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Summary 

Structures have been investigated, using MNDO, of beryllium derivatives of 
the carbocycles (CH), for n in the range 3-8.. When rz = 3, no minima are found 
corresponding to q3 derivatives, but the beryllium atom always undergoes inser- 
tion into the ring: when n = 4, stable minima are found corresponding to 
(q4-C4H4)Be of C4, symmetry, (g4-WW2Be (Ds) and (q2-C4H4)*Be (GA the 
latter of which contains planar four-coordinate beryllium. When n = 6, the 
minima correspond to (q*-C6Hs)Be of Cti symmetry, (q2-CsH6)2Be (Dzcr), 
(q’-CsH6)(q2-C6Hs)Be (C,) and (p2,~*-CsHs)Be2 (C,). C,H, forms an q3 deriva- 
tive, (q3-C7H,)BeH of C, symmetry, and &HP forms (v2-C8H8)Be of C, sym- 
metry and (q2,q2-CsHs)Be2 (C,). The beryllaheterocycles C,BeH, (for n = 4,6, 
S) and G+1BeH,+2 (for n = 2,4,6) were also investigated, together with the 
Spiro compounds (C,,H,J2Be for n = 3,4: the species C,BeH, are all planar with 
C&, symmetry, but of the species CIL+.lBeHti2 only the 27r-electron species 
C,BeH, is planar: the 47r C5BeHs and the 6s C7BeHs are non planar. (C3H3)2Be 
adopts a Dw geometry, but (C4H4)*Be undergoes ring opening to yield a non- 
planar isomer of (CsHs)Be. High symmetry species, constrained to Dnh, Dti or 
C,,, are also discussed. 

Introduction 

Beryllium forms a number of pen tahapfo cyclopentadienyl derivatives, 
including (CSH5)*Be and the series (C5H5)BeX, where X = H, Cl, Br, CCH, and 
CH3. It is therefore of interest to investigate the structures of compounds 
formed between beryllium and other monocyclic Can hydrocarbons: although 
this is a difficult and hazardous undertaking experimentally, it is readily feasible 
when undertaken computationally. Here we report the results of a theoretical 
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exploration of the main structural features of derivatives of beryllium contain- 
ing one or two ligands C&H, where n ranges from 3 up to 8. 

Method 

Calculations were made using the MNDO method [l] : initially, completely 
free optimisations, with no geometrical constraints were undertaken for each 
system start&g from several different input geometries. Subsequently, optimisa- 
tions were made subject to the constraints of particular point groups: within 
these point groups, all independent geometric variables were optimised. The 
resulting molecular energies are summarised for both free and constrained opti- 
misations in Table 1, and the corresponding molecular geometries are recorded 
in Tables 2 and 3. 

Molecular structures 

Two types of molecules were investigated, those containing polyhap to 
hgands, and those which are beryllaheterocycles. Free optimisations were under- 
taken in both classes for derivatives of the carbocycles CJ-I, for values of it 
ranging up to 8. These will be discussed in groups, in order of increasing n: 
finally constrained systems of high symmetry will be discussed. 

Species containingpoIyhapto ligands 
C,H, derivatives. Free optimisation of species containing one or two q3-C3H3 

rings, and these species are discussed under the heading Beryllaheterocycles, 
below _ 

C,H, derivatives_ We have previously [2] recorded that the free optimisation 
of (C,H,)Be starting from approximately C, yields a singlet of exact C, sym- 
metry in which the carbocycle is exactly planar, or a triplet of C, symmetry in 
which the carbocycle is puckered. 

