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1.   Introduction 

 

    There is widespread interest in manganese complexes due to their synthetic methodology, 

theoretical implications and vantage of applications in organic synthesis and catalysis.1 In 

addition, manganese complexes have attracted special attention regarding their important 

role in the material science and bioinorganic chemistry.2 Development of new materials with 

novel magnetic properties and attempts to model the structures and functions of manganese 

metalloenzymes have driven this area as the most active and expansive field.2 The discovery 

of the selective epoxidation catalysts based on the Mn(III) salen system has also attracted 

much effort on the manganese coordination chemistry in the search for higher selectivities 

and enantiospecific catalysis.2,3 However, synthesizing such complexes is still a challenge 

for the chemists along with the investigation of spectroscopic and structural characteristics 

of these molecules and perspective elaborating new catalysts. In this connection, design and 

choice of the ligands are important for these purposes.                                                                  

    In the following part, some of the work, which is related to the content of the present 

thesis, will be discussed in detail. 

 

1.1.   Manganese N-Heterocyclic Carbene Complexes  

 

    N-Heterocyclic carbenes have attracted great attention in ligand design and homogeneous 

catalysis as neutral and two electron donors4 since Arduengo et al. reported the first stable 

crystalline N-heterocyclic carbene in 1991.5 The isolation of the free stable N-heterocyclic 

carbenes enables the easy synthesis of a variety of carbene adducts that previously were 

inaccessible.6 So a number of N-heterocyclic carbene complexes of main group element and 

transition metal have been synthesized and isolated,4 some of which have been successfully 

applied as catalysts in a variety of organic reactions such as iridium-catalyzed transfer 

hydrogenation7 and ruthenium-catalyzed olefin metathesis, especially palladium-catalyzed 

C–C coupling reactions: the Heck, Suzuki and Kumada reactions.4,8 Recently, iron(II) 

halides bearing N-heterocyclic carbene ligand of composition {[C(Me)N(iPr)]2C}2FeX2 (X = 

Cl, Br) were found to be remarkably active and efficient catalysts for atom transfer radical 

polymerization.9  
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    Manganese carbene complexes are important due to their applications in organic synthesis 

and theoretical implications.10 In spite of the impressive results of N-heterocyclic carbene 

complexes, manganese complexes containing N-heterocyclic carbenes are rare and have not 

attracted much attention to date.4a To the best of our knowledge, only few manganese N-

heterocyclic carbene complexes are known including MeC5H4(CO)2MnC[N(Me)CH2]2,
11 

(CO)3MnBr{C[N(Me)CH2]2}2
11 and (CO)5MnC[N(BH3)C(Me)C(Me)N(Me)]12 with a 

formal oxidation state of +1 at the manganese. Furthermore, no X-ray structural data of 

manganese N-heterocyclic carbene complexes were available. Therefore, it was of interest to 

synthesize and structurally characterize N-heterocyclic carbene complexes containing 

manganese with the most common oxidation state +2.  

 

1.2.   Low-aggregated Organomanganese(II) Complexes of Type L’MnR  

(L’ = monovalent ligand) 

 

    There is widespread interest in organomanganese(II) complexes, since such complexes 

have extensive applications in organic synthesis.1c,1d For instance, manganese(II) alkyl and 

aryl complexes have proved to be excellent reagents in C-C coupling reactions and can be 

compared to other organotransition metal complexes such as widely used organocopper 

reagents.13 Moreover, they show excellent thermal stability, high chemoselectivity and 

excellent functional group tolerance.13,14 In spite of the impressive results obtained thus far, 

major efforts are focused on carbonyl and cyclopentadienyl complexes. Organomanganese 

complexes having ligands without carbonyl and cyclopentadienyl groups are far less 

abundant although the chemistry of those species is no less interesting,1a in which complexes 

of type L’MnR (L’ = monovalent ligand) are even more rare. Compounds of composition 

XMnR (X = halide) have only been used as intermediates without isolation.15 To the best of 

our knowledge, only few compounds of composition [MnR(NPEt3)]4 (R = Me, nBu, PhCC, 

4-MeC6H4CC, Me3SiCC) have been structurally characterized containing a heterocubane 

structure.16 Despite of the interesting perspectives of organomanganese(II) complexes, there 

are no structural investigations known of lower aggregated complexes (monomer or dimer). 

So it was of interest to prepare low-aggregated organomanganese complexes by designing 

suitable ligands. 
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1.3.   Complexes with Low-valent and Low-coordinated Manganese  

 

    Complexes with low-valent manganese are important due to their photochemistry as well 

as their significance in free-radical chemistry.17 For example, the dinuclear carbonyl 

compound Mn2(CO)10 has shown rich photochemistry and can catalyze the ring opening of 

β-propiothiolactones.18   

    Transition metal complexes containing low-coordinated metal centers are quite rare. 

Partly this is due to the difficulty associated for such metal sites to acquire 16 or 18 valence 

electrons. Low-coordination numbers often yield the metal centers of unusual orbital 

structure,19 which would also render its reactivity very interesting.19 Although manganese 

complexes with low-coordinated centers are known, these involve manganese in oxidation 

states of +2 or higher.20 To the best of our knowledge, coordination number three are rare in 

complexes with low-valent manganese until now. In this view, one can realize that the ligand 

design combined with the corresponding synthetic methodology for complexes with low-

valent and low-coordinated manganese centers is an exciting challenge. In addition, it is of 

interest to explore their unique reactivity.  

 

1.4.   Dinuclear Manganese Complexes  

 

    Dinuclear manganese complexes, especially those with carboxylate or oxygen bridges, are 

important since such molecules are involved in many natural processes.21 Dinuclear 

manganese core are often seen in biological systems, such as manganese catalase, 

manganese ribonucleotide, arginase and thiosulfate oxidase, which exist as the catalytic 

centers of these enzymes.22 Manganese catalases are the well-studied redox enzymes, which 

protect organisms from oxidative damage to scavenge the appreciable levels of H2O2 

produced during O2 metabolism in cells.22 They are capable of catalyzing the 

disproportionation of high level H2O2 to O2 and H2O, and each unit contains a dinuclear 

manganese core as the catalytic center. The dimanganese core works as a two-electron 

mediator between a [Mn(III)]2 form and a reduced [Mn(II)]2 form in H2O2 

disproportionation.23 A possible mechanism of this process is shown in Scheme 1 (DH/D 

represent the proton donor and acceptor).22 In recent years, several kinds of dinuclear 

manganese model complexes have been explored and show catalase activity.24 However, 

only a few of these functional model systems proceed via the [Mn(II)]2 � [Mn(III)]2 redox 
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cycle similar to the enzymes.24 Therefore it is still a challenge for chemists to mimic the 

coordination environment and functions of the manganese centers in such enzymes. 

 

Scheme 1  
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1.5   Aims and Objectives of the Present Work 

 

    Based on the aforementioned background materials, there is clearly a vast potential to 

explore the chemistry of manganese by carefully selecting or designing ligands. The aims of 

this thesis are the following by using the appropriate ligand systems: 

   •   To synthesize manganese(II) N-heterocyclic carbene complexes and investigate their 

properties; 

•   To synthesize low-aggregated organomanganese(II) complexes of type L’MnR; 

•   To study the synthesis, property and reactivity of complexes with low-valent and low-

coordinated manganese; 

•   To investigate the synthesis and property of dinuclear manganese compounds.  
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2.   Results and Discussion 

 

2.1.   Monomeric Manganese(II) N-Heterocyclic Carbene Complexes 2 - 4 

 

2.1.1.   Synthesis and Spectroscopic Characterization of Complexes 

{[C(Me)N(iPr)]2C}2MnX2 (X= Cl (2), I (3), MeCOO (4))  

 

    The isolation of free stable N-heterocyclic carbenes enables the easy synthesis of a variety 

of carbene adducts that previously were inaccessible.6 The reaction of MnCl2(THF)1.5, MnI2 

and Mn(MeCOO)2, respectively, with 2 equiv. of the stable carbene [C(Me)N(iPr)]2C (1) in 

THF at room temperature readily afforded the corresponding carbene adducts 2 - 4 in good 

yields (Scheme 2).  

 

Scheme 2 
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    Compounds 2 and 4 are colorless solids and compound 3 is a light-orange solid. 

Compounds 2 and 3 are moderately air sensitive and can be exposed to air for a short period 

of time as solids, while compound 4 is much more sensitive. All compounds 2 - 4 are of poor 

solubility in nonpolar solvents, while readily soluble in solvents such as CH2Cl2 and MeCN. 

Compound 4 has also a good solubility in THF, but 2 and 3 are sparingly soluble in THF. 

Complexes 2 - 4 have been characterized by mass spectrometry, IR spectroscopy, X-band 

EPR, microanalysis and X-ray solid-state structural analyses. EI-MS spectra of these 

compounds are similar: the molecular ion peaks are not observed rather the free carbene 

fragment appears as the most intense peak at m/z 180 (100 %) indicating the cleavage of the 

Mn-C bond in these compounds under electron-impact mass spectrometry conditions. 

consistent with the results reported in the literature.25 The IR spectrum of compound 4 

displays two prominent vibrations for the O-C-O part of the acetate group νas(1599 cm-1) and 

νs(1406 cm-1).  

 

2.1.2.   X-ray Solid-state Structural Analyses of Complexes 2 - 4 

 
    Compounds 2 and 3 are the first structurally characterized manganese halides possessing 

N-heterocyclic carbene ligands. Single crystals of 2 and 3 suitable for X-ray structural 

analyses were obtained by recrystallization in THF at 4 °C, respectively. The molecular 

structures of 2 and 3 are shown in Figures 1 and 2, respectively; selected bond lengths and 

angles are listed in Table 1.  

    The manganese atoms in 2 and 3 are bonded to two halides and two carbene carbons and 

have a distorted tetrahedral geometry. A crystallographic twofold axis passes through the 

metal atom bisecting the angles X-Mn-X and C-Mn-C. There is a slight difference between 

the two structures due to the different ion radius of Cl and I. Both the X-Mn-X (111.5°) and 

C-Mn-C (103.0°) angles in 2 are slightly larger than the corresponding ones in 3 (109.0° and 

102.4°, respectively). The dihedral angle between the two carbene planes is 84.5° in 2 and 

77.0° in 3. These differences possibly result from the stronger repulsion between iodine and 

carbene in 3 than that between chlorine and carbene in 2, which are also reflected by the 

EPR spectra.  

    The Mn-C bond lengths (av. 2.21 Å) in 2 and 3 are in the expected range of Mn-C single 

bonds, but significantly shorter in comparison with the Mn-P bond lengths found in 

MnI2(PEt3)2
26 (av. 2.53 Å) and [MnI2(PPhMe2)]n

27 (av. 2.67 Å). The Mn-I distances (av. 

2.72 Å) in 3 are a little longer than those in MnI2(PEt3)2
26 (av. 2.67 Å) due to the different 
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trans effect. However, the I-Mn-I (109.0°) and C-Mn-C (102.4°) angles in 3 are significantly 

smaller than the corresponding ones (120.1° and 115.1°, respectively) in MnI2(PEt3)2.
26  

 

 

 

Figure 1.  Molecular structure of 2 (50 % probability ellipsoids). Hydrogen atoms 

are omitted for clarity. 

 

     
 

Figure 2.  Molecular structure of 3 (50 % probability ellipsoids). Hydrogen atoms 

are omitted for clarity. 
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    The N(1)-C(1)-Mn(1) (131.6°) and N(3)-C(6)-Mn(1) (132.3°) angles in 2 deviate 

significantly from their corresponding counterparts N(2)-C(1)-Mn(1) (123.9°) and N(4)-

C(6)-Mn(1) (122.6°), which implies that both the N-heterocyclic carbenes are in-plane 

bending.28 However, out-of-plane bending is only observed for one N-heterocyclic carbene 

ligand (C(6), N(3), C(7), C(8) and N(4)) and the Mn(1)-C(6) bond is out of the N-

heterocyclic carbene plane by 6.4°. The other N-heterocyclic carbene and the central 

manganese atom are coplanar. In 3, both the N-heterocyclic carbene ligands are out-of-plane 

bending as shown by the Mn-C bond angles deviating from the corresponding N-

heterocyclic carbene planes by 4.7° and 4.3°, respectively. These angles are in the normal 

range.25  

 

Table 1.  Selected bond lengths (Å) and bond angles (°) for compounds 2 and 3 

Compound 2 

Mn(1)–Cl(1) 2.3535(11) C(6)–Mn(1)–C1(1) 108.92(9) 

Mn(1)–Cl(2) 2.3575(10) C(1)–Mn(1)–Cl(2) 105.78(8) 

Mn(1)–C(1) 2.214(3) N(1)-C(1)-Mn(1) 131.6(2) 

Mn(1)–C(6) 2.219(3) N(3)-C(1)-Mn(1) 132.3(2) 

N(1)–C(1) 1.355(4) C(6)–Mn(1)–Cl(2) 114.64(9) 

N(2)–C(1) 1.355(4) Cl(1)–Mn(1)–Cl(2) 111.47(4) 

N(3)–C(6) 1.355(4) N(1)–C(1)–N(2) 104.5(3) 

N(4)–C(6) 1.359(4) N(3)–C(6)–N(4) 104.6(3) 

C(1)–Mn(1)–C(6) 103.02(12) N(2)-C(1)-Mn(1) 123.9(2) 

C(1)–Mn(1)–Cl(6) 112.77(9) N(4)-C(1)-Mn(1) 122.6(2) 

Compound 3 

Mn(1)–I(1) 2.7307(7) C(1)–Mn(1)–I(1) 106.46(10) 

Mn(1)–I(2) 2.7114(8) C(6)–Mn(1)–I(1) 116.60(10) 

Mn(1)–C(1) 2.210(4) C(1)–Mn(1)–I(2) 116.89(11) 

Mn(1)–C(6) 2.204(4) N(1)-C(1)-Mn(1) 131.7(3) 

N(1)–C(1) 1.356(5) N(3)-C(1)-Mn(1) 124.5(3) 

N(2)–C(1) 1.352(6) C(6)–Mn(1)–I(2) 105.79(11) 

N(3)–C(6) 1.354(5) I(1)–Mn(1)–I(2) 109.04(2) 

N(4)–C(6) 1.352(5) N(1)–C(1)–N(2) 104.7(3) 

C(1)–Mn(1)–C(6) 102.35(15) N(3)–C(6)–N(4) 104.1(3) 
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    Compound 4 is the first structurally characterized monomeric manganese complex 

containing two symmetric chelating acetate groups. Single crystals suitable for X-ray 

structural analysis were grown from THF solution at -26 °C. The molecular structure is 

shown in Figure 3; selected bond lengths and bond angles are listed in Table 2. Complex 4 

crystallizes in the monoclinic space group C2/c. The central manganese atom is surrounded 

by four oxygen atoms from the two chelating carboxyl groups and two carbene carbon atoms 

in a highly distorted octahedral geometry. The complex adopts a symmetric structure. A 

mirror plane passes through the manganese atom bisecting the two acetate groups and the 

two carbenes.  

 

 

 

Figure 3.  Molecular structure of 4 (50 % probability ellipsoids). Hydrogen atoms 

are omitted for clarity. 

 

    The two acetate groups are symmetrically bonded in a chelating fashion to the manganese 

atom resulting in the formation of two MnOCO four-membered rings. Both rings are planar 

and nearly orthogonal as shown by a dihedral angle of 85.8°. Manganese complexes 

containing chelating carboxyl groups are rare.29 The Mn-O distances from the O trans to the 

N-heterocyclic carbene carbon (2.34 Å) are slightly longer than those (2.23 Å) from the O 

cis to the carbon, probably due to the strong donor property of the N-heterocyclic carbene. 

Accordingly, the shorter Mn-O bond is associated with a longer carboxyl C-O bond. The 
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average value (2.29 Å) of the Mn-O distance is significantly longer than that of the bridging 

carboxyl group in [Mn2(µ-MeCOO)x]
4-x system (1.99-2.13 Å) and also longer than that (av. 

2.07 Å) of the chelating acetate group in (MeCOO)Mn(CO)2(PPh3)2.
30,31 The distance from 

the manganese atom to the central carbon atom of the acetate group (2.61 Å) is in the non-

bonding range.31 

    The C-Mn-C angle in 4 is 96.7°, which shows that the two N-heterocyclic carbenes are in 

a cis position. The Mn-C distance (2.25 Å) is in the range (2.20-2.27 Å) of the Mn-C(N-

heterocyclic carbene) distances known and is slightly longer than those in 2 and 3.  

    Interestingly, both in-plane bending and out-of-plane bending of the N-heterocyclic 

carbenes are not observable in 4. The similar N(1)-C(1)-Mn(1) (129.3°) and N(2)-C(1)-

Mn(1) (126.7°) angles do not support any in-plane bending of the N-heterocyclic carbenes.  

