Chapter 4

Unexpected 1'-Vinylidene-n’-Alkyne
Isomerization in the Coordination
Sphere of Niobocene Complexes
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Treatment of Nb’-CsH,SiMes)>(Cl)(L) (1) with Mg(C=CR), in toluene under
appropriate  reaction conditions, leads to the alkynyl complexes Nb(’-
CsH,SiMe;),(C=CR)(L) (2) (L = CO, R = Ph (2a); L = CO, R = SiMe; (2b); L = CO,
R = 'Bu (2¢); L = PMesPh, R = Ph (2d); L = P(OEt);, R = Ph (2e)). The alkynyl-
containing niobocene species 2 can be chemically or electrochemically oxidized to
give the  corresponding  radical-cationic  alkynyl — complexes — [Nb(n’-
C;sH,SiMes) ,(C=CR)(L)] " [BPh,] (3) (L = CO, R = Ph (3a); L = CO, R = 'Bu (3¢); L
= PMe,Ph, R = Ph (3d)). These complexes, under different experimental conditions,
give rise to the mononuclear vinylidene d° niobocene species [Nb(v’-
C;sH SiMes) (=C=CHR)(L)][BPh,] (4) (L = CO, R = Ph (4a); L = CO, R = 'Bu (4c);
L = PMe,Ph, R = Ph (4d)) with a hydrogen atom by abstraction from the solvent or,
for 3a, the binuclear  divinylidene ~d&  niobocene  complex  [(W’-
CsH SiMes) ,(CO)Nb=C=C(Ph)(Ph)C=C=Nb(CO)(n’-CsH,SiMes),] [BPh.], (4a’)
from a competitive ligand-ligand coupling process. Complexes 4 were also prepared
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by an alternative procedure in which the corresponding complexes 2 were reacted
with HBF ;. Finally, in solution the CO-containing vinylidene mononuclear complexes
4a and 4c undergo an unexpected isomerization process to give the W’-alkyne
derivatives [Nb(’-CsH,SiMe;)»(n’-(C,C)HC=CR)(CO)]" (5: R = Ph (5a); R = 'Bu
(5¢)). The structure of 5a was determined by single-crystal diffractometry.

DFT  calculations  were  carried out on  [NbCpy(=C=CHCH;)(L)]"/
[NbCp,(HC=CCH3)(L)]" (Cp = w-CsHs; L = CO, PHj; exo, endo) model systems in
order to explain the w'-vinylidene-w’-alkyne rearrangement observed. Calculations have
shown that in both carbonyl-niobocene and phosphine-niobocene systems the v '-
vinylidene and the v -alkyne complexes are isoenergetic, in marked contrast with the
systems previously considered in theoretical studies. The reaction takes place through an
intraligand 1,2-hydrogen shift mechanism where v’-(C,H)-alkyne species are involved.
The energy barrier for the isomerization process in the phosphine-containing niobocene
systems is almost 10 kcal mol™" higher than in the analogous process for the carbonyl-
containing niobocene system. This increase in activation barrier indicates that the
different experimental behavior between 4a, 4c and 4d has a kinetic rather than a
thermodynamic origin. Finally, the interconversion between exo and endo isomers has
been studied.
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4.1 INTRODUCTION

The chemistry of d-block transition metals with alkynyl,' vinylidene,” and alkyne’
ligands has been well documented. During the last few years several families of
alkyne-containing halobis(trimethylsilylcyclopentadienyl)-niobium complexes have
been reported by the group of Prof. Otero,® and, in particular, several cationic
complexes were isolated in good yields as their nitrile or isonitrile adducts, [Nb(h’-
CsH,SiMes)2(h*-(C,C)RC® CR")(L)]", by one-electron oxidation of the corresponding
alkyne-containing niobium(IV) species, Nb(h’-CsH,SiMe;),(h*-(C,C)RC®CR').?
These results encouraged them to explore general synthetic methods for the
preparation of alkynyl- and vinylidene-containing niobocene complexes, which are
rarely encountered in the literature. The alkynyl- and vinylidene-species were
successfully prepared by reaction of the corresponding haloniobium(IIl) complexes
with the appropriate alkynyl magnesium compounds, Mg(C° CR),, followed by one-
electron oxidation of the isolated alkynyl niobium species and a hydrogen atom
abstraction from the solvent. However, surprising behavior was found for some
vinylidene-niobocene compounds, which isomerize easily in solution to give the more
stable alkyne-containing complexes.

The 1-alkyne to vinylidene rearrangement in the coordination sphere of transition
metals has proved to be a useful entry to vinylidene complexes,® and several catalytic
cycles have been proposed involving the participation of the h'-vinylidene-h*-alkyne
transformation.” Despite the relative importance of this phenomenon, few examples of
this type of rearrangement have been described for group 5 elements.”

This chapter presents the study of the vinylidene-alkyne rearrangement by means
of DFT calculations. The study was performed in combination with experimental work
by the group of Otero and Antifiolo, which includes the synthesis and structural
characterization of alkynyl-, vinylidene- and alkyne-containing niobocene complexes
and an unusual h'-vinylidene-h*-alkyne conversion process. Additionally, Vallat,
Lucas, and Mugnier carried out electrochemical studies on these niobocene
complexes.
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4.2 RESULTS AND DISCUSSION

4.2.1 Experimental Data on the Studied Chemical Systems

4.2.1.1 Preparation and Characterization of Alkynyl-Niobocene Complexes

The starting niobium complexes Nb(h’-CsH,SiMe;),(CI)(L) (1) reacted with the
appropriate dialkynylmagnesium reagents, in toluene, to generate the corresponding
alkynyl niobocene complexes 2 in good yields (Scheme 4.1). The use of a non-
coordinating solvent, such as toluene, has proved to be essential in this process due to
the fact that the reactivity of the magnesium reagent is increased. Attempts to carry
out similar reactions with lithium alkynyl reagents or the analogous Grignard alkynyl,
MgX(C°CR), in ethereal solvents have proved unsuccessful. Previous efforts to
prepare similar complexes by reacting the halo derivatives M(h’-CsMes),Cl, (M = Nb
or Ta) with LiC° CR were also unsuccessful.® As far as we are aware, this is the first
general procedure to prepare S-alkynyl-niobocene complexes. Tantalum hydrido-
alkynyl species, Ta(h’-CsMes),(H)(C®CR), have been proposed as the intermediates
in the conversion of h*-alkyne complexes, Ta(h’-CsMes),(h*-(C,C)-HC® CR), to the
corresponding vinylidene species, Ta(h’-CsMes),(=C=CH(R)), but such species could
not be isolated or identified.® Alkynyl-containing cationic tantalocene complexes,
[Ta(h’-CsMe;s),(NHR')(C® CR)][B(C¢Fs)s], have recently been isolated from carbon-
hydrogen bond activation reactions of [Ta(h’-CsMes),(=NR')(THF)][B(C¢Fs)s] with
propyne or phenylacetylene.’

