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Abstract: A method for analysis of complexes of the cupric ion with aminoglycoside antibiotics

based on the measurement of the naramaonetic contr thution af the cunric ion i ala
On WiC MEasurement 01 ¢ paramagnéuc conw toution of the cupric ion o ll relaxation time on

'H-NMR spectra of the antibiotics is described. The information from the NMR experiments was
supplemented by molecular modeling studies and proved valuable in predicting the reactivities of these
complexes toward reagenis for modification of amines, which were used in regioselective, and often
regiospecific, derivatization of these important antibiotics. © 1998 Elsevier Science Ltd. All rights reserved.

Many aminoglycoside antibiotics that are being used in the clinic today are semisynthetic products that
have been developed by selective modification of specific amino groups of natural aminoglycoside precursors,'
such as sisomicin (1), kanamycin A (2) or gentamicin B (3). For example, netilmicin® (4) is the 1-N-ethyl-
derivative of sisomicin, amikacin’® (5) is 1-N-(4-amino-(25)-2-hydroxybutyryl)-kanamycin A, whereas
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acute toxicity’ and nephrotoxicity,” either due to their basic character’ or their interactions with phospholipid
bilayers of the inner cortex tissue.® Thus, selective modification of aminoglycoside amines has led to products
with reduced toxicity.>® Furthermore, bacterial resistance to aminoglycosides is widespread among pathogens.
Recent efforts in mechanistic studies of the enzymes of aminoglycoside resistance have provided additional
impetus for the development of additional synthetic analogues of aminoglycosides as mechanistic tools.”®

This synthetic objective presents, however, challenging obstacles since aminoglycosides often possess
four to six amines of comparable reactivity. The problem has been addressed in the past either by taking

advantage of the regiochemical preferences of aminoglycosides, which are due to steric reasons and/or the
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aminoglycoside amino groups with transition-metal ions (Cu2*, Zn2+, Cd2+, etc.).'® This type of temporary
protection is believed to proceed through intermediary chelates between proximal (vicinal or non-vicinal) amino
and hydroxyl groups of the aminoglycoside molecule, thus rendering the coordinated amino group less reactive
to electrophilic reagents, and allowing others to react preferentially with the reagent. Among the metal ions that
have been used in such temporary protection schemes, cupric ion is the most common.'® Although this scheme

has proved invaluable for the selective modification of aminoglycosidc amincs, the cxamples that have been
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reported are limited to aminoglycosides that are not presently in clinical use, and in addition, as we will discuss
below, the regioselectivity that can be achieved by solely employing this scheme is often modest.

Furthermore, the mechanism of the process has not been studied and, with only two exceptions,'" the
structures of the intermediary chelates have merely been postulated. As a result, the regioselectivity that one

should expect from the temporary protection scheme with the cupric ion remains today mostly unpredictable

(vide infra). We report herein on a 'TH-NMR-based method which uses T proton relaxation time measurements,
supplemented by molecular modeling, as a versatile tool for gaining insight into the structures of the cupric ion
chelates with aminoglycosides, as well as on the mechanism for regioselective modification of aminoglycoside
amines by temporary metal protection schemes. These studies allowed applications for regioselective

modification of aminoglycoside amino groups, which support our structural and mechanistic studies.
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The interactions of two aminoglycoside molecules, kanamycin A (2) and ribostamycin, with cupric ion

have been briefly described in the past by observing the specific line broadening induced to I3C-NMR
resonances in the presence of a low concentration of these paramagnetic ions."" A strong line broadening was
observed for the 3"-, 4"-, and possibly 2"- and 5"- carbons of kanamycin A as a result of coordination of the

o the kanosamine portion of the molecule. The ambiguity in these conclusions was due to the
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complexity of 13C-NMR spectra of aminoglycosides, which consisted of several interfering signals that in most
cases have only tentatively been assigned.'” However, a more serious probiem was encountered in the identical

experiment with ribostamycin. The !3C line broadening in this case was not specific enough to permit the

identification of any particular chelation sites."'

In an effort to overcome these limitations in analysis of these
metal complexes, and to build a firm basis for regiospecific synthetic modifications of these important

biologically active compounds, we chose to study the interactions of the cupric ion with aminoglycosides by
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their !H-NMR spectra, and more specifically, by measuring the relaxation induced by the cupric ion t
aminoglycoside protons in the vicinity of its coordination site(s). The high natural abundance of IH nuclei
would permit accurate measurements of induced relaxation and these measurements would then be applied for
unambiguous identification, as well as quantification, of the intcractions between the cupric ion and various sites

in aminoglycosides. An obvious prerequisite for this effort was the availability of complete assignments for
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aminoglycoside IH-NMR spectra, which are in general very complex. A series of selective |H-1H homonuclear
decoupling and NOE experiments at 500 MHz enabled us to identify the entire sets of spectra and provide full
and unambiguous assignments" for the 'H-NMR spectra of four representative aminoglycosides, kanamycin A

(2), karamycin B (7), neamine (8) and isepamicin (6).
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coordinated aminoglycosides by measuring the paramagnetic contribution to nuclear T, relaxation time'* (T ¢)

for each aminoglycoside proton, at a standard low concentration of the cupric ion (ca. 2 x 10~ M), in D,0. We
found that this low concentration of the cupric ion largely enhanced the relaxation of specific protons, whereas
ide (see Tables 1-4). This effect is due

184

to preferential coordination of the cupric ion to amine, hydroxyl
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affinity for the cupric ion, but those identified under the copper-deficient conditions that we have
104 mole Cu2+/mole of aminoglycoside) must be considered the most favored, and hence the ones that would

confer protection to their amine ligands. On the other hand, there is no absolute T € value that could be
considered as a clear evidence for a stable chelate, mainly because T{® values are highly dependent on
concentration of the paramagnetic ions. However, the trends that are established from published results,”®'%"!

as well as those discussed herein, for the outcome of reactions in the presence of the cupric ion provide support

for the unambiguous protection of the 2'-amino group of neamine, 3"-amino group of kanamycins A and B, as

sites (i.e. Hy' of neamine, H3n of kanamycins A and B, and H3'"g ¢ of isepamicin) is from 0.83 t0 3.98 s

and it is thus reasonable to assume these numbers to be the optz'mal range of Tj€ values for the
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the same in the various chelates formed (vide infra), the T|® values will solely depend on the average time the
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cupric mino or hydroxyl group, and consequently T ® values lower than 3.98 s should

1 spends on a specific ami
in general be evidence of efficient coordination of the cupric ion to the corresponding sites, under the conditions
employed by us. We hasten to add that the average distances of 1.9-2.1 A that our survey of the copper
complexes revealed indicates that the average bond length to either oxygen or nitrogen ligands do not vary much,

hence the assumption here is not unreasonable.

