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ABSTRACT: The cyanamides Me2NCN (1a), OC4H8NCN
(1b), and PhC(O)N(H)CN (1c) and the conventional
nitriles PhCN (1d) and EtCN (1e) react with 1 equiv of each
of the amidoximes R′C(NOH)NH2 (R′ = Me (2a), Ph
(2b)) in the presence of 1 equiv of ZnCl2 producing the
complexes [ZnCl2{HNC(R)ONC(R′)NH2}] (R/R′ =
NMe2/Me (3a), NMe2/Ph (3b), NC4H8O/Me (3c),
NC4H8O/Ph (3d), N(H)C(O)Ph/Me (3e), N(H)C(
O)Ph/Ph (3f), Ph/Me (3g), Ph/Ph (3h), Et/Ph (3j)) with
the chelate ligands originating from the previously unreported
zinc(II)-mediated nitrile−amidoxime coupling. Addition of 1
equiv of p-TolSO3H to any of one 3a−h, 3j results in the
ligand liberation and formation of the iminium salts [H2N
C(R)ONC(R′)NH2](p-TolSO3) ([4a−j](p-TolSO3)), which then at 20−65 °C spontaneously transform to 1,2,4-oxadiazoles
(5a−j). As a side reaction, cyanamide derived species [4a−f](p-TolSO3) undergo Tiemann rearrangement to produce the
substituted ureas R′NHC(O)NH2 (R′ = Me (6a), Ph (6b)) and RC(O)NH2 (R = NMe2 (6c), NC4H8O (6d), N(H)C(
O)Ph (6e)), whereas phenyl and ethyl cyanide derivatives besides their transformation to the oxadiazoles undergo hydrolysis to
the parent amidoxime R′C(NOH)NH2 (R′ = Me (2a), Ph (2b)) and the carboxamides RC(O)NH2 (R = Ph (6f), Et (6g)).
All new obtained compounds were characterized by HRESI-MS, IR, ATR-FTIR, 1H NMR, CP-MAS TOSS 13C NMR, elemental
analyses (C, H, N), and single crystal X-ray diffraction for seven species (3a−e, [4b](p-TolSO3), and [4d](p-TolSO3)). Two
previously unknown heterocycles 5c and 5e were isolated and characterized by elemental analyses (C, H, N), HRESI-MS, IR, 1H
and 13C{1H} NMR. The observed conversion of [4a−j](p-TolSO3) to the 1,2,4-oxadiazoles uncovers the mechanism of the
previously reported H+-assisted generation of these heterocycles (Augustine; et al. J. Org. Chem. 2009, 74, 5640).

■ INTRODUCTION

1,2,4-Oxadiazoles represent an important class of five-
membered heterocycles, and their versatile chemistry has
been repeatedly reviewed over the years.1 The increased rate
of publication on the oxadiazoles relates to the importance of
these heterocycles and their derivatives in both material
chemistry (e.g., they serve as components of polymers,1a liquid
crystals1a and ionic liquids,1a,2 luminescent,1a,2b optoelectronic
materials,1a and corrosion inhibitors3) and medicinal chemis-
try1a,4 (where the oxadiazoles are applied as antidiabetic,1a anti-
inflammatory,1a,5 antithrombotic,5b antimicrobial,1a,2a,6 antitu-
mor agents,1a,4,7 immunosuppressors1a,2a and neuroprotective
agents,1a,2a,4,8 and are compounds exhibiting fungicidal and
larvicidal properties9).
Among the known synthetic strategies for generation of

1,2,4-oxadiazoles, the two most common approaches utilize
nitrile oxides or amidoximes as starting materials.1a The first

route includes 1,3-dipolar cycloaddition of nitrile oxides to
nitriles2a or 4-aryl-2-(alkylthio)-1-azetines.10 The second route
(Scheme 1) is based upon reaction of amidoximes with
activated derivatives of carboxylic acid (e.g., chloroanhydrides,
anhydrides, or esters; (a)),1a Vilsmeier salts11 (b), carbodiimi-
des5a (c), or nitriles12 (d).
Conditions of these reactions become more drastic on going

from a to d. The syntheses of 1,2,4-oxadiazoles that are based
on the reaction between the most unreactive R′CN substrates
and amidoximes species require harsh conditions (180 °C, 24
h) when performed via metal-free protocols.13 However, these
reactions could be conducted under substantially milder
conditions (80 °C) in the presence of ZnCl2 followed by
addition of a strong acid (hereinafter the ZnII/H+ system).12b−d

Received: June 10, 2014
Published: September 8, 2014

Article

pubs.acs.org/IC

© 2014 American Chemical Society 10312 dx.doi.org/10.1021/ic501333s | Inorg. Chem. 2014, 53, 10312−10324

pubs.acs.org/IC


Taking into account the great variety of commercially available
nitriles, the application of the ZnII/H+ system places approach d
among the most advantageous methods for preparation of
1,2,4-oxadiazoles.
The ZnII/H+-assisted reaction leads to 3,5-disubstituted

1,2,4-oxadiazoles, and two alternative mechanisms for this
process were suggested. Yarovenko et al. on the basis of 15N
NMR data proposed that the reaction proceeds via nucleophilic
addition of amidoximes to nitriles (Scheme 2, a) followed by
metal-mediated heterocyclization of the ligand (b) promoted by
a protonation with HCl.12c In the subsequent work,12b

Augustine et al. suggest that the first step of the reaction
includes formation of the nitrile oxide R′CNO and elimination

of ammonia from the amidoxime by its treatment with the
strong acid (p-TolSO3H) (d), followed by 1,3-dipolar cyclo-
addition of thus generated R′CNO to a coordinated nitrile (e).
In all these works12b,c describing the ZnII/H+-assisted synthesis
of 1,2,4-oxadiazoles, structures of the intermediates of the
reaction were postulated, but not confirmed experimentally.
In view of our general interest to reactions of metal-activated

nitriles (for our reviews see ref 14; for other reviews on this
topic see refs 14d and 15) and also to coordination chemistry of
amidoximes (for our reviews see refs 14b and 16 and for recent
works see refs 12a and 17), we felt that the organic chemistry
approachthat is directed toward final organic products with a
rather little attention to metal-involving activation system
could be efficiently combined with the inorganic chemistry
approach that includes the detection and identification of acting
metal species. If the former approach is useful from a synthetic
viewpoint, the latter is efficient for understating mechanisms
and driving forces of studied synthetic transformations. Thus,
we decided to verify the role of the ZnII center in the synthesis
of the oxadiazoles12b by generation, isolation, and identification
of zinc species formed upon nitrile−amidoxime reaction, and
our results are reported in sections that follow.

■ RESULTS AND DISCUSSION
ZnII-Mediated Nitrile−Amidoxime Coupling. As the

starting materials for this study we addressed, on the one hand,
the cyanamides Me2NCN (1a), OC4H8NCN (1b), and
PhC(O)N(H)CN (1c), as well as conventional nitriles, viz.
benzonitrile PhCN (1d) and propanenitrile EtCN (1e). On the
other hand, the amidoximes R′C(NOH)NH2 (R′ = Me (2a),
Ph (2b)) were taken as the reaction partners. Cyanamides 1a−
c and nitriles 1d,e react with 1 equiv of amidoximes 2a,b in all

Scheme 1. Amidoxime-Based Methods for Synthesis of 1,2,4-
Oxadiazoles

Scheme 2. Two Postulated Mechanisms of ZnII/H+-Assisted Generation of 1,2,4-Oxadiazoles
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possible combinations in the presence of 1 equiv of ZnCl2
(ethyl acetate, 20−48 h, 80 °C) producing zinc(II) chelates
3a−j that, apart from 3i, were isolated in 75−96% yields
(Scheme 3). Complex 3i rapidly decomposes under the
reaction conditions and it was not isolated from the reaction
mixture. However, its generation was confirmed by HRESI+-MS
(found, m/z 227.9879 [3i − Cl]+; calcd, 227.9877).
The observed coupling at the zinc(II) center was not

previously reported, it is selective and no other zinc complexes
were detected even if the starting organic reactants were taken
in 4-fold excess with respect to ZnCl2 (3a−h), or if the reaction
with 1 equiv of 2a,b and 1 equiv of ZnCl2 proceeds in the
appropriate neat nitrile (3i,j).
No reaction was observed between 1a−e and 2a,b (in all

combinations) in ethyl acetate for 2 days at temperatures
ranging from 20 to 80 °C either in the presence of 1 equiv of p-
TolSO3H or without the acid. Attempted reaction was
monitored by ESI-MS and 1H NMR spectroscopies by
analyzing residues formed after evaporation of EtOAc and
their redissolution in (CD3)2SO. All these blank experiments
point out that the observed nitrile−amidoxime coupling is
zinc(II)-mediated.
As can be inferred from the synthetic experiment, the

reactivity decreases in the following order R2NCN ≥ ArCN >
AlkCN that is in good agreement with the previously reported
cyanide reactivity.17b,18 Thus, formation of 3a−f proceeds even
with 1 equiv of the cyanamide for 20 h at 80 °C, whereas
generation of 3g,h requires 4-fold excess of the nitrile and
heating for 2 days. The most unreactive aliphatic nitrile, EtCN,
forms 3i,j only under heating of the amidoximes in the neat
nitrile at 65 °C for 2 days.
Metal-mediated iminoacylation of oximes is the rapidly

developing field for the past two decades.14b This reaction was
observed at both kinetically inert (PtIV,12a,19 PtII,17,20 ReIV,21

