
flask a''nd the dry box and often incapable 
of withstanding the rigors of an aqueous, 
oxygen-rich, biological or geochemical 
environment (1) 

Organometallic complexes of the tran- 
sition metals are also in the re'alm of the 
possible because there seems to be no 
limit to their geometrical and stereo- 
chemical beauty, derived here from sim- 
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Ligands and Orbitals 

In the organometallic molecules in 
Fig. 1 we perceive one or more transition 
metal atoms and some attached groups. 
These groups are termed ligands. They 
span a range of complexity from simple 
atoms such as C1-, through diatomic 
molecules such as carbon monoxide or 
carbonyl (CO), nitric oxide, and molecu- 
lar nitrogen, larger groupings such as 
phosphines (PR3) and alkyls (CH3), to 
still larger, more complicated, clearly or- 
ganic moieties endowed with substantial 
stability on their own such as ethylene 
(H2C-CH2) or groupings that kinetically 
are not very stable at all such as methyl- 
ene (CH2) or allyl (H2C . * . CH * * * CH2) - 

All the ligands must possess an elec- 
tronic arm by which they attach them- 
selves to the metal. This is their basicity, 
their donor function, and it consists of 
one or more pairs of electrons used for 
bonding to the metal. To display the do- 
nor function explicitly, I introduce the 
convention of displaying the donorSs 
electrons in pairs. A negative charge is 
thereby imposed on some of these do- 
nors: CO is neutral (2)+ but a methyl 
group is anionic (3), which makes it anal- 

Modern organometallic chemistry is 
the realm of the possible, in several sens- 
es. Out of the collection of molecules in 
Fig. 1, none was known 30 years ago. 
Over these years our knowledge of the 
decisive role of metal ions-at the active 
sites of many enzymes, a function that 
has evolved over millennia, has in- 
creased tremendously. There is some 
connection, of coursej between this nat- 
ural metal-based chemistry and the mul- 
titude of new inorganic compounds. But 
the latter are, by and large, the handi- 
work of man. Not that they are necessar- 
ily made by the mKost rational means. 
Nevertheiess, they are creatures of the 
laboratory, owing their existence to the 

plicity and there from complexity. We 
could not have foretold that a hydrogen 
atom would find its way smack in the 
middle of an octahedron of ruthenium 
atoms (1) a structure utterly simple in its 
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Cartesian geometry (2). Nor would we 
have predicted, yet we cannot help but 
appreciate, the staggering variety of Ccs 
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Summary. Organometallic chemists have synthesized a remarkable variety of new 
structural types. In these structures ligands; which are organic or inorganic molecules 
of variable indeFendent stability,1bind to one or more transition metal atoms. An ap- 
proach to an understanding of the electronic structure, geometrical preferences, and 
reactivity of these complexes may be made if the molecule is "decompoSed" concep- 
tually into a metal fragment, MLn, and a ligand. A library of the molecular orbitals of 
these fragments is becoming available. One then "reconstructs" the molecule by ex- 
amining the interaction of the orbitals of the ligand, typically an organic molecule, with 
the orbitals of the MLn fragment. 

ogous to a phosphine (4). The quantum 
mechanical description of a donor or 
base is a doubly occupied orbital (in- 
dicated by the broad horizontal bar with 
two strokes through it, standing for the 
electron pair), at relatively high energy. 
The C2H4 molecule carries its donor 
function in a v orbital (5), whereas the 
ubiquitous cyclopentadienyl (6) has three 
such orbitals and so is counted as C5H5- 

ways that a metal cluster, Ru3(CO)t2, has 
of binding, dismembering, and reas- 
sembling acetylenes (3) (Fig. 2). 

The admission that we lack predictive 
power in this field is a reaffirmation of 
the experimental nature of chemistry, 
and a challenge. The challenge is to use 
the apparatus of modern quantum me- 
chanics, perforce in approximate form, 
to achieve some degree of understanding 
of the electronic structure of organo- 
metallic molecules. 
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Fig. 1 (top). Some typical organometallic 
complexes. Purists may carp at the inclusion 
of Re2Cl82- but it is so pretty thatS despite the 
lack of carbonS I like to think of it as an honor- 
ary organometallic molecule. Fig. 2 (bot- 
tom). Those products of the reaction of vari- 
ous acetylenes with RU3(CO)12 whose struc- 
tures are established. The structures shown 
by no means exhaust the total set of complex 
products of these reactions. 

(Cp-) (4). In S and 6, I introduce a graph- 
ic notation that will be used throughout 
this article: shading or lining of an orbital 
lobe implies the positive phase of the 
wave function, and no shading means the 
negative phase. 

