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Most complexes of azides and transition metals involve the N3~ azide anion as a ligand other
than an organic azide. Complexes of organic azides with metals are involved in biological
applications and in the deposition of nitrenes on metal surfaces, producing nitride layers for
semi-conductors preparation; this makes the study of these interactions an important issue.
This work describes a study of the complexation of nickel and cobalt by 3-azidopropionitrile
by means of electrospray ionization mass spectrometry (ESI-MS). Complexes were obtained
from solutions of NiCl, and CoCl, in methanol/water. In the case of nickel, other NiX, salts
were investigated (where X = Br or NO;) and other solvents were also studied (notably
ethanol/water). All complexes detected were single positively charged, with various stoichi-
ometries, some resulted from the fragmentation of the ligand, the loss of N,, and HCN being
quite common. The most abundant cations observed were [Ni(Il)AzAzX]", where X = Cl, Br,
NO;. Some of the complexes showed solvation with methanol/ethanol/water. Metal reduction
was observed in complexes where a radical was lost, resulting from the homolytic cleavage of
a metal—nitrogen bond. Collision induced dissociation (CID) experiments followed by
tandem mass spectrometry (MS-MS) analysis were not absolutely conclusive about the
coordination site. However, terminal ions observed from the fragmentation routes were
explained by a proposed gas-phase mechanism. Density functional theory calculations were
carried out and provided structures for some complexes, pointing to the possibility of
3-azidopropionitrile acting as a mono- or a bidentate ligand. (J Am Soc Mass Spectrom 2007,
18, 453-465) © 2007 American Society for Mass Spectrometry

zides are highly reactive, unstable compounds
Awhose chemistry has attracted the interest of
chemists since 1864 when phenyl azide was
discovered [1]. A great number of azides are explosive.
Sodium azide is considered an excellent propellant

whilst heavy metal azides, such as Pb(N3),, are consid-
ered primary explosives [2]. Inorganic azides, in partic-
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ular sodium azide, have been used in an extensive list of
applications: notably as automobile air bags and airline
safety chute inflators, as biocides, as radical scavengers
[3], as intermediates in semiconductor preparation [4],
and as enzyme inhibitors by metal center complexation
of metalloproteins [5, 6]. Metal complexation is usually
accomplished by N;~ moiety. In the preparation of
semiconductors, a metal azide is the precursor of the
related nitride layers and epitaxial films on substrates.

Nowadays, organic azides play an important role as
an interface between chemistry, biology, medicine, and
materials science [7]. Industrial relevance of organic
azides began with their application as intermediates in
organic synthesis [8, 9]. They also become important
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precursors for nitrenes, used in both nitride film depo-
sitiond[10,4l1]éandé&sidewalldfunctionalizationdofasingle-
walldcarbonananotubesdSWNTs)d12,413].aPharmaceuti-
cal applications include the anti-HIV medication AZT
(3'azido-2',3'-didesoxy-thymidine)a[14]déandatuberculo-
sisamedicationd[15].48Somedorganicdazidesdhavedaseveral
features that make them suitable for tagging biological
moleculesd16,47].

Among the organic azides, the aromatic azides have
received more attention than the aliphatic azides, which
represent the second most important class of organic
azidesq7].&lhisppromptedéaadumberifaisdodnvestigate
some aliphatic azides. An important feature in the
reactivity of organoazides is the loss of molecular
nitrogen, which can be induced thermally, photochem-
ically,doracatalyticallydbyaaciddoréransitionametalsd 184
20].4Inaspited ofa theirdinstability,4 somed spectroscopic
studies have been performed to monitor their decom-
positiond[21-25].a8Somedofathedaliphaticaazidesaspectro-
scopically investigated, such as, azidoacetic acid,
azidoacetone, and azidonitriles, have been selected for
studies of their decomposition on surfaces. So far,
azidoacetic acid is the only aliphatic azide for which a
surface study of its decomposition has been completed
[26];dpreviously,dhydrazoicdaciddhaddbeendinvestigated
asdadprecursoraindsemiconductorapreparationa[27-29].
Azidoacetonitrile and other aliphatic azides have also
been investigated but the results are still unpublished
[30].4Relatedatoathisawork,aBalteanudetaal.4[31]ainvesti-
gated gas-phase reactions of rhodium clusters with
azidoacetonitrile as a function of cluster size and charge
state to explore the reactions and surface-activated
decomposition of one aliphatic covalent azide. These
studies show that some applications of organic azides
involve the interaction with metals, not only in semi-
conductor preparation but also in the synthesis of imido
species in organometallic chemistry. When inorganic
azides function as enzyme inhibitors, the replacement
oféthedinorganicdazide,awhichaareatoxic,dbydanaorganic
azide, could be beneficial. The latter are better tolerated
under physiological conditions and are relatively inert
indthediologicalamediumd17].

In the present work, complementary insight on the
reactivity of azides towards metals was sought through
complexation studies. Although the formation of com-
plexes involving organic azides and transition metals
hasdeendreviouslydnvestigatedq32-34],&hedoordina-
tion site and coordination number are still matters of
debate and deserve further attention. The work re-
portedéindreferencesdl32,433]ashowedéathatithedligands,
phenyl, and substituted phenyl azides, coordinate
metal centers only by the terminal nitrogen of the azido
group. In both cases, upon molecular nitrogen extru-
sion, the metal is coordinated by the alkylated nitrogen.
However, when another functional group is present
besidesathedazidoagroupd[34],dthedcomplexdseemsatodbe
bidentate. In this case it is observed that the azido group
coordinates by the alkylated nitrogen of the azido

group.
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This state of affairs prompted us to investigate the
coordination chemistry of the above mentioned organic
aliphatic azides, to try to make a contribution to clarify
the behavior of bifunctional organoazides as ligands. In
this work, 3-azidopropionitrile was used as the ligand
and two transitions metals were chosen, nickel and
cobalt. Nickel complexation has been extensively stud-
ied in solution and in the gas phase because of its
importancedinédiologicaldprocessesd35].

