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Esterification of Tertiary Amides: Remarkable Additive Effects of
Potassium Alkoxides for Generating Hetero Manganese–
Potassium Dinuclear Active Species
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Abstract: A catalyst system of mononuclear manganese pre-
cursor 3 combined with potassium alkoxide served as a su-
perior catalyst compared with our previously reported man-
ganese homodinuclear catalyst 2 a for esterification of not
only tertiary aryl amides, but also tertiary aliphatic amides.
On the basis of stoichiometric reactions of 3 and potassium
alkoxide salt, kinetic studies, and density functional theory
(DFT) calculations, we clarified a plausible reaction mecha-
nism in which in situ generated manganese–potassium het-
erodinuclear species cooperatively activates the carbonyl

moiety of the amide and the OH moiety of the alcohols. We
also revealed details of the reaction mechanism of our previ-
ous manganese homodinuclear system 2 a, and we found
that the activation free energy (DG�) for the manganese–po-
tassium heterodinuclear complex catalyzed esterification of
amides is lower than that for the manganese homodinuclear
system, which was consistent with the experimental results.
We further applied our catalyst system to deprotect the
acetyl moiety of primary and secondary amines.

Introduction

Amides are extraordinarily stable because of the resonance
contribution between the nitrogen lone pair and the carbonyl.
Amides are ubiquitous and abundant, and are often found in
natural compounds such as proteins as well as in synthetic or-
ganic compounds such as poly(amides) and pharmaceuti-
cals.[1–5] Cleavage of stable amide bonds under mild conditions
has attracted the ongoing attention of organic chemists,[6] and
rational strategies, such as diminishing the resonance structure
of the C�N bond by complexing N,N-(2-pyridylmethyl)amides
with CuII sources[7, 8] and the construction of a twisted structure
around the nitrogen atom have been investigated.[9, 10] Cleav-
age of the common amide bond without these complex strat-

egies requires harsh reaction conditions using stoichiometric
amounts of strong acids or bases at high temperatures, and
produces the corresponding acids via hydrolysis and esters via
alcoholysis.

Some metal catalyst systems have been developed for pri-
mary and secondary amides. Fisher et al. reported TiCl4-mediat-
ed alcoholysis of inactivated primary amides as the first exam-
ple of metal-catalyzed alcoholysis, but the reaction required
1 equiv of aqueous HCl.[11] We developed a catalytic C�N bond
cleavage of secondary N-b-hydroxyethylamides mediated by
zinc triflate,[12] or primary amides and secondary acetanilide de-
rivatives using a catalyst mixture of Sc(OTf)3 with boronic
esters.[13] Atkinson et al. followed up on our work using
Sc(OTf)3 for the catalytic esterification of primary amides,[14]

and Ohshima et al. recently reported catalytic esterification of
8-aminoquinoline amides achieved by Ni(tmhd)2 (TMHD =

2,2,6,6-tetramethyl-3,5-heptanedionate) in methanol.[15] In addi-
tion, Shimizu et al. used cerium dioxide for the catalytic
esterification of primary amides, despite its heterogeneity.[16]

With respect to the catalytic transformation of tertiary
amides, which are more stable than primary and secondary
amides,[17] three mechanisms have been reported including ox-
idative addition, N,O-acyl rearrangement, and Lewis acid-assist-
ed mechanisms.[18–27] Oxidative addition-esterification was first
reported by Garg and co-workers who used nickel(0) catalysts
to activate the C�N bond of tertiary arylamides bearing func-
tional groups such as Ph, Boc, and Ts by oxidative addition as
a key step to afford the corresponding aryl esters.[18, 19] Danoun
and Gosmini used a low-valent cobalt catalyst system support-
ed by 2,2’-bipyridine with metallic manganese as a reductant
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to catalytically activate the C�N bond of activated arylamides
bearing a Boc, Ts, or methoxycarbonyl group to give the corre-
sponding aryl esters.[20] Notably, low-valent nickel and cobalt
species oxidatively added to the C�N bond of activated
amides bearing functional groups such as Ph, Boc, Ts, and me-
thoxycarbonyl on the nitrogen atom; without these functional
groups, no smooth reaction proceeded (Scheme 1 a).[21] For
N,O-acyl rearrangement esterification, we reported two catalyst
systems, Mn(acac)2 combined with 2,2’-bipyridine[22] and zinc
triflate, that catalyzed the esterification of N-alkyl-N-b-hydroxy-
ethylamides,[23] although these catalysts required substrates
with a b-hydroxyethyl group on the nitrogen atom
(Scheme 1 b). For Lewis acid-assisted esterification, FeCl3 re-
quired stoichiometric amounts of HCl for the catalytic esterifi-
cation of tertiary amides,[24] and heterogeneous cerium dioxide
required a high temperature (175 8C) for the catalytic esterifica-
tion of tertiary amides (Scheme 1 c).[25, 26]