In Tables 1-4 we report the proton T ¢ values measured for solutions (ca. 40 mM) of the free base forms

f the aforementioned aminoglycosides in deuterium oxide containing the standard low concentration of copper
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itroulion to Nucledr 1) Relaxation 1imes (1°) 1or Protons of Kanamycin A free base

(2), measured in the presence of 5 x 10-4 moles of Copper (II) Acetate / mole of Aminoglycoside in D,O at pH
9.5, at 500 MHz.

Proton T, T, aray AT, TS(*) Proton T, T pacay AT, T (%)

(s) (s) (s) (s) (s) (s) (s) (s)
H, 0.80 0.78 0.02 - H, 1.02 0.99 0.03 -
H,, 0.31 0.33 -0.02 - Hg., 0.44 0.45 -0.01 -
H,, 031 033 -002 - Hes 044 045 001 -
H, 0.80 0.78 0.02 - H, 0.81 0.62 0.19 2.65
H, 077 075 0.2 - H, 120 057 063  1.09
H; 0.99 0.87 0.12 7.18 H,. 1.56 0.54 1.02 0.83
H, 0.75 0.72 0.03 - H, 1.32 0.63 0.69 1.21
H, 0.81 0.80 0.01 - H; 1.02 0.70 0.32 2.23
H, 1.3 1.27 0.03 - Hep 0.45 0.41 0.04 -
H, 188  1.80 008 4230 H,, 045 041  0.04 ;
H, 1.37 1.29 0.08 22.09

* T € values for differences in Ty-relaxation times which fall within the experimental error (IAT ! < 0.04 s) are not shown,

Table 2. Paramagnetic Contribution to Nuclear T Relaxation Times (T¢) for Protons of Kanamycin B free base

(7), measured in the presence of 5 x 10-4 moles of Copper (II) Acetate / mole of Aminoglycoside in D,O at pH

+ SNN RALT
L JUV IViI1L.

Proton Tigw  Tigew AT Ti(Y) Proton  Truw T AT, T,
(s) ) ) (s) (s) 0} )
H, 0.83 0.78 0.05 12.95 H, 0.98 0.84 0.14 5.88
H,, 034 033 001 - H,, 044 039 005 343
H,, 034 033 001 - Hys 0.44 039  0.05  3.43
H, 0.83 0.78 0.05 12.95 H,. 0.81 0.72 0.09 6.48
H, 078  0.66  0.12 429 H,. 1.16 078 038 238
H, 0.99 0.87 0.12 7.18 H,. 1.47 0.81 0.66 1.80
H, 0.73 0.69 0.04 - H,. 1.27 0.84 0.43 2.48
H,. 0.84 0.72 0.12 5.04 H,. 0.98 0.77 0.21 3.59
H, 1.09 0.87 0.22 431 Hgp 0.50 0.42 0.08 2.63
H, 1.61 1.26 0.35 5.80 Hg.g 0.50 042 0.08 2.63
H 1.23 1.08 0.15 8.86

4

* T values for differences in T-relaxation times which fall within the experimental error (IAT{l <0.04 s) are not shown.
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Neamine free base (8),
measured in the presence of 5 x 104 moles of Copper (IT) Acetate / mole of Aminoglycoside in D,0 at pH 10.2,
at 500 MHz.

S Proton Ty Tigww AT, TS(H) Proton T4y  Tigum AT, TF(H
(8) (s) (s) () (s) (s) (s) (s)
H, 0.92 0.66 0.26 2.34 H, 0.84 0.68 0.16 357
H,, 035 035 0.0 - H, 109 059 050  1.29
H,, 037 036 0.0l - H, 1.68 094 074 213
H, 0.86 0.74 0.12 5.29 H, 1.24 0.87 0.37 2.92
H, 0.74 0.65 0.09 5.34 Hs 1.04 0.87 0.17 5.32
H; 1.15 0.80 0.35 2.63 Hep 0.45 0.46 -0.01 -
H, 1.31 0.85 0.46 2.42 Heg 0.44 0.45 -0.01 -
* T® values for differences in T{-relaxation times which fall within the experimental error (IAT{l < 0.04 s) are not shown.

Table 4. Paramagnetic Contribution to Nuclear T| Relaxation Times (T;¢) for Protons of Isepamicin free base

(6), measured in the presence of 5 x 104 moles of Copper (1) Acetate / mole of Aminoglycoside in D,O at pH
10.3, at 500 MHz.

Proton T, Ty paray AT, T (%) Proton T, Tipaa AT, T,
) (s) (s) (s) (s) (s) (s) (s)
H, 0.78 0.77 0.01 - Hgp 0.45 0.44 0.01 -
H,, 0.33 0.31 0.02 - Hg 0.45 0.44 0.01 -
H,, 033 031 002 - 091 077 0.4  5.00
H, 0.83 0.77 0.06 10.65 H,. 1,48 1.17 0.31 5.59
H, 6.73 0.73 0.00 - H,. 0.99 0.84 0.15 5.54
H, 0.91 0.91 0.00 - 4”-Me 0.50 0.49 0.01 -
H, 0.88 0.81 0.07 10.18 H,., 0.42 0.41 0.01 -
H, 0.83 0.77 0.06 10.65 Hgo 0.36 0.34 0.02 -
H, 1.22 1.22 0.00 - H,.. 1.72 1.20 0.52 3.97
H, 1.50 1.50 0.00 - Hjop 0.51 0.46 0.05 3.98
H,. 1.27 1.27 0.0 - H,., 051 046 005  3.98
H, 1.05 1.03 0.02 - N-Me 0.95 0.88 0.07 11.94
* T1© vaiues for differences in T-relaxation times which fall within the experimental error (AT ! < 0.04 5 are not shown.

