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Abstract

We have studied the reactions of imidazoles with
osmium tetroxide both in the presence and absence
of ligands other than imidazoles. The pathway
involves: (1) osmium tetroxide-ligand complexation
(fast), (2) addition of osmium tetroxide to the
4,5-double bond of the imidazole to form the cyclic
osmium(VI) ester (slow), and (3) degradation of the
osmate ester via ring cleavage of the 4,5-dihydroxy-
dihydroimidazole (very slow).

We report kinetic data for addition to the double
bond as a function of imidazole structure, The final
product is an osmate(VI) ester of a 4,5-dihydroxy-
dihydroimidazole with two imidazole molecules (or
other ligands) occupying the remaining coordination
sites. We present evidence, both kinetic and chem-
ical, for an intermediate containing only one such
ligand.

Introduction

The reactions of osmium tetroxide with a number
of biologically important heterocycles have been
studied in some detail [1—4]. Imidazoles, however,
have had little attention.

Rates vary widely, but the common theme is a
reaction between osmium tetroxide and an olefinic
site, in the presence of tertiary nitrogen ligands,
to yield an oxoosmate(VI) ester (Scheme 1). The
reaction between imidazoles and osmium tetroxide
is a special case for two reasons. First, because the
imidazole can function as both the olefin and the
ligand, and second, because dissociation of the
osmate ester product yields a 4,5-dihydroxydihydro-
imidazole which is unstable with respect to ring
cleavage. Previous work had given examples of
imidazoles functioning as ligands (with other com-
pounds as olefins) [5] and of imidazoles functioning
as olefins (with other compounds functioning as
ligands) [6].

Imidazoles yield various products upon reaction
with oxidizing agents. The 4,5-dihydrodiol derivative
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Scheme 1. Reaction of osmium tetroxide with imidazole,

is reported to be formed by reaction with potassium
permanganate [7,8] and subsequently degraded by
ring cleavage. Oxidation involving cleavage of the
imidazole ring apparently also occurs with periodate
[9], peroxides {7, 10], chromic acid [8], bromo re-
agents [9] and by electrochemical oxidation [11].
In contrast, nitric acid does not oxidize imidazoles
[12].

In competitive reactions of osmium tetroxide
with a mixture of amino acids, only the sulfur-
containing residues reacted more rapidly than his-
tidine [13]. The reaction of *N-acetyl histidine with
osmium tetroxide in pyridine yielded small quantities
of a cyclic osmate ester [6]. Other investigations
[14, 15] have described some aspects of the reactions
of osmium tetroxide with histidine and its derivatives.

The kinetics of the oxidation of imidazoles by
osmium tetroxide have not been studied although
this heterocycle is the nucleus of a number of mole-
cules important in biology. Osmium tetroxide in the
presence of imidazole is a good fixative for electron
microscopy [16]. For these reasons, and as part of
our continued interest in the chemistry of the reac-
tions of osmium tetroxide with proteins, we have
studied the oxidation of various imidazoles by this
reagent.
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Experimental

Materials

Imidazole, ®N-acetyl histidine and “N-acetyl
histamine were obtained from Sigma Chemical Com-
pany; imidazole-4-acetic acid was from Calbiochem.
1-Methyl imidazole, 2-methyl imidazole, 4-methyl
imidazole, 4-hydroxymethyl imidazole, 4-methyl-5-
hydroxymethyl imidazole, pyridine, 2,2 -bipyridine,
N,NN'N'tetramethylenediamine, sodium deuter-
oxide and dj-acetic acid were from Aldrich Chem-
icals. Deuterium oxide was from the Norell Chemical
Company, osmium tetroxide was from Ventron
Chemicals and 4,7-diphenyl-1,10-phenanthroline di-
sulfonate was obtained from GFS Chemicals. *N-
acetyl histidine ethyl ester was synthesized by the
procedure of Brenner and Huber [17]. All other
chemicals were obtained from the usual sources
and were of reagent grade or better.

Instrumentation

All UV and visible spectral determinations were
performed using a Cary 15 spectrophotometer. Tem-
perature control (0.1 °C) was achieved by use of
a thermostatted circulating water bath (Forma Scien-
tific Model 2095) and water-jacketed cuvette holders.
pH determinations were made with a Radiometer
Model 26. NMR spectra were obtained using a Varian
T60 (60 MHz) instrument (35 °C). A Beckman IR-
2440 instrument was used to obtain IR spectra.
Elemental analysis was performed by Galbraith
Laboratories. FAB mass spectra were obtained on
a VG-70-2508 instrument using xenon.

