arrhenius activation

eneryy. Equation [8] can be rewritten as

103'?%? = log A =~ AL (9]
The Arrhenius plot including all the rate datae is shown in
Figure 8. It was found ﬁhﬁt the rnﬁe data obtained from
the spectra of & particular day yielded & good stralpht line
for the Arrhenius plot and those of different days gave
almost parallel straight lines. A léast BOUATES anﬁlysia was

carried out for evaluating the Arrhenius activation energy,
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e g Figure 8.
h Temperature dependence of the
inversion rate constant, 1/27T

-(}-:"r:- e o T

45 5.0 5.5
10/ T°K

Slow exchange, exponential decay method.

Slow exchange, line width method.

Below coalescence, peak.scparation method,
Below coalescence, intensity ratio method.
Above coalescence, line breadening method,
Fast e¢xchange, lince width method.

Fast exchange, exponential decay method.
Fast exchange for cyclohexane, C(‘)Hli'
Coalescence temperature.
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Eg, and the frequency factor A. The limits of B, and log 4
were computed for 90% confidence using stutistical methods
desceribed below. fThe linits waré 11.29 ¥ 0,6 kesals/mole in
E, and 13.39 3 0,5 in log 4. The frequency factor A was
therefore 2,45 x 10%3 Y %Z. The limits of 90% confldence in

Eé were obtained from the following equatfion (95)

2
=ty 2a.EyVe [10]

whers ) 1s the expected slope for the straight line, b i1s the
slope caleulated by the least squarosg method, r is the Pesrson
coeffleient of correlation and t 1s & facter which deponds on
the number of degrees of freedom and the confldence limitse
Equatlon (1l.4.2) of raference 95 (page 287) was used for the
eveluation of r.and wes found to be 0.986. The numbepr of
degrees of freedom is expragsed ag {H=2) , where N iz the
number of points involved in the plot; the numbsy of degrees
of freedom in our case was {37-2) = 35, The value of t,
1.045, was taken from Tabie Beli on page 4,22 of reference 95,
Tor 904 confidence limits corrasponding to 135 deg:ees of fresdom.
The 1limite of 90% conrlidence in log & were calculated from an
appropriste expression given on page 295 of rsference 95,

The coslescence tamparatuﬁe of the invergion process
was determined from the Arrhenius plot uging the relation

— Ve

Je = T (11]
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and was found to be -60.3°.= The free energy of esctivation,
A?# at the coalescence temperature (-60.3°) wag calculated

from Eyring's equation (96)

kK = K. _%3 o=t /R1 (12]

 assumlng a trensmission coefficient, K; of unity, as well as

1/2. Other paremeters were calculated from appropriate
expressiona} these ﬁalues‘ara preaéntsd in Tebles VIII, fThe
limits of AS#, shown in Teble VIII, were calculated from the
relstion 4 = K, %2 éﬁsﬁyRE (where 4 is the froquency factor)

for 90% confidence limits in A.

Table VIII

Parsmoters for Ring Inversions of éyclbhexane-dll

g Yy an? s
Heale/mole Keals/mole Kcals/mole 2ol
11.29 2 0060 0,55t 30087 £ getelt g 25,4108
1.29 £ 060 10.2611e1V 10,87 2 0,601 5 g £ 5,41V

1 904 confidence limit, |
1L  at the coaleacence tomp. (-60-30),
1ii assuming transmission coafficiént as unity,

iv  assuming tranemission coefficlent as 1/2.
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NeHeRe Stwiies of some Amﬁics Aldehvdes

The HeHuRe stulies of Lell fidimotbylanino=3,3" =d e
bengaldehyds and 9=julolidinecarbeogaldehyde were carvied ;:t
in mothylene chiorlide szolutlion (35%)s ALl spectra of il ,He-
dimethylanizio=3 ,B'Odanimnza}.&&xyaa were measured with deuberium
decoupling, in é‘:rﬁa; to remove coupling betuoen ﬁemtarim énd_
hydrogen atoms. 7The resonsixe signal of the sromstic protons
of this compound is shown In Figure 9. The spectrum of
9=Julolidinecerboxuldehyde is shown 1n Figure 10. Table IX
sunmarizes the resulis on the analyses of the spectra of "
=11 ,B~d imothylamino=3 .3°-Eg-benznaahyde and 9-julolidines

cartoxaldehyde} the chemicrl shifte are expressed on the

T scale.
Table IX
¢ ompound ' 7; Tb T o Ta 7’@.
D b o Yoom teap. 028 2.27 6493 - -
V7 . .
' 1‘7‘1 tompe 2 20
4 e (9273 0e33 2»314,} He Bl
: .
b //O room Lenpe 0.!3.3 2'75 60(}7 Te20 7-98
N low tempe | 2466
\Ha (=929)  ° 0.50  2.88/ 6.75 7.30 G.11
b
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The low temperature spectpa fbr these compounds wers exanined,
and it was found thet the aingle sharp peak for the two ortho
protons (merked ss b) of both compounds at room ﬁeméerature
broadensd with lovering of temperatgre, and yielded typical
AD quartets at appreeciasbly low temperatures. Figures 9 and 1l
show the resonance signals of the ortﬁo protons of l~=Y,H-
dimethylamino-},3'~d2~benzaldahyds and 9= julolidinecarbox=
aldehyde reapoetivéz; at several low temperatures. The
caaleacence.temperatura for &ﬁgtg-dim@thylamiuo3?3‘-d2.
benzaldehyde and 9-3&101idinecarbaxnldahyde wers deég;ﬁined
to be =71° and «61° respoctively. The chemical shifts for the
various protons at =92° are glven in Table IX. The chemical
ghifts between the ortho protons and their coupling constants
were determined from low temperature spectrs and are glven
in Tablo X,
Tabla X
Relative Chemical Shifte and Coupling Congtants

of the Aromatiec Protong

Chemieal shift Coupling
Sompound botween the ortho constents
protons CePeSe
CoeDeBo
o 8y 248

CHO
13.3 2.0
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Preliminary low tam?erature studles wers cerried
out on bonzaldehyde snd peanisaldehyde in vinyl chloride
solution. Pigure 12 shows the spectrum of the aromatit
protons of benzaldehyde at different temperatures. The
spe ctrum was complex and sssignment of the bands was difficuls,
However, broédenzng of the peaks and éhe appearsnce of new
peaks on lowering of the temperature were avident. DBelow
-1369 tho spectrunm did not undergo. any more change. The
"eoaloscence” temparsture was estimated to be around ~123°.

The low rield proton resonance signals for the ortho
protons of peanisaldohyde are shown in Figurs 13 at seversl
low tompersturese The doublet at high temperature broadened
with the lowering of temperature end at appreclably low
temperature yielded two overlapping doublets wilth other
unresolved fine splittings. The seperation of the high field
doublet due to the meta protons (8.5 cepess caloulated from
the spectrum givenlin the High Resolution H.H.R. Spectra
catalog published by Varian Assoclates), was used to calibrate
the low field spectrume The chemical shift betwsen the ortho
protons was calculated to be 7420 Cepese. from the mean
positions of the adjacent lines of the two overlapplng doublets.

The coslescence temperature was estimated to be around -99°,
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NeMeRs Studlies of Substituted Cyclohexeness Results and
Analyses of the Speciras

The H.H.R. spectra of A3-totrahydrobenzaldehyde-d,y

63~tetrahydrobanzoic acid-dé, A3-tetrahyﬂrobenzonitrile~d6
and A3-tetrahydroncatcphenona-dé Were_ntudiaé in earbon
dlzulfide solution (25%)« In all thaée compounds the aix
douterium atoms were ocoupying 2,2,3,4,5,5 positions of the
ring. The isotoplc purity, however, was not determined. The
HeMleRe signals of 1~H of these compounds were chemically
shifted from the rést of the proton signals, and exhibited
conaiderable fine splittings. The methylene protons on G&
appeardd at a higbér field and the signals were broad und
incompletoly resolved. The fine splittings in leH signale

disepreared when double irradiation was applied at the deuterium

resonance frequencyj this also led to well resolved lines for the

methylene protons. The gpectrum of the ring protons of the.
éldahyde.with and'without deuterium decoupling are shown in
Plgure 1l for comparison. Filgures 15, 16 and 17 show the
spectra of the ring protons of tho nitrile, the ketone and
the acid respectively, recordsd with deuterium decoupling.

