Jahn-Teller distortion in Tris[4,4,4-Trifluoro-1-(2-thienyl)-1,3-butanedionato]manganese(III)

isomers: an X-ray and computational study

Roxanne Gostynski,” Petrus H. van Rooyen,b Jeanet Conradie™*

* Department of Chemistry, PO Box 339, University of the Free State, 9300 Bloemfontein, South
Africa.

b Department of Chemistry, University of Pretoria, Private Bag X20, Hatfield, 0028, South Africa.

*Contact author details:
Name: Jeanet Conradie
Tel: +27-51-4012194

e-mail: conradj@ufs.ac.za

Keywords

Manganese(IIl); B-Diketone; Jahn-Teller; DFT

Graphical abstract

Synopsis

Structure of [Mn(CF;COCHCOC4H3S);] isomers



Highlights
First crystal structure of a mer [Mn(B-diketonato);] complex
Crystal structure of Mn(III) with tetragonal elongated Jahn-Teller distortion

DFT geometries of one fac and three mer [Mn(CF;COCHCOC4H3S)3] isomers

Abstract

The solid state crystal data of a mer isomer of the [Mn(CF;COCHCOC4H3S);] complex,
[Mn(tfth)s], exhibits elongation Jahn-Teller distortion (elongation of the metal-ligand bonds along
the z-axis and shortening of the metal-ligand bonds along both the x and y-axes). Density functional
theory calculations (DFT) show that one fac and three mer isomers of [Mn(tfth);] can exist. The
difference between the three mer isomers of [Mn(tfth)s] is that the Jahn-Teller elongation of the two
trans axial Mn-O bonds along the z-axis occur along three different Op-Mn-Oy, bonds. DFT
calculations further show that the ground state geometry of all the [Mn(tfth)s;] isomers exhibits

elongation Jahn-Teller distortion.

1 Introduction

Octahedral molecular geometry describes the shape of compounds wherein six atoms, or
groups of atoms or ligands, are arranged symmetrically around a central atom. Octahedral
complexes of high-spin manganese(Ill) are subjected to distortions, leading to deviations from the
ideal octahedral molecular geometry [1]. Tris(B-diketonato)metal(Ill) complexes are octahedral
complexes with an octahedral coordination polyhedron, MOg. Possible distortions from the regular
octahedral geometry for tris(B-diketonato)metal(Ill) complexes, include either elongation or
compression along the tetragonal or z-axis, as well as orthorhombic distortion, leading to an
asymmetric complex with two long, two medium and two small M-L bonds, see Scheme 1 (a).
Crystal structures of different tris(p-diketonato)manganese(IlI) complexes exhibit elongation Jahn-
Teller distortion [2,3,4] or compression Jahn-Teller distortion [5,6,7]. Reported structures of
[Mn(acetylacetonato)s] include three different crystalline forms: namely a B form obtained at room
temperature, which exhibited a moderate compression (TC) of the metal-ligand bonds along the z-
axis of about 0.05 A [5]; secondly, a y form, also obtained at room temperature (RT), which showed
a significant elongation (TE) of the metal-ligand bonds along the z-axis of about 0.18 A [2]; and
thirdly, a & form, obtained at low temperature (LT) (100K), exhibiting a Jahn-Teller orthorhombic
distortion [8]. This result encouraged us to similarly determine the crystal structure of another

[Mn(B-diketonato)s] complex, at both RT and LT. This study therefore presents the crystal



structures of the [Mn(tfth);] complex, where tfth = (CF3COCHCOC4H3S)™, both at RT and at an LT
of 150 K. The experimentally obtained crystal structures are complemented by a density functional
theory study, to obtain insight into the electronic structure of this high spin 3d* Mn(IID) complex.
Since two isomers are possible for tris(B-diketonato)metal(Ill) complexes containing an
unsymmetrical B-diketonato ligand (RCOCHCOR’)™ (with different groups substituted on the
ligand, R # R”), namely a facial isomer (fac) and a meridional isomer (mer) (see Scheme 1 (b)), our

aim was also to investigate which isomer would crystallize in the solid state.
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Scheme 1. (a) Possible distortions from the regular octahedral geometry, for tris(-

diketonato)metal(IIl) complexes. (b) Possible isomers for tris(p-diketonato)metal(Ill) complexes.

