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ABSTRACT: The oxidation of primary alcohols and aldehydes to the 0

corresponding carboxylic acids is a fundamental reaction in organic synthesis.
In this paper, we report a new chemoselective process for the oxidation of
primary alcohols and aldehydes. This metal-free reaction features a new FGXOH
oxidant, an easy to handle procedure, high isolated yields, and good to
excellent functional group tolerance even in the presence of vulnerable O selective oxidations

secondary alcohols and tert-butanesulfinamides.

he oxidation of alcohols to the corresponding carbonyl

compounds is one of the most important and useful
reactions in functional group transformations." Among the
carbonyls, carboxylic acids are prevalent in natural products as
well as synthetic organic chemicals, such as pharmaceuticals
and agrochemicals.2 Furthermore, carboxylic acids are versatile
intermediates for the synthesis of peptides, esters, amine/
amides, aldehyde/ketones, alcohols, and polymers in both
academic research and industrial processes.’ Traditionally, the
oxidation of primary alcohols and aldehydes to carboxylic acids
is achieved by stoichiometric or excess amounts of oxidants
such as chromium salts,* potassium permanganate,” nickel
peroxide,® and hypervalent iodines.” In the past decade,
combinations of 2,2,6,6-tetramethylpiperidin-N-oxyl
(TEMPO) and related N-oxyl mediators with diverse
stoichiometric co-oxidants have been reported for this
transformations.” Transition-metal-complex-mediated dehy-
drogenative oxidation of primary alcohols to carboxylic acids,
those including W,” Ru,'® Pd,'' Rh,"* Ir,"* Ag,14 Fe,'> Mn,'°
Cu,"” and Zn' complexes, have also been documented in the
literature. Among the reactions mentioned above, only a few
TEMPO-based oxidation conditions could be used for the
chemoselective conversion of primary alcohols to carboxylic
acids in the presence of secondary alcohols.**

In our recent research program toward the synthesis of
bioactive alkaloids,’” we needed a selective oxidation to
transfer primary alcohol 1 to the corresponding acid 2 in the
presence of a secondary alcohol and a chiral tert-butanesulfi-
namide moiety. TEMPO-based selective oxidation conditions
were initially used (Table 1).°**° The reported oxidation
conditions unfortunately failed to promote the desired
transformation, with either a complex mixture or an undesired
product (entry 1, the aldehyde was isolated in 25% yield; see
the Supporting Information) being formed.

In order to realize the desired oxidation without introducing
additional steps, we decided to investigate a new chemo-
selective method. We were especially interested in transition-
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DME, 80 °C
Metal-free & additive-free
Q 56 examples

Oxidant recyclable process Q Yield up to 99%

Table 1. Desired Oxidation of Primary Alcohol 1

\ 0 Selective
N—S, oxidation
QR
1 OH
solvents and yield of
entry reagents and additives temperature acid 2 (%)
1 TEMPO, PhI(OAc), DCM, H,0, 1t 0
2 TEMPO, KBr, NaClO, NaHCO; H,O, rt, or acetone, 0
H,0 0 °C
3 TEMPO, NaClO, NaClO, MeCN, 35 °C 0
phosphate buffer (pH 6.8)
4 TEMPO, n-Bu,NC|, KBr, NaCl, H,0O, DCM, 0
NaClO, NaHCO; 0 °C to rt
S TEMPO, NaBr, NaClO,, NaClO, MeCN, rt, or 0
NaH,PO,, H,0 MeCN, 60 °C
6 9-fluorenone, t-BuOK xylene, reflux 0

metal-free procedures using small molecules as recyclable
oxidants. In this regard, the Meerwein—Ponndorf—Verley—
Oppenauer (MPVO) reaction”' is an efficient organo-based
oxidation. To the best of our knowledge, MPVO reactions
have rarely been used in the oxidation of primary alcohols to
the corresponding carboxylic acids. On a careful survey of the
literature, we found a few examples employing Oppenauer
oxidation to convert steroid-derived 1,4- and 1,5-diols to
lactones.”* Using the same 9-fluorenone-mediated conditions,
however, we failed to effect the desired transformation (entry
6, Table 1). Although our synthetic route was altered to avoid
this dilemma, the problem remained unsolved. It is highly
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desirable to develop a new oxidation procedure to cope with
this chemoselective transformation. In this paper, we report a
hydrogen transfer method for the selective oxidation of
primary alcohols and aldehydes to the corresponding acids.
We began screening with the oxidation of 3-phenylpropan-1-
ol (3), and parts of the results are indicated in Table 2.

