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ABSTRACT: Dialkylboranes and aminoborohydrides are
mild, selective reducing agents complementary to the
commonly utilized amide reducing agents, such as lithium
aluminum hydride (LiAlH,) and diisobutylaluminum hydride
(DIBAL) reagents. Tertiary amides were reduced using 1 or 2
equiv of various dialkylboranes. The reduction of tertiary
amides required 2 equiv of 9-borabicyclo[3.3.1]nonane (9-
BBN) for complete reduction to give the corresponding
tertiary amines. One equivalent of sterically hindered
disiamylborane reacts with tertiary amides to afford the
corresponding aldehydes. Aminoborohydrides are powerful
and selective reducing agents for the reduction of tertiary
amides. Lithium dimethylaminoborohydride and lithium diiso-
propylaminoborohydride are prepared from n-butyllithium and
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the corresponding amine-borane. Chloromagnesium dimethylaminoborohydride (CIMg'[H;B-NMe,]~, MgAB) is prepared by
the reaction of dimethylamine-borane with methylmagnesium chloride. Solutions of aminoborohydride reduce aliphatic,
aromatic, and heteroaromatic tertiary amides to give the corresponding alcohol, amine, or aldehyde depending on the steric
requirement of the tertiary amide and the aminoborohydride used.

1. INTRODUCTION

Reduction of tertiary amides with metal hydride reagents to the
corresponding alcohols or amines is known.' Sodium
borohydride (NaBH,) reduces amides to alcohols at elevated
temperatures.” The partial reduction of amides to the
corresponding aldehydes represents a challenge: several
methods have been reported in the literature. Controlling the
reduction of amides to aldehydes often relies on substrate-
specific conditions to achieve a high yield of the aldehyde.’ The
outcome of the reaction is dependent upon the nature of the
substituent on the amide nitrogen atom, with bulkier
substituents affording higher yields of aldehydes.”” In most
cases, this transformation is carried out with lithium aluminum
hydride (LiAIH,), diisobutylaluminum hydride (DIBAL),” and
their derivatives.® Generally, the reduction of amides to
aldehydes with commercially available metal hydride sources
results in poor yields of the aldehydes.” These methods suffer
from such drawbacks as requiring cryogenic reaction conditions
and exothermic workup. Current methods lead to over-
reduction to amines or alcohols. Borohydrides reduce tertiary
amides, but they are not as reactive as aluminum hydrides."’
One synthetic strategy to prevent over-reduction employs
specialized amide derivatives, such as N-acylcarbazoles,11
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morpholine amides,'” and N-methoxy-N-methylamides (Wein-
reb amides).” Weinreb amides are prepared easily from
carboxylic acids'® and their derivatives.'* In a recent report,
Weinreb amides were accessed through nucleophilic attack of
N-methoxy-N-methylpyrrolecarboxamide.”> Controlled reduc-
tion of amides to aldehydes typically uses strong reducing
agents, such as DIBAL or LiAlH,, and cryogenic reaction
conditions.'

Recent work on the reduction of amides to aldehydes uses
titanium and zirconium hydrides.'” Georg reported a promising
reduction of tertiary amides, including Weinreb amides, to
aldehydes using Schwartz reagent, Cp,Zr(H)CL'®" The
methodology is noteworthy in that the reductions are carried
out at room temperature, affording the product within 30 min.
Although the Schwartz reagent is commercially available, it is
expensive and poses challenges for long-term storage due to its
sensitivity to air, light, and moisture.”” It is highly desirable to
develop a stable reducing agent based on readily available
metals, capable of controlled room temperature reduction of
amides.
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We have reported the reduction of both aliphatic and
aromatic amides with dialkylboranes and lithium amino-
borohydrides (LAB reagents). The product of the reduction
depends on both the nature and the steric requirement of the
reducing agents used.”' Recently, we reported the formation of
halomagnesium dialkylaminoborohydrides as a byproduct of
the reaction of Grignard reagents with diisopropylamino-
borane.”” Our studies have shown that the reducing character-
istics of dialkylaminoborohydrides are very sensitive to the
cationic counterions. Herein, we present a full account
summarizing our results of the controlled reductions of
aliphatic and aromatic amides to the corresponding alcohols,
aldehydes, and amines with dialkylboranes and metal dialkyl-
aminoborohydrides.

2. RESULTS AND DISCUSSION

Reduction of Amides Using Dialkylboranes. Dialkyl-
boranes have been shown to be excellent hydroborating
reagents as well as reducing agents.”’ For our initial amide
reduction study, we chose simple dialkylboranes starting with
the commercially available and air-stable 9-borabicyclo[3.3.1]-
nonane (9-BBN). To explore the effects of the steric
requirements of the dialkylboranes in stabilizing the tetrahedral
intermediates formed in the reduction of amides, we chose
dicyclohexylborane (Chx,BH), and the more hindered
disiamylborane (Sia,BH). These dialkylboranes were readily
synthesized from the corresponding alkenes and borane
dimethylsulfide (BMS). Reduction of tertiary amides using
dicyclohexylborane (Chx,BH) generally gave minimal amounts
of the corresponding aldehydes along with unreacted startin:
materials; no alcohol or amine products were detected.”
However, when 1 equiv of disiamylborane (Sia,BH) was
allowed to react with N,N-dimethylbenzamide over a period of
12 h, benzaldehyde was the only product observed by GC

analysis (eq 1).
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The generality of the reaction with Sia,BH was demonstrated
by the reduction of other tertiary amides to the corresponding
aldehydes (Table 1).

This study demonstrated that the Sia,BH reductions are
general, clean, and produced only the corresponding aldehydes.

When N,N-diethylbenzamide was allowed to react with 1
equiv of 9-BBN at room temperature, a mixture of the expected
amine and unreacted amide was isolated. However, when N,N-
diethylbenzamide was allowed to react with 2 equiv of 9-BBN,
the corresponding amine was produced in 80% yield (eq 2).

