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Hates of oxidation of eldosen with hromine have been reeppraised and interpreted in
the light of present concepta of conformation a2nd reaction mechaniem. It is suggested
that differences in the rates of oxidation of the o And 5 anomere are largely defermined hy
differencez in the free energy required by the reactanta for passing from the ground sfate
to the complex in the traogifion atate,  Structures for the aldoaea in the ground states and in
the fransition atates are postulsted, and factors effecting the energy required for reaching the
trapgition atetes from the ground states are diecossed. The yelative rates of oxldation
are in aceordance with the hypothesis that each of the aldoses n the ground state has the
conformation predisted by Begves, and, in the transition state, has a eonformation in which
the oxygen atom of fhe C{—h}rdmz}rl group lies in the plane formed by the ring oxygen atom,
1, CZ and Cf.  Presumahbly, this coniormation is stabilized by resonance involving the
axygen atom of the ring.

For aldoses having high gtahility in one oheir conformation, the rates of oxidation of
the anomers differ widely; in eaoh instance, the anomer in whioh the G]-hydmxgl group is
axial is oxidized more slowly thao the anomer in which this group is equatorial. For aldoges
having less atability in & cheir conformation, the ratea of oxidation of the enomers differ
lesa widely, but, neverthelcss, show a definlte correlation with the angular position of the
Cl-hydroxyl group relative to the plane of the ving. For aldoses for which the stability
in both chair conformations is 20 low that they probably aexist in & varety of conformations,
the ratey of oxldation of the anomers show little difference and no particalsr correlation with
the angular position of the Cl-hydroay]l group.

The pressncs or abeence of an oxygen atom in the tng iz used to sccount lor the larmge
diferences between the rates of hromine oxidation of the aldoses wnd those of derfvatives
of cyclohexanol, Differences in conformation in the trensition state, assoginted with the
presence or Abpenoe of thin oxygen etom, likewize recount for the fact that the relative
rates Det;i gxidation of the sxial and equatoriel iaomers in the two classes of compound are
revermed,

Becanze of uneertainty &8 to the anomerie configurations commonly aesigned to some
of the aldoses, the configurations of 22 eldosea were reappraised.  Advaniege was taken of
the principle that the anomer prependorating In the equilibrivm aolution haz {rens hydroxyl
groups At €1 and €2, Except for erystalling Deplycers-p-tde-heptose, the aesignments
of configuration bagcd on thiy priosple a.ﬁ-rea with the configurations geosrslly mccepted,
Clasaificiation of eryatalllte D-gigeera-p-ido-he a8 Al a-D-prratnose noccaaitates eorrection
of earlier records in which this sigar was congidered to be a B-D-pryTATO8E,

. In aceprmlanee with the suthor's esrlier formulstion, oxidation of the axial anomer
ig beliewed to take ]E'Iace by two eourses: (1) direot ocaidation and (2) eonversion fo the
equatorlsl anomer by the ancmerization resetion and the subsequent oxidstlon of thia
anomer.  The relative importenee of the two coursea is not considersd in thix paper. It
in pointed out, however, that the aetual diference in the rates for the direct oxldation of
the two anomers must be at least ag great a8 that ohserved for the overall rates of oxldation.

1. Discussion of Prior Work

[Nilization of bromine-oxidation mensurements
for study of the ring structure of aldoses began with
the observation of gIshiat]l and Hudson: [1,2]% that,
in slightly acid solution, pyranoses are oxidized to
1,51actones without cleavage of the ring. Ishell
and Figman (34,56 (pp. 435 to 456)] showed that,
for many aldoses, the o and & anomers are oxidized
at widely different rates, and Isbell [8] songht to
classify the anomers of aldoses according to the
angular position of the C1-hydrozyl group relative
to the plane of u strajnless p}fra,nuidgr ring. When
those studies were made, the concept of conformation
was just beginning to emerge. Nevertheless, it
was concluded that the aldopyrancsea exist in
definite eonformation in which the & and # positions
are not saymmetrically located with respect to the
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plane of the ring, and that “a comparison of the
reaction raies of alpha snd beta pyrancses should
provide informatiecn about the conformation of
the pyranose ring” (p. 524 of [6]). Subscquently,
through the brilliant work of Keeves [7.8], Hasse]
and Ottar [9], Beckett snd co-workers [10], and
others, factors that affect the conformation of the
pyranoses have become kmown. Theoretical con-
giderations as well ag extensive experimental data
have established that Isbell and an's slowly
oxidizable *alpha" ancmers bave a cﬁxlilr conlormna-
tion with an axial Cl—h)}fdmxyl group and their
rapidly cxidizable “heta"” anomers have s chair
E.on]fnrma,t.inn with an egquatorial Cl-hydroxyl group
11].