The general procedure described for the preparation of alkynyl-niobocene
complexes did not, however, allow the synthesis of terminal alkynyl species (R = H),
since the preparation of the reagent Mg(C°® CH), was not possible. Different lithium
reagents, such as HC°CLiH,NCH,CH,NH,, or Grignard reagents, such as
MgCI(C° CH) in THF, were employed as alternatives, but their reactions with 1 under
a variety of experimental conditions led to the starting material as the only
organometallic product to be isolated from the reaction. To overcome this problem,
Otero, Antifiolo and coworkers sought to desilylate the alkynyl ligand of complex 2b
by reaction with Bu,NF in THF.'” However, the complex Nb(h’-
CsH;),(C° CSiMe;)(CO) (2f), in which the cyclopentadienyl rings had been
desilylated, was isolated instead (Scheme 4.1). A further desilylation of 2f using
K,COs in methanol'' was successful, giving the desired terminal alkynyl-containing
complex Nb(h’-CsHs),(C° CH)(CO) (2g) (Scheme 4.1). Attempts to prepare 2g by the
direct reaction of 2b with K,CO;/CH;OH were also unsuccessful and unreacted 2b
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(80-90%), contaminated with as yet unidentified products, was isolated. The alkynyl-
containing complexes 2 were characterized by standard spectroscopic methods. The
IR spectra of these complexes show a characteristic band at ca. 2000-2100 cm'
(Ncoc), which corresponds to the coordinated alkynyl unit and, in addition, in
complexes 2a—c and 2f-g one band at 1890-1950 cm ' corresponding to Neoo. The
BC-NMR spectra of these complexes exhibit two characteristic resonances for the
alkynyl C, and C, carbons near 125 and 103 ppm, respectively. Furthermore, in the
carbonyl-containing complexes the resonance of the carbonyl carbon atom appears at
ca. 250 ppm.
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4.2.1.2 Oxidation Processes of Alkynyl-containing Niobocene Complexes

Oxidation reactions of complexes 2 have been carried out by chemical and
electrochemical methods. First, it was considered the chemical oxidation processes of
complexes 2 with the ferrocenium salt [FeCp,][BPhs] and, in the course of these
studies, it was observed that the nature of the resulting products depended
dramatically on the substituent R on the alkynyl ligand, the ancillary ligand L and the
experimental conditions employed (temperature and solvent). Thus 2a,c,d were
reacted with the ferrocenium salt in a 1:1 molar ratio, in CH,Cl, at —30 °C, to give the
radical cationic alkynyl complexes [Nb(h’-CsH,SiMes),(C° CR)(L)]”F[BPh4]_ 3
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(Scheme 4.2). The species 3a,c were unstable, giving rise to the corresponding
monovinylidene complexes [Nb(h’-CsH,SiMe;),(=C=CHR)(L)][BPhs] (4) (Scheme
4.2), which result from a hydrogen atom abstraction from the solvent. Compound 4a
was isolated as a 1:1 mixture of both exo- and endo-isomers and 4c¢ as a single isomer.
In order to confirm this abstraction process, the oxidation of 2a was carried out in dry
CD,Cl, at —40 °C and the deuterated complex [Nb(h’-
CsH,SiMes),(=C=CDR)(CO)][BPhs] was isolated (established by a “H-NMR
spectrum), indicating that in fact the solvent is the source of the Hx(or D% radical.
Compound 3d, however, was stable under these experimental conditions and was
isolated as a deep-red crystalline material after appropriate work-up. Solutions of 3d
in CH,Cl, evolve slowly at room temperature to give, after several weeks, the
monovinylidene complex 4d in low yield. In the case of 2b, the oxidation process with
the ferrocenium salt and the subsequent transformation of the radical cationic alkynyl
species in CH,Cl, gave, in low yield, the unsubstituted monovinylidene complex
[Nb(h’-CsH,SiMe;),(=C=CH,)(CO)][BPh,] (4h), with loss of the SiMe; group of the
alkynyl ligand. Related mononuclear vinylidene tantalocene and niobocene complexes
have previously been described.*'?
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However, when the oxidation of 2a was carried out in THF solution at room
temperature, an alternative product, the divinylidene complex [(h’-
CsH,SiMes)»,(CO)Nb=C=C(Ph) (Ph)C=C=Nb(CO)(h’-CsH,SiMes),][BPhs], (4a"),’
was obtained as the major product (Scheme 4.2), along with a small proportion of the
monovinylidene complex 4a. In THF solution at low temperature, the divinylidene is
formed as the minor product. Surprisingly, the formation of the corresponding
divinylidene species from compounds 2¢ or 2d has never been observed, even though
the oxidation has been attempted under a wide variety of reaction conditions. The
formation of the divinylidene species 4a' can be envisaged as being the result of a
ligand-ligand coupling reaction from the radical cationic alkynyl species 3a instead of
the alternative process of hydrogen atom abstraction. The chemistry of 17-electron
organometallic radicals is well documented and their often characteristic chemical
properties continue to be reported.” It is well known that several organometallic
radicals tend to dimerize and that dimerization through the metal center is most often
observed. Nevertheless, the ligand-ligand coupling could be favored if the metal
center is sterically protected and if one of the ligands possesses a p-system to enable
the delocalization of the spin density. Thus, Lapinte and co-workers have
demonstrated that the iron-ethynyl complex [Fe(h’-CsMes),(C° CH)(dppe)] reacts with
[FeCp,][PFs]to give a divinylidene complex through a ligand-ligand coupling step.'*
However, they observed that the analogous substituted alkynyl complexes [Fe(h’-
CsMes),(C° CR)(dppe)] (R = Ph, 'Bu) did not undergo dimerization or hydrogen atom
abstraction, and the 17-electron radical cationic alkynyl complexes [Fe(h’-
CsMes),(C° CR)(dppe)]xr[PFﬁ]’ could be isolated as air-stable solids. The low
reactivity of these complexes was explained on the basis of the steric hindrance of the
substituent attached to the alkynyl carbon atom.'"” In our case, the 17-electron radical
species 3a,c were unstable and this could be due to the fact that the substituents on the
alkynyl group did not provide sufficient steric protection to prevent the transformation
to the corresponding vinylidene complexes 4. This process of hydrogen atom
abstraction has been established in the evolution of several organometallic radicals.'®

In addition, a ligand-ligand coupling reaction to give divinylidene species, versus
hydrogen atom abstraction to form monovinylidene species, must be considered as a
competitive reaction path in the evolution of the radical alkynyl species, especially in
light of the results obtained by reacting complex 2a in THF under a variety of reaction
conditions. It is tempting to speculate that, due to the presence of the more bulky (‘Bu)
substituent, the radical 3¢ cannot undergo the ligand-ligand coupling to give the
corresponding divinylidene complex, although electronic factors, such as the capacity
of the ligand to delocalize electron density, could play an important role in the
reaction of the radical species. However, 3d was especially stable and electronic
factors (the presence of a phosphine instead of a carbonyl as ancillary ligand) and
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steric factors (a more bulky phosphine as ancillary ligand) could be responsible for
this behavior.

