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Conformations of « and g-D-Glucopyranose from an

Empirical Force Field

K LAVS KILDEBY, STEEN MELBERG * and KJELD RASMUSSEN

Chemistry Department A, The Technical University of Denmark, Building 207, DK-2800 Lyngby, Denmark

Conformations of the pyranose ring are studied,
using convergent energy minimisation in & sim-
ple force field. Parameters for the force field are
adapted from similar studies on different classes
of substances.

The global minima of the «- and g-anomers
of D-glucopyranose are found; the energy differ-
ence is 0.26 kcal mol™ and the anomer equi-
librium at 300 K is a: #=0.39:0.61, in agreement
with experimental results.**

The calculated ring geometry is in good
agreement with results from crystal structure
determinations, but side chain orientations are
not well reproduced due to neglect of the crystal
forces. The short anomeric bond is not repre-
sented by the present force field.

The present work is part of an endeavour to
investigate the possibility of using energy
minimisation in an empirical force field, with
parameters adapted from several sources, to
determine equilibrium conformations of mole-
cules too large to handle by ab initio or even
semi-empirical methods. Similar work using the
same methods and programmes has recently
been reported for tris(diamine) chelates of
transition metal ions.! This research programme
is a prerequisite to the development of a con-
sistent force field (CFF)? for wide classes of
compounds.

Two simple sugars were chosen for four main
reasons. Firstly, reliable experimental data are
available for comparison with calculated struc-
tures and, in subsequent work, vibrational
frequencies. Secondly, the number of different
atoms, and therefore of the necessary energy
parameters, is limited. Thirdly, the adaptation

* To whom correspondence should be addressed.
** 1 kecal=4.184 kJ.
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of a satisfactory provisional force field for
monosaccharides would open possibilities of
calculating conformations and other properties
of substituted saccharides and oligosaccharides,
which are not readily accessible with experi-
mental methods. Fourthly, no theoretical con-
formational analysis of sugars is yet available,
in which all degrees of freedom are allowed to
relax.

The favoured conformations of D-gluco-
pyranoses in aqueous solution and in crystal
phases have been determined from NMR
studies * and from diffraction analysis.>~?
Angyal 1% has derived interaction energies for
the chair conformations of aldopyranoses from
experimental data obtained from the equilibria
of cyclitols and sugars. Rao et al.!* have cal-
culated the potential energies of only non-
bonded interactions for the two chair and six
boat conformers of «-D-glucopyranose. For the
4C1 and 1C4 conformers those calculations
were further developed to include non-bonded,
electrostatic and angle bending terms.*
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Fig. 1. Constitution and atom numbering of
a-D-glucopyranose.
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Fig. 2. Conformers of the pyranose ring.'*

The computational methods and programmes
used here were developed from the CFF system
of Lifson and Warshel 2 and will be documented
elsewhere

CALCULATIONS

Nomenclature of ring conformers. Our calcula-
tions deal with the six-membered ring system
of «- and B-D-glucose. The constitution, with
atom numbering for later reference, is shown
in Fig. 1. The various stable and metastable
basic geometries of the pyranose ring will be
termed C for chair, B for boat, and S for skew-

boat. Our nomenclature of ring conformations
follows Stoddart,'®* whose proposal we consider
more logical than the traditional one of Reeves.!®
The ring atoms are numbered 0 — 5, starting on
the oxygen and proceeding clockwise to end
on the carbon carrying the primary alcohol
group. A reference plane is defined by four ring
atoms. If alternative choices of such four atoms
are possible, as in certain C and S conformers,
the carbon of lowest number is left out of the
plane. Ring atoms lying above and below the
plane are indicated before and behind the basic
geometry symbol. These rules provide an easily
memorised shorthand for the two C, six B,
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and six S ring conformers. For the overall
absolute configuration D, the unfolded sphere
representation in Fig. 2 shows how the pyranose
ring may attain all fourteen ring conformations
through pseudorotation.

Initial conformations. In cyclohexane, C and
S conformers would be equilibrium confor-
mations, ¢.e. minima on the potential energy
surface, and B conformers would be saddle
points. (It is meaningless to talk about maxima
on a potential energy surface covering all
degrees of freedom.)

In our calculations on «- and §-D-glucopyra-
nose, we did not a priori exclude the possibility
that a local minimum conformation might be
found close to a B conformer. Therefore we
performed energy minimisation of all fourteen
ring conformers. The various choices of side
group orientations are described later.

Cartesian atomic coordinates were measured
on scale models and used directly for input.