 

Table 2.  Selected bond lengths (Å) and bond angles (°) for compound 4 

Mn(1)–O(1) 2.343(2) C(1)–Mn(1)–O(2A) 97.34(8) 

Mn(1)–O(2) 2.233(2) O(2)–Mn(1)–O(2A) 146.33(12) 

Mn(1)–O(1A) 2.343(2) O(2)–Mn(1)–C(1A) 97.34(8) 

Mn(1)–O(2A) 2.233(2) O(2)–Mn(1)–O(1) 56.92(8) 

Mn(1)–C(1) 2.254(3) O(2)–Mn(1)–O(1A) 98.60(8) 

Mn(1)–C(6) 2.612(3) O(1)–Mn(1)–C(1A) 87.69(9) 

Mn(1)–C(1A) 2.254(3) O(1)–Mn(1)–O(1A) 93.65(12) 

Mn(1)–C(6A) 2.612(3) O(1)–Mn(1)–O(2A) 98.60(8) 

O(1)–C(6) 1.238(4) O(1A)–Mn(1)–O(2A) 56.92(8) 

O(2)–C(6) 1.258(4) O(1A)–Mn(1)–C(1A) 161.79(9) 

N(1)–C(1) 1.364(3) O(2A)–Mn(1)–C(1A) 104.91(8) 

N(2)–C(1) 1.356(3) O(1)–C(6)–O(2) 122.0(3) 

C(1)–Mn(1)–C(1A) 96.68(13) N(1)–C(1)–N(2) 104.0(2) 

C(1)–Mn(1)–O(1) 161.79(9) N(2)-C(1)-Mn(1) 126.67(18) 

C(1)–Mn(1)–O(1A) 87.69(9) N(1)-C(1)-Mn(1) 129.32(18) 

C(1)–Mn(1)–O(2) 104.91(9)   
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2.1.3.   Solid-state Powder EPR Spectra of 2 - 4 

 
    Manganese(II) complexes exhibit a great variety of EPR signals related to their 

structures.32 The X-band EPR spectra of complexes 2 - 4 were recorded at ambient 

temperature with powder samples. As expected, a strong resonance in complexes 2 and 3 is 

observed near geff = 4.3 due to their tetrahedral geometry.33 In addition, compound 2 exhibits 

two shoulders to lower field and several weaker bands to higher field, while the spectrum of 

3 is much simpler: another strong resonance (geff = 2) and a very weak one at high field. The 

spectrum of compound 4 exhibits a very strong band (geff = 2) and a weaker one (near geff = 

4.3) and has shoulders to higher and lower field of the main line. The spectrum of 4 is 

similar to that of complex Mn(o-phen)2(NCS)2, which has a very small D value (near zero) 

and a large λ value (near 1/3) (D and λ are zero-field splitting parameters).34 The spectrum is 

consistent with the symmetric structure of 4 and the cis arrangement of the two carbene 

ligands. 

 

2.2.   Synthesis, Structure and Reactivity of Manganese Chlorides 7 - 10 Containing a 

Bulky ββββ-Diketiminate Ligand  

 

    In the past few years there is increasing interest in β-diketiminate ligands, especially those 

with bulky aryl groups at the nitrogen atoms, which have excellent steric and electronic 

properties to stabilize unusual metal sites.35 A variety of main group element, transition 

metal and lanthanide complexes containing such ligands have been synthesized and 

characterized, some of which have novel structures and good catalytic activities.35 For 

example, the first monomeric Al(I) compound LAl (L = HC(CMeNAr)2, Ar = 2,6-iPr2C6H3) 

as a stable carbene analogue was synthesized in our group.36 Very recently, an aluminium 

dihydroxide with terminal OH groups and the first terminal hydroxide containing alumoxane 

were also obtained using the same bulky ligand.37 

    In spite of the impressive results obtained by using β-diketiminate ligands now known, 

little work has appeared on manganese β-diketiminate complexes. Chlorides are normally 

the most common and available sources of manganese(II), however, manganese chlorides 

containing such ligands remain rare prior to this work. 
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2.2.1.   Synthesis and Spectroscopic Characterization of Complexes 7 - 10 

 

    The β-diketiminate lithium salt LLi(OEt2) (5) has been reported previously and widely 

used as a metathesis reagent.38 The preparation of LK (6) was described resulting from the 

reaction of LH with KN(SiMe3)2 in relatively low yield (27 %).39 Herein we report the 

convenient preparation of 5 as a crystalline solid in good yield (87 %) by the reaction of LH 

and KH in diethyl ether at room temperature (Scheme 3). 1H NMR and elemental analyses 

are consistent with those of the literature.39 Compound 6 is stable under an inert atmosphere 

and can be kept for a long time without decomposition.  

 

Scheme 3 
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    The reaction of 5 and anhydrous MnCl2 in diethyl ether afforded the metalate complex 

LMn(µ-Cl)2Li(OEt2)2 (7) in high yield (Scheme 4). Attempts to remove the coordinated 

lithium salt from the manganese center were unsuccessful. Expectedly, the reaction of 

MnCl2 with one equiv. of 6 in diethyl ether readily gave the dimeric compound [LMn(µ-

Cl)]2 (8) in high yield. Attempts to prepare the di-β-diketiminate complex by using 2 equiv. 

of 5 or 6 were unsuccessful. However, the analogous reaction of 6 and MnCl2(THF)1.5 in 

THF resulted in the unexpected formation of the trinuclear complex LMn(µ-

Cl)2Mn(THF)2(µ-Cl)2MnL (9) in good yield, although a ratio of 1:1 of the starting materials 

was employed (Scheme 5). 
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    When the N-heterocyclic carbene [C(Me)N(iPr)]2C (1) was employed as the acceptor for 

the proton of LH, the novel ionic compound [LMnCl2][{C(Me)N(iPr)}2CH] (10) was easily 

obtained as a yellow crystalline solid in high yield from the reaction of LH, MnCl2(THF)1.5, 

and 1 in THF at room temperature. However, no reaction occurs when in either case LH and 

1 or LH and MnCl2(THF)1.5 were mixed in THF at room temperature. Therefore we suppose 

that the process for the formation of 10 is a concerted one and may proceed through the 

intermediate 10a (Scheme 6). 

    Complexes 7 - 10 are crystalline yellow solids soluble in THF. These complexes were 

characterized by elemental analyses, EI-MS and IR. The EI-MS of 7 and 9 show absence of 

the molecular ion peak and [LMnCl]+ m/z 507 appears as the most intense ion. The 

molecular ion peak of the dimer 8 in the EI mass spectrum is not observed, whereas half of 

the molecular mass [1/2M]+ appears at m/z 507 as the most intense peak. Interestingly, the 

ion [M-H]+ in the mass spectrum of 10 can be seen albeit with low intensity (2 %), followed 

by [LMnCl]+ m/z 507 (43 %) and [{C(Me)N(iPr)}2CH]+ 181 (52 %). 
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2.2.2.   X-ray Solid-state Structural Analyses of Complexes 7 - 10 

 
    The X-ray solid-state structural analyses reveal that LMn(µ-Cl)2Li(OEt2)2 (7) is 

monomeric, [LMn(µ-Cl)]2 (8) is dimeric, and LMn(µ-Cl)2Mn(THF)2(µ-Cl)2MnL (9) 

trinuclear in the solid state (Figures 4 - 6). [LMnCl2][{C(Me)N(iPr)}2CH] (10) crystallizes 

as separated anion [LMnCl2]
- and cation [{C(Me)N(iPr)}2CH]+. The structure of the anion is 

shown in Figure 7. 

    In the compounds 7, 8 and 10, each manganese atom is bound to two nitrogen atoms of 

the chelating ligand and two chlorine atoms in a distorted tetrahedral geometry. The 

molecule of 9 consists of a linear trinuclear compound with four bridging chlorine atoms and 

two chelating ligands adopting a symmetric structure, which, in fact, is one MnCl2(THF)2 

molecule captured by the dimer [LMn(µ-Cl)]2 (8). The central Mn(2) atom in 9 adopts a 

distorted octahedral coordination with two THF molecules in trans position, while the other 

two manganese atoms achieve a distorted tetrahedral geometry. The backbone of the 

chelating ligand is nearly planar and the manganese atoms in these compounds are out of the 

C3N2 planes (0.45 Å in 7, 0.47 Å in 8, 0.36 Å in 9 and 0.70 Å in 10). The order of the N-Mn-

N angles is 9 (91.3°) < 10 (91.6°) < 7 (92.2°) < 8 (92.8°), while the order of the Mn-N bond 

lengths is 10 (av. 2.11 Å) > 7 (av. 2.08 Å), 8 (av. 2.08 Å) and 9 (2.08 Å), which indicates 

that the metal center in 10 is more weakly bonded to the chelating ligand due to the two 

terminal Mn-Cl bonds. The terminal Mn-Cl distances (av. 2.36 Å) in 10 are comparable to 
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those of the bridging ones in 7 (av. 2.38 Å), 8 (av. 2.33 Å) and 9 (av. 2.40 Å) due to the 

anionic character of the LMnCl2 in 10. Accordingly, the Cl-Mn-Cl angle in 10 (112.0°) is 

significantly larger than those in 7 (96.2°), 8 (90.5°) and 9 (91.4°). 

 

 

 

Figure 4.  Molecular structure of 7 (50 % probability ellipsoids). Hydrogen atoms 

are omitted for clarity. 

 

    The lithium atom in 7 is connected by two bridging chlorides and two oxygen atoms of 

two coordinated ether molecules in a distorted tetrahedral geometry. The structure is like that 

of the alkali metal adducts of the β-diketiminate metal complexes of general formula LM(µ-

X)2Li(ether)2 (X = Cl, I).20a,40 The Li-Cl and Li-O distances (av. 2.38 and 1.96 Å, 

respectively) are similar to those found in LM(µ-Cl)2Li(THF)2 (M = Fe(II), Co(II)).20a,40c 

    The central core of 8 contains an ideal planar four-membered Mn2Cl2 ring, which bisects 

and is perpendicular (89.2°) to the two chelating ligands around it. The distance between two 

manganese atoms is 3.28 Å, which can be compared to that in [LMn(µ-I)]2
41 (18) (3.62 Å) 

and is out of the range of a Mn-Mn bond. The internal Cl(1)-Mn(2)-Cl(2) and Mn-Cl-Mn 

angles (84.7 and av. 92.0°, respectively) in 9 result in the Mn-Mn distances (3.56 Å), which 

are longer than that observed in 8. Similar to that in 8, the two bridging Mn2Cl2 rings in 9 are 

ideally coplanar, which bisect and are perpendicular (90.0°) to the two chelating ligands 
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around them. The structure of the cation [{C(Me)N(iPr)}2CH]+ in 10 is similar to that in 

[{C(Me)N(Me)}2CH][Ph5C5].
42   

 

 
 

Figure 5.  Molecular structure of 8 (50 % probability ellipsoids). Hydrogen atoms 

are omitted for clarity. 

 

 

 

Figure 6.  Molecular structure of 9 (50 % probability ellipsoids). Hydrogen atoms 

are omitted for clarity. 
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Figure 7.  Crystal structure of the anion of 10 (50 % probability ellipsoids).  

  Hydrogen atoms are omitted for clarity. 

 

Table 3.  Selected bond lengths (Å) and bond angles (°) for compounds 7 and 8 

 

Compound 7 

Mn(1)–N(1) 2.083(2) N(1)–Mn(1)–N(2) 92.21(8) 

Mn(1)–N(2) 2.072(2) N(1)–Mn(1)–Cl(1) 118.99(7) 

Mn(1)–Cl(1) 2.3688(11) N(2)–Mn(1)–Cl(1) 116.72(7) 

Mn(1)–Cl(2) 2.3887(10) Cl(1)–Mn(1)–Cl(2) 96.10(3) 

Li(1)–Cl(1) 2.371(5) N(1)–Mn(1)–Cl(2) 115.29(6) 

Li(1)–Cl(2) 2.383(5) N(2)–Mn(1)–Cl(2) 119.48(6) 

Li(1)–O(1) 1.948(6) Cl(1)–Li(1)–Cl(2) 96.20(17) 

Li(1)–O(2) 1.975(6) O(1)–Li(1)–O(2) 114.7(3) 

Compound 8 

Mn(1)–N(1) 2.0830(9) N(1)–Mn(1)–N(2) 92.80(3) 

Mn(1)–N(2) 2.0819(10) N(1)–Mn(1)–Cl(1) 117.09(3) 

Mn(1)–Cl(1) 2.3422(7) N(2)–Mn(1)–Cl(1) 118.34(3) 

Mn(1)–Cl(1A) 2.3093(6) Cl(1)–Mn(1)–Cl(1A) 90.49(2) 

Mn(1A)–Cl(1) 2.3093(6) N(1)–Mn(1)–Cl(1A) 119.74(3) 

Mn(1)–Mn(1A) 3.275 N(2)–Mn(1)–Cl(1A) 120.93(3) 
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Table 4.  Selected bond lengths (Å) and bond angles (°) for compounds 9 and 10 

Compound 9 

Mn(1)–N(1) 2.077(5) N(1)–Mn(1)–N(1A) 91.3(2) 

Mn(1)–N(1A) 2.077(4) N(1)–Mn(1)–Cl(1) 120.65(13) 

Mn(1)–Cl(1) 2.391(2) N(1)–Mn(1)–Cl(2) 117.80(12) 

Mn(1)–Cl(2) 2.412(2) Cl(1)–Mn(1)–Cl(2) 91.36(7) 

Mn(2)–Cl(1) 2.576(2) O(4)–Mn(2)–O(4A) 180.0 

Mn(2)–Cl(2) 2.5266(19) O(4)–Mn(2)–Cl(2) 90.0 

Mn(2)–O(4) 2.200(6) O(4)–Mn(2)–Cl(1) 90.0 

Mn(1)–Mn(2) 3.564 Cl(1)–Mn(2)–Cl(2) 84.65(6) 

Compound 10 

Mn(1)–N(1) 2.102(2) N(1)–Mn(1)–N(2) 91.64(8) 

Mn(1)–N(2) 2.111(2) N(1)–Mn(1)–Cl(1) 107.84(6) 

Mn(1)–Cl(1) 2.3890(11) N(2)–Mn(1)–Cl(1) 109.42(7) 

Mn(1)–Cl(2) 2.3370(10) Cl(1)–Mn(1)–Cl(2) 112.00(4) 

 

2.2.3.  Reactivity of Compound 8 and its Organomanganese Derivatives 11 - 13 of Type 

LMnR (R = Cp, Me and Ph) 

 

    The substitution reactions of 8 with some nucleophiles were investigated in order to 

prepare organomanganese(II) complexes. Treatment of 8 with CpNa, MeLi and PhLi, 

respectively, resulted in the formation of the complexes LMnCp(THF) (11), [LMn(µ-Me)]2 

(12) and LMnPh (13) (Scheme 7). The monocyclopentadienyl manganese(II) compound 11 

was readily obtained as yellow crystals from the reaction of 8 and 2 equiv. of CpNa in THF 

in high yield. Compound 11 is a rare example of a half-sandwich manganese(II) complex 

with the metal center of 17 valence electrons.43 The addition of MeLi and PhLi, respectively, 

to 8 in toluene at low temperature smoothly provided the dimeric compound 12 and the 

monomer 13 in moderate yields. However, the successful isolation of pure 12 and 13 was not 

easy due to the difficult removal of small amounts of unreacted starting material 8, so it 

requires several purification steps. The RLi reagents should be in some excess due to the 

stoichiometric amounts given in scheme 7. Recrystallization of the product from pentane has 

to be repeated. The reaction of 8 with nBuLi, however, resulted in a preciptate of a 

manganese mirror and LH, confirmed by EI-MS and 1H NMR. The proposed mechanism for 

this reaction is obviously the direct intramolecular elimination of the alkyl group and the 
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chelating ligand. A similar decomposition pathway was suggested for various dialkyl Mn(II) 

species.44  

    Complexes 11 - 13 are crystalline yellow solids, which are sensitive to air or moisture and 

were handled in a glove-box under purified nitrogen. Below the corresponding melting 

points of these compounds (210 - 212 °C for 11, 190 - 192 °C for 12 and 230 - 232 °C for 

13), no decomposition was observed. In the EI-MS of 11, [LMnCp]+ appears at m/z 537 as 

the most intense peak without the coordinated solvent, followed by m/z 472 [LMn]+ (92 %). 

EI-MS of 12 shows that the molecular peak M+ is absent, however, half of the molecular 

mass [LMnMe]+ is observed (m/z 487, 6 %) and the most intense peak (m/z 472) was 

assigned to [LMn]+. For 13, M+ was observed at m/z 549 (3 %), followed by [M-C6H6]
+ (m/z 

471) as the most intense peak. 

 

Scheme 7 
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    The molecular structure of 11 is shown in Figure 8. Compound 11 is monomeric with the 

Cp coordinated to the manganese center and crystallizes in the orthorhombic space group 

P212121. The metal center has a pseudotetrahedral geometry and is surrounded by the 
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cyclopentadienyl ring, the oxygen atom of the coordinated THF and two nitrogen atoms of 

the chelating ligand. The Mn-C distances (2.42 - 2.58 Å) are in the range of those found in 

[MeC5H4MnPEt3(µ-X)]2 (X = Cl, Br, I) (2.40 - 2.63 Å)43 and CpMnTMEDA(η1-Cp) (2.44 - 

2.57 Å.45 The Mn-N distances (av. 2.13 Å) in 11 are the longest and the N-Mn-N angle 

(90.3)° is the smallest among those in complexes 7 - 13, which is in agreement with the 

higher coordination number of manganese. The Cp, the ligand plane and the THF plane are 

nearly orthogonal to each other. 

