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ABSTRACT: Treatment of Fe[BFal»6H>O with 4,6-di(pyrazol-1-y1)-1 H-pyrimid-2-one (HL') or 4,6-di(4-methylpyrazol-1-y1)-1H-
pyrimid-2-one (HL?) affords solvated crystals of [{Fe"'(OH2)s}cFe"s(u-L)12][BFsls (1, HL = HL'; 2, HL = HI?). The centrosymmetric
complexes contain a cubic arrangement of iron(II) centers, with bis-bidentate [L]" ligands bridging the edges of the cube. The encap-
sulated [Fe(OH2)s]** moiety templates the assembly through twelve O—H...O hydrogen bonds to the [L]" hydroxylate groups. All
four unique iron(II) ions in the cages are crystallographically high-spin at 250 K, but undergo a gradual high—low spin-crossover on
cooling, which is predominantly centered on one iron(Il) site and its symmetry-related congener. This was confirmed by magnetic
susceptibility data, LIESST effect measurements and, for 1, Méssbauer spectroscopy and diffuse reflectance data. The clusters are
stable in MeCN solution, and 1 remains high-spin above 240 K in that solvent. The cubane assembly was not obtained from reac-
tions using other iron(I) salts or 4,6-di(pyrazol-1-yl)pyrimidine ligands, highlighting the importance of hydrogen bonding in tem-

plating the cubane assembly.

Introduction

Spin-crossover (SCO) compounds are an important class of mo-
lecular switch, which undergo a transition between a high-spin
and low-spin electronic configuration under temperature, pressure,
irradiation or other physical stimuli.""> This electronic rearrange-
ment also changes the structure of a molecule, and thus of the
lattice containing it.® As a result, SCO transitions perturb many
physical properties of a material.” This has been exploited to pro-
duce switchable conducting,®° dielectric,>'? ferroelectric,!! fluores-
cent,!2 mechanically responsive!®> and molecular magnet materi-
als'* based on SCO components. While SCO is most often ob-
served in molecular crystals and coordination polymers,!® it can
also be incorporated into guest-responsive frameworks!'® and in
soft materials.!”” Moreover, SCO switching properties are retained
at micro and nano length scales,*>!® and even at the single mole-
cule level.'” This has led to several applications for SCO com-
pounds in macroscale, nanoscale and molecular devices being
demonstrated in prototype form. 42

With this in mind, there is interest in (supra)-molecular assem-
blies of SCO centers, which can switch between multiple states if
their components undergo SCO selectively.?! Some dinuclear
compounds,?''?> molecular squares?®?’ and grid complexes?®?®
have this property, of undergoing SCO at specific sites under dif-
ferent conditions in the solid state. Tetrahedral coordination cag-
es,21222430 metallomacrocycles®! and a handful of larger assem-
blies with multiple SCO centers?!%38 are also known, although
their SCO switching often occurs in a gradual and less well-
defined manner. We report here two examples of a supramolecu-
lar, templated iron(II) cubane assembly which both undergo SCO
at two of their eight vertices. These are the largest molecules yet
known to exhibit site-selective SCO.

Chart 1 The ligands referred to in this work.
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Experimental Section
2-Methyl-4,6-bis(pyrazol-1-y1)-1,3-pyrimidine (L3),%® 2-amino-4,6-
bis(pyrazol-1-y1)-1,3-pyrimidine (L4)*° and the reagent sodium
4,6-dichloro-pyrimidin-2-onate*® were prepared by the literature
procedures.

Synthesis of 4,6-di(pyrazol-1-y1)-1 H-pyrimid-2-one (HL!). Sodium
4,6-dichloro-pyrimidin-2-onate (0.59 g, 3.2 mmol), pyrazole (0.50
g, 7.2 mmol) and sodium hydride (0.29 g, 7.2 mmol) were sus-
pended in tetrahydrofuran (40 cm3). The mixture was stirred at 65
°C under N2 for 18 hrs, then the solvent was removed under vacu-
um affording the sodium salt Na[L'] as a solid residue. This was
dissolved in water (35 cm®) and dilute HCI was slowly added until
the solution reached pH 5. Extracted of the acidified solution with
chloroform (3x 50 cm?), followed by evaporation to dryness of the
dried washings, afforded HL! in NMR purity. Yield 0.50 g, 69 %.
Mp 223-224 °C. ES*-MS m/z 229.0833 (calcd for [H2L'l*
229.0832), 251.0655 (caled for [NaHL']T* 251.0652). '"H NMR
({CD3»2S0) 6 6.67 (dd, 1.7 and 2.6 Hz, 2H, Pz H*), 7.82 (s, 1H,



Pym H°), 7.96 (d, 1.7 Hz, 2H, Pz H®), 8.59 (m, 2H, Pz H°). 13C
NMR ({CD3»2S0) 6 87.1 (1C, Pym ), 1094 (2C, Pz (), 127.9
Q2C, Pz C®), 144.1 (2C, Pz ), 159.9 (2C, Pym V%), 164.7 (1C,
Pym ™).