2 Experimental

2.1 Synthesis

Tris(thenoyltrifluoroacetone)manganese(Ill) was synthesized by a procedure adapted from
literature [9], as reported previously [10]. The paramagnetic [Mn(tfth)s;] complex was characterized

by MS, elemental analysis, UV/vis (supporting information Figure S2) and X-ray crystallography.

Characterization data for [Mn(CF;COCHCOC4H;S);], (6) [Mn(tfth);]

Yield 97 %. Colour: Brown. Melting point 157.5 °C. MS Calculated: Mr = 718.45 g/mol, Found:
718.72 g/mol. Elemental analysis, calculated for MnC4H,06F¢S3: C, 40.1; H, 1.7, Found: C, 40.7;
H, 1.99.



2.2 Crystal structure analysis

Data for the crystals, obtained from solutions in diethyl ether, were collected on a Bruker D8
Venture kappa geometry diffractometer, with duo Ius sources, a Photon 100 CMOS detector and
APEX II [11] control software, using Quazar multi-layer optics, monochromated Mo-Ka radiation,
by means of a combination of ¢ and ® scans. Data reduction was performed using SAINT+ [11]
and the intensities were corrected for absorption using SADABS [11]. The structure was solved by
intrinsic phasing using SHELXTS and refined by full-matrix least squares, using SHELXTL + [12]
and SHELXL-2015+ [12]. In the structure refinement, all the aromatic hydrogen atoms were added
in calculated positions and treated as riding on the atom to which they are attached. All non-
hydrogen atoms were refined with anisotropic displacement parameters; all isotropic displacement
parameters for hydrogen atoms were calculated as X x Ueq of the atom to which they are attached,
where X = 1.2. Crystal data and structural refinement parameters are given in the electronic
supplementary information. Crystallographic data has been deposited at the Cambridge

Crystallographic Data Centre, with numbers: 1449937-1449938.

2.3 Density functional theory (DFT) calculations

Density functional theory (DFT) calculations were carried out, using the ADF (Amsterdam
Density Functional) 2013 programme [13], with a selection of GGA (Generalized Gradient
Approximation) functionals, namely PW91 (Perdew-Wang 1991) [14], BP86 (Becke-Perdew)
[15,16], and OLYP (Handy-Cohen and Lee-Yang-Parr) [17,18], S12g [19], OPBE [20], the meta-
GGA functional M06-L [21], as well as the hybrid functionals B3LYP (Becke 1993 and Lee-Yang-
Parr) [22,23], O3LYP [24], B3LYP* [25] and S12h [19]. The TZP (Triple { polarized) basis set,
with a fine mesh for numerical integration and full geometry optimization, applying tight

convergence criteria, was used for minimum energy searches.

3 Results and Discussion

3.1 X-ray structure

The crystal data and structure refinement details of the [Mn(tfth)s;] crystal in this study,
performed at both RT and at a LT of 150 K, are given in the Supporting Information. Figure 1 and
Figure 2 present perspective drawings [26] of the molecular structure of the mer isomer of

