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ABSTRACT: The rearrangement of aldoximes to primary amides has been
studied using the readily available arene-ruthenium(II) complex [RuCl, (n°- OH

C¢Meg){P(NMe,);}] (5 mol %) as catalyst. Reactions proceeded cleanly in 5/”’ __Raemony Hzmi ;o

pure water at 100 °C without the assistance of any cocatalyst, affording the H,0/100°C /6 h
desired amides in high yields (70—90%) after short reaction times (1—7 h). @

The process was operative with both aromatic, heteroaromatic, @,f- 57% (eolate)
unsaturated, and aliphatic aldoximes and tolerated several functional groups. %
Reaction profiles and experiments using '*O-labeled water indicate that two \g
different mechanisms are implicated in these transformations. In both of

them, nitrile intermediates are initially formed by dehydration of the
aldoximes. These intermediates are then hydrated to the corresponding

amides by the action of a second molecule of aldoxime or water. A kinetic analysis of the rearrangement of benzaldoxime to
benzamide is also discussed.

B INTRODUCTION Scheme 1. Metal-Catalyzed Rearrangement of Aldoximes to
Amides are one of the most important functional groups in des
nature, constitute versatile building blocks in synthetic organic _OH

. 1 . . . e} N e}
chemistry, and also exhibit a wide range of industrial )]\ NH,OH )|\ Mieat )J\
applications and pharmacological interest.' Most syntheses of R H  THO T R H T R NH,

amides are based on the reaction of carboxylic acids and
derivatives (halides, anhydrides, or esters) with amines."?
However, these methods present several drawbacks, such as the
use of toxic, corrosive, and/or expensive materials, highly
exothermic reactions, low tolerance to sensitive functional
groups, complex reaction conditions, and wasteful procedures.
As a matter of fact, in 2005, the ACS GCIPR (American
Chemical Society Green Chemistry Institute Pharmaceutical
Roundtable) identified amide formation as one of the most
problematic syntheses in the pharmaceutical industry and
labeled it as a high-priority research field.** Hence, the

From a mechanistic point of view, two different reaction
pathways have been proposed for this metal-catalyzed
rearrangement. The first one involves the initial dehydration
of the aldoxime into a nitrile intermediate, which is
subsequently hydrated by the water released in the previous
step to generate the final amide (Scheme 2). Both individual

Scheme 2. Catalytic Rearrangement of Aldoximes to Amides:
The Classical Dehydration/Rehydration Mechanism

development of atom-efficient catalytic methods for amide _OH M COH
formation has turned into a prime goal in modern chemistry.® N| M N| R—=N—IM
In this context, the metal-catalyzed rearrangement of aldoximes, R )\H R )\‘)H S T M

a process closely related to the well-known Beckmann

rearrangement of ketoximes,® has emerged in recent years as H20
an appealing tool for the generation of primary amides M H
(Scheme 1).>7 Several Ni-, Pd-, Cu-, Au-, Ru-, Rh-, Ir-, Zn-, NS o
and In-based systems able to promote this atom-economical - )g N R)J\
. 8 . 2 NH;
transformation are presently known.” In addition, examples R OH M]

allowing amide formation starting directly from aldehydes have
also been described by performing the catalytic reactions in the
presence of hydroxylamine, via in situ generation of the Received: July 23, 2012
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steps are promoted by the metal and have been independently
reported in the literature with a broad range of metal
catalysts.'"'> The operativity of this mechanism was usually
supported by the detection of small amounts of nitrile
byproduct at the end of the catalytic reactions and, in one
case, by their formation in the early sta%e_s before subsequent
formation of the corresponding amides.™™

The second proposed mechanism involves again the initial
metal-promoted dehydration of the aldoxime to form the
corresponding nitrile, which now evolves into the final amide
by the aid a second molecule of aldoxime, which acts as a water
surrogate (Scheme 3)."* Thus, intramolecular attack on the

