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The synthesis of higher (C7) alcohols and esters has been studied over cesium-doped Cu/ZnO
catalysts. Under higher alcohol synthesis conditions, e.g., 583 K, 7.6 MPa, and gas hourly space
velocity = 3260 liters (STP)/kg cat/hr with a H,/CO = 0.45 synthesis gas, the presence of cesium
promoted the formation of higher oxygenates, especially 2-methyl-1-propanol. The yields of prod-
ucts passed through distinct maxima at cesium nominal concentrations of 0.3-0.5%. These nominal
concentrations generated optimum surface cesium concentrations of 15-25%. Under the reaction
conditions employed, the principal role of cesium was to increase the ethanol synthesis rate and to
provide an even greater enhancement in the rate of ethanol conversion to 1-propanol and subse-
quently to higher alcohols. To obtain insight into the mechanism of the carbon chain growth, e.g.,
C; — C,;, C, — C;, and linear versus branched carbon chain growth, a *C-NMR study of the C,—C,
products formed over Cu/ZnO and 0.4 mol% Cs/Cu/ZnO catalysts was performed. Separate injec-
tions into the CO/H, synthesis gas of methanol and ethanol with natural-abundance *C and en-
riched by BC in specific positions showed that (i) lower alcohols were incorporated into the
synthesis to form higher alcohols; (ii) carbon chain growth occurred in a stepwise manner domi-
nated by the addition of oxygenated C, intermediates at the 8 carbons of the oxygenated C, (n = 2)
intermediates but also proceeding via linear addition C, + C; (rn = 1); and (iii) the presence of
cesium had a dramatic effect on the reaction mechanism and promoted greatly the synthesis rates.
The mechanistic effects of the alkali dopant were most pronounced in the C, — C; step. Over the
Cu/ZnO catalyst, injection of ethanol produced 1-propanol via linear chain growth, i.e,,
CH,"”CH,0H + CO/H; — CH;*CH,CH,0OH. The presence of Cs effected a mechanistic switch and
promoted B-carbon addition, CH;*CH,OH + CO/H; — *CH,;CH,CH,OH. The position of the 1*C
label in the CH; group of propanol provides evidence for retention of oxygen associated with the C,
intermediate, formed from CO/H,, and loss of oxygen associated with the “CH,OH group of
ethanol. Mechanistically, such a retention is favored by a gB-ketoalkoxide intermediate that is
bonded to the cesium centers via its anionic oxygen. This unique mechanism is termed herein as
aldol coupling with oxygen retention reversal and is specific to the presence of the cesium salt
dopant. Higher alcohol synthetic steps C; + C;and C, + C,,(n = 3, m = 1, 2, 3) were also analyzed.
Both oxygen retention reversal and normal oxygen retention were observed in coupling reactions
leading to the higher-molecular-weight products (m + n > 3), and this observation is attributed to
steric effects favoring the cis conformation of the 3-alkoxide followed by rejection of either of its
two oxygens. © 1989 Academic Press, Inc.
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INTRODUCTION

In previous papers (1-3), the present au-
thors reported the promotion of methanol
and C, — C, oxygenate synthesis over a
range of cesium-doped and undoped Cu/
ZnO0 catalysts. In that study, typical metha-
nol synthesis conditions were employed
[e.g., Hy/CO = 2.33, gas hourly space ve-
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locity = 6120 liters (STP)/kg cat/hr, 7.6
MPa, 523 K], and five points were demon-
strated:

1. Surface doping of the Cu/ZnO cata-
lysts by cesium compounds promoted the
synthesis of methanol, methyl formate, and
ethanol. The yields of methanol and methyl
formate passed through distinct maxima at
cesium loadings of 0.8 and 1.2 mol%, re-
spectively, while the rate of ethanol forma-
tion increased up to a concentration of 1.5
mol% cesium, after which it remained
nearly constant (7, 2).

2. The rate of methanol synthesis was en-
hanced under the above conditions by a fac-
tor of up to 2.2 by doping the surface of the
catalyst with cesium while maintaining the
methanol selectivity at greater than 98.9
mol% of the total oxygenate product (7).

3. The water gas shift reaction was also
promoted by the factor up to 2.2 by cesium
doping (3).

4. Methyl formate was shown to be
formed by direct carbonylation of methanol
with CO, and this reaction was at equilib-
rium under higher alcohol synthesis condi-
tions, i.e., with CO-rich synthesis gas mix-
tures such as H,/CO = 0.45, at temper-
atures greater than 523 K, and with GHSV
= 3260 liters (STP)/kg cat/hr (2); and

5. The direct carbon source for ethanol
and 1-propanol synthesis was found to be
methanol (2).

In regard to the last point, it was deter-
mined that reaction mechanisms for chain
growth involving direct CO insertion into
adsorbed surface species were not impor-
tant over the Cu/ZnO catalysts doped with
alkali or undoped. Such insertion mecha-
nisms have been proposed earlier and these
include CO insertion into the C-O bond of
C,OH to give C,COOH, followed by hydro-
genation to give C,+,OH (4); CO insertion
into a metal alkoxide followed by rear-
rangement to give metal carboxylate, which
is subsequently hydrogenated to the corre-
sponding alcohol (5, 6); CO insertion into
the M—-C bond of a surface-bound aldehyde
followed by rearrangement and hydrogena-
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tion to the alcohol (7); and CO insertion
into the M-C bond of surface CH, frag-
ments (8, 9), as originally proposed for ho-
mogeneous CO organometallic catalysis
(10). Other proposals included the sugges-
tion that higher alcohols are formed via
condensation of lower alcohols (11, 12).
Related to this condensation mechanism is
the aldol condensation mechanism pro-
posed by Morgan et al. (13) and Fox et al.
(14), whereby the dehydrogenated form of
the alcohol, i.e., aldehyde for a primary al-
cohol or ketone for secondary alcohol, is
the reactant in the condensation reaction. If
the alcohol and aldehyde are in equilibrium,
either reactant can be considered to be the
direct carbon source for higher alcohol syn-
thesis. The details of the aldol conden-
sation-based mechanisms are discussed
herein after the patterns of isotope label
flows in the higher alcohol synthesis have
been presented.

In addition to methanol and higher pri-
mary alcohols, the products obtained over
the Cu/ZnO-based catalysts include alde-
hydes, ketones, esters, and secondary alco-
hols. Since both ZnO and copper are well-
known  hydrogenation—dehydrogenation
catalysts (15-20), the alcohols and the cor-
responding dehydrogenated aldehyde or
ketone products are expected to coexist,
especially in hydrogen-poor mixtures. Es-
ters are also observed, among which
methyl esters are dominant products (6,
21). Several mechanisms leading to the for-
mation of esters are possible, and these in-
clude (a) a Cannizzaro-type condensation
of two aldehydes, as proposed by Frolich
and Cryder (/1), and (b) coupling between a
surface alkoxide and an aldehyde with re-
sultant hydride elimination, as proposed by
Vedage et al. (6) and Elliott and Pennella
2.

The types of catalysts studied here are
derived from Cu/ZnO methanol synthesis
catalysts that have been modified by the ad-
dition of compounds of heavy alkali metal
ions and by employing the reaction condi-
tions under which higher alcohol synthesis
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is favored. The introduction of alkali metal
ions such as cesium was prompted by the
desire to increase the basicity of the cata-
lyst surface so that aldol condensation reac-
tions became favored. Vedage et al. (6)
demonstrated that the rates and selectivi-
ties for higher alcohols increased in ion-
specific fashion with the increase of size of
the alkali ion such that the effects of Cs
promotion were approximately twofold the
promotion effects of K. The catalysts stud-
ied in the current investigation consisted of
Cu/ZnO and Cs-promoted Cu/ZnO cata-
lysts. These catalysts are similar in type {as
defined by Natta et al. (5) in terms of being
neither simply modified Fischer-Tropsch
catalysts nor isosynthesis catalysts] to the
K/Mn/Zn/Cr catalysts studied by Frolich
and Cryder (11) and the alkali/MnO/Cr,03
catalyst utilized by Morgan er al. (13).
However, the current Cu/ZnO-based cata-
lysts have been modified and optimized via
preparation techniques and precursors
formed so that their activities under mild
conditions far exceed those reported for the
Mn-containing catalysts (11, 13).

The purpose of the present investigation
was to study the effects of cesium doping
on the synthesis rates, mechanism, and en-
suing selectivities to oxygenates produced
under high alcohol synthesis reaction con-
ditions. Special attention was directed to-
ward the specific effect of cesium on the
chain growth processes that led to linear
C:—C¢ and branched C4~C¢ primary alco-
hols. An important tool employed in the
present investigation was the use of PC-
NMR spectroscopy to follow the incorpora-
tion of lower alcohols into higher-molecu-
lar-weight products.

EXPERIMENTAL

Catalyst preparation. Preparation of the
binary Cu/ZnO catalysts involved the ini-
tial precipitation of the hydroxycarbonate
precursor aurichalcite [Cu; sZn;s(OH)
(CO4),] by a previously described proce-
dure (22, 23), followed by stepwise calcina-
tion to 623 K to give the corresponding mix-
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ture of oxides, CuO/ZnO = 30/70. Cesium
doping with the formate salt CsOOCH was
effected by adding 2.5 g of the calcined pel-
letized sieved 0.85- to 2.0-mm catalyst par-
ticles to 25 ml of N,-purged aqueous
CsOOCH solution at 323 K. The solution
was then evaporated to dryness under flow-
ing N, and the resulting cesium-doped
CuO/ZnO catalyst precursor was charged
into the reactor for the determination of ac-
tivity. Most catalytic testing was carried
out with 0.3-0.5 mol% CsOOCH/Cu/ZnO
catalysts. Quantitative X-ray photoelectron
spectroscopic (XPS) analysis showed that
the cesium salt was dispersed in a sub-
monolayer corresponding to cesium surface
concentrations of 15-25% on these cata-
lysts (6). Before pressurizing the reactor,
the catalyst was reduced with a 2 mol% H,
in N, mixture at 523 K. Reduction was fol-
lowed by monitoring water content in the
exit gas using gas chromatographic analysis
and was terminated when a sudden drop in
the production of water was observed.