RhIII22) and more labile (VV,23 PdII,24 NiII25) metal centers. The
iminoacylation that is mediated by the inert centers proceeds
via intermolecular nucleophilic addition of an oxime to a nitrile
ligand, whereas the reaction at the labile centers typically occurs
via ligation of an oxime to a metal followed by intramolecular
nucleophilic attack of the oxime HO group to the CN
moiety. Noteworthy that metal-mediated reactions between
ketoximes and nitriles also occurs at CoII 26 and ZnII 12b−d,27

metal centers, but they lead to amidines,26 carboxamides,27 and
1,2,4-oxadiazoles,12b−d and no iminoacylated oximes were
detected. However, the latter species were postulated as
plausible reaction intermediates.12c,25a,27

Liberation of the Chelated Ligands from Their
Complexes. When a solution of 1 equiv of p-TolSO3H in
MeOH was added to a vigorously stirred suspension of any of
one 3a−h or 3j in methanol, instantaneous homogenization of
reaction mixtures was observed. Thus, formed solution contains
organic salt [4a−h](p-TolSO3) or [4j](p-TolSO3) (Scheme 4),
respectively, along with some zinc(II) species (e.g., [ZnCl3]

−

that was detected by ESI-MS). After the solvent was evaporated
to dryness, [4a−d](p-TolSO3), [4f](p-TolSO3), and [4h](p-
TolSO3) were separated from zinc(II)-containing products by
washing with ethyl acetate that dissolves all ZnII species,
whereas the organic salts are poorly soluble in EtOAc and they
were separated by filtration. As an exception, [4e](p-TolSO3)
exhibits substantial solubility in all solvents where zinc species
are also soluble (MeOH, EtOH, THF, EtOAc, and 1,4-dioxane)
and, therefore, [4e](p-TolSO3) cannot be purified by the
described method. This compound was isolated in a pure form
by precipitation of the known (NMe4)2[ZnCl4]

28 from the
reaction mixture by the treatment with 2 equivs of (NMe4)Cl.
Pure [4a−f](p-TolSO3) and [4h](p-TolSO3) were isolated in
79−99% yields. [4g](p-TolSO3) and [4j](p-TolSO3) decom-
pose for ca. 5 min at room temperature (RT) in solutions as the

Scheme 3. Generation of 3a−j via the Zinc(II)-Mediated Coupling

Scheme 4. Generation of [4a−j](p-TolSO3) from 3a−j by the Acid Treatment
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solids and they were not isolated from the homogeneous
reaction mixtures. However, [4g]+ and [4i,j]+ were detected by
HRESI+-MS (found, 178.0980 [4g]+; calcd, 178.0975; found,
130.0974 [4i]+; calcd, 130.0975; found, 192.1149 [4j]+; calcd,
192.1131).
Stability of [4a−j]+ can be interpreted in terms of electronic

effects of substituents R in the molecules. Thus, if R is a group
with strong +M effect, viz. NAlk2, the cyanide derived part of
molecules [4a−d]+ forms guanidinium-like fragment [R2N
C(OR)NH2]

+, which exhibits drastic stability due to
positive charge delocalization and it is responsible for stability
of the salts at RT. Cations [4e−j]+ contain less donor R
moieties and degrades in solution within 1−5 h at RT.
It is reported that metal-bound O-iminoacylated oximes are

quite stable,12a,14b,19a,c,21a,22b whereas the uncomplexed species
R′R″CNOC(NH)R are rather reactive and, right after
their preparation, these compounds typically split to the parent
amidoximes R′R″CNOH and nitriles RCN (Scheme 5,
a).12a,19a,c−e In the case of good leaving group R″, especially
NH2, heterocyclization to 1,2,4-oxadiazole is observed as a side
reaction (b).12a

Stability of iminoacylated oximes strongly depends on R and
it is increasing with more electron-withdrawing character of
R.12a,29 In particular, when R is perfluorinated alkyl, the imines
are stable at RT and decompose only upon heating.29 On the
contrary, if R is NAlk2, the imines rapidly and unselectively
degrade at RT with half-life ca. 7 min, whereas when R is Et or
Ph, having an average electron donor ability, the imines survive
for ca. 7 days at RT.12a

Thus, in [4a−j]+, the protonation blocks the electron pair of
the highly reactive imine group and it prevents these species
from further transformations. Protonation of imines for
inhibiting their reactivity is widely used in organic chemis-
try,12a,30 but the protonation has never been applied for
stabilization of O-iminoacylated oximes.
Generation of 1,2,4-Oxadiazoles. Dialkylcyanamide

derivatives [4a−d](p-TolSO3) are stable both in solutions
(undried MeOH, Me2SO) and in the solid state at RT, whereas
benzoylcyanamide and aryl and alkyl cyanide derivatives [4e−
j](p-TolSO3) in these solutions undergo spontaneous con-
version at RT for 5 h ([4e,f](p-TolSO3)), 1 h ([4h](p-
TolSO3)), or less than 5 min ([4g](p-TolSO3) and ([4i,j](p-
TolSO3)) producing 1,2,4-oxadiazoles 5e−j and ureas 6a,b and
6e−g (Scheme 6). The conversion of [4](p-TolSO3) was
monitored by 1H NMR and HRESI-MS until the complete
disappearance of the starting salts. 1H NMR yields of 1,2,4-

oxadiazoles 5a−h and 5j (Scheme 6, A) are given in Table S1
(Supporting Information).
Salts [4a−f](p-TolSO3) and [4h](p-TolSO3) were dissolved

in (CD3)2SO, CD3OD, or a CD3OD/D2O mixture (1/1, v/v)
at RT and then they were kept at 65 °C for a certain time
indicated in Table S1 (Supporting Information). [4g](p-
TolSO3) and [4j](p-TolSO3) were generated in situ from 3g
and 3j, respectively, at 65 °C in the appropriate solvents.
In solutions in the temperature range from 20 to 80 °C, [4a−

f](p-TolSO3) undergo spontaneous transformations by two
routes, i.e., by heterocyclization to achieve 1,2,4-oxadiazoles
5a−f (Scheme 6, a) and Tiemann rearrangement furnishing
substituted ureas 6a−e (b) (Scheme 6, B). Under the same
conditions [4g−j](p-TolSO3) undergo the heterocyclization to
5g−j and hydrolysis to carboxamides 6f,g and parent
amidoximes 2a,b (c) (Scheme 6, C). Products derived from
the hydrolysis of ureas 6c−e, viz. HNMe2, OC4H8NH, and
PhCONH2 were also observed. In the case of conventional
nitrile derivatives, starting amidoximes 2a,b were identified in
the reaction mixtures (C). Metal-free organic species 5a,b, 5d,
5f−j, and 6a−g (A−C) were identified by comparison of their
1H NMR spectra with the reported spectra (for 5a,b, 5d, 5f−j,
see refs 12b and 31; for 6a−e, see ref 32) or with the spectra of
commercially available compounds (for 6f−g; Aldrich) and, in
addition, these species were also identified by GC−MS.
Previously unknown heterocycles 5c and 5e were isolated
from reaction mixtures and characterized by elemental analyses
(C, H, N), HRESI-MS, IR, and 1H and 13C{1H} NMR
(Experimental Section).
Noticeably, temperature does not significantly affect the

yields of the final compounds. Thus, decreasing the reaction
temperature in CD3OD results in increasing the yield of
corresponding 5a−f (for [4a−f](p-TolSO3)) for 3−4% per
each 10 °C, whereas no obvious temperature dependence was
found for [4g,h](p-TolSO3) and [4j](p-TolSO3). Similar
results were observed for the reaction of [4b](p-TolSO3) in
(CD3)2SO. Thus, the yield of 5b is 69% when the reaction
proceeds at 50 °C and completes for 10 days, whereas the yield
is 58% when the reaction is conducted at 80 °C for 12 h.
Because of a significant drop of the rate of the conversions, we
consider 65 °C as the optimal temperature for generation of
5a−h and 5j. At this temperature the reaction completes for a
rather short time period and gives good yields of the products.
Inspection of the obtained data indicates the drastic

dependence of yields and the reaction time for oxadiazoles
5a−j and ureas 6a−e and carboxamides 6f,g on solvent
employed. Thus, the preferable solvent for preparation of 3-
alkyl-5-amino-1,2,4-oxadiazoles is dimethyl sulfoxide and it is
methanol for 3-aryl-5-amino-1,2,4-oxadiazoles. The reactions
proceed with similar rates in (CD3)2SO and CD3OD for all
cyanamide derived salts [4a−f](p-TolSO3), but the hetero-
cyclization is substantially accelerated in CD3OD/D2O. Yields
of heterocycles 5a−j were similar when the reaction was
performed in commercial wet and absolute CD3OD.
Routes, reaction times, and selectivity of the conversions of

[4a−j](p-TolSO3) also significantly depend on the nature of
substituent R. Thus, the conventional nitrile derivatives are
much more reactive and completely transform to the
oxadiazoles even at RT for 5 h ([4h](p-TolSO3)) or for 5
min ([4g](p-TolSO3) and ([4i−j](p-TolSO3)). Irrespectively
of the nature of R′, yields of the oxadiazoles are the highest in
(CD3)2SO.

