
Chemical
Science

EDGE ARTICLE
Acceptorless deh
Department of Molecular Chemistry and M

Science, Rehovot 76100, Israel. E-mail: davi

† Electronic supplementary informa
10.1039/d1sc07102e

‡ Jie Luo and Quan-Quan Zhou contribut

Cite this: Chem. Sci., 2022, 13, 3894

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 20th December 2021
Accepted 16th February 2022

DOI: 10.1039/d1sc07102e

rsc.li/chemical-science

3894 | Chem. Sci., 2022, 13, 3894–3
ydrogenative synthesis of primary
amides from alcohols and ammonia†
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and David Milstein *

The highly desirable synthesis of the widely-used primary amides directly from alcohols and ammonia via

acceptorless dehydrogenative coupling represents a clean, atom-economical, sustainable process.

Nevertheless, such a reaction has not been previously reported, and the existing catalytic systems

instead generate other N-containing products, e.g., amines, imines and nitriles. Herein, we demonstrate

an efficient and selective ruthenium-catalyzed synthesis of primary amides from alcohols and ammonia

gas, accompanied by H2 liberation. Various aliphatic and aromatic primary amides were synthesized in

high yields, with no observable N-containing byproducts. The selectivity of this system toward primary

amide formation is rationalized through density functional theory (DFT) calculations, which show that

dehydrogenation of the hemiaminal intermediate into primary amide is energetically favored over its

dehydration into imine.
Introduction

Ammonia is the simplest, most abundant precursor for the
industrial preparation of nitrogen-containing compounds, but
its application in selective homogeneously catalyzed organic
synthesis by metal complexes has been challenging, partly due
to the formation of stable Werner-type ammine complexes.1 In
2008, our group reported an atom- and step-economical
synthesis of primary amines from alcohols and ammonia,
catalyzed homogeneously by an acridine-based PNP-type
ruthenium pincer complex.2a Since then, environmentally
benign processes, which involve coupling of alcohols and
ammonia, and generate no hazardous waste, have been devel-
oped to access amines, imines (including N-heterocycles) and
nitriles.2 The rst mechanistic steps common to these trans-
formations are alcohol dehydrogenation into aldehyde or
ketone,3 followed by nucleophilic attack of ammonia on the
newly-formed carbonyl, leading to a hemiaminal intermediate.
The latter subsequently undergoes facile dehydration into
imine, which typically reacts further to yield various N-
containing products (Scheme 1a). In the case of primary alco-
hols, an alternative route can be envisioned, wherein the hem-
iaminal undergoes dehydrogenation rather than dehydration,4

thereby affording a primary amide.
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Primary amides feature extensively in organic synthesis, and
their ubiquity in pharmaceuticals, natural products, agro-
chemicals and biologically-active molecules has made their
preparation the focus of widespread attention.5 Classical
synthetic methodologies involve the amidation of carboxylic
acid derivatives or hydration of nitriles – processes that either
generate considerable waste or require the use of pre-prepared
starting materials.6 Consequently, there is high demand for
more sustainable and efficient means of accessing primary
amides from readily-available sources.7 From this perspective,
the synthesis of primary amides directly from alcohols and
ammonia is highly desirable, since these precursors are abun-
dant and inexpensive. Nevertheless, the existing methods for
Scheme 1 Direct dehydrogenative coupling of alcohols and ammonia
for the synthesis of primary amides.
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Table 1 Examination of potential catalystsa

a Conditions: 1a (0.5 mmol), cat. (1 mol%), tBuOK (2 mol%), toluene (2
mL), NH3 (7 bar), 135 �C, 18 h. Conversions and yields were determined
by NMR spectroscopy using benzyl benzoate as internal standard.
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this transformation require stoichiometric amounts of addi-
tives, such as expensive or harmful oxidants or organic
hydrogen acceptors, making them neither sustainable nor
atom-economical.8 For instance, Grützmacher and co-workers
reported an efficient homogeneous rhodium-catalyzed
coupling of alcohols and ammonia into primary amides,8b but
this required a 5-fold excess of methyl methacrylate as
a hydrogen scavenger. Some catalytic systems employ O2 as the
hydrogen acceptor, with concomitant generation of water,
thereby making them more environmentally friendly.8j–l A
notable example was reported by Mizuno and co-workers, who
implemented a heterogeneous catalysis approach, using
manganese-oxide-based molecular sieves under 3 bar of O2.8j

However, a fundamental drawback of all acceptor-based
systems, apart from the inherent need for additives, is that
hydrogen atoms from the substrate are transferred to the
acceptor, rather than being released as hydrogen gas – a valu-
able commodity chemical in its own right. An acceptorless
process, whereby alcohols and ammonia are coupled into
primary amides with liberation of H2 as a byproduct, would
therefore be highly advantageous, but this has never been re-
ported. One of the challenges in developing such a process is
that the hemiaminal intermediate can easily dehydrate into an
imine upon heating,8j thereby inducing side reactions.
Furthermore, reactions involving H2 evolution usually benet
from an open system, whereas utilizing gaseous NH3 as a reac-
tant typically requires a closed system.

