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1.1 Introduction

In 1874 it was suggested independently both by van’t Hoff1 and le Bel2 that the

arrangement in space of the substituents at a tetracoordinate carbon is such that they

form a tetrahedral geometry.  Van’t Hoff wrote that,† 

“… theory is brought into accord with the facts if we consider the
affinities of the carbon atom directed toward the corners of a tet-
rahedron of which the carbon atom itself occupies the center.”  

Similarly, le Bel, who was considering the same problem of isomerism in the fatty acids,

wrote that,

†  Van’t Hoff’s proposal was general but was born of the problem of uniting the structural theory and exper-
imental evidence for the isomers (both structural and “physical”) of the fatty acids.  
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“… we are obliged to admit that the four atoms A occupy the
angles of a regular tetrahedron, whose planes of symmetry are
identical with those of the whole molecule MA4; in this case no
bisubstitution product can have rotatory power.”

These concepts quickly propelled structural chemistry into the three-dimensional realm

which today seems only too natural.  Remarkably, van’t Hoff was attacked vehemently

for his theory by Hermann Kolbe.†  Kolbe3 called it a “play of imagination” which “for-

sakes the solid ground of fact and is quite incomprehensible to the sober chemist.”  It is

likely that Kolbe’s tirade was the inspiration for van’t Hoff’s inaugural address as pro-

fessor of chemistry in Amsterdam, which dealt with the role of the “imaginative faculty”

in science.  

It was almost 100 years later before the very real prospect of exceptions to what has

become the van’t Hoff/le Bel precept was seriously considered.  In 1970, Hoffmann,

Alder and Wilcox4 proposed in their seminal work on this subject, that it might be possi-

ble to stabilize a structure in which the four substituents attached to a tetracoordinate

carbon atom are arranged in a plane.  There ensued a great interest in the possibility of

planar-tetracoordinate carbon.  

At first examination it was clear to Hoffmann et al. that because molecules with a

simple chiral center at carbon do not racemize we should expect that an achiral geome-

try, such as a planar one, will lie at least 250 kJ mol–1 above the tetrahedral form.  Their

initial calculations suggested that the barrier to inversion was in fact considerably

greater than this proposed lower limit and that it was unlikely that a simple carbon com-

pound could be found that actually prefers a planar arrangement.  It was suggested,

instead, that the possibility of a planar geometry at tetracoordinate carbon might arise, in

a more indirect fashion, as the transition structure involved in non-dissociative racemiza-

tion of a suitably substituted methane derivative.  

However, the challenge had been laid and a search to find systems which might

contain planar-tetracoordinate carbon began.  Some degree of success came very quickly

with the work of Pople, Schleyer and coworkers, published in 1976.5  They identified a

number of small lithium- and boron-containing molecules (which included 1-1 – 1-3)

that were predicted from ab initio calculations to prefer a planar-tetracoordinate geome-

†  O. T. Benfey gives some details of this affair in his translation of van’t Hoff’s article.1  
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try.  These simple structures have, however, proven to be difficult to synthesize (see

Section 1.4.1 on page 9).  At about the same time experimental work began which was

directed towards the synthesis of the fenestranes (1-I), and related hydrocarbons6,7 that

were expected to induce planarizing distortions at the central tetracoordinate carbon

atom.  Experimental success was then achieved in Erker’s group8 where a facile route

was found to organometallic compounds with a planar carbon center which is clearly

associated with four substituents, two of which are metals (1-II).†  

Lack of success in achieving significant planarizing distortions at a quaternary car-

bon in purely organic systems (such as 1-I) and the difficulty in synthesizing candidates

of a purely organic nature led to a lull in this approach to planar-tetracoordinate car-

bon.  However, it had always been recognized that the search for planar-tetracoordinate

carbon was the sort of problem for which computational chemistry was well suited.4

Computational techniques allow for the examination of a wide range of molecules, each

of which might take years to synthesize in a laboratory.  Exploitation of this computa-

tional approach led to the identification by McGrath, Radom and Schaefer of bowlane

†  However, as is explained later (see Section 1.4.2.2 on page 14), there is some ambiguity as to the nature
of the planar-tetracoordinate carbon in these compounds, which might be better considered as a tricoordi-
nate, planar, sp2-hybridized carbon (typical of olefins), with a fourth, partially-bonded, in-plane ligand,
than as a planarized, tetracoordinate carbon.  
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(1-4)9 as a purely organic molecule with considerable flattening at a tetracoordinate car-

bon atom.  Since then we have proposed other target molecules, including octaplane (1-

5),10 and spiro[2.2]octaplane (1-6).11  Finally, we have identified dimethanospiro[2.2]-

octaplane (1-7)12 as the first saturated hydrocarbon predicted to contain a planar-tetraco-

ordinate carbon atom.  

This endeavour has proven to be well served by the use of both van’t Hoff’s “imagi-

native faculty” and detailed analysis.  Previous work in the search to locate structures

containing a planar-tetracoordinate carbon, their relevance to the present work, and fur-

ther analysis by us that relates directly to these compounds, are described in detail in the

remainder of this Chapter.  

1.2 Inversion of Methane

Because methane is the simplest possible tetracoordinate carbon molecule, it serves

as a good first model for examining the issues involved in designing a molecule contain-

ing a planar-tetracoordinate carbon atom.  Many researchers have examined methane

from the slightly different perspective of a model for the inversion (or, in the case of

methane itself, the automerization) process at tetracoordinate carbon, which was thought

originally to proceed via a square-planar transition structure (Figure 1-1).  

Monkhurst13 was the first to examine inversion of tetracoordinate carbon theoreti-

cally, although he was preempted by a brief paper on the deformation of a general AH4

species by Saturno.14  Monkhurst proposed that inversion may occur either through a

planar or a pyramidal structure.  Using methane as a model he then determined, via

approximate electronic structure calculations, that the planar structure was lower in

energy than the pyramidal structure and that the barrier to inversion was of the order of

1-4 1-61-5 1-7
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1000 kJ mol–1.  With such a large barrier, dissociation and recombination would clearly

be the preferred pathway.  Many workers4,15–17 (including Hoffmann, Alder and Wilcox)

made estimations of the difference in energy between the planar and tetrahedral geome-

tries (∆EPT = EPlanar – ETetrahedral) in methane which ranged from 600 to 1000 kJ mol–1.  

In 1977, Minkin et al.18 used a number of methods including HF calculations

employing a double-zeta basis to show that in fact the pyramidal C4v symmetry struc-

ture is expected to be lower in energy than the planar D4h structure.  This preference was

noted by others19 and led to the elucidation in 1993 by Gordon and Schmidt20 of the pre-

ferred route for the hypothetical classical inversion (automerization) of methane, which

is seen to proceed via a pyramidal-type structure with Cs or possibly C4v symmetry

(Figure 1-1).  

The most accurate calculations published to date for the relative energies of the var-

ious methane geometries come from the work of Pepper and coworkers.21  Like Gordon

and Schmidt before them, they find that the lowest-energy, planar structure for methane

does not have four equivalent hydrogen atoms and D4h symmetry, as had been sup-

posed, but has C2v symmetry and a structure that suggests a complex between CH2 and

H2 (reminiscent of the structure22 for CH4
2+).  Further, they find that the energy of the

Figure 1-1. The automerization of methane, initially thought to proceed via a D4h

structure is expected to proceed via a pyramidal-like structure.  
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C2v (D4h) symmetry, planar structure relative to the tetrahedral geometry is about 510

(546) kJ mol–1 (after correction for the zero-point vibrational energy (ZPVE)).  This is

significantly higher than the homolytic dissociation energy of the C–H bond in methane

(435 kJ mol–1).23  Further, the Cs (C4v) symmetry transition structure for the automeriza-

tion process is found to lie 440 (437) kJ mol–1 above the tetrahedral ground state (after

correction for ZPVE).  This is very close in energy to the homolytic dissociation energy

of the C–H bond (435 kJ mol–1) and suggests that classical inversion without bond

cleavage might in fact be possible under certain conditions.  

Most recently, Yoshizawa and coworkers24 have shown using B3-LYP calculations

that this barrier can be reduced to 180–200 kJ mol–1 when methane is complexed to a

transition metal cation (such as Fe+, Co+, Ni+ or Cu+).  They suggest that inversion of

stereochemistry at a carbon atom in catalytic reactions on hydrocarbons should be possi-

ble.  They found this catalyzed inversion to proceed via a Cs symmetry structure, much

like that of the uncatalyzed process.  

