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ABSTRACT: Reaction of the N,N-disubstituted bis(hydroxylamino) ligand o
2,6-bis[hydroxy(methyl)amino]-4-morpholino-1,3,5-triazine (H,bihyat) with ——
cis-[Mo"'0,(acac),] in tetrahydrofuran resulted in isolation of the
mononuclear compound cis-[Mo"'O,(bihyat)] (1). The treatment of
Na,Mo""0,-2H,0 with the ligand H,bihyat in aqueous solution gave the
dinuclear compounds cis-[Mo"",0,(bihyat),(H,0),] (2) and trans-
[Mo",0,(bihyat),(H,0),] (3) at pH values of 3.5 and 5.5, respectively.

The structures for the three molybdenum(VI) compounds were determined

by X-ray crystallography. Compound 1 has a square-pyramidal arrangement around molybdenum, while in the two dinuclear
compounds, each molybdenum atom is in a distorted pentagonal-bipyramidal environment of two bridging and one terminal
oxido groups, a tridentate (O,N,0) bihyat®~ ligand that forms two five-membered chelate rings, and a water molecule trans to the
terminal oxido group. The dinuclear compounds constitute rare examples containing the {Mo," 0, (s,-O,)}*" moiety. The
potentiometry revealed that the Mo"'bihyat®~ species exhibit high hydrolytic stability in aqueous solution at a narrow range of
pH values, 3—5. A subtle change in the coordination environment of the five-coordinate compound 1 with ligation of a weakly
bound water molecule trans to the oxido ligand (1w) renders the equatorial oxido group in 1w more nucleophilic than that in 1,
and this oxido group attacks a molybdenum atom and thus the dinuclear compounds 2 and 3 are formed. This process might be
considered as the first step of the oxido group nucleophilic attack on organic substrates, resulting in oxidation of the substrate, in
the active site of molybdenum enzymes such as xanthine oxidase. Theoretical calculations in the gas phase were performed to
examine the influence of water on the dimerization process (1 — 2/3). In addition, the molecular structures, cis/trans
geometrical isomerism for the dinuclear molybdenum(VI) species, vibrational spectra, and energetics of the metal—ligand
interaction for the three molybdenum(VI) compounds 1—3 have been studied by means of density functional theory

calculations.

B INTRODUCTION

Molybdenum enzymes are present in all forms of life, ranging
from ancient bacteria to humans, and, with the exception of the
nitrogenases,”> mostly catalyze oxido-transfer reactions.>*
Molybdenum-catalyzed epoxidation is also an important
process for the production of both bulk and fine chemicals: it
remains the basis for the industrial production of propylene
oxide and is a convenient laboratory method for epoxidation of
more complicated alkyl olefins.>®

The concentration of molybdate, [Mo"'0,]*", in seawater,
ca. 100 nM,” makes molybdenum the most abundant transition
metal in seawater, which presumably means that biological
systems take molybdenum from the sea. Thus, it is of vital
importance to further explore the aqueous chemistry of
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molybdenum(VI). Hydroxylamine ligands play an important
role in the sequestration of hard metal ions in biological
systems. For example, the naturally occurring hydroxylamine
ligand N-hydroxy-a,a-iminodipropionate (hidpa®~) is utilized
from mushrooms (of genus Amanita®) as a selective chelator
for vanadium,” forming a thermodynamically and hydrolyti-
cally™® quite stable vanadium complex, [V (hidpa),]*~ (Scheme
1). Its molybdenum analogue,11 [Mo(hidpa),]~ (Scheme 1),
possesses also great thermodynamic and hydrolytic stability.
Recently, Melman and co-workers'” reported a new family of
compact pincer tridentate chelators, based on an N,N-
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Scheme 1

M(hidpa), 1" m = (v, Mo)

disubstituted bis(hydroxyamino)-1,3,5-triazine motif (H,bht,
Scheme 2), that possesses high affinity and hydrolytic stability

Scheme : Hoj:%
BoS oM oSN ¢

L I T ¢ L

H,bht
(R=morpholine, Hybihyat | Hjtrihyat Hbipyh

for iron(IIl) and titanium(IV). Moreover, our group reported
that this family of N,N-disubstituted bis/tris(hydroxylamino)-
1,3,5-triazine ligands (H,bihyat and Hjtrihyat; Scheme 2)
possesses also high affinity and hydrolytic stability for
vanadium(V)"? over a wide pH range of 3—11.

Although the coordination chemistry of unmodified
hydroxylamine and its alkyl-substituted derivatives with
molybdenum'* and vanadium'® was extensively studied, the
ligation of molybdenum and vanadium'>'¢ with chelating
hydroxylamino (chehyl) ligands remains surprisingly unex-
plored.

A literature survey revealed that the metal-binding properties
of only three chelating N,N-disubstituted hydroxylamino
ligands, exce_})t for Hjhidpa, have been very recently
reported'>'>'” (Scheme 2). On the basis of these facts and
taking into account the thermodynamic and hydrolytic stabilit{
of vanadium(V) with the ligands H,bihyat'** and Hjtrihyat"
(Scheme 2), we embarked on an effort to prepare
molybdenum(VI) compounds with the chehyl ligand 2,6-
bis[hydroxy(methyl)amino]-4-morpholino-1,3,5-triazine
(H,bihyat) shown in Scheme 2.