Herein, we report the unprecedented synthesis of primary
amides directly from alcohols and gaseous ammonia, with
concomitant evolution of H2, using a pyridine-based PNN–
ruthenium pincer complex (Ru-1) as the catalyst, combined with
catalytic amounts of base (Scheme 1b). This system exhibits
excellent chemoselectivity toward the generation of primary
amides, rather than other N-containing compounds, and
enables the synthesis of various aliphatic and aromatic primary
amides in generally high yields.

Results and discussion
Establishment and optimization of the catalytic reaction
conditions

To realize the synthesis of primary amides by dehydrogenative
coupling of alcohols and ammonia, we reasoned that a pincer
complex could constitute an appropriate catalyst, since such
complexes have usually been stable in the presence of
ammonia.2 Several pyridine-based ruthenium-containing
pincer complexes, especially those already known to generate
secondary or tertiary amides from alcohols,3b,4 were examined
as catalysts in order to preferentially achieve the dehydrogena-
tion of the ammonia-derived hemiaminal intermediate
(Scheme 1a). 3-Phenyl-1-propanol (1a) was chosen as the model
substrate for the preliminary experiments. In each of these
trials, a toluene solution of 1a containing 1 mol% catalyst and
2 mol% tBuOK, was placed under 7 bar of ammonia inside
a 90 mL Fischer–Porter tube at room temperature, and was then
heated at 135 �C by immersion in an oil heating bath (Table 1).
Interestingly, using our PNN–Ru complex Ru-1 (ref. 3a) as the
© 2022 The Author(s). Published by the Royal Society of Chemistry
catalyst, 92% conversion was achieved aer heating for 18 h,
with the target product 2a being observed in 33% yield, along
with 30% of ester 3a (accounting for 60% of the consumed
substrate). No other N-containing side products, such as
amines, imines or nitriles, were observed by GC-MS analysis of
the crude reaction mixture. This attests to the excellent activity
of this catalytic system toward dehydrogenation rather than
dehydration. By contrast, applying the PNP-Ru complex Ru-2
resulted in low conversion of 1a and a marginal yield of amide
2a. Complex Ru-3,4e,f which is an analog of Ru-1 with an NHBn
group (Bn ¼ benzyl), exhibited the same alcohol esterication
reactivity as Ru-1, but was inferior with respect to primary
amide synthesis.9 Finally, using the new complex Ru-4, which is
a PPh2-substituted variant of Ru-1, afforded no observable
amide. It should be noted that a bipyridine-based PNN-Ru
pincer complex, previously reported to catalyze the formation
of tertiary amides from alcohols and amines,4c was also
employed as a catalyst for the coupling of alcohols and
ammonia, but only secondary amines and imines were
obtained.2d

In contrast to previously reported catalytic reactions wherein
organoamines were used as coupling partners, the current
system showed no improvement in ester-to-amide conversion
upon prolonging the reaction time, possibly because ammonia
is not nucleophilic enough to amidate esters under the applied
conditions.10 We therefore undertook systematic optimization
of the catalytic conditions in order to improve the yields of
primary amides, using 1a as substrate and Ru-1 as catalyst.
Firstly, the effect of base was evaluated. No reaction was
observed in the absence of base, but when KOH was used,
alcohol conversion and product yield were slightly lower than
with tBuOK (Table 2, entries 1–3). These ndings clearly indi-
cate that the base is necessary for catalysis to occur. Moreover,
when the amount of tBuOK was reduced from 2 to 1 equiv
relative to the catalyst, conversion of alcohol decreased from 92
Chem. Sci., 2022, 13, 3894–3901 | 3895



Table 2 Screening of catalytic conditionsa

Entry Solventb (mL) T �C
Conversion

(%)

Yield (%)