Two minima were found for (&H&Be when inputs analogous to beryllocene 
were employed: when the optimisation was started from au input geometry of 
approximately D4h symmetry, i.e. with the two C,H, rings eclipsed, the struc- 
ture optimised to exact D, symmetry with the rings still planar and parallel, 
but rectangular rather than square. The bonded distances in the rings are 1.436 
A and 1.535 A, rath er similar to the bonded distances calculated for singlet 
cyclobutadiene, 1.357 s and 1.534 A: the structure is shown in Fig. la. The 
interaction between the beryllium atom and the two rings is almost exclusively 
in terms of the p orbit&s on the carbon atoms which are of x symmetry with 
respect to the rings. These eight orbitals in D2h span the symmetry classes 
A, + BI, * B2g + B3g +A, +B1, +Bzu +B&, while the atomic orbitals of the 
beryllium atom span the classes A&&S) + BL f Ba + B* (ZP~,~,~ )_ There are 
therefore four bonding orbitals, which are in fact in the order A,, B1,, BS, B,; 
four non-bonding orbitals, B%, B%, B,, A,; and four antibonding orbit& A,, 
B2u,Blu andB,. There are ten electrons in ah in this metal-ligand system, eight 
in the four bonding orbitals and one non-bonding pair in B,. In a similar way, 
the interaction between the beryllium atom in (C4H4)Be and the carbocycle is 
largely via the 7~ system of the ring; the carbon PIT orbitals span the symmetrJi 



281 

a 
Fig. 1. a. The structure of (q4-CqH&Be; b. the structure of (q2-QH&Be. 

classes in C 4us A 1 + B1 f E, while the beryllium atomic orbitals span the classes 
2A, + E. There are consequently three bonding orbit& (A 1 + E), two non- 
bonding (A 1 + B,) and three antibonding (E + A 1): the six available electrons 
occupy the three bonding orbit&. 

The second minimum for (&H&Be was found by starting the optimisation 
at approximately D a symmetry. The resulting structure, which is shown in Fig. 
lb, has overall Cul symmetry and contains dihapto-cyclobutenyl ligands com- 
pared with fetrcrhapto-cyclobutadiene ligands in the Dm isomer. The beryllium 
atom forms four bonds to four individual carbon atoms, and these bonds are 
strictly coplanar: this is a very unusual stereochemistry for beryllium, and has 
generally been observed only when forced upon the beryllium atoms, as for 
example in beryllium phthalocyanine [ 31. 

C&i5 derivatives. The question of $,$ isomerism in &H,BeX compounds 
has been discussed by Dewar and Rzepa [4] ; we have also discussed the ques- 
tion of the location of the beryllium atom in the isolated molecule of (&H&Be 
[ 23, and no further investigation of these species has been undertaken during 
the present work. 

C,H, cZerivatives_ In (q4-C,H,)Be the beryllium atom may be considered to be 
a six-electron atom, whiIe in ($-C5HS)BeX where X = H, Cl, Br, CHa or C--(:H, 
the beryllium atom may be considered to be an eight-electron atom. Similarly in 
the solid state where (&H&Be is Q’,$ at 120 K [5] and q3,q3 at room temper- 
ature [6], the beryllium atom here is always an eight electron atom: in the gas 
phase the asymmetric placing of the beryllium atom in (C,H&Be 171, suggest- 
ing a major contribution from the form [($-C,H,)Be]‘(C,H,)- is here indicative 
of a six-electron beryllium atom. 

It is therefore of considerable interest to investigate the structures of species 
containing one or more C,H, rings and one or two beryllium atoms. (&H,)Be 
would, if the ring were q6, contain an eight electron beryllium atom: (&H&Be 
on the other hand seems unlikely to adopt a symmetric $,$ structure, as this 
would involve a fourteen electron beryllium atom in either D, or Dsd symme- 

try- 
Opttiisation of the geometry of (C,H,)Be from an input of approximate C, 
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TABLE 1 

MOLECULAR ENERGIES AND POINT GROUPS 

Molecule Point group Figure AHF (k.I *orI) 

(a! Polyhapto species 

<s4-C4H4)Be C4” 
<I?4-C4H4)zBe 
(~~-CqH4)2Be 

Dzh 
C2h 

<+CgHg)BeH 

<q’-CsHs)zBe 
C5” 

