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ARTICLE INFO ABSTRACT

Keywords: Complex assembly preferences and resultant spin state choice and Jahn-Teller distortion mode in twelve Mn(III)
Manganese complexes of varying nuclearity with Schiff base chelate ligands of different sizes are compared. Mononuclear
Schiff base

complexes Mn(5-F-Sal;323)]OTf (1), [Mn(5-F-Sal»323)]Cl0O4 (2) and [Mn(5-F-Sal3323)]NOs3, (3) with the 8-carbon
R-Sal»323 chelate type show rare axial compression at room temperature and complexes (2) and (3) also show
reversible thermal spin state switching from spin quintet to triplet states on cooling. The prevalence of atypical axial
compression is further probed by single crystal diffraction studies on high spin mononuclear complexes (4)-(7) with
the longer 9-carbon R-Saly333 chelate series using [Mn(3-OEt-Sal333)]BF4, (4) [Mn(3,5-diOMe-Sal333)]
BF4-0.5PrOH, (5), [Mn(5-F-Sal3333)]BPhy, (6) and Mn(5-NO,-Sal333)1BPhy, (7) as examples. Ring closure of both
the 8-carbon R-Sal;323 and longer 9-carbon R-Sal;333 ligands was also observed yielding a ligand with a 6-
membered ring in the mononuclear complex [Mn(3-OMe,5-NO,-Sal»333°%)1-0.07MeOH-0.93MeCN (8) in contrast
to a protonated 5-membered ring in the dimeric complex [Mng(S—Cl—Sa12323H5R)2] (Cl04)2-1.85EtOH-0.33MeCN, (9)
with the R-Sal»323 chelate type. Finally comparison of the assembly modes of Mn(III) complexes of the 8-carbon R-
Sal»323 and 9-carbon R-Sal2333 series with those of the shorter 7-carbon R-Sal»322 ligand series reveal that the
mononuclear assembly mode is not favoured with the smaller chelate. Instead three dimeric or cluster complexes
with rearranged ligands were recovered in low yield. The structures of these complexes [Mny(5-NOo-Sal;322°%),]-
2BuOH, (10), [Mny(3,5-diBr-Sal;322°%)(3,5-diBr-Sal)3]-0.7EtOH-2.61MeCN, (11) and [MnyNa(3-NO,,5-OMe-
Sal3322%%)]1C104-0.5MeCN (12) are reported and compared with examples with the longer chain R-Sal3323 and R-
Sal»333 chelate ligands.

Spin crossover

Spin quintet

Spin triplet

Ligand rearrangement
Ring closure

Dimer

typically observed as an axial elongation due to population of the d,»
orbital in the eg* set. Indeed the success of manganese in underpinning
the efficacy of many single molecule magnets is dependent on this

1. Introduction

The rich and facile redox chemistry of manganese in soft matter

where it can span oxidation states from + 1 to + 7 mean it is ubiquitous
in nature [1-7] and highly valued in catalysis [8-10]. Of equal impor-
tance is its role in the solid state where it is synonymous with single
molecule magnetism [11,12] and highly valued in other applications
including solar thermochemical energy conversion [13-15], colossal
magnetoresistance [16-18] and ferroelectricity [19,20]. In many of
these latter roles the Jahn-Teller distortion of trivalent manganese as-
sumes a critical role in the function of the material, and the distortion is
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feature of strong axial anisotropy [21-23]. Axial compression in spin
quintet Mn(III) is more rare and the electronic structure of the few re-
ported examples [24-39] has been the subject of sustained study in
exemplary works by Tregenna-Piggot [24,25], Krzystek and Telser
[26,36-38] and Duboc and Neese [27,28,34,35], who have built on the
early work of Gregson [33] in establishing the sign and magnitude of the
zero field splitting parameters. More rare again than axial compression
of spin quintet Mn(III) is the spin triplet form of the ion, with only
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Fig. 1. Electronic splitting of octahedrally coordinated d* metal ions in the spin
triplet form (left) and axially compressed spin quintet form (right).

around twenty known examples at room temperature. The S = 1 com-
plexes are mostly [Mn(CN)] 3 complexes with different counter cations
[40-44], porphyrin [45-48] or cyclam [49] type ligands with axially
coordinated ligands such as cyanide, poly(pyrazolyl)borate complexes
[50-53] or a few with tris(quinone) oximate ligands [54], carboxylate
donors [55], or hexadentate Schiff base ligands of the type discussed
here [56]. Thermal switching between spin quintet and triplet forms of
Mn(III) is also possible and has been reported with a small number of
ligand types. Although the first example with tren pyrrole had an Ng
donor set [57], subsequent examples all showed an N4O5 donor set in a
variety of skeletal frameworks [58-75], and all were recently reviewed

|
R

[Mn(R-sal,-323)]X (1) = (3)
[Mn(R-sal,-333)]X (4) - (7)
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by Olguin [76]. Chief among the N4O, complexes are those with the
hexadentate Schiff base ligand series resulting from condensation of 1,2-
bis(3-aminopropylamino)ethane with a substituted 2-hydroxybenzalde-
hyde, often abbreviated as R-Sal3323 to indicate the 323 8-carbon alkyl
connectivity in the starting tetraamine and the substitution (R) on the
phenolate ring. Such ligands are reported to stabilize an axially com-
pressed environment in mononuclear manganese(Ill) examples when
the ion is high spin, and we have suggested that the axial compression
may assist the spin transition as the energetic order of orbitals matches
that expected for the spin triplet form of the ion, Fig. 1 [59].

Here we investigate the co-existence of axial compression and spin
triplet-quintet switching in three new examples of Mn(III) R-Sal;323
complexes, [Mn(5-F-Sal,323)]0Tf (1), [Mn(5-F-Sal»323)]ClO4 (2) and
[Mn(5-F-Sal3323)INOs, (3) with the 8-carbon chelate type, see Scheme
1. These are compared with the assembly mode, local geometry and,
where possible, the magnetic properties of complexes with the longer 9-
carbon R-Sal»333 and shorter 7-carbon R-Sal3322 Schiff base analogues.
Structural analysis suggests that the four complexes with the 9-
carbon ligands [Mn(3-OEt-Sal;333)]1BF,, (4) [Mn(3,5-diOMe-Sal;3333)]
BF4-0.5PrOH, (5), [Mn(5-F-Sal»333)1BPhy, (6) and Mn(5-NO,-Sal3333)]
BPhy, (7) are axially compressed like the R-Sal;323 examples, but in
contrast to the tighter 8-carbon chelate complexes, the 9-carbon com-
plexes do not show thermal spin state switching. In complexation re-
actions with both the 8-carbon and 9-carbon ligands, Mn(III) complexes
with rearranged ligands where the central alkylene spacer undergoes
ring closure were also recovered, Scheme 1. With the R-Sal»333 ligand
type this yielded the mononuclear complex [Mn(3-OMe,5-NO,-
Saly333%%).0.07MeOH-0.93MeCN (8), with the 6-membered ring
closure indicated as “6R” in the formula, and with the R-Sal3323
chelate type a dimeric complex [Mn2(5-Cl-Sa12323H5R)2] (ClO4),-
-1.85EtOH-0.33MeCN, (9) with a protonated 5-membered ring (“H5R”)

S '.
o
o

\\

R

OH -

[Mn(R-sal,-333%F)] (8)
[Mn,(R-sal,-3237°R),]X, (9)
[Mn,(R-sal,-322°%),] (10)
[Mn,(R-sal,-322°F)(R-sal),] (11)
[Mn,Na(R-sal,-322°R),]X (12)

Scheme 1. General synthesis of the Schiff base ligands in compounds (1) - (12) with various lengths and combinations of the tetramine backbone and associated

rearrangements.

EtOH MeCN
CH " O -
NH, H

-2H20

: o1

HO o)
VY V
NI/'i\/\N HN{\:AN/
MnCl, o
e = Mn’_
NH N LiX EN LN
\/HO\/ N VIV
F F

Scheme 2. Synthetic route for the preparation of complexes (1) - (3).
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Scheme 3. Synthetic route for the preparation of complexes (4) - (7).

Table 1
Mn(III) complexes with R-Sal,323, R-Sal,333 and R-Sal,322 Ligand Series.

