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Dioxidomolybdenum(VI) Complexes of Tripodal Tetradentate
Ligands for Catalytic Oxygen Atom Transfer between Benzoin
and Dimethyl Sulfoxide and for Oxidation of Pyrogallol

Mannar R. Maurya,*® Bhawna Uprety, and Fernando Avecilla!

Abstract: The reactions of the tripodal tetradentate ONNO
donor ligands 6,6”-{[(2-morpholinoethyl)azanediyl]bis(meth-
ylene)}bis(2,4-di-tert-butylphenol) (H,L'), 6,6’-{[(2-morpholino-
ethyl)azanediyl]bis(methylene)}bis(2,4-dimethylphenol)  (H,L?)
and  6,6’-{[(2-morpholinoethyl)azanediyl]bis(methylene)}bis[2-
(tert-butyl)-4-methylphenol] (H,L3) with [Mo"'O,(acac),] (acac =
acetylacetonato) in a 1:1 molar ratio in MeOH gave the corre-
sponding cis-dioxidomolybdenum(Vl) complexes [MoO,(L")],
[MoO,(L2)] and [MoO,(L3)], respectively, in excellent yields.
These complexes were characterized by various spectroscopic
(IR, UV/Vis, "H and "3C NMR), electrochemical, thermogravimet-
ric, single-crystal XRD, and powder XRD (PXRD) studies. In these
complexes, the geometry around the cis-[MoO,]?* core is dis-
torted octahedral, and the ligands are tetradentate and coordi-
nate through two Ophenolater ON€ Niripodalr @aNd 0N€ Nporpholine
atoms. One of the oxido groups and the morpholine nitrogen
\atom occupy the axial sites. These complexes were used for

catalytic oxygen atom transfer between benzoin and dimethyl
sulfoxide (DMSO) in acetonitrile at 80 °C, and the formation of
benzil was followed by HPLC. Detailed kinetic studies revealed
a first-order rate in benzoin and catalyst, and the rate constant
for the second-order oxygen atom transfer reaction was 0.0162
m~" h~1, The formation of the dinuclear intermediates [LMoY-p-
0-Mo"L] was established by MALDI-TOF MS and UV/Vis spectro-
scopy. Its reversible nature was further supplemented by UV/
Vis spectroscopy. These complexes also catalyze the oxidation
of pyrogallol in a fashion similar to that of transhydroxylases.
Under aerobic conditions, the initially formed oxidation product
phloroglucinol undergoes further oxidative coupling in the
presence of H,0, to give purpurogallin as the final product. This
process follows Michaelis—-Menten-type kinetics with respect to
pyrogallol; the k., values obtained were 394, 300 and 247 h!
for [Mo"'0,(L")], [Mo"'0,(L2)] and [Mo"'0,(L3)], respectively.

/

Introduction

The second-row transition element molybdenum is vital for all
living organisms. It is also an important cofactor for many en-
zymes, of which at least fifty have been isolated and character-
ized biochemically.'? Excluding nitrogenases, which contain
the multinuclear iron-molybdenum cofactor (FeMoco) as the
active site, most other molybdenum-containing oxotransferases
are mononuclear and fall into three broad categories depend-
ing on their active-site structure, that is, sulfite oxidases, di-
methyl sulfoxide reductases, and xanthine oxidases.>~”! The en-
zymes containing the molybdenum cofactor (Moco) may be
hydroxylases or oxotransferases and catalyze reactions involv-
ing the transfer of oxygen to and from the substrate in a two-
electron process. Mononuclear molybdenum-based enzymes
are crucial to carbon, nitrogen, and sulfur biogeochemical
cycles and serve primarily to transfer oxygen atoms to physio-
logical substrates.®! In all of these enzymes, the active form
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has a Mo" centre, and the Mo centre shuttles between the VI
and IV oxidation states during the catalytic cycle in pyr-
anopterin-dithiolene ligand environments."® Notably, an im-
portant exclusive property of the Moco active site is its ability
to engage in reversible two-electron reduction and oxidation
processes cooperatively with a substrate.'" The oxidation from
Mo" to Mo can either be a concerted two-electron process or
can involve one-electron transfer steps via MoV intermediates.["!

One of the most explored categories of Mo enzymes is the
dimethyl sulfoxide reductases (DMSOR). These constitute the
largest and most diverse enzymes of the Moco family."? Mem-
bers of this family are found only in the bacteria and the ar-
chaea, and the family contains both molybdenum enzymes and
all tungsten enzymes that have been discovered to date.['" Di-
methyl sulfoxide reductases reduce dimethyl sulfoxide (DMSO)
to dimethyl sulfide (DMS) along with oxido transfer and the
consequent oxidation of Mo to Mo"! possibly via a MoV inter-
mediate.l”? The active-site structure of a fully oxidized Mo"'
DMSO reductase comprises a Mo"' centre coordinated to two
pyranopterin cofactors in an L,Mo"'Y(X) trigonal-prismatic coor-
dination geometry, in which Y is the labile Mo=0 group and X
is a serinate ligand that completes the metal coordination
sphere of the oxidized enzyme.>-8! Several synthetic models
based on the cis-[MoO,]?* core have been proposed and evalu-
ated for their oxygen atom transfer properties and related
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mechanistic pathways. Most of these studies involve tertiary
phosphines as ideal substrates because their properties can be
tuned readily by substitution and the reactions can be followed
by 3'P NMR spectroscopy.l'>"23] The generally accepted path-
way for oxygen atom transfer (OAT) reactions with tertiary
phosphines involves an associative mechanism!'%162% jnitiated
by the nucleophilic attack of the phosphine onto the more ac-
cessible and labile oxido atom, and the other oxido ligand acts
as the “spectator group” and serves to strengthen the Mo=0
bond through the formation of a formal Mo=O bond during
the oxygen transfer process.!'%'3]

The transhydroxylase from Pelobacter acidigallici is also a
Moco enzyme from the DMSO reductase family that catalyzes
the anaerobic conversion of pyrogallol to phloroglucinol with
1,2,3,5-tetrahydroxybenzene as the cocatalyst.?#2>! The overall
catalytic process involves a nonredox reaction consisting of a
reductive dehydroxylation and an oxidative hydroxylation in
two consecutive steps. The Mo coordination in this hydroxylase
is closely related to that of DMSO reductase, and, like DMSO,
the substrate pyrogallol coordinates directly to the Mo ion.[?%

We have recently explored the catalytic role of cis-[Mo"'0,]**
complexes with ONO/ONS donor ligands in the oxidation and
oxidative bromination of various organic substrates mediated
by H,0,/NaHCOs. Most of these reactions are thought to pro-
ceed via an oxidoperoxido intermediate, the formation of which
has been substantiated by UV/Vis spectroscopic evidence as
well as single-crystal X-ray structures in some cases.?”! In the
present study, we have performed a detailed kinetic study and
deduced the rate equation for oxygen atom transfer between
DMSO and benzoin catalyzed by cis-[M0O,]?* complexes of tri-
podal tetradentate ligands through high-performance liquid
chromatography. We have also confirmed the formation of the
dinuclear intermediate [LMoY-pu-O-Mo"L] through UV/Vis spec-
troscopy as well as MALDI-TOF MS analysis. An OAT reaction
between benzoin and DMSO at 100 °C catalyzed by cis-
[MoV'0,]%* and cis-[WV'0,]** complexes was reported by Ng et
al.128291 Similar studies on benzoin were also reported by Sillan-
paa et al.B% However, in all of these cases, the characterization
of the product was confirmed by "H NMR spectroscopy, and no
effort was made to identify the intermediate(s). We have also
performed peroxidase mimetic studies with pyrogallol as the
ideal substrate under aerobic conditions.