<v2-CgHs)Be 
D%i 

~t12-C.+&B== 
C2u 

(qI-C~H~X~2-C~H~)Be 
D2d 

(4’ 4’-Cc&)Bez 
Cs 

* 
(q3-C,H,)BeH 

cs 

(V2-C3H6)Be 
Cs 
CS 

(4*.q2-C8H8)Be2 C2h 

fb) Beryllaheterocycles 

C3BeH4 

CsBeH3<C3H3) 

(HsCx)zBe 
C4BeH4 

CgBeHg 

CgBeH6 
C+kHs 
CeBeHs 
CgBeHS 

C2” 
=s 
Dzd 
C2v 
CS 

C2” 
Cs 
C2” 
c2 

CC) D,h. D,d. and C,, species 

M3-%H3W=H 
W3-‘+S3)2Be 
<v3-C3H3)2Be 
<H3C3)2Be 
<v4-QH4)2Be 

ts4-WWzBe 
(+-CsHs)Be 
(T$C;H;)~B~ 

(&CgH&Be 

(46.46-C6HgiBe2 
(q’-C7H7)BeH 

<q8-%H8)Be 

(V8 n’-CCsHg)Bez . 

C3” 461.9 

=‘3h 777.4 

%id 812.0 

D2h 479.7 

D4h 698.5 

D4d 680.4 

%J 431.0 

D6h 507.2 

D6d 511.6 

D6h 752.5 

C-I" 229.7 

c8~ 465.1 

D8h 940.5 

la 

lb 

2a 
2b 
2c 

2d 
3 
4a 
4b 

5a 157.7 
5b 382.2 
5c 299.3 

6a 130.9 

6b 133.0 Q 

6c 64.2 
6d 194.0 b 

6e 199.6 
6f 125.7 

453.8 

634.3 
562.6 

53.7 

199.4 
218.6 
454.4 
227.9 

358.3 
113.8 
192.9 

374.3 

a mr is 144.0 kJ mc@ when plarsr. b A@ is 222.3 w mar1 when plaz,ar_ 

symmetry yields a structure of exact C&, symmetry, as shown in Fig. 2a: this 
structure contains a dihapto ligand which is very similar to the newly discovered 
valence isomer of CsHs recently described in reference [S] as isomer V, although 
with extensive bond fixation (see Table 2). In this dihapto complex, the beryl- 
lium atom can be regarded as a four-electron atom; however the eight eIectron 
$’ isomer of C& symmetry is some 212 kJ mol-’ higher in energy (see Table 1). 

For (C6H6)&?, t~0 OpthiSatiOnS were performed Starting from both approx- 
imately Dsh and approximately II= inputs. The optimisation starting from 
approximately D6d rapidly converged to a geometry of Dm symmetry in which 
each of the rings is puckered in the same way as in (Q2-&H6)2Be and in which 
the four bonds from beryllium are quasi-tetrahedral with CBeC angles of 88.1” 
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b 

Fig. 2. a. The structure of <q2-‘&Hg)Be; b. the structure of (q2C~H~)2Be; c, the str,xture of (+QH,+ 
(q2-CsHe)Be; d. the structure of (~*.q2-C6H6)Be2_ 

(X 2) and 121.2” (X 4). Again, extensive bond fixation occurs in the ligands: the 
beryllium atom can here be regarded as a six-electron atom; the structure of this 
bis-dihapto complex is shown in Fig. 2b. The DW isomer containing two @ 
rings is only 57.2 kJ mol-’ higher in energy. The optimisation starting from a 
D6h input was extremely lengthy, req+ring some 22 hours of CPU time on the 
VAX 11/780 computer: during the course of the optimisation, the structure 
passed through a number of well defined geometries, none of which proved to 
represent a minimum on the potential energy surface. From the his-hexahrrpto 
start of D, symmetry, the structure first approached a bis-dihapto configura- 
tion of D2h symmetry, analogous to the structure +I Fig. 2b with puckered 
rings, but with the four Be-C bonds coplanar: at this point the LVI,” is around 
395 kJ mol-‘, which should be compared with a value of 507.2 kJ mol-’ in the 
fully constrained Dsh structure. Proceeding tith the optimisation, one C6H6 
ring remained in the puckered q* configuration throughout, but the other then 
became planar again and symmetrically bound to the beryllium atom to give a 
q2,q6 configuration: at this point A&* was around 290 kJ mol-‘. Beyond this 
point, the q* ring remained essentially unchanged but the other changed from 
$ to $, yielding finally the structure shown in Fig. 2~. 