Determination of catalyst activity and se-
lectivity in alcohol synthesis. Catalytic test-
ing with a H,/CO = 0.45 synthesis gas was
carried out in fixed-bed continuous-flow
316 stainless-steel reactors operating at a
total pressure of 7.6 MPa. A schematic of
one of the two testing systems utilized is
shown in Fig. 1. Reactor construction and
mode of operation have been described in
detail previously (22, 24). Portions of 2.45
g of the catalyst were used. The catalyst
was diluted with three times its volume of
3-mm Pyrex beads and formed into a bed in
the central portion of the reactor. The reac-
tor was operated 24 hr/day in an automated
fashion and the long-term performance of
each catalyst was determined in reaction
runs of up to 1000 hr. Results of the long-
term activity tests will be reported else-
where. The initial activities reported here
are representative of the long-term perfor-
mance of the optimized catalysts.

The exit product mixture from the reac-
tor was sampled every 20-60 min using an
in-line automated heated sampling valve
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F1G. 1. Schematic of the reactor systems used to test the alcohol synthesis catalysts. Note the high-
pressure injection pump at the top of the reactor that was used to introduce '*C-labeled alcohols into

the H,/CO reactants passing over the catalyst.

and analyzed in a Hewlett—Packard 5730A
gas chromatograph that was coupled with a
Hewlett—Packard Model 3388A integrator/
controller. Reaction products were sepa-
rated on Porapak Q columns and were iden-
tified by comparison of their retention times
with those of known standards and also
from their mass spectroscopic (MS) frag-
mentation patterns, as determined by a Fin-
negan 4021 GC/MS/Nova system. Coupled
with the above on-line GC analyses was a
more extensive analysis of the higher-mo-
lecular-weight liquid product that was col-
lected in liquid nitrogen-cooled traps. This
analysis was carried out with a film type
SPB-1 wide-bore Supelco 60-m X 0.75-mm
i.d. capillary column (1.0-um film thick-
ness) inserted in a Hewlett—Packard Model
5890 gas chromatograph. Hydrogen was ex-
cluded from the compositional analyses,

and reported thermal response factors (25)
were utilized to correct for the different
thermal conductivities of the reaction prod-
ucts.

Catalytic activities and selectivities were
determined in the temperature range 513-
583 K at 7.6 MPa with H,/CO = 0.45 syn-
thesis gas. The gas hourly space velocity
(GHSYV) employed was 3260 liters (STP)/kg
cat/hr. All experimental data were obtained
under steady-state conditions that were
usually maintained for 1-24 hr before
changing the reaction conditions to obtain
another set of data.

Introduction of “C-labeled compounds
and *C-NMR analyses of the product. The
reaction mechanisms leading to higher oxy-
genate synthesis were probed by injecting
3C-enriched methanol and ethanol into the
CO/H, synthesis gas. The individual 3C-
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enriched alcohols were introduced into the
synthesis gas at the inlet of the reactor us-
ing a high-pressure continuous-feed Model
302 Gilson pump at the rate of 10 ul/min
over the 2.45 g of Cs/Cu/ZnO catalyst. The
reactor operated under steady-state synthe-
sis conditions. During the *C-enriched al-
cohol injection experiments, and also
during reference experiments utilizing
injection of equal amounts of nonenriched
alcohols, reaction products were collected
in liquid nitrogen traps placed downstream
from the back-pressure regulator and trans-
ferred to NMR tubes that were subse-
quently sealed. *C-NMR spectra were ob-
tained with a JEOL FX90Q Fourier
Transform NMR spectrometer using broad-
band proton decoupling. Quantitative mea-
surements were made by suppressing the
nuclear Overhauser effect using a gated de-
coupling sequence and by utilizing a 45°
pulse angle with sufficiently long delays
(>10 sec). Quantitative analysis of the 13C
concentration on each individual carbon of
the product mixture was performed by peak
height analysis, assuming similar half-peak
widths for all peaks. Overall error of the 3C
concentration was relative 10% for the
main products and 30% for the minor prod-
ucts.

Catalyst characterization. The catalysts
were removed from the reactor under nitro-
gen, and were routinely examined for sur-
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face area by gas adsorption (26) and for
phase composition and crystallite size by
X-ray powder diffraction under nitrogen in
airtight cells (27). Surface areas were ob-
tained by the BET method using argon
(0.168 nm?/Ar atom). For these determina-
tions, samples were charged under N, into
the Pyrex analysis bulbs, evacuated over-
night, and subsequently heated under a dy-
namic vacuum of 1073 Torr for 1 h at 383 K
prior to argon adsorption measurements at
77 K.

RESULTS

Cs/Cu/ZnO catalysts. Preliminary exper-
iments that explored the effect of reaction
temperature on the overall activity, selec-
tivity, and stability of this catalyst estab-
lished that 583 K was the optimum operat-
ing temperature under the present set of
reaction conditions. The effect of adding
cesium to the binary Cu/ZnO catalyst on
the yields and selectivities of the main
products formed at this temperature from
H,/CO = 0.45 synthesis gas is shown in
Table 1. It is evident that doping the cata-
lyst with cesium had a profound effect on
the activity and selectivity of the catalyst.
Table 1 demonstrates that small amounts of
cesium led to dramatic increases in the
yields of 2-methyl-1-propanol, 1-propanol,
1-butanol, and 2-methyl-1-butanol. Further
incremented additions of cesium caused the

TABLE 1

Product Yields over the Cu/ZnO = 30/70 Catalyst and

the Cesium-Doped Cu/ZnO Catalysts Obtained with a

H,/CO = 0.45 Synthesis Gas at 583 K and 7.6 MPa with GHSV = 3260 Liters (STP)/kg cat/hr

Catalyst Product yield (g/kg cat/hr)
CO; Water Alkanes® Methanol Ethanol 1-Propanol 2-Methyl-  1-Butanol 2-Methyl- Methyl Others?
{-propanol I-butanol  acetate
Undoped Cu/ZnO 367 1.3 16.8 204 2.6 10.1 20.7 3.4 8.6 10.5 34.1
0.25 mol% Cs/Cu/ZnO 412 13 16.2 181 2.7 29.6 28.9 8.6 11.5 9.6 53.8
0.34 mol% Cs/Cu/ZnO 403 1.7 13.4 157 17.0 38.1 48.6 8.2 15.5 9.9 82.3
0.43 mol% Cs/Cu/ZnO 430 13 14.0 162 18.2 24.1 336 4.6 11.7 7.4 37.3

1.5 mol% Cs/Cu/ZnO 403 43 213 8.1

8.0 4.8

10.9

9 Alkanes = methane, ethane, and propane.

b Others = methyl esters, aldehydes, ketones, CJ linear primary and secondary alcohols, C4 branched primary and secondary alcohols, and methyl

formate.



200

120
100

: 80

. /
o

5 10 15 20 25 30 35

Alcohol Yield
g/ kg cat./ hr

Ester Yield g/kgcat. / hr

FiG. 2. Yields of ethanol + 1-propanol + 2-methyl-
1-propanol vs the sum of the yields of the correspond-
ing methyl esters (i.e., methyl acetate + methyl propa-
noate + methyl isobutanoate) produced over the
undoped and cesium-doped Cu/ZnO= 30/70 mol%
catalysts from H,/CO = 0.45 synthesis gas at 583 K
and 7.6 MPa with GHSV = 3260 liters (STP)/kg cat/hr.
The individual points correspond, in ascending order,
to 1.5, 0.0, 0.43, 0.25, and 0.34% Cs levels in the Cs/
Cu/ZnO catalysts.

yields of these products to pass through dis-
tinct maxima between 0.30 and 0.40 mol%
cesium in the catalyst. Higher levels of ce-
sium concentrations caused a significant
loss in catalytic activity.

The yield of methanol exhibited a behav-
ior opposite to that of the higher alcohols.
This arises because methanol was at or near
equilibrium with the H, and CO reactants
under the conditions employed, and its
yield was at a minimum when the maximum
amount of H, was consumed in higher oxy-
genate synthesis. In contrast to this, the
yields of ethanol and methyl acetate were
relatively unaffected by Cs concentrations
up to 0.4 mol%, above which their yields
decreased, as was observed with the higher
alcohols. The compounds discussed above
account for more than 80 wt% of the total
higher oxygenate product. The balance of
products consisted predominantly of the re-
maining methyl esters of carboxylic acids
corresponding to the main higher alcohols,
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i.e., methylpropanoate, methylisobuta-
noate, and methylisopentanoate, and to a
lesser extent the corresponding aldehydes.
The effect of cesium doping on the selectiv-
ity to these esters and aldehydes was essen-
tially the same as for the alcohols, and in
fact the yields of esters closely followed
those of the corresponding alcohols, as
shown in Fig. 2.

The remaining side products included
secondary alcohols and ketones, which also
appeared in nearly constant ratios and were
formed in amounts that were at maximum
for 0.30-0.40% doping Cs levels. Other mi-
nor products are listed in Table 2 which
contains and compares the product distri-
butions obtained over the undoped Cu/ZnO
catalyst and the 0.34 mol% Cs-doped Cu/
ZnO catalyst. The effect of cesium doping
on the hydrocarbon yield is also shown in
Table 1. It is evident that doping the cata-
lyst with cesium suppressed the yield of hy-
drocarbons, while the yield of CO, followed
the same dependence on cesium doping lev-
els as did the higher alcohols. Finally, the
selectivity for higher oxygenate synthesis,
relative to methanol, as a function of ce-
sium concentration is shown in Table 3. It
is observed that the higher oxygenate selec-
tivity, defined in Table 3, increased from 35
wt% for the undoped catalyst to approxi-
mately 58 wt% for the optimally Cs-doped
sample, i.e., 0.34 mol% Cs, by a factor of
1.66, as calculated from data in Table 1.

