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ABSTRACT: Reaction of the quintuply bonded chromium(I) dimer [ApCrCrAp] (Ap = sterically demanding 2-
aminopyridinate) with pyrazine yields a chromium(II) complex with a 77*:#* face-on coordinated pyrazine dianion. Reaction
with 4,4'-bipyridine, on the other hand, completely cleaves the metal—metal bond, leading to a chromium(II)-based molecular
square. XRD and magnetic measurements show ligand radical anions and a ferrimagnetic alignment of alternating metal and
ligand magnetic moments. Controlled polymerization of the molecular square with pyrazine yields a porous coordination

polymer featuring both reduced and nonreduced linkers.

B INTRODUCTION

High bond orders have been a fascinating topic to scientists in
general and chemists in particular for a long time.' Stable
compounds featuring formal quintuple bonds were first
presented in 2005 when Power and co-workers reported on
the synthesis and structure of Ar'CrCrAr’ (Ar’ = 2,6-Dip-C¢H,,
Dip = 2,6-diisopropylphenyl).” Since then, chromium—
chromium® and molybdenum—molybdenum quintuple bonds*
are being intensively studied in order to integrate them into
existing chemical bonding concepts. Very recently, an example
of a heterobimetallic CrMn complex with a quintuple bond has
also been reported.” In the hunt for compounds with metal—
metal distances as short as possible, diazaligands of the
amidinate-, aminopyridinate- (Ap), and guanidinate-type
proved to be particularly useful.® In addition to theoretical
investigations’ reactivity studies were utilized to gain insight
into the properties of this new class of compounds.””"!

A rather different topic of contemporary coordination
chemistry is concerned with self-assembled macrocyclic
oligonuclear complexes, the most important of which are
known as molecular squares.'> Selected examples are shown in
Scheme 1. Usually two cis-configured thermally or photo-
chemically labile ligands are employed for generating the
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necessary free coordination sites while the remaining ligand
sphere is chosen to be sufficiently unreactive under the
respective reaction conditions. The macrocycle is subsequently
formed under thermodynamic control. Notably, different cyclic
or polymeric species can be found in equilibrium with the
tetranuclear complex. Another strategy was presented by Hahn
and co-workers during studies on biscarbene linkers'®'” in that
it is also possible to prepare the molecular square in two steps
by using two different linkers or by modifying ligands within
the metal’s coordination sphere. The generation of coordina-
tively unsaturated, metal-centered building blocks can also be
achieved by redox reactions of early transition metals in low
oxidation states. Starting from a synthetic equivalent of
titanocene, [Cp,Ti{n*-C,(SiMe;),}], Beckhaus and co-workers
were able to obtain molecular squares with the classical linkers
pyrazine and 4,4'-bipyridine (4,4'-bipy).">'® In contrast to the
majority of macrocycles featuring these bridging ligands, the N-
heterocycles were found to be in reduced states in these
complexes. As molecular squares are (at least in some
instances) readily soluble compounds that still show a latent
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Scheme 1. Selected Exam tI,)les for Molecular Squares (Cp =
CsHg; Cp* = C;Me;) ™!
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reactivity, they are candidates for the tailored generation of
larger aggregates. Thus, a polymerization of molecular squares
was recently demonstrated by Otsubo, Kitagawa, and co-
workers by reacting a Pt-based square with iodine."

As quintuply bonded chromium(I) dimers are coordinatively
unsaturated, it seemed promising to react them with classical
diaza linkers like pyrazine or 4,4’-bipyridine. Up to a certain
N-N distance it should be possible to activate ligands at the
diatomic platform without completely disrupting the Cr—Cr
multiple bond. In the case of 4,4'-bipyridine, however, the
(hopefully selective) formation of linkages between the metal
centers seemed more likely. We report here on reactions of
aminopyridinato ligand stabilized Cr—Cr quintuple bonds with
pyrazine and 4,4'-bipyridine of which the latter leads to readily
soluble molecular squares. These can be interconnected in a
subsequent polymerization reaction, yielding porous coordina-
tion polymers (PCPs) in a controlled fashion.