Potential energy functions. A reasonable force
field should reproduce a maximum of observ-
ables with a minimum of parameters. We
selected ours through an initial series of cal-
culations on «-D-glucopyranose, composing the
trial force fields from the following energy
terms.?

Bond deformation:
B, = K (b—b,)? ' I
b bozl:xds% 5(0=bo)

Valence angle deformation:

Eo= 3 1Ko(0—-0,)? II
angles
Eyg= 2 {3F(d—d,)*+F'(d—d,)} 111
angles
Torsional deformation:
Eg= 3> 3K¢(l+cos 3¢) Iv
torsions
Non-bonded interactions:
Ey= 121 {Ayexp (—Byyry) — Cy/rii®} v
ri % \ 12 ,rl *\6
. = *[(_3_) _ 2(_1_ ]
= 2 "] oy iy i
VII

Ey= lE<,qiqj/fx,-

In our first trial force field, FF1, we used
terms I, II, IV, and V, with 46 parameters; in
FF2 1, I1, II1, IV, VI, and VII, with 61 param-
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eters; and in our final choice, FF3, I, II, IV,
and V, with 46 parameters.

Parameters. We required parameters for in-
teractions between atoms C, O, and H. A ready-
made set for this purpose is not found in the
literature, so in addition to the assumptions
implicit in the choice of energy functions, we
had to make assumptions as to numerical
values of parameters. g

For FF1 we selected parameters from optim-
ised (CFF)!19% and non-optimised 1%,3,21,3
force fields. As the results were not satisfactory
we changed three key parameters, b, for C—C,
C~-0, and O —H. The results (see below) were
still not sufficiently good and we then used the
more complicated FF2, with parameters opti-
mised on lactams. 1?:!%* For our alcohol- and
ether-type O we used parameters optimised for
N where possible, and otherwise parameters
optimised for C. The results were rather dis-
appointing, wherefore we resorted to the simpler
FF3, using parameters developed without
optimisation for coordination compounds of
amines and amino acids.*® Parameters for O
were selected as above. Also here we changed
the three bond energy parameters mentioned
above. Parameter values for the three force
fields are shown in Table 1.

Selection of force field. Tests of force fields
were carried out through comparison of cal-
culated conformations of «-D-glucopyranose
with crystal structure data obtained by Brown
and Levy.® Neutron diffraction data are well
suited for this purpose, because they allow for
determination of H atoms. Our test calculations
were made on the same ring conformer as that
found in the crystal, the 4C1.

Our calculations are, with our present pro-
grammes, limited to molecules in & hypothetical
gaseous state, and thus do not allow for crystal
forces. This shortcoming is serious only for
exocyclic torsional angles, as will be shown
below.

In Table 2 we show deviations for the
anomeric bond, mean deviations and mean
square root deviations for bonds and valence
angles, and all absolute deviations and mean
square root deviations in endocyelic, hybrid,
and exocyclic torsional angles. It is clearly seen
from Table 2 that there is no reason to prefer
the 61-parameter FF2 to the 46-parameter FF1
and FF3. It is also seen that, apart from the



Kildeby, Melberg and Rasmussen

¥ P10 $6'5 687 e |
¥ 020— 09°¢ 9°€61 --0
¥  82°0— 3%°F 9'61 -=D
b »l 0T X »2
9z 36F 80F 9970 £z 89 9% 6380 H—-—-—-H
9z 366 €% 183 € 193l 9% £8°¢ H———0
g% 0002 S9F  ¥9'8I €5 6'89¢ 9% LT3 0——-0
¢z I3l 03% FI'S €2 8991 9V 6L'L H~—-D
g5 OFC WP 1318 € 919 9% e'ey o——=-0
9¢ 8.6 &P  OL'ES €5 6669 9% ¥26 0——-0
fo) g L O0TXV fo) g O0IXV
93 $0'T £ 74 0 b4 ¢¢s X—D—-0-X
oz ¥ ¥3 28'3 23 #93T  A—-D—-0-X
#37 37 31
oz §PL $Z 081 660°0— 8g°¢ ¥oL LT ¥9L H-0-H
a% o'g6 ¥ o061 [ sgor— 0'z8 209 03 0'0% H=-0—0
ez 6°ebl ¥ 093 809'T — 0'9L 3¢ 03 0'09 0-0-0
oz 9°08 ¥ os1 [J9ge— 029 829 23 0'89 H—0-D
9% 6°SP1 ¥z 093 809°1 — 0oL 2'eh 12 008 D—0-D
oz a'g6 ¥z 023 669°0— $'98 0% LT 099 H—D-D
ez 651 ¥z ovz [ oLse— 0101 0'zF 03 0'8g 0-0-D
oz 6°e¥1 ¥g 09 809'T — 0'9L 3P LT Z'ep 0—0—0
oy °p o Fy oy (53
ez +L6°0 908 61 86°0 018 61 +L6°0 018 H-O
ez 60'T 03L LT or't PLY LI or't pLS H-D
9% #3F'1 £98 LT 971 229 8T «3F'1 £ 243 0-»
9% +39°T 03L LT 'l 33 LT «29°1 %33 2-9
‘300 °q o I ' q 7 30U %q U odAT,
edd gdd 144

