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ABSTRACT

Al -
*,

.

‘Various factors determining the magnitude of internuclear o

’ Lo : 1 .
couplxnglbctwccn dircctly bonded, geminal and vicinal 13C and "I nuclei

——e

have been cxamined with 3¢ Jabelled carbohydrates. Compounds synthesized
13

-for this purposc i1nclude derivatives of D-glucose-1- and -6- "C, L-idosec-
6&13C, Q-mannosc—k«13c, and related lactones. Directly bonded 13C—lll

coupling shows a dependence on the disposition of adjacent-substituents and
-

electron lone pairs reclative to the 13(3—1“ bond. Orientation effects also

'
characterize geminal 13C-1H coupling, the magnitudc as well as the sign of
which 1s determined by the orientation of substituents on the 13C nuc lcus
rclative to the coupling proton. Vicinal 13C—]H coupling both through

C-C and C-0 bonds shows a general dxhcdral angle dependence similar to that

for protons [1.c., dihedral éngles.of 60-100° are associated with smaller
coupling (0-3 Hz) than angles of 140-180° (4.5-5.5 Hz)] although the coupling
can be modulated by secondary ecffects: esg., the observed spacing is decreascd
by the prescence of an oxygen substituent on the 1“ bearing carbon 1in the

plane of the coupling pathway, and is incredsed when adjacent lone pairs
approach this pathway. In conjunction with the synthesis of 13C—en;'iched sugars,
two high yield new procedures have been developed for the reduction of aldono-
lactones to aldoses, employing either dibgi?ne or lithium aluminum‘hydriée—

aluminum chloride. ' T



e Résumé

i

*Nous ‘avons examind les différents facteurs déterminant la

grandeur des gouplages internucléaires entre les noyaux 13C et lH

directement ﬂiés, géminés et vicinaux & 1'aide d'une série d'hydrates de

-

carbone marqués au C. Nous avons donc synthétisé i cet effet les

, }
dérivés dq‘13C—1 et 13C~6~_D_—g1ucose, du 13C-—6—:[;-idose, du 13C-1—Qrmannose

et les lactones correspondantes. La valeur du couplage 13C-—lH de noyaux

,-directem#nt 1iés dépend de 1l'orientation des substituants adjacents et de

celle dés doublets de 1'atome d'oxygéne par rapport a4 la liaison 13C--1H.

1

e 13,1 . s
La constante de couplage géminée 3C~ H est aussi fonction de 1'orientation

des 3ubscituants portés par le noyau 13C, par rapport au proton couplé 3
ce néyau, cette orientation déterminant l'a@piitude et le signe de 1la
constante de couplage. Les couplages vicinaué a travers les liéisons

9jb et €-0 montrent toujours une dépendgnce vis & vis de 1l'angle diédre,
similaire @ celle observée pour le proton [par exemple les angles diédres
de 60 - 100° sont associés A de plus petites constantes de couplages
(0-3Hz) que les angles de 140° - 180° (4.5~5Hz)] méme si les couplages
peuvent étre affectés par des effets secondaires: 1'écart observé est
diminué par la présence d'un atome d’'oxygéne sur le carbone portant le
proton lH et se trouvant dans le plan du couplage, il est augmenté
lorsqu'un doublet libre est au voiéinage de ce plan. Nous avons mis au
point deux nouvelles méthodes de réduction des aldonolactones en aldoses,

én utilisant soit le diborane soit le mélange hydrure dé lithium et

aluminium - chlorure d'aluminium.
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. 1.1 Introductory remarks

Perhaps no other single instrumental method has had as profound

an 1nflucnce on organic chemistry as nuclear magnetic resohance spectroscopy.
“,The hydrogen nucleus, or proton, has proven to be particularly amenablc to

study by NMR techniques and owes its importance to the fact that 1t occurs

1in most organic compounds. Since all such compounds contain carbon, the

emergence of "7C magnetic resonance spectroscopy during the last decade as

an arca of rapidly growing interest has been an 1inevitable development (1).

Early work 1r§£’e field was hindered by the fact that'the natural abundance

of the l‘(J nucleus 1s only 1.13%, but recent advances in instrumental

methods have been able to compensate for this drawback to a great extent.

The advent of Fourier transform (Ft)\Spectroscopy has now further reduced

the experimental complexity of megsur)ng 13C spectra and has made these

spectra available 1n a relatively short experimental time. qut of the work
to date has been concgrned with 13C chemical shifts and this parameter is

taking an important place in, the organic chemist's repertoirc. Chemical

shif

data-have #len used to advantage in many chemical problems dealing with
ructure determination, conformational analysis and bond polarizatioh effects
(1). Massive amounts of 13C chemical shift data have now been compiled (1)

Fnd arc bcing'analyzcd with the hope of gaining further insight into the
fundamental nature of molecules by comparing the experimental values to

theoretically calculated chemical shafts (2).

1.2 Some general comments on 13(I—IH coupling

|

s
-

Coupling constants between 13C and protons have received relatively
little attention due mostly to the experimental difficulties involved in
. measuring this parameter. The 13C nucleus, like the proton, has a spin of 1/2

and consequently couples to other magnetic nuclei; however, because of its
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low natural abundance (1.13%) the lines in the proton magnetic spectrum caused
by coupling of a proton to a 13C nucleus (referred to as the 13C satell;tes)
are muchﬂless intense than the 51ghals which do not exhibit such coupling.
Figurc 1 shows schematically the vinyl proton spectrum of a 1,2-disubstituted
proécne. 'he very intense central peak is due to the most common isotopic
species, that 1s, those molecules which do not contain any 1‘HI’C neclei. This
central peak 1s flanked by three pairs of satellites, (A,B,C), which are L
the result of molecules containing one 13C nucleus. Because of the low natural

abundance of the 13C isotope, the probability that a single molecule contains

two 13C nucle1 1s negligible.

>/

C=C

/0

X X
Al N1 TR 1L,
A 8 c c 8 “A

FIG. 1 Representation of 13C-lH coupling in a disigstituted propene
(X contains no hydrogen); vinyl proton spec%&um.

The intensity of each of the satellite signals in the figure is
about "0.5% of the intensity of the central peak. The A lines can be attributed
to those molecules hav;ng.a 13C nucleus in the l-position, while the B and C
signals are caused by molecules containing a 13C nucleus in either the 2- or

the 3-position of the substituted propene. The distance between the signals

€4




- s
constituting each pair,) measured in cycles, then gives directly the relevant

?
proton L3¢ coupling cpnstant. When the 3¢ and proton nuclei are separated by

one bond the coupllné is referred to as "directly bonded" and 1s denoted e

by IJC 0w when two or three bonds i1ntervene between these nuclexr the coup}jzﬁ{

2 3
is termed '"geminal' or "vicinal" and 1s denoted by JF-H and JC-H

respectively. The latter two couplings as well as any that be observed

over distances grcater than those bonds are collect] y referred to as '"'long-

range coupling'. h//)////
The A lines in Figure.l whlp are the result of coupling between the

vinyl proton and the dlrectly/beﬁé:; 3¢ nucteus (1.e. 3¢ in the 1—p051tion}’f

\ ~
represent the largest typ¢ of 13C—lH coupling and hence thesc lines arc well

removed from the central peak and can usually be detected by greatly increasing
4

[ ¥
the spectrium amplitude. The inner B and C satellites on the other hand, arising
* I '

»

from gemlﬁal and vicinal 13(I-ll{ coupling are usually masked by the much more
intense central peak. (As will become evident in later chapters, the magnitude
of these couplings s not proportional to the number of intervening bonds,

so that in many instances vicinal coupling can be greatch than geminal coupl-
ing). %t 1s evident then that even for such a simple system as discussed

. . . 1 .
above, the derivation of geminal and vicinal 3C—IH couplings from the proton
spectrum presents great difficulties. Furthermore, 1t is not always the case
even for/simple molecules that the satellite pattbrn is readily analyzable,

/
While the cxperimental satellite spectrum of acetylene 1s simple (Fig. 2),

. ar 1 2
and rcadily affords JC—H and JC—H (3), that of cthylene 1s highly complex

(Fig. 3).

o S
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150 100 50 0 50 100
Hx
2

FIG., 2 ObserQe? pmr spectrum of an approximately 1:1 mixture 0
Lot H-13C=C-H and H-CzC-H (3). . ‘
& Y

Lt 1I““" I | “h‘.n,

100 - 80, 0 50 100
o Hx :

¢

FIG. 3 Observed and computer calculated pmr spectrum, of an approxim-
ately 1l:1 mixture of H2C=13CH2 and H2C=CH2 3).

The substitution of anLSC nucleus for one of the 12C atoms in

ethylene results in a system of interacting nuclei best described as AZXAZ'

which of course gives rise to a complex splitting pattern. The desired coupling

however can still be derived from this pattern b§ comparison with the computer

i

calculated spectrum. .
o b

-,
@
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As 1s evident from the preceding, directly bonded 13C—IH coupling
constants can be ogtalned from the proton spectrum with relative ease for
suitable compouné;, whereas the two and three bond couplings present a much
morc difficult problem. It must be pointed out, however, thap‘the qualifying

word ''surtable" in the above statement is not trivial, since even for slightly

i

more complex compopnd§ the directly bonded satellites are often obscured pf

¥

absorptions due to other protons. In view of these difficulties 1t 1s upder-
] :"\,v

b

standable that 13C—IH ceupling constants have recéxvcd considerably less °

K
r

attentaon than the related 1H—lH coupling constanfs. Nevertheless, substantial

irformation on the subject is available, especially in the area of the directly
honded couplings (1).

13

The reason for interest in this field of ~C NMR is two-fold.

Firstly, it is now widelylﬁccepted that the magnitude of coupling between
magnetic nuclel reflects the electronic situation in the bonés involved and as
a consequence these couplings can potentially furnish information about the
nature of chemical bonding.

Secondly, it ig known that coupling constants are greatly affected by
factors such as the relative geometry of the coupling nuclei, and the electro-
negativity of substituents along the coupling pathway ( 4) (4a’). Since both the

©

nature of carbon-hydrogen bonds and the relative orientation of the nuclei are
of fundamental interest to chemists, a close examination of relevant 13C—IH
coupling constants should provide useful information both from a theoretical

and an applicd viewpoint.
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. 1.3 The pmr sRectrum'of Q-&lucose-u—lsc

| The present investigation was prompted by an analysis of the 13C-IH

coupling constants measured from the proton spectrum of an anomeric mixture of
13 . . L .
Q—glucose, 50% C enriched in all positions (5)7T As can be seen in Figure 4,

the £ anomeric proton signal is split into a doublet (lJ = 160 Hz) by 13C1 but

C-H

shows no further coupling to any othep»lSC nucleus. The o anomeric absorption on

O M 9

the other hand is split into a doubret'by”13C 169 Hz) and is further

1
1 ey =
coupled to at least one other 3¢ nucleus to an extent of about 6-7 Hz. These

results suggested that 13C-lH coupling is dependent on steregchemistry qnd con-

Vefsely that this parameter may potentially serve as a sterebihemlcal probe.

J B3Ca-He
~ 148 H3

JICI-M1 8
160 Ha

w Sen
13g- ENRICHED -
L » v r
ORDINARY
l&
H2 to NS
FIG. 4 Pmr spectrum of a,B-Q—glucose-U-lSC {50% enriched) in 020 (5).
The most evident ratienale for the observed splitting pattern in-
, Nl
volves a dihedral angle depend%nce of 3JC_H. The Cl'Hl bond of the 8 anomer
y
* subtends a dihedral angle of 60° with respect to the CZ-C3 and OS-C5 bonds
whereas the Cl'Hl bond of the-a anomer maintains a 180° relationship with .
— . > respect to the same bonds as can be seen below.

N
! 4
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Ho H H AOH
B-Q-Glucopyranose-U-13C a-Q-Glucopyranose-U—lSC
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4

If the behaviour of vicinal 13C-IH coupling parallels that of the correspond-

[N

ing threc bond proton-proton coupling (4) one would indeed Expect a small
coupling for a 60° dihedral angle relationship and a considerably larger

coupling when the relevant dihedral angle is 180°. This 1s the case for H,

:
v

with respect to 13C3 and 13C5 in the B and o anomers respectively.
Examination of the above spectrum also reveals the striking obser-
vation that whereas H1 of the o anomer may be coupled to 13C2, H, of the B ~

anomer assuredly shows- no such coupling. The preceding implies not only that
threc bond 13C—1H couplings may on occasion be larger than two bond couplings
but alse’-that at least under certain conditions such two bond or geminal

couplings may be nonexistent (ZJC—H = 0 Hz).

1.4 Measurement of 13C-IH coupling constants (J

c-H’
In order to further invéétlgate the possible dihedral angle dependence
13 .1 . z
of vicinal ""C-"H couplings as well as the seemingly anomalous nature of
131 : . )
geminal ““C-"H couplings,and to evaluate their potential as an aid in stereo-

chemical problems, it was decided -to investigate several series of compounds

1n which the reidfant coupling constants could be measured while dihedral angle

Q
¢ ' . \

-



and other likely coupling determinants were systematically varied.

In order to examine-the various factors that can affect the magnitule

of JC-H’ 1deally, the most meanlhgful results would be obtained If each variable

were 1solated and studied independently. For example;, to investigate hoy ZJC_”.

vartes with the relative orientation of the couplifg proton and a substituent

13, . : : : :
on the “C nucléds (as is done 1n Chapter 3), it would be optimal to consider
isolated cases as below:

H OH H

| ! b1zl
_C.._.I.SC_ ...C..lsc._

J } [ l ]
OH

In practice, one can at best examine such effects when the partial’.structure

1s incorporated into a ring : *

\\
OH
a

b

N L4
It is recognized, however, that in going from a to b, in addition to changing

the relativer orientations of the C-H and C-OH bonds, one may be introducing

other effects such as the 1,3-diaxial interaction present in b but not in a,

which ma? also have an impact on the observed 13C-lH coupling. As a further

t
cxample, introduction of an OH group in place of H to study electronegativity

cffects may alter the state of hybridization, bond angles and bond lengths

in addition to providing an clectronegative substituent. Hirce, when a
\

structure 1s altered to cxamine one effect, it cannot be assumed that all else

remains constant. Nevertheless, valuable information pertaining to 13C-IH
¢

coupling can be derived from a systematic analysis of the factors likely to
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have dan influence on this parameter.

In general, there are four basic ways in which’lSC—lH coupling

constants can be obtained experimentally: e
A) From the natural abundance proton spectph - .
This method has already been described (Figure 1) and 1ts limit- <

ations have been noted. At best, in appropriate compounds, directly bonded
13(Z—lH coupling constants can be determined.
B) From the natural abundance 13C spectrum -

The proton coupled 13C spectrum can furnish information about

13C—'IH couplings but the problems of resolution and signal assignment are

13

usually present., With the advent of Fourier transform "“C NMR the resolution

difficulties have been alleviated but the assignment of specific absorptions is
st#1l problematic. Even if the carbon signals can be correctly identified apd
the proton couplings observed, the uncertainty in assigning the correct coupling
pathway to the observed splitting remains. Figure 5 illustrates the 13C Fourier
transform spectrum of 1,6—anhydro—B—Q—galactopyranose. In this case the anomeric
carbon signal 1s readily identified by its downfield position and the absorption s
,seen to be spiit by preton coupling. However, it 1s not known which %pl;ttlng

1s a result of coupling to H,, which to H3 etc. This problem can potentially

be solved by specifié proton de&ou%ling, a technique which is within the cap-
abilities of the most advanced‘Fburier transform spectrometers, The exact reson-
ant frequency of the proton absorpéion in question 1s determined and the rele-
vant 13C absorption 1s thgp observed while the proton absorptif¥md irradiated

with a setond radio-frequency in order to attain the desired heteronuclear

decoupling. The collapse of a coupling on account of the 1r;adiat{on then

i

enables this coupling to be assigned with a high degree of certainty. Under

3 o ’ ! s
’



FIG. 5

)
Partial Ft 13C proton coupled spectrum (22.6 Miz) of 1,6—anhydro—B—Q—galactopyranose in D_O. S
1
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1deal COHdlthHS, and with the proper 1instrumentation, conceivably almost all
13C-lH couplings can be systematically assigned in this manner.
The problem of coupling assignment can also be tackled by specific

deuteration. If the 13C Ft NMR spectrum of 1,2:5,6-di-0-1sopropylidene-

a-D-glucofuranose 1s examined'(Figure 6A), the downfield anomeric carbon

signal is readily assigned and 1s seen to be split by two 13C-IH couplings.
Again, however, assignment of these splittings to specific coupling pathways

is not possible. This ambiguity can be alleviated by comparing the spectrum
of the above compound to that of its 3-deutero and 4-deutero derivatives,
Figures 6B and 6C,respectively). There 1s no observable difference in the
splitting pattern of Cl on deuteration at position four indicating that there
15 no coupling between 13C1 and H4. Introduction of deuterium at position
three however results in the disappearance of one of the 13C1 splittings, which

can then be assigned to 3

2

JC H. The remaining coupling then must be due to
1773

JC1=H2. Although this method can be useful in certain cases 1t 1s, of
course, limited by the practicalaity of the synthesis of necessary deuterated
compounds.
C) From the proton spectrum of 13C enriched compounds -

This technique essentially increases the size of the 13C satellites
and thus alleviatys the 1sotopic abundance problem.
D} From the ISC spectrum of 13C enriched compounds -

Using this technique the enriched carbon absorption 1s readily
assigned on the basis qf 1ts intensity but the uncertaintyt involving the
assignment of the observed couplings to specific protons still remains.

For the purposes of the ﬁresent study, all things considered: the

synthesis of 13C enriched compounds appeared to be the most promising approach

-

* . h -
An Ft spectrometer was not available until Most of this study had been completed.
o 7 4
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C spectrum (22.6 MHz) of A) 1,2:5,6-Di-O-isopropylidene

3-d; ©) l,2:5,6-Di—Q;isopropylidene-a—g—glucofuranos -4-d. (Kindly

a-D-glucofuranose; B) 1,2:5,6-Di-9;isopropylidene—ulg-glucofuranose-

provided by G.R.S. Ritchie)

f



for the &termnation of 13C-1H coupling constants in complex systems. This

method can be 1llustrated by comparing the 220 Mz spectrum of 1,2,-0-1s0-
prOpyl1dcne-u-Q—glucofuranurono-é,3—lactone to that of 1t5°6-13C analog,

one of the compounds synthesized for the purposes of this investigation

)

(Figure 7). It 1s 1important to recognize the fact that proper assignment of

the 13C—ll{ couplings in this case hinges on the correct assignment of the

proton absorptions. For example, once the ”5 and H4 signals in the spectrum

of the above compound are assigned (a relatively routine procedure on tie

basis of proton-proton coupling constants) the 13C -C.-C

6 'S 4'“4

cas1ly measured. Nevertheless, as emphasized 1n lat¢r chapters, this method

coupling 1s

has several drawbacks. The synthesis of 13C enriched compounds 1s expensive

and nccessitates a small scale operation which can present experimental

difficulties. Also 1f, as in £he present study, the compounds of interest
L

are relathely complex, it is of paramount importance that the proton signals

which arc expected to exhibit 13C coupling be visible and {dentifiable 1n

the spectrum. The possibility also exists that the satellites due to the

directly bonded coupling can obscure signals showing long range couplings.

It appeared, however, that a careful selection of compounds to bé
investigated would circumvent or minimize the potential difficulties mentioned
above and would 1n turn provide heretofore unavailable data concerning
stereochemical aspects of 13C—IH coupling. These couplings, it was hoped,
wolld then serve as a complement to proton-proton coupling constants in solving

problems of a stereochemical nature.
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FIG. 7 Partial pmr spectrum (220 MHz) of A) 1,2-_0_-Isopr9py,lidene-a-g-
glucofuranurono-6,3-lactone and B) l,2,-O-Isopropylidene-a—g-

. glucofuranurono-6,3-lactone-6-13C (60% ) n CDC1,. T
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‘ 1.5 Synthesis of 13C-enrlched sugars

The choice of 13C~enr1chment as the basis of the present study
was cxpedited by the availability of extensive information on, the synthesis
of 14C—labelled sugars (6) (6a). This latter situation promised direct access

to the required gompounds containing 136 although, in practice, a significant
modification of procedures and some innovation proved to be advisable )t as
described below. Two reaction schemes provided for the synthesis of a basic
group of 13C-enrlched sugarS,whl?h in turn could be converted into sundry
derivatives or other sugars, as necessagy for the examination of specific
structural features,

Onc of thesec schemes led to enriched compounds in which the 13C
bears onc oxygen substituent, and resulted in the synthesis of D-glucose-
6-13C and g—ldose-b-lsc as outlinqd tn Scheme 1. This scheme anolves-7¥EiJ
preparation of 1,2:5,6-d1-0-1s@propylidene-a-D-glucofuranose from glucose, the
hydrolysis of the 5,6-9;;;;Eropy11dcne function and cleavage of the 5,6-d1ol
by means of sodium periodate to yield 5-aldo-1,2-0-1sopropylidenc-D-xylo-
pentofuranose. The 5-aldehydo function now allows introduction of carbon-13
(as K13CN) by means of the cyanchydrin reaction. Due to the high cost of the
enriched cyanide all subsequent steps were carried out on a small scale and
necessitated numerous tr1al‘runs on non-enriched material.

j? The addition of cyanide to the 5-aldehydo function results in
the formation of epimeric cyanohydrins having the D-gluco and L-ido con-
figurations, the proportions of which can be altered by the use of suitable
buffers. In slightly acid soluFion the reaction proceeds slowly (20-25 days

are necessary for completion), but the yield of the D-gluco epimer is high (60%);

. this yicld decreases with an increase in alkalinity. The desired degree of
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acidity was maintained by the addition of proportionate amounts of sodium
hydroxide and acetic acid to the reaction mixture. The resulting cyanohydrins
Qere hydrolyzed 1n situ to their corresponding uronic acids; this 1s best
carried out under alkaline conditions, the pH being adjusted by the addition
of sodium carbonate. At this stage separation of the epimers is possible

due to the di1fferences 1in solubility behaviour of the barium and calcium

salts of the two uronic acids: the barium salt of 1,2-0-1sopropylidene-a-
D-glucuronic acid crystallizes well whereas the corresponding salt of the
L-1do epimer does not. Therefore, passing the hydrolyzate through a cation
exchange column followed'%y neutralization of the effluent with barium
hydroxide affords barium 1,2-0-1sopropylidene-a-D-glucuronate as a crystalline
material. Care must be exercised during the 1on exchange process to prevent
partial hydrolysis of the isopropylidene groups. This process is therefore
best carried out at low temperatures. After crystallizatiqn of barium 1,2-0-
isopropylidene-a-D-glucuronate, the L-ido epimer can bez?solated from the mother

liquor as the calcium salt. This procedure again involyEs the removal of

&)
- positive ions from the mother liquor by means of cation\exchange resin and
neutralizing the effluent with calcirum carbonate. Calif:; 1,2—9;150pr6pylidene—8_
L-iduronate can then be crystallized from the resulting solution.

For the production of Q—glucose—6—13C and g—idose-G—lsc, the crystal-
line salts are converted to the 6,3-urono lactones which are then reduced.
Lactonization is best carried out by passing a solution of these crystalline
salts through a cold cation exchange column for conversion to the uronic acids,
followed by lyophilization and subsequent heating of the residues with toluene:’

to arrive at the desired 6,3-urono lactones. These lactones can then be reduced

to the corresponding mono-O-isopropylidene derivatives. The standard technique
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has employed L1A1H4 as the reducing agent (6) but 1t was found that the re-
action could be carried out more easily, and higher yields could be obtained,
using NaBH

. The relatively lower yield of the LiAlH, procedure is due to dif-

4 4

ficulties encountered in the isolation of the product from the reaction mixture,
a difficulty whlch does not arise when NaBH4 1s used. In this latter procedure
the lactonc 1s taken up 1in methanol, sodium borohydride 1s added followed

by neutralization with cation exchange resin. The solution 1s recovered and
evaporated several times with methanol to.remove borate as methyl borate,
leaving as a residue the mono-O-1sopropylidene derivative in almost quantitative
yield. Hydrolyﬁj?\ef 1,2-9;150propylidene-a—g—glucofuranose—ﬁ—l3C then yields
Q-glucose-b—lsc directly. L-Idose however cannot be isolated from the analogous
hydrolyzate of 1,2—9;lsopropy11dene—B—£-idoeranose due to the preponderant
formation of l,6—anhydro;a*g~1dose. This latter compound is favoured since the
2,3 and 4 hydroxyl groups are all equatorial as oppgsed to an all axial ar-
rangement in the frec sugar. The resulting 6—13C labelled compounds and their
various derivatives proved useful in the investigations of J

“C-H

3 . .
where the ! C atom feérmed part of a ring, as well as in studies of conformation-

in structures

ally mobile systems.

The second reaction scheme.(Scheme 2) pertains to the synthesis of
Ehiﬁohydrates enriched with 13C in the one position. This scheme again involves
increasing the chain length of an aldose by the cyanohydrin reaction. Since

the desired end products were glucose—l—lsc and mannose-l-lBC derivatives,
{

-arabinosc was used as the starting material. As was the case with the
\

previoqbly described scheme, the proportion of epimers produced upon c&anlde
. !

addition to the aldose depends upon the reaction conditioms (6a). It was

no

found that the best ylelds were obtained when the reaction was carried out under

mildly ‘basic conditions,which were maintained by the adllition of calculated
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amounts of NaOH and NaHCO3 to the reaction mixture. The reaction was essenti&ily

completé within 48 pours after whicﬁ time hydrolysis to the glyconic acids

was carried out by heating the solution gently in a stream of air in order to
drive off the ammon:ia produced. Separation of the epimers was again based -

on the different solubility patterns of .the barium salts of the two glyconic
aé(ds. The barium s;1t of gluconic acid érystallizes quite readily as the
trihydrate whercas the corresponding salt of mannonic acid does not crystallize.
Consequenily, prior removal of cations from the reaction mixture by means of

el

ion excha;ge resin followed by neutralization with barium hydroxide afforded
barium Q-glucoAate trihydrate as a crystalline material.

Reduction of aldonic acids to the corresponding aldoses takes place
through the lact%Fe and not thryugh the free acid. D-Gluconic acid is known
to form two lactones; the five-membered ring gamma (y)} lactone and the
six-membered ring delta (§) lactone. The product obtained depends upon
temperature, solvent, concentration and the presence of seed crystals. Crystal-
lization of the delta lactone can be obtained 1n near quantitative yields by
a slow concentration of a methyl cellosolve solution of gluconic acid. D-Man-
nono-1,4-1lactone can be 1solated directly from the mother liquor of the
barium gluconate preparation by passing this solution over a cation exchange
column to remove positive 1ons,and evaporating the effluent. Crystallization
of the lactone, inguced by sceding, then proceeds readily.

The reduction of the aldonodactone to the aldose 1s.traditionally
the most difficult step of the reaction sequence due to the possibility of over-
reduction to the alditol. Consequently this reduction was examined in detail
in order to maximize the yields, and 1s discussed extensively in Chapter 5. This

investigation resulted 1in the development of two novel teéhniqucs for the
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reduction of aldonolactones to aldoses: reduction by borane and reduction
by mcans of a mixed hydride (L1A1H4—A1C13) recagent. Both of these techniques
afforded higher yields than reduction with sodium amalgam or with sodium
boroﬁydride under acidic conditions, the classical mgthods for conversion
of aldonolactones to aldoses.

Scheme 2, then, leads tb compounds in which the stereochemistrty
about 13C1 is known and can be varied. The 13C-lH coupling constants derived
from these compounds played an essential role in elucidating the stereo-

chemical nature of this type of internuclear coupling.

1.6 A comment on the literature dealing with 13C-IH coupling

At the beginning of this study, and during most of 1ts experimental "

13C-lH coupling in carbohydrates.

phase, there was only a single article (5) on
However, substantial data were available for other classes of compounds -

LS

v . . * . s .
alkanes, alkenes, and derivatives - and various characteristics of JC H had

' been in€5n51ve1y explored. Although structural analogies are not always
easily drawn between such molecules and the sugars, an attempt has been made

to assess the current findings in this broader context, and“hence also to

v

present a comprehensive treatment of the overall literature on 13C—lH coupling.

~ L
2

* - ) i 1
. Most of these are relatively simple molecules and, as neat liquids, could

be examined adequately well with the instrumentation then available.
. ’
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2.1 Introductory remarks

As mentioned previously, experimental measurement of directly

bonded 13C-IH coupling constants (lJ ) is relatively facile in comparison

C-H

with the analogous measurements for geminal (2J ) and vicinal (3J

C—H)
13

couplings between the " “C and 1H nucleir., The first compilation of such data

C-H

was achieved by Lauterbur (7) who noted that there was considerable variation
in this parameter ranging from 120 Hz for the methyl carbon-hydrogen coupling
in tetramethylsilane to 208 Hz for the corresponding coupling in bromoform,
and that i1n general 1JC_H increases with decreasing magnetic shielding of the
proton. It thus appeared likely that sgme relationship between 13C—IH
coupling constants and bond polarity or hybridization exists. /Research in
this ar;a has focused on the preceding concept with investigators attempting
to correlate the observed couplings with various paramcters associated with
the carbon-hydrogen bond. Such research has a dual goal: to 1qvestigate the
potential of 1JC_H as an index of any of these parameters ?nd to use the
measured couplings to gain information about the nature of chemical bonding
by comparing the experimental values to theoretically calculated ones. Corres-
pondingly, for an in-depth analysis of directly bonded 13C-lH couplings it

is most fitting to begin with a discussion of the results that have heretofore

been accumulated concernlnglJ jas an index of hybridization.

CJ{\

2.2 fﬁC-H as an index of hybridization

The findings of Lauterbur reported above were not, totally ungxpected
sincc Karplus apd Grant had already suggested in 1959 (8) that electron coupled
nuclear spin interactions when interpreted in terms of the theory of localized
electon pairsf could conceivably serve as a measure of the extent of orbital

i

hybridization and bond polarization. Consequently, Muller and Pritchard .
A

]
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HI examined the lJ

C-H parameter theoretically (9) using Ramsay's formulation

of the expression to calculate coupling constants (10).
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Ignoring terms other

than the Fermi contact interaction (11), the investi
\

gators formulated the
”‘ faad
expression:

| 1, - 2 x 10% a%? -
! . C-H —‘ ' )

where a and b are the coefficients of the hydrogen 1s and carbon 2s atomic
\

orbitals respectively,used to describe the two-center molecular orbital

encompassing the nuclei in question. Inherent in the above expression is

the notion that the percent "s" character of the carbon orbital involved in

the bond under consideration is proportional to the directly bonded 13C--IH
$oupling constant.

|

This relationship can be demonstrated in a general manner by
onsidering acetylene, ethylene and ethane which show couplings of 248.7,

156.2 and 125.0 Hz, respectively (3) (12), parallelling a decrease in "s"
character (Fig. 1).

250
: HC=CH
Y
C=H \ /
1601 CHF=CH,
125
CHy
' b —
25 33 50

*/e “"S"CHARACTER i

FIG. 1 Plot of J

versus % "$" character in
~H
methane, eghylene and acetylene,
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L

+ -
CH SbF_C1~ (13)

It can also be noted that carbonium 1ons suéh as (CH3)2 g

) produce df}ectly bonded ¢ouplings (V168 Hz) whiﬁh are consistent with sp2 hybridiz-
ation (i.e. 33% "s" character) for the central carbon. Such a relationship

is reasonable 1f the coupling 1s indeed adequately described by the Ferma

contact mechanism. This mechanism predicts that the magnitude of the inter-
action betwecen a 13C nucleus and an adjacent proton depends on the probability

of finding the bonding electrons at the two nuclei in question (11). Since

an electron in a pure "p'" orbital has zero probability of being found at the
nucleus, whereas "s'" electrons have a finite probability, it would seem plaus-
ible that the coupling should depend at least to some extent on the state of

hybridization of the carbon atom,

Further theoretical support fonm the ”lJC-H - percent "s'" character"
relationship was provided by Muller (14) as well as by Juan and Gutowsky (15)(16)
who used valence bond theory to ghow that at least for hydrocarbons 1JC_H was
explicitly dependent upon the '"s'" character of the cgrbon atom and was relatively
insensitive to the degree of polarization of the carbon-hydrogen bond. Other
calculations, using only the contact contribution according to the molecular
orbital theory, of Pople and Santry (17) and energies generated according to
extended Huckel theory (18) also showed a correlation between percent ''s"
dharacter and the measured 1JC_H. Reasonable correlations were also obtained
us;ﬂg the Linear Combination of Atomic Orbitals - Self Consistent Field
Molecular Orbital (LCAO-SCF) theory (19)(20). Randic et al. (21) employed the
"maximum overlap method" to develop the expression:

2 2

a s, a
lJ C H

C-H 1 + S2C.-H

where a2 is the "s" character of the bonding orbitals involved in the,

\ - |
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‘ carbon-hydrogen bo:i‘d and S 1s the overlap integral. The "maximum overlap
method" of calculation involves a search for the optimum hybrid coefficients
to make a suitably weighted sum of bond overlaps maximal. It can be shown
that when variations in bond overlap are neglected, the above expression
reduces to:

1 2
Joy = 500a

. L"‘\ The proportionality  of directly bonded 13C—lH coupling to percent ''s"
character is evident in the above relationship, which in turn concurs with
the previous proposals of Muller and Pritchard (9) and Juan and Gutowsky
(15) (16).

It has also been suggested, using Huckel M.O. theory, that the directly

bonded 13C—IH coupling 1s proportional to the square of the bond order of

the C-H bond (22)(23). Bond order can be described as:

occ i
p = 2. a b
i 15“ ZSC

where aSH and bSC are coefficients of the hydrogen 1s and carbon 2s orbitals
in the 1th molecular orbital.

In virtually all of the theoretical calculations mentioned above, it
has been tacitly assumed that the Fermi contact term is the sole contributor
to tht coupling. Indeed, this assumption has been questioned by some (24).

For example, 1t 1s known that a C-D bond is shorter than a C-H bond by about

[
.005A* (25). Thercfore,the carbon orbitals associated with the C-H bonds in

CHZDX should have less "s'" character than in CH3X. However it is found that

1 .
JC-H for LHzDBr 1s about 4Hz larger than the corresponding coupling in CHSBr (24).

|
|
A possible explanation is that the Fermi term is not the only contributor to

the coupling. By contrast, Murray (26) has shown that deuteration does not have

1
‘ « a large effect on JC—H: €.g., the methyl carbon of toluene shows a coupling

-
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of 126 Hz in comparison to 125.4 liz for the partially deuterated analog.

This latter result is corroborated by findings in the present study. The
13C1-Hl coupling 1in 1,S—anhydro-g-glucitol—l-ISC-1—g:was measured and was not
found to deviate significantly from the lSC—lﬂ coupling in methanol, both

couplings being 141 Hz.

chpm
o
AcO

AcO é/D
f

13

a!
1,5-Anhydro-D-glucitol-1-""C-1-d

Nevertheless, the concept of coupling between 13C and 1“ nuclei being deter-
mined only by the Fermi contact term must not be accepted as dogma and the

possible contributions from other coupling mechanisms must be recognized.

2.3 Some applications of the hybridization model

The possible calculation of hybridization from 1J intrigued

C-H
many chemists since 1t provided a method of investigating the nature of bonding
in many unusual systems. Cyglopropenes, were studied for example (27), and

1t was found that for 3,3-dimethylcyclopropene (A) the measured value of 220 Hz

corresponds to 44% "s" character in the exocyclic carbon orbital.

CH3 CH3

H” A " H

Therefore, cyclopropenes appear to be more closely related to acetylenes than

olefins. This is in fact evidenced by the relatively high acidity of the
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. ’ 2,7
6 vinyl protons in this compound (28). A study of tricyclo [4.1.0.0.7"] heptane

(B) reveals a coupling of 200 Hz for the protons indicated below (29).

H
B,

This coupling corresponds to about 40% "s" character for the
exocyclic carbon orbital. Again, this remarkably high degree of 's'' character
leads one to expect unusual acidity; indeed, this hypothesis is verified since
the compound reacts readily with n-butyl lithium. In compound C, 1JC_H for

the coupling between 13C1 and Hy is 179 Hz (30).

c -

Again, it is evident that the bridgehead carbon atoms have extra-

-

ordinarily high “s'' character. A systematic examination of the variation of
1JC_“ with ring size (31) reveals that the coupling varies directly with the
C-C-C interatomic angle,and consequently when dealing only with hydrocarbons
this angle can be derived from the measutred coupling. Agreement is good,

especially if interorbital instead of interatomic bond angles are used (32).
A similar situation persists with cyclic olefinic systems (33), the olefinic

IJC~” being inversely proportional to the C-C-C interatomic angle. This



relationship 1s maintained for heterocycles if the heteroatom 1s kept constant

(34), although the curve is displaced depending on the nature of the heteroatom.
4

In general then, when dealing with hydrocarbons a correlation between
1JC_H and angular distortion 1s evident (34)(35). The more strained the molecule
under consideration, the larger the observed coupling (see Section 2.10).