Furthermore, complexes 4 could alternatively be prepared by the protonation of
complexes 2 with HBF, (Scheme 4.2), although the same reaction for 2b gave an
intractable mixture of products that could not be identified. This protonation reaction
is reversible and treatment of 4 with KO'Bu quantitatively gives 2. The spectroscopic
data support the proposed formulations for complexes 3 and 4. The radical cationic
species 3c¢,d were spectroscopically characterized by their ESR spectra (see below).
The vinylidene a- and b-carbons in 4 exhibit characteristic resonances at ca. 380 and
120 ppm, respectively, in their ?C-NMR spectra, which are entirely consistent with
the presence of a vinylidene unit.”

4.2.1.3 Electrochemical Studies

Electrochemical studies on complexes 2a,¢,d have been carried out. The simplest
voltammetric profile is obtained for 2d (Figure 4.1a and Table 4.1), which undergoes
reversible (ip /i, o ~1) diffusion-controlled (ip,ov/v”2 is nearly constant for scan rates
varying between 50 and 200 mV> ') one-electron oxidation to give the corresponding
radical cation 3d. When the controlled-potential electrolysis of 2d was carried out, at 0
V and -30 °C, it resulted in a coulometric consumption of nearly 1 F per mol (ney, =
0.9). The voltammogram of the electrolyzed solution shows a peak, O, (Figure 4.1)
indicating that 3d was quantitatively generated and was stable on the CV and
electrolysis time scale. ESR spectroscopic analysis of this solution confirmed the
formation of 3d as well as its stability (see below). The complex 3d prepared by
chemical oxidation exhibits the same cyclovoltammetric features.

The voltammetric behavior of complexes 2a,¢ is more complicated. Thus, the
cyclic voltammogram of 2¢ at room temperature (see Figure 4.2a) displays, in addition
to the O/O' system (i, 0/1,,0~0.96), a small peak, R, at lower cathodic potential (see
Table 4.1 for potential values). The latter peak becomes less intense as the sweep rate
is made higher and lowering the temperature to —30 °C results in its complete
disappearance (see Figure 4.2b) as i, 0/i, o becomes nearly equal to 1. These changes
are strongly indicative of an EC-type mechanism where the corresponding
electrogenerated radical cationic alkynyl species 3¢ undergoes a chemical evolution.
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Figure 4.1. Cyclic voltammogram of 2d (3.5 mM) in THF 0.2 M NBu4ClO, on vitreous carbon
disk electrode. (a) before electrolysis at room temperature; (b) after electrolysis at 0 V at —30
°C. Scan rate: 200 mV.s . Initial potential: —1.6 V (a) and 0 V (b).

Table 4.1. Cyclic Voltammetric Data® for the Complexes Nb(h*-CsH;SiMes),(L)(C_CR).

Compound L R Eino” (V/ECS) E,r (V/ECS)
2a CO Ph +0.27 -0.91
2¢c Cco "Bu +0.20 -1.04
2d PMe,Ph Ph —0.43

* In THF 0.2 M NBu,PF on vitreous carbon disk electrode at a scan speed of 200 mV.s—1. ® taken as the
half-sum of E, s and E, '

With the aim of stabilizing 3¢, an exhaustive electrolysis was performed at —30 °C
in THF with NBu,CIO, as the supporting electrolyte. Complex 3¢ consumes nearly
one equivalent of electron (working electrode potential: +0.4 V vs. ECS; ney, = 0.95)
and the cyclic voltammogram of the electrolyzed solution (still registered at low
temperature) does show both peak O to some extent, but mainly consists of peak R
(see Figure 4.2¢) together with small ill-defined peaks that appear in the range [0-1
V]. The ESR spectrum of this electrolyzed solution indicates the presence of 3¢ (see
below). When the temperature is raised to room temperature the peak O disappears
(see Figure 4.2d) and, at the same time, the solution becomes ESR silent. An
electrochemical study of complex 2a gives similar results: oxidation leads to a
diamagnetic complex through a transient radical cation alkynyl 3a. This last product
can be reduced near —1 V (see Table 4.1). However, a question remains: what is the
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nature of the final diamagnetic products that are reduced at peak R? The chemical
oxidation experiments have proven that, starting from the radical cationic alkynyl
complexes 3, there are two reaction pathways: either ligand-ligand coupling, to give
the divinylidene species, or solvent-based hydrogen transfer, giving rise to
monovinylidene compounds. To determine which mechanism operates in the course of
the electrochemical oxidation, kinetic information has been extracted from the change
in the voltammetric profile with the concentration of 2a. Figure 4.3a displays the
cyclic voltammogram of 2a in THF at room temperature at ¢ = 0.8 mM, and the only
reduction peak O is observed on the reverse sweep. In contrast, when the
concentration is raised to a much higher value (c = 3.7 mM), then peak R appears
(Figure 4.3b). This result is in accordance with the dimerization pathway (a
bimolecular reaction following second order kinetics).'™

on the relative peak intensities (R versus O) in an EC-type mechanism if the
18b

Concentration has no effect
associated chemical reaction kinetic is first order, as is the case in the pathway
involving hydrogen atom abstraction. As definitive proof, it was measured the cyclic
voltammogram of a chemically prepared sample of the divinylidene 4a', which
exhibits the expected peak R. However, it was also confirmed that the cyclic
voltammogram of a chemically prepared sample of 4¢ exhibits the peak R indicating,
as was previously mentioned for the chemical oxidation of 2¢, that the cation radical
alkynyl species 3¢ evolves exclusively to give 4¢ by hydrogen atom abstraction from
the solvent.

Figure 4.2. Cyclic voltammograms of 2c.
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Figure 4.3. Cyclic voltammograms of 2a.

