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A Line Formula Notation System for Coordination
Compounds: lll. Deviations From ldealized Configurations

E. Silverton* and R. F. Pasternack**
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A linear notation describing the true configuration of a coordination complex has been developed

to eupplement the MeDonnell-Pasternack representation of the idealized configuration,
determining major deviations lrom the ideal conhguration are proposed.

Criteria for
The symmetry of the true

configuration is deacribed with the eid of point-group notation; ligand sites are designated according
to the system developed by MeDonnell and Pascernack.
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A previous study [I, Z]' has led to a method of
ciphering coordination complexes using a set of
idealized stroctures. However, many importam
properties (spectra, magnetic susceptibility, ete.) of
this ¢lazs of compounds depend on the tnze symmetry
of the species. Indeed, for certain group M atoms
[1], the idealized structure is never closely approached
in Mature. Cuopric hexacoordinate complexes, for
example, never appear aciahedral, but always show
Jarge distortions. It is therefore appropriate to in-
clude the Irue configuration in the store of information
about 1the given subslance.

The idealized structure is represented in File T by
the MeDonnell-Pasternack cipher and the true con-
figuration (if it differs from the ideal) is described in
File II in terms of its poinl group nolation [3]. As
the transitien from the ideal to the nonideal configura-
tion is & gradual one, a criterion 15 zet to distinguish
the so-called “minor” deviations from the “major”
deviations. A deviation is termed major when it
cannot be anributed to inaceoracies in atomic param-
eters. If the apparent deviation of a boad length or
angle i= 2.3 times as karge as the corresponding esti-
mated standard deviation (es.d.f the deviation is
taken 1o be real [3). The e.s.d. thus serves as a cni-
terion for classifying apparent deviations. When all
deviations are minot, the structure is treated ideally,
and the symbol “#" is stored in File IL  File II is
emitted when the atroctural information?® given is
insufficient to derive deviations.

The accuracy of structure determinations reported
in the literature covers a wide range, although the
trend is 10 more accurate determinations. This
presents & preblem in the consideration of devigtions:
a deviation classified a= a minor in a relatively inae-
curate determination can be maior in an accurately
determined strwcture. Therefore, if no major devi-
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ahions are disciosed in a structure, does Lhis indicate
a ¢lose approach to ideality or merely reflect a low
degree of accuracy in the stoicture determination?
To resolve this question it seems appropriate to grade
the quality of a structure determination according vo
its minimam signibeant deviation from ideality. As
the classification of deviations iz based upon e.s.d.,
this becomes a natyral criterion in assigning the above-
described grades. The proposed grades are in table 1.

TaBLE 1. FProposed grades

Grade | #.od of Ligand-metal bond Je.nd of Ligand - metaklneand
ik Angle [dexh
A =0.0] =03
B 0.071 —0.03 03— 06
C 0,03 = Q.05 0G6= 07
)3 =005 =07

and gl ywi-dimensdnaal mryesarg desenmimaseans.

The point group of the true configuration contains
only those symmetry elements of the idealized con-
figuration from which there are no major deviations.
Therefore, the first step in determining the true con-
figuration is to test the symmetry elements of the ide-
alized configuration for deviations. Ligands are
treated as identical spheres (bidentates are represented
by two spheres, tridentates by three, ete.) in deter-
mining symmetry elements. Three types of symmetry
elements are osed in poiot-group notalion: inversion
center, rotation axis, and reflectiocn plane (mirtor
plane). Comhinations of these symmetry elements
produce additienal symmetry elements: rotereflection
axis {alternating axis) and rotoinversion axis (inversion
axis}. An n-fold axis of rotation rotates each atom
360P/n abour the axis, generating N atoms in a plane
perpendicular to the axis. Therefore the conditions
for an r-fold are (1) the r atoms display the axial sym-
metry, (2} the a aloms are coplanar, (3) the plane of the
r atoms iz perpendicular to the rotation axis. Devi-
ations from these conditions may be expressed io
different ways. The following are possihle eriteria



for testing axial symmetry: (1) the distances of ihe a
atoms from the axis of rotation, (2) the interatomic
distances between adjacent planar atoms, and (3) the
angle subtended by adjaceat planar atoms and the
rotation axis. The e.s.d. of the corresponding bond
distance or angle is used in classifying possible devi-
ations from the average value. Two ways of express-
ing degree of coplanarity are (1) distances of the atoms
from tir: mean plane, and {2) the sum of the intetior
angles in the polygon formed by the n atoms. 1In the
first case, the apparent deviation is compared with the
es.d. of the atomic coordinates and the e.s.d. of the
angles are used in the second case.

