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Abstract: Two molybdenum(VI) complexes bearing
a (C; symmetrical amino tris-tert-butylphenolate
ligand have proved to be air- and water-tolerant
catalysts that efficiently catalyse, in high yields and
selectivity, the oxidation of sulfides, olefins and hal-
ides. In particular high turnover frequencies and
turnover numbers (TOF and TON) have been ob-
tained for the cyclooctene epoxidation (catalyst
loading down to 0.05%, TONs up to 88,000 and
TOFs up to 7500 h™).

Keywords: epoxidation; haloperoxidation; homoge-
neous catalysis; molybdenum; sulfoxidation

In transition metal chemistry, ligands are used to con-
trol the environment of the metal. In particular, li-
gands can modulate the electronic and steric proper-
ties around the metal centre, thereby controlling its
catalytic properties. While a considerable number of
ligands are known, few of them are able to express
their reactivity across different metals. These ligands,
which have been defined as “privileged”, are BINOIs,
BINAPs, Josiphos, Salens and Cinchona alkaloids and
outstanding applications are known in stereoselective
catalysis.!! The possibility of developing “unique”
classes of ligands able to form stable complexes with
a variety of metals, while also being catalytically
active towards a variety of reactions is of considerable
interest. In this scenario, amino triphenolate ligands
have attracted attention due to their ability to form
stable metal complexes with a wide variety of transi-
tion metals and main group elements.” However,
while a substantial number of publications regarding
their synthesis and coordination chemistry are avail-
able, the catalytic performances of the corresponding
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metal complexes have only recently been reported.
Catalytic studies have focused mainly on polymeri-
zation reactions,””! Diels—Alder reactions!* and oxygen
transfer processes.’) Regarding the latter, we have re-
cently shown that the amino tris-tert-butylphenolate
titanium(IV) complex 1-Ti (Scheme 1) has notewor-
thy catalytic properties in the oxidations of sulfides
and secondary amines,**"! while the corresponding va-
nadium(V) complex 1-V effectively catalyses the oxi-
dation of sulfides and halides, and has proved to be a
structural and functional model of vanadium-depen-
dent haloperoxidases.”? What emerged from these
studies is that while the tetradentate nature of the
ligand is important for the stability and geometry of
the complex, the presence of tert-butyl substitutions
ortho to the phenol group has an impressive influence
on its stability under turnover conditions. During the
catalytic cycle, the tert-butyl groups shield the metal
from the formation of multinuclear species and they
prevent the hydrolytic degradation, thus increasing
the catalyst life.

More recently, we extended our investigation into
the catalytic properties of amino tris-tert-butylpheno-
late metal complexes to molybdenum(VI). In fact,
Mo(VI) complexes are in general known to be effec-
tive catalysts in oxygen transfer reactions.'® In partic-
ular, a wide interest in these catalysts arose in the
1960s when ARCO and Halcon reported on the
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Scheme 1. Ti(IV) and V(V) amino tris-tert-butylphenolate
complexes.
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olefin epoxidation catalysed by Mo(VI) compounds
in the homogenous phase.”! However, a major draw-
back for the existing Mo(VI)-based catalysts is the
formation, under turnover conditions, of polymeric
species, which are much less active catalysts.! An op-
timal candidate for overcoming this problem is an
amino tris-tert-butylphenolate metal complex of
Mo(VI). This complex should be able to maintain the
mononuclear nature of the catalyst, while the stability
towards hydrolysis should allow for low catalyst load-
ings. Herein we report on the synthesis and character-
isation of two new amino tris-tert-butylphenolate mo-
lybdenum(VI) complexes and their catalytic perfor-
mance in the oxidation of sulfides, olefins and halides
using hydrogen peroxide or alkyl peroxides as termi-
nal oxidants.