Incorporation of “C-enriched alcohols
into the synthesis of higher alcohols. To
gain insight into the carbon-carbon bond-
forming steps that lead to higher alcohol
synthesis, 3C-enriched lower alcohols
were injected into the CO/H; stream under
steady-state conditions, and the collected
product was analyzed by BC-NMR spec-
troscopy. In the first set of experiments,
ethanol enriched in the C-1 position, i.e.,
CH,3CH,0H, was used as the injected re-
actant alcohol. The "C-enriched ethanol
was diluted with unlabeled ethanol to give
an enrichment of the C-1 carbon of 20.2.
The 3C enrichment of each individual car-



ALCOHOL SYNTHESIS OVER Cs/Cu/ZnO CATALYSTS

201

TABLE 2

Comparison of the Product Compositions Obtained from H,/CO= 0.45 Synthesis Gas at 583 K, 7.6 MPa, and
GHSV = 3260 Liters (STP)/kg cat/hr over Binary Cu/ZnQO and 0.34 mol% Cs/Cu/ZnO Catalysts

Product type Product Yield (g/kg cat/hr)
Undoped Cu/ZnO  0.34 mol% Cs/Cu/ZnO

Hydrocarbons, water, and CO, Methane 3.4 7.6
Ethane 11.3 4.7
Propane 2.1 1.1
Water 13 1.7

CO, 367. 403.

Linear primary and secondary Methanol 204. 157.
alcohols Ethanol 22.6 17.0
1-Propanol 10.1 38.1
1-Butanol 34 8.2
2-Butanol 0.7 1.8
1-Pentanol 0.9 4.7
3-Pentanol” 0.8 3.0
1-Hexanol 2.0 5.5
Branched primary and second- 2-Methyl-1-propanol 20.7 48.6
ary alcohols 2-Methyl-1-butanol 8.6 15.5
3-Methyl-2-butanol 1.7 1.7
2-Methyl-1-pentanol 5.1 12.4
2-Methyl-3-pentanol 2.0 4.1
Aldehydes Propanal — 1.6
2-Methylpropanal 0.7 1.9
Ketones 2-Butanone 0.7 2.1
3-Pentanone — 2.3
2-Methyl-3-pentanone 3.0 5.4
Methyl esters Methyl formate 3.6 2.4
Methyl acetate 10.5 9.9
Methyl propanoate 4.6 14.0
Methyl butanoate 1.0 2.7
Methyl isobutanoate 4.1 13.7
Methyl pentanoate 1.2 1.6
Propyl acetate 2.0 1.4

¢ The GC analysis employed here could not separate 3-pentanol and 2-pentanol. However, it is evident from

the synthesis patterns that 2-pentanol was absent because its corresponding ketone, 2-pentanone, was not found
(or was observed only in a trace quantity) among the products while 3-pentanone appeared in quantities compa-
rable to those of 3-pentanol. Hence, the (2-pentanol + 3-pentanol) peak was assigned to pure 3-pentanol.

bon is expressed here as a multiple of the
natural abundance of C, 1.11 atom%.

A reference *C-NMR spectrum was ob-
tained for an alcohol mixture containing ap-
proximately equimolar quantities of metha-
nol, ethanol, I-propanol, and 1-butanol
containing '3C in its natural abundance. The
spectrum is shown in Fig. 3. It is evident
that each carbon in these alcohols exhibited

a unique resonance and that the relative
peak heights were directly related to the
mole fraction of the particular carbons
present. This is further demonstrated by
the inserted table in Fig. 3, where the mole
fractions of the alcohols were calculated
from the peak heights.

Using the 0.43 mol% Cs/Cu/ZnO cata-
lyst. which contains the near-optimum ce-
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FiG. 3. BC-NMR spectrum of an approximately equimolar mixture of methanol, ethanol, 1-pro-

panol, and 1-butanol.

sium level for the synthesis conditions
utilized (Table 1), nonenriched and *C-en-
riched ethanol were injected in turn into the
CO/H, reactant gas under steady-state con-
ditions at 513, 533, 553, and 573 K. The rate
of injection was 10 wl liquid ethanol/min
into 133 ml synthesis gas/min, which re-
sulted in a reactant feed of H,/CO/C,H;OH
= 1.00/1.22/0.07 molar ratio. In each case,
liquid samples were collected for analysis,
and the resultant 3C-NMR spectra of the

TABLE 3

Effect of Cesium Loading of the Binary Cu/ZnO
Catalyst on the Selectivity (S) for Higher
Oxygenate Synthesis®

Catalyst Product yield
(g/kg cat/hr)
S

Methanol  C3 oxygenates (Wt%)
Undoped Cu/ZnO 204 110 35.0
0.25 mol% Cs/Cu/ZnO 181 165 47.7
0.34 mol% Cs/Cu/ZnO 157 220 58.4
0.43 mol% Cs/Cw/ZnO 162 137 45.8
1.5 mol% Cs/Cu/ZnO 213 42.8 16.7

o8 =[C5 oxygenates/(Methanol + c5 Oxygenates)] X 100 in wt%.
Experimental conditions are given in Table 1.

products are shown in Figs. 4-7. For the
reference experiments using nonenriched
ethanol or methanol, it was found that the
carbon mole fraction (C,) ratio as deter-
mined by NMR and GC analyses of the
product (CNMR/CS€) varied from 0.9 to 1.1
for the major alcohols and from 0.7 to 1.3
for the minor products. However, for the
BC-NMR enrichment experiments, the
low-intensity peaks were burdened by
larger errors and subsequently enrichment
of a given carbon was assumed to have oc-
curred for measured ratios (enrichments)
of =2.

From a comparison of the natural-abun-
dance 3C and “C-enriched compounds in-
jected or generated in the CH;3!3CH,0H in-
jection experiments at 513 K (Fig. 4), it is
evident that scrambling of the label be-
tween the two carbons of ethanol did not
occur since the ratio of the peak height for
the C-1 carbon at 57.4 ppm to that for the C-
2 carbon at 17.6 ppm was close to the value
given by the 3C-1 enrichment used. Enrich-
ment of the 1-propanol carbons was clearly
observed upon injection of enriched etha-
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FiG. 4. Effect of injecting nonenriched ethanol and
1BC-1-enriched ethanol at the rate of 10 wl/min into the
H,/CO = 0.45 synthesis gas feed [GHSV = 3260 liters
(STP)/kg cat/hr under steady-state conditions at 513 K
and 7.6 MPa] on the BC-NMR spectra of the liquid
product obtained over the 2.45 g of the nominal 0.4
mol% Cs/Cu/ZnO catalyst. The peaks*at 59.8 ppm
and 60.5*. ppm are due to HCOOCH,CH; and
CH,COOCH,CHj, respectively. Heavy closed circles
indicate the carbon atoms associated with the ob-
served resonances.
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nol. Figures 5-7 demonstrate that the in-
crease in reaction temperature led to the
formation of higher-molecular-weight alco-
hols. These figures also demonstrate that
the 13C-enriched ethanol was being incorpo-
rated into the higher alcohols. Moreover,
the 13C label was observed to be located at
only certain carbon positions. For example,
BC enrichment in the synthesized 1-pro-
panol was found for the C-2 (25.8 ppm) and
C-3 (9.8 ppm) carbons, but no enrichment
of the C-1 (63.8 ppm) carbon was observed.
At low temperatures, the C-2 and C-3 car-
bons were equally enriched, but at the
higher temperatures used, preferential en-
richment at the C-3 position was observed.
Thus, at temperatures above 533 K the
mechanistic pathway being followed in the
synthesis of 1-propanol resulted in the C-1
carbon of ethanol being preferentially in-
corporated as the C-3 carbon of 1-propanol,
ie.,

c—&—oH - ¢—c—c—oH
at 7> 533 K. (1)
For 1-butanol, the C-1 (61.8 ppm) and C-

3 (19.1 ppm) carbons were preferentially
enriched, i.e.,

* * *
C—C—OH —» C—C—C—C—O0OH, (2)

;
CHZ'%cH,0H
Injection
OH
Ho)\ d/ ‘\/OH
A eV
A

MW i SR AAAL
90 80 70 60 50 40 30 20 10 [o]

ppm shift from TMS

F1G. 5. BC-NMR spectrum of the liquid product obtained upon injecting '*C-1-enriched ethanol into
the synthesis gas feed over the 0.43 mol% Cs/Cu/ZnO catalyst at 533 K. Experimental conditions are

given in Fig. 4.
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A*/OH
/\TOH
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ppm shift from TMS

F1G6. 6. BC-NMR spectrum of the liquid product upon injecting *C-1-enriched ethanol into the

synthesis gas feed over the 0.43 mol% Cs/Cu/ZnO catalyst at 553 K. Experimental conditions are
given in Fig. 4.

