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Abstract 

 Reactivity patterns of the β-diketiminate aluminum(I) complex NacNacAl 

towards a variety of unsaturated molecules were determined. Reaction of NacNacAl 

with one equivalent of benzophenone affords η2(C,O) adduct III-2 that undergoes 

cyclization reactions with benzophenone (III-3), aldimine (III-4), quinoline (III-5), 

pyridine (III-6), phenyl nitrile (III-7), trimethylsilyl azide (III-8), and a saturated 

cyclic thiourea (III-9). The latter reacted via unusual C−N cleavage. Analogous η2-

coordination products were prepared with p-tolyl benzoate (IV-6), N,N-

dimethylbenzamide (IV-9) and (1‐phenylethylidene)aniline (IV-13). Addition of 

pyridine to such species results in [2+2] cycloaddition products analogous to III-6, 

except for the case of p‐tolyl benzoate when a migration of the alkoxy group from the 

ester moiety accompanied by hydrogen transfer from pyridine preserves the aromaticity 

within the latter. Chemoselective couplings between aliphatic ketones and pyridine 

were exemplified by reactions with non-enolizable (1R)-(‒) fenchone and enolizable 

yet sterically encumbered isophorone. The reaction with the CH‐acidic ketone 

(1R)-(+)-camphor afforded a hydrido alkoxide (IV-11) as the result of enolization. 

Whereas the reaction of NacNacAl with (1R)‐(−)‐fenchone in the absence of pyridine 

led to CH activation in the isopropyl group of the NacNac ligand. 

 NacNacAl demonstrated diverse reactivity in reactions with N‐heterocycles. 

4-Dimethylaminopyridine induces rearrangement of NacNacAl by deprotonation of 

backbone methyl group of the ligand. C−H activation of the methyl group of 4‐picoline 

produced a species with a reactive terminal methylene. Reaction of NacNacAl with 

3,5-lutidine led to the cleavage of the sp2 C−H bond (4‐position). Another reactivity 
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mode was observed for quinoline, which undergoes 2,2′‐coupling. Finally, a reaction 

of NacNacAl with phthalazine produced a product of the N−N bond cleavage.  

 NacNacAl reacted with a series of polycyclic aromatic hydrocarbons via [4+1] 

cycloaddition. While a reaction with anthracene was irreversible, with the formation of 

products of activation of the lateral and central rings, reactions with phenanthrene, 

triphenylene, and fluoranthene were reversible. Heating reaction mixtures at 90 °C 

yielded dialuminum hydride VI-6. Mechanistic studies showed that the reaction 

proceeds via dissociation of polycycles with the release of NacNacAl that undergoes 

further intermolecular transformations. All novel complexes were characterized by 

spectroscopic methods and X-ray diffraction analysis for most of them. 
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I. Introduction 

  Transition metals, once serving as a skeleton key to the multiple catalytic 

processes, have become a luxury that humanity can hardly afford. In contrast, until the 

past two decades complexes based on abundant main group elements have been 

employed catalytically only as Lewis acids and bases when many practical applications 

of such compounds were revealed. New reactivity patterns hitherto believed to be the 

exclusive domain of transition metal compounds have been unearthed for main group 

elements.1 In particular, activation of robust small molecules under ambient 

conditions2-5 kindled significant interest in the catalytic application of these reactions. 

Although the efficiency of main group catalysts is still somewhat inferior compared to 

the efficiency of transition metals analogues,6 more reactions are being discovered7-11 

and they are expected to surpass and largely replace the current state-of-the-art catalysts 

based on precious transition metals.  

  The chemistry of β-diketiminate aluminum(I) complexes has been under 

scrutiny since the original isolation of NacNacAl (NacNac = 

[ArNC(Me)CHC(Me)NAr]‒, Ar = 2,6-iPr2C6H3) by Roesky and co-workers. in 2000.12 

Oxidative addition of thermodynamically strong H‒X (X = H, B, Al, C, Si, N, P, O),13 

C‒Y (Y = F, O),14 RS‒SR and R2P‒PR2
15 bonds as well as the reactivity towards E=S16 

and E=O (E = C, P)17 multiple bonds have been well documented. Recent reports have 

demonstrated that even the strongest C‒H bonds of arenes can be cleaved with 

NacNacAl in the presence of Lewis acidic Ca-18
 or Pd-based co-catalysts.19 While the 

achievements in the activation of σ-bonds are indisputable, reactions of the aluminum 

carbenoid with unsaturated molecules are limited to several reports featuring little 

general pattern. This thesis aims to reveal new reactivity trends of the β-diketiminate 
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aluminum(I) complex with polycyclic aromatic hydrocarbons, N-heterocycles, 

carbonyl, and imine compounds.    

  The following literature review of this thesis outlines oxidative addition and 

reductive coupling chemistry of common compounds featuring one or several multiple 

bonds (olefins, alkynes, dienes, aromatics, N-heterocycles, representatives of carbonyl 

family and carboimines) involving group 13-15 element carbenoids. 
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II. Background 

  Over the past decade, there has been a significant surge in the development of 

transition metal-like chemistry involving main group compounds.1 This research 

proceeds along two main interconnected avenues: (i) activation of small molecules and 

(ii) design of new catalytic cycles. In the first, efforts have largely focused on the 

cleavage of strong single and multiple bonds.5 However, the useful analogy does not 

end here. The ability of transition metals to coordinate several unsaturated molecules 

and facilitate their interaction in the coordination sphere lies at the heart of several 

important processes, such as the oxidative coupling of olefins, the Pauson-Khand 

reaction, hydroformylation, and the coupling of olefins and alkynes with carbonyls and 

imines.20,21 Main group compounds were not considered applicable for such 

transformations for a long time as they do not have closely spaced and energetically 

similar d-orbitals, which are common in transition metals. However, a paradigm shift 

occurred about 20 years ago with the successful isolation of main group compounds in 

their low oxidation states.22,23 Thoughtful ligand design afforded small energy 

separations of the frontier orbitals mimicking the electronics of transition metals, while  

kinetic stability was bestowed by introducing steric bulk about main group element. 

This has resulted in the ability of main group compounds to exhibit behavior akin to 

that of transition metal complexes.1 While oxidative cleavage of single bonds by main 

group carbenoids has been reviewed elsewhere,5 this literature review encompasses 

unsaturated compounds as the main substrates for interaction with subvalent main 

group centers.  
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II. 1. Carbenes and their main group element analogues  

  Carbenes are molecules containing a neutral carbon atom with only two 

covalent bonds, while a non-bonding pair of electrons occupies an sp2-hybridized 

orbital orthogonal to an empty p orbital. The magnitude of the energy gap between the 

frontier orbitals determines the multiplicity of a carbene. In the ground state, a singlet 

carbene has a pair of electrons in a single orbital, whereas the triplet has two unpaired 

electrons, each occupying a separate orbital. Singlet carbenes are engaged in chemical 

reactions as either electrophiles or nucleophiles, while triplet carbenes take part in 

stepwise radical additions. Such a reaction diversity24-27 makes them one of the most 

useful substrates in organic chemistry. Substitution of the divalent carbon atom with 

main group elements in accord with the isolobal principle28 opens the door to a series 

of isoelectronic analogues (Scheme 1). 

 

Scheme 1. Simplified representation of electronic configurations for singlet carbenes 

and their main group isoelectronic analogues. 
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Heavier congeners of carbenes, especially silylenes,29 have been studied extensively 

with regards to their structure and reactivity.22  

  To conform with the isoelectronic principle, Group 13 element carbenoids 

should be negatively charged, while Group 15 elements should bear a positive charge, 

so that the overall number of valence electrons is equal to six. Such an electronic setup 

implies the presence of main group elements in unusually low oxidation states, which 

makes the corresponding species challenging to handle. Stabilization of anionic Group 

13 element carbenoids can be attained by preparation of salts with alkali cations and/or 

introduction of ligands with nitrogen atoms.30-35 Another approach involves saturation 

of main group centers by coordination with Lewis bases leading to the concomitant 

formation of eight-electron species.36-43  

  Group 15 element carbenoids are represented mainly by neutral nitrenes and 

phosphinidenes. While the former can be generated only in situ, the latter have a triplet 

ground state and therefore are highly elusive. Stabilization of phosphinidenes is feasible 

by introduction of bulky substituents (steric stabilization),44-46 or by using redox active 

ligands featuring σ-donor and π-acceptor properties (electronic stabilization).47-50  

II. 2. Reactions of carbenoids with olefins, dienes, and alkynes 

II. 2. 1. Group 13 

  Given the intrinsic instability of monovalent borylenes, their reactivity patterns 

are commonly studied in situ. Timms was able to generate borylenes II-1 via reduction 

of corresponding trihalides over solid boron.51 Transient borylenes II-1 were found in 

dynamic equilibrium with the initial reactants, so that high temperature and low 

pressure (~10‒4 Torr) were required to maximize the yield of the reaction. Once formed, 
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the gaseous product (BX; X = Cl, F) leaves the high temperature zone with the 

subsequent condensation in a cooling trap (‒196 °C) where its reactivity can be studied 

by introducing gaseous substrates. As a carbenoid, II-1 reacts readily with olefins and 

alkynes. Introduction of propene into the cold zone of the reactor led to selective 

formation of 1,4-boron substituted cyclohexane II-2 (X = Cl) or 

bis(difluoroboryl)propane II-3 (X = F). 

 

Scheme 2. Generation of II-1 followed by a reaction with propylene.    

Both products II-2 and II-3 are believed to form via an unstable borirane intermediate 

that readily dimerizes in the case of II-2. Formation and reactivity of transient boriranes 

was studied with DFT by Bettinger.52 It was noted that addition of olefins to borylene 

is an exothermic process with no barrier for the model species BH. However, the barrier 

appears and increases, while exothermicity decreases, from Br to F in the BX series. 

Such a trend can be rationalized by the decreasing energy of the HOMO due to the 

presence of  withdrawing substituents (‒I effect), while increasing the energy of the 

LUMO due to interaction of boron with the lone electron pairs of halogens (+M effect). 

In contrast, carbon substituted borylenes exhibit the lowest barriers for olefin addition 

and the largest exothermicities. Two almost barrierless pathways were mapped out for 
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the following interaction of boriranes: dimerization and boration, as shown in 

Scheme 3.53 However, the former is significantly more exothermic and thus wins. 

 

Scheme 3. Dimerization (left panel) and boration (right panel) pathways of 

boriranes.53
 

The altered selectivity for BF (Scheme 2) was explained in terms of strong B‒F‧‧‧B 

interactions at low temperature, which results in the insertion of the borirane into the 

B‒F bond of excess BF3 present in the cold zone of the reactor.  

  Acetylene reacts with II-1 to form the 1,4-borocyclohexadiene II-6 (Scheme 4). 

The reaction proceeds through the formation of a borirene, which is isoelectronic to the 

aromatic cyclopropenyl cation. Borirene dimerization to 1,4-diboracyclohexa-2,5-

diene was analyzed in terms of symmetry and orbital interactions. A non-planar four- 

center transition state (11 kcal/mol) of C2 symmetry was located wherein an empty 

orbital of boron effectively overlaps with both π (C=C) and σ (B‒C) orbitals.54 

 

Scheme 4. Generation of II-1 followed by a reaction with acetylene. 



 
 

8 
 

  Pachaly and West observed formation of the silylborirene II-9 (Scheme 5) from 

the low-temperature photolysis of II-7 in an organic glass upon warming in the presence 

of bis(trimethylsilyl)acetylene.55 

 

Scheme 5. Reaction of in situ generated II-8 with bis(trimethylsilyl)acetylene. 

  The monovalent aluminum chloride, AlCl, II-10 can be obtained by contacting 

gaseous hydrogen chloride with molten aluminum. High temperatures are required to 

suppress the formation of AlCl3.
56 Schnöckel and co-workers reacted metastable II-10 

with 2,3-dimethylbutadiene to access the lens-shaped hexamer II-11 (Scheme 6).57 

Addition of acetylene to II-10 resulted in the formation of 1,4-dichloro-2,3,5,6-

tetramethyl-1,4-dialumina-2,5-cyclohexadiene II-12.58 

 

Scheme 6. Reactions of II-10 with 2,3-dimethylbutadiene and acetylene. 
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  Tetrameric species (Cp*Al)4 (Cp* = η5-C5Me5) (II-13) is a relatively stable 

source of aluminum(I) that can be generated upon dissolution of the former in 

hydrocarbon solvents. For example, II-13 reacts with 2,3-dimethylbutadiene in toluene 

solution at 50 °C, which results in a cycloaddition product II-14 (Scheme 7).56 

 

Scheme 7. Reaction of tetrameric II-13 with 2,3-dimethylbutadiene.  

  NacNacAl (NacNac = [ArNC(Me)CHC(Me)NAr]‒, Ar = 2,6-iPr2C6H3, II-15) is 

an aluminum-based  Group 13 element carbenoid with a relatively small 

HOMO-LUMO gap of approximately 20-40 kcal/mol.59 Given the precedent of II-15 

to activate C(sp3)-F bonds,14, 60 Crimmin and co-workers extended the scope of 

substrates to include fluoroalkenes.61 Addition of excess amount of (E)-1,3,3,3-

tetrafluoropropene to a benzene solution of II-15 resulted in C‒F bond activation with 

the formation of a 4:1 mixture of E/Z isomers (Scheme 8), while the C=C bond 

remained intact. Addition of (Z)-1,3,3,3-tetrafluoropropene to II-15 led to the formation 

of a 0.9:1 mixture of II-16(E/Z).  

 

Scheme 8. C-F bond activation of 1,3,3,3-tetrafluoropropene on II-15. 
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Once formed, the product ratio is preserved in both cases even after exposure of the 

reaction mixture to light or heat. The irreversibility of the process suggests that the 

olefin isomerization takes place during the C‒F activation. Two viable mechanisms 

were proposed to explain the stereoselectivity of the process. The first involves classic 

oxidative addition of the sp2 C‒F bond, while the second mechanism calls for a 

metallocyclopropane intermediate undergoing subsequent α-fluoride elimination.61 The 

retention of the double bond was also observed when more substituted fluoroalkenes 

were reacted with II-15 (Scheme 9). Addition of 2,3,3,3-tetrafluoropropene to II-15 led 

to the activation of an sp2 C‒F bond to form II-17 exclusively, while addition of 

hexafluoropropene resulted in the mixture of products II-18(a) and II-18(b). Thermal 

treatment of compounds II-17 and II-18(a) at 353 K triggered their fragmentation into 

the corresponding fluoroallenes and II-19. 

 

Scheme 9. Reactions of II-15 with 2,3,3,3-tetrafluoropropene and hexafluoropropene. 

Reaction of II-15 with 3,3,3-trifluoropropene yielded an unexpected product II-20 

resulting from C=C double bond migration (Scheme 10). This reaction is believed to 

proceed via formation of a metallocyclopropane intermediate followed by β-fluoride 

elimination.  
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Scheme 10. Reaction of II-15 with 3,3,3-trifluoropropene. 

Addition of geometrically strained norbornene to II-15 at 298 K resulted in the 

formation of the metallocyclopropane II-21 (Scheme 11). While the product II-21 

remains predominant at low temperature, the reaction is reversible, so that the release 

of alkene is observed at temperatures higher than 333 K.  

 

Scheme 11. Reversible addition of norbornene to II-15.  

Later, the scope of olefins was enriched with a series of simple and industrially relevant 

alkenes (Scheme 12).62 Binding of alkenes was found to be reversible, although 

equilibria are shifted toward products at room temperature (Table 1).   

 

Scheme 12. Reversible binding of alkenes to II-15. 
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Table 1. Equilibrium data for alkene binding to II-15. 

Alkene Ratio (II-15 : II-22) 

norbornene 1:99 

ethylene 1:99 

propylene 14:86 

hex-1-ene 18:82 

3,3-dimethyl-1-butene  10:90 

allylbenzene  2:98 

*Specified for 0.018 M solutions in toluene-d8 at 298 K, 1 atm. 

Addition of excess amount of ethylene to II-15 resulted in the irreversible expansion 

of the AlC2 metallocycle in II-22(a) to give II-23 (Scheme 13). Dimerization occurs 

over the course of a week at room temperature, although it can be accelerated at 

353 K. 

 

Scheme 13. Irreversible dimerization of II-22(a) into II-23. 

Thermal treatment of II-22(b,c,e,f) led to the irreversible activation of the allylic C‒H 

bonds. Product II-24(c) was comprised of cis and trans stereoisomers in the 1:0.6 ratio, 

while compounds II-24(e,f) gave only trans stereoisomers (Scheme 14). 

 

Scheme 14. Irreversible allylic C‒H activation of II-22 in the excess of olefin. 
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  Crimmin and co-workers studied the reactivity of II-15 towards dienes.63 

NacNacAl reacts with 1,2-cyclononadiene at room temperature with the formation of a 

[2+1] cycloaddition product II-25. Heating the reaction mixture at 100 °C for 18 hours 

brings about allylic sp3 C‒H activation resulting in II-26. When the reaction is carried 

out in the presence of a ten-fold excess of 1,2-diene, it is possible to generate  the 

species  (II-27) originating from the insertion of 1,2-cyclononadiene into the Al‒C(sp3) 

bond of II-25.  

 

Scheme 15. Reactions of II-15 with 1,2-cyclononadiene.  

II-15 reacts with various 1,3-dienes by (4+1) cycloaddition, including 2,3-dimethyl-

1,3-butadiene, 2,4-hexadiene, and 1,3-cyclohexadiene (Scheme 16).63 In all cases  

cycloaddition led to the formation of an aluminocyclopentene II-28. The reaction 

occurs with the migration of C=C unsaturation consistent with a concerted cheletropic 

process.  
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Scheme 16. Reactions of II-15 with selected 1,3-butadienes.  

An unusual reactivity pattern was discovered for the case of styrene and its derivative, 

1,1-diphenylethylene (Scheme 17), which were dearomatized in the presence of II-15.63 

 

Scheme 17. Dearomatization of styrene and 1,1-diphenylethylene by II-15. 

Addition of 1,5-cycloctadiene to II-15 at 100 °C causes a [2+2+1] cycloaddition 

reaction yielding II-30 as a product of ring contraction (Scheme 18).  

 

Scheme 18. (2+2+1) addition of 1,5-cyclooctadiene to II-15.  

Given the steric hindrance around the aluminum center in NacNacAl (II-15), formation 

of dialuminocyclohexadienes is not observed for reactions with acetylene and its 

derivatives. However, II-15 still affords the aluminocyclopropene II-31 in the presence 

of C2H2 at ‒78 °C.64 Analysis of the bond dissociation energies associated with the Al‒

η2C2 unit by DFT calculations showed the values to be much smaller compared to that 
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of the Al‒Cmethyl bonds in AlMe3 (82.62‒155 kJ/mol vs. 281 kJ/mol), which 

presupposes weak bonding in alumocyclopropene II-31 and its remarkable reactivity 

towards unsaturated molecules.65 Thus, even an excess of acetylene provokes further 

reactivity to afford II-32.64 

 

Scheme 19. Addition of acetylenes to NacNacAl. 

A mechanism for the transformation of II-31 into II-32 was proposed later (Scheme 

20).65 It was suggested that acetylene coordinates to a Lewis acidic aluminum(III) 

center forming  π-complex II-31′. The next step presupposes migration of an acetylenic 

hydrogen to the olefinic carbon upon AlC2 ring opening.  

 

Scheme 20. Proposed reaction mechanism for transformation of II-31 into II-32. 

A bulkier analogue of II-31a was obtained by the reduction of aluminum bis(iodide) 

II-33 with KC8 in the presence of bis(trimethylsilyl)acetylene (Scheme 21).66 
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Scheme 21. Synthesis of bis(trimethylsilyl)aluminocyclopropyl II-34. 

The labile nature of II-34 was studied further in reactions with unsaturated compounds. 

It was found that II-34 binds carbon dioxide with the formation of a five-membered 

heterocycle II-35.66 Exposure of II-34 to carbon monoxide leads to the 

aluminacyclobutene II-36.67 The subsequent treatment of the latter with O2 results in 

selective insertion of atomic oxygen into the Al‒C(O) bond yielding II-35.67  

 

Scheme 22. Ring expansion reactions of II-34 with carbonyl compounds. 
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Hydrolysis and alcoholysis of II-36 at low temperature gives the 

cyclopropenylaluminum adduct II-37 with the liberation of II-38 (Scheme 22).68 

Addition of benzophenone to II-34 affords the aluminadihydrofuran II-39.66 A nitrogen 

analogue of II-36 can be obtained via a reaction of II-34 with tert-butyl isocyanide 

(Scheme 23) and the product contains a mixture of both stereoisomers.  

 

Scheme 23. Reaction of II-34 with tert-butyl isocyanide. 

  Cui and co-workers showed that cyclopropenyl II-34 is also sensitive to the 

presence of pyridine, the addition of which afforded a (1,2-dihydropyridyl)aluminum 

complex II-41 via pyridine insertion into the Al-C bond (Scheme 24). 69 

 

Scheme 24. Reaction of aluminacyclopropene II-34 with pyridine. 

  Zhu studied the interaction of II-34 with carbon disulfide.70 This reaction results 

in the formation of a seven-membered aluminum-sulfur-allenyl heterocycle II-43 upon 

warming the reaction mixture from ‒78 °C to room temperature over 12 hours. It is 
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postulated that this reaction proceeds via transient II-43′ that further reacts with another 

molecule of II-34 with the expulsion of Me3SiC≡CSiMe3 (Scheme 25).  

 

Scheme 25. Proposed mechanism for the conversion of II-34 into II-43. 

  Cui and co-workers analyzed the reactivity of II-34 towards triple bonds. As 

such, phenyl nitrile was found to react with II-34 to form a five-membered aluminum-

containing unsaturated ring, II-44 (Scheme 26). In contrast, the reaction with tBuCN 

led to elimination of TMS-C≡C-TMS resulting in a new species II-45 featuring an 

aluminaimidazole ring (Scheme 26).66 Such an alteration in reactivity was attributed to 

the presence of a rather bulky and electron-rich tert-butyl group that cannot be easily 

approached by the alkyne carbon, unlike the case for PhCN.66 
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Scheme 26. Reactions of II-34 with phenyl and tert-butyl nitriles. 

Roesky, Power and co-workers revealed the ability of aluminocyclopropenes to bind 

azides without expulsion of N2. For example, sterically accessible II-31a afforded the  

aluminaazacyclobutene II-46 as a result of interaction with 2,6-dimesitylphenyl azide 

at ‒50 °C (Scheme 27).64  

 

Scheme 27. Reaction of II-31a with 2,6-dimesitylphenyl azide. 

  While the reactions described above were based on the neutral aluminum(I) 

II-15, examples of transient and stable aluminyl anions are also known in the literature. 

Aldridge and co-workers reported on the cyclopropanation reaction of an aluminyl 

anion II-47 with ethylene (Scheme 28).71 This reaction proceeded at room temperature 

to generate II-48 in a quantitative yield. Structural studies revealed significant 
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elongation of the former C=C double bond (1.598(2) Å vs. 1.330 Å), which presupposes 

oxidative addition of the olefin, rather than its coordination. 

 

Scheme 28. Cycloaddition reaction between aluminyl anion II-47 and ethylene. 

  The group of Yamashita studied the cycloaddition reactivity of dialkylaluminyl 

anion II-49 towards stilbene. Cyclization with the Z- and E-stilbene resulted in a single 

product crystallized (II-50) after complexation with [2.2.2]-cryptand (Scheme 29).72  

 

Scheme 29. Cycloaddition reaction between aluminyl anion II-49 and E, Z stilbenes. 

  Yang and co-workers reacted dialumane II-51 with alkadienes under reducing 

conditions (Scheme 30) to generate polymeric II-53 and monomeric II-54.73 Sodium is 

assumed to initially reduce the dialumane II-51 into dialumene II-52, which is prone 

to dissociation with the formation of transient aluminyl anion II-52′. II-52′ then  reacts 

with the corresponding dienes to yield conventional products of [4+1] cycloaddition.  
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Scheme 30. Reactions of the dialumane (II-51) with 2,3-dimethyl-1,3-butadiene and 2-

methyl-1,3-butadiene under reducing conditions.  

  Anionic aluminum carbenoids exhibit the same reactivity as neutral NacNacAl 

towards acetylene. For example, II-49 reacts with diphenylacetylene with the formation 

of alumocyclopropene II-55 (Scheme 31).72 

 

Scheme 31. Reaction of aluminyl anion II-49 with diphenylacetylene. 

  Digallenes74 are dimeric species that are usually found in equilibrium with their 

monomeric Ga(I) constituents.75 Although there are some examples of reactions with 

olefins,76 dienes75 and alkynes77 based on gallium congeners, recent studies revealed 

that the reaction mechanisms do not involve monomeric gallium(I) as reactive centers 

and thus they will be omitted from discussion.78  
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II. 2. 2. Group 14 

  Cycloaddition reactions of thermally and/or photochemically generated 

transient silylenes towards carbon‒carbon multiple bonds have been amply investigated 

in the XXth century.79-84 However, the reactivity patterns of isolable silylenes towards 

olefines had not been known until the pioneering  report on the preparation of II-56 by 

Kira in 1999.85 Dialkyl silylene II-56 normally exists in the ground singlet state (1A1), 

although there are two low-lying excited states (1B1 and 3B1) that might be accessed 

upon irradiation of the former with visible light. 

 

Scheme 32. Reactions of II-56(1A1) and II-56(1B1) with olefins. 

As a singlet carbenoid, II-56(1A1) reacts with ethylene to yield silirane II-57 at room 

temperature over 2 hours.86 II-57 is a thermally stable silicon analogue of cyclopropane 

which does not undergo dimerization, unlike its boron and aluminum congeners. Use 

of the sterically more demanding cis-2-butene as a reactant led to the exclusive 

formation of II-58(Z), while trans-2-butene gave a mixture of products, none of them 

being identified as II-58(E).86 Irradiation of a solution of II-56 in hexanes with violet 

light (λ = 420 nm) causes excitation of the molecule into the first excited singlet state 
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(1B1), as a biradical.87 As such, it reacts readily with sterically demanding olefins, even 

at low temperature. The most salient feature of these reactions is their remarkable regio- 

and stereoselectivity, which is attributed to the large rate constant for the ring closure 

compared to possible side reactions.87  

  The silylsilylene II-60 was shown to react with two equivalents of ethylene in 

a stepwise fashion (Scheme 33).88 Addition of the first molecule of ethylene affords the 

cycloaddition product II-61, while addition of the second one leads to the insertion of 

the H2CCH2 fragment across the Si‒Si bond. Experiments with deuterated ethylene 

provided evidence that the migratory insertion is initiated by the already coordinated 

ethylene unit of II-61, while the incoming olefin forms a new cyclopropane ring.  

 

Scheme 33. Addition of ethylene to the silylsilylene II-60 to afford siliranes II-61 and 

II-62. 

 

Unlike aluminum carbenoids, reversible binding of olefins to silylenes is rare, and 

usually occurs at high temperatures. Rodriguez et al. demonstrated binding of ethylene 

by the silylene-phosphine complex II-63 to yield pentacoordinate silirane II-64.89 

Reversibility of the reaction was strongly dependent on the nucleophilicity of the 

pendant phosphine scaffold (Scheme 34, left), and irreversible binding was observed 

for PR2 = PPh2. Later, the Power group reported the reversible complexation of ethylene 

to a sulfur-supported silylene II-65 (Scheme 34, right). 90 
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Scheme 34. Reversible binding of ethylene to silylenes II-63 and II-65. 

  Reversible reactivity of germanium-based carbenoids towards olefins was 

reported only recently.91 Diarylgermylenes II-67 were shown to react with ethylene at 

room temperature with the formation of corresponding germiranes II-68(a,b). 

Curiously, the sterically accessible diarylgermylene II-67(a) does not react with 

propylene, while the more sterically demanding analogue II-67(b) readily affords the 

germirane II-68(c) from propylene. Analysis of energies of the frontier orbitals by UV-

Vis spectroscopy revealed that the HOMO-LUMO energy gap of the more crowded 

germylene II-67(b) (λmax = 608 nm) is slightly narrower compared to that of II-67(a) 

(λmax =  578 nm). 

 

Scheme 35. Reactions of diarylgermylenes II-67 with ethylene and propylene. 
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Heating II-67(b) under ethylene at 60 °C afforded the dimeric digermene II-69 

(Scheme 35). The authors proposed a mechanism leading to this product that involves 

insertion of ethylene into the Ge‒H bond that is generated via Ge‒C cleavage of the 

Ge‒Ar* bond, followed by hydrogen abstraction from the [GeAr*]·
 radical.91 

  Owing to the increased HOMO-LUMO gap and the very pronounced orbital 

mismatch between Sn and C, reactions between stannylenes and olefins are rare. Kavara 

et al. demonstrated that addition of PhI or MesI to :Sn[C2(SiMe3)4] results in allylic C‒

H bond activation and addition across the C=C double bonds in reactions with alkenes. 

However, those pathways were competitive and yielded a mixture of (cross)products.92 

The first example of unfacilitated reaction of tin carbenoids with ethylene was reported 

by Power only in 2019.93 Unlike its lighter congeners, the diarylstannylenes (II-70) did 

not exhibit nucleophilic properties at Sn and reacted as an electrophile with insertion of 

the ethylene across a Sn‒Ar* single bond (Scheme 36). 

 

Scheme 36. Proposed    mechanism   of ethylene insertion into Sn‒Ar* of stannylene 

II-70. 

 

  While Group 13 element carbenoids are involved only in typical [4+1] 

cycloadditions with 1,3-dienes, reactions based on Group 14 element analogues are 

exemplified by both [2+1]94-96 and [4+1]29, 86, 97-102 interactions (Scheme 37).  
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Scheme 37. Reactivity modes of diene cycloaddition on Group 14 carbenoids. 

It has been shown that [2+1] reactions are more rapid than [4+1] additions. However, 

the most frequently found products result from the 1,4-addition, suggesting a degree of 

thermodynamic control is present. On the one hand, detailed mechanistic studies 

revealed that the energy barriers for direct interconversion of the kinetic products, 

vinylmetalliranes, into metallacyclopent-3-enes (Scheme 38) are too high to surmount 

under the mild reaction conditions employed. On the other hand, the barriers for the 

extrusion of a carbenoid via a retro-addition are much lower, so that the 1,4-addition 

reaction eventually yields the thermodynamic product.103 

 

Scheme 38. Mechanistic pathways elucidating the regioselectivity of diene 

cycloadditions to Group 14 element carbenoids. 

  The reactivity patterns of heavier element analogues of carbenes towards 

alkynes are quite diverse. However, the cycloaddition pathway remains the most 

common. Driess and co-workers reported on the irreversible addition of acetylene and 
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phenylacetylene to the zwitter-ionic silylene II-72 at ‒78 °C (Scheme 39).29 The same 

reactivity was observed with the dialkyl silylene II-5686 and diaryl silylene II-65(b).104 

 

Scheme 39. Cycloaddition of alkynes to NacNac′Si II-72. 

Interestingly, II-72 causes C‒H activation and scission upon the reaction with terminal 

alkynes at room temperature. Moreover, addition of the second equivalent of carbenoid 

results in a subsequent C‒H activation to yield the disilylacetylene II-75. 

 

Scheme 40. C‒H activation of acetylene and phenylacetylene by II-72. 

Reversible addition of alkynes is not common for silylenes. The products of germylene 

and stannylene cycloaddition, however, feature diminished interaction between 

overlapping orbitals due to the size differences, which may lead to reversibility. Power 

and co-workers studied the reactions of sterically protected diarylgermylene with 

acetylene derivatives (Scheme 41).105 Less bulky phenylacetylene was found to bind 

the germanium center tightly, whereas larger 3-hexyne, diphenylacetylene and 

trimethylacetylene substrates showed reversible binding to II-67(a). 
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Scheme 41. Reversible addition of alkynes on diarylgermylene II-67(a). 

A reversible complexation of an alkyne to a stannylene was described by Sita and 

Bickerstaff in 1988 (Scheme 42).106 A thermal equilibrium was observed at ‒16 °C that 

was shifted towards the reactants at the higher temperature.  

 

Scheme 42. Reversible complexation of 3,3,6,6-tetramethyl-1-thiacyclohept-4-yne by 

stannylene II-77. 

   Another reactivity mode of Group 14 element carbenoids includes their 

consecutive double addition to alkynes, presumably via formation of a labile 

metallacyclopropene intermediate. Stalke examined the reactivity of chlorosilylene II-

79 toward diphenylacetylene.107 The reaction afforded a product from the insertion of 

a second equivalent of II-79 across the Si‒C bond of the initially formed cycloadduct 

II-80. A similar reactivity was observed for heavier germanium (II-82) and tin (II-83) 

analogues of II-79 when reacted with a bulky thiocycloheptyne (Scheme 43).108 
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Scheme 43. Reactions of Group 14 element carbenoids with bulky alkynes. 

   Addition of two equivalents of alkynes to silylenes was also documented. Inoue 

and co-workers reacted II-86 with an excess amount of diphenylacetylene to give the 

silacyclopentadiene II-87 (Scheme 44).109 DFT calculations were employed to map out 

a plausible mechanistic pathway for such a transformation. It is believed that the 

reaction is initiated by a nucleophilic attack of the silylene at the alkyne. The resultant 

zwitterionic intermediate then attacks the second equivalent of diphenylacetylene by 

the incipient vinyl anion followed by ring closure to form II-87. 
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Scheme 44. Addition of two equivalents of diphenylacetylene to II-86. 

In the case of phenylacetylene, the reaction proceeded by a mechanism similar to that 

described for the isolobal compound NacNacAl (Scheme 20), with the formation of 

II-88 (Scheme 45). 

 

Scheme 45. Reaction of two equivalents of phenylacetylene with silylene II-86. 

The unusual 1,4-disilabenzene II-90 was isolated as a result of a reaction between 

disilylene II-89 and two equivalents of diphenylacetylene (Scheme 46). The reaction 

proceeded via addition of both equivalents across the Si‒Si bond with concomitant 

scission of this bond.110 
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Scheme 46. Reaction of disilylene II-89 with two equivalents of diphenylacetylene. 

II. 2. 3. Group 15 

  Phosphinidenes are different from their Group 13 and 14 element congeners, as 

they bear an extra pair of electrons. Phosphinidenes exist either in a singlet ground state 

with two lone pairs and an empty p orbital on the phosphorus, or in a triplet ground 

state in which phosphorus has one lone pair and two singly occupied p orbitals. Unlike 

silylenes, free phosphinidenes prefer a triplet state under ambient conditions. As such, 

Gaspar and co-workers observed an EPR signal at 11492 G for phosphinidene II-92 

obtained by photolytic decomposition of phosphirane II-91 (Scheme 47).111  

 

Scheme 47. Photolysis of trans-2,3-dimethyl-1-mesitylphosphirane. 

Triplet phosphinidenes are considered impractical for synthetic purposes due to the 

anticipated lack of selectivity.112 A singlet ground state of phosphinidenes can be 

attained by introduction of π-donors (e.g. amides, phosphides) bound to the monovalent 

phosphorus. For example, di-tert-butyl-phosphanylphosphinidene II-94 can be 

generated from the related phospha-Wittig precursor II-93, and exhibits electrophilic 

behavior towards unsaturated molecules, akin to singlet silylenes (Scheme 48).113  
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Scheme 48. Generation of phosphanylphosphinidene II-94 from phospha-Wittig 

reagent and its reactions with cyclohexene and cis-butadiene.   

Another approach of phosphinidene stabilization utilizes their binding to spectator 

transition metal complexes that accept the additional pair of electrons, rendering the 

electron configuration of phosphorus akin to carbon in carbenes.112 The electronic 

properties of phosphinidene complexes can be adjusted from being purely nucleophilic 

to electrophilic by changing the transition metal and modifying the ancillary ligands. 

The “philicity” of the phosphinidene center is influenced mainly by the ligands, while 

the metal plays a role of a mediator.114 Strong σ-donors deliver electron density to the 

phosphorus atom via a transition metal linker that establishes a formally double bond 

with the former (Scheme 49, Right). Strong π-accepting ligands, in contrast, attenuate 

the negative charge on the phosphorus, stabilizing the π*(TM-P) orbital, thus enhancing 

its electrophilicity (Scheme 49, Left).  
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Scheme 49. MO diagrams for transition metal stabilized phosphinidenes. 

  Electrophilic phosphinidenes add olefins with the formation of phosphiranes in 

which the configuration of the olefin is maintained. Mathey and co-workers studied the 

interaction of E-stilbene with a tungsten-supported phosphinidene generated from the 

synthon II-98 (Scheme 50).115 Kinetic studies showed that the thermolysis of II-98 was 

the rate-limiting step, while the addition of olefin to the electrophilic phosphinidene II-

99 occurs almost instantaneously.  

 

Scheme 50. Reaction of E-stilbene with in situ generated phosphinidene II-99. 

Little to no selectivity was observed for unsymmetrically substituted olefins.116 In situ 

generated II-99 reacts also with allenes to afford the corresponding vinylphosphiranes 
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II-101 (Scheme 51), which are remarkably stable even upon heating at 80 °C for several 

days.117 

 

Scheme 51. Reaction of in situ generated phosphinidene II-99 with allenes. 

Phosphinidene II-99 was found to be reactive towards 2,5-dimethyl-2,3,4-hexatriene 

(Scheme 52). The addition takes place at the terminal double bond with the formation 

of A vinylidene phosphirane II-102, which subsequently isomerizes to 

phospha[3]radialene II-103.118 

 

Scheme 52. Reaction of in situ generated II-99 and 2,5-dimethyl-2,3,4-hexatriene with 

the following isomerization. 

  Like Group 14 element carbenoids, phosphinidenes add conjugated dienes in 

both [2+1] and [4+1] modes.  Mathey and co-workers reported  on  the cycloaddition  

reactions of II-99 with 2,3-dimethylbutadiene (Scheme 53), trans-trans-1,4-

diphenylbutadiene, and cyclopentadiene each carried out at 55 °C. Two isomers of vinyl 

phosphiranes were obtained in each case.119 A slow conversion of the products into the 
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corresponding phospholenes via a 1,3-sigmatropic shift was observed upon heating the 

reaction mixture at 100 °C.119  

 

Scheme 53.  1,2–addition reaction of the in situ generated II-99 to 2,3-

dimethylbutadiene with a subsequent thermal isomerization. 

Lammertsma and co-workers showed that 2,5-dimethyl-2,4-hexadiene locked in the 

transoid conformation inhibits a [1,3]-shift from occurring in the first formed vinyl 

phosphirane, so that the second equivalent of the carbenoid can add only to afford the 

diphosphiranes II-107 (Scheme 54).120 

 

Scheme 54. Reaction of in situ generated II-99 with 2,5-dimethyl-2,4-hexadiene. 

  Reactions of phosphinidene complexes with alkynes were investigated as well. 

In fact, alkynes were used as matrices for trapping the Group 15 element carbenoids. 

As such, diphenylacetylene and other alkynes were used during a reaction between a 

dichlorophosphine II-108 and Collman’s reagent, Na2[Fe(CO)4] (Scheme 55).121 
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Scheme 55. Generation of iron-stabilized phosphinidene II-109 and its trapping by 

diphenylacetylene. 

  In conclusion, the reactivity patterns of electrophilic phosphinidenes with 

unsaturated carbon‒carbon bonds are reminiscent of their isoelectronic Group 13 and 

14 analogues. With the advent of new pincer ligands, stabilization of phosphinidenes 

now becomes feasible without coordination to transition metals, however, this field is 

still in its infancy and the reactivity scope of these systems has yet to be delineated. 

