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Abstract 

This work demonstrates the bifunctional activation of different functional groups, 

predominantly C-O, C-N and S-O multiple bonds via metal-ligand-cooperation (MLC) 

under concomitant M—Y and C—Z (M = Re, Mn or Rh; Z = C or S; Y = N or O) bond 

formation triggered by a dearomatization/rearomatization reaction sequence in three 

different ligand systems based on simple 2-methyl-pyridine ligand frameworks. 

Eventually, the simple bidentate ligand frameworks showed similar reactivity with 

respect to the well-known tridentate pincer complexes, which previously showed such 

reaction sequences. The bond-activation reactions via MLC were investigated in 

rhenium(I), manganese(I) and rhodium(I) complexes. Due to the formation on anionic 

complexes the presented study also entails the investigation of effects imposed by the 

alkali counter cations with respect to the bound (activated) substrate in group 7 

transition metal complexes (Re and Mn). Moreover, from a synthetic point of view, it is 

shown that the active dearomatized anionic complexes can be generated via two 

different synthetic routes: i.e. via double deprotonation or two electron reduction. The 

former contains the potential for the facile in situ preparation of such active cooperative 

species simply by the addition of base, without the need for strong reducing agents 

such as alkali metals. In addition to the cooperative binding of CO2, the anionic               

2-amino/2-imino-methyl pyridine-based complexes show likewise the activation of 

further polarized multiple bonds such as aldehydes, ketones, nitriles and SO2. All 

activated carbonyl groups also show reversibility of the newly formed C-C and M-O 

(M = Re, Mn) bonds in exchange reactions of the activated substrate. The tridentate 

neutral Rh(I)-π complex with the newly developed ligand framework (dbap-py) shows, 

along with the activation of CO2, a cooperative binding of phenylisocyanate. The focus 

of the work is on the simplicity of the cooperative ligand frameworks, as well as the 

extended reactivity scope due to the direct interaction of the counterion with the 

activated substrate. 

 

 

 

 

 

 



 

 
 

 

 

 

M—Y and C—Z bond formation via MLC and additional interaction of the counterion 

(M'- - -Y). (M = Mn, Re, Rh; M' = Li, Na, K; X = N, O; #Y = N, O; #Z = C, S; R = lone 

pair, Php-Me, dbap; #R' = O, (H, Ph), Ph2, CH2-Ph, N-Ph; R'' = H, Ph; L = CO, PPh3) 

(# = free substrate) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Zusammenfassung 

Diese Arbeit zeigt die bifunktionale Aktivierung unterschiedlicher funktioneller 

Gruppen, vorwiegend C-O, C-N und S-O Mehrfachbindungen, über                             

Metall-Ligand-Kooperation (MLC). Die Aktivierung erfolgt durch M—Y und C—Z 

(M = Re, Mn oder Rh; Z = C oder S; Y = N oder O) Bindungsbildung, ausgelöst unter 

einer Dearomatisierungs-/Rearomatisierungs-Reaktionssequenz. Gezeigt werden drei 

unterschiedliche Ligandensysteme, basierend auf einfachen 2-Methylpyridin 

Ligandengerüsten. Letztendlich zeigen die einfachen zweizähnigen Ligandengerüste 

eine ähnliche Reaktivität wie die bekannten dreizähnigen Pinzettenkomplexe, die 

zuvor derartige Reaktionssequenzen zeigten. Die Bindungsaktivierungsreaktionen 

mittels MLC wurden in Rhenium(I)-, Mangan(I)- und Rhodium(I)-Komplexen 

untersucht. Aufgrund der Bildung anionischer Komplexe umfasst die vorliegende 

Studie auch die Auswirkungen der Alkali-Gegenkationen auf das gebundene 

(aktivierte) Substrat in Gruppe 7 (Re und Mn) Übergangsmetallkomplexen. Darüber 

hinaus wird aus synthetischer Sichtweise gezeigt, dass die aktiven desaromatisierten 

anionischen Komplexe über zwei verschiedene Synthesewege erzeugt werden 

können: über Doppel-Deprotonierung oder Zwei-Elektronen-Reduktion. Ersteres bietet 

das Potenzial für eine einfache in-situ Herstellung solcher aktiven kooperativer 

Spezies durch einfache Zugabe einer Base, ohne dass starke Reduktionsmittel wie 

Alkalimetalle erforderlich sind. Neben der kooperativen Bindung von CO2 zeigen die 

anionischen 2-Amino-/2-Imino-methylpyridin basierten Komplexe ebenfalls die 

Aktivierung weiterer polarisierter Mehrfachbindungen wie Aldehyde, Ketone, Nitrile 

und SO2. Alle aktivierten Carbonylgruppen zeigen zusätzlich eine Reversibilität der 

neu gebildeten C-C und M-O Bindungen (M = Re oder Mn) bei Austauschreaktionen 

des aktivierten Substrats. Der dreizähnige neutrale Rh(I)-π-Komplex mit dem neu 

entwickelten Ligandengerüst (dbap-py) zeigt neben der Aktivierung von CO2 eine 

kooperative Bindung von Phenylisocyanat. Der Schwerpunkt der Arbeit liegt auf der 

Einfachheit der kooperativen Ligandengerüste sowie dem erweiterten 

Reaktivitätsvermögen aufgrund der direkten Wechselwirkung des Gegenions mit dem 

aktivierten Substrat. 

 

 

 



 

 
 

 

 

M—Y und C—Z Bindungsbildung durch MLC und zusätzliche Wechselwirkung des 

Gegenions (M'- - -Y). (M = Mn, Re, Rh; M' = Li, Na, K; X = N, O; #Y = N, O; #Z = C, S; 

R = freies Elektronenpaar, Php-Me, dbap; #R' = O, (H,Ph), Ph2, CH2-Ph, N-Ph; R'' = H, 

Ph; L = CO, PPh3) (# = freies Substrat) 
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1 Introduction 

In modern green chemistry, transition metal catalysis is a significant field of research. 

The motivation of green chemistry is the development of sustainable processes to 

minimize power consumption and waste for existing or new industrial chemical 

applications.[1; 2] Many important transition metal complexes were developed in the last 

decades, which are indispensable for modern industry in catalytic processes such as 

hydrogenation or hydroformylation of alkenes and C-C coupling catalysts such in the 

Heck or Suzuki reaction.[3–5] The conventional transition metal catalysis is a widely 

investigated area and has an important role in sustainable chemistry with relevance, 

e.g. for the reduction of greenhouse gases or increasing the efficiency of reactions and 

reducing the energy consumption to minimize the environmental impact. In the last 

years, a great deal of attention has been payed to the concept of metal-ligand 

cooperation (MLC) with respect to novel reaction schemes in homogeneous catalysis 

and bond activation reactions.[6–9] As the name indicates, the substrate activation and 

the catalytic reaction pathway occur bifunctional in a cooperative mode between the 

metal and the ligand. In MLC the ligand undergoes reversible structural changes during 

the catalytic process. In conventional homogeneous transition metal catalysis, the 

influence of the ligand consists in a certain steric characteristic and/or electronic 

features, whereas the catalytic reaction process itself occurs at the metal center. Some 

important catalytic reactions in conventional transition metal catalysis are the oxidative 

addition, the reductive elimination or the β-hydride elimination (Scheme 1). 

 

 

Scheme 1: Important reactions in common homogeneous catalysis reactions with 

transition metal complexes. a) oxidative addition / reductive elimination. 

b) β-hydride elimination. (L = ligand; M = metal, Y—Z = substrate, 

R = organic substituent) 
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In the course of these fundamental reaction steps the ligand remains unchanged, 

whereas the metal center undergoes changes in bond modification and/or oxidation 

state. In case of reaction pathways involving MLC, the bond activation occurs in a 

different manner (Scheme 2). 

 

 

 

Scheme 2:  Bond activation via metal-ligand cooperation (MLC). a) Single bond 

substrate activation b) Multiple bond substrate activation under 

[2+2]-cycloaddition. L = ligand; M = transition metal; Y—Z = substrate. 

 

The bond activation at the substrate leads to structural modifications in both, the metal 

center and the ligand. This (chemically) non-innocent behavior of the ligand during the 

reaction process is to be distinguished from purely redox non-innocent ligands which 

only provide an exchange of electrons with the metal (i.e. the ligand can function as an 

electron reservoir), without major structural changes. In many enzymes it is known, 

that the catalytic pathway occurs via such metal-ligand cooperativity.[10; 11] 

[FeFe]-hydrogenase (1) for example, is able to catalyze the heterolytic splitting of 

H2.[12; 13] The activation of H2 occurs via MLC between the Fe(II)-center and the amino 

group in close proximity (Scheme 3). The catalytic mechanism has been vividly 

discussed and there is still ongoing research.[14] 

 

Scheme 3:  Cooperative H2 activation in [FeFe]-hydrogenase (1). 
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Bullock et al. demonstrated 2013 the reversible heterolytic splitting of H2 with a 

structurally similar cationic manganese complex 2, leading to the manganese hydride 

complex and protonated amine, with fast exchange of the hydrogen atoms between 

the manganese and the amino group at room temperature (Scheme 4).[15] 

 

 

 

Scheme 4: H2 activation by [(κ³-P2
PhN2

Bn)Mn(CO)(bppm)][BarF
4] (2) via MLC with 

fast exchange of hydrogen.[15] (bppm = (PArF
2)2CH2; ArF = 

3,5-bis(trifluoromethyl)phenyl) 

 

The activation of small molecules such as H2 or typical greenhouse gases like CO2, 

CH4 or NOx is an important field of research and of great significance to make them 

accessible for economic processes such as substitution of fossil raw materials.[16–24] 

Over the last years MLC expanded the scope of bond activation reactions and has 

increased in interest.[8; 9; 25] Because both, the metal and the ligand take part in the 

reaction, there are more opportunities to adjust and improve the environment for the 

substrate of interest. There are typically four general types of cooperation in substrate 

binding/activation via MLC. (Scheme 5). In the first mode the ligand acts as a Lewis 

base (Scheme 5 a); In the second mode as a Lewis acid (Scheme 5 b). In the third 

mode, a key driving force of the substrate activation occur via a dearomatization/ 

rearomatization sequence of the ligand (Scheme 5 c). Generally, the formal oxidation 

state of the metal center remains unchanged. The activation of the substrate can occur 

stepwise or in a concerted manner. The fourth type of MLC is a redox non-innocent 

ligand, where the ligand undergoes structural changes during the change in its state 
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of oxidation (Scheme 5 d). A redox non-innocent ligand can function as an electron 

donator/acceptor to influence the oxidation state of the metal and/or take directly part 

in bond activation of the substrate. Redox non-innocent ligands which are not involved 

in bond formation or cleavage are not discussed at this point, as they have no direct 

relevance to this work. Combinations of each cooperation type are possible in 

activation and catalytic processes. 

 

 

Scheme 5:  Different modes of metal-ligand cooperation (MLC). a) Ligand LB acting 

as Lewis base. b) Ligand LA acting as Lewis acid. c) Substrate activation 

via dearomatization/rearomatization sequence (The asterisk indicates 

the dearomatized ligand). d) Redox non-innocent ligand substrate 

activation. (M = metal; A = acceptor, D = donor, Y—Z = substrate) 

 

Additionally, more remote centers of activation can play a significant role. For instance, 

the amino group of the [FeFe]-hydrogenase (1) is not directly bound to the metal 

center. In this case, the cooperativity occurs in the 2nd coordination sphere of the metal 

complex. 
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1.1 Lewis Base MLC 

Ligands that cooperatively operate as Lewis bases are more common than ligands that 

function as Lewis acids. Amido ligands in electron rich transition metal complexes are 

very suitable for MLC applications with ligands acting as Lewis base.[9; 26] Noyori et al. 

discovered that ruthenium catalysts, containing at least one primary amino group in 

the first coordination sphere, have a clearly improved reactivity in ketone 

hydrogenation.[27; 28] The cooperative interaction of the NH group was essential for the 

increasing reactivity of the catalyst.[29] Based on this research, they developed some 

very effective Ru-catalysts for ketone hydrogenation (Scheme 6).[28–31] The possibility 

of stereoselective hydrogenation of ketones was demonstrated in many cases with 

R-BINAP (3) and S-BINAP (4). Analogous complexes with tertiary amino groups like 

TMEDA not nearly reached the effectivity under the same conditions. 

 

 

 

Scheme 6: Examples of efficient Ru-catalysts R-BINAP (3) and S-BINAP (4) for 

stereoselective ketone hydrogenation.[30] (ee = enantiomeric excess). 

 

The proposed outer-sphere mechanisms of the hydrogenation of acetophenone (5) via 

MLC with a Ru-complex of S-BINAP (4) shows two cycles and three possible transition 

states (Scheme 7).[32] 
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Scheme 7: Proposed mechanisms of ketone hydrogenation of acetophenone (5) by 

Ru-complex S-BINAP (4) in 2-propanol, to form (R)-1-phenylethanol 

(R-6) with 99% ee.[32] (DPEN = 1,2-diphenylethylene-diamine; ROH = 

2-propanol; TolBINAP = 2,2’-bis(di-4-tolylphosphino)-1,1’-binaphthyl)  

 

The active catalytic species 8 and 9 were generated from the pre-catalyst S-BINAP 

(4). In the transition state TS-14 (cycle I), the mechanism occurs via a six-membered 

ring, where the hydrogen is transferred to the C=O group of the ketone 

contemporaneously. Transition states TS-15 and TS-16 (cycle II) proposed an 

activation of H2 via a four-membered ring, or a six-membered ring in the presence of 

an alcohol as solvent. In both cycles, the interaction of a primary or a secondary amino 

group is essential for the presumed transition states. The activation of H2 via MLC 
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leads to a large variety of highly effective hydrogenation catalysts for many functional 

groups over the course of the last years.[8; 33–35] The dehydrogenation of a variety of 

compound classes (e.g. alcohols, formic acid, aminoboranes, N-heterocycles) via MLC 

were also successfully realized.[33] Beller et al. observed efficient acceptorless 

dehydrogenation processes of alcohols under mild reaction conditions, using different 

pincer transition metal complexes.[36–38] Based on these results, Schneider et al. 

discovered that the Fe-PNP pincer complex 18 was active in catalytic acceptorless 

dehydrogenation of alcohols under base free conditions.[39] The activation mode of the 

alcohol was proposed to occur in a concerted way or stepwise (Scheme 8). The 

sustainable production of H2 might be an important contribution to displace fossil fuels 

as source of energy. 

 

 

Scheme 8: Acceptorless dehydrogenation of alcohols using the Fe-PNP pincer 

complex 18 with proposed activation pathways.[39] 
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1.2 Lewis Acid MLC 

Ligands acting as Lewis acid in MLC with base metals were first reported by Fontaine 

and Zargarian, using the nickel complex (1-Me-Ind)Ni(PPh3)(Me) (19) in combination 

with (Me2PCH2AlMe2)2 (20) for the dehydrogenative coupling of phenylsilane 

(Scheme 9).[40] The result was a perceptible increase of the activity, with respect to the 

nickel complex with methylaluminoxane (MAO) as a co-catalyst. The species 21 was 

generated by addition of triethylamine to split the P-Al dimer 20 and displace the 

triphenylphosphine at the nickel atom. After the loss of NEt3, and the formation of the 

active species 22, a noticeable increase of catalytic activity was the result. It is 

proposed that the interaction of the R-AlMe2 group and the Ni center with the substrate 

(23) is accelerating the Si-H bond activation and Si-Si bond formation. 

 

Scheme 9:  Dehydrogenative coupling of SiPhH3 with (1-Me-Ind)Ni(PPh3)(Me) (19), 

enhanced with Lewis acidic Al-ligand (22).[40] (Ind = indenyl) 
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The most obvious approach for creating a Lewis acid based cooperating system is 

probably the installation of a borane in the ligand framework, that is able to interact 

with the substrate via MLC. Parkin et al. and Rabinovich et al. first reported Ni-, Fe- 

and Co-borane complexes which are showing the activation of several substrates via 

MLC.[41–43] In case of H2, the activation differs significantly in comparison to Lewis basic 

ligands like amino groups, by forming a metal hydride and a boron hydride. With the 

nickel borane complex 26, Peters et al. demonstrated a reversible oxidative activation 

of H2, under formation of the Ni(II)-hydrido borohydrido complex 27, which was capable 

for catalytic alkene hydrogenation (Scheme 10).[44] 

 

 

 

Scheme 10:  Reversible activation of H2 with the Ni-B-complex (MesDPBPh)Ni (26) and 

catalytic alkene hydrogenation.[44] (DPB = diphosphine-borane) 
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1.3 Dearomatization/Rearomatization based MLC substrate 

activations 

Many transition metal complexes[8; 9] and also element-ligand cooperativity with p-block 

elements[45] with different types of cooperating groups in the first and second 

coordination sphere, able to activate a variety of substrates in cooperative mode were 

described in the past. The first example of bifunctional substrate activation with a 

dearomatization/rearomatization sequence was reported in 1984 by Shvo et al..[46–48] 

Shvo’s complex 28 is a dinuclear species potent as (pre)catalyst in transfer 

hydrogenation reactions of ketones (Scheme 11).[49] 

 

 

 

Scheme 11:  Hydrogen transfer mechanism of alcohols with Shvo’s complex 28 

(A = hydrogen acceptor) and proposed outer-sphere transition state 

TS-30.[49] 

 

The thermal dissociation of 28 led to two monomeric catalytically active species 29a* 

(The asterisk indicates the dearomatized ligand) and 29b. The unsaturated 

η4-cyclopentadienone ligand in 29a* reacts with alcohols as a proton acceptor and the 

Ru center as a hydride acceptor, under rearomatization and formation of the saturated 
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18e- valence electrons (VE) complex. Mechanistic studies recommend a concerted 

outer-sphere transition state TS-30.[50; 51] The species 29b is able to transfer the 

hydrogen to an acceptor substrate under dearomatization to species 29a*. Further 

investigations indicated transfer hydrogenation to other functional groups e.g. alkenes, 

alkynes and aldehydes.[49; 52; 53] Analogous complexes for bifunctional catalysis with 

cyclopentadienone units were also developed by Knölker et al.[54] and Guan et al.[55]. 

Hydroxypyridine based ligands (31) were discovered to be well suited for MLC bond 

activation via dearomatization/rearomatization sequences (Scheme 12).[9; 56] The 

deprotonated species (32a) forms a dearomatized pyridonate resonance structure 

(32b*), in which the nitrogen atom has a formally negative charge and acts as a strong 

π-donor. The dearomatized species is able to act via MLC in substrate activation 

reactions under rearomatization (33). 

 

 

Scheme 12:  MLC bond activation in hydroxypyridine complexes via dearomatization/ 

rearomatization sequence. 

 

In 2004 Himeda et al. reported a significantly increased catalytic efficiency for 

hydrogenation reactions, after deprotonating the dihydroxy-phenanthroline Ir-complex 

[Cp*Ir(H2L1)Cl]Cl (34).[57; 58] The deprotonation of the OH-group was essential for the 

bifunctionality of the catalyst by forming the dearomatic moiety K[Cp*Ir(L1)-Cl] (35b*) 

(Scheme 13). Although there is no direct bond between the metal and the OH-group, 

there is a direct influence in the first coordination sphere of the metal, because of the 

formally negatively charged nitrogen atom. Based on this model additional catalysts 

have been developed and also the influence of the position of the OH-groups was 

examined.[58–60] 
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Scheme 13:  Formation of the dearomatic species K[Cp*Ir(L1)-Cl] (35b*) by double 

deprotonation of the dihydroxy phenanthroline Ir-complex 

[Cp*Ir(H2L1)Cl]Cl (34).[57] 

 

Yamaguchi et al. reported the water-soluble cationic dihydroxy bipyridine Ir-complex 

36 for dehydrogenative oxidation of primary and secondary alcohols to aldehydes.[61] 

The catalytically active species 37* were obtained by elimination of 

triflourmethanesulfonic acid (HOTf) and water from the di-cationic Ir-complex 36 

(Scheme 14). The proposed reaction mechanism for secondary alcohol activation 

occurs via the alkoxo iridium species 38. β-hydrogen elimination leads to the Ir-hydride 

species 39 and generation of the ketone. The regeneration of the catalyst was 

achieved by release of H2 formed from the Ir-hydride and the hydroxyl hydrogen. 

 

 

 

Scheme 14: Proposed dearomatization/rearomatization mechanism for the 

dehydrogenative oxidation of alcohols by Ir-complex 37*.[61] 
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1.4 Pyridine-based ligands in dearomatization/rearomatization 

reaction sequences for MLC substrate activations 

Approximately at the same time the hydroxypyridine based system was reported, the 

pyridine-based pincer ligand motif (Scheme 15) took a key role in the development of 

high-performance catalysts for e.g. (de)hydrogenation reactions and dehydrogenative 

coupling reactions of alcohols.[8; 62; 63] The pincer motif shows advantages because of 

its accessibility for MLC activation, its chemical robustness and the good accessibility 

of the metal in homogeneous catalysis. Milstein et al. discovered a metal-ligand 

cooperating reactivity in pyridine-based PNN- and PNP-pincer ruthenium complexes 

utilizing a reversible dearomatization/rearomatization reaction sequences.[64–67] The 

deprotonation of the ligand ‘arm’ (i.e. the methylene group is converted to a methine 

moiety) causes the dearomatization of the pyridine unit under formation of an exocyclic 

double bond (41*) (Scheme 15). Similar to the hydroxypyridine system, the amido 

character of the nitrogen atom in the pyridine unit directly influences the first 

coordination sphere of the metal. 

 

 

Scheme 15: MLC bond activation in pyridine-based pincer complexes via a 

dearomatization/rearomatization sequence. (Y—Z = substrate; L1 and 

L2 = amino or phosphine ligand) 

 

The active species 41* is capable to activate a chemical bond via 1,3-addition under 

rearomatization of the pyridine unit. The substrate is activated via bond formation to 

the metal center and the unsaturated aliphatic carbon atom of the ‘pincer arm’. Pyridine 

based pincer ligands are especially adequate for this mode of MLC, because of the 

relatively low resonance energy of pyridine (28 kcal/mol) compared to benzene 

(36 kcal/mol), the acidity of the benzylic hydrogen atoms as well as the stabilization of 

the dearomatized ligand by the metal.[8] The driving force of the formation of the 

substrate activated species 42 is referred from rearomatization, C-Z bond formation 
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and reaching a saturated coordination sphere of the metal center via M-Y bond 

formation.[8; 68] The oxidation state of the metal normally remains unchanged. The first 

report of a catalytic reaction employing the concept of MLC in pyridine-based pincer 

complexes was reported by Milstein et al. 2005.[69] The dearomatized complex 44* was 

obtained from the Ru-PNN pincer complex 43 by deprotonation with a strong base 

(Scheme 16).  

 

 

Scheme 16:  Reversible activation of H2 with the Ru-PNN pincer complex 44* via 

dearomatization/rearomatization sequence.[69] 

 

Reversible H2 activation was observed, resulting in the aromatic trans-dihydride 

complex 45, which could be isolated. Under base-free conditions complex 44* turned 

out to be an effective catalyst for acceptorless dehydrogenative esterification of 

primary alcohols (Scheme 17).[64] NMR spectroscopic studies of complex 44* 

corroborate the theory of a dearomatization/rearomatization mechanism. The 1H NMR 

spectrum contains resonances of the pyridine unit shifted to lower frequencies after 

deprotonation. Deprotonation occurred at the P-arm, proven by the resulting 1H NMR 

resonance associated with a methine CH. The mechanistic proposal was later reported 

by Wang et al.[70; 71] and Hall et al.[72] on the basis quantum chemical calculations using 

DFT (density functional theory). By calculations, in the case of H2 activation, only a 

small energy difference of 1-4 kcal/mol between the dearomatized and the aromatized 

complex was determined.[8; 72] In later publications, dearomatized species and 

substrate activated species could be isolated and fully characterized in a PNP pincer 

Ir-complex.[73; 74] Single crystal X-ray diffraction experiments of the dearomatized 

species show significantly shorter C-C interatomic distances for the deprotonated 

‘arm’, with respect to the aromatic complex. 
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Scheme 17:  Postulated mechanism for dehydrogenative coupling of alcohols to 

esters, catalyzed by the Ru-PNN pincer complex 44*.[64] 

 

Many publications have appeared on this topic in recent years, describing 

hydrogenation reactions of aldehydes, ketones, esters, carboxylic acids, nitriles, 

azides and other functional groups, using the pincer platform with MLC activity 

rendering a dearomatization/rearomatization reaction mode.[9; 25] In contrast to the 

activation of the homogeneous σ-bond of H2, the activation of polarized bonds is 

predestined for MLC, because of its bifunctional activation mode. An important 

example is the reversible activation of CO2 via MLC which is also one focal point of this 

work. CO2 is a very unreactive compound and because of its thermodynamic stability 

not easy to activate using conventional transition metal complexes. For the 

electrochemical reduction of CO2, large overpotentials are needed. 
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Scheme 18:  Properties of CO2 and different modes of CO2 activation in metallic 

complexes. a): M-C σ-bond; b): π-coordination; c): M-O coordination; 

d): MLC under M-O and C-C bond formation. (M = metal; L = ligand) 

 

After one-electron reduction the CO2 molecule loses its low-energy linear structure. 

