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The electronic structure, conformational preferences, and rotational barriers have been studied for transition metal indenyl 

allyl complexes by means of extended Hiickel calculations. After geometrical optimization the exo conformation of allyl 

moiety is favored over the endo. The rotetional barrier of indenyl ring in (Indenyl)Mo(C이2(Allyl) is computed to be 3.8 

kcal/mol. Population analysis is applied to account for the conformational preferences and rotational barriers. A series of sub­

stituted allyl complexes has been also optimized. It shows steric hindrance plays a crucial role in setting the allyl orientation.

Introduction

There is interest in the conformational preferences and 

rotational barriers in p이yene transition metal complexes. It 

is a common field which has been investigated by theoreti­

cians and experimentalist. There are many experimental 

data on rotational barriers of organometallic compounds, as 

well as on conformational preferences studied mainly by 

NMR technique and diffraction methods.1 Recently several 

studies have been reported on the polyene allyl complexes 

which show a variety of reactivity and interesting stereo­

specificity on the allyl group. The crystal structures of 

MLM(allyl)(polyene), polyene = cyclopentadienyl(Cp) or in- 

denyl(In), 아low exo orientation (1) of allyl group.2 However, 

these complexes exhibit exo-endo (2) interconversion. This 

paper describes the electronic structure of transition met지 

indenyl dicarbonyl allyl complexes with an emphasis on con­

formational preferences and rotational barriers. We have 

also examined a series of substituted allyl complexes to

t 2

determine the orientation of the allyl moiety. There are two 

kinds of rotational barrier in indenyl allyl complexes. Those 

are concerned with indenyl and allyl units. We shall first con­

centrate our attention on the electronic and geometrical re­

quirements for the allyl moiety. But before we do so, it i옹 

necessary to investigate the metal fragment orbitals. Our 

computations are of the extended Hiickel method with de­

tails given in the Appendix.

The (Indenyl)M(CO)2 Fragment. The orbitals of 

(In)M(C0)2 fragm&it is very similar to that of CpM (CO)2 

fragment which can be obtained in a number of ways.3,4 We 

shall briefly describe the salient features of the analysis. The
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Figure 1. The valence orbitals of a rf4-(Indenyl)Mo(CO)2 + frag­

ment.
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valence orbitals of a <i4-(In)Mo(CO)2+ are 아iown in Figure 1. 

With the given coordinate system, the 2a orbital is predo­

minantly vz of metal. The x2-y2 and z2 metal d orbitals inter­

mix a little to give same symmetry fragment orbitals, la'(3) 

and 3a'. The 3a' orbital becomes hybridized by further mix­

ing some s and y character. The resultant orbital, 4, is hybri­

dized toward the missing ligand. The 2a" orbital is also per­

turbed by metal x from xy shown in 5. The hybridized 2a” 

and 3a' orbitals are empty for a d4 fragment. And these or­

bitals obviously play an important role when real molecules 

are formed from this fragment. At the lower level the la" or­

bital is mainly indenyl ^-orbital and small portion of metal. 

In the Cp ligand, this la" type fragment orbital lies much 

lower energy and is not involved in the interaction with the 

other valence orbitals. With the indenyl ligand, however, the 

energy of la" orbital is close to the other metal d orbitals 

because of the n orbital in indenyl ligand.

(Allyl)Mo(CO)2(lndenyl) complexes. We investigate 

molecular orbitals of the exo and endo structures of (Allyl)Mo 

(CO)2(In) to study the reason behind the conformational pre­

ference. We optimized structures at the two extreme orien­

tations of allyl moiety. Two angle variables a and £ (defined 

in 6) were used for the optimization of allyl geometry. The

60e 70* 80* 90* I00* HO*
P

Figure 2. The energy profile for 반le exo (a= 100°) and endo (a = 
115°) conformations of (Allyl)Mo(CO)2(Indenyl) as a function of fl.

