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Experimental IR multiphoton dissociation spectra of cationic niobtaeetonitrile complexes with the formal
stoichiometry [NbnCH3;CN]*, n = 4, 5 (the notation [NmCH;CN]" was chosen in order to emphasize the
formal stoichiometry of a cluster without implying any structural information), as provided by the Free Electron
Laser at CLIO, Orsay, France, are compared to ab initio IR absorption spectra throughout the spectral
“fingerprinting” range 786-2500 cnt™. Forn = 4 the vibrational spectrum in combination with the performed

ab initio calculations provides strong evidence for a square-planar high-spin quint@ @), - complex.

Forn = 5, additional vibrational bands between 800 and 1550'are interpreted in terms of covalent-C
coupling in [Nb,5CHCN]*. Screening on the basis of ab initio calculations leads to the assignment of the
recorded spectrum to the metallacyclic species'[fiCCHs)3(N=C(CHs)C(CHs)=N)]* with an electronic
triplet state. The deduced processes upon 4-fold and 5-fold coordinatior wftklCHsCN in the gas-phase

are complexation only and reductive nitrile coupling, respectively. The minimum energy pathways of the
reductive nitrile coupling reaction in [NEINCCH),] ", n = 4, 5, investigated for singlet, triplet, and quintet
states § = 0, 1, 2) by density functional theory, account well for the observed (non)reactivity. In ground
state (tripletS= 1) [Nb'(NCCHz)s] ™ the reaction is found to be exothermic and the activation barrier amounts
to approximately 49 kJ mot, whereas for ground state (quint&t= 2) [Nb'(NCCHs),] " the corresponding
reaction is endothermic and would require an activation of more than 116 k3.mol

Introduction ready coupling and that at least a single fragmentation channel
of the complex is effectively activated. Although the IR-MPD
technique can cope with the inherent problem of the low
concentration of ions in the gas-phase, this technique suffers
from the lack of common high-power tunable light sources for
the full range of the chemical infrared. The spectral range of,
e.g., line-tunable C@lasers is limited to 9361085 cn1?, and
modern optic parametric oscillators (OPOs) do not cover spectral
ranges below~2200 cn. It was shown befofe 2 that a free
electron laser (FEL) is suitable to activate IR-MPD over a wide
frequency range, yielding data that closely mimic IR absorption
spectral4—15

Reactions that form new-GC bonds correspond to key steps
in the catalytic synthesis of a variety of organic compounds.
For instance the McMurry €C coupling of two aldehydes or
ketones yields vicinal diols when catalyzed by titanium at low
temperature$ Reductive nitrile G-C coupling can occur when
nitrile complexes or metal halides in the presence of nitriles
are reduceé?While some reactions of cationic niobium clusters
with acetonitrile have been the subject of mass spectrometric
studies under single collision conditiohghe structures of
niobium—acetonitrile complexes and clusters are still unknown.
Other than in bulk-phase solutions, the IR spectroscopy of .
isolated gas-phase complexes is not complicated by ligand _1he performed FEL-IR-MPD experiments were supplemented
solvent interactions. However, IR spectroscopic studies of with ab initio calculations which allow for an unambigious
isolated gas-phase complexes face the inherent problem of lowiNterpretation of the gas-phase IR spectra and as such provide
number densities, which do not allow application of traditional & PoOwerful tool for structure determination.

IR absorption techniques. In this work the vibrational spectra

of niobium—acetonitrile complexes are investigated by IR Experimental and Computational Methods

multiphoton dissociation spectroscopy (IR-MPB)instead.
After absorption of an IR photon, internal vibrational relaxation

78 vk . . o
(IVR)"Zwithin the exqted pomplex randomlzes the excitation is based on a 1650 MeV electron accelerator and has a very
energy out of the excited vibrational mode into the heat bath of | . . ;

arge wavelength range in the infrared from 3 toufB, which

all the accessible modes. IR-MPD spectroscopy relies on this is continuously tuneable over a wide spectral ran§@/q ~

