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ABSTRACT: The reactions of cis-[MoCl(7*-methallyl)(CO),(NCMe),]
(methallyl = CH,C(CH,)CH,) with Na(NCNCN) and pz*H (pzH, pyrazole,
or dmpzH, 3,5-dimethylpyrazole) lead to cis-[Mo(*-methallyl) (CO),(pz*H)-
(u-NCNCN-k’N,N)], (pzH, la; dmpzH, 1b), where dicyanamide is
coordinated as bridging ligand. Similar reactions with fac-[MnBr-
(CO);(NCMe),] lead to the pyrazolylamidino complexes fac-[Mn(pz*H)-
(CO);(NH=C(pz*)NCN-x*N,N)] (pzH, 2a; dmpzH, 2b), resulting from the
coupling of pyrazol with one of the CN bonds of dicyanamide. The second
CN bond of dicyanamide in 2a undergoes a second coupling with pyrazole
after addition of 1 equiv of fac-[MnBr(CO);(pzH),], yielding the dinuclear

doubly coupled complex [{fac-Mn(pzH)(CO);},(u-NH=C(pz)NC(pz)

=NH-«*N,N,N,N)]Br (3). The crystal structure of 3 reveals the presence of two isomers, cis or trans, depending on whether
the terminal pyrazoles are coordinated at the same or at different sides of the approximate plane defined by the bridging bis-
amidine ligand. Only the cis isomer is detected in the crystal structure of the perchlorate salt of the same bimetallic cation (4),
obtained by metathesis with AgClO,. All the N-bound hydrogen atoms of the cations in 3 or 4 are involved in hydrogen bonds.
Some of the C—N bonds of the pyrazolylamidino ligand have a character intermediate between single and double, and theoretical
studies were carried out on 2a and 3 to confirm its electronic origin and discard packing effects. Calculations also show the
essential role of bromide in the planarity of the tetradentate ligand in the bimetallic complex 3.

B INTRODUCTION

We have recently described new pyrazolylamidino complexes
obtained from the reactions of pyrazoles and nitriles in the
presence of manganese- and rhenium(I) metal centers.' There
are not many examples of this reaction,"”> even though
pyrazolylamidino ligands present several interesting features:
(a) they are synthesized in situ by an addition of the N—H
bond of the pyrazole across the nitrile C—N triple bond
(Scheme 1);* thus, using different nitriles and pyrazoles may
give rise to new bidentate chelating ligands of distinct electronic
and steric properties; (b) the NH group may give rise to further
reactivity, as it may be involved in noncovalent interactions or
may be deprotonated; (c) the different properties of the two
donor atoms and the electron delocalization within the ligand
makes them potentially interesting for electron transfer

Scheme 1. General Method for the Synthesis of
Pyrazolylamidino Complexes
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processes and related physical properties. The mechanism of
this reaction remains unclear, although it is generally assumed
to be a intramolecular nucleophilic attack of the pyrazole to the
nitrile,”™ intermolecular paths have been also proposed,
depending on the electronic configuration of the metal
center.””

Considering the possibility of using different precursors, we
decided to extend this study to sodium dicyanamide, which
contains two CN bonds capable of undergoing nucleophilic
addition by pyrazoles. In fact, the coupling of pyrazoles and
pseudohalides such as dicyanamide, tricyanomethanide, or
nitrosodicyanomethanide to form new chelating ligands have
already been described for different transition metals.* In our
case, the behavior of the dicyanamide/pyrazole system depends
on the metallic substrate used.

B RESULTS AND DISCUSSION

Molybdenum Complexes. The reactions of cis-[MoCl(>-
methallyl) (CO),(NCMe),] with Na(NCNCN) and pzH or
dmpzH in a 1/1/1 ratio in tetrahydrofuran (thf) at 60 °C for 1
h lead to cis-[Mo(#n*-methallyl)(CO),(pzH)(u-NCNCN-
K*N,N)], (1a), or cis-[Mo(5*-methallyl)(CO),(dmpzH) (u-
NCNCN-¥’N,N)], (1b), as yellow solids (Scheme 2). The
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Scheme 2. Syntheses of Complex 1
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same products are obtained when excess of pyrazole is used.
Pyrazolylamidino complexes were never detected even when
more drastic reaction conditions were used. This can not be
considered surprising, since no pyrazolylamidino products
could be isolated when cis-[MoCI(7*-methallyl)-
(CO),(NCMe),] was treated with pyrazoles in acetonitrile.
These results contrast with the report of the only
pyrazolylamidino molybdenum complex reported so far, fac-
[MoBr(i*-allyl) (CO),(NH=C(CH,)pz-k*N,N)], described in
1987 after the reaction of fac- MO(CO)3(NCMe) with
Na[Me,Ga(pz) (OC4H,NH,)] and allylbromide.”

Compound 1b could be crystallografically characterized
(Figure 1 and Table 1).° The resulting determination is poor

Ci8) N4

NG?

Figure 1. Perspective view of cis-[Mo(i7*-methallyl)(CO),(dmpzH)-
(u-NCNCN-k*N,N)], (1b), showing the atom numbering. Ellipsoids
are drawn at 30% probability.

(high residuals) because of the low quality of the crystal, but
the structure is included here since it confirms unambiguously
the connectivity of the molecule. Both molybdenum atoms are
pseudo-octahedrally coordinated, assuming that the methallyl
group occupies one site. The terminal carbon atoms of the
methallyl group are oriented over the carbonyl groups, as has
been demonstrated to be the most energetically favorable
arrangement The complex is a quasi-symmetric dimer where
two dicyanamides bridge two “cis-Mo(#n’-methallyl)-
(CO),(dmpzH)” fragments, with the methallyl and dimethyl-
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Table 1. Selected Distances (A) and Angles (deg.) for cis-
[Mo(n -methallyl) (CO),(dmpzH) (u-NCNCN-k*N,N)],
(1b)*

