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Abstract

Six dioxomolybdenum(VI) complexes of Schiff-bases derivativegraifis-1,2-diaminocyclohexane an@-salicylaldehyde as well as
2-hydroxynaphthaldehyde have been synthesised and characterized by IR, UV-Vis and NMR-spectroscopic methods. The catalytic activ-
ities of the complexes in the reaction of epoxidation of cyclohexene and 1-octententitlutyl hydroperoxide (TBHP) as oxidant have been
studied.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction 2. Experimental

Epoxidation is a one of the fundamental reactions in 2.1. Materials
industrial organic synthesis, as epoxides are intermedi-
ates that may be converted in various products of great All the R-salicylaldehydes, 2-hydroxynaphthaldehyde,
importance. Catalysis by metal complexes plays a centraltrans-1,2-diaminocyclohexane, cyclohexene, 1-octene and
role in these processgs—4]. Molybdenum compounds are  tert-butyl hydroperoxide in decane~6.5mol/dn?) were
considered to be very effective catalysts for epoxidation purchased from Aldrich. Absolute ethanol and 1,1,2,2-
with alkyl hydroperoxides as oxidanf4—7]. Synthesis of  tetrachloroethane were purchased from POCh (Gliwice,
a new efficient, selective Mo(VI) catalyst is still a subject Poland) and were used as received.
of practical and theoretical interefi—7]. To the best of Exact concentration of TBHP in decane (5.2 molRim
our knowledge, there are no reports on catalytic proper- was found by the iodometric meth¢8].
ties of Mo(VI) Schiff-base complexes in epoxidation of

alkenes. 2.2. Preparation of Schiff bases
In this study, we synthesised several Mo(VI) complexes
containing Schiff-bases derivatives toéns-1,2-diaminocy- Schiff bases were obtained as described previd@ligy

clohexane and salicylaldehyde with different substituents condensation dirans-1,2-diaminocyclohexane with respec-
1-5 and 2-hydroxynaphthaldehyd& (Scheme L We tive salicylaldehyde or 2-hydroxynaphthaldehyde in abso-
studied their catalytic activity in the epoxidation of |ute ethanol solution.

cyclohexene and 1-octene btert-butyl hydroperoxide

(TBHP). 2.3. Preparation of MoO,(acac);
* Corresponding author. Tel+48-91-449-4141; bis(Acetongcetonato) dioxomolybdenum(VI) was pre-
fax: +48-91-449-4639. pared according to the procedure reported by Chen et al.
E-mail address: terd@ps.pl (T. Dziembowska). [10].

1381-1169/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2003.09.023



10 K. Ambroziak et al./Journal of Molecular Catalysis A: Chemical 211 (2004) 9-16

MoO,(acac), + Reﬂux
QOH HO

(6)

10, 10

EtOH_

(8

8

7

N
O

/
e

//\

1-5)

(1)R=H
(2)R=3,5-diCl

(3 R=3,5-diBr

@ R=5-NO,

(5) R=4,6-diOCH;

Scheme 1. Synthesis of the studied dioxomolybdenum(VI) Schiff-base complexes.

2.4. Preparation of dioxomolybdenum(VI) Schiff-base
complexes

HNMR: 8.87 (1H, s, H-7); 8.84 (1H, s, H)7 7.98 (1H,
s, H-4); 7.92 (1H, s, H4%; 7.78 (1H, s, H-6); 7.76 (1H,
s, H-8); 4.06 (1H, t, H-8), 3.17 (1H, t, H‘§ ~2.59 (1H,

Appropriate amount of the Schiff base (0.001 mol) dis- overlapped, H-9); 2.31 (1H, d, HY9 1.92-1.85 (3H, m,
solved in 100 ml absolute ethanol was allowed to reflux with H-10, H-10, H-9); 1.57-1.37 (3H, m, H-9, H-1pH-10).

Mo(acac} (0.001 mol) for 2—6 h. After 30 min all Mo(acac)

was dissolved, the solution became clear and after next2.4.3. [trans-N,N'-his-(3,5-Dibromosalicylidene)-1,2-

30-60min a solid started to precipitate. Then at the end cyklohexanediaminato] dioxomolybdenum(V1)
of the reaction, the precipitated solid was filtered off and MoO,[bis-(3,5-diBrSal)] (3)

washed with absolute ethanol.