Scheme 3. Catalytic Rearrangement of Aldoximes to Amides:
Aldoximes As Water Surrogates
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nitrile by a coordinated aldoxime leads to a five-membered
cyclic intermediate, which decomposes into the final amide
product and another coordinated nitrile, which continues with
the catalytic cycle.*™ Remarkably, despite that the dehydra-
tion/rehydration pathway involving water (Scheme 2) has been
the generally accepted mechanism for the rearrangement of
aldoximes to amides, a recent study by Williams and co-workers
using '®O-labeled substrates has pointed out that most of the
metal catalysts described so far in the literature for this reaction
really operate through the pathway depicted in Scheme 3.*
During the last years, in the context of our studies on metal-
catalyzed reactions in water,'* we have developed a large
number of hydrophilic ruthenium complexes able to promote
efficiently the selective hydration of nitriles to primarzr amides
in pure aqueous medium under neutral conditions.'> Among
them, best results in terms of activity were obtained with the
arene-ruthenium(II) derivative [RuCl,(#°-CsMe4){P-
(NMe,);}], which contains the commercially available and
inexpensive P-donor ligand tris(dimethylamino)phosphine
(Figure 1)."°%' The effectiveness of this readily accessible
complex is ascribed to the excellent hydrogen bond accepting

e RN A~
Ci —N/ N—
\

Figure 1. Structure of the arene-ruthenium(II) catalyst employed in
this work.
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properties of P(NMe,),, which activates the water molecule by
H-bonding, thus enhancing its nucleophilic character.'¢

Herein, as a continuation of our work,"** the utility of
[RuCl,(17°-C¢Meg){P(NMe,);}] for the catalytic rearrange-
ment of aldoximes to primary amides in water is presented,
along with evidence supporting that both mechanisms depicted
in Schemes 2 and 3 are in this case operative. It is worthy of
note that, despite the increasing interest in the use of
environmentally friendly water as solvent for synthetic organic
chemistry,'”'® efforts devoted to develop such a catalytic
rearrangement in water have been scarce. In fact, to the best of
our knowledge, only one previous example involving the
heterogeneous system Rh(OH),/Al,O; has been quoted in the
literature.*™'® A classical dehydration/rehydration mechanism
of action, in which the nitrile intermediates are hydrated by
water, was proposed for this heterogeneous system on the basis
of reaction profiles.

B RESULTS AND DISCUSSION

Catalytic Activity and Scope of Complex [RuCl,(;°-
CsMeg){P(NMe,);}]. First, the ability of complex [RuCl,(#°-
CeMes){P(NMe,);}] to promote the catalytic rearrangement
of aldoximes was evaluated employing commercially available
(E)-benzaldoxime (1a) as model substrate (Scheme 4). In this

Scheme 4. Ruthenium-Catalyzed Rearrangement of
Benzaldoxime (la) to Benzamide (3a) in Water

OH
)NI\ [RuCly(7P-CeMeg)}{P(NMe2)3}] (5 mol%) /ﬁ\
0
P H 98% G';zo' /I;0:7';:'/5Iht d yield " s
(1a) (98% yield; % isolated yield) (3a)

sense, we were pleased to find that, under the same
experimental conditions previously employed in our nitrile
hydration studies (0.33 M solution of the substrate in water, S
mol % of Ru, 100 °C),"**" the reaction proceeded efficiently to
afford the desired benzamide (3a) in 98% GC yield after 5 h of
heating. Complete consumption of 1a along with the formation
of a very minor amount of benzonitrile (2a; ca. 2%) as the only
byproduct was observed by gas chromatography (GC). Solvent
removal and subsequent chromatographic workup provided
analytically pure benzamide in 87% isolated yield (details are
given in the Experimental Section). It is important to note that,
contrary to other catalytic systems previously described in the
literature, no acidic cocatalysts were needed.®®' In addition,
compared with the aqueous Rh(OH),/Al,O; heterogeneous
system developed by Mizuno and co-workers,®™ complex
[RuCl,(17°-C¢Meg){P(NMe,),}] was more active since a higher
temperature (160 °C) and a longer reaction time (7 h) were
required with Rh(OH),/Al,O; (4 mol % of Rh) to generate 3a
in high yield (76%). Complex [RuCl,(1°-C¢Mes){P(NMe,),}]
proved also more effective than the related hydration catalysts
[RuCl,(7°-C¢Meg) (PTA-Bn)] (PTA-Bn = 1-benzyl-3,5-diaza-1-
azonia-7-phosphatricyclo[3.3.1.1%7]decane chloride)'>* and
[RuCL(17*:7*-C1oH,4) (THPA)] (C,gH;s = 2,7-dimethylocta-
2,6-diene-1,8-diyl; THPA = 2,4,10-trimethyl-1,2,4,5,7,10-hex-
aaza-3-phosphatricyclo[3.3.1.1%7]decane)"** previously devel-
oped by us (under the same experimental conditions they led
to benzamide in 76% and 60% GC yield, respectively, after S h
of heating).20

