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Atom-Economical and Tandem Conversion of Nitriles to N-Methyl-
ated Amides using Methanol and Water

Bhaskar Paul, Milan Maji, and Sabuj Kundu*

Department of Chemistry, Indian Institute of Technology Kanpur, Kanpur-208016, Uttar Pradesh (U.P.), India

ABSTRACT: A cobalt complex catalyzed tandem conversion of nitrile to N-methylated amide is described using methanol and water mixture.

Using this protocol, several nitriles were directly converted to the desired N-methylated amides efficiently. Kinetic experiments using H,O'*

and CD;OD suggested that water and methanol were the source of oxygen atom and methyl group respectively in the final N-methylated am-

ides. Importantly, the participation of active Co(I)-H species in this transformation was realized from the control experiment. KIE study

suggested that the activation of C-H bond of methanol was a kinetically important step. Hammett plot confirmed that the reaction was faster

with the electron deficient nitriles. In addition, the plausible pathway for the formation of N-methylated amides from nitriles was supported by

the computational study.

KEYWORDS: cobalt « methanol activation « nitrile hydration « N-methylated amide « mechanistic study « tandem process

Nitriles are the key building blocks in organic synthesis.' These mol-
ecules can be easily transformed to several valuable products
through hydrolysis, hydration, reduction, etc.”” Nitriles are found
in the many natural resources such as fungi, bacteria, algae, sponges,
cyan lipids, cyanogenic glycosides, cyanohydrine and also higher or-
ganism.’ Notably, over 120 nitriles were isolated from terrestrial and
marine sources.* Nitriles are easily accessible by different classical
and industrial processes and for their synthesis; various protocols
were established by employing several metallic and non-metallic cy-

anating reagents.'*

N-Methylated amide is one of the essential motif present in nu-
merous natural products and pharmaceutically important com-
pounds.® Notably, N-methylation of amide has a significant impact
on the biological activities and physical properties of the molecule.’
These molecules are commonly synthesized from the hazardous
acid chlorides in presence of volatile MeNH..* Therefore, a sustain-
able process to access the N-methylated amide molecules is essen-
tial.

In the last few decades, tandem catalysis has drawn much atten-
tion in the research and development.’ In this process, new func-
tional group can be incorporated in a molecule from the easily avail-
able starting materials.”® In the tandem catalysis, multi-pot stepwise
reactions is replaced with one-pot atom-economical processes."
However, to acquire success, compatibility in solvents, reagents, cat-
alysts, etc. in the different sequential step is essential.'> Moreover,
absence of extensive work-up, isolation/purification of intermedi-
ates and functional group protection-deprotection technique re-

duces the time, efforts, cost and waste generation.” 3

Although, transition metal mediated nitrile hydration to amide
is well explored,'* however greener methodology for the synthesis of
N-methylated amides using methanol is not reported yet. There are

few reports immersed in literature for the synthesis of N-alkylated
amines or imines from nitriles and alcohols.* ** Notably, Hong et al.
reported the Ru(1I) mediated synthesis of amides and N-formylated
amines from nitrile and long chain alcohol and methanol respec-
tively.'" !¢ Recently, we reported direct synthesis of N-methylated
amines from nitrile and methanol."”
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Scheme 1. Reactions of Nitriles with Methanol

Earth abundant and inexpensive base metal mediated catalysis
for the replacement of expensive noble metals based systems is an
important challenge in homogeneous catalysis.'® Inspired by the re-
cent advancement in the methanol activation chemistry '** and the
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importance of the N-methylated amides,® herein we report an effi-
cient cobalt mediated atom-economical and sustainable synthesis of
N-methylated amides from nitriles. To the best of our knowledge,
tandem conversion of nitrile to N-methylated amide using metha-
nol/water is not reported yet (Scheme 1).

Initially, we screened several bases for the N-methylation of
benzamide using methanol in presence of CoBra/tris[2-(diphe-
nylphosphino)ethyl]phosphine (PP;) (Table S6). Yields of the de-
sired N-methylbenzamide was significantly higher with Cs,COj5 (1
equiv.) compare to other bases like NaOH, KO'Bu, etc. (Table S6,
entry 7). Afterward, we focused on the tandem transformation of
benzonitrile to N-methylbenzamide by using methanol and water in
presence of Cs;COs (1 equiv.). For this purpose, several cobalt
precursors and ligands in presence of 10 equiv. of water were
screened (Table 1; entries 1-7). Among them, CoBr: and tris[2-
(diphenylphosphino )ethyl]phosphine (PP;) displayed the superior
result (entry 1). However, in this transformation significant amount
of benzyl alcohol (1") was formed as a side product. Formation of
benzyl alcohol can be rationalized by the partial hydrogenation of
nitrile to imine followed by hydrolysis which may produce
benzaldehyde and subsequently was hydrogenated to yield the
benzyl alcohol (Scheme 1). Nevertheless, with strong bases such as
NaOH, ‘BuOK, etc. formation of benzyl alcohol was relatively lower
(Table 1, entries 8-9; Table S7). Notably, for the nitrile hydration,
strong bases exhibited better reactivity.” Therefore, to improve the
yield of 1 and to minimize the formation of 1", rate of nitrile
hydration to amide has to be faster than the rate of nitrile
hydrogenation (Scheme 1).

