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Modified McFadyen-Stevens reaction from N, N-acylsulfonyl hydrazine to the corresponding aldehyde was developed. Exploration of the
reaction mechanism revealed the intermediacy of hydroxy carbene intermediate. (24 words)
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The traditional McFadyen-Stevens reaction requires harsh alkaline reaction conditions, thus precluding
application to the synthesis of aliphatic aldehydes. Our modified McFadyen-Stevens reaction enables the
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transformation from the N,N-acylsulfonyl hydrazine to the corresponding aldehyde upon treatment with

an imidazole-TMS imidazole combination without relying on oxidative or reductive reagents. The
reduced basicity and in situ protection of the resulting aldehyde widens the substrate scope to include
aliphatic aldehydes, even ones bearing an a-hydrogen atom. Close examination of the side reactions for
particular substrates in combination with theoretical considerations via DFT calculations led to a
15 mechanistic understanding of the McFadyen-Stevens reaction involving an acyl diazene and a hydroxy

carbene as reasonable intermediates.

Introduction

Aldehydes are one of the most utilized synthetic units because

they are important precursors to a variety of structural motifs.
2 Thus, the development of a novel synthetic methodology for
preparing this functionality has regained much attention and a
number of methods have been established to date. Nonetheless,
within the context of synthesizing complex structures and
functionalities, it often remains difficult to specify an adequate
preparative method for the targeted aldehyde, indicating the need
for further development in this field. Most preparative methods
have focused on the oxidation of alcohols,® and not a reductive
approach from the carboxylic acid or its derivatives.” Thus, as
part of our on-going research toward the development of efficient
redox transformations with distinct functional groups, we began
exploring novel reductive transformations into aldehydes.

Among the various known methods for transformation of
carboxylic acid into aldehyde, the traditional McFadyen-Stevens
reaction® still holds a unique position. Under the original
conditions reported in 1936, N,N’-acylbenzenesulfonyl hydrazine
1 that is easily prepared via condensation between
benzenesulfonyl hydrazide and carboxylic acid is treated with
potassium carbonate in ethylene glycol at 160 °C. The aldehyde
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a. Original McFadyen -Stevens Reaction32.6
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b. Our Working Hypothesis
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Scheme 1. Traditional McFadyen-Stevens reaction and our working
hypothesis

so is obtained from the corresponding carboxylic acid without using
any oxidants or reductants (Scheme 1a).* Unfortunately, the
harsh alkaline reaction conditions, which might cause an aldol
reaction or a Cannizzaro reaction, hampered the expansion of the
scope to include preparation of aliphatic aldehydes. To solve this

ss problem, several improvements on the reaction conditions have
been devised.> After Sprecher’s first application to synthesize
aliphatic aldehyde without an a-hydrogen,® Babad widened the
substrate scope to include those bearing an a-hydrogen atom by
rapidly distilling the aldehyde from the reaction mixture.>

0 Shechter then reported the merit of flash vacuum pyrolysis (FVP)
to prepare volatile aliphatic aldehydes.>" Despite these
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Table 1. Optimization of the reaction conditions.?

Table 2. Synthesis of aromatic aldehydes.

0] o |
EDCI-HCI, DMAP N
oo

TsNHNHBoc (10)
CH,Cly, rt

9 1

97%

TMSCI Ha see Table
MeCN toluene
0°Ctort

30/0

OTMS

’Af -

entry base®/additive® tngz:p). “(W)e 13y|el(i 4(%)d15
1 —/- 80 18 0 32 30
2 EtsN/- 80 15 0 65 15
3 DBU/- rt 0.5 46 45 0
4 N-methylimidazole/— rt 20 35 45 0
5 imidazole/- rt 18 83 0 0
6 imidazole/- 50 6 87 3
7 imidazole/TMS-imidazole 55 4 99 0

“Reaction was performed under Ar. 2.0 eq of base were used. °2.0 eq of
additive were used. “Yield of the isolated product.

improvements and the exclusion of redox reagents, the
McFadyen-Stevens reaction of aliphatic substrates remains
unpopular.