The study was extended to cobalt, which always
occursdindnaturedindassociationdwithanickeld 36].dDuedto
their electronic configurations (unfilled 3D shells), and
to the fact that they are neighbors in the first transition-
metal row, they are expected to have similar chemical
behavior. Currently, a similar study of azidoacetone is
in progress. Also, by studying complexes with ligands
with functional groups with different heteroatoms, a
better understanding of these metal complexes will be
obtained.

Electrospray ionization (ESI) is a soft ionization
technique, which has been shown to have the ability to
transfer solvated ions from solution to the gas phase.
Therefore, ESI mass spectrometry is particularly suit-
able to study metal ions complexed by organic ligands
indthedgasdphased37,838]aandaconsequentlyawasachosen
to carry out this study.

The aim of this work is the investigation of the
transition metals complexation by 3-azidopropionitrile
by means of ESI-MS. In addition, attempts were made
to identify the coordination site of the azide by tandem
mass spectrometry. However, a contribution from den-
sity functional theory (DFT) calculations was necessary
to clarify these structural features in some complexes.
Ultimately, we hoped to investigate whether there is
any correlation between the coordination site and the
interaction site of the azide to metal clusters.

Experimental
Mass Spectrometry

3-Azidopropionitrile was synthesized and character-
izedausingdpublisheddmethodsa[22,439].aTodavoidaits
decomposition, it was stored at dry ice temperature
and, when used in experiments, the sample was main-
tained at room temperature and shielded from light to
prevent photolysis.

The metallic salts used in this study were: nickel
chloride hexahydrate (97%, Riedel-del-Haén, Hamburg,
Germany), nickel bromide (98%, Merck, Madrid,
Spain), nickel nitrate hexahydrate (97%, Aldrich, Ma-
drid, Spain) and cobalt chloride (97%, Aldrich), which
were used without further purification. Methanol and
ethanol (99.9%, Merck) HPLC grade, and doubly dis-
tilled water were used as solvents.

Solutions 5 mmolL ' of NiCl,, NiBr,, Ni(NO;),,
and CoCl, were prepared in a 1:1 water/methanol
(vol/vol) solvent mixture as well as in a water/
ethanol solvent mixture (vol/vol). To the salt solu-
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tions, 3-azidopropionitrile was added until the whole
solution became 65 mmolL "' in 3-azidopropionitrile.

All experiments were performed using a LCQ Duo
ion trap mass spectrometer from Thermo Finnigan (San
Jose, CA) equipped with an electrospray ion source.
Samples were introduced, via a syringe pump (flow
rate of 5 uL/min), into the stainless steel capillary of the
electrospray ion source. The applied spray voltage in
the source was 4.5 kV, the capillary voltage was 10 V,
and the capillary temperature was 220 °C. All the other
mass spectrometer parameters, as well as those above,
were adjusted to optimize the signal-to-noise ratios for
the ions of interest. Nitrogen was used as nebulizing
and drying gas in the source.

The pressure measured during experiments at the
skimmer cone with a convectron gauge was normally
1.59 X 10* Pa. The base pressure in the ion trap with
helium added was typically 1.49 X 102 Pa.

All mass spectrometry data were acquired in the
positive ion mode, the full scan spectra were re-
corded in the range m/z 50 to 500, and three micro-
scans were averaged. The only exception was for
bromide spectra, for which the mass range was 50 to
600, to encompass all species of interest detected for
chloride. Collision induced dissociation (CID) and
MS-MS experiments were performed with helium, at
various resonant excitation amplitude values requir-
ing excitation voltages in the range 0.75 to 1.1 V.
The collision energy was gradually increased until
the precursor and the product ions could both be
observed in the MS-MS spectrum, but the precursor
peak intensity was reduced 50 to 20% of its original
height. Injection times were 50 ms in a full scan and
200 ms in a MS-MS scan. Xcalibur software (San Jose,
CA) was used to acquire and process the data.

Theoretical Calculations

DensitydfunctionaldtheoryaDFT)440]acalculationséafor
mono- positively charged complexes involving 3-
azidopropionitrile and Ni are reported. Geometry
optimizations were carried out with the hybrid
B3LYP functional, which is a combination of the
Becke’sdhree-parameteré@xchangedunctional{B3)441]
withathedlee,dYang,dandaParra(LYP)a[42]acorrelation
functional. All the calculations were carried out with
thed6-314++4G(d,p)dbasisaseta[43,a44].4Single-point
energy calculations using the B3LYP/6-31 ++ G(d,p)
optimized structures were carried out with the 6-311
++4G(d,p)dasisdet{45,46].&Fulligeometrydoptimiza-
tions and frequency calculations were carried out for
all the complexes. The main purpose of these theo-
retical calculations is to provide information on the
coordination chemistry of the complexes. All calcula-
tionsawere&arriedutavithdhedGaussian-03447&uite
of programs.
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Results and Discussion
Mass Spectrometry Study

The first step in this experimental work was to optimize
the ESI mass spectrum obtained from a solution of
3-azidopropionitrile in methanol/water. Upon addition
of a nickel salt, a great change in the number of peaks
was observed; most of them were real envelopes of
peaks at m/z values above the molecular mass of 3-
azidopropionitrile (96Da), showing that the azide had
reacted with the metal. In fact, the envelopes of peaks
revealed different isotopic patterns, probably due in
part to the presence of nickel isotopes.