Results and Discussion

Mannich condensations between 2-aminoethylmorpholine,
formaldehyde and 2,4-disubstituted phenols in MeOH afforded
the analytically pure tripodal ligands H,L'"3 (Scheme 1). The
reactions of [Mo"'0,(acac),] (acac = acetylacetonato) with the
dibasic tetradentate tripodal ligands H,L'=3 in 1:1 molar ratios
in MeOH gave the corresponding dioxidomolybdenum(VI) com-
plexes [MoV'0,(L")]-MeOH (1), [Mo"'0,(L?)] (2) and [Mov'0,(L3)]
(3) in good yields (Scheme 1). Single-crystal X-ray analysis indi-
cates a distorted octahedral Mo centre in all complexes. All of
the complexes are air-stable yellow solids that are soluble in
MeCN, DMSO and N,N-dimethylformamide (DMF) and sparingly
soluble in MeOH and EtOH.
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Scheme 1. Synthesis of cis-[Mo"'0,]?* complexes.

Description of the Structures of the Complexes

ORTEP diagrams for 1-3 are shown in Figures 1, 2 and 3, respec-
tively. Selected bond lengths and angles are given in Table 1.
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Figure 1. ORTEP plot of [Mo"'0,(L")]-MeOH (1). All non-hydrogen atoms are
represented by their 50 % probability ellipsoids. Hydrogen atoms are omitted
for clarity.
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Figure 2. ORTEP plot of [Mo"'0,(L?)] (2). All non-hydrogen atoms are repre-
sented by their 50 % probability ellipsoids. Hydrogen atoms are omitted for
clarity.
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Figure 3. ORTEP plot of [Mo"'0,(L3)] (3). All non-hydrogen atoms are repre-
sented by their 50 % probability ellipsoids. Hydrogen atoms are omitted for
clarity.

Table 1. Bond lengths [A] and angles [°] for 1-3.

Bond lengths 1 2 3
Mo(1)-0(1) 1.699(4) 1.694(2) 1.694(3)
Mo(1)-0(2) 1.699(4) 1.707(2) 1.705(3)
Mo(1)-0(3) 1.938(4) 1.927(2) 1.944(3)
Mo(1)-0(4) 1.960(4) 1.921(2) 1.941(3)
Mo(1)-N(1) 2.381(4) 2.393(2) 2.371(3)
Mo(1)-N(2) 2.466(5) 2.577(3) 2.462(4)
Angles 1 2 3
O(1)-Mo(1)-0(2) 107.6(2) 106.66(12) 108.42(15)
O(1)-Mo(1)-0(3) 95.2(2) 98.52(11) 96.03(18)
0(2)-Mo(1)-0(3) 98.76(19) 96.54(11) 98.71(14)
O(1)-Mo(1)-0(4) 95.4(2) 97.62(11) 96.20(18)
0(2)-Mo(1)-0(4) 98.76(19) 96.21(10) 97.97(14)
0(3)-Mo(1)-0(4) 155.73(16) 155.60(10) 155.01(16)
O(1)-Mo(1)-N(1) 95.52(17) 88.61(10) 90.54(14)
0(2)-Mo(1)-N(1) 156.83(17) 164.67(10) 161.03(14)
0O(3)-Mo(1)-N(1) 77.10(15) 82.12(9) 79.31(12)
O(4)-Mo(1)-N(1) 80.18(15) 80.10(9) 78.86(12)
O(1)-Mo(1)-N(2) 168.51(17) 161.87(10) 165.12(14)
0(2)-Mo(1)-N(2) 83.89(17) 91.46(10) 86.46(13)
0(3)-Mo(1)-N(2) 82.42(16) 80.18(9) 80.99(13)
0(4)-Mo(1)-N(2) 82.88(15) 78.76(9) 81.60(13)
N(1)-Mo(1)-N(2) 72.98(14) 73.26(8) 74.58(11)
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The molybdenum atoms are displaced toward the apical oxido
ligand, O(1), from the equatorial plane defined by the O(2), O(3),
0(4) and N(1) atoms by 0.3012(20) A in 1, 0.2870(11) A in 2
and 0.2893(19) A in 3. The Mo-O,,iqo bond lengths [Mo(1)-O(1):
1.699(4) A in 1, 1.694(2) A in 2 and 1.695(3) A in 3; and Mo(1)-
0(2): 1.699(4) A in 1, 1.707(2) A in 2 and 1.703(3) A in 3 (see
Table 1)] and bond angles [O=Mo=0: 107.6(2)° in 1, 106.66(12)°
in 2 and 108.42(15)° in 3] are within the ranges typically ob-
served in this type of compound.®" The Mo-Nyipodar distances
are long in the three complexes (see Table 1). This is possibly
caused by the strong trans effect of the oxido ligands. In the
same way, the Mo—Opnenolate distances are in a range [1.921(2)-
1.960(4) A] similar to those reported for other Mo"'-Nyipodal
MoV'-Ophenolate COMplexes.31P! No s—mt stacking interactions or
hydrogen bonds were observed in the crystal packing of these
complexes.

Powder XRD Studies

The bulk purity of the synthesized dioxidomolybdenum com-
plexes was supported by their powder X-ray diffraction patterns
(Figure STa-c). The peaks for the synthesized compounds are
in good agreement with the simulated peaks obtained from the
single-crystal data; therefore, the single crystals are representa-
tive of the bulk materials.

IR Spectroscopy Studies

The broad peak in the IR spectra of all of the ligands at V =
3400 cm™' owing to the phenolic -OH group vanishes in the
spectra of the complexes; therefore, the oxygen atom is coordi-
nated following deprotonation. The sharp peaks arising at ¥ =
900-950 cm™' are attributed to the characteristic v(MoO,) sym-
metric and asymmetric stretches. The spectra also include
stretching frequencies at ¥ =~ 2800-3000 cm™' for the different
alkyl groups.

UV/Vis Spectroscopy Studies

The UV/Vis spectra of the prepared ligands and their corre-
sponding metal complexes in MeCN were recorded, and the
relevant data are presented in Table 2 and Figures S2-S4. The
spectra of all the three ligands are identical, and present two
bands at A = 225-234 and 282-285 nm corresponding to intrali-
gand m—x* and n—at* transitions, respectively. All of these
bands are also present in the spectra of the metal complexes

Complexes 1, 2 and 3 adopt distorted six-coordinate octahe-
dral geometries in which the ligands are tetradentate and coor-
dinate through two Oppenolater ON€ Niripodal and one Niorpholine
atoms. The coordination sphere of the Mo centre is completed
by bonds to two terminal oxido ligands. The axial sites are occu-
pied by the oxido group O(1) and by the nitrogen atoms N(2)
of the morpholine group. The equatorial plane is formed by
three atoms of the ligand [N(1), O(3) and O(4)] and one of the
terminal oxygen atoms, O(2), and is distorted slightly from pla-
narity [mean deviations from the plane for N(1), O(2), O(3) and
0(4): 0.0960(20) A in 1,0.0221(12) A in 2 and 0.0371(18) A in 3].

Eur. J. Inorg. Chem. 0000, 0-0 www.eurjic.org

with slight shifts in wavelengths owing to complex formation.

Table 2. UV/Vis data for the prepared ligands and complexes.

Entry Compound

A [nm] (¢, M cm™")

1 H,L! 234 (9.3 x 10%), 282 (4.2 x 10%)
2 H,L2 225 (1.5 x 10%), 285 (5.1 x 10%)
3 H,L3 231 (1.1 x 10%), 284 (5.1 x 10%)
4 1 235 (2.1 x 10%), 279 (8.2 x 10%), 373 (2.9 X 10°)
5 2 236 (2.1 x 10%), 278 (7.3 x 10%), 358 (5.7 X 10%)
6 3 235 (1.9 x 10), 280 (7.9 x 10%), 379 (2.7 X 10°)
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Additionally, the spectra of all of the complexes display an in-
tense charge-transfer band at 1 = 358-379 nm.