Thus, next we performed the experiments with Cs:COj in pres-
ence of the additional strong base (Table 1, entries 10-12; Table S7).
Screening of additional bases disclosed that 0.5 equiv. BuOK was
sufficient to minimize the formation of the side product (entry 12).
Satisfactory yield of the desired N-methylbenzamide (96%) was ob-
served by increasing the catalystloading to 7.5 mol % (Table 1; entry
13). Interestingly, in presence of only KO'Bu or Cs;CO; (1.5 equiv.),
yields of the N-methylbenzamide was not adequate (Table 1, entries
14 and 15). Hence, a mixture KO'Bu (0.5 equiv.) and CsCOs (1.0
equiv.) was used to maximize the yield of N-methylated amide.
Amount of water also played a critical role in this transformation; 10
equiv. water was found to the optimum. Yield of 1 was dropped using
S or 15 equiv. of HoO (entries 16 and 17). Additionally, isolated
Co(II) complex derived from 1:1 ratio of CoBr2 and PP in methanol
also presented the similar result (Table 1, entry 18; for complex
structure see Figure $14).

Next, the scope of this protocol was explored for the direct syn-
thesis of N-methylated amides from nitriles using methanol and wa-
ter. In this study, it was observed that the nitriles bearing electron-
withdrawing groups at meta- and para- position afforded the desired
N-methylated amides more efficiently than the electron-rich nitriles
(Table 2,2-11). However, for the ortho-substituted nitrile, reactivity
was lower probably due to the steric influence (12). Di- or tri-substi-
tuted nitriles smoothly delivered the corresponding N-methylated
amides in 71-82% yields (14-16). For 4-formylbenzonitrile, the car-
bonyl group was reduced under the reaction conditions and fur-
nished the corresponding N-methylated amide (19).

Table 1. Data for the Screening of Optimal Conditions for Ni-
trile Conversion®

[CollL (5 mol %) 0o o
o o e ™ o
140 °C, 24 h 1 1" "

Entry [Co]/Ligand Additional Yield Yield Yield

(mol %) Base (equiv.) 1 @) @@

(%) (%) (%)
1 CoBr,/ PP; (S) - 43 30 27
2 CoBr;/ DPPF (5) - 7 81 10
3 CoBrz/ Xantphos (5) - 2 84 14
4 CoBrz/ Triphos(5) - 7 78 12
5 Co(BF4)2.6H:0/ PP; (5) - 39 37 21
6 Co(OAc):/ PP; (5) - 37 36 23
7 Co(acac):/ PP;(5) - 41 31 24
8 CoBr,/ PP5(5) - 25 56 16
9 CoBr,/ PP; (5) - 21 66 11
10 CoBry/ PP; (5) KOH (0.2) 53 28 19
11 CoBr:/ PP; (5) KOBu (0.2) 68 22 7
12 CoBr,/ PP;(S) KOBu (0.5) 69 30 0
13 CoBr/ PP; (7.5) KOBu (0.5) 96 2 0
144 CoBra/ PP3(7.5) KO'Bu (1.5) 54 43 0
15 CoBr2/ PP; (7.5) Cs2CO5 (1.5) 66 5 24
16 CoBr:/ PP; (7.5) KOBu (0.5) 67 S 26
17 CoBr:/ PP;(7.5) KOBu (0.5) 85 14 0
18 isolated complex (7.5)  KOBu (0.5) 97 2 0
19¢ CoBry/ PP3(7.5) - 2 3 2
20 - KO'Bu (0.5) 6 87 S

218 - KOBu(0.5) N.D. 12 N.D.

“Reaction conditions: benzonitrile (0.5 mmol), methanol/m-xylene
(2.5 mL, 1:1 v/v), water (10 equiv.), GC yield (using mesitylene as in-
ternal standard); ?1.0 equiv. KO'By; ‘1.0 equiv. NaOH; “absence of
Cs2COs3; S equiv. H20; 1S equiv. H20; 83 h (N.D. = not detected).

