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The reaction mechanisms on reduction of tertiary carboxamides by diisobutylaluminum hydride (DIBAL) and sodium hydride (NaH)-sodium

iodide (Nal) composite were elucidated by the computational and experimental approaches. Reduction of N,N-dimethyl carboxamides with

DIBAL provides the corresponding amines, whereas that with the NaH-Nal composite exclusively forms aldehyde even at high reaction

temperature.

DFT calculations revealed that dimeric structural nature of DIBAL and Lewis acidity on its Al center play crucial role to

decompose the tetrahedral anionic carbinol amine intermediate through C-O bond cleavage. On the other hand, in the reduction with the

NaH-Nal composite, the resulting tetrahedral anionic carbinol amine intermediate could be kept stable, thus providing aldehydes as a sole

product by the aqueous workup.
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Introduction

Among a series of metal-based hydride reagents for reduction of -
polar electrophiles,!"? diisobutylaluminum hydride (DIBAL) is one of
the most commonly used chemicals in both academics and
industries (Scheme 1A).B29

electrophiles were explored in details and described in the common

Its reactivity toward various types of

textbooks in basic organic chemistry.®! For example, reduction of
by DIBAL

corresponding amines (Scheme 1B), despite several exceptions

tertiary carboxamides!’® is known to form the
such as reduction of N-methoxy-N-methylamides (the Weinreb
amides).l'™'2  However, the reaction mechanism for the amine
formation, especially pertaining to how the process mediates
selective cleavage of the C-O bond from the anionic carbinol amine
intermediate | formed by the 1st hydride transfer, has not clearly

been uncovered.
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Scheme 1. Diisobutylaluminum hydride (DIBAL).

On the other hand, our group recently disclosed that sodium hydride
(NaH) could act as a hydride donor in the presence of Nal or Lil in
THF,

carboxamides into aldehydes (Scheme 2).[318

capable of performing controlled reduction of tertiary
This unique
controlled feature could be observed even if the reactions are
performed at higher reaction temperature (i.e. reflux in THF),
implying that the resulting anionic carbinol amine intermediate Il is
kept extremely stable under the reaction conditions. The protonated
should be

immediately decomposed into aldehydes with release of amines.

hemiaminal Illl, formed by the aqueous work-up,
These totally distinct reactivities of DIBAL and NaH toward reduction
of carboxamides stimulated us to explore their reaction mechanisms
in detail. This article describes their elucidation through the

theoretical and experimental approaches.
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Scheme 2. Controlled reduction of amides into aldehydes by NaH-Nal

Results and Discussion

At the outset of the project, we selected N,N-dimethyl-2-naphthamide
(1a) and aliphatic amide 1b derived from gemfibrozil as the model
substrates and examined their reduction by titrated DIBAL!"® and the
NaH-Nal system. Treatment of amide 1a with 2.2 equiv of DIBAL

resulted in smooth double hydride reduction of 1a at room



temperature to give amine 3a in 97% yield along with a small amount
(<2% vyield) of alcohol 4a (Scheme 3A). In the sharp contrast, the
reaction in the presence of 3 equiv of NaH and 1 equiv of Nal
afforded 2-napthaldehyde (2a) in 93% vyield as a sole product
(Scheme 3B).I"3

reduction of aliphatic amide 1b (Scheme 4).

Exactly the same trend was observed in the
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Scheme 3. Reduction of amide 1a.

A. with DIBAL

o
Me o/\/>€k NMe,
1b

(o} R=

Me
R)LH * R ONMe, * R OH @[

2b 0% 3b 96% 4b <3%

DIBAL (2.2 equiv)

THF
25°C,2h
then H,O

B. with NaH-Nal

M
IO
Me O/\/%LNMeg
1b

Scheme 4. Reduction of amide 1b.

