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ABSTRACT: Reaction of [Mn3(OAc)6O·3H2O]
+
, 1, with ferrocenyl β-diketones of the type 

FcCOCH2COR with R = CF3, 2a, CH3, 2b, Ph = C6H5, 2c, and Fc = Fe
II
(η

5
–C5H4)(η

5
–C5H5), 2d), 

yielded a series of ferrocene-functionalized β-diketonato manganese(III) complexes 3a–3d of 

general formula [Mn(FcCOCHCOR)3]. The mixed ligand β-diketonato complex 

[Mn(FcCOCHCOFc)2(FcCOCHCOCH3)], 4, was obtained by reacting mixtures of diketones 2b 

and 2d with 1. A single crystal X-ray structure determination of 3b (Z=2, triclinic, space group P-

1) highlighted a weak axial elongating Jahn-Teller effect and a high degree of bond conjugation.  

An X-ray photoelectron spectroscopic study, by virtue of linear relationships between group 

electronegativities of ligand R groups, χR, or χR, and binding energies of both the Fe 2p3/2  and Mn 

2p3/2 photoelectron lines, confirmed communication between molecular fragments of 2a–2d as 

well as 3a–3d. This unprecedented observation allows prediction of binding energies from known 

β-diketonato side group χR values. 

Keywords: Manganese, ferrocene, betadiketonato complexes, substituent effects, electronic 

spectra, X-ray photoelectron spectroscopy, binding energy predictions. 

 

 

1. Introduction 

 

The first row transition metal, manganese, exhibits a wide variety of oxidation states in compounds 

ranging from Mn(I), e.g. [Mn(C5H5)(CO)3],
1
 to Mn(III) complexes like [Mn(NO)3CO], to 

Mn(VII), e.g. KMnO4.
2
 Manganese(III) compounds show a wide range of promising applications 

including drying catalyst for alkyd paints,
3
 oxidation catalysts,

4
 superoxide dismutase mimics

5
 and 

polynuclear transition metal complexes for single-molecule magnets.
6
 In an octahedral ligand 

environment, the four unpaired electrons of manganese(III) result in a 
5
Eg ground state, which is 
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susceptible to Jahn-Teller distortions.
7
 The volatility and low temperature clean decomposition of 

various transition metal β-diketonates, such as those of manganese(III), make them suitable as 

metal organic chemical vapor deposition precursors.
8
 While there are many homometallic β-

diketonates known as precursors for the preparation of oxide materials,
9
 heterometallic β-

diketonato complexes are relatively rare.
10

 Zanello previously published the synthesis of various 

first row transition-metal complexes of 1-ferrocenyl-1,3-butanedione, including the Mn(III) 

complex [Mn(FcCOCHCOCH3)3], 3b.
11

 The complex was prepared in a comproportionation 

reaction of MnCl2 with a stoichiometric amount of permanganate in the presence of an excess of β-

diketone. Other ferrocene-containing -diketonato complexes of Mn(III) are hitherto unknown.  

Due to ferrocene’s stability and the ease by which it can be chemically modified, it has frequently 

found application in new organometallic complexes and functional materials. The ferrocenyl 

iron(II/III) couple also shows good electrochemical reversibility and as a result ferrocene 

derivatives are frequently the subject of electrochemical studies.
12

 The rate of oxidative addition 

reactions has been shown to be enhanced in compounds having the electron-donating ferrocenyl 

group in its structure.
13

 Ferrocene-containing compounds have also been studied in asymmetric 

catalysis,
14

 as high combustion rate catalysts,
15

 as nonlinear optical materials,
16

 as donors in energy 

transfer processes,
17

 and as anticancer drugs.
18

  

In this study we report the synthesis, utilizing a new synthetic pathway, and characterization of 

known and new ferrocene-containing -diketonato complexes of manganese(III), 

[Mn(FcCOCHCOR)3], with R = CH3 (Zanello’s compound), CF3, C6H5, and Fc (ferrocenyl = 

Fe
II
(η

5
–C5H4)(η

5
–C5H5)) as well as the mixed ligand complex 

[Mn(FcCOCHCOFc)2(FcCOCHCOCH3)], 4,  and describe the crystal structure of 3b. Utilizing the 

concept of group electronegativities
19

 as a function of relative molecular fragment electron density, 
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we then highlight intramolecular communication between molecular fragments of 3a–3d from 

results of an X-ray photoelectron spectroscopic (XPS) study. 

2. Results and discussion 

 

2.1 Synthesis and characterization 

The ferrocene-containing manganese(III) β-diketonates [Mn(FcCOCHCOR)3] with R = CF3 (3a), 

CH3 (3b), Ph = C6H5 (3c) and Fc = Fe(η
5
–C5H4)(η

5
–C5H5) (3d) were prepared as shown in Scheme 

1. The free β-diketones FcCOCH2COR (2a, R=CF3; 2b, R = CH3; 2c, R = Ph and 2d, R = Fc) were 

reacted with the circular trimeric manganese(III) complex [Mn3(OAc)6O·3H2O]
+
, 1,

20
 in the 

presence of sodium acetate in a mixture of acetone–water in the ratio 3:1. After work-up, the 

 

Scheme 1 Synthesis of octahedral tris(β-diketonato)-manganese(III) complexes 3a–3d from the 

circular trimeric manganese(III) acetate complex, 1. Fac isomers of 3a–3c are shown but it is 
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expected that in the bulk of the products a mixture of mer and fac isomers may exist similar to 

what was found in diamagnetic aluminium β-diketonato complexes.
21

 

 

manganese(III) β-diketonate complexes 3a–3d could be isolated as dark maroon solids in moderate 

(30-60%) yields. Complexes 3a–3c are soluble in most organic solvents. However, the hexa 

ferrocene-containing complex 3d is only sparingly soluble in most solvents (<0.2 mM in CH2Cl2), 

but it is moderately soluble in hot toluene.  

 

Complex 4, [Mn(FcCOCHCOFc)2(FcCOCHCOCH3)], was prepared in a similar method to 3a–3d 

but by reacting 1 with a 1:2 equivalents mixture of β-diketones 2d (R = Fc) and 2b (R = CH3) 

respectively. Complex 4 is well soluble in common organic solvents (> 2 mM in DCM).  

