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Abstract 

The reactions of styrene and 1-hexene with zirconacyclopropane and the bimetallic five-membered 

Zr,Al-complex [Cp2Zr(µ-Cl)CH2CH2AlEt2] as catalytically active sites in Cp2ZrCl2-catalyzed 

cycloalumination of α-olefins with AlEt3 have been studied by DFT quantum chemical methods 

(PBE/3ζ, B3LYP/VDZ, B3LYP(GD3)/VDZ, M06-2X/VDZ, M06-2X/VTZ//VDZ). It was shown that 

key intermediates can exist in dynamic equilibrium with each other, and with ClAlEt2 adducts. 

Comparative analysis was carried out for the energy characteristics of alternative pathways in the 

reaction of styrene or 1-hexene with the intermediates, implying different orientations of the substrates 

towards the Zr-C bond. The obtained data were used to elucidate the reasons for the observed 

dependence of the reaction regioselectivity on the substrate structure and the minor by-products 

formation. The applicability of M06-2X/cc-pVTZ-PP//M06-2X/cc-pVDZ-PP and PBE/3ζ methods for 

the description of the available experimental data was shown. 
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1. Introduction 

The discovery of metallocene compounds in the middle of the last century stimulated the 

development of numerous important trends in organometallic chemistry. One of these directions is 

homogeneous alkene polymerization, catalyzed by η5- complexes of IV group transition metals in 

combination with MAO and organoboron compounds [1] (Scheme 1). Later it was shown that 

metallocenes can be used as catalysts in alkene or alkyne hydro- [2], carbo- [3] and cyclometalation [4] 
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reactions, which provide both acyclic and cyclic organometallic compounds with high regio- and 

stereoselectivity. 

MgEt 2

or AlEt 3

 cyclometalationm = Mg or AlEt

m = MgX or AlR' 2

MAO or B(C6F5)3

 carbometalation
 hydrometalation

XAlBu i 2

(X = H, Cl, Bu i)

R'MgX
or AlR' 3

R' = Et (Mg)
R' = Me, Et (Al)

X= Cl

X= H, Bu i

M= Ti, Zr, Hf

n

 
Scheme 1. η5-Complexes of IV group transition metals in alkene polymerization and functionalization 

by organomagnesium and organoaluminum compounds  

Catalytic alkene cycloalumination by AlEt3 in the presence of Cp2ZrCl2 yields five-membered 

organoaluminum compounds (OAC) [4], aluminacarbocycles, which could be involved in the reactions 

with various electrophilic reagents to give a number of products: 1,4-butanediols, carbo- and 

heterocycles, etc. (Scheme 2) [5]. 
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Scheme 2. Prospects of cyclic organoaluminum compounds in organic synthesis. 

The cycloalumination regioselectivity was found to depend on the alkene structure [5]. Thus, 

cycloalumination of aliphatic terminal alkenes gives only the 3-substituted regioisomer of cyclic OAC 

[4], whereas styrene provides a mixture of 2- and 3-phenylalumolanes [6] (Scheme 3). Moreover, 2,4-

diphenyl- (6, ~15%), 2,5-diphenylalumolane (7, ~3%), and 2-phenylaluminacyclopropane (8, ~7%) 

were identified as minor products. A similar regioselectivity dependence on the alkene structure was 

observed in the formation of zirconacyclopentane structures [7]. 

 1  2
 3  4  5  6

 7  8

Scheme 3. Products of catalytic cycloalumination of 1-hexene and styrene. 
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Obviously, the reasons for these effects could be found in the reaction mechanism. Thus, Scheme 

4 summarizes the ideas on the reaction flow, which are presented in Refs. [8], [9]. As follows from the 

scheme, zirconium complexes of various structures were proposed as the reaction intermediates. It is 

assumed that among these complexes zirconacyclopentane 9 forms via zirconium η2- complexes [8]. 

Later the stage of hydride transfer in Cp2ZrEt2 followed by ethane elimination was ruled out in favour 

of the zirconacyclopropane 10 formation [9]. 

AlEt3

Cp2

-EtH
10

-EtHCp2ZrCl2 AlEt3

-EtH
Cp2Zr

9

Cp2ZrEt2

Cp2

 
Scheme 4. Proposed mechanism of catalytic alkene cycloalumination [8], [9]. 

