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First Investigation of Non-Classical Dihydrogen Bonding between an Early
Transition-Metal Hydride and Alcohols: IR, NMR, and DFT Approach

Ekaterina V. Bakhmutova,”™ Vladimir I. Bakhmutov,**! Natalia V. Belkova,*"!
Maria Besora,! Lina M. Epstein,” Agusti Lledés,*! Georgii I. Nikonov,*!

Elena S. Shubina,”” Jaume Tomas,'! and Eugenii V. Vorontsov

Abstract: The interaction of [NbCp,H;]
with fluorinated alcohols to give dihy-
drogen-bonded complexes was studied
by a combination of IR, NMR and
DFT methods. IR spectra were exam-
ined in the range from 200-295 K, af-
fording a clear picture of dihydrogen-
bond formation when [NbCp,H,]/
HOR; mixtures (HOR; = hexafluoro-
isopropanol (HFIP) or perfluoro-tert-
butanol (PFTB)) were quickly cooled
to 200 K. Through examination of the
OH region, the dihydrogen-bond ener-
getics were determined to be 4.5+
0.3 kcalmol™ for TFE (TFE = tri-
fluoroethanol) and 5.7+0.3 kcalmol ™
for HFIP. 'H NMR studies of solutions
of [NbCp,HPH*] and HFIP in [Dy]tolu-
ene revealed high-field shifts of the hy-
drides H* and HB, characteristic of di-
hydrogen-bond formation, upon addi-
tion of alcohol. The magnitude of
signal shifts and 7, relaxation time
measurements show preferential coor-
dination of the alcohol to the central

Introduction

The basicity of transition-metal hydrides is a well document-
ed phenomenon, manifesting in, for example, various hy-

hydride H”, but are also consistent
with a bifurcated character of the dihy-
drogen bonding. Estimations of hy-
dride-proton distances based on T
data are in good accord with the results
of DFT calculations. DFT calculations
for the interaction of [NbCp,H;] with a
series of non-fluorinated (MeOH,
CH;COOH) and fluorinated (CF;OH,
TFE, HFIP, PFTB and CF;COOH)
proton donors of different strengths
showed dihydrogen-bond formation,
with binding energies ranging from
—5.7 to —12.3 kcalmol ™', depending on
the proton donor strength. Coordina-
tion of proton donors occurs both to
the central and to the lateral hydrides
of [NbCp,H;], the former interaction
being of bifurcated type and energeti-
cally slightly more favourable. In the
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[b]

case of the strong acid H;O%, the
proton transfer occurs without any bar-
rier, and no dihydrogen-bonded inter-
mediates are found. Proton transfer to

[NbCp,H;]  gives  bis(dihydrogen)
[NbCp,(W*-H,),]* and dihydride(dihy-
drogen) complexes [NbCp,(H),(n*

H,)]* (with lateral hydrides and central
dihydrogen), the former product being
slightly more stable. When two mole-
cules of TFA were included in the cal-
culations, in addition to the dihydro-
gen-bonded adduct, an ionic pair
formed by the cationic bis(dihydrogen)
complex [NbCp,(n’-H,),]* and the ho-
moconjugated anion pair (CF;COO-
H--OOCCF;)” was found as a mini-
mum. It is very likely that these ionic
pairs may be intermediates in the H/D
exchange between the hydride ligands
and the OD group observed with the
more acidic alcohols in the NMR stud-
ies.

dride-transfer processes and in hydride-bridged structure
formation.! One major recent achievement in this area was

the discovery of non-classical hydrogen bonds between tran-
sition-metal hydrides and proton donors, also called a “dihy-
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drogen bond”.**! Having small interaction enthalpy, hydro-
gen bonding usually results only in small perturbations of
the electronic structures of participating molecules. Never-
theless, it modifies their properties, giving the opportunity
to fine-tune the properties of an organometallic complex.[
For example, the alteration of quantum exchange cou-
plings”! in polyhydride compounds upon dihydrogen-bond
formation has been observed.®! All these studies have been
performed for metals from the late and middle parts of the
transition series, but no example for early transition-metal
complexes has been reported. This is surprising in view of

Abstract in Catalan: La interaccié del [NbCp,H;] amb alco-
hols fluorats per donar complexos amb enllacos de dihidro-
gen ha estat estudiada combinant els metodes IR, RMN i
DFT. S’ha examinat l'espectre IR en [linterval 200-295 K.
S’hi observen senyals clars de formacio d’enllag de dihidro-
gen quan les barreges [NbCp,H;]/HOR; (HOR; = hexafluo-
roisopropanol (HFIP) o perfluoro-tert-butanol (PFTB)) son
rapidament refredades fins a 200 K. A partir de lestudi de la
regi6 OH s’ha determinat que les energies de 'enlla¢ de dihi-
drogen soén 4.5+0.3 kcalmol™ per al TFE (TFE = trifluo-
roetanol) i 5.7+£0.3 kcalmol™ per al HFIP. Els estudis mit-
jancant métodes "H RMN de solucions de [NbCp,HSH"] i
HFIP en dgtolué revelen uns desplacaments cap a camp alt
dels hidrurs H* i H® després de I'addicié de I'alcohol, signe
caracteristic de la formacié d’enllag¢ d’hidrogen. La magnitud
dels desplacaments quimics i dels temps de relaxacio T,
mostra una preferéncia per la coordinacio de I'alcohol a 'hi-
drur central H®, que és consistent amb un cardcter bifurcat
de lenlla¢ de dihidrogen. Les estimacions de les distdancies
hidrur—proté a partir de dades T, estan en concordanca amb
els resultats dels calculs DFT. Aquests cdlculs mostren la for-
macio de Uenllag de dihidrogen entre el [NbCp,H;] i series
de donadors de protons de diferent forca, no fluorats
(MeOH, CH;COOH) i fluorats (CF;OH, TFE, HFIP, PFTB
i CF;COOH). Aquests enllacos tenen energies entre 5.7 i
12.3 kcalmol™, segons la forca del donador. El donador de
protons es pot coordinar tant a [Uhidrur central del
[NbCp,H;] com als laterals, la interaccié sobre I’hidrogen
central és de tipus bifurcat i és energéticament una mica més
favorable que la lateral. En el cas d’un acid fort H;O%, la
tranferéncia protonica es dona sense barrera, i no es troben
intermedis amb enllacos dihidrogen. De la transferéncia pro-
tonica al [NbCp,H;] en resulten els complexos bis(di-
hidrogen) [NbCp,(W-H,),]* i dihidrur(dihidrogen)
[NbCp,(H),(W-H,)]* (amb els hidrurs laterals i el dihidro-
gen central). Dels dos productes, el bis(dihidrogen) és una
mica més estable que el dihidrur(dihidrogen). Quan s’inclou-
en dues molécules de TFA en els calculs, a més a més de 'ad-
ducte amb enllag dihidrogen es troba el minim parell ionic,
format pel complex cationic bis(dihidrogen) [NbCp,(n/’-
H,),]* i el parell anionic homoconjugat (CF;COO--
H-OOCCF;)~. Aquests parells ionics poden ser intermedis
en Uintercanvi H/D entre els lligands hidrur i el grup OD ob-
servat en els estudis de RMN amb els alcohols més acids.
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the fact that in a comparable ligand environment, the more
electropositive early transition metal renders the hydride
more basic and, hence, a stronger dihydrogen bond would
be expected.

