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       EXTENDED CO-ORDINATION THEORY OF e 

                   VALENCY. II. ` 

                 Configttration of Carbon Compounds. 

                           ]3y Rruraru Tsucnuta. ~, 

                           Introduction. 

    The co-ordination thcor}- of \Verner has proved far-reaching in its scope and 
has been fully substantiated by both chumic.tl and physical evidence. The 1 

present paper is a continuation of the article° on the same subject which deals 
with an extension of the co-ordination theory to simple ions and molecules 6y 

assuming that all the chemical bonds are co-ordinate ]inls. The covalent and ~ 
the coordinate links are usually treated discriminatingly, in spite of ample 

evidence revealing that them is no essential difference between these bonds. Ap-

parent differences arc: (t) the manner of bond-formation. (z) the relation 
between [he bond and [he valency, and (3) the directional tendency of bonds. ~ 

Por the purpose of unitary treatment n( the simple and the complex compound, 

it is first necessary to explain the apparent difference, bcUVCen these ttro kinds ~ 
of links. In the covalent link the bond-electrons are furnished by both the atoms 

to combiuc, whereas in the co-ordinate link the electrons are donated only by ` 
the ligand, i.e., the co-ordiuated ion or molecule. For csamplc, the covalent 

bond in carbon tetrachloride is formed by the electrons given by the carbon and 

r the chlorine atom,• whereas the electrons of the co-ordinate link in [SnCI,;]' arc 
furnished only by the chlorine ion as ligand. "1-his difference in [hc manner of 

bond formation can be Basil}- removed be simpl}• assuming that all the com-

pounds arc built up by co-ordinaling ligands around central canons. For example, 
carbon tetracloride is assumed to form the molecule by co-ordinating four chlorine ~ 
anions around a quadrivalant carbon cation. 'Then the simple molecule could be 

treated just as [he complex compound. The second difference betreeen the 
s covalent and the co-ordinate compound is that the valency coincides with the 

number of bonds in the former, but generally not in the latter. For instance the 

carbon atom in carbon tetrachloride is quadrivalcnt and has four bonds, while the 

boron atom in fluoroborate ion is tervalent, but has four bonds. 13y the above 

     t) R. 'Psuchirl2, Brr//. C/rrm. Sor. Jrspur, N, tot (ty3y): f. CHrm. S.us J>jnn, 611, 245 (r939} 
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 asswnption, the lima in CCI, as well as in [I3F,]- are all co-ordinate bonds. The 
 bond is, therefore, a formal expression of the co-ordinate link and consequently 

 the number of bonds coincides with the co-ordination number. On the contrary, 

 the valency does not necessaril}• coincide with the number of bonds. ]t can 6e 
 seen by the following consideration that there is no relation between the valency 

 and the number of bonds. \~Ve know that the same center can have different 

 number of bonds. hor example cupric ion can have three, four and six bonds in 

 ~CuCI;~]-, [Cu(Oll.),]** and [Cu(NII,),;]*' resllectivcly. Moreover, the electrova-
 lence can riot be shown by the bond, but nevertheless the clement in the 

 electrovalent compound has the valency represented by the charge of the ion. In 

 special cases 'the valency may coincide with the number of bonds as well as the 
 co-ordination number, e.g., in carbon- tetrachloride, ammonia, water, etc. It 

 should be noticed, hon'ei•er, that such coincidence is not always expected for all 
 the neutral molecules. Por instance, tervalent cobaltic ion Itas six bonds in t1le 

 neutral molecule of [Co(I\TII,),(NO,~]. Another difference behveen the covalent 

 and the co-ordinate link is concerned with the direction of bonds. It is well 

 established that the ligands arc symmetrically co-ordinated around the central 
 atom, and the configuration of the complex ion or molecule is linear, trigonal, 

 etc. according as the to-ordination number is hvo, three, etc. as is shown in 

 Table I. 
                                             "I'a61e L

Co-ordinnlinn
numlKr Gnfigmation Example

x liner LAg(CN}_]

planar triangle [CuCla]'

