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REACTIONS OF CHROMIUM AND
MOLYBDENUM CARBONYLS WITH A
QUADRIDENTATE SCHIFF BASE
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*Department of Chemistry, Faculty of Science, Ain Shams University, Cairo, Egypt;
*Department of Chemistry, University College for Girls, Ain Shams University,
Cairo, Egypt

(Received 5 November 1996)

Interaction of a Schiff base derived from 2-hydroxyacetophenone and ethylenediamine
(hapenH,) with M(CO)s, M = Cr and Mo, in THF under atmospheric pressure gave the
oxo derivatives M(O)(hapen) with the metal atom in +4 formal oxidation state. IR spectra
of the complexes revealed the presence of the M = O bond. The dihydride complex
MoH,(CO)(hapen) was also isolated from the reaction of Mo(CQ)¢ and hapenH, under
reduced pressure; v(CO) and v(Mo-H) frequencies were clearly indicated in its IR
spectrum. The three complexes were found to be paramagnetic. Magnetic susceptibility
measurements suggested that the 4* Mo atom in MoH,(CO)(hapen) exists in a low spin
configuration. Electronic spectra of the ligand and its complexes in different donor
solvents displayed bands due to compound-solvent, charge-transfer complexes.

Keywords: Schiff base; metal hydride; spectra; homogeneous catalysis; metal carbonyls

INTRODUCTION

Various metal carbonyl derivatives play an important role in homogeneous
catalysis involving hydrogenation, hydroformylation, carbonylation and oxo
transfer reactions [l1]. Chromium, manganese, cobalt, nickel and ruthenium
complexes with a wide variety of ligands having donor atom sets such as N,O,
and N, around the metal ion have been used as catalysts for epoxidation reactions
[2]. These complexes bind reversibly to molecular oxygen with a change in
oxidation state of the metal [3-6]. It was suggested that the oxygen atom is
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successively transferred from the terminal oxidant to the metal catalyst and then
to the olefin [2]. The oxo(salen)chromium(V) complex was isolated from the
catalytic reaction of Cr(Ill} salen and olefins in the presence of iodosylbenzene
and its structure was determined by X-ray diffraction [3]. The oxochromium(V)
adduct with pyridine-N-oxide as an axial ligand was also isolated and it
epoxidized olefins. These results suggest that metal salen complexes catalyze
epoxidation through the corresponding oxo species [3]. An active oxo species
was also postulated in epoxidation using (salen)manganese(IIl) [4, 7] or (salen)
nickel(IT) [5] catalysts. Except for the oxochromium(salen) complexes, no other
metal oxo species has been reported [2].

In this paper, we describe the reactions of the chromium and molybdenum
hexacarbonyls with bis(2-hydroxyacetophenone)ethylenediimine, hapenH,. Iso-
lation and spectroscopic characterization of oxochromium and oxomolybdenum
complexes as well as the molybdenum dihydride complex MoH,(CO)(hapen) are
reported.

EXPERIMENTAL

Reagents

The metal hexacarbonyls, M(CO)s, M = Cr and Mo were supplied from Aldrich.
All chemicals were of analytical reagent grade and they were used without
further purification.

Synthesis of bis(2-hydroxyacetophenone)ethylenediimine, HapenH,

The ligand hapenH, was synthesized by refluxing an ethanolic solution of
2-hydroxyacetophenone and ethylenediamine (2:1 molar ratio) for one hour. The
reaction mixture was cooled and a bright yellow crystalline solid separated. The
solid was filtered off and recrystallized from ethanol to give bright yellow
crystals [8].

Synthesis of bis(2-hydroxyacetophenone)ethylenediimineoxochromium(IV)

A mixture of Cr(CO), (0.05 g, 0.21 mmol) and hapenH, (0.06 g, 0.21 mmol) in
about 30 cm® of THF was heated to reflux under atmospheric pressure for 2 days.
The colour of the reaction mixture changed from yellow to reddish brown and a
brown solid formed. The reaction mixture was then cooled and the dark brown
precipitate separated by filtration and purified by refluxing it several times with
THF followed by washing with hot petroleum ether. The complex was
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recrystallized from hot ethanol to give dark brown crystals, which were left to
dry on a vacuum line for a few hours (yield, 52%); the complex was found to be
moderately air stable.