[0 pewiew senea ,J ‘UMmOyUS ei® sen[BA [8UY oY}
‘pBI [16°T 03 908 o10A °9 IV 'Y Ul SeouwsIp YA

“H pve ‘Q ‘D eq Uso X pue X ‘SuL0} [eUoIsi0) J0 ‘°pf 1°0— =,d 03 Jo8 eiom

‘99 J039eq ©AI3 09 souo [ewISuI0 WoJy peSusyo ©SOY3J OIv SLIOEB UB (ILM POIIBUI SON[BA
‘.Jous [eoq ur A3ireue oAl 03 uUesOYO oI8 SIIU() -s10jourered wonouny ABiouy ‘I VL

Acta Chem. Scand. A 31 (1977) No. 1



Conformations of D-Glucopyranoses 5

Table 2. Selection of energy function parameters through deviations of calculated from measured ¢
internal coordinates. For bonds are shown: Deviations for the anomeric bond, mean deviations
2 (beate — bmeas)/24 and mean square root deviations (Y (beaio — bmeas)?/24)}; for bond angles: mean
deviations Y (0cajc— Omeas)/42 and mean square root deviations (> (0.aic — Omeas)?/42)}; for torsions:
absolute deviations | a1 — @meas| 8nd mean square root deviations.

FF1 FF2 FF3
Bond lengths, A
Cl1-03 0.036 0.097 0.037
Mean dev. 0.0062 0.0359 0.0026
Mean sq. rt. dev. 0.0108 0.0476 0.0107
Valence angles, °
Mean dev. 0.1 —-0.6 0.1
Mean sq. rt. dev. 1.4 4.4 1.6
Endocyeclic torsions, °
024—-C1-C5-C9 3.1 4.4 3.5
Cl1-C5—-C9-C13 4.9 11.7 4.9
C5—-C9-C13-C17 1.8 9.0 0.0
C9-C13—-C17—-024 1.5 0.1 0.9
C13-C17—-024—-C1 2.0 8.6 1.8
C17-024-C1-C5 0.5 7.5 0.4
Mean sq. rt. dev. 2.7 7.8 2.6
Hybrid torsions, °
024-C1-C5-07 0.3 9.6 0.4
Cl1-C5-C9-011 4.7 20.8 4.4
C5-C9-Cl13-015 0.4 17.7 0.5
C9-C13-C17-C19 0.5 7.9 0.3
C17-024-C1-03 1.7 19.2 1.4
Mean sq. rt. dev. 2.3 15.9 2.1

Exocyclic torsions, °

H4-03-C1-C5 17.8
H8-07-C5-Cl1 39.1
H12-011-C9-C5 11.7
H16-015-C13-C9 40.9
022-C19-C17-C13 10.9
H23-022-C19-C17 36.0
Mean sq. rt. dev. 29.1

O [l
SRS a® L
RSO m=DIW
DO QO = O QO
SR © %D
SHWOT L0 WO

anomeric centre at Cl, the structure is well
represented by FF1 and FF3. A choice between
them can be made only from mean deviations
of bonds, and we should therefore look for
other types of observables. Different types of
experiments 342 show that B-D-glucopyranose
is more stable than the « configuration. We
therefore minimised also a conformation of the
4C1 ring conformer of p-D-glucopyranose in
FF1 and FF3. The result was Ey,— Eg= —0.06
keal mol in FF1 and E,— Eg=0.88 keal mol™
in FF3, both cases referring to minimisation of
the conformations found in crystals, %° and not
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to the global minima described later. It may
also be mentioned that preliminary calculations
showed that vibrational frequencies are better
reproduced by FF3 than by FF1.

