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Abstract: This work describes the use of cheap, safe,
and easy-to-handle hydrosilatrane as the reductant in
direct reductive amination reactions. This efficient
method enables a facile, metal-free access to secon-
dary and tertiary amines from a wide range of alde-
hydes and ketones, with the synthesis of tertiary
amines requiring no additives at all. This reaction

demonstrates excellent functional group tolerance,
chemoselectivity, and scalability.
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Introduction

Due to the ubiquity of amines in important biological-
ly active molecules in nature, and in a wide range of
applications from pharmaceuticals to fine chemicals,
effective syntheses are of paramount importance.!)
Although various methods are known,” direct re-
ductive amination (DRA) is considered the most
practical method for the synthesis of amines, and
therefore is the most widely used.”) DRA involves
a reaction between an amine and an aldehyde, or
ketone, to form an imine or iminium ion in situ,
which is then converted by a reducing agent to the
corresponding amine.! While several methods exist
for the formation of secondary amines,® there are
few studies on direct reductive aminations that form
tertiary amines due to the steric influence on enam-
ine/iminium ion formation at equilibrium.”! Addition-
ally, DRA using secondary arylamines to form aro-
matic tertiary amines has been described as challeng-
ing® and only a handful of procedures are known."’!
For DRA, choosing a chemoselective reducing
agent is crucial: the reductant must be able to reduce
the imine or iminium ion but not the parent carbonyl
compound (or other functionalities present).®! For ex-
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ample, catalytic hydrogenation with metal catalysts is
effective on a large scale but tends not to tolerate un-
saturated substituents on the reactants.”’

The most commonly used reducing agents for DRA
are NaBH;CN" and NaBH(OAc)'"” due to their
wide availability, simplicity of use, chemoselectivity,
and mild reaction condition requirements. However,
NaBH;CN is toxic, forms toxic by-products during
work-up, and tends to require large excesses of
amine, whilst NaBH(OAc); is not compatible with
most aromatic ketones, or with aromatic secondary
amines."™*!"! Other borohydride derivatives over-
come these issues but require more complex purifica-
tion techniques.**!?

Organosilanes have been reported as efficient alter-
natives to borohydrides for DRA, as they require sim-
pler purification methods due to their good solubility
in organic solvents.'”” PMHS has been the silane of
choice due to its non-toxicity, low price, and inertness
in the absence of an activator."” However, PMHS
and other organosilanes require activating catalysts
for reduction to occur.'*¥ These catalysts all have
their drawbacks. For example, trifluoroacetic acid
cannot be used with acid-labile functionalities,!!
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Bu,SnCl,, SnCl,, and BiCl; are toxic,>'®! and InCl, is
expensive and a known teratogen.!'”)

1-Hydrosilatrane 1 (Figure 1, also called silatrane)
has largely been overlooked as a reducing agent since
it was first synthesized by Frye et al. in 1961.1' Sila-
trane has a cage structure with a lone pair of electrons

Figure 1. 1-Hydrosilatrane

on nitrogen oriented towards the silicon, rendering it
effectively pentacoordinate. This has the potential to
make silatrane a good reducing agent because the in-
crease in electron density at the hypervalent silicon
center should make the hydride more hydridic.!"”! Fur-
thermore, the hypervalent silicon should be more
Lewis acidic and therefore more likely to further co-
ordinate reducible Lewis base functionalities such as
carbonyls.”” Silatrane is easy and inexpensive to syn-
thesize, and is an air- and moisture-stable solid
making it trouble-free to handle.”"

Our previous work has shown that 1 is good reduc-
ing agent for aldehydes” and ketones™! in the pres-
ence of a Lewis base (Scheme 1), but does not readily
reduce nitro, vinyl or aryl halide functional groups. To
the best of our knowledge 1 has not previously been
considered as a reducing agent for direct reductive
aminations. We describe here our successes in accom-
plishing this.

Previous work:

o 1 OH
_
R1 K R2 Lewis base R’ A R?
R = alkyl, aryl
R2=H, alkyl, aryl
This work:
4 3
o R . Rk
1]\ + HN R J\
R1" Y R2 R3 no additive R1TR2
R' = alkyl, aryl R3 = alkyl, aryl

R2=H, alkyl, aryl R?*=H, alkyl

Scheme 1. 1-Hydrosilatrane as a reducing agent.