Increasing the β-diketone reactant ratio for 2d:2b = [(FcCOCH2COFc)]:[(FcCOCH2COCH3)] to 

1:4 still yielded only complex 4 as a mixed ligand product. No 

[Mn(FcCOCHCOFc)(FcCOCHCOCH3)2] could be identified. This result is consistent with Mn(III) 

having a greater affinity for the stronger electron-donating ligand (FcCOCHCOFc)

, 2d


, than for 

the weaker electron-donating ligand (FcCOCHCOCH3)

, 2b


.  That 2d


 as a ligand is more 

electron-donating than 2b

 is easy recognizable (and quantifiable) by comparing the group 

electronegativity, χR, of the ferrocenyl group (χFc = 1.87) with that of the methyl group (χCH3 = 

2.30). The more electron-withdrawing an R-group is, the larger is χR. For example, on the Pauling 

scale of atom electronegativities, χF of F is 4, the highest possible value. To understand why no 3d, 

[Mn(FcCOCHCOFc)3], was isolated in these mixed-ligand coordination reactions, it can be noted 

that 2d, FcCOCH2COFc, which has two large ferrocenyl groups attached to it, is more sterically 

hindered compared to 2b, FcCOCH2COCH3, which has just one ferrocenyl substituent as well as 
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the much smaller CH3 substituent. Therefore it is reasonable to expect that during complexation, 

once the intermediate [Mn(FcCOCHCOFc)2]

 fragment has formed, complexation with the less 

crowded -diketone 2b is kinetically favoured over complexation with 2d. 

IR spectra of 3a–3d and 4 displayed the characteristic strong νCO vibrations found between 1498–

1572 cm
-1

 (Experimental Part) which is typical for chelate-bonded β-diketonato ligands in 

transition metal chemistry.
22

 A shift to lower wave numbers is observed for 3a–3d and 4 compared 

to the free β-diketones 2a–2d (1620 – 1710 cm
-1

)
23

 which allows the monitoring of the reaction 

progress. Prominent CH-stretching bands are also observed at ca. 3100 cm
-1

.  

Peak maxima of the UV–Vis spectra of complexes 3a–3d and 4 (Figure 1) are summarized in 

Table 1. Dichloromethane solutions of the highly soluble complexes 3a–3c and 4 all showed 

relatively high extinction coefficients. All complexes followed the Beer–Lambert law, A = εCl, 

which implies a linear relationship between absorbance and concentration. 

 

 

Figure 1. UV–Vis spectra of [Mn(FcCOCHCOR)3] complexes 3a (R = CF3, blue), 3b (R = CH3, green), 3c (R = Ph, 

orange), all from 0.1 mM solutions, and 3d (R = Fc, red) from a 0.01 mM solution; as well as complex 

[Mn(FcCOCHCOFc)2(FcCOCHCOCH3)] (4, black, 0.1 mM) in CH2Cl2.  Insert: Linear relationship between 

absorbance and concentration for 3c at λ = 362 and 512 nm. 
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Table 1:  Wavelengths (λmax) and extinction coefficients, ε, of UV–Vis bands of 

[Mn(FcCOCHCOR)3] complexes 3a–3d and 4 in CH2Cl2.   

Compound λmax/nm (ε/M-1 cm-1) 

3a:  R = 3xCF3 312 (37812); 363 (15564); 469 (6676); 583 (4300) 

3b:  R = 3xCH3 303 (26695); 350 (20982); 475 (5118) 

3c:  R = 3xPh 362 (31433); 502 (7138) 

3d:  R = 3xFc 339 (14341); 380 (10890); 498 (4345) 

4:  R = (1xCH3) + (2xFc)a 354 (4002); 496 (8198) 
a
 This R-group combination gives rise to the complex [Mn(FcCOCHCOFc)2(FcCOCHCOCH3)], 4. 

 

The low energy band that was observed for [Mn(FcCOCHCOCF3)3], 3a, at ca. 583 nm was not 

clearly observed for the other complexes, probably because their intensities were not strong 

enough (i.e. a low ε value).   This band is not unknown in CF3 containing -diketonato systems; 

Van der Zeiden
24

 reported a similar lower energy band in tungsten(0) -diketonato complexes and 

assigned it to a MLCT band with destabilized t2g level after appropriate calculations.    

 

2.2 Single Crystal X-ray structure of 3b 

To understand the trends observed in XPS-obtained binding energies for Fe(II) (and also Mn(III)) 

of complexes 3a – 3d described in the next section, an evaluation of the structural characteristics 

of 3b is useful. The fac isomer of complex 3b crystallized from toluene in the triclinic space group 

P-1 having ca. 1 disordered solvent molecule for every two molecules of 3b. The refinement 

parameters and crystal data are summarized in Table 2 and the molecular structure of 3b, 

highlighting atom labeling, are shown in Figure 2. Selected bond distances and bond angles are 

summarized in the caption of Figure 2, but the full set of bond lengths and angles is available in 

Supplementary Information.  
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Figure 2.  Molecular structure of [Mn(FcCOCHCOCH3)3], 3b, showing atom labeling. Selected bond distances (Å) 

and angles (deg) are: Mn(1)−O(1) 1.984(3), Mn(1)−O(2) 1.991(3), Mn(1)−O(3) 1.994(3), Mn(1)−O(4) 2.018(3), 

Mn(1)−O(5) 2.014(3), Mn(1)−O(6) 1.979(3), Fe(1)−C(13) 2.030(5), O(1)−C(4) 1.278(5), O(2)−C(2) 1.283(5), 

O(3)−C(8) 1.291(5), O(4)−C(6) 1.291(5), O(5)−C(12) 1.276(5), O(6)−C(10) 1.287(5), C(1)−C(2) 1.485(7), C(2)−C(3) 

1.390(6), C(3)−C(4) 1.401(6), C(4)−C(13) 1.473(6), C(13)−C(14) 1.440(7), C(14)−C(15) 1.404(7), C(15)−C(16) 

