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The design of molecular components capable of self-assem-
bling in the solid state to form well-defined and functional
superstructures is an important goal in materials science.[1]

Self-assembly induced by weak noncovalent forces, particu-
larly hydrogen bonds, has proven especially effective, largely
because of the design of tailored recognition elements in the
form of hydrogen-bond donor–acceptor arrays that direct the
assembly process.[2,3] Furthermore, chemical transformations
that occur in self-assembled structures have received
increased attention owing to their applicability as molecular
switches or sensors.[4] However, such reactions are rare,
because chemical reactions at the molecular level are likely to
destroy the architecture and properties of the crystal lattice.
Therefore, the best-explored reactions in closed structures are
transformations in which the overall atom content of the
system remains unchanged, for example, reversible photo-
chemical isomerization processes.[5] A remarkable example of
a solid-state reaction in which, despite a change in the overall
atom content, crystallinity is maintained, is the reversible
binding of gaseous SO2 to square-planar platinum(II) pincer
complexes.[6]

We recently reported the synthesis of the coordinatively
unsaturated iron PNP pincer complex [Fe(PNP-iPr)Cl2] (1,
Scheme 1; PNP-iPr=N,N’-bis(diisopropylphosphino)-2,6-
diaminopyridine).[7–9] This complex features metal-bound
chloride ions as hydrogen-bond acceptors and secondary
amino groups on the pincer ligand as hydrogen donors. As
determined by X-ray crystallography,[10] 1 self-assembles in
the solid state through intermolecular Fe�Cl···H�N hydrogen
bonds to form a distorted diamond-type three-dimensional
network with incorporated solvent (THF; Figure 1).

The THF molecules are located in continuous channels
with oval cross sections extending parallel to the a axis of the
[Fe(PNP-iPr)Cl2] network. When exposed to 1 atm of gaseous

CO at room temperature, solid 1 is rapidly converted into
solid cis-[Fe(PNP-iPr)(CO)(Cl)2] (2) as the sole product, as
indicated by a color change in the material from light yellow
to deep red (Scheme 1). However, when single crystals in the
form of 1·THF were exposed to CO, the formation of 2 takes

Scheme 1. Stereospecific formation of cis- and trans-[Fe(PNP-iPr)-
(CO)(Cl)2] (2 and 3).

Figure 1. Packing diagram of 1·THF at T =100 K in a view down the
a axis. Fe�Cl···H�N hydrogen bonds are depicted as dashed lines;
THF molecules are highlighted in ovals.
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place more slowly. X-ray powder diffraction studies revealed
that 1·THF gradually loses THF to give a desolvated form of
1, which is then completely converted to 2 within approx-
imately 2 min after exposure to 1 atm CO at ambient
temperature. It therefore seems reasonable to assume that
desolvation of 1·THF takes place with at least partial
preservation of the network structure, with the sites formerly
occupied by solvent molecules now serving as channels
through which CO can readily diffuse into the solid.[11]

Unequivocal evidence for the crystalline nature of complexes
1 and 2 has been obtained by X-ray powder diffraction.

CO binding is fully reversible, and heating solid samples
of either 2 or 3 at 100 8C for 5 min under vacuum leads to the
complete regeneration of analytically pure crystalline 1,
which can again be treated with CO either in the solid state
or in solution to give 2 or 3. At room temperature loss of CO
is slow, needing about two weeks to completely regenerate 1.
This “on” and “off” process can be repeated for at least five
cycles without any noticeable decomposition of 1. The
reversibility of this reaction in the solid state has been
elucidated by time-resolved IR spectroscopy, where the
stretching vibration of coordinated CO in 2 (ñCO =

1947 cm�1) was monitored. The reaction of 1 with CO, carried
out at 25 8C, was complete in about 2 min (Figure 2). The

desorption of CO was performed within approximately
70 min by raising the temperature from 25 to 200 8C with a
heating rate of 2.5 8Cmin�1 (Figure 2). Moreover, thermo-
gravimetric analyses of 2 and 3 show weight losses corre-
sponding to the release of one equivalent of CO and
regeneration of 1.