In all the spoctra of the substituted cyclohexene
compounds, the low fiecld gignals for l-H were eoaslly recognised
to be the Xepart, end the hipgh ficld ones for the methylene

protons as the AB part, of an ABX system (97). The nitrile, -

”:17,v:(
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the acid and the ketone showed sherp quartets for the Xepart,

vhoereas in the aldehyde, euch member of the quartet was split

into a doublet of small seperation (1.0 cepes.). This further
splitting in the X 'qnartet of the aldehyde arose from

coupling between leH and the aldehyde protonj the resonance
sipnal due to the aldehydic proton (not shown) was also split
to the eame extent. There was no trouble in picking up a

hiph rfeld and a low fileld quartet In the AB parts of the spectra

of these compounds. The aldehyde and the acid exhibited eight
distinct lines féx' the two quartsts of the AB parti in the
nitrile one line of the high fleld quertet was superimposed on
2 line of the low flsld guartet, and a line of the low field
quertet of the ketone was hidden under the methyl resonance
signal of the 0==C-CH3 groupe A strong pesk adjacent to tha‘
glgnal for the O"G%GEB group must have arisen f{rom gome
impurity. 7The geparation betwesan the adjacent lines of the
high field quari;ets wag found $0 be larger than that in the
low fleld quartetaj the high rield quartets were assigned to

the I proton and the low field ones to the A proton, of the ABX
systems

Four spectra were measured for each of these compounde
and the average value of the spectral data obtained for each of

these compounds were employed %o carry out separate ADX analysis

for all of them in the ususl mamner {97}, As an example, the
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lines 2 and 6, and !} and 83 Aaimﬂarly the separation between
the lines 1 and 5, and. 3 and 7 yielded & pair of valusa for‘
20_e The mean of the apprupriate pair of values was accepted
for 2D, and 2D_. - The mean position of the two centers of the
lineg 1 and 7, and 2 and 8 was deternined to avaluateg

-é (vA + vB). All the foregoing speétml data were determined
for four spectra and the mean values from these data (a to g)

are preaented in Table XI and were used to calculate
1
Tax = Tpx |2 3 (Va4 = vp)e
Table XI
fnalysis of the ABX Spectrum of A3~tatmhyérobanzoic acid~d6

fle |JAX + Jﬁx| (from the X part of the spectrum) lije2 CoePoBe
be &2 |I:a* - D_ | " Teh "
Co |JAB| (from the AD part of the spectrum) 12.9 "
de 2D, " 2043 "
e 20D | » 27.6
Lo F Ty + Ty " 7.0 "
go % (v, + vp) " 107.3 "
he J,y = Jgy (caloulated) , 86 M
Lo % (v, = vg) o | 2040 °

The values of lJAX + ‘TB):I and 2 ID_,_ - D_I obtained from the

Y part of the spectrum are in good egreement with the

correspondéing values cbtalned from the AR part of the apectmim,




- 157 =

The values of sin 2¢, and sin 20 were calculated
from equations li and 16 respectlvely; these were used to
evaluste cos 2§, snd cos 2f_ respectively. The values for

Iax
eauations 13 and 15 (nyis in Table XIJ. The values of Iy
Jayqs vV, and Vg are shown in Table XII. The chemical ghiift of
the X proton, v, was determined from the mean position of

e & :
- JE:X' » 604 3 (vA - B) were calculated by solving

the Xe-quartet. (Table XII). Similar analysls was carrisd

out on the othep cyclohexzene compounds and the results are

prosented in Table XII, _

4 calculzted spectrum for the nitrile with the values shown
in Table XII was fﬁund to be consistent with the observed

spectrum for the compound.

NeldaRe Study on chloheglacetate
Results and Analyseg of the Spectra

2324353 5l1,1145 s5=0ctadeuterts ocyclohexylacetate
obtained by Baeyer«Villiger oxidation of hexahydroacetophenone~
2,2,3,3,2;,1;,5,5-&8 was used for H.M.Re. studies in carbon -
dlsulfide solution (20%).' The spectra were measured with
deuterium decoupling to eliminate fine spliff;inga cauged by
coupling between deuberlium and hyérogen atoms. 1-H appeared
at o low ficld as a quartet, as axpécte:d for the R.proton of an
ADX sysuem (Pig, 18)e  The methylene protons on 66 formed the ,

AL part of the ABRX system however, only six lines could be
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Table XII
Couplin- Constents and Chenical Shifts of the

ing Protons of the Cyclohe :éma Dorivativ

J

Compound T Jmx JTay vy i Vg
CeDaBe CoDeBe Collefie CaPelie ColeBs  CaPsbe
H CHO
H
2 D 13s1 1042 360 1434l 118.0  Sh.b
D D
R H ‘%OH ,
H
D 12,9 1l 268 15042 11743  97.3
) |
D D
1COCH..
3 ' &8 8
12,7  12.9 3t B0 23R 87.3
D
off
P 13:2 1062 17 162.1 1137 1075
D

D

® e position of the line of the low flold quartet (nsedoed for

dotermination of chemical shift of A proton) w ich VBB oLDore

inposed on the nethyl resonance d;‘o--é-&iiB groap wap egtinated,
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1dentifisd, the other tws being hidden under the huge acetate
peak. Signals srising from isotople impurity were present in
this reglon but it was not difficult to eliminste them from the
known nature of &n AD part of an ABY pattern. The spectral
data furnlshed by the ABX aystem were used to carry out an
analysis (97} for coupiiﬁg conétanie; ﬁhé éalcﬁlétéd vélﬁsé

arc ghown in Tabie X111,

Low tempersturs spoctrum of the compound was examined
to find out the various vicimal coupling constents and the
conformational equilibrium, At sufficlently low temperature
1-H yislded two asts of banda - g,guartet at 2 higher field and
2 triplet at a lower f£leld (¥iz. ié). On the basgis of the
kmown observations {(28,91), the quartet was attributed to the
conformer with the 1~H In axlal position (equatorisl acetate),
ené the triplet to the cne with the leH in eguatorisl (axial
acatate) orilentation. The triplet wee poorly resolved,
 probably due tu interference from isotopic impurity. he
changes in the AB part of the spectrum at low temperature made
the spectrum complex. This together with the signels for
igotoplic impurity precluded any simple anslysis.

The velue for geminal coupling conatént (Jﬁﬁ) obtalned
from roon tempersture spactrum, and the apectral data obtsined
fraom X part of the specﬁrum for the equatorial acetate

conf'ormer at low tamperature were used to do an ABRX analysis
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Table XIIX
Coupling Constants of Cyelohexyl éeatate»&g

State of the acetate gem Jlarge J

smail
CeDeBe (vieinal) {vicinal) K
CePeBo CaDele
20% in CSE at
toon temp, 12.34 9.28 L1e 07 3.3
Ja,a Ja,e Ja,e
20% 1n €3, at-118°
Bguatorial acetate - 11l.66 403 -
Axiel acetate - - 277 2477

for caloulating J, . end Ja,e* The geminel coupling constant
1s expectad to be independent of Bemperature variation and,
therefore, the calculated values forp Ja,a ang J a,o {Pable XIII)
chould be of the right order of magnitude. The triplet for the
l-H proton of the axial acotate conforner at low temperature
inplies that J 2,8 and J e,e are of the seme order of megnitude
and therefore the values for Ja ,0 and J 0,0 WOTO taken as the

moan value of the separation betwesn the two extreme liness of

the triplet. These resuits are shiown in Table XIII., The
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value of K shown in Table XIIT rafers to the ratio of the
equstorial acetate conformer to the axial acetate conformer.
it was calculated from the following relation

(Tax * Tux)at voom temp. = F ‘JA?‘\' * Jpy) squatorial acetate

+ (1=PiJ,y * Juydaxial scetate

which is

J P(J

M Ja,e) + (1 "P)”a,é *Jq,0)

=
small a,n

Jlarg;a *
where P snd (1-P) are the fractions of the equatorial- and the
axiale-ncetate conformers respectlvely. A

The reiative areas for the two X-pattern we@ra'
meoasured at low temperature (-106°) with the help of a Varlasn
V3521 Integrator and the ratio of the equatoriel acetste
confoarmer: tu the axial scetate conformer was found o be

Le5tle
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DISCUSSION

Rinp Inversion in Cyclohexane

The N.H.R. studles on eyclohexane by Jensen et al (39),
Monig and Dixom (40), and Harris an@ Sheppard (41) exhibited
the "freezing out' of the cyclohexane molecule inte a rigid
chalr form at low temperature. Below =66.5°, cyclohexane
yielded geparate axial and eguatorial proton resonance as
broad bands with unresolved fine strucfure. ‘The complex nature
of the spectrum arose from coupling between the neighbouring
hydrogen atoma. PFigure £0 shows the spectrum of cyclohexane at
saveral low températures, as observed by Jensen and his.
co=workers (39b). Delow the coalescence temperature (=66.5°%),
the peaks are broad and rounded and the maxima are not clearly
defineds At lower temperatures (below =70%), the centres ‘

of mass do not oceccur at the maxima end the pesks are not

| symmstricals Thus an apprecieble error must be involved in

measuring the ;geparation at any temperature speclislly at
lower temperatﬁros. The centres of the signals at low
temperature were visually approximated by Jensen and his
collaborators, and an uncertalinty of about : 3 CePeBe WAS
estimated for the vnlue.abtained for the maximum separation.
This introduced an appreclable error in the rate'censtani for

the inversion process of cyclohexune, and these authors have
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1
-120 -100--80 -60

c/5. to TMS.

Fig.20 Proton resonance spectrum of cyclohexane(39b)
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estimatod an error of less '&ian 10Z for the caleulated rate
conastant, However, an error of 104 in the rate constent
dvoes not cause a great error in AI"‘. The rate constant wag
enleulated from the eXxprosgion 7; = A2/ 2w Vaps Where 7;
1s the mean 1ife time of eech conformer at the coalescence
temperature, and v,. 1s the chiemieanl ‘shift between the axial
and sequatorlal protons in the absence of inverslon of the
cyclohexane ring (i.e., the maximum separation at low
temperature). However, the spplicablility of this expression
in the present case s guestionables becsuse the expression ls
valld for averaging between two single uncoupled lines and
when the line widths 1n the e&bsence of exchange are effectively
gero. Herris and Shepperd (41) conszidered that the cyclohexane
ceae approximates better to the averaglng of the chomical shift
of an AR system with J/vm::,'l,/z and have derived and applied
the expression, 7" c = I/TWA-B for caleulating the rate constant
at the cosleascence temperature. The expression used by Harris
and Sheppard is slso an approximation es the cyclohexane protons
constitute an Aéﬁé system with unequal AB coupling constants.,