Local and global minima of the glucopyranoses.
We therefore used FF3 for a detailed analysis
of the fourteen conformers of «-D-glucopyranose,
and for determination of the global minima of
the « and # configurations. Input conformations
were measured on models as described above,
and minimisation was considered finished when
the norm of the energy gradient became less
than 10~¢ keal mol™ A1,
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Conformations of D-Glucopyranoses 7

Table 4. Determination of the exocyclic torsions of «-D-glucopyranose, t022, tH16, tH12 and

tHS8, tH4, tH23, in degrees.

tH4 tHS8 tH12 tH16 t022 tH23 Eiorar
179.3 - 62.5 175.7 60.4 179.1 179.9 1.637
179.3 —62.56 175.6 60.6 67.3 -179.6 1.983
179.2 —62.5 175.8 60.4 —60.8 179.8 1.739
179.3 —62.6 64.4 —64.5 179.0 179.9 1.663
179.2 —62.7 64.5 —64.9 67.1 —-179.6 2.042
179.2 —62.7 64.4 —64.5 —60.9 179.8 1.762
179.3 —62.6 64.3 —166.1 -177.1 179.7 2.223
179.3 —62.6 64.2 60.4 179.1 179.9 1.649
179.3 —-62.6 64.4 —64.5 179.0 179.9 1.663
179.3 —62.4 —60.2 60.3 179.1 179.9 1.694
179.3 —62.5 —60.2 —64.6 178.9 179.9 1.690
179.3 —62.5 175.7 60.4 179.1 179.9 1.637
179.3 —-175.9 175.56 60.4 179.1 179.9 1.696
179.2 —169.5 70.8 60.4 179.1 179.9 2.117
179.3 —-175.9 —60.1 60.3 179.1 179.9 1.737
179.3 62.2 175.8 60.4 179.0 179.9 1.766
179.2 62.2 64.3 60.4 179.0 179.9 1.773
179.3 62.2 —60.0 60.4 179.0 179.9 1.828
179.3 —62.56 176.7 60.4 179.1 179.9 1.637
179.3 —62.6 64.2 60.4 179.1 179.9 1.649
179.3 —62.4 —60.2 60.3 179.1 179.9 1.694

63.9 —62.8 175.8 60.4 179.0 179.9 1.811

63.9 -175.9 175.5 60.4 179.0 179.9 1.887
179.3 —62.5 175.7 60.4 179.1 179.9 1.637
179.3 —62.5 175.7 60.4 177.0 64.0 1.688
179.4 —62.56 175.8 60.4 —-179.6 —62.4 1.626
RESULTS ring conformer, e. g. 183, are due to different

Bond lengths and valence angles were found
to be independent of ring conformation. There-
fore it will be sufficient to list endocyeclic
torsions for description of ring conformations.
Results for the fourteen B, C, and S conformers
are shown in Table 3. For each conformer two
sets of torsional angles are given. The first set
designated “init.”, applies to values calculated
from the initial conformation specified by carte-
sian coordinates measured on models; the second
set, “fin.”, applies to the final conformation.

It is clearly seen that C and & conformers
correspond to local minimum energy con-
formations, and that each B conformer during
minimisation changes to one of the two §
conformers which are its nearest neighbours on
the topological map (Fig. 2). The differences
between minimum conformations of the same

Acta Chem. Scand. A 31 (1977) No. 1

exocyclic conformations.

Global minimum of «-D-glucopyranose. Table
3 shows that all § conformers have much
higher energy than C conformers, and that
4C1 has the lowest energy of all. This is in
accordance with crystal structure®” and
NMR 3¢ data. In the following search for the
global minimum, therefore, the ring conformer
4C1 was retained while the exocyclic torsions
were changed from one input to the next.
We still allow all 72 degrees of freedom to relax.

A shorthand for exocyclic torsions is in-
troduced: H4—03-C1-C5, H8 -07—-C5-Cl,
H12-011-C9-C5, H16-015-C13-C9,
022—-C19-C17-C13, and H23-022-C19—
Cl17 will be named tH4, tHS8, tHI12, tHIS6,
t022, and tH23, respectively. A torsional angle
A—-B-C-D is defined through a Newman
projection:
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Table 5. Determination of the exocyclic torsions of §-D-glucopyranose, in degrees.