®
(2
3
@
(5)
(6)
)
(8

323 Monomers [Mn(5-F-Sal;323)]CF3S03
[Mn(5-F-Sal,323)]ClO4
[Mn(5-F-Sal,323)INO5
[Mn(3-OFEt-Sal,333)]1BF,4
[Mn(3,5-diOMe-Sal,333)]BF4-0.5PrOH
[Mn(5-F-Sal,333)1BPhy
[Mn(5-NO,-Sal,333)]BPh,
[Mn(3-OMe,5-NO,-Sal,333°%)]-
0.07MeOH-0.93MeCN
[Mn(5-Cl-Sal,32315%),]
(Cl04),-1.85EtOH-0.33MeCN

333 Monomers

333 Monomer

323" Dimer

(©)]

322°R Dimer [Mny(5-NO,-Sal;322°%),]-2BuOH (10)

322°R Dimer [Mnj(3,5-diBr-Sal,322°%)(3,5-diBr-Sal)s]- 11
0.7EtOH-2.61MeCN

3225 Na@Dimer [MnyNa(3-NO,,5-OMe-Sal;322°%),]Cl04-0.5MeCN  (12)

was recovered, Scheme 1. Finally, we also examined the effect of
shortening the skeletal framework supporting the N4Oy donor set by
preparing ligands with the 7-carbon R-Sal;322 ligand type. This new
ligand series was also of interest as it is asymmetric in contrast to the 8-
carbon R-Sal»323 and 9-carbon R-Sal,333 Schiff bases. Introduction of
an asymmetric framework could be useful in discerning if the distortion
observed in the Mn(III) complexes with the symmetric 8-carbon R-
Sal»323 and 9-carbon R-Sal»333 is a genuine compression or an accident
of the residual symmetry of the coordination sphere in the complexes
with the symmetric ligands where there are only two unique axes: 1xO-
Mn-O and 2xNgmine-Mn-Nimine [59]. However the study revealed that
mononuclear Mn(III) chelate formation is disfavoured with the 7-carbon
R-Sal3322 ligand type and three dimeric or cluster complexes with

35 T T T T T
5000 Qe
3.0 i
~ 25 —4 E
g
20 R
¥
S 15} E
~
Nqof .
0.5 F—e— [Mn(5-Fsal,-323]0Tf (1) b
—A— [Mn(3,5-diOMe-sal,-333]BF ; solv (5)
00 1 1 1 L 1
0 50 100 150 200 250 300
T (K)

rearranged ligands were recovered instead, see Scheme 1. Although
yields were too low to enable magnetic investigation, the structures of
all three [Mny(5-NO,-Sal;322°%),]-2BuOH, (10), [Mny(3,5-diBr-
Sal;322°%)(3,5-diBr-Sal)3]-0.7EtOH-2.61MeCN, (11) and [Mn,Na(3-
NO,,5-OMe-Sal;322%%)]C104 -0.5MeCN (12) could be determined and
are reported here.

2. Results and discussion

The synthesis of Mn(III) complexes with members of each of the
three ligand types R-Sal»323, (Scheme 2) R-Sal»333 (Scheme 3) and R-
Sal322 (Scheme 6) was investigated using a Mn(II) salt followed by air
oxidation. This yielded mononuclear complexes (1)-(3) and (4)-(7) with
R-Sal»323 and R-Sal333 respectively. In addition, products (8) and (9)
with ligand rearrangements of the 8-carbon and 9-carbon ligand types
were also obtained. Attempted complexations with the 7-carbon R-
Saly322 ligand family only yielded crystalline products (10)-(12) with
the ring closed rearranged ligand R-Saly322°R. The formulae of all
products (1)-(12) are listed in Table 1 in the order in which they are
reported, and each family is discussed in turn below.

2.1. 323 Monomers complexes (1)-(3) — Synthesis, magnetism and
structural analysis

The reaction of 5-fluorosalicylaldehyde with 1,2-bis(3-aminopropyla-
mino)ethane (3 2 3) in a 2:1 ratio led to the formation of a hexadentate
Schiff base ligand of suitable geometry to chelate a Mn(III) centre. This
resulted in the formation of dark red/black crystals of complexes (1) - (3)
which were prepared in a one-pot synthesis, Scheme 2. The structures of
these three compounds were established by single crystal X-ray diffraction

3.0 T T T T T T T
5000 Oe
25
3 20f
£
%C 15
£
s B
k10| pERRees ,
NS
I+ ©— [Mn(5-Fsal,-323)ICIO, (2)
05 * -- 4% --warming mode |
—— [Mn(5-Fsal,-323)INO; (3)
< - warming-mode
00 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

T (K)

Fig. 2. Plots of yuT versus T for the two high-spin complexes (1) (green) and (5) (purple) (left) in cooling mode, and the two SCO complexes (2) (pink) and (3) (blue)
in the temperature range 5-300 K in cooling and warming mode. ((Colour online.))
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Complex (1)
[Mn(5-F-sal,-323)]OTf

Complex(2) 9
[Mn(5-F-sal,-323)]ClO
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Complex(3)
[Mn(5-F-sal,-323)]NO;

Fig. 3. Molecular structures of complexes (1) - (3); measured at 100 K for (1) and (2), and at 293 K for (3), respectively. (Hydrogen atoms and solvent molecules

omitted for clarity).

Table 2
Mn-donor bond lengths in complexes (1) - (3).

Mn-X Complex (1) Complex (2) Complex (2) Complex (3)
Temperature 100 K 100 K 293 K 293 K
Mnl Mn2

Mn-Ophen 1.8690(10) 1.8674(9) 1.8865(7) 1.8817(11) 1.8699(14)
1.8876(8) 1.8833(11)

Mn-Nimine 2.1035(12) 2.1093(11) 1.9976(9) 2.0936(14) 2.0723(19)
1.9905(9) 2.0644(14)

Mn-Namine 2.2461(12) 2.2231(12) 2.0669(9) 2.1617(15) 2.172(2)
2.0650(9) 2.1876(15)

spin state S=2 S=2 S=1 S=2 S=2

and the bulk samples were then fully characterized using elemental
analysis, IR spectroscopy and magnetic measurements. Complexes
(1) - (3) all crystallize as mononuclear Mn(III) species with an octahedral
ligand environment. Complex (1) was formed by a salt metathesis pro-
cedure using lithium triflate, while compounds (2) and (3) were prepared
using the respective Mn(II) salt. This method led to the successful crys-
tallization of the desired cationic Mn(III) species: [Mn(5-F-Sal,323)]OTf
(1), [Mn(5-F-Sal»323)]1Cl04 (2) and [Mn(5-F-Sal3323)]NOs, (3).

The magnetic properties of the dried complexes (1) - (3) and (5) (for
synthesis and structure of (5) see Section 2) were determined using
SQUID magnetometry and the data were collected from 300.0 K down to
5.0 K under an applied dc field of 5000 Oe, Fig. 2. The data for complex
(5) are included here as it was the only member of the R-Sal»333 series
for which magnetic properties were investigated. Only in the case of
complex (3) were the susceptibility data collected up to 400 K. No
thermal hysteresis was detected on warming back to room temperature
in the cases of compounds (2) and (3), and plots of yuT versus T are
shown in Fig. 2.

Complexes (1) and (5) are in the spin quintet form over the whole
measured temperature range with yyT values close to the expected spin
only value of 3.0 cm®K/mol for a monomeric Mn(IIT) complex with S = 2
and g = 2. On the other hand, both complexes (2) and (3) exhibit an
incomplete thermal spin transition. Below 100 K both exist in the spin
triplet form with yT values close to the expected spin-only value of 1.0
em>K/mol for S = 1, assuming g = 2. Above 100 K both show SCO upon
warming, with a gentle sigmoidal pathway, although neither reaches the
pure high-spin state by 300 K (expected spin-only value of 3.0 cm®K/mol
for S = 2). Ty 2 values were determined to be 172 K for (2) and 190 K for
(3).

The crystal structure of complex (1) was analysed at 100 K and was
solved in the monoclinic space group P2/c with Z = 4. The structure of
complex (2) was determined at 100 K and at room temperature (293 K)
and was solved in both cases in the triclinic space group P1 with Z = 2.
Therefore, no phase transition, which can often be observed upon spin

transition [66], is detectable. This is in contrast to the [Mn(5-F-
Sal3323)]ClO4 mononuclear complex from Wang et al. [75] who have
recently reported a polymorph of the same complex with the same
structural formula but which crystallizes in the monoclinic space group
P2;/c. The magnetic profiles of the two polymorphs are distinctly
different with T;,» values shifted from 100 K in [75] to 172 K for
complex (2). The structure of complex (3) was determined at 293 K and
the crystals were found to be in the orthorhombic space group Pccn with
Z = 4, while a 100 K structure could not be collected due to constant
breaking of the crystals, which is possibly caused by a structural phase
transition. The complete crystallographic details for compounds (1) - (3)
can be found in Tables A1-A2 in the Appendix. The structures of the
complex cations in each of (1) - (3) are shown in Fig. 3 and the asym-
metric unit varies for each. The asymmetric unit of compound (1) con-
tains half of each of two Mn(III) complex cations each with an internal
C, axis and one full triflate anion. The asymmetric unit of complex (2)
comprises one full Mn(III) complex cation and one full perchlorate anion
at both measured temperatures, while that for complex (3) has half of
one [Mn(5-F-Sal»323)]" cation and half of a nitrate anion, both with Cy
axis.

The hexadentate Schiff base ligand chelates the Mn(III) centre in
pseudo octahedral geometry with two trans-phenolate donors, two cis-
amine and two cis-imine donor atoms, which is similar to other Mn(III)
compounds using related hexadentate ligands that can undergo spin
transition [58-67,76]. Within such Mn(III) SCO compounds, the bond
length changes which accompany the spin transition, are only signifi-
cant for the amine and imine bond lengths in the equatorial positions,
while the Mn-O distance stays constant. The usually observed Mn-N
bond lengths are given below:[58,61]

s=1 S=2
Mn-Namine 2.00-2.10 ;:\ 2.20-2.30 ;:\
Mn-Nimine 1.95-2.00 A 2.10-2.15 A
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Fig. 4. Bond length changes within complex (2) from 100 K (left) to room
temperature, 293 K (right).

The bond lengths of compounds (1) - (3) are summarized in Table 2. The
long Mn-Njpine and Mn-Namine bond lengths found within complex (1)
and the room temperature structures of (2) and (3) clearly indicate the
spin-quintet state which is consistent with the observed magnetic
properties. Only the 100 K structure of (2) exhibits bond lengths that are
indicative of a spin-triplet state and these change upon temperature
increase for both sets of Mn-N bonds, see Fig. 4, highlighting the axial
compression in the spin quintet form.