Some of us have previously showed that basic metal-hy-
dride bonds of 18-electron Group 5 metallocene trihydrides
undergo direct reactions with Group 14 and 15 Lewis
acids.”)’ Analogous coordination of Group 13 Lewis acids to
the same system was studied by quantum mechanical calcu-
lations."”) [NbCp,H,]"!! appears to be a perfect candidate
with which to study the phenomenon of dihydrogen bonding
in the early transition-metal hydrides, because this com-
pound has basic hydrides, but no coordination vacancy or
lone pairs on the metal or any other site of the complex,
thus providing a very clear “picture” of the hydride and
proton interactions. In addition, the structural and spectro-
scopic properties of this compound have previously been
thoroughly studied experimentally by X-ray!' and NMR re-
laxation techniques,! and computationally by DFT calcula-
tions."¥

Here we report a comprehensive investigation of the in-
teraction of [NbCp,H;] with proton donors by a combina-
tion of IR, NMR and DFT methods.

Results and Discussion

IR studies: Infrared spectroscopy has proved itself to be the
most informative and useful method by which to investigate
hydrogen-bond phenomena in solutions and solids.'”! Study
of the M—H stretching region provides identification and as-
signment of the dihydrogen-bond formation, whereas the
OH stretching region in the IR spectrum provides strong
evidence of hydrogen bonding and allows one to obtain
quantitative information about the energetics of interaction.
Given our previous experience in this field,”**! we set out
to study the hydrogen bonding of [NbCp,H;] with several
proton donors of different strengths: perfluoro-fert-butanol
(PFTB), hexafluoroisopropanol (HFIP) and trifluoroethanol
(TFE).

IR spectra of the [NbCp,H;]/ROH systems in the voy
region show a typical picture of hydrogen-bond formation
(Scheme 1), exhibited by proton donors in the presence of

& »

Nb—H

Q\H

HOR¢ @ S HOR,
P m— Nb—H"

P m—
NS S
HOR¢ = fluorinated alcohols

Scheme 1. Hydrogen-bond formation in [NbCp,H;]/ROH systems.

hydrides. We carried out the IR measurements at low ROH
concentrations to avoid self association at room tempera-

ture. The intensities of free voy bands decrease and new,

broad, low-frequency bands of the bonded group (vioe

appear. The voy band shift (Avey = vs—viR®!) depends
on the strength of proton donors (Table 1).
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Table 1. IR spectral characteristics of the hydrogen-bonded adducts of
[NbCp,Hj;] (1) with alcohols.

VOH free VOH bonded Avoy —AH Ej[al
[em™] [em™] [em™] [kcalmol ]
TFE 3628 3380 248 4.6 0.91
HFIP 3621 3270 33300 5.7 0.95
3585

[a] The basicity factor as defined in Equation (2). [b] Medium value of
tWO Vou ree Dands was used for Avgy calculation.

It is known that a new low-frequency ligand stretching vi-
bration band (such as v¢o, Vno» VM1, Vmn) indicates that this
ligand is a proton-accepting site. The bands of the ligands
not participating in the hydrogen bonding shift upwards.”"
IR study of [NbCp,Hj] is straightforward in that only hy-

Abstract in Russian: BsaumopneiictBue [NbCp,H;] co
(GTOpHpOBaHHBIMHM ~ CHHMPTaMHM, TNpuUBOJsALlEe K 0Opa3oBaHHIO
KOMILJIEKCOB C «IAHBOJOPOJHOI» CBA3bIO, OBIIO U3yYEHO METOJAMH
UK, AMP u T®II (DFT). UK cnekTpbl, H3MepeHHbIe B AUANa30He
200-295 K, yeTko noka3bIBaloT 06pa3oBaHie AUBOAOPOAHON CBA3H
B ciy4ae 6sicTpo oxnaxaeHHo# cMecu [NbCp,H;/HORy (HOR; =
rexcaprop-2-nponanon  (HFIP) wnu  nepdrop-Tper-GyTaHon
(PFTB)). OHrtanbnuu o0pa3oBaHUs AUBOJOPOAHOH cBsA3u (AH)
onpeneneHsl Mo o6jacTd BaNeHTHbIX Kojebanuit OH-rpynn u
cocrapmsior  —4.580.3 kkan wmoms” mis  TFE  (TFE=
TpudTopaTaHon) u —5.7+0.3 kkan mons ans HFIP. 'H SIMP
uccnenosanus pactBopoB [NbCp,H®,H”] u HFIP B Tonyone-ds
nokasbiBatoT cMeleHde H® 1 H” ruapuaHbix CMrHaNOB B CHIBHOE
niojie npy J00aBJIEHHH CIIMUPTA, YTO SBJSETCS XapaKTEpHOW 4epToi
o0pa3oBaHus AUBOAOPOAHOH cBA3H. OTHOCHTENbHAs BeJNHYHHA
CHBHIa CUTHAJIOB M M3MepeHHe BpeMeH penakcaiuu T yka3siBaloT
Ha MPEANOYTUTENIBHYI0 KOOPAHWHALMIO CIMPTA MO LEHTPAIBHOMY
ruapuny H®, onmako Takke cormacylotcs M ¢ 6ubYypKaTHBIM
XapaKTepoM AMBOJOPOAHOM cBsi3H. OLeEHKa pacCTOSHHUS THAPHI-
MPOTOH, OCHOBaHHAas Ha [JaHHBIX T|, XOpOLIO corjacyercs c
pesynbTatamu pacyetoB TOPII. Pacuetsi T®PII B3aumomeHcTBUSA
[NbCp,H;] ¢ cepueit HedropupoBanHeix (MeOH, CH;COOH) u
¢ropuposannbix (CF;OH, TFE, HFIP, PFTB u CF;COOH)
NPOTOHOJOHOPOB pa3IMYHOM CHJIBI MOKa3bIBAlOT 00pa3oBaHHE
JIMBOLOPOJHOM CBA3UM C JHepruei B3auMoneicTBus ot —5.7 mo
~12.3 kkan MOJb' B 3aBHCHMOCTH OT CHJIBI MpPOTOHOJOHOPA.
KoopauHauus  NOPOTOHOAOHOPOB  MPOHUCXOOMT  Kak MO
LIEHTpaJIbHOMY, TaK 1 no 6okoBoMy ruapuaam [NbCp,H;], mpuuem
niepBoe B3auMoeHcTBHe ABNsAeTcA 6HdypKaTHBIM H SHEPreTHYECKU
HEMHOTo Gonee BHITOAHBIM. B ciywae cunmbHoit kucnots H;O'
MepeHoc MPOTOHA MNpOMCXoAUT 6e3 OGapbepa, M AHNBOJOPOAHO-
CBsi3aHHbIE MHTEepMeauaTsl He obpasytorcs. [IpoToHHpoBaHHe
[NbCp,H;] npuBoaut k GHC-IHBOXOPOAHOMY [Nbsz(nz-Hz)z]+ u
JIMBOJIOPOJ-AUTHAPHAHOMY KOMILIEKCaM [Nbsz(H)z(nz-Hz)]+ (c
GOKOBBIMH THIPHUIAMH M MOJIEKYJIOH THUBOAOPOJA B LEHTPAIBHOM
MOJIOXKEHUH), NPUYEM MePBbIi MPOAYKT HEMHOro Gosiee cTabuIIeH.
Korna mse monekynsi CF;COOH 6buti BKIIOYEHBI B pacueT, B
JIOTIONIHEHHE K IHMBOAOPOJHO-CBA3aHHOMY ajAyKTy Obul HalineH
MHHAMYM, TpHHQJUIeKAllWi MOHHOH mape, o0Opa3oBaHHOH
KaTHOHHBIM OUC-TUBOAOPOAHBIM KOMILJIEKCOM [Nbsz(nz-Hz)zT u

