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Abstract

Novel molybdenum-containing organic complexes based on 3,4-dihydroxy-3-cyclobutene-1,2-dione (“squaric acid”) and
some organic amines have been synthesized and characterized by infrared (IR) spectroscopy, thermogravimetric (TGA) and
elemental analyses. The resulting molybdenum complexes were introduced as catalysts in the epoxidation of cyclohexene
with t-butylhydroperoxide (TBHP) and showed high activities and selectivities, comparable to those of the commercially

available molydenyl acetylacetonate (Mg{@cac)).
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Molybdenum-containing complexes have long been
known to be useful catalysts for the epoxidation of
alkenes by organic hydroperoxides. The industrial im-
plementation of this reaction was first achieved in the
Halcon process, which utilized a soluble Mo com-
plex and in theArco process, which made use of a
heterogeneous Ti-Silcatalyst to effect the epoxida-
tion of propylene to the synthetically useful propylene
oxide precursof1,2]. Since then, a number of solu-
ble molybdenum-containing organic complexes with
carboxylic acids, ketones, alcohols, glycols, amines,

tific attention since the late 1970s. Recently, a num-
ber of chelating functional molybdenum-containing
copolymers have been prepared and used as catalysts
for the epoxidation of alkenes, mostly, cyclohexene
[8-10]

Compared to the vast number of organic ligands
employed so far for the preparation of molybdenum
complexes and catalysts for the alkene epoxidation,
3,4-dihydroxy-3-cyclobutene-1,2-dione (squaric acid)
holds unique position. Squaric acid is a strong diba-
sic acid with a four-atom ring framework endowed
with hydrogen bonding (donor as well as acceptor)
and ionic organizational features. Therefore, it ap-

etc. have been synthesized and employed as homogepears particularly attractive as a template for generat-
neous catalysts for the epoxidation of various alkenes ing self-assemblies from polarizable cations in general

[3-7]. The preparation of polymer-supported catalysts

for the epoxidation of alkenes has also received scien-
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and organic bases in particular. The squarate dianion
possesses a square-planar structlrg, (Ssymmetry)

and has been suggested as a member of an aromatic
series of cyclic oxocarbon anions that are stabilized by
delocalization ofr-electrons around the ring1,12].
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Itis therefore, believed that organic complexes formed 2.2. Syntheses of the molybdenum-containing
by the interaction of squaric acid, some polyfunctional complexes

organic amines with chelating properties and Mo(VI)

oxospecies would possess high catalytic activities and 2.2.1. Synthesis of the complex A

selectivities in the epoxidation reaction, due to the

combination of highly mobiler-electron system and
polarizable ions.

2.2.1.1. Preparation of monoethanolammonium
squarate (HSq2MEA). The 0.342g (3mmol)

Squaric acid has been reported to give rise to a squaric acid were placed into a small 50 ml beaker

wide variety of complexes with transition metal com-
pounds such as salts of nickel, cobalt and ifb8],
uranium and titaniunjl4], vanadium[15,21], copper

and then 5ml distilled water were added. The sus-
pension was slowly heated with stirring to 608D
until the squaric acid was completely dissolved. Then

[16-18] etc. The similarities of the squarate anion to 0.366g (6 mmol) monoethanolamine, dissolved in
the oxalate one with respect to their structures and 2 ml distilled water were quantitatively added to the
coordinative properties and its versatility as a lig- hot solution and the stirring was continued for 2h
and have also been discus$&d,18]. Publications on ~ at room temperature. Slow evaporation for several
the preparation of molybdenum-containing complexes days produced colourless to white needles, which
based on squaric acid have also emerg€d-21] but were thoroughly filtered under vacuum and left to dry
their syntheses were frequently associated with the out in air for 24 h. Yield: 0.403g, mp 130-13C.
use of expensive reagents and cumbersome proce-Anal. calcd for GH16N20g: C, 40.68; H, 6.77; N,
dures. No use of any organic transition metal com- 11.86. Found: C, 40.47; H, 6.70; N, 11.80. The fol-
plexes with squaric acid as catalysts for organic re- lowing infrared absorptions were obtained in the
actions has been reported so far, to the best of our4000-400cm? region (mid IR spectra, KBr pellets,
knowledge. cm1): 3093 (medium to strong, broad), 2999 (m),
Therefore, the aim of the present work was to at- 2970 (m), 2947 (m), 2929 (m), 2851 (m), 2735 (w),
tempt the preparation of some novel molybdenum 2637 (w), 2569 (w), 2528 (vw), 1610 (m), 1592 (m),
complexes based on squaric acid by a simple and 1545 (s), 1510 (s), 1463 (vs), 1453 (vs), 1426 (vs),
straightforward procedure, and to evaluate their ap- 1384 (s), 1374 (s), 1300 (m), 1272 (m), 1135 (m),

plicability as catalysts for the epoxidation of cyclo-
hexene by organic hydroperoxides.

2. Experimental

2.1. Starting materials

3,4-Dihydroxy-3-cyclobutene-1,2-dione  (squaric
acid, HSqg, 98%) was obtained frontulls-Marl
(Germany) and was recrystallized before use. 2-Ami-
noethanol (monoethanolamine, MEA) (BIOSYNT,
Riedel de HaerGermany), tris-(2-hydroxyethyl)amine
(triethanolamine, TEA) (purumfluka AG, guani-
dinium carbonate Gu&0Os (purum, >97%, Fluka
AG) and molybdenum(VI) dioxodichloride (molyb-
denyl chloride, MoQCl,, Aldrich) were em-
ployed without further purification. Cyclohexene
(Merck-Schuchardt 99%), t-butyl hydroperoxide,
TBHP (Fluka AG and molybdenyl acetylacetonate
MoOy(acac) (Riedel de HaenGermany) were also
used as received.

