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Many amines are liquid and their handling is inconvenient
compared with the corresponding solids. We transformed a
liquid (S)-(-)-1-phenylethylamine 1 to the corresponding
neutral solid form 2 by reacting with carbon dioxide. We
performed reductive amination of 2 with various aldehydes 3
under solvent-free condition to provide secondary amines 5 in
high yields.

Environmental issues are of growing concern and scientists are
trying to eliminate extra steps in reactions and also avoid extra
reagents including unwanted by-products. In typical organic
reactions, large amounts of organic solvents are used universally.
Even if they are recycled with proper treatment, they contribute
to environmental and energy-related problems. Many efforts
have been made to design environmentally benign processes to
eliminate or reduce hazardous substances during organic
syntheses.! Among those, solvent-free condition is a very
attractive from both environmental and economic points of view.
Very recently, we reported some advantages of solvent-free
reactions in terms of selectivity as well as reaction rates.”

Amine is a ubiquitous functional group, whose derivatives are
versatile building blocks for the synthesis of natural products,
pharmaceuticals, and fine chemicals.” Since liquid free amines
are inconvenient to handle and also prone to oxidation, it is
common to convert liquid amines to the corresponding acid salts.
However, this necessitates a neutralization step with a base when
we need to use free amines. Alternately, the carbamic acid forms
of amines have been generated by reaction with toxic or
cumbersome reagents including phosgene” and its derivatives’ or
carbon monoxide.® Therefore, it is convenient to convert liquid
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amines to the corresponding neutral solids, which are expected to
show the same reactivity as parent amine.

Carbon dioxide (CO,) has been efficiently used as an alternative
for the synthesis of carbamates.” Although Aresta et al. reported
the synthesis of carbamate salts with carbon dioxide,® most
researchers have used CO, for the synthesis of carbamate esters
by reacting the amine, CO, and an electrophile such as alkyl
halide, epoxide or terminal alkynes with transition metal
catalysts.” Recently, Peeters et al. employed CO, as a temporary
amine protecting group as well."’

In this report we demonstrate the direct use of neutral
ammonium carbamate salts in solvent-free reductive amination
reactions. The reductive amination reaction is useful for the
synthesis of medicinally relevant enzyme inhibitors," dendritic
polyglycerols,”” and highly functionalized amine derivatives."
Hence, the reductive amination reaction remains one of the most
powerful and widely utilized transformation that allows the
direct conversion of carbonyl compounds into amines using
simple operations."* We employed previously reported
methods'>'® to prepare a stable neutral solidified ammonium
carbamate salt of (S)-(-)-1-phenylethylamine by reacting liquid
(8)-(-)-1-phenyl-ethylamine with CO,. Then we applied the solid
amine equivalent to form imines using various aldehydes in the
absence of solvent.'® We recently found that the solid amine
formation could be successfully performed with dry ice (solid
CO,) at 1 atm and 50 mmol scale reductive amination also
proceeded without any difficulties.'*™® We carried out the
catalytic hydrogenation of the imines with Adams’ catalyst (PtO,)
under 1 atm of H, without solvents. Here, we report a highly
effective, convenient and environmentally benign process for the
preparation of secondary amines via one-pot solvent-free
reductive amination of aldehydes.
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We prepared a stable solid (S)-(-)-1-phenylethylamine
carbamate ammonium salt 2 by reacting liquid (S)-(-)-1-
phenylethylamine 1 with CO, to produce a white solid (Scheme 1)
and this salt is stable enough to store at room temperature in air.’
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NH2 solvent-ree N H3N 7

(S)-1-phenylethanamine 2 (white solid)
1 (liquid form)
Scheme 1 Solid Ammonium Carbamate Formation of (5)-(-)-

1-Phenylethylamine with CO,.