Synthesis  of  4,6-di(4-methylpyrazol-1-y1)-1 H-pyrimid-2-one
(HI?). Method as for HL', using sodium 4,6-dichloro-pyrimidin-2-
onate (0.82 g, 4.4 mmol), 4-methylpyrazole (0.90 g, 10.9 mmol)
and sodium hydride (0.5 g, 12.5 mmol) in tetrahydrofuran (50
cm?). The product is a white solid. Yield 0.78 g, 69 %. Mp 228-229
°C. ES*-MS m/z 257.1146 (calcd for [H2L2]* 257.1145), 279.0967
(caled for [NaHI2]* 279.0965), 301.0785 (caled for [Nax(L2)1*
301.0784), 535.2031 (caled for [Na(HI2).]* 535.2037). 'H NMR
({CD3»2S0) 62.12 (s, 6H, CHz), 7.68 (s, 1H, Pym H°), 7.78 (s, 2H,
Pz HP), 833 (s, 2H, Pz H), 12.53 (br s, 1H, NH). 13C NMR
({CD3»S0) 6 8.7 (2C, (H3), 86.1 (1C, Pym ®), 1194 (2C, Pz
), 1259 (2C, Pz (®), 145.1 (2C, Pz ), 159.7 (2C, Pym C*°),
164.6 (1C, Pym ).

Synthesis of [{Fe™(OH2)e>Fels(u-L)12[BFslz (1) and
[Fe(HL')2(OH2)3(NCMe)I[BF4l2 (4). A solution of HL' (0.20 g,
0.88 mmol) in acetonitrile (85 cm?) was added to another solution
of Fe[BF4]»6H20 (0.25 g, 0.73 mmol) in acetonitrile (25 cm3). The
mixture was stirred at room temperature for 15 mins, then filtered.
Slow diffusion of diethyl ether vapor into the yellow solution, over
a period of 3 days, afforded red/orange crystals of 1-6MeCN with
an octahedral morphology, together with an orange powder that
was removed by decantation. The crystals are stable to exposure to
air at 298 K for a period of hours, but decompose to a solvent-free
material after drying in vacuo. Yield 0.18 g, 63 %. Elemental anal-
ysis for Ci20HosB7F28FeoN7201s found (caled) (%) C, 36.7 (36.5),
H, 222 (245), N, 254 (256). ESMS m/z 5707 (13,

[Fe(H20)sCFes(L)12(BF4)1P*), 702.3 (57,
[Fe(H20)ecFes(LD12(BF4)215%), 899.3 (80,
[Fe(H20)scFes(LD12(BF4)3]*), 1228.1 (100,

[Fe(H20)sCFes(L)12(BF4)4]*+), 1885.6 7,
[Fe(H20)scFes(L)12(BF4)s?*). 'TH NMR (CDsCN) 6 5.9, 60.1
(both 24H, Pz H# and H°), 79.7 (24H, Pz H*), 114.1 (12H, Pym
H).

On one occasion, a paler yellow crystal of
[Fe(HL")2(OH2)3(NCMe)][Cl0s]2 (4) was isolated from one of
these crystallization vials, and crystallographically characterized.
This compound could not be isolated in pure form, however, so its
analytical characterization was not achieved.

Synthesis of [{Fe'(OH2)e}Fel's(u-L)12][BF4} (2). A solution of
H1? (0.050 g, 0.20 mmol) in acetonitrile (7.5 cm3) was added to
another solution of Fe[BF416H20 (0.026 g, 0.078 mmol) in ace-
tonitrile (5 cm?®). The mixture was stirred at 298 K for 2 hrs, then
filtered. Slow diffusion of a mixture of diethyl ether and di-
isopropyl ether into the yellow solution, over a period of 3-5 days,
afforded red crystals of 2:xMeCN-yEt20. These crystals decompose
readily on exposure to air to a solvent-free powder. Yield 0.029 g,
79 %. Elemental analysis for Ci4saH144B7F28FedN72018 found
(caled) (%) C, 40.2 (40.4), H, 3.46 (3.39), N, 23.4 (23.6). ESMS
m/z 9834 (11, [Fe(H20)sCFes(L2)12(BF4)31**), 1340.2 (100,
[Fe(H20)sCFes(12)12(BF4)a?*), 2053.8 (50,
[Fe(H20)6CFes(L?)12(BF4)s]?*). Other fragmentation peaks of <20
% intensity are not assigned. "H NMR (CD3CN) 6 4.8, 60.4 (both
24H, Pz H® and H°), 9.5 (36H, CH;), 112.7 (12H, Pym HP).

Synthesis of [Fe(HL)2(OH2)2(NCMe)2l[Cl04): (3). Filtered solu-
tions of HL' (20 mg, 0.088 mmol) in acetonitrile (3 cm®) was
mixed with Fe[Cl104]26H20 (31 mg, 0.088 mmol) in acetonitrile (4
cm?), affording an intensely yellow solution. The solution was
stirred at room temperature for 2 hrs, then left to slowly evaporate
under ambient conditions. Orange crystals of 3 appeared on the
wall of the vial after 2 days, together with a larger quantity of an
amorphous material of unknown composition. Yield 19 mg, 35 %.

Elemental analysis for C14H1sCl2FeNgO11 found (caled) (%) C,
27.8 (28.0); H, 2.85 (3.02), N, 18.4 (18.6).

CAUTION. Although we have experienced no issues while han-
dling 3, metal-organic perchlorates are potentially explosive and
should be handled with care in small quantities.