 
 

Figure 8.  Molecular structure of 11 (50 % probability ellipsoids). Hydrogen atoms 

                          are omitted for clarity. 

 

Table 5.  Selected bond lengths (Å) and bond angles (°) for compound 11 

Mn(1)–N(1) 2.1242(15) N(1)–Mn(1)–N(2) 90.26(5) 

Mn(1)–N(2) 2.1306(15) N(1)–Mn(1)–O(31) 97.69(5) 

Mn(1)–O(31) 2.2787(12) N(2)–Mn(1)–O(31) 97.60(6) 

Mn(1)–C(6) 2.547(2) N(1)–Mn(1)–C(6) 96.96(6) 

Mn(1)–C(7) 2.442(2) N(2)–Mn(1)–C(6) 144.79(7) 

Mn(1)–C(8) 2.419(2) O(31)–Mn(1)–C(6) 115.34(6) 

Mn(1)–C(9) 2.5088(19) N(1)–Mn(1)–C(7) 120.33(7) 

Mn(1)–C(10) 2.5778(19) N(2)–Mn(1)–C(7) 147.88(7) 
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    Compound 12 is the first structurally characterized manganese alkyl complex containing 

bridging methyl groups. The solid-state structure of 12 (Figure 9) shows that the manganese 

centers have a distorted tetrahedral geometry. The backbone of the chelating ligand is nearly 

planar and the manganese atom is out of this plane (0.56 Å). The central core contains an 

ideally planar four-membered Mn2C2 ring, which bisects and is perpendicular (89.5°) to the 

two chelating ligands around it. The distance between two manganese atoms (2.81 Å) 

indicates a weak interaction rather than a strong Mn-Mn bond.13,46,47 The distance is 

comparable to that of the similar Mn2C2 core reported in the literature such as those in 

Mn2(CH2C6H4NMe2)4
47 (2.81 Å), Mn2(CH2SiMe3)4(PMe3)2

48 (2.77 Å) and 

Mn2(CH2CMe2Ph)4
46 (2.72 Å). The Mn-C bond length (av. 2.27 Å) is in the range of those 

(2.22 - 2.28 Å) in the manganates [Li(TMEDA)]2[MnR4] (R = Me, Et, Bu, CH2SiMe3).
46,49 

 

 

 

Figure 9.  Molecular structure of 12 (35 % probability ellipsoids). Hydrogen atoms 

                          are omitted for clarity. 

 

    Single-crystals suitable for X-ray structural analysis of 13 were obtained by crystallization 

from diethyl ether. The X-ray solid-state structural analysis reveals a mononuclear three-

coordinate manganese center with a terminal phenyl group. The sum of the angles at the 

metal center is 359.9°, which shows that the manganese center has a planar trigonal 

geometry. The six-membered MnN2C3 rings are essentially planar, co-planar with the 

terminal phenyl ring with a mean deviation ∆ = 0.02 Å. The dihedral angle between the 
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terminal Ph ring and the Ph rings of the aryl groups on the nitrogen is 83.9°. The Mn-C bond 

length in 13 is 2.08 Å, which is particularly short compared to those reported for all other 

terminal Mn-Ph derivatives,50 however, in the range of those in MnR2 (R = C(SiMe3)3
51a and 

CH2CMe3
51b) (2.01 - 2.10 Å) possessing two-coordinate manganese(II) atoms. The Mn-N 

bond lengths in 13 are the shortest among those in compounds 7 - 13 probably due to the 

low-coordinated metal center consistent with the theoretical calculated results.   

 

 

 

Figure 10.  Molecular structure of 13 (30 % probability ellipsoids). Hydrogen atoms  

are omitted for clarity. 

 

    DFT calculations were carried out to get further insight into the geometry and electronic 

structure of compound 13. RI-BP86 (TZVP for Mn, SV(P) for the other atoms) with the 

program Turbomole 5.552 was used throughout the calculations except for the localized 

orbital shown in Figure 11, where B3LYP (6-311G(d) for Mn and 6-31G(d) for the other 

atoms) in Gaussian 9853 was used. The reliability of RI-BP86 was tested by comparing the 

optimized geometry with the experimental structure of compound 13. The maximum 

deviation of bond length is less than 0.03 Å and of the bond angle is less than 4°. These 

results show the reliability of the RI-BP86 program compared to the X-ray data of 

compound 13. 

    One aim of the theoretical study was to explain the co-planarity of the Ph ring with the 

chelating ligand. The result distinctively shows that the two rings in vertical position are less 
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stable than in a planar arrangement by 2.9 kcal/mol. However, if the Ar groups on the 

nitrogen are replaced by H atoms, the two rings in a vertical position are more stable than a 

co-planar arrangement by 57.4 kcal/mol, which indicates that the co-planar arrangement of 

the two rings results from the influence of the Ar groups, not the conjugation between the 

two rings. The role of the Ar groups can be attributed to two aspects: one is steric repulsion. 

If the two rings are forced in vertical positions, several short distances between H(Ph) and 

H(Ar) can be found; the other is phenyl-phenyl interaction. In 13 the terminal Ph and the Ar 

groups are nearly in their optimized position for this kind of interaction.54 

 

                

                               A                                                                       B 

Figure 11.  The most extended d orbital of the Mn in 13 (A) and of the Ni in Ni(CO)4 (B). 

 

    The calculated results do not support the existence of significant Mn-C and Mn-N d-π 

conjugation in 13. This is demonstrated by replacment of the terminal Ph group by CH3, 

where the Mn-C d-π conjugation is impossible, while the Mn-C bond length almost does not 

change significantly (2.05 - 2.06 Å). Compound 13 was calculated by the B3LYP method 

(the ligand is replaced by C3H5N2) and the molecular orbital was localized by Boys 

methods,55a the most extended d orbital of Mn was drawn by MOLDEN 3.8 program55b 

(Figure 11). However, when the most extended Ni d orbital of Ni(CO)4 is compared with 

that of Mn in 13, the latter d orbital is well localized around Mn, while in Ni(CO)4 the d 



                                                           Results and Discussion                                                 25 

 

orbitals are reformed and overlap with other atoms. These results indicate that the Mn-C and 

Mn-N bonds have pure σ character and the rather short Mn-C and Mn-N distances are 

attributed to the low coordination number of the central metal. 

 

Table 6.  Selected bond lengths (Å) and bond angles (°) for compounds 12 and 13 

Compound 12 

Mn(1)-N(1) 2.125(2) N(1)-Mn(1)-N(2) 89.68(6) 

Mn(1)-N(2) 2.129(2) N(1)-Mn(1)-C(30) 117.53(8) 

Mn(1)-C(30) 2.241(2) N(2)-Mn(1)-C(30) 117.18(8) 

Mn(1)-C(30A) 2.306(2) N(1)-Mn(1)-C(30A) 114.41(7) 

Mn(1)-Mn(1A) 2.809(1) N(2)-Mn(1)-C(30A) 114.72(8) 

Compound 13 

Mn(1)-N(1) 2.041(3) N(1)-Mn(1)-N(1A) 91.31(16) 

Mn(1)-N(1A) 2.041(3) N(1)-Mn(1)-C(16) 134.27(8) 

Mn(1)-C(16) 2.077(6) N(1A)-Mn(1)-C(16) 134.28(8) 

 

2.2.4.  Reactivity of Compound 9 and Formation of Compounds LMnC3H5(THF) (14) 

and [LMn(µµµµ-CCPh)]2 (15) 

 
    Addition of C3H5MgCl and PhCCLi to 9 in toluene, respectively, at low temperature 

smoothly provided the monomeric compound LMnC3H5(THF) (14) and the dimeric 

compound [LMn(µ-CCPh)]2 (15) in moderate yields (Scheme 8). The efforts to identify 

other species were unsuccessful. Compared to the substitution reactions of the dimer 8 with 

MeLi and PhLi, the reactions of 9 with C3H5MgCl and PhCCLi resulted in easily accessible 

products 14 and 15, which can be purified by recrystallization from hexane.  

    Complexes 14 and 15 are yellow crystalline solids soluble in THF. They are highly 

sensitive to air and moisture. In the EI-MS of 14, [LMnC3H5]
+ is observed at m/z 537 (8%) 

without the coordinated THF, followed by m/z 472 [LMn]+ as the most intense peak. 

Interestingly, the molecular ion M+ at m/z 1146 in the mass spectrum of 15 can be seen albeit 

with very low intensity (1%), followed by [1/2M]+ m/z 573 (40%) and [LMn-H]+ m/z 471 

(100%). The vibration for the bridging -C≡C- group in the IR spectrum of 15 appears at 

2034 cm-1, which is consistent with the decrease of the bond strength of the C≡C unit due to 

the π-interaction with the metal center.56  
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Scheme 8 
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    Complexes 14 and 15 were characterized by single-crystal X-ray diffraction. The 

structures are shown in Figures 12 and 13, respectively. Selected bond lengths and angles are 

given in Table 7. 

    Compound 14 is a monomric species with the allyl ligand bound to the four-coordinate 

manganese center in an η1 arrangement. To the best of our knowledge, 2 is the first 

structurally characterized allyl-manganese complex with η1 bonding of the ligand. The metal 

center is of distorted tetrahedral geometry surrounded by the allyl group, a THF molecule 

and the chelating ligand. The backbone of the chelating ligand is nearly planar with the 

manganese atom out of this plane (0.53 Å), which is nearly in orthogonal position with the 

plane formed by Mn(1), C(6) and O(1). The Mn-C bond length (2.13 Å) is in the range of 

Mn-C single bonds and a little shorter than those in manganese complexes with allyl groups 

in an η3 mode.57 The large difference between the distances of C(7)-C(8) (1.31 Å) and C(6)-

C(7) (1.44 Å) shows there is no significant delocalization of π-electrons in the allyl group. 

The distance between Mn(1) and C(8) (3.88 Å) do not support any bonding interaction. 

Interestingly, both the N-Mn-N angle (92.2°) and the Mn-N bond lengths (av. 2.09 Å) in 14 

are larger than the corresponding ones in 9 (91.3° and 2.08 Å, respectively) due to the 

different trans effect. 

    The solid-state structure of 15 reveals a dimer formed by two bridging phenylethynyl 

groups, which is best described by assuming that Mn(1)-C(30) is a σ-bond, and that the two 

monomer units are linked together through π-bonding by donation of π-electron density of 

one C≡C bond to the empty orbital of the other metal center. To the best of our knowledge, 
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compound 15 is the first structurally characterized dinuclear manganese complex containing 

bridging alkynyl groups. Similar to complexes 9 and 14, the manganese atom is out of the 

chelating ligand plane (0.47 Å). The central core contains an ideal planar four-membered 

Mn2C2 ring, which bisects and is perpendicular (90.8°) to the two chelating ligands around it. 

The distance between the two manganese atoms (3.12 Å) is beyond a Mn-Mn bonding range 

and significantly longer than those in dimeric manganese alkyl complexes [LMn(µ-Me)]2 

(12) (2.81 Å) and Mn2(CH2SiMe3)4(PMe3)2
48 (2.77 Å). This indicates that the bridge 

bonding in 15 is different from those in other dimeric species.48 The carbon-carbon triple 

bond length (1.23 Å) is longer than the accepted average value of 1.21 Å,58 reflecting the π-

interaction between the triple bond and the metal center. Similar bond lengths are observed 

in [CuCl(η2-PhCCMn(CO)3(dppe))]59a (1.23 Å) and {Cu[η2-tBuCCMn(CO)3(dppe)]2}PF6
59b 

(1.24 Å) having alkynyl-manganese groups π-bonded to the copper. Despite the π-

interaction between the triple bond and the metal center in 15, the Mn(1A)-C(30)-C(31) unit 

remains almost linear (177.0°). The Mn-C bond lengths (av. 2.22 Å) are significantly longer 

than those (1.90 - 2.08 Å) in manganese complexes with terminal alkynyl groups.16a    

 

 

 

Figure 12.  Molecular structure of 14 (50 % probability ellipsoids). Hydrogen atoms 

are omitted for clarity. 
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Figure 13.  Molecular structure of 15 (50 % probability ellipsoids). Hydrogen atoms 

are omitted for clarity. 

 

Table 7.  Selected bond lengths (Å) and bond angles (°) for compounds 14 and 15 

Compound 14 

Mn(1)–N(1) 2.0915(16) N(1)–Mn(1)–N(2) 92.19(6) 

Mn(1)–N(2) 2.0948(15) N(1)–Mn(1)–C(6) 123.58(7) 

Mn(1)–C(6) 2.132(2) N(2)–Mn(1)–C(6) 123.35(8) 

Mn(1)–O(1) 2.1632(14) N(1)–Mn(1)–O(1) 102.62(6) 

C(7)–C(8) 1.305(4) N(2)–Mn(1)–O(1) 101.77(6) 

C(6)–C(7) 1.444(3) C(6)–Mn(1)–O(1) 109.60(8) 

Compound 15 

Mn(1)–N(1) 2.0907(18) N(1)–Mn(1)–N(2) 89.60(7) 

Mn(1)–N(2) 2.1045(18) N(1)–Mn(1)–C(30) 119.51(8) 

Mn(1)–C(30) 2.298(2) N(2)–Mn(1)–C(30) 120.78(7) 

Mn(1)–C(30A) 2.133(2) C(30)–Mn(1)–C(30A) 90.55(8) 

Mn(1A)–C(30) 2.133(2) N(1)–Mn(1)–C(30A) 116.68(8) 

Mn(1)–Mn(1A) 3.1202(7) N(2)–Mn(1)–C(30A) 122.72(8) 

C(30)–C(31) 1.226(3) Mn(1A)–C(30)–C(31) 177.17(19) 
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2.3.   Synthesis and Structure of the Dinuclear Manganese Acetate 16 

 

2.3.1.   Synthesis and Spectroscopic Characterization of [LMn(µ-MeCOO)]2 (16)  

 

    Dinuclear manganese complexes bridged by carboxylate groups have attracted great 

attention since such systems are known to exist at the active centers of some manganese-

containing enzymes.60 It was of interest to model the structures and functions of the 

manganese centers in such enzymes. The doubly carboxylate-bridged complex [LMn(µ-

MeCOO)]2 (16) was prepared from 6 and Mn(MeCOO)2 in THF in good yield (Scheme 9). 

However, compound 16 could not be obtained when 5 was used instead of 6.  
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    The molecular ion peak of the dimeric complex 16 in the mass spectrum is not observed, 

whereas half of the molecular mass [1/2M]+ is found at m/z 531 as the most intense peak. 

The IR spectrum of 16 displays the prominent vibrations for the O-C-O part of the bridging 

acetate groups νas(1602 cm-1) and νs(1437 cm-1).  

 

2.3.2.   X-ray Solid-state Structural Analysis of Complex 16 

 

    Compound 16 crystallizes in the monoclinic space group P21/n with four molecules per 

unit cell. The structure of 16 is shown in Figure 14. The central manganese atoms are 

bonded to two nitrogen atoms each from the chelating ligands and two oxygen atoms from 

the two bridging acetates in a distorted tetrahedral fashion. To the best of our knowledge, 

compound 16 is the first example of a doubly carboxylate-bridged complex with four-

coordinate manganese(II). Similar to complexes 7 - 15, the manganese atoms in 16 are out of 

the chelating ligand planes (av. 0.64 Å). Complex 16 contains two peripheral six-membered 

C3N2Mn rings and one central eight-membered C2Mn2O4 macrocycle. The six- and eight-

membered rings are nearly orthogonal to each other as shown by a dihedral angle of 85.8°. 
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    The two acetates are in the bidentate µ1,3 syn-syn bridging mode, which is rare in the 

doubly carboxylate-bridged manganese(II) complexes.60 The Mn-O distances (av. 2.01 Å) 

for the acetate bridges in 16 compare well with those (2.00 - 2.24 Å) observed in the 

manganese complexes adopting the same µ1,3 mode.24 The non-bonding Mn-Mn distance 

(4.32 Å) is in the range (4.15 - 4.79 Å) of those found in comparable manganese(II) 

complexes.60  

 

 

 

Figure 14.  Molecular structure of 16 (50 % probability ellipsoids). Hydrogen atoms 

are omitted for clarity.   

