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The (2-Py),N~ ligand shows much more conformational free-
dom than the (2-Py),P~ anion in aluminium coordination. The
two isomers [Al{(NPy)Py}s] (1la) and [AL{(NPy)Py},(Py,N)]
(1b) were isolated, the former containing exclusively cis-
trans ligands, and the latter cis-trans ligands together with a
trans-trans ligand. The energy differences in the noncoordi-
nated anions (2-Py),E~ (E = N, P) were determined by compu-
tational methods to be low in the amide. While the N—Al

donor bond energy is appreciable (96 kJ/mol), that of the
P—Al donor bond is much lower (45 kJ/mol). This explains
why the P-analogous donor-acceptor complex to Et,Al (2-
Py),N—AIEt; could never be isolated. The P-centred systems
are much better n-donors to soft metals than c-donors to
hard metals.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

Since the historic discovery of Ziegler—Natta catalysts
for polymerisation reactions, the industrial importance of
organoaluminium compounds has expanded into several
other fields, including applications as ceramic precursors, as
volatile organometallic precursors for semiconducting mat-
erials in electronic industry, and as selective reagents in or-
ganic synthesis.['l Furthermore, current knowledge of the
important role of cationic group-13 complexes in catalytic
chemistry has resulted in a resurgence of interest in the field
of catalytic chemistry.” On the other hand, interest in alu-
minium amide chemistry is due to the potential for the pre-
paration of aluminium nitride thin films.’} The aluminium
nitride can adopt a great variety of structural motifs, oligo-
merisation through the bridging amido nitrogen atom
normally being observed.* Suitable tuning of steric factors,
however, can prevent such oligomerisation, resulting in
monomeric aluminium complexes, as reported by several
research groupsP®! ([AI{N(SiMes),}5]P4 and [AIH,{N-
CMe,CH,),CH,}(NMe;)|PP). Heteroaromatic substituted
amides capable of intramolecular side arm donation were
found to be able to give rise to several different coordina-
tion modes.[®! The presence of diverse donor groups inte-
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grated in the ligand periphery can provide electronic and
steric stabilisation to the aluminium atom.*>d During our
study on the reactivity and coordination behaviour of 2-
pyridyl-based ligand systemsl® — 2-pyridyl derivatives of
methane,!”) amines,®°) phosphanes,”'% arsanes,!'°°! phos-
phanylamines,['"-!?4 iminophosphoranes!!'-'?l and amino-
iminophosphoranes!''! — we have isolated several alumi-
nium complexes. The structural variety and large number
of coordination modes possible in the case of pyridylamide-
based systems!®%!3 prompted us to carry out a detailed
structure and bonding study of dipyridylamide-based alu-
minium complexes. This paper deals with both crystallo-
graphic and theoretical investigations into the structures of
some of the aluminium complexes isolated in this group.

Results and Discussion

Syntheses and Crystal Structure of [AI{(NPy)Py};] (1a) and
[AK(NPy) Py}, (Py,N)] (1b)

LiAIH, is extensively used as a reagent in organic chem-
istry.l142.140l Noth et al. described the reaction of secondary
aliphatic amines with LiAIH,,'*! we reported the isolation
of the intermediate product obtained in the reaction be-
tween (Me;Si),NH and LiAlH, in 1992,1'4dl and analogous
reactions between LiAlH, and primary and secondary aro-
matic amines were reported by Roesky et al. in 1997.114¢] In
continuation of our research into the reactivity of LiAIH,4
we investigated its reaction behaviour with (2-Py),NH.

In a reaction similar to that reported by Raston et al.,[!3]
treatment of (2-Py),NH with LiAlH, in Et,O, replacement
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of the solvent by pyridine, subsequent filtration of the un-
dissolved material, and cooling of the solution to 0 °C gives
the aluminium triamide [AI{(NPy)Py}s] (1a). However, a
significantly higher yield of 1a is obtained on treatment of
(2-Py),NH with Et;Al in Et,O at —78 °C. Stirring for 2 d
at room temperature and storage of the resulting solution

—40 °C give crystals of 1a in 90% yield (Scheme 1). Ras-
ton et al.['3] observed dynamic behaviour of 1a in solution,
as a consequence of which they were unable to distinguish
the coordinated and uncoordinated nitrogen atoms of the
pyridyl rings in NMR experiments. This dynamic behaviour
can be explained by the rearrangement process associated
with the ligands, confirmed by the isolation of the isomer
1b in our studies. In this work, however, eight signals in the
'H NMR and ten signals in the '3C NMR could, as ex-
pected, be detected in the solid state structure for the coord-

inated and the uncoordinated pyridyl rings.
— @ andior O %

1a 1b

Scheme 1. Synthesis of [Al{(NPy)Py};] (1a) and [Al{(NPy)Py},-
(Py>N)] (1b)

Figure 1 shows the molecular structure of la. The geo-
metric features correspond to data obtained from crystals
grown after the reaction between (2-Py),NH and LiAlH,.
Three uncoordinated pyridine molecules are present in the
asymmetric unit of la. The aluminium amide was isolated
several times under different reaction conditions and from
various solvents, with the same structural data being ob-
tained in each case. The details show that 1a incorporates
various lattice solvents in different amounts, ecither as
[AI{(NPy)Py};] + 3PyH (1a), [Al{(NPy)Py};] + thf (space
group P1) or solvent-free [Al{(NPy)Py}s] (space group
P2,/n).

Figure 1. Structure of [AI{(NPy)Py}s] (1a) in the solid state; the
three pyridine molecules in the lattice have been omitted for clarity
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In the solid state, 1a is a monomer. Each of the three
Py,N~ ligands in 1a adopts a cis-trans conformation and
exhibits a chelating coordination mode to the aluminium
atom. Each Py,N~ ligand coordinates to the metal atom
through one pyridyl nitrogen atom and the bridging nitro-
gen atom of the ligand. The geometry around the alumi-
nium atom is distorted octahedral [N—AI-N angles
66.7(7)—160.37(7)°; Table 1]. The average bond length of
197.3(2) pm for All —N(bridge) is slightly shorter than the
average bond length of 200.6(2) pm for All —N(pyridyl).
Both distances, however, are considerably longer than the
amidic Al—N single-bond length of 178 pm found in
tricoordinate  aluminium amide systems such as
[AI{N(SiMe;),} 3], which is due to the higher coordina-
tion number of six found in 1a. On the other hand, the
bond lengths are on average 7 pm shorter than in a purely
dative Al«<-N(PyH) bond, with a length of 206 pm in
[(PyH);AICI5]¢ or 205.7 pm in [Me;Al(Py;P)].[6:1%

The Py,N™ anion in [AI{(NPy)Py};] (1a) coordinates to
the metal atom in a cis-trans conformation, as previously
found in [Me,T1{(NPy)Py}], (see Scheme 2).[¥l The Py,N~
ligand is nearly planar, as the angle between the two pyridyl
ring planes is only 9° on average, leaving the bridging nitro-
gen atom sp>-hybridised. The aluminium atom is displaced
at an average distance of 7.5 pm out of the plane of the
coordinating rings. NMR spectroscopic studies show that
the structure in solution emulates that in the solid state. The
'"H NMR spectrum obtained in C¢Dg shows the expected
eight signals in the aromatic region, while the '3C NMR
spectrum displays ten resonances. Dynamic behaviour was
not detected at room temperature.