The next step is the identification and assignment of the
observed species. The complex ions, obtained from a
solution of 3-azidopropionitrile and nickel chloride in
methanol/water as solvent, were assigned and are pre-
senteddindl'abledl .aThisdlabledcontainsdonlydthedmonoiso-
topic masses of each complex ion observed for different
systems studied. The first approach for assignments was
to combine the overall charge, the monoisotopic mass of
the ion, and the isotopic pattern of the envelope. A
remarkable feature is that all complex species observed
are single positively charged. However, some doubly
charged species were observed but with a very low
abundance (=1%) and because of this they were disre-
garded. As the main complexes always include chlorine
and nickel, natural isotopic abundances were considered
to compare expected and experimental isotopic patterns.

Three routes were adopted to confirm the assignments
made for 3-azidopropionitrile and nickel chloride in meth-
anol/water. They were change of solvent, change of
counter ion, and CID experiments. As some of the com-
plexes are solvated with methanol or water, some exper-
iments were performed only with water as a solvent, as
three molecules of methanol equal 96 Da, which is the
molecular mass of 3-azidopropionitrile. This experiment
was useful to solve the above ambiguity and to confirm
solvation with methanol, since m/z 349, 317, 221, 158
(Tableal)adisappearafromatheaspectrum.dThedpresencedof
methanol was checked twice through an additional exper-
iment using a different solvent mixture: ethanol/water. A
second way to seek confirmation of the composition of the
complexes was to carry out experiments with nickel
bromide and nickel nitrate, in this case proving the pres-
ence of chlorine as a ligand. Finally, another transition
metal, cobalt, was used.

CID experiments followed by MS-MS analysis were
performed to fulfil two requirements. First, as a tool to
investigate the coordination site and second, as an
indirect confirmation of the assignments. All these
topics will be addressed in the next section of the paper.

Isotopic Analysis for Ion Assignment

The first approach, applied for identification of the
complex ions observed, was based on isotopic pat-
terns. Thus, the assignments were accomplished by
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Table 1. Parallel assignment of nickel complexes with 3-azidopropionitrilo from NiCl,, NiBr, and Ni(NO,), solutions

X =Cl X = Br X = NO4

Complex ion Rel. abund. Rel. abund. Rel. abund.

composition m/z (%) m/z (%) m/z (%)
[Ni,(IAzAzX,] 413 12 545 8 494 3
[Ni,(I)Az(Az-N,)X,]* 385 3 517 1 - -
[Ni(l)AzAzAzX]* 381 11 425 14 408 3
[Ni(I)AzAz(Az-N,)X]* 353 9 397 1 - -
[Ni,(I)AzX;CH;OH]* 349 4 481 3 - -
[Niy(I)AzX3H,01" 335 4 467 21 - -
[Ni(ll)AzAzXCH;OH]™* 317 16 361 11 344 3
[Ni(Il)AzAzXH,0] ™" 303 46 347 32 - -
[Ni(I)AzAzX] " 285 100 329 56 312 100
[Ni(I)Az(Az-N,)X]* 257 9 301 3 - -
[Ni(I(Az-N,),X]* 2297 17 273 4 256 2
[Ni(Il)AzXCH;0OH] " 221 7 265 15 248 9
[Ni(I)AzXH,0]* 207 20 251 22 234 16
[Ni(IAzX]* 189° 14 233 25 216 8
[Ni(I)(Az-N,)(Az-CH,NZ)]™* 166 20 166 1 166 1
[Ni(I)(Az-N,)X]* 161 16 205 6 188 3
[Ni(l)(Az-N,)CH;OH]* 158 14 158 4 158 1
[Ni(1)(Az-N,)H,0]" 144 32 144 17 144 7
[Ni(Il)(Az-CHN3)X]* 134 5 178 5 161 1
[Ni(1)(Az-N,)1* 126° 71 126 40 126 9
[Ni(ll){(Az-CH,N3)H,0] " 116 3 116 2 116 3
[Ni(1)(Az-CHNZ)I™ 99 11 99 13 99 2
[Ni(l)(Az-CH,N3)1™* 98 12 98 7 98 1

@The corresponding [M+2] ions have more than one contribution.
bThe corresponding [M+1] ion has more than one contribution.

combining the mass and charge and also the possible
arrangements of constituent elements with several
isotopes. In this work, M is attributed to the monoiso-
topic mass of an envelope related with one complex.
Alldhe&ssignments@éreacompileddndlabledl dndwhich
3-azidopropionitrile is designated as Az for simplic-
ity. These assignments, based on isotopic patterns,
were also confirmed by MS-MS experiments. These
experiments were developed mainly for the purpose
of identifying the coordination site, and they will be
described later in the paper. Nevertheless, the results
from them were useful to elucidate the identification
of the complexes.

Ions at m/z 189 and 229 show higher abundances
than expected on the grounds of the isotopic patterns,
for corresponding M + 2 ions (m/z 191 and 231). The
same applies to the M + 1 ion corresponding to
[Ni(I)(Az-N,)] *(m/z 126). This points to the possibility
of more than one contribution to the mentioned ions.

However, MS-MS experiments were not conclusive on
the composition of the additional contribution. The m/z
127 signal may receive two contributions, one as M + 1
of ion at m/z 126, and another from a possible complex
with the following composition [Ni(I)(Az-HCN)]*.

Substitution of the Solvent

Other support for the proposed assignments was
sought for complex ions solvated with methanol,
replacing methanol in the solvent mixture with eth-
anol. If the assignments were correct, a displacement
of 14 Da was expected for the corresponding peaks of
solvated ions, while the peaks of the non-solvated
complex should remain at the same values of m/z.
Actually, all nonmethanol-solvated complexes re-
mained unchanged, thus confirming the assignments.
Complexes at m/z 349, 317, 221, 158 were displaced to
m/z 363, 331, 235, 172 as expected according to the

Table 2. Parallel assignments of resulting complex ions in methanol/water and ethanol/water solvent mixtures (NiCl, solutions)

Methanol:water

Ethanol:water

Composition assignment m/z Composition assignment m/z
[Ni,(II)AzCI;CH;OH]* 349 [Ni,(II)AzCI;CH;CH,OHT™ 363
[Ni(I)AzAzCICH;0OH]™" 317 [Ni(I)AzAzCICH,CH,OH] *. 331
[Ni(ll)AzCICH;OH] ™" 221 [Ni(ll)AzCICH;CH,OH] ™" 235
[Ni(l)(Az-N,)CH;OH]™* 158 [Ni(1)(Az-N,)CH5;CH,OH]* 172
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existingdassignmentd Table&).daThisameansédhatémeth-
anol or ethanol are present in the coordination
sphere(s) of these complexes.

