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Reversible Fixation of Carbon Dioxide at Nickel(o) Centers:
A Route for Large Organometallic Rings, Dimers, and Tetramers
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Abstract: The reaction between bis-
(cycloocta-1,5-diene)nickel(o), carbon
dioxide and benzaldehyde-N-furfuryl-
ideneimine (A) in 1,4-dioxane or THF
results in the formation of the 24-mem-
bered organometallic macrocycles of
the  type  [(A)Ni(-CH(R')-N(R?)-
COO-)]¢(solv), (R!: phenyl, R?: furfur-
ylidene, solv: 1,4-dioxane in 1a, THF in
1b). According to the X-ray analyses, six
monomeric nickelacyclic units are con-
nected through six Ni-u,-OCO-Ni
bridges in these macrocycles. The cav-

ter: 9.410(1) A in 1a, 9.250(1) A in 1b)
each contain one solvent molecule.
Reaction of 1b with Me;P results in
the displacement of the peripheral li-
gands A by the phosphine to form the
24-membered organometallic macro-
cycle 1¢. Both 1a and 1b isomerize in
benzene to form the dimeric complex
[(A)Ni(-CH(R")-N(R?)-COO-)],(solv),
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(2). The X-ray crystal structure reveals
that 2 consists of the same monomeric
units as found in 1a and 1b. However
two Ni-u,-O-Ni bonds link the car-
boxylato groups. The solvent-dependent
isomerization of 1b yielding 2 is a
reversible reaction. Furthermore, the
macrocycle 1b partially eliminates car-
bon dioxide above 20°C, followed by
elimination of half of the monodentately
coordinated Schiff base ligands to form
the planar tetrameric complex 6. This is
also a reversible process.

ities of the metallomacrocycles (diame-

Introduction

In most cases, the generation of metallamacrocycles by self-
assembly reactions is based on reactions between metal ions
and polydentate ligands and controlled by the information
stored in the reactants. In contrast to this rapidly growing area
of inorganic and coordination chemistry (for recent reviews
see [1-6]), systematic investigations following the same
principles for designing large organometallic rings containing
transition metals which are intrinsic components of the
organometallic macrocycle, are still rare."?! A recent example
for such a reaction is the synthesis of the interesting cyclic
ferrocene oligomer containing seven ferrocene units.'"! Large
“molecular squares” containing L,Pt"" fragments connected
by alkynediyl bridges can also be constructed.!'!'"13]

In this article we describe the synthesis, structure and
reactivity of the macrocyclic organometallic molecules 1a, 1b,
and 1c via a complex synthetic approach. In the first step, we
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employ low-valent Ni centers in a redox template reaction in
order to build up a new polydentate ligand from two simple
molecules (CO,/benzaldehyde-N-furfurylideneimine). In this
step, the necessary square-planar geometry of the oxidized
metal center Nil is generated for the subsequent step, that is
the supramolecular aggregation forming the 24-membered
organometallic rings 1a (in 1,4-dioxane) and 1b (in THF).
Noteworthy the thermodynamically stable and kinetically
inert carbon dioxide acts as the key building block in this
reaction. These organometallic macrocycles undergo a variety
of transformation reactions in which, surprisingly, the Ni—C
bonds remain intact whereas the Ni—N, Ni—P, and Ni—O bonds
can be easily broken. For example, 1b isomerizes reversibly in
benzene to form the dimer 2 by re-organization of the Ni—O
bonds of the carbamato ligands. Another remarkable feature
is the fact, that both 1a and 1b act as reversible CO, carriers
which undergo carbon dioxide/Schiff base elimination to yield
the tetrameric complex 6. In addition, the two Ni-u,-O-Ni-
bonds of the bridging Ni,O, ring of 2 are cleaved by reaction
with Me;P or chelating ligands to form monomeric metalla-
cycles (3-5). This highly flexible coordination behavior of the
carbamato ligand may possibly be of interest for bioinorganic
chemistry since carbamato groups are essential ligands in the
active site of some metal-dependent enzymes (e.g., rubisco,['¥
urease,’l phosphatesterase,['”! biotin-depending enzymes!'”).
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Results and Discussion

Synthesis and solid state structure of the organometallic
macrocycles 1a, 1b, and 1c: In order to obtain complex 1a,
[Ni(cod),] was mixed with an excess of the Schiff base
benzaldehyde-N-furfurylideneimine (ligand A, see Scheme 1)
(1:2.3) at ambient temperature in dioxane under argon and
the mixture was stirred to form a dark violet solution. The
argon was then substituted by dry gaseous carbon dioxide and
a color shift to brown was observed. Compound 1a crystal-
lized from the reaction mixture in good yields (80 % ) as brown
crystals upon addition of pentane. In addition, 1a could be
isolated in a more than 90% yield using [Ni’cdt)] as the
starting product (cdt: cyclododeca-1.5.9-triene).

The nickel organic compound 1a does not decompose at
room temperature in the solid state as long as it is stored
under argon or CO,. It is also surprisingly stable when
handled in air for a short time. The IR spectrum shows a
characteristic asymmetric CO valence frequency at 1582 cm™!
and a typical C=N vibration at 1633 cm~".

The solid state structure of 1a was determined by X-ray
crystallography of single crystals grown from dioxane. Fig-
ure 1a displays the general molecular structure of the inner
part of the complex. The same structure pattern was also
found for the complexes 1b and 1c¢ (L: benzaldehyde-N-
furfurylideneimine for 1a, and 1b; L: Me,P for 1¢). Figure 1b
shows the complete structure of 1a. Furthermore, Figure 2
contains the monomolecular unit and lists relevant bond
lengths and bond angles in the legend.