Encouraged by this result, the scope of the process was next
explored by carrying out the rearrangement of differently
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substituted benzaldoximes 1b—u (Table 1).*' As observed for
1a, all of them could be transformed into the corresponding

Table 1. Ruthenium-Catalyzed Rearrangement of Aromatic
and Heteroaromatic Aldoximes in Water®

_OH
Nl [RUCly(75-CeMeg){P(NMey)3l] (5 mol%) )1
R/kH H,0 /100 °C R NH;

(1b-2) [R = aromatic or heteroaromatic group] (3b-2)
entry aldoxime 1 time (h) yield (%) of 3k
1 R = 2-F-C¢H, (1b) S 3b; 91 (84)
2 R = 4-F-C¢H, (1c) 5 3¢; 92 (86)
3 R = 2-Cl-C¢H, (1d) 5 3d; 80 (71)
4 R = 3-Cl-C¢H, (1e) 1 3e; 98 (84)
5 R = 4-CI-C¢H, (1f) 2 3f; 94 (82)
6 R = 2,4-CL,-C¢H; (1g) 5 3g; 81 (69)
7 R = 2,6-Cl,-C4H; (1h) S 3h; 96 (83)
8 R = 2-Cl-6-F-C¢H; (1i) 3 3i; 95 (84)
9 R = 3,5-Br,-4-OH-C¢H, (1j) 7 3j; 96 (88)
10 R = C¢F (1k) 1 3k; > 99 (93)
11 R = 2-NO,-C¢H, (11) 7 31; 82 (75)
12 R = 4-NO,-C¢H, (1m) 2 3m; 99 (91)
13 R = 2-Me-C¢H, (1n) 7 3n; 97 (87)
14 R = 3-Me-C4H, (10) 3 30; 95 (88)
15 R = 4-Me-C4H, (1p) 2 3p; 95 (86)
16 R = 2-OMe-C¢H, (1q) 24 3q; 74 (60)
17 R = 4-OMe-C¢H, (Ir) S 3r; 83 (72)
18 R = 4-OCF;—CgH, (1s) S 3s; 99 (88)
19 R = 4-NH,-C(H, (1t) 7 3t; 95 (84)
20 R = 4-SMe-C4H, (1u) 3 3u; 85 (76)
21 R = 2-naphthyl (1v) N 3v; 93 (80)
22 R = 9-anthracenyl (1w) 7 3w; 94 (85)
23 R = 3-pyridyl (1x) 7 3x; 94 (82)
24 R = 5-Me-2-furyl (1y) 1 3y; 99 (90)
25 R = 2-thienyl (1z) 2 3z; 97 (86)

“Reactions performed under N, atmosphere at 100 °C using 1 mmol
of the corresponding aldoxime (0.33 M in water). Substrate/Ru ratio:
100/5. ®Yields determined by GC (uncorrected GC areas). Isolated
yields after appropriate chromatographic workup are given in
parentheses.

primary amides 3b—u in high yields (>80% by GC; >71% after
chromatographic purification; entries 1—20) after only 1-7 h
of heating, regardless of their substitution pattern and
electronic nature. However, due probably to steric factors,
ortho-substituted substrates showed a lower reactivity compared
to their meta- or para-substituted counterparts (e.g., entry 3 vs
4, S; entry 11 vs 12; entry 13 vs 14, 15; or entry 16 vs 17).
Remarkably, the present catalytic system tolerates different
functional groups, such as halides (entries 1—10) or hydroxy
(entry 9), nitro (entries 11—12), ethers (entries 16—18), amino
(entry 19), or thioether (entry 20) functionalities, the latter
being worthy of note since sulfur species are well-known
poisons for homogeneous catalysts due to the formation of
strong metal—sulfur bonds.”” Polyaromatic substrates, such as
naphthyl-2-carboxaldoxime (1v) and anthracenyl-9-carboxal-
doxime (1w), as well as the heteroaromatic ones lx—z,
containing pyridyl, furyl, and thienyl units, also participated in
this reaction, delivering the desired primary amides 3v—z in
high yields after 1-7 h (=293% by GC; >80% after
chromatographic purification; entries 21—25 in Table 1). As
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in the case of 1a, in all the reactions collected in Table 1, total
consumption of the starting aldoximes was observed by GC and
the only byproducts detected were the corresponding organo-
nitriles RC=N (2b—z).