In the present study, the synthesis and structural and
physicochemical characterization of the mononuclear com-
pound cis-[Mo""O,(bihyat)] (1) and of the dinuclear species
cis/trans-[Mo",,0,(p,-0,) (bihyat),(H,0),] (2/3) are re-
ported. The potentiometry shows that the Mo"'bihyat®~ species
exhibit high hydrolytic stability in aqueous solution at a narrow
range of pH values, 3—S5. The distinctive structural features of
the N,N-disubstituted hydroxylamido ligand bihyat*”, including
the rigid planar geometry and the strong binding properties of
the hard donor atoms, activate the Mo''=0 group in the
presence of water, resulting in dimerization of 1 to 2/3. In
addition, density functional theory calculations have been
carried out for the mononuclear and dinuclear molybdenum-

(VI) compounds in order to examine their geometrical
isomerism, the nature and relative strength of the metal—
ligand interaction, and the energetics of the dimerization
process (1 — 2/3) and to elucidate their vibrational spectra.

B EXPERIMENTAL SECTION
Materials. Mo'Cl; and N-methylhydroxylamine hydrochloride

were purchased from Merck and Fluka, respectively, and
Na,Mo0"'0,2H,0, cis-[M0*"0,(acac),], morpholine, and 2,4,6-tri-
chloro-1,3,5-triazine from Aldrich and used without any further
purification. C, H, and N analyses were conducted by the
microanalytical service of the Department of Chemistry, University
of Hamburg. Molybdenum was determined by atomic absorption. The
ligand H,bihyat was prepared by a literature procedure'* and
recrystallized from isopropyl alcohol. Its purity was confirmed by
elemental analysis (C, H, and N), IR spectroscopy, melting point, and
'H and *C NMR spectroscopy.

{2,6-Bis[hydroxy(methyl)amino]-4-morpholino-1,3,5-triazi-
nato-O,N,0O}-cis-dioxidomolybdenum(VI) (1; cis-
[Mo"'0,(bihyat)]). cis-[Mo"'0,(acac),] (0.250 g, 0.770 mmol) was
dissolved in anhydrous tetrahydrofuran (10 mL) at ambient
temperature (27 °C) with magnetic stirring. Then, solid H,bihyat
(0.196 g, 0.770 mmol) was added in one portion to the above stirred
solution. Upon addition of the ligand, the colorless solution turned
yellow. After S h of stirring, the solution was filtered, to the filtrate was
added hexane (30 mL), and the stirring was continued for an
additional 10 min. The resulting yellow precipitate was collected on a
glass frit and washed two times with 10 mL of hexane. The solid was
dried in vacuo and yielded 0.20 g (68%) of a light-yellow powder
identified as 1. Elem anal. Caled for CoH,;,N;OsMo (382.20): C,
2826; H, 3.69; N, 21.99; Mo, 25.10. Found: C, 28.24; H, 3.69; N,
21.78; Mo, 25.13. '"H NMR (CDCL,): § 3.49 (6H, s), 3.77 (3H, t),
3.92 (3H, t). ®C NMR (CDCL): 6 3627 (C,;), 44.82 (Cgg), 66.61
(C0).

Single crystals of 1 suitable for X-ray structure analysis were grown
by layering hexane into a concentrated tetrahydrofuran solution of the
compound.

Bis(u,-oxido)bis{2,6-bis[hydroxy(methyl)amino]-4-morpho-
lino-1,3,5-triazinato-O,N,O}bis[cis-aqua-cis-
oxidomolybdenum(VI)] (2:0.4H,0; cis-[Mo,"'0,(u,-0,)-
(bihyat),(H,0),]:0.4H,0). Na,Mo"'0,-2H,0 (0.150 g, 0.620
mmol) was dissolved in water (8 mL) under magnetic stirring at
ambient temperature (25 °C). The alkaline pH of the solution (~8.5)
was adjusted to ~3.5 with an aqueous hydrochloric acid solution (2
M) and then solid H,bihyat (0.154 g, 0.600 mmol) was added in one
portion to the above stirred solution. Upon addition of the ligand, the
colorless solution turned orange, and an orange precipitate formed.
The pH of the reaction mixture was kept at pH ~3.5 with 2 M HCL
After an additional 12 h of stirring, the precipitate was filtered off,
washed with 4.0 mL of water and then with 5 mL of methyl alcohol,
and dried in vacuo. Yield: 0.14 g (58% based on H,bihyat). Elem anal.
Calcd for C;gHs, gN 1,04, ,Mo, (807.43): C, 26.75; H, 4.09; N, 20.82;
Mo, 23.76. Found: C, 26.70; H, 4.19; N, 20.72; Mo, 23.70. 'H NMR
(D,0, 0.10 M KCl, pD 3.4, 2.00 mM): § 3.54 (6H, s), 3.79 (3H, t),
3.89 (3H, t). *C NMR (D,0, 0.10 M KCL pD 3.4, 2.00 mM): 5 35.96
(Cys), 44.36 (Cyg), 66.29 (C,y). Single crystals of 2-8D,0 suitable for
X-ray structure analysis were grown as described in the experimental
section of the Supporting Information (SI).