The crystal structure shows the organometallic complex to
have a macrocyclic structure composed of six Nil! centers, six
carbon dioxide molecules, and twelve Schiff base ligands A

Abstract in German: Die Reaktion zwischen Bis(cycloocta-
1,5-dien)nickel(o), Kohlendioxid und Benzaldehyd-N-furfury-
lidenimin (A) in THF oder Dioxan fiithrt zu 24-gliedrigen
organometallischen Macrocyclen des Typs [(A)Ni(-CH(R')-
N(R?)-COO-)]s(solv), (R': phenyl, R*: furfuryliden, solv:
Dioxan in 1a; THF in 1b). Nach Ausweis der Rontgenstruk-
turanalysen sind in den Macrocyclen sechs monomere
nickelacyclische  Einheiten (A)Ni(-CH(R')-N(R?)-COO-)
durch sechs Ni-u,-OCO-Ni-Briicken verkniipft. Die Hohlrdu-
me des Metallamacrocyclen (Durchmesser: 9.410(1) Ainla;
9.250(1) A in 1b) enthalten ein Losungsmittel Molekiil. Die
Reaktion von 1b mit Me;P fiihrt unter Verdringung der
peripheren Liganden A zum 24-gliedrigem organometallischen
Macrocyclus 1c. Die Verbindungen 1a und 1b isomerisie-
ren in Benzol unter Bildung des dimeren Komplexes
[(A)Ni(-CH(R")-N(R?)-COO-)],(solv), (2). Die Kristallstruk-
turanalyse zeigt, dass 2 aus den gleichen Monomeren wie 1b
besteht, allerdings verkniipft iiber Ni-u,-O—Ni Bindungen der
Carboxylatogruppen. Die losungsmittelabhdngige Isomerisie-
rung 1b zu 2 ist eine reversible Reaktion. Die Verbindung 1b
eliminiert oberhalb 20°C einen Teil des Kohlendioxids. Nach-
folgende partielle Eliminierung der einzdihlig gebundenen
Schiffschen Base fithrt dann zum planaren tetrameren Kom-
plex 6. Das ist ebenfalls eine reversibler Prozess.
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Figure 1. a) The structure of the inner part of the metalla-macrocycles 1a—
1c (R': phenyl, R?: furfurylidene-; 1a and 1b: L =benzaldehyde-N-
furfurylideneimine, 1¢: L=Me;P; encapsulated solvent molecules are
omitted for clarity). b) Molecular structure of the metallamacrocycle 1a.

(benzaldehyde-N-furfurylideneimine). Six of the ligands take
part in the formation of six oxidative coupled slightly
puckered five-membered NiOCNC chelate rings which also
contain CO, molecules and the Schiff bases. Each Ni center
lies approximately in the plane formed by a square which is
bonded to the Schiff base nitrogen, two oxygen atoms of two
carboxylato groups and the carbon atom of the oxidative
coupling product between Schiff base and carbon dioxide. The
bond lengths lie within the range usually observed for
Ni—OCO and Ni—C bonds in metallacyclic complexes.['s 1]
The Ni---Ni separations (5.080(1) A) clearly show that there
is no bonding between the metals.

The six molecular units are connected by u,-OCO groups
and yield a 24-membered macrocycle. Its cavity has an
average diameter of 9.410(1) A. One dioxane molecule which
does not interact with the nickel centers is encapsulated in the
inner part of the ring which is exclusively formed by the
inorganic components Ni and the CO, unit (Figure 1). In
addition, three dioxane molecules surround the macrocycle in
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Figure 2. Molecular structure of the asymmetric unit of complex 1a and
1b. Selected bond lengths [A] and bond angles [°] for 1a: Ni-N1 1.896(2),
Ni—O4 1.869(2), Ni—~O3A 1.984(2), Ni—C18 1.935(2), N1-C5 1.500(3),
N1-C6 1.288(3), N2—C17 1.459(3), N2—C18 1.477(3), N2—C25 1.361(3),
C25-03 1.272(3), C25—04 1.292(3), N1-Ni-O3A 94.25(7), N1-Ni-O4
17797(7), N1-Ni-C18 92.32(8), O3A-Ni-O4 87.53(6), O3A-Ni-C18
173.20(8), O4-Ni-C18 85.93(8), Ni-C18-N2 105.6(1), C18-N2-C25
116.9(2), N2-C25-04 115.6(2), C25-0O4-Ni 115.8(1), O4-C25-03 124.0(2),
C5-N1-C6 118.1(2); 1a: Ni—Ni (neighboring) 5.080(1), Ni—Ni (diameter)
9.410(1); 1b: Ni—Ni (neighboring) 5.007(1), Ni—Ni (diameter) 9.250(1);
symmetry transformations used to generated equivalent atoms (A): x — y, x,
—z—2. Selected bond lengths [A] and bond angles [°] for 1¢ (L =PMe;
instead of L=A): Ni—P1 2.176(2), Ni—O4 1.888(4), Ni-O3A 1.951(2),
Ni—C18 1.966(6), N2—C17 1.454(8), N2—C18 1.481(8), N2—C25 1.347(8),
C25-03 1.274(7), C25-04 1.291(7), P1-Ni-O3A 92.4(1), P1-Ni-O4
178.1(1), P1-Ni-C18 95.9(2), O3A-Ni-O4 86.0(2), O3A-Ni-C18 170.6(2),
04-Ni-C18 85.6(2), Ni-C18-N2 104.7(4), C18-N2-C25 117.3(5), N2-C25-0O4
116.8(5), C25-O4-Ni 115.0(4), 04-C25-03 123.3(6); 1¢: Ni—Ni (neighbor-
ing) 4.962(1), Ni—Ni (diameter) 9.263(1); symmetry transformations used
to generated equivalent atoms (A): y+1, —x+y+1, —z+1.

the crystal and also do not interact with the organometallic
complex.

When the same reaction between [Ni(cod),], benzalde-
hyde-N-furfurylideneimine, and CO, was carried out in THF,
cyclic hexamer 1b was formed. Depending on the reaction
conditions, compound 1b crystallized with either four or six
molecules of THF which may be partly removed in vacuo. The
X-ray crystallography of single crystals grown from THF
shows that the product has essentially the same macrocyclic
structure as la; the diameter of the cavity of the one THF
molecule including macrocycle 1b was found to be a bit
smaller (9.250(1) A) than that in 1a. In contrast to the dioxane
containing molecule 1a, the THF encapsulated in the cyclo-
hexamer 1b creates an asymmetric situation in the cavity of
the crystal. It was therefore not possible to determine the
exact position of this THF molecule in the cavity by crystal
structure analysis.