  

II. 3. Reactions of carbenoids with aromatics 

II. 3. 1. Group 13 

  Meller and co-workers studied ways to generate transient borylenes by the 

reduction of their corresponding dichloroboranes with alkali metals. Reduction of 

iPr2NBCl2 (II-111) led to the generation of a borylene II-112 that was reactive enough 

to interact with toluene, to yield the arene-activation product II-113 via borylene 

insertion into aromatic C‒C bonds.122  

 

Scheme 56. Reduction of the amido-substituted dichloroborane II-111 to give the 

transient borylene II-112 with the subsequent addition to toluene. 
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  The Braunschweig group used sodium naphthalenide to yield the borylene II-

115 from carbene dihaloborane adduct II-114. Once formed, II-115 reacts rapidly with 

the liberated naphthalene to provide a mixture of diastereomers II-116 as a result of a 

[2+1] cycloaddition reaction (Scheme 57).123  

 

Scheme 57. Reduction of the NHC-stabilized borane II-114 with soldium 

naphthalenide with the following [2+1] cycloaddition of liberated naphthalene.  

However, the group of Curran hypothesized later that the mechanism for the 

transformation of II-114 into II-116 can be described in terms of one-electron reduction 

processes with the formation of corresponding boryl radical that further couples with 

the second equivalent of sodium naphthalenide to yield II-116 after intermolecular 

reorganization.124 

  Aluminum carbenoids are capable of cycloaddition with aromatic species as 

well. For example, the nucleophilic aluminyl salt II-49 was shown to react with 

naphthalene and anthracene at room temperature in the absence of any additives, with 

the selective formation of [4+1] cycloaddition products II-117 and II-118, respectively 

(Scheme 58).72  



 
 

38 
 

 

Scheme 58. [4+1]-cycloaddition reactions of the aluminyl anion II-49 with 

naphthalene and anthracene. 

 

Interestingly, the reaction of arenes with II-49, depicted in Scheme 58, proceeds via 

cycloaddition at room temperature, while the analogous reaction of arene substrates 

with II-47 results in the C‒H activation of naphthalene at the first and second 

positions.71 Later, the scope of the substrates for C‒H activation on aluminyl anion II-

47 was expanded (Scheme 59).125    
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Scheme 59. C‒H activation of aromatic molecules by II-47. 

The regioselectivity of reactions with disubstituted benzenes is consistent with the one 

observed for toluene, so that the addition to the ring takes place only at the meta 

positions. Aryl C‒H activation is believed to proceed via a nucleophilic attack of II-47 

at the more electrophilic sites of substituted benzenes via classic Meisenheimer-type 

transition states.125 In the case of ortho and para-xylenes, there were no products of sp2 
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C‒H activation, rather, the reaction takes place at the benzylic position. Also, para-

xylene forms transient II-126 that undergoes expulsion of an oligomerized para-

xylylene to give the aluminum dihydride complex II-127. The reaction of II-47 with 

anisole took another pathway and proceeded via a nucleophilic attack on the methyl 

group with the ejection of phenoxide, which eventually migrated to the coordination 

sphere of aluminum. 

  Recently, Aldridge and co-workers have reported on an aryl C‒C bond 

activation reaction between benzene and their monomeric aluminyl salt II-128 

(Scheme 60). Remarkably, the reaction took place in the dark at room temperature.71 

Experiments with deuterated benzene showed reversibility at 80 °C. Variable 

temperature NMR studies afforded activation parameters associated with the exchange 

process. The determined values of ΔH‡ (119.3(2.2) kJ/mol) and ΔS‡ (23.9(6.5) J/mol·K) 

were consistent with a dissociative mechanism for benzene substitution.71 

 

Scheme 60. Reversible C‒C bond activation of benzene on II-128 with the following 

reaction with electrophilic Me2SnCl2. 

Furthermore, II-129 has been shown to react with electrophiles. As such, addition of 

two equivalents of Me2SnCl2 at room temperature resulted in II-131.71 

  Unlike aluminyl anions, the neutral NacNacAl II-15 is not nucleophilic enough 

to bring about aryl C‒H bond activation on its own. However, this reaction becomes 

feasible in the presence of Lewis acidic catalysts. For example, NacNacAl II-15 was 
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shown to activate benzene whose aromaticity was preliminary attenuated by 

complexation with an electron-deficient [NacNacCa]+ unit in II-132.126 (Scheme 61) 

 

Scheme 61. Cycloaddition of benzene complex of calcium to NacNacAl II-15. 

There were several mechanistic pathways outlined for such a transformation 

(Scheme 62), involving dissociation of benzene from II-132 with a successive 

nucleophilic attack of II-15 and eventual association with NacNacCa. However, this 

pathway seems to be unfeasible, as there was no reaction observed without the presence 

of a Lewis acid.126 

 
Scheme 62. Three possible routes for formation of  II-133. Gibbs energies ΔG(298 K) 

in kcal/mol are calculated by DFT at ωB97XD/6‒311+G**// ωB97XD/6‒31+G** level 

of theory. 
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Later, the Harder group demonstrated the ability of the calcium hydride II-134 to 

facilitate the oxidative addition of simple arenes (benzene, toluene and p-xylene) by II-

15 at room temperature (Scheme 63).18 

 
Scheme 63. Calcium hydride-catalyzed C‒H bond activation of benzene, toluene and 

p-xylene by oxidative addition of II-15. 

The mechanism for the calcium-catalyzed alumination was probed experimentally and 

computationally. Although the results of kinetic studies were inconclusive, the 

formation of a reactive intermediate is certain to take place. DFT calculations suggested 

that this intermediate could be a loosely-bound II-139 (Scheme 64). It is assumed that 

bonding of the hydride to the empty p-orbital of the aluminum center increases the 

nucleophilicity of the Al lone pair to an extent that interaction with aromatic molecules 

becomes possible.   
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Scheme 64. Proposed reactive intermediate facilitating aryl C‒H activation by 

NacNacAl II-15 in the presence of [NacNacCa]+.  

Addition of 5 mol% of [Pd(PCy3)2] to a solution of II-15 at 25 °C resulted in the neat 

conversion of benzene, toluene, xylene into corresponding aluminum hydrides. 

Mechanistic studies revealed that the C‒H activation occurs at the palladium center 

with the following transmetallation with aluminum.19 

II. 3. 2. Group 14 

  Benzene and its polycyclic analogues are reluctant to react with silylenes, 

germylenes or stannylenes. Okazaki demonstrated the reactivity of the in situ generated 

silylene II-140 towards benzene and naphthalene, only at 70 °C.127 In the case of 

benzene, the formation of the product of C‒C insertion followed by [2+1] cycloaddition 

was observed, while the reaction with the polycycle proceeded via a double [2+1] 

cycloaddition pathway (Scheme 65).  
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Scheme 65. Reaction of the transient silylene II-141 with benzene and naphthalene. 

In contrast, silylene II-56 was found to be reactive towards arenes upon transition into 

the first excited singlet state (1B1).128 As a biradicaloid, II-56 inserts into sterically 

accessible aryl carbon-carbon bonds with the formation of corresponding silepins 

(Scheme 66). Should the access to the ring be limited, as in the case of mesitylene, C‒

H activation in the methyl groups takes place instead. 

 

Scheme 66. Reactivity of II-56(1B1) with aromatic molecules. 

As for naphthalene, silylene II-56(1B1) reacts in a stepwise fashion by addition to C=C 

double bonds. While the first [2+1] cycloaddition is reversible, prolonged excitation of 
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the reaction mixture with visible violet light in the presence of excess II-56 yields 

II-147 exclusively. Interestingly, these reactions are not common for the ground state 

II-56(1A1), although it features a high-lying HOMO and a low-lying LUMO. The 

reaction, however, is initiated by the approach of the arene’s HOMO to the vacant 

orbital of the silylene, which is protected by bulky pendant TMS groups. 

Photoexcitation inverts the reactivity, so that the sterically accessible in-plane orbital 

of silylene now interacts with the arene via a homolytic aromatic addition.128 

  Iwamoto and co-workers reported an unusual photochemical reaction of II-56 

with azulene (Scheme 67). The former added to the 1- or 2-positions of azulene upon 

excitation with 440 nm light to afford a 1,3-biradical intermediate, which undergoes a 

subsequent cyclization by radical recombination followed by ring expansion to afford 

bicyclic [4]dendralene II-148.129 

 

Scheme 67. Photochemically induced interaction of II-56 with azulene. 

[4+1] cycloaddition products with anthracene based on Si130, Ge131 and Sn132 were 

obtained only by the reduction of corresponding halides with magnesium (Scheme 68).   

 

Scheme 68. [4+1] cycloaddition reactions of Group 14 element chlorides upon 

reduction with magnesium. 
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II. 3. 3. Group 15 

  Lutz et al. studied the reactivity of a tungsten-stabilized phosphinidene II-99 

toward a strained [5]metacyclophane (Scheme 69).133 Mechanistic studies by DFT 

calculations revealed that the reaction takes place upon interaction of the HOMO‒1 of 

the cyclophane with the LUMO of the metallophosphinidene PhP-W(CO)5 (II-99). 

Such a transformation is favored by the boat shape of the aromatic ring, which results 

in increased electron density at its concave side. The relief of steric strain is another 

contributing factor making the reaction possible even under mild conditions (room 

temperature).  

 

Scheme 69. [4+1] cycloaddition of [5]metacyclophane to the phosphinidene complex 

II-99. 

  Phosphinidenes generated via reduction of their halide precursors give products 

of [4+1] cycloadditions as well. For example, the Cummins group used magnesium 

anthracene to reduce the dichloride II-151 into II-152 (Scheme 70).134 The reported 

dibenzo-7λ3-phosphanorbornadiene II-152 was found to release anthracene upon 

heating at 80 °C, with liberation of a transient phosphinidene. Thus, II-152 can be 

considered as a phosphinidene synthon. 
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Scheme 70. Reduction of II-151 with magnesium anthracene complex. 

The group of Stephan showed II-153 to be a source of a triplet phosphinidene upon 

heating II-153 in toluene to 110 °C.135 However, coordination of Lewis acidic gold 

chloride leads to the stabilization of the singlet ground state II-154 at room temperature 

that readily inserts into the mesitylene group of the ligand (Scheme 71).   

 

Scheme 71. Reaction of in situ generated singlet phosphinidene II-154 with 

mesitylene ring of the ligand.  

II. 4. Reactions of carbenoids with carbonyl compounds 

  Reactions of carbenoids with carbonyl compounds can be subdivided into 

reactions with simple gases, like CO and CO2, and reactions with carbonyl derivatives 

(e.g. aldehydes, ketones, amides). The first class of reactions was inspired by the 

success of transition metal compounds in the transformation of gaseous carbon oxides 

into liquid hydrocarbons.136,137 When it comes to carbonyl derivatives, the presence of 
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the C=O moiety attracts attention of synthetic chemists due to its diverse and reliable 

reactivity.138   

III. 4. 1. Group 13  

  Bettinger and co-workers studied photochemical ways to generate labile 

borylenes. It was realized that irradiation of PhB(N3)2 (II-156) with the output of a low-

pressure  mercury  lamp  (λ = 254  nm)  leads  to  the  generation  of  a  triplet  nitrene  

(Ph-N=B-N) and traces of II-157.139 The latter turned out to absorb dinitrogen and 

carbon monoxide upon exposure to light with wavelengths longer than 495 nm 

(Scheme 72).  

 

Scheme 72. Interactions of borylenes with carbon monoxide. 

An IR spectrum of II-158 featured a characteristic band at 2012/2006 cm‒1 (for 13CO 

and C18O respectively) assigned to the stretching mode of the BCO unit. According to 

DFT calculations, the ground state of II-158 is defined as a triplet (3A2), while the 1A2 

and 1A1 states are 10.1 and 12.0 kcal/mol higher in energy. Those findings were further 

corroborated by ESR spectroscopy.139 

  The groups of Bertrand and Stephan investigated the reactivity of the borylene 

II-159 stabilized by a “push-pull” ligand effect (Scheme 73).140 II-159 was shown to 

bind CO irreversibly with the formation of II-160, wherein the boron atom is 

surrounded by one X-type ligand and two L-type donors. According to DFT 

calculations, interaction of the lone pair from carbon monoxide with the boron based 



 
 

49 
 

LUMO of II-159 affords a low-lying σ(B-C) orbital, while the HOMO of II-160 is 

represented as a combination of a p orbital of boron with the π* orbitals of the CAAC 

and CO suggesting π back-donation from the boron to both L ligands.140  

 

Scheme 73. Coordination of carbon monoxide on borylene II-159. 

  Activation of CO2 (oxygen atom abstraction) by Group 13 element carbenoids 

is complicated because the resulting product would contain an extremely polar E=O (E 

= B, Al, Ga) double bond. Nevertheless, the recent achievements of Aldridge141 and 

Coles142 in the field of highly nucleophilic aluminyl anions revealed selective reactivity 

towards CO2.
143 As such, II-161 reacts with two equivalents of carbon dioxide (Scheme 

74).142 The reaction is believed to proceed via scission of a C=O double bond with the 

expulsion of carbon monoxide, followed by the expected [2+2] cycloaddition between 

Al=O unit and CO2. Although II-162 was not observed spectroscopically, its existence 

was confirmed by a stoichiometric reaction of II-161 with nitrous oxide. The 

subsequent addition of CO2 to II-162 afforded II-163. 

 

Scheme 74. Consumption of carbon dioxide by aluminyl anion II-161. 
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  Neutral NacNacAl (II-15) was not found to be reactive toward CO or CO2 by 

itself. However, Crimmin and co-workers showed that addition of W(CO)6 facilitates 

interaction of the carbenoid and carbon oxides, leading to products II-164, II-165 and 

II-166 featuring C3- and C4-carbon chains, correspondingly.144 13CO labelling studies 

specified that the first two carbon units of the chain originate from tungsten 

hexacarbonyl, while the third and fourth units are coming from gaseous CO or CO2 

(Scheme 75). 

 

Scheme 75. Sequential reactions of CO and CO2 with W(CO)6 and II-15.  

  Roesky and co-workers probed the reactivity of NacNacAl (II-15) towards 

benzophenone.66 The addition of benzophenone to a slurry of II-33 with potassium in 

toluene caused the color change of the reaction mixture into intense blue, which is 

indicative of the formation of a ketyl radical. The reaction mixture turned orange over 

the course of 6 hours, with the product II-167 formed exclusively (Scheme 76). 
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Analysis of the bond metrics with X-ray diffraction revealed a single bond between two 

carbonyl centers to be 0.13 Å longer compared to conventional C‒C sigma bonds (1.54 

Å). Such an observation was explained via an interplay of electronic and steric effects 

caused by the attached phenyl groups. It has been shown later that NacNacAl (II-15) 

reacts with benzophenone instantaneously, so that the induction period of 6 hours is 

most likely due to the reduction of bisiodide.145 

 

Scheme 76. Reduction of aluminum bisiodide II-33 in the presence of benzophenone. 

  NacNacGa, which is a heavier analogue of II-15, does not react with 

benzophenone on its own. However, its oxidized form (NacNacGa=O) reacts with one 

equivalent of benzophenone to furnish a product of [2+2] cycloaddition.146   

  In an attempt to cleave the C=O (179 kcal/mol) bond, the Nikonov group reacted 

II-15 with a cyclic urea.17 Cleavage of the latter was expected to afford a terminal 

alumoxane stabilized by the incipient NHC. The reaction was not selective at room 

temperature, however cooling the reagents down to ‒60 °C prior to bringing them into 

contact yielded a product II-168 of unexpected backbone deprotonation (Scheme 77). 

Repeating the reaction at ‒70 °C while monitoring with 1H NMR spectroscopy did not 

reveal any fleeting intermediates. DFT calculations were used to map out a possible 

mechanism of the transformation in question. The reaction is postulated to start with 

the coordination of the cyclic urea to II-15 which, in turn, increases the nucleophilicity 
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of the aluminum center to the extent that it attacks the most acidic hydrogen (backbone 

methyl) of another molecule of the complex.  

 

Scheme 77. Reaction of cyclic urea with II-15 to afford aluminum hydride II-168. 

  Group 13 element carbenoids demonstrate diverse reactivity patterns toward 

isocyanates. For instance, the aluminum carbenoid II-47 reacts with two equivalents of 

phenyl isocyanate in a stepwise fashion, akin to CO2.
141 The first equivalent of the 

carbonyl is used as a source of oxygen to generate a transient alumoxane, while the 

second molecule binds to the latter via a [2+2] cycloaddition (Scheme 78). 

 

Scheme 78. Reactivity patterns of Group 13 element carbenoids with isocyanates.  
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 On the contrary, the less nucleophilic NacNacGa II-170 was found to be incapable of 

cleaving the C=O double bond of 3,5-xylyl- and phenylisocyanates. Instead, the 

coordination of the oxygen terminus to Ga is assumed to enhance the nucleophilicity of 

the gallium lone pair, so that it can attack another equivalent of the carbonyl reactant to 

afford the product of [3+2] cycloaddition.147  

  While there have been no studies devoted to the conjugated aldehydes done on 

boron or aluminum congeners, Kassymbek et al. showed the capacity of gallium 

carbenoid II-170 to react with methacrolein with the formation of heterocycloaddition 

product II-172 (Scheme 79).147 

 

Scheme 79. [4+1] cycloaddition of methacrolein to NacNacGa II-170. 

Attempts to extend this chemistry to butadiene and diphenyl ketone turned out to be 

futile. The observed reluctance of other conjugated compounds to react with the gallium 

carbenoid was deemed to stem from the stabilization of the lone pair on gallium.147 

II. 4. 2. Group 14 

  The first studies on the reactivity of Group 14 element carbenoids towards 

carbonyl compounds date back to 1989 when Jutzi and co-workers reported on the 

exposure of silylene II-173 to carbon dioxide.148 The outcome of the reaction turned 

out to be dependent on the solvent. While addition of CO2 at room temperature to a 

solution of II-173 in toluene resulted in a spiro compound II-176, reaction in pyridine 
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afforded II-177 (Scheme 80). The reaction begins with the coordination and activation 

of the carbon-oxygen bond with the subsequent extrusion of carbon monoxide to yield 

a transient silanone II-174. The next step involves [2+2] cycloaddition with the 

formation of a species II-175 analogous to II-163. In the case of toluene, this 

intermediate can further undergo a [2+2] cycloaddition with the incipient II-174. 

Pyridine, however, coordinates to the Lewis acidic II-174, thus diminishing its effective 

concentration in the solution and quenching its reaction with II-175. Under these 

conditions, II-175 undergoes a slow dimerization to give II-177.149  

 

Scheme 80. Activation of CO2 by silylene II-173.  

  Addition of dry CO2 to a hexane solution of silylene II-56 at ‒78 °C led to the 

lightening of the color of the reaction mixture. Subsequent addition of methanol 

followed by removal of volatiles afforded the bis(silyl) carbonate II-179 (Scheme 81). 

The mechanism of reaction was described in the same terms as for the case of II-173.150 

DFT calculations established that [2+1] cycloaddition of CO2 to the silicon center is a 

rate-determining step, which is followed by a [2+2] coupling with another molecule of 

CO2 to provide the silanone species II-178. The latter is hydrolyzed by adventitious 

water in methanol.  
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Scheme 81. Reaction between silylene II-56 and CO2 with the following hydrolysis. 

In contrast, the Driess silylene II-72151 did not exhibit any reactivity towards carbon 

dioxide, although a related siloxysilylene II-180 is able to deoxygenate CO2 with the 

formation of II-181.152 Moreover, II-181 could undergo alcoholysis to yield methoxy 

silanol II-172 (Scheme 82).   

 

Scheme 82. Deoxygenation of CO2 by II-180 with the following alcoholysis. 

 Heavier germanium congeners were also reported to be reactive with respect to 

carbon dioxide. Jones and co-workers demonstrated such a transformation for the 

amido-digermyne II-183, which can be classified as a digermylene with a very long  

Ge‒Ge bond (Scheme 83).153 This reaction, however, proceeds via insertion of CO2  

into the Ge‒Ge bond, rather than by C=O scission.  

 

Scheme 83. C=O bond activation by germylene II-183.  
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 Silylenes exhibit diverse reactivity patterns towards ketones. Silylene II-79 was 

shown to couple with benzophenone in a [2+1] manner to afford an oxasilirane II-186 

(Scheme 84).154  A similar pattern was observed for the amidinate-supported disilylene 

II-89 by Stalke and co-workers.155 Although the overall mechanism for the 

transformation of II-89 into II-188 has yet to be investigated in detail, the reaction is 

believed to proceed via a [2+1] cycloaddition of benzophenone to each silicon center 

with the formation of transient II-187. The authors proposed that two additional 

hydrogen atoms appearing on the α-carbons originate from the solvent. Deuterium 

labelling experiments with THF-d8 validated this hypothesis.   

 

Scheme 84. [2+1] cycloadditions of silylenes II-79 and II-89 with benzophenone. 

 Driess and co-workers reported unprecedented isolation of a [4+1] 

cycloaddition product II-189 featuring a methylenecyclohexadiene moiety.156 The 

product was obtained by a low-temperature reaction (‒78 °C) between silylene II-72 

and benzophenone (Scheme 85). It is assumed that the charge separation in the carbonyl 

group instigates a nucleophilic attack of the oxygen on the empty p orbital on the 

silylene. Finally, the highly nucleophilic sp2 lone pair of silylene is postulated to 

coordinate to the activated ortho position of the phenyl leading to ring closure.  
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Scheme 85. Cycloaddition of silylene II-72 with benzophenone. 

Unlike its aluminum congener (II-15), addition of a second equivalent of benzophenone 

to II-72 was not reported. Instead, it has been shown that II-189 tends to isomerize into 

a tautomer II-190 even at room temperature (Scheme 85). The driving force for such a 

process is assumed to be the regeneration of aromaticity within the phenyl ring attached 

to the silicon center. The η2(O,C) coordination of benzophenone and propiophenone 

was also reported for Lapport’s germylene II-191.157 Although no tautomerization was 

observed, the reaction with benzophenone was found to be reversible (Scheme 86). 

 

Scheme 86. Reactivity of germylene II-191 with benzophenone and propiophenone. 
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 Interestingly, enolizable acetophenone reacted with II-72 to produce a silicon 

hydride II-195 in which the phenyl ring remained intact (Scheme 87). The reaction was 

believed to proceed through generation of a donor-acceptor adduct II-194 followed by 

intramolecular proton abstraction and enolization to afford II-195.156 

 

Scheme 87. Enolization of acetophenone on II-72. 

Enones react with Group 14 element carbenoids in a [4+1] cycloaddition 

manner. As such, monomeric II-72 interacts with  benzylideneacetone with the 

formation of  adduct II-196 (Scheme 88).156 Sterically demanding stannylene II-197 

was also shown to react with ethyl vinyl ketone.158 The mechanism for both reactions 

should be analogous to the one described in Scheme 85 for the reaction of II-72 with 

benzophenone. 

 

Scheme 88. [4+1] cycloaddition of benzylideneacetone to silylene II-72 and ethyl 

vinyl ketone to stannylene II-197. 
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Similar cycloaddition patterns are described for reactions with 1,2-diones. The Stalke 

group reported consumption of two equivalents of benzil by disilylene II-89 (one 

equivalent per reactive center, as shown in Scheme 89. Notably, the product contained 

an intact Si‒Si bond.159 Monomeric germanium160 and tin158 congeners bound benzil as 

well. 

 
Scheme 89. Double [4+1] cycloaddition of benzil to disilylene II-89. 

 A number of kinetically stabilized germylenes were reported to react with para 

quinones to yield alternating polymers.161-163 A reaction  of germylene II-191 with 1,4-

anthraquinone yields a pair of cisoid/transoid isomers in a 3:2 ratio, as determined by 

NMR spectroscopy. Both stereoisomers feature two new five-membered rings. The 

discussion of the reaction mechanism entailed the addition of the first equivalent of 

germylene to form an intermediate II-200 followed by a standard [4+1] addition of 

germylene to the non-aromatic system (Scheme 90). DFT calculations showed that II-

200 is 15 kcal/mol less stable than the free reagents, whereas the product II-201 is 31 

kcal/mol more stable than II-200 and 16 kcal/mol more stable than the starting 

reagents.164  

 

Scheme 90. Double cycloaddition of germylene II-191 to 1,4-anthraquinone. 
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It has been shown that the regioselectivity and the mechanism pertinent to the reactions 

of germylenes with anthraquinone are governed by the rigid geometry of the molecule. 

1,2-Diacetylbenzene, on the contrary, is a non-tethered molecule with free carbonyl 

tails. Given the greater flexibility of 1,2-diacetylbenzene, its reaction with II-191 takes 

another route with the formation of II-202 (Scheme 91).164 The proposed reaction 

mechanism involves coordination of the oxygen to the empty p-orbital of germanium, 

which enhances the nucleophilicity of the latter. The “empowered” germanium center, 

in turn, attacks the ortho position of the phenyl ring to furnish a four-coordinated 

germanium with a promotion of the negative charge farther onto the α-carbon of the 

first carbonyl, resulting in ring closure (Scheme 91).164   

 

Scheme 91. Stepwise reaction of germylene II-191 with 1,2-diacetylbenzene. 

Double cycloaddition chemistry was also observed for 1,4-diacetylbenzene. The 

reaction with II-191 afforded the product II-204 (Scheme 92).164 The position of the 

unsaturated centers after addition of the first molecule of germylene governs the 

regioselectivity of the subsequent attack by the second equivalent.  

 

Scheme 92. Double cycloaddition of germylene II-191 to 1,4-diacetylbenzene. 



 
 

61 
 

II. 4. 3. Group 15 

Bertrand studied the reactivity of the singlet phosphinophosphinidene II-206 

with a very short P‒P bond (calculated to be 1.917 Å).165 Natural population analysis 

indicated that the terminal phosphorus is negatively charged (‒0.34 au), while the 

endocyclic phosphorus is extremely electropositive (+1.16 au). That being said, II-206 

was assumed to be a powerful nucleophile; however, experiments with carbon 

monoxide revealed its electrophilic nature. II-206 was generated via photolysis of the 

phosphaketene II-205 (Scheme 93). 

 

Scheme 93. Photolytic extrusion of CO from II-205 and the reactivity of 

phosphinidene II-206 with 13CO. 

The ability of carbenoid II-206 to regenerate the initial phosphaketene was probed by 

repressurizing the reaction chamber with 13CO (1‒2 atm) at room temperature. The 

reaction afforded quantitative regeneration of II-205′ after three days. DFT calculations 

were used to understand the thermodynamics and kinetics of CO 

extrusion/incorporation. The back-reaction with carbon monoxide was predicted to be 

exergonic by 14.5 ± 1.8 kcal/mol with an energy barrier of 16.1 ± 1.9 kcal/mol. Thus, 

the coupling reaction seems feasible, while extrusion of CO can proceed only under 

photolytic conditions.  

 The group of Grützmacher developed a novel approach towards the transfer of 

a phosphinidene moiety to carbonyl substrates.166 Treatment of the phosphaalkene zinc 
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complex II-207 with four equivalents of diphenylketene resulted in the transfer of 

phosphinidene unit to give heterocycles II-208 and II-209 in a 2:3 ratio, while zinc 

chloride sequestered the NHC part of the starting phosphaalkene into complex II-210 

(Scheme 94). Given the outcome of the reaction, one might assume that it proceeds via 

a conventional mechanism involving coordination of the nucleophilic carbonyl tail to 

the empty p orbital of phosphorus, which would increase its nucleophilic properties to 

attack on the α-carbon of another carbonyl as discussed for group 14 analogues. 

However, the stoichiometric reaction of II-207 with only one equivalent of the ketene 

resulted in the isolation of product II-211 originating from [1,3] shift of zinc dichloride 

(Scheme 94). II-211 is able then to react with the C=C or C=O bonds of another 

equivalent of diphenylketene to furnish products II-208 and II-209 respectively. 

 

Scheme 94. Reaction of carbene phosphinidene zinc complex with diphenylketene. 

 Streubel and co-workers documented the [2+1] cycloaddition reactivity of a 

Li/Cl phosphinidenoid II-212 with benzaldehyde (Scheme 95). The reaction resulted in 

the clean formation of oxaphosphirane derivative II-213.167 Addition of benzophenone 

to II-212 led to a mixture of products II-214 and II-215. While the first product is 
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reminscent of the outcome reported for the Driess silylene (Scheme 85), the second one 

is an unprecedented pentacyclic complex. The molecular structure of II-215 elucidated 

with SC-XRD showed two fragments containing the benzophenone moiety. The first 

one is reminiscent of the conventional η2(O,C) coordination of a ketone to a 

phosphinidene unit, whereas the second one can be represented as a partial 

oxaphosphirane lacking the CPh3 moiety. Quantum chemical calculations were 

involved to study the formation of benzophenone adducts II-214 and II-215. The 

reaction pathway to II-214 starts with the [2+1] cycloaddition of the ketone with the 

phosphinidene and formation of an oxaphosphirane, as in the case of benzaldehyde. 

Next, the phosphirane cycle opens to form a zwitter-ion with a positive charge on the 

α-carbon of the former ketone and a negative charge localized on P. Eventually a ring 

is reformed upon the attack of nucleophilic phosphorus atom on the ortho position of 

the phenyl ring. Formation of the final complex II-214 from this η2(O,C) coordination 

intermediate may occur by a [1,3] hydrogen shift. 

 

Scheme 95. Reactivity of phosphinidenoid II-212 with benzaldehyde and 

benzophenone. 

The mechanism for the formation of species II-215 was proposed as well (Scheme 

96).167 The reaction begins with abstraction of hydrogen by the trityl (CPh3) group, 

which allows it to eventually depart from the complex in the form of II-219, which can 
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isomerize into the more stable triphenyl methane. II-218 then couples with II-216 in a 

[4+4] cycloaddition reaction to furnish II-215. 

 

Scheme 96. Proposed mechanism for formation of II-215. 

 Cycloaddition reactions with conjugated ketones and 1,2-diones were 

documented by Grützmacher.166 Treatment of II-207 with trans-chalcone resulted in 

the formation of oxo-3-phospholene II-220 as a single diastereomer (Scheme 97). The 

molecular structure features the phenyl rings in a trans configuration to each other, 

while the third phenyl ring substituent is attached to an intraring C=C bond. DFT 

calculations were carried out to outline a possible mechanism for the formation of II-

220. The reaction is believed to start with coordination of trans-chalcone to II-207 via 

the Zn‒O linkage. The following P‒C bond formation and ring closure via the P‒O link 

result in II-220 after expulsion of II-210. 

 
Scheme 97. Reactivity of II-207 towards trans-chalcone and phenanthrene-9,10-

quinone. 
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Reaction between II-207 and phenanthrene-9,10-quinone produced the phosphonite 

containing heteroarene II-221 without coordinated ZnCl2. The latter couples with NHC 

to form dimeric [MeNHC·ZnCl2]2 II-210.166   

II. 5. Reactions of carbenoids with imines and N-heterocycles 

Imines are isoelectronic analogues of carbonyl compounds. Despite their 

similarities, reactivity patterns of imines and N-heterocycles with main group 

carbenoids have been rarely studied. Imines feature a high electron density in the form 

of a lone pair that is compatible with both hard and soft Lewis acids. Thus, imines are 

widely used as stabilizing ligands for electron-poor main group element species. These 

include low-valent metal cations and species with unknown bonding modes.168 

II. 5. 1. Group 13 

Nikonov and co-workers reported on the reaction of II-15 with a cyclic 

guanidine to afford the product II-223 (Scheme 98).169 Analysis of the 1H NMR 

spectrum of the product revealed the presence of two diastereotopic methylene protons 

at 3.98 and 3.24 ppm. The structural motif of II-223 was also confirmed by SC-XRD. 

The aluminum center was found in a pseudotetrahedral geometry surrounded by an 

NHC ligand (L-type), two nitrogens of the NacNac′ moiety and an amido ligand (X-

type). Fourier difference maps were able to confirm the migration of the backbone 

methyl proton to the amido group (NH) attached dirrectly to Al. Given the previous 

isolation of aluminum and gallium imide species,170 the reaction was repeated at ‒60 °C 

in a pre-cooled NMR spectrometer. However, no imide species could be detected. DFT 
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calculations were involved to shed light on the possible mechanism leading to II-223. 

The reaction was believed to start with the coordination of iminoyl nitrogen to the 

empty p orbital of the aluminum carbenoid, requiring a moderate activation barrier of 

12.1 kcal/mol. Prompt cleavage of the C-N bond ensues to furnish an imido complex 

II-222. The overall energy barrier for the oxidative addition step was calculated to be 

around 17 kcal/mol. Ensuing deprotonation of the backbone moiety was described in 

terms of a quasiionic bimolecular model, with II-15 playing the role of a catalyst 

facilitating hydrogen transfer.169 

 

Scheme 98. Formation of amide II-223 as a result of reaction between II-15 and a 

cyclic guanidine. 

 Later, Kassymbek et al. studied the reaction of the gallium congener II-170 

towards phenylisothiocyanate (Scheme 99).147 The reaction proceeded via a [2+1] 

cycloaddition pathway to yield a strained ring followed by extrusion of isocyanide to 

form II-224. The second product isolated from the reaction mixture (II-225) serves as 

an alternative proof of a reaction mechanism involving scission of the C=S bond of the 

unsaturated reactant. 

 Reaction of carbodiimide on II-170 afforded a coupling product after 5 hours at 

room temperature (Scheme 99).147 The product II-226 is reminiscent of II-171 

(Scheme 78), so the same mechanism is presumed to be occurring. 
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Scheme 99. Reactivity of NacNacGa (II-170) with phenylisothiocyanate and            

p-tolylcarbodiimide.  

 

II. 5. 2. Group 14 

 Kira and co-workers reported on the cycloaddition of silylene II-56 to imines 

(Scheme 100).171 The reactions involving imines with moderately electron-donating 

groups resulted in the isolation of the corresponding silaaziridines II-227. The products 

exhibited high thermal stability as well as resistance to air and moisture for a year. Such 

a remarkable inertness was attributed to the effective steric shielding of the three-

membered ring. An analogous [2+1] cyclization reaction was reported for the silylene 

II-79 with N-benzylideneaniline.172 The reactivity of II-56 towards imines containing 

strongly electron-withdrawing CF3 substituents on the phenyl ring brought about 

formation of unusual bicyclic species II-230.171 Although the mechanism for such a 

transformation was not completely understood, it was proposed that initial nucleophilic 

attack of nitrogen on the LUMO of silylene forms the imine silaylide II-228 that further 

undergoes 1,2-silyl migration to furnish 1,4-zwitter-ion II-229 stabilized by 

delocalization of the negative charge over the electron-withdrawing phenyl ring. The 

following intramolecular cyclization affords silaazetidine II-230.  
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Scheme 100. Reactivity patterns of silylene II-56 with imines containing electron-

donating and strong electron-withdrawing groups. 

Iwamoto and co-workers studied the reactivity of silylenes with N-

heterocycles.173 Addition of pyrazine to II-56 afforded compound II-232 exclusively 

(Scheme 101). According to structural studies, II-232 contains a strained, nonplanar 

trans-alkene unit. Given the steric protection of potentially reactive centres by the -

TMS groups, further reactivity of II-232 is inhibited. Mechanistically, the formation of 

II-232 was explained in terms of consecutive [2+1] cycloaddition across the C=N 

double bonds followed by cycloreversion, in compliance with the Woodward-

Hoffmann rules, to furnish the di(silaaziridine) II-231. The transformation culminates 

with the cis-trans inversion at the nitrogen center (Scheme 101).  

 

Scheme 101. Cycloinsertion mechanism for the formation of compound II-232. 



 
 

69 
 

While the reaction with pyrazine proceeds via ring opening, the reaction of II-56 with 

quinoxaline is suppressed at the second [2+1] cycloaddition step, as the ring expansion 

would result in the loss of aromaticity of the phenyl ring. Thus, the reaction ends with 

the generation of species II-233 (Scheme 102).173 

 

Scheme 102. Double [2+1] cycloaddition of silylene II-56 to quinoxaline. 

 Curiously, addition of basic DMAP to silylene II-72 did not result in a reaction 

at the heterocycle. Instead, DMAP coordinates to the silicon center as a Lewis base, 

which in turn, increases the nucleophilicity of the carbenoid, so that it can abstract 

oxygen from N2O with the formation of a Si=O double bond.174 

 Another reactivity mode of Group 14 element carbenoids towards imines was 

reported by Roesky and co-workers.175 Silylene II-72 was found to bind 

N-benzylideneaniline in the η2(C,N) fashion to give a five-membered ring, with one of 

the phenyl rings becoming dearomatized (Scheme 103). The result is interesting, as the 

reaction took a [4+1] cycloaddition pathway with the silylene II-72, while a reaction 

between silylene II-79 and the same imine resulted in a [2+1] cycloaddition.172  

 

Scheme 103. [4+1] cycloaddition of N-benzylideneaniline to II-72. 
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A similar behavior toward II-72 was observed for diphenyl hydrazone (Scheme 104). 

Curiously, the cycloaddition product II-235 was obtained in quantitative yield over a 

broad temperature range (‒78 °C to room temperature),176 while Roesky and co-

workers reported that the reaction between II-79 and diphenylhydrazone gives a 

different regioselectivity (via the N‒H bond activation), with the imine moiety staying 

intact.172 Moreover, addition of a carbene-based proton scavenger to II-236 resulted in 

the formation of complex II-237 which features three 4-membered rings containing 

silicon. 

 

Scheme 104. Reactivity patterns of II-72 and II-79 toward diphenylhydrazone.  

 Group 14 element carbenoids exhibit Diels-Alder-like reactivity towards 

conjugated imines. As such, the Weidenbruch group published on photolysis of siliran 

II-238 in the presence of bipyridine (Scheme 105).177 The major product stems from 

the [4+1] cycloaddition of the in situ generated silylene II-239 and a conjugated 

bypyridine moiety.  
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Scheme 105. Photochemical generation of silylene II-239 with the following 

reactivity with 2,2′-bipyridine. 

Weidenbrusch and co-workers also experimented with the photolytic generation 

of silylenes from crowded silanes.178 Thus, photolysis of hexamethyl-2,2-

dimesityltrisilane in the presence of pyridine-2-aldimines yielded a mixture of two 

products, II-244 and II-245 (Scheme 106). While the first one originated from a C‒H 

insertion, the second one was formed via a [4+1] cycloaddition pathway. The presence 

of two compounds after photolysis presupposes azasilacyclopropane II-243 as a 

potential intermediate common for both products of the reaction mixture. It was also 

reported that heating II-244 at its melting point triggers an irreversible conversion of 

II-244 into II-245. Attempts to initiate such a transformation photolytically were 

undertaken, but only resulted in the recovery of starting materials. 
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Scheme 106. Photolysis of II-241 followed by a reaction with pyridine-2-aldimines. 

 Driess and co-workers reported on the unique [3+1] cycloaddition pathway 

involving silylene II-72 and acetone azine (Scheme 107).179 Mixture of two 

components yields an unusual zwitter-ion II-246 at 0 °C, which quickly isomerizes at 

room temperature via C‒H activation of a methyl group into II-247. In order to relieve 

the strained ring, the latter undergoes ring expansion to afford II-248 in two days. The 

full mechanism for such a sequence was not probed, although it was assumed that the 

reaction begins with a classic coordination of nuclephilic N of the imine moiety to the 

empty p-orbital at Si in II-72, while the course of nucleophilic attack by the silicon 

center is altered for steric reasons. 

 

Scheme 107. [3+1] cycloaddition of acetone azine on II-72 followed by C‒H activation 

and cycle expansion. 
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II. 5. 3. Group 15 

 The group of Streubel pioneered the study of [2+1] cycloadditions between 

imines and the tungsten-ligated phosphinidene II-250, generated by thermal  treatment  

of  synthon  II-249.180 Once formed, II-250 reacts readily with N-

benzylidenemethylamine to afford a single diastereomer of II-251 (Scheme 108). 

 

Scheme 108. [2+1] cycloaddition of N-benzylidenemethylamine to II-250. 