"H and 3C NMR Spectroscopy Studies

The coordination mode of the ligands was further ascertained
by recording the "H NMR spectra of all the three ligands and
their respective cis-[Mo"'0,]>* complexes in [Dg]DMSO. The
spectra for H,L2 and 2 as the representative spectra for the
ligands and cis-[Mo"'0,]?>* complexes under study are pre-
sented in Figure 4.

The broad signal at 6 = 9.45-9.64 ppm in the spectra of the
three ligands is attributed to the two phenolic -OH protons.
The disappearance of this signal in the spectra of the complexes
indicates the coordination of the O atom after deprotonation.
The effect of coordination is very pronounced on the protons
in the vicinity of the coordinating atoms. Thus, the methylenic
protons between the tripodal nitrogen atom and the phenolic
rings appear as a singlet at & = 3.5 ppm in the ligand spectra,
whereas this signal splits into two doublets in the spectra of all
complexes and appears at slightly higher 6 values. This behav-
iour is quite common for metal complexes bearing tripodal li-
gands.3? Similarly, the two adjacent methylene protons be-
tween the tripodal nitrogen atom and the morpholine ring also
become diastereotopic following coordination and appear as
two distinct triplets at higher ¢ values owing to the coordina-
tion of the morpholine nitrogen atom. The protons of the
morpholine ring also unveil the influence of coordination. Thus,
the well-defined signals of the morpholine ring in the spectra
of the ligands cluster into multiplets in the complexes (see Fig-
ures S5 and S6 for 1 and 3, respectively) upon coordination and
become downshielded in 2 (Figure 4). The aromatic protons

[MoO,(LY)] 2
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and the alkyl groups resonate within the expected regions. The
13C NMR spectra of all the ligands along with possible assign-
ments are presented in Table S1 and Figures S7-S9. Unfortu-
nately, we could not obtain the >C NMR spectra of 1-3 owing
to their poor solubility in suitable deuterated solvents.

Thermogravimetric Analysis

The thermogravimetric analysis of the dioxidomolybdenum(VI)
complexes was performed between room temperature and
700 °C at a heating rate of 10 °C min~" under an oxygen atmos-
phere (Figure S10). All of the complexes are stable and do not
lose any weight up to ca. 280 °C. Further temperature increases
cause decomposition of the complexes in two overlapping
steps. The first step ranges from 278-308 °C for 1, 282-300 °C
for 2 and 280-305 °C for 3, and the second step completes with
the formation of MoO; at ca. 700 °C for the three complexes.
The observed weight-loss values of 19.3 % for 1, 26.6 % for 2,
and 23.5 % for 3 are close to the calculated values of 20.7, 27.4,
and 23.6 %, respectively. The estimation of the loss of particular
ligand fragments during the whole analysis process was not
possible.

Oxotransfer Activity and Electrochemistry

The kinetics of the oxygen atom transfer between DMSO and
benzoin have mainly been studied through 'H NMR spectro-
scopy.l?-3% We have used HPLC and performed the catalytic
OAT reactions between benzoin and DMSO in acetonitrile. The
reaction was performed over 24 h, and the decrease in the
concentration of benzoin and the formation of benzil with time
were measured periodically by HPLC with a water/acetonitrile/

Ar-CH, N and *
N-CH,—CH,-N

Jnn 1O

T T T T T T T T T

10.0 95 9.0 85 8.0 7.5 7.0 6.5 6.0

H,L2 I
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i |

T T

55 5.0 4.5 4.0

T T

10,0 95 2.0 85 8.0 75 7.0 6.5 6.0

35 3.0 25 2.0 15
%
*
N—CH,—CH,-N |[Ar-CHN

55 5.0 45 4.0 35 3.0 25 2.0 15

f1 (ppm)

Figure 4. "H NMR spectra of H,L? and 2 in [Dg]DMSO; * indicates the proton impurity signal present in [Dg]DMSO at & = 2.5 ppm and that of moisture at & =

3.5 ppm.
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trifluoroacetic acid (MeCN/H,O/TFA) mixture (60:40:02) as the
eluent (Figure 5). The selective formation of benzil was ob-
served.

Benzil
24 h  Benzoin

12h
$h ]\k

4 h

12 16

£
0 -

Time min

Figure 5. The reaction progress, as monitored by HPLC analysis of the reaction
mixture at different time intervals. Mobile phase: MeCN/H,O/TFA 60:40:0.02
(for details, see text. The two peaks observed for both benzoin and benzil
are caused by two isomers in each case).

To optimize the reaction parameters such as catalyst amount
and reaction temperature to achieve the maximum conversion
of benzoin (1.06 g, 5 mmol) in the presence of an excess of
DMSO, 2 was chosen as the representative catalyst. Thus, three
parallel reactions were performed at temperatures of 60, 70 and
80 °C for benzoin (5 mmol) with 2 (0.0010 g, 1.9 umol) and
DMSO (1 mL) in MeCN (10 mL). As shown in Figure 6 (a), the
temperature increase improved the conversion significantly; the
best conversion (38 %) was obtained at 80 °C after 24 h of reac-
tion time, whereas the lower reaction temperatures gave poor
conversions. Thus, 80 °C was chosen as the optimum tempera-
ture for the OAT reaction between benzoin and DMSO.

(@ ()

% Conversion
s
% Conversion

Blank 0C C s0°C " Blank

0.0030 g

0.0020 ¢

0.0010 g

Figure 6. OAT between benzoin and DMSO catalyzed by 2: effect of (a) tem-
perature and (b) catalyst amount on the overall conversion [%] of benzoin
(5 mmol; for detail, see text).

The effect of the amount of catalyst on the rate of the reac-
tion at 80 °C for benzoin (5 mmol) was evaluated with three
different amounts of catalyst [0.0010 (1.9 umol), 0.0020
(3.8 umol) and 0.0030 g (5.7 umol)] with all other parameters
kept as stated above. The obtained results are summarized in
Figure 6b and Table 3. The increasing catalyst amount improved
the reaction rates, and the best conversion (90 %) was achieved
with 0.0030 g of catalyst. Thus, the optimized reaction condi-
tions for the maximum conversion of benzoin (5 mmol) in
MeCN (10 mL) were catalyst (0.0030 g, 5.72 pumol), DMSO (1 mL)
and 80 °C. Complexes 1 and 3 as catalysts under the above
reaction conditions afforded 50 and 53 % conversion, respec-
tively, in 24 h of reaction time. A blank reaction without catalyst
under the above reaction conditions gave only 9 % conversion.
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Table 3. OAT between DMSO (1 mL) and benzoin (1.06 g, 5 mmol) with 2 as
the catalyst after 24 h of reaction time.

Entry Catalyst [g, pmol] Temperature [°C] Conversion [%)]
1 0.0010, 1.91 60 16
2 0.0010, 1.91 70 28
3 0.0010, 1.91 80 38
4 0.0020, 3.81 80 73
5tal 0.0030, 5.72 80 90
6 - 80 9
7b! 0.0030, 5.72 80 0

[a] Optimized reaction conditions. [b] The reaction was performed under the
optimized conditions but in the absence of DMSO.