NaH (3 equiv) o
Nal (1 equiv)
R)J\H
THF
40°C,14h 2b 88%
then H,O

To gain the insights into the detailed molecular mechanisms, we next
performed DFT calculations for the reduction of benzamide as the
model substrate at the ¥B97X-D/6-311+G**/SMD(THF)//«B97X-D/6-
31+G*/SMD(THF) level of theory. Scheme 5A and B displayed the
calculated reaction pathways by a Me2AIH dimer, which is used as a
simplified model of DIBAL herein. The C-O bond scission process
starts from the anionic carbinol amine intermediate (INT1gimerc-o0) that
is generated by the first hydride attack to benzamide (Scheme 5A).
The dimeric aluminum complex facilitates the liberation of a dianionic
oxygen atom, through the efficient cooperative activation by the two
aluminum centers having highly Lewis acidic/oxophilic properties
(TS14dimerrc-0). Thus, the C-O bond is cleaved with a reasonable
activation energy (AG* +13.7 kcal/mol) to afford an iminium cation

together with an oxo-bridged dinuclear aluminum hydride (INT2dimerc-

o). We found that the reduction by the resulting hydride species
within INT2’gimerrc-0 proceeds smoothly and the amine is obtained
with the concomitant formation of an oxo-bridged aluminum dimer
(AlI-O-Al). In contrast, in the case of the C—-N scission process that
affords the corresponding alcohol (Scheme 5B), only one of the
aluminum centers can be involved in the electrophilic activation of
the nitrogen atom. This results in high energy (AG* +37.9 kcal/mol)
for the C-N bond cleavage, which unlikely occurs under the
reduction conditions. These theoretical outcomes clearly illustrate the
experimentally observed selectivity in amide reduction with DIBAL. It
should be noted that the calculations with a monomeric Me2AIH led
to an unreasonable pathway (C-O scission, Scheme 5C) or high
activation energy (C—N scission, Scheme 5D). The dimeric structure
of DIBAL with Lewis acidic Al centers is indispensable for the

controlled selectivity in the amide reduction.
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Scheme 5. The calculated reaction pathways for the reduction of benzamide
with the dimer (A,B) or monomer (C,D) of Me2AIH. Energy changes and bond
lengths at the ®B97X-D/6-311+G**/SMD(THF)// «B97X-D/6-31+G*/SMD(THF)

level of theory are shown in kcal/mol and A, respectively.



The amide reduction by the NaH-Nal composite empirically gave the
corresponding aldehydes (Schemes 3B and 4B). We assume that
counter ion metathesis between NaH and Nal in THF allows for
generation of activated, nanomeric units of NaH, that possesses
enhanced nucleophilic hydridic character to promote the present
process.?” Thus, using a NaH dimer as an appropriate model of the
active species, the possibility of the pathways for the C-O and C-N
bonds scission from the anionic carbinol amine intermediate Il was
investigated by the same DFT method. In the C-O scission pathway
(Scheme 6A), the oxygen atom in the tetrahedral intermediate
(INT1narc-0) coordinates to the two sodium cations, the structure of
which is analogous to that of INT1dimerc-o in the DIBAL reduction
(Scheme 5A). However, the Na—O—Na moiety in this complex should
have extremely strong basicity, and the calculation implied an
unusual deprotonation pathway from the methyl group on the
nitrogen atom (TS1nanc-0). Its activation barrier is too high, and this
pathway should not be feasible. On the other hand, as shown in
Scheme 6B, the C-N bond scission pathway also requires high
activation energy (AG* +30.4 kcal/mol), that should prevent the
reaction progress. To detect formation of the anionic carbinol amine
intermediate, we prepared *C-labeled benzamide 1¢ and reduced it
under the optimized reaction conditions in THF-ds (Scheme 6C). The
'H and "®C NMR analyses of the resulting crude mixture showed a
doublet peak having a coupling constant of 143 Hz at 5.01 ppm ('H
NMR) and 98.4 ppm (proton-coupled *C NMR), clearly indicating the
presence of 5¢ having a tetrahedral '*C-labeled carbon with one
hydrogen atom. These computational and experimental outcomes
implied that the anionic carbinol amine intermediate 1l would not be
decomposed under the reaction conditions. This is consistent with
the previous observation by Olah and co-workers, in which the
reactions of tertiary formamide with Grignard reagents afforded the
corresponding aldehydes."
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Scheme 6. The calculated reaction pathways for the reduction of benzamide

with NaH dimer and the experimental observation of the anionic carbinol amine

intermediate. Energy changes and bond lengths at the «wB97X-D/6-

311+G**/SMD(THF)//«wB97X-D/6-31+G*/SMD(THF) level of theory are shown

in kcal/mol and A, respectively.

