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outlet tube. The mixture was warmed to 35-38°, and 1.7 g.
(0.026 mole) of sodium azide was added slowly with vigorous
stirring. The reaction was slightly exothermic; and by
controlling the rate of addition of the azide, the reaction
temperature was maintained at 38-40°. After the addition
was complete, the suspension was stirred for one-half hour
and allowed to stand for 1.5 hours more. The reaction mix-
ture was then added to 50 ml. of water; after shaking, the
aqueous layer, which contains the amine salt, was separated.
To this solution was added an excess of agueous sodium hy-
droxide; subsequent steam distillation of the free amine into
excess 109, hydrochloric acid gave a solution of the amine
htydrochloride. The solvent was evaporated under reduced
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pressure. Recrystallization of the residue from methanol-
ethyl acetate afforded a 529 yield of the pure hydrochloride,
m.p. 267-270°.

(B).—The amine was also prepared by reduction of the
dihydro nitro adduct (IV) with iron and acetic acid.!®
The melting point of the hydrochloride, 268-269°, was un-
depressed by that of the material described above. The
melting point (200-203°) of the urea derivative from (A)
also showed no depression upon admixture with the same
derivative from (B), m.p. 200-202.5°. The melting point
reported for the urea derivative is 203°.10

Mabison, WISCONSIN
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The Stereochemical Specificity of the Oxidation of Cyclitols by Acetobacter
Suboxydans'?®

BY Boris MAGASaNIK, ROBERT E. FRANZL AND ERWIN CHARGAFF
RECEIVED NOVEMBER 26, 1951

The study of the oxidation of cyclitols by Acefobacter suboxydans has been extended to two new desoxyinositols, related to
epi-inositol (I), one a racemic mixture (VI 4 VII), the other the corresponding levorotatory isomer (VI). Only the dextro-
rotatory desoxyinositol (VII) was found to be attacked. The structure of the resulting monoketone (VIII) was determined.
These results permit the stricter definition of the rules predicting the type of cyclitol hydroxyls that can be oxidized by the
enzyme system. The specific steric requirements for oxidation can be defined by the statement that only polar hydroxyl
groups ore oxidized and that the carbon atom in meta position to the one carrying the polar hydroxyl group (in counterclockwise

direction, if north polar; clockwise, if south polar) must carry an eguatorial kydroxyl group.

In previous communications? the oxidative action
of Acetobacter suboxydans on various polyhydroxy
derivatives of cyclohexane, belonging to the inositol
and quercitol series, has been described. There
exists a considerable body of physical evidence for
the chair form of the cyclohexane ring*; and when
this formulation was extended to its polyhydroxy
derivatives, it could be shown?®®<d that only those
hydroxyl groups that were located in a polar plane
could be oxidized by the biological system, a con-
clusion borne out by 1more recent observations® on
the oxidation of d- and l-viburnitol by the same
organism. It has, however, already Deen pointed
out®® that, while none but polar hydroxyl groups
were attacked, not all polar hydroxyl groups were
so treated. The present paper describes further
studies, leading to a more stringent definition of the
rules predicting which polar hydroxyl groups can be
oxidized.

The compounds discussed here are listed in Table
I in two sets of terms based on the numbering sys-
tems proposed by us®® and by Fletcher, et al.,®
respectively.

(1) This work was supported in part by grants from the American
Cancer Society on the recommendation of the Committee on Growth
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sanik and E. Chargaff, Abstracts, 114th Meeting, American Chemical
Society, 85 C (1948)].
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(1946); (b) B. Magasanik and L. Chargafl, ibid., 174, 173 (1048);
(¢) B. Magasanik and E. Chargaff, {bid., 175, 929 (1948); (1) B.
Magasanik and E. Chargafl, ¢bid,, 176, 939 (1948).
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TABLE I

