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Mechanistic studies on direct syngas conversion to ethylene glycol by a homogeneous Ru catalyst
combined with N-methylbenzimidazole (NMBI) were performed. High-pressure IR studies showed
that Ru(CO)s (A), Ru(CO),L (B), and (LH)*[Ru;H(CO);]17 (C) (L = NMBI) coexist at equilibrium
in the catalyst solution as major species. It was found that the activity of CO hydrogenation was
proportional to the concentration of the complex (B). A neutral hydride complex, H,Ru(CO);L,
derived from the complex (B) was considered to be the active form. Kinetic studies by means of
complete-mixing flow-reaction experiments indicated that NMBI added to the Ru catalyst enhanced
both the formation and the hydroformylation of formaldehyde (FAL), the key intermediate, and
the subsequent reactions of FAL were rate-determining. It was suggested that NMBI enriches the
Ru hydride species and accelerates the CO insertion to the hydride and the hydroxymethyl species
by acting as a ligand and a base. The Ru anionic hydride species has a much lower activity for the
CO hydrogenation to form FAL and a higher activity for the MeOH formation that proceeds via
the methoxy species. The studies on catalyst concentration dependencies by means of batchwise
reaction revealed the involvement of dinuclear mechanisms, which probably worked in the reductive

elimination of the acyl complexes.

INTRODUCTION

The direct conversion of synthesis gas to
ethylene glycol (EG) is known to be cata-
lyzed by various carbonyl complexes of
transition metals such as Co, Rh, Ru, Ir, and
Re (1-7). Kiso et al. already reported that
N-methylbenzimidazole (NMBI) promi-
nently improves the activity and the EG se-
lectivity of the Ru carbonyl catalyst (4). We
reported that formaldehyde (FAL) and gly-
colaldehyde (GAL) act as the intermediates
for this reaction by using a halide-promoted
Ru catalyst (8). In this paper, we performed
high-pressure IR studies as well as kinetic
studies to clarify the mechanism for the Ru/
NMBI catalysts more specifically (9).

EXPERIMENTAL

Ru;(CO);, was used as the catalyst pre-
cursor, which was dissolved in the sol-
vents. NMBI was synthesized through
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methylation of benzimidazole with dimethyl
sulfate.

The methods of high-pressure IR experi-
ments, complete-mixing flow-reaction
(CMFR) experiments, batchwise reactions,
and analyses for the liquid products were
reported in Part 1.

RESULTS AND DISCUSSION
High-Pressure IR Studies

Imidazoles including NMBI may act both
as a base and as a ligand to Ru carbonyls.
Scheme 1 shows possible equilibrium rela-
tionships among Ru complexes in a
Ru,(CO),,/imidazole catalyst system under
reaction conditions. Many species such as
Ru neutral carbonyls, Ru carbonyls coordi-
nated by an imidazole, Ru hydride carbon-
yls, and Ru anionic carbonyls, which are
trinuclear and mononuclear species, can be
formed at equilibria. High-pressure IR stud-
ies were conducted in the following order:
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ScHEME 1. Possible ruthenium complexes.

a. Cluster equilibrium between Ru,(CO),,
and Ru(CO);

b. Ligand exchange of Ru(CO); with imid-
azoles

¢. Analysis of Ru;(CO),,/NMBI catalyst.

a. Cluster equilibrium between Ru;(CO),,
and Ru(CO)s. When Ru;(CO),, in THF solu-
tion was pressurized with CO gas at 150°C,
Ru(CO); (A) (2040 and 1995 cm™') was
formed as shown in Fig. 1. Only the two
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F1G. 1. IR spectra of the cluster equilibrium between
Ru3(CO);; and Ru(CO); in THF. (a) Ru;(CO),;, 0.014
g-atom/liter; N,, 1 atm, 20°C. (b) Ruy(CO),,, 0.014
g-atom/liter; CO, 30 atm, 150°C. The broad absorption
at 2135 cm~! is based on dissolved CO gas.

carbonyl complexes were observed and
they attained equilibrium within a few
hours.