2.2. 333 Monomers complexes (4) - (7) — Synthesis and structural
analysis

The reaction of substituted salicylaldehydes in a 2:1 ratio with the
longer tetraamine, 1,3-bis(3-aminopropylamino)-propane (333), led to
the formation of a variety of Schiff base ligands, which are also suitable
hexadentate ligands to chelate a Mn(III) centre in mononuclear mode.
This resulted in the formation of dark red/black crystals of complexes
(4) - (7) which were also prepared in a one-pot synthesis, Scheme 3. In a
similar way as for the first three complexes, (4) — (7) all crystallize as
mononuclear Mn(III) species with an octahedral ligand environment.
Complexes (4) — (7) were formed by a salt metathesis procedure with the
target counterions introduced as their group 1 salts, for example sodium
as indicated in Scheme 3.

Complex(5)
[Mn(3,5-diOMe-sal,-333)]BF,

Complex(4)
[Mn(3-OEt-sal,-333)]BF,

L4

Complex(6)
[Mn(5-F-sal,-333)]BPh,

Polyhedron 208 (2021) 115386

This method led to the successful crystallization of the desired
cationic Mn(IIl) species with tetraphenylborate, BPh,, and tetra-
fluoroborate, BF,, respectively, with the following formulae: [Mn(3-
OEt-Sal3333)]BF4 (4), [Mn(3,5-diOMe-Sal3333)1BF4+0.5C3HgO (5),
[Mn(5-F-Sal;333)1BPhy (6) and [Mn(5-NO,-Sal;333)]BPhy (7). Com-
pounds (4), (6) and (7) crystallize without any solvent molecules in the
crystal lattice. The complete crystallographic details for compounds (4)
— (7) can be found in Tables A2 and A3 in the Appendix. Only complex
(5) was modelled with solvent, in this case half a molecule of propanol in
the crystal lattice. The solvent molecule itself could not be determined
crystallographically in the diffraction experiments in terms of atomic
sites, therefore Platon SQUEEZE [77] was used to compensate for the
spread electron density. The structures of the cation-anion combina-
tions for compounds (4) — (7) are shown in Fig. 5.

The structure of complex (4) was determined in the triclinic space
group P1 with Z = 2, while the structures of both complexes (5) and (6)
were solved in the monoclinic space group P2;/c with Z = 2 (for (5)) and
Z = 4 (for (6)). Complex (7) was found to crystallize in the orthorhombic
space group Pna2; with Z = 4. The asymmetric unit contains, in all four
cases, one full [MnR-Sal,333]" cation and one full anion, respectively,
Fig. 5. The arrangement of donor atoms in the R-Saly333 complexes
follows the pattern observed in the R-Sal;323 block, ie. two trans-
phenolate donors, two cis-amine and two cis-imine donor atoms. We
have recently shown that the binding amine nitrogen atoms can have
their hydrogen atoms either both pointing in the same direction leading
to the meso form, or in opposite directions, leading to the non-meso form,
in Fe(Ill) complexes with R-Sal»333 ligands [78]. In the Mn(III) com-
plexes reported here with R-Sal»333 Schiff base ligands, the non-meso
form is favoured as seen in complexes (4) - (6), Fig. 5, and co-
crystallization of the non-meso and meso-forms is only observed in the
tetraphenylborate complex (7). Crystallographic analysis reveals that
the non-meso nitrogen atom, N3A, is dominant, with a site occupation
factor of 0.79, while the meso nitrogen atom, N3B, plays a minor role.

The bond lengths for complexes (4) - (7) are summarized in Table 3,
and the long Mn-N donor lengths suggest a spin state assignment of S = 2
in all cases. All show short bond lengths to the phenol oxygen atoms in
the range between 1.85 and 1.89 A and this is the strongest indication of

Complex(7)
[Mn(5-NO,-sal,-333)]BPh,

Fig. 5. Molecular structures of complexes (4) — (7). (Hydrogen atoms and solvent molecules omitted for clarity).

Table 3
Mn-donor bond lengths in complexes (4) — (8).

Mn-X Complex (4) Complex (5) Complex (6) Complex (7) Complex (8)

Mn-Ophen 1.8719(10) 1.883(3) 1.8557(8) 1.881(2) 1.8739(8)
1.8820(10) 1.894(3) 1.8650(8) 1.875(2) 1.8774(8)

2.0966(9)

Mn-Nimine 2.0971(11) 2.073(4) 2.0894(10) 2.143(3) 2.1171(10)
2.1711(12) 2.143(4) 2.1645(9) 2.109(3) 2.1779(10)

Mn-Namine 2.2385(12) 2.198(4) 2.1931(10) 2.23(3)%; 2.234(5)* 2.2939(10)
2.3273(12) 2.315(4) 2.2602(10) 2.292(3)

spin state S=2 S=2 S=2 S=2 S=2

a) complex (7) exhibits a disorder around N3 with site occupation factors 0.78(N3A):0.21(N3B).
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NO,

Fig. 6. Ligand rearrangement during the Schiff base reaction (left), and the molecular structure of [Mn(3-OMe,5-N02-5a123336R)]~0.07MeOH‘0.93MeCN (8), (right)

(Hydrogen atoms and solvates omitted for clarity).

Table 4
Distortion angle parameters, X (angular deviation at the origin) and © (trigonal torsion angle) for all mononuclear Mn(III)complexes (1) — (8).
(€)) 2) (2) 3) “@ (5) (6) (%] ®)
[Mn(5-FSal»323)1X [Mn(R-Sal,333)1X [Mn333°%]
TXK) 100 100 293 293 100 100 100 100 100
z 72.5° 63.8° 29.3° 48.9° 61.2° 72.2° 57.1° 46.4° 61.5°* 79.8°
(€] 258.6° 217.3° 91.8° 170.9° 189.8° 251.1° 196.9° 146.4° 203.5°* 282.1°
State S=2 S=2 S=1 S=2 S=2 S=2 S=2 S=2 S=2 S=2

*The disorder of complex (7) around N3 (s.o.f.: 0.78(N3A):0.21(N3B)): distortion using N3B: £ = 80.6° and ® = 297.0°.

Fig. 7. Change of the octahedral environment within complex (2) from 100 K
(left) to room temperature, 293 K (right).

an axial compression. The distortion is harder to define when consid-
ering only the pairs of Mn-Njpine and Mn-Nynine distances as there are
significant differences between the imine-amine sets in non-meso com-
plexes (4) — (6). All are, however, typical for high-spin Mn(III) com-
plexes, where the average bond lengths from literature are given as Mn-
Nimine 2.1-2.2 A and Mn-Namine 2.2-2.3 A [58,61].

2.3. 333°R Monomer complex (8) — Synthesis and structural analysis

We have also recovered a crystalline by-product, complex (8), with
the 3-OMe,5-NO»-Sal»333 ligand where the ligand has undergone ring
closure. In this case the two secondary amines of the tetraamine back-
bone undergo an additional condensation reaction with one salicy-
laldehyde, leading to a six-membered ring as depicted in Fig. 6, leading
to the formation of the Schiff base ligand 3-OMe,5-NO,-Sal,333%R.
Complex (8), [Mn(3-OMe,5-NO,-Sal>333%%)]-0.07MeOH-0.93MeCN, is

the only example of a 333-rearrangement we encountered using this
type of reaction leading to a 6-membered ring closure, in contrast to the
5-membered rings obtained with rearrangements of R-Sal;323 and R-
Sal»322 in some of the complexes described in the following sections.
Complex (8) crystallizes as a mononuclear species with an octahedral
environment provided by an N3O3 donor set, see Fig. 6.

In the literature, a similar formation of a hexahydropyrimidine ring,
has been observed before when using the smaller N,N’-bis(2-amino-
ethyl)-1,3-propanediamine (2,3,2-tetramine) [79], whereas in our case,
the central propyldiamine part is condensed with one aldehyde. Com-
plex (8) crystallizes with one solvent molecule in the crystal lattice as a
neutral mononuclear species with one fully deprotonated ligand,
[MnL1]+0.93MeCN+0.07MeOH, in the triclinic space group P1 with Z =
2 and the molecular structure is shown in Fig. 6. The complete crystal-
lographic details for compound (8) can be found in Table A3 in the
Appendix. The transformed Schiff base ligand chelates the Mn(III) centre
in pseudo octahedral geometry. The coordination sphere around the Mn
(III) consists of three phenol oxygen atoms (01, 08 and 012), two imine
nitrogen atoms (N2 and N6), and one amine nitrogen atom, N5, which is
part of the hexahydropyrimidine ring, while the second nitrogen atom of
the ring closure, is not coordinated. The three oxygen donors, as well as
the three nitrogen donors are arranged in a mer-conformation. The bond
lengths of (8) are summarized in Table 3, to highlight the similarity to
compounds (4) — (7). The bond lengths of the axial phenol oxygen
atoms, O1 and O8, are in a similar range as within compounds (4) - (7),
while the one oxygen atom in the equatorial position, 012, is 0.2 A
longer. The Mn-N bond lengths to the imine and amine nitrogen donors
are also similar to the ones observed in compounds (4) — (7). The dis-
tance between the central Mn(IIl) ion and the uncoordinated tertiary
amine, N3, is 2.92 A.
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Scheme 4. Ligand rearrangement using 323-tetramine and 5-chlorosalicylaldehyde.

Fig. 8. Molecular structure of complex (9) (the majority of hydrogen atoms are
omitted for clarity; the symmetry generated atoms are indicated by a dash;
symmetry code: 1-x, 1-y, 1-z).