At this point, we must note that despite the high generality
shown by complex [RuClL(17°-C¢Meg){P(NMe,);}] for the
catalytic rearrangement of aromatic and heteroaromatic
aldoximes, it was completely inoperative when salicylaldoxime
(laa) and pyridine-2-carboxaldoxime (lab) were used as
substrates (Figure 2). In both cases, the starting material was

(1aa) (1ab)

Figure 2. Structure of the unreactive aldoximes laa and lab.

recovered intact after 24 h of heating. These negative results
could be explained by the high tendency of laa and 1lab to
form stable six- and five-membered metallacycles, respectively,
with metal ions.?® Such a chelating N,O- or N,N-coordination
of the aldoximes could block the ruthenium -catalyst, thus
preventing their rearrangement into the corresponding amides.
This effect may also be responsible for the low reactivity
observed with 2-methoxybenzaldoxime (1q), which required a
long reaction period (24 h) to generate 2-methoxybenzamide
(3q) in only 74% GC vyield (Table 1; entry 16). On the other
hand, intramolecular hydrogen bonds can also be established
within laa and lab (particularly for its Z isomer), which may
alternatively explain the lack of reactivity observed.

As shown in Table 2, complex [RuCl,(7°-CsMes){P-
(NMe,),}] was also effective in the rearrangement of a variety
of aliphatic and a,f-unsaturated aldoximes, thus confirming the
wide scope of this catalytic transformation. Again, reactions
proceeded in the absence of any additive. Thus, under the

Table 2. Ruthenium-Catalyzed Rearrangement of Aliphatic
and a,f-Unsaturated Aldoximes in Water®

OH
N [RUCI(7-CeMeg){P(NMe2)3}] (5 mol%) j\

R/I\H H,0 /100 °C R NH,
(1ac-am) [R = alkyl or alkenyl groupJ (3ac-am)

entry aldoxime 1 time (h) yield (%) of 3°
1 R = Me (lac) 7 3ac; 99 (92)
2 R = Et (1ad) 3 3ad; 98 (90)
3 R = n-CHy; (lae) 1 3ae; 96 (84)
4  R=nCgH, (1af) 3 3af; 97 (88)
5 R = Cy (lag) 3 3ag; 97 (89)
6 R = CH,CH,Ph (1ah) 1 3ah; 98 (86)
7 R = CH,CH,OPh (1ai) 2 3ai; 96 (87)
8 R = (E)-CH=CHPh (1aj) 1 3aj; 99 (88)
9  R=(E)-CH=CH-4—Cl-CiH, (1ak) 2 3ak; 98 (89)
10 R = (E)-CH=CH-2-OMe-C4H, (1al) 2 3al; 98 (91)
11 R = (E)-CH=CH-4-OMe-C¢H, (1am) 2 3am; 87 (79)

“Reactions performed under N, atmosphere at 100 °C using 1 mmol
of the corresponding aldoxime (0.33 M in water). Substrate/Ru ratio:
100/5. “Yields determined by GC (uncorrected GC areas). Isolated
yields after appropriate chromatographic workup are given in
parentheses.
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standard reaction conditions (5 mol % of Ru, 100 °C),
aldoximes lac—am were readily converted into the correspond-
ing amides 3ac—am with high yields and selectivities (87—
99%). As in the precedent cases, formation of minor amounts
of the respective nitriles 2ac—am was also observed by GC.
Finally, the synthetic utility of the present method was
further demonstrated in the preparation of the chiral amides
3an—ap (Scheme 5). To our delight, they were cleanly

Scheme 5. Ruthenium-Catalyzed Rearrangement of
Optically Active Aldoximes lan—ap in Water

[¢]
|

/OH

f:

[RuCly(7-CeMeg){P(NMe2)3}] (5 mol%)

Hx0/100°C/8h
(87% GC yield; 79% isolated yield)

(1an) (3an)
OH
H  ~ l!l HoN jo]
[RUCIy(7P-CgMeg){P(NMey)a}] (5 mol%)
H,0/100°C/2h
(97% GC yield; 85% isolated yield)
(1a0) (3a0)
(I)H
H =N HoN. o
[RUCIy(13-CeMeg){P(NMe,)3}] (5 mol%)
Hx0/100°C/6h
(93% GC yield; 87% isolated yield)
(1ap) (3ap)

generated (79—87% isolated yields) by rearrangement of the
known optically pure aldoximes lan—ap, derived from the
naturally occurring aldehydes (S)-(—)-citronellal, (S)-(—)-peril-
laldehyde, and (1R)-(—)-myrtenal, respectively. The high-yield
formation of the fragrance citronellamide (3an) (79%) merits
highlighting since previous studies in organic media using
nickel acetate as catalyst,7C or an excess of Raney Ni,** led to
lower conversions (50—62%).> It is also worthy of note that,
to the best of our knowledge, the catalgtic transformations of
lao-ap to 3ao-ap are unprecedented.”®*’