Results and Discussion
After optimization,” DRA was conducted by com-
bining 1, aldehyde 2, and secondary amine in a vial,

which was heated at 70°C overnight to give corre-
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sponding amine 3 product in high yields. As can be
seen in Scheme 2, exchanging PMHS for 1 under neat
conditions gave a much lower yield of product, while
no reaction was observed when triethylsilane was
used as the reductant.

0 Silane (2 equiv.),

/@) EtoNH (1 equiv.) NS
70°C, 20 h N
2 3
Silane =1, 99%!2l (84 %)
PMHS, 48%! (32%)M®]
Et3SiH, n.r.

[al Yields determined by GC-MS.
bl |solated yields.

Scheme 2. Comparative effectiveness of different silanes
using the optimized method.

Table1 demonstrates the broad applicability of this
method for the reaction of secondary amines with al-
dehydes to form tertiary amines. Benzaldehyde react-
ed with secondary amines to give products 4-7. A
clear pattern is seen relating the steric bulk of the
amine and the resulting isolated yield (compare 4 and
3 to 5 and 8, for example): this discrepancy is not re-
lated to the reaction itself, but rather due to the
method of purification (acid extraction) as inspection
by GC-MS prior to work-up indicated quantitative
conversion. The reaction works well with both elec-
tron-rich (3, 9-11, 13-15, 19-20, 22, 24) and electron-
poor (16-18, 21, 23) aromatic aldehydes. Both alde-
hyde forms of teraphthdialdehyde were readily ami-
nated to give bis-tertiary amine 25.

The o,p-unsaturated cinnamaldehyde gave high
yields of the tertiary amines 26-28 with no reduction
of the double bond observed. DRA of 1-naphthalde-
hyde gave high yields of 29 and 31 with diethylamine
and pyrrolidine, respectively; the relatively low isolat-
ed yield of 30 (using dibenzylamine) was due to the
low solubility of the product complicating work-up.
The reaction is not limited to aromatic aldehydes, as
the aliphatic cyclohexylcarboxaldehyde and isovaler-
aldehyde produced 32 and 33 in excellent yields. Pico-
linaldehyde formed 34 but the isolation was difficult
due to enhanced solubility of the product in water.
Very good functional group tolerance is observed, as
reducible groups such as nitro (18), cyano (21), olefin
(26-28), and ester (28) along with common protecting
groups such as benzyl (24) and triisopropylsilyl (35
and 36) remain unaffected. With respect to the
amines, high yields are obtained with acyclic and
cyclic aliphatic secondary amines, as well as the far
less nucleophilic aromatic amines. However, the reac-
tion was not successful with N-Boc protected amine
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Table 1. Scope of aldehydes and secondary amines for DRA to form tertiary amines.

o]
2
R1JLH + HN'R
R3

[d]

) 2
1 (2 equiv.) R1T> N'R

R3

3
N'R
R4

4 R3=R*=Et 80%!

5 R3= R4 = j-Pr 59%][°]

6 R3=R4=Bn 62%!

7 R3-R% = -(CH,)s- 99%lc!

3 R3=R*=Et 81%

8 R3=R*=j-Pr 60%°

9 R3=R4=Bn 92%lc!

10 R3= Me, R* = Ph 78%!c!
11 R3-R% = -(CH,)4- 91%[c]
12 R3=Bn, R*=Boc n.r.la

.E
/@/\N t
Ph =

.R3
:
/[ j R4
MeO

13 R3= R4 = Et 88%
14 R3= R*=Bn 97%°
15 R3= Me, R4 = Ph 84 %l

+E
/©/\’.\‘ t
Et
NC

3
/©/\N.R
R4
Cl

16 R3= R* = Et 95%"]
17 R3=R*=Bn 61%!

18 74%/2]

F «E
MeO N’ Et ',\l t
Et Et

19 92%!el 20 84%lal 21 84%b 22 62%! 23 83%2l
.E
: \ : Et o)
BnO Et et & K/
24 83%bl 25 93%al 26 98%l@ 27 70%!@l 28 78%]
iPr
N .Et iPr.:.0 .R3
O R3 Bn )\/\ BN | S N Si N
N’ N’ : S Et iPr R4
R4 Bn En
29 R3= R* = Et 98%l 32 99l 33 90%1C] 34 35% 35 R3= R4= Et 76%!C]

30 R3=R*= Bn 59%!°]
31 R3-R* = -(CHy)4- 99%!]

36 R3= Me, R* = Ph 87%lc!

[l CHCY, as solvent, 60°C, 2 equivalents of amine.
] MeCN as solvent, 70°C, 1.2 equivalents of aldehyde.
[l No solvent, 70°C, 2 equivalents of aldehyde.