(_
(O
\./
Al
Scheme 2. Mesomeric structure of Py,N~ in [Al{(NPy)Py};] (1a)

Slow evaporation of the deuterated NMR solvent from a
sample of la at room temperature resulted in the recrys-
tallisation of a aluminiumtris[di(2-pyridyl)Jamide that
turned out to be a different conformational isomer
[AI{(NPy)Py},(Py,N)] (1b). This isomer contains two C¢Dg
molecules in the asymmetric unit rather than the three pyr-
idine molecules in 1a.

In the solid state, 1b is found to be a monomer similar
to 1a. The three Py,N~ ligands chelate the aluminium atom
and the metal centre exists in a distorted octahedrally co-
ordinated polyhedron [N—AI-N angles vary from
64.69(17) to 167.8(2)°]. However, one of the Py,N~ ligands
in [AI{(NPy)Py},(Py,N)] (1b) now adopts a trans-trans con-
formation and coordinates to the aluminium atom through
both pyridyl nitrogen atoms, leaving one bridging nitrogen
atom uncoordinated (Figure 2, Table 2). The bond para-
meters of the cis-trans ligand containing N1 to N3 indicate
a bonding situation similar to that of the Py,N™ ligands
in 1a.
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Table 1. Selected average bond lengths [pm] and angles [°] in [AI{(NPy)Py};] (1a); the tabulated structural parameters correspond to the
average values for the di(2-pyridyl)amide ligand according to the numbering scheme

All—N(bridge) 197.3(2) All—N(pyridyl) 200.6(2) 1 137.3(2)
2 139.9(3) 3 137.6(3) 4 137.5(3)
5 137.0(3) 6 133.7(2) 7 136.1(2)
8 138.6(3) 9 134.1(2) 10 134.4(2)
11 136.8(2) 12 138.3(3) 13 137.1(2)
14 140.2(3) N(coord. pyridyl)---N(bridge) 218.6
N(noncoord. pyridyl)---N(bridge) 236.2
N2—-All—-N6 158.10(7) N8—AIl-N3 160.37(7) NS—All-N7 156.81(7)
N2—All-N5 103.46(7) N8—AIl-N2 104.92(7) N5—All-N8 106.24(7)
N(pyridyl)—All —N(bridge) 66.7(7) C(ipso)—N(bridge)—C(ipso) 124.3(2)

This can be seen in all the N(bridge)—C(ipso),

Figure 2. Structure of [Al{(NPy)Py},(Py,N)] (1b) in the solid state;
the two C¢Dg molecules in the lattice have been omitted for clarity

The situation in the second cis-trans ligand, between the
atoms from N7 to N9, is quite different from that in la.
The variance of the two Al—N bonds is larger [All —N8
197.0(5) and Al1—N9 202.5(4) pm]. This indicates a greater
accumulation of charge density at the bridged nitrogen
atom NS, which is further supported by the angle defined
by the best planes between the two pyridyl rings. This large
angle of 17.7°, in contrast to the average 9° in 1a and 7.2°
in the previous ligand (N1 to N3) in 1b, points to more
pronounced sp? hybridisation at the bridging nitrogen atom
N8. The aluminium atom is found at a distance of 31.5
pm out of the heteroallyl system plane, in contrast to the
analogous distance of just 7.5 pm in la.

Similarly, the trans-trans conformation of the Py,N~ li-
gand in [AI{(NPy)Py},(Py,N)] (1b) shows another struc-
tural feature different to that found in [Me,Al(Py,N)]
(Scheme 3).81 Although both ligands show similar coor-
dination to the metal atom, with the N—C bond lengths in
[Me,Al(Py,N)] indicating a symmetric charge distribution
over both pyridyl rings, they are unsymmetrical in 1b.
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C(ipso)—N(pyridyl) and Al—N bond lengths. Regardless of
the fact that both pyridyl rings take part in the metal coor-
dination, the greater part of the electron density is accumu-
lated in only one of them (C11—C15 and N4). This results
in shorter All—N4 [196.9(4) compared to 200.9(5) pm for
All—N6] and N5—CI11 bonds [134.2(7) in comparison to
139.3(7) pm for N5—CI16]. In solution, 1b converts into the
conformational isomer 1a, and so no difference is observed
in the spectroscopic data. Conformer 1b seems to be ener-
getically disfavoured in comparison to 1a, but can be crys-
tallised under the conditions described in the Exp. Sect.

/I“E\ N
| 'C‘|I1 (IL“!E' | = | = |
=M, NBay = N\ N
[A] A

VAR

Scheme 3. The trans-trans conformation of Py,NH™ in
[AL{(NPy)Py}>(Py:N)| (1b) and [Me,Al(Py;N)]

Syntheses and Crystal Structure of
[(PyH),AICL{(NPy)Py}] (2)

A solution of di(2-pyridyl)amine and aluminium trichlor-
ide, when treated with n-butyllithium and allowed to warm
to room temperature, gives [(PyH),AICL{(NPy)Py}] (2)
(Scheme 4). Colourless crystals of 2 were isolated after 4 d
at 0 °C. The crystals were found to decompose at 50 °C.
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Scheme 4. Synthesis of [(PyH),AICL,{(NPy)Py}] (2)
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Table 2. Selected bond lengths [pm] and angles [°] in [Al{(NPy)Py},(Py,N)] (1b)
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All-N2 201.9(4) All-N3 203.1(5) All-N4 196.9(4)
All-N6 200.9(5) All-N8 197.0(5) All-N9 202.5(4)
N2-Cl 137.4(6) Ccl1-C2 144.2(8) C2-C3 140.8(8)
C3-C4 135.5(9) C4-C5 132.3(10) C5-N1 133.8(8)
N1-Cl 135.1(6) N2—C6 135.4(6) C6-C7 139.4(7)
C7-C8 143.6(9) C8—C9 139.9(8) C9—C10 133.0(8)
C10—-N3 131.4(7) N3-—C6 136.5(6) N5-Cl1 134.2(7)
Cl1-CI12 144.3(8) Cl12-Cl13 134.8(8) C13-Cl4 137.1(9)
Cl4-Cl15 133.9(9) C15-N4 133.2(7) N4-Cl1 137.3(7)
N5-Cl16 139.3(7) C16—-C17 137.5(7) C17-CI18 135.8(8)
C19—-C20 135.8(8) C20-N6 137.2(6) N6-Cl16 135.5(7)
N§—C21 135.4(7) C21-C22 139.8(7) C22-C23 137.1(7) 137.1(7)
C23-C24 136.7(9) C24-C25 135.2(9) C25—-N7 135.5(8)
N7-C21 136.1(7) N§—C26 139.4(7) C26—C27 137.9(8)
C27-C28 140.0(8) C29—-C30 138.8(8) C30—N9 133.8(7)
N9—C26 133.4(7)

