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Aluminum Triflate as a Highly Active and Efficient Nonprotic
Cocatalyst in the Palladium-Catalyzed Methoxycarbonylation

Reaction™**

D. Bradley G. Williams,* Megan L. Shaw, Michael J. Green, and Cedric W. Holzapfel

Carboxylic acids and their derivatives, such as esters and
anhydrides, are important intermediates and products which
have pharmaceutical and agrochemical applications, amongst
others.!!l There has been substantial interest in the synthesis of
branched esters from vinyl aromatic compounds (for exam-
ple, in the production of anti-inflammatories, such as ibupro-
fen) and the production of commodity chemicals from other
readily available olefins™ using the catalytic methoxycarbon-
ylation reaction, which is also known as the hydroesterifica-
tion reaction. This reaction of alkenes generally requires a
catalyst, such as palladium, and a Brgnsted acid cocatalyst
(usually p-toluenesulfonic acid (p-TsOH) or MeSO;H™) in
the presence of carbon monoxide and methanol [Eq. (1)].
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A detailed study on the effect of various acids on the rate
of the methoxycarbonylation reaction of ethene indicated p-
TsOH to be the most active,” closely followed by triflic acid
(HOTY, OTf=triflate). When propene was the alkene, the
acids H,SO,4, HCIO,, and HOTT all showed similar activities.
Metal halides of nickel, copper, iron, or cobalt have been used
as the promoter, but, although these produce reasonable
selectivities, fairly high catalyst loadings (4% Pd) are
required,”! and overall catalyst activity is not as high as in
the case of other promoters.[’]

Recently, salicylborates have been shown to be effective
promoters in this reaction,” and also allow an unusually high
degree of the linear product to be generated.”’! Acidic resins
with SO;H groups have also been used.'” In all cases
mentioned, the promoter is present in a substantial excess
over the palladium catalyst.
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We have reported the excellent Lewis acid catalyst
activity of AI(OTf); in the alcoholysis!"!! and aminolysis™*
of epoxides. With this in mind, and taking note of the
bimetallic systems mentioned above, the methoxycarbonyla-
tion reaction of styrene and 1-pentene was performed with
Al(OTf); as a cocatalyst in place of the more usual Brgnsted
acid promoters. To our knowledge, it is the first case of a
strong, stable, recyclable!'” Lewis acid being used as the
cocatalyst in the methoxycarbonylation reaction, and we
present the observed rate enhancements over the benchmark
Brgnsted acids and the formation of stable catalyst systems.

Initial experiments in high-pressure Parr reactors
(Table 1) were carried out with styrene (St) as the substrate
and 2% palladium catalyst (PPhy/Pd 4:1)""* in the presence of
Al(OTf), (Pd/AI(OTTf); 1:2), and very high conversions were
observed. A circa threefold rate enhancement was observed
over the p-TsOH benchmark reaction after 15 minutes
(Table 1, entry 1). As anticipated, the reactions slowed as
the substrate was consumed, leading to a convergence of the
rates and a less obvious rate enhancement as the reactions
proceeded (Table 1, entries 1-3). Interestingly, we were able
to reduce the amount of Al(OTf); present relative to
palladium to substoichiometric ratios (Pd/Al(OTf); as low
as 1:0.25; Table 1, entries 4-7) while maintaining high activ-
ity; no loss of activity was observed at a Pd/Al(OTf); ratio of
1:0.75. By comparison, palladium/Brgnsted acid ratios of
1:100 are not uncommon for these types of reaction.”®! Under
the reaction conditions used, no reaction was observed at all
in the absence of the promoter. Importantly, palladium black
formation was not observed in any of the runs, indicating

Table 1: Palladium-catalyzed methoxycarbonylation of styrene with Al-
(OTf); as promoter.

Entry Pd/L/LA/StH % Convl! /bl t [min]
1 1:4:2:50 26 (9) 1.6:1 15
2 1:4:2:50 81 (52) 1.7:1 30
3 1:4:2:50 93 (81)M 1.5:1 45
4 1:4:1:50 95 2.4:1 60
5 1:4:0.75:50 94 2.1:1 60
6 1:4:0.5:50 81 2.0:1 60
7 1:4:0.25:50 77 2.2:1 60