Substitution of the Nickel Salt

The&astdmajoritydfaomplexes,disteddndlabled dhave
chloride ion as a ligand. This prompted us to change
the nickel salt to establish the existence of chloride as
a ligand. Two different salts were used: nickel bro-
mide and nickel nitrate. In the case of nickel bromide,
ifaitd had4 aa similara behaviora toa thea chloride,a all
complexes with chloride ligands should be shifted by
44 Da per bromide present in the complex. The results
obtained under these new conditions present the
expected behavior with respect to the assignments
andéresultségivendindl'abledl &fordthedchloride.aGiven,
the unaltered m/z values for species without chloride
as a ligand, and the corresponding shift in the others,
further support was obtained for the assignments
reporteddindTabledl.dIndotherawords,deitherdofathe
counter ions is one of the ligands in these species.
Obviously, the relative intensity of the related peaks
change when NiBr, is used, especially due to the ionic
radii and different natural isotopic abundance of Br™~
relative to Cl~, but all species previously identified
are present in the spectra. Again, for the ions ob-
served with bromide, isotopic analysis and MS-MS
experiments were performed for the sake of confir-
mation. The behavior was in agreement with that
observed for chloride.

Another different counter ion, nitrate, was chosen.
Its composition and structure is different from the
halides already tested. It is composed of atoms of a
different nature, it has a greater volume, and thus it
may contribute different information to a better un-
derstanding of the complexation. In the literature
Ni(NOs3), has been reported as one of the salts used in
nickeldomplexationd48].dn&addition,dtdsd&nowndhat
itdcandactdassaadmonodentatedordbidentatedigandd[49],
unlike the halide anions that function only as mono-
dentate ligands. In this work, some nitrate complexes
weredbservedqTabledl )Javhich,avhendomparedévith
chloride and bromide complexes, the basic differ-
ences were the relative abundances, which were
mostly very low in the nitrate case. All detected
complexes have abundances up to 17%, except the
complex at m/z 312 with 100% abundance attributed
to [Ni(I[)AzAzNO;] . For equivalent complexes, a 27
Da difference meant a replacement of one chloride by
one nitrate. When no shift was detected, this was
indicative of the absence of a counter ion as a
ligand. Due to the particular properties of nitrate as a
ligand, when compared with Cl7/Br~, some new
ionic species were observed to be formed, i.e., [(Az-
N,)Ni()O]" and [(Az-CHN3)Ni(I)O] "at m/z 142 and
115, respectively. In this nitrate study, the assign-
ments were also confirmed by isotopic patterns and
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MS-MS experiments, the isotopic pattern being
mainly dependent on the nickel isotopic pattern.

Substitution of the Metal

A study with cobalt instead of nickel was performed
under the same experimental conditions as described
above. The study had inherent importance since the
complexation of cobalt by 3-azidopropionitrile was in-
vestigated for the first time. Also, it added important
insight to the general aim of this work. Furthermore,
cobalt has no isotopes, unlike nickel, so it may provide
complementary spectral information. This is more im-
portant from the point of view of a contribution to the
understanding of the structure of the metal complexes
than the confirmation of assignment of the ion signals
as those had already received confirmation through
different routes.

Comparing the data obtained with CoCl, and the
previous data with NiCl,4(Tabled3),dhedsamedtypedof
complexes were detected for Co but shifted 1 or 2 Da,
as in the complex there are one or two Co atoms.
This result proves unequivocally the capacity of
3-azidopropionitrile to form complexes with transi-
tion metals. In the case of complexes with Co, the
isotopic patterns observed are basically dependent on
the isotopic pattern of the counter ion CI™. The
complex [Co(I)(Az-N,)]"(m/z 127) shows a similar
behavior to the complex at m/z 126 for Ni, concerning
the intensity of the peak at M+1. In this case, an ion
signal at m/z 128 may receive two contributions, one
from M+1 ion at m/z 127 and another from a possible
complex with the following composition [Co(I)(Az-
HCN)J .

In summary, from the comparison of the data ob-
tained for Ni and Co, besides the conclusions already
mentioned above, the occurrence of Ni(IT) or Ni(I) and
Co(Il) or Co(I) in the complex species was proven. In
general, for both studies, a greater variability of the
relative intensities, in the full mass spectra, for peaks
associated with ions of low m/z (m/z < 200 Da) and low
abundances was observed. Some of the ions at m/z <200
Da result from the decomposition of complex ions at
higher m/z.

MS-MS Analysis

This analysis was intended to achieve two require-
ments. The first one, described above, was to confirm
the assignment of the ionic signals through the losses
resulting from CID experiments. The second one
viewed the CID of a given complex ion, followed by
MS-MS analysis, as a tool to search for the coordination
site(s). The latter objective is going to be the focus in this
section.

