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Abstract

The effects of Mo-hydroxylamido complexes on cell growth were determined in Saccharomyces cerevisiae to investigate the bio-

logical effects of four different Mo complexes as a function of pH. Studies with yeast, an eukaryotic cell, are particularly suited to

examine growth at different pH values because this organism grows well from pH 3 to 6.5. Studies can therefore be performed both

in the presence of intact complexes and when the complexes have hydrolyzed to ligand and free metal ion. One of the complexes we

examined was structurally characterized by X-ray crystallography. Yeast growth was inhibited in media solutions containing added

Mo-dialkylhydroxylamido complexes at pH 3–7. When combining the yeast growth studies with a systematic study of the Mo-

hydroxylamido complexes� stability as a function of pH and an examination of their speciation in yeast media, the effects of intact

complexes can be distinguished from that of ligand and metal. This is possible because different effects are observed with complex

present than when ligand or metal alone is present. At pH 3, the growth inhibition is attributed to the forms of molybdate ion that

exist in solution because most of the complexes have hydrolyzed to oxomolybdate and ligand. The monoalkylhydroxylamine ligand

inhibited yeast growth at pH 5, 6 and 7, while the dialkylhydroxylamine ligands had little effect on yeast growth. Growth inhibition

of the Mo-dialkylhydroxylamido complexes is observed when a complex exists in the media. A complex that is inert to ligand

exchange is not effective even at pH 3 where other Mo-hydroxylamido complexes show growth inhibition as molybdate. These

results show that the formation of some Mo complexes can protect yeast from the growth inhibition observed when either the ligand

or Mo salt alone are present.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Labile metal complexes are presumed to have the

same effect on cell growth as that of the metal salt
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and ligand. In this work, we investigate the effects of

a series of four molybdenum (Mo) complexes on yeast
growth as a function of compound structure and pH.

Mo is a transition metal that has a biological function

as a metal ion cofactor in many Mo-containing en-

zymes. Molybdate is commonly used as a nutritional

supplement and Mo is readily absorbed in humans.
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1 The notation is derived from the total number of d electrons,

assuming that NO is a neutral ligand, and from the total number of p*
electrons from all the NO ligands (one electron per NO). See [28] for

examples.
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The recommended daily allowance (RDA) for this

ultratrace element in adults is 0.78–2.61 lmol [1] or

75–250 lg [2]. It is a relatively non-toxic element, with

an intake of 1–52 mmol Mo/kg of food or water needed

to produce clinical symptoms [1]. The simple Mo salt,

sodium molybdate, has been found to lower diabetic
hyperglycemia in both diabetic rats and mice [3,4]

and to affect glucose metabolism in isolated hepatocytes

[5]. A study comparing molybdenum uptake in Saccha-

romyces cerevisiae and Candida krusei yeast cells,

showed that molybdate is accumulated by S. cerevisiae,

but not by C. krusei [6]. More than 80% of the Mo pre-

sent in the medium was found to be cell-associated in S.

cerevisiae, which is in marked contrast to C. krusei

where less than 1% of the Mo was cell-associated. Since

Mo is a relatively non-toxic metal ion which forms la-

bile metal complexes and the beneficial modes of action

of Mo compounds in alleviating some of the symptoms

of diabetes are not well understood, more information

correlating the effects of Mo compounds on cellular

systems is of interest.

Mo complexes with hydroxylamido ligands were cho-
sen for these studies, in part because of the known

chemistry of representative simple complexes [7–22],

and in part because of their anticipated analogy with their

corresponding vanadium-hydroxylamido complexes

[16,19,23–25]. The most common bonding modes for

hydroxylamines are the end-on and the bidentate modes.

The simple mono- and dialkylhydroxylamido Mo com-

plexes [MoO2(MeHNO)2] (1), [MoO2(Me2NO)2] (2)
and [MoO2(Et2NO)2] (3) have the MoO2 unit coordi-

nated to two bidentate hydroxylamido ligands to give a

distorted six-coordinate geometry [16,17]. The structure

of these complexes is similar to that of the simple peroxo

derivatives, which tend to be six-coordinate mononuclear

or seven-coordinate dinuclear complexes [26]. Herein we

report an X-ray structure of complex 2, which is the third

example from this simple class of Mo-hydroxylamido
compounds to be structurally characterized in the solid

state.
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The aqueous chemistry of hydroxylamido complexes
is generally limited to a narrow pH range near neutral

pH (vide infra). In addition to their hydrolytic chemis-

try, many hydroxylamido complexes also undergo redox

and insertion-type reactions [27]. We have not
investigated the parent hydroxylamine (H2NOH), be-

cause it is readily oxidized by some transition metal ions

to form nitric oxide (NO) [27] and efforts to prepare the

corresponding Mo(VI) complex always lead to NO com-

plexes regardless of pH [27]. In contrast to the Mo-

hydroxylamido complexes, the Mo(NO)-type complexes
are very stable over a wide pH range. The type of mono-

nitrosyl Mo complex we investigated in this study can be

formally described as a Mo(II) complex, assuming NO

has a charge of +1, or as a {Mo-NO}4 complex accord-

ing to the Enemark–Feltham notation 1 [28]. We have

investigated the effects of a series of one Mo(NO)-

hydroxylamido complex [Mo(NO)(H2NO)(H2O)-

(dipic)], (4), and three simple Mo-alkylhydroxylamido
complexes (1–3) on yeast growth as a function of pH

to obtain fundamental information on cellular responses

to labile transition metal complexes. The Mo-hydroxy-

lamido complexes selected include one mono- and two

dialkylated Mo-hydroxylamido complexes (1–3) and a

hydrolytically stable Mo(NO)-type complex (4). Yeast

was chosen as a model system because it is a good model

of an eukaryotic cell. Furthermore, it grows well over a
wide pH range, and allows one to determine the effect of

complexes both when the compounds remain intact and

when the compounds have hydrolyzed.

In order to interpret the growth effects observed in

yeast, the stability of the complexes was studied in

pure water; in addition, investigations were also

undertaken at high ionic strength and in yeast media.