Figure 3. Interaction diagrams for the Exo(l) and Endo(2) confor­

mations in (Allyl)Mo(CO)2(Indenyl) complex.

angle g is related to the distance between metal and center 

carbon of allyl unit. We find that the optimum structures of 

(Allyl)Mo(CO)2(In) as a function of the above two variables 

are a= 100°, " 81° for the exo and a=115°, g = 87。for 

the endo conformer. We do not expect the extended Hiickel 

method to give us perfect structure. When the p value is 

90.13°, all three distances between metal and three carbons 

in allyl uh.t are identical. The optimum geometry in exo 

shows that the distance between met지 and center carbon is 

shorter than the other two that was observed in X-ray crys­

tal structure of Cp or (InJ-MoCCOJ^AIlyl).23^ Furthermore, 

the exo conformer is favored over the endo in total energy. 

Figure 2 아lows total energy profile of the^xo (a = 100° fix­

ed) and endo (a=115°) as a function of g. The curves are well 

balanced in energy for 난此 two extreme allyl orientations and 

th은 calculated difference in energy between the two is favo­

ring the exo conformer by 3.7 kcal/mol. The crystal struc­

ture of Mo complex has the exo orientation.2®

The electronic structures of the endo conformer of 

(Allyl)M(CO)2(Cp) complex has been briefly discussed by 

Schilling and Hoffmann in the context of CpMLL'(allyl) and
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-(ethylene) complexes.5 We here discuss the indenyl system 

with the available crystal structures. Figure 3 shows the in­
teraction diagram for allyl-1 and Mo(CO)2(In)+1 fragments in 

the exo and endo conformers. In the center of Figure 3 are 

the five valence orbitals of metal fragment previously dis­

cussed. At the far left and right of Figure are two n and one a 
orbitals of allyl fragment. There are three important 兀一type 

orbitals in allyl ligand. These are labeled as a bonding nbl a 

nonbonding and an antibonding na. Only two lower 

energy orbitals are shown in Figure 3. At lower energy is a 
orbital which is carbon-carbon a bonding in allyl ligand. At 

the exo conformer (left side of Figure 3) 2a' of metal frag­

ment remains nonbonding to produce highest occupied mole­

cular orbital (HOMO), 4a' in complex. The la' metal frag­

ment orbital is a little stabilized by the na (not shown in 

Figure) in allyl unit. The la" and 2a" combinations of metal 

fragment overlap with un to form a three orbital pattern. The 

la" molecular orbital (7) is bonding interaction between 

above two metal fragmental orbitals and At the higher 

energy metal fragment la" interacts with nn in an antibon­

ding fashion; however, metal fragment 2a" enters in a 

bonding way with respect to nn of the allyl fragment to form 

2a" molecular orbital. The component of 2a" M.O. is 40% 

la", 32% 2a”, and 21% nn. At much higher energy la" and 

2a" both interact with nn in an antibonding fashion to pro­

duce 3a "(8). In (In)Mo(CO)2(Allyl) this becomes the lowest

7 8
unoccupied molecular orbital. In the case of cyclopentadienyl 

for polyene, this orbital is concentrated on the terminal car­

bons of the allyl ligand5 and could play an important role 

when a nucleophile attacks the allyl ligand.6 Two lower mole­

cular orbitals (la" and 2a") in three orbital interaction are oc­

cupied by four electrons. These interactions are primary 

driving force to stabilize (Allyl)Mo(CO)2(In) complex. The 

molecular levels laz and 2a' are primarily allyl a and nb, res­

pectively, a little mixed in a bonding way with metal 3a

The electronic structure of the endo conformer (shown in 

the right side of Figure 3) is very similar to that of the exo. 