B RESULTS AND DISCUSSION

The reaction of the Ap-stabilized chromium complex 1 (a
compound published by us already)” with pyrazine in THF/
hexane does not lead to a disruption of the metal—metal bond
but to the green addition product 2 featuring face-on
coordination of the heterocycle (Scheme 2, top). The X-ray
diffraction study (XRD) shows that the aminopyridinate ligands
are bent downward in comparison with 1; their dihedral angle
(NCrN) amounts to about 102° (Figure 1). This gives rise to
an empty upper hemisphere which is occupied by the pyrazine
ligand in #*#*coordination mode. The Cr—N bond lengths
toward the Ap ligands lie between 204 and 207 pm and are thus
in good agreement with the structurally related addition
products of 1 with P,,'® alkynes, and dienes.*® The metal—
metal distance amounts to about 192 pm which is significantly
larger than in the starting material (175 pm”®) as well as in the
above-mentioned cycloadducts (180—190 pm®*>'®). The
planarity of the pyrazine ring is significantly disturbed with
deviations of 1-9 pm from the optimal plane. The

Scheme 2. Synthesis of Complexes 2 (Top) and 3 (Bottom)
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Figure 1. Molecular structure of 2 (hydrogen atoms have been
omitted for clarity). Selected bond lengths (pm) and angles (deg):
Cr1—Cr2 191.62(6), Cr1-N1 206.3(2), Cr1—N3 203.9(2), Cr2—N2
204.6(2), Cr2—N4 206.5(2), Cr1—C1 208.4(3), Cr1—C2 243.7(3),
Cr1—N6 204.2(2), Crl—C4 246.3(3), Cr2—C2 245.2(3), Cr2—N$
204.4(2), Cr2—C3 209.2(3), Cr2—C4 244.6(3); N1-Cr1-N3
102.14(8), N2—Cr2—N4 103.29(8).

corresponding C and N atoms of pyrazine were differentiated
carefully, and the assignment can be justified by the similar size
of the thermal ellipsoids in the ORTEP plot (Figure 1). C—C
and C—N bond lengths fall in the range 138—141 pm, thus
being similar to those of the only other crystallographically
characterized metal complex with 7z-coordinated pyrazine,
bis(tetramethylpyrazine)vanadium (137—141 pm).”° The
mean CNC angle of 112.4° is smaller than the average NCC
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and CCN angles (125.3° and 120.8°). In combination with the
Cr—Cr bond length this points toward a chromium(II)
complex with a doubly reduced pyrazine ligand. As expected
the 'H and >C NMR spectra show a diamagnetic complex with
a single set of signals for the symmetry-equivalent Ap ligands
and highly shielded pyrazine signals (6 = 3.22 ppm, ¢ = 90.6
ppm), confirming the interpretation as dianionic N-heterocycle.
When 1 is reacted with 4,4’-bipyridine in THF, the molecular
square 3 is obtained as blue crystals (Scheme 2, bottom).
Cleaving of the metal—metal quintuple bond in contrast to the
reduction of the bond order and the maintaining of the
multiple bond has been previously observed for an aryl ligand
stabilized dichromium complex if treated with N,O and
adamantanyl azide.''® Further quintuple bond cleavage
reactions have been reported by Theopold and co-workers
as well as by Tsai and co-workers.'"® The tetranuclear complex
3 contains chromium atoms with square-pyramidal coordina-
tion (the sums of angles within the CrN, planes lie between
359.7° and 360.2°) and THF ligands in the apical positions
(Figure 2). The Cr—N bond lengths toward Ap ligands fall in

Figure 2. Molecular structure of 3 (hydrogen atoms, disordered
positions, and crystal solvent have been omitted for clarity). Selected
bond lengths (pm) and angles (deg): Cr1—N1 211.4(3), Cr1-N2
210.4(3), Cr1—N3 207.3(4), Cr1—N16 208.4(3), Cr2—NS 213.6(3),
Cr2—N6 208.0(4), Cr2—N4 207.6(4), Cr2—N7 207.7(3), Cr3—N9
210.9(3), Cr3—N10 209.8(4), Cr3—N8 206.8(4), Cr3—N11 206.8(4),
Cr4—N13 211.4(4), Cr4—N14 212.1(3), Cr4—N12 207.1(4), Cr4—
N15 207.6(4); N3—Cr1-N16 95.21(14), N4—Cr2—N7 92.72(14),
N8—Cr3—N11 94.92(14), N12—Cr4—N15 93.04(14).

the range 208—214 pm and are thus significantly longer than in
2, which can presumably be rationalized by the increased
coordination number. The Cr—N bond lengths toward 4,4'-
bipyridine amount to 207—208 pm, rendering them virtually
identical and short in comparison with values obtained for the
nonreduced 4,4-bipyridine ligand in 4 (231-237 pm, see
below). The reduced nature of the N-heterocycles in 3
becomes apparent by looking at their central C—C bond
lengths, which have a mean value of 142.2 pm and are thus
significantly shorter than in free 4,4'-bipy (148.42(19) and
148.95(18) pm, respectively) while being longer than those in
doubly reduced bis(trimethylsilyl)dihydro-4,4'-bipyridine