2a 3a

1 Toluene (2) 135 92 33 30
2c Toluene (2) 135 n.d. n.d. n.d.
3d Toluene (2) 135 83 29 27
4e Toluene (2) 135 80 23 28
5 THF (2) 135 71 12 28
6 HMDSO (2) 135 87 13 36
7 Toluene (2) 150 92 30 31
8 Toluene (2) 120 84 40 20
9 Toluene/THF (1/1) 120 72 15 28
10 Toluene/tAmOH (1/1) 120 80 56 11
11 Toluene/tBuOH (1/1) 120 66 33 14
12 Toluene/tAmOH (2/1) 120 78 66 5
13 Toluene/tAmOH (4/2) 120 78 71 3
14f Toluene/tAmOH (4/2) 120 88 83 3
15f,g Toluene/tAmOH (4/2) 120 95 87h 4

a Conditions: 1a (0.5 mmol), Ru-1 (1 mol%), tBuOK (2 mol%), solvent as
indicated, NH3 (7 bar), temperature as indicated, 18 h. For reactions at
120 �C: Ru-1 (2 mol%), tBuOK (4 mol%), 36 h. Conversions and yields
were determined by NMR spectroscopy using benzyl benzoate as
internal standard. b Volumetric ratios (mL/mL). c No base was added.
d KOH (2 mol%) was added instead of tBuOK. e 1 mol% tBuOK was
used. f Pressure was released aer 24 h of heating, and then NH3 was
relled to 7 bar, and heating was resumed for 12 h. g Temperature
was increased to 150 �C for the nal 12 h. h Isolated yield.
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to 80% (entry 4). We also examined alternative solvents, namely,
THF and hexamethyldisiloxane (HMDSO), but no improvement
was observed in amide yield (entries 5 and 6). The yield of 2a
was found to be inversely related to temperature. Thus,
increasing the temperature from 135 to 150 �C slightly
decreased the yield from 33 to 30% (entry 7), whereas lowering
the temperature to 120 �C raised the yield of 2a to 40%, while
decreasing the yield of ester 3a to 20% (entry 8). The improve-
ment in amide yield at 120 �C might be due to enhanced
ammonia solubility upon cooling.11a We reason that the
concentration of ammonia in solution directly affects the
formation of hemiaminal from the in situ-generated aldehyde,
which is further inuenced by the competition between
ammonia and alcohol, the latter being responsible for the ester
byproducts. Based on these assumptions, and the fact that
ammonia solubility varies with solvent,11b the effect of solvent
composition was investigated at 120 �C. Since ammonia
miscibility is usually higher in ethers or alcohols than in
benzene-derived solvents, we studied equivolume mixtures of
toluene with THF, tAmOH (Am ¼ amyl) or tBuOH. As shown in
Table 2, of the three toluene/cosolvent mixtures examined
(entries 9–11), the one involving tAmOH provided the best
results, with an enhanced amide yield of 56%, and only 11% of
the ester (entry 10). It should be noted that using pure tAmOH
3896 | Chem. Sci., 2022, 13, 3894–3901
resulted in low conversion (40%), and therefore incorporating
toluene is crucial for ensuring signicant conversion. Interest-
ingly, doubling the volume of the toluene/tAmOH mixture,
while halving the concentration of substrate 1a, improved the
yield of primary amide to 71%, whereas the yield of ester
dropped to only 3% (entry 13).

Considering that combining Ru-1 with a base also affords an
efficient hydrogenation catalyst,12 we reasoned that under the
current conditions, which involve the use of a sealed reaction
vessel, the generated hydrogen gas that accumulates inside it
might counteract the forward dehydrogenation reaction. Thus,
a technically-modied procedure was employed, whereby the
gaseous contents of the Fischer–Porter tube were vented aer
24 h of heating at 120 �C, followed by relling the ask with 7
bar of ammonia, and heating for another 12 h. As expected, this
improved the yield of 2a to 83%, while the yield of ester
remained at 3% (entry 14). Repeating the same procedure, but
raising the temperature to 150 �C during the nal 12 h,
increased the conversion to 95%, with 2a isolated in 87% yield
(entry 15).