The structure of Grignard rcagents has been the subject of speculation
for a long tiﬁ?ﬂmnd consequently prompted examination by NMR. The directly
bonded coupling genstant in CHsMgI was found to be 108 Hz (36) which corres-
ponds to a hybridization of s'8p1'2 thereby giving a rough measure of the
‘degree of ionization of the C-Mg bond. If 1onization were complete, the
coupling should not be influenced by the nature of the metal atom. However

CH3Li shows a coupling of 98 Hz (37) indicating a bonding character different

than 1n Grignard reagents.

2.4 Electronegativity effects

' 1 .
Calculation of percent ''s'" character from J 15 an obvious ex-

C-H

tension of the relationship discussed above. It must be recognized, however,

1
that whereas this relationship is foltowed for large changes in ~J as

C-H

in'going from an sp3 to an sp2 hybridized carbon atom, it does not necessarif;

—

apply for the smaller changes 1n 1JC~H brought about by electronegative
substitution. The directly bonded 1:()'C-IH coupling constant is known to vary
with the electronegativity of the substituent (7)(38)(39) as is evident

in Table 1.
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. TABLE 1

~
Variation of 1JC_H with electronegative substitution

1

Compound : -QC—H (Hz) i Reference
CH4 125 38
CHNH,, ( 133 38

- )— 1
_p CHsH 138 \\2\
CH,CN 138 . 40 \

CH,OH 141 38’
1
CHLNO, _ 147 4
CH,C1 150 ° 38 !
CH,, (OCH,) , ’ 162 42 .
CH,C1, . 178 . 38
s .
CHC1, - 209 38
CH_-CH 169 " 43
Ne /2 '
N
i : ( |
H |
\
CH.-CH C 171 43 |
2 / 2 R - - |
N |
CH.-CH 176 43
2 / 2 )
N A :
-

Since, as previously mentioned, these differences cannot be fully
, rationalized in terms of bond polarity (14)(15), the hybridization approach must
be examined again. It is generally recognized (44) that £ep1acement of X inm
the structure H-ISC-X by a more electrone'gative group causes the carbon atom
to rehybridize in such a manner as to increase the "s' character of the

IKC-H bond. In other words, this replacement increases the effective electro-

[y

. negativity of the carbon towards the hydrogen atom and since electronegativity
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9

of an atomic orbital is expectéd to increase with ''s" content, the carbon -~

atom is rechybridized in such a manner as Yo increase the '"s" content of 1ts

orbital with H. This rchybridization 1s accompanied by a commensurate shorten-
ing of the 13C‘lll bond and has led to the development of expressions relating

bond lengths and eléctronegativ1ty to lJ Examination of the available

C-H"

a
experimental data, for example, has led to the following empirical relationships
(45):

-4 1
1.1597 - 4.17 x 107" 3. —

]
~
)
]
oot
—
t

1
and JC-H

22.6 Ex + 40.1 r(C-X) + 5.5

where 1(C-l) and r(C-X) represent bond lengths and Ex is the electro-

.negativ1ty of the subistituent X.

These relationships seemed promising since they afforded data for
bond angles, bond lengths and electronegativities from directly bongfed coupling
constants which, at least for 51mp1e.$ompouﬁds, are readily measurable. Never-
theless, great care must be taken in the application of such relatloﬁ;hips.
For example, if an attempt is made to predict bond angles in this manner it
must be recognized that interorbital angles are not necessarily equal to inter-
atomic angles, that is, thé possibility of bent bonds must be apprecciated. 'Using
the above equation for methyl halides, the percent "s" character is calculated
to be 30%, which gives an interorbital angle of 102° for the H-C-X bonds in-
stead of the experimental value of 107°. Furthermore, as will become apparent
later in this chapter, electronegativity effects are not the sole determinants
of lJC_H; lone pair effects, steric effects and substituent orientation

effects can all play vital roles. In the light of these aspects, all results

relating to bond lengths and electronegativities derived from directly bonded
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carbon-hydrogen coupling are best recognized as approximations.

——

[N

Variations 1n 1JC_H due to electronegative substitution have also
been examined in aromatic systems (46). These systems are particularly amenable
to such a study since the transmission of electronic effects can be pronounced.
Examination of various ring substituted toluenes shows that the methyl carbon-
hydrogen c?upllng varies with the electronegativity of the substituent. In-
tuitively, the substituent should modify the electronic structure of the

molecule and since IJC—H also should be dependent upon this factor, a relation-

~——_____ ship can be expected. The impact of electronegative substitution on the
—\

————p

directly bondsa\“urhen\hydrogen coupling is further demonstrated by plots of

the Hammet o constants versus 1JC H of tﬁé‘methyl‘gxpup for compounds D, L,
- Gy = =
and T (46) ' T
B C:F* CH4( ‘f:t*3 -
CHzx C—-CH OCH

<IN}

& = = r
The above mentioned plots indicate a direct proportlonallty between o and
! L
1JC_“ for the meta and para derivatives. If one regards lJc_H as a function

of "s" character and effective nuclear charge, (see Section 2.06) one must
conclude that the coupling constant 1s a function of the electronegativity

of X since both of these parémeters are related to the electronegativity of X.
For electron releasing groups (o negative), the effeciive electronegativity

of the whole ring 1s reduced and J is decreased. The slopes of the plots
should accordingly be a measure of the efficiency of transmission of electromic
effects. In the particular case above these slopes are in the order E > F > D

resulting probably from overlap of the nitrogen or oxygen lone pairs with the
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aromatic system.

Since the aforegoing trends are uiually discussed iﬁ terms of the
variation 1n 's'" character it is desirable to have an a priora calculation of
this pa;wneter to compéré with values de;ived from coupling da}a. Such an

| approach has been taken by Goldstein and Hobgood (47) who calculated Y's" character
i using the method of maximum orbital overlap, and found good agreemént with the

|

corresponding data provided by coupling constants. Essentially the calculation

of maximum overlap shows that replacement of H by, for example, halogen tends

to favor the C2po orbital in the C-X bond and that H exhibits a marked prefer-
ance for the C25 orbltal: It is noteworthy that the calculations indicate

thaé the halogen orbitals are not purely p orbitals but that they also have

some "s'" character (48). Inclusion of these "s'" characteristics of the halégen

orbitals does not change the overall agreement.

—— The gzsfglj/yaxiation of IJ with electronegativity of substituents
——— C-H

is reproduced in the present study encompassing carbohydrates. As is obvious

from the examples cited below, 1JC_H increases with increasing electronegativities

of substituents;.

%

H Ac AcO \\.’H
o ?’ oY

1 =
lJc_H = 169 Hz 1JC_H = 177 Hz Jog ™ 185 Hz
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)
2 This general increase However is modulated by various stereochemical aspects

-

of the molecules involved, as will become evident in later sections.

¥

2.5 Additivity relationships ¢

The variation of 1JC__H with electro\r::egative substitution prompted )
attemps to find additivity relationships for directly bonded carbon-hydrogen '
coupling constants. Malinowski (38) examined substituent additivity effects
in compounds of tlk\ype CHXYZ and formulated the relation:

1 .
- Jeen = 5% * Sy 352

where the S's are coupling components for various substituents determined
empirically. This relationship leads to reasonable ag¥eement with cxperiment as

is evident from the representative examples in Table 2.

1
TABLE 2 Additivity relationships for JC-H (38)

Substituent _S (Hz)
H L 4.7
. 1 $ | 68.6.
Br 68.6
1 . 67.6
OH 59,6 < « .
. \CGHS o 42.6
CH, , 42.6
. C(CHy), 38.6 .

.+... continued



Table 2 (cont'd)

L3

1.° 1

Compound . ooy (calc.? Hz —Q{C—H) exp.) Hz b
CHoCHC 127 127 M 0,\
_(inBrz 79 178 +1
CH,CH, I 152 149 +3
CH,T, _ 177 173 +4
cHC1, - 206 209 -3
(CH,) ,CCH.,OH _ 139 ' 132 +7

To illustrate, the value of 178 Hz for dibromomethane is arrived
at by summing the sﬁbftituent effects of hydrogen, bromine and bromine, i.e.,
41.7 + 68.6 + 68.6 respectively. In general, the substituent effe%ts depend
on the first atom of the substituent and decrease in the order X 3.0 > N > C.
‘A similar relationship was arrived at by Juan and Gutowsky (16) accompanied
by a theoretical justificatidn. Other relationships were subsequently found
for aldehydes (495(50) and heteroaromatics (51). An increase in coupling
with increase in substituent electronegativity is also seen with aromatic
compounds (52) Qgt no additivity relation is evident.

It was soon realized, however, that the Malinowski type relationships
do not hold equally well for all compounds ; considerable deviation occurs
when one or more of the substituents attachedis highly electronegative, as

can be seen in Table 3 (40)(42). <

v
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TABLE 3 - Deviations from additivity relationships for 1JC_H

Compound igC_H (exp.) Hz EQC-H (calc.) Hz .
CHF, 185 173 +12
CHF 238 197 ) +41
CHFC1, 220 203 +17
CH,, (OCH,) 162 . 155 + 7
_C_H(OCH3)3' ~o 186 170 +16

The possibility arises that the lone pairs on the substituent in
question play a role in determining the extent of coupling (41). This can
be visualized in valence bond terms as contributions to the ground state of

4 the molecule of structures such as below:
+

X
i
H—C—H
X \\
This structure leads to an increase in '"s'"' character of the carbon and conse-

3
quently a larger coupliﬁg than prediéted is observed. Accordingly, Douglas (53)

and Malinowskiuhimself (54) modified the additivity relationship to include

possible pairwise interactions:

1 _ |
JC—H = 125 '+ Nxf(X) + NX—Y g(X,Y)
. where NX = number of X substituents
f(X) = direct substituent effect
NX-Y = number of interactions

g(X,Y) = interaction effect
Both the direct and the pairwise interaction effects were obtained empirically

. and lead to good agreement with experiment. The pairwise interaction concept has

-

{
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also received theoretical support (41)(55). Table 4 lists these effects as

well as the results obtained fqr the compounds of Table 3 by taking pairwise

interactions into account.

° " . . 1
TABLL 4ai- Direct and pairwise interaction effects for the calculation of JC

. -H
in disubstituted methanes

‘ A
o Di;ECt effect InteMaction effect
X £ e XY gGY) W
F 24 F F 13
Cl 25 F Cl1 9
- OCH, 15 " OCH OCH 6

3 3 3

. 1 c s . . . C
TABLE 4b - Calculation of ~J -H by additivity relationships taking pairwise sub-
stituent 1nteract§ons into account

Compound EJC-H (calc.) Hz 1£C—H (exp.) Hz A
CHF, J 186 185 IR
CHF 236 238 -2
CHFCL, 220 220 0
EqZ(OCHS)Z 161 | 162 -1
1£H(OCH.3)3 188 186 +2 -

A

. The contrastin the A values between Tables 3 and 4b affirms the notion that
factors other than substituent electronegativities can.influence the extent of
coupling between the carbon-13 and hydrogen nuclei even in simple substituted
methanes. Other relationships taking pairwise interactions into account also
have been derived (56), but those for alkenes are not promising (57). It has

&
been suggested that n\Flectron contributions may account for the differences

in this case. *

b
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2.6 Effective nuclear charge

Although 1t is,generally accepted that correlations exist between

-

there has been controversy as to whether or not hy-

hybridization and 1JC_“,

bridization 1s the main factor determining the extent of observed coupling.
Some of the problems associated with ascribing electronegative substituent
effects to rehybridization have already been described. One knows, for

example, that although 1] 1n methyl halides 1s about 25 Hz larger than in

“C-H

methane, the bond angles do not show the necessary rehybridization. Similarly
me sp2 systems such as fluoroformaldehyde would require an angle of 108°
whereas 122° 1s observed expgrimentally (50). Attempts to account for this
deviation using delocalized MO theory (58) proved to be unsuccessful.
In view of such anomalies, Grant and Litchman proposed (59) that
the determining factor was in fact the so-called "effective nuclear charge"

and formulated the relationship:

2 2 3

. L w - CHA 1Nk g | -
C-H 5 NCH4 o, | [Fon CH,

. 4
where A4 15 the average excitation energy (which should not
vary greatly for-C-H boﬁds)
N 1s the bond normalization constant
a” is the parameter which is directly proportional to
the ''s" character
Z1s the effective nuclear charge

This ecquation relates the coupling constant in the Kth bond of a substituted
methane to that in methane 1tself. The effective nuclear charge is essentially

_determined by the screening effect of the electrons. If the electrons are

withdrawn, the hydrégen '"sees" a larger charge at the nucleus. Grant and

5
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Litchman calculated (ZK/Z )3 from bond dipole moments (Table 5).

Cl'l4

.

TABLE 5 - Effective nuclear charge in substituted methanes (59)

-

Compound Effective nuclear charge on carbon
CH4 1
CHsF . 1.213
CH ¥, ‘ ; 1.454
CHE | ' 1.725

If the excitation energies and N are assumed to be constant, it is evident

that variations 1in the effective nuclear charge can account for variations in

1JC i and that it is not necessary to invoke large changes in hybridization. The

Malinowski additivity parameters may also be explained by additive incremental
changes 1n (ZK)‘5 for a substituted carbom atom. '
Lunazzi and Taddei have also shown that lJC—H

cffective nuclear charge both of proton and carbon (60) and suggest that these

is proportional to the

can be derived from the coupling constant. Nevertheless, t®#e assumption of
constant excitation energy, which is vital to the "effective nuclear charge"
argument, hg; been criticized (61)(62). In fact, it has been demonstrated that
AE is not necessarily constant; the larger thgrnumber of substituent atoms,

the smaller the excitation energy (Table 6) and consequently the larger the

}
coupling.
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, ‘ TABLE 6 - Excit‘atlon energies in substituted methanes (63)
Compound Excitation enegg} reldtive to methane (EX/ECH45
Cl{4 1
C}lSF ‘ 0.78
CHZF2 0.54“ |
CHF - 0.45

3 - 13
On the other hand, there exists theoretical support for the effective

P
nuclear charge concept (63)(64) as well as the following experimental evidence

sy

(65). 1If the coupling constant represents in some manner the character of

i I3
the valence electrons from a hybridization and energetic viewpoint, it should

(4

correlate with the force constant "k' for the bond, which is also a measure -

of such interactions (66)(67). The force-;;;;?Ent—ean be derived from infrared
data. Such a correlation has”in fact been. demonstrated at least for CH3F: CHSCI,

“

CHsBr, CHSI and for the methylene grdps in cyclohexane, cyclopentane, cyclo-
butane, propane and ethylene (68), as well as for (CH3)4X where X = C, Si, Sn
and Pb (69). The orbital contributions to the force constant have been examined
theoretically (65) and it was found that a variation in fractional "s" character
of the carbon orbitdl:to hydrogen-does not, of itself, lead to a significant
variation in "k". The force constant, however, dbes incyase with increasing
ionic character of the C-H bond. "(l‘he good correlation between k and 1JC_H
is thercfore a form of experimental support for Grant and Litchman's treatment.
A corrclation of lJC_H with group electronegativities (70)(71)
(e.g. CH@ Cl, CHC12, CCl3 groups) in substituted methanes (72) h.as been

demonstrated. Since the calculation of group electronegativities does not

. necessitate changes in the hbedization of various atoms it is again

-

.
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. o1
evident that 1t is possible to account for the variations in JC—H without

invoking corresponding changes in the hybridization of the carbon atom.

Also, the fact that IJC_“ in CHCI3 increases with an increasec 1in the

extent of hydrogen bonding (73)(74), 1.e., with increasing bond length, would

C-H 3
for the neat liquid and 147.5 Hz for the vapour (75}, agalﬁ implying that

not favor the hybridization approach. Similarly, IJ in CH,C1 1s 148.6 Hz
the coupling 1s larger in the associated state where the bond is longer and
1s consequently believed to possess less '"s' character.

It 1s important ﬂo note, however, that the effective nuclear charge
and hybridization effects are not completely separable since orbital electro-
}egativ1ty (70) 1s dependent on the '"s' character of a bond. In other words,
changes 1n hybridization can also bring about changes in Z. If a halomethane
1s considered, increase in "s" character in the hydrogen bonding orbital
of the carbon will result 1n a decrease in '"s" character and electronegativity
of the bonding orbatal towards halogen, thereby increasing the positive

charge on the carbon.

It 1s obvious that at present no conclusive theoretical interpretation
of ljcjh 1s available. It seems that the "s' character approach 1s suitable
for simple hydrocarbons, but for s;bstltuted compounds (76) the computed IJC—H
1s substantially more sensitive to substituent variation than the "s'" character
approach would ind{cate. It may therefore be possible to observe large sub-
stituent effeats without large variations in ''s" charactg‘. Although both ''s"
character and "effective nuclear charge' approaches to the interpretation of

the directly bonded coupling constant can be useful it must again be emphasized

that ncither of these factors alone determines the extent of observed coupling.

oY
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‘ The various factors dealt with later in this Chapter must always be taken into
account as well.

2. 7 Stercochemical aspects of directly bonded 13C—lH coupling

Directly bonded 1:”C-IH coupling constants were readily measured
from the proton spectra of many of tﬁ; enriched carbohydratés and thesc val;es
are listed i1n Table 7. As an 1llustrative example of how these couplings
were obtained, Figure 2 depicts the 220 MHz pmr spectra of 1,2-0-iso-
propylidenc-3,5,6-tri-0-orthoformyl-a-D-glucofuranose and that of 1its 6—13C

analog. For this compound the directly bonded couplings are easily measured

since the relevant 13C satellites are clearly identifiable 1n the lower spectrum.

, o
4

Such 1s not always the casc, especirally for the 6—13C derivatives; often

one of the 13C satellites 1s masked by other proton absorptions thercby
preventing the measurement of the separation of the satellites. Lven i1n
these instances it 1s sometimes possible to obtain the coupling constant from
the spectrum by measuring the distance between one satellite and the central
absorption due to non-enriched material and equating this distance to 1/2 1JC-H'
In this procedure 1t must be recognized that the central absorption 1s not

necessarily exactly half-way between the satellites duc to a possible isotope

shift (77)(78)(79). In other words the chemical shift of a proton appended
-
to a 13C nucleus 1s slightly displaced from the shift of this proton when

'

attached to 12C. All such 1sotope effects were measured to be less than 1 Hz

in the present study and consequently are not a source of significant error.
L.xamination of the values for lJC-H in Table 7 along with the ob-

servations of Bock et al. (80) indicates that there 1s a difference between

the observed coupling at the anomeric centre in the a, as compared with the 8

series. In all cases the a, or equatorial proton, exh1b¥g§ a coupling with
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TABLE 7 - Directly bonded 13C-lH coupling in enriched carbohydrates

c Compound lJC-H (£3 Hz)
1,Z-Q;ISOpropylidene-G—Q-glucofuranose—é-lsc 143, 143
1,2-Q;IsoprOpylidene-S,5,6-tri—Q;acetyl—a-g-glucofuranose-é-13C h 148, 148
1,2-9;Isopropylidene-a-g-glucofuranose-1-13C i84
1,2-9;Isopropylidene-3,5,6-tri-9;orthoformy1—a—g—glucofuranose—G—lsc ‘ 148, 154
1,Z-insopropylidene-3,5,6-tri-Qforthoformylfa-Q-glucofuranose-l-13C 184
1,2-9;1soPropylidene-a—Q—g1ucofuranose-6—13C periodate complex A 148, 153
1,2:5,6-Di-9;isopropylidene—a—Q-glucofuranose-6—13C 148, 149 ;
1,2:S,6-Di—97isopropylidene—a—g—glucofuranose-1-13C ] 183 T
1,2:S,6fDi—Q;isopropy1idene-S—Q:acetyl-a-g-glucofuranose-1—13C 183
1,2:5,6—Di-9;isopropylidene-u—g-ribohexofuranose-3—ulose—1—13C 180.5 |
1,2:5,6-Di-g¢i50propy1idene-a—Q-ribohexofuranose—3-ulose (monohydrate)-l-lsc 186
1,2:§,6-Di-9;isop;opylidene-a—Q-allofuranose—1—13C 183
1,2-0-Isopropylidene- 8-L-idofuranose-6-1-C > 143, 143
1,Z—Q-Isopropylidene—3,5,6—tri—g—acetyl—B-Ié-idofuranose-é-lsc : 148, 148
2,3:5,6-Di-g¢isopropylidene-a—g-mannofuranose-1-13C 174.5

s

2,3:5,6-Di-g-isoﬁfoﬁy1idene—I-Q;acetyl-a-Q-mannofuranose-l—lsc 181




Compound

a-Q-Glucofuranurono—é,3-lactone-1-13C

~

B-Q—glucofuranurono-ﬁ,3-lactone-1—13C
13

Methyl-a—g-gluc0pyranoside—6— C :
Methyl-a—g-g1uc0pyranoside—1—13C
-a,B—Q—Glucopyrénose—é-lsc
a-Q-GluCOpyranose—l-lsc

B—Q-GluCOpyranose—l-ISC

a- —MannOpxranose-l-ISC’

B—Q-MannoPyranose-l—lsc

1,2,3,4,6-Pénta-9;acetyl-a-g-glucopyranose-é—lsc

1,2,3,4,6-Penta-9;acety1—3lg~gluc0pyranose-6-13C

1,2,3,4,6—Penta—9;acety1-a-g-glucopyranose-1—13C

1,2,3,4,6:Penta-9;acetyl-8-g—glucopyranose-1-13C

1,2:3,4,6-Penta-g;acety1—a-Q-mannopyranose—l-13C

1,2,3,4,6-Penta-g-acety1—B-Q-mannopyranose-1—13C'

Big—Allose-l—lsc*

1,2,3,4,6-Penta-9;acetyl-B-Q-allopyranose-1-13C N




Compound JC--H (Hz)
= o 13

- 1,5-Anhydro-D-glucitol-1-""C-1-d 141

2,3,4,6-Tetra-g-acety1-1,S-anhydro—Q-glucitol-1-13C-1-d ) 142
1,6-A1{Eydro—2-_1__.-idopyranose-6-13C - 149.5, 154

-2,3,4,6-Tetra-_0_—acety1-u—g-glucopyranosyl bromide-l—lsc ’ 184

2,3,4,6-Tetra-Q_—acet’yl-a-g-mannOpyranosyl bromide-l—ls.c o 184

3,4,6-Tri-0-acetyl-8-D-mannopyranose-1,2(methyl orthoacetate)-1-13C 176

Methyl 4,6-_(_)_-benzy1idene-a-l__)_—g_lucopyranoside-1-13C o =T M 168

- -~ s J
Methy% 4,Q-Q-benzylidene-a—g-gluCOpyranoside-G-13(3 - ‘ 141.5, 151
*
4
P
N
. v
—at‘-z;--\,

_vv-
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§
‘ . PIG. 2 Partial pmr spectrum (100 Miz) of A) 1,2-0-Isopropylidene-3,5,6-

| : l
5.0 pPM(3) 4.0

tri-0-orthoformyl-a- -D-glucofuranose and B) 112 -0- ISOpropylldene-
3,5,6-tri- 0- -orthoformyl- -a-D-glucofuranose-6- 3¢ (60%) in CDC13
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1 C1 roughly 8-10 Hz greater than the ‘8, or-axial proton. For example, comparing

o

a and B-D-glucose 1~13C, the o coupling was found to bé 169 Hz while the B

coupling was measured to be 161 Hz. ' .

: *

1 _ 1 -
oy = 161 Hz Jo_y = 169 Hz

. According to any of the aforcmentioned additivity relationships,
these values should be equal since the central carbon atom bears cquivalent

substituents. In other words, if C with its four substituents is isolated

1
. from the sugar ring, the resulting situations for the o and B forms are

equ1va1eﬁt. It.is evident then that the nature of such coupling is more
complex than previously believed. However, tHe very fact that the two values
differ can be potentially useful even asidé from the obvious empirical value
of differentiating betwéen anomers.

: Most of the theoretical treatments performed to date,as well as the

" various empirical additivity relationships,do not take into account thé

respective orientation of the atoms in question. It now becomes obvious that

the oricntation of the substituents with respect to the C-H bond being in-

vestigated, as well as the orientation of these substituents with respecf

. to the rest of the molecule may effect the observed 1

‘ significantly.

§C-1H coupling constant

-

e
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The best acyclic model for the systems under investigation here,
and for which the directly bonded coupling is measurable,is dimethoxy
methane, 13CH2(OCH3)2’ which exhibits a coupling of 162 Hz (51). This coupling
1s much closer in value to those observed for the £ sugar series than
for the a. The most relevigi,gomparison can be made with the anomeric
methyl-Q—gluc0pyran051de§6;t 3C which show couplings of 159 Hz and 168 Hz for
the 8 and « anomers respectively. It séeﬁs,therefore,that it is the coupling
observed in the o anomer which 1s extraordinarily large and consequently
necessitates a rationale.

, Since internuclear coupling is essentially transmit?ed through bond-
ing electrons (10),any condition that leads to a perturbation of the glectronic
environment around the 13C and,IH nuclei experiencing coupling can conceivably
affect the magnitude of 1JC_H. The structural features that can give rise

. 1
to such perturbations and consequently may have an impact on J can be

C-H
examined individually. While a 1,3 diaxial hydrogen-hydrogen interaction

normally 1s not expected to have any destabilizing effects associated with it,
the interaction of OH1 with H3 in the o anomer i1s certainly destabilizing and
can result in changes in the electronic environment at Cl' It can also be

noted that in.the 8 anomer the C2—C3 and ring OS—C5 bonds are oriented

e with r ct t e C,-H ond wh ans situation exi
gauch espect to th C1 1 bond whereas a trans s on exists

in the o anomer. A similar possible variable 1s the orientation of the C2—02

J

bond relative to the C,-H, bond. This orientation is the same for the glucose

anomers discussed ahove, but 1s different for anomers possessing the manno

configuration. Another factor which can conceivably influence 13C~1H directly

bonded coupling in the 1—13C sugars is the orientation of the non-bonded

electron pair lobes on the ring oxygen and on OH, with respect to the 13C-lH



bonds in the a and 8 ahomers.

Lo . 1
2.8 Steric interaction effects on 'J

O

. Three basic types of .steric interactions which can influence inter-

nuclear 13C—IH coupling are conceivable. The first two involve 1,3 diaxial

type interactions; either the coupling proton,or one of the substituents

appended to the coupling 13C nucleus, can interact with other atoms in the

molecule. The third type of steric interaction involves the destabilization

»

associated witlf a decreased dihedral angle between a C-H bond and a ﬁeighbguring

,bond and is usually referred to as 'torsional" strain {81).

&

-

1,3 Diaxial interaction effects

7

In order to investigate the first of the above possibilities, the

-

b

coupling between 13C1 and H1 of B—Q—allopyranose—l—lsc (for the synthesis of tihis

compound see p. 102) was compared to the corresponding coupling in B-D-gluco-

pyranose-lLlSC:

C
\ }4() FEf)i*()
H _
H
T H O 3?/OH
H

~

OH

B—Q~Allopyranose-l—13C

cn = 163 Hz

©

’

1 ’ !

o A

H
CHQQH o
H

HO

H
HO O :'?/OH *
H H

ﬁ-Q-Glucopyranose-l-lsc

1, = 161 Hz -
L -
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The allose and glucose molecules differ in their confiéuration
about G.1 the C,S hydroxyl substituent is axial in allosc and equatoraial in

glucose thereby setting up a significant 1,3 diaxial i1ntcraction hetween ll1

and ()H3 in the allosc moiety. This interaction 1s seen to result in an increase
1n coupling between 13C1 and H1 of 2 Hz.  The increase may also have an

electronic component, as a secondary factor may be involved here: that of

i

situating an electronegative atom in prokimlcy to the hydrogen undergoing
coupling. Such "through space' effects are possible although the data avail-
able are limited: toluene andrg;chlorotoluene show couplings for the

methyl groups of 125.5 and 127.6 Hz respectively (82). -

13C”4 . g ‘%:F43 ’ v

Cl

i 1
C-H = 125.5 Hz ’ Joy = 127.6 Hz

The distance between the methyl protons and the chlorine atom in the above
o

compound is about 2.5A, the same as the distance ceparating the protons and

the chlorine atom in CHC13. Evidently then, placing a halogen in close

proximity to the protons 3oes not provide major changes in 1J unless,

C-H

of course,the halogen 1s chemically bound to the 13C nucleus, but nevertheless

changes of about 2 Hz can be realized. Similarly, placing a methoxyl group

in the ortho position of toluene results in a changeé of less than 2 Hz for .

the methyl 13C—IH coupling (46). In all probability even a part of these

-

" increases 1s due to inductive effects transmitted through the bonding network,

although 1n general such y substitution effects are small. Furthermore the

- N R
¥
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distance between the 1,3 diaxial substituent (i.e. H, and OH3) in B-Q—allose

1

is greater than the distance giving rise to the '"through space' effects

g

described above, so that i1t can be deduced that the steric interaction intro-

duced by inversion of configuration at C3 of B-D-glucose likely accounts for

I the observed difference of 2 Hz 1in 1JC-H"

This concept 1s further substantiated by an examination of the
bicyclopropane system (83), perhaps the most extreme example available for

proton-proton steric interaction:

1 : N
H Hp To-n = 169 1z

In this compound the endo protons are expected to experience a particularly
(. -
strong steric compression which is reflected in the observed &upling of

169 Hz in comparison to 153 Hz for the exo protons.
The second type of steric interaction which may be considered a

possible influencing force on directly bonded coupling,1s a situation where
t
one of the substituents on the 13C nucleus to which the proton 13 appended

interacts sterically with another part of the moleaule. This 1y the case for
a-D-glucose and 1its derlva3hves; the axial substituent on C1 maintains a
presumably unfavourable 1,3 diaxial relationship with H3. The resulting

perturbation may then affect C1 and consequently the 13Cl—H1 coupling. This

possibility was investigated by synthesizing a cis-trans mixture of !&

methylcyclohexanol and examining the 13Cl—H1 couplings for the isomers. The

cis—trgns mixture 1s readily prepared by reduction of 4-methylcyclohexanone,

and the couplings can be measured frgh the 13C—Fourler transform spectrum of
i
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the mixture. The Cl

1s the only carbon which bears an electronegative substituent and consequently

absorption in this casc is rcadily assigned since 1t

has a downfield chemical shift. The axial hydrogen was found to give rise

to a coupling of 140 Hz whereas the equatorial hydrogen coupled to the ~)

A

extent of 143 Hz.*

OH h
Y

1 = 143 Hz J i, = 140 Hz
Jon C-H

4

It appears that the enﬁire difference (Vv8-10 Hz) between the

g \ |

13C1~H1 couplings of the carbohydrate anomers cannot be explained by this
; »

type of steric interaction. Intuitively, such steric effects are expected /

to have an impact on IJC-H

environment of 13C1 caused by the 1,3 diaxial interaction. On consideration

due to the perturbation of the electronic

of relevant 13C chemical shift values it 1s evident that such a perturbation
can indeed result from the interactidn between H3 or H5 and OHl' In the

carbohydrates,13c1 of ithe o anomer is)\consistently more shielded than is { C1

of the £ anomer (85)(865./;£h}s shielding has been attributed to a repolar-

—

ization of the Cl—H1 bond{on going from the B to the o derivative, a hypothesis

that receives support from the obsegye deshielding of H, in the a anomer

& | ! .

* Although the c1is isomer can flip |to the alternate chair forﬁ,
the chair with CH3 equatorial and OH axlial, predd‘&nates to an extent
of 85% (84).

»

: ' /
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' relative to the B (87). Parallel effects have been noted in cyclohexane

2o

derivatives (88)(89)(90)(91), an increase in 13C sﬁielding being associated
with steric crowding. Since it is known that 13C é%emical shifts can

be related to the clectron densities at the carbon in question (92)(93) and
that internuclear 13C-IH coupling is also dependent on the electronic
environment of the 13C nucleus (10), one would expect that such coupling
should be affected by the type of stefic crowding just mentioned above.
It still seems imperative, however, to examine a system where such steric
interactions arc.absent and determine whether or not a difference in 13C
coupling to the eﬁuatorlal and axial protons is nevertheless observed. A
model is necessary then in which no substituent capable of giving rise to
1,3 diaxial type interactions is present on the carbon experiencing hydrogen
coupling; 1deally the axial and equatorial protons in question should be
bonded to the same 13C nucleus. Such a situation can be realized in

methyl 4,6—Q;benzylidene~a-2—g}ucopyr%noside—6—l3C which was accordingly

R
synthesized in the following manner: Ie

OCH3 .

There is no 1,3 diaxial interaction involving the C6 protons in the above

compound. The H6 and H6’ absorption$ in the proton magnetic resonance °

. spectrum can be easily assigned since the axial proton couples
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strongly. with H5 (dihedral angle = 180°) whereas the equatorial proton

1
couples to a smaller extent.(dihedral angle = 60°). The mecasured 3C6—H6
-
13

and “C_-H_, couplings are striking; the coupling of 1:I’C() to the equatorial

6 6
proton is 151 Hz,compared with 141 Hz to the axial proton. The difference

between these couplings is in the same range as that observed for the

anomeric sugars at Cl' This then implies that the observed differcnce in

13C1—1H1 coupling 1n the sugar anomers and in thgﬁmethylcyclohexanols

13
is not a function of the orientation of OH,. If as previously mentioned,
s
one assumes that 13C chemical shifts are dependent on electron density,

1
one now 1s led to the curious conclusion that the directly bonded 13C- H

coupling constants do not reflect electron density differences at the 13C
nucleus. TRus either the appliéability of the effective nuclear chérge
concept as discussed earlier in this chapter, or the validity of attributing
the shielding of a sterically hindered carbon to changes in electron
density, becomes questionable.

The 3 Hz dlffé;ence between the(ﬁSC—Hé and lsc-Ha coupling iy

cis and trans 4-methylcyclohexanol must then be attributed to factors other

than a 1,3 diaxial interaction. This deduction leads naturally into a dis-
cussion of the third possible type of steric effect, that associated with

torsional strain.

Torsional strain effects

If the projection below is considered, it 1s anticipated that 1J

c.y varies
. ; 13 13,1 .

with 6 since the approach of the ""C-R bond towards the ~~C-"H bond is expected

to have a perturbing effect on the electron distribution in\khe 13C—lH bond.



Inherent to the cyclohexane system is the gauche interaction of the axial

C-H bond and the trans relationship of the equatorial C-H bond with adjacent

carbon-carbon bonds. It is then conceivable that a gauche interaction between

13

the "“C-H bond in question and a neighbouring carbon-carbon bond has a different

impact.on the electronic nature of the °C-H bond than does a trans inter-
action,leading to differences in the observed values of 1JC-H' Pertinent
information along these lines can be derived from a study of certain sub-
stituted ethylenes. In ethylene itself the observed 13C~1H coupling is

156.4 Hz (42). When a tertiary butyl group is introduced as in G the

13C-—Ha and 13C—Hb couplings are reduced to 150.7 and 153.3 Hz respectively,

L4

‘whereas the 13C—HC coupling is essentially unaffected (94).

-
~

Introduction of a second, tertiary butyl group as in H leads to a further
, a2

*

decrease in 1JC__ to 147.6 Hz.

H




N The coupling of the 1:”C nucleus to the appended proton (Ha) is 2.5 Hz larger
when the methyl substituent is trans to the 13C-H bond than when a cis
situation is maintained. The preceding results imply that directly bonded
13C—lH coupling 1s decreased by steric interaction between the lj%—lH bond
and an adjacent earbon-carbon bond. It must be noted however that a
steric interaction in the above compounds between the 13C—H bond and the
carbon-carbon bond, which in this case lie in the same plane, is expected
to be larger than the gauche type of interaction in c}?lohexane rings.

;Consequently, large differences are nqat expected when comparing the directly

13,1 . . .
. bonded 3C-- H coupling in systems which differ only by relative orientation

(1.e. anti or gauche) of ® neighbouring carbon-carbon bond with respect to

13

the C-lH bond.
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Steric effects involving the orientation of an adjacent C-0 bond

In the previous section it was suggested that the relative orient-
ation of an adjacent carbon-carbon bond with respect to a C-H bond has an
"impact on the 13C-lH coupling 1in this latter bond. Correspondingly, one would

intuitively anticipate a difference in IJC—H for rotamers K and L.