N2-+N3 2167 N4---N6 276.6 N§--N9 219.6
N2-All-N3 64.69(17) N4-All1-N6 88.10(19) N8—All-N9 66.68(19)
N2-All1-N6 156.48(19) N4—Al1-N9 167.8(2) N8—All-N3 160.34(19)
N2—Al1-N9 88.20(16) N4—All-N2 90.87(17) N8—All—N4 101.7(2)
C1-N2-C6 124.9(4) Cl11-N5-Cl16 125.1(5) C21-N8—C26 127.2(5)

Compound 2 exists as a monomer in the solid state (Fig-
ure 3). Di(2-pyridyl)amide coordinates to the aluminium
atom through one of the pyridyl ring nitrogen atoms and
the bridging central nitrogen atom. The coordination
sphere is completed by the coordination of two chloro li-
gands and the nitrogen atoms of two pyridine molecules to
give a distorted octahedral geometry around the aluminium
centre (N5—AIl-N4 174.4°, CI1-All-CI12 137.5°,
N2—AI1—N3 65.9°). Because of the absence of steric strain
the two pyridyl rings are coplanar.

ci1

Cl2

Figure 3. Structure of [(PyH),AlICL,{(NPy)Py}] (2) in the solid state

The di(2-pyridyl)amide ligand in 2 adopts a cis-trans con-
formation, as in the cases of 1a and [Me,TI{(NPy)Py}],
(Figure 3, Table 3). The distance between the coordinated
central nitrogen atom and the pyridyl nitrogen atom is
218.1 pm. In the octahedral coordination sphere, the alumi-
nium atom lies nearly in the plane of the di(2-pyridyl)amide
ligand (7.6° angle between the pyridyl ring planes) in the
All—=CI1—CI2 plane. This is the first example of cis-trans
coordination of the monoanionic di(2-pyridyl)amide in a
monomeric metal complex. As in 1a and 1b, the cis—cis
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conformation is precluded due to the greater Nyjno*Niing
distance, while in a hypothetical planar trans-trans con-
formation there would be steric interaction between the hy-
drogen atoms of the ring and the chlorine atoms, due to
their closer proximity. Hence, by adopting the cis-trans con-
formation, the system avoids such disadvantageous steric
factors (Scheme 5). Because of the coordination through
the central nitrogen atom N2 and through the pyridyl nitro-
gen atom N3 of the di(2-pyridyl)amide, different electronic
situations exist in the pyridyl rings. The distances from the
bridging nitrogen atom N2 to the ipso-carbon atoms
(N2—CI1 139.3 and N2—C6 136.8 pm) deviate significantly
in the same way as seen for the C,,,—Nyp,, distance
(C6—N3 136.8 and C1—NI1 134.2 pm). The N2—C6 bond-
ing exhibits a more pronounced double bond character, in
contrast to N2—C1. Furthermore, C6—N3 is shorter than
C1—NI1. The charge of the anionic ligand is predominantly
localised at the N3 nitrogen atom of the coordinated pyridyl
ring (Scheme 6).

Z N z | /I 2
M2 3 « o |
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Al 1 \
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1 2

cis-trans conformation in 2 hypothetical trans-trans arrangement

Scheme 5. View of [(PyH),AICL{(NPy)Py}] (2) along the
Npyy—Al—Npyy axis (left) and the precluded trans-trans arrange-

ment (right)
1
e
W |
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Scheme 6. The mesomeric structures of the di(2-pyridyl)amide li-
gand in [(PyH),AICL{(NPy)Py}] (2)
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Table 3. Selected bond lengths [pm] and angles [°] in [(PyH),AICL {(NPy)Py}] (2)

All-Cl1 223.7(2) All-N3
All-CI2 226.2(1) All-N4
Cl1-C2 139.9(5) C2-C3
C4-Cs 137.0(6) C5-N1
Cl1-N2 139.3(4) N2—C6
C7-C8 136.6(5) Cc8-C9
C10—-N3 133.8(5) N3-C6
N4-Cl15 133.9(5) N5-Cl16
Cll-All-CI2 137.5(1) N5—All—N4
N2-All-N3 65.9(1) N5—All—Cll
N2—All—Cl1 104.6(1) N5—All-CI2
N2—All-CI2 159.5(1) N4-All—Cl1
N3-All—Cll 170.4(1) N4-All-CI2
N3-All-CI2 93.6(1) N5—All-N2

198.4(3) All-N2 202.7(3)
205.9(3) All-N5 207.7(3)
138.0(5) C3-C4 137.4(6)
134.7(5) N1-Cl 134.2(5)
136.8(5) C6-C7 139.9(5)
138.7(6) C9—C10 135.5(6)
136.8(4) N4-Cl1 135.2(4)
134.5(5) N5-C20 134.5(5)
174.3(1) N5—All-N3 88.8(1)
91.5(1) N4—All-N2 87.5(1)
92.8(1) N4-All1-N3 87.9(1)
91.1(1) NI1-C2-N2 119.4(4)
92.0(1) N2—-C6—N3 105.8(3)
86.9(1) C2-C1-N2 118.7(4)
C7-C6-N2 135.4(4)

The aluminium—nitrogen and aluminium—chloride dis-
tances in 2 can be compared with those in the following
compounds: [CLAI(PyH)4][AICl;] (Al-N 206, Al-CI 227
pm),l CL,AI(PyH); (Al1—N 206, Al—Cl 227 pm),Pl and
CLAIl(bpy), (Al-N 203, Al—CI 225 pm).’1 The All—N4
(205.9 pm) and All—NS5 (207.7 pm) bond lengths in the
donating pyridine molecules correspond to the dative
aluminium—nitrogen bonding in [CLAI(PyH),][AICL]>¢
and [CI;Al(PyH)5],° each with an Al—N distance of 206
pm. The aluminium—nitrogen bonds in the monoanionic
di(2-pyridyl)amide ligands are substantially shorter. Be-
cause of the higher charge density at the pyridyl ring nitro-
gen atom N3, the AIl—N3 bond length (198.4 pm) is
shorter than the All —N2 bond length (202.7 pm).