 

Table 8.  Selected bond lengths (Å) and bond angles (°) for compound 16 

Mn(1)–N(1) 2.075(6) N(1)–Mn(1)–N(2) 90.9 (2) 

Mn(1)–N(2) 2.077(6) N(1)–Mn(1)–O(1) 110.9(3) 

Mn(1)–O(1) 2.014(7) N(1)–Mn(1)–O(2) 115.6(3) 

Mn(1)–O(2) 1.991(7) N(2)–Mn(1)–O(1) 110.9(3) 

Mn(2)–N(3) 2.082(6) N(2)–Mn(1)–O(2) 112.3(3) 

Mn(2)–N(4) 2.086(6) O(1)–Mn(1)–O(2) 114.1(3) 

Mn(2)–O(3) 2.012(7) O(3)–Mn(2)–O(4) 117.8(3) 

Mn(2)–O(4) 2.031(7) N(3)–Mn(2)–N(4) 92.0 (2) 

Mn(1)–Mn(2) 4.319(7)   
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2.4.   Synthesis, Structure and Reactivity of Manganese Iodides 17 - 19 Containing the 

Bulky ββββ-Diketiminate Ligand 

 

    Organometallic iodide complexes have unique chemical properties due to the labile M-I 

bond compared to their M-Cl congeners.61 Recent results in our group proved that aluminum 

iodide LAlI2 bearing the β-diketiminate ligand is a good starting material for some 

interesting reactions such as reduction and hydrolysis. For instance, we reported the 

monomeric LAl as a stable carbene analogue by reduction of LAlI2 with potassium.36 

Furthermore, the aluminum dihydroxide LAl(OH)2 with terminal OH groups was obtained 

by hydrolysis of LAlI2 using a liquid NH3/toluene two-phase system.37 Consequently we 

became interested in transition metals and investigated the behavior of Mn iodides bearing 

β-diketiminate ligands. However, the efforts to reduce LMn(µ-I)2Li(OEt2)2 were 

unsuccessful with sodium or potassium, maybe due to the stability of the lithium salt.40a 

Therefore it was of interest to synthesize manganese iodides free of lithium salt and explore 

their reactivity. 

 

2.4.1.   Synthesis and Spectroscopic Characterization of Complexes 17 - 19 

 

    The reaction of MnI2 with one equiv. of LLi(OEt2) (5) in diethyl ether afforded the 

heterobimetallic complex LMn(µ-I)2Li(OEt2)2.
40a Attempts to remove the coordinated 

lithium salt from the manganese center were unsuccessful. However, the reaction of MnI2 

with one equiv. of LK (6) in THF easily gave the monomeric compound LMnI(THF) (17) in 

high yield (87 %) with a coordinated THF at the metal center. The EI-MS of 17 exhibits 

[LMnI]+ (m/z 599) as the most intense peak without the coordinated THF. The formula of 17 

was confirmed by the crystal structure (Figure 15). Attempts to prepare the di-β-diketiminate 

complex by using 2 equiv. of 5 or 6 were unsuccessful.  
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    Refluxing 17 in toluene for 0.5 h and removing all the volatiles in vacuum afforded the 

dimeric compound [LMn(µ-I)]2 (18). Crystals suitable for X-ray analysis were obtained by 

recrystallization from toluene. The EI-MS of 18 does not exhibit the molecular ion peak M+ 

whereas half of the molecular mass [LMnI]+ is observed at m/z 599 (100 %), which shows 

that 18 is monomeric in the gas phase and no indication of fragments containing Mn-Mn 

species, which is consistent with the X-ray solid-state structural analysis. Compound 17 can 

also be obtained by dissolving 18 in THF (Scheme 11).   
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    Compound 17 can be considered as an adduct of a Lewis acid LMnI and a weak Lewis 

base THF. On the one hand, displacement the THF by a strong Lewis base C[N(iPr)C(Me)]2 

(1) readily afforded the carbene adduct LMnI{C[N(iPr)C(Me)]2} (19), which can also be 

obtained by adding 1 to the solution of 18 in toluene. On the other hand we were not able to 

prepare 18 by removing the carbene in 19, which shows that the N-heterocyclic carbene is a 

much stronger σ-donor ligand. Compounds 17-19 are all soluble in polar solvents such as 

THF and toluene and have a poor solubility in hydrocarbon solvents. 
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2.4.2.   X-ray Solid-state Structural Analyses of Complexes 17 and 18 

 

    The X-ray solid-state structural analyses reveal that LMnI(THF) (17) is monomeric and 

[LMn(µ-I)]2 (18) dimeric in the solid state (Figures 15 and 16). In both compounds the 

manganese centers are four-coordinate and display a distorted tetrahedral geometry. The 

backbone of the chelating ligand is nearly planar and the manganese atom is in both 

compounds out of the C3N2 plane (0.62 Å in 17 and 0.43 Å in 18). 

 

 

 

Figure 15.  Molecular structure of 17 (30 % probability ellipsoids). Hydrogen atoms 

are omitted for clarity. 

 

    The terminal Mn-I distance (2.63 Å) in 17 is comparable to the reported values for 

terminal Mn-I bonds such as those in (sima)2MnI62 (2.62 Å) (sima = NSiMe3CPhNSiMe3) 

and MnI2(PEt3)2
26 (av. 2.67) Å), significantly shorter than the bridging Mn-I bonds in 18 

(2.77 and 2.75 Å) and LMn(µ-I)2Li(OEt2)2
40a (2.72 and 2.73 Å). The two manganese atoms 

are bridged by two iodine atoms in 18 and the distance between them is 3.62 Å, which is out 

of the range of a Mn-Mn bond. The Mn2I2 four-membered ring is exactly planar, bisecting 

and perpendicular to the two chelating ligands around it. 
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Figure 16.  Molecular structure of 18 (30 % probability ellipsoids). Hydrogen atoms 

are omitted for clarity. 

 

Table 9.  Selected bond lengths (Å) and bond angles (°) for compounds 17 and 18 

Compound 17 

Mn(1)–N(1) 2.079(3) N(2)–Mn(1)–O(1) 104.28(12) 

Mn(1)–N(2) 2.070(3) N(1)–Mn(1)–O(1) 101.90(1) 

Mn(1)–O(1) 2.155(3) N(2)–Mn(1)–I(1) 124.79(9) 

Mn(1)–I(1) 2.6272(8) N(1)–Mn(1)–I(1) 124.12(9) 

N(2)–Mn(1)–N(1) 93.56(13) I(1)–Mn(1)–O(1) 104.96(8) 

Compound 18 

Mn(1)–N(1) 2.067(2) N(1)–Mn(1)–I(1) 119.04(7) 

Mn(1)–N(1C) 2.067(2) N(1C)–Mn(1)–I(1) 119.04(7) 

Mn(1)–I(1) 2.7484(8) N(1)–Mn(1)–I(1A) 113.02(7) 

Mn(1)–I(1A) 2.7688(7) I(1)–Mn(1)–I(1A) 98.14(2) 

Mn(1A)–I(1) 2.7688(7) Mn(1)–I(1)–Mn(1A) 81.86(2) 

N(1)–Mn(1)–N(1C) 95.57(14)   
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2.4.3. Reactivity of Compound 19 and the Derivative  

LMnNHAr{C[N(iPr)C(Me)]2} (20)  

 

    Reduction of 19 by Na/K alloy at room temperature unexpectedly resulted in the 

formation of the monomeric compound 20 in low yield. Efforts to identify other species 

were unsuccessful. Assuming that Mn(II) complexes are used as radical initiators for radical 

polymerization processes,63 it was tempting to propose that the formation of compound 20 is 

due to the partially decomposition of the intermediate radical [LMnC{N(iPr)C(Me)}2]
•, 

which can not aggregate due to the presence of the bulky N-heterocyclic carbene. In the 

mass spectrum [LMnNHAr]+ was observed at m/z 648 (52 %), followed by [LMn]+ (472, 

100 %). The elemental analyses are consistent with the solid-state structure. Compound 20 

can also be prepared in good yield (76 %) by the reaction of 19 with LiNHAr (Scheme 12). 

 

Scheme 12 

 

2019

N

N

LiI N

N

N

N

Ar

Ar

Mn

NHAr
 Na/K

THF

 LiNHAr

N

N

Ar

Ar

Mn

I

  Ar = 2,6-iPr2C6H3

-

 

 

    Compound 20 crystallizes in the monoclinic space group P21/c with four molecules per 

unit cell. The structure of 20 is shown in Figure 17. The central manganese atom is bonded 

to three nitrogen atoms and one carbene carbon in a distorted tetrahedral fashion. The Mn-C 

distance (2.27 Å) in 20 is in the normal range of those in the manganates 

[Li(TMEDA)]2[MnR4]
64 (2.22 - 2.28 Å) (R = Me, Et, Bu and CH2SiMe3). However it is 

significantly longer than the Mn-C(carbene) distance in extensively studied manganese 

carbonyl carbene complexes CpMn(CO)2CXY (X = Y = Me,65 1.87 Å; X = Y = Ph,66 1.89 Å; 

X = F, Y = Ph,67 1.83 Å; X = OEt, Y = Ph,68 1.87 Å). This may result from two reasons: one 

is the steric repulsion among the bulky substituents; the other is the very weak Mn→C back 

bonding in 20 due to the relatively high energy of the formal empty p(π) orbital of the N-

heterocyclic carbene carbon, which is increased by the N→C bond.4a,69 In this respect, N-

heterocyclic carbenes are different from the usual carbenes, which exhibit rather strong 
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M→C back bonding.68,70 The manganese atom in 20 is out of the carbene plane (0.41 Å) and 

the dihedral angle between the carbene plane and the chelating ligand plane is 108.8°. The 

Mn(1)-N(3) bond length in 20 is 2.06 Å close to those reported in Mn(II) amides.71      

 

 

 

 

Figure 17.  Molecular structure of 20 (50 % probability ellipsoids). Hydrogen atoms 

are omitted for clarity. 

 

Table 10.  Selected bond lengths (Å) and bond angles (°) for compound 20 

Mn(1)–N(1) 2.166(2) N(3)–Mn(1)–N(1) 99.25(7) 

Mn(1)–N(2) 2.133(2) N(2)–Mn(1)–N(1) 88.94(7) 

Mn(1)–N(3) 2.055(2) N(3)–Mn(1)–C(42) 117.46(8) 

Mn(1)–C(42) 2.270(2) N(2)–Mn(1)–C(42) 111.68(8) 

N(3)–Mn(1)–N(2) 123.25(7) N(1)–Mn(1)–C(42) 109.83(7) 
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2.5.   Synthesis, Characterization and Reactivity of the First Complex with Three-

coordinate Manganese(I) 21 

 

2.5.1.   Synthesis and Spectroscopic Characterization of [LMn]2 (21) 

 
    The reduction of the complex [LMn(µ-I)]2 (18) with Na/K alloy in toluene at room 

temperature affords [LMn]2  (21) with three-coordinate manganese(I) as dark red crystals in 

about 15 % yield (Scheme 13). Compound 21 is thermally stable and melts without 

decomposition at 154 - 156 °C. Interestingly, the molecular ion peak of 21 at  m/z 944 can be 

seen, albeit in low intensity (5 %) in the EI mass spectrum. The most intense peak at m/z 472 

corresponds to the monomeric unit.  
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2.5.2   X-ray Solid-state Structural Analysis of Compound 21 

 

    Single crystals of 21 suitable for X-ray structural analysis were obtained from toluene at 4 

°C. The X-ray single-crystal structural analysis of 21 reveals its dimeric nature with a central 

Mn2
2+ core (Figure 18). Each manganese is three-coordinated. The coordination environment 

around each manganese center consists of two nitrogen atoms of the chelating ligand and the 

other manganese atom in a perfectly trigonal planar environment and the sum of the bond 

angles around each manganese averages to 359.4°. Compound 21 contains two C3N2Mn six-

membered rings, where the C3N2 portions of the rings are planar, the manganese atoms are 

significantly out of the planes (av. 0.53 Å). The two six-membered rings are nearly 

orthogonal to each other as shown by a dihedral angle of 80.6°. The Mn-N bonds (av. 2.10 

Å) are slightly longer than that observed in 18 (av. 2.07 Å). Interestingly, the angle N-Mn-N 

(89.82°) in 21 is more acute than that observed in 18 (av. 94.59°). The Mn-Mn distance in 21 

(2.72 Å) is significantly shorter than that in Mn2(CO)10
18 (2.90 Å) with a formal oxidation 

state of 0, a little longer than that in Mn2(CO)7(µ-S2)
72 (2.67 Å) with a formal oxidation state 
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of +1, which compares well to that observed in Mn2(CH2CMe2Ph)4
46 (2.72 Å) with a formal 

oxidation state of +2. This indicates that the Mn-Mn bond in 21 is weak and considered to be 

highly reactive.  

 

 

 

Figure 18.  Molecular structure of 21 (30 % probability ellipsoids). Hydrogen atoms  

are omitted for clarity. 

 

Table 11.  Selected bond lengths (Å) and bond angles (°) for compound 21 

Mn(1)–N(1) 2.097(2) N(1)–Mn(1)–N(2) 89.72(9) 

Mn(1)–N(2) 2.101(2) N(1)–Mn(1)–Mn(2) 139.96(6) 

Mn(1)–Mn(2) 2.721(1) N(2)–Mn(1)–Mn(2) 129.67(6) 

Mn(2)–N(3) 2.116(2) N(3)–Mn(2)–N(4) 89.92(8) 

Mn(2)–N(4) 2.094(2) N(3)–Mn(2)–Mn(1) 141.26(6) 

 

2.5.3.   Reactivity of Compound 21 and the Derivative [LMn(µµµµ-O)]2 (22) 

 

    Stirring a mixture of 21 and excess KMnO4 in toluene at room temperature for 2 d 

smoothly afforded the dimeric oxide [LMn(µ-O)]2 (22) as red crystals. Interestingly, the 

molecular ion peak of 22 in the EI-MS appears as the most intense peak at m/z 976.  
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Scheme 14 
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    The molecular structure of 22 is shown in Figure 19. This compound contains two 

peripheral six-membered C3N2Mn rings and one central four-membered Mn2O2 ring. Each 

manganese center is tetrahedrally coordinated. The dihedral angle between the six- and the 

four-membered rings is 39.9°. Compound 22 is the first example of bis(µ-O) complexes with 

four-coordinate Mn(III) centers. The Mn-O distances in 22 average to 1.82 Å and are in the 

normal range (1.79 - 1.86 Å) for Mn-O bond lengths observed in other compounds.73 The 

Mn-Mn distance in 22 is 2.66 Å, which is the shortest separation observed in bis(µ-O) 

dimanganese(III) complexes.73 

 

 

 

Figure 19.  Molecular structure of 22 (30 % probability ellipsoids). Hydrogen atoms 

are omitted for clarity. 
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Table 12.  Selected bond lengths (Å) and bond angles (°) for compound 22 

Mn(1)–N(1) 2.013(2) N(1)–Mn(1)–N(2) 90.28(8) 

Mn(1)–N(2) 2.013(2) N(1)–Mn(1)–O(1) 96.64(8) 

Mn(1)–O(1) 1.809(2) N(2)–Mn(1)–O(1) 157.90(9) 

Mn(1)–O(1A) 1.827(2) O(1)–Mn(1)–O(1A) 85.99(7) 

Mn(1)–Mn(1A) 2.659(1) N(1)–Mn(1)–O(1A) 156.26(8) 

 

 

2.6. Synthesis and Structure of the Dinuclear Manganese Compound Containing  

a Bulky Diamide Ligand  

 

    Considering the recent success in the synthesis of complexes of main-group elements, 

transition metals and lanthanides with unusual properties with the bulky β-diketiminate 

ligand [HC(CMeNAr)2] (Ar = 2,6-iPr2C6H3),
35 we were interested in investigating the 

behavior of the bulky chelating diamide ligand [ArN(CH2)3NAr]2-, comparable in steric 

properties with the β-diketiminate ligand and expected to result in interesting new 

organometallic chemistry. The bulky chelating diamide ligand [ArN(CH2)3NAr]2- was 

previously used by McConville and co-workers as a non-Cp ligand to prepare group 4 

complexes, which can catalyze olefin polymerization under ‘living’ conditions.74 Cloke and 

Roesky et al. reported on lanthanide complexes bearing this ligand.75 Recently we isolated 

the aluminum hydride [ArN(CH2)3NAr]LAlH(NMe3) and its derivatives 

{[ArNH(CH2)3NAr]Al}2(µ-E)2 (E = S, Se and Te) by hydrogen transfer from chalcogen to 

nitrogen.76  

 

2.6.1.   Synthesis and Spectroscopic Characterization of [ArN(CH2)3NAr][Li(OEt2)]2 

(23) and Mn2[ArN(CH2)3NAr]2 (24) 

 

    The lithiation of ArNH(CH2)3NHAr with 2 equiv. of MeLi in diethyl ether smoothly 

proceeded to afford [ArN(CH2)3NAr][Li(OEt2)]2 (23) as colorless crystals in high yield 

(Scheme 15). The existence of the coordinated diethyl ether molecules has been confirmed 

by 1H NMR, elemental analysis, and X-ray solid-state structural analysis. The dilithium salt 

23 is soluble in diethyl ether and stable under an inert atmosphere and is a useful reagent for 

metathesis reactions with metal halides.  
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Scheme 15 
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    The reaction of 23 with one equiv. of anhydrous MnCl2 in diethyl ether at low temperature 

smoothly provided the dimeric compound Mn2[ArN(CH2)3NAr]2 (24) in good yield (Scheme 

16). The same compound was obtained even when 2 equiv. of MnCl2 were employed. 