 Later, Mathey and co-workers demonstrated the consecutive cycloaddition of 

aldimines to a sterically accessible phosphinidene complex II-99 generated from II-98 

in the presence of CuCl as a catalyst.181 It was shown that phosphinidene II-99 affords 

various stereoisomers of II-252, while its methyl analogue (MeP-W(CO)5) yields a 

mixture of II-252 and II-253 (Scheme 109). Considering the outcome of these 

transformations, one may assume thar the reaction mechanism consists of  an initial 

[2+1] cycloaddition step, involving phopshinidines II-99 and the C=N moiety of the 

aldimine, forming a transient azaphosphiridine that further reacts with another 

equivalent of aldimine to provide II-252, or with II-99 to furnish II-253.   

 

Scheme 109. Consecutive addition of N-benzylidenemethylamine to phosphinidene 

II-99 and its methyl analogue. 
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Lammertsma and co-workers reported unusual addition reactions of the 

phosphinidene complex  II-99 with isolated diimines (Scheme 110).182 Heating the 

reaction mixtures at 110 °C resulted in the clean formation of novel bicyclic compounds 

II-255. Remarkably, the corresponding products contained only one diastereomer out 

of eight possible isomers. It was noted that diimines containing larger oligomethylene 

(-CH2-)n bridges (n > 4) afforded complex mixtures of products, which suggests 

intramolecular co-operation between the imine moieties. To shed light on the 

mechanism, the reaction progress was monitored by 31P NMR spectroscopy. No 

azaphosphiridine species were identified. The reaction between II-99 and benzylidene 

phenylamine gave the anticipated azaphosphiridene, yet it remains unclear whether the 

formed compound is involved in the formation of the bridged diazophospholanes. DFT 

calculations at the B3LYP/6-31G* level suggested that the reaction proceeds via an 

intramolecular 1,3-dipolar cyclocaddition (Scheme 110), while a ring closure to a 

possible azaphosphiridene was discarded as having a higher energy barrier.   

 

Scheme 110. Cyclization reactions between II-99 and isolated diimines.  

Recently, Streubel and co-workers discovered a peculiar cycloaddition 

reactivity of phosphinidene II-257 towards aldimines with the involvement of the 

ligand scaffold (Scheme 111).183 Specifically, thermolysis of the 2H-azaphosphirene 

II-256 in the presence of a N-methyl-C-carbaldimine resulted in the  isolation  of  
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products  II-260 (minor) and II-261 (major). Given the strained nature of the [2+1] 

cycloaddition product II-260, the subsequent heating of the reaction mixture brought 

about its conversion into a [4+1] cycloaddition product. 

 

Scheme 111. Ligand-assisted cycloaddition of aldimines to phosphinidene II-257. 

Dynamic equillibrium between II-259 and II-260 implies a preceding intermediate 

common for both products. As such, an iminium phosphane ylide II-258 was suggested 

as a transient species. The ensuing azaphospha-Cope [3,3]‒shift184 generates 

phosphinidene II-259 which then reacts with the cyclopentadienyl ring in a [2+1] or 

[4+1] fashion. The occurrence of II-259 was further confirmed by trapping 

experiments.183 
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III. Adduct of NacNacAl with Benzophenone and its 

Cycloaddition Reactivitya  

III. 1. Introduction 

 Activation of strong bonds by reduced main group compounds has been an area 

of extensive research since the analogy with transition metals was drawn.5 The 

aluminum carbenoid III-1 supported by a diketiminate moiety12 has shown a great 

propensity to cleave robust single13-15, 60 and multiple bonds.16 However, the reactivity 

patterns of III-1 with regard to carbonyl compounds have been discussed only briefly. 

The group of Nikonov showed that reaction of III-1 with a cyclic urea does not result 

in activation of the C=O motif, instead, the reactant acts as a Lewis base that causes 

intermolecular deprotonation of the NacNac moiety with the formation of the 

corresponding aluminum hydride.17 Roesky and co-workers reported a reduction 

procedure for NacNacAlI2 with potassium in the presence of benzophenone, which 

resulted in the isolation of pinacolate species II-167 (NacNacAl(O-CPh2)2).
66 The 

reaction was suggested to proceed via a radical pathway with the generation of a ketyl 

radical rather than direct reduction of aluminum bis(iodide). Interestingly enough, the 

silylene NacNac′Si II-72, which is an isoelectronic analogue of III-1, was demonstrated 

to react with only one equivalent of benzophenone to yield a η2(O,C)-coordination 

adduct II-189 that undergoes a successive [1,3]-H-shift to give the corresponding 

alcoholate II-190, in which aromaticity of both phenyl rings is preserved.156 A similar 

η2(O,C)-coordination of benzophenone was also observed for systems based on 

boron185 and germanium (II-192).157 This chapter will shed light on the synthetic 

 
a  This material was partially reproduced with permission of Wiley-VCH from Chem. Eur. J. 2020, 

26 (1), 206-211. 
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procedure for the isolation and characterization of the benzophenone adduct of 

NacNacAl and its coupling chemistry, which is reminiscent of the alkyne adduct II-34 

(NacNacAl(η2-(Me3Si)C≡C(SiMe3)) reported by Roesky.23  

III. 2. Synthesis and Characterization of Benzophenone Adduct 

Dropwise addition of an Et2O solution of benzophenone to a solution of III-1 

in diethyl ether at ‒30 °C under constant stirring resulted in lightening the color from 

dark red to bright orange. The product III-2 was found extremely sensitive to the 

concentration of benzophenone, so that a slow addition of a diluted solution of the 

ketone with microsyringe was necessary to ensure the successful formation of the 

adduct, whereas a quick addition or non-stoichiometric amounts of the carbonyl 

propelled the reaction further to the pinacolate species III-3 reported earlier by Roesky 

(Scheme 112).66   

 

Scheme 112. Synthesis of η2(O,C) adduct of benzophenone and NacNacAl with its 

subsequent transformation into pinacolate III-3. 

While III-2 was found to be sensitive to the presence of a carbonyl moiety, there 

was no intramolecular isomerization observed at temperatures as high as 90 °C, which 

is in contrast to the case of isoelectronic NacNac′Si adduct II-72 reported by Driess.156 

The benzophenone adduct III-2 was characterized with NMR spectroscopy. 

The upfield region of its 1H NMR spectrum is represented by eight doublets and four 
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heptets due to the methyl and methine constituents of the isopropyl groups in 

2,6-iPr2C6H3 that are found in different chemical surroundings. The backbone methyl 

groups were also nonequivalent (1.52 and 1.55 ppm), which further corroborates the 

reduction of the molecular symmetry from C2v to C1. The downfield region clearly 

shows the presence of aromatic protons (7.78, 7.21, 6.99 ppm) assigned to a “free” 

phenyl ring of the benzophenone scaffold, while the signals coming from the second 

ring indicate the loss of the local C2v  symmetry and were upfield shifted towards the 

typical olefinic region (6.85, 5.94, 5.64, and 5.50 ppm). Analysis of a COSY spectrum 

of III-2 not only confirmed the mutual couplings of the protons in question, but also 

revealed the location of a signal attributed to the fifth phenyl proton in a very high-field 

region of 2.48 ppm. The latter was broadened due to the proximity to the quadrupolar 

aluminum nucleus. The molecular connectivity was further corroborated by 1H-13C 

HSQC and HMBC experiments.  

Compound III-2 crystallizes from diethyl ether in the space group P21/c. The 

unit cell is represented by one molecule in which the aluminum atom is in a pseudo-

tetrahedral environment comprised by the NacNac ligand and the η2 (O,C)-coordinated 

benzophenone (Figure 1). The N1‒Al1 and N2‒Al1 distances of 1.882(2) and 1.893(2) 

Å are close to the corresponding distances in the pinacolate species III-3 (1.898(2) and 

1.904(2) Å).66 While the phenyl ring containing atom C37 was found to be planar and 

undistorted, the other one is clearly dearomatized which can be inferred from the 

alternating pattern of single (C30‒C31, C32‒C33, C34‒C35) and double bonds (C31‒

C32, C33‒C34). Moreover, the C35‒C36 (1.365(4) Å) bond becomes shorter than in 

the original benzophenone, but very close to the corresponding bond of NacNac′Si 

adduct II-72.156 The key metrics associated with the η2(O,C) complexation of 
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benzophenone to the aluminum center in III-2 are similar to those observed for the 

magnesium boride reported by Hill185 and a germylene adduct prepared by Kampf.157  

 

Figure 1. Crystal structure of III-2 (2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms except for the one on C30 are omitted). Thermal 

ellipsoids are plotted at 50% probability. 

Table 2. Selected bond distances and angles for compound III-2. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.882(2) C31-C32 1.349(6) N1-Al1-N2 97.24(9) 

Al1-N2 1.893(2) C32-C33 1.447(6) C30-Al1-O1 92.7(1) 

Al1-O1 1.7688(18) C33-C34 1.366(5) O1-Al1-C30 92.7(1) 

Al1-C30 1.988(3) C34-C35 1.459(3) O1-C36-C35 118.1(2) 

C30-C31 1.496(5) C35-C36 1.365(4)   
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III. 3. Coupling chemistry  

Given the ease with which III-2 transforms into the bulky pinacolate III-3, its 

potential for asymmetric couplings with unsaturated  compounds  was  investigated.  

III-2 was found reactive toward aldimine PhN=CHPh upon heating at 60 °C over 4 

days to furnish the corresponding amido-alcoholate III-4 (Scheme 113).  

 

Scheme 113. Addition of PhN=CHPh to benzophenone adduct III-2. 

1H NMR spectrum of species III-4 shows well-defined signals assigned to the protons 

of four aromatic rings. The unique CH proton of the newly formed C‒C bridge gives a 

singlet at 5.77 ppm which correlates with the quaternary carbon of the former carbonyl 

moiety (85.3 ppm) and the ipso carbons of phenyl rings (143.4, 150.4, 150.7 and 152.3 

ppm).  The molecular structure was further studied with SC-XRD (Figure 2). The 

aluminum atom is in a distorted tetrahedral geometry. The N1‒Al1 (1.905(2) Å) and 

N2‒Al1 (1.890(2) Å) bonds are similar to the III-2 precursor, while the N1‒Al1‒N2 

angle (96.50(9)°) is slightly more acute compared to III-2. All phenyl rings are planar 

and undistorted. The bond distance between N3 and C36 (1.483(6) Å) exceeds the 

tabulated value for the CAr‒Nsp3 single bond (1.426(11) Å)186 which is attributed to the 

increased nitrogen p-character in this bond. Pyramidalization of the C43 atom (C50‒

C43‒C44 105.6(2)° vs. 123.13° in benzophenone)187 is indicative of rehybridization of 

this atom into an sp3 arrangement.   
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Figure 2. Crystal structure of III-4 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms except for the one on C36 are omitted). Thermal 

ellipsoids are plotted at 50% probability. 

Table 3. Selected bond distances and angles for compound III-4. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.905(2) Al1-O1 1.746(1) N1-Al1-N2 96.50(9) 

Al1-N2 1.890(2) N3-C36 1.483(4) N3-Al1-O1 91.65(9) 

Al1-N3 1.824(2) C36-C43 1.598(3) C50-C43-C44 105.6(2) 



 
 

82 
 

 Heating toluene solution of III-2 in the presence of quinoline at 50 °C over 24 

hours resulted in the formation of corresponding amido-alcoholate III-5 (Scheme 114). 

1H NMR spectrum of III-5 features a C1 symmetry pattern, which can be inferred from 

four unique heptets and eight doublets assigned to the isopropyl shoulders of the 

NacNac ligand. Protons related to the phenyl rings of the benzophenone moiety were 

represented by two sets of ortho, meta and para signals located in the weak field region, 

which confirms the regeneration of aromaticity within the second phenyl ring.  

 

Scheme 114. Addition of quinoline to benzophenone adduct III-2. 

The signals related to the N-containing ring of the former quinoline were shifted toward 

the olefinic region, which is consistent with quinoline dearomatization. A COSY 

experiment revealed  mutual coupling between the protons at the 3- and 4-positions 

(5.49 and 6.03 ppm). Formation of a new C‒C bridge between the quinoline and 

benzophenone moieties was also confirmed by 1H-13C HSQC and HMBC experiments, 

which revealed a correlation between the proton at the 2-position (5.17 ppm) of the 

heterocycle and the quaternary carbon of the carbonyl moiety (82.7 ppm). Adduct III-

5 crystallizes from diethyl ether in the space group P21/n (Figure 3). The aluminum 

atom exhibits a typical distorted tetrahedral geometry. Pyramidalization of the C43 

center is indicative of dearomatization of the quinoline fragment (dihedral angle 

12.4(2)°), which is also corroborated by the alternation of the single (C43‒C44, C45‒

C46) and double bonds (C44‒C45, C46‒C51).  
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Figure 3. Crystal structure of III-5 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms except for the one on C43 are omitted). Thermal 

ellipsoids are plotted at 50% probability. 

Table 4. Selected bond distances and angles for compound III-5. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.881(1) N3-C51 1.377(2) N1-Al1-N2 97.01(5) 

Al1-N2 1.883(1) C30-C43 1.567(2) N3-Al1-O1 93.07(5) 

Al1-N3 1.837(1) C43-C44 1.500(2) N3-C43-C30 107.0(1) 

Al1-O1 1.743(1) C44-C45 1.329(2) C31-C30-C37 110.5(1) 

N3-C43 1.483(2) C46-C51 1.418(2)   
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 While the regeneration of aromaticity in the aryl ring of quinoline is deemed to 

be the driving force for the coupling, III-2 displayed a surprisingly willing reactivity 

toward pyridine, which afforded the coupling product III-6 immediately upon addition 

of N-heterocycle to a solution of III-2 in toluene at room temperature (Scheme 115). 

 

Scheme 115. Addition of pyridine to benzophenone adduct III-2. 

Alternatively, the product III-6 can be obtained by addition of a toluene solution of 

pyridine and benzophenone to a solution of III-1 in toluene. Remarkably, the reaction 

yields the coupling product III-6 exclusively, even when two equivalents of 

benzophenone is present in the substrate mixture. Compound III-6 was characterized 

by NMR spectroscopy. The salient features of the 1H NMR spectrum of III-6 are the 

presence of a dearomatized pyridine ring, and a methine signal at 4.96 ppm assigned to 

the unique proton at the 2-position of pyridine ring that correlates with the quaternary 

carbon (82.9 ppm) of the former carbonyl group. III-6 was crystallized from toluene at 

‒30 °C, so that its crystal structure was elucidated with X-ray diffraction. Analysis of 

bond metrics  (Table 5) clearly indicates dearomatization of pyridine as a result of 

coupling to the aluminum center via nitrogen and to the benzophenone moiety via C34. 
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Figure 4. Crystal structure of III-6 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms except for the one on C34 are omitted). Thermal 

ellipsoids are plotted at 50% probability. 

Table 5. Selected bond distances and angles for compound III-6. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.871(4) C35-C42 1.551(6) N1-Al1-N2 97.9(2) 

Al1-N2 1.893(4) C30-C31 1.356(7) N3-Al1-O1 93.65(19) 

Al1-N3 1.815(5) C31-C32 1.421(7) N3-C34-C35 107.3(4) 

Al1-O1 1.739(4) C32-C33 1.346(7) C42-C35-C36 110.7(3) 

C35-C36 1.527(5) C33-C34 1.499(7)   
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 To probe the reactivity of III-2 towards triple bonds, this benzophenone adduct 

was mixed with phenyl nitrile. A reaction took place immediately, affording the alkoxy-

imido complex III-7 (Scheme 116). The 1H NMR spectrum featured two equivalent 

backbone methyl groups (1.58 ppm), two methine signals (3.50 and 3.16 ppm), and four 

doublets due to the isopropyl groups of flanking aryl groups, which is consistent with 

Cs molecular symmetry of the product. The downfield region contained overlapped 

signals attributed to three aromatic rings coming from the newly formed scaffold and 

two aryl groups of the original NacNac ligand. 

 

Scheme 116. Addition of phenyl nitrile to benzophenone adduct III-2. 

 The connectivity of compound III-7 was unequivocally established by X-ray 

diffraction analysis (Figure 5). The N3-C30 bond distance of 1.271(3) Å) is consistent 

with the presence of a double bond (compare with the average C=N distance of 1.279 

Å).181 The C31‒C30‒C37 bond angle is 121.9(7)°, which corresponds to the sp2-

hybridization of the C30 atom. Analysis of dihedral angles of the former benzophenone 

and nitrile phenyl rings (C36‒C31‒C44‒C45 104.2(7)°, C39‒C38‒C44‒C45 88.3(2)°, 

and C36‒C31‒C38‒C43 71.1(2)°) indicates a propeller-like layout which is expected 

to alleviate the steric congestion.  
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Figure 5. Crystal structure of III-7 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms are omitted). Thermal ellipsoids are plotted at 50% 

probability. 

Table 6. Selected bond distances and angles for compound III-7. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.876(2) N3-C30 1.271(3) N1-Al1-N2 97.73(7) 

Al1-N2 1.884(2) C30-C31 1.508(3) N3-Al1-O1 94.20(7) 

Al1-N3 1.842(2) C30-C37 1.592(2) C38-C37-C44 114.7(2) 

Al1-O1 1.741(2) C37-O1 1.420(2) C31-C30-C37 121.9(7) 
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 Surprisingly, a reaction of III-2 with the usually more reactive substrate, 

trimethylsilyl azide, did not proceed at room temperature. However, heating a toluene 

solution of these reagents to 80 °C for 5 days resulted in a new species III-8 (Scheme 

117). Compound III-8 is the formal product of coupling between nitrene NSiMe3 and 

benzophenone in the coordination sphere of aluminum, although the exact mechanistic 

details of this reaction remain unknown. The identity of this product was established by 

X-ray diffraction analysis (Figure 6).  

 

Scheme 117. Addition of trimethylsilyl azide to benzophenone adduct III-2. 

Compound III-8 can be described as an aluminum aminalide. The molecular geometry 

features the aluminum atom in a severely distorted tetrahedral environment. Thus, both 

the N1‒Al1‒N2 (97.1(1)°) and O1‒Al1‒N3 (79.4(1)°) bond angles are acute relative to 

an ideal tetrahedral angle of 109.5 degrees. The Al1‒N1 (1.907(3)Å) and Al1‒N2 

(1.897(2) Å) bonds within the NacNacAl fragment are normal, whereas the Al1‒N3 

bond (1.841(2) Å) is noticeably shorter, which indicates increased s-character of 

nitrogen in this bond. The bond angles around the nitrogen atom N3 support this 

conclusion. Thus, the Si1-N3-Al1 bond angle is quite open (141.68(13)°), which 

suggests that the hybridization is intermediate between sp2 and sp, whereas the Al1‒

N3‒C33 angle of 87.0(2)° is very acute and indicates a significant p-character of 

nitrogen in the N3‒C33 bond. Correspondingly, the N3‒C33 bond length of 1.514(3) 

Å is surprisingly long for a N‒C bond (average value of 1.469(14) Å).186 
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Figure 6. Crystal structure of III-8 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms are omitted). Thermal ellipsoids are plotted at 50% 

probability. 

Table 7. Selected bond distances and angles for compound III-8. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.907(3) O1-C33 1.455(3) N1-Al1-N2 97.1(1) 

Al1-N2 1.897(2) N3-C33 1.514(3) N3-Al1-O1 79.4(1) 

Al1-N3 1.841(2) N3-Si1 1.729(2) Al1-N3-C33 87.0(2) 

Al1-O1 1.765(2)   C34-C33-C40 111.6(2) 
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The attempt to open the C=S double bond of a cyclic thiourea resulted in the 

unusual cleavage of the C‒N single bond adjacent to the C=S scaffold (Scheme 118). 

The result is surprising because Chu et al. previously demonstrated this thiourea to 

undergo C=S cleavage with the aluminum(I) heterocycle III-1.16 

 

Scheme 118. Addition of cyclic thiourea to benzophenone adduct III-2. 

The 1H NMR spectrum of III-9 was consistent with a C1 molecular symmetry with four 

magnetically non-equivalent protons (4.54, 2.97, 2.61, 2.24 ppm), assigned to the ethyl 

bridge (CH2‒CH2) of a former five-membered cycle of thiourea. Crystals suitable for 

X-ray diffraction analysis were grown from diethyl ether. The molecular structure of 

III-9 is shown in the Figure 7. Like other compounds discussed above, the geometry of 

III-9 can be described as an alumaspiro-structure comprised of the NacNacAl ring and 

an 8-membered ring formed upon coupling the ring-opened thiourea with 

benzophenone. The coupling takes place at the carbonyl centers of both parts, 

producing a new C34‒C35 single bond of 1.584(4) Å. The new alkoxyamido-thioamide 

ligand binds to aluminum with the alkoxy and amide termini. The resulting Al1‒N3 

(1.804(3) Å) and the Al1‒O1 distance (1.700(2) Å) are significantly shorter than the 

corresponding bond lengths in the related alkoxyamido compound III-5 (1.837(1) and 

1.743(1) Å), which likely relates to the much more obtuse N3‒Al1‒O1 bond angle of 

114.4(1)°, as compared with a corresponding angle of 93.07(5)° observed for III-5. The 
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C=S (1.661(3) Å) bond remains intact and is comparable with the average C=S distance 

of 1.681(20) Å found in thioureas.186 

 

Figure 7. Crystal structure of III-9 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms are omitted). Thermal ellipsoids are plotted at 50% 

probability. 

Table 8. Selected bond distances and angles for compound III-9. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.914(3) Al1-O1 1.700(2) N1-Al1-N2 96.4(1) 

Al1-N2 1.909(3) S1-C34 1.661(3) N3-Al1-O1 114.4(1) 

Al1-N3 1.804(3)   C35-C34-N4 116.6(3) 
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In conclusion, addition of one equivalent of benzophenone to the aluminum 

carbenoid III-1 afforded the η2(O, C) adduct III-2. The resultant complex features a 

rich assortment of coupling reactions towards O=C (benzophenone), N‒C (cyclic 

thiourea), N=C (aldimine, pyridine, quinoline), N≡C (phenyl nitrile) bonds, and in situ 

generated nitrene (from trimethylsilylazide). Remarkably, the coupling processes begin 

with dissociation of the activated phenyl ring of benzophenone, while the carbon of the 

carbonyl moiety takes part in the cyclization reactions with incipient reactants. Such a 

reactivity pattern resembles the classical pinacol coupling reaction188 and the McMurry 

reaction facilitated by a Ti2+ center.189 
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IV. Selective Cross-Couplings of Pyridine with Unsaturated 

Substrates Facilitated by NacNacAlb 

IV.1. Introduction 

 The reductive homocoupling of two carbonyl moieties with the formation of 

pinacol products has been known since 1859.188 McMurry modified the procedure by 

using titanium chloride for deoxygenation of pinacolates to furnish symmetrical 

alkenes.189 Recently, the Roesky group has reported pinacol coupling of two 

benzophenone molecules on NacNacAl,66 and Hill co-workers have adapted such a 

reactivity pattern for the magnesium boryl species.185 Roesky and co-workers reported 

on the unsymmetric cyclizations on the alkyne adduct of NacNacAl.23 The chemistry 

discussed in the previous chapter shows  that unsymmetric coupling reactions are 

possible between a benzophenone scaffold coordinated to NacNacAl in the η2(O, C) 

fashion and compounds containing unsaturated bonds.145 These results clearly 

demonstrate the capacity of  main group carbenoids to form complex organic fragments 

from smaller building blocks containing unsaturation moieties. Nevertheless, all the 

achievements in the area of cyclization reactions involve rather specific components 

such as benzophenone. This chapter is aimed to address the question as to whether the 

chemoselective coupling can be attained for two different unsaturated molecules.  

IV.2. Cross-Coupling reactions with carbonyl compounds 

 In the previous chapter (IV.1) it was seen that the adduct III-2 reacts with 

pyridine to afford the coupling product. Interestingly, the same product forms 

chemoselectively when pyridine reacts with benzophenone in the presence of 

 
b This material was partially reproduced with permission of Wiley-VCH from Chem. Eur. J. 2021, 

27 (18), 5730-5736. 
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NacNacAl. To determine if the coupling between pyridine and a ketone depends on the 

η2(O,C) coordination of the latter, a non-enolizable aliphatic ketone, 1R-(‒)-fenchone 

was used. A substrate mixture of the corresponding carbonyl and pyridine was prepared 

in toluene and then added to a toluene solution of IV-1. The color of the reaction 

mixture immediately changed from dark red to bright orange. The 1H NMR spectrum 

(in C6D6) showed full consumption of both reagents and suggested formation of the 

coupled product IV-2 (Scheme 119). Signals attributed to the pyridine protons were 

shifted towards the olefinic region (6.17, 5.58, 4.92, 4.42 ppm) which is indicative of 

dearomatization of the N-heterocycle. A signal corresponding to the unique methine 

proton at the 2-position of pyridine was observed at 4.95 ppm and was coupled in the 

HMBC spectrum with the 13C NMR signals of the fenchone moiety at 86.2 and 45.5 

ppm.  

 

Scheme 119. Reaction of IV-1 with a mixture of (1R)-(‒)-fenchone and pyridine. 

Similar solubility of both diastereomers and the presence of minor impurities deterred 

any attempts to isolate an analytically pure form of IV-2. Adduct IV-2 crystallizes in 

the chiral space group P21, however, the unit cell is represented by two co-crystallized 

diastereomers with an S:R (at the bridging C34 atom) ratio of 0.86:0.14 (Figure 8). The 

Al‒N bonds within the NacNacAl moiety are normal, 1.883(3) Å and 1.893(3) Å, 
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whereas Al-amide bond derived from the former pyridine molecule is much shorter at 

1.823(4) Å. This situation is quite typical for aluminum amido compounds featuring a 

NacNac platform. The C34‒C35 connection formed as the result of the coupling is 

typical of a single covalent bond (1.577(5) Å). The unique methine H34 proton was 

found from the difference Fourier map. The metrics of the former pyridine ring clearly 

indicate that the heterocycle is dearomatized and has two double (C30‒C31and C32‒

C33) and four single bonds (N3‒C30, N3‒C34, C31‒C32, and C33‒C34).  

 

Figure 8. Crystal structure of IV-2 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms except for the one on C34 are omitted). Thermal 

ellipsoids are plotted at 50% probability. Minor diastereomer is not shown.  

Table 9. Selected bond distances and angles for compound IV-2. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.883(3) C30-C31 1.339(5) N1-Al1-N2 97.46(9) 

Al1-N2 1.893(3) C31-C32 1.451(7) N3-Al1-O1 92.04(16) 

Al1-N3 1.823(4) C32-C33 1.335(6) C34-C35-O1 103.3(2) 

Al1-O1 1.7242(17) C33-C34 1.510(5)   

O1-C35 1.438(4) C34-C35 1.577(5)   

 N3-C34 1.502(11)     
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The same coupling approach was adapted for enolizable, yet sterically 

demanding ketones. As such, addition of a mixture of pyridine and isophorone to 

compound IV-1 resulted in the formation of a dark orange solution, from which the 

coupled product IV-3 was isolated (Scheme 120). Compound IV-3 was studied by 

NMR spectroscopy and its molecular structure was further elucidated by single crystal 

X-ray diffraction.  

 

Scheme 120. Reaction of IV-1 with a mixture of isophorone and pyridine. 

The number of resonances in the 1H NMR spectrum of IV-3  in C6D6 indicates 

C1 molecular symmetry attributable to the formation of a single diastereomer. The 

linkage between the pyridine ring and the carbonyl moiety was established by an 

HMBC experiment that showed correlation between the unique methine signal at 4.33 

ppm (due to the proton at the former 2-position of pyridine) and the signal at 76.4 ppm 

due to the former carbonyl group. Four other pyridine protons, identified by a COSY 

experiment, gave rise to high field signals at 6.21, 5.85, 4.60 and 4.37 ppm, indicating 

dearomatization of the heterocycle ring. The asymmetric unit of a single crystal of 

compound IV-3 comprises a single diastereomer (Figure 9). The Al atom adopts a 

pseudo-tetrahedral geometry. As in the related structure IV-2, the Al1‒N3 bond 

(1.820(3) Å) is shorter than the Al‒N bonds of the NacNac fragment (1.875(3) Å and 

1.890(3) Å), consistent with its amido character. The pyridine moiety is represented by 
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alternating single (N3‒C30, C31‒C32, C33‒C34) and double bonds (C30‒C31, 

C32‒ C33). The isophorone C35‒C40 bond of 1.533(5) Å is indicative of sp3-

hybridization of atom C40, which rules out the possibility of any deprotonation at this 

position. 

 

Figure 9. Crystal structure of IV-3 (2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms except for the one on C34 are omitted). Thermal 

ellipsoids are plotted at 50% probability.  

Table 10. Selected bond distances and angles for compound IV-3. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.875(3) C32-C33 1.315(6) N1-Al1-N2 97.09(13) 

Al1-N2 1.890(3) C33-C34 1.492(6) O1-Al1-N3 94.15(13) 

Al1-N3 1.820(3) C34-C35 1.568(5) O1-C35-C34 106.4(3) 

Al1-O1 1.727(3) C35-O1 1.442(4)   

N3-C30 1.356(5) C35-C36 1.509(5)   

C30-C31 1.349(5) C36-C37 1.327(5)   

C31-C32 1.449(6) C35-C40 1.533(5)   
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The use of an enolizable but less sterically protected carbonyl substrate, 

(1R)-(+)-camphor, results in quenching of coupling reactivity at aluminum. Thus, 

addition of a mixture of camphor and pyridine in toluene to a toluene solution of IV-1 

results in a color change from dark red to light yellow.  

  

Scheme 121. Enolization of (1R)-(+)-camphor in the presence of IV-1. 

1H NMR spectroscopy showed the quantitative consumption of compound IV-1 and 

the ketone, while pyridine remained intact. The 1H NMR spectrum in C6D6 revealed 

the formation of a single product IV-4 giving rise to a C1 symmetry pattern due to the 

presence of chiral centers in the camphor-derived moiety. The most telling features of 

the spectrum are the presence of a very broad signal at ≈4.3 ppm, characteristic of a 

hydride ligand bound to a quadrupolar Al center, and the observation of an enolate 

signal at 3.32 ppm, both suggesting enolization of the ketone as shown in Scheme 121. 

The presence of Al‒H was further confirmed by IR spectroscopy via observation of a 

characteristic stretch at 1840 cm‒1. The HMBC spectrum showed correlation of the 

olefinic signal at 3.32 ppm with the carbon signal at 100.8 ppm, which was assigned to 

the former carbonyl moiety. A combination of DEPT-135 and HSQC spectroscopy 

indicated the presence of only two methylene groups, giving rise to signals at 31.3 and 

28.4 ppm that are coupled to four magnetically inequivalent protons at 1.11, 1.29, 1.38, 

and 1.80 ppm. Taken together, these data suggest enolization of the keto-group. The 

formulation of product IV-4 as a hydrido enolate compound of aluminum was 
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confirmed by single crystal X-ray diffraction (Figure 10). The asymmetric unit of IV-4 

contains three unique molecules, all of which are R-stereoisomers, while the overall 

symmetry of the crystal is represented by the chiral space group P21. The aluminum 

atom has the expected tetrahedral geometry. The Al‒N distances are 1.89 Å, which are 

typical for NacNac complexes of aluminum. The hydride was found from the Fourier 

difference map to be 1.52(4) Å away from the aluminum atom. The C30‒C35 bond is 

significantly shorter than C30‒C31, 1.357(5) vs. 1.520(5) Å, respectively, which 

indicates the presence of a double bond stemming from enolization.  

Similar reactivity screening with other enolizable ketones, such as 

cyclohexanone, pinacolone, and isobutyrone, also resulted in products of enolization, 

rather than coupling with pyridine. Thus, it can be concluded that deprotonation at the 

α-CH position of sterically unprotected ketones occurs faster than the coupling reaction.  

 

Figure 10. Crystal structure of IV-4 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms except for the one on Al are omitted). Thermal ellipsoids 

are plotted at 50% probability.  
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Table 11. Selected bond distances and angles for compound IV-4. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.890(3) O1-C30 1.341(4) N1-Al1-N2 96.41(12) 

Al1-N2 1.889(3) C30-C31 1.521(5) Al1-O1-C30 127.6(2) 

Al1-O1 1.736(2) C30-C35 1.357(5) O1-C30-C31 121.6(3) 

Al1-H 1.52(4)   O1-C30-C35 129.7(3) 

 

 The applicability of this chemistry to other types of carbonyl compounds was 

studied next. A reaction between IV-1 and a mixture of the non-enolizable ester p-tolyl 

benzoate and pyridine afforded compound IV-5 as a single product (Scheme 122).  

 

Scheme 122. Reactions between IV-1, p-tolyl benzoate and pyridine. 

The salient feature of the 1H NMR spectrum of IV-5 is that the pyridine moiety is still 

aromatic but bears only four mutually coupled protons. The fifth, formerly pyridine 

proton, not coupled in COSY with the other four, gives rise to a singlet at 6.07 ppm 
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correlating in the HSQC spectrum with the tertiary carbon signal (76.4 ppm) of the 

alcoholate moiety derived from the ester carbonyl. The same singlet at 6.07 ppm also 

correlates in the HMBC with the ipso carbon of the phenyl ring (145.6 ppm). The 

requirement of carbon being tetravalent therefore suggests that a proton from the 

pyridine ring subsequently replaces the ester alkoxy group at the carbonyl center. X-

ray diffraction studies on single crystals of IV-5 further corroborate the conclusion that 

the two substrates are coupled in the coordination sphere of aluminum, while the C‒O 

(ester) bond is cleaved and the former pyridine hydrogen has migrated to the carbonyl 

fragment to afford an  alkoxide (Figure 11).  

 

Figure 11. Crystal structure of IV-5 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms except for the one on C35 are omitted). Geometry of 

aluminum center is represented with a teal polyhedron Thermal ellipsoids are plotted at 

50% probability.  
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Table 12. Selected bond distances and angles for compound IV-5. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.930(3) C34-C35 1.517(6) N1-Al1-N2 92.09(14) 

Al1-N2 1.992(3) C35-C36 1.525(6) O1-Al1-O2 125.46(14) 

Al1-N3 2.154(3) C35-O1 1.391(4) O2-Al1-N1 114.47(14) 

Al1-O1 1.751(3) C42-O2 1.358(5) N1-Al1-O1 119.35(15) 

Al1-O2 1.751(3)   N2-Al1-N3 171.19(5) 

N3-C34 1.351(5)   O1-C35-C34 109.9(3) 

The molecular structure of IV-5 reveals that the aluminum center has a distorted 

trigonal bipyramidal geometry, with one of the NacNac nitrogen atoms (N1) and both 

oxygen atoms defining the equatorial plane, and the other NacNac nitrogen (N2) and 

the pyridine nitrogen (N3) occupying distorted apical positions (the N2‒Al1‒N3 bond 

angle is 171.19(5)°). The Al atom is located within the O1N1O2 equatorial plane 

(deviation 0.089 Å). The Al1‒N3 bond (2.154(3) Å) to the coordinated pyridine is 

longer than the Al‒N bonds within the NacNacAl fragment (1.930(3) Å and 1.992(3) 

Å). The former carbonyl C35 atom is in a tetrahedral environment with an O1‒C35‒

C34 angle of 109.9(3)°, typical for an sp3-hybridized carbon. 

 To shed light on the possible mechanism for the formation of IV-5, a 

stoichiometric amount of p-tolyl benzoate was reacted with IV-1 (Scheme 122). The 

color of the reaction solution turned dark orange and the 1H NMR spectrum of the 

resulting solution revealed the selective formation of the anticipated compound IV-6, 

with the η2(C,O)-coordination of the PhC=O fragment and the intact C‒O(p-Tol) bond 

further confirmed by single crystal X-ray diffraction studies (Figure 12).  
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Figure 12. Crystal structure of IV-6 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms except for the one on C30 are omitted). Thermal 

ellipsoids are plotted at 50% probability.  

Thus, it can be concluded that ester cleavage and migration of the aryloxy group to the 

Al center is induced by the subsequent reaction with pyridine, and not by the initial 

addition of ester to NacNacAl. Indeed, addition of an equivalent of pyridine to a 

solution of IV-6 resulted in the clean formation of IV-5. A possible mechanism for the 

overall transformation is mapped out in the Scheme 122. It is hypothesized that once 

the coupling of the carbonyl and heterocycle takes place, the resultant hemiketalate IV-

7 ionizes by dissociation of the aryloxide group. The incipient carbon cation IV-8 is 

then stabilized by hydride migration from the 1,2-dihydropyridyl group.  

 Following this study, the coupling reaction was then investigated for amides.  

N,N-dimethylbenzamide was chosen because it is non-enolizable and reasonably 

sterically accessible. Interestingly, like benzophenone  and   p-tolyl benzoate,  this  

amide  forms an η2(C,O) adduct with NacNacAl (Scheme 123). The 1H NMR spectrum 
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of the resulting product IV-9 in C6D6 shows the characteristic pattern for a dearomatized 

phenyl ring, with the proton closest to aluminum giving rise to an upfield singlet at 2.33 

ppm.  

 

Scheme 123. Reactions between IV-1, N,N-dimethylbenzamide and pyridine. 

The molecular structure of this compound was elucidated by SC-XRD, although the 

refinement of the crystallographic data was problematic. Addition of pyridine to a 

solution of IV-9 results in the immediate formation of the coupled product IV-10 

(Scheme 123). The same result is achieved when a mixture of N,N-dimethylbenzamide 

and pyridine is added to a solution of IV-1, thus establishing a chemoselective coupling 

of the amide and the heterocycle. The 1H NMR spectrum of IV-10 in C6D6 supports the 

formation of C1 symmetric molecule featuring a dearomatized pyridine moiety. The 

combination of COSY, HSQC, HMBC and DEPT-135 NMR spectroscopy experiments 

established that the proton at the bridging position remains bound to the 1,2-

dihydropyridine fragment.  
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Figure 13. Crystal structure of IV-10 (the 2,6-diisopropylphenyl groups are dimmed 

for clarity and all hydrogen atoms except for the one on C34 are omitted). Thermal 

ellipsoids are plotted at 50% probability.  

Table 13. Selected bond distances and angles for compound IV-10. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.899(4) C32-C33 1.328(7) N1-Al1-N2 96.21(16) 

Al1-N2 1.899(4) C33-C34 1.493(7) O1-Al1-N3 92.73(16) 

Al1-N3 1.822(4) C34-C35 1.579(6) Al1-O1-C35 115.7(3) 

Al1-O1 1.746(3) C35-C36 1.535(6) C34-C35-O1 107.9(3) 

N3-C30 1.365(6) C35-O1 1.432(5)   

C30-C31 1.352(7) C35-N4 1.464(6)   

C31-C32 1.442(7)     
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X-ray diffraction analysis of the molecular structure of IV-10 confirmed that this 

species is a hemiaminalate of aluminum (Figure 13). When compared to the ester 

coupling, the different reactivity is attributed to the significantly reduced ability of the 

NMe2 group to dissociate as an amide. The asymmetric unit of IV-10 contains a single 

R(C34)-R(C35) diastereomer. Analysis of the bond metrics of the pyridine moiety 

further confirms its dearomatization.  

 Given the precedent for pinacol coupling observed when two equivalents of 

benzophenone are used in reaction with IV-1, and the fact that aliphatic non-enolizable 

(1R)-(‒)-fenchone coupled with pyridine in the presence of NacNacAl, an attempt for 

pinacol    coupling   was  made.    The    reaction   between   two    equivalents  of    

(1R)-(‒)-fenchone and NacNacAl  resulted in the immediate lightening of the reaction 

mixture. The 1H NMR spectrum in C6D6 showed the presence of a single major product 

of C1 molecular symmetry, which is inconsistent with the C2v symmetry of the expected 

pinacol species (Scheme 124).  

 

Scheme 124. Reaction of IV-1 with (1R)-(‒)-fenchone. 