[ Isolated yields, reaction ran overnight, monitored by GC until completion.

12, as it does not form the required iminium ion
under our conditions.

We further desired to extend this method to the
formation of secondary amines, however, under neat
conditions propylamine with para-tolualdehyde only
gave the corresponding imine in quantitative yield
with no observed reduction.’*! We postulated that
protonation of the imine would allow its reduction by
1. Using acetic acid as the solvent, reductive amina-
tion of a series of aldehydes was observed at room
temperature within 1 hour (Table2). The reaction
works well with both electron-rich (38-42) and elec-
tron-poor (44) aldehydes, as well as a,f-unsaturated
aldehydes (45) and aliphatic aldehydes (46). O-Pro-
tected amino acids can be used as an amine source as
well, as no reduction of the ester is observed (43).
Both aliphatic and aromatic amines give excellent
yields.

Having explored the scope of tertiary and secon-
dary amine synthesis via aldehydes, we decided to fur-
ther study the possibility of reductive aminations with
ketones. Formation of the enamine was observed

Adv. Synth. Catal. 2017, 359, 18721878

when the reactions were attempted neat, but was
avoided when small amounts of solvent were used,
suggesting the importance of having silatrane avail-
able in solution as the iminium is formed. Overall,
DRA involving a range of ketones and amines was
observed (Table 3).

Dimethylamine, pyrrolidine and morpholine react-
ed with acetophenone to form the corresponding ter-
tiary amines 48, 49 and 50. In contrast, diethylamine
did not react with acetophenone (47) or with the
more active nitroacetophenone (52).This seemed to
be due to the inability of diethylamine to form the re-
quired iminium ion.

Potentially reducible nitro 51 and allyloxy 53
groups remained intact indicating some functional
group tolerance. The steric effect of the bulkier iso-
propyl group in the reaction forming 54 did not seem
to have a great negative effect on the yield. Both
cyclic (55) and acyclic (56) aliphatic ketones gave
good yields.

Primary amines also reacted with ketones, albeit
much more slowly than with the aldehydes, requiring

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Scope of aldehydes and primary amines for DRA
to form secondary amines!

(0]
2 : 2
R1JLH . HN'R 1(2equiv) RSN R
ACOH, r.t H
N Pr NE Bn N Ph
H H H
38 88%] 39 72%lblle] 40 96%
MegN : : /©/\
41 93% 42 99%[bllc] 43 93%
N’ Bn N N° Bn N Bn
H H H
F
44 90%!llc] 45 80% 46 98%

[a]

In the absence of acetic acid, the corresponding imine
was isolated in quantitative yield.

[l Reactions ran at 70°C.

[l Reaction ran overnight.

[ Tsolated yields, reaction time 1 h unless otherwise stated.

Table 3. Scope of ketones and secondary amines for DRA
to form tertiary amines.“!
o R?

3 3
I HN.R R1J\N,R

R "R2 + )
R* R4

oY O o0

1 (2 equiv.)

47 R3=R4=Etn.rf@ 49 85%el 50 83%!!
48 R3 = R*= Me 74%]
3
AN GORY,
R4
O,N 0

51 R3-R* = -(CHy),- 91%[@ 53 37%MlC

52 R3=R*=Etn.r.la

oo o o

54 68%lal 55 75%lel 56 80%lal

[l CHCI, as solvent, 60°C, 2 equivalents of amine.

[l MeCN as solvent, 70°C, 1.2 equivalents of aldehyde.

[l Unable to fully purify product.

4] Isolated yields, reaction ran overnight, monitored by GC
until completion.

Adpv. Synth. Catal. 2017, 359, 18721878

higher temperatures and longer reaction times
(Table 4). Acetophenone reacted with benzylamine to
give 57 in modest yield whilst aniline gave a much
higher yield of 58. Both cyclic and acyclic aliphatic
ketones reacted well with both benzylic (59, 60) and
aromatic amines (61).

