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[{PhB(pz),(CH,SMe)},M] (M = Mn"!, Fe''; pz = pyrazol-1-yl) Containing a
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Two transition metal complexes [L,M] {M = Fe!' (2), Mn" (3)}
of the novel [N,N,S] scorpionate ligand L = [PhB(pz),-
(CH,SMe)] have been synthesized and characterized by X-
ray crystallography, magnetic measurements, cyclic voltam-
metry, and various spectroscopic techniques. In the solid
state, both complexes 2 and 3 possess a distorted octahedral
ligand sphere, but adopt different configurations (2: cis; 3:
trans). According to X-ray diffraction data, Mdssbauer spec-
troscopy, and SQUID measurements, compound 2 exists as
low-spin complex in the solid state at temperatures T = 20 °C
(et = 0.5 ug). Upon heating, the magnetic moment x4 in-
creases continuously to a value of 1.8 pg at 90 °C, which indi-
cates a temperature dependent high-spin <> low-spin transi-
tion above room temp. Solutions of 2 in CDCl; showed para-
magnetic behavior at 25°C (e = 3.1 pg; Evans NMR
method). Cyclic voltammetry (CH,Cl,, [BuyN][PFg]; vs. FcH/
FcH*) on 2 reveals a reversible Fe''/Fe!! redox transition at
Ei;» = -0.16 V. Density functional theory (B3LYP-D/def2-

TZVPP//B3LYP-D/SVP level) has been used to evaluate rela-
tive energies of the cis and trans isomers of 2 in their high-
spin and low-spin states. Theoretical and experimental in-
vestigations have been extended to the related literature-
known homoleptic Fe! complexes [{PhB(pz)s},Fe], [{PhB(pz)-
(CH,SMe),),Fe], and [{PhB(CH,SMe);},Fe]. The following
order of ligand-field strengths has been established:
[PhB(CH,SMe);]~ < [PhB(pz)(CH,SMe),]” < [PhB(pz),(CH,-
SMe)|~ < [PhB(pz)3]~. The only significant deviation from this
systematic behavior became evident for the unexpectedly
low solution magnetic moment of [{PhB(CH,SMe)s},Fe],
which finds no parallel in the solid state. Computed spin-
state splittings for the entire series of complexes, however,
confirm the trend in solution magnetic moments and we re-
late the disaccording experimental observations to the pres-
ence of a second stereoisomerin crystals of [{PhB(CH,SMe);},-
Fe] which increases the paramagnetism of solid-state sam-
ples of this complex.

Introduction

Tris(pyrazol-1-yl)borate ligands {“scorpionates”;
[RB(pz);] } have found widespread use in organometallic
and coordination chemistry with applications ranging from
modeling active sites of metallo-enzymes through catalysis
to materials sciences.!?! Owing to the modular synthesis
approach, extensive modifications can easily be made to the
ligand framework in order to optimize it for a given pur-
pose. For example, the introduction of appropriate substitu-
ents into the 3-positions of the pyrazolyl rings allows exten-
sive control over the steric demand of the ligand and thus
over its ability to kinetically stabilize reactive complex frag-
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ments. By contrast, an adjustment of the ligand field
strengths of tris(pyrazol-1-yl)borates is much harder to
achieve, because electronic substituent effects on the donor
properties of the pyrazolyl rings turned out to be rather
modest. A more efficient way to alter the donor/acceptor
properties of scorpionate ligands is to replace some or even
all of their pyrazolyl rings by other donor groups.

In the context of our research, hybrid ligands [RB-
(pz)(CH,SR'); ] containing pyrazolyl donors together
with (organylthio)methyl groups are particularly important.
The chemistry of these ligands was pioneered by Riordan,
who described the synthesis and coordination behavior of
derivatives with x = 0 and 1.3-121 In subsequent studies, the
Riordan group used selected examples of the new ligand
class to prepare synthetic models for the zinc sites in methi-
onine synthases.[']

One focus of our own interests is the development of
artificial analogs of the copper-containing enzymes dopa-
mine B-monooxygenase (DSM) and peptidylglycine o-hy-
droxylating monooxygenase (PHM) as well as the detailed
mechanistic understanding of the reactivity patterns of such
species.'31°1 The O, binding mechanism of the active sites
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of mononuclear copper enzymes was successfully modeled
by use of the strongly deactivating, tripodal tetradentate N-
donor ligands derived from superbasic peralkyl guani-
dines.['72%1 However, a more realistic ligand to mimic the
protein pocket of the O,-binding copper ion in DM and
PHM (two histidine residues, one methionine side chain)
would be the yet missing scorpionate [RB(pz),(CH,SR")|
(x = 2; R = Ph, R’ = Me; see above).l?!l Recently, we have
described the coordination behavior of [PhB(pz),-
(CH,SMe)] and its ditopic relative [(pz);B-CsHy4-B(pz),-
(CH,SMe)]* towards Cu' and Cu" ions.>!l To assess the
ligand field properties of [PhB(pz),(CH,SMe)], we have
now prepared the corresponding homoleptic Fe'" and Mn'!
complexes (2, 3; Scheme 1). Herein we provide a detailed
experimental and quantum-chemical characterization of
both molecules. Particular emphasis has been put on the
temperature dependence of both the spin state and the UV/
Vis spectrum of 2. The main purpose of the Mn"' complex
3 is to provide a system for comparison containing a di-
valent metal ion in a stable high-spin configuration.

A TN
Y
NSNS

Ph— Ph

(i)T+ FeCls

Scheme 1. Syntheses of the [V, N,S] scorpionate complexes 2 and 3.
(i) toluene, room temp., 6 d.