Herein we disclose a milder preparative method for the acyl
diazene intermediate to broaden the scope of this reaction to
include base-sensitive aliphatic aldehydes. Craig’s seminal
mechanistic study® indicated that the reversible elimination of the
benzenesulfinate ion from 2 and N-H insertion of nitrene 3 to
give acyl diazene intermediate 4 can reasonably explain the
formation of aldehyde via the McFadyen-Stevens reaction. They
proposed that the decomposition of acyl diazene 4 and the
concomitant loss of dinitrogen lead to the formation of aldehyde
5. We planned to change the position of the sulfonyl group as in
N,N-acylsulfonylhydrazine’ 6 in analogy to our previous studies
for preparation of o-diazoacetates® and oximes® via -elimination
of the sulfinate ion to form hetero-hetero double bonds™ (Scheme
1b). Because the slow N-H insertion process from nitrene 3 is
responsible for the high temperature required in the traditional
McFadyen-Stevens reaction,® we expected that the more facile
elimination of the sulfinate ion from 6, which would directly lead
to the identical acyl diazene 7, would reduce the reaction
temperature. Additionally, because the higher electron density of
the neighboring nitrogen atom would facilitate the elimination of
a sulfinate ion from 6, an even weaker base could be employed
for the reaction, thereby suppressing the side reactions.

a. EDCI-HCI
DMAP
TsNHNHBoc (10) lo) ¢. imidazole
o} CH,Cly, rt Jk TMS-imidaXxalew Arti
oo ——————»
OH p. TMSCI, Nal ! toluene, 55°C; R™ "H
MeCN Ts citric acid
0°Ctort MeOH, rt
A B
entry hydrazide aldehyde yield (%)
A/B
1 R, =] 70/93
2 =CO,Me 92/82
3 =CF; 66/ 80
4 96/ 60
5 R, OMe 83/78
6 R| =NO, 70/ 0P
7 R, = OMe 69/95
9 Bpm 78 /80

O
x CHO
| | | 92/80
e
Nig N N NK

‘(1( Br—(/j\ 88/93
$7 cHo

Reagents and conditions: (a) EDCI-HCI (1.2 eq), DMAP (0.10 eq),
TsNHNHBoc (10, 1.0 eq), CH,Cl,, 0 °C to rt; (b) TMSCI (2.0 eq), Nal

35 (3.0 eq), MeCN, 0 °C to rt; (c) imidazole (2.0 eq), TMS-imidazole (2.0

eq), toluene, 55 °C; citric acid (10 eq), MeOH, rt. *HATU (1.1 eq) was
used in step a. "Methyl ester was obtained instead via the formation of
acyl imidazole intermediate. °Yield of isolated product.

» Results and Discussion

Development of the Reaction Conditions.

We initially examined the synthesis of aromatic aldehyde to
investigate the viability of our working hypothesis. To this end,
2-naphthoic  acid 9 and  N,N’-tert-butoxycarbonyl-p-

45 toluenesulfonyl hydrazine 10 were condensed using modified

Bihel’s procedure™ followed by removal of the Boc group of 11
by treatment with trimethylsilyl iodide to give N,N-2-naphthoyl-
toluenesulfonyl hydrazine 12. Table 1 shows the results from the
attempted synthesis of naphthaldehyde 13 from 12. Heating in

so toluene alone or in the presence of EtsN at 80 °C caused the

transposition of the acyl group to the adjacent nitrogen atom to
form stable N,N’-2-naphthoyl-p-toluenesulfonyl hydrazine 14
with concomitant formation of a small amount of hydrazone 15,
indicative of the formation of 2-naphthaldehyde 13 (entries 1, 2).

ss Gratifyingly, the desired 2-naphthaldehyde was observed when

12 was treated with DBU or N-methylimidazole at room
temperature, albeit with the formation of a significant amount of
14 (entries 3, 4). Transformation to aldehyde 13 was most
efficiently performed when imidazole was used as the base, with
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lo] a. EDCI-HCI
DMAP
OH TsNHNH2 (18)
o) 17 CH20I2 75% MeO
c. CICO,i-Bu, NMM b. imidazole
949% CH,Cly; TMS-imidazole
° NsNHNH, (21) toluene
DMAP 55 °C to reflux
d. imidazole o
TMS imidazole .
Ns toluene :
citric acid MeO 20 (75%)
MeOH