Methods

The ionization constants were determined as
follows. The imidazole derivatives (except 1-Me-Im$®
and 4-Me-Im) were dried in an oven (100 °C) and all
were stored in a desiccator prior to the pK, deter-
minations. Molecular sieves were utilized to remove
water from 1-Me-Im. Solutions (approximately
20 mM) of each derivative were prepared in carbo-
nate-free, deionized, double-distilled water and stored
at room temperature. These solutions were titrated

8 Abbreviations used: Im, imidazole; NAH, ®V-acetyl
histidine; NHn, *N-acetyl histamine; ImAA, imidazole4-
acetic acid; 1-Me-Im, 1-methyl imidazole; 2-Me-Im, 2-methyl
imidazole; 4-Me-Im, 4-methyl imidazole; 4-HM-Im, 4-hydro-
xymethyl imidazole; 4-Me-5-HM-Im, 4-methyl-5-hydroxy-
methyl imidazole; NAHOEt, ®N-acetyl histidine ethyl ester;
py, pyridine; bipy, 2,2'-bipyridine; TMEN, N NN’ N'-
tetramethylethylenediamine;  BPDS,  4,7-diphenyl-1,10-
phenanthroline disodium disulfonate; NaOD, sodium deu-
teroxide; D,0, deuterium oxide; CD3COOH, d3-acetic acid;
03804, osmium tetroxide.

S. F. Kobs and E. J, Behrman

with standardized HCl or NaOH at 22 °C. pK,, values
were calculated according to equations given in [18]
and are the mean of 7 to 11 values.

Solutions of OsO4 were calibrated prior to each
set of determinations using the following A (€)
values: 304(1202), 297(1442), 282(1738) and
275(1733) [19]. Substrate solutions were prepared
by dissolving the weighed substrate in buffer and
titrating to the desired pH with HCl or NaOH.
Sodjum carbonate buffers were used at pH 9.5-9.75,
sodium borate at pH 9.7 and sodium phosphate in
the pH range 7.4-8.2.

The kinetics were run as follows. An aliquot of
the substrate solution in buffer, equilibrated at
the desired temperature, was used to blank the
spectrophotometer. To begin the reaction, an aliquot
of temperature-equilibrated OsO, solution was added,
the contents of the cuvette rapidly mixed by inver-
sion, and absorbance measurements immediately and
continuously recorded. The absorbance at 450 nm
was monitored as osmate esters of this type exhibit
a weak maximum near this wavelength [1]. Reactions
were allowed to proceed until a stable infinity value
was obtained.

Equations of [20] were used for those reactions in
which a stable A4s¢ was not obtained. Plots of
log(4 . — A;) against time were linear for at least
two half-lives. Slopes of these lines (k, values) were
calculated using a linear regression program (Texas
Instruments TI-5511I) Since these reactions were run
under pseudo-first order conditions ([OsO4] limit-
ing), rate =kapp[0s04] [S]™ =k, [0s04]. Values of
n (the apparent order in substrate) were determined
by varying n and fitting plots of k, against [S]" to
the best straight line through zero. Apparent rate
constants (k,pp) were calculated from Kk,pp=ky/
[S]", derived from the initial rate expressions above.
Rate equations for the reactions of OsO,4 with imida-
zoles in the presence of tertiary amine ligands are
derived in the text (Results and Discussion).

Activation energies were also determined under
pseudo-first order conditions ([OsO,] limiting).
The temperature was increased by 5—7 °C increments
over the range 10—38 °C using identical reactant
concentrations. Plots of log k,,, against 1/T yielded
straight lines (except ImAA) with slopes = —E,/
2.303R.

Destruction of the imidazole ring was measured
by the reaction with diazotized sulfanilic acid (Pauly)
[21]. An aliquot containing 10—100 ug of imidazole
(or derivative) was pipetted into a 25 ml volumetric
flask and diluted to 5 ml with water, One ml of 1%
sulfanilic acid (in 1 N HCI) and one ml of 5% sodium
nitrite were added; the reaction was allowed to pro-
ceed for 5 min (the flask was occasionally swirled
to mix the contents). Three ml of 20% sodium
carbonate were added and the solution vigorously
mixed for several seconds; 10 ml of 20% ethanol were
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then added. The mixture was allowed to cool for
several minutes; the solution was made up to 25 ml
with water, The absorbance at 498 nm was measured.