1121 (m), 1105 (m), 1079 (s), 1014 (m), 966 (m), 868
(w), 817 (m), 796 (sh), 715 (w), 622 (vw), 530 (w).

Far infrared (far IR spectra, Csl pellets, 400—
100 cnTl): 387 (w), 352 (w), 337 (W), 316 (w), 248
(m), 165 (sh).

2.2.1.2. Synthesis of the molybdenum-containing
complex (complex A).The 0.234g (2.05mmol)
H,Sq were placed into a small 50ml beaker and
10 ml distilled water were added. The suspension was
slowly heated with stirring between 60 and €D
until the squaric acid was completely dissolved. The
0.249 g (4.08 mmol) MEA, dissolved in 2 ml distilled
water were added to the hot solution and the stir-
ring was continued for 2 h at room temperature. This
was followed by addition of 0.800g (ca. 4 mmol)
MoO,Cly, which produced almost immediately a
light green suspension and the latter soon began to
gradually precipitate. Attempts to dissolve the prod-
uct by careful heating to 60—7C were unsuccessful
and the stirring was continued for another 12h at
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room temperature. Then the suspension was filtered added. The suspension was slowly heated with stirring
under vacuum, washed consecutively and thoroughly to between 60 and 7@ until the squaric acid was

with distilled water, acetone and ether and dried at
room temperature in air. Yield: 0.650g. Anal. calcd
for CgH16N2Mo40O1g: C, 11.82; H, 1.97; N, 3.45; Mo,
47,29. Found: C, 11.57; H, 1.47; N, 3.62; Mo, 47.64.
IR: 3420 (s, broad), 3250-3000, 2960 (w), 2924 (w),
2855 (w), 2800—2600, 1746 (vw), 1608 (s), 1574 (s),
1527 (vs), 1409 (m), 1377 (m), 1319, 1309 (doublet),
1259 (w), 1115, 1094 (doublet), 1061 (m), 996 (m),
945 (s), 918 (s), 875 (m, sh), 549 (vs), 426 (w).

Far IR: 398 (m), 368 (w), 322 (w), 281 (m), 228
(s), 217 (vs), 146 (w).

2.3. Synthesis of the complex B

2.3.1. Preparation of triethanolammonium squarate
(H2Sq2TEA)

The 0.234g (2.05mmol) $6q were placed into
a small 50 ml beaker and 10 ml distilled water were
added. The suspension was slowly heated with stir-
ring to 60—80°C until the squaric acid was completely
dissolved. The 0.615¢g (4.11 mmol) triethanolamine,
dissolved in 2ml distilled water were quantitatively
added to the hot solution and the stirring was contin-
ued for 2 h at room temperature. Slow evaporation for
almost a week produced colourless to white crystalline
product which was filtered under vacuum and left to
dry out in air for 24 h. Yield: 0.55g, mp 83-8&,
the product was rather hygroscopic. Anal. calcd for
Ci16H32N2010: C, 46.59; H, 7.84; N, 6.79. Found: C,
44.91; H, 8.55; N, 6.50. IR: 3473 (m, sh), 3377, 3355
(s, doublet), 3151 (m), 3008 (w), 2997 (w), 2967 (w),
2932 (w), 2902 (w), 2851 (w), 2671 and 2627 (broad),
1723 and 1710 (w, doublet), 1525 (vs), 1486 (m), 1458
(w), 1448 (w), 1435 (w), 1406 (m), 1354 (m), 1333
(m), 1321 (m), 1283 and 1268 (w, doublet), 1242 (m),
1231 (m), 1193 (sh), 1105 (m), 1095 (m), 1077 (m),
1034 (m), 1003 (m), 995 (m), 918 (m), 903 (w), 876
(w), 855 (vw), 843 (vw), 818 (s), 716 (w), 648 (vw),
530 (m).

Far IR: 360 (s), 314 (m), 266 (m), 222 (m), 202
(m), 178 (m), 135 (s).

2.3.2. Synthesis of the molybdenum-containing
complex (complex B)

The 0.111g (0.97 mmol) g were placed into a
small 50 ml beaker and then 5 ml distilled water were

completely dissolved. The 0.306 g (2.05 mmol) TEA,
dissolved in 2 ml distilled water were added to the hot
solution and the stirring was continued for 2 h at room
temperature. This was followed by addition of 0.396 g
(ca. 2mmol) MoQClI, which produced almost im-
mediately green suspension and the latter soon began
to gradually deposit as precipitate. Attempts to dis-
solve the product by careful heating to 60=Twere
unsuccessful and the stirring continued for another
12 h at room temperature. The suspension was filtered
under vacuum, washed consecutively and thoroughly
with distilled water, acetone and ether and dried at
room temperature in air. Yield: 0.362 g. Anal. calcd for
C16H34N2M0201g: C, 26.16; H, 4.63; N, 3.81; Mo,
26.16. Found: C, 25.26; H, 4.82; N, 4.11; Mo, 26.70.
IR: 3421 (m, sh), 3344 (vs), 3313 (vs), 3159 (s), 3100
(w), 2975 (w), 2938 (m), 2903 (m), 2846 (m), 2795
(m), 2724 (w), 2686 (w), 2614 (w), 2501 (w), 1570
(s), 1533 (s), 1488 (m), 1460 (m), 1405 (s), 1369 (w),
1328 (m), 1304 (w), 1258 (w), 1199 (w), 1096 (m),
1080 (m), 1068 (w), 1031 (s), 1006 (m), 947 (m), 917
(s), 846 (w), 608 (m), 548 (s), 427 (w).