Scheme 2. Difference between tosyl and nosyl groups for preparation of
aliphatic aldehydes. Reagents and conditions: (a) EDCI-HCI (1.2 eq),
DMAP (0.2 eq), TSNHNH, (18, 1.2 eq), CH.Cl,, rt, 75%; (b) imidazole
5 (2.0 eq), TMS-imidazole (2.0 eq), toluene, 55 °C to reflux; (c) CICO,i-Bu

(1.1 eq), N-methylmorpholine (1.1 eq), CH,Cl,, rt; NsSNHNH, (21, 1.2 eq),

DMAP (0.2 eq), 0 °C to rt, 94%; (d) imidazole (2.0 eq), TMS-imidazole
(2.0 eq), toluene, 55 °C; citric acid (10 eq), MeOH, rt, 75%.

10 Table 3. Synthesis of aliphatic aldehydes.

a. CICO,/-Bu b. imidazole
NMM 0 TMS-imidazole
0 CHCly, 1t J\ NH, toluene, 55 °C; (0]
HJ\OH DMAP R™ N citric acid RJ\ H
NSNHNH, (21) Ns MeOH, rt
0°Ctort
A B
" \Id O/ a
entry hydrazide aldehyde yn\ :(Bo)
| ~CHO
1 Q L N O 88/78
N .
+Bu s t-Bu
2 @w I NH, @w“.wo 89/74
NS
3 81/64
4 87/52

Reagents and conditions: (a) CICO,i-Bu (1.1 eq), N-methylmorpholine

(1.1 eq), CH,Cl,, rt; NsSNHNH, (21, 1.2 eq), DMAP (0.2 eq), 0 °C to rt;

(b) imidazole (2.0 eq), TMS-imidazole (2.0 eq), toluene, 55 °C; citric acid
15 (10 eq), MeOH, rt. *Yield of isolated and purified product.

none of the rearranged product observed at room temperature
(entry 5). Since acceleration of the reaction at higher temperature

resulted in the formation of a small amount of hydrazone 15
» (entry 6), in situ protection of the aldehyde was deemed
necessary. After extensive experimentation, TMS-imidazole
proved to be the ideal reagent to circumvent the formation o
hydrazone 15 because facile formation of hemlamlngfrvi%rtIC eko (]me
the reactive aldehyde, which, upon acidic workup, regenerated
aldehyde 13 in high yield.

We next examined the applicability of this methodology to the
other aromatic carboxylic acids (Table 2). Under the standard
reaction conditions discussed above, benzoic acids with para-
(entries 1-5) or meta- (entries 7-9) substitutions could be
efficiently converted to the corresponding aldehydes. The
reaction conditions were mild enough that even the pinacol borate
moiety survived the transformation (entry 9). For the substrates
with electron withdrawing substituents, the yields were either
moderate (entries 3, 8) or, in the case of p-nitro group, zero in
step B (entry 6) due to the formation of the acyl imidazole,
resulting in the formation of the methyl ester after treatment with
citric acid in methanol. The quinolone antibiotic nalidixic acid
was successfully converted into the corresponding aldehyde™
without affecting the pyridine and the carbonyl moieties® (entry
2 10). 5-Bromo-2-thiophenecarboxylic acid was also a good

substrate (entry 11).

One of the serious limitations of the traditional McFadyen-
Stevens reaction is difficulty in preparing aliphatic aldehydes,
especially the ones bearing o-hydrogen. Thus, we next