Both 1a and 1b show an interesting thermochromic effect.
The orange red color of 1a and 1b in the solid state at room
temperature turns to yellow green at —90°C. This process is
reversible. According to the X-ray crystallography, there is no
significant difference in the structures of the 24-membered
organometallic ring at both temperatures. Therefore we
assume that this change of the color may depend on the
rotation of the solvent molecules in the inner part of the
cavities of 1a, and 1b which may be frozen at —90°C.

The complexes (1a and 1b) are also poorly soluble in both
THF and dioxane. In benzene, a fast re-organization of 1a and
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1b to form the dimer 2 takes place (see Scheme 1).
Furthermore, both complexes dissociate into monomers by
reaction with donor solvents and tend to eliminate CO,. NMR
measurements to determine the structure of both 1a and 1b in
THF or dioxane thus failed. However, the solid state *C NMR
spectrum of 1b could be recorded. If all signals of the
monomeric unit in 1b (without signals for crystallizing THF)
would be different from each other, one would expect 21
13C NMR signals with only three of them occuring below ¢ =
100. In the solid state *C NMR spectrum of 1b, 19 signals
appear confirming that only one isomer crystallizes. Apart
from the resonances of the olefinic and aromatic *C signals
(between 0 =105.9 and 151.7), three resonances appear at d =
54.57 (Ni—C), 42.23, and 39.71 (CH, of the furfuryl groups).
As demonstrated by the X ray investigation, 1b contains two
different types of THF (either in the cavity of the macrocycle
or in peripheral positions). Consequently, a double signal set
for the *C atoms of THF at 6 =72.12/28.81 and 66.49/24.72,
respectively, was observed in the solid state C NMR
spectrum.

When a THF suspension of 1b was allowed to stand at
ambient temperature in the presence of Me;P, the complex
[(MesP)Ni(-CH(R")-N(R?)-COO-)]4(solv), (1¢) was formed
over a period of 2—4d as indicated by the generation of a
yellow solution. Complex 1¢ was isolated in about 40 % yield.
An X-ray crystallographic study showed that 1¢ also crystal-
lizes with four molecules of THF and contains a very similar
macrocyclic organometallic ring system as found for 1b. The
only difference is that Me;P is bonded in peripheral positions
instead of the monodendately coordinated Schiff bases in 1a
(Figure 1a). The diameter of the cavity which contains one
THF molecule was found to be 9.263(1) A, similar to organo-
metallic macrocycle 1b. Other selected bond lengths and
angles are listed in the legend of Figure 2.

Synthesis and solid-state structure of the dimer 2: Whereas 1b
is only slightly soluble in THF, it can be readily dissolved in
benzene to form an orange solution. Surprisingly, the orange
dimeric compound 2 crystallizes in good yields (70 % ) at room
temperature after a few hours from this solution (Scheme 1).
Compound 2 was also obtained in an excellent yield (89 % ) by
reaction of [Ni(cod),] with ligand A and CO, in benzene. The
compound cocrystallizes with two benzene molecules both of
which have no contact with the transition metal centers.
Scheme 1 shows the molecular composition of the dimer 2,
and Figure 3 displays the crystal structure of the compound.
Relevant bond lengths and angles are listed in the legend. The

R! R?
AN
CH C—N
n O/ \CH——R‘
benzene Rz/N\ 7N/
Macrocycle 1b <——> Ni Ni ,
THF R’——Cﬁ No” “n—R
L
N‘
/ No
R? R
2

Scheme 1. Reversibility of the isomerization reaction and constitution of
the dimer 2. R!: phenyl, R?: furfurylidene.
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Figure 3. Molecular structure of complex 2. Selected bond lengths [A] and
bond angles [°]: Ni-O3 1.864(2), Ni—“O3A 1.983(2), Ni-N1 1.890(2),
Ni—C13 1.924(2), N2—C13 1.474(3), N2—C14 1.452(3), N2—C25 1.363(3),
C25—-03 1.332(3), C25—-04 1.228(3), N1—-C1 1.289(3), N1—C2 1.495(3), N1-
Ni-O3A 101.97(8), N1-Ni-O3 178.66(8), N1-Ni-C13 93.62(9), O3A-Ni-O3
78.25(8), O3A-Ni-C13 164.34(9), O3-Ni-C13 86.12(9), Ni-O3-NiA
101.74(8), Ni-C13-N2 105.1(2), CI13-N2-C25 119.7(2), N2-C25-O3
111.7(2), C25-O3-Ni 116.8(2), C25-O3-NiA 140.9(2), 03-C25-O4
123.9(2), C1-N1-C2 119.2(2); Ni—Ni (neighboring) 2.985(1); symmetry
transformations used to generated equivalent atoms (A): —x+1, —y+2,
—z+1

most interesting feature in this structure is that 2 consists of
the same monomeric units as found in 1a—1c¢. However, the
coordination mode of the carboxylato groups is different.

In complex 2, two monomeric units are linked by two Ni-O-
Ni bonds thus yielding a dinuclear complex which contains a
four-membered Ni,O, ring. In contrast to this, Ni-u,-OCO-Ni
bridges are exclusively formed in compounds 1a—-1¢ which
leads to macrocyclic hexameric structures. Consequently, the
Ni..-Ni separation in 2 (2.985(1) A) is much shorter than in
the cyclic hexamers 1a—1e¢. This difference in the coordina-
tion mode of the carbamato ligands also explains the shift in
the CO valence frequencies observed (for example from
1582 cm™" in 1b to 1663 cm™' in 2).