There is nothing to further describe the interaction diagram 

of the endo. What is more interesting point is the energy dif­

ference between the exo and the endo conformers. We alre­

ady described the exo is favorable over the endo conformer 

by 3.7 kcal/mol. One way to quantify this manner is via the 

Mulliken overlap population analysis.7 As discussed in metal 

fragment orbitals, metal 2a" is hybridized toward the empty 

coordinate site. Therefore, the metal 2a" interacts more 

strongly than the metal la" with allyl nn. The overlap popu­

lation coming from 2a Jr* interaction (see Figure 3) for the 

exo is 0.1833 and 0.1796 for the endo. According to the big­

ger overlap value of the exo we can easily expect that the exo 

is the preferred conformer. We calculated the stabilization 

energy rising from this interaction. The stabilization energy 

in 2a"-nn interaction is 47.9 kcal/mol for the exo and 45.7 

kcal/mol for the endo. The difference is 2.2 kcal/mol. This is

Rotational angle ( 0 )
Figure 4. The rotational barrier of allyl unit in (Allyl)Mo(CO)2(In- 

denyl) as a function of 0.

about 60% of the total energy difference between the exo and 

the endo conformers. The remaining energy difference is 

spread all over the other interactions shown in Figure 3.

Rotational Barriers in Mo complex. The activation en­

ergy of the exo and endo interconversion in (Allyl)M(CO)2 

(polyene), M = Mo or W, has been measured as 14-17 kcal/ 

mol.8,9 When the simple rotational pathway (9) has been 

chosen for the M = Mo and polyene = Indenyl, the computed

Exo Endo

barrier, 40.4 kcal/mol (shown in Figure 4), is more than 

twice of the observed. As R. Hoffmann already pointed out,5 

the large activation barrier comes for the loss of 2a Jr” in­

teraction (see Figure 3) when the allyl unit is rotated by about 

100°. Obviously 9 is not a reasonable pathway for exo-endo 

interconversion. Other possible mechanism is n-o-n path­

way.10 In other words, 73-allyl group (朮-type) changes to 

t? Ha-type) followed by rotation around the new C-C single 
bond, and then collapse back to the i?3-allyl group. However, 

we will not discuss this mechanism anymore in this paper.

The rotational barrier of polyene ligand in (polyene)MLn 

system shows large range depending on the types of polyene 

and metal fragment. This is from > 1 kcal/mol to 20 kcal/ 

mol.11 A lot of investigations have been reported about the 

rotation in cyclopentadienyl and arene complexes.12 Also 

molecular orbital calculations have appeared which explain 

the rotational barriers observed.““ However, little work 

has been reported of barrier to indenyl rotation about a ring­

metal axis.14 It has been known that the rotational barrier of 

indenyl is larger than that of cyclopentadienyl group. Our ex­

tended Hiickel calculations give a barrier of 1.0 kcal/mol for 

the Cp ring in (Cp)Mo(CO)2(Allyl) complex. And 3.8 kcal/mol 

for the indenyl ring has been computed in indenyl analog.
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Figure 5. An orbital interaction diagram for (In)Mo(CO)2(Allyl) 

with Indenyb1 and Mo(CO)2(Allyl) +1 fragments.

Consider the interaction diagram given in Figure 5 where the 

geometry is taken from the previously optimized structure. 