Mo(1)-C(1) 2.03(3)
Mo(1)-C(2) 1.99(3)
Mo(1)-N(1) 2.29(2)
Mo(1)-N(3) 2.19(2)
Mo(1)—N(55) 2.34(2)
C(1)-Mo(1)-C(2) 79.7(11)
C(1)—Mo(1)-N(3) 169.6(9)
C(2)—Mo(1)-N(3) 99.3(9)
C(1)—Mo(1)—N(1) 86.1(9)
C(2)—Mo(1)-N(1) 86.8(10)
N(3)—Mo(1)-N(1) 83.5(8)
C(1)—Mo(1)—N(55) 98.1(10)
C(2)—Mo(1)—-N(55) 166.3(10)
N(1)—Mo(1)—N(55) 79.6(7)
N(3)—Mo(1)—-N(5S) 80.3(7)

pyrazole coordinated respectively trans. Only one of the two
possible diastereomers is detected in the structure: that with
both methallyl (or both pyrazoles) at the same side of the
approximate plane formed by the bridging dicyanamides and
the metal centers. A wide range of bimetallic complexes with
bridging dicyanamide are known,” although we have not been
able to find any precedent containing molybdenum.

The NMR spectra of la and 1b are not informative (see
Experimental Section). Both are very scarcely soluble, and their
spectra in Me,CO-d® or thf-d® display mixtures which can not
be identified. In an attempt to brake these processes in solution,
the NMR spectra were recorded immediately after dissolving
the solids at low temperature, but mixtures of the complexes
were also obtained. There are several reasons to explain the
origin of the species detected in the NMR spectra. The isomer
found in the solid structure may be described as cis, but the
presence of a trans isomer in solution can not be discarded. On
the other hand, allyldicarbonylmolybdenum(II) complexes
usually display a nondissociative trigonal twist process in
which there is an intramolecular rotation of the XL, triangular
face,® which would afford new sets of signals if it were slow
enough. Finally, the well-known lability of the metal-nitrile
bonds (Mo-NCNCN bonds in 1a and 1b), would lead to
decoordination of dicyanamide and eventually to the
decomposition of the complex, and in fact the solutions
became brown in a few minutes.

The IR spectra of 1a and 1b show two bands in the C—O
stretching region in solution, as expected for their cis-dicarbonyl
geometry. The frequencies are slightly higher for the complex
with pzH than those with dmpzH, as could be predicted
considering the better donor properties of dmpzH compared to
pzH.

Manganese Mononuclear Complexes. The reactions of
fac-[MnBr(CO);(NCMe),] with Na(NCNCN) and pzH or
dmpzH in a 1/1/2 ratio in thf at 60 °C for 6 h lead to fac-
[Mn(pzH)(CO);(NH=C(pz)NCN-’N,N)] (2a), or fac-
[Mn(dmpzH)(CO);(NH=C(dmpz)NCN-x’N,N)] (2b), as
yellow solids (Scheme 3, path “a”). The same products,
although in lower yields, are obtained when 1 equiv of the
pyrazole is used.

The IR spectra of 2a and 2b show three bands in the C—O
stretching region in solution, as expected for their fac-
tricarbonyl geometry. As described above for the molybdenum

dx.doi.org/10.1021/ic202631c | Inorg. Chem. 2012, 51, 6070—6080
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Scheme 3. Syntheses of Complexes 2 and 3
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complexes, the frequencies are slightly higher for the complex
with pzH than those with dmpzH, as could be predicted
considering the better donor properties of dmpzH compared to
pzH.
The NMR data (see Experimental Section) of the new
complexes do not provide important structural information,
except for a previously observed feature in complexes
containing both pyrazole and pirazolylamidino ligands, which
is the higher chemical shifts of the latter compared to
coordinated pyrazoles,'® or to the values previously reported
for coordinated nitrile.” The characterization in solution of 2b
was difficult because of its low stability and low solubility in
solution. The low stability generated '"H NMR spectra always
containing more signals than those expected, because of the
formation of different byproducts which could not be identified
(vide infra). Both complexes, 2a and 2b, could be crystallo-
graphically characterized (Figure 2 and Table 2).

Both structures confirm the coordination of a pyrazolylami-
dino ligand resulting from the addition of the N—H bond of the
pyrazole across one of the CN triple bonds in dicyanamide. As
far as we know, these are the first pyrazolylamidino complexes
crystallographically characterized that are derived from the
coupling of dicyanamide.

The structural data are essentially the same in both
complexes, and very similar to those found in previously
reported structures of halotricarbonylmanganese(I) complexes
containing a bidentate N-donor ligand.'® The distances and
angles found in the pyrazolylamidino ligands are also similar to
those found in pyrazolylamidino complexes obtained from
monodentate nitriles."”

The N-bound hydrogens are involved in intramolecular
hydrogen bonds with the free nitrogen atom in the dicyanamide
of an adjacent molecule [H(3)--N(7) 2.75 A and H(5)--N(7)
1.99 A for 2a; H(3)--N(7) 2.46 A and H(S)---N(7) 2.08 A for
2b]. These and the corresponding N---N distances (3.313 and
2.845 A for 2a, and 3.146 and 2.936 A for 2b, respectively) and
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Figure 2. Perspective view of fac-[Mn(pzH)(CO);(NH=C(pz)-
NCN-*N,N)] (2a) (above), and fac-[Mn(dmpzH)(CO),(NH=
C(dmpz)NCN-<’N,N)] (2b) (below), showing the atom numbering.
Ellipsoids are drawn at 30% probability.