Ruy(CO),, + 3CO = 3Ru(CO); (1)
Ky = [Ru(CO)sJ/[Ruy(CO)y, 1P

Table 1 shows the ratio of all species that
are calculated by using the bands at 2060
and 1995 cm™! for the trinuclear and the
mononuclear complexes, respectively. The
ratio of Ru(CO); increases with CO pres-
sure. The estimated K|, value at 150°C is
about 3.5 x 107? (g-atom Ru/liter)* atm 2.
This value (log K, = —8.5) agrees closely
with the value (log K, = —8.1 at 150°C in
n-hexane solution) reported by G. Bor (10).
Addition of H, gas (92 atm) did not lead to
observation of any hydride complexes and
had no effect on the K, value. Reaction tem-

TABLE 1

Measured Equilibrium Constants of the Ru Cluster
Fragmentation Reactions (Eq. (1)) in THF under CO
Pressures*

PCO)Y P(Hy)” Temp. Ru(CO)’  Ruy(CO);,° 10° K,

(atm)  (atm) °C) (%) (%) ((g-atm/liter)?
atm %)

16.5 — 150 36.8 63.2 3.44
39.3 — 150 69.6 30.4 3.57
70.4 — 150 >90 <10 —
352 — 180 65.0 35.0 3.53
34.2 — 200 63.1 36.9 3.33
25.3 92.1 150 51.7 483 3.47

“ Charged Ruy(CO), is 0.014 g-atom/liter.

? The partial pressures of CO and H, were calculated by subtraction
of vapor pressures of THF from total pressures.

¢ The estimated absorption coefficients are Ru(CO)s (1995 cm™ )/
Ru3(CO) 5 (2060 cm ™'y = 1/1.12.
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F16. 2. IR spectra of the ligand exchange reactions of
Ru(CO); in THF at 150°C. (a) Ruy(CO),,, 0.007 g-atom/
liter; NMBI, 0.25 mol/iter; CO, 62 atm. {(b) Ru;(CO),,,
0.3 mg-atom; NMBI, 250 mmol; THF, 20 ml; CO, 60
atm. (¢) Ru3(C0O);, 0.007 g-atom/liter; PPh;, 0.0125 mol/
liter; CO, 90 atm.

perature scarcely affected the K value in
the range from 150 to 200°C in agreement
with Bor’s results. These results show that
the cluster equilibrium shown by Eq. (1)
substantially inclines to the mononuclear
carbonyl under the reaction conditions of
direct EG synthesis such as around 200°C
and above 300 atm of CO/H,.

b. Ligand exchange of Ru(CO)s with imid-
azoles. Next, we studied the effect of
amines including imidazoles under CO pres-
sure in THF solvent. Figure 2a shows an IR
spectrum of the Ru,(CO);,/NMBI system at
150°C under a CO pressure of 62 atm. This
system gave a new band at 1935 cm™! in
addition to the bands of Ru(CO)s;. When
Ru;(CO),, was heated in the presence of a
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large excess amount of NMBI under the
same conditions for 2 h and then cooled and
depressurized, the three bands (2050, 1963,
and 1935 cm™!) appeared as shown in Fig.
2b. These bands were assigned to a Ru
mononuclear carbonyl coordinated by
NMBI, Rw(CO),(NMBI) (B), by compari-
son with the known Ru(CO),PPh, complex
(Fig. 2¢) (11). This shows that the ligand
exchange