[a] Reaction conditions: Pd(OAc), (0.045 mmol), MeOH/St 36:1 (v/v,
total volume 12.5 mL), 35 atm CO, 80 +2°C internal temperature (118 +
2°C oil bath). (L=PPh;; LA=AI(OTf);; St=styrene; 1atm=
101.325 kPa). [b] Conversion into ester products (no detectable by-
product formation) determined by 'H and "*C NMR spectroscopy. [c] |/b
is ratio of linear to branched isomers determined by 'H and *C NMR
spectroscopy. [d] Values in parenthesis relate to analogous reactions
using the Bransted acid p-TsSOH.
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catalyst stability even with the very low levels of Al(OTf);. It
has been postulated that Brgnsted acids convert the palla-
dium catalyst into a cationic species, the conjugate base of
which acts as a noncoordinating counterion.!' It is likely that
the AI(OTf);, being a hard Lewis acid and consequently
oxophilic, abstracts the acetate ion from the palladium
complex, rendering that complex cationic and providing a
large noncoordinating aluminate counterion [(AcO)Al-
(OTf);]". (We do not know at present whether the triflate
ions are inner sphere or outer sphere on the aluminum ion.
For lanthanide triflates, the triflate ions were found to be
outer sphere.['”) However, it is likely that all of the triflate ions
remain in the inner sphere in our system, in light of a crystal
structure of a mixed aluminum-rhenium complex, generated
from AI(OTT);, in which the three triflate ions remain inner
sphere on the octahedral aluminum ion.)"'® The rates of the
reactions slowly decreased (Table1, entries4-7) with
decreasing amounts of cocatalyst, and we established that a
Pd/Al ratio of 1:2 gave optimal catalyst stability and activity,
especially at lower catalyst loadings, for a Pd/PPh; ratio of 1:4
and with styrene as substrate. To our knowledge, similar rates
of reaction (for comparison, see percentage conversion in
parentheses, Table 1, for p-TsOH) have not previously been
observed at such low acid loadings: usually, much more acid
relative to palladium is required to achieve comparable
activities and catalyst stability.

To test the limits of the system, the catalyst and cocatalyst
loadings were systematically reduced, as was the MeOH/
styrene ratio (Table 2). The latter move was especially
important at low catalyst loadings (0.08% Pd: palladium/
styrene 1:1200 and lower) to prevent palladium black
formation. We established that the Pd/Al(OTf); combination
provided a stable active catalyst for this reaction, affording
high yields of ester product (> 93 % in all cases; the remaining
7% was unreacted starting material). In all instances, no by-
products were observed by NMR spectroscopy or GC-FID

Table 2: Palladium-catalyzed methoxycarbonylation of styrene at low
catalyst loadings with Al(OTf); as promoter.

Entry Pd/L/LA/St?  MeOH/Styrene %Conv I/b! 1 [h]
1 1:4:2:100 18 95 1.9:1 1
2 1:4:2:150 12 93 211 1
3 1:4:2:200 12 93 1.9:1 1
4 1:4:2:200 4.75 95 2.0:1 1
5a 1:4:2:400 4.75 96 2111
5bi 1:4:2:400 4.75 94 211 1
6 1:4:2:600 4.75 >98 22:1 2
7 1:4:2:300 4.75 93 281 2
8 1:4:2:1200 2.4 95 2.8:1 4
9 1:8:2:3000 1.5 97+ Polymer™  3.0:1 16
10 1:8:4:3000 1.5 >98+Polymer 2.7:1 16

[a] Reaction conditions: Pd(OAc), (0.045 mmol), 35 atm CO, 80+2°C
internal temperature (118 +2°C oil bath), total volume 12.5 mL. (L=
PPh;; LA=AI(OTf);; St=styrene). [b] Conversion into ester products
(no detectable by-product formation except as cited for entries 9 and 10)
as determined by 'H and >C NMR analysis. [c] I/b is ratio of linear to
branched isomers determined by 'H and C NMR spectroscopy.
[d] Lewis acid recycle reaction: aqueous extraction of Al(OTf);, removal
of water (150°C, 0.1 mm Hg), residue added to fresh palladium catalyst,
ligand, solvent, and substrate. [e] palladium black formation observed.
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analysis, and only the anticipated linear and branched ester
products were formed. Although there was some sensitivity in
the selectivity of the reaction (ratio of linear/branched
isomers) to the conditions, this proved to be minor. Catalyst
loadings as low as 0.03 % (palladium/styrene 1:3000) could be
achieved (Table 2, entries 9-10); such reactions required a Pd/
L/Al ratio of 1:8:4 to afford active catalysts that did not result
in palladium black formation during the 16-hour reaction
periods (palladium black was only observed for the reaction
noted in Table 2, entry9). The prolonged reaction times
required for essentially quantitative conversion resulted in
the formation of small amounts (<3%) of an insoluble
polymeric material in addition to the anticipated high yields
of ester. The Lewis acid could be successfully recycled by
simple aqueous extraction of the acid followed by removal of
water and drying of the residue by heating under vacuum, and
using the residue in a new reaction instead of fresh Al(OTf);.
The results from a reaction using recycled Al(OTf); (Table 2,
entry 5b) was almost indistinguishable from the first cycle of
the Lewis acid (Table2, entry Sa), indicating that the
promoter was recovered intact.