POLYHYDROXY DERIVATIVES OF CYCLOHEXANE

Compound
Designations

previously Numbering system

No. employed Present authors?b Fletcher, ¢! al.®

1 epi-Inositol Cyclohexane-(1,2,3,4,5)-  epi-Inositol
cts-hexol

11 l-epi-Inosose Cyclohexane-(1,3,4,5) cis- Dp-2-Keto-epi-
pentol-2-one inositol

111 d-epi-Tnosose Cyclohexane-(1,2,3,5) ¢is- L-2-Keto-epi-
pentol-4-one inositol

1v nigsa-Inosose Cyclohexane-(1,3,5) cis- 2-Keto-myo-
pentol-2-one inositol

v Desosyseyllitol  Cyclohexane-(1,3,3) ¢is-  2-Desoxy-myo-
4,6-pentol inositol

Vi Cyclohexane-(1,3,4,5) ¢is- D-2-Desoxy-epi-
G-pentol inositol

Vil Cyclohexane-(1,2,3,5) ¢fs- L-2-Desoxy-eps-
6-pentol inosito!

VI Cyclohexane-(1,3,5) ¢ss-  p-2-Keto-4-des-
6-pentol-2-one oxy-epi-inositol

IX mieso-Inositol Cyclohexane-(1,2,3,5) ¢is-  myo-Tnositol
hexol

X ¢-Viburnitol Cyelohexane-(1,2,3) cis- L-1-Desoxy-myo-
4,6-pentol inositol

N1 J-Tnositol Cyclohexane-(1,2,5) ¢6s-  Dp-Inositol
hexol

NI d-Inosose Cyclohexane-(1,2,3) cis- L-1-Keto-myo-

pentol-3-one inositol

NIIT [{-Viburaito! Cyclohexane-(1,4,5) cts-  D-1-Desoxy-myo-
2,6-pentot inositol

XTIV l-Inositol Cyclohexane-(1,2,4) ¢is-  L-Inositol
hexol

XV Cyclohexane-(1,2,4) cis-  p-1-Keto-myo-
pentol-6-one inositol

XVI  J-Quercitol Cyclohexane-(1,2,5) ¢is-  r-2-Desoxy-muco-
3,6-pentol inositol

For the purposes of the following discussion the
spatial constellations of the compounds are of
greater significance than their planar projections.
The constellations of the substances, numbered as
in Table I, will therefore be presented schemati-
cally: north polar hydroxyls are indicated by full
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circles, south polar hydroxyls by open circles, equa-
torial hydroxyls by lines; the hydrogen atoms are
not shown. The planar structures have been given
in previous publications,?®<d

The oxidation of I by Acetobacter suboxydans
yields optically active II,%2:b.7 only one of the two
polar hydroxyl groups located in the same plane
having been attacked. While II is thus shown to
resist further oxidation, the d,/-compound III +
IT is found to consume 0.25 mole of oxygen when
subjected to the action of the microdrganism.
This indicates that the dextrorotatory isomer III

O
I
\(01/ . /202 O
® A tobact
AN®

I III

can be further oxidized, presumably to a diketone.®®
This difference in susceptibility to oxidation made
it appear of interest to study the action of Aceto-
bacter suboxydans on the pair of optically isomeric
desoxyinositols, derived from epi-inositol (I} by the
alternate replacement of each of the two polar
hydroxyl groups by hydrogen.

By the catalytic reduction, under acidic condi-
tions,*8 of IV the desoxy compound V was prepared.
The same procedures led from II to the levorotatory
desoxy compound VI and from racemic IT 4 III
to racemic VI + VII.

|

AN
N 4 Pt, Hy, HY N /
—_——————>

N No /

v
Pt, HZH+ U
11
l
H, H+ \ /
————> VI + U
/

These compounds were exposed to resting cells of
Acetobacter suboxydans in the Warburg apparatus,
as described previously.?® Compounds V and VI
were not attacked by the organism; the racemic
desoxyinositol VI + VII was oxidized with the
uptake of 0.25 mole of oxygen. When the oxidation
of VI 4 VII was carried out with resting bacteria
on a preparative scale by the technique described
previously,®< the reaction mixture was found to
reduce Benedict solution in the cold. Paper
chromatography revealed the presence of a single
strongly reducing component. The reaction fluid
yielded an insoluble phenylhydrazone; and from
the filtrate of the latter an optically active desoxy-
inositol could be isolated which proved identical

(7) T. Posternak, Helv. Chim. Acta, 29, 1991 (1946),
(8) T. Posternak, ibid., 24, 1045 (1941).