N—H:-N angles (125 and 178° for 2a, and 137 and 174° for
2b, respectively) confirm the presence of a hydrogen bond
which may be considered between “weak” and “moderate”.""
Two resonance forms may be drawn for the new
pyrazolylamidino ligand derived from dicyanamide, depending
on which nitrogen atom is bearing the negative charge (Scheme
4). In resonance form A, the negative charge is located on the
nitrogen donor atom; therefore, it is the expected for a
traditional anionic ligand. In form B, the negative charge is
placed on the central nitrogen atom of dicyanamide, thus giving
rise to a zwitterionic complex. The N(3)—C(4) and C(4)—
N(6) distances in the crystal structures (Table 2) are very
similar [1.286(4) vs 1.332(4) for 2a, and 1.296(4) vs 1.342(4)
for 2b] and seem to point to a resonance hybrid where both
resonance forms contribute similarly. However, the similarity of
that bond distances may have been caused either by electronic
or by packing effects, and therefore a theoretical study was
carried out on 2a to determine the origin of that feature.
Starting from the crystallographic coordinates, the geometry
was optimized using density functional theory (DFT) methods
(see Experimental Section) reaching a minimum with bond
distances and angles that compare well with the experimental
ones (Figure 3 and Table 2). A NBO study was then performed
on the minimum geometry to calculate the Wiberg indexes of
the two N—C bonds, and the results are collected in Table 2.
The Wiberg indexes of the N(3)—C(4) and C(4)—N(6) bonds
are 1.40 and 1.42, respectively, indicating that both bonds have
a bond order intermediate between single and double.
Therefore, the similarity in the values of those bond distances
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Table 2. Selected Distances (A) and Angles (deg.) for fac-
[Mn(pzH)(CO);(NH=C(pz)NCN-k’N,N)] (2a), and fac-
[Mn(dmpzH)(CO);(NH=C(dmpz)NCN-x’N,N)] (2b),
DFT-Optimized Distances (A) and Angles (deg.) for 2a and
Wiberg Bond Indexes for Selected Distances

Mn(1)-C(1)
Mn(1)-C(2)
Mn(1)-C(3)
Mn(1)—-N(1)
Mn(1)-N(3)
Mn(1)-N(4)
C(4)-N(3)
C(4)-N(6)
N(2)-C(4)
C(1)-Mn(1)-C(3)
C(1)-Mn(1)-C(2)
C(3)-Mn(1)-C(2)
C(1)-Mn(1)-N(3)
C(3)—Mn(1)-N(3)
C(2)—Mn(1)-N(3)
C(1)—Mn(1)-N(1)
C(3)-Mn(1)-N(1)
C(2)—Mn(1)-N(1)
N(3)-Mn(1)—-N(1)
C(1)—Mn(1)—-N(4)
C(3)—Mn(1)-N(4)
C(2)—Mn(1)-N(4)
N(3)—Mn(1)-N(4)
N(1)—Mn(1)-N(4)

2a

1.795(4)
1.803(4)
1.798(4)
2.026(2)
2.041(2)
2.070(2)
1.286(4)
1.332(4)
1.419(4)
88.41(14)
90.06(15)
89.61(13)
94.24(13)
97.50(12)
171.78(12)
92.89(13)
175.00(11)
95.21(11)
77.60(9)
178.76(13)
92.63(12)
90.62(11)
84.96(9)
86.01(9)

2b

1.815(5)
1.816(4)
1.822(4)
2.063(3)
2.028(3)
2.115(3)
1.296(4)
1.342(4)
1.426(4)
88.50(17)
88.8(2)
87.77(17)
94.04(16)
94.92(14)
176.12(16)
89.88(15)
171.38(14)
100.67(14)
76.75(11)
179.06(15)
92.16(15)
91.87(17)
85.24(13)
89.37(12)

2a
(calcd)
1.817
1.811
1.819
2.066
2.069
2.124
1.328
1.316
1.422
92.04
92.34
93.28
90.19
94.77
171.47
91.40
171.15
94.72
77.07
176.66
89.28
90.65
86.64
86.86

Wiberg
index
091
0.93
0.90

1.40
142
0.95

Scheme 4. Resonance Forms Proposed for the New
Pyrazolylamidino Ligand Derived from Dicyanamide
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Figure 3. Wiberg indexes of the relevant C—N bonds obtained from
the theoretical study on 2a.
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has an electronic origin and is not due to packing effects. It may
be concluded, then, that the best description for this ligand is
that depicted in Scheme 3 where the bond order from both N—
C bonds derived from dicyanamide is 1.5.

Manganese Binuclear Complexes. When 2a is main-
tained in solution in the reaction mixture, a new bimetallic
complex [{fac-Mn(pzH)(CO);},(u-NH=C(pz)NC(pz)=NH-
K*N,N,N,N)]Br, 3, is obtained as a mixture of isomers. The
formation of this complex may be interpreted considering the
process depicted in Scheme 3 (path “b”). The uncoordinated
C=N present in 2a may undergo a coupling process with a
second pyrazol. This second pyrazol should come from the
bis(pyrazol) complex, fac-[MnBr(CO);(pzH),], which occurs
as sideproduct in the coupling reactions to obtain pyrazolyla-
midino complexes.1 Therefore, the presence in solution of both
2a and fac-[MnBr(CO);(pzH),] should give rise to a second
coupling process, affording 3. As indicated above, the
mechanism of the coupling reaction is not straighforward, but
it is evident that both pyrazole and coordinated nitrile must be
in solution to obtain a pyrazolylamidino ligand.

The selective synthesis of 3 as a yellow solid was achieved
from the reaction of 2a with the stoichiometric amount of fac-
[MnBr(CO);(pzH),] in thf at room temperature for 4 h. The
attempts to isolate a similar complex to 3 with dmpzH, starting
from 2b, failed. As indicated before, 2b is unstable in solution,
and its 'H NMR spectra show always minor unidentified
signals, which could be due to a complex similar to 3, but
containing dmzH instead of pzH. However, all the attempts to
isolate or to synthesize this compound selectively failed.

Figure 4. Perspective view of [{fac-Mn(pzH)(CO);},(u-NH=
C(pz)NC(pz)=NH-«*N,N,N,N)]Br (3) showing the atom number-
ing. Ellipsoids are drawn at 30% probability.

