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FOREWORD

The ACS Symposrum Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ApvANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.
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PREFACE

The aminocyclitol class of compounds includes some of our longest and

best known antibiotics, streptomycin and neomycin. It also includes
some of the most clinically useful antibiotics, such as gentamicin. Because
of their clinical utility, and in spite of their long familiarity, interest in
the class remains high and, indeed, seems to be increasing. This volume
deals with the current status of structural, synthetic, and biosynthetic
studies.

The aminocyclitol class and its members are defined and described
in Chapter 1, an introduction complete with figures and references to
recent review articles. The longest section of the book follows, devoted
to the very extensive recent synthetic efforts directed toward amino-
cyclitol antibiotics. Sumio Umezawa discusses his recent preparation of
neomycin B, the latest in a series of total syntheses that have developed
routes useful for preparing modified aminocyclitol antibiotics with
improved properties. In Chapter 3, Tetsuo Suami discusses an alternative
route to new aminocyclitol antibiotics, that involving modification of an
existing antibiotic, describing his own syntheses based on the pseudo-
disaccharide neamine as a starting material. In Chapter 4 Juji Yoshimura
describes approaches to branched-chain aminocyclitols, employing both
Diels-Alder reactions and nitrosugar cyclizations. Other chapters on
synthetic research also deal with branched-chain aminocyclitols (Kiely
and Riordan, Chapter 5) or neamine and its modification (Magerlein,
Chapter 10; Ku et al, Chapter 12). The latter chapter also treats
modified kanamycins, as do chapters by Verheyden et al. (Chapter 13)
and Cron et al. (Chapter 14), while Chapter 11 by McAlpine et al. treats
modified gentamicins and seldomycins. Finally, there are four chapters
on spectinomycin—one (by White et al., Chapter 6) describing the first
total synthesis of spectinomycin, and three (by Thomas et al.; Rosen-
brook and Carney; Foley and Weigele; Chapters 7-9, respectively)
dealing with modification of that antibiotic.

The second major section of the book deals with structural studies
of aminocyclitol antibiotics. In Chapter 15 Takayuki Naito provides and
analyzes a very extensive set of 3C spectra, the most useful spectroscopic
data for aminocyclitols’ structural assignments. The two other chapters
in this section (McAlpine et al., Chapter 16 and Shirahata et al., Chapter
17) assign structures to new fortimicins, aminocyclitols with a 1,4-diamino
substitution pattern.
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The final section of the book deals with biochemical studies of the
aminocyclitols. In Chapter 22 Bernard Davis discusses the multiple
mechanisms of action of this class of antibiotics, while Julian Davies
(Chapter 18) discusses the other side of the picture, the various mecha-
nisms by which the target bacteria enzymatically inactivate the amino-
cyclitol antibiotics. In Chapter 19 Kenneth Rinehart discusses the
biosynthcesis of aminocyclitols and describes a technique based on bio-
synthetic studies that uses mutants to prepare new antibiotics—a tech-
nique that is also the subject of the paper by Cléophax et al. (Chapter
21). Finally, the role of mutasynthetic and chemical techniques in
preparing improved clinical candidates in the gentamicin class is assessed
by Peter Daniels in Chapter 20.

Overall, then, the present book and the symposium on which it was
based point to the vigor of current research on aminocyclitol antibiotics,
with both elegant and useful organic chemical syntheses being carried
out, and antibiotics of novel structure being discovered. New insights into
the mechanisms of action and inactivation of aminocyclitols are emerging
and their biosynthesis is not only being better understood, but is leading
to new, less toxic compounds.

We would like to thank the authors for their continued patience and
cooperation, and Lois Shield and Julia Zvilius for their assistance in
preparing this book.

University of Iliinois KeNNETH L. RINEHART, JR.
Urbana, Illinois 61801

Keio University TEeTsvo Suami
Yokohama, Japan

February 5, 1980
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Aminocyclitol Antibiotics: An Introduction

KENNETH L. RINEHART, JR. and LOIS S. SHIELD
Roger Adams Laboratory, University of Illinois, Urbana, IL 61801

Aminocyclitol antibiotics constitute an important class of
clinically useful therapeutic agents, whose discovery dates from
that of streptomycin in 1944. These compounds, which are less
precisely, though widely, also referred to as aminoglycoside anti-
biotics, include some of the most successful commercial antibio-
tics and new members of the class are being added yearly. Nume-
rous reviews of aminocyclitols are available (1-8), providing
references to the individual antibiotics. Thus, the present in-
troductory section will simply indicate the breadth and diversity
of the class, providing specific references only to the newer
members .

Aminocyclitols can be divided into a very large group which
contain 2-deoxystreptamine (a 1,2,3-trideoxy-1,3-diamino analog
of scyllo-inositol) and a somewhat smaller group containing other
aminocyclitols. The deoxystreptamine antibiotics can be further
grouped according to the number and Tocation of substituents
attached to the decxystreptamine unit. 4,5-Disubstituted deoxy-
streptamines include neomycins, paromomycins, 1ividomycins and
2230-C (Figure 1). These pseudotetra- and pseudopentasaccharides
all contain one or more diaminohexoses. Another group of 4,5-
disubstituted deoxystreptamine antibiotics consists of pseudotri-
saccharides, including ribostamycin, xylostasin, the butirosins
and the compourds now referred to (9) as 6'-deamino-6'-hydroxy-
butirosins (formerly BU-1709 E7 and E2), and LL BM408a (10)
(Figure 2}. These compounds are characterized by a di- or mono-
aminohexose and a ribose or xylose substituent and in some mem-
bers of the class the 1-amino group.of deoxystreptamine is sub-
stituted by an a-hydroxy-y-aminobutyryl group.

The 4,6-disubstituted deoxystreptamine antibiotics are
characterized by the presence at C-4 of a 2-aminohexose (usually
modified), together with a second amino (usually a 3-amino) sugar
at C-6. These antibiotics include the kanamycins, tobramycin and
the nebramycins (Figure 3), the seldomycins (11,12) (Figure 4),
as well as the very large group of gentamicins and related com-
pounds (Figure 5), and the dehydro analogs of the gentamicins

0-8412-0544-X/80/47-125-001$05.00/0
© 1980 American Chemical Society
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Figure 1. Neomycin group of 4,5-disubstituted deoxystreptamine antibiotics (1)
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Figure 2. Ribostamycin group of 4,5-disubstituted deoxystreptamine antibiotics
1
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Figure 3. Kanamycin group of 4,6-disubstituted deoxystreptamine antibiotics (1)
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Figure 4. Seldomycin group of 4,6-disubstituted deoxystreptamine antibiotics (1)
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Figure 5. Gentamicin group of 4,6-disubstituted deoxystreptamine antibiotics (1)
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Figure 6. Sisomicin group of 4,6-disubstituted deoxystreptamine antibiotics (1)
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(Figure 6), including sisomicin. At the present time the genta-
micins are the most commercially important of the aminocyclitol
antibiotics.

The mono-substituted deoxystreptamines are a considerably
smaller and less important group of antibiotics, characterized
by a somewhat greater diversity of chemical structure, of which
apramycin (13) (Figure 7), with its diaminooctose, is perhaps the
strangest. The destomycins, hygromycin B, and the SS-56 compo-
nents (Figure 8) also belong to this class, most of the class
containing the highly unusual destomic acid (aminoheptonic acid)
unit. The latter group also provides a transition in that the
deoxystreptamine unit is sometimes N-methylated or hydroxyl-
substituted. Thus, the destomycin-SS-56 antibiotics have some
relationship to spectinomycin (Figure 9), in which the amino-
cyclitol (actinamine) is fully substituted and the amino groups
are methylated.

The final examples of diaminocyclitol antibiotics containing
amino groups (substituted) in the 1- and 3-positions are the
streptomycins (Figure 10), including bluensomycin, which contains
a substituted monoaminocyclitol. These are characterized by
guanidines, with carbamimidoyl groups attached to the amino
groups in the aminocyclitol ring, as well as by a branched chain
pentose, streptose or dihydrostreptose, and N-methyl-L-
glucosamine.

A recently discovered group of diaminocyclitols contains the
fortimicins (14) and the sporaricins (15) (Figure 11), compounds
containing substituted 1,4-diaminocyclitols, again usually N-
methylated and sometimes substituted further by an acyl group.
The fortimicins are presently undergoing clinical trial.

Finally, a very few structurally dissimilar aminocyclitol
antibiotics contain a monoaminocyclitol (Figure 12). The first
of these reported was hygromycin A; other representatives are
minosaminomycin and the validamycins, which contain a single
amino group linked to two separate cyclitol rings, each with
a branching hydroxymethyl substituent.

The present volume covers a number of aspects of amino-
cyclitol chemistry and biology and an attempt has been made in
the ensuing pages to group papers according to their content.
Thus, several papers deal with synthesis and modification of
aminocyclitol antibiotics, some deal with structure-activity
relationships, others with structural assignments. Still others
deal with biological aspects, such as mode of action, mode of
inactivation, and biosynthesis of these important compounds.

Acknowledgment. We appreciate greatly the permission
received from the Journal of Antibiotics to use Figures 1-10 and
12, which have been adapted from those appearing in J. Antibiot.,
g2, 319-353 (1976).
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Figure 8. Destomycin group of monosubstituted deoxystreptamine antibiotics (1)
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Figure 9. Aminocyclitol antibiotics con-
taining actinamine (1). Spectinomycin
(hydrate form): X = Y — OH; dihydro-

spectinomycin: X = H, Y = OH
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Aminocyclitol antibiotics containing streptidine or bluensidine (1)
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Figure 11. Fortimicins and sporaricins, 1,4-diaminocyclitol antibiotics
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Synthesis of Aminocyclitol Antibiotics

S. UMEZAWA
Institute of Bio-organic Chemistry, Ida, Nakahara-ku, Kawasaki-shi, 211 Japan

The first aminoglycoside antibiotic described was strepto-
mycin discovered by Waksman and coworkers in 1944, and, since
then, remarkable development has been made in this field of
antibiotics. The number of structurally elucidated aminocyclitol
antibiotics of microbial origin is now about one hundred.

Various antibiotics among them have been utilized for chemothera-
Py, being especially useful for treatment of serious Gram-nega-
tive infections.

The study of aminocyclitol antibiotics and other sugar-
containing antibiotics has provided some fascinating and
challenging problems in the field of carbohydrate chemistry.
Structural, stereochemical and conformational studies of this
group of antibiotics have been expedited particularly by means of
proton n.m.r. spectroscopic techniques. For instance, the
glycosidic linkage between streptose and streptidine was deter-
mined to be o-L in 1965 by Rinehart and McGilveray (1) on the
basis of n.m.r. spectral studies. Recently, ~~C-n.m.r. spectros-
copy and mass spectroscopy have greatly contributed to the
advances in this field.

In addition, it should be noted that Reeves method (2,3) for
determination of the conformations of pyranosides has greatly
contributed to the advances in this field. Reeves method is
concerned with the stereochemical relationship between adjacent
hydroxyl groups on pyranosides and based on the difference in
optical rotations between solutions of sugar derivatives in
cuprammonium solution and water. For instance, the absolute
configuration of unsymmerically substituted 2-deoxystreptamine
portion of deoxystreptamine-containing antibiotics was first
established by application of this method, as reported by
Rinehart and Hichens (4) in 1963. We successfully modified this
method by use of a solution of tetraamminecopper(II) sulfate
instead of the cuprammonium solution (5). With this reagent
Cu(II)-complexing occurs between vicinal trans-equatorial amino
and hydroxyl groups, but not between vicinal trans-equatorial
hydroxyl groups. This affords useful information concerning the

0-8412-0554-X/80/47-125-015$06.75/0
© 1980 American Chemical Society
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stereochemical relationship between adjacent amino and hydroxyl
groups. This reagent called "TACu'" has widely been used for the
conformational studies of amino sugars and aminocyclitol anti-
biotics.

During the past ten years, remarkable progress has been
made in the chemistry and biochemistry of aminocyclitol antibio-
tics. The present paper is concerned with synthetic aspects, and
I would like to present a contribution to the present problems
of developing synthesis of aminocyclitol antibiotics.

With the culmination of several decades of work on the
determination of structures of naturally occuring aminocyclitol
antibiotics (6), it was inevitable that organic chemists would
turn their attention toward total synthesis.

My interest in this field of antibiotics dates back to the
structural studies on kanamycin in 1958. Since then, my associ-
ates have been interested in the synthesis of aminocyclitol
antibiotics in order to learn more about the structure-activity
relationships. Initially, we prepared a B,B-glycoside, an
analogue of kanamycin (7), from 6-amino-6-deoxy-D-glucose and
2-deoxystreptamine via the usual Koenigs-Knorr condensation.
However, this compound showed no antibacterial activity. This
result suggested that the presence of the a-glycoside linkages in
kanamycin might be essential for antibacterial activity. Several
years later, we synthesized the corresponding a,a-glycoside (8),
which has fairly strong antibacterial activity.

The most conspicuous difficulty associated with the
synthesis of aminocyclitol antibiotics was the formation of the
a-glycosidic linkage in a stereoselective manner. Furthermore,
this synthesis necessitates extensive use of selective blocking
groups.

Our first targets were paromamine (A)(9,10) and neamine
(B)(11) which are pseudodisaccharides. (Figure 1). Paromamine
is a constituent of kanamycin C, paromomycins, and others.
Neamine is a constituent of neomycins, kanamycin B, ribostamycin,
butirosins, and others. Both antibiotics were isolated from
Streptomyces cultures. These syntheses of pseudodisaccharides
provided useful intermediates for further syntheses of more
complex aminocyclitol antibiotics, and, we synthesized kanamycin
A (12,13), B (14,15) and C (16,17), butirosin B (18), and tobra-
mycin (19).

Parenthetically, I should like to make mention of the for-
mation of cyclic acetal and cyclic carbamate groups which offer
useful routes to aminoglycosides.

The value of cyclic acetal for the protection of hydroxyl
groups in carbohydrate chemistry is well known. Among acetala-
tion reactions, the ketal exchange reaction reported by Evans,
Parrish, and Long (20) in 1967 was extremely useful in our
synthesis. The method involving the use of cyclohexanone dime-
thyl ketal or 2,2-dimethoxypropane in N,N-dimethylformamide (DMF)
in the presence of a catalytic amount of p-toluenesulfonic acid
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made it possible to form a ketal ring between adjacent trans-
hydroxyls, often affording key intermediates. Furthermore, our
synthesis required extensive studies on the stability of the
acetals toward acids. Thus, we found that the stabilities of
cyclic acetals could be practically differentiated, even if they
are similarly located. For instance, the transketalization of
tetra-N-benzyloxycarbonyl derivative of neamine (C) with cyclo-
hexanone dimethylketal gave a mixture of mono- and di-cyclohexy-
lidene derivatives which contain very similar acetals attached
to vicinal secondary hydroxyl groups on sugar and aminocyclitol
portions. However, we could differentiate the two acetals. The
3',4'-0-cyclohexylidene group on the sugar ring is less stable
than the 5,6-0-cyclohexylidene group on the deoxystreptamine
portion, and, the former can be cleaved by addition of a proper
amount of methanol or water to the reaction mixture to give the
desired mono-acetal (D). (Figure 2).

As an unusual example, the acetal protection of dihydro-
streptomycin was of structural interest. During the course of
synthetic studies on dihydrostreptomycin and related compounds,
we undertook to protect the hydroxyl groups of the antibiotic by
conversion into its acetals. When 2'"-N-benzyloxycarbonyl-dihy-
drostreptomycin was treated with cyclohexanone dimethyl ketal in
DMF in the presence of acid catalyst, we obtained a tetracyclo-
hexylidene derivative (E), which was found to contain no 0-(1-
methoxycyclohexyl) group as judged by its p.m.r. spectrum. This
fact was unusual, since the starting material has only three
sets of hydroxyl groups for the ketal exchange. The fourth
cyclohexylidene group was presumed to be formed between the
guanidino and hydroxyl groups on the streptidine moiety. In
order to clarify the structure of the protected derivative, we
studied acetalation of trans-2-guanidino-cyclohexanol (F,G) as
a model compound (21). (Figure 3).

Since the guanidino-cyclohexanol is scarcely soluble in
common organic solvents, it was converted into p-toluenesulfonic
acid salt, and treated with cyclohexanone dimethyl ketal in DMF
in the presence of p-toluenesulfonic acid. The product (H)
obtained in good yield was confirmed to contain a cyclohexylidene
group by elemental analysis and p.m.r. spectral studies. Ir
spectral studies of further acetylated derivative showed the
absence of 0O-acetyl group, indicating that the cyclohexylidene
group is bifunctionally coupled to the hycroxyl group and an
amino or imino group of the guanidine group. Isopropylidenation
of the guanidino-cyclohexanol also gave analogous results,
giving (I).

On the other hand, spin decoupling studies of the p-methyl-
benzylidene derivative (J) showed coupling between the methine
proton of the methylbenzylidene group and one of the NH protons
of the guanidine group, indicating that the methylbenzylidene
group is attached to a nitrogen bearing hydrogen. Furthermore,
nuclear Overhauser effect was observed between the benzylidene
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methine proton and one of the methine protons of cyclohexane
ring. These results suggested the seven-membered structure (J)
for the p-methylbenzylidene derivative. The seven-membered
structure was further confirmed by an X-ray crystallographic
analysis of the p-toluenesulfonic acid salt of the cyclohexyli-
dene derivative (H).

Thus, the tetracyclohexylidenated product of 2"-N-benzylo-
xycarbonyl-dihydrostreptomycin is presumed to be a mixture of
two positional isomers having the seven-membered ring between
C-1 and 2 and between C-2 and 3 on the streptidine portion, as
depicted by the formula (K).

On the other hand, it is obvious that the simultaneous
protection of vicinal trans-equatorial amino and hydroxyl group
has advantages in aminoglycoside syntheses. For this purpose,
we found a facile procedure (22,23). (Figure 4).

Treatment of a benzyloxycarbonylamino derivative of pyrano-
sides or cyclohexane having vicinal trans-equatorial amino and
hydroxyl groups with sodium hydride or potassium butoxide in
dimethylformamide at room temperature led to the formation of a
cyclic carbamate derivative, which is readily hydrolyzed by mild
alkali such as dilute barium hydroxide. As an alternative meth-
od, treatment of an amino sugar or aminocyclitol with p-nitro-
phenoxycarbonyl chloride in the presence of Dowex 1x2 (OH~) or
alkali in aqueous media gives a cyclic carbamate derivative.
This reaction has been useful for a number of syntheses including
syntheses of butirosin B, 3'-deoxybutirosins and dihydrostrepto-
mycin.

An interesting example mentioned below involves the cyclic
carbamate formation. (Figure 5). Acetylation of the afore-
mentioned protected neamine (D) gave L, which, on decyclohexy-
lidenation with aqueous acetic acid, gave M. Treatment of this
compound with sodium hydride in dimethylformamide provided a
cyclic carbamate (N), which has a single free hydroxyl group at
C-5 of the deoxystreptamine portion. This intermediate is useful
for the regioselective synthesis of 5-0-glycosides, and ribosta-
mycin, butirosin B, and neomycin C have been synthesized by use
of this intermediate in our laboratory (24). In regard to the
protection of neamine, Kumar and Remers (25) have recently
reported other derivatives useful for regioselective syntheses of
ribostamycin and butirosin B.

Now, I would like to discuss results of some of our on-going
studies in this area, including synthetic studies on neomycin
group and streptomycin group.

We have recently reported the total synthesis of neomycin
C (P), that represented the first synthesis of an antibiotic of
pseudotetrasaccharides. Neomycin was independently discovered
by Umezawa's group in 1948 and Waksman's group in 1949. The
neomycin complex is widely used for tropical infections. Comp-
lete structures of neomycins were elucidated by Rinehart and
coworkers (26) in 1963. Our synthesis (27) of neomycin C recen-
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tly reported involved pertinent protection of neosamine C and
ribostamycin and a-glycosidation between them(Figure 6).

In this paper, I would like to discuss an approach to the
total synthesis of neomycin B (0). The key aspect of synthesis
of neomycin B comprises the synfhesis of a glycosyl halide deri-
vative of neosamine B. Neosamine B is 2,6-diamino-2,6-dideoxy-
L-idose, and, the synthesis of its derivative pertinent to 1,2-
cis-glycosidation is more complicated than that of neosamine C.
We have synthesized for this purpose &4-acetyl-6-azido-3-0-benzyl-
2,6-dideoxy-2-N-(2,4-dinitrophenyl)-L-idopyranosyl bromide (Q).
The 2-N-(dinitrophenyl) function is non-participating and it can
be expected to form both a-L and B-L glycosidic linkages, though
this function is not an effectual determinant in the formation
of B-L glycoside. (Figure 7).

The starting material, 5,6-isopropylidene 1,2-oxazoline
glucofuranose (R) reported by Konstas, Photaki, and Zervas (28)
(1959) was treated with benzyl bromide in the presence of barium
oxide and barium hydroxide in DMF to give the 3-0-benzyl deriva-
tive (S). Treatment of S with methanolic hydrogen chloride at
room temperature cleaved the isopropylidene and oxazoline rings,
giving the N-benzoyl methyl glucoside (T), and, this was selec-
tively benzoylated at C-6 with benzoyl chloride and pyridine to
produce U. Tosylation then gave V. Reaction of this ‘ompound
(V) with excess of sodium methoxide in methanol-dioxane at room
temperature successfully provided 5,6-anhydro-2-benzamido-3-0-
benzyl-a-L-idofuranoside (W) in a crystalline form by inversion
of the configuration at C-5, in 847 yield. Treatment of the
epoxide with sodium azide in DMF gave crystalline azide (X),
which was transformed into the corresponding L-pyranose (Y) by
the action of hydrochloric acid in methanol at 80°C. The crude
pyranose was converted into its 2,4-dinitrophenyl derivative (Z)
by treatment with 2,4-dinitrofluorobenzene and sodium bicarbo-
nate in 727 yield from X. Acetylation of Z with acetic anhydride
and pyridine gave the 1,4-0-diacetyl derivative (AA), which was
syrupy, but analytically and chromatographically pure. Examina-
tion of the n.m.r. spectrum of this derivative showed that it
does not exist in a classical chair conformation. Treatment of
the 1-0-acetyl derivative (AA) with hydrogen bromide in tetra-
chloroethane at room temperature gave the desired glycosyl bro-
mide (Q) which was an uncrystallizable syrup and could not be
purified by chromatography.

On the other hand, a protected derivative of ribostamycin
was prepared. Treatment of tetra-N-(benzyloxycarbonyl)-ribosta-
mycin with benzeneboronic acid in pyridine gave the boronate
(BB). Acetylation then gave CC and the boronate ester group was
removed by treatment with propane-1,3-diol as reported by Ferrier
and Prasad (29) to give DD. The glycosidation reaction between
Q and DD was effected with mercuric cyanide and Drierite in di-
chloromethane. Conventional processing afforded a mixture of
glycosides in a 487 condensation yield. Separation by column
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chromatography with silica gel gave three fractions and one of
them contained the desired g-L-glycoside. However, further
separation from another product, which may be o-L-glycoside, was
very troublesome, giving a very poor yield of the desired pure
glycoside (EE). Deacetylation of EE with methanolic ammonia
followed by treatment with Dowex 1x2 (OH~ form) in aqueous
acetone at room temperature for 2 hours gave FF. It should be
noted that, when aqueous dioxane was used instead of aqueous
acetone, the dinitrophenyl group could not be removed. Finally,
catalytic hydrogenation of (FF) with palladium black in the
presence of acetic acid in aqueous dioxane reduced the azide
group and simultaneously removed the benzyloxycarbonyl and
benzyl groups to give neomycin B, which was identical with that
obtained from natural source by t.l.c. behavior and antibacte-
rial activity on bioautograph. However, identification by com-
parison of their p.m.r. and 13C-n.m.r. spectra could not be
done. Further device to make the B-L-glycoside of the L-amino-
idose in good yield is under way.

Let us now turn to a discussion of the syntheses of amino-
cyclitol antibiotics which are effective against resistant bac-
teria. Drug resistance is a serious concern in present chemo-
therapy. Resistance mechanisms to aminocyclitol antibiotics
have recently been revealed, and the research now covers a wide
range (30). We will not refer the resistance mechanisms in any
detail here, however, Figure 8 provides a brief summary of the
inactivation mechanisms for kanamycin A so far reported.

Most of the clinically isolated strains of bacteria which
are resistant to aminocyclitol antibiotics have been shown to
possess enzymes that modify the structures by phosphorylation,
acetylation, or adenylylation to produce inactive derivatives.
The N-acetylation and O-adenylylation mechanisms are not very
common, however, the 3'-0-phosphorylation is most commonly
encountered, and, all aminocyclitol antibiotics possessing a
hydroxyl group at position 3' are substrates for the phospho-
transferase enzymes. A research group at our Institute of
Microbial Chemistry elucidated the structure of inactivated
kanamycin by enzymatic phosphorylation in 1967, and, their
further studies on the substrate specificity of the enzyme with
a variety of aminocyclitol antibiotics showed that the whole
kanamycin structure is not required for the enzymatic action,
but that only the 4-0-aminoglycosyl deoxystreptamine portion is
necessary; paromamine and neamine are also phosphorylated at the
3'-hydroxyl group by the enzyme. The understanding of the bio-
chemical nature of resistance has allowed the rational modifi-
cation of many aminocyclitol antibiotics to improve antibacterial
activity against resistant bacteria. We were interested in these
tasks since these syntheses entail the regioselective modifi-
cation of hydroxyl and amino groups on intricate structures.

There are two approaches to new derivatives, namely, total
syntheses or modification of natural antibiotics. Our initial
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approach involved the total syntheses of 3'-0O-methyl and 3'-deoxy
derivatives of kanamycin A because it was possible for us to
secure these compounds by extention of the total syntheses of
kanamycins. Thus, we found that deoxygenation at the 3'-position
has a remarkable effect on antibacterial activity. The 3'-deoxy-
kanamycin A (GG)(31,32) was as active as the parent antibiotic,
and, moreover, it was active against resistant bacteria including
Escherichia coli carrying R factor and resistant Pseudomonas,
whereas the 3'-0O-methylkanamycin A (HH)(33) showed substantial
loss of antibacterial activity, suggesting that, although the
3'-hydroxyl group does not play an important role in the mecha-
nism of antibacterial action, its masking may cause hindrance of
binding of the antibiotic with the bacterial ribosome. (Figure
9). These results suggested that the principle of 3'-deoxy-
genation may be applied to make many aminocyclitol antibiotics
active against resistant bacteria. The deoxygenation of amino-
glycosides is of current interest, and, furthermore, several

new deoxygenation reactions have recently been developed. Since
the abovementioned synthesis is not useful for industrial purpo-
ses, we initiated another investigation to transform natural
kanamycins into their deoxy derivatives.

During the course of our synthetic studies directed toward
deoxy derivatives of aminosugars, a desirable deoxy derivative
was prepared from 2,6-diamino-2,6-dideoxy-D-glucose which is a
constituent of kanamycin B and other aminocyclitol antibiotics.
The synthesis (34) is outlined in the Figure 10. The two amino
groups of the glycoside are protected with methoxycarbonyl,
ethoxycarbonyl, or benzyloxycarbonyl, and the two hydroxyl
groups are mesylated or benzylsulfonylated to give 3,4-sulfonate
(II). Treatment of the disulfonate with sodium iodide and an
excess of zinc dust in hot DMF affords the 3,4-unsaturated sugar
(JJ) in excellent yield. The sodium iodide-zinc dust procedure
was first introduced by Tipson and Cohen (35) in 1965 and subse-
quently used by Horton and coworkers (36) for introduction of
2,3-unsaturation into glucose. Catalytic hydrogenation and de-
protection then gave 3,4-dideoxy aminoglycoside (LL). This pro-
cedure was successfully applied to the transformation of neamine,
kanamycin B, ribostamycin, and butirosin B into their 3',4'-
dideoxy derivatives (37,38,39,40), which were improved in anti-
bacterial spectra.

Among these semi-synthetic antibiotics, the 3',4'-dideoxy-
kanamycin B (MM) has recently been commercialized after clinical
studies, as a drug for resistant infections, being assigned the
generic name dibekacin; resistant bacteria including various
strains of E. coli carrying R factors and Pseudomonas aeruginosa
are remarkably sensitive to this drug. (Figure 11).

Consequently, we have studied improvement of the synthesis.
One of the improved syntheses (41) is outlined in Figure 12. The
characteristic feature of this synthesis is that the 3',4'-un-
saturation was effected with sodium iodide in DMF in the absence
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of zinc dust. The synthesis began with the protection of the
amino groups of kanamycin B with tosyl groups. Treatment of the
penta-N-tosyl kanamycin B (NN) with cyclohexanone dimethyl ketal
by the ketal-exchange procedure gave a mixture of 4",6"-0- and
3',4' ,4" ,6"-di-0-cyclohexylidene derivatives, however, addition
of about one half equivalent of water as a 10% solution in DMF
to the reaction mixture selectively removed the 3',4'-cyclohexy-
lidene group to give the 4",6"-0-cyclohexylidene derivative (00)
in 99% yield. Treatment of 00 with benzylsulfonyl chloride in
pyridine gave mainly the 3',4'-di-O-sulfonyl derivative (PP).

It should be noted that the 2"-hydroxyl group is less active to
benzylsulfonylation and that the 5-hydroxyl group on the deoxy-
streptamine portion is in a sterically hindered position. When
the di-O-benzylsulfonyl derivative (PP) was treated with sodium
iodide in hot DMF without zinc dust, it gave the 3',4'-unsatu-
rated derivative (QQ) in 92% yield. Hydrogenation with platinum
oxide then gave the 3',4'-dideoxy derivative (RR), from which the
cyclohexylidene group was removed with aqueous acetic acid, and,
finally, the remaining N-tosyl groups were removed by treatment
with sodium in a mixture of liquid ammonia and ethylamine to
afford dibekacin (MM).

Mesylation of the abovementioned 3',4'-diol (00) was not
selective, giving 3',4',2"-tri-O-mesyl derivative (SS), and,
treatment of this compound with sodium iodide and zinc dust in
hot DMF resulted in the formation of 2",3'"-aziridine derivative
(TT). However, when the tri-O-mesyl derivative (SS) was treated
with sodium iodide in hot DMF without zinc dust, it afforded the
desirable 3',4'-unsaturated derivative (UU) in 92% yield, which
was also led to dibekacin (MM) by a similar sequence of reactions
in a good yield. The role of zinc dust as a determinant of
aziridine formation is interesting. (See Figure 13).