Bis(u,-oxido)bis{2,6-bis[hydroxy(methyl)amino]-4-morpho-
lino-1,3,5-triazinato-O,N,O}-bis[trans-aqua-trans-
oxidomolybdenum(V1)] (3:1.7H,0; trans-[Mo,"'0,(u,-0,)-
(bihyat),(H,0),1:1.7H,0). This compound was synthesized in an
manner analogous to that of compound 2-0.4H,0O except that the final
pH'® of the solution was 5.5 in 73% yield. Elem anal. Calcd for
CsH354N,0,5,Mo, (830.85): C, 26.00; H, 4.29; N, 20.23; Mo,
23.09. Found: C, 26.05; H, 4.29; N, 20.32; Mo, 23.00. 'H NMR (D,O,
0.10 M KCl, pD $.3, 2.00 mM): § 3.55 (6H, s), 3.79 (3H, t), 3.92 (3H,
t). 3C NMR was not observed because of the low concentration of the
complex. Single crystals of 3-2D,0-2CD;CN suitable for X-ray
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structure analysis were grown as described in the experimental section
of the Supporting Information.

The IR spectra of complexes 2 and 3 in KBr are shown in Figure S1
in the Supporting Information.

Bl RESULTS AND DISCUSSION

Synthesis. Compounds 1 (mononuclear), 2 (cis dinuclear),
and 3 (trans dinuclear) were synthesized according to Scheme
3. The mononuclear complex 1 was prepared by the treatment
of cis-[Mo""0,(acac),] (eq 1) with an equivalent quantity of
the ligand H,bihyat.

cis-[Mo "0, (acac),] + H,bihyat
- cis-[MoVIOZ(bihyat)] + 2Hacac (1)

The dinuclear species 2 and 3 were prepared by reacting
Na,Mo"0,- 2HZO with H,bihyat in water (eq 2) at pH values
of 3.5 and 5.5,"" respectively. Solvation and hydrogen bonding
presumably stabilize the more polar cis isomer than the trans
isomer at lower pH values.

2Na2MoVIO4-2H20 + 2H,bihyat
— cis/trans-[Mo "', 0, (1,-0), (bihyat), (H,0), ]
+ 4NaOH + 2H,0 @)

Efforts to isolate the molybdenum(V) species with the ligand
H,bihyat using Mo"Cl; as the source of molybdenum(V) and
water as the solvent were unsuccessful because we always ended
up with the dinuclear molybdenum(VI) compound 2 (eq 3)."
This is something expected on the basis of the interaction of
vanadium with Hbihyat, in which vanadium(V) compounds
were always isolated 1rres§)ect1ve of the vanadium(IV) source
and the conditions used.'*

1
2Mo " Cl + 502 + 2H,bihyat 4+ SH,0

— cis-[Mo"",0,(u,-0), (bihyat), (H,0),] + 10HCI
pH3.5 3)

The mononuclear compound 1 is soluble in nonpolar solvents
such as acetonitrile, tetrahydrofuran, chloroform, dichloro-
methane, etc., while the dinuclear compounds are very slightly
soluble.

Crystal Structures. A summary of the crystallographic data
and final refinement details for compounds 1—3 are given in
Table S1 in the SI. The molecular structure of compound 1 is
shown in Figure 1. A selection of interatomic distances and

Figure 1. ORTEP representation of compound 1 at 50% probability
ellipsoids with atomic numbering.

bond angles relevant to the molybdenum coordination sphere
in 1 is listed in Table S2 in the SI. The molybdenum atom has
an almost ideal square-pyramidal geometry (7 = 0.104)*° and is
bonded to a tridentate bihyat®™ ligand at the triazine nitrogen
atom [d(Mo—N,) = 2.063(2) A] and the two deprotonated
hydroxyamido oxygen atoms [d(Mo—0;) ~ 1.99 A] as well as
two oxido groups [O(3) and O(4)].

The molecular structures of the dinuclear compounds 2 and
3 are shown in Figures 2 and 3, respectively. A selection of
interatomic distances and bond angles relevant to the
molybdenum coordination sphere in 2 and 3 is listed in Tables
S3 and S4 in the SI, respectively. In compounds 2 and 3, each
molybdenum atom is in a distorted pentagonal-bipyramidal
environment of two bridging and one terminal oxido groups, a
tridentate (O,N,0) bihyat’~ ligand that forms two five-
membered chelate rings, and a water molecule trans to the
terminal oxido group. Compounds 2 and 3 appear to be
rare' "> examples containing the {Mo',0,}*" moiety.
Interestingly, the two terminal oxygen atoms [O(3) and
O(13)] in 2 are in the cis position relative to each other, which
is in contrast to the trans arrangement observed for this
class"**! of {M0",0,}*" compounds. In the chemistry of the
molybdenum(V) species, the {Mo",0,}** moiety is quite
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Figure 3. ORTEP representation of the anion of compound 3 at 50% probability ellipsoids with atomic numbering.

common, and the terminal oxido groups are found to be nearly
exclusively in the cis position.”

