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ABSTRACT: Application of microwave heating to the Borrowing Hydrogen r~oy
strategy to form C—N bonds from alcohols and amines is presented, removing ~ +
the need for solvent and reducing the reaction times while still yielding results

comparable with those using thermal heating.
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Borrowing Hydrogen methodology has been used for a wide
range of coupling reactions using alcohols as nontoxic
alkylating agents to form C—C and C—N bonds with a wide
range of nucleophiles"” producing water as the only waste
product (Scheme 1). The use of these reactions is increasing
due to the ease in which they can be performed and the wide
range of alcohols which can be used.

Of the Borrowing Hydrogen reactions available in the litera-
ture, the formation of C—N bonds has been applied to the
synthesis of several pharmaceuticals. The ease in which they can
be performed, coupled with the advantages they offer over more
traditional C—N bond-forming reactions (avoiding the use of
toxic reagents, avoiding stoichiometric reducing agents, generat-
ing water as the only byproduct, and the selectivity to form either
secondary or tertiary amines without over alkylation), makes
these reactions synthetically appealing. However, the disadvan-
tage is that typically these reactions are run at high temperatures
for periods of up to 24 h, although temperatures down to 70 °C
have been reported."™

Grigg® and Watanabe® independently developed the first exam-
ples of C—N bond formation from alcohols, but more recent
developments have led to more active catalysts and milder condi-
tions. Beller’s group used a ruthenium carbonyl cluster with bulky
phosphine hgands, and while Yamaguchi and co-workers have
used [Cp*IrCl,],,° Kempe’ and Marr® have also used iridium-
based catalyst incorporating P—N ligands to achieve good results.
Our own group has also been successful” in applying the [Ru(p-
cymene)Cl, ], with diphosphines to couple a wide range of amines,
sulfonamides, alcohols, and diols together.

While the reactions show a wide range of functional group
tolerance,'® the long reaction times are a disadvantage. Grigg and
co-workers have addressed this problem by using solvent-free
microwave heating'" to reduce reaction times 51gn1ﬁcantl but to
date, this has only been applied to C—C bond formation. > Usin
our simple ruthenium-based catalyst with a diphosphine ligand,
we have shown that microwave heating can also be applied to C—
N bond-forming reactions of amines, amides, and sulfonamides
with primary alcohols, shortening the reaction times to just a
few hours.
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Scheme 1. Borrowing Hydrogen Strategy for the Alkylation
of Amines with Alcohols
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By screening a range of conditions and applying them to a
model system, a range of catalysts,"> conditions, and solvents
(toluene, dioxane, DME) were tested; however, product was
only observed when no solvent was present. Furthermore, better
results were obtained when an excess of alcohol was used (entry
1, Table 1). Despite screening water and a range of alcohols
(MeOH, IPA, ‘BuOH) as solvents, the reaction only proceeded
efficiently in an excess of the reagent alcohol. It was then possible
to reduce the excess of alcohol used to 1.6 equiv (entry 3,
Table 1) without affecting the conversion. However, reducing
the amount further led to a reduced conversion (entry 4,
Table 1), and even on prolonged heating, no further gain in
the conversion was obtained (entry S, Table 1). With the
conditions established, we were pleased to see that increasing
the scale (entry 6, Table 1) in this case had no effect on the
reaction.

After we established suitable reaction conditions, various
secondary amines and alcohols were coupled to evaluate the
reliability of the reaction (Table 2). We were pleased to see that
all of the products could be isolated in hlgh yields, comparable
with thermal heating for longer periods.” The use of excess
amine instead of alcohol (entry 2, Table 2) was also pleasing as
this meant the least expensive coupling partner, whichever it may
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Table 1. Optimization of Conditions”

2.5 mol% [Ru(p-cymene)Cl,],

oo + HN/—\O 5 mol% DPEphos ph/\N/\
/" Mw, 115°C o
Solvent Free
entry equiv of alcohol time (min) conversion’

1 3 60 >99

2 2 60 >99
3 1.6 90 >99
4 12 90 94
S 12 120 94
6 1.6 90 >99°

“ Reaction conditions: morpholine (1 mmol), benzyl alcohol, [Ru(p-
cymene)Cl, ], (2.5 mol %), DPEphos (5 mol %), 115 °C.  Determined
by analysis of the "H NMR spectra. ° Reaction scaled by 3 times.