In this g’,q* molecule, the total electron population calculated for the be@- 
hum atom is 3.762 e, whereas in the isomeric q*,q* species it is 3.502 e: simi- 
larly in (~*-C$I,)Be, the beryllium population is 3.596 e. The much higher 
population in the $, 7)’ isomer, together with the planarity of the $ ring, sug- 
gests that it should be regarded as a charge transfer complex between C&J, and 
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TABLE2 

MOLECULARGEOMETRIES FOR FREEOPTIMISATIONS 

DistancesX.Yin~:bondanglesX.Y.Zandtorsionalan~esW.X.Y,2indegrees 

Molecules Structuraldata 

(+-CgHs)Be 

(l12.t12-C8Hs)Bez 

[a) Polyhapto species 

ta4-C4HhBe BeC.1.946:CC. 1.535(X4).1.436(X4): CH.1.076; HCC. 131.5;HCCC. 
159.8 

<q2-C4K4)2Be BeC(I).i.781(X4);C<ljC(Z).1.532(X4);C(1)C(I'), 1.515(X2): 
C(2)C~2').1.362<X2):C(l)H.1.087:C<2)H.1.074:HC<l)C(2~.124.4; 
HC(1)C(1').129.1;HC<2)C(1).130.4;HC(2)C<2').136.7;CBeC. 
50.3(X2).129.7<X2);dibedral 106.7 

BeC(1).2.002(X4):BeC(2).2.235(X8);C(1)C(2).1.463(X8); 

C(2)C(2').1.4O2(X4),2.522(X4).2.886(X4):C(l)C(1').2.783(X2): 
HC(l).1.092(X4):HC(2).1.089<X8):HC(1)C<2).117.9; HC(2)C(l). 

119.7;KC(1)C(2)C(2').1~81.3;HC(2)C(2')C(1).180.9;dihedralinring. 
158.5 

BeC(1).1.744<X1);BeC<2).2.438<X2);BeC(3).2.581(X2);BeC(4). 
2.221<X2);C(1)C<2).1.51O(X2);C(2)C<3).1.363<X2):C<3)C<4). 
1.479<X2);C(4)C(4').1.385(X1);C(3)C(3').3.146(X1):C(2)C<2'). 
2.5ll<Xl):HBe.1.292;HC(l).1.105;HC(2).1.09l;HC(3),1.091; 
HC(~).1.099;HC(l)C(2).112.2;HC(2)C<3).121.7;HC(3)C(4),115.8: 
HC(4)C(4').118.2. 

(b) BeryZZaheterocycZes 

C3BeH4 BeC.1.753(X2);CC.1.416(X2);BeH.1.295:CH.1.087(X2).1.086(X1); 
CBeC.80.3:CCC.105.9:HCBe.150.4. 

BeC(1).1.753(X2);C(1)C<2).1.415<X):BeC<3).1.678(X1);C(3)C<4). 
1.525(X2):C(4)C<4').1.323<X1);C(1)H.1.087:C<2)H.1.086:C<3)H. 
1.119;C(4)H.1.062;C(1)BeC(1').80.2:BeC<1)C(2).87.0;C(1)C(2)C<1'). 
105.8; BeC<3)C.<4). 129.1: C<l)BeC<3), 139.8;HC(l)Be.150.3;HC(3)Be. 