Ru(CO)s; + L = Ru(CO),L + CO (2)

took place (K, = [Ru(CO),L]Pco/
[Ru(COXkIIL], Ki = [Ru(CO)LIICOV
[Ru(CO)][L]). The band at around 19335
cm~! also appeared in the case of other
amines such as pyridine and N-methylmor-
pholine. We measured the equilibrium con-
stants K, for various amines. The results are
shown in Table 2, in which K| represents
the equilibrium constant, where the term of
CO is represented by concentration. Imid-
azoles were found to have larger K, values,
that is, stronger coordination abilities, than
ordinary amines such as pyridine and N-
methylmorpholine. The table also shows
that the coordination ability of NMBI is on
alevel with that of CO, because the K value
for NMBI is about 1. The activities of CO
hydrogenation catalyzed by these Ru/amine
catalysts at 230°C and under 300 atm of
CO/H, (1/1) are also listed in Table 2. Imid-
azoles activate the Ru catalyst more effec-
tively than ordinary amines. A good correla-
tion between the K values and the activities
for CO hydrogenation was observed as
shown in Fig. 3, suggesting that the promot-
ing effects of imidazeles are attributable to
their high coordination abilities to Ru car-
bonyl. However, there were no correlations
between the K, values and the EG selectivi-
ties. On the other hand, PPh; does not pro-
mote the Ru catalyst, although it has a large
K, value.

c. Analyses of Ru;(CO),,/NMBI catalyst.
Figures 4a and 4b are the IR spectra for
the Ru/NMBI and the Ru/N-ethylimidazole
catalysts at 150°C under pressures of CO/H,
in THF solvent. By comparison of these
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TABLE 2

Measured Equilibrium Constants of the Ligand Exchange Reactions (Eq. (2)) in THF
at 150°C under CO Pressures

No. Ligands (mol/liter) Peo [COl® K K¢ Turnover?
(atm)  (mol/liter)
EG MeOH
1 N-methylmorpholine 3.0 44 0.65 5.6 0.082 0.0 1.2
2 Pyridine 1.0 49 0.72 13 0.18 0.0 1.5
3 1,2-Dimethylbenzimidazole 0.25 54 0.78 37 0.53 0.0 4.5
4 N-methylbenzimidazole 0.25 89 1.16 74 0.96 3.2 5.4
5 4-Dimethylaminopyridine 0.25 87 1.15 63 0.83 0.1 11.3
6 N-ethylimidazole 0.25 91 1.18 150 2.0 0.0 19.8
7 Benzimidazole 0.25 74 1.00 200 2.7 0.0 19.7
8 Triphenylphosphine 0.005 86 1.12 >10° >10° 0.0 0.0

¢ Charged Ruy(CQ)y, is 0.007 g-atom/liter.

b [CO] show the measured concentrations of CO dissolved into THF at 20°C.
¢ Ky, in (atm) (mol/liter) ~!. The estimated absorption coefficients are (A) (1995 cm ™ )/(B) (1935cm ™) = 1/1.21.
4 The activities in mol/g-atom Ru/h for CO/H, reaction. Conditions: Ru;(CO),,, 0.007 g-atom/liter; ligand, 0.5

mol/liter; THF solvent, CO/H, (1/1), 300 atm, 230°C, 2 h.

spectra with Fig. 2a, some new bands at
2014, 1985, and ca. 1950 cm ™! are observed
in addition to the bands of complexes (A)
and (B). These bands were assigned to the
well-known anionic hydride carbonyl com-
plex, HRu,(CO);; (C) ({1). Imidazoles prob-
ably afford the gegencation (imidazole - H™)
for the anionic species. Thus it was con-
cluded that complexes (A), (B), and (C) are
dominant in the Ru catalyst solutions under
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F1G. 3. Relationship between the K values of amines
and the activities of the Ru/amine catalysts. Data for
these plots are found in Table 2.

the reaction conditions. The IR spectra
shown in Fig. 4 remained unchanged after
a few hours at 150°C, indicating that the
equilibrium shown by Scheme 2 has been
attained.