Challenging substrates like hetero nuclei containing aromatic
nitriles, di-nitrile and aliphatic nitriles also furnished the desired N-
methylated amides although, longer reaction time and slightly
higher temperature was essential (20-25). Remarkably, employing
this protocol tandem C-methylation as well as N-methylation was
observed for the benzyl nitriles (27 and 28). However, N-methyla-
tion of secondary amides did not work under this catalytic condition.
Additionally, instead of anhydrous cobalt (IT) bromide, with readily
available and inexpensive CoBr,.6H,O, similar result was observed
(Table 2). For the preparative scale synthesis of N-methylben-
zamide, the green chemistry metrics® with an E-factor of 5.52, 100%
atom economy, 87% atom efficiency, 100% carbon efficiency and
87% reaction mass efficiency, clearly exposed the technical and envi-
ronmental benefits of this methodology (Table 2).
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Table 2. N-Methylated Amide Synthesis from Nitrile using
Methanol-Water/Cobalt System*

[o] (o]
o
R—=N + H,0 + CH;OH w» JL _CH3 or Ar _CH3
Cs,CO; (1 equiv.), KO'Bu R H H
(0.5 equiv), m-xylene, 140 °C CH;
R = Aryl and Alkyl = Benzyl

o
N/
H
Me’

Q

@*

1,89% (18 h) 2, 95% (30 h) 3,98% (36 h) 4,84% (24 h)
87% (18 h)b
o
N/CHs
H
5,79% (24 h) M
81% (24 h)b 6,86% (9 h) 7,92% (4 h) e 8, 98% (24 h)
o
CH
N/ 3
H
OMe
OMe 9. 93% (24 h) Cl 10,85% (9 h) 12, 13% (24 h)

92% (24 h)b 85% (9 hy? 42% (48 h)

;@*

14, 71%(36h

11 98% (9 h)

@*

Cl 15,82% (24 h) F
81% (24 h)° 16, 81% (24 h)

<° O
o) HO.
17, 96% (24 h)

94% (24 h)° 18, 97% (24 h)

o N N
@\«N\CH CHg X N/CHJ Hi,C” SCH;
H
| P

~CHj
H

@
«c;o

13, 58% (36 h)

~CH3
H

22;0

19, 94%, °88% (24 h)

N
N | (o} o

20, 81% (24 h) 21, 81% (60 h)? 22, 81% (60 h)?

/\/\/\/\/\/\)J\N/CH3
o H

24, 74% (48 h)?

O*

26, 81% (36 h)

Green Chemistry Metrics

_N E-factor: 5.52
z Standard Atom Economy: 100%
+ H0 + CH;0H ———— Atom Efficiency: 87%
: Conditions Carbon Efficiency: 100%
]

1149

Reaction Mass Efficiency: 87%

“Reaction conditions: nitrile (0.5 mmol), methanol/m-xylene (2.5
mL, 1:1 v/v), water (10 equiv.); isolated yield; *“CoBr2.6H2O was used;
“rom 4-formylbenzonitrile; “CoBr»/PP:; (10 mol %) at 150 °C;
*CoBr»/PP; (15 mol %); From 1,3-dicyanobenzene; from 4-amino
benzonitrile. "from corresponding phenylacetonitriles.

After successfully synthesized various N-methylated amides
from nitriles, we focused at investigating the mechanism of this tan-
dem transformation. For that purpose several control experiments
and kinetic studies were performed. Initially, to know the nature of
active cobalt catalyst, cobalt (I) hydride was synthesized in situ by
treating the CoBr,/PPs system with 3 equiv. of NaBH..”” This Co-H
species (7.5 mol %), under the optimized reaction conditions deliv-
ered the desired N-methylbenzamide in 93% yield from benzonitrile
which advocated the involvement of cobalt (I) hydride species in
this transformation (Scheme 2A).

Notably, when the reaction was carried out in H,O'$/MeOH,
O* incorporated benzamide and N-methylbenzamide were formed
within 3 h and 24 h respectively (Scheme 2B). This result undoubt-
edly established that the water was the source of the oxygen atom in

the amide products. Using CD;OD as a solvent under the optimized
reaction conditions, deuterium incorporated N-methylated amide
products were observed from nitrile as well as from the plausible in-
termediates, which confirmed that methanol acted as the hydrogen
and C1 source (Scheme 2C).

