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Abstract

We conducted a detailed kinetic study of the reaction of the vitamin B4, analog diaquacobinamide
((H20),Cbi(I11)) with hydrogen sulfide in water from pH 3 to 11. The reaction proceeds in three
steps: (i) formation of three different complexes between cobinamide and hydrogen sulfide, viz.
(HO™)(HS™)Cbi(ll), (H20)(HS™)Chi(lll), and (HS™),Cbi(l11); (ii) inner-sphere electron transfer
(ISET) in the two complexes with one coordinated HS™ to form the reduced cobinamide complex
[(H)S]Cbi(ll); and (iii) addition of a second molecule of hydrogen sulfide to the reduced
cobinamide. ISET does not proceed in the (HS™),Cbi(lll) complex. The final products of the
reaction between cobinamide and hydrogen sulfide were found to be independent of pH, with the
main product being a complex of cobinamide(ll) with the anion-radical SSH,™.
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Introduction

Hydrogen sulfide is a colorless gas with the smell of rotten eggs. It is highly toxic and can
cause death within minutes. Workers in a variety of industries, including oil and gas
production and water reclamation are exposed to hydrogen sulfide, and deaths from gas
exposure are a significant occupational hazard. Moreover, inhalation of hydrogen sulfide gas
has become a common mode of suicide, and the gas could be used as a weapon of mass
destruction. No specific therapy is currently approved for hydrogen sulfide exposure,
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although some animal experiments and antidotal human cases suggest that the two cyanide
antidotes hydroxocobalamin and sodium nitrite may be effective in treating sulfide
poisoningl1:2:3],

The other cyanide antidote - diaquacobinamide ((H,0),Cbi(lll)) differs from the
corresponding aquacobalamin by the absence of the dimethylbenzimidazole axial ligand.[]
This imparts three major chemical differences. First, cobinamide has a higher binding
affinity for ligands due to removal of the negative trans effect of the dimethylbenzimidazole
group. Second, cobinamide can bind two ligands, instead of only one. And third, cobinamide
more easily undergoes redox reactions. Because of its high affinity for ligands and binding
of two ligands, one would expect cobinamide to scavenge toxic chemicals more effectively
than cobalamin, and we have strong evidence from several animal species that cobinamide is
a much better cyanide antidote than aquacobalalminl®]. Given that aquacobalamin has some
beneficial effect in animal models of hydrogen sulfide poisoning[?!, we reasoned that
diaquacobinamide should also function as a hydrogen sulfide antidote.

In this paper we are presenting the kinetic data for the reaction between hydrogen sulfide
and diaquacobinamide. These results are compared with the recently published data for
corresponding reaction of cobalaminl®l.

Results and Discussion

Spectroscopic studies

Adding excess hydrogen sulfide to a cobinamide (Cbi(lll)) solution rapidly changed the
solution’s color from red to yellow in the pH range 1 to 12 (Figure S1 (a, b)). Spectral
analyses showed three consecutive changes at pH 9.6, all of which happened quickly.

The first change depends on the initial hydrogen sulfide concentration. At low
concentrations (<5 mw), absorbance at 350 and 520 nm decreased (Figure 1, spectrum 1 was
recorded before mixing Chi with H,S), and absorbance at 354, 506 and 533 nm increased
(Figure 1, spectrum 2). These changes were accompanied by isosbestic points at 328, 361,
449 and 540 nm (Figure S2, spectrum 2, Supporting Information). At high hydrogen sulfide
concentrations (>10 mw), other bands for the first intermediate occurred at 316, 355, 550 and
590 nm, and isosbestic points occurred at 333, 361, 449 and 540 nm (Figure S2, spectrum
3).

In the second step, absorbance maxima appeared at 314 and 468 nm (Figure 1, spectrum 3),
and isosbestic points occured at 330, 370 and 493 nm (for low hydrogen sulfide
concentrations, <5 mM) and 400 and 507 nm (for high hydrogen sulfide concentrations, >10
mM) [Figure S3 (a and b), Supporting Information].

In the third step, decreased absorbance occurred at all wavelengths (see Figure S4,
Supporting Information).

In acidic medium (pH 4.5), the reaction of cobinamide with hydrogen sulfide proceeded in
two steps. The first step was accompanied by decreased absorbance at 349 and 520 nm
(Figure 2, spectrum 1), and increased absorbance at 314 and 468 nm (Figure 2, spectrum 2).
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Spectral changes for the second step were similar to those found at pH 9.6 (Figure S5,
Supporting Information).

Kinetic studies

To study the mechanism of the reaction Cbi(lll) with hydrogen sulfide, rate constants for the
different reaction steps were determined as a function of hydrogen sulfide concentration,
pH, temperature, and pressure. The observed kinetic traces for these studies are shown in
Figures 3 (a, b) and 4 (a, b).

The shapes of the kinetic traces are characteristic for three consecutive reactions. Two
values of tmax corresponding to maximum absorbance (concentrations) of intermediates
were observed at 590 nm (in alkaline solution), 520 nm (in acidic medium) and 460 nm
(over the whole pH range). These facts indicate formation of intermediates and suggest the
following formal reaction scheme:

A gl olep

Of note, increasing the hydrogen sulfide concentration influenced accumulation of
intermediates differently in alkaline solution. The results summarized in Figures 3 (a),(b)
show that tya1 decreases with increasing [H,S], whereas tyay2 increases with increasing
[H2S]. We, therefore, suggest that ka and k¢ increase much more than kg with increasing
[H,S]. This is reflected by increasing absorbance of the first intermediate and decreasing
absorbance of the second intermediate with increasing [HS].