The fragmentation sequences, shown in Scheme 1
and Scheme 2, were obtained by mass selection of all
the corresponding precursor ions and their fragmenta-
tion. The occurrence of ion-molecule reactions in the
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Table 3. Parallel assignments of resulting complex ions in NiCl, and CoCl, solutions (solvent mixture methanol/water)

M = Ni

M = Co

Complex ion

composition m/z Rel. abund. (%) m/z Rel. abund. (%)

[M,(I)AzAZCI;]* 413 12 415 41
[M,(I)Az(Az-N,)Cl;]* 385 3 387 2
[IM(I)AzAzAzCI]* 381 11 382 3
[M(II)AzAz(Az-N,)CI]* 353 9 - -

[M,(11)AzCI;CH;OH]™* 349 4 351 33
[M,(I)AzCI,H,01* 335 4 337 20
[M(II)AzAzCICH;OH] ™" 317 16 318 75
[M(II)AzAzCIH,0] " 303 46 304 100
[IM(I)AzAzCI1* 285 100 286 66
[M(II)Az(Az-N,)CI]* 257 9 258 3
[M(I1)(Az-N,),CI]* 2292 17 230 1
[M(II)AzCICH;OH]* 221 7 222 89
[M(II)AzCIH,01* 207 20 208 26
[M(I)AzCIT* 1892 14 190 50
[M(I1)(Az-N,)(Az-CH,N,)1* 166 20 167 1
[M(II)(Az-N,)CIT* 161 16 162 45
[M(1)(Az-N,)CH;OH]* 158 14 159 33
[M(I)(Az-N,)H,0]* 144 32 145 33
[M(II)(Az-CHN,)CIT* 134 5 135 20
[M(1)(Az-N,)]* 126 71 127 54
[M(I1)(Az-CH,N,)H, 01+ 116° 3 117 28
[M(1)(Az-CHN,3)T* 99 11 100 14
[M(II)(Az- CH,N3)1™* 98 12 99 9

2The corresponding [M+2] ions have more than one contribution.
PThe corresponding [M+1] ion has more than one contribution.

trap involving the isolated ion were observed leading to
water and methanol adduct ions (M + 18 and/or M +
32). There is evidence in the literature that these ad-
ductséaredformedéindtheagasiphased50].

In Scheme 1, a sequential fragmentation of com-
plexes formed from a NiCl, solution, starting with
[Ni(I1)AzAzCl]" at m/z 285 and ending with terminal
ions,aisdpresented.dThesedaredatam/z 99,485,a584aindone
branch and m/z 98 in the other.

Anaimportantdcomplexawilldbed depicteddasaitadoes
not appear in Scheme 1. This is a cluster species
[Niy(I)AzAzCL,]" at m/z 413 (monoisotopic mass), whose
MS-MS spectrum shows the most abundant daughter ion
at m/z 285 [Ni(I)AzAzCl]" by loss of 128 Da, which
corresponds to NiCl,. This observation is in agreement
withdworkédone,abyaSchroderaetaal 4[51],donadstudiesdof
binuclear cationic clusters of iron chloride. Structures
including chloro-bridges between two metallic centers can
bedfoundédindthedcoordinationdchemistryditeratured52,é3]
and may apply here. Another relevant factor that should
be taken into account is the coordination site. Between
ligands of the same type, bidentate ligands are more stable
than monodentate ligands. Thus, it is expected that the
3-azidopropionitrile will behave as a bidentate ligand
since in the azido and nitrile groups of this compound,
electron pairs are available. Nevertheless, the possibility
of 3-azidopropionitrile behaving as a monodentate ligand
cannotdedulediout.dnihediteratured53,H4]dwodpossible
structures are reported for complexes of the type
[Ni,(INL,Cl,]*, where L is ethylenediamine or bipyridyl,

(instead of 3-azidopropionitrile) in which the two nickel
atoms have different coordination modes. To identify the
coordination site by means of MS-MS analysis, it was
decided to investigate in detail the fragmentation routes
starting with a simpler ion than m/z 413. Scheme 1 starts
with the complex at m1/z 285, and two main fragmentation
paths were found. In both, losses of N,, HCN, HCI, occur
although in different orders. No ambiguity remains on
the loss of 28 Da from 3-azidopropionitrile, which is
attributable to loss of N,. In fact, previous studies on
3-azidopropionitriled[22]dshowedathatitheamoleculardion
loses N, but not H,CN. In addition, there is agreement in
the literature about the loss of N, as a first step of
decompositionéoféorganicéazidesq 18420].aThedosséofaHCl
does not change the charge of the complex or the oxida-
tion state of the metal as, apparently, a proton is donated
by the ligand that becomes negatively charged. In one of
the paths, as low masses (m/z 126, 99, 85) are approached,
a redox reaction takes place and Ni(Il) is reduced to Ni(I).
This redox reaction seems to happen via a homolytic
cleavage of a coordinate bond; consequently, a radical
(e.g., NCCH,) is released from the complex. This is,
apparently, observed in the step from m/z 166 to m/z 126.
A similar fragmentation pattern was observed when bro-
mide was used as a counter ion. The only difference was
that in some steps, Br' is released with simultaneous
reduction of Ni, while loss of CI" was not observed in
Scheme 1. This different behavior might be explained on
the grounds of relative values of bond dissociation en-
thalpy of HX (X = Cl, Br), which is higher for chlorine.
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-(HCHN,+HCN) (91 Da)

v

[Ni(ID)Az(Az-CH,N,)]*
m/z 194

N, (28 Da)
v

[Ni(II)(AZ-Nz)(AZ-CH2N3)]+
m/z 166

-NCCH, (40 Da)

v

[Ni(D(Az-NI
m/z 126

-HCN (27 Da)| -H,CCNH (41 Da)

l |

[Ni(I)(AZ-CHNS)]" [INi(D(CNH)]*
m/z 99 m/z 85

v

[NiD]*
m/z 58

]

-NHCCH, (41 Da)
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[Ni(I)AzAzCl]*
m/z 285
-Az (96 Da)
M -(N,+HCN) (55 Da)
[Ni(IDAZCIJ* —l
m/z 189
-N, (28 Da)
v [Ni(IT)(Az-CHN,)CIJ*
[Ni(IT)(Az-N,)CI]* m/z 134
m/z 161
- HCI (36 Da)

v

INi(II)(Az-HN)[*
m/z 125

-HCN (27 Da)

v
[Ni(II)(AZ-CHzNS)]Jr
m/z 98

-NHCHCH,CN (68 Da)

Scheme 1. Sequential fragmentation of some nickel complexes, from NiCl, solution, based on

MS-MS experiments.