4 Ielmlmdrtm

4 plwmr square [Cu(Nf [r~]++
fi fKtalletlf00 [PtCIs]=

On the other hand, some simple compounds have apparently special valence-

angles, For examples, the water molecule is V-shaped, the angle L HOI-I being 
to5° and the ammonia molecule is pyramidal, the angle L I~INH being to6°. 
Thus the covalent bond seems to have ealence-bonds in some fixed directions, 
whereas the co-ordination compound has symmetrically distributed bonds as is 
shown above. From theriewpoint that all the ions and molecules are built up 

by co-ordinationr however, the molecules of water, ammonia, etc. could not be 
exempted from the general nde of symmetrical co-ordination. Explanation fur 

such anomalous valence-angles is, therefore, required. The electronic. confrbura-
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lion of the nitrogen atom in its ground state is rr, 2s, zp,. ?pg, zp,. Pauling=' 

assumed that s-electrons have no effcet on the combination with other atoms by 

p-electrons and derived the valence-angle of 90°. In the present method, 

however, the effect of 2s""-electrons is tal:co into consideration by the following 

simple method. Three hydrogen anions and a pair of electrons arc assumed to 

co-ordinate around a quinquevalent nitrogen cation. It is postulated that such a 

pair of electrons has approximately the same share as other ligands in co-ordina-

tion. Then these four ligands, the three hydrogen anions and the pair of elec-

trons, are eo-ordinated tetrahedrally in accordance with the general rule of 

symmetrical co-ordination. Thus the resulting molecule of ammonia has a 

pyramidal configuration, the angle L IiNli being tog° in a (air coincidence with 

the experirocntal result of rob°. Similarly a sexavalent oxygen cation is the co-

ordination center and hvo hydrogen anions and hvo pairs of electrons are the 

ligands in the molecule of water- The resulting molecule is V-shaped, the angle 

LIIOII being l09° for the observed vah~c of toy°. In fhe preceding papers," 

configuration of a number of compounds has been discussed by the present method 

of co-ordination. In Table II are tabulated the theoretical results n•hich coincide 

with experimnltal data a-ithout serious discrepancy. 

                             Tnhlc 11.

inns and molecules Cnnfi6mralion

73e(1=, 130_-, [Ag((:Ny]-, Zn((:1I,r}, CI[arfgT, elc. linear

V-slurped (IIX)°)

N0_, NO_-, ti0y Mc. V~shaperl (1'SO°)

RCI,v N(ls SO,v [Ni(CN),]=. cic. plane-Irinn~le

SO ,CIO, , NLI„ clc, pyramidal (tog°)

[IYCIa]=, [I'I(Nf Lyl,]++, dimelhylglyoximonickel, elc. plane-lel ragnnal

I'0~=, SOa=, CIOy--, Nlfa+, C.rOa=, TInOa JinOa=, Ni(CO)a, SnAq,
rl{c~[La),. Cca(cN).]=, C~~(NIta1,]++, elc. letrahcdnl

SF,;, 70~;~-, [I'tCla]=, [I'c(CNJy~]?, [NbFsO]=, [Cr(I1.OM]+++, elc. r,clahMral

O>h's, [\~~(CN~]°, [Ni(Nfia)a]++. elc. cubic

2 (1939)

   In the present paper the configuration of carbon compounds will be discussed. 

As has been stated in the previous Iklpers, the co-ordination number of carbon 

can not emceed four, only four wave•flmclions, 's, zp„ 2pv, and z0, being avail-

able (or co-ordination. In carbon compounds, therefore, one, two, three or four 

ligands are co-ordinated around quadrivalent carbon canons, the resulting con-

figuration being linear, trigonal or tetrahedral. These configurations will be dealt 

     s) I,. Pauliog, J..(m. CIKnr. Sor., 53, ~~67 (r93I)• '
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with in order and the nature of the aromatic, the 'double ' and the 'triple' bonds 

will also be considered. -• ' 

                    Tetrahedral Configuration. 

    The co-ordination process in carbon compounds may be assumed [o take 

place in the following scheme. I3y analogy of the complex salt, the center is a 

quadrivalent. carbon cation and the ligands arc co-ordinated to the former by 

lone pair electrons of the latter. One of the lone pair elcetrons in the ligand is 

assumed to transfer to the central cation, diminishing the negative charge of the 

ligand and the positive charge on the central cation. llistribution of such elec-

trons around the central ion should be symmetrical in general and can be 

represented by linear combinations of the original eigenfunctions of the carbon 

atom. Then the covalent bonds behveen the center and the ligands are .formed 

by neutralization of the spin of these electrons. For example. carbon tetrachloride 

is taken. Four chlorine anions are assumed to co-ordinate around a quadrivalent 

carbon cation in the following scheme. 

             CI : : Cl : Cl 

          CI : C* : Cl : --.: CI - . C ~ . CI : -. CI-C--CI 
.. .. .. .. 