Some Mechanistic Aspects. Once the scope of complex
[RuCl,(7°-C¢Meg){P(NMe,);}] was demonstrated, we became
interested in the elucidation of its mechanism of action. In this
sense, the monitoring of the catalytic reactions by GC showed,
in all the cases, that the starting aldoximes are readily consumed
in the early stages of the catalytic events, generating a mixture
of the corresponding nitriles and the final amides. As a
representative example, the product distribution as a function of
time for the ruthenium-catalyzed rearrangement of benzaldox-
ime (1a) to benzamide (3a) at 100 °C (Scheme 4) is given in
Figure 3. As shown in the graphic, 1a is totally consumed after
15 min of heating, with benzonitrile (2a; ca. 23%) and the final
benzamide (3a; ca. 77%) being the only organic products
present in solution. So, hydration of benzonitrile by the aid of
benzaldoxime can be discarded from that moment, and only a
classical hydration pathway by the water molecules present in
the medium can be evoked (Scheme 2). However, we must
note that, once the starting benzaldoxime has been consumed,
conversion of benzonitrile into benzamide is a much slower
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Figure 3. Product distribution as a function of time for the ruthenium-
catalyzed rearrangement of benzaldoxime (1a) to benzamide (3a) at
100 °C in water (see Scheme 4).

process (additional 4.75 h are needed to completely hydrate the
remaining 23% of 2a).

The high initial reaction rate observed when benzaldoxime is
still present in solution seems to indicate that the Williams
mechanism depicted in Scheme 3 is probably operative at the
beginning of the reaction. In line with this, when the catalytic
rearrangement of benzaldoxime (1a) was carried out in organic
media (anhydrous toluene or 1,2-dichloroethane) under the
same experimental conditions (S mol % of Ru; 100 °C), the
process was also operative although less effective. Thus, 61—
66% of benzamide (2a) was detected by GC in the crude
reaction mixtures after 24 h of heating (to be compared with
the data given in Scheme 4). As in the case of water, rapid
dehydration of 1a into 2a also occurs (10—15 min) in toluene
and 1,2-dichloroethane. At that time, the amount of benzamide
(3a) formed is already 47—53% by GC, pointing out again
remarkable rate differences in the presence or absence of
benzaldoxime (1a). In addition, it seems also that the
stoichiometric amount of water released during the dehydration
of la is not sufficient for completion of the subsequent
rehydration step.

The catalytic rearrangement of la in 97% '*O-labeled water
was also performed (Scheme 6). Analysis of the resulting

Scheme 6. Catalytic Rearrangement of Benzaldoxime (1a) to
Benzamide (3a) in '®O-Labeled Water

180H
N/ 16/180
)|\ [RuCky(7-CeMeg){P(NMe2)3}] (5 mol%)
Ph H 80H, /100°C/5h Ph NH,
(1a) (3a)

(160 /180 ratio = 5.6:1)

reaction product by high-resolution mass spectrometry
(HRMS) showed the presence of both nonlabeled (m/z
121.0551) and '#0-labeled (m/z = 123.0574) benzamide in ca.
5.6:1 ratio (copies of the spectra of this sample and that
generated from the reaction given in Scheme 4 are included in
the Supporting Information). Incorporation of '*O in the final
benzamide clearly indicates that water molecules from the
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solvent are to some extent participating in the reaction.
However, the low '®*O-incorporation (ca. 15%) suggests that
the classical dehydration/rehydration mechanism involving
water (Scheme 2) is not the preferred pathway. The major
formation of nonlabeled benzamide strongly supports the
Williams mechanism as the main and faster path for the
reaction in the early stages, in accord with the profile given in
Figure 3.

