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a b s t r a c t

A simple method for the oxidation of primary alcohols to aldehydes using o-iodoxybenzoic acid (IBX)
with the addition of stoichiometric acetic acid has been developed. Addition of acetic acid significantly
accelerated the reaction rate. Under these conditions, primary aliphatic, benzylic, and allylic alcohols are
smoothly converted to aldehydes in high yields (90e97%).

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Transformation of alcohols into the corresponding carbonyl
compounds is an important subject in organic synthesis. Many
methods and a wide variety of oxidizing agents have been de-
veloped including chromium oxidants [pyridinium chlorochromate
(PCC, Corey’s reagent),1 pyridinium dichromate (PDC),2 Jones oxi-
dation (CrO3, H2SO4),3 Collins reagent (CrO3$py2)4], dimethyl sulf-
oxide-promoted oxidations [PfitznereMoffatt protocol (DMSO,
DCC),5 Swern oxidation (DMSO, oxalyl chloride),6 ParikheDoering
procedure (DMSO, SO3$py)7], CoreyeKim protocol,8 hypervalent
iodine reagents,9 tetra-n-propylammonium perruthenate (TPAP),10

2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO),11 Oppenauer oxi-
dation,12 and active manganese dioxide.13 However, some of the
foregoing processes are carried out under strong acidic conditions
and some oxidations of primary alcohols cannot stop at the alde-
hyde stage. In addition, some methods are performed under in-
convenient conditions (low reaction temperatures, inert
atmosphere, dry solvents, andmoisture-sensitive reagents). Among
these methodologies, hypervalent iodine reagents are particularly
attractive and have drawn a growing attention as oxidizing agents
because of their mildness, efficiency, wide functional group toler-
ance, selectivity, easy accessibility, and stability against air and
moisture.14

In 1893, a hypervalent iodine reagent, o-iodoxybenzoic acid
(IBX, 1-hydroxy-1,2-benziodoxol-3(1H)-one 1-oxide, 1) was first
; fax: þ86 886 4 22862547;
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prepared by Hartmann and Meyer.15 Probably due to its in-
solubility in most organic solvents, its mild oxidizing ability was
rarely used in synthetic reactions until Frigerio and Santagostino
reported the oxidation of alcohols to carbonyl compounds by IBX
dissolving in dimethyl sulfoxide in 1994.16 Recently, Pivnitsky
disclosed that dimethyl formamide is a convenient alternative
solvent to dimethyl sulfoxide to simplify product isolation pro-
cedure because of the lower volatility of dimethyl sulfoxide.17 The
poor solubility of IBX in organic solvents has been improved by
converting it into its derivatives such as the well-known
DesseMartin periodinane (DMP, 2),18 modified IBX (mIBX, 3),19

tetrafluoro-IBX (FIBX, 4),20 amino acid-derived benziodazole ox-
ides 5,21 IBX amides 6,22 and modified o-methyl-substituted IBX 7
(Scheme 1).23 For IBX oxidation of alcohols, there are an in-
creasing number of improved protocols. For instances, the oxi-
dations were conducted with IBX in the presence of
stoichiometric amount of dimethyl sulfoxide,24 under solvent-free
conditions,25 in stabilized form (sIBX),26 in the presence of cat-
alytic amount of Oxone�,27 in a water/dichloromethane mixture
in the presence of a phase-transfer catalyst,28 at elevated tem-
peratures in most organic solvents,29 in ionic liquids,30 in water/
acetone in the presence of b-cyclodextrin,31 and in polymer-
supported forms.32 Unfortunately, there are some existing prob-
lems, among these synthetic routes, such as the elevation of
reaction temperature may cause expulsion of IBX33 and the de-
composition of the starting materials, the preparations of
the solid-supported IBX and IBX derivatives are laborious, and the
successive aqueous extraction removal of some additives is
required.
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Scheme 1. IBX derivatives.
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In the course of our study on the asymmetric synthesis of a-
amino acids, we were required to prepare an a-hydroxy ketone
from the corresponding diol as our chiral auxiliary.34 An interesting
outcome caught our attention when we noticed that the yields of
IBX oxidation of diols varied with the scale of the reaction. When
the reaction was carried out with less than 5 mmol of the starting
diol, 2.5 equiv of IBX, and 5 equiv of dimethyl sulfoxide at room
temperature for 1 day resulting in the formation of more than 95%
isolated yield of the product. However, when the amount of the diol
was increased to more than 10 mmol, under the same conditions,
the yield decreased to around 80%. We found that replacing di-
methyl sulfoxide by acetic acid resulted in improving yield to 93%.
In addition, the product was clean enough for further use without
the need of purification. As a result, we set forth to investigate the
reaction conditions of IBX oxidation of primary alcohols in the
presence of acetic acid. Herein, we report a new and practical
protocol of IBX oxidation using acetic acid.
Table 1
Optimization of oxidation conditions

