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ABSTRACT: Amines in heteroaromatic systems and pharmaceutical intermediates were functionalized through N-methylation 
with methanol using a palladium-loaded titanium dioxide (Pd/TiO2) photocatalyst. This method provides access to a series of ter-
tiary N-methylamines bearing N-, O-, and/or S-containing heteroaromatic functionalities from primary/secondary amines and meth-
anol under mild reaction conditions. Facile syntheses of several pharmaceuticals containing N-methyl or ethyl groups, as well as 
related deuterated drugs, was achieved through the late-stage functionalization of amines.  
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INTRODUCTION 
N-Methylamines are among the most important classes 
of chemicals in pharmaceutical science and technolo-
gy.1,2 Molecular modification of drugs at primary or 
secondary amino groups into tertiary methylamine ana-
logues is a widely used strategy in drug design for im-
proving the oil-water partition coefficient (log P), reduc-
ing their toxicity, and increasing their drug efficacy.3 
This makes the N-methylation of amines to tertiary 
amines an indispensable methodology in the synthesis of 
pharmaceuticals. Because N-methyl drugs often contain 
heteroaryls in their structures (Scheme 1), the compati-
bility of N-methylation with the presence of various O-, 
N-, and S-containing heteroaromatic skeletons is highly 
important. 
 

Scheme 1. Examples of Pharmaceuticals Incorporat-
ing N-Methylamines with Heteroaromatic Skeletons 
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The most reliable traditional method for N-
methylation of amines bearing heteroaromatic function-
alities is the Eschweiler–Clarke reaction. This protocol, 
which uses formaldehyde and formic acid (Scheme 
2a),4,5 is free from stoichiometric salt-waste formation 
and over-methylation into quaternary ammonium salts, 
both of which are inevitable in the conventional nucleo-
philic substitution using methyl halides or dimethyl sul-
fate.6 However, the Eschweiler–Clarke method requires 
heating (typically 100 °C) under acidic conditions, 
which is detrimental when the substrate is thermally un-
stable or acid/redox-sensitive.  
 
Scheme 2. Approaches for C–N Bond Formation in 
N-Methylated Amines-Bearing Heteroaryls 

 
 

As green and sustainable synthesis has become a cru-
cial part of the industrial production of pharmaceuticals, 
N-methylation of amines with methanol (CH3OH) has 
been recently recognized as a better methylation tech-
nology with its advantages of the near-neutral reaction 
conditions and clean reaction scheme (water is the only 
byproduct).7 Because of such importance, the catalytic 
N-methylation of amines employing methanol as a 
methylation agent has been extensively explored.8 Ex-
amples of recently developed catalysts include rutheni-
um,9,10 iridium,11–13 iron14 and manganese15,16 complexes, 
and heterogeneous catalysts (Scheme 2b).17–19 These 
catalysts could be used for the efficient synthesis of sec-
ondary aromatic or tertiary aliphatic methylamines bear-
ing heteroaryls such as pyridine, pyrimidine, and thio-
phene.7,8a,8b,8d,10,11c Whereas most of these methods are 
effective for methylation of (hetero)aromatic amines, 
however, methylation of aliphatic amines with heteroar-
yl functionalities has been rare (Scheme 2b).10 Further-
more, these reactions have generally required harsh reac-
tion conditions (typically ³ 100 °C) and the presence of 

strongly basic additives (e.g. t-BuOLi, t-BuOK, NaOH). 
Thus, a general method for N-methylation of heterocy-
clic amines with methanol at ambient temperature under 
near-neutral conditions is in high demand. 

We have recently demonstrated that the chemoselec-
tive N-methylation of various amines with CH3OH is 
promoted at room temperature by a Ag/TiO2 photocata-
lyst.20 More recently, we reported the first late-stage 
photocatalytic N-alkylation to provide pharmaceuticals 
(namely, rivastigmine) by a mixed photocatalytic system 
comprising Cu/TiO2 and Au/TiO2 or by the sole use of 
Cu/TiO2.21 These methods allowed access to functional-
ized tertiary amines under mild conditions (25–50 °C, 1 
atm, acidic or basic additive not required) and showed 
better scalability (gram-scale) over the prototype Pt/TiO2 
photocatalyst22 and other reported photocatalysts (e.g. 
Au/TiO2,23 Pd/TiO2,24,25 and Cu-Mo/TiO2

26). Therefore, 
we envisaged that photocatalytic methylation with 
CH3OH would also be effective for solving the chal-
lenge of N-methylating amines bearing heteroaromatic 
functionalities under mild conditions. 