*To whom correspondence should be addressed. E-mail: B. M. 2.5). The FEL t_emporal St_rUCture 1S Compose.d. of sequences of
Reinhard, bmr@chemie.uni-kl.de; G. Niedner-Schatteburg, gns@chemie.uni-macropulses with a duration of & at a repetition rate of 25
kde. o Hz. Each of these macropulses contains 500 micropulses, which

¢L‘;‘i:\t‘é‘r':i‘tiggalﬂi’;";gfs't*a'sers'a“tem- are only a few picoseconds long. The FEL laser light was

& Present address: Physical Biosciences Division, Lawrence Berkeley focused into the center of a 1.25-T Fourier-transform ion

National Laboratory, Berkeley, CA 94720. cyclotron resonance (FT-ICR) ion trap by a spherical mirror of

The IR spectra were recorded at the “Centre Laser Infrarouge
d’Orsay” (CLIO) FEL facility. The experimental setup at CLIO
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1 m focal length (estimated laser spot sizd00 um).1® The
open design of the ICR cell in use provides good optical access
to its center, facilitating spectroscopic investigations of ions
stored within it. Atomic Nbmonocations were generated by a
Nd:YAG laser driven ablation off a niobium target adjacent to
the ICR cell. Acetonitrile (CHCN) was admitted into the cell
through a pulsed valve at 3.5 10°® mbar for 200 ms.
Subsequently, Ndons were allowed to form complexes with
CH3CN for 1 s, and those complexes with the formal stoichi-
ometry [NbnCH;CN]™ were mass-selected by resonant fre-
quency ejection techniques. Exposure to FEL-IR radiation for
2 s led to multiphoton absorption and complex fragmentation
when resonant with a fundamental vibration. Fragment ion
intensities and parent ion “dips” were recorded as a function of
the FEL wavelength in order to obtain the experimental IR-
MPD spectra. The IR-MPD spectra were recorded at average
FEL powers of approximately 280 and 400 mW, respectively.
If not stated otherwise, ab initio IR absorption spectra were
calculated at the B3LYP level of theory and for singl8t=¢
0), triplet (S= 1), and quintet$ = 2) spin states. This method

J. Phys. Chem. A, Vol. 108, No. 16, 2003351

[Nb,4CH,CN]"
&%(CH,)

8°%(CH,)

8""(CH,)!

|_|A|A|

¢) calc. triplet (S=1), AE= +58.6 kJ/mol

d) calc. singlet (S=0), AE,= +65.6 kJ/mol

A
800 1000

A

1200 1400

1600 1800 2000 2200 2400 2600
Energy / cm”'

Figure 1. IR spectra of the [Nb,4CHCN]" complex: (a) experimental

was chosen as several calibration calculations have proven thagg| . |R-MPD spectrum recorded with an average FEL power of

this functional yields accurate geometries and vibrational
frequencies in transition-metal compour@g Ahlrichs polar-
ized triple< basis sets were applied for C,NIMA relativistic
effective core potentid? and Ahlrichs polarized triplé-basis

set described the Nb (£8d) and valence electrons, respectively.
By comparison of B3LYP/TZVP calculated IR frequencies of
the free acetonitrile molecule with experimental datauniform
frequency scaling factor 6¥0.98 was determined. (For unscaled
frequencies, please refer to the supporting information.) Zero
point energy (ZPE) corrected energy differences are referred to
as AEq.

To determine activation barriers for the reductive nitrile
coupling reaction we parametrically varied the-C distance
between the nitrile carbons of two adjacent acetonitrile ligands
CH3CN, while all other coordinates were freely optimized. All
calculations were performed with the TURBOMO®program
package.