Ligand consumption by alkylation to form the methyl-
triphenylphosphonium cation is problematic with protic
acids,"” necessitating the use of a large excess of ligand to
render the catalyst stable and an excess of the acid as it is
consumed in the process. One exception is the salicylborates,
which catalyze this process only slowly but which themselves
are deactivated by esterification of the salicylic moiety."
Even in this instance, the acid is used in large excess. The
extent of quaternization of PPh; by AI(OTf); and some
Brgnsted acids was investigated in situ by *'P NMR spectros-
copy. Table 3 shows that PPh; is consumed very slowly under
conditions that resemble those of the reaction, and only 7%
alkylation is observed after 20 hours in the presence of one
equivalent of the Lewis acid. Even with five equivalents of
Al(OTf);, only 27% alkylation was detected (under our
reaction conditions the ligand is in excess of the Lewis acid).
This result is another demonstrable benefit over the tradi-
tional Brgnsted acids, which catalyzed this reaction to a
significantly greater extent under identical conditions. Impor-
tantly, ligand recovery from a typical reaction (Table 2,
entry 8) employing Al(OTf); demonstrated ligand alkylation
of less than 1 %.

Following these successful outcomes, we directly com-
pared the Al(OTf); cocatalyst, using a standard set of reaction
conditions, with the more commonly used high-performance
Brgnsted acids®! such as p-TsOH and HOTY, and were
gratified to note that Al(OTf); substantially outperformed
the Brgnsted acids in all cases in time-limited (2 h) reactions

Table 3: Acid-catalyzed quaternization of PPh; in MeOH."

Acid L/A 1:1 [%] L/A 1:2 [%] L/A 1:5 [%]
AI(OTH), 7 22 27
p-TsOH 28 51 85
TFOH 46 61 91
MsOH 58 75 95

[a] Values in the table are percentage alkylation of PPh, to [MePPh,]".
Reaction conditions: PPh; (0.0475 mm), MeOH (1.0 mL), 70°C, 20 h
(L=PPh;; A=Lewis or Brgnsted acid; MsOH = CH;SO;H).
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(Table 4). At palladium catalyst loadings of 0.08% (palla-
dium/styrene 1:1200) and 0.0625% (palladium/styrene
1:1600), the reactions in which Al(OTf); was used as
promoter were a factor of 1.6-1.9 faster than the correspond-
ing Brgnsted acid-promoted reactions.

Table 4: Palladium-catalyzed methoxycarbonylation of styrene with var-
jous acid promoters.

Entry Pd/L/LA/St®  Promoter % Conv®! I/bld  TOF (x10%)
1 1:4:2:1200 Al(OT); 62 2.8:1 3.7

2 1:4:2:1200 p-TsOH 39 2.6:1 236

3 1:4:2:1200 HOTf 42 211 25

4 1:4:2:1600 Al(OTf); 31 271 25

5 1:4:2:1600 p-TsOH 18 251 1.4

6 1:4:2:1600 HOTf 22 231 13

[a] Reaction conditions: Pd(OAc), (0.045 mmol), 4.75:1 MeOH/St (v/v,
total volume 12.5 mL), 35 atm CO, 80 +2°C internal temperature (118 +
2°C oil bath), 2 h (L=PPh;; LA=AI(OTf);; St=styrene). [b] Conversion
into ester products (no detectable by-product formation) as determined
by "H and *C NMR analysis. [c] |/b is ratio of linear to branched isomers
determined by 'H and "CNMR spectroscopy. [d] TOF=mol ester
produced/mol Pd.h, based on total run, average of three runs. [e] TOF =
2.0x10% for 0.4% Pd catalyst, Pd/PPh; 1:4, Pd/p-TSOH 1:10, 35 atm
co.™