Herein, we disclose that a Pd-loaded TiO2 photocata-
lyst effectively promotes the N-methylation of primary 
and secondary amines bearing pharmaceutically relevant 
heteroaromatic rings under mild reaction conditions 
(Scheme 2c). We also extended this approach to the syn-
thesis of several (deuterated) pharmaceuticals through 
photocatalytic N-methylation/ethylation using (deuterat-
ed) methanol/ethanol. 

 

EXPERIMENTAL SECTION 
Preparation of Photocatalysts. Pd (5 wt %)/TiO2 

was prepared as previously reported.27 To a 500-mL 
round-bottom flask wrapped in aluminum foil, TiO2 
(2.85 g) and deionized H2O (75 mL) were added, fol-
lowed by PdCl2(CH3CN)2 (365.6 mg, 1.41 mmol) dis-
solved in THF (45 mL). After the resulting suspension 
was rotated for 30 min at 50 °C with a rotary evaporator 
under ambient pressure, the solvent was removed (20 
mmHg). After the flask was successively evacuated and 
refilled with N2, deoxygenated, deionized H2O (75 mL) 
was added to the solid residue. The resulting slurry was 
stirred for 20 min, treated with CH3CO2Na (1.0 M aq, 85 
mL, 85 mmol, 60 equiv), and stirred for 15 min. To the 
suspension, a mixture of NaBH4 (9.9 mmol, 7 equiv) and 
degassed H2O (90 mL) was added dropwise, and the 
resulting suspension stirred for 3.5 h at 25 °C. The stir-
ring was stopped, the solid allowed to settle and the su-
pernate roughly removed using a cannula. The remain-
ing suspension was transferred to a 50-mL Falcon tube 
and centrifuged (3500 rpm, 5 min). The supernate was 
removed by decantation, the solid residue suspended in 
deionized H2O (30 mL) and stirred overnight under N2. 
Centrifugation of the mixture (3500 rpm, 5 min), remov-
al of the supernate by decantation, and drying in vacuum 
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(0.01 mm Hg) at 25 °C for 10 h yielded Pd (5 
wt %)/TiO2 as a dark-grey solid (2.84 g, 95% yield). 
Mean particle size of the supported Pd nanoparticles was 
3.3 ± 0.6 nm (N = 100) as determined by high-resolution 
transmission electron microscopy (HRTEM). For further 
details of characterization, see the Supporting Infor-
mation (HRTEM and XRD) and Ref 27 (ICP-AES and 
DRS). Preparation and characterization of other photo-
catalysts are described elsewhere (Ag,20,27 Cu,21 Au,21,27 
Pt27). 

General Procedure for Photocatalytic N-
Methylation/Ethylation of Amines (Schemes 3 and 4). 
Amine (1.00 mmol), dehydrated alcohol (10 mL), and 
Pd (5 wt %)/TiO2 (20 mg, 0.9 mol % Pd) were added 
successively to a cylindrical Pyrex glass reaction vessel 
(diameter: 50 mm, height: 130 mm with a top window 
made of Pyrex) connected to a balloon. After the result-
ing mixture was sonicated for 30 sec and deaerated by 
Ar bubbling through a cannula for 5 min, the vessel was 
immersed in a water bath (kept at 25 ºC using a cooling 
circulator), and stirred with irradiation [300 W Xe lamp 
(l = 300–470 nm)]. Reaction progress was analyzed by 
GC/MS. After reaction, the mixture was filtered through 
a 0.45 µm membrane filter and the photocatalyst was 
washed with CH3OH (10 mL). The filtrate was concen-
trated under reduced pressure and purified by column 
chromatography on silica gel (Kanto Chemical) or 
50NH2 silica gel (Wako Chemical) to afford the desired 
product as a free amine. See the Supporting Information 
for characterization of products. 