Far IR: 396 (s), 367 (m), 325 (w), 311 (vw), 281
(m), 230 (s), 214 (m), 209 (w), 146 (w).

2.4. Synthesis of the complex C

2.4.1. Preparation of guanidinium squarate
dihydrate HSg2Gua2H,0

The 0.337g (2.96 mmol) $6q were placed in a
50 ml beaker and 10 ml distilled water were added. The
suspension was slowly heated with stirring to between
60 and 80 C until the squaric acid was completely
dissolved. The 0.533 g (2.96 mmol) guanidinium car-
bonate (GugCOs3) were gradually added to the hot
solution until the evolution of carbon dioxide ceased
and the stirring continued for 1h at room temper-
ature. Small needle-shaped colourless crystals were
gradually formed on cooling and slow evaporation of
the solution which were further purified by recrys-
tallization from water. Yield: 0.635g. Anal. calcd for
CsH16NeO6: C, 26.86; H, 5.97; N, 31.3. Found: C,
25.89; H, 5.77; N, 30.51.

IR: 3618 (m), 3580 (w), 3547 (w), 3446 (m), 3435
(m), 3385 (w), 3290 (w), 3280 (w), 3182 (w, broad),
1817 (w), 1703 (m), 1636 (m), 1576 (m), 1485 (m),
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1476 (m), 1408 (vs), 1155 and 1145 (w, doublet), 1072 and 1,2-epoxycyclohexane (cyclohexene oxide) and
(w), 1045 (vw), 926 (w), 852 (vw), 832 (m), 707 (w), was left to proceed until near complete conversion
628 (m), 444 (m). of the TBHP. At this point, a sample for the GLC

Far IR: 356 (m), 248 (m), 195 (sh), 166 (s), 155 determination of the reaction products was collected.
(sh).

2.6. Instrumentation and analyses

2.4.2. Synthesis of the molybdenum-containing
complex (complex C) Gas—liquid chromatographic (GLC) analyses of

The 0.228 g (2 mmol) bSq were placed ina 50ml  the products obtained from the epoxidation reac-
beaker and 10 ml distilled water were added. The sus- tion were performed on a SIGMA 2000 instrument
pension was slowly heated with stirring to between (Perkin-Elmer Norwalk, CT, USA) equipped with a
60 and 70C until the squaric acid was completely flame ionization detector. Data handling was provided
dissolved. The 0.360g (2.00 mmol) G@0O3 were by Chromatographics 2 Data Systgierkin-Elmer).
gradually added to the hot solution until the evolu- The chromatograph was fitted with Permaphase DMS
tion of carbon dioxide ceased. The stirring continued (polydimetylsiloxane) fused-silica capillary column
with occasional heating to maintain the product in so- (50 m x 0.25mm). The oven temperature was“T0
lution, for approximately 0.5h and then 0.796g (ca. and nitrogen (30 psi) was the carrier gas. GLC anal-
4.00 mmol) MoQCl, were carefully added to the hot ysis was combined with both the titrimetric determi-
solution. Further stirring for another hour, followed by nation of alkene oxide in non-aqueous medi{#8]
cooling to room temperature produced light green sus- and standard hydroperoxide iodometric method. The
pension which soon began to gradually deposit as pre- molybdenum content in the complexes synthesized
cipitate. The latter was filtered under vacuum, washed was evaluated by thermal gravimetric analysis (TGA)
consecutively and thoroughly with distilled water, ace- using anOD-102 instrument MOM, Hungary) by
tone and ether and dried at room temperature in air. burning the sample to Mogat 650-700C with the
Yield: 0.742g. Anal. calcd for gH14NgM04016: C, complete loss of organic matti6]. The IR spectrum
8.87; H, 1.73; N, 10.37; Mo, 47.40. Found: C, 9.22; of the inorganic residue was identical to that of com-
H, 1.13; N, 10.16; Mo, 45.67. IR: 3550 (m, sh), 3428 mercial MoG;. The results from the TGA were found
(vs), 3268 (m), 3195 (m), 2961 (w), 2924 (w), 2853 to correspond to those obtained from the colorimetric
(w), 1808 (vw), 1668 (s), 1602 (w), 1521 (vs), 1115 method for molybdenum analysis, based on the for-
and 1093 (w, doublet), 933 (s), 902 (s), 546 (vs), 468 mation of coloured complexes with thiocyan{2].