The oxidation state of osmium was monitored
by thiosulfate titration [22]. A stock solution of
thiosulfate was standardized against potassium iodate
[23] using starch as an indicator. Solutions to be used
in the titration contained 10 ml of 0.4 M potassium
iodide, 5 ml of 2 N sulfuric acid and 25 ml of chloro-
form; dry ice was added to each solution to remove
oxygen. An aliquot of the reaction mixture was
added to this solution and the contents of the flask
were mixed vigorously, producing a light purple
chloroform layer and dark green aqueous phase.
The mixture was titrated (with stirring) with thio-
sulfate to a colorless endpoint in the chloroform
layer.

Cyclic osmate esters were prepared using the
following general procedure. The imidazole derivative
(3 mmol) in aqueous solution (10 ml) was reacted
with one mmol OsO, which was added, with stirring,
as an aqueous solution or dissolved in acetone. The
reactions were allowed to proceed for 15 to 20 min
at 25 °C, after which time the ester was precipitated
by addition of 5 to 10 volumes of cold acetone (with
stirring) and cooling in a dry ice/ethanol bath for
about 15 min. Solvent was decanted (or the precipi-
tate was pelleted by centrifugation) and the brown
residue was washed several times with cold acetone.
The 1-Me-Im osmate ester was re-precipitated by dis-
solving this residue in hot water followed by the
addition of cold acetone. The precipitate was washed
several times with cold acetone and dried at 25 °C
under reduced pressure (oil pump, 80 h). NMR
analysis indicates that about 4 mol of water and 1/3
mol of acetone remain bound to the product; the
NMR spectra of esters of Im and 4-Me-Im could not
be obtained due to the insolubility of these com-
pounds in common solvents. Yields: 18% (1-Me-Im
ester) and 22% (Im ester) and 63% (4-Me-Im ester).
Elemental analysis was obtained for the 1-Me-Im
ester. Anal. Calc. for Cy;H gN0,40s+5.5H,0- Face-
tone; C, 25.22; H, 4.72; N, 13.58. Found: C, 25.14;
H, 3.84; N, 13.68%. NMR spectrum: 3.1 (s, 3),
3.9 (s, 6), 6.0 (broad, 2.5), 7.0 (s, 4), 7.8 (s, 2).
IR spectrum: 680 ¢cm™! (m), 840 cm™! (s). The UV~
Vis spectrum shows a broad peak centered at 450
nm(e=247M"'ecm™).

A Xe-FAB spectrum of the complex in a glycerol
matrix (introduced from a CHCl;—MeOH solution)
showed a cluster of peaks around m/e 500 with the
most prominent at 503 (=M + H* for '°20s). There
were also smaller clusters at higher values of m/e.
We can account for most of these by postulating
interchange in the matrix of one or both of the
two 1-MeIm ligands for 4,5-dihydroxydihydro-1-
methylimidazole and for its 4-keto dehydration
product.
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Fig. 1. Typical kinetic run for the oxidation of an imidazole
by osmium tetroxide, as measured by the absorbance at
450 nm. The numbered regions of the curve correspond to
the reactions of Scheme 1. The time scale shown is relative.

Results and Discussion

Reactions with Pyridine as Ligand

In the presence of a tertiary amine ligand, L
(such as pyridine), the reaction of OsO, with imi-
dazoles follows the reactions shown in Scheme 1
[3]. The formation of the OsQ4*L complex is very
rapid compared to the other reactions [24], while
the third reaction is slow relative to the other two.
Thus, reaction 2 can be followed independently.
A typical plot of A4s¢ versus time is shown in Fig. 1.
Kinetic data for the addition of OsO, to the olefinic
site of various imidazoles in the presence of pyridine
are given in Table I. The kinetics were run under
pseudo-first order conditions; these reactions showed
first-order dependence on OsQO, over at least two
half-lives, thus

rate = k;, [0sO4] . 1)

The substrate dependence was one for these reac-
tions. Variation in pyridine concentration showed
a dependence on pyridine activity (apy) [25] which
varied with the structure of the imidazole substrate.
Thus,

rate = k'[0s0,] [S]ap,” )
where 7 is the order in pyridine; then
k'=ky/[Slapy" (3)

As was found for the reaction of OsO,4 with in-
doles [1] a three-term rate law accounts for non-
integral dependence on pyridine:

rate = ko[0sO4] [S] + &, [0sO,] [S]a,y
+ k2 [OSO4] [S] apy2 (4)
and

k\p/[S] = kO + klapy + kZapy2 (5)
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TABLE I. Kinetic Data for the Reaction of Various Imidazoles with Osmium Tetroxide in the Presence of Pyridine®