[Mn(tfth)s], obtained at 296 K (RT) and at 150 K (LT), showing the crystallographic numbering



scheme used. Table 1 gives selected geometrical parameters of [Mn(tfth);] and other published
[Mn(IIT)(B-diketonato)s;] complexes. Both the RT and LT [Mn(tfth);] structure crystallize in the
P2,/n space group, with Z = 4. Two trans Mn-O bond lengths are longer than the other four Mn-O
bond lengths; therefore, both the RT and LT crystal structures can be described as elongation Jahn-
Teller distortion. The distortion of the coordination polyhedron from a regular octahedron is due to
the Jahn-Teller effect for the high-spin 3d* Mn(III) ion in [Mn(tfth)], with a degenerate occupancy
of the e, subshell in an octahedral environment. The average lengths of the four “short” equatorial
and the two “long” tetragonal Mn-O bonds in the two structures are 1.921(4) and 2.103(4) A atRT,
and 1.914(4) and 2.135(4) A at LT, respectively. The difference between these average Mn-O bond
lengths is 0.182 for the RT structure, and 0.221 A for the LT structure, respectively (see Table 1),
which clearly indicates elongation Jahn-Teller distortions. Upon lowering temperature from RT to
150 K, the two longer Mn-O bonds increased in length by ca. 0.03 A (from 2.096(4) and 2.109(4) A
at RT, to 2.128(4) and 2.141(4) at 150 K). It can therefore be seen that [Mn(tfth);] exhibits

appreciable elongation Jahn-Teller distortion at low temperature.

The packing diagram of [Mn(tfth);] (at 150 K) is presented in Figure S1 in the Supporting
Information. Due to the significant rotational motion of the CF; groups in the RT structure, the
fluorine atoms have large anisotropic displacement parameters relative to those found in the LT
structure. The three crystallographically independent cyclic B-diketonato ligands which include Mn,
in the mer isomer of [Mn(tfth)s], are ringl (Mn1-O1-C1-C2-C3-02), ring2 (Mn1-03-C4-C5-C6-
04) and ring3 (Mn1-05-C7-C8-C9-06). These rings are planar, with the largest deviations from
planarity being 0.036(4) A (RT) and 0.032(4) A (LT) for the O1 atom in ringl, 0.188(4) A (RT) and
0.194(3) A (LT) for the O4 atom in ring2, and 0.112(1) A (RT) and 0.116(1) A (LT) A for the metal
Mnl in ring3. The angles between the mean planes through these three rings, in both the RT and
the LT structures, vary between 78.46(17)° and 84.45(18)°. In each case, these three rings are
planar with the thiophene rings attached to them, with the largest deviation from planarity being
5.3(3)°. The thiophene rings are labelled ring4, ring5 and ring6, and are attached to the f-
diketonato ligands ringl, ring2 and ring3, respectively. Some parallel m-stacking effects are
observed, with the shortest intermolecular n-mt (parallel) distances being those of ring4---ring5
[3.843(4) A (RT) and 3.815(4) A (LT)]; ring5---ring5 [3.639(4) A (RT) and 3.640(4) A (LT)]; and
ring6---ring6 [3.843(4) A (RT) and 3.815(4) A (LT)]. In addition, a stabilizing H-interaction with a
n-system is also observed for the perpendicular C21-H21...ring4 interaction, of 2.820 A (RT) and
2.840 A (LT). However, the only significant intermolecular F---H interaction observed is that

between F9 and H14 (2.60 A in the LT structure).

All currently published crystal structures of [Mn(B-diketonato);] complexes contain a

symmetrical B-diketonato ligand (RCOCHCOR')", with substituents R = R', see Table 1. The



structure of the mer-[Mn(tfth);] isomer with elongation Jahn-Teller distortion presented in this
study, is the first [Mn(B-diketonato)s] structure containing an unsymmetrical B-diketonato ligand
(RCOCHCOR')", with substituents R # R'. The published structures of [Mn(acac);] (Hacac =
acetylacetone = CH3COCH,COCHj3) include structures with elongation Jahn-Teller distortion,
compression Jahn-Teller distortion and orthorhombic distortion. However, high-frequency and
high-field electron paramagnetic resonance (HFEPR) spectroscopy of [Mn(acac)s], obtained in
frozen solution, free of crystal packing effects, indicated that axial elongation could be considered
the “natural” form of Jahn-Teller distortion for octahedral high-spin 3d* ions. The moderately
compressed Jahn-Teller distortion also found for [Mn(acac)s;], is considered an unusual
consequence of unknown crystal packing effects [27]. The three published structures of
[Mn(dbm);] (Hdbm = dibenzoylmethane = PhCOCH,COPh) obtained at RT and 100K, clearly
showed elongation Jahn-Teller distortion, with the difference between the average lengths for the
four “short” and two “long” trans Mn-O bonds larger than 0.20 A. Crystallographic data of
[Mn(dpm);] (Hdpm = dipivaloymethane = ‘BuCOCH,CO'Bu) at 153 K, show compression Jahn-
Teller distortion, with the difference between the average lengths for the four “long” and two