Kinetie atudies have shown that oxdation by
bromine is a cumg]ex process. Bunzel and Mathews
[12] found that the remction ig rapid in neutral solu-
tion snd slow in acid. Pelmutter-Hayman and
Persky [13] recently confirmed the work of Bunzel
and Mathews and presented cvidence that the
anionie form of D-glucosc iz oxidized much faster




than D-glucose itself. Bunzel and Mathews also
established that the rate of oxidation of pre-equili-
brated p-gleeose is firat order with respect to the
aldose and {ree bromine. Several investigators have
advanced hypothescs to explain the differenee in the
rates of oxidution for the o wnd 8 anemers.  Isbell
and Pigman (4] showed that oxidation of the sepa-
rite anomers 18 complicated by the simultaneous
anomerization reaction? In the oxidation of a-p-
glucose, formation of the more reactive & anomer and
oxidation thereof raizes the overall rate of oxadetion;
in the oxidation of g-p-glucose, formation of the less
reactive & anomer lowers the overall rate. Thus,
the actual differance in the rates for the direct oxida-
tion of the two anomers must be af least o8 great as
the obaerved difference in the overall rates. Barker,
Overend, and Rees [14] consider the values for the
differences in the overall rates to be of litile sig-
nifiennee bacause of the anomerization of the slowly
oxidizable anomers, which, they believe, takes place
nearly completely before oxzidation. Bentley [15]
sugpested that tha higher netivity of the anomers in
which the Cl-hydroxyl geoup is in an equatorial

psition arises from the release of steain in the rate-

etermining step. He alao noted that the ratios of
rates of oxidation for the anomeric aldoses appear to
be related te the conformational stability of the
aldoses. The subject was discussed in an excellent
review by Shafizadeh [16).

Various mechanisms have been proposed for the
oxidation of aldoses with bromine. Isbell and
Pigman [4] suggested rapid addition of Iree bromine
to the ring oxyzen atom, followed by slow elimination
of hvdrogen bromide &t & rate depending on the atereo-
meric pogition of the Cl-hydrogen atom. Lichten
and Saxe [17] postulated rapid addition of bromine
to the anomenc oxygen wiom; this s followed by
elimmation of the hydrogen atoms of 1 by busc
catalysis, and formation of two bromide ione.  Fried-
berg and Kaplan [i8] pro d elimination of the
{C1-hydrogen atom as a%y ride jon by dicect attack
of bromina, a concept advanced by Kaplan [19)
from study of the oxidation of ethemujiY and acetalde-
hyde. Bentley [15] s ted elimination of the
Cl-hydropen atom as ﬁl‘zH_ from & bromine-con-
taining intermediate, Isbell [20] suggrested a bicyclic
intermediate that decomposes intramolecularly with
elimination of hydrogan bromide and a bromide
ion {see p. 17 of [16]). Although the precise structure
of the bromine-aldosse complex In the transition
state secmz obscure, the structures given in figure 1
appear to account satisfactorily for many of the
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mnd oxlidaton theeegl,  Ewvsdlumt ol the relativo importance of the Jdirect
axklation and the indirect ozidetkon w28 oot atbemptd for other aldosss because,
10 SOM mGex, the MUtRrHation veacthn Involres savers] moleoultar 3pacies
apd the value of b B highly eteer{aln (a2 T, 147 of[3]).