THF, 25°C, 12 h

9-BBN 2 equiv

)
THF, 25°C,1h

N /\
O >

The progress of the reactions was monitored by ''B NMR
spectroscopy by following the disappearance of the signal at &
+27 due to the 9-BBN dimmer and appearance of the signal at
5 +56 due to oxybis-9-BBN (BOB compound of 9-BBN). It
was speculated that the reaction of tertiary amides with 9-BBN
is analogous to reactions with LiAlH, and BH;:THF. The first
equivalent of 9-BBN reduces the amide carbonyl to give the
corresponding tetrahedral intermediate, B-O-hemiaminal. It is
plausible that nitrogen lone pair assisted elimination would lead
to formation of an iminium ion, which, in turn, is reduced by
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Table 1. Reduction of Tertiary Amides with
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“Reactions conducted on a S mmol scale with 1 equiv of amide and 1

equiv of Sia,BH, followed by oxidative workup. Results taken from ref
25. YGC yield.

the second equivalent of 9-BBN to yield the tertiary amine and
BOB compound of 9-BBN. The reduction of amides with 9-
BBN was rapid, clean, and essentially quantitative (Table 2).

Most reductions were complete within 1 h, but the reduction
of an amide derived from a cyclic amine was slower, requiring
12 h for completion (Table 2, entry 4). Of interest is the
reaction of N-methoxy-N-methylbenzamide, which was reduced
to N-methoxy-N-methylbenzylamine (Table 2, entry $).

The steric requirement of dialkylboranes was found to play a
major role in the reductions of tertiary amides. The sterically
demanding Sia,BH reacted with amides to yield aldehydes,
while reaction with 9-BBN afforded the corresponding amines.
The reductions are independent of the steric bulk of the
amides. Thus, tertiary amides can be reduced to either the
corresponding amines or the corresponding aldehydes, depend-
ing on the choice of dialkylborane. After studying the reduction
of amides with 9-BBN and Sia,BH, we turned our attention
toward the reduction of amides with aminoborohydride
reagents.

Reduction of Amides Using Lithium Aminoboro-
hydrides. Early work with sodium aminoborohydrides
established the reduction of amides to alcohols.”> Unfortu-
nately, mixtures of products were often obtained and the steric
environment of both the amide and the sodium amino-
borohydride required careful balancing to achieve the desired
products. The sterically unhindered lithium pyrrolidino-
borohydride (PyrrLAB) proved a more reliable alternative,
reducing amides to the corresponding alcohols with no
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Table 2. Reduction of Tertiary Amides with 9-BBN“
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Interestingly, reduction of unhindered tertiary amides, such
as N,N-dimethylbenzamide, provides benzyl alcohol regardless
of the LAB reagent used. When reducing more sterically
demanding tertiary amides, selective C—O or C—N bond
cleavage can be achieved through variation of the steric
environment on the amine moiety of the LAB reagent.27 For
example, reduction of 1-pyrrolidinooctanamide with PyrrLAB
provides 1-octanol in 77% yield, while the same reaction with
the more sterically crowded lithium diisopropylamino-
borohydride (iPrLAB) provides N-octylpyrrolidine in 95%
yield (Scheme 1).

Scheme 1. Chemoselective Reduction of Tertiary Amides
with LAB Reagents

PrLAB /\/\/\/\D

THF, 25 °C, 3 h
95%
(e}
/\/\/\)J\D
PyrrLAB
/\/\/\/\OH

THF, 25°C, 3 h

77%

“Reactions conducted on a S mmol scale with 1 equiv of amide and 2
equiv of 9-BBN, followed by aqueous acidic workup. “Isolated yield.
‘12 h.

byproducts.”® Studies on the reactivity of LAB reagents
indicated that the reduction of tertiary amides to alcohols is a
general method for unhindered LAB reagents and represents a
substantial improvement over other reducing agents. One
equivalent of reagent was sufficient to reduce amides to
alcohols within 3 h (Table 3).

The reductions were general, reducing the unhindered N,N-
dimethylbenzamide and N,N,3-trimethylbenzamide (Table 3,
entries 1 and 2), as well as the hindered N,N-diisopropyl-
benzamide (Table 3, entry 3).

Table 3. Reduction of Amides with Lithium
Pyrrolidinoborohydride”

o

/U\ ) PyrrLAB
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“Reactions conducted on a 2 mmol scale with 1 equiv of amide and 1
equiv of LAB, followed by aqueous acidic workup. “Isolated yield.
“Taken from ref 26.

The selectivity of this reduction appears to involve a
common intermediate, 1, the initial reduction product of the
amide (Figure 1).'¢

From intermediate 1, there are two possible routes to the
corresponding amine or alcohol. In Path A, the iminium species
3 is formed by the expulsion of the lithium dihydridoamino-
borinate 2 by the nitrogen lone pair. This iminium is then
reduced to the corresponding amine 4 by remaining LAB
reagent. In Path B, the complexation of an aminoborane to the
nitrogen of 1 converts the amine to the ammonium moiety S,
making it a better leaving group. Cleavage of the B—O bond
and subsequent expulsion of the diaminodihydridoborohydride
moiety produces aldehyde 6, which can be rapidly reduced to
the corresponding alcohol 7. During this study, the sterics of
the amide as well as the LAB reagent were found to dictate the
route of the reaction. As the amino groups in the LAB reagent
become more sterically demanding, the formation of the amine
product through C—O bond cleavage is favored. It has been
thought that unfavorable steric interactions between the LAB
reagent and the amide nitrogen are responsible for this trend.
In contrast, reductions performed using LiAlH, predominantly
form the amine product through C—O bond cleavage, while
those carried out using LiEt;BH produce the alcohol product
through C—N bond cleavage.”

Reduction of Lactams to Amines Using Lithium Amino-
borohydrides. The reduction of lactams to amines is an
important transformation in the synthesis of biologically active
pharmaceutical compounds. This reduction has been reported
with many reagents including DIBAL,” Na.BH4,3'0 and borane-
tetrahydrofuran (H;B:THF).” Previously, we reported the
reduction of various N-alkyl lactams to the cyclic amines using
lithium dimethylaminoborohydride, MeLAB (Table 4).**

The reduction of lactams with MeLAB proved facile, giving
the cyclic amine product in very good to excellent yields. This
was of particular interest, as the unhindered LAB reagent gave
C—O bond cleavage.

Reductions of Amides Using Chloromagnesium
Aminoborohyrides. Borohydride reagents show a trend of
increased reactivity with smaller cations. For instance, the
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Figure 1. Mechanism of the reduction of tertiary amides with lithium aminoborohydrides.