R L R OH
~ N
H > H C
léy””’/éH \ hl"”’/’i .
PN N\
R R R R
K L

As mentioned before, the extent of coupling between nuclei
T *

is determined by the electronic character of the bonds through which the
coupling is transmitted (10). This electronic character on the other hand can be
expected to be influenced by the orientation of neighbouring substituents

with respect to the bond involved 1n‘13C-1H coupling. A gauche interaction
. . .

of a polar C-O0 bond with a C-H bond is expected to perturb the C-H bond in a
manner different from the corresponding anti 1interaction.
Halogen substituted ethylenes do i1n fact exhibit such a substituent

¢ . orientation dependence of lJ as indicated in Table 8. (95) (96) (97).

C-H

TABLE 8 - 13 in sbstituted ethylenes

C-H
My H
Ve
He X
. AN CEY 13, (H2)
\ . X c t .
ra 9
F 159.2 162.2
. Cl 162.6 160.9
. Br 163.6 160.3 ‘
- ‘ 104.1 159.2
7 rd
t \ ) , B
.-
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B l
[t 1s apparent from the above data that at least for the ethylene

‘II' ) X

13 .
derivatives considered, the coupling of "7C to the proton trans to the halogen
decreases as the size of the halogen atom increases whereas an opposite and more
. 13
pronounced trend 1s noted for the coupling between ~~C and the proton cis to the

halogen. This trend is likely caused by overlap of halogen unshared electrons

with the 13C-H bond.

Similar effects are noted in other systems as well. 1In cy'clopropyl

halides, below, the 13C—HC coupling is consistently 2 Hz larger than the

13C—Ht coupling (98) (99).

Again, a 1likely rationale involves the interaction_ of the halogen lone pairs
with the C-H bond, an interaction which is expected to be dependent on the

spatial separation of the nuclei in question.

=

-

A starting point for examining this aspect of 13C-lll internuclear

coupling in carbohydrates is a consideration of the couplings between 13C

1
and H1 in B—Q-glucose—l-lsc and B-Q—mannose-l—lzc. In this case the C2—O2

. . . 13 .
bond is oriented gauche with respect to the Cl-H1 bond in g-D-glucose

[

-whereas an anti relationship is maintained in B-D-mannose

H
, o GHOH,
~ \ OV)\
H
“?.-OH HO N "‘?OH
H H H
° .
B-D-Glucose-1-""C B-Q-Mannose-1—13C
l .
n = 1
Aoy = 161 Hz oy = 160 1z
p .

4
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The measured couplings between 13C1 and H, in the cases above,hodéver,were
within experimental error (IJC_H = 160 Hz). As this seemed to be a curious
result, the corresponding acefates were also examined spectroséOpically.

In general, acetylation of an hydroxyl appended to the 13C nucleus leads

to an 1ncrease in lJ of 5 Hz,as exemplified by the comparison of methanol

C-H
(141 Hz) with methyl acetate (146 Hz) (100). This increase in all likelihood
can be attributed to the electronegative character of the acetate function.
Such increments in coupling can be expected for the carbohydrate series as
well,but since peracetylation leads to the difficulty that the acetyl group

at C2 also can withdraw electrons, it is perhaps more profitable then to

examine 1,3,4,6Ltetra-97acety1—Z-Q;methyl-Q—glucopyranose:

H
AcO CFEOA%
H 0

AcO OMe:)C~oAC

The 13C—IH couplings in the above compound are measured to be 175 and 165 Hz,
for the o and B anomers, respectively (80)., Comparison of these values with
the corresponding ones in a and B-D-glucose—l—ISC (170 and§161 Hz) again shows
an 1increase of 5 Hz upon acetylatioﬂ at Cl' When Q—glucose-1-13C is
peracetylated the 13Cl—H1 coupling in the o anomer becomes 177 Hz whereas that
in the 8 is measured to be 167 Hz; the thra increase of 2 Hz is therefore
attributed to the acetate group at the 2 position of the pyranose ring.

When, on the other hand, 1,2,3,4,6-penta-9;acetyl—Q-mannopyranose-]-13C

is examined, 1t is found that whereas the o anomer shows the same increcase of 7 Hz

for 1JC_H on going from the free sugar to the pentacetate as does glucose,
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(Table 7), the B anomer shows the strikingly small increase of 2 Hz. It 1s clear

1 . .
that in the pentacetates the difference in 'J which had been anticipated

Cl—ll1

for g-D-mannopyranose and B-D-glucopyranose becomes noticeable; a coupling
of 162 Hz 1s measured for mannose pentacctate as compared with 167 Hz for
the glucosc 1somer. No difference is:expected,and none 1s.observed, in the

couplings between 13C1 and H1 of the a isomers since the Cé—O2 bond assumes

a gauche rclationship with the Cl—H bond 1in both compounds. Scemingly,

1
the rejative orientation of the oxygen substituent at C

2
the 13Cl—ll1 coupling in the free sugars but an orientation effect 1s exerted

in the acetates. The consequent deduction, then,is that electronegative sub-

has no 1mpact upon

stitution at the carbon once removed from the carbon involved in the coupling
can,1n certain cases, influence the directly bondéd coupling; tie specific

effect seems to be a decrease in observed coupling when this substituent 1s

oriented trans with respect to the 13C~H bond. Apparently this effect 1s

intensified as the electronegativity of the C2 substituent 1s 1increased.
The problem of why no effect 1s noted for the free sugars still
remains. Both 1n the unsubstituted sugars and in the acetates there is

free rotation about the C.-0O. bond. As will become cvident in the

1 71
next section, the extent of coupling between 13C and 1H nucler can be affected

. 3 .
by the relative orientation of the 1 C-H bond with respect to unshared electron
/ .
pairs on neighbouring substituents. Consequently, 1JC -H in the free sugars
1 1
and in the acetates is also a function of the rotamer populations about the

Cl~01 bond. It 1s then conceivable that the effect exerted on 1JC o Py a
‘ " 171 ;

neighbouring gauche C-0 bond relative to a trans C-0 bond, as 1n g-D-manno-

pyranosc, 1is counteracted by different rotamer populations at C Experimental

1

cvidence for thesc rotamer populations is difficult to obtain. Some indication

~-
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though can be had from the H -C-O-H proton-proton coupling which can be

measured 1n DMSO (101}. For a-D-glucopyranose and a-D-mannopyranose the coupl-

.1 ‘b - . . s )
ings are 1déntical suggesting similar rotamer populations, whereas for the

L]
B anomers, which are of interest here, there is a drfference in this coupling

of 1.5 Hz (8 liz 1s observed in B—Q—mannosé, 6.5 Hz 1n B-D-glucose). Assuming

that the 8 liz rcasonably indicates a trans situation whereas 6.5 Hz 1s less

conclusive, the rotamer below should predominate for B-D-mannopyranose.

-

H
H0Hq
H s ]
e HO N b(’)
H H

4

In this conformation the O1 freé electron pairs are close té the Cl—H1 bond,
thereby creating a stereochemical situation which is expected to lead to
increased coupling (Sect. 2.9). This rotamer may be less predominant in
B-D-glucopyranose.-Hence,in g-D-mannopyranose the effect of a‘EEEEE.Oiygeﬁ
may be partly counteracted by the state of the rotamer population §bout thé
Cl-ﬁl bond. Upon acetylation however, this rotamer is destabilized due to the
unfavourable steric 1,3 diafial type of interagtion for the larger acetate
groups. Consequently the electron lone pair effect no longer compensates for
_the trans oxygen effect, and a difference in coupling between 13Cl and H1 for
1,2,3,4,6—penta—9¢acety1—B-Q-glucopyranose-l—13C and the manno epimer nowl4

becomes ohservable.

Ay

~ Validaity of classical steric cffects

The ''steric cffect" or “steric crowding" terminology was

widely used in the previous sections; however, the specific type of

-

mechanism giving rise to the observed effects on 1JC is not clear

H

A

B
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.

since it is probable now that the classical bulk or size approach to

steric ®fects 1s neither quantitative nor adequate. It is known, for example,

‘that in 1-fluoro-1-propene the cis form is more stab;e than the trans {102).

y \

- a ‘ H F .

H + .

: \N_ 7/ \N_ /=
4 =C- 2 C ==

" /TN VA ;
CH, F ¢« ChHy Ho
¢ l
jgore stable form

« In the same vein, the gauche conformation of chloropropane is more stable than

the anti form (103).

CH

| _ | ~
« x CI '

' A -
more stahle form -

Taking these results into account, it does not seem irrational

t?t adjacent

C-0 and C-& bofids have seemingly opposite effects on 1JC_H. Some unexpected

steric effects are also found for methyi-methyl interactions. Pople has

.

calculated that for the compounds be}ow M is more stable than N, but is less stable

than O (104). . | ,
' ; 4 ?Q
oD
' \ T '¢ ' ‘5&' '
X < H H H Y b
ey
s N Vo
/wN R/ \/ H OH
- H H\\C/ 8 \n H—-C< H-C// >C-H
o . & »{ N MM
L M N o :
4 ‘ » P
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‘

Experimental evidence 1s in accord with these findings (105)(106). Intuitively, -
- ope would quickly rule out O as a faﬁored rotamer becauge of the assumed
sterically unfavourable interactlons,gé¥Ween the methyl hydrogens. Pople's .
calculations show however, that three“separite and dlftinct terms must be

considered when attempting to determine stabl%ity. These are respectively

the attraction of electrons for nuclei1 (Vne), interelectronic repulsion (Vee)

-

< v,
and internuclear repulsion (Vnn) (107)(108). In general, Vnn + Vee is larger

than Vne, and this lcads to a situation that can be described by 'classical"

3

steric cffects. This, however, 1s not exclusively the case; in certain con-

formations (as 1n 0 above) . .the protons in question assume such a relationship

that the electrons of one arc rather strongly attracted to the nucleus of the

other thereby making Vne > Vee + Vnn and stabilizing that conformation.

It 1s evident then that steric effects do not follow the simple

a

patterns which are commonly accepted and relied upon, and, caution must be

exercised whenever any conclusion is drawn.on the basis of "unfavourable"
4

~

steric cffects.

Application of steric effect concepts

o [

In conjunction with the investigation of 1JC W and steric effects a

*
study of 2,3,4-tr1—9;acetyl-1,6—anhydro—a—g-idopyranose—6-13C (P), 1,2-0-

-y

isopropylldenc-S,5,6—tri—g;orthoformyl—a-Q—glucofuranose-b—13C (Q) and the
i ¥ 1

periodate complex of 1,2—9;isopropyl1d%ne-a-2;glucofuranose-6-13C (R) 1is

valuable because of the inherent rigidity of these compounds.

L3
-

"\

-t
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~45
— -

JISC-H = 154 Hz JISC-H = 154 Hz J13C ” = 153 Hz
6f 6 6
1 VT T = 148 Hz 15 = 148 Hz
RN 13c_n 3 ey v
¥ ? 6 6 6 .
As noted above, there 1s again a difference 1n the couplings between the ®

1
3C nucleus and 1ts two appended protons. The two observed couplings can
be assigned to the specific protons since the relevant absorptions 1in the
proton magnetic resonance spectrum arc readily identified. One of the Cd
e

protonS}is coupled to,HS, the other experiences no such copling. Examin-

ation of molecular models provides an explanation: one of the C_-H_ bonds

6 -6

1s nearly eclipsed by the CsaHS bond whereas the other maintains a dihedral
angle of 90° with respect to-the CS—HS bond. In each case the coupling of

the 13C nucleus to the endo proten is sma}lgr than that to the exo proton.

In these 1nstances the observed difﬁerence cannot be attributéd to the lone
pair ecffects of.the appended oxygen tlone pair effects are discussed in the
\néxt section) since both C6—H6 bonds are eclipsed by a lene pair as illustrated
below in p;OJeCt?On along the C6-O6 bond:

o ES
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Y]
This type of situation is expected to increase both couplings equally and

consequently the absolute values of these couplings deserve some attention.
The carbon undergoing coupling 1s incorporated 1nt5 a five-membered ring and
can thus be likened to C1 of tctrahydrofuran. The coupling observed in this
latter compound 1s 144.6 Hz (43). Lven if an allowance of 2 llz 1s made

for a B oxygen substituent, 1t is seen that the couplings in P, Q and R are

in excess of this value with, in each case, one of the couplings being
decidely so. The small increase in 1JC_H relative to tetrahydrofuran f?r one
of the C6-H6 couplings, in comparison to the other, can now.be attributed

to the relative orientation of the CS substituents with respect to the
C6-H6,bonds. The projection along the 13C6—Cs bond for the above compgunds 1S

is depicted below:

In all cases 1J is less than 1J The distinguishing

C-H C-H_°

— 6’ 6
feutu%9~ between the Cb—nb and Cg-Ho' bonds are their relative orientation
with respect to the CS-OS and CS--C4 bonds. The C6-H6, bond maintains a

i

-
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dihedral angle of about 150° with the CS—OS bond and an angle of 30° with

the C5~C4 bégat\?BT‘the\C6:H6 bond these angles are 90° and 150°, respectively.

As discussed above, a trans electronegative substituent tends to decrease
———— 3

IJC—H but, as is apparent from a comparison with B-Q—glucqse-1-13c, this effect

Q

is minimal when a C-OH bond is involved. The C5~C4 bond, however, practically

—~

eclipses the C6-H6' bond whereas 1t 1s essentially anti to the C(—H6 bond.
- ?
As noted in the previous section, such an eclipsing type of interaction 1s
. 1 . .
. expected to result in decreased JC—H' This notion 1s now seen to be in

agreement with the experimental results.

To summarize the preceding argument, can be noted that whereas

both 13C—H6 couplings are increased by virtue fof these bonds being eclipsed

ounteracted for 1J by

by oxygen lone pairs, the effect is partially Cofi ¢t
Het

the interaction of the C6-H6' bond with the C -C4 bond and probably to a

5
|
i smaller extent by the anti orientation of the CS—O5 bond.

It is of interest to compare the above systems with a situation

that 1s similar, except fom the absence,of such fixed steric relationships.

A suitable model 1s found in the 5,6-0-isopropylidene ring of 1,2:5,6-di-0-~

isopropyl1dene-a-g-g1ucofuranose-6—13C:

13
CHy . O~CH,
cn?'c‘o H H

OoH H
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13
In the above compound the ~“C nucleus 1s incorporated into a non-

by

rigid five-membered ring so that the CS—O5 and CS-C4 bonds do not maintain

*
a fixed orientation with respect to the C6-H6

pondingly, the diffecrence observed (v1 Hz) betwecen IJC 0 and IJF o'
‘676 66!

or C -l ' bond. Corres-
6 6

minimal.

The preteding discussions lead to the overall conclusion that
dlrectlgvbonded 13C—lH couplings are affected by the rclative orientation of
neighbouring substituents relative to the 13C—H bond. Although these inter-
actions are prob%bl%hmore of asteric than electronic nature, the presence
or absence of uﬁ%avourable steric 1nteractions must be 1interpreted with great
care. Also, whereas the gauche interaction of an axial 13C—il bond with adjacent
carbon~carbon bonds in cyclohexane type systems (as in trans 4-methylcyclo-

1 .
hexanol) can account for a small decrcase in J relative to a situation

“C-H
where this i1nteraction 1s ahsent (sec Section 2.8), the observed differences
in coupling between ]3C1 and H1 of a-aldohexoses relative to the B—%pOmerq

(v10 Hz) necessitate another explanation.

2.9 Lone pair effects on lJ

C-H
As seen 1in the previous section, steric 1interactions cannot account
for all of the 10 Hz difference between thé‘lscl—H1 couplings of the sugar

anomers and consequently it is necessary to examine other aspects of the rigid
pyranose ring. An obvious difference hetween the anomeric protons is the

proximity of the lone pair electrons of the ring oxygen to.the equatorial or

"o proton. It must be emphasized at the beginning of this disqussion that
]
the actual size and directional character of non-bonded lone pairs is a

controversial topic. Wolfe et al. (109) have stated.that the common conception

*
Although a favoured conformation for this ring may be described (p. 139).
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of these lone pairs as ''rabbit ears" 1s not justified; the electron density
actually 1s concentrated much closer to the nucleus. However, evidence is
available from some systems that the actual size of a lone pair 1s somewhere
1n between that of a hydrogen and a methyl group. For a compound such as
N-methy Ipiperidine, which possesscs an axial lone pair, the ~ axial proton
absorption 1n the proton magnetic resonance spectrum ts shifted upficld

as comparcd with cases where there 1s no trans lone pair (110). The copfes-
ponding shift 1s much smaller for piperidine implying that in this cgfmpound

the lone pair 1s not anti-coplanat with the axial proton.

Piperidine N-Methylpiperidine

Since it 1s commonly accepted that bulky substituents prefer an equatorial
orientation,the preceding observations suggest What a lone pair is larger

than a hydrogen atom but smaller than a methyl group. Furthermore, these
»

results indicate that chemical shift can be influenced by the orientation
of a lonc pair on an adjacent atom. Chemical shift is determined by the

k . -
clectromc cnvironment of the nucleus under observation and thiss factor

has also becn scen to influence 1JC_H. It seems reasonable therefore that-

the directly bonded coupling constant should also be a function of the
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orientation of the free clectron pair lobes on an adjacent atom 1if such are
present. Lven though the size and shape of such lobes are not established
beyo;d doubt 1t 1s clear that for o and B-D-glucose the equatorial C-H

bond 1s nearer the concentration of electron density of the oxygen

unshared electrons than is the axial C-H bond:

/

</
OH H_
a-D-Glucose B~D-Glucose

Since the equatorial proton exhibits the greater coupling, the inference

has to be that proximity of lone pairs increases thc absolute value of
. 13, 1 . *
directly bonded “C-"H coupling. -

t

With this hypothesis 1t is then of interest to examine other organic

‘ molecules where lone pair effects are expected to be significant. In the
' 13

1

aziridine derivative below, the c-'u coupling syn to the lone pair is 171 Hz

as compared with 16 Hz for the trans C-H bond (111).

-,
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X 1 1
JC—H = 244.8 Hz g JC-H - 235.8 Hz

The above species caQ.be di%ferentiated spectroscopically by making
use of the’ fact that the hydroxyl protons couple to the central proton
differently in the two carbonium ions. The directly-bonded 13C-lH‘coupling
in S is 9 Hz larger than the corresponding coupling in T, and this has been

{

attributed to the proximity of the oxygen lone pair to thé C-H bond in ’

¢

question. Again,in the oxazirines below, the values for 1JC_H are always about

6 Hz larger when the proton is syn with respect to the lone pair (114).

L o
Y, /\C:—-/NQ /t:—()/N\
H R’

=
it

‘—Nitrophenyl .
i 1 1

J~ = 185 Hz

C-1i JC«H =,179.5 Hz

R'

i

Methyl
It 15 also of interest to examine systems where the lone pair is

<

oriented trans with respect to the carbon-hydrogen bond involved in the coupling.

This type of situation can be realized in the unsaturated system below:

A

e




“

.

~ 7

Ph
o },’c-—-——hfi ' ,
H CHy . i
‘ ly - 154 Hz
C-H

The 13C—lH coupling between the ethylenic carbon and the proton in this com-

pound ts 154 Hz (115). This is an interesting result becausc the corresponding

coupling 1n ethylene 1s 156.4 Hz (42). It has already been shown that electro-

N

negative substitution increases the directly bonded coupling significantly
and that such effects are cven more pronounced in unsaturated than saturated
systems. lhe smaller than expected value for the above compound 1n which

once of the carbons of cthylene 1s replaced by the more electronegative nitrogen

-

™

atom then is 1ikely duc to the trans lone pair of the nitrogen atom. It scems

Al

then that 1t is possible for the electron pair effect to be sqlarge as to
o : : .
overcome the expected electronegativity effects.

On a theoretical basis, incre351ﬁg the electron density between
{

the coupling nucler should lead to more extenkive coupling since such

nuclear-nuclear coupling 1s transmitted through electrons (10). This increase

i cectron density can be envisaged as the overlap of the adjacent lone pair
r <
with the antibonding molecular orbital of the C-Hl bond. Theoretical calculations

have been carried out 1n this vein (116), and were found to be ;ﬁ agreement with
'experlmental results, It was noted that the ecffect of a lone pair 19’;egative
when the lone pair orbital and the C-H bond are EEEEé to each other and positive
®
when the relative orientation 1s cis.
These’ concepts can be used to advantage in the examination of some
, .

conformationally mobile systems. The 13C—IH coupipigs 1n the substituted

methanes below are equal (117): . 3



i
‘t— Ph
h

C-H

1

J 127 Hz

H
CH=t—Pn
31
H
1J = 127 Hz
C-H

However, when one of the central hydrogens is substituted by a hydroxyl

group, the cquivalence of the couplings 1s

destroyed (117):

i H
. 13 ' 13’
) CI:_— Ph CH:;‘ClZ—Ph .
OH OH !
Sy = 146 Ly = 142.5 Hz
C-H C-H )
, !’ .
. The difference in observed coupling between the latter two compounds
must conscquengly be some function of the oxygen substituent. The most
/(ﬁ readily available cxplanation is that the unshared clectron pairs of the

oxygen assume different orientations with respect to the 13C-H bond. This

difference in orientation can be rationalized if itqis assumed that the size

of the non-bonded electron pair is somewhat greater .than that of a bonding

pair.

l" A H ,
H
R P
| /
a; %fp'Cf%

a'; R = cyclopropyl

Three possible orientations about the C-O bond can be proposed:

Y H
H .
RZ Ph R Ph
H

i

CH

cycloprop

3

0
c;RzCH3

"
, ~

c'; R

]

cyclopropyl
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The most unfavourable orientation results when one of the unshared lobes is

gauche with respect to both bulky substituents (R,Ph), as in a and b, and tbéfi

3

orientation should become even less favoured energetically when the size of
L

i
R is increasedffas in a' and b'. A possible infercnce then is that whereas
a, b and ¢ may be cnerget1éally similar, c' 1s favoured over a' and b'.
Since in c' the ]3C~H bond has two oxygen lone pairs oriented gauche with

Tespect to 1t as opposed to one gauche and one trans for a' and b' 1t 1s

¢
reasonable to expect increased coupling for the cyclopropyl substituted

compound 1n comparison with the methyl substituted analog, as is obscrved
(117).

Another interesting situation is encountered in the dioxolane

14
L]

derivative below:

@)
(CHQ)n \13 /H,
P
O N\ n

A

It is found that the directly bonded 13C—lH coupling for the proton cis to
the attached alkyl ring in all cases 1s about 1.5Hz larger than for the trans
proton (118). Due to steric interactions, the cis proton in the above series

+

probably assumes %rpseudo equatorial orientat&on thereby experiencing more
gauche lone pair {nteractions with the oxygen unshared electron pairs than
does the trans proton.

It would be valuabie 1n this connection to have some' approximate
empirical values for the electron lone pair effects discussed above. To
detennlﬁf such values it is of cogrde necessary to investigate sygtems where

all othdr variable are essentially minimized. A‘suitable model seems to be

methyl 4,6-Q;benzy1idene-a—g-glucopyranoside—6—ISC. "

~ .- )

' L
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‘ OCH,
1 ) i ~
Jey = 141.5 Ho Jep

151 Hr
d

In this compound, as previously mentioned, there are na 1,3 diavial

[
o

. . . 13, . .
type steric 1nteﬁzct10ns mnvolving Co Furthermore the ¢ -0 bond bears
' S N
R

the same relationship with respect to boﬂg(};&% bonds, Tven 1t about 3 or

4 Hz are attributed to the effect of a gauche carbon-carbon bond with respedt
N 131
to the ""C-"H hond, lone pair effects have to be invohed to explain the re

.

amd T Since

mainder of the difference, i.e., 27 Hz between Ten v
)

1
J.
L-Hh

the equatorial proton cxperiences two gauche lone paiy effects whereas the axial

proton maintains a gauche relationship with onc lone pair and a tfans with the.

»
/r“/ other, the observed difference in coupling may he attributed to the net rewult
/ of the difference between a trans and a gauche clectron pair effect, L 4

| In order to further examine these proposcd cffects of ltone pairs

”~

it was deemed necessary to investigate a model where a conformationally free

t M

. . ) . 3.
oxygen can be subsequently fixed and the coupling between the adjacoent ! ¢

[}

1 . - . . .
and "H nuclei can be measured and compared for the two forms. This situation

can be realized in'B-Q-mannose-1713C and 3,4,6-tri-Q;acetyf—ﬂ~g—mnnnnso 1,2-

(méthyl orthoacetate)—l~13C: ’
' Cru
H H
. CH,OH CH,OAc OAc
HOAY 2 oo : AcO 2 Y A
H '\ : AcO\ ¥ R““ !
HO N °$/0H ‘ N
H H — ) H
N LS \\
8—Q~Manno§g-l~13c 3,4,6-Tri-g-acetyl—V~Q—mapn0fi-
R 1,2~ (methyl orthoacetatégFl— ¢
. . 1 ~ 1 .
.. \ Joy = 160 Hz Joy = 176 Hz
o
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‘ In the free sugar, although there may be a preferred conformer about the CI—O1 s

bond, the 0, lone pairs do not maintain a fixed orientatdon relative to the "

¢
il

Cl—H1 bond. However, when 02 and 01 are incorporated in a ring in the orthoester
. )
¢ * derivative the lone pairs on 01 of necessity become fixed relative to the C,-H,

bond. Molecular models indicate that the CI—H bond is oriented in between the
6' 1]

1

two lone pairs; in fact this bond 1s close to being eclipsed by one of ﬁhése

lobes. This 1s exactly the type of situation for which increased céupling has

3
b : been predicted. Experimental .results show that the 1 Cl-H1 coupling 1n the ortho-

aster 15 16 Hz greatér than the corresponding coupling 1in B-D-mannose. Not all

-
rd

of this increase can be attributed to the lone pair effect 51%¥e, as will become
7
, evident in Section 2.10, incorporation of the coupling carbon into a five-membered
-
. .1 . . L
ring leads to an increase in JC—H' This latter increase, however, is in no case

greater than 6-7 Hz. The effect of the orthoacetate substituent is also expected

"

- - » . - '
to be very small since it is known that vy electronegative substituents affect IJ(._H

~ minimally (27). One can assume then that the rest of the differencg in coupling
between the above compounds is accounted for by the proximity of the oxygen lone

pairs to the C.-H, bond.
11 .

It is of interest in this connection to study a simple system which

approximates the situation about C, of the sugars. A suitable model in this case

»
is found in dimethoxymethane:

) o
N CH3/ ' ‘
- ) , ‘ )
. H2C/\/OC Hy < ) OCH

There are four possible conformations of this compound consistent with a

. .

' staggered arrangement of substituents about the C-O bonds:
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Ho S H H )* Hop
@ , C CH CH CH
?/, ™o T/ ot f/ o N N3
CH3 CH3 CH3 CH3 CH3
’ a b c d

-~

ég 1initio molecular orbital calculations (119) carried out on
methanediol 1ndicate that a 1s the¢preferred conformation. By analogy the
suggestion has been made (119) that the favoured conformation about the Cl-O

X
bond of methyl-a-glycosides must then be the following:

1,

- Co

This now means that the conformation of the C5 OS C 04 LH fragment of the
sugar moigty is cquivalent to a. In turn, the unshared clectron pair effects
cxperienciﬁ\h¥¢xhe central C-H bonds in a are the same :as those experienced

by the Cl-H1 bond i1n the glycoside.

The onlv notablce dlffcrencjlunmwen the two systems, in fact®is a

A .
canbon substituent (1.e. C4) 1n the sugar compared with a hydrogen in dimecthoxy-
; 2
mvthdgol. The observed coupling between 13C1 and H1 in methyl-a-D-gluco-,
- 13 .

pyranoside-1-""C is 168 lz, or, corrccted for the R-OH substituent effect, 166

Hz. The measured coupling in dimethoxymethane is 162 Hz. There are no factors

apparent in these systems which can account for this difference, other than

'

’
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those 1ntroduced by differences in contormatron. lheretore tt ts possible that

the conformations are not strictly equivalent. Consequently the validity of using

simple modcls to approximate conformations in more complex systems must be

Y

questioned.

)
- -

A thcorctical 1nvestigation of the lone pair effoct'wus also carried
out 1n conjunction with this study.” The Pople-Santry method was employed (17)
and terms other than the Fermi contact term were 1gnorcd. The results for ’
‘mcthanol, listed- in Table 9, are 1n agreement with experiment: the directly o
bonded coupling 1nereases as clectron lone pairs approach the‘lSC—lﬂ hond. In

such calculations importance can be attached only to the trend and ‘not to the
4

absolute values,

TABLE 9 - Calculated 1J in methanol

C-H R

8 Jcalc. (Hz) -
0 1162.3
30 ( 163.0 ; H«e
60 165.0 H H
‘ 90 167.4
¢ V120 169.5 !
150 170.8
/» ’
/‘ a ‘5‘ N \:. 180 - 171.3 _
o ¢ . 1. . N
- ~2.10 Effect of ring size on “J. .

— 3.1 . .
It is well known that directly bonded ! C-"H coupling is influenced

. ~ 1 . <y
by strairn in ring systems. As 1is evident in Table 10, JC-H increases with
L]

decreasing ring size (27) '(43) (120).-

¢

V*The\pheoretical calculations were performed by Dr. N. Cyr.

¢
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[ABLL 10 = Variation of lj with ring size (27)(43)(120)

C-H

1 1.
e (nz) Yor (Hz) bg_u (H7)

s e) -
‘ ’ -—/—l—H 1610 LS_H 1757 A_H‘ 22Q0

—0O
1346 , I 1480 i 1700
~H H H
0 R ot
Q“ 1285 x-[ \j 1446 ) QL 1610
H H H
. .
1270 @ 1394 1580 ’
— H . o AH - H
. The sugars in general manifest this phenomenon; all other factors

E
being equivalent, larger couplings are associated with the C-H bonds of

furanoses than of pyranos%s. These observations can be rationalized by,

=

considering a and b below: -

- N ) H H
| H \_/
. / (' H ) / C=
2hT ™y ‘ \
- - H H
‘ a - b | g

In a, as n decreases, the bonds X and Y move closer to each otker,
and the carbon atem.approaches sp2 hybridization which it ultimately achieves
- in b where n equals one. Since 1JC H increases with an increase in g

. character of the carbon it is reasonable to anticipate a variation of this

parameter with ring size. - !

1

|

|

|

. |

, |

. |
4 |

(‘ |
|

: |

|
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-

it has alrcady been shown that Ly

Jeoy depends on several factors

which can be additive or campensatory. It 1s important for purposes of com-

.

parison to consider models where variables other than ring size are held

. -, 13
as constant as possible. The anomeric regions of a-g-maﬂhopyranose—l- C and

, 2,3:5,6-d1—9;1sopropylidene=a—2—mannofuranose-1—13C scemed to fulfill this

- condition and were consequently considered -in this aspect of the study of 1JC;H'

H .
C o AK Mo ‘
oQ\\ o
H &
HO %?H - -
*H

OH . n

Ty

1 ) ' 1 -
Jo_y = 170 Hz . Joy = 175 Hz

"

Although the conformation of five-membered rings is not reéﬁily assigned,
in the proton magnetic resonance spectrum of the above furanose no coupling be-

tween H1 and H2 is observed. The dihedral angle between the Cl—H1 and CZ—H2

bonds then can be assumed to be close to 90° thereby fixing the conformation

y
<

of the ring. The relative orfentations of the ring oxygen lone pairs with

respect to the C,-H. bond are now’ seen to be similar to that in the pyranose.

1.1

The orientation of the CZ—O2 bond with respect to the CI-H1

the same in the pyranose and furanose. The observed difference in coupling

bond is also roughly

of 5 Hz 1s comparable to the difference between the C,-H, couplings of tetra-
“

. .
hydrofuran and tetrahydropyran and can be directly attributed to ring strain.

AR When a similar comparison is made for compounds possessing the a gluco

w

configuration a difference such as is observed for the manno compounds is not

x"' A

T
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evident: .
OH 5\ HO CHE‘OHO
H'{:NOH ‘ A H\ ,
H ¥
O=C ' H HO 3
N 0O
- ,/9 O H OH H HC\OH »
U v
1 = 170 Yz 14 = 169 llz-
C-H C-l R
* s )
& ‘ 1y = 175 Hz 1 = 161 Hz
C-H C-H -
8 8
/ ) .

The conformation of the furanose ring can again be determined with some

degree of certainty by utilizing the fact that the absence of coupling between

H1 and H2 in the a anomer fixes the dihedral anglé hetween the Cl-H1 and
C2-H2 bonds at 90°. In the manno compounds above 1t was n§ted that the C2-O7
bond wa; gauche with respect to the C,-H, bond in the furanose as well as the

171

pyranose. For the compounds possessing the a gluco configuration this is no
longer true. In the furanose now the C2—O2 bond 1s almost trans with respect
to the CI-H1 bond, a situation that should lead to decreased coupling. This
effect then likely cancels the increase due to ring strain. Considering

the £ anomers, however, the CZ-O2 bond of the furanose maintains a small
’ o

dihedral angle with the CI-H1 bond and consequently not only 1s the expected, ,

increase observed, but 1t 1s amplified.
¢ 1 N . .
. JC i can, then, 1n certain cases serve as a measure of ring strain.

It 1s noteworthy “gn this regard that when ¥ below is oxidized to X, a .

»
*

décrease of 2.5 HzAis observed 1n 1JC_H.

s

¢
'

s
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It is ecxpected that in E_rfhg strain 1s partially relieved by the
. . o 2 . .
incorporation of an sp~ carbon in the furanose ring. A similar effect 1s

mani fested in Y relative to Z.

When C1 of a furanase is incorporated into a second ring as in W,
increases by about 13 Hz. The question of riné‘strain additivity has to be
considered 1n this case; i.e. whether incoiyoration of the coupling °C

P

nucleus into two fused rings results in twice the increase in coupling as is

observed on incorporation into a single ring. This does seem to be the case

wheﬁ‘cyélopropanes are examined (35): "
< r . H
CH, "
, )
1 o125z | 1y w161 Hz Ly w202 Hz
- . Cdi C-H C-H

I}
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] ..
) - 13
1t hasg dﬁready been stated that incorporation-of the ~C nucleus

r
into a five-membered ring results in an increase of about § Hz in the coupling

) A

to 1its appcnﬁcd proton, wherecas the observed difference between the o anomer of U

and W 1s certainly greater than twice this amount. Some of this increment

¢
becomes cevident on the examination of molecular models. Incorporating OI 1nto

an isopropyvlidene ring fixes the orientation of the unshared clectron pair lobes

of Olwrgldtivc to the Cl—Hl bond 1n such a manncr that the CI—HI bond cxper-

iences two gauche lone pair interactions. This tvpe of rarrangement, as discussed

13. 1
1n Section 2.9, leads to 1ncreased = C- H coupling. *

A

,sz& Conclusion . >

lhe results of the present investigation suggest that directly
, 13,1
rbonded " 7C- "l coupling constants vary according teo structural features of

molecules 1n a manner that cannot be described by the classical hybridization
& -4
approdach. The latter model, along with the Malinowskl type of additivity relation-

ship (38) 15 now scen as applicable only for very large changes 1n lJ

e and

the cffective nuclear charge concept of Grant and Litchman (59) also acems

to offer too limited a view. In fact IJF jp varies im 4 rather complex manner.
‘ 13
The coupling 1increases with clectronegative substitution at the *( nucleus,
13,1 13

with the proximity of lone pairs to the 7C-"H bond and with strain when the C
is incorporated 1nto a ring. Gauche type steric effects as %¢}I as adjacent
trans clectronegative substituents cause decrcased coupling. These couplings,

as demonstrated, can be used to advantage in conformational analysis and

will no doubt recewve further attention to exploit their potential. It must be
emphasized, however, that in ;rdcr to obtain meaningful results 1t 1s imperative

to take all variables i1nto account. As the present 1nvestigation implies, pre-

viously calculated hybridization, bond angle and bond length data based on 1J

©

C-H

are best regarded as approximations.
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3.1 Introductory remarks

Internuclear coupling between the %SC nucleus and a proton through

two bonds, termed geminal coupling and denoted by 2] ‘was also extensively

REORI L

investigated 1n this general study of 13C—IH coupling constants,and the results
are reported 1n Table 1. As with directly bonded coupling, emphasis was placed

on stereochemical factors associated with this paramcter.