In this context, we focused our attention on developing ef-
fective catalysts for the esterification of simple tertiary N,N-di-
alkyl amides. We previously found that an alkoxide-bridged
manganese dinuclear complex, [(acac)(Me2N-Phen)Mn(m-
OnBu)]2 (2 a) (Me2N-Phen = 4,7-bis(dimethylamino)-1,10-phe-
nanthroline), derived by treating an alkoxide-bridged manga-
nese tetranuclear cubic complex [Mn(acac)(OEt)(EtOH)]4 (1)
with Me2N-Phen in nBuOH, was an excellent catalyst for the
esterification of various N,N-dialkyl arylamides via a cooperative
mechanism in which one manganese center functioned as a
Lewis acid for coordinating to the amide carbonyl moiety and
the second manganese center activated an alcohol to provide
more nucleophilic alkoxide species (Scheme 1 d).[28] Herein, we
report another manganese catalyst system, Mn(acac)2(Me2N-
Phen) (3), and the remarkable additive effects of potassium alk-
oxides that improved the catalytic activity of 3 for the esterifi-
cation of not only N,N-dialkyl benzamides but also N,N-dialkyl
aliphatic amides. Kinetic studies together with density func-
tional theory (DFT) calculations and mass spectrometry analysis
revealed that adding potassium alkoxide to 3 generated a
manganese–potassium heterodinuclear species in situ, the cat-
alytic activity of which was superior to that of our previously
reported manganese homodinuclear catalyst 2 a (Scheme 1 e).

Results and Discussion

We began by searching for convenient and more active man-
ganese precursors for the catalytic esterification of N,N-dimeth-
yl naphthamide (4 a) under the conditions of nBuOH at 135 8C
for 18 h to give the corresponding ester 5 a, although we pre-
viously reported that dinuclear complex 2 a exhibited sufficient
catalytic performance.[28] As the result, we selected Mn(acac)3

(5 mol %) as the best precursor, and we selected 4,7-bisdi-
methyamino-1,10-phenanthroline (Me2N-Phen, 5 mol %) as the
best chelating ligand [Eq. (1), for more details, see Tables S1–
S3]. Under these reaction conditions, the reverse reaction was
unfavorable because the byproduct, gaseous dimethylamine,
was easily discharged from the reaction mixture.

Figure 1 (plots of *) shows the reaction profile for the cata-
lyst system of Mn(acac)3/Me2N-Phen, revealing a rather long in-
duction period (ca. 30–40 min) due to the reduction from MnIII

to MnII at the initiation stage. Accordingly, we conducted a
stoichiometric reaction with Mn(acac)3 and Me2N-Phen in
iPrOH at reflux temperature for 24 h to give a MnII complex,
Mn(acac)2(Me2N-Phen) (3), in 65 % yield, which was character-
ized by mass spectrometry ([3]+ m/z = 519.18) and by X-ray
analysis (Figure 2) given its paramagnetic nature. When isolat-
ed complex 3 was used as the catalyst, the induction period
was shorter (ca. 10 min, Figure 1, plots of ^). A notable finding
was that the reaction rate of 3 was almost equal to that of di-
nuclear complex 2 a derived in situ from the tetranuclear cubic

Scheme 1. Catalytic esterification for tertiary amides.
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complex 1 and Me2N-Phen in nBuOH (Figure 1, plots of &), in-
dicating that the short induction period was due to the forma-
tion of 2 a from 3 in nBuOH. When 3 was dissolved in EtOH
(0.065 mm), its UV/Vis spectrum did not change at room tem-
perature; however, at 70 8C, the absorption band of 3 (lmax =