NMR Spectroscopy. The '3C NMR data deduced from 2D
{'H,°C} gzzHQSC NMR spectra (Figure S2 in the SI) of the
ligand H,bihyat (see Scheme 4 for atom numbering) and of the

Scheme 4
c(4)
N—OH
c(6) N—-C(2)
N—C(3) N
C(p \ //
C(8) N—=cC(1)
\
C(9) N—OH
c(5)

molybdenum(VI) compounds in various solvents and their
complexation-induced shifts (cis) are shown in Table 1. The
A(Cys) [Au = Scomplex — 5ngand] values are in the range —0.72
to —1.43 ppm, and this means that the ligand(s) remain(s)
bonded to the molybdenum(VI) atom at the triazine nitrogen
atom and the two deprotonated hydroxyamido oxygen atoms.
The mononuclear compound 1 in CD;CN and CDCl; has

moderate deshielding for C,5 (~—0.8 ppm), while in D,0, the
large deshielding of —1.43 ppm for C, induced by ligation of
bihyat*~ to the molybdenum(VI) atom has been assigned to the
dinuclear species that are formed in D,0, as was evidenced by
potentiometry, '"H NMR, and UV—vis spectroscopies (vide
infra) and from the isolation and crystallographic character-
ization of the dinuclear compounds 2 and 3 from D,O (pD 3.8)
and from mixtures of CD;CN and D,O, respectively.

The 'H NMR spectra of the monomer, i.e., compound 1, in
CD;CN and dimer (in D,O, pD 3.5) also gave different
chemical shifts for H;C(4,5) (Smonomer — Odimer = 0-18 ppm);
however, the larger differences were observed for the remote
protons from the metal center, H,C(7,9) (Smonomer — Odimer =
0.80 ppm). The H;C(4,5) groups are close to the molybdenum
atom, and variation of the chemical shifts of the attached
protons is expected because of the different coordination
environments of the metal center between the monomer and
dimers. However, deshielding of the distant protons from the
metal center, H,C(7,9), observed for the monomer is
unexpected. In order to explore the origin of these shifts, the
crystal structures of the three molybdenum(VI) compounds
were examined in great detail. The morpholine rings in the
crystal structures of compounds 1 (monomer) and 3 (trans
dinuclear) are almost perpendicular to the plane defined by the
triazine ring (see Figures 1 and 3, respectively), and thus the

Table 1. *C NMR Chemical Shifts (ppm) from gHSQC of the Ligand H,bihyat and of the Molybdenum(VI) Species in Various

Sligand (5comp1ex)

Solvents
solvent compound Cys”*
CDCl, 1 37.11 (36.27)
CD,CN 1 36.78 (36.06)
D,0 ¢ 37.39 (35.96)

“Atom numbering as in Scheme 4. bAG = Bcomplex — Origana- “The sample was

C@ga C7,9a Acis(czt,s)b
43.70 (44.82) 66.73 (66.61) —0.84
44.66 (43.75) 66.13 (66.18) -0.72
44.36 (44.36) 66.21 (66.29) —143

prepared by mixing equal volumes of 2.00 mM Na,Mo"'0,-2H,0 and

2.00 mM H,bihyat in D,O and 0.10 M KCl, and the pD was adjusted to 3.4 with a DCI solution (0.01 M) in D,O.

13141
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carbon atoms C(7) and C(9) are close to the triazine ring
{d[C(3)—C(7,9)] = 3.298(4) A for 1 and ~3.41 A for 3}, while
the morpholine ring in 2 (cis dinuclear) lies almost at the same
plane with the triazine ring (see Figure 2) with d[C(3)—
C(7,9)] = ~3.65 A. As a result, the protons attached to carbons
C(7) and C(9) in 1 and 3 are exposed to deshielding of the
anisotropic magnetic field of the aromatic ring, while in 2, the
corresponding protons are away from the aromatic ring. The
different positions of the morpholine ring in 1—3 are attributed
to deviation of the morpholine nitrogen atom from the plane
defined by the carbon atoms C(3), C(6), and C(8) (Scheme
4). The four atoms C(3), C(6), C(8), and N,,] (Scheme 4) are
almost homoplanar, showing an sp2 hybridization for the
morpholine nitrogen atom'>* (resonance form B, Scheme 5).

Scheme §
/ @/
HO—N HO—N\>_ -
N _ )N @
Y pd— W
=N N
HO—N HO—N
\ @\
A B

However, the morpholine nitrogen atom deviates slightly above
the plane defined by the three carbon atoms in the structure of
2 [0.116(8) A] and below this plane in the structures of 1
[0.205(3) A] and 3 [0.132(4) A]. Thus, the ligand is described
as a hybrid of the two resonance forms shown in Scheme 5.
The percentage of each resonance form (Scheme $), and thus
the electron-donating strength of the morpholine nitrogen
atom to the triazine ring, is dependent on the complex and
metal-ion coordination.

To further confirm these assignments, the '"H NMR spectra
of 1 in the mixed-solvent system CD;CN/D,O (Figure 4) were
measured, starting with neat CD;CN and adding various
volumes of D,0. The addition of even a few drops of D,O into
the CD;CN solution of 1 resulted in a color change from pale-
yellow to brown-red, concomitant with the appearance of a
peak at 404 nm (Figure S) in the UV—vis spectrum of this

CD4CN: D,0
Hy C(7.9 H, C(6.8 3 2
2009 2¢68) Hj C(4.5) free
" ligand
29:71
0 ;
0 36:6.4
3 >
: ] 44:58
) 50:50
7 |"
5 M Nl 56:4.4
, | 64:36
f/ m! 53:47
L_Jw
8.0:2.0
3 |
P ’ 9.0:1.0
2 95:05
K - M : : 110.0: 0.0
4.0 3.9 3.8 3.7 3.6 3.5 3.4 3.3
3"H(ppm)

Figure 4. '"H NMR spectra (500 MHz) of 1 in CD,CN (spectrum 1)
and in the mixed-solvent system (CD;CN/D,O, v/v). The initial
concentration of 1 in CD;CN was 1.5 mM. Hydrolysis of the
molybdenum(VI) compounds and formation of the free ligand
H,bihyat are observed in the CD;CN/D,O solutions containing
D,0 > 50% v/v (spectra 8—11). The large peaks of spectra 4—6 are
due to free H,0 in D,0. The H,0O peak shifts to lower field as the
quantity of D,O in the solvent system increases.

solution. The peak at 404 nm is characteristic of the dinuclear
molybdenum(VI) species (see Figure S3 in the SI).