It seems that pyramidal geometries at tetracoordinate carbon may, in general, be

lower in energy than planar geometries (see also Section 1.3 below).  A pyramidal

geometry at tetracoordinate carbon is unusual in itself.  Molecules with a pyramidal

tetracoordinate carbon atom are considered further in Chapter 3.  

1.3 Designing Planar Carbon

It was Hoffmann and coworkers4 who initiated attempts to explicitly design systems

in which a planar-tetracoordinate carbon would be preferred over the usual tetrahedral

arrangement.  Hoffmann and coworkers clearly recognized the audacity of their pro-

posal.  They wrote,

“Attempts to subvert something as basic to organic chemistry as
the tetrahedral tetracoordinate carbon atom should perhaps be
viewed as acts appropriately described by the Yiddish word
chutzpah and/or the Greek hubris.”

Their caution was based, at least in part, on calculations which had determined the

energy difference ∆EPT = EPlanar – ETetrahedral in methane to be anywhere from 600 to 1000

kJ mol–1, values4,15–17 much greater than Hoffmann’s proposed lower limit of 250

kJ mol–1.  Clearly, overcoming the preference for a tetrahedral geometry would be for-
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midable.  Consideration of the difference ∆EPT = EPlanar – ETetrahedral shows that it can be

reduced either by lowering EPlanar or by raising ETetrahedral.  Raising ETetrahedral can be ach-

ieved by devising polycyclic structures in which a tetrahedral arrangement at the central

carbon is made unfavorable on steric grounds.  Hoffmann’s initial suggestion4 for this

approach was based on a symmetric fenestrane skeleton (1-I where n < 3).  This can be

considered as a structural approach, which relies on a rigid covalent bonding regime to

apply constraints on the positioning of the substituents to carbon.  This approach is

explained in greater detail in Section 1.5 on page 19.  The alternative, lowering EPlanar,

requires replacement of hydrogen in methane with substituents that in some way elec-

tronically favour a planar bonding arrangement.  

Examination of the electronic structure of square-planar methane (Figure 1-2)

reveals that the highest occupied molecular orbital (HOMO) (a2u) is expected to be a p-

Figure 1-2. The electronic structure of square-planar methane showing the p-type
lone-pair (HOMO) and six C–H bonding electrons.  
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type lone pair, while the remaining six valence electrons are involved in forming four σ-

deficient C–H bonds.  Other ways to describe the bonding of the hydrogens to carbon

have been suggested.  One way sees square-planar methane as a resonance hybrid of

structures that have a pair of regular C–H bonds and a three-center two-electron (3c-2e)

bond between the remaining hydrogens and carbon.  Our full-valence MCSCF calcula-

tions suggest that a unique five-center six-electron (5c-6e) bonding scheme is more

appropriate.  Whatever the best bonding description, it is clear that substituents which

are strong σ-donors and/or π-acceptors (when bound with the correct orientation) will

stabilize a planar over the tetrahedral geometry.  

This electronic approach to designing molecules with a planar-tetracoordinate car-

bon atom has seen much activity and has had considerable success.  Work in this area is

summarized in the next section (Section 1.4 on page 9).  

One other issue that becomes apparent when examining the electronic structure of

methane, is the low-lying lowest unoccupied molecular orbital (LUMO).  This has led

some workers17,19b to suggest that the lowest state of planar methane (and its deriva-

tives5,27b) may be a triplet (or perhaps an open-shell singlet biradical) species.  Calcula-

tions by Schleyer and coworkers19c on a range of isoelectronic AH4 systems (BH4
–, CH4,

NH4
+, AlH4

–, SiH4 and PH4
+) showed that only planar (D4h) BH4

– preferred the triplet

state and then by only 40 kJ mol–1 (at the MP2/6-31G(d)//HF/6-31G(d) level) over the

lowest-energy, pyramidal singlet.  But the method used is expected to overstate the sta-

bility of the triplet and they suggest that the singlet probably is the lowest-energy state

in this case as well.  However, the HOMO in the preferred singlet states of planar BH4
–,

AlH4
–, SiH4 and PH4

+ is the b1g orbital.  Only CH4 and NH4
+ prefer the a2u HOMO (see

Figure 1-2).  Interestingly, pyramidal (C4v) singlet structures are preferred by CH4, NH4
+

and PH4
+ but not by BH4

–, AlH4
– and SiH4.  A detailed examination of the three lowest

electronic states of square-planar (D4h) methane was carried out by Gordon and

Schmidt20 using multireference techniques.  They also found that the singlet with an a2u

HOMO (p-type lone pair) is preferred over both the triplet and the open-shell singlet.  

Although there is considerable evidence to suggest that planar-tetracoordinate car-

bon will indeed prefer a closed-shell singlet state with a p-type lone pair, it is possible

that when hydrogen is replaced by other substituents the preferred electronic configura-

tion may alter.  
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1.4 Electronic Stabilization

Initial suggestions of structures that exploited electronic stabilization at a planar-

tetracoordinate carbon included a number of structures which either surrounded a cen-

tral carbon atom with an annulene perimeter or incorporated the target atom into a delo-

calized π-system.  Further attempts at designing molecules with a planar-tetracoordin-

ate carbon atom involved calculations on structures which successively replaced the

hydrogens of methane with σ-donors and/or π-acceptors like Li and B to form small

polar organometallic molecules.  Later attempts involved the use of transition metal sub-

stituents, and structures of this nature then began to show up incidentally from X-ray

structure analyses.  

Although there are a few notable exceptions, most of the compounds synthesized to

date which achieve planar-tetracoordination at carbon do so by associating a fourth

ligand in the plane of an already planar, sp2-hybridized carbon atom.  In this way, the

planar-tetracoordinate carbon is stabilized to a large extent by direct incorporation into a

π-system.  As has been pointed out by Siebert and Gunale,25,26 this removes the p-type

lone-pair.  It has been shown that in these molecules the carbon atom contributes a sin-

gle electron to the π-system and three electrons to σ-bonding rather than the two and

two split seen in square-planar methane (the electronic configuration at the planar car-

bon is σ3π1 rather than σ2π2).  By removing the p-type lone pair, these compounds are

greatly stabilized but are no longer expected to show properties which result from an

electronic structure like that of square-planar methane.  

Electronically-stabilized, planar carbon compounds (whether purely theoretical or

experimentally isolated) can be separated into a number of distinct groups which are

discussed in detail below.  

1.4.1 Lithium and Boron Substituents

Pople, Schleyer and coworkers5 identified through HF/4-31G calculations, six

small, polarorganometallic molecules that appeared to prefer a planar arrangement at the

central tetracoordinate carbon atom (1-1 – 1-3 and 1-8 – 1-10).  All these molecules

have either two lithium and/or two boron substituents, both of which appear to have a

very strong stabilizing effect on the planar geometry.  This was predicted by Hoffmann4
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from his examination of the electronic structure of methane.  Dilithiomethane (1-11)

was found to be border-line because the planar and tetrahedral-like (C2v) structures were

of similar energy.  More accurate calculations27,28 on dilithiomethane (1-11) indeed indi-

cated that there is little difference in the energy of the two geometrical isomers.  Our

best calculations, at the CCSD(T)/AVTZ level, indicate that the planar-tetracoordinate

geometry is indeed a minimum but the tetrahedral geometry is also a minimum and is

slightly preferred (5 kJ mol–1).  Further, the barrier to conversion of the planar into the

tetrahedral-like geometry is very small (about 3 kJ mol–1).  3,3-Dilithiocyclopropene (1-

8) has not been analyzed further in the literature.  However, our calculations, at the

MP2/6-311+G(2d,p) level, indicate that it is unstable with respect to dissociation.  Dibo-

racyclopropane (1-9) has received further attention29 and the planar-tetracoordinate

structure is found to be a transition structure.  The preferred isomer of CB2H4 has a B–B

bond bridged by hydrogen and CH (1-12).  Further investigation of dilithiodifluoro-

methane (1-10) showed that very strong F–Li interactions lead to a pyramidal geometry

(1-13) where a carbon atom sits on a (LiF)2 base.30  More recently, Sorger and

Schleyer31 have re-examined most of these molecules at the B3-LYP/6-311++G(d,p)

level.  In this work they find that 1-13 is a transition structure and that the preferred iso-

mer is in fact 1-14.  Schleyer also identified four new, lithium- and boron-containing

species (1-15 – 1-18)32 that are predicted to contain planar-tetracoordinate carbon.  Most
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recently, Gribanova, Minkin and Minyaev33 have identified, through MP2(full)/6-