108.3:HC(4)C<3).144.3:dihedraI.184.3. 
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TABLE 2(continued) 

Molecules Structural data 

CgBeHg 

C7BeH8 BeC~l).1.703(X2);C(1)C(2).1.385(X2);C(2)C(3).1.415(X2); 
~(3)C(4).1.4O0(x2);BeC(1)C(2).128.1(X2);C<1)C(2)C<3).130.7(X2): 
C~2)C(3)C~4)).136.4<X2):C(3)C<4)C(4').137.4<X1):C(1)BeC(1'). 
113.2; BeH.1.315(X1);C(1)H.l.lO6(X2);C<2)H.l.lO2(X2); C(3)H. 

1.106(X2);C4H.1.105<X1):HC(1)C<2).114_8<X2);HC(2)C(3). 
ll2.7(X2):HC(3)C(4).111.7<X2):HC<4)C(3).111.4(X1);HBeC(1). 
122.8. 

(q’-&H,)Be: the process 

($-C6H6)Be + CkHs + ($-&H&I*-&H&Be 

is exothermic by 79.4 kJ mol-’ , whereas the analogous process 

(q2-C,H,)Be + C,H, -, ($-C6H6)(q2-CsHg)Be 

would be exothermic by no more than 15-20 kJ mol-’ . 
Optimisation of the geometry of (C&)Be2 from a starting point of approxi- 

mately Dsh symmetry, with one beryllium atom on each side of the ring, gave 
the structure shown in Fig. 2d. In this the two beryllium atoms are no longer 
equivalent, but the ring is puckered as in the previous C6H6 derivatives. One 
beryUium atom, Be(l), is bonded to a pair of para carbon atoms, C(l), with a 
bonded Be(l)C(l) distance of 1.690” and distances Be(l)C(2) and Be(l)C(3) of 
-2.324. A and 2.222 A, respectively. The other beryhium atom, Be(2), on the 
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Fig. 3. The structure of ($-C,H,)BeH. 

other hand, is bonded to a pair of ortho carbon atoms, C(3), with a bonded 
Be(2)C(3) distance of 1.656 & this beryllium atom lies below the central plane 
C(2)C(2’)C(3)C(3’) of the ring, but is much closer to C(3) and C(3’) (2.194 A) 
than to C(2) and C(2’) (2.473 A). Th e ring is essentially a puckered form of 
cyclohexenetetrayl, and each of the beryllium atoms may be regarded as a four- 
electron atom. 

C!,H, derivatives. A symmetric q7 ring in (C,H,)BeH implies a ten-electron 
beryllium atom and is therefore unlikely to be found: when the geometry of 
(C,H,)BeH was optimised starting from a C Tu input, the resulting structure con- 
tained an i3 ring and had overall C!, symmetry as shown in Fig. 3; in this species 
the beryllium is formally a six-electron atom. There is a strong r-bond fixation 
in the ring: although the beryllium atom is four coordinate, the bond angles at 
this atom are very far from tetrahedral: CBeC, 36.3” (X l), 93-5” (X 2); CBeH, 
250.7” (X I), 114.3” (X 2). 

C,H, derivatives. Optimisation of (C8H8)Be from a starting point of approxi- 
mately CsV symmetry leads to the C, structure shown in Fig. 4a, in which the 

a 

Fig. 4. a. The structure of (q2-C3H3)Be; b. the structure of (q2.q*-CsHs)Be2_ 
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TABLE3 

GEOMETRIESINCONSTRAINEDPOINTGROUPS 

Distances in &.angIeindegrees 

Molecule Point CBe cc CH BeH CCH hI= hf 5 

grOUP 

01~CqHq)Be = 

<s4C4HdzBe 

b?6.q6-CgH&3e2 

<s7-C,H7)BeH 

(~*-Ct#s)Be 

<S* T18-C8H8)Be2 . 