Any molecule with an atom lyving on a symmetry
element of the space group 1 will contain that symmetry
element. (These space-group positions are called
special positions.} Thus, if an atom in a coordination
complex occupies a special position, the true configy-
ration of the coordination complex will contain the
symmetry element correapording to the special
position.

After the point group of the brue configuration is
determined, a rotational axis is selected according 1o
the following criteria:

1. The highest-order axis.

2. The axis coinciding with the highest-order axis
of the idealized structure.

3. The axis comaining the earliest locant-designator.

4. The axis perpendicular to the plane containing
the earliest locant-designator.

The senior end of the axis is the one passing through
the mosl senior (earliesl) locant position {or the plane
containing the most semior locant posilion} at Grst
difference.

The cipher describing the true configuration makes
vse of the enumeratior pattern and locant designation
given in File I [1]. In the idealized configuration the
assignment of ligands to locant sites may be arbitrary
for identical ligands occupying positions in a plane
equidistant from the axis or occupying equiva-
lent positions on the axis. However, if distortions
from the idealized configuration exist, these ligand
sites may no longer be equivalent. In this case ligands
are assigned locants in order of increasing distance
from the axis of rotation (if they lie in a plane) or from
the group M atom (if they lie on the axiz}. The File I
cipher begine with the Schoenflies notation [7, 3] for
the point group of the true confignration, followed by
a comma. The order (2, 3, 4, e1c.) of the selected
rotational axis is cited next, followed by an opening
brace. Atoms are cited as they appear along the
axis (starting from the senior end), separating atoms
at different levels by slashes. Atoms not on the axis
and equidistant from the axis, lying in a plane per-
pendicular to the axis, are separated by commas and
enclesed within parentheses. A period precedes the
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opening parenthesis. If another set of atoms lies in
the same plane at a greater distance from the axis,
the sets are cited in order of increasing distance and
are separated by periods. Atoms within parentheses
are cited (1) in numerical order® and {2) in alphabetic
order of the locants.  If an axial atom lies on the above
deseribed plane, it i=s cited before the imitial period.
If a single nenaxial atom occurs, it is preceded by a
period. The cipher is completed by a closing brace,
followed by the grade.

The following examples illusirate variows degrees
of deviation from the ideal configuration as well as
the nse of the coteria for testing symmetry elements.

ExameLe I.  Nickel Ettoprophycin I1 [8]
NiCasHselN, (1)

Type: square planar (point group Tyl

Special positions: Ni al 4M2, N on a mirror plane and
C on a 2-fold axis.

Grade: D.

File I cipher®: ni{l 4B} < 5L{L={@5LN[}a]l{

— L@5L = N[1b]L{ = L@SLN[1c]
L{L gﬂ]l = L{CM]LM =M
= N[ld][{l]uCM} LM

The =quare planar configuration contains the follow-
ing combination of symmetry elements: a 4-fold axis
with four 2-fold axes and a mirror plane perpendicular
to it. The conditions for a 44old axiz through the
nickel atom are that the feur nitrogen atoms (1) be
equidistant {rom the nickel, {2) subtend H® angles
with the nickel, and {3) be coplanar with the nickel
atom. Note that the third condition alse satisfies the
requirement for a mirror plane perpendicular 1o the
4-fold axis. Since the nitrogen atoms lie on two per-
pendicular mirror planes intersecting at the nickel
atom, the firat two conditions are satishied. The third
condition will be discussed later.

A mumbgr rederring 1o the cwrdinmion ceolar in eed i osore thas ome coordingbon
aamier exire.

