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Abstract: Reaction of the side-on end-

complex 1. Detailed

spectroscopic  that the major donor interaction be-

on dinitrogen complex [{(NPN)Ta},(u-
H),(pn'm*N,)] (1; in which NPN=
(PhNSiMe,CH,),PPh), with the Lewis
acids XR; results in the adducts
[{(NPN)Tal,(u-H)(p-n';-NNXRs )],

XR;=GaMe; (2), AlMe; (3), and
B(C¢Fs); (4). The solid-state molecular
structures of 2, 3, and 4 demonstrate
that the N—N bond length increases
relative to those found in 1 by 0.036,
0.043, and 0.073 A, respectively. In so-
lution complexes 2-4 are fluxional as

analysis on 2—4 leads to the identifica-
tion of the theoretically expected six
normal modes of the Ta,N, core. On
the basis of experimental frequencies
and the QCB-NCA procedure, the
force constants are determined. Impor-
tantly, the N—N force constant decreas-
es from 2.430 mdynA~' in 1 to 1.876
(2), 1.729 (3), and 1.515 mdynA"! (4),
in line with the sequence of N—N bond
lengths determined crystallographically.
DFT calculations on a generic model

tween the terminal nitrogen atom and
the Lewis acid is mediated by a o/m
hybrid molecular orbital of N,, corre-
sponding to a o bond. Charge analysis
performed for the adducts indicates
that the negative charge on the termi-
nal nitrogen atom of the dinitrogen
ligand increases with respect to 1. The
lengthening of the N—N bond observed
for the Lewis adducts is therefore ex-
plained by the fact that charge dona-
tion from the complex fragment into

evidenced by variable-temperature
"HNMR spectroscopy. The “N{'H}
NMR spectra of 2—4 are reported; fur-
thermore, their vibrational properties
and electronic structures are evaluated.
The vibrational structures are found to
be closely related to that of the parent

lations

copy - tantalum

Introduction

Although molecular nitrogen (N,) is not a particularly good
ligand, it can bind to transition metal and f-element com-
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of the Lewis acid adducts 2-4 reveal
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the m* orbitals of dinitrogen is in-
creased, while electron density from
the N—N bonding orbitals p, and m,, is
withdrawn due to the o interaction
with the Lewis acid.

plexes under certain conditions.!!! Once coordinated N, can
undergo a number of different transformations that result in
functionalization and, in rare cases, cleavagem of the N—N
bond. The most common reactivity type involves reactions
of coordinated dinitrogen with electrophiles. A particularly
well-studied process is the reaction of coordinated N, with
the simplest electrophile, H*.F®! The impetus for this re-
search has stemmed largely from interest in the biological
fixation of N, by nitrogenase enzymes,* a process that in-
volves interaction of dinitrogen with protons and electrons
to generate ammonia in a manner that is still unknown.®!
Protonation studies with various molybdenum complexes
span almost three decades!® and have provided a wealth of
data that not only models the conversion of N, to NH;, but
has also spun off new processes that have led to stoichio-
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metric formation of organonitrogen derivatives including
simple N-heterocycles.! These mononuclear dinitrogen
complexes of Mo, with the general formula [L,Mo—N,], fea-
ture dinitrogen in the end-on mode. The reactivity of bimet-
allic complexes that incorporate dinitrogen in other bonding
modes with Lewis or Brgnsted acids is less studied.[*"!

We recently reported the ditantalum complex
[{(NPN)Ta},(u-H),(u-n":m*-N,)] (1) that binds dinitrogen in
the unique side-on end-on mode.'"?) As a result of this

Moo/ N, S S/ SiMte,
MEQSI\\ / \ / \N”

type of activation, the N, unit of 1 undergoes unprecedented
transformations with simple hydride reagents such as 9-bo-
rabicyclo[3.3.1Jnonane™ and silanes,™ which involve addi-
tion of H-B or H—Si bonds across the Ta—N = bond
[Eq. (1)]. These reactions functionalize the coordinated N,
unit, forming a new covalent N—B or N—Si bond, and ulti-
mately lead to cleavage of the N—N bond. In this work we
detail another type of reactivity that involves adduct forma-
tion of the dinitrogen moiety with neutral Lewis acids of
Group 13 elements [Eq. (2)].
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Previous theoretical studies were carried out on complex
1 in order to characterize the electronic structure and the
spectroscopic properties of side-on end-on bridging dinitro-
gen.'>™ Tt was found that this ligand carries a negative
charge of —1.1 that is equally distributed over the two nitro-
gen atoms. This charge is lower than found in a related side-
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on dinitrogen-bridged complex,'® suggesting a lower degree
of activation of N, in the side-on end-on mode. Orbital anal-
ysis, however, revealed that the terminal nitrogen atom
makes higher contributions to the z* and lower contribu-
tions to the & orbitals of N, than the bridging atom, possibly
giving rise to an increased reactivity of the terminal N atom
towards electrophiles.'” Isosurfaces calculated for the two
mt* orbitals of 1 that correspond to HOMO and HOMO-1
are shown in Figure 1 along with a Lewis representation of 1

HOMO HOMO-1

A _Jd X

Ph_-_"- \p
Me. S \¢ .;-"H""?.- / iMag
MesSi / \ Ta """ 4N/5
Ph
\-—-F[ -,.
Ph
Ph

Figure 1. Depictions of the HOMO and HOMO-1 calculated for a
model complex of 1, and a simple Lewis dot structure that shows both a
Ta—N 7 bond (dashed) and a lone pair on the terminal N atom.

that summarizes their contributions to bonding. The HOMO
(left) is dominated by m-interactions between d orbitals on
each Ta and the m) (v=vertical) orbital of the dinitrogen
unit. We propose that this molecular orbital allows for the
addition of simple hydride reagents, such as alkyl boron hy-
drides and silanes, across the Ta—N unit resulting in a termi-
nal tantalum hydride and a functionalized nitrogen atom.
HOMO-1 (right) arises from interactions between d orbi-
tals on Ta and the m;* (h=horizontal) orbital of the dinitro-
gen unit. The isosurface calculated for HOMO—1 shows a
lobe of electron density on the exposed nitrogen atom of
the N, unit that can be anticipated to act in a o-donor fash-
ion with Lewis acids.

Herein we describe the synthesis, structure, and vibration-
al spectroscopic properties of Lewis acid adducts of 1 with
trimethylgallium (2), trimethylaluminum (3), and tris(penta-
fluorophenyl)boron (4) [Eq. (2)]. The N—N distance is elon-
gated in these complexes relative to that in 1; this suggests
an additional activation of the N, unit by the Lewis acids.
As before, vibrational data are evaluated by normal coordi-
nate analysis (NCA) which employs a force field generated
by DFT."¥! On the basis of the DFT calculation, the elec-
tronic structure of the Lewis adducts is described and com-
pared to that of complex 1. The implications of these results
are discussed with respect to the ability of Lewis acids to
further activate the coordinated N, molecule, ultimately
leading to N—N bond cleavage.
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Results
Synthesis and molecular structure

Synthesis, molecular structure, and solution behavior of
[{(NPN)Ta},(u-H),(u-n' 57-NNAIMe;)] (3): Previously, the
equilibrium constant between end-on mononuclear dinitro-
gen complexes and AlMe; adducts in the presence of AlMe;
was used to compare and quantify the o-donor strengths of
end-on mononuclear N, complexes.'”"®l The reaction be-
tween 1 and AlMe; to give [{(NPN)Ta},(u-H),(u-n'm*
NNAIMe;)] (3) proceeds almost instantly as indicated by a
rapid color change during mixing. No equilibrium between 1
and 3 is observed, and a solution of labeled [°N,]-1 and un-
labeled 3 shows no formation of [’N,]-3. These data suggest
the formation of 3 is irreversible. The solid-state molecular
structure of 3 was determined by X-ray crystallography, and
is shown in Figure 2. The Al atom is clearly four-coordinate

Figure 2. ORTEP drawing (spheroids at 50 % probability) of 3. Only one
of two independent molecules in the asymmetric unit is shown. Silylmeth-
yl and phenyl ring carbon atoms other than ipso omitted for clarity. Se-
lected bond lengths [A] and angles [°]: N5—-N6 1.363(7), Tal—N5 2.138(5),
Tal—-N6 1.961(5), Ta2—N5 1.873(5), N6—All 1.993(5), Ta2-N5-N6 150.6,
Al1-N6-Tal 166.1(3), N5-N6-All 114.7(4).

and trigonal pyramidal. The bridging hydrides were not lo-
cated, but are strongly implied by a doublet of doublets
(Jip=20.3 and 14.3 Hz) at 0=10.85 ppm integrating to two
protons in the '"H NMR spectrum. Metric parameters of the
Ta,N, moiety of 3 are similar to those of 1 (Table 1), with
the N5—N6 distance increasing by 0.036 A to 1.363(7) A in
3.