Kinetic Analysis. In order to gain more information on
these catalytic reactions, a kinetic analysis of the rearrangement
of benzaldoxime (1a) to benzamide (3a) was performed. The
proposed mechanisms for the rearrangement of aldoximes
consist of several different chemical species and elementary
reactions (see Schemes 2 and 3). Generally speaking, once a
reaction mechanism has been established, it is possible to write
the corresponding kinetic equations, to obtain therefrom a
system of ordinary differential equations and to find, by means
of a numerical method, the finest values of the rate constants of
all the elementary steps. However, in our case, we can record
experimental data (GC yields vs time) for only three
compounds: benzaldoxime (la), benzonitrile (2a), and
benzamide (3a). Therefore, it is impossible to deal with the
kinetic problem as conceived. Fortunately, a mechanism can be
substituted by a “model” without losing its essential character-
istics. The goal of this model is not to represent the whole
chemistry of the process, but create a system of ordinary
differential equations (easy to solve) that keep the essence of
the original process. In this sense, as outlined in Scheme 7, a

Scheme 7. Adopted Model to Explain the Rearrangement of
Benzaldoxime into Benzamide

_OH
N I3
/& ———> Ph—=N + H 6))
Ph H (2a)
(1a)
OH
N o o)
Ph—=N + )I\ e )J\ + Ph—=N (2)
(2a) Ph H Ph NH (2a)
(1a) (3a)
. o)
3
— [ —— 3
Ph—=N + H0 Ph)kNHz @
(2a) (3a)
. _OH o
- . D+@2)+3
2 zph)J\NHz MH+@+06)
Ph H
(3a)

(1a)

very simple and intuitive model (3 steps and 3 independent
chemical species; solvent is excluded) can be adopted to
rationalize the overall rearrangement of benzaldoxime (1a) to
benzamide (3a). It includes (i) the initial dehydration of 1a
into benzonitrile (2a), a common step in both mechanisms
depicted in Schemes 2 and 3; (ii) the rehydration of 2a by the
aid of a second molecule of la, step characteristic of the
Williams mechanism (Scheme 3); and (iii) the classical
hydration of 2a by means of a water molecule to generate 3a.

The sum of these three independent processes perfectly
accounts for the observed rearrangement. Thus, while steps 1
and 2 represent the Williams mechanism (Scheme 3), steps 1
and 3 represent the classical one involving hydration of the
nitrile by means of a water molecule (Scheme 2). Note that all
steps in this model are assumed to be irreversible. Although this
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drastic reduction greatly simplifies the mathematical treatment,
it is impossible to tackle, with guarantees of success, the
resolution of the problem since the numerical methods that will
be applied require, as usual, that the number of independent
data is much higher than the number of unknowns (the rate
constants k;, k, and k; and the partial orders). As the
disappearance of benzaldoxime (1a) takes place rapidly at 100
°C (see Figure 3), we decided to diminish the working
temperature. At T = 60 °C the reaction rate slows down
enough to get an appropriate set of experimental data, and thus
the kinetic analysis was performed at this working temper-
ature.”® The analysis of the variation of the concentration of 1a
as a function of time (from 0 to SO min; for ¢ > SO min, [1a] =
0 mol dm™) shows that the process follows a pseudo-first-
order kinetics (linear correlation coefficient r = —0.9806). Also,
using only the last six data points (from 60 to 1440 min; 1la is
already completely consumed) it can be assured that the
hydration of benzonitrile (2a) into benzamide (3a) by means
of a water molecule (Scheme 7, step 3) follows a pseudo-
second-order kinetics (r = 0.9990) with respect to 2a.*®
Combining all this information, it is possible to put forward the
following system of three ordinary differential equations:

dlital _ a1 - ke

12) g f1a] - kyf1a) “
d[Za] _ _ a 2

23] (1) - kf2a] “
d[3a] _ 2

v - +k,[1a] + ky[2a] ©)

The application of the “concentration—time integrals”
(CT1)*® method allows, on one hand, to obtain the values of
the three rate constants and, on the other hand, to check the
validity of the proposed model. The values of the rate constants
obtained by the CTI method are dependent on the
mathematical function chosen to fit the experimental data. In
order to remove this dependence, the results of the CTI
method were optimized with the aid of a nonlinear least-
squares (NLLS) algorithm. We carried out all the calculations
using MATLAB R2012a. The optimized values of the rate
constants (at T = 60 °C) are

1

k, = 0.0145 min~"  k, = 0.0562 min~"

k, = 0.0316 dm?® mol™! min™" (7)

Figure 4 shows that the agreement between the observed and
calculated data is fully satisfactory. The sum of squares due to
error (SSE) is only 1.8 X 107>, Calculated data were obtained
by numerical integration (using the optimized values of the rate
constants, eq 7) of the system of differential equations
described by egs 4—6.>°