Encouraged, we compared various Brgnsted acids with
Al(OTf); using 1-pentene as a representative nonaromatic
substrate (Table 5). Somewhat modified conditions were
applied at lower catalyst loadings than were used with
styrene, in line with a previous observation on hydroformy-
lation reactions that 1-alkenes are approximately three times
more reactive than styrene,'®! as was also found in this case. In
these reactions, it was found that a Pd/L ratio of greater than
1:5 was imperative for catalyst stability (upon which the
observed rate of reaction relies); below this level of ligand,
significant formation of palladium black was observed. As
demonstrated above, this is unlikely to be related to ligand
alkylation. Furthermore, a minimum palladium/acid ratio of
1:2 was required, even with Al(OTf);, for acceptable catalyst
activity to be obtained, which is possibly a consequence of the
higher ligand concentrations present.

It can be seen from Table 5 that the optimum palladium/
acid ratio, as determined from the rates of the reactions, is
(sometimes critically) acid-dependent. These optimum ratios
range from 1:4 in the case of HCl to 1:30 or more in the case of
CH;SO;H. With AI(OTf);, the optimum Pd/Al conversion
ratio is 1:8, although some further rate enhancement was
observed with ratios up to 1:18. Again, no reaction was
observed in the absence of cocatalyst, as was the case with
styrene. Of the Brgnsted acids tested, anhydrous HBF,
proved to be superior; however, Al(OTf); outperformed
that cocatalyst, again from a rate perspective, by a factor of
1.4, with no loss of the selectivity, and by a factor of 1.9 over
the more commonly used CH;SO;H. The reactions using
Al(OTf); showed a linear uptake of CO to a conversion of
approximately 80%; thereafter the rates of the reactions
slowed. This reaction is apparently unaffected by the rapid
double-bond isomerization of 1-pentene. This isomerization
reached equilibrium within one hour under the conditions
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Table 5: Palladium-catalyzed methoxycarbonylation of 1-pentene using
various acid promoters.

Entry Pd/L/HA® Promoter T[°C] TOF® (x10%) 9% Conv I/bH

1 1:9:2 HCl 15 32 o ke
2 1:9:4 HCl 115 6.0 42 2.8:1
3 1:9:6 Hcl 15 3.0 - -
4 1:9:2 CH,SO,H 105 3.6 - -
5 1:9:4 CH,SO,H 105 5.7 - -
6 1:9:14 CH,SO,H 105 85 62 3.0:1
7 1:9:18 CH,SO,H 105 7.7 - -
8 1:20:30  CH,SO,H 105 9.5 70 3.2:1
9 1:9:2 HOTf 100 93 - -
10 1:9:14 HOTf 100 104 74 3.1:1
11 1:9:18 HOTf 100 838 - -
12 192 HBF, 100 45 - -
13 196 HBF, 100 112 83 3.4:1
14 198 HBF, 100 9.9 - -
15 1:9:2 Al(OTf); 100 6.2 - .
16 1:9:4 Al(OTf), 100 9.4 68 3.4:1
17 198 Al(OTf), 100 14.4 100 3.5:1
18 1:18:18  Al(OTf), 100 158 100 3.5:1

[a] Reaction conditions: 0.1 mmol Pd(OAc),, Pd/1-pentene 1:4750,
MeOH/1-pentene 1:1 (v/v, total volume 100 mL), 50 atm CO, 3 h, (L=
PPh;). [b] TOF: mol CO absorbed/mol Pd.h, based on the linear part of
the CO uptake curve (to ca. 80% conversion), average of three runs.
[c] Conversion into ester products (excluding pentene isomers) as
determined by '"H NMR and GC-FID analysis (no detectable by-product
formation). [d] I/b is ratio of linear to branched isomers determined by
'H and ">C NMR spectroscopy. [e] Analyses performed only for the best
reaction in a given set of reactions using a particular Brgnsted/Lewis
acid.

employed: the CO uptake curves showed no deviation from
linearity at all during the course of the reaction for the cited
portion of the curve (pertaining to approximately 80 %
conversion), which would otherwise be expected to be the
case if the reaction was in fact sensitive to this process.

Further rate enhancements (not presented in Table 5)
were obtained by changing the MeOH/1-pentene ratio from
1:1 to 2:1 v/v, which resulted in a rate enhancement of
approximately 1.25 and was accompanied by a slight increase
in selectivity for the linear product (I/b 4:1).