Tris-tert-butylphenolamine 2 was prepared using a
synthetic strategy developed in our group which is
based on a three-fold reductive amination of the cor-
responding substituted salicyl aldehyde.””’ The molyb-
denum complexes were synthesised using a methodol-
ogy recently reported by Lehtonen for similar systems
which uses MoO,Cl, as the metal source.'” After dis-
solving solid MoO,Cl, with stoichiometric amounts of
2 in toluene, the resulting mixture was kept at reflux
temperature to obtain an intense purple solution
(Scheme 2). Molybdenum complex 3-Cl was purified
by flash chromatography on SiO, using toluene as
eluent. Displacement of the chloro ligand in favour of
a methoxy group can easily be achieved by refluxing
complex 3-Cl in methanol in the presence of one
equivalent of triethylamine. Compound 3-OMe was
also purified using flash chromatography.

The formation of mononuclear, six-coordinated
complexes was confirmed by ESI-MS and 'H NMR
studies. In particular, an octahedral coordination ge-
ometry can be established by symmetry considera-
tions on the basis of VT '"H NMR spectra.'! At room
temperature, both 3-Cl and 3-OMe show a 'H NMR
spectrum with three set of signals for the diastereo-

Scheme 2. Synthesis of the molybdenum(VI) complexes 3-Cl
and 3-OMe.

2938 asc.wiley-vch.de

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

C31

Figure 1. Displacement ellipsoid representation of the mo-
lecular structure of 3-Cl.

topic benzylic protons, consistent with a Cg average
symmetry of the system caused by fluxional process-
es.”l At lower temperatures (—60°C) the benzylic
proton resonances resolve into five sets of signals,
consistent with a C; symmetry of the complexes. The
octahedral coordination geometry has been confirmed
by the X-ray crystal structure of 3-Cl (Figure 1). In
the mononuclear complex, the nitrogen atom donor is
located trans to the terminal oxo group.

The reactivity of complexes 3-Cl and 3-OMe has
been investigated in a series of reactions, namely the
oxidation of sulfides, olefins and halides. The oxida-
tions were performed using as terminal oxidants alkyl
peroxides (cumyl hydroperoxide CHP or fert-butyl
hydroperoxide TBHP) and the more environmentally
friendly hydrogen peroxide.

Sulfide oxidations were performed under homoge-
neous conditions and the reaction course was fol-
lowed by 'HNMR. p-Tolyl methyl sulfide 4a was
used as test substrate and 1% of complexes 3-Cl and
3-OMe as catalysts (Table 1). In the presence of both
complexes sulfide 4a was oxidized selectively to the
corresponding sulfoxide 5a in high yields and with
complete consumption of the oxidant. The best re-
sults, in terms of reactivity, were obtained using the 3-
CI/H, 0, system (Table 1, entry 5).

However, the results obtained are not comparable
with the ones obtained with 1-Ti and 1-V as far as the
reaction rates are concerned. Furthermore, the major
application of molybdenum(VI)-based catalysts is the
epoxidation of alkenes, oxidations that neither 1-Ti
nor 1-V catalysts are able to perform.!'” Epoxidation
reactions were carried out using cyclooctene 6a as a
test substrate, in CDCl; or CD;0D depending on the
oxidant employed, and the reaction courses were fol-
lowed via "HNMR and GC analysis (Table 2). Both
3-OMe and 3-Cl complexes catalyse the oxygen trans-
fer to cyclooctene in the presence of alkyl peroxides,
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Table 1. Oxidation of p-tolyl methyl sulfide 4a at 60°C.
Effect of the catalyst and oxidant.[

S 3 (1%) o
pTol”"Me  *ROOH p-Tol” S "Me
4a  TBHPR=tBu,  60°C 5a

CHP R=PhCMe,

H,0, R=H
Entry ROOH Solvent Catalyst ¢, 5a Yield
[min]®  [%]
1 CHP CDCl; 3-C 47 90
2 CHP CDCl; 3-OMe 60 91
3 TBHP CDCl; 3-Cl 30 83
4 TBHP CDCl; 3-OMe 135 65
5 H,0, CD;OD 3-Cl 12 99
6 H,0, CD;OD 3-OMe 20 99

Reaction conditions: 60°C, [4a],=|[ROOH],=0.1M, [3]=

0.001 M.

) Time required for a 50% decrease of the initial concen-
tration of sulfide.

