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Using insitu *3C solid state MAS NMR (for some reagents in com-
bination with ex situ GC-MS), it is shown that butyl alcohols and
olefins (ethene, isobutene, octene-1) undergo carbonylation to form
carboxylic acids (the Koch reaction) with high conversion on zeolite
H-ZSM-5 at 296-373 K. The reactions proceed without application
of pressurized conditions, just upon coadsorption of CO and alco-
hols or CO, H,0, and olefins on zeolite. The observed Koch reaction
under mild conditions provides strong evidence for the formation
of alkyl carbenium ions from alcohols and olefins on the zeolites
as crucial reaction intermediates. Of the family of carbenium ions,
CO reacts selectively with tertiary cations to produce tertiary car-
boxylic acids, unless the carbonylated molecule is too large for more
bulky tertiary moieties to be accommodated and carbonylated in the
narrow pores of H-ZSM-5. Thus, t-BuOH, i-BuOH, and isobutene
produce trimethylacetic acid with high selectivity and conversion,
while ethene transforms selectively into 2-methyl-2-ethyl butyric
acid. Reaction of octene-1 molecules with CO and H,0 results in
acids of the CgH17COOH and C1H33COOH families with predom-
inantly linear hydrocarbon chains. The data obtained may open up
new possibilities in using solid acids in organic synthesis as car-
bonylation catalysts under mild conditions, i.e., low temperature
and normal atmospheric pressure. @ 1996 Academic Press, Inc.

1. INTRODUCTION

By analogy with reactions in acid solutions, it is gen-
erally agreed that hydrocarbon conversion on solid acids
proceeds via the formation of intermediate carbenium ions
(1, 2). Contrary to superacid solutions where carbenium
ions were indeed detected and well characterized (3-5),
actual evidences for the existence of carbenium ion inter-
mediates on solid acids are not that straightforward. Their
existence is predicted mainly on the distribution of the hy-
drocarbon products (6-9), kinetic studies of skeletal rear-
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rangement of olefins (10), and scrambling of the ?H and
13C labels in model reactions over solid acids (11-22). Only
very stable triphenylmethyl (11) and cyclopentenyl cations
(22-24) were identified with C solid state NMR, more
reactive alkyl carbenium ions (e.g., tert-butyl carbenium
ion, TBCI) were not detected spectroscopically on solid
acids. Due to the failure of numerous attempts to detect
alkyl carbenium ions spectroscopically, it has been sug-
gested that such cations are not formed in zeolites, and
reactive intermediates represent alkoxy species (25). The
latter can exhibit carbeniumion properties at high tempera-
ture under vibrational excitation and elongation of the C-O
bond (25).

Inaddition to convincing spectroscopic data by Olah et al.
(3-5), yet another evidence for the existence of carbenium
ions in superacidic solutions as rather stable species comes
from their ability to provide as intermediates to the classical
Koch reaction (26) between olefins or alcohols and CO in
the presence of water. Indeed, a generally accepted mecha-
nism of Koch reaction includes three stages (Scheme 1) (27).
First, an intermediate carbenium ion is formed by protona-
tion of an olefin (stage I). Subsequent addition of CO to
the carbenium ion gives rise to the acylium cation (oxocar-
benium ions, stage I1). The latter reacts with water to form
the carboxylic acid, releasing the active proton of catalyst
(stage I11). Note that the ability of carbon monoxide to in-
teract with carbenium ions in acidic media to give more sta-
ble acylium cations was reliably established by Hogeveen
et al. (28).

Recently, experimental evidences were obtained (mainly
by observing the scrambling of 1*C and 2H labels with NMR)
that intermediates with alkyl carbenium ion properties are
formed on zeolites at low temperature (300 K) in the course
of tert-butyl alcohol dehydration (17, 22) or isobutene con-
version (15). There was also shown that octene-1, when
adsorbed on H-ZSM-5 zeolite, also exhibits carbenium ion
properties at 296 K (19).

0021-9517/96 $18.00
Copyright © 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.



412

CHs_ CHs
,C=CHz + H' === CHy—C" )
CH3; |
CHs
CH3 CHs
| |
cns—<lz+ + GO === CH;—C-C=0 m
i
CHs CHs
CH3 CHs
I I
CH;~C—CG =0 + H,0 === CH;—C—COOH + H' qn
I I
CH3 CHz
SCHEME 1

If carbenium ions are really formed from light olefins
inside zeolites at room temperature, then according to
Scheme 1 (27) they should interact with CO and convert
the olefins or alcohols into carboxylic acids in the presence
of water.

The above-mentioned experimental findings on the
scrambling of *C and 2H labels in alcohols and olefins on
zeolites at low temperature (15, 17, 22), as well as the prop-
erty of carbon monoxide to interact with carbenium ions in
acidic media (28) prompted us to try to trap the intermedi-
ate alkyl carbenium ions (presumably formed from olefins
and alcohols on H-ZSM-5) chemically with CO. One could
expect that the reactions would proceed at low tempera-
ture, namely, at the temperature of alcohol dehydration or
olefin oligomerization, where a generation of carbenium
ions from alcohol (olefin) is expected on zeolite. In this
case the formation of carboxylic acid as reaction product
would serve as evidence for the formation of alkyl carbe-
niumion inside zeolite at low temperature. The other aim of
this work was to further substantiate the possibility of Koch
type reaction on zeolites under mild conditions. (Prelimi-
nary results on the observation of the Koch reaction under
mild conditions on H-ZSM-5 have already been reported,
see (29).)

Solid state 3C NMR spectroscopy was chosen as the main
instrumental method for our study. It allowed us to mon-
itor in situ both the transformations of the reagents and
the formation of the reaction products in the course of the
reaction. To facilitate NMR analysis and to attribute the ob-
served NMR signals more reliably, the reagents (alcohols,
olefins, and CO) labeled selectively with 3C isotope were
used.