45 envisioned the application of our modified McFadyen-Stevens
reaction to aliphatic substrates. To this end, 3-(4-
methoxyphenyl)propionic acid 17 was chosen as the substrate.
Aliphatic substrate 19 was prepared by condensation with
TsNHNH, in the presence of DMAP according to the report by
Tanino and Namba'™ (Scheme 2). To our disappointment, the
reaction of 19 did not proceed under the conditions used to
synthesize aromatic aldehydes, even in refluxing toluene.
Comparing the 'H NMR spectra of aromatic substrate 12 and
aliphatic substrate 19 revealed a substantial difference between
the chemical shifts of the N-H signals (4.6 ppm for 12 and 4.2
ppm for 19), indicative of the reduced acidity of N-H proton in 19.
Thus, the tosyl group was replaced with a more electron-
withdrawing, 2-nitrobenzenesulfonyl (nosyl) group,* which is
expected to cause more facile elimination of the sulfinate ion.
Gratifyingly, use of a nosyl group dramatically increased the
reactivity. When treated with imidazole and TMS-imidazole at
55 °C, N,N-acyl-nosyl hydrazine 22, prepared via a mixed
anhydride method from 17 and 2-nitrobenzenesufonyl hydrazine
21,** underwent smooth elimination of the sulfinate to give, after
an acidic workup with citric acid in methanol, the desired
aldehyde 20 in 75% vyield. In situ protection of the aldehyde with
TMS-imidazole was needed to prevent the formation of the
corresponding hydrazone. The above results constitute the
establishment of a new McFadyen-Stevens—type reaction, which
is applicable to aliphatic aldehyde bearing an a-hydrogen atom.

We next investigated the scope and limitations of the method
for synthesis of aliphatic aldehydes. 4-tert-
Butylcyclohexanecarboxylic acid (Table 3, entry 1) and trans-2-
phenylcyclopropane-1-carboxylic acid (entry 2), which both bear
7 two alkyl groups at the a-position, were excellent substrates for

the two-step transformation into the corresponding aldehydes.
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Preparation of gibberellin  As-7-carboxyaldehyde™  from
gibberellic acid was also examined (entry 3). Thus, gibberellic
acid was condensed with NsNHNH, to afford selectively the
desired hydrazide without affecting the two hydroxy groups.
After treatment with imidazole and TMS-imidazole, the reaction
mixture was treated with citric acid and potassium fluoride in
methanol to give gibberellin As-7-carboxyaldehyde in 64% vyield
without cumbersome protection/deprotection steps. Entry 4
represents the transformation of indomethacin into the
corresponding aldehyde. Due to the difficulty of this
transformation, low yields have been reported for both the one-
step reduction of acid chloride® and the oxidation of the
alcohol.!” This rather unexpected difficulty was attributed to the
unstable nature of the indole acetaldehyde moiety®® and the
presence of the reactive p-chlorobenzoyl group.™ In our case, the
reaction successfully gave indomethacin aldehyde in 52% vyield.
The moderate yield is attributed to the instability of the aldehyde,
which slowly decomposed upon standing at room temperature.
Thus, we have successfully demonstrated the two-step
preparation of aliphatic aldehydes from carboxylic acids via the
modified McFadyen-Stevens reaction.

Mechanistic Studies.

We next focused on the mechanism of our modified
McFadyen-Stevens reaction represented by the transformation of
N,N-acylsulfonylhydrazine 6 to aldehyde 8. Initially, we tried to
verify the formation of the acyl diazene intermediate from our
working hypothesis in Scheme 1b using deuterated cinnamate 23
as a substrate (Scheme 3). When 23 was submitted to the
conditions to form the aldehyde, the desired deuterated
cinnamaldehyde (24) was obtained (13%) with concomitant
formation of methyl hydrocinnamate (25) in 15% yield bearing
the partially deuterated methylenes at the a- and B-positions to
the carbonyl functionality. The reaction affording 25 could be
reasonably explained by the intermediacy of acyl diazene 26.
Diazene rearrangement'®%% from 26 would form deuterated
ketene 27, which would subsequently be trapped by imidazole-d,
to give 28. 28 would then be transformed into methyl ester 25
during the acidic workup. Hence, this result successfully
corroborates the intermediacy of acyl diazene 26.

For the reaction from 6 to aldehyde 8 via acyl diazene
intermediate 29, two reaction pathways are plausible, namely, via
acyl radical 30 or hydroxy carbene 31 (Scheme 4).2! It has been
postulated that acyl radical 30, which could be generated via acyl
diazenyl radical 32, is the precursor to aldehydes from acyl
hydrazides under oxidative conditions of Kalb-Gross-type
reactions.?? A similar scenario involving radical species could
reasonably explain the formation of aldehyde in the McFadyen-
Stevens reaction (mechanism A).2?* Craig proposed another
viable mechanism where hydroxy carbene intermediate 31 plays a
key role.® Because hydroxy carbene is a well-known precursor to
the corresponding aldehyde,® this route is considered as the
alternative pathway (mechanism B).® Thus, we designed an
experiment to determine which intermediate is more plausible in
our case.