To analyze the kinetic traces, we manually cut them in terms of the different reaction steps
as shown in Figures S6-S12 (Supporting Information). Three reaction steps could be clearly
identified. In alkaline medium, best fits of the experimental data for the first reaction step
are either a first-order reaction (at [H,S] < 1 mwu) or two consecutive first-order reactions (at
[H2S] > 3 mw) with rate constants Kops(1) and Kops(2) (see Figures S6 and S7). In acidic
medium, Kinetic traces for the first reaction step are typical of a pseudo-first order reaction
for all concentrations of hydrogen sulfide (see Figure S8). Kinetic traces for the second and
third reaction steps are typical for a pseudo-first order reaction in the pH range from 4.5 to
11.0 with rate constants Kqps(3) and Kops(4) (see Figures S9 — S12).

From these data, we were able to calculate four values of kg in alkaline medium and three
values of kqps in acidic medium. The dependence of all Kqps 0n [H2S]iotar as a function of
temperature was obtained at pH 4.5 and 9.6. Concentration dependencies of the observed
rate constant for the first reaction step (Kops(1)) are shown in Figure 5 (pH 4.5) and Figure
S13 (pH 9.6).

At each pH, the plot of Kqps(1) Versus [HoSlota) is linear with a positive intercept, indicating
that the reactions are reversible under all experimental conditions. We also studied the
influence of pH on Kopg(1) in the range 4.5 to 9.6 (Figure 6) at two hydrogen sulfide
concentrations, viz. 6.25 and 25 mw. Both conditions yielded identical results.
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Figure 6 shows that the pH dependence of kqps1 is complex and has two plateaus in the pH
ranges <4.5 and 7 — 8.5.

Figure 7 shows the dependence of Kops(2) 0n [H2Skotal at pH 9.6, which is clearly non-linear.
These plots can be linearized by plotting Kops(2) Vs. [H2S]20tal (see Figure S14, Supporting
Information) and show a positive intercept. These data show that a second molecule of
hydrogen sulfide reacts with cobinamide (I11) and that the process is reversible.

As noted above, Kqps(2) Was observed only in alkaline medium. For this reason, the influence
of pH on kqps(2) was only studied in the range 8 to 10.5. We found that kops(2) does not
depend on pH in this range.

The concentration dependence of the observed rate constant (Kops(3)) for the reaction of
cobinamide(I11) with hydrogen sulfide was also examined at different pH values (Figures 8
(a, b)). kons(3) decreases with increasing concentration of HpS (Figure 8 (a)) at pH 9.6. This
dependence is characteristic for a reversible reaction consisting of two subsequent steps.
However, in acidic medium, the plots of Kops(3) Versus [HS]iota are linear with a positive
intercept (Figure 8 (b)), suggesting that the reaction is reversible under all experimental
conditions. It should be noted that Kops(3) does not depend on pH at [HzS]otar = 6.25 mm.

The corresponding dependencies of Kops(4) at pH 4.5 and 9.6 are shown in Figures S15 and
S16 (Supporting Information), respectively. They are linear with a positive intercept in both
cases.

The pH-dependence of kqps(4) shows that the rate of the reaction significantly accelerates on
increasing the pH from 4.0 to 10.5 and reaches a plateau value at pH > 9.0 (Figure 9).

Product identification

Dependence of the UV-Vis spectrum of the reaction products on the initial
concentration of H,S. Acid-base properties of the products of the reaction—At
any hydrogen sulfide concentration, UV-Vis spectra of the product of the reaction of
cobinamide with hydrogen sulfide (Figure 10, spectra 1 and 2) differ from those of Cbi(ll)
prepared via the reaction of Cbi(lll) with borohydride (Figure 10, spectrum 3). Moreover, at
the concentration ratio [Cbi(I11)]:[H2S]iotal = 1:1, the UV-Vis spectrum of the reaction
product depends on pH (Figure 10, spectra 1 and 2). Analysis of this dependence gave a
pKgs value of 5.2 (Figure S17, Supporting Information). At the same time, no change in the
UV-Vis spectrum of Cbi(ll) was observed in the pH range 1-11.

Further information on dependence of the final product of the reaction between Cbi(lll) and
hydrogen sulfide on the hydrogen sulfide concentration was obtained for the pH range 4.5 to
10.5. The final spectra of the products of the reaction as a function of the hydrogen sulfide
concentration at pH 4.5 are shown in Figure 11. With higher initial concentrations of
hydrogen sulfide, the spectra of the final products were changed more significantly. The
intensity of the bands at 315 and 468 nm decreased and new bands appeared at 778 and 400
nm with increasing hydrogen sulfide concentration, for which isosbestic points show up at
408 and 538 nm. This is particularly noticeable at 468 nm (Figure S18). The dependence of
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the final absorbance at 469 nm on the initial hydrogen sulfide concentration shows a non-
linear behavior, which is typical for a complex-formation reaction. In alkaline solution,
identical data were obtained (Figure S19, Supporting Information). The UV-Vis spectrum of
the product of reaction of Cbi(lll) with excess hydrogen sulfide ([H2S]igtal > 0.05 m) was
independent of pH.

Reaction between reduced cobinamide (Cbi(ll)) and hydrogen sulfide—Cbi(ll)
forms stable complexes with sulfur and nitrogen donor ligands.[7] We, therefore, studied
the reaction of reduced cobinamide with hydrogen sulfide. In alkaline solutions (pH 9.4 —
11.4), the reaction of Cbi(ll) with hydrogen sulfide was accompanied by a rapid decrease in
absorbance at 469 nm and appearance of new intense bands at 417, 471, and 711 nm with
clean isosbestic points at 445 and 500 nm (Figure S20). In acidic medium (pH < 4.5), no
reaction of Cbi(ll) with hydrogen sulfide was observed.

