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Abstract 

  The role that zerovalent nickel plays in catalyzing the trimerization of butadiene 

to 1,5,9-cyclododecatriene conveys interest in the properties of the tris(butadiene)metal 

complexes (C4H6)3M. In this connection the complexes (C4H6)3M (M = Ti to Ni) of the 

first row transition metals have been investigated by density functional theory.  The 

intermediate C12H18Ni which has been isolated in the nickel-catalyzed trimerization of 

butadiene but too unstable for X-ray crystallography, is suggested here to have an open 

chain hexahapto 3,3-C12H18 ligand rather than the octahapto such ligand suggested by 

some investigators.  The lowest energy (C4H6)3M structures of the other first row 

transition metals from vanadium to cobalt are found to have related structures with open 

chain C12H18 ligands having hapticities ranging from four to eight with hexahapto 

structures being most common. The nickel and cobalt (C12H18)M derivatives favor low-

spin singlet and doublet spin states, respectively, whereas the manganese derivative 

(C12H18)Mn favors the high-spin sextet state corresponding to the half-filled d5 shell of 

Mn(II). A (C4H6)3Cr structure with three separate tetrahapto butadiene ligands analogous 

to the very stable (4-C4H6)3M (M = Mo, W) with the favored 18-electron metal 

configuration is found to be a very high energy structure relative to isomers containing an 

open chain C12H18 ligand. 
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1. Introduction 

The chemistry of butadiene transition metal complexes predates the 

groundbreaking 1951 discovery of ferrocene1,2 by approximately two decades. Thus 

Reihlen and coworkers in 19303 first synthesized butadiene-iron tricarbonyl as an 

essentially air-stable volatile yellow liquid using the simple thermal reaction of butadiene 

with iron pentacarbonyl in a sealed vessel. A reinvestigation of this product by Hallam 

and Pauson in 19584 after the discovery of ferrocene suggested a (4-C4H6)Fe(CO)3 

structure with coordination of both butadiene double bonds to the iron atom thereby 

giving the iron atom the favored 18-electron configuration (Figure 1). This structure was 

subsequently confirmed by Mills and Robinson5 using X-ray crystallography. 

 

MFe

C
C C

O

OO

(4-C4H6)Fe(CO)3 (4-C4H6)3M

 (M = Mo, W) 
 

Figure 1. Examples of experimentally known butadiene metal complexes. 

 

 

The synthesis of stable homoleptic butadiene metal complexes is more 

challenging because of the tendency of butadiene to dimerize or trimerize on a transition 

metal site. However, the zerovalent cobalt 1,4-bis(trimethylsilyl)butadiene derivative 

[(Me3Si)2C4H4]2Co was synthesized and structurally characterized in 1996.6  In this 

system the bulky trimethylsilyl substituents inhibit butadiene dimerization or 

trimerization. Our recent theoretical studies on the unsubstituted bis(butadiene) 

compounds of the first row transition metals, (C4H6)2M. show that the preferred spin 

states of the (C4H6)2M complexes can be rationalized on the basis of strong tetrahedral 

ligand field metal complexes.7  As for tris(butadiene)metal complexes, the very stable 

species (C4H6)3M with the favored 18-electron metal configuration are known for the 

second and third row transition metals molybdenum and tungsten but not for the first row 

transition metal chromium (Figure 1).  These (C4H6)3M (M = Mo, W) complexes can be 

synthesized by cocondensation of metal vapors with butadiene8 or by reduction of metal 

halides with activated magnesium in the presence of butadiene.9  X-ray crystallography 

indicates trigonal prismatic coordination of the six C=C double bonds of the three 

butadiene ligands to the central metal atom. 



 4

The reaction of zerovalent nickel systems with butadiene is of particular interest, 

since it provides an efficient catalytic route to 1,5,9-cyclododecatriene from butadiene, 

thereby making this 12-membered ring hydrocarbon readily available.10,11,12,13,14 An 

intermediate bis(butadiene)nickel, (C4H6)2Ni would have the favored 18-electron 

configuration and may be present in the yellow liquid obtained by cocondensation of 

nickel vapor with butadiene at –78°C.  15 A related unstable bis(2,3-

dimethylbutadiene)nickel, (2,3-MeC4H4)2Ni has been synthesized at low temperatures as 

red-brown crystals which decompose above –10°C.16 These bis(butadiene)nickel 

derivatives readily take up additional butadiene to form a volatile red C12H18Ni 

compound.17  Hydrogenation of this species gives n-dodecane indicating that the C12H18 

ligand has an open chain of 12 carbon atoms. Influenced by the 18-electron rule, this 

C12H18Ni was originally formulated as the bis(allylic) olefin complex ( 3,2,3-C12H18)Ni 

with the central nickel atom bonded to two trihapto allylic units and one C=C double 

bond of the C12H18 chain (Figure 2).  This formulation was also consistent with the 

crystallographically determined structures of its protonation products 

[( 3,2,2-C12H19)Ni]+X– (X = PF6–. SO3F) indicating an acyclic C12H19 ligand bonded to 

the nickel atom through two C=C double bonds and a terminal allylic unit.18 The C12 unit 

in the acyclic neutral C12H18Ni complex readily cyclizes to form (2,2,2-1,5,9-cyclo-

dodecatriene)nickel of which the structurally characterized19 trans,trans,trans 

stereoisomer is greatly favored over the other possible stereoisomers. The free 1,5,9-

cyclododecatriene is readily displaced from its complex with excess butadiene, thereby 

completing the cycle for the nickel-catalyzed trimerization of butadiene to 

1,5,9-cyclododecatriene. Mechanistic aspects of this nickel-catalyzed trimerization of 

butadiene have been considered by Tobisch using density functional theory.20 

  The ability of zerovalent nickel systems to catalyze the trimerization of butadiene 

to 1,5,9-cyclododecatriene can be related to bis(butadiene)nickel already having the 

favored 18-electron configuration. Thus in order for a central nickel atom to 

accommodate more than two butadiene ligands without exceeding the 18-electron 

configuration, some of the C=C double bonds in the set of butadiene ligands cannot 

complex to the nickel atom. This makes them reactive towards C–C bond formation in 

oligomerization reactions, thereby converting sp2 carbon atoms of the original butadiene 

molecules into sp3 carbon atoms. 