As shown in Table 1, relaxation of the ring protons of the kanosamine portion of kanamycin A (Hjp" to
Hs») is greatly affected by the cupric ion, with H3+ proton suffering the most profound paramagnetic effect
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1ror 1~ vaiues (1.UY ana 1.21 S 10r )" and 14", respectively, as well as 2.65 and

Hz» have comparable

-

1
2.23 s for Hy" and Hs", respectively). This indicates that the Hp" and H4', and the H | and H 5 pairs of
protons, are individually affected by complexes originating from and comprising the 3"-amine,

In the light of the NMR results and the structural requirements for an octahedral structure (see

Xperiime ital oc\,uuu;, Kanar TyClT A (2) are structures g,
10 and 11. Interestingly, the ring oxygen of the kanosamine portion appears to take part in a chelate with the
3"-amine because of the induced relaxation effect on H | and H g protons. Computer modeling showed that

such a coordination for Cu2+ requires a twisted boat conformation for this ring (see structure 11, and the text in
the Expenmentdl Section). Energy calculations with the TRIPOS force field showed that this structure posseqqes

higher T values, with respect to T1® values for other protons of the kanosamine ring, measured for H |+ and
Hs protons.'” It is noteworthy that our results provide no evidence for the existence of a complex with the pair

of the non-vicinal 1-amino and 2"-hydroxyl groups, that had been postulated previously.'®

u.n H20
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ional amino group which offered the C 10N MOTe possi
the case of kanamycin A. Nevertheless, kanamycin B seems to follow the coordination pattern of kanamycin A
at the kanosamine portion, whereas additional coordination at the glucosamine portion is shown with structures

12 and 13
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Neamine (8) showed a coordination pattern that was much more complicated than that of kanamycins A
and B, as evidenced from the data of Table 3. Two of the four amino groups of the molecule, the 2'- and 1-

amino groups, coordinated strongly with the cupric ion (T1€ values of 1.29 and 2.34 s for Hy' and H; protons,

espect velv) to form various plausible chelates (see structures 14-21). On the basis of data shown in Tahle 2
ACSPOLLVELY ) 0 10D VAllOUs pPialolins LIRS ATl SUIVGIUITS L - n ] EodaL UAsis U1 Wdia SUO0WI 1IN 1401€ 5
ctrintiirac 14 1£ 17 and 10 annanr ta ha nradaminant in tha cahitinn wharane crrintiirac 18 1€ A0 .1 21
SUUCIUIES 14, 1V, 17, allG 17 appear 10 0¢ préGominant in ¢ sC1uidn, wilitas SIruCiires 13, 10, 42U ana 21

H3 proton).
m 3 ¢
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Isepamicin (6) showed strong coordination at its N{-side chain. Thus, the data presented in Table 4

revealed that structure 22 is one of the primary complexes in the complexed mixture. We thought, however, of
is coordinated species seemed n t,lsmmhlp from modelin
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and the lack of hydrogen at the C |+ could conceal its presence in the solution by *H-NMR analysis. Thus,

when the 13C-spectrurn of isepamicin was recorded in the presence of 3.0 x 10-3 moles Cu2+/mole of
aminoglycoside, a severe line broadening was observed for Cy» and C3'» signals (174.9 and 43.7 ppm,
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chelate 23 would appear to be a stable coordinated species in solution. The T1° value of 5.59 s for H" proton

uggests, on the other hand, that a weak coordination of the cupric ion with the pair of 3"-methylamino and 2"

NH2
"o & MeHN T
OHO'_HO HO O—r/ Me
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N A wOH,
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The chelates identified above explain the regioselectivity which is observed in reactions of

aminoglycosides with amine-protecting reagents in the presence of the cupric ions (vide infra). However,

ding, the stoichiometry of the reactants, the
nature of the soivent, as well as the pH of the reaction mixture, are factors of great importance to the
regiochemistry of these reactions. However, steric hindrance and the structures of the intermediary chelates

appear to be the most significant among these factors.

An observation during our synthetic studies was, for example, that these reactions proceeded in a
stepwise fashion with the 6’-amino group to react with electrophilic reagents in a much faster rate than other

amino groups. Thus, when the reaction of kanamycin A (2) with di--butyldicarbonate (2.0 equivs.) in the

presence of copper (II) acetate (4.0 equivs.)'® in DMSO" was monitored by tlc, a single intermediate was
Ahecarvad aftar 2N min  Thic intermediate oradnally canvartad Avar tha Annrca AfF 2 h ta tha fimal mendisat ~F tha
UUDLL YU allul JuU 1Ll 1D Hd A ale glaguait LUl vLulivul UvLl UIv CUULOLY UL 4 1 U UG itlail P vuuct Ui uic
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reaction, which turned out to be 3,6'-di-N-(r-Boc)-kanamycin A (25). In an identical experiment, the reaction
was stopped after 30 min and the intermediate was isolated and was identified to be 6'-N-(~-Boc)-kanamycin A
(26). The rate for the reaction at the 6’-amino group is therefore anticipated to be faster than that for the reaction
at the 3-amino group due to reduced hindrance, which would account for the stepwise process. In a similar
manner, when kanamycin B (7) was treated with copper (II) acetate (4.0 equivs.) and di-z-butyldicarbonate (3.0
equivs.) in DMSO, a mixture of three products was observed by tlc after 2h. The anticipated major intermediate
was 6'-N-(+-Boc)-kanamycin B (27). The other products were a dicarbamoylated species and the
tricarbamoylated 1,3,6'-tri-N-(+-Boc)-kanamycin B (28), which proved to be the final product. The proportion

=5 SRS S TS W) WERAARLALAS ral = i R R

of the tricarbamoylated product in the mixture increased over time, and it (i.e, 28) was the only product after 24
h. The stepwise process hence appears to be a general one and to operate on a steric hindrance basis, with the

6'-monocarbamoyiated product to be the first intermediate to form. nd

third Boc group to the aminoglycoside molecule seems to take place at siower rates.'® Another factor besides
hindrance in the modifications of the secondary sites could be the extent of coordination of these sites to the
metal. If poorly coordinated by the metal, the sites would have the opportunity to react with the reagent, albeit

slowly.

