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Abstract: Using microwave technology, a new protocol has been
developed that improves the reaction rate and overal efficiency of
the direct reductive amination of ketoneswith anilines. When using
sodium triacetoxyborohydride as the reducing agent, high product
yieldsand increased reaction rates are achieved for avariety of elec-
tronically different anilines. Furthermore, we have found that this
protocol can also be applied to aldehydes.
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The synthesis of secondary and tertiary amines by the
reductive amination of carbonyl compounds is a versatile
and widely used transformation available to the modern
synthetic chemist. Additionally as aromatic amines are
present in alarge number of marketed pharmaceuticals it
is not surprising that a variety of protocols have been re-
ported in the chemical literature.?> These methods can
usually be categorised into two distinct areas. The first is
an indirect/stepwise method where the intermediate imine
is pre-formed and then reduced in an independent step.!
The second are direct reductive amination methods that
are much more convenient as prior formation of theimine
is not necessary; the carbonyl compound, the amine and
the reducing agent are all present at the outset of the reac-
tion.® Traditionally, sodium cyanoborohydride has been
the reducing agent of choice in these direct reactions.*
However, the reagent and its by-products are highly toxic,
which is undesirable. Sodium triacetoxyborohydride has
been identified as amild and efficient alternative,® which
exhibits good selectivity and will reduce aldehydes pref-
erentially over ketones. Moreover, imines are much more
basic than their carbonyl counterparts and thus are prefer-
entially reduced by sodium triacetoxyborohydride.

Sodium triacetoxyborohydride has been utilised success-
fully for the reductive amination of a wide variety of
ketones with differing primary and secondary amines.®
However, when anilines are used more extensive reaction
times are necessary.” Anilines are weakly basic amines
(pKa~ 4.6,2 compare with 10.7 for cyclohexylamine®) due
mainly to the partial delocalisation of the nitrogen lone
pair into the aromatic benzene ring.'° Anilines are much
less nucleophilic than aliphatic amines and, as a conse-
guence, longer reaction times are needed. Indeed, because
of this Abdel-Magid’'s group demonstrated the use of
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severa different sets of reaction conditions for the direct
reductive amination of anilines.%¢¢ Therefore, we felt
that a more general, user-friendly protocol that would al-
low for the rapid synthesis of aromatic amines would be
extremely beneficia. Additionally, we were intrigued as
to whether the use of modern microwave technology
could enhance the reaction rate and overall efficiency of
the reductive amination process.*'? Herein, we present
our initial findingsin this area.

At the outset of this study, and in order to optimise a mi-
crowave-assisted direct reductive amination process, the
general method described by Abdel-Magid and co-work-
erswas used as abasis.%¢ |n this regard, a standard reac-
tion between aniline and cyclohexanone was selected to
carry out an initia time and temperature study. The reac-
tion was carried out in sealed microwave tubes containing
asolution of aniline, cyclohexanone (2 equiv), sodium tri-
acetoxyborohydride (2.5 equiv) and acetic acid (3 equiv)
in toluene which was then heated for various times and
temperatures using a CEM Discover® instrument
(Table 1).*2 It was found that a successful reaction could
be achieved at 100 °Cin only ten minutes (entry 1). More-
over, it was discovered that the yields of desired product
could be enhanced to 87% by increasing the temperature
to 140 °C (entry 3). Interestingly, heating beyond this
temperature proved to be detrimental to the product yields

Tablel The Effectsof Time and Temperature on the Reductive
Amination of Cyclohexanone with Aniline?

OO = OO

Entry Time (min) Temp (°C) Yield (%)°
1 10 100 70
2 10 120 81
3 10 140 87
4 10 160 81
5 10 180 77
6 15 120 84
7 15 140 86

@ Reaction conditions: aniline (1 mmol), cyclohexanone (2 mmol),
NaBH(OAC); (2.5mmaoal) and AcOH (3 mmol) in toluene (2 mL) were
heated in a CEM Discover® instrument.

bYield of isolated product.
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(entries 4 and 5). Furthermore, a ten-minute reaction time
seemed to be optimal, as heating for alonger time period
showed no significant benefits (entries 6 and 7).