tH4 tHS8 tH12 tH16 t022 tH23 Eota
—-179.2 —64.4 175.8 60.5 —179.5 —62.4 1.385
62.3 —64.4 175.7 60.5 -179.5 —-62.56 1.407
—-179.3 -175.8 175.6 60.5 —179.5 —62.4 1.364
62.3 —-175.8 175.5 60.5 —-179.5 —62.5 1.401
—64.3 —175.6 175.56 60.5 —-179.5 —62.5 1.523
—-179.3 —-175.8 175.5 60.5 179.2 179.9 1.365
-179.3 —-175.8 1756.5 60.56 177.3 64.1 1.414
-179.3 -175.8 175.6 60.5 -179.5 —62.4 1.364
—179.2 —64.6 64.2 —167.3 —55.2 —62.7 1.922
—-179.2 —64.6 64.3 —64.6 —60.7 179.8 1.494

¢ is the angle through which A —B must be
rotated around B—C to cover C—D when
looking from B towards C; the sign is positive if
the sense of rotation is positive, ¢.e. anti-
clockwise.

With the assumed threefold potential around
a C—0 or C—C bond, any ring conformer will
give rise to 3* = 729 distinct conformations. It
would be futile to minimise all, and the less
favourable conformations must be excluded in
a stepwise way.

A series of test calculations starting with
exocyclic torsions close to the values found in
the crystal phase ¢ and changing tH4 and tHS8
one after the other by +60° gave a series of
local minima.

These tests suggested that it would be ac-
ceptable to consider only first-neighbour exo-
cyclic groups when determining the most
favourable value of a specific exocyclic torsion.
For the following twenty-one calculations a
provisional value for tH4 of 180° was used.

022—-C19-C17-C13. t022 is primarily
influenced by tH16. For tH16 = — 60° a sterical-
ly unfavourable situation occurs for tH12 = 180°.
This led us to choose the first set of six runs
shown in Table 4. It is seen that tO22=180° is
most favourable.

H16—-015—-C13—C9. tH8 was fixed at — 60°
to influence tH12 as little as possible. The second
set of six runs in Table 4 shows that tH16 = 60°
is the best choice.

H8—-07-C5—-C1 and H12-011-C9-C0C5.
For tH8 and tH12 all nine possibilities were
investigated, as shown in the third set of Table 4.
tH8= —60° and tH12=180° were selected.

H4—-03-C1-C5. tH4= —60° is sterically
unfavourable, but the possibility of tH4=60°
can be excluded only on inspection of the two
next runs. Therefore tH4=180° is still pre-
ferred.

H23—-022—-C19—-C17. The three last runs
lead to the conclusion that tH23= — 60° in the
global minimum of «-D-glucopyranose.

Fig. 3. Global minima of glucopyranoses drawn by ORTEP. Left: x-D-glucopyranose; right:

B-D-glucopyranose.

Acta Chem. Scand. A 31 (1977) No. 1



Conformations of D-Glucopyranoses 9

Table 6. Crystal structure data and calculated global minima conformations. For bonds and bond angles
are shown: deviations, mean deviations and mean square root deviations; for torsions: absolute deviations
and mean square root deviations. Experimental standard deviations are given in parentheses.

a-D-Glucopyranose B-D-Glucopyranose
Neutrondiff.¢ Cale. Cale.— X-ray diff.? Cale. Cale—
meas. meas.