Table 4. Reduction of Lactams to Amines with Lithium
Dimethylaminoborohydride®
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“Reactions conducted on a 5 mmol scale with 1 equiv of lactam and
1.5 equiv of aminoborohydride, THF, 65 °C. “Isolated yield.

reactivity of lithium, sodium, and potassium borohydrides
decreases in the series LiBH, > NaBH, > KBH,.>> Sodium
aminoborohydrides have been shown to reduce amides, though
the reductions were not facile and required long reaction times
and drastic conditions.”® In contrast, reductions with lithium
aminoborohydrides proved to be facile and general. We
recently synthesized chloromagnesium dimethylamino-
borohydride (MgAB) by reacting dimethylamine-borane with
an equivalent of methylmagnesium chloride (Scheme 2).>*

Scheme 2. Synthesis of MgAB from Dimethylamine-borane

THF,0°C,1h
HaB:NHMe,  +  HiCMgCI CIMg* [H3B-NMey  + CHy4
3 = -14 35 =-16
JsH=98Hz, q Jsy=83Hz q

In the ""B NMR spectrum, the MgAB species appears as a
quartet at 05 —16 ppm, while the starting amine-borane has a
chemical shift of 65 —14 ppm. The starting material and the
product are further distinguished by their coupling constants;
dimethylamine-borane exhibits a quartet with Jp; = 98 Hz,
while the product chloromagnesium dimethylamino-
borohydride has Jpy = 83 Hz. When synthesizing MgAB,
chloride-based Grignard reagent, MeMgCl, gives complete
conversion. Solutions of MgAB can be stored under an inert
atmosphere at room temperature for at least 3 months without
any disproportionation, as monitored by ''B NMR. We used
this stock solution to investigate the reductions of amides.
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To begin the study, benzamide was allowed to react with
MgAB at room temperature. The reaction was exothermic,
followed by the immediate formation of a white precipitate.
Analysis by "B NMR showed the appearance of the
dimethylamine-borane (85 —14, q, Jgy = 98 Hz). Evidently,
the amide proton is acidic enough to quench MgAB to form the
amine-borane, forming a precipitate. Aminoborohydride
reagents have proven sensitive to acidic com})ounds with pK,
values < 16, reverting back to amine-boranes. 3¢ Similar results
were observed upon reaction of MgAB with N-methylbenza-
mide. These observations indicated that primary and secondary
amides are not amenable to reduction with MgAB. Thus,
attention was turned to reductions of tertiary amides using
MgAB.

When 1 equiv of MgAB was allowed to react with N,N-
dimethylbenzamide, benzyl alcohol was isolated following
aqueous quench (eq 3).

0]
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o

Previous reports demonstrated the ability of LAB reagents to
reduce esters at reduced temperatures,21C and nitriles under
refluxing conditions.”'" Similar reactivity was investigated with
MgAB. When methyl benzoate was allowed to react with 1
equiv of MgAB, no reduction was observed after 12 h at room
temperature. In a similar experiment, no reaction was observed
when benzonitrile was allowed to react with MgAB under
reflux. This observation prompted further investigation of the
reaction of MgAB with amides. When 4-cyano-N-methoxy-N-
methylbenzamide was allowed to react with MgAB, the
corresponding alcohol was isolated in 74% following aqueous

quench (eq 4).
e
NC ()]

74%

MgAB
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THF, 25°C, 3 h

(3)

MgAB
THF, 25°C, 1 h

Similar results were obtained from the reaction of methyl 4-
(methoxy(methyl)carbamoyl)benzoate with MgAB: isolation of
the corresponding alcohol in 92% yield (eq S).

OH
MeO 5)

(0]

MgAB

THF, 25°C, 1 h
92%
These results indicated a unique chemoselectivity profile for

MgAB; reducing amides in the presence of nitrile and ester
groups.
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Table S. Reduction of Weinreb Amides to Aldehydes with MgAB“
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“Reactions conducted on a 2 mmol scale with 1 equiv of Weinreb amide and 1 equiv of MgAB. “Isolated yield of aldehyde after liberation from

bisulfite adduct.

Reduction of Amides to Aldehydes Using Magnesium
Aminoborohydrides. Recently, we reported the partial
reduction of amides to aldehydes using MgAB.** The partial
reduction of N-methoxy-N-methylbenzamide to benzaldehyde
using MgAB was investigated as a model substrate. One
equivalent of MgAB reduced N-methoxy-N-methylbenzamide
to benzaldehyde in 30 min at 25 °C, as evidenced by TLC
analysis. Acidic quench and aqueous workup lead to over-
reduction to the alcohol. We then tried various modifications to
our workup procedure to minimize the reduction of our
aldehyde products to the corresponding alcohol. Dropwise
transfer of the reaction mixture to a pentane solution (reverse
quench) containing acetaldehyde and acetic acid prevented
over-reduction, but contamination with aldol byproducts was
observed. Attempted purification of the crude aldehydes by
silica gel column chromatography resulted in the isolation of
almost pure alcohol. Dimethylaminoborane (Me,N-BH,), the
byproduct from MgAB, exists as a stable dimer and is usually
unreactive to aldehydes.*® Evidently, activation of the aldehyde
carbonyl by silica gel results in the reduction of the aldehyde,
similar to that observed for the silica gel-promoted reduction by
N-heterocyclic carbene boranes.*® We then tried the well-
established procedure of isolating the pure aldehydes by
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addition of bisulfite.”” Separating insoluble bisulfite adducts
from the crude reaction mixture, followed by the regeneration
of the aldehyde, allowed for the isolation of aldehydes in
essentially pure form (Table 5).**