  Early transition metals differ from nickel by being able to complex with three 

butadiene ligands without exceeding the favored 18-electron configuration. In the second 

and third row transition metal series, this is indicated by the isolation of the very stable 

tris(butadiene) derivatives of molybdenum and tungsten, (4-C4H6)3M (M = Mo, W) 
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(Figure 1).8,9  However, the corresponding chromium compound (4-C4H6)3Cr has never 

been reported.  In order the explore the possible existence of stable tris(butadiene) 

derivatives of the first row transition metals, we have used density functional theory to 

explore the (C4H6)3M systems for all of the first row transition metals from titanium and 

nickel.  Our results, reported here, predict dimerization or trimerization of butadiene at 

all first row transition metal sites, even chromium, rather than the formation of (C4H6)3M 

complexes with three separate butadiene ligands. 

 

Ni
+ C4H6

Ni

(3,3,2-C12H18)Ni

Ni

cyclo-(2,2,2-C12H18)Ni(4-C4H6)2Ni

Ni

[(3,2,2-C12H18)Ni]
+X–

     X = BF4
–, SO3F

-

+ HX

 
Figure 2. Complexes from the interaction of zerovalent nickel with butadiene. 

 

2. Theoretical Methods 

Electron correlation effects are included to some degree by using density 

functional theory (DFT) methods, which have evolved as a practical and effective 

computational tool, especially for organometallic compounds.21,22,23,24,25,26,27  Initially 

two very differently constructed DFT methods, namely the B3LYP and the BP86 

methods, were used in the present study. The B3LYP method is a hybrid HF/DFT 

method, combining the three-parameter Becke functional with the Lee-Yang-Parr 

generalized gradient correlation functional.28,29 The BP86 method combines Becke’s 

1988 exchange functional with Perdew’s 1986 gradient-corrected correlation 

functional.30,31 However, Reiher and coworkers have found that B3LYP favors the 

high-spin state while BP86 favors the low-spin state.32 This is also true for the 
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molecules studied in the present research, so that these two DFT methods sometimes 

predict global minima of different spin states. For this reason, Reiher and coworkers 

proposed a new parametrization for the B3LYP functional, named B3LYP*, which 

provides many electronic state orderings in agreement with experiment.33 In the present 

paper, we use the B3LYP* method as the third method, in order to predict more reliable 

spin splittings.  Only the B3LYP* results are discussed in the present manuscript; the 

results from the B3LYP and BP86 methods are listed in the Supporting Information. We 

also used a hybrid meta-GGA DFT method, M06-L,34 which was developed by 

Truhlar’s group and suggested for the study of organometallic and inorganic 

thermochemistry.  Our M06-L geometries and energetics are comparable to other 

results and are also listed in the Supporting Information. 

Double- plus polarization (DZP) basis sets were used. For carbon atoms one set 

of spherical harmonic d functions (with the exponent d(C) = 0.75) was added to the 

standard Huzinaga-Dunning contracted DZ sets. This basis set is designated 

(9s5p1d/4s2p1d).35,36 For hydrogen atoms, a set of p polarization functions p(H) = 0.75 

was added to the Huzinaga-Dunning DZ sets. For the first row transition metals, in our 

loosely contracted DZP basis sets, the Wachters primitive sets were used, but augmented 

by two sets of p functions and one set of d functions, contracted following Hood et al., 

and designated (14s11p6d/10s8p3d).37,38 

The geometries of all structures were fully optimized using the four DFT methods. 

The harmonic vibrational frequencies and the corresponding infrared intensities were 

determined analytically at the same levels.  All of the computations were carried out 

with the Gaussian 09 program,39 in which the fine grid, i.e., the pruned (75, 302) grid, is 

the default for evaluating integrals numerically.   

The (C4H6)3M structures (M = Ti, Cr, Fe, Ni) were optimized in the singlet, triplet, 

and quintet electronic states, whereas the odd-electron (C4H6)3M structures (M = V, Mn, 

Co) were optimized in the doublet, quartet, and sextet electronic states.  The optimized 

geometries of the energetically low-lying (within 30 kcal/mol) species of (C4H6)3M are 

shown in Figures 3 to 9.  Each structure is designated as M-nX, where M is the symbol 

of the central metal atom, n orders the structure according their relative energies 

predicted by the B3LYP* method, and X designates the spin states, using S, D, T, Q, P 

and H for the singlets, doublets, triplets, quartets, quintets, and sextets, respectively.  

 The molecules [Ni(C12H19)]+X- (X = BF4, F3CSO3) are experimentally known.18    

Initially we studied the [Ni(C12H19)]+ cation using the DZP B3LYP* method.  The 

optimized geometry of the cation is reported in Table S109 (in Supporting Information). 

Our theoretical Ni-C and C-C bond distances are in good agreement with the 
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experimental results within 0.05 Å.  This indicates that our method is suitable for the 

present study. 

 

3.  Results 

3.1 Molecular Structures  

3.1.1. (C4H6)3Ni. In 1972, Skell and coworkers reported the reaction of nickel atoms with 

butadiene to produce dodeca-2,6,10-triene-1,12-diylnickel.15 The authors suggested an 

octahapto 3,2,3-C12H18 ligand in order to give the nickel atom the favored 18-electron 

configuration.  However, in the present study, all attempts to find such a structure with 

an octahapto 3,2,3-C12H18 ligand failed. Instead, our geometry optimizations always led 

to structures containing a hexahapto 3,3-C12H18 ligand with an uncomplexed central C=C 

double bond thereby giving the nickel atom a 16-electron rather than an 18-electron 

configuration.   