Bond lengths, A
Cl1-03 1.389(2) 1.425 0.036 1.384(4) 1.423 0.039
Cl1-H2 1.095(4) 1.091 —0.004 1.092
Cl1-C5 1.532(1) 1.530 —0.002 1.526(5) 1.528 0.002
03—-H4 0.968(5) 0.971 0.003 0.971
C5—07 1.415(2) 1.425 0.010 1.429(4) 1.425 —0.004
C5—-H6 1.091(4) 1.092 0.001 1.092
C6—C9 1.528(2) 1.527 -0.001 1.519(4) 1.529 0.010
07-HS8 0.964(5) 0.971 0.007 0.971
C9-011 1.416(2) 1.425 0.009 1.433(5) 1.425 —0.008
C9—-HI10 1.107(4) 1.092 —0.015 1.092
C9—-C13 1.518(2) 1.631 0.013 1.512(4) 1.531 0.019
Ol1-H12 0.973(4) 0.971 -0.002 0.971
Cl13-0156 1.425(2) 1.426 0.001 1.419(4) 1.426 0.007
C13—-HI14 1.102(3) 1.091 —0.011 1.091
C13-C17 1.629(1) 1.533 0.004 1.529(5) 1.532 0.003
015—-H16 0.971(4) 0.971 0.000 0.971
Cl17-C19 1.510(2) 1.5629 0.019 1.5613(5) 1.629 0.016
C17—-H18 1.104(4) 1.092 —~0.012 1.092
C17—-024 1.427(2) 1.430 0.003 1.437(3) 1.428 —0.009
C19—-022 1.413(2) 1.424 0.011 1.419(5) 1.424 0.005
C19—-H20 1.095(4) 1.091 - 0.004 1.091
Cl19-H21 1.096(5) 1.091 —0.005 1.091
022—-H23 0.964(5) 0.971 0.007 0.971
Cl-024 1.425(2) 1.429 0.004 1.433(3) 1.428 —0.0056
Mean dev. 0.003 0.006
Mean s8q. rt. dev. 0.011 0.014
Bond angles, °
03-Cl-H2 112.0(0.2) 108.7 -3.3 108.8
03-C1-Cb 109.4(0.1) 110.5 1.1 108.1(0.3) 109.3 1.2
Cl1—-03-H4 107.8(0.3) 110.7 2.9 110.7
03-Cl1-024 111.6(0.1) 110.6 -1.0 107.0(0.3) 109.0 2.0
H2-C1-C5 108.9(0.2) 108.8 -0.1 109.6
H2-Cl1-024 104.8(0.2) 108.0 3.2 109.9
Cl1-C5-07 111.0(0.1) 110.2 -0.8 108.5(0.3) 109.1 0.6
Cl1-C5—H6 107.0(0.2) 109.2 2.2 109.2
C1-C5—-C9 111.0(0.1) 110.0 -10 112.1(0.3) 109.6 —-2.5
C5—C1-024 110.1(0.1) 110.2 0.1 108.5(0.2) 110.1 1.6
07—-C5—H6 107.4(0.2) - 109.0 1.6 109.3
07-C5—-C9 112.1(0.1) 109.4 -27 109.8(0.3) 110.1 0.3
C5—07—HS8 112.2(0.2) 111.0 -1.2 111.2
H6—-C56—-C9 108.1(0.2) 109.1 1.0 109.7
C5—C9—011 108.1(0.1) 109.0 0.9 108.7(0.3) 109.2 0.5
C5—C9—-HI10 109.7(0.2) 109.4 -0.3 109.3
C5—-C9~C13 109.8(0.1) 109.1 -0.7 110.5(0.3) 109.3 —-1.2
011-C9—-H10 109.8(0.2) 109.3 —-0.5 109.3
011-C9-C13 110.6(0.1) 110.1 —0.5 109.1(0.3) 109.9 0.8
C9—-011-H12 112.1(0.2) 111.2 -0.9 111.2
H10-C9-C13 108.8(0.2) 110.0 1.2 109.9
C9—C13-016 108.3(0.1)  110.2 1.9 111.1(0.3) - 110.2 —0.9
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Table 6. Continued.

C9—-C13—-H14 108.3(0.2) 109.0 0.7 108.9
C9-C13-C17 111.2(0.1) 109.8 —1.4 109.8(0.2) 109.8 0.0
015—-C13—-H14 109.8(0.2) 108.3 —-1.6 108.3
015-C13—-C17 110.9(0.1) 110.4 -0.5 108.2(0.2) 110.4 2.2
C13—-015—H16 107.0(0.3) 111.5 4.5 111.5
H14-C13-C17 108.3(0.2) 109.2 0.9 109.2
C13—C17-C19 111.6(0.1) 110.4 -1.2 114.9(0.2) 110.5 —4.4
C13—C17—-H18 109.8(0.2) 109.4 —0.4 109.5
C13—-C17-024 108.7(0.1) 110.2 1.6 107.6(0.2) 109.8 2.2
Cl19—-C17—-H18 109.0(0.2) 108.6 —0.6 108.7
C19—-C17~- 024 108.1(0.1) 108.8 0.7 107.1(0.3) 108.9 1.8
C17-C19—-022 110.4(0.1) 110.6 0.1 111.9(0.3) 110.5 —-1.4
C17—-C19—-H20 109.0(0.3) 109.6 0.6 109.6
C17-Cl19-—-H21 109.0(0.3) 110.1 1.1 110.1
H18-C17—-024 109.6(0.2) 109.6 -0.1 109.4
C17—024—C1 113.8(0.1) 113.4 —0.4 112.7(0.2) 112.6 -0.1
022—-C19—H20 110.1(0.2) 108.7 —-1.4 108.7
022--C19—~H21 110.5(0.3) 109.2 -1.3 109.2
C19—-022—-H23 107.7(0.3) 111.0 3.3 111.0
H20-C19—-H21 107.9(0.4) 108.7 0.8 108.7