Substrate pH T (°C)  No. of runs [py] (M) n® k' 102k Ky ks
MY min™)  (min™) M Zmin™) (M3 min"Y

NAH 7.6 40 7 0.025-0.19 1.70 6.45 0.4 0.22 1.02 ¢

NAH 82 40 7 0.014-1.17 1.20 30.30:0.8 0.51 5.30 49.3
NAHOEt 7.4 40 7 0.029-0.22 0.55 3.34:04 3.6 4,01 6.0

ImAA 95 40 8 0.018-0.59 1.07 11.30:0.2 0.55 7.48 5.9

Im 9.5 30 7 0.019-0.75 1.32 16,70 £ 0.7 1.0 5.01 14.7

NHn 9.5 30 8 0.023-0.68 1.06 16.10+0.4 0 15.80 0

8General conditions: reactions were run under pseudo-first order conditions ([OsO4] limiting, [Substrate] > 10[0s04]), 0.1 M

sodium phosphate (pH 7.4 to 8.2) or 0.1 M sodium carbonate (pH 9.5).
mined from the slopes of van’t Hoff plots (log k ;, against log ayy).

A plot of k/[S] against a,, is non-linear, with the
y-intercept equal to ko (Fig. 2). A plot of ky/[S]
against @, is linear in the absence of a k; term (this
was not the case with any of these imidazoles). The
rate constants (k; and k;) were derived from plots
of (ky —ko)/[Slapy (Fig. 3) where the y-intercept
equals k and the slope equals k, [26].

The variation in pyridine dependence (Table I)
with imidazole structure can be rationalized on the
same basis as was discussed for corresponding reac-
tions in the indole series [1]. A large k,/k; ratio
indicates an intermediate in which one pyridine
molecule serves as ligand; the other temporary ligand
is a nucleophilic site on the imidazole side-chain.
The final product is formed by displacement (in a
fast step) of the internal ligand by another molecule
of pyridine. “N-acetyl histidine is a particularly
prominent case of this sort; imidazole-4-acetic acid
and “N-acetyl histidine ethyl ester also show large
ky/k, ratios. A comparison of rate constants (k,,
M~ min~!) for a number of olefinic substrates with
the OsO4—pyridine reagent shows that imidazoles
react slowly: isopentenyl adenine [4], 1.5 X 10°,
8 °C; cyclohexene carboxylic acid [22], 6 X 10%,
8 °C; N-acetyltryptophan [1], 7100, 25 °C; thymi-
dine [1], 1974, 25°C; imidazole (Table I), 15,
30 °C.

We attempted to measure the activation energy
for reaction of the OsQ4—pyridine reagent with a
number of imidazole derivatives but the Arrhenius
plots were generally curved, probably indicating the
presence of two sequential reactions (see Scheme 1)
with different activation energies [26].

Reactions with Bidentate Ligands

The kinetics of the reaction of OsOQ, with *V-
acetyl histidine, in the presence of bidentate ligands
(TMEN, bipy and BPDS), also were determined
(Table II). These kinetics follow the expression:

rate = ko [0SO,4] [S] + k,[0sO,] [S][L]"; 6

combination with eqn. (1) gives

l:’Appzu'ent order in pyridine (n) values were deter-
€Not determined.

ky/[S]} =ko t ky[L]" ()

Plots of ky/[S] against [L]" yielded straight lines
with a y-intercept equal to zero (ie., the ko term is
negligible) and the slope equal to k.

Reactions of Imidazoles with OsO,

Imidazole is approximately 100 times more basic
than pyridine [27] and so might be expected to serve
as an adequate ligand as well as an olefin in these
reactions. The stability constants of several M?*+Im
species are about 80 times greater than those of the
corresponding M?*-py adducts [27,28]. Because
of the rapid subsequent reaction to form the cyclic
osmate ester, the stability constant for the OsQ4°Im
complex could not be determined. However, the
formation of this complex is consistent with the
small, very rapid initial rise in the absorbance at 450
nm (see Fig. 1) upon mixing the reactants.