2. EXPERIMENTAL

Samples preparation. Zeolite H-ZSM-5 (Si/Al=49)
was synthesized according to Ref. (30) and characterized
with X-ray powder diffraction analysis and chemical analy-
sis. Approximately 0.3 g of zeolite was loaded into a 10-mm
o.d. glass tube and then heated at 723 K for 1.5 h in air
to remove atmospheric moisture and for 4 h under vac-
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uum at 10> Torr (1 Torr=133.3 N m~2). After cooling
the sample to ambient temperature (296 K), we froze out
equal amounts (300-350 wmol/g) of butyl alcohol and CO
or olefin, CO and H,O on H-ZSM-5 under vacuum at the
temperature of liquid nitrogen, and the glass tube with the
zeolite was then sealed off from the vacuum system. Fur-
ther, the sample was slowly warmed and kept at 296 K for
a few hours or heated for a certain period of time at 373 K
to accelerate the reaction.

Analysis of reaction products. The reaction products
were analyzed directly inside the zeolite pores with in situ
13C NMR. An extent of alcohol or olefin conversion into
carboxylic acid was estimated from the comparison of the
13C NMR signal intensities of the initial alcohol (olefin)
and final carboxylic acid. To confirm our conclusions on
the organic products formed, we also made several ex situ
GC-MS experiments. The zeolite sample was dissolved in
10% NaOH solution. The solution that formed was neutral-
ized with H,SOy,, and the organic products were extracted
with Et,0O. After subsequent evaporation of Et,0, GC-MS
analysis was made.

To facilitate NMR analysis, alcohols, olefins, and CO with
selective 3C labels (82-92% C isotope enrichment) were
employed.

Before in situ NMR analysis, in most of our experiments
the glass tube with the zeolite sample was opened and the
zeolite sample with adsorbed reaction products was trans-
ferred under air into a 7 mm zirconia NMR rotor for NMR
experiment (vide infra). We have also carried out some
NMR experiments, where air with atmospheric moisture
was not permitted to the zeolite sample. For this purpose
ca. 0.1 g of zeolite was placed into a glass tube which, after
sealing off from the vacuum line, could be tightly packed
into a zirconia rotor. We have not found any difference be-
tween NMR spectra for the samples, recorded in opened or
sealed tubes.

13C NMR experiments. *C NMR spectra with high
power proton decoupling, magic angle spinning (MAS), and
with or without cross-polarization (CP), denoted below as
13C CPIMAS NMR or *C MAS NMR, were recorded at
100.613 MHz (magnetic field of 9.4 Tesla) on a Bruker MSL-
400 spectrometer at 296 K. The following conditions were
used for recording spectra with CP: the proton high power
decoupling field was 11.7 G (5.0 us 90° H pulse), contact
time 5 ms at Hartmann—-Hahn matching conditions 50 kHz,
delay time between scans 3 s, spinning rate 2.4-3.2 kHz.
Number of scans was 600-20000.

In order to make quantitative estimations of the signal ar-
eas, one pulse excitation MAS spectra were recorded with
45° flip angle *3C pulses of 2.5 us duration and 10-15 s recy-
cle delay, which satisfied a 10T, condition. High power pro-
ton decoupling in these experiments was used only during
the acquisition time. This eliminates Nuclear Overhauser
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Enhancement of the signal areas and allows quantitative
assessment of the signal areas (31).

13C chemical shifts for carbon nuclei of adsorbed organic
species were measured with respect to TMS as the external
reference with accuracy +0.5 ppm. Precision in the deter-
mination of the relative line position was 0.1-0.15 ppm.

The temperature of the samples was controlled with a
BVT-1000 variable-temperature unit.

GC-MS analysis. The fused silica capillary column of
35m x 0.3 mm i.d. with OV-101 as the active phase, form-
ing a film of 0.3 um thickness, was used in this study. Tem-
perature was programmed from 50°C (2 min) to 280°C at
8°C/min rate. The detector was a mass spectrometer (VG
70-70), which was scanned from m/e =20 to m/e =600 at a
cycle time of 4 s.

3. RESULTS AND DISCUSSION

3.1. Formation of Carboxylic Acids via Trapping of
Carbenium lons Generated from Butyl Alcohols

tert-Butyl alcohol. tert-Butyl alcohol undergoes dehy-
dration (13, 14) and generates the tert-butyl carbenium
(TBCI) ion on zeolite H-ZSM-5 at room temperature
(17, 22). Therefore, the interaction of TBCI with carbon
monoxide followed by the formation of the corresponding
carboxylic acid was expected to occur also at room temper-
ature.

13C CP/MAS NMR spectra recorded after coadsorption
of t-BuOH and CO on H-ZSM-5, are presented in Fig. 1.
When taken together, these spectra can easily be ratio-
nalized in terms of formation of the trimethylacetic acid
(TMAA) as the main reaction product. Indeed, if we use
for coadsorption [2-*C]t-BuOH (i.e., the alcohol labeled in
the quaternary carbon atom) and the unlabeled CO, then
two signals at 40.7 and 81.4 ppm dominate (Fig. 1A). The
appearance of the signal at 40.7 ppm is well understood,
provided that adsorbed [2-1*C]t-BuOH reacts with CO, as
shown in Scheme 2. According to Scheme 2, mainly the sig-
nal from the 13C labeled quaternary carbon atom of TMAA
should be observed. Indeed, there is a good agreement be-
tween the chemical shift for the signal at 40.7 ppm in Fig. 1A
and that for the signal of the quaternary carbon atom in lig-
uid TMAA [38.5 ppm (32)]. The signal at 81.4 ppm, which
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FIG.1. ¥C CP/MAS NMR spectra for the products formed after
coadsorption of t-BuOH and CO on H-ZSM-5 zeolite at 296 K: (A) Coad-
sorption of the t-BuOH, **C-labeled in the quaternary carbon atom (82%
13C enrichment), and unlabeled CO. (B) Coadsorption of the t-BuOH,
labeled with *3C in a methyl group (67% *°C enrichment) and unlabeled
CO. (C) Coadsorption of the *C-labeled CO (90% °C enrichment) and
unlabeled t-BuOH. (D) One pulse excitation **C MAS NMR spectrum
with high-power proton decoupling, recorded after coadsorption of the
¥CO and unlabeled t-BuOH. This spectrum corresponds to the spectrum
(C) but was recorded without cross-polarization. In each case, 300 umol/g
of t-BuOH and CO (or *CO) were adsorbed; 6000 scans were collected
for (A), 3000 scans for (B), 16000 scans for (C), 2200 scans for (D). Aster-
isks (*) denote spinning side bands. **C chemical shifts for adsorbed initial
alcohols and the formed carboxylic acids are given above each molecule
depicted in Figs. 1-5.