“short” trans Mn-O bonds equal to 0.13 A.

Figure 1: A perspective drawing of the molecular structure of mer-[Mn(tfth)s], obtained at RT of
296 K, showing the atom numbering scheme. Atomic displacement parameters (ADPs) are shown

at the 50 % probability level.



Figure 2: A perspective drawing of the molecular structure of mer-[Mn(tfth);], obtained at an LT of
150 K, showing the atom numbering scheme. Atomic displacement parameters (ADPs) are shown

at the 50 % probability level.



Table 1: Selected geometric parameters for [Mn(III)(B-diketonato);] complexes.

giketonato 1;/In 0@ ) 3 4 5 6 Distortion ?ﬁéﬁﬁi?g)a CSDrefcode  Ref Temp
acac 1.931(10) 1.956(7) 1.9848) 1.991(7) 2.003(8) 2.020(7) moderate 0.05 ACACMNO2 5 RT
Compressmn
1.936(5)  1.950(5) 1.983(5) 1.987(5) 2.014(5) 2.018(5) elongation 0.18 ACACMN21 2 RT
1.931(3)  1.9333) 1.934(4) 1.942(3) 2.1093) 2.112(4) elongation 0.16 ACACMN21 2 RT
1.895(8) 1.937(8) 2.004(11) 2.006(10) 2.034(9) 2.046(8) not clear’ - ACACMN23 8 293 K
1.926(8) 1.951(8) 2.010(11) 2.023(9) 2.024(9) 2.034(11) not clear’ - ACACMN23 8 293 K
1.964(8)  1.966(10) 1.976(9) 1.984(8) 2.020(11) 2.046(12) not clear’ ; ACACMN23 8 293 K
1.959(9)  1.984(10) 1.989(9) 1.999(11) 2.012(8) 2.028(11) not clear’ ; ACACMN23 8 293 K
1.9012) 1.9302) 1.976(2) 1.984(2) 2.106(2) 2.111(2) orthorhombic - ACACMN22 8 100 K
1.9142)  1.926(2) 1.981(2) 1.984(2) 2.082(2) 2.090(2) orthorhombic - ACACMN22 8 100 K
1.9403)  1.945(3) 1.957(3) 1.958(3) 2.060(3) 2.078(4) slight elongation 0.12 XESPIW 28 RT
dbm 1.904(1)  1.915(1) 1.920(1) 1.924(1) 2.122(1) 2.160(1) elongation 0.23 JINPIFO2 29 100 K
1.892)  1.91(2)  1.922)  1.932) 2.092) 2.133) elongation 0.20 JINPIF 3 RT
1.9082) 1.917(2) 1.931(2) 1.935(2) 2.109(2) 2.142(2) elongation 0.20 JINPIFOI 4 RT
1.902(3)  1.927(3) 1.9303) 1.941(4) 2.116(3) 2.141(4) elongation 0.20 NOSHUA 30 RT
dpm 1.901 1.901 2.028 2.028 2.036 2.036 compression 0.13 QAYYEU 7 153 K
tfth 1.908(3) 1.921(4) 1.923(4) 1.931(4) 2.096(4) 2.109(4) elongation 0.18 ; this study RT
tfth 1.904(4)  1.9123) 1.919(4) 1.920(3) 2.128(4) 2.141(4) elongation 0.22 - this study 150 K

a The difference between the four longest and two shortest bonds for elongation, and between the four shortest and two longest bonds for compression
Jahn-Teller distortion.

b The standard deviation on inter atomic distances is too large.