Synthesis of catena-[Fe(u-I*)(OHz2)(solv)I[BFs2 (5, solv = ace-
tone; 5b, solv = H20). Filtered solutions of I3 (22 mg, 0.097 mmol)
in acetone (7 cm?), and of Fe[BF4]»6H20 (30 mg, 0.089 mmol) in
acetone (5 cm?), were mixed to afford a yellow solution that slow-
ly deposited a small amount of insoluble yellow powder upon
standing. After the precipitation ceased the solution was filtered,
and the supernatant was crystallized by slow diffusion of diethyl
ether vapor. One such reaction afforded yellow single crystals of
formula [Fe(L3)(OHz)(acetone)[BF4l>H20 (5-H20, see below).
However, on other occasions this procedure yielded an insoluble
yellow powder analysing as [Fe(Z3)(OH2)2][BF4]> (5b), where the
coordinated acetone is presumably replaced by another water
ligand. Yield 21 mg, 43 % yield. Elemental analysis for
C11H14B2FsFeN6O2 (5b) found (caled) (%) C, 26.7 (26.9), H, 2.78
(2.87),N,17.0 (17.1).

Single Crystal Structure Analyses

Diffraction data for HL! and 1-6CH3CN were recorded at station
119 of the Diamond synchrotron (A = 0.6889 A). Other crystallo-
graphic data were measured with an Agilent Supernova dual-
source diffractometer using monochromated Cu-Ka (1=1.5418 A)
radiation. All the structures were solved by direct methods
(SHELXS97*"), and developed by full least-squares refinement on
P (SHELXL97*"). Experimental details for the structure determi-
nations (Tables S1-S3) and descriptions of the crystallographic
refinements are given in the Supporting Information.

Crystallographic figures were prepared using XSEED.*> Octahe-
dral coordination volumes (Von) and the volumes of the metal-
lacubane cages were calculated with Olex2*® Bond valence sum
calculations were performed using literature parameters for high-
spin and low-spin Fe-N and Fe—O bonds.*

Other measurements

Crystals of 1-6MeCN and 2-:xMeCN-yEt20 were sent to collaborat-
ing labs for Mdssbauer spectroscopy, LIESST and diffuse reflec-
tance measurements. Since loss of lattice solvent from those mate-
rials could occur during transit or sample preparation, the solvent
content of the samples used for those measurements is uncertain.
Dried, polycrystalline 1 and 2 have reduced long-range order but
otherwise retain their solid state structures, from X-ray powder
diffraction and magnetic susceptibility data (Figures S13-S15).

Elemental microanalyses were performed by the London Met-
ropolitan University microanalytical service. Electrospray mass
spectra were recorded on a Bruker MicroTOF-q instrument, from
CHCls solution (organic cornpounds) or CH3CN solution (metal
complexes). Diamagnetic NMR spectra employed a Bruker
DPX300 spectrometer operating at 300.1 MHz ('H) or 75.5 MHz
(13C), while paramagnetic NMR spectra used a Bruker Ascend400
(400.1 MHz) or Jeol JNM-ECA600II (600.1 MHz) spectrometer.
X-ray powder diffraction data were measured using a Bruker D2
Phaser diffractometer. Simulated powder patterns were produced
by Lazy Pulverix,* which is part of the XSeed software suite.*?

Solid state magnetic susceptibility measurements were per-
formed on a Quantum Design MPMS-3 magnetometer, with an
applied field of 5000 G and a scan rate of 5 Kmin™. Freshly pre-
pared 1-6MeCN and 2-xMeCN-yEt20 were protected from solvent
loss during the measurements with a drop of diethyl ether in the
sealed sample holder. Diamagnetic corrections for the sample
(estimated from Pascal’s constants)*® and the sample holder were



applied to the data. Magnetic measurements in solution were ob-
tained by Evans method using a Bruker Avance500 spectrometer
operating at 500.13 MHz#” A diamagnetic correction for the sam-
ple,¥” and a correction for the variation of the density of the sol-
vent with temperature,*® were applied to these data.

Diffuse reflectance data were obtained using a home-built re-
flectivity set-up coupled to a CVI spectrometer, which allows us to
collect both the reflectivity spectra in the 450-950 nm range at a
given temperature and to follow the temperature dependence of
the signal at a selected wavelength (+ 2.5 nm) between 5-290K.
The instrument is equipped with an optical detector, which col-
lects the whole reflected intensity affording the total reflectivity
signal as a function of temperature. The white light source is a
halogen lamp emitting between 300-2400 nm. This analysis was
directly performed on thin layer of the available solid samples in
form of polycrystalline powder without any dispersion in a matrix.

Photomagnetic measurements were performed using a set of
photodiodes coupled via an optical fibre to the cavity of a MPMS-
55 Quantum Design SQUID magnetometer operating at 20 kOe.
The powder sample was prepared in a thin layer (~0.1 mg on
around 100 um thickness) to promote full penetration of the irra-
diated light. The sample mass was obtained by comparison with
the thermal spin transition curve measured on a larger, accurately
weighed polycrystalline sample. The sample was first slow cooled
to 10 K, ensuring that potential trapping of HS species at low
temperatures did not occur. Irradiation was carried out at 405,
510, 650, 830 and 1550 nm. The power of the sample surface was
adjusted to 5 mW cm? (calibrated outside the SQUID magnetom-
eter). Irradiation at 650 nm was found to be most efficient in this
system. Once photo-saturation was reached, irradiation was ceased
and the temperature increased at a rate of 0.3 K min"' to ~100 K
and the magnetization measured every 1 K to determine the
T(LIESST) value given by the minimum of the ymT/6T vs T
curve for the relaxation.# The magnetization was also measured
in the absence of irradiation between 10-290 K, to follow the
thermal spin transition and to obtain a low temperature baseline.