Scheme 5. Transformations of Iminoacylated Oximes
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The heterocyclization is more efficient for the iminium salts
rather than for the corresponding free bases, and [4g−j](p-
TolSO3) transform to the oxadiazoles more rapidly and in
higher yields than the appropriate unprotonated species. Thus,
[4g−j](p-TolSO3) give the heterocycles in ca. 80−90% NMR
yields in (CD3)2SO for 1 h at RT, whereas the corresponding
free iminoacylamidoximes slowly (half-life ca. 5−8 d at RT)
transform to the oxadiazoles under the same conditions in 10−
30% NMR yields.12a

Differences in the side reactions between [4a−f](p-TolSO3)
and [4g−j](p-TolSO3), viz. Tiemann rearrangement and
hydrolysis, respectively, can be rationalized by electron donor
properties of the substituents. It is known that acid hydrolysis
of the guanidine moiety proceeds under harsh conditions due
to high stability of the guanidinium cation,33 whereas the
hydrolysis of relevant amidines occurs more smoothly.34

Occurrence of the hydrolysis in the case of [4g−j](p-
TolSO3) and its absence for [4a−f](p-TolSO3) is in agreement
with the differences in the stability between the guanidinium
and the amidinium cations.33,34

Overall Mechanism for the ZnII/H+-Assisted Reaction
Leading to 1,2,4-Oxadiazoles. We succeeded in isolation
and identification of all intermediates of the reaction. On the
basis of the experimental data, one can suggests a plausible
mechanism of the reported ZnII/H+-assisted conversion of
nitriles to 1,2,4-oxadiazoles (Scheme 7). The first step of the
reaction is formation of zinc complex B by the reaction of
nitrile RCN and amidoxime R′C(NH2)NOH in the presence
of ZnCl2 (Scheme 7, a). On this step, the zinc(II) center
activates nitrile species toward nucleophilic addition and the

reactivity follow the expected pattern R″2NCN ≥ ArCN >
AlkCN.17b,18 Most probably reaction proceeds as intra-
molecular nucleophilic addition between coordinated oxime
and activated nitrile ligand, producing five-membered metalla-
cycle. In addition, the metal stabilizes the generated imino
species, which are unstable in metal-free state.12a

Scheme 6. Conversion of [4a−j](p-TolSO3) to 1,2,4-Oxadiazoles 5a−j, Ureas 6a−g, and Parent Amidoximes 2a,b

Scheme 7. Plausible Mechanism of ZnII/H+-Assisted
Generation of 1,2,4-Oxadiazoles
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The second step is protonation of the ligand in B,
accompanied by decoordination, and leading to iminium salt
C (Scheme 7, b). The third step includes intramolecular
nucleophilic attack producing heterocycle E from C (Scheme 7,
d). The metal center does not play any role in the
transformations of C to E. Indeed, no effect of ZnCl2 additions
(from 5 to 100 mol % relatively to C) to iminium salts C (any
of [4a−f](p-TolSO3) and [4h](p-TolSO3)) on steps c and d
was observed.
It is worth noticing that in the case of aryl and alkyl cyanides,

the side reaction of iminoacylated amidoxime is hydrolysis
(Scheme 6, c) that regenerates the starting amidoxime, which
can react with an additional amount of the starting nitrile
substrate. Thus, the yield of heterocycle E (Scheme 7) for aryl
and alkyl cyanides increases when excess nitrile (80 °C, 48 h) is
employed. In the case of the cyanamides R″2NCN, the side
reaction leads to substituted ureas via Tiemann rearrangement
(Scheme 6, b) and does not regenerate the starting amidoxime
and yield of heterocycle E (Scheme 7) only depends on solvent
employed (see above).
Thus, 1 equiv of p-TolSO3H·H2O was added to solutions of

3b, 3h, and 3j in (CD3)2SO and the solutions were heated for
48 h (3b) or for 15 min (3h and 3j) to give the corresponding
1,2,4-oxadiazoles (5b, 5h, and 5j) in 64, 78, and 87% NMR
yields, respectively. Then 1 equiv of the corresponding nitrile
was added to all solutions. Additional heating of the mixtures
for 48 h (3b, 3h, and 3j) leads to the quantitative NMR yield of
5h and 5j (respectively to the starting complexes 3h and 3j,
correspondingly), whereas the yield of cyanamide derivative 5b
was not changed.
Analytical and Spectroscopy Data. Complexes 3a−f and

salts [4a−f](p-TolSO3) give satisfactory C, H, and N elemental
analyses for the proposed formulas, and these species were also
characterized by ATR-FTIR, IR, high resolution ESI-MS, CP-
MAS TOSS 13C NMR spectroscopy, and single-crystal X-ray
diffraction for seven species (3a−e, [4b](p-TolSO3), and
[4d](p-TolSO3)). In addition, [4a−f](p-TolSO3) were charac-
terized by 1H NMR spectroscopy.
The ATR-FTIR spectra of 3a−f and [4a−f](p-TolSO3)

display three to five bands from medium to medium-to-strong
intensities at 3471−3139 cm−1, which can be attributed to the
N−H stretches.35 The IR spectra of all these compounds
exhibit two CN absorption bands in the range 1693−1628
cm−1, which are specific to ligated imines and oximes12a,17,19f

(3a−f) and uncomplexed amidinium salts [4a−f](p-TolSO3).
35

The spectra of 3e, 3f, [4e](p-TolSO3), and [4f](p-TolSO3)
also feature a very strong band in the region 1717−1709 cm−1,
characteristic for the CO stretches of the carboxamide
group.35

The positive mode high resolution ESI mass-spectra of
complexes 3a−f exhibit several groups of peaks corresponding
to the fragmentation ions [L + H]+, [M − 2Cl − H]+, [M −
Cl]+, [M − 2Cl − H + L]+, [M − Cl + L]+, and [M + L + H]+,
whereas in the negative mode the only observed set of peaks
corresponds to [ZnCl3]

−. The positive and negative mode ESI
spectra of amidinium salts [4a−f](p-TolSO3) display group of
peaks from the cation [L + H]+ and from the anion [p-
TolSO3]

−, respectively.
The 1H NMR spectra of [4a−d](p-TolSO3) were recorded

in (CD3)2SO. The spectra of [4a−d](p-TolSO3) (Figures
S11−S14, Supporting Information) featuring two broad singlets
in low-field region from the protonated imine group NH2,
whereas the spectra of [4e](p-TolSO3) and [4f](p-TolSO3)

(Figures S15−S16, Supporting Information) represent only one
broad singlet related to this moiety. In addition, the spectra of
acetamide derivatives [4a](p-TolSO3) and [4c](p-TolSO3)
display two broad singlets from the amide group hydrogens,
whereas for other compounds, viz. [4b](p-TolSO3) and [4d−
f](p-TolSO3), only one broad signal was observed. Differences
in spectra might be related to different structure (and/or
dynamics) of the compounds in solution. The spectra of
benzoylcyanamide derivatives [4e](p-TolSO3) and [4f](p-
TolSO3) do not display both signals from the amide PhC(
O)NH proton and resonance of residual water, which may be a
consequence of fast exchange of these hydrogens with H’s of
water in the solutions in NMR time scale. The spectra of [4a−
f](p-TolSO3) exhibit two low-field doublets and one high-field
singlet from p-TolSO3

−.
The solid state CP-MAS TOSS 13C NMR spectra of 3a−f

(Figures S5−S10, Supporting Information) and [4a−f](p-
TolSO3) (Figures S17−S22, Supporting Information), meas-
ured due to insufficient solubilities of these species in the most
common deuterated solvents, display two signals in the region
168.80−155.02 ppm corresponding to the quaternary C atoms
from the carbamidine and the carbamidoxime groups and a set
of signals from 146.22 to 125.24 ppm of the C atoms of the
aromatic systems (3b, 3d−f, and [4a−f](p-TolSO3)). The
spectra of 3e, 3f, [4e](p-TolSO3), and [4f](p-TolSO3) also
exhibit a signal in the interval 170.32−168.28 ppm, which can
be attributed to CO. The spectra of 3a−d and [4a−d](p-
TolSO3) display two signals of the configurationally non-
equivalent C atoms of the dialkylamide group. The spectrum of
[4e](p-TolSO3) displays two pairs of signals of the CO and
CH3−C C atoms, and their appearance could be rationalized by
different location of molecules in the lattice or by the presence
of different configurations of the molecules in the powdered
sample.