3.2 Computational chemistry study

To validate the computational chemistry approach, the different electronic states of
[Mn(acac);] (the best-known [Mn(B-diketonato)s] complex), were optimized. Table 2 gives the
DFT calculated energies of the spin states S = 1 and S = 2 of [Mn(acac);], optimized via a selection
of different types of DFT functionals, namely the GGA functionals PW91, BP86, OLYP, OPBE,
S12g, the meta-GGA functional M06-L and the hybrid functionals O3LYP, B3LYP, B3LYP¥,
S12h. The S = 0 closed shell state could not be optimized. These results indicate that the OLYP,
OPBE, M06-L, S12h, B3LYP, B3LYP* functionals correctly predicted the experimental high state
of § =2 (four unpaired electrons) [4,31] of [Mn(acac);]. The electronic ground state of high-spin
[Mn(acac);] is dxyldledyzldzz1 [32], implying that only one of the two d orbitals in the e, set (dy.y2
and d,») of an octahedral environment is occupied. The Jahn-Teller theorem states that in molecules
that have a degenerate ground-state, the molecule will distort to remove the degeneracy. This
implies that, since the e, orbital set for [Mn(acac)s] is partially occupied, the molecule will be
distorted, in order to lower the energy of the molecule [1]. Thus, all [Mn(B-diketonato)s]
complexes exhibit Jahn-Teller distortion. The DFT calculated minimum energy electronic ground
state (dxyldledyzldzzl) of [Mn(acac)s], exhibits elongation Jahn-Teller distortion, with two tetragonal
axial Mn-O bonds along the z-axis, which are longer than the other four equatorial bonds in the xy-

plane [32].

Table 3 gives the energies of the fac and mer-[Mn(tfth);] isomers, obtained via a selection of
functionals that correctly predicted the S = 2 ground state of [Mn(acac);], namely OLYP, OPBE,
B3LYP and B3LYP*. All the isomers have an electronic ground state of dxyldledyzldzzl, with
elongation Jahn-Teller distortion. The Jahn-Teller elongation of the two trans axial Mn-O bonds
along the z-axis for the mer-[Mn(tfth);] isomers, can occur along any of the three different Op-Mn-
O bonds, leading to three different elongation mer-[Mn(tfth);] isomers, namely the mer-Th-Th,
mer-Th-CF; and mer-CF;-CF; isomers, named to indicate the groups attached to the two trans [3-
diketonato ligands along the z-axis, see Figure 3 for OLYP/TZP optimized geometries (CF; and Th
= C4H3S). The crystal structures presented in the previous section were the mer-Th-Th isomers, in
agreement with the OLYP/TZP lowest energy structure. However, the small energy difference
between the different isomers (Table 3) indicates that all these isomers can exist. The four isomers

are therefore proposed to be in equilibrium with each other.

To further validate the computational chemistry approach, the average experimental Mn—O
bond lengths for the four “short” equatorial and the two “long” tetragonal Mn-O bonds in the RT

and LT experimental structures, are compared with the DFT calculated values in Table 4. Better



agreement is obtained between the calculated structures and the LT experimental structure than with
the RT experimental structure. However, the LT experimental structure is still slightly
overestimated by 0.02 — 0.04 A by the calculated bond lengths. Gas phase calculations as well as
GGA density functionals generally tend to overestimate bond lengths [33]; for example, longer
calculated bond lengths, compared to crystallographic measured bond lengths, have also been found
for related [M(B-diketonato);] complexes with M = Mn [29], Fe [34], Co [35], Cr [35] and rhodium-
B-diketonato complexes [36,37]. Since the difference between the average experimental Mn—-O
bond lengths for the four “short” equatorial and the two “long” tetragonal Mn-O bonds in the RT
and LT experimental structures differ by 0.01 — 0.03 A, all the DFT methods used here are

considered to give good agreement with experimental geometries.