Both aluminium—chloride bond lengths lie in the range
expected for Al—-Cl bond lengths (226 pm). However,
All—CII (223.7 pm) is shorter than All—CI2 (226.2 pm).
The different AI—N distances result from the difference in
the dipole moment parallel to Al1—N3 and All —N2. Thus,
the Al—CI bond length is likewise different. As a compensa-
tion for these differences a shortening of the Al1—CI1 bond
and a lengthening of the All —CI2 bond results.

The 'H and the '*C NMR spectra at room temperature
do not resolve the magnetic and chemical differences of the
pyridyl substituents. Because of the overlap of the signals
in the '"H NMR spectrum, no exact assignment could be
made. Eight signals are observed in the '*C NMR spectrum
of 2; three correspond to the pyridine molecules and four
to the di(2-pyridyl)amide ligand [0 = 116.6 (C5), 117.7
(C3), 123.6 (Cpua)s 139.7 (Criera), 141.5 (C4), 142.7 (Cpyip0),
144.1 (C6), 152.8 (C2) ppm]. NMR experiments conducted
at —60°C show no further splitting of the signal pattern.

Comparison of Structural Parameters for Compounds 1a,
1b and 2

Structural comparison of the various complexes shows
that the Py,N~ ligand is flexible enough, depending on the
electronic and steric demand, to suit different coordination
modes, giving rise to a variety of metal complexes. Scheme 7
illustrates the different possible coordination modes for the
dipyridyl amide ligand. Furthermore, the negative charge
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density at the bridging nitrogen atom of the Py,N~ ligand
is more or less delocalised over the pyridyl ring. The degree
of delocalisation and density accumulation depends on the
coordinated metal atom, the degree of aggregation and the
conformation of the ligand. This has a distinct effect on the
geometrical parameters of the ligand, accounting for the
significant perturbation of the aromatic ring systems.

A~ E_~ A B | _N | E. N |
= N Mz ! s N = S =
trans-trans cis-frans cis-cis

(=]
/IE"@ /le\/ F =

Scheme 7. The different possible coordination modes of the di(2-
pyridyl)amide and -phosphanide ligand (top) and the mesomeric
structures for the ligand in the trans-trans coordination mode (bot-
tom)

Table 4 gives an overview of the structural parameters of
the Py,N~ ligand for compounds 1a, 1b and 2, in compar-
ison with PyH (A),l!” (2-Py),NH (B),['3] [Me,Al(Py,N)]
(C),® [Et,Al(2-Py,N)AIEt;] (D), Py,PH (E),””) [Me,Al-
(Py,P)] (F)I10alll0b] and [Et,Al(Py,P)] (G).} The structural
parameters shown in Table 4 follow the ordering scheme
shown in the Figure. Three different kinds of polymorphs
are known for the (2-Py),NH molecule; a hydrogen-
bridging dimer exists in the orthorhombicl'® and tri-
clinic'®! polymorphs, while on the other hand, the hydro-
gen bridging produces a tetramer in the case of the mono-
clinic® polymorph. Distinct and strong differences exist in
the torsion angles (the angle B between the pyridyl planes)
of the various polymorphs found in (2-Py),NH. The angles
are 73, 40 and 0° in the triclinic, orthorhombic and mono-
clinic forms, respectively. However, the bond lengths in the
different polymorphs are identical. The free electron pair in
neutral (2-Py),NH is also partly delocalised over the pyridyl
ring. The bridging nitrogen atom has sp? character. Assess-
ment of the electronic structure in di(2-pyridyl)amide li-
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Table 4. Comparison of the structural parameters of the di(2-pyridyl)amide ligands in compounds 1a, 1b and 2 with PyH (A),['”! Py,NH
(B),1” [Me,Al(Py,N)] (C),®! [Et,Al(2-Py,N)AIEt;] (D),””) Py,PH (E),”! [Me,Al(Py,P)] (F)l'**!%) and [Et,Al(Py,P)] (G)*!

A & = C(ipso)-N{bridge)-C{ ipso)
/\_} -
= \?O i B =angle between the two
pyridyl ring planes
8os X = NP

fal Ager. Conf. 1 2 3 4 5 6 7 a B
A 1394 139.2 139.2 139.4 133.8 133.8
B dimer, tetramer cis-trans 138.0 139.5 137.0 137.0 136.5 134.0 133.5 131.1
C monomer trans-trans 134.3 142.1 135.3 139.5 135.5 136.6 136.6 125.5 10.4
D monomer trans-trans 138.8 139.5 136.2 139.5 135.2 136.7 138.6 122.4 10.4
E cis-trans 186.6 141.1 140.0 140.3 140.3 134.8 135.1 102.6
F monomer trans-trans 178.4 141.5 136.2 139.8 135.8 136.2 136.8 106.6 25.0
G monomer trans-trans 177.8 142.0 135.8 139.0 135.5 136.6 136.8 107.4 17.0
1a monomer cis (c)- 137.2 139.9 137.6 137.5 137.0 133.7 136.1 124.8 9.0

trans (nc) 138.6 140.2 137.1 138.3 136.8 134.4 134.1
1b monomer cis (c)- 137.2 138.8 140.9 138.7 136.3 132.9 135.1 21.3

trans (nc) 136.9 141.7 138.8 136.5 134.4 134.7 135.5 125.2 7/18.6

trans (c) 136.4 141.3 1354 139.2 135.0 135.6 136.2 125.9
2 monomer cis (c)- 136.8 139.9 136.6 138.7 135.5 133.8 136.8 123.8 8.2

trans (nc) 139.3 139.9 138.0 137.4 137.0 134.7 134.2

[al The bond lengths correspond to average values for compounds with more than one equivalent pyridyl ring; (¢) = coordinated pyridyl
ring; (nc) = non-coordinated pyridyl ring; for compound E the data correspond to the optimised geometry obtained from DFT calcula-
tions with BPW91/6-31+G*, standard bond lengths!'®: N—C 147 pm, N=C 129 pm, C—C 154 pm, C=C 134 pm, P—C 185 pm, P=C
161 pm,?2 N—C 147 pm, N=C 129 pm, C—C 154 pm, C=C 134 pm.

gands in various metal complexes is possible by comparison
with (2-Py),NH.