Another important modification of aminocyclitol antibiotics
was suggested by the presence of a peculiar aminoacyl residue in
the structures of butirosins (VV) reported by the Parke-Davis
researchers (42) in 1971, because comparison of butirosins with
ribostamycin indicated a remarkable effect of the L-4-amino-2-
hydroxybutyryl side chain (called HABA for short), on the anti-
bacterial spectra, inhibiting kanamycin-resistant and -sensitive
bacteria over a wide range. Kanamycin A modified in this way
was reported by the Bristol-Banyu researchers (43) in 1972 and
amikacin (WW) has recently been commercialized. (Figure 14).

We have also synthesized a number of 1-N-HABA derivatives
of aminocyclitol antibiotics. Among them, I should like to
mention briefly on an almost ideal modification of kanamycin B.
1-N- (L-4-amino-4-hydroxybutyryl) -6'-N-methyl-dibekacin (XX) was
synthesized from dibekacin by a research group of our Institute
(44). In this derivative, the 3'- and 4'-hydroxyl groups are
deoxygenated, the l-amino group is acylated with HABA, and
furthermore 6'-amino group is methylated in order to prevent 6'-
N-acetylation by acetyltransferase enzymes. This compound
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inhibits almost all inactivations by phosphotransferases,
adenylyltransferases, and acetyltransferases. Thus, a combi-
nation of deoxygenation, 1-N-acylation, and 6'-N-methylation
provides significant activity against various resistant orga-
nisms. However, this compound is not commercialized because the
cost is too high. (Figure 15).

We were also interested in the modification of streptomycin.
In 1968, H. Umezawa and coworkers (45) and J. Davies and cowor-
kers (46) revealed that the inactivated product is 3'"-0-adenylyl
derivative. Subsequently, in 1969, J. Davies and coworkers (47)
reported inactivation by phosphorylation of the 3"-hydroxyl
group by a phosphotransferase, and, in 1974, Mitsuhashi and
coworkers (48) reported other inactivations by phosphorylation
and adenylylation of the 6-hydroxyl group on streptidine portion.
Among these inactivating enzymes, the 3"-O-phosphotransferase is
frequently found in clinical isolates. (Figure 16).

The total syntheses of streptomycin (49) and dihydrostre-
ptomycin (50,51) were achieved in my laboratory in 1974, and the
synthesis was subsequently extended to the synthesis of the 3"-
deoxydihydrostreptomycin (MMM) (52,53,54). This is the first
successful modification in the streptomycin series, and, the
product shows remarkable activities against strains producing
the phosphotransferase or adenylyltransferase as well as against
normal strains and some resistant bacteria of unknown mechanism,
although it does not show improved activity against Pseudomonas
strains.

With the activity of this deoxy-compound against resistant
organisms confirmed, we turned to the transformation of dihydro-
streptomycin itself into its 3'-deoxy derivative, and, very
recently completed the transformation, which will be mentioned
below. Needless to say, the transformation required a compli-
cated protection of many functional groups, however, and this
presented an unusual problem. When we aim at regioselective 3'"-
deoxygenation, the presence of guanidino groups complicated the
situation to prepare a masked dihydrostreptomycin whose 3"-
hydroxyl group is the only unprotected function, and, in addi-
tion, the masked entity has to be adaptable for deoxygenation
reaction. I should say at this point that this transformation
took a great deal of work to prepare a suitably masked entity
and, in addition, to find out a suitable deoxygenation reaction.

Parenthetically here, I will mention a new deoxygenation
reaction which was applicable to the 3''-deoxygenation of dihydro-
streptomycin. In a-D-glucopyranosides, a difficulty lies in the
deoxygenation of secondary hydroxyl groups attached to carbon
atoms at which Sy2 process is hindered. As an approach to this
problem, several radical-type deoxygenation reactions have
recently been developed and successfully applied to the position
unsusceptible to the Sy2 reactions. We recently reported a new
radical-type 3-deoxygenation of o-D-glucopyranosides (55), which
involves treatment of their 3-0-(N,N-dimethylsulfamoyl) deriva-



Publication Date: August 4, 1980 | doi: 10.1021/bk-1980-0125.ch002

AMINOCYCLITOL ANTIBIOTICS

(XX)  1-N-(L-4-Amino-2-hydroxybutyryl)-
3.4-dideoxy-6-N-methylkanamycin B

Figure 15.
NH
n
HN-C~NH,
H
HA NHO OHO “—ad. P
~ -
€Ty
NH 0]
(0]
CHO
Me
OH
0
HO
0
HO NHMe
OH
Ad, P

Figure 16. Inactivation of streptomycin



Publication Date: August 4, 1980 | doi: 10.1021/bk-1980-0125.ch002

2. UMEzawA  Synthesis of Aminocyclitol Antibiotics 35

tives with sodium metal in liquid ammonia. (Figure 17).

The starting N,N-dimethylsulfamoyl derivatives were prepa-
red from the corresponding glucopyranosides by reaction with
sodium hydride and N,N-dimethylsulfamoyl chloride or with sul-
furyl chloride, pyridine, and dimethylamine. The latter rea-
gent is useful when a strongly basic condition should be avoided.
The 3-0-(dimethylsulfamoyl) derivative were then treated with
sodium metal in liquid ammonia or in a mixture of liquid ammonia
and tetrahydrofuran at about -40°C for 1 hour to yield the co-
rresponding 3-deoxy derivatives in high yields. For example,
treatment of methyl 4,6-0-cyclohexylidene-2-deoxy-2-methoxycarbo-
nylamino-o-D-glucopyranoside (YY) with sodium hydride and N,N-
dimethylsulfamoyl chloride gave the 3-0-sulfamoyl der1vat1ve
(ZZ) , which, by reaction with sodium metal in liquid ammonia,
led to the 3—deoxy derivative (AAA) in 837 yield. Another
example (BBB) which has a benzyloxycarbonylmethylamino group
similarly led to the 3-deoxy derivative (CCC), the benzyloxy-
carbonyl group being simultaneously removed. Later, you will
see a stage very similar to the latter example in the regiosele-
ctive 3"-deoxygenation of dihydrostreptomycin. The transforma-
tion of dihydrostreptomycin into its 3'"-deoxy derivative is
shown in Figure 18. When dihydrostreptomycin trihydrochloride
was treated with equimolecular quantities of phenoxycarbonyl
chloride and sodium carbonate in aqueous acetone with cooling
about 2 hours, phenoxycarbonylation selectively occurred at the
N-methyl group of the L-glucosamine portion, yielding DDD almost
quantitatively. We have previously reported a similar selecti-
vity in the case of benzyloxycarbonylation of dihydrostreptomy-
cin (49). Treatment of DDD with tolualdehyde dimethyl acetal in
the presence of p-toluenesulfonic acid in DMF at 50°C under
reduced pressure gave the acetal (EEE), two p-methylbenzylidene
groups being selectively introduced, as judged from the methyl
protons of the p-methylbenzylidene groups in the n.m.r. spectrum.
It may be noted that, on prolonged treatment, further acetalation
occurs at the streptidine portion. Reaction of (EEE) with pota-
ssium t-butoxide in DMF at 0°C for 1 hour formed a cyclic carba-
mate at C-2",3" in a good yield. We have usually used sodium
hydride for the cyclization, however, in this case, we used
potassium t-butoxide on trial and obtained higher yield. The
cyclic carbamate derivative (FFF) was converted to its p-toluene-
sulfonate salt and treated with dihydropyran in the presence of
p-toluenesulfonic acid in the usual way to give a mixture of per-
tetrahydropyranyl derivatives (GGG) in which tetrahydropyranyl
groups are introduced to the hydroxyl and guanidino groups on
the streptidine portion. However, by treatment of the product
with a mixture of 1N ammonia and methanol at 60°C for 2 hours,
the tetrahydropyranyl groups attached to the guanidino groups
were selectively removed to give HHH in 70% yield from FFF.

Then, tosyl groups were introduced to the guanidino groups by
treatment with excesses of sodium hydride and p-toluenesulfonyl
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chloride in DMF at 0°C to give the tetra-tosyl derivative (III).
In this derivative, it may be noted that the cyclic carbamate
group is the only sensitive function to alkaline treatment.
Thus, the cyclic carbamate group was cleaved by treatment with
excess of sodium benzylate in dioxane at room temperature to
give the 2"-N-benzyloxycarbonyl derivative (JJJ), which has the
only free function at C-3".

Now we could apply the aforementioned deoxygenation proce-
dure to the derivative (JJJ). Reaction of JJJ with sodium hyd-
ride and N,N-dimethylsulfamoyl chloride in DMF gave the 3"-0-
sulfamoyl derivative (KKK). The p-methylbenzylidene and THP
groups were removed by hydrolysis with aqueous acetic acid to
give LLL. Finally, treatment of LLL with sodium metal in liquid
ammonia 31multaneously removed the dimethylsulfamoyloxy group
and the tosyl and benzyloxycarbonyl groups, giving the 3'"-deoxy-
dihydrostreptomycin (MMM), which was identical with the authen-
tic specimen obtained by a total synthesis in all respects.

In conclusion, the synthetic studies directed towards amino-
cyclitol antibiotics now cover a wide area, and we have a great
number of references, which, includes, for instance, extensive
studies on gentamicins by Daniels and associates of the Schering
Corporation. On the other hand, we have learned from Nature the
various structures of aminocyclitol antibiotics such as specti-
nomycin, kasugamycin, sisomicin, validamycins, apramycin, forti-
micins, and others. In view of probable discoveries of new
aminoglycosides, growing knowledge of mechanisms of antibiotic
action and resistance, and development in synthetic chemistry,
further advances in useful aminocyclitol antibiotics may be
expected.
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Modification of Aminocyclitol Antibiotics
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Hiyoshi, Yokohama 223, Japan

Chemical and biological modifications of aminocyclitol
antibiotics have been extensively studied to elucidate a structure-
antimicrobial activity relationship. Most of the works done so far
concerns modifications of an amino sugar moiety of an antibiotic.

Before 1969, few studies had been done on the dependence of
antimicrobial activity on an aminocyclitol moiety structure. In
1969, Rinehart and his coworkers first prepared modified antibiotics
named "Hybrimycins' by a newly devised technique of bioconversion
(1,2,3). The hybrimycins are neomycin analogs in which an amino-
cyclitol moiety of neomycin, 2-deoxystreptamine, has been replaced
by streptamine (scyllo-inosadiamine-1,3) or 2-epistreptamine (myo-
inosadiamine-1,3). This bioconversion is now called "mutasynthesis'
and is used widely as a powerful tool for a preparation of new
antibiotics.

The investigations on hybrimycins stimulated us to initiate a
study on a preparation of modified antibiotics that have other
aminocyclitols rather than 2-deoxystreptamine in a 2-deoxystrept-
amine containing antibiotics.

Besides mutasynthesis, there are two other approaches to
establish the relationship between a variation in the structure of
aminocyclitol and antimicrobial activity of the corresponding
aminocyclitol antibiotic. The second approach is a total synthesis
of an antibiotic that contains an aminocyclitol of known structure.
And the third one is a chemical modification of an aminocyclitol
moiety of a naturally occurring antibiotic.

|l

1. Mutasynthesis
2. Total Synthesis

3. Chemical Modification

In the second approach, we have attempted to synthesize

0-8412-0554-X/80/47-125-043807.75/0
© 1980 American Chemical Society
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5-deoxyparomamine (A) and 5-deoxykanamine (B) (Fig. 1) by condens-
ing a 2,5-dideoxystreptamine derivative (C) with the respective
sugar derivative.

In the case of 5-deoxykanamine, B, bis-N,N'-(ethoxycarbonyl)-
2,5-dideoxystreptamine, C was condensed with 6-azido-2,3,4-tri-0-
benzyl -6- deoxy-a—D-glucopyranosyl chloride (D) in a mixture of
benzene and dioxane in the presence of mercuric cyanide. The
product mixture was fractionated by silica gel column chromato-
graphy. A pseudodisaccharide derivative (E) in which the azido-
sugar was attached to 4-0 of the 2,5-dideoxystreptamine in a-D-
glycosidic linkage was obtained in 19% yield as a syrup and the
corresponding 6-0 derivative (F) was obtained in 17% yield, togeth-
er with B-D-glycoside in a yield of 5%.

Catalytic reduction of the azido group of E in the presence
of Raney nickel, followed by a treatment with ethyl chloroformate
gave crystalline 4-0-(2',3',4'-tri-O-benzyl-6'-deoxy-6'-ethoxy-
carbonylamino-0-D-glucopyranosyl)-bis-N,N'-(ethoxycarbonyl)-2,5-
dideoxystreptamine. Hydrogenolysis of the compound with palladium
black and subsequent hydrolysis in aqueous barium hydroxide solu-
tion afforded 5-deoxykanamine, B in a yield of 4% (Fig. 2) (4).

When a D-glucosamine derivative was used, instead of the
6-azido sugar, 5-deoxyparomamine, A was obtained by an analogous
reaction process (4). 5-Deoxyparomamine, A and 5-deoxykanamine, B
were submitted to a determination of antimicrobial activity.
5-Deoxykanamine, B showed similar activity against Bacillus subti-
lis, Staphylococcus aureus, Escherlichia coli and Mycobacterium
smegmatis, compared to neamine (G). It is notable that 5-deoxy-
kanamine, B showed considerable activity against a kanamycin re-
sistant strain of Klebsiella pneumoniae, while neamine, G is not
active against the resistant strain of microorganism (4) (Table 1).

This result encouraged us to modify aminocyclitols in natural-
ly occurring antibiotics. We have been working mainly on a modifi-
cation of neamine, G, since this is one of the most simple amino-
cyclitol antibiotics and is readily accessible as a by-product in
the large scale production of antibiotics, such as kanamycins(Fig.3).

Neamine, G has two hydroxyl groups on the C-5 and 6 positions
of the 2-deoxystreptamine moiety. We have attempted to modify
each one of these two hydroxyl groups selectively by deoxygenation,
epimerization of the configuration, substitution with an amino
group and glycoside formation.

Prior to the present study, each one of these two hydroxyl
groups has had to be protected selectively with an appropriate
protective group. When 3',4'-di-O-acetyl-1,3,2',6'-tetrakis-N-
(ethoxycarbonyl)neamine (H) was treated with triethyl orthoacetate
(1,1,1-triethoxyethane) in DMF in the presence of p-toluenesulfonic
acid, 5,6-0-ethoxyethylidene derivative (I) was obtained. The
ethoxyethylidene group attached to a trans vicinal diol is rather
susceptible to an ordinary acid hydrolysis. Therefore, diluted
hydrochloric acid or concentrated formic acid cleaved the acetal
linkage of compound, I and only the starting material, H was
recovered.
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Figure 1. 5-Deoxyparomamine (A) and 5-deoxykanamine (B)
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Figure 2. Synthesis of 5-deoxykanamine (B)

Figure 3. Neamine (G)
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But when compound I was treated heterogeneously with Amberlite
IR-120 (H*) ion exchange resin in an aqueous acetone solution, a
mixture of three components was obtained. By a silica gel column
chromatography, the components were successfully separated. These
three components were a 6-O-acetyl derivative (J), 5-O-acetyl de-
rivative (K) and the starting material, H obtained in 22, 25, and
217% yields, respectively (5) (Fig. 4).

The structures of J and K have been established by mesylation
and subsequent degradation, followed by acetylation (Fig. 5) (6).
NMR spectra were also consistent with the proposed structures of
J and K.

After that, it was found that the hydroxyl group on C-6 is
more reactive than the group on C-5 toward acylation. And when
3',4'-di-0-acetyl-1,3,2"',6"'-tetrakis-N-(benzyloxycarbonyl)neamine
was treated with acetic anhydride in pyridine in a refrigerator,
6-0-acetyl derivative was obtained in a fairly good yield (7).

5-Deoxyneamine (R) can be prepared from the 6-0O-acetyl deriv-
ative. Chlorination of compound J with sulfuryl chloride in pyri-
dine gave the corresponding 5-chloro-5-deoxy derivative (P) as
crystals in 64% yield. Chlorination took place at the C-5 position
with an inversion of the configuration, similar to the reaction
mechanism proposed by Jones et al. (29).

Dehalogenation of P with tributylstannane gave 5-deoxyneamine
derivative (Q) in 83% yield, which was further converted to R by
removing the protective groups in boiling aqueous barium hydroxide
solution (6) (Fig. 6).

On the other hand, starting from the 5-O-acetyl derivative, K,
an analogous reaction process afforded 6-deoxyneamine (U) (Fig. 7)
6).

In the case of S, the chlorine atom on the C-6 was readily
removed by catalytic hydrogenation in the presence of Raney nickel
6).

To establish the structures of R and U, each compound was
degradated in concentrated hydrobromic acid. An optically inactive
2,5-dideoxystreptamine derivative was obtained from R, and an
optically active (+)-2,6-dideoxystreptamine derivative was obtained
from U.

5,6-Dideoxyneamine (Y) was prepared (Fig. 8). When compound
H was treated with an excess amount of methanesulfonyl chloride in
pyridine, 5,6-di-O-mesyl derivative (V) was obtained in 64% yield
as crystals.

Compound V was heated with zinc powder and sodium iodide in
DMF to give a 5-ene derivative (W) in 437 yield. Catalytic hydro-
genation of W, followed by hydrolysis in aqueous barium hydroxide
solution afforded Y (6).

Directly from compound W, 5,6-dideoxyneamine-5-ene (2) was
prepared by hydrolysis (6).

Finally, all the four hydroxyl groups in neamine, G were
removed (Fig. 9) to give 3',4',5,6-tetradeoxyneamine (DD) 3).

American Chemical
Society Library
1155 16th St. N. W.
Washington, D. C. 20036
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Compound DD was also described in a literature by other investiga-
tors (9,10)

Now we have five deoxyneamines and their antimicrobial activ-
ities were determined against several microorganisms (Table 2).

The results showed that 5-deoxyneamine, R was most effective
against microorganisms tested, especially against resistant strains
of bacteria. But deoxygenation of the hydroxyl group on C-6 posi-
tion did not improve the activity, compared to the parent neamine,
G (6). The existence of a hydroxyl group in neamine, G is not
essential for antimicrobial activity, but a hydroxyl group might
play an important role for a reduction of toxicity, since tetra-
deoxyneamine, DD is 3-fold more toxic than neamine, G (11).

Epimerization of the hydroxyl group has been attempted to dem-
onstrate a relationship between the configuration of the hydroxyl
group on C-5 or 6 and their respective antimicrobial activity,
since an inversion of a configuration of a hydroxyl group in an
aminocyclitol moiety of an antibiotic has not been well studied,
except streptamine and epistreptamine in the case of hybrimycins
(3) and 2-epiactinamine in the case of 7-epispectinomycin (12,13).

When compound J was oxidized with ruthenium tetroxide, 5-oxo
derivative (EE) was obtained. Catalytic hydrogenation of EE in
the presence of platinum oxide gave a 5-epineamine derivative (FF)
in 52% yield, together with a neamine derivative in 427 yield.
Compound FF was hydrolyzed as usual to give 5-epineamine (GG) (Fig.
10) (14).

Starting from compound K, a 6-oxo derivative (HH) was obtained
as crystals in 767% yield by an analogous oxidation with ruthenium
tetroxide. Hydrogenation of HH with tri-sec-butylborohydride
afforded 6-epineamine derivative (II) in 31% yield, along with a
neamine derivative in 137 yield. Removal of the protective groups
of II gave 6-epineamine (JJ) (14) (Fig. 11).

While, compound M was treated with sodium alkoxide and subse-
quently acetylated in the usual way, a 5,6-anhydro derivative (KK)
was obtained in 44% yield. Nucleophilic opening of the epoxide
ring by an acetate ion, followed by aqueous barium hydroxide
hydrolysis gave 5,6-diepineamine (LL) in 22% yield, and neamine,

G was also recovered in 107 yield (14) (Fig. 12).

These epineamines were tested against several microorganisms.
Only 5-epineamine, GG showed a hopeful result against a resistant
strain of bacteria, but 6-epineamine, JJ and 5,6-diepineamine, LL
did not show any improvement of the activity against a resistant
strain of bacteria, moreover they showed a marked decrease of the
activity against ordinary bacteria, compared to the parent neamine,
G (Table 3) (14).

Considering from the results obtained, it was revealed that
deoxygenation or epimerization of the hydroxyl group on C-5 in
neamine, G achieved an improvement of the activity against a re-
sistant strain of bacteria. This might be consistent with the
fact that 5-deoxysisomicin: "Mutamicin 2" is not inactivated by
an N-acetylating enzyme which acetylates the amino group on the
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Figure 12. Synthesis of 5,6-diepineamine (LL)
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Figure 13. Synthesis of 5-amino-5-deoxyneamine (NN)
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C-3 position (15).

Microorganisms used in the present experiments have not been
specifically characterized in their deactivating enzyme systems,
but probably, by the mechanism demonstrated with 5-deoxysisomicin
(15), an enzyme inactivation by a resistant strain of bacteria
might be prevented.

Each one of these two hydroxyl groups of neamine, G has been
replaced by an amino group. When 5-chloro-5-deoxyneamine deriva-
tive, P was deacetylated and subsequently treated with sodium azide
in DMF, 5-azido-5-deoxyneamine derivative (MM) was obtained as
crystals in 54% yield. Catalytic hydrogenation of compound MM in
the presence of platinum oxide, followed by usual hydrolysis gave
5-amino-5-deoxyneamine (NN) in 58% yield (16) (Fig. 13).

By an analogous reaction process, 6-amino-6-deoxyneamine (PP)
was prepared, starting from 6-chloro-6-deoxyneamine, S (16) (Fig.
14).

When the 5,6-anhydro derivative, KK was treated with freshly
distilled boron trifluoride etherate in acetonitrile, a mixture of
two products (QQ and RR) was obtained.

These two components, QQ and RR were isolated by column chro-
matography. It was suspected that these two components might be
positional isomers, since compounds, QQ and RR gave a same correct
elemental analysis and an introduction of an acetamido group might
occur on C-5 or C-6 position.

However, degradations of these compounds gave a same triamino
derivative: 1L-1,3,5-triacetamido-4,6-di-O-acetyl-1,2,3,5-tetra-
deoxy-allo-inositol (16). This fact clearly indicated that an
attack of an acetamido group occurred at the C-5 position in a
manner of trans diaxial opening of the epoxide ring.

A plausible reaction mechanism for an introduction of an acet-
amido group into a sugar moiety of nucleosides by this reagent has
been described in the literature (17), and the same mechanism is
proposed in the present reaction (16). Thus, the structures of
the two intermediary compounds, QQ and RR are comprehensible in
terms of a migration of an ethoxycarbonyl group between an amino
group on C-1 and a vicinal hydroxyl group on C-6. An intact mix-
ture of QQ and RR was hydrolyzed to give 5-amino-5-deoxy-5,6-di-
epineamine (SS) as a sole product in 29% yield (Fig. 16).

Also, compound SS was prepared by an alternative route (Fig.
15). When the epoxide, KK was heated with sodium azide and ammo-
nium chloride in 2-methoxyethanol, an azido derivative was obtained,
which was further converted to SS in a yield of 7%, via compound
T (16). -

Antimicrobial activities of the amino-deoxyneamine were de-
termined (Table 4). All the compounds tested showed a marked de-
crease of the activity and therefore, an introduction of one more
amino group into the 2-deoxystreptamine moiety of neamine, G is
not promising.

When all the four amino groups of neamine were methylated,
the product (VV) was devoid of activity (18) (Fig. 17).
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Figure 14. Synthesis of 6-amino-6-deoxyneamine (PP)
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Figure 15. Synthesis of 5-amino-5-deoxy-5,6-diepineamine (SS)
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When the cyclohexane ring of neamine, G was cleaved by per-
iodate oxidation and then reduced with NaBH4, a product (WW) is no
longer an antibiotic (19) (Fig. 18).,

~ Pseudotrisaccharides were prepared by introducing another
sugar to the 5-0 or 6-0 position, using compound J or K as a start-
ing material.

Ribostamycin (ZZ) is an antibiotic produced by Streptomyces
ribosidificus and was discovered in 1970 (20). Its synthesis has
been described in the literatures (21,22). Ribostamycin, ZZ which
is 5-0-B-D-ribofuranosyl-neamine, was prepared selectively from
compound J.

When compound J was condensed with 2,3,5-tri-O-benzoyl-a-D-
ribofuranosyl chloride (XX) in benzene in the presence of mercuric
cyanide and 'Drierite", a condensation product (YY) was obtained
in 75% yield. Hydrolysis of YY in aqueous barium hydroxide solu-
tion afforded ZZ in 63% yield (Fig. 19) (23).

A positional isomer (BBB) of ribostamycin in which B-D-ribo-
furanosyl group was attached to the 6-0 position was prepared from
compound K by an analogous reaction process in 297% yield (Fig. 20)
(5).

The positional isomer, BBB showed a marked decrease of the
activity and was devoid of the activity against Staphylococcus
aureus and Mycobacterium smegmatis (Table 5). This result was
coincident with the fact that in the case of B-D-ribofuranosyl-
paromamines, 6-0O-substituted isomer was much less active than a
corresponding 5-O-substituted isomer (24,25).

Since an antibiotic that has an a-D-glucopyranosyl moiety on
the 5-0 of neamine was prepared by a transglycosidation reaction
with neamine and maltose under the presence of an enzyme in a buff-
er solution (26) and this antibiotic was 2 to 4 times more active
than the parent neamine, it was interesting to prepare its anomeric
isomer: 5-0-(B-D-glucopyranosyl)neamine (DDD).

Compound DDD was prepared from compound J by the following
reaction process as shown in Fig. 21 (23).

The B-anomer, DDD showed less activity against microorganisms
tested, except Mycobacterium smegmatis, than the parent neamine.
The B-anomer, DDD was much less active than the o-anomer (Table 6)
(23).

A hexopyranosyl group was then introduced into the 6-0 of
neamine. When compound K was condensed with acetobromoglucose
(EEE) in the presence of mercuric cyanide, a mixture of two prod-
ucts was obtained. The one is an o-D-glucopyranosyl derivative
and another one is the corresponding B-anomer. The ratio of o and
B anomers was approximately 1:5. The former derivative was con-
verted to 6-0-(0-D-glucopyranosyl)neamine (GGG), which exhibited
considerably high activity against E. coli, compared to neamine.
Compound GGG was also isolated from a culture broth of Streptomy-
ces kanamyceticus (27). The latter B-anomer was converted to 6-0-
(B-D-glucopyranosyl)neamine (FFF), which showed much less activity
than neamine (Table 6) (5) (Fig. 22).



Publication Date: August 4, 1980 | doi: 10.1021/bk-1980-0125.ch003

suaMI  Modification of Aminocyclitol Antibiotics

CH,OH
H:NHCbe  NHCbe N, PN,
0 NHCbe o HTH
—_— H_—N“h
C
AcO 0 0—H
CbeNH H H, CH,0H
¢:)) (Ww)
Figure 18. Synthesis of Compound WW
BzOCH; o
Ry
Bz0 0Bz
(Xx)
H2GNHCbe HaGNHz
PAE gAY
Ac H N HaN
Cbe |y CbeNH Ha
To~Lnrcoe OH R
BzOCH, o HOCH2 0
B 08z HO OH
xYy) (2z)

Figure 19. Synthesis of ribostamycin (ZZ)
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Figure 20. Synthesis of 6-O-8-p-ribopyranosylneamine (BBB)
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Figure 21. Synthesis of 5-O-(8-p-glucopyranosyl)neamine



Modification of Aminocyclitol Antibiotics

SUAMI

3.

) 80°0 o 20°0 auyureau-( [Asousanjoqiy-a-¢)-0-9
ot L'E 2'2 v'e uyoAwy . SOQTY
T T T T auyweaN
209 zI-% dses9 £€99 (Tu/3u T :u0§381343200))
“Bows ‘00Ay 3100 3 gnaano ‘g 81113qne-g punodwo)
poyjau YSTp aaded %ﬁ_. pouTwIsSlap hu.m\r.nuo.m TeTqoadTWTiue SATIBTIY °G 9Tqel

€00U2'SZTO-086T-10/TZOT"0T :10p | 086T v 1SNBNV :9%eq Uoedljand



AMINOCYCLITOL ANTIBIOTICS

v 0 90°0 90°0 $0°0 autureau-( [Asousiidoioeren-g-g)-0-9
60 vz vl 9'0 auyweau-([4sousasdoiow[en-q-0)-0-9

° £0°0 0 0 duyureau-({AsourxLdoonn-g-¢)-0-9

v'o (4 L0 L0 auyiweau-( Asourx4doonin-q-v)-0-9

1 L0 €0 €0 auyureau-( [AsousxAdoonin-a-¢)-0-¢

1 1 1 1 autweayN

109 2i-x dseco €99 (Tw/8w [ :UOT3BIIUAOUOD)

*bowe ‘0oAN 1700 °3 gnauano *g 817133qne ‘g punoduo)y

poylsu YsTp ioded Lq paurwialzap

£31ATIO®

TBTqOIDTWIIUR SATIE[S3Y °9 9[qel

€00U2'SZTO-086T-10/TZOT"0T :10p | 086T v 1SNBNV :9%eq Uoedljand



Publication Date: August 4, 1980 | doi: 10.1021/bk-1980-0125.ch003

3. suami  Modification of Aminocyclitol Antibiotics 65

When a D-galactopyranosyl group was introduced into the 6-0
position of ﬁeamine, a mixture of the corresponding two anomeric
isomers was obtained. In this case, the ratio of o : B was ca.

1 : 3. Their antimicrobial activity was analogous to those of the
corresponding D-glucopyranosyl analogs, respectively (Table 6) (5).

Finally, a modification of an aminocyclitol moiety of kanamy-
cin B was attempted. Since 5-deoxyneamine, R and 5-epineamine, GG
showed an improved activity against a resistant strain of bacteria
in the present study (6,14), and the 5-deoxygentamicin complex (28)
and 5-deoxysisomicin (15) also exhibited an improved activity
against resistant strains of bacteria which contain a 3-N-acetyla-
ting enzyme, 5-deoxykanamycin B (KKK) and 5-epikanamycin B (NNN)
might show an improved activity against a resistant strain of
bacteria.

When pentakis-N-(ethoxycarbonyl)kanamycin B (HHH) (32) was
treated with 22 molar equivalents of benzoyl chloride in pyridine,
a penta-0O-benzoyl derivative (III) was obtained in 63% yield.
Since a hydroxyl group on C-5 in the 2-deoxystreptamine moiety is
sterically highly hindered, the pentabenzoate, III was expected to
have a free hydroxyl group on the C-5 position. The proposed
structure of IIT was demonstrated by successive reactions leading
to 5-deoxykanamycin B, KKK.