At Figure 5 we used different fragments compared with 

Figure 3 to focus the indenyl rotation. But molecular orbital 

levels (center of Figures) should be same in energy. At the 

metal fragment, Mo(CO)2(Allyl)+, allyl ligand can be con­

sidered four electrons donor anionic ligand. Then this frag­

ment is isolobal15 with Mo(CO)4+2 unit. The orbitals of C4& 

ML4 fragment have been extensively discussed elsewhere,16 

and we will only point out 사le salient features. The left side 

of Figure 5 아】ows four metal centered orbitals in Mo(CO)2 

(Allyl)+. Two lower orbitals, la' and 2a\ are primarily metal 

x2->2 and z2. At higher energy are la" and 3a' metal xz and yz 

perturbed by metal x and y, respectively (10 and 11). The 

resulting fragment orbitals are hybridized toward the miss-

8 +勿D鬼"，0

+ 6遂 <=> _£佳 3B， H

ing coordinate site. We can easily se은 the오e two hybridized 

orbitals strongly overlap with the indenyl orbitals. Only the 

important n orbitals of indenyl are shown on the right of 

Figure 5. Here we have labeled them with a subscript which 

refers to their symmetry with respect to the mirror plane. laz 

and 2a' of metal fragment are larg이y nonbonding. The emp­

ty la" and 3a' set of metal stabilizes lnai 3%, and 2na, These 

combinations contain by far the most significant interactions

TaW« L The Optimized Geometries and Relative Energies for 

(Allyl)Mo(CO)2(Indenyl) in the two Extreme Orientations of 

Substituted Allyl Units, a and £ are defined in 6

Allyl Exo Endo 厶 EWkcal/mole)

1-s-Me

a=100,g=81 a=U5,^ = 87 3.7

CH3 

1-a-Me

a = 100, g = 82 a 드 115, g=88 3.8

ch3 a = 110, 8=78 a- 110,夕=82 97

l,l-Me2

/、丫如3 

ch3 
2-Me

a= 110, 79 a= 110,84 11.6

볏 a = 90,g = 92 0 = 115,^=93 -17.6

a' anti

in the complexation of Mo(CO)2(Allyl)+ to indenyl ligand. 

There is a three orbital interaction pattern. At the middle the 

molecular 2a" orbital is primarily given by la" metal frag­

ment orbital with 2na mixed into it in bonding fashion. Ad­

ditionally some ljta character mixes in with the phase rela­

tionship 아iown in 12 (antibonding to la"). The drawing is

given in top view. Most of electron density for 兀一type is loca­

lized in the uncoordinated benzene ring, As we have mentio­

ned previously the rotational barrier of indenyl unit is 3.8 

kcal/mol. This barrier obtains at 나le 126 0 rotation of indenyl 

ring with respect to metal-indenyl axis. A top view of the 

geometries in 난)e optimum (13) and rotated conformations 

(14) are shown below. As a matter of convenience we chang­

ed the position of Mo(CO)2(Allyl) unit instead of indenyl. Also 

we have pointed out previously the main interactions are be­

tween metal fragment 3a； la" and indenyl 3% 2& orbitals. 

15 and 16 show interaction patterns and also the overlap inte-. 

gral between each fragment orbitals are listed. The overlap 

of the above dominant interactions is favored in the op­

timum, that is, the exo conformation.

Substituted Allyl complexes. A series of substituted 

allyl complexes have been studied with NMR method to 

assess the effect of steric hindrance in determining the con­

formational preferences of the allyl unit.8 But only few struc-

c 
0

。미 Imum

0.0

13
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Table 2. Parameters Used in the Extended Hiickel Calculations

Orbital f 2 Cia C2°
Mo 4J-10.50 4.54 1.90 0.6097 0.6097

5s -8.34 1.96

5力-5.24 1.90

C 2s -21.40 1.625

2/>-11.40 1.625

H 15 -13.60 1.30

a Contraction coefficients used in the double zeta expansion.

15 16
tural data are available,201^'17 In general the allyl unit is part 

of a larger organic system. We optimized several substituted 

allyl complexes at the two limiting exo and endo orientations 

in (Allyl)Mo(CO)2(Indenyl). Table 1 lists the each optimum 

geometry and relative energy to the exo conformation. The 

two variables, a and B, were also used as defined in 6. When 

methyl group is substituted at in syn position (see below 

the Table 1 for the numbering system) which is denoted as 

1-s-Me, the optimum geometries are very close to those of 

unsubstituted allyl complex. And according to the relative 

energy, AE= 3.8 kcal/mol, which is almost identical to that 

of the unsubstituted allyl, the energy difference primarily 

comes from electronic effect, not from steric hindrance. 