In these studies, under the three different conditions,
the amount of complex varied as a function of pH

with the highest complex concentrations in the weakly

acidic pH range. The effects of the compounds on

yeast growth were determined over a wide pH range

(pH 3, 5, 6, and 7), which covers conditions both

where the majority of the complexes are intact (pH

5 and 6) and where most of the complexes have

hydrolyzed (pH 3 and 7). The studies demonstrate
that yeast growth is inhibited by the three Mo-

hydroxylamido complexes (1–3) that can undergo lig-

and exchange at pH values where complex is present

in media. An inert Mo complex containing one

hydroxylamido group and one NO group (4) had no

effect on growth. In conclusion, we observed that only

Mo complexes that are capable of undergoing ligand

exchange inhibit yeast growth and that the inhibition
is manifested solely when the complex is present in

the growth media.
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Table 1

Crystal data and structure refinement for [MoO2(Me2NO)2] (2)

Identification code MoO2(Me2NO)2
Empirical formula C4H12MoN2O4

Formula weight 248.10

Temperature 173(2) K

Wavelength 0.71073 Å

Crystal system Monoclinic

Space group P21/c

Unit cell dimensions a = 9.3008(12) Å, a = 90�
b = 10.7140(14) Å, b = 100.089(2)�
c = 9.2942(12) Å, c = 90�

Volume 911.8(2) Å3

Z 4

Density (calculated) 1.807 Mg/m3

Absorption coefficient 1.414 mm�1

F(000) 496

Crystal size 0.10 · 0.15 · 0.18 mm3

h range for data collection 3.43–23.26�
Index ranges �10 6h 610, �11 6k 611,

�10 6 l 6 10

Reflections collected 5589

Independent reflections 1307 [Rint = 0.0594]

Completeness to theta = 23.26� 99.5%
2. Experimental

2.1. Materials

All chemicals used were of reagent grade. The water

was distilled and deionized on an ion-exchange col-

umn. N-Methylhydroxylamine hydrochloride (MeH-

NOH Æ HCl) (Fluka), N,N-dimethylhydroxylamine

hydrochloride (Me2NOH Æ HCl) (Fluka), N,N-di-

ethylhydroxylamine (Et2NOH) (85% w/w solution,

Aldrich), 2,6-dipicolinic acid (H2dipic) (Aldrich), 4-hyd-

roxy-2,6-dipicolinic acid (H2dipic-OH) (TCI America),
Na2MoO4 Æ 2H2O (Strem), (NH4)6(Mo7O24) Æ 4H2O

(Fisher), hydroxylamine hydrochloride (H2NOH Æ HCl)

(Fisher) and H2O2 (30% w/w solution, Fisher) were used

as received. NH4[VO2(dipic-OH)] was prepared as previ-

ously described [29]. The slightly off-white [MoO2(Et2-

NO)2] (3)
2 was prepared as described previously [18].

The synthetic procedure was simplified as described be-

low for the preparation of [MoO2(MeHNO)2] (1) [17]
and [MoO2(Me2NO)2] (2) [18]. The [Mo(NO)(H2NO)

(H2O)(dipic)] (4) [30] and the [MoO(O2)(H2O)(dipic)]

(5) [31] complexes were prepared as previously reported

and their characterization was found to be satisfactory.

2.2. [MoO2(MeHNO)2] (1)

The compound was prepared using a slight modifica-
tion of an earlier preparation [17]. To a stirred, 40 mL

aqueous solution of Na2MoO4 Æ 2H2O (7.20 g, 29.7

mmol) at 40 �C, was added solid MeHNOH Æ HCl

(5.22 g, 62.5 mmol). After less than a min, a white pre-

cipitate formed and the mixture was cooled to ambient

temperature and stirred for an additional 30 min. The

white product was filtered off, washed with cold deion-

ized water (3 · 10 mL) and diethyl ether (1 · 15 mL),
and then dried overnight. A yield of 3.20 g (48.9%)

was obtained. 1H NMR (D2O, ppm): 2.8 (s, 6H, –CH3).
2 1H NMR (D2O, ppm): 3.1 (m, 8H, –CH2–) 1.2 (t, 12H, –CH3).
2.3. [MoO2(Me2NO)2] (2)

An analogous procedure was followed for the prepa-

ration of [MoO2(Me2NO)2] that avoids the in situ gener-

ation of Me2NOH in the previous preparation [18]. An

overall yield of 5.95 g (80.5%) of the white product
was isolated. X-ray quality crystals were obtained by

recrystallizing the compound from water. 1H NMR

(D2O, ppm): 3.1 (s, 12H, –CH3).

2.4. X-ray crystallography

X-ray diffraction data were recorded on a Bruker

AXS SMART CCD diffractometer employing Mo Ka
radiation (graphite monochromator). Crystallographic

results and other details are listed in Table 1. An absorp-

tion correction was applied by using SADABS [32].

Structures were solved by direct methods and refined

(on F2, using all data) by a full-matrix, weighted least

squares process. Anisotropic displacement parameters

were used to refine all non-hydrogen atoms. Hydrogen

atoms were placed in idealized positions. Standard Bru-
ker control (SMART) and integration (SAINT) soft-

ware were employed, and Bruker SHELXTL [33]

software was used for structure solution, refinement

and graphics.
Absorption correction SADABS

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 1307/0/101

Goodness-of-fit on F2 0.960

Final R indices [I > 2r(I)] R1 = 0.0296, wR2 = 0.0896

R indices (all data) R1 = 0.0407, wR2 = 0.0934

Extinction coefficient 0.012(2)

Largest difference peak and hole 0.519 and �0.384 eÅ�3
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2.5. pH measurements

All pH measurements were done on an Orion 710A

pH meter equipped with a Corning 476156-type com-

bined glass electrode calibrated for H+ ion concentra-

tion [34]. The measured pH values were accurate to
within ± 0.05 units. For all D2O-containing solutions

the measured pH was corrected by subtracting 0.4

[35].

2.6. Electrochemical studies

Cyclic voltammetry was performed using a PARC

model 173 potentiostat/galvanostat equipped with a
PARC model 179 digital coulometer and employing a

PARCH model 175 universal programmer. A three-

electrode cell was used with a glassy carbon disk elec-

trode (3.0 mm diameter) as the working electrode, a

platinum wire as the auxiliary electrode and a Ag/AgCl

reference electrode. The reference electrode was iso-

lated from the main compartment and all potentials

are reported vs. NHE (using Ag/AgCl = +0.222 V vs.
the Normal Hydrogen Electrode, NHE). A solution

of 2.0 mM [Fe(CN)6]
3+ in 0.10 M NaClO4 was used

to calibrate the working electrode (EFe(III)/Fe(II) =

+0.356 V vs. NHE). Samples were prepared by dissolv-

ing the solid complex into an aqueous 0.1 M NaClO4

solution. The pH values of the solutions were adjusted

with 1.0 M HClO4 or 1.0 M NaOH. The solutions

were then purged with argon for 15 min prior to
recording the cyclic voltammograms. All cyclic

voltammograms were collected at a scan rate of 50

mV/s; the sweep ranges varied for each compound

and covered the entire potential range possible before

water decomposition.