  The four Ni(C4H6)3 structures within 22 kcal/mol of the lowest energy structure 

Ni-1S are all singlets with hexahapto straight chain C12H18 ligands of various types but all 

with one uncomplexed C=C double bond (Figure 3 and Table 1). In the lowest energy 

such structure Ni-1S the three carbons at each end of the C12 chain are bonded to the 

central nickel atom as trihapto allylic ligands leaving an uncomplexed C=C double bond 

of length 1.347 Å (B3LYP*) in the center of the chain. Structures Ni-2S and Ni-3S, lying 

6.7 and 8.9 kcal/mol, respectively, in energy above Ni-1S, have similar geometries with a 

hexahapto 3,2,1-C12H18 ligand. In the latter a terminal allylic unit, the central C=C double 

bond, and an interior carbon atom from the other terminal allylic unit are all within 

bonding distance of the nickel atom. The difference between Ni-2S and Ni-3S is the 

orientation of their terminal uncomplexed C=C double bonds. The hexahapto 

3,2,1-C12H18 ligand in Ni-4S, lying 9.5 kcal/mol in energy above Ni-1S, has a terminal 

allylic unit at one end of the C12 chain and the carbon atom at the other end of the C12 

chain in addition to the central C=C double bond. These four singlet (C4H6)3Ni structures 

Ni-1S through Ni-4S have a low-spin configuration for the nickel atom with a 16-electron 

configuration. 

The relatively high energy singlet structure Ni-5S at 27.6 kcal/mol (B3LYP*, 

Table 1) above Ni-1S has one tetrahapto butadiene ligand and one chelating C8H12 ligand 

forming a nine-membered C8Ni ring containing two uncoordinated C=C double bonds of 

lengths 1.36 Å (B3LYP*) (Figure 3 and Table 1).  In Ni-5S, as in the four lower energy 

singlet (C4H6)3Ni structures, the central nickel atom has a low-spin singlet 16-electron 

configuration. 
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Table 1．Relative energies (ΔE in kcal/mol), relative energies with zero-point energy 

correction (ΔEZPE in kcal/mol), relative enthalpies (ΔH in kcal/mol), and spin expectation 

values S2 for the (C4H6)3Ni structures. None of the optimized structures reported in this 

paper has any imaginary vibrational frequencies. 
 

 Ni-1S 

(C1) 

Ni-2S 

(C1) 

Ni-3S 

(C1) 

Ni-4S 

(C1) 

Ni-5S 

(C1) 

Ni-1T 

(C1) 

Ni-2T 

(C1) 

E  0.0  6.7  8.9  9.5  27.6  22.5  28.6 

EZPE 0.0  6.5  9.0  9.6  20.2  20.4  26.9 

H(298K)  0.0  6.6  8.9  9.6  22.4  21.1  27.4 

S2  0.00  0.00  0.00  0.00  0.00  2.03  2.02 

  

 

 
       Ni-1S (C1, 0.0)         Ni-2S (C1, 6.7)         

   
       Ni-3S (C1, 8.9)        Ni-4S (C1, 9.5)      Ni-5S (C1, 27.6) 

Ni

12

3

4

5
6 7

8

9

10

1112

2.333

2.045
2.136

2.088

2.347

2.2312.260

 
            Ni-1T (C1, 22.5)          Ni-2T (C1, 28.6) 

 
Figure 3. The low-energy optimized (C4H6)3Ni structures obtained by the B3LYP* 
method. In Figures 3 to 9 the distances (in Å) were. 
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The triplet structures Ni-1T and Ni-2T have higher energies, lying 22.5 and 

28.6 kcal/mol (B3LYP*), respectively above Ni-1S (Figure 3 and Table 1).  Structure 

Ni-1T has a heptahapto 3,2,2-C12H18 ligand, while structure Ni-2T has a tetrahapto 

1,2,1-C12H18 ligand bonded to the nickel atom through the central C=C double bond and 

the terminal carbon atoms.  Thus, the Ni atom in Ni-1T has a 17-electron configuration, 

while that in Ni-2T has a 14-electron configuration.  The effect of spin contamination 

with the B3LYP method was reported to be negligible.40   It is also true in our study of 

Ni-1T and Ni-2T, for which their spin expectation values S2 are 2.03 and 2.02, 

respectively. These are very close to the ideal S2 value of 2.00 for triplet spin state 

structures.. 

 

3.1.2. (C4H6)3Co. Seven low-energy (C4H6)3Co  structures were found (Figure 4 and 

Table 2).  The lowest energy structure is the doublet Co-1D having a hexahapto 

3,3-C12H18 ligand with an uncoordinated C=C double bond of length 1.348 Å (B3LYP*). 

The 3,3-C12H18 ligand in Co-1D is similar to that in Ni-1S. The second doublet structure 

Co-2D, lying 8.5 kcal/mol (B3LYP*) in energy above Co-1D, also has all three 

butadiene units coupled into a C12H18 chain. However, the hexahapto bonding of the 

3,2,1-C12H18 ligand in Co-2D is different from that in Co-1D but similar to that in Ni-3S, 

involving only one terminal allylic unit as well as the central C=C double bond, and the 

interior carbon atom of the other allylic unit.  This leaves an uncomplexed C=C double 

bond in Co-2D at the end of the C12 chain rather than in the center of the chain. 

The three remaining doublet (C4H6)3Co structures are all high-energy structures 

(Figure 4 and Table 2). Structure Co-3D, lying 20.9 kcal/mol in energy above Co-1D, has 

three separate butadiene ligands. One of the butadiene ligands is a tetrahapto ligand and 

the two remaining butadiene ligands are dihapto ligands thereby giving the central cobalt 

atom a 17-electron configuration consistent with the doublet spin state. Structure Co-4D, 

lying 25.9 kcal/mol (B3LYP*) in energy above Co-1D, has a similar geometry to Co-3D. 

Structures Co-3D and Co-4D differ only in the relative orientations of the two dihapto 

butadiene ligands. The even higher energy structure Co-5D, lying 34.6 kcal/mol in 

energy above Co-1D, has one tetrahapto butadiene ligand and one chelating C8H12 ligand 

forming a nine-membered C8Co ring containing two uncoordinated C=C double bonds of 

lengths ~1.36 Å (B3LYP*).  The bonding of the C8H12 unit in Co-5D is thus similar to 

that in Ni-5S.   
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Co-1D (C1, 0.0)          Co-2D (C1, 8.5)       Co-3D (C1, 20.9) 
            

 
   Co-4D (C1, 25.9)         Co-1Q (C1, 14.7)      Co-2Q(Cs, 18.5) 

 
Figure 4. The low-energy optimized (C4H6)3Co structures obtained by the B3LYP* 
method. 