The highly energetic one electron reduction radical anion CO2
•− can be circumvented 

by the use of effective catalysts which are able to induce direct multielectron transfer 

reactions to the CO2 molecule.[75–79] CO2 activation, to make the molecule accessible 

as a C1 feedstock for renewable energy sources or chemical products, is an attractive 

goal.[80–82] For efficient catalytic conversion reactions, the interaction of the CO2 

molecule with the catalyst is essential. There are several coordination modes known 

for CO2 in transition metal complexes. An important feature is the σ-bond between the 

metal center and the carbon atom (Scheme 18 a). π-coordination of one C=O double 

bond to the metal center (Scheme 18 b) is also observed. M-O coordination between 

the oxygen and the metal center (Scheme 18 c) has also been described, but it is only 

possible with highly sterically demanding ligands.[18] CO2 is outwardly neutral, but has 

negative partial charges at the oxygen atoms and a positive partial charge at the 

carbon atom (Scheme 18). The carbon atom thus exhibits weak Lewis acidity and the 

oxygen atoms can act as weak Lewis bases. This characteristic makes CO2 a 

promising substrate for MLC activation (Scheme 18 d). The first report of bifunctional 

reversible CO2 activation was made by Floriani et al. in 1974[83], in an counterion 

cooperating mode, using the anionic Na[Co(I)(salen)] complex 48 (Scheme 19 a).[84] 

Interesting in this mode of activation is the role of the counterion, which in this case 

represents the bifunctionality of activation. The interaction of CO2 with such anionic 

complexes depends primary on the counterion and the solvent. This circumstance also 

gains special importance in this work and is mainly discussed in 3.1. In 1981 
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Braunstein et al. first reported a bifunctional reversible CO2 activation with the 

Pd(II) complex 49 by insertion in a C-H bond under Pd-O and C-C bond formation 

(Scheme19 b).[85] Late transition metals (d8-d10) turned out to be very suitable for CO2 

insertion reactions in metal-element bonds, because of their Lewis basic character and 

their possibility to bind a weak ligand such as CO2 via backbonding.[18] 

 

Scheme 19: Alternative variants of reversible CO2 activation with transition metal 

complexes. a) bifunctional counterion activation by Floriani et al.[83]; 

b) bifunctional insertion under C-C and Pd-O bond formation by 

Braunstein et al.[85]; c) actor ligand activation under C-C bond formation 

by Song et al.[86]; d) bifunctional MLC activation via C-C and Ru-O bond 

formation and rearomatization by Milstein et al.[87]. 

(dmba-H = dimethylbenzylamine; 8-mq-H = 8-methylquinoline) 

 

Another remarkable reversible CO2 activation, reported by Song et al., is an insertion 

of CO2 into a C-H bond of a C-nucleophilic actor ligand in a zwitterionic 

Ru-diazafluorenide (daf-) complex 50 (Scheme 19 c).[86] The insertion in the 
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52 

“redox-active actor ligand” shows no cooperative mode, the metal center remains 

unmodified.[88] In an earlier publication they reported the reversible splitting of H2 with 

the same complex in a cooperative mode under Ru-H and C-H bond formation.[89] A 

new mode of reversible CO2 activation was published by Milstein et al. in 2012 via a 

dearomatization/rearomatization mode.[87] The Ru(II)-PNP pincer complex 51*, was 

capable to activate CO2 via MLC under reversible C-C and Ru-O bond formation at 

ambient temperature. Under a pressure of 1 bar of CO2, the dearomatized complex 51* 

reacts rapidly with CO2, forming the rearomatized 1,3-addition product 52 under 

[2+2]-cycloaddition. The unusual reversibility of the C-C bond could be demonstrated 

in NMR spectroscopic experiments, showing a fast exchange of labeled 13CO2 at 

ambient temperature under 1 bar of non-isotopically labeled CO2. The CO2-complex 

52 could be isolated and the obtained molecular structure from single crystal X-ray 

diffraction (scXRD) studies shows an (slightly) elongated C-C single bond between the 

benzylic carbon atom and the CO2, compared to common carboxylic C-C single bonds 

(Figure 1). The Ru-O bond lengths is consistent with other similar complexes.[66; 90] 

Compared to single bond activation, leading to bond cleavage, a [2+2]-cycloaddition 

product is obtained by double bond MLC activation. 

 

 

 

   

 

   

   

 

  

 

 

Figure 1:  ORTEP plot of [Ru(PNPtBu-COO)(CO)(H)] (52).[87] (Selected bond 

lengths in [Å] angle in [°]; Thermal ellipsoids at 50% probability, H atoms 

omitted for clarity, except for hydride Ru-H) 

 

DFT calculations suggested a concerted addition of CO2. Further transition metal 

pincer complexes were reported, activating CO2 under MLC.[19; 91–93] The development 

of first-row transition metal catalysts (on the basis of e.g. Fe, Mn, Cu) and/or the 

Ru1-O2  2.255(1) 

C1-C25  1.562(2) 

C25-O2  1.276(1) 

C25-O3  1.237(1) 

O3-C25-O2  126.4° 
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substitution in related precious metal complexes is desirable because of their natural 

abundance, their low cost and their potentially improved sustainability with respect to 

rare precious metals. Especially the development of Mn(I)-complexes has increased 

in recent years. The availability of air-stable and commercially available halogen 

pentacarbonyl complexes, or the simple preparation from Mn2(CO)10 with e.g., 

elemental bromine, has increased the significance of such complexes. A major 

advantage during the development of Mn(I) carbonyl complexes is their diamagnetic 

behavior (d6-low-spin), which also makes them accessible for NMR spectroscopic 

analysis.[8; 94; 95] The Mn(I)-PNN pyridine pincer complex 53* reacts with CO2 via a 

dearomatization/rearomatization mode under 1,3-addition, forming Mn-complex 54, 

similar to Ru-complex 52 (Scheme 19 d). With Mn(I)-PNN pyridine pincer complex 56, 

an amido/amino mode was observed, under [1,2]-addition, forming the CO2 complex 

57 (Scheme 20 b). The amido group was obtained by deprotonating the secondary 

amine of the precatalyst 55. Similar reactions were reported with molybdenum and 

tungsten pincer complexes, giving rise to a [1,2]-addition of CO2 under N-C bond 

formation.[96; 97] 

 

 

Scheme 20: Activation of CO2 by the Mn PNN pincer complexes 53* and 56. 

a) dearomatization/rearomatization mode. b) amido/amino mode.[93] 

 

Successful CO2-hydrogenation reactions via MLC with different pincer complexes were 

reported by several groups in the past.[98; 99] Though, the CO2-adduct has probably not 

played an active role so far. The hydrogenation of CO2 probably always was followed 

after activation of H2 by prior displacing of CO2.[100]
 However, the MLC addition 
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products are observed during the hydrogenation reactions and can also lead to 

catalytically active species.[101] 

 

Scheme 21: Reversible activation of different carbonyl groups via MLC with the 

ruthenium PNN pincer complex 58*.[102] 

 

Activations of other heterogeneous C-O bonds, such as alcohols, ketones, aldehydes 

or esters were also reported via a dearomatization/rearomatization reaction scheme, 

as already mentioned for the hydrogenation. Sandford et al. demonstrated the 

reversible activation of several carbonyl groups using the ruthenium pincer complex 

58* via a dearomatization/rearomatization sequence (Scheme 21).[102] The carbonyl 

carbon is diastereotopic when carrying different substituents R and R’ as in 59a and 

59c. As a result, a mixture of diastereomers was obtained. Not only single (H2) and 

double bonds (carbonyl groups) can be activated, but also triple bonds e.g. in nitriles 

show remarkable reactivity with MLC-platforms. The first reported cooperative 

activation of the nitrile group via a dearomatization/rearomatization mode in 

pincer-type complexes was also published by Milstein et al..[103] The dearomatized 

Re-PNP pincer-complex 60* reacts readily with nitriles under C-C and Re-N bond 

formation. Two types of adducts could be verified depending on the used nitrile. The 

ketimino complexes 61 were obtained with nitriles, in the absence of hydrogen in 

α-position. The enamido complexes 62 were formed, using aliphatic nitriles 

(Scheme 22).  



 

28 
 

 

 

Scheme 22:  Activation of nitriles with the Re-PNP pincer complex 60*.[103] 

(R = phenyl or methyl; R’ = aryl or t-butyl) 

 

Both types of nitrile activation reactions were shown to be reversible. Efficient catalytic 

addition reactions of nitriles with Michael acceptors could be successfully 

demonstrated with the Re(I)-complex 60. In a later publication, Milstein et al. 

demonstrated the catalytic activity with the corresponding manganese PNP pincer 

complex 63*[104] (Scheme 23), which was also potent in hydrogenation reactions.[105]  

 

 

 

Scheme 23: Base-free Michael addition of aliphatic nitriles with ethyl acrylates, 

catalyzed by the Mn-PNP pincer complex 63*.[104] 

 

Many review articles have been published in the last years, and the potential of MLC 

for activation in catalytic processes has only just begun.[8; 33; 56; 106; 107] The discovery of 

the influence of the dearomatization/rearomatization mode in catalytic mechanisms 

was an initial spark for the development of new efficient catalysts in the field of 

heterogeneous transition metal catalysis via MLC. Recent knowledge and a generally 
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newly accepted mechanism of many hydrogenation and dehydrogenation reactions in 

bifunctional catalysis using MLC was developed by Dub et al. on the basis of DFT 

calculations and is still being investigated.[108–113] The concerted reaction models of 

e.g. Shvo, Noyori[30] or Milstein[64] were reexamined in many computational 

mechanistic studies, using an alternative pathway by Dub et al..[108; 109] In the 

“Dub mechanism” the ligand supports a stepwise catalytic reaction pathway only by 

hydrogen bonding interactions at the ligand without bond cleavage of hydrogen atoms 

(L-H) on the ligand (Scheme 24), while in the concerted mechanism the ligand 

undergoes a reversible H+ transfer via bond formation and bond cleavage as seen 

before (e.g. Scheme 7 or Scheme 11). Bifunctional catalysis based on the Dub 

mechanism is therefore also referred as a metal ligand assisted (MLA) reaction 

pathway. 

  

Scheme 24: Stepwise catalytic reaction pathway for the dehydrogenation of primary 

alcohols to aldehydes via MLA mechanism.[113] 

 

In the MLA pathway for the catalytic dehydrogenation of primary alcohols to aldehydes, 

which is simplified in Scheme 24, the cycle starts with the dihydride complex D1. The 

transition state TS-D2 shows the incorporation of the alcohol and a proton transfer from 

the alcohol leads to complex D3, which leads to complex D4 under release of H2. The 
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intramolecular hydride incorporation to the metal center in D5 paves the way for the 

hydride transfer via TS-D6. In the last step the aldehyde is released under regeneration 

of the catalyst (D1). Although the reaction mechanism gets more complicated in many 

cases by the stepwise route, it leads to energetically more favorable and more 

plausible transition states.[108; 109; 113] This model has given a new look for many 

bifunctional catalytic mechanisms. However, this new mechanism still supports the 

essential presence of hydrogen on the ligand, as observed by Noyori[30], but calls for a 

critical consideration of many MLC-based catalytic processes. Due to the new results 

of the MLA studies and the better understanding of the transition states in the reaction 

cycles, even better bifunctional catalysts can be developed in the future, which should 

expand and improve the previously excellent results of the catalysts based on MLC. In 

addition to the diversification of the coordinated atoms and their bounding groups of 

the pyridine-based pincer ligand, a next logical step is the development of ligand 

scaffolds which are selective for the intended substrate, easy and inexpensive to 

synthesize and environmentally friendly. Huang et al. developed some new amino 

pyridine-based pincer ligand scaffolds for MLC substrate activation reactions.[114; 115] 

The benzylic CH2-group was replaced by a NH-group (Scheme 25). With similar ligand 

scaffolds, Kirchner et al. were also able to show catalysts for the hydrogenation of 

aldehydes, cross-coupling reactions of C-C and C-N bonds or the alkylation of 

amines.[116–121] 

 

 

 

Scheme 25: Proposed bond activation via MLC with 2-amino-pyridine-based pincer 

complexes. Dearomatized active species in the middle. (E = N,P-donor 

ligands; Y—Z = substrate) 

 

The deprotonation of the amino group causes the “dearomatization” of the pyridine 

unit. The benzylic N-H unit is more acidic, compared to the benzylic C-H in the Milstein 

system, which allows new possibilities in bond activations.[114; 115] A series of different 

bond activations was reported via MLC with reversible dearomatization/ 
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rearomatization mode using the Huang system.[68; 122; 123] Huang et al. examined the 

potential role of the dearomatization/rearomatization mode in the activation process. 

They compared the system of Milstein with their own, by substitution of the bridging 

nitrogen atom by a carbon atom, and came to the conclusion that Milstein’s system 

gains more energy from rearomatization than their amino-pyridine system 

(Scheme 26).[68; 123] The reason for this is that the dearomatized species of Huang 

keeps a much higher aromatic character than that of Milstein.[124] Common models for 

the determination of aromaticity are HOMA (Harmonic Oscillator Model of Aromaticity), 

NICS (Nucleus Independent Chemical Shifts), ASE (Aromatic Stabilization Energy) or 

VBSCF (Valence Bond Self-Consistent Field).[125–130] 

 

Scheme 26: Thermodynamic comparison of Huang’s system and Milstein’s system 

and calculated energy differences after reacting with H2 under 

rearomatization. ΔEAroma from ASE calculations and NICS(1)zz from 

improved NICS calculations.[68; 123] 

 

The determination of the degree of aromaticity is a challenging task and not directly 

scalable. Calculations with amino-triazin ligands have also been demonstrated, 

providing similar results.[131; 132] The exact influence of aromatization in bond activation 

reactions must be further investigated, in order to get a better understanding to develop 

catalysts customized to the substrate. Further interesting ligand scaffolds for MLC 

dearomatization/rearomatization modes were reported with different N-heterocyclic 
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ligands, 1,3-diketimine ligands or carbocyclic ligands and also summarized in several 

review articles.[8; 9; 33; 56] Considering the previous results, in the following the 

dearomatization also means a disruption of the π-system in the pyridine unit if the 

bonding conditions in the activated species are not unequivocally proven. Due to 

different resonance structures, electron density can be distributed to some extent over 

the ligand framework and also to the metal center, so that dearomatization cannot 

always be clearly proven. 
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2 Motivation 

Many pyridine-based tridentate pincer ligands were reported over the last years, 

having the ability for bifunctional substrate activation.[8; 9; 33; 106; 122] In addition to the 

previously listed advantages of the PNP and PNN pyridine pincer ligands, the 

disadvantage is their elaborate synthesis, which also makes them relatively expensive, 

and the high reactivity of the alkylphosphane ligands. The production of these ligands 

is also not very sustainable due to the use of toxic substances e.g. white phosphorus 

or PCl3. Along these lines, this work presents three different ligand systems suitable 

for substrate activation under metal ligand cooperativity via a dearomatization/ 

rearomatization reaction scheme. The synthesis of the ligands is compared to the PNN 

and PNP pincer ligands very simple or even available for purchase. The sustainability 

is additionally increased by omitting alkylphosphane ligands. In this project, MLC 

substrate activation with different bidentate and tridentate 2-picoline based transition 

metal complexes will be shown. A dearomatization/rearomatization mode as a driving 

force for substrate activation turned out to be very efficient for MLC. The activation of 

known substrates/bonds as well as the expansion of previously unknown substrates 

via dearomatization/rearomatization mode is a focal point of this work. Analytical 

studies of the activated species and - if possible - the isolation of the adduct-complexes 

is another main target of this work. The simplification of ligand systems and reduced 

expenditure are further targets, as well the combination of other activation properties 

like previously described. Furthermore, there is a focus on the transfer from 

electron-rich late transition metals to first-row transition metals. In addition to their 

different chemical properties, they are more available and usually mined in a more 

environmentally friendly manner.[133] In this work the transfer from the group 7 metal 

rhenium to manganese will be shown. 
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Introduction of the Developed Complexes 

 

Redox-Active Bidentate Iminopyridine ligands give rise to anionic metal-ligand 

cooperative carbonyl complexes with Re and Mn metal centers. The complexes 

are characterized by the presence of counter cations, which can take an 

additional decisive role in substrate activation.  

 

The first system is based on the bidentate ligand framework of 2-amino-/2-iminomethyl 

pyridine, in fac-tricarbonyl transition metal complexes of group 7 (Mn, Re) with 

oxidation state +I (Scheme 27). 

 

Scheme 27:  Bidentate 2-amino-/2-iminomethyl pyridine system for MLC substrate 

activation. X = Cl, Br; M = Mn, Re; M" = Li, Na, K; R = Php-Me; Y—Z = 

substrate. 

 

The first target is to obtain the active “dearomatized” species III* via two different ways. 

That is, the reduction of the imin complex I, and the somewhat milder way of double 

deprotonation of the amin and methylene unit in complex II. Subsequently, the 

dearomatized anionic species III* can activate suitable substrates under 

rearomatization via MLC (IV). The redox active ligand operates as a Lewis base 

(nucleophilic methine carbon). As the resulting dearomatized complex III* is anionic, 

which is a significant difference to most pyridine-based PNN or PNP pincer complexes, 

the role of the counterion can play a significant role, as the e.g. alkali cation could 
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directly interact with the activated substrate (see work of Floriani[83; 84] above). That is, 

complexes of type III* bear an additional functionality next to the MLC as an additional 

feature for the regulation of a well-defined substrate environment. The influence of a 

coordinating alkali metal counterion for cooperative substrate activations has not been 

adequately studied yet and appears to be underdeveloped. This matter is addressed 

in the course of this work. 

 

Cooperative Tridentate Ligand Design: Fusion of the Aminopyridine Unit with 

5H-dibenzo[b,f] azepine as steering Ligand 

 

The second system is a tridentate 2-aminomethyl pyridine ligand scaffold, which is 

expanded by a seven-membered ring, able to act as an olefinic unit as steering ligand 

for chelation (Scheme 28). 

 

Scheme 28: Tridentate olefinic 2-aminomethyl pyridine system. (Y—Z = substrate, 

PPh3 = triphenylphosphine) 

 

Grützmacher et al. have extensively reported on the 5H-dibenzo[a,d]annulene scaffold 

(trop-ligand) in transition metal complexes and contributed publication with paramount 

importance with respect to aminyl radicals[134], methanol/water dehydrogenation[135] 

and ethanol as hydrogen donor for transfer hydrogenations[136], to only name a few. 
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The fused 2-aminomethyl pyridine unit allowing for potential MLC and the olefinic 

coordination[137; 138] site gives rise to an intriguing ligand platform for electron rich 

transition metals. In fact, the Rh(I)-complex VI was prepared by addition of the novel 

ligand V with [Rh(C2H4)2Cl]2. The dearomatized species VII* is obtained via addition of 

triphenylphosphine (PPh3) and subsequent ligand deprotonation with a base. 

Rh(I)-complex VII* is able to activate carbonyl substrates under rearomatization via 

MLC (VIII). The olefinic entity remains coordinated to the rhodium center functioning 

as a steering ligand during substrate activation. 

 

Further simplified bidentate pyridine-based ligands: Utilization of simple 

picoline-based alcohols and ketones as redox-active and cooperative N-O 

Chelates.  

 

The third model is based on a 2-pyridinecarboxaldehyde/2-pyridinmethanol system 

with the group 7 transition metal Re(I) (Scheme 29).  

 

  

Scheme 29: Bidentate N,O-chelating pyridine Re(I)-complexes for substrate 

activation via MLC. (a: R = H (aldehyde/alcohol system); b: R = alkyl, 

aryl (ketone/alcohol system)) (X = Br; M'' = Li, Na, K; R = H, alkyl or aryl;         

Y—Z = substrate) 
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Replacing one benzylic hydrogen atom by an alkyl or aryl group provides the 

corresponding secondary-alcohol/ketone system. Instead of the amino/imino system 

of the N,N-chelating Schiff base ligands, the use of aldehydes and ketones with their 

related alcohols as ligand results in the bidentate N,O-complexes IXa (aldpy), 

IXb (ketpy) or Xa,b (alkpy), forming an primary-alcohol/aldehyde system or a 

secondary-alcohol/ketone system showing reactivity similar to I,II,III*. Two-electron 

reduction of aldpy or ketpy with alkali metals should lead to the “dearomatized” 

alkoxide-species XIa* (a-alkoxpy*) or XIb* (b-alkoxpy*), capable of MLC substrate 

activation (XIIa or XIIb). The formal oxidation state of the metal should remain 

unchanged as the ligand shows redox-noninnocent behavior. Oxygen atoms as a 

hemilabile ligand to the metal center have often shown some unexpected reaction 

pathways.[139–141] For the reaction pathway of deprotonation, the associated alcohol 

N,O-chelated complexes Xa (a-alkpy) or Xb (b-alkpy) is used. The simplicity of this 

system is a notable advantage compared to previous already simplified bidentate 

N,N-ligands, as the ligands are for instant commercially available. 
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3 Results 

3.1 Bidentate Anionic 2-Amino-/2-Iminomethyl Pyridine 

Complexes  

 

3.1.1 Overview 

Inspired by the tridentate pincer scaffold and the previous work with bipyridine 

ligands[142–144] and at the beginning of this research work, Kubiak et al. studied the 

capability of bidentate imino-pyridine transition metal complexes for CO2 reduction 

(Scheme 30 a).[145–147] The redox non innocent properties of this type of complexes 

were shown before in several publications.[148–151] The molybdenum tetracarbonyl 

complex 64 decorated with a pyridine mono-imino chelate was found to react with CO2, 

after previous two-electron reduction, via C-C and Mo-O bond formation 

(Scheme 30 b). 

 

 

Scheme 30:  a) Bidentate iminopyridine complex, inspired by pincer and bipyridine 

ligands. b) Proposed activation of CO2, prepared via prior two-electron 

reduction, with the pyridine-based N,N-Mo complex 64.[145] 

 

Coupled UV/Vis spectroscopic cyclic voltammetric investigations, as well NMR 

spectroscopic studies of the monoanionic (first one e- reduction step) and dianionic 

(second one e- reduction step) species of 64, suggest a fully separated ligand-based 

reduction. The first one-electron reduction step, which is proposed to form a ligand 
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centered anion radical, showed a reversibility in cyclic voltammetry (CV) analysis. The 

second one-electron reduction step indicated the dearomatization of the pyridine unit  

by 1H NMR spectroscopic analysis, but was irreversible under loss of CO. The 

dianionic species could also be obtained by reduction with potassium graphite (KC8). 