romoconpspkeHHbIM aHuoHOM (CF3;COO:----H:**OOCCF3)". Takue
HOHHBIE Mapbl, BECbMa BEpPOSTHO, MOTYT OBITH MHTEpPMEJHaTaMH
H/D obmena mexnay ruapuaHbiMu aurangamu u OD-rpynmno#,
KOTOpBIi Habmopancs B sxkMnepumenTax SIMP ¢ ucnonp3zoBanuem
GoJiee KUCIBIX CIIUPTOB.
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dride ligands can be the site of proton attack. Two types of
nonequivalent hydrides—one central (H*) and two lateral
(H®)—in the bisecting plane of the niobocene moiety are
present in the molecule of [NbCp,Hj;]. Since the symmetry
of the molecule is C,,, three fundamental M—H stretching vi-
brations (2a,+b,) should, in principle, be observed in the IR
spectra.l'®! Being very close to each other,' however, in
methylcyclohexane they give only an average band vy, of
medium intensity at 1724 cm™'. A decrease in the tempera-
ture leads to a steady decrease in the intensity of this band,
due to a fall in solubility.

Addition of HFIP and PFTB to a saturated solution of
[NbCp,H;] in methylcyclohexane at room temperature re-
sults in an approximately twofold decrease in the vy, band
intensity (Figure 1). The band broadens and its half-width

0.4
A S '[NbszHa]
- - - [NbCp,Hs] + HFIP
0.3 —— [NbCp;Hs] + PFTB

1800 1700

. 1600
Vv/iem™

Figure 1. Room temperature IR spectra of [NbCp,Hj;] (1) in the presence
of HFIP and PFTB.

(Avy\p) increases to 45 and 60cm™' in the presence of

HFIP and PFTB, correspondingly (the initial Awi gy is
32cm™!). The appearance of high- and low-frequency
shoulders on the vy, y band (band broadening) indicates
H--H complex formation. A steady decrease in the tempera-
ture to 200 K leads to a drastic decrease and broadening of
the band. This trend is opposite to what would be expected
on the basis of an equilibrium between the hydrogen-
bonded and the free hydride, which should favour the for-
mation of the complexed species at low temperature. The
most likely cause of this trend is the precipitation of the ini-
tial hydride due to a drastic fall in solubility.

In contrast, rapid cooling of mixtures of [NbCp,H;] with
PFTB and HFIP in methylcyclohexane to 200 K results in a
dramatically different picture. IR spectra recorded immedi-
ately after preparation of the mixtures show a sharp increase
in the integral intensity and the formation of two new bands
(Figure 2). The intensity of the vy,y band of the starting tri-
hydride decreases in the presence of HFIP (¢ = 0.05Mm) and
practically disappears in the presence of PFTB (¢ = 0.05m),
while new, low- and high-frequency bands appear. The low-
frequency shifted band (Av = —30-35 cm™!) can be assigned
to a vy stretching mode of the hydride ligand bonded to
alcohol. The high-frequency bands at 1751-1746 cm™' (Av =
+22-27 cm™") are attributable to vy of the terminal NbH
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0 o e TS i
1900 1800 1700 , 1600
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Figure 2. IR spectra of [NbCp,H;] (1) in the presence of HFIP or PFTB
at 200 K.

group of complexes with dihydrogen bonding. Comparison
of the IR spectra of [NbCp,Hj;] in the presence of HFIP and
PFTB shows that the equilibrium between the dihydrogen-
bonded complexes and starting trihydride shifts further to
the right in the case of a stronger proton donor. IR spectra
taken after rapid cooling to 230-270 K show formation of
only one broad band of high intensity, while repeated re-
cording of spectra from the same sample at any temperature
between 200 and 270 K shows a steady decrease in this
band. Further heating to room temperature restores the in-
tensity of the band to the values obtained when the reac-
tants are mixed at room temperature. These observations
suggest that rapid cooling of the sample and immediate re-
cording of the low-temperature IR spectra allow us to over-
come the problem of the low solubility of [NbCp,H;] at low
temperatures and to show the shift of the equilibrium to the
dihydrogen-bond formation on cooling.