After extensive experimentation, the results using camphanic
acid as the substrate cast light on this issue (Scheme 5). Among
the three reaction products from 33—aldehyde 34, dicarboxylic

imidazole-d,
o TMS-imidazole o

X .ND, toluene, 55 °C; x

N . D

! = >99%D

©/\st citric acid ©/\)‘\ 5
l MeOH, rt Vigw#rtid@bnline
[ NG 44%D D

D) LN
&) OMe

(o} D 63%D

25 (15%)

26
_N2
T o T 1 MeOH
R N/\\'N
27 imidazole-d, - I \w/

6 Scheme 3. Evidence of acyldiazene intermediate.* Reagents and
conditions: imidazole (2.0 eq), TMS-imidazole (2.0 eq), toluene, 55 °C;
citric acid (10 eq), MeOH, rt. *Methyl cinnamate (49%) was also obtained
in the reaction. See supporting information for details. ®23 was prepared
by treatment with CD;OD followed by evaporation under reduced
pressure. Deuterium content was determined by *H NMR analysis.

6!

&

i o 32 (l) o
-NH Ne | —™ g —
RTONTT® NN R) 30 RJ\H 8
SO,Ar acyl radical
6 A
(0] 29 5 OH
l—» s |- — | )
R™ "N™ "H R”+ 381
hydroxy carbene

Scheme 4. Possible reaction pathway of our modified McFadyen-Stevens
reaction.

TMS-imidazole
|m|dazole
05 HOZC
O toluene, 55 °C
Ns N

70

citric acid COZH
MeQHLLD 34 (32% 35 (30%) 36(12%)
A B
- |e
o _/%_»35 o 1%
0 36 0
37 =0 38 -—OH 0~ 39

Scheme 5. Evidence against the radical pathway. Reagents and
Conditions: imidazole (2.0 eq), TMS-imidazole (2.0 eq), toluene, 55 °C;
citric acid (10 eq), MeOH, rt.

75

acid 35, and cyclic acid anhydride 36—the latter two, 35 and 36
would indicate cleavage of the C1-O bond. If the reaction
involves acyl radical intermediate 37, C1-C7 cleavage would
preferentially proceed to give a tertiary radical instead of C1-O
cleavage. Entry 2 of Table 3 also indicates that the cyclopropane
ring next to the carbonyl moiety remains intact throughout the
reaction, which is inconsistent with the involvement of
cyclopropyl carbinyl radical species because cyclopropane would
preferentially be opened.”® In the presence of 1.0 eq of
ss Galvinoxyl free radical, the yield of the reaction from 12 to 13
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Me )l\ N\H N/\NH )J\ / H N/\NH |'<,H'N K/ \H-
1.7 I| l4nH ||i1\\/ +9. > | ;\:<5. E/ O‘;“ 'I-'.“NANH +10.1 “6“ i r\)
Ss L2 2 NN = > 131 ‘
Me” y O- HNS Me” \\\O HN’» Me)l\/N/{z; £ /‘\ V\]ew Hiticle dnline
144 x 9 1 |>N 19
CP1 (40) St CP3 (41) TS2
j’f}f-H. 1.04 HN'—\
120~ \ 179 _®¢\ N. HO97
ZN-=TH=NT 3y K/ 104 52
) 2 -1 ~ -16.7 1.38 179
-6.3 Me” /N S - 6 o A /& 1
ELL I8 B - Y o )
S Me SNSRIz N —NH 19O~N
Me \\O HN/S |:x|(*3‘>gl\( é_N»q\ 11s@
cP2 (41) CP4 R CP5 (42)
Figure 1. Elimination pathway of the sulfinyl group from acyl hydrazine +
in the presence of imidazole. Energy changes (AG) and bond lengths at HQC; _ H'\’"‘
the M062X/6-31+G(d) level are shown in kcal/mol and A, respectively. +11.4 I “"/l A -296 )
Me” /NN T NSy
1.64 / 1.10
1.12
TS3 CP6 (43)

j\ N\H

1.709 A |
S
N\

0o
o

Figure 2. ORTEP drawing of methyl 4-(1-tosylhydrazine-
carbonyl)benzoate (Table 2, entry 2, CCDC 911911) and rationale for the
elongation of the N-S bond.