Continuing the analysis of Scheme 1, in the other main
fragmentation path the nickel does not change its oxida-
tion state since all the losses are neutrals. The terminal ions
in this case are at m/z 125 and 98. The fragmentation
scheme for the system with bromide as the counter ion is
very similar to the previous one. The terminal ions are at
m/z 126, 125, 99, 85, 58.

This study was extended to the counter ion NOj, first
because its different nature from halide counter ions
could help to understand the coordination process.
Second,decausedl'sierkezoséetal.d54]havealaimeddhat
its use would be a good test to the formation of Cl
bridged complexes which should not occur when NO,
is used. The complex [Niy(I)AzAzX5]" where X = (I,
Br, and NOj,4(Tabledl )disamoredabundantéforaCléandéBr.
The fact that the abundance of [Ni,(I)AzAz(NO;)5] " is
approximately 3% is ambiguous since it can mean either
that NO; bridged complexes exist, against predictions
ofdl'sierkezos@tal.d54],ordhatdtsdowabundancedpoints
to a very unstable moiety. In any case, if there are
bridged complexes in NO;, they are probably oxo-

bridged complexes. The complexes at m/z higher than
m/z 142 (Scheme 2) have equivalent species in the
previous fragmentation scheme. The terminal ions m/z
85 and 58 (Scheme 2) are coincidental with some seen
before. On the other hand, some complexes with differ-
ent compositions were detected at m/z 142, 115, 75,
whose assignment was [(Az-N,) Ni()O]*, [(Az-CHN,)
Ni()OJ*, [Ni(I)OH] ", respectively. Under these condi-
tions, simple N—O bond cleavage in the nitrate ligand
gives a ligated metal-oxide cation [(Az-N,)Ni(I)O]* and
the release of a radical NO,. As NO; is an anionic
ligand, after homolytic cleavage of the N—O bond,
leading to radical NO,, the remaining oxygen coordi-
nated to nickel might carry one more electron than the
usual number of valence electrons, which must be
transferred to the metal yielding a reduced metal spe-
cies. It is well known that metal monoxide cations of
late transition metals, such as nickel, are very reactive
and capable of activation of various substrates, with
possible subsequent occurrence of oxidation reactions
and#&earrangementsd48].alhus,dtdséacceptabledodadmit
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[Ni(I)AzAZNO,|*

m/z 312

-Az (96 Da) l-(Az+N2) (124 Da)

[Ni(II)AZNO3]+
m/z 216 m/z 188

-NO, (46 Da)
N, (28 Da) v

m/z 142

v

[(Az-CHN,)Ni()O]*

m/z 115
-HCN (27 Da)

[INi(D]*

m/z 58 m/z 85

[(Az-N,)Ni()O]*

l -CH,0 (30 Da)

[Ni(IH(NCH)]*
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+H,0 (18 Da) _
[Ni(I[)(Az-N,)NO,|* +——— [Ni(I[)(Az-N,)NO,H,0]*

m/z 206

-NO, (46 Da)

-HCN (27 Da)

NCCH (39 Da)

[Ni(DOH]*
m/z 75

Scheme 2. Sequential fragmentation of some nickel complexes, from Ni(NO3), solution, based on

MS-MS experiments.

that the ligand (Az-N,) could be activated and attacked
by the coordinate unit NiO™, yielding insertion prod-
ucts. In this work, the loss of CH,O (Scheme 2) gives
evidence for the occurrence of these processes.

In addition, similar species to [Ni(I)OH]" have been
reportedaforairona[55]daandathoughtatoabeaformedaby
transfer of a hydrogen atom to [FeO]*. A similar
process for the formation of [Ni(I)OH]" is predicted.
ESI-MSastudiesaofaCu(ll)-ureadcomplexaformationdalso
reportedétheadetectiondofithediond Cu()OH] * q56].

Complexes of the same type as seen for nickel were
observed for cobalt. The most important complex ions
have exactly the same assignments as for nickel but
with one more Da per cobalt atom present. This cobalt
investigation was made simpler by the absence of
isotopicgpeaksdromahednetal.dndlabled,dheaorrespon-
dence of the species found for both metals can be
verified. The results obtained from MS-MS analysis
were also consistent with the nickel data. The main
losses are also the same as already seen: N,, HCN, HCI,
and radical NCCH,. The terminal ions have the same
composition when compared with terminal ions in
Scheme 1, with m/z values with one more Dal, i.e.: 127,
100, 86, 59, and 99.

At this stage, an attempt is made to explore the
structure of these azido-complexes. For simplicity, this
analysis will be based on complexes thath originate
from nickel chloride solutions; however, the reasoning
will be applicable to species obtained with different
counter ions and a different metal. Considering the

complex [Ni(II)AzAzCl]*, the ion corresponds to the
base peak of the spectrum, probably being a quite stable
species. It loses one ligand azide (96 Da) yielding ion at
m/z 189. Furthermore, considering the MS-MS of ion at
m/z 189 (Scheme 1) two fragmentation routes can be
followed. One of them implies the loss of 28 + 27 Da,
which only can be assigned in this compound as N, +
HCN. Through the other route 28 Da are lost followed
by 36 Da (HCI) and afterwards 27 Da (HCN). Compar-
ing of both pathways, it can be concluded that the loss
of 28 Da must be assigned to N, and not to H,CN. This
suggests that when the ligand 3-azidopropionitrile loses
28 Da, the loss was attributable to N,. It was mentioned
above that this is an extremely common loss in organic
azides. However, on looking at terminal complexes,
doubts may arise about which atoms of the ligands
were initially coordinated to the metal. CID experi-
ments on their own may be limited by the inability to
establish whether a fragment lost during CID was
coordinatedédodthedametaléaatihedbeginningaordnotd57].
The experimental data extracted from MS-MS stud-
ies are not conclusive on the coordination sites. To
clarify this, some labeling and/or ion-molecule reaction
studies would be necessary. In our case, it was decided
to obtain some support from DFT calculations, the
results of which will be presented in the next section.
Most of the literature on azides complexation with
metals deals with metallic complexes with N; anion
present in inorganic azides. The scarce literature on
organic azides does provide diverse evidence on ligand
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- ~+
Ni *
'S
NH N Insertion C-C .
|| ||| —  » | HNHC—Ni—CH,CN
CH— ., C
2
m/z 126 H shift