Table 3 shows the equilibrium concentra-
tions of these species under various condi-
tions. Although these data may have consid-
erably large experiment errors because of
the complexity of the spectra, we can know
the equilibrium relationship more quantita-
tively. Based on Scheme 2, the equilibrium
constants K, and K, are defined as

3Ru(CO)s + L + Hy, =
(LH)*[HRus(CO);]- + 4CO (3)
Ky = [CIPEo/(IAPILIPy,)
3Ru(CO),L + H, =
(LH)*[HRu;(CO),,1- + CO + 2L (4)
Ky = [CHLPPco/(IBFPy,)
K,, K,, and K, values calculated by Egs.
(2), (3), and (4) are almost constant when
the concentrations of Ru, NMBI, CO, and
H, are varied. This confirms that complexes
(A), (B), and (C) coexist at equilibrium. K,
and K, values in tetraglyme solvent are
larger than those in THF solvent, presum-
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F1G. 4. IR spectra of the Ru/imidazoles catalysts in
THF at 150°C under CO/H, pressures. (a) Ruy(CO);,,
0.007 g-atom/liter; NMBI, 0.25 mol/liter, CO 37 atm,
H, 75 atm. (b) Ruy(CO),,, 0.014 g-atom/liter; N-ethyli-
midazole, 0.5 mol/liter; CO, 75 atm; H,, 91 atm.

ably because the polarity is preferable for
the formation of the ionic and polar com-
plexes such as (C) and (B). Consequently,
imidazoles act not only as a base but also as
aligand for Ru catalysts as shown in Scheme
2. Whyman reported that Ru(CO)s and
Ru(CO),PPh; convert to the hydrides,
H,Ru(CO), and H,Ru(CO);PPh;, respec-
tively, under a pressure of H, (12). There-
fore, we invegtigated the reaction of com-
plex (B) with H,. When complex (B)
synthesized in situ was reacted with H, at
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80°C and 200 atm, new bands appeared at
2065 and 2000 ¢cm~! as shown in Fig. 5.
These bands were assigned to the neutral
hydride species, H,Ru(CO),(NMBI) (D), by
comparison with H,Ru(CO);PPh; (2080s,
2021vs, and 2010sh cm~") (/]). Figure 5 also
shows broadbands at lower wave number
range, 1880 and 1850 cm ™!, which suggests
the formation of a Ru anionic complex, such
as HRu(CO); (E). These conversions are
shown by

Ru(CO),L + H, = H,Ru(CO),L + CO
(L = NMBI) (5)

H,Ru(CO),L = (LH)*[HRu(CO),]~ (6)

The bands based on complex (D) are stable
up to about 100°C, although H,Ru(CO), is
reported to decompose at about 20°C. This
suggests that an imidazole ligand stabilizes
the neutral hydride complex. Although no
substantial amount of the hydride com-
plexes (D) and (E) was observed spectro-
scopically under the reaction conditions, the
formation of the hydride species, such as
complexes (C), (D), and (E), by addition of
NMBI may be closely connected with the
activity for CO hydrogenation. Next, we in-
vestigated the relationship between the ac-
tivity of the Ru/NMBI catalyst and the esti-
mated ratio of the Ru complexes calculated
by using the equilibrinm constants in Table
3. The results of varying the concentration
of Ru and NMBI are shown in Table 4. It
was found that total activity (EG + MeOH)
is proportional to the concentration of com-
plex (B) and EG selectivity does not change
as much as shown in Fig. 6. No simple rela-
tionships were observed between the activ-
ity and the concentrations of (A) and (C).
The Ru(CO)s formed in Ru/THF catalyst
showed almost no activity. Consequently,

Ru(CO)g

(a) \

(LH)*[HRu3(CO) 1147 (C)

Ru(C0)4L

/ (B)

(L=NMBI)