Chlorination of the hydroxyl group in compound III by sulfu-
ryl chloride in pyridine afforded a chloro deoxy derivative (JJJ).
Considering the reaction mechanism described by Jones et al (29),
the chlorination would occur on the C-5 position with an inversion
of the configuration.

Dehalogenation of compound JJJ was performed with tributyl-
stannane in toluene solution and subsequently, all the protective
groups were removed by the usual method to give 5-deoxykanamycin B,
KKK (Fig. 23) (30). The structure of KKK was determined by mass
and carbon-13 NMR spectra (Fig. 24 and Table 7).

5-Epikanamycin B (NNN) was prepared from the same pentabenzo-
ate, III by the following reactions. When compound III was treated
with an excess of methanesulfonyl chloride in pyridine, a corre-
sponding sulfonate (LLL) was obtained in 71% yield. Compound LLL
was heated with sodium acetate in DMF and the product was purified
by column chromatography to give an epikanamycin B derivative
(MMM) in 54% yield. The NMR spectrum of MMM revealed a sharp
signal of acetoxyl-methyl protonsat § 2.20, indicating the exist-
ence of an axial acetoxyl group in compound MMM, since the corre-
sponding 5-O-acetylkanamycin B derivative shows an equatorial
acetoxyl-methyl signal at § 2.07. Therefore, an inversion of the
configuration on the C-5 was proved.

Compound MMM was converted to 5-epikanamycin B, NNN in 11%
yield by removing the protective groups in the usual way (Fig. 25)
(31). The structure of NNN was further confirmed by carbon-13
NMR spectroscopy (Table 7).

Antimicrobial activities of 5-deoxykanamycin B, KKK and 5-
epikanamycin B, NNN were determined against several microorganisms
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Figure 23. Preparation of 5-deoxykanamycin B (KKK)
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Table 7. Carbon-13 NMR spectra

5-Deoxykanamycin B 5-Epikanamycin B Kanamycin B 5-Deoxyneamine
pD. 11 pD 1 pD 11 pD 1 pD 11 pd 1 pb 11 pbD 1
c-1 53.4 52.2 48.0  48.2 50.5 50.5 54.9  53.5
c-2 36.9  29.1 36.6  28.8 36.5 28.6 37.0 29.3
c-3 52.6  51.7 47.3 47.6 50.3  49.3  53.0  52.0
c-4 78.1  71.7%) 79.9  73.8%) 87.4 177.5 8.7 71.8%)
c-5 34.9 32,9 68.4  65.7 75.2T) 75,1  37.6 34.6
c-6 84.1 78.6 86.1  81.0 88.6 84.5 73.7  68.1
c-1' 96.2 91.4 96.0  91.3 100.5 96.2 96.4  91.6
c-2' 55.9  54.0 55.2  54.1 56.3 54.4 56.2  54.0
c-3' 75.4  69.6 74.8  69.5 74.9") e9.0 75.9") e9.59)
c-4' 73.0°)  71.3%) 72.99 715 73.38) 718 73.3 7.6V
c-5 74.4 69.8 73.9  69.9 74.7  70.1 751" 69.79)
c-6 42.7 411 42.6 41.0 42.8 41.2 42.9  41.1
c-1" 101.8  100.2 101.9  100.8 101.4 101.4
c-2" 72.8") 8.8 72.49 6s.8 73.08) 9.0
c-3" 55.9  85.7 55.8  55.7 56.5  55.8
c-a" 71.5  67.0 71.1  66.4 71.3 6.3
c-5" 73.8  73.3 73.5  73.7%) 74.0 73.7
c-6" 62.3  61.4 62.1 61.3 62.0 60.8

a) In parts per million downfield from tetramethylsilane.

b - 1) The signals may be reversed.
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6-Deoxyneamine

pD 11

45.6
42.1
50.7
91.1
72.1
41.6

102.3
56.6
75.3%)
73.2
75.0%)
42.9

pD

45.3
32.6
50.0
80.4
70.9
37.2

96.6
54.5
69.2
71.7
69.9
41.3

1

5,6-Dideoxyneamine

pD 11

48.6
41.9
53.1
80.4
27.6
33.6

96.2
56.3
76.0
73.4
75.2
43.0

pD 1

48.0
32.9
52.4
73.8
25.2

27.8

91.5
54.0
69.51)
71.6
69.61)
41.0

5,6,3',4'-Tetradeoxy-

neamine
pD 11

48.7
41.9
53.3
80.5
28.0
33.7

96.6
50.2
71.0
28.4
71.0
46.0

pD

48.2
32.9
52.7
73.1
25.8
27.9

90.5
49.1
66.3
26.6
66.3
43.7

1

pD

51.
36.
50.
88.
7.
78.

102.
56.

75

73.
75.
43.

Neamine

11 pD

8 50.7
9 29.0
3 49.5
9 77.7
4 75.9
6 73.3
2 96.1
8 54.5
.6 69.9
4 7.7
6 69.9
0 41.3

1
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Figure 25. Preparation of 5-epikanamycin B (NNN)
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and the results are listed in Table 8. Compounds KKK and NNN
showed somewhat lower activities, compared to the parent kanamycin
B, and they did not show any improvement of activity against a
resistant strain of bacteria. The result is against the expecta-
tion as was expected from the data for 5-deoxygentamicin complex
(28) and 5-deoxysisomicin (15). The inconsistency might be attri-
butable to the existence of the hydroxyl group on C-6" in 5-deoxy-
kanamycin B, KKK, and a preparation of 5,6'"-dideoxykanamycin B is
under way to demonstrate the point.
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Syntheses of a Few Branched-Chain Aminocyclitol
Antibiotics

JUJI YOSHIMURA and MASUO FUNABASHI
Tokyo Institute of Technology, Midoriku, Yokohama 227, Japan

CHUNG-GI SHIN
Kanagawa University, Kanagawaku, Yokohama 221, Japan

Recently, some biologically and optically active branched-
chain aminocyclitol antibiotics such as validamycin A (1,2),
orizoxymycin (3,4), G 7063-2 (5), enaminomycin (6), and cyclltol
antibiotics such as crotepoxide (7,8), LL-Z 1200 (9), simondsin
(10), glyoxalase I inhibitor (11, 12), rancinamycins (13) have
been found successively (Flgure 1) . These compounds except
validamycin have relatively simple structures and seem to have a
close relationship with biosynthesis of shikimic acid. However,
the reliable synthetic methods for the stereoselective introduc-
tion of carbon-branching into inositols are yet few, compared
with the recent advances in the usual sugar field. Among the
several methods so far reported, the derivation from cyclohexene-
polyols or nitromethane cyclization products (14) provide the only
general methods for a total synthesis of branched-chain cyclitols.

In the case of cyclohexenepolyols, Diels-Alder adducts (15,
16) and hydrogenation products of benzene derivatives (17,18,19)
can be freely selected depend on the structure of aimed compounds,
although resolution is necessary in the course of the synthesis.
Thus, the synthesis of D,L-validamine from the Diels-Alder adduct
of furane and acrylic acid (20) and of D,L-gabaculine (5-amino-
cyclohexa-1,3-dienyl carboxylic acid) from propiolic acid and
butadiene (21) were reported recently.

On the other hand, nitromethane cyclization has been exten-
26). Although this method is the sole one to obtaln optlcally
active compounds by which the part of asymmetric configurations
can be previously designed, it is known that the cyclization of
6-deoxy-6-nitro-hexoses under basic conditions affords thermody-
namically equilibrated mixture (27,28) . Kovar and Baer disclosed
that the barium hydroxide-catalyzed cyclization of the 6-deoxy-
3-0-methyl-6-nitro-D-allose under conditions favoring kinetic
control (pH 8,0°C) gave mainly 1D-5-deoxy-2-O-methyl-5-nitro-
allo-inositol together with the lL-epi-l and epi-6 stereoisomers
as minor products, whereas that of L-talose derivative afforded
myo-5 isomer in a high yield, which can be isomerized to neo-2

0-8412-0554-X/80/47-125-075$05.00/0
© 1980 American Chemical Society
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Figure 1. Optically and biologically active branched-chain aminocyclitols and
cyclitols
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epimer (29). For the purpose of the stereoselective synthesis of
branched-chain nitrocyclitols which can be easily converted into
aminocyclitols, it was supposed that the introduction of a bulky
carbon-branching instead of a hydroxy group into C-5 of 6-deoxy-
6-nitro-hexoses limits the number of possible isomers by fixing
both nitro group and 5-C-substituent in a trans-diequatorial
orientation.

In this report we will describe some new synthetic approachs
to branched-chain aminocyclitols from Diels-Alder adducts of ethyl
3-nitro-2-alkenoate and 1,3-butadiene which include both nitro
and alkoxycarbonyl groups as the precursors of an amino and
carbon-branching groups, and also from cyclization products of
5,6-dideoxy-5-C-(1,3-dithian-2-yl) -nitro-hexoses. No special
route to a proper antibiotic could be shown, but the steric course
in the above cyclization was extensively examined.

X H OH Ac
H/ \COOEt OZNY H ) ™ COOEt
\ (E)'l 2 5 —_~
H
02N+ /CH3 cooa H COOEY
Y e L
H COGEt 07N H
(Eré ~.§ ¢y 9
H H
H3C~ /NO2 H COOEt H COOEt
* — H == H AcO == H
H 7 NCOOEt H3C H H4C H
(z)-g NO?2 10 NO2 1"
2: X=Y=H, 3: X=OAc,¥=H, 5: X=Y=OAc.
7: X=H, 8: X=0OAe, 9: X=0Ac,

Figure 2. Diels—Alder adducts from ethyl 3-nitro-2-alkenoate and 1,3-butadiene
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Conversion of Diels-Alder Adducts from Ethyl 3-Nitro-2-alkenoate

and 1,3-Butadiene

In previous papers, we reported on the synthesis and configu-
ration of Diels-Alder adducts from ethyl 3-nitro-2-alkenoate and
cyclopentadiene (30) and 1,3-butadiene (31). Among the adducts
from 1,3-butadiens (Figure 2), that from l-acetoxy and 1,4-

NH
NOZ  yoc Hz/ Ni O/ 2
uant. .
“CooEt T ¢ 4 COOEt
. 13
H
«Croz INi NH2
“COOEt T co0m
* i IACOH or H20
Sn/AcOH peracid NBS/AcOH or H2
gov,  CHCI3|84% 70%
OH OH

~ 4M-Hy S0,
/ Ni
dioxane |80 96 H2
by NH
HO. Q,NHz by MO NO2 2
HOANACo0R 52 o ™~—"cooet HO”~~""COOE
2 21 20

~ ~

Figure 3. Conversion of ethyl t-5-acetoxy-t-6-nitro-3-cyclohexene-r-1-carboxylate
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diacetoxy derivatives, 3 and 5 (57 and 91% Yields), are useful
intermediates to branched-chain deoxyaminocyclitols. The posi-
tional relation between nitro and acetoxyl groups in 3 was con-
firmed by the O°N acetyl migration during the reduction with alu-
minium amalgam to give N-acetylhydroxamic acid, 4. Other adducts
having two carbon branchings, Z—l}, may be used for a special type
of aminocyclitols, but the yields of g—;} were not so good.

As an example, chemical conversions of é’were shown in Figure
3. Due to the strong electron withdrawing effect of the nitro
group, easy elimination of the acetoxyl group occurred under
alkaline conditions to give the dihydrobenzene derivative, 12.
Hydrogenation of 3 in the presence of Raney nickel also proceeded
via the initial elimination to give ;§, and the normal hydroge-
nation product, 15, could be obtained through de-acetylated com-
pounds, lé. Oxidation of the hydroxyl group and reduction of the
nitro group with tin and acetic acid in 14 gave the coressponding

Ac Ac H

N°2 ~“NO 2 "N02

. —l

"COOEt COOEt COOEt
OAc Ac OAc
l 5 (12:1) 23 25

OAc OAc
% 2 z
\ ) \
NO2 Ho NHAC
COOEt “COOEt COOEt
OH OH
2 » 20

Figure 4. Conversion of 3 and 23
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enone, 16, and aminocyclohexene, 17, respectively. Peroxy acid
oxidation or addition of bromine atom of NBS in acetic acid or
water to the olefinic function of 14 gave the corresponding epo-
xide 18 or bromo derivative 19, respectively. The stereospecif-
icity in these conversions is controlled by the axial hydroxyl
group in 14 (32). Hydrogenolysis of both 18 and 19 gave the com-
mon dideoxyaminocyclitol, 20. Hydrolytic opening of the epoxy
function in 18 gave the corresponding cyclohexanetriol, 21, which
was converted into aminocyclitol, 22. Similar conversions of the
olefinic function and nitro group in 2 were also successful.

Although it is not yet expensively explored, the Diels-Alder
adduct, 5, seems to be a suitable starting material for the syn-
thesis of enaminomycin and oryzoximycin analogue shown in Figure
1, if the above conversions are applicable. Recently, a diaste-
reomer, 23, of 5 having trans-orientation between the nitro and
vicinal acetoxyl groups was isolated as a minor product (Figure
4) . Deacetylation of 5 and 23 with 6M-HCl in methanol gave the
corresponding diols, 24 and gé, respectively. Direct hydroge-
nation of 5 and 23 with tin and acetic acid gave unexpectedly the
corresponding N ,0-triacetate, 26 and 27, in 67% yield, respec-
tively. Compound 24 was also converted into the corresponding
epoxide, 28, and amino derivative, 29, by similar ways shown in
Figure 3. However, treatment of 26 with DBU at room temperature
gave anthranilic acid derivative, 3Q, together with a small amount
of acethoxybenzoates. Therefore, conversion of 29 into an
oryzoximycin analogue is now under investigation.

Cyclization of 5,6-dideoxy-5-C-(1,3-dithian-2-yl)-6-nitrohéxoses

As a rule, the starting materials were synthesized by succes-
sive reactions, the Michael addition (34) of 2-lithio-1,3-dithiane
to 5,6-dideoxy-6-nitro-hex-5-enofuranoses and then the removal of
1-O-protecting group. The Michael addition of 2-lithio-1,3-di-

hiane to 3-0-benzyl-5,6-dideoxy-1,2-0-isopropylidene-6-nitro-0-D-
xylo-hex-5-enofuranose, 31, gave the corresponding L-ido, 32, and
D-gluco, 33, products in the ratio of 4:3 (Figure 5). The crys-
talline 32 was de-O-isopropylidenated, and then cyclized. When
sodium carbonate was used as a catalyst, two main products were
detected on t.l.c. and one of which showg? typical absorption
bands of nitroolefin at 1650 and 1520 cm ~. The scyllo-nitro-
inoshitol, 34, and sirupy nitrolefin, 35, were isolated as O-
acetyl derivatives in the ratio of 1:1. While, the same cycli-
zation with sodium hydrogencarbonate gave the corresponding myo-
nitroinositol, ;9, as the main product. Because the acetylation
of‘zéin the presence of boron trifluoride etherate or p-tolyl-
sulfonic acid gave only 35, 36 was characterized as O-acetyl-0O-
isopropylidene derivative 37. Cyclization of de-0-isopropylide-
nated 33 in the presence of sodium carbonate or sodium hydrogen-
carbonate gave only muco-product which was characterized as tri-
O-acetyl, 38, and O-acetyl-O-isopropylidene, 39, derivatives.
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Figure 5. Cyclization of 3-O-benzyl-5,6-dideoxy-5-C-(1,3-dithian-2-yl)-6-nitro-L-
idose and -p-glucose. (i) Li-DTN /THF /—45°C; (ii) 75% AcOH reflux 2.5 hr;
(iit) 2% Na,COg; (iv) Ac,0/TsOH; (v)O 5% NaHCO;.
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Another possible chiro-isomer could not be detected. Conversion
of 1,3-dithian-2-yl group in 39 into dimethoxymethyl group was
successfully carried out by the treatment with mercuric oxide,
mercuric chloride, and boron trifluoride etherate in methanol (35).

The reason why the different basic conditions gave strong in-
fluence on the stereodirection of cyclization of 32, but not of
§§, is ambiguous. However, these phenomena could be understood
on the following assumptions: (i) in the case of 33, myo-36 is the
kinetically controlled product and the epimerization to scyllo
form is very slow in the presence of sodium hydrogencarbonate,
whereas the epimerization is faster at a higher pH where more la-
bile 36 than scyllo form partly changed to the nitroolefin, (ii)
in the case of 33, the muco-inositol is the kinetically and also
thermodynamically controlled product.

For L-talo and D-allo compounds (Figure 6), the nitroolefin,
3-0-benzyl-5,6-dideoxy-1, 2-0-isopropylidene-6-nitro-0-D-ribo-hex-
5-enofuranose, 40, was newly prepared from the corresponding D-
allofuranoside, by periodate oxidation, condensation of nitro-
methane, and then dehydration in 75% total yield. Addition of 2-
lithio-1,3-dithiane to the olefinic function of 40 gave the corre-
sponding products of L-talo, 41, and D-allo, 42, configurations
in the ratio of 2:3. Cyclization of de-O-isopropylidenated prod-
uct of 41 with sodium hydrogencarbonate gave one nitroinositol of
myo-configuration, 43, whereas that of 42 gave two nitroinositols
of epi, 44, and allo, 45, configurations in the ratio of 1:1.

When the cyclization was conducted with sodium carbonate, nitro-
olefin formation took place rather preferentially and the yields
of nitroinositols were much decreased. Compound 44 was also con-
verted into the corresponding O-isopropylidene-O-acetyl derivative,
46, indicating the presence of cis-0-diol function (36).

NMR parameters of tri-O-acetyl derivatives of 44 and 45 are
shown in Table 1, together with those of 34, 38, 43, and 37. H-1
and H-5 proton signals (a common numbering was tentatively used
for easy understanding) were distinguishable from others by their
chemical shifts, and other signals were assigned with the double
resonance technique. As expected, Ji,2 values indicate a trans-
diequatoial orientation of nitro and 1,3-dithian-2-yl groups.

From the number of larger trans-diaxial couplings, scyllo-34, myo-
43, and allo-45 configurations were predicative. Muco-38 and epi-
Qé configurations were deduced from that of the parent 6-nitro-
hexoses. It will be worthy to note that 37, exists in a twist-
boat conformation.

The stereodirection of the above cyclization will be con-
sidered from the conformation in the transition state (Figure 7).
When the benzyloxy group must occupy an axial position such as in
the case of D-gluco and L-talo derivatives, a newly formed hydroxyl
group should take an equatorial position to avoid 1,3-nonbonded
interaction. Thus, the thermodynamically stable isomer, muco and
myo, respectively, is formed as a single product.

In the next experiment (Figure 8), 3-O-benzyl-5,6-dideoxy-6-
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Figure 6. Cyclization of 3-O-benzyl-5,6-dideoxy-5-C-(1,3-dithian-2-yl)-6-nitro-L-
talose and -p-allose. (i) Li-DTN/THF / — 50°C (ii) 90% CFsCogH (iii) NaHCOy;
(iv) Ac;O/TsOH
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nitro-B~L~arabino-5-enofuranose, 47, was synthesized from the cor-
responding galactose derivative by the usual methods. Addition

of 2-lithio-1,3-dithiane gave a mixture of the corresponding ad-
dithion products, 48, of D-galacto and L-altro configurations in
30% yield. Because these isomers could not be separated, the mix-
ture was de-O-isopropylidenated and cyclized with sodium hydrogen-
carbonate. From the reaction mixture, two main products, 49 and
50, of chiro and myo configurations and one minor products, 51

of neo configuration were obtained (37). No muco-isomer w111 be
produced by the 1,3-nonbonded interaction in the transition state.

In the cases of the D-manno and L-gulo derivatives (Figure 9)
methyl 5,6-dideoxy-2,3-0-isopropylidene-a-D-lyxo-hex-5-enofuranose,
52, was synthesized in the usual manner in a fairly good yield.
Addltlon of 2-lithio-1,3-dithiane to 52 gave the corresponding
addition products of D-manno, 53, and L-gulo, 54, configurations
in the ratio of 1:5. This stereoselectivity will be explained by
the steric hindrance of the isopropylidene group. Cyclization of
deprotected sirupy 53 gave only chiro-nitroinositol, 55, as expec-
ted, whereas in the case of crystalline 54, myo—1n031tol 26, was
obtained in a pure state and chlro—lsomer was only detectable.

In these experiments, the yields of nitroinositols were lower than
others mentioned before, we will re-examine this by use of 3-0-
benzyl derivatives.

On the other hand, addition of nitromethane to 5,6-dideoxy-
6-nitro-hex-5-enoses, 31 40, 47 and 52 gave the corresponding
5-C-nitromethyl derlvatlves, 57 58 59 and 60, in good yields
(Figure 10). Cyclization of these derlvatlves was expected to
proceed in the same manner as 5-C-(1,3-dithian-2-yl) derivatives
mentioned before. However, cyclization of de-O-isopropylidenated
57 gave many products, in which the presence of nitroolefin and
another unidentified main product and a small amount of muco-
nitroinositol, 61, could be detected, whereas in the case 58, epi-
62 and myo-63, were obtained in fairly good yields as expected.
Cycllzatlon of de-O-isopropylidenated 59 gave also the expecting
nitrocyclitols, &4 and 65, of chiro and myo configurations. The
possible myo and chiro products, 66 and 93 from 60 are now under
separation. In general, isopropylidenation of rough products
gave a better result in these experiments.

A successful example of the nitromethane cyclization for the
preparation of a designed compound having several asymmetric cen-
ters is now described. As the key compound for total synthesis
of tetrodotoxin, 1L-(1,2,3',4,5/3,6)-3-hydroxymethyl-4,5-0-iso-
propylidene-3,3'-O-methylene-6-nitro-2, 3,4, 5-tetrahydroxycyclo-
hexanecarboxaldehyde dimethylacetal, 15, was synthesized as shown
in Figure 11.

The stereoselective epoxidation (38) of 3-deoxy-1,2:5,6-di-0O-
isopropylidene-3-C-methylene-0-D-ribo-hexofuranose, followed by
ring-opening with M sodium hydroxide in tetrahydrofurane gave 68
in a good yield. o-Diol function of 68 was protected with methy-
lidene group to give 22 which was then converted into 5,6-dideoxy-
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6-nitro-hex-5-enofuranose derivative 72 via 70 and 71, by the usu-
al process mentioned before. Addition of 2-lithio-1,3-dithiane
and intramolecular cyclization of the product proceeded in a simi-
lar manner mentioned in Figure 5. Thus the aimed compound 75
containing six of seven asymmetric centers of tetradotoxin was ob-
tained from 68 through nine steps in 5% overall yield (39).

For the development of utilization of the nitromethane cycli-

NHAc NO, 232
DTN DTN
N 0 0
o8n) ) LAH 0B/ H99/HgCly /BF3 0Bn
0

0
0
0 oY . OF
7% 2
lEtaN

CH2
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OHC
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Figure 12. Conversion of DTN and nitro groups in optically active nitrocyclitols
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zation, a few transformations of 1,3~dithian-2~yl and nitro groups
were examined in the last section., Hydrogenation of 32 with
lithium aluminium hydride and then acetylation of the product gave
the corresponding acetamido derivative, 76, in good yield. Treat-
ment of ;g with mercuric oxide, mercuric chloride, and boron tri-
fluoride etherate in aqueous acetone gave the 5-C-formyl deriva-
tive, 77, of which the nitro group was quantitatively eliminated
to give crystalline 78 by treatment with triethylamine. These
transformations were also applicable to nitrocyclitols. Treatment
of the de-O-acetyl derivative, 79, of 37 with methyl iodide and
barium carbonate in aqueous acetone at refluxing temperature gave
the corresponding aldehyde, 8Q, in a good yield, which was char-
acterized as the crystalline 2,4-dinitrophenyl hydrazone. Com-
pound 80 was easily converted into the elimination compound, 81,
which is an analogue of rancinamycin. Catalytic hydrogenation of
79 with Raney nickel gave the corresponding aminocyclitol, 82,
whereas reduction of 8Q with sodium borohydride gave the cyclo-
hexene alcohol, 83 (Figure 12).

Summary

As the useful starting materials for a total synthesis of
branched-chain aminocyclitols, Diels-Alder adducts from 3-nitro-
2-alkenoates and 1,3-butadienes, and 5,6-dideoxy-5-C-substituted-
6-nitro-hexoses were chosen and their transformations were ex-
plored. In the former part, various aminocyclitols and their
derivatives were derived by the usual transformation of olefinic
function and nitro group, and a possible route to oryzoxymycin
were shown. However, there will be some stereochemical limitation
in this process. In the latter part, stereochemical course in the
intramolecular cyclization of this class compounds was extensively
examined, and the usefulness of this method for synthesis of a
compound designed as a synthetic intermediate of tetrodoxin was
shown. Elimination of the nitro group in the compounds of both
classes shown in this paper will be applicable for synthesis of
unsaturated cyilitol derivatives.
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A New Synthesis of Branched-Chain Epi-Conﬁguration

Deoxyhalogeno- and Deoxyaminocyclitols

DONALD E. KIELY and JAMES M. RIORDAN!

Department of Chemistry, University of Alabama in Birmingham,
Birmingham, AL 35294

The ring forming step in the biogenesis of the important
cyclitols myo-inositol (1-6) and 2-deoxystreptamine (7,8), and
the cyclitol carboxylic acids shikimic acid and quinic acid
(9, 10, 11), in each instance appears to involve an enzyme pro-
moted intramolecular aldol condensation of an appropriate delta-
dicarbonyl sugar precursor. The resultant substituted cyclo-
hexanones (cycloses) are then biosynthetically converted along
discrete pathways to the appropriate cyclitols. This type of
cyclization should, in general, also be promoted by base,
although one would not expect the stereochemical control that
is observed in the enzyme driven cases. A significant example
of a cyclization of this variety is the hydroxide induced con-
version of 3,7-diuveoxy-D-threo-hepto-2,6-diulosonic acid to
crystalline dehydroquinic acid as reported by Aldersberg and
Sprinson (11). This cyclization also chemically mimicked the
ring forming step in the biogenesis of shikimic and quinic acids.

Our interest in this method of cyclose formation was
initiated with the hydroxide catalyzed cyclization of '"5-keto-
glucose" (Kiely and Fletcher, 12) and its 6-phosphate (Kiely and
Sherman, 13) to mixtures of cycloses and cyclose phosphates,
respectively. These reactions were carried out as chemical
modeling experiments for the ring forming step in the biosyn-
thesis of L-myo-inositol l-phosphate. More recently we have
directed our efforts to employing this cyclization in organic
solvents on protected 2,6-heptodiuloses for the synthesis of
some branched-chain cyclitols, the subject of this report.

Branched-chain Dihalocyclitols

The diketone tri-O-acetyl-1,7-dideoxy-1,7-bis(diazo)-xylo
2,6-heptodiulose (2) prepared from D-xylose (1) in a reaction
scheme (Figure 1) that utilized the diazomethane chain extension

ICurrent address, Comprehensive Cancer Center, University
of Alabama in Birmingham, Birmingham, AL. 35294

0-8412-0554-X/80/47-125-095$05.00/0
© 1980 American Chemical Society
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of tri-O-acetyl xylaryl dichloride, served as the key precursor
in the overall sequence. This crystalline diazoketone 2 a4,
when treated with an ether solution of hydrogen bromide or
hydrogen chloride, was readily converted to crystalline 1,7-
dibromo-1,7-dideoxy-tri-0O-acetyl-xylo-2,6-heptodiulose Qé, 74%,
15) or the 1,7-dichloro derivative‘$ (94%, 16). 1In an attempt
to displace the bromines of 3 with acetate, we observed that
stirring an acetone solution of 3 at room temperature in the
presence of suspended sodium acetate yielded the crystalline
dibromocyclohexadienone derivative J (Figure 2) as virtually the
only product. The formation of 7 from 3 suggested that an aldol
condensation was the first reactlon ina series of reactions
that produced the product, and that the likely equilibrating
initial cyclic products from the condensation were the racemic
equatorial and axial a-bromocyclohexanone derivatives 3 and §.
The conversion of 3 toJ was repeated, but in order to > avoid
complications that mlght result Irom the presence of water in
the reaction mixture, the reagent grade acetone used as the
solvent was dried over molecular sieves, and freshly fused sodium
acetate used as the basic catalyst. The course of the reaction
was monitored by i NMR spectrometry and the results from a typ-
ical experiment are shown in Figure 3. After stirring the
reaction mixture for 3 h, the acyclic diketonedg (Figure 3,
spectrum A) was consumed and converted to essentially one product,
dibromocyclose'é (Figure 3, spectrum B). Extending the reaction
period to 18 h led to the formation of (Figure 3, spectra C
and D). The expanded spectrum of ,5 was matched with the theo-
retically generated version (17) and clearly showed the large
coupling (10 Hz) between the vicinally coupled axial ring protons
as well as a single peak from H-2. The spectrum of 5 did not
denote the stereochemistry at the new chiral carbons, C-2 and
C-3, but the bulkiness of the bromine atom and bromomethyl group
suggested that both of these ring substitutents are sterically
less constrained in equatorial positions.

Treatment of the acyclic dichlorodiketone 4 with acetate
(Figure 4) resulted in an even cleaner cyclization in forming
the dichlorocyclose 8 (> 90% by lH NMR). As with 5 the suggested
stereochemistry of 8 at C-2 and C-3 was grounded on steric con-
siderations.

The first branched-chain cyclitol we prepared from the
cyclization routine was DL-1,5,6-tri-O-acetyl-3-chloro-2-C-
chloromethyl-3- deoxy—_E_;1n0s1tol (9) Catalytic reduction of §
in acetic acid at 80° C over platlnum at 3 atm for 20 h gave 9 in
727 yield after a single crystallization, although 9 appeared to
be the only product formed from the reduction. Sodium boro-
hydride reduction of 8 in methanol-ether produced the C-4 axial
alcohol isolated as 1ts crystalline tetraacetate 10 (63%). This
acetate was also prepared by acetylation of 9. The unprotected
dichlorocyclitol QLfB-Chloro—2-g—chloromethy1-3—deoxy—e i-
inositol (;}, mp 222-223°C) was then prepared by acidic
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methanolysis of the tetraacetate 10. Conversion of 4 to 11 by
the borohydride reduction route was attained in an overall yield
of 637 if both 8 and 10 were isolated along the way.

Figure 5 contains a portion of the 90 MHz 1§ NMR spectrum
of 9 recorded in Me;S0O-dg (spectrum A) and in the same solvent
with D20 added (spectrum B). These spectra clearly show large
coupling between the 1,2-anti-diaxial ring protons H-1, H-6 and
H-5, H-6, as compared to the coupling between the axial-
equatorial combinations H-5, H-4 and H-3, H-4. Even the hydroxyl
protons at C-4 and C-2 of 3 were resolved in the spectrum of the
molecule prior to the addition of Dy0. 1In converting 9 to 10
the C-4 hydroxyl group was acetylated, causing the predicted
downfield shift of the H-4 proton (Figure 6).