did not change at all, which also contradicts the radical pathway.
On the other hand, the scenario involving hydroxy carbene
intermediate 38 could rationally explain these experimental
results. The formation of 35 and 36 can be understood
considering the ring-opening reaction from singlet”’ hydroxy
carbene intermediate 38 through the formation of ketene
intermediate 39. Thus, between the two possible mechanisms, the
one involving the hydroxy carbene intermediate, not the acyl
radical species, should warrant further mechanistic investigations.

To further justify the proposed reaction pathway, density
functional theory (DFT) calculations were performed with N,N-
acetylmesylhydrazine 40 as the model substrate. Figure 1 shows
the reaction and energy profile of the elimination step to give acyl
diazene intermediate 41 at the M062X/6-31+G(d) level. While
energetically plausible elimination pathways were not obtained in
the absence of base, addition of imidazole substantially
influenced the activation energy for the elimination of the sulfinyl
group, leading to acyl diazene intermediate 41 (Fig. 1). The low
activation energy (+9.1 kcal/mol) could be reasonably explained
by the elimination reaction facilitated by the push—pull synergy of
the two imidazole molecules through hydrogen bonding. The

importance of hydrogen bonding, both as a donor and an acceptor,

5

5!

6

3

a

3

Figure 3. Generation of hydroxy carbene from acyl diazene in the
presence of imidazole and imidazolium ion. Energy changes (AG), bond
lengths, and angles at the M062X/6-31+G(d) level are shown in kcal/mol,
A, and degrees, respectively.

i
H£ 97 H(\lv“h
L% /? +85 - /CL)
Me™ " a7 s »NANH — Me 3.|;5“N4\NH
\—/ ol
CP7 (44) TS4
H{)_W‘ H'\'"—
-8.9 1.43- ,O ® —-559 s O 146
Me” NN izati Me/}\Nﬁ
NH tautomerization H N
143 \v/ L
cPs cP9

Figure 4. Pathway from hydroxy carbene. Energy changes (AG) and bond
lengths at the M062X/6-31+G(d) level are shown in kcal/mol and A,
respectively.

was further confirmed by the experimental data employing Et;N
DBU, or N-methylimidazole as a base instead of imidazole (Table
1). These computational results are consistent with the
experimental fact that only the imidazole substantially accelerates
the elimination step and results in the smooth formation of
aldehyde.

X-ray crystallographic analysis of methyl 4-(1-tosylhydrazine-
carbonyl)benzoate (Fig. 2) also supports the calculated
elimination pathway. The elongated N-S bond (1.709(2) A)
compared to the ordinary one for a secondary sulfonamide (ca.
1.642 A)® suggests that the lone pair electron of the terminal
nitrogen atom is situated collaterally next to the o* orbital of the
N-S bond. The orientation of these orbitals appeared to be ideal
for elimination. In fact, a complex of 40 and two imidazoles (i.e.
CP1) in the DFT calculation (Fig. 1) had a similar orientation for
the sulfonylhydrazine moiety with the almost identical length for
the N=S bond (1.71 A), confirming the validity of the calculation.

We next examined the elimination of dinitrogen from acyl
diazene 41 to the corresponding hydroxy carbene by means of a
DFT calculation. Figure 3 shows the most likely reaction pathway
where a proton from the terminal nitrogen migrates to the

This journal is © The Royal Society of Chemistry [year]
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carbonyl oxygen and subsequent tautomerization with the aid of
imidazole/imidazolium to afford o-hydroxy diazoalkane
intermediate 42 with a low activation energy (+10.1 kcal/mol).
Disconnection of the diazo moiety from 42 occurs smoothly
along the intrinsic reaction coordinate with a low activation
energy (11.4 kcal/mol) and leads to a hydroxy carbene. The large
stabilization energy of the last stage (-29.6 kcal/mol) can be
attributed to the formation of a dinitrogen molecule, which
provides the driving force for the present reaction. These
computational results further support the involvement of the
hydroxy carbene intermediate.

