Oxidative Cleavage of o.-Aryl Aldehydes

Using lodosylbenzene
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ABSTRACT

R 0O PhIO/ HBF,4 or BF3sOFEt, R H
/ >:o + >:o
Ar rt. Ar H
R =H, alkyl, aryl 40-98 % yield

We found that a-aryl aldehydes can be cleaved to chain-shortened carbonyl compounds and formaldehyde by various iodosylbenzene com-
plexes. A mechanistic scheme is presented that accounts for the loss of one carbon atom. Formaldehyde is further oxidized to CO and CO, under

the reaction conditions.

Since the first synthesis of (dichloroiodo)benzene by
Willgerodt et al. in 1886,' several new iodine(IIT) and
iodine(V) reagents have been developed and are now used
widely in organic synthesis, mainly because of their mild
reaction conditions and their safe, simple, and low-cost
preparation.” Reductive elimination from hypervalent A°-
or A>-iodane intermediates results in oxidation, dehydro-
genation, rearrangements, fragmentation reactions, etc.>

It is well-known that hypervalent A*-iodane reagents such
as (diacetoxyiodo)benzene or protonated iodosylbenzene
lead to oxidative C—C cleavage of glycols, epoxides, and
unfunctionalized olefins, yielding the corresponding carbon-
yl compounds.?~> Koser et al. showed in 2004 that un-
functionalized olefins react with PhI(OH)(OTs) under
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oxidative rearrangement to the corresponding a-aryl
ketones in excellent yields.®

Todosylbenzene’ is normally prepared from (diacetoxyiodo)-
benzene and sodium hydroxide in aqueous media and
reacted with HBF, (50—55% in diethyl ether or 48—50%
in water) or with BF5-OEt, to yield different labile com-
plexes 1, 2, 3a, and 8%71%in different solvents. These and
other iodosylbenzene-derivatized reagents 1—8 decom-
pose at room temperature with different half-lives to give
black tar and/or iodobenzene (Scheme 1).571°
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“ Comoplexes 1 and 2 are stable for a few hours between —50 and
—20°C,'%® while 3a, 6, and 7 are stable for a few days.%*1% Complex 5
is formed as a neutral species through mildly alkaline conditions.”®
Complexes 4, 6, and 7 are characterized by crystal structure analy-
sis, 898194 and complex 8 is the proposed structure of reagent PhIO/
BF;-OEt,.'™




Table 1. pKg Values of Different Aromatic and Aliphatic
Compounds Compared to Phenol

Entry Enol PK:
3¢ H OH
1 = 6.23
13 H5C, o OH
2 = 3.86
HC H
31 I 335
%, -OH
41% Oh 3.07
13 _ H
5 ' 0.98
$2 o
63 B ' 122
713 )rom -13

We found that reagents 2, 3a, or 8 can be used for the
transformation of a-aryl aldehydes to the correspond-
ing C;-shortened aldehydes or ketones, whereby the car-
bon atom is oxidized to CO and CO,, respectively, in the
process.

The enol content of simple aliphatic aldehydes is rather
small.'" In contrast, aromatic aldehydes display much
lower pKE values as compared to aliphatic aldehydes (see
Table 1). The enol content can be determined by addi-
tion of halogen, and with that it is possible to calculate
the equilibrium constant of the keto—enol tautomerism
(Kg, pKg).">"

In the mechanistic scheme we derive from our experi-
ment we assume that the oxidative cleavage proceeds
most likely via the enol form. The studies show that
a-trialkyl acetaldehydes such as pivalaldehyde (entry 1,
Table 2) do not react with PhIO/HBF, (50—55% in
diethyl ether, in absence of water) in accordance with
the fact that they are lacking a-hydrogens.

Table 2"
Entry Substrate Reagent Method Time Product Conver. (%)  Yield (%)
1 ﬂ\&o 2 Al 5 days no reaction
2 Ao 3a Bl 24h . 100 7
3 Ao 2 A2 15h . 100 65°
4 P 3a B2 6 days 3 100 9g®
0 e
5 3a B2 6 days o 100 51
Me Me
6 /@*V" 8 2 2%6h Q/% 88 63°
ON O;N
Me Me
7 /@No 2 A2 10 days Q/*o 47 42°
MeQ’ MeO’
8 Lo 8 cl 44n W 82 40
9 ©>V° 2 B3 4.5 days o 74 59
10 ? 8 cl 2h [E 100 57
0 PRS0
0y, o
11 @b 3a B2 3 days ©5 100 39
Me 2]
12 0 0 3a B2 5 days Me 100 4
Ph o
13 s 2 Al 25h A 100 85
14 o 2 Al 2h 9 100 70
15 0 3a BI 24 100 87
16 o 3a BI 1 day o 100 91
17 OO 2 Al 2h OO 100 93

* Explanation of the reaction conditions: Method A 1: The reaction was carried out with PhIO/HBF 4+ OEt, (50—55% in diethyl ether) in abs CH,Cl,.
Method A2: The reaction was carried out with PhIO/HBF,- OEt, (50—55% in diethyl ether) in abs. 1,4-dioxane. Method B1: The reaction was carried
out with PhIO/HBF4 (48% in water) in CH,Cl,. Method B2: The reaction was carried out with PhIO/HBF, (48% in water) in 1,4-dioxane/water mixture
(1:1). Method B3: The reaction was carried out with PhIO/HBF, (48% in water) in 1,4-dioxane. Method C1: The reaction was carried out with Ph1O/
BF;:OEt, (48% in diethyl ether) in abs. CH,Cl,. Method C2: The reaction was carried out with PhIO/BF;-OEt, (48% in diethyl ether) in abs 1,4-
dioxane. “ The yields were determined by GC analysis using internal standards (1,4-dichlorobenzene and n-heptane). ° Isolated as 1-benzylidene-2-(2,4-

dinitrophenyl)hydrazine.