Results and Discussion

The ligand K[PhB(pz),(CH,SMe)] (1) was prepared from
PhBX, (X = Cl, Br) as described previously.?!1 A clean and
high-yielding synthesis protocol requires the use of donor-
free LifCH,SMe],*? because the corresponding tmeda ad-
duct reproducibly led to considerable amounts of boronium
cations [PhB(X)(n?-tmeda)]* as unwanted byproducts {for
1710
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an X-ray crystal structure analysis of [PhB(Cl)(n>-tmeda)]-
[PhB(CH,SMe);], cf. Figure S1 in the Supporting
Information}.

Syntheses and Crystal Structure Determinations of 2 and 3

Both compounds 2 and 3 are readily available from the
scorpionate ligand 1 and FeCl, or MnCl, in toluene at
room temp. (Scheme 1). Irrespective of the stoichiometric
ratio applied (i.e. 1:1 or 2:1), we always obtained complexes
containing two ligand molecules per transition metal ion.

Single crystals were grown from pentane/toluene (2) and
hexane/benzene (3). Crystal data and details of the struc-
ture determinations are summarized in Table 1.

Table 1. Crystal data and structure refinement details for 2 and 3.

2 3
Formula C28H32B2FCNSSZ C28H32B2MHNSSZ
fw 622.21 621.30
Color, shape violet, block colorless, block
Temperature /°C —100(2) —100(2)
Radiation Mo-K,, 0.71073 A Mo-K,, 0.71073 A
Crystal system monoclinic triclinic
Space group C2/c P1
alA 12.213(2) 8.1117(10)
b/A 12.035(2) 9.9384(11)
clA 20.466(4) 10.4617(12)
al® 90 118.021(8)
p° 100.44(3) 91.820(10)
v/ 90 95.970(10)
VIA3 2958.4(10) 737.36(15)
Z 4 1
Degieq. Igem™3 1.397 1.399
F(000) 1296 323
u /mm! 0.685 0.623

Crystal size /mm
Reflections collected

Indep. reflections (R,)

Data / restraints /
parameters

GOOF on F?

R1, wR2 [I>20(1)]
R1, wR2 (all data)

0.21X0.18 X0.17
14526

2782 (0.0698)
278210/ 187

1.044
0.0440, 0.0983
0.0630, 0.1044

0.12x0.11 x0.09
8463

2744 (0.0655)
274410/ 188

1.024
0.0388, 0.0905
0.0534, 0.0950

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Largest diff. peak

and hole /e A~ 0.449/-0.361 0.696/-0.313

In the Fe'' complex 2, two borate ions act as tripodal
tridentate ligands (Figure 1). Thus, the molecule adopts a
Cy,-symmetric pseudo-octahedral structure with two sulfur
and four nitrogen donors (bond angles about iron deviate
by less than 4° from the ideal values of 90° and 180°).

An initially unexpected feature of the structure is its cis
configuration. We note, however, that the exclusive forma-
tion of [ML,]“ has also been reported for complexes of
Fel, Co', and Ni' with the related [N,S,S]-ligand
[PhB(pz)(CH,SMe),] .1 The solid-state structure of 2 was
determined at 7" = —-100 °C and 20 °C in order to see
whether the metric parameters give any indication of a spin
state change in this temperature interval (a low-spin— high-
spin transition should lead to an increase in the Fe-N bond
lengths by about 0.15 A23)). We observed Fe(1)-S(1) bond
lengths of 2.312(1) A (~100°C)/2.315(2) A (20°C) and

Eur. J. Inorg. Chem. 2011, 1709-1718
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Figure 1. Molecular structure of 2 in the solid state; displacement
ellipsoids at the 50% probability level. The H atoms have been
omitted for clarity. Selected bond lengths [A], bond angles [°], and
torsion angles [°]: Fe(1)-N(12) 1.993(2), Fe(1)-N(22) 1.983(2),
Fe(1)-S(1) 2.312(1); N(12)-Fe(1)-N(12#) 88.0(1), N(12)-Fe(1)-
N(22) 89.7(1), N(12)-Fe(1)-N(22%) 91.6(1), N(12)-Fe(1)-S(1)
91.1(1), N(12)-Fe(1)-S(1%) 177.7(1), N(22)-Fe(1)-N(22%#) 178.1(1),
N(22)-Fe(1)-S(1) 86.3(1), N(22)-Fe(1)-S(1#) 92.4(1), S(1)-Fe(1)-
S(1%#) 90.0(1), B(1)-Fe(1)-B(1%) 167.3; B(1)-N(11)-N(12)-Fe(1)
13.2(3), B(1)-N(21)-N(22)-Fe(1) 1.5(3), B(1)-C(1)-S(1)-Fe(1)
19.7(2). Symmetry transformation used to generate equivalent
atoms: #: —x + 1, y, —z + 3/2.

average Fe-N bond lengths of 1.988(2) A (~100°C)/
1.990(2) A (20 °C). These values compare well with the
average Fe-S distance in the all-thioether complex
[{PhB(CH,SMe);},Fe] {2.303(5) A;[5) T'= 47 °C} on one
hand and with the mean Fe-N bond length in [{PhB-
(pz)s}-Fe] on the other {1.973(8) A;241 T'= 20 °C}. In the
case of [{PhB(CH,SMe);},Fe], an effective magnetic mo-
ment t.r = 1.5 pg was measured for a powdered sample at
20 °C,B!  whereas the tris(pyrazol-1-yl)borate complex
[{PhB(pz);},Fe] is fully diamagnetic at room temp.*#
Given this background, the crystal structure of 2 points to-
ward a low-spin state of the molecule in the crystal lattice
at temperatures of 20 °C and below.