Results and Discussion

A. IR-MPD Spectra of Niobium —Acetonitrile Complexes
[Nb,nCH3CN] ", n = 4-5.

All of the recorded vibrational bands of complexes with the
formal stoichiometry [Nb,4CECN]* (Figure 1) are close to the
vibrations of the free CECN molecul&! except for theyock
(CH3) mode at 1090 crrtt, which is somewhat blue-shifted (by
~40 cnt?). Thev(CN) band is perturbed due to a Fermi-like
resonance with thé(CHs) + »(CC) combination band, which
is known from free acetonitrile to appear at 2300 ¢é# In
thev(CC) stretch mode region (below 1000 thithe recorded
level is down to noise level, which is due to a decrease in FEL
power at the end of its scan range. At first glance the
experimental spectrum does not yield strict evidence of anything
beyond coordination of four GJEN to a single Nbmonocation.

To substantiate this assertion, we calculated the IR absorption

spectra of several optimized [Nb,4@EN]* complex structures

of assumed spin stateS € 0, 1, 2). Among the investigated
complex structures were structures with nonreactive first and
also second shell coordination as well as cluster structures
resulting from potential intracluster reactions (for all of these
IR absorption spectra cf. supporting information, Figure S1).
The calculated IR absorption spectrum of quing4(2) [Nb'-
(NCCHg)4]*, with four first shell acetonitrile ligands bound
directly to the niobium monocation, matches the experimental

approximately 280 mW= 11.2 mJ/macropulse at 25 Hz; -{d)
calculated spectra (solid lines: calculated vibrations) of (NGCHg),] ™+

in various spin states (full width at half-maximum (fwhm) of 10@m
assumed). Dashed lines in (a) indicate normal modes of the frge CH
CN molecule. The FEL-IR-MPD spectrum (a) contains no indication
of any reactivity beyond coordination and matches the calculated IR
absorption spectra of quintes & 2) [Nb'(NCCH;s)4]™ (b) best. In the

IR absorption spectra of the triplet (c) and singlet (d) t(@N) bands

are red-shifted with regard to (a).

spectrum best. Nkacetonitrile complexes with three first shell
and one second shell acetonitrile ligand, as well as singlet [Nb
(CH3C=N)3(NCCHg)] ", which contains one acetonitrile ligand
and one 2,4,6-trimethyltriazine ligand (@E=N); bound to Nb

also show a basic correspondence to the experimental spectrum
in all spin states= 0, 1, 2 (cf. Figure S1). However, as these
complexes are energetically clearly disfavored b$00 kJ
mol~1 with regard to [N)(NCCH)4] ™, their existence on the
time scale of the performed experiments (several seconds) is
extremely improbable.

B3LYP/TZVP calculations of [N§NCCHg)4]" in the as-
sumed spin statesS(= 0, 1, 2) reveal distinct geometries of
different relative stabilities. The 4-fold coordination of Nb
most stable when square-planar and high-spin quitet @,

AEp = 0 kJ mol?). It is a distorted tetrahedral when tripled (
=1, AEp = +58.6 kJ mot?) and a tetrahedral when low-spin
singlet §= 0, AEy = +65.6 kJ mot?). We further confirmed

the preference of the high-spin quintet against the triplet and
singlet by energy calculations at the MP2/TZVP level of theory,
which suggest that the quintet remains energetically favored to
the triplet and singlet by 68.6 and 54.2 kJ miglrespectively.

On the basis of these energies it becomes unlikely that also
[Nb'(NCCH)4]* isomers with an electronic singlet or triplet
state contribute to the recorded IR-MPD spectrum. Moreover,
the predicted red-shift of the (CN) stretch vibration that
anticorrelates with total spin justifies the assignment of the
experimental spectrum to the square-planar high-spin quintet
(S= 2) complex [NBY(NCCHs)4]". While the experimental IR-
MPD spectrum by itself does not suffice to pinpoint a particular
structure, its interpretation in the light of concomitant ab initio
calculations is conclusive. In total we find strong evidence for
the square-planar high-spin complex without evidence for any
other isomer.
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a) 1 % L. ('CH,E éél“’(CHI) L EV'(CN: T and shape pf they(CN) mode gt 2290 cmt and, most
weck Eé‘:“(cn-}g EE i importantly, in the structured region between 1300 and 1550
L cmL. In the low-energy region (below 1200 cf) there are
some deviations, however. In the spectrum which covers the
spectral range from 780 to 2500 chqcf. bottom trace in Figure
2b, open circles), some of the predicted banr€snost notably
band | are missing. The average FEL power for this spectrum
was approximately 280 mW throughout most of the scan range.
For technical reasons it is difficult to maintain constant FEL
power over such a broad range, and the FEL power at the low-
energy region of this spectrum was actually somewhat lower
(only ~200 mW). However, after the FEL conditions were

b)