Some ligands, indeed the best ones, 
are also Lewis acids, carrying an accep- 
tor function as well. In orbital language 
what makes for an acceptor is a relatively 
low-energy unfilled orbital. Those of 
methyl are too high in energy, but CO 
and C2H4 both have rr* orbitals that 
serve very well (7 and 8): 
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The ability to both donate electrons to 

the metal and accept other electrons 
back is the hallmark of the strongest 
bonding ligands. Still another determi- 
nant of a good ligand is its size, to be pre- 
cise the size of its orbitals, relative to a 
typical metal atom. This is what makes 
the Cp unit, an aromatic system but nev- 
ertheless not very stable on its own, such 
a common ligand in organometallic com- 
pounds. Its diameter, 2 to 3 angstroms, 
matches very well the span of a typical 
transition metal d orbital. 

The center of all the activity is the 
metal atom. The three transition metal 
series (Fig. 3) provide the same set of va- 
lence orbitals, albeit differing in principal 
quantum number. These frontier orbitals 
are the five nd (3d or 4d or 5d, depending 
on the transition series), one (n + l)s, 
and three (n + l)p. With these nine or- 
bitals (9), the metal brings a variable 
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Fig. 4. Five ligands, Lewis bases, are at right. 
At left are the valence prbitals of a typical 
transition metal center prepared for octahe- 
dral bonding. The five ligands come in along 
five of the six octahedral directions. The re- 
sultant orbitals of MLs are shown in the cen- 
ter. 

Now suppose we need to know the or- 
bitals of the ML5 fragment (12a). The un- 
specified ligand L is so far characterized 
only by a directed orbital containing two 
electrons-it could be any of the Lewis 
bases (2 through 51- Five such ligands 
coming in along the octahedral directions 
interact with five of the six hybrids, as 
shown in Fig. 4. 

"Interaction" is an important word in 
our quantum chemical vocabulary. It has 
the sense of forming from two initially 
isolated wave functions, orbitals, two 
new- combinations. One is a bonding, in- 
phase combination, and the other is an 
antibonding, out-of-phase, noded mix- 
ture. The simplest manifestation of this 
most familiar phenomenon is the forma- 
tion of H2 (14), where the bonding com- 
bination is <;rg and the antibonding combi- 
nation is cu. 
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As shown in the center of Fig. 4, five 
metal-ligand bonding combinations with 
reduced energies carry the ten electrons 
that the five bases bring to the metal. 
Five metal-ligand antibonding combina- 
tions have increased energies. One hy- 
brid orbital remains unused, along with 
the three unhybridized d functions. 

be set free under suitable conditions. 
The fact that this transition metal com- 
plex contains a C2H4 ligand suggests a 
partitioning of the molecule into Fe(CO)4 
and C2H4. This is a theoretical fragmen- 
tation. It may not be the way the mole- 
cule is made, bu-t we are not barred from 
constructing the compound in our minds, 
on paper, or in a computer in this way. 

In order to examine how this molecule 
is made, we need to write down the or- 
bitals of C2H4 and Fe(CO)4 and then al- 
low them to interact. The orbitals of 
C2H4 are well known (4): crucial to any 
bonding scheme are the frontier 7r and 7r* 
levels of 11 
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11 

What about the orbitals of Fe(CO)4, 
the inorganic moiety? This fragment, as 
well as other typical MLn components of 
organometallics shown in Fig. 1, is made 
up of a metal atom and several ligands. 
The orbitals of such MLn fragments are 
very easy to construct, in either a molec- 
ular orbital or a valence bond way (7). 
Let us do so. 

In the geometry it displays in the olefin 
complex, Fe(CO)4 clearly looks like an 
octahedron with two cis ligands missing 
(12b). Most other popular fragments, for 
example, square pyramidal ML5 (12a) 
and pyramidal ML3 (12c), may also be re- 

,,3 
Fig. 3. That portion of the periodic table con- 
taining the transition elements. The number 
heading each column is the number of elec- 
trons available for bonding in the neutral form 
of the atom. 

number of electrons, indicated by the nu- 
meral above each column in Fig. 3. 

The versatility of the transition metals 
is now fully displayed. There is spatial 
flexibility-enough orbitals to provide 
bonding in just about any direction-and 
there is electronic tuning-the possibility 
of modifying the electronic count, some- 
times drastically, by moving across the 
periodic table. Still greater freedom (and 
control) is provided by the potential of 
adjusting orbital size by changing the 
metal, its oxidation state, or switching 
from the first transition series to the sec- 
ond or third. No wonder that the variety 
of geometry, bonding strength, and func- 
tion in organometallic complexes seems 
to be infinite. 