Table 4. Scope of ketones and primary amines for DRA to
form secondary amines!”

o) R?
3 .
R11LR2 . RN T(equiv) R1J\N'R3
AcOH, 70 °C H
H
.Bn -Ph N
N *
H e G
57 50% 58 98% 59 76%
_Ph
N° Bn N
H H
60 92% 61 72%

[l Isolated yields, reaction ran overnight, monitored by GC
until completion.

DRAs of ketones and aldehydes with ammonium
salts were unsuccesful mainly due to overalkylation.
Similar obstacles have been recently noted in the lit-
erature.™!

To study the chemoselectivity of the DRAs we ran
several competition reactions with 4-acetylbenzalde-
hyde 62 (Scheme 3). Under neat conditions, the alde-
hyde is reduced preferentially over the ketone by
both N-methylaniline to form 63 and diethylamine to
form 64 with good and very good isolated yields.
Amino alcohol 65 was formed in one pot through re-
duction of in situ generated 64 by 1.

L

1, MeNHPh & |

70°C, 16 h 63 66%
0
I 1, HNEt N/\
) 2 o K
o 70°C, 16 h
64 83%
62
a) 1, HNEt, NN
o]
70°C,16 h HO K
b) t-BuOK, DMF
r.t., 30 min 65 76%

Scheme 3. Chemoselectivity of DRA with 1-hydrosilatrane.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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To test the utility and safety of this reaction, we
performed the reaction on a multigram scale to pro-
duce 10, as demonstrated in Scheme 4. It must be
noted that PMHS and other alkoxysilanes would not
be suitable for a scaled up reaction as volatile and py-
rophoric active species are potentially formed during
the reaction.” Although a stoichiometric amount of
1-hydrosilatrane is required, it is inexpensive to syn-
thesize®! and upon aqueous work-up silatrane is hy-
drolyzed into silicon dioxide and triethanolamine,
which are environmentally benign and potentially re-
cyclable waste products.

ﬁ HNO

22.2gkl 66 1.0 gl

o

10 90%,411.77 g

_133g9
T70°C.32n

2l 18.6 mmol (2 equiv.).
1 9.3 mmol (1 equiv.).
[c1 18.6 mmol (2 equiv.).
[l |solated yield.

Scheme 4. Gram-scale reaction using 1-hydrosilatrane under
solvent-free conditions.

Many significant pharmaceutically relevant com-
pounds are alkaloids, and for this reason the synthesis
of amines is of great practical interest in this field. To
highlight this application, we applied our described
method for reductive amination using 1 in the synthe-
sis of two 2-substituted isoindoline derivatives of a-
amino acids. (Scheme 5) Compounds 68 and 69 are
selective COX-2 and COX-1 inhibitors, respectively,
of which 68 has been singled out for further study as
an anti-inflammatory agent.’”’ Both compounds have
also shown moderate antiproliferative activity towards
HeLa cells.”® To form the isoindoline structure, one
aldehyde of an ortho-dialdehyde arene would have to
undergo intermolecular reductive amination, where-
upon the other aldehyde function would have to un-
dergo intramolecular reductive amination. Phthaldial-
dehyde 67 reacted with the two corresponding amino

(4 equuv)

H,N
T e AcOH rt, 20 min

O,

67 68R=H 73%
69R=0OH 75%

Scheme 5. Synthesis of biologically active compounds of in-
terest. Isolated yields reported.

Adpv. Synth. Catal. 2017, 359, 18721878

acid methyl esters to give the isoindoline products 68
and 69 in one step, in very good yield. (Scheme 5)
Mechanistically, the data preliminarily suggest that
iminium ion formation is required for the reaction to
proceed. The in situ-generated condensation products
of secondary amines and aldehydes are readily re-
duced by 1, whilst primary amines and aldehydes
form imines without reduction. However, in the pres-
ence of acetic acid, the imine can be protonated to
the iminium ion, and reduction occurs to the amine.
Based on our current understanding of 1 as a reducing
reagent (i.e., that it requires a nucleophilic activator
to transfer the hydride),”**! a Lewis base formed in
situ may act as the activator. Alternatively, iminiums
are significantly more electrophilic than either alde-
hydes or ketones,” so 1 may be able to reduce such
reactive compounds in the absence of an activator.
Further mechanistic studies are currently ongoing.