(138.1(3) pm).**® Similar central C—C distances were in fact
found in Ti-based supramolecular compounds (142—144
pm'®), pointing toward an analogous electronic situation,
i.e,, the combination of a singly reduced 4,4'-bipy radical anion
and chromium(II). According to this scenario, the torsion
between the pyridyl rings (2—1503 lies in the same range as in
the titanium-based complexes.'"® Attempts to confirm the
existence of 3 in solution (NMR, MS) failed. NMR data could
not be obtained due to the paramagnetism observed for 3. MS
(ESI) signals were attempted to be obtained at various
instruments but were unsuccessful.

Magnetic susceptibility measurements show that the
observed yy,T value of 13.3 cm® K mol™" at room temperature
increases nearly linearly down to 70 K (Figure 3). Below this
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Figure 3. y\ T vs T plot of 3 obtained from a SQUID measurement at
5000 Oe. The solid red line represents the calculated curve fit in the
range 295—90 K; the gray line represents the theoretical curve
progression for the used exchange model (see below).

temperature the yyT curve increases more rapidly, reaching a
maximum of 27.2 cm® K mol™ at 12 K. At even lower
temperatures yT drops, which may be due to the effects of
zero-field splitting and/or intermolecular antiferromagnetic
interactions. According to the molecular structure of 3, only
one unique exchange interaction pathway exists between
neighboring chromium(II) ions (S = 2) and radical ligands (S
= !/,) (Figure 4, left). If we assume that this exchange

Scr=2 g -1
4—»@4—»
J

—
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Figure 4. Coupling scheme for 3 in full (left) and simplified (right)

form.

interaction is ferromagnetic, a large spin ground state of Sy = 4-
2 + 4!/, = 10 should result. The expected yyT value is 55.0
cm® K mol™" at low temperatures, which is much higher than
the experimentally observed value. The alternative case, ie.,
antiferromagnetic interaction between chromium(II) ions and
radical ligands, leads to Sy = 42 — 4-'/, = 6 and a theoretical
amT value of 21.0 cm® K mol™, which is closer to the
experimental value. Since antiferromagnetic coupling between
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nonequivalent spin carriers (S =2 and S = '/, in this case) leads
to noncompensated magnetic moments that are ferromagneti-
cally coupled (i.e., ferrimagnetic alignment), and since an exact
model with eight spin carriers exceeds our present computa-
tional possibilities, for further preliminary analysis we assume
an effective spin state (S, = °/,) as the result of
antiferromagnetic coupling between a high-spin chromium(II)
ion (S¢, = 2) and a ligand radical (S, = '/,). Four such effective
spins are then coupled ferromagnetically (Figure 4, right). The
appropriate Heisenberg—Dirac—van Vleck (HDvV) spin
Hamiltonian includes a single isotropic exchange coupling
constant and Zeeman splitting:

A =-2J(83, + 8,8, + 88, + 88, + qu B Y §,
i=1

Best fit parameters are g = 1.94, ] = +30.5 cm™’, and TIP =
13 X 107° cm® mol™ (TIP = temperature-independent
paramagnetism), but it should be noted that the increase of
the yyT value curve below 70 K is not well-reproduced by this
simplified model. The coupling scheme applied here is a
severely simplified one, and the analysis and discussion of the
magnetic data has to be regarded as preliminary. However, the
size of the system with eight spin centers, and the lack of
information about structural changes that may occur upon
removal of (at least part of) the THF solvent molecules in the
crystal lattice when preparing the dried samples for SQUID
measurements, precludes a more detailed analysis at this stage.