Like the Fe' complex 2, the Mn'! complex 3 contains
two ligand molecules establishing a pseudo-octahedral co-
ordination sphere. In contrast to 2, 3 exists in a centrosym-
metric trans configuration (Figure 2).

The Mn(1)-S(1) bond [2.680(1) A] is longer by 0.368 A
than the Fe(1)-S(1) bond of 2, and a similar effect is ob-
served for the metal-nitrogen bonds [3: 2.212(2) A/
2.24002) A; 2: 1.993(2) A/1.983(2) A]l. The pronounced
bond length elongations in 3 as compared to 2 are consis-
tent with a d° high-spin state of the metal center, as con-
firmed by SQUID measurements; cf. also [{HB(pz);},.Mn]:
mean Mn—N 2.251(5) AR,

In both complexes, 2 and 3, the sulfur atoms are pyrami-
dalized with sums of bond angles of 311.2(1)° (2) and
314.0(1)° (3).

Mossbauer-, NMR- and UV/Vis Spectroscopy

Maossbauer spectra of 2 were taken at 7= —193 °C and
22 °C (cf. Figure S2 in the Supporting Information). At
both temperatures, the compound gives rise to a symmetric
doublet with an isomer shift of § = 0.49 mms' (-193 °C)/

Eur. J. Inorg. Chem. 2011, 17091718
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Figure 2. Molecular structure of 3 in the solid state; displacement
ellipsoids at the 50% probability level. The H atoms have been
omitted for clarity. Selected bond lengths [A], bond angles [°], and
torsion angles [°]: Mn(1)-N(12) 2.212(2), Mn(1)-N(22) 2.240(2),
Mn(1)-S(1) 2.680(1); N(12)-Mn(1)-N(22) 85.3(1), N(12)-Mn(1)-
N(22%) 94.7(1), N(12)-Mn(1)-S(1) 85.1(1), N(12)-Mn(1)-S(1%)
94.9(1), N(22)-Mn(1)-S(1) 81.7(1), N(22)-Mn(1)-S(1#) 98.4(1);
B(1)-N(11)-N(12)-Mn(1)  -6.1(3),  B(1)-N(21)-N(22)-Mn(1)
-23.7(3), B(1)-C(1)-S(1)-Mn(1) -9.4(2). Symmetry transformation
used to generate equivalent atoms: #: —x + 1, -y + 1, —z.

0.42mms ' (22°C) and a quadrupole splitting of AE, =
0.56 mms ! (-193 °C)/0.55 mms ! (22 °C). Mdssbauer spec-
tra of a series of related tris(pyrazol-1-yl)borate complexes
[{p-RC,CcH4B(pzM©)51,Fe] have been published by Reger
et al. (pzM¢: 3-methylpyrazol-1-yl).[?%] The derivative with R
= Ph undergoes a thermally induced spin state crossover
and contains a low-spin Fel ion at -195°C (§ =
0.54 mms', AE, = 0.41 mms™') but high-spin Fe'' at 22 °C
(0 = 1.00mms ', AE, = 3.66 mms'). In the light of these
results and in agreement with the conclusions drawn from
the X-ray crystal structure analysis of 2, the Mdssbauer pa-
rameters of solid 2 are clearly indicative of Fe!l ions in the
low-spin state (for 7' = 22 °C).

At room temp., the '"H NMR spectrum of 2 in [Dg]tolu-
ene is characterized by broad signals with chemical shifts
between 0 and 35 ppm. This observation suggests that un-
der these conditions, 2 is not entirely in its diamagnetic low-
spin state, but that a paramagnetic high-spin state is ener-
getically accessible and populated to some extent. Accord-
ingly, the signal range decreases continuously upon cooling,
until, at a temperature of —70 °C, reasonably well-resolved
proton resonances were obtained in a spectral region char-
acteristic of diamagnetic poly(pyrazol-1-yl)borate com-
plexes. The most important features of the low-temperature
spectrum are the following: (1) the integral ratio between
the pyrazolyl and the (methylthio)methyl protons is in
agreement with the proposed 2:1 stoichiometry. (2) The
methylene protons B-CH,-S appear as two doublets (0
=1.79 ppm, 1.57 ppm; 2Jyy = 13.5 Hz) which indicates that
the Fe—S bonds are retained in solution. (3) Two signal sets
(ratio 1:1) are observed for the pyrazolyl rings, but only one
set of signals appears for the (methylthio)methyl groups.
This feature is consistent both with a cis and with a frans
configuration of the complex. However, it rules out that
mixtures of isomers are present in solution. The '*C NMR
spectroscopic data are in full accord with the conclusions
drawn from the proton NMR spectra.

1711
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Complex 2 possesses a blue color at room temp. in solu-
tion and in the solid state. Corresponding bands in the
visible region of the electronic spectrum appear at Ay, =
573 nm and 404 nm with small extinction coefficients of ¢
=35and 59 M 'cm !, respectively. Upon heating, the inten-
sity of both bands continuously decreases [T = 70 °C: &(573)
= 14 and £(404) = 24 m'cm™!; Figure 3].

16

extinction
j=]
o

300 350 400 450 500 550 600 650 J00 7sa

wavelength [nm]

Figure 3. Variable-temperature electronic spectrum of 2 in toluene
(¢ = 14.38 mmol L 1).