Ny, /CH_s|+

(H-‘CCN)-‘N{I;,C'\ =1 optimized for the range 8661350 cnT?, we managed to record
CH a spectrum in this narrow spectral range with an average FEL
power of approximately 400 mW (cf. upper trace in Figure 2b,
I open square symbols). Under these conditions IR absorption of
«— #ofmodes — 3 all predicted bands-il led to fragmentation and gave rise to a
o o T T e e 3 0 20 3600 recordable signal intensity. Thus, the IR-MPD spectrum recorded
Energy /cm’” at the higher photon flux matches the calculated absorption
Figure 2. IR spectra of the [Nb,5C#EN]* complex: (a) IR bands of ~ spectrum of [NB'(NCCHz)3(N=C(CHs)C(CHz)=N)]* in an
the free CHCN molecule; (b) FEL-IR-MPD spectra of [Nb,5GEN]* electronic triplet state§= 1) and affirms the assignment of

recorded with an average power (see text)<@#80 mW=11.2mJ/ the experimental IR-MPD spectrum to the metallacyclic species.

macropulse at 25 Hz (bottom trace, open circles) and recorded with an _
average power of 400 mW 16.0 mJ/macropulse at 25 Hz (top trace, Please note that the enhancement of the IR-photon flux between

open squares); (c) calculated spectrum of triplet'[(CCHs)s(N= 800 and 1200 cm was possible only at the expense of inferior
C(CHs)C(CHs)=N)]*. Details as in Figure 1. Spectra of other structures Spectral resolution.
and spin states (cf. supporting information) deviate strongly from (b).  The fact that the low photon flux IR-MPD spectrum of [Nb
(NCCHg)3(N=C(CH3)C(CHz)=N)]* contains only band Kk,
while bands i, j, and | are absent, indicates strongly mode
specific absorption and fragmentation dynamics. It is well-
known that both multiphoton absorption as well as concomitant
fragmentation depend on a series of molecular and mechanistic
details, which can be very diverse for different moéeBor
instance, the absence of single bands in the low-energy region
| of the spectrum at lower photon flux might arise from a lack of
bands: They might arise from second-shellCN molecules h!gh stgtg density as is necessary to achie\{e efficient .mullt'iphoton
in [Nb,5CH,CN]* or, alternatively, from a chemical modifica- d!ssomatlon of anharmonic modes. I_n this case, S|gn|f|_cantly
tion due to an internal reaction, which is yet to identify. higher FEL powers are needed to induce fragmentation. In
We calculated the IR absorption spectra of various coordina- addition, a heavy atom effé€t® in [Nb"(NCCHs)s(N=
tion complexes-including structures with second-shell coordina-  C(CHs)C(CH)=N)]* might also account for the absence of
tion—and of products of potential intracluster reactions. The IR Single bands in the spectrum recorded at lower photon flux.
absorption spectra were computed for the B3LYP/TZVP The central, heavy Nbatom might hinder an effective energy
optimized complex structures in the electronic singlet, triplet, flow among excited and fragmenting modes, requiring very high
and quintet states, respectively. A comprehensive list of IR photon fluxes in order to achieve fragmentation. The investiga-
absorption spectra is provided in Figure S2 of the supporting tion of such mode-specific fragmentation efficiencies as a
information. There is no single calculated spectral prediction function of photon flux in the low-energy region of the IR-
in terms of conceivable combinations of coordination and spin MPD spectrum of [N (NCCH;z)3(N=C(CHs)C(CHs)=N)]"
state that would resemble all of the band patterns of the initially would certainly reveal important information about the mul-
recorded spectrum (Figure 2b, bottom trace). The absorptiontiphoton absorption induced fragmentation process and will be
spectra of coordination complexes with first- and second-shell subject of future experimental studies.
acetonitrile Ilgands rgsemble closely_ that.of the coordination g ~gordination versus Reactive Nitrile Coupling in
complexes with only first-shell acetonitrile ligands. The spectra [Nb,nCH.CN]*, n = 4, 5.