Since the above investigations indicate that the hydroxy
carbene is the probable intermediate, we speculate that the
hydroxy carbene would react with the imidazole to gain further
stabilization.?® A DFT calculation on this transformation supports
our assumption (Fig. 4). The reaction of hydroxy carbene 43 with
imidazole occurs smoothly with a low energy barrier, and affords
the hemiaminal with a great stabilization (-55.9 kcal/mol). This
adduct would rapidly react with TMS-imidazole to give the final
intermediate, silylated hemiaminal, which is similar to 16. The
DFT results support the experimental difficulty in trapping the
hydroxy carbene intermediate.® In addition to the overall large
energetic gain, the fact that each step in the present reaction
requires a rather low activation energy supports the experimental
result that the reaction proceeds even at room temperature.

Conclusions

In conclusion, our modified McFadyen-Stevens reaction
enables the transformation from carboxylic acid to the
corresponding aldehyde by means of the decomposition of N,N-
acylsulfonyl hydrazine in the presence of imidazole and TMS-
imidazole. This protocol has expanded the scope of the substrates
to include aliphatic aldehydes bearing an a-hydrogen atom,
which were previously difficult to prepare. The side reactions on
the special aliphatic carboxylic acids provided insights into the
mechanism for our modified McFadyen-Stevens reaction,
demonstrating the intermediacy of a hydroxy carbene. DFT
calculations further confirm the mode of action where the
reaction proceeds via the decomposition of an acyl diazene and a
subsequent reaction between imidazole and hydroxy carbene
intermediate. The present mechanistic study also indicates that
the traditional McFadyen-Stevens reaction would also involve the
hydroxy carbene intermediate. We believe this newly introduced
aldehyde synthesis, which does not require an oxidative or
reductive transformation, will play an important role in the
synthesis of multifunctional complex molecules.

Computational Details

All calculations were carried with the Gaussian 09 program
package.** The global reaction route mapping method (GRRM)*
based on Gaussian 09 was utilized to locate all local equilibrium
and TS structures as well as to optimize the geometries. The
molecular structures and harmonic vibrational frequencies were
obtained using the hybrid density functional method based on
M062X.3* We used 6-31+G* for the other atoms. Geometry
optimization and vibrational analysis were performed at the same
ss level. All stationary points were optimized without symmetry

3

&

=)

G

3

o

S

&

3

&

assumptions and were characterized by normal coordinate
analysis at the same level of theory (number of imaginary
frequencies, NIMAG, 0 for minima and 1 for TSs). The intrinsic
reaction coordinate (IRC) method was used to track the minimum

e Vlaal.Art\cle
energy paths from transition structures to the corresponding loca

minima.*

Experimental Section
Preparation of 2-Naphthaldehyde (13).