The dependence of the final absorbance at 469 nm on the initial hydrogen sulfide
concentration was non-linear (Figure S21), which is typical for a complex-formation
reaction. To study the influence of pH, a series of pH jump experiments were performed.
The (HS™)Cbi(ll) complex formed at pH 9.6 dissociated during acidification to pH 4, and
reformed on alkalization back to pH 9.6. Based on this observation and the data given
above, we conclude that a stable complex between HS™ and Cbi(ll) can be formed only in a
1:1 ratio. Unfortunately, the reaction of Cbi(ll) with hydrogen sulfide was too fast to be
studied Kinetically under any experimental conditions.

Methylation of cobinamide by CHsl in the presence of hydrogen sulfide—As
mentioned above, the UV-Vis spectrum of the reaction product of cobinamide(l11) with
hydrogen sulfide differs from that generated by other reducing agents (sodium borohydride,
ascorbic acid, sodium formate, glucosel8]). This could be due to two reasons. The first is
reversible coordination of the hydrogen sulfide radical on the cobalt(ll) centre of
cobinamide in analogy with another sulfur containing radical — SO,~.[/®1 And second, the
corrin ring could be modified by the hydrogen sulfide radical, since the ring can be
irreversibly modified by radicals to form new compounds.® Studying reversibility of
cobinamide’s reaction with hydrogen sulfide could distinguish between these two
possibilities.

Methylcobalamin can be easily produced by mixing cobalamin with CHsl in the presence of
hydrogen sulfide.[19 Though the exact mechanism of this reaction is unknownl®l, we used
the reaction to probe reversibility of cobinamide’s reaction with hydrogen sulfide. We found
that adding CH3l to cobinamide in the presence of excess hydrogen sulfide led to major
changes in the UV-Vis spectra at pH 9.6: the bands at 312 and 764 nm disappeared and new
bands appeared at 304, 374 and 462 nm with isosbestic points at 343, 385, 437 and 521 nm
(see Figure S22 Supporting Information). The UV-Vis spectrum of the final product
corresponded to that of methylcobinamide (MeCbi(111)).[11] The same results were obtained
at pH 4.5 and 6.3. Formation of MeCbi(lll) demonstrates reversibility of cobinamide’s
reaction with hydrogen sulfide, and no modification of the corrin ring under anaerobic
conditions. Formation of MeCbi(l11) also was confirmed by 1H NMR spectroscopy (see
below).
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Mass spectrometry—To analyze the products of the reaction of Chi with H,S under
anaerobic conditions, mass spectrometric experiments were performed. Cbi, signals (m/z)
were observed at 987.46, 1023.44 and 1059.42 in the negative-ion mode (Figure S23 (a),
Supporting Information). Based on the molecular weight of four-coordinate cobinamide
(990) and that only water was used as solvent, we attributed these peaks to [Cbi2*-3H*]",
[Cbi2*+20H™-H*]~ and [Cbi%*+H,0+30H"]". After reacting cobinamide with hydrogen
sulfide, new signals (m/z) were observed at 1084.40, 1120.37 and 1130.46 in negative-ion
mode (Figure S23 (b), Supporting Information). These values do not correspond to either the
complex of cobinamide with one or two coordinated molecules of hydrogen sulfide or to the
dimer [Co(I1)]-S-S-[Co(I)] produced by reaction of Chi with hydrogen sulfide in the
presence of oxygen.[12] We repeated the experiment in positive-ion mode and signals (m/z)
were observed at 506.22, 557.77, 989.54 and 1053.39 (Figure S24 (c), Supporting
Information). The third signal corresponds to that of reduced cobinamide [Chi(lI)]* but the
other three signals could not be identified. We concluded that the product of the reaction of
cobinamide with hydrogen sulfide is unstable and some additional reaction of cobinamide
with hydrogen sulfide occurred under the MS experimental conditions. We should note that
all experiments were repeated twice with similar results.

Electrochemical Study of Reaction of Cobinamide and H,S—In Figure S24, we
show cyclic voltammograms (CVs) of cobinamide in the absence (black line, 1) and
presence of hydrogen sulfide (red and green lines, 2) in a pH 4.5 buffer with a glassy carbon
electrode. For cobinamide only, two separate pairs of reduction-oxidation peaks were
observed at ca. 0.19 V (Co(I11)/Co(Il)) and —0.69 V(Co(l1)/Co(l)), which agree with
published values.[3] The CV of the cobinamide—hydrogen sulfide system is shown in
(Figure S24 (red and green lines, 2)). On adding H5S to a solution of Chi(lll) the reduction
peak for the Co(l11)/Co(ll) process for Chi(lll) disappeared. The potential sweep was
performed in two directions: from 1 V to negative range (Figure S24, (red line, 2) and from
-0.5 V to positive range (green line, 2). In both cases, two new reduction peaks were
observed at ca. +0.62 and —0.63 V, and four oxidation peaks were observed at —0.65, —0.07,
+0.37 and +0.7 V. Because the shape of the CV did not depend on the direction of the
potential sweep, we concluded that the studied system is reversible.

1H-NMR studies—We analyzed the product of the reaction of cobinamide with hydrogen
sulfide and CH3l by H-NMR spectroscopy. The most informative spectral region is the
aromatic part of the 1H NMR spectra. In contrast to cobalamin,[X4] cobinamide showed only
one peak at 6.52 ppm, which corresponds to the proton at C4q of the corrin ring (Figure S25
(a), Supporting Information). No peaks were found in the aromatic region of the 1H NMR
spectra after adding hydrogen sulfide to cobinamide (Figure S25(b)). Disappearance of the
signals of Cbi in 1H NMR spectroscopy is caused by reduction of cobinamide to Cbi(Il), but
not to Chi(1).[23] We concluded that reduction of cobinamide by hydrogen sulfide proceeded
at pH 4.5 - 10. These data agree with the results obtained by UV-Vis spectroscopy. Adding
CHzsl to a mixture of cobinamide and hydrogen sulfide leads to the appearance of a new
single peak at 6.78 ppm in the aromatic region of the H-NMR spectrum (Figure S25 (c)).
This peak is identical to that for MeCbi.[*1] The new peak was also observed at —=0.17 ppm.
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Based on a comparison of the TH-NMR spectra of cobinamide to literature data, we
conclude that the peak corresponds to the methyl group bound to Co(lIl).