OHO

O

HO

O

O

IBX, HOAc

MeCN, rt

Entry IBXa (equiv) HOAc (equiv) Timeb (h) Isolated yieldc (%)

1 3 3 3 97
2 3 d 4.5 96
3 2 2 2 95
4 1.5 1.5 2 95
5 1.5 3 2 94
6 1.2 1.2 2 97
7 1.2 d 2 80
8d 1.2 0.3 2 83
9 1.1 1.1 5 90e

a IBX was prepared according to Santagostino procedure.36
b The reaction progress was monitored by 1H NMR.
c The reported yields are isolated yields after the crude mixture was passed

through a short path of silica gel.
d When replacing acetic acid by TsOH$H2O or TFA, the yield was 87% along with

unidentified impurity.
e The conversion was 93% even expanding the reaction time to 10 h.
2. Results and discussion

First, 3 equiv of IBX and acetic acid were employed for different
primary alcohols and the oxidations were complete in 4e15 h in
93e99% yields. However, in the absence of acetic acid, longer re-
action time was needed (additional 7.5e13.5 h) to consume all the
starting materials. The oxidations using different amounts of IBX
and acetic acid in acetonitrile35 at room temperature were per-
formed to study the optimal reaction conditions and the results
were summarized in Table 1. When 3 equiv of IBX was employed in
the presence of equal amount of acetic acid, with vigorous stirring,
piperonyl alcohol was smoothly oxidized to piperonal within 3 h in
97% yield (Table 1, entry 1). When the reaction was conducted with
3 equiv of IBX without the addition of acetic acid, the reaction time
required to finish the oxidation was 4.5 h (entry 2). Decreasing the
amounts of IBX and acetic acid to 2, 1.5, and 1.2 equiv, the yields
were comparable to entry 1 but with shorter reaction time (entries
3, 4, and 6). Changing the ratio of IBX and acetic acid from 1:1 to
1:2, the reaction rate did not change (entries 4 and 5). Comparison
of entries 6, 7, and 8, in the absence or in catalytic amount
(0.3 equiv) of acetic acid, the yields fell by 17% and 14%, respectively.
At the same time, we also attempted to use stronger acid than
acetic acid, such as p-toluenesulfonic acid and trifluoroacetic acid in
catalytic amount (0.3 equiv), but unidentified impurities were
detected along with the formation of 87% of piperonal. When the
reactionwas performedwith 1.1 equiv of IBX and acetic acid, longer
reaction time was required to achieve 93% of conversion of the
starting material. The reaction did not go completion even when
the reaction timewas extended to 10 h (entry 9). From the results of
Table 1, the addition of acetic acid significantly accelerates the rate
of oxidation. In addition, the conditions of entry 6 were chosen as
the reaction conditions to examine the scope of substrate of the
oxidation.