Interaction Diagrams, Fragments, and a 

Molecular Orbital Theory of Bonding 

Let us investigate a specific and typi- 
cal organometallic molecule and deter- 
mine what holds it together. The ex- 
ample is Fe(CO)4(C2H4), iron tetracar- 
bonyl ethylene, an iron complex typical 
in that it contains several CO groups and 
an olefin ligand. It is a relatively unstable 
orange-yellow oil, first made around 
1963 (5). The geometry of the molecule, 
known from the crystal structures of the 
parent molecule and numerous deriva- 
tives (6), is shown in 10. 

10 

It may be described alternatively as a 
trigonal bipyramid (two CO groups along 
the axis, two CO groups and the C2H4 
carbons in the equatorial plane) or as an 
octahedron, the two C2H4 carbons ap- 
proximately completing this common 
coordination polyhedron. 

The C2H4 in this complex has its C-C 
bond stretched ( 1.42 A) (6), and its hy- 
drogens somewhat pinned back. Yet it is 
clearly recognizable as the C2H4 unit that 
it was in the free state, and indeed it may 
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lated geometrically to an octahedron. So 
let us prepare a metal center for octahe- 
dral bonding. From its nine valence or- 
bitals (9) one may form six equivalent 
hybrids pointing toward the vertices of 
an octahedron. These are d2sp3 hybrids, 
that is, they use up two d functions and 
all of the * andp orbitals (8). The hybrids 
are shown schematically in 13, along 

13 

with the three d orbitals, dx/ dxzS and 
ds,z, that remain unhybridized. 
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interaction with the C2H4 r than the 
lower lal, primarily metal d. Thus one 
bonding interaction is between the gr of 
C2H4 and 2a another between C2H4 gr* 
and Fe(CO)4 b2.- The lower-energy com- 
ponent of each interaction is sketched in 
17 and 18. All that remains is to place ten 

;4X Fe 

'I 

- al _se 17 

electrons in the final level scheme, two 
from the C2H4 r and eight from-the iron 
atom. These electrons fill five orbitals, 
two of which are bonding (17, 18) and 
three of which are nonbonding. There is 
a substantial gap between filled and un- 
filled levels, a sign of kinetic and ther- 
modynamic stability in organic and in- 
organic molecules. 

The nature of the bonding in this or- 
ganometallic complex differs in no sub- 
stantial way from the bonding in any mo- 
lecular aggregate. For instance, the H' C1 
bond in hydrogen chloride forms by the 
interaction of a chlorine 3p orbital with a 
hydrogen ls orbital, placing an electron 
pair in the bonding combination, as in 19. 

- 

3p_" = r 
WC 

3s 

Cl H-CI H 

19 

Two chlorine lone pairs remain unper- 
turbed by this C bonding. In 
Fe(CO)4(C2H4), two bonds form between 
the metal fragment and' the: C2H4, and 
three lone pairs'remain essentially unaf- 
fected. 

A certain perceptual' shading of the 
bonding picture of Fe(CO)4(C2H4) is 
worth pursuing. Let us redraw the bond- 
ing combinations' 17 and 18 in 20 and 21. 
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Fig. 5. Interaction diagram for Fe(CO)4(C2H4). The C2H4 is at right, the Fe(CO)4 fragment at 
left. The orbitals are classified in two ways, according to their symmetry properties in the C2 
group of the complex or, equivalently, according to their reflection properties-in the two in- 
dicated planes. 

These four orbitals are the valence or 
frontier levels of the ML5 fragment. 
They carry all the metal d electrons (pre- 
cisely how many depends on the metal), 
and they will interact with any other lig- 
ands that come near. 

The patterns of interaction for ML4 
and ML3 are no different. Four or three 
bases come up, interacting with four or 
three of the octahedral hybrids of strllc- 
ture 13, leaving two or three hybrid or- 
bitals, respectively, untouched. The 
primitive picture, not a bad one at that, 
of ML5, ML4, and ML3 is then given in 
15. In each MLn fragment there are three 
orbitals of lower energy, essentially xz, 
yz, and xy, and 6-n hybrids of higher en- 
ergy, pointing toward the octahedral 
sites. 

$+ X 

C2H4. The two higher-lying hybrids in 
15b are localized. They must be prepared 
for bonding by the formation of delocal- 
ized combinations. In the jargon of the 
trade, the orbitals need to be symmetry- 
adapted. In this particular case nothing 
more complicated than taking a sum and 
a difference of the localized orbitals is re- 
quired, as in 16 (9). 