Weinreb amides of varying steric and electronic nature were
reduced under these mild conditions. Aromatic substrates
bearing electron-donating (Table S, entries 2—4) or electron-
withdrawing (Table 5, entries 6—9) groups were amenable to
reduction without complication. Reduction was even observed
for substrates with increased steric demand (Table 5, entries 2
and 7). Furthermore, the cinnamic amide was reduced without
over-reduction to cinnamyl alcohol as a side product (Table S,
entry 5)."%" The reduction of the cinnamic amide demon-
strated that 1,2-reduction in the absence of 1,4-reduction is
possible using MgAB. Aliphatic Weinreb amides were also
amenable to reduction with this methodology (Table S, entry
10). Of particular interest is the chemoselective reduction of
the substituted amides by MgAB. (Table S, entry S). The
chemoselectivity was further explored by examining the
reduction of the amide moiety in the presence of ester
(Table 3, entry 11), nitro (Table S, entry 12), and nitrile (Table
3, entry 13) functionalities. These results indicate a unique
chemoselectivity profile for MgAB.
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Table 6. Reduction of Tertiary Amides to Aldehydes with MgAB“
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Since morpholine-derived amides were also relatively reactive
with MgAB, various examples were selected for the study.'*
Thus, the acyl morpholine of benzoic acid was allowed to react
with MgAB at 25 °C, and the reaction progress was monitored
by TLC. The acyl morpholine was consumed, affording
benzaldehyde within 3 h. As with Weinreb amides, reverse
quench of the reaction mixture by addition to a pentane
solution of acetaldehyde and acetic acid prevented the over-
reduction to benzyl alcohol. Similar results were observed upon
reaction of MgAB with the acyl pyrrolidine of benzoic acid,
which afforded benzaldehyde after 4 h. Lastly, reaction of N,N-
dimethylbenzamide with MgAB, followed by reverse quench,
afforded benzaldehyde after 5 h of reaction at 25 °C. Attempts
to reduce amides with more sterically demanding substitution
on the amide nitrogen with MgAB resulted in no reaction. N,N-
Diethylbenzamide and N,N-diisopropylbenzamide were un-
reactive with MgAB even after extended reaction times at 25 °C
and were isolated quantitatively at the end of the reaction.

Having demonstrated the ability of MgAB to reduce several
tertiary amides to aldehydes, attention was turned to optimizing
an efficient isolation procedure. Short-path column chromatog-
raphy can be utilized with the use of aluminum oxide (basic
alumina) instead of silica gel. Basic alumina is a common solid
phase for various chromatographic procedures. Contrary to
observations with silica gel, basic alumina did not activate the
aldehyde carbonyl, preventing further reduction. Reaction of N-
methoxy-N-methylbenzamide with MgAB, followed by reverse
quench and alumina column chromatography, affords benzal-
dehyde in 74% yield. Isolation of aldehydes by basic alumina
chromatography was found to be simpler, faster, and more
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practical than the formation, isolation, and liberation of bisulfite
adducts (Table 6).

Aromatic and aliphatic amides are reduced to the aldehydes
in good yields. Substitution of the aromatic substrates with
electron-donating (Table 6, entries 6 and 8) or electron-
withdrawing groups (Table 6, entries S, 7, and 11) does not
significantly alter the reaction course. Aliphatic amides are
viable substrates (Table 6, entries 2 and 4), highlighting the
generality of this reduction. One equivalent of MgAB is
required for aldehyde formation from aliphatic and aromatic
amides. The rate of reduction of Weinreb amides indicated that
the magnesium counterion plays a crucial role in chelating with
the N-methoxy group. This trend accounts for the observed
reaction time of dimethyl amides (S h) versus morpholine
amides (3 h), as well as Weinreb amides (30 min).

The controlled reduction of amides to aldehydes with MgAB
expands the versatility of amide reduction by aminoborohy-
drides. LAB reagents have been used to reduce amldes to give
either the corresponding alcohols or amines.”'* Reduction of
amides with the sterically unhindered PyrrLAB yields alcohols,
whereas reaction with the sterically more demanding lithium
diisopropylaminoborohydride iPrLAB vyields amines. The
reduction of amides to aldehydes with MgAB prompted a
reevaluation of the reactivity of MeLAB. It was reasoned that
the reduction of an amide with MeLAB to the corresponding
alcohols must have been proceeding through an aldehyde
intermediate. Our earlier studies with MeLAB never explored
the possibility of reduction to the corresponding aldehydes.
With the insight gained from our MgAB studies, the reduction
of amides to aldehydes with MeLAB was explored. Using the
optimized procedure from MgAB reductions, N-methoxy-N-

DOI: 10.1021/acs.joc.6b00276
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methylbenzamide was allowed to react with an equivalent of
MeLAB. As monitored by TLC, the amide was consumed in 30
min, and the aldehyde was isolated in 77% yield (eq 6).

(0]
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|

o
77%
Similarly, the morpholine amide of benzoic acid was allowed
to react with an equivalent of MeLAB. Benzaldehyde was
isolated in 74% yield after 2 h (eq 7).

MeLAB

THF, 25° C, 30 min 6)

' MeLAB 't
N H
©)L @ THF, 25°C, 2h (j)L @]
74%

Observed reaction times were comparable to those of MgAB.
The reduction of the Weinreb amides was complete within 30
min, while the morpholine amide was consumed within 2 h.
These reductions of amides to aldehydes suggest a broader
applicability of LAB reagents in the reduction of amides.

3. CONCLUSION

Dialkylboranes and aminoborohydride reagents are versatile,
yet selective reducing agents (Figure 2).
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Figure 2. Reduction of tertiary amides with dialkylboranes and
aminoborohydride reagents.

Disiamylborane reduces amides to aldehydes at room
temperature. Two equivalents of 9-BBN reduces amides to
the corresponding amines. 9-BBN is commercially available and
air-stable, while Sia,BH is easily prepared from the precursor
alkene. Ease of generation and handling and the simple workup
procedures for performing reductions with aminoborohydrides
make these reagents attractive for the selective reductions of
tertiary amides. LAB reagents are prepared from butyllithium
and the corresponding amine-borane. Reduction of amides with
unhindered PyrrLAB affords the corresponding alcohols, while
reduction with the hindered iPrLAB affords the corresponding
amines. Chloromagnesium dimethylaminoborohydride
(MgAB) was prepared by the reaction of methylmagnesium
chloride with dimethylamine-borane and was used for the
controlled reduction of amides to the corresponding aldehydes.
MgAB was shown to reduce a series of tertiary amides to
aldehydes, but was unreactive to sterically demanding amides.
Reverse quench of the reaction mixture utilizing a sacrificial

electrophile, such as acetaldehyde, afforded the crude aldehyde.
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The aldehyde products were effectively isolated as the
corresponding bisulfite adducts, or using column chromatog-
raphy of the crude reaction material on basic alumina. MgAB
exhibits a unique chemoselective profile, capable of reducing
amides in the presence of a nitro group, a nitrile, an ester, and a
conjugated double bond. The results of the amide reduction
study with MgAB prompted an investigation into the reaction
of lithium dimethylaminoborohydride with amides, which was
also shown to effect the reduction of amides to aldehydes. This
work demonstrates the broad reactivity of dialkylboranes and
metal dimethylaminoborohydride reagents.