             CI : : CI : Cl 

            (D pD Olq 

    If we assume that the eigenfunctions of carbon are similar to those of a 

hydrogen-like atom and the dependence of the eigenfunctions, 2s and ap's on r 

is nearly the same, the wave-hmctions of the electrons belonging to the, central 
atom in the state (II) arc just as found by Mauling''/ in his ingenious method of 

hybridization. 

                    J 
(1) 

    The suffix of +F is Aiiller's notation in crystallography, and -ll'u,, for ex-

 ample, means that the wave-function has its maximal value in the dircctiou of
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the normal line to the face (1 t t), onu of the tetrahedral faces. In this tetra-

hedral configuration the resulting molecule is the same as would be derived by 

the method of Pau]ing. 1n short, Pauling started the process from atoms corres-

ponding to the slate (II) in the prescut method. So far as the tetrahedral con-
figuration is concerned, both the methods give the same result and the present 

method which starts the process from ions seems rather stupid and roundabout 
compared with the former. This pleonastic process in tetrahedral configuration, 

however, has been provoked by the requirement of unifying the principle in con-

nection with other configurations, in which the present method has found its true 

service. 
    The electrons attached to the central atom in the state (II) neutralize the 

spin of the electrons of the chlorine alorns as a whole or rather by turns and,. 

therefore, the valence-bond in thu state (III) is not formed by a definite pair of 

electrons, but is of statistical nature. Consequently the number of bonds thus 

formed has nothing to do with the valency of the atom. The factor which 

decides the number of bonds is not the valency, but the co-ordination number or 
the number of ligands in the compound in question. This idea is of especial im-

portance in the trigona] configuration. 

                      Digonal Configuration. 

    The molecule of carbon dioxide is considered. It should he noticed here 
that ttvo similar linear struchtres are obtained by assuming that the oxygen ion 

occupies two cu-ordinations just as chclatc groups, e.g., cthylencdiamine, oxalate 

ion, etc. in complex salts, c. g., [Co en,]Rr,,, Ka[Cr(C O,),], etc.

(a) 

(ld

Central 
  inn

 9} 
C 

 if 
C

LiCands

n , r) 

C1, O

Co~ordinatinn 
  numlcr Resulting molecule

4

 - ++ 

O-C-O linear 

O = C = O linear

   The direction of combination in (a) is one of the Cartesian aces as will be 

seen bclon-, and [hat in (b) is also one of the axes, being the biseetrix behveen 

the directions of hvo tetrahedral eigenhmctions in (I). The distance between the 

cazbon and the oxygen atom is not expected to show moth difference in the pco 
                                    - ++ 

cases. Thus both the fornnlh, O-C-O and O=C=O, may be understood 

as different expressions of similar struchires. The difference is provoked by the 

possibility that the oxygen ion may be assumed to co-ordinate in the alternative e~ays,

2 (1939)
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occupying either one or hvo co-ordinations. The former, however, is preferaUle 

to the ]attm• from the (ollo.ving considerations. Complex salts, I{;;[Tips], K_[N6p~0] 

and K~[WF,O,], are isomorphous. The configuration of these complex ions can 
be easily derived by the same simple rule of co-ordination as has been applied 

to simple molecules : viz., the central atom is first ionized and then F- or 0= is 
co-ordinated according to the co-ordination number. I( the oxygen ion were to 

occupy hvo co-ordinations, [Wp,O,]= should have a co-ordination number of eight 

and could not be isomorphous with [Tip,;]=. It can, therefore, be seen [hat these 

three complex ions are all octahedral provided that the oxygen imt O= is equi-

valent with F- in co-ordination and occupies only one co-ordination.. 

       h \ ~ /h F\ I /F r\ OI /h 

                 1'i' Nb- W 
        r/ 1 \r• r•/ I \r• r/ I \F 

             F O- O-

Another evidence is furnished by the structure of PRP~ R"O (Ct=alkyl), H..PO_ , 
HPO~ and YO;. The tetrahedral configuration of this series also reveals that 
the oxygen ion occupies one co-ordination. Nielsen and Wand" have shown by 

studying Raman spectra that the structure of metaborate ion is O=B~ O- in-

stead of 0=I3=0. It is, therefore, postulated in this co-ordination theory that 

an atom occupies only one co-ordination, the charge of the ligand being indepen-
dent. In other words, The co-ordination number is not decided by the valency 
of the atom as ligand, but by the nuutber of atoms which combine directly to the 

central ion. For example, the co-ordinatiort number of tungsten in K.,[WF,O.,] is 

not eight but six, and similarly that of phosphorus in PRR'R"O is four instead 
of five. Thus 0= as well as p- occupies one co-ordination and consequently 

combines to the central ion by a single bond. Now the configuration of carbon 

dioxide is again considered. Ttvo bivalent oxygen ions are co-ordinated around 

a quadrivalcnt carbon cation in the (ollotcing scheme. 