31++G(d,p) calculations, a number of isomers of 1,2-diboraspiro[2.2]pent-4-ene (1-

19 – 1-21) as also containing a planar-tetracoordinate carbon atom.  In summary, it

appears that there are ten small, lithium- and boron-containing species that have been

identified as containing a planar-tetracoordinate carbon center (1-1 – 1-3 and 1-15 – 1-

21).†  Unfortunately, attempts at synthesis of the lithiated compounds has been frustrated

by aggregation and lithium solvation effects (which disrupt the predicted planar-tetraco-

ordination).34  In fact, it seems unlikely that any of the small lithiated species identified

†  Bolton, Laidig, Schleyer and Schaefer32 have examined the Li2C2H2 potential energy surface in great
detail at the CCSD/DZP(+ZPVE) level and find a number of local minima (at least three) that exhibit pla-
nar-tetracoordinate carbon.  The global minimum, which is considerably lower in energy (about 120
kJ mol–1), was found to be a complex between LiH and HCCLi.  Barriers to rearrangement of the species
with a planar-tetracoordinate carbon to the global minimum are, in general, quite large (40–80 kJ mol–1).  
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so far will exist as discrete compounds and attention seems to have turned to aggrega-

tions of these and similar species.34  

Lithiated compounds in which the target carbon atom for planar-tetracoordination

is incorporated into an aromatic ring have also been considered.35  These molecules are

expected to aggregate into dimers (at least) and typical examples are [(2,6-dimethoxy-

phenyl)lithium]2 (1-23) and [8-(dimethylamino)-1-naphthyllithium•Et2O]2 (1-24).

Semi-empirical calculations of unsolvated dimers35a indicated that both 1-23 and the

phenyllithium dimer (1-22) should prefer planar-tetracoordination at the lithiated car-

bon.  X-ray crystal structure analysis of 1-23 showed further aggregation into tetramers

which are stacked one on top of the other and rotated 90°.  A tetracoordinate carbon

environment can be discerned within these tetramers that has only minimal distortion

from planar-tetracoordination (the distortion angle was given as 11°).  However, the

coordination at the ipso-carbon is actually five-fold.  X-ray structure analysis of 1-24

(which does not aggregate into tetramers) shows a tetracoordinate environment about the

lithiated carbon atoms that has only minimal distortion from planarity (again an angle of

11° was reported).34c  No phenyllithium-type compound has yet been synthesized which

has absolute planar-tetracoordination at the lithiated carbon.  

Phenyllithium-type compounds (e.g. 1-22 – 1-24) and the lithiated ethylene species

1-15 and 1-16 fall into the group of compounds that have a planar-tetracoordinate car-

bon incorporated into a π-system.  The other eight molecules containing a planar-tetra-

coordinate carbon, 1-1 – 1-3 and 1-17 – 1-21, do not rely on direct incorporation into a

π-system and are expected to have the characteristic p-type lone-pair HOMO.   
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1.4.2 Dimetallic Complexes

The vast majority of compounds identified to date with a planar-tetracoordinate car-

bon atom have two metal ligands.  Most of these compounds also make use of incorpo-

ration of the target carbon atom into a π-system.  

1.4.2.1 Complexed Aromatics

Although they did not report it at the time,† Cotton et al.36 were the first to deter-

mine the crystal structure of a compound which has a planar-tetracoordinate carbon.

The divanadium complex 1-25, which has four 1,3-dimethoxy-substituted phenyl groups

coordinated to a triple-bonded V2 unit, has two planar-tetracoordinate carbon environ-

ments associated with the two carbon atoms (Cipso) which are bonded to vanadium.  It

was Keese et al.6 who first pointed out the planar-tetracoordination at Cipso in 1-25.  

Buchwald et al. have identified a substituted 1,3-bis(dicyclopropenylzirconium)

complex37 (1-26) in which a pair of Cp2Zr moieties form 3-center 2-electron (3c-2e)

bonds with Cipso and a neighboring aromatic carbon atom.  The orientation of these Zr

moieties is stabilized by a bridging methyl group so that (excluding the Cp groups) all

atoms other than hydrogen lie in a plane which is only very slightly disturbed from exact

planarity.  Interestingly, the aromatic system remains intact; the Cipso–Cα bond-lengths

(1.39 and 1.40 Å) are only slightly increased from the aromatic ideal.  

†  Cotton and Millar were, in fact, mostly interested in the triple-bond between the two vanadium atoms.  
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These two compounds, in similar fashion to 1-22 – 1-24, rely on incorporation of

the target carbon atom (Cipso) into an aromatic π-system.  Calculations by Poumbga,

Bénard and Hyla-Kryspin on 1-25 and 1-26 have shown that the planar-tetracoordinate

carbon atom (Cipso) in each of these compounds bears a formal negative charge and has a

σ4π1 configuration rather than the σ2π2 configuration of square-planar methane.26c  In

these compounds, stabilization is believed to depend on σ-electron density donation

from the aromatic ligand to in-plane, empty, metal d-orbitals with metal–metal bonding

character.25  

1.4.2.2 Olefinic Complexes

The most numerous examples, by far, of synthetically isolated compounds exhibit-

ing a planar-tetracoordinate carbon atom fall into the category which is best described as

complexes of an ethylene subunit.  These compounds (1-27 and 1-28†) can be either

neutral or cations and are characterized by a relatively undisturbed C=C double bond26a,b

(with a normal C=C double-bond bond length) and a pair of metallic substituents (one

must be either Ti, Zr or Hf and the other may be either B, Al or Ga for neutral species or

Zr or Hf for the cationic species).  The metal centers are bridged by either a methyl,

ethyl or alkynyl ligand through a 3c-2e bond, or by chlorine through a pair of regular

two-center two-electron (2c-2e) bonds.  Erker and coworkers8,38–40 have elucidated fac-

ile, and quite general, routes to the synthesis of these compounds (1-27 and 1-2841) and

as a result have identified many species based on this formula.‡  

In all of these compounds, the sp2-hybridized planar-tetracoordinate carbon is

involved in a 3c-2e bond with the pair of metals (M1, M2).  Stabilization in these d0 com-

pounds was found26a,b to involve strong σ-acceptor character at M1 and no delocaliza-

tion of the π-electron density at the planar-tetracoordinate carbon.  

Although the stabilization of the planar-tetracoordinate geometries is clearly quite

different to that in compounds 1-27 and 1-28, both 1,1-dilithioethene (1-15) and 1,2-dil-

ithioethene (1-16)32 can also be considered as members of the dimetallic olefinic cate-

gory.  Despite a normal C=C double-bond bond length (calculated at the CCSD/DZP

†  Not all permutations of the given substituents have been synthesized.  More detailed descriptions of the
compounds that have been made can be found elsewhere.38  
‡  The list of compounds of this type is over 50 and growing.  
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level to be 1.36 Å) in the 1,1-dilithioethene isomer (1-15), it was found that the C=C

double bond was highly polarized, with electron density moved away from the planar-

tetracoordinate carbon. Further, the two lithium substituents each donate an electron to

the ethylene fragment leaving a purely electrostatic lithium interaction.  Similarly, in the

case of the 1,2-dilithioethene isomer (1-16), lithium bonding was found to be almost

entirely ionic in nature.  Clearly, lithium is not acting as a π-acceptor but is a strong σ-

donor, and incorporation of the planar-tetracoordinate carbon into a π-system stabilizes

the perpendicular p-orbital.  

1.4.2.3 Allene Adducts and Analogues

Chisholm and coworkers42 reported a ditungsten allene adduct (1-29) in which the

terminal allene hydrogens are parallel (instead of the uncomplexed perpendicular

arrangement).  Further, on complexation the C–C bond lengths have increased to a nor-

mal C–C single-bond length and the geometry of the tetracoordinate bonding at the cen-

tral carbon atom is planar.  The bonding is unique.  Allene was found to be acting as a

four-electron donor in a manner that completely disrupts the allene π-bonding.  All four

CCp2M1

R1

R2

M2R3
2L

M1 = Ti, Zr, Hf; R1, R2 = Alkyl, Aryl, SiMe3

M2R3
2 = BEt2, AliBu2, AlMe2, AlEt2, GaMe2

L = Me, Et, CCMe, CCPh, CCcHex, Cl

CCp2M1

R1

R2

M2Cp2L

M1, M2 = Zr, Hf 
R1 =  Me, Et, Pr, Ph, Bz

R2 = Me, CC-Me; L = CC–R

+

1-27 1-28

(tBuO)3W W(OtBu)3

C

(RO)3W W(OR)3

X
C

Y

a X = Y = N-R
b X = O; Y = N–Ph

1-29 1-30
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electrons are donated through in-plane orbitals and the perpendicular p-orbital at the

central carbon is empty, allowing for positive overlap with filled metal–metal bonding

orbitals.  