Broad signals in NMR spectra were attributed to a fluxional K+ coordination/ 

decoordination. Isolation of the double reduced species was not successful. The state 

of dearomatization was not further analyzed. It was assumed that the electrons were 

distributed over the ligand scaffold. A molecular structure was obtained for the putative 

protonated dianionic CO2-adduct, by scXRD, showing only one potassium counterion, 

interacting with the CO2 unit. The CO2 complex shows an angle of 125.8°, a 

sp2-hybridized C atom and a delocalized C=O double bond with small preference to 

the not coordinated O-atom. The observed C-C single bond between the CO2 and the 

ligand was considered to be deleterious for catalytic turnover for CO2 reduction.[145] 

Kubiak et al. demonstrated the redox active behavior of bipyridine-ligands in 

fac-tricarbonyl group 7 transition metal complexes and showed several successful 

applications for CO2 reduction in various publications.[142–144; 152–155] The redox-active 

properties could then also be shown for the pyridine monoimino rhenium complexes 

65.[147]  

  

Scheme 31: One-electron reduction of pyridine monoimino Re-complex 65 with KC8 

under formation of the Re-Re dimer complex 66 and two-electron 

reduction with sodium amalgam under formation of the anionic complex 

67*.[147] (R1 = (H, Me); R2 = (Me, Ph, 4-ClAr, Mes, 2,6-diiPrAr)) 
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They studied the single (66) and double reduced species (67*) of several pyridine 

monoimino Re(I) fac-triscarbonyl complexes (Scheme 31) and additionally 

demonstrated the activation of CO2.[146] Compared to the molybdenum tetracarbonyl 

monoamine pyridine complex 64 both one-electron reduction steps are reversible 

which is suggested by CV analysis. One- and two-electron reduction products could 

be isolated and fully characterized after preparative reduction. The one electron 

reduction product gave a dimeric structure under Re-Re bond formation (66). NMR 

spectroscopic analysis and the molecular structure of the two-electron reduced anionic 

species indicating the dearomatization of the pyridine unit. The authors were not able 

to isolate the CO2-adduct. A three-step electrochemical reduction under 

CO2-atmosphere yielded, due to a disproportionation reaction, free CO and a 

carbonate species, which suppresses the catalytic activity of CO2 reduction. The 

reduction of CO2 to CO, published before with bipyridine-based Re-complexes could 

not be transferred to the pyridine monoimine Re-complex[143; 156], allegedly because of 

the competitive ligand-based reactivity. During the course of this work, Weinstein et al. 

reported electrocatalytic CO2 reduction, using a series of manganese tricarbonyl 

complexes 68a-e with asymmetric 2-iminopyridine ligands (Scheme 32).[157] 

 

  

Scheme 32: Varieties of the fac-triscarbonyl 2-iminopyridine manganese complex 68 

for electrocatalytic reduction of CO2 to CO. 

 

The reduction of CO2 to CO with all complexes (68a-e) has been confirmed under 

CO2-atmosphere (Scheme 33). The increase of CO in the spectro-electrochemical cell 

causes an exchange of the ligand, forming Mn[CO]5־. The most sterically demanding 

ligand 68c, however, showed a higher stability against ligand displacement by CO. In 

contrast, the least sterically hindered ligand 68a showed the highest activity. Also, this 

group did not report CO2-adduct isolation. It was shown that the substitution on the 

 R1 R2 R3 

68a H H H 

68b H iPr H 

68c H iPr iPr 

68d H iBu H 

68e CH3 iBu H 
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ligand frame work has direct influence on the catalytic activity. While the groups R2 and 

R3 have primarily a steric effect, group R1 has a strong influence on the electrochemical 

properties of the complex. The relatively independent tuning of steric and electronic 

properties is an interesting attribute of these types of ligands. 

  

 

Scheme 33: Proposed CO2 reduction pathway with the Mn(I) 2-iminopyridine 

complex 68 under CO2 atmosphere.[157] 

 

The usage of 2-aminomethyl pyridine complexes as precatalyst has not been studied 

until now. The possibility for a milder reaction pathway could make these types of 

complexes more interesting for future catalytic applications.  

 

3.1.2 Precursor Chemistry 

The first project is based on simple-to-use 2-iminomethyl-pyridine and 2-aminomethyl 

pyridine ligands in rhenium(I) and manganese(I) fac-triscarbonyl complexes. The imino 

ligand 71 (impy) is easily prepared by the condensation reaction of 

pyridine-2-carbaldehyde 69 with p-toluidine 70 (Scheme 34).[158] The amino ligand 72 

(ampy) is obtained by hydrogenation of the azomethine 71. The hydrogenation reaction 

can also be done in good yield after complexation. In comparison to tridentate 

pyridine-based pincer ligands, the synthesis of these bidentate ligands is prepared in 

higher yield and the starting materials are less expensive. 
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Scheme 34: Condensation reaction of pyridine-2-carbaldehyde (69) with p-toluidine 

(70), forming the Schiff base 71 (impy) and the hydrogenation product 

72 (ampy) by subsequent reduction with NaBH4. 

 

The complexes fac-[M(I)(impy)(CO)3Br] 73 (M = Mn, Re) and fac-[M(I)(ampy)(CO)3Br] 

74 were prepared by stirring impy or ampy with M(CO)5Br (M = Mn, Re), under 

replacement of two equivalents of CO, in good yields (Scheme 34). Alternatively, the 

impy complexes can also be prepared in a one-pot synthesis. The anionic 

dearomatized amido complexes M''[M(amidopy*)(CO)3] 75* (M'' = Li, Na, K and 

M = Re, Mn) (the asterisk indicates the dearomatized pyridine unit) were obtained by 

two-electron reduction of the impy-complex 73 with alkali metals or by deprotonation 

of the ampy-complex 74 with the corresponding bis(trimethylsilyl)amide salt 

(M''HMDS). The possibility of obtaining the dearomatized species 75* by 

deprotonation, allows a milder reaction pathway, instead of the reduction by strong 

reductants. The dearomatized anionic amidopy*-complex 75* is highly reactive and 

able to activate different polarized multiple bonds (such as C=O, S=O or C≡N) 

depending on the metal center and the counterion via 1,3-addition and under 

rearomatization of the pyridine unit. The possible activation of heterogeneous double 

bonds via [2+2]-cycloaddition (76) is shown in Scheme 35. 
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Scheme 35:  Synthesis scheme of the rhenium and manganese complexes 73, 74 

and 75* with possible substrate activation via MLC (76). (Y = C,S;           

Z = N,O; X = Br; M = Mn, Re; M" = Li, Na, K; R = Php-Me; R' = organic 

substituent) 

 

Formally there is an additional active center by the coordinated amido group, that might 

also be able to activate substrates via [1,2]-addition. The 2-iminomethyl-pyridine 

system demonstrates the activation of CO2, SO2, ketones, aldehydes and nitriles via 

MLC 1,3-addition, depending on the metal center and the counterion. 
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3.1.3 Rhenium(I) Triscarbonyl Complexes with Redox-Active Amino- 

and Iminopyridine Ligands: Metal-Ligand Cooperation as Trigger 

for the Reversible Binding of CO2 via a Dearomatization/ 

Rearomatization Reaction Sequence[159] 

 

This work shows the reversible binding of CO2 via MLC, starting from redox-active 

amino- and iminopyridine Re(I) triscarbonyl complexes 73-Re and 74-Re. The reported 

reactions demonstrate the activation of CO2 via MLC with the anionic complexes 

M''[Re(I)(amidopy*)(CO)3] (M'' = Li, K) (75*-Re) and show the formation of the 

dearomatized reactive species 75* by reduction of 73 as well as by deprotonation of 

74 (Scheme 36). 

 

 

 

Scheme 36: Reversible binding of CO2 with the dearomatized bidentate complex 

M''[Re(amidopy*)(CO)3] (75*-Re), obtained from reduction or 

deprotonation pathway. (M'' = Li, K; R = Php-Me) 
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Previous works by Arne Helmers and Jennifer Bremer evaluated the chemistry of these 

ligand-types. I conducted the major part of the experiments along with a large part of 

the characterization and the experimental section. Markus Rohdenburg and André 

Wark supported the implementation of the syntheses during their research internship. 

Single crystal X-ray diffraction (scXRD) analysis was measured and evaluated by 

Dr. Enno Lork. 

 

 

The obtained results were published in the following journal: 

 

R. Stichauer#, A. Helmers#, J. Bremer#, M. Rohdenburg, A. Wark, E. Lork, M. Vogt, 

Organometallics 2017, 36, 839-848. (# = these authors contributed equally) 

DOI: 10.1021/acs.organomet.6b00897 

 

 

My percentage contribution of this publication in categories: experimental concept and 

design: ca. 40%, experimental work and acquisition of experimental data: 30%, data 

analysis and interpretation: 75%, preparation of Figures and Tables: ca. 30%, drafting 

of the manuscript: ca. 50%. 

 

https://pubs.acs.org/doi/10.1021/acs.organomet.6b00897
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3.1.4 Cooperative Binding of SO2 under M-O and C-S Bond Formation 

in a Rhenium(I) Complex with Activated Amino- or Iminopyridine 

Ligand[160] 

 

This work shows the activation of SO2 via MLC using the dearomatized Re(I)-complex 

75*-Re. The expansion of MLC activations via a dearomatization/rearomatization 

sequence to the unprecedented substrate SO2 was the motivation of this research. 

The activation of S=O bonds via MLC had not been reported in the literature at the 

time of publication. The reaction of 75*-Re with DABSO 

(1,4-diazabicyclo[2.2.2]octane-bis(sulfur dioxide) adduct) as a convenient SO2 source, 

leads to the 1,3-addition product fac-[K(18-crown-6][Re(amidopy-OSO)(CO)3] 

(77-crown) under [2+2]-cycloaddition. 

 

 

 

Figure 2:  Diamond plot of the 1,3-addition product 

fac-[K(18-crown-6)][Re(amidopy-OSO)(CO)3] (77-crown) from reaction 

of K[Re(amidopy*)(CO)3] (75*-Re) with DABSO and crown ether 

(18-crown-6). Selected bond lengths in [Å]. (Thermal ellipsoids at 50% 

probability, H atoms omitted for clarity) 

 

 

 

C5-C6  1.484(2) 

C6-S1  1.907(2) 

S1-O4  1.560(1) 

S1-O5  1.490(1) 

C6-N2  1.431(2) 

Re1-N2  2.131(2) 

Re1-N1  2.162(2) 

Re1-O4  2.222(1) 

K1-O4  2.852(1) 

K1-O5  2.774(1) 

K1-S1  3.304(1) 

77-crown 
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I was responsible for all experimental work, all analytical characterizations and the 

evaluation of the 1H NMR spectral line shape analysis. scXRD analyses were 

measured and evaluated by Dr. Enno Lork. 

 

 

The obtained results were published in the following journal: 

 

R. Stichauer, M. Vogt, Organometallics 2018, 37, 3639-3643. 

DOI: 10.1021/acs.organomet.8b00485 

 

 

My percentage contribution of this publication in categories: experimental concept and 

design: ca. 60%, experimental work and acquisition of experimental data: 99%, data 

analysis and interpretation: 100%, preparation of Figures and Tables: ca. 100%, 

drafting of the manuscript: ca. 55%. 
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3.1.5 Manganese(I) Tricarbonyle Complexes with Bidentate 

Pyridine-Based Actor Ligands: Reversible Binding of CO2 and 

Benzaldehyde via Cooperative C-C and Mn-O Bond Formation at 

Ambient Temperature[161] 

 

In this work, the metal center was altered from rhenium to the base metal pendant 

manganese. Additionally, the influence of the counter ion (M'' = Li, Na, K) was 

investigated. MLC was demonstrated under reversible Mn-O and C-C bond formation, 

represented by the reaction of CO2 and benzaldehyde at ambient temperature. The 

Mn(I)-complex 75*-Mn reacts readily with CO2 and also with benzaldehyde, forming 

the 1,3-addition products 78 and 79 (Scheme 37). The counter ion takes a decisive 

role in CO2 activation, revealed by varying the counterion of the Mn(I)-CO2 adduct 

complex 78 by K+ (78-K), Na+ (78-Na) and Li+ (78-Li) in exchange reactions and 

additionally in quantum chemical calculations using DFT (Density functional theory). 

 

 

 

Scheme 37: Reversible binding of CO2 in fac-M''[Mn(I)(amidopy-CO2)(CO)3] (78) 

and benzaldehyde in fac-M''[Mn(I)(amidopy-ba)(CO)3] (79) with the 

dearomatized bidentate Mn(I)-complex M''[Mn(I)(amidopy*)(CO)3] 

(75*-Mn). (M'' = Li, Na, K) 
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I was responsible for the conception and all experimental work, all analytical 

characterizations and created the experimental section as well the major part of the 

supporting information, except the computational details. Computational calculations 

were accomplished by Prof. Dr. Robert Langer at the Martin-Luther-Universität 

Halle-Wittenberg. scXRD analysis was measured and evaluated by Daniel Duvinage. 

 

 

The obtained results were published in the following journal: 

 

R. Stichauer, D. Duvinage, R. Langer, M. Vogt, Organometallics 2022, 41, 

2798-2809. 

DOI: 10.1021/acs.organomet.2c00387 

  

 

My percentage contribution of this publication in categories: experimental concept and 

design: ca. 60%, experimental work and acquisition of experimental data: 90%, data 

analysis and interpretation: 70 %, preparation of Figures and Tables: ca. 90%, drafting 

of the manuscript: ca. 55%. 
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3.1.6 Reversible Binding of Benzaldehyde and Benzophenone via 

Cooperative C-C and Re-O Bond Formation with Bidentate 

Pyridine-Based Rhenium(I) Triscarbonyl Complexes 

 

This chapter describes further investigations entailing K[Re(amidopy*)(CO)3] 75*-Re 

and the MLC activity to activate aldehydes, represented by benzaldehyde. 

Furthermore, C=O double bond activations are extended to ketones, represented by 

benzophenone.  

 

 

 

Scheme 38:  Synthesis of the aldehyde adduct complex fac-K[Re(amidopy-ba)(CO)3] 

(80) and the ketone adduct complex fac-K[Re(amidopy-bph)(CO)3] (81) 

and exchange reactions with CO2. 

 

Substrate activation via MLC of the C=O double bond in CO2 by K[Re(amidopy*)(CO)3] 

(75*-Re) was shown in a previous publication[159], presented in the context of this work. 
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The reversible binding of benzaldehyde by C=O double bond activation using 

K[Mn(amidopy*)(CO)3] (75*-Mn) via MLC was demonstrated in another previous 

work.[161] The activation of different carbonyl groups, using the ruthenium PNN pincer 

complex 58* was already mentioned before.[102] The resulting aldehyde-complex 

fac-K[Re(amidopy-ba)(CO)3] (80) and the ketone-complex 

fac-K[Re(amidopy-bph)(CO)3] (81) were formed via MLC 1,3-addition under C-C and 

Re-O bond formation (Scheme 38). The 1H NMR spectrum of complex 80 in THF-d8 

shows a diastereomeric mixture like previously described for the similar Mn(I)-complex 

78 and the ruthenium pincer complex 59a.[102; 161] In contrast to 78, the usage of 

K[Re(amidopy*)(CO)3] 75*-Re does not require an excess of benzaldehyde for a 

quantitative turnover. The ratio of the diastereomeric mixture is similar to the 

Mn(I)-complex 79, at 82:18 (80a/80b). The downfield shift of the 1H NMR signals 

associated with the pyridine unit from 8.51-4.94 ppm to 8.70-6.59 ppm indicates the 

rearomatization. The 1H NMR resonances of the NCH protons are shifted upfield from 

6.98 ppm to 5.17 ppm (80a) and 5.12 ppm (80b). While the 1H NMR resonance of the 

NCH proton of 80b is a singlet, the corresponding NCH signal in 80a at 5.17 ppm is 

detected as a doublet with a coupling constant of 3JHH = 2.6 Hz. The C(H)=O proton of 

the benzaldehyde (9.96 ppm) experiences a strong upfield shift to 4.86 ppm (80a) and 

4.27 ppm (80b) in the adduct-complex. This is in good agreement with the similar 

reaction involving the Mn(I)-complex 79. The previous reported doublet signal of the 

NCH proton in 80a results from coupling with the HC-O proton from the formed alkoxy 

group. Therefore, it is accurate to acquire a doublet signal (3JHH = 2.6 Hz) for 80a in 

the 1H NMR spectrum as well, whereas 80b shows again a singlet signal. The coupling 

of both benzylic H atoms is clearly visible in the 1H1H COSY NMR spectrum. In the 

13C NMR spectrum of 80, the 13C NMR resonance associated with the carbon atom of 

the alkoxy group is observed at 78.26 ppm in 80b and at 77.61 ppm in 80a, 

respectively. For full spectral characterization of 80, see the experimental section and 

the supporting information (7.4). In the negative HRMS ESI spectrum of 80, only the 

molecular ion without benzaldehyde [M-ba]ˉ was found, showing the most abundant 

isotopic mass of m/z = 467.04086 for C16H12O3N2Re. In the positive 

HRMS ESI spectrum of 80 the double protonated molecule ion [MH+H]+ was found, 

showing the most abundant isotopic mass of m/z = 575.09741 for C23H20O4N2Re with 

its typically isotopic pattern. Collision induced dissociation (cid) of [MH+H]+ 

(m/z =  575.10) from 80 shows exemplary the subsequent loss of each CO ligand and 
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benzaldehyde in the positive HRMS2 ESI spectrum. For full spectral characterization 

of 80, see the experimental section and the supporting information. Single crystals of 

fac-K[Re(amidopy-ba)(CO)3] (80) suitable for scXRD analysis could be obtained from 

concentrated THF solution, layered with n-hexane at -16 °C in 68% yield (Figure 3). 

Noteworthy, addition of 18-crown-6 ether for crystal growing was not necessary, in 

contrast to the Mn-complex 79. 

 

Figure 3:  Diamond plot of fac-K[Re(amidopy-ba)(CO)3] (80) with potassium 

surrounded by four molecules of THF (stick model with 50% 

transparency for clarity) and selected bond lengths [Å]. (Thermal 

ellipsoids at 50% probability, H atoms omitted for clarity, except for 

benzylic C-H) 

 

In contrast to the obtained molecular structure of the Mn(I)-benzaldehyde complex 

79-crown, in fac-K[Re(amidopy-ba)(CO)3] (80) the phenyl group of the benzaldehyde 

points into the direction of the pyridine unit, whereas in the manganese complex the 

benzylic H atom from the benzaldehyde occupies this position. Multiple scXRD 

measurements of single crystals of 80 gave exclusively the structure of the same 

diastereomer. The potassium counter cation is surrounded by four THF molecules and 

compensates the negative charge of the Re(I)-complex. The octahedral coordination 

sphere of the potassium cation is completed by the interaction of a carbonyl group 

(C16-O3) with a neighboring molecule. The obtained molecular structure otherwise has 

a quite similar arrangement and bond lengths compared to the Mn(I)-complex 

C1-C2  1.381(3) 

C2-C3   1.385(3) 

C3-C4  1.385(3) 

C4-C5   1.393(3) 

C1-N1  1.348(2) 

C5-N1   1.348(2) 

C5-C6  1.500(2) 

C6-C17   1.568(3) 

C17-O4  1.394(2) 

C6-N2   1.462(2) 

Re1-N1  2.186(2) 

Re1-N2   2.135(2) 

Re1-O4  2.125(1) 

K1-O4   2.609(2) 
80 
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79-crown. The Re(I) center has a distorted octahedral coordination environment. The 

three CO ligands reside in facial arrangement. The pyridine-amido-alkoxide ligand 

chelates the Re center in a tridentate fashion giving rise to the 18 VE Re(I)-complex 

80. Upon MLC activation, the sp2-carbon atom from the aldehyde group in free 

benzaldehyde changes to a sp3-hybridization state in the adduct-complex. The formed 

C-C bond between C6 and C17 has a length of 1.568(3) Å and is in good agreement 

with 79-crown (1.571(2) Å), but slightly elongated compared to the ruthenium 

benzaldehyde complexes 59a-i and 59a-ii (1.534(3) Å and 1.558(3) Å). The 

interatomic distance of 1.394(2) Å between C17 and O4 corresponds to a C-O single 

bond and indicates the alkoxide formation and is also slightly elongated with respect 

to the Ru pincer complexes 59a-i and 59a-ii (1.374(3) Å and 1.377(2) Å). The nearly 

equivalent bond lengths in the pyridine unit infer the rearomatization. Despite the 

absence of the crown ether, the interatomic distance between O4 and K1 of 2.609(2) Å 

is similar to that of the corresponding manganese complex 79-crown. While 

K[Mn(amidopy*)(CO)3] (75*-Mn) shows no reaction towards ketones, 

K[Re(amidopy*)(CO)3] (75*-Re) reacts quantitatively with benzophenone. Due to the 

homogeneous substitution of the carbonyl C, the 1H NMR spectrum of 

fac-K[Re(amidopy-bph)(CO)3] (81) shows no diastereomeric mixture. The signals of 

the pyridine unit indicate again the rearomatization by a downfield shift. The NCH 

hydrogen gives rise to a singlet at 5.74 ppm, which experienced a slightly stronger 

downfield shift compared to fac-K[Re(amidopy-ba)(CO)3] (79). The 13C NMR 

resonance of the carbonyl carbon atom of the benzophenone (195.8 ppm), which forms 

the new C-C bond, undergoes a drastic upfield shift (83.2 ppm), as already seen in 80 

for benzaldehyde, as well as in 76 and 78 for CO2.[159; 161]
 Due to the presumably 

dynamic bond formation and cleavage, a definite assignment of the signals was only 

possible with small excess of benzophenone in solution, as this was the only way to 

obtain sharp and defined resonances in NMR spectroscopic measurements. A clear 

cross peak in the 1H13C HMBC NMR spectrum between the NCH proton resonance at 

5.74 ppm and the quaternary carbon of the newly formed alkoxy group at 83.21 ppm 

is recognizable. A cross peak in the 1H1H NOESY NMR spectrum between the 

hydrogen atoms of the aryl group of the ligand at 6.60 ppm and the hydrogen atoms of 

only one aryl group of the bonded benzophenone at 7.40 ppm allows for a precise 

assignment. The obtained single crystals of 

fac-[K(18-crown-6)][Re(amidopy-bph)(CO)3] 81-crown (Figure 4) from concentrated 
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THF solution layered with n-hexane at -40 °C in 58% yield, were very unstable at 

ambient temperature and also at lower temperature with common settings and 

conditions of the scXRD set up. It was necessary to increase the temperature of 

measurement to -20 °C to prevent the crystal from cracking. As with almost every 

adduct-complex in this work, it was not possible to produce single crystals of the 

Re(I)-complex 81 suitable for scXRD analysis without a crown ether. The significant 

difference to all other adduct structures is that the potassium atom is clearly separated 

from the oxygen atom in the formed alkoxy group due to formation of an ion pair and 

is surrounded by two THF molecules. 

        

 

Figure 4:  Diamond plot of fac-[K(18-crown-6)][Re(amidopy-bph)(CO)3] 

(81-crown) with a separated potassium ion coordinated by 18-crown-6 

and two THF molecules (stick model with 50% transparency for clarity) 

Selected bond lengths in [Å] listed in the table. (Atoms with 0.25 Å 

diameter as standard (“Ball-and-Stick” design of Diamond plot), 

H-atoms omitted for clarity) 

 

The increased steric bulk of the two phenyl groups presumably plays an important role 

for the separation. The Re(I) center resides in a distorted octahedral coordination 

sphere and the three CO ligands are located in mutual facial arrangement. The 

pyridine-amido-alkoxide ligand completes the octahedral sphere in the Re(I)-complex 

81-crown. The newly formed C6-C17 bond exhibits an interatomic distance of 

C1-C2  1.359(15) 

C2-C3  1.434(17) 

C3-C4  1.338(16) 

C4-C5  1.395(11) 

C1-N1  1.345(10) 

C5-N1   1.338(9) 

C5-C6  1.502(10) 

C6-C17  1.560(9) 

C17-O4  1.370(8) 

C6-N2  1.459(8) 

Re1-N1  2.198(7) 

Re1-N2  2.120(5) 

Re1-O4  2.105(4) 

K1-O4  6.482(1) 

81-crown 
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1.560(9) Å and is slightly shorter than in the Re(I)-benzaldehyde complexes 80. 

Measuring at elevated temperatures may causes these inaccuracies. The atomic 

distance of 6.482(1) Å clearly shows the separation of O4 and K1. The corresponding 

interatomic distance of 1.370(8) Å between C17 and O4 indicates the alkoxide 

formation (C-O single bond). Both adduct complexes (80 and 81) show reversible 

binding of the substrate. This is best demonstrated via the exchange reaction under 

an atmosphere of 1 bar of CO2. 

 

Figure 5:  Relevant sections of the 1H NMR spectra for the reaction of 

benzophenone in fac-K[Re(amidopy-bph)(CO)3] (81) (bottom) with CO2 

under 1 bar of CO2 atmosphere at ambient temperature (middle). For 

comparison the spectrum of fac-K[Re(amidopy-CO2)(CO)3] (76) is 

shown on top. 