2.4. Distortion parameters in 323 Monomers (1)-(3) and 333/333R
Monomers (4)-(8)

Mn(III) complexes of the R-Sal»323 type exhibit strong Jahn-Teller
distortion of the octahedral environment in the spin quintet form
while the spin triplet form is usually almost perfectly behaved. The
degree of distortion can be analysed by the distortion parameters © and
¥ as defined by McKee et al. [80] where ¥ measures the angular devi-
ation (from the cis octahedral angles of 90°), while ® measures the
trigonal torsion. X and © have been reported in the literature with values
of ¥ =28° — 45° and ©® = 79° — 125° for Mn(III) compounds in the S =1
spin state and ¥ = 48° — 80° and ® = 135° — 230° for the S = 2 form
[61,63]. Here X and © have been calculated using OctaDist 2.6.1 [81],
and the observed parameters are summarized in Table 4 and show the
structural distortion due to the different spin states of the complexes.
Only the 100 K structure of complex (2) exhibits £ and © values in the
range expected for spin triplet Mn(III), which is in good agreement with

the magnetic properties, which change upon increase in temperature to
values typical for spin quintet Mn(IIl), i.e. with greater distortion of the
octahedral environment around the Mn(IIl) center (Fig. 7). All other
monomeric Mn(IIT) complexes, including that with the rearranged 333}
ligand show X and © values indicative of an S = 2 spin state. The
distortion parameters, X and O, for the monomeric complex (8) with the
rearranged Schiff base ligand were determined, Table 3, highlighting the
distortion from the perfect octahedral environment, but they were
observed to be in a similar range as those found in compounds (4) - (7).

Analysis of the X values of spin triplet and spin quintet forms of [Mn
(R-Sal»323)]" complexes has revealed that those with X values above
70° are often, but not always, locked in the high-spin state [76]. We have
recently highlighted that comparison of the ® values might be a better
indicator to identify those examples for which spin transition will be
blocked because the change in distortion between the two spin forms is
too high [58,82]. Application of the same rationale to the [Mn(R-
Sal»333)]" complex cations would suggest that compound (6) might be
capable of spin state switching even though the bond lengths at 100 K
indicate that it is still in the quintet form. It is clear that several factors
must come together to facilitate the large geometric changes associated
with the spin state change and associated loss/gain in Jahn-Teller
distortion in d*. Axial compression of the spin quintet form may, how-
ever, be critical in facilitating the change.

2.5. 323°R Dimer complex (9) — Synthesis and structural analysis

When using the R-Sal;323 ligand, we observe in the majority of cases
the formation of the expected mononuclear Mn(III) complex [58-67]. In
one case, we have now found a similar ring closure when using the 323-
tetramine, but instead of forming a hexadentate Schiff base ligand as
seen within compounds (1) - (3), the central ethylenediamine unit can
undergo a ring closure leading to a 5-membered ring, see Scheme 4. This
type of 5-membered ring-formation has been observed when using
various lengths of ethylenediamine [83-85], and is especially well-
known for the symmetric triethylenetetramine with various
substituted benzaldehydes [86-92]. It can also be observed when using
longer multi-amine chains such as tetraethylenepentamine and pentae-
thylenehexamine [93-96].

Using 5-chlorosalicylaldehyde and the 323-tetramine as depicted in
Scheme 4, we observed the rearranged Schiff base ligand, 5-Cl-
Sal323°%, and the crystallization of complex (9) in the trigonal space
group P3 with Z = 9 as a dimeric Mn(II) compound with two octahe-
drally coordinated Mn(IIl) ions each with an N3O3 donor set. The
complete crystallographic details for compound (9) can be found in
Table A4 in the Appendix.

Each of the two rearranged Schiff base ligands chelates the two Mn

Table 5
Comparison of the Mn-donor bond lengths within complexes (9) and (10) (in A).
Complex (9) Mn Complex (10) Mnl Mn2
L2 Mn-Ophen Mn-O1 1.8719(13) L3 Mn-Ophen Mnl-06 1.871(2) Mn2-09 1.899(3)
Mn-03' 1.8630(13) Mn1-018 1.885(2) Mn2-015 1.869(2)
Mn-02 1.9813(12) Mn1-0O1 2.092(2) Mn2-010 2.087(3)
L2 Mn-Nimine Mn-N1 2.0562(15) L3 Mn-Nimine Mnl-N13 2.036(3) Mn2-N6 2.039(3)
Mn-N4' 2.2030(14) Mnl-N2 2.070(3) Mn2-N9 2.057(3)
L2 Mn-Namine Mn-N2 2.4938(14) L3 Mn-Namine Mn1-N3 2.340(3) Mn2-N10 2.349(3)
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Scheme 6. Ligand rearrangement using the 322-tetramine together with 5-nitrosalicylaldehyde.

(III) centers, leading to a head-to-tail arrangement of the two ligands.
The dimeric molecule crystallizes with 1.85 molecules of ethanol and
0.33 molecules of acetonitrile within the crystal lattice. While the
phenolate oxygen atoms of 5-Cl-Sal,323°% are fully deprotonated, the
ligand exhibits a protonation of the uncoordinated nitrogen atom of the
5-membered ring, N3, in protonated ligand 5-Cl-Sal323™® which
therefore requires two perchlorate anions for charge balance in the
crystal lattice, leading to a molecular formula of [Mny(5-Cl-
Saly323%5R),]1(C104)2-1.85EtOH-0.33MeCN (9). The structure of (9) is
shown in Fig. 8 and displays an inversion center in the middle of the
molecule, leading to a distance between the two Mn(III) centers of 6.58
/o\, see Table 5.

Both Mn(IIl) centers are octahedrally coordinated and exhibit an
N303 donor set, which is provided by the two rearranged Schiff base
ligands. The coordination sphere around the Mn(III) centers is built up
by the three phenol oxygens O1, O2 and O3, the imine nitrogens N1 and
N4, and amine nitrogen atom of the 5-membered ring, N2, and the
corresponding bond lengths are summarized in Table 5. The three ox-
ygen donors, as well as the three nitrogen donors are arranged in a mer-
conformation, with two axially positioned Mn-O bonds, Mn-O1 and Mn-
03, with lengths of 1.86-1.87 10\, which are shorter than the third bond
to 02, which is about 0.11 A longer.

The shorter axial Mn-Oppe, bond lengths resemble those observed
within the SCO complexes (1) — (3), whereas the two Mn-Njyn. bond
lengths show more similarity with the trend observed in (4) - (7), with
one shorter Mn-N1 bond and one longer Mn-N4’, with a bond distance
difference of about 0.15 A. The bond length to the amine nitrogen atom
of the 5-membered ring, N2, is at 2.49 A rather long, and certainly
longer than observed within any of the compounds described herein.

3. Observed rearrangements and pocket formation

The electron-withdrawing substituents on the salicylaldehyde, such
as nitro or halide groups, seem to support the ligand rearrangements

observed within complexes (8) and (9). These two compounds show the
two different chelation modes of the rearranged Schiff base ligands
highlighting the high degree of flexibility available to incorporate Mn
(I1I) centers by forming various pockets, see Scheme 5.

As observed within the dimeric compound (9), the ligand can exhibit
the two-pocket-mode, where the first pocket provides four donors to one
Mn(III) center using two of the three salicylaldehyde moieties of the
ligand. The second pocket is then formed by one salicylaldehyde which
provides a phenolate oxygen and an imine nitrogen donor. Two ligands
are then arranged in a head-to-tail fashion to provide the octahedral
environment for the Mn(III) ions.

On the other hand, the rearranged Schiff base ligand can also wrap
around one single Mn(IIl) center, 1-pocket mode in Scheme 5, as seen
within the monomeric complex (8), using all three oxygen donors, both

Fig. 9. Molecular structure of complex (10) (hydrogen atoms and solvates are
omitted for clarity).
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Fig. 10. Molecular structure of complex (11) (left) ligand coordination of the deprotonated rearranged Schiff base ligand, 3,5-diBr-Salz3225R (right) (Hydrogen

atoms omitted for clarity).

imine nitrogen donors as well as one of the tertiary amine nitrogen
donors of the enclosed ring. Using the longer 333-tetramine backbone
might be helpful to encapsulate one single Mn(III) center, but we will
show within complex (12) that even the shorter 322-tetramine backbone
can arrange this way, highlighting the great flexibility of this
framework.

3.1. 322°R dimeric complexes (10)-(12) - Synthesis and structural
analysis

While we only observed one example with the rearranged 333-tetra-
mine ligand, complex (8), and one with the 323-tetramine ligand,
complex (9), such rearrangements seem to happen more frequently
when using the asymmetric and shorter 322-tetramine. Similarly to the
rearrangement observed within complex (9), the shorter 322-tetramine
rearranges via the same 5-membered ring-closure on the central ethyl-
enediamine unit, as depicted in Scheme 6. We were able to isolate three
complexes (10) - (12) in small quantities which all exhibit rearranged
Schiff base ligands and which all bear electron-withdrawing substituents
on the salicylaldehyde. These three compounds, (10) - (12), show
rearranged Schiff base ligands which encapsulate Mn(III) centers in the
two different modes, forming either one or two pockets.