4. EXPERIMENTAL SECTION

General Methods. All reactions were performed in oven-dried,
argon-cooled glassware. The dimethylamine-borane was used as
received from a chemical supplier. The pinacolborane was used as
received from a chemical supplier and stored under argon in a
refrigerator held at S °C. All Grignard reagents were used as received
and were stored at room temperature. All air- and moisture-sensitive
compounds were introduced via syringe or cannula through a rubber
septum. Pinacolborane was added via syringe, with the dispensed
amounts measured by mass difference of the syringe before and after
addition. The concentrations of the Grignard reagents were monitored
using the titration method described by Knochel.”” Tetrahydrofuran
(THF) was freshly obtained from a solvent purification system (Pure
Solv MD, Innovative Technology Inc.). NMR spectra were recorded at
500 MHz (*H), 125 MHz (**C), and 160.4 MHz (*'B). All '"H NMR
and C NMR chemical shifts are reported in § units relative to the
respective solvent of the NMR sample. ''B NMR samples are reported
relative to the external standard BF;:Et,O (85 = 0). Data are reported
as follows: chemical shift, multiplicity (s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet), coupling constant, and integration.

General Procedure for the Preparation of Lithium Dimethyl-
aminoborohydride, 1 M Solution in THF. To an oven-dried,
argon-cooled 100 mL round-bottom flask equipped with a stir bar and
septum was added dimethylamine-borane (2.95 g, SO mmol), followed
by anhydrous THF (27 mL), and the mixture was cooled to 0 °C (ice
bath). To the solution was added n-butyllithium (20 mL, 2.5 M, 50
mmol) dropwise via cannula needle (Caution! Gas evolution). After
stirring at 0 °C for 1 h, an aliquot was taken and analyzed by ''B
NMR, which showed the solution to be lithium dimethylaminoboro-
hydride (65 —16, q, Jg; = 83 Hz). The LAB reagent was transferred to
an oven-dried, argon-cooled ampule via a cannula needle. Note that,
although the chemical shift of the corresponding amine-borane
complex is close to that of the MeLAB, the Jpy values of
dimethylamine-borane are 98 Hz.

General Procedure for the Preparation of Chloromag-
nesium Dimethylaminoborohydride, 1 M Solution in THF. An
oven-dried, argon-cooled 50 mL round-bottom flask equipped with a
stir bar and septum was charged with an ethereal solution of MeMgCl
(10.35 mL, 2.9M, 30 mmol) and cooled to 0 °C (ice bath). A 1.5 M
solution of dimethylamine-borane in THF (20 mL, 30 mmol) was
added with stirring over a period of 40 min. After 1 h of stirring, a 0.4
mL aliquot was taken for ''B NMR analysis. The ''B NMR spectrum
indicated formation of the chloromagnesium aminoborohydride
product (8 —16, q, Jsgy = 83 Hz). The MgAB solution was then
transferred to an oven-dried, argon-cooled ampule via a cannula for
storage. Note that, although the chemical shift of the corresponding
amine-borane complex is close to that of the MgAB, the Jpy values of
dimethylamine-borane are 98 Hz.

General Procedure for the Reduction of Lactams to Amines
with MeLAB. The following procedure for the reduction of 4-methyl-
2H-benzo[b][1,4]oxazin-3(4H)-one is representative. To an oven-
dried and argon-cooled 50 mL round-bottom flask equipped with a
side arm, stir bar, and condenser was added chloromagnesium
dimethylaminoborohydride (MeLAB, 7.5 mL, 1M, 7.5 mmol). To the
solution, 4-methyl-2H-benzo[b][1,4]oxazin-3(4H)-one (0.816 g, S
mmol) was added neat via syringe. The reaction mixture was heated to
reflux. After 2 h, the reaction was cooled to 0 °C (ice bath) and
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quenched by the slow addition of 3 M HCl (12 mL) (Caution!
Hydrogen evolution). The aqueous layer was then extracted with Et,O
(4 X 20 mL) and cooled to 0 °C (ice bath). To the aqueous layer was
added solid NaOH until basic to litmus, and the aqueous layer was
extracted with Et,0 (4 X 20 mL). The organic fractions were
combined, dried over MgSO,, and concentrated under reduced
pressure to give 4-methyl-3,4-dihydro-2H-benzo[b][1,4]oxazine as a
brown oil (0.599 g, 80% yield). For other amines prepared by this
method, see Table 4.

N-Octylpyrrolidine.”’ Clear oil (0.664 g, 72% yield). '"H NMR
(500 MHz, CDCLy): § 2.49—2.44 (m, 4H), 2.38 (d, ] = 8.1 Hz, 2H),
1.80-1.70 (m, | = 3.8 Hz, 4H), 1.54—1.44 (m, 2H), 1.25 (s, 10H),
0.86 (t, ] = 6.7 Hz, 3H) ppm. *C NMR (125 MHz, CDCLy): § 56.6,
54.1, 31.7, 29.5, 29.1, 28.9, 27.6, 23.2, 22.5, 13.9.

N-Benzylpyrrolidine.”® Yellow oil (0.577 g, 72% yield). '"H NMR
(500 MHz, CDCly): § 7.34—7.19 (m, SH), 3.59 (s, 2H), 2.53—2.44
(m, 4H), 1.76 (m, 4H) ppm. *C NMR (125 MHz, CDCl,): § 139.4,
128.9, 1282, 126.9, 60.8, 54.2, 23.4.

4-Methyl-3,4-dihydro-2H-benzo[b][1,4]oxazine.*’ Brown oil
(0.599 g, 80% yield). 'H NMR (500 MHz, CDCl;) 5 6.85—6.78 (m,
1H), 6.79—6.73 (m, 1H), 6.66—6.61 (m, 2H), 4.25—4.19 (m, 2H),
3.18—3.12 (m, 2H), 2.80 (s, 3H) ppm. *C NMR (125 MHz, CDCl;)
5 144.3, 136.6, 121.4, 1182, 115.9, 112.6, 49.1, 38.7.