298 nm) decreased and the new absorption band at 343 nm
increased with an isosbestic point at 319 nm (Figure S2). The
new absorption band was assigned to the homodinuclear
complex [(acac)(Me2N-Phen)Mn(m-OEt)]2 (2 b), which was alter-
natively prepared by treating [Mn(acac)(OEt)(EtOH)]4 (1) with
Me2N-Phen in EtOH.[28]

To our surprise, KOMe (1 equiv) exhibited remarkable addi-
tive effects with 3 (Figure 1, plots of ^), which not only de-
creased the induction period, but also improved its catalytic
activity compared with 2 a as well as 3 without any additives.
Moreover, the reaction profile of 2 a with 1 equiv of KOMe
(Figure 1, plots of &) was almost the same as that of 3 with
1 equiv of KOMe (Figure 1, plots of ^). The catalytic activity of
KOMe alone was quite low, and almost no catalytic activity of
KOMe was observed after 30 min. In addition, the yield of 5 a
catalyzed by a mixture of 3 and KOMe was significantly higher
than the combined yields of 5 a catalyzed by either 3 or KOMe
alone for the entire reaction time (see the Supporting Informa-
tion for details). These results suggest that manganese com-

plex 3 and KOMe cooperatively catalyzed the esterification of
4 a. When the reaction mixture of 3 and 1 equiv of KOMe in
EtOH was heated at 70 8C, 3 (298 nm) was rapidly consumed
and absorbance at 343 nm was increased (Figure S3). Although
the obtained spectra were the same as for 2 a, electrospray
ionization time-of-flight mass spectrometry of the resulting so-
lution revealed a parent peak at m/z = 686.29, which was as-
signed to a manganese–potassium heterodinuclear species
[(Me2N-Phen)(acac)Mn(OEt)3K(EtOH)2]+ , in which the manga-
nese center was two-electron oxidized during the measure-
ments (Figure S4). As a result, we concluded that the addition
of KOMe (1 equiv) had dual functions to induce the formation
of dinuclear manganese complex 2 a from 3 in nBuOH and to
generate a manganese–potassium heterodinuclear complex,
(Me2N-Phen)(acac)Mn(m-OMe)2K(solvent)n (6), as a more catalyt-
ically active species (see below). Finally, we selected the in situ
mixture of 3 and KOMe (1 equiv) as the best catalyst system.

With regard to the additives, we further optimized the alkox-
ides of alkaline metals under the conditions using 3
(5 mol %) at reflux temperature in nBuOH; the results
are shown in Table 1. The addition of 1 equiv of
KOMe gave 5 a in 44 % yield after 1 h (entry 1), and
96 % yield after 12 h (entry 2). Another potassium alk-
oxide salt, KOCH2C6H4(4-CH3), exhibited almost the
same catalytic performance as that of KOMe, giving
5 a in 46 % yield for 1 h (entry 3), and 95 % yield for
12 h (entry 4), whereas KOPh resulted in less activity,
giving 5 a in 24 % yield after a 1 h reaction (entry 5).
Reaction with LiOMe and NaOMe for 1 h afforded 5 a
in 21 % and 39 % yield, respectively (entries 6 and 7),
suggesting that a large alkali metal showed higher
catalytic activity. Without any additives, 4 a was con-
verted into 5 a in 1 h in only 17 % yield (entry 8).

Therefore, we selected two potassium alkoxides, KOMe and
KOCH2C6H4(4-CH3), as suitable additives.

Figure 1. Time course of the catalytic esterification of 4 a (2.0 m) in nBuOH
by manganese catalyst systems (100 mm, 5 mol %); Mn(acac)3+Me2N-Phen
(*), 3 (^), 2 a (&), 3+KOMe (^), 2 a+KOMe (&).

Figure 2. Synthesis and crystal structure of 3 with 50 % thermal ellipsoids. All hydrogen
atoms and solvent molecule are omitted for clarity. Selected bond lengths (�) and bond
angles (degree): Mn�N1 2.2519(12), Mn�N2 2.2716(13), Mn�O1 2.1799(11), Mn�O2
2.1519(12), Mn�O3 2.1462(11), Mn�O4 2.1571(10); N1-Mn-N2 71.94(5), O1-Mn-O2,
83.08(4), O3-Mn-O4, 83.54(4).

