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ABSTRACT: We propose a simple method for predicting the
spin state of homoleptic complexes of the Fe(II) d° ion with
chelating diimine ligands. The approach is based on the
analysis of a single metric parameter within a free (non-
coordinated) ligand: the interatomic separation between the
N-donor metal-binding sites. An extensive analysis of existing
complexes allows the determination of critical N---N distances
that dictate the regions of stability for the high-spin and low-
spin complexes, as well as the intermediate range in which the
magnetic bistability (spin crossover) can be observed. The
prediction has been tested on several complexes that
demonstrate the validity of our method.
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B INTRODUCTION

After the initial discovery in 1930s, spin crossover (SCO) has
become one of the most studied phenomena associated with
molecular bistability." Although the switching between the low-
spin (LS) and high-spin (HS) electronic configurations has
been observed in many complexes of d*—d’ transition metal
ions, the Fe(Il) complexes account for more than 90% of
known SCO materials.” Most commonly, the coordination
environment around the Fe(II) ion in such complexes consists
of six N-donor atoms that provide an intermediate ligand field
for occurrence of the SCO.? The spin transition itself can be
driven by changes in temperature, pressure, or light irradiation.”

Despite the numerous studies on Fe(II) SCO complexes,
predicting the occurrence and temperature of the spin-state
conversion remains a nontrivial task. The SCO behavior can be
extremely sensitive not only to the first coordination sphere
around the metal ion but also to more subtle crystal packing
effects. The quantum—chemical calculations, which have
become a powerful tool for coordination chemists in recent
decades, still encounter significant problems in predicting the
possibility of the LS<>HS conversion due to the necessity to
deal with the open-shell system and the relatively small energy
difference between the LS and HS states.’

Given the general interest in magnetically bistable molecular
materials, it is not surprising that simpler approaches were
sought to provide a more reliable guide to the design of new
SCO complexes. Thus, Busch et al. suggested to evaluate the
possibility of SCO in an octahedral Fe(II) complex by studying
the ligand field splitting (10Dq) of a Ni(II) complex with the
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same set of ligands.” The 10Dq value can be easily estimated
from the first spin-allowed d-d transition (3AZg - 3ng) in the
optical absorption spectrum of the Ni(II) complex. It was
shown that the values of 10Dq in the range of 11 200—12 400
cm™ often led to the observation of the SCO in the
corresponding Fe(II) complexes. Such an approach, while
simple, still requires the preparation of the Ni(II) analogue, the
measurement of its optical spectrum, and the “leap of faith”
(albeit quite logical) that the same complex can be obtained
with the Fe(II) ion.

Other more subtle considerations involved the evaluation of
the ligand-field trends based on the ligand’s 7-accepting and 7-
donating ability. For example, it is generally agreed that 2,2'-
bipyridine (bpy) and 1,10-phenantroline (phen) act as #-
acceptors that lower the energy of the metal’s t,, orbitals, thus
increasing the ligand-field splitting. Indeed, their tris-homo-
leptic complexes, such as [Fe(phen),]Cl,,” are found almost
exclusively in the LS state. In contrast, the tris-homoleptic
Fe(II) complexes of 2,2'-biimidazole (bim), such as [Fe-
(bim);](SO,),” are always found in the HS state, due to the
weaker 7-accepting ability of the five-member rings in the bim
ligand. Nevertheless, the complex [Fe(bimz);](ClO,), (bimz =
2,2'-bis-2-imidazoline, which has less extensive 7-conjugated
system than that of bim) exhibits SCO, which was explained by
the more concentrated s-system of the ligand that helps to
strengthen the metal—ligand interaction.”
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One should realize, however, that these sometimes vague
explanations of the ligand-field strength are generally provided
after the magnetic behavior of the particular complex has been
already established. Thus, they become justifications that carry
a limited predictive power and sometimes contradict other
related examples. Herein we suggest a very simple rule for the
prediction of the spin state for a specific and widespread series
of compounds:

The spin state of Fe(II) complexes that bear a set of three
bidentate diimines is determined by the chelating N—N
distance in the noncoordinated ligand. Complexes with d(N—
N) < 2.78 A and d(N-N) > 2.93 A adopt the LS and HS
states, respectively, while complexes with 2.78 A < d(N—N)
< 2.93 A exhibit SCO.

We base our reasoning on the ability of a particular ligand to
conform to the geometrical requirements of the LS and/or HS
state of the Fe(II) ion. By analyzing a wealth of structural data,
we demonstrate that this approach results in a reliable
prediction of LS, HS, or SCO behavior of the homoleptic
complexes with diimines. Finally, we use this simple concept to
predict the spin states of three new Fe(II) complexes that have
been subsequently prepared and shown to follow the predicted
behavior.