is typical for tert-butyl group bound to oxygen, should be
attributed to unreacted alcohol because its chemical shift
and line width are indeed very close to those for quaternary
carbon atom in t-BuOH adsorbed on H-ZSM-5 (17, 22).

One of the two signals, observed for coadsorption of
t-BuOH, labeled with 3C in a methyl group ([1-'C]t-
BuOH) and the unlabeled CO, namely, the signal at 27.8
ppm (Fig. 1B), further supports the conclusion on the for-
mation of TMAA. Indeed, methyl groups of liquid TMAA
exhibit the signal at 27.8 ppm (32). The second signal at 29.7
ppm belongs to the unreacted alcohol (17, 22).

When the labeled *CO and unlabeled t-BuOH is used,
we observe basically two signals at 194 and 186 ppm, the
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latter being seen as a shoulder of the former one (Fig. 1C).
These two signals are in the region typical for carbonyl
groups (33); however, their positions and line shapes with
numerous spinning side bands differ from that for the
earlier reported signal at 184 ppm of 3CO adsorbed on
H-ZSM-5 (34). We have also observed the narrow line
at 184 ppm (without spinning side bands) from unreacted
13CO in the spectrum recorded without cross-polarization
(Fig. 1D). Thus, two signals appear in the region, where a
single signal from the —-COOH group of TMAA is expected
(185.7 ppm in liquid TMAA (32)). Both these signals cer-
tainly belongin TMAA, because TMAA specially adsorbed
on H-ZSM-5 in a separate experiment (spectrum is not
shown) exhibits the same two signals at 194 and 186 ppm, in
addition to the signals at 40.7 and 27.8 ppm from the qua-
ternary carbon atom and CHj; groups, respectively. From
our NMR data we cannot attribute unambiguously these
two signals to some certain states of adsorbed TMAA.
Nevertheless, a tentative assignment can be made. Usu-
ally, more acidic bridged Si-OH-AI groups produce larger
perturbation on 3C chemical shifts of adsorbed molecules
(35, 36) compared to less acidic Si-OH groups (36). There-
fore, the signal at 194 ppm may belong to TMAA adsorbed
on bridged Si—-OH-AI groups, while the signal at 186 ppm
may be assigned to TMAA adsorbed on terminal Si-OH
groups. However, other possibilities may be that these two
signals belong to monomeric and dimeric states of TMAA
(37) inside H-ZSM-5 or to TMAA adsorbed on Si—-OH-Al
groups with different spatial surroundings inside the zeolite
framework.

Relatively weak signals at 27.8, 40.7, and 29.7 ppm
(Fig. 1C) belong to C atoms that are present in natu-
ral abundance in adsorbed TMAA and t-BuOH molecules,
respectively.

To confirm the formation of TMAA inside H-ZSM-5 ze-
olite, we have carried out GC-MS analysis of the residue
formed after dissolving the zeolite sample in 10% NaOH
solution and extraction of organic products with Et,0. GC-
MS analysis supported our NMR data and showed that
TMAA was the main reaction product.

Thus, our experiments clearly indicate that TBCI gener-
ated from t-BuOH on H-ZSM-5 is easily trapped with CO
at room temperature, similar to the trapping of carbenium
ions in classical Koch synthesis (26-28) or in carbonylation
of alkanes in liquid superacids (38).

The conversion of t-BuOH into TMAA after the reten-
tion of the zeolite sample with coadsorbed t-BuOH and
CO for a few hours at 296 K was about 50%. Retaining
the zeolite sample for a few days at 296 K resulted in 100%
conversion of the alcohol into the acid. At 373 K acomplete
conversion of the alcohol occurred within 10 min.

Note that when t-BuOH and CO are coadsorbed on
H-ZSM-5, 13C labels do not undergo scrambling over
the carbon skeleton of the reaction participants, as they

STEPANOV ET AL.

do when t-BuOH is adsorbed on H-ZSM-5 without CO
(14, 17, 22). Moreover, no signals appear at 10-40 ppm from
isobutene oligomers, which are formed from t-BuOH on
H-ZSM-5 in the absence of CO (14, 17, 22, 39). Both these
facts show that interaction of CO with TBCI, generated
from t-BuOH, is a faster process than the *C scrambling or
isobutene oligomerization.

Note that the observed high conversion of the alcohol
into the acid is achieved at low temperature and without
using excess CO. This fact opens up new possibilities for
the accomplishment of the Koch reaction on zeolites under
very mild conditions, rather than under severe conditions
as reported by Hoelderich et al. (40).

iso-Butyl alcohol. iso-Butyl alcohol does not undergo
any noticeable transformations on H-ZSM-5 at 296 K. At
373 K the dehydration of i-BuOH proceeds with a notable
rate (41). At 373 K, under the reaction conditions used in
this study, it is completed within one hour to give isobutyl-
silyl ether (IBSE, a stable alkoxy intermediate) and water
(16, 18). However, a small amount of carbenium ions is
claimed to be in equilibrium with IBSE (16, 18). These car-
benium ions generated at 373 K, may interact with CO.