A) Experiment with [Co'-H]

[o]
Co'Bry/PP; L _cm,
NaBHy (3 equiv. 4
in a Beauvl ool —PNCN o PN
CH-OH 2h,RT standard conditions )
3 (24 h) yield 93%
B) Study with H,0'®
18g 189
- 18 standard conditions or _CH
Ph—=N+ H,0" + CH,on Standard conditions Ph)LNHZ Ph)’xu 5
yield 99% (3 h)  yield 94% (24 h)
C)ExperimentswithcD,oD o
standard conditions )J\ CDs
Ph—=N + CD;0D —_ > Ph N
82% conv. (40 h) H
[} [o]
standard conditions CD
ph)I\NH2 +  ©CDsOD - < - 5 h)I\N/ 3
91% conv. (36 h) H
o (o]
)k standard conditions )J\ CHzD
P >N"Son +  CD;0D - s PHT N
H 89% conv. (30 h)
D) Competitive methylation and KIE studies Q
) Come ¢ =T G
Ph N . N
Ph—=N { CH30H } standard conditions major minor
—=| + + _————— o (o]
cD,0D 94% conv. (36 h) JI__cHD, I cD,
Ph™ N + PN
H H
minor minor
[o]
— tandard diti CH,/CD
Ph—=N . CH,OH/CD,0D standard conditions Ph)j\N/ 3/CD3
ku/kp = 3.85 H

Scheme 2. Kinetic Studies and Control Experiments (For stand-
ard conditions, see Table 1, entry 13).

Next, a competition experiment was performed with benzo-
nitrile using a mixture of CH;OH and CD3OD (1:1 ratio) which pre-
dominantly yielded N-methylbenzamide compare to its D-labelled
analogue (Scheme 2D). In this reaction four different products were
generated by the insertion of the two different imines to the corre-
sponding Co-H and Co-D species.”® For this cascade transfor-
mation, kinetic isotope effect (KIE) study using CH3OH and
CD;0D disclosed Kcu/Kcp = 3.85. This result suggested that the
activation of C-H bond was a kinetically important step during this
process (Scheme 2D).

1004 .
' -
@
so{® o -
.
M -
:\;60_ " L] = - Benzom!nle
= - *— Benzamide
L *— N-Methylbenzamide
g 2
.
2404 J >
Q
o ] .
-
204 o
., g
.
8
*
0
0 200 400 600 800 1000 1200 1400

Time (min)

Figure 1. Time course of the reaction during the formation of N-
methylated amide from nitrile.
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Figure 2. a-d) Dependence of rate constant on the substitution and temperature; ¢) Hammett study for the nitrile hydration; f) Hammett study for
the N-methylated amide formation from nitrile (For standard conditions, see Table 1, entry 13).

In this tandem transformation, kinetic studies showed the first
order dependency on the nitrile concentration in the reaction rate
(see SI, Pages S12-S14). From the time course of the reaction it was
observed that the nitrile hydration was much faster compared to the
N-methylation of amide. Almost quantitative conversion of benzo-
nitrile to benzamide was achieved within 3 hours, and no N-
methylbenzamide was detected after 90 minutes (Figure 1).

Compared to the conventional nitrile hydration, relatively less
amount of water (10 equiv.) was used in this process. Thus, to un-
derstand this transformation more clearly, rate constants for the ni-
trile hydration and N-methylation reactions using different nitriles
were measured (Figure 2). The rate constants for the nitrile hydra-
tion were higher than the N-methylation process, and for the nitrile
bearing strong electron withdrawing substituent (p-CFs), the rate
constant was significantly larger.

a) (\

In this direct conversion of nitrile to N-methylated amide, elec-
tronic effect was observed in nitrile hydration and N-methylation
steps (Figure 2a-c). Therefore, Hammett study was carried out us-
ing various substituted benzonitriles. In this study, a good linear re-
lationship was observed when relative rates with these substituted
benzonitriles [log(kx/ku)] were plotted against the substituent con-
stant (o). In the Hammett plot, positive p values of +1.85 and +1.06
were observed for the nitrile hydration and direct conversion of ni-
trile to N-methylated amide, respectively (Figure 2e and 2f). Im-
portantly, the electronic effect was more prominent in the nitrile hy-
dration step than the methylation process. In addition, a very good
linearity was observed in the plot of log (kx/ku) vs o- (Figure S10).
This result suggested that the electron withdrawing group should fa-
cilitate the reaction and it was consistent with the reactivity of the
nitrile substrates reported in the Table 2
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Figure 3.a) Computed pathway for the N-methylation process; and b) ball and stick model of the transition states (bond length in A).
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The reaction temperature using the mixture of methanol/m-xy-
lene solvents under closed condition was difficult to measure accu-
rately, hence we were unable to measure the activation parameters
of this transformation. However, considering the oil-bath tempera-
ture, rate constants at different temperatures were measured and it
was observed that with slight increase in oil-bath temperature, rate
constant increased significantly (Figure 2d).