4-

404 nm

Absorbance, a.u.

327 nm

Wavelength, nm

Figure S. Visible spectra of compound 1 in acetonitrile before (blue
line) and after (red line) the addition of water.

In addition, the '"H NMR peak of the HyC(4) and H;C(5)
protons and the peaks of the protons attached to carbons C(7)
and C(9) shift gradually to higher field, indicating formation of
the cis/trans dinuclear species. The fact that the addition of
water into an acetonitrile solution of 1 shifts the 'H NMR
peaks without the appearance of new peaks for the different
Mo""bihyat*™ species has been attributed to the very fast
interconversion between the molybdenum species, faster than
the NMR time scale.

Electrochemistry. The cyclic voltammetric examination of
the ligand H,bihyat and of the mononuclear compound 1 in
CH;CN (Figure S4 in the SI) shows oxidation and reduction
waves assigned to the redox activity of the ligand. The peaks of
the voltamogram of 1 in CH;CN are shifted to lower potentials
compared to the free ligand because of its ligation to the
molybdenum atom. Similarly, the cyclic voltammogram of
compound 2 (Figure SSA in the SI) in water (pH 3.52) was
very similar to that of the free ligand (Figure SSB in the SI) at
the same conditions.

Mo"'H,bihyat Equilibrium Studies. The stability con-
stants of the mononuclear and dinuclear molybdenum(VI)
species are summarized in Table 2. The pH dependence of the
"H NMR spectra of the Mo""H,bihyat system over the pH
range of 2—6 (Figure S6 in the SI) reveals that the
Mo"'bihyat*™ species exhibit the highest stability at pH ~4. It
is evident from the pH dependence of the fraction of the
Mo""bihyat*~ species, on the basis of the '"H NMR peak areas
(Figure 6), that the dinuclear species are formed. Formation of
the dinuclear species was also verified by UV—vis measure-
ments (Figure S7 in the SI). The Mo"'bihyat*™ species have
absorption maxima at 406 nm (Figure S3 in the SI), while
neither the oxidomolybdenum(VI) anions nor the ligand has
color in the visible range.

The fitting graphs (Figures 6 and S7 in the SI) and
parameters (Table 2) of the data evaluation of all three
methods support formation of the dinuclear species. The
assumption of the coexistence of both the mononuclear and
dinuclear species gives the best result; however, the difference
compared to the only dinuclear species model is not significant.
The three applied methods give only an estimation of the
dimer—monomer equilibrium (log Kginer/monomer = 3-9 £ 0.6),
indicating the dominance of the dinuclear species. The
speciation curves (Figures 7 and S8 and S9 in the SI) with
the assumption of the presence of only the dimer) reveal that

dx.doi.org/10.1021/ic301282q | Inorg. Chem. 2012, 51, 13138—13147
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Table 2. Formation Constants (log f) for the System H*Mo"'0,> Hbihyat ® (HL")

log 511 fitting log f311/10gf,, [logK] [MoO,(L)]/ fitting log S fitting
[MoO,(L)] parameter [(MoO,(L),] parameter [(MoO,(L),] parameter
pH metry 21.12(2) 1.8 x 1073% 20.94(19)/45.10(36) [3.22] 17 x 1073% 45.61(3) 1.9 x 1073%
'"H NMR 21.26(3) 3.7 X 1072¢ 20.64(28)/45.63(9) [4.35] 2.0 X 1072¢ 45.75(2) 2.1 x 1072¢
UV—vis 21.51(1) 1.6 x 10724 20.99(4)/45.97(9) [4.05] 4.0 x 10734 46.15(1) 64 % 1073
average 20.85(20)/45.6(4) [3,9(6)] 45.84(28)

“Because an accurate pK, value of Hbihyat™ could not be determined by potentiometry (the deprotonation of Hbihyat™ could not be detected until
pH 11.7, I = 0.20 KCI, 25.0 °C),"® it has been assumed that Hbihyat™ cannot be deprotonated to bihyat>™. “The average difference between the
calculated and experimental titration curves expressed in cm® of the titrant. “The average difference between the fitted and directly calculated mole

fractions. “The average difference between the calculated and experimental absorbance values.

0.6
0.5
0.4
0.3 -
0.2
0.1

Fraction of Mo"' (NMR)

0.0

pH

Figure 6. Fraction of the detected Mo"'bihyat®™ species over the pH
range of 2—6, calculated from integration of the 'H NMR peaks of the
free and ligated bihyatz_ ligand [Cmolybdenum = 1.00 mM, Cpipyee = 1.00
mM, I = 0.20 M (KCl), and T = 25.0 °C]. The individual points (4)
are calculated from integration of the '"H NMR peaks. The solid line
represents the fitted values on the basis of stability constants in the
presence of only the dimer [MoO,(bihyat)],, the dash-dotted line
(='=) represents the presence of only the monomer cis-
[MoO,(bihyat)], and the dotted line (- - -) represents both species.