13C CP/MAS NMR spectra, recorded after coadsorption
of i-BUOH and CO on H-ZSM-5 are given in Fig. 2. After
coadsorption of *CO and unlabeled i-BuOH and subse-
quent heating of the sample at 373 K for 1 h, the observed
spectrum is identical to that recorded after coadsorption of
t-BuOH and *CO (compare Figs. 1C and 2A). The identity
of these two spectra indicates that trimethylacetic acid is
formed from i-BuOH and CO.

When i-BuOH selectively labeled with *C in the
CH»-OH group ([1-CJi-BuOH) and unlabeled CO were
coadsorbed on the zeolite and heated for 1 h at 373 K, the
labeled CH,—OH group istransformed into the labeled CHj3
group of TMAA. A selective transformation of the signal at
72.3 ppm from the labeled CH,OH group of the unreacted
alcohol (Fig. 2B) into the signal at 27.8 ppm from the methyl
group of TMAA after completing the reaction at 373 K
(Fig. 2C) further supports the conclusion for the formation
of TMAA. Comparison (in the *C MAS NMR spectrum
recorded without CP) of the intensities of the signals from
the *CH,OH group of the unreacted alcohol and from the
13CH,0H transformed into the methyl group of the acid,
allows us to conclude that more than 70% of the alcohol is
converted into TMAA upon heating at 373 K for 1 h.

In principle, an interaction of carbenium ions, formed
from i-BuOH, with CO can result in the formation
of both trimethylacetic acid and isovaleric acid (ISVA)
(see Scheme 3). Selective transformation of the labeled
13CH,OH group of the alcohol into the methyl group of
TMAA, rather than into the **CH,COOH group of ISVA
(inthe latter case asignal at 44.1 ppm from the 3 CH,COOH
(42) group should be observed instead of the signal at



CARBONYLATION OF ALCOHOLS (OLEFINS) IN ZEOLITE H-ZSM-5

194 ppm CH,

27.8 40.7' 186;194
CH,— C —COOH

| 27.8 ppm
CH,

i-BuOH +'*co,
1h at 373K

(A)

19.2
CH;,
\324 723
 CH—CH,0H
CH,

72.3 ppm

11%3c]i-BuOH + CO, 296K

19.2 ppm
32.4 ppm™ ]
i (B)
*

*
27.8 Egm

72.3 ppm
123C]i-BuOH + CO, 1h at 373K (%
el ) 0
l 1 1 Il 1 I 'l |l 2 2 l 2 'l 2 2
300 200 100 0

ppm

FIG.2. BC CP/MAS NMR spectra for the products formed after
coadsorption of i-BuOH and CO on H-ZSM-5 zeolite at 296 K: (A) Coad-
sorption of the unlabeled i-BuOH and **C-labeled CO (90% *3C enrich-
ment); the sample was further heated at 373 K for 1 h. (B) Adsorption of
the i-BuOH, labeled with *3C in the CH,OH group (82% *C enrichment)
without CO. (C) Coadsorption of the i-BuOH, labeled with *C in the
CH,0H group (82% *3C enrichment) and unlabeled CO with subsequent
heating at 373 K for 1 h. In each case, 300 xmol/g of i-BuOH and CO (or
13CO) were adsorbed; 18000 scans were collected for (A), 2000 scans for
(B), 2000 scans for (C). Asterisks (*) denote spinning side bands.

27.8 ppm), indicates that among the supposed (16, 18) fam-
ily of butyl carbenium ions generated from i-BuOH on
H-ZSM-5, CO interacts mainly with the t-butyl one (TBCI).

This means that hydrogen transfer, which produces TBCI
from initially formed isobutyl carbenium ion (18), occurs
much faster than interaction of isobutyl carbenium ion with
CO. Otherwise, preferential formation of ISVA would be
expected. Note also, that the rate of IBSE formation from
the alcohol exceeds the rate of intramolecular transfer of
hydrogen in the isobutyl cation. Otherwise, tert-butyl silyl
ether (TBSE) would have been formed from i-BuOH on
H-ZSM-5 in the absence of CO, which in reality had not
been observed (16, 18).
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n-Butyl alcohol. n-Butyl alcohol, similar to i-BuOH,
does not transform on H-ZSM-5 at room temperature.
However, it is slowly dehydrated at 373 K (43, 44). Hence,
trapping of carbenium ions (which may be generated from
n-BuOH at 373 K) with CO can also lead to the formation
of a carboxylic acid.

Figure 3 shows *C CP/MAS NMR spectra recorded af-
ter coadsorption of n-BuOH and CO on H-ZSM-5 and
heating for a few hours at 373 K. In the case of coadsorp-
tion of labeled **CO and unlabeled alcohol, the signals at
186-194 ppm (similar to the case with both t-BuOH and
i-BuOH) evidence for the formation of a carboxylic acid
(Fig. 3A). If unlabeled CO and n-BuOH, labeled in the
CH,OH group ([1-*C]n-BuOH), are employed, the follow-
ing signals are observed in the spectrum (Fig. 3B): (1) the
most intense signal from the labeled *CH,OH fragment
of the unreacted alcohol at 68.5 ppm (44); (2) the signal at
76.3 ppm from the labeled —**CH,~O- group of di-n-butyl
ether (n-Bu,0O), formed from the alcohol (44); (3) two in-
tensesignalsat 11.6 and 16.8 ppm, which presumably belong
to some labeled *CH; groups of reaction products (vide
infra); (4) the less intense signals from the rest unlabeled
CH; and CH3 groups of n-BuOH, n-Bu,O, and the prod-
ucts of butene oligomerization are seen between 10 and
ca. 40 ppm (44).