Returning to the dibromocycloselé, we found that sodium
borohydride reduction of the ketone produced an axial alcohol,
isolated as the tetraacetate 12 (Figure 7). Deprotection of
this crystalline compound with methanolic HCl provided the final
product in the sequence, DL-3-bromo-2-C-bromomethyl-3-deoxy-epi-
inositol (13, mp 231-232°C). Based on the starting diketone 3,
the overall yield of crystalline 13 was only 27% when g and 12
were isolated along the way, but the yield was raised to 69%
when crude 3 was not isolated and the reduction mixture was not
acetylated. Clearly, all the acetyl groups are stripped from
the ring during the course of the reduction.

Branched-chain Aminocyclitols

Microbiologically produced aminocyclitol antibiotics
usually contain an unbranched aminocyclitol as a component part.
However, the recently discovered validamycins (18-21) produced
by Streptomyces hygroscopicus var. limoneus, are structured
around the branched-chain aminocyclitol validamine, L-
(1,3,4/2,6)~4-amino-6-(hydroxymethyl)-1,2,3-cyclohexanetriol
(22). The validamycins are effective in controlling some plant
diseases, but show no antimicrobial activity in vitro against

CH,OH
HO

HO

OH
NH,

Validamine
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bacteria and fungi (21). Syntheses of racemic validamine (23,24)
and the naturally occurring enantiomer have been reported (24)
The preparation of the branched-chain dihalocyclitols }} and 13
via our cyclization-reduction route suggested that this syn-
thetic approach might be extended to the synthesis of branched-
chain aminocyclitols as well.

Our objective was to replace one or both of the halogens
from the dihalocyclitols with azide, and then convert the
resultant azidocyclitols to aminocyclitols. Using an experi-
mental procedure patterned after the one described by Suami
et al. for azide displacement of halide from halocyclitol acetates
(25), we refluxed an aqueous 2-methoxyethanol solution of 10 with
suspended sodium azide in anticipation of displacing one or both
of the chlorines on the molecule with azide (Figure 8). Acetyl-
ation of the reaction mixture produced the azidochlorocyclitol
tetraacetate 14 (73%), which was quantitatively converted to
unblocked cyc11t01 16 (mp 208-210°C) in methanolic sodium meth-
oxide solution. An alternate route to 14 utilized the epoxide
15, in tert-butyl alcohol containing potass1um tert-butoxide.
Treatlng the tert-butyl alcohol solution of crude | 15 with sus-
pended sodium azide and ammonium chloride opened the oxirane ring
and formed the azidomethyl branch on the cyclitol. Acetylation
of the crude product gave 14 (60% yield from 10). The branched-
chain aminocyclitol 17 was then quantitatively generated from 16
in aqueous solution by catalytic hydrogenolysis of the azido
function over platinum black.

The fact that the ring chlorine of neither ;9 nor ;; was
displaced by azide under vigorous reaction conditionms, supported
the notion that this halogen was equatorial and consequently
difficult to displace directly or by anchimeric assistance from
the C-4 acetoxy group. Verification of the structure of 10 as
shown, which also established the structure of 17, was finally
achieved by an X-ray crystallographic study (16).

Azide displacement of the side-chain bromine of 12 in
aqueous 2-methoxyethanol, followed by acetylation rendered the
azidobromocyclitol tetraacetate ;§ (84%, Figure 9). Base cat-
alyzed transesterification then removed the acetates from ;§ to
produce the unprotected cyclitol 19 By carrying out the cat-
alytic hydrogenolysis of 19 in aqueous solution using a platinum
catalyst, the azido group “was converted to an amine but the
resultant basic solution fostered hydrogenolysis of the C-3
bromine. Consequently, the sole product from the hydrogenolys1s
under these conditions was the deoxyaminocyclitol ;9. The 'H MR
spectrum of ég as its hydrochlorlde (203) is shown in Figure 10.
The axial H3? and equatorial H 3e protons on C-3 are chemical
shift nonequivalent and exhibit slightly different coupling with

equatorial H-4. The intended conversion of the azidobromo-
cyclitol ;2 to the aminobromocyclitol 21 was accomplished using
acetic acid as the solvent during the hydrogenolysis.

Since azide displacement of halogens at the acetylated
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cyclitol stage produced only azidohalocyclitols, we undertook
the displacement of the halogens prior to cyclization, i.e., at
the acyclic diketone stage, and followed the course of the
reaction bylH NMR. The results from spectroscopic monitoring

of the reaction of the dibromodiketone 3 with sodium azide are
shown in Figure 12, and the accompanying reaction scheme is in
Figure 11. An acetone solution ofd} was initially stirred with
suspended sodium azide at room temperature. After the reaction
mixture was stirred for an hour, the single peak from the bromo-
methyl protons of 3 at 4.4 ppm (Figure 12, spectra A-C) was gone,
and a new singlet was observed at 4.5 ppm. Accompanying this
spectral change was a change in the signals from the backbone
protons centered at about 5.75 ppm. It seemed likely that the
4.5 ppm signal was due to the azidomethyl protons of the acyclic
diazidodiketone 22. By allowing the reaction mixture to remain
unstirred at 5°C for an additional 3 h, the spectrum of the
mixture underwent a second major alteration; the singlet at 4.5
ppm disappeared, a new singlet at 4.65 ppm erupted, and the
downfield backbone proton region (5.75 - 5.85 ppm) changed again
(Figure 12, spectra C-E). We have assigned the single peak at
4.65 ppm (spectrum E) to the isolated C-2 proton of the cyclose
23, and the 5.85 ppm region to the ring protons of the molecule.
We made no attempt to purify either 22 or 23, but chose to
stabilize the ring system by sodium borohydride reduction of 23.
The acetylated diazidocyclitol 24 was obtained as a crystalline
product (64% yield from 3) after a single crystallization from
ethyl acetate-hexane. Methoxide catalyzed deacetylation of 24
produced the nicely crystalline branched diazidocyclitol 25,
which was readily converted by catalytic hydrogenolysis to the
final branched diaminocyclitol, DL-3-amino-2-C-aminomethyl-3-
deoxy-epi-inositol (g§). We also found that we could obtain 25
in 647 yield by simple crystallization of the reduction-
deacetylation product from g}. Thus, in three simple steps it
was possible to convert the acyclic dibromodiketone 3 to the
diaminocyclitol 26 in better than 607% overall yield. The stereo-
chemistry of the cyclitols 24-26 was assigned on the basis of the
lH NMR spectra, illustrated in the spectrum of 25 (Figure 13),
and by way of analogy with the previously determined stereo-
chemistry of the dichlorocyclitol 10.

Table I contains a list of the unprotected branched-chain
cyclitols that have been prepared from D-xylose by the
cyclization-reduction process described in this report. The
dichloro, dibromo, and azidocyclitols were crystalline compounds,
as were the picrates of the branched-chain aminocyclitols.
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Table I. Branched-Chain Cyclitol Melting Points
HO R
HO CH,R'
OH
OH
Cyclitol Melting Point °C
11 R=R'=C1 222-223
~
13 R=R'=Br 231-232
~
16 R=C1l, R'=N 208-210
~ 3
19 R=Br, R'=N 211-214
~ 3
=R =
25 R=R -N3 160-161
;Za R=C1, R'=NH2° Picric Acid 225-226
2la R=Br, R'=NH,_ ¢ Picric Acid 225-228
~ 2
20a R=H, R'=NH,* Picric Acid 204-206
~ 2
26a 243-245
~

=R'-NH2° Picric Acid
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The Stereospecific Synthesis of Spectinomycin

D. R. WHITE, R. D. BIRKENMEYER, R. C. THOMAS,
S. A. MIZSAK, and V. H. WILEY

The Upjohn Company, Kalamazoo, MI 49001

Spectinomycin (1) is an aminocyclitol antibiotic marketed by The
Upjohn Company as the dihydrochloride salt under the name of
Trobicin®. It is a broad spectrum antibiotic of moderate potency
which has become especially important for the treatment of
penicillin-resistant strains of gonorrhoeae. Spectinomycin does
not have the oto- and nephrotoxicity which is usually associated
with the 2-deoxystreptamine containing aminocyclitols. The
structure of spectinomycin was determined at Upjohn by Wiley,
Hoeksema, and Argoudelis (1, 2). This structure (1), shown on
Figure 1, is unique among the aminocyclitols in that it contains
a glycosylated actinamine ring which is cyclized to form a third
ring by hemiketal formation. Spectinomycin (1) has nine
asymmetric centers. It also has a carbonyl group at C-3' and two
masked carbonyl groups at C-1' and C-2'. This electrophilic
portion of the molecule is sensitive to mild base which causes
benzylic acid type rearrangement to give actinospectinoic acid
2).

The aminoglycoside numbering system will be used in the
interest of consistency when intermediates are discussed.

As shown on the Figure 2, stepwise reduction of spectinomycin
using H,/Pt (1) gives dihydrospectinomycins (4), compounds of
diminished biological activity (3). Further reduction with NaBH,
gives tetrahydrospectinomycins (5) which are inactive (3).
Hydrolysis of spectinomycin (1) with mineral acid gives actinamine
(3) (1) which has been synthesized by Suami, et al. (4) from
myoinositol (6). In 1977 Suami reported (5) a synthesis of a
tetrahydrospectinomycin (5). However, the conversion of tetra-
hydrospectinomycin (2) to spectinomycin (;) has not been reported.
In their work on spectinomycin modification, Rosenbrook and
coworkers have demonstrated (6) the oxidation of N-blocked
dihydrospectinomycin analogs to N-blocked spectinomycin analogs.
However the DMSO oxidation is not selective so that isolated
yields are reported to be 14-18%. Synthesis of spectinomycin (1)

0-8412-0554-X/80/47-125-111$05.00/0
© 1980 American Chemical Society
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from tetrahydro compounds (5) is not attractive, either, since it
would require selective oxidation of the C-2' and C-3' hydroxyl
groups or complex protecting group manipulation. Starting from
fully functionalized sugars such a route would require first
removal of hydroxyls at C-6' and C-4' and this, taken together
with C-2' and C-3' oxidation, constitutes a highly involved
adjustment in a single sugar ring.

Synthetic Goals

For these reasons, one can see that a simple method for generation
of carbonyl groups at C-2' and C-3' is an interesting and formid-
able synthetic challenge. This is listed on Figure 3 along with
four other synthetic goals. Selective glycosylation at the C-5
hydroxyl is essential as is control of anomeric stereochemistry.
In all planning, the base sensitivity of spectinomycin must be
respected. For this reason, generation of the C-3' carbonyl
toward the end of a synthesis is desirable. A fifth goal is to
generate natural hemiketal folding of the hypothetical diketone (7)
as shown on Figure 3. This is a very interesting problem from the
theoretical point of view. I will discuss it in some detail.

The hypothetical diketone (7) would have free rotation around
the glycoside bond and a priori might cyclize to a hemiketal
involving either C-4 or C-6 hydroxyl giving either cis or trans
fusion. The occurrence of one natural structure, to the apparent
exclusion of three others, may be rationalized by evaluation of
anomeric effects at the C-1' and C-2' centers as well as the
preference for chair rings and an equatorial C-5' methyl group.
These four effects are summarized on Figure 4.

Here we see the four possible hemiketals generated from the
hypothetical diketone (7) by involving either the R or S hydroxyl
group. Consider possible destabilization forces (a) through (d).
In (a) the C-2' center is considered and destabilization by the
anomeric effect is evident when the C-2' hydroxyl is forced into
an equatorial position rather than the preferred axial orientation.
This is the usual anomeric effect. In (b) the anomeric effect at
the C-1' center is considered, and either one or two oxygen lone
pairs may be eclipsed. No hemiketals are possible having no
eclipsing of lone pairs. In (c¢c) the axial or equatorial dis-
position of the C-5' methyl group is considered, and in (d) the
necessity of boat rings is considered as destabilizing the system.
From this discussion one can say that, while these influences (a)
through (d) are probably not equivalent, they show why the natural
configuration is most stable; furthermore the influence of
epimerization at C-5' can be estimated as being great enough to
destabilize natural hemiketal folding toward other modes of
cyclization. This perturbation has been tested experimentally and
is part of Dr. Thomas' manuscript.

Certain naturally derived protected dihydrospectinomycin
diastereomers which have been trapped as unnaturally folded
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acetonides have been found to reclose to the natural skeleton upon
acetonide removal (7). However, natural folding is not intrinsic
to the spectinomycin skeleton as evidenced by structure (12) (vide
infra) and by the subject of Dr. Thomas's manuscript. Full
consideration of anomeric effects and conformational effects for
each case is essential to predict the mode of folding. Natural
hemiketal folding is the last of five major goals of spectinomycin
synthesis and anticipation of a favorable outcome allows the use
of actinamine (3) as an achiral, stereochemically rich building
block.

Synthesis

As shown on Figure 5, L-glucal triacetate (8) is used as our
starting material; it can be made from L-glucose without purifica-
tion of intermediates by the method of Roth and Pigman (8).
Addition of NOCl gives 90% yield of the known (9), crystalline
nitrosodimer (9). This nitrosodimer (9) is allowed to react with
N,N'-dicarbobenzyloxyactinamine (10) in DMF at room temperature.
Several 1:1 adducts are formed which are separated by chromato-
graphy. The major product, the a-glycoside (11), is formed in 487
yield. The preference for oa-glycosylation is anticipated in the
use of this method which was established by Lemieux (10). In this
reaction natural chirality has been established at C-1'. Among
the minor fractions, a few percent of the B-glycoside is usually
formed in the reaction and removed in the chromatography. Also,
up to 10% of glycosylation at C-4 and C-6 hydroxyls occurs. These
compounds are reactive with periodate as expected. Finally, it
should be noted that the oxime at C-2' is a carbonyl equivalent.

Figure 6 shows that deoximation occurs to give one product, a
hemiketal (12) which is isolated in 87% yield after chromatography.
NMR data show that the mode of hemiketal folding, which will be
destroyed in the next step, is unnatural. Consideration of
anomeric effects and conformational analysis suggests the
structure (12) shown.

The next step, effected by reaction with anhydrous KHCOj,
accomplishes (a) removal of unwanted functionality at C-4' and
C-6"', (b) removal of unnatural stereochemistry at C-5',

(c) generation of the sensitive carbonyl at C-3', and (d) intro-
duction of natural folding of the hemiketal. Reaction conditions
are chosen to avoid hydrolysis of the acetate at C-2' since the
free hemiketal is rapidly converted to the related a-hydroxy-vy-
pyrone (14) shown at the bottom of Figure 6. Evaluation of the
crude reaction mixture by TLC and CMR shows that only one enone-
acetate is formed. The enoneacetate (13) is crystallized
directly from a chloroform solution. A second crop of product,
giving a total of 55% yield, is obtained after chromatography of
the mother liquor on silica gel.

A likely mechanism for the elimination reaction, which guided
this synthesis, is shown on Figure 7. Base encourages hemiketal
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opening to give a 2-ketosugar (15) which suffers two consecutive
eliminations of acetate giving an o-acetoxydienone (17). This
intermediate which contains only one asymmetric center, at the
anomeric position, closes to a hemiketal (18). Migration of the
acetyl group then generates the enoneacetate (13) with natural
hemiketal folding as determined by nmr. Eight asymmetric centers
are now in place, with one remaining to be established at C-5'.

As mentioned above the enoneacetate (13) is sensitive to
hydrolytic conditions because of pyrone (14) formation. However,
as shown on Figure 8, we have found that careful hydrolysis using
KoHPO, in methanol at room temperature for 1-2 hours gives the
enone (19) having a free hemiketal. Even under these conditions
the pyrone (14) is formed so that generally the reaction is not
run to completion. In this way 55% of the enone (19) and 28% of
recovered starting material (13) are obtained after column
chromatography. One can see that the free hemiketal (19) and the
pyrone (14) are related by hemiketal opening and subsequent
enolization.

Figure 9 shows that the last step of the synthesis is hydro-
genation of the olefin from the convex side of the molecule and
concommitant hydrogenolysis of the carbobenzyloxy groups. At the
conclusion of the reaction GC/MS shows the major peak corresponding
to the natural antibiotic; no peaks correspond to possible stereo-
isomers. The product (1) is isolated in 407% yield by
crystallization as the dihydrochloride salt. It has identical
physical and biological properties as the natural antibiotic.

Figure 10 summarizes the synthesis of spectinomycin (1) from
the known starting materials. I would like to point out that
separate hydrolysis of the enoneacetate (13) is not necessary.
Thus, direct hydrogenation of the enoneacetate (13) gives spectino-
mycin (1) in 35% yield since the acetylated hemiketal is reactive
enough to be hydrolyzed by the isopropyl alcohol.

Summary

Although the antibiotic is highly functionalized, this approach
requires minimum protection-deprotection chemistry since the
scheme does not require subjecting the pseudodisaccharide to
oxidants which would attack a hydroxyl group. Only four chemical
steps from known starting material are required. This is possible
because in all except the second step more than one change toward
the goal is occurring; all of the changes are stereospecific.
Extremely mild reagents are used, all at room temperature.
Finally the scheme has flexibility to modify either half of the
molecule by choice of different starting materials or by doing
chemistry on some of the intermediates described.
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Synthesis of Spectinomycin Analogs

R. C. THOMAS, D. R. WHITE, V. H. WILEY, and D. A. FORSTER
The Upjohn Company, Kalamazoo, MI 49001

Spectinomycin (1) (Figure 1) is an aminocyclitol antibiotic of
moderate potency which is useful in the treatment of gonorrhoeae,
especially for penicillin resistant strains. It has antibacterial
activity against gram-negative and gram-positive bacteria, and
lacks the oto- and nephrotoxicity problems usually associated with
the aminoglycoside family of antibiotics. This broad spectrum
activity and lack of toxicity make spectinomycin an attractive
candidate for structural modifications aimed at enhancing its
potency. The sensitivity of spectinomycin to both acids and bases
has severely hampered past synthetic efforts in this area.

Recently, a number of reports have appeared in the literature
describing chemical modifications of the aminocyclitol portion of
the antibiotic (2-7). These structural modifications have been
inspired by aminoglycoside structure-activity relationships and by
a knowledge of spectinomycin inactivation by R-factor mediated
adenylation of the C-6 hydroxyl group. All changes in the
actinamine portion of the molecule have resulted in the loss of
antibiotic activity.

The only modification of the sugar portion of spectinomycin,
to be reported to date, is the sequential reduction of the o-
diketone system (Figure 2). The dihydrospectinomycins (1),
prepared during the course of the structure determination studies,
have diminished biological activity, but remain, after 16 years,
the only active analogs of spectinomycin appearing in the litera-
ture. Further reduction affords the tetrahydrospectinomycins
(8), which are devoid of antibiotic activity.

In the accompanying manuscript of Dr. David R. White, the
features of the synthetic approach to spectinomycin analogs which
has been developed at The Upjohn Company were outlined. The first
synthesis of spectinomycin was reported. In this companion paper
the flexibility of this synthetic scheme will be shown by detail-
ing the synthesis of some analogs and the interesting structural

0-8412-0554-X/80/47-125-121$05.00/0
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consequences arising from modifications in the sugar fragment will
be described.

Discussion

The first key steps of the synthetic sequence are shown in
schematic form in Figure 3. The flexible nature of this approach
is immediately apparent in that the aminocyclitol and sugar
components may be varied at will and structural modifications in
either can be made before or after the coupling of these pieces.
N,N'-dicarbobenzyloxyactinamine is shown as a representative
protected aminocyclitol in this instance. This paper will be
limited to this example, while focusing on modification of the
sugar component. A central feature of this scheme is the use of
the Lemieux coupling process (9) for formation of the glycoside
linkage. This process provides adequate selectivity for the
actinamine C-5 hydroxyl group and introduces the requisite C-2'
carbonyl group as its oxime. Subsequent deoximation affords the
desired tricyclic hemiketal system which can be subjected to
further modifications and deprotection.

In the previously described spectinomycin synthesis, L-
glucose was employed as the sugar component due to the preference
for a-glycosylation in the Lemieux coupling reaction. The a-L
anomer corresponds to natural spectinomycin anomeric stereo-
chemistry. Subsequent transformations inverted the stereochemis-
try at carbon -5' to that of the natural product. The consequen-
ces of employing the antipode D-glucose in this synthetic scheme
are shown in Figure 4.

Reaction of the D-glucose derived glycosylating reagent with
the actinamine derivative provides a mixture of symmetrical
adducts, with the o-anomer predominating as anticipated. The
ratio of a to B anomers being approximately 20 to 1 in this
instance. Notice that the B-anomer has natural spectinomycin
stereochemistry at both the anomeric carbon C-1' and at C-5'.

The a-anomer, which is the mirror image of the intermediate
employed in the spectinomycin synthesis, has unnatural anomeric
stereochemistry. In the case of the a-anomer, subsequent deoxi-
mation, introduction of the C-3' carbonyl by B-elimination, and
enone reducton with concomitant deprotection of the nitrogen
atoms provides the enantiomer of spectinomycin (Figure 5).

This compound has physical characteristics identical to
those of the natural isomer except for the optical rotation. It
was found to be devoid of antibacterial activity even when
tested at unusually high concentrations, thus establishing two
very important points. First, the biological activity resides
only in the natural antipode in this series of compounds and
second, that the synthesis is in fact stereospecific. If any
racemization of the anomeric center had occurred at any point in
the synthesis, the resulting natural anomer would have yielded
bioactive material. It should be recalled that all of the
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asymmetric centers of the sugar except at the anomeric position
are removed during the course of the synthesis and that the
anomeric stereochemistry determines the configuration of all
nine asymmetric centers in the final product.

As is shown in Figure 6, the minor oxime, the B-anomer, was
sequentially deoximated, the acetates were methanolyzed and the
protecting groups removed by catalytic hydrogenation to afford
4',6'-dihydroxydihydrospectinomycin. This totally synthetic
spectinomycin analog was active against a variety of test
organisms, with potency somewhat less than the corresponding
nonhydroxylated dihydrospectinomycin which was derived from
reduction of spectinomycin itself. Thus for the first time, a
biologically active spectinomycin analog was synthesized, by
fusing a sugar component onto an aminocyclitol unit.

The success achieved with both antipodes of glucose prompted
the examination of the utility of other sugars in this synthetic
scheme. The remaining two sugars to be discussed were examined
as probes to answer chemical questions relating to the problem of
hemiketal folding that was discussed earlier in Dr. White's
manuscript. These sugars have provided interesting biological
information as well.

The results obtained with D-arabinose are shown in Figure 7.
One of the more attractive features of this pentose is the high
proportion of B-D-anomer produced in the coupling process. Thus
reaction of the nitrosyl chloride adduct of di-O-acetyl-D-arabinal
with N,N'-dicarbobenzyloxyactinamine gives the desired R-anomer in
35% yield, along with lesser amounts of the a-anomer and products
of reaction at the unsymmetrical hydroxyl groups. Deoximation
gives one hemiketal structure established by spectral means as
having natural spectinomycin folding. That is, the C-4 hydroxyl
group forms the cis-hemiketal linkage as opposed to the C-6
hydroxyl. Application of either the B-elimination method of C-3'
ketone introduction or acetate hydrolysis with subsequent N-
deprotection in both cases affords the 5'-demethyl analogs shown.
Both of these compounds possess moderate bioactivity with the
keto compound being more active as expected.

Analysis of spectra establishes only the natural spectinomy-
cin mode of hemiketal folding for 5'-demethylspectinomycin (Figure
8). This is an interesting result in light of the factors affect-
ing the mode of hemiketal folding described in Dr. White's
manuscript. In spectinomycin, the equatorial methyl group at C-5'
is one of the factors that helps stabilize the natural folding
involving the C-4 hydroxyl group, relative to other modes of
folding which would require the methyl group to adopt an axial
orientation. Even in the 5'-demethyl analog, which lacks this
stereochemical bias, anomeric effects and other forces are
effective in maintaining natural folding.

The effects of altered stereochemistry in the sugar ring have
been further studied by exploring the application of L-rhamnose in
this scheme. Figure 9 depicts the question at hand. That is,
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what is the effect of an unnatural configuration at carbon 5? We
see that natural folding in the 5'-epimeric series would require
an axial orientation of the methyl group, a destabilizing factor.
One of the alternative folding modes, which is shown in the Fig-
ure, would allow an equatorial C-5' methyl group, but the hydroxyl
group at C-2' must now be in the less favored equatorial orienta-
tion. The anomeric effect at carbon 1' is equivalent in these two
structures, and neither requires the presence of boat rings. The
ihemical steps used to evaluate this question are shown in Figure
0.

Treatment of commercially available 3,4-di-O-acetyl-L-rhamnal
with nitrosyl chloride gives the usual cis adduct, isolated as the
nitrosodimer. Reaction with N,N'-dicarbobenzyloxyactinamine
affords the expected a-L-anomer in good yield. Deoximation
affords a single hemiketal which does not have natural folding as
established by NMR. Examination of spectral data and molecular
models suggests the structure shown. Abnormal folding is expected
at this stage because natural folding would require the substitu-
ents on carbons 3', 4', and 5' to all adopt axial orientatioms.

The stage is now set for the B-elimination process for gener-
ation of the C-3' ketone. In the present instance, the lack of an
acetoxy group on C-6' precludes any second elimination and there-
fore precludes alteration of the unnatural C-5' stereochemistry.
Spectral studies show that the resulting acetoxy-ketone and the
derived hydroxy-ketone are both abnormally folded. Consideration
of molecular models suggests the structures shown, which corres-
pond to the mode of abnormal folding that was depicted in the
previous figure. Removal of the protecting groups yields a product
having only very weak antibiotic activity. Spectral analysis of
this product shows mainly a single unnaturally folded compound,
assigned the structure shown, along with minor impurities which
could be alternative folded forms or acyclic compounds.

Taken together with the results obtained in the 5'-demethyl-
spectinomycin case, the following trend emerges. The equatorial
5'-methyl group in spectinomycin, while certainly stabilizing the
natural mode of hemiketal folding over other possibilities is not
a requirement. The anomeric and other effects in the 5'-demethyl
analog are sufficient to enforce natural folding. These effects,
however, are not enough to overcome the bias of an axial substi-
tuent at carbon 5'. Thus, the 5'epi analog of spectinomycin
adopts alternative hemiketal folding.

Summary

These results establish the generality of the total synthetic
method for producing biologically active analogs of spectinomycin.
It provides ready access to dihydro analogs as well as providing
a versatile method for introducing the desirable C-3' carbonyl
group without relying on selective protection or oxidation. It is
a short efficient sequence, by which active analogs can be pre-
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pared from known starting materials in as few as four synthetic
steps. Thus, it compares very favorably with approaches relying
on protection and subsequent modification of intact spectino-
mycin precursors.

The synthesis of enantiomeric spectinomycin by this technique
confirms the stereospecificity of the synthetic scheme and estab-
lishes the dependence of activity on natural absolute configura-
tion. The results obtained in the D-arabinose and L-rhamnose
derived analogs have shed some light on the factors affecting
hemiketal folding and have shown the effects of abnormal folding
on antibiotic activity.
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Spectinomycin Modification

W. ROSENBROOK, JR. and RONALD E. CARNEY

Abbott Laboratories, Division of Antibiotics and Natural Products,
North Chicago, IL 60064

Spectinomycin is an aminocyclitol antibiotic unique both in
structure (1,2) and in biological activity. The antibiotic
(Figure 1) is a pseudodisaccharide in which a non-aminosugar
moiety, actinospectose, is fused to an aminocyclitol, actinamine
or N,N'-dimethyl-2-epi-streptamine by both a B-glycosidic bond
and a hemiketal linkage. The bioactivity of spectinomycin
resembles that of other aminocyclitol antibiotics only in that
its antibacterial spectrum is broad and its mode of action is
the inhibition of protein synthesis by an interaction with the
30s ribosomal subunit (3). Spectinomycin's action is generally
bacteriostatic rather than bacteriocidal and, although its
antibacterial spectrum is described as broad, in vitro potency
is generally low. In vivo potency is, however, considerably
better than one would predict on the basis of in vitro activity.
Most importantly, spectinomycin is devoid of the ototoxic and
nephrotoxic properties normally associated with the amino-
glycosidic aminocyclitol class of antibiotics (4). In our hands,
we have been unable to demonstrate ototoxicity in the rat at a
dose of 820 mg/kg/day for 14 days or nephrotoxicity in the rat at
a dose of 810 mg/kg/day for 14 days. This lack of toxicity makes
spectinomycin an appealing substrate for chemical modification.
Our major concern has been the enhancement of antibiotic potency
and bacteriocidal action.

The rationale of our approach to the modification of spect-
inomycin is based on the observation that a 2-deoxystreptamine
or streptamine moiety, while not sufficient, is generally
necessary for antibiotic activity among the aminocyclitol anti-
biotics (Figure 2) (5). The stereochemistry at the 2-position
of the aminocyclitol moiety is also important. The semisynthetic
neomycin analogs, hybrimycins B; and By of Rinehart and co-workers
(6), in which 2-epi-streptamine has been incorporated, exhibit
greatly reduced antibiotic activity. Spectinomycin has, there-
fore, been modified at the 7-position, which corresponds to the
2-position of streptamine, in an effort to enhance potency. In
addition, the R-factor mediated inactivation of spectinomycin by

0-8412-0554-X/80/47-125-133$05.00,/0
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adenylylation of the 9-hydroxy group (7,8) prompted modifications
at the 9-position.

The lability of the spectinomycin molecule severely limits
direct chemical modification and a suitably blocked derivative
was required to withstand the rigors of deoxygenation and epi-
merization. The most unstable feature of the molecule is the
alpha keto hemi ketal functionality at 4a. In basic solution
the incipient 1,2-diketone undergoes a benzilic acid rearrangement
to the ring opened actinospectinoic acid (Figure 3), while in acid,
both the hemi ketal and glycosidic bridges are cleaved to give the
component actinospectose and actinamine. Although the C-4
carbonyl of spectinomycin normally exists as a gem diol, the
usual ketone derivative can be formed and stabilize the molecule.
Our attempts to regenerate the ketone function were, however,
unsuccessful.