The salient features of the 1H NMR spectrum of the product IV-11 were the presence 

of only three heptets assigned to the methine protons of the isopropyl groups and 

appearance of a new singlet at 2.92 ppm. HSQC, HMBC and DEPT-135 NMR 

experiments revealed that the latter was due to an “extra” proton directly bound to the 

fenchone skeleton. The corresponding carbon atom gives rise to a signal at 86.9 ppm 
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that can be assigned to an alkoxy group. Altogether, these features suggested CH 

activation of the Ar substituent and proton transfer from the isopropyl group to the 

carbonyl carbon of the ketone. Elucidation of the molecular structure of this compound 

by single crystal X-ray diffraction revealed it to be an unusual product of C‒H 

activation in the pendant isopropyl group of the Ar substituent of the NacNac ligand 

(Figure 14). That is, the methine proton of one of iPr groups is shifted to fenchone, 

resulting in the formation of a new Al‒C bond and transformation of the ketone into an 

alkoxide. The angles around C30, the former fenchone carbonyl carbon, are close to 

tetrahedral, indicating its sp3-hybridization. The Al1‒C12 bond of 2.022(3) Å is close 

to the mean value for aluminum compounds (2.018 Å),200 which occupy a broad range 

of distances from 1.878‒2.449 Å. The C30‒O1 bond is long at 1.413(4) Å, clearly 

showing the transformation of the carbonyl into an alkoxide substituent.  

 

Figure 14. Crystal structure of IV-11 (the 2,6-diisopropylphenyl groups are dimmed 

for clarity and all hydrogen atoms except for the one on C30 are omitted). Thermal 

ellipsoids are plotted at 50% probability.  
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Table 14. Selected bond distances and angles for compound IV-11. 

Bond Distance, Å Angle Deg. Angle Deg. 

Al1-N1 1.895(3) N1-Al1-N2 96.30(11) C31-C30-H30 109.3(*) 

Al1-N2 1.908(3) Al1-O1-C30 131.2(2) C35-C30-H30 109.3(*) 

Al1-O1 1.712(2) N2-C6-C11 112.0(3) O1-C30-H30 109.3(*) 

Al1-C12 2.022(3) C11-C12-Al1 95.1(2)   

C11-C12 1.525(5) O1-C30-C35 113.0(3)   

C30-O1 1.413(4) O1-C30-C31 112.4(3)   

(*) Hydrogen atom was placed in the calculated position. 

IV.3. Cross-Coupling reactions with imines  

 Once the common cross-coupling patterns had been outlined for carbonyl 

compounds, the endeavour for coupling reactions with imines was undertaken. 

Addition of a mixture of N-(1-phenylethylidene)aniline and pyridine to a toluene 

solution  of  IV-1  resulted  in  chemoselective  formation of  compound  IV-12  

(Scheme 125), without  compromising the formation of an enamido hydride species 

akin to the enolate IV-4.  

 

Scheme 125. Reactions between IV-1, N-(1-phenylethylidene)aniline and pyridine. 
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 Like the other carbonyl substrates discussed above, this coupling reaction proceeds via 

intermediate formation of an η2(C,N)-coordinated compound IV-13, as confirmed by 

the stoichiometric reaction between N-(1-phenylethylidene)aniline and IV-1. 

Considering the relatively unencumbered nature of the imine, this latter result strongly 

highlights the preference of ketimine coordination to enolization, likely because of the 

reduced αC‒H acidity of the imine when directly compared to ketones. 

 In conclusion, an unusual chemoselective coupling of carbonyl substrates with 

pyridine on Al(I) was discovered. The reactions are quite general and work for non-

enolizable ketones, esters, amides and ketimines, and with the exception of the ester 

afford 2-coupled dihydropyridine complexes of aluminum. In the case of p-tolyl 

benzoate, the coupling is accomponied by alkoxide dissociation, which results in a 

rearomatization of the pyridine because of the hydrogen shift from the 2-position. The 

chemoselective coupling also works well for an unhindered enolizable imine ((1-

phenylethylidene)aniline) and for a bulky enolizable ketone (isophorone), but fails for 

a small α-CH acidic ketones, in which case the primary reactivity pathway is 

enolization. 
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V. Reactivity of Al(I) with N-heterocyclesc 

V.1. Introduction 

 Since the pioneering discoveries from the groups of Power2,190 and 

Stephan191-194 concerning dihydrogen activation by main group elements, the oxidative 

addition of small molecules on Group 13-15 element complexes  has become an 

intensive area of research.4,5 Apart from splitting H‒H bonds, much effort has been 

focused on the transition-metal-like activation of H‒X and X‒Y (X, Y = Group 13‒17 

elements) bonds on reduced main group centers,5 which includes the cleavage of very 

stable C‒O and C‒F bonds.14,60,195 More recently, such studies have encompassed 

multiple bonds to include the activation of P=O17 and C=O motifs.148-150, 152, 196 When 

it comes to N-heterocycles, there have been only sparse reports giving a sneak peek at 

the reactivity patterns involving reduced main group compounds. For example, 

diboranes were shown to react with N-heteroarenes with the insertion of the latter across 

the B‒B bond.197-199 The groups of Cui69 and Nikonov200 demonstrated that pyridine 

takes part in the coupling chemistry with other unsaturated compounds in the presence 

of an aluminum carbenoid. Group 14 element carbenoids exhibit [2+1] and [4+1] 

cycloaddition patterns towards pirazine and quinoxaline.173 This thesis chapter aims to 

illuminate the reactivity pathways of NacNacAl towards a family of substituted 

pyridines.  

 

 
c This material was partially reproduced with permission of Wiley-VCH from Angew. Chem. Int. Ed. 

2020, 59 (37), 16147-16153. 
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V.2. Reactivity patterns of NacNacAl with N-heterocycles 

 The initial attempt to react NacNacAl with pyridine resulted in the immediate 

formation of a deep-red colored gel that afforded a broad featureless signal in the 1H 

NMR spectrum, likely resulting from an uncontrolled polymerization reaction. To 

suppress this presumed polymerization process, a family of substituted pyridines was 

considered next. As such, the basic 4-substituted pyridine DMAP (4-

dimethylaminopyridine) was reacted with V-1 to give a bright yellow solution. The 1H 

NMR spectrum of the resulting compound V-2 in C6D6 exhibited a pattern consistent 

with C1 symmetry. The most distinctive feature of the spectrum is the presence of two 

olefinic doublets at 4.06 and 3.32 ppm with a 2JH-H = 1.0 Hz, indicative of deprotonation 

of one of the backbone methyl groups of the NacNac ligand. Two doublets at 7.95 and 

5.43 ppm and a singlet at 1.82 ppm (6H) are attributed to the coordinated DMAP 

moiety. Finally, a broad peak at 4.21 ppm is assigned to the hydride on the quadrupolar 

aluminum nucleus, which was further confirmed by the presence of a characteristic Al‒

H stretch at 1813 cm‒1 in the IR spectrum. Altogether, these spectral features confirm 

that the molecular structure of V-1 is consistent with the rearranged product shown in 

Scheme 126. 

 

Scheme 126. Reaction of NacNacAl with DMAP. 
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The molecular structure of V-2 was elucidated by single crystal X-ray diffraction, 

which revealed that the Al atom has a pseudo-tetrahedral environment (Figure 15). The 

Al1‒N3 bond to the DMAP moiety (1.954(3) Å) is longer than the Al1‒N1 (1.837(3) 

Å) and Al1‒N2 (1.825(4) Å) distances of the NacNac′Al unit. The alternating C‒C and 

C=C bond lengths within the backbone of NacNac′ provides further evidence for the 

deprotonation of the NacNac ligand.  

 

Figure 15. Crystal structure of V-2 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms except for the one on Al are omitted). Thermal ellipsoids 

are plotted at 50% probability. 

Table 15. Selected bond distances and angles for compound V-2. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.837(3) C1-C2 1.371(5) N1-Al1-N2 103.1(1) 

Al1-N2 1.825(4) C2-C3 1.460(5) N1-Al1-N3 106.6(1) 

Al1-N3 1.954(3) C3-C4 1.360(5) N2-Al1-N3 108.4(1) 

Al1-H 1.58(4) C4-C5 1.493(5)   



 
 

113 
 

Mechanistically, the reactivity is believed to be prompted by initial coordination 

of DMAP to the empty p orbital of aluminum, which increases the nucleophilic 

character of the metal and eventually results in deprotonation of the C‒H acidic 

ketimine. This reactivity pattern is reminiscent of the reaction of V-1 with a cyclic urea, 

that results in deprotonation of the backbone.17  

 Surprisingly, changing the substituent at the 4-position of the pyridine substrate 

significantly alters its reactivity. For example, addition of an equimolar amount of 4-

picoline to a solution of V-1 in diethyl ether resulted in an immediate color change from 

red to bright orange. The resulting bright orange solution was characterized by 1H NMR 

spectroscopy, which revealed two heptets at 3.21 and 3.15 ppm and four doublets, at 

1.46, 1.35, 1.21, and 1.05 ppm, assigned to the Ar (2,6-iPr2C6H3) substituent at nitrogen, 

consistent with a lowering of the symmetry of the molecule to Cs. The olefinic region 

of the spectrum contains two doublets, at 6.15 and 5.68 ppm, together with a singlet at 

4.14 ppm that each integrates to two protons. Further analysis of the HSQC, HMBC 

and DEPT 135 spectra revealed the presence of a methylene group, giving rise to a 13C 

NMR signal at 85.8 ppm that correlates with the aromatic part of the N-heterocycle. At 

the same time, the original methyl group of picoline was missing from both the 1H and 

13C NMR spectra. The IR spectrum from the isolated solid revealed the presence of an 

Al‒H stretch at 1847 cm‒1, but the corresponding 1H NMR signal was not observed, 

most likely because of broadening caused by the quadrupolar Al nucleus. These 

observations are consistent with the reaction equation shown in Scheme 127, in which 

deprotonation of the methyl group of 4-picoline by the highly basic Al(I) compound 

results in dearomatization and formation of the amide hydride species V-3. The driving 

force for this reaction is likely the formation of a more stable Al(III) species. 
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Scheme 127. Reaction of NacNacAl with 4-picoline. 

An X-ray diffraction study of V-3 confirmed that the NacNac ligand remains intact 

(Figure 16). The hydride ligand was found from the Fourier difference map and refined 

isotropically to the Al‒H distance of 1.656(15) Å. The short C32‒C35 distance of 

1.356(2) Å, involving the former picoline methyl carbon atom, is consistent with the 

presence of a double bond. The Al‒N distances of 1.900(1) Å to the NacNac ligand are 

typical for NacNac complexes of aluminum and are somewhat longer than the values 

found in V-2, whereas the Al‒N3 bond to the former picoline ligand is somewhat shorter 

at 1.862(1) Å. The Al‒amide bond is also much shorter than its counterpart in V-2, 

(1.862(1) vs. 1.954(3) Å), reflecting the change in the nature of the Al‒N bond.  

 

Figure 16. Crystal structure of V-3 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms except for the one on Al are omitted). Thermal ellipsoids 

are plotted at 50% probability. 
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Table 16. Selected bond distances and angles for compound V-3. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.900(1) C31-C32 1.461(2) N1-Al1-N2 97.54(6) 

Al1-N2 1.900(1) C32-C35 1.356(2) N1-Al1-N3 110.83(6) 

Al1-N3 1.862(1) C32-C33 1.458(3)   

Al1-H 1.66(2) C33-C34 1.352(2)   

C30-C31 1.354(2)     

 

 Remarkably, the C‒H activation process leading to the formation of compound 

V-3 is reversible. Thus, addition of an equivalent of 4-picoline to the deuterium-labelled 

V-3(d3), obtained by reacting V-1 with 4-picoline deuterated at the methyl group, 

results in the reappearance of the unique methylene signal at 4.14 ppm for V-3 in the 

1H NMR spectrum (Figure 69). Importantly, there was no measurable D-scrambling in 

any other position, suggesting that the hydrogen of the reformed C‒H bond of the 

picoline methyl group is from the Al-hydride. Further, it was observed that gentle 

heating (2-3 min at 40 °C) of a mixture of a second equivalent of the Al(I) compound 

V-1 together with V-3 results in the color change to dark orange that is accompanied by 

the formation of a new species, V-4, containing both deprotonated (NacNac′) and intact 

(NacNac) backbones (Scheme 128). The same result can be achieved if 4-picoline is 

directly reacted with two equivalents of V-1.  

 

Scheme 128. Reaction of V-3 with V-1. 
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Compound V-4 was characterized by NMR spectroscopy. The backbone methylene 

group gives rise to two signals, at 3.98 and 3.24 ppm, both correlating in HSQC with 

the same 13C signal at 80.3 ppm. Resonances of three backbone methyl groups of the 

NacNac′ and NacNac units were observed at 1.75 ppm (3H) and 1.46 ppm (6H), 

whereas the respective backbone CH signals of equal intensity were found at 5.48 and 

4.83 ppm. The most remarkable pattern, however, was observed for the picoline moiety. 

Thus, the presence of a downfield signal at 7.83 (d, 3JH-H = 6.40 Hz) strongly suggests 

that the heteroaromatic ring is restored. This notion is further supported by the 

disappearance of the methylene signals and observation of the para-Me signal at 1.47 

ppm (3H), in a surprisingly high field. This assignment was confirmed with an HMBC 

experiment that showed correlation of this peak to the 13C NMR signal at 165.7 ppm 

(assigned to the para-position), which also correlated to the 7.83 ppm signal of the 

ortho-protons, and by correlation to the 13C NMR signal at 123.5 ppm assigned to the 

meta-carbons of the picoline moiety. It is believed that the unusual high-field shift of 

the para-Me signal in 1H NMR and the unusual low-field shift of the para-carbon signal 

are caused by the shielding/deshielding effect of the Ar groups.  This is possible in a 

dimer that is assigned the tentative structure of V-4 in Scheme 128. The bridging Al2(µ-

H) hydride, required for the mass-balance was assigned to the broad signal at 4.19 ppm 

in the 1H NMR spectrum. The coordination of 4-picoline to the deprotonated 

NacNac′Al fragment and not NacNacAl was established by the observation of an NOE 

of the picoline ortho-proton at 7.83 ppm and the iPr signal of NacNac′Al at 0.30 ppm 

(d, 3JH-H = 6.9 Hz, 3H). In contrast, the resonance of the picoline meta-proton at 5.55 

ppm has an NOE with the iPr signal of NacNac′Al at 0.95 ppm (d, 3JH-H = 6.7 Hz, 3H) 
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and with the iPr signal of NacNacAl at 1.01 ppm (d, 3JH-H=6.9 Hz, 3H). Unfortunately, 

multiple attempts to obtain X-ray quality single crystals of V-4 failed.  

 Given this non-innocent behavior of the methyl group in the 4-position of the 

pyridine ring, the reactivity of V-1 towards doubly substituted 3,5-lutidine has become 

of interest. Methyl groups at the 3- and 5-positions are supposed to be less prone to 

deprotonation because in these systems the conjugate base would not have a formal 

negative charge on the nitrogen atom.  Employing this strategy, addition of 3,5-lutidine 

to an ethereal solution of V-1 at ‒78 °C resulted in a color change to intense purple. The 

1H NMR spectrum of the resulting solution showed a very broad, featureless signal that 

could either be caused by the presence of a paramagnetic species or attributed to a 

fluxional species. Multiple attempts to record NMR spectra in the temperature range -70 

to +60 °C did not result in any improvement.  EPR spectroscopy revealed the presence 

of a paramagnetic species, but the signal was surprisingly weak (Figure 17).  



 
 

118 
 

 

Figure 17. EPR signal of reaction mixture containing V-5 at 100 K. 

The width of the spectrum was ≈ 2 mT with no resolved hyperfine splitting. However, 

the line shape shows some evidence of unresolved splitting with a coupling constant of 

≈ 20 MHz. Even more surprising, irradiation of the mixture with white light, resulted 

in an increase in the strength of the EPR signal. The light-induced portion of the EPR 

signal was found to decay with a lifetime of several minutes. The purple color was  

persistent, but cooling the ethereal solution to ‒30 °C results in formation of colorless 

crystals of V-5 that were isolated and characterized by both spectroscopic and X-ray 

diffraction techniques (Scheme 129).  
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Scheme 129. Reaction of NacNacAl with 3,5-lutidine. 

In contrast to the purple solution first obtained as discussed above, the 1H NMR 

spectrum of V-5 shows only sharp signals. The upfield region displays two heptets for 

the methine groups, at 3.45 and 2.94 ppm, and four doublets at 1.44, 1.16, 1.03, and 

0.41 ppm for the methyl groups of the 2,6-iPr2C6H3 substituent at the nitrogen atom, as 

well as two singlets, at 2.57 and 2.15 ppm, originating from the methyl substituents of 

lutidine, and one Me signal at 1.47 ppm that integrates as 6H for the intact NacNac 

ligand. This spectral pattern is consistent with Cs symmetry and a possible restricted 

rotation of the lutidine ligand. The most striking feature of the spectrum was that the 

signal for the C‒H in the 4-position was missing and could not be found from an HMBC 

experiment. At the same time, a broad singlet at 4.76 ppm suggested the presence of the 

Al‒H functionality, which was further supported by the observation of a very distinctive 

Al‒H stretch at 1828 cm-1 in the IR spectrum. An X-ray diffraction study of V-5 

confirmed it to be the unexpected product of sp2 C‒H activation at the 4-position of the 

pyridine core (Figure 18).  
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Figure 18. Crystal structure of V-5 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms except for the one on Al are omitted). Thermal ellipsoids 

are plotted at 50% probability. 

Table 17. Selected bond distances and angles for compound V-5. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.925(1) C31-C32 1.420(3) N1-Al1-N2 96.41(6) 

Al1-N2 1.918(1) C33-C34 1.395(2) C31-C32-C33 115.2(1) 

Al1-H 1.53(2) C30-N3 1.342(2)   

Al1-C32 2.018(2) C34-N3 1.345(3)   

C30-C31 1.413(2)     

The Al‒N bonds of 1.925(1) and 1.918(1) Å are typical. The Al‒C bond distance is 

2.018(2) Å, which is close to the Al‒C bond of 1.985(3) Å in the closely related 

compound, NacNacAl(H)Ph.19 Whether compound V-5 is responsible for the EPR 

signal remains unclear.  However, the weak intensity of the signal suggests that it is due 

to a minor component and the light dependence shows that it is generated by a 
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photochemical or photophysical process. The lack of structure in the spectrum makes 

it difficult to assign unambiguously and it can be simulated as either a radical or an 

exchange-coupled biradical. 

 In light of these findings, other pyridil substrates with an accessible 4-position, 

but encumbered 3- or 5-positions, were probed for the reactivity with NacNacAl. In the 

case of quinoline, this endeavor resulted in a further unexpected change of reactivity. 

Thus, reaction of V-1 with two equivalents of quinoline in diethyl ether resulted in the 

\isolation of a single product NacNacAl(Quin)2 (V-6), the result of coupling of two 

quinoline moieties at the 2-positions (Scheme 130). The identity of V-6 was supported 

by multinuclear NMR spectroscopy and further confirmed by X-ray diffraction studies.  

A COSY spectrum revealed the correlation of the broadened singlet at 4.47 ppm, 

assigned to the proton at the 2/2′ juncture, with two olefinic doublets at 5.13 and 6.19 

ppm, and the spectral assignments were further verified by the collection of HSQC and 

HMBC data. Such a reactivity pattern is reminiscent of the coupling of quinoline with 

the benzophenone adduct of NacNacAl, which results in C‒C bond formation at the 2-

position of the quinoline, as discussed in Chaper III.3 (page 80).145 It further suggests 

that a charge transfer from the electron rich Al(I) species V-1 to an N-heterocycle and/or 

formation of a singlet biradical  may  be  responsible  for  the  chemistry  illustrated  in  

Scheme 130. 

 

Scheme 130. Reaction of V-1 with two equivalents of quinoline. 
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The molecular structure of V-6 is presented in Figure 19. The C30-C39 bond distance 

of 1.518(4) Å at the 2/2’ juncture indicates the presence of sp3-hybridized carbon atoms, 

whereas the shorter C31‒C32 (1.310(5) Å) and C40‒C41 (1.315(5) Å) bonds are clearly 

olefinic. The quinoline rings were found to be coupled in the trans mode, so that the 

C30 and C39 hydrogen atoms are opposite to each other. Such an arrangement prevents 

transannular repulsion and leads to a more stable geometry. The Al-amide bonds in V-

6 to the coupled heterocycles are somewhat shorter than the Al‒N bonds in the 

NacNacAl fragment, (Al1‒N3 = 1.833(2) Å and Al1‒N4 = 1.844(2) Å vs. Al‒N1 

=1.887(2) Å and Al1‒N1 = 1.909(2) Å). The latter are typical and close to the related 

bonds found in compounds V-2, V-3 and V-5. 

 

Figure 19. Crystal structure of V-6 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms except for the one on C30 and C39 are omitted). Thermal 

ellipsoids are plotted at 50% probability. 
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Table 18. Selected bond distances and angles for compound V-6. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.887(2) C30-C39 1.518(4) N1-Al1-N2 96.40(9) 

Al1-N2 1.909(2) C39-C40 1.486(3) N3-Al1-N4 91.71(9) 

Al1-N3 1.833(2) C40-C41 1.315(5) C39-N4-Al1 107.75(15) 

Al1-N4 1.844(2) C30-C31 1.494(3) C30-N3-Al1 110.10(16) 

C39-N4 1.481(3) C31-C32 1.310(5)   

 

 Finally, the possibility of N-heterocycle ring opening on a single main group 

element center was investigated. Phthalazine was chosen as the substrate because it 

contains a rather weak N‒N bond and in light of the recent report by Yamashita co-

workers. concerning addition and ring opening of phthalazine a diboron reagent.197 

Compound V-1 was found to react slowly with phthalazine in toluene at room 

temperature, affording a single product after 12 hours.  

 

Scheme 131. Reaction of NacNacAl with phthalazine. 

The 1H NMR spectrum of the compound V-7 in C6D6 revealed a C2v symmetry pattern 

featuring a singlet at 9.56 ppm (2H), assigned to two protons adjacent to the nitrogen 

atoms, a single backbone C‒H signal at 5.10 ppm, one heptet at 3.65 ppm, and two 

doublets at 1.37 and 1.18 ppm assigned to the iPr group. The connectivity of compound 

V-7 was further elucidated by single crystal X-ray diffraction (Figure 20), which 
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revealed the N‒N bond of the phthalazine is fully cleaved, resulting in the formation of 

a metallated diimine. The most notable features of this compound is the newly formed 

aluminadiazacycloheptatriene heterocycle. This ring is slightly puckered along the 

C30‒C37 vector with a root-mean-square deviation of 0.095 Å from the best plane 

through the six carbon atoms. This creates significant distortions in the seven-

membered ring, so that the N3‒C30‒C31 and C30‒C31‒C36 angles at the sp2-

hybridized carbons are 133.3(2)° and 129.1(2)°, respectively, and hence deviate 

significantly from the ideal angle of 120°. Similar distortions are observed for the N4‒

C37‒C36‒C31 fragment. It is likely that these deviations are the result of a compromise 

between the favorable π-conjugation between two aldimine moieties and the phenylene 

fragment and the necessity to accommodate an extra aluminum atom.  

 

Figure 20. Crystal structure of V-7 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms C39 are omitted). Thermal ellipsoids are plotted at 50% 

probability. 
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Table 19. Selected bond distances and angles for compound V-7. 

Bond Distance, Å Angle Deg. 

Al1-N1 1.894(2) N1-Al1-N2 97.47(7) 

Al1-N2 1.885(2) N3-C30-C31 133.3(2) 

Al1-N3 1.813(2) N4-C37-C36 132.3(2) 

Al1-N4 1.812(2) C30-C31-C36 129.1(2) 
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VI. [4+1] Cycloaddition Reactions of Aromatic Polycyclic 

Hydrocarbons with NacNacAl 

VI.1 Introduction  

  Aromatic systems are considered to be one of the most stable molecular 

arrangements in organic chemistry due to the efficient overlap of aligned p orbitals. 

Given the often inert character of such compounds, they find vast applications as 

solvents, while their functionalization remains challenging and commonly takes place 

at a C‒H bond. The most prominent examples of aromatic substitution reactions are 

those leading to the growth of a side hydrocarbon chain with the usage of commercially 

available main group Lewis acids and Brønsted bases (e.g. Fridel-Crafts alkylation, 

Gattermann-Koch acylation and direct ortho-metallation).201 Aromatic hydrocarbons 

are widely used to intercept metastable low-valent main group compounds, as the 

attenuated aromaticity of the former leads to reversible complexation in a [4+1] fashion. 

For example, Cummins and co-workers reported on the isolation of dibenzo-7λ3-

phosphanorbornadiene II-152 which generates the corresponding phosphinidene upon 

heating at 80 °C.134 Apart from these applications, the reactivity of reduced main group 

compounds with aromatic compounds has been studied only briefly. Braunschweig and 

co-workers demonstrated [2+1] cycloaddition of naphthalene to borylene II-115.123 

Nucleophilic aluminyl anions showed diverse reactivity including [4+1] cycloaddition 

of polycycles,72 C‒C bond insertion of benzene,71 and activation of C‒H bonds of 

methyl substituted homologues of benzene.18 Nevertheless, the chemistry of the neutral 

NacNacAl toward aromatic species is limited to reactions in the presence of Lewis 

acidic co-catalysts.18,126 The following chapter reveals the reactivity patterns of 
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NacNacAl (VI-1) towards aromatic polycyclic hydrocarbons featuring diminished 

aromatic character in comparison with benzene.  

 

VI.2 Synthesis and characterization of anthracene adducts 

One equivalent of anthracene was added to a solution of NacNacAl (VI-1) in diethyl 

ether with the color of the reaction mixture changing from dark red to bright yellow. 

The reaction progress was monitored by 1H NMR spectroscopy, so that the quantitative 

consumption of NacNacAl was observed in 12 hours; moreover, a significant amount 

of a light-yellow solid precipitated out of solution. The reaction mixture featured two 

major compounds of C1 (VI-2) and C2v (VI-3) symmetry (Scheme 132). Notably, the 

solubility of the C1 product in ether was much poorer than that of C2v symmetric 

product, so that the former could be isolated in analytically pure form by centrifugation. 

The 1H NMR spectrum of the C1 product featured two mutually coupled multiplets 

(5.77 and  3.83 ppm) in the olefinic region. Six protons were found coupled (three 

multiplets, each integrated as two) in a weak field region of the spectrum, at 7.60, 7.30 

and 7.17 ppm. Such a pattern suggests the [4+1] cycloaddition of the lateral ring to the 

aluminum center.  
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Scheme 132. Reaction of NacNacAl with anthracene. 

 

Figure 21. 1H‒1H NOESY spectrum of compound VI-2 in C6D6. 

Analysis of the 1H‒1H NOESY NMR spectrum recorded for compound VI-2 revealed 

an exchange among the protons of the left and right sides of the NacNac ligand, namely 
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the backbone CH3 (1.50 and 1.35 ppm), methine CH(CH3)2 (3.21 and 3.08 ppm), methyl 

CH(CH3)2 (1.48 and 1.46 ppm; 1.05 and 0.88 ppm), and phenyl (C6H3) (Figure 21). 

Such a behavior was attributed to the rotation of the anthracene scaffold around the 

aluminum center. The energy barrier for such a rotation was determined by EXSY 

kinetic studies. To this end, a sealed NMR tube with isolated species VI-2 in a toluene-

d8 solution was inserted in an NMR spectrometer. The exchange rate was probed at five 

points in the temperature range from  290 to 305 K (Table 24) to afford the Eyring plot 

presented in Figure 22. The corresponding value derived for the activation energy was 

82.7 kJ, which suggests a rapid rotation of the ring via presumed dissociation of 

anthracene from the metal center. 

 

Figure 22. The Eyring plot for the exchange process of isopropyl groups of the 

NacNac ligand in VI-2.  
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 The crystal structure of the adduct VI-2 was elucidated with single crystal X-ray 

diffraction (Figure 23). The aluminum atom has a distorted tetrahedral geometry. The 

Al1‒N1 and Al1‒N2 bonds fall within the normal range of NacNac-ligated aluminum 

compounds. The Al1‒C30 (2.050(3) Å) and  Al1‒C33 (2.043(3) Å) bond distances are 

comparable to the corresponding bond distances (2.1125(12) and 2.1154(15) Å) 

reported for the [4+1] cycloaddition product of an aluminyl anion with the middle ring 

of anthracene (II-118).72 The activated lateral ring of the polycycle features two double 

bonds, namely, C31‒C32 (1.344(4) Å) and C34‒C35 (1.440(4) Å). Remarkably, the 

latter is longer than the former due to the aromatic character of the middle ring. The 

C31‒C30‒C35 bond angle is close to tetrahedral which corroborates the rehybridization 

of C30 from sp2 to sp3. The same is applicable for the opposite atom C33, suggesting 

cycloaddition of anthracene at the 1- and 4- positions.  

 

Figure 23. Crystal structure of VI-2 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms are omitted). Thermal ellipsoids are plotted at 50% 

probability. 
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Table 20. Selected bond distances and angles for compound VI-2. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.905(2) C30-C35 1.503(4) N1-Al1-N2 96.56(11) 

Al1-N2 1.912(2) C31-C32 1.344(4) C31-C30-C35 108.2(2) 

Al1-C30 2.050(3) C32-C33 1.502(4) C30-C35-C34 112.2(2) 

Al1-C33 2.043(3) C33-C34 1.494(4) C32-C33-C34 109.2(2) 

C30-C31 1.510(4) C34-C35 1.440(4)   

 Given the partial solubility of VI-2 in Et2O, the isolation of C2v symmetric 

species (VI-3) in analytically pure form was not successful. However, a single crystal   

suitable for X-ray diffraction was grown from diethyl ether. Notably, VI-3  crystallized 

in the same orthorhombic space group Pbca as VI-2. The molecular structure (Figure 

24) shows that the [4+1] cycloaddition reaction occured at the second ring of 

anthracene, which is in agreement with the C2v symmetry pattern of the 1H NMR 

spectrum. 

 

Figure 24. Crystal structure of VI-3 (the 2,6-diisopropylphenyl groups are dimmed for 

clarity and all hydrogen atoms are omitted). Thermal ellipsoids are plotted at 50% 

probability. 
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Table 21. Selected bond distances and angles for compound VI-3. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.9079(14) C35-C36 1.508(2) N1-Al1-N2 97.45(7) 

Al1-N2 1.9049(15) C36-C37 1.505(2) C29-Al1-C36 78.47(7) 

Al1-C29 2.0520(18) C37-C42 1.418(3) C35-C36-C37 107.19(14) 

Al1-C36 2.0562(17) C38-C39 1.393(3) C42-C29-C30 107.48(14) 

C29-C30 1.503(2) C40-C41 1.392(3)   

C30-C35 1.413(3) C29-C42 1.502(2)   

The Al1‒C29 and Al1‒C36 bond distances are similar to the corresponding bonds 

found in VI-2. C29 and C36 underwent pyramidalization as the result of bond formation 

with aluminum. The C30‒C35 and C37‒C42 bond distances are longer than typical 

double bonds, which comes from their involvment of two aromatic rings.  

 Repeating the reaction of anthracene with NacNacAl in Et2O containing 

adventitious water (Scheme 132) resulted in the formation of VI-2, VI-3 and a new Cs 

symmetric species, according to 1H NMR spectroscopy. The salient feature of the 1H 

NMR spectrum of this additional product is the presence of two doublets at 3.59 and 

4.36 ppm with the coupling constant 2JH-H = 15.8 Hz and a singlet at 3.48 Hz. The 

protons in question are coupled to the quaternary carbon at 135.0 and 143.4 ppm of two 

aryl rings (given the Cs symmetry) at the same time, which suggests their assignment 

to the central ring. Protonation of the middle ring implies its partial disconnection from 

the aluminum atom, which should be accompanied by addition of another group to the 

aluminum center, so as to circumvent the unfavorable oxidation state +2. A closer look 

at the 1H NMR spectrum revealed a sharp singlet at 0.47 ppm which shows no 

connection to any carbon atoms in HSQC and HMBC experiments. Given the sharpness 
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of the signal, the proton is likely to be connected to aluminum via a heteroatom. Finally, 

X-ray  diffraction  studies shed light on the connectivity of this species (Figure 25). The 

product VI-4 appears to be the result of adventitious water insertion during the 

formation of the symmetric adduct VI-3. The C30 and C37 atoms of the central ring 

are in the sp3 state, with corresponding angles C31‒C30‒C43 and C36‒C37‒C38 close 

to tetrahedral, while two lateral rings are planar. The major species in the crystal 

structure is represented by a “boat” configuration (87%), yet the presence of a “chair” 

configuration (13%) was also revealed by analysis of the residual electron density.  

 

Figure 25. “Boat” and “Chair” configuration of VI-4 obtained by SC-XRD (the 

2,6-diisopropylphenyl groups are dimmed for clarity and all hydrogen atoms except for 

the one on O1 are omitted). “Boat”/”Chair” ratio is 0.87:0.13. Thermal ellipsoids are 

plotted at 50% probability. 
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Table 22. Selected bond distances and angles for “boat” configuration of VI-4. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.906(3) C30-C43 1.507(4) N1-Al-N2 96.54(12) 

Al1-N2 1.910(3) C36-C37 1.506(4) C31-C30-C43 111.6(3) 

Al1-O1 1.749(3) C37-C38 1.572(5) C38-C43-C30 118.0(2) 

Al1-C30 1.993(4)   C43-C38-C37 118.3(3) 

C30-C31 1.508(4)   C36-C37-C38 110.0(3) 

 

VI.3. Reversible binding of fused aromatic cycles 

 Given the ease with which anthracene reacts with the aluminum carbenoid VI-

1, reactions with other fused aromatic polycycles were investigated. Phenanthrene was 

chosen as the closest analogue of anthracene. There was no immediate reactivity upon 

mixing this polycycle and VI-1. Heating the sample at 50 °C for two days afforded a 

C1 symmetric species at 45% conversion according to 1H NMR analysis (Scheme 133). 

Prolonged heating of the sample did not result in higher conversion values, while 

exposing the sample to an even higher temperature (up to 90 °C) brought about 

regeneration of NacNacAl and phenanthrene in their free forms. Analysis of the 1H 

NMR spectrum of the C1 symmetric product VI-5 revealed dearomatization of a lateral 

ring, with its protons found in the upfield region (3.81, 4.50, 5.75 and 5.82 ppm), while 

other signals due to the phenanthrene moiety were located in the usual downfield 

aromatic region. The signals of the second aryl ring were represented by two doublets 

at 7.14 and 7.01 ppm with a coupling constant 3JH-H = 8.0 Hz. The four protons assigned 

to the third ring were found mutually coupled with the chemical shifts of 8.25, 7.71, 

7.34, 7.24 ppm. Analysis of the 1H-1H NOESY spectrum revealed an exchange among 
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protons assigned to the left and right flanking aryl groups, analogous to the case of 

anthracene.   

 

Scheme 133. Dynamic equilibrium established among VI-1, phenanthrene and VI-5. 

 During thermal studies, a slow formation of another C1 symmetric product was 

revealed once the temperature of the reaction mixture reached 90 °C. The reaction was 

completed over 14 days (Scheme 134). Analysis of the 1H NMR spectrum revealed the 

full consumption of NacNacAl (VI-1), while free phenanthrene was also found. The 1H 

NMR spectrum of this product was comprised of eight heptets and sixteen doublets, 

which suggested that the product resulted from the interaction of two equivalents of 

NacNacAl. The presence of two olefinic signals at 4.36 and 5.73 ppm that were coupled 

to each other was indicative of deprotonation of the backbone moiety, while three 

singlets at 1.31, 1.32 and 1.54 ppm account for the presence of three intact CH3 

backbone groups. Such a pattern leads to a structure where one NacNac scaffold is 

deprotonated, while the other one remains the same. Another remarkable feature of the 

1H NMR spectrum was the presence of a broad singlet at 5.04 ppm, which did not show 

any correlation in an HSQC experiment. Given the broad nature of the signal, its 

location is assumed to be in a proximity to the quadrupolar aluminum center. 
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Scheme 134. Thermolysis of NacNacAl in toluene.  

Finally, the connectivity of the molecule was established by a single crystal X-ray 

diffraction experiment. Compound VI-6 crystallizes from tetrahydrofuran in the space 

group P21/n. The asymmetric unit is represented by two inequivalent Al(III) centers 

coupled to each other via a bridging hydride and a Ar-amide fragment (Figure 26). The 

Al1  atom is  part  of the intact  NacNacAl  moiety  with normal bond distances for 

Al1‒N1 (1.892(3) Å)  and  Al1‒N2 (1.918(3) Å). Al2 is found chelated by a dianionic 

(2,6-diisopropylphenyl)(penta-2,4-dien-N,4-diide-2-yl)amide, with the Al2‒C33 and 

Al2‒N3 bond distances being 1.969(3) and 1.869(3) Å, respectively. Moreover, the 

C31‒C32 (1.359(5) Å) and C33‒C34 (1.347(5) Å) distances lie within the range of 

C=C double bonds, which explains the presence of olefinic protons at 4.26 and 5.73 

ppm. The mechanism of this rection has yet to be understood. During the course of our 

work the Kretschmer group reported compound VI-6 prepared by a different route.202 
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Figure 26. Crystal structure of VI-6 obtained by SC-XRD (the 2,6-diisopropylphenyl 

groups are dimmed for clarity and all hydrogen atoms except for the bridging one are 

omitted). Thermal ellipsoids are plotted at 50% probability. 

Table 23. Selected bond distances and angles of VI-6. 

Bond Distance, Å Bond Distance, Å Angle Deg. 

Al1-N1 1.892(3) Al2-N3 1.869(3) N1-Al1-N2 97.15(12) 

Al1-N2 1.918(3) C30-C31 1.515(5) N4-Al1-H 86.466* 

C1-C2 1.510(5) C31-C32 1.359(5) Al1-N4-Al2 93.67(12) 

C2-C3 1.364(5) C32-C33 1.461(5) Al1-H-Al2 97.120* 

C3-C4 1.411(5) C33-C34 1.347(5) N4-Al2-H 82.482* 

C4-C5 1.507(5) C33-Al2 1.969(3) C33-Al2-N3 90.97(14) 

Al1-H 1.718* Al2-H 1.839* N3-C31-C32 118.7(3) 

Al1-N4 1.819(3) Al2-N4 1.838(3) Al2-C33-C32 103.6(2) 

* - hydrogen atom was placed in a calculated position. 
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 Seeking enhanced stability of addition products, triphenylene was chosen as 

another aromatic reactant (Scheme 135). Although the reaction did not propagate 

willingly, the formation of trace amounts of Cs symmetric species was detected even at 

room temperature. Upon heating the reaction mixture at 70 °C for 24 hours, an 

equilibrium with the conversion value of 62% was attained. The activation of the lateral 

ring was confirmed by 1H NMR spectroscopy. Signals assigned to this moiety are 

present at 4.50 and 5.88 ppm, which accounts for disrupted aromaticity and proximity 

to the electropositive aluminum center. The protons of the anthracene scaffold are found 

at 7.43, 8.24 and 8.56 ppm, which indicates their location within the deshielding region 

created by the aromatic rings. As in the case of phenanthrene, the reaction product VI-

7 is in dynamic equilibrium with the initial reactants. Heating the reaction mixture at a 

higher temperature results in dissociation of the polycycle from the metal. 

 

Scheme 135. Dynamic equilibrium between VI-1, triphenylene and VI-7.  

 Having not achieved the full conversion with triphenylene, fluoranthene was 

then explored as a reactant for the possible irreversible [4+1] cycloaddition with VI-1. 

The rationale behind this was that the potential product could get additional 

stabilization from two pure aromatic rings as the result of a reaction with Al(I). Once 

the aromatic polycycle was introduced to a solution of NacNacAl, the color of the 

reaction mixture changed from dark red to bright orange. 1H NMR spectroscopy 
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revealed the presence of the expected C1 symmetric product with the conversion value 

of 69% even at room temperature (Scheme 136).  