Compounds of a similar nature (1-30) were identified earlier by Cotton and

coworkers.43  In these analogous complexes, it has been pointed out42 that the bonding

description need not be the same because the substituents at nitrogen lie roughly in the

plane of the X–C–Y and W–W planes (the lone-pair on nitrogen, and possibly oxygen,

appears to be involved in the X–C–Y to W–W bonding).  

Two other complexes that are somewhat similar to 1-29 are worth noting, 1-31 and

1-32.  These dipalladium complexes have a pair of formally d8 Pd centers connected via

a 2c-2e bond.  In 1-31,44 compounds described as µ-η3-allenyl/propargyldipalladium

complexes, the allenyl/propargyl unit is complexed to the dipalladium moiety in a way

that puts the allenyl/propargyl carbon atoms, the two palladium atoms, the two phospho-

rous atoms and the bonding atom of ligand X, all in a plane.  The C–C bonds in these

complexes are short (1.26–1.40 Å) and the three carbon atoms almost lie in a line

(∠CCC ≈ 175°).  Reactivity studies and preliminary calculations suggest that the cen-

tral tetracoordinate carbon atom (which is formally planar-tetracoordinate) has a high

electron density.  The cation complex 1-3245 appears to be an analogue of 1-30 and has

the characteristic µ-η2:η2 bonding, in this case between the CS2 and Pd2 moieties.  Once

again, the carbon atom at the center is planar-tetracoordinate with only very slight devia-

tions from exact planarity.  The nature of the electronic structure at the planar-tetraco-

ordinate carbon has not been analyzed but it seems likely that it is similar to that in 1-30.  

Pd Pd

C R

PPh3Ph3P X
Pd Pd

S
C S

PPh3Ph3P P

t-But-Bu

+

X = Cl, I, SPh
R = H, Ph, t-Bu, SiMe3

1-31 1-32
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1.4.2.4 Other Transition-Metal Complexes

There have been a number of other reports of transition-metal complexes that con-

tain a planar-tetracoordinate carbon atom.  The cluster compound [WRe2(C5Me5)(O)

(CO)8(CCPh)] (1-33)46 is of the complexed ethylene type.  An examination of the struc-

ture shows that the C–C bond is effectively a C=C double bond (1-33a, 1.31 Å and 1-

33b, 1.34 Å).  The other three substituents to the planar-tetracoordinate carbon atom are

the three metal centers, W(C5Me5)(O), Re(CO)4, and Re(CO)4.  This three-transition-

metal complex has an acetylide ligand in a unique µ-η1:η1:η2-bonding mode.  Bering-

helli et al.47 have reported a unique tetrarhenium anion cluster [Re4C(CO)15I]
– (1-34).

This complex does not have a planar-tetracoordinate carbon atom but the central carbon

atom, which is in a tetrahedral-like environment, is considerably flattened from the tetra-

hedral ideal (∠ReCRe = 162°).  

An intriguing group of dicobalt complexes (1-35) has been identified by Siebert and

Gunale.25,48  These compounds are essentially complex-stabilized diborylcarbenes.  The

central carbon atom is found to exist in a planar-tetracoordinate environment.  Calcula-

tions on the electronic structure26d of the planar-tetracoordinate carbon revealed a σ3.9π1.4

configuration, while the electronic configuration of the bare diborylcarbene was found to

be σ3.0π1.5.  On these grounds, Siebert and Gunale argue that the stabilization of the pla-

nar-tetracoordinate carbon by Co is as was envisaged by Hoffmann,4 i.e. σ-donation and

π-acceptance, although they point out that there appears to be a push–pull effect

between the two Co centers (so one Co acts as a σ-donor while the other acts as a σ-

acceptor).48  It seems likely that the two boron groups attached to the planar-tetracoord-

C
(C5Me5)(O)W

R

Re(CO)4

Re
(CO)4

(CO)4Re

C(CO)4Re Re(CO)3I

Re
(CO)4

a R = Ph
b R = C(Me)CH2

1-33 1-34
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inate carbon atom also act as σ-donor/π-acceptors, explaining the difference of σ and π

densities (in the bare diborylcarbene) from that of the ideal square-planar carbon in

methane (which should have a σ2π2 configuration).  

1.4.3 Annulenes

Hoffmann’s initial paper on the stabilization of planar-tetracoordinate carbon sug-

gested many structures based on the idea of surrounding a central tetracoordinate car-

bon atom with an annulene perimeter (for example 1-36 – 1-39).  The intention here was

to make some use of structural constraints applied through the σ-framework and also to

derive some stabilization through delocalization of the p-type lone pair through the

annulene perimeter.  It was shown quite conclusively by both Gleiter and coworkers49

and Schleyer and coworkers50 that such delocalization does not occur and any distortion

from the tetrahedral ideal is purely a result of the structural constraints resulting from

the σ-framework.  

In a similar approach, which, like the annelation approach, tries to incorporate the

Co

B
C

Co

B
ArMe3Si

Me3Si
Men

a Ar = Dur (2,3,5,6-tetramethylphenyl)
b Ar = Mes (2,4,6-trimethylphenyl)

1-35

1-36 1-38 1-391-37
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potentially planar-tetracoordinate carbon into a π-electron system, Hoffmann suggested

structures like the cations 1-40 and 1-41.  MNDO/2 calculations by Schoeller51 indicated

that 1-40 and 1-42 have a greatly reduced preference for the tetrahedral-like geometry

(the ∆EPT values for 1-40 and 1-42 are 65 and 95 kJ mol–1, respectively).  Despite the

potential for achieving planar-tetracoordinate carbon in a cation of this nature, this

approach to planar-tetracoordinate carbon has not been pursued further.  However, com-

pounds like 1-40 (in which the target carbon atom is not much distorted from the tetra-

hedral ideal) have been the subject of more recent investigation.52  

1.5 Structural Approach

This approach is the antithesis of the electronic approach.  It relies almost exclu-

sively on defining a suitably rigid bonding environment about the planar-tetracoordinate

carbon atom.  Because there would appear to be no question of significant electronic sta-

bilization in a saturated hydrocarbon, these compounds form an excellent vehicle for the

examination of structurally-constrained planar-tetracoordinate carbon.  

The first step in devising a scheme to apply structural constraints to the positions of

the four atoms bonded to a tetracoordinate carbon atom involves linking the four substit-

uents together to give a polycyclic compound (Figure 1-3).  In the tetrahedral ideal, the

atoms bond to carbon with XCX angles of 109.5°.  Shortening the links or ‘straps’

between the substituents X will reduce the XCX angle (α in Figure 1-3).  In a square-

planar geometry these angles are reduced to 90°.  In other, less symmetrical, planar

geometries the four XCX angles will add to 360°.  Hydrocarbon systems of this type are

a special type of polycyclic system (1-III) in which the central quaternary carbon atom,

C0, is common to all rings and the four carbon atoms bonded to it, Cα, are each com-

++ +

1-40 1-41 1-42



20 • Chapter 1: Planarizing Distortions at Carbon
mon to a pair of rings.  Compounds based on this structural motif have been labelled the

fenestranes (see Section 1.5.2 on page 24).  

From a simplistic viewpoint, rings of less than six carbon atoms are needed to apply

any planarizing distortion at the central quaternary carbon atom.4  Cyclohexane is effec-

tively unstrained, with CCC angles close to the tetrahedral ideal, and so cannot be

expected to aid in reducing the opposite CαC0Cα angles at the central carbon at all.

However, because of configurational problems associated with fusing four six-mem-

bered rings at a single atom, some distortion from the tetrahedral ideal in this structure

should be expected.  Cyclopentane, cyclobutane and cyclopropane, however, all have

CCC angles less than 109.5°.  Fused ring systems of type 1-III with combinations of

three-, four- and five-membered rings are expected to exhibit a flattened central tetraco-

ordinate carbon atom.  