 

Whereas the exchange of benzophenone with CO2 (Figure 5) takes place at ambient 

temperature with an almost quantitative conversion after 2.5 h, the exchange of the 

benzaldehyde (Figure 6) requires an increase in the temperature to 60 °C and a 

significantly longer reaction time of 12 h. A big discrepancy can be noticed with respect 

to the exchange reaction of CO2 with the Re(I)-benzaldehyde complex 80 and the 

corresponding Mn(I)-complex 79.[161] While 80 requires elevated temperature with 12 h 
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reaction time, 79 reacts instantaneously with CO2 at ambient temperature. Exchange 

reactions with SO2, using DABSO as an SO2 source, were not successful. 

 

Figure 6:  Relevant sections of the 1H NMR spectra for the exchange reaction of 

benzaldehyde in fac-K[Re(amidopy-ba)(CO)3] (80) (bottom) with CO2 

under 1 bar of CO2 atmosphere at 60 °C (middle). For comparison the 

spectrum of fac-K[Re(amidopy-CO2)(CO)3] (76) is shown on top. 

 

In the negative HRMS ESI spectrum of fac-[K(18-crown-6)][Re(amidopy-bph)(CO)3] 

(81-crown), only the molecule ion without benzophenone [M-bph]ˉ was detectable 

(m/z = 467.04096). In positive HRMS ESI mode, the double protonated molecule ion 

(MH+H]+) with molecular formula C29H24O4N2Re was found (m/z = 575.09741), as well 

as the 18-crown-6 chelated potassium ion (m/z = 303.12048). The cid HRMS2 ESI 

spectrum of [MH+H]+ by m/z = 651.13 shows the loss of the CO ligands and 

benzophenone and additionally the loss of H2O can be suspected.  
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Summary and conclusion 

The dearomatized bidentate 2-iminomethyl pyridine Re(I)-complex 75*-Re could be 

successfully reacted with ketones and aldehydes via an MLC reaction pattern under 

reversible C-C and Re-O bond formation. Compared to the corresponding 

dearomatized bidentate 2-iminomethyl pyridine Mn(I)-complex 75*-Mn, the 

Re(I)-complex 75*-Re reacts readily with benzophenone in a quantitative way. The 

reversibility of the bonded substrates could be successfully demonstrated by exchange 

reactions with CO2, similar to the previously published Mn(I)-complex 79. The 

Re(I)-complex 75*-Re indicates an increased affinity towards the C=O double bond of 

benzaldehyde with respect to benzophenone, as the exchange reaction with CO2 

requires harsher conditions for the Re(I)-benzaldehyde complex (80). It is noteworthy 

that the exchange of benzaldehyde with CO2 in the corresponding Mn(I) complex 79 

occurs immediately at room temperature.[161] 

 

Experimental section 

Synthetic works were performed using standard Schlenk techniques or executed in a 

glove box under argon atmosphere. Reagents were purchased from commercial 

sources (Sigma-Aldrich, ABCR) and used as received. THF-d8 (ABCR) was degassed 

and dried over molecular sieves (4 Å). All solvents were collected from the solvent 

purification system SPS800 by MBraun. NMR spectra were recorded on a Bruker 

Avance Neo 600 MHz or Bruker Avance 360NB spectrometer at 23 °C. Chemical shifts 

for 1H NMR spectra were reported as δ with correlation to tetramethylsilane (ppm), 

referenced to the signal of THF at 1.72 ppm. Chemical shifts for 13C{1H} NMR spectra 

were reported as δ with correlation to tetramethylsilane (ppm), referenced to the signal 

of THF at 25.31 ppm. HRMS-ESI mass spectra were recorded on a Thermo Fisher 

Scientific LTQ Orbitrap XL hybrid ion trap mass spectrometer. Crystallographic data 

were recorded on a Bruker Venture D8 diffractometer with graphite-monochromated 

Mo Kα (0.7107 Å) radiation. IR spectra were recorded with a Thermo Scientific Nicolet 

iS10 spectrometer. 
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Synthetic procedures 

fac-K[Re(amidopy-ba)(CO)3] (80) 

26.7 mg (0.05 mmol) of fac-[Re(impy)(CO)3Br] (73-Re) was dissolved in 3 mL THF in 

a Schlenk tube. 4 eqiv. of potassium metal (7.8 mg, 0.20 mmol) were added to the red 

solution and the mixture was sonicated until the color changed to deep purple (4 h). 

The reaction mixture was filtered through a syringe filter (PTFE, 0.45 µm porosity) and 

added to 1 eqiv. (0.05 mmol, 5.3 mg) fresh distilled benzaldehyde. The color changed 

from purple to brown. 1H NMR and 13C NMR spectra indicated a quantitative turnover 

of benzaldehyde and the formation of a diastereomeric mixture (82:18 ratio 80a/80b). 

The solution was layered with n-hexane at -16 °C, to obtain orange crystals suitable 

for X-ray diffraction analysis. Yield: 20.9 mg (0.03 mmol, 68%). 1H NMR (360 MHz, 

THF) δ = 8.70 (d, , J = 5.2 Hz, 1Ha, CHPy-1), 8.63 (d, J = 5.4 Hz, 1Hb, CHPy-1), 7.80 (t, 

J = 7.5 Hz, 1Hb, CHPy-3), 7.72 (d, J = 7.4 Hz, 1Hb, CHPy-4), 7.50 (d, J = 7.6 Hz, 2Hb, 

CHAr-14,18), 7.35 (t, J = 7.6 Hz, 1Ha, CHPy-3), 7.14-7.05 (m, 3Hb, CHPy-2, CHAr-15,17), 

7.02-6.93 (m, 4Ha, CHPy-2, CHAr-15,17, CHAr-16; 1Hb CHAr-16 ), 6.89 (d, J = 7.1 Hz, 2Ha, 

CHAr-14,18), 6.71-6.59 (m, 5Ha, CHPy-4, CHAr-6,7,8,9), 6.43-6.32 (m, 4Hb, CHAr-6,7,8,9), 5.17 

(d, J = 2.6 Hz, 1Ha, NCH), 5.12 (s, 1Hb, NCH), 4.86 (d, J = 2.6 Hz, 1Ha, OCH), 4.27 (s, 

1Hb, OCH), 2.07 (s, 3Ha, CH3), 1.94 ppm (s, 3Hb, CH3). 13C{1H} NMR (91 MHz, THF-d8) 

δ = 205.33 (s, 1Ca, CO), 205.20 (s, 1Cb, CO), 204.92 (s, 1Cb, CO), 203.75 (s, 1Ca, 

CO), 201.91 (s, 1Ca, CO), 201.79 (s, 1Cb, CO), 169.86 (s, 1Cb, Cq-5), 165.03 (s, 1Ca, 

Cq-5), 157.76 (s, 1Cb, Cq-7), 157.35 (s, 1Ca, Cq-7), 152.04 (s, 1Cb, CPy-1), 151.47 (s, 1Ca, 

CPy-1), 150.73 (s, 1Cb, Cq-18), 149.70 (s, 1Ca, Cq-18), 138.99 (s, 1Cb, CPy-3), 137.13 (s, 

1Ca, CPy-3), 129.42 (s, 2Ca, CAr-9,11), 129.10 (s, 2Cb, CAr-9,11), 128.02 (s, 2Cb, CAr-19,23), 

127.92 (s, 2Cb, CAr-20,22), 127.79 (s, 2Ca, CAr-20,22), 127.04 (s, 2Ca, CAr-19,23), 126.24 (s, 

1Cb, CAr-21), 126.11 (s, 1Ca, CAr-21), 122.99 (s, 1Ca, CPy-4), 122.18 (s, 1Cb, CPy-2), 121.90 

(s, 1Ca, CPy-2), 120.07 (s, 1Cb, CPy-4), 119.00 (s, 1Ca, Cq-10), 118.77 (s, 1Cb, Cq-10), 

115.05 (s, 2Cb, CAr-8,12), 114.66 (s, 2Ca, CAr-8,12), 78.72 (s, 1Ca, NCH), 78.26 (s, 2Cb, 

NCH, OCH), 77.61 (s, 1Ca, OCH), 20.57 (s, 1Ca, CH3), 20.50 ppm (s, 1Cb, CH3). 

HRMS-ESI [CH2Cl2/CH3OH] (m/z): neg: [M-ba]ˉ calcd for C16H12N2O3Re-: 467.04113; 

found 467.04086 (0.58 ppm). HRMS-ESI [CH2Cl2/CH3OH(0.1% FA)] (m/z): pos 

[MH+H]+ calcd for C23H20N2O4Re+: 575.09758; found 575.09741 (0.3 ppm). IR (ATR) 

ν ̃[cm-1]: νC̃O = 1988 (m), ν̃CO = 1859 (m), ν̃ = 1595 (m), ν̃ = 1551 (s), ν̃ = 1389 (s). 

Selected bond lengths in Å from Diamond plot scXRD analysis: C1-C2 = 1.381(3), 

C2-C3 = 1.385(3), C3-C4 = 1.385(3), C4-C5 = 1.393(3), C5-C6 = 1.500(2), C7-C8 = 
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1.416(3), C8-C9 = 1.385(3), C9-C10 = 1.396(3), C10-C11 = 1.388(3), C11-C12 = 

1.392(3), C7-C12 = 1.415(3), C10-C13 = 1.514(3), N1-C1 = 1.348(2), N1-C5 = 

1.348(2), N1-Re1 = 2.186(2), N2-C6 = 1.462(2), N2-C7 = 1.376(2), N2-Re1 = 

2.1347(15), Re1-C14 = 1.910(2), Re1-C15 = 1.920(2), Re1-C16 = 1.910(2), C14-O1 = 

1.161(2), C15-O2 = 1.158(2), C16-O3 = 1.161(2), C17-C6 = 1.568(3), C17-O4 = 

1.394(2), C17-C18 = 1.518(3), O4-Re1 = 2.125(1), O4-K1 = 2.609(1), C18-C19 = 

1.389(3), C19-C20 = 1.392(3), C20-C21 = 1.384(3), C21-C22 = 1.385(3), C22-C23 = 

1.388(3), C18-C23 = 1.396(3). 

 

fac-K[Re(amidopy-bph)(CO)3] (81) 

10.4 mg (0.02 mmol) of fac-[Re(impy)(CO)3Br] (73-Re) was dissolved in 1 mL THF-d8 

in a Schlenk tube. 4 eqiv. of potassium metal (3 mg, 0.08 mmol) were added to the red 

solution and the mixture was sonicated until the color changed to deep purple (4 h). 

The reaction mixture was filtered through a syringe filter (PTFE, 0.45 µm porosity) to 

1 eqiv. of benzophenone (3.5 mg, 0.02 mmol). The color changed from purple to 

brown. The NMR spectra indicated a quantitative yield of 81. 1H NMR (360 MHz, 

THF-d8) δ = 8.60 (d, J = 4.8 Hz, 1H, CHPy-1), 7.40 (dd, J = 8.2, 1.1 Hz, 2H, CHAr-18,22), 

7.25 (td, J = 7.6, 1.6 Hz, 1H, CHPy-3), 7.08 (t, J = 7.5 Hz, 2H, CHAr-19,21), 7.04 (dd, 

J = 8.1, 1.6 Hz, 2H, CHAr-13,17), 6.97 (t, 3JHH = 7.3 Hz, 1H, CHAr-20), 6.91-6.82 (m, 4H, 

CHAr-14,15,16, CHPy-2), 6.79 (d, J = 7.7 Hz, 1H, CHPy-4), 6.60 (s, 4H, CHAr-6,7,8,9), 5.74 (s, 

1H, NCH), 2.04 ppm (s, 3H, CH3). 13C{1H} NMR (91 MHz, THF-d8) δ = 205.65 (s, 1C, 

CO), 203.60 (s, 1C, CO), 201.21 (s, 1C, CO), 167.29 (s, 1C, CPy-q-5), 157.00 (s, 1C, 

Cq-7), 153.26 (s, 1C, Cq-18), 153.06 (s, 1C, Cq-24), 151.53 (s, 1C, CHPy-1), 136.93 (s, 1C, 

CHPy-3), 129.57 (s, 2C, CHAr-9,11), 128.53 (s, 2C, CHAr-25,29), 128.04 (s,2C, CHAr-26,28), 

127.99 (s, 2C, CHAr-19,23), 127.25 (s, 2C, CHAr-20,22), 125.53 (s, 2C, CHAr-21,27), 123.51 

(s, 1C, CHPy-4), 121.68 (s, 1C, CHPy-2), 119.81 (s, 1C, Cq-10), 115.29 (s, 2C, CAr-8,12), 

83.21 (s, 1C, Cq-17), 78.45 (s, 1C, NCH), 20.54 ppm (s, 1C , CH3).  

 

fac-[K(18-crown-6)][Re(amidopy-bph)(CO)3] (81-crown) 

22.7 mg (0.04 mmol) of fac-[Re(impy)(CO)3Br] (73-Re) was dissolved in 3 mL THF in 

a Schlenk tube. 4 eqiv. of potassium metal (6.5 mg, 0.16 mmol) were added to the red 

solution and the mixture was sonicated until the color changed to deep purple (4 h). 

The reaction mixture was filtered through a syringe filter (PTFE, 0.45 µm porosity) to 

1 eqiv. of benzophenone (7.3 mg, 0.04 mmol). The color changed from purple to 
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brown. 1 eqiv. (10.6 mg, 0.04 mmol) of 18-crown-6 was added and the solution was 

layered with n-hexane at -40 °C to obtaining yellow crystals suitable for X-ray diffraction 

analysis. Yield: 22.3 mg (0.02 mmol, 57.5%). HRMS-ESI [CH2Cl2/CH3OH] (m/z): neg: 

[M-bph]ˉ calcd for C16H12N2O3Re-: 467.04113; found 467.04096 (0.36 ppm). 

HRMS-ESI [CH3OH(0.1% FA)/CH2Cl2] (m/z): pos: [MH+H]+ calcd for C29H24N2O4Re+: 

651.12892; found 651.12861 (0.48 ppm), [18K6+K]+ calcd for C12H24O6K+: 303.12045; 

found 303.12048 (0.10 ppm). IR (ATR) ν̃ [cm-1]: ν̃CO = 1973 (m), ν̃CO = 1836 (s), 

ν ̃= 1604 (m), ν̃ = 1498 (m), ν̃ = 1350 (m), ν̃crown = 1102 (s). After addition of 1 eqiv. of 

18-crown-6, signals in the 1H NMR spectrum became very broad and a clear 

assignment was no longer possible. Selected bond lengths in Å from Olex report 

scXRD analysis (temperature of measurement at 253K): C1-C2 = 1.359(15), C2-C3 = 

1.434(17), C3-C4 = 1.338(16), C4-C5 = 1.395(11), 5-C6 = 1.502(10), C7-C8 = 

1.426(9), C8-C9 = 1.358(10), C9-C10 = 1.407(12), C10-C11 = 1.359(12), C11-C12 = 

1.376(11), C7-C12 = 1.409(9) , C10-C13 = 1.511(11), N1-C1 = 1.345(10), N1-C5 = 

1.338(9), N1-Re1 = 2.198(7), N2-C6 = 1.459(8), N2-C7 = 1.382(8) , N2-Re1 = 2.120(5), 

Re1-C14 = 1.892(8), Re1-C15 = 1.900(10), Re1-C16 = 1.892(8), C14-O1 = 1.175(9), 

C15-O2 = 1.168(10), C16-O3 = 1.161(9), C17-C6 = 1.560(9), C17-O4 = 1.370(8), 

C17-C18 = 1.527(9), O4-Re1 = 2.105(4), O4-K1 = 6.4826(2), C18-C19 = 1.402(11), 

C19-C20 = 1.387(13), C20-C21 = 1.361(18), C21-C22 = 1.392(18), C22-C23 = 

1.390(13), C18-C23 = 1.375(12), C17-C24 = 1.527(11), C24-C25 = 1.335(11), 

C25-C26 = 1.397(12), C26-C27 = 1.333(16), C27-C28 = 1.365(16),C28-C29 = 

1.417(13), C24-C29 = 1.404(11). 
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3.1.7 Nitrile Activation via Cooperative C-C and Re-N Bond Formation 

with Bidentate Pyridine-Based Rhenium(I) Triscarbonyle 

Complex 

 

Similar to the previously reported Re-pincer complexes 60*[103] and 63*[104], the 

bidentate complex K[Re(amidopy*)(CO)3] (75*-Re) also reacts readily with nitriles. The 

reaction with aliphatic phenylacetonitrile, with a CH2 in α-position to the nitrile group, 

leads to the quantitative formation of the enamido complex 

fac-K[Re(amidopy-phacn)(CO)3] (82), under C-C and Re-N bond formation. Thereby 

an [1,3]-tautomeric H-shift from the methylene CH2 group to the nitrogen atom occurs 

giving rise to an en-amido motif rather than a C=N ketimido functional group 

(Scheme 39). 

 

 

Scheme 39: Reaction of K[Re(amidopy*)(CO)3] (75*-Re) with phenylacetonitrile, 

forming the enamido complex fac-K[Re(amidopy-phacn)(CO)3] (82). 

 

The 1H NMR spectrum of fac-K[Re(amidopy-phacn)(CO)3] (82) clearly shows the three 

singlet resonances associated with NCH (5.42 ppm), C=CH (5.28 ppm) and NH 

(4.79 ppm) with an integral equal to one proton indicating the formation of the enamid 

group. The latter NH signal can be assigned due to the absence of a cross peak in the 

1H13C HSQC NMR spectrum. The 1H NMR resonance of the former CH2 group of the 

phenylacetonitrile undergoes a downfield shift from 3.98 ppm to 5.28 ppm and the 

integral value is reduced to one proton. The rearomatization of the pyridine unit is 

indicated by a downfield shift of the respective resonances in the 1H NMR spectrum 

(observed between 8.58 ppm and 7.07 ppm). Overall, these observations are 

consistent with the results obtained from the previously reported manganese and 

rhenium (62) pincer adduct complexes of 60*[103] and 63*[104] with phenylacetonitrile. In 
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the 13C NMR spectrum of 82, the signals of the two carbon atoms of the enamid group 

migrated also downfield from 117.9 ppm (CN) and 26.6 (CH2) in free phenylacetonitrile 

to 157.19 ppm (C=NH) and 87.68 ppm (=CH). For full spectral characterization of 82, 

see the experimental section and the supporting information (7.5). In the negative 

HRMS ESI spectrum of 82 the main signal is the molecule ion ([M]ˉ) peak of the adduct 

complex, showed the most abundant isotopic mass of m/z = 584.09863 for 

C24H19O3N3Re and a small amount of the complex ([M-phacn]ˉ) where 

phenylacetonitrile is eliminated. The negative cid HRMS2 ESI spectrum of [M]ˉ results 

in the loss of phenylacetonitrile, showing the signal of [M-phacn]ˉ with m/z = 467.04067 

for C16H12O3N2Re. In the positive HRMS ESI of 82, the double protonated molecule 

ion [MH+H]+ was detected, with m/z = 586.11340 for C24H21O3N3Re with its typical 

isotopic pattern. The positive cid HRMS2 ESI spectrum of [MH+H]+ results in the loss 

of all three CO ligands, but not the phenylacetonitrile. Single crystals of 82 (Figure 7) 

suitable for scXRD analysis could be obtained by washing the oily reaction product 

with n-hexane and subsequent addition of ten equivalents of phenylacetonitrile  

dissolved in n-hexane and resting for one day. 

 

 

Figure 7: Diamond plot of fac-K[Re(amidopy-phacn)(CO)3] (82) with the 

potassium ion surrounded by two THF molecules (stick model with 50% 

transparency for clarity) and selected bond lengths [Å]. (Thermal 

ellipsoids at 50% probability, H atoms omitted for clarity except for 

enamido C-H and N-H) 

C1-C2  1.371(6) 

C2-C3   1.388(7) 

C3-C4  1.384(7) 

C4-C5   1.382(6) 

C1-N1  1.351(6) 

C5-N1   1.364(5) 

C5-C6  1.509(6) 

C6-N2   1.472(5) 

C6-C17  1.535(7) 

C17-N3   1.354(5) 

C17-C18  1.363(6) 

Re1-N1   2.219(3) 

Re1-N2  2.171(3) 

Re1-N3   2.127(3) 

K1-N2  2.824(3) 

K1-N3   3.018(3) 82 
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The resulting molecular structure derived from scXRD analysis shows a distorted 

octahedral coordination sphere of the Re(I) center. The three CO ligands in 82 are 

arranged in a mutual facial position, the octahedral sphere is completed by the three 

coordinated nitrogen atoms of the ligand (N-pyridino, N-enamido, N-amido). The 

pyridine unit indicates the rearomatization by nearly equivalent C-C and C-N bond 

lengths. The newly formed C17-C6 bond, with a bond length of 1.535(7) Å, is in the 

range of the previously described phenylacetonitrile Re(I)-PNP[103] (1.55 Å) and 

Mn(I)-PNP[104] (1.54 Å) adduct-complexes. A [1,3]-tautomeric H shift gives rise to an 

enamido structural motif and the bond length of 1.363(6) Å indicates a C=C double 

bond in the enamido moiety. The C17-N3 single bond is characterized by a bond length 

of 1.354(5) Å and has a similar bond length to the corresponding bonds in the Re (62) 

and Mn phenylacetonitrile PNP pincer adduct complexes (1.35 Å) reported by Milstein. 

The generated bond of Re1-N3 has a length of 2.127(3) Å and is slightly shorter than 

in the phenylacetonitrile adduct Re(I) PNP-complex 62 (2.17 Å). The potassium 

counter ion, which is surrounded by two THF molecules, occupies a different position 

in the complex compared to the adduct complexes described previously.[159–161] The 

potassium ion, which compensates the negative charge of the complex, is coordinated 

by the two nitrogen atoms N2 and N3, indicated by similar bond lengths 

(N2-K1 = 2.824(3) Å and N3-K1 = 3.018(3) Å). This is in contrast to the previously 

shown complexes, in which it was only coordinated via the substrate’s hetero atom 

(O). Some catalytic Michael addition reactions like described before by Milstein et al. 

were performed, but yields were far below values reported previously.[103; 104] Thus, the 

test conditions and the used substrates still need to be optimized. In addition, it could 

be observed that after a period of time with an excess of phenylacetonitrile, a formation 

of a cyclic C-C and C-N coupling product consisting of four phenylacetonitrile 

molecules was observed. The obtained product (K-01) is not discussed further in this 

work. However, the scXRD structural data and the mass spectrum can be found in the 

supporting information (7.5). Reactions with different nitriles without a hydrogen atom 

in α-position (benzonitrile) were also performed leading to a clean adduct, visible by 

1H NMR spectra in quantitative yield and suggesting the formation of the ketimino 

product. Unfortunately, the isolation of crystals for scXRD analysis was not successful. 

However, it is worth mentioning that, in contrast to rhenium complex 75*-Re, the 

corresponding manganese complex 75*-Mn reacts neither with nitriles with hydrogen 
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atom in α-position nor with nitriles without α-hydrogen atom by means of 1H NMR 

spectroscopy in-situ reaction studies.  

 

Summary and conclusion 

Complex K[Re(amidopy*)(CO)3] (75*-Re), which has already shown effective 

activation reactions of CO2 (76), SO2 (77-crown) and various carbonyl groups (80, 81) 

was also capable of activating nitriles with a hydrogen atom in α-position under C-C 

and Re-N bond formation. The activated nitrile experienced an [1,3]-tautomeric H-shift 

from the CH2 group to the former nitril nitrogen atom to give rise to an enamido moiety. 

The quantitative reaction of phenylacetonitrile led to the adduct complex 

fac-K[Re(amidopy-phacn)(CO)3] (82), under rearomatization of the pyridine unit. 

Crystallographic data for the molecular structure of 82 is in accordance with previously 

reported pincer-type complexes incorporating a similar enamido group.[103; 104] The 

reversibility of the reaction shown before by Milstein et al. could not be confirmed yet. 

Attempted exchange reactions with CO2 probably led to a new reaction product. 