(sh), 422 (w). Generally, the thermal analyses (TGA/DTA) were
Far IR: 392 (m), 371 (w), 324 (w), 281 (m), 230 conducted on the same instrument at a heating rate of
(s), 220 (s), 215 (sh), 157 (w). 10°C/min over the temperature range 20-780in
air. The elemental microanalyses were performed on
2.5. Catalytic epoxidations the Carlo Erbainstrument (ltaly). Both the medium

and far FT-IR spectra of the samples were run on

For a typical experimental procedure, an amount Bruker IFS-113spectrometer as KBr and Csl pellets
of the catalyst, equivalent to 0.033mmol Mo and in the 4000400 and 400-100 cfregions, respec-
6.6 ml (0.065mol) cyclohexene were placed into tively.
a three-necked 12 cmthermostated glass reactor
fitted with a reflux condenser, thermometer and
a septum cap. The mixture was stirred for 5min 3. Resultsand discussion
at 79°C and then 1ml (ca. 0.010 mol) anhydrous
t-butylhydroperoxide was added. No solvent was 3.1. Preparation and characterization of the squaric
used in the epoxidation reaction; an excess of cyclo- acid salts and molybdenum-containing complexes
hexene reactant was placed in the reaction mixture
instead. The reaction was monitored at certain time  The initial attempts to prepare molybdenum-con-
intervals to determine the concentrations of TBHP taining complexes by the direct interaction o3t
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or its sodium salt with Mo@Cl, or by prolonged to a mixture of C—C and C-O stretching vibrations
heating of MoQ with H,Sq in aqueous medium did [16]. Thus, the squarate ion in the molybdenum com-
not produce satisfactory results. The reason for this plexes functions as bis-bidentate bridging ligand. The
is likely due to the poor dissociation of;8q in the elemental analysis proved the stoichiometry in the
aqueous solution of MogTl,, which itself producesa  formation of the organic salts. The quantitative deter-
highly-acidic medium on one hand, and the very low mination of nitrogen showed that the polyfunctional
solubility of MoQOs in water, on the other. In both cases, amines as additional ligands were definitely present
predominant formation of $fMoO4 or “molybdenum in the structures of the molybdenum complexes.
blue” occurred instead. Therefore, further work was The latter did not contain chlorine, as proved by the
concentrated on introducing other reactants such asSchoenigemethod and the TG analyses showed high
polyfunctional amines into the reaction system. It was molybdenum content.
anticipated that these organic bases, acting as addi-
tional reactants and reducing the acidity, would utilize 3.1.1. HSq2MEA and complex A
the potential of HHSq as a ligand in more favourable The current search in the literature did not reveal
direction. In the course of the studies, it was recog- any reports for the preparation and characterization of
nized that if BSq, the organic amine and MeOl, the monoethanolammonium salp&32MEA and its
were consecutively introduced in the reaction in one corresponding transition metal complexes. The corre-
single step (one-pot procedure), the formation of the sponding wavenumbers (cth) of the observed char-
corresponding complexes would be favoured. How- acteristic bands in the IR spectra and their assign-
ever, the preparation of the squaric acid salts with the ments[27] for HSg2MEA and complex A are listed
organic bases was also conducted separately in orderin Table 1
to prove their formation in the aqueous solution and  The broad multiplet band between 2700 and
to compare their spectral characteristics with those of 2000cnt! and the lack of pronounced absorptions
the corresponding molybdenum complexes. within 3500-3100cm! are typical for the am-
The salts of HSq with the organic bases were monium (-NH*-type) salts such as 2$g2MEA.
found to be crystalline compounds. Only the guani- The sequence of several strong absorptions between
dinium salt (HSg2Gua2H,0) was characterized 1470 and 1370cm' (5(CHg)) in HaSG2MEA re-
and found to be crystallohydrate by TGA/DTA anal- sulted from the considerable split of the typical
ysis and no melting phenomena were detected. Thebands for the methylene groups, due to the pres-
salts HSq2MEA and HSg2TEA, containing hy- ence of the (Ch-NHz™) fragment. No bands at
droxyethyl fragments had sharp melting temperatures. 17901820 cm?, usually assigned to the localized
The molybdenum-containing complexes, on the other C=O bonds (free non-coordinated carbonyl) in the
hand, were barely soluble in water and some of the squaric acid and at 1630-1690th (v(C=C) in
commonly used inert organic solvents even at el- H>Sq)[21] were detected. This also proved the pres-
evated temperatures and did not have pronouncedence of the squarate anion (3Q moiety in the
crystalline structures. This prevented us from obtain- organic salt and the corresponding complex. The in-
ing samples for X-ray diffraction analysis in order to teraction with MoQClI, resulted in some essential
conduct their full structural characterization. Both the changes in the spectrum of complex A with respect
middle and far IR spectra of the organic salts and the to that of HSG2MEA. The fundamental bands for
corresponding molybdenum-containing complexes, SQ~ (1545 and 1510 cm' in H,S¢2MEA) emerged
prepared in agueous solution showed the characteris-as a single strong absorption at 1527¢min the
tic fundamental vibrations near 1530, 1090, 350 and molybdenum complex A. The strong bands at 945 and
259 cntL. These vibrations have been established for 918 cnt! detected for the molybdenum-containing
the squarate anion (3Q) of high (Dan) symmetry complex only can be definitely assigned to the
in the IR spectra of potassium, sodium and lithium cis-MoO; fragment with terminal (t) oxygens derived
squarateg24,25] For example, complexes in which  from MoO,Cl, (v(Mo=0Qy)), as reported in a number
the squarate is coordinated through all four oxygen of publications[19-21,26] It is known that, within
atoms exhibit a strong band near 1500 drrassigned the region of 400-600 crt, metal-oxygen stretching
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Table 1

Selected vibrational data (cth) and their assignment for 23G2MEA and complex A

H2Sgq2MEA Complex A

Wavenumbers Assignment Wavenumbers Assignment

3093 v(OH), v(NH3)* 3425 v(OH)

2999, 2970, 2947, v(CHy), v(CH20H) 2960, 2924, 2855 v(CHy)
2929, 2851

2735, 2637, 2569 v(NH)*, associated, salt 2748, 2649, 2237 v(NH)*, associated, salt “bridges”,
(broad, muliplet) “bridges”, NH" ... O™, etc. (broad, multiplet) NH*...0™, etc.