With the optimal catalytic conditions in hand, we explored
the substrate scope of the amidation reaction catalyzed by Ru-1
(Table 3). Linear primary alcohols of different chain lengh,
namely, 1-heptanol, 1-butanol, and 1-propanol, gave the
respective products, 2b–d, in 81–87% isolated yield. The
compatibility of the catalytic system with various functional
groups was also examined. Increased steric hindrance near the
–CH2OH moiety, i.e., replacing H by CH3 at the b-position,
decreased the yield of the target product (2e, 51%). By contrast,
tertiary amine andmethoxy groups were well-tolerated (2f, 81%;
2g, 85%). Remarkably, C]C double bonds of olenic substrates
were also preserved despite the presence of H2 in the reaction
vessel. Thus, using 4-hexen-1-ol as starting material, a mixture
of primary amides was obtained due to alkene isomerization,
with the internal alkenes being the major products (2h, 61% in
total). In the case of citronellol, the trisubstituted double bond
was unaffected, and the corresponding primary amide (2i) was
isolated in 61% yield. Benzyl alcohol and its para-methyl,
-methoxy, -chloro and -uoro derivatives were also studied as
substrates under the same reaction conditions, and the corre-
sponding benzamides were produced in high yields without
a signicant substituent effect (2j–n, 82–91%). Finally, in
addition to alcohols, 3-phenylpropionaldehyde was also exam-
ined as a starting material, but its self-condensation was the
primary outcome.
Mechanistic investigation

In an attempt to elucidate the underlying mechanism of the
amidation process, we studied the roles played by the various
components of the catalytic system, employing both experimental
and computational tools. As part of these efforts, the organic
species present in the catalytic reaction mixture were monitored
by a set of parallel catalytic experiments, carried out under iden-
tical reaction conditions (as per entry 13, Table 2), but sampled at
different time intervals. The time-variation of the residual alcohol
substrate 1a, as well as the yields of primary amide 2a and ester
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 Amidation reaction progress.

Table 3 Acceptorless dehydrogenative synthesis of primary amides
from alcohols and ammoniaa

Entry Alcohol Product Isolated yield

1 2a, 87%

2 2b, 82%

3 2c, 87%

4 2d, 81%

5 2e, 51%

6 2f, 81%

7 2g, 85%

8 2h, 61%

9 2i, 61%

10 2j, 82%

11 2k, 88%

12 2l, 91%

13 2m, 85%

14 2n, 92%

a Conditions: alcohol 1 (0.5 mmol), Ru-1 (2 mol%), tBuOK (4 mol%),
toluene (4 mL), tAmOH (2 mL), NH3 (7 bar), 120 �C. Pressure was
released aer 24 h at 120 �C, and then NH3 was relled to 7 bar, and
the reaction mixture was heated at 150 �C for 12 h. Residual alcohol
substrates and homocoupled ester byproducts were detected in all
cases.

Edge Article Chemical Science
3a, are presented in Fig. 1. These data clearly indicate that alcohol
consumption is correlated with amide formation, and that the
reaction rate gradually decreases with time.

The ester byproduct reached a yield of 3%within the rst 2 h,
and this remained roughly constant throughout the catalytic
run. This cannot simply be ascribed to the gradual decrease in
© 2022 The Author(s). Published by the Royal Society of Chemistry
alcohol concentration, since an appreciable amount of alcohol
remained available in the mixture well aer the initial 2 h,
thereby allowing further esterication to take place. Instead,
considering the known chemistry of Ru-1 and related
complexes, it is likely that the continuous generation of ester
was offset by its hydrogenation back to the alcohol,12 induced by
the accumulation of H2 gas in the closed reaction vessel, or by
direct amidation under the pressurized NH3. The ability of our
catalyst to promote facile ester hydrogenation was demon-
strated by the fact that hexanol was obtained in 27% yield aer
heating hexyl hexanoate at 120 �C under only �0.3 bar of H2

(�20 mL H2, representing �80% H2 yield in the actual catalytic
Scheme 2 Control experiments.

Chem. Sci., 2022, 13, 3894–3901 | 3897



Fig. 2 Ammonia concentrations in the catalytically-relevant solvents
at room temperature, after initial introduction of 10 bar of NH3. A,
toluene/tAmOH, 4 : 2; B, toluene/1,4-dioxane, 4 : 2 (volumetric
ratios, mL/mL).
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reaction; Scheme 2a). By contrast, when the ester was exposed to
7 bar of NH3 under similar conditions, but in the absence of H2,
only trace amounts of the corresponding amide were detected
by GC-MS aer completion of the catalytic procedure (Scheme
2b). In a third experiment, the ester was treated simultaneously
with�0.3 bar of H2 and 7 bar of NH3 under the optimal catalytic
conditions (as per entry 15, Table 2), and this afforded the
amide in 48% yield (Scheme 2c). Furthermore, we exposed
primary amide 2a to �0.3 bar of H2 and 7 bar of NH3 under
similar catalytic conditions, but observed only trace amounts of
alcohol (�1%) aer 18 h of heating (Scheme 2d).13 Taken
together, these results imply that the ester byproduct formed
during the catalytic process is funneled back into the catalytic
cycle by its hydrogenation into alcohol, rather than direct
amidation. Moreover, while ester formation is reversible under
the applied catalytic conditions, amide formation is virtually
irreversible, eventually leading the primary amide to become
the dominant product.