The substituents on the phenyl group(s) directly influence
the overall oxygen atom transfer reaction. The substituent may
affect the oxygen atom transfer in two ways, that is, (1) the
electronic effect caused by the para substituent and (2) the
steric effect caused by the ortho substituent. An associative
mechanism involving the nucleophilic attack of the substrate,
for example, the attack of the P atom of a tertiary phosphine
on an empty orbital of one of the oxido groups of the Mo=0*
moiety has been suggested.'%'%2% |n such a case, electron-
donating substituents on the cis-[Mo"'0,]** core are expected
to decrease the electrophilicity of the oxido ligand and, thus,
destabilize the transition state and result in a low reaction rate.
On the other hand, bulky substituents at the ortho position
hinder the approach of the incoming nucleophile and, thereby,
reduce the reaction rates. The systems chosen in the present
study do not differ much at the electronic level, as all the three
complexes possess electron-donating substituents at the ortho
and para positions. However, the presence of tert-butyl groups
at the ortho positions in 1 and 3 influences the reaction rates
greatly, as these complexes gave 50 and 53 % conversion, re-
spectively, compared with 90 % conversion for 2 in 24 h of
reaction time; therefore, the overall reaction rate (Table 4) as
well as the reaction mechanism are mainly sterically controlled.

Table 4. Conversion, turnover frequency (TOF) and selectivity data for OAT
between benzoin and DMSO in acetonitrile at 80 °C in 24 h of reaction time
catalyzed by cis-[MoO,]** complexes.

Catalyst [g, T, Conv.  TOF [h™
Entry Catalyst ummol] Selectivity [%] (%] 1
1 1 0.0040, 5.72 100 50 24
2 2 0.0030, 5.72 100 90 33
3 3 0.0035, 5.72 100 53 22

Kinetic and mechanistic studies for oxygen atom transfer re-
action between DMSO and benzoin in acetonitrile catalyzed by
cis-[Mo"'0,]?* have also been carried out and detailed here. The
most active compound, 2, was chosen as the representative
catalyst for the kinetic measurements. For this, a solution of 2
(0.0030 g, 5.72 pmol), benzoin (5 mmol) and DMSO (1 mL) in
MeCN (10 mL) was maintained at 80 °C. The reaction was per-
formed over a period of 24 h, and the decrease in the concen-
tration of benzoin and the formation of benzil with time were
measured periodically by HPLC with a water/acetonitrile/tri-
fluoroacetic acid mixture (60:40:02) as the eluent.

The rate equation [Equation (1)] for the OAT reaction can be
derived by considering the integrated rate law. The plots of
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the log of the decrease in concentration of benzoin with time
obtained for each catalyst are shown in Figure 7. Assuming that
the concentration of the catalyst remains largely unaffected (i.e.,
does not change with time) during the reaction, we can expect
the reaction to follow pseudo-first-order kinetics, as is evident
from the straight-line plot (Figure 7). Thus, from Equation (2),
the resulting pseudo-first-order rate constants (Table 5) are
0.0185, 0.0409 and 0.0186 h~' for 1-3, respectively.

Rate = k, [Benzoin]*[Catalyst}” ()]

Rate = k;[Benzoin] (3]
where k| = ks [Catalyst]” (3)
Ink; = Inkgg + vIn[Catalyst] (€3]
% MoO,LY)
— 0.04 v [MoO,(LY)]
=
= A Mo,
§
g -0.14
o
=
E 024
=]
N
=
@
=]
= 0.3
=
0 2 4 6 8
Time h

Figure 7. Variation of [benzoin] with time for the OAT reaction in the presence
of DMSO catalyzed by 1-3. Reaction conditions: [benzoin], = 5 mmol, DMSO
(1.00 mL), catalyst (0.0030 mg) and MeCN (10 mL).

Table 5. Kinetic data for the OAT reaction between benzoin and DMSO in
acetonitrile at 80 °C.

Entry ky % SE® [h7] Kops = SE [m~" h™]
1. IMoO,(LN] (1) 185x103+£074x 1073 -

2. [MoO,(L)] (2)  409x103£072%x 103 0.0162 % 0.0039

3. IMoO,(L3)] (3) 186x103+£042x 103 -

[a] SE = standard error.

From the data shown in Figure 7 and rate Equation (4), the
order of the reaction with respect to the catalyst concentration
can also be derived. Thus, the rate of decrease in the benzoin
concentration after 24 h of reaction time at 80 °C in acetonitrile
was monitored at different concentrations for the most active
catalyst, 2. The relevant plot (In k; vs. In[catalyst]) is shown in
Figure 8; the observed order with respect to catalyst is 0.89,
and kg, is 0.0162 M~ h™' (Table 5). Therefore, the overall rate
Equation (5) may be represented as shown below.

Rate = k,, [Benzoin][Catalyst] 5
kope =0.0162M ' h!

The low conversion of 9 % (Table 3, Entry 6) for the blank
reaction indicates that a weak oxygen transfer pathway be-
tween DMSO and benzoin is operative in the absence of cata-
lyst. However, no conversion of benzoin in the absence of
DMSO (Table 3, Entry 7) was obtained even after 24 h of reac-
tion time; therefore, no such pathway exists between the cata-
lyst and benzoin. Thus, during the catalytic reaction, DMSO par-
tially oxidizes benzoin to benzil and is reduced to DMS. This
DMS then triggers the catalytic redox reaction in which DMS is
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Figure 8. Plot of In k; versus In[catalyst] for the oxotransfer reaction between
benzoin and DMSO catalyzed by 2 at 80 °C for 24 h reaction time.

reoxidized back to DMSO by [Mo"'O,L] to form the [Mo'VOL]
species [Equation (6)]; again, DMSO oxidizes benzoin, and the
catalytic cycle continues. Accordingly, the oxygen atom trans-
ferred to benzoin does not come from the [Mo"'0,] complex as
no reaction is observed in the absence of DMSO, as noted
above. The intermediate [Mo'"VOL] can then regenerate the orig-
inal complex [MoV'O,L] upon the abstraction of an oxygen atom
from the excess DMSO, in a fashion similar to DMSO reductases,
and convert it to DMS. Thus, the generation of DMS also in-
creases (see Figure S11) with time along with the formation of
benzil.

[MoV10,(L")] + DMS === [Mo'YO(L")] + DMSO (6)

|1
[MoY10,(L™)] + [MoVO(L")] = MOVI_”[-O—MOVL"] (7

Alternatively, the [Mo'VOL] intermediate can combine with
[MoV'O,L] to give an intermediate [LMoV-p-O-MoVL] [Equa-
tion (7)]. Here, the order of the reaction with respect to the
catalyst concentration offers a suitable explanation for the pos-
sible metal complex intermediate(s) involved in the mechanism
for OAT reaction. As the obtained order of the reaction with
respect to the catalyst concentration is unity, we expect that
the dimer formation through [MoVOL] is fast and reversible.

Other additional experiments were performed to substanti-
ate this observation. The first evidence was obtained through
UV/Vis spectroscopy. The time-dependent UV/Vis spectra for
the reaction mixture [i.e,, a solution of 2 (0.0030 g), benzoin

514 nm

0.254

Absorbance

480 500 520 540 560 580

Wavelength nm

Figure 9. Time-dependent spectral changes observed in the OAT reaction
between 2, benzoin and DMSO in acetonitrile after 6 h of reaction time. The
spectra were recorded every 10 s from 80 to ca. 25 °C.
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Figure 10. Cyclic voltammograms of (a) H,L? and (b) 2 in MeCN at room temp. (* indicates ligand-centred oxidations).

Table 6. Electrochemical data.

Compound  First reduction [V] Mo'—=MoY Second reduction [V] MoY—Mo"Y First oxidation [V] MoV—Mo"' AE, ., [V]
Epc Epa AEp Epc Epa AE, Epc Epa AEp

1 -0.817 -0.776 0.041 0.519 0.476 0.043 1.396 - - 2.212

2 -0.943 -1.004 0.086 -0.667 - - 1.356 - - 2.299

3 -0.776 -0.724 0.052 -0.642 -0.463 0.179 1.367 - - 2.143

[a] AE,,, = first oxidation - first reduction.