To realize the probable pathway and the feasibility of this N-
methylation process, a detailed DFT calculations considering the
singlet state of the active Co(I) species were performed (for details,
see SI). In the DFT calculations, for shorter computational time, the
phenyl groups in PP; ligand were replaced with H atoms.** This pro-
cess was mainly divided into two parts: a) methanol dehydrogena-
tion and b) hydrogenation of N-methylene benzamide. For the
methanol dehydrogenation, initially the intermediate I1a under-
went ligand dissociation and formed a 16-electron species 12 (Fig-
ure 3). Subsequently, Co-H species I3x was formed via f-H elimina-
tion from I2n through the TS1u with an overall activation barrier
(AG*) 0of 113.74 k] /mol. During the hydrogenation of N-methylene
benzamide, it can coordinate to the cobalt centre via different path-
ways. Depending on the coordination mode of the imine, insertion
of N-methylene benzamide to the Co-H can proceed via either i)
four membered TS or, ii) six-membered T'S with strong interaction
or, iii) six-membered T'S with weak interaction (Figure 3).

TAG kJ/mol

ACS Catalysis

Therefore, the activation energy for these three different path-
ways were calculated to know the preferential one. The activation
barrier through the six-membered transition state with strong inter-
action TS2u was 8.79 kJ/mol (Figure 3). Notably, for the four-mem-
bered TS and six-membered TS with weak interaction, the calcu-
lated energy barrier (AG*) were 38.80 kJ/mol and 32.87 kJ/mol re-
spectively (see SI, Figure S15). This result advocates that the imine
hydrogenation preferentially follows through the six-membered TS
with strong interaction.

In the N-methylation of amide step, electronic effect was ob-
served with the functionalized nitriles. However, this electronic ef-
fect was not significant as the substituent was far away from the am-
ide bond. Therefore, to understand this effect more clearly, DFT cal-
culations were performed for the insertion of the different para- sub-
stituted N-methylene amides to the Co-H species (Figure 4). In this
insertion process, six-membered TS having stronger interaction was
considered. The calculated activation energy (AG*) for the -CFs, -H
and -OMe substituted imines were 0.15, 8.79 and 10.92 kJ/mol
respectively. This results stated that the hydrogenation of N-
methylene amides having electron withdrawing substituent will be
favored, which was consistent with the experimental results (Figure
2¢).
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Figure 4. DFT Study for the electronic effect during the imine hydrogenation.
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Scheme 3. Plausible Catalytic Cycle.

Based on these mechanistic studies, we proposed the pathway
for the formation of N-methylated amides from nitriles using meth-
anol and water (Scheme 3). In this process, mainly two catalytic cy-
cle were involved, namely nitrile hydration and reductive N-methyl-
ation. Experimentally, we observed that nitrile hydration was much
faster in presence of cobalt catalyst (Figure 1 and Table 1, entry 21).
Based on this, we hypothesized that, in the nitrile hydration process,
initially it would coordinate to the cobalt center to form the species
P. After that, nucleophilic addition of H>O to the nitrile followed by
tautomerization would generate the amide. Additionally, in the
methylation process, the methoxy species Q would from by treating
CoBr:/PP; with methanol in presence of Cs:COs. Subsequently, via
B-H elimination, this intermediate would transformed to the Co-H
species and formaldehyde. Then, the condensation between the am-
ide and formaldehyde would afford the N-methylene amides. Fi-
nally, preferential hydrogenation of this imine through six-mem-
bered TS followed by methanolysis would provide the desired N-
methylated amide and would regenerate the methoxy species (Q).

In summary, a cobalt catalyzed tandem conversion of several
nitriles to the corresponding N-methylated amides using MeOH
and water is reported. Notably, labelling study using H,O'" and
CD:OD confirmed the source of the oxygen atom and the methyl
group in the final product. Involvement of active Co(I)-H species
and importance of the C-H bond activation of methanol was sup-
ported by several kinetic experiments. In addition, Hammett study
disclosed that the overall process was favored with the electron defi-
cient nitriles and the electronic effect in the nitrile hydration step was
significantly higher than the N-methylation process. The mechanis-
tic investigation was further supported by detailed DFT calculations.
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