S7Fe Mossbauer spectra were obtained in transmission geometry
using a constant acceleration spectrometer operated in conjunc-
tion with a 512-channel analyser in the time-scale mode (WissFl
GmbH). The source contained ¥’Co diffused in Rh with an activity
of 1.4 GBq. The spectrometer was calibrated against a-iron at
room temperature. A continuous flow cryostat (OptistatDN, Ox-
ford Instruments) was utilized for variable temperature measure-
ments. Spectra were simulated using the public domain program
Vinda running in Excel 200303 The spectra were analysed by
least-squares fits using Lorentzian line shapes. In addition to the
Méossbauer isomer shift § and quadrupole splitting AEq parame-
ters, the linewidth at half maximum ["is given in Table S14.

Results and Discussion

The new ligands 4,6-di(pyrazol-1-yl)-1H-pyrimid-2-one (HL') and
4,6-di(4-methylpyrazol-1-y1)-1H-pyrimid-2-one (HZ?, Chart 1)
were prepared in 69 % yield, by reaction of sodium 4.6-dichloro-2-
pyrimidonate*® with 2.25 equiv of the appropriate pyrazole in the
presence of sodium hydride as base. Crystallographic data show
both ligands adopt the 4,6-di(pyrazol-1-yl)-1H-pyrimid-2-one
tautomeric structure shown in Chart 1, rather than the alternative
2-hydroxy-4,6-di(pyrazol-1-y))pyrimidine form (Figures S3 and
S4). This is also evident by 3C NMR in {CD3>2SO solution, where
the pyrimidone (2 atoms resonate at 164.6-164.7 ppm, as ex-
pected for a carbonyl C atom.

Treatment of Fe[BF4]26H20 with 1.2 equiv HL! or HI? in
MeCN  affords bright yellow solutions, which deposit
[{Fe(OH2)s>cFes(u-L')12][BF4l76MeCN (1-6MeCN) or
[{Fe(OH2)s>cFes(u-12)12][BFal7 xMeCN-yE2O  (2:xMeCN-yEt20)

as red/orange prisms upon slow diffusion of diethyl ether antisol-
vent. Yields of these syntheses were variable, at 30-65 % for 1 and
up to 79 % for 2. Fresh crystals of 2:xMeCN-yEt20 have x = y =
2.5, but this solvent content was slowly lost during multiple data
collections from the same crystal (Table S2). That solvent loss had
no effect on the quality of the diffraction data over the timescale
of the experiment, although drying the crystals in vacuo leads to
loss of long-range order.

The assemblies comprise a [Fes(u-L)121** ([LT” = [L'T or [L%])
cluster with a cubane connectivity, encapsulating a [Fe(OH2)6]**
guest molecule that spans a crystallographic inversion center (Fig-
ure 1). The assignment of the cubane vertices as iron(II) centers,
and the encapsulated guest as an iron(III) species was supported
by bond valence sum calculations (Tables S12 and S13),°' and by
Méssbauer spectroscopy of 1 as described below.

Figure 1. The [{Fe(OH2)s>cFeg(u-L)12]* assembly in 1-6MeCN
at 100 K Only one orientation of the disordered pyrazolyl groups
is shown, and C-bound H atoms have been omitted. The encapsu-
lated [Fe(OH2)s** cation, centered on Fe(5), is shown with pale
coloration. Color code: C, white; H, pale grey; Fe, green; N, blue; O,
red. Symmetry code (i) 3/2-x, 1/2-y, 1-z

Each [L] ligand bridges two iron atoms along the edges of the
cube in bis-bidentate fashion, yielding fac[Fe(L)s]** vertices with
alternating A and Achirality. The Fe...Fe distances along the edges
of the cubane in 1 are 6.216(3)-6.351(3) A at 100 K, and its inter-
nal volume is ca 90 A352 The aqua ligands of the guest cation are
oriented to the centers of the faces of the cubane, and each do-
nates short hydrogen bonds to the O atoms from two [L'] ligands
[O{OH2)..0<L1> = 2.588(4)-2.614(4) A at 100 K153 The corre-
sponding parameters in 2 are essentially the same as for 1, alt-
hough its Fe...Fe distances span a slightly narrower range (Tables
S7-S11). The assemblies differ, however, in the conformations of
their [L]” ligands which are noticably more twisted in 2 than in 1.
That may be caused by steric contacts between the [L?] methyl
substituents, on ligands on opposite edges of each face of the cub-
ane (Figure 2). These methyl groups are separated by C..C = 3.5-
3.7 A, which is within the sum of their Pauling Van der Waals
radii (4.0 AS%).