X-ray Structure Determinations. Inspection of the
structural data indicate that in molecular structures of 3a−e
(Figures 1 and 2 and Figures S1−3, Supporting Information)
coordination polyhedra of all zinc(II) complexes studied in this
work exhibit a typical tetrahedral geometry. All bond angles
around the zinc(II) centers range from 103.54(5) to
135.60(16)°, except the N(1)−Zn(1)−N(2) angles, which
range from 76.50(18) to 79.15(13)°. The Zn−Cl distances
[2.2066(13)−2.2713(6) Å] are specific for the ZnII−Cl
bonds.36 The Zn−N(1) bond lengths [1.966(4)−1.995(5) Å]
exhibit values characteristic for (imine)ZnII bonds,36 whereas
the Zn−N(2) distances [2.0470(17)−2.145(5) Å] are usual for
(oxime)ZnII complexes.36

Molecular structures of [4b](p-TolSO3) and [4d](p-
TolSO3) (Figures 3 and S4, Supporting Information) represent
two types of species in the crystal lattice, viz. amidinium cation
and p-toluenesulfonate anion. All bond lengths and angles in
the anion are typical for p-TolSO3

−.37

In the molecular structures of 3a−e, [4b](p-TolSO3), and
[4d](p-TolSO3), the O(1)−C(1), N(4)−C(2), and N(3)−
C(1) (for 3a−d, [4b](p-TolSO3), and [4d](p-TolSO3)) bonds
[1.333(2)−1.381(12) Å, 1.315(5)−1.343(2) Å, and 1.325(3)−
1.344(6) Å, respectively] are normal single bonds.38 The
O(1)−N(2) distances [1.436(12)−1.478(2) Å] are longer than
usual O−Nsp2 bonds,38 and this is specific for O-imidoylami-
doximes.12a,17b The N(1)−C(1) (3a−d, [4b](p-TolSO3), and
[4d](p-TolSO3)) and N(2)−C(2) (3a−e, [4b](p-TolSO3),
and [4d](p-TolSO3)) bond lengths [1.281(6)−1.340(16) and
1.295(5)−1.314(7) Å, correspondingly] indicate intermediate
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order between single and double bonds, which reflects the
amide character of these bonds.38 In the molecular structure of
[4e](p-TolSO3), the N(1)−C(1) [1.267(7) Å] and O(2)−
C(4) [1.226(7) Å] bonds are the conventional double bond,38

whereas the N(3)−C(1) and the N(3)−C(4) bonds [1.388(7)
and 1.370(7) Å, respectively] are normal single bonds.38

In 3a−e, [4b](p-TolSO3), and [4d](p-TolSO3), O-carbami-
dineamidoxime adopts the E-configuration around the oxime
CN bond and intramolecular hydrogen bond exists between
one of the H atoms of the amide group and the O atom of the
oxime moiety [N(4)···O(1) 2.520−2.560 Å; N(4)−H···O(1)
101.38−102.51°], whereas the imine CN bond in 3a−e
exists in the Z-configuration and no intramolecular H-bondings

were detected. Another intramolecular H-bond that was
detected in 3e between the H atom of the amidine group
and the O atom of the amide moiety [N(1)···O(2) 2.741 Å;
N(1)−H···O(2) 119.06°] and in [4b](p-TolSO3), and [4d](p-
TolSO3) between one of the H atoms of the amidinium moiety
and the oxime N atom [N(1)···N(2) 2.522−2.579 Å; N(1)−
H···N(2) 104.59−107.89°].

■ FINAL REMARKS
We succeeded in isolation and identification of all intermediates
of the ZnII/H+-assisted generation of 1,2,4-oxadiazoles and
studied their further transformations. First, we observed the
ZnII-mediated coupling between RCN’s (both cyanamides and
conventional nitriles) and amidoximes that gives chelates
[ZnCl2{HNC(R)ONC(R′)NH2}] (3); this selective
integration at the zinc(II) center was not previously reported.
Second, in the presence of the strong acid p-TolSO3H,
complexes [ZnCl2{HNC(R)ONC(R′)NH2}] (3) rapidly
liberate the chelated ligand giving the iminium salts [H2N
C(R)ONC(R′)NH2](p-TolSO3) ([4](p-TolSO3)). The pro-
tonation has never been applied for stabilization of reactive O-
iminoacylated oximes and the suggested procedure provides an
easy route to these species. Third, the iminium salts [H2N
C(R)ONC(R′)NH2](p-TolSO3) ([4](p-TolSO3)) trans-
form to the 1,2,4-oxadiazoles (5) in the range from 20 to 65
°C and the heterocyclization is not affected by the presence of
the metal. Fourth, cyanamide derivatives [H2NC(NR2)-
ONC(R′)NH2](p-TolSO3) ([4a−f](p-TolSO3)) are in-
volved in Tiemann rearrangement as a side reaction, whereas
aryl and alkyl cyanide derivatives [H2NC(R)ONC(R′)-
NH2](p-TolSO3) (R = Ar, Alk) ([4g−j](p-TolSO3)) undergo
partial hydrolysis.
Noticeably, neither generation of nitrile oxides12b (Scheme 2,

d) was observed under the reaction conditions nor was the
formation of 7-membered chelate12c (a) detected. Hence, the
inorganic chemistry approach allowed for an understanding of
the mechanism and driving forces for the ZnII/H+-assisted
formation of 1,2,4-oxadiazoles. After evaluation of the
mechanism of the conversion, we succeeded to increase the
yields of the heterocyclization in the cases of aryl and alkyl
cyanides to essentially quantitative by performing the syntheses
in appropriate solvents and by utilization of excess nitrile. As
can be inferred from the inspection of the mechanism depicted
in Scheme 7, the generation of the oxadiazoles could be
conducted as ZnII-catalyzed rather than ZnII-mediated reaction
insofar as the zinc center is involved only in the first step of the
transformation, whereupon it is liberated and is ready for the
further coupling; preliminary synthetic experiments support
this assumption. Works on the catalytic approach to ZnII/H+-
involved synthesis of 1,2,4-oxadiazoles, as well as application of
other metal centers to this reaction, are underway in our group.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. Solvents were obtained from

commercial sources and used as received. The amidoximes39 and
benzoyl cyanamide40 were synthesized according to the literature
methods. Melting points were measured on a Stuart SMP30 apparatus
in capillaries and are not corrected. Microanalyses were carried out on
a Euro EA3028-HT analyzer. Electrospray ionization mass spectra
were obtained on a Bruker micrOTOF spectrometer equipped with an
electrospray ionization (ESI) source. The instrument was operated
both in positive and in negative ion modes using a m/z range 50−
3000. The capillary voltage of the ion source was set at −4500 V
(ESI+-MS) and the capillary exit at ±70−150 V. The nebulizer gas

Figure 1. Molecular structure of 3d with the atomic numbering
scheme. Thermal ellipsoids are given at the 50% probability level.

Figure 2. Molecular structure of 3e with the atomic numbering
scheme. Thermal ellipsoids are given at the 50% probability level.
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flow was 0.4 bar and the drying gas flow 4.0 L/min. For ESI, species
were dissolved in MeOH. In the isotopic pattern, the most intense
peak is reported. GC−MS identification of the heterocycles and the
urea derivatives was recorded on a Shimadzu GCMS-QP2010 Ultra
instrument equipped with Stabilwax 30 m × 0.32 × 0.50 μm column.
Temperature program was 70−230 °C with a linear rate 10 °C/min
and holding the column at 230 °C for 75 min. ATR-FTIR spectra were
obtained on Nicolet 6700 equipped with an ATR-FTIR accessory and
Ge/KBr beam splitter. Infrared spectra (4000−400 cm−1) were
recorded on a Shimadzu IRPrestige-21 instrument in KBr pellets. 1H
NMR spectra were measured on a Bruker Avance 400 spectrometer in
Me2SO-d6 at ambient temperature; residual solvents signals were used
as the internal standard. The solid state CP-MAS TOSS 13C NMR
spectra were measured on Bruker Avance III WB 400 with magic angle
spinning at 6 and 9 kHz frequencies.
X-ray Structure Determinations. For single crystal X-ray

diffraction experiment, crystals of all compounds were fixed on a
micro mount and placed on a Agilent Technologies Excalibur Eos
diffractometer (3a−d, [4b](p-TolSO3), [4d](p-TolSO3) (high values
of the refinement parameters and rather low bonds precision in the
structural model are due to the small size and low quality of the
crystals)) and were measured using monochromated Mo Kα radiation.
A crystal of 3e was placed on a Agilent Technologies SuperNova
diffractometer and measured using monochromated Cu Kα radiation.
All crystals were studied at 100 K. The structures have been solved by
the direct methods and refined by means of the SHELXL-97
program41 incorporated in the OLEX2 program package.42 The
crystallographic data and some parameters of refinement are placed in
Table S2 (Supporting Information). The carbon and nitrogen-bound
H atoms were placed in calculated positions and were included in the
refinement in the “riding” model approximation, with Uiso(H) set to
1.5Ueq(C) and C−H 0.96 Å for the CH3 groups, Uiso(H) set to
1.2Ueq(C) and C−H 0.97 Å for the CH2 groups, and Uiso(H) set to
1.2Ueq(N) and N−H 0.86 Å for the NH2 and NH groups. Empirical
absorption correction was applied in CrysAlisPro program complex43

using spherical harmonics, implemented in SCALE3 ABSPACK
scaling algorithm. Supplementary crystallographic data for this paper
have been deposited at Cambridge Crystallographic Data Centre and
can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/
cif.