N}

>y Br
L4
[wh)
,’p o ° s
# ! c3
H i
ARG

Br
Ficure 1. Hypathetival {rensilion stoles,

Inbrameleeler, hoyepubalpaed mechat lam.
I} Tntemoodecalur, hase-extalveed mechonkam,
o} Intramoleculsy, conoertad mechan Lm.

experimental data. Structures {8} and (b} ar
symbolic of either & fast remwval of & proton from
the Cl-hydroxyl group followaed by a rate-datermin-
ing hydnde transfer f?ﬂm C1, or & purtly concerted
proceszs in which the proton removal js not w eom-
pletely separate step. Structure (b) is similar to
ona proposed by Swain, Wiles, and Bader [21] for
the transition state in the oxidation of 2-propanol
with bromine. Structure (¢} 15 sitnilar 0 un mter-
mediate proposed by Biarker, Overend, and Rees [22]
for the oxidation of tert-butyl cyclobexanol, but differs
in certain respeets to be discuszsed in section 3.

In a preliminary communication, Isbell [23]
advanced the hypothesis that the relative rates of
oxidation of aldoses depend on variation in the
difference in free energy for the reactants in the

und state and in a hypoethetical transition state
in which the Cl-hydroxyl group is restricted by
resonance to the plane formed by the rng-oxygen
atom, €1, C2, and 5. This concept will be de-
veloped in the next section of this paper.

2. Bationalization of Reaction Rates in
Terms of Free-Energy Differences

In aceordance with transition-siate theory {24, 25,
26, 27|, the rate of reaction depends on the difference
in fres anergy hetween the reactants in the ground
state and an activated complex in the (rapsition
stated The difference in (rea en depends solely
on the nature of the two states and is independent of
the manner in which the reaction proceeds. In the
present study, the structure of the aldose was varied
while other factors were held constant in so far as
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Impirtance of the twa factors.
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possible. For this rcason, the differences in rates of
reacticn can ke assumed to arise for the most part
from differences in free energy needed to convert the
various uldoses to the atructures characteriatic of the
traneition stateg! The aldese in the ground state
would have the conformation of lowest free-energy,
probably the one selected by Beeves from considera-
tion of instahility factors [8]. In the activated inter-
mediate In the transition state, the areanpement of
the atomz of the earbohydrate portion would lie be-
tween that of the aldosa and that of the lactone.
Furthermore, stakilization bry resonance would favor
a transition state in which the anomeric oxygen atom
lies in the same plane as C1, 2, O5, nn?gtllc ring-
OXYZen akoin, Vparia,bion in the free energy invelved
in overcoming the intramolecular forces encountered
in moving the atoms from the ground state to this
trapsition atate provides a baeis for interpretation of
the rates of reaction. Thus, with an aldose having
an equatorial Cl-hydroxyl %;-oup, a small movement
at C1 would suffice to give the requisite arrangement
of atoms for the transition state {zee fig. 2}; litile
£n would be required and the rate of ranctiion
would be high. With an aldose having an axial C1-

. hydroxyl group, formation of the transition state
would require displacement of the anomeric 0xygen
atom from a postiion perpendicular to the pyranose
ring to o position in the plane of the ring, in fact, &
change in conformation. The free energy reqguired
for such a change depends on the structure of the
entire molocule; and hence woiuld be cxpected to
differ for the varicus aldoses.

Table 1 gives u sumiaary of the rates of oxidalion
frelative to the rate for e-p-glucose) for the aldoses
studicd by Isbell and Pigman, as well as herstofore
unpublished rate measurements for the oxidation of
p-allose, p-altrose, and p-idose. The aldopyranoses
are classifled according to configtration and conforin-
ation; * those of group 1 presumably have high stabil-
ity in one of the chair eonlormations a2 predicted by
Reeves, wherens those of groups 2 and 3 prasumably
have less stahility.

In the ground stete, the substanecs in group 1 hnve
either the gluee-CA or gelpcto-CA conformation.®
The members of group 2 are considered to have one
of the lollowing conformatione: menne-CA, fals-CA,
or gule-CA. e asgignments are less certmin than
thoge of group 1. The members of group 2 de not
appear t¢ be ezpecially stable in etther chalr coufor-
mation, and the conformations postulated are some-
what arbitrary.