13C labeled phenylacetonitrile could be used in reversibility studies similar to the 

13C labeled CO2 studies in a previous publication.[159] Due to the tautomeric 

rearrangement of the α-hydrogen atom, the adduct complex 82 appeared to be less 

labile than the carbonyl complexes (76, 80, 81). The molecular ion [M]ˉ was clearly 

visible in the negative HRMS ESI spectrum, which was usually only visible in traces in 

other adducts with 75*-Re. Confirmation of MLC activity with nitriles without hydrogen 

in α-position has yet to be conclusively proven. The more diverse reactivity towards 

heterogeneous multiple bonds compared to the corresponding manganese complex 

75*-Mn, which has already been shown towards ketones, could also be shown with 

nitriles, since the manganese complex 75*-Mn showed no reaction towards nitriles. 

 

Experimental section 

The experimental setup corresponds to the conditions as previous described in 3.1.6. 

Phenylacetonitrile (Sigma-Aldrich) was dried and stored over molecular sieve (4 Å). 

 

Synthetic procedures 

fac-K[Re(amidopy-phacn)(CO)3] (82) 

47.4 mg (0.09 mmol) of complex 86 were dissolved in 5.0 mL of THF in a Schlenk tube 

with Teflon valve. 4 eqiv. (13.6 mg, 0.35 mmol) of potassium metal were added to the 
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red solution and the mixture was sonicated until the color changed to deep purple (4 h). 

1 eqiv. of phenylacetonitrile (10.2 mg, 0.09 mmol) was added and the color changed 

immediately to brown. The 1H and 13C NMR spectra showed a quantitative yield of 

complex 82. The reaction mixture was filtered through a syringe filter (PTFE, 0.45 µm 

porosity) and the solution was layered with n-hexane, yielding a dark oily product. The 

n-hexane was separated from the oil by decantation and fresh n-hexane with 10 eqiv. 

of phenylacetonitrile added to the oily product and mixed up. Allowing the mixture to 

settle overnight led to orange crystals suitable for X-ray diffraction analysis. Yield of 

complex 82: 49.0 mg 0.08 mmol, 90.7%). 1H NMR (600 MHz, THF-d8) δ = 8.58 (d, 

J = 5.0 Hz, 1H, CHPy-1), 7.85 (d, J = 7.6 Hz, 1H, CHPy-4), 7.75 (t, J = 7.3 Hz, 1H, CHPy-3), 

7.07 (t, J = 6.5 Hz, 1H, CHPy-2), 7.03 (d, J = 7.8 Hz, 1H, CHAr-15,19), 6.99 (t, J = 7.6 Hz, 

2H, CHAr-16,18), 6.65 (d, J = 8.0 Hz, 2H, CHAr-7,8), 6.60 (t, J = 7.2 Hz, 1H, CHAr-17), 6.57 

(d, J = 8.1 Hz, 2H, CHAr-6,9), 5.42 (s, 1H, NCH), 5.28 (s, 1H, NC=CH), 4.79 (s, 1H, NH), 

2.05 ppm (s, 2H, CH3). 13C{1H} NMR (151 MHz, THF-d8) δ = 205.30 (s, 1C, CO), 201.99 

(s, 1C, CO), 201.36 (s, 1C, CO), 167.60 (s, 1C, Cquart-Py-5), 157.82 (s, 1C, Cquart-Ar-7), 

157.19 (s, 1C, Cquart-17), 152.44 (s, 1C, CHPy-1), 143.84 (s, 1C, Cquart-Ar-19), 138.77 (s, 

1C, CHPy-3), 129.65 (s, 2C, CHAr-9,11), 128.63 (s, 2C, CHAr-21,23), 124.41 (s, 2C, 

CHAr-20,24), 122.61 (s, 1C, CHPy-2), 122.00 (s, 1C, CHPy-4), 121.40 (s, 1C, Cquart-Ar-10), 

120.26 (s, 1C, CHAr-22), 115.72 (s, 2C, CHAr-8,12), 87.68 (s, 1C, C18), 80.34 (s, 1C, C6), 

20.45 ppm (s, 1C, CH3). HRMS-ESI [CH3OH(0.1% FA, 2mM AF (ammonium 

formiate))] (m/z): neg: [M]ˉ calcd for C24H19N3O3Re-: 584.09902; found 584.09863 

(0.67 ppm). HRMS-ESI [CH3OH(0.1% FA, 2mM AF)] (m/z): pos: [MH+H]+ calcd for 

C24H21N3O3Re+: 586.11357; found 586.11340 (0.29 ppm). IR (ATR) ν̃ [cm-1]: 

ν ̃= 1984 (s), ν̃CO = 1863 (s), ν̃CO = 1815 (s). Selected bond lengths in Å from Diamond 

plot scXRD analysis: C1-C2 = 1.371(6), C2-C3 = 1.388(7), C3-C4 = 1.384(7), C4-C5 

= 1.382(6), C5-C6 = 1.509(6), C7-C8 = 1.421(6), C8-C9 = 1.382(6), C9-C10 = 1.390(7), 

C10-C11 = 1.385(6), C11-C12 = 1.392(6), C7-C12 = 1.402(6), C10-C13 = 1.512(6), 

N1-C1 = 1.351(6), N1-C5 = 1.364(5), N1-Re1 = 2.219(3), N2-C6 = 1.472(5), N2-C7 = 

1.379(5) = N2-Re1 = 2.171(3), Re1-C14 = 1.933(4), Re1-C15 = 1.914(5), Re1-C16 = 

1.878(5), C14-O1 = 1.168(5), C15-O2 = 1.168(6), C16-O3 = 1.161(5), C17-C6 = 

1.535(7), C17-N3 = 1.354(5), C17-C18 = 1.363(6), N3-Re1 = 2.127(3), N3-K1 = 

3.018(3), N2-K1 = 2.824(3), O3-K1 = 3.451(4), C18-C19 = 1.460(6), C19-C20 = 

1.399(6), C20-C21 = 1.391(6), C21-C22 = 1.370(7), C22-C23 = 1.380(7), C23-C24 = 

1.394(6), C19-C24 = 1.403(6). 



 

93 
 

3.2 Tridentate Rh(I) π-Complexes for MLC Substrate Activation 

 

3.2.1 Overview 

Grützmacher et al. intensively explored the coordination chemistry of tethered trop 

(dibenzoa,d]cycloheptenyl) π-ligands, stabilizing electron-rich, low-valent transition 

metal complexes.[134; 162–164] The trop ligand exhibits a metal-alkene π-bonding unit with 

additional bulky aromatic groups. In the complexed concave structure, the olefinic 

group is electrically decoupled from the aromatic rings, which point away from the 

metal center (endo), having a strong steric influence (Scheme 40).[165] In addition, the 

ligand scaffold offers the possibility of an hemilabile olefinic ligand[166], through the 

possible exo or endo position of the seven-membered ring. 

 

 

Scheme 40: Possible bonding modes (endo and exo) of the trop 

(dibenzo[a,d]cycloheptenyl) ligand in metal complexes.[165] 

 

The strength of the metal-olefin bond is primarily determined by the intensity of the 

π-backbonding of the metal.[137; 138] The σ-donation to the metal center (Scheme 41 a) 

usually plays a subordinated role.  

 

 

Scheme 41: Electronic interactions in a donor-acceptor model in metal-olefin 

complexes. 
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Metals of high oxidation states tend to have a rather weak π-bonding, resulting in a 

weaker binding mode. Strongly π-basic metals on the other hand, form a stronger 

π-backbonding to the olefin group and causes a significantly elongated C-C bond and 

the bonding situation is better represented as a metallacyclopropane structure 

(Scheme 41 b). Olefinic coordinated groups have the property of removing electron 

density from the metal center, especially from π-basic metals with strong 

π-backbonding. The nature of the metal center is significantly influenced by olefin 

chelation. A stabilizing effect of radical species and delocalization of the spin density 

over the trop-Ligand could also be demonstrated.[134; 162; 167] 

 

 

 

Scheme 42: Reversible heterolytic cleavage of H2 with the trop2NH Rh(I)-complex 

83 and exchange reaction with D2. The Catalytic inactive olefin complex 

87 is formed after hydride isomerization.[6; 168] (R = p-tolyl) 

 

With the trop2NH Rh(I)-complex 96, they could show a reversible heterolytic cleavage 

of H2 across the Rh(I) center and the amido group under [1,2]-addition 
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(Scheme 42).[168] Later they showed the production of hydrogen from methanol-water 

mixtures.[135] The metal center has a well shielded backbone with an accessible front 

for substrate activation via MLC. The concerted addition of H2 is an exothermic 

process. In contrast to this, the classical oxidative addition on the metal center is 

endothermic.[168] The preferred bifunctional activation is based on the fact, that the 

σ*-orbital of the H2 molecule matches very well with the antibonding combination of the 

lone pair at the nitrogen atom and the filled dxz-orbital at the Rh(I) center 

(Scheme 42).[6] Slow isomerization of the hydride to the axial position causes a 

conversion to the catalytically inactive olefin complex 87. Additionally, successful 

hydrogenation reactions of ketones and imines with complex 84 with high catalytic 

turnovers could be demonstrated.[168]  

 

3.2.2 Precursor Chemistry 

The 2-aminomethyl pyridine scaffold has been extended to the multidentate olefinic 

actor ligand dbap-py (90). N-alkylation of dibenzazepine dbap-H (88) with 

2-picolyl chloride (89) yielded the tridentate ligand dbap-py (90) (Scheme 43). The 

diamagnetic complex [Rh(I)(dbap-py)Cl] (91) was obtained by reaction of dbap-py (90) 

with chlorobis(ethylene)rhodium(I) dimer via pyridine-amine-olefin chelation. A strong 

binding of the olefinic group to the metal center is supposed because of an elongated 

C=C bond in the complexes, caused by a strong π-backbonding. This is in agreement 

with previous works with rhodium trop-olefin complexes.[169; 170] As a stabilizing ligand, 

triphenylphosphine is used to enable a later beneficial 18 VE environment and a more 

sterically hindered backbone to the metal center, to obtain complex 

[Rh(dbap-py)(PPh3)Cl)] (92). The benzylic methylene group was readily deprotonated 

with base, giving rise to the dearomatized neutral square planar complex 

[Rh(dbap-py*)PPh3] (93*) (the asterisk indicates the dearomatized pyridine unit), with 

a C-nucleophilic alkene moiety, suitable for MLC.  
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Scheme 43: Synthesis pathway for the square planar tridentate olefin complex 

[Rh(I)(dbap-py*)PPh3] (93*), suitable for substrate activation via MLC. 

 

The formal oxidation state of the metal center remains unchanged. In contrast to the 

trop2NH ligand of Grützmacher[168], the complexed nitrogen atom is part of the 

seven-membered ring. Only a few examples of such ligand scaffolds with bidentate 

chelation over the seven-membered ring in a dibenzazepine unit have been described 

in the literature so far.[171–173] The nitrogen atom is not bound to a hydrogen atom, so it 

exhibits no cooperative properties for MLC. The iminostilbene scaffold solely serves 

as a bulky olefinic steering ligand giving rise to a somewhat unusual tridentate 

pincer-type ligand enabling a dearomatization/rearomatization reaction sequence. 

 

 

 

 

 

 

 

 

 



 

97 
 

3.2.3 Rh(I) Complex with a Tridentate Pyridine-Amino-Olefin Actor 

Ligand-Metal-Ligand Cooperative Activation of CO2 and 

Phenylisocyanate under C-C and Rh-E (E = O,N) Bond 

Formation[174] 

 

 

In this work, a fast reaction of 93* with heterogeneous bonds (C=O, C=N), represented 

by CO2 and phenylisocyanate, under C-C and Rh-E (E = O,N) bond formation via 

1,3-addition under rearomatization of the pyridine unit was observed, giving rise to the 

penta-coordinated Rh(I) CO2-complex [Rh(dbap-CO2)(PPh3)] (94) and 

Rh(I) phenylisocyanate complex [Rh(dbap-NCO)(PPh3)] (95) (Scheme 44). 

 

 

Scheme 44: Activation of CO2 in [Rh(dbap-CO2)(PPh3)] (94) and phenylisocyanate 

in [Rh(dbap-NCO)(PPh3)] (95) by the tridentate pyridine-amino-olefin 

complex 93* via MLC under rearomatization and 1,3-addition. 

 

 

I developed the synthesis of the ligand framework and achieved full characterization 

thereof. The synthesis of the Rh-complexes was carried out by Isabell Heuermann and 

Benjamin Heitmann. The synthesis of the adduct complexes and their characterization 

was carried out by Isabell Heuermann in the course of her master thesis. During the 

project I supported and supervised the work. scXRD analyses were measured and 

evaluated by Dr. Enno Lork and Daniel Duvinage. 
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3.3  Rhenium(I) Triscarbonyl Complexes with Pyridine-Based 

N,O-Chelating Ligands as MLC Platforms for CO2 Activation 

 

3.3.1 Overview M-O Complexes in MLC 

Transition metal-oxygen (M-O) complexes for MLC substrate activation are less 

common because of the greater lability of oxygen compared to e.g. nitrogen or 

phosphorus. Gelman et al. reported the Csp³-metalated Ir-PCP-pincer complex 96, 

based on a dibenzobarrelene scaffold.[175] The postulated inner sphere mechanism 

renders a hemi-labile alkoxide group in 97 (‘arm-closed’) allowing for initial 

deprotonation of the alcohol substrate and alcoholate coordination (98, ‘arm-open’). 

Subsequent β-hydride elimination furnishes the hydrido complex 96, which can release 

hydrogen under reformation of complex 96. Gelman’s system represents a catalyst for 

acceptorless dehydrogenation of alcohols to ketones and esters (Scheme 45).  

 

 

Scheme 45: Loss of H2 in the iridium dibenzobarrelene PCP-pincer complex 96, 

resulting in the Ir-PCP alkoxide complex 97 and postulated mechanism 

for acceptorless dehydrogenation of alcohols to ketones.[175] 

 

Only a few more examples of M-O complexes were described for bifunctional 

catalysis.[176–179] Postulated mechanisms were mainly supposed via ligand-oxygen 
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substitution steps with oxygen as a placeholder of a vacant coordination site by 

displacing of the substrate molecule from the metal center. The lower basicity and the 

higher lability of the alkoxide ligand, in comparison to a coordinated nitrogen atom, 

permitted an inner-sphere mechanism via β-hydride elimination. A transition metal 

alkoxide pyridine complex for MLC activation via a dearomatization/rearomatization 

sequence could not be found in the literature so far. Yamagucchi et al. reported the 

dehydrogenation of alcohols catalyzed by an iridium 2-hydroxypyridine complex which 

indicates the dearomatization of the pyridine unit, like described before in the 

pyridonate resonance structure 32b*, under formation of a complexing ketone 

unit.[180; 181] 

 

3.3.2 Precursor Chemistry 

The herein discussed chelating system is, from the perspective of the ligands, a 

simplification of the first bidentate amino-/imino-pyridine system (3.1). Instead of a 

bidentate Schiff base (N,N-ligand) complex (71, 72), a pyridine based N,O-ligand 

serves as an MLC platform for CO2 activation. Pyridine-2-carbaldehyd (aldpy), 

pyridine-2-yl-methanol (H-alkpy), 2-benzoyl-pyridine (ketpy) and 

phenyl-pyridine-2-yl-methanol (Ph-alkpy) can serve as ligand scaffold for the Re(I) 

triscarbonyl complex synthesis (Scheme 46). The precursor for Re(I)-complex 

synthesis is again Re(I)(CO)5Br. The Re(I)-complexes fac-[Re(I)(aldpy)(CO)3Br] (99a) 

and fac-[Re(I)(ketpy)(CO)3Br] (99b) are obtained by chelation under loss of two 

equivalents of CO. The derived compounds 99a and 99b should be readily reduced by 

potassium metal and give rise to the dearomatized anionic complexes 

K[Re(I)(H-alkoxpy*)(CO)3] (101*a) and K[Re(I)(Ph-alkoxpy*)(CO)3] (101*b) (the 

asterisk indicates the dearomatized pyridine unit). An alternative route entails the 

reaction of the Re(I)-complexes fac-[Re(I)(H-alkpy)(CO)3Br] (100a) and 

fac-[Re(I)(Ph-alkpy)(CO)3Br] (100b) with a strong base (LiHMDS) to yield the 

Re(I)(alkoxpy*) species 101*a and 101*b as well, which are potent for the MLC 

activation of CO2 giving rise to the 1,3-addition products 102a and 102b. The precursor 

complexes 99a and 100a of this system have been previously described in the 

literature.[182–187] The precursor fac-[Re(I)(ketpy)(CO)3Br] (99b) has only been 

described with chloride instead of bromide in the literature so far.[182] The obtained 

molecular structure of 99b from scXRD analysis is shown in the supporting information 

(7.7). 1H and 13C NMR analyses of 99b show almost identical spectra to the pendant 
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chloride complex.[182] The synthesis of complex fac-[Re(I)(Ph-alkpy)(CO)3Br] (100b) 

was developed in the course of this work. 

 

 

 

Scheme 46: Possible reaction pathways to reach the active species 101*a,b from 

the used starting complexes Re(I)(alkpy) 100a,b and Re(I)(aldpy) 99a/ 

Re(I)(ketpy) 99b and subsequent reaction with CO2, obtaining the 

adduct complexes 102a,b. 

 

Sudbrake and Vahrenkamp used phenyl-pyridine-1-yl-methanol (Ph-alkpy) and 

2-benzoyl-pyridine (ketpy) as ligands in chelate-stabilized zinc complexes and 

observed the greater lability of the alcohol in comparison to 2-benzoyl-pyridine as 

ligand.[188] Yumata et al. studied rhenium complexes of di-2-pyridinyl ketone, 

2-benzoylpyridine and 2-hydroxybenzophenone.[182] They already described complex 

99b with a chloride substituent and the Ph-alkpy ligand in a neutral oxorhenium(V) 

complex with an oxygen atom and a hydroxy group in trans axial positions. The 

octahedral geometry of the oxorhenium(V) complex is completed by two bromide 

anions in cis position and PPh3 in plane. Only one diastereomer was observed, 

probably due to the sterically demanding PPh3 group. Upon coordination of the 

OH group to the rhenium in 100b, a diastereotopic center is formed. The reaction of 

Ph-alkpy with Re(I)(CO)5Br leads to a diastereomeric mixture (ratio 80:20) of 
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fac-[Re(I)(Ph-alkpy)(CO)3Br] 100b. Crystals of both diastereomeric complexes 

(100b-R and 100b-S) could be isolated and their structure could be determined by 

means of scXRD analysis (Figure 8). The pair of diastereomers can be distinguished 

by the different configurations (R and S) of the C6 carbon atom. 

 

 

 

 

 

  

 

 

 

 

 

Figure 8: Diamond plot of the diastereomeric pair of fac-[Re(I)(Ph-alkpy)(CO)3Br] 

(100b-R left and 100b-S right) with selected torsion angles α [°] of 

H1-H2. (Thermal ellipsoids at 50% probability, H atoms omitted for 

clarity except for benzylic C-H and hydroxide O-H) 

 

A torsion angle of 88.1° (100b-R) and -46.3° (100b-S) between H1 and H2 

characterizes the two different coordination modes of the diastereomeric pair. The 

carbon atom C6 adopts R-configuration in 100b-R and the respective S-configuration 

in 100b-S. Similar to the above mentioned rhenium N,O-complexes (99a,b and 100a) 

a disordered octahedral coordination mode was found for 100b-R and 100b-S. The 

coordinated pyridine units indicate an aromatic π-system and the carbon atom C6 

shows sp3-hybridization. For structural details from scXRD, see the experimental 

section and supporting information (7.7). In the 1H NMR spectrum of 100b, the pair of 

diastereomers are clearly visible by slightly staggered signals of each proton with a 

ratio of 80:20. The hydrogen signals of the pyridine unit between 8.90 ppm and 

6.87 ppm are in the range of the previously described Re(I)-N,N complexes.[159] The 

1H NMR resonances of the hydroxy group are strongly shifted downfield to 10.00 ppm 

and 9.82 ppm compared to the free ligand (5.20 ppm). This is consistent with the 

previously reported 1H NMR spectra of the Re(I)(H-alkpy) complex 100a.[184] The 

α(H1-H2) = -46.3° α(H1-H2) = 88.1° 

100b-R 100b-S 
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resonances associated with the benzylic proton have a chemical shift of 6.58 ppm and 

6.21 ppm respectively, and also show a slight downfield shift with respect to the free 

ligand (5.78 ppm). The intact hydroxy group was identified by the absence of a cross 

peak in the 2D 1H13C HSQC NMR spectrum. The 13C NMR spectrum exhibits the 

characteristic 80:20 ratio of the resonance pairs for 100b-R and 100b-S. The benzylic 

carbon signals were identified at 85.33 ppm and 82.31 ppm. 

 

3.3.3 Activation of CO2 via Dearomatization/Rearomatization Reaction 

Sequence – Investigation of the primary-Alcohol/Aldehyde vs. 

secondary-Alcohol/Keton Ligand System  

 

As described before in the 2-amino-/2-iminomethyl pyridine system[159], the pyridine 

unit of the starting complexes (99a,b and 100a,b) is dearomatized upon reduction or 

deprotonation, respectively. Crystals for scXRD analysis of the dearomatized species 

101*a,b could not be obtained. Typically, upfield shifted 1H NMR signals of the pyridine 

units indicate again a disturbed π-system of 101*a,b (Figure 9 and 10). In comparison 

to the 2-amino-/2-iminomethyl pyridine system, in which four equivalents of LiHMDS 

had to be used for complete deprotonation, ten equivalents of LiHMDS were necessary 

to obtain the dearomatized species 101*a from 100a. With five equivalents of base, 

the single deprotonated primary-alkoxide species could be observed in the 1H NMR 

spectrum, in which the π-system of the pyridine unit appears to be still in intact 

(Figure 9). The reduction of Re(I)(aldpy) complex (99a) with potassium metal to obtain 

the dearomatized species 101*a was not possible. Further reaction with CO2 after 

previous deprotonation with LiHMDS did not lead to the desired CO2 adduct. Possibly, 

the lithium as counterion plays a decisive role here, as it has already been shown with 

the Mn(I)-CO2 adduct 78-Li.[161] At this point, further investigations are needed to get 

a better understanding of the role of the counterion. 
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Figure 9: Sections of the 1H NMR (THF-d8, 298 K) spectra of Re(I)(H-alkpy) 100a 

(top), the dearomatized species 101*a (bottom) and the single 

deprotonated intermediate (middle).  

 

It is also to mention that LiHMDS reacts with CO2 as well, which complicates the 

characterization of the products, when an in-situ reaction was performed. In contrast 

to the primary-alcohol/aldehyde system, the secondary-alcohol/ketone system 

successfully reacts with CO2 under Re-O and C-C bond formation and rearomatization 

(Figure 10). The dearomatized species 101*b, can be obtained via both routes: two 

electron reduction of 99b with potassium metal and deprotonation of 100b with 

LiHMDS. Complex 101*b reacts instantaneously in an atmosphere of CO2 (1 bar) to 

the CO2-adduct complex fac-K[Re(I)(Ph-alkoxpy-CO2)(CO)3] (102b). The 1H NMR 

signals associated with the pyridine ring of 102b indicate the rearomatization (typical 

downfield shift, see figure 10). In the 13C NMR spectrum, the 13C resonance associated 

with R-CO2 carboxylate is observed at 182.03 ppm, which is consistent with the 

previously reported chemical shifts of the CO2-adduct complexes 76 and 78.[159; 161] 
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Figure 10: Sections of the 1H NMR (THF-d8, 298 K) spectra of Re(I)(ketpy) 99b 

(bottom), the dearomatized species 101*b (middle) and the CO2 adduct 

complex 102b (top). 

 

The quaternary benzylic C atom exhibits a 13C NMR chemical shift of 89.88 ppm 

similarly observed for the related complex Re(I)(Ph-alkpy) 100b. The solubility of the 

CO2 adduct in THF is significantly reduced compared to the precursor 101*b and after 

addition of CO2 it slowly precipitates. Crystals of 

fac-[K[18-crown)][Re(I)(Ph-alkoxpy-CO2)(CO)3] 102b-crown suitable for scXRD 

analysis, could be obtained from a concentrated CH2Cl2 solution with one equivalents 

of 18-crown-6 by diffusion of n-hexane (Figure 11). The Re(I)-CO2 adduct complex has 

a disordered octahedral geometry. The formed carboxylate interacts with the alkali 

metal counterion, as already shown in the Mn(amidopy-CO2) (78) and 

Re(amidopy-CO2) (76) complexes.[159; 161] The oxygen atom of the CO2 which is not 

bonded to the rhenium center has an intramolecular interaction with the 

ortho-hydrogen atoms of the aryl group, showing an interatomic distance of 2.264(1) Å. 