Table 2．Relative energies (ΔE in kcal/mol), relative energies with zero-point energy 
correction (ΔEZPE in kcal/mol), relative enthalpies (ΔH in kcal/mol), and spin expectation 
values S2 for the (C4H6)3Co structures.  

 Co-1D Co-2D Co-3D Co-4D Co-1Q Co-2Q 

(C1)  (C1)  (C1)  (C1)  (C1)  (Cs) 

E 0.0  8.5  20.9  25.9  14.7  18.5 

EZPE 0.0  8.4  16.2  21.1  13.1  16.7 

H(298K)  0.0  8.4  17.8  22.8  13.5  17.2 

S2 0.78  0.79  0.82  0.81  3.80  3.78 

 

The lowest energy quartet (C4H6)3Co structure Co-1Q, lying 14.7 kcal/mol above 

Co-1D has a coupled C12H18 ligand in which three C=C double bonds are bonded to the 

central cobalt atom (Figure 4 and Table 2).  The second quartet structure Co-2Q, lying 

18.5 kcal/mol (B3LYP*) in energy above Co-1D has a tetrahapto 1,2,1-C12H18 ligand 

similar to that in the triplet (C4H6)3Ni structure Ni-2T. In the quartet (C4H6)3Co structures 

the cobalt atom in Co-1Q has the expected 15-electron configuration for a quartet 

whereas the cobalt atom in Co-2Q has only a 13-electron configuration. 
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The unrestricted DFT (B3LYP*) method used in this paper predicts small spin 

contamination for the five doublet (C4H6)3Co structures with the spin expectation values 

S2 ranging from 0.78 to 0.82, compared with the ideal S2 value of 0.75 for doublet 

spin states.  The S2 values for the quartet structures are in the narrow range of 3.78 to 

3.80, compared with the ideal S2 value of 3.75 for quartet spin states. 

 

3.1.3. (C4H6)3Fe. Seven low-energy (C4H6)3Fe structures were found (Figure 5 and Table 

3). The lowest energy (C4H6)3Fe structure by B3LYP* is a triplet structure Fe-1T with an 

octahapto 3,2,3-C12H18 ligand, thereby providing the iron atom with a 16-electron 

configuration consistent with a triplet spin state.  A second triplet (C4H6)3Fe structure 

Fe-2T, lying only 0.9 kcal/mol (B3LYP*) above Fe-1T, has a hexahapto 3,3-C12H18 

ligand similar to that in Ni-2S and Co-1D, with an uncomplexed central C=C double 

bond of length 1.347 Å (B3LYP).  This gives the iron atom in Fe-2T only a 14-electron 

configuration. Since Fe-1T and Fe-2T are essentially isoenergetic, either one could be 

the global minimum.  The much higher energy triplet (C4H6)3Fe structure Fe-3T, lying 

22.7 kcal/mol above Fe-1T, has three separate butadiene ligands. One of these butadiene 

ligands is a tetrahapto ligand whereas the other two butadiene ligands are dihapto ligands.  

This gives the iron atom in Fe-3T a 16-electron configuration, consistent with its triplet 

spin state. 

The lowest energy quintet (C4H6)3Fe structure Fe-1P, lying 8.1 kcal/mol in energy 

above Fe-1T, has a coupled C12H18 ligand in which three C=C double bonds are bonded 

to the central cobalt atom (Figure 5 and Table 3).  This gives the iron atom in Fe-1P a 

14-electron configuration consistent with its quintet spin state.  This hexahapto bonding 

of the C12H18 ligand in the quintet (C4H6)3Fe structure Fe-1P (Figure 5) is similar to that 

in the quartet (C4H6)3Co structure Co-1Q. The other quintet (C4H6)3Fe structure, lying 

16.8 kcal/mol (B3LYP*) in energy above Fe-1T, has a tetrahapto C12H18 ligand in which 

a C=C double bond at each end of the C12 chain is bonded to the central iron atom. 

The lowest energy singlet (C4H6)3Fe structure Fe-1S, lying 9.8 kcal/mol in energy 

above Fe-1T, has a coupled 3,2,3-C12H18 ligand with allylic units at each end and the 

central C=C double bond bonded to the iron atom leading to eight Fe–C bonds thereby 

giving the iron atom a 16-electron configuration (Figure 5 and Table 3). The other singlet 

(C4H6)3Fe structure Fe-2S is a much higher energy structure, lying 31.0 kcal/mol 

(B3LYP*) above Fe-1T.  Structure Fe-2S has three separate butadiene ligands. Two of 

the butadiene ligands in Fe-2S are tetrahapto ligands, whereas the third butadiene ligand 

is only a dihapto ligand. This gives the central iron atom the favored 18-electron 

configuration.  
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Fe-1T (C1, 0.0)        Fe-2T (Cs, 0.9)        Fe-3T (C1, 22.7) 

      
Fe-1P(C1, 8.1)        Fe-2P (C1, 16.8) 

   
                 Fe-1S (C1, 9.8)        Fe-2S (C1, 31.0) 
Figure 5. The low-energy optimized (C4H6)3Fe structures obtained by the B3LYP* 
method. 
 

Table 3．Relative energies (ΔE in kcal/mol), relative energies with zero-point energy 
correction (ΔEZPE in kcal/mol), relative enthalpies (ΔH in kcal/mol), and the spin 
expectation values S2 for the (C4H6)3Fe structures.   