Further consideration of 1-6MeCN is complicated by pyrazolyl
group disorder, reflecting intramolecular steric clashes between
[L'T ligands (Figure S9). However, insight is provided by the vol-
ume of the FeN¢ or FeOg coordination octahedra (Von), which is a
common crystallographic measure of spin states in SCO complexes
(Table 1). High- and low-spin iron(Il) complexes with

bidentate diimine ligands typically exhibit Von ~ 13 and 10 A3,
respectively.>® By that measure, Fe(1) in 1-6MeCN exhibits gradu-
al SCO on cooling. The high-temperature onset of this SCO is ca
300 K, by extrapolation of the data, while the transition is 80%5 %
complete at 100 K. While the other unique vertices Fe(2)-Fe(4)
are high-spin at 250 K, Fe(2) also shows the onset of gradual SCO
below 150 K. Vertices Fe(3) and Fe(4), and the [Fe(OH2)s]**
guest Fe(5), remain fully high-spin at all the temperatures investi-
gated.

No such ligand disorder occurs in 2:xMeCN-yEt20, which af-
fords a clearer picture of the spin states in that molecule. In this
case, Von indicates that all four unique iron(Il) centers in the
asymmetric unit are high-spin at 250 K (Table 2). Cooling the
crystals induces gradual SCO in Fe(1) below 250 K, while small
reductions in Von for Fe(2) and Fe(3) in the 125 K structure also
imply the onset of SCO at those centers. Atoms Fe(4) and Fe(5) in
2-xMeCN-yEt20 remain fully high-spin on cooling, as before.
Hence, SCO in both compounds occurs predominantly at Fe(1)
and its symmetry equivalent in the centrosymmetric cluster, with
the onset of SCO at one or two other cubane vertices also being
evident at the low-temperature limits of the measurements.

Apart from the bond length changes at Fe(1), SCO has little ef-
fect on the dimensions of the [Fes(u-L)12]** cages. However, some
pyrazolyl groups bound to Fe(1) and Fe(3) in 1 are displaced by
up to 0.50 A between the high-spin and low-spin structures (Fig-
ure S11). This may allow the SCO-induced contraction at Fe(1)
and Fe(1) to occur without significantly changing the internal
volume of the cages, which is constrained by the [Fe(OH2)s]**
guest.2 Smaller heavy atom displacements of <0.35 A occur in 2
on cooling, possibly because the SCO at Fe(1) is less complete at
125 K in that compound (Figure S12). The steric influence of the
encapsulated [Fe(OH2)s]** might explain the incompleteness of
SCO in 1 and 2, by inhibiting contraction of the cages that would
result upon SCO at the other vertices.

Table 2 Volumes of the coordination octahedra (Von, A3)5S
about each unique iron atom in the crystal structures of
2:xMeCN-yEtz0 (Figure S8). Full metric parameters for this
compound are in Table S6.

T (K) 125 200 250
Vond{Fe(1)> 11.359(11) 12.704(11) 12.935(13)
Von{Fe(2)» 12.507(12) 12.801(10) 12.876(13)
Von{Fe(3)> 12.686(12) 12.819(10) 12.826(13)
Figure 2. Space-filling views of the [{Fe(OH2)s}cFes(u-L)12]"*
clusters in 1-6MeCN at 100 K (top), and 2xMeCN-yERO at 125 K~ Von(Fe(®)> 12906(12)  12910(10)  12915(13)
(bottom), showing the more twisted ligand conformations in the Von{Fe(5)} 10.589(8) 10.635(7) 10.604(9)

latter compound. Both views look down a OHz—Fe—OH: axis in
the [Fe(OH2)s]** guest. Other details as for Figure 1.

Table 1 Volumes of the coordination octahedra (Von, A3)S5 about each unique iron atom in the crystal structures of 1-6MeCN (Fig-
ures 1 and S7). Average values are given for Fe atoms coordinated by disordered pyrazolyl groups, with the range of values shown
by all possible combinations of these disorder sites in parentheses. Full metric parameters for this compound are in Table S5.

T (K) 100 150 200 250

VordFe(1) 10.67(3) 10.88(6) 11.58(6) 12.27(6)

On [10.26(2)-11.06(2)] [10.45(3)-11.32(3)] [11.07(3)-12.09(3)] [11.79(3)-12.74(3)]
VorlFe(2)> 12.39(3) 12.61(3) 12.76(3) 12.77(3)

ontre [12.33(2)-12.45(2)] [12.59(2)-12.62(2)] [12.71(2)-12.80(2)] [12.77(2)-12.77(2)]
VordFe(3) 12.93(4) 13.04(6) 12.93(6) 12.78(6)

On [12.53(2)-13.33(2)] [12.70(3)-13.38(3)] [12.56(3)-13.30(3)] [12.30(3)-13.25(3)]
Von{Fe(4)} 12.824(12) 12.759(16) 12.815(15) 12.852(16)
Vor{Fe(5)» 10.635(9) 10.754(12) 10.742(11) 10.756(12)



The higher temperature SCO at Fe(1) in 2 may have a geomet-
ric origin, according to the dihedral angles between the three
bidentate ligand fragments coordinated to each vertex. These
angles should be 90° in an ideal tris-chelate complex, where all
ligands are perpendicular to each other. However, the average
inter-ligand dihedral angle in high-spin 2-xMeCN-yEt20 at 250 K
is 84.95(12)° for Fe(1), 79.57(12)° for Fe(2), 75.46(10)° for Fe(3)
and 71.17(10)° for Fe(4) (Table S8). Hence, the arrangement of
[L2] ligands about Fe(2)-Fe(4) is significantly more twisted than
for Fe(1). This is also reflected in the X bond angle parameter,
which shows that more twisted ligand geometries induce greater
deviations from an ideal octahedral coordination geometry at each
vertex (Table S$8).° Thus, the more geometrically flexible high-
spin state should be stabilized in Fe(2)-Fe(4), disfavoring SCO at
those sites as observed.® X for Fe(1) decreases at 125 K, reflecting
its spin transition,> but otherwise these parameters vary only
slightly on cooling. That is consistent with the small structural
changes during SCO noted above.