All the primary alcohols investigated were converted efficiently
by IBX in the presence of acetic acid into the corresponding alde-
hydes in good yields (90e97%) without over-oxidation to acids
(Table 2). However, in the absence of acetic acid, using same re-
action time, the yields decreased to 39e84%. The reaction time is
found to be dependent on the nature of the substrate. The first step
of IBX oxidation is a nucleophilic addition of the oxygen atom of
alcohols to the iodine atom of IBX. Therefore, a substituent on the
benzene ring of the benzyl alcohol, either electron-donating or
-withdrawing, the reaction time changed significantly (entries
1e14). Moreover, an ortho substituent on the benzyl alcohol, steric
hindrance plays a major role. Accordingly, the same substituent on
the para position of benzyl alcohol reacts faster than that on the
ortho position (entries 2e13). Due to both electronic and steric ef-
fects, there is a significant rate decrease of the oxidation reaction
when a benzene ring containing an ortho electron-withdrawing
group is utilized (entries 6, 8, 10, and 12). On the other hand, para



Table 2
Oxidation of alcohols with IBX in the presence or absence of acetic acid in MeCNa

Entry Substrate Product With HOAc Without HOAc

Time (h) Yieldb (%) Time (h) Yieldb (%)

1
OH

H

O

5 94 5 80

2
OH

OMe
H

O

OMe

5 95 5 81

3
OH

MeO
H

O

MeO

2.5 95 2.5 75

4
OH

H

O

6 95 6 81

5
OH

H

O

3 95 3 82

6
OH

F
H

O

F

9 93 9 65

7
OH

F
H

O

F

8 92 8 82

8
OH

Cl
H

O

Cl

6 95 6 60

9
OH

Cl
H

O

Cl

3 97 3 84

10
OH

Br
H

O

Br

8 93 8 83

11
OH

Br
H

O

Br

5 95 5 80

12
OH

NO2

H

O

NO2

8 96 8 73
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Table 2 (continued )

Entry Substrate Product With HOAc Without HOAc

Time (h) Yieldb (%) Time (h) Yieldb (%)

13
OH

O2N
H

O

O2N

4 96 4 83

14
OHO

O
H

O

O

O

2 97 2 80

15

OH
O

H 2 90 2 39

16 OH
H

O
4 91 4 41

17 Ph
OH Ph

H

O
9 93 9 55

18
OH

H

O

11 92 11 59

a The ratio of alcohols, IBX, and HOAc is 1:1.2:1.2.
b The reported yields are isolated yields after the crude mixture was passed through a short path of silica gel.
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electron-donating substituent on the benzene ring only exhibits
electronic donating effect and faster oxidation is observed (entries
3, 5, and 14). Moreover, the oxidation of benzylic (entries 1e14) and
allylic (entries 15 and 16) alcohols is faster than that of the aliphatic
ones (entries 17 and 18). Among all cases, there is a dramatic im-
provement of yields (10e51%) by the addition of acetic acid.

It is noteworthy that the addition of acetic acid in other solvent
systems did not show marked improvements in reaction times and
yields for the IBXoxidation of alcohols. For example, the oxidation of
alcohols by IBX in DMSO in the presence of acetic acid similar re-
action time was needed to give comparable yields of aldehyde
products compared with those in the absence of acetic acid. How-
ever, these reactions required more amounts (2e3 equiv) of IBX for
the oxidation to go completion as opposed to only 1.2 equiv of IBX
were needed when acetonitrile was used. The oxidation was also
carried out in DMF as the solvent under the similar reaction condi-
tions as those using DMSO but demanded more solvent because of
the poor solubility of IBX in DMF. In addition, the boiling point of
acetonitrile (81 �C) is much lower that that of DMSO (189 �C) and
DMF (153 �C), which renders it easily removed after the reaction.

The role of acetic acid in this oxidation reaction presumably is an
external proton source to assist the formation and dissociation of
water molecule from the intermediate derived from alcohols and
IBX based on the work of Frigerio and Palmisan,14 in which the
mechanism of IBX oxidation of alcohols involved the liberation of
1 mol of water molecule. We reasoned that the addition of acetic
acid in the oxidation reaction would aid the elimination of water
resulting in acceleration of the oxidation.
3. Conclusion

In conclusion, a new, practical, and effective protocol for the
oxidation of primary alcohols to the corresponding aldehydes using
IBX and acetic acid has been developed. This protocol presents
a mild, simple, and convenient methodology for the conversion of
primary alcohols to the corresponding aldehydes using IBX, which
is a cheap, mild, and easily available reagent. Among all the re-
actions, there is a dramatic improvement of yields (10e51%) by the
addition of acetic acid. A wide range of primary alcohols can be
oxidized to the corresponding aldehydes in excellent yields dem-
onstrating the usefulness of our method.