In order to further optimise the reductive amination pro-
cess we felt that it was crucia to investigate an array of
solvents that possessed different microwave properties
(Table 2).114 Whilst all solvents performed very well, the
yield of 94% that was obtained with 1,2-dichloroethane
(DCE) was particularly impressive (entry 2). Therefore,
all further reactionswere carried out using DCE asthe sol-
vent. Nevertheless, the result of 91% obtained with aceto-
nitrile (entry 4) is comparable and, if required, this could
be used as an alternative.

Table2 The Effects of Solvents Used in Reductive Amination of
Cyclohexanone with Aniline?

Entry Solvent Yield (%)°
1 Toluene 87
2 THF 79
3 DCM 81
4 Acetonitrile 91
5 1,2-DCE 94

@ Reaction conditions: aniline (1 mmol), cyclohexanone (2 mmol),
NaBH(OAC); (2.5 mmol) and AcOH (3 mmol) in the stated solvent
(2 mL) were heated in a CEM Discover® instrument at 140 °C for ten
minutes.

b Yield of isolated product.

Next we examined whether the reducing agent and/or the
acid could be substituted for alternative reagents
(Table 3). First, it was found that both sodium cyanoboro-
hydride and resin-bound sodium triacetoxyborohydride'®
resulted in inferior yields (entries 1 and 2). Second, the
role of the acetic acid is clearly very important,'® as
attempts to substitute this for other acidic derivatives re-
sulted in lower yields (entries 3-5). However, the yield of
~70% obtained with the use of the reducing agent MP-
sodium triacetoxyborohydride is still synthetically useful

Table3 Alternative Reagents for the Reductive Amination of
Cyclohexanone with Aniline?

Entry Acid Reductant Yield (%)°
1 ACOH NaCNBH, 56
2 ACOH MP-BH(OAC)S 69
3 TSOH NaBH(OAC), 45
4 Amberlite IRC50-H NaBH(OAC), 64
5 MP-TsOH¢ NaBH(OAC), 35

@ Reaction conditions: aniline (1 mmol), cyclohexanone (2 mmol),
reducing agent (2.5 mmol) and acid (3 mmol) in DCE (2 mL), were
heated in a CEM Discover® instrument at 140 °C for ten minutes.
bYield of isolated product.

¢ MP = macroporons polystyrene.

(entry 2). In addition, this reagent does offer the benefit of
asimple filtration rather than an aqueous work-up to ob-
tain the product.

Now that optimised microwave conditions had been es-
tablished, reductive aminations were attempted with a
range of electronically different anilines and ketones of
varying reactivity (Table 4).)” Cyclopentanone and hex-
an-2-one reacted extremely readily with anilineto provide
excellent yields of 88% and 92%, respectively (entries 2
and 3). Even the much less reactive cyclooctanone provid-
ed a good yield of 68% in only ten minutes (entry 4). In
almost every instance the use of microwave irradiation to
facilitate the reductive amination of various anilines was
highly successful, with reactions reaching completion in
just ten minutes. Moreover, both p-methoxyaniline and o-
toluidine reacted extremely well with avariety of ketones
(entries 5-11). However, and perhaps not surprisingly,
reactions involving the electron-deficient anilines, o-bro-
moaniline and p-nitroaniline, gave moderate yields (en-
tries 12-15). It should be noted that in these cases it was
still possible to observe some of the starting aniline by
TLC.28 Nevertheless, this protocol still allowed for the
swift formation of syntheticaly very useful building
blocks.