Table 1. Additive effects of alkaline alkoxides to 3.

Entry MOR Time [h] Yield [%][a]

1 KOMe 1 44
2 KOMe 12 96 (90)
3 KOCH2C6H4(4-CH3) 1 46
4 KOCH2C6H4(4-CH3) 12 95
5 KOPh 1 24
6 LiOMe 1 21
7 NaOMe 1 39
8 none 1 17

[a] Determined by GC analysis with dodecane as internal standard. Isolat-
ed yield is given in parentheses.
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Kinetics of the catalyst system comprising 3 and
KOCH2C6H4(4-CH3)

We measured the reaction rate in relation to the concentration
of amide 4 a and catalyst 3 upon activation by KOCH2C6H4(4-
CH3) (1 equiv to 3) in nBuOH, and observed first-order rate de-
pendence on the concentration of amide 4 a (Figure 3) and
half-order rate dependence on the concentration of 3 over a
3-fold range (Figure 4) when we applied a normalized time-
scale method;[29, 30] the velocity accordingly obeys kobs[3]0.5[4 a]1.
The half-order rate dependency of 3 suggested that a mixed

metal dormant species D, containing manganese and potassi-
um atoms, was in equilibrium between a catalytic active spe-
cies 6 generated in situ from 3, KOMe, and an acetylacetone li-
berated from 3.[31] We thus estimated the activation parame-
ters using Eyring plots, and DH�, DS�, and DG� at 135 8C were
calculated as 15.9�0.5 kcal mol�1, �157�5 J mol�1·K�1, and
31.2�1.0 kcal mol�1, respectively (Figure 5, plots of *). The
DG� at 135 8C of the esterification catalyzed by 3 with potassi-
um salt was smaller than that of the esterification catalyzed by
2 a (DG� = 32.6�1.5 kcal mol�1 at 135 8C, Figure 5, plots of &).
The large negative DS� value suggests that the rate-determin-
ing step is the nucleophilic attack of the alkoxide moiety to
the amide carbonyl moiety, in which three components (cata-
lyst, amide, and alcohol) are involved to form a highly ordered
transition state.

Simulated mechanism by DFT calculations

To shed more light on the mechanism of this novel esterifica-
tion and on the role of potassium alkoxide, DFT calculations
were performed with the dispersion-corrected B3LYP functional
using N,N-dimethyl-2-naphthamide (4 a) as a representative
substrate.[28, 32]

The catalytic cycle of the esterification of 4 a by manganese
homodinuclear complex 2 a is shown in Figure 6 a. The first
step of the catalytic cycle is the coordination of 4 a to a man-
ganese center and the dissociation of one m-OnBu bridge to
form a terminal alkoxide giving int1-Mn2 which was calculated
to be 15.1 kcal mol�1 higher than 2 a (Figure 6 c). The terminal
alkoxide then performs a nucleophilic attack at a carbonyl
moiety of the 4 a via transition state TS1-Mn2 (Figure 6 e), gen-
erating a bridging alkoxide intermediate, int2-Mn2. The activa-
tion energy of TS1-Mn2 is calculated to be 32.2 kcal mol�1 rela-
tive to the starting point at 2 a, and intermediate int2-Mn2 was
+ 24.7 kcal mol�1. To proceed, we found that the reaction re-
quired another nBuOH molecule to obtain reasonable energy
barriers. The coordination of one nBuOH to one manganese
center affords int3-Mn2, in which the bridging tert-alkoxide be-
comes terminal. A proton is transferred from the coordinating
nBuOH to the amino moiety of the tert-alkoxide, together with
C�N bond cleavage via transition state TS2-Mn2 (Figure 6 f).
The calculated barrier for this concerted C�N bond cleavage
step is 32.9 kcal mol�1 relative to 2 a. The ester 5 a and the di-
methylamine by-product are released in this step, and the
manganese homodinuclear complex 2 a is regenerated. The
overall reaction was calculated to be slightly exergonic, by
1.8 kcal mol�1. The calculated barriers of this mechanism are
consistent with the experimental result, DG� = 32.6�1.5 kcal
mol�1 (see above). Given that the energies of TS1-Mn2 and
TS2-Mn2 were very close (32.2 and 32.9 kcal mol�1, respective-
ly), the rate-determining step cannot be confidently deter-
mined on the basis of these calculations alone. Previous kinetic
experiments, however, indicated that the initial nucleophilic
attack is the rate-determining step.[28] It should be noted that a
transition state for C�N bond cleavage without participation of
the additional nBuOH (TS2’-Mn2) was also considered, but the