The alternative method of Jensen et &l, {39b) for
caleulating the rate constent at the temperature of half-peak
soparation, usling equation 10«31 of reference 1 &lso suffers
from inacouraciss due to i:he uncertainty involved in the

chemical shift value, however, the AFfﬁ value should not encountep

T
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mch error for this error in the rate constant. 7These methods
could not be applied to eveluate Aﬁé and A&#. Harrlis and
Shepperd have determined the values for AH# and As# from the
rote constants of the line broadening of the single peak
above coalescence by using the fast-exchange approximation
formula of Piette and Anderson (12). The values 9.0 + 0.2
keal./mole, and =7.9 & 1.0 e.u. determined by these workers
for RH# and AS# respectively should be correct, provided the
fast-axchange approximation conditions were satisfied throughout
the temperature range coverad to determine the rate constants.
Any error introduced due to uncertainty in the chemical shift
will be smzlle Thg preseat work was undertaken in an effort
to obtaln more accurate parameberas involved in the ring
inversion of cyclohezanec‘

The inability of enalyzing the N.M.R. spectrum of
vyclohexana over a wide range of temperature llmited the renge
of kinetle studies. A wide range of kinetic studies appsared
to be samsential for the determination of the kinetic data
more accurately and a2 simple cyclohexane spectrum capable of
being analyzed over a wide range of temperature was therefore
desirad. Cyclohazane~d11, C6D11H, appeared to be the most
guitable compound for this purpéss. Under double irradistion
at the deuterium resonance frequency, the single proton

would be free of the effects of coupling and at low temperature

TS

f
;I'W"‘f
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should yleld only two lines, }o,ne for the axial«He~ and the
other for the e@uatorial»ﬁ- conformers. This would allow the
kinetica to be followed over & wide range of tempercture and
Increase the relisbility of the kinetic data. Recantly Anet
and Hortmen (98) have used 081}153 successfully for determining
the kinetic data for the ring Mversio-n of c¢yclooctane, The
avallability of eyc‘lohem‘ne-dn gaved usg from‘ the trouble of
synthesizing the deuterated compound. |

Ag expected, cycluhexnne-dn gave two sharp peaks of
equal intensity at Tow temperature (Fig. 6) and thus showed
the population of the conformers to be the ssme. The hlgh
field peek was assigned to the exialeH conformer snd the
lou rield one to the equatorial«~l conformer for reagons
alrendy stated (p. 123 )+ Identical populations for the two
conformers are expected from the similar energy content of the
two conformers. The maxime of the peaks at low tenperaturs were
very well defined and the moximum aseparation could be messured
with groet accuracy. Rate data waﬁe caleulated over & wide
range of temperaturcs =329 to ~g}° using the appropriate
analytical solutions and the results have been presanted in
an earlier section.

An important limiting fsctor in the rate measuremonts
is 15, the transvorse reléxation tima. 1/!1.‘2 is defined as v/2
whers v is the width at one=half of thﬁfulln signal strength
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and is determined by the magnetic fleld inhomogeneity. The |

magnetic field lnhomogeneity causes broadening of all lines

in the spectrum, regerdless of whethsr additional brosdening

due to a rste process Is involved. Therefbra due consideration

should be glven to the effect of T, in the rote measurements.
As described in an esrlier ssction (p.lle%,ﬂfz

wag measured in our case from the exponential decay envealope

of the sharp signal for T.M.S. st several temperatures. It

was found that the magnitude of T, did not underge any

appreciable change with the veristion in temperature; the

value being close to 1 sec. both at high (Pable VII) and low
(Table V) temperaturese This observation showed thet the §
effect of magnetic field inhomogensity was not affected by
variation in temperature, hence by the viscosity of the sgolution.
The effsct of T, on the rate constants 1s not of similar ' E
Inportance at all temperatures and its effect was neglected
whenever justified.

Below the coalescence temperature, the rate date wers |
determined from the separation of peek mexime according to the %
expression developed by CGutowsky and Holm (page 125). The ;
termg in T2 have been neplected in deriving this expression

from the linse shape equation becsuse the line widths (~ 1/?2)

are small compered to the geparation of the mexima of the doublet. |

Any error encountered in the rate constants for this approzimation§

will really Le smalle In order to verify this assumption,
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ecorrocted values of rate consﬁante at three temperaturss in

this repion were determined by'using the graphical method
presented by Gutowsky and Holm (Fige. 1 of reference 75), and
assuning T, to be equal to 1 sec. The latter sasumption should
ve quite appropriste as the TE valuse were determined to be

close to 1 sec. both at higher and 1o§mr temperatures, ' Table XIV
compares the corrected values of log 1/27  (obtained from

the graph) with those of the uncorrected ones {obtained from
equution 1, p125 3 l/?e = 0)g the correction terms are

negliplble as axpecﬁed.

Tsble XIV

ey log 1/27 log 1/27 ® ,
;egperature (corrected)  (uncorrected) Ggr#;%z}on
(@ Ta = 1 Sece TE &k 2
“7302 1.175 10182 “'00007
=603 38 ' 1.1&32 loh.Bé "‘0.001&
'65098 1.638 1061}0 ‘00002

&  taken from Tavle II.

The fate deata obtalned from the ratios of the maximum to the
central vemodao intensitles {Table III) bslow coalescenca
temperature ere in good agreenent wilth those obtained from the:

separatlon of peak maxima (Table 11). The exprossion used for
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this method {eguation 2) also»neglaets the effeot of T, for
the same reason as Gutowskyts and therslfore the rate data
obtainad by this method do not need. any corrsctlon for.TQ.
Below -73°, the peak separstion becane: almost
constant and the application of the method of Gutowsky and
Holm, egustion 1, needed accurnte maaéuramant of the peal
separation, Any small error in measuring the peak separation
wee llable to cause a grest error In rate constants.
Thercfore, the-lineé Wwidth method for slow exchange,
squation 3, deveIOpéd by Pletts and Anderson (12) was applied
at a few temperaiures., The results have been wesented in the
sppropriate sedtionf(Tabla IV)e. The assumption that Tz =} 86C,
is appropriote for reasons already stated. Howevsr, below
«81.4%, a diresct comparison of T, and Ta', under identical

conditions by the exponentiel decay method beceme esszsntial

as any attempt to measure the narrow line width of cyalohexanendll
signals fyom the réeorded apectrum would involve sppreclable
undéerteinty. The valueas of Ta and Te' obtained from the decay
onvelope of the T.M.8. and cyclnhaxanegdll signals respectively
did not encounter any error dus to interference between the
wigrles of one plgnal with the resovance signsl of the other.

The wiggle patterns wore photegraphed under the best possible

resolution of the spectrometsr. Theé actual decsy envelopes

vere nearly vut not exsctly exponsntisl and effeciive averages |
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for T, values were marefora'éssential.

4dbove the coalescence temperature, the rate constante
were caloulated by using equation & (page 134 ) and this
involved the measurement of the line widths at half height
of the single broed line of cyclahexam—dn. Equation é
doas not talte Into considerstion the éi’fect of Tz and, therefore,
the results presented in Table VI are uncorrected for '.EE,
However, any correction for Ta in this repgion 1s expected bo
be negligible; & comparison of the line widths of the cyelo=-
hesane~d,, signal with thet of the T.M.S. signal reveals thet
the greater part of the line widths of the cyclohax‘ane-»du
siznal 1s caused by the inversion process. The caleuletion of
J veluss from the analytical solution which takes inktoc <
congideration the effect of "1“2 1s & laborious job. 4 graphical
solution, similar to that used by Takeds and Stejskel (99)
to correct for T2 in the colinpae of 2 spine-spin doublet, would
be suitable. In the present cess the valuos of 7 (corrected
Yo ‘i’a; Tg = 1 gace) ware evaluatoed at two temperatures from
the following complex expression 17, in order to compars
with those obtalned from egquation 6 (uncorrocted for T,3
T, = C ) at the sams temperstures,

(1 + T/1,) P+ R}
vV = =K =

e (17

T T S S AT g x _mwaw_____f’




~r_ & 2 .1 2 1
in which P“JEF-W *E vm,] *"‘Fé"
2

i} = w» Jw

R3QWCT
b

v 483 the intensity of absorption,
w 1s the frequency (radians per second) rslative

to an origin at the band centre

Vap is in redians per second.

Equation 17 is o modification of equation (10-23) of reference 1

end 18 sultable in our case., Application of egquation 17 leads
to equstion 18, & quartic in T ¢
e v Ve 2
2r 1 W AB ped AB )
<[ + + 1+ J} + ]+
7 I : 2 .2
v & ¥, wv, .2 4
Tk et e BB 29 AB AR, +7{...?..+;%’_"..+
7 R X € p,d T2
2 b4 z 2
y 2 %
W—AB]-l- —!'-zd'wa !
2 T, f
2¢ 1 AB -~ A 1 |
g “{ * =] + T + ] +
Tttt Ty T |
= = n = ) (181 |
sk W Ve 2 a2
e 16 72 13 T g2

Zguntion 18 reduces to equation 6 if 1/22 = 0, Because of the

difffculty of calculstions involving equation 13, solutions were
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obtalined at only two ﬁempevatﬁres. The correction fuctors,
(iog 1/2 7) eqe 18- (log 1/2 T ) eqe 6 at the two temperatures
ere phown in Table XV and are small ags expecteds. Thus no
appreciasble error was introdueced by using eguation 6 to

ovaluate the rate data in this region.