Synthesis of bis(2-hydroxyacetophenone)ethylenediiminechromium(III)
nitrate

Chromium(IIT) nitrate (0.10 g, 0.42 mmol) dissolved in the least amount of THF
was added to a hot THF solution of hapenH, (0.10 gm, 0.37 mmol). Immediately,
a greenish brown precipitate was obtained. The solid was filtered off, washed
with THF several times and recrystallized from dimethylsulfoxide to give
greenish brown crystals. The complex was dried on a vacuum line (yield, 83%).

Synthesis of bis(2-hydroxyacetophenone)ethylenediiminemonacarbonyl
dihydridomolybdenum(1I)

Mo(CO)e (0.10 g, 0.38 mmol) and hapenH, (0.11 g, 0.38 mmol) were mixed
together in a sealed tube containing ~20 cm?® of THF. The mixture was degassed
with one freeze-thaw cycle and then heated for 20 h at 80°C. The colour of the
solution changed to brown. The reaction mixture was cooled and the solvent
removed on a vacuum line. The brown residue was washed several times with
boiling petroleum ether. The complex was then recrystallized from THF to yield
brown crystals, which were left to dry in vacuo for ~3 h (yield, 56%). The
compound was found to be moderately air stable.

Synthesis of bis(2-hydroxyacetophenone)ethylenediimineoxomolybdenum
av

A mixture of Mo(CO)¢ (0.10 g, 0.38 mmol) and hapenH, (0.11 g, 0.38 mmol) in
about 30 cm® of THF was heated to reflux under atmospheric pressure. The
colour of the reaction mixture changed from yellow to orange after 30 minutes
and then changed to brown and a dark brown solid separated after 48 h. The
reaction mixture was cooled and the dark brown solid isolated by filtration. The
isolated residue was purified by boiling it several times with THF followed by
washing with hot petroleum ether. Recrystallization from hot ethanol gave dark
brown crystals. The complex was left to dry on a vacuum line (yield, 65%); it
was found to be moderately air stable.

Instrumentation

Infrared measurements were carried out on a Unicam-Mattson 1000 FT-IR
spectrometer with the use of KBr discs. Electronic absorption spectra were
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measured with a Perkin-Elmer Lambda 48 spectrophotometer with 10.0 mm
quartz cells. Samples of concentrations ca 1 X 107 M in dichloromethane,
tetrahydrofuran, ethanol, dimethylformamide and dimethylsulfoxide were
measured against the solvent in the reference cell. The nuclear magnetic
resonance measurements were performed on a Spectrospin-Bruker AC 200 MHz
NMR spectrometer. The samples were dissolved in DMSO-d, using tetra-
methylsilane as internal reference. The magnetic susceptibilities of the
complexes in the solid state were recorded on a Sherwood Scientific magnetic
susceptibility balance. Besides the spectroscopic studies, all complexes were
characterized by elemental analysis and mass spectroscopy; data are given in
Tables I-111.

RESULTS AND DISCUSSION

Reactions of the hexacarbonyls of chromium and molybdenum, M(CQ),, with
bis(2-hydroxyacetophenone)ethylenediimine in THF under atmospheric pressure
resulted in the formation of the mononuclear complexes M(O)(hapen). On the
other hand, when the reaction of Mo(CO), with hapenH, was carried out under

TABLE I Elemental analysis and mass spectroscopic data for the chromium and molybdenum
complexes.

Complex % C Elemental analysis %H % N mass spectrometry
calc. found cale. foundcalc. foundMol. Wem/z (P*)

Cr (O) (hapen) 59.6 59.3 5.0 5.1 7.7 7936235 363

Cr (hapen) NO, 529 527 44 47 103 10.1408.35 347 (P-NO,)*

MoH (CO)(hapen) 54.3 54.4 48 4.6 6.7 6.842032 420 (P-H)*

Mo(O)(hapen) 532 53.0 4.5 4.7 6.9 7.1406.29 407

TABLE II Important IR data and magnetic moments for the chromium and molybdenum
complexes.