K3 - < a,, SS 

Group theory, that marvelous mathe- 
matical edifice which combines elegance 
with labor saving, makes the work of 
constructing the interaction diagram of 
Fig. S easier (10). The orbitals are classi- 
fied both in their appropriate C2v symme- 
try and according to their reflection 
properties (S = symmetric, A = anti- 
symmetric) in the two mirror planes. 
The metal fragment bl and a2 orbitals 
do not have the correct symmetry to 
mix with either X or r* of C2H4. There 
are two metal-based a1 orbitals that are 
of the same symmetry as the C2H4 gr. 
The upper orbital, 2al, a hybrid of d, s, 

16 S b2 s AS 

andp on the metal, is better disposed for 

20 2l 

The box outlines signify the parentage of 
these orbitals. In our conceptual ,frag- 
mentation of Fig. 5 the two electrons in 
20 initially belonged entire,ly to the C2H4. 
The resultant bonding molecular orbital 
(20) still is occupied by two electrons, 
but now they- are d'elocalized over both 
fragments. Thus so,me eIectron density 
has been shifted to the Fe(C'O)4 in the 
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One additional bit of preparation is 
still needed before we proceed with our 
analysis of the attraction of Fe(CO)4 for 
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course of bond formation. Similarly the 
two electrons in 21 initially were as- 
signed to the Fe(CO)4 fragment; bonding 
has shifted some electron density in the 
reverse direction, from the metal to the 
olefin. 

Forward and back donation have been 
part of the theoretical framework of in- 
organic chemistry from the early l950's. 
The picture I have just described is the 
Dewar-Chatt-Duncanson model of olefin 
bonding (11). In the l950's several in- 
tellectual streams combined into a tor- 
rent-the renaissance of modern in- 
organic and organometallic chemistry. 
The Dewar-Chatt-Duncanson model was 
one of the streams. My choice of the oth- 
er rivers includes the metallocenes, the 
rediscovery of crystal field theory, Zieg- 
ler-Natta catalysis, and three-dimension- 
al crystal structure determination. 

Geometries and Conformations 
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Fig. 6. Interaction diagram for two conformations of Fe(CO)4 (C2H4), differing in the rotational 
disposition of the C2H4 ligand.. 

One may inquire whether the geome- 
try we assumed for Fe(CO)4(C2H4), 10, is 
preferred to one in which the C2H4 is 
twisted by 90° around the metal to the 
C2H4 midpoint axis, as in 22. This is a 

11S. 

22 
conformational question, a query regard- 
ing the equilibrium or most stable geom- 
etry of the complex. Once one has used 
the fragment decomposition to analyze 
the bonding in 10, the approach to the al- 
ternative geometry is evident. One uses 
the same fragments and reconstructs 22. 
There had better be a difference, and 
Fig. 6 shows what it is. 

The C2H4 7r interacts with Fe(CO)4 al 
(10) approximately to the same extent in 
the two conformations. A differential is 
provided by the C2H4 acceptor function, 
the 7r* orbital, of b2 symmetry (10) in 10, 
b1 in 22. Orbital interactions are gov- 
erned by the usual perturbation theoreti- 
cal expression (4, 12) 

aE IH>jl2 
Ei-Ej 

which says that the extent of interaction 
between two orbitals i and j is deter- 
mined by a quotient. The numerator is 
the matrix element of the interaction 
squared. This matrix element Hij is a 
function of the overlap between the two 
orbitals. If not directly proportional to 
the overlap, Hij is at least large when the 
overlap of orbitals i and j is large and 
6 MARCH 1981 

small when it is small. The denominator 
of the perturbation expression makes AE 
inversely proportional to the difference 
in energy between the levels so that the 
closer two energy levels are, the more 
strongly they will interact (4, 12). On 
both counts the C2H4 7r* interaction in 
the initial conformation 10 is better. The 
Fe(CO)4 orbital that it mixes with is high- 
er in energy, closer to 7r* of C2H4. And 
the overlap is better; the b2 hybrid of 
Fe(CO)4 is nicely directed away from the 
metal, toward the C2H4, whereas b 1 is an 
unhybridized, mainly d orbital. The 
"backbonding" b2 interaction in the con- 
formation in which C2H4 lies in the equa- 
torial plane is better. There is a sub- 
stantial rotational barrier in these com- 
plexes, 10 to 15 kilocalories per mole (13, 
14). 