A broadening of some 'HNMR resonances associated
with a fluxional process occurs near room temperature for 3.
In the high-temperature limit, this complex appears to have
C, symmetry, whereas when the sample is cooled to 240 K, it
appears to have C, symmetry (reminiscent of the solid-state
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Table 1. Labeling scheme and selected bond lengths [A] and angles [°]
for compounds 2, 3, and 4.

’ M
2 3 4

a 1.356(18) 1.363(7) 1.393(7)
b 2.8560(9) 2.850(2) 2.9198(3)
¢ 1.960(12) 1.961(5) 2.002(5)
d 2.149(14) 2.138(5) 2.155(5)
e 1.909(12) 1.873(5) 1.904(5)
f 2.101(12) 1.993(5) 1.584(9)
g 111.8(9) 114.7(4) 116.6(5)

h 148.1(11) 150.6(3) 151.3(4)

i 169.1(7) 166.1(3) 166.1(4)

structure), based on the number and integrations of the si-
lylmethyl resonances. Free rotation occurs about the N—Al
bond in both cases, because only one aluminum-methyl res-
onance is observed in the '"H NMR spectrum even at 240 K.
A fluxional process involving the rocking of the NPN ligand
fragments, such that the P-Ta-Ta-P dihedral angle passes
through 180° may be responsible for the apparent C, sym-
metry at room temperature; a similar process is also ob-
served for 1 at much lower temperatures. It is likely that the
temperature difference results from hindered movement of
the ancillary ligands due to the presence of the AlMe;
moiety.

The ["°N]-labeled analogue ["°N,]-3 was prepared in an
identical manner using the 99% isotopically enriched pre-
cursor  [{(NPN)Tah(u-H),(pn'm*-["No])] - (["No]-1).  The
BN{'H} NMR spectrum of [°N,]-3 is composed of two reso-
nances; a resonance at d =—33.1 ppm is strongly coupled to
one *'P nucleus with a %/yp value of 25 Hz and is also cou-
pled to the adjacent “N nucleus with a Jyy value of
18.8 Hz. The chemical shift of this resonance is consistent
with its assignment as the bridging N atom (N5 in Figure 2)
of the dinitrogen moiety. The second N resonance, as-
signed as the terminal Al-bound N atom (N6 in Figure 2),
occurs at 0 =54.6 ppm and is coupled to a *'P nucleus with a
2Jwp value of 8.4 Hz as well as the adjacent N nucleus. The
chemical shift of the terminal N atom is clearly affected by
the involvement of its lone pair in a dative bond to Al
([°N,]-1 shows resonances for Nyyiggin, at 0=—20.4 ppm and
Nierminat at 163.6 ppm). The *P{'H} NMR spectrum of [°N,]-
3 reveals that additional couplings between *'P and N are
present, with %/py and *Jpy values of 2.8 and 2.0 Hz respec-
tively. These couplings could not be adequately resolved in
the "N{'H} NMR spectrum.

Synthesis, molecular structure, and solution behavior of
[{(NPN)Ta},(u-H)»(u-n":1’*-NNGaMe;)] (2): The 1:1 reaction
of 1 and GaMe; quantitatively produces [{(NPN)Ta},(p-
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H),(p-n'm*-NNGaMe;)] (2). The solid-state molecular struc-
ture of 2 has been established by X-ray diffraction of a twin-
ned crystal, and, as for 3, there are two distinct but chemi-
cally identical molecules within the asymmetric unit. An
ORTEP drawing of one of these molecules is shown in
Figure 3; metric parameters are given in Table 1.

Figure 3. ORTEP drawing (spheroids at 50 % probability) of 2. Only one
of two independent molecules in the asymmetric unit is shown. Silylmeth-
yl and phenyl ring carbon atoms other than ipso omitted for clarity. Se-
lected bond lengths [A] and angles [°]: N5-N6 1.356(18), Tal—-N5
2.149(14), Tal-N6 1.960(12), Ta2—N5 1.909(12), N6—Gal 2.101(12), Tal—
Ta2 2.8560(9), Ta2-N5-N6 148.1(11), Gal-N6-Tal 169.1(7), N5-N6-Gal
111.8(9). Hydrides were modeled with X-HYDEX. (A. G. Orpen, J
Chem. Soc. Dalton Trans., 1980, 2509.)

Both this molecular structure and the 'H and *'P{'H}
NMR spectra of 2 are extremely similar to those of 3, as ex-
pected. The N6—Gal bond is longer than the N6—All bond
in 3 by 0.108 A, which is slightly greater than the difference
in the covalent radii of Al and Ga, but very similar to the
difference reported between Al and Ga adducts of the nitro-
genous base 5,6-benzoquinoline.” In solution, complex 2
displays fluxional processes analogous to those reported for
3 above; however, the low-temperature limiting spectrum is
evident at room temperature and only above 320 K does the
interconversion process become fast enough on the NMR
timescale to generate C, symmetry. The "N{'H} NMR spec-
trum of labeled analogue ["°N,]-2 is quite similar to that of
[°N,]-3, with resonances at 6 =—29.9 and 79.9 ppm coupled
by Jun=18.3 Hz.

Synthesis, molecular structure, and solution behavior of
[{(NPN)Taj,(u-H) fu-n'"s-NNB(C,Fs)5}] (4): Attempts to
prepare an isolable trialkylboron adduct of 1 either from
BMe; or from BEt; were unsuccessful, leading to a number
of products as observed by *'P{'H} NMR spectroscopy.
None of these products had NMR resonances reminiscent of
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2 or 3. However, the Lewis acid B(C¢Fs); forms an adduct
with 1 despite the considerable steric bulk imposed by the
three perfluorophenyl groups, demonstrating the accessibili-
ty of the terminal nitrogen of 1 to other reagents. The reac-
tion proceeds immediately at room temperature as moni-
tored by *'P{'H} NMR spectroscopy to give [{(NPN)Ta},(u-
H),{u-n"n?>-NNB(CFs);)} (4). This complex gives resonances
in the *'P{'"H} NMR spectrum at 6=11.6 and 17.7 ppm cou-
pled to each other by Jpp=23.9 Hz. Over the course of 48 h,
complex 4 crystallizes from solution; the solid-state molecu-
lar structure of 4 as determined by X-ray crystallography is
shown in Figure 4. The bond lengths and angles of the dini-

Figure 4. ORTEP drawing (spheroids at 50 % probability) of 4. Silylmeth-
yl and ligand phenyl ring carbon atoms other than ipso and all fluorine
atoms omitted for clarity. Selected bond lengths [A] and angles [°]: N5—
N6 1.393(7), Tal—N5 1.904(5), Ta2—N5 2.155(5), Ta2—N6 2.002(5) N6—B1
1.584(9), Tal-Ta2 2.9198(3), Tal—P1 2.651(2), Ta2-P2 2.713(2), Tal-N1
2.049(5), Tal-N5-N6 151.3(4), B1-N6-Ta2 166.1(4), N5-N6-B1 116.6(5),
Ta2-N6-N5 76.5(3). Hydride ligands were located in the difference map
and refined isotropically.

trogen moiety in 4 are again very similar to those found in
complex 1 (Table 1). There are a number of donor adducts
of B(C¢Fs); that have been structurally characterized,” >
although none have been reported previously in dinitrogen
coordination chemistry.