Complex 24 is soluble in CH2Cl2 and THF and has a moderate solubility in diethyl ether and 

toluene. Compound 23 is a colorless solid while 24 is a yellow-green crystalline solid. 

Complexes 23 and 24 have been characterized by EI-MS, 1H NMR, IR and X-ray solid-state 

structural analysis. The molecular ion peak of 24 in the EI mass spectrum is observed at m/z 

894 (49 %), followed by the most intense peak at m/z 705 [M-CH2NAr]+.  
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2.6.2.   X-ray Solid-state Structural Analyses of Compounds 23 and 24  

 

    The X-ray solid-state structural analysis of 23 (Figure 20) reveals a monomer with two 

three-coordinated lithium atoms. Each of the lithium atoms is bonded to two nitrogen atoms 

of the chelating ligand and one oxygen atom of the coordinated ether. It is better to describe 

the coordination sphere of the Li atoms as trigonal planar rather than trigonal pyramidal. 
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Two C3N2Li six-membered rings are formed, one displays a boat conformation while the 

other is in a chair conformation. The interplanar angle between the central two LiN2 planes is 

43.8°. The Li-N distances are in the normal range 1.94-2.15 Å.71 In addition, there are some 

very close contacts between Li(1), Li(2) and various carbon and hydrogen atoms from the 

chelating ligand: Li(1)-H(26a) 2.29(4) Å, Li(2)-C(2) 2.36(2) Å, and Li(2)-H(2a) 2.02(4) Å. 

Similar contacts have been observed in [LiArN(CH2)2NArLi]2.
71        

 

 

 

Figure 20.  Molecular structure of 23 (50 % probability ellipsoids). Hydrogen atoms 

are omitted for clarity. 

 

     Mn2[ArN(CH2)3NAr]2 (24) crystallizes in the triclinic space group P-1. The dimer is 

formed through two bridging nitrogen atoms. The central core contains a nonplanar Mn2N2 

four-membered ring, which is in a butterfly configuration with the dihedral angle of 28.6°. 

This arrangement is caused by the strain of the bulky aryl groups. Each metal atom is 

surrounded by three nitrogen atoms and out of this plane formed by them about 0.33 Å, so 

that both metal atoms are in a trigonal pyramidal geometry. The two ligands chelate two 

metal atoms to fuse two six-membered MnN2C3 rings, which display a boat conformation 

with the two metal atoms at the stern and the corresponding opposite carbon atoms at the 

bow. The manganese atom is about 0.17 Å out of the plane formed by the two carbon and 

two nitrogen atoms. The opposite carbon atom is about 0.72 Å out of the plane.  
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    The ligand in complex 24 is both chelating and bridging, so that one of the nitrogen atoms 

is three-coordinate and the other four-coordinate. To the best of our knowledge, complex 24 

is the first example with the diamide ligand in such a bonding mode. The terminal Mn-N 

distances (av. 1.93 Å) are significantly shorter than those of the corresponding bridging ones 

(av. Mn-N 2.10 Å). The terminal and bridging Mn-N distances in 24 are about 0.06 Å 

shorter than the corresponding distances in the dimeric silylamide Mn2[N(SiMe3)2]4.
77 The 

terminal Mn-N bond lengths are even shorter than those found in amides with two 

coordinate metal centers Mn[N(SiMePh2)2]2 (1.99 Å).78 This possibly results from the strong 

N→Si interaction in the silylamide.79  

    The Mn-Mn distance in complex 24 is 2.69 Å, which indicates that there is some bonding 

interaction between the metal centers. The distance is significantly shorter than those in the 

commonly planar Mn2N2 four-membered rings.77,79 

 

 

 

 

Figure 21.  Molecular structure of 24 (50 % probability ellipsoids). Hydrogen atoms 

are omitted for clarity. 
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2.6.3.   Magnetic Susceptibility Measurement of Compound 24 

 

    The temperature dependence of the molar magnetic susceptibility χm and χmT for 

compound 24 is displayed in Figure 22. The plots of χmT(T)-T for the compound indicate 

the magnetic behavior with antiferromagnetic exchange interaction between the nearest 

neighboring spins. The value of χmT at 300 K is estimated to 6.82 emu⋅K⋅mol-1, which is 

lower than those of the spin-only value (s = 5/2 Mn(II)2 dimer). This reveals that there exists 

antiferromagnetic exchange interaction between the two metal atoms. 
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Figure 22. The plots of χm(T)-T and χmT(T)-T for compound 24. 
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Table 13.  Selected bond lengths [Å] and bond angles [°] for compounds 23 and 24 

Compound 23 

Li(1)-O(1) 1.894(11) O(1)-Li(1)-N(2) 118.3(5) 

Li(1)-N(1) 1.999(10) N(1)-Li(1)-N(2) 96.8(5) 

Li(1)-N(2) 1.971(10) O(1)-Li(1)-Li(2) 163.6(6) 

Li(1)-Li(2) 2.514(13) N(1)-Li(1)-Li(2) 51.9(3) 

Li(2)-N(1) 2.028(10) N(2)-Li(1)-Li(2) 52.4(3) 

Li(2)-N(2) 2.039(10) O(2)-Li(2)-N(1) 144.0(5) 

Li(2)-O(2) 1.949(10) O(2)-Li(2)-N(2) 114.2(5) 

O(1)-Li(1)-N(1) 142.8(6) N(1)-Li(2)-N(2) 93.7(4) 

Compound  24 

Mn(1)-N(1) 1.932(2) N(1)-Mn(1)-N(2) 106.79(10) 

Mn(1)-N(2) 2.126(3) N(1)-Mn(1)-N(3) 146.55(9) 

Mn(1)-N(3) 2.078(3) N(2)-Mn(1)-N(3) 96.72(10) 

Mn(1)-Mn(2) 2.690(2) N(1)-Mn(1)-Mn(2) 133.93(8) 

Mn(2)-N(2) 2.093(3) N(2)-Mn(1)-Mn(2) 49.86(8) 

Mn(2)-N(3) 2.128(3) N(3)-Mn(1)-Mn(2) 51.07(8) 

Mn(2)-N(4) 1.935(2) Mn(1)-N(2)-Mn(2) 79.20(9) 
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3.   Summary and Outlook 

 

3.1.   Summary  

 

    In this thesis, N-heterocyclic carbenes, β-diketiminates and diamide ligands have been 

employed as supporting moieties for manganese compounds. The experimental results 

demonstrate that steric bulk and additional intramolecular coordination of these ligands can 

stabilize some unusual and unique compounds, which otherwise are inaccessible. In 

addition, these compounds may be useful as starting materials for further reactions. 

    The stable N-heterocyclic carbene adducts {[C(Me)N(iPr)]2C}2MnX2 (X = Cl (2), I (3), 

MeCOO (4)) were obtained from the reactions of the N-heterocyclic carbene 

[C(Me)N(iPr)]2C (1) and the corresponding manganese(II) reagents in THF, respectively. 

The X-ray solid-state structural analyses show that all complexes 2 - 4 are monomeric and 

the N-heterocyclic carbene ligands in these complexes are differently arranged around the 

central metal atoms.  

 

               
 

 
Structures of 2 and 3 

 

    The metalate compound LMn(µ-Cl)2Li(OEt2)2 (7) (L = HC(CMeNAr)2, Ar = 2,6-iPrC6H3) 

and dimeric compound [LMn(µ-Cl)]2 (8) were synthesized from the reaction of MnCl2 with 

LLi(OEt2) (5) and LK (6) in diethyl ether, respectively. However, the reaction of 

MnCl2(THF)1.5 and LK (6) afforded the trinuclear complex LMn(µ-Cl)2Mn(THF)2(µ-

Cl)2MnL (9) in THF. This obviously indicates the reaction is solvent dependent. Attempts to 

prepare the di-β-diketiminate complex by using 2 equiv. of 5 or 6 were unsuccessful. The 



                                                              Summary and Outlook                                              47 

 

molecular structures of compounds 7 - 9 have been determined by X-ray solid-state 

structural analyses. 

 

 

                       

 

 

Structures of 4 and 7 

 

   

        

 

Structures of 8 and 9 

 

    When the N-heterocyclic carbene [C(Me)N(iPr)]2C (1) was employed as the acceptor for 

the proton of LH, the novel ionic compound [LMnCl2][{C(Me)N(iPr)}2CH] (10) was easily 

obtained in high yield from the reaction of LH, MnCl2(THF)1.5 and 1 in THF.  
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    Treatment of 8 with CpNa, MeLi and PhLi resulted in the formation of the 

organomanganese(II) complexes LMnCp(THF) (11), [LMn(µ-Me)]2 (12) and LMnPh (13), 

respectively. Compound 11 is a rare example of a half-sandwich manganese(II) complex 

with the metal center of 17 valence electrons. Compound 12 is the first structurally 

characterized manganese alkyl complex containing bridging methyl groups. The structure of 

13 shows a coplanar arrangement of the phenyl group and the chelating ligand around the 

three-coordinate metal center. 

 

           

             

             Structure of the anion of 10                                                   Structure of 11 

     

         

 

Structures of 12 and 13    

  

    The reactivity of 9 was examined. Addition of C3H5MgCl and PhCCLi to 9 in toluene, 

respectively, readily provided the monomeric compound LMnC3H5(THF) (14) and the dimer 

[LMn(µ-CCPh)]2 (15). Attempts to identify other species were unsuccessful. Compound 14 
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is the first structurally characterized manganese complex with an η1 bonding allyl group. 

The structure of 15 reveals a dimer formed by two bridging phenylethynyl groups, which is 

the first structurally characterized dinuclear manganese complex containing bridging alkynyl 

groups.  

 

           

 

Structures of 14 and 15 

 

    [LMn(µ-MeCOO)]2 (16), the first example of a doubly carboxylate-bridged complex with 

four-coordinate manganese(II), was prepared from the reaction of 6 and Mn(MeCOO)2 in 

THF. The structure of 16 is shown below. 
 
 
 

                                  

 

Structures of 16 and 17 
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    The monomeric compound LMnI(THF) (17) was isolated from the reaction of LK (6) and 

MnI2 in THF. Refluxing 17 in toluene and removal of the volatiles in vacuum afforded the 

dimer [LMn(µ-I)]2 (18). Compound 17 can also be obtained by dissolving 18 in THF. 

Displacement of the THF by the strong Lewis base [C(Me)N(iPr)]2C (1) readily afforded the 

carbene adduct LMnI{C[N(iPr)C(Me)]2} (19), which can also be obtained by adding 1 to the 

solution of 18 in toluene. Complexes 17 and 18 have been characterized by X-ray solid-state 

structural analyses.  

    Reduction of 19 by Na/K alloy, unexpectedly, resulted in the formation of the monomer 

LMnNHAr{C[(N(iPr)C(Me)]2} (20), which can also be prepared by the reaction of 19 with 

LiNHAr. The Mn-C distance is comparable to those in complexes 2 - 4.  

 

                           

 

Structures of 18 and 20 

 

    Reduction of the dimeric iodide [LMn(µ-I)]2 (18) with Na/K alloy in toluene, as 

anticipated, afforded the first compound with three-coordinate manganese(I) [LMn]2 (21) 

containing a Mn-Mn bond. A mixture of 21 and excess KMnO4 in toluene afforded the 

dimeric oxide [LMn(µ-O)]2 (22), which is the first example of a doubly oxo-bridged 

complex with four-coordinate Mn(III) centers.  

    The reaction of ArNH(CH2)3NHAr with 2 equiv. of MeLi in diethyl ether resulted in the 

formation of the monomeric dilithium salt [ArN(CH2)3NAr][Li(OEt2)]2 (23) in high yield. 

Further reaction of 23 with MnCl2 affords the complex Mn2[ArN(CH2)3NAr]2 (24) with 

three-coordinate metal centers. Both compounds 23 and 24 were characterized by X-ray 

solid-state structural analyses. The two complexes contain nonplanar M2N2 central cores. 
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Structures of 21 and 22 

 

    

        

 

 
Structures of 23 and 24 
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3.2.   Outlook 

 

    The focus of the work reported here has been on the synthesis, structure and reactivity of 

manganese compounds bearing N-heterocyclic carbenes, bulky diketiminates and diamide 

ligands. Some important compounds, for instance, the N-heterocyclic carbene adducts, the 

organomanganese complexes, and the first compound with three-coordinate manganese(I), 

were synthesized and structurally characterized for the first time. The reactivities of such 

compounds were checked preliminarily. 

    A continuation of this work would be: 

    •   Further reactions of the manganese N-heterocyclic carbene complexes;  

    •   Exploration of possible applications of the organomanganese complexes in organic 

synthesis and catalysis; 

    •   Synthesis of compounds involving [Mn(µ-E)]2 cores (E = S, Se, Te). 
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4.   Experimental Section 

 

4.1.   General procedures 

 

    All experimental manipulations, unless otherwise stated, were carried out in an oxygen-

free dry dinitrogen atmosphere using Schlenk glassware and techniques.80 The handling of 

solid samples and the preparation of samples for spectral measurements were carried out 

inside a MBraun MB150-GI glove-box where the O2 and H2O levels were normally kept 

below 1 ppm. The glassware used in all the manipulations was oven-dried at 150 °C for a 

minimum of 5 h before use, cooled to ambient temperature in vacuo, and flushed with 

nitrogen.  

    Melting points were determined in sealed capillaries on a Bühler SPA-1 apparatus.  

    Elemental analyses were carried out by the Analytical Laboratory of the Institute of 

Inorganic Chemistry at the Universität Göttingen. 

    1H, 7Li, and 13C NMR spectra (CDCl3 or C6D6 solutions) were recorded on Bruker AM-

250, AM-300 and AM-500 instruments. 7Li NMR spectra were recorded 1H decoupled. The 

chemical shifts were reported in ppm with reference to external standards, more explicitly, 

SiMe4 for 1H and 13C nucleus and LiCl/D2O for 7Li nucleus. All NMR grade solvents were 

dried prior to use and the samples for measurements were freshly prepared in the glove-box. 

    EI-mass spectra were obtained on Finnigan MAT 8230 and Varian MAT CH5 

spectrometers. Only the highest peak of the respective isotopic distribution is given.  

    IR spectra were recorded on a Bio-Rad Digilab FTS-7 spectrometer as Nujol mulls on 

KBr plates. Intensities were abbreviated as follows: vs (very strong), s (strong), m (medium), 

w (weak). 

    EPR spectra were recorded on a Bruker Elexsys E 500 X-band spectrometer. All samples 

were measured as crystalline powders in an argon atmosphere at room temperature using a 

modulation frequency of 100 KHz, 3 - 5 G modulation amplitude, about 9.42 GHz 

microwave frequency and microwave power in the range between 2 and 10 mW as 

spectrometer settings. 

    The magnetic susceptibility measurements were carried out with a Quantum-Design-

MPMS-5S-SQUID-Magnetometer in the range from 300 K to 2 K. The powdered sample 

was placed in a gel bucket and fixed in a non-magnetic sample holder. 
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    X-ray structure determinations: Crystals were mounted on glass fibers in a rapidly cooled 

perfluoropolyether. Diffraction data of structures 2, 3, 4, 7, 8, 10, 16, 17, 18, 23 and 24 were 

collected on a Stoe-Siemens-Huber four-circle diffractometer coupled to a Siemens CCD 

area detector and data of structures 9, 11, 12, 13, 14, 20, 21 and 22 were collected on a Stoe 

IPDS II-array detector system using Mo-Kα radiation (λ = 0.71073 Å). Data of structure 15 

were collected on a Bruker three-circle diffractometer equipped with a SMART 6000 CCD 

detector using Cu-Kα radiation (λ = 1.54178 Å). The structures were solved by direct 

methods using the program SHELXS-9781 and refined using F2 on all data by full-matrix-

least-squares with SHELXL-97.82 All non-hydrogen atoms were refined anisotropically. All 

hydrogen atoms were included in the model at geometrically calculated positions and refined 

using a riding model. Crystal data for all the compounds related to the data collection, 

structure solution, and refinement are summarized in the tables of Section 6. 

 

4.2.   Starting materials 

 

    The starting materials, [C(Me)N(iPr)]2C
83 (1),  LH,84 LLi(OEt2)

38 (5) (L = 

{HC(CMeNAr)2}, Ar = 2,6-iPrC6H3), ArNH(CH2)3NHAr74c and MnCl2(THF)1.5
85 were 

synthesized as described in the literature. Anhydrous MnCl2 was obtained by dehydration of 

MnCl2(H2O)4.
86 Other chemicals used in this work were purchased from Aldrich Chemical 

Co, ACROS, and Fluka Co and used without further purification. The NMR spectra of the 

manganese complexes are not available due to the paramagnetic property of manganese(II).  