The determination of 13C—1H geminal coupling interactions prescnts

L4
substantial experimental difficulties and consequently the literature data on

this topic arce limited (121)(122). These couplings are much smaller in

magnitude than the previously discussed directly bonded couplings, ranging

1n the present investigation from O to 6 Hz in absolute value. For this

P

reason their mecasurement from natural abundance spectra 1s at present frequently

impossible except in the simplest cases (see p. 4), since the relevant signals
are obscured by the much larger signals of those protons not coupled to a 13C
nucleus. Figure 1 depicts the theoretical and actual natural abundance

proton magnetic rcsonance Spectfum of the aldehydic proton in acetaldchyde, an

s (

optimal casc 1n this regard due to the large coupling (26.6 Hz) between' the

'

methyl carbon and the aldehydic proton (123).

el

. A

FIG. 1 Natural abundance pmr spectrum of the
: aldehggdic proton in acetaldehyde. '

. 44



TABLE 1 - Geminal 13C-“"1H.cotxp11ng in 13C enriched carbghydrates

A,
-

&,‘4 : ) | ‘ . ) - 2 (x% Hz)

~ ¢ Compound - Coupling pathway C-H
1,Z-Q;Isopropylidéne—a-Q-glucofuranose—é—13C . C6 C5 HS ” 1
1,2-0- Isoprogy11dene 3,5,6-tri-O-acetyl-a-D-gluco- C6-C5.-H5 1
furanose- 6-1 .
1,2-0-Isopropylidene-3,5,6-tTi- O-acetyl-a-~D-gluco- C -C_-H <1

5. 6 55 -
furanose 6- Qz . ) -
1,2-9;1sopropylidene-a-g—glucofuranose-a-13C .- G -C,-H, 5.5
1,2-0- Isoprogylldene -3,5,6-tri-0O-acetyl-a-D- gluco- — Cl—CZ-H2 . . ~ 5.5
furanose-1-1 !
oo
1,2-0- Isoprogglldene 3,5,6-tri-0-orthoformyl-a- -D-gluco- C6-C5-H5 <1 o
furanose 6-1 '
1,2- 0 ISOprOpylldene 3,5,6-tri-O-orthoformyl-a-D- ’ C6-CS—H5 <1
glucofuranose-6-13c-6- d2
.1,2-0-Isopropylidene-3,5,6-tri-O-orthoformyl-a-D- ’ C,-C,-H, ' ) 4.8
glucofuranose-1-13C i .
1,2:5,6-Di-9;isopropylidene-a-Q-glucofuragosqf6~lsc - C6-C5-HS ' <1
1,2:5,6—01-97isoprOpylidenera—Q-g1ucofuranose-1-%3C . 61—67-H7 +5.5
1,2:5,6-01-97isoprOpyl%dene-S-Q;acetyl—x-Q—giucofuranose- C,-C,-H, h -5.5
1-13¢ ' - 172 2 . s
i 233 6AD1—O isopropylidene-a-D-ribohexofuranose- 3- ulose- Cl—C.,—Hﬂ ‘ “E 5.5 )
- .

‘1,2:S,6~Diﬁg—iSDpr0pyl1dene—a—g-a1lofuranose—l-ISC Cl-C7-ﬁ; - 5




-~

Compound
P . . 13
1,2-0-Isopropylidene- g-L-idofuranose-6-""C

l,Z-Q;Isopropylldene—B-I___,-idofuranose—é—lsc—é-d2

t '
1,%-0—IsoprOpylldenQ:d-g—glucofuranur0n0-6,3—1actdﬁe-
6-13C -

1,2-Qflsopropy1idene-S-Q-acetyl-a—Qleucofuranurono-
6,3-lactone-6---C !
,%ggflsoprOPylldene—8-L-idofuranurono-6,3-1actone-
-13C = .

[

-

+

Isopropylidene-5-0-acetyl-g-L-idofuranurono-
ctone-6-13¢C -

b4
>

.._O_.

-la
' 13

D-Mannono-1,4-lactone-1-""C '

2,3:S,6—Di-g;iSOpropylidene—aqg-mannofuranose-l—lSC

2,3:5,6-Di-0-isePTopylidene-1-0-acetyl-a-D-manno-

furanose-1-13C : - :
13

& -D-Glucopyranose-1-""C

B—Q-Glucopyranose-l-lsc -

B-Q-Allopyranose—l—lsc
1,%,3,4;6—Penta-9;acety1—8—Q—allopyranose-l-ISC

?52,3,4,6-Penta—9;acetyl4x-D-glugopyranose-l-lsc

1,2,3,4,6-Penta-9;acety1—8-Q-glucoPyranose-l-ISC

Coupling pathway:

.—vg_



Compound
1,2,3,4,6-Penta-0-acetyl--D-mannopyranose-1-'>C

i,2,3,4,6-Penta-9;acetyl-a-g-glucopyranose76-13C

i
1,2,3,4,6-Pegxa—gfacetyl-B-Q-gluCOpyranose—6-li§ '
2,3,4,6-Tetra~9;acety1—a-g—glucopyranosyl bromide—1-13C

2,3,4,6—Tetfa-9;ace;yl-a-g-mannopyranosy1 brom1de—l—13C

2,3,4,6—Tetra-97acetyl—1,S-aﬁhydro-g-glucitol-1-13C

3,4,6-Tri-9;acet{1-B—Q-mannopyranose-(l,Z-methyl
orthoacetate)-1-13c ~

—
.

Methyl—a—Q-glucopyranoside-1-13C.‘

Methyl 4,6—9;benzy1idene—a—Q—gluc0pyranoside—l-13C

Methyl 4,6-9;benzylidene-a-Q—glucopyran051de~6—ISC

1,6-Anhydro-a-gdidopyranose—é—13C

2,3,4-Tri-97acetyl-1,6-anhydro-a-g-idopyranose—6—13C

<

Coupling pathway

cl-cz-h’2
CeCsHs

C6—C5—HS

JC—H

1

.5

(Hz)

|
0o
%

vl
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o

The coupling 1n this case can be measured from the separation of the
. : 13, 1 ' 13,
satellrtes which are the direct result of geminal "~“C- H coupling between €,

°

and “1' It 1s evident however, that if such geminal coupling 1s of smaller

o

magnitude than in the example above, the satellites of interest are likely to
be obliterated- by the intemse central absorptxoh. Turthermore, in any slightly

more complex system, for example one containing thfee carbon atoms such as

“

propanal, o)

cven 1f the satellites are observable, additional problems mpay be -
encountered. Along with geminal 13(I—IH couplfng, there now exists the possibiligy
of vicinal (three bond) coupling between 13C3 and “l and consequently therc:is
an uncertainty in whach coupling 1s really being obscrved., °

Foufier’ transform instrumentation capable of specific proton de-=
coupling was not avgllablc during the period of recscarc¢h described here. Hence

13, - - ‘ !
a rather high degree of "“C enrichment was essentials 1n oyr 1nvestigation of the
relatively complex systems which appeared suited for the examimation of various

L]

stercochemical determinants of ZJC_”. Aside from the difficulties 1nvolved
1 o

13 . . .
in the synthesis of "7C enriched compounds, potential problems can arise 1in

specific proton signal assignment. This may be 1llustrated by referring to

4
two cxamples. Figure 2 shows am optimum case, that of 1,2-0-isopropylidene-

8 -

3,5,b-trl—Qforthoformyl-a—Q~glucofuranose, naturale abyndance ang‘l—lsc (80%).

In this case the complete spectrum can be analyzed by making use of chemical

shift princrples, proton-proton coupling data and proton decoupling. 1In the

{513C hbciling’experimgnt,thcn,the coypling between 13C1 and “2 can be
Y .
"' "‘.7 "~

directly measurgd. Sinck the enrichment is about 80% the H2 doublet of the non-

~ Y

enriched compound is still present in the spectrum and in some cases may still

hy . j
, ?&»i&"

i
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‘ PPm(5) _
F1G, 2 Partial pmr spectrum (100 MHz) of A) 1,2-0-isopropylidene-3,5,6-

tri-Q}orthoformyl-a-Q-glucofuranose and B) 1,2—0-isopropy1iden§—

3,5,6—tri-9;o§thoforﬁyl-a;Q~g1ucofuranose—1-13C-I80% enriched) in
CbCl .. - o :
3 o

e

\

v
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interfere with the necessary determinaon. For this reason a high degree

of enrichement 1.e. 80-90% is particularly beneficial in obtaining accurate

.

values for the coupling.

In contrast to the above compound, the spectrum of 1,2:5,6-d1-0-150-

propylidene-a-D-ribohexofuranose-3-ulose (monohydrate)—l-lSC (A) (Fig. 3) 1s

CH O-CH2
x5

Hay

,» Hys H, Ho and

He o that even at 220 MHz the H2 signal cannot be identified and consequehtly

so complex due to the proximity ot the chemical shifts of H

the coupling to 13C1 cannot be measured. In the light of these considerations

3

1t 1s obvious that even with enriched compounds one is limited 1in the type
of systems that can be examined spectroscopically.

Primarily then, due to the aforement 1oned difficulties the l‘3C—1H
geminal, couplings that have been measured herctofore relate mostly to rather
simple systems; therc is a dire lack of daté for conformationally rigid
systems 1in which various stereochemical effects can systematically be evaluated.

"It should be mentioned at this point that the spectra encountered 1in this study
can in éencral be described as AMX as far as the vicinal proton, geminal proton

13, . .
and the “7C nucleus are concerned, so that thes observed spacings should be close in

value to the actual coupling constant.
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F1G. 3 Partial pmr spectrum (100 MHz) of 1,2:5,6-di-O-isopropylidene-

a-D-ribohexofuranose-3-ulose (monohydrate)-1-I3C (80%) in CDC1,,
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. . 2
. 3.2 Observation of relative bend orientation effects on JC—H

As with the directly bonded couplings, a striking observation was

. 1
made for the case of a and B-D-glucopyranose-1- 3C

H C OH
CH,OH HOAG
HO 0 ’ H
. 2
- H H2\\ \
~ S . L-OH-
HO O ?/H - ) (I:
H p
3 <1mHz - C 23 5.7 Hz
C-H C-H™°°

The B anomer exhibits a rather large geminal coupling of 5.7 Hz

-

between 13C1 and H2 whereas no coupling is observablc for the o amomer. The
L)
) coupling pathway appears to have the same geometry in these two instances;

the only obvious differcnce between thé anomers 1s the orientation of the

anomeric hydroxyl group with respect to the C,-H_ bond:

22 o ’
\f'é
o 2 o
5 Hy O OH,;
. OH, " Hy
* !
‘{" a-D-Glucose B-D-Glucose

Similar effects can be noted as well when the 13 is sp2 hybridized

s 1n the case of 1,2-O-isopropylidene-a- -D- glucofuranurono 6,3-lactone- 6-13C

(B) and 1ts L-ido cpimer (C):

,.eH O~_ H

H
O-C\\ H 0O
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A
»

Based on these observations, the potential use of these couplings became

apparent: 1f the factors determining the above differences were identified

such 13C—IH couplings could prove to be-a valuable 'tool in structural analysis.
The present findings bear a resemblance to those described by Lynden-

Bell (95) for bromo-ethylene:

- L ¥
H >H ' .
A 17 ’ ‘
[ h C=C -
H/ \B
‘- B T
2, -
‘c-nA = +7.5 Hz
2 _ .
Jey = -85 1z _

\
That 1s, the proton cis to the bromine atom shows a coupling of - \S

Hz in contrast to the +7.5 Hz for the trans proton, a marked difference 1in
steric dependence., Since 1n the sugars mentioned abdve there arc two oxygen
substituents on thd& ®(’'nucleus, onc way to describe their orientation with
respect to the coupling path could be to consider a 'resultant" by treating

the Cl—O1 bonds as vcctors;VFFor'the glucoge anomers these resultants can be

represented by the following:

“H ' R Ho .
% O - 05@%: o
‘ C OH,
C3 OH2 o 3 2
H OH;
2
Jeq = 5.7He ey <1 W
B—Q-glucosc

g %-D-Glucose
Using this terminology the relative positions of the oxygens with

.
. - . P
YA . » . .
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respect to the CZ—H2 bond can be described by referring to the dihedral angle

between the '"resultant' and the C2-H bond. Accordingly, !gupling decreases

2
1n absolute value as the dihedral angle 1s increased. -

At this stage 1t becomes imperative to introduce a concept which was
not considercd 1n dealing with directly bonded couplings: the sign of coupling
constants. It has alrcady been i1ndicated for bromoethylene that geminal
13,1 R v
C-"H coupling may have a positive or negative sign, depending on the inherent
stercochemistry. In order then, to make meaningful correlations between
geminal coupling and structure and to enable the application of thesc couplings

1 .
in practical structural analysis,1t became essentiral ;hat the sign of such
couplings be determined. 1t would then subsequently become clear whether the

- K .
ohserved coupling was actually increasing or decreasing relative to the orient-

. 13,
ation of the substituents on the C nuclecus.

3.3 Signs of coupling constants

The great majority of the 13C—lH geminal coupling values available

in the literaturce are absolute values owing to the fact that the experimental
determination of signs is often difficult. Internuclear coupling is caused
by the interaction of nuclear spins, as transmitted through electrons (10).

In general, 1f the energy of interaction between two nucler 1s more favourable

\whcn the spins are antiparallel than for the parallel arrangement, then the

coupling constant J 1s positive. When the parallel arrangement 1s energetically
favoured, the coupling constant.is said to be negative. As an example, consider
the ISC—H bond, a;& let the high and low energy states of nucler or electrons
be denoted by a and 8 respectively. At any moment, then, there 1s a high probé-

bility of finding one clectron in the vicinify of the 13C nucleus and the other

in the vicinity of the proton. Since nuclear and clectron spins tend to pair,

!
s

o



0y

1f the hydrogen nucleus 1s 1in the « or high energy state, the electron close
to 1t will moést frequently have a B spin. By the Pauli exc1u51on’pr1nciple

the sccond clectron in the covalent bond will then be i1n the u spin'state and

’

consequently the £ spin state of the 13C nucleus will be favQured. This type
of transmission of the energetic state of coupling nuclei leads to positive

spin-spin coupling and can be represented schematically as below:

~—

¢ T h it
— 4
1
N,
W e

S Y

where the*large arrows represent spins of nuclei wheTeas the small arrows refer

_‘.lr:

to clectron spin. It follows then that 1f coupling 1s transmxttea(hy this- .

’

Fol . . . )
mechanism*(1.c. Fermi mechanism), directly bonded couplings should be positive.
Sometimes, 4 similar argument 1s advanced to show that geminal spin-spin couplings

1

P .
are negativce making use of the schematic below which leads to a parallel, or

1gss favoured arrangement of nuclear spins. e

B ¢

i
’

ety

Such an argument 1s fallacious because 1n such systems 99% of the time the

intervening carbon atom is the 12C‘1sotope and consequently has no spin! The
above diagram accordingly becomes meaningless. It has already been indicated
that 2JC_H can be of either sign; therefore depending on how spin information

is transmitted frem th gctrons 1n one bond to the, electrons in the other,

according to the stereochemistry of the orbitals involved, both of the following

coupling situations are posfible:
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H . 8¢ H - 13¢
- positive coupling negative coupling

\

The signs of these couplings have mathematical significance,so that
o

v one cam‘talk about positive and negative contributions to couplvng. For example,
. ) .
gO# ~ d
7f , «h&\ consideration of the data below (124), leads to the notion that a Br substituent
& -
LY ,
"G Erans to the coupling proton makes a contribution of +9.9 Hz, a cis substituent
e —_—

\

contributes -6.1 Hz whereas a Br atom bonded to the intervening carbon contributes

;o

+8.2 Hiz. "
| .
Hq H Ha H- Hq H
/ \ /\ / N\
HU H Hb \ Br Br H
23 =24 Hz %3, =4+7.5Hz 2. = +5.8 Hz
C-H = ° C-H : c-H .
- a a
,, 2 ,
Jealy, = -8.5 Hz )

Based on this idea tﬁe geminal 13C—IH coupling in cis-dibromoethylene
would be éxpected to equal -2.4 + 9.9 + 8.2,0r 15.7 Hz. The experimental value
for this compound is 14.7 Hz. It is evident then that signs of coupling constants
have real algebraic 51gn1f1cance'§nd consequently 1t becomes important to in-

vestigate these cffects in the sugar series.

Theory of sign determination

Three basic methods are available for sign determination of coupling
constants. It must be emphasized that absolute sign determination is in general
.ot possible; sign determinations are carried out relative to the one bond

. 13C-H coupling which is widely accepted to be positive, based on studies
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carried out with laquid crystals (125). I i
lor some strongly cou@&ed spectra 1t 1s possible to carry out sign
determinations bx the matching of 13C satellite spectra with computed spectra,
This method has been used by Go&dstein and coworkers (126) with aromatic systemd.
A second method of sign determination involves the investigation of
solvent effects on the geminal coupling constant (127). It 1s known for examplé,
that the geminal proton-proton coupling in styrene oxide is positive while 1in

,

styrene sulfide 1t is negative. These couplingslﬂre seen to vary with solvent

in the following manner: .
Styrene sulfide Styrene oxide
Cyclohexane o -1.15 Hz 6.00 tiz
CHCl3 -1.50 Hz ‘ 5.55 Hz
DMSO -1.55 Hz 5.31 Hz

Both sets of coupling constants decrease algebraically with increasing dielectric
constant of the solvent; styrene SUlflée increasing in absolute value. There-
fore, by observing the behaviour of 1JI| in different solvents one can determine
the sign of the coupling. (The rationale here involves the shift of
electrons out of, or 1n§o,certain carbon 6rbitals depending on the orientation
of the dipole moment of the solute molecule witi respect to the H-C-H plane (127)).
Theoretically then, it should also be possible to determine the sign of geminal
13C-lll coupling by studying whether the coupling increases or decreases as the
dielectric constant of the solvent is increased. ,

To investigate this possibility in the sugar series it was necessary

to select compounds in which the desired pmr signals were sharp and clearly

visible. 1,?:5,6-Di—9;isopropylidene—S-Q;acetyl-a—g—glucofuranose—1-13C (Fig. 4);
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and 1,2-9_—1sopropy1idc-nc-l‘),5,t‘;-tr"x—g_—acetyl—OL—I=)-glucof’uranosc—6-13C~6—g_2

;
(Fig. 5) were found to be suitable since the rclevant proton ahsorptions were

!

easily i1dentified and the compounds can be dissolved 1n a variety of solvents,
The above compounds also represent the two general types of cases

examined in this investigation: the coupling carbon bearing two oxygens or

one oxygen, respectively. The solvents employed were CC14, CSZ’ DMSO, aceto-

nitrile, pyridine, acetone, hexafluoroacetone, benzene and chloroform along with

various combinations of the solvents. It is evident that these splvents represent

a wide range of dielectric constants, however, within the accuracy of the
o . 2 .
measurements (.5 Hz) no significant variation in JC [ was noted 1n either of

the two cases. [t must be concluded then that this method 1s not suitable for
sign dectermination 1n the type of systems encountered in the present 1nvesti-
gation. Correspondingly, 1t can also be concluded that the geminal couplings
which are being discussed are essentially independent of solvent.

The third method, and the one found applicable here, involves double

resonance techniques (128). The ideal case for such investigations 1s an AMX

spin system. Consider a situation such as H —C-13C~H where X 1is 13C. The

2 1

prerequisites for sign determination include coupling of 13C to H1 and H2 as

well as proton-proton coupling between ”1 and H2. Symbolically the spectrum

can then be represented as in Fig. 6.

",
Ha - |%
Y
C-N "—Jc:n——b "G-H
Jg—" ——?
HiH T

FIG. 6 Schematic NMR spectrum of HZ-C—ISC—H1
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\ L
. In this case the chemical shifts of the H, and H2 absorptions can

1
f
be described by the following relationships:
1 .
v(A) = v, +J . m + Jo gm
§~ Hf HIHZ H2 C-H 13C

> : 2
v(B) = g +J -m, o+ J. o em . ¢
ﬁz L H, L Te-Ts, -

wherc v is the chemical shift in Hz and m assumes values of 1/2 ot -1/2.

Iror example, 11

Jeon being positive, the chemical shifts of the low frequency®

I
. lines would be described as:

1
: , 1 !
v(Al) = v“ - 1/2 JC—H - 1/2 JH H ‘ ‘
1 . 12 \\
1 /
and v(Az) = vy - 1/2 {C—H + l/? JH H
1 172 ‘o
These .absorptions are then said to be in the same 13C state (1.e. - 1/2). .
" Turning now to H2, if 2JC_H 1s positive the low frequency H2 lines can be
sdescribed as: > | ‘ K
B o 2 1
VB =y V2 - W2y :
2 12 o
N 2
and v(Bz) = vH - 1/2 JC—H +1/2 JH H
1 2 172
égain, both of these are seen to be in the -1/2 13@ state. On the other hand, é,
if ZBC-H is negative, the descr1p€ion of the low frequency H2 lines becomes: P&D
2
v(B,) = v, + 1/2 °J -1/2 3
» 1 H2 c C-H HIHZ
_ 2 -
and v(Bz) = sz + 1/2 (chH'* 1/2 JHle

4 S les

Thesc signals are now in the + 1/2 13C state. It is evident that if 1JC_H

and ZJC_“ are both positive, tﬁ% low freduency pair of H1 lines as well as

the low frequency pair of H2 lines arise from the -1/2 13C state. If the signs

are opposite, then the -1/2 13C state is responsible for'the low frequency pair

0
1. v . ’

o
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of one doublet of doublets and the high frequency pair of the other. llence by in-

troducing a second r.f. source with a frequency corresponding to that of one of the

doublets, one can obtain selective decoupling within only half the molecules,
i.e., those with a specific 13C state. By observing which doublet collapses
due to this irradiation, the relative signs of the coupling can be determined.
If irradiatlog at A causes collapse at B in Fig. 6, the signs are the same;
if this irradiation causes collapse at B', the signs are tﬂen opposite. Since
JC_“_lq taken as pos{%ive (125), the sign of ZJC—H can be determined.

As a practical example, acctaldehyde—2—13c can be considered. This

-

is an AMSX spin system with a schematic spectrum as represented in Fig. 7.

'%u;g—n €My
, | .
e «
| }
t .

)
FIG. 7 Schematic spectrum of acetaldehyde-Z-lSC.

The prerequisites for sign determination arc all met. The sets of

ptotons coupled to the 13C nucleus are coupled to each other and all signals are
clearly visible. In this instance irradiation at point A with a second r.f. os-
cillation causes the low field satellite B of the methyl proton to collapse, f

whercas irradiation at point A' has the same effect on B', indicating that 2J

| C-H

1 . ‘ W
and JC-H are of like sign (129). It should be noted that complete decoupling is *
often not possible, nor is it necessary. The same information can be obtained
by the application of % weak r.f. field (spin tickling) and noting which satel-

lite is perturbed as a result of this irradiation. It can also be mentioned

©
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‘:§ented symbolically in Fig. 8,
N
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parenthetically at this point that 1t 1s possible 1in certain instances to
determine the couplings and signs even when the transitions are obscure% by

the center peak. Each of the A transitions sharcs a common energy level

with two of the B transitions and therefore when a second r.f. field is
adjusted so as to coincide with one of the A'transitions, sne of the B trans-
1tions 1s split anto a sharp@&pdﬂﬁbt’(regre551ve tran51tlon) but the other into

a broad doublet (prngess1ve transition) (130). In this manner the A lines

can be detected and the signs can be established.

Lxperimental sxgngﬂetcrmlnatlon and orientation effects

When B—Q—glucopyranose—l—lsc (which shows a geminal coupling of

5.7 Hz) 1s Subjeéted to such a study several problems become immediately
K .‘I'- -
apparent. The spin system is nd‘ldhgér ar simple AMX case since H, is coupled

not only to H1 but to H3 as well, The pmr spectrum of this compound is repre-

+

FIG. 8 Schematic partial NMR épect}uﬁ of B-Q—gluCOpyranose—l-ISC. =

This circumstance should not prevent relative sign determination.
4 [\ ]
Instead of observing a collapse of a doublet, one would observe perturbation

of thg appropgiate quartet, so?that in principle the experiment is still feas-,

~

;7
and the s
H1H2 HzH3 #

ible. In practice, however, due to the equality of J and J
to one half of these proton-proton couplings, the

chance equality of 2JC_H

I, absorptionyis such as to prevent the experiment from being carried out., The

)
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problem is cvident in Fig. 9 which illustrates the H

of B-D-glucopyranose and B—Q-glucopyranose—lélsc.

|

) absorption at 220 MHz

y \} *

’

FIG. 9 H2 absorption (220 MHz, 500 Hz swecep width) of B-D-gluco-
’ pyranose and B—Q-glucopyranose—l-lsc,{60%).

~

o

Although ZJC_” can be derived from this signal, the individual absorptions

-

" necessary for sign determination cannot be ciearly seen.

As the theory seemed promising, a search was carried out for a more

suitable compound. B~Q—Allopyranose—l—13C proved to be amenable to such a study

of the sign of 13C-lH geminal coupling; 1ts synthesis is outlined in Fig. 10.

@

“

i
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D-Allose differs from D-glucose in its configuration about C,, a

4

3)

difference that does not influence “the nature of the experiment but the very

-

di1fference which makes-it possible. Since JH is no longer equal to'“lﬁ] .
3 |

1
(thg dihedral angles involved are close to 180§and 60° respectively), the

13 .
C.couplcd HZ signal 1s noWSfeen as an octet 1in Fig. l1. ,

.S 3
Experimentally, it proved best to proceed by observation of the low

frequency I, satellite while the two halves of the H, octet were subjected
to the second r.f. field. As can be seen in Fig. 12, irradiation of the

upfield half resulted in the collapse of the low field H1 satellite

while irradiation of the low field half left this signal unaffected. This
-result was confirmed by irradiation the low field H1 satellate and observing

) the perturbation of the upfield half of the H2 absorption.

The above ;EQth shows that 1JC_H and 2JC_H are of oppositc sign; s

o2 . X .
consequently ~J H for the stereochemical arrangement below is negative:

)

C-

- w H2 ‘
"% N 05 OH»]
L) ° )
C3 OH2 N
, , Hy .
/ Joy = -5-7 Hz

It now becomes possible to make the statement that as the dihedral
| - _angle between the resultant, (as introduced on p. 91)aqd the proton involved
i the coupling decreases, the actual value of 2JC_H becomes more negative. An-
other  wav of stating this observation is that an oxygen trans to the H atom
.

mahes aspositive contribution to the coupling, since no coupling to H2 is

' obscrved for the steric situation encountered in a—I_)-gluCOpyranose-l-ISC:
- Y. -

i
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“ppm(5)® ~ 4

“l‘ FiG. 11

Partial pmr spectrum (100 MHz) of A) B- D-Allose and B) B-D-

Allose-1-13C (80%) 1n DO
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5

ppm(8)

. FIG. 12 Relative sign determination in 2-D-Allose-1-

13

C (80%) by double resonance.



In order to make full use of such relationships 1n structural

- )
analysis 1t became necessary to investigate the cffect cxerted on ©

"(I—ll

when the dihedral angle maintained by the resultant and the relevant C-H hond
is 1ncreased beyond the angle for which no coupling 15 observed, t.c., when
the resultant and the C-H bond approach an anti relationship. The partial

structurc which would give rise to the desired situation can be represented

by a projection along the c-13c bond:

Lt HH

~#

It is difficult to realize such a conformation in a six-membered
ring system, but careful scrutiny led to the selection of 1,2:5,6-di-0-iso-
propylidenc—a-g—glucofuranose-1—13C.as a suitable model.

The conformation of this molecule can be reasonably well established
from proton-proton couﬁlin% data (131)(132). The fact that no coupling is
observed hetween H2 and H3 fiies the orientation of the CZ—H2 and CS—H3

- . o . . 1 3
\bonds at 907; consctjuently the conformation of the molecule is fixed as

represented by the projections below:
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H
o e .
ey P7 o é\:s "
/ -o/ ( H\ Cll O
CHy H” H\ Cs O
7 Os A
_.C =
| . o C\ H3 ~
j CH3

The "resultant" 1s now seen to be virtually trans to the proton in

question, 1.e., H In selecting such a molecule with the desired orientations

°E
1t was, of coursc, essential that the proton spectrum be suitable for sign

determination. The spectrum of the above compound along with its 1—13C (80%)

analog «4s given 1n Fig. 13.

The H2 signal is clearly 1dentifiable as a doublet 1n the non-

enriched spectrum. Since there 1s no coupling to H3, we have an ideal AMX

case with X being 13C (Fig. 14).

-—ty

GH

F1G. 14 Schematic partial NMR spectrum of 1,2:5,6-di-O-iso-
propylidene-a-Q—glucofuranose-1-13C.

This time irradiation at point B caused collapse of the A doublet
Wgereas irradiation at B' exerted a similar effect on A'. The results were

confirmed by irradiating at A and observing the appropriate decoupling at B

. as shown in Fig. 15.
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FIG. 13 Partial pmr spectrum (100 MHz) of A) 1,2
1,2:5,6—di—Q;isopropyl1dene-a-9-g1ucofur

—

3

:5,6-d1-0-1sopropylidene-=x-D-glucofuranose and B)
anose-1-13C (80%) 1inm CDC1
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FIG., 15 Relative sign determination 1in 1,2:5,6-d1-0-1s0

propyl1deﬁe-a~g-glucofuranose—1-13C (80%)
by double resonance.
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\ This experimental result demonstrates that is positive (+5.5

2Jc-u
Hz) for the particular stereochemical situation examined.
The primary overall conclusion then is that geminal 13C—H coupling
1s 1nfluenced by the orientation of the substituents on the 13C atom with
respect to the C-H bond 1nvolved in the coupling. At least for the casc when
the 1 C atom bears two oxygen substituents the coupling 1s negative when the
dihedral angle between the oxygens and the proton is ‘#mall; passes through
zero and becomégf$051tive as the oxygens move further away. A trans oxygen

substituent then makes a positive contribution to. the coupling, whereas a
gauche one makes a negative contribution. a
It now becomes possible to examine the previously-mentioned 1,2-0-

isopropyl1dene-a—Q-glucoﬁ?;gpurono—6,S—Iactone—6-13C and 1ts L-ido epimer:

H

Ogt\\ ? Cgt~\o %
o H O- /CH3 H O'—C’CHB
CHy ' CHy
20 ' 2
’1\ JC—H = 4.1 Hz JC—H <1 Hz

In these instance§ the 13C in ‘question is sp2 hybridized. Although the 1inherent
rigidity of a six-membéred ring 1s now absent, the use of proton-proton
couplings .gives a fairly good estimate of/{:e preponderant conformations. As
in the casc of 1,2:5,6-d1-0-1sopropylidene-a-D-glucofuranose there is no
coupling between H2 and H3 indicating a 90° dihedrai angle. Furthermore,

the H4—H5 coupking 1s large in the case of the gluco isomer and is zero for

the 1do 1somer. This 1s consistent with the following preponderant conformations

-C_ bond:

in the region of C4 5
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Og H5
f45r14 C%5}i4
Q-Gluco . E-Idé

The relative orientations about the C_-C_ Bond can then be represented

576
as below: ‘ "
H
CQ, o5 é§4 é?
C%S O 6
, Fis Oy
Q-Gluco g—lgg

Once again 1t is obvious that there is a considerable difference

in the orientation of H_. with respect to the two C_ oxygen substituents.

5 6
Since we are dealing here with an sp2 hybridized 13C and a double bpnded oxyéen it
is not possible to equate this type of arrangement to the cases already described
(i.e. p-D-allose and 1,2:5,6-di-O-isopropylidene a—Q-glucofuranose—l—13C).
It is clear, nevertheless, that the general trend seems to be the same; the
presence of the trans oxygen results in ~0 Hz coupling. Although it is not
possible to carry out sign determinations for these compounds since the 13@ atom
bears no hydrogen, the results are consistent with a -4.1 Hz coupling for

the gluco isomerand <1 Hz for the compound possessing the ido configuration;

i.e., the trans oxygen makes a positive contribution to the coupling.
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As a potential application of this method, if Q-hannono—l,A-lactone,

2J =48H2 - 2
is cxamined, it is evident that two major conformations,D and [,are possible

depending on the puckering of the five-membered ring: . s \
H
|
H CzH oM
? HO™ N ’

H
e H ~H Cs, -G
HO C/K / { HO” H/ 2
HO 4 1‘\*0 4 C‘ , 4
: : cfon
|

H

H D E i

—
I3

In projection along the C2—13C1 bond these can be represented by:

2
i C3 OH,
O O o} O
Cy Hy
- Ho
D E

D is then seen to be analogous to the situation in 1,2-O-isopropylidene-g-
glidofuranurono—G,3-1actone as alyeady described, whereas E corresponds to that in

1,2-0-1sopropylidene-a-D-glucofuranurono-6,3-lactone. Measurement of the

]3C-H2 coupling constant should then help to determine the preponderant conform-

1 T
ation of this compound 1in solution. D-Mannono-1,4-lactone-1- 3C was available from
. 3 . . . . .
D-mannonic qul—l—l C which in turn was obtained from the cyanohydrin reaction of

D-arabinose with enriched KCN. The measured 13C-Hz coupling of 4.8 Hz then in-
Q

dicates that the favoured conformation is E, and implies that the preponderant

¥ '

conformation is the same as-in glucofuranuronolactone - a result that is to be

-
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S
expected on the basis of chemical intuition.

3.4 Orientation effects when the 13C atom bears only one substituent

When 1t became evidéxttghat the orientation of the electronegative

substituénts about C1 relative to H2 in the enriched sugars can influence

the extent of coupling between C1 andllz, the possibility arosd that even if

the carbon had only one such substituent, its orientation could in fact affect

the coupling. As already mentioned on p. 94 such possibilities do cxist 1n

halogen substituted ethylenes (95)(124)(133}(134)(135) and(the cffect 1s also

observable when the substituent 1s of a less electronegative nature as below

E3
3

(136) (137) (138): -

C-H = +0.29
a

J = -4.42

The only apparent relevant example in the literature for single bonded systems

is a substituted cyclopropane (139):

2 2
: - . X J (iz) “J (Hz)
Hq , ~C-H,_ ~C-H_
Hp Br -5.35 -1.55
lx ;
*; NH, 4.0 -1.0
Hy H
CoC1 -3.2 -2.2
¥

There is an ambiguity, however, in this type of compound since the couplings

can be regarded either as of a two bond geminal or of a three bond vicinal nature.

Nevertheless, the results are congistent with the hypotbesis alrcady proposed that
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a trans electronegative substituent increases the.actual value of the couplingi
1.e. making it less negative if 1t already 1s negataive.
The investigation of this possible angular dependence proved to he

difficult on several accounts. Primarily, the 13C—H geminal couplings were

.found to be in general considerably smaller in magnitude when the coupling

carbon had only one oxygen .substituent instead of two. Sccondly, the sclection

and synthesis of mole%yles in which the dihedral angle between the substituent
¢ -
and the proton 1in question takes on different values presented problems. To

make such a study truly representative it was necessdry to cxamine a system
having a gauche oxygen, one having a trans oxygen, and one having an oxygen sub-
stituent at roughly 90° relative to the’coupling proton. Variables other than

the oxygen orientation must be kept as constant as possible and of course these

L

systems must essentially be conformationally static. A further complication

is the fact that, of necessity, in the sugar series we are dealing mostly with

15
5

6—13C labelled\sugars and are observing the coupling to HS' In general, H

a complex signal (usually an octet) resulting from coupling to Ho’ ”0' and H4.

Consequently, this absorption often cannot be clearly identified in the 100 MHz
or even the 220 MHz pmr spectrum; this-factor as well had to be taken into

account 1n the selection of illustrative compounds.
|

As a model for the 6Q° angular relationship, 2,3,4,6-tetra-O-acetyl-

1,S-anhydrofg-glucitol-1-13C~1-g_proved to be suitable and was synthesized in the

kY

manner outlined below:

C"'zoA Y chj0ac
Nﬂr NQID }x‘
H
Onc i/H AcO ?/H AcO o ?/D
H

H
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Introduction of deuterium instead of hydrogen was necessary in order to
) <

simplify the Héqh{gnal. This compound in projection along the“Cl-C2 bond can

be represented by the following:

The measured coupling between 13Cl and H2 for the above case is 3-3.5 Hz.