 

Scheme 136. Dynamic equilibrium established among VI-1, fluoranthene and VI-8. 

The 1H NMR spectrum of species VI-8 is represented by three multiplets at 3.76, 5.54 

and 6.01 ppm correlating with corresponding 13C signals at 43.4, 122.3 and 124.4 ppm, 

assigned to the activated ring of the naphthalene fragment, while the rest of the protons 

are found in the normal aromatic region. The most fascinating aspect of the spectrum 

is a methine signal of one diisopropylphenyl moiety observed in an extremely shielded 

region (1.56 ppm), which can be explained by the extensive shielding brought about by 

the proximity of an aromatic ring of a fused fluorene.  
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VII. Conclusions and Future Outlook 

 Three families of unsaturated compounds, namely carbonyl compounds, imines 

and aromatic polycyclic hydrocarbons, were investigated for their reactivity with a 

NacNac-ligated aluminum(I) complex. NacNacAl was found to couple with 

benzophenone and other species featuring a phenyl moiety adjacent to the C=X double 

bond (X = O, N) with the formation of η2(X,C)-coordinated adducts. As such, adducts 

of benzophenone (III-2), p-tolyl benzoate (IV-6), N,N-dimethylbenzamide (IV-9), and 

N-(1-phenylethylidene)aniline (VI-13) were isolated and characterized. All adducts 

showed remarkable reactivity towards pyridine. The coupling capacity of III-2 was 

studied in depth. It has been shown that reactions of the aluminum carbenoid with 

aldimine, nitrile, quinoline, trimethylsilyl azide and thiourea require mild conditions 

(room temperature or only gentle heating) for the generation of cycloaddition products. 

Remarkably, in all the coupling reactions the phenyl ring initially coordinated to 

aluminum does not react directly with unsaturated molecules. Although mechanistic 

studies were not implemented, it is assumed that the incoming reactants coordinate to 

the aluminum atom, which causes departure of the phenyl ring with its concomitant re-

aromatization. Enhanced nucleophilicity of the metal upon coordination of the coupling 

reactant brings about promotion of electron density along the (X‒C, X = O, N) channel, 

which results in the observed umpolung reactivity. It has been shown that the coupling 

reactions with pyridine are also feasible for the aliphatic non-enolizable 

ketone 1R-fenchone or sterically encumbered ketone isophorone, if both reactants are 

introduced at the same time. The reaction of NacNacAl with (1R)-(‒)-fenchone without 

pyridine resulted in deprotonation of the pendant isopropyl group of NacNacAl with 
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the formation of product IV-11. Such a reaction provides a sneak peek at the possible 

coupling mechanism of aliphatic ketones with other unsaturated compounds. If 

fenchone first coordinates to the LUMO of aluminum, which results in the more 

pronounced nucleophilic character of the latter, the HOMO of Al then attacks another 

unsaturated reactant promoting more negative charge to the pyridine, finally closing the 

ring (Scheme 137).  

 

Scheme 137. Proposed mechanism for the formation of species IV-2. 

Carbonyl species containing accessible β-hydrogens are prone to intramolecular 

enolization which occurs faster than intermolecular coupling with pyridine, thus 

rendering the reaction impractical. Given the unique coupling products isolated after 

reactions with NacNacAl, the future goal is to find routes of releasing the organic 

scaffolds from the metal center, which would make these reactions practical for the 

ligand design, development of new drugs and agrochemicals. The easiest way to 

achieve this goal is via hydrolysis which will decompose the aluminum complex right 

away, although there is no guarantee that the coupling product will survive the work-

up procedure. Another approach utilizes reduction of the product with strong bases 

(NaH, nBuLi), which would deprotonate acidic 2-position of the pyridyl moiety and 

regenerate the initial Al(I) complex via transmetallation. (Scheme 138). 
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Scheme 138. Release of the coupling product via addition of the strong base. 

 Highly substrate-controlled reactivity patterns were discovered for the reactions 

of NacNacAl with substituted pyridines. Basic DMAP causes deprotonation of the 

NacNac backbone leading to the Al(III) hydride V-2. In contrast, 4-picoline was CH 

activated at the para methyl position, which afforded a deprotonated species N-

coordinated to the aluminum atom of V-3. A labelling experiment showed  that  this C‒

H activation process is fully reversible, which again is manifested in the formation of 

the dimeric species V-4 upon addition of an additional equivalent of V-1. A rare sp2-CH 

activation was found from the reaction of V-1 with 3,5-lutidine, which yielded a formal 

product of oxidative addition at the non-acidic 4-position (V-5), although the exact 

mechanism remains unknown. In contrast, a quinoline substrate with an accessible 4-

position, but blocked 5- and 6-sites, revealed a completely different chemistry, namely 

the coupling of two heterocycles at the 2-position (V-6). The difference in the reactions 

for quinoline and 3,5-lutidine likely comes from the π-conjugation of the former 

substrate, which may promote greater electron transfer from the Al(I) atom. Finally, the 

N‒N bond of phthalazine was fully cleaved on the single main group center of V-1. 

Such a diverse and facile reactivity of N-heterocycles with an aluminum carbenoid 
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makes them appealing reactants for various purposes. For example, the basicity of 

DMAP could well be used for intermolecular C‒H activation of other substrates, should 

they be kinetically competetive with the self-deprotonation of the NacNac ligand. 

Specifically, it is expected that coordination of a base to the aluminum carbenoid will 

increase its basicity and make it more potent in CH activation of various substrates.  

Deprotonation of 4-picoline at the methyl group leads to the formation of an extended 

conjugated network that can be used for coupling reactions or formation of oligomers. 

Moreover, the nucleophilic terminal methylene group in V-3 can be used as a mild 

Lewis base. The obvious extension of this chemistry is the investigation of reactivity of 

aluminum carbenoids towards imines and carbodiimines which are expected to show 

rich coupling chemistry that may be further applied for unsymmetric binding with 

unsaturated substrates. 

 NacNacAl exhibited reactivity towards polycyclic aromatic hydrocarbons. It 

was found that the reaction with anthracene was irreversible, although it gave a mixture 

of products featuring linkage to the lateral (VI-2) and central rings (VI-3). Reactions 

with phenanthrene, triphenylene and fluoranthene were reversible, although very 

selective with the formation of the product featuring the most aromatic character. VT-

NMR studies revealed that equilibrium is shifted towards initial reactants at higher 

temperatures. Heating reaction mixtures up to 90 °C yielded dialuminum hydride VI-6. 

Mechanistic studies showed that the reaction proceeds via dissociation of the polycycles 

with the release of NacNacAl that undergoes further intermolecular transformations. 

Reversible substrate binding was previously reported for olefins,62 and now an 

analogous pattern was discovered for polycyclic aromatic hydrocarbons. Future work 

should address the bond formation following a reversible substrate binding
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At the very end, it is worth to say that a long-standing quest for the p-block carbenoids 

is coming to its logical finale. With the isolation of the highly nucleophilic aluminyl 

anions by Yamashita,203 Aldridge43 and Coles,32 it has become obvious that even the 

strongest C-H125 and C=C71 bonds of the aryl substrates can now be activated at mild 

conditions. Chemical society has been convinced for many years that once the oxidative 

addition on main group elements is mastered, the catalytic applications will follow 

promptly. Unfortunately, it has been realized later that the forming bonds to the main 

group metal are so strong, that the potential products of a catalytic transformation could 

be recovered only under harsh reducing conditions. Thus, the catalytic applications of 

the main group elements are deemed feasible only if the oxidative state of the metal 

remains the same. That can be realized via a σ-bond metathesis, wherein the main group 

element is used as a Lewis acid for coordination of the unsaturated substrates.4 

Nevertheless, the ease with which organic substrates are getting coupled to each other 

in the presence of low-valent group 13-15 carbenoids might become an inspiration for 

the development of new reliable stoichiometric transformations that would be of every 

use for a synthetic chemist of tomorrow. 
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VIII. Experimental section   

VIII. 1. General Methods and Solvents 

 All manipulations were carried out under the inert atmosphere of dry nitrogen 

using conventional Schlenk techniques or in an MBraun glovebox containing an 

atmosphere of purified nitrogen, unless stated otherwise. All glassware was rinsed with 

organic solvents (acetone, petroleum ether, methylene chloride) and stored in the oven 

preheated at 190 °C. All solvents used for the syntheses were dried and purified with 

the employment of a Grubbs-type Pure-SolvTM solvent purification system. Benzene-

d6 and toluene-d8 for NMR spectroscopy were dried over K/Na alloy and then distilled 

into sealed glass vessels that were kept in the glovebox.  

VIII. 2. Instrumentation and Analysis 

  The NMR spectra were recorded on a Bruker Avance III HD 600 MHz 

spectrometer (1H: 600 MHz, 13C: 151 MHz) at room temperature unless stated 

otherwise. Processing and interpretation of spectroscopic data were performed with 

MestReNova software (v.10.0.2-15465). Spectroscopic data was referenced to residual 

solvent signals as internal standards. Assignment of 13C resonances was based on the 

interpretation of 1H-13C HSQC and 1H-13C HMBC spectra. All one-dimensional 13C 

spectra were recorded decoupled from 1H nuclei. EPR spectra were collected on a 

Bruker Elexis E580 instrument operating in continuous wave mode. IR spectra were 

measured on a Shimadzu IRAffinity FTIR spectrometer. Elemental analyses were 

conducted by the analytical laboratory for Environmental Science Research and 

Training (ANALEST) at the University of Toronto. Samples were calibrated against 

thermal standard, acetanilide: C (71.09%), H (6.71%), N (10.36%) before, during and 
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after sample analysis. The analyses were run on ThermoFisher Flash 2000 analyzer 

with Mettler MT5 balance.  

 The crystals were mounted on a 100 μm MiTeGen microloop covered with 

perfluoroether oil. Crystallographic data were collected on Bruker APEX-II CCD 

diffractometer equipped with an Oxford Cryosystems low-temperature device 

operating at T = 100.0(1)/150.0(1)/200.0(1) K. Data were measured using generic φ 

and ω scans (MoKα radiation, λ = 0.7103 Å). The diffraction patterns were indexed, 

and the unit cells refined using SAINT (Bruker, V.8.34A, after 2013) software. Data 

reduction, scaling and absorption corrections were performed with SAINT and 

SADABS software (Bruker, V.8.34A, after 2013). A multi-scan absorption correction 

was performed using SADABS-2014/4 (Bruker, 2014/4). Space group determination 

was based upon analysis of systematic absences, E statistics, and successful refinement 

of all structures. The structures were solved by ShelXT (Sheldrick, 2015) structure 

solution program using Intrinsic Phasing algorithm and refined with Least Squares 

method by minimizing Σw(F0
2 -Fc

2)2 with SHELXL weighting scheme using version 

2018/3 of ShelXL (Sheldrick, 2015) operated under Olex2SyS software (Dolomanov, 

2009) or WinGX (Farrugia, 1999). All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms positions were calculated geometrically and refined 

using the riding model unless stated otherwise. Neutral atom scattering factors for all 

atoms were taken from International Tables for Crystallography. Full details can be 

found in individual tables for each crystal structure (Appendix). 
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VIII. 3. Starting Materials 

 2,6-Diisopropyl aniline, acetylacetone, iodine chips, trimethyl aluminum 

(1.6 M solution in heptane), benzophenone, pyridine, quinoline, phenyl nitrile, 

trimethylsilyl azide, 1,3-dimethyl-imidazolidine-2-thione, isophorone, (1R)-(‒)-

fenchone, (1R)-(+)-camphor, p-tolyl benzoate, N,N-dimethylbenzamide, N-(1-

phenylethylidene)aniline, 4-dimethylaminopyridine (DMAP), 4-picoline, 3,5-lutidine, 

phthalazine, anthracene, phenanthrene, triphenylene and fluoranthene were purchased 

from Sigma-Aldrich and used as received. Potassium graphite (KC8) was prepared by 

drying the appropriate mass of graphite for two hours in a Schlenk-type tube. Potassium 

chunks were first stripped of kerosene by washing with hexanes. Subsequently, they 

were transferred to a Schlenk tube which was evacuated to remove residual solvents 

and gases. Finely cut pieces of potassium were carefully dropped into the ampule 

equipped with a large stirring bar and the pre-dried graphite. The reaction vessel was 

submerged into the oil bath heated up to 120 °C with a hot stirrer plate. Once the 

potassium melted, the reaction vessel was connected to the Schlenk dual manifold and 

the manual stirring with a long spatula was carried out under steady flow of dry 

nitrogen. Caution! The resulting fine powder of potassium graphite is highly 

pyrophoric, so that the optimal flow of nitrogen should be supplied all the time the 

reaction vessel is opened to the atmosphere of air. NacNacAl (II-15) was synthesized 

in compliance with the established procedure.12 The resulting crude material was 

centrifuged from the mother liquor in toluene and then washed with hexanes and 

centrifuged one more time with Beckman Coulter Allegra X-30R centrifuge at ‒20 °C 

(10000 RPM, 1 hour, sealed vessel). All deuterated solvents for NMR experiments were 

purchased from Cambridge Isotope Laboratories. 
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VIII. 4. Experimental Procedures Pertaining to Chapter III 

Preparation of benzophenone adduct III-2 

A diluted ethereal solution of benzophenone (0.030 g, 0.165 mmol, 5 ml of Et2O) was 

added to the precooled concentrated ethereal solution of NacNacAl (0.111 g; this 

material contains ~34% of unprecipitated KI!; 1 ml of Et2O) in small portions by 

Hamilton microsyringe under constant stirring. Reaction went to completion 

instantaneously. Compound III-2 (MW = 626.865 g/mol) was crystallized (orange 

crystals) by slow evaporation of ether in the glovebox.  

Yield: 0.097 g (94%).  

Elemental analysis: Calculated (%): C (80.47), H (8.20), N (4.47). Experimental (%): 

C(76.04), H(6.07), N(4.53). 

1H NMR (600 MHz, C6D6): δ 7.78 (d, 3JH-H = 7.6 Hz, 2H, C6H5), 7.21 (t, 3JH-H = 7.8 

Hz, 2H, C6H5), 7.11 – 7.01 (m, 6H, C6H3), 6.99 (dd, 3JH-H = 7.4, 4JH-H = 1.6 Hz, 1H, 

C6H5), 6.85 (dd, 3JH-H = 9.7, 4JH-H = 2.4 Hz, 1H, C6H5Al), 5.94 (dd, 3JH-H = 9.2, 4JH-H = 

3.2 Hz, 1H, C6H5Al), 5.64 (m, 1H, C6H5Al), 5.50 (ddd, 3JH-H = 8.0, 4JH-H = 5.4, 4JH-H = 

1.5 Hz, 1H, C6H5Al), 4.97 (s, 1H, CH), 3.66 – 3.55 (m, 2H, CH(CH3)2), 3.29 – 3.17 (m, 

2H, CH(CH3)2), 2.48 (s, 1H, C6H5Al), 1.55 (s, 3H, NCCH3), 1.52 (s, 3H, NCCH3), 1.40 

(d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.28 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.21 (d, 3JH-

H = 6.8 Hz, 3H, CH(CH3)2), 1.14 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.13 (d, 3JH-H = 

6.8 Hz, 3H, CH(CH3)2), 1.11 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.08 (d, 3JH-H = 6.8 

Hz, 3H, CH(CH3)2), 1.05 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2). 

13C NMR (151 MHz, C6D6): δ 172.3 (NCCH3), 170.6 (NCCH3), 151.4 (CO), 145.7 

(C6H3, q.), 145.6 (C6H3, q.), 143.0 (C6H3, q.), 142.6 (C6H3, q.), 139.9 (C6H3, q.), 139.4 

(C6H3, q.), 139.2 (C6H5, q.), 130.9 (C6H5), 128.3 (C6H5), 127.7 (C6H5), 126.2 (C6H3), 



 
 

149 
 

126.0 (C6H3), 125.4 (C6H3), 125.2 (C6H3), 124.1 (C6H5), 124.0 (C6H5), 121.5 (C6H5), 

120.4 (C6H5), 116.9 (C6H5Al, q.), 99.1 (CH), 29.4 (CH(CH3)2), 29.4 (CH(CH3)2), 28.3 

(CH(CH3)2), 26.1 (CH(CH3)2), 25.3 (C6H5Al), 24.9 (CH(CH3)2), 24.8 (CH(CH3)2), 24.7 

(CH(CH3)2), 24.7 (CH(CH3)2), 24.3 (CH(CH3)2), 24.0 (CH(CH3)2), 23.4 (NCCH3), 23.3 

(NCCH3). 

Preparation of adduct III-4 

Adduct III-2 was prepared in situ by mixing NacNacAl (0.089 g, this material contains 

~34% of unprecipitated KI!) and benzophenone (0.024 g, 0.132 mmol) in 3 ml of 

toluene. Aldimine (0.024 g, 0.024 mmol) was dissolved in 1 ml of toluene and then 

added to the prepared III-2. The reaction mixture was transferred into an ampule that 

was subjected to heating at 60 °C for 4 days. The volatiles were removed in vacuo. 

Compound III-4 (MW = 808.103 g/mol) was crystallized (orange crystals) by slow 

evaporation of Et2O, followed by washing crystals with a portion of cold ether (‒30 

°C).  

Yield: 0.085 g (80%). 

Elemental analysis: Calculated (%): C (81.75), H (7.73), N (5.20). Experimental (%): 

C (81.45), H (7.75), N (4.99). 

1H NMR (600 MHz, C6D6): δ 7.45 (dd, 3JH-H = 7.9, 4JH-H = 1.6 Hz, 2H, C6H5), 7.37 

(dd, 3JH-H = 7.8, 4JH-H = 1.2 Hz, 1H, C6H3), 7.25 – 7.18 (m, 6H, C6H5), 7.10 (dd, 3JH-H 

= 8.4, 4JH-H = 1.7 Hz, 1H, C6H5), 7.07 (dd, 3JH-H = 8.3, 4JH-H = 1.0 Hz, 2H, C6H5), 7.00 

(dd, 3JH-H = 7.8, 4JH-H = 1.3 Hz, 1H, C6H3), 6.98 – 6.93 (m, 2H, C6H3), 6.87 – 6.80 (m, 

3H, C6H5), 6.74 – 6.70 (m, 3H, C6H5), 6.68 (t, 3JH-H = 7.2 Hz, 1H, C6H5), 6.61 – 6.55 

(m, 2H,  C6H3), 6.50 (d, 3JH-H = 8.0 Hz, 1H, C6H5), 5.77 (s, 1H, C6H5CHN), 5.14 (s, 
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1H, CH), 4.10 (hept, 3JH-H = 6.6 Hz, 1H, CH(CH3)2), 3.29 (hept, 3JH-H = 6.6 Hz, 1H, 

CH(CH3)2), 2.91 (hept, 3JH-H = 6.6 Hz, 1H, CH(CH3)2), 1.78 (d, 3JH-H = 6.6 Hz, 3H, 

CH(CH3)2), 1.64 (d, 3JH-H = 6.6 Hz, 3H, CH(CH3)2), 1.62 (s, 3H, NCCH3), 1.47 (s, 3H, 

NCCH3), 1.16 (d, 3JH-H = 6.6 Hz, 3H, CH(CH3)2), 1.13 (d, 3H, CH(CH3)2), 1.00 (d, 3JH-

H = 6.6 Hz, 3H, CH(CH3)2), 0.87 (d, 3JH-H = 6.6 Hz, 3H, CH(CH3)2), 0.52 (d, 3JH-H = 

6.6 Hz, 3H, CH(CH3)2), 0.24 (d, 3JH-H = 6.6 Hz, 3H, CH(CH3)2). 

13C NMR (151 MHz, C6D6): δ 172.7 (NCCH3, q.), 152.3 (C6H5, q.), 150.7 (C6H5, q.), 

150.4 (C6H5, q.), 146.3 (C6H3, q.), 144.6 (C6H3, q.), 143.4 (C6H5, q.), 143.2 (C6H3, q.), 

143.0  (C6H3, q.), 141.2 (C6H3, q.), 140.7 (C6H3, q.), 128.4 (C6H5), 127.7 (C6H5), 126.6 

(C6H5), 126.3 (C6H5), 126.3 (C6H5), 125.4 (C6H5), 125.1 (C6H5), 124.8 (C6H5), 124.4 

(C6H5), 124.1 (C6H5), 118.4 (C6H5), 115.3 (C6H5), 114.1 (C6H5), 98.7 (CH), 85.3 (CO), 

69.2 (C6H5CHN), 30.1 (CH(CH3)2), 29.1 (CH(CH3)2), 28.0 (CH(CH3)2), 27.9 

(CH(CH3)2), 25.2 (CH(CH3)2), 25.1 (CH(CH3)2), 24.7 (NCCH3), 24.5 (CH(CH3)2), 24.4 

(CH(CH3)2), 24.3 (CH(CH3)2), 24.2 (CH(CH3)2), 23.5 (CH(CH3)2), 23.2 (CH(CH3)2). 

 

Preparation of adduct III-5 

Adduct III-2 was prepared in situ by mixing NacNacAl (0.098 g; this material contains 

~34% of unprecipitated KI!) and benzophenone (0.027 g, 0.146 mmol, 0.66 eq.) in 3 

ml of toluene. Quinoline (17 μl, 0.146 mmol, 0.66 eq.) was added to the mixture. The 

reaction mixture was heated at 50 °C for 24 hours. The volatiles were removed and 

product III-5 (MW = 755.440 g/mol) was crystallized (light yellow) by slow 

evaporation of Et2O, followed by washing the crystals with a portion of cold ether   

(‒30 °C).  

Yield: 0.096 g (87%).  
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Elemental analysis: Calculated (%): C (81.02), H (7.73), N (5.56). Experimental (%): 

C (80.33), H (7.60), N (5.66). 

1H NMR (600 MHz, C6D6): δ 7.61 (dd, 3JH-H = 8.2, 4JH-H 1.1 Hz, 2H, C6H5), 7.26 – 

7.24 (m, 2H, C6H3), 7.06 (dd, 3JH-H = 5.4, 4JH-H = 3.8 Hz, 1H, C6H3), 7.02 – 6.96 (m, 

5H, C6H5+C9H7N), 6.87 (m, 2H, C6H3), 6.81 (m, 3H, C6H5+C6H3), 6.76 (m, 3H, C6H5), 

6.56 (m, 1H, C9H7N), 6.25 (d, 3JH-H = 7.8 Hz, 1H, C9H7N), 6.03 (dd, 3JH-H = 9.9, 4JH-H 

= 2.7 Hz, 1H, C9H7N), 5.49 (dd, 3JH-H = 9.9, 4JH-H = 2.3 Hz, 1H, C9H7N), 5.17 (t, 3JH-H 

= 2.5 Hz, 1H, C9H7N), 4.96 (s, 1H, CH3 (NCCH3)), 3.47 (hept, 3JH-H = 6.7 Hz, 1H, 

CH(CH3)2), 3.26 – 3.16 (m, 2H, CH(CH3)2), 3.04 (hept, 3JH-H = 6.7 Hz, 1H, CH(CH3)2), 

1.61 (s, 3H, NCCH3), 1.55 (d, 3JH-H = 6.7 Hz, 3H, CH(CH3)2), 1.48 (s, 3H, NCCH3), 

1.23 (d, 3JH-H = 6.7 Hz, 3H, CH(CH3)2), 1.14 (ps.t, 3JH-H = 7.2 Hz, 6H, CH(CH3)2), 1.09 

(d, 3JH-H = 6.7 Hz, 3H, CH(CH3)2), 1.06 (d, 3JH-H = 6.7 Hz, 3H, CH(CH3)2), 0.98 (d, 3JH-

H = 6.7 Hz, 3H, CH(CH3)2), 0.93 (d, 3JH-H = 6.6 Hz, 3H, CH(CH3)2). 

13C NMR (151 MHz, C6D6): δ 172.1 (NCCH3, q.), 150.3 (C6H5 q.), 149.8 (C9H7N, q.), 

146.5 (C9H7N, q.), 145.1 (C6H3, q.), 144.9 (C6H3, q.), 144.3 (C6H3, q.) 142.9 (C6H3, q.), 

140.0 (C6H3, q.), 139.3 (C6H3, q.), 130.5 (C6H5), 128.4 (C6H5), 127.4 (C6H5), 127.2 

(C6H5), 126.9 (C6H5), 126.2 (C6H5), 126.1 (C6H5), 125.6 (C6H5), 125.3 (C6H3), 124.9 

(C6H3), 124.6 (C6H3), 124.2 (C6H5), 123.7 (C9H7N), 115.71 (C9H7N), 115.70 (C9H7N), 

97.9 (CH), 82.7 (CO, q.), 71.1 (C9H7N), 29.3 (CH(CH3)2), 29.2 (CH(CH3)2), 28.4 

(CH(CH3)2), 28.2 (CH(CH3)2), 25.5 (CH(CH3)2), 25.0 (CH(CH3)2), 24.7 (CH(CH3)2), 

24.6 (CH(CH3)2), 24.5 (CH(CH3)2), 24.4 (CH(CH3)2), 24.1 (CH(CH3)2), 23.9 (NCCH3), 

23.6 (CH(CH3)2), 23.4 (CH3). 

 



 
 

152 
 

Preparation of adduct III-6 

The substrate mixture was prepared by dissolving benzophenone (0.040 g, 0.22 mmol) 

in toluene (0.5 ml) followed by the addition of pyridine (18 μl, 0.22 mmol) in the 

glovebox. The resulting mixture was injected into the solution of NacNacAl (0.099 g, 

0.22 mmol) in toluene (0.5 ml) with the immediate change of color of the latter to deep 

orange. The volatiles were removed in vacuo. Compound III-6 (MW = 705.970 g/mol) 

was crystallized (orange crystals) from toluene at –30 °C in the glovebox.  

Yield: 0.087 g (56 %).  

Elemental analysis: Calculated (%): C (79.96), H (8.00), N (5.95). Experimental (%): 

C (79.96), H (7.88), N (5.50). 

1H NMR (600 MHz, C6D6) δ 7.53 (dd, 3JH-H = 8.4, 4JH-H 1.2 Hz, 2H, C6H5), 7.26 – 

7.20 (m, 2H, C6H5+C6H3), 7.10 (dd, 3JH-H = 7.4, 4JH-H = 1.8 Hz, 1H, C6H3), 7.08 – 6.96 

(m, 5H, C6H5+C6H3), 6.90 – 6.86 (m, 1H, C6H5), 6.85 – 6.82 (m, 3H, C6H5+C6H3), 6.80 

(t, 3JH-H = 7.6 Hz, 2H, C6H5), 6.30 (d, 3JH-H = 6.5 Hz, 1H, C5H5N), 5.77 – 5.72 (m, 1H, 

C5H5N), 4.96 (t, 3JH-H = 2.3 Hz, 1H, C5H5N), 4.85 (s, 1H), 4.83 – 4.77 (m, 2H, C6H5N), 

3.52 (hept, 3JH-H = 6.9 Hz, 1H, CH(CH3)2), 3.14 (m. hept, 3JH-H = 6.9 Hz, 2H, 

CH(CH3)2), 2.99 (hept, 3JH-H = 6.9 Hz, 1H, CH(CH3)2), 1.59 (s, 3H, CH3), 1.58 (d, 3JH-

H = 6.9 Hz, 3H, CH(CH3)2), 1.53 (d, 3JH-H = 6.9 Hz, 3H, CH(CH3)2), 1.48 (d, 3JH-H = 

6.9 Hz, 3H, CH(CH3)2), 1.46 (s, 3H, CH3), 1.20 (d, 3JH-H = 6.9 Hz, 3H, CH(CH3)2), 1.18 

(d, 3JH-H = 6.9 Hz, 3H, CH(CH3)2), 1.14 (d, 3JH-H = 6.9 Hz, 3H, CH(CH3)2), 1.13 (d, 3JH-

H = 6.9 Hz, 3H, CH(CH3)2), 0.96 (d, 3JH-H = 6.9 Hz, 3H, CH(CH3)2). 

13C NMR (151 MHz, C6D6) δ 172.4 (CCH3, q.), 172.0 (CCH3, q.), 150.4 (C6H5, q.), 

147.3 (C6H5, q.), 144.4 (C6H3, q.), 144.2 (C6H3, q.), 143.2 (C6H3, q.), 140.1 (C6H3, q.), 

139.1 (C6H3, q.), 139.0 (C5H5N), 130.5 (C6H5), 127.56 (C6H5), 127.1 (C6H5), 126.8 
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(C6H5), 125.8 (C6H5), 125.32 (C6H3), 125.26 (C6H3), 124.9 (C6H3), 124.7 (C5H5N), 

124.6 (C6H3), 124.5 (C6H3), 111.2 (C5H5N), 98.0 (CH), 96.4 (C5H5N), 

82.9 (Ph2CO, q.), 69.8 (C5H5N), 29.22 (CH(CH3)2), 29.18 (CH(CH3)2), 28.8 

(CH(CH3)2), 28.2 (CH(CH3)2), 26.1 (CH(CH3)2), 25.8 (CH(CH3)2), 25.6 (CH(CH3)2), 

25.2 (CH(CH3)2), 25.0 (CH(CH3)2), 24.8 (CH(CH3)2), 24.5 (CH(CH3)2), 23.7 (CCH3), 

23.6 (CH(CH3)2), 23.5 (CCH3).  

Preparation of adduct III-7 

Adduct III-2 was prepared in situ by mixing NacNacAl (0.106 g; this material contains 

~34% of unprecipitated KI!) and benzophenone (0.026 g, 0.145 mmol). Phenyl nitrile 

(15 μl, 0.145 mmol) was added to this mixture. The reaction went to the completion in 

5 minutes. Compound III-7 (MW = 729.989 g/mol) was crystallized (yellow crystals) 

by slow evaporation of Et2O with the following washing of the crystals with a portion 

of fresh ether. Yield: 0.097 g (92%).  

Elemental analysis: Calculated (%): C (80.62), H (7.73), N (5.76). Experimental (%): 

C (77.41), H (8.02), N (5.59). 

1H NMR (600 MHz, C6D6): δ 7.97 (d, 3JH-H = 7.6 Hz, 2H, C6H5), 7.13 (t, 3JH-H = 7.8 

Hz, 2H, C6H5), 7.03 – 6.96 (m, 6H, C6H3), 6.96 – 6.92 (m, 3H, C6H5), 6.87 (d, 3JH-H = 

4H, C6H5), 6.83 (t, 3JH-H = 7.6 Hz, 4H, C6H5), 5.09 (s, 1H, CH ), 3.50 (hept, 3JH-H = 6.7 

Hz, 2H, CH(CH3)2), 3.16 (hept, 3JH-H =  6.7 Hz, 2H, CH(CH3)2), 1.58 (s, 6H, CH3), 1.20 

(d, 3JH-H = 6.7 Hz, 6H, CH(CH3)2), 1.10 (d, 3JH-H = 6.7 Hz, 6H, CH(CH3)2), 1.08 (d, 3JH-

H = 6.7 Hz, 6H, CH(CH3)2), 1.02 (d, 3JH-H = 6.7 Hz, 6H, CH(CH3)2). 

13C NMR (151 MHz, C6D6): δ 184.9 (C6H5CN), 172.3 (NCCH3, q.), 146.7 (C6H5, q.), 

144.9 (C6H3, q.), 144.1 (C6H3, q.), 141.6 (CO, q.), 139.4 (C6H3, q.), 130.5 (C6H5), 
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128.9 (C6H5), 127.6 (C6H5), 127.2 (C6H5), 125.6 (C6H5), 125.0 (C6H3), 124.9 (C6H3), 

98.1 (CH), 65.9 (Et2O), 29.1 (CH(CH3)2), 28.4 (CH(CH3)2), 25.1 (CH(CH3)2), 

24.7 (CH(CH3)2), 24.7 (CH(CH3)2), 23.9 (CH(CH3)2), 23.5 (NCCH3). 

Preparation of adduct III-8 

Adduct III-2 was prepared in situ by mixing NacNacAl (0.131 g; this material contains 

~34% of unprecipitated KI!) and benzophenone (0.035 g, 0.194 mmol) in 3 ml of 

toluene. Trimethylsilyl azide (26 μL, 0.194 mmol) was added to this mixture. The 

reaction mixture was transferred into an ampule which was heated at 80 °C for 5 days. 

The volatiles were removed in vacuo. Compound III-8 (MW = 714.062 g/mol) was 

crystallized (yellow crystals) by slow evaporation of Et2O in the glovebox.  

Yield: 0.112 g (81%). 

Elemental analysis: Calculated (%): C (75.69), H (8.47), N (5.88). Experimental (%): 

C (71.59), H (8.58), N (5.21). 

1H NMR (600 MHz, C6D6): δ 7.21 (m, 4H, C6H3), 7.03 (dd, 3JH-H = 7.4, 1.9 Hz, 2H, 

C6H5), 7.01 (dd, 3JH-H = 8.2, 4JH-H = 1.1 Hz, 2H, C6H5), 6.96 (dt, 3JH-H = 8.3 Hz, 4JH-H = 

1.1 Hz, 2H, C6H3), 6.85 (dd, 3JH-H = 10.6, 4JH-H 4.7 Hz, 4H, C6H5), 4.92 (s, 1H, CH), 

3.49 (hept, 3JH-H = 6.8 Hz, 2H, CH(CH3)2), 3.11 (hept, 3JH-H = 6.8 Hz, 2H, CH(CH3)2), 

1.50 (s, 6H, NCCH3), 1.46 (d, 3JH-H = 6.8 Hz, 6H, CH(CH3)2), 1.27 (d, 3JH-H = 6.8 Hz, 

6H, CH(CH3)2), 1.18 (d, 3JH-H = 6.8 Hz, 6H, CH(CH3)2), 1.04 (d, 3JH-H = 6.8 Hz, 6H, 

CH(CH3)2), -0.01 (s, 9H, Si(CH3)3). 

13C NMR (151 MHz, C6D6): δ 173.1 (NCCH3), 150.8 (CO), 144.8 (C6H3, q.), 143.4 

(C6H3, q.), 141.3 (C6H3), 128.4 (C6H3), 126.8 (C6H5), 125.5 (C6H3), 125.3 (C6H5), 124.4 
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(C6H5), 99.1 (CH), 92.6 (CH(CH3)2), 29.1 (CH(CH3)2), 28.8 (CH(CH3)2), 25.6 

(CH(CH3)2), 25.1 (CH(CH3)2), 24.7 (NCCH3), 24.3 (CH(CH3)2), 3.8 (Si(CH3)3). 

Preparation of adduct III-9 

Adduct III-2 was prepared in situ by mixing NacNacAl (0.113 g; this material contains 

~34% of unprecipitated KI!) and benzophenone (0.030 g, 0.167 mmol) in 3 ml of 

toluene. Thiourea (0.022 g, 0.167 mmol) dissolved in toluene was added to this mixture. 

The reaction mixture was transferred into an ampule which was heated at 80°C for 3 

days. Volatiles were removed in vacuo. Compound III-9 (MW = 757.074 g/mol) was 

crystallized (yellow crystals) by slow evaporation of ether in the glovebox. 

Yield: 0.094 g (74%).  

Elemental analysis: Calculated (%): C (74.57), H (8.12), N (7.40). Experimental (%): 

C (72.82), H (7.92), N (6.97). 

1H NMR (600 MHz, C6D6): δ 7.74 – 7.64 (m, 1H, C6H5), 7.37 – 7.31 (m, 1H, C6H3), 

7.27 (td, 3JH-H = 7.6, 4JH-H = 5.7 Hz, 2H, C6H3), 7.19 (dd, 3JH-H = 4.8, 4JH-H = 3.1 Hz, 

2H, C6H3), 7.12 (dd, 3JH-H = 7.6, 4JH-H = 1.6 Hz, 1H, C6H3), 7.00 (dd, 3JH-H = 5.5, 4JH-H 

= 3.1 Hz, 2H, C6H5), 6.94 (t, 3JH-H = 7.3 Hz, 1H, C6H5), 6.79 (t, 3JH-H = 7.7 Hz, 2H, 

C6H5), 6.77 – 6.72 (m, 1H, C6H5), 6.64 (d, 3JH-H = 7.9 Hz, 1H, C6H5), 6.30 (d, 3JH-H = 

7.3 Hz, 2H, C6H5), 4.94 (s, 1H, CH), 4.54 (dd, 2JH-H = 14.34 Hz, 3JH-H = 11.26 Hz, 1H, 

NCH2CH2N), 3.90 (hept, 6.8 Hz, 1H, CH(CH3)2), 3.33 (hept, 3JH-H = 6.8 Hz, 1H, 

CH(CH3)2), 3.22 (s, 3H, NCH3), 3.01 (hept, 3JH-H = 6.8 Hz, 1H, CH(CH3)2), 2.97 (t, 3JH-

H = 11.8 Hz, 1H, NCH2CH2N), 2.83 (hept, 3JH-H = 6.8 Hz, 1H, CH(CH3)2), 2.61 (dd, 

2JH-H = 12.7 Hz, 3JH-H = 4.3 Hz, 1H, NCH2CH2N), 2.57 (s, 3H, NCH3), 2.24 (dd, 2JH-H 

= 14.4 Hz, 3JH-H =  4.3 Hz, 1H, NCH2CH2N), 1.61 (s, 3H, NCCH3), 1.50 (d, 3JH-H = 6.8 
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Hz, 3H, CH(CH3)2), 1.41 (s, 3H, NCCH3), 1.25 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.21 

(d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.08 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 0.99 (d, 3JH-

H = 6.8 Hz, 3H, CH(CH3)2), 0.95 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 0.82 (d, 3JH-H = 

6.8 Hz, 6H, CH(CH3)2). 

13C NMR (151 MHz, C6D6):  δ 208.1 (CS), 171.0 (NCCH3, q.), 170.8 (NCCH3, q.), 

151.1 (C6H5, q.), 146.2 (C6H5, q.), 145.0 (C6H3, q.), 144.8 (C6H3, q.), 144.4 (C6H3, q.), 

144.4 (C6H3, q.), 142.6 (C6H3, q.), 142.0 (C6H3, q.), 128.4 (C6H3), 128.3(C6H5), 127.7 

(C6H5), 127.6 (C6H5), 127.5 (C6H3), 126.6 (C6H5), 126.5 (C6H5), 125.6 (C6H3), 125.5 

(C6H5), 125.3 (C6H3), 125.2 (C6H3), 125.1 (C6H3), 99.4 (CH), 89.0 (CO), 57.0, 54.8 

(NCH2CH2N), 45.0 (NCH3), 40.4 (NCH3), 28.7 (CH(CH3)2), 28.3 (CH(CH3)2), 27.4 

(CH(CH3)2), 26.1 (CH(CH3)2), 25.9 (CH(CH3)2), 25.5 (CH(CH3)2), 25.21 (CH(CH3)2), 

25.20 (CH(CH3)2), 24.5 (NCCH3), 24.41 (CH(CH3)2), 24.40 (CH(CH3)2), 23.8 

(CH(CH3)2), 23.7 (NCCH3). 

VIII.5. Experimental Procedures Pertaining to Chapter IV. 

Preparation of complex IV-3 

The substrate mixture was prepared by mixing isophorone (27 μl, 0.18 mmol) and 

pyridine (15 μl, 0.18 mmol) in toluene (1 ml) in a glovebox. The resulting mixture was 

injected into a solution of NacNacAl (0.080 g, 0.180 mmol) in toluene (1 ml) under 

constant stirring, so that the color immediately changed to bright orange. The solvent 

and excess volatile reagents were removed in vacuo. Compound IV-3 

(MW = 661.950 g/mol) was crystallized (light orange crystals) from diethyl ether by 

slow evaporation of the solvent at –30 °C in the glovebox.  

Yield: 0.083 g (70%). 
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Elemental analysis: Calculated (%): C (78.02), H (9.14), N (6.35). Experimental (%): 

C (76.88), H (9.50), N (6.12). 