 
RESULTS AND DISCUSSION 

Photocatalyst Screening and Optimization. In order 
to identify a suitable photocatalytic system for the N-
methylation of amines bearing heteroaromatic cores, we 
selected the N,N-dimethylation of furfurylamine 1a with 
methanol to a tertiary amine 2a as a model reaction (Ta-
ble 1). The structure of 2a is an important pharmaco-
phore in a variety of medicines (e.g. ranitidine in 
Scheme 1). Among the photocatalysts tested, Pd (5 
wt %)/TiO2, proved to be the best, affording 2a in 96% 
yield under irradiation (Xe lamp, l = 300–470 nm) for 5 
h (Table 1, entry 1). This reaction also proceeded well 
under irradiation with a UV-LED (l0 = 365 nm, entry 2). 
Reaction hardly proceeded in the dark, indicating it to be 
driven by light irradiation (entry 3). The Pd/TiO2 photo-
catalyst was recyclable at least 5 times (entries 4–7). 
Other photocatalysts, such as Ag (4 wt %)/TiO2,20 Cu (5 
wt %)/TiO2,21 and the Cu–Au mixed photocatalytic sys-
tem21 promoted reaction of 1a less efficiently than 
Pd/TiO2 (entries 8–10 vs entry 1). Only marginal or 
trace amounts of desired product were formed by em-
ploying Au (5 wt %)/TiO2,27 Pt (5 wt %)/TiO2,22 or pris-
tine TiO2 (entries 11–13). 

Table 1. Photocatalytic N,N-Dimethylation of Furfu-
rylaminea 

 
entry metal/TiO2 metal (mol %) yield (%)b 

1 Pd/TiO2 Pd (0.9) 96 
2 Pd/TiO2 Pd (0.9) 93c 
3 Pd/TiO2 Pd (0.9) < 1d 
4 Pd/TiO2 Pd (0.9) 94 (2nd run)e 
5 Pd/TiO2 Pd (0.9) 90 (3rd run)e 
6 Pd/TiO2 Pd (0.9) 89 (4th run)e 
7 Pd/TiO2 Pd (0.9) 89 (5th run)e 
8 Ag/TiO2 Ag (0.8) 64 
9 Cu/TiO2 Cu (1.4)  71 
10 Cu/TiO2 + 

Au/TiO2 
Cu (0.7),              
Au (0.2) 

51  

11 Au/TiO2 Au (0.5)   5 

12 Pt/TiO2 Pt (0.5)   1 
13 TiO2 – < 1 

a300 W Xe lamp with a UV-cold mirror. Metal content (Pd: 5 
wt %; Pt: 5 wt %; Cu: 5 wt %; Ag: 4 wt %; Au: 5 wt %) was de-
termined by ICP-AES. b1H NMR yields using 2,2-
dimethylpropan-1-ol as an internal standard. c1a (0.1 mmol), 
CH3OH (250 equiv, 1.0 mL), 32W UV-LED lamp l0 = 365 nm. 
dWithout light irradiation. eRecovered photocatalyst was used. 
 
Scheme 3. Methylation of Amines by Alcohols Using 
Pd/TiO2 Photocatalysisa 

 
aConditions analogous to Table 1, entry 1. b0.5 mmol scale, amine 
HCl salt as starting material.  
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Substrate Scope. With the optimized reaction condi-
tions in hand, Pd/TiO2-mediated photocatalytic N-
methylation was tested on a variety of heteroaromatic 
and saturated heterocyclic amines (Scheme 3). The pre-
sent method proved to be effective in the synthesis of 
amines bearing heteroaromatic structural motifs such as 
furan (2b), indole (2c), imidazole (2d), pyridine (2e–h), 
pyramidine (2i), and thiophene (2j). The desired prod-
ucts 2b–2j were obtained in good to excellent yields. 
The presence of reducible functional groups such as an 
ester in 2g and a nitrile in 2h was well tolerated. Inter-
estingly, the primary amino group in a phenothiazine 
derivative was also N,N-dimethylated to give tertiary 
amine 2k in 66% yield despite the large absorbance of 
phenothiazine in the UV region (300–350 nm) that po-
tentially competes with light absorption by Pd/TiO2. It 
should be noted that the products 2c and 2k share struc-
tural motifs with the medicines rizatriptan and levome-
promazine, respectively (Scheme 1). The present method 
also enabled the (tetra-)methylation of aza-crown ethers 
to give 2l and 2m without involving any neutralization 
procedure so far requested (Scheme 3).28 
 