Figure 3. Normalized timescale analysis to determine the order in amide 4 a :
a) a = 0, b) a= 0.5, c) a= 1.0, d) a= 2.0.

Figure 4. Normalized timescale analysis o to determine the order in catalysts
3 ; a) n = 0, b) n = 0.5, c) n = 1.0, d) n = 2.0.
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obtained energy barrier was very high, thus ruling out this
possibility.[32]

Next, we turned our efforts to rationalize the role of the po-
tassium alkoxide in this novel esterification. We found that 3,
KOCH2C6H4(4-CH3), and nBuOH are reacted to form manga-
nese–potassium heterodinuclear alkoxylate complex 6, in
which one of two acetylacetonate ligand of 3 dissociates to
give an acetylacetone (Figure 6 b). This process is calculated to
be exergonic by 2.6 kcal mol�1. The complex 6 is reacted with
1 equiv of acetylacetone, which derives from 3, to give a dor-
mant species D. The dormant species D is more stable than 6
by 1.3 kcal mol�1, a value that indicates that complexes 6 and
D are in equilibrium in the catalytic cycle. The calculations
show that, starting from 6, the catalytic cycle follows the same
steps as in the case of the dinuclear manganese complex. The
barriers for the nucleophilic attack (TS1-MnK) and C�N bond
cleavage (TS2-MnK), however, were calculated to be lower in
energy, 29.6 and 31.4 kcal mol�1, respectively (Figure 6 d), simi-
lar to the results of the Eyring plots (DG� = 31.2�1.0 kcal
mol�1, see above). This finding was due mainly because the en-
ergetic penalty associated with the binding of the substrate to
the catalyst was lower in the case of manganese–potassium
heterodinuclear complex (12.0 kcal mol�1) compared with man-
ganese homodinuclear complex (15.1 kcal mol�1). The lower
barriers obtained by adding potassium alkoxide is consistent
with the experimental observations.

Substrate scope

We next screened the substrate scope on several N,N-dimethyl
aliphatic amides, which are more stable than N,N-dimethylben-
zamide,[17] making it difficult to apply our previous manganese
homodinuclear system (Table 2).[28] N,N-Dimethyl-3-phenylpro-
pionamide (7 a) was converted into butyl 3-phenylpropionate
(8 a) in 92 % yield by using the combined catalyst system of 3
and KOMe (entry 1); this yield is higher than the combined
yields of 7 a catalyzed separately by 3 and KOMe (see the Sup-
porting Information for details). N,N-Dimethyl-3-(p-
tolyl)propanamide (7 b), 3-(4-methoxyphenyl)-N,N-dimethylpro-
panamide (7 c), and N,N-dimethyl-3-(4-(trifluoromethyl)-
phenyl)propanamide (7 d) exhibited almost the same reactivity

as 8 a, giving the corresponding esters 8 b, 8 c, and 8 d in 86,
88, and 94 % yield, respectively (entries 2–4). N,N-Dimethyl-4-
phenylbutanamide (7 e), which has a longer alkyl chain than
7 a, had slightly lower reactivity, giving butyl 4-phenylbutano-
nate (8 e) in 79 % yield (entry 5). When the reaction time was
extended to 45 h, however, 8 e was produced in 84 % yield
(entry 6). Aliphatic amides bearing a C=C double bond such as
N,N-dimethylcinnamamide (7 f) provided the corresponding
ester 8 f in 95 % yield without any loss of the olefin moiety
(entry 7). N,N,2-Trimethyl-3-propanamide (7 g) gave only a
trace amount of ester 8 g, due to the steric hindrance around
the carbonyl moieties (entry 8). We also investigated the sub-
strate scope of several N,N-dimethylbenzamide derivatives, and
found that each substrate gave almost the same yield of the
corresponding butyl benzoate derivatives as that of the previ-
ously developed manganese homodinuclear system 2 a
(Table S6).[32]