Table RV

Temperature {log f‘-,;.—-)eq.l& (log -2!':/-,-)&&(;‘6 Correction

o (T, = 1 sec.) (T, = < ) (T #C)
"61.29 1.882 10877 "'90005

faken from Table VI,

Above «47°, the rate constents were calculated from
the fzat exchange formula, equetion 7, page 13L . BEquation 6
was inapplicable in this reglon as the effect of T2 could
not be neglected. Equation 7 1s a modified form of equation 18,
under tohe conditions of famt exchange and both of these
equetiong should yleld similar 7 wvalues at & particulsr
vemperature in thle regloum. The solution of eguation 18 needed
to chsck this expectation is very leborlous, However, the

iollowing expression 19, a quadratic in 7 ¢ Sorived from
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equation 18 on neglecting the numerators and higher powsrs

of '1‘2, was used.

v b L2 v @ v 2 g v,.2
2.4 Yap ., 2w 4B AB 2 Van
T - ai - B ol s} T (% - mp—)
T 2 oo, 2 2
(w? - d5) =0 (1
-4, 9]
T2

ixpression 19 is no doudbt an aspproximation of eguation 18,
however, it is a nearer approach to equation 18 than ia
sguation 7. DBoth eguations 19 and 7 were ugsed to calculate T
for verious values of w {line width in radians) at conatant

values for T, and V,... The results are compared in Table XVI,

-2
Table XV1
Van 1 1
radiang T2 W (m5)eqeld  (w3pleq.T
por second  86C. in radians sec, 1 gece ™t
200 1 1 oc o
5 1250 1250
10 569 555
20 213 263
50 | 121 102

100 | 7n 50




The results in Tabia VI Indicate the valldity of
equation 7 at saller values of w (fast exchange)j the values
Fielded by two equations belng in very good agresment when
the rztio of w to VAB— 1ies between 1:200 and 1120 and fairly
good agreement exlats till the ratioc boecomes greater than 1:10.
The roesulte on Table VII, obtainsd bj using equation 7,
therefore, most likely do not include any Inaccuracy dus to
the use of the fast exchange approximation formula. At higher
temperatures (above =40°) more accurate measursments of s
and Tz' became essential as the difference in the widths of
the slgnals for TeM.5. and cyclohexane-d,, was barely
recognlsable. Therefore, the method of Jecobsohn and Wangsness,
Pe 129 o was enployed for the determination of T, and TZ' and
7~ was calculated from the axprasaion for fast exchange
approximatlion equation 7. For pessons stated above, tha”faat
exchange approximation o formula ig applicabls in thie
rerlon,. ‘

In principle, the rate constants for the inversion of
cyclohexane ping could be evaluated from the gpactrum of
ordinary eyclohexand (CSHiZ) above the coalescence temperature,
provided the true chomical shift,(vﬁg) betweon the axial and
oquntorial protons is knoun accurately. Harris and Sheppard
(i11) employed the fast exéhange approximation formula for

determining the rateé constents over the temperature range
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«20° to «70°, e have deterﬁained several rate constants

gbove the coslescence. temperature from the spectrum of
ordinary cyclohsxene agsuming the true chemical shift between
the axisle and equatorial proton to be 28.7 cepese The results

ars ghown in Teble XVIX.

" Table XVII

Cyclohexane (Céﬁg) Ring Inversion Rates from Line Broadsning

{Fast exchange approximation)

3 1 1
10°/T Rate # log »= Method
gocTt
holi72 208,055 2,318 Line broadening method
{ squation 6)
i{.o 614 107 * 225 Ze 030 "
TR 1S 1429 .86 34155 exponential decay we thod

(eguation 7).

These rate dets are in good agreement (points maried
as 'h' in Fig. 8) with the least squares line drawn for the
rate data for cyclohemne-dn. 7

The points 1in the Arphanizxs plot asre scattersd above
and below the least squares line. It wae observed that the

rate data calculated on a particular day ylelded a pood stralight
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line for the Arrhenlus plot, but thoae of different days
yielded parallel lines. Thiz unexpected hehaviour most
probebly arose from the temperaturs gradient existing along
the length of the sample tube and thus making.the .temperature
correction dependent on.the height of the semple in the sample
tube, as well as on the position of the sample tube in the
insert probe. No reason could be found for exeluding any of
these rate datas and, therefors, all of them were included in the
Arrhenius plot. %The scattering of ?he points should not change
the slope of the line much, since the lines ylelded by the
rate data of differsnt days were #arallel to each other, The
value of B, was obtained from this plot and computed to 904
confidence limit (aesuming a random scabter).

The coelescence temperature was evaluated from the
Arrhenius plot and es stated. esrlier no attempt wes made to
dstermine it experimentally. The graphicel method appesred:
to be more accurafa. in view of the frct thet it was quite
¢ifficult to locate the coslescence temperaturs exzperimentally,
due to the rapid'changea suffered by the spectrum arcund this
eritical point. The coaslescence temperaturs in the present
case was calculated to be ~60.3°, compared to =66.5° for
Ggliy o as reported by Jensgn,(B?).' The strong coupling effects

operating in the latter case probably affect its coalescence

tenperature, and on this basis, a difference bstween the two
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valuss £s not unexpected. iHowever, a difference of more thsn 6°

appears to be qulte large, and is probably, in part,; due to
different instrumehtal suvbt=ups for measuring the temperatures.
Table XVIII compares the energy parameters obtsined by us

with those reported earlier

Before discussing the valt;es of the parsmeters
(Table XVIII) obtained in the present work, we may mention
about the possible sources of errors in the experimental data
and in the eslculations.

Ag previously mentioned, errors in the calculationa
through the uso of approximate solutions of the line shape
equation should be ﬁegligible.

Errors in the experimental data can arigse from (a)

deviations from slow-passage (vhere applicable) and none

saturation conditions, (b) megnetic fisld drifts, (¢) measurementa

of intensities, line-widths, peak seoparations, and (d) tempersture

mensurements.,

In order to eliminate the errors encountered due to
factor (s) speciai care wag taken to measure ths spectra of
cyclohexane-dll under aloprasaagc conditiong and with radioe
frequency power level well below saturation value.. The errors
due to polnts (b) and (e) were reduced by averapging out the

characteristic paramoeters of a number of spectra, mehsureﬁ at




e |

.opmmvashﬁaaa Y 8% wIey 3voq Fupunsses mm.u JUIFOTIIO0D UOIESTWSUULL Uo ﬁnwm o
*ISTAIBG IUO *9°] [ = JUSTOTIICOD UCTESTWSUVI] UC POSyYy

*oTow/* 189y I°IT = mmq 031 SpuodsesIo0 fojwIpoudsogul uv =B
wmIol qe0q Juiumsss powe BuoijuIepisuod Arjouwds uo pesaq ‘ejvuiaise [sdj30a00Yy -

' . ) €°2356°2+  9°0318°0T (,€°09~),92°01 9°0F62°TT "
& . (oM
- Juese.ad) €°23q5 T+ 9°03L8°0T (,£°09=,55°0T  9°*0g62°T1 nttq%
! - (T 0°Tz6°L=  2°030°6  (,5°99-)9°0% - o
(aeg) b e +S°1T (oL°99=)
| N T°03T°01 - z
(26€) - (65°99=)%6 - €Ty%s
asusIeJey "mneg oyow/* 180y oTow/* 180N eou/* T8OX
w%a Kﬁq w.mmd B, punoduon

PUBKGUCTIAY) JO UCIRIGAUT JUTY L0J 5d0jetiman AdoJIqut pus LlJasus

ITIAY ©



= 1580 =

the same temperaturc.

Host of the uncertainties in our experimental data
were expected to arise from the difficulty of measuring the

temperature of the sample in the region of the sample coll,

Furthermore, 1t 1s not possible to determine the true temperature

of the sample during the actual measur ement of a gpectrun,

The parameters obtained by us, however, should be
more reliable than any ot;t;er éxperimental vsslues reportsd in
the literature, as the use of cyelohexane-du for this
Investlgntion has enabled uas to follow the x-ing invarsion
process over a wide range of temperatures. The present work,
thus, reveals the ugefulness of suitably deuterated compound
for kinetlc studles. This is rominisc¥ent to the use of'ﬂanlgli

(98) for studies on ring inversion of cyclohctane. The parae

meters for ring inversion of cyclohexano-au should reflect the -

parameters for ring 1nveraion of eycl.ohexane (G6H 2) because
the lnversion procoss does not involve any crowded transition
state and therefore "conformstional kinetic isotope effects”
ars expected to be small (100).

In the followin@;»seotion s Our results are dlscussed
in the li; tht of possible reaction uathway end are compared
with the results obtained by othsrs,

It is recognized {101) that the chalp-to-chair

interconversion of cyclohexane and cyclohexsne-like molecules
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pass through & twlst boat form as a metastable intermediante,
The twist bost form, unlike the chair form, is flexible., It
esn underge rapld cooformational chenges, and pass through
"untwisted” boat forms of somewhat higher energy than the
twist boat form 1tself. The boat fnrmg are snergeticslly less
favoured than the chalr form and therefore they have only a
fleoting existence. The energy difference betueen the chair
fore and the twlst boat is sbout 5 keals./mole {33,344,35), much
leas than the observed iaversion barrier ()10 kcals/mole) for
eyclohexans ring. T&ia indicates that the ring inversion
procese of cyclohexane effectively involves two barriers, the
boat forma rapresenting the velley between them (Plg. 21).
Cyclohexsne undergoes interconversion between two identical
forms, and therefore, these barriers have the same height.
for such a gituation, it can be assumed thst an intermediste
bont form has an squal chance of passing over slther barrior.
| A tranamiésion coefficient of unlity, which assumes
thet no molecule moving along the reaction coordinate at the
tranaition state is ever roversed in its path and returned to
the starting form, therefors, dosa not represent the true
pleture. for the ring inversion process of cyclohexene, A
transmisslon coefficient of 1/2 is appropriate for this
process, and the values 10.26 kecale/mole and 2.9 £ 2.3 e.u.

for APﬁ and AS# rogpoctively (Table XVIII) should be considered
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as actual pasrameters for the ring inversion process of
cyclohexans. However, these values of AF#.and 53# d1ffur
by small smount from the corresponding values of AF# and
ﬁSﬁ, when transmission coefficient is unity (Table XVIII). .