The ['*N,]-labeled analogue of 4 has two resonances in its
N{'H} NMR spectrum. The peak at 6 =—21.2 is coupled to
one *'P nucleus with a %/ value of 22.0 Hz, and is also cou-
pled to the adjacent "N with a 'Jyy value of 15.3 Hz. This
can be assigned as Nygeing (N5 in Figure 4), due to the simi-
larity in chemical shift to that reported for complex [°N,]-1
(6 =—-20.4 ppm). The *'P coupling is presumably due to the
trans-disposed *'P nucleus. The other ”N resonance appears
at 0=2.4 ppm as a doublet, with a Jyy value of 153 Hz. A
fluxional process similar to that already described for 1, 2,
and 3 is operant, with the high-temperature-limiting C, sym-
metry being observed well above room temperature at
340 K.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 607
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Vibrational spectroscopic analysis: The basic vibrational
structure of the adducts [{(NPN)Ta},(u-H),(u-n'm>*N,-
GaMe)] (2), [{(NPN)Ta),(p-F)(pn'a-N>-AlMes)] (3), and
[{(NPN) Ta},(u-H),{p-n'1*-N,-B(C4Fs)s}] (4) is found to be
analogous to that of the parent complex [{(NPN)Ta},(u-
H),(un"m*-N,)] (1). Eigenvectors of the vibrations of 2 and
4 resulting after normal coordinate analysis (see below) are
given in Figures 5 and 6, respectively. As in the case of 1,

P(N-N) 7/ w(Ta2-N,) 7{)
LN £
e/& 7\)& o ?K_@
v (Tal-N,) o 1(Tal-N,)
Ul S

%

o)

=8 O/j%/
@g\@ RV,
/N VAN

Figure 5. Eigenvectors of the six modes of the Ta,N, unit of II. The
arrows correspond to unit displacements with a scaling factor of 2.

—t

V(N-N), (N-N), -
;?f B
¥(Ta2-N,) y(Tal-N,)
Y
voop,(N-N) v(Tal-N,)
[
-

voop,(N-N)

Figure 6. Eigenvectors of the six modes of the Ta,N, unit of IVa. The

arrows correspond to unit displacements with a scaling factor of 2.
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four in-plane and two out-of-plane normal modes of the
Ta,(u-n'm*N,) core can be identified. These vibrations are
assigned to the N—N stretch, one Ta2-n'-N, mode, two Tal-
1>-N, modes (symmetric and asymmetric), and two out-of-
plane modes (symmetric and asymmetric) of the dinitrogen
unit. Detailed spectroscopic studies on 1 have lead to the
identification of five from these six vibrations, the symmetric
out-of-plane mode not having been observable.

Solid-state resonance Raman spectra of 2, 3, and 4 and
their “N-labeled derivatives are shown in Figure 7. The
spectra were recorded at an excitation wavelength of
568.2 nm, which provides strong resonance enhancement to
the vibrations of the Ta,(u-n'm>N,) core. Vibrational fre-
quencies are collected and compared to those found for
complex 1 in Table 2. The N—N stretching frequency of 1
was found at 1165 cm ™' with a N isotope shift of —37 cm™'.
In the Raman spectra of adducts 2 and 3 this vibration ap-
pears at 1128 cm™ (2) and 1131 cm™ (3), exhibiting N iso-
tope shifts of —32 and —33 cm™!, respectively. The Raman
spectrum of complex 4 displays a broad peak for »(N—N) at
1154 cm™!, shifting to 1119 cm™ upon substitution with °N;
both features are strongly decreased in their intensity with
respect to 2 and 3. Thus, all N—N stretching modes of the
derivatives are lowered in energy relative to 1, in agreement
with the observed lengthening of the N—N bond upon
adduct formation.

In the metal-ligand stretching vibration region further
peaks exhibiting isotope shifts appear. The end-on Ta-N,
mode v(Ta2-N,) of 1 was found at 656cm™ (A=
—16 cm™"), showing slight mixing with a vibration at 668
("A=—4cm™), which was attributed to a metal-terminal-
ligand NPN stretch. In the Lewis adducts 24, v(Ta2-N,)
shifts to higher energy, which increases its mixing with ter-
minal ligand modes, thus distributing this vibration over a
cluster of peaks. Thus in the case of 2 there are isotope sen-
sitive modes at 749, 739, 727, 709, and 698 cm™'. The same
applies to 3 for which three modes at 758, 742, and 730 cm™!
are found ("A=-10, —4, and —13cm'). The cumulative
isotope shift of these features (—25cm™' in 2 and —27 cm™!
in 3) approximately corresponds to the isotope shift ob-
served for ¥(Ta2-N,) in complex 1. In the spectra of complex
4 v(Ta2-N,) appears at even higher energy, splitting into
three peaks at 926, 828, and 778 cm ! (*4=-5, —8, and
—5cm™).

As described before, symmetric and asymmetric vibra-
tions are found for the side-on bonding of N, to Tal. The
position of the asymmetric mode v,(Tal-N,) does not
change significantly in the spectra of 2, 3, and 4 with respect
to 1; that is, this mode is located at about 630 cm™ in all
spectra. Raman resonance enhancement of this vibration,
however, is found to be much smaller for the Lewis adducts
2, 3, and 4 than for 1. The same applies to the N isotope
shifts, which are markedly reduced for 2 and 3 relative to 1
(—14 and —12cm™ vs —22cm™, respectively). In the
Raman spectra of 4 an additional isotope sensitive feature
appears at 568 cm™ (A =—-9 cm™"), which can be attributed
to mixing of v,(Tal-N,) with a metal-terminal ligand mode.
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Figure 7. Raman spectra of 2 (top), 3 (middle), and 4 (bottom) recorded with an excitation wavelength of 568.2 nm at 10 K. Solid line: natural abun-
dance; dashed line [°N,]-labeled derivative.

Table 2. Comparison and assignments of the observed frequencies of complexes 2—4 with those found for com-

plex 1.
10! 2 3 4
14N ISN MN ISN 14N ISN 14N ISN
»(N-N) 1165 1128 1128 1096 1131 1098 1154 1119
11651 11288 11310 10951 11320 1098 114501 11198]
»(Ta2-N,) 656 643 749 744 758 748 926 921
636 739 738 742 738 828 820
727 721 730 717 778 773
709 704
698 687
v(Tal-N,) 625 603 627 613 631 619 629 618
6251 6041 628 6211 6301 6211 568 559
7000 698
6731 6701
64912 6471
6331 6301
6211 6161
5700 568
v(Tal-N,) 487 482 462 455 462 454 466 461
4870 4821 4631 456 4621 448 4370 4291
469 463 450 448 4510 4542
4690 4651 4510 4471 4471
v00p,(N-N) 442 432 433 423 431 419 509 499
voopy(N-N) n.o. n.o. 256 254 276 273 4090 4041
256 2540 276 2730

[a] IR data; unlabeled data is Raman data; n.o.=not observed. [b] Data taken from reference [15].
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The symmetric component of
the Tal-N, vibration is lowered
in energy for 2, 3 and 4 by
about 20cm™! relative to 1,
being located at 462 cm™' in 2
and 3 and at 466 cm™' in 4. In
the spectra of 2 this feature
shifts to 455 cm™' upon isotope
substitution. Another peak at
450 cm™" also displays slight iso-
tope sensitivity (’A4=-2cm™),
such that summation of these
two shifts leads to an overall
isotope shift of —9cm™' for
v(Tal-N,) in 2. In the spectra
of complex 3, the v (Tal-N,)
mode shifts from 462 cm™ to
454 cm™'. There is an additional
peak in the Raman spectrum of
the N-labeled derivative locat-
ed at 448 cm™'. Its counterpart
is not found in the Raman spec-
trum of unlabeled 3, but, in-
stead, is observed in the IR
spectrum at 451cm™  (see
below). Taking the two shifts
together gives an isotope shift
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of —11 cm™. In the spectra of 4, finally, v,(Tal-N,) is ob-
served at 466 cm ™, exhibiting a °N isotope shift of —5 cm .
IR spectroscopy evidences a second component of this vi-
bration, too (vide infra).

The symmetric out-of-plane mode yoop,(N-N), which was
not observed in complex 1, is found in the Raman spectra of
complex 2 at 256 cm™! (’4=—-2cm™) and in complex 3 at
276 cm™' ("A=-3cm™); in the Raman spectrum of com-
plex 4 it is not observed. The energy of the asymmetric out-
of-plane mode of the Ta,N, moiety yoop,(N-N) decreases
by about 10cm™ in 2 (433cm™, "A=-10cm™) and 3
(431 ecm ™!, ®A4=—-12 cm™") with respect to 1 (442 cm™!, A=
—10cm™). In contrast, the frequency of this mode is in-
creased for 4 by 45cm™' (509 cm™', "A=—-10 cm™!) relative
to 1.