The crystal structure of 3 (Figure 4 and Table 3) reveals the
presence of two isomers, depending on whether both
coordinated pyrazols are situated at the same side (cis, right
in Figure 4) or at opposite sides (trans, left in Figure 4) of the
approximate plane defined by the bridging ligand and the
metals. The complex is a dimer constituted by two “fac-
Mn(CO);(pzH)” fragments linked by the new bis-
(pirazolylamidino) ligand “NH=C(pz)NC(pz)=NH-
K*N,N,N,N”, which bridges both metallic fragments. The new
pyrazolylamidino ligand comes from the nucleophilic addition
of one pyrazole to each C=N group of dicyanamide, giving rise
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Table 3. Selected Distances (A) and Angles (deg) for [{fac-Mn(pzH)(CO);},(u-NH=C(pz)NC(pz)=NH-k*N,N,N,N)]A (A =

Br, 3; ClO,, 4)°

3cisa 3cisb 3 trans
Mn(1)-C(1) 1.791(13) 1.780(12) 1.786(11)
Mn(1)-C(2) 1.779(14) 1.811(12) 1.820(12)
Mn(1)—C(3) 1.814(12) 1.817(12) 1.800(11)
Mn(1)-N(1) 2.022(10) 2.015(8) 2.048(7)
Mn(1)-N(3) 2.021(7) 2.042(7) 2.029(6)
Mn(1)-N(8) 2.077(8) 2.091(8) 2.041(7)
N(1)-N(2) 1.344(12) 1.360(11) 1.357(9)
N(2)-C(14) 1.438(12) 1.406(11) 1.412(10)
N(3)-C(14) 1.291(12) 1.288(11) 1.283(10)
N(4)-C(14) 1.336(13) 1.327(11) 1.328(9)
C(1)-0(1) 1.151(13) 1.153(11) 1.141(11)
C(2)-0(2) 1.157(13) 1.132(12) 1.141(12)
C(3)-0(3) 1.136(13) 1.131(12) 1.124(11)
C(1)—Mn(1)-N(8) 177.5(4) 176.4(4) 176.6(3)
C(2)—Mn(1)-N(1) 174.8(4) 174.9(4) 175.0(3)
C(3)—Mn(1)-N(3) 173.4(5) 172.0(5) 173.1(4)
C(15)—-N(4)—C(14) 123.7(8) 120.6(9)

4 cis a 4 cis b cis caled trans calcd
1.77(2) 1.85(2) 1.816 1.815
1.73(2) 1.86(2) 1.831 1.833
1.70(2) 1.88(3) 1.812 1.812
2.005(18) 2.022(16) 2.054 2.057
2.017(18) 2.054(17) 2.053 2.061
2.068(19) 2.062(16) 2.121 2.115
1.42(2) 1.31(2) 1356 1.355
1.37(2) 1.49(3) 1.436 1432
1.28(2) 1.33(2) 1.300 1.301
1.30(2) 1.33(2) 1.337 1.335
1.17(3) 1.12(3) 1.153 1.153
1.20(3) 1.09(2) 1.150 1.150
1.193) 1.11(3) 1.156 1.156
176.7(9) 177.4(9) 176.7 176.4
176.6(9) 173.3(9) 172.9 173.9
169.9(8) 173.9(9) 1711 170.9
123.3(9) 125.7 1254

“The cis isomer does not have a crystallographic symmetry plane and, therefore, the two moieties of the molecule are not equivalent. Here we refer

to one of the moieties as “cis a” and to the other moiety as "cis b".

a new tetradentate ligand. It is almost planar, as the dihedral
angle formed by its two pirazolylamidino moieties differs 4°
from planarity in the cis diastereomer and —16° in the trans
diastereomer. As indicated by the different signs, the
pirazolylamidino fragments are bent toward the same side in
the cis isomer, but to opposite sides in the trans isomer.

A very interesting feature in the structure is the involvement
of all the hydrogens bonded to nitrogen atoms in hydrogen
bonds with the bromide. The N---H and N---Br distances are
collected in Table 4, and confirm the presence of hydrogen

Table 4. Distances (A) and Angles (deg.) for the Hydrogen
Bonds with Bromide Ion Detected in the Crystal Structure of
[{fac-Mn(pzH)(CO); b (4-NH=C(pz)NC(pz) =NH-
K*N,N,N,N)]Br (3)

N—H---Br H-Br (A) N-Br (A) N—H-Br (deg.)
N(3)-H(3)--Br(1) 2.606 3.513 147
N(7)—H(7)-Br(1) 2.329 3.353 173
N(9)—H(9)---Br(2) 2.513 3.373 141
N(12)—H(12)---Br(2) 2311 3.334 172
N(15)=H(15)---Br(2) 2.558 3417 141
N(17)—H(17)--Br(2) 2265 3.286 171

bonds which may be considered as “weak”.'" To know the role
of the anion in the structure, we decided to substitute the
bromide by another anion able to form hydrogen bonds, such
as perchlorate. Thus, the reaction of 3 with a stoichiometric
amount of AgClO, in thf at room temperature, leads to [{fac-
Mn(pzH) (CO), } (4-NH=C(pz)NC(p2) =NH-A'N,N,N.N) |-
clo,, 4.

The crystal structure of 4 is shown in Figure S, and selected
distances and angles are collected in Table 3. Only the cis
diastereomer is detected in the crystal, since the pyrazoles are
coordinated at the same side of the approximate plane defined
by the bridging ligand and the metals. In this case, the
tetradentate ligand is almost planar, since the dihedral angle
defined by both pirazolylamidino moieties differs 2° from
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Figure S. Perspective view of [{fac-Mn(pzH)(CO);},(u-NH=
C(pz)NC(pz)=NH-x*N,N,N,N)]ClO, (4) showing the atom num-
bering. Ellipsoids are drawn at 30% probability.

planarity, being bent toward the same side, as occurred for the
cis isomer in 3.

As expected, the perchlorate is involved in hydrogen bonds,
but only with the hydrogens of the coordinated pyrazols
[H(11)--O(11) 1.930 A; and H(9)--O(12) 1.970 A, with
2.930 A for N(11)---O(11), and 2.831 A for N(9)--O(12),
being 163 and 139° the N—H:-O angles]. These distances
corrrespond to “moderate” hydrogen bonds,'' as well as those
where the hydrogen atoms of the bis(pyrazolylamidino) ligand
derived from dicyanamide are involved, in this case with the
oxygen atom of a thf molecule: H(3)--O(90) 2.159 and
H(7)--0(90) 2.025 A; with 3.060 for N(3)---0(90), and 2.928
A for N(7)--O(90), with a value of 145° for both N—H---O
angles.