A similar temperature dependence is also known for
complexes [Fe''L,] containing two tris(pyrazol-1-yl)borate
ligands L and has been attributed to the transition between
the low-spin "4, (t2,%e,*") state and the typically colorless
or lightly colored high-spin 75, (ty.*e.*?) state.*”) Given
this background and the small extinction coefficients, the
two visible absorptions are assigned to the Laporte-forbid-
den, spin-allowed d-d transitions '4;,—'T}, (573 nm) and
'4,,-'T5, (404 nm) in pseudo-octahedral 2 (Table 2). The
all-sulfur complex [{PhB(CH,SMe);},Fe]l® exhibits the
corresponding two absorptions at Apa 627 nm
(33m'em!; '4,,—>'T),) and 439nm (56M 'cm;
14,,—1T>,), the [N,S,S] complex [{PhB(pz)(CH,SMe),},-
Fe]?®l at 597 nm (23 M 'cm™!) and 421 nm (39 m'cm™).
The all-nitrogen complex [{PhB(pz);},Fe]?’! shows its
'4,,— T, transition at Ay.x = 530 nm (100 M 'cm™'; re-
measured in toluene) while the '4,,— ' T, transition is hid-
den underneath very intense metal-to-ligand charge-trans-
fer bands.

Table 2.  Electronic  spectra  of  [{PhB(CH,SMe);},Fe]tl,
[{PhB(pz)(CH,SMe),},Fe]®L1?8] compound 2/, and [{PhB(pz);}--
Fe]iel.

WUyy— 1T, A= 1T, Dy B
[nm] [nm] [em™]  [em™]
[{PhB(CH,SMe);},Fe] 627 439 1763 420
[{PhB(pz)(CH,SMe),},Fe] 597 41 1850 438
2 573 404 1928 456
[{PhB(pz);}.Fe] 530 - - -

[a] CHCI;. [b] CH,Cl,. [c] Toluene.

Assuming C = 4B, the crystal-field strengths D, and the
Racah parameter B were calculated using the equations (i)
'41,—'T\y = 10 Dy — C and (ii) '4,,—'T>, = 10 D, — C
1712

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

+ 16 B.3%31 These data, which are compiled in Table 2,
suggest the following order of ligand-field strengths:
[PhB(CH,SMe);]- < [PhB(pz)(CH,SMe),]- < [PhB(pz),-
(CH,SMe)]” < [PhB(pz);] .

Characterization of Magnetic Properties

Magnetic susceptibilities were determined both in the so-
lid state (SQUID measurements) and in solution (Evans
NMR methodB233),

In the case of the Mn'! complex 3, the expected d> high-
spin state was confirmed.

Bulk crystalline samples of 2 are largely diamagnetic at
temperatures 7' = 20 °C (uqr = 0.5 up; Figure 4), as has al-
ready been deduced from X-ray crystallography and Moss-
bauer spectroscopy.

20, 20
1.54 " +1.5
= 1.0 - 1.0
7 los
0.0 - - - - 0.0
200 150 -100 -50 0 50 100
TrCl

Figure 4. Plot of g vs. T for the Fe!' complex 2.

Upon heating to approximately 90 °C, u.¢ increases con-
tinuously to a value of 1.8 ug. This is an indication for a
temperature-dependent  high-spin <> low-spin  transition
above room temp. in the solid state. To estimate 77, the
data were analyzed assuming a gradual spin transition. The
fit of yys vs. T is presented in the Supporting Information
(Figure S3) together with the parameters used. These data
suggest that 7', is in the region of 180 °C. In the crystal
lattice, the related [S,S,S] complex [{PhB(CH,SMe);},Fe]
tends to be more paramagnetic than 2 [t = 1.3 pg (73 °C),
1.5 ug (25 °C), 2.3 ug (90 °C), 3.2 pg (127 °C); Figure 515

® CDCI,
44 = solid
-
&=
k3
2L 24
W e
=
0

[N,N,N],Fe [N,N,S],Fe [N,S,S],Fe [S.S,S],Fe

Figure 5. Magnetic moments of the complexes [{PhB(pz),-
(CH,SMe); . },Fe] (x = 0-3). Circles: values obtained in CDCl;
solution at 25 °C using the Evans NMR method; squares: values
determined in the solid state by SQUID measurements (25 °C).

In CDCl; solution, 2 possesses a magnetic moment giqpr
of 3.1 pup at 25 °C, which equals a number of unpaired elec-
trons N' of approximately N’ = 1.8. Pure high-spin (N’ =

Eur. J. Inorg. Chem. 2011, 1709-1718
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4) and low-spin (N’ = 0) Fe!! states are associated with mag-
netic moments of about 5.2 ug and 0.4 pg, respectively (ex-
perimentally determined values).l*! The magnetic moment
of 2 is higher than that of the tris(pyrazol-1-yl)borate com-
plex [{PhB(pz);},Fe], which has been reported to be fully
diamagnetic in CDCl; at room temp.[*’1 On the other hand,
the population of the high-spin state in the [N,N,S] species
2 is lower than in the case of the [N,S,S] complex
[{PhB(pz)(CH,SMe),},Fe] (uerr = 4.1 ppg; CDCly).28 In
view of the trend in the ligand-field strengths along the
series of [NV,.S3_,] scorpionates, one should expect a further
increase in g in the [S,S,S] complex [{PhB(CH,SMe);},-
Fe]. Surprisingly, however, a small magnetic moment of
only 1.6 pg at 27 °C in CDCl; was reported for this com-
pound® (Figure 5; we have resynthesized [{PhB(CH,-
SMe)s},Fe] to redetermine the magnetic moment and fully
reproduced the published value).

Electrochemical Measurements

Cyclic voltammograms of 2 and the reference compound
[{PhB(pz)s},Fe] were measured with two different support-
ing electrolytes, i.e. [BuyN][PFs] and [BuyN][B(CgFs)4].
Data obtained with the [PFg] salt are useful for comparison
with literature values of related complexes; redox potentials
recorded on solutions containing the [B(CgFs)4] salt are
helpful for an assessment of counterion effects on key elec-
trochemical parameters. The Fe'!/Fe!'! redox transitions of
2 and [{PhB(pz)s},Fe] are electrochemically reversible on
the cyclic voltammetric timescale as evidenced by the fol-
lowing criteria: the current ratios ip/i,, are constantly equal
to 1, the current functions i,,/v'’? remain constant, and the
peak-to-peak separations AE are similar to the value found
for the internal ferrocene standard. Along the sequence
[{PhB(CH,SMe);s},Fe]—2—[{PhB(pz);},Fe] we find a
continuous cathodic shift of the Fe redox potential
(Table 3), indicating that an increasing number of pyrazolyl
donors leads to more electron-rich Fe'! ions.