[l Determined by 'H NMR analysis on the crude reaction

mixture after complete oxidant consumption (iodometric

test).

Table 2. Oxidation of cyclooctene 6a at 60°C catalysed by 3.
Effect of the catalyst and oxidant.[

3 (5%)
+ ROOH W’ (0]
6 TBHP R = t-Bu, 7
a8 CHP R=PhCMe, a
H,0, R=H
Entry ROOH Solvent Catalyst t,,"" 7a Yield
[min] (%]
1 CHP CDCl; 3-Cl 80 95
2 CHP CDCIl; 3-OMe 130 80
3 TBHP CDCl; 3-Cl 52 99
4 TBHP CDCl; 3-OMe 105 83
5 H,0, CD;OD 3-Cl - -
6 H,0, CD;OD 3-OMe - -

(41 Reaction conditions: 60°C, [6a],=[oxidant],=0.1M, [3]=
0.005M.

] Time required for a 50% decrease of the initial concen-
tration of olefin.! Yield determined by '"H NMR analysis
on the crude reaction mixture after complete oxidant
consumption (iodometric test). Complete selectivity to-
wards the epoxide was observed.

while they failed when hydrogen peroxide was used in
methanol solution. The best results, as far as reactivity
and chemical yields are concerned, were obtained
using the 3-C/TBHP system, and the catalytic activity
for this system has been explored more in detail
(Table 3).

The catalyst loading could be reduced down to
0.01% without affecting the efficiency of the system.
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Table 3. Oxidation of cyclooctene 6a at 60°C. Effect of the
catalyst loading.™

Entry [6a], TBHP (1 equiv.) TBHP (2 equiv.)
% cat  Yield [%]®" % cat  Yield [%]"

1 0.1 5 99 5 99

2 1 0.5 99 0.5 99

3 1 0.05 94 0.05 99

4 1 0.01 94 0.01 97

5 1 0.001 67 0.001 88

[l Reactions were carried out at 60°C in CDCl,. In the ab-
sence of catalyst conversions lower than 10% are ob-
served after 24 h.

Yield determined by 'H NMR analysis on the crude reac-
tion mixture after 24 h. Complete selectivity towards the
epoxide was observed.

[b]

A further lowering to 0.001% led to lower yields with
one equivalent of TBHP, however high yields can be
restored using two equivalents of oxidant. Under the
best conditions (Table 3, entry 5), a TON of 88,000,
with a TOF around 7500 h™' were obtained. These
values are significantly high, especially if compared to
other epoxidation catalysts,””! confirming an excep-
tional stability and reactivity of the catalyst under
turnover conditions.

The scope of the reaction was explored towards dif-
ferent olefins using one and two equivalents of TBHP
(Table 4). The different olefins are generally oxidised
in fairly high yields. While complete conversion to the
corresponding epoxide is observed for cyclooctene 6a
and methylcyclohexene 6b (Table 4, entries 1 and 2),
lower conversions, even if with very good selectivities,
are observed for linear olefins such as 1-hexene 6¢
and 1-octene 6d (Table 4, entries 3 and 4). In these
cases, the use of oxidant in excess (2 equivalents)
allows the conversions to be increased up to 75%,
maintaining high selectivities (Table 4, entries 3 and
4). Comparable conversions are obtained for trans-
stilbene 6e, cis-stilbene 6f, allyl alcohol 6h and styrene
6g, even if, in these cases, the corresponding epoxides
are more reactive and unstable under the reaction
conditions and they generally undergo consecutive
ring opening, thereby decreasing the selectivity of the
process. Furthermore, trans- and cis-stilbene (6e and
6f) afford only the trans- and cis-epoxide, respectively,
indicating that this is a stereospecific concerted
oxygen transfer process.