Upon slow diftusion of a pyrazine-containing THF solution
into a solution of 3, red crystals of the porous coordination
polymer 4 were obtained (Figure S). The coordination sphere
around chromium is again square-pyramidal (the sums of
angles within the CrN, planes lie between 358° and 359°), but
this time the Ap ligand and one pyrazine and 4,4’-bipyridine
each form the basis while the second bipyridine ligand occupies
the apical position. The Cr—N bond lengths toward the Ap
ligands (209—210 pm) are comparable to those within 3, but
the ones toward the bridging ligands fall into two separate
groups. While the Cr—N bonds within the molecular rectangle
as shown in Figure S are short (202—206 pm), the Cr—N
bonds of the remaining apical 4,4'-bipyridine are substantially
longer (231 and 237 pm). In agreement with these findings the
central C—C bond lengths amount to about 143 pm for the
bipyridine ligands within the molecular rectangle, which is
consistent with a formulation as radical anions. The 4,4'-
bipyridine bridging the rectangles via the apical coordination
sites, however, shows central C—C bond lengths of 148 pm
which point toward a nonreduced heterocycle. This leads to the
conclusion that the description of 4 as a molecular rectangle
with additional bridging ligands is indeed not only an arbitrary
way of visualizing this polymeric structure, but represents the
electronic situation. Within the rectangle, all bridging ligands
(both pyrazine and 4,4’-bipyridine) are radical anions; they
connect chromium(II) centers as in 3. The remaining neutral,
nonreduced 4,4'-bipyridine connects these tetranuclear moi-
eties, forming a coordination polymer. This assumption is also
supported by the magnetic properties of 4.

The yy T curve of 4 increases from 13.3 cm® K mol™ at 295
K to 18.7 em® K mol™" at 25 K, and then drops at even lower
temperatures, which may be due to the effects of zero-field
splitting and/or intermolecular antiferromagnetic interactions
(Figure 6). Magnetic properties of 4 can be rationalized in a
similar way as described for 3: four chromium(II) ions and four

Figure S. Synthesis and structure of 4. Only metal atoms and bridging
ligands are shown (hydrogen atoms and crystal solvent have been
omitted for clarity). Selected bond lengths (pm) and angles (deg):
Cr1—Nyyigine(ap) 210.4(4), Crl— N,pigo(ap) 209.3(4), Cr1-N1
205.3(43, Cr1-N3 236.5(4), Cr1-N4 202.0(4), Cr2— N, iginc(ap)
2103(4), Cr2=N,pigo(ap) 209.8(4), Cr2—N2 206.2(4), Cr2—N6
230.9(4), Cr2—NS 201.8(4); N2—Cr1—N4 93.30(14), N1-Cr1-N3
95.18(15), N3—Cr1—N4 90.70(16), N2—Cr2—NS5 93.28(14), N2—
Cr2—N6 101.80(15), NS—Cr2—N6 87.62(14).
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Figure 6. v\ T vs T plot of 4 obtained from a SQUID measurement at
5000 Oe. The solid red line represents the calculated curve fit in the
range 295—60 K; the gray line represents the theoretical curve
progression for the used exchange coupling model (see Supporting
Information Figure S1).

radical ligands are antiferromagnetically coupled, which leads to
ferromagnetic alignment of effective spins S, = >/, and results
in an S; = 6 ground state for the Cr, rectangular unit (the
magnetic coupling through long nonreduced 4,4'-bipyridine
linkers connecting such Cr, units was neglected). However,
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according to the molecular structure of 4, two different
exchange interaction pathways, i.e., via the pyrazine radical and
via the 4,4'-bipyridine radical (Supporting Information Figure
S1), should be assumed.

The porous coordination polymer 4 is very sensitive toward
hydrolysis and oxidation. Although it can be dried without
decomposition as shown by powder diffraction of a dried
sample (Figure 7), adsorption of N, into the porous structure

60000

40000

20000

relative intensity [counts]

2 Theta [°]

Figure 7. Powder XRD analysis of 4. Red and green lines show the
observed and simulated peaks, respectively. * represents the presence
of 3 as an impurity.

could not be detected. It should be noted, however, that N, was
also not adsorbed by the nanotubular material obtained by
polymerization of Pt-based molecular squares.'® Thermogravi-
metric measurements showed that 4 is stable up to 150 °C
under inert conditions.

B CONCLUSIONS

In summary it was shown that metal—metal bond cleavage can
be used as a new tool for the synthesis of molecular squares.
The reaction of a quintuply bonded chromium(I) dimer with
the classical linker 4,4’-bipyrine yielded a chromium(II)-based
molecular square with reduced bridging N-heterocycles.
Selective polymerization of this compound gave rise to a
porous coordination polymer.

B EXPERIMENTAL SECTION

Synthesis of Compounds. Synthesis of 2. A solution of pyrazine
(0.019 g, 0.24 mmol) in hexane (5 mL) was layered over a solution of
1 (0.2 g, 0.24 mmol) in THF (10 mL) and was allowed to stand at
room temperature for a couple of days causing the solution to turn
brown-green. The volume of solvent was then reduced to one-third to
afford crystals of 2 at room temperature. Crystals were separated by
filtration and washed with hexane (ca. 5 mL). The filtrate was used to

Figure 8. Labeling of the NMR signals.