This brief introduction to one method- 
ology of analyzing preferred geometries 
of molecules in no way exhausts the geo- 
metrical richness of inorganic steree- 
chemistry. In addition to orientational 
degrees of freedom of coordinated 
groups, one has in complexes every type 
of isomerism-positional, geometrical, 
optical-in detail the equivalent of the 
same beautiful, inherently chemical phe- 
nomena in organic chemistry. But one 
has an added range of coordination num- 
ber and geometry. Not just two, three, or 
four atoms may be bound to a central 
one, but five, six, seven, and eight, or 
even more ligands are commonplace. 
Each coordination number has associat- 
ed with it several polyhedral shapes. For 
instance, in 7-coordination, a typical en- 
vironment for molybdenum, tungsten, 

and uranium, one finds geometries as 
seemingly diverse (but in fact very close- 
ly related to each other) as a pentagonal 
bipyramid (23a), a capped octahedron 
(23b), and two kinds of capped trigonal 
prisms (23c and 23d). The stereochemical 
diversity of these structural types is 
fascinating (15). 
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Fragments at Work 

The fragment approach is one theoreti- 
cal tool, one piece of interpretative ma- 
chinery, that many investigators (16) 
have found useful in trying to make 
sense of the immense variety of complex 
structures that have poured forth from 
the cornucopia of the synthetic organo- 
metallic chemist. By way of example, let 
me trace the multitudinous uses to which 
my collaborators and I have put one such 
fragment, ML3. 

The orbitals of a C3V ML3 fragment 
were sketched in lSc. There are three 
low-energy orbitals and three hybrids 
above. This fragment comes in com- 
plexes with from zero to ten electrons. 
Here are some of the things that can be 
done with it. 
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1) Once the lower three orbitals are 
occupied by six electrons, the fragment 
seeks three bases (six electrons) to inter- 
act with the upper three hybrids. These 
six electrons may come from the ligands, 
as in the restored octahedron Cr(C0)6 
(24) or from a six-electron organic do- 
nor, as in (arene)Cr(C0)3 (25), or 
CpFe(CO)2CH3 (26) (here we have for- 

deficient. Then the preferred confor- 
mation changes. Thus a Cr(CO)3 orienta- 
tion may be coupled with the norcara- 
diene-cycloheptatriene equilibrium, as in 
34 (20). 

Cotton (27). We think that with small lig- 
ands these might be eclipsed (28), but 
others do not agree (29). 
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Next one can insert other atoms or 
molecules in the middle, in the plane 
marked in 41. The insertion of three 
hydrides gives rise to 42, a reasonably 
well-kxlown structural type for d6 and d7 
metal eenters (M = Co, Fe, Ir, Re) (30). 
Incorporation of three CO groups pro- 
duces the d8 Fe2(CO)g (43). If three chlo- 
rides are inserted, we have the remark- 
able d3 series M2C193- (M = Cr, Mo, W) 
(44), in which a striking range of metal- 
metal bonding is traversed as one scans 
down the group, from M= chromium 
where there is no metal-metal bond, six 
unpaired electrons, and an elongated 
bioctahedron, to M - tungsten, with a 
triple bond, diamagnetic properties, and 
a squashed bioctahedron (30). 
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Ae 3) A proton moving across the face of 
;/ XCH a cyclopentadienyl ring "sits down" di- 

rectly above a carbon atom (cyclopenta- 
26 diene, 35) and moves about, with sub- 

stantial activation energy, by a sequence 
ch makes of 1,5 sigmatropic shifts (21). So do a 
the elec- methyl and other group IV ER3 groups 
and some (where E = Si, Ge, Sn, or Pb), the acti- 
plexes 27 vation energy for the process falling as 
L is an ex- one descends group IV (22). In contrast, 
ability of an Mn(CO)3+ group places itself directly 
stabilize over the center of the ring (36). So do 

CuL+, BeR+, Li+, T1+, and In+. 

mally a Cp- and a CH3-, whie 
the iron Fe2+, d6). Or some of 
trons may come from the metal < 

from the ligand, as in the com] 
through 29. The last compound 
ample of the remarkable capz 
transition metal fragments to 
unstable organic moieties (17). 
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29 2) Conformational preferences and 

rotational barriers spanning a wide ener- 
gy range may be explicated (18). Tri- 
methylenemethane iron tricarbonyl pre- 
fers geometry 30b over 30a by nearly 20 
kcaltmole (19). 
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The barrier to internal rotation in ben- 
zene chromiumtricarbonyl (25) is small. 
However, when a donor is substituted on 
the benzene ring, the equilibrium con- 
formation is 31, but, when an acceptor is 
substituted, it is 32. In each case sub- 
stantial barriers to internal rotation ap- 
pear (18). 