The signals at 68.5 and 76.3 ppm remain in the spectrum
after heating of the zeolite sample at 373 K for 15 h, which
indicates that dehydration is not completed even for this
time interval (Fig. 3C). Note also, that such long heating
results in the growth of the signals from butene oligomers
at 14-40 ppm (44).

Appearance of the two relatively intense signals at 11.6
and 16.8 ppm can be rationalized in terms of the reactions
presented in Scheme 4. Indeed, the scrambling of the label
in butyl carbenium ion by means of hydride shift reactions,
followed by the reactions of the two differently labeled sec-
ondary butyl carbenium ions with CO and H,O, will lead
to the appearance of two intense signals in the *C NMR
spectrum attributed to two labeled methyl groups of the
2-methyl-butyric acid, MBA (see Scheme 4). Indeed, the
chemical shifts for two intense signals at 11.6 and 16.8 ppm
in Fig. 3B coincide with those shifts for the methyl groups
in MBA (45).

13
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) o
CH3
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/CH — CH,OH + CO
CH3
k CHs
N 13
, CH—"CH;COOH (ISVA)
CH;
SCHEME 3
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FIG.3. ¥C CP/MAS NMR spectra for the products formed after

coadsorption of n-BuOH and CO on H-ZSM-5 zeolite at 296 K: (A)
Coadsorption of the unlabeled n-BuOH and **C-labeled CO (90% *C
enrichment); the sample was further heated at 373 K for 2 h. (B) Coad-
sorption of the n-BuOH, labeled with 3C in the CH,OH group (82%
13C enrichment) and unlabeled CO with subsequent heating at 373 K for
2 h. (C) as sample (B) but heated for 15 h at 373 K. (D) as sample (B)
but heated at 373 K for 24 h under 20 atm pressure of CO. In each case,
300 umol/g of n-BuOH and CO (or **CO) were adsorbed; 18000 scans
have been collected for (A), 2000 scans for (B), 4000 scans for (C), 4000
scans for (D). Asterisks (*) denote spinning side bands.

Thus, mainly a secondary acid is synthesized from the
primary alcohol. However, a small amount of the primary
valeric acid (\VA) is also formed. In case of its formation,
the label from n-BuOH should penetrate into the CH3z and
—CH,COOH groups of the VA, the signals from which must
be located near 14 and 34 ppm, respectively (46). Both sig-
nals are clearly seen in the spectra of Figs. 3B-3D. However,
while we attribute the small signal at 34.0 ppm solely to VA,
the more intense signal at 14.0 ppm seems to have a contri-
bution also from butene oligomers, at least in the spectra
of Figs. 3B and 3C.
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Comparison of the intensities of the signals from MBA
and VA in *C MAS NMR spectra recorded without CP
indicates that the primary acid is formed in a few percent
of the amount of MBA only. Such distribution between the
guantities of the two acids can be explained by a larger
stability of secondary carbenium ions compared to primary
ones.

Upon long heating (24 h) of [1-**C]n-BuOH on the zeo-
lite under pressurized conditions (20 atm of CO), the fol-
lowing signals are observed in the 3C NMR spectrum: in-
tense signals from MBA at 11.6, 16.8, 28.5, and 43.2 ppm
(45) and weak ones from VA at ~14, 22-27, 34.0 ppm (46).
The signals from n-Bu,O and butene oligomers are not ob-
served in this case (Fig. 3D).

Thus, °C solid state NMR data evidence that carbe-
nium ions formed in the course of n-BuOH dehydration
on H-ZSM-5 at 373 K can be trapped with CO to form car-
boxylic acids. The trapping of carbenium ions proceeds even
without application of pressurized conditions. However, in
this case by-products—n-Bu,0O and butene oligomers—are
also formed.

The use of excess CO prevents the formation of these
by-products. In this case both the secondary and primary
acids are formed, the ratio between them apparently be-
ing defined by the relative stabilities of the secondary and
primary butyl cations in the zeolite pores.

3.2. Formation of Carboxylic Acids via Trapping
of Carbenium lons Generated from Olefins

We have already mentioned that similar to alcohols,
olefins can also form carboxylic acids upon carbonylation
in the presence of water both in liquid acids and on solid
ones. However, these reactions usually proceed only under
high pressure and temperature conditions (27). At the same
time, it is well known that small olefins (C,—C,) oligomer-
ize on acidic form zeolites at ambient temperature (see, e.g.,
Ref. (47)). Oligomerization is assumed to proceed via for-
mation of carbeniumions (47). If this suggestionistrue, then

H
|
CH3— CH;—CH,CH,—OH  + o — cn;—cuz—cnz—"guz +  H0
7
si Al

—_—
—_—
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CHs—CH2—CH2— CH2® === CH; —CH2— ‘CH—'CH;

== CHs—'CH—CH;—CHs == *CH;—CH;—CH;~CH;

CHs—"CH—CH2-CH; + €O + H;0 === CH;—CH—CHz—"CH;
|
COOH

CH;— CHz—"CH-"CH;
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|
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CH,
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CH3— C —COOH
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CH,
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FIG. 4. 3C CP/MAS NMR spectrum for the products formed after
coadsorption of unlabeled isobutene, *C-labeled CO (90% °C enrich-
ment), and water on H-ZSM-5 zeolite at 296 K. 300 xmol/g of isobutene,
13CO, and H,O were adsorbed; 20000 scans have been collected. Asterisks
(*) denote spinning side bands.

one can try, similar to the case with alcohols, to trap these
cations at room temperature and normal pressure with car-
bon monoxide to form ultimately carboxylic acids in the
presence of water (see Scheme 1).

iso-Butene. Figure 4 shows 3C CP/MAS NMR spec-
trum recorded after coadsorption of unlabeled isobutene,
i-C4Hs, *CO, and H,0 in equal amounts on H-ZSM-5 at
296 K. Comparison of the spectrum in Fig. 4 with the spectra
recorded after coadsorption of *CO and unlabeled t-BuOH
or i-BuOH (Figs. 1C and 2A) shows the strong similarity of
these spectra, i.e., points to the formation of trimethylacetic
acid (TMAA) from i-C4Hg at room temperature. Note that
in the spectrum of Fig. 4 the signals between 10 and 40 ppm
from the expected butene oligomers (17) are not observed,
the main signals at 27.8, 40.7 and 186, 194 ppm are arising
from TMAA (32).