Table 3. Electrochemical data of [{PhB(CH,SMe);},Fe],5) 2, and
[{PhB(pz)s},Fe] in CH,Cl, vs. FcH/FcH* measured at a scan rate
of 0.10 Vs,

Eip [VI® AE [mVI® Eyp [V AE [mV]®)

[{PhB(CH,SMe);},Fe]  0.09 96 - -
2 016 77 02 "
[{PhB(pz);},Fe] 029 80 036 70

[a] [BusN][PF¢]. [b] [BusN][B(CsF's)s].

Moreover, we note that a change of the supporting elec-
trolyte from [BuyN][PF¢] to [BusyN][B(C¢F5),4] results in
cathodic shifts of the redox potentials of 2 and [{PhB-
(pz)3},Fe] by 0.06 V and 0.07 V, respectively. This leads to
the conclusion that counterion effects must not be neglected
in the redox chemistry of both complexes even though the
Fe centers are well shielded from the surrounding solution
by their octahedral ligand sphere.

Eur. J. Inorg. Chem. 2011, 17091718
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Quantum Chemical Calculations

The experimental results reported thus far leave several
questions unresolved, which we decided to tackle by quan-
tum chemical means: (i) We optimized the structures of the
cis and trans isomers of 2 and 3 to assess their preferred
constitution in solution. (ii) To evaluate the stability of the
quasi-octahedral, six-coordinate framework of 2, we per-
formed additional calculations on five-coordinate isomers,
which are obtained by decoordinating individual ligand
arms. (iii) The solid-state magnetic moments along the
series  [{PhB(pz);},Fe]—2—[{PhB(CH,SMe);},Fe] are
consistent with the expected qualitative trend in the ligand-
field strengths of these scorpionates (successive exchange of
the stronger N-donor ligands by the weaker S-donor li-
gands should lead to progressively more stable high-spin
states). In contrast, the corresponding magnetic moments
in solution do not show a similar monotonous increase
(Figure 5). This leads to the question: Are the u.; values of
2 and [{PhB(pz)(CH,SMe),},Fe] irregularly high, or is the
magnetic moment of [{PhB(CH,SMe)s},Fe] irregularly
low? To address the puzzling results of the magnetic mea-
surements in some detail we performed calculations on
high-spin (quintet) and low-spin (singlet) states of all con-
ceivable isomers of the compounds [{PhB(pz).(CH>-
SMe);_,},Fe] (x = 0-3). In this way we were able to obtain
information on the intrinsic magnetic properties of this
series of compounds, free of potentially complicating effects
of solvent or counterion molecules.

The current literature witnesses that an accurate quan-
tum chemical assessment of absolute values for spin-state
energy differences remains a formidable task as of today. A
number of recent studies was concerned with the identifica-
tion of an optimal density functional approach for the
proper assessment of spin-crossover Fe'l complexes.344%]
Although a few promising functionals surface in these stud-
ies, a clear recommendation is hard to recognize. For the
present set of systems we tested several functional/basis set
combinations but, as detailed in the Supporting Infor-
mation, none gave fully satisfying results. However, to ratio-
nalize the magnetic behavior of the species under study it
suffices here to focus our discussion on the relative changes
in computed spin-state splittings that occur upon variation
of the ligand environment. To this end, the choice of
method is far less critical since many functionals yield sys-
tematic errors that cancel out to a large extent if trends
in spin-state splittings for a series of related complexes are
considered.?%4 Results discussed in the following are
based on single point energy calculations at the B3LYP-D/
def2-TZVPP level of density functional theory. These calcu-
lations were performed on structures optimized at the
B3LYP-D/SVP level, which gave excellent agreement with
experimental structures (see Supporting Information). Ow-
ing to the inherent tendency of the B3LYP functional to
artificially favor the stability of high-spin over low-spin
states,[3*381 computed absolute energy differences reported
below for the individual complexes are probably shifted
somewhat into the high-spin region. To assess the influence
1713
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of dielectric solvation effects we applied the COSMO con-
tinuum solvent model (solvent CH,Cl,), but in all cases this
left isomer stabilities and spin state splittings essentially un-
affected (cf. Table 4). For the sake of conciseness the dis-
cussion of results is based on computed gas phase data only.

Table 4. Compilation of computed results on the Fe!! scorpionate
complexes under investigation here (the Mn!! complex 3 has been
included for comparison); energies (in kcalmol™!) are given relative
to the most stable isomer in its electronic ground state.

E, (Is/hs) Ere1,cosmo (Is/hs)

[ Vel 0.0/4.3 0.0/4.5

[N4S5] (2€%) 0.6/0.0 0.0/0.1

[ IN4S,]rans (2rans) 4.1/3.7 4.0/2.7

[N2S,4] 10.2/3.1 9.8/2.7

[N, S 4] 8.9/0.0 9.3/0.0

[Sel™% 5.4/0.0 5.7/0.0

[Sel™ 10.7/2.3 11.2/2.5

3eis 21.8/0.0 -

3rrans 24.7/2.5 -

Relative Energies of cis and trans Isomers of 2 and 3

We optimized the structures of the respective cis and
trans isomers of 2 and 3 in both, low-spin and high-spin
states (Table 4). In line with the crystallographic findings
our calculations corroborate that, in the low-spin (Is) state,
29 is lower in energy than 279" by AE"@s s =
3.5 kcalmol!. All bond lengths in the optimized structure
of 24%(1s) agree well with the results of the single-crystal X-
ray structure analysis (Figure 6).

hs: 2.656
Is: 2.386

exp.: 2.312(1)
5

hs: 2.139
Is:  1.995
exp.: 1.983(2)

hs: 2.119
Is:  1.981
exp.: 1.993(2)

Figure 6. Selected bond lengths in the optimized Is and hs struc-
tures of 29 (B3LYP-D/SVP level).