We proposed the structure of the salt 2 based on the following
observations: 1 equiv. of 2 reacted with 2 equiv. of an aldehyde
to give the corresponding imine as the sole product. Additionally,
we characterized 2 by elemental analysis, 'H NMR, Bc NMR,
thermal gravimetric analysis (TGA), IR spectroscopy, and X-ray
powder diffraction (XRD) (Supporting Information Fig. S1-S4).
TGA data for 2 show that 2 completely disappears above 105 °C
(Supporting Information Fig. S3), indicating that 2 is sublimed
below that temperature. Interestingly, the boiling point of 1 is
187 °C, which is much higher than the sublimation temperature
of the solid congener 2. The sublimation of 2 is presumably due
to the easy dissociation of CO, in 2. Decarboxylation of 2
liberates free amine, which is less likely to experience close
interaction among themselves, unlike neat liquid amine. This
supports remarkably high reactivity of 2 towards aldehydes even
in the solid state. Upon heating the mixture (> 60 °C) of
solidified amine 2 and aldehyde without stirring, 2 is converted
to the reactive free amine, which readily reacts with an aldehyde
to yield the corresponding imine.

P(hs) 0 Ph 0 A Ph

2 )\N )koe H ﬁ) (S,}, * R)L H solvent-free ){sl)\l//\R

H 3 - CO,, -H,0
2 3 4

Isolated Yield: >98%

Scheme 2 Solvent-Free Imine Formation.

Solvent-free imine formation was achieved by combining the
solidified amine 2 and aldehydes 3 with 1:2 molar ratio and
warming the mixture to 60 or 100 °C under air without stirring
(Scheme 2). We observed water formation within 20 min, which
was the sign of the conversion of the aldehyde to the
corresponding imine 4 by dehydration. We did the comparison
experiments with a 1:1 mixture of neat (S)-1-phenylethylamine
and aldehydes to obtain the corresponding imine with some side
products. The reason for the clean reaction with the solid amine
equivalent is the presence of a small amount of the amine in the
reaction mixture from the gradual decarboxylation of the
ammonium salt upon heating the mixture. As a representative
example of the imine formation reactions, 2 equiv. of 4-
(dimethylamino)benzaldehyde 3a was reacted with 1 equiv. of 2,
to produce (S,E)-N,N-dimethyl-4-((1-phenylethylimino)-
methyl)aniline 4a almost quantitatively without any side product.
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We confirmed the structure of the imine 4a using a single
crystal X-ray diffraction (see Supporting Information Table S1-
S3). Single crystals for the diffraction study were grown from a
methylene chloride/hexane (1:4) solution. Fig. 1 shows the

ORTEP diagram of 4a, which is based on the amine and
aldehyde units linked by an imine (-N=C-) group, and the
configuration of 1 (S) has not been changed during the formation
of this imine via compound 2.

Fig. 1 ORTEP plot of (S, E)-N,N-dimethyl-4-((1-phenylethyl-
imino)methyl)aniline 4a, at 30% probability level of the thermal
ellipsoids. Hydrogen atoms are not labeled for clarity.

The bond distance of N1-C9 in the imine group is 1.266 A
which is similar to those of typical N=C double bonds.'”'® The
bond angles of C7-N1-C9 and NI1-C9-C10 are 117.00° and
123.50°, respectively (see Table S2-S3, SI). Detailed data are
presented in Table S3 (see Supporting Information).

Ph i Ph 0o . Ph )l;/lethéld Ph
12 o . 60°C, 30min or
H (6] Hsﬁ) ” R)k H solvent-free )\ N?\R )\ H/\R
2 3 4 5a~5d
(not isolated)

Method A: Metal (1.8 mol%), Ho (1 atm), solvent-free
Method B: NaBH4 (1.1 egiv.), MeOH (1.5 M)

Scheme 3 One-pot Solvent-Free Reductive Amination of
Aldehydes.