1610, 1592 S(NH3)* 1608, 1574 S(NH3)™

1545, 1510 »(C-0) + v(C-C), SG~ 1527 y(C-0) + v(C-C), SG~

1463 (sh), 1453, 1426,
1384, 1374 (sh)

3(CHy), 8(CH20H), §(CH—N), §(OH)

1409, 1377, 1319, 1309, 1259 §(CHs), 8(CH2—N), »(CHy)

1305, 1272 (CHy), w(CH,OH)

1135, 1105 v(C-0), v(C—N), p(NHz)* 1115, 1094 v(C-0), V(C—N), p(NH3)*

1079 S3-, v(C-0), v(C-N), p(NHz)* 1061, 996 S&, v(C-0), v(C-N), p(NH3)*,
V(C-C)lp(NH3)*

1014, 966 v(C-C)Jp(NH3)™ 945, 918 cissMoO; (v(Mo=Cy))

868, 817, 796 p(CHy), p(CH20H) 875, 822 p(CH2)

530 C-C-0O (skeletal) 549 Mo—O bonds with O-containing
organic ligand

353 8(C-0) + §(C-C), S@~ 369 Slon

317 C-C (skeletal) for the organic cation 282 -

248 y(C-0) + y(C-C), SG~ 228, 217 §(0O—Mo-0) ands(0O-Mo-0)

vibrations are metal-sensitive and are shifted to higher (*NH™) salt was proved by the broad multiplet ab-

frequencies in the order NI) < Cu(ll) < V(Il),
etc. [15,17] Thus, the formation of polar Mo-O
bond with the organic ligandf26] resulted in the

sorption within 2700-2200 cmt observed for these
products. The fundamental strong band for?S@n
H2SG2TEA (1525 cnt) was split into two weaker

appearance of a new strong band observed in thebands at 1572 and 1532chin complex B. This

spectrum of complex A at 549 crh. Finally, the new

points to the decrease in the typicBhn symme-

very strong bands emerging as a doublet at 228 andtry for the squarate as a result of its coordination

217 cmt in the far IR spectrum of the complex A
can be assigned to O-M@® and O-Ma&O bending
vibrations but further evidences for this are deemed
necessary.

3.1.2. BSq2TEA and complex B

H>Sg2TEA and its molybdenum-containing com-
plex (B) are also novel compounds. The correspond-
ing wavenumbers (crt) of the observed characteris-
tic bands in the IR spectra and their assignm¢§?itd
are listed inTable 2

The formation of the molybdenum-containing
complex B was associated with some shift of the
bands at 3500-3300cth (v(OH)) to lower fre-
guencies, compared to,B8g2TEA. This was due to
the involvement of hydroxyl groups in the complex
formation (Table 3. The formation of ammonium

to the oxomolybdenum fragment. The new band at
946cnt! detected for the molybdenum-containing
complex only is assigned to theisMoO, frag-
ment @(Mo=0)). The othercissMoO, absorption
at 915-920cm? overlapped the band at 918 ch
(p(CH20H) in H,Sg2TEA) and strongly increased
its intensity. The very strong absorptions at 607, 546
and 529 crm! (some of them overlapping theg(OH)
band) are attributed to the formation of strongly polar
Mo—O bonds with several organic ligand functional
groups[26]. The fundamental vibrations for $Q of
H>SG2TEA in the far IR region at 361 and 267 cfh
were also shifted towards higher wavenumbers and
changed their intensities in complex B with the co-
ordination to the Mo®@-fragment. As stated above,
the very strong bands at 230 ct combined with
the one at 214 cm! for the complex B can probably
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Table 2
Selected vibrational data (cth) and their assignment for 3G 2TEA and complex B
H2Sq2TEA Complex B
Wavenumbers Assignment Wavenumbers Assignment
3473, 3377, 3355, 3151 v(OH), H-bonds 3421, 3344, 3313, 3159 v(OH), H-bonds
3008, 2997, 2967, 2902, 2851v(CHy), v(CH20OH) 3010, 2975, 2938, 2903, 2846v(CHz), v(CH,OH)
2700-2000 (broad, multiplet) v(NH)T, associated, salt 2700-2400 (broad, multiplet) v(NH)T, associated, salt
“bridges”, NH" ... O™, etc. “pridges”, NH™ ... O™, etc.
1525 v(C-0) + v(C-C), SG~ 1572, 1532 sé
1486, 1458, 1448, 1435 3(CHy), 8§(CH0H), §(CH2-N) 1488, 1460, 1439 8(CHy), 8§(CH20H), 8(CH2—-N)
1406 3(OH) 1402 8(OH)
1354, 1333, 1321, 1283, ®(CH20H), o(CHy), t(CHy), 1369, 1327, 1304, 1258, ®(CH20H), o(CHy),
1268, 1242, 1231 7(CH20H), etc. 1248, 1233, 1197 7(CHy), ©(CH20OH), etc.
1105, 1095, 1077, S8, v(C-0), v(C-N) 1096, 1081, 1067 9, v(C-0), v(C-N)
1034, 1003, 995 v(C-C) 1032, 1006 v(C-C)
918, 903, 876, 796 p(CHy), p(CH20H) 946, 917, 901 cissMoOz v(Mo=0y))
p(CHz), p(CH20OH)
642 y(OH) 607, 546, 529 Mo—-O bonds with organic ligands
540, 526, 508 C—C-O (skeletal)
423 C-C (skeletal) 423 C—C (skeletal)
361, 267 3(C-0) + 5(C-C), 367, 281 sé&
¥(C-0) + y(C-C), SG~
314 C-C (skeletal) for the 325 C-C (skeletal) for the organic cation
organic cation
222, 202, 178 Twisting vibrations 230, 214 8(0=Mo-0) and§(O-Mo-0)