The absence of reaction for the 2’- and 3’’-amino groups of kanamycin B as well as for the 3’’-amino
ycin A which was observed in the synthetic experiments mentioned above, are well explained by

mixture of the chelates identified
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However, the difference in reactivity which was observed between the 1-amino group of kanamycin B, which
reacted with the reagent to give the corresponding carbamate, and the similar group of kanamycin A, which
remained unaffected by the reagent, was an unexpected result, in view of the fact that we have shown above that

the 1-amino groups of both kanamycins was not coordinated to the cupric ion. Although the possibility that the

aminoglycoside-Cu? chelates which form in DMSO, which was used as the solvent of the reaction, are different
from those identified from our NMR results in D,0 cannot be excluded, there are indications that this difference
i¢ dAne a hyudracen hamdin hatvwaan tha 1_amina and tha 2" _houdeavyl graiime of banamunin A 19 Qb ..
10 uuv a 1 UlUBbll vuLia ULIWLLLL U 17allulivyu anug uiv o llyUlUAyl BIUUPD Ui Aall 1yLill A DULll d

w reactivity of the 1-amino group as this amino group wouid have a low
nucleophilicity due either to its function as an intramolecular hydrogen bond acceptor or to steric hindrance that
may result from such a hydrogen bonding. On the other hand, the presence of an additional, with respect to
kanamycin A, amino group at C,. of kanamycin B seems to give rise to a different intramolecular hydrogen bond

network® does not affect the 1-amino group of this molecule.

NHBoc H,N

HN
e WL Sy
HOX—7 \) OH r/ OH

25 R=OH, R, =Boc, Ry =H
26 R=OH,R, =R, =H

27 R=NH,,R,=R,=H
28 R=NH2,R1=R2=BOC

thetic experiments with
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butyldicarbonate in the presence of copper (II) acetate (4.0 equivs.) in DMSO to afford an 1:1 mixture of the
anticipated 3,6'-di-N-(t-Boc)-derivative (29), along with the 1,3,6"-iri-N-{(+-Boc)-derivative (30).® Cupric ion
provided an efficient protection for the 2'-amino group in this case, but failed to do so for the I-amino group.
This result most likely indicates that the simultaneous coordination of two cupric ions to the various chelation
sites of a given neamine molecule is less favorable than the coordination of a single ion, a notion which was
supported by our modeling studies. In addition, electrostatic repulsion of the two metal ions would also make it
difficult for two such ions to coordinate with one aminoglycoside molecule. As a result, doubly coordinated
neamine species should be relatively rare in solution, and therefore only the amino group which gives the most

stable chelates (i.e., the 2’-amino group) would be efficiently protected by the cupric ions. Nevertheless, the

il 110230 oy wulo 4 —allllll 108 WU L Ol 1 1 INCY LIl 5 LI
~nncidarahla amcnint af tha dicarhamavlatad derivative (20) that wac farmed indicated that the cnoric ion did
CULLOILH UALlIVYy 1A ULIL VALY (& ) WAL VW AS LVILIIVA JLHGIVHRIGA WG Wi Vupiay avil Wil

. .AA\Q/Q
HONETY_on
BocHN NHR
2% R=H
30 R=Boc

Isepamicin (6) underwent reaction with di-z-butyldicarbonate (4.0 equivs.) in the presence of copper (1I)

acetate (4.0 equivs.) in DMSO to produce a complex mixture of products, which could not be separated by



~ -~

14 | P PR DR S 1 7 &4 L INA0Y AC T
19 L. rapsas er ai. 7 1etranedron 34 (1998) //05—-//

column chromatography. The 'H- and 13C-NMR spectra of the mixture suggested that the major products were
3,6'-di-N-Boc-isepamicin (31) and 3",6'-di-N-Boc-iscpamicin (32), thus confirming the strong and weak
coordination of the cupric ion to 3°*’- and 3’’- amino groups, respectively, as suggested by the NMR results.
The structures of the intermediary chelates, as well as steric hindrance and intramolecular hydrogen
bonding are hence factors which govern the regiochemistry of these reactions. The regiosclectivity that can be
achieved, although satisfactory in some cases, is in general modest. We found, however, that high

egioselectivity, even regiospecificity, could be achieved when tem
endo- A,J‘Ulbdlbu)&l nide (33), %% ection of amjnogiycoside amines we
have reported earlier.” Thus, when isepanncm (6) was stirred with copper (IT) acetate (4.0 equivs.) in DMSO,
and was subsequently treated with reagent 33 (1.0 equiv.), the 6'-N-(z-Boc) derivative (34) was obtained as the
sole product of the reaction in 83% isolated yield. The cupric ion protected the 3"'-amino group efficiently, as
mentioned above, whereas the steric hindrance of reagent 33 permitted the reaction to occur exclusively at the
6-amine. It is noteworthy that the identical experiment in the absence of copper (II) acetate led to an inseparable
mixture of 6'-N-(z-Boc)- (34) and 3"'-N-(t-Boc)- (35) derivatives of iscpamicin.% In a simnilar manner, when
neamine (8) was stirred with copper (1I) acetate (4.0 equivs.) in DMSO, and was subsequently treated with