Rate data for the oxidative addition reaction are
given in Table III. The order in OsOy, is one. The ap-
parent order in substrate varies, depending on the
structure of the imidazole derivative. 4-Hydroxy-
methyl, 1-methyl, 2-methyl and 4-methyl-5-hydroxy-
methyl imidazole exhibit a substrate dependence
of two. The kinetics follow the expression:

rate = k,,,[0s04] ?[S]? (8)

One substrate molecule is the olefinic substrate for
the addition reaction; the other is a ligand. A second
ligand is subsequently added to complete the forma-
tion of the osmate ester. Additional evidence for an
intermediate containing only one imidazole as ligand
comes from quantitative determination of the imid-
azole ring in lyophilized reaction mixtures as a func-
tion of time, by means of the Pauly reaction. We used
1-Me-Im for these studies because of its relatively
low boiling point. The reaction can be stopped by
freezing and the unreacted 1-Me-Im and OsO,
removed by lyophilization. In addition, the oxidation
state of osmium in the reaction mixture was deter-
mined by thiosulfate titration [22]. The oxidation
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Fig. 2. Determination of k¢ for reaction of osmium tetroxide
with imidazoles in the presence of pyridine. (A) [NAH] = 1.36
X 1072 M, [0s04] = 1.35 X 1072 M, [py] = 0.023-1.05 M,
0.1 M sodium phosphate, pH 8.2, 40 °C. (B) [Im] = 2.17 X
1072 M, [0s04] =2.15 X 1073 M, [py] =0.02-0.8 M, 0.1 M
sodium carbonate, pH 9.5, 30 °C. @ =z, 0 = a2
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Fig. 3. Determination of k4 and k, for reaction of osmium
tetroxide with imidazoles in the presence of pyridine. General
conditions are the same as those for Figure 2. ®---e=
@N-acety! histamine, o - - - o = imidazole,

state of osmium decreases from +8 to +6 expected
[29-31] for osmate ester formation (Fig. 4); the
reduction is complete in about 20 minutes. The
Pauly assay (on lyophilized material) shows that
only two 1-Me-Im molecules are present after 20
minutes of reaction (Fig. 4). The half-time of this
reaction is about three minutes; this is consistent with
the half-time of the reaction monitored convention-
ally by the increase in absorbance at 450 nm. A third
mole of 1-Me-Im is added to form the final product;
this is a slow step (#,,, about 30 minutes). In both
the intermediate and final product the dihydro-
imidazole ring appears to be Pauly reactive. We
explain this by noting that the Pauly assay is carried
out first in acid and then in basic solution. These
conditions are apparently sufficient to lead first to
hydrolysis of the ester [22] and then to dehydration
of the 4,5-dihydroxydihydro imidazole [32] to yield
a Pauly-positive 4-keto imidazole,

The other imidazoles (imidazole, 4-methyl imida-
zole, ®N-acetyl histidine, ®*N-acetyl histamine and

TABLE 11, Kinetic Data for Reaction of OsO4 with ®*N-acetyl Histidine in the Presence of Various Bidentate Ligands®

Ligand pH T (°C) [L] (M) nb M+ D minTh
bipy 7.43 30 0.2-1.6 X 1072 0.68 172+ 1.1
BPDS 7.40 20 0.1-18 x 1072 0.75 567 + 2.0
TMEN 7.70 20 0.01-0.33 0.80 27409

8General conditions: reactions were run under pseudo-first order conditions, [0sO,4] limiting, [NAH] greater than 10[{0sO4], 0.1

M sodium phosphate buffer.
k against log[ligand]).

bValues of n (apparent order in ligand) were determined from the slopes of van’t Hoff plots (log
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TABLE II1. Kinetic Data for Reaction of 0sO4 with Various
Imidazoles in the Absence of Additional Ligand®

Substrate PKa® 7 Kkappd E,
M min™Y)  (cal/mol)
4-Me-Im 7.50 3 3911 -~373
M 7.10 3 1319 —880
NHn 7.00 3 563 +2533
ImAA 7.41 3 420 e
NAH 7.25 3 345 +3019
2-Me-Im 7.82 2 492 +5790
4-Me-5-HM-Im 6.95 2 179 +14758
1-Me-Im 7.01 2 94 +16091
4-HM-Im 6.47 2 22 +15660

3General conditions: reactions were run under pseudo-first
order conditions ([S]/[0sO4] = 30) in 0.1 M sodium car-
bonate, pH 9.75, 20 °C (except the activation energy deter-
minations).  PpK, values were determined at 22°C in
carbonate-free, deionized, distilled water; the ionic strength
was not adjusted. ©n = apparent order in substrate.
dkapp values were determined from the slopes of plots of
k against [S]®.  ©The Arrhenius plot was non-linear.

imidazole-4-acetic acid) show kinetics which follow
the expected rate law:

rate = kypp [0s04] [S]3. ©)

The rate data (Table III) follow an approximately
linear Bronsted relationship [33] (Fig. 5) where

log kgpp = fnucleophile(pK,) + constant (10)

with #nuc values of 0.91 and 1.61 for the series n =
2 and n = 3, respectively. These data show that the
olefin reacts as a weak nucleophile with osmium
tetroxide to produce the osmate ester. This is in
accord with previous findings [34—37].

