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Abstract--The effect of Q+OH was studied, which is formed in NaOH solution used for anion 
exchange with PTC, on CO substitution of molybdenum hexacarbonyl complex by strong electron 
donating ligand, 2,2'-bipyridine. The change of product yield was discussed according to the amount 
and types of solvent and PTC, their compositions, reaction temperature and time, and different cation 
and anion of PTC. 

INTRODUCTION 

Until recently, the application of phase transfer cat- 
alyst (PTC) for the substitution of metal carbonyls by 
other ligands is very limited in comparison with rather 
wide use as a catalyst for organic synthesis and poly- 
merization [.13. The first example of PTC use to metal 
carbonyl chemistry was done by Abbayes and Alper 
E2~ in 1977. Aniline was formed with excellent yields 
by treatment of nitro arenes with triiron dodecacarbon- 
yl, aqueous sodium hydroxide, benzene, and benzyl- 
triethylammonium chloride as the catalyst. In this 
study, the effect of phase transfer catalyst (PTC) was 
investigated in substitution of CO ligands of molybde- 
num hexacarbonyl by bidentate electron donating li- 
gand, 2,2'-bipyridine. 

In 1987, Manuta and Lees E3] prepared 2,2'-bipyri- 
dineletracarbonyl molybdenum [.Mo(CO)4(2,2'-bpy)~ by 
photolysis in hexane. They suggested that the over- 
all reaction rate is controlled by the formation of Mo- 
(CO)~ by removing CO ligand from Mo(CO)~. In metal 
carbonyls, CO is a prototypical back-bonding ligand 
whica involves the metal d-orbitals. In reference to 
the group VI metal-CO bond dissociation energy (BDE), 
a considerable work has been carried out and report- 
ed [41, and the BDE are claimed to be dependent 
upon formal oxidation state of metal, coordination num- 
ber, steric and electronic factors, and ancillary, ligands 
[-5]. Chatt et al. [-6] substituted CO of group VI met- 
al carbonyls by nitrogen- or phosphorous-donor li- 
gands in boiling ethanol using inorganic catalyst of 
sodium borohydride. An important contribution of the 
study was the discover '  that sodium borohydride i:n 
boiling methylated spirits catalyzed the substitution. 

In 1986, Albers and Singleton [-7] used cobalt (II) chlo- 
ride and palladium oxide for the selective replace- 
ment of carbonyl ligands on the group VI metal carbon- 
yls by isonitriles. 

Hut and Shaw C83 examined the substitution of CO 
in MO(CO)6 in the presence of PTC, tetra-n-butylam- 
monium iodide. One of the great contributions from 
the study was that the rate of reaction is greatly im- 
proved by using two phase system; metal carbonyl and 
substituting ligand in organic phase and sodium hy- 
droxide and PTC in aqueous phase. This result pro- 
vides a valuable technique to produce many derivatives 
of such substituted metal carbonyls; however, it was 
not enough to clarify the difference of various phase 
transfer catalysts in CO substitution reaction. 

According to the previous work, the reaction mech- 
anism of CO substitution of Mo(CO)~ in the pres- 
ence of phase transfer catalyst was suggested as follows 
[91: (1) PTC reduces the bond dissociation energy. 
(BDE) in replacing the first CO ligand which is a rate 
limiting step by forming PTC-Mo(CO)6 complex and 
(2) the CO substitution is facilitated by forming Mo- 
(CO)~COOH from the complex which is then easily 
reacted with ligand by nucleophilic attack. 