1H NMR (600 MHz, C6D6) δ 7.20 (m, 5H, C6H3), 7.14 (dd, 3JH-H = 6.7, 4JH-H = 2.4 Hz, 

1H, C6H3), 6.21 (d, 3JH-H = 6.7 Hz, 1H, C5H5N), 5.85 (m, 1H, C5H5N), 4.85 (s, 1H, 

CH3C(CH)CCH3), 4.70 (s, 1H,CHCO), 4.60 (t, 3JH-H = 6.1 Hz, 1H, C5H5N), 4.37 (d, 

3JH-H = 10.0 Hz, 1H, C5H5N), 4.33 (s, 1H, NCHCO), 3.29 (m. hept, 2H, 3JH-H = 6.8 Hz, 

1H, CH(CH3)2), 3.15 (hept, 1H, 3JH-H = 6.8 Hz, 1H, CH(CH3)2), 2.98 (hept, 3JH-H = 6.8 

Hz, 1H, CH(CH3)2), 2.01 (d, 3JH-H = 13.9 Hz, 1H, CH2), 1.87 (d, 3JH-H = 6.8 Hz, 3H, 

CH(CH3)2), 1.67 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.61 (d, 2JH-H = 16.3 Hz, 1H, CH2), 

1.61 (s, 1H, CCH3), 1.53 (s, 3H, CCH3), 1.51 (d, 3JH-H = 6.9 Hz, 3H, CH(CH3)2), 1.48 

(d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.45 (s, 3H,CHCCH3), 1.39 (d, 3JH-H = 16.3 Hz, 1H, 

CH2), 1.24 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.20 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 

1.12 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.05 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 0.84 

(s, 3H, C(CH3)2), 0.79 (s, 3H, C(CH3)2), 0.61 (d, 2JH-H = 13.9 Hz, 1H, CH2). 

13C NMR (151 MHz, C6D6) δ 172.2 (CCH3), 171.1 (CCH3), 145.2 (C6H3, q.), 144.44 

(C6H3, q.), 144.38 (C6H3, q.), 144.32 (C6H3, q.), 140.0 (C6H3, q.), 138.9 (C6H3, q.), 

138.6 (C5H5N), 134.2 (CCH, q.), 128.8 (CHCO), 125.2 (C5H5N), 125.1 (C6H3), 

124.9 (C6H3), 124.8 (C6H3), 124.2 (C6H3), 111.5 (C5H5N), 97.7 (CH3C(CH)CCH3), 

93.8 (C5H5N), 76.4 (CO, q.), 69.8 (NCHCO), 48.1 (CH2), 45.6 (CH2), 32.5 (C(CH3)2), 

30.1 (C(CH3)2, q.), 29.3 (CH(CH3)2), 29.0 (CH(CH3)2), 28.6 (CH(CH3)2), 28.5 

(CH(CH3)2), 27.7 (C(CH3)2), 26.9 (CH(CH3)2), 25.9 (CH(CH3)2), 25.5 (CH(CH3)2), 

25.0 (CH(CH3)2), 24.83 (CH(CH3)2), 24.79 (CH(CH3)2), 24.2 (CH(CH3)2), 24.1 

(CH(CH3)2), 23.9 (CHCCH3), 23.8 (CCH3), 23.1 (CCH3). 
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Preparation of complex IV-4 

Solid NacNacAl (0.083 g, 0.19 mmol) was added to a solution of 1R-(+)-camphor 

(0.029 g, 0.19 mmol) in dry toluene (1 ml), immediately affording a solution with a 

yellow hue. Compound IV-4 (MW = 596.880 g/mol) was crystallized (light yellow 

crystals) from diethyl ether by slow evaporation of the solvent at –30 °C in the 

glovebox.  

Yield: 0.070 g (63%). 

Elemental analysis: Calculated (%): C (78.48), H (9.63), N (4.69). Experimental (%): 

C (76.88), H (9.50), N (4.40). 

1H NMR (600 MHz, C6D6) δ 7.18 (m, 4H, C6H3), 7.12 (m, 2H, C6H3), 4.86 (s, 1H, 

CH), 3.38 (hept, 3JH-H = 6.8 Hz, 2H, CH(CH3)2), 3.32 (m, 2H+1H, CH(CH3)+C(O)CH), 

2.02 (t, 3JH-H = 3.4 Hz, 1H, CHC(CH3)2), 1.80 (m, 1H, CH2), 1.55 (s, 3H, CCH3), 1.55 

(s, 3H, CCH3), 1.53 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.46 (d, 3JH-H = 6.8 Hz, 3H, 

CH(CH3)2), 1.43 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.39 (d, 3JH-H = 6.8 Hz, 3H, 

CH(CH3)2), 1.38 (m, 1H, CH2), 1.29 (m, 1H, CH2), 1.16 (d, 3JH-H = 6.8 Hz, 3H, 

CH(CH3)2), 1.16 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.12 (d, 3JH-H = 6.8 Hz, 3H, 

CH(CH3)2), 1.11 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.11 (m, 1H, CH2), 1.00 (s, 3H, 

C(CH3)2), 0.61 (s, 3H, C(CH3)2), 0.31 (s, 3H, C(O)CCH3). 

13C NMR (151 MHz, C6D6) δ 170.5 (CCH3, q.), 170.4 (CCH3, q.), 163.9 (CO, q.), 

144.76 (C6H3, q.), 144.75 (C6H3, q.), 144.6 (C6H3, q.), 144.5 (C6H3, q.), 

139.12 (C6H3, q.), 139.06 (C6H3, q.), 124.73 (C6H3), 124.67 (C6H3), 124.6 (C6H3), 

100.8 (C(O)CH), 96.58 (CH), 54.7 (C(CH3)2, q.), 53.5 (C(O)CCH3, q.), 49.6 

(CHC(CH3)2), 31.3 (CH2), 28.95 (CH(CH3)2), 28.91 (CH(CH3)2), 28.36 (CH2), 28.33 

(CH(CH3)2), 25.9 (CH(CH3)2), 25.8 (CH(CH3)2), 24.9 (CH(CH3)2), 24.8 (CH(CH3)2), 
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24.72 (CH(CH3)2), 24.67 (CH(CH3)2), 24.6 (CH(CH3)2), 24.2 (CH(CH3)2), 23.0 

(CCH3), 22.9 (CCH3), 20.5 (C(CH3)2), 20.4 (C(CH3)2), 9.5 (C(O)CCH3). 

IR (Al-H, Nujol): 1840 cm‒1 

Preparation of complex IV-5 

The substrate mixture was prepared by adding p-tolyl benzoate (0.044 g, 0.21 mmol) 

and pyridine (17 μl, 0.21 mmol) to toluene (1 ml) in the glovebox. The resulting mixture 

was injected into a solution of NacNacAl (0.093 g, 0.21 mmol) in toluene (1 ml) under 

constant stirring, so that an immediate color change from dark red to light orange was 

observed. The solvent and excess volatile reagents were subsequently removed 

in vacuo. Compound IV-5 (MW = 735.990 g/mol) was crystallized (light orange 

crystals) from toluene at ‒ 30 °C in the glovebox.  

Yield: 0.127 g (82%). 

Elemental analysis: Calculated (%): C (78.33), H (7.94), N (5.71). Experimental (%): 

C (78.87), H (8.26), N (5.14). 

1H NMR (600 MHz, C6D6) δ 7.66 (d, 3JH-H = 7.7 Hz, 2H, C6H5), 7.29 (dd, 3JH-H = 7.7, 

4JH-H = 1.3 Hz, 1H, C6H3), 7.26 (dd, 3JH-H = 7.7, 4JH-H = 1.3 Hz, 1H, C6H3), 

7.19 (t, 3JH-H = 7.7 Hz, 2H, C6H5), 7.13 (m, 1H, C6H3), 7.07 (m, 2H, C6H3), 6.75 (m, 

1H+1H, C6H3+C5H4N), 6.67 (d, 3JH-H = 8.0 Hz, 1H, C5H4N), 6.59 (d, 3JH-H = 8.3 Hz, 

2H, C6H4CH3), 6.35 (td, 3JH-H = 8.0, 4JH-H = 1.6 Hz, 1H, C5H4N), 6.07 (m, 2H+1H, 

C6H4CH3+C(O)H), 5.95 (m, 1H, C5H4N), 5.13 (s, 1H, CH), 4.19 (m. hept, 3JH-H = 6.8 

Hz, 1H+1H, CH(CH3)2), 3.84 (hept, 3JH-H = 6.8 Hz, 1H, CH(CH3)2), 2.89 (hept, 3JH-H = 

6.8 Hz, 1H, CH(CH3)2), 1.90 (s, 3H, C6H4CH3), 1.83 (s, 3H, CCH3), 1.77 (d, 3JH-H = 

6.8 Hz, 3H, CH(CH3)2), 1.73 (s, 3H, CCH3), 1.48 (m.d., 3JH-H = 6.8 Hz, 3H+3H, 
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CH(CH3)2), 1.30 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.27 (d, 3JH-H = 6.8 Hz, 3H, 

CH(CH3)2), 1.18 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.01 (d, 3JH-H = 6.8 Hz, 3H, 

CH(CH3)2), -0.57 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2). 

13C NMR (151 MHz, C6D6) δ 169.6 (CCH3, q.), 167.7 (CCH3, q.), 164.8 (C5H4N, q.), 

158.3 (C5H4CCH3, q.), 146.8 (C5H4N), 145.8 (C6H3), 145.6 (C6H5, q.), 145.3 (C6H3, q.), 

145.3 (C6H3, q.), 145.1 (C6H3, q.), 144.7 (C6H3, q.), 143.8 (C6H3, q.), 137.0 (C5H4N), 

129.33 (toluene), 129.2 (C6H4CH3), 128.7 (C6H5), 128.6 (toluene), 127.1 (C6H3), 

126.8 (C6H3), 126.6 (toluene), 126.5 (C6H5), 125.7 (toluene), 124.8 (OCC6H4CH3, q.), 

124.6 (C6H3), 124.34 (C6H3), 124.27 (C6H3), 124.0 (C6H3), 121.2 (C5H4N), 121.0 

(C5H4N), 119.2 (C6H4CH3), 96.7 (CH), 76.4 (C(O)H), 29.5 (CH(CH3)2), 

28.7 (CH(CH3)2), 28.5 (CH(CH3)2), 27.9 (CH(CH3)2), 26.1 (CH(CH3)2), 25.8 

(CH(CH3)2), 25.3 (CCH3), 25.21 (CH(CH3)2), 25.18 (CH(CH3)2), 25.1 (CH(CH3)2), 

24.8 (CH(CH3)2), 24.3 (CCH3), 24.1 (CH(CH3)2), 22.5 (CH(CH3)2), 20.5 (C6H4CH3). 

Preparation of complex IV-6 

Solid NacNacAl (0.088 g, 0.197 mmol) was added to a solution of p-tolyl benzoate 

(0.042 g, 0.197 mmol) in dry toluene (1 ml) upon which the color of the reaction 

immediately changed from dark red to orange. The solvent and excess volatile reagents 

were then removed in vacuo. Compound IV-6 (MW = 656.890 g/mol) was crystallized 

(orange crystals) from diethyl ether by slow evaporation of the solvent at –30 °C in the 

glovebox.  

Yield: 0.078 g (60%). 

Elemental analysis: Calculated (%): C (78.62), H (8.13), N (4.26). Experimental (%): 

C (73.35), H (8.35), N (3.83). 



 
 

161 
 

1H NMR (600 MHz, C6D6) δ 7.14 – 7.05 (m, 5H, C6H3), 6.99 (dd, 3JH-H = 7.0, 4JH-H = 

2.0 Hz, 1H, C6H3), 6.89 (d, 3JH-H = 8.5 Hz, 2H, C6H4), 6.84 (d, 3JH-H = 8.5 Hz, 2H, 

C6H4), 6.50 (d, 3JH-H = 9.4 Hz, 1H, C6H5), 5.83 (dd, 3JH-H = 9.4, 4JH-H = 2.8 Hz, 

1H, C6H5), 5.69 (m, 1H, C6H5), 5.44 (dd, 3JH-H = 9.4, 3JH-H = 5.5 Hz, 1H, C6H5), 4.89 

(s, 1H, CH), 3.37 (hept, 3JH-H = 6.8 Hz, 1H, CH(CH3)2), 3.33 (hept, 3JH-H = 6.8 Hz, 1H, 

CH(CH3)2), 3.29 (hept, 3JH-H = 6.8 Hz, 1H, CH(CH3)2), 3.15 (hept, 3JH-H = 6.8 Hz, 1H, 

CH(CH3)2), 2.51 (s, 1H), 2.11 (s, 3H, CCH3, p-tolyl), 1.53 (s, 3H, CCH3), 1.47 (s, 3H, 

CCH3), 1.46 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.39 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 

1.28 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.22 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.15 

(d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.12 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.06 (d, 3JH-

H = 6.8 Hz, 3H, CH(CH3)2), 1.03 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2). 

13C NMR (151 MHz, C6D6) δ 172.4 (CCH3, q.), 171.0 (CCH3, q.), 155.0 (C6H4, q.), 

152.9 (C(O)O-p-tol, q.), 145.5 (C6H3, q.), 145.1 (C6H3, q.), 143.5 (C6H3, q.), 143.1 

(C6H3, q.), 139.8 (C6H3, q.), 138.8 (C6H3, q.), 130.8 (C6H4, q.), 129.8 (C6H4), 128.4 

(C6H5), 125.4 (C6H3), 125.2 (C6H3) , 124.7 (C6H5), 124.4 (C6H3), 124.2 (C6H3), 

122.5 (C6H5), 118.6 (C6H4), 117.7 (C6H5), 99.0 (CH), 95.3 (C6H5, q.), 29.4 (CH(CH3)2), 

29.2 (CH(CH3)2), 28.6 (CH(CH3)2), 28.5 (CH(CH3)2), 25.4 (CH(CH3)2), 

25.1 (CH(CH3)2), 25.03 (CH(CH3)2), 24.98 (CH(CH3)2), 24.96 (CH(CH3)2), 

24.9 (CH(CH3)2), 24.6 (CH(CH3)2), 24.0 (CCH3), 23.5 (CCH3), 23.3 (CH(CH3)2), 

20.7 (CH3, p-tolyl). 

Preparation of complex IV-9 

Solid NacNacAl (0.085 g, 0.19 mmol) was added to a solution of 

N,N-dimethylbenzamide (0.028 g, 0.19 mmol) in dry toluene (1 ml), so that the color 

of reaction mixture immediately changed from dark red to yellow. The solvent and 
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excess volatile reagents were then removed in vacuo. Compound IV-9 

(MW = 593.840 g/mol) was crystallized (yellow crystals) from toluene at –30 °C in the 

glovebox. 

Yield: 0.065 g (58%). 

Elemental analysis: Calculated (%): C (76.86), H (8.83), N (7.08). Experimental (%): 

C (74.24), H (8.56), N (6.40). 

1H NMR (600 MHz, C6D6) δ 7.15 – 7.12 (m, 2H, C6H3), 7.12 – 7.08 (m, 3H, C6H3), 

6.98 (dd, 3JH-H = 6.8, 4JH-H = 2.5 Hz, 1H, C6H3), 6.56 (m, 1H, C6H5), 5.69 (m, 1H, C6H5), 

5.64 (m, 1H, C6H5), 5.42 (m, 1H, C6H5), 4.88 (s, 1H, CH), 3.55 (hept, 3JH-H = 6.8 Hz, 

1H, CH(CH3)2), 3.48 (hept, 3JH-H = 6.8 Hz, 1H, CH(CH3)2), 3.27 (hept, 3JH-H = 6.8 Hz, 

1H, CH(CH3)2), 3.19 (hept, 3JH-H = 6.8 Hz, 1H, CH(CH3)2), 2.63 (s, 6H, N(CH3)2, 2.33 

(s, 1H, C6H5), 1.55 (s, 3H, CCH3), 1.49 (s, 3H, CCH3), 1.48 (d, 3JH-H = 6.8 Hz, 3H, 

CH(CH3)2), 1.43 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.30 (d, 3JH-H = 6.8 Hz, 3H, 

CH(CH3)2), 1.26 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.24 (d, 3JH-H = 6.8 Hz, 3H, 

CH(CH3)2), 1.22 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.09 (d, 3JH-H = 6.8 Hz, 3H, 

CH(CH3)2), 1.04 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2). 

13C NMR (151 MHz, C6D6) δ 171.9 (CCH3, q.), 170.6 (CCH3, q.), 157.0 

(CN(CH3)2, q.), 145.3 (C6H3, q.), 144.9 (C6H3, q.), 143.3 (C6H3, q.), 143.0 (C6H3, q.), 

140.2 (C6H3, q.), 139.2 (C6H3, q.), 127.8 (C6H3), 127.2 (C6H3), 125.1 (C6H5), 

125.0 (C6H3), 124.3 (C6H3), 124.2 (C6H3), 122.9 (C6H5), 114.6 (C6H5), 98.9 (CH), 

91.8 (C6H5, q.), 41.1 (N(CH3)2), 29.4 (CH(CH3)2), 29.3 (CH(CH3)2), 28.5 (CH(CH3)2), 

28.3 (CH(CH3)2), 25.8 (CH(CH3)2), 25.5 (CH(CH3)2), 25.0 (CH(CH3)2), 24.9 

(CH(CH3)2), 24.8 (CH(CH3)2), 24.7 (CH(CH3)2), 24.5 (CH(CH3)2), 23.9 (CH(CH3)2), 

23.5 (CCH3), 23.2 (CCH3). 



 
 

163 
 

Preparation of complex IV-10 

The substrate mixture was prepared by mixing N,N-dimethylbenzamide (0.028 g, 0.19 

mmol) and pyridine (15 μl, 0.19 mmol) in toluene (1 ml) in the glovebox. The resulting 

mixture was then injected into a solution of NacNacAl (0.083 g, 0.19 mmol) in toluene 

(1 ml) under constant stirring, so that the color of the solution immediately changed 

from dark red to dark orange. The solvent and excess volatile reagents were 

subsequently removed in vacuo. Compound IV-10 (MW = 672.940 g/mol) was 

crystallized (yellowish orange crystals) from toluene at –30°C in the glovebox.  

Yield:  0.083 g (66%). 

Elemental analysis: Calculated (%): C (76.75), H (8.54), N (8.33). Experimental (%): 

C (76.07), H (8.51), N (7.38). 

1H NMR (600 MHz, C6D6) δ 7.25 (d, 3JH-H = 4.6 Hz, 2H, C6H5), 7.15 – 7.11 (m, 3H, 

C6H3), 7.07 (m, 1H+1H, C6H3+C6H5), 7.03 (m, 1H, C6H3), 7.01 – 6.97 (m, 1H+2H, 

C6H3+C6H5), 6.32 (d, 3JH-H = 6.7 Hz, 1H, C5H5N), 5.94 (m, 1H, C5H5N), 5.47 (d, 3JH-H 

= 9.3 Hz, 1H, C5H5N), 4.97 (t, 3JH-H = 5.9 Hz, 1H, C5H5N), 4.88 (s, 1H, CH), 4.59 (t, 

3JH-H = 2.1 Hz, 1H, C5H5N), 3.40 (m. hept, 3JH-H = 6.8 Hz, 2H, CH(CH3)2), 3.18 (hept, 

3JH-H = 6.8 Hz, 1H, CH(CH3)2), 3.07 (hept, 3JH-H = 6.8 Hz, 1H, CH(CH3)2), 1.98 (s, 6H), 

1.59 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.55 (s, 3H, CCH3), 1.54 (s, 3H, CCH3), 1.52 

(d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.48 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.21 (d, 3JH-

H = 6.8 Hz, 3H, CH(CH3)2), 1.182 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.179 (d, 3JH-H = 

6.8 Hz, 3H, CH(CH3)2), 1.10 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.05 (d, 3JH-H = 6.8 

Hz, 3H, CH(CH3)2).
 

13C NMR (151 MHz, C6D6) δ 172.5 (CCH3, q.), 172.0 (CCH3, q.), 151.4 (C6H5, q.), 

145.2 (C6H3, q.), 144.8 (C6H3, q.), 144.0 (C6H3, q.), 143.6 (C6H3, q.), 140.6 (C6H3, q.), 
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140.5 (C6H3, q.), 138.5 (C5H5N), 127.7 (C6H5), 126.0 (C6H5), 125.6 (C6H5), 

125.5 (C6H3), 125.4 (C6H3), 125.0 (C5H5N), 124.7 (C6H5), 124.3 (C6H3), 

110.5 (C5H5N), 98.6 (C5H5N), 98.1 (CH), 95.0 (C*N(CH3)2, q.), 68.4 (C5H5N), 

40.1 (N(CH3)2), 29.6 (CH(CH3)2), 29.2 (CH(CH3)2), 28.5 (CH(CH3)2), 

28.2 (CH(CH3)2), 26.1 (CH(CH3)2), 25.39 (CH(CH3)2), 25.36 (CH(CH3)2), 25.3 

(CH(CH3)2), 24.9 (CH(CH3)2), 24.8 (CH(CH3)2), 23.90 (CCH3), 23.87 (CCH3), 

23.8 (CH(CH3)2). 

Preparation of complex IV-11 

(1R)-(‒)-Fenchone (50 μl, 0.31 mmol) was injected in the solution of NacNacAl (0.136 

g, 0.31 mmol) in dry toluene (1 ml), and the color of the reaction mixture immediately 

changed to light yellow. The solvent and the excess volatile reagents were then removed 

in vacuo. Compound IV-11 (MW = 596.880 g/mol) was crystallized (yellow crystals) 

from diethyl ether by slow evaporation of the solvent at –30 °C in the glovebox.  

Yield: 0.099 g (54%). 

Elemental analysis: Calculated (%): C (78.48), H (9.63), N (4.69). Experimental (%): 

C (77.28), H (10.14), N (4.70). 

1H NMR (600 MHz, C6D6) δ 7.30 – 7.21 (m, 2H, C6H3), 7.14 – 7.03 (m, 4H, C6H3), 

4.84 (s, 1H, CH), 3.19 (m. hept, 3JH-H = 6.8 Hz, 2H, CH(CH3)2), 2.92 (s, 1H, CH(O)), 

2.81 (hept, 3JH-H = 6.8 Hz, 1H, CH(CH3)2), 1.75 (s, 3H, AlC(CH3)2), 1.74 – 1.69 (m, 

1H+3H, CH2+CCH3), 1.54 (s, 3H, CCH3), 1.49 (d, 3JH-H = 6.8 Hz, 6H, CH(CH3)2), 1.43 

(m, 1H, C(CH3)2CHCH2), 1.40 (s, 3H, AlC(CH3)2), 1.27 – 1.21 (m, 2H, CH2), 1.19 (d, 

3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.18 – 1.13 (m+d, 1H+6H (3JH-H = 6.8 Hz), 
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CH2+CH(CH3)2), 1.12 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 0.98 (s, 3H, C(CH3)2), 0.82 

– 0.77 (m, 1H+1H, CH2), 0.59 (s, 3H, CH(O)CCH3), 0.13 (s, 3H, C(CH3)2). 

13C NMR (151 MHz, C6D6) δ 172.3 (CCH3, q.), 171.0 (CCH3, q.), 147.7 (C6H3, q.), 

145.0 (C6H3, q.), 142.4 (C6H3, q.), 142.2 (C6H3, q.), 141.9 (C6H3, q.), 140.4 (C6H3, q.), 

127.7 (C6H3), 127.0 (C6H3), 125.1 (C6H3), 123.6 (C6H3), 122.9 (C6H3), 122.2 (C6H3), 

98.3 (CH), 86.9 (CH(O)), 49.6 (CH(O)CCH3, q.), 49.2 (C(CH3)2CH), 

44.6 (C(CH3)2, q.), 40.9 (CH2), 34.7 (CH2), 29.6 (CH(CH3)2), 28.7 (AlC(CH3)2), 

28.41 (CH(CH3)2), 28.37 (CH(CH3)2), 27.1 (C(CH3)2), 26.0 (CH2), 25.5 (AlC(CH3)2), 

25.2 (CH(CH3)2), 25.02 (CH(CH3)2), 24.99 (CH(CH3)2), 23.8 (CCH3), 

23.6 (CH(CH3)2), 23.3 (CH(CH3)2), 22.9 (C(CH3)2), 22.7 (CCH3), 18.7 (CH(O)CCH3). 

Preparation of complex IV-12 

The substrate mixture was prepared by mixing N-(1-phenylethylidene) aniline (0.042 

g, 0.21 mmol) and pyridine (17 μl, 0.21 mmol) in toluene (1 ml) in a glovebox. The 

resulting mixture was injected into a solution of NacNacAl (0.095 g, 0.21 mmol) in 

toluene (1 ml) under constant stirring, and the color of the reaction mixture immediately 

became dark red. The solvent and the excess volatile reagents were subsequently 

removed in vacuo. Compound IV-12 (MW = 719.010 g/mol) was crystallized (orange 

crystals) from toluene at –30 °C in the glovebox. 

Yield:  0.102 g (67%). 

Elemental analysis: Calculated (%): C (80.18), H (8.27), N (7.79). Experimental (%): 

C (79.64), H (8.54), N (7.70). 

1H NMR (600 MHz, C6D6) δ 7.41 (d, 3JH-H = 7.9 Hz, 2H, C6H5), 7.23 – 7.17 (m, 3H, 

C6H3), 7.15 – 7.09 (m, 3H, C6H3), 7.09 – 7.02 (m, 4H, C6H5), 6.99 (t, 3JH-H = 7.9 Hz, 
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1H, C6H5), 6.66 (t, 3JH-H = 7.2 Hz, 1H, C6H5), 6.61 (d, 3JH-H = 8.2 Hz, 1H), 5.99 (d, 3JH-

H = 6.9 Hz, 1H, C6H5N), 5.44 (dd, 3JH-H = 9.8, 3JH-H = 5.7 Hz, 1H, C6H5N), 5.10 (s, 1H, 

CH), 4.37 (dd, 3JH-H = 9.8, 3JH-H = 3.7 Hz, 1H, C6H5N), 4.12 (m. dd, 1H, C6H5N), 3.94 

(d, 3JH-H = 3.7 Hz, 1H, C6H5N), 3.51 (hept, 3JH-H = 6.7 Hz, 3H, CH(CH3)2), 3.34 (hept, 

3JH-H = 6.7 Hz, 3H, CH(CH3)2), 3.25 (hept, 3JH-H = 6.7 Hz, 3H, CH(CH3)2), 2.97 (hept, 

3JH-H = 6.7 Hz, 3H, CH(CH3)2), 1.67 (d, 3JH-H = 6.7 Hz, 3H, CH(CH3)2), 1.62 (s, 3H, 

CCH3), 1.61 (s, 3H, CCH3), 1.57 (s, 3H, C*CH3) 1.43 (d, 3JH-H = 6.7 Hz, 3H, CH(CH3)2) 

1.12 (m.d, 3JH-H = 6.7 Hz, 6H, CH(CH3)2), 1.07 (d, 3JH-H = 6.7 Hz, 3H, CH(CH3)2), 1.06 

(d, 3JH-H = 6.7 Hz, 3H, CH(CH3)2), 0.87 (d, 3JH-H = 6.7 Hz, 3H, CH(CH3)2), 0.75 (d, 3JH-

H, 3H, CH(CH3)2). 

13C NMR (151 MHz, C6D6) δ 172.6 (CCH3, q.), 172.4 (CCH3, q.), 152.1 (C6H5, q.), 

146.9 (C6H5, q.), 146.1 (C6H3, q.), 144.7 (C6H3, q.), 144.5 (C6H3, q.), 143.8 (C6H3, q.), 

141.3 (C6H3, q.), 140.4 (C6H3, q.), 140.0 (C5H5N), 128.8 (C6H5), 128.7 (C6H5), 

127.4 (C6H5), 126.0 (C6H3), 125.9 (C6H3), 125.5 (C6H3), 124.9 (C6H3), 124.7 (C6H3), 

124.6 (C6H3), 119.5 (C6H5), 116.0 (C6H5), 109.7 (C5H5N), 98.7 (CH), 92.8 (C5H5N), 

68.9 (C5H5N), 66.1 (C*CH3, q.), 30.2 (CH(CH3)2), 29.8 (CH(CH3)2), 28.8 (CH(CH3)2), 

28.1 (CH(CH3)2), 25.6 (CH(CH3)2), 25.5 (CH(CH3)2), 25.4 (CH(CH3)2), 

25.1 (CH(CH3)2), 24.8 (C*CH3), 24.2 (CCH3), 24.11 (CCH3), 24.09 (CH(CH3)2), 24.05 

(CH(CH3)2), 21.3 (C*CH3). 

Preparation of complex IV-13 

Solid NacNacAl (0.095 g, 0.21 mmol) was added to a solution of 

N-(1-phenylethylidene) aniline (0.042 g, 0.21 mmol) in dry toluene (1 ml), and the color 

of the solution immediately changed to dark yellow with a green hue. The solvent and 

the excess volatile reagents were then removed in vacuo. Compound IV-13 
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(MW = 639.910 g/mol) was crystallized (dark red crystals with a green hue) from 

toluene at –30 °C in the glovebox. Yield: 0.095 g (69%). 

Elemental analysis: Calculated (%): C (80.71), H (8.51), N (6.57). Experimental (%): 

C (77.92), H (8.64), N (6.37). 

1H NMR (600 MHz, C6D6) δ 7.26 (t, 3JH-H = 7.8 Hz, 2H, C6H5 (arom.)), 7.06 (m, 4H, 

C6H3), 7.00 (m, 2H, C6H3), 6.81 (m, 3H, C6H5 (arom.)), 6.27 (d, 3JH-H = 9.5 Hz, 1H, 

C6H5), 5.91 (dd, 3JH-H = 9.5, 4JH-H = 3.3 Hz, 1H, C6H5), 5.61 (m, 1H, C6H5), 5.47 (m, 

1H, C6H5), 5.21 (s, 1H, CH), 3.42 (hept, 3JH-H = 6.5 Hz, 1H, CH(CH3)2), 3.24 (m. hept, 

3JH-H = 6.5 Hz, 2H, CH(CH3)2), 2.74 (hept, 3JH-H = 6.5 Hz, 1H, CH(CH3)2), 2.52 (s, 1H, 

C(H)Al), 2.05 (d, 5JH-H = 4.8 Hz, 1H, C(NPh)CH3), 1.49 (s, 3H, CCH3), 1.43 (s, 3H, 

CCH3), 1.42 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.30 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 

1.12 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.05 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.05 

(d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.04 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.00 (d, 3JH-

H = 6.8 Hz, 3H, CH(CH3)2), 0.83 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2). 

13C NMR (151 MHz, C6D6) δ 173.1 (CCH3, q.), 169.3 (CCH3, q.), 

149.9 (C6H5 (arom.), q.), 145.9 (C6H3, q.), 145.5 (C6H3, q.), 143.0 (C6H3, q.), 

142.8 (C6H3, q.), 140.7 (C6H3, q.), 140.5 (C6H3, q.), 135.3 (C6H5, q.), 132.1 (C6H5), 

125.8 (C6H3), 125.4 (C6H3), 125.2 (C6H5), 124.3 (C6H3), 124.1 (C6H3), 

121.8 (C6H5 (arom.)), 120.7 (C6H5), 118.5 (C6H5), 117.4 (C6H5 (arom.)), 

117.1 (C(NPh)CH3, q.), 100.3 (CH), 29.7 (CH(CH3)2), 29.2 (CH(CH3)2), 28.0 

(CH(CH3)2), 27.8 (CH(CH3)2), 26.1 (C(H)Al), 25.6 (CH(CH3)2), 25.4 (CH(CH3)2), 24.9 

(CH(CH3)2), 24.9 (CH(CH3)2), 24.73 (CH(CH3)2), 24.65 (CH(CH3)2), 24.5 

(CH(CH3)2), 24.2 (CCH3), 24.1 (CH(CH3)2), 23.5 (CCH3), 15.5 (C(NPh)CH3). 
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VIII.6. Experimental Procedures Pertaining to Chapter V. 

Preparation of complex V-2 

Ethereal solution of DMAP (0.029 g, 0.24 mmol) was added to the concentrated 

solution of NacNacAl (0.106 g, 0.24 mmol) in 1 ml of Et2O with a Pasteur pipette under 

constant stirring. The color of the reaction mixture developed a yellow hue. The 

reaction went to completion instantaneously. Compound V-2 (MW = 566.810 g/mol) 

was crystallized (yellowish orange crystals) by slow evaporation of Et2O in the 

glovebox at ‒30°C.  

Yield: 0.046 g (34%). 

Elemental analysis: Calculated (%): C (76.29), H (9.07), N (9.88). Experimental (%): 

C (75.43), H (9.17), N (8.93). 

1H NMR (600 MHz, C6D6): δ 7.95 (d, 3JH-H = 7.2 Hz, 2H, C5H4N), 7.41 (dd, 3JH-H = 

7.6, 4JH-H = 1.5 Hz, 1H, C6H3), 7.30 – 7.25 (m, 2H, C6H3), 7.22 – 7.17 (m, 2H, C6H3), 

7.06 (dd, 3JH-H = 7.6, 4JH-H = 1.6 Hz, 1H, C6H3), 5.58 (s, 1H, CH), 5.43 (d, 3JH-H = 7.2 

Hz, 2H, C5H4N), 4.31 (m, 2H, CH(CH3)2), 4.06 (d, 2JH-H = 1.0 Hz, 1H, CCH2), 3.32 (d, 

2JH-H = 1.0 Hz, 1H,CCH2), 3.31 (hept, 3JH-H = 6.9 Hz, 1H, CH(CH3)2)), 3.24 (hept, 3JH-

H = 6.9 Hz, 1H, CH(CH3)2)), 1.83 (s, 3H, CCH3), 1.82 (s, 6H, N(CH3)2), 1.69 (d, 3JH-H 

= 6.9 Hz, 3H, CH(CH3)2)), 1.69 (d, 3JH-H = 6.9 Hz, 3H, CH(CH3)2)), 1.64 (d, 3JH-H = 6.9 

Hz, 3H, CH(CH3)2)), 1.55 (d, 3JH-H = 6.9 Hz, 3H, CH(CH3)2)), 1.50 (d, 3JH-H = 6.9 Hz, 

3H, CH(CH3)2)), 1.23 (d, 3JH-H = 6.9 Hz, 3H, CH(CH3)2)), 0.40 (d, 3JH-H = 6.9 Hz, 2H, 

CH(CH3)2)), 0.38 (d, 3JH-H = 6.9 Hz, 3H, CH(CH3)2). 

13C NMR (151 MHz, C6D6): δ 156.0 (C5H4N, q.), 155.5 (CCH2), 149.0 (C6H3, q.), 

147.91 (C6H3, q.), 147.86 (C6H3, q.), 147.01 (C5H4N), 146.93 (C6H3, q.), 146.2 (CCH3), 
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143.3 (C6H3, q.), 143.1 (C6H3, q.), 128.4 (C6H3), 125.7 (C6H3), 124.7 (C6H3), 

124.3 (C6H3), 123.9 (C6H3), 123.3 (C6H3), 106.4 (C5H4N), 102.6 (CH), 80.0 (CCH2), 

38.2 (N(CH3)2), 29.3 (CH(CH3)2), 29.0 (CH(CH3)2), 28.2 (CH(CH3)2), 28.0 

(CH(CH3)2), 26.7 (CH(CH3)2), 26.2 (CH(CH3)2), 25.6 (CH(CH3)2), 25.2 (CH(CH3)2), 

25.1 (CH(CH3)2), 24.7 (CH(CH3)2), 24.5 (CH(CH3)2), 24.3 (CH(CH3)2), 

23.7 (CH(CH3)2). 

IR (Al-H, Nujol): 1813 cm‒1
 

Preparation of complex V-3 

4-Picoline (24 μl, 0.25 mmol) was injected into the a solution of NacNacAl (0.110 g, 

0.25 mmol) in 1 ml of Et2O under constant stirring. The color of the reaction mixture 

immediately developed a bright orange hue, upon which Et2O as well as the excess 

amount of 4-picoline were removed in vacuo. The crude material was re-dissolved in 

the minimal amount of diethyl ether. Compound V-3 (MW = 537.770 g/mol) was 

crystallized (light yellow crystals) by slow evaporation of ether in the glovebox at ‒

30 °C.  

Yield: 0.0783 g (58%). 

Elemental analysis: Calculated (%): C (78.17), H (9.00), N (7.81). Experimental (%): 

C (74.46), H (9.14), N (6.90). 

1H NMR (600 MHz, C6D6): δ 7.14 – 7.08 (m, 4H, C6H3), 7.06 (dd, 4JH-H = 7.1, 3JH-H = 

2.0 Hz, 2H, C6H3), 6.15 (d, 3JH-H = 7.1 Hz, 2H, NCH), 5.68 (d, 3JH-H = 7.5 Hz, 2H, 

(CH2)C5H4N), 4.75 (s, 1H, CH), 4.14 (s, 2H, (CH2)C5H4N), 3.21 (hept, 3JH-H = 13.6, 

6.8 Hz, 2H, CH(CH3)2), 3.15 (hept, 3JH-H = 6.8 Hz, 2H, CH(CH3)2), 1.49 (s, 6H, CCH3), 
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1.46 (d, 3JH-H = 6.8 Hz, 6H, CH(CH3)2), 1.35 (d, 3JH-H = 6.8 Hz, 6H, CH(CH3)2), 1.21 

(d, 3JH-H = 6.8 Hz, 6H, CH(CH3)2), 1.05 (d, 3JH-H = 6.8 Hz, 6H, CH(CH3)2). 

13C NMR (151 MHz, C6D6): δ 171.3 (CH3C), 146.1 (C6H3, q.), 143.3 (C6H3, q.), 

141.0 (CH2C5H4N, q.), 139.0 (C6H3, q.), 134.6 (CH2C5H4N), 125.4 (C6H3), 

124.4 (C6H3), 112.2 (CH2C5H4N), 97.8 (CH), 85.8 (CH2C5H4N), 29.2 (CH(CH3)2), 

29.0 (CH(CH3)2), 25.2 (CH(CH3)2), 24.8 (CH(CH3)2), 24.5 (CH(CH3)2), 

24.4 CH(CH3)2), 23.2 (CCH3). 

IR (Al-H, Nujol): 1847 cm‒1
 

Preparation of complex V-4 

NacNacAl (0.037 g, 0.084 mmol) was dissolved in the minimal amount of deuterated 

benzene and the 4-picoline (8.0 μl, 0.084 mmol) was injected into the vial containing 

the former under constant stirring. The color of the reaction mixture developed a bright 

orange hue. An NMR spectrum of the reaction mixture showed the quantitative 

formation of V-3. Second equivalent of NacNacAl (0.037 g, 0.084 mmol) was dissolved 

in 1 ml of benzene-d6 and added to the freshly prepared V-3 under manual stirring of 

the reaction vessel. NMR of the reaction mixture showed formation of V-4 

predominantly, while the small portion of unidentified byproducts formed as well. 

Multiple attempts to crystallize the resultant product failed.  

1H NMR (600 MHz, C6D6): δ 7.83 (d, 3JH-H = 6.4 Hz, 2H, C5H4N), 7.35 (dd, 3JH-H = 

7.6, 4JH-H  = 1.2 Hz, 1H, C6H3), 7.21 (m, 2H), 7.12 (m, 4H, C6H3), 7.03 (m, 5H, C6H3), 

5.57 (d, 3JH-H = 6.4 Hz, 2H, C5H4N), 5.48 (s, 3JH-H = 7.4 Hz, 1H), 4.83 (s, 1H, CH), 4.22 

(merged hept., 3JH-H = 6.7 Hz, 2H, CH(CH3)2), 3.98 (s, 1H, CH2), 3.24 (s, 1H, CH2), 

3.09 (merged hept., 3JH-H = 6.7 Hz, 6H, CH(CH3)2), 1.75 (s, 3H, CCH3 ), 1.63 (d, 3JH-H 
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= 6.7 Hz, 3H, CH(CH3)2), 1.61 (d, 3JH-H = 6.7 Hz, 3H, CH(CH3)2), 1.56 (d, 3JH-H = 6.7 

Hz, 3H, CH(CH3)2), 1.47 (s, 3H, C5H4NCH3), 1.46 (s, 6H, CCH3), 1.44 (m, 6H, 

CH(CH3)2), 1.20 (d, 3JH-H = 6.7 Hz, 6H, CH(CH3)2), 1.18 (d, 3JH-H = 6.7 Hz, 6H, 

CH(CH3)2), 1.06 (d, 3JH-H = 6.7 Hz, 3H, CH(CH3)2), 1.02 (m, 9H, CH(CH3)2), 0.96 (d, 

3JH-H = 6.7 Hz, 3H, CH(CH3)2), 0.30 (d, 3JH-H = 6.7 Hz, 3H, CH(CH3)2), 0.24 (d, 3JH-H 

= 6.7 Hz, 3H, CH(CH3)2). 