eagent 33 (3.5 equivs.), +-Boc group was introduced at 3- and 6'-amino groups affording the 3.6'-di-N-(+-Boc)
LA A2\ 2 oy LDV giovp Ao 2RORLLA at 27 alll D -alilll pilups aliilalig Uil 2,0 -Gl gV o)
Aarivative 120\ ac tho cnla nradnst Af tha raantinn whareae tha 1_aminn agrniin wac 11maffantad her tha canaant
ULLIVALL VL (&r) ad UL SUIL PLUUULL UL LHV 1AL UIVH, Wkitdd UIG 1-alllny glUup wads diaiicticlu Uy Ui 1Tagoiit.
NHR R3 on
MeN
Q Me
HO HO
HO /IA P /7 0
Ho 1 & f OH z | o
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RiHNL——2 Nﬂm/\/ NHR2 Y~ to oT
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31 R=R;=Boc,Ry=R3=H
32 R=R,;=Boc,Ri=R,=H
34 R=Boc¢, R=R,=R;=H
35 R=R;=R3=H, Ry=Boc

In conclusion, we have described the use of a versatile NMR technique in gaining insight into the nature of
metal complexes of multifunctional aminoglycoside antibiotics with the cupric ion. These experiments were

carried out such that at any given time only one metal ion was interacting with a given aminoglycoside. An

interectino ontcome of these analvses with each of the amlnnalvr'ne des studies bv us was that thece comnlexec
mteresting ouicome of these analyses with €ach of the aimno cosiges studies by us was that these Compicxes
exist in mu

ltiple forms. Nevertheless, the equﬂlbnum mixtures of these metal c omplexes were useful in
synthetic preparation of aminoglycoside deri i ifi i
generality of the utility of the NMR analysis for knowledge of the sites of coordination, and the synthetic
applications should find further applications both in aminoglycoside chemistry, as well as in other systems in the
future.
EXPERIMENTAL SECTION

General Procedures

IH- and I3C-NMR spectra were obtained at 500- and 125-MHz, respectively, on a Varian U-500 spectrometer. Chemical
shift values (8) are given in ppm and they are referenced to the deuterium of the lock solvent. NOE experiments were carried out

with a repetition rate of 4.9 5. Proton Ty relaxation (imes were determined by the method of inversion recovery with a dy delay of



10.0 s and an experimental error of + 0.04 s was estimated. The pH values of NMR samples in deuterium oxide were measured with

a Radiometer RHM82 pH-meter and they are uncorrected for deuterium. All aminoglycosides were used in the free-base form, which

were prepared from the corresponding ammonium salts by the use of Amberlite IRA 400 (OH™) strongly basic ion-exchange resin
and were used promptly afterwards. Infrared and mass spectra were recorded on a Nicolet DX and a Kratos MS 80RFA spectrometers,
respectively. Melting points were taken on a Hoover UniMelt apparatus and are uncorrected.  All the aminoglycoside carbamate

products sintered at approximately 60 °C and charred above 120 °C with concomitant release of COp. Thin-layer chromatograms

were made on silica gel and were visualised by spraying with a ninhydrin solution followed by heating. When ammonia was used in

the solvent system the thin-layer chromatograms were briefly heated to remove

solution. Isenamicin and kanamvcin B snlfates were a generous oift from the Scherino-Planoch Caom  and tha Meaiii Saila Kaicha
I a ycin 3 c ©a pRlCiOUs ghit 10 1IN0 oChenng-miougn Lorp. ant ine M)l S5Cika Kaisna,
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10 1XIrud I0ree-rcicé paramelers 10r copper atom were used. MUFAU NDO BSF charges were used for the

aminoglycoside cores. Among the 152,464 structures available to us from the Cambridge Structural Data Bank,? more than 7,000

entrics possess copper. Our analysis of these structures revealed that 22% of the entries had copper ligands arranged in octahedral

coordination. Furthermore, Cu?+ complexes of aminoglycosides have been shown previously to be octahedral structures.™ The
crystal structure of kanamycin A'® was used for model building and in most cases, two coordination sites for copper were provided by

functional groups of the aminoglycoside, two were occupied by water molecules and the remaining two were filled by two hydroxyls

(to produce a neutral specics with the Cu2+ ion). The complexes were cnergy minimized using the TRIPOS force field until the
energy gradient was less than 0.001 kcal/( mol-A).

Ner grad wART2 L iy

Our analysis of the structural data revealed that Cu-N and Cu~O bond lengths in such complexes are in the range of 1.9-2.1

Cu2* has higher propensity to form five-membered rings with the complexed ligands (54% of all copper containing entries,
compared to 40% for six-membered rings). However, when coordinated with 1,3-substituted six-membered ring systems, the
coordinated substituents are found only at axial positions. Hence, whereas in the uncomplexed ring system the positions of the

ligands (i.e., substituents to the ring) for the lowest energy favors all equatorial orientation, for the complexed ligand the low energy

is when the same substituents are all axial.”
X
0 N o
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o,'? A I =0 AN, Mw’ 109\
O B 109.5 i08.5 \
27314 jcmﬂ (cu (I d 109.5° 1095("
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Additional possibilities arise when the ring system is a heterocycle. For example, a heteroatom such as the ring oxygen of a
pyranoid ring may coordinate with the metal along with a second suitable substituent of the ring. Three such examples are
Cambridge entries ANTROS01, BELDAX, and BAGZUE.”' Structures below show modeling results for possible coordination sites
of a pyranoid ring with heteroatom substituents and the distances among them. As shown, in the chair conformation of such a ring

the sites that are favored for coordination with the metal are either 1,2-substituents of which at least one is equatorial or, alternatively
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1,3-substituents which are both axial. Furthermore, coordination of the ring oxygen to the metal seems possible only when a second
axial substituent is found three carbons away from this oxygen. Alternatively, such a coordination is equally possible when an axial
ligand is found four bonds away from the oxygen, but a twisted boat conformation is required in this case.