Complex IR data (cm™')* Moy at 293 K (BM)

Vic-o) Vic=n) Vat-o)
Cr(O) (hapen) 1245 (m) 1614 (s) 528 (w)® 2.25
Cr (hapen) NO; 1237 (m) 1611 (s) 527 (w)° 3.52
MoH, (CO)(hapen) 1245 (m) 1615 (s) 477 (wyd 1.64
Mo(O) (hapen) 1241 (m) 1611 (s) 477 (w)e 1.42

2§, strong; m, medium; w, weak. "v,, (Cr=0): 1306 (m) cm~'; v, (Cr=0): 759 (m) cm~"'. ‘v (NO;"):
1387 (s), 1010 (w) and 827 (w) cm™'. 4v(CO): 1889 (s) cm™'; v (M-H): 1816 (m) cm~', 8M-H): 677
(w)em™', ®v, (Mo=0): 944 (m) cm~!; v, (Mo=0): 634 (w) cm~".
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TABLE 1II Electronic spectroscopic data for hapenH, and its chromium and molybdenum
complexes.

Compound A(nm)?
CH,Cl, THF EtOH DMF DMSO
hapenH, 233 (24000) 251 (34600) 216 (23400) 266 (14600) 265 (27680)
250 (sh) (17000) 320 (22000) 250 (11400) 319 (26000) 319 (26200)
319 (b) (5600) 322 (b) (3200) 390 (b) (2400) 400 (sh) (2450)

395 (b) (1700)
Cr(O)(hapen) 235 (22000) 250 (26780) 216 (22510) 271 (21815) 266 (25680)
276 (21280) 318 (10600) 250 (sh) (13070) 315 (16930) 316 (16070)
340 (sh) (8430) 380 (sh) (3930) 320 (b) (5185) 380 (sh) (6985) 380 (sh) (6430)
380 (sh) (2260)

Cr(hapen) NO; 235 (17950) 245 (9200) 270 (16840) 267 (27415)
275 (sh) (6285) 274 (16415)  insol. 325 (13985)
385 (b) (1615) 390 (sh) (1970)
MoH,(CO) 254 (22570) 250 (21430) 273 (23855) 272 (23615)
(hapen)
288 (sh) (21000) 311 (20000)  insol. 314 (16000) 313 {14830)

327 (b) (10340)
Mo(O)(hapen) 234 (26485) 253 (21100) 216 (22315) 271 (19785) 265 (20740)
250 (sh) (16230) 320 (9630) 250 (9815) 318 (20570) 316 (13985)
318 (b) (6115) 325 (b) (3800) 400 (sh) (3500) 395 (sh) (3315)
390 (b) (2230)

*B, broad; sh, shoulder. Values of molar extinction coefficients, €, are given in parentheses.

reduced pressure another complex, MoH,(CO)(hapen), was isolated. The IR
spectrum of the hapenH, ligand displayed bands due to v(OH), v(C=N) and
v(CO) at 3450, 1615 and 1245 cm ™!, respectively. The OH stretching frequency
disappeared in the IR spectra of the complexes. On the other hand, the bands due
to C=N and C-O moieties of the ligand were slightly shifted to lower frequencies
in the corresponding IR spectra of the complexes (Table II). Furthermore,
asymmetric and symmetric stretching frequencies due to M=O bonds were
observed in the IR spectrum of both Cr(O)(hapen) and Mo(O)(hapen) complexes
(Table II). The IR spectrum of MoH,(CO)(hapen) complex also displayed a
strong band in the metal carbonyl region at 1889 cm ™! due to the CO group. In
addition, a weaker band at 2012 cm ™! in the spectrum could be assigned to *CO
species in natural abundance. The '*CO stretching vibration was assigned on the
basis of its relative intensity and its separation from the strong v(CO) band in
accordance with the Teller-Redlich rule and the natural abundance of isotopes
[9a]. The v("*CO)v('2CO) ratio for a number of transition metal carbonyl
derivatives has a value of ~1 [9]; v(I*CO)/v(12CO) ratio for MoH,(CO)(hapen)
complex was found to be 1.06, which is in a good agreement with other reported
values. The terminal M-H group exhibits a relatively sharp band of medium
intensity in the 2250-1700 cm™! region and its position is sensitive to other