B RESULTS AND DISCUSSION

Known Homoleptic Fe(ll) Complexes with bpy-/phen-
Based Ligands. A transition from the LS state to the HS state
of an Fe(II) complex is accompanied by a significant increase in
the Fe—N bond lengths due to the population of antibonding
eg orbitals in the HS state. The typical Fe—N bond lengths for
the LS and HS complexes are in the range of 1.95—2.00 A and
2.15-2.20 A, respectively.'” Therefore, the bond-length
analysis is a convenient way to assess the spin state of a
particular Fe(II) complex. A search of the Cambridge Structural
Database (CSD) revealed ~600 structures of mononuclear
complexes in which the six-coordinate Fe(Il) ion was
surrounded by three identical diimine ligands (or ligand
arms) that form five-member chelating rings. The histogram
showing the range of the Fe—N bond lengths in these
complexes, together with the N—N distance between the
chelating N atoms, is presented in Figure la. A bimodal
distribution of the bond lengths can be seen clearly, with the
corresponding average d(Fe—N) values of 1.96 and 2.20 A.
This distribution reflects the ability of the d® Fe(II) ion to
adopt either the LS or the HS electronic configuration,
respectively.

Out of this large group of structures, the majority are
represented by complexes that contain [Fe(bpy);]**, [Fe-
(phen);]**, or related cations formed by the Fe(II) ion and
ligands derived from bpy or phen. The analysis of Fe—N bond
lengths in these structures shows a tight unimodal distribution
centered at 1.98 A (Figure 1b), a typical bond length for LS
Fe(1I) complexes. This is not surprising, as both bpy and phen
are classified as m-accepting strong-field ligands that stabilize the
LS state. The directionality of the o-donating nitrogen orbitals
in these ligands creates a favorable situation for the overlap with
the e, orbitals of the transition metal and effective 7-back-
bonding from the t,, orbitals of the metal to the z* orbitals of
the ligands, thus allowing the formation of a stable complex at
the bond lengths compatible with the LS state. The conversion
of any of these complexes to the HS state would cause the
elongation of Fe—N distances to ~2.2 A, but at this distance
the orbital overlap would be dramatically compromised, thus
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Figure 1. Distribution of Fe—N bond lengths and chelating N—N
distances in the crystal structures of tris-homoleptic Fe(II) complexes
with diimine ligands (a), with ligands derived from bpy or phen (b),
and with diimine ligands not including bpy or phen (c).

making the HS state energetically inaccessible. Granted, the
ligand’s geometry can also adapt, but the distortion would be
too large to conform to the bite angle at the HS Fe(II) center.
One can imagine that upon elongation of the Fe—N bonds to
~2.2 A, the N---N separation in the bpy- or phen-based ligand
would have to increase to direct the nitrogen lone pairs closer
to the line connecting the atoms if the orbital overlap were to
be optimized in the HS state (Scheme 1). The energetic
penalty for such a distortion turns out to be too high.
Interestingly, a few structures with the bpy/phen-type ligands
(Scheme 2) exhibit Fe—N bond lengths in the range of 2.10—
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Scheme 1. Decreasing Fe—N Orbital Overlap upon the LS —
HS Transition in the Complex with a bpy-Type Ligand”

HS State

LS State

“The relative difference in the Fe—N bond lengths between the LS
and HS states is exaggerated to make the effect more visible. The
arrows indicate the direction in which the bpy ligand has to “open” to
optimize the orbital overlap along the Fe—N o-bonds.

Scheme 2. bpy- or phen-Derived Ligands That Afford HS or
SCO Fe(II) Complexes with Tris-homoleptic Coordination
Environment

3,3-Me,bpy

6-Mebpy

5,6-Me;phen

220 A, suggesting the HS state for the corresponding
complexes. We now examine these cases, in order to
demonstrate that the exceptions can be rationally explained
based on the metal—ligand bonding considerations and steric
effects.'’ In the structure of [Fe(3,3'-Me,bpy);](ClO,),, the
significant steric repulsion between the methyl substituents
causes a strong twist of the ligand, resulting in the dihedral
angle of 37° between the pyridyl rings. Consequently, the Fe—
N bonding is weakened, and the HS state becomes comparable
in energy to the LS state; the complex shows SCO behavior.'”
The other type of exceptions stems from the steric hindrance
caused by the ligand in the vicinity of the metal center.
Complexes [Fe(6-Mebpy),],"> [Fe(2-Mephen),],'* and [Fe(2-
pyq);]"” contain a methyl substituent or an additional
phenylene ring next to the coordinating N atom, thus
introducing a substantial crowding in the coordination sphere
of the metal ion. Consequently, the Fe—N distances elongate to
relieve the steric repulsion, and the complexes adopt the HS
state (with L = 2-Mephen) or demonstrate SCO behavior (with
L = 6-Mebpy or 2-pyq). Finally, the third type of exceptions
deals with the strain introduced by binding chelating diimine
ligands that are connected into a more rigid molecular
structure, as can be seen for ligand L1 in Scheme 2. The
Fe(Il) coordination in the complex [Fe(L1)](ClO,), is
strongly distorted from the octahedral geometry, causing the
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destabilization of the LS state relative to the HS state, which is
experimentally observed.'®

5,6-Me,phen is the only ligand in Scheme 2 that should not
induce any additional structural strain at the metal center.
Therefore, the reported crystal structure of [Fe(S,6-
Me,phen);](ClO,),, with the average Fe—N distance of
2120 A at 100 K,'" appears dubious, as it suggests the
occurrence of SCO for the Fe(Il) ion. We synthesized this
complex and redetermined its crystal structure. The average
Fe—N bond length was found to be 1.972(2) A at 230 K,
unambiguously proving the LS state for this complex. In
addition, we did not observe any spin-state change in the
magnetic measurements performed from 2 to 400 K (Figure
S1). These findings also agree with the reported LS structure of
[Flex(5,6—Me2phen)3] [C(CN),], that shows d(Fe—N),, = 1.963
A