2.7. NMR spectroscopic studies

2.7.1. Speciation

The solution samples for 1H NMR measurements

were prepared by dissolving either crystalline solid com-

plex or ligand and Na2MoO4 Æ 2H2O in D2O. The solu-

tions from pure complex (2.5 mM) were prepared in the

pH range 3.0–7.0. The solutions prepared from molyb-

date and ligand consisted of a range of molybdate con-

centrations (1–10 mM) with ligand concentrations
ranging from 1 to 100 mM, and the pH ranging from

2 to 10. Most studies used for the speciation calculations

were carried out at 2.5 mM molybdate with 1–50 mM

ligand. Specifically, in the [MoO2(Me2NO)2] system,

the concentration dependent study was carried out at

pH 5.7 and the amounts of Me2NOH added were 1.0,

1.5, 2.0, 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, 17.5, 20.0, 25.0

and 50.0 mM. The pH of the solution was adjusted using
a stock solution of DCl or NaOD. The 1H spectra were

recorded on a Varian INOVA-400 spectrometer using
standard parameters. Sodium 3-(trimethylsilyl)propane

sulfonate (DSS) was used as an external reference for
1H chemical shifts. Generally three separate, independ-

ent measurements were done. Each sample was pre-

pared, measured and analyzed in triplicate and the

errors reflect the means ± SD. Concentrations of the
complexes were calculated from integrations of the com-

plex and ligand signals in the samples� spectra; each

spectrum was reintegrated using the Varian software

to assure that the analysis, particularly in the presence

of large amounts of excess ligand, gave consistent

results.

The speciation calculations were done using the HySS

program developed by Gans et al. [36]. The aqueous
molybdate speciation and formation of oligomeric

molybdates was assumed as described previously [37]

with the following formation constants: [HMoO4]
�

(103.39); [Mo(OH)6] (107.16); [HMo2O7]
� (1014.81);

[Mo7O24]
6� (1052.8); [HMo7O24]

5� (1057.45) [H2Mo7-

O24]
4� (1060.77); and [Mo8O26]

4� (1071.53).

2.7.2. Reaction with thiols

Stock solutions of 10–20 mM 2-mercaptoethanol

and complex were prepared by dissolving pure com-

pounds in D2O, which were then thoroughly deoxy-

genated with an argon purge for at least 2 h.

Solution pH was adjusted to 5.0 ± 0.2 or 7.0 ± 0.2

using NaOD and DCl solutions, and when necessary

the pH was readjusted. Samples for analysis contained

2–5 mM of thiol and 2–5 mM of complex, and were
prepared under an argon atmosphere and transferred

into NMR tubes. The NMR tubes were sealed with

Teflon plugs and stored in a desiccator under a

slightly positive pressure of argon. Quantitative 1H

NMR spectra were acquired for all samples immedi-

ately after incubation, after 6 h and after 24 h. When

the reaction rate between thiol and complex was very

slow, the reaction was monitored up to 200 h at which
point detectable thiol autooxidation could be observed

in control samples.

2.8. Yeast growth

The S. cerevisiae strain LL20 (MATahis3–11, 15,

leu-2, 112) obtained from J. Huberman at Roswell

Park Cancer Institute was used. Yeast were grown
and maintained at 30 �C on yeast extract/peptone/dex-

trose (YPD) plates, and experiments were carried out

in minimal salts media. The minimal medium used

was yeast nitrogen base (Difco) with added histidine

and leucine (5 mg/mL) and 2% dextrose (Fisher Scien-

tific) buffered to pH 6.5 with 100 mM tris-succinate at

30 �C as previously described [38–40]. Single colonies

were resuspended into 5 mL of YPD liquid media for
overnight growth. A 1:40 dilution was made into min-

imal medium, grown overnight at 30 �C, kept at 4 �C



Fig. 1. The X-ray crystallographic structure and numbering scheme is

shown for [MoO2(Me2NO)2] (2). The ellipsoids are drawn at the 50%

probability level.

Table 2

Bond lengths (Å) and angles (�) for [MoO2(Me2NO)2] (2)

Mo(1)–O(1) 1.699(4)

Mo(1)–O(2) 1.714(3)

Mo(1)–O(3) 1.957(3)

Mo(1)–O(4) 1.957(3)

Mo(1)–N(1) 2.127(4)

Mo(1)–N(2) 2.146(4)

O(3)–N(1) 1.416(5)

O(4)–N(2) 1.425(5)

N(1)–C(2) 1.466(6)

N(1)–C(1) 1.470(6)

N(2)–C(4) 1.455(6)

N(2)–C(3) 1.480(6)

O(1)–Mo(1)–O(2) 116.03(18)

O(1)–Mo(1)–O(3) 113.11(17)

O(2)–Mo(1)–O(3) 113.62(17)

O(1)–Mo(1)–O(4) 110.71(17)

O(2)–Mo(1)–O(4) 113.77(19)

O(3)–Mo(1)–O(4) 85.91(14)

O(1)–Mo(1)–N(1) 94.32(16)

O(2)–Mo(1)–N(1) 94.31(16)

O(3)–Mo(1)–N(1) 40.32(14)

O(4)–Mo(1)–N(1) 126.21(14)
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and used as a stock for up to two weeks. Growth was

monitored using light scattering at 600 nm (OD600)

[38–40]. The evening before an experiment, the stock

was diluted into the medium at pH 6.5 and grown

overnight to generate cells growing in log phase the fol-

lowing day for the experiment (1:40 to 1:80 dilution
depending on cell concentration of stock). The Mo salt,

free ligand or complex was added to the media before

the cells at the start of the final growth period (t = 0 h

in the figures). Cells were diluted into the media to ob-

tain an OD600 of approximately 0.1 and growth was

done in 5 mL of medium in 20 · 150 capped culture

tubes with aeration provided by rotary shaking at

approximately 200 rpm. For each experimental condi-
tion, three independent growth tubes were used and

growth was measured at 3, 8 and 24 h. Each measure-

ment was the OD600 of the growing culture minus the

OD600 of the medium without cells to correct for any

color of the compounds [38–40]. After the OD600 of

each sample was measured, the pH of the medium

for those conditions was determined from a pool of

0.8–1.0 mL from each of the three media samples to
verify that the pH of the culture medium was not

changing with time. VOSO4 or KVO3 were routinely

added to the media of separate control cultures to

demonstrate that metal complexes could inhibit the

growth of yeast in each experiment. However, from

pH 4–5 the [VO2(dipic-OH)]� complex is a much better

inhibitor [40]. Statistical significance was determined

using a one way ANOVA with Dunnett�s multiple
means test. Data obtained from cultures containing

metal compounds (Mo or the vanadium control) were

compared to that obtained from the control cultures

with no additions taken at the same time. Significance

was defined as p 60.05 compared to control.

