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In this paper the effect of a Lewis acid on the quantum exchange coupling of polyhydride transition metal complexes
is analyzed. In particular, by means of the density functional methodology (DFT), we have calculated the different
adducts and transition states that appear in theNBids-AlH 3 system. The quantum exchange coupling that
arises when two hydrides interconvert has been evaluated through a one-dimensional tunneling model within a
basis set formalism. We find that a Lewis acid of the Alijpe may increase the exchange couplings through
formation of an adduct where the Lewis acid is only bonded to the outer hydride. In this structure, which is not
the absolute minimum but that is close enough in energy to be significantly populated at the experimental range
of temperatures, the two “free” hydrides come closer one to each other so that an incipient dihydrogen ligand that
favors the exchange tends to be formed. This result can be explained by the reduction of the electronic density
on niobium induced by the Lewis acid. Our results are in agreement with experimental data for the similar
CpNbH3-AlEt; system and receftH NMR spectral analysis of the reaction of niobocene complexes with salts

of the Lewis acidic cations Cy Ag™, or Aut, though it is probable that, within the same general model found

in the present work, the particular structure causing the exchange coupling will depend on each kind of Lewis
acid.

tunneling path, the greater the exchange coupling turns out to

be. In several papers we have theoretically shown that the
In recent years the extremely large and temperature-dependenéxchange mechanism can take place through a dihydrogen-like

H—H coupling constants exhibited .by the proton NMR spectra ., sition state, in such a way that the stability of #feH,

of several transition metal p(;lyhydnde complexes_have become g ,cture relative to the minimum energy polyhydride would

a well-known phenomenci> Although some of its aspects e the main parameter that governs the magnitude of the
still remain under research, nowadays it is accepted that th'sexchange coupling. That is, the coupling is lower when the
spectroscopic property basically stems from the quantum . o ctures are less stable with respect to the polyhydride
mechafnlgal exchange of a pair of hydrogens through an energycomplex. On the other hand, this stability depends on the
barrier>™® The lower the energy barrier and shorter the y,ngition metal and the ligands attached to it that affect the
subtle balance between donation and back-donation that rules
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The CpNbH3-AlH3 System

acid could stabilize the dihydrogen species upon reduction of
electron density on niobiufh. This argument has been used to
explain the exchange couplings observed in Lewis acid adducts
of niobocene trihydride¥ In effect, reaction of Nb(gHz-
RR');H3; complexes with salts of the Lewis acidic cations'Cu
Ag™, or Au' yields 2:1 adducts whosél NMR spectra display
an AB; pattern for the hydrides at room temperature, which
splits at low temperature into an ABC one in agreement with a
fluxional behavior of the cation which binds to two hydrides
of each niobium centéf. The magnitude of exchange coupling
in the niobocene trihydride complex is dramatically reduced
upon interaction with a copper cation, is of the same order of
magnitude upon interaction with a silver cation, and is greatly
increased by addition of a gold catiéh.A model has been
proposed to explain these variations. It involves two isomeric
structures that are close in energy, one containing two bridging
and one terminal hydrides on niobium and one involving one
bridging hydride and one dihydrogen molecule (this hydride
dihydrogen structure would not necessarily be a minimum on
the potential energy surfack¥y. On the other hand, our previous
calculations indicate that Bfitaken as the simplest model of
a Lewis acid, is able to interact with a terminal hydride of the
Cp.NbH;z trihydride complex leading to the formation of a stable
dihydrogen complex, which can easily lose molecular hydr8gen.