All these possibilities for coordination during complex formation were explored with models of kanamycins A and B,

neamine and isepamicin in order to explain the changes in proton Tj-relaxation times observed in the presence and ahsence of copper
1 E pper

(1) acetate.

o s
30A l 204 )
Ii] 3. # roi N 0 _.51\ 15A
A WAl Ve
A\ Mps
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1,3,6'-tri-N-(¢-Butoxycarbonyl)-kanamycin B acetate salt (28). Kanamycin B free base (484 mg, 1 mmol) was
dissolved in 30 mL. DMSO, followed by the addition of copper (II) acetate monohydrate (799 mg, 4 mmol). The blue solution was
stirred overnight at room temperature, before di-r-butyldicarbonate (655 mg, 3 mmol) was added. The solution was stirred for an

additional 24 h, by which time a tlc analysis revealed total consumption of the starting material in favor of a single product with R¢

0.62 (CHC13/MeOH/c0nc. ammonia, 5:3:1). The solution was poured into ethy! ether and was stirred vigorously until a dark oil

PO L T P A L £1

separated from the solution. yer was carciully decanted from the flask and the residual oil was dissolved in
methanol/water (250 mL, 4:1). Sodium sulfide nonahydrate (960 mg, 4 mmol) was added to the mixture and the resultant solution
was stirred for 45 min at room temperature, during which time copper suifide precipitated. The suspension was filtered through a
layer of Celite to give a clear yellow solution. The filtrate was taken to dryness in vacuo to afford 510 mg of a yellowish solid. The
product did not dissolve well in various solvents, a difficulty which prevented us from carrying out full characterization of this
compound. Nevertheless, the MS-FAB™ spectrum of this product showed the requisite molecular ion of m/z 785, which corresponds
to a tri-N-Boc derivative of kanamycin B. Furthermore, this product showed a different chromatographic behavior when compared
with a sample of 3,2',6’-tri-N(t-Boc)-kanamycin B.” This difference in chromatographic behavior suggests that the resultant single
product is the title compound, as the 3"-amino group has been repeatedly reported to be efficiently protected by the cupric ion,”#!0!!
and no reaction is therefore expected at this position.
3,6'-di-N-(¢-Butoxycarbonyl)-neamine (29). Neamine free base (8) (322 mg, 1 mmol) was dissolved in DMSO (30
mL), and copper (II) acetate monohydrate (799 mg, 4 mmol) was added to the solution. The blue solution was stirred at room
temperature for 30 min before N-(l-butoxycarbonyloxy)—5»norbomene—emlo&ﬁdicarboximide"" (33) (837 mg, 3 mmol) was added.
The resultant solution was stirred at room tempcrature overnight, by which time a tlc analysis (CHCl3/MeOH/conc. ammonia 5:3:1)
ne major product (Rg 0.60, the title dicarbamoylated compound) accompanied by a minor one (R

n n

monocarbamoyiated). An additional amount of the reagent (140 mg, 0.5 mmol) was added and the solution was stirred at room
temperature until the monocarbamoylated product disappeared on tlc plates (6 h). Cupric ions were removed by precipitation with
sodium sulfide as described earlier for compound 28 to afford a yellowish residue. The residue was dissoived in 10 mL of
dioxane/water (1:1) and was subjected to ion-cxchange chromatography on an Amberlite CG-50 (NH4+) column (1.5 x 15 cm,
packed in dioxane/water 2:1). Elution with dioxane/water (2:1) removed the N-hydroxy-5-norbornene-2,3-dicarboximide byproduct,
whereas the desired product was retained in the column. Subsequently, addition of 2% conc. ammonia to the eluent permitted the

elution of the title compound (228 mg). Yield 54%; IR(KBr) em-1 1689; TH NMR 500 MHz (D70, pH >12):  1.13 (IH, q, J =
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12.5 Hz, Hoax). 1.28 (18H, s, -OC(CH3)3), 1.82 (1H, dt, /=4.0, 4.0 and 12.5 Hz, Hpeg), 2.55 (2H, overiapping multiplets, H;

and Hy:), 2.94 (1H, t, J= 10.0 Hz, Hg), 3.12 (IH, t, J= 10.0 Hz, Hy), 3.23 (1H, t, J= 10.0 Hz, Hy), 3.28 (2H, broad, He-p g).
3.34 (1H, t, J= 10.0 Hz, Hs), 3.35 (1H, t, J= 10.0 Hz, Hy), 3.39 (1H, ddd, J= 4.0, 10.0 and 12.5 Hz, H3), 3.55 (1H, unresolved m.
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102.1 (Cy), 155.6 and 156.8 (C=0); MS FAB* 523 (M+H, 18%).