Scheme 4. Synthesis of Pharmaceuticals Using 
Pd/TiO2 Photocatalysis 

 
 

Late-Stage N-Methylation Leading to Pharmaceu-
ticals. Its compatibility with various pharmaceutically 
relevant functional groups being established, this meth-
od was extended to the synthesis of several pharmaceu-
ticals (Scheme 4a). The photocatalytic reaction at 50 °C 
using methanol and Pd/TiO2, efficiently produced loxap-
ine (2n, a drug used for treating schizophrenia) in 73% 
isolated yield from its metabolite amoxapine (1n), where 
the presence of a dibenzoxazepine system was well tol-
erated. This photocatalytic method was also effective in 
the synthesis of other pharmaceuticals such as venlafax-
ine (2o, a drug used for major depressive disorders) and 
butenafine (2p, a drug used for treating tinea). The re-
sults for 2o (sub-gram scale, 0.86 g) proved the good 
scalability of this method in pharmaceutical synthesis. 
The photocatalytic N-methylation of 1p to 2p selectively 
proceeded without the cleavage of benzylic C–N bonds. 

Photocatalytic Ethylation for Pharmaceutical Syn-
thesis. The synthesis of octacaine (2q, a local anesthetic) 
was achieved through the direct N,N-diethylation of 
primary amine 1q using ethanol as an alkylating reagent. 
This protocol was further extended to a one-pot depro-
tection–diethylation sequence on a Cbz-protected amine 
3r by using ethanol as a deprotecting and alkylating 
agent, producing adiphenine (2r, a drug used in spas-
molysis) in moderate yield (Scheme 4b). This one-pot 
strategy is advantageous over a stepwise method be-
cause the intermediate 1r is thermally unstable.29 

 

Scheme 5. Synthesis of Deuterated Drugs 

 

 

Synthesis of Deuterated Drugs Using Deuterated 
Alcohols. Regio-specifically deuterated drugs have be-
gun receiving significant attention, because deuterium-
labeled drugs show longer half-life and better drug effi-
cacy than their non-deuterated analogues.30–32 The cur-
rent photocatalytic method enabled the facile synthesis 
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of site-specifically-labeled deuterated drugs using 
CD3OD. Deuterated venlafaxine-d6 (2o-d6) and butenaf-
ine-d3 (2p-d3) were successfully synthesized in 93% and 
80% yields, respectively (Scheme 5). Alverine-d5 (2f-d5) 
was also synthesized in 92% isolated yield employing 
C2D5OD as an alkylation reagent.33 In these products, 
only the installed alkyl groups were specifically labeled 
with deuterium. The degree of deuteration was unam-
biguously confirmed by MS and NMR analyses (see 
Supporting Information). 

Methylation of Colistin. To further test the utility of 
our new photocatalyst, the direct functionalization of 
colistin (composed of a mixture of colistin A [1t-A] and 
B [1t-B]) was tested (Figures 1). Colistin is a cationic 
lipopeptide antibiotic used for the treatment of Gram-
negative bacterial infection, and N-methylation of cati-
onic antibiotics is expected to broaden the spectrum of 
their activity.33 A mixture of 1t-A and 1t-B was in situ 
generated by the treatment of colistin sulfate with sodi-
um carbonate, and was irradiated for 2 h in aqueous 
methanol with a UV–vis light in the presence of Pd/TiO2 
(Figure 1a). The LC/ESI-MS analysis of the reaction 
mixture indicated the formation of free amines 1t-A and 
1t-B before irradiation (Figure 1b, t = 0 h). Upon irra-
diation, the mono-, di-, and trimethylation of 1t and 1u 
proceeded to give products 2t-A1–3 and 2t-B1–3 as indi-
cated by the ion chromatograms (Figure 1b, reaction 
time t = 1 and 2 h). Further improvement of this reaction 
system and more detailed analysis of the products are 
currently under way.  