Theoretical Studies of the (2-Py),P~ and (2-Py),N~ Anions

To obtain deeper insights [e.g., the energetic differences
between the conformers and the quantification of an
Al—N(amide) versus Al«<—N(donor) bond energy contribu-
tion in the light of the related (2-Py),P~ phosphanide sys-
tem] into these structures, we performed DFT calculations.
Coordination modes with the cis-cis, cis-trans and trans-
trans conformers are documented for both (2-Py),E~
anions (E = N, P).[""!% Although the bridging nitrogen
atom in Et,Al(2-Py),N might be employed in an additional
N—AI donor bond towards AlEt; to give the adduct
Et;Al<N(2-Py)AlEt,, Lewis acid/base pairing was pre-
cluded with the related phosphanide Et,Al(2-Py),P.’1 How-
ever, the di(2-pyridyl)phosphanide ligand shows a metal-de-
pendent coordination response and is involved in a highly
unusual /7 interaction with the soft metal caesium.['%! The
phosphorus atom in the anion is sufficiently Lewis basic to
bridge two soft organometallic iron centres. In this context,
the different conformers of (2-Py),N~ and (2-Py),P~ were
analysed by DFT calculations (Figure 4).

As anticipated, the cis-trans conformers of both (2-
Py),E~ anions are more stable than the trans-trans and cis-
cis conformers. The twisted trans-trans conformer of Py,N~
is only 1.4 kJ/mol more stable than the twisted cis-cis form
(each av. dihedral angle 52°), while the twisted cis-cis form
of the Py,P™ anion (each av. dihedral angle 42°) is signifi-
cantly more stable than the twisted trans-trans form
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(11.42 kJ/mol, Figure 4). This allows full conjugation
throughout the heteroallylic system and intramolecular
N®~-*H(C)  hydrogen  bonding. = While  the
N(bridge)—C(ipso) distances from the calculated anions
match those in the experimental contact ion pairs la, 1b
and 2 almost exactly, the P(bridge)—C(ipso) distances seem
to be marginally too long (compare Tables 1—3 and 5).
While the C—E—C angle in the amides is widened to values
considerably larger than 120°, it is much sharper in the pho-
sphanides, and smaller even than the value expected for an
sp3-hybridised phosphorus atom. Both features match the
experimentally found values in the contact ion pairs. Closer
examination of the bond lengths reveals partially localised
double bonds in the pyridyl rings at the 3- and 5-positions.
The small energetic differences between the trans-trans and
the cis-trans conformers — 7.4 kJ/mol for the Py,N~ and
23.2 kJ/mol for the Py,P~ anion — can easily be overcom-
pensated by metal coordination.

Theoretical Studies of the E—Al Donor Bond (E = N, P)

The next challenge was to determine the E—~Al donor-
acceptor bond energies in the experimentally verified com-
plex Et,Al(2-Py),NAIEt; and the model compounds
Me,Al(2-Py),N—AIMe; and Me,Al(2-Py),P—AlMe;,
since Et,Al(2-Py),P does not form the adduct Et,Al(2-Py),-
P—AIEt; with a second equivalent of AlEt;. One difference
between the Lewis-type donor-acceptor bond and a cova-
lent bond is that dissociation of the former yields two
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trans-trans L ]

Eg =+7.4 kJ/mol Ep =+23.2 kd/mol
cis-trans
* ® ® w
N1 L
P L ]
Eg =0 kd/mol Ep =0 kd/imol
cis-cis
@

Egp =+8.8 kd/mol Ep =+11.8 kJ/mol

Figure 4. Optimised geometries for the different conformers of the free (2-Py),N~ and (2-Py),P~ anions by the BPW91/6-31+G(d) method

closed-shell fragments with an electron lone-pair donor and
an electron-pair acceptor, while the latter gives two open-
shell fragments.') Another difference is that the bond
length of a covalent bond would not usually change much
(2-Py),N~ (2-Py),P~ in different aggregation states, while donor-acceptor bonds
frequently show larger interatomic distances in the gas

trans-trans cis-trans cis-cis — trans-trans cis-trans cis-cis phase than in the solid state. As we wanted to investigate
E—C1 1354 1362 1351 1821 1820 1822 'the above-mentioned.donor-acceptor complexes by j[heoret-
Cl-C2 1442 1443 1446 1435 143.1 1434 ical methods, we first tested them by employing the
2-C3 138.9 1394 139.0 139.2 139.5 1392  molecular structures of the complexes Me;N—AlMe; and
C3—-C4 1414 140.9 1413 1413 141.1  141.2  MesP—AlIMes, which have already been determined struc-
C4-C5  140.6 140.7-140.6  140.6 140.7 140.6  tyrally in the gas phase.2%) Their donor-acceptor bond dis-

C5-NI 134.1 1338 1340 134.2 1340 134.1 sociation energies were determined experimentally. The
NI-Cl  138.1 1387 1385 1372 1380 1382 g b Y-

Table 5. Selected calculated bond lengths [pm] and angles [°] for
the free (2-Py),N~ and (2-Py),P~ anions at the BPW91/6-31+G(d)
level of theory

NI--N2  301.6 308.2 theoretical parameters calculated at the CBS-4, MP2/6-
E-C6 135.4 1353 1351 182.1 181.8 1822 31+G(d) and BPW91/6-31+G(d) levels of theory were
C6—-C7 1442 1447 1446 1435 1440 1434 evaluated and compared to the experimental values ob-
C7-C8 138.9 138.6  139.0 139.2 138.8  139.2

C8—Co 1414 418 1413 1413 1418 1412 taiped by Haaland. As expected, the most powerful compu-
C9—C10 1406 1401 1406 1406 140.1 1406 tational methods CBS-4M and MP2/6-31+G(d) gave the
Cl10—=N2  134.1 1345 1340 1342 1346 134.1  best match with the experimentally ascertained structures
N2-C6  138.1 138.8  138.5 1372 1379 138.2  and energies. The BPW91/6-31+G(d) method calculates the
CI—-E—C6 124.5 1265 123.9 107.0 108.4 1050 N—Al and P—AI donor-acceptor bond lengths as being
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slightly too long, and the resulting bond dissociation ener-
gies are too low (Figure 5).