4. Experimental

4.1. General

1H and 13C NMR spectra were recorded on a Varian Mercury-
400 MHz spectrometer in deuterochloroform (CDCl3) with tetra-
methylsilane (TMS) as internal standard. Spectra in CDCl3 are ref-
erenced to the residual solvent peaks at d 0.00 (1H) and 77.0 (13C).
Coupling constants are reported in hertzwithmultiplicities denoted
as s (singlet), d (doublet), t (triplet), q (quartet), and m (multiplet).
High-resolution mass spectrometry (HRMS) analyses were de-
termined on a Jeol JMS-HX 110 spectrometer. The optical rotations
were measured in CHCl3 solution with a cuvette of 1 dm length on
a PerkineElmer 241 polarimeter. IR spectra were recorded with
a Bruker Tensor 27 FT-IR and only structurally important peaks are
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listed. Melting points were measured on a Mel-Temp II with a cap-
illary melting point tube. Thin-layer chromatography (TLC) plates
visualized by exposure to ultraviolet light at 254 nm and/or im-
mersion in a staining solution (phosphomolybdic acid) followed by
heating on a hot plate. Flash chromatography was carried out uti-
lizing silica gel 60, 70e230meshASTM.All reagents and solvents are
commercially available and were used without further purification.
IBX was prepared according to the literature procedure.36

4.2. General procedure

A suspension of the alcohol (1 mmol), IBX (1.2 mmol), and acetic
acid (1.2mmol) in acetonitrile (5mL)was stirred vigorously at room
temperature. The reaction progress was monitored by TLC plate or
1H NMR. After completion of the reaction, sodium bicarbonate
(100 mg) was added to the mixture. The resulting mixture was
passed through a short path of silica gel using ethyl acetate as the
eluent. After removal of the solvent, desired aldehydewas obtained.

4.2.1. Benzaldehyde. Yield: 100 mg (94%). Colorless oil. IR (KBr,
neat): 3073 (m), 2827 (m), 2745 (m), 1696 (s) cm�1; 1H NMR
(400 MHz): d 10.01 (s, 1H), 7.75e7.79 (m, 2H), 7.60e7.42 (m, 3H);
13C NMR (100 MHz): d 192.2, 136.2, 134.1, 129.8, 128.7; MS:m/z 106
(Mþ, 62.8), 105 (91.9), 91 (44.7), 77 (100.0); HRMS m/z calcd C7H6O
for Mþ 106.0419, found Mþ 106.0422.

4.2.2. 2-Methoxybenzaldehyde. Yield: 129 mg (95%). White solid.
Mp¼36e41 �C; IR (KBr, CHCl3): 3011 (m), 2843 (m), 2758 (m), 1690
(s) cm�1; 1H NMR (400 MHz): d 10.48 (s, 1H), 7.82 (dd, J¼8.0, 1.6 Hz,
1H), 7.54 (td, J¼8.0, 1.6 Hz, 1H), 7.02e6.98 (m, 2H), 3.90 (s, 3H); 13C
NMR (100MHz): d 188.9,161.3, 136.0,128.4,124.6,120.5,111.4, 55.7;
MS: m/z 136 (Mþ, 100.0), 135 (55.6), 77 (84.9); HRMS m/z calcd
C8H8O2 for Mþ 136.0524, found Mþ 136.0531.