2.4.1. [trans-N,N'-bis-(Salicylidene)-1,2-cyklohexane-
diaminato] dioxomolybdenum(VI) MoOo[bis-(Sal)] (1)
Calcd. for GoH20N204Mo: C, 53.58; H, 4.50; N, 6.25;

Mo, 21.40. Found: C, 53.49; H, 4.51; N, 6.07; Mo, 20.61.

IR(KBr) (cm™1): 1635, 1612 v(C=N)/v(C=C); 1532
v(N=C=C=0); 1302, 12781(CO); 914, 886 v(M0Oy);
v(MoO)/v(MoN) 576, 532, 452.

UV-Vis (CH2Cl,) Amax (cm™1): 31720, 24078.

IH NMR: 8.77 (1H, s, H-7); 8.75 (1H, s, HY7 7.76 (1H,

d, H-6); 7.63 (1H, overlapped, H-4); 7.61 (1H, overlapped,

H-6); 7.42 (1H, t, H-4); 7.14 (1H, t, H-5); 7.09 (1H, d,
H-3):6.75 (1H, t, H-5); 6.70 (1H, d, H-3); 4.06 (1H, t, H-8),
3.00 (1H, t, H-8); 2.65 (1H, d, H-9); 2.33 (1H, d, H

1.95-1.84 (3H, m, H-10 H-10, H-9); 1.52-1.36 (3H, m,
H-9, H-10, H-10).

2.4.2. [trans-N,N-bis-(3,5-Dichlorosalicylidene)-1,2-
cyklohexanediaminato] dioxomolybdenum(V1)
MoO;[ bis-(3,5-diCISal)] (2)

Calcd. for GoH16ClaN20OsMo: C, 40.98; H, 2.75; N, 4.78.
Found: C, 39.02; H, 2.44; N, 4.68.

IR(KBr) (cm~1): 1640, 1610,(C=N)/v(C=C); 1544, 1516
v(N=C=C=0); 1316, 1302,(CO); 924, 896v(M00O,); 586,
528, 502, 480(MoO)/v(MoN).

UV-Vis (CH2Clp) Amax (cm™1): 32120, 23120.

Calcd. for GoH1eBraN2O4Mo: C, 31.45; H, 2.11; N,
3.67. Found: C, 31.35; H, 1.88; N, 3.86.

IR(KBr) (cm~1): 1632, 1602,(C=N)/v(C=C); 1528, 1504
v(N=C=C=0); 1299, 1316,(CO); 924, 894(M0O5); 580,
524, 474v(MoO)/v(MoN).

UV-Vis (CH2Cl,) Amax (cm1): 31640, 23078.

1H NMR: 8.85 (1H, s, H-7); 8.81 (1H, s, H)78.17 (1H,
s, H-4); 8.05 (1H, s, H%; 7.96 (1H, s, H-6); 7.93 (1H,
s, H-6); 4.09 (1H, t, H-8), 3.17 (1H, t, H{® ~2.50 (1H,
overlapped, H-9); 2.29 (1H, d, H¥® 1.92-1.84 (3H, m,
H-10, H-10, H-9); 1.53-1.38 (3H, m, H-9, H-10H-10).

2.4.4. [trans-N,N'-bis-(5-Nitrosalicylidene)-
1,2-cyklohexanediaminato] dioxomolybdenum (V1)
MoOz[bis-(5-NO,Sal)] (4)

Calcd. for GgH1gN4OgMo: C, 44.62; H, 3.37; N, 10.41.
Found: C, 44.79; H, 3.32; N, 10.77.

IR(KBr) (cm™1): 1638, 1619 v(C=N)/»(C=C); 1508
v(N=C=C=0); 1314, 1300,(CO); 928, 898,(M00O5); 508,
450 v(MoO)/v(MoN).

UV-Vis (CH2Cl5) Amax (cm™1): 30030, 2500sh.