Figure 3 The lattice environments about the [Fe(L')s]” fragments
centered on Fe(1) and Fe(3) in 1-6MeCN at 250 K. The main
residues have 30 % displacement ellipsoids, while neighbor mole-
cules are de-emphasized. Short contacts between ligands bound to
Fe(3) and Fe(3%), which might inhibit SCO at that vertex, are
highlighted. Color code: C, white or dark grey; H, pale grey; Fe,
green; N, pale or dark blue; O, red; BF4~ or MeCN, yellow. Sym-
metry codes: (i) 1-x, 1-y, 1~z (iii) 3/2=x, =" /2+y, 3/~ 2.

While a similar analysis for 1-6MeCN is again impeded by its
ligand disorder, Fe(1) and Fe(3) have apparently less distorted
geometries than Fe(2) and Fe(4) in that cubane assembly at 250
K. That would disfavor SCO at Fe(2) and Fe(4) in 1-6MeCN, as
above. Moreover, the lattice cavity occupied by the ligands bound
to SCO-active Fe(1) is more open and disordered than for Fe(3),
one of whose ligands forms a close steric contact with its sym-
metry equivalent bound to Fe(3") (symmetry code: (ii) 1-x, 1-y,
1-z Figure 3). Its more constricted environment could prevent
Fe(3) undergoing the geometric changes that would accompany
SCO.% This combination of geometric and intermolecular steric
factors might explain why SCO occurs preferentially at Fe(1) in
that compound. There are no obvious packing effects to influence
SCO in 2:xMeCN-yEt20, where each cubane vertex forms a com-
parable distribution of intermolecular contacts.

Magnetic susceptibility data were obtained from freshly pre-
pared polycrystalline 1-6MeCN and 2-xMeCN-yEt20, which were
protected during the measurements to minimize solvent loss. Both
compounds yielded ymT = 32 cm®mol 'K at 300 K, consistent with
an assembly of eight high-spin iron(Il) [ym T = 3.5 cm®mol~'K] and
one high-spin iron(IlI) [4.2 cm3mol~'K] center (Figure 4). ym T for
both compounds gradually decreases on cooling, to a shallow plat-
eau of 22-24 cm3mol'K between 50-100 K. However the variation
in ymT between 300-50 K is less monotonic for 2 than for 1, imply-
ing 2 undergoes SCO less gradually than 1 and with a lower onset
temperature. The plateau ymT values are slightly lower than ex-
pected for SCO occurring at Fe(1) only [ca 25 cm®mol 'K], indi-
cating partial SCO at other cubane vertices may occur at lower
temperatures. These aspects are all consistent with the crystallo-
graphic data (Tables 1 and 2). For both compounds, ym 7 decreas-
es increasingly rapidly below 50 K, which mostly reflects zero-field
splitting of the remaining high-spin centers at these tempera-
tures.”’-> The midpoint temperature Ty for the higher tempera-
ture SCO from these data is similar for both compounds, at ca 175
K for 1-6MeCN and 170 K for 2:xMeCN-yEt20 (Figure 4).
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Figure 4 Solid state magnetic susceptibilty data for 1-6MeCN
(black) and 2-xMeCN-yEt20 (red). The dark dashed lines show
estimated ymT values for different spin state populations of the
iron(II) cubane vertices, while the pale gray lines indicate the
midpoints of each stepwise SCO.

SCO in 2 is well defined by the crystallographic and magnetic
data. However, the behavior of 1 is less clear-cut because of its
more gradual nature, and because the crystallographic disorder in
1-6MeCN complicates determination of the spin state of Fe(1)-
Fe(4) by that technique (Figure 5). To address that ambiguity,
SCO in 1 was investigated further by other methods. Since the



samples lost solvent while in transit to collaborator laboratories,
the following data were obtained from solvent-free samples of 1.
Importantly, solvent-free 1 and 2 retain their local structure integ-
rity by X-ray powder diffraction (Figure S13). Magnetic data from
dried 1 and 2 also closely resemble their solvated crystals, alt-
hough the ymT vs T curve for 1 has a less defined low-
temperature plateau than for 1-6MeCN (Figures S14 and S15).
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Figure 5 The high-spin iron(Il) fraction (y1s) in the cubane
vertices of 1 and 2, as monitored by different measurement
techniques (Table S15).