Table 2. Screening Oxidants and Reaction Conditions

Hydride acceptors o

OH Ivent
@/\/\ """-59-\{?[1-5"_“> ©/\on
3 4

entry hydrogen acceptors solvents and additives yield (%)“

1 cyclohexanone toluene, (i-Pro);Al o”

2 1,1,1-trifluoroacetone DCM, EtOAIEt, ob

3 9-fluorenone xylene, -BuOK 11°

4 9-fluorenone DME, NaOH 15°

S 1-HCPK DMSO, NaOH 14

6 1-HCPK pyridine, NaOH 67°

7 1-HCPK poluene, NaOH 85°

8 1-HCPK DME, NaOH 91°¢

9 1-HCPK DME, Mg(OH), 0°

10 1-HCPK DME, KOH 55¢
11 open to air or O, DME, NaOH trace”
12 1-HCPK DME, NaOH 947

“Yields are isolated yields. All reactions were performed with 1 mmol
of alcohol and 2 mmol of hydrogen acceptors and bases in 1.5 mL of
the solvents. “Reactions were conducted at reflux for 18 h. “Reactions
were carried out at 80 °C (oil bath) for 18 h in a sealable tube (Teflon
cap). 9Reaction was performed on a gram scale (10 mmol of 3 and 20
mmol of 1-HCPK and NaOH in 15 mL of DME at 80 °C for 30 h).

Trifluoroacetone under the reported conditions”'® did not
provide the desired product; however, 9-fluorenone in the
presence of sodium hydroxide in 1,2-dimethoxyethane (DME)
afforded the acid in 15% yield. This result prompted us to test
more hydrogen acceptors, and after a few experiments we
finally found that 1-hydroxycyclohexyl phenyl ketone (entry 8,
Table 2; structure of 1-HCPK shown in Scheme 1) was an
excellent acceptor in this hydrogen transfer oxidation. When
the reaction was mediated by commercially available 1-
HCPK™ and sodium hydroxide, the carboxylic acid 4 was
obtained in 94% yield even on gram scale under the optimal
reaction conditions (Table 2, entry 12). It should be noted that
less solvent (1 mmol of the substrate in 1.5 mL of DME)
provides the best yield, possibly increasing the concentration of
both the substrates and the base.

With the optimal reaction conditions in hand, we next
investigated the substrate scope and the generality of this
reaction. Excellent yields were obtained with a range of
primary benzylic alcohols bearing electron-donating or
electron-withdrawing groups. Primary aliphatic alcohols were
also oxidized to the corresponding carboxylic acids in good to
excellent yields. A number of functional groups such as amine,
ether, heterocycle, amide, alkene, and alkyne units are
compatible under our oxidation conditions. Steric hindrance
is well tolerated (28—33), with relatively longer reaction times
being required. The workup procedures were simple for most
reactions. Extracting the water-diluted reaction mixture with
organic solvents (to remove byproducts) followed by acid-
ification of the aqueous phases with HCI or acidic resins
normally afforded the products in acceptable purities.

Scheme 1. Oxidation of Primary Alcohols with 1-
Hydroxycyclohexyl Phenyl Ketone
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Oxidation of aldehydes to the corresponding carboxylic
acids is also one of the most common classes of functional
group transformations.”’ We next investigated the oxidation of
a number of aldehydes (Scheme 2). As expected, only 1 equiv
of 1-HCPK was required. Benzylic aldehydes bearing different
substituents at the aromatic rings were readily converted to
benzoic acid derivatives within a couple of hours and in high
yields, while the aliphatic aldehydes generally required longer
times to be consumed. It is noteworthy that amine and
heterocycle moieties are compatible, and the oxidation
conditions can be used for the selective conversion of
benzaldehydes to benzoic acids (e.g. 43 and 44) in the
presence of primary and secondary aliphatic alcohols.

Coming back to the initial target, the selective oxidation of
alcohol 1 to the corresponding carboxylic acid 2, we conducted
the experiment under the optimal reaction conditions. To our
delight, oxidation of 1 provided acid 2 in a 72% isolated yield
(Scheme 3). To further demonstrate the selectivity, a number
of functional alcohols were subjected to our oxidation
conditions. The results in Scheme 3 indicated that substrates
bearing vulnerable functional groups, including thioethers,
amines, tert-butanesulfinamides, and secondary alcohols, are
compatible. When the substrates (Scheme 2, 43; Scheme 3,
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Scheme 2. Oxidation of Aldehydes Using 1-HCPK
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a) Reaction was performed in pyridine (1.5 mL). b) Reaction was performed at 60 °C.