A near trans arrangement between Il. and 06 1s provided by 2,3,4-tri-0-acetyl-

5

l’6'a“hydro‘“‘g"ldopyranose_ﬁ_13C;

This compound can be synthesized by acid hydrolysis of 1,2:5,6-di- .
9;isoprOpylidene—B—g—ldofuranose-ﬁ-13C followed by removal of water under high

vacuum. The partial spectra (H2 and H. absorptions) of the enriched and non-

5
enriched mate;ial are reproduced in Fig. 16. The "envelope' appearance of

the H5 signal for the 6-C13 labelled compound is not caused by poor resolution
Y

(as can be seen by comparing the H, signals) but is due to each -line of the

2
S 13

HS triplet béing split into a narrow doublet by ~°C

6"
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FIG. 16 Partial pmr spectrum (100 MHz) of A) 2,3,4-tri- O-acetyl-1,6-
) anhydro-o-L- 1dopyranose and B) 2,3,4- tr1-0 -acetyl-1,6- anhydro—
- a-L- 1dopyranose 6-13C (60%) in CDCl

4

The observed splitting in this case is V0.5 Hz; it is then evident that
' »

~

2JC-H does?show a dependence on the relative orientation of the coupling proton

and the 13C substituent. The possibility still remains that a maximum effect

is exerted for a 90° angular relationship. The selectign of a compound 1n

v

which this arrangement can be realized poses a problem. It is not possible

.

to incorporate the 6 position of any of the*sugars into a rigid 'system where

——

H5 and O6 subtend a dihedral angle of circa 90°; consequently an alternate

approach had to be employed.
As 'previously mentionad, it is possible to obtain 1:§C-1H geminal
coupling constants from Fourier transform 13C spectra in certain cases where

signal assignments can be made aggf@here no ambiguity exists ;¥ determining
5

which particular proton gives rise to a certain 13C—lH split. On examining "
molecular models it became apparent that in 1,2-0-isopropylidene-u-D-gluco-

furanurono-6,§;1actone the,C.-O_ and C,-H, bonds subtend an angle of "90°,

575 4 ;1 .

which is the desired relationship:
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OH (o] H CG
C 0)
H ) 4
H . ¢
o=C  H o O
]
\O H O_Q/CHa 4’ggo
CHy sy
{
/7 )

v

Synthesis of this molecule 13C enriched at C5 would involve the

elaborate process of first syﬁthe5121ng Q-xylose-5—13C by the cyanohydrin re-
»
action then building up to glucose, with the appropriate separation of isomers.

Nevertheless, the non-enriched compound should be suitable for Ft study.

The absence of protons on C. and the fact that the dihedral anglec between the
\

4

C4—C5fand CS—H3 bonds 1s about 90° (as will be shown in the next chapter

such a relationship results in no vicinal 13C«IH coupling) ensures that the

only coupling to C

Ft 13C spectrum then can be properly resolved and assigned, the relevant ,_

arises from interaction with Ha. If the C_ signal in the

5 5

¢

spacing in turn can be measured from the protefhcoupled 13C spectrum,
The natural abundance Ft 1'3C proton decoupled spectrum of this

molecule has the appearance shown in Fig. 17.

A C D E F G H1 -

FIG. 17 Schematic proton dcéoupled:l}c Ft spectrum of 1,2-0-isopropylidene-

a-D-glucofuranurono-6,3-lactone. 4

Some assignments can be made on the basis of chemical shifts and intensities.

Agcordingly, the lowest field siggal, A, is assigned to the carbonyl carbon, B

)
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1

to the central carbon of the isopropylidene group (lack of nuclear Overhauser
effect) and C to C1 of the furanose ring. The Il and I absorptions are assigned
to the 1sopropylidenc methyls. The D, E, F and G absorptions represcnting

CZ’ Cz, L4 and C5 however cannot bhe sorted out. It seemed possible to make

signal assignments in this case by making use of the 6-13C enriched analog which

Py

was avairlable by lactonizing 1,2-0-1sopropylidene-D-glucuronic ac1d-6-15C. The

13C spectrum of this compound was expected to exhibit 13C~13C coupling between

the enriched 13C6 and C. thereby enabling the 1dentiflcation of the C5 signal.

5
Normally such coupling cannot be detected 1n the spectrum dué to the low probabil-
ity of finding two 13C nuclei adjacent to each other. The proton decoupled

6—13C enriched spectrum had the appearance shown in Fig. 18.

/

FIG. 18 Schematic proton decoupled 13C Ft spectrum of 132—Q;1so~
propylidene-a-D-g ucofuranurono-6,3-1actone-6-1 C.

The carbonyl signal, of course, is now immense 1in comparison with the other
signals due to enrichment. It 1s clearly obvious that G has become a doublet

(Jl3 13 = 55 Hlz) and therefore 1t 1s the absorption due to C (Some long

=t ys 13 ;
range C-""C coupling between,C6 and F is also noted: F 1s then likely

.

the C4 or (‘.3 absorption).

t

With the signal for C5 assigned, the proton coupled 13C spectrum was .
- ~ ‘ ‘
examined and 1t was found that coupling between C5 and H4 was less than.2 Hz.
1
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The overall suggestion, then,1s that in the type of compounds 1nvesti-
gated 1n this study, the absolute valuc of the geminal coupling increascs as
™~
the dihedral angle between the coupling proton and the electronegative sub-

1
stituent appended to the 3C nucleus decreases.

3.5 Possible steric interaction cffects

. . 3
The striking difference 1n geminal coupling (1 Cl_”°) between o and

B-Q—glucopyranose—l—lsc has already been discussed and has been attributed to

—

a difference in relative orientation between H2 and the Cl substituents. The
possibility has to be considered, however, that the change 15 actually brought
about by differing degrees of steric interaction 1n the anomers. For example,
it 1s conceivable that the apparent absence of coupling 1n a-D-glucopyranosc-
1—13C can be caused by a perturbation of the electron distribution about C

1

brought about by repulsion between axial H3 and O“l' The directly bonded

13C—lH couplings as discussed 1n the previous chapter suggest an 1nc£Zasc with
1,3 diaxial 1nteractions. Since the geminal 13C—lll coupling 1n B-D-gluco-
pyranose—l—lSC, by analogy to B—Q-allopyranose—l—lSC, 15 taken to be negative,

a positive cantribution due to a 1,3 diaxial interaction may cause the coupling
to také on a value of close to zero.

In this connection 1t 15 useful to compare compounds which expericnce
different degrees of steric interaction while maintaining essentially constant
relative orientations. Information can be provided along these lines by com-’
pounds 1in the Q-mannose-l-lsc series. Since H ‘15 now equatorial, orientation

2

of the C1 substituents relative to H2 is equivalent in the a and # anomers, i.e.

one gauche and one trans relationship is maintained:



The steric interactions inherent to these compounds, however, are

different. The B anomer has a 1,2 gauche oxygen-oxygen interaction whereas }he
o anémer has a 1,3—d1ax1a1'interaction. If steric effects are important in
determining geminal 13C—1H coupling, the observed couplinés for the abovg
anomers should be different. ‘

Q-Mannose—l—lSC became available by the reduction of D-mannono-1,4-
lactone-l-lsc, which itself Aad been synthesized from D-arabinose (p. 19).
Unfortunatcly, it was not possible to adequately resolve the H2 resonances of
mannose 1tself in aqueous solution, in which it exists as a mixture of « and 8
.
anomers and it thus became necessary to resort to derivatives of the sugar.

To represent the o series, 2,3,4,6—tetra—9—acety1-a—Q—mannOpyranosyl
bromide-l—l3C was synthesized by the reaction of 1,2,3,4,6-penta-0-acetyl-D-
mannopyranose-1-""C with HBr. The 8 series was in turn represent;d by 1,2,3,4,6-
pentajgfaée{;l—B-Q—mannopyranose-l-13CM(the H2 resonance in the o anomer is

obscured by other signals). The fact that neither a bromine nor an O-acetyl -

substituent introduces a significant change rn geminal coupling in comparison

’
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with an OH group was confirmed in the glucose series: 1.e., the geminal l:I)Cl—Hz

couplings of the a.and B pentacetates differ very 11ttie.from those of the
frec sugar (5 Hz as compared with 5.7 Hz) and 2,3,4,6-tetra-0-acetyl-a-D-gluco-
pyranosyl brom1de—1-13C ;hows a coupling of ~1.5 Hz in comparison with < 1 Hz
for a—Q—glucopyranose—l—lSC.

The measured 13Cl—H2 couplingd both in the « and # mannose derivatives

were found to be 1-1.5% bMz. This is comparable to the 13Cl—ll2 coupling 1n a-D-

Y 3
glubopyranose—l—1 C, a compound in which the orientation of H2 relative to 01

and Og 1s the same as 1n both mannosc 1somers. This result then implies that

the rclative orientations of these atoms, and not steric cffects,are the main
13,1

factors determining the extent of C-"H geminal coupling.

In this connection 1t 1s also significant that the coupling between

13C1 and H2 in B—Q—allopyranose-l—lsC (6 Hz) 1s practically equivalent to that

observed 1n B—Q—glucopyranose-1—13c (5.7 Hz). 1In the former compound the

hydroxyl substituent on C3 is axial whereas it is equatorial in the latter:

-

ety T crote
HO N
HO H
N AN, o
3 HO -
. o ?/OH . OH ?
H H H

2 2
Joy = 6 He Joy = 57 Hz

If-geminal 13C—lH couplings reflect steric effects this should certainly be
evident in the B-Q—allose compound due to the strong 1,3 diaxial interaction be-
tween OH3 and Hl‘ . The equivalence of the above two couplings reinforces the
hypothesis that steric interactions are not major determinants of the extent

of 13C-IH geminal coupling.

-
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3.6 Lone pair effects ”

H

.

It has already been demonstrated that adjacent unshared electron pairs
play a role 1n determining the extent of directly bonded 13C—lll couplings. Lven
intuitively then, similar effects can be expected for geminal 13C—IH coupling,

and,this hypothesis is reinforced after the examination of other‘gem1nal systems.

2
It 1s fruitful in this context to compare geminal Jt-H to other types of

geminal coupling; such comparisons were, of course, not possible for the directly
13

bonded CJIH couplings.

Lone pair effects in geminal systems can be divided into two main
categories: a) where the lone pair 1s located on a coupling atom, and b)
13,1

where the lone pair 1s located on an adjacent atom. For the case of “C-"H

+

geminal coupling our concern is exclusively with case '"b'" since 1t is not

L .
possible to have a neutral carbon atom with a lone pair. Nevertheless it is
important to examine the effect of lone pairs on geminal coupling in similar

systems in order to establish their magnitude, as well as possible orientation

effects. ¢

Geminal systems in which one of the coupling atoms bears a lone pair

An i1nvestigation of oxaz1r1d1nes.-15N/(E) (114) (140) revealed that
5 . . .

the ! N—C-IH coupling 1s 5 Hz in absolute value when the coupling proton is
Ccis to the lone pair and is zero when it 1s trans thereby showing a steric

dependence.
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' Similar effects are exhibited 1n 31P-C—]H coupling. In G, 1t
was found that 2J = +25 Hz whereas 2J = 16 Hz (141).
P-H P-Hb
Ay a //
G g / ) “
| e
' R
G 'b

It has been shown,in fact (141)(142), that the 31P-C—IH coupling

varies with the dihedral angle between the C-H bond and the lone pair, be-

coming zero at 80° and 180°.

Geminal systems in which the lone pair is situated on a ncighboring atom

a) Proton-proton geminal coupling

The proton-proton geminal coupling in 1,3-dioxane (H) 1s - 6 Hz (143)

whereas the analogous coupling in dioxolane systems (1) is about Ot2 Hz (144)

H |

Such differences are not observed when the ring size is further varied (145). -

In I each of the C-H bonds appears to experience partial eclipsing by an

oxygen electron pair whereas thiﬁ is not so in the case of dioxane. The primary

interpretation then 1s similar to that proposed for directly bonded'13C-1H

couplings: proximity of a lone pair to a bond involved in the coupling increases
“ the absolute value of this coupling. In theoretical terms the effect of the

lone pair can be envisaged as electron transfer from the oxygen 2p orbitals into

. the CH2 system. Experimentally,it seems that each time an o oxygen atom has
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one of its free electron pair p orbitals parallel to the C-H bond of onc
of the-protons involved in the coupling, 1t contributes an increment of 1.8 uiz

(146)(147). For example 1n the lactone (147):

H
H
o

c/

i

0

4the observed valu¢ of -8.5 Hz for the geminal H-H coupling can be rationalized
using this concept. Lﬁ;ﬁethane the geminal coupling is -12.5 Hz, a frecely
rotating oxygen @ould increase this by 1 Hz, and two lone pair contributions
of 1.8 liz would result 1n a final theoretical value 0% -7.8 Hz,

It can be concluded then that the relative orientation of a lone pair
with respect to the coupling pathway is reflected in the magnitude of the
observed geminal internuclear coupling, whether the lone pair is on one of the

coupling atoms or on an adjacent atom.

b) 13C—protonggﬁeminal coupli?g
When the type of geminal coupling examined occurs between a 13C f
nucleus and a proton one has to be concerned only with lone pairs present on
adjacent atoms. A remarkable observation suggesting lome pair effects on
2JC_H 1s noted when the geminal 13C-lH coupling in acetaldehyde (+26.6 Hz)

(123) is compared to the coupling 1in 1,1-dichloropropene (+3.2 Hz):

Ci Cl
P N
] !
7N PN
"cHy H HeHy H .
2 2 =+43,2 Hz

JC-H =426.6 Hz JC-H



As noted in Section 3.8, 1t 1s very improbable that substituent

effects on the intervening carbon should cause such large differences in
coupling. However in the acetaldchyde molecule the lone pairs on the carbonyl
oxygen lic in the plane of the coupling pathway and conscquently cach bond
tnvolved in the coupling is eclipsed by a lone pair. It 1s conceiviable then
that the large value of thercoupllng 1n acetaldehyde 1s the result of clectron
,donation from the oxygen ltf? pairs i1nto the coupling system.

It seems again appropriatc to begin an examination of lonc pair effects
on 2JC_H in carbbhydrates by a study of « and B—Q—glucopyranoxo—l—lsc. The lone
pair effect was 1invoked here to explain at least part of the difference observed
between the directly bonded 13C-IH coupling of the respective anomers, ;ince
the relative orientations of the ring oxygen lone pairs with respect to the
CI-H1OL and Cl—H18 bonds are different. For geminal coupling, however, the

C2-C1 bond is involved rather than the Cl—H1 bond. In this instance, for
t

both anomers the relative orientation of the ring oxygen lonc pairs 1s equivalent
and consequently 1s not expecteq to give risc to a difference 1n coupling. The
‘p0551b111ty of some difference in coupling arising from differences in rota%er
populations about the Cl-O1 bond hoqgver cannot be ruled out.

The question of through space lone pair effects over longer distances
can be raised at this point; for example, whether or not the fact that Hz in
D-glucose 1s in a 1,3 diaxial relationship with one of the ring oxygen lone

pairs affects the value of the coupling. To examine this possibility 1t is

fruitful to compare epimers having the manno and gluco configurations. In order

to keep the relative orientations of the C1 substituents with respect to H,

constant, the a—glucS and B-manno .configurations must be compared.




No significant difference between these two couplings 1s observed

1

©.5 and 1.5 Hz rgspcctively) and 1t thus seems that lone pair effects are
not transmitted over this distance.

In order to investigate the role that the orientation of the lone
pairs of a substituent bonded to the carbon intequdiate to the coupling path
(i.e., C2) plays, it was hece/ssary to synthesize and examine molec}ﬁ‘\s in
which factors other than this orienfation could be kept relatively'cbn;tant.
2,3:5,6-Di—Q;isopropylldene-a-Q-mannofuranose-1—13C (J) and 3,4,6-tr1-0-

acetyl—B-Q-mannose 1,2-(methyl orthoacetate)-1—13c (K) were selected as suitable

model compounds for this purpose and were synthesized as outlined 1n Fig. 19.

3]
vo A o N H 05l 7

H H S

H \ H o
2, M Acetone
HO OH CCIOH L OH
H
J

CH OAC .
AcO AcO CH4OH,
' HBr C\Z ,6 luhdme CH20AC
o</,
. AcO , ACO s AcO
11 H ?

' 13 ,
FIG. 19 Synthesis of 2,3:5,6-di-0- 150pr0py11dene -a-D-manrnofuranose- 1- 1%
and 3,4,6-tri-0-acetyl-B8- D—mannose 1 Z(methyl orthoacetate) 1-+C.
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. The coupling examined in each instance involves the 13Cl-Cz—H2 pathway. The
conformations of \these two compounds can be assumed with some confidence. The

-

orthoester is a rigid system and poses°1ittle conformational uncertainty; the

O-isopropylidene compound shows no coupling between H1 and H2, establishing

¥ the dihedrdl angle between the Cl—H1 and C2—H2 bonds as roughly 90° and con-
sgquently fixing the stereochemistry of the ring as below: ~.
. . _ CHy CHy "
- ‘ H \\\Yfé_______o
o l
. f’ N H i}
N - CHal__ H
. 3\/ O(; /H
CH {4 1
3 \ \
i by

For both compounds, molecular models indicate that the orientation of
the two C1 substituent oxygens with respect to H2 is very similar: each one
has roughly one trans and one gauche interaction. However, the oryentation of

the O2 lone pairs is considerably different as illustrated by a projection

along the C,-0, bond:

2 2
e C
. 13

d - K

-

In the O-isopropylidene compound (J) the lone pairs coincide with the

coupling pathway whereas 1n the orthoester (K) the lone pairs are displaced from

-

the pathway. If the proyjmity of lone pairs to bonds involved in.the coupling

o

does, in faet, influence the magnitude of coupling, such effects should certainly

N  d
- —
R
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be noted here. A small effect 1s observed, a coupling of ~1.5 Hz ig measured for
< ’ . j i
2,3:5,6-di-0O-1sopropylidene-a-D-mannofuranose whereas the corresponding coupling

is <1 Hz for the orthoester. Hence, lone pair effects in these types of systems
are unlikely to account for large differences in coupling. The small magnitude

of the coupling can be attributed to the orientations of the Cl substituents

with respect to the C2—H2 bond, consistent with the previous discussions relating

Ky

coupling to' these orientations. ‘ l Y

3.7 Hybridization effects

Hybridization of the coupiing?zc

\ Y

When simple confofmathnally mobile systems are cxamined it is found
that the absolute value of geminal 13C—IH coupling increases with 's'" character

of the coupling carbon atom:

(]

2
Jeu Ref.
. 13 . -
cHy -' czc-H J 10.6 Hz ™~ (148)
0
CH.-CH_- 138
5-CH, -1 °C-CH ~CH, ; 5.7.H (61) (149)
?H \
CH ;~CH,,-CD~CH,,CH,, 4.0-Hz (61) (149)

The above trend,however, cammnot bé‘used practically. As indicated
PR
before, the spectroscopic investigation of a and B—Q—glucopyranose-l-lsc
v

and 1,Z-insoprOpylldene-B—E—idofuranurono—ﬁ,S-Lactone-6-13C and its D-gluco

»

epimer showed that large differences 1n couplings can occur cven when there
is apparently no major change in hybridization. Again, variations due to
hybridization can be masked by the relative orientation effects. It does not

seem valid then to derive hybridization data from observed 1:,’q;—C—]H couplings.

f “

9 ul} ; 5] ‘ ¢

]
!

-
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. Hybridization of the intervening carbon

Very few data are available for cases when the intervening carbon is

not sp> hybridized (123)(150):

O§/H : N N
13 3 ; 8
CH-C-H = Beer, -bon, ,,g
| 3 clt=t~H
NS ‘Y 3
ZJC y ,'+2(;: Hz "= +19.8 Iz = + 46,3 Hz = %+ 3.2 Hz

Consideration of the above examples suggests an increase in the

absolute value' of 2J when the " character of the intervening atom is in-

C-H
creased. However, noting the small value for the ethylene derivative, 1t becomes
questionable whether the large couplings are dde to the change in hybridization

at the infervening carbon or to the lone pairs on the carbonyl oxygen as dis-

cussed on p. 124. -

\

3.8 Electronqgéplve substitution

' In freely rotating systems geminal 13C!H coupling generally increases

in absolute valye with electronegative substitution on the coupling carbon re-
gardless of the hybridization of this carbon. These trends are evident in the
-~

i

following (12) (123) (150) (151):

2 T2 . 2
Je-H - e Je-n
3
{ 13 13 2 13-0
/ CH.,,-CH -4.8 Hz "°CH,-C-H +26.6 Hz CH. -~ “¢-cH 5.9 Hz
373 3 3 3
13, 13 9 13@
Cl," ~CH-Cil, 5.1 Hz CHClz—d-H +35.8 Hz HO-"7C-CH, 6.8 Hz
c1.13¢c-cn 5.9 Hz cel —g-u +46.3 Hz
*';- 3 . 3.
J ° N
1 4

However, we have already seen that geminal 13C;H couplings carf be

quite different even when the substituents are the same; in fact it is| the
‘orientation of these substituents with respect to the coupling proton that seems

'
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to be the primary determinant force. It became necessary then to synthesize a
series of Compounds in which orientations could be kept essentially constant

while the substituents were varied in order to analyze substituent effects. A

group of related Q—glucése derivatives was prepared as requisite model compouyds,

and afforded the follow1ng results:

C CH OAc
C H ZOA% C HQOAC HZOH 2
H
AcO &H AcO /H H "H AcO /D
OAc ({' ? H

% <1 Hz 1.5 Hz <1z 3.5 iz

C-H
It is evident that the intreduction of a second clectronegative group

in edch case causes a decrease in the absolute value of the coupling, probably

making a positive contribution to a negative coupling. The nature of the electro-

negative group does not seem to play a large role. As pointed out above, if this

i

#
second electronegative group is introduced gauche with respect to H, the observed

2
coupling is v 6Hz, and consequently it is again evident that the orientation and
not the nature of the electronegative group has a major effect.
Since the introduction of electronegative substituents on the coupixng
carbon atom influences the extent of coupling, the possibility arises that N
their introduction along the coupling pathway can also influence the magni-

tude of coupling. There is some experimental evidence to indicate a decrease

in the absolute value of geminal 1ESC--1H coupling when an electronegative sub-

stituent is introduced along the coupling pathway (151): * - € //
& .L"I_'.
13CH3—CH3 4.8-Hz
‘13CH3-CH2C1 ' 2.6 Hz )
13CH3-CH612 - < 1.2 Hz
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»
Because 1t is well established that the coupling in ethane is negative (fZ),
an electronegative substituent along the coupling path makes a positive con-
tribution to the coupling.

' This question was investigated briefly in the sugar series as well.

It was not feasible to make use of either C, labelled or Cblabelled carbg-

1

hydrates forthis purpose due to the difficulty of introducing a second clectro-

negative group on the adjacent carbon. Instead, spectral analysis of a mixture

of a and B glucos¢ uniformly enriched 1n l3C (50%) seemed appropriate. The

coupling between lsCEﬂhnd ”1 of the £ anomer 1s less than one cycle. This e
coupling can be compared to thc~13C]-H2 coupling of 2,3,4,6-tetra-0-acetyl-1,5-
anhydro-g-glucitol-l-lSC—l—g:
‘CH " H GH,0AC ) o
BC\“\?/ 0 AcO o a
| H
L\, .
HOL ? \C,OH AcO 1%_,0
H H1 H H
2 2
J < 1 Hz J = 3.5 Nz
C2—H1 Cl—H2

The major difference between these two compounds 1s the presence of

1

a second oxygen substituent on the carbon intervening between 13C and "H. The

orientation of the oxygen on the coupling carbon with respect to the coupling

proton is the same 1n both cases, Thls\observatlon then is consistent with
the hypothesis that introduction of electronegative -substituents along the
coupling pathway decreases the absolute magnitude of geminal I3C-H coupling.

3.9 Effect of the C-C-H angle on 13C-lH geminal coupling

Early work oan—C}H couplings (152) indicated that this type of inter-

nuclear coupling shows a dependence on the H-C-H bond angle. These data now are

questionable since the originally assigned signs of the coupling were not correct.

-

Experimental "evidence' for such dependence ON the angle subtended by the
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coupling atoms in general takes the form of the following argument.. If the

two substituted cyclopropenes below are considered,

©N Cln_CH COQH~_COOH
\ -
H OCH,CHy. H COOH
H H H H
L M

whereas ZJH—H in L is 8.1 Hz, with 3J trans being 5.3 Hz, in E-ZJH-H

H-H

is 4.8 Hz and 3J trans is 6.5 qu(153). The increase in 3J”_H trans in M

H-H

relative to L implies that the dihedral angle is increased (4) and conscquently
that the H-C-H angle 1s increased, leading to a smaller ZJH_“. Such arguments
fail to take into account the variation of 3JH—H with substituents along the
coupling network (154) - a concept to be fully discussed in the next chapter. In

general then, 1t is not at all clear how 2JH_H varies with angle or whether it

»

varies at all; consequently no clue towards such possible variation in JC—H 15

2
to be had from JH—H'
' 1

3 .
For C—CJH coupling there 1s no reason to believe that in any of

13

1
. the cases we have examined the ~C-C-Hl angle deviates greatly from the normal

tetrahedral angle. For a and B-Q—glucopyranose-l—lBC there may be slight

angular differcnces perhaps introduced by a flattening of the ring of a-D-

13 )
glucopyranose-1-""C due to the 1,3 diaxial interaction between H. and OH]’

3

However, the observed difference in coupling between the anomers of "5 Hz is

certainly too large to be due to these small possible angular differences.
Somé indication for angular dependence of ZJC y comes from an

examination of the spectra-.of some metal hydride complexes. For example in

3.
. HIT (CN K, (155):
[HIr(CN) (177 K, (155) N
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B N/CN
CN-——llr*'—\-CN
[} I
H
CN .
— -
Cis 2J was found to be 5.7 Hz and trans 37.2 Hz. (The identity of

== "“C-Ir-H

cis and trans couplings can be readily determined by noting the intensities

of the relevant signals). In the analogous rhodium complex the cis coupling

IS

1s 5.7 Hz and the trans 56.2 Hz wherecas in H Mn (CO)_ the values gre reversed:
- J

the trans coupling 1s 7 Hz and the c1s 1s 14 Hiz. The signs here are not

known, conscquently 1t 15 possible that the crs coupling 1s actually -14 Hz

4

so that the larger angle shows the larger coupling.

3.10 Neighbouring m bond effect

Since 1t has been shown that neighbouring unshared electron pairs
can influence 13C—H couplings it was*of interest to consider whether or not
an adjacent m bond can have similar effects. The lone pair effect has been
attributed to a donatipn of electrons 1nto the coupling system, a phenomenon
which 1s theorctically also possible when the carbon atom next to a coupling
system 1s involved in = bonding. In fact, 1t has becen shown (156) that when

a m bond 1s present on a carbon neighbouring a geminal H-H situation as in:

H

N

-C-

. ? P}
-
H

H

.
S

the magnitude of 2J H depends on the orientation of the = bond with respect to the

H-
protons in question. Experimentally and theoretically (157) the m bond makes

the greatest contribution to the coupling when both protons are as close to
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the m electrons of the dguble bond as possible. This situation arises when
4
each proton subtends an angle of 30° with respect to the = bond, and can be

graphically represented by the projection of the methylene group on the = bond:
AN

No literature data on geminal 13C—IH coupling with adjacent n bonds
arc available. Hence, 1t was desirable to examine a molecule having a n bond
adjacent to the coupling sys%em for comparison with a situation i1n which this
m bond is absent. Once again the suitability of a compound for such study was
governed by the limiting factor that the relevant protons must be identifiable
in the pmr spectrum. The ketone formed on oxidation of 1,2:5,6-di-0-isopropyl1- !

-

dene—a-g—glucofuranose—l—13C proved suitable in this regard:

. . }3
Oxidation of N introduces a double bon%/adjacent to the geminal Cl-Cz—H2
/
system. The final spectrum however is/bompllcated by the fact that along with
/

the desired product O, there is exteﬁ51ve formation of P, the monohydrate of
/

the ketone. //
CH:;«C/ ~C '7‘2 -
CH3’ ~O—-H
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On the scale of the experiment (v50 pg) it was not possible to
separate the ketone from the hydrate. However, the relevant proton signals in
the mixture were identified, providing an interesting example of a spectroscopic

problem solved by 13C enrichment.

The anomeric region of the spectrum of the mixed product (non-

enriched) had the following appearance:

-

o

Iy

At first, the occurrence of three doublets with the same proton-proton
coupling constant (or perhaps one doublet and an AB quartet) seemed some-
what anomalous. Since no starting material was present, all of the signals
must have been due to either the ketone or the hydrate. On }SC enrichment
at the one position, the answer to the problem became obvious. The anomeric
region of the pmr spectrum now had the following appearance:

hJ

v

Q.\



6

PPM(B)
Two large directly bonded 13C—H couplings arc noted thereby

.identifying the Hl signals of the ketone and the hydrate (a and ¢). The

lower ficld doublet (a) was then identified as that of H, of °the hydrate

1
by synthesis of the hydrate on a large scale and comparing 1ts spectrum to
the spectrum of the mixture. Furthermore, the third doublet (b) was also

split by 13C to an extent of 5.5 Hz. This signal must then be due to H

2
of the ketone. The fact that b 1s not H2 of the hydrate was evident because
the ratio of ketone to hydrate varied from experiment to experiment but”

[

doublets b and ¢ always remained equal tn intensity. The results were confirmed
by the addition of H20 which caused an tncrease in the size of the signals duc
to the hydrate in relation to that of the ketone. Subsequent lyophilization
had the opposite effect.

This experiment therefore yielded the value of 5.5 Hz for the coupling
between 13Cl and H2 of the ketone,which 1s about eauingent to the coupling
before oxidation. Apparently then, a double bond on the carbon adjacent to

a 13C—C-IH systém oriented in projection as below;




- 137 -

‘ does not exert a significant effect on the extent of 13C-H geminal coupling.

3.11 13C—lH geminal coupling in rotamers

i

Rotational i1somerism of carbinol groups exocyclic to five or six
membered sugar rings has been studied extensively by pmr spectroscopy. However,
the interpretation of vicinal H-H coupling within such systems 1s not straight-

forward because of time averaging due to the rapid interconversion of rotamers.

It has been of interecst, therefore, to examine the geminal coupling of rotamers
of this class as an 1independent source of information for comparison with the
H-H coupling data.

Two preferrced rotamers about the 5,6-bond have been advanced for

penta-0-acetyl-a or g#-D-glucose (158} (159):

OAcg
* Cy Ox
H6 H6'
. f45
9 R -
In one of E:ese rotamers H5 is oriented trans with respect to the
acesate group on 13C6 whereas in the other rotamer these substituents subtend

a gauche relationship. On examining the 6—13C enriched analogs of these compounds

no geminal 13C-H coupling was observed between 13C6 and HS' This is 1n sharp

.

contrast to a freely rotating system such as 2-methy1-2-butanol-2-13C (160),

(’)H
13
CHS— ?—CHZ—CH
- CH3
in which a coupling of 4 Hz is observed. Part of thelngferonce is likely duc to

3

‘ the presence of ‘a second oxygen along the coupling pathway, which 1s expected



to decreasc the coupling (see 3.8). The remainder can be rationalized 1 terms

of rotamer populations. It has already been suggested that a trans oxygen leads

to smaller observed coupling (most likely a positive contribution to an originally
negative coupling)- -than a gauche oxygen (see 3.4). The fact that in the above
system no geminal coupling 1s observed appears to be 1in %ccord with a preferénce

\

for R rather than Q. ’

In the system of 1,Z-Q;féopropyl1dene-a-Q—glucofuranose—6~13Q :

three staggered rotamers about the 5,6 bond are possible:

The fact that the HS-HO and HS—H

6' couplings are different (2.7 Hz

and 6.0 Hz) suggests that rotamers S and T predominate. This kind of geometric

. . 13 . o
arrangement is expected to give rise to a C6~H5 geminal coupling of m3‘HZ (60

dihedral angle between H_. and OH6). The rotamer U has an oxygen trans to H

5 S5

and this kind of stercochemistry leads to zero geminal 13C—lH coupling. The
observed result of 2 Hz is then consistent with major contributions from

S and T and a minor contribution from U to the rotamer population.-

o

In this connection it is useful to consider the di-O-isopropylidene-

6-13C derivative because in this compound Ce and C6 must be constrained in

a gauche relationship as in Y and W:

) .

¢
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Since spin-spin couplings between the 5- and 6-protons are almost equal

(5.5 and 6.2 Hz) V appears. to be more favored than W. No coupling between

1 .
3C6 and H5 is detectable in the spectrum of the labelled compound and again

this is consistent with the dominance of !:whlch has O, oriented trans with

6

@
respect to HS' "

. . N
3.12 Theoretical considerations ’

It ha; been demonstrated that geminal 13C-H coupling is orientation
dependent,and consequently it is of interest to examine whether or not this de-
. pendence can be theoretically justified.

The contact contribution for two bond coupling can be expressed by the
follpwing (161):

%k

3 ;
1/4 Ajz+ Y « A /TBE
13C 13C-C—H H .
reduced coupling constant

where K

1

A13 is the interaction corresponding to the transfer of spin

information from the 13C nucleus to the 13C bonding orbital

13

in the C-C bond

Y13 is the inferaction which transmits electron spin information from
C-C-H
the 13C bonding orbital in the 13C--C bond to the H bonding orbital

in the C-H bond




A’ 1s the 1interaction which transmits information from the H bonding

orbital in the C-H bond to the H nuclecus

3AE is the mean triplet excitation energy

3

¥ The hybridization of the coupfed atom affects A , whereas the stereo-

13
C

chemical effects noted are expected to be involved in the y term. This
C-C-H
term is a function of integrals which are sensitive to bond angles and the nature
V)

" of the substituents on the coupled nuclei and the intervening nucleus, as well as

to the stereochemistry of thc rest of the molecule. If one considers a

13C—C—,H system, the integrals corresponding to interactions involved in the

Ve,
calculation can be represented by the following:

\ /\@

. ®
Codd “cocd

b (:) e'
QoD %5&9@

c Se
QC:(C-EO QCO CCO

It is evident from the above that, theoretically,the relative orient-

ations of the 13C substituents and the proton in question are important 1in
determining the extent of coupling (interactions of type g).

For the anomeric 1-13C glucopyranoses,
3

H
HoA&HOH, CH20H :

N

H
gt

HO

(':,..OH HO

all.resonance integrals are the same chept for those, indicated below, which

”



(.

¢ are angular dependent:
A

vo\ (3)
C CC>

- AN 2 A Souo” _
0 0
H OH

A13C and AH are the same for both cases, (positive), therefore
~ the sign of y 1s expected to determine the sign of the coupling.
Calculations do show, 1n fact (161), that the signs of these types
of integrals depend upon the dihedral angle and the 's'" character of the

carbon orbitals involved. Such an integral 1s large when the carbon

orbitals involved in the integral are mostly p, and decrcases with s

participation. In the case cited above the substituent, (OH),1s eclectro-

1

3Corbital' in the C-0 bond 1s such a

neéative; therefore the 0 put

mor; electron density close to the oxygen, i.e., more p orbital participation
in the C-0 bond. This will make the X type of integral large and Y type small,
(the C-H bondghas more s character than when only carbon and hydrogen atoms

are involved) and consequg%tly éhese determine the coupling.

€@

Calculations also indicate that integrals of this type become 1ncreas-
{

ingly more negative with increasing dihedral angle (161). The inference to be
iﬁpawn,thcn,ls that X is large and negative for the a anomer and is much smaller

("” or cven positive for the gauche intetaction in the f anomer. In the actual
calculation of y the above integrals are precéded by a negative sign so that
the contributions become négative for the 8 anomer and positive for the o

. J anomer. This is consistent with the proposed hypothesis that a trans

.
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A -

electronegative éfoup makes g positive contribution to the coupling, as

evidenced in the geminal 13C-IH couplings of the carbohydrates previously

¢

discussed.

Calculations have been carried out on ethanol and ethane-1,1-diol

— e ax”

using the Pgblé and Santry equation (17) with orbital coefficients and

*
energies calculated using the CNDO/2 method. The results are shown "in Tah”i 2. e

TABLE 2 -~ Calculated ZJCaH in ethanol and ethane-1,1-diol ;
.
Q> —» '
¢ O
HO H HO ~ _.OH
H H H H i
H H
o (
o 2 0 0 2
I3 (calc.) Hz 1 2 J (calce.) iz
' C-H - - —13 0, w—mrd
_ C-H
0 -3.2 60 60 -3.0
30 -3.0 30 90 -2.8
60 -2.2 -0 120 -1.9
90 0.05 ’ 30 150 0
120 +3.9 60 180 : +2.6 s
150 o +7.2 90 150 +4.9
180 +9.3 120 120 +6.0

Although in this type of calculations no weight can be placed on j
1 . -
the actual numerical values, the trends observed can be informative. Foxn-
ethanol the positive contribution of a trans hydroxyl-and the negative one

of a géuche substituent is well demonstrated. The observed results in the

*
- See footnote p. 76.
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1-13C enriched carbohydrates are also reproduced in the gem ethanediol system.