As for the bidentate ligand derived from the coupling of
pyrazole and one C=N bond in dicyanamide present in
complexes 2, several resonance forms may be drawn for the
new bis(pyrazolylamidino) tetradentate ligand present in
complexes 3 and 4, depending on which nitrogen atom is
bearing the negative charge (Scheme 5). As before, the N(3)—
C(14) and C(14)—N(4) distances in the crystal structures
(Table 3) are very similar but, in this case, the structure
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Scheme S. Resonance Forms Proposed for the New
Tetradentate Bis(pyrazolylamidino) Ligand Derived from
Dicyanamide
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determination of 4 is not accurate enough to deduce the
predominant resonance form. Thus, a new calculation was set
and the same procedure followed for the study of 2a was used
to get the Wiberg indexes on the dinuclear complex 3 (for both
trans and cis isomers). The results of this study are summarized
in Table S and Figure 6, which displays the minimized structure

Table 5. Wiberg Bond Indexes of Selected Bonds of cis and
trans Isomers of [{fac-Mn(pzH)(CO);},(p-NH=
C(pz)NC(pz)=NH-k*N,N,N,N)]Br (3)

3 cis 3 trans
caled bond Wiberg caled bond Wiberg
dist. index dist. index
N(1)-N(2) 1.356 1.16 1.385 115
N(2)-C(14) 1.436 0.94 1432 0.94
N(3)—C(14) 1.300 1.56 1.301 1.56
N(4)—C(14) 1.337 1.28 1.335 1.28

and the representative Wiberg indexes. The calculated bond
distances compare well with the experimental ones and, as with
the study carried out on 2a, the packing effects can be ruled out
as the cause of the C—N bond distances being intermediate
between single and double bonds. The calculated Wiberg
indexes of the N(3)—C(14) and C(14)—N(4) bonds are 1.56
and 128 respectively, in agreement with their intermediate
character.

A curious feature arising from the theoretical study is that
minimization of the bimetallic cis cation alone leads to a
structure with the tetradentate bridging ligand twisted, being
the dihedral angle defined by both pyrazolylamidino moieties of
38°. The planar structure found in the crystal structure
corresponds to a transition state between the two twisted
ground structures, as represented in Figure 7, with a calculated
activation energy AE = 3.44 kcal/mol. Interestingly, the planar
structure corresponding to a minimum of energy is only
attained when the bromide anion is included in the calculation
(Figure 8). Therefore, all the Wiberg index calculations have
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Figure 6. Wiberg bond indexes obtained from the theoretical study of
[{fac-Mn (peH) (CO)},(4-NH=C(pr)NC(pz) =NH-K*N,N,N,N) | Br
(3), cis isomer above and trans isomer below.

been performed on this ionic pair instead of on the isolated
cation.

The NMR data for 3 is rather complicated because of the
presence in solution of cis and trans isomers, therefore it will be
discussed below, after discussing the NMR spectra of 4, which
is simpler since only the cis isomer is present in solution. Table
6 collects '"H NMR data for 4 at different temperatures, Scheme
6 displays which protons are involved in the NOEs detected at
183 K, and Figure 9 collects the "H NMR spectra between 50
and —90 °C. The data collected in Table 6 clearly show that the
pyrazoles are slightly unequivalent in all the range of
temperatures registered (except for H4sz at room temper-
ature (r.t.) and above, probably because of accidental
degeneration), whereas the protons of both fragments in the
bis(pyrazolylamidino) ligand are only unequivalent at low
temperature, except for H>pz, which are equivalent in all the
range of temperatures registered. The latter feature may be
explained considering an equilibrium between enantiomers
similar to those detected in the calculations where the
tetradentate bis(pyrazolylamidino) ligand is folded. The low
energy of the enantiomers exchange indicates that the average
situation, corresponding to a planar tetradentate bis-
(pyrazolylamidino) ligand, must be easily achieved (Figure 7,
above). This would explain why the protons in the inner part of
the ligand, that is, HNMn and H’pz, are those more affected by
the process, whereas that external such as H’pz remains
unaffected at different temperatures.

On the other hand, the presence of only the cis isomer in 4 is
somewhat surprising, as 3 was a mixture of trans and cis. So far
we have been unable to find a definitive explanation for this
fact.
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Figure 7. Energetic diagram obtained from the theoretical study on the cation of 3.

Figure 8. Planar structure obtained from the theoretical study on 3
(including the bromide anion).

The '"H NMR of 3 is rather complicated because of the
presence of cis and trans isomers."> The signals of cis isomer
are immediately assigned because of their similarity with those
of 4.

The IR spectra of 3 and 4 show three bands in the C—O
stretching region in solution, as expected for fac-tricarbonyl
geometries. The frequencies are essentially the same and
therefore they do not provide structural information and they
are not informative.

Finally, it is interesting to note that dicyanamide does not
take part in the process when using rhenium fragments, as the
reactions of fac-[ReBr(CO);(NCMe),] with Na(NCNCN)
and pyrazole led to the bis(pyrazole) complexes previously
described,'* probably because of the higher chemical inertness
of rhenium.

B CONCLUSIONS

The behavior of the sodium dicyanamide/pyrazole system
clearly depends on the metallic substrate used. No
pyrazolylamidino complexes are detected when cis-[MoCl(1*
methallyl)(CO),(NCMe),] is treated with Na(NCNCN) and
pzH or dmpzH, thus confirming the low tendency of this
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fragment to give coupling of nitriles and pyrazoles. Instead of
coupling, coordination of dicyanamide and pyrazoles occurs
giving dicyanamide bridging dimers containing coordinated
pyrazole. Stepwise coupling with one CN bond of dicyanamide
or both CN bonds occur when fac-[MnBr(CO),;(NCMe),] is
used as starting material, giving new pyrazolylamidino chelating
ligands coordinated to one metal atom in the first case, or as
bridging ligand in a binuclear complex in the second. The X-ray
diffraction structure of the new compounds present some C—N
bonds of the pyrazolylamidino ligands intermediate between
single and double. NBO theoretical studies on these complexes
allowed to deduce the electronic origin of that feature, and
helped to explain the planarity of the tetradentate ligand in the
bimetallic complex. The geometry of the bimetallic complex
depends on the anion: both cis and trans isomers are present
with bromide, whereas only the trans isomer is assembled with
perchlorate.