CH;CH,OH

Injection

./on o
CHy' %CH,0H Pt
Injection
'/VON
- WON
>_/
N A o |
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Ll

90 80 70 60 50 40 30 20 10 o
ppm shift from TMS

FiG. 7. Effect of injecting nonenriched ethanol and 3C-1-enriched ethanol into the synthesis gas feed
over the 0.43 mol% Cs/Cu/ZnO catalyst at 573 K on the BC-NMR spectra of the liquid product.
Experimental conditions are given in Fig. 4.
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TABLE 4

Effect of Injection of Ethanol into the H,/CO = 0.45 Synthesis Gas Stream at 7.6 MPa and GHSV = 3260
Liters (STP)/kg cat/hr on the Yield of Products Formed over a 0.4 moi% Cs/Cu/ZnO Catalyst

Product

Product yields {(g/kg cat/hr)

T=513K T=533K T=55K T=513K
No ethanol ~ With ethanol  No ethanol ~ With ethanol ~ No ethanol ~ With ethanol ~ No ethanol ~ With ethanol
injection injection injection injection injection injection injection injection
Methanol 133 1m 232 293 266 248 171 160
Ethanol 0.9 145 33 117 12,6 66 19 29
Methy! acetate 0.14 5.7 0.4 18.7 5.0 41 8 11
1-Propanol — 5.7 11 20.5 7.4 52 19 44
2-Methyl-i-propanol — — 1.0 1.3 18.6 16.9 42.7
1-Butanol 1.2 2.4 1.8 1.3 49 10.7
2-Butanol — 38 — 3.9 0.8 4.9

2-Butanone
2-Methyl-1-butanol

Fhrd

1.9
4.5

9 Ethanol was injected at the rate of 193 g/kg cat/hr.

while the C-2 (31.0 ppm) and the terminal
(18.6 ppm) carbons of 2-methyl-1-propanol
were the points of enrichment for this
branched alcohol. It was further observed
that at low temperatures, enrichment of the
C-2 carbon of 2-methyl-1-propanol domi-
nated, whereas at high temperatures en-
richment of the terminal —CH; groups dom-
inated. These observations are consistent
with aldol condensation of the C-3-enriched
1-propanol with the C; intermediate as dis-
cussed in Section B of the Discussion.

In the case of ethanol resonances, the ra-
tio R}, of BC in the C-1 and C-2 carbons,
where the C-2 carbon was not enriched,
was always substantially greater than one,
and this indicated that even at 573 K scram-
bling of the label had not occurred. The ob-
served decrease in the ratio R;; with in-
creasing temperature is undoubtedly due to
dilution of the injected ethanol by non-
enriched ethanol synthesized over the cata-
lyst from CO/H,. The effects of injection of
enriched ethanol on the yields of the princi-
pal oxygenates are shown in Table 4. It can
be seen that ethanol injection resulted in
moderate changes in the methanol yields,
but in very large increases in the yields of
the higher oxygenates. Thus, at 533 K the
injection of ethanol caused the formation of
nearly all of the 1-butanol, 2-butanol, and 2-

methyl-1-propanol observed in the product,
and it increased the yields of 1-propanol by
a factor of 18.6 and of methyl acetate by a
factor of 47. These results clearly substanti-
ate the conclusion that ethanol is the major
carbon source for the synthesis of Ci oxy-
genates.

To exploit the [*CJethanol injection ex-
periments to the fullest, *C enrichment fac-
tors were calculated for all of the individual
carbons of the product mixture. The
method employed was similar to that previ-
ously described (2), except that in the
present case the nonenriched C-2 carbon of
ethanol was used as an internal standard.
The results for the C,—Cs alcohols are pre-
sented in Table 5. The calculated enrich-
ment factors are in agreement with the
qualitative conclusions drawn from com-
parisons of the NMR spectra in Figs. 4-7.

Identical sets of the reference and *C-1-
enriched ethanol injection experiments
were performed over the undoped binary
Cu/ZnO catalyst at the same four reaction
temperatures (513, 533, 553, and 573 K)
used with the Cs/Cu/ZnO catalyst. *C-
NMR spectra for the 533 and 573 K experi-
ments are compared in Figs. 8 and 9 and the
calculated enrichment factors are summa-
rized in Table 6. From Table 6 and Figs. 8
and 9, it is evident that only the C-2 carbons
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TABLE 5

BC Enrichment Factors for Each Carbon, Relative to
the Ethanol C-2 Carbon, of the Alcohols Formed
over the 0.4 mol% Cs/Cu/ZnO Catalyst upon
Injection of CH;"*CH,OH*

Product 3C enrichment factor
alcohol
T=513K T=533K T=553K T=573K
CH3;0H 0.9 1.0 0.9 0.7
CH; 1.0 1.0 1.0 1.0
(lf}{zOH 10.9 14.7 8.6 2.4
CH; 55 9.8 6.5 3.1
(|3H2 6.4 6.3 3.7 1.4
C’H20H 2.3 18 1.6 0.9
(CH3)? 9.2 6.8 5.0
CIHz — 7.9 3.9 1.8
CH,0H — - 0.6
CH;3 29 29 2.5
C'HZ 12.3 5.8 33
C]Hz ND< 1.2 0.8
CIH20H 6.4 1.8 1.1
CHj3 0.9 29 1.4
CHOH 7.5 16.6 8.9
éHz 0.9 3.3 1.7
éHg 49 13.2 8.5
CH; 1.3 L5
C|H2 ND 83 4.9
CH(CH3) 333.3) 1.1(1.9)
C‘Hzol'l 22 0.8

2 The data used to calculate these factors were derived from the NMR
spectra shown in Figs. 4-7. Ethanol was injected at the rate of 193 g/kg
cat/hr.

? For the special case of 2-methyl-1-propano! both terminal methyl
groups are equivalent; however, only one can be enriched via the aldol
mechanism. Therefore, the observed enrichment was taken as a true
measure of the relative rate leading to enrichment of this carbon, and no
correction for the presence of two equivalent carbons was necessary.

¢ Not detected.

of 1l-propanol and 2-methyl-1-propanol
were enriched, i.e.,

C—&—OH— C—C—C—0H (3)

and
c—¢—0oH - C—C—C—O0H —
C
N
t—c—0H. @)
/
C
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Thus, it is clear that there are distinct dif-
ferences in the reaction pathways of higher
alcohol synthesis over the Cs-doped and
the undoped Cu/ZnO catalysts. Analogous
to the observations with the Cs/Cu/ZnO
catalyst, the addition of ethanol to the reac-
tant CO/H, stream led to a dramatic in-
crease in the synthesis of C7 oxygenates,
again supporting the conclusion that etha-
nol was a direct precursor in the formation
of the higher-molecular-weight oxygenates.

As already noted, the reaction product
also contained small quantities of methyl
esters of the carboxylic acids correspond-

TABLE 6

BC Enrichment Factors for Each Carbon, Relative
to the Ethanol C-2 Carbon, of the Alcohols Formed
over the Undoped Cu/ZnO Catalyst upon
Injection of CH;"*CH,OH*

Product 13C enrichment factor
alcohol
T=513K T=533K T=553K 7T=513K

CH;0H 0.7 0.8 0.8 0.7
CH3 1.0 1.0 1.0 Lo
CH,OH 13.4 17.2 11.2 38
CH; 1.5 13 1.6 1.1
CH, 12.1 15.6 8.4 25
CHOH 2.5 1.5 1.3 0.8
(CH3),? - 3.2 38
(I:HZ ND* 5.6 8.9 6.2
C|H20H — — —
CH; 0.9 13 1.1
(I:Hz 13.6 9.3 4.6
CI:HZ — 1.7 0.9 0.8
C‘:HzOH 5.2 2.5 1.4
CH; — 0.6 L0 1.5
ClHOH 4.9 4.1 4.7 4.4
(l:Hz 1.9 13 1.1 1.3
(|3H3 4.0 3.2 2.7 3.4
CH; 1.4 0.8
(l?Hz 17.4 5.3
(l:H(CHJ) ND 6.0 (2.4) 1.5(1.8)
CH,OH 4.1 0.7

« Ethanol was injected at the rate of 193 g/kg cat/hr.
? As in Table 5.
< Not detected.
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FiG. 8. Effect of injecting nonenriched ethancl and *C-1-enriched ethanol into the synthesis gas feed
over the nonpromoted Cu/ZnQO catalyst at 533 K on the *C-NMR spectra of the liquid product.

Experimental conditions are given in Fig. 4.

ing to the principal alcohols, as well as the
corresponding aldehydes and ketones. The
aldehydes and most of the methyl esters
were not detected in sufficient quantities
that would allow reliable *C enrichment
factors to be calculated from the observed
3C-NMR spectra. However, at 553 K with
both the undoped and the Cs-promoted cat-
alysts, the BC-NMR spectra of 2-butanone
and methyl propanoate were sufficiently re-
solved so that the enrichment factors could

be calculated for all of the carbons except
the carbonyl carbon. The results for these
two products are presented in Table 7 and
are compared with the enrichment factors
obtained for the expected parent alcohols.
Clearly, the acyl fragment of the ester was
derived from the corresponding alcohol.
To complement the deductions made
from the labeled ethanol injection experi-
ments, a set of experiments was carried out
in which a BCH;0H/?CH;"“CH,0H etha-
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F1G. 9. Effect of injecting nonenriched ethanol and *C-1-enriched ethanol into the synthesis gas feed
over the nonpromoted Cu/ZnO catalyst at 573 K on the ¥C-NMR spectra of the liquid product.