Complex (10) shows a similar dimeric structural core as that
observed in (9), when using 5-nitrosalicylaldehyde together with the
asymmetric 322-tetramine, leading to the isolation of [Mng(5-NOo-
Sa123225R)2] -2BuOH. The two Mn(III) ions within the dimeric molecule
of complex (10) exhibit an octahedral environment. (10) crystallizes in
triclinic space group P1 with Z = 2 and the complete crystallographic
details can be found in Table A4 in the Appendix. The dimeric Mn(III)
compound is assembled from two rearranged Schiff base ligands which
chelate the two Mn(III) centers in a head-to-tail fashion in a similar way
as was seen within complex (9). The ligand rearrangement is analogous
to that of the 323-tetramine, and is shown in Scheme 6, leading to the
formation of 5-NO,-Sal»322°%, and the establishment of two pockets to
incorporate the Mn(III) ions as depicted in Scheme 5. In contrast to
complex (9), the dimeric unit of (10) crystallizes as a neutral entity with
two molecules of 2-butanol within the crystal lattice, leading to a mo-
lecular formula of [Mn2(5—N02—8a123225R)2]-2BuOH (10), the structure
of which is depicted in Fig. 9.

Even though the backbone of complex (10) is reduced by one carbon
atom from the 323-tetramine used in complex (9), to the 322-tetramine
ligand, the observed distance between the two Mn(III) centers is elon-
gated from 6.58 A observed within (9) to 7.94 A within (10) (see
Table 7). Both Mn(Ill) centers, Mnl and Mn2, are octahedrally

coordinated and exhibit an N3O3 donor set, which is provided by the two
fully deprotonated rearranged 5-NO,-Saly322%R Schiff base ligands. The
coordination sphere is provided by three phenol oxygens, two imine
nitrogens, and one amine nitrogen atom of the 5-membered ring. The
three oxygen donors, as well as the three nitrogen donors are arranged in
a mer-conformation, similar to (8) and (9). The bond lengths are sum-
marized in Table 5 to allow easier comparison between compounds (9)
and (10).

The two axially positioned Mn-O bond lengths around Mn1, Mn1-06
and Mn1-018, and around Mn2, Mn2-09 and Mn2-015, are between
1.87 and 1.90 A, and similar to the Mn-Ophen bond lengths of (8) and (9)
(Table 5), while the third Mn-O bond length, Mn1-O1 and Mn2-010, is
elongated by ca. 0.2 A. The two Mn-Nimine bond lengths of each Mn(III)
center exhibit less deviation between the two bonds, than observed
within compounds (4) - (9), and are in the range between 2.03 and 2.07
A, and therefore shorter than the range of 2.10-2.15 A which is observed
for Mn(III) centres in the spin quintet state. The bond lengths of 2.34 A
and 2.35 A to the amine nitrogen atoms of the central 5-membered ring,
Mn1-N3 and Mn2-N10, are, respectively, longer than those observed
within (5) (2.29 A) and (9) (2.31 A), but not as long, as within (10)
(2.49 A).

By switching from 5-nitrosalicylaldehyde to 3,5-dibromosalicylalde-
hyde we isolated a second dimer with a ligand rearrangement similar to
that observed in complex (10) (Fig. 10), which gave crystals of
[Mny(3,5-diBr-Sal,322°%)(3,5-diBr-Sal)3]-0.7EtOH-2.61MeCN complex
(11) in very low yield. Complex (11) crystallizes in the monoclinic space
group P2;/c with Z = 4 as a dimeric Mn(III) compound but with quite a
different arrangement to that observed in (10). Both well-separated Mn
(III) centers within the dimeric molecule exhibit an octahedral envi-
ronment, but while Mn1 has an N»04 ligand donor set, Mn2 has an NOsg
one, Fig. 10. The complete crystallographic details for compound (11)
can be found in Table A5 in the Appendix.

In this case only one fully deprotonated rearranged ligand, 3,5-diBr-
Sa123225R, chelates the two Mn(IIl) centers in the 2-pocket-mode
(Scheme 5), while the remaining vacancies in the coordination sphere
are filled by unreacted but deprotonated 3,5-dibromosalicylaldehyde.
The bulky bromo substituent in the 3-position of the salicylaldehyde
within complex (11) could be responsible for prevention of the coordi-
nation of a second rearranged Schiff base ligand in a similar way as
observed within (9) and (10) which only have one substituent in the 5-
position of the salicylaldehyde. The dimeric complex crystallizes with
2.6 molecules of acetonitrile and 0.7 molecules of ethanol within the
crystal lattice, leading to a molecular formula of [Mny(3,5-diBr-
Sal;322°%)(3,5-diBr-Sal)3] «2.6MeCN+0.7EtOH.
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Table 6
Mn-donor bond lengths in complex (11) (in A). L4 = 3,5-diBr-Sal,322°}
Mnl Mn2
L4 Mn-Ophen Mn1-03 1.915(4) L4 Mn-Ophen Mn2-05 1.872(5)
Mn1-04 1.883(4) L4 Mn-Nimine Mn2-N4 2.027(5)
L4 Mn-Nimine Mnl-N1 2.029(5) sal Mn-Ophen Mn2-06 1.894(5)
L4 Mn-Namine Mn1-N2 2.314(4) Mn2-08 1.915(5)
sal Mn-Ophen Mn1-01 1.921(4) sal Mn-Ogq Mn2-07 2.228(5)
sal Mn-Oaiq Mn1-02 2.234(4) Mn2-09 2.190(4)
Table 7 environment. Only the trimer around Mnl1 is depicted as representative

Mn-Mn distances observed within (9) — (12) (in ;\).

Complex (11) Complex (9) Complex (10) Complex (12)

Mn-Mn 6.85 6.58 7.94 7.04;7.12

The structure of (11) is shown in Fig. 10 and exhibits a distance
between the two Mn(III) centers of 6.85 A (Table 6). Both Mn(III) centers
are octahedrally coordinated; Mnl exhibits an N304 donor set, while
Mn2 displays an NOs donor set. The difference in the ligand environ-
ment is based on the coordination mode of the Schiff base ligand.

Compounds (9) - (11) clearly exhibit long Mn-Mn distances, see
Table 7, which suggests that it might be possible to incorporate addi-
tional ions in the center of the molecule. This was achieved in the final
compound (12) which incorporates an additional sodium ion in the
center of the dimeric Mn(III) unit, leading to a Mn-Na-Mn arrangement,
see Fig. 11 to give [MnyNa(3-NO,,5-OMe-Sal3322°%),]1C10,4-0.5MeCN.
Complex (12) crystallizes in the monoclinic space group P2; with two
unique trimers in the crystal lattice, Z = 2. The complete crystallo-
graphic details for compound (12) can be found in Table A5 in the
Appendix. All Mn(III) centers within (12) are octahedrally coordinated
by an N303 donor set, while the central sodium ion is 8-coordinated by
eight oxygen atoms leading to a distorted triangular dodecahedral

for both isostructural trimers in Fig. 11, the bond lengths are provided
for both crystallographically unique trimers, Table 8.

The structure consists of two rearranged Schiff base ligands which
are based on the rearranged 322-tetramine backbone (as depicted in
Scheme 6) in combination with 3-nitro-5-methoxy-salicylaldehyde. In
contrast to the previous dimeric structures, (9) - (11), which exhibit the
two Schiff base ligands in a head-to-tail fashion forming two pockets, the
Mn(III) centers of complex (12) are chelated by a fully deprotonated
Schiff base ligand, 3-NO,,5-OMe-Sal»322°%, in the one-pocket mode,
Scheme 5, which is similar to the mononuclear structure of (5). This
mode allows the incorporation of an additional sodium ion, which is
coordinated by four phenol oxygen atoms and four oxygen atoms pro-
vided by the nitro substituents of the Schiff base ligand, see Fig. 11. The
integration of the central sodium ion, requires an additional anion in the
crystal lattice for charge balance, which is provided by one perchlorate
anion per trimeric molecule. Additionally, half of a molecule of aceto-
nitrile crystallizes within the unit cell.

The observed distance between the two Mn(III) centers, Mnl and
Mn2, is 7.04 A (7.12 A for Mn3-Mn4), with 3.55 A between Mn1/2 and
Nal (3.58 A for Mn3/4 and Na2). The angle between the three metal
centers, Mn1-Nal-Mn2 is 169.68° (168.47° for Mn3-Na2-Mn4), leading
to an almost linear arrangement. All Mn(III) centers, Mnl and Mn2, as

Fig. 11. Molecular structure of (12) (left) and schematic built-up of complex (12) (right) (perchlorate anions, solvents and H atoms omitted for clarity).

Table 8
Comparison of the Mn-donor bond lengths of the two unique trimers of complex (12) (in 10\).
Mnl Mn2 Mn3 Mn4
Mn-Opphen Mnl-012 1.865 Mn2-024 1.864 Mn3-036 1.855 Mn4-048 1.869
Mnl-08 1.874 Mn2-020 1.893 Mn3-032 1.890 Mn4-044 1.871
Mn1-0O1 2.131 Mn2-013 2117 Mn3-025 2.078 Mn4-037 2.133
Mn-Nimine Mn-N2 2.143 Mn2-N9 2.182 Mn3-N20 2.109 Mn4-N27 2.090
Mn-N6 2.077 Mn2-N13 2.100 Mn3-N16 2.197 Mn4-N23 2.151
Mn-Namine Mn-N3 2.327 Mn2-N10 2.316 Mn3-N17 2.295 Mn4-N24 2.330

10
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Scheme 7. (i) Binding mode observed for Sal,222(5R)-type ligands coordinated to transition metals, (ii) for dinuclear Ln complexes and (iii) observed for complexes

(9) - 12).

well as Mn3 and Mn4, respectively, are octahedrally coordinated and
exhibit an N3O3 donor set, which is provided by each rearranged and
fully deprotonated Schiff base ligand. The coordination sphere is
therefore provided by three phenol oxygens, two imine nitrogens, and
one amine nitrogen atom of the 5-membered ring. The three oxygen
donors, as well as the three nitrogen donors are arranged in a mer-
conformation, as seen before. The bond lengths are summarized in
Table 8.