Known Homoleptic Fe(lll Complexes with Other
Diimine Ligands. As shown above for the cases of bpy- and
phen-type ligands, the LS state of Fe(II) complexes with such
ligands remains predictable as long as there is no noticeable
steric effect caused, for example, by the presence of pendant
substituents next to the metal-binding sites (e.g, 6-Mebpy) or
by tethering the tree bidentate chelating moieties to a central
atom (e.g,, L1). Therefore, we will continue our consideration
of homoleptic tris-diimine complexes of the Fe(Il) ion by
focusing only on those complexes that contain simple chelating
diimine ligands (Scheme 3).

The search over the CSD with the aforementioned
restriction resulted in 454 tris-homoleptic structures, containing
Fe(II)-coordinated diimine ligands summarized in Scheme 3.
After excluding the ligands based on bpy and phen, the analysis
of bond lengths in 148 remaining crystal structures led to a
well-defined bimodal distribution shown in Figure Ic.

From the previous consideration of the orbital overlap and
bite angles in the bpy- and phen-containing complexes, it
becomes clear that the N—N separation and the lone-pair
directionality in certain groups of ligands will be more disposed
to the formation of either the LS or the HS state. To that end,
we compiled in Table 1 the N—N distances in the free,
noncoordinated diimines, as well as the spin state of their tris-
homoleptic complexes with the Fe(II) ion as established in the
literature. Crystal structures for many of these ligands have
been reported. For the cases in which the crystal structures
were not available, we used MP2-level theory to optimize the
structure of the ligand and extract the N—N distances. A
comparison of calculated and experimental results for several
cases in Table 1 shows that such approach is valid.

Experimental crystal structures of some of the ligands shown
in Scheme 3, or their derivatives, could be found with the N-
donor sites arranged in the syn fashion (Scheme 4a), in which
case the determination of the d(N—N) values was straightfor-
ward. When the experimental crystal structure was known only
with the anti-configuration of the N-donor sites, the distance
was calculated as

d(N-N) =y — x cos @ — z cos f3 (1)

with the metric parameters defined in Scheme 4b. The same
calculation was used in the cases when the ligand’s molecular
structure could not be optimized to an in-plane arrangement of
the N-donor sites in the syn-configuration.”*

An examination of the data compiled in Table 1 reveals that
the ligands with short d(N—N) in the noncoordinated form
tend to result in LS Fe(II) tris-diimine complexes, while the
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Scheme 3. Diimine Ligands Covered in This Work
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ligands with long d(N—N) favor the HS state. In the case of
intermediate N—N distances, SCO behavior is observed. These
relations can be explained by the contribution of two factors
already considered above in the discussion of bpy- and phen-
containing complexes, namely the strain (distortion) imposed
on the ligand in the complex and the stability of the Fe—N
bonds. We observe that essentially all ligands exhibit a shorter
N-—N separation in the complex as compared to the value in
the free ligand. Moreover, the N—N separation in the LS state
is shorter than that in the HS state for the same ligand (Figure
1). These observations indicate that the ligand’s structure
becomes more strained as it binds to the metal ion. In many
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Table 1. N—N Distances in the Free Ligands and the Spin
State of Their Tris-homoleptic Fe(II) Complexes

d(N—-N), A*
ligand exptb caled Fel spin state
1 2.692" 2.695 Ls*
2 2724 2.747 Ls*
3 2.713% 2719 Ls*
4 2722 2.714 Ls*
5 27117 2716 Ls*®
6 n/a 2.672 Ls*
7° 2.688% 2.708 Ls*!
8° 2.682% 2.708 Ls*
9 n/a 2.746 sco®
10 2.672%* 2.650 Ls*
11 2.828% 2.860 sco?’
12 2.747% 2.756 sco*
13° 2.778% 2.769 Ls*
14 2.780* 2.800 Ls*®
15¢ 2.802*" 2.857 sco®
16° 2.824% 2.855 SCO*ot”
17° 2.843* 2.869 sco¥
18 2.784° 2.791 sco®!
19¢ 2,758 2.766 LS
20° 2.777°* 2.786 Ls™*
21 2.991°° 3.024 HS*
22 2.847° 2.872 SCo*®
23 29107 2913 sco”’
24 2.805" 2835 sCo*’
25 2.855%% 2.878 sco’
26 2.945% 2.944 HS***
27 2.836%° 2.794 2354
28° 2,673 2.723 LS
29°¢ 2.655% 2.687 Ls**
30° 2.882°° 3.001 SCO*6¢
31° 2.867% 2955 SCco%®
32° 2.652% 2.658/2.818° LS,”° sco”"
33 26387 2757 LS

“The italicized values were calculated in the anti-arrangement of the
N-donor sites, according to eq 1 and Scheme 4. bAverage distances
were taken in the cases when more than one ligand molecule was
present in the asymmetric unit. “If unsubstituted ligand could not be
found, an experimental structure that would have the least structural
distortion caused by the substitution was used, and the d(N—N) in the
unsubstituted ligands was calculated for comparison. “The complex is
LS below room temperature, but the spin state above room
temperature was not investigated.” “The complex is LS-Fe'! at low
temperature, but at higher temperature an outer-sphere metal-to-
ligand electron transfer results in the HS Fe"" complex, in which one of
the ligands becomes an anionic radical (see the text).”’ The d(N—N)
values were calculated for both neutral and anionic forms of 32,
respectively.