It is unlikely that triflic acid, generated by methanolysis of
Al(OTY)s, is the active species. Recent work on the Al(OTf);-
catalyzed cyclization of alkenols demonstrated activity of this
catalyst in the presence of water and 2,6-lutidine as base in
CH;CN solution, conditions under which HOTf was shown to
be inactive.'”! Furthermore, our previous work using this
Lewis acid in alcohol solvents has also shown that triflic acid is
not the active catalyst,'!! and the ligand alkylation study
reported herein also contradicts this notion. Nonetheless,
Al(OTf); does polarize the O—H bond of alcohols,”! which
possibly provides the source of the {Pd—H}" species generally
accepted to be required to initiate and sustain the catalytic
cycle involved with faster catalysts®™! (Pd" has also been
shown to react directly with MeOH to form {Pd—H}
species”), and at the same time this Lewis acid presumably
also functions as a noncoordinating aluminate counterion, as
mentioned above.

The origin of the heightened activity of the catalyst system
most probably lies in its acceleration of the rate-limiting step
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of the reaction, which has been shown to be the alcoholysis of
the acetylpalladium species.”! In the present case, the
Al(OTf); may either activate this species towards migratory
nucleophilic attack by palladium-bound MeO /MeOH
(Lewis acid coordination to the carbonyl oxygen) and/or
possibly provide a source of MeO™ in the form of the ion
[MeOAI(OTTf);]~ for direct nucleophilic attack. The reaction
had a fractional order dependence on the Lewis acid
concentration: a rate enhancement of 1.27 was found over
the range Pd/LA 1:1 to 1:8 (relative rates for 1:1=1, 1:2=
1.14, 1:4=1.25, and 1:8 =1.27). The most notable feature of
this part of the study was a decrease in the induction period
from approximately 30 minutes for the lower Al(OTf); ratios
to only about 10 minutes for the higher ratios.

The unusual observation of reaction rate linearity (ap-
parent zero-order kinetics in alkene for a significant portion
of the reaction) for both styrene and 1-pentene led us to
investigate this phenomenon more fully. The observation of
rate linearity, together with the fact that, in general, no
palladium black formation was observed under the reaction
conditions given which led to successful reactions, even at the
end of the reaction after depressurization of the reactor, also
decidedly points to high catalyst stability and a stable,
constant-composition, catalytically active palladium species.
We established that the rates of the reactions were indeed
apparently independent of the alkene concentration to
approximately 80% conversion (for the higher initial con-
centrations, tapering off to about 70% for the lower initial
concentrations) after which the CO uptake curve gradually
flattened off until complete conversion was obtained (regres-
sion analysis for the linear section of the CO uptake curve
provided a fit of better than R*=0.996 in all cases, after an
induction period of approximately 20-30 minutes) for initial
styrene concentrations in the window 0.77-2.88m. Further
studies on CO dependence showed a fractional order depend-
ence. Relative rates were determined for P, (defined as 1 at
25 atm): P, 35atm=1.07, P, 45atm=1.20, P, 55 atm=
1.25. Additionally, as shown in Table 1 (entries 4-7) and
Table 5 (entries 15-18), rate enhancements were also
observed with increasing levels of the Al(OTf); (as was also
observed for the Brgnsted acids, Table 5), the results of which
point to a fractional order dependence on Lewis acid
concentration.

We have presented the unprecedented application of a
strong, hydrolytically stable!'”! Lewis acid such as Al(OTf); in
the methoxycarbonylation reaction of styrene and 1-pentene,
and that this material may readily take the place of the
commonly used Brgnsted acids to form the anticipated ester
products in high yields. This aluminum-based promoter
significantly improves the activity of the catalyst, leading to
rates 1.4-1.9 times higher than those observed for even the
best benchmark Brgnsted acids under comparable conditions.
Importantly, AI(OTf); is a stable Lewis acid, which we have
previously shown to be easily recoverable and reusable
without loss of activity,'”! and which we have also demon-
strated herein. Stable palladium catalysts are produced in situ
and the reaction conditions may be readily manipulated so
that no palladium black is formed even at low catalyst
loadings. We are currently investigating the application of
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other Lewis acids to this reaction, and the investigation will
also include the industrially important® production of methyl
methacrylate (MMA) from ethene by the methoxycarbonyl-
ation product methyl propanoate, producing MMA upon
condensation with formaldehyde or its dimethyl acetal.”
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