To our knowledge, théH NMR spectrum of the adduct Gp
NbHs-AlEt; provided in the early 1970s the first experimental
observation of an unusual effect of a Lewis acid on the NMR
H—H coupling constants. The spectra of the adducts £p
MH3-AlEt;, where M = Ta and Nb, showed ABpatterns
consistent with selective coordination of A{Bb the central
hydride2 but whereas the spectrum for the tantalum compound
showed at room temperature a moderate coupling constant o
12.3 Hz, that for the niobium compound at 232 K turned out to
be nearly 100 H2! It should be noted that more recent
measurements by Heinekey provide values always below 20.4
Hz for the CpNbH3 complex in the temperature range 173
303 K¢

The purpose of this work is to provide the first theoretical
study of the effect of a Lewis acid on the exchange coupling
constant of a polyhydride transition metal complex. To this
aim we will analyze the different adducts that can be formed
when the CpNbH3; complex interacts with Alll taken as a
realistic model of AIE4, and discuss why the exchange coupling
reaches higher values when the Lewis acid is present.

Methodological Details

A. Calculations of Electronic Structure. All calculations are
carried out with the Gaussian 94 series of progr&mglectronic
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Figure 1. Geometries of the minimum energy structufes3.

employed in a previous study of metallocene trihydride complexes [Cp
NbHg]™ (M = Mo, W, n = 1; M = Nb, Ta,n = 0).°¢ Density
functional theory (DFT) is applietf. The particular functional used is
Becke's three-parameter hybrid method with the LYP correlation
functional (Becke3LYP}®

An effective core potential operator has been used to replace core
electrons of niobiuf2and aluminurtf® atoms. The basis set for the

f"liobium atom was that associated with the pseudopotéiitimith a

standard valence doublet ANL2DZ contraction'® The same basis
set supplemented wita d polarization shéfl?2 was taken for the
aluminum atont® For the C and H atoms of the Cp ligand the valence
double€ 6-31G basis set is usé®. A polarization p shell is added to
the six hydrogen atoms directly attached to the niobium and aluminum
atomst7ee

All along the exploratory process of the potential energy surface
the Cp fragment is restricted to a lodgad, symmetry. The stationary
points were located using the Schlegel gradient minimization algo-
rithm.28 If the approximate second derivative matrix is forced to contain
zero or one single negative eigenvalue, the optimization locates a
minimum or a transition state, respectively.

B. Tunneling Model. As it will be explained below, we have used
the DFT results to calculate the quantum exchange coupling corre-
sponding to the minimum energy structure in which the aluminum atom
is bonded to one terminal hydride atom (struct@ri@ Figure 1).

The first step to achieve this goal is to obtain a reasonable
monodimensional tunneling path through the whole potential energy

structure calculations have been performed with the same methodologyhypersurface. To do so, we have considered four internal coordinates
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as the only ones relevant to the rotation: the-H; distanceRuu, the
distance between Nb and the center of the-H, bond Rux, the
XNbH; angle (X stays at the midpoint of the;HH, segment), and

Camanyes et al.

Table 1. Geometrical Parameters of Structudes3, TS1, and
TS2, with Distances in A and Angles in deg

. . param 1 2 3 TS1 TS2
the rotational anglé of the Hi—H, bond in the plane orthogonal to
the Nb—=X direction. Nb—H; 1.750 1.791 1.746 1.789 2.084
The energy profile has been obtained by considering different values mg:w 1;23 1;% 1;(2)421 i;gg iggg
of the anglef and optimizing the other three relevant geometrical 8 ) ) ’ ’ ’
. Nb—C? 2.466 2.457 2.434 2.456 2.463
parameters. The rest of the geometrical parameters are kept frozen at
h | dina & Th hl h has b | db His-H, 1.771 1.734 1.646 1.854 0.763
the values corresponding e path length has been evaluated by |, ...} ° 1771 1.968 1.955 1.854 2721
obtaining the distance between two consecutive points in mass-weighted ..., 3.036 3.098 3.092 3.097 2721
Cartesian coordinates. This implies that each point must be rotated Np—A| 3.338 3.469 3.627 3.531
and the center of mass of each pair of geometries must coincide in Al—H, 1.896 2.830 1.837 3.591
order to generate neither linear, nor angular momenta along thé®ath.  Al—H, 3.619 4.407 3.249 3.591
In this manner we obtain a symmetric double-well profile with a  Al—Hs 2.353 1.867 3.249 1.867
maximum energy af = 90°. Al—H,4 1.605 1.607 1.604 1.607
Then, a symmetric double well has been built by means of a cubic Al—Hs 1.605 1.607 1.604 1.607
spline function which passes through each consecutive pair of points Al —Hs 1606 1608 1.600  1.595
along the reaction coordinate. Because we are interested in the OXcpNbX'c? 146.2 143.7 147.0 144.0 144.4
evaluation of the exchange coupling, we must obtain the vibrational OH,NbH; 61.1 59.0 56.7 63.5 211
states of the double well. For this purpose, we have used the basis set OHzNbH; 61.1 67.8 67.3 63.5 89.2