The relative rates »f oxidation for the axial ano-
mers of the aldosea of groap 1 aversge 1.4, Whereas
the relative rates for the equatorial anomers aversge
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49. The rates for the axial anomers of gronp 2 aver-
sge 2.7, whereas the rates for the equatorial anomers
average 27. Thus, lesa en iz required for acti-
vation of the axigl ancmers of the aldoses of group 2
than for those of fgmup 1, but more energy is required
for setivation of the eguetoriel gnomers. In both
groups, the modification having an equatorial C1-
hydroxy] proup in the ground state is oxidized more
rapidly thsn its anomer. Thus, the energy barrier
in the oxidation is lower for the equatorial than for
the axisl anomers. The oheervations are in accord
with the changes in free energy which might be antic-
ipated in passing from the ground stetes to the tran-
sition states for the two anoimers, in. which a planar
arrangement of Cl1, 2, C5, and the two oxygen
atoms ia stabilized by resonance.

With the axial anomers of the aldopyranoses of
roup 1, as depicted in figure 3, rotation of Cl to
orm the transition state would bring the hydroxyl

groups of C1 and C2 into alinement; because of
strong repulsive forces, this eclipsing wounld require
considerable energy. Turning of carbon atom 1
would alse eause changes in the relative positions of
the atoms nt other carbon atems, The sam of all the
changes in free energy involved in reaching the tran-
sition state from the ground state would determine
the rate of reaction.

Similar relationghips can ba noted for the aldoses
of group 2. With the axial anomcrs of aldopyranozes
having either the wmanne or the falo configuration,
the (*1-hydrexyl group wonld be eclipsed by the O2-
hydrogen atom (instead of by the C2-hydroxyl group,
as in the aldoses of group 1). Undoubiedly, the
change in conformation for these substances would
require less energy than that required for the axial
anciners of the aldoses of 1, in aecordance with
the slightly higher rate of oxidation observed. With
the axinl anomers having the guls confizuration, ro-
tation of C1 to form the wransition etate would bring
the hydroxyl groups of Cl and 2 into alinement,
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as with the axial anomer of gluceae. However, the
undavorable effcet of this celipsing would be counter-
acted, in some measure, by the velease of strain arising
from separation of the hydroxyl groups of C1 and
C3, and hence the change in conformation, as with the
manne and imde configuratiors, would require less
energy than that required in the glueose series. The
rate of oxidation for f-p-lyxose was found to be low
in comparison with the rates for the configpurationally
related aldoses, f-p-manncse and D-gdycere-gL-
manno-heptoge, but it i3 cloge to the rates for fo-

ulose and p-glyeero-g-p-gulo-heptose. The relatively
ow rate of nudatmn for @-p-lyxose, and the high
rate for g-p-lyxose, arises at Jeast in part Mrom a [ast




anomerization reaction. {(See p. 147 of [3].) The
unusually small ratio for the rates could be explained
equally well by & non-chair conformation for one or
bath of the anomers. It is noteworthy that Reeves
predicted for S-p-lyxose s mixture of the chsir con-
formations or, possibly, a conformation in the hoat-
skew cyale.

The aldoses of group 3 behave somewhst differently
from those of groups 1 and 2. The freshly dis-
solved, crystalline aldoses are oxidized at inter-
medinte rates, and the oxidations of the aldoses
present in equilibriurn mixtures do not show abrupt
changes it rate.  Small changes in the rates during
the oxidations indicate that the equilibrium solutions
of both p-alloge and p-ribose contain & amall propor-
tion (possibly 109%) of a modificaiion oxidized more
rapidly than the rest of the aldose. Both aldoses
exhibil complex mutarotation reactions, presumably
involving both pyranoze and furanosze maodifications,
p-Altrose, in an eguilibrium soluiion, was found to
be oxidized at essentially the same rate as the
freshly dissolved aldose, and a carefully purified
solution of p-idose wns found te be oxidized ai &
uniform rate, about six times that of e-v-glucoss,
Neither o-altrose nor p-idoge gave evidence for u
subatantial proportion of a second modification in
the equlibrium mixture.”” p-glyesre-p-ide-Hepto-
pyTanose is the only knowm crystalline aldose having
the ido confi tion. When the aldose was first
crystallized [31], an unusual conformation was
suspected {(see p. 530 of [6]); this is now considered
to be CE, the conformation in which the & anomer
has an eguatorial Cl-hydroxyl group. Omidation
of freshly dissolved erystalline p-glycers-n-ido-heptose
takes place about 11 times as rapidly as that of
a-p-glucose.  Oxidation of an eqmlibrivm solution
of Deglycero-n-ido-heptoze gave evidence for the
presence of a small proportion of a slowly oxidizable
rnodification; the chearacter of this modification
remgains to be determincd.