%I 
*3h 
%d 
C4” 

D4tz 

D4d 
CS" 

D5d 
c6v 

D6h 

D6d 

D6h 
c7v 
C8u 
D8h 

1.851 1.495 1.075 1.282 139.2 1.638 0.522 
1.800 1.494 1.073 - 139.6 1.580 0.511 
1.816 1.490 1.073 - 140.1 1.599 0.497 
1.785 1.514 1.076 - 131.6 1.402 0.864 
1.944 1.484 1.076 - 133.1 1.637 Q-277 
1.945 1.484 1.076 - 133.1 1.637 o.zi7 
1.990 1.458 1.084 1.284 125.6 1.489 0.079 
2.071 1.449 1.084 - 125.6 1.663 0.147 
2.191 1.430 1.091 - 119.9 1.660 0.066 
2.153 1.437 1.090 - 119.8 1.602 0.116 
2.155 1.437 1.090 - 119.8 1.606 0.116 
2.019 1.502 1.088 - 120.0 1.349 0.000 
2.120 1.431 1.095 1.289 115.6 1.332 0.051 
1.992 1.436 1.097 - 112.5 0.670 0.0097 
2.279 1.429 1.100 - 112.5 1.307 0.000 

n hl isperpendiculardistance ofBe from plane C,. b h2 isperpendicular distance ofplaneC, frompiane 
H n- c Free optimisatiom 

beryllium atom spans 1,4 positions in an q2 ligand: there is strong n-bond fixa- 
tion in the ring which contains three double bonds, C(l)C(l’), C(3)C(4), and 
C(3’)C(4’). Th’ 1s complex contains a four-electron beryllium atom. When the 
OptimiSatiOn Of (C&&Be2 is begun from an approximately & input, the 

TABLE4 

SYMMETRIESANDENERGIES(eV)OFnMOLECULARORBITALSINC4ANDC~BeRINGS 

(0) lllonocyclic molecules 

C3BeKa. CZ~<~A 1) C3BeH3(C3H3).Cs('A') C4H4.D2h(rAg) C4H4. D4tA3A 2& 

Bl 3.364 A’ 3.292 Au 2.047 B2u 1.919 

Bl 0.399 A’ 0.477 BQ 0.124 _-_---_---_-- 

--------- % -4.141 
-42 -1.469 A" -1.387 Blk? -8.443 

__-___---_----------------- 

B2 -11.564 A' -11.397 B3u -11.880 -42~ -11-747 

(b) Bicyclic molecules 

Spiro-Be(C3H3)2. DZhc’Ai) Spiro-Be(C3Hs)2.Dsh<IAg) 

B3u 4.137 
E 1.582. % 1.979 

-42 -0.531 B3u 1.079 

Bl -6.628 -4, 4.307 
*b? -0.376 

--_------------ --------------- 

E -9.775 B2l3 -10.208 
E3u -10.915 



288 

structure converges to C 2h symmetry, as shown in Fig. (4b), with beryllium 
atoms spanning the 1,4 and 5,s positions of a bis-dikapio hgand, in which again 
strong n-bond fixation occurs (see Table 2). 

Beryliaketerocycles 
C,H, derivatives. When the free optimisation of (C,H3)BeH was started from 

an input point of approximately C, symmetry, the resulting structure was one 
in which the beryllium atom was inserted into the C3 ring to yield a completely 
-planar C&H4 beryllacyclobutadiene of-overall C% symmetry. This is a system 
in which four 7r molecular orbit&, normal to the molecular plane, are occupied 
by only two electrons: the energies and symmetries of these orbitals are listed in 
Table 4 where they may be compared with those for the singlet and triplet 
states of the prototype cyclobutadiene. This molecule is shown in Fig. 5ar it is 
impossible to draw a single classical valence structure. 

Completely free optimisation of (C,H3),Be from either a DS or a II% input 
gave a structure in which the beryllium atom was inserted into one of the C3 
rings to yield a &Be heterocycle exactly as for (C3H3)BeH but the substituent 
on beryllium was now not hydrogen but a A2-cycIopropenyl group. The mole- 
cule has C, symmetry overall, and is shown in Fig. 5b: again the heterocycle is 
completely pIa.nar with two x electrons, and the n molecular energy levels are 
very similar to those in C3BeH4 (see Table 4), being only weakly perturbed by 
the- orbit& of the cyclopropenyl ring. The principal perturbation results from 
the two single C-C bonds of the C3 ring. 