Complexes 3¢,d were characterized by ESR spectroscopy. Isotropic g and splitting
constant values are listed in Table 4.2. The spectrum of 3¢ exhibits a characteristic
ten-line shape arising from coupling between the unpaired spin and the niobium
nucleus (100% natural abundance, I = 9/2). In the case of 3d, the spectrum (see Figure
4.4) consists of a decet of doublets due to additional superhyperfine coupling with
phosphorus (ap = 22.07 G). This last value compares quite well with that found for the
analogous chloro complex, [Nb(h’-CsH,SiMe;),(CI)(P(OMe)s)]" (ap = 21.85 G)."’ The
outer lines are poorly resolved relative to the inner lines due to a considerable increase
in line width at the ends of the spectrum, a trend that has been well established for this
type of radical.”® More informative are the values of the isotropic hyperfine splitting
constant, which are nearly identical for both complexes (3¢: an, = 67.88 G; 3d: an, =
70.97 G). This similarity reflects the degree of metal character of the singly occupied
molecular orbital. Typical niobocene derivatives NbCp,X, (X = alkyl or halogeno
ligand) exhibit values that lie in the range 80-120 G,*' whereas complexes with S-
donor p-acceptor ligands in the equatorial plane NbCp,(L) (L = ketenimine,” ketene,”
acetylene®® or aldehyde®) exhibit smaller ay, values (8—20 G) due to appreciable
delocalization of the unpaired electron onto the organic ligand, as has been
demonstrated by theoretical calculations.”® The ay, values found for 3c,d are
intermediate between the two sets of ay, values described above and denote a partial
localization of the unpaired spin density on the alkynyl ligand.
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Figure 4.4. ESR spectrum (X band) of 3d (solvent: THF, room temperature).

Table 4.2. ESR Data® for the Complexes [Nb(h’-CsH,SiMe;),(L)(C_CR)]+.

compd g anp (G) ap (G)
3¢ 1.9979 67.88
3d 1.9966 70.97 22.07

* Hyperfine coupling constants and isotropic g factors are all corrected to second order using Breit-Rabi

equation.
4.2.1.4 Isomerization of n'-Vinylidene to n’>~Alkyne Niobocene Complexes

Although stable in the solid state, the aforementioned vinylidene complexes 4a,c
undergo a rearrangement in THF or acetonitrile solutions at room temperature to give,
quantitatively, the more stable h”alkyne complexes [Nb(h’-CsH,SiMe;),(h*-
(C,C)HC® CR)(CO)]" (5) (Scheme 4.2). Thus, the mixture of endo and exo isomers of
4a gave the h*-alkyne-containing complex 5a, isolated as the pure exo isomer. Similar
treatment of 4¢ led to a 1:1 mixture of isomers of 5¢. In contrast with this behavior,
solutions of 4d were stable even when a CD;CN solution in a sealed NMR tube was
heated to 180 °C. Particularly diagnostic of the coordinated alkyne unit in complexes 5
is the presence of a characteristic Nc.c band in the IR spectra (ca. 1772 cm™') and
resonances for the non-equivalent carbon atoms in the C-NMR spectra (ca. 111 and
132 ppm), which are in agreement with the previously reported data for alkyne-
containing cationic niobocene complexes.” The crystal structure of 5a consists of an
organometallic cation and a BF, anion without any particular cation-anion interaction.
Selected bond lengths and angles are depicted in Table 4.3. The molecular structure of
the cation represents a wedgelike sandwich with an angle of 45.7° between the near-
planar cyclopentadienyl rings. The relative orientation of the Cp' rings is intermediate
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between eclipsed and staggered, as indicated by the Si—-C101-C102-Si3 angle of 88°
[C(101) and C(102) are the centroids of the Cp' rings].

Table 4.3. Selected Bond Lengths and Angles for Complex 5a.

Distances (A)
Nb(1)-C(5) 2.094(7) Nb(1)-C(102) 2.082(6)
Nb(1)-C(7) 2.222(5) 0(4)-C(5) 1.120(7)
Nb(1)-C(6) 2.278(6) C(6)-C(7) 1.219(7)
Nb(1)-C(101) 2.0856(7) C(7)-C(8) 1.467(7)
Angles (deg)
C(5)-Nb(1)-C(7) 102.6(2) C(6)-C(7)-C(8) 146.2(6)
C(5)-Nb(1)-C(6) 71.3(2) O(4)-C(5)-Nb(1) 178.7(6)
C(7)-Nb(1)-C(6) 31.4(2) Nb(1)-C(7)-C(8) 137.0(4)

18 ¥ Y C27

Figure 4.5. ORTEP drawing of complex 5a.

Figure 4.5 clearly indicates the exo geometry for alkyne coordination with respect
to the carbonyl ligand; the phenyl group of the alkyne is located in the exo position to
release the steric interaction Nb—CO. The Nb(1)-C(6) distance (2.278(6) A) is slightly
longer than the Nb(1)-C(7) length (2.222(5) A). The C(6), C(7) and C(5) atoms are
coplanar with the Nb atom, a situation that is in accord with general structural features
of pentacoordinated niobocene derivatives. Finally, treatment of 5a,c with KO'Bu in
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THF solution allowed recovering quantitatively the corresponding h'-alkynyl
complexes 2a,c, respectively (Scheme 4.2). Although h'-vinylidene-h*-alkyne
isomerizations are rare, a few examples have recently been described.”’ In an elegant
and exhaustive work, Bly and coworkers’™ have explained the isomerization of
complexes [Cp(CO),Fe=C=CR'R*]" OTf to the corresponding h*-alkyne derivatives
[Cp(CO),Fe(h*-R'C°CR?]" OTf ", through a 1,2-shift of an alkyl group from the b-
carbon to the a-carbon, favored by both the extreme electrophilicity of the vinylidene
a-carbon and the high p-acidity of the auxiliary carbonyl ligand, which gives rise to
an electron-deficient metal center. In the same way, Connelly and coworkers®’**¢ have
extensively studied the h'-vinylidene-h*-alkyne isomerization induced by one-electron
oxidation of the 18-electron complexes [(N°-C4R)(CO),Cr=C=CR'R’]". The facile
isomerization process observed for complexes 4a,c could be explained on the basis of
analogous arguments. Thus, the presence of a strong p-acid carbonyl ligand in the
cationic d* Nb(III) species 4a,c would explain the higher electrophilicity of the
vinylidene a-carbon (“C-NMR spectroscopic data indicate that this carbon atom in 4a
is more deshielded than that in 4d, ca. 378 ppm vs. 368 ppm, respectively) in these
complexes in comparison with the behavior of the a-carbon in complex 4d and, in
consequence, the aforementioned rearrangement h'-vinylidene-h*-alkyne would be
especially favored. This aspect will be analyzed in the next section by means of
theoretical calculations.