The main problem with this approach is that it can never actually achieve planar-

tetracoordinate carbon except by coincidence.  To achieve planar-tetracoordination, a

Figure 1-3. The structural approach to forming planar-tetracoordinate carbon
involves binding the substituents at carbon.  If the ‘straps’ are ‘tight’ enough, the XCX
angles are reduced from A, the tetrahedral ideal of 109.5° to B, the square-planar ideal
of 90.0°.  It is likely that a less symmetric planar geometry, C, will result.  
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symmetrical bonding environment, which results in a plane of symmetry through the

central C0(Cα)4 subunit, is required.  In structures of type 1-III, the four carbon atoms,

Cα, bonded to the central carbon atom, C0, have two other bonds to carbon (Cα–Cβ) and

one to hydrogen.  Because of the constraints on the orientation of the Cα–Cβ bonds (a

result of the pericyclic ring fusion at C0), the only way to achieve a symmetric environ-

ment at the central carbon, which contains a plane of symmetry through the C0(Cα)4 sub-

unit, is to make the four Cα atoms also planar-tetracoordinate.  Since this is likely to be

energetically prohibitive, a different approach is needed.  

In many ways, the fenestrane approach is a two-dimensional approach to a three-

dimensional problem.  Clearly, a more three-dimensional structural design is necessary.

The largely ‘lateral’ forces imposed by reducing the CαC0Cα angles need to be supple-

mented, or replaced, by perpendicular constraints (i.e. a bonding regime that constrains

the positions of the Cα atoms from moving perpendicularly to the potential plane at C0).

A cage of some kind is required.  

One attempt to devise such a cage, in which the lateral forces applied in the fenestr-

ane approach are completely replaced by perpendicular constraints, can be seen in the

small-ring paddlanes (1-IV).  In these cage compounds, the target planar carbon atom is

no longer central.  Instead, a pair of bridgehead carbon atoms are subjected to planariz-

ing distortions through their connection to one another.  If such compounds are indeed

stable, this should prove to be quite an effective way of applying the necessary perpen-

dicular constraints.  Bowlane9 (1-4) acts in a similar manner to produce a single bridge-

head carbon atom which is considerably flattened.†  However, the bonding environment

at the potentially planar-tetracoordinate carbon (C0) is again not symmetrical and can-

not be symmetrical.  

The only way to obtain a truly planar-tetracoordinate carbon atom is to place it in a

bonding arrangement that allows for the possibility of an identical spatial arrangement

of the atoms both above and below the proposed plane.  This is a necessary but not suffi-

cient condition for planar-tetracoordination at carbon.  Octaplane (1-5), first suggested

by McGrath and Radom,10 takes this approach.  By attaching equivalent cyclooctane

rings both above and below the central C0(CαH)4 moiety, it is possible to define a plane

†  Bowlane and a number of closely related molecules will be examined in detail in Chapter 3.  
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of symmetry through this central subunit without requiring undue distortion of the

remaining tetracoordinate carbon atoms.  In octaplane (1-5), the perpendicular con-

straints applied in bowlane are effectively duplicated on both sides of the central C(CH)4

subunit.  This approach leads to remarkable flattening at C0 but not planarity; the ground

state singlet is found to prefer distortion to S4 symmetry with a tetrahedrally distorted

central-quaternary carbon atom.  The forces involved in constraining the positions of the

Cα atoms are not enough to overcome the preference for distortion at C0.†  

In examining other alkaplanes (1-V) (see Chapter 4), we have explored variations

on the exact nature of the perpendicular constraints used to hold the four Cα atoms in

position.  However, in all the alkaplanes of type 1-V no use is made of the ‘lateral’-type

forces that are present in the fenestranes.  The spiro[2.2]alkaplanes (1-VI), by introduc-

ing bonds between adjacent pairs of Cα atoms, introduce an effect that can be consid-

ered as ‘lateral’ in nature.  However, unlike the case for the fenestranes, the spiroalka-

planes do not have a set of four small, fused rings, and so the effect is perhaps better lik-

ened to the beneficial effect of incorporating a potentially planar-tetracoordinate carbon

†  Octaplane and many related molecules will be discussed in detail in Chapter 4.  

C0 Cα

1-4 (C2v) 1-5 (S4)

Cα

Cβ
Cγ

C0

1-V 1-VI 1-VII
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atom into a three-membered ring (see Section 1.5.1 on page 23).  

The spiroalkaplanes (1-VI) exhibit improved flattening at the central carbon atom

over the alkaplanes (1-V) but fail to achieve a completely planar-tetracoordinate carbon

atom.  However, exact planarity at the central, tetracoordinate carbon atom results when

the two caps, the cycloalkane units above and below the central C(C)4 subunit, are

linked by a pair of bridging methano groups to form the dimethanospiroalkaplanes (1-

VII), dimethanospiro[2.2]octaplane (1-7) and dimethanospiro[2.2]binonaplane (1-43).†

This remarkable result is detailed in Chapter 4.  

The most important aspects of previous studies which have examined the flattening

of planar-tetracoordinate carbon through structural means alone are outlined below.  In

some cases, results from our own calculations are quoted where they further clarify the

discussion and no other recent results are available.   

1.5.1 The Effect of Small Rings

The beneficial effect of incorporating a target planar-tetracoordinate carbon atom

into a small, preferably three-membered, ring was first recognized by Pople, Schleyer

and coworkers.5  This effect appears to be due to the alleviation of the repulsive steric

interactions that result if four non-bonding substituents are placed in a plane.  The

majority of the compounds already mentioned which have a planar-tetracoordinate car-

bon take advantage of this effect, 1-1 – 1-3, 1-9, 1-15 – 1-21 and 1-25 – 1-35.  In fact,

the only exceptions are possibly dilithiomethane (1-11), which has an ambiguous geom-

†  For an explanation of the nomenclature of all the alkaplane families, see Appendix A.  

1-7 (D2h) 1-43 (D2h)
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etry, and the phenyllithium dimers (1-22 – 1-24), which lose their planar-tetracoordin-

ate geometry on complexation of solvent to lithium.  Clearly this effect is significant and

worth due consideration when designing systems that aim to achieve planar-tetracoord-

inate carbon.  

1.5.2 Fenestranes

The first saturated hydrocarbons to be examined for flattening at the central, quater-

nary carbon atom from a synthetic approach were the [k.l.m.n]fenestranes (1-VIII).  The

term fenestrane was initially given by Georgian53 to the symmetric [4.4.4.4]fenestrane

(1-44) (k, l, m, n = 4) for its resemblance to a window.†  As was indicated by Hoffmann,4

these compounds (where k, l, m, n < 6), are the intuitive first suggestions for constrain-

ing the geometry at carbon.  When the fused rings are smaller than six-membered, they

must start to exert some angle strain on the central carbon atom; flat five-membered

rings have the ideal angle of 108.0° for the included CCC angles, which is less than the

tetrahedral ideal of 109.5°.  However, it is possible for molecules with three fused rings

at a central atom to exert some planarizing distortion at the central carbon atom.  Mole-

cules of this type are often labeled as [l.m.n]fenestranes (1-IX).  The origin of the pla-

narizing distortion at the central carbon atom in the [l.m.n]fenestranes is not the same as

the ‘strapping’ effect referred to above for the [k.l.m.n]fenestranes but results from the

orientation in which the rings are fused.  An [l.m.n]fenestrane may be seen as two (over-

lapping) bicyclo[x.y.0]alkane subunits.  These bicyclo[x.y.0]alkane subunits may be

either cis- or trans-fused.  For example, [4.4.4]fenestrane, can be considered as two

overlapping bicyclo[2.2.0]hexane subunits.  These bicyclo[2.2.0]hexane subunits can be

either cis- and trans-bicyclo[2.2.0]hexane (1-45 and 1-46, respectively).  Generally,

trans-fused, small rings cause considerable angle strain at the bridgehead carbon atoms

which are common to the two rings.  Thus, trans,trans-[4.4.4]fenestrane (or simply t,t-

†  [4.4.4.4]fenestrane has also been called windowpane.  

k–3(H2C) (CH2)l–3

n–3(H2C) (CH2)m–3

(CH2)l–3

n–3(H2C) (CH2)m–3

C0 Cα

1-VIII 1-IX1-44
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[4.4.4]fenestrane) (1-47)† might be expected to exhibit considerable distortion from the

tetrahedral ideal at the central carbon (C0).  This same effect also applies to the

[k.l.m.n]fenestranes (1-VIII).  

Considerable effort has gone into analyzing and synthesizing the fenestranes, par-

ticularly in the groups of Keese,6,54–56 Agosta,7,57 Wynberg58 and Smit.59  Wiberg60 and

Minkin61 have also made important contributions, although mostly theoretical.  Cook

and coworkers62 have concentrated on making unsaturated fenestranes.  One aspect that

has become clear in all the work on the fenestranes is that to effect considerable distor-

tion at the central carbon atom from the tetrahedral ideal requires exploitation of the

increased strain that results from incorporation of trans-fused bicyclo[x.y.0]alkane sub-

units.  