■ SYNTHETIC WORK
Preparation of 3a−j. Powder of RC(NOH)NH2 (R = Me, Ph)

(550 μmol; 40.7 mg or 74.8 mg, respectively) was added to a stirred
solution of ZnCl2 (550 μmol; 75 mg) in ethyl acetate (5 mL) (3a−h)
or in propanenitrile (7.5 mL) (3i−j) placed in a 10 mL round
bottomed flask. After that, the corresponding cyanamide NCNR′R″
(R′ = R″ = Me; R′R″ = NC4H8O; R′ = H, R″ = C(O)Ph) (660
μmol; 53.5 μL, 66.5 μL, 96.4 mg, respectively; for 3a−f) or
benzonitrile (2.75 mmol; 283.3 μL (R = Me), 1.10 mmol; 113.3 μL
(R = Ph); for 3g and 3h) was added to the mixture. The mixture was
kept in a closed flask at 80 °C under stirring in air (1000 rpm). After
20 h (3a−f) or 48 h (3g−j), the mixture was cooled to RT and the
solvent was evaporated in vacuo at 50 °C. Precipitate formed was
washed by three 1.5 mL portions of CH2Cl2 and dried in air at 50 °C
for 1 h and after that at RT in air (3a−h and 3j). Complex 3i is
unstable under the reaction conditions and it was characterized by
ESI+-MS: 227.9876 ([ZnCl{HNC(Et)ONC(Me)NH2]

+, calcd
227.9877).

3a. Yield: 89% (137.2 mg). Mp: 175 °C (dec). Anal. Calcd for
C5H12N4Cl2OZn: C, 21.41; H, 4.31; N, 19.98. Found: C, 21.67; H,
4.20; N, 19.88. High resolution ESI+-MS (MeOH, m/z): 145.1095 ([L
+ H]+, calcd 145.1084), 242.9991 ([M − Cl]+, calcd 242.9986),
387.0996 ([M − Cl + L]+, calcd 387.0997), 425.0733 ([M + L + H]+,
calcd 425.0734). ATR-FTIR (ZnSe, selected bands, cm−1): 3427 (m),
3343 (m-s) ν(NH)amide, 3312 (m) ν(NH)imine. IR (KBr, selected
bands, cm−1): 2937 (w) ν(CH); 1672 (m) ν(CN)oxime; 1630 (s)
ν(CN)imine and δ(NH). CP-MAS TOSS 13C NMR (δ): 161.81,
156.53 (CH3C(N)NH2 and OC(N)N(CH3)2); 40.54,
39.44 (N(CH3)2); 16.33 (CH3C). Crystals suitable for X-ray
diffraction were obtained by a slow evaporation of a methanol−
nitromethane solution at RT in air.

Figure 3. Molecular structure of 4b with the atomic numbering scheme. Thermal ellipsoids are given at the 50% probability level.
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3b. Yield: 96% (180.7 mg). Mp: 157 °C (dec). Anal. Calcd for
C10H14N4Cl2OZn: C, 35.06; H, 4.12; N, 16.36. Found: C, 35.31; H,
4.11; N, 16.62. High resolution ESI+-MS (MeOH, m/z): 207.1242 ([L
+ H]+, calcd 207.1240), 305.0140 ([M − Cl]+, calcd 305.0142),
511.1311 ([M − Cl + L]+, calcd 511.1310), 549.1051 ([M + L + H]+,
calcd 549.1048). ATR-FTIR (ZnSe, selected bands, cm−1): 3390 (m),
3335 (m-s) ν(NH)amide, 3321(sh) ν(NH)imine. IR (KBr, selected
bands, cm−1): 2962 (w), 2932 (w) ν(CH); 1659 (s) ν(CN)oxime;
1643 (vs) ν(CN)imine and δ(NH). CP-MAS TOSS 13C NMR
(δ): 162.14, 160.60 (C6H5C(N)NH2 and OC(N)
N(CH3)2); 136.24, 131.18, 129.42 (C6H5); 40.28, 37.27 (N(CH3)2).
Crystals suitable for X-ray diffraction were obtained by a slow
evaporation of methanol−nitromethane solution at RT in air.

3c. Yield: 86% (178.1 mg). Mp: 151 °C (dec). Anal. Calcd for
C7H14N4Cl2O2Zn: C, 26.07; H, 4.38; N, 17.37. Found: C, 26.19; H,
4.52; N, 17.29. High resolution ESI+-MS (MeOH, m/z): 187.1198 ([L
+ H]+, calcd 187.1190), 285.0083 ([M − Cl]+, calcd 285.0091),
509.0939 ([M + L + H]+, calcd 509.0946). ATR-FTIR (ZnSe, selected
bands, cm−1): 3419 (m), 3328 (m-s) ν(NH)amide, 3307 (m) ν(N
H)imine. IR (KBr, selected bands, cm−1): 2955 (w-m), 2920 (w-m),
2860 (w-m) ν(CH); 1666 (s) ν(CN)oxime; 1632 (vs) ν(C
N)imine and δ(NH). CP-MAS TOSS 13C NMR (δ): 159.35, 157.10
(CH3C(N)NH2 and OC(N)N(CH2)2); 66.38 (O-
(CH2)2); 47.58, 46.72 (N(CH2)2); 17.13 (CH3C). Crystals suitable
for X-ray diffraction were obtained by a slow evaporation of
methanol−ethyl acetate solution at RT in air.

3d. Yield: 87% (183.9 mg). Mp: 142 °C (dec). Anal. Calcd for
C12H16N4Cl2O2Zn: C, 37.48; H, 4.19; N, 14.57. Found: C, 37.40; H,
4.19; N, 14.66. High resolution ESI+-MS (MeOH, m/z): 249.1338 ([L
+ H]+, calcd 249.1346), 347.0243 ([M − Cl]+, calcd 347.0248),
595.1516 ([M − Cl + L]+, calcd 595.1521), 633.1253 ([M + L + H]+,
calcd 633.1261). ATR-FTIR (ZnSe, selected bands, cm−1): 3395 (m),
3329(sh) ν(NH)amide, 3315 (m) ν(NH)imine. IR (KBr, selected
bands, cm−1): 2968 (w), 2907 (w), 2864 (w) ν(CH); 1653 (s)
ν(CN)oxime; 1628 (vs) ν(CN)imine and δ(NH). CP-MAS TOSS
13C NMR (δ): 161.71, 159.13 (C6H5C(N)NH2 and OC(
N)N(CH2)2); 133.84, 133.00, 129.57, 128.06, 126.83 (C6H5); 67.15
(O(CH2)2); 45.78 (N(CH2)2). Crystals suitable for X-ray diffraction
were obtained by a slow evaporation of methanol−ethyl acetate
solution at RT in air.

3e. Yield: 95% (190.0 mg). Mp: 193 °C (dec). Anal. Calcd for
C10H12N4Cl2O2Zn: C, 33.69; H, 3.39; N, 15.72. Found: C, 33.45; H,
3.29; N, 15.98. High resolution ESI+-MS (MeOH, m/z): 221.1039 ([L
+ H]+, calcd 221.1033), 283.0181 ([M − 2Cl − H]+, calcd 283.0168),
318.9931 ([M − Cl]+, calcd 318.9935), 503.1137 ([M − 2Cl − H +
L]+, calcd 503.1128), 539.0890 ([M − Cl + L]+, calcd 539.0895).
ATR-FTIR (ZnSe, selected bands, cm−1): 3414 (m), 3338 (m-s), 3243
(m) ν(NH)amide, 3215 (sh) ν(NH)imine. IR (KBr, selected bands,
cm−1): 3069 (w) ν(CH); 1709 (vs) ν(CO); 1663 (s) ν(C
N)oxime; 1643 (vs) ν(CN)imine and δ(NH). CP-MAS TOSS 13C
NMR (δ): 170.32 (CO); 159.76, 157.19 (CH3C(N)NH2
and OC(N)NH); 135.84, 134.74, 132.68, 131.73, 129.68,
128.87 (C6H5); 16.33 (CH3). Crystals suitable for X-ray diffraction
were obtained by a slow evaporation on methanol-nitromethane
solution at RT in air.

