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Aliphatic and aromatic aldehydes are successfully converted into their corresponding esters using Pd(OAc), and XPhos. This approach utilizes a
hydrogen transfer protocol: concomitant reduction of acetone to isopropanol provides an inexpensive and sustainable approach that mitigates

the need for other oxidants.

Historically, the most direct synthetic routes to esters
either couple an activated carboxylic acid derivative with
the appropriate alcohol or employ an equilibrium me-
diated esterification/transesterification protocol.! These
methods require stoichiometric use of toxic coupling
reagents (e.g., DCC, HOBL), with concomitant formation
of byproducts that can be difficult to remove during
isolation. To address these limitations, there has been a
recent emergence of investigations into direct oxidative
routes to esters, allowing practitioners to select synthetic
precursors in alternative oxidation states. The most widely
investigated is the direct conversion of aldehydes to esters
in the presence of an alcohol, and three representative
approaches include (1) oxidation of the aldehyde in the
presence of an alcohol employing stoichiometric oxidants
such as V,0seH,0,,> oxone,* or pyridinium hydrobromide
perbromide and H,0; (2) use of NHC catalysts to activate
aldehydes in situ, which in turn undergo esterification in
the presence of the appropriate alcohol and stoichio-
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metric oxidant such as MnO,,° azobenzene,’ a substituted
quinone.® or an Fe/O, system,” with concomitant reduc-
tion elsewhere in the molecule;'® an electrochemical
oxidation has also been used in conjuction with NHC
activation,'! (3) use of transition metals such as Ir,"? Rh,"
and Ru'*in the presence of an external or internal oxidant.
Our focus led to exploring the use of Pd catalysis to convert
aldehydes directly to the corresponding esters in the pres-
ence of the appropriate alcohol, simply using acetone as
the terminal oxidant.

Recent investigations have shown that Pd is a capable
catalyst to effect the oxidative esterification of aldehydes,
although these studies have demonstrated the requirement
for stoichiometric benzyl chloride to close the Pd(IT)—Pd(0)
catalytic cycle.'> Under similar conditions using Pd/NHC
complexes and air as the terminal oxidant, Cheng et al.
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Figure 1. Catalyst loading and substrate concentration screen.
Results interpreted using HPLC analysis with biphenyl as the
internal standard.

recently demonstrated that aromatic aldehydes could be
oxidatively esterified with phenols.'® Other Pd catalyzed
aldehyde to ester conversions include 1,2 additions of
nucleophilic siloxanes'” or arylboronic acids'® followed
by oxidative esterification.

In various cross-coupling projects, our group has ob-
served that aldehydes can be problematic substrates, pro-
viding lower-than-anticipated yields in otherwise high
yielding protocols, especially when run in methanol or
ethanol while using XPhos (2-dicyclohexylphosphino-
2! 4 6'-triisopropylbiphenyl) as a catalyst. Detailed analy-
sis of a model reaction using benzaldehyde provided evi-
dence of disproportionation of the aldehyde, and we
observed equimolar amounts of the benzyl alcohol and
ethyl/methyl benzoate derivatives. Although generally pre-
sent in <5% of the overall crude reaction mixture, we
hypothesized that the Pd/XPhos catalyst system might play
some role in this byproduct formation.

Seeking to maximize the conversion to the ester, we
reasoned that the reduction of the aldehyde might
be limited by adding a competitive “hydrogen acceptor.”
Simply running the reaction with acetone as a cosolvent
did just this. By preparing a reaction under strictly anaer-
obic conditions (glovebox, N,),' a 0.2 M solution of
3-phenylpropanal was allowed to react with 2.5% Pd(OAc),
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Figure 2. Reaction monitoring: effect of various amounts of
base (0.2 equiv of K>COj3 proves ideal). Yields determined by
GC using biphenyl as an internal standard. Average of two runs
agreeing to within 5%.

and 5% XPhos in a 50:50 ethanol/acetone mixture at 50 °C
overnight (Figure 1, entry b). This yielded a crude reaction
mixture that was 73% ester 2, 14% alcohol 3, and 13%
unreacted starting material 1. Increasing the Pd loading led
to increased reactivity (5% unreacted starting material)
but provided lower selectivity (18% conversion to the
alcohol; Figure 1, entry a), while lowering the Pd loading
saw sluggish conversion (Figure 1, entries ¢ and d). Thus, we
selected a 2.5% Pd loading and sought further optimization.