3-Phenyl propionamides of various amines required the ad-
dition of one equivalent of diethyl carbonate to trap the elimi-
nating amines (Table 3). In the presence of diethyl carbonate
(1 equiv), piperidine and morpholine derivatives 9 a and 9 b
gave 8 a in 74 and 77 % yields, respectively (entries 1 and 2). N-
Methyl-N,3-phenyl-propanamide 9 c was converted into 8 a in
91 % yield (entry 3). N,N-Diethyl-3-phenylpropanamide (9 d),
however, afforded no product and all the substrate was recov-

Figure 5. Eyring plots for the esterification of 4 a catalyzed by a catalyst mix-
ture of 3 and KOCH2C6H4(4-CH3) (1 equiv to 3), and 2 a.

Table 2. Scope and limitation of acyl moieties.

Entry Substrate (7) Yield of 8 [%][a]

1 7 a 8 a 92

2 7 b 8 b 86

3 7 c 8 c 88

4 7 d 8 d 94

5 7 e 8 e 79

6[b] 8 e 84

7 7 f 8 f 95

8 7 g 8 g trace[c]

[a] Yield of isolated product. [b] Reaction time was 45 h. [c] Determined
by 1H NMR spectroscopic analysis of the crude reaction mixture.
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Figure 6. a) Proposed reaction mechanism for the catalysis with manganese homodinuclear complex 2 a. b) Proposed reaction mechanism for catalysis with
the manganese–potassium heterodinuclear complex 6. c) Calculated free energy profile (kcal mol�1) for the catalytic esterification mediated by the manganese
homodinuclear complex 2 a. d) Calculated free energy profile (kcal mol�1) for the catalytic esterification mediated by the manganese–potassium heterodinu-
clear complex 6. e–h) Optimized structures of transition states TS1-Mn2, TS2-Mn2, TS1-MnK, and TS2-MnK for the each homo- and heterodinuclear manga-
nese-catalyzed esterification. Most hydrogen atoms and parts of the N,N-bidentate ligands are omitted for clarity. Bond lengths are given in �.
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ered, probably due to the steric hindrance around the carbonyl
moiety (entry 4). This reaction was applied to secondary and
primary amides: N-methyl-3-phenyl propanamide (9 e) and 3-
phenyl-N-(8-quinolinyl) propanamide (9 f) afforded 8 a in 75 %
and 96 % yield, respectively, whereas 3-phenyl propanamide
(9 g) afforded 8 a in 78 % yield (entries 5–7).

We applied this catalytic system to the deacetylation of
acetyl amides of various amines (Table 4). Deacetylation of N-
methylacetanilide derivatives 10 a, 10 b, and 10 c proceeded
smoothly to give the corresponding N-methylanilines 11 a,
11 b, and 11 c in 86, 63, and 60 % yield, respectively (entries 1–
3). Secondary 4-metylacetanilide 10 d was deacetylated in 63 %
yield (entry 4). In the case of 10 e, with both acetyl and pivaloyl
groups, the acetyl moiety was selectively deprotected to give
11 e in 73 % yield (entry 5).

Conclusions

We developed a new, efficient catalyst system comprising man-
ganese complex 3 in combination with KOMe for esterification
of tertiary aromatic and aliphatic amides, the latter of which
has not been successfully achieved previously. We clarified the
remarkable additive effects of potassium alkoxide salt to 3 for
increasing catalytic activity. The in situ generation of manga-
nese–potassium heterodinuclear species 6 was elucidated by

mass spectrometry as well as kinetic studies and DFT calcula-
tions. We further applied this catalytic system to the deacetyla-
tion of acetyl amides including several primary and secondary
amides. These results provide insight into the use of homo-
and heterodinuclear manganese metals at the active sites of
metalloenzymes that regulate the metabolism of carboxylic
acid derivatives in Nature. Further studies by using other base
metals for various transformations of carboxylic acid deriva-
tives are ongoing in our laboratory.
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