4.2.2 Theoretical Study

4.2.2.1 Relative Stability of the Vinylidene and Acetylene Isomers

The first point to be addressed in the theoretical study was the relative stability of the
h'-vinylidene and h*alkyne complexes. The geometries of the exo (x) and endo (n)
isomers of the model complexes [NbCp,(=C=CH(CH,))(L)]" (L = CO, 4°°; L = PH,,
4"™) and [NbCp,(h*(C,C)HC° CCH;)(L)]" (L = CO, 5°°; L = PHs, 5") were fully
optimized under the constrains of Cs symmetry group (Figure 4.6). For comparative
purposes we also considered the exo h'-vinylidene and h*-alkyne niobocenes with L = CI
(4x“" and 5x“, respectively). The calculated Nb—Cl, C°C and Nb—C distances in 5x°'
(2.565 A, 1.288 A and 2.135 A and 2.178 A, respectively) agree well with the distances
determined by X-ray diffraction in Nb(h>-CsH,SiMes),(h*(C,C)PhC® CPh)Cl (2.538(2)
A, 1.27(1) A and 2.185(9) A and 2.171(8) A, respectively).*
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Figure 4.6. Optimal B3LYP structures (A, deg) of reactants and products for isomerization of
[NbCp,(=C=CHCHj;)(L)]". Hydrogen atoms of Cp are omitted for simplicity.
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In all cases the exo isomer appears as the most stable one, but the energy difference
between the exo and endo isomers of all complexes is very small. The calculated energy
differences for the vinylidene and alkyne complexes with L = CO and the vinylidene
complex with L = PH; are less than 0.1 kcal/mol. A more marked destabilization (1.7
kcal/mol) of the endo form of 5" is found, showing that the alkyne isomers are more
influenced by steric effects than the corresponding vinylidene analogues. The alkyne
substituent preferentially occupies the outside site. It can be expected that energy
differences found in model systems increase in real systems, due to the steric effects
caused by the presence of bulkier substituents in alkyne and phosphine ligands. In the
following discussion we will compare the energies of the exo isomers.

The most striking result of the thermodynamic study is the very similar energies of
the vinylidene- and alkyne-containing niobocenes. 4x°°, 4x"" and 4x“' are calculated to
be only 0.8, 1.3 and 1.4 kcal/mol more stable than their respective h’-alkyne-containing
niobocene isomers. This is in marked contrast with the systems previously considered in
theoretical studies.”® The effect of ligand substitution on the relative stabilities seems
minor, although it always appears that replacement of a strong p-acid CO ligand by a less
p-acid PH; ligand favors the vinylidene form. The energetic results suggest that both the
vinylidene- and alkyne-niobocene complexes could be prepared experimentally. The
energy differences between the two forms that were found are within the limits of
accuracy of the modeling and the methodology employed, but a definitive answer as
regards which is the most stable species cannot be established. We described in the
preceding section that 4a,c isomerize to the corresponding h*-alkyne-containing species
5a,c. However, when CO is replaced by a phosphine ligand in 4d the analogous
isomerization process does not take place. This fact has been related to the higher
electrophilicity of the vinylidene a-carbon (C,) in cationic complexes with CO ligands.>”
Computed NBO charges for the a-carbon are —0.12¢ in 4x“' , -0.08¢ in 4x"™* and -0.03 in
4x“°. In agreement with the *C-NMR data, the replacement of CO by PH; causes an
increase in the electron density at the a-carbon. In line with previous arguments,”’® the
thermodynamics of the h'-vinylidene/h*alkyne isomerization in niobocene complexes
follows the same trend as the vinylidene C, charges; therefore the relative stability of h'-
vinylidene decreases as the electron density at C, diminishes. However, small differences
in the relative energies found do not seem to justify the opposite experimental behavior
exhibited by 4a, ¢ and 4d. To account for this phenomenon, we will focus in the next
section on the kinetics of the isomerization.

4.2.2.2 Mechanism of the n'-Vinylidene-*-Alkyne Isomerization

Two intramolecular mechanisms are well documented in the literature for the h*-
alkyne ® h'-vinylidene rearrangement in the coordination sphere of transition metal
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complexes: the 1,2-hydrogen shift and the 1,3-hydrogen shift.”> We considered these
two intramolecular mechanisms for the isomerization of the h'-vinylidene complexes
[NbCp,(h'-CCHCH;)(L)]" (L = CO, PH;) to the corresponding h*-alkyne derivatives.
Starting from the vinylidene species, in the first mechanism a 1,2-hydrogen shift from
the b- to a-carbon takes place, followed by a slippage process of the alkyne ligand
from a s h’(C,H) coordination to a p h*(C,C) coordination. Early qualitative
theoretical studies® supported this mechanism. MP2 calculations have proved that the
alkyne-vinylidene rearrangement in the RuX,(PR3), + (HC® CHR') systems takes place
with this mechanism.”™® The second mechanism consists of the 1,3-hydrogen shift
from the b-carbon to the metal, giving rise to an alkynyl(hydrido)metal intermediate
that undergoes a reductive elimination to form the alkyne-containing species. There is
also experimental evidence to suggest that isomerization can proceed via an
alkynyl(hydrido)metal intermediate.”®>’ Recent theoretical work has shown that the
h*-alkyne ® h'-vinylidene rearrangement in [RhC1(PH;),(HCCH)] takes place by an
intermolecular process via the hydrido intermediate [RhHCI(PH;),(CCH)].>® Our
study is concerned with the intramolecular mechanisms because steric repulsions
caused by the Cp-substituted rings may work against an intermolecular mechanism in
the niobocene systems considered here.

We have explored the reaction path for both exo and endo isomers. Possible
intermediates (Figure 4.7) and transition states (Figure 4.8) associated with each
mechanism were located, and the activation barriers determined (Figure 4.9 and 4.10).

4.2.2.2.1 Reaction Intermediates

4CO 4PH3

For the isomerization of and two kinds of intermediates have been found
in the potential energy surfaces: hydrido-alkynyl species A, which are related to the
1,3-hydrogen shift mechanism, and h*-(C,H) alkyne complexes B, which are involved
in the 1,2-hydrogen shift mechanism.

For the niobocene system with a carbonyl ligand we located two hydrido-alkynyl
minima (Ax“® and An“°, see Figure 4.7). In Ax“° the hydrido is cis to the carbonyl
ligand, whereas in An“° the alkynyl is cis to the carbonyl ligand. Both hydrido-
alkynyl complexes are very destabilized with respect to the reactant. Ax“® and An“°
are found 38.3 kcal/mol and 32.3 kcal/mol above the vinylidene complexes 4x“° and
4n°°, respectively. Two similar minima have been found in the niobocene system with
the phosphine ligand (Ax"™ and An"""). The cis-hydrido-phosphine Ax""" and the cis-

PH3 PH3
and 4n ",

alkynyl-phosphine An"™ isomers lie 38.2 and 25.6 kcal/mol above 4x
respectively. The highest stability of the hydrido-alkynyl complex with the hydrido in
a lateral site could be related to a stronger Nb—H bond for this disposition of the

ligands. The Nb—H distance is notably shorter in the An isomers than in the Ax ones.
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HI1-Nb-C4: 57.7
Nb-C4-0: 176.7 Nb-C4-0: 179.1
Ax®° An®°