Due to the remarkable stability shown by com-
plexes 3 under turnover conditions, we also tested
their catalytic performances in haloperoxidation reac-
tions, where the catalyst requires to be stable under
aqueous highly acidic conditions.”® Catalyst 3-OMe
was examined in order to avoid contamination with
the chloride ligand present in 3-Cl. Reactions were
performed under Butler’s standard reaction condi-
tions."¥ This translates into the use of tetrabutylam-
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Table 4. Oxidation of olefins at 60°C using 3-C/TBHP."”!

Entry Substrate TBPH (1 equiv.) TBPH (2 equiv.)

Conv. Sel. Conv, Sel.
[%] [%] [%] [%]
1 © 99 99 99 99
6a
2 b 99 99 99 99
6b
30 WS 5 95 77 95
- Ph
4 o 45 97 73 96
6e
o Ph
5 Y 78 52 86 75
Ph e
/ -
6 Pho Ph 93 54 75 98
6f
X
7 75 44 ) 26
6g
NS
8 HO o 58 70 76 80

[l Reaction conditions: 60°C, [6a=h],=0.1M, [TBHP],=0.1
or 0.2M, [3-C1] =0.005 M.

] Conversion and selectivity determined by '"H NMR anal-
ysis on the crude reaction mixture (DCE as internal stan-
dard).

monium bromide (TBABr) and tetrabutylammonium
chloride (TBACI) as halogen sources in the presence
of 1,3,5-trimethoxybenzene 8 as test substrate. These
reaction conditions allow for a comparison with previ-
ously developed catalysts.

The bromination reaction proceeds with high yields
based on the limiting reagent (H') when a 5% load-
ing of 3-MeO was used (Table 5, entries 1-3). While
the time required for the reaction is longer than that
with the corresponding vanadium complex 1-V, yields
are generally higher. Catalyst loading could be de-
creased down to 0.05% (Table 5x, entry 7) and the
product 9a could be obtained in 50% yield with
TON=1000. The metal complex MoO,Cl, is also an
active catalyst, but it displays much lower reactivity
than 3-OMe (Table5, entries4 and 8), especially
when used at low catalyst loadings. Reactions were
also carried out in the presence of chloride ions. Slow
chlorination of 8 could be achieved (3-OMe=5%)
obtaining 9b in 20% yields after two days (Table 5,
entry 9). The obtained yields indicate that the system
is catalytically active and can perform four catalytic
cycles. Our previous results on 1-V showed that this
system could also oxidise chloride ions, but only a
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Table 5. Formation of 9a or 9b as a function of [H'],
[H,0,], and of Mo(VT) catalysts (3-OMe or MoO,Cl,).!

X
MeO OMe _ 10, HCIO, MeO OMe
3-OMe (5 - 0.05%)

TBAX (0.1 M)

OMe DMF-d, 28 °C OMe
8 9a, X = Br
9b, X = Cl
Entry X Cat (%) [H0,), [H'], #,°  Yield®
[mM] [mM]  [min] [%]
1 Br 3-OMe 8 3 <5 90
(%)
2 Br 3-OMe 20 20 57 88
)
3 Br 3-OMe 40 20 24 99
)
4 Br MoO,Cl, 40 20 24 99
(%)
5 Br - 20 20 - 11
6 Br 3-OMe 20 20 80 90
(0.5)
7 Br 3-OMe 20 20 1440 50
(0.03)
8 Br MoO,Cl, 20 20 - 38
(0.03)
9 Cl 3-OMe 40 20 - 20
(%)

(41 Reaction conditions: DMF-d,, 28°C using [8],=20 mM,
[TBAX],=0.1M, X=Br or ClL

1 Time for a 50% decrease of [H,0,],.

[l Based on the limiting agent HCIO, and determined by
"H NMR (DCE as internal standard) on the crude reac-
tion mixture after total oxidant consumption (iodometric
test).

single catalytic cycle was obtained.’® This result rep-
resents the first example of oxidative chlorination cat-
alysed by a molybdenum(VI) complex.