Experimental study on the mechanism of catalytic cycloalumination of alkynes [10] and alkenes 

[11] showed that the active site of the reaction is cyclic five-membered bimetallic Zr,Al-complex 11 

(Scheme 5), which is fully converted to the target aluminacycles when treated with substrate. Earlier 

the intermediate 11 was found in the system Cp2ZrCl2 - AlEt3 by W. Kaminsky [12]. The structure of 

the complex was identified by the means of 1H and 13C NMR spectroscopy.  

Cp2ZrCl2
AlEt3

11
 12

  3-5

11A 11B  
Scheme 5. Experimental study on mechanism of catalytic alkene cycloalumination. 

It was suggested that complex 11A is the precursor of intermediate 11 [10] or they exist in 

dynamic equilibrium with each other [13]. The structure 11A also can be represented as η2- ethylene 
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interaction with zirconium atom (complex 11B, Scheme 5) analogous to known zirconocene-ethylene 

complex, stabilized by PMe3 [14]. However, complexes 11A and 11B could be considered as 

mesomeric forms as shown in Scheme 5. It was postulated [11] that complex 11 transforms into 3-

substituted aluminacyclopentanes via seven-membered bimetallic complex 12 (Scheme 5). 

Thus, before our study there were no comprehensive answers on question how the probable key 

intermediates interact with the alkenes of various structures and regulate the reaction chemo- and 

regioselectivity. Therefore, the purpose of the work is quantum chemical study on the mechanism of 

the active site action in the alkene catalytic cycloalumination and elucidation of the fundamental factors 

that determine the reaction direction and position of alkyl(aryl) substitute in the products. For our 

theoretical studies we choose DFT PBE/3ζ method, because it satisfactorily describes the reactions 

catalyzed by IV group transition metal complexes [15]. The calculations were compared with the 

results obtained using the B3LYP method, which was widely applied for the theoretical study of the 

zirconocene systems as well [16] and the M06-2X functional as this has demonstrated excellent 

performance for zirconocene reactions in a recent benchmark study [17]. 

 

2. Experimental and Computational details 

The DFT calculations with the Perdew-Burke-Ernzerhof (PBE) functional [18] in combination 

with a 3ζ basis set [19] were carried out using program Priroda-06 developed by Laikov [20]. The 

electronic configurations of the molecular systems were described by the orbital basis sets of contracted 

Gaussian-type functions of size (5s1p)/[3s1p] for H, (11s6p2d)/[6s3p2d] for C, (15s11p2d)/[10s6p2d] 

for Al and Cl, and (20s16p11d)/[14s11p7d] for Zr, which were used in combination with the density-

fitting basis sets of uncontracted Gaussian-type functions of size (5s2p) for H, (10s3p3d1f) for C, 

(14s3p3d1f1g) for Al and Cl, and (22s5p5d4f4g) for Zr. DFT calculations with Gaussian 09 [21] used 

the M06-2X functional [22] with Dunnings correlation consistent cc-pVDZ and cc-pVTZ basis sets for 

H, C, Cl and Al	  [23], and the relativistically corrected effective core potential containing cc-pVDZ-PP  

and cc-pVTZ-PP basis sets for Zr	  [24] (as obtained from the EMSL Basis Set Exchange) [25]. Initial 

studies [Supplementary, Table S2] showed little benefit in optimizing structures using the larger basis 

set so we used singe point VTZ energy calculations at VDZ optimized structures. The VDZ 

calculations also provide the frequency data needed to correct electronic energies to Gibbs free 

energies. The ultrafine integration grid as implemented in Gaussian was used [26]. Initial studies on the 

effect of including solvent in the calculations through the Conductor – like Polarisable Continuum 

Model (CPCM) as implemented in Gaussian [27] (Supplementary, Table S3) showed generally small 
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energy changes so were not used in the main work. 

We also examined the use of the B3LYP functional [28] using the cc-pVDZ (H, C, Al, Cl) and 

cc-pVDZ-PP (Zr) basis sets, with and without Grimme's D3 empirical dispersion correction [29].  