Additional information on the vibrational properties of
complexes 24 can be inferred from infrared spectroscopy
(Figure 8, Table 2). Here the N—N stretching band is found
at 1131 ("4=-36cm™; 2), 1132 ("4=-34cm™'; 3) and
1145cm ™ (P4=-26 cm™!, 4), in agreement with the Raman
data (Table 2). The end-on Ta-N2 mode v(Ta2-N,) is not ob-
served, whereas the asymmetric side-on vibration v,(Tal-
N,) is found at 628 (2; "A=—-7cm™") and 630 cm™' (3; A=
9 cm™"), respectively. In the spectra of complex 4 this mode
is distributed over several bands at 700, 673, 649, 633, 621,
and 570 cm™! all of which exhibit small isotope shifts upon
substitution with N. This qualitatively agrees with the find-

ings for v,(Tal-N,) in the Raman spectra of 4 (vide supra).
In further analogy to the Raman data, the symmetric mode
vy(Tal-N,) is split into two bands at 463 (“A=—7cm™)/
451cm™ (PA=—-4cm™) for 2 and 462 ("A=-8cm™)/
451 ecm™ (PA4=—4 cm™) for 3. This mode is also split into
two vibrations in the spectra of 4 (466 and 437 cm ™), but in
contrast to the spectra of 2 and 3, the 466 cm™' feature is
only observed in the Raman (see above) spectrum, whereas
the feature at 437 cm™' only appears in the IR spectrum.
The overall N isotope shift of this mode thus amounts to
—13cm™. Finally, the symmetric out-of-plane mode
voop,(N-N) can be identified in the infrared spectra of 2
and 3 at 256 and 276 cm™', with isotope shifts of —2 and
—3 cm™, respectively. In the spectrum of complex 4 there is
an isotope sensitive band at 409 cm™' ("A=-5cm™!) that
can be attributed to voop(N-N). However, the large upshift
of this mode with respect to 2 and 3 is not accounted for by
the DFT frequency calculation.

Of further interest are the vibrations of the coordinated
Lewis acid. While the totally symmetric stretching mode
Y(X-R;) (R=Me in 2 and 3 and C4Fs in 4) cannot be identi-
fied in the Raman spectra of complexes 24, it is calculated
by DFT at 496 and 507 cm™! for models IT and III, respec-
tively (the structures of these models are depicted in the
next section). The nitrogen/Lewis acid stretching vibration
v(N-X) is not observed either, being calculated for model
III (AlMe; adduct) at 260 cm™'. Due to the lower N—X
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Figure 8. IR spectra of 2 (top), 3 (middle), and 4 (bottom). Solid line: natural abundance; dashed line [*°N,]-labeled derivative.
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bond order and the higher mass of the Lewis acid in II
(GaMe; adduct), »(N-X) should shift to lower energy in this
adduct. However, this mode cannot be identified in the fre-
quency calculation for model II due to severe mixing with
other vibrations. DFT frequency calculations for model
complex IVb result in a distribution of »(X-R;) and »(N-X)

1

FULL PAPER

do ligands are fixed at their theoretical values derived from
the DFT calculations. Apart from a few off-diagonal ele-
ments of the Ta,N, unit, designated a—f, all other off-diago-
nal elements in the submatrix of the Ta,N, unit are fixed at
their calculated DFT values. The resulting f-matrix is shown
in Scheme 1. Finally, 11 force constants of each model com-

over several modes at approximately 1050 and 900 cm ™, re- plex II, III, and IVa are fitted to match the observed fre-
spectively. quencies.

Quantum-chemistry-based normal coordinate analysis X

(QCB-NCA): The vibrational data of complexes 2-4 were e, tee W T B Be

converted into a set of force constants by employing the o oy

QCB-NCA procedure (quantum-chemistry-based normal rall @ Pl

coordinate analysis), which was developed earlier to account e ¢ rmd

for the vibrational properties of complex 1. The calculation 3| d a o rwd

of theoretical force fields for compounds 2-4 is based on Fun e

models II, III, and IVa. These structures are simplified by reex T e P

model T1

maodel 111

LS

d,

model IVa

Scheme 1. f-Matrix.

The experimentally determined frequencies are compared
to the values derived from QCB-NCA in Table 3. Overall
agreement is quite good, apart from the following discrepan-
cies: The N—N stretch in model I'Va is split into two features
that show strong mixing with metal-hydrido modes; this is
not observed. Furthermore, v(Ta2-N,) is calculated to well-
defined, single frequencies for II, III, and IVa, whereas this
vibration is distributed over several features in the measured
spectra of compounds 2, 3, and 4 as a result of mixing with
metal-terminal-ligand modes (vide supra). However, the
overall isotope shift obtained experimentally fits to the the-
oretically calculated value. In contrast, the v,((Tal-N,) mode
is observed as a single feature in the spectra of complexes 2

replacing the NPN ligands by
NH, and PH; groups. In case of
complex 4, the B(C¢Fs); group
is replaced by BH, In the
course of the QCB-NCA proce-
dure the hydrogen atoms of the
NH, and PH; groups are re-
moved to avoid artificial inter-
actions. Additionally the masses
of the boron hydrogen atoms in
model IVa are set to 167, the
mass of the C4Fs groups, to ap-
proximate the B(CFs); group.
In addition to the five internal
coordinates of model T (ryn
ranl—rnn3 and yny), the force
constant of the N—X bond (ryx)
(X=Ga, Al or B) is taken into
account. The force constants of
the metal-ligand bonds to the
terminal N and P donor atoms
as well as to the bridging hydri-
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Table 3. Comparison of the observed frequencies for complexes 2—4 with the QCB-NCA results of models II,
III, and I'Va.

mode 2 3 4
exptl QCB-NCA exptl QCB-NCA exptl QCB-NCA
14N ISN 14N ISN IAN 15N IAN ISN MN ISN 14N ISN
»(N-N) 1128 1096 1131 1095 1131 1098 1133 1096 1154 1119 1170 1160
1151 1124
»(Ta2-N,) 749 744 740 718 758 748 744 721 926 921 883 865
739 738 742 738 828 820
727 721 730 717 778 773
709 704
698 687
v,(Tal-Ny) 627 613 645 642 631 619 647 644 629 618 598 586
636 629 638 631 568 559 657 651
621 618 628 626 615 611
617 612 621 615
vy(Tal-N,) 462 455 463 450 462 454 462 449 466 461 464 450
450 448 448
voop,(N-N) 433 423 435 421 431 419 431 419 509 499 509 493
voop,(N-N) 256 254 269 264 276 273 279 275 409 404 309 301
© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 611
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and 3 (in compound 4 this mode is split into two bands),
whereas this mode is distributed over several modes in the
QCB-NCA fit. This indicates that the terminal ligand modes
are at lower frequency in the calculation than observed in
the experiment.

The force fields obtained for the Ta,N, unit of the three
different complexes 2—4 are given in Table 4 and compared
to those found for the parent complex 1. As expected by

Table 4. Force constants of the internal coordinates of the Ta,N, unit of
complexes L, II, III, and I'Va.

Force constant®!

" I I IVa

an 2.430 1.876 1.729 1.515
Fraxl 1.291 1.233 1.194 1.105
Fran2 0.917 0.800 0.836 1.090
Fra3 2517 2.880 2.860 2486
7xn 0.482 0.557 0.448 1.055
Fax 1.032 1.389 2.601
a 0.576 0.262 0.301 0.559
b 0.586 0.676 0.773 0.481
¢ 0.651 0.837 0.872 0.953
d 0.292 0.421 0.465 0.012
e 0.038 0.025 —0.135 0.364
f 0.122 0.238 0.255 0.388
[

a] Units are mdyn A", [b] Data taken from reference [15]. [c] Side-on
—N.

5

consideration of N—N bond lengths (1.356 (2), 1.363 (3) and
1.393 A (4)), the force constants of the N—N bonds decrease
in the Lewis acid adducts 24 relative to the parent complex
1 (N-N bond length 1.32 A). In agreement with the se-
quence of N—N bond lengths, the N—N force constants de-
crease from 2.430 mdyn A~! (1) to 1.876 (2), 1.729 (3) and
1.515mdynA~! (4). In contrast, the metal-nitrogen force
constants rp,y1-rpn3 are in the same range for all complexes
1-4. The force constant for the out-of-plane mode yyy in
complexes 2 and 3 are similar to that found in complex 1
(0.482 mdyn A"), but strongly increases in compound 4 to a
value of 1.055 mdyn A Finally, the force constants for the
N-X bonds (X=Ga, Al and B) are 1.032, 1.389 and
2.601 mdyn A",

Electronic structure: The electronic structures of 2-4 are
discussed based on model complex IVa, [{PH;(NH,),Ta},(u-
H),(u-n'm*N,-BH,], which was employed for the vibration-
al analysis of the tris(pentafluorophenyl)boron adduct 4
(vide supra). Here IVa serves as a generic model of the
three Lewis adducts 2, 3, and 4. Similar calculations have
been performed for model I which is [{PH;(NH,),Ta},(u-
H),(u-n'm>N,)]." Figure 9 shows a section of the molecu-
lar orbital diagram of IVa; contour plots and charge contri-
butions of important molecular orbitals are given in
Figure 10 and Table 5, respectively. The model is oriented
such that the x axis is along the Ta—Ta vector and the y axis
lies within the Ta,N, plane. The x, and & orbitals of the di-
nitrogen ligand are vertical (v) to this plane, whereas the m,
and s, orbitals lie in this plane (horizontal, h; cf. Figure 1).