To supplement the above experiments, which addressed the
species observed within the catalytic reaction mixture, we also
explored the involvement of nitriles. These have not been
observed in the current system, but they are nonetheless plau-
sible reaction intermediates, because they can be generated by
hemiaminal dehydration into imines, followed by dehydroge-
nation, and may subsequently undergo rehydration to produce
the primary amides. Moreover, the current catalyst has recently
been shown to promote nitrile hydration into amides.6d To
probe this alternative pathway, 3-phenylpropionitrile was sub-
jected to the catalytic conditions (as per entry 13, Table 2) in the
presence of 1 equiv. of added water (Scheme 2e). However,
primary amide 2a was generated in only 37% yield, compared to
71% when alcohol 1a was used as substrate, indicating that the
rate of nitrile hydration is signicantly lower than that of amide
generation from alcohol and ammonia under the same condi-
tions. This result, combined with the fact that no nitrile was
observed in the current catalytic process, clearly demonstrate
that nitrile hydration is not the dominant reaction pathway (see
ESI, Section 3.2,† for further details).

As described above, utilizing tAmOH as a cosolvent to
toluene was found to substantially improve the yield of amide.
In order to probe the role of tAmOH, a catalytic experiment was
carried out, employing the usual toluene/tAmOH solvent
mixture and 1a as the substrate, but in the absence of ammonia
(Scheme 2f). Despite the high concentration of tAmOH, only
a small portion of it coupled with 1a to afford the tertiary ester
3b in 9% yield, whereas the major product, obtained in 39%
yield, was ester 3a. In fact, under the optimal catalytic condi-
tions, in the presence of ammonia, and regardless of the iden-
tity of the primary alcohol substrate, esters of tAmOH were not
observed, showing that any involvement of this cosolvent as
a substrate is not competitive with the amidation reaction.
Furthermore, when the amidation of 1a was carried out aer
replacing tAmOH by 1,4-dioxane, which is both less polar and
aprotic, only a small decrease in the yield of 2a was observed
(80%, with 6% of 3a). This demonstrates that polarity and
hydrogen-bonding are not decisive factors in the ability of
tAmOH to promote alcohol amidation.
3898 | Chem. Sci., 2022, 13, 3894–3901
The above results led us to surmise that tAmOH enhances
the solubility of ammonia in the reaction medium, thereby
allowing amidation to outcompete the reversible esterication
reaction. In the absence of sufficient literature data for
ammonia solubility in the relevant solvents, we assessed it
semi-quantitatively at room temperature by exposing a given
solvent to 10 bar of NH3, and calculating the concentration of
ammonia from the pressure drop. The obtained data,
compiled in Fig. 2, indicate correlation between the ability of
a given solvent to dissolve ammonia and the amide yield ob-
tained in that solvent. Thus, NH3 is less soluble in toluene
than in the 4 : 2 toluene/tAmOH mixture used in our catalytic
experiments, and this is consistent with the observed
improvement in amide yield upon going from toluene to tol-
uene/tAmOH. On the other hand, HMDSO, in which the amide
yield was poor, exhibits the lowest ammonia solubility of all
examined solvents. Furthermore, the solubility of NH3 in
dioxane is only a little lower than in tAmOH, and the same is
true of their respective mixtures with toluene, and this is in
line with the relatively small drop in amide yield when tAmOH
was replaced by dioxane. Thus, the above ndings support our
assertion that using tAmOH as a cosolvent improves the yield
of amide by increasing ammonia solubility.