After obtaining the imine 4 from the reaction of 1 equiv. of
solidified amine 2 with 2 equiv. of aldehyde 3, a catalytic amount
of PtO,, Pt/C, or Pd/C was added with an atmospheric pressure
of H,. The one-pot catalytic hydrogenation proceeded in the
absence of solvent to produce the secondary amine in high
yields."” For comparison, the reduction of the imine with 1.1
equiv. of NaBH, was conducted in the presence of MeOH (1.5 M,
0.67 mL) (Scheme 3) and those results were summarized in
Table 1. Table 1 shows that PtO, is better than Pt/C and Pd/C in
terms of reaction time and chemical yield. The entire reaction
proceeded in the absence of solvent, which resulted in secondary
amines smoothly even in the case of solid imines (Table 1, entry
1). Although reduction with NaBH, was completed within 0.5 h,
it was performed in MeOH to mix the imine and NaBH,, which
led to extra purification step. When we used 4-(dimethylamino)-
benzaldehyde 3a and Pd/C, we obtained 49% yield of the desired
product Sa with 41% of the debenzylation product, 4-
(aminomethyl)-N, N-dimethyl-aniline.”” On the other hand, using
PtO, and Pt/C catalysts under the same conditions provided
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much higher yield without forming the over reduction product
(Table 1 entry 1). In addition, Pd/C is not appropriate in the
reaction with halogen substituted aromatic aldehyde due to the
hydrogenolysis of the halogen (Table 1, entry 3).*' For imines
containing sulfur, catalytic hydrogenation proceeded with 5%
conversion using Pd/C and 38% with Pt/C. The low conversions
are mainly due to the poisoning of Pd and Pt surfaces by sulfur.
However, the PtO, catalyst provided high yield as anticipated
(Table 1, entry 4).** Furthermore, it seems that the amount of
PtO, is related to reaction time: when 2.9 mol% of PtO, was used,
reaction was completed in 7 h, giving 94% yield; otherwise using
0.60 mol% of PtO, took 26 h with 91% yield (Table 1, entry 3).

Table 1. One-pot Solvent-Free Reductive Amination via Catalytic
Hydrogenation with Various Catalysts “

one-pot
Ph O Ph o) Ph reduction Ph
fe) 60 °C AorB
1/2)\HJ\O Hﬁ)""/ ’ RJ\H 30min )\NAR )\H/\R

2 3 4 5a-5d
(not isolated)
reducing  time  yield
entry aldehyde 3 product 5 B—- (h)’ %)
Ph
4 )\ PtO, 16 90
| (Dimethylamino)- H@ PUC 12 85
-
benzaldehyde T PA/C 6 49
3a 5a NaBH, 05 87
Ph PtO, 14 97
3-Fluoro- )\ F
2 benzaldehyde H/\©/ PuC 20 8
3b Pd/C 14 98
Sb NaBH, 05 91
PtO, 14 95
Ph PtOy* 26 91
3-Chloro- )\ Cl f
3 benzaldehyde ”/\©/ PtO; 7 4
3 Pt/C 20 92
c
5c Pd/C 36 48
NaBH4 0.5 88
ﬁ PtO,* 20 96
3-Thiophene- g
4 carboxaldehyde H /\m PUC 20 38
g
3d S Pd/C 20 5
5d NaBH4 0.5 91

“Method A: solvent-free catalytic hydrogenation, Method B: stoichiometric
reduction with NaBH, in MeOH. * Metal catalyst (1.8 mol%), NaBH, (1.1
equiv.), MeOH (1.5 M, 0.67 mL) at 25 °C. ¢ Reaction time for hydrogenation
or reduction of imine. ¢ Isolated yield. ¢ 0.60 mol%.” 2.9 mol%. ¢ At 40 °C.

We extended this solvent-free PtO, reduction system to other
aldehydes since PtO, provides better results in reducing
functionalized imines. Reaction time is not affected by placement
of -OMe substituents on aromatic rings (Tabel 2, entries 2 and 3).
The fused ring system, naphthyl, significantly retards the
catalytic hydrogenation (Table 2, entries 4 and 5) while alkyl
substitution on the phenyl ring speeds catalytic hydrogenation
(Table 2, entry 6). In case of the heteroaromatic rings such as
pyrrole, indole, and furan give a much slower reaction rate
(Table 2, entries 7-10). On the other hand, aliphatic imines are
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converted to secondary amines within short reaction time (Table
2, entries 11-14).