4.2.3. 4-Methoxybenzaldehyde. Yield: 129 mg (95%). Colorless oil.
IR (KBr, neat): 3011 (w), 2826 (w), 2738 (w), 1700 (s) cm�1; 1H NMR
(400 MHz): d 9.81 (s, 1H), 7.76 (d, J¼8.8 Hz, 2H), 7.02 (d, J¼8.8 Hz,
2H), 3.80 (s, 3H); 13C NMR (100 MHz): d 190.5, 164.4, 131.6, 129.8,
114.0, 55.5; MS: m/z 136 (Mþ, 68.0), 135 (100.0), 77 (38.9); HRMS
m/z calcd for C8H8O2 Mþ 136.0524, found Mþ 136.0517.

4.2.4. 2-Methylbenzaldehyde. Yield: 114 mg (95%). Colorless oil. IR
(KBr, neat): 3030 (w), 2850 (w), 2733 (w), 1698 (s) cm�1; 1H NMR
(400 MHz): d 10.29 (s, 1H), 7.80 (d, J¼4.4 Hz, 1H), 7.49e7.44 (m,1H),
7.37e7.32 (m, 1H), 7.28 (d, J¼4.4 Hz, 1H), 2.66 (s, 3H); 13C NMR
(100 MHz): d 192.8, 140.3, 133.9, 133.5, 131.9, 131.6, 126.2, 20.1; MS:
m/z 120 (Mþ, 40.3), 119 (48.8), 91 (100.0), 65 (27.4); HRMSm/z calcd
for C8H8O Mþ 120.0575, found Mþ 120.0570.

4.2.5. 4-Methylbenzaldehyde. Yield: 114 mg (95%). Colorless oil. IR
(KBr, neat): 3040 (m), 2825 (m), 2736 (m), 1700 (s) cm�1; 1H NMR
(400 MHz): d 9.96 (s, 1H), 7.75 (d, J¼8.0 Hz, 2H), 7.30 (d, J¼8.0 Hz,
2H), 2.42 (s, 3H); 13C NMR (100 MHz): d 192.0, 145.4, 134.0, 129.8,
129.7, 21.8; MS:m/z 120 (Mþ, 80.9), 119 (100.0), 91 (61.1), 65 (52.0);
HRMS m/z calcd for C8H8O Mþ 120.0575, found Mþ 120.0567.

4.2.6. 2-Fluorobenzaldehyde. Yield: 115 mg (93%). Colorless oil. IR
(KBr, neat): 3069 (m), 2858 (m), 2763 (m), 1699 (s) cm�1; 1H NMR
(400 MHz): d 10.35 (s, 1H), 7.89e7.82 (m, 1H), 7.77e7.61 (m, 1H),
7.27e7.17 (m, 2H); 13C NMR (100 MHz): d 187.3, 169.9, 136.7, 128.8,
124.6,124.4, 117.0; MS:m/z 124 (Mþ, 24.5), 123 (100.0), 95 (32.6), 75
(26.2); HRMS m/z calcd for C7H5FO Mþ 124.0324, found Mþ

124.0322.

4.2.7. 4-Fluorobenzaldehyde. Yield: 114 mg (92%). Colorless oil. IR
(KBr, neat): 3071 (w), 2827 (w), 2742 (w), 1701 (s) cm�1; 1H NMR
(400 MHz): d 9.98 (s, 1H), 7.93e7.89 (m, 2H), 7.25e7.20 (m, 2H); 13C
NMR (100 MHz): d 189.9, 167.4, 164.8, 132.4, 132.1, 116.0, 115.5; MS:
m/z 124 (Mþ, 69.1),123 (100.0), 95 (73.8), 75 (43.0); HRMSm/z calcd
for C7H5FO Mþ 124.0324, found Mþ 124.0319.

4.2.8. 2-Chlorobenzaldehyde. Yield: 134 mg (95%). Colorless oil. IR
(KBr, neat): 3069 (w), 2849 (w), 2761 (w), 1697 (s) cm�1; 1H NMR
(400 MHz): d 10.43 (s, 1H), 7.86 (td, J¼8.0, 1.6 Hz, 1H), 7.52e7.35 (m,
3H); 13C NMR (100 MHz): d 189.8, 137.7, 135.2, 132.2, 130.3, 129.5,
127.3; MS: m/z 140 (Mþ, 69.0), 139 (100.0), 111 (56.3), 75 (43.9), 50
(35.3); HRMS m/z calcd for C7H5ClO Mþ 140.0029, found Mþ

140.0031.