Strength of the NbH--HO hydrogen bond: The hydrogen-
bonding enthalpy (—~AH’) of the NbH--HO bond was deter-
mined from the empirical correlation —AH’ versus Avgy
[Eq. (1)] proposed by Iogansen for organic systems!" and
employed by some of us?** for dihydrogen bonds.

18Avon

— 0 —_— =
AR = 3730 (1)

So far this has been used as a very simple and convenient
method to determine the hydrogen-bond strength. Here it
turned out to be the only method available, because we
could not exactly determine the concentration of the trihy-
dride [NbCp,H;] due to its partial precipitation from the so-
lution at low temperatures.

Calculations performed with Equation (1) showed that
the dihydrogen bonds NbH--HOR in the [NbCp,H;]/HOR
system are of medium strength, namely —AH’ = 45+
0.3 kcalmol ™ for TFE and 5.7+0.3 kcalmol™ for HFIP.
The E; basicity factor™ value [Eq. (2)] of 0.93 shows that

AH
E = xm,P, 2)
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this hydride is indeed quite basic and that its proton-accept-
ing properties are comparable with those of hydride ligands
in [ReH{CH;C(CH,PPh,);}(CO),] (0.97)" and [WH(CO),-
(NO)(PMe;),] (0.91).5%

NMR studies: The formation of intermolecular dihydrogen
bonds between transition-metal hydride complexes and
Brgnsted acids can be readily identified by '"H NMR techni-
ques.'’l Tt has been shown that dihydrogen bonding affects
two NMR parameters: the hydride chemical shift and the T}
relaxation time. Upon complexation with a proton donor
the hydride signal shifts to high field, which is typical for a
hydride occupying a bridging position, whereas the 7| relax-
ation time diminishes because a proton in the vicinity of a
hydride provides an additional source of relaxation.

'H NMR and 'H T, relaxation studies of dihydrogen
bonding between [NbCp,H*H?] (1) and HFIP have been
performed in [Dg]toluene. In full accord with previous re-
sults,® the variable-temperature 'H NMR spectra of free 1
show that the chemical shifts of the hydride ligands are only
slightly dependent on the temperature. Both hydride reso-
nances undergo insignificant low-field shifts (H* and H® by
0.10 and 0.05 ppm, respectively) on cooling in the 295-230 K
temperature region. Also in agreement with related stud-
ies, ™ the hydride ligands in 1 show 'H Ty times of 0.109
and 0.133 s for the H* (central) and H® (lateral) protons, re-
spectively (190 K, 400 MHz). In addition, the T, time of
the Cp protons is measured as 1.024 s. The addition of an
equivalent of HFIP to the solution of 1 results in a high-
field shift of the H* hydride resonance from —2.38 to
—3.67 ppm at 230 K. On cooling to 180 K this resonance ap-
pears at —4.03 ppm (Figure 3). The effect of the presence of

N

220K

210K

190K

DANE

180 K

26 28 30 32 34 36 -38 40 42 44 46
S /ppm
Figure 3. '"H NMR spectra for the interaction of 1 with HFIP.

HFIP on the chemical shift of H® is less pronounced
(Figure 3). Nevertheless, the H® resonance also undergoes a
high-field shift on addition of HFIP, from -3.40 to
—3.81 ppm at 230 K. As a result, both signals overlap at
about 210 K. An increase in the concentration of HFIP mag-
nifies this trend and at a ratio of 1 to HFIP of 1:2 the over-
lap is already observed at 250 K. These data can be inter-
preted well in terms of the formation of dihydrogen bonds
with the participation of both hydride ligands, with the pref-
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erential formation of a dihydrogen bond to the central
ligand (H*). These results are also consistent with a bifur-
cated character of this dihydrogen bonding (see DFT calcu-
lations). In support of the occurrence of dihydrogen bond-
ing, we have measured the variable-temperature 'H T, times
from the solution containing an equivalent of HFIP. The
main feature of the data collected is the fact that the T,
time of the CH proton of the alcohol goes through a mini-
mum (0.136s) at 210 K, very close to the temperature of
minimal relaxation times for all the resonances of
[NbCp,H;] (200 K). Taking the small inertia moment of the
free alcohol into account, such behaviour provides good evi-
dence for intermolecular interactions between 1 and HFIP.
Unfortunately, the 7, times of the hydride ligands, measured
in the presence of an equivalent of HFIP, show minimum
values when the two hydride resonances overlap, whereas
the addition of 5-10 equivalents of HFIP to 1 results in
rapid decomposition into unidentified products, apparently
because of complete proton transfer. The overlapped hy-
dride signals show a 'H Tyminy time of 0.106s (200 K).
Taking into account the twofold difference in the integral in-
tensities of H* and HBE, this relaxation time characterises the
HP resonance. In the absence of HFIP, the 7y, (H") time
was determined as 0.133s. Thus HFIP causes a shortening
of Tl(mm)(HB), usually attributed to additional dipole—dipole
interactions due to hydride—proton contacts.'”) This pro-
ton-hydride relaxation contribution is calculated as 1.91 5!
(0.1067'-0.1337") and translates into a H®--HO distance of
1.92 A by a standard treatment.'”? The overlap of resonan-
ces H* and H® does not provide a direct measurement of
Ty miny(H*). At higher temperatures (higher than the temper-
ature of the recording of the minimal relaxation time by 20,
30 and 40 K), however, resonances H”* and H® are observed
separately, providing the relaxation measurements (Table 2).

Table 2. The 'H T, relaxation times (in [Dg]toluene) of 1, I/HFIP (1:1) and 1/[D,JHFIP (1:1), measured for li-
gands H* and H® at temperatures higher than the temperatures of observations of minimal times (min) by 10,

20, 30 and 40 K.

are based on the assumption of a complete shift of the equi-
librium towards the hydrogen-bonded complexes. In spite of
this, the HA-HO and H®-HO distances correspond well to
the results of DFT calculations, discussed in the next sec-
tion.