6'-N-(z-Butoxycarbonyl)-isepamicin (34). Isepamicin free base (6) (485 mg, 0.85 mmol) was dissolved in DMSQO
(30 mL) followed by the addition of copper (II) acetate monohydrate (680 mg, 3.41 mmol) in one portion. The deep blue solution
was stirred for 30 min, before N-(t-butoxycarbonyloxy)-5-norbornene-endo-2,3-dicarboximide (33) (237 mg, 0.85 mmol) was added
to the mixture. The solution was stirred nvermgh[ at room temperature. The mixture was hs(-‘q_lf_‘___ly noured into ethvl ether (500
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mixture, and the resultant solution was stirred for 45 min at room temperature, during which ti
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ammonia, 5:3:1) revealed to contain a single aminoglycoside product (Rg 0.28). The filtrate was taken to dryness in vacuo, the
residue was redissolved in 15 mL of dioxane/water (1:1) and was further purified by ion-exchange chromatography as described earlier
for compound 29 to afford 470 mg of the title product. Yield, 83%; IR (KBr) cm! 1682, 1654; I1H NMR 500 MHz (D70, pH
>12): 8 1.01 (3H 175 (IH, dt, /= 4.5 and 130 Hz,
Hch), 2.29 (3H, s, N-CH3), 2.33 (1H, d, J= 11.0 Hz, H3+»), 2.60 (1H, dd, J= 6.0 and 13.0 Hz, H3+»:p), 2.68 (1H, m, H3), 2.71
(1H, dd, J= 4.0 and 13.0 Hz, H3:s+g), 3.00 (1H, dd, J= 14.0 and 9.0 Hz, Hgg), 3.06 (1H, d, J= 12.0 Hz, Hs»'4y), 3.07 (1H, dd, J=
14.0 and 2.5 Hz, Hgg). 3.36 and 3.54 (7 H, unresolved multiplets, Hy», Hy:», H3, Hy', Hy, Hg and Hg), 3.61 (1H, broad t, Hy),
3.83 (IH, ddd, J=4.5, 9.0 and 13.0 Hz, H}), 3.91 (1H, dd, /= 4.0 and 6.0 Hz, Hp>»»), 3.94 (1H, d, /= 12.0, Hsoreq), 4.92 (1H, d, J=
3.5 Hz, Hy»»), 4.96 (1H, d, /= 4.5 Hz, H)»); 13C NMR 125 MHz (D70, pH >12): 3 21.6 (4"-CHzy), 27.9 (-OC(CH3)3), 34.6
(Cy), 36.8 (N-CH3), 41.1 (Cg>), 43.6 (C3>>2), 49.3 (C3), 49.5 (Cy), 63.5 (C3), 67.6 (C52), 68.1 (Cs2), 71.1 (Cyq2), 71.9 (Cy»),
72.0 (Cy» and Cp»»), 72.9 (C30), 74.7 (Cy»>), 79.3 (-OC(CH3)3), 79.4 (Cs), 81.2 (Cg), 88.1 (C4), 98.9 (Cy»), 100.7 (Cy»), 158.4
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Kanamycin A (2) 'H-NMR 500 MHz (40 mM in D,0; native pH 9.5): § 1.09 (1H, q, J= 12.5 Hz, H,,), 1.83 (1H, dt,

Hz, Hy), 3.53 ( 1H, t, J= 9.5 Hz, Hy), 3.57 (1H, t, J= 10.0 Hz, H,), 3.63 (2H, m, Hg and H,.o), 3.66 (1H, ddd, J=
3.0, 7.5, and 10.0 Hz, Hy.), 3.77 (1H, dt, J= 3.0 and 10.0 Hz, H.), 4.90 (1H, d, J= 3.5 Hz, H,.), 5.22 (IH, d, J= 4.0
Hz, H,)

Iy ava #3 ZAm w &

Kanamycin B (7) "H NMR 500 MHz (40 mM in D,0; native pH 10.4): § 1.04 (iH, q, J= 12.5 Hz, H,,)), 1.77 (1H,
dt, J=4.0 and 12.5 Hz, H,,,), 2.59 (1H, dd, J= 3.5 and 10.0 Hz, H,), 2.60 (1H, dd, J= 7.5 and 14.0 Hz, Hy), 2.68
(1H, ddd, /=4.0, 9.5, and 12.5 Hz, H,), 2.72 (1H, ddd, J= 4.0, 9.5, and 12.5 Hz, H,), 2.82 (1H, dd, J= 3.0 and 14.0
Hz, Hgs), 2.83 (1H, t, J= 10.0, H;..), 3.08 (1H, t, J= 9.5 Hz, Hy), 3.14 (2H, m, H, and H,), 3.17 (1H, t, J= 10.0 Hz,
H,.), 3.32 (1H, dd, J= 4.0 and 10.0 Hz, H,-), 3.38 (1H, dd, /= 9.5 and 10.0 Hz, H,), 3.47 ( 1H, t, J=9.5 Hz, H;),
3.58 (1H, ddd, J= 3.0, 7.5, and 9.5 Hz, H;.), 3.59 (2H, m, H¢. and Hg5), 3.74 (1H, dt, J= 3.5 and 10.0 Hz, H,.), 4.86
(1H,d, J=4.0 Hz, H;.), 5.14 (1H, d, /=35 Hz, H,.).

Neamine (8) 'H NMR 500 MHz (40 mM in D20; native pH 10.2): & 1.04 (1H, g, J= 12.5 Hz, H,,)), 1.81 (1H, dt, J=
4.0 and 12.5 Hz, H,,), 2.55 (1H, ddd, J=4.0, 10.0 and 12.5 Hz, H,), 2.63 (1H, dd, /= 7.5 and 13.5 Hz, Hgp), 2.65
(1H, dd, J= 3.5 and 10.0 Hz, H,,), 2.71 (1H, ddd, J= 4.0, 10.0 and 12.5 Hz, H,), 2.85 (1H, dd, J= 2.5 and 13.5 Hz,
H,.), 2.99 (1H, t, J= 10.0 Hz, Hy), 3.12 (1H, t, J= 10.0 Hz, H,), 3.15 (1H, t, J= 10.0 Hz, H,), 3.36 (1H, t, J= 10.0
Hz, Hy), 3.42 (1H, t, J= 10.0 Hz, H;), 3.61 (1H, ddd, J= 2.5, 7.5, and 10.0 Hz, H,), 5.12 (1H, d, J= 3.5 Hz, H,.).
Isepamicin (6) 1H NMR 500 MHz (40 mM in D20O; native pH 10.3): § 1.04 (1H, s, 4"-Me), 1.27 (1H, q, J= 13.0 Hz,
H,,), 1.77 (1H, dt, J= 4.0 and 13.0 Hz, H,, ), 2.33 (1H, s, N-Me), 2.37 (1H, d, J= 10.5 Hz, H;.), 2.64 (1H, dd, /= 8.0
and 14.0 Hz, Hgg), 2.73 (1H, dd, J= 6.0 and 13.5 Hz, Hy.), 2.81 (1H, ddd, J= 4.0, 9.3, and 13.0 Hz, H,), 2.83 (1H,
dd, J= 3.5 and 13.5 Hz, H,g), 2.86 (1H, dd, J= 2.5 and 14.0 Hz, He), 3.11 (1H, d, J= 12.5 Hz, Hy.,,), 3.17 (1H, 1, J=
10.0 Hz, H,), 3.20 (1H, t, J= 9.3 Hz, H,), 3.46 (1H, dd, J= 4.0 and 10.0 Hz, H,), 3.50 (1H, dd, /= 4.5 and 10.5 Hz,
H,-), 3.55 (1H, t, J= 9.3 Hz, H), 3.56 (1H, t, J= 10.0 Hz, Hy), 3.57 (1H, t, J= 9.3 Hz, H,), 3.64 (1H, ddd, J= 2.5,
8.0, and 10.0 Hz, H,.), 3.91 (1H, ddd, /= 4.0, 9.3, and 13.0 Hz, H,), 3.94 (1H, d, J= 12.5 Hz, H,.), 4.01 (1H, dd, J=