Table 2. Alkylation Secondary Amines”

2.5 mol% [Ru(p-cymene)Cl,],
5 mol% DPEphos

R7OH + HNR, R7NR,
MW, 115 °C
Solvent Free
entry product aTgél(l)cfl time (min) yield (%)
o~
1 Ph “D 16 90 79
Pr b
2.0°¢ 90 94
ph >Ny
PN
Ph N
3 K/NMe 1.6 120 79
AN
4 Ph Nﬁ 1.6 90 83

o
5 Ph/\’\@ 1.6 90 81

“Reaction conditions: amine (1 mmol), alcohol (1.6 mmol), [Ru(p-
cymene)Cl,], (2.5 mol %), DPEphos (5 mol %), 115 °C. * Equivalent
of amine. At 125 °C.

be, can be used in excess while still giving good yields. Although
the reactions proceeded well, the increase in temperature
(125 °C) for entry 2, Table 2, was necessary to force the reaction
to completion.

Next we wanted to determine whether microwave heating had
any affect on the selectivity®** of the reaction for primary/
secondary alcohols. Morpholine was then reacted with a series of
1,2-diols; however, only diols with a benzylic secondary alcohol
were active toward coupling, while the use of alkyl 1,2-diols led to
the oxidation of the secondary alcohol to the ketone. This is in
contrast to previously reported thermal coupling reactions,
suggesting that there may be limitations to the use of microwave
heating in specific cases. With the limitation of the 1,2-diol
substrate evaluated, various secondary amines were screened
against 1-phenyl-1,2-ethanediol*® (Table 3).

Again, the yields gave good results for most substrates (entries
1—3, Table 3); however, the introduction of acyclic amine (entry
4, Table 3) or a larger cyclic amine (entry S, Table 3) led to a
reduction in yield due to losses in the product isolation.

We then turned our attention to the coupling of primary
amines, which under the previous conditions gave poor con-
version into product. We assume this deactivation of the
catalyst to be the result of the amine binding more tightly to

Table 3. Alkylation of 1,2-Diols”

2.5 mol% [Ru]

OH HNR 5 mol% DPEphos OH
+ ;) ———————————————>
Ph)\/OH MW, 115 °C Ph)\/NRZ

Solvent Free

eq. of

entry product amine time (min) yield (%)
D
1 N 2.0 90 75
Ph)\/

OH
2 ph/K/ O 2.0 90 90

3 Phﬂ/'@ 2.0 120 79
OH

Me
4 N. _Ph 2.0 90 61
Ph ~

i O
5 2.0 90 65
Ph/l\/ N

“ Reaction conditions: diol (1 mmol), amine (2 mmol), [Ru(p-cymene)
CL], (2.5 mol %), DPEphos (5 mol %), 115 °C.

the catalyst under the concentrated conditions.'* Assuming
this to be the case, we increased the reaction temperature by
10 °C and were pleased to see that the reaction progressed to
full conversion. With the new conditions established, a series of
primary amines were coupled to evaluate the scope of the
reaction (Table 4).

As expected, the results were good, with a range of alcohols
and amines coupling in high yields. Even anilines (entries 1 and 2,
Table 4) gave good results at lower temperatures (115 °C) as the
lone pair on the nitrogen is less nucleophilic, so it will bind less
tightly to the catalyst, reducing deactivation. Bulky amines
(entries 3—S, Table 4) also coupled well and again gave yields
comparable with thermal heating.