for the organic cation

be assigned to O-Mw and O-Mo-O bending tion. The bands at 3000—2200 chwere assigned to

vibrations. N-H- - - O hydrogen bonds of various strength in both
the guanidinium salt and complex. The X-ray diffrac-
3.1.3. BSq2Gua2H,0 and complex C tion studies on HSq2Gua2H,O conducted earlier

The preparation and the crystalline structure of proved that all hydrogen atoms of the guanidinium
guanidinium squarate dihydrate have been studied cation were involved in formation of hydrogen bonds
previously [28]. The corresponding wavenumbers with the squarate anion $Q [28]. The mixed vibra-
(cm1) of the observed characteristic bands in the tions ¢(NH») and v(C-N), delocalized) at 1697 and
IR spectra and their assignmerj7] are listed in 1659cnt! in HSq2Gua2H,O were transformed
Table 3 into a new single (non-split) band at 1668thin

Compared to the other squarates, the IR spectrum of complex C (change in the symmetry). On the other
H,S¢2Gua2H,0 contained fewer absorption bands hand, the band at 1147 crh for H,S¢2Gua2H,0
due to the high symmetry of the guanidinium cation was considerably shifted to 1115cmin complex
(C(NHp)s*, Ds3n) and squarate anion (3Q, Dap). C and its intensity was reduced. This also proves
The formation of the molybdenum complex C was the coordination of the guanidinium moiety to the
associated with some shift and broadening of the band MoO, fragment. The fundamental strong vibrations
at 3413 cnm! (v(OH)) due to the crystallohydrate wa- for SQ*~ at 1510-1530 and 1100-1090thwere
ter in HbSq2Gua2H,0 towards higher frequencies observed in both the salt and complex. Again, the
(Table 3. Moreover, two new and distinct bands at strong bands at 933 and 902thpresent in the
3268 and 3195 cm emerged, which can be attributed molybdenum-containing complex only can be defi-
to stretching N-H vibrations of the guanidinium nitely assigned to theis-MoO, fragment. The for-
cation [C(NH)3]™, affected by the complex forma- mation of strongly polar Mo—O bond with an organic
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Table 3
Selected vibrational data (crh) and their assignment for 4$¢2Gua2H,0 and complex C
H2Sq2Gua2H,0 Complex C
Wavenumbers Assignment Wavenumbers Assignment
3413 v(OH), H-bonds (crystallohydrate) 3550 (sh), 3428 v(OH), H-bonds (crystallohydrate)
3143 v(NH) for C(NHz)3™ 3268, 3195 v(NH) for C(NHp)3™
3000-2200 v(NH2)*, associated, salt 3000-2200 v(NH2)*, associated, salt
(broad multiplet) “pridges”, NH™ ... O™, etc. (broad multiplet) “bridges”, NH" ... O™, etc.
1697, 1659, 1596 S(C(NH2)3™) 8(NH2) and v(C-N)) 1668, 1602 8(C(NHp)3™), (8(NH2) and v(C-N))
1510 y(C-0) + v(C-C), SG~ 1521 sG-
1147 8(NHz) 1115 3(NH2)
1098 ¥(C-0) + v(C-C), SG~ 1093 sG-
742, 671, 633, y(NH3) for C(NHz)3™ 933, 902, 546, 468 cissMoO; (v(Mo=0y)), Mo-O
564, 539, 426 (sh), 422 bonds with organic ligands,
y(NHp) for C(NHz)3*
356, 249 3(C-0) + 5(C-C), 392, 371, 282, 230, Mo—-0-organic ligand
y(C-0) + y(C-C), SG~ 220 (bending) SG~ §(0=Mo-0)

and §(O—Mo-0)

ligand (most probably, the squarate moiety) resulted In all cases discussed above concerning the com-
in one of the strongest band observed in the spec- plexes A, B and C, the characteristic doublets (some-
trum of complex C at 546c¢cml. The new strong  times with shoulders) observed in the 900-950¢m
absorption at 390—400 cm in the far IR spectrum of  region and attributed to theisMoO, fragment were
complex C, observed also in the spectra of the other of a high analytical value. The positions and the inten-
complexes could probably be associated with Mo—O sities of the corresponding bands depended strongly
bending vibrations. In this case, the latter are, perhaps, on the kind of the organic amine involved in the com-
combined with modes of vibration, characteristic of plex formation.