1H NMR: 9.08 (1H, s, H-7); 9.05 (1H, s, H)7 8.87 (1H,
s, H-6); 8.80 (1H, s, H-§; 8.45 (1H, d, H-4); 8.24 (1H, d,
H-4'); 7.33 (1H, d, H-3); 6.88 (1H, d, H:B4.09 (1H, t, H-8),
3.22 (1H, t, H-8); 2.50 (1H, d, H-9); 2.34 (1H, d, H}
1.94-1.89 (3H, m, H-1Q H-10, H-9); 1.59-1.37 (3H, m,
H-9, H-10, H-10).
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2.45. [trans-N,N’-bis-(4,6-Dimethoxysalicylidene)-1,2-
cyklohexanediaminato] dioxomolybdenum(V1)
MoO,[ bis-(4,6-diOCH3zSal)] (5)

Calcd. for GaH2sN20OgMo: C, 50.71; H, 4.96; N,
4.93; Mo, 16.88. Found: C, 50.03; H, 4.86; N, 4.78; Mo,
16.29.

IR(KBr) (cm~1): 1610, 1590 v(C=N)/v(C=C); 1538
V(NCCO); 1308v(CO); 914, 884v(M0oOy); 566, 552, 432
v(MoO)/v(MoN).

UV-Vis (CH2Cl2) Amax (cm™1): 29316, 25000.

1H NMR: 8.81 (1H, s, H-7); 8.42 (1H, s, H)7 6.28 (1H,
s, H-3); 6.27 (1H, s, H-3; 5.89 (1H, s, H-5); 5.81 (1H, s,
H-5); 3.92 (1H, t, H-8), 3.87 (3H, s, H-OMe); 3.84 (3H,
s, H-OMé€); 3.83 (3H, s, H-OMe); 3.74 (3H, s, H-ONJe
3.17 (1H, t, H-8); ~2.59 (1H, overlapped, H-9); 2.31 (1H,
d, H-9); 1.92-1.85 (3H, m, H-70 H-10, H-9); 1.57-1.37
(3H, m, H-9, H-10, H-10).

2.4.6. [trans-N,N'-bis-(2-Hydroxynaphthylidene)-1,2-
cyklohexanediaminato] dioxomolybdenum(VI)
MoOz[bis-(Naph)] (6)

Calcd. for GgH24N20O4Mo: C, 61.32; H, 4.41; N,
5.11; Mo, 17.49. Found: C, 61.28; H, 4.35; N, 5.09; Mo,
16.31.

IR(KBr) (cm~1): 1616, 1600(C=N)/v(C=C); 1552, 1536
v(NCCO); 1290v(CO); 908, 886, 872(M00,); 590, 540,
500, 456v(MoO)/v(MoN).

UV-Vis (CH2Clo) Amax (cm™1): 30998, 23041.

IH NMR: 9.66 (1H, s, H-11); 8.96 (1H, s, H-1)18.59
(1H, d, H-8); 8.21 (1H, d, H-8; 8.09 (1H, d, H-4);~8.00
(1H, overlapped, H/&); ~7.98 (1H, overlapped, H%, 7.83
(1H, d, H-B); 7.67 (1H, t, H-7); 7.60 (1H, t, Hip; 7.52
(1H, t, H-79); ~7.39 (1H, overlapped, H§ ~7.36 (1H,
overlapped, H-3); 6.87 (1H, d, H)3 4.13 (1H, t, H-12),
3.05 (1H, t, H-12); 2.89 (1H, d, H-13); 2.62 (1H, d, H-18
1.96-1.92 (3H, m, H-13H-14, H-14); 1.65-1.42 (3H, m,
H-13, H-14, H-14); s: singlet, d: doublet, t: triplet, m: mul-
tiplet; a and b: possible reverse assignment.

2.5. Epoxidation of non-functionalised alkenes by
catalysts 1-6

2.6. Physical measurements

Elemental analyses of the complexes were performed on
an Euro EA Elemental Analyzer. The molybdenum content
in the complexesl(, 5 and6) was evaluated by thermal gravi-
metric analysis (TGA) using STA 449C Netzsch instrument
by burning the sample to Mofat 963—-1003 K.