To verify the above conclusions experimentally, we at-
tempted the Ty, measurements for a Nb—H--DOR dihy-
drogen-bond complex. The low-temperature addition of an
equivalent of [D;]JHFIP to a solution of 1 in toluene showed
the expected high-field shifts of hydride resonances H* and
H® with decreasing temperature. Unfortunately, the NMR
spectra also revealed a very fast isotopic exchange between
1 and [D,]HFIP, resulting in the formation of a mixture of
isotopomers [NbCp,H;], [NbCp,DPHPH*] and
[NbCp,HPHED?]. In good agreement with the high-field iso-
tope shifts,'¥ the H* ligands in [NbCp,H’H”] and
[NbCp,DPHPH”] give the resonances at —3.78 and
—3.82 ppm with an integral intensity ratio of 3:1 at 240 K.
Poorly resolved H® signals of the isotopomers are observed
at —3.86 ppm. It is evident that the H/D exchange reduces
the probability of the formation of Nb—H*-~DOR bonds in
relation to Nb—H"--HOR complexes. Nevertheless, taking
account of the 3:1 ratio described above, the probability of
the Nb—H*-~-DOR formation is significantly higher. Table 2
provides data from the '"H T, measurements for this isotopo-
meric mixture, leading to the following conclusions. Firstly,
the T, times practically do not differ from those previously
reported for the same isotopomeric mixture except in the
absence of [D,JHFIP."® According to reference [13] the in-
crease in T; on going from [NbCp,H®HPH?%] to the D iso-
mers is explained in terms of reduction of HA-H® dipole-
dipole interactions. Secondly, the T;(H*) times in the pres-
ence of [D,JHFIP are remarkably elongated with respect to
those measured for 1:HFIP. This effect clearly demonstrates
the decrease in the hydride—
proton dipole—dipole interac-
tions in the Nb-H"-DOR
pairs. Thirdly, the Ty (H)
times in free 1 and in the Nb—

H”~DOR complex are practi-

OT [K] 1 VHFIP = 1:1 1/[D,JHFIP = 1:1

T,(H*) T,(H®) T,(H*) T,(H®) T,(H*) T,(HMM T,(H®)  cally identical. This strongly
min 0.109 0.132 0.086k! 0.106 0.108 14l 0.142 supports the above estimation
10 0.116 0.146 fe] 0.120 0.147 0.182 0.211 of the relaxation contribution
20 0.167 0221 0.125 0.167 0.190 0.239 0.291 due to the HA~HO contacts.
30 0.253 0.345 0.149 0.222 0.272 0.311 0.401 Finally it is very likely that
40 0.367 0.500 0.221 0.333 >

[a] Estimated value. [b] Data for isotopomer [NbCp,H®DPH*]. [c] Data for the composite resonance of the H®
ligands in the isotopic mixture. [d] The H” signals of [NbCp,H®*HPH"] and [NbCp,HP®D®H?"] overlap. [e] The

signals of H* and H® overlap.

Comparison of these data with the 7; times, collected in a
solution of 1 in [Dg]toluene, shows that HFIP shortens the
T, times of both hydride resonances. On the basis of the
trend in Table 2 one can estimate T, (H*) as 0.086s. In
turn, the proton-hydride dipolar contribution is calculated
as 2.46 57!, corresponding to a H*-+HO distance of 1.84 A.
The distance estimations are semiquantitative, because they
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this H/D exchange between
the hydride ligands and OD
group of the alcohol may pro-
ceed through the dihydrogen
complexes found in the DFT
calculations described below.

DFT study of the dihydrogen bonding

Structure and binding energy of the NbH--HOR complexes:
The interaction of [NbCp,H;] (1) with a series of proton
donors of weak and medium strengths [CH;OH (MeOH),
CH,COOH (AcH), CF,OH (TFM), CF;CH,0H (TFE),
(CF;),HCOH (HFIP), (CF,);COH (PFTB) and CF;COOH

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 665


www.chemeurj.org

FULL PAPER

V. 1. Bakhmutov, N. V. Belkova, A. Lledés, G. 1. Nikonov et al.

(TFA)] was studied by DFT calculations. In all cases the for-
mation of a dihydrogen-bonded adduct was observed. Be-
cause 1 has two basic sites, the central H* and lateral H® hy-
drides, two coordination isomers are possible and for each
of the proton donors considered; both forms, labelled as ¢
(central) and s (side), were found as true minima on the po-
tential-energy surface. The optimised structures with the
non-fluorinated proton donors are shown in Figure 4 and
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Figure 4. Optimised structures for the lateral (s) and central (¢) adducts
of 1 with MeOH and AcH.

those with the fluorinated ones in Figure 5. The main struc-
tural parameters and the interaction energies are collected
in Table 3. The formation of the dihydrogen bond is reflect-
ed in the lengthening of the Nb—H and O—H bond lengths
from their values in the isolated compounds. The hydrogen-
bond energies span a range between 5 and 12 kcalmol ™.
After correction of the basis set superposition error (BSSE)
the adducts are still stable, with interaction energies be-
tween 3 and 8 kcalmol™! (Table 3). These values compare
well with the calculated values reported in the literature for
this kind of interaction,®!¥! although it has been shown that
theoretical values obtained in the gas phase overestimate
the strength of the H--H interaction.'”) From the structural
and energetic values the hydrogen bonds in this series of
[NbCp,H;]-HOR adducts can be classified as moderate.!

In agreement with the experimentally obtained results,
the formation of the central adduct to the hydride H* is fav-
oured in almost all the systems, although for a given proton
donor the energy differences between adducts of the central
(H*) and lateral (H®) hydrides are small (less than 1.5 kcal -
mol™). This behaviour can be attributed to the higher
hydridic character of H*. In [NbCp,H;] the Nb—H* bond is
significantly longer (0.014 A) than the two Nb—HP® bonds,
suggesting less efficient electron donation in this site and
thus a more hydridic character for H*. However, a fast ex-
change of the ROH molecule between the A and B sites
can be expected from the low energy difference found be-
tween the two isomers. At high concentrations of the acid
both positions could be occupied. The magnitude of the
H---H interaction, reflected both in the H---H distance and in
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Figure 5. Optimised structures for the lateral (s) and central (¢) adducts
of 1 with TFM, TFE, HFIP, PFTB and TFA.

the AE of interaction correlates with the proton donor
strength. Although the trihydride—alcohol interaction is
stronger in the central adducts, for a given proton donor the
H--H distance is shorter in the lateral adduct than in the
central one. This apparent contradiction is explained by the
bifurcated nature of the central dihydrogen-bond complexes.
The proton is further away from H* in ¢ than from H® in s,
but in ¢ there is an additional short proton--Hjy distance
(see Table 3). As a result, the Nb—Hj bond length corre-
sponding to the hydride H® closest to the proton is slightly
elongated. The (Nb)H-H-O and Nb-H-H(O) angles also
confirm the bifurcated nature of these hydrogen bonds.
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Table 3. Main geometrical parameters [distances in A and angles in degrees] and binding energies AE [kcalmol '] of the lateral (s) and central (c) dihy-

drogen-bonded complexes 1:-HOR.