General Procedure for the Reduction of Amides to Alcohols
with MgAB. The following procedure for the reduction of N,N-
dimethylbenzamide is representative. To an oven-dried and argon-
cooled 50 mL round-bottom flask equipped with a magnetic stirring
bar and fitted with a rubber septum was added N,N-dimethyl-
benzamide (0.350 g, 2 mmol), followed by anhydrous THF (1.6 mL).
To the stirred solution was added MgAB (2.5 mL, 1M, 2.5 mmol).
After 3 h of stirring, the reaction mixture was cooled to 0 °C and
quenched by the slow addition of 3 M HC1 (4 mL, 12 mmol)
(Caution! Hydrogen evolution). The aqueous and organic fractions
were separated, and the aqueous fraction was extracted with Et,0 (3 X
10 mL). The combined ethereal fractions were washed with 3 M
NaOH (3 X 10 mL), dried over MgSO,, and concentrated under
reduced pressure to yield benzyl alcohol as a clear oil (0.180 g, 83%).

Benzyl Alcohol.* Clear oil (0.180 g, 83% yield). 'H NMR (500
MHz, CDCLy): § 7.26—7.13 (m, SH), 4.43 (s, 2H), 3.43 (s, 1H) ppm.
13C NMR (125 MHz, CDCL,): 5 1409, 128. S, 127.5, 127.0, 64.9.

4-(Hydroxymethyl)benzonitrile.”” Clear oil (0.197 g, 74% yield).
"H NMR (500 MHz, CDCL,): § 7.57 (d, ] = 8.1 Hz, 2H), 7.42 (d, ] =
8.1 Hz, 2H), 4.70 (s, 2H), 3.09 (s, 1H) ppm. *C NMR (125 MHz,
CDCly): § 146.6, 132.2, 127.0, 118.9, 110.7, 63.9.

Methyl 4-(Hydroxymethyl)benzoate.” Clear oil (0.306 g, 92%
yield). "TH NMR (500 MHz, CDCl;): 6 7.93 (d, J = 8.3 Hz, 2H), 7.34
(d, J = 8.3 Hz, 2H), 4.68 (s, 2H), 3.84 (s, 3H) ppm. *C NMR (125
MHz, CDCL,): § 167.2, 1462, 129.9, 129.3, 126.6, 64.7, 52.2.

General Procedure for the Reduction of Weinreb Amides to
Aldehydes with MgAB Purified by Bisulfite Adduct Formation.
The following procedure for the reduction of N-methoxy-N-methyl-
benzamide by MgAB is representative. To an oven-dried and argon-
cooled 25 mL round-bottom flask equipped with a stir bar and septum
was added N-methoxy-N-methylbenzamide (0.305 mL, 2 mmol),
followed by THF (1.7 mL). Chloromagnesium dimethylaminoboro-
hydride (MgAB, 2 mL, 1M, 2 mmol) was then added dropwise via a
syringe. The reaction was monitored by TLC (Hex/EtOAc, 1:1). After
30 min, the reaction solution was added dropwise to a solution of
acetaldehyde (2 mmol) and acetic acid (2 mmol) in pentane (10 mL).
After 15 min, saturated aqueous NH,Cl (2 mL) was added. The
organic layer was separated, and the aqueous phase was extracted with
Et,0 (2 X 10 mL). The combined organic layers were washed with 1
M HCI (10 mL), dried with magnesium sulfate, and concentrated
under reduced pressure to yield crude aldehyde as an orange oil. The
crude aldehyde (2 mmol) was transferred to a round-bottom flask
equipped with a magnetic stir bar, followed by EtOH (3 mL) and
EtOAc, (5 mL) and cooled with an ice bath. A saturated aqueous
solution of NaHSO; (1 mL) was added with stirring. After 4 h, the
solid bisulfite adduct was isolated by vacuum filtration, washed with
Et,0 (3 X 5 mL), and dried under vacuum to yield a white solid. The
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bisulfite adduct was then added to a round-bottom flask dissolved in
H,0 (10 mL), and a 37% formalin solution (2 mL) was added,
followed by Et,0 (20 mL). The biphasic solution was stirred for 1 h.
The aqueous layer was separated and extracted with a 1:1 mixture of
THF/Et,0 (3 X 10 mL). The combined organic layers were dried
over magnesium sulfate and concentrated under reduced pressure to
give the aldehyde as a pale yellow oil (0.160 g, 75% yield). For other
aldehydes prepared by this method, see Table 5.

Benzaldehyde.”® Pale yellow oil (0.160 g, 75% yield). 'H NMR
(500 MHz, CDCly): § 9.99 (s, 1H), 7.86—7.84 (m, 2H), 7.61—7.58
(m, 1H), 7.51-7.47 (m, 2H) ppm. *C NMR (125 MHz, CDCL,): §
192.5, 136.5, 134.5, 129.8, 129.1 ppm.

o-Tolualdehyde.* Pale yellow oil (0.178 g, 74% yield). '"H NMR
(500 MHz, CDCL,): & 1025 (s, 1H), 7.80—7.76 (m, 1H), 7.49—7.44
(m, 1H), 7.37—7.32 (m, 1H), 7.26—7.23 (m, 1H), 2.66 (s, 3H) ppm.
BC NMR (125 MHz, CDCL): § 193.0, 140.7, 134.3, 133.8, 132.2,
1319, 126.5, 19.7 ppm.

3,5-Dimethylbenzaldehyde.”’ Pale yellow oil (0.217 g, 81% yield).
'"H NMR (500 MHz, CDCL): § 9.95 (s, 1H), 7.49 (s, 2H), 7.27 (s,
1H), 2.39 (s, 6H) ppm. *C NMR (125 MHz, CDCL,): § 192.9, 138.8,
136.7, 136.3, 127.6, 21.2 ppm.

p-Methoxybenzaldehyde.”> Yellow oil (0.223 g, 82% yield). 'H
NMR (500 MHz, CDCl;): § 9.83 (s, 1H), 7.79 (d, ] = 8.8 Hz, 2H),
6.96 (d, ] = 8.8 Hz, 2H), 3.83 (s, 3H) ppm. *C NMR (125 MHz,
CDCly): 6 190.8, 164.6, 132.0, 129.9, 114.3, 55.6 ppm.

trans-Cinnamaldehyde.” Yellow oil (0.185 g 70% yield). 'H
NMR (500 MHz, CDCly): § 9.67 (d, ] = 7.7 Hz, 1H), 7.55—7.38 (m,
6H), 6.69 (dd, ] = 15.9, 7.7 Hz, 1H) ppm. *C NMR (125 MHz,
CDCly): § 193.8, 152.9, 134.0, 131.3, 129.1, 128.5, 128.5 ppm.