Although optimisations starting from D 3h or JIM inputs lead to insertion of 
the beryllium atom in one ring only, it is quite plausible for the beryllium to be 
at the ring junction of a Spiro compound. Optimisations from a Spiro input of 
either approximately D, or D, symmetry both yielded a structure of exact 
I& symmetry which is shown in Fig. 5~; when the optimisation was constrained 

Fig- 5-a- The structure of QBeH4; b. the structure of c~B~H~(c~H~): c. the stmcture of (H~c~)~B~. 
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Be 

TGF 
C 

Fig. 6. a. The structure of CqBeHq: b. the structure of C&L?&: c. the structure of C6BeH6: d. the stmc- 
ture of C7BeHa: e. the structure of CaBeHa <C2u isomer): f. the structure of CsBeHs (C2 isomer). 

to Dul symmetry, the energy was some 180 kJ mol-’ higher than for I&. The 
geometry of each ririg in the D a Spiro compound is very similar to those in 
monocyclic C&Be rings, except that the CBe bonds are slightly (0.02 & longer: 
in the Dul isomer these bonds are of length 1.841 A, some 0.07 & longer than 
for I&_ For the planar Da isomer, the seven z molecular orbitals span the sym- 
metry classes B1, + 2B, + A, + 3B3, of which the totally in-phase BBu and one 
B, are occupied by the four available ‘IT electrons, equivalent to two ‘IT electrons 
per ring. In the Dm isomer the out-of-plane pr orbitals, of which there are now 
only six, span the symmetry classes A2 -+ B, + !2E of which one E pair is occu- 
pied_ If the s system of each ring is regarded as an ally1 fragment, for which in 
local Czo symmetry the three P combinations have symmetries B1 (bonding), 
A2 (non-bonding) and B1 (antibonding) then their interaction in Dm gives from 
the two bonding B, orbit&, the lower E pair, from the two antibonding B1 
orbitals, the upper E pair, and from the two non-bonding A, orbitals, the A2 
and B, orbitals in Dw. Again there are four electrons occupying the x bonding 
E orbit&, equivalent to two T electrons per ring. 

C4H4 derivatives. Just as the beryllium atom can be inserted into a three- 
membered carbocycle to produce a planar &Be ring, as described above, so also 
&Be rings are possible. Optimisation of an input geometry corresponding to a 
1-beryllacyclo~entadiene yields a structure of strict Cti symmetry, as shown in 
Fig. 6a. This planar structure is a 4nelectron cycle end unlike its Gn-electron 
analogue, (C&H,)-, exhibits strong ?r bond fbation: the two W distances are 
1.371 A while the unique C-C distance is 1.525 A. These may be compared 
with the corresponding values of 1.361 and 1.478 8, respectively, calculated for 
the neutral CSHQ which also necessarily exhibits bond fixation and with 1.418 A 
in (C,H&. Table 5 lists the ‘IT bond energies and symmetries in CaeH,, (C,H,)-, 
and in the analogous (P3Sz)* ion [9]. Inspection of the coefficients of the occu- 
pied ?r orbit& in C&H4 shows that the BL orbital is concentrated largely in the 
CC bonds having a rather small coefficient, 0.257, at beryllium: the A2 orbital 
on the other hand is concentrated exclusively in the CC bonds, with a nodal 
plane perpendicular to the C4Be plane at beryllium. 