Experimental conditions are given in Fig. 4.

nol mixture was injected into the synthesis
gas stream over both the undoped Cu/ZnO
catalyst and the 0.4 mol% Cs/Cu/ZnO cata-
lyst. The BC-NMR spectra of the liquid
products for these experiments at 533 K are
presented in Figs. 10 and 11. Over the un-
doped catalyst (Fig. 10), the C-1 carbon of
the synthesized I-propanol had been selec-
tively enriched and the carbon of the
methoxy group of methyl acetate was
greatly enriched in comparison with the
other carbons, i.e.,

C—C—0H + (—O0H —» C—C—C—0H
(5)
0

I x (I% %
C—C—H + C—OH —» C—C—0—C.
(6

Similar results characterized by Egs. (5)
and (6) were obtained with the 0.4 mol%
Cs/Cu/ZnO catalyst, as shown in Fig. 11.
Enrichment factors were calculated for
both sets of experiments using unlabeled



ALCOHOL SYNTHESIS OVER Cs/Cu/ZnO CATALYSTS

TABLE 7

Comparisons of the *C Enrichment Factors for
1-Propanol, Methyl Propionate, 2-Butanol, and
2-Butanone Formed over Cu/ZnO and Cs-Promoted
Cu/ZnO Catalysts at 553 K upon Injection

of CH;*CH,0H*
Product 3C enrichment factor
Undoped Cu/ZnO 0.4 mol% Cs/Cu/ZnO

CH; 1.6 6.5
(]:H2 8.4 3.7
(IZHZOH 1.3 1.4
CH, 1.3 4.6
(|3H2 7.4 2.4
{0 _ _
0

C|H3 1.3 0.6
CH, 1.0 2.9
CIHOH 4.7 16.6
CIHZ 1.1 33
C,H3 2.7 13.2
CH, 1.0 1.1
|=O _ B
éHz 1.5 3.5
ClH3 5.1 12.7

« Ethanol was injected at the rate of 193 g/kg cat/hr.

ethanol as an internal standard and by com-
bining the observed BPC-NMR spectra data
with product mole fractions determined by
GC analyses. These enrichment factors are
presented in Tables 8 and 9 for the Cu/ZnO
and the 0.4 mol% Cs/Cu/ZnO catalysts,
respectively. For the PBCH,OH/!?)CH,
2CH,0OH ethanol injection experiments,
the calculated enrichment factors again
clearly show that the C-1 carbon of 1-pro-
panol and the methoxy carbon of methyl
acetate were preferentially enriched. The
two carbons of ethanol have also been
somewhat enriched in the *CH;OH/1-pro-
panol injection experiment due to synthesis
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of ethanol from methanol as previously
shown (2). At the higher reaction tempera-
tures of 533 and 553 K, enrichments oc-
curred over both catalysts in the C-1 carbon
of 1-propanol, C-1 and C-2 carbons of 1-
butanol, and C-1 and C-3 carbons of 2-
methyl-1-propanol, i.e.,

C—C—0OH + ¢—0H ——

Cu/ZnO
Cs/Cu/ZnO

c—C—C—o0oH =%
* W * *
c—C—C—¢—0H + C—(lf——C——OH.

C
M

This is further supported by the observed
enrichment factors obtained in the
BCH,;0H/"2?CH;"2CH,2CH,0H propanol
injection experiments (Table 10), i.e.,
C—C—C—OH + ¢—0H ——>

Cu/ZnO
Cs/Cu/Zn0O

C—C—C—C—OH + C—?-C—OH.
*
¢
(8)
1:'CH;,OH/CH;.CHon
Injection ./

Ll
L 1 ] 2 ) 1 i 2 | | I PN B l‘_‘_x‘_“J_ll 1

|
90 80 70 60 50 40 30 20 10 0
ppm shift from TMS

Fi1G. 10. BC-NMR spectrum of the liquid product
obtained upon injection of a [*C]methanol/ethanol =
1 : 32 mixture at the rate of 10 ul/min into the H,/CO =
0.45 synthesis gas feed [GHSV = 3260 liters (STP)/kg
cat/hr under steady-state conditions at 533 K and 7.6
MPa] over the undoped Cu/ZnO catalyst. The *C en-
richment of methanol was 90.1.
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FiG. 11. Effect of injecting a nonenriched methanol/ethanol mixture and a *C-labeled methanol/
ethanol mixture into the synthesis gas feed over the 0.4 mol% Cs/Cu/ZnO catalyst at 533 K on the C-
NMR spectra of the liquid product. Experimental conditions are given in Fig. 10.

Thus, the active C; intermediate giving rise
to the methyl group of the methyl esters
and to linear chain growth in high alcohol
synthesis was preferentially derived from
gas-phase methanol rather than from CO.
This is further supported by the observation
that with the Cs/Cu/ZnO catalyst at 573 K,

no enrichment of the carbons in the alcohol
products was observed upon injection of
BCH;0H/"2CH;32CH,0OH (Table 9). This
arose because methanol at this temperature
was in equilibrium with CO and H,, and
thus the 13C of the injected methanol was
effectively lost by dilution by the much
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TABLE 8

BC Enrichment Factors for the Principal Products
Formed over Undoped Cu/ZnO Catalyst upon
Injection of a BCH,OH/CH;CH,OH?* Mixture into
the H,/CO = 0.45 Synthesis Gas

Product 3C enrichment factor

T=3513K T=533K T=3553K T=3573K
CH;0H 17.4 8.4 2.1 1.0
CH;, 1.0 1.0 1.0 1.0
CH,0H 1.0 1.0 1.0 1.0
CH;, 1.3 1.6 1.2 0.9
(|:H2 0.8 1.0 1.0 0.7
(lez()H 10.3 11.3 34 1.2
CH; 5.5 5.9 1.3 0.7
o
& _ _ _ _
éH; 1.0 1.0 0.5 0.7
CH; 1.3 1.0 1.2
éHz 1.0 1.0 1.0
(|3H2 7.3 2.7 1.8
éHzOH 6.3 21 1.2
(CHa)? 5.8 5.8
(‘:Hz 0.8 1.3
C’HzOH 4.7 2.1
CH; 0.8 0.9
(I:Hz 0.6 0.9
(IZH(CH3) 2.3(1.7) 1.2(1.3)
C’HzOH 2.9 1.2

“ Simultaneous injection of methanol (47 g/kg cat/hr) and ethanol (147
g/kg cat/hr).
b As in Table 5.

more abundant carbon of the CO reactant in
the synthesis gas feed.

DISCUSSION

A. Effect of Cesium Doping on Reaction
Rate and Selectivity

From the results presented in Tables 1-3,
it is evident that doping the Cu/ZnO cata-
lysts with cesium promoted formation of all
higher alcohols and esters with the excep-
tion of ethanol and methyl acetate. In addi-
tion, the ratios of the yields of branched
products RCH(CH;)CH,OH that result

211

from 8 branching to those of the parent lin-
ear alcohols RCH,CH,OH, e.g., 2-methyl-
1-propanol/1-propanol and 2-methyl-1-bu-
tanol/1-butanol, were not greatly affected
by cesium loading, but there was a very
marked effect on the ratio of the higher al-
cohols to ethanol. The ratio of 1-propanol
to ethanol increased by a factor of 5 in go-
ing from the undoped to the 0.34 mol% Cs-
doped Cu/ZnO catalyst, with little change
in the ratio of the i-C,,,/1-C, products. Be-
cause the cesium dopant increased the
overall yield of the C5 alcohols, as well as

TABLE 9

3C Enrichment Factors for the Principal Products

Formed over a 0.4 mol% Cs/Cu/ZnO Catalyst upon

Injection of a *CH;0H/CH;CH,OH* Mixture into
the H,/CO = 0.45 Synthesis Gas

Product 3C enrichment factor
T=513K T=53K T=53K T=573K

CH;0H 5.9 1.7 1.0 1.1
ClH; 1.0 1.0 1.0 1.0
CH,0H 1.0 1.0 1.0 1.0
CH; 1.0 0.8 1.3 1.0
(|?H2 0.7 1.0 0.7 1.0
(|3H20H 2.3 2.6 L5 0.7
CH; 3.3 2.1 0.9 1.0
o

o _ - _ -
'éH; 1.0 1.0 0.9 0.9
CH3 6.7 1.0 1.2
Cle - 0.8 1.0
(‘,‘Ha 1.3 1.3 1.1
C’HZOH L5 1.4 0.8
(|c1-13)z" 8.8 3.6 3.2
CH, 2.7 1.0 1.1
CH,0H 6.3 1.9 0.9
CH; 1.5 1.1
éHz 1.3 0.7
ClH(CH3) 1.8 (1.5) 1.1(0.8)
CH,0H 1.7 0.7

“ Simultaneous injection of methanol (47 g/kg cat/hr) and ethanol (147
g/kg cat/hr).
 As in Table 5.



212

TABLE 10

BC Enrichment Factors for Products Formed over
a 0.4 mol% Cs/Cu/ZnO Catalyst upon Injection
of a BCH;OH/1-Propanol* Mixture into the
H,/CO = 0.45 Synthesis Gas

Product BC enrichment factor

T=5B3K T=53K T=53K T=573K
CH;0H 9.6 43 1.2 0.9
CH; 3.6 8.0 2.9 1.4
(IJHZOH 2.5 5.9 2.0 1.1
(|3H3 1.0 1.0 1.0 1.0
(IIHZ 1.0 1.0 1.1 1.1
CH,0H 0.9 1.1 0.9 1.0
(|:H3 — 22 1.7 0.9
(T‘Hz — 1.9 1.4 1.2
(l:Hz — 19 1.0 1.1
CH,OH 15.6 8.1 2.8 1.2
(ICH3)2” 2.6 8.6 3.8 2.8
CH, 0.6 1.3 1.1 0.9
CH,0H L4 5.5 2.5 1.4
C!l-lg —_ 0.9
CH; — 0.4
H(CH3) — Q.9 0.7 (1.3)
CH,OH 1.8 0.6

¢ Simultaneous injection of methanol (47 g/kg cat/hr) and 1-propanol
(150 g/kg cat/hr).
% As in Table 5.

the 1-propanol/ethanol ratio, the greatest
effects of cesium appear to be an increase
in the ethanol synthesis rate and an even
greater enhancement in the rate of ethanol
conversion to 1-propanol and subsequently
to higher alcohols. This explains the higher
yields of C7 oxygenates, accompanied by
the decrease in selectivity for ethanol upon
cesium promotion.