B EXPERIMENTAL SECTION

General Remarks. All manipulations were performed under N,
atmosphere following conventional Schlenk techniques. Filtrations
were carried out on dry Celite under N,. Solvents were purified
according to standard procedures.'> [Mo(73-Metallyl)Cl-
(CO),(NCMe),],"® fac-[MnBr(CO);(NCMe),],"* and fac-[MnBr-
(CO);(pzH),]"™ were obtained as previously described. All other
reagents were obtained from the usual commercial suppliers, and used
as received. Caution! Although no difficulties were experienced with the
perchlorate complex described herein, all perchlorate species should be
treated as potentially explosive and handled with care. Infrared spectra
were recorded in a Perkin-Elmer RX I FT-IR apparatus using 0.2 mm
CaF, cells for solutions or on KBr pellets for solid samples. NMR
spectra were recorded in Bruker AC-300 or ARX-300 instruments in
(CD,),CO at room temperature unless otherwise stated. NMR spectra
are referred to the internal residual solvent peak for 'H and *C{'H}
NMR. Assignment of the *C{'H} NMR data was supported by DEPT
experiments and relative intensities of the resonance signals. Elemental
analyses were performed on a Perkin-Elmer 2400B microanalyzer

cis-[Mo(;*-methallyl)(CO),(pzH)(u-NCNCN-<*N,N)], (1a). Na-
(NCNCN) (0.018 g, 0.2 mmol) and pzH (0.014 g, 0.2 mmol) were
added to a solution of cis-[Mo(i7*-metallyl)CI(CO),(NCMe),] (0.068
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Table 6. '"H NMR Data for 4 at Different Temperatures®

H pz H*pz

H® pz

HNMn

H* pzH

6.39 br s

H® pzH

7.62 br s

H® pzH

7.89 br s

HN pzH

8.10 br s 810brs 844brm 8.44 br m 8.67 d, 8.67 d, 6.75 t, 6.72 t,

12.19 br s 7.87 br s 7.59 br s 6.39 br s

12.34 br s

323 K

J=25

J=25

J=3

3

J=

642 br s 824 brs

642 br s

1238 brs  7.92 4, 7.90 d,
J

1249 br s

293 K

2.5

J=

2.5

13.06 s 8.09 br s 8.08 br s 7.78 br s 7.78 br s 6.49 br s 6.49 br s 871 br s 860 brs 858brs 8.58 br s 8.84 d, 8.79 d, 6.87 br s 6.87 br s

13.11 s

193 K

“Coupling constants in hertz (Hz).
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Scheme 6. NOEs Detected at 183 K for 4“

H*pz -+

“For clarity, only those on one fragment of the molecule are depicted,
the same NOEs are detected for the fragment on the left.
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Figure 9. 'H NMR spectra of 4 between 50 and —90 °C between 7.5
and 9 ppm showing H’pz, H’pz, HNMn, HpzH, H®pzH (left to right
at 50 °C).

g, 0.2 mmol) in thf (10 mL). The solution was stirred at 60 °C for 1 h,
and then was filtered and concentrated in vacuo. Addition of hexane
(ca. 20 mL) and cooling to —20 °C gave a yellow microcrystalline
solid, which was decanted, washed with hexane (3 X 3 mL
approximately), and dried in vacuo, yielding 0.028 g of 1a (21%).
Decomposition of the solid is observed even under inert atmosphere,
which precluded its spectroscopic characterization and suitable C,H,N
analysis. IR (thf, cm™): 2252 w, 2202 s, 1944 vs, 1861 s. IR (KBr,
cm™Y): 3422 w, 2301 w, 2251 w, 2202 s, 1936 vs, 1850 vs, 1341 m,
1136 w, 1046 w, 771 w, 503 w. "H NMR: 0.95, 1.00, 1.16, 1.18 (s, H*™"
methallyl), 2.13 (s, overlapped with the acetone signal, CH,
methallyl), 3.01, 3.02, 3.10, 3.14 (s, H"™ methallyl), 6.35, 6.58 (s, H*
pzH), 7.42, 7.78, 7.90, 7.97 (s, H® and H® pzH), 12.37 (br, NH), the
relative intensities of the signals are variable).
cis-[Mo(;*-methallyl)(CO),(dmpzH)(z-NCNCN-x2N,N)1, (1b).
Na(NCNCN) (0.018 g, 0.2 mmol) and dmpzH (0.019 g, 02
mmol) were added to a solution of cis-[Mo(#*-methallyl)Cl-
(CO),(NCMe),] (0.068 g, 0.2 mmol) in thf (10 mL). The solution
was stirred at 60 °C for 1 h. Workup as for 1a gave 0.033 g (22%) of
1b as yellow crystals. Decomposition of the solid is observed even
under inert atmosphere, which precluded its spectroscopic character-
ization and suitable C,H;N analysis. IR (thf, cm™): 2253 w, 2202 s,
1942 vs, 1860 s. IR (KBr, cm™): 3422 w, 2184 m, 2037 w, 1937 vs,
1847 s, 1325 m, 1046 w, 886 w, 670 w. 'H NMR: 0.95, 1.01, 1.10, 1.14
(s, H*™ methallyl), 2.13 (s, overlapped with the acetone signal, CH,
methallyl), 2.16, 2.19, 2.24, 2.28, 2.34, 2.36, 2.41, 2.46, 2.56, 2.59 (s,
CH; dmpzH), 2.82, 3.01, 3.02, 3.05, 3.10 (s, HY methallyl), 5.89,
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Table 7. Crystal Data and Refinement Details for 1b, 2a, 2b, 3, and 4