methodology by taking a set of localized Gaussian functions which

a b i
have the forr® Averaged” X¢p and Xc, represent the center point of each Cp.

kcal/mol. The fact that the interaction with the central hydride
is preferred agrees with the reported NMR spectra giNDpi;
with AlEt; that indicated coordination of the Lewis acid to the
central hydride of niobocen@.

The main geometrical parameters that disclose the kind of
interaction of the Lewis acid with the complex involve the

= (2 o] 2~ o]

JT

wherea is an optimizable parameter asdvalues are equally spaced
points along the coordinate space. Then, a variational calculation by

usingn functions provides the lowesteigenvalues and eigenfunctions
of the one-dimensional system.

In particular, we use 99 Gaussian
functions throughout all the calculations. We have observed that a

distances of the hydrides with the niobium and aluminum atoms.
These distances, as seen in Table 1, indicate th2the Al—

further increase in the number of basis functions does not appreciably H1 interaction provokes a weakening of the b, bond (the

modify the energies of the levels below the barrier.
This calculation provides the vibrational levels of the double well

Nb—H; distance increases from 1.750 to 1.791 A). It is also
noted that the aluminum is not centered with respect to the two

that appear in near-degenerate pairs. The difference in energy betweemuter hydrides. In fact, the AlH3 distance is relatively short

the two levels of the lowest lying of these pairs provides the tunneling (2.353 A) though this does not appreciably affect the-Nh
splitting at O K, which is a direct measure of the quantum exchange pond as the distance between both atoms remains almost
coupling in3. At higher temperatures, additional pairs of levels have jnyariant with respect to structure where the Lewis acid is

to be copsidered. Since each consecutive pair is widely separated innot present. The interaction betwekand the Lewis acid can
energy, it can be safely assumed that the exchange process can b

considered separately in each pair. Then a Boltzmann distribution over
the thermally accessible energy levels has been used in order to obtair®

the exchange coupling at different temperatures.

Results and Discussion.

As explained in the Introduction, we will first analyze the
adducts formed when the Lewis acid Allihteracts with the
niobocene CgNbHz; complex (). Analysis of the corresponding

potential energy surface has revealed the existence of two

minimum energy structure (and 3) whose geometries are

depicted in Figure 1. The more important geometrical param-
eters of these structures are given in Table 1. To analyze the

effect of the Lewis acid on the niobocene complex, the minimum
energy structure of, which has been previously reported by
us/¢is also given in Figure 1 and Table 1.

As seen in Figure 1, the two mininfaand 3 correspond to
the complex obtained through interaction of the aluminum with
one of the hydrides of the complex. Ehthe Lewis acid is
attached to the inner hydride {};lwhereas ir8 the interaction
is with one of the outer hydrides ghh Figure 1; an equivalent
structure3 would be obtained through interaction withp)H
As for the stability of the two minima2 corresponds to the
more favorable interactior8 being higher in energy by 1.71

(19) (a) Miller, W. H.; Ruf, B. A.; Chang, YJ. Chem. Phys1988 89,
6298. (b) Bosch, E.; Moreno, M.; Lluch, J. Nl. Am Chem. S0d992
114, 2072.