 Fe-1T 
(C1) 

Fe-2T 
(Cs) 

Fe-3T 
(C1) 

Fe-1P 
(C1) 

Fe-2P 
(C1) 

Fe-1S 
(C1) 

Fe-2S 
(C1) 

E 0.0  0.9  22.7  8.1  16.8  9.8  31.0 

EZPE 0.0  0.6  18.0  6.9  15.2  10.5  29.1 

H(298K)  0.0  0.7  19.8  7.3  16.0  10.0  29.6 

S2 2.12   2.09   2.25   6.08   6.05   0.00  0.00 
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3.1.4. (C4H6)3Mn. High-spin electronic states are expected to be energetically favored for 

this manganese system. Seven low-energy structures were optimized for (C4H6)3Mn, 

namely three doublets, two quartets, and two sextets (Figure 6 and Table 4).  The global 

minimum predicted by the B3LYP* method is the high-spin sextet structure Mn-1H in 

which the three butadiene units have coupled to form a linear hexahapto 2,2,2-C12H18 

ligand with two uncomplexed C=C double bonds of length 1.316 Å (B3LYP*).  This 

gives the manganese atom a 13-electron configuration consistent with the sextet spin state. 

In the other sextet (C4H6)3Mn structure Mn-2H, lying only 3.1 kcal/mol above Mn-1H, 

the three butadiene units are combined to form a 1,2,1-C12H18 ligand.  However, this 

ligand is only a tetrahapto ligand similar to the 1,2,1-ligands in the Co-2Q and Ni-2T 

structures discussed above.  The manganese atom in Mn-2H is highly unsaturated with 

an 11-electron configuration.  Note that Mn-2H is only slightly higher in energy than 

Mn-1H so that either structure could be observed experimentally.  

All of the lower spin (C4H6)3Mn  structures, namely quartet and doublet structures, 

lie at least 20 kcal/mol above the two sextet structures Mn-1H and Mn-2H.  This 

reflects the stability of d5 Mn(II) in the sextet spin state with a half-filled d shell and 

implies that the C12H18 ligands in Mn-1H and Mn-2H are formally dianions.  The 

quartet (C4H6)3Mn structure Mn-1Q, lying 20.5 kcal/mol (B3LYP*) in energy above 

Mn-1H, has three separate dihapto 2-C4H6 ligands (Figure 6 and Table 4).  The other 

quartet structure Mn-2Q, lying 25.0 kcal/mol (B3LYP*) in energy above Mn-1H, has a 

coupled tetrahapto 3,1-C8H12 ligand with an uncomplexed C=C double bond of length 

1.357 Å (B3LYP*) and a dihapto butadiene ligand with an uncomplexed C=C double 

bond of length 1.352 Å (B3LYP*).  In both quartet structures the manganese atom has a 

13-electron configuration. 

  The doublet structures Mn-1D and Mn-3D, lying 23.9 and 27.5 kcal/mol 

(B3LYP*) in energy above Mn-1H, have two tetrahapto butadiene ligands and one 

dihapto butadiene ligand (Figure 6 and Table 4).  This gives the manganese atoms in 

each structure a 17-electron configuration for the doublet spin state. Structures Mn-1D 

and Mn-3D differ in the orientations of their butadiene ligands. The other doublet 

structure Mn-2D, lying 25.9 kcal/mol (B3LYP*) in energy above Mn-1H, has the three 

butadiene units coupled to form an octahapto 3,2,3-C12H18 ligand, thereby giving the 

manganese atom a 15-electron configuration. 
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Mn-1H (C1, 0.0)              Mn-2H (Cs, 3.1) 

    
        Mn-1Q (C1, 20.5)           Mn-2Q (C1, 25.0) 

     
Mn-1D (C1, 23.9)   Mn-2D (C1, 25.9)       Mn-3D (C1, 27.5) 

 
Figure 6. The low-energy optimized (C4H6)3Mn structures obtained by the B3LYP* 
method. 
 
Table 4．Relative energies (ΔE in kcal/mol), relative energies with zero-point energy 
correction (ΔEZPE in kcal/mol), relative enthalpies (ΔH in kcal/mol), and spin expectation 
values S2 for the (C4H6)3Mn structures.  

 Mn-1H 

(C1) 

Mn-2H 

(Cs) 

Mn-1Q 

(C1) 

Mn-2Q 

(C1) 

Mn-1D 

(C1) 

Mn-2D 

(C1) 

Mn-3D 

(C1) 

E  0.0  3.1  20.5  25.0  23.9  25.9  27.5 

EZPE 0.0  2.9  16.3  21.9  22.2  28.3  26.4 

H(298K)  0.0  2.9  17.9  22.2  22.2  27.2  26.3 

S2  8.78  8.78  4.06  4.01  0.89  0.82  0.83 
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3.1.5. (C4H6)3Cr. Seven low-energy (C4H6)3Cr structures were found, namely two singlets, 

three triplets, and two quintets (Figure 7 and Table 3).  The B3LYP* method predicts 

the quintet structure Cr-1P to be the global minimum.  In Cr-1P, the three C4H6 ligands 

are coupled to form a long chain 3,3-C12H18 ligand with a central uncomplexed C=C 

double bond of length 1.356 Å (B3LYP*) thereby giving the chromium atom a 

12-electron configuration consistent with a quintet spin state.  The quintet structure 

Cr-2P, lying only 0.8 kcal/mol in energy above Cr-1P, has similar geometry to Cr-1P, 

with the three C4H6 ligands coupled to form a long chain 3,3-C12H18 ligand with an 

uncomplexed central C=C double bond.  Structures Cr-1P and Cr-2P differ only in the 

relative orientation of the trihapto bonding interactions at each end of the C12 chain.  

Note that Cr-1P and Cr-2P are essentially isoenergetic. 

The triplet (C4H6)3Cr structure Cr-1T, lying only 2.3 kcal/mol in energy above 

Cr-1P, has a coupled straight chain 3,3-C8H12 ligand and a separate 4-C4H6 ligand  

thereby giving the chromium atom a 16-electron configuration consistent with the triplet 

spin state (Figure 7 and Table 3). In the significantly higher energy triplet structure 

Cr-2T, lying 15.3 kcal/mol (B3LYP*) above Cr-1P, there is a long chain 3,2,3-C12H18 

ligand thereby giving the chromium atom a 14-electron configuration.  The other triplet 

structure Cr-3T, lying 17.4 kcal/mol in energy above Cr-1P, has two tetrahapto 4-C4H6 

ligands and one dihapto 2-C4H6 ligand. This gives the chromium atom in Cr-3T a 

16-electron configuration. 