1b 2a
formula C;34H sMo,N,Og C;;HgMnN,O;
fw 882.69 341.18
cryst system triclinic monoclinic
space group PT P2(1)/n
a, A 11.897(4) 7.7764(18)
b A 14.105(5) 13.535(3)
¢ A 14.454(5) 13.609(3)
a, deg 67.379(5) 90
B, deg 85.495(7) 102.601(5)
7, deg 69.564(7) 90
v, A3 2093.6(13) 1397.9(6)
z 2 4
T, K 293(2) 298(2)
deyo g cm™ 1.400 1.621
F(000) 904 688
2 (Mo K,), A 0.71073 0.71073
crystal size, mm; color 0.20 X 0.06 x 0.03, 0.28 X 0.16 X 0.08,
yellow yellow
u, mm™" 0.651 0.969
scan range, deg 1.53 to 23.38 2.1S5 to 23.29
absorption correction semiempirical from semiempirical from
equivalents equivalents

corr. factors (max, min)
no of refl measured

no of ref independent

1.000000, 0.363603
9429
5968 [0.0988]

1.000000, 0.787786
6114
2016 [0.0258]

[R(int)]
no of ref observed, 1912 1597
1> 26(D)
GOF on F* 0.840 1.000
no. of parameters 449 199

residuals R, wR2

0.0820, 0.2188

0.0338, 0.0878

2b-thf 3 4-thf
Cy9H,yMnN;0, CyoH,6BrMn;N ;06 Cy,H,,CIMn,N;,0,,
469.39 696.23 787.87
triclinic monoclinic orthorhombic
P1 P2(1)/n Pna2(1)
8.733(7) 16232(7) 16.046(11)
10.655(8) 9.622(4) 8.880(6)
13.642(11) 27.200(9) 23.199(16)
98.909(13) 90 90
96.890(13) 97.354(7) 90
107.068(13) 90 90
1180.3(16) 4213(3) 3306(4)
2 6 4
298(2) 293(2) 298(2)
1.321 1.646 1.583
488 2076 1600
0.71073 0.71073 0.71073
0.36 X 0.25 X 0.18, 0.29 x 0.28 X 0.16, 0.31 X 0.24 X 0.13,
yellow yellow yellow
0.597 2.377 0917
1.53 to 28.59 1.26 to 23.29 1.76 to 24.99
semiempirical from semiempirical from semiempirical from
equivalents equivalents equivalents

1.000000, 0.368812
11278
5682 [0.0397]

1.000000, 0.748043
26351
6052 [0.0735]

1.000000, 0.714322
20702
5354 [0.1021]

3926 4546 3066
1.161 1.113 1.192
284 542 384

0.0608, 0.1609

0.0760, 0.1760

0.1054, 0.2060

6.00, 6.11, 6.16 (s, H* pzH), 11.38 (br, NH), the relative intensities of
the signals are variable).
fac-[Mn(pzH)(CO);(NH=C(pz)NCN-x2N,N)] (2a). Na(NCNCN)
(0.027 g, 0.3 mmol) and pzH (0.041 g, 0.6 mmol) were added to a
solution of fac-[MnBr(CO);(NCMe),] (obtained from 0.083 g, 0.3
mmol of [MnBr(CO);])" in thf (10 mL). The solution was stirred at
60 °C for 6 h. Workup as for la gave 0.045 g (44%) of 2a as yellow
crystals. IR (thf, cm™): 2176 w, 2159 vw, 2035 vs, 1939 vs, 1927 vs. IR
(KBr, cm™): 3342 s, 2188 5, 2034 vs, 1942 vs, 1924 vs, 1602 s, 1439 s,
1408 s, 1237 m, 1054 m, 772 m, 725 m, 524 m. "H NMR: 6.39 (pst, ]
= 2.5 Hz, H* pzH, 1 H), 6.66 (pst, ] = 2.5 Hz, H* pz, 1 H), 7.65 (d, ] =
1.5 Hz, H® pzH, 1 H), 7.89 (d, J = 2.0 Hz, H® pzH, 1 H), 822 (d, ] =
2.5 Hz, H® pz, 1 H), 8.37 (d, ] = 1.5 Hz, H® pz, 1 H), 12.64 (br, AN, 1
H). ®C{'H} NMR: 107.7 (s, C* pzH), 110.8 (s, C* pz), 131.7 (s, C>*°
pzH), 132.9 (s, c* pz), 143.5 (s, c3 pzH), 146.9 (s, c3 pz), HN=C,
C=N, and CO not observed because of the low solubility of the
complex. Anal. Calcd. for C;;HgMnN,O;: C, 38.73; H, 2.36; N, 28.74.
Found: C, 38.49; H, 2.11; N, 28.89.
fac-IMn(dmpzH)(CO);(NH=C(dmpz)NCN-k2N,N)] (2b). Na-
(NCNCN) (0.027 g, 0.3 mmol) and dmpzH (0.058 g, 0.6 mmol)
were added to a solution of fac-[MnBr(CO);(NCMe),] (obtained
from 0.083 g, 0.3 mmol of [MnBr(CO);])"* in thf (10 mL). The
solution was stirred at 60 °C for 6 h. Workup as for 1a gave 0.050 g
(42%) of 2b as yellow crystals. IR (thf, cm™): 2176 w, 2031 vs, 1939
vs, 1919 s. IR (KBr, em™'): 3310 m, 3143 w, 2170 s, 2030 vs, 1929 vs,
1911 s, 1613 s, 1429 s, 1283 m, 1238 w, 803 w, 650 w, 523 w. 'H
NMR (CD,CL,): 2.12 (s, CHy dmpzH, 3 H), 2.28 (s, CH; dmpzH, 3
H), 2.54 (s, CH; dmpz, 3 H), 2.65 (s, CH; dmpz, 3 H), 5.77 (s, H*
dmpzH, 1 H), 6.0S (s, H* dmpz, 1 H), 7.11 (brs, NH, 1 H), 11.88 (br
s, NH, 1 H). BC{'H} NMR (CD,CL,): 10.9 (s, CHy dmpzH), 14.3 (s,
CH, dmpz), 14.8 (s, CH; dmpzH), 15.4 (s, CH; dmpz), 106.6 (s, C*
dmpzH), 111.8 (s, C* dmpz), 142.7 (s, C>* dmpzH), 1462 (s, C**
dmpz), 152.6 (s, C>* dmpzH), 155.5 (s, C>* dmpz), HN=C, C=N,