of these complexes do not show any vibrational bands apart h ; .o
from those of the free acetonitrile shifted by small margins as '€ recorded IR-MPD spectra of [NIzH:CN]", n = 4, 5,

observed for [NYNCCHs)4]* before (cf. Figure 1). Therefore yield convincing spectroscopic evidence of an interngl re.acti_on

it is most probable that the experimentally observed vibrational in the case ofi =5, as opposed to nonreactive coordination in

bands between 800 and 1550 Chindicate a covalent bond ~ the case ofn = 4. By comparison with the calculated IR

modification within the complex of the formal stoichiometry ~absorption spectra (cf. Figure 2), the IR-MPD spectrumrfor

[Nb,5CHCN]*. = 5 was assigned to the metallacyclic species'[IMCCHs)s-
Systematic screening on the basis of calculated IR absorption(N=C(CHs)C(CHz)=N)]* in an electronic triplet stateS(= 1),

spectra led us to an assignment of the recorded spectrum inwhereas in case af = 4 the IR-MPD spectrum was assigned

terms of a metallacyclic species [NENCCHg)3(N=C(CHs)C- to the coordination complex [NEINCCHg)4]* in an electronic

(CHz)=N)]™ (inset to Figure 2c) with a triplet stat& & 1). quintet state$= 2). Both entitiesn = 4 andn = 5, have been

The calculated and experimental spectra agree in the positionassembled stepwise in the gas-phase. Therefore the observed

The IR-MPD spectrum of [Nb,5CHN]* (Figure 2b, bottom
trace, open circles) is more complex than that of 'INb
(NCCHu)4]t. Additional vibrational bands, shifted away from
those of the acetonitrile monomer (cf. Figure 2a), appear
between 800 and 1550 crh These new bands can neither be
assigned to shifted(CHsz) deformation vibrations nor to shifted
v(CC) stretching vibrations of the gas-phase sCN. In
principle various reasons are conceivable for the new vibrational
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Figure 3. B3LYP reaction coordinates and structures alongrthe reaction coordinate for the intramolecular reductive nitrile coupling reaction
in [Nb'(CH3;CN),]*, n = 4 (left) andn = 5 (right), with total spinS= 0, 1, 2.

[NB"'(NCCHg)3(N=C(CHs)C(CHz)=N)]™ species must have [Nb'(NCCH),]" states are exothermic ByE = —64.7 kJ mof?
formed from [NB(NCCHg)s]* according to the redox reaction  (AEg = —52.4 kJ mot?1) and AE = —41.0 kJ mof! (AEy =

(2). —31.8 kJ mot?), respectively, and have significantly lower
activation energies of;(a — ¢) = +60.2 kJ mot! and Ey(d
INb'(NCCH,)J " — — f) = +56.1 kJ mot™.
. 4 . :
[Nb"'(NCCH3)3(N=C(CH3)C(CH3)=N)]+ 1) In the case of quintet [NENCCHg)s] ™ the G-C coupling

reaction coordinate is practically nonreactive. No stable mini-
mum could be located for quintet [NYNCCHg)3(N=C(CHs)C-
(CH3)=N)]*, which instead decomposes into quintet [Nb
(NCCHg)s] T in a barrierless reaction. In contrast for the singlet
and most importantly for the ground-state triplet [Nb
(NCCHg)s] T the reductive nitrile coupling reactioms— ¢ and

d — f are exothermic bAE = —74.0 kJ mof! (AE; = —61.9

kJ mol 1) andAE = —25.7 kJ mot! (AEp = —15.5 kJ mot?),
respectively. The corresponding calculated activation energies

In the course of this reaction, two adjacent acetonitrile ligands
react with each other and with Ntw form two covalent Nb-N
bonds and an interlinking-€C bond yielding a five-membered
heterocycle. While the two CJ€N ligands are reduced in the
course of this reaction, quintet Nis oxidized to triplet NH'.