In this study, the effect of Q*OH was investigated, 
which is formed in NaOH solution used for anion ex- 
change with PTC, on CO substitution of molybdenum 
hexacarbonyl complex by strong electron donating li- 
gand, 2,2'-bipyrldine. The change of product yields is 
discussed according to the amount and types of sol- 
vent and PTC, their compositions, temperature and 
reaction time. The effect of different cations and 
anions of PTC are examined as well. 
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Table 1. Physical properties of used PTC 

PTC Melting Molecular Number 
range wt(g/mol) of C 

BTEAC 227.78 13 
BTMAC 236-239 185.7 10 

MTOAC ca. 442 

TBAHS 1 6 9 - 1 7 2  339.54 16 
TEAC 183.73 8 

ET-n-OPB 75-78 479.61 26 
TBPB 339.34 16 
TPPC 269-272 374.86 24 
TBHdPC 57-60 507.67 52 

solub, in 
water 20 
800 g/t 
solub, in 
water 20 
10 g/l 
water solub. 
solub, in 
water 25 
1410 g/l 

E X P E R I M E N T A L  

1. Materials  
Molybdenum hexacarbonyl (Merck), ligands, and 

phase transfer catalysts were used without further pu- 
rification. The chemicals used in this study are: (1) 
2,2'-bipyridine (Aldrich) as a ligand; (2) BTEAC (ben- 
zyltrimethylammonium chloride), BTMAC (benzyltri- 
methylammonium chloride), MTOAC (methyltrioctyl- 
ammonium chloride), TBAHS (tetrabutylammonium 
hydrogen sulfate), TEAC (tetraethylammonium chlo- 
ride monohydrate), ET-n-OPB (ethyltri-n-octylphos- 
phonium bromide), TBPB (tetrabutylphosphoniurn 
bruxnide), TPPB (tetraphenylphosphonium bromide.), 
TPPC (tetraphenylphosphonium chloride), and TBH- 
dPB (tributylhexadecylphosphonium bromide) (all 
from Merck) as phase transfer catalysts (Table 1). 
Reaction solvents, benzene and THF (all from Junsei), 
were purified by standard method under nitrogen at- 
mosphere. The physical properties of the used PTC's 
are shown in "fable 1. 
2. Synthes i s  of  Mo(CO)4(2,2'-bpy) 

The schematic diagram of experimental apparatus 
for reflux reaction is shown in Figure 1. A mixture 
of molybdenum hexacarbonyl, 0.3g (1.14 retool) and sol- 
vent, mixed with 50cA NaOH aq. in the presence of 
PTC (called as catalyst here), was placed in the reac- 
tion flask (7). Nitrogen (1) was introduced into the flask 
through a bluegel-packed drying tube (2) and an oxy- 
gen removing tube (3: BASF R-11 cat. packed) to 
avoid the oxidation of Mo(CO)~. It was then magneti- 
cally stirred (6:130 rpm) and heated to reflux temper- 
ature and in the course ligand dissolved in solvent (8: 
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Fig. 1. Schematic diagram of reflux reaction. 
1. N2 cylinder 2. Demoisturizer 
3. O=, removing tube (BASF R-11 eat.) 
4. Cooling water 5. Reflux condenser 
6. Magnetic stirring bar 7. 3-way flask 
8. Ligand-solvent mixture 
9. Dropping funnel 10. Exit tube 

1.14 mmols of 2,2'-bipyridine) was added to the mix- 
ture through dropping funnel (9). After a predeter- 
mined time of reaction, the mixture (which is constitut- 
ed with product, catalyst, unconverted Mo(CO)6 and li- 
gand, solvent etc.) was allowed to cool to room temper- 
ature. 
3. Purif ication and Product  Identif ication 

The reaction product was purified through use of 
the following procedure [10]: funnel separation, evap- 
oration, filtration, and recrystallization. The purified 
product was analyzed by using UV/Vis (Kontron Uni- 
kon 860 Spectrophotometer) for the metal to ligand 
charge transfer transition in the 300-700 nm region 
[11], and IR (PU 4550 Infrared 3pectrometry) for a 
fundamental C-O stretching vibration of 0roduced met- 
al carbonyl complexes, Mo(CO)4(2,2'-bpy) [11]. In ad- 
dition, EA (Yanaco CHN Corder Model MT-3 Elemen- 
tal Analyzer) was used for the determination of C, 
H, N compositions. 