Conclusions

We have demonstrated 1 as an efficient reducing
agent in the direct reductive amination of aldehydes
and ketones to form secondary and tertiary amines.
This is a reasonably green procedure, as tertiary
amines form readily without any solvent, catalyst, or
other additives, and secondary amines form when en-
vironmentally friendly acetic acid is used as a solvent.
Both alkyl- and arylamines give high yields. The
scope is broad with good functional group tolerance
and chemoselectivity. The method is extremely
simple, as no inert atmosphere or exclusion of water
is necessary, with the added benefit of 1 being
a stable, cheap, easy to handle, and versatile reducing
agent.

Experimental Section

General Considerations

All chemicals were obtained from commercial sources and
used without further purification. Column chromatography
was performed using silica gel from Macherey—Nagel (60M,
0.04-0.063 mm). '"H NMR, and C NMR were recorded on
either 300 or 500 MHz Bruker Avance III spectrometer.
Chemical shifts are reported in ppm with the solvent reso-
nance as internal standard (‘HNMR CDCl; 6=7.28,
BCNMR CDCl; 6=77.01). IR spectra were acquired using
an ATI Mattson FT-IR spectrophotometer on neat samples.
Melting points were obtained using a Mel-temp capillary
heating apparatus. MS data were obtained with a Shimadzu
GCMS QC2010S spectrometer at 275°C.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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General Procedure for Synthesis of Tertiary Amines
from Aldehydes

In a 5-dram vial containing 1-hydrosilatrane (2 mmol) were
added aldehyde (1.5 mmol) and secondary amine (1 mmol).
The vial was sealed and heated at 70°C overnight. The re-
sulting residue was dissolved in dichloromethane and ex-
tracted with 1M HCI three times. The aqueous extract was
neutralized with 4M NaOH and extracted with dichlorome-
thane three times. The organic phase was dried over anhy-
drous sodium sulfate and the solvent was removed under
low pressure. The resulting residue was analyzed with no
further purification unless otherwise stated. See the Sup-
porting Information for characterization details.

General Procedure for Synthesis of Secondary
Amines from Aldehydes

To a 5-dram vial containing aldehyde (1 mmol), primary
amine (1.2 mmol) and acetic acid (1 mL) was added 1-hy-
drosilatrane (2 mmol). The reaction mixture was stirred
using a magnetic stir bar for 1.5 h after which the reaction
was neutralized using 1M NaOH and extracted using di-
chloromethane three times. The organic phase was dried
over anhydrous sodium sulfate and the solvent was removed
under low pressure. The resulting residue was analyzed with
no further purification unless otherwise stated. See the Sup-
porting Information for characterization details.

General Procedure for Synthesis of Tertiary Amines
from Ketones

In a 5-dram vial containing 1-hydrosilatrane (2 mmol) were
added ketone (1 mmol), secondary amine (1.2 mmol) and
0.2 mL solvent. The vial was sealed and heated at 70°C
overnight. The resulting residue was dissolved in dichloro-
methane and extracted with 1M HCI three times. The aque-
ous extract was neutralized with 4M NaOH and extracted
with dichloromethane three times. The organic phase was
dried over anhydrous sodium sulfate and the solvent was re-
moved under low pressure. The resulting residue was ana-
lyzed with no further purification unless otherwise stated.
See the Supporting Information for characterization details.

General Procedure for Synthesis of Secondary
Amines from Ketones

To a 5-dram vial containing ketone (1 mmol), primary
amine (1.2 mmol) and acetic acid (1 mL) was added 1-hy-
drosilatrane (2 mmol). The reaction mixture was stirred
using a magnetic stir bar for 2 h after which the reaction
was neutralized using 1M NaOH and extracted using di-
chloromethane three times. The organic phase was dried
over anhydrous sodium sulfate and the solvent was removed
under low pressure. The resulting residue was analyzed with
no further purification unless otherwise stated. See the Sup-
porting Information for characterization details.

General Procedure for Synthesis of Isoindoles

To a 5-dram vial containing amino acid methyl ester hydro-
chloride (1 mmol), phthalaldehyde (1 mmol) and 1 mL of
acetic acid was added 1-hydrosilatrane (2 mmol). The result-

Adv. Synth. Catal. 2017, 359, 18721878

ing mixture was stirred at room temperature for 2 h, and
quenched with 1M NaOH. The resulting mixture was ex-
tracted three times with dichloromethane, the combined or-
ganic layers were dried over anhydrous sodium sulfate and
concentrated under low pressure. The residue was than puri-
fied using column chromatography with hexane/ethyl ace-
tate (4/1) to give the isoindole derivative. See the Support-
ing Information for characterization details.
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