IT + III

Ox1DATION OF CYCLITOLS

2619

with compound VI, prepared by the acidic reduc-
tion of II. These results showed clearly that only
one of the desoxy isomers, compound VII, was sus-
ceptible to oxidation by Acetobacter suboxydans,
yielding a monoketone.

The attempt to recover this oxidation product
by the cleavage of its phenylhydrazone with benz-
aldehyde in the usual manner®®< afforded a crude
monoketone preparation which failed to yield
analytically pure material even after repeated
crystallization from various solvents. The re-
crystallized product was shown by paper chro-
matography to contain two strongly reducing com-
ponents. The major, faster moving component
was identical with the one mentioned before as
solely present in the original oxidation mixture,
The other compound, contaminating the mono-
ketone, must therefore have been an artifact in-
troduced in the course of the formation or the
cleavage of the phenylhydrazone.

The structure of the product of the biological
oxidation of VII was determined by its reduction,
without prior isolation, to a mixture of desoxyino-
sitols. This was accomplished by treating the
reaction mixture, obtained by the action of the
resting bacteria on VI 4 VII, with sodium amal-
gam. One of the resulting desoxyinositols, iso-
lated by virtue of its sparing solubility, proved
identical with the desoxyscyllitol V obtainable, as
mentioned before, from IV.

i
1/402 N 7 Sodium
Vil —
Acetobacter amalgam
suboxydans /
VIII

The structure shown as VIII is thus established
for the monoketo compound; the oxidation of VII
has taken place in agreement with the previously
stated rule® that only polar hydroxyl groups can be
oxidized by Acetobacter suboxydans.

The pairs of enantiomorphs of which, in each case,
one member is oxidized by Acetobacter suboxydans
are contrasted in Table II. It can be seen that all
compounds susceptible to attack possess an equa-
torial hydroxyl group in position d relative to the
location of the oxidizable polar hydroxyl group.

The replacement of the equatorial hydroxyl
in d by a polar hydroxyl (compare structure Ib in
Table II), by oxygen (II) or by hydrogen (VI)
prevents the biological oxidation. Corresponding
changes in position b are without effect. The
validity of this generalization may be confirmed
and its scope extended by considering the cyclitols
studied previously.®® meso-Inositol (IX) has five

\O/
7 l N
IX
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TasLe I1
SELECTIVE OXIDATION OF POLAR Hyproxvi GROUPS BY
Acetobacter Suboxydans

Oxidized® Not oxidizede
O N
e e
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Vi VI

@ The structures (numbered as in Table 1) are so arranged
as to place the polar hydroxyl groups under comparison at
the top of the hexagon. For this reason, epi-inositol (I) is
shown in two arrangements (Ia and Ib).

equatorial hydroxyl groups. The replacement
of the equatorial hydroxyl in position a by hydrogen
(X), by a south polar hydroxyl group (XI) or by
oxygen (XII) does not interfere with the biological
oxidation of the north polar hydroxyl.