The geometry optimization of the complexes, vibrational frequency analysis, transition state (TS) 

search and calculation of entropy and thermodynamic corrections to the total energy of the compounds 

were carried out. The intrinsic reaction coordinates (IRC analysis) were also calculated to analyze the 

mechanism in detail for all the transition structures obtained at the same level of theory. No limitation 

was imposed on the changes in the geometric parameters of the subsystems studied. Thermodynamic 

parameters and activation energies were determined at 298.15 K. Both the minima and the transition 

states (TS, first order saddle point) were confirmed through calculation of the force constant (Hessian) 

matrix and analysis of the resulting frequencies. All minima were verified to have no negative 

frequencies and all the transition states were checked to have just one negative frequency.  

Visualization of quantum chemical data was carried out using the programs QCC Front-End [30], 

ChemCraft [31] and GaussView 5 [32]. 

One- dimensional (BBO probe) 1H and 13C NMR spectra were recorded on a Bruker Avance 400 

instrument (400.13 MHz (1H) and 100.62 MHz (13C)) at temperatures 190 - 298 K in 5 mm ampules. 

The chemical shifts were internally referenced to d8-toluene signals. 

 

3. Results and discussion 

3.1. Structure of the probable active sites in alkene cycloalumination reaction 

The hypothetical structures of catalytically active complexes 11, 11A, and 11B (Scheme 5) have 

been studied.  

The structure of complex 11 was optimized on the PES of the molecule. In complex 11 the 

aluminum atom deviates from the plane of the four ring carbon atoms. Scanning of the Al-C bond 

dissociation in 11 was accompanied by energy increase only. The results indicate that there is no 

equilibrium between bimetallic Zr,Al-complexes 11 and 11A/11B.  

However, we suggested that due to rather low strength of the Zr-Cl bond [15] the 

organoaluminum moiety (ClAlEt2) could be completely eliminated from the zirconium atom to give in 

situ the zirconacyclopropane 10 [33], which is extremely reactive towards alkene in the catalytic 

cycloalumination (Scheme 6). Metallacyclopropane structures are often represented as η2-ethylene 

complexes. Nevertheless, sp3 hybridization of carbon atoms that corresponds to the 

metallacyclopropane was established for Cp*2Ti(C2H4), Cp2Zr(C4H6) and Cp2Zr(PMe3)(C2H4) on the 
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base of heteronuclear coupling constants 1J (13C-1H) [34] and for Cp2Hf(PMe3)(C2H4), Cp2Zr(AlkCH-

CH2), Cp2Zr(PhCH-CH2)(PMe3) on the base of NMR chemical shifts [35]. Moreover, the stronger 

coordination of olefin to the transition metal is accompanied by an increasing of C-C bond length to 

1.449 Å (for example, in Cp2Zr(PMe3)(C2H4) [34], [36]) comparing to 1.337 Å in ethylene molecule 

[37], whereas Zr-C bond lengths are 2.332 Å and 2.354 Å for the same example. Thus, the calculated 

values of d(Zr-C)= 2.31 Å and d(C-C)= 1.46 Å (PBE) and d(Zr-C)= 2.24 Å and d(C-C)= 1.48 Å (M06-

2X) allows to attribute complex 10 to zirconacyclopropane structure. 

(1)

-Et2AlCl

11

+Et2AlCl

10  
Scheme 6. Probable equilibrium between the five-membered bimetallic complex 11 and 

zirconacyclopropane 10 (reaction 1). 

In order to determine the thermodynamic probability of zirconacyclopropane 10 formation under 

the reaction conditions, we studied the potential energy surface of bimetallic Zr,Al-complex 11 

dissociation  (reaction 1) towards three-membered metallacycle and Et2AlCl. The relaxed scan of PES 

along the reaction coordinate showed that reaction (1) is endothermic (ΔG298 = 23.1 kcal/mol, M06-

2X), nevertheless there is a theoretical probability of complex 11 dissociation, which confirms the idea 

of the possibility of dynamic processes involving elimination of OAC from the five-membered Zr,Al-

complex [33]. Obviously, the equilibrium should be shifted toward complex 11. Thus, the only 

bimetallic complex 11 in solution is detected in the 13C NMR spectra in the temperature range of 190-

298 K. 

The obtained results give the conclusion that complexes 10 and 11 are in equilibrium, which 

provides more in-depth understanding of the mechanism of catalytic alkene cycloalumination. For 

example, the equilibrium explains the origin of the hydride five-membered Zr,Al-complex [Cp2Zr(µ-

H)CH2CH2AlEt2], detected in a previous study [38]. Therefore, complex 10 along with the known 

bimetallic complex 11 should be considered as an active site of catalytic alkene cycloalumination. 