For a Spiro derivative of C.&I, analogous to that shown in Fig. 5c, again two 
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TABLE 6 

SYMMETRY CLASSES OF n MOLECULAR ORBITALS IN CARBOCYCLES (CH)? OF D,h SYM- 
METRY 

Dab Dsh D6h D-ih , D8h =‘9h 

B2u E; 

%? E’; %? E’; 

Btu Ei E2U ES EZU lz; 

% E’; Elg E’; El&J E;’ 

-42~ A; Azu -45 -42~ Ai 

species arise from the singly degenerate orbit& of the Dnh (CH), carbocycle, 
which occnr at the bottom and top (for n even) of the ‘in manifolds. The energies 
of the A orbitals in the beryllaheterocycles containing 5,6,7, or 8 carbon atoms 
are shown in Table 7. Always there is aB, orbital both at the bottom and at the 
top of the T manifold. 

For the freely optimised structures of &Be& and C7BeH8 which are no 
longer planar, but which have C, symmetry, although G-X separation is not com- 
plete, the orbitals of approximate ‘IT character can still be readily identified from 
the eigenvectors, and these are also listed in Table 7. In C2 symmetry (see 
below), A2 and B1 of Cti become A and B respectively: in C, symmetry if o(zx) 
is retained, A2 and B1 of Czv become A” and A' respectively. 

There remains the C2 isomer of C&eHs shown in Fig. 6f: this structure 
results from the optimisation of spiro-Be(C,H,)2, starting with either a planar 
D, or a Da input. It is considerably more stable, ca. 70 kJ mol-‘, than the 
planar isomer obtained by optiinising a planar monocyclic input. The molecule 
contains a re-entrant angle at beryllium, with the consequent close approach of 
beryllium to two of the carbon atoms C(4) and C(4’), 2.296 A: in view of this 
the ligand should not.be viewed as a dihapto species forming a pure berylla- 
monocycle, but as a tetrahapto chain forming a polycycle. There is strong bond 
fixation and distance alternation along the chain. 

Dnh, Dnd and Cm species 
TabIe 3 lists the geometrical parameters resulting from constrained optimisa- 

tions in the point group D,& and Dnd, for species (C,H,&Be and C,, for species 
(C,H,)Be (n even) or (C,H,)BeH (n odd): the corresponding energies are listed 
in Table 1. With the exceptions of (C,H,)Be, (C,H,),Be, and (C,H,)BeH, dis- 
cussed previously [Z] , no carbocycle (CH), forms an q” derivative of stability 
comparable with that of the free optimised structure usually of lower symmetry 
and lower 9 number- The smallest energy difference occurs between the Da 
isomer of (&H&Be and its freely optimised analogue of D= symmetry which 
is only some 64 kJ mol-’ more stable: the largest energy.difference amongst 
monoberyllium species is that between Deb (&H&Be and the freely optimised 
r)‘,q2 isomer, of 279.3 kJ mol-‘, while amongst diberyllium compounds the Dgh 
isomer of (C8Hs)Be2 is some 766 kJ mol-’ less stable than the freely optimised 
isomer. 

A number of structural features show regular variations as the value of n 
changes. As n increases, so does the internal CCC angle in the rings, and simulta- 
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neously the CH bond length increases_ At the same time, the param eter hl, the 
perpendicular distance of the beryllium atom from a ring decreases, although 
care must be taken here to compare like species with like: the value of hl is 
much greater in (C,H,.JBe, than in (C,@,)Be for the same value of rz. Again com- 
paring like with like, as n increases, the value of CC decreases, as also does h2, 
the perpendicular distance of the plane defined by the carbon atoms of a ring to 
the lane defined by the hydrogen atoms. For small ring compounds hz is ca. 
0.5 % so that the hydrogen atoms are strongly tilted away from the beryllium 
atom: as the ring size increases, this tilt decreases to less than 0.01 A in 
($-CBHs)Be; in the Dnh specks (C6H6)Bez and (C8H8)Be,, kz must be zero. 

As in (&H&Be [2,4] only a single minimum was calculated by MNDO for 
the location of the beryllium atom when the rings in (&H&Be were con- 
strained to be parallel, either eclipsed or staggered, and the beryllium was con- 
trained to various sites on the six-fold axis: since the single minimum in (CsH&- 
Be appears to be a computational artefact [ 71, those in the D6h and Dsd isomers 
of (&H&Be may be also. 
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