The coupling is negative when the hydroxyls are oriented 60° with regpect to
the proton and becomes posiiive when the dihedral angles become 129°. This
corresponds well, therefore, to what is observed with B—Qjallose—l-lsc and
1,2:S,6-di-9;i50propy1idene—a—g-glucofuranose-1-13C which show couplings of

o

- y
-6.0 and +5.5 Hz respectively. ; -

3.13 Conclusion

Coupling between 13C and 4 geminal proton shows a striking depend- -
ence on the orientation of the coupling proton andhfhe I%C substituents. Values
of this coupling ranging from -¢.0 to +5.s}12 have been measured in carbohydrate
systems differing essentially. only in relative orientations. The magnituAe of

this type of variation is such as to potentially obsture differences due to lone

pair, hybridization and electronegativity effects. Conceivably, then, 13C-IH

geminal coupling holds promise as a tool in conformational analysis for the

’

t
¢

determination of unknown substituent orientations.

o

<s

0
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4.1 Introductory remarks ]

Coupling between the 13C nucleds and a proton over three bonds is

termed vicinal coupling and is denoted by 3J These couplings have also

C-H’

been investigated in this general study of 13C—lH coupling constants. Again,

. because of the experimental difficulties involved in the measurement of this
) #
. : 3
parameter, very few data are available and consequently a study of JC—H
¢ .
appeal even 1f only as a supplement to vicinal proton-proton coupling in

held

application to stercochemical pro%lems. The latter parameter, mainly because

‘

of 1ts dependence on dihedral angle (4) has proven to be of immensde value

in organic structural analysis. A "Karplus type' rclationship between' vicinal

13C and lH would not only complement the proton-proton parameter but conceivably

could also serve to solve structural problems in the absence of pertinent p?oton—
proton data. The carbohydrate series again seemed especially suitable for

realizing a variety of the types of dihedral angles generally encountered 1n

-

. &
organic compounds.

t

4.2 Dihedral angle dependence of 3

Jen. .

The dihedral angle referred to in the present context can be denoted

by © 1in the projection below;

- 13 1"{3

| | Y

~

However, any discussion of dihedral angle effgcts in molecules has to
' be preceded by a statement of caution, or at best reservation. Although chemists

. N (particutarvly of the organic variety) are accustomed to derive dihedral angles
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. from molecular models, the actual angles subtended by the particalar bonds may
. . .
. be substantially different, especrally for compounds 1n solution. Consequently,

-~

reference below to dihedral angle will always tmply that the angle 1n question

1s only an approximation. The Karplus curve for proton-proton coupling, despite

t

its unquestioned usefulness has limitations that need to be recognized (162), and
does not necessarily afford an accurate measure of bond angles. Thus, dihedral

angle ts not the only determinant of vicinal proton-proton coupling; substitution

>

hybridization anl bond length effects also have to be considered. It 1s best
then to usc the Karplus relationship 1n a general manner, for example, to dif-
ferentiate between dihedral angles of 60, 180 or 90°. In a similar vein, the

overall purposec of the present investigation has been to establish whether or

13

not any such rclationship exists for G—IH coupling and to study how such a

relationship may be applied to practical structural problems.

c-n "

During the coursc of the present study, a dcpendence“ of SJ
dihedral ‘angle has bcen reported (163)(163a) for a group of 13C—cnrlched com-

pounds related to uridine. The data in this instance deal with the systems

. .
13 13

C-0-C-H and C-N-C-H 1n which the carbon 1s sp2 hybridized. Also concurrently,

dihedral angle dependence has been demonstrated for

3
(165), °J,, (166), 3J13 (167, >J
N-C-C-H C=C-C-F

and JP-C—C-ISC (170) so that intuitivély one would expecct 3

3
Tp_c-c-u (144)’ TR
13, (108), 3 (169),

rd
"C-H

analogous trend. On the othgr hand, SJF-C-C-F (171) exhibits a much more complex

.

p-0-C- H-N-C-H

to follow an

+

/._,'4@

. relationship so that a Karplus type of bhehaviour cahnot be assumed a priori.

The first experimental suggestion for dihedral angle dependigfc of

JC-H came from Karabatsos et al. (172) who examined prOpana}~3—13C. The -

»

relative populations of the rotamers A and B can be calculated as a function

»

of temp%rature (173).



A B

It has been shown that AH° (A»B) = -800 cal/mole; consequently

if trans SJC y 18 larger than gauche, an increase 1n temperaturc should de-,

3 .
creasc the coupling between 1 (I.S and H, 1n the ahovd* compound . Such a decreasc
3

was indeed noted over the temperature range of -33%° to +45°%, JC—H decreasing

1

from 2.65 to 2.30 Hz. On this basis Karabatsos estimated that 3JC_H trans =

3.5 Hz and géuche = 0.2 Hz. Although these data are indicative, onc must be

careful not to place too much significance on an observed change of 0.35 Hz

4

in coupling. .

The general reaction schemes employed 1n this study have already been
) /

outlined 1n chapter 1. The compounds.used 1n the 1nvestigation of vicinal coupling
and their measured 13C—1H coupling constants are listed mn Table 1 and the
angular dependence based on these data is depicted in Fig. 1. It s
“obvious that the relationship 1s not straightforward,as demonstrated by the
variation 1BQEQC_H 1in compounds possessing nominally the same dihedr?I angle.
The dotted line repggsents the best fit curve through these points but the

sighificant deviatibns from the line raise questions concerning -the approximation
of the relationship by means ﬁf a Karplus type curve. It 1s to be emphasized,
however, that most of these deviations can ¥e questioned in terms of other

possible factors coming into play as will be shown below. The procedure adopted

for discussing these effects and the overall relationship, is to examine separately



10.

11.

12,

3 TABLE 1 - Vicinal 13

i

Cogpound

1,2-97Isoproﬁylidene—a-Q—glucofuranose—6—13C
l,2--9—Isopropylidene-a-p-glucofuranose-6-lSC—é-d2

1,2-0-Isopropylidene-3,5,6-tri-0-acetyl-a-D-
glucofuranose-6—13c .

1
1,2-0-Isopropylidene-3,5,6-tri-0O-acetyl-a-D-
glucofuranose-6-‘13C—6-d2 >

1,Z-Q;I§opr0pylidene—a—g-glucofuranose-1-13C

1,2-0-Isopropylidene-3,5,6-tri-0-orthoformyl-

a—Q-g}utofuranose-6-13C
~

1,Z-Q;Isopropylidenesg,5,6-tr1—9-orthoformy1—
a-Q-glucofuranOSe—l-1 C

1,2~9;Isopropylidene-a-g-glucofuranose—6-}3C
(periodate complex)
1,2-9;Isopropylidene—B-g—ldofuranose-é—lsc

1,2-9¢Isopropylidene-3,5,6-tri-9¢acetyl—5—
g—idofuranose-6—13c

1,Z-Qflsopropylidene—s—ls—idofuranose—é—lsc-é-d2

1,z_g:1sopropylidene-a-g-glucofuranurono-6,3-
lactone-6-13C -

-

C-H coupling in

Coupling pathway
~

CS-CS-—C4-H4

C6-C5—C4—H4

C6-CS—C4-—H4

)

c -C 4—Hh

C

6 5%

Cy=Cp=Cs-Hy

C1—04-—C4—H4

CG—CS—C4-H4

C6-O6—C-H
Cl-C2~C3-H

C1-04-—C4-H4

C6—C5-C4-H4

3

C6—C5—C4—H4

C6—C5-C4-H4
C6-C5—C4—H4

Ce=Cs=Cy-Hy

[ €g-0-C4-Hy

2

Dlheéral

angle

140°

110°

160°

140°

_110°

70°

140°

100°

13¢ enriched carbohydrates

<
s

A 2
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13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

CogBound

D-Isopropylidene-8- L idofuranurono-

1,2-
6,3-lactone-6-13C

v

1,2-0-Isopropylidene-5-0-acetyl-o-D-
) glucofuranurono- 6,3-lactone-

1,2- O-Isopropylldene 5-0-acet

1dofuranurono 6,3-lactone- 6-1

IQ-Mannono-1,4—lactone—i—13C

<

1,2:5,6‘Di=9;1éo€ropylidene
glucofuranose-6- )

1,2:5,6-Di-0 1so€ropy11dene
glucofuranose 1~

”~

1,2:5,6-Di-0-isopropylidene-
acetyl-a-D- glucofuranose 1-1

1,2:5,6~Di-0- 1so§ropy11dene
al%gﬁafﬁgésigi;l/c

1,2:5,6-Di«O-1sopropylidene-
acetyl a- D,adlofuranose 1-1

6-13

..a_lz)..

a- D-

-

3-0-
3T

- D-

3-0-

5~

%l B-L-

e

2,3:5,6-Di-~ O-1so€r0py11dene a-D- "~

mannofuranose\l

Coupling pathway

C6"

C6-O-C3-H3

C6 C5 G4 H4

C -0-C -H

C6 CS C4 H4

Cg-0-Co-Hy
C 17C,-Cq-Hy

C1 O4 C4 H4

C5 C4 4

C=C,mCs-Hy

Cl O4 C4 H4

C1-C,-Cs-Hy
€,=C,~C ,-H,

Cl—04—C -H

"Dihedral
angle

140°
100°
140
i

100
140
100
140°

110°

140°
110°

140°

90°
110°
90°
110°

100°

y (Hz)

6.6

8.5
1.3

6.7

- 8yt -




23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Compound

2,3:5,6-D1-0- 1soprop{11dene 1-0-acetyl-
a-D- “mannofuranose-1 -

-

2,3,4,6-Tetra-0-acetyl-1,5-anhydro-D-
gluc1t01 1-13¢c=3- d

Methyl—a—g-gluc0pyranoside-1-136

Methyl-a-Q-glucupyrandside-é—1{C

1,2,3,4,6- Penta—O acetyl-a-D-gluco-
pyranose- -6-13¢

1,2,3,4,6-Penta-0O-acetyl-B- D- gluco—k
pyranOSe 6-13¢ ’

1,2,3,4,6-Penta- O-acetyl-a-D- gluco—
pyranose- 1-13¢

”

1,2,3,4,6-Penta-0- acetyl B-D-gluco-
pyranose- 1-13¢

2,3,4L6-Tetra-97acet{l-a-g-gluco-
pyranosyl bromide-1-13c =

®,3,4,6-Tetra-0-acetyl-a- D-manno-
pyranosyl bromide- 1-13¢

2,3,4,6-Tetra-0-acetyl-o- -D- glucopyranosyl
bromlde 6-13c -

N

l

P

Coupling pathway

C)-Cy-Cs-Ho

Cy-C,-Cy-Hy

C-05-Co-He

CI-CZ-CS-H4

C -0 C5 HS

C&-OI—C—H

C6 C5 C4 H4

C6 C5 C4 H4

c6-c5-c4-H4
Cl'cz‘cs'Hs

€1-05-C5-Hg

Cl-C -CS—H3

2

C170g-Co-He

Cl-CZ—Cs-H3

Cy- C,-C5-H,

.
rs

C6 C5 C4 H4

Dihedral
_angle

100°

60°
60°
60°

60°

60°

60°

60°

60°

60°

60°

60°

60°

3.3

2.8

2.4

2.5

2.5

- 6Vl -




Compound
34. 4,6-Tri-9;acety1-B-Q—mannonranose
1,2-(methyl orthoacetate)-1-15C
13
35. B-D-Glucopyranose-U-""C

36. a-g—Glucopyranose-U-ISC

37. B-Q-AIIOpyranose—l-ISC

38. 1,2,3,4,6-Penta-0-acetyl-B-D-allopyranose-
1_13(: ~ - =

-~

39. a;B-Q-Glucopyranose-6-13C-6—g2
40. B-Q-Glucopyranose-l—lsc

41. B-Q~mannopyranose—1—13C

42, 1,%33,4,6-Penta-9;acety1-s-Q-mannopyranose-
1s =
43, 2,3,4-Tr1—0-acetyl-l,6—anhydro—a-L-ido-

pyranose-6-13C

44, Me%%yl 4,619;benzy11dene-a-g-g1uc0pyran051de-‘b
1-49C B

4S. Me}?yl 4,6-0-benzylidene-a-D-glucopyranoside-
-+9C - -

-

Coupling pathway

€1-CpCs-Hy

C1‘05‘C5‘Hs
C3-C,mCy-Hy

C5-C,-Ci-Hy

Cl‘cz'cs'Hs

Cp-C,-Cs-Hy

C6—C5-C4—H4

C}-Cy-Cs-H,

C-0g5-Cg-Hg

Cy0g-Cq-Hy

C6—C5-C4-H4

C6—06-C1—H1

Cl'cz’cs'Hs
C,-0_-C_-H

-5 75 s

Cl—Ol—C-H

C6—C5-C4-H4

C6—O-C-H

Dihedral
_angle

60°
60°
60°
180°

180°

180°

60°
60°
60°

60°

160°
160°
60°

60°

2.5

1.5

= 08T -
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the groups of compounds giving risc to a particular ,dihedral angle.

60° Dihedral angle

Compounds well suited to the investigation of a nominal 60° (+5°) di-
hedral angle are the pyranose sugars enriched i1n the 6 or 1 p051tion.\ The
observed vicinal 13C—IH couplings range from 3.3 Hz for methyl-oa-D-gluco-

. 13
pyranoside-6-""C to < 1'Hz for the a—g-glucopyranose—l-lsc derivatives. Measurc-

ment of these.couplings presented some problems especially in the case of the \

6-13C labelled compounds where the 13C satellites of He and “6' sometimes ob-

N

scured the vicinal H4 absorption. In these instances it was necessary to

resort to analogs deuterated at position 6, as is illustrated in Fig. 2 for
Qrglucopyranose-é—13C—6-d2. The deuteration is carried out by reducing
1,2-Q;isopropy1idenc-a-g—g1ucofuranuro?o—6,3~1actone—6—l3C (Scheme 1, p. 16)

with NaBD4 instead of NaBH4. /

Although within the group of compounds discussed here substantial
conformational differences may exist, the range of such variation surely
cannot be as large as that observed among the coupling constants. The 60°
angles are in general furnished by three distinct systems:

a) A pyranose ring dnriched in the 6-position - the relevant coupling being

\

J .
13 :
C6-C5—C4—H4

Sw
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7
FIG. 2 Partial pmr spectrum (199 MHz) of A) a,B-l_)_-Glucose-6—13C (60%)
and B) a,B-D-Glucose-6-""C (8096)—6-51_2 in (520.

1
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’ b) - A pyranose ring enriched in the l-position - the relevant coupling being

, J :
13
Cy-Cy-Cs-Hy

H
o >y

H

c) A pyranose ring enriched in the l-position - the relevant coupling being

J , : :
13 : :
€70-Cg-Hg . ‘ N

o ,

u

a

The above systems' were selected not only because they furnish
?

dihedral dngles of 60° but also because they allow the examination of variations

’

“ due to factors other than dihedral angle. )

The first question encountered in the analysis'of these results is
whether coupling through a hgteroatom is significantly different from coupling
through carbon. It is difficult to obtain any informatian along these lines
from proton-proton data because in general the orientation of the bonds in‘an
H-C-0-H tyI;e of systems‘ is not well known. Some indication gan e had from

- 4
hydrogen bonded systems (174) such as the following:

3

P [\

e
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where the H-C-O-H coupling is observed to be 12 Hz, roughly what is expected
for a Egggéyigometry of the C-H and O-H bonds. More relevant information is
available from the comparison of ;ome conformationally mobile systems in which
the coupling pathways between 13C and é proton are similar except for the

presence of a heteroatom along the path (150):

O H Lad -
.13l { ' e
- CH,- ~C-0-C-CH, Jy 5 = 3.1 Hz .
! C-0-C-H .
H :
0 H
cH.cH.-13¢ocn - J 4.7 H
5 - - = = . z
el \3 2 2 72 ISC-C-C—H ‘ )
‘ 0
130
CH,CH,, - "C-OCH, Jis = 5.3 Hz
C-C:C-H 7
J = 4,0 Hz
13¢_0-c-H

s

These data imply that coupling through oxygen is about 1 Hz less

than through carbon. In the sugar series, the coupling through oxygen in 13C

enriched pyranoses can be related to the coupling through carbon in the 13C

1

6
enriched :ompounds; the coupling pathways being similar. In the former case

tbe coupling between 13C1 and HS is in general around 2 Hz whereas the coupling
betwee; 13Cb and H4 is on the average 3 Hz (Table 1). This 1s consistent with the
hypothesis that coupling through oxygen is slightly smaller than through carbon.
To further investigate this matter it‘was desirable to examine a compound in )
which the coupling pathways both originated from the same 13C so that any
hybridization effects could be minimized. Methyl 4,6-0-benzylidene-a-D-

glucopyranoside—6-13c is suited for this purpose:

e’
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Ph - C\H
H

OH

. d OQH:;
| { e .
' - 3 ' A 4

J

N -
CoC-Co = 20573 0712[ 70 o = 1.5-2.0 llz

r

3
and "J . Vg
L6-O6-L—H

The couplings under investigation here are 3

J
C6-C—C-H4

At 220 MHz the relevant signals were observable and the coupling through
. - o carbon was measurthto be 2.5-3.0 Hz whereas that through oxygen was 1.5-2.0
Hz, again_con%iif%n"with the hypothesis that couplings through oxygen are

slightly smaller than the corresponding couPlings through carbon.
§ ~ ,
A second example investigated in this regard was 2,3,4-tr1-0-acetyl-
- .

' v ) -
1,6—anhydro—a—§-1dopyranose-6-13C which was synthesized as discussed on p. 115.

~
.

b} ’

In this molecule both of the

ke

¥

OAc

- - H2L

13 13 . .
C6-C5—C’—H4 and CG-O—CI-H1 couplings involve

/\ . . .
a dihedral angle of-about 160°, but 1in one instance the coupling is through

'
oxygen and in the other it is through carbon. The observed couplings are 5.8 Hz

L]
through the carbon pathway and S Hz through the oxygen. It seems reasonably

. , . .
'@vll established "then Yhat there are no major differences in 13C-lH vicinal ,
. ' \ ‘

coupling whether through oxygen or through carbon. The consistently small :

. dif{ference of 1] Hz between'pathways of type "a'" and Lype 'c" (p. 152) and then

t . hd
o o . . . e
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likely due to the presence of the heteroatom in path 'c#'

Differences between coupMngs through path "a' and path "b'" ase more
striking: all examples of the 'latter stype that ‘have been examined give no
detectable coupling (1.e., < 1 Hz) as opposed to v2-3 lz for path "a". The

most evident distinction between these two pathways 1s the presence of two

. o ' LI
¢ oxygen substituents on the enriched carbon in the "b" series as opposed to only

o

one 1n the "a" series. However, the simple introduction of electronegative sub>
i
¢ .
¢

.Stituents does not seem to be the main factor judging from the equality of

.
© S

' 3 (4.5 Hz) ‘in the two compounds below (149);
C H
& .
G . .
, H H H )
CH-:.f —'2 - S—CH:, . CH5<.".—-"¢— C~Chy
Hy CHH CHy ,
3 Ca e 3 e , ‘
JC-H = 4.5 Hz . JC-H = 4:5 sz ‘

Similarly removal of one of the oxygen atoms in the C1 labelled series, which

can be accomply;hed in-a. highly stereoselective manner by the reaction:

4 AeO LAlD, '
—p .
~
. /
j
VoL e ¢ .
showed that coupling to H3 was still less than 1 Hz. Hence, the extra oxygen

[y

’

is not the jetermining factor. (The coupling through oxygen to HS also remained

essentially unchanged, at 1.5-2.0 Hz)’ It"seems established then that the

' \ ot R
'60° angle can furnish a relatively wide range of 13C-H vicinal coupling con-

stants. S

————
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, o | \

. . X
Since substitution effects on the enriched carbon do not account for

the observed differences,the rest of the coupling pathway must be examined
/ :

.. PR N . o [AENT] N .
critically. The major difference between pathways "a' and 'b then becomes

the orientation of the oxygen, sibstituent on the vicinal proton-bearing carbon

with respect to the coupling pathway. In the b—lJC series the (1—01 hond is

13(

gauche with respect to the 16—Lr bond wherecas 3n the 1—1 C series the (-0,
———— ] \ N

3.73
bond 1s antiperiplanar with respect to the 13C1—C§hond:

a

Now, for related proton-proton vicinal couplings substituent orientation cffects
have been noted. For example, 1n the partial structurcs below the axial-cquatorial

proton-proton vicinal goupling is 5.5 Hz smaller for C than for D (175). Similarly

in the coupling between H4 and axial “S is 7.0 Hz whereas the coupling between
H d equatorial H 13,1 Hz.
4 S S 5N
H H , Hy ;
H H
CH o 4
HO Hse
O H Hs
\ c D E 7

¢

The conclusion to be drawn from the above data is that the presence of an electro-
~

negative substituent bearing a trans orientation to part of the coupling pathway

reduces the absolute value of the coupling. It 1s well’ estgblished that proton-

proton, proton-fluorine and fluorine-fluorine, vicinal couplings are
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\

decreased by electronegative substitution at the pathway carbon atoms (97)
(176) (177) (179). That is, in F the more electronegative X is, the smaller

the coupling. A physical explanation may be that in an antiperiplanar situation

X B

!
~C-C-
- oy
H H : G
~ F \\

the substituent can withdraw electrons from the path more effectively; that 1s,
its electronegativity 1s orientation dependent. A decrease of electron density
along the coupling path should be reflected in a decrease 1n coupling since the
coupling 1s transmitted through electrens (10). 1In fact, a study of eclectron
densities in nucleogg%es (180) suggests that there 1s a correlation between
unusually small 13C—IH vicinal couplings and low clectron density in one of the
coupling pathway bonds. Pertaining to the 13C—C—C—JH type of coupling then,

the presence of an electronegative substituent parallel to part of the coupling
pathway should lead to a decrease in couplihg. Coupling pathways of typé net'
do n6; have any such trans substityents associated with them and consequently
in the pyranoses, coupling between 13C1 arid H5 (despite being through oxygen) is
consistently 1-2 Hz larger than coupling to axial H3 even though the dihedral
angles are essentially the same.

It was also of interest to in‘tst1gate the effect of a second oxygen

substituent antiparallel to the coupling pathway. This situation can be realized

gt

in the mannopyranose-)—lsc series:
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The (?_S-O3 bond remains antiperiplanar to the 13C ~(

1765 bond hut, n

addition, the C2—02 bond now 1s*antiperiplanar with respect to the CK—“K hond,
The observed couplings, however,are also about 1 Hz, 1.e., comparable to the o
glucose scries. This result, although scemingly anomglous, was not uncxpected.

In general, vicinal 136—1H couplings arec positive (sec scction 7.6). If the

coupling for a 60° angle 1n the absence of an  antiperiplanar electronegative

13,
substituent 1s about 2.5-3 Hz as derived from the 6- "C series, then the ptesenqge

of the égtlpcrlplanar substituent must make a negative contribution of about 2 liz,
making the observable .coupling about 1 Hz; this 1s the coupling noted 1n the

13 ‘
glucose-1- "C series. A sccond antiperiplanar substituent may decrease the

coupling by another two cycles resulting in a final coupling of about -1 to
-1.5 Hz, but the coupling detectable i1n the spectrum, of course, remains very
small. Such possible shifts from positive to negative coupling are noy unusual;

even the Karplus curve for proton-proton vicinal coupling takes on negative, ¥alues

Q

in the 90° dihedral angle'wegion (4).

One further pognt concerning the small coupling observed for the lnlJC

'
.

enriched species bears discussion. This is the possible role of steric perturb-

ation effects: 1f 1n the system, u

ey
/I \C/\R _ X

6 and @ deviatc from the tetrahedral angle, the coupling may in fact vedtvet
this deviation. If 2,2—dimethylpr0panol—1—13C and 2,3,3-trimethylbutas-2-ol-

- 3C are compared,

A
%1 H CH3 -
Chig -———’CHZOH ) CH§C-—°€—OH ) p ._/
: CHy CHq CH ]
L T
3 : 3
J . )
Coy =45 He Joy = 3:6 Hz
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the observed couplings are 4.5 and 3.6 Hz respectively (181). The nnglesVO
and @ are expected to be different i1n these two compodnds due to steric inter-
d/“% actions, yet there 1s no large difference 1n coupling. It can also be noted
13, . .
that 1f steric interactions were the reason for the small (1—(7_Lz"”z coupling
13 oo A
C

1n the l—lzf sugars, the

v

I-O_CS_H§ coupling should be similarly affected,

R
which 15 not observed.

~

. 13 D
It has been clearly demonstrated that geminal L}H coupldng 15 very
, ; 13.
much dependent on the orientation of the substituents on the °C nuclcus with

respect to the coupling pigton. However, this does not scem to he the case with

vicinal coupling. For example, 1n 1,2,3,4,6-penta»9;agcty1—w~g—glucopyranosc—
13, 13, 13, . . .

1-77C the Ll—Hz and L1~H§ couplings are equivalent to the corresponding

couplings 1n the ¢ anomer. The proton likely 1s too far removed from C] sub-

stituents to expericnce the cffect.

To summarize the results obtained from the vartous 60° dihedral angle

s1tuations examined, 1t can be noted that the extent of coupling through oxygen

/
1s virtually the same (generally 1 Hz smaller) as coupling through carbon and that

an clectroncgative substituent antiperiplanar to the coupling pathway leads to

a decrease rn observed coupling.

*

) Dihcdral angles between 60° and 110°

Dihedral angles between 60°and 90° are relatively difficult to realize.
A dihedral angle somewhat larger than 60°, of nominally 70° 1s subtended by the
C5~C6 and (IA—H4 bonds of 1,Z-Q—lsopropylxdenc—S,S,6—tr1—Qforthofo;myl~a—2-gluco—
fdranose-é—lsc (G). This 1s a rather rigid structure, especially when the absence
. 8 .
of coupling between‘H2 and H3 is taken into account, theresy\f1x1;g this dihedral
- angle between th’é'Cz—H2 and C3-H3 bonds at about 90°. The compound is synthefized

from 1,2—9;150propy1idene—a-g-glucofuranose—6—ISC:




HO H o o) /

H (CHyCH,01,CH H
OR H o //
H O HC (o) <
i
CHa G CHy

’{
There is very little coupling observable betwéen the ! C nucleus

and H4 but, again, this 1s not unexpected since the CS—O bond and the ring

5

O—C4 bond are antiperiplanar to the C and CS_C bonds respectively,

4‘”4 6

It is not really feasible to mncorporate a 90° angle into a pyranose
system; therefore 1t becdme necesqa}y to examine furanose compounds for a
13 . 1 .
potential 90° dihedral angle between the KL and "H nucler. Conformational

13, .
analysis of 1,2:5,0-d1-0-1sopropylidene-u-D-allofuranose-1- C (1) 1ndicates

that the CI_F’ and CK_HB bonds subtend an angle-of 90°., This compound 1s

synthesized from 1ts glucose epimer by inversion at C3 as already described on p.102.

CH3- O CHy CH3'\C:O-CH2 ,
CH] O—t+H o H CHy O O~ T
—> ’ N Naa, HoOH
| - —> i
i H ? H 9

n |
S, [
&

Once again, proton-proton coupling.cohstants are used as a reference
> ' K 1
in the determination of the furanose ring conformation. The viC1nd{ proton-

proton coupling constants are 1n accord with a conformation similar to the .

i

one dﬁready established (131) for 1,2:S,6—d1-gflsopropyl1dene—u-2-g1ucofuranose,

3 -
( JH R almost trans, equals 8.5 Hz;SJH o about 30°, equals 5 Hz). "It
273

34 -
‘should be noted that this conformation can be assumed with some confidence be-

cause if the furanose were 1in the alternate twist conformation,, the dihedral



*

ang}e between the CS-HS and C4-H4 bonds would be about 90° and conseq&ently

no coupling would be expected whereas in fact 8.5 Hz is measured. Conscquently,

in projection along the C3-C2 bond the conformation can be depicted as below:

H
> 3H
90° 2
13“
C, :
C4 OH,

The pmr spectrum of this compound presented interpretation prohlen&

since the “3 absorption could not be unambiguously assigned. In order to fully

analyze the spectrum 1t became nccessary to synthesize 1,2:5,6-d1-0-1s50propyli-

dene-a-D-allofuranose-3- and -4d. The former cogpound can bc obtained by reducing

3

the intermediate 3-hexulose () with NaBD4 instead of NaBH4, while the latter 1s
+

synthesized by treating the ketone with DZO and base to promote deuterium ex-

change in the o position. Comparison of the proton spectra of these compounds

to the spectrum of the 13C enriched derivative clearly i1ndicates no additional

1

Lemieux et al. (163) have also cxamined the 1,2-(methyl orthoacetate)

coupling to H3 introduced by the presence of,lSC
»

derivative of Q—glucoge, labelled with 13C as shown below:
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iy These workers observed no coupling to either lll or H2 and explained

o
this phenomenon by stating that the dihedral angles involved are 90°. [Lxamination
Tt w
of molecular models reveals that 1t 1s not possible to have both of thesce dihedral
angles simultanecously equal to 90°. R /]

However, 1f the dihedral angle between the 13C-()7 and C_-H, bonds

< L “~

is set equal to 90°, the 13C—O1 and Cl-H1 bonds subtend an angle of about 120°

but the Cl—O bondknow 1s practically trans to thg lSC—O bond - a situation
R 4

5 1 ﬁ

. which results 1n decreased coupling (see p. 158).The rationale then 1s that one

coupling 1s zero becausc of the 90° dihedral angle si1tuation whereas the

other Coupllng,althoughghav1ng)a dihedral angle of +120,)1s decreased due to

the anti orientation of the ring oxygen with respect to the coupling pathway.
Dihedral angles olf 110° were obtained 1n the 1—13C labelled furanose

series. For example, as already mentidned, the conformation of 1,2:5,6-d1-0-

isopropylidene a-D-glucofuranose (J) 15 known with reasonable accuracy (131),

since the C,-H, and Cg—H bonds subtend an angle of 90° (BJ“ i

2 2 3 Jlls

the CI—O4 fond and the C4—H4 bond maintain a dihedral angle of about 110°, a

= (). Consequently,

. situation which 1n projection along ,the C —04 bond can be depicted as below: .

4

¢

Cs

3 H4 - '3C$3

All couplings measured through the 13

CI—O-C4-H4 pathway were c&nsistently

| SRS < 1 Hz.

. 4.2 Dihedral angles between 140° and 160°

A
" i

-

1,2:5,§ di-g—isopropylidene-a—g—glucofuranose-1—13C as\ well as the
’ =

\ ‘rf o -
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mono-0-1sopropylidene derivative furnished dihedral angles of about 140°. The

coupling pathway examined here 1s the 13C1_C2-CS_”3 route, or in projectreon
along the LZ-CS bond:

C3_ "1

H C
5 1
. C4
i H
30

The observed couplings in these Cases were 5-5.5 Hz.

Two different compounds éuppl1cd dihedral angles of 160°. In 1,2-0-

AT "
, 1sopropy11dene-3,5,6—tr1—0-orthoformy1TQ—Q-glucofuranose-6-l3C (E), the 13C6—06
f
and C- Hf vl bonds of the 13( —O C-I pathway subtend an angle of 160° whercas
.
as already mentioned on p. 156, 2,3,4-tr1-0-acetyl-1,6-anhydro-u-L-1dopyranose-
, 6- 13C (L) provides two routes with dihedraf angles of 160°, 1.e., tie 13(6 0- CI-HI
13
and C 5 C4 H4 pathways. .
2 ’7“‘“"‘
-
& &,
A\ OAc
* \ »
4
N The observed couplings through the oxygen were 4.6 Hz and 5 Hz in K and L,
iy ’
i respectively; whereas coupling tMrough carbon in L was 5.8 Hz.

Dihedral angle of 180°
" '

‘' From the spectrum of o andJB—Q—glucopyradbse—u-l3C (p. 6), it is

-» ’
evident that H1 of the a anomer exhibits oC coupling but Hl,of the B form does not.
. The observed coupling (6-7 Hz) of the a protoft has been attributed to vicinal

e |
’
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® B s .
caupling to C3 or CS' In cach of these situations the dihedral angle
1s 180°. In this system, however, it 1s impossible to exclude the possibility e
that the observed coupling arises, 1n fact, from geminal coupling to ]s(j. It

" bd

became 1mpcrative therefore to examine a situation i1n which no such ambriguity
could arise. In D-allopyranose, the (13—113 and Cl—Cz bonds subtend a dihedral
angle of 180°. @—Q—AIIOPyranose-l—lsc (M) can be obtained by acid hydrolvsis
of 1,2:5,6—d1-9;1sopr0py11dene-a-g—al1ofuranosc—1-13C which, 1n turn, 1s

available by inversion at C3 of the glucoseeepimer as outlined on p.“lOZ.Only the

¢ anomer forms upon hydrolysis and consequently the 100 MHz pmr spectrum of the

product 1s not cxcessively complex. The o anomer 1s dCQt;blllZCd'ln this case

on accoun% of the unfavourable 1,3-diaxlal interaction between OHI and Ong.

...
1:
s

- The measured coupling 1n this experiment was 5.5 Hz consistent with the splitting

' ’ \1

of Hla observed in the Q—glucosc—U—lZC spectrum,

\

It 1s evident from the breceding that a general dihedral angle
dependence of 3JC_H 1s followed: Ezgﬂé_arrangements of 13C and 1H nuclei are
. associated with largé; couplings than gauche arrangements. Homever, ég has been
indica}éﬁ, some factors other than dihedral angle also must be taken into account
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and consequently it becomes necessary to examine the impact of other variables

such as lone pair and hybridization effects on this parameter. B ']

, 4.3 Loﬁ% pair effects

-

. {
Lone pair effects have alrcady been invoked to explain some phenomena
. . 3
related to directly bonded and geminal ! C—IH couplings, hence the possibility
that they also play a role in vicinal couplings bears discussion. If proton-

proton vicinal coupling of 1,4-dioxane 1s considered (146);

O

O
the sum of the vicinal couplings calculated according to the Karplus relationship (4)

is 7 Hzp»which becomes 4.8 Hz when corrected for the electronegativity etfects of

[

the oxygehs. This 1s 1n sharp contrast to the observed coupling of 9.2 Hz.

However, 1f overlap of an oxygen lone pair with a bond of the coupling pathway

‘ . causes an increase in coupling the result becomes more rationalh. In this case

the mean number of overlaps 1s two, consequently suggesting an increase 1n vicinal

.

i

i N
proton-proton coupling of about 2 Hz per lone‘pair overlap. -

| ' ' - It is difficult to synthesize vicinal systems: in which the orientations

of the oxygen substituents can be controlled. @ne péssiblllty for such study

. Lo 1z
- However is 2,5{5,6-d1—Qflsopropy11dene-a—g—mannofuranose—1— 1;C:

. o . '
|23 . H o\‘:? ‘

N | H e Cl)H : ” 1'

;}‘ > Again the conformation of this molecule is reasonably well established

_r’J i | & .
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from proton-proton coupling data (see p. 127). The absence of coupling betwecn

Hl and Hz‘f1xes the relative orientatlonrﬂf the CI—H1 and C2—H2ub0nds at 90°

and this 1in turn establishes the conformation of the furanose ring. The 2,3-0-

A ,
iSOpropylidéne function fixes the orientation of the oxygens relative to the

1

coupling pathway. The oxygen orientation$ are such that onc of the lonc pairs

o‘h«O3 cclipses the C3-“ bond whercas a lone pair on 02 cclipses the CZ—CI bond,

3
This situation can bc®i1lustrated by projectloq: along the C,-0, (N)" and C,-0;

A

o

Q) boﬁ@s: J ' ) .

JH2 ‘ HB
C3 %, C4 o2 ‘
N o .
B |
) o 4 -
. The lone pair effect, 1f such exists, is anticipated to be consider-
able i1n this case since two bonds (1.e., 62_13C1 and CS'H% bonds) of the coupling |
( -~

pathway are eclipsed by 1lone pairs. The dihedral angle between 13C1 and H_S 1S gpe
. ) K

roughly 110°, a situation’which from all previous cxperience should result in

.
i

A

'

zero cqupling. The experimentally measured coupling however is 3.5 Hz, a result

! ~

[ , .
which skems explicable only by attributing the increase to lone pair orientations.