15:32 23 January 2011

Downl oaded At:

36 R.M. RAMADAN ez al.

ligands on the metal. Also, it shows &M-H) in the 800-600 cm™! region [10].
These bands exert shifts to lower frequencies by about 300-380 cm™! on
deuteration [10]. MoH,(CO)(hapen) showed a sharp medium intensity band at
1816 cm™! which could be assigned to v(Mo-H) as well as a weak band at 677
cm™! for (Mo-H). Attempts to synthesise the deuterated molybdenum complex
were unsuccessful. However, no additional information could be abstracted from
such an experiment because the expected v(Mo-D) band might interfer with the
other bands of the Schiff base in the range 1400-1550 cm™'. The formulation of
the molybdenum hydride complex was indicated from the elemental analysis as
well as from mass spectrometry measurements. The latter method was previously
used to detect the presence of the hydride ligand in metal carbonyl hydrides such
as H,Ru,(CO);», (CsHs),Zr(H)BH, and HMo,(CO)4(u-P(CH;),)(CsHs), [11]. In
the present investigation, we did not observe the molecular ion peak of the
MoH,(CO)(hapen) complex. Instead, the (P-H)* ion was detected at about 12%
abundance. The presence of two hydride ligands was indicated from related ions
such as (P-CO)*, (P-CH;)* and (P-2CH,)*, which were observed in fairly high
abundances of 38.5, 18.6 and 82.0%, respectively.

Addition of a tetrahydrofuran solution of chromium(I1I) nitrate to a solution of
hapenH, in THF led immediate formation of the complex [Cr(hapen)] NO; with
the release of two equivalent hydrogen ions. The IR spectrum of the complex
showed v(C-O) and v(C=N) frequencies similar to the other chromium and
molybdenum complexes. Conductometric measurements of the complex in
CH,Cl, solutions gave conductances corresponding to a weak electrolyte
(samples of concentrations 1 X 107*to | X 107> M gave conductance values
from 1.7 X 107% to 0.5 X 107% ohm™"). The presence of NO;~ was also
confirmed by IR spectroscopy (Table II) [10].

Investigation of the chromium and molybdenum complexes by ‘H NMR
spectroscopy showed no signal for the hapen or hydride moieties. This behaviour
is characteristic of paramagnetic materials. Therefore, the magnetic susceptibility
of the solid complexes were measured at 293 K. For the chromium complexes
Cr(O)(hapen), d2, and [Cr(hapen)INO,, &°, the effective magnetic moments (gir)
were found to be 2.25 and 3.52 BM, respectively. These values are less than the
corresponding spin-only value (2.83 BM, for two unpaired electrons and 3.87
BM for three unpaired electrons). However, many previously reported chromiu-
m(III) complexes showed smaller effective magnetic moments than the spin-only
moment. For example, Cr(PhenSQ);, PhenSQ = phenanthrenesemiquinone,
Cr(Cl1,SQ)s, C1,SQ = tetrachlorosemiquinone [12]. and Cr(ChrySQ);, ChrySQ =
chrysenesemiquinone [13], exhibited . values of 1.15, 1.08 and 2.55 BM,
respectively. Nevertheless, some chromium(lil) complexes with Schiff bases
derived from salicylaldehyde and amino acids showed magnetic moments of
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~4.2 BM [14]. The two molybdenum complexes MoH,(CO)(hapen), d*, and
Mo(O)(hapen), &2, gave effective magnetic moment values of 1.64 and 1.42 BM,
respectively. These two values are close and may indicate that the Mo(Il) in
MoH,(CO)(hapen) has a low-spin electronic configuration {15]. However, these
values could be due to second order paramagnetism effects arising from a low
lying excited state in an otherwise diamagnetic compound; the diamagnetism
might arise from further splitting of the #,, orbitals in the low symmetry
complexes. Mo(CO), readily reacts with nitrogen, phosphorus and arsenic donor
ligands with the replacement of one to four CO groups. Subsequent reaction of
the resulting complexes with halogens afford a variety of six and seven
coordinate Mo(I), Mo(Il) and Mo(Ill) complexes. The magnetic properties of
such species are complicated and magnetic moments were found in the range of
1.4-2.0 BM [15}.