In both trimers are two axially positioned Mn-Oppen bond lengths,
which are in the shorter range between 1.86 and 1.89 A, similar to the
Mn-Oppen bond lengths within (10), while the third Mn-Ophen bond
length, (Mn1-O1, Mn2-013, Mn3-025 and Mn4-037), is elongated and
in the range between 2.08 and 2.13 A. The Mn-Njpine bond lengths vary
between 2.08 and 2.20 A, while the bond lengths of 2.30-2.33 A to the
amine nitrogen atoms of the 5-membered ring (Mnl-N3, Mn2-N10,
Mn3-N17, Mn4-N24), are in a similar range to those observed within
(5) (2.29 A) and (9) (2.31 ;\). The inclusion of a sodium ion in the inter-
manganese pocket of (12) and the observation of protonation of a
separate pocket in the assembly of complex (9) indicates the possibilities
of inclusion of more biologically relevant guests such as Ca®*, which
plays a critical role in the water oxidation center of photosystemlII.

4. Comparison of the various binding modes

Since the first report in 1977 of 5-membered ring-closure rear-
rangement of a Schiff base ligand coordinated to a transition ion, in that
case formation of a dinuclear Fe(IlI) complex [97], the effect has been
well documented in complexes with both transition metal ions, lantha-
nides and combinations of both. Transition metal complexes with R-
Sal»222(5R)-type ligands lead, in the majority of cases, to the formation
of a dimeric structure where the two metal ions are incorporated each
into one of the two pockets offered by the phenolate oxygen, imine ni-
trogen and amine nitrogen donors, Scheme 7. In this mode the phenolate
oxygen of the central salicyl-unit forms a pg-bridge between the two
metal centers forming a dimeric complex. This type of coordination
motif has been observed for the dimers of vanadium [98-101], iron
[97,102-104], manganese [105], cobalt [89,106-110], nickel
[111-118], copper [119-128] and zinc [129-136]. In addition there are
some complexes with higher nuclearities which arise by providing
additional ligands that can replace the second pg-phenoxo-bridge,
leading to higher nuclearity clusters, e.g. Nis, Cusy and Zng,
[111,136-142] Nis and Cus [113,123], CusNa [143], Ni4Cu [144], Nig
[145], ZnoLn [146,147], or even 3D networks [148] while keeping the

11

same dimeric motif as building unit.

A trend has been observed for dimeric lanthanide complexes, where
the requirement for a higher coordination number is met be inclusion of
two rearranged Schiff base ligands, each coordinated to both metal ions,
Scheme 7, leading to 8-coordinated lanthanide centers [86,149-157].
Each lanthanide ion is chelated into two NyOo-pockets where the central
phenolate oxygen bridges between the two metal centers.

In contrast to both reported coordination modes in the literature the
mode of assembly for compounds (9) - (12) is new, Scheme 7. While all
the literature compounds are symmetrically encapsulated into the two
equal pockets, the asymmetry of the 322 backbone might be the reason
that in the case of (9) - (12) one pocket is preferred over the other to
incorporate a Mn(III) center leaving one nitrogen atom of the enclosed
5-membered ring uncoordinated.

5. Conclusion

Redox cycling in manganese complexes and biological sites is well
established and underpins many of the applications of this versatile
element. Of equal importance is the role of magnetic anisotropy in
promoting single molecule magnetism in numerous clusters that have
been expertly studied over the last three decades. Less well-explored is
the rich electronic diversity within the trivalent form of the ion, which
can assume a compressed or elongated Jahn-Teller effect, with associ-
ated differences in anisotropy, and also ready access to more than one
arrangement of spins with the right donor sphere. We have tried here to
examine the prevalence of both effects — choice of Jahn-Teller direction
and ability to undergo spin triplet-quintet switching — in three different
geometric frameworks: R-Sal»323, R-Sal»333 and R-Sal,322. We have
demonstrated a clear preference for mononuclear coordination with rare
axial compression in the R-Sal,323 and R-Sal,333 frameworks, in
contrast to the strong tendency for ligand rearrangement and dimer
formation with the shorter and less symmetric R-Sal;322 sphere. We
have also shown that although thermal spin state switching is possible in
one of the axially-compressed frameworks, that with R-Sal»323, it has
not yet been observed with alternative frameworks which are also
compressed, i.e. R-Salp333, thereby demonstrating that axial compres-
sion is not the only factor at play. Finally, the ease with which the
mononuclear assembly mode is abandoned when the alkyl connectivity
is reduced by just one carbon augurs well for other types of application,
including biomimicry and perhaps small molecule activation by Mn
complexes with the shorter ligand type. Despite its simplicity, the
versatility of the hexadentate ligand type employed here in the binding
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and electronic tuning of Mn®* should not be underestimated. These
results illustrate the depth of electronic structure that is achievable
within just one valence state of a fascinating and versatile element by
judicious choice of coordination framework, and our efforts to uncover
new phenomena and associated applications with such assemblies
continues.

6. Materials and methods
6.1. Materials and physical measurements

All chemicals and solvents if not otherwise mentioned were pur-
chased from chemical companies and were reagent grade. They were
used without further purification or drying. All reactions were carried
out under ambient conditions. All measurements were carried out on
powdered samples of the respective polycrystalline compound which in
some cases were fitted with partial solvation according to CHN data on
the bulk sample. Elemental analysis (C, H and N) were performed using a
Perkin Elmer Vario EL instrument. A Bruker Alpha PlatinumATIR
spectrometer was used to record the infrared spectra, and mass spectra
were recorded on a Waters 2695 Separations Module Electrospray
Spectrometer.

7. Synthesis and characterization
7.1. Compounds (1) - (3)

Complex (1) - [Mn(5-F-Sal»323)]CF3S03: 5-Fluoro-2-hydroxysalicy-
laldehyde (280 mg, 2.0 mmol) was dissolved in a 1:1 solution of
MeCN:EtOH (25 mL), and 1,2-bis(3-aminopropylamino)ethane (174
mg, 1.0 mmol) was added. This yellow ligand solution was stirred for 10
min before MnCly+4H50 (198 mg, 1.0 mmol) was added together with
lithium trifluoromethanesulfonate (156 mg, 1.0 mmol) for salt metath-
esis. Upon addition of the metal salt, the solution turned brown, and was
stirred for one hour. The solution was then filtered, left standing for
crystallization, yielding suitable single crystals. Elemental analysis for
(1): Calculated for Ca3H6FsMnN4OsS-H20; C = 43.27, H = 4.42, N =
8.77; found: C = 42.92, H = 4.05, N = 9.18.

Complex (2) - [Mn(5-F-Sal3323)]ClO4: The synthesis was done in a
similar way as for (1), using directly Mn(ClO4)2:6H20 (362 mg, 1.0
mmol). Elemental analysis for (2): Calculated for CooH26ClF2MnN4Og; C
=46.29, H = 4.59, N = 9.81; found: C = 45.96, H = 4.57, N = 9.57.

Complex (3) - [Mn(5-F-Sal3323)INOs: The synthesis was done in a
similar way as for (1), using directly Mn(NO3)+4H20 (251 mg, 1.0
mmol). Elemental analysis for (3): Calculated for CgHaeFa
MnNs50s5-0.15H50; C = 49.29, H = 4.94, N = 13.06; found: C = 49.06, H
=4.70, N = 13.03.

7.2. Compounds (4) - (8)

Complex (4) - [Mn(3-OEt-Sal;333)]BF4: In a 100 mL beaker, N,N’-bis
(3-aminopropyl)-1,3-propan-diamine (0.204 mL, 1 mmol), was dis-
solved in 1:1 EtOH/MeCN, (25 mL) then 3-ethoxysalicylaldehyde (0.333
g, 2 mmol) was added forming a yellow colored solution which was
stirred for 15 min. MnCly+4H20 (198 mg, 1.0 mmol) was added to the
mixture, and a color change from yellow to deep purple was observed.
The reaction mixture was stirred for 15 min at room temperature.
Ammonium tetrafluoroborate, NH4BF,4, (0.1048 g, 1 mmol) was then
added to the reaction beaker and stirred well for 45 min. The mixture
was then gravity filtered and the solvent was allowed to evaporate
slowly at room temperature. After 48 h dark black crystals were
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obtained. FT-IR (cm™1): 2982, 1610, 1446, 1295, 1282, 1055, 893, 848,
737. Mass spec [Co7H3gN404Mn] : 538.56 M (expected: 537.56).

Complex (5) - [Mn(3,5-diOMe-Sal,333)]BF4+0.5C3HgO: In a 100 mL
beaker, N,N’-bis(3-aminopropyl)-1,3-propan-diamine (0.102 mL, 0.5
mmol), was dissolved in 1:1 EtOH/MeCN (15 mL) before addition of
solid 4,6-dimethoxysalicylaldehyde (0.182 g, 1.0 mmol) forming a yel-
low colored solution which was stirred for 15 min. Solid MnCly+4H50
(0.099 g, 0.5 mmol) was added causing a color change from yellow to
deep purple and the reaction mixture was stirred for 30 min at room
temperature. Solid ammonium tetrafluoroborate NH4BF4, (0.052 g, 0.5
mmol) was then added to the reaction beaker and stirred well for 45
min. The mixture was then gravity filtered and the solvent was allowed
to evaporate slowly at room temperature. After 48 h dark black crystals
were obtained. Mass spec [CoyH3agN4OgMn]t: 570.50 M™ (expected:
569.56). FT-IR (cm™!): 3270, 1595, 1549, 1417, 1379, 1204, 1122,
1049, 816, 789, 657.