3f. Yield: 93% (211.7 mg). Mp: 113 °C (dec). Anal. Calcd for
C15H14N4Cl2O2Zn: C, 43.04; H, 3.37; N, 13.38. Found: C, 43.06; H,
3.20; N, 13.68. High resolution ESI+-MS (MeOH, m/z): 283.1179 ([L
+ H]+, calcd 283.1190), 381.0080 ([M − Cl]+, calcd 381.0091),
627.1404 ([M − 2Cl − H + L]+, calcd 627.1441), 663.1197 ([M − Cl
+ L]+, calcd 663.1208). ATR-FTIR (ZnSe, selected bands, cm−1):
3471 (m), 3333 (m-s), 3249 (sh) ν(NH)amide, 3218 (m-s) ν(N
H)imine. IR (KBr, selected bands, cm−1): 3061 (w), 3005 (w), 2922
(w), 2853 (w) ν(CH); 1717 (vs) ν(CO); 1659 (m) ν(C
N)oxime; 1636 (vs) ν(CN)imine and δ(NH). CP-MAS TOSS 13C
NMR (δ): 168.64 (CO), 158.54, 155.47 (C6H5C(N)NH2
and OC(N)NH); 134.20, 131.80, 129.17, 126.65 (2C6H5).

3g. Yield: 75% (129.3 mg). Mp: 175 °C (dec). Anal. Calcd for
C14H13N3Cl2OZn: C, 34.48; H, 3.54; N, 13.40. Found: C, 34.47; H,
3.61; N, 13.37. High resolution ESI+-MS (MeOH, m/z): 178.0986 ([L
+ H]+, calcd 178.0975), 275.9886 ([M − Cl]+, calcd 275.9877). ATR-
FTIR (ZnSe, selected bands, cm−1): 3403 (m), 3316 (m-s) ν(N
H)amide, 3198 (m-s) ν(NH)imine. IR (KBr, selected bands, cm−1):
1666 (m) ν(CN)oxime; 1630 (vs) ν(CN)imine and δ(NH). CP-
MAS TOSS 13C NMR (δ): 167.35, 157.72 (CH3C(N)NH2
and OC(N)C); 136.41, 130.61, 129.14, 124.13 (C6H5), 17.49
(CH3).
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3h. Yield: 87% (179.6 mg). Mp: 189 °C (dec). Anal. Calcd for
C14H13N3Cl2OZn: C, 44.77; H, 3.49; N, 11.19. Found: C, 44.74; H,
3.33; N, 11.36. High resolution ESI+-MS (MeOH, m/z): 240.1137 ([L
+ H]+, calcd 240.1131), 338.0038 ([M − Cl]+, calcd 338.0033). ATR-
FTIR (ZnSe, selected bands, cm−1): 3378 (m), 3276 (m-s) ν(N
H)amide, 3181 (m-s) ν(NH)imine. IR (KBr, selected bands, cm−1):
1630 (m) ν(CN)oxime and ν(CN)imine and δ(NH). CP-MAS
TOSS 13C NMR (δ): 166.62, 161.09 (C6H5C(N)NH2 and
OC(N)C); 135.83, 133.03, 130.59, 128.37, 126.19, 123.05
(2C6H5).

3j. Yield: 88% (158.4 mg). Mp: 134 °C (dec). Anal. Calcd for
C14H13N3Cl2OZn: C, 36.67; H, 4.00; N, 12.83. Found: C, 36.77; H,
4.05; N, 12.80. High resolution ESI+-MS (MeOH, m/z): 192.1137 ([L
+ H]+, calcd 192.1131), 290.0031 ([M − Cl]+, calcd 290.0033). ATR-
FTIR (ZnSe, selected bands, cm−1): 3370 (m), 3287 (m-s) ν(N
H)amide, 3189 (m-s) ν(NH)imine. IR (KBr, selected bands, cm−1):
1631 (m) ν(CN)oxime and ν(CN)imine and δ(NH). 13C NMR
(CP-MAS TOSS 9 kHz, δ): CP-MAS TOSS 13C NMR (δ): 176.72,
160.67 (C6H5C(N)NH2 and OC(N)C); 134.92,
131.64, 130.55, 129.38, 127.01 (C6H5); 23.56 (CH2); 9.68 (CH3).
Preparation of [4a−f](p-TolSO3) and [4h](p-TolSO3). Prepara-

tion of [4a−d](p-TolSO3) and [4f](p-TolSO3). A solution of p-
toluenesulfonic acid monohydrate (200 μmol; 38 mg) in methanol (1
mL) was added to a stirred suspension of any of one 3a−d, 3f, and 3h
(190 μmol) in methanol (1 mL) in a 5 mL round-bottomed flask.
After homogenization of the solution (ca. 10 s), the solvent was
evaporated in vacuo at RT. An oily residue was crystallized under ethyl
acetate (1.5 mL) under ultrasound treatment and the precipitate
formed was filtered off. Powders of [4a−d](p-TolSO3) were dried at
RT in air, whereas powders of [4f](p-TolSO3) and [4h](p-TolSO3)
were dried in vacuo at 10 mbar for 1 h.

[4a](p-TolSO3). Yield: 97% (58.2 mg). Mp: 123−126 °C (dec).
Anal. Calcd for C12H20N4O4S: C, 45.56; H, 6.37; N, 17.71. Found: C,
45.49; H, 6.45; N, 17.80. High resolution ESI+-MS (MeOH, m/z):
145.1087 ([L + H]+, calcd 145.1084). High resolution ESI−-MS
(MeOH, m/z): 171.0114 ([p-TolSO3]

−, calcd 171.01211). ATR-FTIR
(ZnSe, selected bands, cm−1): 3415 (m), 3344 (m) ν(NH)amide,
3326 (m), 3181 (m-s) ν(NH)iminium. IR (KBr, selected bands,
cm−1): 2951 (w), 2922 (w) ν(CH); 1693 (vs), 1670 (vs) ν(CN);
1165 (vs), 1117 (vs) ν(SO). 1H NMR ((CD3)2SO, δ): 8.66 (s, br,
1H, NH2), 8.42 (s, br, 1H, NH2), 7.48 (d, 2H, o-CH)anion, 7.12
(d, 2H, m-CH)anion, 7.08 (s, br, 1H, −NH2), 6.81 (s, br, 1H, −NH2),
3.05 (s, br, 6H, N(CH3)2), 2.29 (s, 3H, CH3)anion, 1.85 (s, 3H, CH3).
CP-MAS TOSS 13C NMR (δ): 168.80, 159.99 (CH3C(N)
NH2 and OC(N)N(CH3)2); 144.18, 139.71, 133.22, 129.79,
127.57, 125.24 (CH3C6H4SO3); 37.97 (N(CH3)2); 20.93
(CH3C6H4SO3); 17.89 (CH3C).

[4b](p-TolSO3). Yield: 99% (71.1 mg). Mp: 135−139 °C (dec).
Anal. Calcd for C17H22N4O4S: C, 53.95; H, 5.86; N, 14.80. Found: C,
54.01; H, 5.73; N, 14.87. High resolution ESI+-MS (MeOH, m/z):
207.1235 ([L + H]+, calcd 207.1240). High resolution ESI−-MS
(MeOH, m/z): 171.015 ([p-TolSO3]

−, calcd 171.0121). ATR-FTIR
(ZnSe, selected bands, cm−1): 3391 (m), 3336 (m-s) ν(NH)amide,
3321 (sh), 3215 (w-m) ν(NH)iminium. IR (KBr, selected bands,
cm−1): 3065 (w), 2922 (w) ν(CH); 1684 (vs), 1647 (vs) ν(CN);
1246 (s), 1175 (vs) ν(SO). 1H NMR ((CD3)2SO, δ): 8.76 (s, br,
1H, NH2), 8.60 (s, br, 1H, NH2), 7.86 (d, 2H, o-CH), 7.58 (t,
1H, p-CH), 7.537.46 (m, 4H, o-CHanion and m-CH), 7.35 (s, br, 2H,
−NH2), 7.11 (d, 2H, m-CH)anion, 3.15 (s, br, 3H, NCH3), 3.11 (s, br,
3H, NCH3), 2.29 (s, 3H, CH3)anion. CP-MAS TOSS 13C NMR (δ):
158.87, 156.36 (C6H5C(N)NH2 and OC(N)N-
(CH3)2); 146.22, 138.75, 133.57, 131.50, 130.99, 130.04, 129.55,
128.04, 126.73 (C6H5 + CH3C6H4SO3); 37.84, 36.01 (N(CH3)2);
21.28 (CH3C6H4SO3). Crystals suitable for X-ray diffraction were
obtained by a slow evaporation of acetone solution at RT in air.