SCHEME 2
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TABLE 3
Measured Equilibrium Constants for the Ruy(CO),/NMBI Systems (Scheme 2) in THF
under CO/H, Pressures”
No. Ru NMBI P(CO) P(H,) Ratio (%)" Equil. const.¢
(g-atom/liter) (mol/liter) (atm) (atm)
A B C log X, log K, log K;
1 0.007 0.75 34 84 33 18 49 1.40 9.77 5.59
2 0.007 0.75 57 86 37 19 44 1.59 10.47 5.70
3 0.007 0.25 30 20 62 14 25 1.43 9.54 5.24
4 0.007 0.25 35 72 48 11 41 1.51 9.80 5.28
5 0.007 0.25 36 88 45 10 45 1.52 9.89 5.33
6 0.014 0.50 71 88 34 11 55 1.66 10.62 5.64
7 0.014 0.50 67 82 38 13 49 1.66 10.35 5.36
8¢ 0.0089 0.89 93 93 13 17 71 2.14 12.60 6.18
9¢ 0.014 0.50 75 91 17 15 68 2.12 11.70 5.34

¢ Reaction temperatures: 150°C (1-6, 8, 9), 180°C (7). Temperatures at IR cell: 20°C (1-4), 150°C (5, 6, 8, 9),

180°C (7).

¢ The estimated absorption coefficients are (A) (2040 cm™"): (B) (1935 cm™"): (C) 2014 cm™") = 1:1.61:0.68.
¢ Ky, in (atm) (mol/liter)~!; K, in (atm)’ (g-atom/liter)~? (mol/liter) " '; K3, in (g-atom/liter) ~% (mol/liter)?.

4 Tetraglyme solvent was used instead of THF.
¢ N-Ethylimidazole was added instead of NMBI.

we concluded that the Ru carbonyl complex
coordinated by imidazole or complexes (D)
and (E), whose concentrations are propor-
tional to that of complex (B), are the most
closely related to both EG and MeOH for-
mation, and complexes (A) and (C) take a
minor part in the reaction.

Kinetic Studies by CMFR Experiments

The overall reaction can be shown by
Scheme 1 in Part 1. Figure 7 shows the rela-
tionship between the overall production rate
(Pg) and the FAL feed rate (F') in the case of
Ru/NMBI/TGM catalyst system. Although
P/V increased linearly with the increase in
F/V, satisfying Eq. (1) in Part 1, only a small
portion of FAIL added converted to the
products, indicating that a large portion of
FAL decomposed to CO/H,. We already
reported that FAL was detected in the reac-
tion solution of a Ru/halide catalyst at a near
equilibrium concentration with CO/H, (8).
The Ru/NMBI/TGM catalyst system also"
produced a small amount of FAL, sug-
gesting that FAL exists in near equilibrium

with CO/H,. These facts suggest that the
subsequent reactions of FAL were more
rate-determining than the FAL formation.
Table 5 shows the kinetic data for several
Ru catalysts and a Rh catalyst in Part 1.
The unmodified Ru, which exists mainly as
species (A), catalyzed neither the CO hydro-
genation to form FAL nor the conversion of
FAL. On the other hand, the Ru catalyst
combined with N-octylpyrrolidine, which
mainly affords species (C), exhibited the ac-
tivity only for the MeOH formation, with a
much smaller value of k; and a larger value
of Kk; than in the case of the Ru/NMBI/
TGM system. This suggests that species (C)
or, more plausibly, a mononuclear anion
species (E) that is considered to exist in a
small amount, has a relatively high FAL
hydrogenation ability and a lower CO hy-
drogenation ability. Addition of NMBI en-
hanced the CO hydrogenation to form FAL
and also the hydroformylation of FAL to
form GAL. Considering the results of IR
studies, it is suggested that NMBI stabilizes
and enriches the neutral and anionic hydride
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Fic. 5. IR spectra of the reaction of the Ru(CO),
(NMBI) with H, in THF. (a) The same spectrum as that
in Fig. 2b. (b) After the reaction at 80°C under a H,
pressure of 195 atm.

species such as (C), (D), and (E), which
are connected with the CO hydrogenation to
form FAL, and alsoc NMBI ligand enhances
the CO insertion ability of Ru which is con-
nected with the hydroformylation of FAL to
form GAL. Table 5 clarifies the mechanistic
differences between Rh and Ru catalysts.
The Ru/NMBI catalyst has a higher activity
for the CO hydrogenation to form FAL than
the Rh/phosphine catalyst. However, the
Ru catalyst has a poorer activity for the hy-
droformylation of FAL to form GAL be-
cause of the fast decomposition of FAL to
CO/H,.