N \/. N \r.\o \/' /()
i ! [ |
\/\\ /‘l T . e \\/\
N NI NI

Similarly, oxidation of the polar hydroxyl group
may occur when the equatorial hydroxyl in position
e is replaced by hydrogen (XIII) or by a south polar
hydroxyl (XIV). The same is presumnably also
true of substitution by oxygen, since the mono-
ketone XV may be assumed to he the intermediate
in the oxidation of XIV to a diketone,?®c

(. / n,.\ //, (l)\\l /.\//
| T

N "/
NIII ALV XV

The behavior of d-quercitol (XV1)* shows that
the equatorial hydroxyls in a and e may both be

o

SN

XVI

replaced in that manner without effect on the
oxidation. The influence of substitution of the
equatorial hydroxyl group in position ¢ cannot be
appraised at present, since no compounds of
appropriate structure were available for study.®

(9) Pinitol, a monomethy! ether of d-inositol {XI), previously shown
not to be oxidized by Acetobacter,®'® apparently carries the equatorial
methoxy group in this position (A. B, Anderson, D. L. MacDonald and
H. O, L, Fischer, Abstracts, XIIth International Congress of Pure and
Applied Chemistry, New York, September, 1951, page 82). It is,
however, possible that this relatively large substituent would prevent
enzymatie oxidation regardless of its position.
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The steric specificity of the oxidation of inositols
and desoxyinositols by Acetobacter suboxydans
may be defined as follows: (a) Only polar hydroxyl
groups are oxidized. (b) The carbon in meta position
to the one carrying the polar hydroxyl group (in counter-
clockwise direction, if norih polar; clockwnse, if south
polar) must carry an equatorial hydroxyl group .’

Two points of contact between the substrate
and the enzyme responsible for the specific oxida-
tion are thus demonstrated. For an asymmetric
synthesis, however, such as the formation of II
from I, three points of contact are required.?
This third point may be the equatorial hydroxyl
group in position ¢, which all the compounds studied
had in common. Alternatively, it may be repre-
sented by the equatorial hydrogen atom on the car-
bon carrying the polar hydroxyl or the polar hy-
drogen atom in position d, whose configurations
are defined by the indispensable locations of the
corresponding hydroxyls.

Further studies will be required before it will be
possible to state to what extent the rules derived
here for the inositols and desoxyinositols may be
applied to straight-chain polyhydroxy compounds
or to cyclic diols and triols,*! substances having less
rigid structures, in which the relative positions of
the hydroxyl groups may change more easily.

Experimental

Material.—The cultivation of Acetobacter suboxydans
and tke preparation of compounds II, II + III and IV have
been described in a previous publication.® Desoxyscyllitol
(V), m.p.!2 233-234°, and the corresponding pentaacetate,
m.p. 191-192°, were prepared from IV, as described by
Posternak.”

d,l-Desoxyinositol (VI 4 VII).—Because of the low solu-
bility of II + III, this d,/-compound is best added in several
portions during the course of the reaction. In a typical
experiment, 5 g. of II 4 IIT was dissolved in 150 cc. of (1.1
N hydrochloric acid and shaken with 3 g. of platinum oxide
in an atmosphere of hydrogen. Three additional 5-g. por-
tions of II -+ III were added, each after the uptake of
about 1600 ce. of hydrogen by the preeeding portion. The
reaction was finally allowed to proceed until no more
hiydrogen was absorbed. A total of 7780 cec. of hydrogen
was consumed in 33 hours, corresponding to about three
moles of hydrogen per mole of 1T - III (after correction for
the reduction of the catalyst), instead of two moles re-
quired theoretically for the reduction to desoxyinositol.
The addition of methanol to the heavy sirup, obtaincd
after the evaporation iz vacuo of the filtrate from the cata-
fyst, resulted in the deposition of 10.9 g. (599 of the theo-
retical yield) of white, crystalline material, melting between
198 and 204°. Tworecrystallizations from aqueous methanol
vielded 6.2 g. (34%) of micro-crystalline d,/-desoxyinositol
(VI -+ VII), melting at 214-215°.