612 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. MO diagram of model IVa. MO designations correspond to
those in Table 5.

Figure 10. Contour plots of important molecular orbitals of IVa.

The HOMO of IVa, /" d,./d,. (51), has dominant nitro-
gen character and derives from a bonding combination of
the m* function of the dinitrogen unit with the mixed d,./d,,
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Table 5. Charge contributions of model IVa.l"

FULL PAPER

Orbital Label Energy Charge Decomposition [% ]

[Hartree] Tald Ta2 d N, N, (u-H),'! N,pled! PH," B remark!
d,../d,, 52 —0.05931 24 33 1 2 0 5 13 1 LUMO
Tl::,k_dn/dyz 51 —0.16803 12 20 28 10 1 9 1 5 HOMO r a.b.
Ty, 50 ~0.22533 4 1 6 1 2 56 9 5 b
B 49 -0.22959 2 1 6 4 1 14 2 35 n.b.
B_n¥ 48 —0.23824 2 3 2 6 1 36 7 21 nb.
B_n¥ 47 —0.24620 1 10 3 7 7 51 1 10 mb.
T[:/V 46 —0.26345 11 4 8 8 4 48 3 4 pseudo o b.
T[}T_dxz,),z 44 —0.28585 8 16 9 7 3 46 1 4 ob.
pu/n:f_dxy 41 —0.33821 9 1 9 10 2 6 37 10 ob.
T, 40 —0.35322 5 6 10 17 1 24 13 7 n.b.
T, 39 —0.35762 5 5 13 12 3 40 1 2 n.b.
T, 38 —0.36579 4 9 7 11 3 28 18 4 n.b.
po/m_d. 36 —0.39215 9 3 10 5 0 48 2 1 n.b.
po/m_d, 35 —0.40351 3 9 9 10 2 33 6 0 n.b.
n,_d,/d,, 34 —0.40717 16 9 10 14 2 38 2 1 n.b.
po/T: 31 —0.44130 1 1 10 9 1 10 25 0 n.b.
P/ 29 —0.45284 2 3 9 10 6 14 16 0 n.b.
po/T; 27 —0.47845 2 4 23 22 0 16 2 13 ob.
po/T} 25 —0.48458 2 1 4 5 1 53 1 2 ob.

[a] Only selected orbitals are listed. [b] N, is the terminal nitrogen and N, the bridging nitrogen atom of the dinitrogen ligand. [c] The charge decomposi-
tion gives the sum of all corresponding atoms. [d] N, is the nitrogen atom of the NH, group. [e] a.b.=antibonding; n.b.=nonbonding; b.=bonding be-

tween the terminal nitrogen and boron atoms.

orbitals of the metal centers. This orbital, which forms two &
bonds between the dinitrogen ligand and the two metal
atoms, is quite similar to the HOMO obtained for model I
(Figure 1). Additionally it has a small contribution on the
boron atom, which is antibonding with respect to the termi-
nal nitrogen atom. The corresponding nitrogen—boron bond-
ing combination of this orbital is found in MOs (48) and
(47), corresponding to a ; bond between the terminal nitro-
gen and the Lewis acid (see Figure 10). Orbitals (50) and
(46) represent a degenerate orbital deriving from the ;" and
n orbital of the dinitrogen unit. These orbitals form a x
((50)) and a pseudo-o ((46)) bond, respectively, between the
nitrogen and the boron atoms. The interaction between the
n;} orbital and d . (t;_dpe 25 (44)) results in two o bonds
between N5/N6 and Tal and one m bond between N5 and
Ta2, similar to that found in model system I. Additionally,
this orbital has small contribution from the boron atom that
interacts with the nitrogen atom to form a pseudo-o bond.

Importantly, the & and o bonding orbitals of the dinitro-
gen unit interact with the tantalum d orbitals and the boron
ligand as well. Specifically, the p, orbital and the m, orbital
of the dinitrogen unit mix to form the two combinations p,/
n; and py/n (see Figure 10). The component p,/m;, which is
distributed over three orbitals ((41), (27), and (25)) forms a
o bond between the terminal nitrogen and boron atoms.
These orbitals have the largest contribution both from the
dinitrogen ligand and the boron atom and, therefore, repre-
sent the major interaction between nitrogen and boron. In
contrast, the other combination p,/m’ as present in orbitals
(36), (35), (31) and (29) has no contribution on the boron
atom, but instead interacts with tantalum d-functions. The
wt, orbital of the dinitrogen moiety does not show interaction
with the boron atom either.

Chem. Eur. J. 2005, 11, 604—618 www.chemeurj.org

The LUMO and higher lying unoccupied orbitals have
strong participation from tantalum d functions, correspond-
ing to an approximate Ta" configuration of IVa (d-shell
empty). Since both back-bonding st* orbitals of the dinitro-
gen moiety are filled and are at lower energy than the mani-
fold of d functions, an inverted bonding situation applies
which is analogous to complex 1. Table 6 compares the

Table 6. NPA Charges of model systems II, III and IVb compared to
model system L.

Atom Charge
It I I Vb

Tal 1.42 1.46 1.47 1.50
Ta2 1.28 1.35 1.36 1.40
N5 —0.53 —0.52 —-0.51 —0.53
N6 —-0.55 —0.69 —0.72 —0.65
H* -0.22 —0.21 —-0.20 —0.19
NpH,™ —0.41 —0.39 —-0.39 —0.36
PH,! 0.22 0.26 0.26 0.26
X - 1.68 1.81 0.63
X-R,¢ - —0.15 —0.15 —0.45

[a] Charge for each atom; charges are averaged. [b] Data taken from ref-
erence [15]. [c] R=Me for II and III; R=C¢Fs for IVb.

atomic charges (NPA) found for model system I with those
calculated for models II, III, and IVb (model IVb is a more
accurate model of complex 4 with the full B(C¢Fs); group,
cf. Experimental Section). In the inverted bonding scheme,
up to four electrons are transferred from the metals to the
m* orbitals of the dinitrogen group, which therefore gets
strongly reduced. On the other hand, negative charge is
withdrawn from N, by donation from the filled & orbitals to
the empty metal d orbitals. In the case of I, the —4 charge
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of N, is thus decreased to —1.08 units, which are equally dis-
tributed over the two nitrogen atoms of N,. In the Lewis
acid adducts 24, the negative charge on the dinitrogen
ligand increases again, the additional charge being exclusive-
ly accumulated on the terminal nitrogen atom (—0.69,
—0.72, and —0.65 for II, III, and IVb, respectively). As can
be inferred from inspection of Table 6, this additional
charge mostly derives from the metal centers, but also from
the terminal N/P and bridging hydrido ligands.

Discussion

The formation of Lewis acid-base adducts with mononu-
clear transition-metal dinitrogen complexes is well
known.”*?l Generally these result from the addition of
Lewis acidic species (Group 13 complexes or transition-
metal complexes) to preformed mononuclear dinitrogen
complexes. Alternatively, metallic reducing agents such as
Mg are used to generate heterobimetallic dinitrogen com-
plexes in which different levels of N, activation are ob-
served. These compounds have been employed in salt meta-
thesis schemes with other metal halides to provide entry
into a variety of other heterobimetallic dinitrogen com-
plexes.

Here it was shown that the side-on end-on dinitrogen
complex [{(NPN)Ta},(u-H),(u-n'm*N,)] (1) reacts with the
Lewis acids GaMe,;, AlMes;, and B(C¢Fs); to form the ad-
ducts [{(NPN)Ta,(u-H),(p-n'"m*-NNGaMe;)] (),
[{(NPN)Ta},(p-H)s (' -NNAIMe;)] 3,  and
[{(NPN)Ta}(u-H),{pn aP-NNB(C(Fs)s}]  (4). These com-
pounds are somewhat anticipated by an earlier report of a
trinuclear N, complex of titanium,”” but the uncertainties in
characterization and synthesis of this species are in marked
contrast to the ready availability of 1 upon nitrogenation of
[{(NPN)Ta},(u-H),] and the controlled fashion in which 1
reacts with a variety of electrophiles. The outcomes of these
reactions seem to exist in two broad classes; those that
result from addition reactions and those that result from
Lewis acid-base interactions. The former are often unstable
to elimination of H, and further transformations including
N—N bond cleavage, while the latter are surprisingly stable.
This suggests that heterotrimetallic complex formation with
1 may offer new opportunities to transfer atoms and groups
from this third metal center onto the dinitrogen fragment.
In cases in which an addition reaction occurs it seems the
H—E or X—E bond polarity must be suitable.