Complex (6) - [Mn(5-F-Sal3333)]BPhy: In a 100 mL beaker, N,N’-bis
(3-aminopropyl)-1,3-propandiamine (0.102 mL, 0.5 mmol), was dis-
solved in 1:1 EtOH/MeCN (15 mL). 5-Fluorosalicylaldehyde (0.140 g,
1.0 mmol) was added forming a yellow colored solution which was
stirred for 15 min. MnCly+4H20 (0.099 g, 0.5 mmol) was added to the
mixture and a color change from yellow to deep purple was observed.
The reaction mixture was stirred for 30 min at room temperature. Solid
sodium tetraphenylborate, NaBPhy, (0.171 g, 0.5 mmol) was then added
to the reaction beaker and stirred well for 45 min. The mixture was then
gravity filtered and the solvent was allowed to evaporate slowly at room
temperature. After 48 h dark black crystals were obtained. Mass spec.:
[Co3HogN4OoF,Mn] ™: 484.11 M™ (expected: 485.44).

FT-IR (em™1): 3050, 1623, 1553, 1468, 1261, 1148, 816, 733, 703,
610.

Complex (7) - [Mn(5-NO2-Sal;333)]BPhy: In a 100 mL beaker, N,N’-
bis (3-aminopropyl)-1,3-propandiamine (0.102 mL, 0.5 mmol), was
dissolved in 1:1 ethanol/acetonitrile (15 mL). 5-Nitrosalicylaldehyde
(0.167 g, 1.0 mmol,) was added forming a yellow colored solution
which was then stirred for 15 min. MnCl,+4H50 (0.099 g, 0.5 mmol) was
added to the mixture and a color change from yellow to deep purple was
observed and the reaction mixture was stirred for 30 min at room
temperature. Sodium tetraphenylborate (0.171 g, 0.5 mmol) was then
added to the reaction beaker and stirred well for 45 min. The mixture
was then gravity filtered and the solvent was allowed to evaporate
slowly at room temperature. After 48 h dark black crystals were
obtained.

Complex (8) — [Mn(3—OMe,5—N02—Sa123336R)]~0.07Me0H-0.93Me
CN: In a 100 mL beaker, N,N’-bis(3-aminopropyl)-1,3-propandiamine
(0.102 mL, 0.5 mmol), was dissolved in 1:1 EtOH/MeCN (15 mL). 3-
Methoxy-5-nitrosalicylaldehyde (0.197 g, 1.0 mmol) was added form-
ing a yellow colored solution which was stirred for 15 min. Mn
(Cl04)2+6H20 (181 mg, 0.5 mmol) was added causing a color change
from yellow to deep purple and the reaction mixture was stirred for 30
min at room temperature. The mixture was then gravity filtered and the
solvent was allowed to evaporate slowly at room temperature. After one
week, dark black crystals were obtained in very small yield.

7.3. Compounds (9) - (12)

Complex (9) - [Mny(5-Cl-Sal323%°%),](Cl04),-1.85EtOH-0.33Me
CN: In a typical synthesis attempt 5-chloro-2-hydroxysalicylaldehyde
(78 mg, 0.5 mmol) was dissolved in a 1:1 solution of MeCN:EtOH (25
mL), and 1,2-bis(3-aminopropylamino)ethane (44 mg, 0.25 mmol) was
added. This yellow ligand solution was stirred for 10 min before addition
of solid Mn(Cl04)2+6H50 (90 mg, 0.25 mmol), leading to a color change
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to brown. The reaction mixture was stirred for an hour, filtered and left
to stand for crystallization. The resulting crystalline product was
observed in very small quantities and was analysed by single crystal
diffraction.

Complex (10) - [Mn2(5—N02—sa123225R)2]~2BuOH: In a typical pro-
cedure 5-nitro-2-hydroxysalicylaldehyde (83 mg, 0.5 mmol) was dis-
solved in a 1:1 solution of MeCN:EtOH (25 mL), and N-(2-aminoethyl)-
N’-(3-aminopropyl)ethylenediamine tetrahydrochloride (49 mg, 0.25
mmol) was added. Ground sodium hydroxide (0.04 g, 1.00 mmol) was
added to neutralize the amine hydrochloride and the pale orange solu-
tion was stirred for 10 min. This yellow ligand solution was stirred for
10 min before Mn(ClO4)2+6H20 (90 mg, 0.25 mmol) was added, leading
to a color change to brown. The reaction mixture was stirred for an hour,
then filtered and left standing for crystallization. The resulting crystal-
line product was recovered only in very small quantities and was ana-
lysed by single crystal diffraction.

Complex (11) - [Mn53,5-diBr-Sal;322°%)(3,5-diBr-Sal)3]-0.7EtOH-2.
61MeCNe.: 322-tetrahydrochloride (0.153 g, 0.5 mmol) was dissolved
in ethanol (20 mL) in a 100 mL beaker. Ground sodium hydroxide (0.08
g, 2.00 mmol) was added to neutralize the amine hydrochloride and the
pale orange solution was stirred for 10 min. The solution was then
filtered into a 100 mL beaker. 3,5-dibromosalicylaldehyde (1 mmol,
0.28 g) was added and a yellow solution was observed. The solution was
stirred for 45 min. Mn(NO3) 4H20 (0.5 mmol, 0.126 g) was added to a
100 mL sample vial containing MeCN (20 mL). The ethanol ligand so-
lution was then filtered into the acetonitrile metal solution, a black color
was observed. The mixture was then stirred for 45 min and covered in
parafilm. After one week, small black crystals were observed. The
product was analyzed by X-ray crystallography.

Complex (12) — [MnyNa(3-NO,,5-OMe-Sal»322°%),]Cl04-0.5MeCN:
In a typical synthesis 322-tetrahydrochloride (0.153 g, 0.5 mmol) was
dissolved in ethanol (20 mL) in a 100 mL beaker. Ground sodium hy-
droxide (0.08 g, 2.00 mmol) was added to neutralize the amine
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tetrachloride. The pale orange solution was stirred for 10 min and then
filtered. 3-Nitro 5-methoxysalicylaldehyde (0.197 g, 1.0 mmol) was
added, and the mixture was stirred for 45 min to complete the Schiff
base reaction. Mn(NO3)-4H20 (0.5 mmol, 0.126 g) was dissolved in
MeCN (20 mL). The ethanolic Schiff base solution was then filtered into
the metal-containing acetonitrile solution, and a color change to black
was observed. The mixture was then stirred for 45 min, filtered and
covered with parafilm to allow for slow evaporation. Small black crys-
tals were obtained in very low yield which were analysed by single
crystal diffraction.

7.4. Single-Crystal X-ray structure determination

Suitable single crystals of complexes (1) to (12) were mounted on
Oxford Diffraction Supernova A diffractometer fitted with an Atlas de-
tector; datasets were measured using monochromatic Cu-Ko radiation or
Mo-Ka radiation and corrected for absorption [158]. The temperatures
were controlled with an Oxford Instruments’ Cryojet. Structures were
solved by direct methods (SHELXS) and refined with full-matrix least-
squared procedures based on F%, using SHELXL-1997 or —2016 [159].
Non-hydrogen atoms were refined with independent anisotropic
displacement parameters, organic H-atoms (i.e., bonded to C) were
placed in idealized positions, while the coordinates of H-atoms bonded
to O were generally refined with their O—H distance restrained to 0.84
A; details are described in the cif for each structure. In general, if dis-
order had to be modelled, the sum of the site occupation factors was con-
or restrained to be 1. Selected crystallographic data and structure re-
finements are summarized in Tables A1-A3 (see Appendices). CCDC
2073371-2073379 contain the supplementary crystallographic data for
complexes (1)-(12). These data can be obtained free of charge via
http://www.ccde.cam.ac.uk/conts/retrieving.html, or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.

Table Al
Crystallographic details for complexes (1) — (2).