 

4.3.   Synthesis 

 

4.3.1.   Synthesis of {[C(Me)N(iPr)]2C}2MnCl2 (2) 

 

    THF (40 mL) was added to a mixture of 1 (0.72 g, 4 mmol) and MnCl2(THF)1.5 (0.47 g, 2 

mmol) at room temperature. The suspension was stirred for 13 h. The solvent was 

concentrated to ca. 3 mL and the colorless precipitate was collected by filtration.  
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2: Yield: 0.88 g (91 %). Mp: 268 - 270 °C. C22H40Cl2MnN4 (486.42): calcd. C 54.27, H 8.22, 

N, 11.51; found C 54.3, H 8.2, N 11.5. IR (Nujol mull, cm-1): ν~  = 1629 (m), 1552 (w), 1401 

(m), 1376 (s), 1360 (s), 1262 (w), 1218 (m), 1168 (w), 1136 (m), 1107 (w), 1070 (m), 1023 

(w), 968 (w), 931 (w), 905 (w), 885 (w), 803 (w), 751 (m), 722 (m), 674 (w), 544 (m), 412 

(w). 

 

4.3.2.   Synthesis of {[C(Me)N(iPr)]2C}2MnI2 (3) 

 

    The procedure is the same as that described for 2 with MnI2 (0.62 g, 2 mmol) instead of 

the MnCl2(THF)1.5. 

 

3: Yield: 1.03 g (77 %). Mp: 273 - 283 °C. C22H40I2MnN4 (669.32): calcd. C 39.46, H 5.98, 

N 8.37; found C 39.5, H 6.0, N 8.3. IR (Nujol mull, cm-1): ν~  = 1629 (m), 1552 (w), 1398 

(m), 1377 (s), 1364 (s), 1291 (w), 1262 (w), 1219 (m), 1191 (w), 1168 (w), 1136 (m), 1109 

(w), 1071 (m), 1023 (w), 968 (w), 931 (w), 905 (w), 886 (w), 848 (w), 803 (w), 750 (m), 722 

(m). 

 

4.3.3.   Synthesis of {[C(Me)N(iPr)]2C}2Mn(MeCOO)2 (4) 

 

    THF (40 mL) was added to a mixture of 1 (0.72 g, 4 mmol) and Mn(MeCOO)2 (0.34 g, 2 

mmol) at room temperature. A clear solution was obtained immediately and stirred for 6 h. 

The solution was concentrated to ca. 5 mL and kept at -26 °C for 3 d to give colorless 

crystals of 4. 

 

4: Yield: 0.86 g (81 %). Mp: 156 - 158 °C. C26H46MnN4O4 (532.96): calcd. C 58.54, H 8.63, 

N 10.51; found C 58.6, H 8.7, N 10.1. IR (Nujol mull, cm-1): ν~  = 1750 (w), 1695 (w), 1628 

(s), 1599 (vs), 1573 (s), 1406 (s), 1323 (m), 1260 (m), 1238 (w), 1222 (m), 1195 (w), 1167 

(w), 1138 (m), 1112 (m), 1073 (w), 1048 (w), 10231 (w), 917 (w), 908 (w), 888 (w), 804 (s), 

751 (m), 722 (m), 658 (s), 648 (w), 616 (m), 544 (m), 483 (w), 457 (w), 411 (w). 
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4.3.4.   Synthesis of LK (6) 

 

    A suspension of KH (0.18 g, 4.5 mmol) and LH (1.67 g, 4 mmol) in diethyl ether (50 mL) 

was stirred at room temperature for 1 d. After filtration, the light yellow filtrate was 

concentrated to ca. 5 mL and kept at -26 °C for 24 h to afford a crystalline solid.  

 

6: Yield: 1.59 g (87 %). 1H NMR and elemental analyses are consistent with those in the 

literature.39 

 

4.3.5.   Synthesis of LMn(µµµµ-Cl)2Li(OEt2)2 (7) 

 

    LLi(OEt2) (5) (1.0 g, 2 mmol) in diethyl ether (15 mL) was added to a suspension of 

MnCl2 (0.25 g, 2 mmol) in diethyl ether (40 mL) at -78 °C. The mixture was warmed to 

room temperature and stirred for 14 h. The resulting precipitate was removed by filtration. 

The solution was concentrated to a volume of 10 mL. Yellow crystals of 7 were obtained at -

26 °C after 2 d.  

 

7: Yield: 1.13 g (81 %). Mp: > 270 °C (dec.). C37H61Cl2LiMnN2O2 (698.66): calcd. C 63.55, 

H 8.73, N 4.01; found C 63.1, H 8.5, N 4.5. EI-MS: m/z (%) 507 (100) [M-LiCl(OEt2)2]
+. IR 

(Nujol mull, cm-1): ν~  = 1624 (w), 1539 (w), 1523 (m), 1398 (m), 1366 (w), 1316 (m), 1262 

(m), 1231 (w), 1176 (w), 1099 (m), 1056 (w), 1022 (m), 934 (w), 873 (w), 853 (w), 795 (m), 

759 (w), 722 (w), 636 (w), 600 (w), 527 (w), 452 (w). 

 

4.3.6.   Synthesis of [LMn(µµµµ-Cl)]2 (8) 

 

    LK (6) (0.91 g, 2 mmol) in diethyl ether (15 mL) was added to a suspension of MnCl2 

(0.25 g, 2 mmol) in diethyl ether (40 mL) at -78 °C. The mixture was warmed to room 

temperature and stirred for 14 h. The resulting precipitate was removed by filtration. The 

solution was concentrated to a volume of 10 mL. Yellow crystals of 8 were obtained after 1 

d at -26 °C.  

 

8: Yield: 0.88 g (87 %). Mp: > 400 °C. C58H82Cl2Mn2N4 (1016.06): calcd. C 68.54, H 8.13, 

N 5.52; found C 68.8, H 8.2, N 5.2. EI-MS: m/z (%) 507 (100) [1/2M]+. IR (Nujol mull, cm-
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1): ν~  = 1656 (w), 1623 (w), 1592 (w), 1553 (w), 1528 (w), 1326 (w), 1292 (w), 1261 (m), 

1175 (m), 1098 (m), 1025 (m), 936 (w), 801 (m), 758 (w), 722 (w), 664 (w), 618 (w), 541 

(w), 466 (w).  

 

4.3.7.   Synthesis of LMn(µµµµ-Cl)2Mn(THF)2(µµµµ-Cl)2MnL (9) 

 

    LK (6) (0.91 g, 2 mmol) in THF (15 mL) was added to a suspension of MnCl2(THF)1.5 

(0.70 g, 3 mmol) in THF (40 mL) at -78 °C. The mixture was warmed to room temperature 

and stirred for 14 h. The precipitate was removed by filtration. The solution was 

concentrated to ca. 10 mL and kept at 4 °C for 24 h to give yellow crystals. The crystals 

were collected by filtration and the mother liquor was concentrated to ca. 5 mL and kept at -

26 °C for 24 h to give additional crystals.  

 

9: Yield: 1.28 g (81 %). Mp: > 400 °C. C66H98Cl4Mn3N4O2 (1286.51): calcd. C 61.56, H 

7.62, N 4.35; found C 61.6, H 7.5, N 4.2. EI-MS: m/z (%) 507 (100) [LMnCl]+. IR (Nujol 

mull, cm-1): ν~  = 1525 (m), 1400 (w), 1316 (s), 1292 (w), 1263 (s), 1230 (w), 1176 (w), 

1100 (s), 1098 (m), 1075 (m), 1056 (m), 1022 (s), 934 (w), 852 (w), 794 (s), 758 (m), 721 

(w), 636 (w), 527 (w), 468 (w), 452 (w).  

 

4.3.8.   Synthesis of [LMnCl2][{C(Me)N(iPr)}2CH] (10) 

 

    THF (40 mL) was added to a mixture of MnCl2(THF)1.5 (0.47 g, 2 mmol), LH (0.83 g, 2 

mmol) and [C(Me)N(iPr)]2C (0.36 g, 2 mmol) at room temperature. The resulting suspension 

was stirred for 12 h and a clear yellow solution was obtained. The solution was concentrated 

to ca. 10 mL and kept at 4 °C. Yellow crystals were obtained after 3 d.  

 

10: Yield: 1.23 g (85 %). Mp: > 210 °C (dec.). C40H62Cl2MnN4 (724.78): calcd. C 66.23, H 

8.55, N 7.73; found C 65.9, H 8.8, N 7.5. EI-MS: m/z (%) 723 (2) [M-H]+, 507 (43) 

[LMnCl]+, 202 (100) [ArNCCH3]
+, 181 (52) [{C(Me)N(iPr)}2CH]+. IR (Nujol mull, cm-1): 

ν~  = 3126 (w), 3058 (w), 1663 (w), 1628 (w), 1551 (m), 1542 (m), 1516 (m), 1438 (s), 1400 

(s), 1321 (s), 1263 (s), 1232 (m), 1193 (w), 1177 (m), 1143 (w), 1101 (s), 1056 (w), 1023 

(s), 962 (w), 936 (m), 868 (w), 849 (w), 799 (s), 792 (s), 764 (m), 758 (m), 721 (w), 652 (w), 

630 (w). 
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4.3.9.   Synthesis of LMnCp(THF) (11) 

 

    CpNa (0.6 mL, 2.0 M in THF, 1.2 mmol) was added to a solution of 8 (0.51 g, 0.5 mmol) 

in THF (20 mL) at -78 °C. The mixture was allowed to warm to room temperature and 

stirred for 14 h. All volatiles were removed in vacuum and the residue was extracted with 

toluene (15 mL). The yellow solution was concentrated to ca. 10 mL and kept at room 

temperature for 2 d to give yellow crystals. The crystals were collected by filtration and the 

filtrate was concentrated and kept at 4 °C for 7 d to give additional crystals.  

 

11: Total yield: 0.52 g (86 %). Mp: 210 - 212 °C. C38H54MnN2O (609.77): calcd. C 74.88, H 

8.87, N 4.60; found C 74.5, H 8.8, N 4.6. EI-MS: m/z (%) 537 (100) [M]+, 472 (92) [LMn]+. 

IR (Nujol mull, cm-1): ν~ = 1653 (w), 1542 (w), 1521 (m), 1401 (m), 1315 (m), 1262 (s), 

1231 (w), 1172 (w), 1098 (s), 1056 (m), 1028 (s), 933 (w), 872 (w), 846 (w), 793 (s), 765 

(w), 751 (m), 721 (m), 667 (w), 601 (w), 466 (w).  

 

4.3.10.   Synthesis of [LMn(µµµµ-Me)]2 (12) 

 

    MeLi (1.5 mL, 1.6 M in diethyl ether, 2.4 mmol) was added to a suspension of 8 (1.01 g, 1 

mmol) in toluene (40 mL) at -78 °C. The mixture was allowed to warm to room temperature 

and stirred for 14 h. All the volatiles were removed in vacuum and the residue was extracted 

with hexane (2 × 20 mL). The yellow solution was concentrated to ca. 20 mL and kept at 

room temperature for 24 h to give yellow solids of 12 containing a small amount of 8. 

Recrystallization of the solid from pentane was repeated two times and crystals were 

obtained. The crystals were collected by filtration and the filtrate was concentrated and kept 

at 4 °C for one week to give additional crystals.  

 

12: Total yield: 0.51 g (52 %). Mp: 190 - 192 °C. C60H88Mn2N4 (975.22): calcd. C 73.83, H 

9.02, N 5.74; found C 73.3, H 8.8, N 5.6. EI-MS: m/z (%) 487 (6) [LMnMe]+, 472 (100) 

[LMn]+. IR (Nujol mull, cm-1): ν~ = 1658 (w), 1624 (w), 1589 (w), 1552 (w), 1525 (w), 1314 

(w), 1261 (m), 1174 (w), 1098 (w), 1040 (w), 1021 (w), 936 (w), 798 (m), 759 (w), 721 (w), 

662 (w), 563 (w).  
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4.3.11. Synthesis of LMnPh (13) 

 

    The precedure is the same as that described for 12 with PhLi (2.4 mL, 1.0 M in diethyl 

and cyclohexane, 2.4 mmol) instead of MeLi. 

 

13: Yield: 0.71 g (65 %). Mp: 230 - 232 °C. C35H46MnN2 (549.68): calcd. C 76.41, H 8.37, 

N 5.09; found C 75.7, H 8.1, N 4.9. EI-MS: m/z (%) 549 (3) [M]+, 471 (100) [M-C6H6]
+. IR 

(Nujol mull, cm-1): ν~ = 1660 (w), 1640 (w), 1625 (w), 1590 (w), 1553 (w), 1531 (w), 1312 

(w), 1261 (m), 1170 (w), 1095 (m), 1021 (m), 937 (w), 873 (w), 799 (m), 761 (w), 724 (w), 

674 (w), 643 (w), 613 (w), 604 (w), 583 (w), 525 (w), 463 (w). 

 

4.3.12.   Synthesis of LMnC3H5(THF) (14) 

 

    C3H5MgCl (1.1 mL, 2.0 M in THF, 2.2 mmol) was added to a suspension of 9 (0.64 g, 0.5 

mmol) in toluene (20 mL) at -78 °C. The mixture was allowed to warm to room temperature 

and stirred for 14 h. All volatiles were removed in vacuum and the residue was extracted 

with hexane (2 × 15 mL). The yellow solution was concentrated to ca. 15 mL and kept at 4 

°C for 48 h to give yellow crystals. The crystals were collected by filtration and the filtrate 

was concentrated and kept at -26 °C for 7 d to give additional crystals of 14.  

 

14: Total yield: 0.25 g (43 %). Mp: > 173 °C (dec.). C36H54MnN2O (585.75): calcd. C 73.75, 

H 9.22, N 4.78; found C 74.1, H 9.0, N 4.6. EI-MS: m/z (%) 513 (8) [M-THF]+, 472 (100) 

[LMn]+. IR (Nujol mull, cm-1): ν~ = 1653 (w), 1521 (m), 1401 (m), 1317 (m), 1262 (s), 1175 

(w), 1098 (s), 1021 (m), 933 (w), 847 (w), 794 (m), 760 (w), 738 (w), 722 (m), 693 (w), 663 

(w). 
 

4.3.13.   Synthesis of [LMn(µµµµ-CCPh)]2 (15) 

 

    PhCCLi (2.2 mL, 1.0 M in THF, 2.2 mmol) was added to a suspension of 9 (0.64 g, 0.5 

mmol) in toluene (20 mL) at -78 °C. The mixture was allowed to warm to room temperature 

and stirred for 14 h. All volatiles were removed in vacuum and the residue was extracted 

with hexane (2 × 15 mL). The yellow solution was concentrated to ca. 15 mL and kept at 4 

°C for 48 h to give yellow crystals. The crystals were collected by filtration and the filtrate 

was concentrated and kept at -26 °C for 4 d to give additional crystals of 15.  
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15: Total yield: 0.32 g (56 %). Mp: > 170 °C (dec.). C74H92Mn2N4 (1147.4): calcd. C 77.39, 

H 8.02, N 4.88; found C 77.1, H 8.5, N 4.7. EI-MS: m/z (%) 1146 (1) [M]+, 573 (40) 

[1/2M]+, 471 (100) [LMn-H]+. IR (Nujol mull, cm-1): ν~ = 2034 (w), 1524 (m), 1317 (m), 

1260 (s), 1177 (w), 1098 (s), 1056 (m), 1021 (s), 931 (w), 865 (w), 756 (w), 721 (m). 

 

4.3.14.   Synthesis of [LMn(µ-MeCOO)]2 (16) 

 

    LK (6) (0.91 g, 2 mmol) in THF (10 mL) was added to a suspension of Mn(MeCOO)2 

(0.35 g, 2 mmol) in THF (30 mL) at -78 °C. The mixture was warmed to room temperature 

and stirred for 12 h. The resulting precipitate was removed by filtration. The solution was 

concentrated to a volume of 5 mL. Yellow crystals were obtained at -26 °C after 7 d.  

 

16: Yield: 0.80 g (75 %). Mp: > 330 °C (dec.). C62H88Mn2N4O4 (1063.24): calcd. C 70.00, H 

8.28, N 5.27; found C 69.7, H 8.2, N 5.0. EI-MS: m/z (%) 531 (100) [1/2M]+. IR (Nujol 

mull, cm-1): ν~  = 1602 (s), 1544 (m), 1519 (m), 1437 (s), 1380 (m), 1317(m), 1262 (w), 1177 

(w), 1099 (w), 1021 (w), 933 (w), 851 (w), 793 (w), 759 (w), 643 (w). 

 

4.3.15.   Synthesis of LMnI(THF) (17) 

 

    A solution of 6 (0.91 g, 2 mmol) in THF (10 mL) was added to a suspension of MnI2 (0.62 

g, 2 mmol) in THF (35 mL) at -78 °C. The mixture was allowed to warm to room 

temperature and stirred for 14 h. The precipitate was removed by filtration. The filtrate was 

concentrated to ca. 5 mL and kept at -26 °C for 24 h to give yellow crystals of 17.  

 

17: Yield: 1.17 g (87 %). Mp: 379 - 381 °C. C33H49IMnN2O (670.84): calcd. C 59.03, H 

7.30, N 4.17; found C 59.0, H 7.2, N 4.2. EI-MS: m/z (%) 599 (100) [LMnI]+. IR (Nujol 

mull, cm-1): ν~  = 1624 (w), 1552 (w), 1520.62 (m), 1314 (m), 1262 (m), 1174 (w), 1100 (w), 

1024 (m), 935 (w), 870 (w), 852 (w), 794 (m), 757 (w), 721 (w), 600 (w), 524 (w), 468 (w).  