Scheme 4. (a) The N—N Distance in the Planar Syn-Form of
a Noncoordinated Diimine Ligand. (b) The parameters
Used To Calculate the N—N Distance in the Anti-
Arrangement of a Noncoordinated Ligand

@ r . ® ——N{ =
X
_N/ _____ \ < 7B \¢
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cases, however, the LS state is still energetically favorable as
compared to the HS state, because the strain on the ligand is
compensated by the formation of shorter and more stable
metal—ligand bonds in the LS complex. Nevertheless, if the
d(N—N) value is large, the strain required to form the LS state
is too high to be compensated by the more stable metal—ligand
bonds. In such a case, the complex favors the HS state. Quite
logically, for the intermediate N—N distances, a situation arises
when the energies of the LS and HS states become comparable,
affording the LS<>HS interconversion (SCO) to be driven by
external factors.

The diimine ligands shown in Scheme 3 can be classified in
five groups: (i) ligands that combine two six-member rings; (ii)
ligands that combine one six-member and one five-member
rings; (iii) ligands that combine two five-member rings; (iv)
ligands that combine a six- or five-member ring and an open-
chain imine; (v) open-chain diimines. As the following
discussion will show, the N—N distances in noncoordinated
ligands and the spin states of the Fe(II) complexes correlate
quite well with this classification.

Ligands with Two Six-Member Rings and Open-Chain
Diimine Ligands. Diimine ligands 1—-10, formed by two six-
member rings, exhibit short d(N—N) values (<2.75 A).
Consequently, their tris-homoleptic Fe(II) complexes exist
almost exclusively in the LS state. As can be seen from Table 1,
the only exception (not taking into account the complexes with
sterically demanding ligands shown in Scheme 2) is provided
by complexes of 2,2'-bi-1,4,5,6-tetrahydropyrimidine (9).
Nelson and co-workers reported that both perchlorate and
tetraphenylborate salts of the [Fe(9);]** cation exhibit SCO.>**
We also note that the d(N—N) value calculated for this ligand
is on the higher end of the values observed for ligands 1-10.
One could argue that s-accepting ability of 9 is weakened by
the loss of aromaticity, which would make it a weaker ligand.
Nevertheless, the same argument should hold for 2,2'-bi-4,5-
dihydrothiazine (10), but its Fe(Il) complexes exhibit only the
LS state. The substitution of S atoms for the NH groups in 9
leads to a slightly larger size of the six-member rings in 10, thus
pushing the N-donor sites closer and decreasing the bite angle
or the chelating pocket. As a result, the salts of [Fe(10);]** with
the same anions are LS.>

Similar to the first group are open-chain diimine ligands 32
and 33. Both types of ligands feature similar angles at the N and
C atoms of the chelating fragment, which results in similar bite
angles and N—N separations. The tris-homoleptic Fe(II)
complexes of ligands 32 and 33 are also LS.””’>”> A single
exception, however, was described to occur in the complex
[Fe(dad);][Fe(pda),] (dad = N,N’-bis(phenyl)-2,3-dimethyl-
1,4-diaza-1,3-butadiene; H,pda = N,N’-bis(pentafluorophenyl)-
o-phenylenediamine).”’ At low temperatures, the tris-homo-
leptic cation [Fe'(dad);]*" exists in the LS state, but above 235
K, outer-sphere electron transfer from the [Fe'(pda),]*” anion
to the cation causes the latter to adopt a configuration
[Fe"(dad*™) (dad),]*, in which the Fe(II) center is HS and one
of the dad ligands becomes an anionic radical. Thus, in this
unique case the octahedrally coordinated Fe(II) ion undergoes
an unusual SCO, due to the change in the electronic structure
of one of the coordinated ligands. Interestingly, the
theoretically optimized structure of the uncoordinated dad®”
revealed the N—N distance of 2.818 A, which is substantially
longer than the value of 2.658 A observed for the neutral ligand.
As will be shown below, this longer d(N—N) value falls in the
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range for which the SCO in the tris-shomoleptic Fe(II)
complexes can be expected.

Ligands with One Six-Member and One Five-Member
Ring. When a six-member ring is replaced by a five-member
one (ligands 11—20), the N—N distance becomes longer, due
to the smaller internal angle of the five-member ring that causes
the increase in the outer angle at the N-donor site (@ or f in
Scheme 4). As a result, a larger strain is imposed on the ligand
to decrease the N—N separation and direct the N-donor lone
pairs into proper orientation to optimize bonding in the LS
state of the complex. Consequently, such ligands tend to
increase the stability of the HS state relative to the LS state, in
many cases leading to the SCO between these states. The SCO
behavior was reported for tris-homoleptic Fe(II) complexes of
ligands 11, 12, and 15—18, while complexes of ligands 13, 14,
19, and 20 were found only in the LS state.