Although the anionic carbinol amine intermediate Il is found fairly
stable under the reaction conditions, we wondered why the aqueous
workup can immediately convert it into the corresponding aldehyde.
Is it derived from the difference between sodium cation (Na*) and
While the

degradation should not proceed with a simply protonated carbinol

proton (H*)? Scheme 7 addressed this question.

amine intermediate (Scheme 7A), the presence of a H.O molecule
markedly accelerates the process (AG* +10.0 kcal/mol) via the
formation of 6-membered ring hydrogen-bonding network
(TS1proton/n20), allowing for the smooth release of aldehyde and
amine (Scheme 7B). The proton relay with the aid of H2O facilitates

the expeditious degradation upon an acidic work-up.
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Scheme 7. The calculated reaction pathways for the degradation of the
carbinol amine intermediate. Energy changes and bond lengths at the «B97X-
D/6-311+G**/SMD(water)//«B97X-D/6-31+G* level of theory are shown in

kcal/mol and A, respectively.

The distinct selectivity observed in the reduction with DIBAL or NaH-
Nal composite should be reflected mostly by the difference in Lewis
acidic properties between Al and Na cations. This could also be
ascertained by iterative reduction of amide 1a with the NaH-Nal
system and DIBAL. The anionic carbinol amine intermediate II,
formed by the reaction of amide 1a under the NaH-Nal system, was
treated with DIBAL, that

decomposition of Il and the second hydride transfer to form amine 3a

subsequently could induce the

as the major product (Table 1). It was interestingly found that the
lower loadings of DIBAL resulted in incomplete reduction, providing a
mixture of aldehyde 2a, amine 3a, and alcohol 4a (entries 1 and 2),
whereas the selective formation of amine 3a was observed in use of
2 equivalents of DIBAL (entries 3 and 4).



Table 1. Iterative reduction of amide 1a by NaH-Nal and DIBAL

0 NaH (3 equiv) _ Na+ then
Nal (1 equiv) H O DIBAL
NMe, —— — ~ »
THF Ar” "NMe, conditions
40°C,10h I 2h
1a then H,O
(e}
+ P + Pas
Ar)J\H Ar NMe, Ar OH
2a 3a 4a
(Ar = 2-naphthyl)
Entry DIBAL Temp Conv. 2a 3a 4a
(equiv)  [°C] [%]®! [%]™! [%]®™ [%]™!
1 1.0 0 >99 48 39 12
2 1.5 0 >99 18 69 11
3 2.0 0 >99 2 94 4
4 2.0 25 >99 0 98 <1

[a] The reactions were conducted using 0.5 mmol of amide 1a. [b] 'H NMR

yields based on the internal standard.

Similarly, the iterative reduction of aliphatic amide 1b needed 2
equivalents of DIBAL to obtain amine 3b selectively (Scheme 8A).
These results suggested that both of the higher Lewis acidity of
aluminum and the dimeric structure of DIBAL cooperatively assist the
amine

C-O bond scission even from the anionic carbinol

intermediate Il (Scheme 8).
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Scheme 8. Iterative reduction of amide 1b and a proposed mechanism

Conclusions

We have verified the reaction mechanisms on reduction of tertiary
carboxamides by DIBAL and the NaH-Nal composite by the

computational and experimental approaches. The reduction of amide
4

with DIBAL is a fundamental reaction in organic chemistry, and the
investigations herein identified that the structural requirement of
dimeric complex as well as Lewis acidic properties of aluminum
centers play a crucial role for the controlled selectivity to afford the
amine formation. On the other hand, anionic carbinol amine
intermediate Il formed in the reduction with the NaH-Nal system was
found stable under the reaction conditions, leading to the selective
aldehyde formation with the aqueous workup. These fundamental
mechanistic insights should be beneficial to guide further design and
development of new reductive molecular transformation of amides

and their derivatives in a highly controlled manner.
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