Overall mechanistic discussion—In aqueous solutions, Chi(lll) exists in the diaqua
(H20),Chi(l11)), aquahydroxo (H,O)(OH™)Chi(lll), and dihydroxo (HO™),Cbi(lll) forms
(reaction 1), with pK,; = 5.9 and pKg, = 10.2. [16] Coordinated OH- is inert to substitution
in cobinamide, and only water can be exchanged by other ligands.[16:17] Interaction of
Chi(l11) with various L ligands leads to formation of (L)Chbi(lll) or (L)>Cbi(lll)
complexes.[4 16]

Hydrogen sulfide has acid-base properties, and in water solution can exist as a neutral acid
and mono-anionic species, characterized by two pK, values. The first pK,3 is 7 for HyS/HS™
(reaction 1), the second pK for HS™/S2™ is > 12 [18.19] e g. the dissociation to S~ will be
negligible under the conditions of our study. We should note that hydrogen sulfide can act as
a ligand and form stable complexes with Fe-porphyrins.[20.21]

Our spectrophotometric data clearly show that complex-formation proceeds during the first
step of the reaction of cobinamide with hydrogen sulfide in alkaline medium. We found that
the UV-Vis spectra of the first intermediate depend on the initial hydrogen sulfide
concentration. Moreover, the positions of bands of the first intermediate are red-shifted with
increasing hydrogen sulfide concentration. The same behavior was observed during
formation of a cobinamide complex with one and two molecules of thiocyanatell or
cyanide.[22] We, therefore, suggest that Cbi reacts with one (at low concentration, reaction
1) and two molecules of H,S (at high concentration, reaction 2) This is confirmed by the
shape of the kinetic traces and the linear (kops(1)) and square (Kqps(2)) dependencies on the
initial hydrogen sulfide concentration in alkaline medium. Thus, our data confirm that Cbi
can bind two times more sulfide than Cbl.

Formation of (HS™),Chi clearly shows that the main species generated is (HS-)(H,O)Cbi
(reaction 1) after coordination of the first HS™ molecule, because OH™ is inert to
substitution. We tried to measure pKy4 but without success, because Kqps(2) did not change
with pH in the range 8-10.5. In analogy with (CN™)(H,O)Chbi whose acid dissociation
constant has been determined to be 11.0 and is higher than that of (H,O)(OH™)Cbi(lll)
(pKy2, see above), we suggest that pKy4 is > 10.5.

Although we did not directly observe formation of the first intermediate in UV-Vis spectral
analyses in acidic medium, it can be observed in the kinetic traces. This could be due to the
similarity of UV-Vis spectra of the first intermediate and the subsequent product. To find
additional evidence, we performed experiments with L-cysteine and cobinamide. We found
that this reaction proceeds in two steps. The first step is coordination of L-cysteine to form a
complex with cobinamide. The spectrum of this complex was found to depend on pH (see
Figures S26 and S27, Supporting Information). In alkaline medium, the UV-Vis spectrum of
the complex is identical to that of (HS™)(H,0)Cbi, whereas in acidic medium, the UV-Vis
spectrum of the complex is changed and peaks are blue-shifted. These data agree with our
observation in the case of hydrogen sulfide and underline the similarity of both systems.

Eur J Inorg Chem. Author manuscript; available in PMC 2015 September 01.
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The Co3* in cobinamide can be reduced to Co?* (reduced cobinamide, Cbi(ll)) and Col*
(super reduced cobinamide, Cbi(1))[23], and hydrogen sulfide is a reducing agent.[24] At low
concentrations of hydrogen sulfide (< 5 mw), the UV-Vis spectra of the second intermediate
observed during reaction of cobinamide with H,S are similar to those of Chi(ll) produced by
reducing cobinamide with other reducing agents, viz. borohydride, ascorbate and formate.l4]
However, the UV-Vis spectrum of Cbi(ll) is not pH dependent from pH 1-11.141 we
observed that the UV-Vis spectra of the second intermediate were pH dependent, with the
value of pK,5 as 5.2. The product of the one electron oxidation of hydrogen sulfide is a
long-lived radical in order to exhibit a pK, under the experimental conditions and the pK,
value is expected to be 3—4 units lower than that of H,S/HS[25]

To obtain more information about the reaction product, electrochemical experiments were
performed (see above). Based on literature data,[26] our UV-Vis spectroscopy data, and the
reduction potential of -SH/SH™ being 1.1 V vs normal hydrogen electrode (NHE)[27], we
attributed the reduction peak at —0.62 V to a two electron reduction of Cbi(I11)S(H) leading
to Chi(l) and hydrogen sulfide. The subsequent oxidation peak corresponding to Co(l)/
Co(ll) at —0.65 V confirmed this conclusion. We attributed the oxidation peaks at —0.07 and
+0.37 V to some oxidation of Co(ll) to Co(lll), which was complicated by the reaction of
Co(l11) with hydrogen sulfide to form the reduced cobinamide complex with sulfide radical
(H)SCo(ll). Of course, some unexpected reaction on the surface of the electrode could
occur; for example, Zheng and Birke showed that reduction of cobalamin(l11) by NO
proceeded on the electrode surfacel?8], although NO itself did not reduce cobalamin(I11) in
bulk solution.!4] We attributed the last oxidation peak at +0.7 V to oxidation of (H)SCo(ll)
to form the cobinamide(I11) complex with a sulfide radical that is reduced back at +0.62 V.
From these data we suggest that the second step (Kops(3)) corresponds to an inner-sphere
electron transfer process with formation of the reduced cobinamide complex with sulfide
radical, (H)SCbhi(ll) (reaction 3).