As reported by Wiley, et. al. (1,9), spectinomycin can be
reduced to an epimeric mixture of 4-dihydrospectinomycins. In
our hands, reduction of spectinomycin dihydrochloride with boro-
hydride in methanol proceeded stereospecifically to the 4(S)-
or equatorial epimer of dihydrospectinomycin (Figure 4). Hydro-
gentation, using a rhodium on carbon catalyst on the other hand,
gave predominately (up to 95%) the 4(R)- or axial dihydrospect-
inomycin (10). The stereochemistry of the two epimers was
established by analysis of their PMR spectra and a knowledge of
spectinomycin stereochemistry as established by the x-ray study
of Chochran and co-workers (2). 4(R)-Dihydrospectinomycin is a
convenient starting material, considerably more stable than
spectinomycin, and is amenable to protection of its alpha hydroxy
hemi ketal functionality via the 4,4a acetonide. Also, the axial
hydroxyl group of a suitably blocked derivative undergoes
selective oxidation back to the 4-oxo or spectinomycin analog.
The amino blocking group should be one which can be removed under
conditions which maintain the integrity of the spectinomycin
molecule. Reaction of an epimeric mixture of dihydrospect-
inomycins with 2,2-dimethoxy propane gives only the expected cis
product, 4(R)-dihydrospectinomycin 4,4a-acetonide.

Both the 4(R)- and 4(S)-dihydrospectinomycins, although sub-
stantially less active than spectinomycin, exhibit both in vitro
and in vivo antibiotic activity, with the R-epimer being somewhat
more active than the S. While the dihydrospectinomycin anti-
bacterial spectra are different than that of spectinomycin,
organisms resistant to spectinomycin are also resistant to the
dihydrospectinomycins. Extrapolation of structure-activity
relationships from the dihydro-series to the 4-oxo or spectinomy-
cin series is at best uncertain.

Epimerization at C-7 was achieved via reduction of a B-
diketone (Figure 5). Oxidation of the N,N'-dicarbobenzoxy-4(R)-
dihydrospectinomycin-4,4a-acetonide with dimethylsulfoxide-acetic
anhydride for 16 hours at room temperature gave 7,9-dioxo-di-Z-
acetonide. The crude diketone was immediately treated with sodium
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borohydride to provide a stereospecific reduction at both sites
to give the desired 7-epi-di-Z-4(R)-dihydrospectinomycin-4,4a-
acetonide (11).

Removal of the acetonide block followed by oxidation with a
mixture of DMSO and acetic anhydride for a short period of time
gave the 4-oxo-analog, 7-epi-di-Z-spectinomycin (Figure 6).
Removal of the carbobenzoxy groups by catalytic hydrogenation to
provide 7-epi-spectinomycin was achieved only after exhaustive
purification. Catalyst poisons, apparently derived from the DMSO
oxidation step, were finally separated by partition chroma-
tography. Evidence for the C-7 stereochemistry was obtained from
an analysis of the 270 MHz PMR spectrum of 7-epi-4(R)-dihydro-
spectinomycin. Only the C-3 equatorial and C-4 protons exhibit
small coupling constants, which requires that all the protons in
the actinamine derived ring are now axial. Analysis of the PMR
spectra of carbobenzoxy-blocked intermediates could not be
achieved due to the presence of rotamers causing broad and ill-
defined resonances. Extensive chemical shift overlap of ring
protons precluded analysis of the spectrum of 7-epi-spectinomy-
cin.

Di-Z-4(R)-Dihydrospectinomycin-4,4a-acetonide was selective-
ly oxidized in high yield by the Pfitzner-Moffatt technique (12)
to give the 9-oxo-analog (Figure 7) (13). Complete characteriz-
ation of this ketone was precluded by the ready elimination of
water during silica gel column chromatography to give an O ,B-
unsaturated ketone. This intermediate was identified as the
A7,8-9-ox0-di-Z-4(R)-dihydrospectinomycin-4,4a-acetonide. Treat-
ment of this unsaturated ketone with sodium borohydride provided
a stereospecific reduction with regeneration of the natural
stereochemistry at both C-8 and C-9 to give 7-deoxy-di-Z-4(R)-
dihydrospectinomycin-4,4a-acetonide.

Removal of the carbobenzoxy groups (Figure 8) yielded 7-
deoxy-4(R)-dihydrospectinomycin-4,4a-acetonide, an intermediate
whose structure and stereochemistry could be assigned from an
analysis of its 270 MHz PMR spectrum.

The acetonide block was then removed from 7-deoxy-di-Z-4(R)-
dihydrospectinomycin-4,4a-acetonide to provide 7-deoxy-di-Z-4(R)-
dihydrospectinomycin, which was further deblocked to 7-deoxy-
4(R)-dihydroxpectinomycin.

Selective oxidation of the C-4 axial hydroxyl group of 7-
deoxy-di-Z-4(R)-dihydrospectinomycin by DMSO-acetic anhydride
again gave the desired 4-oxo-analog, 7-deoxy-N,N'-dicarbobenzoxy-
spectinomycin. All atempts to remove the carbobenoxy groups by
catalytic hydrogenation, however, failed to give the desired 7-
deoxyspectinomycin.

N,N'-9-0-Triacetyl-4(R)-dihydrospectinomycin-4,4a-acetonide
was derived by selective acetylation of the 4(R)-dihydrospectin-
omycin-4,4a-acetonide (Figure 9) (10). The amino groups in this
compound are protected from oxidation and the 9-hydroxyl function
is converted to a leaving group. Treatment of this triacetate
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with a modified Collins reagent (14) gave another O,8-unsaturated
ketone, which was identified as the A8,9-7-oxo-N,N'-diacetyl-4(R)-
dihydrospectinomycin-4,4a-acetonide on the basis of its PMR
spectrum. Catalytic hydrogenation selectively reduced the A8,9-
double bond with concomitant regeneration of the natural stereo-
chemistry at C-8 to give 7-oxo-9-deoxy-N,N'-diacetyl-4(R)-dihydro-
spectinomycin-4, 4a-acetonide. Sodium borohydride reduction again
proceeded in a stereospecific manner to give only the unnatural
epimer at C-7, 7-epi-9-deoxy,N-N'-diacetyl-4(R)-dihydro-
spectinomycin-4, 4a-acetonide. The acetyl blocks were removed with
base and the acetonide block with dilute acid to provide 7-epi-9-
deoxy-4(R)-dihydrospectinomycin sulfate. The structure and
stereochemistry were assigned from a complete analysis of the

270 MHz PMR spectrum in pyridine-ds5 solution at 110°.

All of the spectinomycin analogs described (Figure 10), 7-
epi-spectinomycin and 7-epi-4(R)-dihydrospectinomycin, 7-deoxy-
4(R)-dihydrospectinomycin and 7-epi-9-deoxy-4(R)-dihydro-
spectinomycin, are devoid of antibiotic activity as measured by
the agar dilution method on pH 8 nutrient agar at 500 ug/ml
versus a variety of organisms.

At this point, it is suffice to say that our modification
rationale, derived from the various aminocyclitol antibiotics, is
not applicable to spectinomycin. Both the stereochemistry and
the presence of the C-7 hydroxyl group is important to antibiotic
activity. The question of modification at C-9, however, was
unanswered since the 7-epi-analogs proved to be inactive.

In an effort to deoxygenate the 9-position, the 9-0-toluene-
sulfonate ester of N,N'-di-Z-4(R)-dihydrospectinomycin-4,4a-
acetonide (Figure 11) was prepared by standard procedures. Also
prepared were the 9-mesylate and the 7,9-dimesylate as well as
the corresponding triflates. We were unable to introduce a tosyl
group into the 7-position. None of these sulfonate esters could
be displaced or reductively cleaved by a variety of reagents.
After removal of the carbobenzoxy groups, however, the 9-tosylate
readily cyclised (15) to give the 8,9-epimino-4(R)-dihydro-
spectinomycin-4,4a-acetonide. High pressure hydrogenation of
this epimine, as well as its 6-acetyl derivative, under a variety
of conditions (16), failed to give a ring opened analog. The
ring was readily opened with NH4Cl and with HC1 (17) to give,
respectively, and after removal of the acetonide block, 9-chloro-
9-deoxy=4(R)-dihydrospectinomycin and 8-epi-chloro-8-des-(methyl-
amino)-9-epi-(methylamino)-9-deoxy-4(R)dihydrospectinomycin.
8,9-Epimino-4(R)-dihydrospectinomycin itself was obtained by
removal of the acetonide block with sulfuric acid.

9-Epi-chloro-9-deoxy-4(R)-dihydrospectinomycin and 9-epi-
chloro-9-deoxyspectinomycin were prepared directly (Figure 12)
from suitably blocked intermediates by chlorination, with
inversion, using the N-chlorosuccinimide-triphenylphosphine
method of Hanessian, et. al. (18).
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Again, all of these analogs failed to exhibit antibiotic
activity and the effect of C-9 deoxygenation and epimerization
remained unknown.

Recently, however, Foley, Lin, and Weigle of Hoffmann-

La Roche (19,20) prepared the 9-deoxy- and 9-epi-analogs of both
spectinomycin and 4(R)-dihydrospectinomycin (Figure 13). All
four compounds were found to be devoid of antibiotic activitye.

All of the modifications thus far made in the cyclitol
portion of spectinomycin and 4(R)-dihydrospectinomycin, including
such changes as N-demethylation, N-alkylation, N-acylation, and
9-0-acylation (21), result in the complete loss of antibiotic
activity. We have managed to confirm that spectinomycin is
indeed an atypical aminocyclitol antibiotic.
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The Structures of Diastereomers of

Dihydrospectinomycins

LOUISE FOLEY and MANFRED WEIGELE
Hoffmann-La Roche Inc., Chemical Research Department, Nutley, NJ 07110

Spectinomycin (1) (1,2) as well as the dihydro-
spectinomycins 2 and §,(3)(F1gure 1) represent un-
usual structures among the aminocyclitol antibiotics.
Most antibiotics of this class contain streptamine or
2-deoxystreptamine linked to at least one o-pyranose
unit. Spectinomycin, however, contains 2-epi-N,N'-
dimethylstreptamine linked to a single sugar unit by
a B-glycosidic bond. Another interesting feature of
structures 1, 2 and 3 is the selective formation of
the hemiketal linkage between the C-4 hydroxyl group
and the C-2' carbonyl carbon.

As depicted in Figure 2, opening of the hemi-
ketal bond in the spectinomycin hydrate (4g) would
give the hydrated a-diketone 5g. The symmetrical
cyclitol unit in structure 52 has available for the
generation of an intramolecular hemiketal linkage two
diastereotopic equatorial alcohols at C-4 and C-8
which could, in theory, generate four different
isomers.

Hemiketal formation using the C-4 hydroxyl group
either regenerates the spectinomycin skeleton 4a,
having a cis ring fusion between the 1,4- dioxin ring
and the sugar ring, or the isomer 6a, w1th a trans
ring fusion. Clearly, the spectinomycin skeleton 4a
is expected to be more stable than the isomeric skéle-
ton due to the presence in 6a of a high energy boat
conformation in the 1,4-dioxin ring. Rotation about
the glycoside bond in 5a allows hemiketal formation

using the C-8 hydroxyl group leading to the two di-
astereomers of spectinomycin 73 and 83. The linear
diastereomer 73 has a trans ring fusion between the
1,4-dioxin r1ng and the pyranose ring, while 8a
possesses a cis ring fusion.

0-8412-0554-X/80/47-125-145$06.00/0
© 1980 American Chemical Society
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This opening-reclosure sequence is also conceiv-
able for the 3'(R)- and 3'(S)-dihydrospectinomycins
4c and 4b, respectively. 1In addition, opening of the
Ketal bond in the 3'(R)-dihydrospectinomycin (4g) ge-
nerates the o-hydroxy ketone 5¢, which might bé expec-
ted to be in equilibrium with the enediol . Tauto-
merization of 9 would then allow the eplmerlzatlon of
the 3'(R), axial alcohol, into the 3'(S) isomer 3),
equatorial alcohol. (The reverse would be expected
if, in the unlikely case, the 3'(R) was the most
stable configuration.)

Intrigued by the possible existence of diastereo-
mers derived from the skeletons 7 and §, we investi-
gated two side products formed durlng the preparation
of the acetonide derivatives of 3'(R)- and 3'(S)-
dihydrospectinomycins. The structures of these two
compounds, and the implications that their isolations
have concerning the configurations and conformations
possible in these molecules are the subjects of this
report.

Due to the instability of the a-keto hemiketal
functionalities in spectinomycin (1) we and others
(4-10) chose to carry out modification work on a
protected dihydrospectinomycin. The 3'(R)-dihydro-
spectinomycin derivative 10 was chosen because the
2',3'-cis diol system readily allowed its protection
as the acetonide derivative 11 (see Figure 3). The
conditions we employed, identical to those reported
by Rosenbrook, et. al. (5), allowed the preparation
of not only the desired derivative 11 but also a pre-
viously unreported isomeric acetonide, albeit in low
yield. The chemistry used to prove 12 as the struc-
ture of this isomeric acetonide has been previously
reported by us (11).

Treatment of the isomeric acetonide with acid
resulted in its conversion back to the 3'(R)-dihydro-
spectinomycin 10. This simple reaction, indicating
that no epimerization had occurred at the 3' position,
allowed us to rule out the linear structure 18 as
well as an isomer of the spectinomycin skeleton deri-
ved from structure 6g, because in both the 3'(R) con-
figuration required the 2',3'-diols to have a trans
diaxial orientation. Additionally, this reaction
demonstrated the instability of the diastereomeric
skeleton 13 (or 8§) relative to the spectinomycin
skeleton 10 (or 4.
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In the diastereomeric structure ;g the hemiketal
linkage is formed using the C-6 hydroxyl, whereas in
the spectinomycin skeleton it is the C-4 hydroxyl
group which is involved. The chemistry outlined in
Figure 4, made use of the instability of the diaste-
reomeric skeleton relative to that of spectinomycin to
prove the structure of 12 (11). Information regarding
the preferred conformation of 12 (partial structures
a or b below) was readily available from the PMR
spectra of this compound and its derivatives. The
chair conformer g would be expected to exhibit a
splitting pattern for the 3' proton compatible with
axial-axial and axial-equatorial couplings, while the
boat conformer b should have only the small coupling
constants of equatorial-axial and equatorial-equato-
rial couplings. As noted in our earlier report (11),
the narrow triplet (J = 3 Hz) observed for the 3'
proton is only consistent with the pyranose ring
having a boat conformation. This conformation allows
the 5' methyl substituent to assume the more stable
equatorial orientation.

H
0. )—H

H.
H3C
-0
—0 (o]
Lo
H
a

During the preparations of the cyclic carbamates
172 and 18a, we noted the formation of small amounts
of two side products subsequently shown to be the bis
cyclic carbamate 23 and the unsaturated cyclic carba-
mate 24. These derivatives are only obtainable from
the 1,2-cyclic carbamate 17a (and not from the 2,3-
cyclic carbamate 18a); 23 on further heating with
K200 in DMF was converted into the unsaturated cyclic
carbgmate gg, see Figure 5. The X-ray structure of
24 shown in Figure 6 established its structure and
also confirmed the proposed structure 12 (11) for
the diastereomeric acetonide.

Earlier an enediol, see structure 9 in Figure 2,
was suggested as an intermediate allowing the epime-
rization of the hydroxyl group at the 3' position.
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Figure 6. stereodrawing showing the structure and conformation of the unsatu-
rated cyclic carbamate 24
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Our experimental results, showing that the 3'(R)
configuration was maintained, do not support such a
possibility and thus interconversion between the
3'(R)- and 3'(S)-dihydrospectinomycins is not poss-
ible. We were, however, still intrigued by the
possible existence of the linear diastereomeric
structure 28 and felt that, as shown in Figure 7, it
might be trapped as its acetonide derivative starting
from the 3'(S)-dihydrospectinomycin 25. Formation of
an acetonide derivative from the diastereomer having
the same skeleton as found in the 3'(R) series is not
possible because of the trans diaxial orientation of
the 2',3'-diols in this conformation, see structure
29.

-~ Treatment of the 3'(S)-dihydrospectinomycin
derivative 3Q, as shown in Figure 8, with 2,2-di-
methoxyprogane in DMF containing p-toluenesulfonic
acid at 80 C for 48 hours gave the trans acetonide
derivative 31 and a trace of an isomeric acetonide.
This isomeric acetonide on reaction with aqueous 1N
hydrochloric acid regenerated the starting 3'(S)-
dihydrospectinomycin derivative 30; again no epimer-
ization of the 3' position was observed.

There are two possible diastereomeric structures
for this compound--the linear structure 33 or the
angular structure 34, which is a conformational iso-
mer of the 3'(R) diastereomeric skeleton. [As noted
earlier, the 3'(S)-epimer 29, having the same skeleton
as the 3'(R)-diastereomer, cannot form an acetonide.
However, by changing the conformation in both the
1,4-dioxin and sugar rings, the 2',3'-diol system
assumes a trans diequatorial orientation and thus can
form the acetonide derivative gg.] A third possibi-
lity that this material was the isomeric compound 35
could be excluded using the chemistry outlined in
Figure 9.

Again, as in the case of the 3'(R)-diastereomer
12, the instability of the unknown acetonide's skele-
ton relative to that of spectinomycin allowed us to
show that this isomeric compound was a diastereomer
of 3'(S)-dihydrospectinomycin. The 1,2-cyclic car-
bamate 362 and 2,3-cyclic carbamate 372 were pre-
pared by heating the 3'(S)-dihydrospectinomycin
acetonide 31 with K,CO, In DMF at 95° C for four
hours. 1In order to cagry out PMR decoupling experi-
ments, 36a was converted into its benzoate 36b by
reaction with benzoyl chloride in pyridine followed
by hydrogenolysis using a palladium on carbon cata-
lyst. Irradiation of H-6 at § 5.47 [E-C-O-C(O)Ph]
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in 36b caused the collapse of the triplet at § 3.83
[H-C-N(CH )-COz-, H-1] to a doublet and of the dis-
torted dofibletZof doublets at & 4.07 (H-5) to a doub-
let. This decoupling experiment provided confirmation
that the carbon containing the methylamino moiety of
the cyclic carbamate was adjacent to the benzoate
methine as required by the structure shown in 36b and
thus confirmed the 1,2-cyclic carbamate structure of
36a. Similar decoupling experiments carried out on
the derivative 37b confirmed its structure and that of
37a.

“~  Reaction of the isomeric acetonide 32 with K CO3
in DMF at 95° C for four hours gave two new isomegic
cyclic carbamates, 40a and 4la. Treatment of the
less polar cyclic carbamate with benzoyl chloride in
pyridine gave a benzoate derivative for PMR decoupl-
ing experiments. Irradiation of the benzoate methine
proton at § 5.67 caused the collapse of the doublet
of doublets for the Cbz methylamino methine proton

at § 4.88 to a doublet. Simultaneously, the doublet
of doublets assigned to the proton on the carbon
carrying the ether of the glycoside linkage at § 4.25
collapsed to a doublet. Since the doublet of doub-
lets at § 3.56, assigned to the proton on the carbon
containing the methylamino group of the cyclic car-
bamate moiety, was unaffected, the partial structure
40b was assigned to this derivative and thus 40a to
the less polar cyclic carbamate. Again, similar
decoupling experiments carried out on 41b confirmed
4la as the structure of the more polar cyclic carba-
mate.

Acid hydrolysis of the acetonide 40a resulted in
its conversion, after the reintroduction of the
acetonide group, into the 1,2-cyclic carbamate 382
and the identical treatment of 4la gave, as expected,
the 2,3-cyclic carbamate 37a. These results fully
confirmed that the isomeric acetonide was one of the
dihydrospectinomycin diastereomers 33 or 34 and not
the isomeric acetonide 35. (If the unknown acetonide
had been 35 then the isomeric cyclic carbamate having
the carbon containing the methylamino group of the
cyclic carbamate adjacent to the methine carrying the
ether of the hemiketal linkage, on opening and re-
closure to form the more stable spectinomycin skele-
ton would have formed 372 and not, as observed, 36a.
This is because in both 35 and 31 it is the same
hydroxyl group, at C-4, which is involved in the
formation of the hemiketal bond.) Also, it should
be noted that throughout these transformations no
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epimerization at the 3' position was observed, again
ruling out the intermediacy of an enediol, such as 9,
in Figure 2.

The crystalline bis cyclic carbamate 42, together
with minor amounts of the unsaturated cyclic carbamate
43, were prepared by treating the 1,2-cyclic carbamate
402 with K,CO, in DMF at 90° C for four hours, see
Figure 10. Tﬁe X-ray structure of 42 shown in Figure
11 established 34 as the structure of the 3'(S) dia-
stereomeric acetonide.

Since the 3'(S)-diastereomer 34 was isolated in

only trace quantities, the possibility existed that
the other diastereomer, 33, was also present but had
been missed. The chemistry outlined in Figure 12 was
designed to give information as to the possible exis-
tence of the linear diastereomer 33. Protection of
the C-4 hydroxyl as the methyl ether prevents the
rearrangement of the diastereomeric skeleton back to
the more stable spectinomycin skeleton. The O-methyl
ether 44, prepared by reacting the 2,3-cyclic carba-
mate 4la with sodium hydride followed by methyl io-
dide, on aqueous acid treatment generated the diol
45, which would be expected to be in equilibrium with
the a-hydroxy ketone 46. This o-hydroxy ketone has
only two modes of cyclization available to it--re-
closure to the diol 45 giving back the starting
material 44, after reintroduction of the acetonide
ring, or closure to form the linear structure 48,
which might then be trapped as the acetonide 47.
When this reaction was carried out the only acetonide
derivative isolated was identical to the starting
material 44; no evidence was obtained for the exis-
tence of the linear diastereomer 47.

This work clearly demonstrates (see Figure 13)

~that under mildly basic or acidic conditions the

3'(R)-dihydrospectinomycin is in equilibrium with the
a-hydroxy ketone 49, and also that the 3'(S)-dihydro-
spectinomycin is in equilibrium with the o-hydroxy
ketone 51. Isolation of the diastereomers indicates
that in each case this equilibrium mixture contains a
small amount of the diastereomer which is trapped as
the acetonide derivatives 12 and 34. The fact that
no epimerization of the 3' position has been observed
rules out equilibration of the two a-hydroxy ketones
49 and 51 via the enediol 50. The failure to observe
the formation of the 3'-keto derivative 52 also mili-
tates against the existence of an enediol interme-
diate. The rearrangement of 2-keto uloses into 3-
keto uloses via an enediol intermediate, similar to
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Figure 10.

Figure 11. Stereodrawing showing the structure and conformation of the bis
cyclic carbamate 42
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50, is well documented (12,13). The failure of the
ened101 50 to play a role in the chemistry of specti-
nomycin is also evident in the work of Knight and
Hoeksema (3), see Figure 14. These workers reported
that reduction of either dihydrospectinomycin with
sodium borohydride gave two tetrahydrospectinomycins
epimeric at only the 2' position; the 3' configuration
of the starting material was maintained.

Under strongly basic conditions, however, we have
found indirect evidence for the intermediacy of an
enediol. Reaction of either the 3'(S)- or 3'(R)-di-
hydrospectinomycins or their derivatives, without the
acetonide protective group, with barium hydroxide in
refluxing methanol-water gave the cyclitol 54. The
proposed mechanism, outlined in Figure 15 for the
3'(R)-dihydrospectinomycin §§, involves the opening
of the hemiketal linkage to give the a-hydroxy ketone
49 which on enolization forms the enediol 50. The
cyc11tol moiety 54 is eliminated from the énediol 50
by a retro Michael reaction. While the opening of 53
to give 49 is reversible, as we have shown, the enol-
ization of 49 to give 20 appears to be irreversible.
Elimination of the cyclitol unit takes place rather
than tautomerization to give either the 3'(R) or
3'(8S) derivatives 49 or 51 or the 3'-keto derivative
52. The irreversible nature of the last two steps
could be demonstrated by interrupting the reaction
and isolating unreacted material. In each case, the
recovered spectinomycin derivative was shown to have
the 3' configuration of the starting dihydrospectino-
mycin, no evidence for epimerization at the 3' position
could be detected.

Figure 16 shows the structures of the two diaste-
reomers, the 3'(R) 12 and the 3'(S) 34, which are
simply conformational isomers of the “Same basic skele-
ton containing a cis ring fusion between the 1,4-
dioxin and sugar rings. We have considered three
possible factors which may contribute to the prefe-
rential formation of the spectinomycin skeleton 57
(11 and 31) over its isomeric skeleton 58 and the two
diasteredmeric skeletons 55 and 56, and also for the
preference for the diastereomeric structure 55 (12 and
34) over the linear structure 35§. (Wh11e these argu-
ments are presented in Figure 16 for 3'(S)-dihydro-
spectinomycin, they are equally applicable to the
3'(R)-dihydrospectinomycins as well as to spectino-
mycin.)

As shown in Figure 16, the observed products are
always the result of axial attack of the hydroxyl
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groups at C-4 or C-6 on the 2' carbonyl carbon. A
possible explanation may be found in the known pre-
ference for axial nucleophilic attack on the cyclo-
hexanone carbonyl (14). In equatorial attack on the
carbonyl carbon, the incoming nucleophile encounters
torsional strain from the axial substituents on the
o-carbons, while in axial attack there is steric
strain between the nucleophile and the axial groups
on the B-carbons. When the substituents on the a
and B atoms are the same, the steric strain encoun-
tered in axial attack is less severe than the tor-
sional strain involved in equatorial attack and the
axial mode predominates (14,15). In the present
case, axial attack would be further favored by the
presence of only one axial substituent on a B atom.
In addition, it has been demonstrated that the tra-
jectory for nucleophilic attack on carbonyls has an
angle of 100° to 110° to the plane of the carbonyl
(16,17). 1In the formation of the hemiketal from
either 51la or 51b, the attacking nucleophile is con-
strained from ach1ev1ng the desired trajectory for
equatorial attack by the glycoside linkage. An
examination of molecular models indicates that in
axial attack the oxygen atom of the hydroxyl group
can more nearly achieve the desired trajectory.

The preferential formation of 55 and 57 may also
reflect the Reeves "A? effect" (18, 19), in which the
presence of an axial hydroxyl group on a carbon adja-
cent to an anomeric center destabilizes the equato-
rial anomer relative to the axial anomer. Thus, one
would expect the Reeves '"A? effect'" to destabilize
56 relative to the observed diastereomer 55, and to
destabilize the unobserved spectinomycin isomer 58
relative to the spectinomycin skeleton 57.

The third factor accounting for these preferences
involves the influence of the anomeric effect and, in
particular, its interpretation in terms of the sta-
bilization resulting from an overlap of the lone-pair
electrons on oxygen with the antibonding orbital of
the adjacent carbon oxygen bond (20, 21, 22, 23, 24).
As shown by the heavy lined bonds in structures §§,
56, 57 and 58 (Figure 168), the spectinomycin skeleton
§] has three such stabilizing interactions while the
isomer 58 has only one. Both diastereomeric struc-
tures 55 and 56 each possess two. Thus, while the
anomeric effect does not explain the preference for
the diastereomeric structure 55 over structure 56, it
does contribute to the stability of the spectinomycin
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skeleton 57 over its isomer 58 and either diastereomer
55 or 58.

In conclusion, the isolation of only the diaste-
reomer having the structure 55, with the exclusion of
the linear diastereomeric structure 56, can be ex-
plained by the '"A? effect'" and preferred axial attack
on the carbonyl. The stability of the spectinomycin
skeleton 57 over the isomer 58 can be explained by
contributions from the "A? effect'" and the anomeric
effect. Preferred axial attack on the 2' carbonyl,
as well as the presence of a high energy boat con-
formation in the 1,4-dioxin ring of 58 further favor
7. Finally, the stablllty of the spectinomycin
skeleton 57 over the diastereomeric skeleton §§ can
be rationalized by the operation of the anomeric
effect and the presence of a high energy boat confor-
mation in both diastereomeric conformations, 12 and
34.
~ As noted earlier, the findings presented here
cast doubt on a proposed biosynthetic scheme
for spectinomycin involving the rearrangement of a
2-hydroxy-3-ulose to a 3-hydroxy-2-ulose via an ene-
diol similar to 9. (25) Additionally, the observa-
tion that a symmetrical cyclitol intermediate, such
as 5, will preferentially cyclize to form the spec-
tlnomycln skeleton greatly simplifies any synthetic
approach to this molecule" (11).

"
.

Abstract

The structures and chemistry of the diastereomers
12 and 34 of 3'(R)- and 3'(S)-dihydrospectinomycins,
wh1ch establish the existence of the equilibrium
4=5<8, are described. The X-ray structures of
derivatives of these diastereomers, which gave final
proof of the structure of 34 and confirmed the pro-
posed structure 12, are alSo given. Finally, we
present an explanatlon involving the anomeric and
"A2" effects and the known preference for axial attack
on a carbonyl, for the configurational preference and
diastereoselectivity observed in the cyclization of §5.
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Chemical Modification of Aminoglycosides:
A Novel Synthesis of 6-Deoxyaminoglycosides’

BARNEY ]J. MAGERLEIN
The Upjohn Company, Kalamazoo, MI 49001

As part of a program to study structure-activity relation-
ships among the semisynthetic aminoglycoside antibiotics, we
elected to prepare a family of 6-deoxyaminoglycosides. 6-Deoxy-
neomycin and related compounds have been described in the
literature (2, 3, 4, 5). The starting point in our synthesis was
neamine which is readily obtained by methanolysis of neomycin.
As shown in Figure 1 neamine (1) was blocked on nitrogen by the
trifluoroacetyl group giving tetrakis-amide (2) in high yield.
The trifluoroacetyl blocking group proved to be quite desirable
in this situation since it not only could be readily removed
with dilute alkali, but also conferred good solvent solubility
on the intermediates. Then too, the trifluoroacetyl inter-
mediates were sufficiently volatile to permit satisfactory
vpc-mass spectrum evaluation. The trifluoracetyl derivative (2)
when treated with 2,2-dimethoxypropane under mild conditions
gave a high yield of monoketal (3) with varying amounts of
diketal (4). This diketal was readily converted to monoketal
(3) in the presence of dilute acid. Carbon-13 nuclear magnetic
resonance definitely established that the ketal group in
monoketal (3) was at 0-5,6 as shown. This is in agreement with
the findings of ketalization of neamines blocked by other groups
on nitrogen.

The next two steps proceeded smoothly and in high yield
(Figure 2). The hydroxyls at C-3' and 4' were acylated either
with acetyl, or in cases where a UV visible group was desired for
TLC referencing, with p-nitrobenzoyl, to form (5a) or (5b). Mild
acid hydrolysis gave blocked neamine derivatives (6a) or (6b) in
almost quantitative yield. The question now was which of these
two equatorial hydroxyls would be more reactive. The pioneering
work of Umezawa in the synthesis of the kanamycins indicated
that the 6-hydroxyl would be more available for glycosylation by
the Koenigs-Knorr reaction than the 5-hydroxyl (6). He pointed
out that this selectivity was in keeping with the observation
that hydroxyls adjacent to a glycosidic bond show diminished

! This is the second part of a series on the modification of
aminoglycosides. See Ref. 1 for Part I.
0-8412-0554-X/80/47-125-169$05.00/0
© 1980 American Chemical Society
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reactivity. This observation has been repeatedly confirmed by
other investigators (7, 8, 9).