36 More complicated patterns of equilib- 
rium placement and mobility occur with 
larger rings. Sometimes the barriers to 
rearrangement are substantial [22 kcalt 
mole in 37 (23)], whereas in not distantly 
related molecules they are much smaller 
[ 8 kcaltmole in 38 (24)]. A fragment 
analysis will explain this trend (25). 

IC\CH 2 

9 Sandwich molecules, with a metal 
atom between two organic fragments, 

38 esemplified by ferrocene, should appear on any Rag of moelern inorganic chemis- 
,s the face try. It occurred to my colleagues and me 
be subject that an organic ligand could be inserted 
)sed barri- in between the M(C0)3 units as well, to 
rangement give the inverse sandwich (45), stable for 
which the certain electron counts (31). Remark- 
otion way ably, several of these molecules have 
hed line in been made (32). 
the round- ^\\ 
the solid 'M/ 

I 
Ms 

45 
Sj The M2L6 unit, bent back a little 

(46), serves as a building block for an 
ght up to 

d3 electron > ts ), 

le d3 triple- ' ' 
vsholm and 46 
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Tours of MLn groups acros 
of larger organic ligands may 
to substantial symmetry-impo 
ers (26). For instance, the rear] 
of naphthalene-Cr(CO)3, in n 

Cr(C0)3 moves in a least-ml 
from one ring to another (dasl 
39), should not be as easy as 1 
about excursion marked by 
lines (25). 
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4) Two ML3 groups broul 
each other make M2L6. For a X 
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enormous arariety of M2L6(1igand) com- 
plexes. The acetylene complex (47) the 
ferrole (48) the flyover bridge (49) and 
the azulene comples (50) are examples 
(33). Each molecule has intriguing con- 
formational choices available to it. 

progress has been made in the analysis of 
simple organometallic reactions (37)* But 
the broad outlines of a theory of organo- 
metallic reactivityS the kind of frame- 
work that: would allow us to anticipate 
approximately the range of products ex- 
hibited in Fig. 2 is still lacking Our rela- 
t+re ignorance in this area is not a cause 
for despair. On the contrary it makes 
theoreXcal work in ffiis realm of the-pos- 
sible a great deal of fun. 
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capped in many waysS by a chalcogen 
atom by CRS by a Cp nng or by another 
metal (34)* An isoelectronic Co3Cps unit 
can split an acetylene and keep the two 
CR pieces thereof as caps (35) 
Ru3(CO)12 can dismember C2H in at 
least two distinct ways (53) 6). It seems 

(C0)3 5 /<M(C0)3 + 

- (COi 
h+/ 

0)t@°)3 

3 

likely tht we will eventually find out 
how these extreme disruptions of bond- 
ing occur. For the momentS the theoreti- 
cal analysis is limited to the geometrical 
preferences of the products 4). 

An understanding of bonding and equi- 
librium stmoture has been the main sub- 
ject of this discussion. Only the simplest 
reaction type unimolecular rearrange- 
ments has fired in the aboure examples 
Yet chemistry is in large part molecules 
in motion, it is chemici reactivity. Some 
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6) Fowr Ir(C0) fragments may be 
combined to give an inorganic tetrahe- 
drane (S1). A general theory of bonding 
in this and substantially more complicat- 
ed clustersS developed by Wade [see 
(16)] and Mingos [see (16)] is one of the 
most important conceptual develop- 
ments in modern inorganic theory. Three 
M(C0)3 units may be combined to form 
an M3(C0) fragment (S21 that can be 
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and the next so that it would be neces- 
sary for the earlier event in the CDC to 
be completed before the following could 
occur. Hartwell and co-workers (7) have 
referred to this notion as the "dependent 
pathway" model and have analyzed the 
"circuitry" of the CDC of the budding 
yeast, Saccharomyces cerevisiae, using 
temperature-sensitive mutants whose 
CDC is blocked at various stages. In 
contrast to this sequential type of ap- 
proach, there is the possibility that no di- 
rect causal connection exists between 
any two events but that they are ordered 
by some master timing mechanism that 
operates on one or more key events 
("control points") of the CDC, such as 
the initiation of DNA synthesis or mi- 
tosis. In this "independent pathway" 
model (7), the accumulation of a mitogen 
or other substance, the completion of a 
"division protein" structure, or the at- 
tainment of a critical ratio of DNA to 
mass or nuclear volume may initiate a 
new CDC state. Obviously, it is possible, 
even likely, that the CDC is controlled 
by a combination of these types of mech- 
anism. 