Interpretation of the oxidetion of D-giycero-D-ido-
heptose and certain other sugars is Lampered by
lack of knowledge of their ring struetures and ano-
meric configurations. When both anomers are known,
tho anomeric econfiguration of pyrancscs can be
nsgigned on the basis that the more dextrorotatory
{or levorotatory) anomer of an alpha-beta pair
has the o-giycers configuration at €1, When only
one crystalline anomer is known and the mutarota-
tion reaction is complex, the configuration cannot be
assigned from the optical rotation; this is the case
with orystalline p-ribose, p-allose, Dp-alirese, and
p-glycero-D-ido-heptose. In re-examining the classi-
ficgtlon of these aldoses, advan was taken of the
observation of Haworth and Hirst [32] that the
anomer that preponderates in an equilibrinm solution
of & pyranose has trang hﬁ'dmx},vl groups ak O and
C2. %his principle is applicable for tentative assign-
ment of configuration, ll}]ecau&e {as ahown in table 2)
all aldoses of known configuration conform thereto.
Thus, if the aldvses are present largely in the pyra-
noid form, we ¢an conclude that the preponderating

1 The womine-czklation measuwemnents or b-allese, b-alrose, and D-kosa
were cend oted by B, Bibatfer and B, Y, Fokey,
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TasLs 2. Eguilihrium proporiions of the anomerie aldopyra-
nOBeF >

Crmpagltico of the aquilibrinm selifon

Aldose Calculated, irem
Enlimated, from optical rotation,
inreriltun ool Ehoxy mm hly tam
bemy
wn frazny i trama
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pejit whers indicatad, theos data ware oompbled from the work of Tabali
o PLEmMAY gLyt b elmgl,u XXIX of refarendce [5],

I anomers de o1, the hydroarl graps st O and 2 It oo the 3ama
the ring: in anomers designated ¢ they He oo cpposite aldes of the ring.
+ Enowhedes of renfgnraton and o ien 12 imvaffisient for dasaifontion GF

v piWHDEE.
Rllm\;:gm calcnlsted from data roported in J. Beearch WBE 20, 47 (1938)

constituents in the equilibriom solutions of the
above aldosez are respectively, g-p-ribopyranocse,
g-c-allopyranoss, o-b-altropyrancse, and Dgplyesro-
a-n-ido-ﬁcptﬂpyr&ﬂﬂsa, Except for the last-named
aldose, these assigniments agree with the structures
previcusly accepted. Classification of crystalline
p-glycern-D-ida-haptose Az an o-p-pyranose in the
CE conformation constitutes an ircportant change,
and sll work on thizs compound that has been haaed
on the assumption that 1t was the 8 awnomer will
need to be revised,  On the basis of the trans anomer
rule, it js postulated that tha o pyrancse modifiestion
of p-idose, aleo, preponderates in aqueous solutions.

Inasmuch as the rates of oxidation depend on the
free energy of the reactants in the ground staie as
well as in the transition state, it is of interest to
compare the free snergies of the aldoses in agueous
gelution. The Jdiffarenee in free energy for a pair of
anomeric aldoses in solution can be eatimated from
the proportions of the anomers at equilibrium. The
rates of oxidetion clearly show, for sldoses in the
gluce series, that the anomers having equatorial
Cl-bydrox i groups preponderate in the equilibrium
mixture, ﬁ‘hus, the free energy of f-p-glucose in
the oxidation mixture is less than that of e-p-glucosa.
With aldoscs in the manne series, the anomer with
the axial Cl-hydroxyl group preponderates at
equilihrium, and «-p-mannoge 1n solution muet have
& lower free-ene than f-p-maonose. Cuantita-
tive evaluation of the free concrgies for the various
sugars in aqueous solutions would be desirable but
it 13 not feasible at preszent for lack of precise knowl-
edge concerning the compesition of the equilibrium
mixtures.
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3. Comparison of the Oxidation of Aldozes
With the Oxidation of Cyclohexanals