The dependence of kqpg(3) on the hydrogen sulfide concentration was a function of pH. In
acidic medium, a linear dependence of Kops(3) On the HpS concentration was observed. This
dependence is observed for a reversible bimolecular reaction when the equilibrium constant
is small and no kinetic saturation can be reached. In alkaline solution, Kqps(3) decreased with
increasing H»S concentration. This dependence could be observed when either an inhibitor
of the active species is added to the reaction or the leaving of a ligand from the inner-sphere
of the complex is the rate-determining step.[2°]

We conclude that the addition of a second molecule of hydrogen sulfide to form (HS™),Cbi
strongly hinders the reduction of cobinamide and stabilizes the 3+ oxidation state of Co in
cobinamide (reaction 2). Reduced cobinamide coordinates ligands (L) to form a five-
coordinate complex, (L)Chi(11)[7], and the sulfide radical adds reversibly to HS™ to form the
dimer radical.[2] The last step observed in the reaction of cobinamide with hydrogen sulfide
could be due to a number of reasons. The first is displacement of the sulfide radical by
hydrogen sulfide in the inner-sphere of cobinamide with formation of (HS™)Cbi(ll). The
second is addition of hydrogen sulfide to the complex of Cbi(ll) with the sulfide radical and
formation of (SSH,™)(Cbi(ll)). However, we found that the UV-Vis spectrum of the
(HS™)Cbi(ll) complex differs from the product of the reaction of Cbi(lll) with hydrogen

Eur J Inorg Chem. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Salnikov et al. Page 9

sulfide. Moreover, (HS™)Cbi(ll) is formed only in alkaline solution, whereas the product of
the reaction of Cbi(Ill) with hydrogen sulfide is produced in the pH range 1-11. Thus, we
conclude that the second variant is more favorable than the first (reaction 4) and is consistent
with a data for cobalamin.[®] The pH dependence of Kobs(4) shows that all species of
cobinamide and hydrogen sulfide are partners in the reaction.

4 H,0 A " HS" B
H,0 H,S ks H0
< +H*1l PKai >+ S| pKas < +H*1LPK34> + H
ks, k.
AR E.
(o T o
\_ oH _J o ")
+H*1LpKaz
OH"
OH"
1)
HS HS"
PKa3 ks,+ HS"
H,S HS + ~—
H,0 HS"
2
HS HS S
P 2 +H
H,0
(3)
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H,S SSH2
Sl T

KA\0
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S HS- /{\“

4
For reaction (1), the following kinetic equation was obtained:

k- [HY] 24k - [HY] - Kas+k's - Ka+k's - Kar - Kag

n
([HH]?+ [HH] - K1 +Ka1 - Kao) - ((HY] +Ka3) X [H } (5)

kobs(l):

where k'1, K'5, k'3, and k4 are observed first-order rate constants for (Ho0),Cbhi(ll1)/H,S,
(H20),Cbi(l11)/HS™, (H,0)(OH)Chi(ll1)/H,S, and (H,O)(OH)Chi(111)/HS™, respectively.
Fitting the data shown in Figure 6 to eq. (5), while fixing pKa1 ((H20),Cbi(l11)) at 5.9, pKag
(H,S) 7.0, gave the best fitwith k1 =23 +4s71 k', =2015+79s1, k'3=0+23s71 k',
=119 + 20 s~ and pKa, = 10.00 + 0.1. The calculated pKa, value for the equilibrium (H,0)
(OH)Chi(111)/(OH),Chi(l11) is in agreement with the literature value (pK, 10.2).[16]
Comparison of k'1, k'5, k3 and k4 clearly shows that HS™ is more active in reaction with
cobinamide(l11) than H,S. At the same time, (H,0),Cbi(l1) reacts faster with hydrogen
sulfide than (H,O)(OH)Chi(lll). This is expected because (H20),Cbl(l11) (total charge
+2)[22] and (H,0)(OH)Chi(ll) (total charge +1) are positively charged and coordination of
the negatively charged HS™ must support the complex-formation reaction with cobinamide.

The received constants of complex formation between diaquacobinamide and hydrogen
sulfide have been compared with those for aquacobalamine.[®] It is found that cobinamide
binds sulfide approx. 100 times faster then cobalamin at the same conditions.

According to reaction (1) at pH 4.5 and 9.4, the dependence of kopgs(1) on the hydrogen
sulfide concentration can be described by equation (6):

kobs(l) :kslope : [HQS}tota‘l'i_kintercept (6)

Where ks'ope = k4 at pH 9.6, kl at pH 4.5, k|ntercept = k_4 at pH 9.6, k_]_ at pH 4.5, [H28]t0ta| =
[HS™] at pH 9.6 or [H,S] at pH 4.5

The dependence of Kops(1) 0N [H2S]total Was analyzed. The determined values of Ksjope,
Kintercept: activation enthalpy and entropy are summarized in Tables 1 and 2.
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According to reaction (2) at pH 9.6, the dependence of Kqps(2) on the hydrogen sulfide
concentration may be described by equation (7):

X _k5 x K4 % [HS*]Q
P74 K, x [HS ]

+k_5 (1)

In the case where K4:[H2S]iotal << 1, equation (7) can be rewritten to give equation (8):

Kobs(2)=ks X Kq X [Hsf]z—i—k_{a (8)

The calculated values of kg and k_g are summarized in Table 3 (K4 = kg/k_4 from Table 2).