Such deterministic models, however, 
do not adequately account for the large 
variances commonly observed in genera- 
tion time (as great as 20 percent of the 
mean in mammalian cell systems), ren- 
dering timekeeping relatively imprecise 
and leading to the rapid decay of syn- 
chrony in phased cultures (8). In an ef- 
fort to explain this variability, other at- 
tempts to characterize the cell cycle tra- 
verse have considered a portion of the 
CDC to be indeterminate (9) or have 
turned to probabilistic descriptions (10- 
12). Thus, Smith and Martin (11), ob- 
serving that the number of cells that have 
divided as time progresses decreases ex- 
ponentially, have suggested that the S 
and G2 portions of the CDC (which they 
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self a part of the clocked division cycle in 
the sense that the timer is replicated with 
each round of division. After reviewing 
some of the major notions of the cell di- 
vision cycle and different types of cell 
cycle oscillators, we examine the void 
between cell cycles and circadian clocks 
(3, 4). Finally, we address the basic 
problem of variability in cell cycle gener- 
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Our understanding of the cell cycle has 
come a long way since Howard and Pelc 
(I) more than 25 years ago divided it into 
four consecutive intervals-G1, S, G2, 
and M-where G1 and G2, respectively, 
designated the gaps in time between the 
completion of cell division and the onset 
of DNA synthesis, aind between the end 
of replication and the onset of mitosis 
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environmental conditions. The cell division cycle may itself be regulated by a pro- 
grammable clock that, under certain conditions, can generate circadian periodicities 
by interaction with a circadian pacemaker. These clocks must insert time segments 
into the cell division cycle in order to generate the observed variability in cellular 
generation times. 
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ation times, a major challenge in con- 
structing models for cell cycle regula- 
tion, and explore new molecular ap- 
proaches for the insertion of time seg- 
ments into the cell cycle. 

Models of the Cell Cycle: 

Deterministic and Probabilistic 

Attempts to describe the cell division 
cycle (CDC) have been (i) deterministic 
and (ii) indeterminate or probabilistic. 
Within the former, there are two possible 
types of mechanism for ordering a fixed 
sequence of cell cycle events relative to 
each other (5, 6). There may be a direct 
causal connection between one event 

ation times, a major challenge in con- 
structing models for cell cycle regula- 
tion, and explore new molecular ap- 
proaches for the insertion of time seg- 
ments into the cell cycle. 

Models of the Cell Cycle: 

Deterministic and Probabilistic 

Attempts to describe the cell division 
cycle (CDC) have been (i) deterministic 
and (ii) indeterminate or probabilistic. 
Within the former, there are two possible 
types of mechanism for ordering a fixed 
sequence of cell cycle events relative to 
each other (5, 6). There may be a direct 
causal connection between one event 

(M). Advances have not been confined, 
however, to a mere filling in of these 
gaps and subdividing them into smaller 
steps. Rather, recent experimental and 
theoretical work has emphasized the 
mechanisms controlling the cell cycle 
and, indeed, has indicated that a single 
"cell cycle" may be somewhat of a mis- 
nomer. Finally, perhaps there is no such 
thing as the cell division cycle; the final 
event would be merely the end of a se- 
quence of events and the beginning of 
nothing (2). 

The cell division cycle-a clock in the 
sense that it measures time under a given 
set of environmental conditions-may be 
governed by an underlying oscillatory 
mechanism or timing device, which is it- 

(M). Advances have not been confined, 
however, to a mere filling in of these 
gaps and subdividing them into smaller 
steps. Rather, recent experimental and 
theoretical work has emphasized the 
mechanisms controlling the cell cycle 
and, indeed, has indicated that a single 
"cell cycle" may be somewhat of a mis- 
nomer. Finally, perhaps there is no such 
thing as the cell division cycle; the final 
event would be merely the end of a se- 
quence of events and the beginning of 
nothing (2). 