The most plausible moleculagfarrangement in the
transition state for the ring inveraion of cyeclohexene has
been visualized (33,39b) to be a structure approximately
half-wsy between the chalr end the twist boat. This modsl,
wlith four curbon atoms in one plane, resembles the preferrsd
conformation of cyciohex@ne, and has been calculated (33) to
be 12.66 kcal./mole more energetic than the chair form. . The
¢alculations also ahow that the Yeyclohexene«-like! tr&nsiﬁion _
state has tho lowest energy reguirement of any coneeivable |
pathway for ring inversion of cyclohexane. Our velue of .
10.87 % 0.6 keal./mole for AH# iz in quite good agreement with
Hondrickson's nalculatea valum (33) of 12.66 kecal./mole,

Our finﬁinp of a popitive Aq# 1s in disapreement
wvith that of NHarrls and Shepperd (41). Jensen ot al. (39b),
assuaing the "cyciohexene-l&ke“ activated form for the
inyersion process have caleulated & asF { chair-to=boat)
of +44.9 s.u. from symmetry considerations. A negative value
of A&ﬁ. as found by Harrisland Sheppard (41), is explainsble
on the basis of & planar form for the transition state,

dewever, this is incompatible with the celoulations of
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Hendricksen (33), who hes shown that the inversion process
via a pianar form probebly requires an energy of at least

30 kesl./mole,

XKinetic studies by Harris and Sheppard {41)
were limited to the tempereture raage'af =20 to ~70°.
Rate date over such & smell range of temperature must
have limited the asccuracy of the parameters calculated
by these workers. Purthermore, their application of "fost
exchange approximtion” formule for evaluating ‘T throughe
out the temperature rangs of ~20 to «70° is questionable,
Our caleculations (Table XVI) indlcate that such an
approxinetion is likely to introduce error in the rate
congtants, i1 epplied at temperat'ures. near the coanlescence
tanperaturec. The &H’é value {11l.5 =2 keal./mole)
determined by Jenssn and his coe-workers (39b) has a large
uncertainty factor and did not enable them to determine
As?s from experimental datae.

Our e’xpérimental valus of AH’E is in good
agreement with the proposed {33,39b) Yeyelohexene=1ike"
structure for the transition stete of the inversion process
of cyclohiexanae. A positive value of AS}é obtained by us

ig also consistent (39b) with the prbposad tranaition state.
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Cur results are in agreemsnt with the uapubl ighed
resulis (ﬂﬂ# = 11.5 keal./mole, &S;é =+ 1,0 8eida) OF
Maiboom (102), who has investigated the rate process
of v‘ahe ring inversion of cyclchexane (C eilyo) by a
oulse method. After the first draft of thils thesis
was completed, 1t was learnt that Dr. Bovey (103) has
also investigatod the ring inversion in € 6}3118, and
his approsch has been iIn the same line as ocurs. ‘The
Mf& (10.7 keal./mole) and A;‘f {+ 1.y eeu) values
obtained by thim are in excellent agresment with those

obtained by us.

He'sR. Studies on Some Arometic Aldehvdes

Rotational isomerism in amides (7Y4,75,76) has
beon well established and has been attributed to the partial
double bond character of the CeN btond arising from the contrie
butlion of resonance form II to the resonance hybrid of thesge

a0loecul 0Se-
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Thias finding led us to believe thut similar isomerish may
exlst in p-aminobensaldehydes:+ Several resonance structures
are likely to contribute to the resonance hybrid of p-emino-
benzaldehydegs Those are shown in Flg. 223 the structures
grouped as A snd B arise from the resonance interaction of
the benzene ring with the carbonyl group and the N< group
rogpactively. The resonance structurs ¢ ariges from the
resonance interaction between these two groups through the
benzene ring. This structure posassses a negatively charged
oxygen atom and a posltively charged nitrogen atom with oight
electrons around ite Structure C 1s therefore emergeticelly
more favored than any member of the groups A and B, which is
dostebiilized, either by a positively charged cerbon atom with
slx alectrons around it {Croup A) or a negatively charged
carbon atom with eight elecfrons around 1t (Group B). On this
baslis, rescnance structwre C 1s expected to make & greater
contribution than any other. reaénahéa structure to the resonsnce

hybrid of p-anincbensaldehydes,

§icfad
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Fig.22 Resonance structures of p—-ominobenzaldehydeé.
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The resonsnce structures indicate the presence of
congiderable double bond cheracter in the bond conneebing
the aldehyald carbon atom (€ 5,) with the aromatic ring (C ar) ’
as well as in the bond between the nitrogen atom and the
aromstic ring. Therefore, appreciasble barrisrs to free
" potstions about these bonds are to be expected.

A study on the restricted rotation akbout the C ald’car
bond appears possible. The double boud charscter about this
bond causes the ortho protuns to be in different eleetronié
enviromonte (ons being gis to the oxygg_an atom and the other
belng trans to it), end therefors a chemical shift between
them 1s expected. The situatlion is anslogous to those in
asmides, differing anly from the fact that. s bengene ring has
been introduced between the nlirogen atom and the aldehydie
carbon atom. The ortho protons in pe-aminobenzaldehydes ecould
be compared with the I‘I-CHB groups of N,N=dimethylacetamide an&
other subatituted smidoge Unfortunately, a similar study for
restricted rotation about t;he.car-ﬁ bond ig not posslible due

to symmetry of the molecule around this bond. The present

work was undertaken to study the vehaviour of the N.M.Re spectira

of the ortho protons of p-amincbenzaldehydes, and to determine
the ensr;y barrier towards rotation svout the C al d'oar bonde
2-_21,ﬁ-dimethylaminabsmaldehyde appeared to be a

suitable compound for this purposes The spectrum of this
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compound hes been veported (104), the ortho protons yleld a
doublet at & lowor fisld than ths doublet for the meta protona.
The doublets ::are caused by mutual coupling betwesn the single
rosonance linss of the ortho and the mete protons. In order

to alumplify the spectrum expected at low temperatwre for the

" ortho rrotons (i.e. to renove caupl:ing" with the meta protons),

subgtitution of the meta proitons by deuterium appearsd desirsble.
The nmeta protons of psi,Hedimsthylaminobenzaldehyds underwent
smooth exchange with deuterium in the presence of deuterium
oxide (D,0) and hydrochloric scide This was expected from the
ortho= and paraedirecting influence, as woll as the activating

CH
influence of the I~!<f 3 group, in electrophilic substltution

CH
resctiona of benzeﬁoi?& compounds.

The H.H.R. spectrum of L, ,H=dimethylanino=3,3' =d -
benzaldchyde in methylens chloride exhibited a single peak“;n
the aromatic region, the chemlcal shift belng the same as the
low £1:1ld doublet '6f the undeuterated compound. The high
£101d doublet was missing, and this conflirmed the absence of
any hydrogen at‘om‘at the 3 ,3'-pasitians of the deuterated
compound. The single psak for the ortho protons of lf,N,N-
dimethylaminoﬁ,3'~d2~benza1<3ehyde was fairly broad due to
coupling with the d;;tez'im atoms. The pak got quite sharp
when o second rf fleld of the correct freguency was smployed

to remove the coupling effect due to deuterium nucleis In
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order to remove the interference of the coupling effects of
deuterium atoms, all spectra needed for this Iinvestigetion
woro measured with deuterium decoupling. The chemical shlfts
of the different protons of the compound at room temperaturs is

given in Table IX§ the assipnuents of the bands were straisht-

forwerde The single peak for the ortho protons at room temperature

sugrested the equivealence of the ortho protons, and that the
rotation about the caldfcar bond was fast enough to average the
different magnetic flelds experienced by these protons. 4 low
tomperature investigation was therefore cerried out.

The single pesk for the ortho protons at room
temporature underwent chenyes (Flge 9) with the lowering of
temperature, and at -36° yielded a quartet. The ortho protons
obviously constituted an AS systemj the wvaluesg of the chemical
shift between the ortho protons and thelr coupling constant
are pgiven in %able X. The low field doublet of the quartet
can nrobably be assigned to the proton gls to the oxyyen atom,
ay the close proximity of this proton to the oxypen atom is
sxpectod (105) to shift its resonance towards 2 lower field.
“he mean position of the gquartet (Table IX) wae almost the same
as thekpoaiﬂicn of the singlot at room temperaturej the rest of
the protons of the molecule exhlibited only small changes lbn

thelr chemicel shifts (Table IX)e
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The coalescence températum for the transition between
the singlet and the quartet for the ortho protons was determined

to bo avout =72°% The relation 4 = J . = 5}/-‘3—-—- wae used to
AS

calculate the rste constant for reorientetion around the
| Cara=Cap Pond &t‘ the coalesconce tempagatura; Vi belng the
measur ed chemical shift bstween the ortho protons. The exprassion
is not strictly applicsble in the case of an AH gystem, as it is
derived for everaging between itwo single uncoupled lines.
However, the comparatively large chemlecal shift comparsed t¢ the
coupling constant (VAB/J =~ L) in the present ouse, is unlikely
to cause much error in the rate constent. The value for AP#, the
fr=e encrry of acti\iation, requlired for reorientstion sboul the
Cald"car bond at the corlescence temperature was calculated from
Byringts equation. The transmission coefficient was agsumed to
be unityj the values for &F‘" and the rate constant (k = %—7-)
¢

are shown in Table XIX.

| 9-Ju101:idﬁ.necarhomldehyde was subjscted to a similar
type of lovestigation. The compound in methylone chloride
solution ex&xiblteci/iingle poak for the ortho protons at rowm
temperaturc. The spectrum of this compound at room tempersturs
18 shown in Flgure 10 and paramotoers derlved from it are given
in Table IX. The assignment of the bands followed from the

expected chemical shift values of the protons as well as from

the multiplet pattern of the individual bands of the spectrume
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Table XIX
Kinetic Data ror Hindered Rotation of some Arometic Aldehydes

_Coalescence ?a?e congfant AFi
. Tempe. k) sec. at Kcal.,/mole
Compound Solvent o5 coalescence at
teap. coalssgcernce
tenp.