 

Table 5．Relative energies (ΔE in kcal/mol), relative energies with zero-point energy 
correction (ΔEZPE in kcal/mol), relative enthalpies (ΔH in kcal/mol), and spin expectation 
values S2 for the (C4H6)3Cr structure. Neither structure has any imaginary vibrational 
frequencies. 
 

 Cr-1P 

(C1) 

Cr-2P 

(Cs) 

Cr-1T 

(C1) 

Cr-2T 

(C1) 

Cr-3T 

(C1) 

Cr-1S 

(C1) 

Cr-2S 

(C1) 

E  0.0  0.8  2.3  15.3  17.4  28.5  39.5 

EZPE 0.0  0.6  1.5  16.2  14.2  26.8  38.2 

H(298K)  0.0  0.7  1.3  15.5  14.9  26.9  38.2 

S2  6.07  6.07  2.18  2.13  2.14  0.00  0.00 

 

The B3LYP* method predicts the two singlet structures Cr-1S and Cr-2S to have 

high energies of 28.5 and 39.5 kcal/mol, respectively, above Cr-1P.  Structure Cr-1S 

has a geometry similar to Cr-3T thereby representing a low-spin complex with a 

16-electron chromium configuration.  The other singlet (C4H6)3Cr structure Cr-2S has 
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three tetrahapto butadiene ligands thereby giving the chromium atom the favored 

18-electron configuration. This high-energy (C4H6)3Cr structure Cr-2S is analogous to 

the experimentally known (C4H6)3M (M = Mo, W) complexes of the heavier group 6 

metals molybdenum and tungsten.8,9  

 

  
             Cr-1P (C1, 0.0)            Cr-2P (Cs, 0.8) 

    

         Cr-1T (C1, 2.3)          Cr-2T (C1, 15.3)       Cr-3T (C1, 17.4) 

             

          Cr-1S (C1, 28.5)        Cr-2S (C1, 39.5) 

Figure 7. The low-energy optimized (C4H6)3Cr structures obtained by the B3LYP* 
method.     
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3.1.6. (C4H6)3V. Nine low-energy (C4H6)3V structures were found, namely four doublet 

structures V-1D, V-2D, V-3D, and V-4D, and five quartet structures V-1Q, V-2Q, V-3Q, 

V-4Q, and V-5Q (Figure 2 and Table 2).  The lowest energy (C4H6)3V structure is the 

quartet V-1Q predicted by B3LYP*, in which the three C4H6 ligands are coupled to form 

a long chain octahapto 3,2,3-C12H18 ligand with two terminal trihapto allylic units and a 

central C=C double bond all bonded to the central vanadium atom.  This gives the 

vanadium atom in V-1Q a 13-electron configuration consistent with a quartet spin state. 

Structure V-2Q, lying 10.5 kcal/mol in energy above V-1Q, has a similar long-chain 

3,2,3-C12H18 ligand as V-1Q but with a different ligand stereochemistry. The still higher 

energy (C4H6)3V structure V-3Q, lying 20.7 kcal/mol in energy above V-1Q, also has a 

straight chain 3,2,1-C12H18 ligand, but with only six rather than eight carbons within 

bonding distance of the vanadium atom.  Therefore in V-3Q the central vanadium atom 

has only a 11-electron configuration. 

Higher energy quartet (C4H6)3V structures are found with three separate butadiene 

ligands. Thus V-4Q and V-5Q lie 21.2 and 21.6 kcal/mol (B3LYP*), respectively, in 

energy above V-1Q (Figure 2 and Table 2). In both V-4Q and V-5Q two of the three 

butadiene ligands are tetrahapto ligands whereas the third butadiene ligand is a dihapto 

ligand with an uncomplexed C=C double bond. This gives the vanadium atom in both 

V-4Q and V-5Q a central 15-electron configuration consistent with their quartet spin 

states.  

The doublet (C4H6)3V structure V-1D, lying only 4.4 kcal/mol (B3LYP*) above 

the global minimum V-1Q, has a coupled long chain 3,2,3-C12H18 ligand, thereby giving 

the vanadium atom a 13-electron configuration (Figure 2 and Table 2). The doublet 

structure V-1D, with a 13-electron vanadium configuration, is a low-spin configuration of 

the quartet (C4H6)3V structure V-1Q.  Note that V-1D is only slightly (< 5 kcal/mol) 

higher in energy than V-1Q, so that either could be observed experimentally.  The 

second doublet (C4H6)3V structure V-2D, lying 9.8 kcal/mol (B3LYP*) in energy above 

V-1Q, has three separate tetrahapto butadiene ligands in contrast to V-1D where all three 

C4H6 units are coupled into a single C12H18 ligand. The three separate tetrahapto 

butadiene ligands in V-2D give the vanadium a 17-electron configuration, as expected for 

a doublet spin state. The higher energy doublet (C4H6)3V structures V-3D and V-4D, lie 

14.8 and 28.7 kcal/mol (B3LYP*), respectively, above V-1Q. These two structures have 

long chain 3,2,1 C12H18 ligands with an uncomplexed C=C double bond leading to 11-

electron configurations for the central vanadium atom. Structures V-3D and V-4D differ 

in the location of the uncomplexed C=C double bond.  Thus, the uncomplexed C=C 

double bond is internal in V-3D but terminal in V-4D. 
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V-1Q (C1, 0.0)       V-2Q (C1, 10.5)    V-3Q (C1, 20.7) 
 

 
 V-4Q (C1, 21.2)   V-5Q (C1, 21.6)      V-1D (C1, 4.4) 

 

   
  V-2D (C1, 9.8)        V-3D (C1, 14.8)     V-4D (C1, 28.7) 

 
Figure 8. The low-energy optimized (C4H6)3V structures obtained by the B3LYP* 
method. 

Table 6．Relative energies (ΔE in kcal/mol), relative energies with zero-point energy 

correction (ΔEZPE in kcal/mol), relative enthalpies (ΔH in kcal/mol), and spin expectation values 

S2 for the (C4H6)3V structure. Neither structure has any imaginary vibrational frequencies. 