Org. Lett,, Vol. 14, No. 19, 2012

5079



The nonenolizable phenylglyoxal reacts with PhIO/
HBF, (48% in water) to benzoic acid under C—-C
cleavage (entry 2, Table 2). Aryl aldehydes with a small
enol content such as 2-methoxy-2-phenylethanol (entry 3,
Table 2) do not give rise to the expected cleavage pro-
ducts: methyl benzoate is found as a side product in
only 3% yield, but the main product is benzaldehyde in
65% yield. Unbranched a-aryl acetaldehydes react to the
corresponding contracted aldehydes in good to excellent
yield (entries 4 and 5, Table 2). a-Aryl alkyl aldehydes
react to the corresponding ketones in good yields (entries
6—12, Table 2). The best yields are obtained with a,
a-diaryl acetaldehydes as substrates (entries 13—17,
Table 2), probably due to their low pKg values. According
to entries 6 and 7, Table 2, there is only a mild influence
of donor and acceptor substituents on the reaction
rates, the latter slowing down the reaction. In view
of the fact that some of the iodane reagents are quite
labile, some of the reaction times listed in Table 2 may
seem surprisingly long. Experimental evidence leads us
to assume that the lifetimes of the in situ prepared
complexes depend strongly on the reaction conditions,
especially if 1,4-dioxane is used as a solvent. We believe
that 1,4-dioxane coordinates to the hypervalent iodane
complex yielding longer lived species more akin in stabi-
lity to 3a, 6, or 7.

The reaction mechanism we thus propose is outlined in
Scheme 2. We assume that intermediate 9 is first formed
in equilibrium with the corresponding intermediate 10.
Under nucleophilic attack, a five-membered cyclic inter-
mediate is formed. Precedence for the formation of the five-
membered cyclic intermediate 11 is found in the literature
for the decarboxylation of a-keto carboxylic acids'**" and
for the oxidative cleavage of acetophenone.'* Seemingly,
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Scheme 2. Proposed Mechanism of the Oxidative Cleavage of
a-Aryl Aldehydes with Iodosylbenzene Reagents
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Figure 1. React-IR analysis of the reaction of phenylacetalde-
hyde with PhIO/HBF, (50—55% in diethyl ether) in dichloro-
methane. Carbonyl vibration of phenylacetaldehyde (A) (blue
spectrum): 1728 cm ™!, formaldehyde (B), formic acid (C) and
benzaldehyde (D) (green spectrum): 1743 cm ™!, 1720 cm ™! and
1705 cm ™.

IR spectrum of benzaldehyde and
benzaldehyde + formic acid in CH,CI;
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Figure 2. Reference spectrum of benzaldehyde and the mixture
of benzaldehyde and formic acid in dichloromethane. Carbonyl
vibration of benzaldehyde (D) (blue spectrum) and formic acid
(C) (red spectrum): 1705 and 1724 cm ™' (the measuring accuracy
of the react-IR™ spectroscopy device is +4 wave numbers?.
Carbonyl vibration of formaldehyde in the gas phase: 1743 cm™ 1.6

the anion BF,~ does not play a role in the outlined mechan-
ism. We believe, however, that BF, is of critical importance
for the stability of the in situ formed reagents and thus for
their overall reactivity toward the substrate aldehydes.
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According to our mechanistic scheme, intermediate 11
fragments to the product, formaldehyde, and iodoben-
zene. Formaldehyde is oxidized to formic acid under these
reaction conditions, which is then further oxidized to
carbon monoxide and carbon dioxide (Scheme 2). In an
independent study, we confirmed that formaldehyde and
formic acid are oxidized to carbon monoxide and carbon
dioxide under these conditions.

Carbon monoxide and carbon dioxide have been de-
tected with PdCl,/HCI'>* and aqueous barium hydroxide
solution,'*® respectively. Formaldehyde and formic acid
are too short-lived under these conditions to be detected
by '"H NMR spectroscopy of the authentic reaction
mixtures. Formaldehyde and formic acid have been char-
acterized in the reaction mixture by react-IR. The react-
IR analysis with phenyl acetaldehyde as a substrate

(15) (a) Allen, T. H.; Root, W. S. J. Biol. Chem. 1955, 216, 309.
(b) Brockhaus ABC Chemie; Brockhaus: Leipzig, 1965; p 156.
(16) Vaccani, S.; Kiihne, H.; Bauder, A. Chem. Phys. Lett. 1977, 50, 187.
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confirmed our suspicion that formaldehyde is first
formed in the reaction and is then further oxidized to
formic acid. The latter is then cleaved into carbon mon-
oxide and carbon dioxide (Figures 1 and 2).

In summary, an efficient method for the oxidative
cleavage of a-aryl aldehydes to the corresponding
C;-shortened aldehydes or ketones by using a combina-
tion of iodosylbenzene and HBF, was developed.
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