However, the next complex, 1-a-Me, where methyl group is 

in anti-position, shows the different a values from above two 

allyl groups. In the exo anti-positioned methyl group steri- 

cally interacts with CO groups (see 17). In order to reduce 

this interactions a angle has been increased by 10 degree. In 

the endo the situation is different. The steric interaction of 

anti-methyl in the endo is with the indenyl ring. Therefore a 
angle has been reduced by amount of 5 degree. The steric ef­

fect on indenyl ring is bigger than that of the exo where 

steric force happens with CO groups. This fact can be obser­

ved at the c지culated relative energy. AE in 1-a-Me allyl is 

9.7 kcal/mol which is much larger difference than those of

!-«-«• 추-배*

Exo Endo Exo

IT

the above two. We also computed the total energy of 1-s-Me 

allyl exo complex is lower than that of 1-a-Me allyl by 14 

kcal/mol. These results are corresponding to the experimen­

tally observed in which the syn-orientation is thermodyna­

mically more stable than the anti-orientation.8 For l,l-Me2 

allyl, computations give the very similar results to the 

1-a-Me. Finally, the computational result of 2-substituted 

allyl, 2-Me, complex is very interesting. The optimum exo 

geometry shows very strong steric interaction between the 

2-Me and indenyl ring (see 17). The a value is decreased to 

only 90°. However, the endo geometry is not affected by 

steric interaction as the optimized values are shown in Table

1. More interestingly, the endo is favorable over the exo geo­

metry by 17.6 kcal/mol in total energy. In general the steric 

hindrance is important factor in substituted allyl indenyl 

complexes to determine the orientation of allyl moiety.
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Appendix

All calculations were performed using the extended 

Hiickel method18 with the modified Wolfsberg-Helmholz 

formula户 The parameters listed in Table 2 were taken from 

previous work.20 All Mo-C(O), C-O, and C-H distances were 

set at 1.94, 1.14, and 1.09 A, respectively. The Mo-polyene 

bond lengths were taken from experimental values of closely 

related compounds. All C-C (Allyl) and C-C (Indenyl) dist­

ances were idealized at 1.37 and 1.41A. The C-Mo-C and 

C-C-C (Allyl) angles were kept at 90 0 and 120 respective­

ly. All substituents in allyl moiety were set to be bent 15° 

away from metal with respect to the allyl plane.
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Optically active (R)- and (S)-2-benzyloxy-1- butanol have been prepared by a previously described asymmetric synthesis 

based on a chiral oxathiane and have been converted into (R>-( + )-4-hexanolide, a component of the pheromone secreted by 

the female of the dermestid beetle, and its enantiomer.

Introduction

(R)-( + )-4-hexanolide (1) is a component of the phero­

mone secreted by the female of the demestid beetle Trogo­

derma glabrum.1 The beetle has been reported to respond to 

the (R)-isomer but to neither the (S)-isomer nor the race­

mate.1

The preparation of optically active lactone 1 has received 

a great deal of synthetic attention, which may be categorized 

into three methods: 1) asymmetric reduction of suitable pro­

chiral ketones with baker's yeast or chiral reducing agents,2 

2) stereospecific synthesis from optically active starting 

material오 such as glutamic acid30, D-( + J-ribolactone36, fi'-D- 

(+)-gluconolactone3c and (R)-2>3-O-isopropylidene-D-gly- 

ceraldehyde3^, 3) re옹。hition of lactone precursor모 or lac­

tones4, and 4) other chiral methods such a» Sharpless epox­

idation50 or chiral sulfoxide methodology.5*

In the paper we report enantioselective syntheses of both 

enantiomers of 4-hexanolide, starting from 2-benzyloxy- 

1-butanol (2) which in turn, can be easily prepared based on 

chiral 1,3-oxathiane methodology.6 As suggested in Scheme 

1, the two-carbon homologation using malonate anion at the 

primary alcohol position followed by necessary mani­

pulations of functional groups will lead to th은 product.