Complex 2 was found to be stable in air for a short time. An
orange solution is obtained, when dissolving the complex in
THE, from which the cyclohexameric complex 1b crystallizes
after several hours in a good yield. This solvent-dependent
reversible isomerization of 1b to give 2 indicates, that there is
only a small energy difference between the two coordination
modes of the carbamato groups in 1b, and 2, respectively.

Why the cyclic compound 1b is formed in THF whereas the
formation of the dimer 2 is favored in benzene cannot be
easily understood. However, it seems likely that the first step
towards the formation of 1a, 1b, or 2 is the oxidative coupling
of CO, with the Schiff base A at a low-valent Ni center
[Ni°(A)] to result in a monomeric species. This monomer may
then react in different solvent-dependent aggregation reac-
tions yielding either the cyclic hexamers 1a (in THF), and 1b
(in 1,4-dioxane), or the dimer 2 (in benzene).

Additional evidence for a monomeric unit as the key
intermediate for the formation of the isomers 1b and 2 comes
from the following reaction: When the dimeric compound 2

Chem. Eur. J. 2001, 7, No. 23
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was reacted with an excess of Me;P in THF, the Ni,O, ring was
cleaved which resulted in the monomeric complex [(Me;P)-
(A)Ni(-CH(R')-N(R?)-COO-)] (3) in which one Me;P ligand
stabilizes the monomeric unit (Scheme 2). Figure 4 shows the
molecular structure of 3 and contains a list of selected bond
lengths and angles.

R1
Me3zP (\3H
+MesP \ e \N——Rz - MesP
Dimer 2 ——> 2 R2 Ni / —
- Me3P ~Nn~ \ d (in THF)
(in benzene) ” o— N
CH °©
\
R1

Scheme 2. Formation of the monomer 3 and solvent-dependent aggrega-
tion reactions upon elimination of Me;P. R!: phenyl, R?: furfurylidene.

Figure 4. Molecular structure of complex 3. Selected bond lengths [A] and
bond angles [°]: Ni—P 2.178(1), Ni—O1 1.886(4), Ni-N2 1.964(4), Ni—C2
1.953(5), O1—C1 1.317(7), O2—C1 1.238(7), N1-C1 1.369(7), N1-C2
1.476(6), N1—C9 1.454(7), N2—C14 1.483(7), N2—C15 1.296(7), P-Ni-N2
95.5(1), P-Ni-O1 176.4(1), P-Ni-C2 93.2(1), N2-Ni-O1 85.9(2), N2-Ni-C2
170.9(2), O1-Ni-C2 85.2(2), Ni-O1-C1 115.1(3), O1-C1-N1 113.3(5), O1-
C1-02 124.1(5), O2-C1-N1 122.6(5), C1-N1-C2 118.6(4), N1-C2-Ni
103.7(3), C14-N2-C15 115.3(4).

Upon solvation in THF, the monomer 3 eliminated
trimethylphosphine when CO, was bubbled through the
solution; this results in the formation of the cyclohexamer
1b by aggregation of the monomeric unsaturated units. In
benzene, however, the dimer 2 is formed from monomer 3
when Me;P was eliminated in vacuo. Scheme 2 illustrates
these reactions.

A monomerization of 1 or 2 can also easily be achieved
when 1 or 2 are reacted with the chelating 2,2'-bipyridine
(bpy), or N,NN,N",N'-pentamethyldiethylenetriamine
(ptmeda) ligands. Under these conditions, the monodentately
coordinated Schiff bases were displaced and the bridging
carboxylato groups were cleaved which resulted in the
monomeric metallacyclic products 4 and 5, respectively.
These monomeric complexes can also be prepared from
ligand A, CO,, Ni’ and bpy or ptmeda analogous to the
formation of other oxidative coupling products.?*??l Scheme 3
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Me /Me R’
\N\ OO
ib + 6ptmeda ——> 6 Ni /N__R
N~ \o/C
JaRa
Me\N
\
Me 5

Scheme 3. Formation of complex 5. ptmeda: N,N,N',N",N"-pentamethyl-
diethylenetriamine, R!' = phenyl, R? = furfurylidene.

illustrates the formation reactions and shows the constitution
for 5.

The solid state structure of compound 5 determinated by
X-ray crystallography demonstrates that ptmeda (a neutral
N-N-N ligand) only acts as a bidentate ligand (Figure 5). The
nickel(i) center is approximately square-planar and the
carbamato group is monodentately coordinated. Additional
bond lengths and angles are listed in the legend. Since these
values lie within the range expected for such compounds they
do not need further comments.

Figure 5. Molecular structure of complex 5. Selected bond lengths [A] and
bond angles [°]: Ni—C1 1.941(3), Ni—O2 1.852(2), Ni—N2 1.966(2), Ni—N3
2.039(2), NI-C1 1.471(3), N1-C2 1.461(3), N1-C13 1.376(4), C13-02
1.310(3), C13—03 1.240(3), C1-Ni-O2 85.7(1), C1-Ni-N2 98.7(1), C1-Ni-N3
173.8(1), N2-Ni-N3 87.4(1), N2-Ni-O2 175.53(9), N3-Ni-O2 88.11(9), Ni-
02-C13 116.7(2), 02-C13-03 124.1(3), O2-C13-N1 113.1(2), O3-C13-N1
122.8(3), C13-N1-C1 117.3(2), N1-C1-Ni 104.4(2).

Reversible CO, fixation and the structure of complex 6: In
THEF or benzene, complex 1b undergoes an interesting partial
elimination reaction of both CO, and Schiff base either in
vacuo or at temperatures above 20 °C. Under these conditions,
the organometallic tetramer 6 is formed which crystallizes
from the THF solution as deep red crystals. The IR spectra
show that the C=N band is shifted to higher values as
compared with 1a/1b (1648 cm~') whereas the CO band is
unaffected (¥oo=1582 cm™).

The X-ray diffraction analysis of single crystals of 6 yielded
a tetrameric structure in which all four Ni centers show an
approximately square-planar geometry (Figure 6). Relevant
bond lengths and angles are also listed in the legend.