4.2.9. 4-Chlorobenzaldehyde. Yield: 136 mg (97%). White solid.
Mp¼43e46 �C; IR (KBr, CHCl3): 3056 (m), 2833 (ms), 2727 (ms),
1709 (s) cm�1; 1H NMR (400 MHz): d 9.96 (s, 1H), 7.82 (d, J¼8.0 Hz,
2H), 7.48 (d, J¼8.0 Hz, 2H); 13C NMR (100MHz): d 190.7, 141.1, 134.9,
131.0, 129.4; MS: m/z 140 (Mþ, 83.3), 139 (100.0), 111 (57.6), 75
(77.1), 50 (39.1); HRMS m/z calcd C7H5ClO for Mþ 140.0029, found
Mþ 140.0026.

4.2.10. 2-Bromobenzaldehyde. Yield: 172 mg (93%). Colorless oil. IR
(KBr, neat): 3019 (m), 2862 (m), 2757 (m), 1698 (s) cm�1; 1H NMR
(400 MHz): d 10.23 (s, 1H), 7.86e7.79 (m, 1H), 7.56e7.49 (m, 1H),
7.33e7.28 (m, 2H); 13C NMR (100 MHz): d 191.3, 135.3, 133.6, 133.2,
130.1, 127.9, 126.8; MS: m/z 184 (Mþ, 60.1), 183 (100.0), 155 (39.2),
75 (48.8), 50 (67.6); HRMS m/z calcd for C7H5BrO Mþ 183.9524,
found Mþ 183.9531.

4.2.11. 4-Bromobenzaldehyde. Yield: 176 mg (95%). White solid.
Mp¼56e58 �C; IR (KBr, CHCl3): 3077 (w), 2820 (m), 2766 (m), 1694
(s) cm�1; 1H NMR (400 MHz): d 9.99 (s, 1H), 7.74 (d, J¼8.4 Hz, 2H),
7.68 (d, J¼8.4 Hz, 2H); 13C NMR (100 MHz): d 191.2, 135.2, 132.3,
130.8, 129.7; MS: m/z 184 (Mþ, 81.9), 185 (100.0), 183 (94.7), 155
(48.1), 76 (41.5), 50 (56.1); HRMS m/z calcd for C7H5BrO Mþ

183.9524, found Mþ 183.9527.

4.2.12. 2-Nitrobenzaldehyde. Yield: 145mg (96%). Pale yellow solid.
Mp¼40e43 �C; IR (KBr, CHCl3): 3061 (w), 2860 (w), 2749 (w), 1700
(s), 1532 (s), 1344 (s) cm�1; 1H NMR (400 MHz): d 10.42 (s, 1H),
8.12e7.78 (m, 5H); 13C NMR (100 MHz): d 188.2, 149.6, 134.2, 133.8,
131.4, 129.7, 124.5; MS: m/z 151 (Mþ, 0.27), 121 (77.9), 93 (50.0), 76
(69.4), 65 (100.0), 51 (83.1); HRMS m/z calcd for C7H5NO3 Mþ

151.0629, found Mþ 151.0272.

4.2.13. 4-Nitrobenzaldehyde. Yield: 145mg (96%). Pale yellow solid.
Mp¼105e106 �C; IR (KBr, CHCl3): 3070 (w), 2850 (ms), 2733 (w),
1703 (s), 1549 (m), 1345 (m) cm�1; 1H NMR (400 MHz): d 10.16 (s,
1H), 8.37 (d, J¼8.8 Hz, 2H), 8.05 (d, J¼8.8 Hz, 2H); 13C NMR
(100 MHz): d 190.1, 151.2, 140.0, 130.4, 124.0; MS: m/z 151 (Mþ,
0.35), 121 (79.1), 93 (49.9), 76 (71.6), 65 (100.0), 51 (79.9); HRMSm/
z calcd for C7H5NO3 Mþ 151.0629, found Mþ 151.0271.