1.416(8), C(16)−C(17) 1.418(7), C(13)−C(17) 1.425(7), C(21)−C(22) 1.405(8), C(21)−C(25) 1.423(8), C(22)−C(23) 

1.415(7), C(23)−C(24) 1.412(7), C(24)−C(25) 1.414(7); O(1)−Mn(1)−O(6) 175.93(13), O(4)−Mn(1)−O(5) 

175.87(13), O(1)−Mn(1)−O(3) 91.58(13), O(3)−Mn(1)−O(6) 92.15(13), C(4)−O(1)−Mn(1) 125.3(3),  

C(2)−O(2)−Mn(1) 125.7(3), C(1)−C(2)−C(3) 120.4(4), C(2)−C(3)−C(4) 124.3(4), C(3)−C(4)−C(13) 119.2(4), 

C(14)−C(13)−C(17) 107.5(4), C(13)−C(14)−C(15) 107.7(5), C(14)−C(15)−C(16) 108.9(5), C(15)−C(16)−C(17) 

108.0(5), C(16)−C(17)−C(13) 107.9(5), C(25)−C(21)−C(22) 108.1(5), C(21)−C(22)−C(23) 108.2(5), 

C(22)−C(23)−C(24) 108.0(5), C(23)−C(24)−C(25) 108.2(5), C(24)−C(25)−C(21) 107.6(5),  O(1)−C(4)−C(3) 124.8(4), 

O(1)−C(4)−C(13) 116.0(4), O(2)−C(2)−C(3) 124.1(4), O(1)−C(4)−C(13) 116.0(4), O(2)−C(2)−C(1) 115.4(4). Other 

bond lengths and angels are available in Supplementary Information. Symmetry transformations used to generate 

equivalent atoms: #1 -x,-y,-z 

 

Typical C−C single bond lengths range from 1.38 (sp-sp: -C≡C−C≡C-) to 1.53 Å (sp
3
-sp

3
: -C−C-), 

while double bonds range from 1.28 (sp-sp: =C=C=) to 1.32 Å (sp
2
-sp

2
: -C=C-).

25
 The C−C bonds 

in compounds showing delocalization are expected to have bond distances that lie between the 

1.48 Å of an sp
2
-sp

2
 =C−C= single bond and the 1.32 Å of an sp

2
-sp

2
 –C=C- double bond.

26
 All the 

C−C bonds in the β-diketonato pseudo-aromatic backbone fall within these limits, but the three β-
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diketonato ligands are not identical. The shortest bonds are C(2)−C(3) and C(7)–C(8) (both 

1.390(6) Å), while the longest is C(6)-C(7) with l = 1.424(7) Å. As expected, the longest C-C bond 

length in the ligand (1.485(7) Å) belongs to a C−CH3 side chain: bond C(1)−C(2). This highlights 

the C−CH3 side chain conjugates weakly into the pseudo-aromatic -diketonato backbone. Notably 

though, are the shorter bond lengths of bonds linking the ferrocenyl group to the pseudo-aromatic 

ligand backbone (e.g. l = 1.472(6) for C(8)−C(31)). It follows that the aromatic ferrocenyl group 

conjugates slightly better into the -diketonato backbone. The difference between the two C−C 

bond lengths around the methine (CH) group in the (O)C−CH−C(O) backbone of the β-diketonato 

ligands identified by Fe(1), Fe(2), and Fe(3) are 0.011, 0.034, and 0.007 Å, respectively. Thus, the 

Fe(2) β-diketonato fragment is the most asymmetric while the Fe(1) and Fe(3) β-diketonato 

fragments are for all practical purposes symmetric. However, all C−C bonds in each of the β-

diketonato backbones have delocalized character and should in principle be capable of conveying 

any electron-withdrawing and electron-donating effects of R-substituents to and from the 

ferrocenyl group of the ligand. 

Regarding the ferrocenyl groups, the average C−C bond distance within the ferrocenyl groups is 

1.409 Å for the unsubstituted cyclopentadienyl rings and 1.421 Å for substituted cyclopentadienyl 

rings. The largest deviations from this average is +0.019 Å for C(13)−C(14), and -0.024 Å for 

bond C(62)−C(63). Bond angles in both the unsubstituted and the substituted cyclopentadienyl 

rings averaged 108°, the ideal theoretical value. The largest deviations from the average values 

were C(61)−C(62)−C(63) (+2.0°) and C(62)−C(63)−C(64) (-1.5°) on the unsubstituted Cp ring 

coordinated to Fe(3). Each of the separate ferrocenyl groups thus exhibits the expected normal 

delocalized bond lengths and angles.  All three ferrocenyl groups were found to exist almost 

exactly in the eclipsed form. The deviation from eclipsed form, as measured with the dihedral 
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angles (cent = centroid) C(24)−cent(Cp-ring)–cent(subst-Cp-ring)−C(13), C(41)−cent(Cp-ring)–

cent(subst-Cp- ring)−C(31) and C(65)−cent(Cp-ring)–cent(subst-Cp-ring)−C(51), were -3.90°, 

3.32°, and -1.48°, respectively.  

 

Table 2:  Crystal data and structural refinement for 3b. 