(20) (a) Hamilton, I. P.; Light, 1. Chem. Phys1986 84, 306. (b) Makri,
N.; Miller, W. H. J. Chem. Phys1987 86, 1451.

Be estimated by the stabilization & with respect to the
eparated fragmenist+ AlH3. We obtain a value of 16.7 kcal/
mol at our level of calculation. Since the basis set superposition
error and the zero point energy have not been taken into account,
this value represents a rough approach, but it already indicates
a significant interaction between the two fragments, quite similar
to the value previously reported for the interactionlofvith
BHs.° Anyway, this interaction is weaker than the one found
between MegN and AICk which has been reported to be 49.3
kcal/mol at the MP2 levél? (the experimental value is 47.5
kcal/mol)21b

A similar analysis can be done for the higher energy minimum
3. Now the aluminum atom mainly interacts with the outer
hydride H. This produces a lengthening of the NH3 distance
from 1.734 Ain1to 1.780 A. The other two NbH distances
suffer a very minor diminution in accordance with the large
Al—H distances that indicate a very small interaction. The
geometry of3 clearly precludes the existence of a direct
interaction between the two metal centers as the distanee Nb
Al is very large (3.469 A). Another relevant geometrical
parameter o8 is the H—H, distance that clearly diminishes
when the Lewis acid is present (from 1.771%io 1.646 A in
3). This diminution may be related to an incipient evolution
toward the formation of a dihydrogen ligand which is expected
to be favored due to the reduction of electronic density on the

(21) (a) Jonas, V.; Frenking, G.; Reetz, M. I..Am. Chem. Sod 994
116 8741. (b) Andersen, G. A.; Forgaard, F. R.; HaalandA8ta
Chem. Scandl972 26, 1947.
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not very low temperatures the NMR spectrum of this complex
would be an average over the temperature of the different spectra
of the four minima2, 2, 3, and3'. If this is the case, hydrides

H; and H; become equivalent and the experimentally observed
AB; pattern of the CgNbHs;-AlEt; complex at 232 K is justified.
This AB; pattern could also arise if the complex were rigid
and the AlH were binding to the central H ligand. However,
our calculations indicate that this structure does not correspond
to a minimum but to a transition stat€$1). Our calculations

are also in agreement with the NMR analysis of the products

u@w of the reaction of Nb(6H3RR');H3 complexes with salts of the
@ R 9 Lewis acidic cations Cly Ag™, or Au®™, where the hydrides
@ showed an ABC pattern at low temperatures but an ée at
room temperaturé?
TS1 TS2 Next we shall study the quantum exchange coupling of the
Figure 2. Geometries of the transition stat€S1 and TS2. complex. It seems quite clear that the absolute mininguras

a negligible quantum exchange coupling, even at room tem-
perature, as the interchange of the central hydrigevith one

of the outer hydrides would imply a very high energy barrier
because the interaction of the Lewis acid with Would
disappear during the exchange process. To keep the whole
process low in energy the AHragment would have to move
along the interchange path. This would lead to a dramatic
lengthening of the tunneling path so that, again, a near zero
guantum exchange coupling is expected.

Things are different for the minimur@ as here hydrogens
H; and H can interchange without the intrusion of the AlH
which is only interacting with 5l We therefore considered the
rotational process that interconvertg &hd H in 3. We found
3 transition state for this process by a complete optimization of
the geometry (as fa2 and3, the only restrictions apply to the
Cp fragment which is restricted to a looa$, symmetry) but
constraining the HH bond to remain 90twisted with respect
to the position of the minimun3. This structure, labeled as
TS2, is shown in Figure 2. The main geometrical parameters

niobium by the Lewis acid. This result is also in accordance
with the behavior of the GiNbH3; complex interacting with the
stronger Lewis acid Bk} where a clear dihydrogen complex is
obtained when the Binteracts with the outer hydride.The
diminution of the H-H distance upon interaction of a Lewis
acid has also been recently seen in the X-ray structurfe of
[Nb(C5H3(SiM83)2)H3]2AU}+.10C