Most of the activation entropy values in Tables 1 to 3 are positive for the backward reactions
(k-1, k-4 and k_sg), characteristic for a dissociative reaction mechanism, whereas that for the
forward reaction (ks) tends to support an associative mechanism. The activation entropy
values for the other forward reactions (k; and ky) are practically zero and support the
operation of an interchange mechanism typical for ligand substitution reactions of
aquahydroxocobinamide.[16]

In acidic medium, the dependence of kqps(3) on the hydrogen sulfide concentration can be
described by equation (9):
_k(; . Kl . [HQS]

Koy = total k_
obs(3) 1+K; - [H2S}tota1 o ©

If Ki:[H2S]iotal << 1, then equation (9) can be rewritten as in equation (10):

Kobs(3)=ke - K1 - [HaS] (a1 tk-6  (10)

Equation (10) was used to analyze the data given in Figure 8 (a) and the calculated values
are listed in Table 4 (K1 = kq/k_1 from Table 1).

In alkaline medium, the dependence of kops(3) On the hydrogen sulfide concentration may be
described by equation (11):

k_s+k_g x K6 x [HS™!]
1+K5/6 X [HS_]

kobs(S) = (12)

Equation (11) was applied to analyze the data given in Figure 8 (a). The calculated values of
k-5, k—g and Ks/g (=Ks/kg) are listed in Table 5. We also calculated kg using the values of kg
listed in Table 3. We found that the values of k_g, k_g and kg obtained using different
experimental conditions and equations 8 and 11 and (10 and 11) gave values of the same
magnitude. This result confirms the correctness of the proposed equations and our
suggestion about inhibition of electron transfer by coordination of a second molecule of
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hydrogen sulfide. Furthermore, the rate of inner-sphere electron transfer does not depend on
pH as expected.

To obtain more information on the underlying reaction mechanism, we investigated the
effect of pressure on the reduction of Cbi(lll) by hydrogen sulfide. These experiments were
performed at pH 4.5 to allow calculation of the rate of electron transfer directly from the
observed kinetic traces without additional recalculation as at pH 9.6. The activation volume
was found to be +22.4 + 1.0 cm3 mol~1 at 25 °C (Figure S$28, Supporting Information). The
effect of pressure on the reduction of the other Co(l1l) complexes was studied by van Eldik
and other research groups.[3% They found that activation volumes for reduction of Co(l11) to
Co(11) complexes lie between +19 and +34 cm? mol~L. The significantly positive activation
volumes were ascribed to the change in solvation of the cobalt center during reduction of
Co(ll1) to Co(ll). Starting with six-coordinated (H,0),Cbi(lll), we found that the water
molecule is first displaced by H,S to form (H,O)(HS™)Cbi(lll). Reduced cobinamide(ll) is
believed to be five-coordinate, and we found that the sulfide radical did not leave the inner
sphere of the cobalt(ll) complex. We conclude that the positive activation volume in
cobinamide can be ascribed to the liberation of the second coordinated water molecule
(reaction 3). This is in good agreement with the results from our study on the effect of
pressure on reduction of cobalamin by hydrogen sulfide.[®] In this case, the activation
volume for the electron transfer process was found to be zero. During reduction of
cobalamin, no liberation of any molecule from the coordination sphere of cobalt was
observed. Dimethyl benzimidazole is strongly bound to Co(ll) in reduced cobalamin.

For reaction (4) the following kinetic equation was derived:

RS B [H*]*+k9 x Kas x [H*] - K10 x Kas x [H]+k‘1 x Kag % Kas
obs(4)= (Kaz+ [HH]) x (Kas+ [HH])

(12)

where K'g, K'g, K10 and k™11 are observed first-order rate constants for Cbi(11)SH/H,S,
Chi(ISH/HS™, Chi(11)S™/H,S and Chi(11)S™/HS™, respectively. Fitting the data shown in
Figure 9 to eq. (12) gave the best fit with k'g = 0.07 £ 0.05s™1, k'g = 0.49 571, k' = 0.29
s71 k11 =177 £0.03 571, pK,5 = 5.2 + 0.6 and pKaz = 7.3 + 0.1. The calculated pKj,3 value
agrees closely with the literature value (pKg3 7). [311 Moreover, the pK s value is close to
that determined from the pH dependence of the UV-Vis spectra for the product of the
reaction of Cbi(lll) with hydrogen sulfide (Figure S18). Comparison of k'g, k'g, k™10 and
k™11 clearly shows that HS™ is more reactive in the reaction with the complex of reduced
cobinamide with the hydrogen sulfide radical (Cbi(I1)S(H)) than H,S. At the same time,
Chi(I1)S™ reacts faster with hydrogen sulfide than in the protonated form.

Equation (6) was used to analyze the dependence of Kops(4) 0N [H2Skotal, Where Kgjope = Kg at
pH 4.5 and k13 at pH 9.6, Kintercept = K-g at pH 4.5 and k-1 at pH 9.6, [H,S]tota) = [HS™] at
pH 9.6 and [H,S] at pH 4.5 (see Tables 6 and 7).

It can be seen from Tables 6 and 7 that both forward and backward reactions are
characterized by positive activation entropies for the reaction at pH 4.5, whereas practically
zero values were found for the reaction at pH 9.6. The activation volume for the forward
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reaction at pH 4.5 was found to be +9.0 + 1.0 cm3mol~! (see Figure S29, Supporting
Information). Thus, both the activation entropy and activation volume data indicate an
increase in disorder and an increase in volume during reaction (4). We account for these
effects in terms of the need to weaken the Co(ll)-sulfide radical bond before binding of
hydrogen sulfide to the sulfide radical occurring in the second coordination sphere, since it
involves bond formation with an existing coordinated ligand.