S7Fe Mossbauer spectra of 1 are shown in Figures 6 and S16. At
77 K the spectrum shows a strong asymmetry which decreases
with increasing temperature. This cannot be explained by the
presence of texture in the powder sample, since texture effects are
temperature independent. Therefore, the Mdssbauer spectra were
analysed with three main components (Figure 6, Table 3). First is
a singlet with an isomer shift 6 = 0.55 mms™ at 77 K characteristic
for a high spin iron(lII) species. Since these parameters are very
close to those reported for the ferric hexaquo complex in frozen
solution (6 = 0.50 mms", AEy = 0),%0 this singlet is due to the
[Fe(OH2)6** cation encapsulated within a cubic local environ-
ment. Secondly, a doublet with 6 = 1.15 mms™' and AFEg = 1.65
mms ™' represents high-spin iron(Il) sites®' at the corners of the
[Fes(u-L12]** cub ane. Lastly a doublet with 6 = 0.42 mms™' and
AEq = 0.55 mms™!, which is not present at T'> 175 K, is assigned
to low-spin iron(ID). In addition, a minor ca. 3 % high-spin Fe(Il)
impurity is also present in the spectra, whose identity is discussed
below. Notably our analyses of the 295, 200 and 175 K Mossbauer
spectra each show separate high-spin iron(II) and iron(I1I) envi-
ronments in a 1:8 ratio (Table 3, Figure S16) which underlines the
assignments described above.

The relative contribution of the low-spin iron(II) doublet in-
creases below T'< 150 K, reaching a ca 1:3 ratio of low-spin:high-
spin iron(II) atoms at 77 K. That implies SCO has occurred at
around one-quarter of the iron(Il) sites at that temperature, which
is in qualitative agreement with the crystallographic and magnetic
data from 1. However, SCO in the Mdéssbauer spectra evidently

occurs at lower temperature than by the other techniques, with T
shifted to 130+20 K (Figure 5). This may reflect desolvation of
the sample before measurement, as mentioned above. No signifi-
cant line broadening of the high-spin iron(II) doublet occurs be-
low 175 K, showing the local symmetry of the cluster is preserved
at all temperatures. That may imply that each vertex undergoes
SCO simultaneously with its symmetry equivalent in the centro-
symmetric cubane assembly.
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Figure 6 The Mossbauer spectrum of 1 at 77 K. The simulation is
in pink, with its components color coded as: high-spin iron(Il)
(orange); low-spin iron(1I) (blue); high-spin iron(I1I) (green); and
iron(Il) impurity (cyan). Spectra at other temperatures are shown
in Figure S16.

Table 3 Relative populations of the iron sites in the Méssbauer
spectra of 1 (HS = high-spin, LS = low-spin). The spectra and
simulations used to derive these parameters are shown in Fig-
ure S16 and Table S14.

T (K) HSFe(ll) LSFe(l) HSFe(lll) Fe(ll) Impurity
298 828 £20 O 104 +20 69 %30
200 843 £20 O 10.5 £2.0 52 %20
175 838 20 O 10.5 £2.0 58 £2.0
150 798 £2.0 6.8 £2.0 10.0 £2.0 34 %10
100 714 £20 156 £2.0 10.2 £2.0 29 1.0
77 64.7 £2.0 21.6 +20 10.8 £2.0 29 £1.0

The presence of low-spin iron(II) in 1 and 2 at low temperature
was confirmed by the observation of light-induced excited spin
state trapping (LIESST), upon irradiation of the solid compounds
at 650 nm at 10 K (Figures 7 and $17).6%%% Low—high spin photo-
conversions of ca 35 % for 1 and 65 % for 2 were achieved under
these conditions, as estimated from the maximum ymT values
shown by the irradiated samples before the onset of LIESST re-
laxation. Despite their different photoconversions, the thermal
relaxation of the metastable high-spin centers in the two com-
pounds occurs at essentially the same temperature, with
T(LIESST) = 67 K for 1 and 68 K for 2. This agrees well with the
predicted value of T(LIESST) = 69 K when T, = 170 K, according
to the previously proposed empirical relationship eq 1 [70 = 120 K
for iron(I1) complexes of bidentate ligands].6365

T(LIESST) = To— 03T €))



x4 T/ cm’Kmol”

30 40 50 60 70 80 90 100 |
Temperature (K)

0 T T T T T
0 50 100 150 200 250 300

Temperature / K

Figure 7 Magnetic susceptibility data for 2 upon cooling in the
dark (black); irradiation at 650 nm at 10 K (red); and then re-
warming (green). The inset shows the derivative of the data from
the irradiated sample, whose minimum corresponds to T(LIESST).

Diffuse reflectance spectra of 1 were measured at five tempera-
tures (Figure S18). While the spectra show a vibronic tempera-
ture-dependence that is independent of SCO, there is a clear in-
crease in absorbance between 550-750 nm at 150 and 120 K. This
is characteristic for MLCT transitions of low-spin iron(II) com-
plexes with N-heterocyclic ligands,?® and indicates the occurrence
of SCO in the sample. This absorbance decreases again at 70 and
10 K reflecting excitation of the low-spin iron sites by the incident
white light, which become trapped in their high-spin excited state
below T(LIESST).%2

A more comprehensive temperature dependence of the UV/vis
spectrum was recorded using total reflectivity measurements,
which show two clear discontinuities (Figure S19). An additional
drop in reflectance on cooling below 170 K is close to the onset of
SCO in dried 1 by Mdssbauer spectroscopy (Figure 5), which
converts some iron(l) centers to their more absorbing low-spin
form as above.’® The increase in reflectance around 65 K reflects
excitation by the white incident light of the low-spin fraction of
the sample, which becomes trapped in its high-spin excited state at

temperatures below T(LIESST). The data below 60 K imply the
sample has returned to a fully high-spin state (Figure S19), which
contrasts with the lower LIESST photoconversion achieved in the
SQUID magnetometer (Figure S17). Be that as it may, these data
confirm the thermal and light-induced spin state changes observed
inl.