This close proximity may be also reflected in the 1H NMR spectrum of 102b as the 

resonances associated with the ortho- and the meta-aryl hydrogen atoms are 

significantly separated. The newly formed C-C bond between CO2 and the benzylic 

sp3-C atom is slightly elongated with an interatomic distance of 1.577(8) Å and is in 

accordance with previously reported CO2 adduct complexes 76, 78 and 94.[159; 161; 174] 
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102b-crown 

 

 

   

 

Figure 11: Diamond plot of fac-[K(18-crown-6)][Re(I)(Ph-alkoxpy-CO2)(CO)3] 

(102b-crown) with selected bond lengths [Å] and angles [°]. (Thermal 

ellipsoids at 50% probability, solvent and H atoms omitted for clarity 

except for aryl C8-H5) 

 

The bond length of Re1-O5 (2.155(4) Å) is also elongated, compared to Re1-O4 

(2.078(4) Å), and indicates a weaker bonding. The interatomic distance of K1-O5 

(3.324(4) Å) and K1-O6 (2.769(5) Å) show an interaction of the potassium with the CO2 

entity in the adduct complex. The formed carboxylate moiety shows an O-C-O angle 

of 125° in the adduct complex 102b-crown. The negative ESI-MS spectrum of 

102b-crown in MeOH shows the main signal of the anionic molecule ion without CO2 

[(M)-CO2]ˉ at m/z = 454.0 for C15H9NO4Re- with matching isotopic pattern. The 

molecule ion [M]ˉ at m/z = 497.9 for C16H9NO6Re- only has a very weak signal in the 

spectrum but still visible with associated 185Re isotopic peak at m/z = 496.0. The MS2 

spectrum of m/z = 454.0 shows the loss of each CO ligand. The positive ESI-MS shows 

a strong signal at m/z = 303.3 for [K(18-crown-6)]+ (C12H24O6K+). The reversibility of 

the C6-C16 bond by exchange reactions of CO2 using labeled 13CO2 or another 

substrate has not yet been confirmed and will be investigated in the future. 

 

C1-C2  1.388(8) 

C2-C3  1.380(9) 

C3-C4  1.384(8) 

C4-C5  1.382(8) 

N1-C1  1.342(7) 

N1-C5  1.358(7) 

C5-C6  1.538(8) 

C6-C7  1.520(8) 

C6-O4  1.413(7) 

C6-C16  1.577(8) 

C16-O5  1.283(7) 

C16-O6  1.229(7) 

Re1-O4  2.078(4) 

Re1-O5  2.155(4) 

K1-O5  3.324(4) 

K1-O6  2.769(5) 

H5-O6  2.264(1) 

O5-C16-O6  125° 
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Summary and conclusion 

The amin/imin system with pyridine-based Re(I)-complexes 73-Re and 74-Re could be 

successfully adapted to the secondary-alcohol/ketone system with pyridine-based 

Re(I)-complexes fac-[Re(I)(ketpy)(CO)3Br] (99b) and fac-[Re(I)(Ph-alkpy)(CO)3Br] 

(100b) for CO2 activation via MLC under a dearomatization/rearomatization reaction 

sequence. The primary-alcohol/aldehyde system showed promising approaches for 

MLC activation via a dearomatization/rearomatization sequence, but they have not yet 

been successfully implemented. It was shown that the dearomatized species 

K[Re(I)(Ph-alkoxpy*)(CO)3] (101*b) could be obtained by reduction of 99b or by 

deprotonation of 100b. The activation of CO2 led to the adduct complex 

fac-K[Re(I)(Ph-alkoxpy-CO2)(CO)3] (102b) under rearomatization of the pyridine unit. 

Crystallographic data of 102b showed an intramolecular hydrogen bonding of the 

ortho-hydrogen atoms of the aryl-group with one carboxylate oxygen. This finding 

implies that ortho-substitution may have an influence on the reaction with CO2 or 

related species and can, for instance, promote or hamper the 1,3-addition to the 

complex. The influence of this interaction is interesting for further work. By installation 

of a phenyl group to the bridging benzylic C atom by the substitution of hydrogen, this 

could also be applied to the previous 2-amino-/2-iminomethyl pyridine system.[159] The 

bonded CO2 interacted with the potassium cation, which compensates the negative 

charge, as already shown in the Re(I)-amidopy-CO2 complex 76. Exchange reactions 

of CO2 with labeled 13CO2 or other substrates have not been performed yet. 

 

Experimental section 

Most of the experimental work was performed by Lennart Schmiedeken during a 

research internship. I supervised his work and helped partly with the implementation 

and the analytic evaluation. The experimental setup corresponds to the conditions as 

described previously in 3.1.6. Additionally, NMR spectra were recorded also on a 

Bruker Avance DPX 200 spectrometer. 

 

My percentage contribution of the workload in categories: experimental concept and 

design: ca. 90%, experimental work and acquisition of experimental data: 30%, data 

analysis and interpretation: 100%, preparation of Figures and Tables: ca. 100%, 

drafting of the manuscript: ca. 100%. 
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Synthetic procedures 

fac-[Re(I)(aldpy)(CO)3Br] (99a) 

250.1 mg Re(I)(CO)5Br (0.62 mmol) and 1.2 eqiv. pyridine-2-carbaldehyd (79.8 mg, 

0.75 mmol) were stirred in a ventilated Schlenk tube in 10 mL of THF at 60 °C for 8 h 

and subsequently overnight at room temperature. To the obtained solution, n-hexane 

was added and the product was precipitated. The red powder was washed with 

n-hexane and dried in vacuum. Yield: 263.1 mg, 0.58 mmol, 93%. 1H NMR (200 MHz, 

THF-d8) δ = 10.44 (s, 1H, C(H)=O), 9.14 (d, J = 4.9 Hz, 1H, CHpy-1), 8.59 (d, J = 7.6 Hz, 

1H, CHpy-4), 8.36 (t, J = 7.6 Hz, 1H, CHpy-3), 7.93 ppm (t, J = 6.7 Hz, 1H, CHpy-2). 

 

fac-[Re(I)(ketpy)(CO)3Br] (99b) 

Re(I)(CO)5Br (100.0 mg, 0.25 mmol) and 1.5 eqiv. 2-benzoyl-pyridine (70.0 mg, 

0.38 mmol) were stirred in a ventilated Schlenk tube in 20 mL of toluene at 100 °C for 

8 h and subsequently overnight at room temperature. The product precipitate during 

cooling to room temperature. The dark red powder was washed with n-hexane and 

dried in vacuum. Yield: 101.5 mg, 0.19 mmol, 76%. 1H NMR (360 MHz, THF-d8) 

δ = 9.25 (d, J = 5.1 Hz, 1H, CHpy-1), 8.57 (d, J = 7.9 Hz, 1H, CHpy-4), 8.31 (td, J = 7.9, 

1.6 Hz, 1H, CHpy-3), 8.02 (d, J = 7.3 Hz, 2H, CHaryl-5,9), 7.93 (ddd, J = 7.8, 5.3, 1.3 Hz, 

1H, CHpy-2), 7.80 (t, J = 7.5 Hz, 1H, CHaryl-7), 7.66 ppm (t, J = 7.8 Hz, 2H, CHayl-6,8). 

13C{1H} NMR (91 MHz, THF-d8) δ = 206.46, 198.55, 197.24, 188.56, 154.99, 151.86, 

135.83, 135.62, 134.08, 131.98, 131.43, 129.90, 67.39, 25.31 ppm. Selected bond 

lengths of 99b in Å from Olex report scXRD analysis: C1-C2 = 1.392(5), C2-C3 = 

1.381(6), C3-C4 = 1.395(5), C5-C4 = 1.393(5), C6-C5 = 1.483(5), C6-C7 = 1.467(5), 

C8-C7 = 1.403(5), C8-C9 = 1.388(5), C10-C9 = 1.397(6) , C10-C11 = 1.390(6), 

C12-C11 = 1.397(6) , C7-C12 = 1.397(6), C1-N1 = 1.339(5), N1-C5 = 1.364(5), O4-C6 

= 1.245(4), O1-C13 = 1.150(5), O2-C14 = 1.086(6), C15-O3 = 1.138(5), Re1-O4 = 

2.162(3), Re1-N1 = 2.175(3), Re1-Br1 = 2.604(1), Re1-C13 = 1.904(4), Re1-C14 = 

1.958(5), Re1-C15 = 1.939(4). 

 

fac-[Re(I)(H-alkpy)(CO)3Br] (100a) 

Re(I)(CO)5Br (300.0 mg, 0.74 mmol) and 1.1 eqiv. pyridine-2-methanol (88.7 mg, 

0.81 mmol) were stirred in a ventilated Schlenk tube in 10 mL of THF at 60 °C for 8 h 

and subsequently overnight at room temperature. To the obtained solution n-hexane 

was added and the product was precipitated. The brownish powder was washed with 
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n-hexane and dried in vacuum. Yield: 313.4 mg, 0.68 mmol, 92%. 1H NMR (360 MHz, 

THF-d8) δ = 9.19 (s, 1H, OH), 8.81 (d, J = 5.5 Hz, 1H, CHpy-1), 7.96 (td, J = 7.8, 1.6 Hz, 

1H, CHpy-3), 7.54 (d, J = 7.9 Hz, 1H, CHpy-4), 7.43 (t, J = 6.5 Hz, 1H, CHpy-2), 5.52 (d, 

J = 14.8 Hz, 1H, CH2), 5.17 ppm (d, J = 14.8 Hz, 1H, CH2). 

 

fac-[Re(I)(Ph-alkpy)(CO)3Br] (100b) 

Re(I)(CO)5Br (100.4 mg, 0.25 mmol) and 1.5 eqiv. phenyl-pyridine-1-yl-methanol 

(70.4 mg, 0.38 mmol) were stirred in a ventilated Schlenk tube in 20 mL of toluene at 

100 °C for 8 h and subsequently overnight at room temperature. By cooling down and 

adding n-hexane, the product precipitated. The dark red powder was washed with 

n-hexane and dried in vacuum. Yield: 110.5 mg, 0.21 mmol, 83%. Crystals for scXRD 

analysis could be obtained by dissolving the product in THF and slow diffusion of 

n-hexane. 1H NMR (360 MHz, THF-d8) δ = 10.00 (s, 1Ha, OH), 9.82 (s, 1Hb, OH), 8.90 

(d, J = 5.3 Hz, 1Ha, CHPy-1), 8.86 (d, J = 5.4 Hz, 1Hb, CHPy-1), 7.86 (td, J = 7.9, 1.5 Hz, 

1Ha, CHPy-3), 7.83 (td, J = 7.9, 1.6 Hz, 1Hb, CHPy-3), 7.71-7.65 (m, 2Hb, CHAryl-6,10), 

7.49-7.41 (m, 6Ha, CHPy-2, CHAryl-6-10; 4Hb, CHPy-2, CHAryl-7-9), 7.01 (d, J = 8.0 Hz, 1Ha, 

CHPy-4), 6.87 (d, J = 8.0 Hz, 1Hb, CHPy-4), 6.58 (s, 1Ha, OCH), 6.21 ppm (s, 1Hb, OCH). 

13C{1H} NMR (91 MHz, THF-d8) δ = 197.70 (s, 1Ca, Re-CO), 197.23 (s, 1Ca, Re-CO), 

192.91 (s, 1Ca, Re-CO), 161.79 (s, 1Ca, CPy-quart), 161.70 (s, 1Cb, CPy-quart), 152.90 

(s, 1Cb, CPy-1), 152.70 (s, 1Ca, CPy-1), 140.63 (s, 1Ca, CAryl-quart), 140.24 (s, 1Cb, 

CAryl-quart), 139.88 (s, 1Ca, CPy-3), 139.71 (s, 1Cb, CPy-3), 130.84 (s, 2Cb, CAryl-8,12), 130.57 

(s, 1Cb, CAryl-10), 130.39 (s, 1Ca, CAryl-10), 130.02 (s, 2Ca, CAryl), 129.89 (s, 2Cb, CAryl-9,11), 

129.43 (s, 2Ca, CAryl), 125.72 (s, 1Cb, CPy-2), 125.55 (s, 1Ca, CPy-2), 124.72 (s, 1Ca, 

CPy-4), 124.25 (s, 1Cb, CPy-4), 85.33 (s, 1Ca, OCH), 82.31 ppm (s, 1Cb, OCH). The three 

carbon signals (3Cb) of Re-CO are not visible in the 13C NMR spectrum due to the low 

concentration. Selected bond lengths of 100b-R in Å from Olex report scXRD analysis: 

N1-C1 = 1.344(8), N1-C5 = 1.351(8), C1-C2 = 1.380(9), C2-C3 = 1.154(9), C3-C4 = 

1.398(8), C4-C5 = 1.397(8) , C5-C6 = 1.515(8), C6-C7 = 1.526(9), C6-O4 = 1.444(8), 

C7-C8 = 1.386(10), C8-C9 = 1.394(10), C9-C10 = 1.382(12), C10-C11 = 1.411(13), 

C11-C12 = 1.375(12), C7-C12 = 1.396(10), Re1-N1 = 2.175(5), Re1-O4 = 2.149(5), 

Re1-Br1 = 2.6303(6), Re1-C13 = 1.897(7), Re1-C14 = 1.901(7), Re1-C15 = 1.906(6), 

C13-O1 = 1.154(9), C14-O2 = 1.160(9), C15-O3 = 1.167(8), C6-O4 = 1.444(8). 

Selected bond lengths of 100b-S in Å from Olex report scXRD analysis: N1-C1 = 

1.356(4), N1-C5 = 1.351(4), C1-C2 = 1.377(4), C2-C3 = 1.391(5), C3-C4 = 1.390(4), 
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C4-C5 = 1.389(4), C5-C6 = 1.506(4), C6-C7 = 1.513(4), C6-O4 = 1.462(4), C7-C8 = 

1.387(4), C8-C9 = 1.401(4), C9-C10 = 1.382(5), C10-C11 = 1.377(5), C11-C12 = 

1.388(5), C7-C12 = 1.397(4), Re1-N1 = 2.179(3), Re1-O4 = 2.178(2), Re1-Br1 = 

2.6409(3), Re1-C13 = 1.890(3), Re1-C14 = 1.903(3), Re1-C15 = 1.928(3), C13-O1 = 

1.160(4), C14-O2 = 1.153(4), C15-O3 = 1.142(4). 

 

Li[Re(I)(H-alkoxpy*)(CO)3] (101*a-Li)  

10.2 mg (20 µmol) of [Re(H-alkpy)(CO)3Br] (100a) were dissolved in 1.5 mL THF-d8 

and 10 eqiv. LiHMDS (39.8 mg, 240 µmol) were added. A color change to dark red 

was visible. 1H NMR spectra showed almost quantitative yield of 

Li[Re(H-alkoxpy*-)(CO)3] (101*a). 1H NMR (200 MHz, THF-d8) δ = 7.54 (d, J = 5.8 Hz, 

1H, CHpy-1), 7.12 (t, J = 7.8 Hz, 1H, CHPy-3), 6.87 (d, J = 8.3 Hz, 1H, CHPy-4), 6.02 

(t, J = 6.4 Hz, 1H, CHPy-2), 5.76 ppm (s, 1H, OCH). 

 

Li[Re(I)(Ph-alkoxpy*)(CO)3] (101*b-Li) 

10.0 mg (19 µmol) of [Re(Ph-alkpy)(CO)3Br] (100b) were dissolved in 1.5 mL THF-d8 

in a Young-NMR tube and 10 eqiv. LiHMDS (33.5 mg, 200 µmol) were added. A color 

change to deep red was visible. The 1H NMR spectrum indicated a quantitative yield 

of Li[Re(Ph-alkoxpy*)(CO)3] (101*b-Li). 1H NMR (360 MHz, THF-d8) δ = 8.27 

(d, J = 6.7 Hz, 1H, CHPy-1), 7.46 (d, J = 7.8 Hz, 2H, CHAryl-5,9), 7.22 (d, J = 9.2 Hz, 1H, 

CHPy-4), 7.09 (t, J = 7.7 Hz, 2H, CHAryl-6,8), 6.71 (t, J = 7.2 Hz, 1H, CHAryl-7), 6.01 

(dd, J = 9.0, 6.0 Hz, 1H, CHPy-3), 5.01 ppm (t, J = 4.9 Hz, 1H, CHPy-2). 13C{1H} NMR 

(91 MHz, THF-d8) δ = 207.89 (s, 3C, Re-CO), 152.10 (s, 1C, CPy-1), 141.73 (s, 1C, Cq), 

141.22 (s, 1C, Cq), 136.22 (s, 1C, Cq), 127.98 (s, 2C, CAryl-9,11), 124.73 (s, 2C, CAryl-8,12), 

122.60 (s, 1C, CPy-3), 121.67 (s, 1C, CAryl-7), 119.90 (s, 1C, CPy-4), 102.77 ppm (s, 1C, 

CPy-2). 

 

K[Re(I)(Ph-alkoxpy*)(CO)3] (101*b) 

10.0 mg (19 µmol) of Re(I)(ketpy) (99b) were dissolved in 1.5 mL THF-d8 in a 

Young-NMR tube. 5 eqiv. of potassium metal (3.9 mg, 0.10 mmol) were added and the 

mixture was sonicated until the color changed to deep red (5 h). 1H and 13C NMR 

spectra showed a quantitative yield of K[Re(Ph-alkoxpy*)(CO)3] (101*b). 1H NMR 

(360 MHz, THF-d8) δ = 8.28 (d, J = 6.6 Hz, 1H, CHPy-1), 7.44 (d, J = 7.5 Hz, 2H, 

CHAryl-5,9), 7.21 (d, J = 9.3 Hz, 1H, CHPy-4), 7.14 (t, J = 7.8 Hz, 2H, CHAryl-6,8), 6.77 
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(t, J = 7.3 Hz, 1H, CHAryl-7), 6.02 (ddd, J = 9.4, 5.9, 1.3 Hz, 1H, CHPy-3), 5.03 ppm 

(t, J = 6.4 Hz, 1H, CHPy-2). 13C{1H} NMR (91 MHz, THF-d8) δ = 207.75 (s, 3C, Re-CO), 

151.81 (s, 1C, CPy-1), 141.53 (s, 1C, Cq), 141.00 (s, 1C, Cq), 136.36 (s, 1C, Cq), 128.36 

(s, 2C, CAryl-9,11), 124.93 (s, 2C, CAryl-8,12), 122.80 (s, 1C, CPy-3), 122.25 (s, 1C, CAryl-7), 

119.97 (s, 1C, CPy-4), 103.23 ppm (s, 1C, CPy-2). 

 

fac-K[Re(I)(Ph-alkoxpy-CO2)(CO)3] (102b) 

10.0 mg (19 µmol) of Re(I)(ketpy) (99b) were dissolved in 1.5 mL THF-d8 in a 

Young-NMR tube. 5 eqiv. of potassium metal (3.9 mg, 100 µmol) were added and the 

mixture was sonicated until the color changes to deep red (5 h). 1 bar of CO2 was 

added and the color changed to deep brown followed by partly precipitation. 1H and 

13C NMR spectra showed a quantitative turnover to fac-K[Re(I)(Ph-alkoxpy-CO2)(CO)3] 

(102b). Addition of n-hexane caused precipitation of the product. Yield after drying in 

vacuo: 9.6 mg (18 µmol, 95%). 1H NMR (360 MHz, THF-d8) δ = 8.81 (d, J = 5.3 Hz, 

1H, CHPy-1), 8.15 (dd, J = 8.4, 1.4 Hz, 2H, CHAr-5,9), 7.69 (td, J = 7.7, 1.6 Hz, 1H, CHPy-3), 

7.35-7.25 (m, 3H, CHPy-4, CHAr-6,8), 7.23-7.16 ppm (m, 2H, CHPy-2, CHAr-7). 

13C{1H} NMR (91 MHz,THF-d8) δ = 203.29 (s, 1C, Re-CO), 203.08 (s, 1C, Re-CO), 

201.95 (s, 1C, Re-CO), 182.03 (s, 1C, OCO), 169.48 (s, 1C, Cpy-5), 153.12 (s, 1C, 

CPy-1), 144.84 (s, 1C, CAr-7), 139.12 (s, 1C, CPy-3), 129.74 (s, 2C, CAr-5,9), 127.13 (s, 2C, 

CAr-6,8), 127.01 (s, 1C, CAr-7), 125.86 (free CO2), 123.21 (s, 1C, CPy-2), 121.89 (s, 1C, 

CPy-4), 89.88 ppm (s, 1C, Cq-6).  

 

fac-[K(18-crown-6)][Re(I)(Ph-alkoxpy-CO2)(CO)3] (102b-crown) 

10.2 mg (19 µmol) of fac-K[Re(Ph-alkoxpy-CO2)(CO)3] (102b) were dissolved in 

CH2Cl2 and 1 eqiv. of 18-crown-6 (5.3 mg, 20 µmol) was added. The brown solution 

was layered with n-hexane at -16 °C to obtain brown crystals suitable for X-ray 

diffraction analysis. Yield: 13.6 mg (0.017 mmol, 89%). 1H NMR (360 MHz, Aceton-d6) 

δ = 8.85 (d, J = 5.1 Hz, 1H, CHPy-1), 8.21 (d, J = 7.1 Hz, 2H, CHAr-5,9), 7.82 (td, J = 7.8, 

1.5 Hz, 1H, CHPy-3), 7.38-7.28 (m, 4H, CHAr-6,8, CHPy-4,2), 7.22 (t, J = 7.3 Hz, 1H, CHAr-7), 

3.63 ppm (s, 24H, 18-crown-6). For appropriate 13C NMR analysis, the solution of 

102b-crown in THF could not be prepared with a sufficient concentration. MS-ESI 

[CH3OH] (m/z) neg: [M]ˉ calcd for C16H9NO6Re-: 498.0; found 497.9 (detectable only 

with low signal intensity), [(M)-CO2]ˉ calcd for C15H9NO4Re-: 554.0; found 554.0, 

MS-ESI [CH3OH] (m/z) pos: [K(18-crown-6)]+ calcd for C12H24O6K+: 303.1; found 
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303.3. Selected bond lengths in Å from Olex report scXRD analysis: C1-C2 = 1.388(8), 

C2-C3 = 1.380(9), C3-C4 = 1.384(8), C4-C5 = 1.382(8), C5-C6 = 1.538(8), C6-C7 = 

1.520(8), C7-C8 = 1.382(10), C8-C9 = 1.391(10), C9-C10 = 1.357(13), C10-C11 = 

1.366(13), C11-C12 = 1.386(10), C7-C12 = 1.387(9), N1-C1 = 1.342(7), N1-C5 = 

1.358(7), C6-C16 = 1.577(8), C6-O4 = 1.413(7), C16-O5 = 1.283(7) , C16-O6 = 

1.229(7), Re1-C13 = 1.919(6), Re1-C14 = 1.891(6), Re1-C15 = 1.916(6), Re1-O4 = 

2.078(4), Re1-05 = 2.155(4), Re1-N1 = 2.179(4), K1-O5 = 3.324(4), K1-O6 = 2.769(5), 

O1-C13 = 1.154(7), O2-C14 = 1.165(7), O3-C15 = 1.157(7), H5-O6 = 2.2641(1). 
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4  Summary 

This work demonstrates three different ligand systems suitable for substrate activation 

via metal ligand cooperativity (MLC) under a dearomatization/rearomatization 

sequence of the pyridine unit (Scheme 47). The ligand frameworks are accessible via 

simple syntheses and still encompass a great potential for the design of suitable 

environments enabling substrate activations. All systems showed the possibility of 

activating polarized multiple bonds via MLC. 