IR spectra were acquired by the use of a Perkin-Elmer
SPECTRUM ONE spectrometer in KBr pellets. UV-Vis
spectra were recorded on a Specord M-Carl Zeiss Jena spec-
trometer in CHCl,. 'H NMR and3C NMR spectra were
measured on a Bruker DPX-400 in DMSO with TMS as in-
ternal standard.

GC analysis of the product was made on a Fisons GC
8000°P using 30m long J&W DB1, 0.53mm Megabore,
film 1.5pum—100% polidimethylsiloxan capillary column
with FID detector. Column temperature programmed be-
tween 308 and 453 K, injection temperature 453 K, detector
temperature 473 K and helium carrier gas flow 6 ml/min.

3. Result and discussion

Numerous dioxomolybdenum(VI) complexes with
Schiff-base ligands are knovwjh1-21] but only one deriva-
tive of trans-1,2-diaminocyclohexan& has been obtained
and characterized by the spectroscopic method sflfgr
We have obtainedtjans-N,N'-bis-(R-salicylidene)-1,2-cyc-
lohexanediaminato] dioxomolybdenum(M}5 and trans-
N,N'-bis-(2-hydroxynaphthylidene)-1,2-cyclohexanediami-
nato] dioxomolybdenum(VI) &), following the method of
Yamanouchi et al[12] by the reaction of bis-(acetyloaceto-
nato) dioxomolybdenum(VI) with a respective Schiff base
(Scheme 1

The synthesis of complexes of dioxomolybdenum(VI) sal-
icylaldehydes withtrans-1,2-diaminocyclohexane was not
successful. Complexeés4 were slightly soluble in organic
solvents, whilel and5 were soluble in 1,1,2,2-tetrachloro-
ethane and dimethylsulphoxide. All the complexes were
stable in the solid state and 1,1,2,2-tetrachloroethane but
not stable in dimethylsulphoxide, (excep}, methylene
chloride and chloroform.

Epoxidation of cyclohexene and 1l-octene catalyzed by The purity of the complexe$-6 were determined by el-

dioxomolybdenum(V1) Schiff-base complexes with TBHP

was carried out according to the following general pro-

emental analysis. Molybdenum content was evaluated only
for complexesl, 5 and 6. For complexe2—4 containing

cedure: a mixture of 0.025mmol catalyst, 4 ml solvent halogens and nitro-substituents in the salicylidene ring, the
(1,1,2,2-tetrachloroethane) and 25 mmol alkene was stirredTGA was unsuccessful because burning the samples did not
in a round bottom flask equipped with a condenser and aled to MoG:.

dropping funnel at an appropriately chosen temperature for

5min. Then 8.33 mmol of TBHP (solution 5.2 mol/drin

In order to obtain more details on the structure of com-
plexesl-6, the IR, UV-Vis spectra of complexes have been

n-decane) was added. The molar ratio of the catalyst to measured and compared with the spectra of the respective

TBHP was 3x 1073:1. The resulting mixture was then

ligands. Since many of the complexes decompose fairly fast

stirred for 2 h at an appropriately chosen temperature. Then,in solution, the spectral measurements were carried out as
the mixture was subjected to GC analysis. The concentra-quickly as possible. The measurementsldfNMR spectra

tions of products were determined usinghexane as an
internal standard.

of complexes in dimethylsulphoxide were repeated to check
for any spectral change due to decomposition.
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Fig. 1. The IR spectra of (a) Moglbis-(4,6-diOCHSal)] (6) (b) and its Schiff-base ligand.

The IR spectra of all complexes in the solid state show two L MCT band was near 23,000-25,000chn similar to the
absorption bands in the region between 872 and 928¢m  spectra of the other Mo(VI) complexes of Schiff bases
which is a characteristic afisMoO, group[11-16] The [11-14,16]
exemplary IR spectrum of comple%)(and its ligand are The splitting of the signals in théH NMR spectra of
presented irFig. 1L The absorption band of MOO/MoN was 3|l the complexes confirms the non-equivalence of both the
observed below 550 cnt [15]. Disappearance of the broad  chelate rings. A particularly large difference in the positions
v(O-H) absorption on complexation indicated a coordina- of the methine (C-7 fol-5; C-11 for6) signals is observed