 
V-1Q 

(C1) 

V-2Q 

(C1) 

V-3Q 

(C1) 

V-4Q 

(C1) 

V-5Q 

(C1) 

V-1D 

(C1) 

V-2D 

(C1) 

V-3D 

(C1) 

V-4D 

(C1) 

E 0.0  10.5  20.7  21.2  21.6  4.4  9.8  14.8  28.7 

EZPE 0.0  11.1  16.9  20.7  17.6  4.7  8.0  13.7  28.0 

H(298K) 0.0  11.2  18.3  20.9  19.0  4.5  8.4  13.6  28.1 

S2 3.78   3.79  3.79  3.78  3.79  0.77  0.79  0.77  0.79  
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3.1.7. (C4H6)3Ti. Three low-energy (C4H6)3Ti structures were found, i.e., two singlets and 

one triplet (Figure 9 and Table 7).  The global minimum by B3LYP* is the singlet 

structure Ti-1S. In Ti-1S, the Ti-C distances clearly indicate that one of the C4H6 ligands 

is tetrahapto, and the remaining two C4H6 ligands are coupled to form an acyclic 

3,3-C8H12 ligand. Thus, the titanium atom has a 14-electron configuration. The other 

singlet structure Ti-2S, lying 15.5 kcal/mol (B3LYP*) in energy above Ti-1S, is shown 

by its Ti-C distances to have three separate tetrahapto 4-C4H6 ligands, thereby giving the 

titanium atom a 16-electron configuration similar to that in the experimentally known 

(5-C5H5)Ti(7-C7H7).41 The triplet (C4H6)3Ti structure Ti-1T has a similar geometry to 

Ti-1S, but lies 22.8 kcal/mol (B3LYP*) in energy higher than Ti-1S. The Ti-C distances 

in Ti-1T suggest one 4-C4H6 ligand and one 3,3-C8H12 ligand, thereby leading to a 

14-electron configuration for the titanium atom. 

     
        Ti-1S (C1, 0.0)           Ti-2S (C1, 15.5)       Ti-1T (C1, 22.8) 
 
Figure 9. The low-energy optimized (C4H6)3Ti structures obtained by the B3LYP* 
method.  
 
Table 7．Relative energies (ΔE in kcal/mol), relative energies with zero-point energy 
correction (ΔEZPE in kcal/mol), relative enthalpies (ΔH in kcal/mol), and spin expectation 
values S2 for the (C4H6)3Ti structures. None of the structures has any imaginary 
vibrational frequencies. 

 Ti-1S (C1)  Ti-2S (C1)  Ti-1T (C1)   

E  0.0    15.5  22.8  

EZPE 0.0    -0.9    3.8   

H(298K)  0.0    -0.1    4.1   

S2  0.00    0.00    2.01   

 
3.2 Dissociation Energies. 

In order to investigate the stability of the M(C4H6)3 complexes with respect to the 

dissociation of a C4H6 molecule, we have studied the following processes based on the 
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lowest energy structures and using results for the M(C4H6)2 species are taken from 

previous research7:   

           M(C4H6)3  M(C4H6)2 + C4H6 (M = Ti, V, Cr, Mn, Fe, Co, Ni). 

 Table 8 lists the dissociation energies for the M(C4H6)3 systems (M = Ti, V, Cr, 

Mn, Fe, Co, Ni).  The dissociation energies for these M(C4H6)3 systems range from 17 

to 27 kcal/mol, with the smallest one (17 kcal/mol) for Mn(C4H6)3.  Thus, all the 

complexes in the present study are viable toward the removal of a C4H6 ligand.  Since 

all of the lowest-energy M(C4H6)3 isomers have coupled C8H12 or C12H18 ligands, it 

seems that the significant dissociation energies may be attributed partially to the 

coupling of the C4H6 ligands. 
 

Table 8. The classical dissociation energies (kcal/mol) for the successive removal of one 
butadiene group (C4H6) from M(C4H6)3 (M = Ti, V, Cr, Mn, Fe, Co, Ni). 
 

 B3LYP* 

Ti(C4H6)3    Ti(C4H6)2 + C4H6    27.2 

V(C4H6)3    V(C4H6)2 + C4H6    22.5 

Cr(C4H6)3    Cr(C4H6)2 + C4H6    19.9 

Mn(C4H6)3    Mn(C4H6)2 + C4H6    16.9 

Fe(C4H6)3    Fe(C4H6)2 + C4H6    21.9 

Co(C4H6)3    Co(C4H6)2 + C4H6    18.5 

Ni(C4H6)3    Ni(C4H6)2 + C4H6    26.7 

 

   

5. Discussion 

 The lowest energy (C4H6)3M (M = Ni, Co, Fe, Mn, Cr, V, Ti) structures for all 

first row transition metals contain an open chain C12H18 ligand formed by coupling the 

three C4H6 units.  This ligand can be considered formally as a dianion so the central 

metal atoms in the (C12H18)M derivatives are in the formal +2 oxidation state.  The 

C12H18 ligand in the lowest energy (C12H18)M structures can coordinate to the central 

metal atom either as  hexahapto or octahapto ligands (Figure 10). Octahapto 

coordination of the open chain C12H18 ligand derived from three butadiene units without 

any hydrogen shifts involves all eight of the sp2 carbon atoms, whereas there are two 

fundamentally different types of hexahapto C12H18 ligands, each leaving an uncomplexed 

C=C double bond in a different location. Octahapto 3,2,3-C12H18 coordination and 

hexahapto 3,3-C12H18 coordination both involve trihaptoallylic units at each end of the 

C12 chain. 
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  Experimental work on first row transition metal (C4H6)3M complexes has 

restricted to the nickel system in view of its intermediacy in the nickel-catalyzed 

trimerization of butadiene to 1,5,9-cyclododecatriene. The rather unstable C12H18Ni 

species isolated from nickel(0)/butadiene systems was shown by its hydrogenation to 

n-dodecane to contain a straight chain C12H18 ligand.17  However, this species so far 

apparently has proven to be too labile for a definitive structure determination by X-ray 

crystallography. However, the cation [3,2,2-C12H19Ni]+, formed by protonating C12H18Ni 

with a strong acid has been characterized by X-ray diffraction.18 An octahapto 

3,2,3-C12H18Ni structure with the favored 18-electron configuration was originally 

suggested for the neutral unprotonated species.8  However, our theoretical studies 

suggest a hexahapto structure 3,3-C12H18Ni, corresponding to the lowest energy isomer 