Initial interest in the fenestranes centered around [4.4.4.4]fenestrane.  Liebman and

Greenberg63 proposed a pyramidal structure for the all-trans‡ isomer (1-48) and sug-

†  The system of nomenclature for expressing the various isomers of the fenestranes can also be given by
specifying the orientation of the hydrogen at the bridgehead carbon Cα as either α ‘above’ or β ‘below’ the
projection plane.  Thus, trans,trans-[4.4.4]fenestrane (1-47) is 1β,3α-[4.4.4]fenestrane.  This nomencla-
ture is less clear as to the degree of strain in the system and will not be used here.  Some further discussion
of fenestrane nomenclature is given in Appendix A.  
‡  The all-trans isomer of [4.4.4.4]fenestrane has also (somewhat confusingly) been called cis-
[4.4.4.4]fenestrane.  The latter nomenclature64 refers to the fact that all hydrogens at Cα are on the same
side of the ‘plane’ of the molecule.  
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gested that this isomer may well be lower in energy than the all-cis isomer (1-49).

Schleyer and coworkers64 determined MNDO geometries for the all-cis and all-trans

isomers and Schulman, Sabio and Disch65 determined HF/STO-3G optimized struc-

tures.  In both cases symmetry was imposed and the nature of the resulting stationary

points were not examined through analysis of the force constant matrix.  Our calcula-

tions at the MP2/6-311+G(3df,2p)//MP2/6-31G(d) level indicate that the C4v symmetry

structure (1-48a) proposed up until now for the all-trans isomer (1-48) is not a minimum

on the potential energy surface but represents a transition structure connecting two

equivalent C2v symmetry structures (1-48b).  An examination of the [4.4.4.4]fenestrane

potential energy surface revealed three other minima which correspond to the all-cis (1-

49), trans,cis,trans,cis (1-50), and trans,cis,cis,cis (1-51) isomers.  No other local min-

ima which are [4.4.4.4]fenestrane isomers could be found.†  Perhaps surprisingly, the

lowest-energy isomer is found to be the Cs symmetry, trans,cis,cis,cis isomer (1-51).

Figure 1-4. Structural representations and relative energies (in kJ mol–1) at the MP2/
6-311+G(3df,2p)//MP2/6-31G(d) level of the four isomers of [4.4.4.4]fenestrane.  

†  Total energies are given in Table C-1 and optimized geometries are given in Table C-17 of Appendix C.    
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This result is less surprising when the geometries are examined in detail.  The

trans,cis,cis,cis isomer (1-51) has the least deformation at the central carbon atom while

the most strained isomer (1-50) has the most flattened central tetracoordinate carbon

(Figure 1-4).  

The smallest, fully-symmetric fenestrane to be synthesized is the all-cis isomer of

[5.5.5.5]fenestrane (1-52) (also called staurane).54  The structure of this D2 symmetry

molecule has been determined by electron-diffraction54f and it was found that distortion

in the bonding at the central carbon atom from the tetrahedral ideal is minimal; the

Cα,1C0Cα,3 angle is widened from the tetrahedral ideal of 109.5° to 116.2° (in a planar-

tetracoordinate fenestrane this angle would be 180°).  Keese has determined structures

for all isomers of [5.5.5.5]fenestrane using MNDO calculations6b,54a and finds that the

all-trans isomer (1-53) has a remarkably flattened central, tetracoordinate carbon

Figure 1-5. Structural representations and relative energies (in kJ mol–1) at the MP2/
6-311+G(3df,2p)//MP2/6-31G(d) level for all-cis-[5.5.5.5]fenestrane (1-52) and all-
trans-[5.5.5.5]fenestrane (1-53).  
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(∠Cα,1C0Cα,3 = 178.0°).  Our calculations† at the MP2/6-31G(d) level give a similar

result.  However, we find that the Cα,1C0Cα,3 angle for this D2d symmetry molecule (1-

53) is 164.1°.  Further, 1-53 is calculated to be 582.3 kJ mol–1 higher in energy than 1-

52 (calculated at the MP2/6-311+G(3df,2p)//MP2/6-31G(d) level) and, as can be seen

from the orientation of the hydrogens at the peripheral bridgehead carbon atoms (Cα),

these molecules differ only by inversion at C0.  Because of the considerable flattening at

C0 in 1-53, this barrier is not expected to be particularly large (we calculate it to be

about 25 kJ mol–1).  Given the very large thermodynamic preference for 1-52 and the

low barrier for conversion of 1-53 to 1-52, it seems likely that synthesis of 1-53 will

prove prohibitively difficult.  

A number of workers6b,66 have had success in incorporating a single trans-fused

bicyclo[x.y.0]alkane subunit into small-ring fenestranes.  In particular, cis,trans,cis,cis-

[4.5.5.5]- and trans,cis,cis,cis-[5.5.5.5]fenestrane derivatives have been prepared (1-

54 – 1-57).  The X-ray crystal structures of all the cis,trans,cis,cis-[4.5.5.5]fenestrane

derivatives show similar geometries at the central carbon atom; 1-54 has angles across

the central carbon of 131.1° and 120.2°, 1-55 yields angles of 132.4 and 119.5°, while

the X-ray structure of 1-56 gives angles of 134° and 119°.  Wender’s trans,cis,cis,cis-

[5.5.5.5]fenestrane derivative (1-57) was not crystalline.66  No structure for 1-57 is avail-

able yet but derivatization allowed positive assignment of the stereochemistry of ring

fusion.  

Keese6b has considered the introduction of bridgehead C=C double bonds in the

[5.5.5.5]- and [4.5.5.5]fenestranes to give [5.5.5.5]- and [4.5.5.5]fenestrenes (e.g. 1-58

and 1-59).  While the bridgehead double bond was found (from MNDO calculations) to

†  Total energies are given in Table C-1 and optimized geometries are given in Table C-17 of Appendix C.    
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increase the planarizing distortion at C0 relative to an all-cis isomer, it was less effective

than the introduction of a trans-fused bicyclo[x.y.0]alkane subunit.  The resulting mole-

cules, with highly distorted C=C double bonds, are expected to suffer from significantly

reduced kinetic stability.  

Cook and coworkers62 have synthesized all-cis-[5.5.5.5]fenestratetraene (“staurane

tetraene”) (1-60).  No crystal structure is available yet but 1-60 (which has no bridge-

head double bonds) is not expected to have any greater distortion towards planarity at

the central carbon atom than all-cis-[5.5.5.5]fenestrane (see Section 1.5.3 on page 30).  

The smallest fenestrane that has been synthesized to date, which is also the fenestr-

ane with the most distorted central carbon atom, is an all-cis-[4.4.4.5]fenestrane deriva-

tive (1-61).7,57  The angles across the central carbon atom are found from X-ray crystal

structure analysis to be 128.3° and 129.2° (compared with the 180° required for planar-

ity at the central carbon).  

The smallest possible fenestrane is [3.3.3.3]fenestrane which is better known as

pyramidane (1-62).  Pyramidane has not been synthesized but has been examined in

great detail theoretically.61,67  Clearly, the bonding constraints placed on the four substit-

uents to the central/apical carbon atom require a pyramidal-tetracoordinate arrange-

ment.  Pyramidane is the archetypal example of pyramidal-tetracoordinate bonding at
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carbon.†  

It would seem that the best hope of achieving planar-tetracoordinate carbon via the

fenestrane route is in all-trans-[5.5.5.5]fenestrane.  However, with a CCC angle of 162°

1-53 is still far from the planar ideal of 180°, and it is expected that this molecule will be

unstable with respect to isomerization through inversion at the central carbon atom.  

1.5.3 Vesiprenes and Fenestrindan

Two groups of compounds that are worthy of a brief mention are the vesiprenes (1-

63) and fenestrindan (1-64) derivatives.  The vesiprenes (n = 6 or 7) (1-63), synthesized

by Prelog and Haas in 1969,68 are fenestrane-like.  They may be considered as unsatur-

ated [5.m.5.m]fenestrane derivatives (with bridgehead double bonds to the four Cα’s)

where m is large (13 or 14).  Also referred to as spirobifluorenes, X-ray structures of

these compounds showed some distortion from the tetrahedral ideal at the central carbon

atom.6a  This distortion is only minimal, and the importance of the vesiprenes is only in

that they were the first fenestrane-like compounds to be considered.  