1.0 4

MoO, >

o
=]
.

o
[
|

* HMo,0,5>

Fraction of Mo"
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HMoOQ,”

2 4 6 8 10
pH

Figure 7. Speciation curves of the molybdenum(VI) species formed in
the Mo""H,bihyat system at a 1:2 metal-to-ligand ratio. Crnolybdenum(V1)
= 0.0010 M, I = 020 M, and T = 25.0 °C.

molybdenum(VI) does form stable complexes with bihyat*~
over only a narrow pH range (pH 3—S5), which is in marked
contrast to the high stability of the vanadium(V) species with
bihyat®™ over a wide pH range in water (pH 3.3—11)."**
Thermogravimetric Analysis (TGA). Figure 8 shows the
TGA curves for compounds 1 (monomer), 2-04H,0O (cis
dimer), and 3-1.7H,O (trans dimer), respectively. The thermal
decomposition of compound 1 (Figure 8, blue curve) occurs in
two exothermic steps (Figure S10 in the SI, blue curve) with an
overall weight loss of 62.48%, which corresponds to the
removal of an organic ligand, resulting in the formation of
molybdenum(VI) oxide, Mo"'O; (theoretical mass loss
62.34%). The first step is very sharp, takes place at ~185—

100

40+

T T T T
100 200 300 400
Temperalure, °C

Figure 8. TGA curves of compounds 1 (monomer, blue curve),
2-0.4H,0 (cis dimer, green curve), and 3-1.7H,O (trans dimer, red
curve).

215 °C (Figure 8, blue curve), and corresponds to the removal
of about half of the ligand. The removal of the remaining part
of the ligand takes place up to ~470 °C in the next step.
Thermal decomposition of compounds 2-0.4H,O and
3-1.7H,0 has an additional step at ~40—100 °C, which is
endothermic (Figures 8 and S10 in the S, green and red curves,
respectively), and it is attributed to the removal of water
(ligated and crystalline). After the removal of water, the
dinuclear compounds 2-0.4H,0 and 3-1.7H,O exhibit the same
thermal behavior (Figure 8) as compound 1 (monomer), which
indicates that the dinuclear compounds 2:0.4H,O and
3-1.7H,0 first are converted to the monomer (1) and then
are decomposed. In order to prove this hypothesis, compound
2-0.4H,0 was elaborated by a new heating program consisting
of two steps, the dynamic step, from ambient temperature (~20
°C) to 90 °C, with a heating rate of § = 2 °C/min, and the
isothermal step (1 h) at 90 °C. The light-yellow powder
produced (eq 4) is identified as 1 by IR, elemental analysis, and
NMR. The weight losses of the additional step are 5.92% for
2-:0.4H,0 and 7.90% for 3-1.7H,0, which correspond to the
removal of 2.4 and 3.7 water molecules, respectively.

90°C
2-0.4H,0 (dimer) == 1 (monomer)

H,0 4)

B THEORETICAL STUDY

Molecular Structures of Compounds 1-3. The
optimized molecular structures of compounds 1-3 at the
B3LYP level are shown in Figure S11 in the SI. Although no
symmetry constraints have been applied, the calculated
structures for 1—3 are symmetrical, adopting the point groups
Cy Cy and C;, respectively. Selected calculated and experimental
bond lengths and angles for compounds 1—3 are given in Table
SS in the SI. An overall agreement has been found between the
calculated and experimental geometrical parameters of
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compounds 1—3. The metal—ligand bond lengths are always
longer than the experimental values particularly at the BP86
level, a fact that has been attributed to interatomic interactions
present in the solid state.”>**

Cis—Trans Geometrical Isomerism in 2 and 3. The
calculated energy difference between compounds 2 and 3,
which exhibit cis—trans geometrical isomerism (Scheme 3), is
very small, and the trans isomer 3 is more stable than the cis
isomer 2 by 5.8 kcal/mol. Thus, isolation of the cis or trans
isomer could be attributed to small differences in the
preparation conditions (different pH values). The higher
thermodynamic stability of the trans isomer is in agreement
with the trans arrangement observed for the structurally
characterized dinuclear compounds containing the
{Mo",0,}* moiety.'***! Solvation and hydrogen bonding
presumably stabilize at lower pH values the more polar cis
isomer than the trans isomer.

Energetics of the Metal Fragment—Ligand Interaction
in 1-3. The strength of the overall interaction between the
metal fragments cis-[Mo"'0,]*" and cis/trans-[Mo," O, (u,-
0,)(H,0),]*" and the ligand dianion (bihyat*") has been
calculated for the three molybdenum(VI) compounds. The
adiabatic interaction energy (AE,,, eq S), between the metal
and ligand fragments to get the three Mo"'bihyat’~ compounds,
has been corrected by taking into account the basis set
superposition error, that is

AE; = AE + AEgg; (%)

where AE gives the uncorrected interaction energy, that is, the
difference between the energy of the whole molecule and the
sum of energies of its fragments, and AEgs the basis set
superposition error calculated. The calculated values, given in
Table 3, reveal that the interaction energies in compounds 2
and 3, ie., the cis/trans geometrical isomers, are almost the
same.