Nb-C1-C2: 157.3
H1-C1-C2: 138.2

H1-Nb-C4: 71.1 C1-Nb-C4:81.2
Nb-C4-0: 175.6 Nb-C4-0: 177.5
BXCO

P-Nb-HI: 71.1
H1-C1-C2: 133.9
Nb-C1-C2: 166.0

P-Nb-C1: 74.3
H1-C1-C2: 132.5
Nb-C1-C2: 170.7

PH3 PH3
Bx Bn

Figure 4.7. Optimized B3LYP structures (A, deg) of intermediates for isomerization of
[NbCp,(=C=CHCH;)(L)]" to [NbCp,(HC_CCH;)(L)]". Hydrogen atoms of Cp are omitted for
simplicity.
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The four h*(C,H)-alkyne-containing reaction intermediates [NbCp,(L)(h*-
(C,H)(HCCCH3)]" (L = CO, exo (Bx“°) and endo (Bn“°); L = PHs, exo (Bx"") and
endo (Bn"™); (see Figure 4.7)) were located in the potential energy surfaces. They are
situated between 20 and 30 kcal/mol above their corresponding vinylidene forms. The
lengthening of the C—H distances with respect to their values in the h*-(C,C) alkyne
complexes, as well as the distortion of the C—C—H angle to values between 132.5° and
138.2°, are in accordance with the h*-(C,H) nature of these species and indicate that an
interaction of the C—H bond with the metal center contributes to the stabilization of the
s-alkyne intermediates. s h*-(C,H) alkyne complexes similar to those presented here
have also been found in theoretical studies of the 1,2-mechanism for the alkyne
3% The existence of the metal-CH interaction was
confirmed by a Bader analysis™ of the electron density of Bn"". Two bond critical
points, one between Nb and H and the other between Nb and C and a ring critical

® vinylidene rearrangement.

point between Nb, C and H were found.

In the niobocene carbonyl system the exo and endo h*-(C,H)alkyne-containing
intermediates display similar energies. Bx“® and Bn“° are found 21.1 kcal/mol and
222 kcal/mol above the vinylidene-containing compounds 4x°° and 4n“°,
respectively. Both are manifestly more stable than the hydrido-alkynyl complexes
Ax“© and An“°, respectively. In the niobocene phosphine systems, the intermediates
Bx"" and Bn""™" are situated 28.5 kcal/mol and 23.9 kcal/mol above the corresponding
vinylidene complexes 4x"" and 4n"", respectively. When a phosphine is present as
an ancillary ligand the endo h*-(C,H)-alkyne Bn"™" and endo hydrido-alkynyl An"™
intermediates become very close in energy. Bn"™" is found only 1.7 kcal/mol below
the hydrido-alkynyl An™".

42.2.2.2 Reaction Path for the h'-Vinylidene ® h*-Alkyne Isomerization

During the course of this study we looked for the transition states that connect the
different minima. For the niobocene system with the carbonyl ligand, a transition state
for the 4°° ® B“° transformation was found for each isomer (exo and endo). These
transition structures (TS1x“° and TS1n“°) correspond to the 1,2-hydrogen shift from
the vinylidene C, to the C,. Their geometries (Figure 4.8) are similar to those
theoretically determined for the 1,2-mechanism in the rearrangement h*-(C,H) alkyne
® vinylidene in Ru(I)*** and Os(II)** metallic systems. In both systems a transition
state with a planar arrangement of the C,H, moiety was found. Recently, Stegmann
and Frenking have characterized a non-planar transition state structure for the 1,2-
rearrangement on the coordination sphere of the F,W metallic fragment.™™ The
nonplanar structure was explained in terms of the highly anionic character of the C,H,
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fragment in the tungsten complex>*. This is not the case in the niobocene systems
under consideration; therefore we restricted our study to the in-plane migration of H.

Nb-C1-C2: 173.0
H1-C1-C2: 79.7

Nb-C1-C2: 179.7

Nb-C1-C2: 169.4 H1-C1-C2: 77.4

1535 Np-c1-C2: 1737

H1-C1-C2: 78.9 H1-C1-C2: 79.7 C1-C2-C3: 178.6 -C2-C3:
C1-C2-C3: 178.2 C1-C2-C3: 178.3 CrexG: 1789
TS]XCO TS][ICO TS]XPH3 TSIXI'HS

Nb-C1-C2: 135.0
C2-C1-H1: 150.8 P-Nb-C1: 49.8
C1-C2-C3: 177.1 C2-Nb-HI: 40.0
Nb-C1-C2: 77.4
pu3  C1-C2-C3: 146.2

)179_2 Nb-C1-C2: 179.0

C1-Nb-H1: 45.2

TS4n"™"

TS2x° TS3n
Figure 4.8. Optimized B3LYP structures (A, deg) of transition states for isomerization of
[NbCp,(=C=CHCHj;)(L)]". Hydrogen atoms of Cp are omitted for simplicity.

Energies and geometries of the transition structures TS1x“° and TS1n“° are very
similar. TS1x“° is reached from 4x“° with an energy barrier of 30.0 kcal/mol, and
TS1n“° lies 30.5 kcal/mol above 4n“C. These transition states have a product-like
nature, with the migrating H almost transferred to C,. The topological analysis of the
electron density confirms this fact. A bond critical point was found between the a-
carbon and the hydrogen atom, whereas such a bond critical point does not appear
between the b-carbon and the hydrogen atom.

The next step in the 1,2-mechanism might be the slippage of the h*-(C,H) alkyne-
containing intermediate to form the more stable p-alkyne-containing product (B°
® 5°). Indeed, we located a transition state for this process (TS2°°, Figure 4.8).
Because of the very small differences found between the exo and endo isomers in the
niobocene carbonyl compounds, we only considered the alkyne reorganization for the
slightly more stable exo isomer. The transition state TS2x“° is found only 0.7
kcal/mol above the intermediate. It is worth noting that in Figure 4.8 the geometry of
TS2x“? shows a less distorted alkyne fragment than in Bx“°. The Nb-C, and
particularly the Nb—H distances are lengthened on going from B to TS2. A bond
critical point between Nb and H was not found in TS2x“°, but such a point was
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located for the Nb—C, bond. Thus, this transition state might be described as
containing a s h'-alkyne structure. The very low energy barrier calculated for the
process h*-(C,H)alkyne ® h*-(C,C)alkyne shows that the B species are not very stable
minima and suggests that the existence or nonexistence of the S-coordinated h’-
(C,H)alkyne as a reaction intermediate in the 1,2-mechanism will depend on the
particular nature of the system. A slight destabilization of these intermediates causes
the 1,2-mechanism to pass from a two-step process to a concerted reaction.

The calculated potential energy profile for the h'-vinylidene ® h*-alkyne
rearrangement in the niobocene carbonyl system is presented in Figure 4.9. The
energies of the hydrido-alkynyl intermediates are above those of the transition
structures TS1°Y; thus the 1,3-mechanism can be discarded for the 4° ® 5°
isomerization process. For this reason, we did not explore the reaction path for the 1,3-
hydrogen migration.