The solid-state molecular structures of the Lewis adducts
2-4 were determined by X-ray crystallography. The metric
parameters of the Ta,N, moiety are similar to those of the
parent complex 1, apart from the N—N distance which has
increased from 1.319(4) A (1) to 1.356(18), 1.363(7) and
1.393(7) A,in 2,3, and 4 respectively (cf Table 1). This indi-
cates an increase of dinitrogen activation parallel to the
Lewis acidity of the coordinated Group 13 complex. The
aluminum and gallium atoms in 2 and 3 are clearly four-co-
ordinate and trigonal pyramidal. Both the solid-state struc-
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ture and the 'H and *'P{'"H} NMR spectra of 2 and 3 are
very similar. The Ga—N bond is 0.108 A longer than the Al—
N bond, as expected. Attempts to prepare the BMe; or BEt;
adducts were unsuccessful, but B(C¢Fs); forms the adduct 4
despite the considerable steric bulk imposed by the three
pentafluorophenyl groups. This demonstrates the accessibili-
ty of the terminal nitrogen atom of 1 to other reagents.

As evidenced by variable-temperature '"H NMR spectros-
copy, complexes 2—4 are fluxional in solution. In the high-
temperature limit all display C,; symmetry, whereas C; sym-
metry is observed at lower temperatures. The transition tem-
peratures are 320, 240, and 340 K for 2, 3, and 4, respective-
ly. The interconversion likely involves a “rocking” of the
NPN ligands, such that the P-Ta-Ta-P angles sweep through
180°. Moreover, the vibrational spectroscopic properties of
complexes 2-4 were determined. Vibrational spectroscopic
data (resonance Raman/IR) were evaluated by normal coor-
dinate analysis with the help of DFT calculations, allowing
us to correlate the spectroscopic properties of 2—4 with their
electronic structures.

The vibrational properties of 2-4 were found to be similar
to those of 1. The N—N stretching frequency is slightly de-
creased relative to 1, in agreement with the elongation of
the N—N bond. In contrast, the frequency of the metal/end-
on dinitrogen vibration v(Ta2-N,) is found to increase signif-
icantly, shifting from a single peak at 656 cm ' in 1 to a clus-
ter of bands at around 700, 740, and 880 cm™! in the Raman
spectra of complexes 2, 3, and 4, respectively. The frequen-
cies of the metal/side-on dinitrogen vibrations remain ap-
proximately constant. Finally, the symmetric out-of-plane
mode of the N, unit, which has not been observable in the
spectra of 1, was found at 256, 276, and 409 cm ™" in the spec-
tra of complexes 2, 3, and 4, respectively.

To evaluate the vibrational data, a QCB-NCA was ap-
plied. This method has been employed before in the vibra-
tional study of compound 1. In this procedure, force con-
stants and frequencies are calculated by DFT. Then selected
force constants are fitted to the observed frequencies, all
other force constants being fixed at their theoretical calcu-
lated values derived by the DFT calculation. A graphical
representation of the force constants evaluated this way is
given in Figure 11. The force constant for the N—N bond,

mdvn/ A

v

Figure 11. Evolution of M—N and N—N force constants.
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which was calculated to 2.430 mdyn A~" in complex 1, de-
creases in complexes 2-4 to 1.876 (2), 1.729 (3), and
1.515mdyn A" (4). This is in line with the trend of N-N
bond lengths determined for complexes 1-4 (see above). In
contrast, the tantalum/side-on nitrogen force constants rp,y1
and rp\2 are at approximately the same values for com-
plexes 1-4. This should be expected by consideration of the
metal-nitrogen bond lengths, which are quite similar in all
four compounds.

The small decrease of N—N stretching frequencies ob-
served for 2—4 relative to 1 appears to be in contrast to the
significant decrease in force constants that occurs upon
going from complexes 1 to 4. This is explained by the fact
that both N atoms of the N, unit oscillate against metal cen-
ters in the Lewis adducts (as opposed to the parent complex
1), causing an increase of the N—N vibrational energy that
acts against the decrease due to the lengthening of the N—N
bond. As a result, the N—N force constants markedly de-
crease from complexes 1 to 4, whereas v(N—N) is only
slightly reduced. The metal/end-on dinitrogen stretching fre-
quency, on the other hand, increases monotonously relative
to 1 in compounds 2, 3, and 4 by 84, 88, and 227 cm™', re-
spectively, whereas the corresponding force constant shows
a mixed behavior; that is, it increases in 2 and 3 and de-
creases in 4 with respect to 1. Remarkably, the highest fre-
quency of v(Ta2-N,) is observed for 4, for which the corre-
sponding metal-N force constant, rp,3, is smallest. Again,
this is due to the fact that the dinitrogen unit oscillates
against the Lewis acid in v(Ta2-N,), such that the frequency
of this vibration is highest in complex 4, which is coordinat-
ed to the Lewis acid with the highest mass and the strongest
bond to the terminal nitrogen atom.

The electronic structure of the Lewis acid adducts is de-
scribed on the basis of a hypothetical BH; adduct of 1
(IVa), providing a generic model of complexes 2-4. The
electronic structure of complex 1 itself has been analyzed
before in terms of interactions between the tantalum d orbi-
tals and the MOs of the dinitrogen.>" Here it is found
that these interactions are quite similar in model IVa. Based
on the electronic structure described of 1, it was expected
that the bonding interactions between the terminal nitrogen
and the Lewis acid atom would mostly involve the &) and
n;* orbitals of the dinitrogen unit, since these orbitals have
strong contributions at the terminal nitrogen atom in 1 (see
Figure 1). Based on the results obtained in the present
study, this view has to be modified. Specifically it is found
that the m, and the p, orbital of the dinitrogen unit mix to
form two hybrid orbitals (p,/m; and py/m;). The latter combi-
nation is N—B nonbonding, whereas the former combination
is 0 bonding with respect to boron and nitrogen. As evident
from orbital analysis, this orbital mediates the strongest o
bond between the terminal nitrogen and boron atoms. In
contrast, the i and m;* orbitals of N, exhibit much less in-
teraction with the Lewis acid. Moreover, the n'_d,./d,, orbi-
tal, which is the HOMO ((51)) of model I'Va interacts with
the boron atom in a s antibonding fashion. This interaction,
however, is quite weak as the boron contribution to this or-
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bital is small (5% ). The corresponding 7 bonding combina-
tions are found in the B_s)" orbitals (48) and (47). Addition-
ally, ) mixes with s, to form two iy, hybrid orbitals ((50)
and (46)), which result in m and pseudo-o bonding between
the nitrogen and boron atoms, respectively. The J'E;k_dxz,yz or-
bital ((44)) also exhibits a ¢ bonding interaction with the
Lewis acid. Thus, apart from the negligible 7 antibonding in-
teraction of the HOMO, the & and m;* orbitals of the dini-
trogen unit in fact form & and ¢ bonds with the boron atom.
These interactions, however, are weak with respect to the
dominant ¢ bond mediated by the p,/m;, hybrid orbital.

The NPA charges calculated for model II, III, and IVb of
the adducts indicate that the negative charge on the dinitro-
gen ligand increases with respect to the model system I, al-
though an electron-acceptor (Lewis acid) is bound. As fur-
ther revealed by NPA, this additional charge on N, is mostly
withdrawn from the tantalum center and is basically located
at the terminal nitrogen atom. This continues a trend al-
ready observed and explained for 1, that the charge transfer-
red from the metal to N, mostly accumulates on the termi-
nal N atom. The lengthening of the N—N bond observed
upon coordination of the Lewis acids is therefore due to the
fact that the electron density in the m* orbitals of the dini-
trogen unit is increased, while electron density from the N—
N bonding orbitals p, and m, is withdrawn.