the Mo—N coordination. The considerable shift and  Some thermal analysis data for the salts and the cor-

changes in the fundamental vibrations for’S@371 responding molybdenum-containing complexes, dried

and 282 cm?! versus 356 and 249 cm for the salt, in air for 24—-48 h after their preparation are given in

respectively) can serve as additional evidence for the Table 4

coordination of squarate to the Me@agment. Once The temperatures, associated with the onset of

again, the very strong bands at 230-220¢nior decomposition for all compounds studied were es-

the complex C perhaps correspond to O=@oand sentially lower than those of the pure squaric acid

O—Mo-0 bending vibrations. (H2Sq). This indirectly proves the formation of

Table 4

Selected thermal analysis data for the organic salts and the corresponding molybdenum-containing complexes based on squaric acid

Compound Initial temperature interval Temperature region for the onset  Temperature region for the complete
(loss of water;°C) of decomposition 1C) decomposition of organic matter)

H.Sq - 260-270 450-500

H2SG2MEA - 160-165 -

Complex A 50-200 (hygroscopic) 200-210 450-500

H,Sq2TEA - 200-210 -

Complex B 60-140 170-180 660-750

H,Sq2Gua2H,O  75-160 (crystallohydrate) 225-230

Complex C 40-160 (hygroscopic) 215-220 350-450
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ammonium-type salts from the organic reactants. The of thermal degradation, i.e. it decomposed gradually
guanidinium salt and the corresponding complex C from 170 to 750C. One possible explanation for this
had the highest thermal stability in this respect. This might be that, whereas the triethanolammonium salt
is not surprising, bearing in mind that guanidine is one bond is probably the least thermally stable fragment
of the strongest organic bases, forming very strong in the complex, the strongly polar Mo—O bonds of
ionic and hydrogen bonds with 48q. The temper-  MoO»2t with more than one oxyethyl groups in the
ature region of 350-500C is associated with the = TEA moiety caused the gradual thermal degradation
complete decomposition of squarate anion and this of the organic matter.

was clearly observed with complexes A and C. Com-  Based on the studies conducted so far, the following
plex B, however, showed completely different mode schemes for the preparation of the squarate salts can
be postulated:

A OH
+ 2 H,NCH,CH,0H —>
= OH
SN OH Os
+ 2N(CH,CH,0H)y; — > 2HN"(CH,CH,0H);
= OH X _
AN OH ).
.
+ [C(NH)3],CO3 >
= OH
=
o)
£
G
M
Vo
-, 4
N -
7 ————r————
40 60 80 100 120 140 160
Time, min

Fig. 1. Kinetic curves for the TBHP consumption in the epoxidation of cyclohexene in the presence of various molybdenum complexes as
catalysts. (1) Mo@(acac); (2) complex A; (3) complex C; (4) complex B. Reaction conditions were as described in the experimental part.
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The results from the FT-IR spectroscopy studies, 3.2. Catalytic epoxidations
combined with elemental analysis data and informa-

tion on the behaviour of MogLl, in solutions[29,30] The yields in the reactions are expressedras
allowed some suggestions on the possible structures of(Cox/Co) x 100 whereCox andC, (mol1~1) are the
the molybdenum complexes prepared frorSd, pol concentration of epoxide formed and the initial con-

yfunctional amines and MogZl, in aqueous medium.  centration of TBHP, respectively. The selectivity with
Unfortunately, relevant X-ray diffraction and mass respect to the TBHP reacted was calculated by the ra-
spectrometry data were not obtained due to the poorly tio S = 100x Cox/(Co—C), whereCis the final TBHP
pronounced crystalline structure and the high metal concentration. In most cases, the latter was found to
content of the complexes, respectively. Therefore, the be 95-100%. The catalytic activity was evaluated by
proposed structures are speculative and further studiesthe turnover frequency, i.e. the maximum reaction rate
on the synthesis of similar molybdenum complexes observed with respect to TBHP per minute per active
in non-aqueousnedium in attempts to obtain appro- site of the catalyst and was, accordingly, expressed
priate crystalline products are considered necessary. in appropriate units (e.g. mol TBHP reacted mbol
Mo min—1). An excess of cyclohexene with respect to
TBHP (molar ratio of 6—7) was used in order to obtain
high TBHP conversions and selectivities with respect
to cyclohexene oxide. No inert solvent was employed,
since the objective of this study was to estimate the
catalytic activity, selectivity and versatility under more
“severe” conditions (i.e. higher concentrations of both
reactants). The molybdenum complexes became sol-
uble in the reaction medium under the experimental
conditions and, hence, acted as homogeneous cata-
lysts. This is probably caused by the intermediate co-
ordination with the reactants and ligand exchange.

The kinetic curves of TBHP consumption and
cyclohexene oxide accumulation in the presence of
the various molybdenum complexes as catalysts are
shown inFigs. 1 and 2respectively.