   , - ai it -'i+ 

            O . C : O -~ . O . • C . • O : ~ O-C-O 

                P) .. .. tn) .. (till 

    A similar calculation" as in the case of the tetragonal configuration has lead 

to the following t+vo equivalent nave-functions for the electron distribution around 

the carbon ion in the state (II).

3) J. R. Nielscn and N. R. Wnnd, J. C/um. Phpr., 5, 2or (rg37~ 
q) Thc. enlculalion will soon be yublished in Rr•. Pkyr. Chem. /n~irn,
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1 

            ~~ 

    These functions have their maxinmm value (1-931) in opposite directions on 
one of [he Cartesian axes-

                      Trigonal Configuration. 

    Gunnidonium ion is taken for example. 't'hree anions NI1- arc co-ordinated 

around a quadrivalent carbon cation in the following scheme, NH= being repre-
sented by X-. 

          X X X 
                                                      •+ ~ 
           C* -+ . C . -. C*                         / 
~ 
         X: :X X. .X X X 

            (f) (II) (III) 

   The general rule of symmetrical co-ordination requires that the three ]igand-s 

are eyually co-ordinated around the central ion, and consequattly the three 
electrons attached to the central ion in the state (II) can not belong to any 

definite one of the original functions, 2s, zp„ 2p~ and 2P.. A similar calculation" 

as above leads to the folio+ving three equivalent tdave-fiutctinns. 

   These functions have their maximum value (1-gqt) in the directions of bisec-

trices of hvo of the Cartesian axes. These three electrons neutralize the spin of 
those of the amino-groups, and the statistical valence bonds thus produced form 

a planar trigonal configuration, the angle LXCX being t?o°. The results 

coincide with the X-ray investigation by Thcilacker."r 1'he trigonal configuration 
of the gnanidonium ion has thus been explained without assunung the resonance 

effect, structural formula being simply' NH_ 

                             C* 

                                        NH., NH.. 
    5) K'. -Cheilak°r, Z. A'ru6, 76, 103 0930• -

                          ar __

2 (1939)
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    The trigonal structure of other compounds such as BCI„ CO9 , SO„, etc. may 
be derived in similar manners. The structure of the carbonate ion and the 

ntolzcule of sulphur trioxide arc as follows: 

             CI O- O-

        
~ ~ ~ 

         /l;\ /~\ /S9\ 
         CI CI O O O 

                        Aromatic Bond. 

    In triphenyImethyl radical, three phenyl ions and an electron are co-ordinated 

around a central quadrivalent carbon cation. The phenyl ions combine trigonally 

just as in guanidonium ion b}' the functions (3), and a steric hindrance of these 
ions causes an electron to remain in an orbital orthogonal to the former three, 

                     `~ 3 

                                       (q) 

    A transformation of the co-ordinate aces" reveals that the last orbital is 
identical with one of the original p~orbital, and the direction of its maxinuuu value 

(t.932) is in the normal line to the trigonal plane of co~ordinatia~. 
    Benzene molecule can be assumzd as having a similar structure. 1•ach 

carbon atom combines with the adjacent carbon atoms and a hydrogen atom 

with [he three equivalent orbitals iu (q) and the fourth electron remains in the 

fourth orbital. The spin n( such electrons of the carbon atoms iit benzene ring 

is opposite alternately and causes an attraction between adjacent aromatic carbon 

atoms, making the distance (t.g2A) shorter than in paraffins (i.jgtl). The fourth 

electron of the central carbon atom of free triphenyImethyl radical has a spin 

opposite to those of the aromatic carbon atoms which combine directly to the 
center, thus giving rise to an anomalous stabilization of the free radical. 

   .Graphite may be explained 3s an endless net of such aromatic carbon atoms 

which combine trigonally with the three equivalent orbitals, leaving the electron 
of the fourth orbital unpaired or ether ti•eakly neutralized by al] the three electrons 

of the adjacent carbon atoms. "1'he distance between the carbon atoms in gra-

phite (~_42A) is equal to that in benzene, but shorter than that of diamond.
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                         ' Double' Bond. 