Having determined that we could monoalkylate primary
amines, we wanted to see if we could dialkylate using symmetric
diols.***¢ Again, a slight increase in temperature (135 °C) was
required for the reaction to proceed. With the conditions
established, a range of substrates were screened (Table S) giving
generally good yields, comparable with our previously reported
results.”® The only exception was furfurylamine (entry S,
Table S), which gave a lower yield, consistent with the results
of thermal heating. We were also very pleased to see that, when
an enantiopure amine (entry 4, Table S) was alkylated, it did not
undergo racemization.

Having screened a series of different amine and alcohol
couplings, we turned our attention toward the alkylation of
sulfonamides.”'> To allow the reaction to proceed, an increase
in temperature (165 °C) was required and an increased reaction
time (180 min) to drive the reaction to completion. An increased
amount of alcohol was also necessary; we assume this was
required to dissolve the sulfonamide. However, contrary to
previous reports, the inclusion of an inorganic base to deproto-
nate the sulfonamide was not required. The results of the
sulfonamide couplings (Table 6) were good, with high yields
except for cyclopropylmethanol (entry 3, Table 6). In this case,
the yield was low due to the alcohol undergoing oxidative
dimerization to form the ester.

Satisfied that we could replicate the previous results and
couplings, we decided to see if we could extend our catalyst’s
scope and alkylate primary amides in the same way. Pre-
viously, we have been unsuccessful in this area, although there
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Table 4. Alkylation of Primary Amines’

2.5 mol% [Ru]
5 mol% DPEphos
R™NHR

R7OOH + HoNR
MW, 125 °C
Solvent Free

entry product :g{igg time (min)  yield (%)
_Ph
1 Ph/\” 3.0 120 91°
N
2 /©/ "Bu 2.1 120 73¢
MeO'
H
3 ph/\/NTPh 1.6 60 94
H
4 py N7<\’Bu 2.0 90 82
HN/\/\
5 1.6 60 80
Ph

“Reaction conditions: amine (1 mmol), alcohol (1.6 mmol), [Ru(p-
cymene)Cl,], (2.5 mol %), DPEphos (S mol %), 125 °C. ®Isolated yield.
‘At 115 °C.

Table S. Reaction of Amines with Diols To Form
N-Heterocycles”

2.5 mol% [Ru]
HO 5 mol% DPEphos
Rty + 10T STIE
HO MW, 135 °C

Solvent Free

entry product eq. of diol time (min) yield (%)

1 Ph—N(j 1.6 90 88

2 Ph—N ) 1.6 90 81
. Q)
N

Ph)N\
()

oPh)
5 @/\D 1.6 90 54

’

“Reaction conditions: amine (1 mmol), diol (1.6 mmol), [Ru(p-
cymene)Cl,], (2.5 mol %), DPEphos (5 mol %), 135 °C.

are at least three reports in the literature'® of this being
achieved, but with high reaction temperatures. By starting
with the sulfonamide conditions, we quickly determined that
the coupling of primary amides and alcohols was possible,
although to reach full conversion, the reaction temperature
had to be pushed to 175 °C. Despite the high reaction
temperature, the reaction time was shorter than the coupling
of sulfonamides (120 min), and once again, the coupling
proceeded without the need for a base. We were then able
to evaluate the coupling scope in comparison with the system
reported by Yamaguchi et al.'*®

Both aromatic (entries 1 and 2, Table 7) and alkyl amides
(entries 4 and S, Table 7) were coupled with aliphatic and
benzylic alcohols with reasonable yields. The coupling of alkyl
amides was interesting as the yields were better than those
reported by Yamaguchi, even though the reaction temperature

Table 6. Alkylation of Sulfonamides”

2.5 mol% [Ru]
o] 5 mol% DPEphos O\\ /,O
N S
s’ * HOT R T .S
R™"NH; MW, 165 °C H
Solvent Free
eq. of time .
entry product alcohol (min) yield (%)
0 O
h 3.0 120 91
! p-Tol”>>N""Ph :
H
0,
N
2 p_Tol/S\N,n-Bu 3.0 180 96
H
0.0
S 3.0 180 74
3 p-Tol” \N/W :
H
0 0
4 3.0 180 91
4 pMeOCeH; ‘H/\Ph :
0 0
N
5 Me”S N Ph 3.0 180 86
H

“Reaction conditions: amine (1 mmol), alcohol (3 mmol), [Ru(p-
cymene)Cl,], (2.5 mol %), DPEphos (S mol %), 165 °C.