 

3.2. Reactions of olefins with zirconacyclopropane. 

We simulated possible pathways of reactions between 10 and 1-hexene (1) or styrene (2) 

corresponding to two possible orientations of the substrate molecules relative to the Zr-C bond 

(Scheme 7, reactions (2) and (3)). The final addition products for each of these reactions are 3-
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substituted (9a, 9b) and 2-substituted (13а, 13b) zirconacyclopentanes. Relaxed potential energy 

surface scan along the reaction coordinate for reactions (2) and (3) involving two model olefins 1 and 2 

demonstrated the existence of local minima (LM1 – LM4) and transition states, which were optimized 

for the both pathways (Scheme 7). The existence of such prereaction complexes was proposed on the 

basis of the experimental data [4], while the theoretical studies has not been carried out. 

(2)

(3)

10
1 (R=Bu)
2 (R=Ph)

9a (R=Bu)
9b (R=Ph)

13a (R=Bu)
13b (R=Ph)

LM1 (R=Bu)
LM3 (R=Ph)

LM2 (R=Bu)
LM4 (R=Ph)

TS (LM1-9a)
TS (LM3-9b)

TS(LM2-13a)
TS(LM4-13b)

 
Scheme 7. Possible ways of olefin coordination toward zirconacyclopropane 10. 

 
Fig. 1. Energy profile of reactions (2) and (3) for 1-hexene (left) and styrene (right) (M06-2X). 

Comparative analysis of thermodynamic and activation parameters for reactions (2) and (3), 

which involve both aliphatic and aromatic olefins, revealed the distinctions that account for the 

observed dependence of the reaction regioselectivity on the alkene structure (Scheme 7, Fig 1). 

Comparison of the energy profiles involving 1-hexene and styrene indicates that for the former the 3-

substitututed product (reaction 2) is favored both kinetically (10.9 cf 13.8 kCal/mol activation energy) 

and thermodynamically (4.1 kCal/mol more stable). For styrene reaction (3) leading to the 2-substituted 
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product is favored (7.9 cf 9 kCal/mol activation energies; 1.8 kCal/mol more stable). The much smaller 

energy differences between the pathways for styrene are consistent with the observed mixture of 2- and 

3-substituted products. The activation energy for the reverse reactions (18.8 - 22.5 kCal/mol) 

corresponding to a 1st order half life of minutes at room temperature, would suggest that under the 

catalytic conditions transmetallation of the product zirconacyclopentanes with aluminium is faster than 

the reverse reaction i.e. the reaction is probably under kinetic control. 

It is noteworthy that the local minima LM1-LM4, which were found on the PES of the reaction 1 

+ 10 by a detailed scanning along the reaction coordinate, being higher in energy than the sum of the 

starting reagents (1-hexene + zirconacyclopropane) by ΔG298
r = 1.9 - 4.0 kcal/mol (Fig. 1). 

Coordination of the styrene requires only ~ 1.0 kcal/mol (Fig. 1). The Gibbs free energy difference 

between local minima LM4 and LM3 is insignificant (∆(GLM4-GLM3) = 0.7 kcal/mol). Therefore, the 

orientation of the styrene molecule relative to the Zr-C bond is not crucial for the reaction pathway. 

However, the step of linear alkene bonding with 10 is expected to be more selective, because ∆(GLM2-

GLM1) = 2.1 kcal/mol. Energies of minima LM1 and LM2 are greater than that of zirconacyclopropane 

or styrene complexes LM3 and LM4. Probably, the dependence of catalytic alkene carbo- and 

cycloalumination enantioselectivity vs alkene structure [39] is the consequence of differences in the 

local minima stabilities as well. 