+

Y
[ NiCNH]+
m/z 85

HNC— Ni— CH;CN

Y
[ NicH,CN] ’

m/z 99

Scheme 3. Mechanistic proposal for formation of ions of m/z 99 and 85 from ion m/z 126.

behaviordn&olutiond32-34].alhedirstdwostudiesdeport
on a monodentate azide ligand being the terminal
nitrogen of the azido group coordinated to the metal.
The complex suffers loss of N, leading, by rearrange-
ment and via an intermediate, to an imido complex. The
third study describes a bidentate azide ligand involving
coordination by two nitrogens, one of them the alky-
lated nitrogen of the N; group and the other a nitrogen
from other functional group. Therefore, the available
literature reports on different coordination types.

To attempt a deeper structural interpretation, it
was decided to investigate one of the terminal ions
[Ni(I)(Az-N,)] " (m/z 126) and its daughter ions of m/z 99
and 85. A mechanistic rearrangement is proposed
(Scheme 3), which is based on a proposal by Eller et al.
[58]dandéestablishesdadmeaningfuldrelationshipaamong
those ions. Complexation of the metal to the functional
group XY (CN, NC) causes a C—C insertion of nickel
followed by hydrogen shift (Scheme 3). From the inter-
mediate formed, two ions can be derived, one of them
keeps HNC strongly bound to the metal by elimination
of the remaining part of the ligand (CH;CN), the other
keeps the part of the ligand coordinating the metal and
loses HNC. This also applies to cobalt. Although it has
been claimed that electrospray ionization is able to
transfer solution species to the gas phase, one should
bear in mind that this is a gas-phase mechanism.

To complete this study, another issue should be
addressed, specifically to verify whether our data could
be correlated with data obtained by FT-ICR. FT-ICR has
also been applied to study the reactivity of azidoaceto-
nitrileawithdanionicéandéacationicarhodiumaclustersd31].

Metal clusters show a gradual transition between gas-
phase metal ion chemistry and surface-like behavior as
the cluster size increases. Thus, for small clusters, a
behavior with some degree of resemblance with our
results was expected, in spite of the different metal and
azidonitrile used.

For monoatomic Rh™, reacting with azidoacetoni-
trile, the following reactions were observed:

Rh* + N,CH,CN —RhN,CH,CN* (1)
Rh* + N,CH,CN — RhH,C,N; + N, )
Rh* + N,CH,CN —RhHCN* + N, + HCN 3)

Similarly, for 3-azidopropionitrile complexes of nickel
and cobalt, ligands were observed such as the intact
azide and the remaining azide after loss of N, or HCN.
Unlike monoatomic rhodium, no rhodium cluster
showed the intact azidoacetonitrile. For clusters with n
> 3, typical surface processes were detected, notably
the formation of Rh,,C,N,* with N, and H, release from
the molecule, carbene formation (Rh,C," by release of
2N, and H,) and Rh,CN," or Rh,C,H,N,"* formation.

Theoretical Study

OptimizeddB3LYP/6-314+ +4aG(d,p)astructureséforatwo
conformers, A and B, of the [Ni,(I)AzAzCl;]* complex
aredreportedainaFiguredl .aForaconformeraA dtheacoordi-
nation number is four for both metal centers, which are
connected by one chloro-bridge, and the azides play the
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(c)

(e)

(d)

Figure 1. The structures of theoretical optimized complexes structures. (a) and (b) [NiAzAzCl,]*
complex conformers. (c) and (d) [NiAzCl]" complex conformers. (e) [NiAzAzCl]* complex.

role of a bidentate ligand. In contrast to conformer A,
the azides in conformer B play the role of a monoden-
tate ligand. Interestingly, one of the azides is bound to
Ni through the C—N group, whereas the other one is
bound through the azide group. One metal center
interacts with two Cl atoms and the coordination num-

ber is also 4 for one of the nickel atoms. On the other
hand, the other metal center has a coordination number
of 3, interacting only with chlorine ligands. For this
conformer two chlorine bridges were present.

Some structural data for these complexes (bond
lengths)are&eportedan&igured .FromB3LYP/6-314t+ +
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G(d,p) calculations, the two conformers are nearly
isoenergetic (conformer B is ~3 kJmol ' more stable
than conformer A). Further information on the coordi-
nation chemistry of the complexes is provided by
calculations on the smaller complexes [Ni(I[)AzCl]*
and [Ni(I)AzAzCl]".