 

Scheme 47: Preparation of the dearomatized active species XV* via deprotonation 

(XIII) or reduction (XIV). Substrate activation via rearomatization of the 

pyridine unit and possible interactions (red lines) of the activated 

substrate (Y—Z—R') in the previously presented adduct complexes 

(XVI). 1) M—Y and C—Z bond formation via MLC. 2.) Electrostatic 

interaction of the counterion (Y- - -M''). 3.) Intramolecular hydrogen 

bonding (R'↔R''). (M = Mn, Re, Rh; M'' = Li, Na, K; X = N, O; #Y = N, O; 

#Z = C, S; R = lone pair, Php-Me, dbap (green line); #R' = O, (H, Ph), Ph2, 

CH2-Ph, N-Ph; R'' = H, Ph; L = CO, PPh3) (# = free substrate) 
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In particular, carbonyl groups in CO2, aldehydes and ketones, C≡N triple bonds in 

nitriles, S=O double bonds in SO2, and N=C double bonds in phenylisocyanate could 

be cooperatively activated. Especially CO2 showed a high reactivity and the MLC 

activation was demonstrated with complexes encompassing each ligand system. In 

many cases a reversible bonding of the activated substrates could be demonstrated. 

Primarily, three different substrate interactions could be observed in the adduct 

complexes. That is specifically, in addition to the binding via MLC under M-Y and C-Z 

bond formation, the electrostatic interaction (M''- - -Y) of the substrate with the 

counterion could be shown in the anionic complexes (3.1 and 3.3) was observed to 

have significant impact. Furthermore, an intramolecular interaction via hydrogen 

bonding (R’↔R’’) in the CO2 complex 102b (3.3) could be demonstrated by means of 

scXRD analysis and 1H NMR spectroscopy. The dearomatized active species XV* (the 

asterisk indicates the dearomatized pyridine unit) was readily obtained via 

deprotonation of XIII (3.1, 3.2 and 3.3) or via two-electron reduction of XIV (3.1 and 

3.3). The activation of the substrate led to the rearomatized adduct-complexes XVI. 

 

Table 1:  2-amino-/2-iminomethyl pyridine system (3.1): Overview of the complexes 

and substrates used in this work for activation reactions via MLC. 

metal 
center 

Substrate Y—Z 
exchange 
/substrate 

notable properties M'' 
adduct-
complex 

 

Re(I) CO2 C=O ✓ 13CO2 very slow exchange K+ 76  

Mn(I) CO2 C=O ✓ 13CO2 slow exchange K+ 78-K  

Mn(I) CO2 C=O ✓ 13CO2 fast exchange Na+ 78-Na  

Mn(I) CO2  - decomposition Li+ -  

Re(I) SO2 (DABSO) S=O  CO2 
diastereomeric 

interconversion of SO2 
K+ 77 

 

Mn(I) SO2 (DABSO)  - no reaction K+ -  

Re(I) Benzaldehyde C=O ✓ CO2 exchange at 60 °C K+ 80  

Mn(I) Benzaldehyde C=O ✓ CO2 exchange at RT K+ 79  

Re(I) Benzophenone C=O ✓ CO2 exchange at RT K+ 81  

Mn(I) Benzophenone  - no reaction - -  

Re(I) Phenylacetonitrile C≡N  CO2 new compound K+ 82  

Mn(I) Phenylacetonitrile  - no reaction - -  

Re(I) Phenylisocyanate  - mixture K+ -  

Mn(I) Phenylisocyanate  - no reaction - -  

Re(I) H2  - no reaction - -  
Mn(I) H2  - no reaction - -  
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The bidentate anionic 2-amino-/2-iminomethyl pyridine system 3.1, with the group 7 

transition metals in the formal oxidation state +I (Re(I) and Mn(I)), demonstrated the 

affinity to various hetero multiple bonds via MLC under cycloadditions (Table 1). The 

successful substitution of the metal center from rhenium to manganese gave rise to 

the corresponding complexes with the first-row congener allowing for a comparable 

study their (different) reactivity. Furthermore, it could be shown that the counterion in 

anionic adduct complexes plays a crucial role in substrate activation reactions by 

varying the alkali metal of the counter ion (Li, Na, K) in CO2 exchange reactions. This 

matter was also evaluated in a computational study by means of DFT calculations 

(3.1.5). In conclusion the Re(I) complex 75*-Re showed a larger scope of substrates, 

including a variety of different multiple bond type activations in comparison to the 

analogue Mn(I) complex 75*-Mn, as well as stronger substrate bonding in case of CO2 

and benzaldehyde with respect to the performed exchange reactions. In general, 

regarding the activation of carbonyl groups, both complexes (75*-Re and 75*-Mn) 

indicated a high selectivity for CO2 in the performed exchange reactions. For the 

Re(I) complex 75*-Re, the variety of bond types suitable for MLC binding could be 

extended to nitriles (3.1.7) and SO2 (3.1.4). Importantly the 1,3-cycloaddition of SO2 

via MLC was not known to date of our publication and expanded the reported binding 

modes of SO2 in the literature (demonstrated in fac-K[Re(amidopy-OSO)(CO)3] (77)). 

MLC uptake and activation of nitriles could be effectively shown for phenylacetonitrile, 

having a hydrogen atom in α-position, under formation of an enamido group via C-C 

and Re-N bond formation, demonstrated in fac-K[Re(amidopy-phacn)(CO)3] (82). 

Evidence was gathered for the MLC activation for nitriles without an α-hydrogen (such 

as benzonitrile), but could not be fully characterized. With the Mn(I) complex 78, the 

influence of the counter ion to the activated substrate (CO2) was successfully 

demonstrated. While lithium as a counterion induced the decomposition of the CO 2 

adduct complex, the sodium and potassium complexes reacted reversibly with CO2, 

but with very different exchange rates at ambient temperature. Computational DFT 

calculations supported the experimental results and showed also a significant influence 

of the counter cations on the CO2 activation reactions. That is, the additional influence 

of the counterion remarkably opens another option to control the substrate uptake. The 

influence of the counterion in anionic complexes for MLC activation reactions has not 

been extensively studied so far. In general, all carbonyl adducts complexes showed 

reversible substrate exchange reactions (C-C and M-O reversible bond cleavage). 
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In the SO2 adduct complex 77, a dynamic bonding of the substrate as a diastereomeric 

interconversion could be shown via 1H1H EXSY NMR exchange spectroscopy. The 

phenylacetonitrile adduct complex provided a new compound in a CO2 exchange 

reaction. It is remarkable that both complexes (75*-Re and 75*-Mn) do not react with 

H2 in experiments under similar conditions. 

 

Table 2:  Tridentate pyridine-amino-olefin system (3.2): Overview of the complexes 

and substrates used in this work for activation reactions via MLC. 

Metal 
center 

Substrate Y—Z 
exchange/ 
substrate 

notable properties 
adduct-
complex 

Rh(I) CO2 C=O  13CO2 “fixation” 94 

Rh(I) Phenylisocyanate C=N  CO2 “fixation” 95 

Rh(I) H2  - mixture - 

 

The tridentate pyridine-amino-olefin system (3.2), with group 9 transition metal Rh(I), 

cooperatively react with hetero multiple bonds (C=O and C=N), represented by CO2 

and phenylisocyanate, via an MLC reaction sequence (Table 2). The azepine unit of 

the tridentate dbap-ligand allows for a rigid concave N-olefine binding site, giving rise 

to a sterically well-shielded backbone of the metal center. The olefin unit of the azepine 

moiety can stabilize low valent transition metal centers due to strong backbonding into 

the π*-orbitals of the olefin. The disturbed π-system of the pyridine unit in the 

dearomatized active species 93* could additionally be proven by scXRD analysis, 

observable by the not equivalent bond lengths in the pyridine unit. Compared to the 

bidentate 2-amino-/2-iminomethyl pyridine system (3.1), the reactivity turned out to be 

significantly different: Complex 93* gives rise to strongly bonded adduct complexes of 

CO2 in [Rh(dbap-CO2)(PPh3)] (94) and phenylisocyanate in [Rh(dbap-NCO)(PPh3)] 

(95), which showed no reversibility of the bonded substrates. The reaction with 

phenylisocyanate expanded the scope of functional groups to isocyanates under 

formation of an amidate moiety. A reaction with H2 could be observed but did not lead 

to a defined compound. 
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Table 3:  Bidentate anionic Re(I)-N,O primary-alcohol/ketone and 

secondary-alcohol/aldehyde system (3.3): Overview of the complexes used 

in this work for CO2 activation. 

metal 
center 

system Substrate 
exchange/ 
substrate 

notable properties M'' 
adduct-
complex 

Re(I) 
primary- 

alcohol/aldehyde  - - Li+ - 

Re(I) 
secondary- 

alcohol/ketone 
CO2 ? intramolecular CO2 

hydrogen bonding K+ 102b 

 

The anionic secondary-alcohol/ketone system (3.3) with bidentate N,O-ligands in 

Re(I)-tricarbonyl complexes successfully showed the activity towards CO2 via the MLC 

reaction sequence (Table 3), similar to the bidentate N,N-ligand system (3.1). The 

dearomatized species (101*b), suitable for substrate activation via MLC, could be 

obtained by deprotonation with LiHMDS of the alcohol complex or via reduction of the 

ketone complex with potassium metal. Except of the alkoxide moiety, the CO2 adduct 

complex (102b) resembles that of the 2-amino-/2-iminomethyl pyridine system, by 

1,3-addition under Re-O and C-C bond formation and the additional interaction of the 

alkali metal counter ion with CO2, proven by scXRD analysis. A major difference was 

an intramolecular interaction of the CO2 oxygen with the ortho-hydrogen atoms of the 

aryl group via hydrogen bonding. This feature may be interesting with respect to ligand 

tuning, as alterations of the adjacent phenyl group can be investigated to adapt the 

environment for the substrate enabling or hampering specific MLC-substrate 

interactions. This interesting feature could also be transferred to the 

2-amino-/2-iminomethyl pyridine system (3.1) or the tridentate pyridine-amino-olefin 

system (3.2) by replacement of a benzylic hydrogen atom. The investigations on the 

reversibility of CO2 complexation and the activity towards other substrates and the 

influence of the counterion are still pending. In contrast, the corresponding anionic 

primary-alcohol/aldehyde system (3.3) showed that the active species (101*a) was 

only accessible via deprotonation with LiHMDS of the primary-alcohol complex 100a 

but not by two-electron reduction with potassium metal of the aldehyde-complex 99a. 

Further reaction of 101*a with CO2 showed no successful conversion. Further 

investigations involving the substitution of the counterion with Li+, Na+ or K+ have to be 

done in the future to get a better understanding of the role of the counterion in the 



 

131 
 

activation of CO2 in this system. The successful exchange of the nitrogen atom in the 

bidentate N,N-complexes (3.1) to oxygen in the bidentate N,O-complexes (3.3) may 

suggest further investigations with other elements (e.g. sulfur).  

Overall, this work presented three different pyridine-based ligand designs, all 

successfully showing the activation of CO2 and other different heterogeneous double 

bonds via MLC. The described ligand systems showed significant potential for 

optimizing the MLC-substrate environment by simple straight forward alterations of 

commercially available starting materials for ligand synthesis. In addition to the MLC 

interaction of the substrate, which has been well investigated in the last years, the 

additional interaction of the counterion, which has been barely explored so far, could 

be better described. Furthermore, it could be shown that the ligand environment also 

exerts an influence on the activated substrate, in this case of CO2, due to an 

intramolecular hydrogen bonding. The simple synthesis and adaptation of the ligand 

scaffold ensures an easy access to develop an environment adapted to the substrate 

of interest. 
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5 Zusammenfassung 

Diese Arbeit zeigt drei verschiedene Ligandensysteme mit der Fähigkeit der 

Substrataktivierung über Metallligandenkooperation (MLC), unter Dearomatisierungs-

/Rearomatisierungssequenz der Pyridineinheit (Schema 48). Die Ligandengerüste 

sind über einfache Synthesen zugänglich und bieten dennoch ein großes Potential für 

die Gestaltung einer geeigneten Umgebung zur Aktivierung potentieller Substrate. Alle 

Systeme zeigten dabei die Möglichkeit polarisierte Mehrfachbindungen durch MLC zu 

aktivieren. 

 

Schema 48: Erzeugung der dearomatisierten aktiven Spezies XV* durch 

Deprotonierung (XIII) oder Reduktion (XIV). Substrataktivierung unter 

Rearomatisierung der Pyridineinheit und mögliche Interaktionen (rote 

Linien) des aktivierten Substrates (Y—Z—R') in den hier präsentierten 

Adduktkomplexen (XVI). 1) M—Y und C—Z Bindungsbildung durch 

MLC. 2.) Elektrostatische Wechselwirkung mit dem Gegenion 

(Y- - -M''). 3.) Intramolekulare Wasserstoffbrückenbindung (R'↔R''). 

(M = Mn, Re, Rh; M'' = Li, Na, K; X = N, O; #Y = N, O; #Z = C, S; 

R = freies Elektronenpaar, Php-Me, dbap (grüne Linie); #R' = O, (H, Ph), 

Ph2, CH2-Ph, N-Ph; R'' = H, Ph; L = CO, PPh3) (# = freies Substrat) 
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Insbesondere konnten Carbonylgruppen in CO2, Aldehyden und Ketonen, C≡N 

Dreifachbindungen in Nitrilen, S=O Doppelbindungen in SO2 und N=C 

Doppelbindungen in Phenylisocyanat aktiviert werden. Vor allem CO2 zeigte eine hohe 

Reaktivität und eine Aktivierung mittels MLC konnte mit jedem Ligandensystem 

nachgewiesen werden. In vielen Fällen konnte eine reversible Bindung der aktivierten 

Substrate nachgewiesen werden. In den beschriebenen Adduktkomplexen konnten 

insbesondere drei verschiedene Substratwechselwirkungen beobachtet werden. 

Zusätzlich zur Bindung über MLC unter M-Y und C-Z Bindungsbildung hatte die 

elektrostatische Wechselwirkung des Substrats mit dem Gegenion in den anionischen 

Komplexen (3.1 und 3.3) einen signifikanten Einfluss. Darüber hinaus konnte mittels 

scXRD-Analyse und NMR-Spektroskopie eine intramolekulare Wechselwirkung über 

Wasserstoffbrückenbindung (R'↔R'') im CO2-Komplex 102b (3.3) gezeigt werden. Die 

dearomatisierte aktive Spezies XV* konnte leicht durch Deprotonierung von XIII (3.1, 

3.2, 3.3) erhalten werden oder durch Zwei-Elektronenreduktion aus XIV (3.1, 3.3). Die 

Aktivierung des Substrats führte zu den rearomatisierten Adduktkomplexen XVI. 

 

Tabelle 4: 2-Amino-/2-Iminomethyl Pyridin-System (3.1): Übersicht der in dieser Arbeit 

verwendeten Komplexe und Substrate für Aktivierungsreaktionen mittels 

MLC. 

Zentral-
Atom 

Substrat Y—Z 
Austausch/ 

Substrat 
erwähnenswerte 
Eigenschaften 

M'' 
Addukt-
Komplex 

 

Re(I) CO2 C=O ✓ 13CO2 
sehr langsamer 

Austausch 
K+ 76 

 

Mn(I) CO2 C=O ✓ 13CO2 langsamer Austausch K+ 78-K  

Mn(I) CO2 C=O ✓ 13CO2 schneller Austausch Na+ 78-Na  

Mn(I) CO2  - Zersetzung Li+ -  

Re(I) SO2 (DABSO) S=O  CO2 
diastereomere 

Interkonversion von SO2 
K+ 77 

 

Mn(I) SO2 (DABSO)  - keine Reaktion K+ -  

Re(I) Benzaldehyd C=O ✓ CO2 Austausch bei 60 °C K+ 80  

Mn(I) Benzaldehyd C=O ✓ CO2 Austausch bei RT K+ 79  

Re(I) Benzophenon C=O ✓ CO2 Austausch bei RT K+ 81  

Mn(I) Benzophenon  - keine Reaktion - -  
Re(I) Phenylacetonitril C≡N  CO2 neue Verbindung K+ 82  

Mn(I) Phenylacetonitril  - keine Reaktion - -  

Re(I) Phenylisocyanat  - Mischung K+ -  

Mn(I) Phenylisocyanat  - keine Reaktion - -  

Re(I) H2  - keine Reaktion - -  
Mn(I) H2  - keine Reaktion - -  
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Das zweizähnige anionische 2-Amino-/2-Iminomethylpyridin System (3.1) mit den 

Übergangsmetallen der Gruppe 7 in der formalen Oxidationsstufe +I (Re(I) und Mn(I)), 

zeigte mittels MLC die Affinität zu verschiedenen heterogenen Mehrfachbindungen 

unter Cycloaddition (Tabelle 4). Die erfolgreiche Substitution des Metallzentrums von 

Rhenium durch Mangan führte in mehreren Fällen zu gleichartigen Komplexen der 

vierten Periode, welche es ermöglicht haben, Vergleichsstudien ihrer 

(unterschiedlichen) Reaktivitäten durchzuführen. Darüber hinaus konnte gezeigt 

werden, dass das Gegenion in den anionischen Adduktkomplexen eine entscheidende 

Rolle bei der Aktivierungsreaktion von Substraten spielt, indem bei 

CO2-Austauschreaktionen das Alkalimetall des Gegenions (Li, Na, K) variiert wurde. 

Diese Eigenschaft wurde ebenfalls in einer rechnerischen Studie mittels 

DFT-Rechnungen (3.1.5) verdeutlicht. Zusammenfassend lässt sich sagen, dass der 

Re(I)-Komplex 75*-Re im Vergleich zum analogen Mn(I)-Komplex 75*-Mn eine 

größere Bandbreite an Substraten aufwies, einschließlich der Aktivierung einer 

Vielzahl unterschiedlicher Mehrfachbindungen, so wie eine stärkere Substratbindung 

im Fall von CO2 und Benzaldehyd im Hinblick auf die getätigten Austauschreaktionen. 

Hinsichtlich der Aktivierung von Carbonylgruppen zeigten beide Komplexe (75*-Re 

und 75*-Mn) eine hohe Selektivität gegenüber CO2 in den durchgeführten 

Austauschreaktionen. Für den Re(I)-Komplex 75*-Re konnte die Vielfalt der für die 

MLC-Bindung geeigneten Bindungstypen auf Nitrile (3.1.7) und SO2 (3.1.4) erweitert 

werden. Hervorzuheben ist, dass die 1,3-Cycloaddition von SO2 mittels MLC zum 

Zeitpunkt der Veröffentlichung noch nicht bekannt war und die in der Literatur 

berichteten Bindungsmodifikationen von SO2 erweitert hat (dargestellt in 

fac-K[Re(amidopy-OSO)(CO)3] (77)). Die MLC-Aktivierung von Nitrilen konnte für 

Phenylacetonitril, mit einem Wasserstoffatom in α-Position, unter Ausbildung einer 

Enamid-gruppe über C-C und Re-N Bindungsbildung erfolgreich demonstriert werden 

(dargestellt in fac-K[Re(amidopy-phacn)(CO)3] (82)). Belege für die MLC-Aktivierung 

für Nitrile ohne α-Wasserstoffatom (z.B. Benzonitril) wurden ebenfalls gesammelt, die 

erhaltenen Verbindungen konnten jedoch nicht eindeutig charakterisiert werden. Mit 

dem Mn(I)-Komplex 78 konnte der Einfluss des Gegenions auf das aktivierte Substrat 

(CO2) erfolgreich experimentell nachgewiesen werden. Während Lithium als Gegenion 

die Zersetzung des CO2-Adduktkomplexes induzierte, reagierten die Natrium- und 

Kaliumkomplexe beide reversibel mit CO2, allerdings mit sehr unterschiedlichen 

Geschwindigkeiten in den Austauschreaktionen bei Umgebungstemperatur. 
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Computergestützte DFT-Rechnungen stützten die experimentellen Ergebnisse und 

zeigten ebenfalls einen signifikanten Einfluss der Gegenkationen auf die 

Aktivierungsreaktionen des CO2-Moleküls. Das bedeutet, der zusätzliche Einfluss des 

Gegenions eröffnet eine weitere Möglichkeit die Substrataufnahme gezielt zu steuern. 

Der Einfluss des Gegenions in anionischen Komplexen auf 

MLC-Aktivierungsreaktionen wurde bisher nicht umfassend untersucht. Im 

Allgemeinen zeigten alle Carbonyl-Adduktkomplexe in Austauschreaktionen eine 

Reversibilität (reversible C-C und M-O Bindungsspaltung). Im SO2-Adduktkomplex 77 

konnte mittels 1H1H EXSY NMR-Austauschspektroskopie eine dynamische Bindung 

des Substrats in Form einer diastereomeren Interkonversion gezeigt werden. Der 

Phenylacetonitril-Adduktkomplex lieferte in einer Austauschreaktion mit CO2 eine neue 

Verbindung. Bemerkenswert ist ebenfalls, dass beide Komplexe (75*-Re und 75*-Mn) 

in Experimenten unter ähnlichen Bedingungen nicht mit H2 reagieren. 

 

Tabelle 5: Dreizähniges Pyridin-Amino-Olefin-System (3.2): Übersicht der in dieser 

Arbeit verwendeten Komplexe und Substrate für Aktivierungsreaktionen 

mittels MLC. 

Zentral-
Atom 

Substrat Y—Z 
Austausch/ 

Substrat 
Erwähnenswerte 

Eigenschaften 
Addukt-
Komplex 

Rh(I) CO2 C=O  13CO2 
Fixierung 94 

Rh(I) Phenylisocyanat C=N  CO2 Fixierung 95 

Rh(I) H2  - Produkt-Mix - 

 

Das dreizähnige Pyridin-Amino-Olefin-System (3.2) mit dem Übergangsmetall Rh(I) 

der Gruppe 9 reagiert kooperativ mit heterogenen Mehrfachbindungen (C=O und 

C=N), dargestellt durch CO2 und Phenylisocyanat, über eine MLC-Reaktionssequenz 

(Tabelle 5). Die Azepineinheit des dreizähnigen dbap-Liganden ermöglicht eine starre, 

konkave N-Olefin-Bindungsstelle, wodurch ein sterisch gut abgeschirmtes Rückgrat 

des Metallzentrums entsteht. Die Olefingruppe der Azepineinheit kann aufgrund der 

starken Rückbindung in die π*-Orbitale des Olefins niedervalente 

Übergangsmetallzentren stabilisieren. Das gestörte π-System der Pyridineinheit in der 

dearomatisierten aktiven Spezies 93* konnte zusätzlich durch scXRD-Analyse 

nachgewiesen werden, erkennbar an den nicht äquivalenten Bindungslängen in der 

Pyridineinheit. Im Vergleich zum zweizähnigen 2-Amino-/2-Iminomethylpyridin-System 
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(3.1) stellte sich heraus, dass die Reaktivität deutlich anders war: Komplex 93* führt 

zu stark gebundenen Adduktkomplexen von CO2 in [Rh(dbap-CO2)(PPh3) ] (94) und 

Phenylisocyanat in [Rh(dbap-NCO)(PPh3)] (95), die keine Reversibilität der 

gebundenen Substrate zeigten. Die Reaktion mit Phenylisocyanat erweiterte den 

Umfang der funktionellen Gruppen zu Isocyanaten unter Bildung einer Amidateinheit. 

Eine Reaktion mit H2 konnte beobachtet werden, führte jedoch zu keiner definierten 

Verbindung. 

 

Tabelle 6: Zweizähniges anionisches Re(I)-N,O primär-Alkohol/Aldehyd und 

sekundär-Alkohol/Keton System (3.3): Übersicht der in dieser Arbeit 

verwendeten Komplexe und Substrate für Aktivierungsreaktionen mittels 

MLC. 

Zentral-
Atom 

System Substrat Austausch 
Erwähnenswerte 

Eigenschaften 
M'' 

Addukt-
Komplex 

Re(I) 
primär-

Alkohol/Aldehyd  - - Li+ - 

Re(I) 
sekundär-

Alkohol/Keton 
CO2 ? 

Intramolekulare 
Wasserstoffbrücken-

bindung 
K+ 102b 

 

Das anionische sekundär-Alkohol/Keton-System (3.3) mit zweizähnigen N,O-Liganden 

in Re(I)-Tricarbonylkomplexen zeigte erfolgreich eine Aktivität gegenüber CO2 mittels 

MLC-Reaktionssequenz (Tabelle 6), ähnlich dem zweizähnigen N,N-Liganden System 

(3.1). Die dearomatisierte Spezies (101*b), die für die Substrataktivierung mittels MLC 

geeignet ist, konnte durch Deprotonierung des Alkoholkomplexes (100b) mit LiHMDS 

oder durch Reduktion des Ketonkomplexes (99b) mit elementarem Kalium erhalten 

werden. Mit Ausnahme der Alkoxideinheit ähnelt der CO2-Adduktkomplex (102b) dem 

des 2-Amino-/2-Iminomethylpyridinsystems (3.1) durch 1,3-Addition unter Re-O und 

C-C Bindungsbildung und der zusätzlichen Wechselwirkung des Alkalikations mit CO2, 

nachgewiesen mittels scXRD-Analyse. Ein wesentlicher Unterschied war eine 

intramolekulare Wechselwirkung des CO2-Sauerstoffs mit den 

ortho-Wasserstoffatomen der Arylgruppe durch Wasserstoffbrückenbindungen. 