Mechanistic Considerations. A possible mechanism 
for photocatalytic N-alkylation is shown in Scheme 6. 
This scheme is analogous to those previously proposed 
for Pd/TiO2.24,25 The reaction starts with the irradiation 
of TiO2 producing an electron (e–)-hole (h+) pair at 
Pd/TiO2 (Scheme 6a). The electron is transferred to pal-
ladium nanoparticles ([Pd]n) on TiO2 and reacts with a 
proton to form a palladium hydride species ([Pd]n–H). 
The hole is quenched by adsorbed methanol to give for-
maldehyde and a proton. Methylation of primary amines 
starts with reaction of the primary amine with formalde-
hyde to give an imine and water (Scheme 6b). The imine 
is then reduced by [Pd]n–H to a secondary amine. Meth-
ylation of secondary amines proceeds analogously 
(Scheme 6c). Secondary amine reacts with formalde-
hyde and a proton to give an iminium cation and water. 
The iminium cation is reduced to tertiary amine by 
[Pd]n–H. The overall stoichiometry for either alkylation 
is shown in Scheme 6d. The formation of water as a by-
product is supported by the fact that more than stoichi-
ometric amounts of water (4.2 mmol) were formed in the 
photocatalytic N-methylation of 2a (1.0 mmol), as de-
termined by the Karl–Fischer method. 

 

 
Figure 1. a) Photocatalytic N-methylation of colistin by a 
Pd/TiO2 photocatalyst. b) LC/ESI-MS chromatograms of the reac-
tion mixture irradiated for 0, 1, and 2 h showing total ion count, 
ion chromatograms of m/z = 1155.7, 1169.7, 1183.7, 1197.7, and 
1211.8. Full-size chromatograms are shown in Figures S6–S8 in 
the Supporting Information. 

 

The presented view of the mechanism is complicated 
by the possibility that electrophilic formaldehyde, imine, 
or iminium salt could react with methanol or amines to 
give an equilibrium mixture of hemiacetal, hemiaminal, 
or aminal species. These species may compete with for-
maldehyde, imine, and iminium salt for reaction with 
amine or palladium hydride (Scheme 6b and 6c). Fur-
thermore, a known side-reaction is the production of H2 
gas and formaldehyde from methanol.24,27 H2 presuma-
bly dissociates from the palladium hydride shown in 
Scheme 6a. The amount of H2 in the gas phase after pho-
tocatalytic N-methylation of 2a (1.0 mmol) using 10-mL 
methanol was 0.82 mmol as determined by µ-GC analy-
sis (Figure S9). Reaction of the resulting formaldehyde 
with 2 equivalents of methanol to give dimethox-
ymethane and water would partially account for the ex-
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cess formation of water produced in the present photo-
catalytic experiments.  

 

Scheme 6. A Proposed Mechanism for Photocatalytic 
N-methylation over Pd/TiO2 

 
 

The origin of the higher reactivity of Pd over its me-
tallic analogues shown in Table 1 remains unclear, but 
we presume it originates from the high affinity of hy-
drogen for the Pd nanoparticles35–37 and the high reactiv-
ity of Pd hydride species ([Pd]n–H) for the reduction of 
imines and iminium intermediates (Schemes 6b and 6c). 
The presence of Pd nanoparticles with a mean particle 
size of 3.3 ± 0.6 nm supported on TiO2 in the Pd/TiO2 
photocatalyst was established by HRTEM analysis (Fig-
ures S1–S3). Lattice fringes (Figure S2) agree with the 
[111] reflection of face-centered cubic (fcc) Pd, indicat-
ing the presence of standard metallic Pd nanoparticles. 
The hydrogenation of an imine (N-
benzylidenebenzylamine) to the corresponding second-
ary amine (dibenzylamine) spontaneously occurred in 
the presence of Pd/TiO2 under atmospheric H2 gas both 
with and without light irradiation (see Supporting In-
formation for details).  

CONCLUSION 
In summary, we have developed an efficient photo-

catalytic method for the N-methylation of heterocyclic 
amines and pharmaceutical intermediates using metha-
nol with Pd/TiO2 under mild reaction conditions. This 
methodology provides an economical and environment-
friendly way for the synthesis of complex N-methyl het-
erocyclic amines and several medicines by late-stage N-
methylation. Comparable late-stage ethylation and deu-
terium labeling are also demonstrated. We believe that 

this work will contribute to the green and sustainable 
production of pharmaceuticals. 
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Brief synopsis 
Photocatalytic N-(m)ethylation of amines with (m)ethanol at ambient temperature has enabled the sus-
tainable synthesis of pharmaceuticals and complex molecules. 
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