and CO not observed because of the low solubility of the complex.
Anal. Caled. for C;sH;(MnN,O;: C, 45.35; H, 4.06; N, 24.68. Found:
C, 45.53; H, 3.74; N, 24.35.
[{fac-Mn(pzH)(CO);},(u-NH=C(pz)NC(pz)=NH-*N,N,N,N)]Br
(3). Compound 2a (0.017 g, 0.05 mmol) was added to a solution of
fac-[MnBr(CO);(pzH),] (0.018 g, 0.05 mmol) in thf (5 mL), and the
solution was stirred at r.t. for 4 h. Hexane was added (ca. 10 mL), and
the solution was concentrated and cooled to —20 °C, giving a yellow-
orange microcrystalline solid, which was decanted, washed with hexane
(3 X 3 mL approximately), and dried in vacuo, yielding 0.026 g (75%).
IR (thf, cm™): 2176 w, 2035 vs, 1939 vs, 1928 s. IR (KBr, cm™'): 3115
m, 2964 m, 2036 vs, 1943 vs, 1919 vs, 1615 m, 1584 s, 1435 m, 1385
m, 1261 m, 1048 w, 1027 w, 808 m, 648 m, 631 w, 561 w, 533 w, 486
w. 'H NMR: 6.31 (br s, H* pzH, 2 H cis), 6.39 (br s, H* pzH, 2 H
trans), 6.68 (t, ] = 2 Hz, H* pz, 2 H ¢is), 6.73 (t, ] = 2 Hz, H* pz, 2 H
trans), 7.65 (br s, H> pzH, 2 H cis), 7.70 (br s, H> pzH, 2 H trans), 7.88
(br's, H® pzH, 2 H cis), 7.96 (br s, H® pzH, 2 H trans), 8.45 (d, J =2
Hz, H® pz, 2 H cis), 849 (d, ] = 2 Hz, H® pz, 2 H trans), 8.58 (d, ] =2
Hz, H® pz, 2 H trans), 8.64 (d, ] = 2 Hz, H® pz, 2 H cis), 9.10 (br s,
HNMDn, 2 H cis, and 2 H trans), 13.64 (br s, HN pzH, 2 H cis, and 2 H
trans). Ratio cis/trans = 1.4/1."* Anal. Calcd. for C,oH,BrMn,N,O4:
C, 34.50; H, 2.32; N, 22.13. Found: C, 34.80; H, 2.31; N, 21.92.
[{fac-Mn(pzH)(CO);},(u-NH=C(pz)NC(pz)=NH-x*N,N,N,N)]-
Clo, (4). AgClO, (0.011 g, 0.055 mmol) was added to a solution of 3
(0.035 g, 0.050 mmol) in thf (10 mL), and the mixture was stirred at
r.t. for 4 h. Workup as for 1a gave 0.032 g (82%) of 4-thf. IR (thf,
em™Y): 2226 vw, 2176 w, 2035 vs, 1940 vs, 1927 vs IR (KBr, cm™):
3342 m, 2187 s, 2035 vs, 1930 vs, 1925 vs, 1603 s, 1459 m, 1441 m,
1407 m, 1238 w, 1054 w, 772 w, 763 w, 726 w, 689 vw, 643 w, 525 w.
"H NMR: see Table 6. *C{'H} NMR: 108.0 (s, C* Hpz), 111.0 (s, C*
pz), 1329 (s, C> Hpz), 133.3 (s, C*° pz), 143.5 (s, C>* Hpz), 147.5
(s, C**pz), 158.0 (s, HNC), CO not observed. Anal. Calcd. for
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C,,H,,CIMn,N,,0,, (4thf): C, 36.59; H, 3.07; N, 19.56. Found: C,
36.85; H, 2.88; N, 19.31.

Computational Details. All computations were carried out using
the GAUSSIANO3 package,'” in which the hybrid method B3LYP was
applied with the Becke three-parameter exchange functional,'® and the
Lee—Yang—Parr correlation functional.'” Effective core potentials
(ECP) and their associated double-{ LANL2DZ basis set were used
for the manganese and bromine atoms,”® supplemented by an extra d-
polarization function in the case of Br.>! The light elements (O, N, C,
and H) were described with the 6-31G** basis.””> Geometry
optimizations were performed under no symmetry restrictions, using
initial coordinates derived from X-ray data of the same complexes, and
frequency analyses were performed to ensure that a minimum
structure with no imaginary frecuencies was achieved in each case.
Wiberg bond indexes™ were calculated with the NBO 5.9 program.**

Crystal Structure Determination for Compounds 1b, 2a, 2b,
3, and 4. Crystals were grown by slow diffusion of hexane into
concentrated solutions of the complexes in thf (for 1b, 2b, and 4), or
CH,Cl, (2a and 3) at —20 °C. Relevant crystallographic details are
given in Table 7. A crystal was attached to a glass fiber and transferred
to a Bruker AXS SMART 1000 diffractometer with graphite
monochromatized Mo K, X-radiation and a CCD area detector.
Raw frame data were integrated with the SAINT program.*® The
structure was solved by direct methods with SHELXTL.*® A
semiempirical absorption correction was applied with the program
SADABS.” All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were set in calculated positions and refined as riding
atoms, with a common thermal parameter. All calculations and
graphics were made with SHELXTL. Distances and angles of hydrogen
bonds were calculated with PARST?® (normalized values).*

B ASSOCIATED CONTENT

© Supporting Information

X-ray crystallographic data for compounds 1b, 2a, 2b, 3, (for
these also experimental and simulated powder diffraction data)
and 4 as a CIF. This material is available free of charge via the
Internet at http://pubs.acs.org.
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