13C NMR (151 MHz, C6D6): δ 171.3, 171.06 (CH3CCH, q.), 171.04 (CH3CCH, q.), 

165.7 (C5H4NCH3, q.), 155.3 (CH2CCH, q.), 148.8 (C6H3, q.), 148.2 (C6H3, q.), 147.6 

(C6H3, q.), 147.3 (C6H3, q.), 146.1 (C5H4NCH3), 145.9 (CH3CCH, q.), 145.43, 145.41 

(C6H3, q.), 144.6, 143.8, 143.3, 143.2 (C6H3, q.), 143.13 (C6H3, q.), 143.08 (C6H3, q.), 

142.8 (C6H3, q.), 141.0, 139.1 (C6H3, q.), 139.1 (C6H3, q.), 139.0, 134.6, 129.3, 128.6, 

128.5, 128.4 (C6H3), 128.1 (C6H3), 128.0 (C6H3), 127.80, 127.78, 127.74, 127.66, 

125.59 (C6H3), 125.57 (C6H3), 125.55 (C6H3), 125.5 (C6H3), 125.4, 124.9, 124.8, 124.7, 

124.54 (C6H3), 124.52, 124.4 (C6H3), 124.1 (C6H3), 123.9 (C6H3), 123.7, 123.6, 123.5 

(C5H4NCH3), 123.3 (C6H3), 123.1, 112.2, 102.9 (CH), 97.8, 97.4 (CH), 85.8, 

80.3 (CH2), 29.24, 29.17 (CH(CH3)2), 29.1, 28.97, 28.92 (CH(CH3)2), 28.88 

(CH(CH3)2), 28.7, 28.5, 28.2 (CH(CH3)2), 28.0 (CH(CH3)2), 27.9 (CH(CH3)2), 26.8 

(CH(CH3)2), 26.3 (CH(CH3)2), 26.2 (CH(CH3)2), 26.1 (CH(CH3)2), 26.0, 25.5 (CH3), 

25.4 (CH(CH3)2), 25.2, 25.1 (CH(CH3)2), 24.9, 24.84 (CH(CH3)2), 24.83 (CH(CH3)2), 

24.77, 24.72 (CH(CH3)2), 24.68, 24.6, 24.54 (CH(CH3)2), 24.50 (CH(CH3)2), 24.4, 

24.34 (CH(CH3)2), 24.30 (CH(CH3)2), 24.2 (CH(CH3)2), 23.90 (CH(CH3)2), 23.88 

(CH(CH3)2), 23.62, 23.57 (CH(CH3)2), 23.5, 23.2, 23.0 (C5H4NCH3), 22.6. 

Purple – omitted as minor byproducts. Green – impurity of V-3 
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Preparation of complex V-5 

A solution of  3,5-lutidine (31 μl, 0.27  mmol)  in 1 ml  of  Et2O  was cooled  down 

to  ‒78 °C (dry ice/acetone bath) and added to a cold solution (‒78 °C) of NacNacAl 

(0.111 g, 0.27 mmol) in diethyl ether via canula transfer under constant stirring. The 

color of the reaction mixture developed a dark purple hue, upon which the Et2O as well 

as the excess amount of lutidine were removed in vacuo. The crude material was re-

dissolved in diethyl ether and put into freezer for 72 hours, upon which the transparent 

crystals emerged on the walls of the vial, while the rest of the compound crashed out in 

the form of white precipitate, which was isolated by centrifugation. The mother liquor 

remained deep purple. Compound V-5 (MW = 551.800 g/mol) was crystallized 

(colorless crystals) by slow evaporation of ether in the glovebox at ‒30 °C.  

Yield: 0.0391 g (26%). 

Elemental analysis: Calculated (%): C (76.76) , H (9.66), N (6.71). Experimental (%): 

C (76.62), H (8.86), N (7.12). 

1H NMR (600 MHz, C6D6): δ 8.60 (s, 1H, NCH), 8.22 (s, 1H, NCH), 7.11 – 7.07 (m, 

4H, C6H3), 6.93 (dd, 3JH-H = 6.6, 4JH-H = 2.3 Hz, 2H, C6H3), 4.94 (s, 1H, CH), 3.45 

(hept, 3JH-H = 6.8 Hz, 2H, CH(CH3)2), 2.94 (hept, 3JH-H = 6.8 Hz, 2H, CH(CH3)2), 2.57 

(s, 3H, CCH3), 2.15 (s, 3H, CCH3), 1.47 (s, 6H, NCCH3), 1.44 (d, 3JH-H = 6.8 Hz, 6H, 

CH(CH3)2), 1.16 (d, 3JH-H = 6.8 Hz, 6H, CH(CH3)2), 1.03 (d, 3JH-H = 6.8 Hz, 6H, 

CH(CH3)2), 0.41 (d, 3JH-H = 6.8 Hz, 6H, CH(CH3)2). 

13C NMR (151 MHz, C6D6): δ 170.7 (CCH3), 156.0 (CH3CCH3, q., weak), 

148.0 (NCH), 147.2 (NCH), 145.4 (C6H3, q.), 144.2 (C6H3, q.), 142.2 (C5H2N, q.), 

140.1 (C5H2N, q.), 139.9 (C6H3, q.), 124.88 (C6H3), 124.86 (C6H3), 98.3 (CH), 28.9 
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(CH(CH3)2), 27.7 (CH(CH3)2), 25.4 (CH(CH3)2), 24.7 (CH(CH3)2), 24.6 (CH(CH3)2), 

24.1 (CH(CH3)2), 23.4 (CCH3), 23.2 (CH3CCCH3), 22.5 (CH3CCCH3). 

IR (Al-H, Nujol): 1828 cm-1 

Preparation of complex V-6 

NacNacAl (0.107 g, 0.24 mmol) was dissolved in 1 ml of diethyl ether and the quinoline 

(57 μl, 0.48 mmol) was injected in the vial containing the former under constant stirring. 

The color of the reaction mixture developed an orange hue. The solvent and the excess 

amount of quinoline were removed in vacuo and the crude material was re-dissolved in 

diethyl ether. V-6 (MW = 702.970 g/mol) was crystallized (yellowish orange crystals) 

by Et2O evaporation at ‒ 30 °C in the glovebox.  

Yield: 0.074 g (44%).  

Elemental analysis: Calculated (%): C (80.30), H (7.89), N (7.97). Experimental (%): 

C (80.73), H (8.18), N (7.13). 

1H NMR (400 MHz, C6D6) δ 7.09 – 7.06 (m, 4H, C6H3), 6.99 (dd, 3JH-H = 6.6, 4JH-H = 

2.7 Hz, 2H, C6H3), 6.89 (td, 3JH-H = 7.8, 4JH-H = 1.6 Hz, 2H, C9H7N), 6.81 (dd, 3JH-H = 

7.3, 4JH-H = 1.5 Hz, 2H, C9H7N), 6.57 (td, 3JH-H = 7.3, 4JH-H = 0.9 Hz, 2H, C9H7N), 6.26 

(d, 3JH-H = 8.0 Hz, 2H, C9H7N), 6.19 (d, 3JH-H = 9.6 Hz, 2H, C9H7N), 5.38 (s, 1H, CH), 

5.13 (d, 3JH-H = 9.6 Hz, 2H, C9H7N), 4.47 (s, 2H, C9H7N), 3.36 (hept, 3JH-H = 6.6 Hz, 

2H, CH(CH3)2), 3.27 (hept, 3JH-H = 7.7 Hz, 2H, CH(CH3)2), 1.67 (s, 1H, CH3), 1.41 (d, 

3JH-H = 6.6 Hz, 2H, CH(CH3)2), 1.10 (d, 3JH-H = 6.6 Hz, 2H, CH(CH3)2), 0.96 (d, 3JH-H 

= 6.6 Hz, 2H, CH(CH3)2), 0.89 (d, 3JH-H = 6.6 Hz, 2H, CH(CH3)2). 

13C NMR (101 MHz, C6D6) δ 172.2 (CCH3, q.), 149.0 (C9H7N, q.), 144.7 (C6H3, q.), 

144.3 (C6H3, q.), 140.8 (C6H3, q.), 128.3 (C9H7N), 127.6 (C9H7N), 127.5 (C9H7N), 
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125.1 (C6H3), 124.7 (C6H3), 123.3 (C9H7N), 117.6 (C9H7N), 116.6 (C9H7N), 

100.9 (CH), 61.7 (C9H7N), 29.3 (CH(CH3)2), 28.3 (CH(CH3)2), 25.6 (CH(CH3)2), 

25.0 (CH(CH3)2), 24.9 (CH(CH3)2), 24.4 (CH3), 23.4 (CH(CH3)2). 

Preparation of complex V-7 

NacNacAl (0.107 g, 0.240 mmol) was dissolved in 2 ml of  toluene and phthalazine 

(0.031 g, 0.24 mmol) was added as a suspension in 2 ml of toluene. Reaction mixture 

was left stirring for 12 hours to ensure the completeness of the transformation. 

V-7 (574.790 g/mol) was crystallized (deep red crystals) by Et2O evaporation at room 

temperature in the glovebox.  

Yield: 0.087 g (63%).  

Elemental analysis: Calculated (%): C (77.32), H (8.24), N (9.75). Experimental (%): 

C (71.98), H (7.82), N (9.16). 

1H NMR (600 MHz, C6D6): δ 9.56 (s, 2H, C8H6N2), 7.28 – 7.25 (m, 2H, C8H6N2), 7.01 

– 6.95 (m, 6H, C6H3), 6.86 – 6.83 (m, 2H, C8H6N2), 5.10 (s, 1H, CH), 3.65 (hept, 3JH-H 

= 6.6 Hz, 4H, CH(CH3)2), 1.65 (s, 6H), 1.37 (d, 3JH-H = 6.6 Hz, 12H, CH(CH3)2), 1.18 

(d, 3JH-H = 6.6 Hz, 12H, CH(CH3)2). 

13C NMR (151 MHz, C6D6): δ 170.9 (CCH3, q.), 169.6 (C8H6N2), 145.0 (C6H3, q.), 

139.7 (C8H6N2, q.), 139.5 (C6H3, q), 136.5 (C8H6N2), 129.0 (C8H6N2), 127.6 (C6H3), 

124.4 (C6H3), 97.7 (CH), 28.4 (CH(CH3)2), 25.5 (CH(CH3)2), 25.0 (CH(CH3)2), 

23.4 (CCH3). 
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VIII.7. Experimental Procedures Pertaining to Chapter VI. 

Preparation of complex VI-2 

Anthracene (0.039 g, 0.22 mmol) was added as a slurry in 1 ml of diethyl ether to a 

concentrated solution of NacNacAl (0.098 g, 0.22 mmol) in 1 ml of Et2O under constant 

stirring. The color of reaction mixture developed a yellow hue overnight, while 

significant amount of solid precipitated out of solution added. Precipitate was 

centrifuged from the Et2O solution, dried and recrystallized from toluene at ‒30 °C to 

give pure VI-2 (light yellow crystals) (MW = 622.880 g/mol). 

Yield: 0.036 g (26 %). 

Elemental analysis: Calculated (%): C (82.92%), H (8.25), N (4.50%). Experimental 

(%): C (76.90%), H (8.34%), N (3.69%). 

1H NMR (600 MHz, C6D6) δ 1H NMR (600 MHz, C6D6) δ 7.60 (dd, 3JH-H = 6.0, 4JH-H 

3.3 Hz, 2H, C14H10), 7.30 (dd, 3JH-H = 6.0, 4JH-H = 6.0, 3.3 Hz, 2H, C14H10), 7.17 (m, 

2H, C14H10), 7.15 (m, 1H, C6H3), 7.11 (d, 3JH-H = 7.3 Hz, 2H, C6H3), 6.50 (d, 3JH-H = 

7.3 Hz, 2H, C6H3), 6.44 (m, 1H, C6H3), 5.77 (m, 1H, C14H10), 4.80 (s, 1H, CH), 3.83 

(m, 1H, C14H10), 3.21 (hept, 3JH-H = 6.8 Hz, 2H, CH(CH3)2), 3.08 (hept, 3JH-H = 6.8 Hz, 

2H, CH(CH3)2), 1.50 (s, 3H, CH3), 1.48 (d, 3JH-H = 6.8 Hz, 6H, CH(CH3)2), 1.46 (d, 3JH-

H = 6.8 Hz, 6H, CH(CH3)2), 1.35 (s, 3H, CH3), 1.05 (d, 3JH-H = 6.8 Hz, 6H, CH(CH3)2), 

0.88 (d, 3JH-H = 6.8 Hz, 6H, CH(CH3)2). 

13C NMR (151 MHz, C6D6) δ 171.6 (CH3C, q.), 171.1 (CH3C, q.), 145.3 (C14H10, q.), 

143.7 (C6H3, q.), 142.6 (C6H3, q.), 142.1 (C6H3, q.), 139.6 (C6H3, q.), 132.0 (C14H10, q.), 

128.4 (C14H10), 127.2 (C6H3), 127.0 (C14H10), 124.9 (C14H10), 124.8 (C6H3), 

123.7 (C6H3), 122.6 (C14H10), 117.5 (C6H3), 97.3 (CH), 44.3 (C14H10), 
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28.9 (CH(CH3)2), 28.7 (CH(CH3)2), 25.1 (CH(CH3)2), 25.0 (CH(CH3)2), 24.7 (CH3C), 

23.7 (CH(CH3)2), 23.6 (CH3C). 

Preparation of complex VI-4 

Anthracene (0.052 g, 0.29 mmol) was added as a slurry in 2 ml of wet diethyl ether to 

the concentrated solution of NacNacAl (0.129 g, 0.290 mmol) in 2 ml of ether under 

constant stirring. The color of reaction developed a yellow hue over 8 hours, while 

significant amount of solid precipitated from solution. VI-4 was recrystallized (yellow 

crystals) from diethyl ether solution at ‒30 °C to give pure product (MW = 640.890 

g/mol). 

Yield: 0.041 g (22 %). 

Elemental analysis: Calculated (%): C (80.59%), H (8.34), N (4.37%). Experimental 

(%): C (80.14%), H (8.30%), N (3.86%). 

1H NMR (600 MHz, C6D6) δ 7.19 (t, 3JH-H = 7.6 Hz, 2H, C6H3), 7.14 (m, 2H, C6H3), 

7.03 (d, 3JH-H = 7.4 Hz, 1H, C6H4), 6.93 (dd, 3JH-H = 7.6, 4JH-H 1.5 Hz, 2H, C6H3), 6.84 

(td, 3JH-H = 7.4, 4JH-H 1.1 Hz, 2H, C6H4), 6.53 (t, 3JH-H = 7.5 Hz, 1H, C6H4), 6.11 (d, 

3JH-H = 7.5 Hz, 2H, C6H4), 4.91 (s, 1H, CH), 4.36 (d, 2JH-H = 15.8 Hz, 1H, C(CH2)C), 

3.59 (d, 2JH-H = 15.8 Hz, 1H, C(CH2)C), 3.48 (s, 1H, C(CH)C), 3.40 (hept, 3JH-H = 

6.8 Hz, 2H, CH(CH3)2), 3.29 (hept, 3JH-H = 6.8 Hz, 2H, CH(CH3)2), 1.48 (d, 3JH-H = 

7.1 Hz, 4H), 1.48 (s, 6H, CCH3), 1.10 (d, 3JH-H = 6.8 Hz, 6H, CH(CH3)2), 1.09 (d, 

3JH-H = 6.8 Hz, 6H, CH(CH3)2), 0.67 (d, 3JH-H = 6.8 Hz, 6H, CH(CH3)2), 

0.47 (s, 1H, OH). 

13C NMR (151 MHz, C6D6) δ 170.3 (CH3C, q.), 145.1 (C6H3, q.), 143.4 (C6H4, q.), 

143.6 (C6H3, q.), 142.2 (C6H3, q.), 135.0 (C6H4, q.), 127.5 (C6H4), 127.1 (C6H4), 
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125.6 (C6H3), 125.4 (C6H4), 125.1 (C6H4), 124.1 (C6H3), 122.6 (C6H4), 98.6 (СH), 40.9 

(only in HSQC, C(CH)C), 38.5 (C(CH2)C), 29.3 (CH(CH3)2), 27.8 (CH(CH3)2), 

25.1 (CH(CH3)2), 24.7 (CH(CH3)2), 24.3 (CH(CH3)2), 23.8 (CH(CH3)2), 23.6 (CCH3). 

Preparation of complex VI-6 

NacNacAl (0.108 g, 0.24 mmol) was dissolved in 2 ml of dry toluene and placed into 

the sealed vessel, which then was heated at 90 °C over the course of two weeks until 

the color of the reaction mixture turned green. Toluene was then removed and 

compound VI-6 (MW = 889.290 g/mol) was crystallized (green crystals) from dry 

diethyl ether at ‒30 °C in the glovebox.  

Yield: 0.077 g (71%). 

Elemental analysis: Calculated (%): C (78.34%), H (9.29), N (6.30%). 

Experimental (%): C (73.95%), H (9.52%), N (5.75%). 

1H NMR (600 MHz, C6D6) δ 7.23 (d, J = 7.7 Hz, 1H, C6H3), 7.14 – 7.02 (m, 6H, C6H3), 

6.97 (m, 3H, C6H3), 6.94 (dd, 3JH-H = 7.7 Hz, 5JH-H = 1.2 Hz, 1H, C6H3), 6.89 (dd, 3JH-

H = 7.7, 5JH-H  = 1.2 Hz, 1H, C6H3), 5.81 (s, 1H, CH), 5.73 (d, 2JH-H = 5.1 Hz, 1H, CH2), 

5.04 (s, 1H, AlHAl), 4.98 (s, 1H, CH), 4.35 (d, 2JH-H = 5.1 Hz, 1H, CH2), 3.49 (m. hept, 

3JH-H = 6.8 Hz, 2H, CH(CH3)2), 3.28 (m. hept, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 3.11 

(hept, 3JH-H = 6.8 Hz, 1H, CH(CH3)2), 2.94 (hept, 3JH-H = 6.8 Hz, 1H, CH(CH3)2), 2.56 

(hept, 3JH-H = 6.8 Hz, 1H, CH(CH3)2), 1.63 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.54 (s, 

3H, CCH3), 1.47 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.32 (d+s, 3JH-H = 6.8 Hz, 6H, 

CH(CH3)2+CCH3), 1.31 (d+s, 3JH-H = 6.8 Hz, 6H, CH(CH3)2+CCH3), 1.26 (d, 3JH-H = 

6.8 Hz, 3H, CH(CH3)2), 1.14 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.11 (d, 3JH-H = 6.8 

Hz, 3H, CH(CH3)2), 1.07 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 0.96 (d+d, 3JH-H = 6.8 Hz, 
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6H, CH(CH3)2), 0.93 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 0.82 (d, 3JH-H = 6.8 Hz, 3H, 

CH(CH3)2), 0.59 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 0.51 (d, 3JH-H = 6.8 Hz, 3H, 

CH(CH3)2), 0.44 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 0.27 (d, 3JH-H = 6.8 Hz, 3H, 

CH(CH3)2). 

13C NMR (151 MHz, C6D6) δ 175.2 (CCH3, q.), 172.9 (CCH3, q.), 154.8 (CCH2, q. 

visible in HMBC only), 152.1 (CCH3, q.), 149.0 (C6H3, q.), 148.0 (C6H3, q.), 147.0 

(C6H3, q.), 146.4 (C6H3, q.), 145.4 (C6H3, q.), 144.6 (C6H3, q.), 144.2 (C6H3, q.), 142.3 

(C6H3, q.), 141.1 (C6H3, q.), 140.6 (C6H3, q.), 140.5 (C6H3, q.), 138.7 (C6H3, q.), 

128.7 (C6H3), 128.4 (C6H3), 125.9 (C6H3), 125.6 (C6H3), 125.4 (C6H3), 125.12 (C6H3), 

125.05 (C6H3), 124.8 (C6H3), 124.2 (C6H3), 123.6 (C6H3), 122.6 (C6H3), 119.6 (C6H3), 

114.5 (CH2), 111.3 (CH), 102.5 (CH), 31.0 (CH(CH3)2), 30.1 (CH(CH3)2), 

29.8 (CH(CH3)2), 29.2 (CH(CH3)2), 28.9 (CH(CH3)2), 28.1 (CH(CH3)2), 

27.7 (CH(CH3)2), 27.42 (CH(CH3)2), 27.35 (CH(CH3)2), 26.8 (CH(CH3)2), 

26.7 (CH(CH3)2), 25.9 (CH(CH3)2), 25.7 (CH(CH3)2), 25.5 (CH(CH3)2), 25.31 

(CH(CH3)2), 25.28 (CH(CH3)2), 25.25 (CH(CH3)2), 25.11 (CCH3), 25.06 (CCH3), 24.4 

(CH(CH3)2), 24.1 (CH(CH3)2), 23.9 (CH(CH3)2), 23.4 (CH(CH3)2), 23.0 (CH(CH3)2), 

22.8 (CH(CH3)2), 20.3 (CCH3). 

Equilibrium between NacNacAl, phenanthrene and VI-5 

1H NMR (600 MHz, C6D6) δ 8.25 (d, 3JH-H = 8.3 Hz, 1H, C6H4), 7.71 (d, 3JH-H = 8.3 

Hz, 1H, C6H4), 7.34 (ddd, 3JH-H = 8.2, 3JH-H  = 6.7, 5JH-H = 1.3 Hz, 1H, C6H4), 7.24 (ddd, 

3JH-H = 8.2, 3JH-H = 6.7, 5JH-H = 1.3 Hz, 1H, C6H4), 7.14 (d, 3JH-H = 8.0 Hz, 1H, C6H2), 

7.01 (d, 3JH-H = 8.0 Hz, 1H, C6H2), 6.86 (d, 3JH-H = 7.5 Hz, 1H, C6H3)*, 6.75 (t, 3JH-H = 

7.5 Hz, 1H, C6H3)*, 6.45 (d, 3JH-H = 7.5 Hz, 1H, C6H3)*, 5.82 (td, 3JH-H = 6.3, 5JH-H = 

1.7 Hz, 1H, C6H4 (dearom.)), 5.75 (td, 3JH-H = 6.3, 5JH-H = 1.7 Hz, 1H, C6H4 (dearom.)), 
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4.82 (s, 1H, CH), 4.50 (dd, J = 6.3, 5JH-H = 1.4 Hz, 1H, C6H4 (dearom.)), 3.81 (dd, 3JH-

H = 6.2, 5JH-H = 1.9 Hz, 1H, C6H4 (dearom.)), 3.24 (m. hept, 3JH-H = 6.8 Hz, 3H, 

CH(CH3)2), 2.74 (hept, 3JH-H = 13.5, 6.8 Hz, 1H, CH(CH3)2), 1.57 (d, 3JH-H = 6.8 Hz, 

3H, CH(CH3)2), 1.52 (d+s, 3JH-H = 6.8 Hz, 3H+3H, CH(CH3)2+CCH3), 1.48 (d, 3JH-H = 

6.8 Hz, 3H, CH(CH3)2), 1.33 (s, 3H, CCH3), 1.08 (d+d, 3JH-H = 6.8 Hz, 6H, CH(CH3)2), 

0.98 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 0.80 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 0.68 

(d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2). 

*Only three protons were found for C6H3 group. Other three signals are overlapped with 

C6D6 residual peak.  

13C NMR (151 MHz, C6D6) δ 171.4 (CCH3, q.), 171.2 (CCH3, q.), 165.3 (NacNacAl), 

143.8 (NacNacAl), 142.8 (C6H3, q.), 142.4 (C6H3, q.), 142.3 (NacNacAl), 

142.0 (C6H3, q.), 141.9 (C6H2, q.), 140.9 (C6H3, q.), 137.7 (C6H2 ,q.), 132.6 

(phenanthrene), 131.7 (C6H2, q.), 130.9 (phenanthrene), 128.9 (phenanthrene), 

128.8 (C6H2 ,q.), 128.5 (C6H4), 127.4 (NacNacAl), 127.3 (phenanthrene), 126.91 

(C6H3), 126.87 (C6H3), 126.80 (C6H4, dearom.), 126.79 (phenanthrene), 

125.1 (C6H4, dearom.), 124.9 (C6H3), 124.6 (C6H3), 124.4 (C6H4), 

124.3 (NacNacAl + overlapped C6H3), 124.1 (C6H3), 123.9 (C6H4), 

123.1 (phenanthrene), 122.6 (C6H2), 122.2 (C6H4), 122.1 (C6H2), 100.9 (NacNacAl), 

97.7 (CH), 45.5 (C6H4, dearom.), 40.1 (C6H4, dearom.), 29.1 (NacNacAl), 29.0 

(CH(CH3)2), 28.92 (CH(CH3)2), 28.89 (CH(CH3)2), 28.6 (CH(CH3)2), 25.2 

(CH(CH3)2), 25.14 (NacNacAl), 25.05 (CH(CH3)2), 25.01 (CH(CH3)2), 24.63 

(CH(CH3)2), 24.60 (CH(CH3)2), 24.5 (CH(CH3)2), 24.1 (CCH3), 23.9 (NacNacAl), 

23.9 (CH(CH3)2, 23.8 (NacNacAl), 23.6 (CCH3), 23.4 (CH(CH3)2). 
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Equilibrium between NacNacAl, tryphenylene and VI-7 

1H NMR (600 MHz, C6D6) δ 8.56 (d, 3JH-H = 8.0 Hz, 2H, C6H4), 8.24 (dd, 3JH-H = 8.2, 

5JH-H = 1.0 Hz, 2H, C6H4), 7.45 – 7.42 (m, 2H, C6H4), 7.39 – 7.37 (m, 2H, C6H4), 7.15 

– 7.11 (m, 3H, C6H3), 6.41 – 6.33 (m, C6H3 3H), 5.88 (dd, 3JH-H = 4.7, 5JH-H = 3.3 Hz, 

2H, C6H4), 4.83 (s, 1H), 4.50 (dd, 3JH-H = 4.3, 5JH-H  = 3.7 Hz, 2H, C6H4), 3.30 (hept, 

3JH-H = 6.7 Hz, 2H, CH(CH3)2), 2.81 (hept, 3JH-H = 6.7 Hz, 2H, CH(CH3)2), 1.55 (s, 3H, 

CCH3), 1.53 (d, 3JH-H = 6.7 Hz, 6H, CH(CH3)2), 1.34 (s, 3H, CCH3), 1.10 (d, 3JH-H = 

6.7 Hz, 6H, CH(CH3)2), 0.93 (d, 3JH-H = 6.7 Hz, 6H, CH(CH3)2), 0.84 (d, 3JH-H = 6.7 

Hz, 6H, CH(CH3)2).
 

13C NMR (151 MHz, C6D6) δ 171.3 (CCH3, q.), 165.3 (NacNacAl), 143.8 (NacNacAl), 

142.5 (C6H3, q.), 142.3 (NacNacAl), 141.5 (C6H3, q.), 140.5 (C6H3, q.), 

136.0 (C6H4, q.), 130.3 (triphenylene), 129.6 (C6H4, q.), 128.9 (C6H4, q.), 127.4 

(triphenylene), 126.8 (C6H4), 126.0 (C6H3), 125.4 (C6H4), 124.8 (C6H3), 124.5 (C6H4), 

124.3 (NacNacAl), 124.1 (C6H3), 123.7  (triphenylene), 123.14 (C6H4), 123.10 (C6H4), 

100.9 (NacNacAl), 97.7 (CH), 40.9 (C6H4), 29.1 (NacNacAl), 28.9 (CH(CH3)2), 

25.14 (NacNacAl), 25.10 (CH(CH3)2), 24.8 (CH(CH3)2), 24.7 (CCH3), 24.3 (CCH3), 

23.9 (NacNacAl), 23.8 (NacNacAl), 23.7 (CH(CH3)2), 23.6 (CH(CH3)2). 

Equilibrium between NacNacAl, fluoranthene and VI-8 

1H NMR (600 MHz, C6D6) δ: 8.11 (d, 3JH-H = 7.5 Hz, 1H, C10H6 (arom.)), 7.96 (d, 3JH-

H = 7.5 Hz, 1H, C6H4), 7.53 (td, 3JH-H = 7.5, 5JH-H = 1.0 Hz, 1H, C10H6 (arom.)), 7.41 

(m, 1H+1H, C6H4+C10H6 (arom.)), 7.15 – 7.11 (m, 3H, C6H3), 6.98 (m, 2H, C6H3), 6.92 

(t, 3JH-H = 7.3 Hz, 1H, C6H4), 6.76 (dd, 3JH-H = 6.6, 5JH-H = 2.3 Hz, 1H, C6H3), 6.68 (d, 

3JH-H = 7.1 Hz, 1H, C6H4), 6.01 (dd, 3JH-H = 6.8, 5JH-H = 1.5 Hz, 1H, C10H6), 5.54 (t, 3JH-

H = 6.8 Hz, 1H, C10H6), 4.74 (s, 1H, CH), 3.76 (dd, 3JH-H = 6.8, 5JH-H = 1.5 Hz, 1H, 
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C10H6), 3.69 (hept, 3JH-H = 6.8 Hz, 1H, CH(CH3)2), 3.37 (hept, 3JH-H = 6.8 Hz, 1H, 

CH(CH3)2), 3.25 (hept, 3JH-H = 6.8 Hz, 1H, CH(CH3)2), 1.60 (d+d, 3JH-H = 6.8 Hz, 

3H+3H, CH(CH3)2), 1.56 (hept, 3JH-H = 6.8 Hz, 1H, CH(CH3)2) 1.46 (s+d, 3JH-H = 6.8 

Hz, 3H+3H, CCH3+CH(CH3)2), 1.17 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.14 (s, 3H, 

CCH3), 1.08 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 1.01 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 

0.87 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2), 0.52 (d, 3JH-H = 6.8 Hz, 3H, CH(CH3)2). 

13C NMR (151 MHz, C6D6) δ 172.4 (CCH3, q.), 172.0 (CCH3, q.), 165.3 (NacNacAl), 

149.1 (C6H4, q.), 148.8 (C6H4, q.), 144.5 (C6H3, q.), 143.8 (NacNacAl), 

143.61 (C6H3, q.), 143.58 (C10H6, q.), 142.5 (C6H3, q.), 142.3 (NacNacAl), 

142.1 (C6H3, q.), 142.0 (C6H3, q.), 140.9 (C6H3, q.), 140.0 (Fluoranthene), 

138.2 (C10H6, q.), 137.5 (Fluoranthene), 133.0 (Fluoranthene), 130.6 (Fluoranthene), 

129.7 (C10H6, q.), 127.4 (NacNacAl), 127.2 (C6H3), 126.9 (Fluoranthene), 

125.2 (C10H6, arom.), 124.9 (C6H3), 124.8 (C6H3), 124.7 (C6H4), 124.42 (C10H6), 

124.35 (C6H3), 124.3 (NacNacAl), 124.0 (C6H3), 123.7 (C10H6, arom.), 

123.6 (C10H6, arom.), 122.3 (C10H6), 122.0 (C6H4), 121.9 (Fluoranthene), 

120.4 (Fluoranthene), 117.8 (C6H4), 114.3 (C6H4), 100.9 (NacNacAl), 98.7 (CH), 

43.4 (C10H6) (visible in HSQC only), 29.11 (CH(CH3)2), 29.07 (NacNacAl), 29.00 

(CH(CH3)2), 28.88 (CH(CH3)2), 28.2 (CH(CH3)2), 25.41 (CH(CH3)2), 25.36 

(CH(CH3)2), 25.14 (NacNacAl), 25.11 (CH(CH3)2), 25.1 (CH(CH3)2), 25.0 

(CH(CH3)2), 24.9 (CH(CH3)2), 24.44 (CH(CH3)2), 24.37 (CCH3), 24.2 (CH(CH3)2), 

24.1 (CCH3), 23.9 (NacNacAl), 23.8 (NacNacAl). 
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Details of EXSY kinetic studies of the product VI-2 

Isolated species VI-2 was dissolved in toluene-d8 and poured in an NMR tube, which 

then was sealed and inserted in the Bruker Avance AV 600 Digital NMR spectrometer 

with a 14.1 Tesla Ultrashield Plus magnet. The sample was held at the corresponding 

temperatures for 10 minutes prior to data acquisition. Two doublets at 698.965 Hz and 

594.717 Hz assigned to CH(CH3) moiety were selected for estimation of rate constants, 

as exchanging in EXSY. The variation of d8-delay times changes intensity ratio 

between exchanging signals allowing one to determine rate constants of the rotational 

exchange. Five points were obtained for five different temperatures. Eyring plot was 

fitted to a linear function with 99.9992% reliability. The detailed description of the 

procedure can be found elsewhere.204 

 

  



 
 

183 
 

Appendix 

Table 24. Experimental data of 1D 1H EXSY kinetic experiment on VI-2.  

T, K 1/T, K
-1

Delays, s Signal [A] 698.965 Hz Signal [B] 594.717 Hz [A]/[B] k, s
-1

289.7 0.003452 0 0 0 0 2.081

0.05 9.5227 90.4773 0.1052496

0.04 7.7790 92.2210 0.0843517

0.03 5.9276 94.0724 0.063011

0.02 4.2415 95.7585 0.0442937

0.01 2.2700 97.7300 0.0232273

285.3 0.003505 0 0.0000 0.0000 0 1.1673

0.1 10.4654 89.5346 0.1168867

0.08 8.6493 91.3507 0.0946824

0.06 6.6813 93.3187 0.0715966

0.04 4.5117 95.4883 0.0472487

0.02 2.4627 97.5373 0.0252488

295.0 0.00339 0 0.0000 0.0000 0 3.8639

0.01 4.0116 95.9884 0.0417925

0.005 2.3758 97.6242 0.0243362

0.003 1.6282 98.3718 0.0165515

0.015 5.8379 94.1621 0.0619984

0.02 7.3053 92.6947 0.0788103

0.025 9.0819 90.9181 0.099891

300.1 0.003332 0 0.0000 0.0000 0 6.5167

0.003 2.7184 97.2816 0.0279436

0.006 4.1940 95.8060 0.043776

0.009 5.7345 94.2655 0.0608335

0.012 7.5296 92.4704 0.0814271

0.015 9.2023 90.7977 0.1013495

304.9 0.00328 0 0.0000 0 0 11.272

0.003 3.6501 96.3499 0.0378838

0.005 5.9052 94.0948 0.062758

0.007 7.6316 92.3684 0.0826213

0.009 9.4206 90.5794 0.1040038

0.011 11.0992 88.9008 0.1248493

 

Temperature deviation was no more than ±0.1 °C. 
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Figure 27. Plot of integration ratio versus mixing time d8 for the intramolecular proton 

exchange in VI-2. 
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Figure 28. 1H NMR spectrum of compound III-2 in C6D6. 

 

Figure 29. 13C NMR spectrum of compound III-2 in C6D6. 
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Figure 30. 1H NMR spectrum of compound III-4 in C6D6. 

 

Figure 31. 13C NMR spectrum of compound III-4 in C6D6. 
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Figure 32. 1H NMR spectrum of compound III-5 in C6D6. 

 

Figure 33. 13C NMR spectrum of compound III-5 in C6D6. 
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Figure 34. 1H NMR spectrum of compound III-6 in C6D6. 

 

Figure 35. 13C NMR spectrum of compound III-6 in C6D6. 
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Figure 36. 1H NMR spectrum of compound III-7 in C6D6. 

 

Figure 37. 13C NMR spectrum of compound III-7 in C6D6. 
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Figure 38. 1H NMR spectrum of compound III-8 in C6D6. 

 

Figure 39. 13C NMR spectrum of compound III-8 in C6D6. 
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Figure 40. 1H NMR spectrum of compound III-9 in C6D6. 

 

Figure 41. 13C NMR spectrum of compound III-9 in C6D6. 
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Figure 42. 1H NMR spectrum of compound IV-3 in C6D6. 

 

Figure 43. Selected strong field region of 1H NMR spectrum of IV-3 in C6D6. 
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Figure 44. 13C NMR spectrum of compound IV-3 in C6D6. 

 

Figure 45. 1H NMR spectrum of compound IV-4 in C6D6.  



 
 

194 
 

 

Figure 46. Selected strong field region of 1H NMR of IV-4 in C6D6. 

 

Figure 47. 13C NMR spectrum of compound IV-4 in C6D6. 
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Figure 48. 1H NMR spectrum of compound IV-5 in C6D6. 

 

Figure 49. Selected weak field region of 1H NMR spectrum of IV-5 in C6D6. 
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Figure 50. Selected strong field region of 1H NMR spectrum of IV-5 in C6D6. 

 

Figure 51. 13C NMR spectrum of compound IV-5 in C6D6. 
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Figure 52. 1H NMR spectrum of compound IV-6 in C6D6. 

 

Figure 53. 13C NMR spectrum of compound IV-6 in C6D6. 
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Figure 54. 1H NMR spectrum of compound IV-9 in C6D6. 

 

Figure 55. 13C NMR spectrum of compound IV-9 in C6D6. 
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Figure 56. 1H NMR spectrum of compound IV-10 in C6D6. 

 

Figure 57. 13C NMR spectrum of compound IV-10 in C6D6. 
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Figure 58. 1H NMR spectrum of compound IV-11 in C6D6. 

 

Figure 59. Selected strong field region of 1H NMR spectrum of IV-11 in C6D6. 
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Figure 60. 13C NMR spectrum of compound IV-11 in C6D6. 

 

Figure 61. 1H NMR spectrum of compound IV-12 in C6D6. 
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Figure 62. 13C NMR spectrum of compound IV-12 in C6D6. 

 

Figure 63. 1H NMR spectrum of compound IV-13 in C6D6. 
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Figure 64. 13C NMR spectrum of compound IV-13 in C6D6.  
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Figure 65. 1H NMR spectrum of compound V-2 in C6D6. 

 

Figure 66. 13C NMR spectrum of compound V-2 in C6D6. 
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Figure 67. 1H NMR spectrum of compound V-3 in C6D6. 

 

Figure 68. 13C NMR spectrum of compound V-3 in C6D6. 
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Figure 69. 1H NMR spectrum of reaction mixture obtained from reaction of NacNacAl 

with 4-picoline/4-picoline-(methyl-d3). * - CH2 signal, † - excess 4-picoline. NacNacAl 

(0.0058 g, 0.013 mmol) was dissolved in approximately 1 ml of dry C6D6 with the 

following injection of 4-picoline (1.3 μl, 0.013 mmol)/4-picoline-(methyl-d3) (1.3 μl 

0.013 mmol) in the pure form.  
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Figure 70. 1H NMR spectrum showing H/D exchange at the backbone methylene 

position of V-3(d3). Red – reaction mixture after addition of 4-picoline-(methyl-d3); 

Blue – after consecutive addition of protonated 4-picoline. NacNacAl (0.009 g, 0.020 

mmol) was dissolved in approximately 1 ml of dry C6D6 with the following injection of 

4-picoline-(methyl-d3) (1.9 μl, 0.020 mmol). The color of the reaction mixture 

developed an orange hue, while NMR pattern recorded 10 minutes after addition was 

consistent with the one obtained for V-3 except for the methylene CH2 signal which is 

replaced with deuterated CD2 group. Protonated 4-picoline (1.9 μl, 0.020 mmol) was 

then injected into rection mixture inside the glovebox filled with the atmosphere of dry 

nitrogen at room temperature. Blue spectrum was recorded 10 minutes after injection 

of protonated picoline. 
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Figure 71. 1H NMR spectrum of reaction mixture containing compound V-4 in C6D6. 