Mean dev. 0.2 0.2
Mean 8q. rt. dev. 1.6 1.8

|¢calc_ I‘ﬁcalc—
) ) Pmeas) Prmeas|

Endocyeclic torsions,®

024—-C1—-C5—-C9 —54.1(0.2) —57.0 2.9 —53.7(0.3) —57.8 4.1
Cl1-C5—-C9—-C13 51.2(0.1) 55.4 4.2 50.8(0.4) 54.8 4.0
C5—-C9-C13-C17 —53.2(0.1) —b55.4 2.2 —53.4(0.4) —54.8 1.4
C9—C13-Cl17—-024 57.5(0.2) 57.0 0.6 59.8(0.3) 57.4 2.4
C13—-C17-024—-C1 —62.2(0.2) —60.3 1.9 — 66.3(0.3) —61.8 4.5
C17-024—-C1-C5 61.0(0.2) 60.3 0.7 62.8(0.3) 62.1 0.7
Mean sq. rt. dev. 2.4 i 3.2

Hybrid torsions,®

024—-C1-C5—-07 —179.6(0.2) —177.7 1.9 —175.0(0.2) ~178.2 3.2
Cl1-C5—C9—-011 172.0(0.1) 175.6 3.6 170.5(0.3) 175.0 4.5
C5—C9—-C13-015 —175.3(0.1) —177.1 1.8 —173.1(0.3) —176.6 3.5
C9-C13-C17-C19 176.6(0.1) 177.2 0.6 179.0(0.3) 177.5 1.5
C17—-024—-C1-03 —60.6(0.1) —62.2 1.6 179.4(0.2) —177.9 2.7
Mean sq. rt. dev. 2.1 3.2
Exoeyeclic torsions,®

H4-03-C1-Cb 163.1(0.3) 179.4 16.3 -179.3
H8—-07-C5—Cl1 100.4(0.2) —62.5 162.9 —175.8
H12—-011-C9-C5 165.9(0.3) 175.8 9.9 175.6
H16—-015—-C13—-C9 —134.2(0.2) 60.4 165.4 . 60.5
022-C19-C17—-C13 170.3(0.1) —179.6 10.1 59.1(0.4) —179.5 121.4
H23-022-C19-C17 143.9(0.2) —62.4 153.7 —62.4

Mean sq. rt. dev. 114.0
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Global minimum of PB-D-glucose. B-D-Gluco-
pyranose differs from the a« form only in the
configuration around the anomeric centre at
C1. We determined the global minimum of the
4C1 conformer of the p anomer by variation of
tH4 for two values of tH8, and of tH23. This
led to the first eight of ten runs shown in Table
5. The first run corresponds to the global
minimum of the «-anomer, except of course for
the anomeric centre. For the two last runs input
coordinates were taken from crystal structure
data.b®

The internal coordinates of the global minima
are given in Table 6. Computer-produced model
drawings are shown in Fig. 3. Cartesian coor-
dinates may be obtained from the authors.

DISCUSSION

Comparison with crystal structure analyses.
Table 6 shows a comparison of our results with
data from one crystal structure determination
for each anomer. Only one, the neutron diffrac-
tion study of the a-anomer by Brown and Levy,®
gives reliable values for hydrogen positions and
internal coordinates dependent thereon. This
study was carried through to an R value of
0.060. The X.-ray diffraction structure of the 1:1
complex of a-D-glucopyranose with urea ” was
refined to R=10.041. The older X-ray diffraction
study of the B-anomer® is not extremely ac-
curate, B ~0.25; the more recent one® was
refined to R=0.043. For both anomers, we thus
have good experimental structures for com-
parison.

We transformed all fractional coordinates to
cartesians, from which we calculated the in-
ternal coordinates including the standard
deviations. These operations were done with
a programme supplied by Professor John A.
Schellman, University of Oregon, and modified
by Dr. Svetozar R. Niketié, University of
Beograd.

For bond lengths and valence angles our cal-
culated values are in good agreement with the
experimental values, with the length of the
anomeric bond C1—03 as a notable exception.

Endocyclic and hybrid torsional angles are
well reproduced, exocyclic not. This is under-
standable since the orientations of the side-
groups depend very much on crystal forces,
which are not taken into account in our method.

Acta Chem. Scand. A 31 (1977) No. 1
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The anomeric effect. An abnormally short
C1—-03bond was observed in the earliest struc-
ture determinations of pyranose.® Berman et al.
showed in a compilation *? that this anomeric
property is common to the whole class of
substances. The term ‘‘anomeric effect’’ is due
to Lemieux * who defined it as an effect favour-
ing axial orientation for certain substituents
on the anomeric carbon atom.