The effect of cesium loading on the over-
all activity of the Cu/ZnO catalyst, which
consists of the rate of CO conversion pass-
ing through a dramatic maximum as a func-
tion of cesium concentration, can be attrib-
uted to the bifunctional nature of these
alcohol synthesis catalysts (6, 28). One
function is the hydrogenation function of
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the Cu/ZnO portion of the catalyst and the
setond function provided by the alkali ion
and its counterion is that of a base that exe-
cutes various C—C and C-O bond-forming
reactions. Inhibition of alcohol synthesis
occurs at high cesium loadings because
above a certain surface concentration, ce-
sium blocks the hydrogenation sites of the
catalyst. The cesium doping also sup-
pressed the production of hydrocarbons
(Tables 1 and 2).

B. Mechanism of Higher Alcohol and
Oxygenate Synthesis

The present 13C incorporation study re-
sulted in determination of the principal car-
bon source for each carbon of the product,
and of the location of carbon atoms in the
product molecules originating from the CO/
H, synthesis gas and injected precursor
compounds in each individual step.

The injected labeled alcohols and their
mixtures were “2CH;B3CH,0OH ethanol,
2CH,2CH,OH/*CH;0H ethanol/methanol
mixture, and "2C;H;OH/“CH;0OH 1-pro-
panol/methanol mixture. Injection of the C;
or C; + C, alcohols greatly enhanced the
yields of C§ products (Table 4), and injec-
tion of the C; + C; alcohol mixture greatly
enhanced the yields of the C{ products,
demonstrating that the injected alcohols
were incorporated into the synthesis very
effectively. Although the C; and C; alco-
hols were injected in excess to their na-
tively synthesized counterparts (Tables 5-
10), their rapid incorporation permits the
conclusion that the native synthesis pro-
ceeds by the same mechanism as that re-
vealed by the isotope flow from the excess
injected alcohols. The isotope flow also
provides evidence of the stepwise nature of
the synthesis; the major mechanistic step
was a C; addition to a C, precursor and the
minor mechanistic step wasa C,, (m = 2, 3)
addition to a C, (n = 2) precursor. The indi-
vidual steps, however, still proceed via in-
termediates the structures of which have
not been or perhaps cannot be determined.
We shall nevertheless attempt to identify
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such intermediates from the general knowl-
edge of chemistry with the perspective that
their identity and pathways can be verified
by quantum chemical calculations when
such calculations produce reliable results
for the relatively large molecules involved
beyond the C; — C,; step. MNDO calcula-
tions published earlier (2) led to the conclu-
sion that the insertion of CO into alkoxide,
RO® + CO — RCOO® (R # H), which had
been considered as a possible linear chain
growth step in alcohol synthesis (5, 6), is
rendered unlikely by a high activation bar-
rier, although the analogous formate-gener-
ating reaction (R = H) proceeds readily (2).
Also, for the C, — C, step, the CO insertion
into methoxide must be discarded based on
earlier reported PC isotope experiments
(2). Therefore, other linear growth mecha-
nisms have to be considered, and those that
are admissible based on the outcome of the
present BC labeling experiments are dis-
cussed below.

Based on the product distribution de-
scribed in detail under Results, the effect of
cesium on rates and selectivities, the incor-
poration of lower alcohols into higher alco-
hols, and the 3C isotope distribution in the
higher oxygenates upon injection of *C-en-
riched lower alcohols, a general reaction
network can be proposed for the synthesis
of higher oxygenates over the Cs-promoted
Cu/ZnO catalyst. The network is essen-
tially an extension and modification of pre-
vious reaction networks for higher oxygen-
ate synthesis proposed by Vedage ef al. (6)
and by Smith and Anderson (29). The indi-
vidual steps of the present reaction network
can be grouped into several distinct reac-
tion types:

1. Linear chain growth (£) via C,; addi-
tion steps at the alcohol end of the growing
chain to give linear primary alcohols such
as ethanol, 1-propanol, 1-butanol, etc.

2. B addition (B8,) between C,and C, (n =
2) surface species, which results in 1-pro-
panol (n = 2) and branched primary alco-
hols such as 2-methyl-1-propanol and 2-
methyl-1-butanol (n = 3).
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3. B addition (B,,) between C,, (m = 2, 3)
and C, (n = 2) surface species, which
results in a variety of alcohols such as 1-
butanol, 2-butanol, 1-pentanol, 2-methyl-1-
butanol, 3-pentanol, 3-methyl-2-butanol,
and 2-methyl-3-pentanol.

4. Tischenko/Cannizzaro reaction lead-
ing to methyl esters of carboxylic acids cor-
responding to all the synthesized alcohols.

5. Methyl formate formation via carbon-
ylation of methanol as reported earlier (2).

Next, each of these reaction types is dis-
cussed in the light of our experimental
results.

1. Stepwise linear carbon chain growth
(€). Two possible reaction mechanisms
leading to linear chain growth that are con-
sistent with the experimental observations
can be proposed, both based on the hydro-
genation-base bifunctionality of the cata-
lyst. An adsorbed formyl species is com-
mon to both pathways as proposed earlier
(2).

The first mechanism involves the nucleo-
philic attack at the « carbon of an adsorbed
aldehydic intermediate by formyl HCO®,
yielding a dioxygenated species. This spe-
cies subsequently undergoes hydrogena-
tion/dehydration to yield the C,.; alcohol.
As postulated originally by Fox et al. (14)
and adopted by the authors in the preceding
paper (2), formaldehyde as the adsorbed al-
dehydic intermediate upon nucleophilic at-
tack by the formyl generates the C, precur-
sor of ethanol. A second similar mechanism
involves the nucleophilic attack by the for-
myl species of the C-1 position of an ad-
sorbed alcohol, with its hydroxyl being the
leaving group, or an analogous acyl-metha-
nol reaction. The displacement of the hy-
droxyl would thus occur by an Sy2 mecha-
nism. Based on either of the above outlined
linear growth mechanisms, it can be ration-
alized why, in the case of the “CH;
BCH,;0OH ethanol injection experiments,
the 13C label can be found at the C-2 carbon
of 1-propanol (cf. Tables 5 and 6). In addi-
tion, direct identification of the source of
the active C, surface species as a derivative
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of methanol was confirmed upon injection
of BCH,OH/"2CH;"2CH,0H ethanol mix-
tures that gave rise to 1-propanol enriched
at the C-1 carbon. The subsequent enrich-
ment of the C-1 and C-2 carbons of 1-buta-
nol was also observed (cf. Tables 8 and 9).

Unique to the observed higher-molecu-
lar-weight production distribution is the ab-
sence of observable yields of such reaction
products as 3-methyl-1-butanol and 3-
methyl-1-pentanol that would result from
the linear chain growth of 2-methyl-1-pro-
panol and 2-methyl-1-butanol. The absence
of these products can be explained by elec-
tronic and steric restrictions of the two lin-
ear chain growth steps discussed above.
The adsorbed aldehydic derivative of the
branched alcohols may be rendered less
susceptible to nucleophilic attack by the in-
ductive effect of alkyl substituents at the 8
carbon position. In regard to the steric fac-
tor, the rates would decrease as the size of
the substituent on the C-1 carbon of the al-
cohol increases, the occurrence of B
branching inhibiting the linear pathway of
chain growth (30).

2. B additions involving the C, + C; (n =
2)and the C, + C,,(n, m = 2, 3) steps. The
product composition presented in Table 2
and the patterns of 3C incorporation into
the specific carbons of the product mole-
cules from various 3C-labeled precursor al-
cohols presented in Tables 5-10 demon-
strate the significance of reactions at the 8
carbon of the growing oxygenate chain,

-C-C-C-0O
Yy B a

The attack on the B8 carbon by the C; inter-
mediate dominates in the synthesis, but ad-
ditional minor paths associated with the at-
tack of 8 carbon by C, (m = 2, 3)
intermediates are also operating. The ce-
sium promoter enhances the rates of all C,
— C} (n = 2) synthetic steps but particu-
larly of the C, — C; step. As the cesium
counterions are basic, the whole reaction
pattern will be discussed in terms of base-
catalyzed B additions. Because of the
prominence and facile course of these 8 ad-
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ditions in aldehyde and ketone chemistry, it
will be assumed that the reactive species in
the present system are enolates, or carbo-
anions, that are formed from the precursor
alcohols by dehydrogenation and ionization
in the vicinity of the surface cesium ions.

A general scheme involving aldehydes
which accounts for all the products and 3C
distribution patterns is Scheme I.

The B-ketoalkoxide that is formed by the
condensation of an RR’ enolate with an R”
aldehyde (R” = H for C, addition) further
undergoes isomerization, hydrogenation,
hydrolytic, and dehydration reactions 1-3
(Scheme II), the relative rates of which
determine the relative abundance of the
two principal types of products, R"CH,
CHRCHR'OH and R’CH,CHRCHR"OH.
The initial reaction, in which the two alde-
hydes are coordinated to the Cs* ion, re-
quires that the two oxygens of the B-ke-
toalkoxide are in cis position. In addition,
stereoisomerization exemplified by path 4
(Scheme 1II), which gives rise to conforma-
tions with distal oxygens, will occur at a
rate that will depend upon the nature of
substituents R and R’ and their interaction

* 2
RCHz(llHOH RCH;C=0
2
R' R
—HZOICJOH_
R
enolate (I:t
A3
RHC 7 (Cs) 0
|.
1R' CHO
R
CH
Nk
[3- keto- R"H(.:/ o
alkoxide | I
e
0% -~ ©
s
~_/
SCHEME [
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. I * [ | * \
CH2CHCHR' HOCHCHCH, R
f |

ScHEME 11

with the catalyst surface. The labels @ and
% mark carbon atoms the specific location
of which can and has been revealed by the
various 3C-labeling experiments employed
here.

Each of the paths 1-3 may occur by a
sequence of partial reactions, viz.:

1 hydrolysis of the Cs*-alkoxide bond
dehydration of the alcohol group
hydrogenation of the product;

2 hydrogenation of the carbonyl group
dehydration of the alcohol
hydrolysis of the Cs*-alkoxide bond
hydrogenation of the product;

3 dehydrogenation of the
R"—CH—CH—R functionality to

R”—C|=(|Z——R, isomerization
©0OCR"=CR(CO)R’ —
R"(CO)CR=CR’'0O®, hydrogenation.