3

10.9

g}@,\mo CH,C1, -61
D .
01\13 |
N JHO CH.C1 =71 : 19 10.5
2Yis | \
C}{B | |
D .

CH e—< >4}HO Vinyl
3 chloride -39 16 9,0
Oy

Vinyl '
chloride =123 19 Te7
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On lowering the tamparatune,,bha signal for the ortho protona
underwent changes {(Figure 11), in the same wny as observed
with the gignel of ths ortho protons of uﬁg,ﬁ-ﬁimethylam&na-
3-3'w@ ~bonzaldehyde; small changes in the chemical shifts of
all ég; protons ef the molecule were also observed (Table IX).
The coslescence teomperature was determined to be about ~él°;’
the rats constant and s {Iable XIX) at the coalescence

tesiperature were calculated as before.

The gbove obaervations indicated the presenss of
apprecisble double bond charscter in the Ca1q“Cqp bond of
p-auminobensaldehydess This is in sccordance with the resonence
structures of these compounds (Pig. 22). In opder to exemine
the role of the carbonyl group in such rotetionsl isomerism a
proliminary study on benzaldehyde was undertaken. The apgetra
of the aromatic protons of benzaldehyde in vinyl chloride solutfon
at several low temperatures are shown In Fig. 12. Ho change

in the spectrum was observed from room temperature down %o ~90°,

but below =95%, the bands of the spectrum underwent broasdening;
at still lower temperature the appeerance of new pesks was
evident (Fig. 12). These changes indicated that a rate process
idantical to that obmerved with E:aminobenzal&ehydea was
involved. The spectrum of benzaldehyde wag complex and no
attenpt was made to assign'the bandse The "conlesconce

temporature” wan estimated to be around -1230. The chemioal
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shift between the ortho pmtana of benzaeldehyde at low
temperature, is expected to bs 0f the same order of magnitude
ag found for the ortho protons of L=NeN-dimethylaminoe3 ,3'-&2-
benzaldehyde (8.4 cepess)e The rate constant for the rate ;;
reorisntation arcund the Cald'car bond of benzaldehyde was
calculatsd at the coalescenee tempamtime in the same wsy as
before (with Vap = Sely Copese)s The errors encountersd in the
rate constant and in Aﬁﬁé- {Tabls XIX) due to uncertainty in
Van should not be highe An uncertainty of a factor of 1.5

in v;;; Was calculated to change the s velue by about

¥ 0.2 keale/mole, More accurate values for the coalescence
teupersture, and hangce for the rate constant and ths free
energy of activation would be obtained by H.M.R. study on
suitably doutersted bengzaldehyde.

The problem was obwiously extendable to any sultably
D-substituted benzaldehydee This led us o examine the NH.M.R.
gspectrum of peanisaldehyde which would be expected (see helow)
to have a comlescence temperature, ag well as AF’& value,
intermedlate between those obtained for benzaldehyde and
Leil=lwdimethylanino=3 ,3'-d2~benzaldehyde. The sigmals for the
orthe protons underwent c;;nges (Fige 13) with lowaring of
temperature and ultimately ylslded & triplet (actually two
overlepping doublets), I% 'indicated ‘that rotational isomerism

similar to that observed in pe~anminobenzaldehydes was slso
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involved in p-anissldehyde. The "coalescence temperature” was
estimated to be aveund -99° and the chemicsl shift between the
ortho protons was calouleted to He Tel2 Cevess The rate constant
and AF‘# (Table XIX) at the coalescence tempepraturs were evaluated
in the ususl way. The values for the rste constant and AF"
ghould be reasonably sccurnte. Any error involved in deternining
the coalsscence temperature and the chemical shift would be
avolided by welng lj-mothoxy=3 ,3'nd2~banzammyde instead of
be-anisaldehyde as the former wou';i. sluplifly the spectrum for

the ortho protons at low temperaturs (of. 4=N,J-dimethylamino-
3,3 '-dg-benz:aldehyda}:.

o The data on the coalescence temperatures and Mﬂ"é
valuos (Teble XIX) indicate the importance of the pe-substituent
in the restricted rotation about the ¢ al d'car bonde In
bengaldehyde, only the resonance interaction of the carbonyl
group with the benzene ring is present, and therefore, a
freer rotation oround the G q,=C,... bond than that 1n the
resubstltuted benzaldehydes le expected. The much lower
coulescence temperature, ce well as a low value of M"é for
benzsaldohyde, cpmpared to those of the pesubstituted benzaldehydes
are in s;reement with thias expsctation. The presence of only
small difforences between the coaslescence temperatures and Aﬁ'é
values of l=H ,_rg-dimemylaminobenzaldahyde and 9-julolidine
carbomldehyde are not unexpected from the similer structurs of

the twe compounds, The f!< group of 9«lulolidinecarboxaldohyde

N E:die)
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is held in the same plane ag the bengzene ringj the resonance
tersction of sueh a ¥ group with the aldshyde group through

the benzene ring, iz grester than the one where the N group

and the bensene ring are not in the sams plane. The slightly

high«r value of &Fié for §-julolidinecarbozgldehyde compared

to that of pel-i-dimethylaninobenzaldehyde is not therefors

surprl sing. The mmall difference 1?che M“# valuee of these

3

two compounds indicate that mﬁzz( group in pel-l=-dimethyl-

GH
3
sminobenzaldehyds is slmost in the same plane as the benzene
ring. In compoundé wlth substituent, of appreciable size,

H
ortho to the N<c 3 group of p=-HgNedimethylaminobenzaldehyda,
CH "

CH

the bulk of the substituent 1g expeeted to hinder the N 2
, cn

3

group from lying in the same plane as the bengene ring. The

LHB '

resonence interaction betwesen the N/ ° group and the benzene

e,
ring in these compownds will therefore be decreassed to a .
conalderable extent and on this basis, it can be predicted that
these compounds wlll nave a lower AF? valuse than p,l,Nedimethyle
aminobonzaldehydes

B—Anisa&dehyae can be repregented by the ssme number

of resonance structures as met with in peaunincbenzaldehydes.
hovever, resonance structures o’i"' Pp-cnisaldchycds with a positive
charge op the oxyren adom sre less fevourable then the reaonance

structures of p~dimethylamlinobengaldehyde with a positive
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cherge on the nitrogen stom. Therefore, the resonance intepre
action between the N( group and the aldehyde group of
p-timethylaninobengzaldehyde should be greater than the resonance
intoraction bebween the 081'13 group and the aldshyde group of
p=enisaldehyde. 7This would explain the higher coalescence
temperature and higher M?’é value for L=l sA=~Ginethylanino=3 ,3'-
da—benzaldehyde, with respsct to the corresponding values for
;anisaldahyde.

The dirfference (105 = 747) = 2,8 kecale/mole in the
AFjé values of p=i ,gi;dimethylammobenzaldehyde ond benzeldehyde

0113

must be due to interaction between the —n7

< group and the

A CH
=CHi¢ group, because of the following reasons. In bensaldehyde,

only the resonance interaction betwean the «{HD group and the
Lenzene ring operates towurds establishing a partisl double
kond in the Ca1gCyp bond. However, in p-N,Nedimethyleminoe=
benzaldehyds, in addition to the reeonance interaction betwesn
the «CHO group and the benzene ring, the resonance interactien

betueen the =CH0 group and the _.Hi 3 group contributes to

' CH

3

the double bond character in the © ald'caz' bond..

The efflect due to resopance intersction betwesn the
ACliy
\0113
bengaldechyde can be estimated from the difference in the pKa

—K group and the «CHO gx*oﬁp, in pefi,li=-dimothylanino=

valueg of this compound and its meta counterpart. This is

posgible for the following reasons. The pKa of D=, H=dimathyle |
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ninobenzaldehyde is given by the following equilibrium.

B oy T
N Nz
P PN
CH [\CH CH. tHm
3L 73 30703

In the mnprotomtad specles, thavresonance interection of
the aldehyde group with the benzene ring and the feaonanca
interaction Sf the :——N<zz3 group with the Lbanzene ring,
as well as with the a}dahydg group are operative. However,
in the protonated form only the resonance intersction of the
aldshyde group with the benzene ring ls prsssnt and thersfore
the pia value of ] ,_Ii-dimat:hylaminogﬁnzaldehy&e reflects thé

reosonance intersctions of the —-N< 3 group with the
CH

benzene ring and also with tho aldehyds groun. On the othep
hand, in a similer equilibrium of the mets compound the

cH
resonance intersction of the -N< 3 group with the sldehyde
- CH

sroup la abgent oven in the nonprotonated species and therefore
the pKa of m-N ,ﬂ-dimetl:ylaﬁinobenza}de!mde provides the

I
resonance interaction of the --—Hi 3 group with the benzene
' ‘ CH
3




= 199 =

ring alone., The inductive effects of the aldehyde group are
expectec to be of the same order of magnitude in both m- and
p=conpounds {106).

The pKa values of p-N,Nedimethylaminomethylbenzoate
107) and its mes analogue (108) are 2.52 and 3.56 pla units

CH
respectively; the rosonance juteresction betwson the —1\/ 3

CH
group and the -GOOCHS group is therafqre 1.34 pEa unite. Or%
relating the pKs velues with free ensrgy changes (i.e.