This fact indicates that interaction of TBCI (generated
from i-C4Hg) with CO is faster than the interaction of this
cation with another olefin molecule (similar to the case with
TBCI, formed from t-BuOH).

Aweak signal at 29.7 ppm (seen asashoulder of the signal
at 27.8 ppm) may be attributed to the unlabeled CH; groups
of t-BuOH, formed as a result of i-C4Hg hydration (48). No
signals are observed from the initial olefin. Comparison of
the signal intensities from the methyl groups of t-BuOH
and TMAA in the one pulse excitation spectrum recorded
without CP allowed us to estimate the olefin conversion
into TMAA to be no less than 80%o, while that into t-BuOH
should not exceed 20%.

Thus, tert-butyl cation is formed from i-C4Hgon H-ZSM-5
at 296 K and easily trapped with CO, forming TMAA in the
presence of H,O.

Ethene. Ethene easily oligomerizes on H-ZSM-5 at
room temperature (see, e.g., Ref. (47) and references cited
therein). It is assumed that ethyl cation CH3CH; is formed
initially from ethene after its adsorption on the zeolite. Fur-
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ther, ethyl cation interacts with another ethene molecule to
give butyl cation. Subsequentinteraction of the latter cation
with ethene molecule gives rise to hexyl cation, and so on.

In the case of coadsorption of CO, H,O, and C,H,4 on
H-ZSM-5 one could expect either ethene oligomeriza-
tion or its carbonylation to prevail, depending on whether
the expected ethyl cation would react faster with another
ethene molecule or with CO molecule. In the former case,
oligomerization would be observed, while in the latter case
propionic acid would be formed. Oligomers might give also
carboxylic acids with longer aliphatic fragments.

Figure 5A shows *C CP/MAS NMR spectrum recorded
after coadsorption of unlabeled C,H,4, *CO, and H,O on
H-ZSM-5 at 296 K. Intense signals at 188-196 ppm (33)
point to the formation of a carboxylic acid. The signal at
125 ppm belongs to the unreacted ethene with the natural
abundance of *C isotope (49). When unlabeled CO and
13C-labeled ethene (**CH,=CHy,) are used for coadsorp-
tion, four signals between 8 and 50 ppm are clearly seen
in the *C CP/MAS NMR spectrum (Fig. 5B). According
to their chemical shifts, these signals belong to 2-methyl-
2-ethyl-butyric acid (METBA) [(48.7 (C), 31.9 (CHy), 21.5
(CHjy), 8.4 (CH3) ppm)] (32). Conversion of ethene into

—COCH 25
CH,

84 319 “.7' 190
CH;~CH,— C-COOH
|
CH,
)
CH,

ethene

ethene +'3CO + H,0

(A)

125 ppm
31.9 ppm 21.5 ppm
8.4 ppm
48.7 ppm
[1-°C]ethene +CO +H,0 (B)
*
|
l 1L Il 1 Il l Il 'l Il 1 I Il 1 2 Il
300 200 100 0
ppm

FIG.5. 8C CP/MAS NMR spectra for the products formed after
coadsorption of ethene, CO, and H,O on H-ZSM-5 zeolite at 296 K: (A)
Coadsorption of the unlabeled ethene and *C-labeled CO (90% 3C en-
richment). (B) Coadsorption of the ethene, labeled with 3C in one of
the =CH, groups (82% 3C enrichment) and unlabeled CO. In each case,
300 wmol/g of ethene, CO (or *CO), and H,O were adsorbed; 18000 scans
have been collected for (A), 4000 scans for (B). Asterisks (*) denote spin-
ning side bands.
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the acid is about 40% within a few hours, as estimated
from the one pulse excitation 3C NMR spectrum recorded
without CP.

Weak signals at 78 ppm as well as those at 30.5 (CH)),
19.5 (CH3), 9.4 (CH3) ppm according to their positions,
may be attributed to an alcohol, e.g., 1-methyl-1-ethyl-
propanol (METPRA) (50, 51), formed upon the direct
interaction of a water molecule with an alkyl carbenium
ion (CH3CH,),"CCHjs, rather than with acylium cation
(CH3CHy,)2(CH3)C-tC=0, from which the acid is formed.

Thus, ethene reacts at 296 K with CO and H,O to give
selectively METBA, rather than propionic or butyric acids,
and long chain carboxylic acids are not formed. This fact
indicates that initially formed ethyl cation reacts faster with
another ethene molecule than with a CO molecule. The
same is true for butyl cation formed in the former reaction.
However, for hexyl cation the reaction with CO becomes
faster than further oligomerization.

The selective formation of METBA in this reaction ev-
idences for the proceeding of ethene oligomerization (at
least up to Cg cation) inside narrow channels of H-ZSM-5
(52) according to the classic carbenium-ion mechanism like
in acidic solutions: a primary formed ethyl cation inter-
acts with another ethene molecule to give secondary butyl
cation, interaction of the latter with ethene results in a ter-
tiary hexyl cation. The most stable t-hexyl cation interacts
with CO and water to form METBA.