An examination of the experimental data for ligands 11—-20
in Table 1 also reveals that the ligands that form SCO Fe(II)
complexes generally exhibit larger N—N distances. The value of
2.78 A appears to be critical, as all ligands in which the N—N
separation exceeds this value furnish SCO Fe(II) complexes
(Figure 2). The only exception is given by ligand 12, which

SCO HS

2
3
» sco = I mEEEE W
c
a
wn
LS 4 EE EEm EE =N

27 28 29
d(N-N) in Free Ligand (A)

26 3.0

Figure 2. A correlation diagram for predicting the spin state of
homoleptic tris-diimine Fe(II) complexes depending on the
experimental N—N separation in the free diimine ligands. (A similar
diagram for the theoretically calculated d(N—N) values is provided in
the Supporting Information, Figure S2).

forms SCO complexes’” even though d(N-N) = 2.747 A. An
illustrative comparison can be made between ligands 16 and 20,
which differ by the presence of the NH group or S atom,
respectively, in the five-member ring. The introduction of the
larger S atom effectively decreases the bond angle (a or f§ in
Scheme 4) at the chelating N-donor site of the five-member
ring, from 127.5° in 16 to 123.3° in 20, pushing it closer to the
N-donor site on the six-member ring and favoring the LS state
over the HS state in the Fe(II) complex. As a result,
[Fe(16),]** exhibits SCO***” while [Fe(20),]>* exists only in
the LS state.”*

Ligands with Two Five-Member Rings. Diimine ligands
formed by two five-member rings show even larger N—N
separations, in some cases close to 3.0 A (Table 1).
Consequently, an increased strain would be imposed on the
ligand in the LS structure of the tris-homoleptic Fe(II)
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complex, and the corresponding complexes of ligands 21-26
either show SCO or exist only in the HS state. The latter
situation was observed for complexes of ligands 21 and 26,
which have d(N—N) above 2.93 A. The complexes of ligands
whose d(N—N) is below this value exhibit SCO (Figure 2).

As was already mentioned, the d(N—N) value can be tuned
by the size of the heteroatom in the ring, generally decreasing
from the O- to N- to S-containing heterocycles, as the larger
heteroatom leads to the smaller outer angle (@ or  in Scheme
4) at the chelating N-donor site and the smaller N—N
separation. For example, the change from the smaller N atom in
21 to the larger S atom in 23 causes the decrease in d(N—N)
from 2.991 to 2.910 A, which is sufficient to achieve SCO in
complexes of the [Fe(23);]** ion,”” while complexes of the
[Fe(21);]* ion are always HS.”® Another relevant comparison
is provided by ligands 26, 25, and 27, which contain O, N, and
S heteroatoms and exhibit the d(N—N) values decreasing from
2.945 to 2.855 to 2.836 A, respectively. As a result, the tris-
homoleptic Fe(II) complex with 26 is HS, while the analogous
complex with 25 exhibits SCO. Complexes of the [Fe(27);]*"
ion were reported to be LS at room temperature, but their
temperature-dependent behavior was not investigated.”> We
believe that such complexes should exhibit SCO above the
room temperature, and their magnetic behavior should be
studied more thoroughly.

Ligands with a Five- or Six-Member Ring and an
Open-Chain Imine. Ligands 28—31 also reflect very well the
influence of the N—N distance in the free ligand on the spin
state of the tris-homoleptic Fe(I) complex. Ligands 28 and 29,
which contain a six-member ring, behave like ligands with two
six-member rings or open-chain diimines, all of which have
similar bond angles at the chelating N-donor sites and d(N—N)
below 2.78 A. Consequently, their Fe(II) complexes exist in the
LS state.””*" Replacing the six-member ring with the five-
member ring has the already expected effect: the d(N—N) in
ligands 30 and 31 exceeds 2.78 A and their Fe(I) complexes
exhibit $CO.*>%¢*

Spin-State Prediction. The analysis of the correlation
between the N—N separation in the free ligands and the spin
state of the corresponding tris-homoleptic Fe(II) complexes
(Figure 2) clearly reveals the empirical rule formulated in the
beginning of this article. To test the predicting power of this
rule, we set out to modify some of the ligands shown in Scheme
3 in order to move the d(N—N) values between the three
regions of the correlation diagram. The original ligands and
their modified versions, along with the d(N—N) values, are
shown in Table 2. The d(N—N) values obtained from the
optimized geometries indicate that tethering the noncoordinat-
ing side of ligands 1 and 25 with a mono- or diatomic bridge,
respectively, leads to the elongated N—N distances in 1a and
25a, pushing them into the range characteristic of ligands that
form only HS Fe(II) complexes. In contrast, N-alkylation of
ligand 21 places its derivative 21a at the borderline that
separates the ligands promoting LS or SCO behavior in the
Fe(1I) complexes.