As an example, we give the specific course
of path 2:

0 R
R %
o® o 0® _
R :/ +
‘Cs/ \Cs))

ScHEME I1I
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©OCHR"CHRC(O)R’ —2>
©OCHR’CHRCHR'OH —25
©OCHR"CR=CHR’ %@

HCOHR"CR—CHR' —%>
HOCHR'CHRCH,R'.

The two alcohol products of Scheme II are
listed in Table 11 in terms of the combina-
tion of substituents R, R’, and R”, injected
compounds and their isotopic composition,
and the paths involved.

The path labeled N gives a product that is
expected in nrormal aldol synthesis fol-
lowed by hydrogenation, whereas path R
gives a product in which the oxygen reten-
tion is reversed from that expected in aldol
synthesis. Path N can occur directly by se-
quence 1 of Scheme II or by sequence 3
followed by 2. Path R can occur directly by
sequence 2 or by sequence 3 followed by 1.
Path R will be termed here aldol coupling
with oxygen retention reversal.

Results in Tables 5-10 demonstrate that
path R is significant over both the Cs/Cu/
ZnO and the Cu/ZnO catalysts and particu-
larly dominates in the C, — C; step over the
Cs/Cu/ZnO catalyst at high, temperatures
where the product CH;CH,CH,0H, given
in parentheses, is not observed. Further, all
observed products are accounted for by the
paths R and N represented by Scheme 11,
operating with varying degrees in differ-
ent C, — C; steps. The patterns that have
emerged and the mechanistic implications
thereof are discussed below for each indi-
vidual synthetic step.

C,— Cs synthesis. This step, realized by a
reaction of ethanol with either methanol or
CO/H,, occurs by linear growth € and by 8
addition to given 1-propanol in both cases.
Over the Cu/ZnO catalyst, the linear
growth £ is the principal mechanism, as eth-
anol enriched by 1C at C-1 yields mainly 1-
propanol egriched atC-2,C—C—0 + C—
O - C—C—C—0 (cf. Tables 6 and 7).
Over the Cs/Cu/ZnO catalyst, the 8 addi-
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TABLE 11
R R R Injected compound Product Path
H H H cH.8H,0H + CH,0H (*6H3CH2.6H20H) N
CH,CH,CH,0H R
CH, H H CH,CH,CH,0H + CH;OH (H).CHCH,OH N
(CH,),CHCH,OH R
H CH, H (CH,),CHOH CH,CH,CHOHCH, N
CH,CH,CH,CH,OH R
H H CH, 2CH,&H,0H CH,&H,CH,EH,0H N
CH,CHOHCH,CH, R
CH; H CH; Native synthesis CH,CH,CH(CH3)CH,OH N
CH,CHOHCH(CH,), R
H H C,H;s Native synthesis CH,(CH,),OH N
(C,H;),CHOH R
CH, H CH; Native synthesis CH,(CH,),CH(CH;)CH,0H N
C,H,(CHOH)CH(CH,), R

tion is greatly accelerated and occurs al-
most exclusively by the aldol coupling with
oxygen retention reversal R, as demon-
strated by the outcome of C-1-enriched eth-
anol injection,

c—¢—0+C—0-E—C—C—0 (9

(cf. Tables S and 7). This striking result is
explaingd as follows: the cis-B-ketoalkox-
ide ©OCH,CH,CHO, derived from C, + C,
addition, isomerizes by 4 to a conformer in
which only the alkoxy oxygen is bonded to
the Cs* ion, while the distal carbonyl group
is hydrogenated on the Cu/ZnO surface,
dehydrated, hydrogepated, a.nd hydrolyti-
g(ally released as CH;CH,CH,GH. The
CH;CH,- group griginates from the labeled
ethanol and the —CH,0H group from the C,
intermediate. The latter assignment has
been confirmed by allowing unlabeled etha-
nol to react with labeled methanol, with the
result (cf. Tables 8 and 9)

C—C—0 + ¢—0 —» c—C—C—0 (10)

obtained over both the Cu/ZnO and the Cs/
Cu/ZnO catalysts.

The C,; — C;3 chemistry is symbolically
summarized as

Cu/ZnO catalyst:
¢ > B(N) = BR)

Cs/Cu/ZnO catalyst:
€ ~=BR)>BN) T<530K
BR)>¢€¢>pBMN) T>S530K

showing that the Cs dopant accelerates the
C; — C; conversion by greatly promoting
the C; + C; coupling reaction with oxygen
retention reversal. This, then, is the mecha-
nistic cause for a product distribution with
ethanol at minimum and C5 alcohols and
methanol at maximum.

C; — C4 synthesis. 1-Propanol yields 1-
butanol, a minor product, by the linear
growth ¢ and 2-methyl-1-propanol, a major
product, by the B(N) and B(R) additions.
The B(N) and B(R) paths are distinguished
by the position of 3C from labeled metha-
nol in the 2-methyl-1-propanol product, and
results presented in Table 10 for the Cs/Cu/
ZnO catalyst show that the B(N) path is
slightly more effective than the B(R) path at
all temperatures. Injection of 2-propanol is
predicted to yield 2-methyl-1-propanol by
€, 2-butanol by B(N), and 1-butanol by
B(R). Results obtained by Young (37) show
that ¢ is a very minor pathway for 2-pro-
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panol while B(N) and B(R) occur at compa-
rable rates, with B(R) slightly favored at
high temperatures over the Cs/Cu/ZnO cat-
alyst.

The C; — C, synthetic steps are thus
dominated by the g8 additions. The B(R)
path is still kinetically significant but it is no
longer strongly favored over B(N) as in the
C, — C; step. The key to the difference in
the relative rates 8(N) and B(R) for the C;
— C4 and the C, — Cj steps appears to be
the presence of the methyl substituents (R
= CH; for 1-propanol and R’ = CHj; for 2-
propanol) in the C; — C, steps. These sub-
stituents are suggested to frustrate path 4
by their steric interaction with the catalyst
surface, thus favoring the cis conformation
of the B-ketoalkoxide of Schemes I and II
which can then undergo conversions 1, 2, 3
+ 1, and 3 + 2 to both products of the B(N)
and B(R) additions. Path 4, however, favors
only the product of the B(R) addition. Be-
cause B(R) is the exclusive course of the C;
—» C; B addition, it must be concluded that
the stereoisomerization 4 is fast compared
to 1, 2, and 3 for the sterically unhindered
C,— Cystep withR = R" = R" = H.

Aside from steric factors, electronic and
thermodynamic factors were considered to
explain the difference in the B(N)/B(R) se-
lectivity between the C, — C; and the C;
— C, additions. Taking into account that
the methyl substituent in I-propanol (R =
CH,;) is attached to the 8 carbon while that
in 2-propanol (R’ = CHj) is attached to the
«a carbon, the thermodynamic and elec-
tronic properties of intermediates derived
from these two C; alcohols should be very
different. In fact the thermodynamic (e.g.,
dehydrogenation equilibria) and electronic
behavior of I-propanol is much closer to
that of ethanol than to that of 2-propanol,
and so are the general reactions of alde-
hydes as opposed to ketones. Yet in the
present system the B(N)/B(R) selectivities
for the 1-propanol and 2-propanol conden-
sations with the C; intermediate are close to
each other and different from that for etha-
nol. Hence we consider the thermodynamic
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and electronic factors to be of secondary
importance and the steric factors of pri-
mary importance in determining the B(N)/
B(R) selectivity.

The C,4 product composition that resulted
from the C; + C, addition over the Cs/Cu/
ZnO catalyst rules out a CO insertion
mechanism proposed by Mazanec (7). In
particular, 2-propanol or acetone injection
would be expected, by Mazanec’s mecha-
nism, to yield 2-methyl-1-propanol, a prod-
uct that was not generated from 2-propanol
over the Cs/Cu/ZnO catalyst (31). Thus the
Cs/Cu/ZnO catalyst contrasts with a zirco-
nia catalyst over which the synthesis of 2-
methyl-1-propanol from acetone was re-
ported (32), in support of Mazanec’s
mechanism. As the overall synthesis rates
over the Cs/Cu/ZnO and related catalysts
far exceed those over the ZrO; and related
catalysts under comparable conditions, it is
concluded that the alkali-promoted g addi-
tion is so far the most efficient chain growth
mechanism in oxygenate synthesis.

To summarize the C; — C4 chemistry, we
note that the synthetic patterns were sys-
tematically studied only over the most ac-
tive Cs/Cu/ZnO catalyst, with the results

B(N) = B(R) > ¢ for C; = l-propanol
and
B(R) = B(N) > £ for C; = 2-propanol.

The significant contribution of the B(N)
path is attributed to a steric hindrance of
the stereoisomerization of the 8-ketoalkox-
ide intermediate that favors the S(R) path in
the C; — C; step. Because 2-propanol is
not a product of the native synthesis, as it
has been injected for the purpose of eluci-
dating the mechanism only, the dominant
C; — C4 pathway is the B8 addition of the C,
intermediate to that formed from 1-pro-
panol to give 2-methyl-1-propanol. This al-
cohol is the most abundant C4 product and
one of the most abundant products of the
whole synthesis.