Analr® Caled. for CeHiOs (164 16): C,
7.837. Found: C, 43.82; H, 7.4

43.90; H,

(9a) NoTE ADDED IN PROOF.—It has recently been observed by one
of us (R. E. F.) that muco-inositol (G, Dangschat and H. O. L. Fischer,
Naturwiss., 27, 756 (1939)), a sample of which was most generously
supplied by Dr. H. O. L. Fischer of the University of California,
Berkeley, Calif., consumed 1 mole of oxygen when treated with 4.
suboxyduns. This may be considered as additional support for the
rules formulated here, since in this isomer, which is cyclohexane-
(1,2,4,5)-cis-hexol with uorth polar hydroxyls 2 und 4 and south polar
hydroxyl 4, the north polar bydruxyl iu position 4 would bhe expected
to be unavailable for oxidation.

(10) A. G. Ogston, Nature, 183, 963 (1948).

(11) T. Posternak aad F. Ravenna, Heby, Chim. Acia, 80, 441 (1947).

(12) The meiting points, reported without cotrection, were deter-
mined with an electrically heated stage (Fisher—Johas).

(13) We are indebted to Miss R. Rother for several microanalyses;
others were carried out by the Elek Micro Analytical Laboratories, Los
Angeles, Cal.



May 20, 1952

The pentaacetate of VI 4 VII, prepared by the treatment
of the d,l-desoxyinositol with acetic anhydride in the pres-
ence of anhydrous zinc chloride, formed needles melting
after recrystallization from ethanol at 113-115°.14

Anal. Caled. for C;stgolo (37434): C, 5133; H,
5.92. Found: C, 51.28; H, 5.98.

i-Desoxyinositol (VI).—A solution of 356 mg. (0.002 mole)
of l-epi-inosose (II) in 10 cc. of 0.1 N hydrochloric acid was
shaken with 150 mg. of platinum oxide in an atmosphere of
hydrogen. The consumption of 163 cc. of hydrogen (2.6
moles per mole of II, after correction for the reduction of the
catalyst) was completed in 3 hours. The catalyst was
removed by filtration and the filtrate evaporated < vacuo,
when a light sirup was obtained, which was dried in vacuo
over phosphorus pentoxide. The addition of methanol
resulted in the deposition of 130 mg. (40%) of white crystals
melting between 174 and 179°. The crude material was
purified by five recrystallizations from aqueous methanol.
The microcrystalline /-desoxyinositol obtained melted
sharply at 194°. The substance was levorotatory in water
(¢1.01,12dm., ap —0.11° £ 0.01°); [a]¥ —5.4 &= 0.4°.

Anal. Caled. for CeHp0s (164.2): C, 43.9; H, 74.
Found: C, 44.0, H, 7.3.

Action of Acetobacter Suboxydans; Oxygen Consumption.
—The determinations were carried out by allowing a bac-
terial suspension containing about 1.5 mg. of baecterial
nitrogen to act on about 10 micromoles of the desoxyino-
sitols in a total volume of 3 cc. of M/15 phosphate buffer
of pH 6.0 at 36° in the presence of air. The uptake of
oxygen was 0.24 mole per mole of d,/-desoxyinositol (VI +
VII). Desoxyseyllitol (V) and J-desoxyinositol (VI) were
not oxidized.

Enzymatic Oxidation of d,l-Desoxyinesitol (VI -+ VII).
A. TIsolation of I-Desoxyinositol (VI).—To a solution of 6.2
g. (0.038 mole) of VI + VII in 75 cc. of M/15 phosphate
buffer of pH 6.0, 25 ce. of a suspension of washed 4 cetobacter
suboxydans (about 0.5 g. dry weight) was added. The
mixture was shaken under oxygen at 37°. Oxygen uptake
ceased after 250 cc. of oxygen (0,26 mole per mole of sub-
stance) had been consumed in 3 hours. The bacteria were
removed by centrifugation in the cold (4000 r.p.m., 30 min.)
and filtration through infusorial earth. The filtrate reduced
Benedict solution in the cold.