Dieses Merkmal könnte im Hinblick auf das Ligandenumfeld interessant sein, da 

Veränderungen der benachbarten Phenylgruppe untersucht werden können, um die 

Umgebung für das gewünschte Substrat anzupassen und um spezifische 
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Substrat-Wechselwirkungen zu begünstigen oder zu unterdrücken. Dieses 

interessante Merkmal könnte durch Austausch eines benzylischen Wasserstoffatoms 

auch auf das 2-Amino-/2-Iminomethylpyridin-System (3.1) oder das dreizähnige 

Pyridin-Amino-Olefin-System (3.2) übertragen werden. Die Untersuchungen zur 

Reversibilität der CO2-Komplexierung und der Aktivität gegenüber anderen Substraten 

sowie dem Einfluss des Gegenions stehen noch aus. Im Gegensatz dazu zeigte das 

entsprechende anionische primär-Alkohol/Aldehyd-System (3.3), dass die aktive 

Spezies (101*a) nur durch Deprotonierung des primären Alkoholkomplexes 100a mit 

LiHMDS zugänglich war, nicht jedoch durch Zwei-Elektronen-Reduktion des 

Aldehyd-Komplexes 99a mit elementarem Kalium. Eine weitere Reaktion von 101*a 

mit CO2 zeigte keine erfolgreiche Umsetzung. Weitere Untersuchungen zur 

Substitution des Gegenions durch Li+, Na+ oder K+ müssen in Zukunft durchgeführt 

werden, um ein besseres Verständnis der Rolle des Gegenions bei der Aktivierung 

von CO2 in diesem System zu erhalten. Der erfolgreiche Austausch des 

Stickstoffatoms in den zweizähnigen N,N-Komplexen (3.1) durch Sauerstoff in den 

zweizähnigen N,O-Komplexen (3.3) lässt weitere Untersuchungen mit anderen 

Elementen (z. B. Schwefel) naheliegend erscheinen. 

Schlussendlich präsentierte diese Arbeit drei verschiedene pyridinbasierte 

Ligandendesigns, die alle erfolgreich die Aktivierung von CO2 und anderen 

heterogenen Doppelbindungen über MLC zeigten. Die beschriebenen 

Ligandensysteme zeigten ein beträchtliches Potenzial zur Optimierung der 

Substratumgebung durch einfache, unkomplizierte Änderungen mit kommerziell 

verfügbarer Ausgangsmaterialien für die Synthese der Liganden. Neben der in den 

letzten Jahren gut untersuchten MLC-Wechselwirkung von Substraten konnte auch die 

bisher kaum erforschte zusätzliche Wechselwirkung des Gegenions besser 

beschrieben werden. Darüber hinaus konnte gezeigt werden, dass die Umgebung der 

Liganden aufgrund einer intramolekularen Wasserstoffbrückenbindung auch einen 

Einfluss auf das aktivierte Substrat, in diesem Fall CO2, ausübt. Die einfache Synthese 

und Anpassung des Ligandengerüsts gewährleistet einen einfachen Zugang zur 

Entwicklung einer an das gewünschte Substrat angepassten Umgebung. 
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fac-K[Re(amidopy-ba)(CO)3] (80) 

 

 

 

Figure S7.4-1: Structural formula of fac-K[Re(amidopy-ba)(CO)3] (80) for the assignment of 1H NMR 

signals.  

 

 

Figure S7.4-2: Structural formula of fac-K[Re(amidopy-ba)(CO)3] (80) for the assignment of 13C NMR 

signals. 
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Figure S7.4-3: 1H NMR [360 MHz, THF-d8, 298 K] spectrum of fac-K[Re(amidopy-ba)(CO)3] (80). 
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Figure S7.4-4: 13C{1H} NMR [91 MHz, THF-d8, 298 K] spectrum of fac-K[Re(amidopy-ba)(CO)3] (80). 
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Figure S7.4-5: 1H1H COSY NMR [360 MHz, THF-d8, 298 K] spectrum of fac-K[Re(amidopy-ba)(CO)3] 
(80). 
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Figure S7.4-6: 1H13C HSQC NMR [360 MHz/ 91 MHz, THF-d8, 298 K] spectrum of 
fac-K[Re(amidopy-ba)(CO)3] (80). 



 

257 
 

 
Figure S7.4-7: 1H13C HMBC NMR [360 MHz/ 91 MHz, THF-d8, 298 K] spectrum of 
fac-K[Re(amidopy-ba)(CO)3] (80). 
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Figure S7.4-8: HRMS-ESI neg [CH2Cl2/CH3OH] spectrum of fac-K[Re(amidopy-ba)(CO)3] (80). 
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Figure S7.4-9: HRMS-ESI pos [CH2Cl2/CH3OH(0,1% FA)] spectrum of fac-K[Re(amidopy-ba)(CO)3] 

(80). 
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Figure S7.4-10: HRMS-ESI pos [CH2Cl2/CH3OH(0,1% FA)] spectrum of m/z 575.10@cid23. 
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Figure S7.4-11: IR spectrum (FT-IR) of fac-K[Re(amidopy-ba)(CO)3] (80). 
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Table 7:  Crystal data and structure refinement of fac-K[Re(amidopy-ba)(CO)3] (80). 
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Figure S7.4-12: 1H NMR [360 MHz, THF-d8, 298 K] spectrum of fac-K[Re(amidopy-ba)(CO)3] (80) with 

1 bar CO2 (middle). 
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fac-K[Re(amidopy-bph)(CO)3] (81) 

 

Figure S7.4-13: Structural formula of fac-K[Re(amidopy-bph)(CO)3] (81) for the assignment of 1H NMR 

signals.  

 

 

Figure S7.4-14: Structural formula of fac-K[Re(amidopy-bph)(CO)3] (81) for the assignment of 

13C NMR signals.  
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Figure S7.4-15: 1H NMR [360 MHz, THF-d8, 298 K] spectrum of fac-K[Re(amidopy-bph)(CO)3] (81). 
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Figure S7.4-16: 13C{1H} NMR [91 MHz, THF-d8, 298 K] spectrum of fac-K[Re(amidopy-bph)(CO)3] (81). 
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Figure S7.4-17: 1H1H COSY NMR [360 MHz, THF-d8, 298 K] spectrum of 
fac-K[Re(amidopy-bph)(CO)3] (81). 
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Figure S7.4-18: 1H13C HSQC NMR [360 MHz/ 91 MHz, THF-d8, 298 K] spectrum of 
fac-K[Re(amidopy-bph)(CO)3] (81). 
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Figure S7.4-19: 1H13C HMBC NMR [360 MHz/ 91 MHz, THF-d8, 298 K] spectrum of 
fac-K[Re(amidopy-bph)(CO)3] (81). 
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Figure S7.4-20: 1H1H NOESY NMR [360 MHz, THF-d8, 298 K] spectrum of 
fac-K[Re(amidopy-bph)(CO)3] (81). 
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Figure S7.4-21: 1H NMR [360 MHz, THF-d8, 298 K] spectrum of fac-K[Re(amidopy-bph)(CO)3] (81) 
with 1 eqiv. benzophenone (buttom) and excess of benzophenone (top) (signals of free benzophenone 
in the red box). 
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Figure S7.4-22: 1H NMR [360 MHz, THF-d8, 298 K] spectrum of fac-K[Re(amidopy-bph)(CO)3] (81) 
with bar CO2 (middle). Spectrum of complex 81 (buttom) and 76 (top) for comparison. 
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fac-[K(18-crown-6)][Re(amidopy-bph)(CO)3] (81-crown) 
 

 

Figure S7.4-23: HRMS-ESI neg [CH2Cl2/CH3OH] spectrum of fac-[K(18-crown-6)][Re(amidopy-

bph)(CO)3] (81-crown). 
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Figure S7.4-24: HRMS-ESI pos [CH2Cl2/CH3OH(0.1% FA)] spectrum of 

fac-[K(18-crown-6)][Re(amidopy-bph)(CO)3] (81-crown). 
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Figure S7.4-25: HRMS-ESI pos [CH2Cl2/CH3OH(0.1% FA)] spectrum of 

fac-[K(18-crown-6)][Re(amidopy-bph)(CO)3] (81-crown). (section m/z = 640-665) 



 

279 
 

 

Figure S7.4-26: HRMS-ESI pos [CH2Cl2/CH3OH(0.1% FA)] spectrum of m/z 651.13@cid20. 
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Figure S7.4-27: IR spectrum (FT-IR) of fac-[K(18-crown-6)][Re(amidopy-bph)(CO)3] (81-crown). 
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Table 8: Crystal data and structure refinement from Olex report of 

fac-[K(18-crown-6)][Re(amidopy-bph)(CO)3] (81-crown). 
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7.5  Supporting Information for 

 

 

Nitrile Activation via Cooperative C-C and Re-N Bond Formation with Bidentate 

Pyridine-Based Rhenium(I) Triscarbonyle Complex 

 

 

 

Index 

 

Spectroscopic, scXRD analysis and Mass spectrometric data for compound: 

 

 

fac-K[Re(amidopy-phacn)(CO)3] (82) 283 

 

Cyclic coupling product (K-01) 298 
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fac-K[Re(amidopy-phacn)(CO)3] (82) 

 

 

Figure S7.5-1: Structural formula of fac-K[Re(amidopy-phacn)(CO)3] (82) for the assignment of 

1H NMR signals.  

 

 

Figure S7.5-2: Structural formula of fac-K[Re(amidopy-phacn)(CO)3] (82) for the assignment of 

13C NMR signals.  
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Figure S7.5-3: 1H NMR [600 MHz, THF-d8, 298 K] spectrum of fac-K[Re(amidopy-phacn)(CO)3] (82). 
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Figure S7.5-4: 13C{1H} NMR [151 MHz, THF-d8, 298 K] spectrum of fac-K[Re(amidopy-phacn)(CO)3] 
(82). 
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Figure S7.5-5: 1H1H COSY NMR [600 MHz, THF-d8, 298 K] spectrum of 
fac-K[Re(amidopy-phacn)(CO)3] (82). 
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Figure S7.5-6: 1H13C HSQC NMR [600 MHz/ 151 MHz, THF-d8, 298 K] spectrum of 
fac-K[Re(amidopy-phacn)(CO)3] (82). 
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Figure S7.5-7: 1H13C HMBC NMR [600 MHz/ 151 MHz, THF-d8, 298 K] spectrum of 
fac-K[Re(amidopy-phacn)(CO)3] (82). 
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Figure S7.5-8: HRMS-ESI neg [CH3OH(0.1% FA, 2mM AF)] spectrum of 

fac-K[Re(amidopy-phacn)(CO)3] (82). 
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Figure S7.5-9: HRMS-ESI neg [CH3OH(0.1% FA, 2mM AF)] spectrum of m/z 584.10@lcid17. 
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Figure S7.5-10: HRMS-ESI pos [CH3OH(0.1% FA, 2mM AF)] spectrum of 

fac-K[Re(amidopy-phacn)(CO)3] (82). 
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Figure S7.5-11: HRMS-ESI pos [CH3OH(0.1% FA, 2mM AF)] spectrum of m/z 586.11@lcid20. 
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Figure S7.5-12: IR spectrum (FT-IR) of fac-K[Re(amidopy-phacn)(CO)3] (82). 
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Table 9: Crystallographic data and structure refinement of fac-K[Re(amidopy-phacn)(CO)3] (82). 
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Cyclic coupling product K-01 

 

 

 

 

Figure S7.5-14:  Diamond plot of cyclic C-C and C-N coupling product K-01 from phenylacetonitrile with 

75*-Re. (Thermal ellipsoids at 50% probability, H atoms omitted for clarity, except for 

H1, H2, H3, H4 and H5)  

 

Selected bond lengths [Å] and angle [°] of K-01 from Diamond plot XRD analysis: C1-N2 = 1.3758(2), 

N2-C2 = 1.3100(2), C2-C3 = 1.5215(3), C3-C4 = 1.5319(2), C4-C5 = 1.5843(2), C1-C5 = 1.5312(3), 

C1-C7 = 1.3681(2), C6-N1 = 1.1419(1), C6-C7 = 1.4226(2), C7-C8 = 1.4866(3), C8-C9 = 1.4168(2), 

C9-C10 = 1.3816(2), C10-C11 = 1.3800(2), C11-C12 = 1.4013(2), C12-C13 = 1.3879(3), C8-C13 = 

1.3791(2), C2-N3 = 1.3365(2), C3-C14 = 1.5334(2), C14-C15 = 1.3622(2), C15-C16 = 1.3937(2), 

C16-C17 = 1.4155(2), C17-C18 = 1.3476(2), C18-C19 = 1.4289(2), C14-C19 = 1.3809(2), C4-C20 = 

1.5070(3), C20-C21 = 1.3901(2), C21-C22 = 1.4104(3), C22-C23 = 1.3619(2), C23-C24 = 1.3643(2), 

C24-C25 = 1.3907(3), C20-C25 = 1.4052(2), C5-C26 = 1.5142(2), C26-C27 = 1.4017(2), C27-C28 = 

1.3945(2), C28-C29 = 1.4028(2), C29-C30 = 1.3647(2), C30-C31 = 1.3861(2), C26-C31 = 1.4009(2). 

C1-N2-C2 = 117.5, N2-C2-C3 = 121.7, C2-C3-C4 = 104.9, C3-C4-C5 = 106.0, C4-C5-C1 = 110.6, 

C5-C1-N2 = 121.1. 
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Figure S7.5-14: MS EI, 70eV pos spectrum of cyclic coupling product K-01. 
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Table 10:  Crystallographic data and structure refinement from Olex report of cyclic coupling product 

K-01. 
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7.7 Supporting Information for 

 

Rhenium(I)-Triscarbonyl M-O Complexes for CO2 Activation via MLC 
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Spectroscopic, scXRD analysis and Mass spectrometric data for compound: 

 

 

fac-[Re(I)(aldpy)(CO)3Br] (99a) 325 

 

fac-[Re(I)(ketpy)(CO)3Br] (99b) 326 

 

fac-[Re(I)(H-alkpy)(CO)3Br] (100a) 329 

 

fac-[Re(I)(Ph-alkpy)(CO)3Br] (100b) 330 

 

Li[Re(I)(H-alkoxpy*)(CO)3] (101*a-Li) 337 

 

K[Re(I)(Ph-alkoxpy*)(CO)3] (101*b) 338 

 

Li[Re(I)(Ph-alkoxpy*)(CO)3] (101*b-Li) 343 

 

fac-K[Re(I)(Ph-alkoxpy-CO2)(CO)3] (102b) 346 

 

fac-[K(18-crown-6)][Re(I)(Ph-alkoxpy-CO2)(CO)3] (102b-crown) 352 
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fac-[Re(I)(aldpy)(CO)3Br] (99a) 

 

Figure S7.7-1: 1H NMR [200 MHz, THF-d8, 298 K] spectrum of fac-[Re(I)(aldpy)(CO)3Br] (99a). 

 

Figure S7.7-2: 1H NMR [360 MHz, Aceton-d6, 298 K] spectrum of fac-[Re(I)(aldpy)(CO)3Br] (99a). 
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fac-[Re(I)(ketpy)(CO)3Br] (99b) 

 

Figure S7.7-3: 1H NMR [360 MHz, THF-d8, 298 K] spectrum of fac-[Re(I)(ketpy)(CO)3Br] (99b). 

 

Figure S7.7-4: 13C{1H} NMR [91 MHz, THF-d8, 298 K] spectrum of fac-[Re(I)(ketpy)(CO)3Br] (99b). 
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Figure S7.7-5:  Diamond plot of fac-[Re(I)(ketpy)(CO)3Br] (99b). (Thermal ellipsoids at 50% 

probability, H atoms omitted for clarity) 

 

 

Selected bond lengths [Å] and angle [°] of 99b from Diamond plot scXRD analysis: C1-C2 = 1.392(5), 

C2-C3 = 1.381(6), C3-C4 = 1.395(5), C5-C4 = 1.393(5), C6-C5 = 1.483(5), C6-C7 = 1.467(5), C8-C7 = 

1.403(5), C8-C9 = 1.388(5), C10-C9 = 1.397(6) , C10-C11 = 1.390(6) , C12-C11 = 1.397(6) , C7-C12 = 

1.397(6), C1-N1 = 1.339(5), N1-C5 = 1.364(5), O4-C6 = 1.245(4), O1-C13 = 1.150(5), O2-C14 = 

1.086(6), C15-O3 = 1.138(5), Re1-O4 = 2.162(3), Re1-N1 = 2.175(3), Re1-Br1 = 2.604(1), Re1-C13 = 

1.904(4), Re1-C14 = 1.958(5), Re1-C15 = 1.939(4). 
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Table 11: Crystallographic data and structure refinement from Olex report of 

fac-[Re(I)(ketpy)(CO)3Br] (99b). 
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fac-[Re(I)(H-alkpy)(CO)3Br] (100a) 

 

Figure S7.7-6: 1H NMR [360 MHz, THF-d8, 298 K] spectrum of fac-[Re(I)(H-alkpy)(CO)3Br] (100a). 
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fac-[Re(I)(Ph-alkpy)(CO)3Br] (100b) 

 

 

 

 

Figure S7.7-7: Structural formula of fac-[Re(I)(Ph-alkpy)(CO)3Br] (100b) for the assignment of 1H NMR 

signals.  

 

 

 

Figure S7.7-8: Structural formula of fac-[Re(I)(Ph-alkpy)(CO)3Br] (100b) for the assignment of 13C NMR 

signals.  
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Figure S7.7-9: 1H NMR [360 MHz, THF-d8, 298 K] spectrum of fac-[Re(I)(Ph-alkpy)(CO)3Br] (100b). 
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Figure S7.7-10: 13C{1H} NMR [91 MHz, THF-d8, 298 K] spectrum of fac-[Re(I)(Ph-alkpy)(CO)3Br] 

(100b). 
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Figure S7.7-11: 1H1H COSY NMR [360 MHz, THF-d8, 298 K] spectrum of fac-[Re(I)(Ph-alkpy)(CO)3Br] 

(100b). 



 

334 
 

 

Figure S7.7-12: 1H13C HSQC NMR [360 MHz/ 91 MHz, THF-d8, 298 K] spectrum of 

fac-[Re(I)(Ph-alkpy)(CO)3Br] (100b). 
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Table 12: Crystallographic data and structure refinement from Olex report of 

fac-[Re(I)(Ph-alkpy)(CO)3Br] (100b-R) 
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Table 13: Crystallographic data and structure refinement from Olex report of 

fac-[Re(I)(Ph-alkpy)(CO)3Br] (100b-S) 
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Li[Re(I)(H-alkoxpy*)(CO)3] (101*a-Li) 

 

Figure S7.7-13: 1H NMR [200 MHz, THF-d8, 298 K] spectrum of Li[Re(I)(H-alkoxpy*)(CO)3] (101*a-Li). 
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K[Re(I)(Ph-alkoxpy*)(CO)3] (101*b) 

 

 

 

Figure S7.7-14: Structural formula of K[Re(I)(Ph-alkoxpy*)(CO)3] (101*b) for the assignment of 1H NMR 

signals. 

 

 

 

Figure S7.7-15: Structural formula of K[Re(I)(Ph-alkoxpy*)(CO)3] (101*b) for the assignment of 13C 

NMR signals. 

 

 

 

 

 

 



 

339 
 

 

Figure S7.7-16: 1H NMR [360 MHz, THF-d8, 298 K] spectrum of K[Re(I)(Ph-alkoxpy*)(CO)3] (101*b). 

(Reduction with potassium metal) 
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Figure S7.7-17: 13C{1H} NMR [91 MHz, THF-d8, 298 K] spectrum of K[Re(I)(Ph-alkoxpy*)(CO)3] 

(101*b). (Reduction with potassium metal) 
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Figure S7.7-18: 1H1H COSY NMR [360 MHz, THF-d8, 298 K] spectrum of K[Re(I)(Ph-alkoxpy*)(CO)3] 

(101*b). (Reduction with potassium metal) 
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Figure S7.7-19: 1H13C HSQC NMR [360 MHz/ 91 MHz, THF-d8, 298 K] spectrum of 

K[Re(I)(Ph-alkoxpy*)(CO)3] (101*b). (Reduction with potassium metal) 
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Li[Re(I)(Ph-alkoxpy*)(CO)3] (101*b-Li) 

 

Figure S7.7-20: 1H NMR [360 MHz, THF-d8, 298 K] spectrum of Li[Re(I)(Ph-alkoxpy*)(CO)3] (101*b-Li). 

(Deprotonation with LiHMDS) 
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Figure S7.7-21: 13C{1H} NMR [91 MHz, THF-d8, 298 K] spectrum of Li[Re(I)(Ph-alkoxpy*)(CO)3] 

(101*b-Li). (Deprotonation with LiHMDS) 
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Figure S7.7-22: Sections 1H NMR [360 MHz, THF-d8, 298 K] spectrum of 101*-b and 101*b-Li. 

 

 

Figure S7.7-23: Sections 13C{1H} NMR [91 MHz, THF-d8, 298 K] spectrum of 101*-b and 101*b-Li. 
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fac-K[Re(I)(Ph-alkoxpy-CO2)(CO)3] (102b) 

 

 

Figure S7.7-24: Structural formula of fac-K[Re(I)(Ph-alkoxpy-CO2)(CO)3] (102b) for the assignment of 

1H NMR signals. 

 

 

 

Figure S7.7-25: Structural formula of fac-K[Re(I)(Ph-alkoxpy-CO2)(CO)3] (102b) for the assignment of 

13C NMR signals. 
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Figure S7.7-26: 1H NMR [360 MHz, THF-d8, 298 K] spectrum of fac-K[Re(I)(Ph-alkoxpy-CO2)(CO)3] 

(102b). 



 

348 
 

 

Figure S7.7-27: 13C{1H} NMR [91 MHz, THF-d8, 298 K] spectrum of fac-K[Re(I)(Ph-alkoxpy-CO2)(CO)3] 

(102b). 
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Figure S7.7-28: 1H1H COSY NMR [360 MHz, THF-d8, 298 K] spectrum of 

fac-K[Re(I)(Ph-alkoxpy-CO2)(CO)3] (102b). 
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Figure S7.7-29: 1H13C HSQC NMR [360 MHz/ 91 MHz, THF-d8, 298 K] spectrum of 

fac-K[Re(I)(Ph-alkoxpy-CO2)(CO)3] (102b). 
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Figure S7.7-30: Section 1H NMR [360 MHz, THF-d8, 298 K] spectrum of 99b, 101b* and 102b. 
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fac-[K(18-crown-6)][Re(I)(Ph-alkoxpy-CO2)(CO)3] (102b-crown) 

 

Figure S7.7-31: 1H NMR [360 MHz, Aceton-d6, 298 K] spectrum of 

fac-[K(18-crown-6)][Re(I)(Ph-alkoxpy-CO2)(CO)3] (102b-crown).  
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Figure S7.7-32: ESI-MS spectrum [MeOH] neg of fac-[K(18-crown-6)][Re(I)(Ph-alkoxpy-CO2)(CO)3] 

(102b-crown). 
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Figure S7.7-33: ESI-MS spectrum [MeOH] pos of fac-[K(18-crown-6)][Re(I)(Ph-alkoxpy-CO2)(CO)3] 

(102b-crown). 
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Figure S7.7-34: ESI-MS/MS spectrum [MeOH] neg at m/z = 454 of 

fac-[K(18-crown-6)][Re(I)(Ph-alkoxpy-CO2)(CO)3] (102b-crown). 
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Table 14: Crystallographic data and structure refinement from Olex report of 

fac-[K(18-crown-6)][Re(I)(Ph-alkoxpy-CO2)(CO)3] (102b-crown). 
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