Complex 6 is very symmetrical and consists of a central
dimeric unit and two peripheral monomeric units. Both
peripheral metal centers are surrounded by two Schiff base
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Figure 6. Molecular structure of complex 6. Selected bond lengths [A] and
bond angles [°]: Nil-N1 1.908(6), Nil—C14 1.899(7), Nil-N2 1.917(6),
Nil—-O5A 1.957(5), Ni2—N2 1.879(5), Ni2—C26 1.924(7), Ni2—0O4 1.861(4),
Ni2—O4A 1.996(5), N1-C1 1.477(10), N1-C2 1.219(9), N2—C14 1.392(9),
N2—C13 1.504(9), N2—C37 1.336(10), N3—C25 1.444(10), N3—C26 1.502(9),
N3—C37 1.336(10), O4—C37 1.331(9), O5—C37 1.242(8), N1-Nil-C14
107.0(3), N1-Nil-N2 149.8(3), N1-Nil-O5A 99.3(2), C14-Nil-N2 42.8(3),
C14-Nil-O5A 152.4(3), N2-Nil-O5A 110.7(2), C26-Ni2-O4 86.6(3), C26-
Ni2-O4A 163.0(2), C26-Ni2-N2 99.1(3), O4-Ni2-O4A 77.3(2), O4-Ni2-N2
171.7(2), O4A-Ni2-N2 97.5(2), Ni2-O4-Ni2A 102.7(2), C1-N1-C2 117.0(7),
Nil-C14-N2 69.3(4), C14-N2-Nil 67.9(4), Ni2-C26-N3 104.3(4), C26-N3-
C37 119.1(6), N3-C37-O4 113.5(6), N3-C37-O5 123.2(8), C37-O5-NilA
120.2(5), C37-O4-Ni2A 141.3(4), Nil—Ni2 3.155(1) Ni2—Ni2A 3.013(1).
Symmetry transformations used to generated equivalent atoms (A): —x+1,
—y+1, —z.

ligands which have different coordination patterns (Figure 7).
One Schiff base acts as a monodentate ligand and coordinates
via the free electron pair on nitrogen as seen in 1 and 2. The
other Schiff base coordinates in an olefine-like coordination.
In addition, the nitrogen forms a Ni-N-Ni bridge to the
neighboring Ni' atom of the inner unit. The bond lengths of
the C—N bonds of the side on coordinating Schiff bases
(1.392(9) A) are those of single bonds.

/IL\ )QN/RQ R
CH \ \®)\N/R2
R’ o /TN
-0 o=

Figure 7. Different coordination patterns of Schiff base ligand A in
complex 6. R! = phenyl, R? = furfurylidene.

The environment of both inner Ni!! centers is very similar to
that of the dimer 2 (Figure 2). The only remarkable difference
is that the nickel-azirane ring of the peripheric fragment acts
as an additional ligand in 6 instead of the monodentate Schiff
base in complex 2. As expected for this arrangement the Ni ---
Ni separations (Nil—Ni2 3.155(1) A, Ni2—Ni2A 3.013(1) A)
are significantly shorter than in the macrocycles 1a—1c.
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It is noteworthy that the conversion reaction 1b to form 6 is
a reversible reaction:

2 x complex 1b = 3 x complex 6 + 6 CO, + 6 R'-CH=N-R? 1)
(R!: phenyl, R?: furfurylidene)

Dissolving the isolated tetramer 6 in THF in the presence of
the Schiff base A and an excess of carbon dioxide results again
in the formation of the hexameric compound 1b which
crystallizes from the solution. In other words, the macrocyclic
complex 1b acts as a reversible CO, carrier eliminating
carbon dioxide/Schiff base A under mild conditions to form
the tetramer 6 which is able to uptake CO, from a CO,
atmosphere when additional Schiff base A is present.

The formation of the tetrameric compound 6 may start by
CO, elimination from the cyclic metalla-carbamate 1b yield-
ing a nickel-azirane ring. The nitrogen atom of this ring acts as
bridging ligand connecting the nickel-azirane ring with a
cyclic nickel carbamate unit. Subsequent re-organization of
these fragments resulting in the elimination of Schiff base and
the formation of the tetramer 6 is a complex process which is
as yet not well understood. During the formation of 6 the
carbamato groups change their coordination mode from
bidentate bridging ligands to tridentate ligands connecting
three Ni centers.

The molecular structure of 6 may well provide deeper
insight into the formation processes of the complexes 1 and 2.
It is likely that the Schiff base ligands in the tetramer 6, having
two different coordination modes may have different func-
tions: Whereas the monodentately coordinated Schiff bases
could possibly tune the CO, reactivity of the metal centers, the
side-on bonded Schiff bases may act as a substrate for CO, as
part of a metalla-azirane ring.

Conclusion

The formation of the large organometallic rings 1a and 1b
from CO,, Ni°, and benzaldehyde-N-furfurylideneimine is a
remarkable reaction which demonstrates the potential of
organometallic basic reactions for self-assembling processes
of large organometallic rings. Complex 1¢, the product of the
reaction between 1b and Me;P, contains the same 24-
membered ring as 1a, and 1b. The solvent-dependent isomer-
ization of the complex 1b to form 2, and the CO, elimination
from 1a,1b, or 2 coupled with the elimination of benzalde-
hyde-N-furfurylideneimine ligands to form complex 6, dem-
onstrate that the carbamato complexes are higly flexible
systems. These reactions are reversible. In addition, the X-ray
structure of 6 is of general importance, because it provides
deeper insight into the function of reversible CO, carriers
based on Schiff bases RI-CH=N-R? which reversibly uptake
CO,; that is provided that the Schiff bases are bonded to low-
valent nickel in an olefine-like fashion. Furthermore, it is
surprising that in all reactions studied here, the Ni—C bonds
remained intact whereas the Ni—P, Ni—N and Ni—O bonds can
be cleaved easily.