Empirical formulaa C45.29H42.29Fe3MnO6 
a 

 Absorption coefficient/mm−1 1.493 

Molecular weight 905.11 θ range for data collection/deg 2.512 to 25.679 

Crystal size/mm3 0.406 x 0.208 x 0.206 Index ranges -13 ≤ h ≤ 13 

Temperature/K 150(2)  -17 ≤ k ≤ 17 

Wavelength/Å 0.71073  -18 ≤ l ≤ 18 

Crystal system Triclinic Reflections collected 66050 

Space group P-1 Independent reflections 7212 [R(int) = 0.1009] 

Unit cell dimensions/Å; deg. a = 10.7776(3);  = 107.596(2)  Completeness to θ = 25.242° 99.9 % 

 b = 14.1725(5); β = 106.553(2)  Refinement method Full-matrix least-squares on F2 

 c = 14.9765(5); γ = 107.047(2) Data/restraints/parameters 7212 / 0 / 484 

Volume/Å3 1901.60(11) Goodness-of-fit on F2 1.024 

Z 2 Final R indices [I > 2σ(I)] R1=0.0534, wR2=0.1138 

Density (calculated)/Mgm−3 1.581 R indices (all data) R1=0.0795, wR2=0.1263 

F(000) 930 Largest diff. peak and hole/e Å−3 1.447 and -1.132 
a
 The molecular formula is not C42H39Fe3MnO6 (formula of pure 3b) as ca. ½ solvent molecule (toluene) is found for 

every molecule of 3b. It is highly disordered with the inversion centre at the centre of the six-membered ring.  The site 

occupancy of the toluene molecule was refined to a value of 0.9414.  The reported empirical formula reflects this 

composition.  Symmetry transformations used to generate equivalent atoms: #1 -x,-y,-z. 

 

To interpret the observed the measured Mn-O bonds of 3b, it is first instructive to note that Mn-O 

bonds between Mn and the O of an alkoxy group, where no conjugation is possible at all, is 

typically longer than 1.857 Å.
27

  Typical unconjugated C=O bond lengths in β-diketones are 1.206 

Å, while C−O bond lengths are 1.300 Å.
28

  For 3b, all the C−O bonds lengths are between these 

alkoxy and C=O bondlength extremes. The shortest is C(12)−O(5) with a length of 1.276(5) Å and 

the longest is C(6)−O(4) and C(8)−O(3) with l = 1.291(5) Å. The difference between the longest 

and shortest C−O bonds is 0.015 Å, while the difference between unconjugated C=O and C−O 

bonds in β-diketones is 0.094 Å. The C−O bonds encountered in 3b are thus also indicative of 

significant delocalized character in all three β-diketonato fragments.    
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The manganese atom in [Mn(FcCOCHCOCH3)3], 3b, has an octahedral coordination sphere. In 

transition-metal complexes with octahedral ligand fields, the five d-orbitals of the metal atom are 

split into two groups, a triply degenerate t2g set and a doubly degenerate eg set, of which the latter 

contains the orbitals oriented toward the ligands, dx2-y2 and dz2. [Mn(β-diketonato)3] complexes 

are high spin d
4
 complexes that exhibit Jahn-Teller distortion, due to the one electron in the eg 

orbital group, which could either be of dx2-y2 or dz2 character.
29

 The electron occupations tg
3
d

1
x2-y2 

d
0

z2 and tg
3
d

0
x2-y2 d

1
z2, are thus of comparable energy.

30
   When a molecule exhibits a spatially 

degenerate electronic ground state, it will undergo a geometrical distortion (reduction in 

symmetry) that removes this degeneracy to lower the overall energy of the species. This distortion 

was observed in 3b as an axial elongation Jahn-Teller distortion similar to other [Mn(β-

diketonato)3] complexes.
31

 Axial Mn−O(4) and Mn–O(5) bond lengths are 2.018(3) and 2.014(3) 

Å respectively while the equatorial Mn–O bonds average 1.987 Å. The largest deviations from this 

equatorial average is -0.008 Å for Mn−O(6) which has a bond length of 1.979(3). The difference 

between the largest axial (Mn−O(4)) and smallest equatorial (Mn−O(6)) Mn−O bond length is 

0.039 Å. To compare 3b with known literature compounds, [Mn(acac)3] has average equatorial 

Mn−O bonding distances of 1.935 Å and axial Mn–O bonding distances of 2.111 Å for the γ-

polymorph, showing axial Mn-O bond elongation. The β-polymorph, however, has average 

equatorial Mn–O bonding distances of 2.000 Å and axial Mn–O distances of 1.943 Å, showing 

axial compression.
31c

 From this literature result it appears the effects of axial elongation are 

noticeably more significant than the effects of axial compression. The average O−Mn−O bond 

angle is 90.00° with the largest deviation from the average being 3.67° for O(1)−Mn−O(5). These 

values are in close agreement with literature values.
31

 The close agreement of all the Mn−O bond 

lengths and angles suggests that electronic communication will be possible through the Mn core of 

3b.  This means, because of all the conjugated bonds, 3b should in principle be able to transmit 
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electronic effects from one molecular fragment to another.  The capability of 3b to transmit 

electronic effects from one end of the molecule to the other was studied and quantified with 

mathematical formulas in the X-ray photoelectron spectroscopy section of this study. 

 

2.3. X-ray photoelectron spectroscopy 

 

X-ray photoelectron spectroscopy (XPS) is a useful tool to determine elements present in a sample, 

the oxidation state of the elements and even the chemical environment which surrounds the 

element. In our ongoing studies to determine relationships between relative molecular fragment 

electron-withdrawing or electron-donating properties, expressed as the Gordy group 

electronegativity of various R-groups
19

 (molecular fragments), χR, and other physical properties of 

compound series such as ferrocenyl-containing β-diketones, FcCOCH2COR, and their complexes, 

it has been found that χR of the R-groups influences not only the electrochemistry,
32

 but also 

reaction kinetics
13

 and NMR peak positions.
22b

 Here we first describe the influence of χR on XPS 

measured binding energies of the Fe 2p peaks of the ferrocene-containing β-diketones 2a–2d and 

on FcCOCH2COC6F5, 2e, and then expand the concept to [Mn(FcCOCHCOR)3] complexes 3a–3d. 

The Fe 2p1/2 and Fe 2p3/2 photoelectron peaks of the ferrous Fe
2+

 ions of the ferrocenyl moiety of 

β-diketones 2a–2e gave sharp well-defined peaks. A single Gaussian peak with a full width at half 

maximum (FWHM) of ca. 1.7 eV was fitted onto each of them (Fig. 3, left). The sharpness of the 

peak is due to the low spin state of the Fe(II) present in ferrocene,
33

 and it supports the expectation 

that only one iron specie is present in each of the ferrocene-containing β-diketones.
34

  The Fe 2p3/2 

photoelectron line was located at ca. 708 eV, charge corrected against C 1s at 284.8 eV (the lowest 

binding energy of the fitted adventitious C 1s peak
35

), with spin orbit splitting between the Fe 2p3/2 

and Fe 2p1/2 levels of 13.6 eV (see Table 3). This binding energy obtained for all the Fe 2p3/2 
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photoelectron lines was found in the large range of 708.03-708.40 eV and spans 0.37 eV. This 

binding energy range, caused by inductive electronic effects of substituents, is large. A full iron 

redox state change from Fe
2+

 to Fe
3+

 would, for example, represent a 1 eV binding energy change.  