The reducing material could be demonstrated by ascending
paper chromatography of 0.01-cc. volumes of the filtrate,
with n-butanol-diethylene glycol-water (3:1:1, by volume)
as the solvent. The dried paper was sprayed with a reagent
composed of two velumes of 0.4% aqueous potassium ferri-
cyanide and one volume of 1.6%, aqueoys sodium carbonate
containing 0.025% sodium cyanide. The treated papers
were dried in a stream of warm air and sprayed with a solu-
tion of 5 g. of ferric sulfate in one liter of 6.5% aqueous
phosphoric acid. This treatment caused the appearance of

(14) The d,-desoxyinositol (VI -+ VII) and its pentaacetate have,
after the communication of our preliminary results,?been independently
described by E. L. May and E. Mosettig, J. Org. Chem., 14, 1137
(1949).
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a single blue spot with an Ry value of 0.43. meso-Inosose
(IV) treated in the same manner has an Ry value of 0.25.1%

The volume of the filtrate was reduced n vecuo to about
30 cc. A solution of 3 cc. of phenylhydrazine in 6 cc. of
509, acetic acid was added to the chilled concentrate and
the resulting insoluble phenylhydrazone removed by filtra-
tion. The red filtrate was extracted repeatedly with ethyl
ether and the aqueous phase evaporated to dryness ¢n vacuo.
The gummy residue was suspended in 50 cc. of ethanol and
the mixture boiled under reflux for 8 hours. The semi-
crystalline brown residue was collected by filtration, dis-
solved in a small amount of water and decolorized with
activated charcoal. To the filtrate, diluted with 10 volumes
of ethanol, ethyl ether was added in portions until no more
of a yellow oil separated. The supernatant solution was
decanted from the oily deposit and chilled. Crystallization,
which began after about 12 hours, was allowed to continue
for 8 weeks. At the end of this period 500 mg. of white
crystals, melting at 187-189°, was collected. This material
did not reduce Benedict solution; it melted, after two
recrystallizations from methanol, sharply at 194°. The
admixture of I-desoxyinositol (VI) did not lower the melting
point.

B. Reduction to Desoxyseyllitol (V).—A solution con-
taining 460 mg. (0.0028 mole) of VI + VII in 10 cc. of phos-
phate buffer was shaken with washed bacteria (0.1 g. dry
weight) in an atmosphere of oxygen at 37°; 18 cc. of oxygen
(0.26 mole per mole of substrate) was consumed in 2 hours,
The bacteria were removed, as described before; the filtrate
was acidified with acetic acid and shaken with 2-g. portions
of 2.59% sodium amalgam. The reaction mixture was kept
neutral by the addition of acetic acid. After 16 g. of sedium
amalgam had been added, the mixture was no longer reduc-
ing. The dry evaporation residue of the filtrate was re-
fluxed for 5 minutes with 5 cc. of acetic anhydride in the
presence of zinc chloride. The excess reagent was decom-
posed by the addition of 4 volumes of water. The chilled
mixture deposited 460 mg, of erystalline material, which was
extracted with 5 ece. of bgiling ethanol. The inseluble
residue (190 mg.), recrystallized twice from ethanol, yielded
16 mg. of the pentaacetate of desoxyseyllitol (V), melting at
191-192°, The admixture of an authentic specimen of this
derivative produced no lowering of the melting point.

Thirty mg. of this pentaacetate, obtained in another
experiment, was dissolved in a small volume of boiling
ethanol and treated with 1 ee. of a 0.5 A solution of barium
hydroxide in methanol. The precipitate that formed was
dissolved by the addition of water and the solution was
heated in a boiling water-bath for 15 minutes. The re-
quired amount of sulfuric acid was added to precipitate
barium as the sulfate which was removed by fiitration
through activated charcoal. From the filtrate 9 mg. of
desoxyscyllitol (V) was obtained, melting at 234-236°.
The mixoed melting point with V prepared from IV was also
234-236°.

New Yorg, N. Y.

(15) Sugars that reduee Benedict reagent only after being heated do
not give colored spots in this procedure.