On the other hand, when CO was bubbled into an acetone
solution of 1 for 2 min, a blue solid was formed, which was
identified as trans-[Fe(PNP-iPr)(CO)(Cl)2] (3 ; Scheme 1).
The structural features of 3·(CH3)2CO were determined by
single crystal X-ray analysis (Figure 3).

Accordingly, the reaction of 1 with CO proceeds stereo-
specifically yielding either cis- or trans-[Fe(PNP-iPr)-
(CO)(Cl)2] depending on the reaction conditions employed.
Both transformations are accompanied by changes in the
color of the products, the coordination geometry around the
iron center, and the spin states. It should be noted that the
reaction of 1 with CO is extremely selective, since this
complex does not react with other gases such as NO or SO2.

Complex 1 is paramagnetic with an effective magnetic
moment meff = 5.2 mB, indicating the presence of four unpaired
electrons and a quintet ground state (S= 2), whereas com-
plexes 2 and 3 are diamagnetic (S= 0).

The exclusive formation of 2 in the solid state and of 3 in
solution was confirmed by solid-state NMR spectroscopy. In
the solid state the two complexes give rise to signals at d =

111.5 and 125.3 ppm in the 31P{1H} NMR spectrum, respec-
tively. In the 15N NMR spectra, the pyridine nitrogen atom in
2 appears at d = 119.7 ppm as a result of the cis conformation
of the chloride ions, while in 3, where the chloride ions are in a
trans arrangement, it gives rise to a signal at d = 167.5 ppm.

In DMSO at room temperature, the red cis isomer 2
transforms rapidly (within ca. 90 min) into the blue trans
complex 3. The isomerization mechanism most likely involves
chloride dissociation and the formation of a transient cationic
intermediate [Fe(PNP-iPr)(CO)(Cl)]+ (4), since CO dissoci-
ation would regenerate complex 1, and no evidence for the
formation of a paramagnetic species was observed when the
isomerization process was monitored by 1H and 31P{1H} NMR
spectroscopy. The pentacoordinated nature of intermediate 4
allows for the existence of two conformations, one with the
CO ligand in the apical and the Cl ligand in the meridional
position (4a) and vice versa (4b ; Scheme 2). Subsequent
coordination of a chloride ion to the second conformer yields
isomer 3, which is thermodynamically favored. This mecha-
nism is also supported by the fact that addition of a chloride
anion source (nBu4NCl) to a solution of 2 leads to longer
isomerization times, whereas performing the reaction under
CO atmosphere has no effect.

Figure 2. Time dependence of the intensity of the stretching frequency
nCO of 2 (ñ =1947 cm�1): a) increase during the reaction of 1 and CO
at 25 8C and 1 atm CO; b) decrease upon heating from 25 to 200 8C in
air.

Figure 3. ORTEP depiction of the crystal structure of 3·(CH3)2CO.
Thermal ellipsoids are set at the 50% probability level; solvent
molecules and most H atoms are omitted for clarity. Selected bond
lengths [G] and angles [8]: Fe1–Cl1 2.344(1), Fe1–Cl2 2.345(1), Fe(1)–
P(1) 2.250(1), Fe1–P2 2.252(1), Fe1–N1 1.989(3), Fe1–C18 1.758(4);
N1-Fe1-C18 179.4(2), P1-Fe1-P2 168.11(5).
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In summary, we have shown that the pentacoordinated
iron PNP pincer complex [Fe(PNP-iPr)Cl2] (1) self-assembles
in the solid state through intermolecular Fe�Cl···H�N hydro-
gen bonds to form a three-dimensional supramolecular
network. In the solid state, this compound reacts readily
with gaseous CO to stereospecifically give cis-[Fe(PNP-
iPr)(CO)(Cl)2] (2), in which the supramolecular connectiv-
ities between single molecules appear to be maintained and
for which the reaction proceeds without loss of crystallinity. In
contrast, CO addition in solution affords exclusively the
corresponding trans isomer 3. Accordingly, this class of
compounds may represent a novel type of functional materi-
als for crystal engineering and the processing of crystalline
solids.