In the same way that structuBshas an equivalent structure
3, structure2 has an equivalent structuPewhere the aluminum
is closer to the outer hydridestthan to H. In all these minima
(2, 2, 3, 3) the three hydrides are not equivalent so that they
would present an ABC pattern in the corresponding NMR
spectra. The question that arises next is whether these structure
can interconvert. Answering this requires an estimate of the
energy barriers for the processes connecting the different
structures. The direct location of the corresponding transition
states is especially difficult because of the extreme flatness of
the potential hypersurface and the impossibility of analytically

computing the second derivatives with the program we were ;o given in Table 1. Analysis of the geometry of this transition

using. In any case, we were aple o obtain an estimate of thestate shows that the;HH, distance has dramatically decreased
magr_utude of the energy_barners. In t.he first place, W€ 10 0.763 A and the NbH; and Nb-H, distances have clearly
Iconyd:rgd the tr_ansformatl 2. A stationary pOIr_lthyvash enlarged so that a dihydrogen complex has been formed. The
oc?t.et. Y fcaflfy'”g out a geom:etr]}/thoptl\llmlzstlgglwg N the  structure ofTS2is very similar to the transition state structure
fl_ehs. riction ot a |nﬁ§rharrangem_éesnlo eb b, ki d adomsb previously found for the dihydrogen rotational process in d

Is structure, which we names1, can be considered to be [Nb(Cp)(L)(r7%-H2)]T complexeg? The large distance between
the transition state connecting the two equivalent minkraad dihydrogen and the metal center and the-#H bond length

2. Its g;aometry can be. S(_arerlglln ';'gL_'I_rﬁ.z't The.tmalntg?ometrlllcal similar to that of free dihydrogen, indicates a complete loss of
parameters are given in 1ablé _. IS transition state IMplies 4 ck-donation in the transition state, what is the origin of

only a Very fT““°f energy barrier of 1.18 "C?‘"”?O' aboye the the rotational energy barrier. As previously noted in this kind
absolute minimun®. This small energy barrier is consistent ¢ complex, when the dihydrogen is rotatec? 90e o* orbital

W.'th the fact th"’.‘t the only difference betweé!andTS; is the of dihydrogen does not find any occupied d orbital in the metal
disappearance in the latter of the very _weak interaction between,[0 interactz2
e e e o' vanstion sate T ETETOy bt f e tercrange rocess (g
could not be located. We analyzed a, reaction coordinate > 15.85 kcal/mol above the mlnlmuﬁnarellatlvely high valuq
consisting of the motio.n of the Alfragment from the initial but .Of the same order of the theoretical energy barrl_ers
position of interaction with the inner hydride to one where the previously found in other complexes that are known to exhibit
main interaction was with one of the outer hydrides. Calcula- a measura.ble quantum excharigghe very remarkable role

: of the Lewis acid in the hydrogen exchange process can now

tions showed a continuous rise in energy fr2no 3. This can be clearly seen by a direct comparison of the energy barrier for

only mean that the transition state (that must exist because botlf{he H-H exchange in our case (17.6 kcal/mol when considered
2 and3 were located as local minima through the usual standard from the absolute minimura) and 'the value irl. which has

algorlthm for energy minimization as implemented in the been previously reported to be 25.4 kcal/mol at the same level
Gaussian 94 program) has to be very close to the less stableOf calculation’
minimum 3. Therefore it is safe to assume that the energy Lo . o

barrier from2 is close to the value of 1.71 kcal/mol which To obtain the tunneling splitting (i.e. the quantum exchange)

corresponds to the difference in energy between both minima. (22) Antifolo, A.; Carrillo-Hermosilla, F.; Fajardo, M.; Garcia-Yuste, S.;