Starting from the values of the three rate constants it is
possible to calculate the rates of the three steps of the proposed
model (v, = k,[1a], v, = k,[1a], and v, = k;[2a]*). The overall
rates of the Williams (v; + v,) and classic (v; + v;) mechanisms
are shown in Figure S. It is clearly observed that, when
benzaldoxime (la) is still present in solution, the Williams
mechanism is predominant, particularly at the initial stages of
the catalytic reaction. Once la is consumed, only the classic
mechanism involving water operates at very slow rates. These
facts are in complete accord with the experimental observations
made at 100 °C (see Figure 3) and previously commented on.
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To further confirm the validity of the proposed kinetic model
(eqs 4—6), we decided to apply it to the data set experimentally
collected at T = 100 °C. Following the same mathematical
procedure (CTI + NLLS) as above, the optimized values of the
rate constants at this temperature are

k, = 02662 min~'  k, = 0.0641 min”~"
ky = 0.9812 dm?® mol™! min™* (8)

As expected, the values of the rate constants are all higher
since the temperature has increased from 60 to 100 °C, with
those of k; and k; showing a much higher increase in
comparison with that of k,.>" The high quality of the fit (SSE =
5.9 X 107*) is shown in Figure 6.
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B CONCLUSION

In summary, we have developed a new protocol for the
selective rearrangement of aldoximes to primary amides in a
neutral aqueous medium, whose generality has been demon-
strated for a huge range of substrates, including aromatic,
heteroaromatic, a,f-unsaturated, and aliphatic ones. In
addition, the high tolerance toward functional groups and the
accessibility of complex [RuCl,(#7°-C¢Meg){P(NMe,),}], which
makes use of a commercially available and inexpensive
phosphine ligand, confer this efficient synthetic approach of
amides genuine potential for practical applications avoiding the
use of classical organic solvents. It is also worthy of note that,
from a mechanistic point of view, our work demonstrates for
the first time that the two mechanisms proposed in the
literature for this transformation are compatible for a single

dx.doi.org/10.1021/0m3006917 | Organometallics 2012, 31, 6482—6490



Organometallics

0.35 ; ‘ : : : : ‘
R O R e .
ke
0.25k- - -
K benzaldoxime (1a)
o : :
& x :
T, 02 de b, |
< [ :
3 o benzonitrile (2a)
g x
> ¢ AN -

OXXXX XXX X XX X X X i
. ? XXX X X X X3 X g
i i XX X ¥ X X% X X %

40

0 20

80

100

120 140 160 180 200

t/min

Figure 6. Experimental (filled circles) and calculated (cross) product distribution as a function of time for the ruthenium-catalyzed rearrangement of

la to 3a at 100 °C in water.

catalyst, with that involving the hydration of the corresponding
nitrile intermediates by a second molecule of aldoxime being
predominant.

B EXPERIMENTAL SECTION

GC measurements were performed on a Hewlett-Packard HP6890
equipment using a Supelco Beta-Dex 120 column (30 m length; 250
pum diameter). GC/MSD measurements were made with an Agilent
6890N equipment coupled to a 5973 mass detector (70 eV electron
impact ionization) using a HP-IMS column. High-resolution mass
spectra were provided by the mass spectrometry service of the
University of Sevilla. Infrared spectra were recorded on a Perkin-Elmer
1720-XFT spectrometer. NMR spectra were recorded on a Bruker
DPX-300 instrument at 300.1 MHz (*H) or 75.47 MHz (*C). The
chemical shift values (§) are given in parts per million and are
referenced to the residual peak of the deuterated solvent used
(CD,0OD). Elemental analyses were performed with a Perkin-Elmer
2400 microanalyzer. Optical rotations (@) at 20 °C at the sodium D-
line were measured in a Perkin-Elmer 343 polarimeter. Flash
chromatography was performed using Merck silica gel 60 (230—400
mesh). Complexes [RuCl,(17%-C4Meg){P(NMe,);}],"** [RuCl,(#’-
CMey)(PTA-Bn)],">® and [RuCL(5*:*-C,oH,s) (THPA)]'® were
prepared by following the methods previously reported by us.