Conclusions

Detailed kinetic and mechanistic studies on cobinamide’s reaction with hydrogen sulfide has
been performed. It was found that cobinamide can form complexes with one and two
molecules of HS™. Moreover, we showed that the electron-transfer process involving
formation of the Chi(ll) complex with a sulfide radical is possible only when one HS™ is
coordinated to Chi. The formation of (HS™),Chi stabilizes the 3+ oxidation state of cobalt
and hinders the inner-sphere electron transfer reaction. The pK; of the hydrogen sulfide
radical (5.2) coordinated to the cobalt (I1) center has been determined. This pK, value does
not present the pK, of the free hydrogen sulfide radical in solution, but confirms the
expectation of a significantly lower pK;, value in comparison with that of H,S/HS™.
Furthermore, we also found that cobinamide can form a complex with HS™, the hydrogen
sulfide radical, and the dimer radical SSH,~. Complex-formation is more favorable in the
case of the radicals than the HS™ ion. We conclude that Cbi has the potential to be a better
hydrogen sulfide antidote then aquacobalamin, since it has a higher affinity for sulfide,
bigger rate of complex formation and can neutralize two sulfide molecules instead of one.

Experimental Section

Materials

Diaquacobinamide was prepared as described previously by base hydrolysis of
hydroxocobalamin and purification over a C1g reversed phase column.[32] All chemicals
used throughout this study were of analytical reagent grade. Deionized (Millipore) or triple
distilled water was used to prepare all solutions. Oxygen-free nitrogen was used to
deoxygenate reagent solutions. Acetate, phosphate, borate, carbonate, MES, TES, TAPS,
CHES and CAPS buffers (0.25 ) were used to control the pH as required. Stock solutions of
H,S were produced by bubbling gaseous H,S from a cylinder (Linde, Hydrogen sulfide 2.5,
purity >99.5 %) through oxygen-free water.[311 All experiments were performed under
anaerobic conditions.

Analytical methods

The concentration of hydrogen sulfide in stock solutions was determined using the molar
extinction coefficient of 7200 v~1 cm™1 at 230 nm at pH 9 (Figure S30, Supporting
Information).[31] At room temperature in water, a saturated solution of H,S has a
concentration of 0.1 w.

Mass spectra were recorded with a Bruker maXis™ CLOCK-TOF mass spectrometer.
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Cyclic voltammograms were recorded using an autolab PGSTAT 30. All measurements
were performed at room temperature under nitrogen atmosphere in a VC-2 voltammetric cell
(Bioanalytical Systems) with a standard three-electrode configuration. Pt wire and a glassy
carbon disk electrode (3.0 mm diameter) were used as counter and working electrodes,
respectively. The potentials were referenced to an aqueous Ag/AgCl electrode (E° = 0.222
V). Acetate (0.1 v, pH 4.5) and phosphate (0.1 w, pH 6.3) buffers were used as supporting
electrolytes.

1H NMR spectra were recorded on a Bruker Avance DPX300 NB spectrometer operating at
300.13 MHz. Chemical shifts were referenced internally to TSP (trimethylsilyl propionate).
The apparent pH was adjusted to the desired value by adding DCI or NaOD. Samples were
transferred under nitrogen atmosphere to oxygen tight NMR tubes.

Kinetic experiments

Conventional kinetic experiments were performed on a Cary 50 UV-Vis spectrophotometer
under anaerobic conditions. Stopped-flow kinetic measurements at ambient pressure were
performed on an Applied Photophysics Spectra Kinetic stopped-flow instrument with a 1 cm
optical path length. High pressure stopped-flow experiments were performed at pressures up
to 130 MPa on a custom-built instrument with n-heptane as pressure medium as described
elsewhere.[33] Time-resolved spectra were recorded using the stopped-flow apparatus,
equipped with a J&M TIDAS diode-array detector. The temperature of the instruments was
controlled with an accuracy of £0.1 °C.

Data were analyzed using Origin 7.5 software. Kinetic traces were usually monitored at 460,
520 and 590 nm. Most experiments were done in duplicate and the reported rate constants
are the average of at least four independent experiments. The reported errors represent the
standard deviation of the data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
UV-Vis spectral changes recorded during reduction of Chi(lll) by hydrogen sulfide.

Experimental conditions: [Cbi(111)]iotal = 6 X 107 w; [HoS]ota = 1 mwm; pH 9.6; 298 K;
anaerobic conditions. Spectra were recorded at a cycle time of 0.015 s.
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Figure 2.
UV-Vis spectral changes recorded during reduction of Cbi(lll) by hydrogen sulfide (first

step). Experimental conditions: [Chi(11)]ita1 = 6 X 107° M; [H2Sliotal = 5 Mu; pH 4.5; 298
K; anaerobic conditions. The spectra were recorded at a cycle time of 0.03 s.
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Typical kinetic traces recorded for reaction of Chi(lll) with H,S at 590 nm and 460 nm at
pH 9.6. Experimental conditions: [Chi(11D]iotas = 6 X 1072w, (@) [H2S]iotar = 1(1); 6.25 (2);
12.5 (3); 25 (4); 50 (5) mw; 25 °C. (b) [H2S]totar = 1(1); 2.91 (2); 8.75 (3); 17.5 (4); 50 (5)

mw; 25 °C.
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t, s

Typical kinetic traces recorded for reaction of Chi(lll) with H,S at 520 nm and 460 nm, pH
4.5. Experimental conditions: [Cbi(I11)]iotal = 6 X 1072w, (@) [H2Sliotat = 1 (1); 3.13 (2); 6.25
(3); 12.5 (4); 25 (5); 50 (6) mw; (b) [H2Sliotal = 625 (1); 12.5 (2); 25 (3); 50 (4) mw; 25 °C.
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Figure 5.
Plots of Kops(1) Versus [HoS]otal measured for the first step of the reaction of Cbi(lll) with

H,S as a function of temperature at pH 4.5. Experimental conditions: [Cbi(I11)]total = 6 X
1075w; red line is a fit to equation 6.
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Figure 6.