A¥ = «RT In K = 2,303 BT pKa), the resonsnce intersction of
le3l pKa units smounts to 1.8 keal./mole. This velue is
expected to be & rough epprozimation for the resonance intere

action between the — N< 13 group and the «CHO group of
Ct '

p=li,d=dimethiylaminobenzaldehyde. The unavailabillty of the

pEa value of meH,Nedimethyleminobenzaldehyde barred us from
ssvinating a more appropriate velue for the resonance intope
actlon between the —H/ 3 group end the -CHY groups. In the
eptor a rosonsnce 1nterag§§on between the carbonyl group and

the -001{3 group is also operative and this is likely to decrense

the resonance intersction of the ester group with the benzens
GH

rlng end hence with the __H\ 3 group., This 1g not the cage
CH.,
3

w!ti: the aldehyde and themefom a greater value than

1e8 keale/moles for the resonance interccotion betweon the
cH
. DT/ 3

Non end the =ClHO group is wrobsble.
3
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An estimate of the maximum resonancs interaction
ci
vetweon the — N< 3 growp and the «CHO group of pei,Re
CH
dimethylaminobenzaldehyde cen be dbtained from the difference

1n the pKa values of dimethyleniline, 5.1 (109), and
b=l ,N=dinsthylaminobenzaldehyde, 1.57 (110). The difference,

when translated into free energy changoes, smounts to li.8 kenl./mole,

Thig is the maximum value for resonance intersction betwesn the
CH

-1’!< 3 group and the =CHU group of p-H,H-dimethylaminobenzaldehyde

cH
3
as no corrections for the inductive effect of the ~fHG group,

wWilch aflfects the pKe of p-H,H-dime thylaminobenzaldehyde, have

baen considsred,

The velue obtained for resonance interaction between
CHq

the =i ~
' H

group and the =CHO group of p-il,Hedimethylamino=
benzaldehyde (2.8 kcals/mole) by N.M.R. atudies 4is thus in
sgreenent with that obtained from pKa data (between l..8 and
1.8 keals/mole). A better agreement than this cannot be .
sxpected in viegw of the fact that the solvent effects have heen
i;mored in these caleculationse

The above discussion indicates that the barrier to
rotation about the ¢ al d-c ar bond o: arometic aldehydes is
mostly due to interaction hetween the «CHO group and the
Lenzene ringe This observation i1s consistent with the results

obtained by acoustic absorption studies (11l) on acrolein,

i
i
!
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erotonaldehyde, cinnemaldehyde, methascrolein and furscrolein.

It has Leen shown (111) that a barrier of about 5 keal,/mole
Tor C«L bond adjacent to the carbonyl proup exlsts in these

compoundse Our finding-of a AF# value of 7.7 kpal./male'f@y

benzaldehyde is not therefore unexpected. This is also
‘consistent with the recent work of Bremley snd Le Féwre (112)

which indicates that in benzaldshyde. the . sldehyde group and

the benzene ring are coplanare

Our finding of restricted rotation about the Gald'ear ;
bond of aromatic aldehydes is the first of its kind in this

fielde The resent work also reveals the role of a p-substituent
in the restricted rotation sbout the Ca14~Cap bond of pesubatituted
benzaldehydes. Our results indicate that in pesubstituted

benzaldehydes, uhere the pesubstituent is a strong electron

attracting group (e.m.‘noa group), & smaller barrler to rotation
about the caldfcar bond than thet in benzaldshyde may exist.
It w1ll be interesting to investigate this aspect of the problem,

|
|
!
It 1s obvious that the present work is extendebls to any e §
{
or pesubstltuted-benzaldehydea. ;

|

Heliells Studies on Cyclohexsnes

The "helfechair" conformations of cyclohexene and
its derlvatives are expscted to undergoe rapid interconversion
like the cheir forms of cyoclohexane unlesgs suitably lbckﬂd into ;

one couflormatlon, Hut no quentitative studles on the



- 202 -

conformational equilibris of any cyclohexene compounds have .
yet been published.

The bonds of Ce=l and €=5 in ths "half-chalr"
conformetions of eyclohexene»compounds are almost normal
squatorisal end axlal and they are expected to possess properties
similar to the corresponding bonds in the cyclohexsnes. The
bonds on C=3 and C-6, which are 'quesi~axial' and tquasi=
equatorlal?! are also likely to behave somewhat like the axisl
end ejuatorial bonds of cyclohexane respectively. The
variatlion in the widths st half~height of the C«6 proton
rescnance o a number of 6-substituted-l-phenyl (end ms thyl)
cyclohexenes have becn used by Garblsch (65) to determine
the preiferred conformations of the C=6 substituents. Hias
method is based on the agsumption that the signal for a 'quasie
axial! proton on C-6 will have a lmrger width at halfehsight
than the one ariging from s 'quasi-squatorial' proton, es the
width 1s mostly dependent on the coupling between the (=b

proton and the C-5 protons, and it is known frem studles on

cyclohexane compounds that Ja,a vicinal % Je,avicinal;::Je.eyicinal'
The geminal coupling constant in cyclohexene compounds ,

as well as the vicinal coupling constants in them, are expscted

te be almost of the same ordwr of magnitude as the corresponding

values observed in the cyclohezane system. We proposed to

verlly these expectations, and slso to attempt to determine the
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conformational equilibris of & few monosubstituted cyclchaxens
deratives.

The 1-H protons {the proton attached to the carbon
bearing the substituent)-of AB-tetrahyﬁrobenzaléahyda,
AB-tetrahydrobanzoic acid, A3-tatrahydroacetophmnone, and
A3-tetrehydrobenzonitrile were chemically shifted from.the
regt of the protons, and their spectra were complex, dus te
coupling with the neighboring protonse The high fleld spectrum
of the rest of the protons on the tetrahedral carbon stoms
was-- still more complex, as the chemiesl shifts of the allylic
and the homoallyliec protons were slmost the sames A much
more simple.gpectrunm for all these compounds was essential for
our investipation, and this led us to synthasizeu.‘b3~%eﬁra-
hydrobanamldahyde-E,E,},h,S.5~d6, aB-tetrnhyﬁrobonzeacato-
phenone-2,2,3 04,5 ,5=4; , A3=tetrahydrobenzonltrile=2,2,3 45 s5=dgs
and A3-tetrahydrobenzoic acid~2,2,3,u.5,5~d6.~ The first three

of thess compounds wére prepared by the Disls-Al&ar condensation

of butadiene-d, with the appropriete disnophile (see exparimsntal)fg
The fourth one, the acid, was prepared by the oxidation of the

correspovding aldehyde with silver oxides. The purities of the
compounds were escertsined by V.P.C. analysis, the impurities
present in the ketone did not interfere with the analysis of |

the HeMeRe spectrune

All these hexadeuterated cyclohexene compounds



contained three protons in the ringj one on Cel, and the
other two on (=5, The protons constituted an ABY system,
and analysis of the spectra of these compounds wam carried
out in the usual way (97)3 the results have been pressnted
in en esrlier sectlion.

The variations in Jg, and the relatively constant
value for J,y {for three of these compounds), cannot be
oxplained on the basis of deformation of the "half-chalr"
form for the cyclohexene ring. The quite large variation in
Jpy (Table XII), from 10.2 to 12,9 espess, nood a fairly
large distortion of the "halfw-chalr® form which 18 expected
to.cause a similar varlation in J,y. The electronagativitiea
of the substituents sannot explain the variations in JBx
eithore Williamson (113) has observed during his studies on
the hexachlorobleyclo [2e4241] heptenes, thet the values of Jp,
and JAX decrease with increage in the electronegantivitiss
of the substituents. If this was true in our crase. then we
would expsct both JBx and JAX to decrease in thoe order
nitrile ) acid ) eldshyde, as the electronegativities of these
groups (1ll4) ere in the reverse order. No such uniformity
in the changes 1n JBX and JAX is obgerved in our case.

It appsers to us that thé variations in JBX and the
rolatively constant vslues for JAX in three of these compounds
{excluding the nitrile), can be explained on the basis of
"half~cﬁa1r" - "half—chair" interconvoraion of these compoundse

At room temnerature, vhen the interconversion ls very rapld, the
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vicinal coupling constants ars 8 welghted aversge of the

aqguilibrium forms and therefore their magnitudes depend on the

nopuletion of the t wo conformers. Under thsse conditions,
Tosg (0gx) = 1 (Jé,e) +{1- n)(Ja.a)' and Jerang (px) =
n{J,,) +(1 - n) Jgqs Where n 3¢ the fraction of the molecules

with the substituent group in the equatorial orientations It

fs known (91) from the studies on cyclchexane derivatives,

thet the vielnal coupling constants decrease in the order
Jon 2T TSI o Tgqs therefore a higher value of Jyy
would suggest & higher proportion of the sgquatorisl conforaoer

and vice versa, and in any case J&X should undergo little change.

e considerastions indicate thet the preference for the

|
|
equatorial conformation in these three aoﬁpounds decroases i
in the order COCH, > CUOH D CHO,. (
The above conclusions are in agreement with the
expectation from the conformational concept based on nonbonded ;
interactions. On exenining & model for the "half-chair® l
confornation of cyclohexene, it 1s szeen that there las astrong :
1,2 interaction between the oxlal bond on Celi and the guasie |

axial bond on C=6§ a similer interaction exists between the

axial bond on Ce5 and the quasi-axial bond on C=3. As such,

f
i
)
|

i
i
|

a bulky group on Cel (in these compounds C-1 from nomenclature
used), 1s expected to favour an equatorisl orientation, end the

depreo of this preference depends on the bulk of the subetitueﬁt.g



Sy 2

- 206 =

The bulk of the three subatimenta'undar consideration
decresses in the order CuCl, > COOH 2 CHO, and therefors, the
prefarence for an equatorial orlientation of these groups.is
expected to decrease in the same order.