Table 7. Alkylation of Primary Amides”

2.5 mol% [Ru]

o} 5 mol% DPEphos o
o+ Ho TR ———— R)J\N/\R.
R™ "NH; MW, 175 °C N
Solvent Free
entry product aigét?cfl (trln'?:) yield (%)
o)
1 Ph)J\N/\Ph 3.0 120 66
H
o
2 A ~onBu 30 120 7
H
o
3 NNNH_BU 3.0 180 540
 H
N
o
4 o /“\N/\Ph 3.0 120 74
H
0
5 Pr)J\H/\/\Ph 30 120 79

“Reaction conditions: amide (1 mmol), alcohol (3 mmol), [Ru(p-
cymene)Cl,], (2.5 mol %), DPEphos (S mol %), 175 °C. " At 180 °C.

was significantly higher. Finally, we were very pleased to isolate
N-hexylnicotinamide in reasonable yield (entry 3, Table 7),"”
thus demonstrating that the reaction was also applicable to
biologically relevant molecules.

With a range of reaction conditions established, we were keen
to apply our chemistry to two pharmaceutical compounds,
piribedil and fentanyl, both of which were isolated in good yield
(Scheme 2).

To conclude, we have shown that the use of microwave
heating can be used to carry out C—N bond formation using
Borrowing Hydrogen methodology. Furthermore, that these
reactions can be conducted more quickly than using thermal
heating methods. Finally, we have expanded the scope of our
catalyst to include the N-alkylation of primary amides as well as
demonstrating that the methodology can be applied to the
synthesis of biologically relevant compounds.
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Scheme 2. Synthesis of Piribedil and Fentanyl”

>
I N//I\N/\
K/NH 2.5 mol% [Ru] SN
5 mol% DPEphos | By
+ 4>0 : N N/\I O>
HO/\CE0> MW, 115 °C, 90 min K/N g
o Piribedil - 89%

2 mmol
\)LN
Br 2.5 mol% [Ru] o N-Ph
.\ 5 mol% DPEphos \)J\ /Q
_
~_Ph MW, 115°C, 90 min N
HO ' ' Ph
3 mmol Fentanyl - 77%

“Reaction conditions: diol (1 mmol), amine (2 mmol), [Ru(p-cym-
ene)CL ], (2.5 mol %), DPEphos (5 mol %), 115 °C.

B EXPERIMENTAL SECTION

General Procedure for the Synthesis of N-Benzylmorpho-
line. DPEphos (26.9 mg, S mol %), [Ru(p-cymene)CL,], (15.3 mg,
2.5 mol %), benzyl alcohol (166 1L, 1.6 equiv), and morpholine (87 uL,
1 mmol) were added to a microwave vial containing a stirrer bar. The vial
was then sealed before purging with N, for 5 min. The reaction was then
heated to 115 °C for 90 min using a microwave. The crude material was
then purified by silica column chromatography (3:1 petroleum ether
(bp 40—60 °C)/EtOAc, Ry = 0.19) to give N-benzylmorpholine (144
mg, 81% yield): 'H NMR 0 (CDCl, 300 MHz, 25 °C) 6 7.20—7.27
(SH, m), 3.66 (4H, t, ] = 4.7 Hz), 3.45 (2H, s), 2.39 (4H, t, ] = 4.5 Hz);
3C NMR 6 (CDCl;, 75.4 MHz, 25 °C)  137.7, 129.3, 128.3, 127.2,
67.0, 63.5, 53.6; HRMS(ESL-TOF) calcd for Cy,H,(NOH" 178.1232,
found 178.1229 (MH™).
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