The observed binding energy range is also in good agreement with published values for neat 

ferrocene (707.8 eV)
36

 and for ferrocene on Ag(100) (707.9 eV)
37

 but it is lower than the binding 

energy of a ferrocenyl linked via an aminoalkyl silane onto silicon (709.7 eV).
38
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Figure 3. Comparative XPS spectra of the Fe 2p area of (left) free β-diketones FcCOCH2COR, 2a–2e, and of (middle) 

the Fe 2p area of [Mn(FcCOCHCOR)3] complexes 3a–3d and (right) of the Mn 2p area of 3a–3d. The figure on the 

right also shows the XPS for [Mn(H3CCOCHCOCH3)3]; it is labeled “acac”. The red dotted lines (web version of the 

article) are exactly vertical whereas the black dotted lines follow measured BE values. (CPS = counts per second.)   

 

The only other photoelectron lines which could be detected in the XPS of 2b, 2c and 2d were 

carbon (ca. 284.8 eV) and oxygen (ca. 528.8 eV).  β-Diketones 2a, FcCOCH2COCF3, and 2e, 

FcCOCH2COC6F5, also showed fluorine at ca. 688.2 eV and 688.1 eV respectively. Within 

experimental error (2-4%), the correct ratio between the F 1s peak and the Fe 2p peaks of 2a 

(correct ratio is 3:1) and 2e (correct ratio is 5:1) were obtained; 2.9:1 and 4.9:1 respectively. 
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Figure 4. Relationship between binding energy of the Fe 2p3/2 photoelectron line and Gordy scale group 

electronegativities, χR, of the R-groups on FcCOCH2COR β-diketones 2a–2e (top, ----), and [Mn(FcCOCHCOR)3] 

complexes 3a–3d (middle, 
_____

), and the Mn 2p3/2 photoelectron line (bottom). 

Table 3: The Gordy group electronegativity, χR, of the various R-groups on β-diketones 

(FcCOCH2COR, 2a–2e), the binding energies (BE) of the fitted Fe 2p3/2 and F 1s peaks of the β-

diketones, the Fe 2p3/2, Mn 2p3/2 and F 1s peaks of [Mn(FcCOCHCOR)3] complexes 3a–3d, 

[Mn(FcCOCHCOFc)2(FcCOCHCOCH3)], 4, and [Mn(H3CCOCHCOCH3)3] as well as the ratio 

between Mn, Fe and F. 

 

Comp.: R χR
a 

Fe 2p3/2 BE of  

β-diketones   

/ eV 

   Fe 2p3/2 BE of  

   Mn complexes  

/ eV 

Mn 2p3/2 BE of 

Mn complexes    

/ eV 

Measured 

Mn:Fe:F 

Ratio 

 

(Chi)
2
 of fit 

2a, 3a: CF3 3.01 708.40; 688.19
b 

708.03; 687.94
b 

641.86
 

1:3.2:9.4 1.68
e
; 1.24

f
; 1.06

g 

2e: C6F5 2.46 708.23; 688.09
b 

-
 

-
 

- 1.37
e
 

2b, 3b: CH3 2.34 708.18 707.87 641.53
 

1 : 3.2 1.04
e
; 1.13

f
; 2.52

g 

2c:, 3c: C6H5 2.21 708.12 707.84 641.50
 

1 : 2.9 1.46
e
; 1.11

f
; 2.10

g
 

2d, 3d: Fc 1.87 708.03 707.77 641.31
 

1 : 6 1.81
e
; 1.28

f
; 1.38

g
 

4: Fc,Fc,CH3
c 

- - 707.79 641.41 1 : 5 0.97
f
; 2.38

g
 

acac
d 

- - - 641.73
 

- 0.88 
g
 

a
 Values from reference 32.  

b
 Binding energy of the F 1s peak in eV.  

c
 This R-group combination gives rise to the 

complex [Mn(FcCOCHCOFc)2(FcCOCHCOCH3)], 4. 
d
 The complex [Mn(CH3COCHCOCH3)3] is abbreviated “acac”.   

e 
(Chi)

2
 fit of the Fe 2p peaks of the b-diketone. 

f 
 (Chi)

2
 fit of the Fe 2p peaks of the Mn-complex. 

g
 (Chi)

2
 fit of the 

Mn 2p peaks of the Mn-complex.   Note: The goodness-of-fit parameter, (Chi)
2
, must not be confused with , which is 

the official symbol of group electronegativities and is used throughout this manuscript.       
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It is evident that as the Gordy group electronegativity,
19

 χR, of the R group on the β-diketonato 

ligand increases the binding energy of the iron, Fe 2p peaks, also increases (see Fig.’s 3 and 4 and 

the result summary in Table 3). This is due to an increased ionic bond character on the iron 

because more electron density is moving away from the Fe
2+

 ion towards stronger electron-

withdrawing substituents. This causes the Fe
2+

 ions to bind more tightly to their own electrons 

leading to increased binding energy values. The linear relationship obtained between the binding 

energy (BE) of the β-diketone iron Fe 2p3/2 peaks and χR (Fig. 4) fits the equation 

 

BE = 0.3306 χR + 707.41; R
2
 = 0.9944     (1) 

 

The manganese(III) complexes of these ferrocenyl-containing β-diketones, complexes 3a–3d, 

exhibited the same spectral features as the β-diketones and additionally also Mn 2p peaks. The 

ratio between the Mn 2p peaks and the Fe 2p peaks are as expected for each compound (Table 3).  