In order to clarify those mechanistic aspects that directly
involve the coordination sphere of Ru-1, we also explored
possible catalytically-related species (Scheme 3). As previously
reported, the catalytic cycle commences when Ru-1 undergoes
base-induced dearomatization to afford the well-documented
catalytically-active complex Ru-5 (Scheme 3a).3a When a C6D6

solution of this complex was exposed to 3 bar of NH3, the
ammonia-adduct Ru-6 immediately formed, as evidenced by
a clear color change from purple to brown. Removal of
ammonia under reduced pressure regenerated Ru-5, showing
that formation of Ru-6 is reversible (see Fig. S1–S7† for details).
Interestingly, Ru-5 was found to be inert toward excess tAmOH
(180 equiv.) at room temperature, indicating that this cosolvent
does not directly interfere with the catalytic cycle. By contrast,
Ru-5 is highly reactive toward primary alcohols, affording the
ruthenium-alkoxide species Ru-7 (Scheme 3b) by adding their
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 Computed energy profile for primary amide formation by the cur
model, and toluene as an implicit solvent. Mass balance is ensured throu

Scheme 3 Mechanistic studies and proposed catalytic cycle.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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O–H bond across the metal–ligand framework,12e as presently
demonstrated by the reaction of Ru-5 with 3 equiv of 1-butanol.
The resulting n-butoxide complex is unstable at room temper-
ature in C6D6, gradually converting into dihydride Ru-8 (ref. 12c)
(major species), as well as aldehyde adduct Ru-9 (ref. 14) (minor
species), which can also be obtained directly from Ru-5 and the
aldehyde, and is proposed to be an off-cycle species. The very
generation of Ru-8 and Ru-9 strongly indicates that Ru-7
undergoes facile b-hydride elimination to produce the alde-
hyde, which under the catalytic conditions would subsequently
react with ammonia. Based on the above results, it is proposed
that conversion of alcohol into aldehyde is not the rate-
determining step in this system, since it readily occurs at
room temperature.

A plausible catalytic cycle for the transformation mediated
by Ru-5 is outlined in Scheme 3c. This reaction pathway was
investigated by density functional theory (DFT) calculations,
based on previously-reported works,15 with ethanol as
a minimal alcohol model, and toluene as an implicit solvent
(Fig. 3). Given that the alkoxide complex Ru-7 was observed to
form under the applied catalytic conditions (Fig. S17†),16 and
based on a report involving a comparable osmium-alkoxide
pincer complex,15c we propose that Ru-7 promotes the
coupling of ammonia and aldehyde through a concerted outer–
sphere transition state (TS7,10, Fig. 3). This leads to a hydrogen-
bonded intermediate Ru-10, which releases one molecule of
alcohol to generate the hemiaminalate complex Ru-11. This, in
turn, undergoes b-hydride elimination to afford Ru-8 and
liberate the primary amide product. According to the computed
energy prole, the conversion of aldehyde to primary amide is
thermodynamically favored by 6.4 kcal mol�1, with an overall
kinetic barrier of 26.8 kcal mol�1, corresponding to the alcohol-
assisted extrusion of H2 from Ru-8.17 This indicates that the
generation of primary amides from aldehydes and ammonia is
energetically highly-feasible in the current system, in agreement
rent catalytic system. Ethanol (R ¼ CH3) was used as a minimal alcohol
ghout.

Chem. Sci., 2022, 13, 3894–3901 | 3899
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with our experimental ndings (see Fig. S57–S63† for other
computed pathways, such as those involving pincer ligand arm-
opening18 and ammonia activation19).

In an attempt to further rationalize the selectivity of the
current catalytic system toward primary amide formation, we
carried out a computational study of the alternative imine-
producing pathway, involving aldehyde and ammonia, which
could lead to other N-containing compounds.20 The resulting
energy proles, which are presented in Fig. S64 and S65,†
show that this pathway is thermodynamically uphill by
3.9 kcal mol�1, with an overall kinetic barrier of
37.0 kcal mol�1, which is substantially higher than the direct
amidation pathway shown in Fig. 3.21 Therefore, primary
amide generation by the present PNN–ruthenium system is
both kinetically and thermodynamically more favorable than
imine formation, and this explains the high selectivity of this
system toward the synthesis of primary amides rather than
other N-containing products.
Conclusion

We have presented an environmentally-benign and highly
selective synthesis of primary amides through an unprece-
dented ruthenium-catalyzed acceptorless dehydrogenative
coupling of alcohols and ammonia. The yield of primary amides
was found to depend strongly on ammonia solubility in the
reaction medium, and utilizing a toluene/tAmOH mixture
allowed high amide yields to be achieved, with only marginal
yields of ester byproducts. The PNN–ruthenium catalyst used in
our system efficiently promotes the dehydrogenation of the
ammonia-derived hemiaminal intermediate, rather than its
dehydration, thereby selectively forming primary amides
instead of other N-containing compounds, such as amines,
imines or nitriles, which are typically generated by other cata-
lytic systems. Based on DFT calculations, we attribute this
selectivity to both kinetic and thermodynamic preference for
the generation of primary amides over that of imines, which are
also the source of other N-containing products.
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