Nb-H* Nb—HEE Nb-H® H-OR! H--HOR (Nb)H-H-O Nb-H-H(O) AEY

[NbCp,H;] (1) 1.751 1.737 1.737

(1-MeOH)s 1.752 1.749 1.733 0.972(0.965) 1.781 159.7 150.4 —-5.7(-3.3)
(1-MeOH)c 1.759 1.738 1.736 0.972 1.792/2.59312! 160.6 133.4 —6.7(—4.1)
(1-AcH)s 1.752 1.752 1732 0.988(0.972) 1.668 164.0 128.8 —8.3(—4.8)
(1-AcH)e 1.759 1.741 1.734 0.986 1.7071/2.1911! 60.1 130.6 —8.6(—5.8)
(1-TFE)s 1.752 1753 1.731 0.979(0.967) 1.677 163.6 147.4 —~8.7(—4.8)
(1-TFE)c 1.763 1.737 1.734 0.979 1.64611/2.8021°! 170.1 139.6 ~8.7(-5.9)
(1-HFIP)s 1.751 1753 1.730 0.986(0.969) 1.583 164.1 152.8 —-10.2(-3.8)
(1-HFIP)c 1.750 1.741 1.730 0.985 1.6351/2.0741 164.3 126.0 —9.5(—4.5)
(1-PFTB)s 1.751 1.755 1.728 0.992(0.969) 1.510 165.7 155.9 —10.9(-5.1)
(1-PFTB)c 1.755 1.740 1731 0.990 158912, 0541! 165.3 125.6 —11.1(-6.4)
(1-TFA)s 1.750 1.756 1.729 1.001(0.973) 1.467 170.9 148.7 —~10.0(-7.5)
(1-TFA)c 1.764 1.742 1.733 0.996 1.587¢/2.0861"! 161.4 128.6 —11.3(-8.7)
(1-TFM)s 1.751 1.762 1.728 0.997(0.968) 1.503 174.5 134.0 —11.9(-6.7)
(1-TFM)e 1.764 1.741 1.734 0.990 1.670/1.9611! 159.0 121.9 —~12.3(-8.0)

[a] Hydride H® closest to the proton. [b] Values in brackets are O—H bond lengths in free alcohols ROH. [c] Hydride H*. [d] BSSE-corrected binding en-

ergies in brackets.

While the former angle has similar values in the central and
lateral adducts (between 160 and 170°), the latter is much
more closed in the central complexes. The values of the Nb-
H”-H(O) angle (about 125°) place the proton not very far
from the hydride H® (at about 2 A) in the central adducts.
Additional interactions between the fluorine substituents
and the H atoms of the Cp rings (in TFM, TFE, HFIP and
PFTB) or between the carbonyl oxygen and the H atoms of
the Cp rings (in AcH and TFA) further contribute to the
stabilisation of the adducts. The shortest distances between
the hydrogen atoms of the Cp rings and the F or O atoms
are about 2.3-2.4 A.

The binding energies of the fluorinated proton donors are
higher than those of the non-fluorinated ones. The weakest
dihydrogen bond is formed with MeOH, and the strongest
with TFA and TFM. The order of the [NbCp,H;]-HOR in-
teractions is: MeOH < AcH~TFE < HFIP < PFTB ~TFA <
TFM. When the BSSE is corrected the binding energies are
considerably reduced, but the order is little affected. The
only exception occurs with the HFIP adducts. Without con-
sideration of the HFIP adducts, the mean percentage of the
BSSE in the calculated binding energy is 42.4 % for the side
adducts and 34.3% for the central ones. Correction for the
larger BSSE found in the HFIP adducts [62.6% in (1-
HFIP), and 52.3% in (1-HFIP)/] places HFIP between
MeOH and AcH in the ordering of the proton donors by
their binding energies.

The presence of the proton donor breaks the pseudo C,,
symmetry of the trihydride niobocene. Now the two lateral
hydrides Hy are no longer equivalent. The Nb—H bond
lengths already show this nonequivalence, but the main con-
sequences are to be found in the H*--H® distances. Because
of the C,, symmetry of the isolated [NbCp,H;], its two later-
al hydrides H® are equidistant from H* (H*--H®
1.776 A). In the central adducts with proton donors the cen-
tral hydride H” interacting with the proton moves away
from the H® closest to the proton and approaches the
second noninteracting hydride H® (H®). For instance, in
([NbCp,H;]' TFA), the HA--HP separation is 1.901 A and the
HA--H® distance is 1.738 A. Similarly, in the lateral adducts
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the HB—proton interaction induces a remarkable shortening
of the H*-H® distance. For instance, in ([NbCp,H;]-TFA),
the H”--H® separation is 1.808 A, whereas the H*--H® dis-
tance is 1.722 A. These structural changes can be understood
by regarding these hydrogen bonds as incipient proton-
transfer reactions.”” At the limit, increasing dihydrogen
bonds should lead to a complete transfer of the proton on
the hydride and result in the formation of a n>dihydrogen
ligand. Indeed, there is mounting evidence that the H---H di-
hydrogen-bond complexes constitute important intermedi-
ates of transition-metal hydride protonation.’'”! Protona-
tion at H* should give a H*~H dihydrogen ligand and so
the central adducts could be intermediates in the formation
of a dihydrogen—dihydride product. Protonation at H® pro-
duces a HB—H dihydrogen ligand. The formation of this 7-
acceptor ligand in the coordination sphere of niobium could
induce the formation of a second dihydrogen ligand through
the approach of H* to H®. The decrease in the H*-H® dis-
tances in the lateral adducts indicates that these dihydrogen-
bonded complexes could be intermediates in the formation
of a bis(dihydrogen) product. The same behaviour was
found in a theoretical study of the trihydride niobocene with
Lewis acids.'”! The decrease in the electron density around
the metal caused by the interaction between the lateral hy-
dride H® and the proton induces the incipient formation of
a H*--H® bond.