 

4.3.16.   Synthesis of [LMn(µµµµ-I)]2 (18) 

 

    A solution of 17 (1.34 g, 2 mmol) in toluene (40 mL) was refluxed for 0.5 h. All volatiles 

were removed in vacuum and bright yellow microcrystals of 18 were obtained.  
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18: Yield: 1.15 g (96 %). Mp: 271 - 273 °C (dec.). C58H82I2Mn2N4 (1197.68): calcd. C 58.11, 

H 6.84, N 4.67; found C 58.3, H 6.9, N 4.9. EI-MS: m/z (%) 599 (100) [LMnI]+. IR (Nujol 

mull, cm-1): ν~  = 1657 (w), 1625 (w), 1552 (w), 1262 (m), 1097 (m), 1023 (m), 875 (w), 800 

(m), 722 (w), 659 (w), 536 (w), 468 (w).  

 

4.3.17.   Synthesis of LMnI{C[N(iPr)C(Me)]2} (19) 

 

    A solution of C[N(iPr)C(Me)]2 (0.18 g, 1 mmol) in THF (10 mL) was added to a THF (20 

mL) solution of 17 (0.67 g, 1 mmol) at room temperature. The resulting solution was stirred 

for 1 h. After removal of all volatiles in vacuum a yellow solid was obtained.  

 

19: Yield: 0.76 g (98 %). Mp: > 271 °C (dec.). C40H61IMnN4 (778.8): calcd. C 61.63, H 7.83, 

N 7.19; found C 61.8, H 8.0, N 7.2. EI-MS: m/z (%) 599 (100) [LMnI]+. IR (Nujol mull, cm-

1): ν~  = 1625 (m), 1552 (s), 1505 (m), 1318 (m), 1261 (s), 1232 (w), 1218 (w), 1190 (w), 

1171 (m), 1105 (m), 1071 (w), 1020 (m), 936 (w), 929 (w), 793 (s), 763 (m), 758 (m), 722 

(m). 

 

4.3.18.   Synthesis of LMnNHAr{C[N(iPr)C(Me)]2} (20) 

 

    Route a: A solution of 19 (0.78 g, 1 mmol) in THF (20 mL) was added to a suspension of 

Na/K alloy (Na 0.01 g, 0.5 mmol; K 0.04 g, 1 mmol) in THF (10 mL). The mixture was 

stirred for 6 d at room temperature. All volatiles were removed in vacuum and the residue 

was extracted with n-hexane (10 mL). Yellow crystals of 20 were obtained after cooling for 

one week at 4 °C. The crystals were collected by filtration and the mother liquor was 

concentrated to ca. 4 mL and kept at 4 °C for 3 d to give yellow crystals.  

 

20: Total yield: 0.19 g (23 %). Mp: 170 - 172 °C. C52H79MnN5 (829.14): calcd. C 75.26, H 

9.53, N 8.44; found C 74.8, H 9.9, N 8.8. EI-MS: m/z (%) 472 (100) [LMn]+, 648 (52) 

[LMnNHAr]+. IR (Nujol mull, cm-1): ν~  = 3173 (w), 1633 (w), 1588 (w), 1543 (w), 1512 

(m), 1420 (s), 1406 (m), 1316 (m), 1261 (m), 1169 (m), 1102 (w), 1019 (w), 929 (w), 886 

(w), 841 (w), 794 (m), 758 (w), 737 (m), 722 (m), 600 (w), 565 (w), 543(w). 
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    Route b: A THF (10 mL) solution of LiNHAr (0.18 g, 1 mmol) was added to a THF (20 

mL) solution of 19 (0.78 g, 1 mmol) at -78 °C. The mixture was allowed to warm to room 

temperature and stirred for 14 h. After removal of all volatiles in vacuum the residue was 

extracted with diethyl ether (10 mL). After filtration, the yellow filtrate was concentrated to 

ca. 5 mL and stored at -26 °C for 3 d to give yellow crystals. Yield: 0.63 g (76 %). The 

spectroscopical characterization of the compound corresponds to that of the compound 

prepared by route a. 

 

4.3.19.   Synthesis of [LMn]2 (21) 

 

    At room temperature, a suspension  of 18 (0.60 g, 0.5 mmol) in toluene (30 mL) was 

added to a Na/K alloy (Na 0.01 g, 0.5 mmol; K 0.04 g, 1 mmol). The mixture was stirred at 

room temperature for 4 d and a red solution was obtained. After filtration, the solution was 

concentrated to ca. 10 mL. Dark red crystals were obtained at 4 °C after 7 d.  

 

21: Yield: 0.07 g (15 %). Mp: 154 - 156 °C. C58H82Mn2N4 (945.16): calcd. C 73.65, H 8.68, 

N 5.93; found C 73.6, H 8.7, N 5.7. EI-MS: m/z (%) 944 (5) [M]+, 472 (100) [1/2M]+. IR 

(Nujol mull, cm-1): ν~  = 1698 (w), 1654 (w), 1624 (w), 1577 (w), 1555 (w), 1261 (s), 1092 

(s), 1019 (s), 937 (w), 866 (w), 799 (s), 762 (w), 722 (w), 667 (w), 614 (w), 568 (w). 

 

4.3.20.    Synthesis of [LMn(µµµµ-O)]2 (22)  

 

    KMnO4 (0.5 g, 3.2 mmol) was added to a solution of 21 (0.2 g, 0.2 mmol) in toluene (20 

mL) at room temperature. The mixture was stirred at room temperature for 2 d. Unreacted 

KMnO4 was removed by filtration. The solvent was removed and the residue was extracted 

with diethyl ether. Red crystals were obtained at 4 °C after 4 d.  

 

22: Yield: 0.14 g (72 %). Mp: 213 - 215 °C. C58H82Mn2N4O2 (977.16): calcd. C 71.23, H 

5.94, N 5.73; found C 70.9, H 5.7, N 5.5. EI-MS: m/z (%) 976 (100) [M]+. IR (Nujol mull, 

cm-1): ν~  = 1659 (w), 1623 (w), 1592 (w), 1552 (w), 1528 (w), 1261 (s), 1094 (s), 1025 (s), 

936 (w), 919 (w), 842 (w), 801 (s), 761 (w), 720 (w), 699 (w), 668 (w), 607 (w), 514 (w), 

467 (w). 
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4.3.21.   Synthesis of [ArN(CH2)3NAr][Li(OEt2)]2 (23) 

 

    To a diethyl ether (35 mL) solution of ArNH(CH2)3NHAr (1.58 g, 4 mmol) MeLi (5.5 

mL, 1.6 M in diethyl ether, 8.8 mmol) was added at -78 °C. The mixture was warmed to 

room temperature and stirred for additional 14 h. The precipitate was removed by filtration. 

The filtrate was concentrated to ca. 10 mL and kept at -26 °C for 24 h to give colorless 

crystals. The crystals were collected by filtration and the mother liquor was concentrated to 

ca. 4 mL and kept at -26 °C for 24 h to give colorless crystals.  

 

23: Total yield: 2.04 g (92 %). Mp: > 110 °C (dec.). C35H60Li2N2O2 (554.75): calcd. C 75.78, 

H 10.90, N 5.05; found C 75.9, H 11.0, N 4.9. 1H NMR (250 MHz, C6D6, ppm): δ = 6.91-

7.22 (m, C6H3, 6 H), 3.38 (sept, CHMe2, 4 H), 3.12 (t, MeCH2O, 8 H), 3.00-3.25 (m, 

NCH2CH2, 4 H), 1.79 (b, NCH2CH2, 2 H) 1.34 (d, Me2CH, 12 H), 1.23 (d, Me2CH, 12 H) 

0.95 (t, MeCH2O, 12 H). 7Li NMR (300 MHz, C6D6, ppm): 1.90.  

 

4.3.22.   Synthesis of Mn2[ArN(CH2)3NAr]2 (24) 

 

    A solution of 23 (1.1 g, 2 mmol) in diethyl ether (10 mL) was added to a suspension of 

MnCl2 (0.25 g, 2 mmol) in diethyl ether (30 mL) at -78 °C. The mixture was warmed to 

room temperature and stirred for additional 14 h. The precipitate was removed by filtration 

and extracted by dichloromethane (10 mL). A yellow-green solid was obtained by removing 

the solvent in vacuum. The mother liquor was concentrated to ca. 10 mL and yellow-green 

crystals were obtained at room temperature after 5 d.  

 

24: Total yield: 0.64 g (72 %). Mp: > 220 °C (dec.). C54H80Mn2N4 (895.10): calcd. C 72.39, 

H 8.94, N 6.26; found C 72.2, H 8.9, N 6.2. EI-MS: m/z (%) = 894 (49) [M]+, 705 (100) [M-

CH2NAr]+, 447 (68) [1/2 M]+. IR (Nujol mull, cm-1): ν~  = 1426 (w), 1308 (w), 1260 (w), 

1243 (w), 1169 (w), 1092 (w), 1073 (w), 1041(w), 1019 (w), 857 (w), 800 (w), 786 (w), 722 

(w). 
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5.   Handling and Disposal of Solvents and Residual Wastes 

 

♦ The recovered solvents were distilled or condensed into cold traps under vacuum, 

collected in halogen-free or halogen-containing solvent containers, and stored for 

disposal. 

♦ Deuterated solvents for NMR were classified into halogen-free and halogen-containing 

solvents and were disposed as heavy metal wastes and halogen-containing wastes, 

respectively. 

♦ The heavy metal residues were dissolved in nitric acid and were stored after neutralization 

in the containers for heavy metal wastes. 

♦ Drying agents such as KOH, CaCl2, and P4O10 were hydrolyzed and deposited as acid or 

base wastes. 

♦ Whenever possible, sodium metal used for drying solvents was collected for recycling.87,88 

The non-reusable sodium metal was carefully hydrolyzed in cold ethanol and poured into 

the base-bath used for cleaning glassware. 

♦ Ethanol and acetone used for solid CO2 cold-baths were subsequently used for cleaning 

glassware. 

♦ The acid-bath used for cleaning glassware was neutralized with Na2CO3 and the resulting 

NaCl solution was washed-off into the water drainage. 

♦ The residue of the base bath used for glassware cleaning was poured into the container for 

base wastes. 

 

Amount of various types of disposable wastes generated during this work: 
 

Metal containing wastes 10 L 

Halogen-containing solvent wastes 12 L 

Halogen-free solvent wastes 35 L 

Acid wastes 12 L 

Base wastes 20 L 
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6.   Crystal Data and Refinement Details 

 

Compound 2 

Empirical formula C22H40Cl2MnN4 

Formula weight 486.42 

Temperature 200(2) K 

Wavelength 0.71073 Å 

Crystal system monoclinic 

Space group P2(1)/n 

Unit cell dimensions a = 11.2852(17) Å 

 b = 14.867(3) Å       β = 90.24(2)° 

 c = 15.321(3) Å 

Volume 2570.6(9) Å3 

Z 4 

Density (calculated) 1.257 Mgm-3 

Absorption coefficient 0.736 mm-1 

F(000) 1036 

Crystal size 1.00 × 0.30 × 0.20 mm3 

� range for data collection 3.54 - 22.53° 

Index ranges -12 ≤ h ≤ 12, -16 ≤ k ≤ 10, -12 ≤ l ≤ 16 

Reflections collected 3570 

Independent reflections 3348 (R(int) = 0.0671) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 3348 / 0 / 274 

Goodness-of-fit on F2 1.081 

Final R indices [I > 2σ(I)] R1 = 0.0460, wR2 = 0.1150 

R (all data) R1 = 0.0544, wR2 = 0.1233 

Largest diff. peak and hole 0.673 and -0.854 e⋅Å-3
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Compound 3 

Empirical formula C22H40I2MnN4 

Formula weight 669.32 

Temperature 200(2) K 

Wavelength 0.71073 

Crystal system monoclinic 

Space group P2(1)/n 

Unit cell dimensions a = 11.2771(13) Å 

 b = 16.054(3) Å       β = 90.399(14)° 

 c = 15.705(3) Å 

Volume 2843.1(8) Å3 

Z 4 

Density (calculated) 1.564 Mgm-3 

Absorption coefficient 2.650 mm-1 

F(000) 1324 

Crystal size 0.80 × 0.60 × 0.30 mm3 

� range for data collection 3.61 - 25.01° 

Index ranges -13 ≤ h ≤ 13, -3 ≤ k ≤ 19, -18 ≤ l ≤ 18 

Reflections collected 6010 

Independent reflections 4994 (R(int) = 0.0660) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 4994 / 0 / 274 

Goodness-of-fit on F2 1.065 

Final R indices [I > 2σ(I)] R1 = 0.0411, wR2 = 0.1077 

R (all data) R1 = 0.0440, wR2 = 0.1111 

Largest diff. peak and hole 1.161 and -1.433 e⋅Å-3
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Compound 4 incl. THF 

Empirical formula C30H54MnN4O5 

Formula weight 605.71 

Temperature 203(2) K 

Wavelength 0.71073 

Crystal system monoclinic 

Space group C2/c 

Unit cell dimensions a = 12.970(2) Å 

 b = 14.374(3) Å      β = 106.070(10)° 

 c = 19.322(2) Å 

Volume 3461.5(10) Å3 

Z 4 

Density (calculated) 1.162 Mgm-3 

Absorption coefficient 0.421 mm-1 

F(000) 1308 

Crystal size 0.90 × 0.70 × 0.70 mm3 

� range for data collection 3.54 - 24.94° 

Index ranges -15 ≤ h ≤ 15, -10 ≤ k ≤ 17, -18 ≤ l ≤ 22 

Reflections collected 3231 

Independent reflections 3028 (R(int) = 0.0717) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 3028 / 0 / 174 

Goodness-of-fit on F2 1.015 

Final R indices [I > 2σ(I)] R1 = 0.0595, wR2 = 0.1597 

R (all data) R1 = 0.0670, wR2 = 0.1701 

Largest diff. peak and hole 0.762 and -0.834 e⋅Å-3 
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Compound 7 

Empirical formula C37H61Cl2LiMnN2O2 

Formula weight 698.66 

Temperature 153(2) K 

Wavelength 0.71073 Å 

Crystal system monoclinic 

Space group P21/n 

Unit cell dimensions a = 12.053(2) Å 

 b = 21.327(4) Å      β = 100.11(3)° 

 c = 15.706(3) Å 

Volume 3974.3(14) Å3 

Z 4 

Density (calculated) 1.168 Mgm-3 

Absorption coefficient 0.498 mm-1 

F(000) 1500 

Crystal size 0.90 × 0.60 × 0.30 mm3 

� range for data collection 3.57 - 25.05° 

Index ranges -14 ≤ h ≤ 14, -8 ≤ k ≤ 25, -18 ≤ l ≤ 18 

Reflections collected 10312 

Independent reflections 6998 (R(int) = 0.0574) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 6998 / 0 / 420 

Goodness-of-fit on F2 1.026 

Final R indices [I > 2σ(I)] R1 = 0.0505, wR2 = 0.1213 

R (all data) R1 = 0.0636, wR2 = 0.1322 

Largest diff. peak and hole 0.562 and -0.634 e⋅Å-3 
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Compound 8 

Empirical formula C58H82Cl2Mn2N4 

Formula weight 1006.06 

Temperature 200(2) K 

Wavelength 0.71073 Å 

Crystal system monoclinic 

Space group C2/c 

Unit cell dimensions a = 22.921(5) Å 

 b = 14.8779(15) Å      β = 90.884(12)° 

 c = 16.291(2) Å 

Volume 5555.1(15) Å3 

Z 4 

Density (calculated) 1.215 Mgm-3 

Absorption coefficient 0.590 mm-1 

F(000) 2168 

Crystal size 0.60 × 0.40 × 0.40 mm3 

� range for data collection 3.51 - 24.98° 

Index ranges -27 ≤ h ≤ 27, -17 ≤ k ≤ 17, -6 ≤ l ≤ 19 

Reflections collected 7144 

Independent reflections 4872 (R(int) = 0.0307) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 4872 / 0 / 308 

Goodness-of-fit on F2 1.024 

Final R indices [I > 2σ(I)] R1 = 0.0626, wR2 = 0.1648 

R (all data) R1 = 0.0821, wR2 = 0.1817 

Largest diff. peak and hole 0.400 and -1.366 e⋅Å-3 

 

 

 

 

 

 

 



                                             Crystal Data and Refinement Details                                         70 

 