[Nb]
/9 / | ~~c
c” H

co s |
+38.3 (+32.3) A— i
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Figure 4.9. Potential energy profile (kcalmol') for isomerization of exo-
NbCp,(=C=CHCH;)(L)]" to exo- NbCp,(HC_CCH;)(L)]". Values in parentheses are calculated
energies for endo isomers.
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Figure 4.10. Potential energy profile (kcal.mol') for isomerization of endo-
NbCp,(=C=CHCH;)(L)]" to endo- NbCp,(HC CCH;)(L)]". Values in parentheses are

calculated energies for exo isomers.

The energetic profile obtained for the phosphine-containing niobocene system is
depicted in Figure 4.10. With regard to the 1,2-mechanism, the two transition states
(TS1x"™ and TS1n™", Figure 4.8) for the formation of h*-(C,H)-alkyne intermediates
from the corresponding vinylidene complexes (4" ® B™) were located. Although
the geometries of both are very similar to those found for the carbonyl system, there is
a significant difference between the carbonyl- and phosphine-containing niobocenes:
TS1x™ and TSIn™ lie 40.0 kcal/mol and 38.5 kcal/mol above the vinylidene
structures, whereas TS1C are reached with an energy barrier of 30 kcal/mol. The
replacement of the carbonyl ligand by a less p-acid ligand appreciably increases the
energy barrier of the 1,2-migration. We have already discussed the fact that when the
CO ligand is replaced by PHj3, the electron density at the vinylidene C, atom increases
due to the enhancement of the metal back-donation. During the migration process this
interaction must vanish to form the new C-H bond. Thus, the strongest interaction
determines that the hydrogen migration would be more unfavorable. We did not
determine the transition state for the next step of the 1,2-mechanism: the slippage
process of the alkyne ligand (B™" ® 57). It is expected that this last step will take
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place with a low energy barrier, as found for the carbonyl system, and it should not be
the rate-determining step in this mechanism.
In the potential energy surface of the phosphine-containing niobocene system the

endo-hydrido-alkynyl intermediate An™"

was found to be energetically very close to
the h”-(C,H) alkyne-containing intermediate, and more than 10 kcal/mol below the
transition state TS1"™>. Thus, in this case the 1,3-mechanism could be operative. The
search for a transition state that defines the 1,3-hydrogen migration led to the structure
TS3n™" (Figure 4.8), which is found 52.2 kcal/mol above the vinylidene species. This
value clearly indicates that the 4"® A™ process is kinetically unfavorable with
respect the 1,2 migration. The TS3n™™ structure was unequivocally assigned as a
transition state by a numerical calculation of its Hessian matrix.

PH3 js different from those of the

The geometry of the transition state TS3n
previously reported transition states for the 1,3-hydrogen shift.”*® The main
difference is found in the metal-C,—C, angle [77.4° in TS3n™, 162.3° in
RhCI(PH;),(C=CH,)*®]. In the Rh(I) transition state the migrating H interacts
simultaneously with Rh, C, and C,. A close look to the geometric parameters in
Figure 4.8 and the topological analysis of the charge density shows that in TS3n""" the
hydrogen interacts only with the C, atom, but the metal interacts simultaneously with
both C, and C, atoms. If we investigate the reverse process, i.e. from A" to 4" it
could very well be considered as an insertion of the alkynyl ligand into the Nb—H
bond rather than a 1,3-hydrogen shift. It is interesting to note that a C,-P interaction is

PH3

developing in TS3n ", characterized by a bond critical point in the charge density.

This interaction is probably involved in the stabilization of the transition state
structure.
The very close energies of the hydrido-alkynyl An"™ and h*-(C,H) alkyne-

PH3

containing Bn intermediates prompted us to study their interconversion. A

transition state for this process, TS4n"""
PH3

(Figure 4.8), was located only 1.4 kcal/mol
above An . The topological analysis of the electron density shows that in this
transition state the hydrogen atom is interacting simultaneously with the metal atom
and the a-carbon. The very low barrier found for the oxidative addition (and its
reverse reductive elimination) of the C—H bond in this system suggests that hydrido-
alkynyl and h*-(C,H) alkyne-containing species coexist and interconvert easily.

Our theoretical study has shown that in both the niobocene-carbonyl and the
niobocene-phosphine systems the vinylidene ® alkyne isomerization takes place by
the 1,2-mechanism. The different experimental behavior of 4a,c and 4d should be
understood on the basis of kinetic effects rather than thermodynamics, as we
suggested in the previous section. The difference of almost 10 kcal/mol found in the
activation barrier of the vinylidene ® h*-(C,H) alkyne step justifies the experimental

findings. Moreover, the calculated energy barrier of the rate-determining step (30
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kcal/mol) is in accordance with the experimental conditions under which the 4a,c ®
5a,c isomerization occurs (1-2 days, room temperature).

4.2.2.3 exo — endo Interconversion

Up to now we have considered the isomerization reaction of the exo (endo)
vinylidene to the exo (endo) alkyne species. It remains to be clarified as to how the
exo and endo isomers are able to interconvert. With this aim in mind, we performed an
estimation of the rotational barrier of the vinylidene and alkyne carbonyl species. The
structures of the two complexes with the vinylidene and alkyne ligands rotated 90°
from the orientation they adopt in the minima were partially optimized with the
ligands forced to remain in the rotated orientation (4rot“® and 5rot“°, respectively,
Figure 4.11).

Nb-C1-C2: 177.6 C2-C1-H1: 147.7

C1-C2-C3:131.0 C1-Nb-C4: 85.8

Nb-C4: 2.091 Nb-C4:2.082

C4-0: 1.151 C4-0: 1.152

Nb-C4-0: 177.0 Nb-C4-0: 175.7
4rot© 5rot™©

Figure 4.11. Partially optimized B3LYP structures (A, deg) for rotation of vinylidene and
alkyne ligands in [NbCp,(=C=CHCH;)(CO)]" and [NbCp,(HC CCH;)(CO)]", respectively.

The vinylidene-rotated structure is found 27.9 kcal/mol above the minimum 4x°.
This value gives an estimation of the rotational barrier. The high energetic cost of the
rotation does not seem to be related to steric effects, since the methyl substituent is
relatively far from the cyclopentadienyl rings. Thus, electronic factors should be
responsible for this high rotation barrier. Vinylidene holds two non-equivalent p-
acceptor orbitals: an empty p orbital in the CCH plane and a p” orbital, which is higher
in energy, in the perpendicular plane.”® The only occupied d orbital of the d’
[NbCp,(CO)]" metallic fragment lies in the plane that contains the vinylidene ligand
and is perpendicular to the axis that joints the two Cp rings.”’” This orbital back-
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donates electron density to the p orbital in the minima 4°

and to p* in the rotated
structure 4rot“°. The p back donation diminishes with the rotation, as indicated by the
evolution of the geometrical parameters (Figure 4.6 and 4.11). The same effect causes
the high rotational barrier found for the dihydrogen ligand in dihydrogen niobocene
complexes.*®