    In order to avoid unreasonable different 'treatments of the 'double' bond and 
the aromatic link, the same orbitals (¢) are assumed to function in both the 

cases. In ethylene molecule, for example, one carbon 1tom combines with the 

other as well as hvo hydrogen atoms with the three equivalent orbitals, and the 
fourth electron in the fourt}t orbital is responsible for the characteristic properties 

of the unsaturated compound. The angle L/ HCH of the resulting molecule is 

tzo° for the actual angle"' of 113°. The shorter distance (1.3zA) between the 
carbon atoms than in the paraffin is due to the attraction exercised by the fourth 

electrons, and the easy polymerization can also be understood as due to the same 

origin. The properties of conjugate 'double' bond of butadiene, for example, 

can also be explained. All the four carbon atoms combine with one another by 

the trigonal wave-functions (q). The fourth electrons of the inner rieo carbon 

atoms partly neutralise their spin on both sides, n•hile those of the outer hvo can 
stave the opportunity of pairing only on inner side. The outer carbon atoms thus 

function as the active ends. The anomaly of coujugatc 'double ' bond in addition 

reaction can thus be explained. "I-he chemical stability of benzene compared n•ith 
titlter 'double' bonds is due to the lack of the active ends. 

                         

' Triple' Bond. 

    A similar consideration as above has lead to a conclusion that the `triple' 

bond in acet}'lene is formed by digonal orbitals (2), superposed by two others. 

Let the direction of combination of the two carbon atoms be in X-axis, then the 

wave-functions are as follows. 

             ~~I=r.• 

   The carbon atom combines with the hydrogen and the carbon atom by the 

digonal functions and [he remaining [e•o electrons are weakly paired with those 
of the other carbon atom. ]n 'double' bond the fourth electron is in an orbital 
which is identical with an original p-function and perpendicular to the direction of 

    G) W. G. Pennl} Pror. A'ay. Sor., A, 158. 3°~ 0937}

(1939)
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combination of the carbon atoms. Similarly in the `triple ' bond ttvo electrons arc 

in hvo p-orbitals which are perlxndicular to each other and also to the direction 

of .combination. The partial pairing of these electrons gives rise to a stronger 

attraction than in • double ' bond, the distance between the carbon atoms being 
very short (t.2oA). 

                             Summary. 

    (t) The co-ordination theory of \\rerner bas been extended to simple com-
pounds by regarding all the chemical bonds as co-ordinate links. 

    (?) The bond is a formal expression of the co-ordinate link. The co-
ordination number, therefore, coincides with the number of bonds, whereas the 

valency has nothing to do with the latter. 

    (;) "I he anomalous valence-angle in ammonia and water has been explained 
by assuming the lone pair of electrons as a sort of ]igand. The theoretical bond-
angle to~° has 6ccn derived, whereas experimental data give IoG° and l05° for 

ammonia and water respectively. 

    (q) Configuration of various inorganic compounds derived by this method of 
co-ordination fairly coincides with experimental data. 

    (5) Configuration of various organic compounds itas been dealt with. "1'he 
bond-functions for these configurations have been given. 

   {G) The tetrahedral quantization is identical with that of Pauling. 

    (7) "The trigonal quantization has been explained, the cigenfunctions having 
the strength of t.ggt, a little less tlutn z.ooo of the tetrahedral bonds. "I'he 

planar synunetrin] structure of guanidonium cation, carbonate anion, etc. has 
been explained without assuming the resonance effect. 

    (8) The digonal quantization gives bond; of a strength of t.9;i, weaker 
than the tetnhednl and trigonal bonds, but fir stronger than Ly32 of the 
original p-functions. ' 

    (9) The aromatic quantization has been explained as being contlwsed of the 
symmetrical trigonal functions and another which is equal to the original p-hmc-
tion in strength and Las rite maximum value 1.732 in the direction perpendicular 
to the trigonal plane. 

    (ro) 1'he structure of free tripheuylmethyl radical as well as graphite has 
been explained. 

    (1 t) The 'double' bond is identical with the aromatic ,Loud Therefore,
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~ HC!{ in ethylene is t?o° thcoreticall}'; 

The quantiralion for the 'triple' bond 

and two original p-otbitals, the latter 

   C'heutiatry Dcparf»tetd, FaculRy o,( S/tic~tor, 
      Lnpcrial Litiveraify °f Osaka.
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 (or rt8° from experimen431 

is composed of the digonal 

lxin~ perpendicular to [he

(Receive) Nnrch 3t, [939).
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