O(1)–Mo(1)–N(2) 92.66(17)

O(2)–Mo(1)–N(2) 92.95(17)

O(3)–Mo(1)–N(2) 126.22(14)

O(4)–Mo(1)–N(2) 40.33(14)

N(1)–Mo(1)–N(2) 166.54(15)

N(1)–O(3)–Mo(1) 76.3(2)

N(2)–O(4)–Mo(1) 77.0(2)

O(3)–N(1)–C(2) 110.6(4)

O(3)–N(1)–C(1) 111.8(4)

C(2)–N(1)–C(1) 113.1(4)

O(3)–N(1)–Mo(1) 63.37(19)

C(2)–N(1)–Mo(1) 122.9(3)

C(1)–N(1)–Mo(1) 121.7(3)

O(4)–N(2)–C(4) 110.5(4)

O(4)–N(2)–C(3) 110.6(4)

C(4)–N(2)–C(3) 114.8(4)

O(4)–N(2)–Mo(1) 62.70(19)

C(4)–N(2)–Mo(1) 121.1(4)

C(3)–N(2)–Mo(1) 122.1(3)
3. Results and discussion

3.1. X-ray crystallographic characterization of [MoO2-

(Me2NO)2] (2)

The coordination environment of Mo in complex 2,

shown in Fig. 1, contains structural features that are

nearly identical to those found in the crystal structures

of its congeners, 1 [17] and 3 [16]. Complex 2 crystallizes
in the centrosymmetric P21/c space group with the

hydroxylamido ligands coordinated in a cis-fashion

(metric parameters are given in Table 2). The overall

Mo coordination environment can be described as a dis-

torted pentagonal pyramid (with an apical oxo group)

or, if the hydroxylamine is considered to be a ‘‘mono-

dentate’’ ligand, a distorted tetrahedron. The Mo–Ooxo

bond lengths of 1.70 Å are quite typical for Mo(VI)
compounds [41]. The Mo–OHA and the Mo–N bond
lengths of 1.95 and 2.14 Å, respectively, are similar to

those found in 1 [17] and 3 [16] as are the N–Mo–OHA

bite angles of 40�.



Fig. 2. 1H NMR spectra of 2.5 mM [MoO2(Me2NO)2] (2) (complex is

denoted by a *; the other peak is free ligand by an L) are recorded as a

function of pH. The free ligand signal at 3.20 ± 0.01 ppm at pH 2.9

shifts upon deprotonation to 2.76 ± 0.01 ppm at pH 6.7.

Fig. 3. The concentration of [MoO2(Me2NO)2] (2) is plotted as a

function of ½MoO2�
4 �½Me2NOH�2½Hþ�2. The straight line indicates a 1:2

stoichiometry of Mo and ligand in the complex. All points are averages

of three independent experiments, and error bars represent three

standard deviations.
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3.2. NMR spectroscopic studies

3.2.1. Description of the three environments for solution

studies

The objective with solution studies is to determine if

the existence of the Mo-hydroxylamido complex bears
any relationship with the observed growth effects on

yeast. Proper consideration requires that speciation

studies be investigated in three different environments

to satisfy both chemists and biologists. These conditions

are low ionic strength, high ionic strength and yeast

growth media. Chemists characterize compound specia-

tion under well-defined conditions (e.g., no other com-

plicating additives and constant ionic strength) [42].
Biologists prefer consideration of the speciation directly

in the biological system in question in order to investi-

gate the possibility that additional complexes form be-

tween the media components and the metal ion or the

Mo complexes. Although studies in yeast media reflect

the fundamental properties of the compounds and can

determine whether new complexes form, the formation

constants cannot be determined properly unless con-
trolled conditions are used.

3.2.2. Solution studies at varying pH values
1H NMR studies were first carried out at varying pH

values in D2O at low ionic strength for 1–3. Initially, the

solutions were investigated immediately after prepara-

tion because of the potential for these complexes to un-

dergo redox chemistry. However, time-dependent
studies showed that samples did not change over 24 h

and that solutions prepared from pure complex or lig-

and and molybdate were found to give indistinguishable

spectra in the pH range investigated (pH 3–7). The 1H

NMR spectra of solutions containing a 1:2 ratio of

Mo to ligand are shown in Fig. 2 for 2 from pH 3 to

7. A bell-shaped curve (vide infra) showed that the high-

est concentration of the complex occurs between pH 4.5
and 5.5.

3.2.3. Determination of apparent formation constant

After examining the pH stability curve for the com-

plex, a concentration study at pH 5.7–5.8 was done at

constant high ionic strength (0.40 M KCl). Eukaryotic

cells have different concentrations of the most important

ions: 130–400 mM K+, 10–50 mM Na+, 4–150 mM Cl�,
and approximately 12 mM HCO�

3 . The fluids surround-

ing the cells, such as blood, may contain 4–20 mM K+,

145–440 mM Na+, 116–560 mM Cl�, 2–10 mM Ca2+, 2

mM Mg2+ and 30 mM HCO�
3 [43]. However, in order to

determine apparent formation constants it is necessary

to carry out the experiments in solutions containing only

one ionic species at a constant concentration. The

molybdate concentration was chosen in the mM range,
in part because this concentration range is well suited

for speciation studies and because it is relevant to the
yeast studies reported in this work as described above.

Oligomeric oxomolybdates form in the mM concentra-

tion range [37] with heptamolybdate being the major

species present. The stoichiometry for complex 2 was
confirmed to be 1:2 as shown by the linear relationship

for the reaction (1) as shown in Fig. 3. The b for the

reaction is defined in (2) and is obtained as the slope

from Fig. 3 to be 15.3 ± 0.1:

MoO2�
4 þ2Me2NOHþ2Hþ

�½MoO2ðMe2NOÞ2�þ2H2O

ð1Þ

b ¼ ½MoO2ðMe2NOÞ2�=½MoO2�
4 �½Me2NOH�2½Hþ�2 ð2Þ
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The formation constants were determined in 0.40 M

KCl and then used to calculate the speciation diagram

of 2.5 mM [MoO2(Me2NO)2] (or a 1:2 ratio of molyb-

date to ligand), Fig. 4(a), and for a system with 5.0

mM molybdate and 20 mM Me2NOH, Fig. 4(b). The

aqueous molybdate speciation and formation of hepta-
oxomolybdate was assumed as described previously

[37]. The speciation at 0.40 M KCl resembles the speci-

ation in cells as described above. A 10-fold increase in

the pH-dependent formation constant was observed in

pure water compared to that described in 0.40 M KCl.