Fenestrindan (1-64) is so called because it consists of four indan subunits fused in a

similar manner to the four, fused cyclopentane rings in [5.5.5.5]fenestrane.  This com-

pound, synthesized by Kuck and coworkers,69 has also been called tetra-

benzo[5.5.5.5]fenestratetraene, tetrabenzocentrotetraquinene and centrotetraindan.  The

only stereoisomer of fenestrindan that has been synthesized is the all-cis isomer (1-64).

The planarizing distortion at the central carbon is almost identical to that of the simple

†  For a detailed discussion of pyramidal-tetracoordinate bonding at carbon, see Chapter 3.  
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all-cis-[5.5.5.5]fenestrane (1-52); X-ray crystal structure analysis gives the CαC0Cα′

angle as 116.5°.  Kuck has explored substitution at the bridgehead carbons (Cα) and

finds some extra flattening at the central carbon atom in sterically crowded derivatives

(e.g. tetramethyl-, tetrabromo-, tetracyanofenestrindan),69b but never by more than a few

degrees beyond that seen in 1-64.  

1.5.4 Paddlanes and Bowlane

The paddlanes (1-IV), a family of saturated hydrocarbons, have been suggested as

potential candidates for achieving planar-tetracoordinate carbon.  The basic paddlane

structure, and the usefulness of such a structure in applying a planarizing strain to tetra-

coordinate carbon, was first suggested by Wiberg et al.70 in 1968.†  The trivial name‡

came later and is attributed to J. J. Bloomfield (see Hahn, Böhm and Ginsburg71).  When

the paddlane rings are all relatively small (n,m,p,q = 1–3), it is expected that the struc-

tural constraints placed on the bridgehead carbons will lead to a highly distorted tetraco-

ordinate environment.   

Wiberg70 has calculated ab initio geometries for the symmetric [n.n.n.n]paddlanes,

[1.1.1.1]- and [2.2.2.2]paddlane.  He determined high symmetry HF/6-31G(d) optimized

structures of D4 and D4h symmetry for [1.1.1.1]paddlane (1-65) and [2.2.2.2]paddlane

(1-66), respectively.  Steric crowding in the equatorial plane (close H–H contacts

between the methylene hydrogens) make the more symmetric D4h structure for 1-65

unfavorable.  Both calculated structures suggested close approaches between the two

bridgehead carbon atoms (1.575 Å for 1-65 and 1.525 Å for 1-66) which Wiberg took to

†  Interestingly, Wiberg considered the possibility of a carbon atom approaching square-planar through
structural imposition some years before Hoffmann’s original paper4 on the electronic structure of square-
planar methane and design of planar-tetracoordinate carbon-containing systems.  
‡  The name paddlane comes from the resemblance of the structures to the paddles of the paddle-steamers
on the Mississippi River.  
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indicate bonding between the two opposite bridgehead carbon atoms.  The Cbh–Cα

bonds are extremely long (1.668 and 1.787 Å, respectively) indicating a low bond-order,

which added evidence for the notion of a bond between the bridgehead carbon atoms

(Cbh).  As a consequence of this likely Cbh–Cbh bond, the D4h symmetry structure for

[2.2.2.2]paddlane can be seen as a set of four fused cyclobutane rings and has an almost

exactly planar-tetracoordinate carbon atom (∠CαCbhCα = 178.8°).  The bridgehead car-

bon atoms in [1.1.1.1]paddlane are clearly pyramidalized.  Earlier semi-empirical calcu-

lations on [2.2.2.2]paddlane by Schleyer and coworkers64 gave similar results.  

Wiberg70 and Schleyer64 both indicated highly unfavorable thermodynamics for 1-

65 and 1-66.  But neither calculated the second-derivative or force-constant matrix; the

stationary points located were not examined to see if they were high-order saddle points,

transition structures or minima.  Our own calculations at the MP2/6-31G(d) level show

that the high-symmetry structures reported by Wiberg and Schleyer are indeed high-

order saddle points and not minima on the potential energy surface.  Following the

down-hill (negative) modes on the potential energy surface until a minimum is reached

leads in all cases to disintegration of the paddlane structure through separation at one or

more of the over-long Cbh–Cα bonds (which we calculate to be even longer at the MP2/

6-31G(d) level than at the HF/6-31G(d) level).  It seems unlikely that any small-ring

paddlanes can exist.†  

More recently, Dodziuk72 has considered an unsaturated, hypothetical, conjugated

paddlane (1-68).  Although this cannot be considered a small-ring paddlane, it aims to

distort the bridgehead carbons by using the rigid enediyne 1-67 as the ‘arms’ of the pad-

†  A recent report of the synthesis and isolation of [1.1.1.1]paddlane from [1.1.1]propellane has appeared.73

The product they report (with two 13C-NMR signals with a 2:1 ratio and a single hydrogen environment) is
not likely to be [1.1.1.1]paddlane; allene may be a possible product and is suggested from our calculations
to be the preferred breakdown product of a short-lived [1.1.1.1]paddlane species.  
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dlane.  The only minimum located for this C28H8 structure on the HF/6-31G(d) and B3-

LYP/6-31G(d) potential energy surfaces has D4d symmetry with a slightly distorted but

still tetrahedral-like bridgehead carbon.  The angle across the bridgehead carbon (Cbh)

was found to be 117.6° at the B3-LYP/6-31G(d) level.  

Experimentally-isolated paddlanes6,7b,70,71,73,74 are mostly heteroatomic substitution

derivatives of the parent paddlane systems (i.e. the skeleton is not purely carbon) and all

have a [k.p.q.r]paddlane structure where k ≥ 8 and p,q,r ≤ 3 (1-X).  In all of these com-

pounds, there is little or no angle strain at the bridgehead carbons (see for example 1-

6974b and 1-7070b).  

The lack of experimental progress in making small-ring paddlanes and the calcu-

lated instability of the symmetric small-ring paddlanes suggest that this will not be a

very fruitful approach to forming planar-, or even highly-distorted, tetracoordinate car-

bon.  However, a related approach to planar-tetracoordinate carbon, in which only a sin-

gle carbon atom is highly distorted, has been suggested.  

Bowlane (1-4) is a saturated hydrocarbon in which a C(CH2)4 neopentane-like sub-

unit has been attached to a cyclooctane cap.  The result of this is that all four substitu-
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ents to carbon are drawn to one side of the molecule in a bowl-like structure.  Semi-

empirical calculations by Dodziuk9b indicated that the apical carbon (C0) would be pyra-

midal.  Ab initio calculations by McGrath, Radom and Schaefer9a at the HF/6-31G(d)

level indicated that the apical carbon is tetrahedrally distorted but considerably pla-

narized (Cα,1C0Cα,3 = 170.8° and Cα,2C0Cα,4 = 148.1°).†  

Dodziuk has suggested other, larger bowlane-like structures9b,75 (e.g. 1-71) and a

curious double-bowlane structure75 (1-72) in which two bowlane molecules are fused

via the cyclooctane bowl to give a structure that suggests that bowlane might well be

considered as a half-paddlane-like molecule (with only a single highly distorted bridge-

head carbon).  The bowlane-like hemialkaplanes (1-XI) will be examined in detail in

Chapter 3.  We have also considered a similar family of molecules that we call the hemi-

spiroalkaplanes (1-XII).  These bowl-like molecules also contain a single, highly dis-

torted apical carbon atom.  The substituents at the apical carbon atom are constrained to

one hemisphere through attachment to a cycloalkane subunit (in the same manner as in

the hemialkaplanes).  However, the apical subunit, C(CH)4, is based on spiropentane

(rather than neopentane in the hemialkaplanes).  The apical carbon in these molecules is

†  Further details of our own calculations are provided in Chapter 3.  

C0Cα,1 Cα,3
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expected to be pyramidal, rather than planar-tetracoordinate.  These molecules are also

examined in detail in Chapter 3.  

1.5.5 Bridged Spiropentanes

Recently, the desire to synthesize compounds with a highly distorted tetracoordin-

ate carbon has led researchers to examine the simple bridged spiropentanes (1-XIII).

This approach to forming highly distorted (though not planar) tetracoordinate carbon in

purely organic molecules has proven to be remarkably successful.  It appears that defor-

mations from the preferred tetrahedral-like geometry at a spiro[2.2] carbon (i.e. the spiro

carbon in spiropentane) can be accomplished more readily than distortions at a tetraco-

ordinate carbon atom like that in neopentane or the [k.l.m.n]fenestranes (where k,l,m,n >

3).56,60b  At the extreme, where the two three-membered rings approach planarity, it can

be expected that steric repulsion, which results from the four methylene groups being

packed into a plane, may be important.  However, at the relatively small deformations

that are typical in the systems that have been synthesized or where syntheses have been

attempted, it seems that this effect should be small.  It is likely that an electronic effect

due to the peculiar bonding in the cyclopropane subunits is responsible.   