We have examined the glycosylation of this diol using both
the Koenigs-Knorr and the glycal glycosylation procedures.
Substitution occurred selectively at 0-6. In no case did we
isolate a pure fraction which could be assigned an 0-5 substitu-
ted structure. Thus 5-O-substituted-neamines are not readily
available from this intermediate. One facet of our program,
however, was the preparation of just such analogs. One possible
way to prepare such compounds from the available intermediates
would be to remove the more reactive 6-hydroxyl, leaving only the
5-hydroxyl as a site for glycosylation.

From some of our related work, as well as reports in the
literature, we know that the various hydroxyls on the neamine
moiety contribute little to in vitro antibacterial potency (10,
11). A 5-0O-substituted 6-deoxy-neamine (7) may be expected to be
as potent as a 5-O-substituted-neamine (8) but less difficult to
prepare (Figure 3). The removal of the 6-hydroxyl was therefore
of interest and was accomplished by what we believe to be an
unique reaction. Tosylation of diol (6a) was quite selective
even in the presence of a large excess of tosyl chloride to give
6-tosylate (9) (Figure 4). In addition to the 6-tosylate,
about 5% of the 5-tosylate could be isolated. CMR clearly
indicated that the major product was the expected 6-O-tosylate
(9). When treated with potassium iodide in DMF, the replace-
ment of iodide for tosyl was not in evidence, but ketone (10)
was isolated in 60% yield. A clue as to how this transformation
takes place may be gained in noting that treatment of tosylate
(9) with LiCl in DMF resulted in facile displacement of chloride
for tosyl. This suggests that the first step in ketone formation
is replacement to iodide (11) which loses HI in the presence of
DMF to yield ketone (10). In addition to the major product of
this reaction, several minor products were also isolated. One of
these products, formed by the loss of a trifluoroacetamido group,
is unsaturated ketone (12) (Figure 5). When the ketone forming
step was carried out under more vigorous conditions or in hexa-
methylphosphoramide, the major reaction product was substituted
catechol (13).

Reduction of ketone (10) with sodium cyanoborohydride gave
chiefly the 5-equatorial alcohol (14) as would be predicted by
Barton's rule (Figure 6). In addition, a few percent of the
isomeric 5-axial alcohol (15) was also isolated. Degradation of
5-alcohol (14) with concentrated hydrobromic acid followed by
chromatography over an ion exchange resin resulted in the
isolation of 2,6-dideoxy-D-streptamine (16). This material
proved to be identical with a known sample prepared by
independent synthesis and obtained from Dr. S. D. Gero of
the Institut de Chimie des Substances Naturelles (2).

Thus, the configuration of the 5-hydroxyl in (14) is
unequivocally equatorial or B as shown. Hydrogenation of ketone
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(10) over platinum in methanol solution gave primarily the axial
alcohol (15). This hydrogenation was highly stereospecific
though trace amounts of the 5-B-alcohol were isolated on
chromatography. Degradation of axial alcohol (15) with hydro-
bromic acid afforded a diamino-tetradeoxyinositol (17) which was
similar, but different, from its isomer (16).

The blocking groups on oxygen and nitrogen of compounds (14)
and (15) were readily removed with alkali to give the epimeric
pair of 6-deoxyneamines (18) and (19) (Figure 7). The anti-
bacterial spectrum and potency of these two neamine derivatives
were almost identical with that of neamine. This indicated that
the presence of the 6-hydroxyl is not critical to antibacterial
activity, nor must the configuration of the hydroxy at C-5 be
equatorial as in neamine.

Maximum potency of neamine analogs is only realized when
substitution is present at either 0-5 or 0-6 (11). Therefore,
the 5-equatorial or natural alcohol (14) was glycosylated with
2,3,5-tri-0-acetyl-D-ribofuranosyl bromide in the Koenigs-Knorr
reaction (Figure 8). The B epimer (B at 1") (208) was isolated
in 35% yield, while only 8% of the less desirable a epimer (20a)
was obtained. The blocking groups were readily removed with
dilute alkali to afford 6-deoxyribostamycin (218) and its
epimer (21lo) (Figure 9).

A similar pair of epimeric aminoglycosides (22B) and (22a)
were prepared from the unnatural 5-axial alcohol (15) by glyco-
sylation followed by hydrolysis. Thus we have the 4-isomeric
6-deoxyribostamycins to evaluate by in vitro antibacterial assay.

The in vitro antibacterial testing data for these amino-
glycosides is tabulated in Figure 10. In the first column are
listed the bacteria against which the compounds were tested. This
spectrum contains a few Gram-positive bacteria, but it is weighted
in favor of the more difficult gram-negative bacteria. The
results of the assay are expressed as MIC values, the minimum
concentration of the drug expressed in micrograms per ml which
will completely inhibit growth of the given bacteria under
conditions of the assay. In general, 6-deoxyribostamycin was the
most potent. Its 5-epimeric analog, rather surprisingly, also
showed significant activity. The 1"-o-epimers, given in the
two columns on the right, were generally less active. This
difference is less in the C-5 unnatural series than in the C-58
or natural series.

One of our main objectives of this program was the prep-
aration of aminoglycosides which possess useful activity versus
pseudomonads. While 6-deoxyribostamycin has significant anti-
bacterial potency, its MIC vs Pseudomonas aeruginosa is something
less than satisfactory. The ineffectiveness of many aminoglyco-
cosides to pseudomonads is due to the production of inactivating
enzymes by these bacteria (10). The 3'-hydroxyl group is one of
the prime sites for attack by phosphorylating enzymes. Amino-
glycosides which lack a 3'-hydroxyl or in which the 3'-hydroxyl
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Figure 9. Isomeric 6-deoxyribostamycins

6-Deoxy- | 6-Deoxy-5- | 6-Deoxy-a- | 6-Deoxy-5-

ribosta- | epi-ribosta: ribosta- epi-a-ribo-

Organism mycin mycin mycin stamycin
S. aureus UC 76 31.2 250 125 31.2
S. pyogenes UC 152 3.9 31.2 31.2 31.2
S. faecalis UC 694 500 1000 >500 1000
S. pneumoniae UC 41 15.6 31.2 125 31.2
E. coli UC 45 31.2 125 250 31.2
K. pneumoniae UC 58 2.0 15.6 15.6 15.6
S. schottmuelleri UC 126 7.8 62.5 125 31.2
Ps. aeruginosa UC 95 >500 1000 >500 1000
P. vulgaris UC 93 31.2 62.5 500 500
P. mirabilis A-63 125 500 >500 1000
S. marcescens UC 131 62.5 62.5 500 31.2
S. flexneri UC 143 31.2 125 500 125
S. typhi TG-3 15.6 31.2 62.5 31.2

Figure 10. Antibacterial activities of 6-deoxyribostamycins (minimum inhibitory
concentration mcg/mL)
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has been chemically removed, possess much greater potency to
pseudomonads than those containing this group. Therefore,
removal of the 3'-hydroxyl, or more simply the removal of both
the 3'- and 4'-hydroxyls, was an attractive means to increase
potency vs pseudomonads (11). The steps for removal of the
3',4"'-hydroxyl using well-documented chemistry are outlined in
Figure 11 (12, 13). Diol (23), whose preparation was described
earlier, was converted to dimesylate (24) in high yield. When
treated with potassium iodide and zinc in DMF, unsaturated
compound (25) was obtained. This material was catalytically
hydrogenated to form diol (26). In the manner previously
described, this diol was selectively monotosylated to the 6-
tosylate (27), (Figure 12). Conversion to ketone (28) and
reduction proceeded smoothly, though the reduction was less
stereospecific than in the 3',4'-diacetoxy series. The isomeric
alcohols (28B) and (29a) were then glycosylated and saponified to
complete the preparation of the two pairs of epimeric 3',4',6-
trideoxyribostamycins shown in Figure 13. In vitro antibacterial
testing data for these compounds using the same spectrum of
organisms as shown before are outlined in Figure 14. Once again
the most active is the 58-1"B or natural isomer, 3',4',6-
trideoxyribostamycin. Note particularly the MIC value vs
Pseudomonas aeruginosa which is 2 mcg/ml compared with a value of
greater than 500 in the 3',4'-dihydroxy series. A comparison of
in vitro activity of 3',4',6-trideoxyribostamycin and 6-deoxy-
ribostamycin with ribostamycin and kanamycin is shown in

Figure 15.

Note that MIC values for 3',4',6-trideoxyribostamycin are
competitive with those for ribostamycin and kanamycin. Against
one strain of Pseudomonas aeruginosa shown here, 3',4',6-tri-
deoxyribostamycin is much more potent than the older antibiotics.
The MIC values for 3',4',6-trideoxyribostamycin vs a group of
resistant pseudomonads and Staphylococcus aureus clinical
isolates are shown in Figure 16. 3',4',6-Trideoxyribostamycin is
more effective vs various pseudomonads and some staphylococci than
kanamycin, but less effective than gentamicin.

In vivo testing data for 3',4',6-trideoxyribostamycin against
several organisms when administered subcutaneously in the mouse
is given in Figure 17. Each value is a CDgg, the dose of
compound, expressed in mg/mg, which protects 50% of the mice from
a lethal infection of the given organism. Whereas 3',4',6-tri-
deoxyribostamycin was somewhat less effective than ribostamycin
vs K. pneuwmoniae it was much more potent vs Ps. aeruginosa.
Trideoxyribostamycin was only about 1/4 or 1/6 as potent as
gentamicin against Ps. aeruginosa in this assay and also less
effective against E. coli. However, as shown in Figure 18,
3',4',6-trideoxyribostamycin possesses only about 1/5 the acute
toxicity of gentamicin when assayed in the mouse. Thus the
therapeutic index for 3',4',6-trideoxyribostamycin against
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Figure 13. Isomeric 3,4 ,6'-trideoxyribostamycins
3',4',6-Tri- 3',4',6-Tri- 3',4',6-Tri- 3',4',6-Tri-
deoxyribo- deoxy-5-epi ribo- | deoxy-a:-ribo- | deoxy-5-epi-a ribo-
Organism stamycin stamycin stamycin stamycin
S. aureus UC 76 15.6 31.2 7.8 62.5
S. pyogenes UC 152 2.0 15.6 7.8 3.9
S. faecalis UC 694 250 >500 >500 >250
S. pneumoniae UC 41 15.6 125 31.2
E. coli UC 45 31.2 125 125 >250
K. pneumoniae UC 58 20 15.6 15.6 15.6
S. schottmuelleri UC 126 39 62.5 125 62.5
Ps. aeruginosa UC 95 20 31.2 62.5 31.2
P. vulgaris UC 93 7.8 62.5 125 125
P. mirabilis A-63 125 >500 500 >250
S. marcescens UC 131 7.8 62.5 31.2 62.5
S. flexneri UC 143 31.2 250 125 125
S. typhi TG-3 7.8 125 62.5 31.2

Figure 14. Antibacterial activities of 3'4’6-trideoxyribostamycins (minimum in-
hibitory concentration mcg/mL)
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3',4°,6-Tri-
deoxyribo- | 6-Deoxyribo- Ribo-
Organism stamycin | stamycin stamycin | Kanamycin

S. aureus UC 76 15.6 31.2 15.6 7.8
S. pyogenes UC 152 2.0 39 7.8 15.6
S. faecalis UC 694 250 500 250 250
S. pneumoniae UC 51 15.6 15.6 7.8 125
E. coli UC 45 31.2 31.2 7.8 3.9
K. pneumoniae UC 58 2.0 2.0 1.0 1.0
S. schottmuelleri UC 126 3.9 7.8 3.9 20
Ps. aeruginosa UC 95 2.0 500 500 62.5
P. vulgaris UC 93 7.8 31.2 15.6 15.6
P. mirabilis A-63 125 125 62.5 62.5
S. marcescens UC 131 7.8 62.5 31.2 7.8
S. flexneri UC 143 31.2 31.2 15.6 15.6
S. typhi TG-3 7.8 15.6 7.8 20

Figure 15. In vitro comparison of 3’4’ 6-trideoxyribostamycins and 6-deoxyri-
bostamycin with ribostamycin and kanamycin (minimum inhibitory concentration

mcg/mL)
Organism 3,4’ ,6-Tri-
(Resistant) deoxyribostamycin Gentamicin [Kanamycin
Ps. aeruginosa 6436 31.2 >250
6437 250 15.6
3680 1.0 31.2
3681 20 15.6
3682 39 62.5
3683 20 15.6
S. aureus 6686 250 125 >250
6687 2.0 0.25 >250
6688 31.2 39 250
6691 >250 3.9 >250
6695 >250 39 >250

Figure 16. In vitro testing vs. clinical isolates (minimum inhibitory concentration
mcg/mL)
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_Compound

3,4’,6-Trideoxyribostamycin Sulfate
Gentamicin Sulfate

381 mg/kg
85 mg/kg

SQ, mice))
3'4'6-Trideoxy- Ribostamycin Gentamycin
Organism ribostamycin Sulfate Sulfate Sulfate
K. pneumoniae UC 58 | 28.3 (19.6-40.7) | 10.7 (8.2-14.0) -
N 82 (54-136) _ X

Ps. aeruginosaUC 231 121 (79-187) 19 (13-27)
S. aureus UC 76 23 (16.5-32) - 0.51 (0.35-0.72)
E. Coli UC 311 21 (14-32) _ 25

UcC 45 20 (15-26) 1.09 (0.88-1.34)

Figure 18. Acute toxicity (LD;,, IV-mouse)
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Figure 17. In vitro antibacterial testing (mouse protection assay (CD;o mg/kg - kg,
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Ps. aeruginosa in the mouse is not too far removed from that of
gentamicin.

The synthesis of a family of 6-deoxyribostamycins has been
described and in vitro and in vivo antibacterial testing data
have been reviewed. The key step in the preparation of these
semisynthetic antibiotics is the unique preparation of 3',4'-di-
O-acetyl-5,6-dideoxy-5-oxo0-1,2"',3,6"'-tetrakis-N-(trifluoro-
acetyl)neamine (10) from 3',4'-di-O-acetyl-6-O-tosyl-1,2',3,6"'-
tetrakis-N-(trifluoroacetyl)neamine (9). This intermediate has
potential use for the preparation of other 5-substituted-6-
deoxy-neamines.
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The Effect of O-Methylation on the Activity of

Aminoglycosides

J. B. McALPINE, R. E. CARNEY, R. L. DEVAULT, A. C. SINCLAIR,
R. S. EGAN, M. CIROVIC, R. STANASZEK, and S. MUELLER

Abbott Laboratories, Division of Antibiotics and Natural Products,
North Chicago, IL 60064

Following the discovery by Hamao Umezawa (1) and co-workers
that certain aminoglycoside resistant organisms of clinical
origin owed their resistance to an R-factor mediated ability to
phosphorylate kanamycin and neomycin at the 3'-hydroxyl group
chemical modification of these antibiotics was directed at
possible ways of overcoming this inactivation. The 3'-O-methyl
and 3'-deoxy derivatives of kanamycin A were prepared by
glycosidation of a suitably protected pseudodisaccharide with
appropriately substituted glucopyranosyl chlorides (2). The 3'-
O-methylkanamycin ] obtained was a 1:1 mixture of anomeérs at
the 1' position and was found to be essentially devoid of anti-
bacterial activity whereas the 3'-deoxy derivative, obtained as
the o-glycoside was found to have strong antibacterial activity
against strains of Escherichia coli and Pseudomonas aeruginosa
resistant to the parent antibiotic. Similar preparations of 3'-
O-methylneamine ¢ and 4'-O-methylneamine 3 (3) by the same
group led to the same disappointing lack of antibacterial
activity. Subsequently the wide variety of chemical
modifications of aminoglycoside antibiotics carried out in many
laboratories have tended to avoid O-alkylations and to emphasize
deoxygenation. It was therefore somewhat surprising when two
different families of aminoglycosides discovered under a joint
research project between Abbott Laboratories and the Kyowa Hakko
Kogyo Company should have highly active components each of which
contain an O-methyl group in their structures. Fortimicin A
4 is the most active of a group of atypical pseudo-
disaccharides (4) many of the members of which carry an O-methyl
substitutent on the cyclitol. Seldomycin factor 5 3 (5) is the
most active of a family of aminoglycosides produced by
Streptomyces hofunensis and possesses an O-methyl group at the
4" position. This antibiotic is immediately recognized as a
close relative of the kanamycin-gentamicin group of amino-
glycosides and it was decided to investigate the effect of a
4"-0-methyl group on the activity of this family of antibiotics.

0-8412-0554-X/80/47-125-183$05.00/0
© 1980 American Chemical Society
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The gentamicins fazg and sagamicin fA were a particularly
attractive subgroup for O-methylation at this position. They
possess two secondary hydroxyl groups at C-5 and C-2" and a
tertiary hydroxyl at the C-4" position albeit in the epimeric
stereochemistry to that of the methoxy group in seldomycin
factor 5 R.

The general approach shown in Scheme 1 was adopted. The
amino groups and the two secondary hydroxyl were to be protected
and the product treated with the Goldman-Albright oxidation re-
agent to convert the tertiary hydroxyl into a methylthiomethyl
ether (6). Desulfurization of this would result in the desired
4"-0-methyl derivative which on deprotection would give the
required product. This scheme was executed using gentamicin Cla
RA, as substrate and acetyl as the 0 and N protecting group.
Selectivity in preparing the required hepta-acetyl derivative
was less than expected. The tertiary hydroxyl was relatively
easily acetylated and an octa-acetyl and a non-acetyl product,
the other, in whirl the 6'-amine had been converted into an
imide nitrogen bearing two acetyl groups, were major con-
taminants in the initial product. These were separated by
silica gel chromatography. The hepta-acetyl gentamicin Cla was
converted in good yields to 4"-O-methylgentamicin Cla by the
steps outlined. The deprotection was by a simple barium
hydroxide hydrolysis. The 4"-O-methylgentamicin Cla was
characterized by an OCH3 singlet at §3.67 in the proton
magnetic spectrum. PMR spectrum determined in deuterium oxide
with tetramethylsilane as external reference quoted unadjusted.

The C-5 hydroxyl groups of 4,6-di-0-substituted 2-deoxy-
streptamine antibiotics is known to be sterically hindered and
under milder conditions of acetylation it was possible to pre-
pare a hexa-acetyl derivative. Following the same reactions
led to the sequence in Scheme 2. This substrate gave the 5-
oxo compound which was stereoselectively reduced during the
Raney Nickel reduction to give a 5-epi-hydroxy 4"-O-methyl
derivative. Barium hydroxide hydrolysis of this led to 5-epi-
4"-0-methylgentamicin Cla.

The chemical shifts from the carbon magnetic resonance
spectra of these compounds and their parent antibiotic are
shown in Table 1. The resonances assigned to the carbons of
the purpurosamine ring are virtually identical for all three
compounds as are the resonances of the carbons of the 2-deoxy-
streptamine ring of gentamicin Cla and the 4"-O-methyl deriva-
tive. The three carbons, C-3", C-5", and the C-methyl carbon
show the expected upfield B shift following alkylation of the
4"hydroxyl while the 4"-carbons hows a downfield B shift. The
methoxyl carbon resonance occurs at 49.7 ppm downfield from
tetramethysilane. The resonances of the carbons of the garos-
amine ring of 4"-Qfmethylgentamicin Cla are indistinguished
from those of its 5-epimer. The carbon resonances for the
2-deoxystreptamine ring of 5-epi-4"-O-methylgentamicin Cla
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TABLE 1

CH, H

Carbon Magnetic Resonance Spectra

Gentamicin Cla

4"-0-Methyl-
gentamicin Cla

5-Epi-4"-0-methyl-
gentamicin Cla

102.2
51.0
27.1
28.5
71.5
46.1

51.7
36.7
50.6
88.3
75.4
87.8

101.3
70.2
64.4
73.3
68.7
23.0
38.0

101.9
50.8
26.9
28.3
71.2
45.9

51.5
36.6
50.4
87.9
75.3
86.6

101.0
70.0
62.2
77.7
65. 3
17.4
38.0
49.7

96.2
50.3
27.2
28.3
70.7
45.7
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show an upfield shift from those of other normal isomer as
would be associated with inversion from an equatorial to an
axial substituent. In an attempt to improve the selectivity
of the O-protection step, carboethoxy groups were chosen as
the N-protecting group in the synthesis starting with saga-
micin 6d. The per-N-carboethoxy derivative was prepared
quantitatively and O-acetylated to give the desired 5,2"-di-0-
acetyl-penta-N-carboethoxysagamicin. This was converted in
good yield to the 4"-O-methyl derivative by treatment with
dimethylsulfoxide/acetic anhydride followed by Raney Nickel
desulfurization. Barium hydroxide removal of the protecting
groups gave the desired 4"-O-methylsagamicin and a major by-
product 4"-Qfmethylsagamiciﬁ;L§,3§7cyclic ureide 7.

The carbon magnetic resonance spectral data of these com-
pounds and the parent antibiotic are shown in Table 2. Again
no significant difference occurs in the resonances assigned to
the N-methylpurpurosamine ring, and the resonances of the
carbons of the garosamine ring of 4"-O-methylsagamicin shows
the shifts from their position in the spectrum of the parent
which would be expected from 4"-0-alkylation. The spectrum of
the 2-deoxystreptamine ring of the cyclic ureide shows a con-
siderable upfield shift of all carbons in comparison to their
position in the spectrum of the parent. This transformation
has flipped the chair form of this ring from that conformation
with all five substituents equatorial to that with all five
axial. The multiplicity of the C-2 resonance at 18.2 ppm was
confirmed as a triplet by ORSFD experiments.

The antibacterial activity of these compounds is shown in
Table 3. This assay is run under conditions, (sensitive
organisms, low nutrients, and high pH) which maximize the
apparent activity of the antibiotics. The data show that the
4"-O-methyl derivatives of gentamicin Cla and sagamicin are
from 2 to 4 fold less active than the parent antibiotics.
Epimerization at the 5-position, as has been shown in the case
of sisomicin (7), is beneficial. This change restored activity
lost by 4"-O-methylat10n and 5-epi-4"-O-methylgentamicin Cla
is as active as the parent antibiotic. Thus, methylation of
a 4"-axial hydroxyl group of the gentamicins is detrimental to
activity albeit much less so than methylation of the 2' and 3'
equatorial hydroxyl groups of neamine and kanamycin. It is
interesting to note that deoxygenation of gentamicin Cl fg
at the 4" position has been reported by Mallams and co-workers
(8) to give a compound inactive except for some very weak
activity against sensitive Gram positive strains. Thus at
this particular position, O-methylation would appear to be
much less detrimental than deoxygenation. The 4"-equatorial
methoxy group of seldomycin factor 5 Bg was removed by the
Monneret reaction (9) using lithium in ethylamine to give
Qfdemethylseldomyciﬁ factor 5. The same reaction was carried
out on 3'-deoxyseldomycin factor 5 §f, a semisynthetic
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c-1"

c-3"
c=4"
c-5"
CCH3
NCH3
O0CH3

TABLE 2

O-Methylation of Aminoglycosides

Carbon Magnetic Resonance Spectra
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4"-0-Methylsaga-

4"fngethyl- micin

Sagamicin sagamicin 1IN, 3N-cyclic ureide
101.2 101.3 100. 4
50.5 50.5 50.3
26.5 26.5 27.0
28.5 28.6 28.5
68.1 68.3 68.2
55.1 55.1 54.9
35.3 35.3 35.2
51.5 51.5 47.9
36.5 36.5 18.2
50.3 50.3 45.9
87.7 87.6 78.7
75.4 75.3 69.3
86.9 87.0 77.9
-——- -——- 159.2
101.2 101.0 98.8
70.1 69.9 70.5
64.2 62.0 62.1
73.1 77.7 77.5
68.5 65.2 65.6
22.5 17.3 17.4
37.7 37.9 38.3
-—— 49.7 49.7

?{\0
NH,
Li/EtNH , o
HO -~ NH; > H,N
o NH;
(o}
HaN— OCHJ - OH
NH,

OH
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c-1"

c-4"

OCH3

O-Methylation of Aminoglycosides

TABLE 4

Carbon Magnetic Resonance Spectra

0-Demethyl 3'-Deoxy 0-Demethyl-3'-
Seldomycin seldomycin seldomycin deoxyseldomicin
Factor 5 Factor 5 Factor 5 Factor 5
102.3 101.8 102.2 101.0
57.7 57.6 50.8 51.1
69.1 68.7 27.0 26.2
36.4 36.8 28.4 28.0
71.3 70.7 71.6 70.6
45.7 45,2 45.9 45.3
51.1 51.1 51.2 50.6
36.5 36.3 36.7 36.4
50.1 50.1 59.3 50.2
88.1 87.0 88.2 86.9
75.1 75.2 75.2 75.2
87.0 86.9 87.2 87.1
100.1 100.3 100.2 100.3
56.2 56.1 56.3 56.1
54.8 56.1 54.9 56.1
80.3 69.9 80.3 70.0
60.8 63.2 60.9 63.3
58.7 -— 58.8 -—
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derivative of seldomycin factor 5. The products are charac-
terized by the absence of a methoxyl peak in their proton
magnetic resonance spectra as shown in Table 4. The resonances
assigned to the carbons of the hexose and the 2-deoxystreptamine
ring are essentially the same in the spectra of each O-demethyl
derivative and its corresponding parent. Those assigned to

the carbons of the pentose moiety of the O-demethyl compounds
show the expected large upfield shift at C-4" and small down-
field B shifts at C-3" and C-5" associated with dealkylation at
the 4" oxygen.

The antibacterial activity of these compounds is shown in
Table 5. No significant difference is seen between the activi-
ties of the parents and their O-demethyl derivatives with the
exception of that against the R-19 strain of Escherichia coli.
This organism is resistant to gentamicins, sagamicin, seldomycin
factor 5 and 3'-deoxyseldomycin factor 5, but sensitive to
kanamycin, tobramycin, O-demethylseldomycin factor 5 and 3'-
deoxyfg-demethylseldomjgin factor 5. This organism is known
to possess an AAC-3-type I enzyme which, these results suggest,
is unable to function in the presence of an equatorial hydroxyl
group at the 4"-position.

Thus O-methylation is shown to be somewhat detrimental at
the axial hydroxyl group and of little consequence at the
equatorial hydroxyl group at the C-4" position in this class of
antibiotics.
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The Synthesis and Biological Properties of 3'- and
4'-Thiodeoxyneamines and 4'-Thiodeoxykanamycin B
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The aminoglycosides are a clinically important class of
antibiotics with broad activity against many strains of gram-neg-
ative bacteria. Concurrent with the extensive use of aminoglyco-
sides, resistant organisms, many of which contain transferable
R-factors, have become more prevalent. The plasmids in the
resistant strains code for enzymes which inactivate various
aminoglycosides by phosphorylation, acetylation or adenylation
(1,2). The antibiotics can be rendered resistant to inactivation
through appropiate structual modifications (1,2). For our
purposes the pseudodisaccharide neamine (}), a component of

4 NH2 ( —AAC(6)

HOO o
ApH (3) ¥ NH., <——AAC (3)-1I
3 H2N 2
AAC (20—

HO NHZ

i OH

~

Neamine

neomycin and kanamycin B, provided a model substrate for carry-
ing out modifications with this objective. Although 1 is less
active against bacteria than typical pseudotrisaccharides such as
kanamycin or gentamicin, it is also less toxic (2). Such a
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pseudodisaccharide, suitably modified, -might have useful activity
of itself, or it might serve as a basis for the construction of
appropriate pseudotrisaccharides. The principal mechanism for
neamine inactivation is phosphorylation of its 3'-hydroxyl group,
a reaction which has an important role in the development of
resistance to neomycin and kanamycin. It has been demonstrated
that removal of the oxygen function at the 3'-position results in
antibiotics with enhanced activity against such resistant organ-
isms (1,2). Along these lines, we have synthesized the 3'- and
4'-thio-3'-and 4'-deoxy- analogs of neamine and 4'-thio-4'-deoxy-
kanamycin B as part of a more general program of modifying amino-
glycoside antibiotics. These analogs were obtained by nucleo-
philic opening of the appropriate epoxy precursors using benzyl
mercaptide.

Preparation of Epoxide Intermediates

Selective tosylation (3) of the 3'-hydroxyl group of 5,6-0-
cyclohexyl1d1ne-tetracarbomethoxy neamine, 2 (4), followed by
treatment with sodium methoxide yielded the “previously described
(5) crystalline allo-epoxide 4 (Figure 1). Although the isomeric
galacto-epoxide 7 (Figure 2) could be obtained by methoxide treat-
ment of the 4'-tosylate, which in turn was isolated as a minor
product from the tosylation of 2 (3), a more efficient route was
needed for its large scale preparation. Reaction of 2 with excess
benzoyl chloride in pyridine at low temperature yielded, along
with some dibenzoate, the 3'-mono-benzoate 5+. yield, 68%; [a]
+67.4° (c 1, CHCls). The monoester was readlly separated from
the more soluble diester by precipitation from ether-petroleum
ether. Since only onemonoester could be detected in the product,
any 4'-monobenzoate formed in the reaction mixture must have been
benzoylated to the diester. Mesylation of 5 using methanesulfonyl
chloride and trlethzlamlne in methylene chloride at -10° gave
6T: yield, 86%; [al}® +32.5° (c 1, CHCls); nmr, 7.2-8.2 ppm (5H,
m, aromatic), 2.9 ppm (34, s, mesylate) On treatment with
sodium methoxide, 6 gave galacto-epoxide 7t: yield, 81%; [o
+2.5° (¢ 1, CHCl;). Epoxide 7 was readily distinguishable from
the isomer 4 by tlc (silica, acetonitrile-ether, 1:1) and HPLC
(Micropora51l CHC13;—MeOH, 95:5). Although none of these inter-
mediates were crystalline, product 7, obtained by precipitation,
was chromatographically homogeneous and its preparation was
amenable to large scale work.