We demonstrated that a solidified amine 2, prepared from the
reaction of a liquid amine with CO,, could be used as a stable
precursor for the reductive amination process. The overall
reaction proceeded in one-pot and solvent-free condition and we
successfully tested the reaction with a variety of aldehydes. This
reaction system is convenient and environmentally benign to be a
general method for reductive amination with a wide range of
aldehydes.”

Table 2. One-pot Reductive Amination with Diverse Aldehydes using PtO,
and NaBH.,.

P9 Ph % 1) 60 °C, 30mi 4
e} , min
1/2)\NJ\O Hsﬁ)"',, * R)I\H 2) one-pot reduction N"R
H PtO,, Hy / NaBH, H
2 5
entry aldehyde 3 product 5 t(llrlr)lf }(]‘1; ;‘g
(]
Ph
| Benzaldehyde 10/ 98¢/
3¢ ”©5 0.5 93¢
e
Ph
s 4-Anisaldehyde P 13/ 97/
u L e
3f oMe 5f 0.5 96
3-Methoxy- Ph d
13/ 95%/
3 benzaldehyde N“C(We .
20 H 5g 0.5 87
g
Ph
. 1-Naphthaldehyde ‘ 26/ 954/
3¢ N O . 05 95¢
2-Methoxy-1- Ph ‘ ‘
5 naphthaldehyde -~ N O %65/ 996 6e/
3i MeO 5§
4-tert-Butyl- h
6 benzaldehyde WY D e 997(;/
35 5§
1-Methylpyrrole-2- Ph
PN " 15/ 937/
7 carboxaldehyde N/\D 05 38
3k° H / 5k
1-Methylindole-3- Ph
A 43/ 96/
8 carbaldehyde ] 05 94¢
) N
3¢ \ sl
Ph
0 2-Furaldehyde PN o 30/ 95
ame umSm 05 96
Ph
0 3-Furaldehyde )\ 35/ 937/
e IR 05 oaf
O 5n
. Ph
" Trimethylacetaldehyde 3/ 964/
30° HKN/SO 05 93
Isobutyraldehyd. N g
sobutyraldehyde 3/ 987/
12 3¢ )\N 0.5 92°
P H 5p
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Cyclohexanecarbox- Ph "
13 aldehyde )\N 3/ 92 e/
) H 0.5 88
3q 5q
Cyclopentanecarbox- Ph p
14 aldehyde /LN 3/ 93 e/
) H 0.5 84
3r Sr

“ Reaction time for catalytic hydrogenation / NaBH, reduction of imine. *

Isolated yield. ¢ Imine synthesis: 60 °C, 30 min. ¢ Yield of catalytic
hydrogenation using PtO, (1.8 mol%). ¢ Yield of reduction with NaBH, (1.1
equiv.) and MeOH (1.5 M, 0.67 mL). / Imine synthesis: 100 °C, 1 h. € trace
amount of MeOH (20~30 pL) was added for mixing of the corresponding
imine and PtO, catalyst.
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tX-ray  crystallographic = data  for  (S,E)-N,N-dimethyl-4-(((1-
phenylethyl)imino)methyl)aniline 4a: C;7H»N,, Monoclinic, P2(1), Z =
2, a =8.5299(3), b = 6.0689(2) , c = 13.7293(5) A, f=91.554(2) °, V' =
710.46(4) A°, 1=0.070 mm™', puca = 1.180 g/em’, R, = 0.0353, and wR;
= 0.0930 for 3410 unique reflections and 175 variables. CCDC 953131.
Electronic Supplementary Information (ESI) available: Experimental
procedures, compound characterization data ("H and *C NMR spectra,
TGA, IR spectra, XRD data for compounds 2 as well as '"H NMR and "*C
NMR spectra for 4a, and Sa~5r). See DOIL: 10.1039/c000000x/
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