The first bridged spiropentanes (1-XIII) are due to Skattebøl,76  who, in 1966 syn-

thesized tricyclo[4.1.0.01,3]heptane and a series of alkylated derivatives (1-73) through

intramolecular cyclopropylidene insertion into a C=C double bond (Scheme 1-1).  Elec-

tron-diffraction analysis77 of the structure of the unsubstituted tricyclo-[4.1.0.01,3]hep-

tane (1-73) revealed a very highly distorted carbon atom (C0).  The angle across the api-

cal carbon (∠Cα,1C0Cα,2) was found to be 162.4° from the electron-diffraction analysis

and 158.2° from X-ray crystal structure analysis78 (compared with 137.2° is spiropen-
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tane).  The apical carbon atom is, however, not particularly flattened; the angles around

the five-membered ring average 105°, although the ring-angle at the apical carbon is

somewhat widened (110.1°).  Further, the two three-membered rings are twisted at an

angle of 80.0° (compared with the 90° twist in spiropentane and 0° twist in a planar-

tetracoordinate structure).  A number of workers60b,78 have considered the relative diffi-

culty of bending versus twisting at the spiro carbon in spiropentane and find that bend-

ing should be favoured over twisting.  Tricyclo[4.1.0.01,3]heptane (1-73) shows this

effect quite distinctly.  

Brinker and coworkers79 have synthesized a benzo derivative of tricyclo[4.1.0.01,3]-

heptane (1-74) which is found to have a slightly larger angle at the apical carbon

(∠Cα,1C0Cα,2 = 164.0°).  This represents increased bending at C0 but the angle between

the three-membered rings is also increased to 85.2° (from 80.0° for 1-73), indicating

less twist.  Interestingly, this molecule is found to be somewhat thermally labile with a

half-life at 25° C of approximately 52 hours.79,80  This is not the case for the saturated

parent (1-73).80  However, the importance of this low barrier to thermal isomerization,

and its implications regarding the hemispiroalkaplanes, is explored in Chapter 3.  

Brinker has tried to extend the use of the cyclopropylidene insertion reaction

(Scheme 1-1) to make other bridged spiropentanes.  Synthesis of tricyclo[5.1.0.01,3]oct-

ane (1-75)81 via this process was reported by Skattebøl76b but proved problematic.81

Both Brinker81 and Wiberg82 have synthesized this bridged spiropentane via an alternate

route.  No structure has been reported yet.  However, it is expected that the larger bridge

(–(CH2)3–) will lead to less deformation at Cap than for 1-73.  

A number of other large-ring bridged spiropentanes (1-XIII, n > 2) have been

CBr2
Br

Br MeLi

R

′R
R′

R

R

R′

Scheme 1-1

1-73



Structural Approach • 37
reported.  A dichloropentamethyl derivative of 1-75 (1-76) has been reported by Köbrich

and Baumann83 and an n = 5 bridged spiropentane (1-77) was synthesized by Kuznets-

ova and coworkers.84  The most unusual bridged spiropentane that has been synthesized

is tetracyclo[3.3.1.02,4.02,8]nonane (1-78).85  This bridged spiropentane was made by

treating 1-79 with MeLi (Skattebøl’s carbene cyclization).  This molecule’s tridendate

spiropentane bridge is unique.  No structure is available yet but our calculations at the

MP2/6-311+G(2d,p) level indicate that the angle across the apical carbon is almost lin-

ear (174°) although the degree of twist between the planes of the two three-membered

rings is still high (82°).  This compound is only one step away from the hemispiroalka-

planes (1-XII) (which might be viewed as spiropentanes bound with a tetradentate

bridge).  

Bridged spiropentanes (1-XIII) with small bridges (n < 2) have been explored in

detail by Wiberg.82,86  Wiberg has had considerable success in synthesizing these

[3.m.3]fenestranes (1-IX) (where 3 < m < 5).  Evidence for a one-carbon bridged spe-

cies, presumably the small-ring ketene, tricyclo[3.1.0.01,3]hexane-4-ketene (1-80), was

seen in a matrix at 15 K.  This molecule (1-80) and its parent hydrocarbon (1-81) are

expected to have a butterfly or half-planar geometry at the apical carbon; the angle

across the apical carbon for both 1-80 and 1-81 is calculated to be very close to 180° but
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the twist between the two three-membered rings is found to be about 82° (similar to the

twist in 1-73).  Wiberg has also found evidence for tricyclo[2.1.0.01,3]pentane (1-82) as

the intermediate in the reaction of 1-bromo-2-chloromethylbicyclo[1.1.0]butane with

phenylthiol.  Calculated structures for 1-82 indicate that it will have C1 symmetry, bond-

lengths of 1.49 Å (for the C0–Cα bonds) and 1.54 Å (for the single bridge bond), and a

pyramidal tetracoordinate carbon atom.  

It is our belief that spiropentane represents the best opportunity for distortion at a

quaternary tetracoordinate carbon atom in a neutral saturated hydrocarbon.  However,

the bridged spiropentanes show considerable bending but little twisting of the cyclopro-

pane subunits.  This twisting is necessary to give planar-tetracoordinate carbon.  Incor-

poration of a spiropentane subunit into our designs is likely to be of great assistance but

a means of establishing (and maintaining) the necessary twist must be devised.  Our

approach to solving this problem has been to use a pair of tetradentate bridges (cf. the

alkaplanes (1-V), spiroalkaplanes (1-VI) and dimethanospiroalkaplanes (1-VII)) (details

are given in Chapter 4).  

1.6 Concluding Remarks

A number of the various electronic approaches to forming planar-tetracoordinate

carbon have clearly had great success.  This is in part a tribute to the ingenuity of the

workers and expeditious use of van’t Hoff’s “imaginative faculty”, and in part serendip-

ity.†  However, as has been pointed out by Siebert and Gunale,25 the planar-tetracoordin-

†  For example, Cotton’s dimethoxyphenyldivanadium complex (1-25) was not recognized as containing a
planar-tetracoordinate carbon until some time after the X-ray crystal structure was published.  

1-V 1-VI 1-VII
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ate carbon compounds that result from most of these approaches have an electronic

structure that differs markedly from the electronic structure proposed originally by Hoff-

mann for square-planar methane.†  As a result, these compounds, none of which are

organic molecules, will not have properties consistent with having a p-type lone pair and

four electron-deficient σ-bonds.  In fact, rather than stabilizing the unusual electronic

structure expected for planar-tetracoordinate carbon, which has been described as a σ2π2

configuration at the planar carbon (cf. the normal σ4 configuration seen in tetrahedrally-

bonded carbon), most of these compounds alter the electronic structure to one that is

more stable.  This is generally done by removing one of the π-electrons, making it avail-

able for σ-bonding, and then stabilizing the remaining π-electron by involving it in a π-

bonding system.  The resulting electronic configuration at the planar-tetracoordinate car-

bon is usually σ4π1.  

We think that the greater challenge involves taking a structural approach to form-

ing planar-tetracoordinate carbon.  Because such an approach relies on using covalent

bonding in an organic framework, it is also more in the spirit of defying the van’t Hoff/le

Bel principle of tetrahedral tetracoordinate carbon, which was formulated for organic

systems.  Further, a structural approach should preserve the unusual electronic structure

at the planar-tetracoordinate carbon.  Because the electronic structure is not being dis-

turbed by strongly electron-accepting or -withdrawing species, it is expected that a p-

type lone pair of electrons will result.  This unique feature should confer quite extraordi-

nary properties on the resulting molecule.  In choosing to restrict our search for planar-

tetracoordinate carbon to saturated hydrocarbons, we hope to design molecules that will

have unique bonding at the target carbon and remarkable properties for a purely organic

system.  

†  Keese has also expressed his preference for the structural approach to planar-tetracoordinate carbon.6b 

1-XI 1-XII
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Our search for planar-tetracoordinate carbon in saturated hydrocarbon cage sys-

tems has indeed involved considerable use of van’t Hoff’s “imaginative faculty”.  Novel

structures, in the form of the hemialkaplanes (1-XI) and hemispiroalkaplanes (1-XII),

and their properties are detailed in Chapter 3.  Chapter 4 then explores the three alka-

plane-like families, the alkaplanes (1-V), the spiroalkaplanes (1-VI) and the dimethano-

spiroalkaplanes (1-VII) in detail.  
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