(5 mmol) and DMSO (1 mL) in MeCN (10 mL)] at 80 °C showed
the generation of a broad band at 4 = 514 nm, which pinpoints
the formation of the oxido-bridged MoV-pu-O-Mo"V dimer in so-
lution.!33! This transition is believed to be independent of the
nature of the ligand and is assumed to be associated with a
charge-transfer transition localized on the MoY-p-O-MoY
bridge.?* However, this band decayed quickly and diminished
completely in ca. 90 seconds at room temperature (Figure 9).
The colour changes of the reaction mixture from yellow to dark
purple at high temperature and then back to yellow at room
temperature are reproducible and can also be visualized (see
inset of Figure 9). The dark purple dinuclear intermediate
[L2MoV-p-O-MoVL?] dominates at high temperature in the
presence of benzoin and DMSO. However, the original yellow
[Mov'0,L] regenerates on cooling; therefore, the reaction is fast
and reversible. Thus, we may propose that the reaction is func-
tional only at high temperature and slow (or no reaction occurs)
at low temperature. This is further supported by the following:
(1) At lower temperatures (i.e.,, 60 and 70 °C), the conversions
are lower (see Table 3, Entries 1 and 2) than that obtained at
80 °C, which further suggests that the Mo"'/Mo" redox couple
is more active at high temperature, and this is the key to the
catalytic process. (2) The order of the reaction with respect to
the catalyst concentration is unity for the oxygen atom transfer
reaction between benzoin and DMSO catalyzed by cis-
[MoV'0,]>* complexes in acetonitrile (vide supra). (3) All com-
plexes are stable in DMSO, and no electronic spectral changes
or colour changes were observed upon heating them in DMSO
alone or in a mixture of DMSO and acetonitrile.

The formation of the dinuclear intermediate was further sub-
stantiated by the MALDI-TOF mass spectrum of the hot reaction
mixture with 2 as the catalyst. A low-intensity peak at m/z =
1058.924 can be attributed to [(L2MoV-p-O-MoVL?) + Na + 3H]*
(calcd. 1058.977, Figure S12).

Further insights into the reaction pathways were provided
by the study of the electrochemical properties of these metal
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complexes in MeCN. The cyclic voltammograms of H,L? and 2
are presented in Figure 10 (for the other voltammograms, see
Figures S13-S15 and Table S2). All three ligands display an irre-
versible oxidation peak at 0.756, 0.630 and 0.683 V for H,L',
H,L2 and H,L3, respectively. The corresponding complexes 1, 2
and 3 display two weak reduction couples, the first at -0.812,
-0.943 and -0.776 V and the second at -0.519, -0.667 and
-0.642 V versus saturated calomel electrode (SCE), respectively,
in MeCN. The two reduction couples appears to be reversible
for 1 and 3 (AE, < 59.2 mV), whereas, for 2, the first reduction
potential is quasireversible, and the second reduction is irre-
versible. However, considering the weak anodic/cathodic cur-
rents observed for the reduction potentials, we have classified
the reductions as quasireversible in all cases. These are tenta-
tively assigned to Mo"'/MoY and MoVY/Mo" reductions. In addi-
tion, all three complexes also exhibit an intense oxidation peak
at 1.396, 1.356 and 1.367 V for 1-3, respectively, which is attrib-
uted to Mo"/Mo"' oxidations. These values indicate that reduc-
tion is slightly easier for 2 than for 1 and 3. Apparently, this can
account for the highest conversion obtained for 2 among the
three complexes. A weak oxidation observed at 0.693 and
0.586 V, respectively, for 1 and 2 can be attributed to ligand-
centred oxidations; however, it is not very prominent in the
voltammogram of 3. The relevant electrochemical data is pre-
sented in Table 6.

Molybdenum Hydroxylase Activity - Catalytic Oxidation of
Pyrogallol

Pyrogallol-phloroglucinol transhydroxylase catalyzes the oxid-
ation of pyrogallol to phloroglucinol anaerobically in the pres-
ence of 1,2,3,5-tetrahydroxybenzene as the cosubstrate.?426!
Recently, it was also shown that the vanadate-dependent per-
oxidase-like oxidation of pyrogallol gives purpurogallin with a
characteristic absorbance at 4 = 417 nm.!**! We have studied
the efficacy of cis-[MoO,]?* to catalyze the oxidation of pyro-
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gallol aerobically in the presence of peroxide (Scheme 2). The
reaction was initially performed at pH 7 in the presence of
H,0,. This resulted in the generation of a new band characteris-
tic of purpurogallin at 4 = 417 nm (Figure 11).353¢! Thus, the
reaction appeared to follow the peroxidase pathway. However,
the reactivity of 2 with H,0, did not indicate the formation of
any peroxide intermediate, as no visible spectral or colour
changes were observed. Therefore, to get further insights into
the reaction mechanism, the reactivity of 2 with pyrogallol was
studied in aqueous acetonitrile (1:1). Progressive additions of
pyrogallol solution to a solution of 2 in MeCN led to the genera-
tion of a new band at 1 = 267 nm with increasing intensity;
however, no band for purpurogallin was observed, and the final
spectrum matched that of pure phloroglucinol (Figure 12). The
oxidation of pyrogallol by pyrogallol-phloroglucinol hydroxyl-
ases proceeds in the presence of 1,2,3,5-tetrahydroxybenzene
as the cosubstrate. It has also been established in a few studies
that the hydroxy group transferred to pyrogallol does not come
from water.B”! Thus, the mechanism followed in the present
study appears to be the peroxidase type. However, the possibil-
ity of an underlying pyrogallol-phloroglucinol hydroxylase
mechanism cannot be ruled out completely. Thus, the exact
mechanism for the oxidation of pyrogallol by cis-[Mo0O,]** com-
plexes in the present study could not be ascertained unequivo-
cally. Nevertheless, kinetic studies were performed with the as-
sumption that the reaction exhibits peroxidase behaviour.

HO
OH HO OH
HO\@OH Catalyst, H,0, pH7 O OH
MeCN/H,0 0
Pyrogallol Purpurogallin

Scheme 2. Oxidation of pyrogallol to purpurogallin via phloroglucinol.

Absorbance

T T T
350 400 450 500 550 600

Wavelength nm

Figure 11. Increment in absorbance at 4 = 417 nm with time. The spectra
were recorded every 3 min. Reaction conditions: pyrogallol (1 mL,
2.5 % 1072 m), phosphate buffer solution (pH 7, 1 m, 1 mL), H,0, solution
(1 mL, 2.5 x 1072 m) and [MoO,(L?)] solution (1 mL, 2.5 X 107 m).

Table 7. Kinetic parameters for the oxidation of pyrogallol by [MoO,(L'-3)].
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Figure 12. Spectral changes obtained for progressive additions of a pyrogallol
solution (2.5 X 1073 m) to a solution of 2 (10 mL, ca. 1.12 x 107> m) in MeCN.

The reaction was initiated by the addition of a solution of
pyrogallol (1 mL, 2.5 x 1072 m in H,0) to pH 7 phosphate-buff-
ered solution (1 mL, 1 m), followed by the addition of H,0,
solution (1 mL, 2.5 x 1072 m) and catalyst (1 mL, 2.5 X 107* m in
MeCN). The reaction progress was monitored by checking the
increment of the absorbance at A = 417 nm every 3 min for
2 h. As the reaction progressed, the intensity of the band con-
tinued to increase. Simultaneously, the reaction mixture slowly
turned dark orange owing to the formation of purpurogallin.