Moreover, the high flexibility of the coordination mode of
the carbamate groups, which act as monodentate ligands in 3,
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4, and 5, as bidentate Ni-u,-OCO-Ni bridges in 1a—1¢, as
bidentate Ni-u,-O-Ni bridging ligands in 2, and as tridentate
ligands connecting three Ni centers in 6, is remarkable with
respect to the function of such groups in enzymes containing
carbamato ligands.

In this context, it is noteworthy that the coordination mode
of the carboxylato groups in 1a—1c¢ is essentially the same as
in the enzyme urease which contains a Ni, unit.['> 2!

Experimental Section

General methods: All reactions were carried out under an argon
atmosphere using a standard Schlenk technique. Solvents were dried using
standard methods. THF was distilled from sodium/benzophenone imme-
diately prior to use.

NMR spectra were obtained on a Bruker AC 200 MHz spectrometer and
all spectra were referenced to TMS or deuterated solvent as an internal
standard. The solid state NMR spectrum was obtained on a Bruker AMX
400 (100.6 MHz) spectrometer. FAB mass spectra were obtained on a
Finnigan MAT SSQ 710 equipment (2,4-dimethoxybenzylalcohol as
matrix). IR measurements were carried out on a Perkin Elmer System
2000 FT-IR.

Materials: Furfurylidene amine and benzaldehyde were distilled, kept, and
handled under argon; benzaldehyde-N-furfurylideneimine was prepared
from benzaldehyde and furfurylidenamine in toluene analogously to
literature procedures.?* > Pure CO, (4.8) from Linde AG are used without
additional purification.

Compound 1a: Benzaldehyde-N-furfurylideneimine (0.88 g, 4.76 mmol)
was added to a stirred solution of [Ni(cod),] (0.655 g,2.38 mmol) in dioxane
(25 mL) at room temperature. Subsequently the dark purple solution was
treated with CO, at 20°C for 2 h and the solution was stirred for additional
2 h. Pentane (25 mL) was added to the brown reaction mixture and cooled
down to —20°C. After 24 h, 1a containing four dioxane molecules per
macrocycle was obtained as orange-brown crystals. Single crystals of 1a,
also containing four dioxane molecules were grown from a dioxane/diethyl
ether mixture (1:1). Yield: 1.0 g (80 %) for [1a-(1,4-dioxane),]; elemental
analysis caled (%) for CyH;4,N,NigO3, (3191.4): C62.47, H5.38, N 5.27, Ni
11.04; found C 62.48, H 5.08, N 5.14, Ni 10.96; IR (nujol): 7= 1582 (C=0),
1596 (C=C), 1633 (C=N) cm~!; GC: 3.88 equiv, C;H;O,/Ni, unit.

Compound 1b: Benzaldehyde-N-furfurylideneimine (0.88 g, 4.76 mmol)
was added at room temperature to a stirred solution of [Ni(cod),] (0.655 g,
2.38 mmol) in THF (25 mL). After formation of a dark purple solution CO,
was bubbled into the solution at —20°C for 2 h yielding an orange-brown
solution. Then the reaction mixture was allowed to warm to room
temperature and stirred for 2 h at this temperature. Upon addition of
diethyl ether (25 mL) the mixture was cooled to —20°C. Compound 1b,
which crystallized with four THF molecules, was obtained as orange-brown
crystals suitable for X-ray analysis. Yield: 0.65 g (58 %) for [1b-(THF),];
elemental analysis calcd (%) for C,sH;N1,NigOos (3127.48): C 63.75, H
5.28, N 5.34, Ni 11.32; found C 64.08, H 5.09, N 5.19, Ni 11.25; 3C NMR
(solid state, 100.6 MHz, 298 K): 0 =24.7, 28.8 (CH,, THF), 39.7, 42.2, (N-
CH,), 54.6 (Ni-C), 66.5, 72.1 (CH,, THF), 105.8, 111.4 (Cy.q), 123.2, 1271,
129.7, 131.5 (CH=CH), 140.3, 146.0 (Cyy,n), 150.5, 151.8 (=CH-O), 166.9
(C=N), 168.6 (C=0); IR (nujol): 7=1582 (C=0), 1633 (C=N)cm™;
MS(FAB): m/z: 473 [M/6]*; GC: 4.3 equiv, THF/hexameric unit. The yield
of 1b can be improved to 90% by using [Ni(cdt)] instead of [Ni(cod),].

Compound 1b (starting from 2): A solution of 2 (2.35 g, 2.49 mmol) in THF
(20 mL) was saturated with CO,. The reaction mixture was stirred for 2 h,
and to the resulting orange-brown solution diethyl ether (20 mL)was
added. [1b - (THF),] was isolated at — 20 °C as orange-brown single crystals
suitable for X-ray analysis. Yield: 2.95 g (75%).

Compound 1c: A suspension of [1b-(THF),] (1.84 g, 0.59 mmol) in THF
(40 mL) was saturated with CO, at —40°C. The reaction mixture was
stirred for 30 min. After adding trimethylphosphine (370 pL) at —30°C
through a syringe the color of the mixture changed from orange-brown to
yellow. After 6 h a yellow solution was formed. Diethyl ether (40 mL) was
added, and 1c¢ was isolated at —20°C after 2-4d as a light yellow
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crystalline substance, crystallizing with four molecules of THF. Single
crystals also containing four molecules THF/hexameric unit were grown
from THF. Yield: 583 mg (40 % ) for [1¢- (THF),]; elemental analysis calcd
(%) for C;;,H;5,NgNigO,P (2472.59): C 54.41, H 6.20, N 3.40, P 7.52, Ni
14.25; found C 54.70, H 6.17, N 3.21, P 7.44, Ni 14.23; IR (nujol): 7=1568
(C=0), 1592 (C=C) cm™!, MS(FAB): m/z: 364 [M/6]"; GC: ty =3.5 min,
THEF/Ni4 unit.