A comparable energy difference of AE!s<is
3.7 kcalmol ™! results for the two isomers of 2 in the high-
spin (hs) state. The optimized structure of 2¢*(hs) exhibits
1714
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the expected elongation of metal-ligand bond lengths (Fig-
ure 6), and the average increase of the Fe-N bond lengths
of 0.14 A is perfectly in line with expectation.?3] The calcu-
lations reveal only small energy differences between the
high-spin and low-spin states (AE 15) of both isomers (2¢%:
AE,, s = 0.6 kcalmol™!; 27s: AE, o = —0.4 kcalmol ™).
For the corresponding Mn!! complex 3 substantially larger
spin state splittings result from the calculations and both
isomers clearly exhibit a high-spin ground state (3*: AE s
= -21.8 kcalmol'; 3": AE, s = —22.2 kcalmol ™). As for
the iron complex 2 we find the 3¢*(hs) isomer slightly more
stable than 3"“*(hs). The minute energy difference of
AE™s<is = 2 5 kcalmol™! is, however, sufficiently small to
conclude that the solid-state structure of 3, which exhibits a
trans-configuration, is dominated by crystal packing forces.

Structural Integrity of 2 in Solution

The energies required to decoordinate one N- or S-donor
arm have been calculated for both isomers of 2 in their re-
spective low-spin and high-spin states. For the low-spin iso-
mers all reorganization energies (c.n. 6 — c.n. 5) are prohib-
itively high (AE > 12 kcalmol ™). For the corresponding
high-spin structures, all geometry optimizations on N-deco-
ordinated isomers lead back to six-coordinate structures.
The energetically lowest lying five-coordinate high-spin iso-
mer with one decoordinated S-donor arm is 5.0 kcal mol™!
less stable than 2¢* in its computed high-spin ground state
(the structure of this five-coordinate [N4S;] high-spin com-
plex is shown in the Supporting Information). These results
do not indicate that any significant population of 2 gives
up its constitution as intact six-coordinate Fe!® complexes
in quasi-octahedral coordination geometries, which sup-
ports the assumptions made to interpret the solution UV/
Vis spectra of complex 2.

Magnetic Properties of [{PhB(pz);3}.Fe], 2, [{PhB(pz)-
(CH,SMe) 5} Fe], and [{PhB(CH,SMe);s},Fe] in Solution

To gain further insight into the magnetic properties of
the complexes [{PhB(pz).(CH,SMe)s_.},Fe] (x = 0-3), we
performed calculations on the entire homologous series, i.e.,
[{PhB(pz);}.Fe] (INgl), [{PhB(pz),(CH,SMe)j,Fe] (2 =
[NaS2D), [{PhB(pz)(CH,SMe),oFe] (IN2S4l), and [{PhB-
(CH,SMe);},Fe] (ISg]). Table 4 shows the computed relative
spin state energies.

In agreement with experimental results put forward by
Jesson et al.,”l we obtained a diamagnetic low-spin ground
state for the [Ng] complex; the corresponding high-spin
paramagnetic state lies 4.3 kcalmol™! higher in energy. As
already discussed above, almost degenerate spin states re-
sulted for the cis and the frans isomers of [N,S,], with
slightly more stable high-spin states {by 0.6 kcalmol™!
(INV4S51*) and 0.4 kcalmol™' ([V4S,]"“*)}. For both iso-
mers of [IV,S4], we computed high-spin ground states, which
are separated from the low-spin states by 7.1 kcalmol!
([IV284]*) and 8.9 kcalmol™! (JN,S,]"*"). Inspection of the
crystal structure of [Sg]™! brought to light a disorder of all
six sulfur atoms over two positions with equal occupancy
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factors. The corresponding cobalt complex® does not suf-
fer from similar disorder but shows a well-defined canting
of all six SMe groups in the same rotational direction (meso
conformation, cf. Figure 7). We therefore applied this con-
formation for initial calculations on the iron complex
[Se]™e*°. We assign a high-spin ground state to [Se]™**° but
we find a smaller energy difference to the low-spin state
(5.4 kcalmol ') than for the [V,S,] isomers.

F

[ Fe_|
KS/\_ : N s~ Me
Me Sy

"Me

Figure 7. Schematic illustration of the ligand arrangements in
[Sel™? (top) and [Se]™ (middle), and a superposition of both
structures (bottom), which mimics the disorder observed in the X-
ray crystal structure of [{PhB(CH,SMe);},Fe].

Up to this point our theoretical findings reproduce the
trend in solution magnetic moments along the series [/Ng]
to [Sel, but clearly not the markedly different monotonous
increase of the magnetic moments in the solid state. Given
the suspiciously close experimental values obtained for [Sg]
in solution and in the solid state, we conjectured that the
severe disorder present in the crystal lattice could have a
non-negligible influence on the solid-state magnetic mo-
ment. While we initially assumed that the reason for the
disorder was a mere superposition of two meso molecules,
we found that the presence of a rac stereoisomer (cf.
Figure 7) would also be in accordance with the X-ray crys-
tal structure data. Calculations on the corresponding com-
plex [Sg]"™* give a high-spin ground state as in [Se]™“*?, but
at the same time indicate a significantly larger energy gap
to the low-spin configuration (8.4 kcalmol™'). Comparing
the relative energies of the respective high-spin structures
we find that [S¢]™ is less stable than [S¢]”° by
2.3 kcalmol .