Moreover, the selectivity and full reversibility of CO
uptake and release in this material, which can be detected and
monitored by a variety of techniques such as solid-state and
solution NMR, UV/Vis, and IR spectroscopy as well as
magnetic susceptibility measurements and X-ray powder
diffraction, suggests an application potential both as an
efficient CO sensor and as a crystalline switch.[12]

Experimental Section
2 : CO was passed over a solid sample of 1 (500 mg, 1.1 mmol) for
2 min, whereupon the solid changed its color from yellow to red.
Yield: 530 mg (100%). Elemental analysis (%) calcd for
C18H33Cl2FeN3OP2: C 43.57, H 6.70, N 8.47; found: C 43.51, H 6.73,
N 8.52. 1H NMR ([D6]DMSO, 20 8C): d = 8.20 (s, 2H, NH), 7.06 (t, J=
6.7 Hz, 1H, py4), 6.01 (d, J= 6.7 Hz, 2H, py3,5), 2.48 (m, 4H,
CH(CH3)2), 1.42–1.28 ppm (m, 24H, CH(CH3)2).

31P{1H} NMR
([D6]DMSO, 20 8C): d = 106.85 ppm. Solid-state NMR: 13C-CP/MAS
NMR (20 8C): d = 214.7 (CO), 155.9 (py2,6), 129.9 (py4), 92.3 (py3,5),
19.3 (CH(CH3)2), 11.9 ppm (CH(CH3)2).

31P-HPDEC (high-power
decoupled) NMR (20 8C): d = 111.5 ppm. 15N-CP/MAS NMR (20 8C):
d = 119.7 (py), 52.6 ppm (NH). IR (ATR; attenuated total reflection):
ñ = 1947 cm�1 (nC=O). UV/Vis (powder samples measured in diffuse
reflectance): lmax = 524 nm.

3 : CO was bubbled into a solution of 1 (500 mg, 1.1 mmol) in
acetone (10 mL) for 2 min, whereupon the color of the reaction
mixture turned from yellow to blue. After removal of the solvent
under reduced pressure, the remaining solid was washed twice with
Et2O (10 mL) and dried under vacuum. Yield: 503 mg (95%).

Elemental analysis (%) calcd for C18H33Cl2FeN3OP2: C 43.57,
H 6.70, N 8.47; found: C 43.61, H 6.65, N 8.51. 1H NMR
([D6]DMSO, 20 8C): d = 8.45 (s, 2H, NH), 7.43 (t, J= 7.2 Hz, 1H,
py4), 6.48 (d, J= 7.2 Hz, 2H, py3,5), 2.77 (m, 4H, CH(CH3)2), 1.42–
1.28 ppm (m, 24H, CH(CH3)2).

13C{1H} NMR ([D6]DMSO, 20 8C):
d = 224.81 (t, J= 22.7 Hz, CO), 163.1 (t, J= 9.2 Hz, py2,6), 139.8 (py4),
98.7 (py3,5), 25.5 (t, J= 11.8 Hz, CH(CH3)2), 19.3 (CH(CH3)2),
18.1 ppm (CH(CH3)2).

31P{1H} NMR ([D6]DMSO, 20 8C): d =

122.5 ppm. Solid-state NMR: 13C-CP/MAS NMR (20 8C): d = 217.0
(CO), 155.7 (py2,6), 132.6 (py4), 93.9 (py3,5), 25.2 (CH(CH3)2),
12.3 ppm (CH(CH3)2).

31P-HPDEC NMR (20 8C): d = 125.3 ppm.
15N-CP/MAS NMR (20 8C): d = 167.5 (py), 49.1 ppm (NH). IR
(ATR): ñ = 1956 cm�1 (nC=O). UV/Vis (powder samples measured in
diffuse reflectance): lmax = 578 nm.
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