Compound (1) [100 K] (2) [100 K] (2) [293 K]

sample code mor845 mor828 mor827

Empirical formula Co3Ho6N4OsFsSMn CooHygN4OgF2CIMn CooHy6N4OF2ClIMn

Formula weight 620.48 570.86 570.86

Temperature (K) 100(2) 100(2) 293(2)

Radiation Cu-Ka Mo-Ka Mo-Ka

Crystal system monoclinic Triclinic Triclinic

Space group P2/c P-1 (#2) P-1 (#2)

Crystal size (mm) 0.433 x 0.295 x 0.187 0.325 x 0.224 x 0.209 0.305 x 0.231 x 0.187

a(A) 18.1539(1) 7.37132(7) 7.49774(6)

b (A) 8.10550(5) 10.5108(2) 10.67870(8)

c (;\) 17.5509(1) 15.9740(2) 15.9789(1)

a(®) 90 85.7873(9) 86.9064(6)

BC) 92.9199(6) 78.2732(7) 80.0555(6)

vy (©) 90 79.0920(9) 79.4049(6)

\% (1“\3) 2579.20(3) 1189.13(3) 1238.337(16)

z 4 2 2

deate (g ecm ™) 1.598 1.594 1.531

4 (mm™1) 5.638 0.731 0.702

F(00) 1272 588 588

Limiting indices h =422 k=410, = +22 h==+11,k=+16,1 = +23 h=49 K=414,1=+21

Reflect. coll./uniq. 26957/5403 75782/8527 64759/6134

R(int) 0.0264 0.0288 0.02

Complete to © (%) 99.4 99.6 99.7

Data/restr./param. 5403/0/353 8527/0/333 6134/0/346

GooF on F? 1.046 1.045 1.06

Final R indices [I > 26 (D]* R; = 0.0273, R; = 0.0290, R; =0.0332,
WR; = 0.0718 WRy = 0.0767 WR, = 0.0938

R indices (all data) R; = 0.0279, wR, = 0.0724 R; = 0.0323, R; = 0.0353,

WR, = 0.0792 WR, = 0.0958
Largest diff. peak/hole (eA~3) 0.260 and —0.461 0.717 and -0.474 0.346 and -0.410
CSD no. 2,085,168 2,085,167 2,085,813
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Table A2
Crystallographic details for complexes (3)-(5).
Compound 3) @ 5)
sample code mor826 mor918 mor916sqz
Empirical formula CooHy6N505F,Mn Co7H38BN404F;Mn Cs7Hg4BoNgO13FgMny,
Formula weight 533.42 624.36 1372.82
Temperature (K) 293(2) 100(2) 100(2)
Radiation Mo-Ka Cu-Ka Cu-Ka
Crystal system orthorhombic Monoclinic Monoclinic
Space group Pcen (#56) P2, /c (#14) P21/c (#14)
Crystal size (mm) 0.548 x 0.380 x 0.312 0.213 x 0.051 x 0.044 0.252 x 0.047 x 0.024
a () 8.4080(2) 11.6439(2) 7.3961(2)
b(A) 16.1752(4) 20.0555(2) 26.3241(5)
cA) 17.6948(4) 13.3498(2) 16.1692(4)
a(®) 920 920 90
BC) 90 111.873(2) 101.116(3)
y(©) 90 90 90
\Y% (A3) 2406.51(10) 2893.08(7) 3089.01(13)
z 4 4 2
deate (g cm™3) 1.472 1.433 1.476
u (mm™) 0.607 4.285 4.13
F(00) 1104 1304 1436
Limiting indices h=410, k=419, I=+21 h==+14,k=4251=+16 h =49,k =+321=+20
Reflect. coll./uniq. 17823/2123 30663/6074 29081/6448
R(int) 0.0194 0.0255 0.0468
Complete to © (%) 99.6 98.9 98.8
Data/restr./param. 2123/0/164 6074/0/372 6448/0/392
GooF on F? 1.048 1.096 1.123
Final R indices [I > 2 6 (D]* R; = 0.0389, R; =0.0307, R; = 0.0813,
WR, = 0.1039 WR, = 0.0806 WR; = 0.2108
R indices (all data) Ry = 0.0424, R; = 0.0325, R; = 0.0857,
WR3 = 0.1085 WRy = 0.0818 WR3 = 0.2129
Largest diff. peak/hole (eA~%) 0.341 and -0.425 0.691 and -0.546 1.429 and -1.236
CSD no. 2,085,166 2,073,373 2,073,371
Table A3
Crystallographic details for complexes (6) — (8).
Compound (6) (2] (€))
sample code mor917 morl416 mor1263
Empirical formula C47H4gBN4OoFo2Mn C47H48BNgOsMn C34.93H39.07N7.93012.07Mn
Formula weight 804.64 858.66 818.05
Temperature (K) 100(2) 100(2) 100(2)
Radiation Mp-Ka Cu-Ka Mo-Ka
Crystal system Triclinic Orthorhombic Triclinic
Space group P-1 (#2) Pna2, (#33) P-1 (#2)
Crystal size (mm) 0.328 x 0.204 x 0.173 0.123 x 0.098 x 0.079 0.296 x 0.227 x 0.191
a(d) 10.63915(9) 21.4944(2) 10.9429(1)
b (A) 13.9972(2) 9.9167(1) 12.1194(1)
cA) 14.9635(1) 19.6521(2) 13.4433(2)
a(®) 103.8319(7) 90 85.5622(7)
B 93.6862(7) 90 87.9383(8)
vy (©) 109.1681(8) 920 88.6100(7)
V (A% 2018.84(4) 4188.91(7) 1775.96(3)
Z 2 4 2
deate (g cm™3) 1.324 1.362 1.53
u (mm™1) 0.381 3.033 0.45
F(00) 844 1800 851.4
Limiting indices h =415,k = +20,1 = +21 h=427k=+12,1=+24 h = +16, k=+18,1 = +20
Reflect. coll./uniq. 87030/12218 45262/7974 67704/12563
R(int) 0.048 0.048 0.0269
Complete to © (%) 99.1 100.0 99.8
Data/restr./param. 12,218/0/514 7974/1/580 12,563/0/530
GooF on F? 1.029 1.037 1.086
Final R indices [I > 2 ¢ (D]* R; = 0.0355, R; = 0.0369, R; = 0.0354,
WR; = 0.0873 WR, = 0.0904 WRy = 0.0866
R indices (all data) R; = 0.0402, R; = 0.0418, R; = 0.0449,
WRy = 0.0904 WRy = 0.0940 WRy = 0.0929
Largest diff. peak/hole (eA~3) 0.511 and -0.546 0.435 and -0.578 0.492 and -0.295
CSD no. 2,073,372 2,073,378 2,073,377
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Table A4

Crystallographic details for complexes (9) — (10).
Compound 9) 10)
sample code mor1201 mor954sqz
Empirical formula Ce2.36H70.08N8.33015.85ClgMny  CeqH72N14020Mn2
Formula weight 1583.43 1467.24
Temperature (K) 100(2) 100(2)
Radiation Cu-Ka Mo-Ka
Crystal system Trigonal Triclinic
Space group R-3 (#148) P-1 (#2)
Crystal size (mm) 0.306 x 0.134 x 0.108 0.303 x 0.221 x 0.062
a(A) 39.1897(4) 14.9797(3)
b(A) 39.1897(4) 16.4885(3)
cA) 11.8314(1) 17.3571(3)
a(®) 920 64.832(2)
(@] 90 67.154(2)
vy (©) 120 89.160(2)
\Y% (1“\3) 15736.6(3) 3517.04(11)
z 9 2
deate (g cm™3) 1.504 1.385
4 (mm™Y) 6.35 0.44
F(00) 7338.4 1528

Limiting indices

Reflect. coll./uniq.

R(int)

Complete to © (%)

Data/restr./param.

GooF on F?

Final R indices [I > 2 ¢
m*

R indices (all data)

Largest diff. peak/hole

h =449, k = +45,1 = +14

33606/7316

0.0319

100.0

7316/0/490

1.036

R; = 0.0326, wR, = 0.0873

R; = 0.0362, wR, = 0.0904

0.957 and -0.419

h=+18k = +20,1 =
+21

63796/14388
0.0326

99.8

14,388/0/858
1.057

Ry = 0.0688, WRy =
0.2071

Ry = 0.0788, WRy =
0.2164

1.756 and -1.148

(eA™
CSD no. 2,073,376 2,073,374
Table A5
Crystallographic details for complexes (11) — (12).
Compound an 12)
sample code mor1057 mor1483
Empirical formula Css.6H44Ng 609 7Mn,Br o C126H131N2905¢NasCloMny
Formula weight 2029.12 3284.23
Temperature (K) 100(2) 100(2)
Radiation Cu-Ka Cu-Ka
Crystal system Monoclinic Monoclinic
Space group P21/c (#14) P2y (#4)
Crystal size (mm) 0.251 x 0.244 x 0.084 0.182 x 0.100 x 0.087
a (;\) 22.2808(3) 14.46940(9)
b (A) 15.0288(2) 27.2519(2)
cA) 19.7713(3) 18.0885(1)
a(®) 90 90
g 99.845(2) 107.3156(6)
M) 90 90
vV (A% 6523.00(16) 6809.38(8)
Z 4 2
deare (g em ™) 2.066 1.602
u (mm~1) 12.26 4.306
F(00) 3887 3388
Limiting indices h=+427, k=+18, 1=4+24 h = +18, k=+33,1 = +22
Reflect. coll./uniq. 39787/13610 139137/27842
R(int) 0.0361 0.0381
Complete to © (%) 100.0 100.0
Data/restr./param. 13,610/0/747 27,842/1/2004
GooF on F? 1.075 1.007
Final R indices [ > 26  R; = 0.0563, wRy = R; = 0.0295,
o1 0.1327 WRy = 0.0762
R indices (all data) R; = 0.0625, wRy = R; = 0.0307,
0.1371 WRy = 0.0772

Largest diff. peak/hole
(G20
CSD no.

1.720 and -1.969

2,073,375

0.634 and -0.503

2,073,379
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7.5. Magnetic measurements

The magnetic susceptibility measurements were recorded on a
Quantum Design SQUID magnetometer MPMS-XL operating between
1.8 and 300 K. DC measurements were performed on polycrystalline
samples. Each sample was wrapped in a gelatine capsule and subjected
to fields of 0.5 T. Diamagnetic corrections were applied to correct for
contribution from the sample holder, and the inherent diamagnetism of
the sample was estimated with the use of Pascal’s constants.
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