The effect of the amount of catalyst on the reaction efficacy
was determined with 2 as the representative catalyst. Thus,
three different reactions were performed with different dilu-
tions of catalyst solution (i.e, 2.5 1073, 2.5 x 107 and 2.5 X
107> m, 1 mL of each) in MeCN with the other parameters con-
stant [i.e, 1 mL each of pyrogallol (2.5 x 1072 m), aqueous H,0,
(2.5 x 1072 m), pH 7 phosphate buffer (1 m) in H,0l. The corre-
sponding spectra obtained after 2 h of reaction time are shown
in Figure 13. It is evident that 2.5 x 10™ m catalyst gave the
same results as 2.5 X 1073 m catalyst, whereas poor results were

—25x10°

—a2sx10
3

2.0

—25X 107
—— pyrogallol solution

Absorbance
:

0.54

0.0 T T T T 1
350 400 450 500 550 600

Wavelength nm

Figure 13. Final spectra of different reaction mixtures obtained after 2 h con-
taining different concentration of the catalyst solution, pyrogallol solution
(2.5x 1072 M, 1 mL) and H,0, solution (2.5 X 1072 M, 1 mL). The spectrum of
pure pyrogallol solution is also included. For experimental details, see text.

Entry Compound Vimax £ SE® [uM s71] Ky = SE®! [mm] Kear £ SER [h7]
1 1 0.7975 £ 0.0556 1247 £ 1.5 394 +524
2 2 0.6070 £ 0.0219 11.85+1.3 300 + 6.35
3 3 0.4623 £ 0.0539 7.06 £ 1.7 247 +5.43

[a] SE = standard error.
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Figure 14. (a) Michaelis-Menten and (b) Lineweaver-Burk plots for 2.

obtained with 2.5 x 107 m catalyst. Thus 1 mL of 25 x 10™* m
catalyst for 1 mL of 2.5 x 1072 m pyrogallol was considered ideal
for catalytic activity. The full spectral changes observed with
time for 1 mL each of 2.5 x 10™* m [MoO,(L?)] (2) as catalyst,
2.5% 1072 m pyrogallol, 2.5 x 1072 m H,0, and 1 m phosphate
buffer of pH 7 are shown in Figure 11. For similar results with
complexes 1 and 3 as catalysts, see Figures S16 and S17.

To evaluate the peroxidase mimetic activity of complexes 1-
3, steady-state kinetic studies were performed in MeCN at pH
7, and the kinetic parameters, V., Ku and k., were deter-
mined with Michaelis-Menten behaviour assumed for the sys-
tem (Table 7). The Michaelis—-Menten equation for a single sub-
strate reaction may be expressed as
Vi = Vmax X [S]

Ky + 18]

V, is the initial reaction velocity and [S] is the substrate concen-
tration.

Different concentrations of pyrogallol solution (0.00250-
0.0800 m) were added to 2.5 x 10~ m solutions of 1-3 in phos-
phate buffer (1 m, T mL) and H,0, (2.5 x 1073 m, 1 mL). For each
substrate-complex mixture, the spectra were recorded for a pe-
riod of 3 min immediately after preparation of the pyrogallol
solution. The initial rates were obtained from the linear regres-
sion of absorbance versus time plots. The initial rates and the
substrate concentrations were then fitted to the Michaelis—
Menten equation through nonlinear regression analysis with
the Origin 8.0 software.

Initially, at low substrate concentrations, the reaction follows
first-order kinetics. As frequently encountered in enzyme kinet-
ics, increasing the substrate concentration eventually saturates
the enzyme sites, and the reaction becomes zero order and
independent of substrate concentration (Figure 14 for 2 as a
representative and Figures S18 and S19 for the others). Thus, we
may conclude that the present cis-[MoO,]** complexes follow
Michaelis-Menten-type kinetics with respect to pyrogallol. The
various kinetic parameters obtained for each of the enzyme
mimics are presented in Table 7.

Conclusions

Three dibasic tetradentate tripodal Mannich bases H,L', H,L?,
and H,L3 derived from aminoethylmorpholine and 2,4-disubsti-
tuted phenols were prepared in good yields. These ligands were
used to prepare the corresponding cis-dioxidomolybdenum
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complexes [MoO,(L"] (1), [MoO,(L?)] (2) and [MoO,(L3)] (3)
through 1:1 molar reactions in methanol. The prepared com-
plexes were employed successfully as catalysts for oxygen atom
transfer in a fashion similar to DMSO reductase. The reaction
was performed between benzoin and DMSO at 80 °C in aceto-
nitrile as the solvent. The reactions were monitored by HPLC
analysis, and the best conversion of 90 % was achieved after a
period of 24 h. A detailed kinetic study revealed that the reac-
tion is first order in both the catalyst and the substrate, and the
second-order rate constant is 0.0162 m~' h™'. A possible mecha-
nistic pathway and the intermediates involved were also evalu-
ated, and the formation of the dinuclear intermediate
[LMoY-pu-O-MoVL] and its fast decay to the initial monomeric
form were confirmed through UV/Vis spectroscopy and MALDI
MS studies of the reaction mixture. The cis-dioxidomolybdenum
complexes were also engaged in the catalytic oxidation of pyro-
gallol, a process thought to mimic the activity of peroxidases.
The initial oxidation product, phloroglucinol, underwent further
oxidative coupling to give purpurogallin as the final product in
the presence of H,0,. The reaction was shown to follow
Michaelis-Menten-type kinetics with respect to pyrogallol. The
turnover numbers for the three catalysts 1-3 are 394, 300 and
247 h7, respectively.

Experimental Section

Materials and General Methods: Ammonium molybdate, acetyl-
acetone, pyrogallol (Loba Chemie, India), 2,4-di-tert-butylphenol (Hi-
media, India), 24-dimethylphenol, 2-tert-butyl-4-methylphenol,
aminoethylmorpholine (Aldrich, USA), 30 % aqueous H,0, (Quali-
gens, India), benzoin (S. D. fine chemicals, India), formaldehyde and
DMSO (Rankem, India) were used as obtained. Other chemicals and
solvents were of AR grade. The precursor complex [Mo"'0,(acac),]
was prepared by a literature method.38!

All measurements were made after the metal complexes were dried
at 100 °C. Elemental analyses of the complexes were performed
with an Elementar model Vario-El-lll analyzer after the samples were
dried at 100 °C. The IR spectra of samples as KBr pellets were re-
corded with a Nicolet 1100 FTIR spectrometer. The electronic spec-
tra of the complexes in acetonitrile were recorded with a Shimadzu
1601 UV/Vis spectrophotometer. The 'H and '3C NMR spectra were
recorded with a JEOL ECX 400 MHz spectrometer with samples in
[DgIDMSO for the "H NMR spectra and in CDCl; for the '>C NMR
spectra of the ligands. We attempted to obtain the '3C NMR spectra
of the complexes in CD;CN, [Dg]DMSO and [Dglbenzene but did not
observe satisfactory signals even after 4000 scans. The thermogravi-
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metric analyses of the complexes were performed with a Perkin-
Elmer (Pyris Diamond) instrument in air with a heating rate of
10 °C min~'. GC-MS was performed with a Perkin-Elmer Clarus 500
instrument. The PXRD data were collected with a Bruker Advanced
D8 diffractometer with Cu-K,, radiation in the 26 range 5-50° at a
scan speed of 0.2° min~". The MALDI-TOF mass spectra were meas-
ured with a Bruker Ultra-fleXtreme-TN MALDI-TOF/TOF spectrome-
ter with 2-(4-hydroxybenzeneazo)benzoic acid (HABA) as the ma-
trix. The electrochemical measurements were performed with a CH
Instruments electrochemical workstation instrument with a Pt work-
ing electrode, a standard calomel electrode as the reference elec-
trode and a Pt wire counter electrode in acetonitrile solutions under
an argon atmosphere. The supporting electrolyte was 0.1 ™
BuyNPF¢ (Fluka), which was recrystallized twice with ethanol before
use. The measurements were calibrated to ferrocene as an external
standard. The ferrocene/ferrocenium couple was found at E;/, =
+0.39 V versus SCE under the employed experimental conditions.
HPLC-grade acetonitrile for electrochemistry was dried with molec-
ular sieves (pore size 4 A). HPLC was performed with a Shimadzu
LC-2010A HT instrument in low-pressure gradient mode with a flow
rate of 0.5 mL min~" and an injection volume of 15 pL. The mobile
phase was MeCN/H,0/trifluoroacetic acid (60:40:0.02).