Table4 Microwave-Assisted Reductive Amination between Anilines and K etones®

Entry Aniline K etone Product Yield (%)°
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Table4 Microwave-Assisted Reductive Amination between Anilines and Ketones* (continued)

Entry Aniline K etone Product Yield (%)°
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@Reaction conditions: Aniline (1 mmol), ketone (2 mmol), NaBH(OAC); (2.5 mmol) and AcOH (3 mmol) in DCE (2 mL) were
heated in a CEM Discover® instrument at 140 °C for ten minutes.
bYield of isolated product.
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To explore the scope of these newly developed reductive  examined (Table 5).2* However, dueto theincreased reac-
amination conditions, the reaction between various tivity of adehydes, when using our standard protocol the
anilines and an aldehyde, cyclohexanecarbaldehyde, was  di-alkylated compound was found to be the mgjor prod-
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Table5 Microwave-Assisted Reductive Amination between Anilines and Aldehydes?

Entry Aniline Aldehyde

Product Yield (%)°
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@ Reaction conditions: Aniline (2 mmol), aldehyde (1 mmol), NaBH(OAC); (2.5 mmol) and AcOH (3 mmol) in DCE (2 mL) were heated in a

CEM Discover® instrument at 140 °C for ten minutes.
bYield of isolated product.

uct. This problem was overcome by utilising the aldehyde
as the limiting reagent. Indeed, the desired mono-alkylat-
ed products were then obtained successfully in excellent
yields of up to 91%. Even the very unreactive o-bromoa-
niline and p-nitroaniline provided the desired productsin
very good yields of 75% and 61%, respectively (entries 4
and 5).

Having established that our newly developed microwave
protocol enhances the direct reductive amination of a
good range of substrates, we were keen to demonstrate the
mildness of this technique. To this end, 1,4-cyclohex-
anedione monoethylene acetal, containing an acid-labile
acetal protecting group, was chosen to undergo reductive
amination with aniline and o-bromoaniline (Scheme 1).
Using our general protocol, the reaction proceeded effi-
ciently to give the desired products in good yields of
~80% and 60%, respectively. Interestingly, Solé et al. re-
quired a reaction time of three days to achieve similar
yields for this transformation with o-bromoaniline.?? Im-
portantly, from this aryl bromide intermediate, Solé et al.
quickly and elegantly access very interesting bridged in-
termediates that have been used in the synthesis of two
members of the Strychnos alkaloid family, the insecticide
Aspernomine”® and the anti-malarial Strycnochromine
(Scheme 1).2* The intermediate has three points where
functionalisation is facile and this alows for rapid diver-
sification of the scaffold. Therefore, we feel that the use
of our protocol allowsfor an even more efficient approach
to templates of extreme biological interest.

X o_ O X O/>
+  —— (0]
NH, i: iN/ i :
H

when X = H, 82%
when X = Br, 56%

strycnochromine

Scheme 1 Microwave-assisted reductive amination with an acid-
sensitive substrate. Reagents and conditions: aniline (1 mmol), ketone
(2 mmol), NaBH(OAC); (2.5 mmol) and AcOH (3 mmol) in DCE
(2 mL) were heated in a CEM Discover® instrument at 140 °C for ten
minutes.

In summary, the microwave-assisted direct reductive am-
ination procedure reported here offers many advantages
over the more traditional methods. The most beneficial
being the rapid reaction time, with the vast majority of re-
actions producing excellent yields after merely ten min-
utes. Additionally, as demonstrated above, the reaction
conditions are mild and simple; sodium triacetoxyboro-
hydride is much less toxic than the alternative sodium
cyanoborohydride and an acid sensitive functionality is
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tolerated by our system. A further advantage of this pro-
cedure is that inert atmospheric conditions are not neces-
sary. This, coupled with only minimal work-up and
straightforward flash column chromatography, means that
the reactions are operationally very simple.

In conclusion, we have demonstrated that modern focused
microwave reactors are readily utilisable and are reliable
tools for the promotion of the direct reductive amination
of both electron-rich and electron-poor anilines. The use
of thistechnique resultsin the formation of functionalised
anilines that are potentially very interesting scaffolds for
the design of drug-like molecules. Indeed, this technique
resultsin rapid and efficient access to avast array of very
interesting and versatile aromatic amines.
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