To elucidate the size-dependent reactivity of [NICCHg),] *,

n = 4, 5 (coordination only and reductive nitrile coupling,
respectively), the reaction energetics and reaction barriers of
the C-C coupling reaction were investigated by means of DFT &€ ?f(a — ) = +42.6 kJ moi* andEy(d — f) = +49.1 kJ
calculations. The diabatic minimum energy pathways that mol™.

connect the reactants and the products of the reductive nitrile  Both in [ND(NCCHg)]* and [NB(NCCHg)s] * complexes the
coupling reaction were calculated as a function of the reaction reductive nitrile coupling reaction takes place on the triplet and
coordinate (distance between two nitrile carbons) and for various Singlet potential energy surfaces (PESs), whereas the quintet
spin states$= 0, 1, 2) of [NB(NCCHa),]*, n = 4, 5, at the PESs are essentially nonreactive. Although the PESs for a
B3LYP/TZVP level of theory. The obtained minimum energy particular spin state are similar in [NBNCCHg)q] 7, n = 4-5,
pathways together with selected complex structures are shownit is important to note that the energies of the triplet and singlet
in Figure 3. Relative energieAE (in kJ molY) are plotted PESs relative to the quintet PESs are reversed and that the
against the carbencarbon distancec_c between the nitrile  quintet is the ground state only for [NDICCHg)4]*. This
carbons of two adjacent acetonitrile ligands4CiN. For quintet finding has important consequences on the reactivity of the 4-
ground state [NYNCCHg)4]" the reductive nitrile coupling  and 5-fold coordinated species and accounts for their different
reactiong — i is strongly endothermic bAE = +180.8 kJ chemical behavior, as observed in the experiments: For ground-
mol~! (AEy, = +186.6 kJ motl) and requires an activation  state triplet [N((NCCHg)s]t, the reductive nitrile coupling
energy ofEy(g — i) = +197.8 kJ motL. In contrast, the EC reaction is exothermic and, most notably, the activation barrier
coupling reactiong® — c andd — f in the singlet and triplet amounts to approximately 49 kJ mé] which Arrhenius-like
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Figure 4. Proposed reaction scheme for [RBH;CN),]*, n = 4, 5. Forn = 4 the square-planar high-spin complex is stable. Addition of a fifth
CHsCN ligand induces spin change and subsequen€@oupling (see text).

kinetics readily overcomes on a submillisecond time scale.

(Preexponential factora (in k = Ae &) for gas-phase first-
order kinetics R~ P (R= Reactant, P= Products) are typically
of the order of (1x 10'%)—(1 x 10'% s~1.44In the present case
this leads to rate constarkgat 300 K) between 2940 and 29.40
x 10* s71, corresponding to average lifetimes= 1/k of R
betweerr = 0.34 ms and = 3.4 us, respectively.) In contrast,
in [Nb'(NCCHg)4] ™ the C-C coupling reaction requires a change
of spin if this species starts in its (quintet) ground state.

significantly more than 116 kJ mol (estimated). Even if
intersystem crossings were feasible in [WCCH)4] ™ and the
reaction could proceed from to c in Figure 3, the reaction
would still be endothermic bAEy = +13.2 kJ mot™,

The findings from the IR-MPD experiments and from the
B3LYP/TZVP calculations together allow for an interpretation
of the observed (non)reactivity of niobiunacetonitrile com-
plexes (cf. Figure 4). The planar, high-spin quint8t=t 2)
complex [NB(NCCHg)4]™" is stable against reductive nitrile