Local minima LM1-LM4 can be considered as weak complexes, which are referred to bis-olefin 

structures discussed in the literature [40]. Indeed, the Zr-C and С-С bonds in the minima are longer 

than in the zirconacyclopentanes 9а, 9b, 13а and 13b. For example, in the optimized structure LM1, 

d(Zr-C1) = 2.44 Å, d(Zr-C2) = 2.40 Å (M06-2X), whereas in compound 9а the corresponding covalent 

bonds are d(Zr-C1) = 2.28 Å, d(Zr-C2) = 2.28 Å (M06-2X). Formally, the inverse transformation from 

zirconacyclopentanes to LM1-LM4 should be accompanied by cleavage of the C3 – C4 bond, i.e., the 

reaction should be characterized by an energy barrier. The possibility of this transformation depends 

not only on the barriers, but also on the thermodynamic stability of the minima with respect to 

zirconacyclopentanes. The energies of the stable species for 2-phenyl and 3-phenyl substituted - 

zirconacyclopentanes are close to each other in contrast with the alkyl substituted zirconacycles. Thus, 

the local minima LM1-LM4 can be interpreted as pre-reaction complexes in the process of substituted 

zirconacyclopentane formation, which act as precursors for the cycloalumination products. The 

mechanism of the last transmetalation stage is the subject of our further studies. 

 

3.3. Reactions of olefins with bimetallic five-membered Zr,Al-complex 11. 
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In order to determine the possibility of intermediate 11 involvement in the cycloalumination 

reaction, we scanned the potential energy surface of the olefin insertion into the Zr-C bond of the 

bimetallic complex. The interaction between complex 11 and olefins (1, 2) can proceed along two 

alternative pathways (Scheme 8), which imply 1,2- or 2,1-orientations of the substrate relative to the 

Zr-C bond similarly to Scheme 7. The seven-membered complex 12, which was proposed previously as 

intermediate in olefin cycloalumination [11] (Scheme 4), was not located on the PES of the reaction. In 

both ways the insertion of olefin into bimetallic Zr,Al-complex 11 is accompanied by removal of the 

ClAlEt2 molecule from the zirconium coordination sphere. Obviously, this is due to relatively low 

strength of the Zr-Cl bond [15]. Thus, the first elementary step of the reactions (4) and (5) provides 

local minima LM5 – LM8 (Scheme 8). The elimination of ClAlEt2 molecules from complexes LM5 – 

LM8 makes further transformations identical to reactions (2) and (3), which were described in the 

previous chapter. For comparison of the calculated thermodynamic parameters of these reactions with 

the parameters of reactions (4) and (5), we studied the PES of the formation of zirconacyclopentanes 

14а, 14b, 15а, and 15b associated with OAC molecule (Scheme 8). 

(4)

(5)

11

1 (R=Bu)
2 (R=Ph)

14a (R=Bu)
14b (R=Ph)

15a (R=Bu)
15b (R=Ph)

LM5 (R=Bu)
LM7 (R=Ph)

LM6 (R=Bu)
LM8 (R=Ph)

TS(LM5-14a)
TS(LM7-14b)

TS(LM6-15a)
TS(LM8-15b)

 
Scheme 8. Possible ways of olefin coordination toward complex 11. 
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Fig. 2. Energy profile of reactions (4) and (5) for 1-hexene (left) and styrene (right) (M06-2X). 

As follows from Figure 2, the processes of LM5 – LM8 formation from the alkene and 11 are 

energy consuming due to the process of OAC molecule displacement (Table 3). The ΔG298
r values for 

this step vary in the range of 22.1-24.3 kcal/mol. These values are close to the energy parameters of the 

reactions (1) and (2). The relationships between the energies of LM5 – LM8 is comparable with LM1 

– LM4. As in the case of LM2, the formation of complex LM6, the precursor of 2-

alkylzirconacyclopentane 15а, is thermodynamically less probable. The interaction of the catalytically 

active five-membered complex 11 with styrene by the reactions 4 and 5 occurs with close activation 

parameters (ΔG#~ 0.7 kcal/mol) and thermodynamic (∆G≤ 1.0 kcal/mol), while the same parameters 

for reactions involving 1-hexene differ significantly (ΔG#~ 2.0 kcal/mol, ΔG~ 9.0 kcal/mol). This again 

displays the cause of differences in reaction regioselectivity for 1-hexene and styrene cycloalumination. 

It should be noted that elimination of the ClAlEt2 molecule from the first local minimum requires ΔGr = 

2.9 kcal/mol. 