Compound 2: Benzaldehyde-N-furfurylideneimine (1.65 g, 8.90 mmol) was
added under stirring at room temperature to a benzene solution (25 mL) of
[Ni(cod),] (1.22 g, 4.45 mmol). The mixture was treated with CO, at 20°C,
and orange-brown crystals of 2 containing two benzene/dimeric unit were
separated from the orange solution after stirring for 2 h. Single crystals of
the same composition suited for X-ray crystallograpy were obtained by
slow crystallization from dilute benzene solution. Yield: 1.87 g (89 %) for
[2- (benzene),]; elemental analysis calcd (% ) for Cg,HssN,Ni,Og (1102.52):
C67.54,H5.12,N 5.08, Ni 10.65; found C 67.04, H 5.26, N 5.16, Ni 10.44; IR
(nujol): 7=1579, 1596 (C=C), 1633 (C=N), 1663 (C=0) cm~'; MS(FAB):
mlz: 473 [M/2]*; GC: tg = 0.9 min, CsHy/Ni unit.

Compound 3: A suspension of 2 (1.26 g 1.33 mmol) in THF (20 mL) was
saturated with CO,. The reaction mixture was stirred for 30 min. After
adding trimethylphosphine (300 pL) at —30°C through a syringe the color
of the mixture changed from the orange-brown of the suspension to a
yellow solution. After adding of diethyl ether (20 mL) 3 was isolated at
—20°C after 2—4 d as light yellow solvent free crystals. Single crystals of 3
containing two molecules of THF were grown from dilute THF solutions
containing a small amount of diethyl ether. Yield: 322mg (22%);
elemental analysis calcd (%) for C,H;N,NiO,P (549.25): C 61.23, H
5.69,N 5.10, P 5.64,Ni 10.69; found C 61.00, H 5.72, N 4.92, P 5.50, Ni 10.77;
IR (nujol): 7=1582 (C=0), 1598 (C=C), 1616 (C=N)cm™'; 'H NMR
(298 K, 200 MHz, [Dg]THF): 6 =1.16 (s, 9H, CHj;), 3.59 (s, 1H, CH-Ni),
4.73 (s, 4H, -CH,), 6.23-7.76 (m, 16H, CH,,p,), 8.35 (s, 1H, =CH); 3'P
NMR (298 K, 200 MHz, [Dg]THF): 6 = —9.34; MS(FAB): m/z: 549 [M]*,
364 [M — C,H;,NOJ*.

Compound 4: A suspension of the macrocycle 1b (473 mg, 0.15 mmol) in
THF (20 mL) was treated with 2,2’-bipyridine (172 mg, 1.1 mmol) dissolved
in THF (10 mL) under stirring at room temperature. After 6 h the reaction
mixture was filtered, washed with diethyl ether and dried in vacuo to give
complex 4. Yield: 348 mg (87%); elemental analysis caled (%) for
C,3HyN3NiO; (444.1): C 62.20, H 4.31, N 9.46, Ni 13.22; found C 61.84,
H 4.55, N 9.37, Ni 13.17; IR (Nujol): #=1603 (C=C), 1636 (C=0) cm;
MS(FAB): m/z: 445 [M+H]*, 401 [M+H — CO,]*.

Compound 5: The complex was prepared analogously to 4 using ptmeda
instead of bpy. Compound 5 crystallized with THF (0.5 mol). Yield: 407 mg
(82%) for [5+(THF),s]; elemental analysis calcd (%) for C,,H;N,NiO;
(497.29): Ni 11.81; found Ni 11.77; IR (nujol): 7 =1578, 1590 (C=C), 1618
(C=0) cm. Single crystals of the solvent free complex 5 suitable for an
X-ray structural analysis were grown from dilute THF solutions at —20°C.

Complex 6: A mixture of 2 (2.35 g2.49 mmol) and THF (25 mL) was stirred
for 2 h, followed by evaporation of 5 mL of the solvent in vacuo. The
reaction mixture was filtered over celite and diethyl ether (20 mL) was
added to the resulting red solution. Compound 6 was obtained from the
mixture at —20°C as dark-red crystals suitable for X-ray analysis. Yield:
303 mg (34 %); elemental analysis caled (% ) for C,JHNgNi,O,, (1434.17):
C61.98, H4.64,N 5.86, Ni 16.37; found C 61.52, H4.36, N 5.46, Ni 16.31; IR
(Nujol): 7=1573 (C=C), 1583 (C=0), 1648 (C=N) cm.

X-ray crystallography: The intensity data for the compounds were collected
with a Nonius KappaCCD diffractometer, using graphite-monochromated
Moy, radiation. Data were corrected for Lorentz and polarization effects,
but not for absorption.? 2" The structures were solved by direct methods
(SHELXS)? and refined by full-matrix least squares techniques against F2
(SHELXL-97).%l For the compounds 1a (not for the dioxane molecules on
the special positions) and 2 the hydrogen atoms were located by difference
Fourier synthesis and refined isotropically. The hydrogen atoms of the
other structures were included at calculated positions with fixed thermal
parameters. All non-hydrogen atoms were refined anisotropically.**! Only
one of the four THF molecules of 1¢ could be located and refined. The
other three THF molecules are disordered and daubed by the high
symmetry (located arounded special positions of P3). The disorder could
not be resolved. The presence of the THF molecules follows from the
CH,N analysis, from GC investigations, from the maxima of difference-
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Fourier-synthesis and the analogy to 1a and 1b. The R value could not be
enhanced. XP (SIEMENS Analytical X-ray Instruments, Inc.) was used for
structure representations.