In conclusion, tris-tert-butylphenolate molybdenum
complexes 3-Cl and 3-OMe have proven to be active
catalysts in the oxidation of sulfides, olefins and hal-
ides using alkyl hydroperoxides or hydrogen peroxide
as primary oxidants. Conversion of the primary oxi-
dant is, in most of the cases, quantitative and the opti-
misation of the reaction conditions allows the attain-
ment of the products in good yields and with high
turnover numbers, especially in the case of olefin ep-
oxidation (TON up to 88,000 and TOF up to 7500 h™*
for cyclooctene).

These results, in combination with the results re-
ported previously for the corresponding Ti(IV) and
V(V) complexes, reinforce the knowledge that amino
tris-tert-butylphenolate is a versatile ligand for the for-
mation of very stable and active metal catalysts.
Moreover, the same ligand, in combination with three
different metals Ti(IV), V(V) and Mo(VI), offers the
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possibility of preparing complexes which are able to
oxidise efficiently a large range of functional groups.

Experimental Section

Synthesis of Mo(VI) Complex 3-Cl

Milled MoO,Cl, (200 mg, 1 mmol) and the ligand precursor
2 (503 mg, 1 mmol) were mixed with toluene (50 mL) and
the stirred suspension was heated to reflux for 18 h. The re-
sulting intense purple solution was filtered through a short
pad of silica and evaporated to afford complex 3-Cl as a
violet solid; yield: 500 mg (80%). 'HNMR (250 MHz,
CDCl;): 6=7.40 (dd, 1H, J=7.8 and 1.4 Hz, ArH), 7.34 (dd,
2H, J=7.8 and 1.8Hz, ArH), 7.15 (dd, 3H, J=9.2 and
1.4 Hz, ArH), 6.98 (m, 3H, ArH), 3.99 ( d, 2H, /=115,
NCH,), 3.6 (d, 2H, J=21.1 Hz, NCH,), 3.49 (s, 2H, NCH,),
1.59 (s, 9H), 1.47 (s, 18H); *C NMR (62.9 MHz, CDCl,):
6=159.84 (C), 141.40 (C), 140.4 (CH), 128.71 (CH), 128.11
(C), 125.61 (CH), 60.23 (CH) 35.45 (CH), 35.43 (CH), 30.54
(C), 3040 (C); ESI-MS: m/z=672.2 (M+Na*), 650.2 (M +
HY), 6143 (M—Cl"); elemental analysis (CHN): calculated
for C;H,NO,CIMo: C 61.16%, H 7.00%, N=2.16%;
found: C 61.64%, H 6.93%, N 2.18%.

Synthesis of Mo"" Complex 3-OMe

Complex 3-Cl (100 mg, 0.15 mmol) was dissolved in metha-
nol and triethylamine (42 puL, 0.30 mmol) was added. The
solution was stirred for three hours at reflux temperature.
The resulting dark red solution was filtered through a short
pad of silica and evaporated to afford complex 3-OMe as a
dark red solid; yield: 70 mg (72%). 'HNMR (250 MHz,
CDCly): 6="7.34 (dd, 1H, J=7.8 and 1.4 Hz, ArH), 7.27 (dd,
2H, J=7.8 and 1.4 Hz, ArH), 7.03 (dd, 2H, J=7.8 and
1.4 Hz, ArH), 6.98 (dd, 3H, /J=7.4 and 1.8 Hz, ArH), 6.86
(m, 3H, ArH), 4.07 [s, 3H, O(CH;)], 3.82 (d, 2H, J=
13.3 Hz, NCH,), 3.58 (s, 2H, NCH,), 347 (d, 2H, J=
13.3 Hz NCH,), 1.59 [s, 9H, C(CH);], 1.43 [s, 18 H, C(CH);];
BCNMR (62.9 MHz, CDCly): 6=158.85 (C), 141.57 (C),
140.56 (CH), 128.67 (CH), 128.14 (C), 126.87 (CH), 60.65
(CH), 35.66 (CH), 35.20 (CH), 30.60 (C), 30.31 (C); ESI-
MS: m/z=6462 (M+H"), 6143 (M—MeO~); elemental
analysis (CHN): calculated for C;;H,;sNOsMo: C 63.45%, H
7.04%, N 2.18%; found: C 63.92%, H 6.96%, N 2.21%.