For the commercial MogJacacy, nearly complete
TBHP conversion and high cyclohexene oxide yield
were reached within shorter reaction times, compared
to the molybdenum complexes based ofSH. Nev-
ertheless, the catalytic activities, evaluated also by the
turnover frequencies and the reaction yields with re-
spect to cyclohexene oxide for the newly synthesized
molybdenum complexes were high enough, as shown
in Table 5

Since the active species in epoxidation of alkenes
by organic hydroperoxides catalyzed by dioxomolyb-
denum(VI) complexes contains hydroperoxide, coor-
dinated to the metal via one of its oxygen atof®],
it is necessary for a ligand to dissociate in order to
create the corresponding vacant site. In our case, mul-
tidentate ligand(s) such as the aromatic and stable
squarate anion, guanidinium fragment, etc. in which
(Complex C) C¢H;4sNgMo4O16 more than one of the donor atoms are only weakly
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Fig. 2. Kinetic curves for the cyclohexene oxide accumulation in the epoxidation of cyclohexene in the presence of various molybdenum
complexes as catalysts. (1) Mg@cac); (2) complex A; (3) complex C; (4) complex B. Reaction conditions were as described in the
experimental part.

bound to the molybdenum centre, were employed, re- B with TEA was less active and more side products
sulting in an efficient coordination of TBHP. More- were formed (able 5. With complex B, the pres-
over, the combination of highly mobile delocalized ence of Mo—O polar covalent bonds with, perhaps,
w-electron system and polarizable ions, derived from two oxygen atoms of TEA and the “free” hydrox-
the involvement of the various ammonium squarate yethyl moiety are believed to create some “rigidity”
moieties and Mo@ " species in the complex struc- in the structure and “inhibition” of the reaction. In
tures probably contributed to the high catalytic activ- all cases, GLC analysis showed cyclohexene oxide
ities observed. These speculations are consistent withas the major reaction product, together with the un-
the fact that, whereas complexes A and C with MEA reacted excess of cyclohexene aedt-butylalcohol
and guanidinium as additional ligands showed nearly (TBA) under the conditions of nearly complete TBHP
the same catalytic activitie$igs. 1 and 2 complex conversion {able 5. For the reaction catalyzed by

Table 5
Comparative evaluation of the activities and selectivities for the epoxidation catalysts

Type of catalyst ~ TBHP conver-sion (%), Cyclohe-xene oxide Turnover frequency Reaction products (%)

(reaction time, min) final yield (%) (mol TBHP/mol
Mo/min) TBA Cyclohe-xene Cyclohe-xenéthers
oxide
MoO, (acach 96.9 (30) 99.5 45.4 58 794 12,5 2.3
Complex A 97.2 (60) 96.1 23.2 29 848 10.6 1.7
Complex ¢ 96.3 (60) 89.9 22.7 6.2 814 11.2 1.2
Complex B 94.2 (150) 103.9 7.8 9.5 60.0 18.8 11.5

aReaction conditions as described in the experimental part.
b1.1ml TBHP added to the reaction mixture, instead of 1 ml.
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complex B, certain amounts of side products such as [11] W.T. Thorstad, N.S. Mills, D.Q. Buckelew, L.S. Govea, J.
2-cyclohexene-1-ol and 2-cyclohexene-1-one (up to Org. Chem. 54 (1989) 773.

11-12%), accompanied by cyclohexene oxide yield, [12] I.L. Karle, D. Ranganathan, V. Haridas, J. Am. Chem. Soc.
unexpectedly higher than 100% were detected. This 118 (1996) 7128.

. . . [13] R. West, H.Y. Niu, J. Am. Chem. Soc. 85 (1963) 2589.

is probably caused by the intervention of molecular [14] pH. Tedesco, H.F. Walton, Inorg. Chem. 8 (4) (1969) 932.
oxygen as aradditional oxidant under the conditions  [15] S.M. Condren, H.O. McDonald, Inorg. Chem. 12 (1) (1973)
of prolonged catalytic reaction. Thus, the calculated ST _

ratio between the final concentration of cyclohexene [16]J.T- Reinprecht, J.G. Miller, G.C. Vogel, M.S. Haddad, D.N.

. s . . Hendrickson, Inorg. Chem. 19 (1980) 927.
oxide and the initial TBHP concentration, determin- [17] G. Bernardinelli, D. Deguenon, R. Soules, P. Castan, Can. J.

ing the final yield of epoxidevith respect to TBHP Chem. 67 (1989) 1158.
exceeded 100%, as observed also in other publications[18] X. Solans, M. Aguilo, A. Gleizes, J. Faus, M. Julve, M.
[10,32,33] Verdaguer, Inorg. Chem. 29 (1990) 775.

[19] Q. Chen, L. Ma, Sh. Liu, J. Zubieta, J. Am. Chem. Soc. 111
(1989) 5944.
. [20] Q. Chen, Sh. Liu, J. Zubieta, Inorg. Chim. Acta 164 (1989)
4. Conclusions 115,

[21] M. Hilbers, M. Meiwald, R. Mattes, Z. Naturforsch. 51b
Three novel molybdenum-containing complexes (1996) 57.
based on squaric acid, organic amines and molybde-122] R-R- Jay, Anal. Chem. 36 (1964) 667. .
di dichlorid hesized b lovi [23] A.A. Babko, A.T. Pilipenko, Colorimetric Analysis,
num dioxydichloride were synt esized by employing Goskhimizdat, Moscow, Russia, 1951
one-pot procedure in aqueous medium. The appli- [24] M. Ito, R. West, Ito, M, J. Am. Chem. Soc. 85 (1963) 2580.
cability of these complexes as homogeneous cata-[25] H. Torri, M. Tasumi, J. Mol. Struct. (Theochem.) 334 (1995)

lysts for epoxidation of cyclohexene with organic : ]15- _ . ) (1se1)
hvdroperoxides was proved. 26] O.A. Rajan, A. Cha _ravorty, Inorg. Chem. 20 (1981 563.
yarop P [27] N.P.G. Roeges, Guide to the Complete Interpretation of

Infrared Spectra of Organic Structures, Wiley, Chichester, NY,

1994.
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