Dependence on the Catalyst
Concentration

We studied the catalyst concentration de-
pendencies to clarify the involvement of di-
nuclear mechanisms in the elementary reac-
tions. Collman et al. (13) and Dombek and
Harrison (/4) suggested the participation of
dinuclear mechanisms in the reaction of ole-
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TABLE 4

Activities for CO/H, Reaction and the Estimated
Ratio of the Ru Complexes by Ru/NMBI Catalyst
System

Ru NMBI Turnover?  Sel.” Estimated

(g-atom/litery (mol/litery (%) ratio (%)
EG MeOH ——————
A B (©

0.014 \] 0 0.03 — 100 0 i}

0.014 0.1 0 0.42 — 884 27 B89
0.014 0.2 0.37 0.61 38 81.2 50 138
0.014 0.5 (.82 1.38 37 68.7 105 20.8
0.014 1.0 1.65 2.09 44 577 17.7 24.6
0.005 1.0 2.09 3.02 4] 719 220 6.1
0.010 1.0 1.99 2.64 43 63.6 19.5 16.9
0.020 1.0 1.64 1.92 46 50.6 155 339
0.040 1.0 1.0% 1.23 47 36,7 11.3 52.0
0.060 1.0 0.92 1.03 47 296 9.1 61.3

“ The activities in mol/g-atom Ru/h for the CO/H, reactions. Condi-
tions: NMBI + THF = 10 mk; CO/H, (1/1), 300 atm, 180°C, 3 h.

b Sel. (%) = 100 x EGAEG + MeOH).

“ The equilibrium constants used are the values of entry 7 in Table 3.

fin hydroformylation and CO hydrogena-
tion, respectively. Figure 8 shows the de-
pendencies of the catalyst activity on the Ru
concentration in the case of the Ru/NMBI/
TGM catalyst system. When the Ru concen-
tration was low, the formation of EG and
GLY was of second order with respect to
Ru while the formation of MeOH was almost

__6
<
o°
E {100 £
H £
9 —80 _
(o) X
E 460 8
5 z
@
3 440 &
e o
5 S
= 20 W
(o]
° 10 20 30
Estimated Ratio of
RU(CO)4(NMBI} (%)

F1G. 6. Relationship between the activities for the
CO/H, reaction and the estimated ratio of the Ru(CO),
(NMBI) complex in the Ru/NMBI catalyst solution.
Data for these plots are found in Table 4.
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Fi1G. 7. Po/V vs F/V for Ru/NMBI/TGM catalyst;
Ruy(CO);,. 0.01 g-atom/liter; NMBI, 0.5 mol/liter;
CO/H, (1/1), 500 atm, 220°C, catalyst solution feed rate
90 g/h. Sel. = 100 x (GAL + EG + GLY)/(MecOH +
GAL + EG + GLY).

of first order. In this region of Ru concentra-
tion, the monomeric species such as (A),
(B), (D), and (E) prevail according to the
calculation using the equilibrium constants.
Taking into account that the anionic species
can catalyze the hydrogenation of FAL to
form MeOH as described previously, the
monomeric anionic species (E) is consid-
ered to take part in the MeOH formation.
The anionic complex, which is considered
to exist at equilibrium with species (B), may
react with FAL to form the methoxy species
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Fi1G6. 8. Influence of Ru concentration; NMBI, 20
mmol; TGM, 10 mi; CO/H, (1/1), 500 atm, 220°C.

because of the hydride nature of a hydrogen
ligand. The anionic methoxy complex may
easily react with the countercation to liber-
ate MeOH. This is in accordance with the
first-order kinetics of the MeOH formation.