However, ,the values of JBX and ‘YAX for the nitrile
cannot be explained in tk;a 5ame wWaye '*mm linesr group has
beon shown {115,116) to have only a slight preference for the
equatorial conformeiion in the cyclohexens system, If this
15 zls0 true in the case of the cyelchexens system, then a
lower valus for JBXV‘.,"@-;‘-.(:< 10.2 CePess)would be expecteds
The low value for J,, f,"(fl.’i CePe8e) 15 also surprising, snd no
exvlanation can be given on the basls of present mowledge.

In an effort to determine the conformational
eyuillbrium of the nitrile a preliminary low tempersture study
on the nitrile was carried out. Ho evidence for geparate axial’
and equetorial l-H (X proton) was obtained from room temperature
down to =100°. However , & recent study in this laboratory has
indieated the appearance of two sets of bands in the X-part
of the spectrum of the nitrile at ~ ~145°,

In the cyclohexene derivatives, the chemical shift
of the X proton from the 4 proton as well as from the B
proton ig not lappe, and it mey be that en ARG, rathor than an
AEX analysis on the apectéa of these compounds, is more |
The anomglous viecinal coupling constents of the -

appropriate.
pitrile with regpect to those of other cyclohexens derivatives,
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may be due to the inappropriateness of the ABX analysis
employsd to evaluate these coupllng constents. Therefore AT

enalysis of these spectra Yo eveluste the coupling constants

seane desirable. This aspect of the work is now being pursued.

The chemical shifts of X, &4, and B protons are

influenced, amongst other things, by the electronegastivity

and the diamagnetie anigotropy of the substituents, as well as

by the ratlo of the population of the conformers. FHo simple
explanacvion for the small differences in the chemical shift

values of the cyclohexene compounds appears to be available.

HelMeRs Study on Cyclohegml Agatate

23243535l 5lt 95 ,S=0ctadeuteriocyclohexyl acetate was
wepared to determine the vicinal coupling constants, and to
compare them with those obtained by Anet (55) from his
studies on 3,3,4,,,55~hexadeuterioccyclohoxy) acetates The
calculation of tha'coupling constents has besn presented in
an earlier section. Table XX shows that the vicinal coupling
constent values obtained in this pragent investigation are in
good agreement with those reported by Anet.

The equilibrium constant K reflects the retio of
the equatorlal to the axial seetate, and has been caleulated
in the present case by correlating the 'JAX + JBX " value

at room temperatwe, with those of the axiel snd squatorial
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Table XX

Compound Jlarge 7 oma1l K Refarence
CePefle Colele -
eyclohexyl moetate ¥ 9.26 3.89 3.0 Anett's work({ss)
at room tempe 11t 9.28 1407, 343 Prosent work
Ja& Yo Jse
CellaBe CaleBoe CePeBe
Bguatorial acstate
at -110° I _ 131143 - hedl - Anetta work(s55)
at =118° II 11466 1403 - Present work
Axial acetate
at «110° I ' - 2.71 2.71 4Anet's work(55)
at =118 II - 277 2,77 Present work

I and II prefer to 3,3,i,l,5,5-hexadeutorio- and 2,2,3,3,4,4,5,5=

octadeuterio=- cyclohaxyl acetote respectively.

acotates obtalned from the low temperature spectrum (pes page 162).

Our wvolue for X is in pood agresement with that obtained by

Anet {Table X¥).

Recently Reeves and his co-workera (59) have

doterminaed the conformationsl QQQElibrium of cyclohexyl acetate,

from Hl.ileH. studles on 2,6-tetradeutericefclohexyl acetate;



- 209 =

the percentage of the eguatorial acetate (76%) at room
temperature agrees well with the XK value obtalned by us, as

well as by Anete. Thelr method is based on interrelating the
chomical shift of 1-H ét room temperature with that of the
axial 1-d, srd equatorial 1-i, a‘btainmfi from the low tempersture
spectrume. However, when this method i1s applied to our system
as well sp to Anet's system (117), contradictory results are
obtrineds "hia apises from the differences in chemical shfft
valuos as can be geen in Tebls XXI.

The differences in the chemical shift values are
wnexpected and quite pugzlings The relative chemical shift
between the axial an'é the equatorial proton signals obtained
by Reoves et ol., 16 only 18.5 cepes., co?apared 0 2147 CaPese
obtalned by us. Our value of v, = v, 15 in good agreement

with that of Anet. The low velue for v = Vo obtained by‘

e
Reaveg and his co«wprkara may be due to incomplaté separatlion
of the axial and the equatorial proton signals at «96% This
is supported by our observation, that above «100° the peaks

of the X~parts of Ithe spectrum (ons X for the axial proton

and the other X for the sqimtorial proton), wera fairly broad,
oven when the spectra were meassuwred with deunteriun decouplings.

Qur chemical shift values are closer to those obtained

by 4Anet. Comparison of our v, and Vg velues with those of Anst
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shows that in our case beth a#ial and equatorial proton
signala have suffersed ghifts to high Fleld to the s ame extent.
The differences 1n v, and v, values as found between these
two studies mirht have arisen from the difference in viscosities
of the aoiutiona,ﬁsince the concentrations of the solutions, ss
well asg the lemperatures of invaatigaéien in the two cases
were different. Iiny offect dus to differonce in deutsrium
substitution of the acetates, studied in the tw cases, is
expected to be small,.

_Use of chemical shift data obtained by Anet exnibits
only a slight preference for the equatorial acetate (K = 1.1),
and in our cmse, the chemical shift velues show a slight
proeference for the axlal acetate (K = 0.8). These values

are in contrast to those obtained by messurement of the peak

arees of the axlial and sgumatorial proton signals (Table XXI)

at low temperaturee In our cage, the relutive ersas of the .
two X-patterns were measursd with the help of a Varian V3tel
Integrator, whereas Anet determined the poal areas directly;
the dfferont methods employed in these two studies probably
caused the difference observed in the K= values.

Obviously the interrelationship of the chemical shift
data yield an sbsurd K valuee He Sefinite explanation for this
behaviour 1s available atiﬁhe present moment. Variation in

cihrenleul shii't between the axlal and ths egustorial proton siynels |



with temperature may be one cfAthe reagsons for 1tj a further
atudy in this fisld st different temparstures g desirable to .
cheek this polnt. Furthermores, the acetste group itself,
unliite the halogens, may exist in different conformaiions and
1ts effect on the chemlesl shift of leB proton may depend on.

. the population of the differesnt conforﬁera of the acoetate
group. The population of the different conformers of the
acetate group will be tempersture dependent, and therefors, 1its
effect on the chemical shift of 1-H wlll bs glso tamperature
devendent, If this is true , then the iaterrelationship of
chomical shift data for cslculasing the equillibrium consatant
will not be appropriaete in the present case. However,

before anything definite can be said, it appears to us that

a reexanination of this investigation 1s essential.
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CLAIMS OF ORIGINAL RESEARCH

The structure and stereochemistry of lycofoline, an

alkaloid of Lycopodium snnotinum L., have been

established by felating ths alkaloid to scrifollne,
another Lycopodium alkaloid, uhpse structure and
stereochemistry are known. The stereochemistry of 4i-
hydrolycolfoline, the hydrogenated product of lycofoline,

has also been deduced.

Annofoline, and alkaloid of Lycopodium onnotinum L., has
Beon shown to0 be resistant towards dehydration and enol-
acetylation. Baeyer«Villiger oxidation of annofoline

does not givé rlse to the expected lactones.

Dihycroacrifoline, ths hydrogenated product of acrlfoline,
does not undergo eplmerization in the presence of a strong
bage. However, under vigoprous treatment with strong base,
it ylelds a dehydro-product which has been shown to be

an o,f8-unsaturated ketone.

Anhydrodehydrodeacetyllfawcottiine remains meostly unchanpred

under epimerizing conditions.

The Nh.l.Ke spectra of cyclohezane-dll have been studied
over a wide range o: temperatures, =32 to -9&0, in

order to follow the kinetics of the rimg inversion of

.ecyclohexane, The enthalpy oi activation, Aﬁ#, for the
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ring inveralon process has been found to be 10.87% 0.6
keal./mole, the free energy of esctivation, AF?,

10.26 keal./mole, end the entropy of activation, Asﬁ,

+ 2,9 ¥ 2,3 e.us” The parameters obtained in this
investigation should be more relisble than the values
reported in the literature as the use of cyclehexanaodll
has enabled us te follow the ring fnversion process

over a wide rangs of temperature.

Low tempersture N.HM.R. studies on seversl aromatic
aldehydes have revealsd the presence of apprecliabdle
barrier to ro?aticn about t@a cald'car bond of thesq
compounds, The free snergy of asctivation, AF#, for

the rotation abvout the caldfcar bond of thege compounds
has boen determined and has been found %o be appreciably

depoendent on the nature ol the p-substituent.

A3»Tetrahydrabanzaldehy&e-z,2,3,A,S,5»&5, 53~te;ra~
hydrobenzonitrila=2,2,3 b ,5,5-8;, b =tetrahydroaceto=
phenona-a,Z,B,A,S,S-dé, and A3-tetrahydrahenzoic acid~
E,Z,B,Q,S,S-db have been synthesized, The HeMe.He
spcetra of these compounds consist of easily anmlyzable
APX patterng; the peminsl and vicinal coupling

constants in these systems have been determirsd,
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Ge 2,2,3,3,a,&,S,5-0ctaa&u£erioeyclohazyl acebate hes
been syntheslzed and has been used to determine the
conformational equiilibrlum between the axial- and

eguatorial=gcetate conformers,