[4c](p-TolSO3). Yield: 98% (66.7 mg). Mp: 91−95 °C (dec). Anal.
Calcd for C14H22N4O5S: C, 46.92; H, 6.19; N, 15.63. Found: C, 46.93;
H, 6.39; N, 15.58. High resolution ESI+-MS (MeOH, m/z): 187.1201
([L + H]+, calcd 187.1190). High resolution ESI−-MS (MeOH, m/z):
171.0108 ([p-TolSO3]

−, calcd 171.0121). ATR-FTIR (ZnSe, selected
bands, cm−1): 3420 (m), 3330 (m-s) ν(NH)amide, 3310 (sh), 3191
(m) ν(NH)iminium. IR (KBr, selected bands, cm−1): 3188 (w-m),
ν(CH); 1672 (s), 1642 (s) ν(CN); 1186 (s), 1128 (vs) ν(S
O). 1H NMR ((CD3)2SO, δ): 8.92 (s, br, 1H,NH2), 8.65 (s, br, 1H,NH2), 7.48 (d, 2H, o-CH)anion, 7.11 (d+s, br, 3H, m-CH and
−NH2)anion, 6.91 (s, br, 1H, −NH2), 3.73−3.54 (m, 8H, N-
(CH2CH2)2O), 2.29 (s, 3H, CH3)anion, 1.86 (s, 3H, CH3). CP-MAS
TOSS 13C NMR (δ): 161.77, 159.44 (CH3C(N)NH2 and O
C(N)N(CH2)2); 142.37, 141.25, 140.39, 139.43, 130.35, 126.26
(CH3C6H4SO3); 68.29, 65.72 (O(CH2)2); 44.83, 44.35 (N(CH2)2);
22.80 (CH3C6H4SO3); 19.35 (CH3C).

[4d](p-TolSO3). Yield: 93% (74.2 mg). Mp: 123−128 °C (dec).
Anal. Calcd for C19H24N4O5S: C, 54.27; H, 5.75; N, 13.32. Found: C,
54.19; H, 5.62; N, 13.47. High resolution ESI+-MS (MeOH, m/z):
249.1348 ([L + H]+, calcd 249.1346). High resolution ESI−-MS
(MeOH, m/z): 171.0117 ([p-TolSO3]

−, calcd 171.0121). ATR-FTIR
(ZnSe, selected bands, cm−1): 3390 (m), 3324 (m) ν(NH)amide,
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3279 (m), 3239 (m-s) ν(NH)iminium. IR (KBr, selected bands,
cm−1): 2986 (w), 2928 (w), 2868 (w) ν(CH); 1676 (s), 1659 (vs)
ν(CN); 1200 (s), 1182 (vs) ν(SO). 1H NMR ((CD3)2SO, δ):
9.07 (s, br, 1H, NH2), 8.82 (s, br, 1H, NH2), 7.86 (d, 2H, o-CH),
7.58 (t, 1H, p-CH), 7.53−7.46 (m, 4H, o-CHanion and m-CH), 7.43 (s,
br, 2H, −NH2), 7.11 (d, 2H, m-CH)anion, 3.83−3.50 (m, 8H,
N(CH2CH2)2O), 2.29 (s, 3H, CH3)anion. CP-MAS TOSS 13C NMR
(δ): 159.61, 155.02 (C6H5C(N)NH2 and OC(N)
N(CH2)2); 145.14, 140.79, 131.42, 130.10, 128.72, 127.57, 126.74
(C6H5 + CH3C6H4SO3); 65.57, 63.67 (O(CH2)2); 43.93 (N(CH2)2);
21.99 (CH3C6H4SO3). Crystals suitable for X-ray diffraction were
obtained by a slow evaporation of a methanol−nitromethane solution
at RT in air.

[4f](p-TolSO3). Yield: 79% (68.2 mg). Mp: 138−146 °C (dec).
Anal. Calcd for C22H22N4O5S: C, 58.14; H, 4.88; N, 12.33. Found: C,
57.99; H, 4.76; N, 12.49. High resolution ESI+-MS (MeOH, m/z):
283.1184 ([L + H]+, calcd 283.1190), 565.2293 ([2L + H]+, calcd
565.2306), 737.2464 ([2L + H + p-TolSO3H]

+, calcd 737.2500). High
resolution ESI−-MS (MeOH, m/z): 171.0163 ([p-TolSO3]

−, calcd
171.0121). ATR-FTIR (ZnSe, selected bands, cm−1): 3419 (m), 3342
(m-s), 3297 (m-s) ν(NH)amide, 3239 (m), 3139 (m) ν(N
H)iminium. IR (KBr, selected bands, cm−1): 3067 (w), 3024 (w), 2916
(w) ν(CH); 1711 (vs) ν(CO); 1653 (m), 1647 (s) ν(CN);
1177 (s), 1125 (m-s) ν(SO). 1H NMR ((CD3)2SO, δ): 10.32 (s, br,
2H, NH2), 8.06 (d, 2H, o-CH), 7.92 (d, 2H, o-CH), 7.74 (t, 1H, p-
CH), 7.62 (t, 2H, m-CH), 7.60 (t, 1H, p-CH), 7.53 (t, 2H, m-CH),
7.48 (d, 2H, o-CH)anion, 7.37 (s, br, 2H, −NH2), 7.12 (d, 2H, m-
CH)anion, 2.29 (s, 3H, CH3)anion. CP-MAS TOSS 13C NMR (δ):
168.28 (CO); 160.40, 155.32 (C6H5C(N)NH2 and O
C(N)NH); 143.49, 140.83, 133.40, 131.44, 130.35, 128.59
(2C6H5 and CH3C6H4SO3); 20.25 (CH3C6H4SO3).

[4h](p-TolSO3). Yield: 88% (68.7 mg). Mp: 118−125 °C (dec).
Anal. Calcd for C21H21N3O4S: C, 61.30; H, 5.14; N, 10.21. Found: C,
61.80; H, 5.17; N, 10.17. High resolution ESI+-MS (MeOH, m/z):
240.1136 ([L + H]+, calcd 240.1131). High resolution ESI−-MS
(MeOH, m/z): 171.0122 ([p-TolSO3]

−, calcd 171.0121). ATR-FTIR
(ZnSe, selected bands, cm−1): 3315 (m), 3205 (m) ν(NH)amide,
3059 (m), 2996 (m-s) ν(NH)iminium. IR (KBr, selected bands,
cm−1): 2933 (w), 2907 (w) ν(CH); 1671 (vs), 1655 (vs) ν(CN);
1165 (vs), 1117 (vs) ν(SO). 1H NMR ((CD3)2SO, δ): 10.88 (s, br,
2H, NH2), 8.33 (d, 2H, o-CH), 7.95 (d, 2H, o-CH), 7.86 (t, 1H, p-
CH), 7.77 (s, br, 2H, −NH2), 7.69 (t, 2H, m-CH), 7.62 (t, 1H, p-CH),
7.54 (t, 2H, m-CH), 7.50 (d, 2H, o-CH)anion, 7.12 (d, 2H, m-CH)anion,
2.29 (s, 3H, CH3)anion. CP-MAS TOSS 13C NMR (δ): 171.02, 159.6
(C6H5C(N)NH2 and OC(N)C6H5); 138.25, 136.05,
132.14, 130.14, 129.74, 129.07, 128.31, 125.97, 124.54 (2C6H5 and
CH3C6H4SO3); 21.23 (CH3C6H4SO3).
Preparation of [4e](p-TolSO3). A solution of p-TolSO3H·H2O (190

μmol; 36.1 mg) in methanol (1 mL) was added to a stirred suspension
of 3e (190 μmol) in methanol (1 mL) placed in a 5 mL round

bottomed flask. After homogenization of the solution (ca. 10 s), solid
tetramethylammonium chloride (380 μmol; 41.6 mg) was added to
the solution and the reaction mixture left to stand for 5 min,
whereupon the solvent was evaporated in vacuo at RT. A precipitate
formed was treated with acetone (5 mL), and the solution was
separated by filtration from the solid (NMe4)2[ZnCl4]. The solvent
was evaporated in vacuo at RT, and an oily residue was crystallized
from acetone−hexane mixture (0.4 and 2.0 mL, correspondingly).
Powder of [4e](p-TolSO3) contaminated with ca. 4 mol % (based
upon 1H NMR) (NMe4)2[ZnCl4] was dried at 10 mbar for 1 h at RT.