Chromium(IIT) Schiff base complexes were found to be readily converted to
the corresponding oxochromium(V) species [3]. Oxygenation of some rutheniu-
m(IIl) Schiff base derivatives also resulted in the reversible oxidation of Ru(III)
to a formal Ru(IV) oxidation state with the reduction of O, to superoxide ion [6].
Reactions of these Ru(III) complexes with CO were also found to be reversible
and the CO group can be displaced by flushing a stream of nitrogen through
solutions of complexes [6]. On the other hand, investigation of various Co(Il)
complexes showed that the ligand environment and the ease with which the metal
ion can be oxidized are important factors affecting the stability of dioxygen
complexes [16-18].

We have found that Mo(CO), reacts with hapenH, under reduced pressure to
give MoH,(CO)(hapen). Attempts to isolate the chromium analogue from the
reaction of Cr(CO)4 and hapenH, under reduced pressure were unsuccessful. On
the other hand, the oxo complexes M(O)(hapen), M=Cr and Mo, were isolated
from the corresponding reactions in air. It is interesting to speculate that
MoH,(CO)(hapen) was prepared through the intermediate II in Scheme 1. This
five coordinate intermediate could be generated from the intermediate I by losing
a CO molecule due to the trans labilization of CO [15]. Hydrogen transfer
(oxidative addition) from the ligand to the metal atom in the intermediate IT will
result in the formation of the dihydride complex IIl with a change in the
oxidation state of the metal from zero to +2. Complex III easily loses CO to give
the intermediate TV (Scheme 1) [19]. The latter is easily oxidized to the oxo
complex V [M(O)(hapen}] with a metal in +4 formal oxidation state.

The electronic absorption spectrum of hapenH, in CH,Cl, displayed a band at
233 nm with a shoulder at 250 nm due to the benzenoid =7 transition. Also,
the spectrum showed a band at 319 nm due to the n-7* transition. By increasing
the polarity of the solvent, the band at 233 nm disappeared and the shoulder was
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pronounced and exhibited a bathochromic shift (Table III). The band at 319 nm
did not show a significant shift although its intensity increased with increasing
solvent polarity. In addition to the 250 and 322 nm bands, the spectrum of hapen
H, in ethanol showed a strong UV band at 216 nm and a weak, broad band in the
visible range at 395 nm, indicating the presence of two different species in
equilibrium. The band at 250-266 nm could be assigned to a ligand-solvent
charge-transfer complex of the n-7* type (donation from the donor atom of the
solvent to the phenyl ring of hapenH,) [20]. In ethanol, 1:1 and :2 ligand to
solvent charge transfer complexes might exist in equilibrium. The electronic
absorption spectra of Cr(O)(hapen) and Mo(O)(hapen) in different solvents were
similar (Table III), indicating that they have similar structures. On the other hand,
MoH,(CO)thapen) gave two bands in the spectra and their positions depended
upon the polarity of the solvent. However, all three complexes showed that the
band of the ligand at 320 nm to undergo a hypsochromic shift except for
MoH(CO)(hapen) in CH,Cl, (Table I1I). Cr(O)(hapen) and Mo(O)(hapen) were
the only complexes soluble in ethanol and they gave similar spectra to hapenH,.
Again, the highest energy UV band in the spectra was assigned to charge transfer
between the complex and the solvent.
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