C; — Cs synthesis. 1-Butanol, a minor
product of the synthesis, continues the
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chain growth path as evidenced by the pres-
ence of 2-methyl-1-butanol that originates
by B8 addition (R = C;Hs, R’ = R”" = H) and
l-pentanol that results from the linear
growth step (cf. Table 2). 2-Methyl-1-pro-
panol should give rise to (CH;);CCH,OH
by B addition B(N) or B(R). This alcohol
with a tertiary carbon was not detected (cf.
Table 2), and in general 2-methyl-1-alkanols
do not add any further C, building blocks.
This lack of 8 addition is a feature common
with aldol synthesis that does not occur at a
branched 8 carbon, as in Schemes I and 1I
the substituent R would represent two
methyl groups which render the carboanion
R,CCHO® energetically inaccessible. Tak-
ing into account that the linear growth £
also does not occur with 2-methyl-1-pro-
panol as discussed in Section B1, the syn-
thesis ends at this 8-branched alcohol, and
in general at every 2-methyl-1-alkanol. Be-
cause 2-methyl-1-propanol is a major prod-
uct of 8 addition to 1-propanol, also a major
product, and all higher 2-methyl-1-alkanols
are products of B8 additions to 1-alkanols
that are minor products, the termination of
the chain growth at 2-methyl-1-alkanols is
the primary cause of 2-methyl-1-propanol
béing the dominant product of the synthe-
sis.

C, — C4 synthesis. Two C, intermediates
couple to 1-butanol by B(N) and to 2-buta-
nol by B(R). 2-Butanol is the sole product of
the B(R) coupling as is seen from the 13C
label locations at C-2 and C-4 upon injec-
tion of ’C-1-labeled ethanol (cf. Tables 5
and 6). Hence, no portion of 2-butanol orig-
inates by 2-propanol + C; coupling because
there is no prior path to 2-propanol, 8 or €.
1-Butanol, however, originates both by C,
+ C, B(N) coupling, with 3C labels from
13C-1 ethanol at C-1 and C-3 of 1-butanol,
and by C; + C, linear growth £, with the 13C
label from the same source ending up at C-4
or C-3 of 1-butanol, depending on whether
C-3 or C-2 of 1-propanol was enriched in
the previous step. Inspection of Tables 5
and 6 shows that both the C; + C, 8(N) and
the C; + C; € paths operate but the latter
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prevails at high temperatures, most likely
due to the greater abundance of the C; and
C, reactants even in the presence of the in-
jected C, alcohol. Table 2 shows that in the
native synthesis 1-butanol is approximately
four times as abundant as 2-butanol, a
result that is consistent with the C; + C;
step being the main source of 1-butanol
while the C, + C, addition is the sole source
of 2-butanol.

Cy+ C, (n = 2, 3) synthesis. These minor
reaction pathways provide alternative
routes to C; + C; and Cs + C, reactions that
yield 2-methyl-1-butanol, 2-methyl-1-pen-
tanol, and 1-pentanol. The isotope distribu-
tions observed for 2-methyl-1-butanol, pre-
sented in Tables 5 and 6, clearly indicate
that coupling of the C; + C; fragments is a
pathway to its formation. For example, for
2-methyl-1-butanol synthesis over the Cs/
Cu/ZnO catalyst at 553 K, the isotope dis-
tribution data suggest the reaction stoichi-
ometry of

* * *
c—C—oH + 6—¢—c—oH -
C—é—(TJ——C—OH. an

*

C

In addition, by employing the reaction prin-
ciples of Schemes I and II, the formation of
3-methyl-2-butanol via C; + C, B(R), with R
= R" = CH3, R'= H, of 3-pentanol via C; +
C; B(R), withR = R’ = H, R” = C,Hs, and
of 1-pentanol via C; + C, B(N), withR =R’
= H, R” = C,H;s, can be predicted. In an
analogous fashion the Cg alcohols 2-methyl-
3-pentanol and 2-methyl-1-pentanol can be
obtained via C; + C; B(R) and C; + Cs
B(N), respectively, from precursors with R
= CH;, R’ = H, and R” = C,H;s. All of these
products and their corresponding ketones
and aldehydes were observed (cf. Table 2),
and thus a full accounting of all of the Cs
and C¢ oxygenates has been made based on
the two types of 8 additions, B(R) and B(N).

3. Aldehydes and ketones. The aldehydes
and ketones that correspond to the ob-
served alcohols were identified in the reac-
tion product. Under the set of operating
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conditions employed at temperatures above
573 K, the yields of these minor products
were close to the equilibrium yields (31) for
reaction stoichiometries

RCHO + H, 2 RCH,OH (12)

and

RC(O)R’ + H; 2 RCH(OH)R'. (13)

Similar equilibrium yields were observed
for the methyl esters (31) consistent with
the reaction stoichiometry

RCHO + CH;0H = RCOOCH; + H,.
(14

4. Methyl ester formation. The isotope
distributions observed for the methyl esters
(cf. Tables 7-9) are consistent with the two
reactions generally proposed for their for-
mation, i.e., the Tischenko and the Can-
nizaro reactions. The active C; intermedi-
ate is formaldehyde for the Cannizzaro re-
action and methoxy for the Tischenko reac-
tion as discussed by Vedage er al. (6).
Based on both of these schemes, the *C
isotope distribution of the acyl group of the
methyl ester should be that of the parent
alcohol and the '*C isotope content of the
methoxy carbon should be that of the meth-
anol reactant, as is observed to be the case.
An important feature of the Tischenko re-
action is that the mechanism is Sx2 in na-
ture, with attack of the methoxy oxygen on
the C-1 carbon of the aldehydic species ac-
companied by loss of a hydride. Since HO
is a much stronger nucleophile than the
CH;09 group, the Tischenko reaction is
expected to be slow. However, this reac-
tion may be facilitated by stabilization of
HO on the catalyst surface since the exis-
tence of hydride species on the surface of
ZnO is well established (17, 33, 34).

C. Summary of the Reaction Pathways
and the Effect of Cesium on Higher
Oxygenate Synthesis

The patterns for synthesis of higher oxy-
genates from CO/H, over Cu/ZnO and Cs/

219

Cu/ZnO catalysts are governed by the fol-
lowing features:

1. Linear growth ¢ that vields a C,...{ pri-
mary alcohol from a C, (n = 1) primary
alcohol.

2. Addition of C;, C,, and C; oxygenated
fragments at the 8 carbon of a C, (n = 2)
alcohol to form C,..,, (m = 1, 2, 3) alcohols.

3. Inthe C, + C; B additions, retention of
oxygen associated with the C, fragment and
rejection of oxygen associated with the C,
fragment by a process termed here aldol
coupling with oxygen retention reversal,
BR).

4. In the same C, + C, B8 additions, reten-
tion of oxygen associated with the C, frag-
ment and rejection of oxygen associated
with the C; fragment by a process consis-
tent with the normal course of aldol con-
densation and denoted here as B(N).

5. Absence of the 8 and ¢ chain growth
steps for 2-methyl-1-alkanols.

6. Occurrence of aldehydes, ketones, and
methyl esters that are derived from, and at
high temperatures are at equilibrium with,
their corresponding alcohols.

The role of cesium is to promote very
significantly both the linear growth € and
the 8 additions in favor of the latter, and
thereby increase the selectivity toward the
principal branched product, 2-methyl-1-
propanol. Of the two types of 8 additions
B(N) and B(R), that with oxygen retention
reversal B(R) entirely dominates the C, —
C; step over the Cs/Cu/ZnO catalyst at
high temperatures. Both B(N) and B(R)
types occur in the C, — C,;; (n = 3) addi-
tions, a feature that is likely to be caused by
stereochemistry of the interactions of the
C,+ intermediate, bonded to the Cs* ions,
with the catalyst surface.

Mechanistically, oxygenate coupling re-
actions appear to be of prime importance.
The linear growth ¢ has been shown, for the
C; — C; step, to occur preferentially by
coupling of oxygenated intermediates at o
carbons rather than by CO insertion reac-
tions (2), and the same mechanism is sug-
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gested for all the C, + C, ¢ synthetic steps.
The B additions have all features of a reac-
tion path involving B-ketoalkoxides in
which the alkoxide oxygen is retained in the
B(R) oxygen retention reversal reaction
type and the keto oxygen in the S(N) nor-
mal aldol coupling type. The catalyst con-
tains a hydrogenation component Cu/ZnO
and a basic component, the latter effecting
the oxygenate coupling reactions € and 8.
Cesium acts as a strong base and the ZnO
component as a weaker base, and it is pro-
posed that their counterions enter the reac-
tion cycle by nucleophilic attack of the car-
bonyl groups of aldehydes and ketones. If
the B-ketoalkoxide bonded to the Cs* ions
is free of substituents, the keto group can
move freely to the hydrogenation compo-
nent of the catalyst and the B(R) type domi-
nates as in the C; — C; step catalyzed by
the Cs/Cu/ZnO catalyst. Methyl substi-
tuents at the backbone carbons of the -
ketoalkoxide sterically hinder the removal
of the keto group from the coordination
sphere of the Cs* ions and both types of 8
additions, B(R) and B(N), occur. Although
the proposed mechanism involving the 8-
ketoalkoxide intermediate is more specific
than the information contained in the iso-
tope label flows and the product composi-
tion, it accounts entirely for all the observa-
tions that rule out the whole class of CO
insertion mechanisms. Moreover, the
mechanistic patterns permit a kinetic model
to be set up for the whole oxygenate syn-
thesis and to understand the molecular ba-
sis for the relative rates of the individual
synthetic steps (35). In particular, the
mechanistic effects of the cesium dopant
reported here result in (8+ ¢) rates for the
C, — C; step greater than for any other
C, — C,: steps, with the consequence
that the synthesis generates a ‘‘bimodal’’
product distribution wherein maxima placed
at C; (methanol) and i-C4 (2-methyl-1-pro-
panol) are separated by a minimum at C,
(ethanol). As the overall rates of CO con-
version are higher over the Cs/Cu/ZnO cat-
alyst than over the Cu/ZnO catalyst, the Cs
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dopant produces both increased activity
and increased selectivity toward the metha-
nol/2-methyl-1-propanol mixtures.
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