The cell division cycle-a clock in the 
sense that it measures time under a given 
set of environmental conditions-may be 
governed by an underlying oscillatory 
mechanism or timing device, which is it- 

0036-8075/81/0306-1002$02.00/0 Copyright t 1981 AAAS 0036-8075/81/0306-1002$02.00/0 Copyright t 1981 AAAS 1002 1002 

Clocked Cell Cycle Clocks 
Leland N. Edmunds, Jr., and Kenneth J. Adams 

Clocked Cell Cycle Clocks 
Leland N. Edmunds, Jr., and Kenneth J. Adams 


	Article Contents
	p. 995
	p. [996]
	p. [997]
	p. 998
	p. 999
	p. 1000
	p. 1001
	p. 1002

	Issue Table of Contents
	Science, New Series, Vol. 211, No. 4486 (Mar. 6, 1981), pp. 981-1088
	Front Matter [pp. 981-994]
	Letters
	Cell Contamination: Relevance to Radiation Experiments [p. 988]
	Creationism in Toronto [pp. 988+990]
	Culturing before a Transplant [p. 990]

	Erratum: Senate Westerners Stake a Claim [p. 990]
	Erratum: Insulin Wars: New Advances May Throw Market into Turbulence [p. 990]
	Prepared Minds [p. 993]
	Theoretical Organometallic Chemistry [pp. 995-1002]
	Clocked Cell Cycle Clocks [pp. 1002-1013]
	Instrumentation Needs of Research Universities [pp. 1013-1018]
	News and Comment
	Heritage Foundation: Court Philosophers [pp. 1019-1020]
	Briefing
	``Flash'' near South Africa, Again [p. 1020]
	Texas Court Rules that Hughes Left No Will [pp. 1020-1021]
	Reagan Ends Mandatory Conservation [p. 1021]
	Teletext War Comes into Focus [p. 1021]

	A Diversion of the Quest for Truth [pp. 1022-1025]
	Nonproliferation Shuffle [p. 1024]
	More Shots in the Budget Battle [pp. 1026-1027]
	Women in Science Cut [p. 1027]

	Research News
	Evidence for Free Quarks Won't Go Away [pp. 1028-1031]
	Clues to the Cause of Senile Dementia [pp. 1032-1033]
	Astronomers Look to the 1980's [p. 1033]

	AAAS News
	New Responses to Attacks on Human Rights of Scientists in Latin America Called for [pp. 1034-1035]
	Science Ethics Reprint Series Available [p. 1035]
	David Joins Board [p. 1035]
	Rutherford Named AAAS Adviser [p. 1035]
	R&D Project Analyzes FY 1982 Budgets [pp. 1035-1036]
	Special Notice for Advance Registrants at the Toronto Meeting [p. 1036]
	Research into Effects of a CO$_{2}$-Climate Change Suggested [p. 1036]

	Book Reviews
	Review: Scientists and Politicians [p. 1037]
	Review: Rotifers [pp. 1037-1038]
	Review: Pioneer Seismologist [pp. 1038-1039]
	Review: Psychophysiology [pp. 1039-1040]

	Reports
	Turbulent Vertical Transport due to Thin Intermittent Mixing Layers in the Stratosphere and Other Stable Fluids [pp. 1041-1042]
	Textural and Crystal-Fabric Anisotropies and the Flow of Ice Masses [pp. 1043-1044]
	Ruminant Methane δ($^{13}$C/$^{12}$C) - Values: Relation to Atmospheric Methane [pp. 1044-1046]
	Korean Hemorrhagic Fever: Propagation of the Etiologic Agent in a Cell Line of Human Origin [pp. 1046-1048]
	Receptor for Albumin on the Liver Cell Surface may Mediate Uptake of Fatty Acids and Other Albumin-Bound Substances [pp. 1048-1051]
	Anabaseine: Venom Alkaloid of Aphaenogaster Ants [pp. 1051-1052]
	Living Tissue Formed in vitro and Accepted as Skin-Equivalent Tissue of Full Thickness [pp. 1052-1054]
	Separation of Calcium Isotopes by Liquid Phase Thermal Diffusion [pp. 1054-1056]
	Phase Shifting Circadian Rhythms Produces Retrograde Amnesia [pp. 1056-1058]
	Sex-Biased Litter Reduction in Food-Restricted Wood Rats (Neotoma floridana) [pp. 1058-1060]
	Ascending Endorphin Inhibition of Distress Vocalization [pp. 1060-1062]
	Saliva as a Chemical Cue in the Development of Social Behavior [pp. 1062-1064]
	Auditory Brainstem Potentials in Chronic Alcoholics [pp. 1064-1066]
	Dialysis in Schizophrenia: A Double-Blind Evaluation [pp. 1066-1068]
	Rapid Correction of Hyponatremia Causes Demyelination: Relation to Central Pontine Myelinolysis [pp. 1068-1070]
	Vaginocervical Stimulation Selectively Increases Metabolic Activity in the Rat Brain [pp. 1070-1072]
	Paradoxical Elevation of Growth Hormone by Intraventricular Somatostatin: Possible Ultrashort-Loop Feedback [pp. 1072-1074]

	Back Matter [pp. 1040-1088]