General Procedure for Monitoring the Oxidation
Reactions Catalyzed by 3-Cl/3-OMe

A screw-cap NMR tube was charged with a solution of the
Mo(VI) catalyst 3 (in CDCl;, CD;0D or DMF-d), the in-
ternal standard (1,2-dichloroethane, DCE), the oxidant
(35% aqueous H,0,, 80% cumene hydroperoxide or 80%
tert-butyl hydroperoxide) and the substrate were added up
to a final volume of 0.6 mL. The NMR tube was maintained
at 60°C. Concentrations of reagents and products, were
monitored by integration of '"H NMR resonances in respect
of the internal standard DCE (3.78 ppm).
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Typical Epoxidation Procedure with 3-C/TBHP

In a 25-mL screw-cap vial, under nitrogen, complex 3-Cl
(0.05 mmol) was dissolved in 10 mL of DCE followed by
TBHP (1.0 or 2.0 mmol) and, after 30 min, by the substrate
(1.0 mmol). The solution was heated at 60°C and the reac-
tion course was monitored via TLC and GC-MS. After the
disappearance of the oxidant (iodometric test), the solvent
was removed under vacuum and the reaction mixture was
purified directly via radial chromatography over silica gel
(gradient: ethyl ether/petroleum ether). Products were iden-
tified by comparison of 'H NMR and mass spectral data
with those reported in the literature (6a,'> 6b,*% ¢,
6d’[15a] 6e’[15b] 6f,[]5b] 6g’[15a] 6h[15c])'

Single Crystal X-Ray Structure Determination

Compound  3-CI-:CHCl;  (obtained from  CHCL):
Cy;;:H,,CIMoNO,-CHCl;, M =767.43, space group: P2,/n
(monoclinic), a=9.4045(1) A, b=19.1507(2) A, c¢=
19.9729(1) A, B=98.7715(5)°, V=3555.10(6) A, Z=4, u-
(Mo Ka)=0.705mm "', D,=1.434 gem >, 2040y =55°, T=
160 K, 88965 measured reflections, 8148 independent reflec-
tions, 6837 reflections with 7> 20([), refinement on F* with
SHELXLY97, 407 parameters, R(F) [I>20(I) reflections]=
0.0439, wR(F?) [all data]=0.1155, goodness of fit=1.059,
APmax=1.88e A%, All measurements were made on a
Nonius KappaCCD area-detector diffractometer using
graphite-monochromated Mo Ka radiation (1=0.71073 A)
and an Oxford Cryosystems Cryostream 700 cooler. The
asymmetric unit contains one molecule of 3-Cl and one mol-
ecule of chloroform. The crystals tend to lose solvent in the
air and collapse to a powder. The non-hydrogen atoms were
refined anisotropically. All of the H atoms were placed in
geometrically calculated positions and refined by using a
riding model. The largest peak and hole of residual electron
density are in the vicinity of a solvent Cl atom and is attrib-
uted to crystal quality deterioration caused by partial loss of
solvent. CCDC 772695 contains the supplementary crystallo-
graphic data for this compound. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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