Our next step was to undertake an “additive screen”,
using High-Throughput Experimentation techniques,? in
which a screen comprised of 95 various additives at 20 mol %
loading was compared to our control. Screens such as this
are often quite insightful, as they illustrate conditions that
both improve and hinder the desired outcome. To accen-
tuate any impacts, this screen was performed at rt, and the
reaction was quenched after only 2 h. To our delight,
catalytic amounts of inorganic bases (K,CO;, KHCO;,
K3POy,, etc.) showed a significant positive impact on the
outcome of the reaction. Under these conditions, potas-
sium carbonate provided complete conversion of the alde-
hyde and formation of the desired ester in 89% assay yield,
with the remainder as the reduced alcohol. This additive
screen also indicated that oxidants such as oxone greatly
interfered with the reactivity, while V(O)(acac), and iodo-
sobenzene diacetate had little impact either way. This screen
gave us the first indications that the aldehyde/hemiacetal
equilibrium might be important in this reaction mechanism.

The general procedure involved preparing a solution of
the Pd(OAc), and XPhos in acetone before then adding it
to the aldehyde solution in ethanol. As it aged, a color
change of the palladium/ligand solution was observed.
We thought this color change might be an indication that
the catalyst needed to preform prior to its exposure to
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Table 1. Alcohol Scope

o
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o]

2.5% Pd(OAC),/5% XPhos
- OR
acetone:ROH (2.8 mL: 2.2 mL)

0.2 equiv K;CO3

rt; Ny
entry ROH product time(h) yield? (%)
(o]
1a MeOH @A)kom 2 77
o
1b EtOH Woa 2 79, 99°
o
1c i-PrOH WOI—Pr 8 60
1d +BUOH no reaction 0
o}
1e 5-BuOH ©/\)‘\Os—8u 24 55¢
o

I CF:CH,OH @/\)‘\O/\CFS 24 st

“Isolated yields after column chromatography. ?0.5% Pd(OAc),,
1% XPhos, 24 h, 7.0 mmol scale. €50 °C.

the aldehyde, base, and alcohol to maximize the desired
reactivity. Indeed, without this preformation process, re-
action yields were ~30% lower.

Multitime point sampling of the reaction indicated that
both the initial rate and overall conversion to the ester were
dependent on the loading of the K,COj; base (Figure 2).
With a full equivalent, the reaction shows no induction
period, but the desired reactivity quickly stalls, equilibrat-
ing at 72% conversion. However, employing 0.2 equiv of
K,COj; leads to maximum conversion to the ester after a
short induction period, and the reaction is complete after
30 min. When base is excluded, the reaction is very slow,
though eventually 34% conversion to the ester is observed
after 25 h. This may provide further evidence that the
aldehyde—hemiacetal equilibrium is important to the cata-
lytic cycle, or may result from the necessity to deprotonate
the hemiacetal, which is required to generate the alkoxy-
palladium intermediate required for AB-hydride elimina-
tion.?! Concerning the abrupt deactivation of the catalytic
system when using a full equivalent of the base, we ruled out
ester to carboxylic acid degradation of the product: we used
rigorously dried K,CO3, and no loss of ester or appearance
of the carboxylic acid was detected by GC analysis.

Next, a series of control reactions was executed to
investigate mechanistic possibilities. Under an atmosphere
of oxygen (balloon) and with acetone replaced with THF, a
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Table 2. Aromatic Aldehyde Scope with Methanol, Ethanol,
and Isopropanol
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1:1 ester/alcohol ratio (disproportionation) was observed.*
Use of either Cu(OAc),”* or iron/benzoquinone®* as a
co-oxidant resulted in disproportionation of the starting
aldehyde. These results suggest that acetone is likely acting
as a formal molecular H-acceptor in the catalytic cycle.
Alternative H-acceptors were screened, including 2,3-
butanedione and hexafluoroacetone. Both proved to be less
effective, and the low price and high reactivity combination
of acetone could not be matched.