 

Figure 72. 1H NMR spectrum of reaction mixture containing V-4 and highlighting the 

contribution of V-3 in C6D6.  
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Figure 73. 13C NMR spectrum of compound V-4 in C6D6. 

 

Figure 74. 1H NMR spectrum of compound V-5 in C6D6. 
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Figure 75. 13C NMR spectrum of compound V-5 in C6D6. 

 

Figure 76. 1H NMR spectrum of compound V-6 in C6D6. 
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Figure 77. 13C NMR spectrum of compound V-6 in C6D6. 

 

Figure 78. 1H NMR spectrum of compound V-7 in C6D6. 
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Figure 79. 13C NMR spectrum of compound V-7 in C6D6. 

 

Figure 80. 1H NMR spectrum of compound VI-2 in C6D6. 
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Figure 81. 13C NMR spectrum of compound VI-2 in C6D6. 

 

Figure 82. 1H NMR spectrum of compound VI-4 in C6D6. 
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Figure 83. 13C NMR spectrum of compound VI-4 in C6D6. 

 

Figure 84. 1H NMR spectrum of compound VI-6 in C6D6. 
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Figure 85. Selected weak field region of 1H NMR spectrum of VI-6 in C6D6. 

 

Figure 86. Selected strong filed region of 1H NMR spectrum of VI-6 in C6D6. 
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Figure 87. 13C NMR spectrum of compound VI-6 in C6D6. 

 

Figure 88. 1H NMR spectrum of reaction mixture containing NacNacAl (*), 

phenanthrene (*) and VI-5 in C6D6. 
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Figure 89. Selected weak field region of 1H NMR spectrum of reaction mixture 

containing NacNacAl (*), phenanthrene (*) and VI-5 in C6D6. 

 
Figure 90. Selected strong field region of 1H NMR spectrum of reaction mixture 

containing NacNacAl (*), phenanthrene (*) and VI-5 in C6D6. 
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Figure 91. 13C NMR spectrum of reaction mixture containing NacNacAl, phenanthrene 

and VI-5 in C6D6. 

Figure 92. 1H NMR spectrum of reaction mixture containing NacNacAl (*), 

triphenylene (*) and VI-7 in C6D6. 
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Figure 93. 13C NMR spectrum of reaction mixture containing NacNacAl, triphenylene 

and VI-7 in C6D6. 

 

Figure 94. 1H NMR spectrum of reaction mixture containing NacNacAl (*), 

fluoranthene (*) and VI-8 in C6D6. 
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Figure 95. Selected strong field region of 1H NMR spectrum of reaction mixture 

containing NacNacAl (*), fluoranthene and VI-8 in C6D6. 

 

Figure 96. 13C NMR spectrum of reaction mixture containing NacNacAl, fluoranthene 

and VI-8 in C6D6. 
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Table 25. Crystal data and structure refinement for compound III-2 

  

Identification code  1947190 

Empirical formula  C42H51AlN2O 

Formula weight  626.82 

Temperature (K)  100.0(1) 

Crystal system  Monoclinic 

Space group  P21/c 

a (Å)  17.715(4) 

b (Å)  19.090(4) 

c (Å)  11.034(2) 

α (°)  90 

β (°)  91.729(4) 

γ (°)  90 

Volume (Å3)   3730.1(13) 

Z  4 

ρcalc (g cm-3)  1.116 

μ (mm-1)  0.087 

F(000)  1352.0 

Crystal size  0.35×0.2×0.2 

Crystal shape  Block 

Crystal color  Orange 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  2.3 to 56.564  

Index ranges    -23 ≤ h ≤ 23 

  -25 ≤ k ≤ 25 

  -14 ≤ l ≤ 14 

Reflections collected  57654 

Independent reflections  9235 

Rint = 0.0505, 

Rsigma = 0.0379 

Data/Restraints/Parameters  9235/455/453 

Goodness-of-fit on F2  1.062 

Final R indexes [I≥2σ (I)]  R1 = 0.0734, wR2 = 0.1951  

Final R indexes [all data]  R1 = 0.1008, wR2 = 0.2116 

Largest diff. peak/hole (eÅ-3)  0.54/-0.35 

Flack parameter  N/A 
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Table 26. Crystal data and structure refinement for compound III-4 

  

Identification code  1947192 

Empirical formula  C55H62AlN3O 

Formula weight  808.05 

Temperature (K)  100.0(1) 

Crystal system  Triclinic 

Space group  P-1 

a (Å)  11.8304(9) 

b (Å)  11.8473(9) 

c (Å)  18.0629(15) 

α (°)  93.131(4) 

β (°)  98.331(4) 

γ (°)  115.078(3) 

Volume (Å3)   2249.7(3) 

Z  2 

ρcalc (g cm-3)  1.193 

μ (mm-1)  0.714 

F(000)  868.0 

Crystal size  0.2×0.2×0.2 

Crystal shape  Block 

Crystal color  Orange 

Radiation  CuKα (λ = 1.54178 Å) 

2θ range for data collection (°)  4.986 to 133.996 

Index ranges  -14 ≤ h ≤ 14 

-14 ≤ k ≤ 14 

-21 ≤ l ≤ 21 

Reflections collected  35499 

Independent reflections  7922 

Rint = 0.1055, 

Rsigma = 0.0786 

Data/Restraints/Parameters  7922/0/551 

Goodness-of-fit on F2  1.034 

Final R indexes [I≥2σ (I)]  R1 = 0.0649, wR2 = 0.1537  

Final R indexes [all data]  R1 = 0.0834, wR2 = 0.1674 

Largest diff. peak/hole (eÅ-3)  0.86/-0.52 

Flack parameter  N/A 
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Table 27. Crystal data and structure refinement for compound III-5. 

  

Identification code  1947191 

Empirical formula  C51H58AlN3O 

Formula weight  755.98 

Temperature (K)  100.0(1) 

Crystal system  Monoclinic 

Space group  P21/n 

a (Å)  13.4114(4) 

b (Å)  17.6316(6) 

c (Å)  18.3013(6) 

α (°)  90 

β (°)  100.4080(10) 

γ (°)  90 

Volume (Å3)   4256.4(2) 

Z  4 

ρcalc (g cm-3)  1.180 

μ (mm-1)  0.720 

F(000)  1624.0 

Crystal size  0.2×0.2×0.2 

Crystal shape  Block 

Crystal color  Yellow 

Radiation  CuKα (λ = 1.54178 Å) 

2θ range for data collection (°)  7.018 to 147.06 

Index ranges  -16 ≤ h ≤ 16  

-21 ≤ k ≤ 20 

 -18 ≤ l ≤ 22 

Reflections collected  33942 

Independent reflections  8361 

Rint = 0.0376, 

Rsigma = 0.0283 

Data/Restraints/Parameters  8361/0/505 

Goodness-of-fit on F2  1.054 

Final R indexes [I≥2σ (I)]  R1 = 0.0425, wR2 = 0.1172  

Final R indexes [all data]  R1 = 0.0469, wR2 = 0.1211 

Largest diff. peak/hole (eÅ-3)  0.41/-0.32 

Flack parameter  N/A 
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Table 28. Crystal data and structure refinement for compound III-6  

Identification code  Anton_bphPy_150K_0m 

Empirical formula  C47H56AlN3O 

Formula weight  705.93 

Temperature (K)  150.0(1) 

Crystal system  Monoclinic 

Space group  P21/n 

a (Å)  19.0901(16) 

b (Å)  20.155(2) 

c (Å)  21.353(2) 

α (°)  90 

β (°)  101.789(4) 

γ (°)  90 

Volume (Å3)   8042.5(13) 

Z  8 

ρcalc (g cm-3)  1.166 

μ (mm-1)  0.089 

F(000)  3040.0 

Crystal size  0.166×0.150×0.146 

Crystal shape  Plate 

Crystal color  Orange 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  3.3 to 52.744 

Index ranges  -23 ≤ h ≤ 21 

-25 ≤ k ≤ 12 

-26 ≤ l ≤ 26 

Reflections collected  29560 

Independent reflections  15518 

Rint = 0.0713, 

Rsigma = 01244 

Data/Restraints/Parameters  15518/25/872 

Goodness-of-fit on F2  1.052 

Final R indexes [I≥2σ (I)]  R1 = 0.1110, wR2 = 0.2279  

Final R indexes [all data]  R1 = 0.1837, wR2 = 0.2641 

Largest diff. peak/hole (eÅ-3)  0.51/-0.43 

Flack parameter   
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Table 29. Crystal data and structure refinement for compound III-7   

Identification code  1947195 

Empirical formula  C98H112Al2N6O2 

Formula weight  1459.89 

Temperature (K)  100.0(1) 

Crystal system  Triclinic 

Space group  P-1 

a (Å)  12.2078(7) 

b (Å)  18.4008(10) 

c (Å)  20.8472(12) 

α (°)  77.854(2) 

β (°)  81.118(2) 

γ (°)  79.533(2) 

Volume (Å3)   4469.0(4) 

Z  2 

ρcalc (g cm-3)  1.085 

μ (mm-1)  0.670 

F(000)  1568.0 

Crystal size  0.2×0.2×0.1 

Crystal shape  Block 

Crystal color  Yellow 

Radiation  CuKα (λ = 1.54178 Å) 

2θ range for data collection (°)  4.36 to 149.08 

Index ranges  -14 ≤ h ≤ 15  

-22 ≤ k ≤ 22 

-26 ≤ l ≤ 25 

Reflections collected  84827 

Independent reflections  18165 

Rint = 0.1065, 

Rsigma = 0.0641 

Data/Restraints/Parameters  18165/0/993 

Goodness-of-fit on F2  1.022 

Final R indexes [I≥2σ (I)]  R1 = 0.0496, wR2 = 0.1045  

Final R indexes [all data]  R1 = 0.0822, wR2 = 0.1168 

Largest diff. peak/hole (eÅ-3)  0.24/-0.30 

Flack parameter  N/A 
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Table 30. Crystal data and structure refinement for compound III-8. 

 

 

 

 

 

 

Identification code  1947194 

Empirical formula  C47H60Al0.12N3O1.5Si2 

Formula weight  750.53 

Temperature (K)  100.0(1) 

Crystal system  Monoclinic 

Space group  I2/a 

a (Å)  19.7106(12) 

b (Å)  12.1550(8) 

c (Å)  37.379(3) 

α (°)  90 

β (°)  90.492(4) 

γ (°)  90 

Volume (Å3)   8955.1(10) 

Z  8 

ρcalc (g cm-3)  1.113 

μ (mm-1)  0.119 

F(000)  3237.0 

Crystal size  0.28×0.15×0.04 

Crystal shape  Plate 

Crystal color  Yellow 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  3.524 to 56.652 

Index ranges  -26 ≤ h ≤ 26 

-16 ≤ k ≤ 15 

-49 ≤ l ≤ 49 

Reflections collected  104528 

Independent reflections  11100 

Rint = 0.1627, 

Rsigma = 0.1038 

Data/Restraints/Parameters  11100/457/481 

Goodness-of-fit on F2  1.021 

Final R indexes [I≥2σ (I)]  R1 = 0.0734, wR2 = 0.1642  

Final R indexes [all data]  R1 = 0.1374, wR2 = 0.1891 

Largest diff. peak/hole (eÅ-3)  0.88/-0.38 

Flack parameter  N/A 
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Table 31. Crystal data and structure refinement for compound III-9. 

  

Identification code  1947193 

Empirical formula  C47H61AlN4OS 

Formula weight  757.03 

Temperature (K)  100.0(1) 

Crystal system  Monoclinic 

Space group  P21/n 

a (Å)  13.008(5) 

b (Å)  19.660(7) 

c (Å)  16.955(6) 

α (°)  90 

β (°)  91.412(5) 

γ (°)  90 

Volume (Å3)   4335(3) 

Z  4 

ρcalc (g cm-3)  1.160 

μ (mm-1)  0.134 

F(000)  1632.0 

Crystal size  0.38×0.61×0.1 

Crystal shape  Block 

Crystal color  Yellow 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  3.172 to 52.744 

Index ranges  -16 ≤ h ≤ 16 

-24 ≤ k ≤ 24 

-21 ≤ l ≤ 21 

Reflections collected  57173 

Independent reflections  8880 

Rint = 0.1735, 

Rsigma = 0.1267 

Data/Restraints/Parameters  8880/0/499 

Goodness-of-fit on F2  1.033 

Final R indexes [I≥2σ (I)]  R1 = 0.0685, wR2 = 0.1198  

Final R indexes [all data]  R1 = 0.1629, wR2 = 0.1496 

Largest diff. peak/hole (eÅ-3)  0.45/-0.29 

Flack parameter  N/A 



 
 

228 
 

Table 32. Crystal data and structure refinement for compound IV-2. 

 

  

Identification code  Anton_FencPy_150K_0m 

Empirical formula  C44H62AlN3O 

Formula weight  675.94 

Temperature (K)  150.0(1) 

Crystal system  Monoclinic 

Space group  P21 

a (Å)  9.6319(11) 

b (Å)  19.992(2) 

c (Å)  10.9783(13) 

α (°)  90 

β (°)  114.127(3) 

γ (°)  90 

Volume (Å3)   1929.3(4) 

Z  2 

ρcalc (g cm-3)  1.164 

μ (mm-1)  0.090 

F(000)  736.0 

Crystal size  0.204×0.163×0.140 

Crystal shape  Prism 

Crystal color  Light orange 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  4.066 to 56.562  

Index ranges  -10 ≤ h ≤ 12 

-26 ≤ k ≤ 26 

-14 ≤ l ≤ 14 

Reflections collected  26832 

Independent reflections  9510 

Rint = 0.0264, 

Rsigma = 0.0295 

Data/Restraints/Parameters  9510/76/518 

Goodness-of-fit on F2  1.060 

Final R indexes [I≥2σ (I)]  R1 = 0.0523, wR2 = 0.1229  

Final R indexes [all data]  R1 = 0.0616, wR2 = 0.1310 

Largest diff. peak/hole (eÅ-3)  0.33/-0.25 

Flack parameter  -0.1(2) 
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Table 33. Crystal data and structure refinement for compound IV-3. 

 

  

Identification code  Anton_Isopy_150K_0m 

Empirical formula  C43H60AlN3O 

Formula weight  661.92 

Temperature (K)  150.0(1) 

Crystal system  Monoclinic 

Space group  C2/c 

a (Å)  38.670(3) 

b (Å)  11.3629(10) 

c (Å)  19.2915(18) 

α (°)  90 

β (°)  113.052(3) 

γ (°)  90 

Volume (Å3)   7799.8(12) 

Z  8 

ρcalc (g cm-3)  1.127 

μ (mm-1)  0.087 

F(000)  2880.0 

Crystal size  0.130×0.120×0.110 

Crystal shape  Block 

Crystal color  Light orange 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)   3.762 to 46.506 

Index ranges  -32 ≤ h ≤ 42  

-11 ≤ k ≤ 12 

-21 ≤ l ≤ 21 

Reflections collected  26433 

Independent reflections  5607 

Rint =0.0566, 

Rsigma = 0.0507 

Data/Restraints/Parameters  5607/3/422 

Goodness-of-fit on F2  1.096 

Final R indexes [I≥2σ (I)]  R1 = 0.0756, wR2 = 0.1470  

Final R indexes [all data]  R1 = 0.1011, wR2 = 0.1585 

Largest diff. peak/hole (eÅ-3)  0.50/-0.63 

Flack parameter  N/A 
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Table 34. Crystal data and structure refinement for compound IV-4. 

 

  

Identification code  Anton_camph_150K_0m 

Empirical formula  C39H57AlN2O 

Formula weight  596.84 

Temperature (K)  150.0(1) 

Crystal system  Monoclinic 

Space group  P21 

a (Å)  9.3612(7) 

b (Å)  19.1224(15) 

c (Å)  30.828(2) 

α (°)  90 

β (°)  96.548(2) 

γ (°)  90 

Volume (Å3)   5482.5(7) 

Z  6 

ρcalc (g cm-3)  1.085 

μ (mm-1)  0.086 

F(000)  1956.0 

Crystal size  0.33×0.24×0.21 

Crystal shape  Block 

Crystal color  Light yellow 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  1.33 to 56.554 

Index ranges  -8 ≤ h ≤ 12 

-25 ≤ k ≤ 25 

-41 ≤ l ≤ 41 

Reflections collected  82426 

Independent reflections  27066 

Rint = 0.0359, 

Rsigma = 0.0439 

Data/Restraints/Parameters  27066/1/1214 

Goodness-of-fit on F2  1.097 

Final R indexes [I≥2σ (I)]  R1 = 0.0626, wR2 = 0.1301  

Final R indexes [all data]  R1 = 0.0779, wR2 = 0.1380 

Largest diff. peak/hole (eÅ-3)  0.30/-0.24 

Flack parameter  -0.12(17) 
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Table 35. Crystal data and structure refinement for compound IV-5. 

 

  

Identification code  Anton_ptbnzatpy_150K_0m 

Empirical formula  C51.5H61.5AlN3O2 

Formula weight  781.51 

Temperature (K)  150.0(1) 

Crystal system  Monoclinic 

Space group  P21/c 

a (Å)  15.4495(7) 

b (Å)  12.2160(6) 

c (Å)  24.0334(11) 

α (°)  90 

β (°)  101.561(3) 

γ (°)  90 

Volume (Å3)   4443.8(4) 

Z  4 

ρcalc (g cm-3)  1.168 

μ (mm-1)  0.089 

F(000)  1682.0 

Crystal size  0.098×0.090×0.078 

Crystal shape  Cube 

Crystal color  Colorless 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  2.69 to 47.634 

Index ranges  -17 ≤ h ≤ 17 

-13 ≤ k ≤ 10 

-27 ≤ l ≤ 25 

Reflections collected  19575 

Independent reflections  6811 

Rint = 0.0891, 

Rsigma = 0.0955 

Data/Restraints/Parameters  6811/0/535 

Goodness-of-fit on F2  1.062 

Final R indexes [I≥2σ (I)]  R1 = 0.0773, wR2 = 0.1352  

Final R indexes [all data]  R1 = 0.1333, wR2 = 0.1584 

Largest diff. peak/hole (eÅ-3)  0.29/-0.29 

Flack parameter  N/A 
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Table 36. Crystal data and structure refinement for compound IV-6. 

 

  

Identification code  Anton AlEster_150K_0m 

Empirical formula  C47H63AlN2O3 

Formula weight  730.97 

Temperature (K)  150.0(1) 

Crystal system  Monoclinic 

Space group  P21/n 

a (Å)  10.2959(6) 

b (Å)  21.6194(15) 

c (Å)  19.6315(13) 

α (°)  90 

β (°)  97.987(3) 

γ (°)  90 

Volume (Å3)   4327.4(5) 

Z  2 

ρcalc (g cm-3)  1.122 

μ (mm-1)  0.087 

F(000)  1584.0 

Crystal size  0.140×0.115×0.100 

Crystal shape  Irregular 

Crystal color  Orange 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  2.818 to 43.928 

Index ranges  -10 ≤ h ≤ 10  

-22 ≤ k ≤ 22 

-20 ≤ l ≤ 20 

Reflections collected  16707 

Independent reflections  5252 

Rint = 0.0580, 

Rsigma = 0.0627 

Data/Restraints/Parameters  5252/435/498 

Goodness-of-fit on F2  1.155 

Final R indexes [I≥2σ (I)]  R1 = 0.0719, wR2 = 0.01290  

Final R indexes [all data]  R1 = 0.1014, wR2 = 0.1414 

Largest diff. peak/hole (eÅ-3)  0.29/-0.26 

Flack parameter  N/A 
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Table 37. Crystal data and structure refinement for compound IV-9 

* Icing was a problem during the collection of this dataset. Analysis of synthesized 

precession projections revealed a Laue group of 4/m, which is indicative of pseudo-

merohedral twinning (β is close to 90°). Attempts to solve the structure in the 

centrosymmetric space group P21/n failed. The only viable solution was attained in the 

non-standard space group Pn. Careful sorting of false Q-peaks and model restraining 

led to successful recovery of the plausible connectivity. TwinRotMap determined (-1 0 

0 0 -1 0 0 0 1) transformation matrix to account for the twinning. Twin fraction 

constitutes 39.6(3)%. This dataset is presented only to corroborate connectivity.  

Identification code  Anton_Alamide_150K_0m 

Empirical formula  C38H52AlN3O 

Formula weight  593.80 

Temperature (K)  150.0(1) 

Crystal system  Monoclinic 

Space group  Pn (imposed) 

a (Å)  17.830(2) 

b (Å)  10.8526(14) 

c (Å)  18.080(2) 

α (°)  90 

β (°)  90.154(5) 

γ (°)  90 

Volume (Å3)   3498.4(8) 

Z  4 

ρcalc (g cm-3)  1.127 

μ (mm-1)  0.090 

F(000)  1288.0 

Crystal size  0.260×0.131×0.090 

Crystal shape  Plate 

Crystal color  Light orange 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  2.252 to 43.93 

Index ranges  -18 ≤ h ≤ 18 

-9 ≤ k ≤ 11 

-19 ≤ l ≤ 19 

Reflections collected  27788 

Independent reflections  8214 

Rint = 0.0622, 

Rsigma = 0.0706 

Data/Restraints/Parameters  8214/803/374 

Goodness-of-fit on F2  1.043 

Final R indexes [I≥2σ (I)]  R1 = 0.0966, wR2 = 0.1987  

Final R indexes [all data]  R1 = 0.1202, wR2 = 0.2164 

Largest diff. peak/hole (eÅ-3)  0.60/-0.34 

Flack parameter  0.0(6) 
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Table 38. Crystal data and structure refinement for compound IV-10 

 

  

Identification code  Anton_AmidePy_150K_0m 

Empirical formula  C43H57AlN4O 

Formula weight  672.90 

Temperature (K)  150.0(1) 

Crystal system  Orthorombic 

Space group  P212121 

a (Å)  12.0503(6) 

b (Å)  17.5658(9) 

c (Å)  18.0299(9) 

α (°)  90 

β (°)  90 

γ (°)  90 

Volume (Å3)   3816.4(3) 

Z  4 

ρcalc (g cm-3)  1.171 

μ (mm-1)  0.091 

F(000)  1456.0 

Crystal size  0.130×0.125×0.120 

Crystal shape  Plate 

Crystal color  Yellowish orange 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  4.098 to 51.328 

Index ranges  -14 ≤ h ≤ 14 

-18 ≤ k ≤ 21 

-21 ≤ l ≤ 21 

Reflections collected  23454 

Independent reflections  7164 

Rint = 0.0667, 

Rsigma = 0.0711 

Data/Restraints/Parameters  7164/0/455 

Goodness-of-fit on F2  1.085 

Final R indexes [I≥2σ (I)]  R1 = 0.0629, wR2 = 0.1174  

Final R indexes [all data]  R1 = 0.0833, wR2 = 0.1261 

Largest diff. peak/hole (eÅ-3)  0.31/-0.21 

Flack parameter  0.2(3) 
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Table 39. Crystal data and structure refinement for compound IV-11. 

 

  

Identification code  Anton_Fenc_150K_0m 

Empirical formula  C39H57AlN2O 

Formula weight  596.84 

Temperature (K)  150.0(1) 

Crystal system  Monoclinic 

Space group  P21 

a (Å)  9.2765(5) 

b (Å)  19.0821(10) 

c (Å)  10.7871(6) 

α (°)  90 

β (°)  112.642(3) 

γ (°)  90 

Volume (Å3)   1762.31(17) 

Z  2 

ρcalc (g cm-3)  1.125 

μ (mm-1)  0.089 

F(000)  652.0 

Crystal size  0.500×0.450×0.400 

Crystal shape  Block 

Crystal color  Yellow 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  4.092 to 61.508 

Index ranges  -13 ≤ h ≤ 13 

-27 ≤ k ≤ 27 

-12 ≤ l ≤ 15 

Reflections collected  30206 

Independent reflections  10730 

Rint = 0.0484, 

Rsigma = 0.0489 

Data/Restraints/Parameters  10730/1/402 

Goodness-of-fit on F2  1.080 

Final R indexes [I≥2σ (I)]  R1 = 0.0678, wR2 = 0.1509  

Final R indexes [all data]  R1 = 0.0785, wR2 = 0.1595 

Largest diff. peak/hole (eÅ-3)  0.45/-0.37 

Flack parameter  0.1(2) 
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Table 40. Crystal data and structure refinement for compound IV-12. 

 

  

Identification code  Anton_Ketypy_150K_0m 

Empirical formula  C48H59AlN4 

Formula weight  718.97 

Temperature (K)  150.0(1) 

Crystal system  Monoclinic 

Space group  P21/n  

a (Å)  19.764(3) 

b (Å)  11.6179(19) 

c (Å)  35.903(6) 

α (°)  90 

β (°)  96.212(5) 

γ (°)  90 

Volume (Å3)   8195.0(20) 

Z  8 

ρcalc (g cm-3)  1.165 

μ (mm-1)  0.087 

F(000)  3104.0 

Crystal size  0.350×0.265×0.250 

Crystal shape  Plate 

Crystal color  Orange 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  2.472 to 57.1 

Index ranges  -26 ≤ h ≤ 17 

-15 ≤ k ≤ 15 

-47 ≤ l ≤ 47 

Reflections collected  133347 

Independent reflections  20447 

Rint = 0.0524, 

Rsigma = 0.0409 

Data/Restraints/Parameters  20447/928/989 

Goodness-of-fit on F2  1.132 

Final R indexes [I≥2σ (I)]  R1 = 0.0749, wR2 = 0.1513  

Final R indexes [all data]  R1 = 0.0960, wR2 = 0.1610 

Largest diff. peak/hole (eÅ-3)  0.72/-0.43 

Flack parameter  N/A 
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Table 41. Crystal data and structure refinement for compound IV-13 

 

  

Identification code  Anton_Ketimine_150K_0m 

Empirical formula  C50H62AlN3 

Formula weight  732.00 

Temperature (K)  150.0(1) 

Crystal system  Triclinic 

Space group  P-1  

a (Å)  11.0714(10) 

b (Å)  17.1075(16) 

c (Å)  23.895(2) 

α (°)  72.342(3) 

β (°)  89.939(3) 

γ (°)  86.955(4) 

Volume (Å3)   4305.9(7) 

Z  4 

ρcalc (g cm-3)  1.129 

μ (mm-1)  0.084 

F(000)  1584.0 

Crystal size  0.150×0.080×0.070 

Crystal shape  Irregular 

Crystal color  Red 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  3.49 to 56.76 

Index ranges  -11 ≤ h ≤ 14 

-22 ≤ k ≤ 22 

-31 ≤ l ≤ 31 

Reflections collected  82191 

Independent reflections  21132 

Rint = 0.0599, 

Rsigma = 0.0884 

Data/Restraints/Parameters  21132/13/905 

Goodness-of-fit on F2  1.047 

Final R indexes [I≥2σ (I)]  R1 = 0.0968, wR2 = 0.1804  

Final R indexes [all data]  R1 = 0.1610, wR2 = 0.2097 

Largest diff. peak/hole (eÅ-3)  0.82/-0.52 

Flack parameter  N/A 



 
 

238 
 

Table 42. Crystal data and structure refinement for compound V-2. 

 

  

Identification code  Anton_DMAP_0m 

Empirical formula  C38H56AlN4O0.5 

Formula weight  603.84 

Temperature (K)  100.0(1) 

Crystal system  Monoclinic 

Space group  P21/n  

a (Å)  16.1937(14) 

b (Å)  13.1906(11) 

c (Å)  17.6805(15) 

α (°)  90 

β (°)  104.771(3) 

γ (°)  90 

Volume (Å3)   3651.8(5) 

Z  4 

ρcalc (g cm-3)  1.098 

μ (mm-1)  0.087 

F(000)  1316.0 

Crystal size  0.28×0.16×0.12 

Crystal shape  Block 

Crystal color  Yellowish orange 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  3.046 to 46.506 

Index ranges  -17 ≤ h ≤ 17 

-14 ≤ k ≤ 14 

-19 ≤ l ≤ 19 

Reflections collected  40278 

Independent reflections  5195 

Rint = 0.1315, 

Rsigma = 0.0723 

Data/Restraints/Parameters  5195/21/421 

Goodness-of-fit on F2  1.055 

Final R indexes [I≥2σ (I)]  R1 = 0.0743, wR2 = 0.1562  

Final R indexes [all data]  R1 = 0.1261, wR2 = 0.1782 

Largest diff. peak/hole (eÅ-3)  0.56/-0.30 

Flack parameter  N/A 
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Table 43. Crystal data and structure refinement for compound V-3. 

 

  

Identification code  Anton_Pic_0m 

Empirical formula  C35H48AlN3 

Formula weight  537.74 

Temperature (K)  100.0(1) 

Crystal system  Triclinic 

Space group  P-1  

a (Å)  8.9627(5) 

b (Å)  10.7895(6) 

c (Å)  17.0349(9) 

α (°)  93.128(3) 

β (°)  96.031(3) 

γ (°)  93.001(3) 

Volume (Å3)   1632.97(16) 

Z  2 

ρcalc (g cm-3)  1.094 

μ (mm-1)  0.088 

F(000)  584.0 

Crystal size  0.18×0.18×0.04 

Crystal shape  Plate 

Crystal color  Light yellow 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  2.408 to 56.564 

Index ranges  -11 ≤ h ≤ 11 

-14 ≤ k ≤ 14 

-22 ≤ l ≤ 22 

Reflections collected  38709 

Independent reflections  8108 

Rint = 0.0679, 

Rsigma = 0.0996 

Data/Restraints/Parameters  8108/8/544 

Goodness-of-fit on F2  1.010 

Final R indexes [I≥2σ (I)]  R1 = 0.0475, wR2 = 0.0996  

Final R indexes [all data]  R1 = 0.0931, wR2 = 0.1156 

Largest diff. peak/hole (eÅ-3)  0.44/-0.28 

Flack parameter  N/A 
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Table 44. Crystal data and structure refinement for compound V-5. 

 

  

Identification code  Anton_Lu_0m 

Empirical formula  C36H50AlN3 

Formula weight  551.77 

Temperature (K)  100.0(1) 

Crystal system  Monoclinic 

Space group  P21/n 

a (Å)  17.8210(6) 

b (Å)  10.1422(4) 

c (Å)  20.4459(7) 

α (°)  90 

β (°)  115.216(2) 

γ (°)  90 

Volume (Å3)   3343.3(2) 

Z  4 

ρcalc (g cm-3)  1.096 

μ (mm-1)  0.088 

F(000)  1200.0 

Crystal size  0.3×0.18×0.12 

Crystal shape  Plate 

Crystal color  Violet 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  3.996 to 61.106 

Index ranges  -24 ≤ h ≤ 25 

-14 ≤ k ≤ 14 

-29 ≤ l ≤ 29 

Reflections collected  76633 

Independent reflections  10162 

Rint = 0.0796, 

Rsigma = 0.0655 

Data/Restraints/Parameters  10162/0/377 

Goodness-of-fit on F2  1.036 

Final R indexes [I≥2σ (I)]  R1 = 0.0560, wR2 = 0.1201  

Final R indexes [all data]  R1 = 0.0967, wR2 = 0.1369 

Largest diff. peak/hole (eÅ-3)  0.44/-0.32 

Flack parameter  N/A 
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Table 45. Crystal data and structure refinement for compound V-6. 

 

  

Identification code  AlQuinoline 

Empirical formula  C47H55AlN4 

Formula weight  702.93 

Temperature (K)  200.0(1) 

Crystal system  Triclinic 

Space group  P-1  

a (Å)  12.4750(15) 

b (Å)  17.778(2) 

c (Å)  18.018(2) 

α (°)  91.684(4) 

β (°)  94.738(4) 

γ (°)  93.706(4) 

Volume (Å3)   3971.7(8) 

Z  4 

ρcalc (g cm-3)  1.176 

μ (mm-1)  0.091 

F(000)  1512.0 

Crystal size  0.45×0.28×0.07 

Crystal shape  Plate 

Crystal color  Yellow 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  2.26 to 55.8 

Index ranges  -16 ≤ h ≤ 16 

-23 ≤ k ≤ 23 

-23 ≤ l ≤ 23 

Reflections collected  60749 

Independent reflections  18962 

Rint = 0.0507, 

Rsigma = 0.0704 

Data/Restraints/Parameters  18962/0/956 

Goodness-of-fit on F2  1.002 

Final R indexes [I≥2σ (I)]  R1 = 0.0514, wR2 = 0.1232  

Final R indexes [all data]  R1 = 0.1143, wR2 = 0.1527 

Largest diff. peak/hole (eÅ-3)  0.29/-0.32 

Flack parameter  N/A 
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Table 46. Crystal data and structure refinement for compound V-7. 

 

  

Identification code  Anton_Phthalaz_152K_0m 

Empirical formula  C37H47AlN4 

Formula weight  574.76 

Temperature (K)  150.0(1) 

Crystal system  Monoclinic 

Space group  P21/n  

a (Å)  14.3829(13) 

b (Å)  11.1224(10) 

c (Å)  22.111(2) 

α (°)  90 

β (°)  106.023(2) 

γ (°)  90 

Volume (Å3)   3399.8(5) 

Z  4 

ρcalc (g cm-3)  1.123 

μ (mm-1)  0.090 

F(000)  1240.0 

Crystal size  0.41×0.4×0.25 

Crystal shape  Prism 

Crystal color  Orange 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  3.038 to 56.564 

Index ranges  -16 ≤ h ≤ 19 

-14 ≤ k ≤ 14 

-29 ≤ l ≤ 29 

Reflections collected  43189 

Independent reflections  8421 

Rint = 0.0446, 

Rsigma = 0.355 

Data/Restraints/Parameters  8421/0/389 

Goodness-of-fit on F2  1.069 

Final R indexes [I≥2σ (I)]  R1 = 0.0573, wR2 = 0.1126  

Final R indexes [all data]  R1 = 0.0794, wR2 = 0.1255 

Largest diff. peak/hole (eÅ-3)  0.34/-0.49 

Flack parameter  N/A 
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Table 47. Crystal data and structure refinement for compound VI-2. 

 

  

Identification code  Anton_Anthra 

Empirical formula  C43H51AlN2 

Formula weight  622.83 

Temperature (K)  100.0(1) 

Crystal system  Orthorhombic 

Space group  Pbca  

a (Å)  19.034(3) 

b (Å)  15.892(2) 

c (Å)  24.239(4) 

α (°)  90 

β (°)  90 

γ (°)  90 

Volume (Å3)   7331.9(18) 

Z  8 

ρcalc (g cm-3)  1.128 

μ (mm-1)  0.087 

F(000)  2688.0 

Crystal size  0.36×0.2×0.18 

Crystal shape  Prism 

Crystal color  Yellow 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  3.36 to 52.74 

Index ranges  -23 ≤ h ≤ 23 

-19 ≤ k ≤ 19 

-30 ≤ l ≤ 30 

Reflections collected  71216 

Independent reflections  7491 

Rint = 0.1874, 

Rsigma = 0.0946 

Data/Restraints/Parameters  7491/429/437 

Goodness-of-fit on F2  1.037 

Final R indexes [I≥2σ (I)]  R1 = 0.0775, wR2 = 0.1281  

Final R indexes [all data]  R1 = 0.1411, wR2 = 0.1482 

Largest diff. peak/hole (eÅ-3)  0.39/-0.42 

Flack parameter  N/A 
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Table 48. Crystal data and structure refinement for compound VI-3. 

 

  

Identification code  Anton_anthr_sym_150K_0m 

Empirical formula  C43H51AlN2 

Formula weight  622.83 

Temperature (K)  150.0(1) 

Crystal system  Orthorhombic 

Space group  Pbca  

a (Å)  19.0286(9) 

b (Å)  20.2187(10) 

c (Å)  37.5560(18) 

α (°)  90 

β (°)  90 

γ (°)  90 

Volume (Å3)   14449.1(12) 

Z  16 

ρcalc (g cm-3)  1.145 

μ (mm-1)  0.088 

F(000)  5376.0 

Crystal size  0.27×0.16×0.12 

Crystal shape  Block 

Crystal color  Yellow 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  5.744 to 56.564 

Index ranges  -25 ≤ h ≤ 25 

-24 ≤ k ≤ 26 

-46 ≤ l ≤ 50 

Reflections collected  95441 

Independent reflections  17873 

Rint = 0.0551, 

Rsigma = 0.0428 

Data/Restraints/Parameters  17873/808/854 

Goodness-of-fit on F2  1.095 

Final R indexes [I≥2σ (I)]  R1 = 0.0612, wR2 = 0.1304  

Final R indexes [all data]  R1 = 0.0789, wR2 = 0.1393 

Largest diff. peak/hole (eÅ-3)  0.50/-0.29 

Flack parameter  N/A 
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Table 49. Crystal data and structure refinement for compound VI-4. 

 

  

Identification code  Anton_anthr_Cs_150K_0m 

Empirical formula  C43H53AlN2O 

Formula weight  640.85 

Temperature (K)  150.0(1) 

Crystal system  Monoclinic 

Space group  P21/n  

a (Å)  10.6800(12) 

b (Å)  15.4361(16) 

c (Å)  22.058(2) 

α (°)  90 

β (°)  93.826(3) 

γ (°)  90 

Volume (Å3)   3628.3(7) 

Z  4 

ρcalc (g cm-3)  1.173 

μ (mm-1)  0.091 

F(000)  1384.0 

Crystal size  0.176×0.155×0.153 

Crystal shape  Plate 

Crystal color  Yellow 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  4.134 to 51.362 

Index ranges  -13 ≤ h ≤ 12 

-18 ≤ k ≤ 18 

-26 ≤ l ≤ 22 

Reflections collected  36244 

Independent reflections  6831 

Rint = 0.0368, 

Rsigma = 0.0297 

Data/Restraints/Parameters  6841/568/433 

Goodness-of-fit on F2  1.120 

Final R indexes [I≥2σ (I)]  R1 = 0.0885, wR2 = 0.1878  

Final R indexes [all data]  R1 = 0.1020, wR2 = 0.1955 

Largest diff. peak/hole (eÅ-3)  0.91/-0.54 

Flack parameter  N/A 
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Table 50. Crystal data and structure refinement for compound VI-6. 

 

  

Identification code  Anton_Dimer_150K_0m 

Empirical formula  C58H82Al2N4 

Formula weight  889.23 

Temperature (K)  150.0(1) 

Crystal system  Monoclinic 

Space group  P21/n  

a (Å)  13.7256(10) 

b (Å)  17.5355(12) 

c (Å)  22.5443(17) 

α (°)  90 

β (°)  105.011(4) 

γ (°)  90 

Volume (Å3)   5240.9(7) 

Z  4 

ρcalc (g cm-3)  1.127 

μ (mm-1)  0.096 

F(000)  1936.0 

Crystal size  0.305×0.23×0.21 

Crystal shape  Rhombohedron 

Crystal color  Green 

Radiation  MoKα (λ = 0.71073 Å) 

2θ range for data collection (°)  3.918 to 57.268 

Index ranges  -18 ≤ h ≤ 18 

-19 ≤ k ≤ 23 

-25 ≤ l ≤ 30 

Reflections collected  43803 

Independent reflections  13253 

Rint = 0.483, 

Rsigma = 0.0523 

Data/Restraints/Parameters  13253/0/600 

Goodness-of-fit on F2  1.127 

Final R indexes [I≥2σ (I)]  R1 = 0.0966, wR2 = 0.2016  

Final R indexes [all data]  R1 = 0.1279, wR2 = 0.2184 

Largest diff. peak/hole (eÅ-3)  0.38/-0.37 

Flack parameter  N/A 
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