We synthesized perchlorate salts of tris-homoleptic Fe(1I)
complexes with ligands 1a, 21a, and 25a and investigated their
crystal structures and magnetic properties. An examination of
the Fe—N bond lengths in the crystal structures of [Fe(1a);]-
(ClO,), and [Fe(25a);](ClO,), determined at 100 and 173 K,
respectively, revealed values typical of the HS Fe(II) ion (Table
3). The magnetic measurements showed that both complexes
remain in the HS state between 2 and 300 K (Figure 3), thus
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Table 2. Changes in the N—N Distances upon Chemical
Modification of Some Ligands and the Predicted Spin State
for the Tris-homoleptic Fe(I1) Complexes of the Modified
Ligands

Original Ligand 2[)]::(351‘\'_{:(1 Modified Ligand I;"if-i;itfid
and d(N-N), A € PP and d(N-N), A¢ = op
State State
(9]
/ \_/ \
- . / N
N N L§® \ / -
1 =N N=
la
2.692"
3.233
H H T\
N N N N
[ ’} \: j SCo’® E /> <\j HS
N N N N
- 25a
28557 3.004
H
(<
[ / \j 76 LSor
N 21 N e SCO

2.991%

0

2.768

“All values for the modified ligands were obtained by theoretical
calculations.

Table 3. Fe—N Bond Lengths in Complexes
[Fe(L);](ClO,),, Where L = 1a, 21a, and 25a

la 21a 25a
T, K 173 100 100
d(Fe-N), A 2.197(4) 1.963(4) (x3) 2.227(2) (x2)
2.204(4) 1.987(6) (X3) 2.228(2) (x2)
2.213(3) 2.231(2) (x2)
2.222(4)
2.227(4)
2.243(4)

confirming the prediction based on the d(N—N) values
calculated for the free ligands.

In contrast, [Fe(21a);](ClO,), showed SCO at rather high
temperatures (Figure 3), again in agreement with our
prediction. The strain introduced by the eight-member ring
in ligand 21a forces the N-donor sites in the chelating pocket
closer to each other. In fact, the d(N—N) value in 2la
decreases dramatically as compared to that in 21 (Table 2),
moving slightly below the critical value of 2.78 A that separates
the ligands that promote the LS and SCO behavior. This
dramatic change is also reflected in the rather high temperature
of SCO in [Fe(21a);](ClO,),, for which the midpoint of the
spin-state conversion is found at T/, = 302(2) K. The LS—HS
conversion itself appears to be gradual and nearly complete
around 400 K. The single-crystal X-ray diffraction analysis
established that this complex crystallizes in the noncentrosym-
metric cubic space group P2,3. The Fe—N bond lengths
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Figure 3. Temperature dependence of yT for [Fe(L);](ClO,),, where
L = 1a (red), 21a (blue), and 25a (black).

determined at 100 K clearly reveal that the Fe(II) center is in
the LS state (Table 3).

Such dramatic difference in the magnetic behavior of the
SCO complex [Fe(21a);](ClO,), vs the HS complex [Fe-
(21);](BE,),> is difficult to justify by arguments about the
changes in the m-accepting/donating ability of the ligands, as
one generally would not expect the N-alkylation to alter that
ability so strongly. However, considering the change in the
orientation of the lone pairs on the N-donor sites and their
better arrangement toward the bonding in the LS state in ligand
21a as compared to ligand 21, the observed change in the
magnetic behavior of the Fe(II) complexes is quite reasonable,
keeping in mind the preceding discussions.

Higher-Level Theoretical Analysis. In order to support
our somewhat simple approach to the prediction of the spin
state of the Fe(Il) complexes considered herein, we carried out
a more accurate analysis of the spin-state energetics using DFT
calculations. The relative stability of the LS and HS states for a
particular complex was assessed by evaluating the difference in
the zero-point energies of the two states, AE°y; = E°ys — E°.
In DFT, the predicted value of AE°y; strongly depends on the
functional used, and so far no functional has emerged as the
method of choice for accurate determination of this difference.’
It has been shown, however, that the majority of modern
functionals can provide a reliable estimate of the change in the
AE®yy; value as a function of the coordination environment of
the metal ion.”” Hence, following on our previous work, in
order to keep the analysis concise, we have performed the
calculations using only the standard PBE functional, which is a
generalized gradient approximation (GGA) and which as such
is expected to overestimate AE®y;.

Summarized in Table 4 are the AE®; values calculated with
the PBE functional for the tris-homoleptic Fe(II) complexes of
ligands that appear in Table 2. The PBE functional severely
overstabilizes the LS state, as can be seen from the positive
values of AE°y; for all six compounds, including complexes
with ligands 21, 1a, and 25a, which were found to exist only in
the HS state by the magnetic measurements. Nevertheless, the
change in the AE°y; values in the corresponding ligand pairs,
A(AE®°y;), agrees well with the experimentally observed
changes in the magnetic behavior of the complexes. The
decrease in AE°y;, which indicates the stabilization of the HS
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Table 4. Calculated Values of the HS-LS Zero-Point Energy
Difference, AE°;, and Their Variations, A(AE®y, ), in Tris-
homoleptic Fe(II) Complexes of Ligands 1, 1a, 21, 21a, 25,
and 25a

AE°y;, cm™! A(AE%y), em™!
1 1a 1-—>1a
+11137 +3783 —7354
25 25a 25 — 25a
+7008 +889 —6119
21 2la 1—1a
+6476 +8081 +1606

state relative to the LS state, is observed upon transition from
the complexes containing ligands 1 and 25 to the complexes
with ligands 1a and 25a, in agreement with the larger N—N
separation in the latter ligands. Conversely, the AE°y; value
increases upon changing ligand 21 to ligand 21a, which agrees
with the decreased stability of the HS state and the observation
of the SCO in [Fe(21a);](ClO,), as compared to the HS-only
behavior of [Fe(21);](ClO,),.