tion of the phenolic oxygen to the metal. The characteris- for complexes and6. The region of the imine and aromatic
tic imine bands in the region 1610-1640<chare split and signals for complexi and its ligand is shown irFig. 2

shifted to the lower and higher wave numbers in comparison [12,14]
to the spectra of the ligands. The coordination of the metal  The spectroscopic study shows that both the chelate rings
to the imine nitrogen is expected to shift the=N band to  in the complexes are not coplanar, similarly as it is in the
lower wave numberflL3]. The pattern of theC=N absorp-  other sterically hindered complex¢$2,14,17] This lack
tion suggests the non-equivalence of both imine groups andof coplanarity may results from the presence of the chelate
a possible deviation of the=M group from the aromatic  rings with the bulky groups and the steric requirement of the
ring plane. Such a structure has been found by the X-ray cis-MoO,. These effects may be responsible for a relatively
method for the Mo@ complex of Schiff bases derived from  |ow stability of the complexes studied. The presence of the
2-methyl-1,3-diaminopropar{é4,17] electrodonor substituent in the salicylidene ringSofay
The electronic spectra of the complexes revealed a highaccount for strengthening the Mo—N bond and increasing
intensity charge transfer band near 31,000¢nwhile the  the stability of the complex. The decreasing electron density
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Fig. 2. 1H NMR spectra of (a) Mo@bis-Sal] (1) and (b) its ligand.
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Table 1
Epoxidation of cyclohexene and 1-octene catalyzed by dioxomolybdenum(VI) Schiff-base complexes
Entry Catalyst Epoxide yield (%)

Epoxycyclohexane 1,2-Epoxyoctane
1 MoO;[bis-Sal] @) 92 23
2 MoO;[bis(3.5diCISal)] @) 98 40
3 MoO;[bis-(3,5-diBrSal)] 8) 98 29
4 MoOs[bis-(5-NOSal)] (@) 94 15
5 MoO;l[bis-(4,6-diOCHSal)] (5) 100 45
6 MoO;[bis-(Naph)] €) 93 74
7 MoO,[bis-(Naph)]6)° 74 ~2
8 MoO;[bis-(Naph)] 6)° 100 86

a Reaction conditions: 25 mmol alkene; 8.33 mmol TBHP (5.2 mah-tiecane); 4 ml of 1,1,2,2-tetrachloroethane as solvent; 0.025 mmol of catalyst;
358K; 2h.

b Reaction carried out without solvent.

¢ Reaction carried out at 373K.

on the O atom, following from the presence of electron ment error range. However, Meis-(4,6-diOCHSal)] (5)
withdrawing NG, seems to explain the lowest stability of may be considered to be the best catalyst in this reaction, as
this complex. only for this catalyst no trace of TBHP was found when the
The catalytic activities of dioxomolybdenum(VIl) com- reaction was completed (entry 5Table 1. Another advan-
plexes1-6 were determined by the yield at epoxidation of tage of MoQ[bis-(4,6-diOCHSal)] (5) complex is its sta-
cyclohexene and 1-octene usitagt-butyl hydroperoxide as  bility in DMSO, which is important from the viewpoint of
oxidant. The yield of the reaction was expressed assY the spectroscopic studies of this complex in solution. In the
(Cepox/CrBHP) x 100%, whereCepox and Crgyp are the reaction of epoxidation of 1-octene the yield changes within
molar concentration of the epoxide and the initial concen- the limits from 15% found for Mo@bis-(5-NO,Sal)] 4) up
tration of TBHP, respectively. The epoxycyclohexane and to 74% for MoG[bis-(Naph)] 6), (Table 1andFig. 3). This
1,2-epoxyoctane yields are given Table 1 The selectiv- results indicate that introduction the electron-withdrawing
ity of the epoxidation was found to be close to 100% either NO, group to the salicylidene ring strongly decrease the ef-
for epoxycyclohexane or for 1,2-epoxyoctane. The epox- fectiveness of a catalyst.
ide yield was higher for cyclohexene than that for 1-octene, In order to gain a better insight into the catalytic activity
in accordance with the known higher reactivity of cyclic of MoOy[bis-(4,6-diOCHSal)] (5) in epoxidation of cyclo-
alkenes in these reactioi§]. The high yield of epoxide  hexene, the effect of the olefin:oxidant ratio and the reaction
in the reaction of cyclohexene epoxidation catalyzed by all temperature was investigatefid. 4).
complexed—6 made it difficult to compare their catalytic ac- The epoxy-compound yield was shown to be strongly
tivities; the differences in the yield were within the measure- dependent on the cyclohexene:TBHP molar ratio. The