Crystal data for 1a:*% C 5,H,;,N,NigO,, x 4 C,H;O,; M,=3191.4 gmol;
orange-brown prism; size: 0.22 x 0.20 x 0.12 mm?, trigonalic; space group:
P3; a=b=18.0359(4), c =13.4557(4) A; V=3790.64(16) A3; T=—-90°C;
Z=1; Peyea=1405gcm™3; u(Mog,)=8.11cm™'; F(000)=1672; 10705
reflections in & (—23/23), k (—19/19), [ (—17/17); measured in the range
3.02° < ©<2749°; completeness O, =99.7%; 5809 independent reflec-
tions; R;,,=0.038; 4262 reflections with F,>40(F,); 416 parameters; 0
restraints; R1,,=0.048; wR?,,=0.086; R1,,=0.081; wR?;=0.096;
GOF = 1.005; largest difference peak and hole: 0.326/ —0.322 ¢ A3,

Crystal data for 1b:P% C,50H;3,N,Ni;O,, x 4 C,;H;O; M,=3127.35 gmol;
orange prism; size: 0.32 x 0.30 x 0.28 mm?, hexagonal; space group P3cl;
a=b=17.8840(2), ¢ =26.9207(4) A; V=7456.7(2) A%; T=—-90°C; Z=2;
Peaed = 1.361 gem=3; u(Moy,,) = 8.18 cm™!; F(000) =3192; 18509 reflections
in & (—16/19), k (—19/0), I (—29/29); measured in the range 3.03° <O <
23.27°; completeness O, =95.6%; 3570 independent reflections; R;, =
0.055; 3341 reflections with F,>40(F,); 328 parameters; 0 restraints;
R1,,,=0.036, wR?,,=0.100; R1,,=0.054; wR?;=0.116; GOF =1.030;
largest difference peak and hole: 0.286/ — 0.559 e A3

Crystal data for 1¢:3% CygH,,)NgNigO 5Py x 4 C;HgO; M, =2472.59 gmol;
yellow brown prism; size 0.24 x 0.10 x 0.08 mm?, trigonalic; space group
P3; a=b=272930(5), c=13.7981(3) A; V=8901.3(3) A3, T=-90°C;
Z=3; Peca=1.303 gecm~3; u(Mog,)=10.76 cm~!; F(000) =3660; 23636
reflections in & (—35/35), k (—30/29), I (—17/17), measured in the range
2.72° < © <2747°; completeness O, =99.7 %; 13563 independent reflec-
tions; Ry, =0.081; 8220 reflections with F,>40(F,); 677 parameters; 0
restraints; Rlg,,,=0.119; wR?,,=0.186; R1,=0.199; wR?,=0.215;
GOF = 1.108; largest difference peak and hole: 1.505/ — 0.805 ¢ A-3.

Crystal data for 2:P% CsyH,,N,Ni,Og x 2 CgHg; M, = 1102.52 gmol~'; brown
prism; size: 0.35x0.30 x 0.10 mm?, triclinic; space group Pl; a=
10.2749(2), b =12.3478(4), ¢ =13.2530(4) A; a =96.444(1), f =112.226(2),
y=111.998(2)°; V=1378.59(7) A3; T=—90°C; Z=1; Peyea = 1.328 gcm3;
u(Mog,) =742 cm™'; F(000)=576; 14703 reflections in h (—11/11), k
(—13/12), I (— 14/13), measured in the range 2.14° < © <23.27°; complete-
ness O,,,, =98.7%, 3756 independent reflections; R;, = 0.034; 3620 reflec-
tions with F, > 40(F,); 455 parameters; O restraints; R1,,,=0.032; wR?, =
0.093; R1,,=0.046; wR?,,=0.145; GOF =1.007; largest difference peak
and hole: 0.329/ — 0.342 e A3,

Crystal data for 3:P% C,gHyN, NiOP x 2C,H;O; M,=693.44 gmol';
orange-brown prism; size: 0.32 x 0.28 x 0.22 mm?, triclinic; space group
P1; a=88146(5), b=10.7291(6), ¢=19.726(1) A; a=101737(3), f=
92.430(3), y=98.376(4)°; V=1802.0(1) A3, T=—-90°C; Z=2; Peyea=
1.278 gem™3; u(Mog,) =6.28 cm™'; F(000) =736; 15179 reflections in A
(= 11/11), k (—13/13), 1 (—25/25), measured in the range 3.18° < © <27.49°;
completeness O,,,, =93 %; 7708 independent reflections; R, = 0.099; 6006
reflections with F,>40(F,); 390 parameters; O restraints; Rl,,=0.111;
wR?,,,=0.283; R1,,=0.132; wR?,,=0.300; GOF =1.120; largest differ-
ence peak and hole: 2.096/ — 1.144 e A3,

Crystal data for 5:5% C,,H3N,NiO5; M,=461.24 gmol~'; light yellow prism;
size: 0.28 x 0.20 x 0.18 mm?, monoclinic; space group P2,/c; a=9.5129(5),
b=15.7389(9), c¢=15.2940(6) A; B=92.744(3)°; V=22872(2) A%; T=
—90°C; Z=4; peea=1.339 gem3; u(Mog,) =8.78 cm~!; F(000) =984;
9346 reflections in & (—12/12), k (—20/20), I (—19/19), measured in the
range 3.50° < @ <2749°; completeness O,,,,=99.6%; 5222 independent
reflections; Ry, = 0.061; 3452 reflections with F, > 40(F,); 271 parameters;
0 restraints; Rlg,,=0.049; wR?,,=0.099; R1,,=0.095; wR?,=0.115;
GOF =0.986; largest difference peak and hole: 0.352/ —0.478 ¢ A3,

Crystal data for 6:P C,,HNgNi,O,y; M,=1434.17 gmol~!; black prism;
size: 0.14 x 0.14 x 0.07 mm?, monoclinic; space group P2,/n; a=13.103(2),
b=12.965(2), ¢=19.825(4) A; B=104.17(2)°; V=3265.4(10) A3; T=
—90°C; Z=2; Peaiea= 1.459 gecm=3; u(Mog,) =12.01 ecm~'; F(000) = 1488;
7981 reflections in & (— 14/14), k (— 14/0), [ (— 22/22), measured in the range
3.19° < ©<23.37°; completeness O,,,, =98.9%; 4603 independent reflec-
tions; Ry, =0.1022; 4603 reflections with F,>40(F,); 425 parameters; 0
restraints; Rl,,=0.073; wR?,,=0.174; R1,=0.118; wR?,=0.213;
GOF =0.973; largest difference peak and hole: 0.982/ — 0.654 ¢ A=3.
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