B CONCLUSIONS

In summary, a comprehensive analysis of the metric parameters
in the structures of tris-homoleptic Fe(Il) complexes with
diimine ligands revealed a strong correlation between the
magnetic behavior of the complex and the N—N distance
between the chelating N-donor sites in the free ligand. This
correlation allowed us to establish a simple empirical rule for
the prediction of the spin state of such complexes, namely the
d(N-N) values in the range of 2.78—2.93 A indicate the
diimine ligand might be used to achieve spin-crossover behavior
in the tris-homoleptic Fe(II) complexes. The shorter or longer
N-N separations only lead to the low-spin or high-spin
behavior, respectively. The rule was successfully tested by
modifying three of the examined ligands in order to force the
change in the magnetic behavior of their Fe(II) complexes.
Our analysis conclusively demonstrates that the shorter and
longer d(N—N) values in the free ligand lead, respectively, to
the stronger and weaker ligand field. We believe that these
findings have a broader meaning and can be applied to
complexes of transition metals with bidentate chelating ligands
in general, for example, to quickly predict possible shifts in the
photophysical or electrochemical properties of the complexes.
It is important to note, however, that the spin-crossover
behavior in transition metal complexes can sometimes change
substantially depending on subtle effects of crystal packing,
including the presence of interstitial counterions and solvent
molecules. Therefore, the rule devised here should be used with
caution and viewed as a guiding principle for evaluating
potential changes in the ligand field strength but not as a
guaranteed method to predict the spin-crossover behavior.

B MATERIALS AND METHODS

Synthesis. All reactions were performed under an N, atmosphere
using standard Schlenk techniques. The ligands 1,1’-(a,a’-0-xylyl)-
2,2'-biszimidazole (21a)”® and 2,3,5,6,8,9-hexahydrodiimidazo[1,2-
a:2',1'-c]pyrazine (25a)”° were synthesized according to the published
procedures. All other starting materials and solvents were purchased
from Aldrich and used as received. Anhydrous commercial solvents
were additionally purified by passing through a double-stage drying/
purification system (Glass Contour Inc.). Elemental analyses were
performed by Atlantic Microlab, Inc. (Norcross, GA).
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Table 5. Data Collection and Structure Refinement Parameters for [Fe(L);](ClO,),, Where L = Me,bpy, 1a, 21a, and 25a

[Fe(Meszy)3] (CIO4)2‘CH3CN [Fe(la)ﬂ (C104)2'CH3N02 [Fe(Zla)3] (C104)2 [Fe(ZSa)3] (C104)2
formula FeCLOgN,C,,Hso FeCL,O;N,Cy,Hy, FeCl,O¢N,C,,Hsg FeClL,OgN,C,,Hsg
CCDC number 1535402 1535403 1535404 1535401
T, K 230(2) 173(2) 100(2) 100(2)
formula weight 920.59 862.33 951.48 747.40
space group P2,/c P4;2,2 P23 C2/c
a, A 10.6982(S) 12.6281(9) 16.976(2) 23.916(5)

b, A 30.086(1) 12.6281(9) 16.976(2) 10.099(2)

¢ A 13.1081(6) 44.904(3) 16.976(2) 16.810(3)
a, deg 90 90 90 90

B, deg 103.640(1) 90 90 131.277(2)
7, deg 90 90 90 90

v, A3 4100.1(3) 7161(1) 4892(2) 3051(1)

z 4 8 4 4

crystal color red red red red

crystal size, mm® 0.10 X 0.12 X 0.20 0.31 X 0.35 X 0.41 0.07 X 0.15 X 0.21 0.10 X 0.24 X 0.31
deeqy g cm™ 1.491 1.600 1.022 1.627

#, mm™! 0.563 0.649 0.345 0.739

A A 0.71073 0.71073 0.71073 0.71073
Ornar deg 28.52 27.76 2649 28.49

total reflections 47618 79936 8875 14110

Ry 0.034 0.055 0.030 0.044
unique reflections 9790 8383 3343 3633
parameters refined 579 534 167 213
restraints used 0 0 0 0

Ry, wR, [I > 26(1)]” 0.047, 0.128 0.048, 0.105 0.070, 0.183 0.040, 0.101
R,, wR, (all data) 0.063, 0.144 0.057, 0.109 0.078, 0.190 0.055, 0.111
goodness of fit” 1.049 1.130 1.033 1.053

diff peak/hole, e A= 0.74, —0.49 0.85, —0.54 0.54, —0.37 0.84, —0.56

“Ry = X||Fyl — IF.||/ YIFyl; wR, = [ X [w(F,2 — E2)?*1/Z[w(F,2)*]]"2 bGoodness-of-fit = [Xw(Fy* — E2)*]/(Nyps — Nparams)]l/z, based on all data.

Caution! The complexes between metal ions and organic ligands
with perchlorate counterion are potentially explosive. The compounds
should be prepared in small amounts and handled with great care!