To force the central donating atom into the sp? hybridis-
ation of an amide or phosphanide we performed calcula-
tions for H,C=(Me)N—AlMe; and H,C=(Me)P—AlMe;,
since these models should be more consistent with
Me,Al(2-Py),N—AIMe; and Me,Al(2-Py),P—AlMe;. In
contrast to the shortening of the AI—N bond, by 1 and 5
pm, the P—Al interatomic distances surprisingly lengthened
by 5 and 10 pm by the MP2 and BPW91/6-31+G(d)
methods, respectively. Furthermore, the calculated bond
dissociation energies at the most reliable MP2 level of the-
ory were determined in these cases to be 95.7 and 44.9 kJ/
mol for H,C=(Me)N—AlIMe; and H,C=(Me)P—AlMe;,
respectively (Figure 5). Consequently, the sp? hybridisation
of the heteroatom and the coupling of the charge to the
substituents has a strong effect on the dissociation enthalpy
of the E—AIl bond, and particularly in the phosphanide
adduct. While the energy is only decreased by a factor of
one fifth in the amide adduct, it is halved in the phosphan-
ide adduct. In addition, the “hard” aluminium atom prefers
the “hard” nitrogen donor rather than the “soft” phos-
phane function. Population analysis schemes, such as Nat-
ural Population Analysis,?!! assign most pronounced nega-
tive partial charges to the ring nitrogen atoms in Me,Al-

a)
L
L] L ]
C3 % c2
L |
AEs (MP2) = 120.4 kdimol
e Ay (BPWE1) = 63.0 kdimol
A s = 129.6 kJimol
LN 9
c4 Cc5
=]
o @
) o® @
- —
Al
AEs (MP2) = 95.7 kdimal

s
AEs (BPWO1) = 68.1 kJ/mol

9.
]

(2-Py),N and Me,Al(2-Py),P. In the latter, the divalent P™
centre even shows a partial positive charge. (Scheme 8).

—-0.560 +0,388
N. —0.252 P_0283
e 1 U i ¢ RET) e
s N-0676N__~ 0313 ' N -0666N. =~ 0306
+0.024 +0.023
N\ /l
A A

Scheme 8. Calculated natural charges in [e]” for the complexes
Me,Al(2-Py),N and Me,Al(2-Py),P, determined by natural popula-
tion analysis

The s and p, populations of the atomic orbitals of the
bridging phosphorus and nitrogen atoms are significantly
different. The 3s orbital in the phosphorus atom is more
highly populated than the 2s orbital of the nitrogen atom,
while the charge density in the p orbitals of the phosphorus
atom is depleted relative to the bridging nitrogen atom.

Since this suggests the formation of a metal—nitrogen
bond rather than a metal—phosphorus bond, we became
interested in quantitatively evaluating the E—~Al bond ener-
gies in the model compounds Me,Al(2-Py),N—AIMe; and
Me,Al(2-Py),P—AlMes. Selected bond lengths and angles
for these compounds are reported in Table 6, in comparison

b)
L ]
@ ®
C1
C2
[ e
AE (MP2) = 89.0 kJ/imal
e AEo (BPWS1) = 56.6 kJimol
A sis = 96.1 kdimol
e o
5
<1
[ L]
A (MP2) = 44.9 kdimal

AEy (BPWS1) = 28.8 kdimol

Figure 5. Optimised geometries for the adducts Me;N—AlMes (a), MesP—AlMe; (b), H,C=(Me)N—AIMe; (¢) and H,C=(Me)-

P—AlMe; (d), with the related E—Al donor bond energies
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Table 6. Selected calculated bond lengths [pm] and angles [°] of Me,Al(2-Py),N—AIMe; and Me,Al(2-Py),P—AlMe; in comparison to

the experimentally ascertained data for Et,Al(2-Py),N—AIEt;
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BPW91/6-31+G(d)

E—CI/E-C6 137.8
E-A2 212.9
C1-C2/C6—C7 142.5
C2-C3/C7-C8 138.6
C3-C4/C8—C9 141.3
C4—-C5/C9—C10 138.4
C5—N1/C10—N2 136.7
N1-C1/N2—-C6 137.7
NI-AIl/N2—All 197.8
Cl1-E-AI2 118.0
Cl1-E—-C6 1233
E—AI2-C13 106.6
E—-AI2-C15 103.8
All-E—-AI2 139.1
Cl1-All-CI12 121.6
NI-AI1-N2 90.1

Expt. BPW91/6-31+G(d)
138.3(4)/139.2(5) 180.4
201.0(3) 266.0
137.2(6)/140.7(5) 143.0
137.0(5)/135.5(5) 138.6
139.5(5) 141.7
134.0(5)/136.7(5) 138.5
138.0(5)/135.4(4) 136.8
138.0(5)/136.2(5) 138.5
191.1(1)/193.3(3) 197.4
117.4(2) 112.0
122.4(3) 102.2
109.04(14) 106.2
105.24(14) 102.8
1513
122.7(2) 120.2
91.57(14) 97.1

to the experimentally determined values for the complex
Et,Al(2-Py),N—AIEt;. Because of the coordination of the
additional AlMe; fragment by the bridging nitrogen atom,
the Me,Al(2-Py),N moiety adopts an accentuated butterfly
conformation analogous to that of Me,Al(2-Py),P. Further-
more, the heteroatom in the bridging position seems to be-
come a pseudo-sp>-hybridised centre, giving rise to a dis-
placement of the AlMe; fragment from the plane con-
taining the N1, E and N2 atoms. Surprisingly, comparison
between the model compounds Me,Al(2-Py),N—AlMe;
and Me,Al(2-Py),P—AlMe; reveals a different position of
the AlMe; fragment relative to the second aluminium atom
of the Me,Al(2-Py),E butterfly moiety. While both metal
atoms are located on the same side in the nitrogen complex,
they are positioned on opposite sides in the phosphorus
complex (Figure 6).

The experimentally determined Al2—N bond length of
201.0(3) pm in Et,Al(2-Py),NAIEt; is significantly longer
than a covalent bond and about 5 pm shorter than a pure
dative bond."”) The calculated A12—N bond length of 212.9
pm in the model complex Me,Al(2-Py),N— AlMe; is much
longer, possibly due to the gas-phase nature of the simula-
tion.

The calculated E—Al bond energies at the MP2/6-
31+G(d) level for the complexes MesE—~AlMes (E = N, P)
differ from the experimentally determined values only by
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less than 10 kJ/mol. Consequently, a single-point calcula-
tion at the MP2 level of theory was performed for the
Me,Al(2-Py),N—AIMe; and Me,Al(2-Py),P—AlMe; com-
plexes. The fully optimised geometry from the BPW91/
6—31+G(d) calculations was employed. The calculated
bond dissociation energy for the complex Me,Al(2-Py),N-
—AlMe; (125.4 kJ/mol) is very close to the experimentally
determined value for MesN—AlIMej; (129.6 kJ/mol), but the
donor-acceptor bond energy of 75.4 kJ/mol in Me,Al-
(2-Py),P—AlMe; 1is considerably lower (by 20.7 kJ/
mol) than the experimentally determined value for
Me;P—AlMes (96.1 kJ/mol).