Table 3. Calculated Metal Fragment (M)—Ligand (L)
Interaction Energy for the Complexes Studied”

M L AE AEpi®  AE,S

1 cis-[Mo"0,]* [bihyat]*~ —813.1 17.2 —796.0

2 cis-[MOZVIOZ(M%— [bihyat],*”  —1958.3 352 —1923.1
0,) (H,0),]"

3 trans-[Mo,"O,(u,-  [bihyat],*™  —1960.4 36.1 —19243
4+

0,) (H;0),]

“Energies in kcal/mol. bBasis set superposition error. “The adiabatic
interaction energy, AE,,, is given by eq S.

Vibrational Spectra of Compounds 1-3. Calculation of
the Hessian for the three molybdenum(VI)-optimized
structures gave the frequencies of the fundamental vibrations.
The symmetric and asymmetric stretching frequencies of the
cis-{MoQ,}** group for the mononuclear compound 1 have
been calculated as 921 and 927 cm™ with intensities 170 and
210 kM mol™!, respectively, and correspond to the
experimental bands at 915 and 948 cm™', respectively. The
calculated frequencies of the normal modes concerning the cis-
or trans-{Mo,"'0,(1,-0),}*" fragment in the dinuclear
compounds 2 and 3 along with the experimental values are
given in Table 4. In complexes 2 and 3, the experimental band
at about 720 cm™! seems not to be differentiated from cis—
trans isomerization and should be assigned to the calculated
normal mode located next to {Mo(u,-O),Mo} and shown in

Table 4. Calculated and Experimental Vibrational
Frequencies” for Compounds 2 and 3

2 3

caled exptl caled exptl
{Mo(y,-O,)Mo} Vibrations”
689 (719) 715s 670 (951) 719s
Mo=0-Centered Vibrations”
918 (38) 914s 884 (0)
926 (223) 9475 899 (101) 9495
Ligand Vibrations®
1483 (35) 1436m
1485 (568) 1500m 1481 (285) 1480m
1524 (622) 1542vsbr
1525 (237) 1565vs,br 1507 (3775) 1540vs
1603 (202) 1651s 1569 (591) 1601s
1612 (189) 1667s 1639 (476) 1668s

“The characteristic calculated normal modes, a—f, of compounds 2
and 3 are shown in Figure 9.

Figure 9a. On the contrary, the calculated normal modes
corresponding to Mo=O-centered vibrations are greatly
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Figure 9. Characteristic calculated normal modes of compounds 2 and
3.

affected from the cis or trans conformation of the {Mo"O-
(4,-0),M0"'O}** group, as shown in Table 4. In complex 2,
i.e., the cis isomer, the two such normal modes calculated with
nonzero intensity are shown in Figure 9b,c. Thus, the two
bands at 913 and 947 cm ™" are assigned to these two Mo=0-
centered vibrations. In the case of complex 3, ie., the trans
isomer, only one of the calculated normal modes, shown in
Figure 9d,e, is IR-active and corresponds to the experimental
band at 949 cm™! for 3. Thus, it seems that the existence of
only one well-defined strong band in the 900—950 cm™" region
could serve as a diagnostic tool for the trans configuration in
related species.

Detailed analysis of the ligand vibrations of the mononuclear
species has already been done.'*® Thus, the following
discussion will be restricted to the differences in the ligand
normal modes of the cis and trans dinuclear complexes. The
most characteristic ligand calculated and experimental
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frequencies are given in Table 4. Again the difference in the
spectra of cis and trans complexes comes from the number of
triazine ring C—N vibrations. In the trans complexes, there are
four such normal modes, giving rise to four sharp bands in the
1500—1650 cm ™ region of the experimental spectra of complex
3. The normal mode corresponding to the most intense band in
all compounds, that is, the frequency about 1540 cm™ s
shown in Figure 9f.

Investigation of the Mechanism of the Dimerization
Process. In order to evaluate the influence of water on the
dimerization of 1 to cis/trans-[Mo, 10, (p,-0,)-
(bihyat),(H,0),] (2/3), geometry optimizations and calcu-
lations of the thermodynamic parameters of a series of
intermediates leading to the dinuclear species 2 and 3 have
been carried out. The two possible mechanisms for the
transformation of 1 to 2/3 along with energy data are depicted
in Scheme 6. In the first mechanism, the dimerization process

Scheme 6
)
/N|‘|_;5f‘\\o,,,, I 0
—Mo.
o o N\, 4(]) H\or (I) H\o @ °
P @ T o T NN 50
2NT—MG_+ 2H,0 —=2 N=“Mo=0 o | +2H0 = 2N“—MJ
\ |
W o 4 O N AW
OH; N\ Ve

E(keal/mol)

(eq 6 and Scheme 6A) is ideally broken into two steps, the first
one being ligation of a water molecule to get the six-coordinate
[Mo"'0,(bihyat)(H,0)] (1w) fragment (eq 7) and the second
one being dimerization of the latter (eq 8).