]25

Opening of Epoxides with Benzyl Mercaptan

Galacto-epoxide 7 (Figure 3) was treated under nitrogen for
3 hr with two equivalents of benzyl mercaptide in refluxing

T Satisfactory combustion analyses, nmr and ir spectra were
obtained for these compounds.
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methanol to give a mixture of benzylthioethers 8 and 9 (total
yield, 87%), from which was obtained crystalllne 8+ yield, 57%;
m.p. 208-209° (from benzene); [a]D5 +75.5° (¢ 1, CHCl:). Chroma-
tography (silica, CHCl;-MeOH, 99:1) of the mother 11quors from
the crystallization gave amorphous 9T: yield, 26%; [a]D5 +29.6°
(c 1, CHC1l3). The structures of 8 and 9 were assigned on the
basis of the nmr chemical shifts of their respective acetates 12
and 13 (Table I). The isomer having the chemical shift for its
acetyl methyl protons at higher field (§ 2.06 compared to 2.13)
was assigned the di-equatorial structure 12. As discussed earlier
(5 and references therein), the methyl protons of equatorial
acetyl groups such as those in 10 have chemical shifts at higher
field than those of axial acetyl groups such as in 11.

Initial attempts to deblock 8 by reduction with sodium in
liquid ammonia followed by hydrolysis failed to yield a satis-
factory product. Therefore the benzyl group was left intact and
8 was treated sequentially with acid (3N HC1l in MeOH, 1:10; room
temperature; 3 hr) and base 5% w/v Ba(OH),*8H.0; reflux over-—
night). Product 14 (Figure 4) was purified on IRC-50 resin with
an ammonium hydroxide gradient (0.1 to 1N; yield, 644, MSi m/e
428 (MY)) and was characterized as its sulfate salt? ([alp 5
+104.3° (c 1, H,0)) and its amorphous peracetatet: [ot]25 +148 4°,
(c 1, CHCL,); MS, m/e 722 ().

Final deblocking of 14 was effected by reduction of its free
base using a minimum quantlty of sodium in liquid ammonia. Mer-
captan 15 was isolated as its sulfate salt ([a]25 +42.5° (c 1,
H.0); nmr (D.0), § 6.0 (1H, d, J=4 Hz); mercaptan content (SH),
68% of theory based on MW 534 (I. t1trat10n)) and characterized
as its amorphous peracetyl derivative': [a] +123.1° (¢ 1,
CHC15); MS, m/e 674 (MY); nmr (CDC15), § 2. 3 (3H, s, SAc) ir
(NuJol), 1694 em L (SAc) .

Epoxide 4 was also treated with benzyl mercaptide to yield
16 and 18 (Figure 5) which were separated by repeated chromatog-
raphy "Tsilica, EtOAc-cyclohexane (1:1), CHCls-MeOH (99:1),
EtOAc-cyclohexane (2:1)]. The major product [yield, 37%; [a]D5
-81.9° (¢ 1, CHC1l5)] was shown to be the diaxial derivative 16T
by Raney-nickel desulfurization to the reported (5) axial alcohol
17 In addition, the acetate and ketone derived from 17 were
1dent1cal to prev1ous1y prepared samples (5). The minor r product,
the diequatorial derivative 181 [yield, 24%; [ot]25 +25.4° (c 1,
CHC13)], was deblocked and pur1f1ed as descrlbed before to g1ve
the benzyl thioether, characterized as its sulfate saltt: [a]l}®
+76.1° (c 1, H;0). Reduction with sodium in liquid ammonia
yielded 19 whlch was isolated as its sulfate salt [[a]2® +53.3°
(¢ 1, H,0); SH, 70% of theory based on MW 534 (I, titration)] and
characterlzed as its peracetate+ [a] +54.2° (c 1, CHC1ls),
nmr (CDCl;), § 2.30 (3H, s, SAc).
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Antibacterial Activity

Both 15 and 19 contained approximately 20% ash (combustion
analysis) which was presumed to be Na,SO, resulting from the
reduction using sodium metal. Attempts to desalt these products
using ion exchange and chromatographic procedures failed and,
therefore, they were tested as such for antibacterial activity.
Table II shows the ¢n vitro activities of 15 and 19 against a
series of gram-positive and gram-negative bacteria. Both
mercaptans exhibited broad spectrum antibacterial activity similar
to, but weaker than neamine (1) Only in the case of the
Pseudomonas aeruginosa strain was the activity superior to that
of 1. The anti-pseudomonas activity was confirmed with nine
additional strains against which 15 and 19 exhibited MIC values
of 12.5 to 100 ug/ml. All of these clinical isolates were re-
sistant to neamine at 200 ug/ml. When tested against a series
of resistant bacterial strains that contain known plasmids
(Table III), 19 was active against the APH (3') phosphorylating
strains and the AAC (3) acetylating strains whereas 15 was active
against the AAC (3) strains but not the APH (3') strains.

Because 15 showed somewhat better in vitro activity than 19
and its precursors were available in larger quantities, further
work was restricted to the 4'-thio-series. The disulfide of 15,
prepared by air oxidation or by treatment with iodine, was read-
ily desalted by chromatography on Sephadex® G-10 to give a
productt [[a]f)5 -12.9° (¢ 1, H,0)] with satisfactory analytical
data. On testing in vitro (Tables II and III) it showed essen-
tially the same activity as 15 (The slight improvement in
activity can be attributed to a lower ash content.)

Preparation of a Pseudotrisaccharide

In general, pseudotrisaccharides such as kanamycin B (gé)
or gentamicin exhibit iZn vitro activities that are an order of
magnitude better than their corresponding pseudodisaccharides
neamine and gentamine [(1, 2, 6) cf. compounds 1 and 25,

Table IV]. Consequently, 15 was converted to a pseudotrlsaccha—
ride. The acetate 12 was "treated with methanolic HCl to yield
20t (Figure 6) which was condensed (AgCl0,-Ag.COs, Drierite®,
CHC1,-dioxane, 6 days) with 2,4,6-tri-O-benzyl-3-acetamido-3-
deoxy-o-D-glucosyl chloride, 21 (7), to yield, after chromatog-
raphy [silica, toluene-methanol (95:5)], a mixture of pseudo-
trisaccharides (total yield, 18%). The major component, 22*
[(yield 8%; [a]25 +62.7° (c 0.5, CHCl3); lowest Rf (0. 131
tlc (3111ca, acetone—hexane, 1: 1), ir, 1680 and 1730 cm -], was
isolated from the mixture by preparative HPLC (L1chrosorb® 10 wu,
10 x 250 mm, acetone-hexane (1:1), refractive index detector).
Alkaline hydrolysis under a variety of conditions failed to yield
a totally deblocked pseudotrisaccharide. The presence of an
acetamido group in the product was indicated by its infrared
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Table II.
v NHZ o
X
NHy|  NHp

In vitro Antimicrobial Activities (ug/ml)

15, 19, 4’ -Thio-
‘L 4’ -Thio- 3"-Thio- neamine
Strain N i i i disulfide
X=0H X=0H X=SH X=0H
Y=0H Y=SH Y=0H Y =disulfide

Staph. aureus

HH127 25 100 200 100
E. coli

SK&F 12140 125 >200 200 200
Kleb. pneumoniae

SK&F 4200 6.3 50 200 50
Sal. paratyphi

ATCC 12176 125 200 200 100
Shigella

paradysenteriae 2 200 >200 100
Ps. aeruginosa

HH 63 >200 25 25 12,5
Ser. marcescens

ATCC 13880 12.5 >200 >200 200
Pu:;esus morgani 125 100 200 100
Enterobacter

aerogenes 125 100 200 100
Agar dilution, pH 8.0

Table III.
i NH
Y A o
X

OH
In vitro activities against resistant organisms. (ug/ml)
1 15 4" -Thio-
~ 4'-Thio- | 3'-Thio- | neamine
Strain Enzyme System Neamine | neamine | neamine disulfide
X=0H X=0H X=SH |X=0H
Y=0H Y =SH Y=0H |Y=disulfide
E. coli K802N - 16 125 500 63
E. coli K80O2N(pR6) APH(3") -1 >1000 2000 500 2000
E. coli KBO2N(pJR214) | APH(3')- 1+ ANT(2") | >1000 2000 500 2000
E. coli K80O2N(pJR67) APH(3")- 1l >1000 1000 500 500
E. coli KBO2N(pRS) AAC(6') 250 1000 2000 500
E. coli K802N(pJR88) AAC (3)-1 31 250 1000 125
Ps. aeruginosa HH63 — 250 63 63 16
Ps. aeruginosa PSI - | AAC(3)- Il 1000 125 125 63
Prov. sp. 64 AAC (2") >1000 >2000 >2000 >2000

Broth dilution, pH 8.0

205
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Table IV.

NH,
X 0
HO
NHp|  nH,

HO NHy
OR

In vitro Antimicrobial Activities (ug/ml)

1 5 5 4-Thio-
-~ Kanamycin 4’ -Thio- Kanamycin
Strain Neamine B ine B
X=0H X=0H X=SH X=SH
R=H R=3AG R=H R=3AG

Staph. aureus

HH127 25 1.6 100 6.3
E. coli

SK&F 12140 12,5 1.6 >200 25
Kleb. pneumoniae

SK&F 4200 6.3 0.4 50 125
Sal. paratyphi

ATCC 12176 12,5 0.8 200 125
Shigella

paradysenteriae 2 31 200 %
Ps. aeruginosa

HH 63 >200 12,5 25 25
Ser. marcescens

ATCC 13880 125 3.1 >200 50
Proteus morgani 125 08 100 25

179
Enterobacter

aerogenes 125 1.6 100 25

Agar dilution, pH 8.0

(1660 cm-1) and field desorption mass spectra (m/e 902, (M+H)™1).
Apparently, the two benzyl groups flanking the amide inhibit its
hydroysis. Therefore, 22 (Figure 7) was debenzylated with sodium
in liquid ammonia, re-aiﬁylated on the mercaptan with benzyl
chloride in methanol (8), and the product was isolated as its
peracetate,§§+: yield, 647%; [a]f)5 +84.7° (c 0.5, CHCl;). Hydrol-
ysis with Ba(OH), (15% w/v in 1:1 MeOH-water, reflux overnight)
followed by treatment with n-butyl amine at 150° overnight in a
sealed bomb to remove the N-1, N-3 cyclic urea (9, 10) yielded
the deblocked benzylthioether which showed two o-anomeric protons
in its nmr spectrum: yield 55%; MS,m/e 590 (M+H)*; nmr (D,0),
8§6.1 (1H, d, J=4 Hz), 5.2 (1H, d, J=4 Hz), and 7.5 ppm (5H, s,
aromatic). Thus, the product is the desired o-glycoside presum-
ably attached to the 0-6 hydroxyl as described earlier (11, 12).
Finally, reduction with sodium in liquid ammonia yielded 4-thio-
4-deoxykanamycin B (24), isolated as its sulfate salt: yield, 73%;
[a]3® +65.6° (c 0.2, H,0); SH, 60% of theory based on MW 744 (I,
titration). On testing <n vitro (Table IV), the anticipated
improvement in activity over pseudodisaccharide 15 was observed
against most of the strains of bacteria. Howevefj the activity
against Pseudomonas aeruginosa remained the same and was, in fact,
weaker than that of kanamycin B (gé).
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Synthesis of Analogs of Kanamycin B

J. P. H. VERHEYDEN, D. B. REPKE, T. C. TOMPKINS, and J. G. MOFFATT
Institute of Organic Chemistry, Syntex Research, Palo Alto, CA 94304

During recent years, a very large number of analogues of
aminocyclitol antibiotics have been prepared in the hope of ob-
taining safer and more potent agents, while also broadening their
spectrum of activity, especially against resistant bacteria.

One approach towards these analogues has been via "mutational
biosynthesis," or "mutasynthesis" (1, 2), a technique (3) which
has permitted the introduction of various modified streptam1ne
residues into neomycin (1,2,4), ribostamycin (5), neamine (6),
sisomicin (7) and gentamicin (8), to name a few. This subject has
been reviewed in the papers by Dr. Rinehart and Dr. Daniels during
this symposium and needs no further amplification.

The semi-synthetic approach involves either simple chemical
modifications of natural antibiotics--dibekacin (9,10), amikacin
(11) and netilmicin (12) are successful examples T1Tustrating
this method--or a more lengthy synthesis of the desired analogues
starting from partially degraded antibiotics (13) such as, for
example, neamine and garamine.

In our program, we decided to study various analogues of
kanamycin B, using the readily available neamine (1) as a starting
material. Kanamycin B is inactivated by resistant bacteria con-
taining aminoglycoside 3'-phosphotransferase [APH(3')] enzymes
(14,15) which phosphorylate the 3'-hydroxyl group. At the time we
started this project, an am1nog]ycos1de 4'-nuc]eot1dy]transferase
[ANT(4')] had just been found (16, 17) in S. aureus. It was there-
fore reasonable to avoid inactivation of our analogues by these
enzymes by removing the hydroxyls in positions 3' and 4', as had
been successfully done in dibekacin (9,10).

Also, various analogues obtained by mutational synthesis, in
which the 2-deoxystreptamine residue had been replaced by a 2,5-
dideoxystreptamine moiety, had shown some increased antibacterial
activity (7,18). With this in mind we planned the synthesis of
3',4',5-trideoxykanamycin B (19) and related derivatives.

E]aborat1on of the neamine mo1ety (1) requires, first, the
protection of its four primary amino groups. Such protecting
groups need to be sufficiently stable to withstand further

0-8412-0554-X/80/47-125-209$09.25/0
© 1980 American Chemical Society
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transformations and yet be removable under as mild conditions as
possib]e at the end of the synthesis. Dimedone derivatization of
amine functions has been used previously in the preparation of
analogues of kasugamycin (20) and butirosin (21).

The v1ny]ogous amides resulting from the reaction of dimedone
with an amine are stable to acid and base, have an intense UV
absorption, and the original amines can be regenerated by treat-
ment with bromine. This protecting group thus appeared suitable
for our purpose.

We synthesized the tetrakis(5,5-dimethyl-3-oxo-1-cyclohexen-

1-y1) derivative 2 by reaction of 1 with 5,5- d1methy1 -1,3-cyclo-
hexanedione in pyridine at reflux and obta1ned 2 in 32% y1e1d
A trisubstituted derivative was a major by-product (v28%) and the
reaction could not be driven to completion.

Since 2 could not be obtained in good yield, we next investi-
gated the 2,4-dinitrophenyl protecting group (22,23). Dinitro-
phenylamines absorb strongly in the UV spectrum and are stable
under acidic and mildly basic conditions; however, in the presence
of Amberlite IRA-400 (OH~) the original amine is regenerated.

This protecting group has been used for the synthesis of paro-
mamine (24) and one of its isomers (25). Reaction of 1 with
1-fluoro-2,4-dinitrobenzene in a mixture of water and acetone in
the presence of sodium bicarbonate gave, after purification by
chromatography, 46% of the desired tetrakis(2,4-dinitrophenyl)
derivative 3 as a bright yellow amorphous solid. Since this
derivative required purification by column chromatography, it was
also not of general use.

The amine function of 2-amino-2-deoxy- D-g]ucose has been pro-
tected by reacting it with Efan1sa]dehyde to give the correspond-
ing Schiff base (26). This protect1ng group has some UV absorp-
tion and is stable to base, but it is removed by aqueous acid. It
is, however, possible to make the corresponding glycosyl bromide
from the peracetylated derivative in the presence of hydrogen bro-
mide and dichloromethane. This method was used for the synthesis
of neomycin (27) and an analogue of lividomycin B (28). Reaction
of 1 with p-anisaldehyde in ethanol at reflux gave an excellent
yield (95%) of 4; however, this compound was unstable when
analyzed by thin layer chromatography and therefore unsuitable
for our purpose.

We finally tried the classical methoxycarbonyl and benzyloxy-
carbonyl protecting groups. The preparation of intermediate 5 has
been mentioned without any details for the synthesis of 3',4'-
dideoxyneamine (29). In repeating the preparation of 5, we were
not able to achieve the high yield reported in the literature.
However, the tetrabenzyloxycarbonyl derivative & (30), used for
the synthesis of kanamycin B, was obtained consistently in high
yield (v85%) even on a one mo]e scale. Purification by recrys-
tallization from hot acetic acid gave the analytically pure com-
pound melting at 253-254° C [Lit. (30) mp 259° C dec.].



Publication Date: August 4, 1980 | doi: 10.1021/bk-1980-0125.ch013

13. VERHEYDEN ET AL. Analogs of Kanamycin B 211

HO OH
HoN
0 NH2
1

NH2
r1 OH_7~0H
N Rr1
-~
R2 0 N\Rz
OH
HO
R1L
; 0 1
R2 N/R
\R2
R [
0

1{%%)
pm g
™

IE =)
1l
o
T
=
™

5 H, CH30C0—

H, @—CHzoco—

Our first approach towards 3',4',5-trideoxykanamycin B (19)
was via a 3',4'-dideoxyneamine intermediate. Umezawa and co-
workers (29) have prepared 3',4'-dideoxyneamine by selective
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ketalation of 5 with the dimethyl ketal of cyclohexanone, a
mixture being obtained, from which the 5,6-0-cyclohexylidene
derivative was isolated as the major product. When 6 was reacted
with benzaldehyde dimethyl acetal and p-toluenesulfonic acid, or
with benzaldehyde and fused zinc chloride, a mixture of mono-
benzylidene derivatives was obtained in 15% yield. On the other
hand, when 6 was reacted with dimethoxypropane and p-toluene-
su]fon1c acid in DMF, the 3',4'-5,6-di- 0- 1sopropy11dene der1vat1ve
7 was obtained as an ana]yt1ca11y pure syrup in 48% yield [13c-
NMR, CDC13: C(Me)2 112.5 and 111.2 ppm]

T,

Selective protection of the 3',4'- or 5,6-glycols was aban-
doned in view of the following development. The purification of
the mother liquors from crystallization of 6 was difficult due to
the insolubility of the tetrabenzyloxycarbonyl derivative.
Acetylation of the mother liquors (acetic anhydride, pyridine,
20° C, 2.5 h), in order to obtain a compound which could be puri-
fied by chromatography over silica gel, led in good yield to the
fo at1on of a crysta111ne tri-0- acety] derivative [mp 222-223° C,
[a]g0 50.9° (c 1.0 , CHC13)]. The structure 8 was first assumed
on Steric grounds and later proved by degradat1on of a 5-substi-
tuted derivative, vide infra. The corresponding tetra-0-acetyl
derivative 9 was obtained in good yield when the reaction was
catalyzed by 4-dimethylaminopyridine and kept at room temperature
for 16 h. The crystalline derivative 9 melted sharply at 186° C
[[a]g0 55° (c 0.9, CHC13)]. When a similar reaction was carried
out with benzoyl ch]or1de and pyridine at room temperature for
3 h, no selectivity was observed, a mixture of the tetra-0-
benzoy] derivative 10 (28%) and a tri-0-benzoyl derivative (34%)
being obtained.

Finally, 1 was fully acetylated in the presence of pyridine
and acetic anhydr1de at room temperature for 3 days, the highly
crystalline octaacetate 11 being isolated as a solvate (EtOAc) in
79% yield. The above reaction was used as a model for the charac-
terization of final pseudodi- and trisaccharides, which were
difficult to obtain in analytically pure form as the free
compounds.
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Reaction of 8 with methanesulfonyl chloride in dichloro-
methane in the presence of triethylamine at 0° C for 15 min gave
the corresponding 5-0-mesyl derivative 12 as a foam in 67% yield.
Hydrolysis of the acetyl groups of 12 using methanolic ammonia at
room temperature for 16 h gave crystalline 13. Hydrogenolysis of
the benzyloxycarbonyl groups of 13 with palladium hydroxide on
charcoal (31) in glacial acetic acid under 3 kg/cmé of hydrogen
for 5 h at room temperature gave the free 5-0-mesyl neamine 14.
Treatment of 14 with 0.1 N sodium methoxide in methanol at room
temperature for 16 h gave the corresponding 5,6-anhydro derivative
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15, which was isolated in 80% yield as the tetrahydrochloride.
The same compound was also obtained by treatment of 13 with 0.02 N
sodium methoxide in methanol at room temperature for 16 h giving
the intermediate 5,6-anhydro derivative 16 in 90% yield as a white
solid (mp 257-258° C). Removal of the benzyloxycarbonyl groups of
16 using palladium hydroxide (31) as described above gave 15 as an
ana]yt1ca1]y pure amorphous solid in quantitative yield. Deriva-
tization of the epoxide 1§ by reaction with benzoyl chloride or
methanesulfonyl chloride in pyridine gave the correspond1ng
3',4'-di-0-benzoyl derivative 17 in 54% yield and the 3',4'-di-0-
mesy] derivative 18 in 39.5% y1e]d respect1ve1y Hydro]ys1s of
16 with glacial acetic acid at reflux for 15 min gave the crystal-
Tine cyclic carbamate 19, which resulted from part1c1pat1on of
the neighboring benzy]oxycarbony] group in the opening of the pro-
tonated epoxide. Hydrolysis of the carbamate with barium
hydroxide in a mixture of dioxane and water at 100° C for 18 h,
followed by reduction of the benzyloxycarbonyl group using _pal-
ladium hydroxide (31) in glacial acetic acid under 3 kg/cm¢ of
hydrogen for 4 h at room temperature, gave 48% of amorphous
-6-epineamine 20 (32), isolated as a tetrahydrochloride salt
[[aﬁ% 29.1° (c 0.8, H257]

N7 NHZ
0
NH
H 0 19
d 2
NHZ
OH
OH
H N
H 2L NH
20
H2N ' 0 ~
OH NHp

Treatment of 8 with sulfuryl chloride (33,34) in a mixture
of dichloromethane and pyridine (3:1) under n1trogen at 0° C for
20 h gave the crystalline 5-chloro-5-deoxy-5-epineamine deriva-
tive 21. Crystalline 22 precipitated almost quantitatively when
2] was deacetylated with methanolic ammonia at room temperature
for 48 h. Removal of the benzyloxycarbonyl group from 22 with
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palladium hydroxide (31) in acetic acid under 3 kg/cm2 of hydrogen
at room temperature for 16 h gave the free 5-ch10ro-5-geoxy-5-
?pineamine %% as an amorphous solid in 95% yield [[a]B 105.3°

c 0.5, H,0)].

The gtructures of the above compounds were proved by reduc-
tion of the chlorine group of 2] in order to obtain 5-deoxy-
neamine, 26 (34). Reduction with hydrazine hydrate and Raney
nickel (35) in refluxing methanol, both in the presence or absence
of barium carbonate, failed. Reduction of 21 with tributylstan-
nane in the presence of a,a-azobisisobutyronitrile (36) in
refluxing toluene, however, gave the desired 5-deoxy derivative
24 in 25% yield. This yield could be substantially improved by
generating the tributylstannane in situ according to the method
of Grady and Kuivila (37). When 2] was heated at reflux in tolu-
ene in the presence of polymethylsiloxane and hexabutyldistan-
noxane, 24 was isolated in 68% yield as a crystalline solid with-
out the need for purification by column chromatography. Removal
of the acetyl groups with methanolic ammonia gave crystalline 25
in 90% yield. Finally, reduction of 25 with palladium hydroxide
(31) as described above, followed by treatment with methanolic
hydrogen chloride and precipitation with ether, gave the tetra-
hydrochloride salt of 5-deoxyneamine (26) as an analytically pure
amorphous powder in 86% yield (an overall yield of 40% from
neamine as compared to 9% and 24% by previgus synthetic (34) and
mutasynthetic (2) routes) [mp >300° C; [a]f0 96.8° (c 0.5,

H20); single spot Rf 0.5 on TLC using n-PrOH, AcOH, H,0, 10:1:9
(v/v)]. Hydrolysis of 26 in 48% hydrobromic acid gave, in 60%
yield, 2,5-dideoxystreptamine dihydrobromide (27), which had 13¢
and TH-NMR spectra identical to those of a reference sample pre-
pared by unambiguous methods (38,39). (We thank Mr. P. Brock for
the preparation of 27 according to the above methods (38,39), and
for the characterization of 31 and 32, which were derived from
27.) Hydrolysis of 23 under similar conditions gave 28, which

was converted to the tetraacetyl derivative 29. The proton NMR
spectrum of 29 showed that the molecule was symmetrical--indeed,
only one single acetyl methyl signal was present at 1.98 ppm--
while the mass spectrum clearly showed an M* + 2 peak at m/e 350,
indicating the presence of four acetyl groups. Peracetylation of
27 also gave a tetraacetyl derivative 30 showing a single acetyl
methyl signal at 1.94 & in the 1H-NMR spectrum. Further trans-
formations of 27 gave the known N1,N3-bis(2,4-dinitrophen51)
derivative 3] [mp 261-263° C; mixture mp 261-263° C, [a]é °
(c 1.0, acetone)] and the N1,N3-dibenzyloxycarbonyl derivVative 32
(mp 201° C, 1it. mp (38) 201° C). The melting point and 13C- and

TH -NMR spectra of the compounds were identical to those of samples

prepared by an unambiguous method, thus assuring us of the
structures of compounds 8 and 12-26.



Publication Date: August 4, 1980 | doi: 10.1021/bk-1980-0125.ch013

216 AMINOCYCLITOL ANTIBIOTICS

2
OR 0R2
RVHN 1
’ NHR
R
RVHN '
r3 NHR]
R g
21 z Ac c1
22 z H c1
23 H H Cl
24 z Ac H
25 A
26 H
R30 ;
RTHN | R ]
R2 HR
LR GO
27 H H
28 H Cl H
29 Ac Cl Ac
30 Ac H Ac
31 —@—NOZ HooH
NO,
32 z H H

~n

Examination of the 13C-NMR spectra of 5-chloro-5-deoxy-
neamine 23, 5-deoxyneamine 26 and neamine 1 supports the axial
configuration for the chlorine atom in 23. Indeed, carbons
1 and 3 of 23 have a 1 ppm upfield shift as compared to neamine
(see Table I); although the shift is not of the magnitude expected
for an equatorial-to-axial substitution (40), it is in the right
direction. Moreover, the magnitude of the shift may be minimized
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by other effects, such as a change of overall conformation pos-
sibly due to the absence of hydrogen bonding between the hydroxyl
group at position 5 and the amine function at pos1t1on 2' (see
Figure 1). Finally, the axial configuration is in accord with the
mechanism proposed by Jones, et al. (41) for chlorination of
sugars with sulfuryl ch]or1de Suami, et al. (34) have indepen-
dent]y reported a synthesis and proof of structure of 5-deoxy-
neamine 26 following an approach parallel to ours.

HOH
0/H‘~§N/
0
5
0
Figure 1.

It is also interesting to note the substantial upfield shift of
the 1'-carbon in 23 and 26 relative to neamine (1). This upfield
shift could be explained by free rotation around the C,-Cy+ bond
due to the absence of a hydrogen bond, as proposed above (see
Figure 1) and supported by a IH-NMR study of various kanamycin
derivatives (42).

Having developed a selective and efficient way to synthesize
5-chloro-5-deoxy-5-epineamine (23) and 5-deoxyneamine (26), our
next goa] was to selectively remove the hydroxyls in positions 3'
and 4' in order to obtain a 3',4',5-trideoxyneamine derivative as
a suitable intermediate for the synthesis of 3',4',5-trideoxy-
kanamycin analogues. Acetalation of 22, either with 2,2-di-
methoxypropane or 1,1-diethoxycyclohexane in DMF in the presence
of E;to]uenesu]fon1c acid, gave the corresponding 3',4'-0-
1sopropy11dene and 3',4' O -cyclohexylidene der1vat1ves 33 and 34,
in yields of 30% and 72% respectively. In view of the higher
yield obtained for compound 34, it was next transformed into the
corresponding 6-0-benzoyl derivative 35 and the 6-0-trichloro-
ethoxycarbonyl derivative 36 in y1e1ds “of 86% and 89% respective-
ly. Hydrolysis of the cyciohexylidene protecting group of 35 and
36 with 80% acetic acid at 80° C for 1 h gave the deprotected
pseudodisaccharides 37 and 38 in yields of 95% and 89%.

Previous syntheses of 37,4 4'-dideoxyneamine (43) and 3',4'-
dideoxykanamycin B (44) have been achieved via the Tipson- Cohen
procedure (45), namely by conversion of a 3',4'-di-0-mesylate
intermediate into the corresponding 3' 4'-unsaturated derivative
by treatment with sodium iodide and zinc in hot DMF, followed by
catalytic hydrogenation (43,44). Recently, Umezawa, et al. (46)
have reported the advantage of using benzenesu]fony] rather than
methanesulfonyl esters during the introduction of unsaturation
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at position 3'-4' in a kanamycin B derivative.

Following the above described methods, 37 was converted to
the crystalline 3',4'-di-0-mesylate 39 and 3',4'-di-0-benzyl-
sulfonate 40 in 93% and 70% yields respectively. The chloro
derivatives 39 and 40 were then reduced to the corresponding
crystalline 5-deoxyneamine intermediates 41 and 42 in yields of
91% and 53% respectively using tributylstannane generated in situ
(37). Hydrolysis of the benzoyl group at position 6, using a
solution of sodium methoxide in a mixture of methanol and chloro-
form at room temperature for 2 to 19 h, gave crystalline 43 and
44 in 90% yield.

Generation of the 3',4'-olefin 45 through treatment of the
3',4'-di-0-mesyl derivative 43 with zinc and sodium iodide in hot
DMF (43,44,45) did not proceed in high yield. The following mod-
ifications to the classical method were tried singly or in com-
bination: (a) activation of zinc dust (1) by acid wash, (2) by
heating at 110° C under high vacuum, (3) by amalgamation and
(4) by coupling with silver, (b) careful drying of sodium iodide,
(c) replacement of sodium iodide by potassium iodide, (d) replace-
ment of DMF by (1) hexamethylphosphorotriamide, (2),acetone or
(3) dimethylsulfoxide, (e) addition of activated 3 A molecular
sieves, (f) running all operations, including the activation of
zinc, under nitrogen. The above conditions were tried at tempera-
tures ranging from 25° C to 124° C from 1 h to 24 h. Unfor-
tunately, none of the above modifications improved the 40% yield
obtained using the classical conditions. The low yield in this
transformation can partially be explained by the formation of two
side products, N],N3-dibenzyloxycarbony1—2,5-dideoxystreptamine
(32) and the glycal (48), which were each isolated in approxi-
mately 20% yield. Compound 32 was identical to ?n authentic
sample. The structure of 48 was established by 3c- and TH-NMR
spectroscopy and by elemental analysis. The proton NMR spectrum
of 48 1in deuteriochloroform showed H-1 as a broad doublet at
6.34 ppm (J o = 5.5 Hz). Irradiation of this proton led to the
collapse of & sharp doublet of doublets centered at 4.69 ppm
(J2,3 = 4 Hz) and assignment of this resonance to H-2. Addition
of 520 simplified three signals: one H-3, centered at 4.51 ppm
(J3,4 = 4.5 Hz, J3,NH = 8 Hz), and two others, centered at 3.68 and
3.27 ppm, each showing a large geminal coupling of 14 Hz and
therefore assigned to H-6a and H-6b. This clearly indicated that
amine functions were present at both C-3 and C-6. The 13C-NMR
spectrum of 48 showed that C-1 (assigned by single frequency
decoupling) resonated at 145.90 ppm while C-2 was at 98.37 ppm.
The position of these signals, coupled with the broadening of the
proton signals for H-1 and H-3 in the proton NMR spectrum due to
long range coupling, assured us of the presence of the glycal
structure in 48.