The Mn(III) center within complexes 3a–3d is in a high spin state.
39

   This induces the formation 

of multiplet splitting,
40

  which in turn causes the peaks of both the Mn 2p and the Fe 2p (of the 

ligand) to have a broader than expected FWHM. 

Compared to the free β-diketones, 2a–2d, the Fe 2p peaks of complexes 3a–3d are still well-

defined peaks and only one Gaussian peak fit was necessary for all of them.  However, peak fitting 

required a FWHM of ca. 2.7 eV. This is ca. 1 eV more than for the free β-diketone ligands. This 1 

eV larger FWHM can be attributed to a combination of the high spin state of the Mn(III) metal 

center as well as the known fact that the octahedral Mn(III) complexes exists in both fac and mer 

conformations (see subscript Scheme 1) which indicates that the chemical environment of all the 

different ferrocenyl groups in these different conformations are not the same. 
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As was found for the free β-diketonato ligands, an increase in ligand R-group χR  is accompanied 

by an increase in the binding energy of the iron Fe 2p peaks (Fig.’s 3 and 4, Table 3) in 

[Mn(FcCOCHCOR)3] complexes. The binding energy of the Fe
2+

 2p3/2 peaks is found in the range 

707.77–708.03 eV; this is a 0.28 eV span. They are ca. 0.3 eV lower in energy than in the free 

ligands. This move to lower binding energies highlights the chemical influence of Mn
3+

 

coordination to (FcCOCHCOR)

 ligands and implies that the electron-withdrawing ability of H

+
 is 

more than that of 
1
/3Mn

3+
. 

XPS Mn 2p3/2 signals were found (Table 3) in the range 641.86–641.31 eV (a range of 0.55 eV) 

with spin orbit splitting between the Mn 2p3/2 and Mn 2p1/2 levels of 11.7 eV. The binding energy 

range of 0.55 eV is unusually large as a full redox state change from Mn
2+

 to Mn
3+

 would normally 

be accompanied by a change in binding energy of 1 eV. The Mn 2p peaks were charge corrected 

against C 1s at 284.8 eV (the lowest binding energy of the fitted adventitious C 1s peak). A 

FWHM of ca. 3.1 eV was used in curve fittings. This broadening in FWHM compared to what was 

found for Fe can again be attributed to a combination of the high spin state of the Mn(III) metal 

center as well as the presence of fac and mer conformations in the bulk [Mn(FcCOCHCOR)3] 

material. The position of the binding energy of the Mn 2p3/2 peaks at ca. 641 eV is comparable to 

those found for Mn0.25Fe0.75Cr2O4 (640.8 eV)
41

 and [Mn(CO)3(C5H5)] (640.6 eV).
36

 Similar to the 

Fe 2p peaks, the binding energy of the Mn 2p peaks also increases with increase in R-group χR  

(Fig.’s 3 and 4, Table 3). 

The linear relationship obtained between the binding energy (BE) of the iron Fe 2p3/2 peaks as well 

as the Mn 2p3/2 peaks and χR for [Mn(FcCOCHCOR)3] complexes is described by equations 2 and 

3.  
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Fe 2p3/2 peaks:   

BE = 0.2299 χR + 707.34; R
2
 = 0.9986      (2) 

Mn 2p3/2 peaks:   

BE = 0.4770 χR + 640.43; R
2
 = 0.9961      (3) 

 

The accuracy of equations 1 and 2 (i.e. of data points) is underlined by the Y-intercept values 

which are 707.41 and 707.34 respectively.  These values, almost 1.9 group electronegativity units 

away from the lowest χFc = 1.87 value could not be so close to each other if the data points were 

not of high quality. 

To expand Equation 3 to also include β-diketonato complexes that do not contain the ferrocenyl 

group in the ligand, evaluation of the XPS results of [Mn(CH3COCHCOCH3)3] and 

[Mn(FcCOCHCOFc)2(FcCOCHCOCH3)], 4, is beneficial and the concept χR, which is the sum of 

all β-diketonato R-group electronegativities, required.  The binding energy of the Mn 2p3/2 peak of 

the [Mn(CH3COCHCOCH3)3] complex is found at 641.73 eV, ca. 0.2 eV larger than for the 

[Mn(FcCOCHCOCH3)3] complex (Table 3). This again highlights that the electron-donating 

properties of the ferrocenyl group are stronger than those of methyl group.  By way of 

demonstrating the calculation of χR, χR for [Mn(FcCOCHCOFc)2(FcCOCHCOCH3)], 4, would 

be χR,4 = 5χFc  + χCH3 = 5(1.87) + 2.34 = 11.69.   Similarly, χR,[Mn(CH3COCHCOCH3)3] = 6(χCH3) = 

14.04. 

The XPS spectra of the mixed β-diketonato Mn(III) complex, 4, showed a Mn:Fe ratio of 1:5. This 

ratio confirms that there are two bis-ferrocenyl β-diketonato ligands and one mono-ferrocenyl β-

diketonato ligand coordinated to Mn(III). The positions of the Fe 2p3/2 and Mn 2p3/2 signals were 

found at 707.79 eV and 641.41 eV respectively. This 0.1 eV move of Mn 2p3/2 binding energy to a 
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larger value compared to that of 3d, [Mn(FcCOCHCOFc)3]), (641.31 eV) is consistent with 

replacement of one electron-donating ferrocenyl group with one less electron-donating methyl 

group, Table 3.  

To be capable to predict binding energies for all manganese(III) β-diketonato complexes 

irrespective of the presence or absence of a ferrocenyl group in the β-diketonato ligand, a linear 

relationship must exist between χR and Mn binding energies for all complexes.   This relationship 

is shown in Fig. 5 and satisfies the equation 

 

BE = 0.1517 R + 639.62;  R
2
 = 0.9919   (4) 

 

 

 

Figure 5.  Relationship between binding energy of the Mn 2p3/2 photoelectron line and the sum of β-diketonato ligand  

Gordy scale R-group electronegativities, χR, of [Mn(FcCOCHCOR)3] complexes 3a–3d, the “acac” complex 

[Mn(H3CCOCHCOCH3)3] and [Mn(FcCOCHCOFc)2(FcCOCHCOCH3)], 4. 