The HOMOs (highest occupied molecular orbitals) of the [Mn(tfth);] isomers in Figure 3,
give insight into the observed elongation along the z-axis. The HOMOs are mainly of d,, character
and the lobes of the d,; orbital point directly to the p, orbital on the O, atom. Repulsion between

these orbitals leads to elongation of the Mn-O, bonds along the z-axis.

Table 2: Relative energies (eV) of the different spin states of [Mn(acac);], optimized via a selection

of functionals. The lowest energy is indicated in bold as 0.

Spin® PW91 BP86 O3LYP Sl2g S12h  OLYP OPBE B3LYP B3LYP* MO06-L

1 0.000 0.000 0.000 0.000 0.682 0.327 0.322 0.274  0.140 0.394
2 0.307 0.267 0.388 0.000 0.000  0.000 0.000 0.000  0.000 0.000

a Spin S = 0 could not be optimized.




Optimized geometry HOMO

(d) mer-Th-CF3-[Mn(tfth)s]

Figure 3: The OLYP/TZP optimized geometry (left) and HOMO (right) of the one fac and three
mer-[Mn(tfth)s] isomers of complex [Mn(tfth)s].



Table 3: Relative energies (eV) of the lowest energy dxyldledyzldzz1 ground state of [Mn(tfth);]

isomers, obtained via a selection of functionals. The lowest energy is indicated in bold as 0.

Isomer OLYP OPBE B3LYP B3LYP*
fac 0.090 0.070 0.108 0.110
mer CF3-CF3 0.016 0.000 0.012 0.011
mer CF3-Th 0.025 0.011 0.000 0.000
mer Th-Th (experimental structure)  0.000 0.030 0.007 0.013

Table 4: Average experimental and DFT calculated Mn—O bond lengths (A) for the four “short”

equatorial and the two “long” tetragonal Mn-O bonds in mer-Th-Th-[Mn(tfth);].

Average Mn-O

Difference: calc. and  Difference: calc. and

bonds (A) RT exp. structure LT exp. structure

4 short 2long 4 short 2 long 4 short 2 long
OLYP calc. 1.950 2.179 0.03 0.08 0.04 0.04
OPBE calc. 1.949 2.179 0.03 0.08 0.04 0.04
B3LYP calc. 1.947 2.155 0.03 0.05 0.03 0.02
B3LYP* calc. 1.948 2.153 0.03 0.05 0.03 0.02
PWO1 calc. 1.946 2.175 0.03 0.07 0.03 0.04
exp RT 1.921(4) 2.1034) - - 0.01* -0.03"
exp LT 1.914(4) 2.135(4) -0.01° 0.03* - -

a Difference: LT and RT exp. structure

4 Conclusion

Density functional theory -calculations (DFT) show that the fac and mer isomers of

tris(thenoyltrifluoroacetone—KZO,O')manganese(IH) have an electronic configuration of
dxyldledyzldzzl, with elongation Jahn-Teller distortion. DFT calculations further show that one fac
and three mer isomers of [Mn(tfth);] can exist, with the four isomers in equilibrium with one
another. The solid state crystal structure of mer-[Mn(CF;COCHCOC4H3S)s], [Mn(tfth)s], exhibits

elongation Jahn-Teller distortion, both at room temperature and at 150 K.



Supporting Information

Crystallographic data has been deposited at the Cambridge Crystallographic Data Centre, with
numbers: 1449937-1449938. Copies can be obtained, free of charge, on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK [fax: +44 (0)1223 336033 or
www.ccdc.cam.ac.uk/products/csd/request/].  Selected crystallographic data and the optimized

coordinates of the DFT calculations are given in the Supporting Information.
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