In summary, the accessibility of the terminal nitrogen
atom of the side-on end-on N, coordinated complex 1 to ex-
ternal reagents has been demonstrated by the synthesis and
characterization of the Lewis adducts 2-4. A complete un-
derstanding of the spectroscopic properties of 2-4 has been
achieved, and the vibronic differences to 1 have been ex-
plained. The electronic structure of the Ta,(u-n'm*N,-X)
(X=Lewis acid) moiety has been described and the activa-
tion of the dinitrogen ligand has been analyzed. Further
spectroscopic and theoretical studies on derivatives of 1 re-
sulting from addition of silanes and boranes should allow us
to obtain insight into the ensuing reaction steps that will ul-
timately lead to cleavage of the N—N bond.

Experimental Section

Synthesis of 2, 3, and 4 and their *N-labeled derivatives: General syn-
thetic methods and experimental conditions have been reported else-
where.[?]

Synthesis of [{(NPN)Ta}z(u-H)z(u-nlmz-Nz)] (1): Compound 1 and its
>N-labeled derivatives were synthesized by literature methods."”

Synthesis of [{(NPN)Ta},(n-H),(u-n"m>*-NNGaMe;] (2): Neat GaMe,
(51 mg, 0.447 mmol) was added as a single portion to a solution of 1
(564 mg, 0.447 mmol) in toluene (20 mL). The compounds reacted imme-
diately upon agitation, as demonstrated by an immediate colour change
to yellow-brown. The solvent was removed under vacuum after 8 h, and
the residues were triturated under hexanes, giving a brown solid. This
solid was rinsed with minimal cold hexanes and dried, to yield complex 2
as a dark brown solid (591 mg, 96 %). "H NMR (C¢D, 30°C, 500 MHz):
0=-045 (s, 15H; 9Ga(CH,);, 6SiCH;), —0.45, —0.12, —0.18, (s, 6H
each, 18H total; SiCH;), 0.73 (AMX, Jyu=13.8, *p=108, 4H;
SiCH,P), 1.43 (AMX, Yy =141, Jyp=12.2, 4H; SiCH,P), 6.90 (d, 2H;
2Jup=6.2 Hz, PPh 0-H), 7.72 (d, 2H; %J;;p=7.0 Hz, PPh 0-H) 7.19 (m,
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2H; PhH), 7.08 (d, 4H; NPh o-H), 7.10-7.27 (m, 18 H; PhH), 10.91 ppm
(br, 2H; TaH); BCNMR (C,Dg, 125MHz, 25°C): 6=0.17 (brs,
Ga(CHs;);) 0.82, 1.04, 2.27, 4.68 (SiCH;) 22.09 (d), 31.76 (d) (SiCH,P)
133.63 (d), 134.64 (d) (P-Ph ipso) 131.62, 130.84 (P-Ph ortho) 122.68,
129.43 ppm (N or P-Ph) (additional resonances occluded by solvent);
P{'H} NMR (C¢Dg, 20°C, 202 MHz): 6=18.8 (d, */pp=22.9 Hz, 1P),
10.1 ppm (d, Jpp=229Hz, 1P); eclemental analysis caled (%) for
Cs5H,3GaNgP,Si,Ta,: C 44.51, H 5.35, N 6.11; found: C 4420, H 537, N
6.01.

Synthesis of [*N,]-2: The *N-labeled analogue was prepared from [°N,]-
1 in a manner similar to the preparation of 2 described above. "N NMR
(C;:Dg, 299 K): 6=-29.9 (dd, "Jyn=18.3 Hz, %Jxp=27.5 Hz), 79.9 ppm (d,
Tw=183 Hz, Yp=92Hz); *'P{'H} NMR (C,D, 299 K): 6=18.8 (d,
*Jop=23.0Hz, 2Jpy=2.8 Hz , 1P), 10.0 ppm (1:2:1 triplet, *Jpp=23.0 Hz,
2Jon=25 Hz, couplings not well resolved, 1P).

Synthesis of [{(NPN)Ta},(u-H),(n-n"n>-NNAIMe;)] (3): A 2Mm solution
of AlMe; in toluene (1.0 mL, 2.0 mmol) was added to a solution of 1,
(1.06 g, 0.840 mmol) in toluene (20 mL). The solution immediately react-
ed, as demonstrated by an immediate colour change to a dark brown.
The solvent was removed under vacuum, and toluene (10 mL) was added
and then the sample dried again to remove excess AlMes;. The remaining
solid was rinsed with minimal cold hexanes and dried, to yield complex 3
as a pale brown solid (1.06 g, 95%). '"H NMR (C,Ds, 30°C, 500 MHz):
0=-047 (s, 9H; Al(CH,);), —0.41, —0.30, —0.23, —0.04, 0.01, 0.04, 0.09,
0.10 (s, 24H total; SiCHs), 0.65 (AMX, “yy=13.5, Yyp=10.6, 2H;
SiCH,P), 1.48 (AMX, Yy =13.5, 2yp=12.2, 2H; SiCH,P), 1.59, 1.59 (m,
4H total; SiCH,P), 6.74 (m, 2H; PhH), 6.83 (b, 2H; PPh 0-H), 6.89 (m,
2H; PhH), 691 (d, 4H; NPh o-H), 7.10-7.27 (m, 18H; PhH), 8.24 (m,
2H; PPh o-H), 10.85 ppm (dd, */;;p=20.3, 14.3, 2H; TaH); “C NMR
(C¢Ds, 20°C, 125 MHz): 6=-7.94 (s, Al(CH;);), —3.97, —0.25, —0.01,
3.71 (SiCHj;) 28.73 (d), 30.55 (d) (SiCH,P) 133.47 (d), 132.58 (d) (P-Ph
ipso) 130.52 129.81 (P-Ph ortho) 128.10, 128.02, 127.84, 127.76, 125.17,
124.82, 124.35 ppm (N or P-Ph); *'P{'H} NMR (C,Dg, 20°C, 202 MHz):
0=18.9 (d, *Jpp=22.9 Hz, 1P), 10.0 ppm (d, Jpp=22.9 Hz, 1P); elemental
analysis caled (%) for CsH;;AINGP,Si,Ta,: C 4594, H 5.52, N 6.30;
found: C 46.20, H 5.47, N 6.00.

Synthesis of [*N,]-3: The '*N-labeled analogue was prepared from [°N,]-
1 in a manner similar to the preparation of 3 described above. "N NMR
(CeDg, 299 K): 6)-33.1 (dd, Yyn=18.8 Hz, “Jyp=25 Hz), 54.6 ppm (d,
Uwn=18.8 Hz, %/yp=8.4 Hz); *'P{'"H} NMR (CsDs, 299 K): 6=19.1 (d,
ep=23.0Hz, *pn=84Hz, *Jpy=28Hz , 1P), 10.0ppm (d, *Jpp=
23.0 Hz, 2Jpy =25 Hz, *Jpy=2.0 Hz, 1P).

Synthesis of [{(NPN)Ta},(u-H),{u-n":’>-NNB(C(F5);}]1 (4): Solid B(C4Fs);
(0.3065 g, 0.5674 mmol, 0.95 equivalents) was added to a solution of 1
(0.7551 g, 0.5987 mmol) in C¢H (20 mL). The solution immediately dark-
ened and both the *'P{'H} and '"H NMR spectra indicated that a reaction
had occurred. Over 48 h brown benzene-insoluble needles precipitated.
The solid was collected and dried, to yield 4-0.5C4Hy (0.998 g, 92 % ). The
co-crystallized benzene could not be removed under vacuum, and its
presence was confirmed in the '"H NMR spectrum and crystal structure.
Alternatively, preparation in toluene followed by evaporation and tritura-
tion under hexanes afforded 4 free of benzene in similar yield. 'H NMR
(500 MHz, CHO, 240 K): 6=-0.67, —0.64, —0.57, —0.12, 0.18, 0.21,
0.53, 0.55 (s, 24 H total; SiCHs), 0.46, 1.26, 1.49, 1.66, 1.71, 1.83, 1.99, 2.28
(AMX, 8H total; CH, ring), 4.95 (br, 2H; phenyl protons), 5.77 (m, 1H;
phenyl proton), 6.57 (d, 1H; NPh o-H), 6.67 (m, 1H; phenyl proton),
6.77 (overlapping multiplets, 3H; phenyl protons), 6.85 (d, 2H; NPh o-
H), 7.03 (overlapping multiplets, 8H; phenyl protons), 7.11 (m, 2H;
phenyl protons), 7.21 (d, 2H; NPh o-H), 7.33 (s, 3H; C¢Hy), 7.34 (over-
lapping multiplets, 3H; phenyl), 7.40 (m, 1H; phenyl protons), 7.73
(overlapping multiplets, 5SH; phenyl protons and PPh o-H), 7.82 (m, 2H;
PPh o-H), 11.36 (ddd, 2y =16.3 Hz, YJyp=19.4, J;;p=25.7, 1 H; TaH),
11.68 ppm (m, 1 H; TaH); *'P{'H NMR (C,H;0, 240 K): 6 =11.6 (d, YJpp=
23.9, NPN ligand), 17.7 ppm (brd, %/pp=23.9, NPN ligand); elemental
analysis calcd (%) for C¢Hg,BF;sN(P,Si,Ta,0.5CsH,: C 45.78, H 3.62, N
4.64; found: C 45.47, H 3.76, N 4.69.