4.2.14. Piperonal. Yield: 146 mg (97%). White solid. Mp¼35e37 �C;
IR (KBr, CHCl3): 3078 (w), 2843 (w), 2740 (w), 1688 (s) cm�1; 1H
NMR (400 MHz): d 9.73 (s, 1H), 7.36 (dd, J¼8.0, 1.6 Hz, 1H), 7.25 (d,
J¼1.6 Hz, 1H), 6.88 (d, J¼8.0 Hz, 1H), 6.09 (s, 2H); 13C NMR
(100MHz): d 190.0, 153.1, 148.4, 131.8, 128.5, 108.2, 107.0, 102.1; MS:
m/z 150 (Mþ, 95.1), 149 (100.0), 121 (39.6), 63 (44.5); HRMS m/z
calcd for C8H6O3 Mþ 150.0317, found Mþ 150.0325.

4.2.15. (S)-(�)-Perillaldehyde. Yield: 135 mg (90%). Colorless oil.
[a]D23 �112 (c 1.00, CHCl3); IR (KBr, neat): 3081 (w), 2932 (ms), 2843
(w), 2720 (w), 1690 (s) cm�1; 1H NMR (400 MHz): d 9.46 (s, 1H),
6.86e6.84 (m,1H), 4.78e4.74 (m, 2H), 2.50e2.44 (m, 2H), 2.31e2.15
(m, 3H), 1.97e1.90 (m, 1H), 1.79 (s, 3H), 1.57e1.37 (m, 1H); 13C NMR
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(100 MHz): d 193.7, 150.6, 148.3, 141.3, 109.7, 40.8, 31.6, 26.4, 21.8,
20.7; MS: m/z 150 (Mþ, 20.1), 107 (39.0), 79 (59.2), 68 (100.0);
HRMS m/z calcd for C10H14O Mþ150.1045, found Mþ150.1039.

4.2.16. Crotonaldehyde. Yield: 64 mg (91%). Colorless oil. IR (KBr,
neat): 3039 (w), 2811 (w), 2727 (w), 1700 (s) cm�1; 1H NMR
(400 MHz): d 9.50 (d, J¼7.8 Hz, 1H), 6.88 (qd, J¼15.6, 6.8 Hz, 1H),
6.15 (qdd, J¼15.6, 7.8, 1.6 Hz, 1H), 2.03 (dd, J¼6.8, 1.6 Hz, 3H); 13C
NMR (100 MHz): d 194.0, 154.3, 134.6, 18.6; MS: m/z 70 (Mþ, 12.7),
69 (100.0), 57 (17.4); HRMS m/z calcd for C4H6O Mþ 70.0419, found
Mþ 70.0411.

4.2.17. Phenylacetaldehyde. Yield: 112 mg (93%). Colorless oil. IR
(KBr, neat): 3029 (m), 2945 (m), 2823 (m), 2726 (m), 1720 (s) cm�1;
1H NMR (400 MHz): d 9.65 (s, 1H), 7.38e7.28 (m, 5H), 3.61 (s, 2H);
13C NMR (100 MHz): d 199.0, 131.6, 129.3, 128.6, 127.6, 127.0, 50.3;
MS: m/z 120 (Mþ, 27.9), 91 (100.0), 65 (18.4); HRMS m/z calcd for
C8H8O Mþ 120.0575, found Mþ 120.0570.

4.2.18. Cyclohexanecarboxaldehyde. Yield: 103 mg (92%). Colorless
oil. IR (KBr, neat): 2910 (s), 2855 (ms), 2707 (ms), 1725 (s) cm�1; 1H
NMR (400 MHz): d 9.60 (s, 1H), 1.88e1.83 (m, 1H), 1.93e1.21 (m,
10H); 13C NMR (100 MHz): d 203.9, 48.9, 25.2, 24.1; MS: m/z 112
(Mþ, 15.1), 111 (47.6), 96 (73.7), 83 (91.6), 55 (100.0); HRMS m/z
calcd for C7H12O Mþ 112.0888, found Mþ 112.0881.
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