Thus, the obtained thermodynamic and activation parameters for reactions (4) and (5) indicate 

that complex 11 can be involved in the olefin cycloalumination through zirconacyclopropane 

generation. The rate-limiting step is insertion of the starting olefins into the Zr-C bond with 

simultaneous elimination of the AlClEt2 molecule. Moreover, the comparative analysis of the processes 

of the direct alkene insertion into complex 10 and dissociation of 11 towards zirconacyclopropane are 

energetically close to each other. The activation energy for direct insertion into complex 11 is favoured 

by only 3 kCal/mol for insertion of 1-butene, and 1 or 2 kCal/mol (3- and 2-substituted zirconacycle) 

for styrene relative to that involving initial formation of free zirconocene(ethene) 10.  
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3.4. Mechanism of by-products formation in the catalytic styrene cycloalumination.  

As it was mentioned in the introduction, chemoselectivity of the reaction depends on the alkene 

structure. A specific feature of the styrene cycloalumination is the appearance of minor amounts of by-

products 6, 7, 8 (Scheme 3), which formation mechanism remained unclear. Hypothetically, it can be 

assumed that compounds 6-8 originate from the corresponding zirconium intermediates 17-19 (Scheme 

9 and 10), which arise from zirconocene "Cp2ZrII", analogously to Ti-based catalytic system [41]. 

However, there are several problematic moments in the scheme. First, if "Cp2ZrII" is generated 

under the reaction conditions, why the same minor by-products are not observed in the case of linear 

alkenes? Second, unlike "Cp2TiII" [42], "Cp2ZrII" was not experimentally identified, and it’s 

involvement in the alkene (alkyne) transformation processes is being questioned [14], [43]. Third, 

according to our calculation the probability of "Cp2ZrII" formation at room temperature is low due to 

the high value of the Gibbs free energy for the dissociation 10 → "Cp2ZrII"+C2H4 (30.4 kcal/mol). 

Thus, phenyl-substituted zirconacyclopropane could be considered as the precursor of 

disubstituted products. According to Scheme 9, complex 17 can be formed as a result of dissociation of 

the intermediates LM3 and LM4. The estimation of the thermodynamic probability of the LM1-LM4 

dissociation to 16, 17 with elimination of the ethylene molecule by reactions (6) and (7) (Scheme 9) 

showed that only low-energy complexes with styrene LM3 and LM4 can be converted to the 

zirconacyclopropane 17 (Table 1). According to the data obtained by both methods in the case of 

styrene derivatives ΔGr
298 is in the range of -3.3 ÷ 0.0 kcal/mol. Relatively small values of ΔGr

298 

suggests the equilibrium on the stages (6) and (7). The same transformations for LM1 and LM2 are 

energetically unfavorable (ΔGr
298 ≥ 0). However, analysis of the calculation data for reactions (6) and 

(7) obtained by M06-2X method showed the possibility of the formation both phenyl- and 

alkylsubstituted zirconacyclopropanes. Moreover, among LM1-LM4 local minima the ΔG0
r
 of 

bisolefin complex LM1 decomposition has the most negative value (-3.0 kcal/mol, Table 1). Probably, 

this most unstable complex is not realized in a real system, or its concentration is negligible to affect 

the cycloalumination reaction chemoselectivity. 

(7)

LM1 (R=Bu)
LM3 (R=Ph)

LM2 (R=Bu)
LM4 (R=Ph)

- C2H 4

16 (R=Bu)
17 (R=Ph)

(6)

- C2H 4
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Scheme 9. Dissociation of pre-reaction complexes towards zirconacyclopropanes 16, 17.  

The in situ generation of highly reactive compound 17 in the reaction mixture can start the 

second catalytic cycle with styrene (Scheme 10), which provides regioisomers 18 and 19. 

(8)

(9)

17

 18

Pathway 
A

 19

Pathway 
B

 LM9

 LM10

 TS(LM9-18)

 TS(LM10-19)  
Scheme 10. Possible pathways of phenyl-substituted zirconacyclopropane transformation into 

disubstituted structures 18, 19. 

The calculated data on thermodynamic and activation parameters by M06-2X for reactions (8) 

and (9) (Table1, Fig. 3) demonstrate the following: the energy barriers for the formation of compounds 

18 and 19 are relatively low and both reactions are exothermic. As follows from Fig. 3, the formation 

of diphenyl substituted zirconacyclopentanes 18 and 19 needs only 9.1 and 10.7 kcal/mol, respectively. 