Ni-1S with only a 16-electron nickel configuration (Figure 3).  The local environment of 

the nickel atom in Ni-1S is similar to the stable bis(3-allyl)nickel, (3-C3H5)2Ni, 

likewise a 16-electron complex.42,43  The only other C12H18Ni structures energetically 

within 25 kcal/mol of Ni-1S are three stereoisomers of hexahapto 3,2,1-C12H18Ni, namely 

Ni-2S, Ni-3S, and Ni-4S. No octahapto 3,2,3-C12H18Ni structures are found at accessible 

energies. 
 

M

M
M

3,3-C12H18 3,2,1-C12H18 3,2,3-C12H18

Hexahapto C12H18 Octahapto
   C12H18  

Figure 10.  Schematic representation of the three fundamental modes of bonding of the 
C12H18 ligand in the lowest energy C12H18M structures. 
 
 

 The (C4H6)3Co system is very similar to the (C4H6)3Ni system with the only 

structures within 20 kcal/mol of the lowest energy being the hexahapto 3,3-C12H18Co 

derivative Co-1D and the hexahapto 3,2,1-C12H18Co derivative Co-2D.  However, for 

the (C4H6)3Fe system the lowest energy structures are the triplet C12H18Fe structures 

Fe-1T and Fe-2T within ~1 kcal/mole in energy.  Structure Fe-2T has a hexahapto 
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3,3-C12H18 ligand similar to Ni-1S and Co-1D, whereas Fe-1T has an octahapto 

3,2,3-C12H18 ligand. 

  The two lowest energy (C4H6)3Mn structures Mn-1H and Mn-2H have the same 

linear C12H18 ligands as found in the lowest energy (C4H6)3M structures of the later first 

row transition metals iron, cobalt, and nickel.  However, these two structures are sextet 

spin state structures corresponding to the half-filled d shell of d5 Mn(II).  All other 

(C4H6)3Mn structures lie at least 20 kcal/mol in energy above these two structures.  The 

ligands in Mn-1H and Mn-2H may be regarded as tetrahapto 1,2,1-C12H18 bonding to the 

central manganese atom through only the carbon atoms at each end of the chain and the 

central C=C double bond.  This mode of bonding leaves four uncomplexed C=C double 

bonds in the C12H18 chain.  

  A singlet (4- C4H6)3Cr structure with three tetrahapto butadiene ligands would be 

analogous to the very stable molybdenum and tungsten compounds8,9 (4-C4H6)3M (M = 

Mo, W) and would have the favored 18-electron chromium configuration.  Such a 

structure is found as Cr-2S (Figure 7 and Table 5) but this structure lies ~40 kcal/mol in 

energy above the lowest energy (C4H6)3Cr structure, namely Cr-1P, and is thus likely not 

be chemically significant. The lowest energy (C4H6)3Cr structures, namely the quintet 

structures Cr-1P and Cr-2P, have an open chain hexahapto 3,3-C12H18 ligand, and are 

similar to the lowest energy (C4H6)3Ni structure Ni-1S (Figure 3) except for the spin state 

arising from the chromium atom having only a 14-electron configuration. The only other 

low-energy (C4H6)3Cr structure is the triplet (3,3-C8H12)(4-C4H6)Cr (Cr-1T) in which 

two of the three butadiene units have coupled to form a linear C8H12 ligand. 

  The lowest energy (C4H6)3V structure V-1Q has an octahapto linear C12H18 ligand. 

A similar doublet (3,2,3-C12H18)V structure V-1D lies only ~4 kcal/mol in energy above 

V-1Q.  The (4-C4H6)3V structure V-2D with three separate tetrahapto butadiene 

ligands and a 17-electron vanadium configuration is more energetically competitive than 

its chromium analogue (4-C4H6)3Cr (Cr-2S), since it lies only ~10 kcal/mol above the 

lowest energy isomer V-1Q. 

  Titanium is the only metal investigated here for which a structure with an open 

chain C12H18 ligand is not the lowest energy structure.  Instead the lowest energy 

(C4H6)3Ti structure Ti-1S is of the (3,3-C8H12)(C4H6)Ti in which two of the three 

butadiene moieties have coupled to form an open chain hexahapto 3,3-C8H12 ligand. A 

(4-C4H6)3Ti structure Ti-2S with three separate tetrahaptobutadiene ligands and a 

16-electron titanium configuration similar to stable sandwich compounds such as 

(6-C6H6)2Ti and (5-C5H5)(7-C7H7)Ti lies ~15 kcal/mol above Ti-1S. 
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6. Conclusion 

Our theoretical study suggests hexahapto 3,3 rather than octahapto 3,2,3 

coordination for the open chain C12H18 ligand found in the unstable C12H18Ni 

intermediate isolated during the nickel-catalyzed trimerization of butadiene.  The lowest 

energy (C4H6)3M structures of the other first row transition metals from vanadium to 

cobalt are found to have related structures with open chain C12H18 ligands having 

hapticities ranging from four to eight with hexahapto structures being most common. The 

nickel and cobalt (C12H18)3M derivatives favor low-spin singlet and doublet spin states, 

respectively, whereas the manganese derivative (C12H18)Mn favors the high-spin sextet 

state corresponding to the half-filled d5 shell of Mn(II). A (C4H6)3Cr structure with three 

separate tetrahapto butadiene ligands analogous to the very stable (4-C4H6)3M (M = Mo, 

W) with the favored 18-electron metal configuration is found to be a very high energy 

structure relative to isomers containing an open chain C12H18 ligand. 
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39).  Table S109: The theoretical (B3LYP*) Ni-C and C-C distances (in Å) of the 

Ni(C12H19)+ cation. The experimental results of those in [Ni(C12H19)]+X- (X = BF4, 
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