A possible mechanism explaining the formation of these by-
products is shown in Scheme I. Participation of the nitrogen of
the benzyloxycarbamide at position 2 in the displacement of the
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3- O-mesyl group of 40 gives the intermediate epiminium ion 46,
which is opened d1ax1a]1y by icdide ion to form 47. Concerted
elimination of the anion corresponding to 32 can “then arise via
attack by zinc or iodide ion on the iodine atom of 47, 1ead1ng

to the g]yca] 48. While 32 and 48 are consistently” the major
by-products in these reactions, other degradation products are
also observed. Possibly other pathways, such as those mentioned
very recently by Umezawa (74) involving N-benzyl-epimine inter-
mediates, could also account for the observed low y1e1ds Similar
by- products are detected by TLC when the elimination is done using
the 2',3'-di-0-benzylsulfonate 44, and since the isolated yield of
45 was only 23% this approach was not pursued any further.
Hydrolysis of the 6- 0-benzoyl group of 39 with methanolic sodium
methoxide for 15 min at room temperature gave crystalline 49 in
93% yield. Treatment of 49 with sodium iodide and zinc dust in
DMF at 100° C for 3 h, however, led to a poor yield of a 1:1 mix-
ture of compounds that have not been characterized. Treatment of
the 3',4'-di-0-mesyl derivative 39 with sodium iodide and zinc
dust in DMF at 100° C for 2 h gave the corresponding
3',4'-unsaturated derivative 50 in 36% yield as an amorphous
powder which was then reduced with tributylstannane generated

in situ (37) to give 73% of crystalline 51. When 41 was treated
with sodium iodide and zinc dust in DMF at 100° C for 24 h, a
substantial amount of starting material was still present and the
reaction was not investigated any further. Finally, treatment of
the 3',4'-dibenzylsulfonate 44 under similar conditions gave only
a 23% yield of the unsaturated pseudodisaccharide 45.

The above series of reactions clearly indicates that the
pathway 34 - 35 -~ 37 - 39 ~ 41 -+ 43 gave the best overall yield
of the key intermediate 43. " In order to find out if the conver-
sion 43 > 45 could be improved by replacing the benzyloxycarbonyl
group by another protecting group, 43 was hydrogenolyzed with
Pd(OH), /C_(31) in glacial acetic acid at room temperature under
3.6 kg/cm? of hydrogen for 4 h and the crude product was reacted
with trifluoroacetic anhydride in dioxane for 1 h at room tempera-
ture, giving the tetrakis-N-trifluoroacetylneamine derivative 52
in 51% overall yield as an analytically pure syrup. Treatment of
52 with sodium jodide and zinc dust in DMF at 110° C for 2 h gave
52% of 53 as a pure syrup after separation by TLC from a slower
compound having a mobility expected for the N'!',N°-bis-trifluoro-
acetyl derivative of 2,5-dideoxystreptamine. Similarly, the
crude product resu]t1ng from hydrogenolysis of 43 was reacted with
ethyl chloroformate and the corresponding crysta]11ne tetra-N-
ethoxycarbonyl derivative 54 was obtained in 48% overall y1e1d
The d1mesy1ate 54 was also treated with sodium iodide and zinc
dust in DMF at 110° C for 2 h to give the crystalline unsaturated
pseudodisaccharide 55 in only 26% yield. Since neither the
trifluoroacetyl nor the ethoxycarbonyl protecting group offered
any substantial improvement in the conversion of a 3',4'-di-
mesylate to a 3',4'-unsaturated neamine derivative, our synthetic



Publication Date: August 4, 1980 | doi: 10.1021/bk-1980-0125.ch013

13. VERHEYDEN ET AL.  Analogs of Kanamycin B 223

effort was pursued using 43 as the key intermediate.

Reduction of 45 with™ pa]]ad1um hydroxide on charcoal (31) in
acetic acid under 3.6 kg/cmé of hydrogen for 5 h at room tempera-
ture gave 3',4',5- tr1deoxyneam1ne 56, which was isolated as its
tetrahydroch]or1de salt in 93% y1e1d and characterized as the
peracetyl derivative 57 (mp 287-289° C dec.). The 13C-NMR spec-
trum of 56 (see Table I) indicates, as for 23 and 26, an upfield
shift for C-1' consistent with a d1fferent orientation of the
2,6-diamino-2,6-dideoxyhexose ring due to the lack of hydrogen
bonding as postu]ated above (see Figure 1).

While the synthesis of the key intermediates 43 and 45 was
being developed, the preparation of various suitably protected
derivatives and analogues of 3-amino-3-deoxyglucose was concur-
rently achieved. For starting material, we used the readily
accessible 3-azido-3-deoxy-1,2:5,6-di-0-isopropylidene-a-D-gluco-
furanose (58) (47,48), which was obtained by classical procedures
from 1,2:5,6-di-0-7sopropylidene-a-D- -glucofuranose. We improved
the y1e]d of 58 From 88% to 95% by using lithium azide instead of
sodium azide (47,48) in the displacement of the 1,2:5,6-di-0-
isopropylidene-3- O-E;toluenesu]fony]-a-D-a]1ofuranose Hydrolysis
of 58 with 80% acetic acid gave 59 (48) in 97% yield. Methanoly-
sis of 59 using 3% hydrochloric acid in methanol at reflux for 7 h
gave, in 96% yield, an a/B mixture of the corresponding methyl
3-azido-3-deoxy-D-glucopyranosides 60 and 61, which could be
chromatographically separated as the acetates 62 and 63 in about
50% yield each. The ass1gnment of configurations was based on
TH-NMR and rotation [62: [a]ﬁ -21.9°, 63: [a]é 122.3° (c 1.0,
CHC13)] and also on the fact that hydro]ys1s of the a-anomer 63
w1th triethylamine in aqueous methanol gave a 1:1 mixture of the
known (49) 6] and its 2-0-acetyl derivative 64. Treatment of 59
with a TZ solution of anhydrous hydrogen chloride in allyl alcohol
at 65° C for 3 h gave an a/B mixture of the allyl glycosides 65
and 66, which was acetylated and then separated by preparative TLC
giving 43% of the pure g;anomer 67 ([a] -28.4°) and 40% of the
pure a-anomer 68 [E“]B 126.9° (¢ 1.0, CHC1 )] In order to
ensure that condensation between the 3 am1no -3-deoxyglycosyl
acetate and the pseudodisaccharides 43 and 45 leads to products
with the natural a-configuration, it is crucial that the protect-
ing group at C-2 be non-participating in nature. To this end, we
have chosen the benzyl ether and have, in fact, consistently
obtained o-glycosides as the major products. Benzy]at1on of the
mixture of anomers 65 and 66 with sodium hydride in DMF, followed
by addition of benzyl bromide at 0° C and then reaction at room
temperature for 1 h, gave 75% of the perbenzylated glucoside.
Careful chromatography on a Eg]umn of silica gel permitted separa-
tion of the g-anomer 67 ([a]f° -7.1°) and the o-anomer 68
[[olR® 72.4° (c 1.0, CHCI )] Isomerization of the allyl group of
67/68 with potassium t- butox1de in DMSO (50) led to an intractable
mixture, and therefore this approach was abandoned. Benzylation
of the mixture of 60 and 61 as described for the allyl glucosides
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65 and 66 gave, after purification by silica gel column chroma-

tography, 42% of_the g-anomer 69 ([a]65

a-anomer 70 [[«]f® 58.3° (c 1.0, CHCl3)].

2.7°) and 47% of the
When the series of

reactions 59 » 60/61 » 69/70 was repeated on a 20 mmole scale, an
overall yield of 87% was obtained after separation of both isomers
Selective acetolysis (conc. sulfuric acid

by chromatography.

1-2%,

acetic anhydride) of the glycosidic bond of 69 could not be

achieved without concurrent cleavage of the benzyl group.
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Hydrolysis in the presence of Dowex 50 (H*) resin in a mixture of
dioxane and water at 90° C for 18 h left only unreacted 69, and
similarly, hydrolysis using a mixture of acetic acid and 6 N
hydrochloric acid (88.5:11.5) (51) did not lead to the free glu-
cose derivative in useful yield. Our initial plan was to condense
a series of 3-azido-3-deoxyglycopyranosyl acetates with 45. A
subsequent single reductive step would then generate the desired
unprotected pseudotrisaccharide via reduction of the 3',4'-olefin
and azide functions and hydrogenolysis of the benzy]oxycarbony]
and benzyl groups. Since, however, the glycoside bond in the
3-azido derivatives 69 and 70 wou]d not undergo acetolysis, we
decided to reduce the azide function in order to see if a 3-N-acyl
glycoside derivative would be more amenable to acetolysis.
Reduction of a mixture of 69 and 70 with Raney nickel in
ethanol under 1 atm of hydrogen gave thé Schiff bases 7] and 72
after silica gel column chromatography using a mixture “of benzene
and acetone (9:1) as the eluant. The a-anomer 72 was treated
with acid and tgg free amine 73 was isolated as an analytically
pure syrup [[a] 58.3° (c 1.0, CHCI3)]. When the crude mixture
from Raney n1cke] reduction of 71 and 72 was treated with benzyl-
oxycarbonyl chloride in a mixture of pyridine and chloroform at
room temperature for 18 h, the corresponding crystalline
3-N-benzyloxycarbonyl der1vat1ves 74 and 75 were isolated in 13%
and 22% yields respect1ve1y Reduction of a mixture of 69 and 70
with Raney nickel in the presence of acetic anhydride and ethyl”
acetate under 1 atm of hydrogen at room temperature for 3 h gave
82% of the corresponding anomeric mixture of N-acetyl glucoside
derivatives 76 and 77, which could be separated into the known
(52) g-anomer 76 and the a-anomer 77 by preparative TLC. Hydroly-
sis of 76 with acetic acid and 2 N sulfuric acid at 100° C, fol-
Towed by acetylation of the resulting free glucose der1vat1ve
with pyridine and acetic anhydride, gave 78 (52), albeit in only
low yield. Alternatively, the anomeric mixture of 76 and 77 was
acetolyzed with an 0.5% mixture of conc. sulfuric acid in acetic
anhydride at room temperature for 17 h. The crystalline material
obtained in 77% yield after purification by chromatography was
shown by NMR to be an anomeric mixture of 3-acetamido-6-0-acetyl-
2,4-di-0-benzy1-3-deoxy-D-glucopyranosyl acetate, the a-anomer
79 being the major component. This compound, obta1ned in 52%
overall yield from 58, is suitable for condensation with our pro-
tected pseudodisaccharides 43 and 45; before proceeding any fur-
ther, however, we wanted to check the conditions necessary for
the removal of the N-acetyl protecting group. Hydrolysis of the
N-acetyl group of 76/77 was not possible using methanolic ammonia,
barium hydroxide or hydrazine hydrate while the neighboring benzyl
groups were present. Hydrogeno]ysis of the benzyl groups of 76
with pa]]ad1um on carbon in a mixture of methanol and acetic acid
gave, in 91% yield, the known methyl-3-acetamido-3-deoxy-B-D-
glucopyranoside (53), which was hydrolyzed with hydrazine hydrate
at 100° C in a sealed tube for 18 h to give the desired
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methy1-3-amino-3-deoxy-B-D-glucopyranoside (53) in 88% yield.
This high recovery of the free aminoglycoside indicated that an
acetyl group was suitable for our purpose.

For the preparation of a suitably protected 3- deoxy—3-methy1-
amino-D-glucose derivative, we used the readily available anomeric
mixture 69/70, which was converted by reduction to the correspond-
ing N-trifluoroacetamido derivative in the presence of Raney
nickel in a mixture of ethyl acetate and trifluoroacetic anhydride
for 20 h at room temperature under 1 atm of hydrogen. The result-
ing anomeric mixture was separated by preparative TLC giving the
crystalline g-anomer 80 in 41% yield (mp 189-190° C) and the
crystalline o-anomer 81 in 30% yield (mp 173-174° C). It is
interesting to note that an o/B mixture can also be crystallized
direct]y from the crude reaction mixture, albeit in low yield.

As in the case of 76/77, acetolysis of the anomeric mixture 80/81
gave the correspond1ng 6 0-acety1-2,4-di-0-benzyl-3-deoxy-3-tri-
fluoroacetamido-o/B-D- g]ycopyranosy] acetate (82) in 67% yield.
Hydrogenolysis of the anomeric mixture 80/81 in the presence of
palladium on charcoal in methanol and acetic acid under 3.6 kg/c
of hydrogen for 18 h gave a quantitative yield of 83/84. The
a-anomer 84 could be crystallized from methanol and ether

(mp 264-265° C). Hydrolysis of the N-trifluoroacetyl group was
readily achieved in conc. ammonium hydroxide in a sealed tube at
100° C for 18 h to give a mixture of methyl-3-amino-3-deoxy-a/B-
D-glucopyranoside, which was characterized by comparison with the
previously prepared a-anomer (see above).

Methylation of 81 in a mixture of methyl iodide and DMF in
the presence of silver oxide at room temperature was not success-
ful, but at 100° C in a sealed tube for 4 h a quantitative con-
version to a single_faster moving compound was observed by TLC.
Examination of the TH-NMR spectrum of the N-methy]ated derivative,
however, did not show a sharp N-methyl peak in the 3 to 3.3 §
region (54), but rather only a broad singlet (<3 H) was seen at
3.2 8. Since the elemental analysis and the mass spectrum
(M*-CH 30H at m/e 54]) fitted the structure 86, we assumed that
the broad signal in the TH-NMR spectrum was due to restricted ro-
tation, a phenomenon often seen in acetamido derivatives (55).

When the methylation was carried out on the anomeric mixture
80/81, separat1on by chromatography permitted the isolation of
the B-anomer 85 in 29% yield and the o-anomer 86 in 33% yield.
Acetolysis of §6 in a 1:1 mixture of acetic acid and acetic
anhydride conta1n1ng 1% of conc. sulfuric acid at room temperature
for 15 min gave, after column chromatography, 60% of the desired
6-0-acety1-2,4-di-0-benzy1-3-deoxy-3-N-methy1-3-trifluoro-
acetamido-g-D-glucopyranosyl acetate 87 which is suitable for
condensation with our protected pseudodisaccharide intermediates.
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azido-3-deoxy-1,2-0-

isopropylidene-a-D-glucofuranose (48) (59) followed by reduction
of the resulting aldehyde with sodijum borohydride in ethanol at

0° C gave 3-azido-3-deoxy-1,2-0-isopropyl
(56) (88) in almost quantitative yield.

idene-o-D-xylofuranose
Alcoholysis of 88 with

benzyl alcohol or methanol containing anhydrous hydrogen chloride

for 10-20 h at 60° C gave the correspondi

ng anomeric mixtures of

benzyl- and methyl-D-xylopyranosides 89 and 90 (57) in yields of
82% and 96% respectively. Acetylation of the xylopyranosides
gave the corresponding 2,4-di-0-acetyl derivatives 9] and 92 in

57% and 35% yields respectively, and 93 (

51) and 94 in 39% and

47% yields respectively. Acetolysis of 91 with 2% conc. sulfuric
acid in acetic anhydride at room temperature for 30 min gave 67%
of a material which was shown by NMR spectroscopy to have the
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acyc11c structure 95. Benzylation of the anomeric mixture 90
using sodium hydr1de and benzyl bromide in DMF gave the corres-
ponding 2,4-di-0-benzyl derivatives, which were separated by
column chromatography giving the B-anomer 96 (51) in 49% yield

and the o-anomer 97 in 39% yield. Reduction of the crude anomeric
mixture 96/97 with Raney nickel in a mixture of acetic anhydride
and ethyi acetate under 1 atm of hydrogen for 1 h at room
temperature gave the B-anomer 98 and the a-anomer 99 in 79% over-
all yield from 90. Aceto]ys1s of 99 in acetic anhydr1de contain-
ing up to 1.5% sulfuric acid at room temperature for 24 h gave an
anomeric mixture of the xylopyranosyl acetates 100 and 1Q1 and

the methyl-B-D-xylopyranoside derivative 98 in a 6:2:2 ratio;
prolongation of the reaction time did not complete the conversion
of 98 to the desired glycosyl acetate. The anomeric mixture 98/99
was therefore hydrolyzed with a mixture of acetic acid and

6 N hydrochloric acid (88.5:11.5) (51) and the free xylose
derivative 102, isolated in 67% y1eTH' was acetylated to give, in
87% yield, a mixture of 100 and 101 in a 2:1 ratio. This anomeric
mixture provides another useful intermediate to generate analogues
of aminocyclitol antibiotics. Hydrogenolysis of 99 in the
presence of palladium on charcoal under 3.6 kg/cm2 of hydrogen

for 16 h at room temperature gave methy] -3-acetamido-3-deoxy-a-D-
xylopyranoside (103) in 81% yield [[a] 20 f2138° (c 1.0, MeOH)].
Hydrolysis of the N-acetyl of 103 with hydraz1ne hydrateat 100° C
for 16 h gave the known (54) methyl-3-amino-3-deoxy-a-D-xylo-
pyranoside (104) Methylation of 98 with sodium hydride and
methyl jodidé” in tetrahydrofuran at room temperature for 18 h

(58) gave a good yield of the desired N-methyl derivative 105.

This derivative once again shows restricted rotation in the”

TH-NMR spectrum, but in this case distinct signals for each
rotamer (N- -CH3 2.07 and 2.47; N-COCH; 1.85 and 2.13; 100 MHz,
C0013) are apparent. S1m11ar1y, when 105 is exam1ned by TLC at
-18°°C (CHC] -acetone, 95:5) two distinct spots can be seen.
Methylation of the anomeric mixture 98/99 gave, in 91% yield, the
in a mixture of acetic acid, acetic anhydr1de and conc. sulfuric
acid (50:50:2) at room temperature for 15 min to give the desired
xylopyranosyl acetates 107 in 57% yield. This anomeric mixture

is also useful for condensation with our protected neamine
intermediates (vide infra).

A recent paper (59) describes the preparation of various
highly active analogues of kanamycin in which 3-amino-3-deoxy-D-
glucose has been replaced by a 3,4,6-trideoxy-3-methylamino-D-

xylo-hexopyranose moiety. We fe]t it would be interesting to
condense a similar derivative with our intermediates 43 and 45.

In order to obtain a suitable monosaccharide for condensa-
tion, we started our synthesis from the anomeric mixture 60/61,
which was treated with benzaldehyde dimethyl acetal in DMF in the
presence of a trace of perchloric acid at 70° C for several hours
to give the corresponding 4,6-0-benzylidene derivatives 108 in
85% yield. Benzy]at1on of 108 perm1tted chromatographic resolu-
tion of the anomeric mixture giving the g-anomer 109 (32%) and

~Z
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the o-anomer 110 (54.5%), both in crystalline form. The pos-
sibility of using the 2,4-dinitrophenyl group as a protecting
group for the amine function was explored on the B-anomer 111,
obtained by reduction of 109 with Raney nickel. Reaction of ]11
with 2,4-dinitrofluorobenzene in a mixture of pyridine and
dichloromethane at room temperature for 15 min gave the protected
derivative 112 in 78% yield (mp 194-195° C). This approach was
abandoned, however, in favor of the following one. Hydrolysis of
110 in 80% acetic acid at 80° C for 15 min gave crystalline 113
in quantitative yield. Mesylation of the latter gave the cor-
responding 4,6-di-0-mesyl derivative 114 in 98% yield. Similarly,
hydrolysis of 109 gave crude 115, which was directly treated with
mesyl chloride in pyridine to give a mixture of compounds from
which the 4,6-di-0-mesyl derivative 116 was isolated in Tow yield.
The other major product was the 4-0-acetyl-6-0-mesyl derivative
117, which presumably results from traces of acetic acid left in
crude 115. Combined with mesyl chloride, acetic acid must act as
an acetylating agent and lead to 117. Hydrolysis of the acetyl
group gave 118, which was mesylated to give 116 identical to that
above. Displacement of the mesyl groups from 116 with sodium
jodide in butanone gave the 6-iodo derivative 119 in 83% yield
and only a trace of the desired 4,6-diiodo glycoside. Reduction
of 114 with Raney nickel in the presence of acetic anhydride and
ethyl acetate under 3.6 kg/cm? of hydrogen for 18 h gave the cor-
responding 3-N-acetyl derivative 120, which was isolated as a
crystalline solid in 79% yield. A similar reaction was performed
on the anomeric mixture 114/116 and gave the corresponding
3-N-acetyl derivative 120/121 in good yield. Displacement of the
4,6-di-0-mesyl derivative 120 with sodium iodide in DMF at 80° C
for 12 h gave, surprisingly, the 6-iodo-4-0-mesyl derivative 122
as the only product of the reaction. Reduction of 122 with Raney
nickel produced the 6-deoxy derivative 123, which gave a complex
mixture when reacted with sodium iodide in DMF or in butanone.

On the other hand, displacement of 120 or the anomeric mixture
120/121 with sodium iodide in butanone under reflux for up to
isomers 124 and, in one case, a small amount of the N-acetyl-3,4-
imino derivative 125. These results indicate that neighboring
group participation at C-3 is necessary for successful displace-
ment of the C-4 mesylate. A similar result has been observed by
Richardson (60). Reduction of the mixture of isomers 124 with
Raney nickel in methanol under one atmosphere of hydrogen at room
temperature for 2 days gave a 57% yield of the crystalline
4,6-dideoxy a-anomer 126, which was acetolyzed in the presence of
acetic acid and acetic anhydride (1:1) containing 2% conc.
sulfuric acid for 35 min at room temperature to give an anomeric
mixture of glycosyl acetates. The major o-anomer 127 was isolated
as a crystalline solid in approximately 55% yield and was used
for condensation with a pseudodisaccharide intermediate (see
below). Methylation of 126 with methyl iodide and sodium hydride

~NX
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in tetrahydrofuran for 1 h at room temperature gave the corre-
sponding N-methylacetamido derivative 128, which underwent
acetolysis under the same conditions used with 126 to give 84% of
the desired glycosyl acetate 129, another suitable intermediate
for condensation with our protected pseudodisaccharides 43 or

45 (vide infra).

Having a series of suitably protected 3-amino-3-deoxy glyco-
syl acetates available, we first attempted to condense the
3-acetamido-6-acety1-2,4-di-0-benzy1-3-deoxy-o-D-glucopyranosyl
acetate 79 with the 3',4'-unsaturated neamine intermediate 45 in
the presence of stannic chloride (61,62,63) in boiling aceto-
nitrile. This led to a complicated mixture from which a pseudo-
trisaccharide was isolated in only 6% yield. In view of the poor
yield of condensation with 45, probably due to its lTow solubility,
the more soluble 3',4'-di-0-mesylneamine intermediate 43 was
investigated next. Conversion of 79 into the corresponding
glycosyl bromide 130 was accomplished by slowly passing dry
hydrogen bromide into a solution of 79 in dichloromethane at 0° C.
After removal of the solvent, the crude glycosyl bromide 130 was
condensed with 43 in the presence of mercuric cyanide, mercuric
bromide (64) and calcium sulfate in nitromethane at room tempera-
ture for 5 days. Chromatography of the resulting mixture led to
the isolation of the desired a-anomer 131 in 50-56% yield and the
corresponding B-anomer in 2% yield. Using mercuric cyanide alone
gave 131 in Tower yield (40%). Mercuric bromide alone did not
catalyze the glycosidation, nor did a mixture of silver carbonate
and silver perchlorate (65,66). Using silver triflate (67) in
dichloromethane at -22° C for 4 days followed by room temperature
for 2 days gave 9% of 131 and 7% of the corresponding B-anomer.
Finally, when the glycosidation was done in the pregence of tetra-
ethylammonium bromide (68) and molecular sieves (4 A) in dichloro-
methane at room temperature for 8 days, only 14% of 131 was
isolated.

Conversion of the 3-trifluoroacetamido-6-0-acetyl-2,4-di-0-
benzy1-3-deoxy-D-glucopyranosyl acetates 82 into the crystalline
a-glycosyl bromide 132 was effected as described above.
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Condensation of 43 and 132 in the presence of mercuric cyanide,
mercuric bromide and calcium sulfate in nitromethane proceeded
very quickly, the a-glycoside 133 being isolated in 35% yield
after only 3 h reaction at room temperature. A substantial amount
(18%) of B-glycoside was also formed under these conditions.

It is interesting to note the remarkable increase in reac-
tivity of the glycosyl bromide 132 over 130. It is unfortunate,
however, that this is accompanied by the formation of an increased
amount of the undesired B-glycoside, since the trifluoroacetyl
group can be readily removed under fairly mild conditions.

Treatment of 131 with sodium iodide and zinc in DMF at 110° C
for 90 min gave 134 in 35% yield after column chromatography.
Hydrolysis of the 6"-0-acetyl group of 134 with methanolic ammonia
at room temperature for 16 h gave 135 in 82% yield. Hydrogen-
olysis of the benzyl and benzyloxycarbonyl groups of 135 was
effected using palladium hydroxide on carbon (31) and gave, after
chromatography over IRC-50 (NHg*) resin, 3"-N-acetyl-3',4',5-
trideoxykanamycin B (136) in 80% yield. Hydrazinolysis of 136 at
100° C in a sealed tube for 19 h then gave the desired 3',4',5-
trideoxykanamycin B (137), which was isolated as its pentahydro-
chloride salt in 43% yield and was characterized as the peracetyl
derivative 138. A recent paper (19) has reported the preparation
of 137 by a completely different route using Barton's deoxygena-
tion process (69).

Treatment of 87 with anhydrous hydrogen bromide in dichloro-
methane gave the corresponding glycosyl bromide 139 which, without
any purification, was reacted with 43 in the presence of mercuric
cyanide, mercuric bromide and calcium sulfate in anhydrous nitro-
methane for 18 h at room temperature giving the a-glycoside 140
in 96% yield after purification by preparative TLC. The structure
of 140 was established by comparison of the 13C-NMR spectra (DMSO)
of 85 (C-1: 104.71 ppm) and 86 (C-1: 96.36 ppm) with that of
140 (C-1: 95.77 ppm). The slightly lower reactivity of 139 as
compared to 132 is not as surprising as the remarkable increase
in yield and the exclusive formation of the a-anomer 140. Elimi-
nation of the 3'- and 4'-mesyl groups from 140 by treatment with
sodium iodide and zinc in DMF for 1 h at 110° C gave the
unsaturated derivative 141 in 43% yield. Removal of the 6"-0-
acetyl group from 141 with methanolic ammonia gave, in 75% yield,
the crystalline derivative 142, which was reduced with palladium
hydroxide on carbon égl) in acetic acid at room temperature for
24 h under 3.6 kg/cmZ of hydrogen to give 143 in 44% yield.

Condensation of the bromo sugar 144, obtained from 107 in the
usual manner, with the protected pseudodisaccharide 43 in the
presence of tetraethylammonium bromide and activated molecular
sieves (4 A) in dichloromethane at room temperature for 7 days
gave the a-glycoside 145 in 47% yield. The Lemieux method of
condensation (68) was chosen over that using mercuric salts (64)
because, in this particular case, it gave a very much improved
yield. The purification of 145 was especially laborious due to
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the presence of stable rotamers, which rendered TLC ana]ys1s very
difficult. Treatment of 145 w1th sodium iodide and zinc in DMF
at 110° C for 3 h had to be repeated once in order to bring the
reaction to completion. Purification of 146 was also laborious
but did permit the isolation of an analytically pure and crystal-
line material, albeit in low yield (18.5%). Hydrogenolysis fol-
lowed by hydrazinolysis then gave, in 21% overall yield, the
desired aminocyclitol analogue 147.

The glycosyl bromide 148 was prepared from 127 as described
above. Condensation of 148 with 43 was done accord1ng to the
Lemieux method (68) and gave, after 5 days at room temperature, a
mixture of a- and B-glycosides in 62% yield. The mercuric salts
procedure (64) gave only a 44% yield of anomeric pseudotrisac-
charides, the desired o-anomer 149 being isolated after chroma-
tography as a crystalline solid in about 30% yield. Treatment
with sodium iodide and zinc in DMF at 110° C for 30 min then gave
the unsaturated derivative 150 in 26% yield. The desired amino-
cyclitol derivative 151 was then obtained in 39% yield by
hydrogenolysis of ]50 followed by hydrazinolysis.

Treatment of the glycosyl acetates 129 with anhydrous
hydrogen bromide in dichloromethane at 0°"C for 15 min gave the
glycosyl bromide 152, which was condensed with 43 using Lemieux's
method (68) (35% y1e1d of 153) and the mercuric salts procedure
(64) (30% of 153). In the latter procedure we were able to re-
cover 65% of unreacted 43, bringing the effective yield of 153 to
85%. In none of the previous condensations were we able to re-
cover any unreacted 43, even when glycoside formation did not pro-
ceed satisfactori]y. The usual treatment of 153 with sodium
iodide and zinc in DMF at 110° C for 30 min gave the crystalline
unsaturated derivative 154 in 27% yield. Hydrogenolysis in
glacial acetic acid under 4 kg/cm? of hydrogen for 14 h at room
temperature followed by hydraz1no]ys1s at 100° C for 20 h gave,
after purification over an IRC-50 (NHs*) resin column, the desired
aminocyclitol 155 in 50% overall y1e13 The final product 155
was isolated as its pentahydrochloride salt and characterized as
the perbenzyloxycarbonyl derivative 156. The aminocyclitol anti-
?1o§1c 155 has recently been reported in the patent literature

70

Comparison of the 13C-NMR spectra of the aminocyclitol anti-
biotics that were synthesized with that of dibekacin shows, once
again, a 5 ppm upfield shift for C-1', indicating a substantial
change in configuration between the streptam1ne ring and 4-0-
glycoside ring (71,72,73). As proposed earlier, this change of
configuration is pr_BhBTy due to the absence of hydrogen bonding
between the amine function at C-2' and the hydroxyl at C-5 (see
Figure 1). Similarly, C-4 and C-6 are shifted upfield by approxi-
mately 6 ppm due to the absence of a hydroxyl group at C-5, and
C-1, C-2 and C-3 are shifted slightly for the same reason.

C-2', C-3', C-4', C-1" and C-2" remain fairly constant in all
five analogues. Upon N-methylation C-3" is shifted downfield,
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