'T'I}Ellfqum planar configeration in referred tw s 48 In the File | clpher.  See cefer
el

24



The four potential 2-fold axes are as follows:
(1) An axis bisecting angtes N{DNIN{Z) and N{3)NiNi4),
{(?) an axis hisecting angles N{2)NiN(3) and N{1)NiNi4),
{3) an axis through N(1}, N{3), and Ni,
{4] an axis through N2}, N{4), and Ni.

The firat two axes are the ones on which the carbon
atoma Lie. K the third axis exists, NiZ) and N{4) must
be related by 2-fold symmetry. - This is true if IN{2)
and N(4) are coplanar with N{l), N{Z}, and Ni. Simi-
larly this condition also satisfies the requirements for
the fourth axia. A look at the atomic coordinates of
nitrogen and nickel shows that the condition would be
met if the z-coordinate of nitrogen were 125, The
z-coordinate is 0.122, & deviation of 0.003 from the
ideal. As the standard deviation of the z-coordinate is
approximately 0.002, the deviation is minor.” Since
there are no deviations fram the ideal! configuration,
File I contains “#, I¥' where I} is the grade.

Examrik II. BisithiosemicarbazidatonickeXII)[9]
Ni{SCiNHz) = NMNH: (I
Type: square planar (point groop D).
Special positions: Ni on center of inversion.

_B

Fiie cipher: ai{l 4B} < C(S{1b,1d])Z{ =NZ{la,
Iche 2.

The point group Dy, contains 8 $-fold axis with four
24old axes and a mirror plane perpendicular to it.

The conditions for a 3feld axis through the nickel
atom are that the licand atom to nickel disrances be
equal {see table 2.2) and the angles subtended by
;jﬁacent ligands and the nickel atom be %F {see 1able

I3

The deviations jrom 44old symmetry are major.

T'[het apparesi devintiom in bess thom 2.3 times the =ad,

TaBre 2 Bord paremelers

Thevintiona] =.ad.
a NS, MW 2955, Lotid G122 | oapdd
b MinES, ML 817, 8.3 830 Iy
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There are fve possible 2-fold axes;

{1} An axis through the nickel atom perpendicular
to the plane of the Lhiganda.

(%} An axis through the two nitrogens and the nickel
atom.

{3 An axis throngh the two sulfurs and the nickel
aranm.

(4) & {5} Two axes bisecting the N-Ni-5 angles.

Axiz (1) is the only one having no major deviation.
Axes (2) and (3) show major deviations from the re-
quired N-Ni-5 angles. Axes {4) and (5) show major
deviations in the ligand to metal distances.

The special position of the nickel atom requires
thal- it be coplanar with the four ligands.  Thus the
symmetry elemenls of the true confipuralion are a
2-fold awis with @ mirrar plane perpendicular to it;
that is, Cg,.  File I is written:

Cope 2{1 - {a.c) -(b,d)}B.

Exatapie  IIL  Disodium N [Nd{N-glyeviglveyl)
glyeyllglycinocuprate{lly decahydratef10] Na CulNH.
(CHCONRCH:COO0] - 10H: O (1T}

Type: square planar (point group D).

Special positions: None.

Grade: A.

File I cipher: [cuf{l 4B} < CIOW{CN[la,lb 1e]CV}
ICINA] = P2,

Again the configuration is aquare planar, but in thie
case no atoms accupy special positions and so all
symmelry elements must be tested.

The potential 440ld axis passes through the copper
atom perpendicular to the plane of the nitrogen atoms.
Therelore the four ligands should be equidistant from
the copper atom {see table 3a, a, b, ¢, d) and subtend
equal angles with the axis isee table 3h, e. f, g, h

The deviations from 4-fold symmetry are major,
The five potential 24old axes which have been de.
scribed in Example 11 all show major deviations in this
case.  Axes (1) gnd (3} require that CuM(d)= CuMN(Z).
Axis (2) requires that the angles subtended by adjacent
ligands and the copper atom he . The conditions
for axes (4 and 5 include CulNi$}= CuoMN{3) and
CulN(1)= CulNi4), respeciively.