To a solution of 2-naphthoic acid (9, 172 mg, 1.00 mmol) in
dichloromethane (10 mL) at room temperature was added N-
ethyl-N’-(3-dimethylaminopropyl) carbodiimide hydrochloride
(230.0 mg, 1.20 mmol), N,N-dimethylamino pyridine (12.2 mg,
0.10 mmol) and N-tosyl-N'-tert-buthoxycarbonylhydrazine (10,
286 mg, 1.00 mmol). After stirring for 2 h, the solution was
quenched with saturated NH4ClI ag. (5 mL). The resulting mixture
was partitioned between EtOAc (20 mL) and water (5 mL). The
organic phase was collected and the aqueous phase was extracted
with EtOAc (20 mL) twice. The combined organic extract was
washed with brine, dried over anhydrous Na,SO,, filtered and
concentrated in vacuo. The residue was purified by flash column
chromatography on silica gel (15% EtOAc in n-hexane) to afford
tert-butyl 2-(naphthalene-2-carbonyl)-2-
tosylhydrazinecarboxylate (11) as a white solid. Rf = 0.53 (n-
hexane/EtOAc = 2:1, UV, Ce-PMA); Mp 157.5-157.8 °C; IR
(neat, cm™) 1734, 1715, 1700, 1507, 1249; *H NMR (CDCls, 400
MHz) 6 8.15 (s, 1H), 8.09 (d, J = 8.2 Hz, 2H), 7.85-7.81 (m, 3H),
7.63 (br, 1H), 7.59-7.50 (m, 2H), 7.37 (d, J = 7.8 Hz, 2H), 7.19
(brs, 1H), 2.46 (s, 3H), 1.32 (s, 9H); *C NMR (CDCl;, 100 MHz)
6 165.9, 154.2, 147.1, 145.3, 134.9, 134.2, 130.7, 129.7, 129.2,
128.8, 128.4, 83.3, 28.0, 21.7; HRMS calcd for CyoH,;N3NaOsS
([M + Na']) 463.1304, found 463.1299. To a solution of 11 (436
mg, 0.99 mmol) in acetonitrile (7.0 mL, 0.07 M) at 0 °C was
added Nal (3.0 eq) and TMSCI (2.0 eq). After stirring for 30 min
at room temperature, the solution was quenched with saturated aq.
NH,4CI (5 mL). The resulting mixture was partitioned between
EtOAc (30 mL) and water (10 mL). The organic phase was
collected and the aqueous phase was extracted with EtOAc (30
mL) twice. The combined organic extract was washed with
saturated Na,S,03 ag. (20 mL) and brine, dried over anhydrous
Na,SO,, filtered and concentrated in vacuo. The residue was
purified by flash column chromatography on silica gel (20 to 50%,
EtOAc in n-hexane,) to afford N,N-(naphthalene-2-
carbonyl)tosylhydrazide (12, 313 mg, 0.92 mmol, 93%) as white
crystals. Rf = 0.68 (n-hexane/EtOAc = 2:1, UV, Ce-PMA); Mp
160.5-160.9 °C; IR (neat, cm™) 1681, 1354, 1291, 1168; ‘H
NMR (CDCl3, 400 MHz) 6 8.31 (s, 1H), 7.93-7.86 (m, 5H), 7.79
(d, J = 8.2 Hz, 1H), 7.61-7.52 (m, 2H), 7.36 (d, J = 8.3 Hz, 2H),
452 (s, 2H), 2.46 (s, 1H); *C NMR (CDCl;, 100 MHz) 6 171.2,
145.2, 134.9, 1335, 131.9, 130.9, 130.7, 129.4, 129.0, 128.9,
128.1, 127.6, 127.2, 126.5, 125.4, 21.5; HRMS calcd for
C20H2:N3NaOsS ([M + Na']) 363.0779, found 463.0781. To a
solution of 12 (313 mg, 0.92 mmol) in toluene (9.2 mL) was
added TMS-imidazole (2.0 eq) at room temperature. After stirring
for 5 min, the reaction mixture was added imidazole (2.0 eq) and

uo stirring was continued at 55 °C. After 6 h, the reaction mixture

was added 1.0 M citric acid in MeOH (6 mL) at room
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temperature and stirred for further 1 h. The resulting solution was
partitioned between saturated NaHCO; aq. (6 mL) and EtOAc (10
mL). The organic phase was collected and the aqueous phase was
extracted with EtOAc (10 mL) twice. The combined organic
extract was washed with brine, dried over anhydrous sodium
sulfate, filtered and concentrated in vacuo. The residue was
purified by flash column chromatography on silica gel (10 to 15%,
EtOAc in n-hexane) to afford 2-naphthaldehyde (13, 90.3 mg,
0.58 mmol, 98%) as white powder. Rf = 0.68 (n-hexane/EtOAc =
2:1, UV, Ce-PMA); Mp 58.5-59.0 °C; IR (neat, cm™) 1695, 1627,
1451, 1364, 1267; *H NMR (CDCls, 400 MHz) 6 10.17 (dd, J =
7.3, 1.8 Hz, 1H), 8.35 (s, 1H), 8.02-7.91 (m, 4H), 7.67-7.58 (m,
2H); *C NMR (CDCl;, 100 MHz) § 192.2, 136.5, 134.5, 134.1,
132.6, 129.5, 129.1, 128.1, 127.1, 122.8; HRMS calcd for
C0H2:N3NaOsS ([M*]) 156.0575, found 156.0571.
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