We have tried to obtain the proton-transfer products—
namely, the ion pairs composed of the Nb-dihydrogen
cation and the RO anion—but all attempts to optimise such
structures have ended up in the initial hydride—proton ad-
ducts. The protonation of a transition-metal hydride in the
gas phase appears to be a difficult process with the weak or
moderate proton donors considered above. The reaction en-
ergies AE (+168.4, +131.5, +105.4, +144.7, +125.4, +107.4
and +103.8 kcalmol ') were calculated in the gas phase for
the proton-transfer reactions with MeOH, AcH, TFM, TFE,
HFIP, PFTB and TFA, respectively. Looking at the thermo-
dynamics of the proton transfer from R—OH to [NbCp,H;],
it is clear that this reaction in the gas phase is highly unfav-
ourable. This is an expected result, in view of the fact that
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this process entails the creation of two net charges (+ and
—) from two initially neutral species. The final products
could only be obtained if a polar solvent were to assist the
charge-separation process by solvolysis of the ions. The en-
thalpies of protonation in solution must be much lower. For
technical reasons relating to the size of the systems it was
not possible to calculate the solution values of these ener-
gies. However, we think that the obtained AE values should
be usable to classify this series of RO—H proton donors ac-
cording to their tendency to protonate [NbCp,H;]. It is
worth mentioning that the protonation energies follow the
same trend as the magnitude of the H--H interactions, rein-
forcing the assumption of dihydrogen-bond formation as in-
cipient proton-transfer reactions.

Proton transfer from H;0% to [NbCp,H;]: We have also
studied the interaction of a strong acid, modelled as H;O*,
with [NbCp,H;]. In this case no dihydrogen-bonded species
was obtained as a minimum. With this strong acid a proton
transfer to the hydride occurs without any barrier, leading
to dihydrogen complexes (Figure 6). The process (1+H;O0"
—[NbCp,(37*-H,),] T + H,0) is very exothermic in the gas
phase (AE = —58.9 kcalmol ™).
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Figure 6. The optimised structures of 1 and the protonation products [NbCp,(n>-H,),]* (2) and [NbCp,H,(n?*

H)[* (3).

As for the other proton donors, two isomers correspond-
ing to the protonation of H* and H® result. The protonation
at the lateral hydride H® gives the compound 2 shown in
Figure 6. Compound 2 is a bis(dihydrogen) complex
[NbCp,(n*H,),]". In this compound, as a result of the for-
mation of the H®H dihydrogen ligand, the two remaining
hydrogen atoms approach in such a way that another dihy-
drogen ligand H*H® is formed. In 2 there are some differ-
ences in the bonding parameters of the two M—H, units and
the two M—H distances of each coordinated H, are slightly
different.

The formation of the bis(dihydrogen) complex 2 can be
compared with what happens when a m-acceptor ligand is
present in a [MCp,H,L]* system:*") namely, the m-acceptor
ligand stabilises the dihydrogen form. The d* [MCp,LH]
complexes behave as Lewis bases and they can therefore be
protonated by acids at room temperature to give the corre-
sponding cationic complexes. When L is a m-acceptor ligand,
the dihydrogen complex can be prepared.” Compounds
such as [NbCp',(n*-H,)(CO)]™ and [NbCp',(n*-H,)(CNR)]*
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have been thoroughly studied both experimentally and com-
putationally. In 2, one of the dihydrogen ligands can be re-
garded as playing the role of a m-acceptor ligand L, and
such behaviour has previously been observed in other sys-
tems.”!

In [MCp,H,L]" there is a possibility of finding two stereo-
isomers, depending on whether the two hydrides are cis
(cisoid) or whether L is placed between them (transoid). In
addition to the cisoid-isomer 2, in which the two cis-hydrides
approach to form a dihydrogen molecule, we have also
found the transoid-isomer, actually a dihydrogen—dihydride
structure (3) (Figure 6), the product of protonation of the
central hydride H* in 1. Structure 3 lies only 1.7 kcalmol™
above the bis(dihydrogen) form 2. The short H-H distance
(0.817 A) and long M—H distances (1.963 A) in the Nb-1’-
H, unit of 3 suggest that a very easy H, release can take
place in this compound.

These results clearly show that the dihydrogen species are
formed from the interaction of 1 with strong acids. Previous-
ly, protonation of metallocene hydrides had been experi-
mentally addressed in the case of [MCp,H,] (M = Mo, W).
It was shown that protonation by HCI occurs through dihy-
drogen intermediates.”*"

Influence of homoconjugated
anionic species [RO--H--OR]~
on the protonation: The impor-
tance of the homoconjugate
pairs formed by the acid and
its conjugate base in the proto-
0 L nation processes of transition-
o - metal hydrides is becoming
o2 recognised.”™ The production
a of such species has been re-
3 garded as the driving force of
the protonation reaction with
not very strong acids. The in-
volvement of two alcohol mol-
ecules and the formation of a
homoconjugate pair in the protonation of [RuCp(H)-
(CO)(PCy);]™***! and [FeCp*(dppe)H]™* has been demon-
strated recently. It has also been reported that treatment of
[TaCp’,H;] (Cp’ = n*-tBuCsH,) with excess trifluoroacetic
acid leads to the formation of the dicarboxylate tantalum(v)
complex [TaCp',(H)(OCOCF;),], with evolution of H,.*
Protonation of the trihydride by TFA has been proposed as
the first step of the reaction. We have theoretically ad-
dressed this possibility in the niobocene trihydride complex,
by considering the participation of two molecules of TFA.
There are multiple possibilities for hydrogen bonding in a
system composed of the trihydride 1 and two molecules of
TFA. As we are interested in the formation of [ROHOR]™
ion, we did not perform a systematic search of all the
minima, but have taken as a starting point the optimised ge-
ometry of 1-TFA (vide supra) and placed a new molecule of
the acid so that it would form a hydrogen bond with the car-
bonyl oxygen of the former. In this way we found the dihy-
drogen-bonded complex 1-2TFA, in which both the H---H
and the O--H hydrogen bonds are present (Figure 7). In this
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Figure 7. The optimised structures of the adducts of 1 with two molecules
of TFA: [NbCp,H;](TFA), (1-2TFA) and [NbCp,(n*-H,),]*-
(OOCCF;+HOOCCF;)” (2-2TFA).

structure a bifurcated dihydrogen bond is found, with the
proton interacting both with the central and with one of the
lateral hydrides. The dihydrogen-bonded complex is found
24.2 kcalmol™"' below the reactants. The extra stabilisation,
of more than 10 kcalmol™' with respect to the monomer
case, is mainly due to the hydrogen bond between the two
TFA molecules. If the sum of the energies of 1 and of the
(CF;COOH), dimer is taken as the origin of the energy, the
interaction energy is only 5.3 kcalmol™'. This low value is
the result of the destabilisation introduced for the rupture
of one strong O—H---O interaction present in the bifurcated
(TFA), dimer, partly compensated for by the new Nb—
H---H-O interaction.