X-ray Crystal-Structure Determination: Three-dimensional X-ray
data were collected with a Bruker Kappa Apex CCD diffractometer
at room temperature for 1, 2 and 3 by the ¢-w scan method. Re-
flections were measured from a hemisphere of data collected from
frames, each covering 0.3° in w. Totals of 66929, 17142 and 20467
reflections were measured for 1-3, respectively, and corrected for
Lorentz and polarization effects and for absorption by multiscan
methods based on symmetry-equivalent and repeated reflections.
Of the total, 4362, 4203 and 4631 independent reflections for 1-3,
respectively, exceeded the significance level (|F|/o|F]) > 4.0. After
data collection, an empirical absorption correction (SADABS)3%! was
applied, and the structures were solved by direct methods and re-
fined by full-matrix least-squares on F? data with the SHELX suite
of programs.*®! The hydrogen atoms were included in calculated

Table 8. Crystal data and structure refinement for 1-3.
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positions and refined with a riding mode. The refinements were
performed with allowance for the thermal anisotropy of all non-
hydrogen atoms. The crystal of 3 presented significant disorder of
the methyl groups around the tripodal nitrogen atom. The disorder
of the methyl groups was resolved, and the atomic sites were ob-
served and refined with anisotropic atomic displacement parame-
ters. The site occupancy factor was 0.56563 for C(6A), C(7A) and
C(19A). A final difference Fourier map showed no residual density
outside 0.967 and -0.820 e A3 for 1 and 0.668 and -0.403 e A-3 for
2. In 3, a final difference Fourier map showed high residual density
outside 1.051 and -1.506 e A-3 owing to the disorder of the carbon
atoms. Weighting schemes w = 1/[0%(F,2) + (0.122000P)? +
0.00000P] for 1, w = 1/[6%(F,%) + (0.041100P)% + 0.532700P] for 2
and w = 1/[0%(F,?) + (0.086000P)2 + 3.613500P] for 3, in which P =
(IFo|? + 2|F|?)/3, were used in the latter stages of the refinements.
Further details of the crystal-structure determination are given in
Table 8.

CCDC 1473616 (for 1), 1473617 (for 2) and 1473618 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre.

H,L': A solution of aminoethylmorpholine (0.651 g, 5 mmol), form-
aldehyde (39%, 0.770 g, 10 mmol) and 24-di-tert-butylphenol
(2.063 g, 10 mmol) in MeOH (20 mL) was heated under reflux for
ca. 18 h. During this period, a white solid separated slowly; the
solid was collected by filtration, washed well with cold MeOH and
recrystallized from ethanol, yield 4.1 g (73 %). C3gHsgN,03 (566.86):
calcd. C 76.28, H 10.31, N 4.94; found C 76.19, H 10.15, N 4.90. IR:
Vmax = 3184 (OH), 2954, 2899, 2867 (tert-butyl), 1481, 1445, 1361,
1221,1147, 1118, 877, 862, 770, 610, 580 cm~". "H NMR ([Dc]DMSO):
0 =9.637 (s, 2 H, -OH), 7.115-7.110 (d, 2 H, Ar), 6.958-6.953 (d, 2
H, Ar), 3.757-3.735 (t, 4 H, NCH,CH,), 3.569 (s, 4 H, NCH,Ar), 2.683-
2.654 (m, 2 H, morpholine ring), 2.542-2.516 (m, 4 H, morpholine
ring), 2.468-2.424 (m, 2 H, morpholine ring), 1.326 [s, 18 H,
—-C(CH3)5], 1.221 [s, 18 H, -C(CH3)5] ppm. 3C NMR (CDCl5): 6 =

1 2 3
Formula C37HgoMON,O¢ Cy4H3,M0N,05 C30H44MON,05
Formula weight 72481 524.46 608.61
T [K] 293(2) 293(2) 293(2)
Wavelength [Al 0.71073 0.71073 0.71073
Crystal system monoclinic triclinic monoclinic
Space group C2/c P1 C2/c
alAl 27.0086(11) 8.3103(3) 31.578(2)
b Al 11.4464(5) 10.2983(4) 7.4650(6)
cAl 27.1802(12) 14.8691(5) 27.551(2)
al’] 90 70.816(2) 90
AN 114.047(3) 73.912(2) 113.046(4)
y [] 90 84.022(2) 90
Vv [A3) 7673.5(6) 1154.67(7) 5976.3(8)
z 8 2 8
F(000) 3088 544 2560
Dcateq [9 cm~3] 1.255 1.508 1.353
p [mm™] 0.385 0.606 0.478
AN 1.64 to 28.29 1.50 to 28.33 1.40 to 28.38
Rint 0.1595 0.0474 0.0594
Crystal size [mm] 0.29 x 0.24 x 0.21 0.22x0.21 x 0.18 0.21 x0.18 X 0.16
Goodness-of-fit on F2 0.984 1.013 1.068
Ry > 20(/)]! 0.0787 0.0433 0.0599
WR, (all data)®! 0.2447 0.1023 0.1783

Largest difference peak and hole [e A-3]

0.967 and -0.820

0.668 and -0.403

1.051 and -1.506

[a] Ry = S||Fo| = [FI/ZIFo|- [6] wR; = {SIw(||Fo|? = |F2D2IN/SIw(F, 22112,
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152.81, 140.69, 136.03, 124.97, 123.61, 121.25, 66.07, 56.26, 54.99,
53.65, 48.03, 35.04, 34.18, 31.77, 29.63 ppm.

H,L? and H,L3: These ligands were prepared in 63 and 71 % yields,
respectively, by the procedure outlined for H,L' by using 2,4-di-
methylphenol (1.221 g, 10 mmol) or 2-tert-butyl-4-methylphenol
(1.642 g, 10 mmol) in place of 2,4-di-tert-butylphenol.

Data for H,L2?: C,,H;3,N,05 (398.538): calcd. C 72.33, H 8.60, N 7.03;
found C 72.13, H 8.52, N 7.12. IR: V0 = 3155 (-OH), 2958, 2913,
2861 (alkyl), 1486, 1377, 1308, 1283, 1218, 1115, 1071, 862, 768,
741, 618, 580 cm~". 'TH NMR ([Dg]DMSO): 6 = 9.203 (s, 2 H, -OH),
6.807-6.802 (d, 2 H, Ar), 6.727-6.724 (d, 2 H, Ar), 3.655-3.632 (t, 4
H, NCH,CH,), 3.326 (s, 4 H, NCH,Ar), 2.570-2.540 (m, 2 H, morph-
oline ring), 2.483-2.454 (m, 2 H, morpholine ring), 2.293-2.264 (m,
2 H, morpholine ring), 2.136 (s, 6 H, CHs), 2.077 (s, 6 H, CH3) ppm.
13C NMR (CDCl3): & = 152.16, 131.35, 128.44, 127.80, 125.49, 121.54,
60.09, 55.65, 54.99, 53.63, 47.95, 20.47, 16.03 ppm.