When similar studies were carried out with 1 and 3,

both showed a bell curve stability pattern. More of com-

plex 1 was formed over a wider pH range (pH 4–6.5)
compared to that of 2. Complex 3 was also very similar

to 2 and gave a bell curve with a maximum between pH

4 and 5, slightly shifted from that of the corresponding

Me2NOH complex. Presumably the bell curve reflects

the availability of the precursors for the reaction shown

in Eq. (3); the concentration of complex decreases when

the respective components are depleted. In a previous
Fig. 4. The calculated speciation diagram for a system containing 2.5

mM molybdate and 5.0 mM Me2NOH (a) and for a system containing

5 mM molybdate and 20 mM Me2NOH (b) using formation constants

determined in the presence of 0.40 M KCl. The [HMoO4]
� and the

[Mo(OH)6] species are collectively referred to as ‘‘HxMo’’; the

[HMo2O7]
� species as ‘‘Mo2’’; the [Mo7O24]

6�, [HMo7O24]
5�,

[H2Mo7O24]
4�, species as ‘‘Mo7’’; and the [Mo8O26]

4� species as

‘‘Mo8’’.
study, we showed that the formation of vanadium(V)

complexes from vanadate and triethanolamine deriva-

tives also gave a bell curve with the maximum complex

concentration found at the pH defined by (pKa,Vi + p-

Ka,amine)/2 [44]. Since the Mo-hydroxylamido complexes

also follow a bell curve pattern and involve complex for-
mation between an oxoanion and a neutral amine, reac-

tion (3) was considered from this point of view. The

most prevalent mononuclear molybdate form in this

pH range is HMoO�
4 with a pKa value of 3.6. This spe-

cies forms a complex with Me2NOH, MeHNOH, and

Et2NOH. The pKa values for these ligands can be deter-

mined from their 1H NMR chemical shifts and by

extrapolating from known data (for the MeHNOH
and Me2NOH ligands) at lower ionic strength [45].

For Me2NOH, our pKa value of 5.4, determined by 1H

NMR, was in exact agreement with the reported value

[45] after the Davies equation was used to adjust for

the ionic strength. The pKa values for MeHNOH (6.1),

and Et2NOH (5.7) are greater than that of Me2NOH

and the observation that both these ligands form lesser

amounts of complex may be explained by the fact that
these ligands have pKa values that are more than 2 pH

units away from that of the HMoO�
4 ion

MoO2�
4 þ2RR0NOHþ2Hþ

�½MoO2ðRR0NOÞ2�þ2H2O

ð3Þ
These speciation studies provide the detailed characteri-

zation of the speciation of this class of compounds at

constant ionic strength. Once a series of studies at one

concentration of complex has been measured in yeast

media, these data and the formation constants from

the 0.4 M KCl study can be used to extrapolate the con-

centration of the intact complex in the yeast media.

3.2.4. Determination of complexes in growth media

The studies in D2O with 0.40 M KCl provide infor-

mation on the properties of these complexes. The gen-

eral stability of these complexes was also determined

in yeast media to eliminate the possibility that newly

formed complexes with media components are responsi-

ble for the growth effects observed. Difco minimal salts

media (Yeast Nitrogen Base) has approximately 50 mM
of mixed salts with cations (NH4

+, K+, Mg2+ and Na+) 3

and anions (SO2�
4 , PO3�

4 , and Cl�) 3 as well as added his-

tidine and leucine (5 mg/mL), 2% dextrose and is buff-

ered to pH 6.5 with 100 mM tris-succinate.

We show the spectra of a solution at 2.5 mM [MoO2-

(Me2NO)2] at pH 5.0 in D2O, at pH 5.0 in the presence

of 0.40 M KCl in D2O and pH 5.0 in the yeast media in

Fig. 5. Due to the different environments slight shifts are
observed for the signals arising from the complex (�*�)
and free ligand (‘‘L’’) as shown for [MoO2(Me2NO)2]
3 The ions are listed in order from highest to lowest concentration.



Fig. 5. Representative 1H NMR spectra of 2.5 mM solutions of

[MoO2(Me2NO)2] at pH 5 in D2O (a), at pH 5 in D2O/0.40M KCl (b)

and at pH 5 in yeast media (c). Labels for the peaks are as follows:

intact complex (‘‘*’’), free ligand (‘‘L’’) and solvent (‘‘Sol’’).
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and Me2NOH in Fig. 5. As a result of these differences,

the ligand and complex concentrations can be deter-
mined with greater accuracy and precision in samples

with D2O (see also Table 3 below). Studies carried out

in D2O set the stage for further studies under controlled

conditions to characterize the speciation, and to ulti-

mately determine how much of the complex exists in

media. As seen from the spectra in Fig. 5, the concentra-

tion of complex is highest in pure (low ionic strength)

D2O. The complexes under investigation are only a
minor component in media. The studies in yeast media

thus produce spectra with many pronounced 1H NMR

signals due to the H2O solvent and the ions and buffers

present in the yeast media (Fig. 5). A comparison with

spectra in the media with no complex showed that no

additional complexes are observed above the detection

limit of the experiment. Note that the concentrations

of the complexes in the yeast media are smaller than
those observed in pure D2O and approximately equal

to those observed in the presence of 0.40 M KCl. The
possibility that a minor very potent Mo complex forms

below the detection limit is difficult to disprove. How-

ever, based on the chemical characterization of the

Mo-hydroxylamido complexes in this paper and the

known Mo(VI) chemistry, it is unlikely that ternary

complexes of the Mo-hydroxylamido complex and
media components are responsible for the observed

growth inhibition effects. This conclusion is based on

the fact that none of the media components have the

structure associated with good ligands to Mo(VI) or as

a ligand in a ternaryMo-hydroxylamido-ligand complex.