The most important point in consideration of the dimeric
acid species is that the ion pair 2-2TFA formed by the cat-
ionic bis(dihydrogen) complex [NbCp,(1>-H,),]" and the di-
meric counteranion is now found as a minimum, even in the
gas phase. Starting from 2 and (CF;COO--H--OOCCF;)~,
optimisation does not return to the dihydrogen-bonded
complex 1-2TFA, but ends up in the ion pair 2-2TFA
(Figure 7). In this intermediate, one n*-H, ligand acts as a
proton donor to one of the oxygen atoms of the incoming
base CF;COO™, while the hydroxy proton of the second
TFA molecule forms a strong hydrogen bond with the
second oxygen of the carboxylate group. Such an ionic pair
intermediate has been already found in the protonation of a
Ru—H hydride with TFA.'! As a consequence of the hydro-
gen-bond formation, the Nb—H distances in the dihydrogen
ligand interacting with OR™ are not equivalent and the dihy-
drogen is tilted.

Two effects account for the influence of the [ROHOR]~
homoconjugated ion on stabilizing the dihydrogen complex.
On one hand, the reduced basicity of [ROHOR]™ relative to
RO prevents abstraction of the proton from the dihydrogen
complex and allows it to be a stable species. On the other
hand, the presence of a strong [RO:--H--OR]~ hydrogen
bond introduces an additional factor at work, which stabilis-
es the proton-transfer product through the delocalisation of
the negative charge. As a result of the two effects, the bis-
(dihydrogen) complex 2-2TFA is found only 9.1 kcalmol™!
above the dihydrogen-bonded complex 1-2TFA. However,
even with the introduction of an additional TFA molecule,
the charge-separation process leading from the ion pair to
the solvent-separated ions is extremely energy-consuming.
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The gas-phase AE for the hydride protonation with TFA is
reduced from 103.8 kcalmol™ to 66.5 kcalmol™ when the
participation of the second TFA molecule is taken into ac-
count, but this value is still too much higher to justify the
existence of 2 as a product of the protonation with ROH
acids. It has been shown in a study of the protonation of
[RuCp(H)(CO)(PCy);] that solvent plays a major role in as-
sisting the charge-separation step.!"”!

The finding of energetically accessible [NbCp,(1’-H,),]*
[RO--H--OR]~ ion pairs strongly supports our proposal of
the participation of dihydrogen complexes in the observed
H/D exchange between the hydride ligands of [NbCp,Hs;]
and the OD groups of the more acidic alcohols and also ac-
counts for decomposition of [NbCp,Hj;] in the presence of
excess proton donors, such as HFIP, in nonpolar solvents.

Conclusions

Although early transition-metal hydrides are usually formed
by metals in high oxidation states, thanks to the highly elec-
tropositive nature of the early metals they can exhibit a dis-
tinctive hydridic character. In this work the basic nature of
an early transition-metal hydride such as [NbCp,H;] has
been demonstrated by study of the phenomenon of dihydro-
gen-bond formation with perfluorinated alcohols by IR,
NMR and DFT studies. In spite of the formal oxidation
state (v) of the niobium in this complex, the energetics of
the dihydrogen bonds NbH---HOR determined by IR spec-
troscopy are medium in strength, being 4.5(3) kcalmol ™ for
trifluoroethanol and 5.7(3) kcalmol ' for hexafluoroisopro-
panol. The DFT study provides important details on the di-
hydrogen bonding: namely, 1) both nonequivalent hydride
sites of [NbCp,H;] form dihydrogen bonds, the central hy-
dride being the preferential position and 2) coordination of
the protons to the lateral hydride is normal, whereas bond-
ing to the central hydride is bifurcated. From the DFT study
the strength of the [NbCp,H;]-*HOR dihydrogen bond fol-
lows the trend: MeOH < AcH~TFE <HFIP <PFTB~
TFA <TFM. Proton transfer on [NbCp,H;] occurs with
excess alcohol or when stronger acids are used. DFT calcu-
lations showed that the proton transfer products are bis(di-
hydrogen) and dihydride(dihydrogen) complexes, the
former being slightly more stable. Acids as strong as H;O%
afford proton transfer without intermediate formation of di-
hydrogen bonds. According to the DFT study, medium
strength acids such as trifluoroacetic acid can give proton-
transfer products as a consequence of the stabilizing effect
of the homoconjugate anions [RO--H--OR]".

Experimental Section

All operations were carried out under dry argon with use of standard
Schlenk techniques. Methylcyclohexane was dried over Na/K alloy and
distilled before use. The [NbCp,H;] complex was prepared by the litera-
ture method?” and recrystallised from diethyl ether. HFIP, TFE and
PFTB were purchased from commercial sources. O-Deuterated HFIP
was prepared by deprotonation of HFIP by BuLi with subsequent addi-
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tion of weak D,SO, in D,0O, followed by separation and distillation. IR
studies were carried out as described previously.F!

NMR studies: All NMR studies were carried out by standard techniques
in NMR tubes sealed under vacuum. [Dg]Toluene was dried and deoxy-
genated by conventional procedures. NMR data were collected on
Bruker AC200 and AMX 400 spectrometers. The conventional inver-
sion-recovery method (180-7-90)® was used to determine T,. T\, and
T, relaxation times were measured by application of selective 180°
pulses provided by the decoupler systems of the spectrometers. The dura-
tion and power of the 180° selective pulses (180 ,,~7-90) were regulated
to excite only one or two NMR resonances. The calculation of relaxation
times was made by use of the nonlinear three-parameter fitting routine
of spectrometers. In each experiment, the waiting period was 5 times
longer than the expected relaxation time and 16-20 variable delays were
employed. The duration of pulses was controlled at every temperature.
The errors in 7, determinations were lower than 4 %. The details of re-
laxation theory are given in reference [13].

Computational details: Calculations were performed by use of the Gaus-
sian 98 series of programs.””! Density functional theory (DFT) was ap-
plied with the B3LYP functional.*™® An effective core potential (ECP)C!
and its associated double-£ LANL2DZ basis set® were used for the
niobium atom. The C, O and hydride and hydroxyl H atoms were repre-
sented by use of the 6-31G(d,p) basis set, whereas the 6-31G basis set
was employed for the F and the rest of the H atoms.”? All the geometry
optimisations were full, with no restrictions. The basis set superposition
error (BSSE) was computed by the counterpoise method,* through the
use of the MASSAGE keyword in the Gaussian program.®”!
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