2cis- [MOVIO2 (bihyat)] + 2H,0
- cis/tmns-[MoZVIO2 (/‘2'02) (bihyat), (H,0), ] (6)
cis- [MOVIO2 (bihyat)] + H,0 — [MOVIO2 (bihyat)(H,0)]
1w
(7)
2 |:MoVIO2 (bihyat) (H,0)]
— cis/trans-[Mo, "0, (1,-0,) (bihyat), (H,0), ] (8)

A stabilization energy of 18.1 kcal/mol is calculated for the
formation of species 1w. The optimized structure of 1w is
shown in Figure 10A, and its calculated geometrical parameters
are listed in Table S6 in the SI. The molybdenum atom in 1w
has a severely distorted octahedral geometry with a weakly
bound water molecule [d(Mo—0,,) = 2.664 A]. In a final step,
compounds 2 (cis dinuclear) and 3 (trans dinuclear) are
derived from dimerization of 1w with a calculated energy gain
of 9.1 and 14.9 kcal/mol, respectively.

In the second mechanism (Scheme 6B), two mononuclear
molecules of 1 are dimerized first to the dinuclear species
[Mo,"70,(u,-0,) (bihyat),] (1d) with a calculated stabilization
energy of 9.4 kcal/mol and then ligation of two water molecules
to 1d leads to compounds 2 and 3 with calculated energy gains
of 17.9 and 23.7 kcal/mol, respectively. The species 1d has a
highly symmetric (point group C,;) optimized structure and is
shown in Figure 10B, and its calculated geometrical parameters

Figure 10. Optimized geometries of the intermediate molybdenum-
(VI) compounds 1w (A) and 1d (B) in the mechanism of
dimerization of compound 1.

are listed in Table S6 in the SI. In the dinuclear compound 1d,
each molybdenum atom has a distorted octahedral coordination
environment. The two oxido bridges in 1d are highly
unsymmetrical with short [d(Mo—0y;) = 1.764 A] and very
long [d(Mo—0y,) = 2.839 A] bonds, and the two terminal
oxido groups are in a trans arrangement, in agreement with the
literature data,'***" where the four structurally characterized
{Mo",0,}* compounds containing tridentate Schiff bases
have the same structural features.

The energy changes for both mechanisms are in favor of the
seven-coordinate dinuclear compounds 2 and 3. Examination of
each separate step reveals that the mononuclear six-coordinate
adduct 1w is energetically more favorable, relative to the
dinuclear 1d fragment. Moreover, the addition of water
molecules to the six-coordinate molybdenum atoms in 1d
should be more difficult for steric reasons. Thus, it is reasonable
to assume that the first mechanism (coordination of water/
dimerization) of conversion of 1 to 2/3 is more plausible. In
marked contrast, in the dimerization process of the six-
coordinate mononuclear compounds cis-[Mo"'0,LD]** (L,” =
tridentate Schiff base; D = H,0, CH,0H, C,H;OH, etc.), the
first step involves decoordination of D and the second step
involves dimerization (Scheme 6B) of the five-coordinate
species cis-[Mo"'O,L] to the dinuclear species trans-
[Mo",0,(1,-0,)L,]. Decoordination of the monodentate
ligand D in this class of compounds results in an increase of
the electrophilicity of the molybdenum atom that attacks one
oxido group of the five-coordinate species cis-[Mo""O,L], and
the dimer trans-[Mo",0,(u,-O,)L,] is formed.

B RELATIONSHIP TO BIOLOGICAL SYSTEMS

Our work shows that the electron-donating properties of the
Mo"'=0 group are strongly dependent on the coordination
environment around Mo"". More specifically, a subtle change in
the coordination environment of the five-coordinate compound
1, with weak ligation of a water molecule (1w) trans to an oxido
group [d(Mo—Oy ) = 2.664 A], renders the equatorial oxido

group in 1w more nucleophilic than that in 1, and this oxido
group attacks a molybdenum atom and thus the dinuclear
compounds 2/3 are formed containing the structural unit {O=
Mo(u-0),Mo=0}*". The calculated Mulliken charges on the
oxygen atoms in compounds 1 and 1w (Scheme 7) confirm the
increased nucleophilicity of the equatorial oxygen atom in 1w.>¢
The nucleophilic attack of the terminal oxygen atom of
molybdenum enzymes on substrates is a key step in the
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Scheme 7
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reaction mechanisms of the oxidation of various substrates,

including the oxidation of sulfite and hypoxanthine by sulfite
oxidase and xanthine oxidase, respectively.

B CONCLUSIONS

We have synthesized and structurally characterized the
mononuclear molybdenum(VI) compound 1 and the dinuclear
compounds 2 and 3. The three compounds represent the first
molybdenum complexes with bis(hydroxyamino)-1,3,5-triazine-
type ligands, which constitute a class of complexing agents for
metal ions in their highest oxidation states (i.e, Ti"" and V).
Compound 1 undergoes a conversion into the dinuclear species
2 and 3 upon ligation of a water molecule. This subtle change
in the coordination environment of the five-coordinate
compound 1 with ligation of a weakly bound water molecule
trans to the oxido ligand (1w) renders the equatorial oxido
group in 1w more nucleophilic than that in 1, and this oxido
group attacks a molybdenum atom and thus the dinuclear
compounds 2 and 3 are formed. The potentiometric study of
the Mo"'bihyat’™ system revealed that the Mo " bihyat*~
complexes are hydrolytically stable over a narrow pH range
(3-9).
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Experimental details for physicochemical measurements,
Figures S1-S11, Tables S1—S6, and X-ray crystallographic
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