CH,0 + HRu(CO); —
CH,0-Ru(CO); 25
CH,0H + Ru(CO)LL (7)

On the other hand, GAL is considered to
be formed via the hydroxymethyl complex
bearing NMBI ligand, which accelerates the
CO insertion. The second-order kinetics for

TABLE 5

Kinetic Data for Ru and Rh Catalysts®

No. Catalyst® Additives® Solv. Rate constants® Formation ratio
(g-atom/liter) (mol/liter)
ki kg ke Kk KK BEG/MeOH GLY/EG
1 Ru(0.01) None THF 0.0 — 00 0.0 — —
2 Ru(0.01) NMBI(@©.5) TGM 48 4.6 39 39 1.1 0.24
3 Ru(0.01) NOPD(0.5) TGM 25 023 1 0.0 . —
4 Rh(0.04) PiPr;(0.04) NMP 30 0.30 24 76 2.6 0.17
NMPD(0.14) '

¢ Conditions: CO/H, (1/1), 500 atm, 220°C.

» Ru, Ru3(CO)y;; Rh, Rh(CO)yacac; NMBI, N-methylbenzimidazole; NOPD, N-octylpyrrolidine; NMPD, N-
methylpyrrolidine; NMP, N-methyl-2-pyrrolidone; TGM, tetraglyme.

“ky, Kkj, and Kk5, in mol/g-atom/h.
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H-M'

H-M~ + CO T—————= HCO-M~ —————> CHy0 + M-M

Lyt

M- —_— - —_—
H-M" + CH,0 =——— CH30-M CH30H + L + M

H-M

co“

H-M'

+ CH,0 ~———— HOCH,-M —_—> CH30H + M-M

H-M'

HOCH,CO-M ~ " = HOCH,CHO + M-M

H-M : HZRu(CO)3L (L=an imidazole)
H-M": HRuB(CO)H_ or HRu(CO)4_
H-M': H-M~ or H-M

SCHEME 3

the EG formation in the lower Ru concentra-
tion range suggests that a dinuclear mecha-
nism takes part in the hydrogenolysis of the
acyl complex. In the higher Ru concentra-
tion range, the rate-determining step may be
shifted to the formation of the hydroxy-
methyl complex or the CO insertion to it,
which compete with the formation of the
methoxy complex. As for the subsequent
reactions of GAL to produce EG and GLY,
the formation of the hydroxymethyl-type
complex is considered to remain rate-de-
termining in the studied range of Ru concen-
tration, resulting in the constnat EG/GLY
ratio.

CONCLUSION

Based on high-pressure IR studies and ki-
netic studies, we propose the mechanism
represented by Scheme 3 for the direct con-
version of CO/H, to produce EG and
methanol by the Ru/NMBI catalyst. The
three species, Ru(CO)s;, Ru(CO),L, and
(LH)"[HRu,(CO);,]- (L = NMBI), mainly
coexist at equilibrium in the catalyst solu-
tion and the CO hydrogenation activity is
most closely connected with the concentra-

tion of the complex Ru(CO),L, more plausi-
bly H,Ru(CO),L and (LH)*[HRu(CO),]".
Addition of NMBI enhances both the CO
hydrogenation to form FAL and the hydro-
formylation of FAL. The role of NMBI is
considered to enrich the Ru hydride species
indispensable to CO hydrogenation both as
a base and as a ligand and to enhance the
CO insertion step to form the formyl and the
hydroxyacetyl complexes as a ligand. The
subsequent reactions of FAL are supported
to be rate-determining. The anionic hydride
complex has a much lower activity for the
CO hydrogenation to form FAL and a higher
activity for the MeOH formation, which
proceeds via the methoxy complex.

Finally, we conclude that the neutral and
anionic hydride species such as H,Ru(CO),
(NMBI), [HRu(CO),]~ in the Ru catalyst
and' HRh(CO);(PR;), HRh(CO), in the Rh
catalyst are considered active forms in the
reaction.
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