The electronic absorption spectra of purified prod- 
uct in dimethyl formamide or diethyl ether solvent 
showed the metal to 2,2'-bipyridine charge transfer 
in the 400-500 mn range, and charge transition trans- 
fer of 2,2'-bipyridine in the 340-400 nm ran~.,,e. The 
IR spectra of purified product showed stretching vibra- 
tions in the spectrum at 2009 cm ~, 1910 cm ~, 1882 
cm ~, and i832 cm i. The C, H, N compositions of 
product were 46.i2%, 2.25%, 7.72% respectively. The 
analytic spectra and data of the purified product meas- 
ured here were in an excellent agreement with those 
of the pure Mo(COh(2,2'-bpy). 

The product yield was calculated according to the 
following equation. 
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Table 2. Comparison of yields with or without phase transfer catalyst 

Without/with Solvent Temp. Time Yield 
Phase 

PTC (org. phase) (~ (min) (%) 
without PTC benzene 80 120 26 only in org. phase 
with PTC TBAHS THF 66 15 66 in org. phase 

TBAHS THF 66 30 68 and in aq. phase 
MTOAC THF 66 120 81 (50% NaOH) 

product yield (%)= 

moles of product (after reaction) 
moles of hexacarbonyls (before reaction) • 

R E S U L T S  A N D  D I S C U S S I O N  

The reaction proceeds according to the following 
equation. 

reflux 
Mo(CO)~+2,2'-bpy PTC, org. solvent* 

in 50% NaOH aq. 
Mo(CO)4(2,2'-bpy) + 2CO 

Selected experimental results and their reaction con- 
ditions are given as an example in Table 2 to com- 
pare the PTC-catalyzed reaction and the rton-PTC ther- 
mal reaction. For example, 68% of product yield was 
measured with PTC at 15 minutes of reaction time 
whereas only 26% without PTC at 120 minutes. More 
detailed discussions with respect to the reaction varia- 
bles and their effects on the product yield will be giv- 
en hereafter. 
i. Effect  of  So lven t  

Benzene and TttF (whose polarity is 0.0 and 5.4, 
respectively) were used as solvents in 50% NaOH aq. 
with various catalysts carrying different cations and 
anions with respect to quaternary phosphonium salts 
and quaternary ammonium salts. Product yields obtain- 
ed in benzene or THF solvent are shown in Table 3. 

As shown in the Figure, a substantial increase of 
product yield was observed in the presence of PTC. 
The polarity of solvents affected to a lesser extent 
on the change of yields. A higher yield was obtained 
in a more polar solvent (i.e., 75% yield in THF and 
57% yield in Benzene with BTEAC). In the absence 
of PTC, the difference of solvents in product yield 
was very" small. A slightly higher yield was obtained 
by a more polar solvent as well. A higher yield in 
a polar THF than in benzene results from the polar 
natare of intermediate in transition state, which is sug- 
gested to be Mo(CO)~,COOH in the presence of PTC 
by Darensbourg et al. [9~. According to Darensbourg 
et al.. THF favors the abstraction of OH and CO li- 
gand from Mo(CO)sCOOH by forming a temporarily 

stabilized Mo(CO)5.THF complex to substitute with 
electron doner of 2,2'-bpy. 
2. Ef fec t  of  PTC 
2-1. Effect of PTC Types 

Table 3 represents bow the catalysts of different 
anion (ammonium salts, phosphonium salts) affect the 
product yield. 
2-1-1. Quaternary Phosphonium Salts 

ET-n-OPB showed a best yield among the catalysts 
used EET-n-OPB(68%)>TBHdPC(61%)>TBPB(43%) 

>TPPC(26%)3 in benzene. The variations of yield with 
phosphonium salts were in consistent with ammonium 
salts, where the CO substitution increased with longer 
chains and bigger sizes of attached hydrocarbons. 
2-1-2. Quaternary. Ammonium Salts 

MTOAC showed a best yield among the catalysts 
used [MTOAC (75%) > TEAC (62%), TBAHS (61e~) > 
BTEAC(57%)~ in benzene. As observed here, the prod 
uct yield char,ges to a lesser extent with the chain 
length of hydrocarbon attached to an ammonium ion, 
whereas a longer chain attached to a phosphonium 
ion produced a higher product yield. 