In Table 3, complex and ligand concentrations were

determined in D2O with 0.40 M KCl and in yeast media

to demonstrate the accuracy of our D2O model system
for the 2.5 mM study. Lower accuracy and precision

are obtained in studies directly in media compared to

those in D2O. Every entry in Table 3 reflects the result

of three independent NMR samples prepared under

the specified conditions. In spectra where no Mo com-

plex is observed above the detection limit (pH 3 and

pH 7 for compounds 1–3) or where no ligand is observed

above the detection limit (all pH values for compound
4), the error represents the minimum amount of complex

or ligand that has been observed in such solutions. The

results shown in Table 3 indicate that none of the three

hydroxylamido complexes remain intact at observable

concentrations at pH 3 because they have mostly hydro-

lyzed to free ligand and oxomolybdates. These com-

plexes exist at pH 5 and a small, but a significant

fraction of the [MoO2(MeHNO)2] complex remains in-
tact at pH 6. None of the samples indicated the presence

of any intact complex at pH 7. In contrast, the

[Mo(NO)(H2NO)(H2O)(dipic)] complex (4) remains in-

tact over the entire pH range examined in D2O, in

D2O with 0.40 M KCl and in media (pH 3–7); in no

spectrum was any free ligand observable for this

compound.

3.3. Lability of Mo complexes

The hydrolysis and ligand exchange of the Mo com-

plexes were probed with 1H NMR spectroscopy by using

dilution and variable temperature experiments. As pre-

dicted from Eqs. (1)–(3), a concentrated solution of

complex contains different relative amounts of complex

and free ligand than that of a 10-fold diluted sample at
the same pH value. Thus, measuring the 1H NMR spec-

trum of the complex sample, diluting the sample and

rapidly measuring the 1H NMR spectrum of this sample

will show whether equilibration has taken place. In a

representative dilution experiment at pH 5.2, the added

complex (25 mM) was found to hydrolyze to give a spec-

trum that is indistinguishable from a freshly prepared

dilute sample (2.5 mM) documenting that the reaction
is complete in less than 5 min (data not shown). A var-

iable-temperature 1H NMR experiment from 25–80 �C



Table 3

Amounts of compound present in 2.5 mM solutions of complexes 1–4 in D2O, D2O/0.40 M KCl, and H2O/yeast media at pH 3.0, 5.0, 6.0 and 7.0a as

determined from 1H NMR studies

Conditions Percent of intact complex (% ± SD)b

[MoO2(MeHNO)2]

(complex 1)

[MoO2(Me2NO)2]

(complex 2)

[MoO2 (Et2NO)2]

(complex 3)

[Mo(NO)(H2NO)

(H2O)(dipic)] (complex 4)

D2O, pH 3.0 NCc NCc NCc NLd

D2O/KCl, pH 3.0 NCc NCc NCc NLd

Media, pH 3.0 NCc NCc NCc NLd

D2O, pH 5.0 2.3 ± 0.5 35.5 ± 0.4 11.3 ± 1.0 NLd

D2O/KCl, pH 5.0 Oe 13.2 ± 0.9 2.2 ± 0.4 NLd

Media, pH 5.0 Oe 15.1 ± 0.9 1.5 ± 0.4 NLd

D2O, pH 6.0 NCc 3.7 ± 0.4 0.6 ± 0.2 NLd

D2O/KCl, pH 6.0 NCc 1.9 ± 0.1 NCc NLd

Media, pH 6.0 NCc 2.3 ± 0.7 NCc NLd

D2O, pH 7.0 NCc NCc NCc NLd

D2O/KCl, pH 7.0 NCc NCc NCc NLd

Media, pH 7.0 NCc NCc NCc NLd

a For the D2O solutions, the listed pH is the measured pH � 0.4.
b The value is an average of three separate, independent NMR experiments. The standard deviation of those three measurements is given as the

error. Where no value is given, NC stands for No complex, NL stands for No ligand and O for overlap.
c No Mo-hydroxylamido complex or any other new complexes were observed in any of the independent samples. The lowest amount of complex

observable in these spectra is 0.01 mM for the D2O and D2O/KCl experiments and 0.05 mM for the measurements in media.
d No free ligand or any other new complexes were observed in any of the independent samples. The lowest amount of free ligand observable in

these spectra is 0.01 mM for the D2O and D2O/KCl experiments and 0.05 mM for the measurements in media.
e The expected signal arising from the complex overlaps with the signal of the free ligand.
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failed to show the complex and free ligand signals

approaching coalescence (data not shown) suggesting

that the process is too slow to be measured on the

NMR timescale in contrast to vanadium-hydroxylamido

complexes [46]. Combined, these experiments document

that these Mo-hydroxylamido complexes undergo lig-

and exchange too slowly to be examined by variable
temperature 1H NMR spectroscopy, but that the reac-

tion is complete in a few minutes as found by the dilu-

tion experiments. These experiments show that

complexes 1–3 can readily give up their metal ion upon

entering the cell; this is in contrast to complex 4, which

is inert with regard to ligand exchange and will require

some form of biotransformation before the metal ion

is released.
3.4. Thiol reduction of Mo complexes

To examine the possibility of potential biotransfor-
mations of the hydroxylamido complexes in a reducing

cellular environment, the reactivity of the complexes

with thiols was examined. This measurement was done

using an NMR assay in which the oxidation of thiol in

the presence of complex was monitored as a function

of time. 2-Mercaptoethanol (5 mM) in the presence of

2 (5 mM) was found to react slowly and even after 24

h only 4% of the thiol had been oxidized. A peroxomo-
lybdenum complex, [MoO(O2)(H2O)(dipic)] (5), used as

a positive control, was found to react rapidly and after

24 h more than 50% of the thiol had been oxidized. Nei-

ther molybdate nor 4 showed a tendency to reduce in the
presence of 2-mercaptoethanol at pH 5.0. The rates of

reduction did not change significantly when changing

the pH from 5 to 7. We therefore conclude that molyb-

date and these Mo-hydroxylamido complexes are only

slowly reduced under the reducing physiological condi-

tions of the cytoplasm partially maintained by intracel-

lular glutathione concentrations of 10 mM [47].
These results differ from the effects reported with

vanadate in yeast, since cellular vanadium(IV) appears

after cells are exposed to vanadate in the yeast medium

[38]. However, reactions of the thiols with the simple

vanadium-hydroxylamido complexes did not result in

thiol oxidation [48], and the formation of new com-

plexes has been reported [49].

N

O

O

Mo

H2O

O
O

O

O

O

[MoO(O2)(H2O)(dipic)] (5)

0

3.5. Electrochemistry

Cyclic voltammograms were recorded for 2.5–5.0 mM
solutions of the complexes at pH 5 where complexes are

intact. All the free ligand cyclic voltammograms gave
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peaks outside the thermodynamic stability range for

H2O. Furthermore, some cathodic features observed in

the cyclic voltammograms of the complexes are similar

to those observed from pure ligands. Cyclic voltammo-

grams of sodium molybdate were in agreement with pre-

vious reports [50]. Although cathodic currents were
observed in the Mo complexes, none were within the

thermodynamic stability range for H2O. We conclude

that complexes 1–4 will not undergo redox chemistry un-

der physiological conditions unless facilitated by some

biotransformation process.