However, it has been demonstrated before that in organometalliccoupling (into low-spin products). Upon attachment of the fifth
chemistry gas-phase reactions can involve a change in spinacetonitrile ligand, however, thezcbrbital is forced to rise in

multiplicity.?”~31 Formally, spin forbidden reactions have been

energy and the triplet state becomes energetically favored in

observed to occur in various transition-metal systems. To name[Nb'(NCCHa)s]*. As the reductive nitrile coupling reaction takes
only a few, we refer to the recombination reactions of neutral place on the triplet PES, triplet [NINCCHs)s]* reacts under

M(CO), complexes with CO (M= Fe,x = 2—4;3233M = Cr,

X = 2—533" M = Co, x = 1-3%), C—S bond activation of
carbon disulfide by an atomic vanadium catf§rand G-H
activation by FeO. The latter has been previously investigated
experimentall§® and theoretical§#—43. Spontaneous spin flip-

ping might occur in transition-metal complexes, provided that

the PESs of different multiplicity have an opportunity to

spin conservation into the metallacyclic species'[KWCCHsz)z-
(N=C(CHs)C(CHg)=N)]*.
Conclusions

We have recorded the FEL-IR-MPD spectra of mass selected
cationic niobium-acetonitrile complexes with the formal stoi-

interact-the completion of this requirement depends on the chiometry [NbnCH3;CN]*, n= 4, 5, in the spectral range 780
chemical nature of the metal ion and the ligands, the number 2500 cnt®. In case ofn = 4 the recorded vibrational bands are
of attached ligands, and the coordination geometry. The close to those of the free GEN molecule and the experimental

particular interaction of diabatic niobiuracetonitriie PESs
surely depends on the complex size.

In [Nb'(NCCHg)4] "™ a “hop” from the nonreactive quintet to
the triplet PES in the vicinity of the crossingai-c ~ 2.3 A
would require an activation enerd of at least 116 kJ mol.
However, the geometry of the quint& £ 2) complex differs
distinctly from those of th&s = 1 (triplet) andS = 0 (singlet)

spectrum does not contain any evident indication of a potential
reaction beyond coordination. By comparison with IR absorption
spectra, calculated with the B3LYP functional, the recorded IR-
MPD spectrum is assigned to high-spin (quing&t; 2), planar
[Nb!'(NCCHg)4] . In the case oh = 5, however, new vibrational
bands shifted away from those of the acetonitrile monomer are
observed between 800 and 1550 ¢énThese new bands cannot

complexes when close to the crossings of the minimum energybe assigned to shifted(CHs) deformation vibrations or to

paths (cf. Figure 3), where the transition probabtfitifbetween
different PESs is maximal. StructurbgS= 0) ande (S= 1)

shiftedv(CC) stretching vibrations of the gas-phase acetonitrile
monomer but provide clear evidence of a chemical modification

each contain two acetonitrile ligands perpendicular to the plane within [Nb,5CHCN]* due to an intramolecular reaction. Based

formed by the remaining two acetonitrile ligands and the
niobium ion, whereas all complexes of t8e= 2 path are planar.

on the B3LYP calculated IR absorption spectra, the recorded
spectrum is assigned to the metallacyclic species"'INb

Due to these significant differences in the geometries of quintet (NCCHg)3(N=C(CHs)C(CHz)=N)]* (triplet, S = 1). This is

and both singlet and triplet [NINCCHs)4]* complexes, the
transition probability from quintet to singlet and triplet states

indicative of a spontaneous intramolecular reductive nitrile
coupling reaction to have occurred in [(INCCHz)s] ™. The

is negligible. Consequently the reaction coordinate of the quintet calculated reaction coordinates provide an explanation of the

is essentially nonreactive due to an activation enegtgyof

experimentally observed differences in reactivity between
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ground state [NYNCCHg)4]* and [NB(NCCHg)s]*. The reduc-
tive nitrile coupling reaction is exothermic and accessililg (
= 49 kJ mot?) only in [Nb'(NCCHg)s]™, whereas in [Nb
(NCCHg)4] ™ the reaction is found to be endothermic and retarded
by a significantly higher activation barrieE{>> 116 kJ mot™).
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