Table III also shows activation energies for a
number of these reactions. The values are quite
variable as might be expected for reactions which
represent a composite of an equilibrium and a rate
step (reactions 1 and 2, Scheme 1). The ionic strength
effect for a number of imidazoles is generally
positive, except in the case of 4.hydroxymethyl
imidazole, which shows a decrease in rate with in-
creasing salt concentration [38].

Degradation, with Ring Cleavage, of Osmate Esters
of Imidazoles

4,5-Dihydroxydihydro imidazoles, in addition to
the dehydration reaction leading to 4-keto imidazoles
[32], also easily undergo ring cleavage by reversal
of the synthetic route from glyoxals and formami-
dines. Ekeley and Ronzio found that 2-phenyl
4,5-dihydroxydihydroimidazole dissociated in water
to form glyoxal [39]. We find that the osmate esters
of imidazoles likewise suffer a slow degradation
involving ring cleavage. This reaction was observed

S. F, Kobs and E. J, Behrman
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Fig. 4. The reaction of osmium tetroxide with 1-methyl
imidazole followed by Pauly assay and thiosulfate titration.
The reaction was run in 0,1 M sodium carbonate, pH 9.75,
10°C; [0sO4] =2.28 X 1073 M, [1-MeIm]=7.0 X 1072
M. Panel A: the formation of the osmate ester as determined
using the Pauly reaction; Panel B: determination of osmium
oxidation state by the thiosulfate titration method. The
values for the Pauly determination are the average of two
runs under identical conditions (+ 10% error).

in two ways, First, it can be followed by the slow
increase in absorbance at 450 nm subsequent to ester
formation (reaction 3, Scheme 1; Fig. 1); the solution
changed in color from gold to dark brown. Under
typical conditions, half-times for these reactions (al-
though dependent on the ligand) are of the order of
several hours; the degradation is sufficiently slow that
it does not interfere with measurement of kinetics
of ester formation.

The ring cleavage reaction can also be followed by
proton NMR spectroscopy. This was carried out in
both dilute NaOH and acetic acid for the osmate
ester formed from 1-Me-Im (the structure of this
ester is shown in Fig. 6 with the '"H NMR assignments
derived from 60 MHz spectra). In 1 X 1073 M NaOD,
new resonances appeared at 6 2.3 and 8.2, with a
half-time of about two hours. We attribute these to
formation of N-methyl formamidine because N-
methyl formamide resonates at 6§ 7.9 and the differ-
ence between the resonances of formamidine and
formamide is 0.3 ppm. Integration shows about 70%
conversion. We have not definitely identified the
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other product(s). In 1 X 107> M CD3COOH, these
same r1esonances appear but are accompanied by
others at § 24, 2.7 and 7.9 which we attribute to

n=3

4-Me-Im

log kopp

PKg

Fig. 5. Bronsted plots for the reaction of osmium tetroxide
with imidazoles. The reactions were run under pseudo-first
order conditions ([OsO4] limiting), in 0.1 M sodium carbonate
buffered to pH 9.75, at 20°C. The log k,py, values are the
y-intercepts of plots of log kgpp vs. [NaCl] [38], ie. at
zero ionic strength. n is the apparent order in substrate (e,
n =2 and o, n = 3), pK, values are taken from Table III.

31 70

HiC oo H H
H
N~10 9 = .
8 H< OstN N—CH
\ AN 3
o TN
€0 78
H
HC~N-C=NH HaC-N-C=0 +
23 H 24 H
82 79
l HzN_CH3 + l

27

Fig. 6. Structure of [(1-Me-Im)30s(VI)Oy4] ester and the
proton NMR assignments for this compound and some of
its degradation products. The assigned numbers are the
chemical shifts (ppm) determined from 60 MHz spectra, 35
°C, acetone internal standard.
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N-methyl formamide and methylamine (Fig. 6).
Some dehydration of the 4,5-dihydroxydihydro
imidazole (to the 4-keto derivative) may also occur.
These reactions are much slower than degradation
in basic solution (half-times approximately ten
hours).
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