In comparison with the aldopyrancees, eyclo-
hexsnol and its derivatives are oxdized slowly, and
the relative rates of oxidation of the axial and equato-
rial somerz by either chromic acid [33] or bromine
[22] are reversad. According to Barker, Overend,
and Rees [22], the difference in the rates of oxidation
for the axisl and equaterial izomers of derd-butyleyelo-
hexanol i far less than the difference in rates for a-
snd g-p-glucose. The anthors propose the mechanism
depicted in figure 4. Simultaneous removal of the
two hydrogen atoms in the transition state is posiu-
lated to aceount for a lack of sensitivity of the rate
to a change in acidity,

The oxidation of eyclohexancls differs from that of
aldoses in seversl inportant respects.  With aldoses,
but not with eyclohexanols, it is postulated by the
author that resonsnce involving the ring-oxypen
atom aids in the relense of the Cl-hydrogen atom.
This hypothesiz may account for the mors rapid
oxidation of aldoszes, In the oxidation of cyelo-
hexannls, the ((l-oxygen atom does not e in the
zame plane as C1, C2, C5, and C6, because the C1—
6 bond {corresponding to the Ci—O bond of the
pﬂ'ramusa ring) ao double-bond character, and
there is consequently no resonance stabilization of
such a planar conformation. For this reason, the
Cl1-hydroxyl group of the eyclohexanols can approach
the transition state from either the axial or the
equatorial position without a change in the confor-
mation of the molecule. This nccounts for the lack
of & large differsnice in the rates of reaction for the
axisl and equatorial isomers. Because of the intra-
molenul?ir repiﬂsive fﬂrﬁ:ilﬁaﬂ,h cycla]ll:sxinﬂlf having an
axial hydroxy up wo ave a higher free-ene
in both g;rununcFls‘:':m{J trapsition states than a &imﬂ
ona having an eguatorinl hydroxyl group, snd
less energy would be required for the axial isomer to
reach the teansiltion state than for the equatorial
iomer. However, the difference in the free energes
in tha transition states would be less than that in the
¥mund states because of mnodification of tha repulsive

orces by bromine, Consequently, less energy would
barequired for the axial izormer to reach the transition
state than for the equatorisl isomer, and, therefore,
the rate of reaction should be higher for the axial
isomer, as it, in fact, is. The relationship 15 opposite
to that for the anomeric aldozes,

W‘L‘:}l HWH .

+IHAr D-».,H {

L

Fiaure 4. Ozidation of ooel and e orial  deomera of
tertobuiplopelobexanal gocording o ker, Owverend, and
Rees [22])

4. Summary

Early studies of the oxidation of sldoses by the
author revealed that the ring forms of the nidoscs
ara converted to lactones without eleavape of the
ring, that fres bromine is the oxidant, and that
there are wide differences in the rates of oxidation
for the different aldoszes and for the o and § modifi-
cations of 2 single aldose. The hypothesis was
advanced that the rates of reaction of the anomcrs
depand on the angular position of the Gl-hydrux%
%’mup with respect to the plane of the ring.
ar as known, this was the first attempt in any
beld of chemistry to corcelate reaction rate and
conformation, Recent reappraisal of the resulis
by means of present concepts of reaction-rate theory
and of ring conformation leade fo the hypothesis
that the ﬁgﬁamncm in the rates of oxidation for
the o and 8 anomers sarise from wariation in the
free energy involved in conversion of the reactants
in their ground atates to transition states in which
the oxygen atom of the C1-hydroxyl group lics in
the plane fermed by the ring-oxygen atom, CI,
C2, and C5.  Presumably, this conformation results
fromn stghilization by resonance.

In the oxidation of derivatives of eyclohexanol,
the oxygen atom, in the transition state, does not
naed to %‘i?a in the same plane as 01, C2, °5, and 6
hecause, in the absence of & ring-oxygen atom, there
iz no resonance stabilization of such a conformation.
This hypothesis may aceount for the lower rates
of oxidation of the eyclohexanols, for lack of wide
differences in the rates of oxidation of the oxial and
eguatorial isomers, and for the fact that the refaifpe
rates of oxidation of the isomers are reversed from
those of tho axial and cquatorinl anomers of the
sldopyranoses,
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con Ha thanks R. 5. Tipson and ]ﬁ ]E Frush
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Schaffer and B. ¥, Foley for measurement of the
rates of oxidation for oss, D-altrose, and p-idoss,
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