The B3LYP/6-31 ++ G(d,p) optimized structures for
two conformers, C and D, of the [Ni(I)AzCl]* complex
aredreportedaindFigureal &ConformeraCaisdadbidentate
complexawhileionformeraBaséaamonodentateicomplex,
in which the coordination is established through the CN
group. However, from B3LYP/6-311 ++ G(d,p)//
B3LYP/6-31 ++ G(d,p) single-point energy calcula-
tions, the bidentate conformer C is 57.3 kJmol ' more
stable than conformer D. Some structural data on these
complexesdaredalsodreportedainaFigureal.4ThedNi-NC
bond length is 1.92 A in conformer C. This distance is
significantly smaller in conformer D (1.80 A), reflecting
a stronger interaction with the CN group in the mono-
dentate structure. Although conformer C is energeti-
cally favored, a competition between the interaction of
the metal center with the azide and nitrile groups
leads to an increased Ni-NC distance in the bidentate
complex. i

ThedptimizedstructuredofdhedNi(I) AzAzCl] *Tom-
plexd (e)d isa reporteda ind Figurea 1.4 Ina contrasta to
[Ni(I)AzCl1]", for which a bidentate coordination was
favored, the structure with two azides illustrates the
formation of a structure with monodentate ligands.
Although extensive searches on the potential energy
surface have been carried out, no bidentate complex
was found in this case. In addition, the two azides are
bound to the metal center by the CN group. On the
otherahand,atheastructured (e)a ofa Figurea 1aseemsa to
indicate that this complex is not energetically stabilized
by the interaction between the azides. Apparently the
structure of [Ni(I[)AzAzCl]" reflects the feature that
metal-ligand interactions are much stronger than li-
gand-ligand interactions. For example, the binding en-
ergy (BE) of the 3-azidopropionitrile dimer is 18 kJ-
mol ! at the B3LYP/6-311 ++ G(d,p)//B3LYP/6-31 +
G(d,p) level. However, the binding energy of NiCl to
thedazideqseediguredl c)asB014&Jmol ~'.aThisavaluedvas
not corrected for basis set superposition error (BSSE),
but it is expected that BSSE is quite small for B3LYP/
6-311 ++ G(d,p) calculations. The results of these
binding energy calculations indicate that ligand-ligand
interactions are much too weak to compete with metal-
ligand interactions. In spite of much weaker ligand-
ligand interactions than ligand-metal interactions, a
refined sampling of the conformational space could be
useful to assess local minima structures where ligand-
ligand interactions are also optimized.

In agreement with experimental information on
azide-metaldcomplexesd[32-34],dthedpresentatheoretical
calculations support the view that although bidentate
complexes are energetically more stable, monodentate
structures can also be observed in mono positively
charged complexes involving 3-azidopropionitrile and
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Ni. The specific structure of these complexes should
reflect the fact that in comparison with metal-ligand
interactions, ligand-ligand interactions are significantly
weaker.

Conclusions

An electrospray study of solutions of Ni(Il) and 3-
azidopropionitrile, and Co(Il) and 3-azidopropionitrile,
yielded only single positively charged complexes, which
were found to contain different ligands and various
stoichiometries. The following ligands were detected in
these complexes: the intact 3-azidopropionitrile, 3-
iminopropionitrile, counter ions (C1~, Br~, NO;™) of the
salts used, and solvent molecules. The majority of com-
plexes observed had one metal center and a general
formula [M(I)Az X]", where M = Ni or Co, X = CI~,
Br~, NO;7, and n = 1-3. Cluster ions of the type
[My(IDAZ.X5]*, (n = 1-2), were also detected, being
predicted to be halide-bridged binuclear complexes and
oxo-bridged in the nitrate counter ion case. The most
abundant complex ion had the general formula
[M(I)Az,X]*. A CID study followed by MS-MS analysis
was performed to search for the coordination site(s).
This analysis showed that losses of the intact 3-
azidopropionitrile ligand are easily achieved for com-
plexes with a large number of these ligands, either for the
cluster or the complexes with only one metal center.
Fragmentation of species of the general formula [M(II)-
AzX]" and [M(II)(Az-N,)X]* led to reduced metal species.
Neutral losses, such as HCI and HBr, led to species where
the oxidation state of the metal was retained. However,
the elimination of radicals, Br or others, led to complexes,
where metal reduction seems to take place due to homo-
lytic cleavage of a metal—ligand bond. Elimination of the
NO, radical, in the case of [Ni(I[)(Az-N,)NO;]*, yielded a
ligated metal-oxide complex [(Az-N,)NiO]", due to the
specificity of the nitrate ligand. The reactivity of NiO™"
may be responsible for the activation and attack on
(Az-N,), leading to oxidation reactions and rearrange-
ments, allowing losses such as CH,O. A mechanistic
rearrangement, involving the insertion of the metal into
C—C bond, followed by a H shift, is proposed for the
terminal ion [M(I)(Az-N,)]". The decomposition of the
intermediate formed allows an explanation of the com-
mon terminal ions observed from the fragmentation
sequences.

The MS-MS analysis was not totally conclusive on
the coordination site. Nevertheless, the DFT calcula-
tions performed led to the conclusion that the 3-
azidopropionitrile can act either as a monodentate or a
bidentate ligand, with a variable coordination number
for Ni. For the complex species under theoretical scru-
tiny, when the 3-azidopropionitrile ligand behaves as a
monodentate ligand, the most favored functional group
for coordination is the nitrile. In the case of the cluster
[M,(I1)Az,Cl;]", the conformer B is not significantly
more stable than A, however, there is an additional
reason to support its occurrence. Under CID conditions,
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NiCl, was the most important loss, which is more likely
to occur from conformer B. These two conformers show
some similarities with proposed structures in the liter-
atured[53,854]4foraclustersdofathedsamedtype.aWhendthe
complexes are mononuclear, the metal coordination
number is 2 or 3 whilst for binuclear complexes, the
metal coordination number is 3 or 4. In this study, from
the DFT calculations, it is clear that in complexes with
the ligand 3-azidopropionitrile coordination never
takes place via the alkylated nitrogen as was observed
in previous studies. This can be explained since for the
azideastudiedabyaBarzéetdal 434] dthedcoordinationdby
the end-nitrogen is sterically hindered, while for 3-
azidopropionitrile, the alkylated nitrogen is not acces-
sible for bidentate coordination.

Concerning a possible comparison of our results
with the results from a study by FT-ICR of the reactivity
of azidoacetonitrile with rhodium clusters, agreement is
found between our results and the results obtained for
small rhodium clusters.
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