 

Once again, Mn 2p3/2 BE data point quality are very good as demonstrated by Y-interceptions 

values which are close to each other in equations 3 and 4 (640.43 and 639.62 eV respectively). 

These values are placed in perspective upon recognizing that the lowest experimental BE value in 
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equation 3 is 1.87 group electronegativity units away from the Y-axis, but for equation 4, it is a full 

11.22 group electronegativity units away from the smallest data point belonging to χR of 3d. 

 The linearity of the relationships between χR and χR and the binding energies of the Fe 2p3/2 

photoelectron line and the Mn 2p3/2 photoelectron line confirms the crystallographic predicted 

capability of [Mn(FcCOCHCOR)3] complexes to transmit electronic effects from one molecular 

fragment to another.  Moreover, it allows prediction of binding energies of these classes of 

compounds with equations 1–4 provided the group electronegativity of β-diketonato R-group 

substituents are known. 

 

3. Conclusions 

 

Three novel complexes of the type [Mn(FcCOCHCOR)3] with R=CF3, Ph and Fc as well as the 

new mixed ligand complex [Mn(FcCOCHCOFc)2(FcCOCHCOCH3)] and the known complex 

[Mn(FcCOCHCOCH3)3] were found to be easily available in moderate yields (30-60%) from a 

newly developed synthetic route towards ferrocene-containing manganese(III) complexes.  Bond 

lengths and bond angles of the single crystal X-ray structure determination of the fac isomer of 

[Mn(FcCOCHCOCH3)3] suggested that intramolecular communication between molecular 

fragments of these manganese complexes is likely to be detected by suitable techniques. An X-ray 

photoelectron spectroscopic (XPS) study showed that this is indeed the case.  Utilizing the Fe 2p3/2 

photoelectron peak of the ferrous Fe
2+

 ions of the ferrocenyl moiety of the free β-diketone 

precursors as well as the manganese ferrocene-containing β-diketonato complexes, and also the 

Mn 2p3/2 photoelectron peaks, a linear relationship was found between Fe (and Mn) binding 

energies and R-group group electronegativities, χR as well as χR.  No such relationship has ever 
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before been demonstrated.  The range of binding energy changes in moving from R=CF3 (χCF3 = 

3.01) to R=Fc (χFc = 1.87) spanned 0.37 eV for the Fe peaks of the free betadiketones, 0.26 eV for 

the Fe peaks of the Mn complexes, and an extraordinarily large 0.55 eV for the Mn centre of the 

Mn complexes.   This large binding energy domain is placed in perspective by recognizing that a 

full one-electron redox state change (e.g. from Fe
2+

 to Fe
3+

, or Mn
2+

 to Mn
3+

) normally represents a 

binding energy change of 1 eV.  It also follows from this unique result that binding energies from 

similar complexes may now be empirically predicted from a knowledge of β-diketonato side group 

χR values if such group electronegativities are known.           

 

4. Experimental Section 

 

 

4.1 General 

Solid reagents (ferrocene, [Mn3(OAc)6O.3H2O][OAc] (1), marketed as [Mn(CH3COO)3]·2H2O, 

MnCl2·4H20, KMnO4 from Aldrich and CH3COONa from Saarchem) were used without any 

further purification. Dichloromethane was dried by distillation from calcium hydride and, to 

remove photochemically generated HCl, passed through basic alumina prior to use. Doubly 

distilled water was used throughout. Ferrocene-containing β-diketones FcCOCH2COR with R = 

CH3 (2a), CF3 (2b), Ph (2c), Fc, (2d) and C6F5, were synthesized utilizing published procedures
32

 

with care being taken to separate it from the aldol self-condensation product of acetyl ferrocene, 

FcCOCH=C(CH3)Fc.
42

 Tris(acetylacetonato) manganese(III)
43

 was prepared as described before. 

Column chromatography was performed on Kieselgel 60 (Merck, grain size 0.040−0.063 nm) 

using hexane:diethyl ether (1:1) as mobile phase unless otherwise specified. 
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Infrared spectra of neat samples were recorded with a Thermo Scientific IR spectrometer and 

NICOLET iS50 ATR attachment, running OMNIC software (Version 9.2.86).  UV–Vis spectra 

were recorded on a Cary 5000 Probe UV-Vis-NIR spectrophotometer utilizing dichloromethane as 

solvent and a 1cm path length quartz cuvette. Given that Mn(III) is paramagnetic, no NMR data of 

the manganese complexes 3a–3d and 4 are reported.  Melting points were determined using 

analytically pure samples on an Olympus BX51 microscope, using a LINKAM, TMS 600 hot 

stage. Elemental analyses were performed by Canadian Microanalytical Service, Delta, British 

Columbia, Canada. 

 

4.2 Synthesis of complexes 3a–3d and 4.   

Complex 3b was prepared according to both methods A and B while complexes 3a, 3c–3d and 4 

were prepared following method B only; 3b may serve as an example. 

Method A: Following an adaption of Zanello’s method,
11

 to an aqueous solution (10 cm
3
) of 

MnCl2·4H2O (0.039 g, 0.20 mmol) and NaOAc (0.057 g, 0.70 mmol) was added a solution of 2b 

(0.20 g, 0.74 mmol) in CH3CN (10 cm
3
). After stirring for 10 minutes a solution of KMnO4 (7.81 

mg, 0.049 mmol) in water (2 cm
3
) was added drop-wise to the mixture and stirred for another 10 

minutes. Another aqueous solution (10 cm
3
) of NaOAc·3H2O (0.057 g, 0.70 mmol) was added and 

the reaction mixture was heated to 60 
o
C for 10 minutes. The deep red-brown precipitate was 

filtered after cooling to room temperature. Washing the precipitate with copious amounts of water 

and then with methanol yielded 150 mg (70%) of complex 3b. The complex could be crystallized 

from slowly evaporating toluene.  