Y

It ¥s also noteworthy that in 1,2:5,6-d1-O-isopropylidene-a-D-gluco-
furanose-1-13C the observed coupling of 5.5 Hz for a dihedral angle of 140° seems
large in comparison to the values observed for 160°. In this compound oné of '

the lone pairs of the C, oxygen substituent eclipses the CZ—C3 bond, a situation

2

- which should lead to “increased coupling.

A}

Pr
N
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4.4 Hybridization and substituent effécts

4 s ‘

-

, In: conformationally mobile compounds a slight increase is noted

L wﬁkn going from st to sz carbon (149). -

CHTE “E"'i 3 ‘ CHig § CH3 ) v
o ; Hay CHJ{

3 - ’ 3 N ' ' . o 1
Joyy = 5.1 Hz Joy = 4-5 1z _

L

It was desirable to examine this relationshtp in sys‘gms of kpown
geometry. The compounds employed in this study were 1,219;150pr0py1faene-a—
Q-glucofuranurono—6,3—lactone—6—13C (P}, 1 2-0-1sopr0py11§ene*8—g—idofuranurono-

6,3-lactone-6- 3C (Q) and D-mannono- 1,4-lactone- lllsc (R).

CHOM
HO ~4~H
. o\“c’-o
< HHO /=~
H ° P
H H °
R
s \‘ *
| \\ ‘Fig. 3 illdstrates the spegtrum of R and 1s typical of those encountered in -
\ the above systems. The couplings from lscé to H4 in the’uronolactones are 9 liz
it

and 6.6 Hz for the D-gluco and g-ido epimers, respectively, although the

. »
dihedral angle for this pathway of about 140° 1s associated above with smaller

* ; SJC—H values. It seemsfclear that, other factors being equal,an ingrease in "s"

b character of fhe'lsc nucleus results in’ increased coupling. D-Mannono-1,4-
” lactone-l—lse also'eiﬁxbits a coupling of 9 Hz‘between 13C1 and Hys as discussed
on p. 112, the stgreochemical situation in this compound is ahalqgous.to that in -
~ the glucurone derivative. N
‘ ’ The difference in 'co_upling between the D-gluco and Z,-\_ﬂ:g: epimers '

~

is interestipg. It is likely due to the different orientation of the.CS-O5 '

o



‘ J -2 . X * l ~ 1
3.0 ) PPM(d) 4.5 . - .
FIG. 3 Partial pmr spectrum (220 MHz) of A) D-Mannono-1,4-lactone and B) ‘__Q—Mannono-ll,4~1actone-1-13C
(600) in DZO - ‘ o ) ) :

. »
b
. . ’
% . .
B ' <
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bond with respect to the coupling pathway in the two compounds. In the L-1do
k4 a \ -
derivative this bond nearly eclipses the C4-H4 bond whereas in the D-gluco
derivative a 90° relationship 1s maintained. This orientation effect then 1s
not unlike those observed 1in 13C-IH geminal couplings. All of the coﬁplings
through the lactone oxygen in the above compounds were found to be zero but

the dihedral angles 1n these cases are roughly 110°, an angular region wherc

little coupling is to be expected. in gencfal.though, as has been shown by

Lemicux et al. (163) —lH vicinal. eoupllngs where @he 13C atom 1s spz

hybridized vary with dihedral angle in a Karplus manner.
Substituent effects on vicinal 13C—lH coupling when the substituent

1s bonded to the coupling carbon are minimal. When the serics below was examined,

no variation 1n 3JC _j_ Was noted, all couplings being less than 1 Hz.:®
-3
T crom 1 cHpone T Crpoag
0\ \ \
H o 2‘;,»4 AcO ?H AcO O ?/H
Je-u <12 < 1z <1 Hz <1 Hz

Even when large couplings were examined no substituent effects were observed.

This is apparent on consideration of the data below:




®
i

. This lack of variatioh in coupling has already been noted by Karabatsos et al.

(181) who consequently drew the conciusion that vicinal coupling is not governed

.

by the Fermi contact term. 2

4.5 1:,’C-lli vicihal coupling in rotamers

¥ As with geminal 13C—1H coupling 1t was of interest to examine what

£

‘ information could be obtained about rotamer populations in freely rotating

carbinol groups-with the aid of SJC:H' ] X /

i -
The pmr spectra of 1,Z-Q;isopropyl1dene-a~Q—glucofuranosc-6-ISC,tand of

1ts L-ido epimer,show that H4 and H5 are strongly coupled. For cach of these

compounds the large value of J observed[[(7.5-8 Hz) is consistent with a pre-

H,-He i ﬂ

ponderance of either of two rotamers: in one:lh and ”5 are eclipsed and in the

other antiperiplanar. On conformational grounds, obviously the latter arrange-

ment is more likely. The preponderant rotamers for the D-glucp and L-1do

derivatives then become the following:

. -

e
_H5
C O .
3 4
i 13
Cé Os
; b
‘ Q-Gluco g-lgg

The experimentally observed 13C6-H4 couplings of 2.4 Hz and 0 Hz for the Q—gluco “A

(Fig. 4) and L-ido epimers respectively, agree with the dihedral angle of nominally
. ¢ . . .

60° rclating these two nuclei. The difference of 2.4 Hz can be attributed to

the fact that in the L-1do epimer the ring oxygen is trans to the C.-C, bond. This

‘l‘, ‘ 576 )

particular type of arrangement has already been associated with a decrease in

2
» ‘
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=
k4
w

"
X

i - | 1 '

3.0 45 PPm(b) 4,0 ,
- FIG. 4 Partial pmr spectrum (220 MHz) of A) 1,2-0-Isopropylidene-a-p-
. glucofuranose and' B) 1,2-9—Isopropylidene-a-Q-glucof.uranose-6— of

(60%) in CDC1,. ~
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observed coupling. In the gluco epimer, on the other hand, the same bonds

1

subtend a gauche relationship. If the rotamer population about the CS—C6 bond

for the gluco epimer could be influenced so as to favour. the -rotamer S,

B

O
. C3 <
1 N ;
C 6 H 5 !
Hy
S

the coupling should decrease sincz there are now two C-O bonds antiperiplanar

to the coupling pathway. This situation can be realized by complexing the

-

mono-O-isopropylidene derivative with periodate (183):

3 3.
H2OH ——CH2
HO-T"H o _ 4 NalQ,
H H —p .
H
\CH o
3- - CH3

When periodate is added to a DZO solution of 1,2-0-isopropylidene-a-D-gluco-
\ = =

) ' e
furanoss—é—isc in the NMR sample tube, the spectrum chanﬁes to that of the

\
complex and the coupling between 13C6 and H4 disappears. (This result is, analog- .

ous to that obtained with 1,2—9}isopropylidene—3,5,6—tr119;orthoformy1-a—g-gluco—
iiranose—é-lsc.) This observed phenomenon again reinforces the concept that an

antiperiplanar electronegative substituent leads to decreased 13C-.H coupling.

In the 1,2:5,6-di-0-isopropylidene derivative of glucose the coupling be-

tween 13C6 and'H4 is essentially, equivalent to that in the mono-0-isopropylidene-
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compound 1ndioﬂgﬂng that there 1s no major change in the rotamer population about
~

\

the C4;CS bond when OH5 and'OH6 are constrained in a gauche relationship.

It was also of interest to examine the coupling between 13C1 and the

methyl protons 1n methyl—a—g-glucopyranosi&e—l-lSC:

H
CH.OH
HO HOH,
COR,
: no B
Ho_ OCH,

The observed coupling of 4 Hz 1n this case is readily ¥ationalized if the gauche

coupling in absence of a trans oxygen is assumed to be +2.5-3 Hiz and the trans

coupling is taken to have an average value of 5.5-6 Hz. then equals

JAverage

(ng + Jt)/S which 1s about 4 cycles, 1in agreement with the observed value.
A similar result has been noted by Lemicux ct al. who measured the coupling be-

_tween H, and the glyc051d1c~carbon (163a).

1

4.6 Signs of vicinal 13C—lH coupling constants

Very few sign determinations of vicinal proton -13C coupling constants

have been carried out. This stems mostly from the lack of suitable compounds. To

~ carry out a sign determination by means of the spin decoupling method, the only
method which can provide conclusive results, 1t 1s necessary for the vicinal proton

- to be coupled not only to the 13C nucleus but also to the proton bonded to the

| : .
| 13C. Since the directly bonded 13C—1H coupling.constant 1s known to be positive,

the sign of the vicinal coupling can then be obtaired. The system necessary for

such an experiment can be represented as: -
ANy .
_&—_— C_‘.pc__ t
§ ] 1
H

. H

where the protons must couple appreciably to each other. Such‘situations are very

@ \,
- .

Pr
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difficult to realize, consequently the sign determinations madc heretofore
have involved comparisons of 13C satellite spectra with computed shectra.

L / ‘
Again, this method 45 limited to rather simple compounds. All results obtained

13

. 1 )
1n this arca indicate the the "~ “C- It vicinal coupling 1s positive (Tab

4
TABLL 2 - Signs of vicinal lBC—lH coupling constants

2
I

. ‘ f ‘ 3 lz,

; cn (1)
H=C=C~CH, ) +4.8 -
H-C=C-CH, .\ +3.6 183

"CH )
/17 3
)= = 3 . 184
) CH3 %HCH3 +4.4
3 - —
¥
¢ he
7 +7.4 185
(RN
' 1 - 186
' +2.2 . >
‘CHgg CH3 - )

In the present study no compounds were encountered 1n which the

vicinal proton and the directly bonded protons were coupled, consequently the

f/sign of the vicinal coupling could not be directly determined. _ '

A
Accordingly, an alternate approach was designed to determine the sign

. [
13C-lH geminal coupling. The pre-

ISC

of the vicinal 13C—lH coupling relative to
requisites now become coupling of the vicindl and geminal protoﬂs to the

nucléus and to each other. Symbolically this arrangement can be represented

-
as below:

Hoem Hvic
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Accordingly, 1f irradiation of one of the doublets of either quartet

leads to collapse of one of the doublcts of the other quartet the relative

3
" values of 3JC_“ and 2JC~H arc obtained. Theoretically then, a compound such
A

~as B-Q—allopyranose-1—13C would be suitable for such an experiment:
et -

H Y
AR CPbOHO

HO - )
“ \ “2\ ‘
H D) §<OH N
L OH H

t

Both H3 and H2 are coupled to e and the sign of the geminal céupling between

13C—l and H2 has al@peady been determined to be negative. However, in this

compound H2 and H3,351de from being cgupled to each other, are also coupled to

H1 and H4 Tespectively; this leads to a degree of complexit} in the H2 and H3
abébrptlons as to preclude such an experiment. It seemed necessary, therefore, ,
to examine a compound in which at least one of the extra couplings was absent.

.

1,Z-Q—Isopropylidene—5—9;acety1~a—2-g1ucofuranurono-6,3—1actone—6-13C was

suitable for this purpose. Due to the absence of hydrogens on C6’ the‘H5 signal

in the non-enriched compound 1s a simple doublet. The proton spectrum of the
e
6-13¢ compound can be represented schematically by the following:

Hy

pored

Relative sign determination now involves irradiating one’of the
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. doublets of the'H5 signal and observing the collapse of the upper or lower

signal then should take on

4 4

the appearance of either (a) or (b):

half of the H, signal. Upon irradiation the H

- “ %
The experimental 5i1gn determination (Fig. 5) indicates that the

0 vicinal and geminal couplings are of opposite sign: irradiation of the low field

H_ doublet results in collapse of the upfield half of the H, signal, whereas

5
irradiation of the upfield HS doublet causes collapse of the low field half

4

-

of the H4 signal. Since the geminal coupling in this case is most likely

s
negative (Chapter 3), the v(sinal coupling must be positive. In any case, 1t

\ is clearly demonstrated thﬁt’%he couplings arc of opposite sign.

/

!

4.7 Theoretical considerations

Wasylishen and Schaefer (187) carried out calculations according to the

!
INDO formulation using propane as a model. These workers found a Karplus type
v
of relationship but suggested that there is an insensitivity of vicinal coupling

to hybridization state as well as to substituent effects. Later examination

of fAuoropropane (188) indicated that the coupling decreases when a fluorine

atom is present aloﬁg the pathway as in T, but this decrease is modulated by

the orientation of the substituent.

‘
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. FIG. 5 Relative sign determination by double resorance in 1,2-0-isopropylidene-5-0-
“ ‘ acetyl-a—g-glucofuranurono-6,3-1actone—6-13c. Partial pr—n-r spectrum (100 MHz)
of A) the'natu;‘al abundance compound and B) the 6-13¢ (80%) derivative in CDC13.
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The offect of fluorine varies with the dihedral angle between the fluorine .

and 13C nuclei exerting a maximum effect at 6 = 180° and a minimum at 6 = 90°.
! B »
Similar relationships were noted 1in Z-fludrqpropahe-l-ISC: .

H
¥WeHE—CH
H3 .'1__ 3

°

In general then these'calculations support the experimental data
P s

prgviously discussed.

Calculations have also been carried out using the CNDO/2 method,
and oxygén orientation effects were examined. 1,2-Dihydroxypropane was used
as a model compound. Again the results obtained from the calculations arec

consistent with the experimental data - 1f constant dihedral angle 1s maintained,

an antiperiplanar oxygen leads to decrea;ed coupling (189):

k]

CH, 3
- _ , ) ‘H
H 1 HO
‘ 0 H OH" H OH
) . H
- OH -
smaller coupling : larger coupling N
) 0
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" 4.8 Conclusion .

| It has been demoustraged’that<vicinal 13C-lH coupling does not
conform to a straightforward dihedral angle relationship. Substituents, sub-
- stituent orientations, hybridization changes and lonc pair effects can all

significantly modulate the coupling expected an a dihedral angle basis. Con-
A .

o

- - . . .
- ' sequently, .no validity can be attached to calculations of dihedral angles from
3 . ) .
JC-H which do not take these factors into account. !
. .
- [+)
&
n
€ . - :
o v ’
- - . 0
L}
[y ' N <.
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. CHAPTER 5

REDUCTION OF° ALDONOLACTONES
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5.1 Introductory remarks ©

\ o
$ The preparation of carbohydrates enriched with 13C (or 14C) in the

©

53 [} . -
one position presents some problems. The main difficulty in the synthesis ariscs
7/

from the last step of the Fischer-Kiliani sequence, namely the reduction of an
:' ,/
aldonolactone to an aldose (A). This reaction must bﬁfcarrled out in such a

way as to prevent over-reduction to the sugar alcohol (B). The reaction is
v >
illustrated below for Q-glucono-l,s-lactone.

\a"‘/-'——/\
CH,OH
H 0
H o —p
\ H H ¢
\ HO
N H OH

The classical reagent for reduction to the aldose is sodium-amalgam
(190) (191); however,it has sometimgs proven Jﬁfficult to obtain good yields
usfng this technique. Preliminary experiments showed that the sodium amalgam
method was not suitable on a small scale. The maximum yiclds obtained were 60%
for Q-glucose and 3Q% for D-mannose. Moge recently 1t was found that esterified o
aldono-1,4-1;ctones ‘l?Z-lQS) as well as some free aldonolactones (196) could
be reduced to the corresponding aldose with bis-3-methyl-2-butylborane (di§i—'
amylborane) (197)(198). The highest yield achieved for the reductionnof’é—glucono-

1,5-lactone to D-glucose using this method however 1s again only 60% (196).

While lower yields can be tolerated when radioisotope (14C) enrichment is desired
&

.

due to the passibility of co-crystallizing the first product with non-enriched

material, high yields in 13C incorpqration experiments are very important,
especially for spectroscopic studies which are favored by :?*high degree Bf
o o

‘ enrichment as possible. ' v
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Since one is already limited by the déé::; of enrichment of the )
starting material, K13CN, any further dilution should be avoided. ‘Wolfropm has®
described the reduction of aldonolactones wusing buffer;d sodium borohydride
(199) but this reaction was found to be difficult to control and also gave poor
yields.

In the light of these results a search was carried out for a reduction
method which would give higher yields of the sugars in question. As a result, two
novel reduction techniques for the reduction of aldonélgctones to aldoses were

developed: reduction via BH, and reduction via a L1AlH,6-AlCl, mixed hydride
{

4 3
reagent. Both methods afforded higher yields of the reducing sugar than had been--

3

previously attainable.

." 5.2 Reduction of aldonolactones by means of BH

3

Diborane, which in its chemical action can be considered as BHS’ is

&
a well known reducing agent, reducing aldehydes, ketones and carboxylic acids
rapidly and esters more slowly (200-202). The reduction of lactones by diborané
has received very little attention altRough Dias and Pettit (203) have reported
a mixture of products when certain steroid lactones were treated with diborane. '
Diborane is readily prepared by the addition of a solution of sodium borohydride
in diglyme to bo;on trifluoride etherate (204):
".'SNaBH4 + 4BF3'—————— 3NaBF4 + £BZH6

This diborane solution can be heated under an inert atmosphere to distil ‘off
diborane into a receiver containing tetrahydrofuran. A 1M solution of diborane
in THF is also available commercially. biborane is a Lewis acid and reduces
carbonyl funotions by first complexing with the oxygen atom and then transferring

a hydride, perhaps by a concerted mechanism'analogous to the hydroboration of

alkenes:
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=0 C=Q0 —» —C—O-BH
] 2
/1+—$—H H .
H

Treatment of the product with water generates the alcohol.and boric acid®

| - . | .
—C—0-B - —C—
H

It was hoped that if the reduction of lactones with borane could be

controlled so that only the carbonyl group were reduced, a clean method for
\

\

converting lacﬂehes to hemiacetals would be available. The lactones of major

concern for the present purposes were D-glucono-1,5-lactone and D-mannono-1,4-

/

lactone, the epimeric species formed upon the addition of cyanide to arabinose, since

the corresponding 13C-enrlched hexoses and derivatives of them have constituted

the main compounds examined in this investigation.

CH,OH
HO ~—H
c’\c::o
OH HO
H
v H O OH

\ D-Glucono-1,5-1actone D-Mannono-1,4-lactone
A ten fold excess of a IM solution of diborane in THF was used to compare the
reduction of these lactones under different conditions. The results of this study

. are {Eported in Table 1. Yields were obtained by g.l.c. analysis of the T™S or

A}

acetate derivatives of the products.
~7

/
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’/ .
._ TABLE 1 - Reduction of aldonolacton¢s by IM BH3 o .-
Q-éluéono—l,s-léctone _
Reaction time [IEEE' * Aldose Alditol Lactone
15 min R.T. 60% 2% - 38%
, : .
60 min " 88% 5% 7%
\ 90 min 0 90% 8% 2%
. ﬂ 3.5 hrs " "90% - ) 8% 2%
) 40 hrs o " 86% 13% 1%
84 hrs Q " 81% 19% .- ‘
3 hrs " reflux 60% 40% ' - e
3 hrs ‘ -10° 40% .- 60%
18 hrs -10° 48% 2% 50% )
D-Mannono-1,4-1lactone
15 min — R.T. 52% 23% 25%
60 min n 75% 18% 7%
3.5 hrs " | 65% 30% 5%
40 hrs . " 60% 38% 2%
" 84 hrs " 57% 43% ‘ -
3 hrs reflux - 35% 65% -
3 hrs -10° 35% - 65%
.18 hrs -10 | 40% 10% T 50%

The ;bove results indicate that most prabably there a;e two reactions:
first, the lactone is reduced to the sugar, (or to a derivative which on
hydrolysis yields the sugar) in a fast reaction, followed by the nuch slower

" conversion of the sugar. into the sugar alcohol.

fast slow

Lactone ———> sugar ———> sugar alcohol
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This is emphasized by the very low rate of formation of alditol at -10°. It

was found that the best and moét reproducible results were ogtained when thé

reaction was carried out at room temperature for 2 to 3 hours. Under these

conditions the isolated yields were 85-90% for glucose and 65-70% for mannose.

Both of these yields are higher than those ?btalned by any other procedure.
The reaction 1tself is much cleaner and is easier to carry out than

-t amalgam reduction or reduction using buffered sodium borohydride. Finely
powdered lactone is suspended in tetrahydrofuran and an cxcess of dihorane,
(about 10 fold) 1s added, followed by vigorous stirring. A rapid cvolution of

hydrogen gas 1s observed on the addition Sf the borane regagent; this 1s of

+* course due to the reaction of boranc with the hydroxyl groups of the lactone:

| |
—C-OH + BH ——> —C-0-BH, + H
| 3 | 2 2,

After a short period the reaction mixture becomes gelatinous, presumably due to

°
-~

the formation of species such as the following:

CH,OBH,

HHO
o)

OBHH

BHé)
H  OBH,

- It is also conceivable that dimeric or even trimeric borate esters can form,
| joining together two or three lactone units. At the end of the reduction period

water is added to decompose the gel and the reaction mixture is concentrated
scveral times with methanol to remove boric acid as volatile methyl borate. If
the reaction 1s carried out on a scale of one or more grams the desired product
can be fractionally crystallized at this point. On a smaller scale 1t was found

. that crystallization led to the lo$s of too much product and alternative
-
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approaches were cxamined. For the reduction of Q~g1ucono-l,5-lactong¥ the most

efficient 1solation technique was found to he acctylation of the reaction
mixture followed,by chromatography on silica gel. Mannose was best 1solated
from the reaction mixture through its phenylhydrazone derivative (cvidence now

favours an acyclic form for this compound (205)) from which mannosec 1s readily

regenerated: ’

Ph-NH-NKRY €T Y

HO

Mechanism of reduction

A possible mechanism for the reduction of Q—gluconQ-I,S—lactone (C) 1s
outlined 1n Fig. 1. D-Glucose (F) 1s obtained by hydrolysis of the intermediate

E. This intermediate however can conceivably undergo ring opening by three

different pathways: via carbonium ion (a), via concerted mechanism (b), or via

type J complex formation (c). All of these routes lead to the alditol as the

final product. The corresponding scheme for D-mannono-1,4-lactone is given in

Fig. 2. Note that in this case borates of type N can also be expected to form by

analogy to 2,3:5,6-d1-0-isopropylidene-a-D-mannofuranose. Hydrolysis of inter-
mediate Q or P affords D-mannose but these species can also undergo ring opening
by routes analogous to a, b, and ¢ of Fig. 1. The implication of the experimental
results 1s that a furanose ring 1s more likely to undergo ring opening than

is a pyranose ring. It appeared possible, however, that the configuration at ~

C2 and not ring size is the determining factor. In order to clear up this point

N *
the reduction of D-glucono-1,4-lactone was examined. .

w*
A gift of D-glucono-1,4-lactone from Professor H.S. Isbell is gratefully
acknowledged.

*
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Reduction of D-glucono-1,5-1actone with diborane.

FIG. 1
e
& .
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H2OH
HO—+H o
. o
H
H H
L
s
R=BH2

H

FIG. 2 Reduction of D-mannono-1, 4-lactone with diborane.

1

o, . / “
The reduction of this compound now afforded yidlds of aldose (60%)

and alditol (40%), very similar to those obtained from Q-mannono—l,zl-lactone.

Q-Galactono—l,tl-lactone also gave almost equivalent yields. It seems

—

established, then, that the difference in yield of aldose obtained by BH3 re-

duction of D-glucono-1,5-1actone and D-mannono-1,4-lactone can be accounted for

by the different ring sizes of these lactones.

In order to gain further insight into t.he réaction of BHS with
carbohydrates and to attempt to determine what factors ¥promote ring opening,
a series of reducing sugars was studied under experimental conditions equivalent

to those used for the lactones (10 fold excess BH3 for 3 hrs at R.T.).

o

N | ‘
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- ~These resultys are reported in Table 2.

TABLE 2 - Reduttion of aldoses gﬁiiborane T
o v ,\' ! % Aldose o -
remaining % Alditol
D-Glucose . 95 ' 5
g-D-Glucose - 95 ‘ 5 /
. : D-Mannose 60 — . 40
C D-Galactose ' 95 v 5 g
D-Erythrose \ - | 45 Sg H .
L- Fructdse 75 ' 25
N \
D-6-Deoxyglucose . 75 : 25
: D-Lyxose < T 40 60,
| [=5-Xylose 36 70
. [=)-R‘ibose 5 95
_[__)-Arab.inose 10 ’ 90 ’
272-Deoxyarabigg.}\exose 0 100
D-2-Deoxyribose 0 ‘ 100

D-Glucoses and D-mannose are again reduced to different'extents but this time

At was not possible to determine whether this difference is due to a.difference

in ring size. The major intermediate species that are expe o form on

: reaction of D-mannopyranose and D-glucopyranose with BH, aMe—fndicated

3

below. /
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<
i O CH
R H
H
BH_ ,O-CH
HGH,OR /3 2
CHQOH O—t+H _o H
H
HO "Hy 'BO
H ¥ OR
MO i~ 0o HoH
H
. R=BH,
~ & \

N,
\ ]

_\\gt was not possible to determine the relat}ve ratios of these types
of species in such a complex system and hence the differences in the rate of
reduction of D-mannose and D-glucose cannot be attributed to any one specific
factor such as ring size. More interesting,however is the observation that

when the C2 oxygen substituent is removed, as in 2-deoxyarabinohexose, reduction

to the alditol is 100%. There are two p(;ssible explanations that may be

suggested in this regard. If ring opening proceeds by a carbonium ion mechanism,

—> ( >

oB Ho

. : removal of an electronegative substituent adjacent to the prospective carbonium

i



ion Q, should favour the reaction. The second alterndative 1s that reaction

proceeds through, the open chain or aldehydo form of the various sugars, and
those sugars with higher aldehydo content in solution are more read1ly re-
duced. This latter rationale seems favourable since 2-deoxysugars and ribose
are expected to have the highest (even though very small) aldehydo content,
followed 'by pentoses and then hexoses (206). Since 1t is known that agdchydcs

/
are rapidly reduced (200-202) the overall trend in Table 2 becomes reasonable.

7

5.3 Reduction of aldonolactones by means of LiA1H4—A1C13

Lithium aluminum hydride has becn extensively used 1n organic and 7
inorganic synthesis (207). This compound 1s known to recduce lactones readily
to diols and therefore 1s not suitable for the reduction of aldonolactones to
aldoses. It is possible however to modify the reducing properties of lithium
aluminum hydride by the addition of a measured amount of aluminum chloride
(208-211). The naturc of the reducing species 1in this "mixed hydride' re-
action depends on the molar proportion of AlCl

Y
ing to the following relationships.

3 and LiAlH4 (212,213) accord-

A1C13 + 3LiA1H4-—————€> 4A1H3 + 3LiC1

AlCl3 + LiAlH4 —D> 2A1H2C1 + LiC1

- d

3A1C13 + LiAlH4 —_— 4A1HC12 + LiCl

The aluminum hydrides produced in any of the above reactions are analogous
f

to the previously discussed diborane, and reduction of lactones by them
can be expected to proceed in a manner similar to the borane reductions. All

2

three hydrides are Lewis acids and perform their function by first complexing

with an available oxygen atom. The actual reduction can then proceed either

by a four center or a carbonjum ion mechanism as illustrated below:
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For lactones, the reaction is not expected to stop at the hemi-
acetal stage since it has been shown that acetals, ketals and orthoesters
can be cleaved by the mixed hydride reagent (214-217). Mechanistically this

type of cleavage is expected to be very similar to cleavage by diborane, as
)

discussed previously. Once again both four center and carbonium ion mechanisms °

"

can be envisaged: . .

N I
—f% J§4 - -~
a.) C-O=—A] —» C—O0~A|
- ~
)
/7 0
Y% \ |
o/ N\ _A LA~
& - & 0
- =) —_— -0~ e Oy
b.) C-0—AIT C=0-AI =+  C—=O-AI
. 4

However, because the rate of these cleavage reactions is considerably slower

°

than the rate of reduction of carbonyl functions (214), it was hoped that

%



N - 194 -

‘ ‘under the right reaction conditions 1t would be possible to reduce aldonolactones
0

‘ to aldoses in good yield.

‘ ‘ , At first the reaction was attempted in a manner analogous to the
J
| bor§nc Teduction. The lactone was suspcnaed 1n ether or THF, and this was
| followed by the addition of a mixture of AlCl3 and LlAlll4 in THF. Using thas
; procedurc the rcaction rate was extremely slow due to the relative insolubility
of°£he lactone 1n the ;vaent (a gel, characteristic of the borane reduction,
does not %orm'ln this case). To circumvent this problem dihydropyran was uscd
¥ to block the frcc’hydroxﬁl groups of the lactone: the resulting tetrahydro-
pyranyl deivat 1ves arc hydrogenolyzed very slowly under the reaction conditions,

but arc readily removed by mild acid hydrolysis following reduction of the

carbonyl function. Thus, for D-glucono-1,5-lactone:

CH?OH . CH20THF’ CH,OTHP CH2OC;-1
o . o
H + H/I N
H b= oHYS H g OH
on 1,/ 0 OTHP | HO )
HO ,__i/ THPO
H  OH H  OTHP o OH
Results obtained 1n these ecxperiments werc similar to those for the 0

, borane reduction; the reduction of D-glucono-1,5-lactone normally provided yields

of glucose ranging from 80 to 90% whereas the reduction of D-mannono-1,4-lactone °

\

afforded yields of 60 to 70%. As before, the best method of 1solation of mannose

¢

from the reaction fmxture proved to be via the phenylhydrazone., Although re-
duction by means of the mixed hydride is experimentally somewhat complex, the
yields obtained are better than by the standard reduction techniques, other

than the previously discussed diborane reduction.

Both for D-glucono-1,5-lactone and D-mannono-1,4-lactone the best ratios

4 3

‘ of aldose to alditol “were obtained when the molar ratio of LiAlH, to ‘,ATCI . Was
N
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I 1:3 and the poorest yields were obtained when a molar ratio of 3:1 was employed.

In the former case the reducing species is AlHCl2 whereas in the latter the
preponderant species 1s A1H3. Both of these readily reduce the carbonyl
function, but the experiments indicate that ring opening is more cxtensive

whenr the reducing speccies 1s AlH I1f ring opening proceeds by a four genter

3

mechanism as in: i\

<

it is likely that the reason more diol is formed when AlH3 is the reducing

species can.be traced to the fact that three hydrogens are available for the

& °

reaction as comparéﬁ to one for AIHCL,.
In summary, it can be stated that both of the reduction techniques
developed for the conversion of aldonolactones to aldose sugars surpass or
»equal the existing methods in efficiency, and also for the diborane reduction
in simplicity, and hence they can facilitate the synthesis of 1~13C,(or }-14C)
enriched cérbohydrates by w%dening the classical bottleneck of thg Fischer-

\\\ Kiliani® sugar synthesis, namele the reduction of the aldonolactone to the

. aldose. R o
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PART 1

GENERAL METHODS

{

The natural abundance analogs of the compounds synthesized during
the present research are knewn compounds. However, the -synthetic methods
used i1n many cases have had to be modified because in working with the 13C—
enriched species small scale experiments were mandatory. Such con&itions
were dictated by the high cost of the starting material, K13CN (Merck, .
Sharpe and Dohmc, Montreal, Canada), which also necessitated numerous

"dry runs" using non-enriched material before undermaking any synthesis in-

volving 13C enrighcd compounds.

i)

Many of the compou here which are reported to be

easi1ly synthesized on a large scale proved to be far less accessible on a
milligram scale, and when yields were critical./Generayly, they have been
isolated by crystallization, whereas in the current experiments 1t was

usually necessary to employ column chromatography in order to ®dbtain good
yields. 1dent1ficatlo:{of the 1:”C enriched compounds was made by melting point,
mass spectroscopy and most relevant to this study, by NMR spectroscopy. Iny
each case, the spectrum of the enriched derivative was compared to the spectrum
of the natural abundance analog. As ;n example of compound 1dént1fication by
mass spectroScopy, Figs. 1, 2 and 3 (Appendix) show the spectra of 1,2-0-iso-

propylidene-3,5,6-tri-0-acetyl-a-D-glucofuranose and 1ts 1-13C and 6—13

¢

c
derivatives, respectively. These sp;ctra are seen to be identical except for
the one.p/e unit shift of some peaks due to the presence of the 13C isotope.
Such isofogic substitution can,in\fact,be,used to advantage in the analysis

/ o -
of fragmentatien patterns and is discussed briefly in the Appendix.

Q

. \
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Spectroscopy

s

Pmr spectra at 100 MHz_were recorded with a Varian HA-100 spectro-
meter. Spectra at 220 MHz were recorded at the Canadian 220 MHz NMR Centre
in Sheridan Park, Ontario. 1?)C spectr‘a were rvecorded v%th a Bruker WH90
spectrometer operating at 22.6 MHz. |

Mass spectra were recorded with an LKB gas chromatograph mass

N
spectrometer operating at 70 eV. .

“Chromagography

Thin layer chromatography plates were prepared using MN silica gel G
as adsorbent. Benzenc-ether (1:1, v/v) and benzenc-methanol (9:1, v/v) were e
the solvents commonly used. Visualization was, by spraying with sulfuric acid
(5% solution v/v),and hecating the sprayed plate.at 120° in an oven. )

Analytical paper chrométography was carried out by the deSCCHdlné
technique on Whatman No. 1 paper using butanol-pyridine-acetic acid (10:3:3,
v/v/v) as the solvent system. Spots were located with the aid of ammoniacal
si1lver nitrate and alcoholic sodium hydroxide solutions (218).

Column chromatographlc separations were carried out on columns packed(
with MN silica gel (grain size 0.08 mm)which had been previously washed with
the solvent system being used. T .

Gas liquid chromatography was conducted with a Hewlett-Packard F § M
402 gas chromatograph using a silicone gum column (4% U.C.W.) on chromosorb W.
Carb;yydrates were analyzed either through their acétates (prepared with

}
pyridine and acetic anhydride) or through their trimethylsilyl ifrivatlves

(prepéred with pyridine, hexamethyldisilazane, and trimethylchlorosilane (219)).

Melting points ;

= ¥

Melting points were determined with a Fisher-Johns hot plate apparatus

and are uncorrected.
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Acetzlation .

Small scale acetylations were carried out at 60° with pyridine-

acetic anhydride. The compound to be acetylated hslc‘w:’;jso mg) was warmed
- e,

-,

with twenty drops of pyridine and ten drops of écet' anhydride for 1 hour.
The solution was then transferred by means of a dropping pipette to a 10 ml

\ ,
separatory funnel containing 4 ml of ice-water. Extraction was carried out
with chloroform (3 x S ml) and the combined extracts were washcdvsucccssivel¥
with an'1ce-cold 3% sodium bicarbonate solution and ice-water before being

dried over anhydrous sodium sulfate. The solution was concentrgted and traces

of pyridine were removed under high vacuum, -

~~ Evaporations

A1l evaporations were carried out under reduced pressure at 40°C.

{ b
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PART [I1]

PRLPARATION OF 6 —13C CARBOHYDRATILS

1,2:5,6-D1-0-1sopropylidene-a-D-glucofuranose (l_)~

| D-Glucose (200 g) was treated with anhydrous acetone 1n the
presence of concentrated sulfuric acid according to known methods (220);
yield, 173 g- (60%); m.p. 108-110° (lit. 110° (220)).

1,2-0-Isopropylidene-u-D-glucofuranose (2)

Compound 1 (150 g) was dissolved 1n water and the ptl of the solution
was adjusted to'2 by the addition of HCl. After 4 hours at 40° the solution
was ncutralized with NaOil, filtered and co;centratcd to a crystallinc material
which was then recrystallized from ethanol (221); yicld, 101 g (80%); m.p.
159-160° (lit. 161-162.5° (220)).

1,2-0-1sopropylidene-u-D-xylo-dialdopentofuranose (3)

To a stirred solution of 25 g of sodium metaperiodate in 250 ml of
water was added.ZS g of 2 1n smallkportions, followed after 1 hr, by etgylcne
glycol to decompose excess periodate. The solution was concentrated and
the residue was extracted with CHC13. The extract was then transferred onto
a column of silica gel, and elution with ether resulted in dimeric 3 as
the major fraction (yield, 50%); recrystallized from chloroform-petroleum
ether, m.p. 171-172° (1lit. 178-180° (221)).