Based on these results we suggest the following explana-
tion for the qualitatively different trends observed for the
magnetic moments of [Ng] to [Se] in solution and in the
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solid state: Assuming a pronounced conformational flexibil-
ity of the SMe groups, solutions of the complex
[{PhB(CH,SMe);},Fe] should be dominated by the [S¢]™***
conformer, which is thermodynamically favored over the
[Sel™ stereoisomer. While an energy difference of
2.3 kcalmol ™! suffices to explain the lack of significant pop-
ulations of [Se]™ in solution, this rather small energy differ-
ence might well be overcome in the solid state where crystal
packing forces come into play. The assumption that a non-
negligible fraction of the complex [{PhB(CH,-
SMe);},Fe] exists as [Sg]™ in the crystal lattice provides a
straightforward rationale for the observation of an in-
creased paramagnetism for this species in the solid state.

We thus suggest that the trends in magnetic moments
measured in solution reflect the intrinsic magnetic proper-
ties of the thermodynamically most stable (stereo)isomers
of the complexes under study. We further suggest that devi-
ations from the intuitively expected trend (i.e., a successive
decrease of ligand donor strengths from [Ng] to [Se] should
lead to parallel development of magnetic moments as ob-
served in the solid state) are most likely a consequence of
steric interactions present in the complexes [N,S4] and
[/V485], which destabilize the more compact low-spin struc-
tures with respect to the more expanded high-spin struc-
tures. In both species, repulsive interactions cannot be re-
lieved as efficiently as in the [Sg] isomers by optimal align-
ment of the ligand environment due to the presence of the
conformationally rigid pyrazolyl groups. We note in passing
that for the isomers of [NV,S4] and [N4S,] we did not find
any alternative low energy structures with different orienta-
tions of the SMe groups.

Conclusions

With the synthesis of the [N,N,S] scorpionate [PhB-
(pz)>(CH,SMe)], the homologous series of smoothly vary-
ing ligands [PhB(pz) (CH,SMe); ] (x = 0-3) has been
completed. Using the octahedral Fe!' complex [{PhB-
(pz)-(CH,SMe)},Fe] as a representative example, we have
shown by X-ray crystallography, magnetic measurements,
cyclic voltammetry, and various spectroscopic techniques
that a gradual fine-tuning of key physical parameters (e.g.
redox potentials, spin state, UV/Vis absorptions) is possible
by choice of the ligand with the best-suited donor set. The
following order of ligand-field strengths has been estab-
lished: [PhB(CH,SMe);]- < [PhB(pz)(CH,SMe),]” <
[PhB(pz)>(CH,SMe)]” < [PhB(pz)s] .

DFT calculations on [{PhB(pz)(CH,SMe); . },Fe] (x =
0-3) at the B3LYP-D/def2-TZVPP//B3LYP-D/SVP level are
in pleasingly good agreement with experimental findings on
molecular structures and trends in solution magnetic mo-
ments. The fact that the qualitative trend in solution mag-
netic moments is not paralleled by the solid-state magnetic
moments can be resolved by the assumption that in solution
[Sel adopts the thermodynamically favored meso conforma-
tion, whereas in the crystal lattice a significant proportion
1715
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of the molecules adopt the rac conformation. This results
in increased paramagnetism of the sample because, accord-
ing to the quantum chemical analysis, the low-spin state is
significantly more disfavored for [Se]™ compared to
[S6]mes()'

Experimental Section

General Considerations: All reactions and manipulations of air-sen-
sitive compounds were carried out in dry, oxygen-free nitrogen or
argon using standard Schlenk ware. Solvents were freshly distilled
under argon from Na-benzophenone (toluene) or Na/Pb alloy (pen-
tane, hexane). UV/Vis: Varian Cary 50 Scan UV/Vis Spectropho-
tometer; Mossbauer: own construction, TU Miinchen; Magnetic
Measurements:  Quantum-Design-MPMSR-XL-SQUID-Magne-
tometer; NMR: Bruker AMX 400, Bruker AMX 250, Bruker DPX
250 spectrometers. ''B{'H} NMR spectra are reported relative to
external BF3-Et,O. Abbreviations: d = doublet, m = multiplet, br.
= broad. Compound 1 was synthesized according to a literature
procedure.?!]

Synthesis of 2: Compound 1 (0.071 g, 0.22 mmol) and FeCl,
(0.015 g, 0.12 mmol) were suspended in toluene (25 mL). The reac-
tion mixture was stirred for 6 d at room temp. After centrifugation,
the blue-grey supernatant was evaporated to dryness in vacuo to
give a dark purple microcrystalline solid. Dark blue single crystals
were obtained by slow diffusion of pentane into a toluene solution
of 2. Yield: 0.050 g (73%). '"H NMR ([Dg]toluene, 250.1 MHz,
-70 °C): 6 = 7.80 (m, 4 H, PhH), 7.64 (br., 2 H, pzH-3 or 5), 7.57-
7.41 (m, 8 H, PhH, pzH-3 or 5), 7.36, 6.75 (2 X br., 2X 2 H, pzH-
3'.5"), 6.05 (br., 2 H, pzH-4), 592 (br.,, 2 H, pzH-4"), 1.79, 1.57
(2% d, 2Jyy = 13.5 Hz, 2 X2 H, BCH>), 0.79 (br., 6 H, SCH3) ppm.
I3C{!H} NMR ([Dg]toluene, 62.9 MHz, -70 °C): 6 = 149.0 (pzC-3
or 5), 147.4 (pzC-3' or 5'), 145.2 (PhC-i), 139.1 (pzC-3 or 5), 137.8
(pzC-3' or 5'), 134.7, 128.0, 128.0 (PhC), 106.8 (pzC-4'), 106.4
(pzC-4), 24.3 (br., BCH,), 21.4 (SCH3) ppm. "B{'H} NMR ([Dg]
toluene, 80.3 MHz, -70 °C): 6 = -0.2 (hy, = 1900 Hz) ppm. UV/
Vis (toluene; 293 °C): Amax (6) = 573 (35), 404 nm (59 M 'em™).
CygH3,B5FeNgS, [622.21]: caled. C 54.05, H 5.18, N 18.01; found
C 54.10, H 5.32, N 17.98.