The 'H NMR spectra of 1 and 2 in CD3CN exhibit a single con-
tact-shifted, Co.symmetric [L]™ ligand environment (Figures S20
and S21). Electrospray mass spectra of 1 from MeCN solution
show a clean progression of peaks corresponding to
[{Fe(OH2)s>Fes(L)12(BF4)n]7"* molecular ions with 1 < n< 5
(Figures 8, S22 and S23). The mass spectrum of 2 shows more
fragmentation than 1, but includes
[KFe(OH2)6>cFes(12)12(BF4)m] "™+ (m = 4 and 5) as its strongest
peaks (Figure S24). Both data imply that the [{Fe(OH2)s><Fes(u-
D12]’* assemblies retain their integrity in this solvent. Magnetic
susceptibility data from 1 in CD3CN showed a constant ymT =
31.410.4 cm®mol 'K between 237-343 K (Figure S25). Hence the
cluster remains fully high spin over the liquid range of that sol-
vent, which is consistent with its solid state behavior.

Analogous complexations of HL' using Fe[ClO4]26H20 or
Fe[CF3S0s): yielded yellow complex products, without the darker
coloration  characteristic  of 1 and 2. Mononuclear
[Fe(HL)(OH2)2(NCMe)2][ClO4]2 (3) was often obtained from
such solutions, containing a protonated HL' ligand (Figure S26).
Hence, the cubane assembly in 1 was only obtained in the pres-
ence of  the BF4~ counterion. Closely related
[Fe(HL)(OH2)3(NCMe)][BFs]> (4) was also obtained on one
occasion, as a byproduct in the synthesis of 1 (Figures S27 and
S28). Hence [Fe(HL)Y(OH2)ANCMe)s./** species may be inter-
mediates in the synthesis of 1 and 2, which could be initiated by
deprotonation of metal-bound HL' or HI? by adventitious F~ pro-
duced by hydrolysis of BF4 in the reaction medium.%” Compound
4 could also be the minor paramagnetic impurity detected in the
Méossbauer spectroscopy study of 1.

Complexation of Fe[BF4]6H20 by L3 or L* % yielded pale yel-
low powders, one of which afforded the 1D coordination polymer
[Fe(u-L)(OH2)(OCMe)IBF4l2H20 (5:H20) after recrystalliza-
tion from acetone/diethyl ether (Figures S29 and S30). All these
results highlight the importance of O—H...O hydrogen bonding in
templating the cubane cluster.
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Figure 8 Electrospray mass spectrum of 1, showing the [{Fe(OH2)s}—Fes(u-L")12(BF4)]7* peak progression. The inset shows an expan-
sion (top) and simulation (bottom) of the principal n = 4 peak. Simulations of the other peaks are in Figure S23.



Conclusions

The [{Fe(OH2)s>Fes(u-L)12]’* (HL = HL! or HI?, Chart 1) motif
in 1 and 2 is one of the largest SCO-active supramolecular assem-
blies.?!3%38 Unusually, both compounds undergo SCO at specific
positions among their chemically equivalent metal sites.¥” SCO in
1-6MeCN is gradual and difficult to quantify because of crystallo-
graphic disorder, and because SCO is apparently shifted to ca 50
K lower temperature in the desolvated samples used for some
measurements. However SCO in 2:xMeCN-yEt20, which lacks this
disorder, is well-defined. In both freshly-prepared compounds,
SCO at higher temperatures occurs at two symmetry-related
iron(I1) vertices with T = 170-175 K from crystallographic and
magnetic data. Onset of gradual SCO at some other vertices is also
apparent in the lowest temperature crystal structure of each com-
pound. LIESST measurements confirm the presence of a low-spin
Fe(Il) fraction in 1 and 2 at low temperatures which, for 1, was
further quantified with Mossbauer and diffuse reflectance spectra.

SCO at Fe(1) and Fe(1) has little effect on the volume of the
[Fes(u-L)12]** cages (Figure 1).2 Hence the incomplete SCO
shown by 1 and 2 might be explained by the steric influence of the
[Fe(OH2)6I** guest, which would inhibit contraction of the cage
upon SCO at the other vertices. The specific observation of SCO
at the Fe(1) site in 2 can be attributed to its coordination geome-
try, which is closer to ideal (3 symmetry than the other vertices in
that cubane. Although such details in 1 are masked by its structur-
al disorder, coordination geometry and intermolecular packing
influences were identified that might explain the site-selective
SCO in that compound.

Formation of 1 and 2 requires hydrogen-bonding templation be-
tween the encapsulated [Fe(OH2)]** and deprotonated [L],
which may also contribute to their persistence in solution. Our
current work aims to investigate the generality of this self-
assembly process, and the use of different guest species to tune the
SCO properties of the cage.
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