It should be noted that on scheme 10 we indicated stereochemistry of disubstituted zirconacycles as 

trans for 18 and cis for 19 on the base of their relatively greater stability (∆G ~2.4 kcal/mol). The 

thermodynamic control of the reaction could be proposed as well, because the barriers of the reverse 

reactions from 18 or 19 to LM9/LM10 are about 15.0 kcal/mol (see SI, Table S1). Compound 18 is 

formed with a lower barrier than compound 19, which accounts for the predominant formation of the 

corresponding cyclic OAC among the reaction by-products. 

Table 1 

Calculated thermodynamic and activation parameters for reactions (8) and (9) (scheme 10) at T = 

298.15 K ([ΔS] = cal/(mol·K); [ΔH] = [ΔG] = kcal/mol). 

 
Reaction 

PBE/3ζ  M06-2X/VTZ//VDZ 
ΔH0

r ΔG0
r ΔS0

r ΔH≠
r ΔG≠

r ΔS≠r  ΔH0
r ΔG0

r ΔS0
r ΔH≠

r ΔG≠
r ΔS≠r 

6 - - -     - - -    
LM1→16+C2H4 15.9 2.6 44.8     -16.6 -3.0 -45.4    
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LM3→17+C2H4 13.7 0.0 46.0     -14.1 -0.9 -44.1    
7 - - -     - - -    
LM2→16+C2H4 14.2 1.2 43.6     -14.4 -1.0 -45.2    
LM4→17+C2H4 13.1 -0.2 44.5     -13.5 -0.3 -44.4    
8 -15.1 -0.6 -48.9     -28.1 -11.9 -54.2    
17+2→LM9 -8.8 6.2 -50.4     -10.8 3.4 -47.7    
LM9→18 -6.3 -6.7 1.5 7.2 8.1 -3.0  -17.3 -15.3 -6.5 3.5 5.7 -7.4 
9 -13.3 -1.1 -40.7     -24.4 -9.8 -48.9    
17+2→LM10 -10.1 4.8 -50.1     -12.4 2.9 -51.5    
LM10→19 -3.2 -6.0 9.4 9.8 11.0 -3.9  -12.0 -12.7 2.5 6.9 7.8 -2.9 
 

 
Fig. 3. Energy profile of reactions (8) and (9) (M06-2X). 

Thus, the formation of by-products 6, 7 and 8, resulting from transmetalation of the 

corresponding zirconacyclopentanes, is caused by generation of phenyl-substituted 

zirconacyclopropane as a result of ethylene elimination from the low-energy pre-reaction zirconium 

complexes. However, the transformation channel of analogous complexes with 1-hexene proved to be 

thermodynamically unfavorable. As a result the probable mechanism of the by-products formation in 

the styrene cycloalumination can be presented as follows (Scheme 11). 
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Scheme 11. The probable mechanism of the by-products formation in the styrene cycloalumination 

reaction.  

 

4.4. Comparison of calculation results obtained by various methods. 

In order to compare the methods that were used in the present study we summarized the 

calculation data for series of reactions, which describe the mechanism of the interaction of the 

catalytically active sites with 1-hexene and styrene, in Table 2. We found that B3LYP method is less 

suitable for the description of the available experimental data on the reaction flow. It is noting that 

some of the geometries are distinctly different when going from B3LYP/VDZ to M06-2X/VTZ (or 

indeed B3LYP/VDZ with the Grimme’s D3 dispersion correction). Method M06-2X in conjunction 

with a combined basis set VTZ@VDZ satisfactorily describes the experiment. It should be noted that 

the calculations using PBE/3ζ give results that are in good agreement with the experimental data, so it 

can be used as a method for a preliminary search of extrema on the PES of reaction, since it is less 

demanding of time and computer resources. 
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Table 2 Calculated thermodynamic and activation parameters (in parentheses) for all described 

reactions at T = 298.15 K at B3LYP, M06-2X, PBE DFT levels ([ΔS] = cal/(mol*K); [ΔH] = [ΔG] = 

kcal/mol) in combination with various basis sets. 