1 A

3.5and 6.0 Hz, H,..), 492 (1H, d, J= 4.5 Hz, H;..), 520 (1H, d, /= 4.0 Hz, H,.).
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The paramagnetic contribution o nuciear Ty relaxation iime (

17) gives a measure of the relaxation induced to nuciei

in the proximity of a paramagnetic ion (Botto, R. E.; Coxon, B. J. Am. Chem. Soc. 1983,105, 1021). T;® values
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were derived from the equation 1/T{€ = ”rl(para) - ‘/Tl(dia)v for which the Tl(para) and Tl(dia) rclaxation times were
determined in the presence and absence of copper (II) acetate, respectively.

The force-field parameters within the TRIPOS package were not developed specifically ftor the transition-metal
complexes of aminosugars. The empirical molecular mechanic force-field methods usually give a qualitative measure
of the energy contents of molecules, however, the reliability of the energy-minimized structures are high. We were
compelled to use the TRIPOS force-field in light of the fact that to our knowledge this is the only force-field package
that describes the parameters for coordination with cupric ion for complexes as large as the ones studied by us.

Use of excess of di-r-butyldicarbonate does not affect the regiochemistry of the reaction. Excess of copper (II) acetate
(4.0 equivs.) is, however, required in all cases. Reactions of kanamycin B (7) with excess di-r-butyldicarbonate at
lower copper (1) acctate ratios showed that at least 3-fold excess of copper (II) acetate is needed for achieving the

described regioselectivity.
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One couid envision that the introduction of the first Boc group at the 6-amino group would potentially aiter the
conformation of the aminoglycoside molecule, and consequently change its subscquent coordination pattern with the
cupric ion. Should this coordination pattern be different from that for the parent aminoglycoside, a different
regioselectivity for the reaction would be expected. However, our modeling showed that the 6'-N-Boc group was

always oriented away from the rest of the molecule and that it does not affect the conformation of the various rings.
The experimental proof for this notion was obtained by determining the T{€ values for protons of 6'-N-Boc-kanamycin

A (26). These values (data not shown) were essentially identical to those of kanamycin A, and consequently the
coordination patterns of these two compounds with the cupric ion were unaltered.

Rotation about Cg—O-C» glycosidic bonds in solution gives the 2"-hydroxyl group the opportunity to form a
hvdiopen Bon

e d
yarogen oona

TP .

Quantum Chemisiry of the

C ‘orces, Huyskens, P. L.; Luck, W. A, P.; Zeegers-
Huyskens, T. (Eds.), Springer-Verlag Berlin Heidelberg 1991, pp. 31-53). The pK, of the l-amino group of
tobramycin, which has the same structure as kanamycins A and B around the C¢—0-Cy~ bonds, has been reported to he
6.2 (Dorman, D. E.; Paschal, J. W_; Merkel, K. E. J. Am. Chem. Soc. 1976, 98, 6885). The low pK, value for

this amine supports its involvement in hydrogen bonding. In addition, the crystal structure of kanamycin A* revealed

" a hydrogen bond between the 1-amino and 2"-hydroxyl groups (a distance of 3.1 A).

s
[e)
=
3
=
)
<3
=
-
[»}
-
=

he 2°-amino group of kanamycin B would diminish the probability of

its hydrogen bonding to the 5-hydroxyl group, whereas this latter group would be more available for hydrogen bonding

ta 2 _hudravyl oronn In cuch a case tha nrohahility of a hvdrocen bond between 2 -hvdroxvl and the 1-amino groun
10 2 -nyGroxXy: group. In such a cuase e prodabilily of a ydrogen bond between £ 1ydroxyl and the |-amino grouf
af bamamucin B waonld he diminished with resnect to a similar hvdroeen bond for kanamvein A
of Kanamycin B wouid DC aiminisncd with respect (o a similar nydrogen bond Ior kanamycin A
AlNaw B L. Kannard O "IN Coarcrh and Recearch Tloing the Camhridoe Structural Natahace™ 1n hemical Desion
Allen, F. H.; Kennarg, (. 30 Starcn anG iescarcn vsing ine Lamporiage structura: Latadase 1 Caenucal Llesign
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24.  Two examples are entries CHXCUA and TACCUN of the Cambridge data bank,” for 1,3-diaminocyclohexane and
1,3,5-triaminocyclohexane coordinated with copper. In both cases all substituents are in the axial positions to permit
coordination. Other examples for even bulkier ligand substituents at positions 1-, 3-, and S- of cyclohexane
coordinated with Fe, Co and Ni are entriecs HECWAN, PYALNI10, SCHXCO, YUSHID, and YUSHUP,* all of which
have coordinated heterogroups located in bulky substituents at axial positions. In the absence of metal, these structures
should prefer equatorial arrangement for the 1-, 3-, and 5-substituents. However, coordination with the metal appears

to stabilize the axial orientation for the substituents of the metal coordinated species.
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