If our calculated energies are correct, the KipH3-AlH 3 Otero, A.; Camanyes, S.; Maseras, F.; Moreno, M.; Ltedo; Liuch,
complex would show a high degree of fluxionality so that at J. M.J. Am. Chem. S0d.997, 119, 6107.
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Table 2. Vibrational Levels and Their Exchange Couplings for be averaged over these structures taking into account the

Structure3 equilibrium thermal population. This has also been done, and

energy (kcal/mol)  Jexc(Hz)  energy (kcal/mol)  Jexc(Hz) the final Maxwel-Boltzmann averaged exchange couplings,
0.681x 10° 0.254x 10° 6.391x 10° 0.749x 10° <Jexc™ complex are given in the thi_rd_column of Table 3. These
2.068x 10° 0.651x 10 7.861x 10° 0.102x 107 values provide our actual predictions for the observed NMR
3.489x 1¢° 0.207x 1C® 9.336x 10° 0.116x 108 exchange couplings in this molecule as a function of temper-
4.931x 10° 0.449x 10* 1.081x 10" 0.114x 1¢° ature. For comparative reasons the fourth column of Table 3

gives the quantum exchange couplings of the niobocene complex

Table 3. Total Exchange Couplings (Hz) at Different Cp2NbHjs alone (structurd), obtained theoretically by using a

Temperatures s
B ; methodology very similar to the one used here that was
exc comple reviously reported® Results of Table 3 clearly show that the
T(K <J>(3)2 < > b <Joy> (1) <J...>(1)d p . 3
K) “Joc(® Jexc” compex Je> (1 - Jere> (1 exchange couplings that come frarare always higher than
0 0.254x1¢° 0.0 0.580~ 10~ 0.0 the values ofL. This was to be expected given that3rthe
50 0.254x 10° 0.865x 108 0.580x 10°' 0.149x 10°° . - .
100 0.296x 1° 0.545x 104 0580 10-t 0.940x 10-3 two hydrides not bonded to the Lewis acid come close one to
150 0.333x 10° 0107x 102 0.610x 101 0.176x 10! each other and the exchange process becomes easier both
200 0.770x 1C° 0.103x 10! 0.800x 107! 0.129x 1¢° energetically and geometrically. However, as stated above, the
250 0.389x 10" 0.121x 10° 0.144x 10°  0.841x 1(° qguantum exchange coupling thhas been assumed to be zero
300 0.333x 10 0.180x 10  0.350x 10  5.131x 10° at all temperatures considered in this paper, so that the

350 0.339x 1° 0.268x 1(* 0.980x 1(® 2.732x 10

400 0.297x 10* 0.310x 1° 0293x 10+  1.059x (P temperature-averagedJexc> complex Of CPNbHs-AlH3 is zero

at 0 K and very small at very low temperatures as the population
* Temperature-averaged exchange coupling feofTemperature-  of the higher energy structui@is not enough to appreciably
averaged couplings for the thermal equilibrium betw8e, 2', and contribute to the average. At these low temperatures the
3. ¢ Temperature-averaged exchange couplings ftofRatio of final .
exchange couplings with and without AJH quantum exchanges lt_1are clt_early higher. As thg temperature
is raised, the population @& increases so that it appreciably
contributes to the total exchange. At sufficient high temperature
the population of3 is enough to lead GplbHs-AlH3 to an
exchange coupling higher than in £{bH; alone. The last
column of Table 3, which gives the ratio &fJexc> complex for
the niobocene complex with and without AJHclearly shows
that between 250 and 300 K the exchange coupling in the Lewis

maximum energy point does not correspond to the true transition acid adduct becqmes hlg_her than in the n_loboc_ene complex
state but it is close: it is found 3.03 kcal/mol above the true a!one. A further increase in temperature quickly increases the
transition state. This difference comes from a set of small differences between the two quantum exchanges so that the