In summary, all di(2-pyridyl)amides and -phosphanides
coordinate the R,Al" fragment through at least one ring
nitrogen atom. This in itself suggests that the charge density
in the anions is coupled into the rings and accumulated at
the ring nitrogen atoms. The Lewis basicity of the central
nitrogen atom in Me,Al(2-Py),N is still high enough to co-
ordinate a second equivalent of AlEt; to form the Lewis
acid/base adduct Et,Al(2-Py),N—AIEt;. All these findings
confirm the formation of metal nitrogen rather than of
metal—phosphorus bonds even in reaction pathways, as es-
tablished by Budzelaar for reactions between (2-pyridyl)-
phosphanes and methyllithium.??! The theoretical results
presented show that while the bridging nitrogen atom in the
amides (E = N) is still a typical Lewis base, the situation in
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Figure 6. BPW91/6-31+G*-optimised geometries of Me,Al(2-
Py),N—AIlMe; (top) and Me,Al(2-Py),P—AlMe; (bottom)

the corresponding phosphanides (E = P) is different. Here,
nearly all the charge density couples into the pyridyl rings,
leaving the central phosphorus atom attractive only for soft
metals, in the form of a m-acid-type of coordinating centre
to reinforce the otherwise poor phosphorus donor bond en-
ergy, shown in the P—N—C allylic coordination to the soft
Cs atom.[1%

Conclusion

The competition between the amidic bridging nitrogen
atom and the pyridyl nitrogen atoms for the charge density
in Py,N~ provides for greater conformational variety than
in the analogous Py,E~ systems (E = CH,[770] p,[10a.100]
Asl'%°)) The former system shows considerable Lewis basi-
city at the bridging nitrogen atom, while the charge density
at the bridging phosphorus atom is depleted and coupled
into the rings. The small energy differences of about 8 kJ/
mol between the cis-trans, trans-trans and cis-cis conformers
in the Py,N™ anion can easily be overcome by various crys-
tallisation techniques from different solvents at different
temperatures (1a from pyridine at 0 °C or from diethyl ether
at —40 °C, 1b from C¢Dg at room temperature). The 23 kJ/
mol by which the trans-trans conformer in Py,P~ is disfa-
voured against the cis-trans form can easily be compensated
for by coordination to the hard organometallic Me,Al"
fragment. The energy gained from the E—Al donor bonds,
in which the charge density at E = N or P can be de-
localised to an adjacent carbon atom, is only half the
amount with phosphorus than with nitrogen. Hence, the P-
centred systems are much better n-donors to soft metals

Eur. J. Inorg. Chem. 2002, 3222—3234

than o-donors to hard metals. We found computational
methods extremely helpful for interpreting the coordination
behaviour of di(2-pyridyl)amides and -phosphanides.

Experimental Section

General Remarks: All manipulations were performed under dry N,
with Schlenk techniques or under argon in a glove box. All solvents
were dried with Na/K alloy and distilled prior to use. NMR spectra
were obtained in C4Dg or CDCls as solvent, with SiMe, or H;PO,
as external reference, with a Bruker AMX 250 MHz spectrometer.
Mass spectra were recorded with a Finnigan Mat 8230 or Varian
Mat CHS5 spectrometer. Elemental analyses were performed by the
Analytisches Laboratorium, Universitit Wiirzburg.

[A{(NPy)Py}3] (12) and/or [A{(NPy)Py},(Py,N)] (1b)

1a. Method a: A solution of Py,NH (4.00 g, 23.3 mmol) in Et,O
(20 mL) was added dropwise to a suspension of LiAlH, (220 mg,
5.8 mmol) in Et,O (20 mL), cooled to 0 °C. After the mixture had
been stirred at room temp. for 2 d, the diethyl ether was replaced
by PyH (20 mL). The reaction mixture was filtered through Celite
to remove the undissolved solids, and the clear solution was al-
lowed to stand at 0 °C. After 1 d, crystals of 1a suitable for single-
crystal X-ray diffraction were isolated. For analytic and spectro-
scopic analysis the crystals were washed twice with hexane (10 mL)
and dried under vacuum. Yield: 1.03 g (50%). Method b: Py,NH
(2 g, 11.6 mmol) in Et,O (25 mL) was cooled to —78 °C. Et;Al
(5.95 mL of 15% solution in hexane, 3.83 mmol) was added drop-
wise to the cooled mixture, which was allowed to gradually attain
room temp. Stirring at room temp. was continued for 2 d. Crystals
of 1a suitable for X-ray diffraction study were isolated from the
reaction mixture stored at —40°C. For analytical and spectroscopic
analysis the crystals were washed twice with hexane (10 mL each
time) and dried under vacuum. Yield: 1.85 g (90%). Decomposition
point: 83 °C; The 'H and '*C NMR spectra show different reson-
ance peaks for the coordinated pyridyl ring and noncoordinated
pyridyl rings. An unambiguous assignment of all the resonances
was not possible. '"H NMR (C¢Dg): & = 6.13 (dd, 3Jyy = 6.2,
3Jua = 6.3, 1 H), 6.45 (sp, 1 H,) 7.01 (s, 2 H, 5-H, 5-H’, 4-H
and 4'-H), 7.26 (d, 3Jy.y = 6.6, 1 H,), 7.77 (sp, 1 H), 7.83 (spp 1
H), 8.12 (s, 1 H, 3-H, 3’-H, 6-H and 6’-H) ppm. '3C NMR
(CsDg): 6 = 112.0 (s), 113.7 (s), 114.5 (s), 116.3 (s, C-5, C-5', C-4
and C-4'), 137.5 (s), 138.2 (s), 139.0 (s), 148.1 (s, C-3, C-3', C-6
and C-6"), 154.1 (s), 160.8 (s, C-2 and C-2') ppm. EI-MS: m/z
(%) = 170.1 (100) [Py,N], 78.1 (24.9) [Py]. C30H»4AINy (537.56):
caled. C 67.1, H 4.50, N 23.5; found C 65.7, H 4.70, N 23.1.

1b: Compound 1a was dissolved in C¢Dg for spectroscopic studies.
Reducing the volume of the solution slowly gives rise to crystals
of the isomer 1b. In solution, 1b converts into la, and hence the
spectroscopic data are identical.