12287

afford further crystals of the product. Yield: 0.156 g (67%).
CyHeCrNgC,HO (97121): caled C 7173, H 7.26, N 8.65%;
found C 71.40, H 7.08, N 8.72%. '"H NMR (400 MHz, C(D,): & =
1.02 (br d, 12H, H?»?32526) 1,10 (br d, 12H, H?*?>*>2), 1.42 (s, 12H,
H""), 1.53 (br s, 4H, cocrystallized THF), 3.22 (br m, 6H, H*"** and
pyrazine), 3.75 (sept, 2H, H*"**), 5.86 (d, 2H, J = 5.6 Hz, H®), 6.16—
6.26 (m, 4H, H>'%'®) 6.54 (d, 2H, J = 5.2 Hz, H>'!), 6.67—6.71 (m,
4H, H'*'%%), 6.82 (br, 2H, H*'), 7.22 (m, 4H, H*'"'7'%) ppm. *C
NMR (100 MHz, CDy): § = 184 (C™™), 202 (CB™), 24.1
(C22232526) ' 244 (CP2232526) 258 (cocrystallized THF), 25.8
(C2233526) 963 (CP23252) 269 (C24), 28.1 (C*'*), 67.8
(cocrystallized THF), 90.6 (br, pyrazine), 110.2 (C?), 111.2 (C%),
123.8 (C'), 124.8 (C'®), 125.4 (C'"?), 126.4 (C'""), 127.1 (C*),
135.3 (C¥2), 135.6 (C®'2), 1382 (C*), 139.1 (C7), 144.0 (C'4%¥),
146.0 (C'%*), 147.0 (C"), 160.2 (C°), 168.2 (C?) ppm.

Synthesis of 3. A solution of 4,4’-bipyridine (0.076 g, 0.48 mmol)
in THF (S mL) was layered slowly over a solution of 1 (0.2 g, 0.24
mmol) in THF (10 mL), causing the solution to gradually turn blue.
The mixture was kept at room temperature for a couple of days to
afford blue crystals suitable for X-ray analysis. Yield: 0.15 g (49%).
Ci56H150CryN;60, (2551.19): caled C 73.44, H 7.11, N 8.78%; found
C 72.96, H 6.80, N 9.25%. For details on magnetic measurements, see
below. IR (Fomblin YR-1800, 26 °C, cm™"): 3053 (v), 2954 (w), 2863
(w), 1591 (s), 1547 (w), 1439 (s), 1400 (w), 1357 (w), 1314 (w),
1246 (s), 1192 (s), 1152 (m), 1064 (w), 1040 (m), 1010 (m), 998
(w), 958 (s), 899 (s), 855 (w), 802 (w), 767 (s), 740 (m), 684 (m),
621 (s), 570 (v), 557 (v), 504 (m), 460 (v), 432 (w).

Synthesis of 4. A solution of pyrazine (0.011 g, 0.136 mmol) in
THF (2 mL) was layered slowly over a solution of 3 (0.1 g, 0.0392
mmol) in THF (10 mL), causing the solution to gradually turn brown-
red. The solution was kept at room temperature for a couple of days to
afford red crystals suitable for X-ray analysis. Yield: 0.064 g (68%).
Cy45H,56Cr,Ny, (2422.91): caled C 73.36, H 6.49, N 11.56%; found C
73.67, H 6.51, N 11.66%. For details on magnetic measurements, see
the Supporting Information. IR (Fomblin YR-1800, 26 °C, cm™):
2955 (w), 2862 (w), 1595 (s), 1548 (w), 1455 (s), 1307 (v), 1231 (s),
1193 (m), 1151 (m), 1040 (s), 958 (s), 777 (m), 732 (m), 686 (w),
563 (v).

Magnetic Measurements. Temperature-dependent magnetic
susceptibility data were measured using a Quantum-Design MPMS-
XL-5 SQUID magnetometer, operating in the range from 295 to 2 K
at a magnetic field of 5000 Oe. The powdered sample was contained in
a gel bucket and fixed in a nonmagnetic sample holder. Each raw data
file for the measured magnetic moment was corrected for the
diamagnetic contribution of the sample holder and the gel bucket.
Molar susceptibility data were corrected for the diamagnetic
contribution. Full-matrix diagonalization of exchange coupling and
Zeeman splitting was performed with the julX program.*'

B ASSOCIATED CONTENT

© Supporting Information

General experimental considerations, crystallographic details
(including CIF data), magnetic susceptibility data of 4, and
TGA of 4. This material is available free of charge via the
Internet at http://pubs.acs.org.
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