2-2. Effect of PTC Concentration 
To obtain the effect of PTC on product yield, 

MTOAC and benzene were selected for catalyst and 
solvent, respectively, in 50% aqueous solution. The 
mole ratio of PTC/Mo(CO)~ used here were 0.0, 0.05, 
0.1, 0.15, 0.25, 0.35, and 0.50 at a constant temperature 
of 80C and at a constant Mo(CO)J2,2'-bpy mole com- 
position of 1.0. 

As shown in Figure 2, the best yield was observed 
at about 0.1 mole ratio where approximately 70% of 
product yield was obtained. This product yield is 2.5 
times higher than that obtained at the same reaction 
condition without catalyst. At a higher PTC concentra- 
tion than about 0.1 mole ratio, the product yield was 
shown to decrease. It may be due to the fact that 
OH from NaOH, CI or Br from PTC in aqueous 
phase and quaternary cation in aqueous- and organic- 
phase form a micelle and micelle reaction tends to 
reduce the anion-anion exchange ability by blocking 
metal cation. 
3. Ef fec t  of  T e m p e r a t u r e  

To examine the effect of temperature on product 
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Table 3. Yields of Mo(CO)4(2,2'-bpy) obtained in benzene 
and THF in the presence of various PTC's of 
quaternary ammonium and quaternary phospho- 

nium salts 

PTC/solvent benzene THF 
without PTC 26 
TEA(; 62 76 
BTEAC 57 75 
TBAHS 61 62 
M TO AC 70 81 
TPPC 26 31 
TBPB 43 55 
TBHdPB 61 70 
ET-n-OPB 68 73 

100 

80 60/% 
40 

20 

0 ! ! 

0.0 01 0'2 0'.3 0'.4 0.s 
PTC/Mo(CO)6 mole ratio 

Fig. 2. Yields of Mo(CO)4(2,2'-bpy) as a tunction of 
amount of catalyst: 2 hours of reaction at b.p.'s 
of MTOAC/benzene with 50% NaOH aq. and Mo- 
(CO)J2,2'-bpy= 1/I (mole/mole). 

yield, three different temperatures of 25, 50 and 80~ 
were applied in benzene and 50% NaOlt aq. with 
TBAttS as catalyst. The results are shown in Figure 
3. According to the Figure, the product yield increased 
by increasing temperature up to the boiling point of 
solvent (80~ for benzene). The reason for such a high 
yield at an elevated temperature appears to be due 
to the lowering of the barrier of activation ,energy and 
thermodynamic tendency toward the formation of in- 
termediate (the rate determining step). In addition, 
the NaOH aq. solution, which is used for initiating 
cation exchange between Mo(CO)~ and PTC catalyst, 
appears to provide more OH ions by incrc'asing tem- 
perature, and to activate anion exchange of PTC cata- 

lyst. 
4. Effect of React ion  Time 

To examine the effect of reaction time on product 
yield, various reaction times were taken in THF (at 

>, 
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Fig. 3. Yields of Mo(CO)4(2,2'-bpy) as a function of reac- 
tion temperature: 2 hours of reaction at b.p.'s of 
benzene/50% NaOH aq. and Mo(CO)J2,2'-bpy/ 
PTC (TBAHS)=I/I /0.1 (mole/mole). 
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Fig. 4. Yields of Mo(CO)4(2,2-bpy) as a function of' reac- 
tion time: at b.p.'s of TBAHS/THF with 50% 

NaOH aq. 

boiling point, 66~ and 50% NaOH aq. with PTC of 
TBAHS and the results are shown in Figure ~,. 

Firstly, the product yield comes to a maximum 
around 30 minutes, where approximately 68% yield 
is achieved, after which it decreases. Such a maximum 
yield can be distinctively compared with the yield of 
about 26% at I20 minutes of thermal reaction without 
catalyst. 