3-Bromo-4-methylbenzaldehyde.”> White solid (0.322 g, 81%
yield). "H NMR (500 MHz, CDCL,): 6 9.91 (s, 1H), 8.02 (d, J = 1.9
Hz, 1H), 7.71 (dd, J = 7.7, 1.9 Hz, 1H), 7.40 (d, ] = 7.7 Hz, 1H), 2.48
(s, 3H) ppm. °C NMR (125 MHz, CDCl;): § 190.4, 145.1, 135.8,
133.3, 131.3, 128.4, 125.60, 23.4 ppm.

o-Bromobenzaldehyde.* Pale yellow oil (0.274 g, 74% yield). 'H
NMR (500 MHz, CDCl,): 6 10.36 (s, 1H), 7.93—7.89 (m, 1H), 7.66—
7.63 (m, 1H), 7.46—7.41 (m, 2H) ppm. *C NMR (125 MHz, CDCl;)
8§ 192.1, 135.5, 134.1, 133.7, 130.1, 128.1, 127.3 ppm.

p-Chlorobenzaldehyde.”> White solid (0.197 g, 70% yield). 'H
NMR (500 MHz, CDCl,): § § 9.98 (s, 1H), 7.82 (d, ] = 8.4 Hz, 2H),
7.51 (d, J = 8.4 Hz, 2H) ppm. *C NMR (125 MHz, CDCl;) § 191.0,
141.1, 134.8, 131.0, 129.6 ppm.

p-Trifluoromethylbenzaldehyde.”> Pale yellow oil (0.261 g, 75%
yield). 'H NMR (500 MHz, CDCl,): 6 10.10 (s, 1H), 8.01 (d, ] = 7.6
Hz, 2H), 7.81 (d, ] = 7.6 Hz, 2H) ppm. *C NMR (125 MHz, CDCl,):
5 191.3, 138.9, 135.8 (d, J = 32.9 Hz), 130.1, 1263 (q, J = 3.8 Hz),
125.0 ppm.

Octanal.** Pale yellow oil (0.205 g, 80% yield). 'H NMR (500
MHz, CDCL): 6 9.72 (s, 1H), 2.41-2.34 (m, 2H), 1.63—1.51 (m,
2H), 1.32—1.17 (m, 8H), 0.87—0.79 (m, 3H) ppm. *C NMR (125
MHz, CDCL,): & 202.9, 44.0, 31.7, 29.2, 29.1, 22.6, 22.2, 14.1 ppm.

Methyl 4-Formylbenzoate.** White solid (0.230 g, 70% yield). 'H
NMR (500 MHz, CDCL,): & 10.10 (s, 1H), 8.19 (d, ] = 8.4 Hz, 2H),
7.95 (d, ] = 84 Hz, 2H), 3.96 (s, 3H) ppm. *C NMR (125 MHz,
CDCl,): 6 191.8, 166.2, 139.3, 135.3, 130.4, 129.7, 52.8 ppm.

p-Nitrobenzaldehyde.”> Yellow solid (0.269 g, 89% yield). 'H
NMR (500 MHz, CDCl,): 6 10.16 (s, 1H), 8.39 (d, ] = 8.6 Hz, 2H),
8.07 (d, ] = 8.6 Hz, 2H) ppm. *C NMR (125 MHz, CDCl,) 6 1904,
1512, 1402, 130.6, 124.4 ppm.

p-Cyanobenzaldehyde.”” White solid (0.194 g, 74% yield). 'H
NMR (500 MHz, CDCl,): § 10.10 (s, 1H), 8.00 (d, J = 8.3 Hz, 2H),
7.85 (d, ] = 8.3 Hz, 2H) ppm. *C NMR (125 MHz, CDCl;): § 190.9,
138.9, 133.1, 130.1, 117.9, 117.8 ppm.

General Procedure for the Reduction of Amides to
Aldehydes with MgAB, Purified by Alumina Column Chroma-
tography. The following procedure for the reduction of N-methoxy-
N-methylbenzamide by MgAB is representative. To an oven-dried and
argon-cooled 25 mL round-bottom flask equipped with a stir bar and
septum was added N-methoxy-N-methylbenzamide (0.305 mL, 2
mmol), followed by THF (1.7 mL). Chloromagnesium dimethyl-
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aminoborohydride (MgAB, 2 mL, 1M, 2 mmol) was then added
dropwise via a syringe. The reaction was monitored by TLC (Hex/
EtOAc, 1:1). After 30 min, the reaction solution was added dropwise
to a solution of acetaldehyde (2 mmol) and acetic acid (2 mmol) in
pentane (10 mL). After 15 min, saturated aqueous NH,Cl (2 mL) was
added. The organic layer was separated, and the aqueous phase was
extracted with Et,0 (2 X 10 mL). The combined organic layers were
washed with 1 M HCI (10 mL), dried with magnesium sulfate, and
concentrated under reduced pressure to yield crude aldehyde as an
orange oil. To a fritted column was added 25 g of aluminum oxide
(basic alumina) in a hexane slurry and covered by a thin layer of sand.
The system was flushed with a 1:1 mixture of hexanes:ethyl acetate
(solvent). The crude aldehyde was carefully applied to the sand, and
more solvent was dispensed. Fractions of 1—2 mL were analyzed via
TLC. The combined organic layers were dried over magnesium sulfate
and concentrated under reduced pressure to give the aldehyde as a
pale yellow oil (0.160 g, 75% yield). For other aldehydes prepared by
this method, see Table 6.

Benzaldehyde. Pale yellow oil (0.160 g, 75% yield). '"H NMR (500
MHz, CDCly): § 10.02 (s, 1H), 7.91-7.86 (m, 2H), 7.66—7.61 (m,
1H), 7.56—7.50 (m, 2H) ppm. *C NMR (125 MHz, CDCL,): § 192.6,
136.6, 134.7, 129.9, 129.2 ppm.