Reaction B3LYP/ 

VDZ 

B3LYP(GD3)/ 

VDZ 

M06-2X/ 

VDZ 

M06-2X/ 

VTZ@VDZ 

PBE/3ζ 

10+Et2AlCl → 

11 

-11.9 -21.2 -25.2 -23.1 -7.2 

1+10 → LM1 10.7 0.6 1.1 1.9 4.1 

LM1 → 9a -15.1 (9.9) -13.3 (9.5) -16.6 (8.1) -13.4 (9.0) -6.9 (10.2) 

1+10 → LM2 12.9 2.6 3.1 4.0 5.4 

LM2 → 13a -13.3 (10.2) -11.9 (9.3) -14.7 (9.0) -11.4 (9.9) -5.4 (11.6) 

1+10 → LM3 10.5 -1.2 0.1 0.9 3.2 

LM3 → 9b -12.7 (9.5) -9.5 (10.4) -13.7 (7.2) -10.7 (8.1) -4.1 (10.7) 

2+10 → LM4 11.9 -0.3 0.6 1.6 3.4 

LM4 → 13b -14.5 (8.0) -13.5 (7.1) -16.4 (5.5) -13.2 (6.4) -5.8 (9.7) 

1+11 → LM5 26.7 21.7 23.0 22.1 20.5 

LM5 → 14a -13.8 (9.6) -14.6 (5.9) -15.2 (7.4) -10.8 (8.8) -6.6 (8.9) 

1+11 → LM6 29.1 22.1 25.1 24.3 23.1 

LM6 → 15a -12.1 (8.6) -6.2 (6.6) -8.3 (7.7) -4.0 (9.3) -2.1 (7.3) 

2+11 → LM7 27.8 18.8 23.3 22.9 20.7 

LM7 → 14b -13.1 (8.9) -9.1 (8.2) -12.4 (5.7) -8.5 (7.0) -3.7 (9.5) 

2+11 → LM8 28.6 20.7 24.2 23.6 21.9 

LM8 → 15b -12.6 (7.9) -13.9 (6.9) -13.9 (5.0) -10.2 (6.3) -3.9 (6.8) 

 

4. Conclusions 

The stages of 1-hexene or styrene interaction with the bimetallic five-membered Zr,Al-complex 

[Cp2Zr(µ-Cl)CH2CH2AlEt2] and zirconacyclopropane as possible key intermediates of α-olefin 

cycloalumination by AlEt3, catalyzed with Cp2ZrCl2, has been studied using DFT. The existence of 

equilibrium between these key intermediates was shown to be thermodynamically probable. Analysis 
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of the PES of the reaction steps between the complexes and olefins demonstrated that 

zirconacyclopropane has a similar reactivity with respect to the substrate than the bimetallic five-

membered intermediate. 

It was shown that the reactions of alkenes with zirconium complexes include the step of substrate 

coordination to the catalytically active site, resulting in the formation of low-energy pre-reaction 

complexes, which stability depends on the olefin structure. The step is barrierless and, therefore, 

reversible. The next stage is the formation of 2- and 3-substituted zirconacyclopentanes, the precursors 

of alumolanes, requiring barriers of ≤ 22 kcal/mol. Comparative analysis of two alternative pathways 

that imply different orientations of the styrene relative to the Zr-C bond showed similarity of the 

thermodynamic and activation parameters for the formation of 2- and 3-phenylzirconacyclopentanes, 

unlike analogous parameters for the reaction with terminal aliphatic alkene. 

The high regioselectivity of the 1-hexene cycloalumination, which gives only 3-substituted 

aluminacyclopentane, is caused by relatively higher barriers and thermodynamic stability of 

corresponding zirconacyclopentane intermediate comparing with 2-substituted analog.  

The probable mechanism of metallacyclic by-products formation in the catalytic 

cycloalumination of styrene has been proposed, which suggests the production of 

phenylzirconacyclopropane as the key intermediate upon ethylene elimination from low-energy pre-

reaction zirconium complexes. The insertion of a second styrene molecule into 

phenylzirconacyclopropane affords 2,5- and 2,4-diphenylzirconacyclopentanes. 

We showed that M06-2X/VDZ//VTZ and PBE/3ζ could be used for the explanation of the 

available experimental data, whereas B3LYP/VDZ is not suitable for this purpose, although much 

improved when the Grimme D3 empirical dispersion correction is applied. 

Finally, the detailed study on the interaction of cycloalumination catalytically active site with 

olefins showed a significant role of energetics of bis-olefin complexes involved in the reaction, which 

control the chemo- and regioselectivity of the process. Further, the systematization of data on the 

features of olefin complexes of other metals will be a key to understanding the mechanism of the 

unsaturated compound cyclometalation and oligo/polymerization processes. 
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