It is interesting that selective formation of METBA
from ethene was also observed in solutions containing
(H3O™M)(BF,)~ as the catalyst (27). Thus, there exists a com-
plete analogy between the behavior of this liquid acid cata-
lyst and solid acid H-ZSM-5 zeolite catalyst in the reaction
of ethene with CO and H,0.

Finally, let us stress again a remarkable selectivity of CO
in the trapping of tertiary Cg cation, rather than primary
or secondary linear C,4 cations. This provides the selective
formation of METBA from ethene, CO and H,O feedstock.

Octene-1. It was shown in Ref. (19) that alkyl carbe-
nium ion is formed (though, perhaps in a small concen-
tration) upon octene-1 adsorption on zeolite H-ZSM-5.
We expected that similar to the cations generated from
other olefins and alcohols (vide supra), this cation might
be trapped with carbon monoxide to produce a carboxylic
acid on the zeolite in the presence of water.

Figure 6 shows *C CP/MAS NMR spectra, recorded af-
ter coadsorption of octene-1, CO and H,O on H-ZSM-5.
In the case of using *C-labeled CO and unlabeled octene-1
(Fig. 6A), at least two overlapping intense signals with nu-
merous spinning side bands are observed at 185-195 ppm.
These signals point to the formation of one or several car-
boxylic acids.

Carbonylation of linear olefins with long hydrocarbon
chains (Cgy) in mineral acids produces usually tertiary
carboxylic acids (27); e.g., octene-1 gives rise to a mix-

STEPANOV ET AL.

= COOH
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FIG.6. 3C CP/MAS NMR spectra for the products formed after
coadsorption of octene-1, CO and H,O on H-ZSM-5 zeolite at 296 K:
(A) Coadsorption of the unlabeled octene-1 and **C-labeled CO (90%
13C enrichment). (B) Coadsorption of the octene-1, labeled with *C in
the terminal olefinic =CH, group (82% 3C enrichment) and unlabeled
CO. In each case, 300 xmol/g of octene-1, CO (or **CO) and H,O were
adsorbed; 16000 scans have been collected for (A), 8000 scans for (B).
Asterisks (*) denote spinning side bands.

ture of 2,2-dimethyl-heptanoic acid (DMHPA), 2-methyl-
2-ethyl-hexanoic acid (METHA), and 2-methyl-2-propyl-
pentanoic acid (MPRPA) (27, 53) (see Scheme 5). This fact
evidences for rearrangement of the linear olefin hydrocar-
bon skeleton into the branched ones during the reaction.
Preliminary analysis of the position of the signals at 10-40
ppm from aliphatic moieties (with the natural abundance of

CH3
264  42.5 41.0 262 323 231 146
CH3—C—CH2~CH2—CH2—CH2—CHz (61%)

COOH {DMHPA)

322 9.3
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|
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CHs—C—CH,—CH,—CHs  (12%)

(MPRPA)

SCHEME 5
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13Cisotope) (see Fig. 6A) of the acids formed from octene-1
evidences for the formation of carboxylic acids in H-ZSM-5
pores with linear, rather than highly branched hydrocarbon
skeletons. Indeed, the signal at 14 ppm may belong to the
terminal CH3 group in the linear fragment, the signal at
24 ppm to the CH; group, which is next to the terminal CH3
group, the signal at 33 ppm to CH; groups more remote
from the terminal CH3 group (47, 54).

In the case of coadsorption of octene-1, selectively la-
beled with 13C in the terminal olefinic **CH,= group, unla-
beled CO and H;0, the signal at 14.3 ppm is preferentially
observed (Fig. 6B). This experimental fact shows that no
scrambling of the selective *C label over octene-1 hydro-
carbon skeleton occurs, as it does in the absence of CO
(19). This means that CO interacts with the carbenium ion
generated from octene-1 faster than the *C label scram-
bles in this cation. The position of the intense signal in
Fig. 6B indicates that it belongs to a methyl group of a
linear CH3CH,(CHy), fragment, where n> 1. A compari-
son of the chemical shifts in Fig. 6 with those for DMHPA,
METHA, and MPRPA (32, 53) in solutions does not sup-
port their formation in the zeolite pores. According to the
expected chemical shifts for DMHPA (Scheme 5, *C shifts,
presented above each carbon atom, are taken from Ref.
(32)), the most intense signals corresponding to a sum
of the methyl and methylene groups (chemical shifts of
which in solution are 25.4 (2CHj3), 25.2 (CHy), 23.1 ppm
(CHy)), should be observed at 23-25 ppm in the spectrum
of Fig. 6A. In the case of the formation of METHA, in-
tense signal at 9.3 ppm from the methyl group of the ethyl
CH3CH, fragment would be observed in Fig. 6B together
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with the signal at 14.3 ppm. If MPRPA were formed, there
would be no signal at 33 ppm (32) in Fig. 6A. The chemical
shifts of other tertiary carboxylic acids of the CgH1;COOH
family (32, 46) also do not fit the experimental spectra
in Fig. 6.

To further elucidate the structure of the carboxylic acids
formed inside the zeolite from octene-1, we followed a pro-
cedure already used (vide supra) to confirm the formation
of trimethylacetic acid from t-BuOH in the zeolite pores.
We dissolved the zeolite in NaOH solution and after its
neutralization with H,SO,, extracted the organic products
with Et,O. Further, we analyzed these products with high
resolution C NMR and GC-MS. For *C NMR analysis,
Et,O was evaporated, and a residue was dissolved in CgDs.
Then the *C NMR spectrum was recorded (see Fig. 7). For
GC-MS analysis, Et,O solution of the organics extracted
from the zeolite was treated with diazomethane (CH;N,)
inorder to convert the acids into more volatile methyl esters
of these acids. This procedure facilitates both gas chromato-
graphic separation of the acids and analysis of the products
on the basis of their m/e ratios (55).