3.6. Yeast growth studies

3.6.1. Effects of ligands and Mo salt

Yeast growth was monitored at varying pH values,

and yeast was found to grow similarly from pH 3.0 to

7.0 (control curves in Fig. 6). To establish a baseline

for comparison with the effects of metal complexes,

the effects of the free ligands and molybdate on cell

growth were first determined. Positive controls were

done using compounds known to inhibit yeast growth
at all pH values and are not shown in the figures. The

most effective positive controls are vanadyl sulfate (pH

3.0), [VO2(dipic-OH)]� (pH 5.0) [40] and vanadate (pH

6.0 and 7.0). The yeast were exposed to 10 mM of the

monoalkyl- and dialkylhydroxylamine ligands at pH

3.0 (Fig. 6(a)), 5.0 (Fig. 6(b)), 6.0 (Fig. 6(c)) and 7.0

(Fig. 6(d)). At pH 3.0, none of the ligands had any effect
Fig. 6. Growth of yeast in the presence of 10 mM MeHNOH,

Me2NOH, and Et2NOH at pH 3 (a), pH 5 (b), pH 6 (c) and at pH 7

(d). Control no ligand (triangle), the MeHNOH ligand (square), the

Me2NOH ligand (diamond), and the Et2NOH ligand (circle). Points

indicate the average of three measurements. The error bars represent ±

SD and are mostly covered by the symbols.
on growth (Fig. 6(a)). At pH 5.0, the ligands have only a

slight, but significant (p < 0.0009), effect on growth at 8

h. At pH 6 (Fig. 6(c)) and pH 7 (Fig. 6(d)) the ligands

affect yeast growth differently. The monoalkylhydroxyl-

amine (MeHNOH) ligand inhibited growth the most,

the Me2NOH ligand inhibited growth somewhat and
the growth inhibition by the Et2NOH ligand was indis-

tinguishable from control. The observed pattern of

growth inhibition by the hydroxylamine ligands follows

the greater tendency of monoalkylhydroxylamines over

the dialkylhydroxylamines to form radicals [27] and

not the order of lipophilicity of these ligands and com-

plexes (Et2NOH > Me2NOH > MeHNOH > H2NOH).

Since the effectiveness of ligand does not follow lipophi-
licity these results imply that a transport protein in the

membrane is involved in the entry of the ligand into

the cell.

The results of the corresponding treatment of yeast

with [(NH4)6(Mo7O24) Æ 4H2O] under similar conditions

are shown in Fig. 7. Yeast studies with Na2MoO4 Æ 2-
H2O in D2O were indistinguishable from the yeast stud-

ies with heptamolybdate (data not shown). The salt
inhibits yeast growth only at pH 3 as shown in Fig.

7(a); no substantial growth inhibition was observed at

pH 5, 6, and 7 (data shown for pH 5, Fig. 7(b)). A slight,

but significant (p < 0.0009), reduction in growth is ob-

served at pH 5.0, similar to that seen for ligand alone,

in the first 8 h. Since none of the complexes are intact

at pH 3 (vide supra) and the ligands do not have any ef-

fects at this pH, any observed yeast growth inhibition at
pH 3.0 is due to oxomolybdate anions. As reported pre-

viously molybdate does become cell-associated in S.

cerevisiae, which is not true for another yeast species [6].

3.6.2. Effects of Mo complexes

Since the Et2NOH ligand has no effect on growth,

any growth inhibition caused by the Mo complex would

be due solely to the complex and is therefore discussed
Fig. 7. Growth of yeast in the presence of various concentrations of

molybdate is shown at pH 3 (a) and at pH 5 (b). Growth conditions are

described in the experimental section. Control, 0 mM molybdate

(triangle), 1.0 mM molybdate (circle), 2.5 mM molybdate (diamond),

and 5.0 mM molybdate (square). Points indicate the average of three

measurements. Error bars represent ± SD and are mostly covered by

the symbols.
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first. The possibility that new Mo complexes formed

when the complex was added to the media is not likely,

as discussed earlier and shown in Table 3. No new Mo

complex was observed above the detection limit in the

presence of media components at 2.5 mM concentration

of complex as expected given that no growth media
components are effective ligands for Mo(VI). The results

from the yeast studies of complex 3 at pH 3.0, 5.0, and

6.0 are shown in Fig. 8(a)–(c). The data show, that solu-

tions of 3 inhibit yeast growth at pH 3 (Fig. 8(a)), at pH

5 (Fig. 8(b)) and pH 6 (Fig. 8(c)) for the 2.5 and 5.0 mM

concentrations. Only slight growth inhibition at 24 h is

observed for any Mo complex concentration at pH 7;

and only the positive control substantially inhibited
growth at this pH (data not shown). Combining the data

in Fig. 8 with the fact that complex 3 is unstable at pH 3,

the growth inhibition observed at pH 3 is attributed to

the oxomolybdate anion forming at acidic pH. Because

ligand or molybdate alone do not cause growth inhibi-

tion, the observed growth inhibition at pH 5 and 6

shown in Fig. 8(b) and (C) should be attributed to the

remaining intact complex as predicted from the equilib-
rium reaction described in this paper. Given the detec-
Fig. 8. Growth of yeast in the presence of [MoO2(Et2NO)2] (3) is shown at

symbols for different concentrations of metal compound and the use of error b

for Fig. 7.

Fig. 9. Growth of yeast in the presence of [MoO2(Me2NO)2] (2) is shown a

symbols for different concentrations of metal compound and the use of error b

for Fig. 7.
tion limit of the NMR experiment, our results imply

that intact complex 3 is a rather potent inhibitor of yeast

growth, showing an effect at the 50–100 micromolar

level.

Corresponding studies were carried out with the Mo

complex of N,N-dimethylhydroxylamine (Me2NOH) as
shown in Fig. 9(a)–(c). Since 10 mM Me2NOH is inhib-

itory at pH 7, the study at this pH is not shown. The

data in Fig. 9(a)–(c) show that solutions of complex 2 in-

hibit yeast growth at pH 3 (Fig. 9(a)), at pH 5 (Fig. 9(b))

and pH 6 (Fig. 9(c)). Growth inhibition at pH 3 is con-

sistent with the effect of the oxomolybdate anions (vide

supra and Fig. 7). Complex 2 inhibits growth at pH 5.0

and 6.0 as complex 3 does, but complex 2 is more potent
at pH 5. Although complexes 2 and 3 are labile and un-

dergo ligand exchange in the yeast media, a small frac-

tion of the complex remains intact as shown in the

speciation calculation for complex 2 at 2.5 mM (Fig.