Synthesis of [*N,]-4: The “N-labeled analogue of 4 was prepared from
[°N,]-1 in a manner identical to the preparation of 4 described above.
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BN{'H} NMR (C,D;O, 299K): 6=-212 (dd, Yyw=153Hz, Y=
22.0 Hz), 2.4 ppm (d, Jyy=15.3 Hz).

Test for reversibility of adduct formation: A mixture of ['°N,]-1 and natu-
ral abundance 2, 3, and 4 was dissolved in C¢D and observed by *'P{'H}
NMR spectroscopy. No coupling patterns typical of [°N,]-2, [°N,]-3, or
[°N,]-4 were observed even after three days at room temperature.

Single-crystal X-ray structure determination: Details of the structure de-
termination are given below. Selected bond lengths and angles are given
in Table 2.

[{(NPN)Ta},(u-H),(u-n"1n>-NNGaMe;)] (2): Crystals of 2 suitable for X-
ray diffraction analysis were obtained from a solution of 2 in benzene
layered with hexamethyldisiloxane at ambient temperature in a glove
box. Brown monoclinic crystal, dimensions 0.10x0.08x0.04 mm, space
group P2, a=11.4504(8), b=22.9361(15), c=22.6842(16) A, p=
95.7563(2)°, V=>5870.6(7) A%, peyca=1.555 gem™, 26,,,, = 60.1°. Measure-
ments were made with an ADSC CCD area detector coupled on a
Rigaku AFC7 diffractometer with graphic monochromated Mo, radia-
tion (A=71069 A) at —75+1°C in 0.50° oscillations with 15.0 s exposures
by using ¢ oscillations from 0.0 to 190.0° at §=—90°. 44384 reflections
were collected; 22490 were unique; equivalent reflections were merged.
Data were collected and processed using d*TREK Area Detector Soft-
ware, Version 4.13.” Structure solved by heavy-atom Patterson methods
by using the programs DIRDIF94P! and PATTY," refined (11585 re-
flections, 1085 variables) as full-matrix least-squares against |F’| with
SHELX97.") Residuals (refined on F, [I>2.000(I)]): R;, 0.059, wR,
0.147.

[{(NPN)Ta}z(u-H)z(p.-nlznz-NNAlMes)] (3): Crystals of 3 suitable for X-
ray diffraction analysis were obtained from a solution of 3 in toluene by
slow evaporation at —60°C in a glove box freezer. Brown triclinic crystal,
dimensions 0.30x0.04x0.02 mm, space group P1, a=11.566(2), b=
23.596(3), ¢=24.601(10) A, a=105.937(1), f=95.508(1), y=94.284(1)°,
V=6390.2(22) A%, peuea=1.482 gem >, 26, =56.0°. Measurements were
made with a standard Siemens SMART CCD area detector system
equipped with a normal focus molybdenum-target X-ray tube operated
at 2.0 kW (50kV, 40 mA) at —75+1°C in 0.30° oscillations with 60.0 s
exposures by using ¢ oscillations from 0.0 to 190.0° at £=—90°. 38032 re-
flections were collected; 26874 were unique; equivalent reflections were
merged. Data were processed using the Siemens SAINT program and
corrected for absorption with the SADABS program.* Structure solved
by direct methods and refined employing full-matrix least-squares on F*
(Siemens, SHELXTL, version 5.04*) to a goodness of fit of 1.037 and
final residuals of R, =5.10% [I>20(I)], wR,=9.66% [I>20(1)].

[{(NPN)Ta},(u-H),{u-n":>-NNB(C¢F;);}] (4): Crystals of 4 suitable for
X-ray diffraction analysis were obtained from a solution of 4 in benzene
layered with hexamethyldisiloxane at ambient temperature in a glove
box. Orange-brown monoclinic crystal, dimensions 0.45x 0.30 x 0.20 mm,
space group P2,/n, a=24.8421(7), b=24330(5), c=25.6475Q2) A, p=
99.795(4)°, V=15423.5(4) A%, pearea=1.628 gcm ™, 26,,,,,=61.0°. Measure-
ments were made using an ADSC CCD area detector coupled with a
Rigaku AFC7 diffractometer with graphic monochromated Moy, radia-
tion (A=71069 A) at —75+1°C in 0.30° oscillations with 8.0's exposures
by using ¢ oscillations from 0.0 to 189.9° at §=—90°. 143494 reflections
were collected; 41721 were unique; equivalent reflections were merged.
Data were collected and processed using d*TREK Area Detector Soft-
ware.™” Structure solved by heavy-atom Patterson methods using the
programs DIRDIF92P!" and PATTY," refined (22129 reflections, 1294
variables) as full-matrix least-squares against |F?| using SHELX97.1
Residuals (refined on F, [1>2.000(1)]): Ry, 0.055, wR, 0.130.

CCDC-239836 (2), CCDC-240885 (3), and CCDC-239837 (4) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.
cam.uk).

IR spectroscopy: Middle infrared (MIR) and far infrared (FIR) spectra
were obtained from RbI pellets using a Bruker IFS 66v/S FTIR spec-
trometer. The resolution was set to 1cm™" for the MIR and 2 ecm™' for
the FIR spectra.
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Resonance Raman spectroscopy: Resonance Raman spectra were mea-
sured using a Dilor X'Y-Raman-spectrograph with triple monochromator
and CCD detector. An Argon/Krypton mixed gas laser with a maximum
power of 5 W was used for excitation. The spectra were recorded with an
excitation wavelength of 568.2 nm. The samples were measured as KBr
pellets and cooled to 10 K with a helium cryostat. Spectral bandpass was

set to 2 cm™t.

Normal coordinate analysis: Normal coordinate calculations were per-
formed using the QCPE computer program 576.°¢! The calculations were
based on a general valence force field, and the force constants were re-
fined using the nonlinear optimization routine of the simplex algorithm
according to Nelder and Mead.®” The models for the normal coordinate
analysis were simplified by replacing the NPN ligand by NH, and PH;
groups. In case of compound 4 the B(CF;); group was replaced by BHs.
The resulting model complexes II, III and IVa were optimized in C; sym-
metry, but with restrictions on the Ta-Ta-N-H dihedral angles. Model
IVb is a more accurate model of complex 4 with the full B(C¢Fs); group,
leading to [{(PH;)(NH,),Ta(u-H)},{u-n'm>*N,-B(C4Fs)s}], which was opti-
mized in C; symmetry, also employing the above-mentioned restrictions
on the Ta-Ta-N-H dihedral angles.

Frequencies and force constants (f-matrix) of these models were calculat-
ed. The hydrogen atoms of the NH, and PH; groups were removed to
avoid artificial interactions and the masses of the hydrogen atoms of the
BH; group of model IV were set to 167 for a better description of the
huge pentafluorophenyl group in complex 4. Finally, only selected force
constants of the resulting f-matrix were refined according to the QCB-
NCA procedure (see Results section).

Density functional theory calculations: Spin-restricted DFT calculations
with Becke’s three parameter hybrid functional with the correlation func-
tional of Lee, Yang, and Parr (B3LYP)P**" were performed for the sin-
glet ground state of simplified models of complexes 2, 3, and 4. The
LANL2DZ basis set was used for all calculations. It applies Dunning/Hu-
zinaga full double zeta (D95) basis functions!*!! on the first row and Los
Alamos effective core potentials plus DZ functions on all other
atoms.>* Convergence was reached when the relative change in the
density matrix between subsequent iterations was less than 1x10~* for
single points and optimizations. Charges were analyzed by using the natu-
ral bond orbital (NBO) formalism.“*! All computational procedures
were used as they are implemented in the Gaussian 98 package.l”) Wave-
functions were plotted by using the visualization program Gaussview 2.1.
The force constants in internal coordinates were extracted from the
Gaussian output by using the program Redong.*"!
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