General Procedure for the Synthesis of Aldoximes.
Aldoximes 1b—1ap (all of them known compounds) were synthesized
by condensation of the corresponding aldehyde with NH,OH-HCI as
follows: To a solution of the appropriate aldehyde (40 mmol) in a
mixture of methanol (20 mL) and pyridine (10 mL) was added
hydroxylamine hydrochloride (4.5 g 65 mmol), and the mixture
stirred at room temperature for 24 h. Solvents were removed in vacuo,
and the residual oil was extracted with diethyl ether (ca. 200 mL). The
extract was then washed with water (3 X 15 mL), dried over
anhydrous magnesium sulfate, filtered, and evaporated to dryness. The
crude product was purified by column chromatography over silica gel
using diethyl ether/hexane (1:1) as eluent. The identity of aldoximes
1b—1ap, which were in general obtained in 70—80% yield as mixtures
of the corresponding E and Z isomers, was confirmed by mass
spectrometry and 'H and *C{'H} NMR spectroscopy.

General Procedure for the Catalytic Rearrangement of
Aldoximes. Under a nitrogen atmosphere, the corresponding
aldoxime la—ap (1 mmol), water (3 mL), and the ruthenium(II)
catalyst [RuCl,(7°-C4Mec){P(NMe,);}] (0.025 g, 0.05 mmol; 5 mol
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%) were introduced into a Teflon-capped sealed tube, and the reaction
mixture was stirred at 100 °C for the indicated time (see Tables 1 and
2 and Schemes 4 and S). The course of the reaction was monitored by
regularly taking samples of ca. 20 uL, which after extraction with
CH,Cl, (3 mL) were analyzed by GC. After elimination of the solvent
under reduced pressure, the crude reaction mixture was purified by
column chromatography over silica gel using methanol/CH,Cl,
mixtures as eluent. In some cases, direct crystallization from the
aqueous solution also allowed the isolation of pure products. The
identity of the resulting primary amides was assessed by comparison of
their "H and *C{'H} NMR spectroscopic data with those reported in
the literature and by their fragmentation in GC/MSD (copies of the
'H and “C{'H} NMR spectra of all the amides synthesized in this
work ("F NMR spectrum in the case of 3k) are included in the
Supporting Information). Characterization data for the novel amides
3ao and 3ap are as follows:

(S)-(—)-Perillamide (3a0): white solid. Yield: 85% (0.140 g). 'H
NMR (300.1 MHz, CD,0D): § 1.53 (m, 1H), 1.78 (s, 3H), 1.93 (m,
1H), 2.09-2.45 (m, SH), 4.76 (s, 1H), 4.78 (s, 1H), 6.72 (br, 1H)
ppm. NH, signals not observed. “C{'H} NMR (7547 MHyz,
CD,OD): § 19.5, 24.3, 27.0, 30.5, 40.1, 108.3, 132.2, 134.0, 148.8,
172.0 ppm. IR (KBr): v 3350 (m), 3193 (w), 3079 (w), 2938 (m),
1660 (s), 1607 (s), 1521 (m), 1429 (m), 1367 (w), 1129 (w), 1043
(w), 943 (w), 923 (m), 883 (s), 723 (w), 637 (w), 477 (w) cm™'. MS
(EL 70 eV): m/z 165 (20%, M*), 137 (30), 122 (50), 107 (40), 91
(50), 67 (80), 44 (100), 27 (40). [@]*, = —111.8 (c = 0.03 M in
MeOH). Anal. Caled (%) for C;,H;NO: C, 72.69; H, 9.1S. Found: C,
72.58; H, 9.23.

(1R)-(-)-Myrtenamide (3ap): white solid. Yield: 87% (0.144 g).
'H NMR (300.1 MHz, CD;0D): 5 0.85 (s, 3H), 1.15 (d, ] = 8.3 Hz,
1H), 1.37 (s, 3H), 2.15 (br, 1H), 2.43—2.56 (m, 3H), 2.70 (m, 1H),
6.53 (br, 1H) ppm. NH, signals not observed. *C{'H} NMR (75.47
MHz, CD,0D): § 19.9, 25.0, 30.8, 31.4, 37.3, 40.4, 41.5, 130.8, 142.8,
171.1 ppm. IR (KBr): v 3392 (m), 3195 (w), 2918 (m), 1647 (s),
1601 (s), 1465 (w), 1404 (m), 1383 (w), 1331 (w), 1264 (w), 1109
(w), 1075 (w), 968 (w), 888 (m), 846 (w), 767 (m), 687 (w), 615
(w), 584 (w) cm™". MS (EI, 70 eV): m/z 165 (10%, M*), 150 (10),
122 (80), 105 (90), 79 (100), 63 (30), 44 (90), 27 (40). [a]®p =
—35.2 (¢ = 0.03 M in MeOH). Anal. Calcd (%) for C,,H;sNO: C,
72.69; H, 9.15. Found: C, 72.75; H, 9.04.
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