To estimate the rotational barrier for the alkyne-containing complex we started the
optimization with an h?-(C,C)-alkyne structure rotated by 90°. However, the geometry
optimization process ended in the 5rot“® structure. It is worth noting that the
coordination of the alkyne ligand in 5rot° (Figure 4.11) could be better described as
an h'-alkyne species. The instability of the h*-(C,C)-alkyne-rotated structure clearly
has a steric origin and is caused by the repulsion between the methyl substituent of the
alkyne and the Cp rings of the metallic fragment. The alkyne ligand is forced to
change its coordination mode when it rotates in order to minimize the steric contacts.
5rot“° is found 20.9 kcal/mol above the alkyne minimum. The energy and the
geometry of this structure suggests that it could be the transition state for the rotation
of the h*-(C,H)-alkyne intermediates, B“°. In fact, the optimization of Bx“° rotated by
90° around the C—H bond leads to a structure that is almost identical to 5rot™°. A
three-step mechanism for the rotation of the h*-(C,C) alkyne complex can be
envisaged. In the first step the p-alkyne complex rearranges to the s h*-(C,H)-alkyne
complex. Then the h’-(C,H)-alkyne complex rotates with a very low barrier and,
finally, the slippage of the s h*-(C,H)-alkyne complex gives the other isomer of the
h%-(C,C)- alkyne species.

The study of the rotational processes has shown that the rotational barriers for the
vinylidene and alkyne ligands in niobocene systems are high. For the vinylidene (27.9
kcal/mol), the value is in the range of the activation barrier for the vinylidene ®
alkyne rearrangement. For the alkyne, the reaction intermediates, i.e. h*-(C,H)-alkyne
species, are involved in the rotation. The exo and endo isomers of reactants and
products do not interconvert directly, but can interconvert along the vinylidene ® h*
alkyne reaction path. The h*-(C,H) — h*>-(C,C) slippage is the key step in the
interconversion between the exo and endo isomers.

4.3 CONCLUDING REMARKS

In conclusion, a first general procedure to prepare S-alkynyl niobocene complexes
has been described. These complexes were chemically and electrochemically oxidized
and it has been observed that the nature of the resulting products, radical alkynyl,
vinylidene or divinylidene species, depends on the substituent R on the alkynyl ligand,
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the nature of the ancillary ligand L. and the experimental conditions (temperature and
solvent).

The noteworthy feature of this work is the observation of a new vinylidene to
alkyne isomerization in the coordination sphere of an early transition metal.
Theoretical calculations have shown that in both niobocene-carbonyl and niobocene-
phosphine systems, vinylidene and alkyne complexes are isoenergetic, a situation that is
in marked contrast with the systems previously considered in theoretical studies.
Although in niobocene-phosphine systems the h*alkyne form is slightly more
destabilized than in niobocene-carbonyl systems, this fact does not justify the different
experimental behavior observed between 4a, 4c and 4d. An inspection of the factors
governing the relative stability of vinylidene/alkyne complexes suggests that while the
electrophilicity of the vinylidene a-carbon plays a key role for a given metal system,
other factors may be responsible for the relative stability when comparing different
transition metal systems. A theoretical study of the possible intramolecular mechanisms
for the isomerization has shown that it takes place by a two step 1,2-hydrogen shift
mechanism. In the first step a s-h*(C,H) alkyne is formed by means of a 1,2-hydrogen
migration from the b- to the a-carbon. The next step is the slippage process of the alkyne
ligand from a s-h*(C,H) coordination to an h’-(C,C) coordination. The different
experimental behavior exhibited by 4a, 4¢ and 4d is explained in terms of kinetic effects.
The difference of almost 10 kcal/mol found in the activation barrier of the h'-vinylidene
® h*(C,H) alkyne step found on going from the carbonyl-niobocene to the phosphine-
niobocene system justifies the experimental findings. Moreover, the theoretical study
indicates that h’-(C,H)-alkyne intermediates are involved in the exo ® endo
interconversion. The exo and endo isomers of reactants and products do not interconvert
directly, but can easily interconvert along the h'-vinylidene ® h*-alkyne reaction path.
This fact suggests a three-step mechanism for rotation of the terminal alkyne: (i)
rearrangement of h*-(C,C)-alkyne towards an h*-(C,H)-alkyne species, (ii) exo-endo
interconversion with a low rotational barrier of the h*(C,H)-alkyne species, and (iii) a
new slippage of the h*-(C,H)-alkyne complex to the other h*-(C,C)-alkyne isomer.

44 COMPUTATIONAL DETAILS

Calculations were performed with the GAUSSIAN 94 series of programs’” within
the framework of the Density Functional Theory (DFT)* using the B3LYP
functional.*! A quasirelativistic effective core potential operator was used to represent
the 28 innermost electrons of the niobium atom.* The basis set for the metal atom was
that associated with the pseudopotential,”” with a standard double-z LANL2DZ
contraction.” The 6-31G(d,p) basis set was used for the P, C,, C,, H,, and Cl atoms



Unexpected n'-Vinylidene-n’-Alkyne Isomerization 99

and the carbonyl ligand, whereas the 6-31G basis set was used for the other carbon
and hydrogen atoms.” In order to back up the methodology employed,
vinylidene/alkyne systems that have been studied previously were reoptimized using
the B3LYP functional and basis set of the same quality as used for the niobocene
complexes: LANL2DZ basis set for metal atoms, 6-31G(d,p) basis set for the atoms
directly attached to the metal and the acetylene and vinylidene ligands, and 6-31G
basis set for the other atoms.*** Our results for the RuCl,(PH;), and RhCI(PH;),
systems (vinylidene isomer 13.7 kcal/mol and 6.3 kcal/mol more stable than the
alkyne, respectively) are in reasonable agreement with those previously reported at
MP2 level(19.5 kcal/mol* and 7.8 kcal/mol,”®” respectively). The higher stability of
the h*-alkyne isomer in F4W (8.1 kcal/mol) also agrees with previous CCSD(T)//DFT
calculations(10.4 kcal/mol).”® The calculated relative energy for the free vinylidene
with respect to acetylene(41.8 kcal/mol) also reproduces previous theoretical** and
experimental® results.

C, symmetry has been maintained in the geometry optimizations. All stationary
points were optimized with analytical first derivatives. Transition states were located
by means of approximate Hessians and synchronous transit-guided quasi-Newtonian

% Most of the transition states located are similar to those already

methods.
characterized in previous theoretical studies of the h*-alkyne ® h'-vinylidene
isomerization. For this reason, and for computational limitations owing to the size of
the systems considered, we have not fully characterized them. However, due to the
differences between our transition state for the 1,3-hydrogen migration and published
transition states for this mechanism, and also as an additional check, we did compute
numerically the full Hessian for transition state TS3n™".

Atomic charges have been calculated maintaining the NBO partitioning scheme."’
Bader’s topological analysis of the electron density’® was performed using the XAIM

1.0 program.*®
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