[(PyH),AICL{(NPy)Py}] (2): A mixture of di(2-pyridyl)amine
(0.50 g, 2.90 mmol) and aluminium trichloride (0.39 g, 2.90 mmol)
in pyridine (30 mL) was cooled to —40 °C. An equimolar quantity
of n-butyllithium (1.90 mL of a 1.6 m solution in n-hexane) was
added dropwise to this mixture, which was gradually allowed to
attain room temp. by standing overnight. Stirring of the resulting
clear solution at room temp. was continued for 2 d. Needle-shaped,
colourless crystals suitable for single-crystal diffraction studies were
isolated from the solution after 4 d at 0 °C. After removal of the
mother liquor, the crystals were further washed several times with
hexane (10 mL) and vacuum-dried for analytic and spectroscopic
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studies. Yield: 0.87 g (70.2%). Decomposition point: 50 °C. 'H
NMR (CDCl): § = 7.04—8.70 (m, 18 H, Py-H) ppm. '*C NMR
(CDCL): 8 = 116.6 (s, C-5), 117.7 (s, C-3), 126.6 (s, Cpyp), 139.7
(8, Chiera)s 141.5 (s, C-4), 142.7 (s, Cypip0), 144.1 (s, C-6), 152.8 (s,
C-2) ppm. EI-MS: m/z (%) = 170.1 (12.8) [Py,N], 119.1 (0.10) [(Al-
PyN)], 105.1 (0.12) [(AlPy)], 79.1 (100) [PyH]. CyoH;sAICI,N;
(426.28): calcd. C 56.4, H 4.26, N 16.43; found C 54.7, H 4.53,
N 15.84.

Crystal Structure Determination: Crystallographic details per-
taining to data collection and refinement are presented in Table 7.
The data for 1a and 2 were collected with an Enraf—Nonius CAD4
four-circle diffractometer, and the data for 1b with a Stoe-IPDS
single-circle diffractometer with graphite-monochromated Mo-K,,
radiation (A = 71.073 pm). All data were collected at low temper-
atures, using oil-coated shock-cooled crystals.[*3] After determina-
tion and refinement of the cell parameters for 1a and 2, the intens-
ity of the reflections was detected by the background-peak-back-
ground method.?* All reflections were collected by the 20/w-scan
method for 1a and 2, while in the case of 1b the reflections were
detected by the @-scan mode with stepwise rotation of every 1°. All
structures were solved by direct methods by use of the SHELXS-
97 program for compounds 1a and 1b and SHELXS-96 for 2.12%4
Refinement of the structures was performed by full-matrix, least-
squares methods against F? with SHELXL-97>%! (for 1a and 1b)
and SHELXL-96?% (for 2). All non-hydrogen atoms were refined
with anisotropic displacement parameters. Hydrogen atoms were
assigned ideal positions and refined isotropically with a riding
model with U, constrained to 1.2 times of U, of the parent atom.

Table 7. Crystallographic data for 1a, 1b and 2

Structure refinement: Compound 1a crystallises in the centrosym-
metric triclinic space group P1. The [Al{(NPy)Py};] (1a) molecule
shows almost threefold symmetry. In the asymmetric unit, three
non-coordinated pyridine molecules are present as solvent from
crystallisation. They are not disordered and do not give rise to any
hydrogen-bonding pattern. Single-crystal data for compound 1a in
this conformation were obtained in different solvents. Compound
1a has also been reported by another research group.l'*°! The differ-
ent forms show varying cell parameters, and a comparison of these
parameters is listed in the Supporting Information. Compound 1b,
which is a conformational isomer of 1a, crystallises in the centro-
symmetric monoclinic space group P2,/c. Two noncoordinated
C¢Dg solvent molecules are present in the asymmetric unit. The
donating pyridine molecules in compound 2 were refined
with ADP and distance restraints. Selected bond lengths and angles
are summarised in Tables 1—3. The CCDC numbers listed in
Table 7 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge at
www.ccde.cam.ac.uk/conts/retrieving.html or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge
CB2 1EZ, UK [Fax: (internat.) + 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].

Computational Details: The calculations were carried out with the
GAUSSIAN98 program package.l”®! For the evaluation of the
donor-acceptor bond energies of the complexes Et,Al(2-Py),N—
AlEt; and Et,Al(2-Py),P—AlIEt;, calculations at the BPW91,7]
MP2P8 and CBS-41*! levels of theory were carried out. The 6-
31+ G(d) basis set was used for the calculations.?%) Because of the

la 1b 2
Empirical formula C30H24A1N9+3C5H4N C30H24A1N9+2C6D6 C20H18A1C12N5+3C5H5N
CCDC- 180594 180595 180596
Formula mass 774.86 693.78 663.0
Crystal size [mm] 0.2 x0.3x0.5 02x02x04 0.5 X 0.5 % 0.6
T [K] 173(2) 173(2) 153(2)
Space group Pl P2,/c P2y/n
Crystal system triclinic monoclinic monoclinic
a [pm] 1073.3(3) 969.97(19) 869.4(1)
b [pm] 1387.3(3) 1976.0(4) 2062.5(2)
¢ [pm] 1425.5(4) 1893.3(4) 1830.3(1)
a[°] 109.556(13) 90 90
B 98.84(2) 105.32(2) 93.723(10)
v [°] 93.67(2) 90 90
V [nm?) 1.9612(5) 3.5982(12) 3.2747(4)
VA 2 4 4
pe Mg m—3] 1.312 1.281 1.346
e [mm~1] 0.103 0.101 0.264
F(000) 812 1456 1384
26 range [°] 6—50 5—47 6—50
No. of reflns. measd. 7483 14288 11156
No. unique reflns. 6885 4984 4608
No. of restraints 0 0 25
No. of parameters 523 469 415
RIB [T > 26(1)] 0.043 0.091 0.053
wR2®! (all data) 0.100 0.262 0.101
gilg, 0.043/0.528 0.157/2.401 0.035/0.543
Largest diff. peak/hole [e'nm 7] 190/—-278 1936/—483 502/—252
gy o 2 IRl=1Fl WE-FE I | tmas{ FLOW2FY
x || e T T e T
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relatively large size of the bipyridyl complexes, the geometries were
fully optimised at the BPW91/6-31+G(d) level and used to com-
pute vibrational harmonic wavenumbers and zero-point correc-
tions. In order to obtain more reliable total energies and bond ener-
gies, MP2/6-31+G(d) energy calculations were also performed with
the BPW91/6-31+G(d)-optimised geometries, and this type of cal-
culation is designated by the standard notation MP2/6-31+G(d)//
BPWO91/6-31+G(d).
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