4(a)). Growth inhibition is observed at the pH values

where some intact complex exists and in this case can

be detected in the media.

The effects of complex 1 were also determined, but
since the MeHNOH ligand inhibits at pH 6 and 7, the
pH 3 (a), 5 (b), and 6 (c). The description of growth conditions, the

ars in this experiment for complex 3 are the same as given in the legend

t pH 3 (a), 5 (b), and 6 (c). The description of growth conditions, the

ars in this experiment for complex 2 are the same as given in the legend



Fig. 11. Growth of yeast in the presence of [Mo(NO)(H2NO)(H2O)

(dipic)] (4) is shown at pH 3 (a) and 5 (b). The description of growth

conditions, the symbols for different concentrations of metal com-

pound and the error bars used in this experiment for complex 4 are the

same as those given in Fig. 7.
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data is only shown for the studies at pH 3 and 5 (Fig.

10(a) and (b)). The inhibition of growth by solutions

of complex 1 at pH 3.0 can again be attributed to the

free Mo salt as this complex is not stable at this pH.

At pH 5.0, the mixture of complex and free ligand/oxo-

molybdate was observed to significantly (p < 0.0009)
lower the growth at early time points, but by the 24 h

time point the growth yield is indistinguishable from

control. This is the only complex in which growth inhi-

bition at 8 h appears to be greater than that seen with

ligand alone. Note that the decreased yeast growth at

the early points of the pH 5 study is much greater than

that observed for the ligand (Fig. 6(b)) or salt (Fig.

7(b)). Since this Mo complex is detectable at pH 5 (Ta-
ble 3) while other complexes are not, we attribute the

observed effect to the Mo complex. However, at pH 6

and 7 a similar conclusion is circumspect, in part be-

cause the ligand inhibits and in part because at these

pH values very little complex, if any, remains intact.

The effects of these labile Mo-hydroxylamido com-

plexes on yeast were compared to a hydrolytically sta-

ble, but structurally related complex. Molybdate reacts
with the H2NOH, in the presence of chelating ligands,

to form complexes with both a coordinated nitrosyl

and a coordinated hydroxylamido ligand. An example

of such a complex is [Mo(NO)(H2NO)(H2O)(dipic)] (4)

[30]. This complex distinguishes itself from the other

hydroxylamido complexes investigated in this study by

remaining hydrolytically intact over the entire pH range

investigated. The effect of this complex on yeast growth
was determined at 1, 2.5 and 5 mM at pH 3.0, 5.0, 6.0

and 7.0. Data for the studies at pH 3.0 and 6.0 are

shown in Fig. 11(a) and (b), respectively; the data from

the pH 5 and 7 studies are indistinguishable from the pH

6.0 data and are not shown. Little growth inhibition was

observed over the entire pH range at all time points,

with the most inhibition seen for early times at pH

3.0. However, this slight growth inhibition was some-
times significant at the p < 0.05 to p < 0.0001 level. This

is the only Mo complex we investigated that did not sub-
Fig. 10. Growth of yeast in the presence of [MoO2(MeHNO)2] (1) is

shown at pH 3 (a) and 5 (b). The description of growth conditions,

symbols for different concentrations of metal compound and the use of

error bars in this experiment for complex 1 are the same as given in the

legend for Fig. 7.
stantially inhibit growth at pH 3 (Fig. 11(a)). Since

molybdate is found to inhibit growth at pH 3 even at

1 mM (Fig. 7(a)) the lack of inhibition by complex 4

suggests that this complex remains intact at pH 3. These

results are consistent with this hydrolytically stable com-

plex protecting the cell at pH values where aqueous Mo

ions or ligands inhibit growth.
Free metal ions are not believed to exist in the cell

[51]. When a free metal ion enters the cell it can bind

to multiple cellular components, many of which could

keep the metal ions from interacting with critical cellular

components. While neither ligand nor molybdate alone

affected yeast growth, a Mo complex could inhibit the

growth of yeast by selectively releasing the metal ion

to bind to a component of the cell critical for growth.
Alternatively, the Mo complexes could potentially in-

hibit growth by formation of nitric oxide (NO). Mo-

hydroxylamido complexes can serve as precursors for

intracellular NO. Indeed, metal nitrosyl complexes have

been postulated as potential NO delivery agents [52–56].

In contrast to the Mo-hydroxylamido complexes the

Mo(NO)-type complexes are very stable over a wide

pH range. Given this stability, it is likely that any NO
produced from the reduction of the Mo-hydroxylamido

complexes under physiological conditions will remain

bound to the molybdenum and will not affect yeast

growth unless facilitated by some biotransformation.

The inhibition efficacy of the complexes observed in this

work is: 2 > 3 > 1 �4. The inert Mo compound is the

least effective at inhibiting yeast growth while the Mo-

dimethylhydroxylamido complex is the most effective.
Interestingly, this order does not follow the lipophilicity

of these compounds and presumably reflects that these

compounds, similarly to the ligands discussed above, en-

ter the cell through a protein transport channel.
4. Summary

The solid-state characterization of complex 2 is de-

scribed and combined with the aqueous speciation of
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this simple complex and other related Mo-hydroxylam-

ido complexes. All of these complexes exist in aqueous

solution in the pH range 4–6, while a related nitrosyl

complex was hydrolytically stable over the entire pH

range examined (pH 2–8). The Mo-hydroxylamido com-

plexes are labile and undergo ligand exchange much like
the corresponding vanadium-hydroxylamido complexes.

The effects of 1.0, 2.5 and 5.0 mM of complexes 1–4 on

yeast at pH 3.0, 5.0, 6.0 and 7.0 were determined and

compared with the effects of free ligand and molybdate.

Complexes 1, 2 and 3 were found to inhibit growth at

pH 3.0, which was attributed to the major oligomeric

molybdate species that forms after the complexes hydro-

lyze. At pH 5.0 and 6.0 complexes 2 and 3 inhibited
growth. Because neither ligand nor molybdate inhibited

growth significantly at these pH values, the inhibition

could be attributed to some intact complex in solution.

Since the hydrolytically stable complex 4 showed little

or no effect on yeast growth over the entire pH range,

we conclude that some complexed Mo has no effect on

growth inhibition. The inhibition efficacy of the com-

plexes is: 2 > 3 > 1 �4. The studies have shown that
even when complexes can undergo ligand exchange,

their effects on growth do correlate with the presence

of some level of intact complex in the growth media.
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