[Fe(5,6-Me,phen);](CIO,),-CH;CN. A 36.2 mg (0.10 mmol) amount
of Fe(ClO,),-6H,0 and 62.4 mg (0.30 mmol) of 5,6-Me,phen were
placed in a 25 mL Schlenk tube. After 7.0 mL of anhydrous acetonitrile
was added, the mixture was stirred for 30 min, affording a dark-red
solution, which was filtered and layered with 10 mL of diethyl ether.
The red crystals that formed after several days were washed
successively with methanol and diethyl ether and dried by suction.
Yield = 61.0 mg (66%).

[Fe(1a);](CIO,)MeNO,. A 362 mg (0.10 mmol) amount of
Fe(ClO,),-6H,0 and 54.6 mg (0.30 mmol) of 4,5-diazafluoren-9-one
(1a) were placed in a 25 mL Schlenk tube. After 8.0 mL of anhydrous
nitromethane was added, the mixture was stirred for 10 min, affording
an orange-red solution, which was filtered and left in the N,-filled
glovebox for slow evaporation. The red cubic-shaped crystals that
formed after several days were washed successively with ethanol and
diethyl ether and dried by suction. Yield = 52.6 mg (61%). Anal. Calcd.
(found) for FeCl,03N,Cy,H,;: C, 47.36 (47.82); H, 2.45 (2.52); N,
11.37 (11.49).

[Fe(21a)5](CIO,),. A 18.1 mg (0.05S mmol) amount of Fe(ClO,),:
6H,0 and 354 mg (0.15 mmol) of 21a were placed into different
sides of a 6 mL H-shaped tube. Anhydrous methanol was carefully
added until the solutions from both sides of the H-tube connected (~6
mL of methanol). The tube was left under N, atmosphere. The red
crystals that formed after 2 weeks were washed successively by ethanol
and diethyl ether and dried by suction. Yield = 38.1 mg (79%). Anal.
Caled (found) for FeCl,O¢N;,C,Hse: C, 52.35 (52.13); H, 3.77
(3.92); N, 17.44 (17.35).

[Fe(25a);](CIO,),. A 72.6 mg (0.20 mmol) amount of Fe(ClO,),
6H,0 and 94.8 mg (0.60 mmol) of 25a were placed in a 25 mL
Schlenk tube. After 6.0 mL of anhydrous acetonitrile was added, the
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mixture was stirred for 30 min, affording a dark-red solution, which
was filtered and layered with 12 mL of diethyl ether. The red crystals
that formed after several days were washed successively with methanol
and diethyl ether and dried by suction. Yield = 75.0 mg (50%). Anal.
Calcd (found) for FeCl,O4N;,C,,Hss: C, 38.57 (38.14); H, 4.86
(4.83); N, 22.49 (22.20).

Single-Crystal X-ray Diffraction. In a typical experiment, a
selected single crystal was suspended in Paratone-N oil (Hampton
Research) and mounted on a cryoloop which was placed on a
goniometer stage of a Bruker AXS SMART diffractometer equipped
with an APEX-II CCD detector. The data sets were recorded as w-
scans in steps of 0.3°. After integration of the data,®* a multiscan
absorption correction was applied.”" The space group was determined
from the analysis of systematic absences.*” The solution and
refinement of the crystal structures were carried out using the
SHELX programs.””> The final refinement was performed with
anisotropic atomic displacement parameters for all non-hydrogen
atoms, except for strongly disordered atoms of anions and solvent
molecules. All H atoms were placed in calculated positions. In the
structure of [Fe(21a);](ClO,),, the ClO,” counterions and possible
interstitial solvent molecules were severely disordered, which
necessitated the use of the SQUEEZE procedure84 to account for
the electron density of the disordered part. The total number of
electrons established by the SQUEEZE method was 740 per unit cell,
which gave a tentative formula [Fe(21a),;](ClO,),-4MeOH. A
summary of pertinent information relating to unit cell parameters,
data collection, and refinements is provided in Table S.

Magnetic Measurements. The DC magnetic susceptibility was
measured on polycrystalline samples using a superconducting quantum
interference device (SQUID) magnetometer (Quantum Design
MPMS-XL). Measurements were performed between 370 and 1.8 K,
with the cooling rate of 1 K/min, under 0.1 T applied field.
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Quantum—Chemical Calculations. The molecular structures of
the diimine ligands were optimized by MP2 calculations using
Gaussian 09 package with the DG-DZVP basis set. The geometries of
selected tris-homoleptic Fe(II) complexes in the LS and HS states
were optimized at the DFT level of theory, with the Amsterdam
Density Functional (ADF) package.”> The PBE functional®
augmented with the D3BJ semiempirical dispersion correction®”
(PBE-D3BJ) was employed in combination with the Slater-type orbital
(STO) TZP beasis set of triple-{ polarized quality from the ADF STO
basis set database. During the calculations, the atomic core orbitals
were kept frozen up to the 1s level for the C and N atoms and up to
the 2p level for the Fe atom. Scalar relativistic effects were included by
performing the calculations within the zero-order regular approx-
imation (ZORA) for relativistic effects.*® The optimizations were
carried out with no symmetry constraints. The vibrational analyses
performed after the geometry optimizations indicated that the located
extrema correspond all to true minima (no imaginary frequencies).
The Fe—N and N—N distances within the five-member chelate rings
were in good agreement with the results of the single-crystal X-ray
diffraction analysis (Table S1).
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