Compound 9 incl. 4 THF 

Empirical formula C82H130Cl4Mn3N4O6 

Formula weight 1574.52 

Temperature 133(2) K 

Wavelength 0.71073 Å 

Crystal system monoclinic 

Space group C2/m 

Unit cell dimensions a = 17.238(3) Å 

 b = 18.411(3) Å      β = 113.947(13)° 

 c = 14.729(2) Å 

Volume 4272.3(12) Å3 

Z 2 

Density (calculated) 1.224 Mgm-3 

Absorption coefficient 0.612 mm-1 

F(000) 1682 

Crystal size 0.30 × 0.20 × 0.20 mm3 

� range for data collection 1.51 - 24.80° 

Index ranges -20 ≤ h ≤ 20, -21 ≤ k ≤ 21, -17 ≤ l ≤ 17 

Reflections collected 22430 

Independent reflections 3785 (R(int) = 0.1105) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 3785 / 0 / 214 

Goodness-of-fit on F2 1.028 

Final R indices [I > 2σ(I)] R1 = 0.0777, wR2 = 0.2045 

R (all data) R1 = 0.1171, wR2 = 0.2295 

Largest diff. peak and hole 1.021 and -0.646 e⋅Å-3 
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Compound 10 

Empirical formula C40H62Cl2MnN4 

Formula weight 724.78 

Temperature 150(2) K 

Wavelength 0.71073 Å 

Crystal system orthorhombic 

Space group P212121 

Unit cell dimensions a = 11.218(4) Å 

 b = 12.606(10) Å        

 c = 28.93(2) Å 

Volume 4090(1) Å3 

Z 4 

Density (calculated) 1.177 Mgm-3 

Absorption coefficient 0.484 mm-1 

F(000) 1556 

Crystal size 0.60 × 0.60 × 0.50 mm3 

� range for data collection 3.53 - 22.49° 

Index ranges 0 ≤ h ≤ 12, -4 ≤ k ≤ 13, -31 ≤ l ≤ 31 

Reflections collected 3116 

Independent reflections 2999 (R(int) = 0.0745) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 2999 / 0 / 449 

Goodness-of-fit on F2 1.089 

Final R indices [I > 2σ(I)] R1 = 0.0445, wR2 = 0.1009 

R (all data) R1 = 0.0653, wR2 = 0.1136 

Largest diff. peak and hole 0.533 and -0.505 e⋅Å-3
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Compound 11 

Empirical formula C38H54MnN2O 

Formula weight 609.77 

Temperature 133(2) K 

Wavelength 0.71073 Å 

Crystal system orthorhombic 

Space group P212121 

Unit cell dimensions a = 10.007(2) Å 

 b = 16.985(3) Å       

 c = 20.081(4) Å 

Volume 3413.3(12) Å3 

Z 4 

Density (calculated) 1.187 Mgm-3 

Absorption coefficient 0.417 mm-1 

F(000) 1316 

Crystal size 0.30 × 0.30 × 0.30 mm3 

� range for data collection 1.57 - 24.72° 

Index ranges -11 ≤ h ≤ 11, -19 ≤ k ≤ 19, -23 ≤ l ≤ 

23 

Reflections collected 36246 

Independent reflections 5798 (R(int) = 0.0371) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 5798 / 0 / 389 

Goodness-of-fit on F2 1.064 

Final R indices [I > 2σ(I)] R1 = 0.0255, wR2 = 0.0617 

R (all data) R1 = 0.0280, wR2 = 0.0626 

Largest diff. peak and hole 0.305 and -0.291 e⋅Å-3 
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Compound 12 

Empirical formula C30H44MnN2 

Formula weight 487.61 

Temperature 133(2) K 

Wavelength 0.71073 Å 

Crystal system monoclinic 

Space group C2/c 

Unit cell dimensions a = 22.612(5) Å 

 b = 14.880(3) Å      β = 90.05(3)° 

 c = 16.481(3) Å 

Volume 5545.2(19) Å3 

Z 8 

Density (calculated) 1.168 Mgm-3 

Absorption coefficient 0.495 mm-1 

F(000) 2104 

Crystal size 0.30 × 0.20 × 0.10 mm3 

� range for data collection 1.64 - 24.71° 

Index ranges -26 ≤ h ≤ 26, -17 ≤ k ≤ 17, -19 ≤ l ≤ 19 

Reflections collected 20857 

Independent reflections 4662 (R(int) = 0.0360) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 4662 / 0 / 320 

Goodness-of-fit on F2 1.068 

Final R indices [I > 2σ(I)] R1 = 0.0327, wR2 = 0.0736 

R (all data) R1 = 0.0413, wR2 = 0.0772 

Largest diff. peak and hole 0.257 and -0.260 e⋅Å-3 
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Compound 13 

Empirical formula C35H46MnN2 

Formula weight 549.68 

Temperature 133(2) K 

Wavelength 0.71073 Å 

Crystal system orthorhombic 

Space group Pnma 

Unit cell dimensions a = 16.6103(13) Å 

 b = 20.943(2) Å       

 c = 9.2785(13) Å 

Volume 3227.8(6) Å3 

Z 4 

Density (calculated) 1.131 Mgm-3 

Absorption coefficient 0.433 mm-1 

F(000) 1180 

Crystal size 0.30 × 0.20 × 0.20 mm3 

� range for data collection 1.94 - 22.99° 

Index ranges -16 ≤ h ≤ 16, -23 ≤ k ≤ 22, -8 ≤ l ≤ 10 

Reflections collected 8044 

Independent reflections 2191 (R(int) = 0.0751) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 2191 / 0 / 183 

Goodness-of-fit on F2 1.029 

Final R indices [I > 2σ(I)] R1 = 0.0514, wR2 = 0.1188 

R (all data) R1 = 0.0758, wR2 = 0.1296 

Largest diff. peak and hole 0.199 and -0.408 e⋅Å-3 
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Compound 14 

Empirical formula C36H54MnN2O 

Formula weight 585.75 

Temperature 133(2) K 

Wavelength 0.71073 Å 

Crystal system triclinic 

Space group P-1 

Unit cell dimensions a = 9.034(2) Å        α = 87.22(2)° 

 b = 12.177(4) Å      β  = 77.909(16)° 

 c = 15.952(3) Å      γ = 89.24(2)° 

Volume 1713.9(7) Å3 

Z 2 

Density (calculated) 1.135 Mgm-3 

Absorption coefficient 0.413 mm-1 

F(000) 634 

Crystal size 0.30 × 0.30 × 0.30 mm3 

� range for data collection 1.67 - 24.72° 

Index ranges -10 ≤ h ≤ 10, -13 ≤ k ≤ 14, -18 ≤ l ≤ 18 

Reflections collected 18432 

Independent reflections 5810 (R(int) = 0.0417) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 5810 / 0 / 379 

Goodness-of-fit on F2 1.036 

Final R indices [I > 2σ(I)] R1 = 0.0341, wR2 = 0.0772 

R (all data) R1 = 0.0487, wR2 = 0.0814 

Largest diff. peak and hole 0.380 and -0.220 e⋅Å-3 
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Compound 15 

Empirical formula C74H92Mn2N4 

Formula weight 1147.40 

Temperature 100(2) K 

Wavelength 1.54178 Å 

Crystal system monoclinic 

Space group P2(1)/n 

Unit cell dimensions a = 14.010(1) Å 

 b = 13.257(1) Å      β  = 98.59(1)° 

 c = 17.697(1) Å 

Volume 3250(1) Å3 

Z 2 

Density (calculated) 1.172 Mgm-3 

Absorption coefficient 3.483 mm-1 

F(000) 1228 

Crystal size 0.30 × 0.20 × 0.10 mm3 

� range for data collection 3.76 - 59.46° 

Index ranges -15 ≤ h ≤ 15, -13 ≤ k ≤ 14, -19 ≤ l ≤ 19 

Reflections collected 15989 

Independent reflections 4637 (R(int) = 0.0458) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 4637 / 0 / 375 

Goodness-of-fit on F2 1.049 

Final R indices [I > 2σ(I)] R1 = 0.0356, wR2 = 0.0803 

R (all data) R1 = 0.0503, wR2 = 0.0860 

Largest diff. peak and hole 0.441 and -0.251 e⋅Å-3 
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Compound 16 

Empirical formula C62H88Mn2N4O4 

Formula weight 1063.24 

Temperature 203(2) K 

Wavelength 0.71073 Å 

Crystal system monoclinic 

Space group P21/c 

Unit cell dimensions a = 17.32(3) Å 

 b = 15.210(17) Å      β  = 101.94(6)° 

 c = 23.30(3) Å 

Volume 6010(2) Å3 

Z 4 

Density (calculated) 1.176 Mgm-3 

Absorption coefficient 0.467 mm-1 

F(000) 2280 

Crystal size 0.70 × 0.40 × 0.30 mm3 

� range for data collection 3.53 - 22.50° 

Index ranges -18 ≤ h ≤ 14, 0 ≤ k ≤ 16, 0 ≤ l ≤ 25 

Reflections collected 7382 

Independent reflections 7382 (R(int) = 0.0000) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 7382 / 0 / 671 

Goodness-of-fit on F2 1.013 

Final R indices [I > 2σ(I)] R1 = 0.0815, wR2 = 0.1843 

R (all data) R1 = 0.1403, wR2 = 0.2315 

Largest diff. peak and hole 0.579 and -0.721 e⋅Å-3 
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Compound 17 

Empirical formula C33H49IMnN2O 

Formula weight 671.58 

Temperature 203(2) K 

Wavelength 0.71073 Å 

Crystal system monoclinic 

Space group P2(1)/c 

Unit cell dimensions a = 16.752(2) Å 

 b = 20.290(6) Å      β  = 91.317(14)° 

 c = 19.620(3) Å 

Volume 6670(1) Å3 

Z 8 

Density (calculated) 1.336 Mgm-3 

Absorption coefficient 1.348 mm-1 

F(000) 2776 

Crystal size 0.70 × 0.50 × 0.30 mm3 

� range for data collection 3.52 - 25.03° 

Index ranges -19 ≤ h ≤ 19, -4 ≤ k ≤ 24, -23 ≤ l ≤ 23 

Reflections collected 14274 

Independent reflections 11722 (R(int) = 0.0616) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 11722 / 0 / 705 

Goodness-of-fit on F2 1.053 

Final R indices [I > 2σ(I)] R1 = 0.0534, wR2 = 0.1296 

R (all data) R1 = 0.0714, wR2 = 0.1457 

Largest diff. peak and hole 0.971 and -1.279 e⋅Å-3 
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Compound 18 incl. toluene 

Empirical formula C65H90I2Mn2N4 

Formula weight 1291.22 

Temperature 203(2) K 

Wavelength 0.71073 Å 

Crystal system monoclinic 

Space group C2/m 

Unit cell dimensions a = 19.188(3) Å 

 b = 21.000(4) Å      β  = 100.053(8)° 

 c = 16.5839(13) Å 

Volume 6580.0(16) Å3 

Z 4 

Density (calculated) 1.396 Mgm-3 

Absorption coefficient 1.366 mm-1 

F(000) 2856 

Crystal size 0.50 × 0.50 × 0.40 mm3 

� range for data collection 3.57 - 25.00° 

Index ranges -22 ≤ h ≤ 22, -5 ≤ k ≤ 24, -19 ≤ l ≤ 19 

Reflections collected 7832 

Independent reflections 5952 (R(int) = 0.0425) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 5952 / 0 / 374 

Goodness-of-fit on F2 1.018 

Final R indices [I > 2σ(I)] R1 = 0.0349, wR2 = 0.0900 

R (all data) R1 = 0.0388, wR2 = 0.0936 

Largest diff. peak and hole 0.977 and -0.788 e⋅Å-3 
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Compound 20 

Empirical formula C52H79MnN5 

Formula weight 829.14 

Temperature 133(2) K 

Wavelength 0.71073 Å 

Crystal system monoclinic 

Space group P2(1)/c 

Unit cell dimensions a = 11.694(2) Å 

 b = 19.388(4) Å      β = 102.59(3)° 

 c = 22.168(4) Å 

Volume 4905.3(17) Å3 

Z 4 

Density (calculated) 1.123 Mgm-3 

Absorption coefficient 0.307 mm-1 

F(000) 1804 

Crystal size unmeasured 

� range for data collection 1.78 - 24.72° 

Index ranges -13 ≤ h ≤ 13, -22 ≤ k ≤ 22, -24 ≤ l ≤ 26 

Reflections collected 34511 

Independent reflections 8269 (R(int) = 0.0717) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 8269 / 0 / 543 

Goodness-of-fit on F2 0.932 

Final R indices [I > 2σ(I)] R1 = 0.0422, wR2 = 0.0983 

R (all data) R1 = 0.0616, wR2 = 0.1044 

Largest diff. peak and hole 0.431 and -0.469 e⋅Å-3 
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Compound 21 

Empirical formula C58H82Mn2N4 

Formula weight 945.16 

Temperature 133(2) K 

Wavelength 0.71073 Å 

Crystal system monoclinic 

Space group P2(1)/c 

Unit cell dimensions a = 14.4602(9) Å 

 b = 14.2263(6) Å      β = 94.999(6)° 

 c = 26.795(2) Å 

Volume 5491.1(6) Å3 

Z 4 

Density (calculated) 1.143 Mgm-3 

Absorption coefficient 0.498 mm-1 

F(000) 2032 

Crystal size unmeasured 

� range for data collection 1.62 - 24.81° 

Index ranges -17 ≤ h ≤ 16, -16 ≤ k ≤ 16, -30 ≤ l ≤ 31 

Reflections collected 38085 

Independent reflections 9401 (R(int) = 0.1276) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 9401 / 0 / 597 

Goodness-of-fit on F2 0.953 

Final R indices [I > 2σ(I)] R1 = 0.0414, wR2 = 0.0781 

R (all data) R1 = 0.0716, wR2 = 0.0825 

Largest diff. peak and hole 0.496 and -0.567 e⋅Å-3 
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Compound 22 

Empirical formula C58H82Mn2N4O2 

Formula weight 977.16 

Temperature 133(2) K 

Wavelength 0.71073 Å 

Crystal system monoclinic 

Space group C2/c 

Unit cell dimensions a = 15.4921(12) Å 

 b = 16.3958(9) Å      β = 90.802(6)° 

 c = 21.3688(17) Å 

Volume 5427.3(7) Å3 

Z 4 

Density (calculated) 1.196 Mgm-3 

Absorption coefficient 0.509 mm-1 

F(000) 2096 

Crystal size unmeasured 

� range for data collection 1.81 - 24.77° 

Index ranges -18 ≤ h ≤ 16, -19 ≤ k ≤ 19, -25 ≤ l ≤ 25 

Reflections collected 18243 

Independent reflections 4641 (R(int) = 0.0637) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 4641 / 0 / 308 

Goodness-of-fit on F2 1.024 

Final R indices [I > 2σ(I)] R1 = 0.0421, wR2 = 0.0873 

R (all data) R1 = 0.0664, wR2 = 0.0962 

Largest diff. peak and hole 0.325 and -0.257 e⋅Å-3 
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Compound 23 

Empirical formula C35H60Li2N2O2 

Formula weight 554.73 

Temperature 200(2) K 

Wavelength 0.71073 Å 

Crystal system monoclinic 

Space group P2(1)/n 

Unit cell dimensions a = 11.224(2) Å 

 b = 9.6466(19) Å      β = 92.19(3)° 

 c = 32.070(6) Å 

Volume 3469.7(12) Å3 

Z 4 

Density (calculated) 1.062 Mgm-3 

Absorption coefficient 0.063 mm-1 

F(000) 1224 

Crystal size 1.00 × 0.70 × 0.60 mm3 

� range for data collection 3.60 - 22.53° 

Index ranges -12 ≤ h ≤ 12, -10 ≤ k ≤ 10, -34 ≤ l ≤ 34 

Reflections collected 7629 

Independent reflections 4515 (R(int) = 0.0710) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 4515 / 0 / 393 

Goodness-of-fit on F2 1.115 

Final R indices [I > 2σ(I)] R1 = 0.0979, wR2 = 0.2922 

R (all data) R1 = 0.1357, wR2 = 0.3219 

Largest diff. peak and hole 0.527 and -0.427 e⋅Å-3 
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Compound 24 

Empirical formula C54H80Mn2N4 

Formula weight 895.10 

Temperature 203(2) K 

Wavelength 0.71073 Å 

Crystal system triclinic 

Space group P-1 

Unit cell dimensions a = 11.545(9) Å 

 b = 13.642(10) Å      β = 94.01(3)° 

 c = 18.014(15) Å 

Volume 2490(1) Å3 

Z 2 

Density (calculated) 1.192 Mgm-3 

Absorption coefficient 0.545 mm-1 

F(000) 964 

Crystal size 1.00 × 0.50 × 0.30 mm3 

� range for data collection 3.54 - 25.04° 

Index ranges -13 ≤ h ≤ 13, -16 ≤ k ≤ 15, -19 ≤ l ≤ 21 

Reflections collected 11007 

Independent reflections 8774 (R(int) = 0.0616) 

Refinement method Full-matrix least-squares on F2 

Data / restrains / parameters 8774 / 0 / 557 

Goodness-of-fit on F2 1.023 

Final R indices [I > 2σ(I)] R1 = 0.0461, wR2 = 0.1150 

R (all data) R1 = 0.601, wR2 = 0.1258 

Largest diff. peak and hole 0.533 and -0.638 e⋅Å-3 
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