Barium l,2—9;150propyl1dene-a—Q—g}ucuronate-6—13C (4)

n

This compound was prepared essentially according to the procedure
of Isbell et al. (6). Twenty-five ml of an aqueous solution containing 1.1 g
(5.0 mmole) of 3 was introduced into a 250 ml flask. To this was added a
solution of 0.36 g (5.5 mmole) Of'K13CN followed by the addition of 0.2 g

(5.0 mmole) of NaOH. Finally 20 ml of 1.0ON acetic acid were added in
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order to make the solution slightly acid. The resulting solution, now yellow,
was stirred until i1t was homogenous and was then stored tightly stoppered for
twenty days. (Trial experiments indicated that shorter reaction ilmcs resulted
1n lower yiclds and that heating the solut£on_produccd decomposition of the.
product.) After thc 20 day recaction period the now enriched cyanohydrin was
hydrolyzed in sttu. (If this hydrolysis was not carried out carefully,the
reaction mixturc turned dark and there was much decomposition. Accordingly,

Y]
partial hydrolysis was first carried out at low alkalinity and tow temperature,

then the phi agd temperature were increased to complete the reaction.) The
hydrolysis was carried out by adding 0.25 g of NaZSO3 to the react}bn mixture
and heating at 70° for two hours followed by the addition of 1.0 g of NUZCOZ

and reflu{ing for two hours. The solution was then cooled with 1ce and passed
through a column of cation exchange resin (Amberlite IR-120 (H)) at 10°,
‘the effluent and washings being collected 1n a flask containing a well

stirred solution of Ba(OH)2-8H20(8.0 g). Lxcess of barium hydroxide was then

-

" neutralized with gascous carbon dioxide and the B:l(ZOz was removed by filtration,

The firltrate was concentrated to 50 ml, agawn filtered, slowly concentrated
further under a stream of air until crystals of barium 1,2-0-1sopropylidenc-
a—Q—glucuronate—é—lSC began to form and then stored at 10° for 24 hours (yicld,
0.6 g). On concentration, the mother liquor yielded a further 0.1 g, and re-

crystallization from water-methanol (3:1) gave a final yield of 0.62 g of the

13C enriched salt.

Ca1c1mT 1,Z—Qflsoprogx}ldenc—B—g:édofuranug?nate—é—13C (5)
To the mother liquor from the preparation of 4,700 ml of ethanol was
added to precipitate out barium acetate, the filtrate was concentrated, cooled

with 1ce, and was passed through a column of cation exchange resin (Amberlite

-
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IR-120 (H)) i1nto a flask containing 0.3 g of BaCOé. The cffluent was lyo-
ph111zcd, and addition of methanol to an aqueous solution of the resulting
syrup afforded 0.15 g more of 4. After filtration, the mother liquor was

L—again passed through a cation cxchange column with cooling into a flask
containing 0.15 g of CaCOz. Concentration of the solution 1n a stream of
air yielddd crystals of 5, which were recrystallized from methanol-water
(5:1); yi1eld,0.25 g.

—~

- 13,
1,2-0-1sopropylidenc-n-D-giucofuranurono-o,3-lactone-b- U {0)

’

A solutton of 0.5 g of 4 was passed through a column of cold cation

exchange resin and the etffluent was lyophilized to produce syrupy 1,2-0-

1sopropyl idene-n-D-glucuronic ac1d—b~lJC. This residue was dissolved 1n
acetone, toluene (50 ml) was added and the solution was slowly evaporated to
produce crystals of 6; yield, 0.23 g (80%); m.p. 115-120°(lit. 119-120° (222)).

P

1,Z—Q;ISQPropyl1dcnc—B—E—1dofuranurono-b,3—lactono—0-13C (7)

1,2-0-Isopropylidenc-f-L-1duronic acid (100 mg} was lactonized in

»
4 manner analogous to the gluco epimer above; yield, 80 mg (87%), m.p. 133-136°

(11t. 137-138° (223)).
a -

l,Z—Q;Isqpfbpyl1dono-SEQfacctXl-m—Q—glucofuranurono-b,%—lactono-b—]SC (8) and

~

1,2—Qflsopropyl1dcnc~5—9;acc§x}—Q;g—ldofurunurono—b,%—luctonc—b—l’F,(2)

A solution consisting of 25 mg of 6 or 7 1n pyridine (0.5 ml) and

a~

acctic anhydride (0.5 ml) was heated at 60° for 1 hour, and then transferred
to a sepegatof;;E;;ncl containing 4 ml of ”20 and 4 ml of CHClzl After

partitioning, the CHCl, laycr was washed with ice-water and the aqueous layer

3

was further extracted with CHCIS. The combined CHCI.S éxtracts were washed with

ice-cold sqgﬁum bicarbonate (3%) solution and dried over anhydrous NaZSO4.
Concentration of the CHCl3 solution then produced syrupy 8 or 9; yicld, 20 mg

4
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2
(70%). These compounds were used to study solvent effects on °J as reported
p P

C-H
in Chapter 2.

1,2—93Isopyopyl1dene—u—g—glucofuranoqc—b—13C (10)

3
1,Z—Q;1sopropyl1dcno—a—Q—glucofuranurono—b,3—1actone~h—1 C (0.25 g)

was dissolved 1n methanol (5 ml). With constant stirring, NaBH_ (100 my)

}
was added 1n small portions and stirring was continued for an additional

30 minutes, excess of cation exchange resin (Amberiite IR-120 (1)) was then
introduced, the resin was filtered off, and the filtrate was concentrated.
Methanol was added to thc’residuc and then distilled off, this procedure being
repeated several times to remove boric acid as methyl‘borate. The product (10)
crystallized and was recrystallized from hot ethyl acetate; yield,230 mg
(93%); m.p. 159-160°, (1it. 161-162.§°(221)).

Lo
l,2—9;Isopr0py11denc—B—L—1dofuranoso-b—13C (11)

This compound was preparcd from 8 (50 mg) by a method dnalogous to

the preparation of the gluco epimer above; yield, 42 mg (85%); m.p. 110-112° (11t.

113-114°(223)).
1,2-0-15s prqpylldenc-u—g glucc.furanosc—o-13C~6—51__2 (12)

This compound

as pregared by the same procedure as used for the

g
preparation of 10, except that NaBD4 instead of NaBH4 was used for the reduction,

1,2—9;Isoprqpxlldene-Siﬁ,6-tr1~Q;acety1-a—Q—g}ucofuranose-G—13C—6—§n (13)
Acetylation of 12 (25 mg) was carried out according to the procedure
described under "General Methods'; yield, 30 mg (80%).

IZZ—Q;ISOPrqpylidene—S,S,6-trl-Q;orthoformyI—a~2—glucofuranose-6—13C (14)

[y

1,2—9;Isopropy11dcne-a—g-glucofuranose-6—13C (100 mg) (10) was dissolved by
heating in 1 ml of triethyl orthoformate. To this solution were then added 2

drops of a 1% solution of HCl in anhydrous methanol (prepared by adding acetyl
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chloride to anhydrous methanol) and the solution was allowed to cool. After
a short time crystals of 14 formed and were recovgred by filtration; yicld,
80 mg (78%); m.p. 198-201° (1at. 200-201° (224)).

1,2—97Isopropyl1dcnc—a—Q-g1ucofuranose—6—13C periodate complex (15)

°
This complex was prepared by the procedure of Perlin and von Rudloff
(1%2). 1,2—9;150propy11dcnc-u—Q-g@ucofqranosc—6-13C (20 mg) was dissolved

n DZO (0.5 ml) and 20 mg of anhydrous potassium carbonate and 20 mg of sodium

metaperiodate were added. The pmr spectrum of the resulting complex was

1mmmediately recorded. -

1,2:5,6~01-Q-1sopropylldene-a—Q»glucofuranose-é—13C (16)

B

1,Z-Q;Lsopropylldene—a-Q-glucofuranosc-é—lSC (100 mg) was suspended

3

in anhydrous acetone (50 ml), conc. sulfuric acid (20 drops) was introduced,
N

the resulting solution was stirred for 5 hours under anhydrous conditions,

and neutralized with anhydrous Na COK' The precipitated Na, SO, was filtered

2 274

off, thoroyghly washed with acetone,the filtrate was concentrated to about

‘1 ml a;d then transferred to a column_(30 c¢m x 1.5 cm) of silica gel. Using
bepzene:cthcr (i'l) as the ¢luting solvent, 16 emerged from the column as the
first major fraction; yfcfd, 72 mg (60%); m.p. 106-108° (11t. 110° (sz)).
Using acetone as the next eluant, about 30 mg of 1,2-0-1sopropylidene-u-D-

glucofuranose—6—13C were recovered from the column.

Q—Glucose—6—13C (17)

1,Z-QfIsopropylidene—a—g—glucofuranqse—qu3C (100 mg) was dissolved
in 5 ml “20' Cation exchange resin (Amberlite IR-120 (H), 500 mg) was then
added and the solution was stirred at 90° for 1 hour. The ion exchange resin
was then filtered off, thoroughly washed with water, and the filtrate wasm

concentrated to give syrupy Q—glucosc-é—lsc; yield, 80 mg (97%).

¢
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v

1,6-Anhydro-a—g—xdopyranose—b—13C (18)

1,2—O—Isopropy1idene—B-g-idofuranose—é-lsc {100 mg) was‘trcated with
cation cxchange resin as above fo; the preparation of Q—glucosc-ﬁe]zﬂz leading
to prepopdorant formation of the 1,6-anhydro derivative (18). Conversion
of the syrupy residue to 18 was promoted by subjecting 1t to a high vacu:m.

Yield of the final syrupy product was 70 mg (95%).

2,3;4-Tr1—9;dcetyl—l,h—anhydro—u—g-idqpyranoso—ﬁ—13C (19)

hompound 18 (70 mg) was acctylated as described under ' General” Methods"
to give syrupy 19; yield, 80 mg (92%).

1,Ql314,6~Pcntd—9;ace§x}—B-Q—glucopxzpnose—b-IKC (20)

Acetylation of D-glucose with sod1um acetate catalyst yields the
peracetylated R-anomer (225). Q—Glucose-b-lsc (100 mg) was suspended 1n ACCth
anhydride (2 ml) contalnlngfggpAé\(IOO mg), the mixturc was stirred at 90°
for 18 hours, after which most of the acetic anhydride was evaporated off
under reduced pressure. The residue was pgrtxtxoned between CHC13 and ”20
and the aqueous ldyerywas extracted with further portions of CHCIK. The
chloroform layer was washed with 1ce-cold sodium bicarbonate solution (3%),
then 1ce-water and dried over .anhydrous NaZSO4. I'he pmr spectrum of the
first syrupy product showed the presence of only the p-anomer. (rystallization

from 95% ethanol gave 20; yield, 150 mg (68%); m.p. 127—130°,(11t. 132° (225)).

1,2,3,4-6-Penta-9-acetyl—a-Q-glucopyranose—é—lsC (21)

Conversion of 20 to the «-anomer can be effected by treatment with
perchloric acad (226,\227). To acetic anhydride (0.35 ml) 1n a 1 ml flask
at 40°, perchloric acid (0.005 ml) was added followed by the slow addition
of 1,2,3,4,6—penta-g;acety1—B—Q—gluc0pyranose—6—13C (100 mg). The solution

was stirred for 30 minutes, diluted with ice-water (5 ml), extracted with
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chloroform, and the chloroform layer was washed with ice-cold sodium bi-'

carbonate (3%), then ice -water, dried over anhydrous Na SO4 and concentrated.

2
The residue was crystallized from 95% ethanol; yield, 80 mg (80%); m.p. 107-110°

(lit. 112-113° (226)).

'
Methyl—a—g—g}ucqpyranoside—G-13C (22) g

A solution of Q—glucose—é-lsc (100 mg) in anhydrous methanolic
hydrogen chloride (3 ml, 1%) was refluxed under anhydrous conditions for 1 hour.
Neutralization was carried out with lecad carbonate, the solution was filtered,
the filtrate was concentrated, and the residuc was crystallized from warm
ethanol, affording 22; yield, 55 mg (51%); m.p. 164-167° (li1t. 167-169°(228)).

13

Methyl 4,6-O-benzylidene-a-D-glucopyranoside-6-_"C (23)

The procedure employed was a modified form of the method of Freudenberg
et al.(229). To methyl a-Q—glucbpyran051dp-6—13C (100 mg) , benzaldehyde (2 ml)
(which had been purified by washing with aqueous sodium carbonate to remove

'

benzoic acid and subsequent distillation under reduced pressure) was added
followed by 400 mg of ZnClz. The resulting mixture was shaken vigorously at
room temperature for 4 hours, a;d poured into 5 ml of ice-water, which was
then quickly extracted with several portions of chloroform. The chloroform
extract was washed with ice-cold sodium bicarbonate (3%) , then ice—watei
dried over anhydrous NaZSO4, and concentrated, the’ residue being transferred

to a column of silica gel. Using toluene-ether (1:1) as eluant, 23 was obtained

in pure form; yield, 55 mg (36%); m.p. 158-161° (lit. 161-163° (229)).

N -
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PART 111

PREPARATION OF 1—13C CARBOHYDRATES ’

13 h
Barium-D-gluconate-1-""C (24)

The procedure used 15 a modified form of the method of Isbell ct al.

3

(6a) developed for 140 enrichment. To a solution of K1 CN (0.26 g) and

|
NaOH (0.16 g} 1n water (20 ml), Q-arahxnosc (0.60 g) dissolved 1n sodium carbonate
\

(0.2 M, 20 ml) was added and the solution was stirred at room temperaturc for 48 hours
i

Hydrolygls of the resulting cyanohydrin was carried out in situ by hecating at 60°
in a current of arr fo} twelve hours, and the residual solution was passed through
a column of cation exchange resin (Amberlite-IR 120 (l1)). Neutralization of the
effluent was effected with barium hydroxide with stairring for 1 hour, cxcess

of barium was then removed with gaseous carbon dioxide, the solution was concen-
trated to 3 ml, and methanol was added to the point of turbidity. Crystallization
of barium gluconate-l-lzc proceeded over a period of 7 days at 10°; the resulting

crystals were washed with cold water and methaﬂol; yield, 300 mg.

Q—Glucono—l,5—1actone—1—13C (25)

Barium Q—gluconate—l—13C (500 mg) was passed through a column of cation
exchange resin (Amberlite IR-120 (H)) and the effluent and washings were lyo- )
philized. The residue was dissolved in methyl cellosolve, and the solvent was
slowly evaporated in the presence of seed crystals of D-glucono-1,5-lactone
leaving a partially crystalline mass, which upon storage in andesiccator for, 7
days completely crys;alllzed. A sélution of the crystals in hot methyl cello-
solve was decolorized with charcoal, and on cooling affofded D-glucono-1,5-
luctonc—l—lsc itn a total yield of 75%.

»Q—Mannono—l,4—lactone-1-13C (26)

The mother liquor from the preparation of barium Q—gluconate-1-13C

\
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was passed through a column.of cat1oﬁ exchange resjin (Amberlite-IR 120 (H)),

the effluent and washings were concentrated and the residue, moistened with

i ‘ ! .
isopropanol and seeded with D-mannono-1,4-lactone, was Ytored 1n a dessicator.

?
Crystallization of thc lactone proceeded for 14 days and recrystallization

from 1sopropanol afforded 26; yicld,200 mg; m.p. 143-147° (1lit, 148° (230)).

Q—Glucose—l—lSC (27)

a) Reduction of g—glucono-1,5-1act0ne—1—13C with L1A1kj4—l\l(il3 (231)

Q-Glucono—l,5-lactone-l—13C (100 mg) was dissolved 1n dry N,N-

dimethylformamide (2 ml), 3,4-dihydropyran (2 ml) and p-toluensulfonic acid (10
mg) 1n ﬁ)ﬂ—dlmcthylformamldc (1 ml); were then added, and the reaction mixture
was stirred for 1 hour at room temperature. Ice wrter (5 ml) was introduced
followed by thorough extraction with chloroform, and the chloroform extract -
was washed with 1ce water, and dried over anhydrous sodium sulfaté and
evaporated to a syrup. The latter was dissolved 1n anhydrous cther (10 ml).

Meanwhile, LiAlH, (23 mg) and A1C13 (240 mg) were ecach suspended 1n ether

4

(10 ml) 1n .separate flasks, the AlCl, suspension was then poured into the LiAlH

3 4

suspension and the combined mixture was quickly transferred to the cther so-
lution of the lactone. Following a 1 hour period of heating under reflux with
efficient stirring, the Teaction mixture was carefully decomposed with c?ﬁd
water and the resulting gelatinous mixture was extracted with chloroform. (It
was found fiecessary to use especially large volumes of chloroform for this :
extraction 1n order to minimize emulsification.) The combined extracts were
washed with water and were concentrated, water (30 ml) and cation exchan%e resin
(Amberlite-IR 120 (H), 1 g) were then added to the syrupy product, and the mix-
ture was heated on a steam bath for I hour. A second extraction with chloro-

form was carried out after removal-of the ion exchange resin, and the aqueous

Finl
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. solution was cor;ccntrated to give a syrupy product, which by g.l.c. analysis
was 95% glucose. The reaction product was acetylatéd as described 4bove and,
following column chromatography on silica gel using benzene-ether (6:4) as
eluant, yielded 1,2?%,4,6—penta—9;acety1—u,B—Q—glucopyranose-l—lSC. De-0-acetyl-
) ation was carried out with 0.IM sodium methoxide 1n methanol, cation exchange
resin {Amberlite-IR (H)) was added, the solution filtered, and the filtrate'
concentrated to pure Q—glucose-i—13C; yield, 90 mg (90%). (It should be added
that when the reaction is carried out on a larger scalé’purlfication“through
the acetate 1s not necessary; D-glucose can be crystallized from the syrup}
reaction product using methanol-isopropanol (6:1) as solvent.)

9 14

b) Reduction of Q_glucono—l,5—1actone—l—13C by BH_ 1n tetrahydrofuran

3

: The procedure described here 1s typical of all reductions carried

out by the use of BH, in THF. D-Glucono-1,5-lactone (100 mg) was suspended

3

in THF (8 ml) and a 1 M solution of BH_ in THF (4 ml}), (available from Alfa

3
Products, Beverly, Mass.) was introduced, anhydrous conditions being maintained.

o (The addition of BH, to the reattion mixture had to be carried out cautiously
“ .

3
as hydrogen gas was evolved.) The reaction mixture was stirred at room temper-
ature for 3 hours (after 15 minutes 1t becomes gelatinous), although
experiments indicated that the stirrlng‘may not be essential. Water was then
slowly i1ntroduced (again care had to be exercised on account of the viéorous
effervescence thch occurred), After the addition of water, the solution, which
was now homogeneous, was concentrated at reduced pressure, and the residue was
treated scveral times with methanol in order to remove boric acid as volatile

. methyl borate. . The syrupy product was seen to be 95% Q-glucose—1-13C by g.l.c.

analysis; where négﬁssary, it was further purified through the acetate

I derivative as described above.
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2

Q—Mannose—l—lsc (28) : ' .

IS

a) Reduction of Q—mannono—l,4-lactone—1-13C by LiA{ﬁ4-AlC13 .

The prdcedure was analogous to the one described above .for D-glucono-

1,5~1lactone. G.l.c. analysis of the syrupy product showed the presence of

about 30% D-mannitol aloﬁg with D-mannose. This product was dissolved 1n a
minimum amount of water. A suspension of phenylhydrazime hydrochloride

(100 mg) and sodium acetate (80 mg) gn water ( 2 ml) was flltchd through

a cotton plug into the sugar-polyol solution, the reaction mixtiwre was heated

at 90° for 30 minutes and was then stored at 3°C for 12 hours. The hydrazone
{232, 233) was recovered by filtration, washed with water, ethanol and cther;
yield, 100 mg (this would 1mp1y about 65-70% of mannose in the reaction mixture,
which 15 commensurate with g.l.c. ana1;51s and also i1ndicates that formation

of the phcnylhy;razonc 1s practically quantitative) m.p. 196-2060° (lit. 199-200°

(232)).

D-Mannose phenylhydrazéne—1~13C (100 mg) was suspended i1n benz-
aldehyde (2 ml) and water (1 ml), the mixturc was hcated with stirring on the
steam bath for 15 minutes, diluted with water and then extracted with chloro-
form. Following passage through a column of decolorizing charcoal and celite,
the chloroform extract wés concentrated to a colorless syrup which by g.l.c.
analysis was essentially pure Q—mannosc-l-lsc; yield, 60-65 mg, corresponding

»
to an 1solated-yield of about 65% Q—mannose-l-lSC from the reduction of

Q-mannono-l,4—1actone—1-13C. '
\

b) Reduction of Q—mannono—l,4—1actone-l—13c by BH3 in tetrahydrofuran

—— The method followed was analogous to that described above for D-glucono-
1,5—lactone-l-13C. .Isolation of Q*mannose-l—lsc was again through its phenyl-
hydrazone derivative. Overall isolated yields of Q-mannose-l-lsc based on

Q-mannono-1,4—1actone-1—13C ranged from 60 to 70%.

O
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. 2,3,4,6-Tetra—9;acety1-a~9—g1uc0pyranosy1 brom1de-1—13C (33)
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. 1
1,2,3,4,6-Pcnta-0-acetyl-f-glucopylidnose-1- 3C (29).

B{SB?red by treating Q—glucose-l—lsc (50 mg) with acetic anhydride
and sodium acetate as described for the preparation of 20; yield, 105 mg (71§);
m.p. 128-130 (11t. 132° (225)). f

;J2,3,4,6-Pcnta-9;accpy1—u—D—glucopyranose-l—13C“(ég) !

1,2,3,4,b—Pcnta—Q;acetyl-B—Q—glucopyrunose-l—lsc (100 mg) was converted
into 30 by use of perchloric acid as described for the preparation of 21; yield,
60 mg (60%); m.p. 106-108°(11t. 112—11F° (226)).

1,2,3,4,6-Penta—9;ac0ty1—W—Q—mannopyrdnose—1—136 (31) and

1,2,3,4,6-Penta—9;acety]-B—Q-mannquranose-l—lsc (32) ‘

Q-Mannose~l—l3c\(50 mg) when treated with acetic anhydride and pyridine as

W

described above, yiclds both anomeric acetates which could not be separated by

o

v . .
chromatography noroby fractional crystallization; yield, 110 mg (72%).

This compound was prepared by known procedures (234). 1,2,3,4,6-
Penta-g;acetyl—B-Q-glucopyranose-l~13C (50 mg) was trcated with a solution‘of HBr
1n acetic acid (2 ml) at 0°. Thin layer chromatographic analysis of the reaction

mixture showed that after 1 hour the reaction was essentially complete. The

solution was then poured into 1ce water (4 ml) and rapidly extracted with chloro-

form, the extract was washed with bicarbonate (3%) solutidn, then water, dried ove;
anhydrous Na2504, passed through a column composed 6f layers of celite, de-
colorizing charcoal and silica gel, and concentrated. An almost colorless

syrup of éi’was obtained; yield, 35 mg (65%7. .

1,5-Anhydro-D-glucitol-1-'3c-1.4 (34) ~

<

To a stirred solution of 33 (35 mg) in anhydrous' ether (2 ml), L1AID,

e

Rl
(20 m1) was added, and 1 hour later the reaction was arrested by the addition

of first acctone and then water. The etheral layer was decanted off, the aqueous

*




- 211 - -

‘ mixture centrifuged and the supernatant liquid was neutralized with Amberlite-
IR 120 ({ ) resin and was concentrated to syrupy 34 ; yield, 20 mg (72%).

. 13
G 2,3,4,6—Tctra—97acetxl-a-Q-mannopyranost bromide-1-""C (éé)

4

This compound was prepared from the mixture of 31 and 32 (100 mg)

1N a manner analogous to the preparation of 33 from 29; yield, 50 mg (51%).

3,4,6-Tr1-0-acetyl-f£-D-mannose 1,2(methyl orthoacctatelgl—lsC (36)

This compound was prepared by the method of Mazurek and Perlin
{235). To a solution of 2,3,4,6—Tetra-9facetyl-a—Q—mannOpyran0§y1 broélde—l—lsc
(50 mg) in chloroform (2 ml) was added 2,6-lutidine (0.3 ml) 1n absolute
methanol (2 ml). After 18 hours at room temperature, chloroform (5 ml).was
~
introduced and the solution was washed with ice-cold sodrum bicarbonate (3%), the
latter being extracted with further portions of chloroform. The combined extracts

were washed with 1ce-water, dried over anhydrous sodium sulfate, passed through

\

|

|

|

| a column consisting of layers of decolorizing charcoal and silica gel, and

concentrated to give syrupy 36; yield, 20 mg'(SS%). N

Methyl-a—Q—glpcopyran051de—1-13C (37)

Prepared from Q—glucosc—l—13C (100 mg) by the method used to preparc

1
22 from D-glucose-6- 3C ; yield, 60 mg (55%); m.p. 163-166° (1it. 167-169° (228)). -

Methyl h,6—9;benzy11dene-a-g—g}ucopyranos1de-1—13C (38)

[l

Prepared from 37 (60 mg) by the method used to prepare 23 from 22;
AS

yield, 40 mg (34%); m.p. 158-160° (11t. 161-163° (229)). . t

1,2:5,6-01-9;1seropy11dene—a-2—glucofuranose~1-13C (39)

A suspension of syrupy Q—glucose-l-lsc (100 mg) 1in anhydrous acetone
(50 ml) containing concentrated sulfuric acid was shaken vigorously fo#f 18

hours. Thin layer chromatogtaphic analysis of the reaction mixture after that

‘ time showed that the major fraction was 39. Neutralization was carried out
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with anhydrous NaZCOS, the precipitated Na2804 was filtered off and washed
with acetone,the filtrate was concentrated to about 1 ml and transferred

to a column of silica gel. Using bhenzene-cther (1:1}) as the eluting solvent,
39 emerged from the column as the major fraction, yield, 70 mg (60%); m.p.
106-107° (li1t. 110° (220)).

3
112:S,O—Dl-9;150propy11dcne—3—97acc§yl—u—Q—glpcofuranose—l—l C (40)

Compound 39 (25 mg) was acctylated as described under "General
Methods'"; vield, 25 mg (83%).
1,2:5,0—D1-QfLsopropyldenc—a—g—r1bohcx0furanosc—3~ulosc—l-13C (g})}and o0

1,2:5,0-D1—9;150pr0py1denc-a—Q-rlbohexofuranoqc-S—ulosch1-13C (monohvdrate) (42}

These compounds were prepared according to the procedure of Jones et al.
(236). 1,2:5,6—D1—Q;1sopropy11dene—a—2—g1ucofuranosc-1-13C (100 mg) was dis-
solved in ethanol-free chloroform (3 ml), water (2 ml), potassxum;porlodatc (90
mg), potassium carbonat; (10 mg) and ruthenium dioxide (20 mg) were 1ntroduced,
and the rcaction mixture was stirred for 3 hours. An excess of isopropanol was
then added and the recaction mixture was extracted scveral times with chloroform
(RuO2 remaln; in the aqueous layer). The combined extracts were washed with water,
dried over anhydrous NaZSO4 and conc?ntrated to a syrup which by pmI was

shown to be a mixture of 41 and 42; )ﬁcld, 90 mg (90%).

1LZ:S,6-Dl—9;isqprqpxl1dene-a-Q~allofuranose—1—13C (43)

An excess of sodium borohydride was added to a cold methanolic

solution of 41 and 42 (90 mg), the reaction mixture was stirred at 0° for 2 hours,

then diluted with water, and extracted with ethyl acetate. The combined extracts

were dried over anhydrous NaZSO and concentrated to a syrup; yield, 80 mg. (88%).

4

Crystallization of 43 was cffected from behzcne—hexanq (4:1); yield, 60 mg

(67%); m.p. 74-77° (l1t. 77-78° (237)).
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,

1,2:5,0—Di—O—i%opropyl1dcnc—3—O—accty1—a—9—allofuranose—l—13C (44)
i = - v 22
Acetylation of 43 (20 mg) was carried out as described under '"General

Methods"; yicld,20 mg (83%).

ﬁfQ~Allopyranose—l—13C (45)
l,2:5,6~Di—9;isopropy1idene—a~2—allofuranose—l—13C (60 mg) was

dissolved 1n water (10 ml), cation exchange resin (Amberlite-IR 120 (H), 500 mg)

was added, the mixture was stirred at 90° for 3 hours, then filtered, and the

filtrate was concentrated to a syrup; yield, 40 mg (95%).
13

. 1,2,3,4,6—Penta—9;acctyl—B—Q—allopyranose—1- C (46)

Compound 45 (20 mg) was acetylated as described above yielding a

syrupy product, 46; yicld, 41 mg (70%).

122795Isqpropyl1dcnc-u-Q—g}ucofuranosc—1-13C (47) -
|
A solution of 1,2:5,6~d1—9flsopropyl1dene-a—2-g1ucofuranose—l-13C

(100 mg) 1n dilute HC1 (4 ml, pH2) was heated at 40° for 4 hours,then neutral-
1zed with anion exchangé resin (Rexyn 203(0H)). The resin was filtered off, the
filtrate was concentrated, and the residue was crystallized from ethyl acetatec,
affording 47; yield, 60 mg (71%); m.p. 157L159°(lit. 161-162.5° (221)).

1,Z-Q;Isopropylldene—S,S,6—tr1—Q;acetyl-a—Q—g}ucofuranose-1-13C 48)

Compound 47 (20 mg} was acetylated as described .above; yield, 25 mg

(80%). .
1,2—9;1sqgropylldene-S,S,b—tr1—gforthoformyl—a—g—glucofuranose-1—13C (49)

Compound 47 (40 mg) was treated with triethyl orthoformate as des-
cribed for the preparation of 14 from 10; yield, 30 mg (71%); m.p. 197-200°
(1it. 200-201° (224)). |
2,3:5,6-di-insoprqpylidene—a-g—mannofuranose-1—13C (50) -

Syrupy Q-mannose-l-1 C (100 mg), anhydrous acetone (50 ml) and conc.

sulfuric acid (20 drops) were shaken together for 18 hours; t.l.c. analysis
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of the reaction mixture then showed the presence of only one major component

(50). After ncutralization with anhydrous Na2C03 and removal of
NaZSO4>thc solution was concentrated to a thin syrup which was
a column of silica gel. Elution with toluene-ether 6:2)yielded
yield, 65 mg, (50%); m.p._;16—119° (lit. 122-123° (238)).

2,3:5,6~DL—9;isoprqpylldene-l-Q;acetyl-a—Q-mannofuranose—1—13C

51; yield, 20 mg 183%).

the precipitated

transferch,to

crystalline (50),
. “

(51)

Compoqu 50 (20 mg) was acetylated as described above to givevsyrupf
Con

1

"
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CLAIMS TO ORIGINAL RESEARCH

b

Q—Glucose—l-l3C, Q—mannose—l—lsc, Q-glucose—é—lSC and g—idose—6l13C
as well as derivatives of these compounds,have been synthesized. The
proton magnetic resonance spectra of these compounds have been analyzed

to yield values for internuclear coupling between the 13() nucler and

Ny

directly bonded, geminal and vicinal protons.
Directly bonded coupling between 13C and 1Il has bheen shown not to follow
a straightforward relationship with percent 's'' character. Various

1
factors giving rise to differences 1n JC—H have been examined and 1t has

been shown that steric, as well as adjacent lone pair effects,can have
a substantial impact on the observed goupling.

An orientation dependence of 2JC_H has been demonstrated. The magnitude

2 . .
of is governed by the orientation of the coupling proton relative

Jeu

to the substituents on the coupling 13C nucleus. Lone pair, hybridization,

‘ 2 .
steric and substituent effects on JC—H have been 1nvestigated.,

The signs of geminal coupling in H—Q—allopﬁranosc-l—lbc and 1n 1,2:5,6-
dx-gfxsopropylxdcnc—u-g—glucofuranosc-l—13C have been determined. Coupling

between 13C1 and H2 in the former compound 1s -6.0 Hz, and 1n the latter

+5.5 Hz., This differcnce delincates the importance of signs of coupling
constants and demonstrates that orientation effects may give rise to large

2
changes 1n JC—H'

It has been shown that 3JC_H does not follow a straightforward dihedral

angle dependence. The absolute value of the coupling between the 13C

nuclecus and a proton separated by three bonds 1s decreased by electro-

negative substitution at the proton-bearing carbon when this substituent

1s antiperiplanar to a bond constituting part of the coupling pathway.
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Problems 1inherent in deriving dihedral angles from 3JC_H have been
emphasized. The roles of hybridization, lone pairs, substituent and
steris effects as determinants of 3JC_H have Seen examined.

Two novel techniques for reducing ald®nolactones to aldoses have been
developed. D-Glucono-1,5-1actone and Q—mannono—1,4-1actone have beecn
reduced to D-glucose and D-mannose, respectively, in high yield, cither
with a 1 molar solution of BH3 in THF or with a L1A1]I4—A1Cl3 mixed
hydride reagent. Mechanistic aspects of these reductions have been discussed.

The usefulness of 13C—lahclling for clucidating mass spectral fragment-

ation patterns of carbohydratec derivatives has been demonstrated.
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1

. 1275 SPECTPA OF SOME “C ENRICHED CARBOHYDRATES

It was of 1nterest to examine the mass spectra of some of the
lgt enriched carbohydrates made available 1n this study from the point of
view of cheching various features of fragmemtation patterns. Deuterium 1s
frequently -used as an 1sotopic marker in this context (239-241) but
13C may be more rcliable because it is less likely to be involved 1n 1ntra-
molecular migration.

O-Isopropylidenc derivatives 1llustratc the potential of this approach.
The mass spectrum (Fig. 4) of 1,2:5,6—d1-9;1sopropy11denc-u-Q~g1ucofuranosc (A)

~CH
2:3;c:g HZ‘o H

3
OH H
H

H O\é4CH3
\

!. ' A CHy

has been 1interpreted by Biemann and De Jongh (241). The major peaks arc found

at m/e 245f 187, 159, 131, 129, 127, 101, 59 and 43. The pcak at m/c 245
{\N*‘\(ggyesents the loss of a methyl group, whereas that at m/c¢ 187 1s duc to the

further 10;5 of an O-i1sopropylidene group, as acetonc. The peak at m/c 127

corresponds to a loss of CH3 + CHSCOCH3 + CH3COOH, wherecas those at m/c 59 and 43

are attributed to fragments from the O-isopropylidene moiety corresponding to

C3H7O and C2H3O reipect1ve1y.

Figures 5 and 6, which illustrate the mass spectra J‘ 1,2:5,6-di-0-
isopropyl1dcne~a~g-glucofuranosc—l—13C {80% enriched) and —0—13C (60% cnriched),
respectively, confirm the above assignments: both in the 1—13C and O-ISC
derlvatlocs‘tho peaks at m/e 245, 187 and 127 now shift to 246, 188 and 128

‘ (commensurate with the degree of enrichment) whereas the peaks at m/e 43 and 59
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are unaffected. Cleavage of the CA—CS bond 1s thought (241) to give rise to

the peaks at m/e 101 and 159:

Accordingly, in the spectrum of the 6—13C compound the corresponding peak
is at m/c 102 whereas the m/e 159 pecak remains; 1in contrast, the spectrum of
the 1-13C compound shows a shift from m/e 159 to 160 wherecas the 101 peak is
unaffected.

Peaks of m/e 129 and 131 probably represent a fragmentation by

cleavage of the C -O5 and C,-C, bonds with either loss,or addition,of a

1 374

hydrogen depending on thc pathway (241). With the aid of Figures 5 and 6 -
these peaks can now be assigned. In the spectrum of the 6—13C compound (Fig. 5)
the peak at m/e 129 remains unaffected whereas there 1s now a peak at m/e
132 rather than at 131. In Figurc 6, the opposite 1s noted, 1.c., the m/e

a
129 peak 1s replaced by one at.m/c 130, and the m/c¢ 131 peak 1s unaffected.
This means that the m/e 129 geak can_now be assigned with confidence to the
fragment cdntaining Cl—Cz-C3 and the m/e 131 peak to the fragment containing

C4—C5—C6.

Figures 7 and 8 represent the mass spectrum of 2,3:5,6-di-0-iso-

propylidene-a-D-mannofuranose (B) and is 1-13C analog, respectively.

‘\
The fragmentation pattern is very similar to that observed for

+
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1,2:5,6-d1-97isopropylidene—a—g-glucofuranose (Figs. 4-6 ) except for the

peak at m/e 129,which is considerably more intense relative to the m/e 131

peak than in the glucose derivative. The former peak is again replaced by a
peak at m/e 130 in the 1—13C compound 1ndicating that it is due to the fragment

incorporating Cl’ C2 and C3 as above. The ratio of the intensities of the peaks

at m/e 128 and 131 implies that the CI—CZ-C3 fragment in the mannose derivative,
<

”

{

bearing the isopropylidene function on C2 and C,,is more stable than the

3

corresponding fragment of the glucose isomer in which this function is bonded

to C1 and C2'

In general thenm, 1t is evident that incorporation of the 13C nucleus

into compounds can facilitate fragmentation assignments 1in mass spectroscopy and

in turn lead to greater understanding of the fundamental nature of molecules.
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