With our optimal reaction conditions in hand, a range of
aliphatic alcohols was screened. When coupled with the
aliphatic aldehyde, primary alcohols provided the desired
product in moderate to good yield in 2 h at rt (Table 1, entries
1a, 1b). The reaction scales well, affording a higher isolated
yield while simultaneously allowing a 5-fold reduction of the
Pd/XPhos loading at the 7 mmol scale (entry 1b). Sterically
more demanding secondary alcohols (Table 1, entries 1c, 1e)
provided the desired ester, although requiring extended
reaction times at 50 °C. tert-Butanol did not engage in the
oxidative esterification (entry 1d). Similarly, electronic im-
pacts could be seen: trifluoroethanol (Table 1, 1f) was less
reactive than ethanol, requiring a higher temperature and
longer reaction time, yet still provided the desired ester albeit
in a very modest 39% isolated yield.

The inability to incorporate C—C double bonds within
substrates proved to be a significant limitation of this
method. Alkenes may serve as effective ligands for the Pd
catalyst, disrupting the catalytic cycle. Thus, no oxidative
esterification was observed on substrates containing C—C
double bonds that were not part of the aromatic systems.
Further, when cinnamaldehyde was substituted for hydro-
cinnamaldehyde, the deep garnet color indicative of the
active catalyst immediately was quenched to a pale yellow,
and no formation of the desired ester was observed.

(24) (a) Backvall, J. E.; Hopkins, R. B. Tetrahedron Lett. 1988, 29,
2885. (b) Backvall, J. E.; Hopkins, R. B.; Grennberg, M. M.; Awasthi,
A. K. J. Am. Chem. Soc. 1990, 112, 5160. (c) Piera, J.; Biackvall, J. E.
Angew. Chem., Int. Ed. 2008, 47, 3506.

Org. Lett,, Vol. 15, No. 3, 2013



Table 3. Additional Aldehyde Scope with Ethanol
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Finally, the inhibition by excess base (Figure 2) may also
trace its roots to the same phenomenon. Thus, we hypothe-
size that aldol condensation products form between acet-
one and the aldehyde substrates when a full equivalent of
the carbonate base is used for the reaction, eventually
deactivating the catalytic system in a similar manner.

Next, we screened a range of aromatic aldehydes (Table 2),
and the importance of the aldehyde/hemiacetal equilibrium
again was apparent, as aromatic aldehydes required ex-
tended reaction times and elevated temperatures. Reacting
the aldehydes overnight at 50 °C resulted in moderate to
good yields when using primary alcohols such as methanol
and ethanol, but yields suffered greatly with the bulkier
isopropanol. The lone exception to this was when using
4-nitrobenzaldehyde, presumably because the electron-with-
drawing nature of the ring shifted the aldehyde/hemiacetal
equilibrium enough to compensate somewhat for the low
reactivity of the sterically more demanding isopropanol.

Additional aldehydes including heterocyclic motifs were
converted to the corresponding ethyl esters in good to modest
yields (Table 3, 8b—11b). Unsurprisingly, the attempted
conversion of 4-chlorobenzaldehyde to the corresponding
ester resulted in a messy reaction from which only 5% of the
desired ester could be isolated (Table 3, 15b). Competitive
oxidative addition of the Pd catalyst to the aryl chloride is the
likely source of the product mixture.

Finally, to investigate the importance of XPhos/
Pd(OAc); in this transformation, a range of other ligands
were examined in the conversion of benzaldehyde to ethyl
benzoate using our optimized conditions. Not only did
XPhos prove superior to the other phosphine ligands
screened, but it seems that the XPhos/Pd(OAc), combina-
tion is crucial to effect the desired reactivity (Figure 3,

(25) Kinzel, T.; Zhang, Y.; Buchwald, S. L. J. Am. Chem. Soc. 2010,
132, 14073.
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Figure 3. Comparison of alternative catalysts.”

L16—L19). Somewhat unexpectedly,? the aminobiphenyl-
derived Pd/XPhos precatalyst (Figure 3) is significantly less
reactive, showing poor conversion at 50 °C and providing
none of the desired product at rt.

In conclusion, a new method of direct ester synthesis
from aldehydes has been developed. This approach utilizes
inexpensive acetone as a H-acceptor and provides a sus-
tainable and cost-effective option to synthesize esters
from the corresponding aldehydes. Initial investigations into
this catalytic cycle indicate the importance of the aldehyde/
hemiacetal equilibrium on the observed reactivity. The com-
bination of XPhos with Pd(OAc), proved to be the most
effective catalyst for this transformation. The results de-
scribed herein also have implications for cross-coupling
reactions of aldehyde-containing substrates in alcohol sol-
vents, where the competing redox esterification may compete
with the desired cross-coupling event.
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