[4e](p-TolSO3). Yield: 87% (64.8 mg, calcd for pure substance).
Mp: 135−145 °C (dec). Anal. Calcd for C17H20N4O5S: C, 52.03; H,
5.14; N, 14.28. Found: C, 52.10; H, 4.98; N, 14.15. High resolution
ESI+-MS (MeOH, m/z): 221.1042 ([L + H]+, calcd 221.1033),
613.2169 ([2L + H + p-TolSO3H]

+, calcd 613.2187). High resolution
ESI−-MS (MeOH, m/z): 171.0123 ([p-TolSO3]

−, calcd 171.0121).
ATR-FTIR (ZnSe, selected bands, cm−1): 3425 (m), 3371 (m),
3333(sh) ν(NH)amide, 3317 (m-s), 3212 (m-s) ν(NH)iminium. IR
(KBr, selected bands, cm−1): 2922 (w), 2854 (w), 2781 (w) ν(CH);
1709 (vs) ν(CO); 1686 (m), 1647 (vs) ν(CN); 1179 (s), 1123
(s) ν(SO). 1H NMR ((CD3)2SO, δ): 10.18 (s, br, 2H, NH2),
8.05 (d, 2H, o-CH), 7.73 (t, 1H, p-CH), 7.59 (t, 2H, m-CH), 7.48 (d,
2H, o-CH)anion, 7.31 (s, br, 1H, −NH2), 7.12 (d, 2H, m-CH)anion, 6.78
(s, br, 1H, −NH2), 2.30 (s, 3H, CH3)anion, 1.91 (s, 3H, CH3). CP-MAS
TOSS 13C NMR (δ): 170.19, 167.38 (CO); 161.42, 158.91 (CH3
C(N)NH2 and OC(N)NH); 143.45, 142.50, 140.17,
133.22, 132.11, 129.66, 128.21, 126.36 (C6H5 and CH3C6H4SO3);
22.58 (CH3C6H4SO3); 16.79, 15.83 (CH3C).

Generation of Iminoacyl Amidoximes and Monitoring of
Their Further Conversions. A mixture of any of the imino
complexes trans-PtCl4{HNC(R)ONC(R′)NH2}2] (R/R′ = Et/
Me, Et/CH2Ph, Et/Ph, Ph/Ph) (0.06 mmol) and NaCN (17.7 mg,
0.36 mmol) was dissolved in DMSO-d6 (0.56 mL) at room
temperature to produce the uncomplexed imine HNC(R)ON
C(R′)NH2. The completeness of the liberation was monitored by 1H
NMR. The product was detected by 1H NMR spectroscopy after 5
min, whereupon it was characterized by 13C{1H} NMR method (total
acquisition time is ca. 2 h). 1H and 13C{1H} NMR monitoring
indicates the iminoacyl amidoximes, after the liberation, undergo
further conversion by two routes to give, first, the parent nitrile and
amidoxime in the retro-coupling and, second, to produce 3,5-
substituted 1,2,4-oxadiazoles. Generation of these heterocycles was
confirmed by comparison of their NMR characteristics with those for
the corresponding oxadiazoles obtained by the independent
syntheses.12a

Generation of Previously Known 5a−b, 5d, 5f−g, 5h, and 5j.
Salts [4a−b](p-TolSO3), [4d](p-TolSO3), [4f−g](p-TolSO3),
[4h](p-TolSO3), and [4j](p-TolSO3) (30 μmol) were dissolved in
(CD3)2SO, CD3OD, or a CD3OD/D2O mixture (1/1, v/v) (600 μL)
at RT and then they were kept at 65 °C for certain time indicated in
Table S1 (Supporting Information). [4g](p-TolSO3) and [4j](p-
TolSO3) were generated in situ from 3g and 3j (30 μmol),
respectively, at 65 °C in the appropriate solvents. The completeness
of the reaction and yields of the heterocycles were determined by 1H
NMR.

Preparation of 3-Methyl-5-(4-morpholyl)-1,2,4-oxadiazole.
Iminium salt [4c](p-TolSO3) (419 μmol; 150.0 mg) was dissolved in
methanol−water mixture (1.5/1.5 mL) at RT, and the solution was
kept at 65 °C for 12 h, whereupon the reaction mixture was treated
with water (5 mL) and the title heterocycle was extracted with two 10
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mL portions of dichloromethane. The organic phase was dried over
anhydrous Na2SO4 for 3 h, and the resulting solution was passed
through 1 cm3 of silica gel (Merck 70−230 Mesh). The solvent was
evaporated in vacuo to give a colorless powder of 5c.

5c. Yield: 75% (53.1 mg). Mp: 78−80 °C. Anal. Calcd for
C7H11N3O2: C, 49.70; H, 6.55; N, 24.84. Found: C, 49.66; H, 6.54; N,
24.77. High resolution ESI+-MS (MeOH, m/z): 170.0923 ([M + H]+,
calcd 170.0924), 192.0741 ([M + Na]+, calcd 192.0743). IR (KBr,
selected bands, cm−1): 2978 (s), 2934 (s), 2874 (s) ν(CH); 1632
(s), 1620 (s) ν(CN). 1H NMR (CDCl3, δ): 2.23 (s, 3H, CH3), 3.61
(t, 4H, N(CH2)2), 3.78 (t, 4H, O(CH2)2).

13C{1H} NMR (CDCl3, δ):
170.83, 167.86 (OC(N)N(CH2)2 and Me(CN)N);
66.04 (O(CH2)2); 45.88 (N(CH2)2); 11.86 (CH3).
Preparation of 3-Methyl-5-(benzoylamino)-1,2,4-oxadia-

zole. Complex 3e (522 μmol; 190.0 mg) was dissolved in a solution
of p-TolSO3H·H2O (550 μmol; 104.5 mg) in dimethyl sulfoxide (2.5
mL). The solution obtained was kept at 65 °C for 1 h, whereupon a
solution of Na2S·H2O (550 μmol; 132 mg) in H2O (12 mL) was
added and colorless precipitate of ZnS was formed. After 15 min the
precipitate was filtered off and the solution was treated by EtOAc (two
10 mL portions). The organic phase was separated and dried over
anhydrous Na2SO4. The volume of the solution was reduced to ca. 5
mL in vacuo, and hexane (15 mL) was added to the solution. Colorless
precipitate formed was filtered off and dried at RT in air.

5e. Yield: 71% (75.2 mg). Mp: 145 °C. Anal. Calcd for C10H9N3O2:
C, 59.11; H, 4.46; N, 20.68. Found: C, 59.17; H, 4.46; N, 20.88. High
resolution ESI+-MS (MeOH, m/z): 204.0759 ([M + H]+, calcd
204.0768), 226.0577 ([M + Na]+, calcd 226.0587). High resolution
ESI−-MS (MeOH, m/z): 202.0613 ([M − H]−, calcd 202.0611). IR
(KBr, selected bands, cm−1): 2928 (w) ν(CH); 1632 (vs) ν(C
O); 1572 (s) ν(CN)oxime; 1558 (vs) ν(CN)nitrile and δ(NH)
1H NMR ((CD3)2SO, δ): 8.14 (d, br, 2H, o-CH), 7.49 (m, 3H, m-, p-
CH), 2.29 (s, 3H, CH3).

13C{1H} NMR ((CD3)2SO, δ): 175.21,
170.45 (OC(N)N(CH2)2 and Me(CN)N); 167.22
(CO); 135.64, 134.45, 129.02, 128.10 (C6H5); 16.36 (CH3).
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M.; Frauśto da Silva, J. J. R.; Kukushkin, V. Yu. Eur. J. Inorg. Chem.
2005, 2005, 3467−3471.
(25) (a) Kopylovich, M. N.; Kirillov, A. M.; Tronova, E. A.; Haukka,
M.; Kukushkin, V. Yu.; Pombeiro, A. J. L. Eur. J. Inorg. Chem. 2010,
2425−2432. (b) Kopylovich, M. N.; Haukka, M.; Kirillov, A. M.;
Kukushkin, V. Yu.; Pombeiro, A. J. L. Inorg. Chem. Commun. 2008, 11,
117−120. (c) Pavlishchuk, V. V.; Kolotilov, S. V.; Addison, A. W.;
Prushan, M. J.; Butcher, R. J.; Thompson, L. K. Inorg. Chem. 1999, 38,
1759−1766. (d) Pavlishchuk, V. V.; Kolotilov, S. V.; Addison, A. W.;

Prushan, M. J.; Butcher, R. J.; Thompson, L. K. Chem. Commun. 2002,
468−469. (e) Kopylovich, M. N.; Haukka, M.; Kirillov, A. M.;
Kukushkin, V. Yu.; Pombeiro, A. J. L. Chem.−Eur. J. 2007, 13, 786−
791. (f) Kopylovich, M. N.; Pombeiro, A. J. L.; Fischer, A.; Kloo, L.;
Kukushkin, V. Yu. Inorg. Chem. 2003, 42, 7239−7248.
(26) Kopylovich, M. N.; Kukushkin, V. Yu.; Guedes da Silva, M. F.
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