Secondly, the product yield of Mo(CO)4(2,2'-hpy) 
decreased by increasing reaction time because of its 
thermal degradation. Such a thermal instability of mo- 
lybdenum carbonyl derivatives was atso observed by 
Kolthammer eta[. El2] in CO substitution of Mo(CO)~ 
by piperidine ligand in the absence of catalyst. They 
reported the compounds carrying Mo-N linkage is nor- 

January, 1992 



Effect of Phase Transfer Catalyst on CO Substitution of Mo(CO)6 27 

Fig. 5. 
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Yields of Mo(CO)4(2,2'-bpy) as a function of mole 
ratio of 2,2'-bpy/Mo(CO)6 at different reaction 
time: at b.p.'s of THF/50% NaOH aq. with PTC 
(TBPB). 

mally very reactive and, tends to be unstable at a 
higher temperature due to its poor ability of receiving 
n-electrons. It is also reported that the thermal disso- 
ciation of Group VI metal carbonyl is in the order 
of Mo>W>Cr  and undergoes at a relatively high rate 
ew~n at a lower temperature. 
5. Effect of 2,2-bpy/Mo(CO)6 Mole Ratio 

To examine how product yield varies with the 
change of concentration of 2,2'-bpy, various mole ra- 
tios of 2,2'-bpy/Mo(CO)~ were used with TBPB as cat- 
alyst and in THF/50% NaOH aqueous solution. Fi- 
gure 5 shows the variation of product yield as a func- 
tion of mole ratio at different reaction time. In the 
Figure, the product yields were shown on the basis 
of initial moles of Mo(CO)6. 

Firstly, the product yield increased at a linear rate 
by increasing the concentration of 2,2'-bpy until the 
mole ratio of 2,2'-bpy/Mo(CO)6 reaches near unity, and 
similar trend was observed regardless of different 
reaction time. However, the product yield was rela- 
tively constant with 2,2'-bpy concentration after unit 

mole ratio. 
Secondly, the product yield decreased with increas- 

ing reaction time. The reason for a lower product 
yield at a longer reaction time is due to the thermal 
degradation of Mo(CO)4(2,2'-bpy) by its thermal insta- 
bility, as explained in the above. 

Thirdly, product Mo(CO)2(2,2'-bpy)2 was expected 
to be formed by adding excess of 2,2'-bpy. Neverthe- 
less it was not identified. This experimental fact is 
in consistent with the result of Stiddard [13]. It was 
proposed that the substitution of CO in Mo(CO)6 by 
one mole of 2,2'-bpy ligand increases the bond 
strength of CO of product by back bonding and addi- 

tional CO substitution does not take place even by 
adding excess moles of ligand. 

CONCLUSION 

The effect of PTC on substituting CO of Mo(CO)6 
by 2,2'-bipyridine was examined and the following ex- 
perimental results are obtained. 
1. Effect of Solvent and PTC 

In the presence of PTC, a slightly higher product 
yield was obtained in a more polar solvent. In case 
of phosphonium salt PTC, a longer hydrocarbon chain 
attached to phosphonium ion produced a higher prod- 
uct yield, whereas product yield was very similar with 
ammonium salts PTC regardless of length of hydrocar- 
bon chains. 
2. Effect of  PTC Concentration 

A best product yield of 70% was obtained at about 
0.1 mole ratio of PTC(MTOAC)/Mo(CO)6, which is 2.5 
times higher than that obtained at the same reaction 
condition in the absence of catalyst. 
3. Effect of Temperature and T i m e  

A higher product yield was obtained at a higher 
temperature and at a shorter reaction time. In this 
study, the maximum yield was obtained at a boiling 

point of solvent and in approximately 30 minutes of 
reaction time. 
4. Effect of  2,2'-bpy/Mo(CO)6 Mole Ratio 

A best product yield was obtained at Mo(CO)j2,2'- 
bpy= 1/1 where about 70% of yield based on Mo(CO)6 
was measured at t5 minutes of reaction time. 
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