O epoxycyclohexane M 1,2-epoxyoctane

98 98
1007 g2 . S 94 169 93
80 - 74
9 60 -
g 45
=)
° 40
> 40 +
29
23
20 | 15
0 L
1 2 3 4 5 6
Catalyst

Fig. 3. Epoxycyclohexane and 1,2-epoxyoctane yield in the reaction of epoxidation catalyzed by dioxomolybdenum(VI) Schiff-base complexes.
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100 358K led to a decrease in the epoxycyclohexane yield
. 80 from 93% with the solvent to 74% without it. The reaction
£ 60 of epoxidation of 1-octene without the solvent gave only
E 40 trace amounts of 1,2-epoxyoctane, while with the use of
> 20 1,1,2,2-tetrachloroethane we obtained a 74% epoxide yield.

Insolubility of MoO;[bis-(Naph)] €) in octene accounted
0 e T & T 1 . . : . .
1 sy - 480 for a very low yield of this reaction, which can indicate that

the catalytic reaction takes place in the homogenous phase.

The results of our study have revealed that two of
the synthesised complexe8: and 6, are effective cat-
alysts for epoxidation of cyclohexane and 1-octane in
1,1,2,2-tetrachloroethane.

T(K)

Fig. 4. The effect of temperature on the yield of cyclohexene epoxidation
catalyzed by Mo@[bis-(4,6-diOCH)] (5).

olefin:TBHP ratio of 3:1 gave a 100% yield of epoxide,

whilst a significant decrease in the epoxycyclohexane yield

was observed for the decrease in ratio of 3:1.5 and 3:24. Conclusions

(Table 2. It is worth noting that we obtained a 100%

epoxide selectivity for all the experiments. The synthesised dioxomolybdenum(VI) complexes of
The temperature dependence of cyclohexene epoxidationtetradentate Schiff-base derivativestians-1,2-diaminocy-

by 5 was investigated and the reaction yields are given clohexane are found to be very selective catalysts for

in Fig. 2 It can be seen that the epoxycyclohexane yield the epoxidation of cyclohexene and 1-octene. High yield

strongly depends on the reaction temperature. At 303 and(90-100%) of epoxidation was found for the first of the

328K, we observed no epoxy-compounds. As we obtained reactions at 358 K; for the epoxidation of 1-octene the yield

7% epoxide yield at 333K it may be presumed that the re- was in the range 15-74%. The best results were obtained for

action starts at about 333 K; at 358 K the yield increased up [trans-N,N’-bis-(4,6-dimethoxysalicylidene)-1,2-cyclohexa-

to 100%.

We also carried out the epoxidation of 1-octene and cyclo-

hexene at 373 K using Maofbis-(Naph)] 6) as a catalyst. It
can be seen ifiable 1(entry 8) that both the epoxide yields

nediaminato]-dioxomolybdenum(VI) andr@ins-N,N-bis-
(2-hydroxynaphthylidene)- 1,2 - cyklohexanediaminato] -di-
oxomolybdenum. An increase in the reaction temperature
may lead to an increase in the yield of the epoxide. The

increased with increasing temperature. For the reaction of complexes are stable in the solid state, however, they un-
cyclohexene epoxidation an increase in the epoxide yield dergo decomposition during the reaction.
to 100% was observed when the temperature was increas-

ing from 358 to 373K, whilst in the reaction of 1-octene

epoxidation, an increase in temperature by 15K caused anAcknowledgements

increase in the 1,2-epoxyoctane yield from 74 to 86%.

The reaction was performed in 1,1,2,2-tetrachloroethane,

because it is known that chlorinated solvents facilitate
epoxidation[22] and the complexes studied are stable in
this solvent. Another advantage of this solvent is its boil-
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