58) were difficult to dissolve in DME, pyridine could be used
as the solvent without affecting the efficiency of the oxidation.

Next, we investigated the mechanism of this process. To
exclude possible radical oxidation, control experiments were
conducted (Scheme 4). None of the desired acid was detected

Scheme 4. Experiments to Elaborate the Mechanism
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Scheme 3. Selective Oxidation of Primary Alcohols in the
Presence of Vulnerable Functional Groups
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in the absence of 1-HCPK (Scheme 4A), and addition of
TEMPO did not interfere with the oxidation process. The
effects of Cannizzaro disproportionation”” were also studied.
Without 1-HCPK, the piperonal did undergo disproportiona-
tion under basic conditions; however, the reaction provided
piperonylic acid (8) in less than 10% isolated yield together
with piperonol (11% yield). The same reaction in the presence
of 1-HCPK afforded piperonylic acid in 98% yield (Scheme
4B). To elaborate the function of the hydroxyl group in the
oxidant, 1-hydroxycyclohexyl phenyl ketone was converted to
the methyl ether 60 (see the Supporting Information) and
used as a hydrogen acceptor. As predicted, only a trace of the
acid was detected under identical reaction conditions (Scheme
4C). Therefore, a neighboring hydroxyl group present in the
oxidant plays a decisive role, possibly enhancing the interaction
with sodium hydroxide. Interestingly, we did not isolate any
aldehyde products in the oxidation of primary alcohols under
our optimal reaction conditions. Piperonal could be obtained
under the conditions of less 1-HCPK (1.0 equiv) and less
sodium hydroxide (1.0 equiv); however, only a 2% isolated
yield was obtained (Scheme 4, '®O isotope experiments).
These results suggested that the oxidation of aldehydes to the
corresponding acids was a fast process. To further confirm the
hydrogen transfer process, deuterated benzyl alcohol 62 was
subjected to oxidation under the optimal reaction conditions
and we obtained the reduced product of 1-HCPK, namely
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deuterated alcohol 61a, in 92% yield. Although the oxidation
of aldehydes obviously included a hydroxylation process with
sodium hydroxide, we still performed experiments with '%O-
NaOH. As expected, the '*O-containing acid was isolated as
the major product (by LC-HRMS; see the Supporting
Information). The proposed oxidation reaction pathway is
shown in Scheme 5. Although the reaction follows the

Scheme 5. Proposed Pathyway for 1-HCPK-Mediated
Oxidations and Recycling of 1-HCPK

Model B: For secondary alcohols

v

0]
KBr Oxone OH

MeCN, H,0, 70 °C
95%

Oppenauer oxidation pathway,”' the hydroxyl group present
in the oxidant might form sodium alkoxide and further activate
the adjacent carbonyl via coordination (for primary alcohols:
model A, Scheme 5). The selective oxidation of primary
alcohols (model A) rather than secondary alcohols might result
from the steric interactions between the R;-substituted group
(present in secondary alcohols) and the benzene group
(present in the oxidant), as indicated in Scheme 5 (model B).

Finally, recycling of 1-hydroxycyclohexyl phenyl ketone was
conducted (Scheme S). Although 1-HCPK is quite cheap, it is
still desirable to recycle this organic compound. Thus, diol 61
produced from the reaction process (around 90—97% yields)
was collected and subjected to oxidation under the conditions
of KBr and oxone,”* and 1-hydroxycyclohexyl phenyl ketone
was obtained in 95% yield.

In conclusion, we have developed a new process for the
chemoselective oxidation of primary alcohols and aldehydes to
the corresponding carboxylic acids. The mechanism was also
elaborated by isotope experiments. Features of this oxidation
are a new hydrogen transfer acceptor, namely the commercially
available and cheap material 1-hydroxycyclohexyl phenyl
ketone, tolerance of a wide range of functional groups,
including vulnerable tert-butanesulfinimades and secondary
alcohols, an easy to handle procedure, and good to excellent
yields. The oxidation process is practical and can be carried out
on a gram scale. On the basis of our experience, this selective
oxidation should find application in organic synthesis.
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