Synthesis of 3: Compound 1 (0.100 g, 0.31 mmol) and MnCl,
(0.020 g, 0.16 mmol) were suspended in toluene (15 mL). The reac-
tion mixture was stirred for 6 d at room temp. After centrifugation,
the pale yellow supernatant was evaporated to dryness in vacuo to
give a colorless solid foam. Colorless single crystals were obtained
by slow diffusion of hexane into a benzene solution of 3. Yield:
0.019 g (20%). C,3H3,BoMnNgS, [621.30]: caled. C 54.13, H 5.19,
N 18.04; found C 54.08, H 5.37, N 18.13.

Crystal Structure Determinations of [PhB(Cl)(n>*-tmeda)][PhB-
(CH,SMe)j3), 2, and 3: Data collections were performed on a Stoe-
IPDS-II two-circle-diffractometer with graphite-monochromated
Mo-K,, radiation. Empirical absorption corrections with the MUL-
ABSI! option in the program PLATONM 2! were performed. The
structures were solved by direct methods 3! and refined with full-
matrix least-squares on F> using the program SHELXL97.44 Hy-
drogen atoms were placed on ideal positions and refined with fixed
isotropic displacement parameters using a riding model.

CCDC-768503 (for [PhB(CI)(n-tmeda)][PhB(CH,SMe)s]), -768501
(for 2, T = ~100°C), -768734 (for 2, T = 20 °C), and -768502
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(for 3) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Magnetic measurements were performed on a Quantum-Design-
MPMSR-XL-SQUID-Magnetometer in a temperature range from
—268 °C to 87 °C. All measurements were carried out at two field
strengths (0.2 T and 0.5 T) in the settle mode. The data were cor-
rected for the magnetisation of the sample holder and diamagnetic
corrections were estimated using Pascal’s constants.

Mssbauer spectra have been recorded using a conventional Moss-
bauer spectrometer operating in the sinusoidal acceleration mode.
The sample was placed in an Oxford bath cryostat.

Electrochemical Measurements: All measurements were performed
with an EG&G Princeton Applied Research 263A potentiostat on
carefully dried (CaH,) and degassed CH,Cl, solutions containing
0.05 M [BuyN][B(C¢F'5)4] or 0.10 m [BuyN][PF¢] as supporting elec-
trolyte. A 2 mm diameter Pt-disc working electrode was used for 2
and a 3 mm GC-disc working electrode for 3. The experiments were
performed with scan rates between 0.2 Vs and 0.05Vs'; re-
ported values were recorded with a scan rate of 0.1 Vs™! and refer-
enced against internal ferrocene.

Quantum Chemical Calculations: Density functional theory calcula-
tions have been performed employing the B3LYP-D®5#81 func-
tional, which includes empirical corrections for dispersive effects.
Further calculations were done with the B3LYP* functional, which
was specifically devised for an improved description of spin state
energies,*’ without compromising its performancel®” for the as-
sessment of thermochemical properties. Finally, we used the OPBE
functional,’®>2 which was advertised as useful method to describe
spin-state energies of closely related systems.[3 Starting structures
for geometry optimizations were constructed from X-ray structures
if available. Geometry optimizations and subsequent harmonic fre-
quency calculations were performed using Gaussian09.13 Here, the
dispersion-corrected®! B3LYP-D functional was used in combina-
tion with the SVPI>-39 basis set. Further calculations were per-
formed with the TZVP!>>] basis set (see Supporting Information).
To obtain converged energies, single point calculations were done
with the larger def2-TZVPP!’] basis set utilizing the ORCA®! pro-
gram. In these calculations the latest 2010 parametrization®! of
dispersion corrections was employed. To speed up the calculations,
the RIJCOSX approximation[®®¢? was used in conjunction with
the def2-TZV/J%3 auxiliary basis set. Wave functions were con-
verged using tight convergence criteria and fine integration grids
(ORCA keywords “tightscf, grid4, gridx4”) throughout and the
spin unrestricted formalism was used for open shell situations. To
assess the influence of dielectric solvation effects on our results we
applied the COSMO continuum solvent model®! (solvent
CH,Cl,), but in all cases this left isomer stabilities and spin state
splittings essentially unaftected (cf. Table 4). For the sake of con-
ciseness the discussion of results is based on computed gas phase
data only.

Supporting Information (see footnote on the first page of this arti-
cle): X-ray crystal structure analysis of [PhB(Cl)(n>-tmeda)]-
[PhB(CH,SMe);]; crystallographic data of 2 (determined at
—100 °C and 20 °C) and 3 in CIF format; Mdssbauer spectra of 2
at —193 °C and 22 °C; fit of yy¢ vs. T for 2 with the used parameters
indicated; assessment of DFT methods; calculated structure of the
five-coordinate [V4S;] isomer of 2; xyz-coordinates of all calculated
molecular structures.
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