Note the close similarity between the spectra of the reac-
tion products trapped in the zeolite pores (Fig. 6) and those
dissolved in C¢Dg (Fig. 7). The same two groups of signals
dominate in both spectra, i.e., the lines around 185-195 ppm
from carboxylic moieties and signals at 14.3-14.7, 23.5-24.0,
30-33 ppm from CH3; and CH; moieties. But as expected,
the signals in the solution spectrum are much more narrow
than those in the solid zeolite. Therefore, the spectrum in
Fig. 7 is more informative. From its analysis one can con-
clude that a mixture of carboxylic acids is extracted from the

RS
gelegg 323
| | = =}
o ¢ = 9
o =R
CeDg
1 T 1 T 1
186.0 185.0 184.0
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FIG. 7.

High resolution **C NMR spectrum for the organic products extracted after dissolving the zeolite H-ZSM-5 in 10% NaOH solution. The

zeolite sample contained octene-1, CO, and H,O coadsorbed in equal amounts at 296 K.
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FIG.8. GC-MS spectrogram of organic products extracted after dis-
solving the zeolite H-ZSM-5 in 10% NaOH solution. The zeolite sample
contained octene-1, CO, and H,O coadsorbed in equal amount at 296 K.
Before GC-MS analysis the expected carboxylic acids were converted in
their methyl esters with CH;No.

zeolite. The signals between 8 and 50 ppm may be attributed
to aliphatic fragments of the acids, while those near 184-186
ppm may be attributed to COOH groups. The four most in-
tense groups of signals in the aliphatic region at 14.7 ppm
(quartets, J(C,H) =125 Hz), 23.4, 30.5 and 32.6 (all peaks
around these signals are triplets, J(C,H) = 125 Hz) can be
attributed to the linear CH3CH,(CH>), (n > 1) fragments
of the acids.

GC-MS analysis shows two main groups of organic prod-
ucts that are extracted from the zeolite and are considerably
different in their retention time (Fig. 8). All peaks in both
these two groups possess a characteristic value of m/e=74,
typical for methyl ester of fat carboxylic acids (55). Fur-
thermore, some of the peaks in both groups exhibit in their
mass spectra the signals from molecular ions characteris-
tic for the methyl esters of the acids of the CgH;;COOH
family (m/e=172) and C;5H33COOH family (m/e=284).
Thus, on the basis of GC-MS analysis one can conclude that
a mixture of at least nine Cg and twelve C17 carboxylic acids
(see Fig. 8) is formed.

Note that contrary to ethene interaction with CO, where
selective formation of the tertiary acid occurs, carbonyla-
tion of octene-1 on H-ZSM-5 results in the formation of a
mixture of Cg and Cy; carboxylic acids, with mainly linear
CH3CH3(CHy), (n > 1) fragments prevailing in their struc-
ture. The reason for this may be that octene-1 molecule is
already too large for the bulky tertiary carbenium cations to
be easily generated from it and carbonylated in the narrow
pores of H-ZSM-5.

It should be emphasized that these carboxylic acids
are formed from octene-1 at room temperature. This fact
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confirms that carbenium ions are indeed generated from
octene-1 on H-ZSM-5 (19), and they can be chemically
trapped with carbon monoxide. Preferential formation of
the acids with linear hydrocarbon skeletons supports a
suggestion made earlier on retaining the linear structure
of octene-1 upon its adsorption inside H-ZSM-5 at room
temperature (19).

4. CONCLUSIONS

1. Usinginsitu**C solid state NMR (for some reagents in
combination with ex situ GC-MS), butyl alcohols (t-BuOH,
i-BuOH, and n-BuOH) and olefins (ethene, iso-butene, and
octene-1) are shown to undergo carbonylation to form car-
boxylic acids (the Koch reaction) with high conversion on
H-ZSM-5 zeolite at 296-373 K without application of pres-
surized conditions, just upon coadsorption of an alcohol and
CO or an olefin, CO and H,O on the zeolite in stoichiomet-
ric amounts.

t-BuOH is carbonylated to form solely trimethylacetic
acid with 100% conversion within a few days at 296 K and
within 10 min at 373 K. i-BuOH is also converted solely
into the same acid with 70% conversion within 1 h at 373 K.
n-BuOH is slowly transformed at 373 K into 2-methyl-
butyric acid, in addition, much smaller amount of valeric
acid and notable amounts of by-products (di-n-butyl ether
and butene oligomers) are also formed.

In the presence of CO and H;0, i-C4Hg at 296 K is
carbonylated and hydrated with 100% conversion to form
more than 80% trimethylacetic acid and less than 20%
t-BuOH. Ethene reacts at 296 K with 40% conversion
within a few hours to form mainly 2-methyl-2-ethyl-
butyric acid and a small amount of 1-methyl-1-ethyl-
propanol. Octene-1 produces a complicated mixture of the
CgH17;COOH and C35H33COOH acids with mainly linear
hydrocarbon chains.

2. These reactions observed on zeolite H-ZSM-5 may
open up new possibilities in using solid acids in organic
synthesis as carbonylation catalysts under mild conditions,
i.e., low temperature and normal atmospheric pressure.

3. Observation of Koch reaction under mild conditions
strongly suggests the formation of alkyl carbenium ions on
zeolites as crucial intermediate of the hydrocarbon conver-
sion. Of the family of carbenium ions formed from butyl
alcohols and olefins (isobutene, ethene, octene-1) in zeo-
lite pores, CO reacts selectively with the tertiary cations
to produce tertiary carboxylic acids unless narrow pores of
H-ZSM-5 prevent the bulky tertiary cations to be generated
from large carbonylated molecules (the case with octene-1).
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