General procedure method B: To a solution of 2b (0.50 g, 1.85 mmol) in acetone (75 cm
3
) was 

added an aqueous solution (20 cm
3
) of [Mn3(OAc)6O.3H2O][OAc] (0.165 g, 0.62 mmol) while 

stirring vigorously. After drop-wise adding a solution of NaOAc (0.152 g; 1.85 mmol) in water (5 
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cm
3
), the reaction mixture was allowed to stir at ambient conditions for 16 hours. The resulting 

precipitate was filtered off and washed firstly with plenty of water and then with methanol (2 cm
3
). 

Drying at reduced pressure yielded 370 mg (57%) based on [Mn3(OAc)6O.3H2O][OAc] of 

complex 3b. Small crystallographic quality needle-like crystals of 3b were obtained from slow 

evaporation of a toluene solution of the complex.  

 

Characterization data 

Complex 3a. Yield: 210 mg (0.21 mmol, 33% based on [Mn3(OAc)6O.3H2O][OAc]). Elemental 

analysis: Calc. for C42H30F9Fe3MnO6 C, 49.3; H, 3.0; Fe, 16.4; Mn, 5.4%. Found: C, 49.6; H, 3.0; 

Fe, 17.2; Mn, 4.7%. M.p. >250 
o
C (dec). IR (NaCl): ν/cm

-1
: 1572 (vs),1535 (s). 

Complex 3b, method B, Yield: 370 mg (0.43 mmol, 57% based on [Mn3(OAc)6O.3H2O][OAc].  

The crystal structure showed one solvent (toluene) molecule to be trapped in the crystals. 

Elemental analysis, utilizing the molecular mass as determined by the crystal structure 

determination: Calc. for C45.29H42.29Fe3MnO6 C, 60.1; H, 4.7; Fe, 18.5; Mn, 6.1%. Found: C, 59.8; 

H, 4.7; Fe, 19.0; Mn, 5.5%. M.p. >250 
o
C (dec). IR (NaCl): ν/cm

-1
: 1542 (vs), 1506 (m).  

Complex 3c. Yield: 465 mg (0.44 mmol, 70% based on [Mn3(OAc)6O.3H2O][OAc]). Elemental 

analysis: Calc. for C57H45Fe3MnO6 C, 65.3; H, 4.3; Fe, 16.0; Mn, 5.2%. Found: C, 65.5;  H, 4.5;  

Fe, 16.4;  Mn, 4.7%.  M.p. >250 
o
C.  IR (NaCl): ν/cm

-1
: 1506 (vs), 1483 (s).  

Complex 3d. Yield: 245 mg (0.18 mmol, 49% based on [Mn3(OAc)6O.3H2O][OAc]). Elemental 

analysis: Calcd. for C69H57Fe6MnO6 C, 60.4; H, 4.2; Fe, 21.4; Mn, 4.0%. Found: C, 59.5; H, 4.1; 

Fe, 21.2; Mn, 4.6%. M.p. >250 
o
C (dec.). IR (NaCl): ν/cm

-1
: 1501 (vs), 1457 (m). 

Complex 4. Yield: 105 mg (0.47 mmol, 44% based on [Mn3(OAc)O.3H2O][OAc]). Elemental 

analysis: Calcd. for C60H51Fe5MnO6 C, 59.9; H, 4.3; Fe, 23.2; Mn, 4.6%. Found: C, 60.7; H, 4.4; 

Fe, 23.1; Mn, 4.5%. M.p. >250 
o
C (dec.). IR (NaCl): ν/cm

-1
: 1498 (vs), 1456 (m). 
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4.3 Crystal structure determination of 3b 

Data for complex 3b was collected at 150 K on a Bruker D8 Venture kappa geometry 

diffractometer, with duo Is sources, a Photon 100 CMOS detector and APEX II control software 

using Quazar multi-layer optics, monochromated Mo-Kα radiation and by means of a combination 

of  and ω scans. Data reduction was performed using SAINT+ and the intensities were corrected 

for absorption using SADABS.
44

 The structure was solved by intrinsic phasing using SHELXTS 

and refined by full-matrix least squares using SHELXTL and SHELXL-2013.
45

 In the structure 

refinement, all hydrogen atoms were added in calculated positions and treated as riding on the 

atom to which they are attached. All nonhydrogen atoms were refined with anisotropic 

displacement parameters. All isotropic displacement parameters for hydrogen atoms were 

calculated as X × Ueq of the atom to which they are attached, X = 1.5 for the methyl hydrogens 

and 1.2 for all other hydrogens. The structure includes a disordered molecule of toluene that 

includes an inversion centre. The site occupancy of the atoms of the solvent molecule refined to a 

value of 0.9414. Crystallographic data and refinement parameters are given in Table 1. An Ortep 

drawing
46

 of the structure is included in Figure 2. The crystal structure (cif) has been deposited at 

the Cambridge Crystallographic Data Centre and allocated the deposition number CCDC 1421438. 

Data collection, structure solution and refinement details are available in the cif. 

 

4.4 X-ray photoelectron spectroscopy 

XPS data were recorded on a PHI 5000 Versaprobe system with monochromatic AlKα X-ray 

source.  Powered samples were mounted on the sample holder by means of carbon tape.  Spectra 

were obtained using the aluminium anode (Al Kα = 1486.6 eV) operating at 50 μm, 12.5 W and 15 

kV energy.  The survey scans were recorded at constant pass energy of 187.85 eV and region scans 
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at constant pass energy of 29.35 eV, with an energy step of 0.1 eV;  the analyzer resolution is ≤ 0.5 

eV.  Charge neutralisation was enhanced by shooting the mounted sample with an Ar gun during 

data recording.   The background pressure was 2 x 10
-8

 mbar.  The XPS data were analyzed 

utilizing Multipak version 8.2c computer software
35

 using Gaussian–Lorentz fits (the 

Gaussian/Lorentz ratios were always >95%).   The photoelectron lines were charge corrected 

against the lowest binding energy of the fitted adventitious C 1s peak at 284.8 eV (the normal 

position of C-C according to the XPS Handbook
35

).   The carbon peak of all the complexes were 

fitted to 3 peaks, namely C-C at 284.8 eV, C=C at 285.5 eV and C=O at 286.7 eV. 
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