changes in several geometrical parameters that are allowed td*fect Of the Lewis acid becomes more prominent.
vary from 3 to TS2 but that are kept frozen along the rotation Our results then correctly predict the increase of the exchange
path (for instance, the NbAI distance is restricted to remain  couplings in polyhydride niobocenes upon addition of a Lewis
3.469 A along the rotation but becomes 3.531 A at the true acid, an effect experimentally observed for the analogoys Cp
transition state). Anyway, no important geometrical change is NbHs-AlIEts system! and, more recently, for niobocene com-
introduced by the restrictions. The effect on the tunneling Plexes with Lewis acidic coinage catiolsFor CpNbHz-AlEt;
splitting of such a higher energy is somewhat compensated bya higher exchange coupling of ca. 100 Hz was obtained at the
the shorter tunneling path which comes from the geometrical temperature of 232 K, a temperature still too low, within our
restrictions imposed along the path. It should be noted that theresults, to possess a measurable quantum exchange. This
nuclear motion defining the tunneling path (mainly motion of numerical discrepancy might be attributed to the oversimplifica-
exchanging hydrides) has nothing to do with the reaction path tion of the one-dimensional tunneling model which exaggerates
connecting the minim& and 3 (mainly motion of AlHg). the energy difference between the vibrational energy pairs. It
Table 2 gives the tunneling splittings of the vibrational levels Nas also to be remarked that the temperature-averaged exchange
of this system (structure) evaluated as indicated in the couplings are very sensitive to the energy difference between
methodological sectionl§). The first 8 levels, all below the  the two minimum structure® and3 which are assumed to be
energy barrier, are shown. The splitting of the lowest energy N thermal equilibrium, so that very small energy differences
pair gives the quantum exchange coupling at 0 K. As the May lead to very different quantitative values.
temperature increases, the higher pairs become populated. The To summarize, our calculations clearly point out that Lewis
temperature-averaged exchange couphnly,c> can then be acids of the AlH type may increase the exchange couplings in
obtained through a population weighted average according to apolyhydride metal complexes through formation of adducts that
Boltzmann distribution over the thermally accessible pairs of favor the interchange of hydrogen atoms. In the structure that
vibrational states. The second column of Table 3 gives the undergoes the quantum exchange coupling the Lewis acid is
results obtained for temperatures up to 400 K. It is noteworthy only bonded to an outer hydride, the other two hydrogen ligands
that the very small values ofJoxc> at low temperatures increase  still being hydrides, although their interatomic distance clearly
quickly as the temperature increases. This is because at highediminishes showing an initial trend to form a dihydrogen ligand.
temperatures the higher vibrational levels, whose splitting is The appearance of this structure, energetically close enough to
considerably higher, become appreciably populated. the absolute minimum energy structure to be significantly
As explained before, the actual NMR spectrum in the hydride Populated at the range of temperatures corresponding to the
region shows an ABpattern which results from the average of NMR measures, arises from the reduction of the electronic
the two minima2 and3 (and their equivaler® and3' forms). density on niobium induced by the action of the Lewis acid.
Therefore it can be safely assumed that the couplings can also Our results also provide theoretical ground for the model

it is now necessary to devise a tunneling path. We have
evaluated it through calculation of different points along the
rotation of the two hydrogen atoms as explained in the
methodological section. This way a symmetrical double-well
energy profile is obtained with a maximum energy point. Given
the geometrical restrictions imposed along the rotation, the
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proposed by Anfiolo et al. to explain the exchange couplings to electronic effects induced by interaction with Lewis acids,
observed in the adduct§NIb(CsH3RR) Hs} ,M] *, where M= additional theoretical calculations of other adducts with several
Cu, Ag, and AUt As mentioned in the Introduction, their  Lewis acids would be desirable. Further theoretical work on
model involves two isomeric structures that are close in energy, this topic is presently in progress in our laboratory.

one containing two bridging and one terminal hydrides on
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