Cyclohexanecarboxaldehyde.”* Clear oil (0.146 g, 65% yield). 'H
NMR (500 MHz, CDCl,): § 9.55 (s, 1H), 2.21-2.13 (m, 1H), 1.87—
1.79 (m, 2H), 1.72—1.63 (m, 2H), 1.62—1.54 (m, 1H), 1.34—1.14 (m,
SH) ppm. ®C NMR (125 MHz, CDCl,;): § 204.9, 50.0, 26.0, 25.9,
25.0 ppm.

4-Phenylbutanal.** Clear oil (0.207 g, 70% yield). 'H NMR (500
MHz, CDCly): 6 9.76 (t, ] = 1.7 Hz, 1H), 7.33—7.26 (m, 2H), 7.24—
7.16 (m, 3H), 2.67 (t, ] = 7.6 Hz, 2H), 2.49—2.43 (m, 2H), 2.02—1.92
(m, 2H) ppm. *C NMR (125 MHz, CDCL): § 202.5, 141.4, 128.6 (2
carbons), 126.3, 43.3, 35.2, 23.8 ppm.

p-Chlorobenzaldehyde. White solid (0.259 g, 92% yield). "H NMR
(500 MHz, CDCl,): 6 9.97 (s, 1H), 7.80 (d, ] = 6.1 Hz, 2H), 7.49 (d, ]
= 6.2 Hz, 2H) ppm. *C NMR (125 MHz, CDCl;) § 191.0, 141.1,
134.9, 131.0, 129.6 ppm.

4-Benzylbenzaldehyde.”® Clear oil (0.290 g, 74% yield). 'H NMR
(500 MHz, CDCly): § 9.98 (s, 1H), 7.84—7.79 (m, 2H), 7.38—7.35
(m, 2H), 7.34—=7.30 (m, 2H), 7.26—7.22 (m, 1H), 7.21-7.18 (m, 2H),
4.07 (s, 2H) ppm. C NMR (125 MHz, CDCl,): § 192.1, 148.6,
139.9, 134. 8, 1302, 129.7, 129.1, 128.8, 126.6, 42.1 ppm.

3-Bromo-4-methylbenzaldehyde. White solid (0.212 g, 53%
yield). '"H NMR (500 MHz, CDCL;): § 991 (s, 1H), 8.03 (d, J =
1.7 Hz, 1H), 7.71 (dd, ] = 7.7, 1.7 Hz, 1H), 7.40 (d, ] = 7.7 Hz, 1H),
248 (s, 3H) ppm. °C NMR (125 MHz, CDCly): § 190.6, 145.3,
136.0, 133.5, 131.5, 128.6, 125.8, 23.6 ppm.

p-Methoxybenzaldehyde. Yellow oil (0.164 g 60% yield). 'H
NMR (500 MHz, CDCLy): 5 9.88 (s, 1H), 7.83 (d, ] = 8.8 Hz, 2H),
7.00 (d, ] = 8.8 Hz, 2H), 3.88 (s, 3H) ppm. *C NMR (125 MHz,
CDCl): 6§ 191.0, 164.8, 132.1, 130.1, 114.5, 55.7 ppm.

4-Chloromethylbenzaldehyde.” White solid (0.175 g, 60% yield).
'"H NMR (500 MHz, CDCl,): § 10.00 (s, 1H), 7.86 (d, ] = 8.3 Hg,
2H), 7.54 (d, J = 8.3 Hz, 2H), 4.62 (s, 2H) ppm. *C NMR (125 MHz,
CDCLy): & 191.7, 144.0, 1363, 1302, 129.2, 45.4 ppm.

p-Nitrobenzaldehyde. Yellow solid (0.212 g, 70% yield). "H NMR
(500 MHz, CDCl,): 10.15 (s, 1H), 8.38 (d, J = 8.3 Hz, 2H), 8.07 (d, ]
= 8.3 Hz, 2H) ppm. *C NMR (125 MHz, CDCl;) § 190.5, 151.2,
1402, 130.6, 124.4 ppm.

General Procedure for the Reduction of Amides to
Aldehydes with MeLAB, Purified by Bisulfite Adduct For-
mation. The following procedure for the reduction of N-methoxy-N-
methylbenzamide by MeLAB is representative. To an oven-dried and
argon-cooled 25 mL round-bottom flask equipped with a stir bar and
septum was added N-methoxy-N-methylbenzamide (0.30S mL, 2
mmol), followed by THF (1.7 mL). Chloromagnesium dimethyl-
aminoborohydride (MeLAB, 2 mL, 1M, 2 mmol) was then added
dropwise via a syringe. The reaction was monitored by TLC (Hex/
EtOAc, 1:1). Upon completion, the reaction solution was added
dropwise to a solution of acetaldehyde (2 mmol) and acetic acid (2
mmol) in pentane (10 mL). After 15 min, saturated aqueous NH,CI
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(2 mL) was added. The organic layer was separated, and the aqueous
phase was extracted with Et,0 (2 X 10 mL). The combined organic
layers were washed with 1 M HCI (10 mL), dried with MgSO,, and
concentrated under reduced pressure to yield crude aldehyde as an
orange oil. The crude aldehyde (2 mmol) was transferred to a round-
bottom flask equipped with a magnetic stir bar, followed by EtOH (3
mL) and EtOAc (5 mL) and cooled to 0 °C (ice bath) . A saturated
aqueous solution of NaHSO; (1 mL) was added with stirring. After 4
h, the solid bisulfite adduct was isolated by vacuum filtration, washed
with Et,0 (3 X S mL), and dried under vacuum to yield a white solid.
The bisulfite adduct was then added to a round-bottom flask dissolved
in H,O (10 mL), and a 37% formalin solution (2 mL) was added,
followed by Et,O (20 mL). The biphasic solution was stirred for 1 h.
The aqueous layer was separated and extracted with a 1:1 mixture of
THF/Et,0 (3 X 10 mL). The combined organic layers were dried
over magnesium sulfate and concentrated under reduced pressure to
give the aldehyde as a pale yellow oil (0.160 g, 75% yield).

Benzaldehyde. Pale yellow oil (0.160 g, 75% yield). '"H NMR (500
MHz, CDCl,): § 10.01 (s, 1H), 7.90—7.84 (m, 2H), 7.65—7.59 (m,
1H), 7.55—7.48 (m, 2H) ppm. *C NMR (500 MHz, CDCl;): 5 192.6,
136.6, 134.6, 129.9, 129.2 ppm.
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