TaBLE 3. Distances (A}

Deviations e

Erom awermye A

. H

- LLIE T 208 LX) sl
b CuM3 14k ] At
[ CulMiZy 191z i) A
d CaMil} 1944 f:t| Ll

TagLE 3b. Angdes (degrees)
[heviani

l'ramwn:rml.ée v
Degress Cregrees

e MNIARC M 8315 b5 0.

T MinCuME; 148 108 s

M| TRC M2} LT R] fill R

E MiZCaM2k az.a T2 2

The remaining possihle aymmetry element is a
mirrer plane through the copper and the four ligands.
Two criteria for planarity are (1) the sum of the angles
subtended by adjacent ligands and the copper atom
and (2} the deviations from the mean plane. The sum
of the angles is 360.1°, indicating a minor deviation.
The deviaiions from the mean plane are lisied in
tuble 4.

The deviations from the mean plane are major.
This contradiction between the two criteria is not
unexpected as the second is more sensitive to small
deviations.

File IT i= written:

€1l {1-bc-a-d}A.

TABLE & Devictions from meqn plane

Atom | Deviation Jes.d
A A
a| Cu 4.02¢ | 0002
b | M L | ALY
= | Wed) D) T
d ] Mih S Y
e | Milh UL I il
Ll
Lat
)
i
1
L
I

EXAMPLE IV: Iran [II] pentacarbonyl
FelC O {IV)
Type: trigonal bipyramid (point group Dy}
Special poaitions: Fe and Cz on 2-fold axis.
Crade: D.
File I cipher: fe{1,5A}<=(C[1a,1b,1c,1d 1) ¥,

TabLE 58, Eonds (&}

e

i A
n GAZ)-Fe .76 oo
b| CidpFe 150 o2
c | CdFe L.a0 0z

TanLE 5b.  Arngles (degrees)

ned
Degreey

d | CiZEeCiy) 12 ]
e | LANFaCld 11 i
{| Ci2wFelid) [} 1
ﬁ Cr1HFe-C10 B& 1
CisFe-Gi2) i) i

i | CipFed® L] 1
1| CraFeCin " 1

The point group Dy, consists of a 3fold axis with
three 2fald axes and a mitror plane perpendicnlar
to il. The poteatizl 3-fold axis passes through
C{1), C(5), and Fe perpendicular to the plane of ligands
C(2), Ci3), and C{4). The conditions for 3fold sym-
metry are (1) that ligands C(2}, C(3}, and Ci4) be equi-
distant from the iron atom, and (2} that each angle
subtended by any Lwo of Lhese iigands and the iron
atom be 120. An examination of the parameters
listed in table 5a shows a major deviation {parameter e}
from the above conditions. The three possible 2-fold
axes are (1} an axis through C(2) bisecting the angle
subtended by ligands C{3) and Ci{4) and the iron atom,
(3 an axis through C(3) hisecting the angle subtended
by ligands C{2) and Ci4) and the iron atom, ard (3} an
axis through Ci4) bisecting the angle subtended by
ligands C(2) and C{3} apd the iron atom. The first
2.fold axis need not be tested for deviations since the
iron atomn and ligand C(2) e on a 2fold axi= of the

space group (i.e., a special position). The following
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conditions are required hy the second and third 2.
fold axes respectively:

Ci2)FeCi3)=Ci3)FeCi4)
Ci2iFeCid) = C(3)Feli4)

Inspection of table 5b reveals major deviations from
these conditions. The final symmetry element of
Dy, to be tested is a mirror plane containing ligands
C(2), Ci3), and C(4) and the iron atom. The conditions
for the mirror plane are (1} that ligands C(1) and C{5)



be equidistant from the mirror plane,® (2) that the line
connecting ligands C(1) and C{5) be perpendicular to
the mirrot plane, {see table 5b, g—) and (3) that the
sum of the angles subtended by ds 2y, Ci3),
and Cid) and the iren atom be 360° {see table 5h,
d, e, ). Therefore, the mirror plane i= a valid sym-
metry element. The point group of the true con-
figuration is Cgy. File II is written:

Cay, 2{b/1-(a, e){-(¢, d)}D.
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