Plot of the first-order rate constant Kopg(1) vs pH for the reaction of Cbi(lIl) with H,S.
Experimental conditions: [Cbi(111)]iotal = 6 X 107 m, [H2S]iotal = 6.25 mw, 25 °C; red line is
a fit to equation 5.
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Figure 7.
Plots of Kops(2) Versus [HpS]otal measured for the first step of the reaction of Cbi(lll) with

H,S as a function of temperature at pH 9.6. Experimental conditions: [Cbi(l11)]igtal = 6 X
1072w; red line is a fit to equation 8.
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Figure 8.
Plots of Kopg(3) Versus [HS]iotal measured for the second step of the reaction of Chi(l11) with

H,S as a function of temperature at pH 9.6 (a) and 4.5 (b). Experimental conditions:
[Chi(11D]ota1 = 6 X 10°w; red line is a fit to equation 11 (a) or 10 (b)
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Figure 9.
Plot of the first-order rate constant Kops(4) vs pH for the reduction of Cbi(lll) by H,S.

Experimental conditions: [Cbi(11D]iotal = 5 X 1075w, [H2S]iotal = 6.25 M, 25 °C; red line is a
fit to equation 12.
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Figure 10.
UV-vis spectra of different cobinamides: Cbi(ll) prepared through the reaction of Cbi(lll)

with borohydride at pH 3-10.5 (solid line, 3), final product of the reaction of Chi(lll) with
H,S at pH 9.6 (dotted line, 1) and 4.5 (dashed line, 2): [Cbi(11D]iotal = [H2Sltotal = 5.0 %
1075w, 25 °C.
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Figure 11.
Dependence of the final spectrum of the products formed during the reaction of Cbi(lIl) with

H,S as a function of the H,S concentration. Experimental conditions: [Chi(l11)]igta = 5 X
1075w; [HoSliotal = 9 % 1072 - 0.09 w; pH 4.5; 25 °C.
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Table 1

Kinetic and thermodynamic parameters for reduction of Cbi(l11) by H,S at pH 4.5 [for Kopg(1)]

T[C] ki[vs™] ke [s7]
35 3775+£168  26+2
25 2112+171  10+3
15 125+ 55 25+0.8
5 466+3  0.70%0.05
AH*(K) [kJ mol1] 464 85+4

AS*K) [JK1moll] -26+12  +59+12
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Kinetic and thermodynamic parameters for reduction of Cbi(l11) by H,S at pH 9.6 [for Kopg(1)]

Table 2

Trcl kem's™]  kea[sT]
35 17201£455  109+5
25 11051615  46+8
15 3025+115  11%2
5 154935  14%05

AH*(K) [k] mol1]
AS*(K) [J K™ mol1]

58+8 100+ 11
+26 + 24 +124 £ 34
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Table 3

Kinetic and thermodynamic parameters for reduction of Cbi(l11) by HS at pH 9.6 [for Kqps(2)]

T[Cl kexKy M5 ks, M5 kg, [s7Y]
35 48794 + 158 310 125+0.2
25 19448 + 113 81.7 44+0.2
15 7066 + 57 26.4 1.7+0.1
5 2680 + 48 25 0.34 £ 0.06
AH(K) [kI mol™Y] 67+2 109+ 12 82+6
AS*(K) [J K mol™] +62+6 ~158+36  +42+20
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Kinetic and thermodynamic parameters for reduction of Cbi(l11) by H,S at pH 4.5 [for Kopg(3)]

T/°C kKM kels]  kels]

35 1631 1.13 0.93 +£0.02
25 96.3+0.8 0.47 0.51+0.01
15 62.7+£0.3 0.12 0.41+£0.01
5 35+3 0.053 0.24 £0.04
AH#(K) [kJ mol1] +33¢1 7+1 2844

ASFK)DK-imolY]  -95%3  -8+3 -155%12
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Table 5

Kinetic and thermodynamic parameters for reduction of Cbi(l11) by HS at pH 9.6 [for Kqps(3)]

Ksys (=Ks/ks)

T[C] ks[s7] kg [s7] 1] ke [s7]
35 99+05  22+01 195 + 34 158
25 31+04 083007 272+118 03

15 08+02 026+003 267 %192 0.099

5 0214003 008+001  187+101 0.013
AH*(K) [k] mol=Y] 901 77+1 - 108 +10
AS*(K)[JKTmol™l]  +65+3 +11+3 - +110 + 30
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Kinetic and thermodynamic parameters for reduction of Cbi(l11) by H,S at pH 4.5 [for Kopg(4)]

Table 6

T[°C] Ksiope M2 5] Kingercept [571]
35 161 0.08 +0.03
25 9.35+0.04 0.033 £ 0.001
15 18+0.2 0.002 + 0.005
5 0.43+0.02 ~0
AH(K) [kI mol™Y] 87+ 10 132+ 40
AS*(K) DK 1moll]  +64+30 +166 + 120
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Kinetic and thermodynamic parameters for reduction of Cbi(l11) by HS- at pH 9.6 [for Kqps(4)]

Table 7

T[°C] Ksiope M5 Kintercept [57]
35 276.2 0.7 2.47 £0.01
25 102.8 +0.9 1.28 +0.01
15 61.6 +0.6 0.25+0.01
5 142+0.1 0.12+0.01

AH*(K) [kd mol1]
AS*(K) [J K™ mol1]

65+8 74+10
+12 + 24 +3+30
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