Data for H,L3: C3qH,6N,05 (482.69): calcd. C 74.65, H 9.61, N 5.80;
found C 74.54, H 9.52, N 5.82. IR: V.o = 3190 (-OH), 2872, 2910,
2953 (alkyl), 1478, 1445, 1356, 1286, 1231, 1180, 1118, 1023, 862,
812, 773, 548, 519, 502 cm™". "H NMR ([Dg]DMSO): 0 = 9.451 (s, 2
H, -OH), 6.900-6.894 (d, 2 H, Ar), 6.779-6.763 (d, 2 H, Ar), 3.744-
3.717 (t, 4 H, NCH,CH,), 3.506 (s, 4 H, NCH,Ar), 3.341-3.324 (m, 4 H,
morpholine ring), 2.675-2.645 (m, 2 H, morpholine ring), 2.439-
2.318 (m, 2 H, morpholine ring), 2.168 (s, 6 H, CHs), 1.130 [s, 18 H,
~C(CH5)3] ppm. *C NMR (CDCl3): 6 = 152.90, 136.76, 128.87, 127.34,
127.22, 122.09, 66.07, 55.76, 54.89, 53.48, 47.98, 34.72, 29.58, 20.83

Further details of the ">C NMR spectroscopic data and assignments
of important signals are given in Table S2.

[Mov'0,(L")] (1): To a suspension of H,L' in MeOH (0.567 g,
1 mmol, 10 mL) was added a filtered solution of [Mo"'O,(acac),]
(0.326 g, T mmol) in MeOH (10 mL) with stirring to afford a clear
orange solution after ca. 15 min. The orange solution was then
heated under reflux for 3 h with a hot water bath. The yellow solid
that separated as the reaction mixture cooled to room temperature
was collected by filtration, washed with cold MeOH and dried under
vacuum, yield 0.485 g (70 %). C3gHs¢MON,Os5 (692.80): calcd. C
62.41, H 8.15, N 4.04; found C 61.85, H 7.98, N 4.01. Crystals of 1
suitable for X-ray diffraction were grown through the slow evapora-
tion of a MeOH solution at room temperature. IR: ¥, = 2954, 2903,
2866 (tert-butyl), 1467, 1442, 1361, 1240, 1204, 1170, 1119, 933
(M0OO3)agym: 906 (M0O,)yym, 843, 753, 600, 555, 496 cm™". 'H NMR
([DgIDMSO): 6 = 7.175-7.170 (d, 2 H, Ar), 7.080-7.069 (d, 2 H, Ar),
4.159-4.122 (d, J = 14.8 Hz, 2 H, NCH,Ar), 4.043-4.005 (d, J =
15.2 Hz, 2 H, NCH,Ar), 3.912-3.880 (t, 2 H, NCH,CH,), 3.826-3.774
(t, 2 H, NCH,CH,), 3.735-3.680 (m, 2 H, morpholine ring), 2.980-
2.948 (m, 2 H, morpholine ring), 2.768-2.738 (m, 2 H, morpholine
ring), 2.070-2.069 (m, 2 H, morpholine ring), 1.353 [s, 18 H,
—C(CH3)5], 1.251 [s, 18 H, —~C(CH5)5] ppm.

[MoV'0,(L?)] (2): This complex was prepared similarly to 1 with
H,L2 (0.399 g, 1 mmol) instead of H,L", yield 0.398 g (76 %).
Cy4H3,M0ON,05 (524.46): calcd. C 54.96, H 6.15, N 5.34; found C
54.58, H 6.25, N 5.26. Crystals of 2 suitable for X-ray diffraction were
grown through the slow evaporation of a DMSO solution at room
temperature. IR: V. = 2961, 2919, 2878 (alkyl), 1464, 1310, 1248,
1214, 1142, 1113, 918 (M0Os),syms 870 (MOO,)sym, 834, 762, 750,
585, 552, 515 cm™". "H NMR ([Dg]DMSO): 6 = 6.939-6.935 (d, 2 H,
Ar), 6.843-6.838 (d, 2 H, Ar), 4368-4332 (d, J = 144 Hz, 2 H,
NCH,Ar), 3.909-3.873 (d, J = 14.4 Hz, 2 H, NCH,Ar), 4.169-4.116 (t,
2 H, NCH,CH,), 3.743-3.703 (t, 2 H, NCH,CH,), 3.185-3.163 (m, 2 H,
morpholine ring), 2.670-2.600 (m, 4 H, morpholine ring), 2.471-
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2.453 (m, 2 H, morpholine ring), 2.202 (s, 6 H, CH3), 2.067 (s, 6 H,
CHs) ppm.

[MoY'0,(L3)] (3): Complex 3 was prepared similarly to 1 with H,L3
instead of H,L' (0483 g, 1 mmol), yield 0401 g (66 %).
C50H4sMON,05 (608.64): calcd. C 59.20, H 7.29, N 4.60; found C
59.11, H 6.88, N 4.48. Crystals of 3 suitable for X-ray diffraction were
grown through the slow evaporation of a MeCN solution at room
temperature. IR: V. = 2868, 2915, 2956 (alkyl), 1462, 1442, 1306,
1243, 1229, 1149, 1116, 923 (M0O,)agym, 901 (M0O,)s,m, 863, 820,
756, 598, 569, 552 cm™'. "TH NMR ([DgIDMSO): 6 = 6.957-6.953 (d, 2
H, Ar), 6.872-6.869 (d, 2 H, Ar), 4.091-4.056 (d, J = 14.0 Hz, 2 H,
NCH,Ar), 3.998-3.965 (d, J = 13.2 Hz, 2 H, NCH,Ar), 3.830-3.774 (t,
2 H, NCH,CH,), 3.722-3.667 (t, 2 H, NCH,CH,), 3.910-3.878 (m, 2 H,
morpholine ring), 3.318-3.316 (m, 2 H, morpholine ring), 2.961-
2.932 (m, 2 H, morpholine ring), 2.741-2.711 (m, 2 H, morpholine
ring), 2.218 (s, 6 H, CHs), 1.332 [s, 18 H, -C(CHs)3] ppm.

Oxotransfer Activity: A solution of benzoin (1.06 g, 5 mmol), cata-
lyst (0.0030 g, 5.72 pmol) and DMSO (1 mL) in acetonitrile (10 mL)
was maintained at 80 °C for 24 h. The progress of the reaction was
monitored by HPLC with MeCN/H,O/TFA mixtures (60:40:0.02).

Molybdenum Hydroxylase Activity - Catalytic Oxidation
of Pyrogallol: The molybdenum hydroxylase activities of all cis-
[MoO,]** complexes were determined at pH 7 in acetonitrile. The
reactions were followed by UV/Vis spectroscopy by monitoring the
absorbance increment at 4 = 417 nm owing to the formation of the
oxidized product, purpurogallin. The reaction was initiated by the
addition of a solution of pyrogallol (1 mL, 2.5 x 1072 m) to phos-
phate buffer solution (pH 7, 1 m, 1 mL), followed by the addition of
H,0, solution (1 mL, 2.5 x 1072 m) and the catalyst solution (1 mL,
2.5x 10 m). The UV/Vis spectra of the resulting solutions were
then recorded every 3 min in repeat scan mode for 2 h. The steady-
state kinetics was determined similarly over 3 min, and the initial
rates were calculated from the slopes of the absorbance versus time
plots. The initial reaction rates were then fitted to the Michaelis—
Menten equation and Lineweaver-Burk plots to calculate the maxi-
mal velocity (Vimay), Michaelis constant (Ky) and catalytic constant
or turnover number (k) from the nonlinear curve with the Origin
8.0 software.
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Dioxidomolybdenum(VI) Complexes
of Tripodal Tetradentate Ligands for
Catalytic Oxygen Atom Transfer be-
tween Benzoin and Dimethyl Sulfox-
ide and for Oxidation of Pyrogallol

Dioxidomolybdenum(VI) complexes of  tween dimethyl sulfoxide (DMSO) and
tripodal tetradentate ligands are iso- benzoin as well as the oxidation of
lated. Their characterization and use as  pyrogallol are reported.

catalysts for oxygen atom transfer be-
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