Ab initio calculations on model substances 2
suggest that the relatively electronegative 024
has attracted electronic charge from C1, de-
populating a Cl 2p orbital, and thus forced a
measure of double bond character upon the
C1-03 bond.

In the context of our calculations, the ano-
meric effect does not show up at all. This means
that our force field, in order to reproduce it,
would have to supply different energy function
parameters for at least the Cl1—O3 bond.
Although this would be a minor task with our
programme, we have refrained from it, because
we intend to proceed to more complex molecules
involving glycosidic linkages. It is known ** that
glycosidic substituents modify the anomeric
effect markedly, and we prefer to handle the
inconsistency in a larger context.

Distribution of potential energy. The contribu-
tions to the energy from bond and angle de-
formations, and torsional and non-bonded in-
teractions, vary from one conformer to another
in an unsystematic manner, even within the
same basic ring conformer. This is borne out
by data in Table 3. The explanation is that
any strain introduced by & local change of
geometry will, during relaxation, be distri-
buted on all energy terms. This emphasizes the
necessity of allowing for relaxation of all
degrees of freedom. This is not always observed
in similar work, where bonds and often even
angles are kept fixed.

The manifold of minima. With any C and 8
ring conformer there is associated a multitude
of local energy minimum conformations, corre-
sponding to different values of exocyclic tor-
sional angles. They lie close on the energy scale,
characteristically less than 1 keal mol™ apart;
for 4C1, e.g., the basic ring conformer studied
in greatest detail, the largest energy difference
between local minima encountered was 0.60
kecal mol™. At equilibrium, therefore, the local
minima would be almost equally populated.



12 Kildeby, Melberg and Rasmussen

The saddle points between them would be of
the order of the torsional potential height,
1.6 or 2.4 kcal mol—? (Table 1) and, at ordinary
temperature, the equilibrium would be quickly
established. Therefore each basic ring conformer
represents almost a continuum of conforma-
tions, and the same statistical weight can thus
be assigned to each basic ring conformer.

Equilibrium distributions. The S conformers
of «-D-glucopyranose have 6—9 kcal mol™?
higher energies than the global minimum (Tables
3 and 4), and will therefore not be populated at
ordinary temperature. The energy difference
between the two C conformers, 1C4 and 4C1,
will be of the order of 2 keal mol™. The precise
value cannot be given, as the most favourable
exocyclic torsions were not determined for the
104 conformer. Neglecting a change in volume
arising from a change of conformer from 1C4 to
4C1, the enthalpy difference equals the energy
difference. Any entropy difference would arise
from differences in the vibrations of lowest
frequencies and from differences in moments of
inertia. These differences are assumed to be
small (in aqueous solution the rotational term
is largely quenched), and the entropy difference
therefore negligible. We can then equate free
enthalpy difference with energy difference. As
the two conformers are given the same statistical
weight, the equilibrium ratio of 104 to 4C1 will
be ~1:25. Presumably this holds also for the
B anomer, and both anomers will to a good
approximation be represented by their 4C1
conformers. Therefore the free enthalpy differ-
ence between the two anomers will be 0.262
keal mol™?, and their equilibrium ratio at 300
K will be a : $=0.39 : 0.61. This should be com-
pared with kinetic and NMR studies 2%*4 which
show a ratio of « : #=0.36 : 0.64.

Comparison with earlier calculations. As men-
tioned before, our calculations seem to be the
first to include relaxation of all degrees of
freedom, which is imperative for attainment
of minimum energy conformation. Also in
other respects, earlier investigations employed
methods basically different from ours. The most
serious difference was the introduction of an
extra energy term for the anomeric effect in
order to improve specifically the agreement
with experimentally derived free enthalpies.
With this addition Angyal ** and Vijayalakshmi
and Rao 12 were able to calculate «: 8 equilibrium

ratios of 0.36 : 0.64 and 0.38 : 0.62, respectively.
To avoid circular argument, we did not use such
adjustment.

CONCLUSIONS

We have calculated equilibrium conforma-
tions of «- and B-D-glucopyranoses by truly
convergent energy minimisation using a simple
force field with parameters adapted from
studies of different classes of compounds.

The simple force field cannot reproduce the
anomeric effect, but does give the correct
anomer distribution at equilibrium.

Calculated ring geometries conform to those
found in crystal structure analysis, but orienta-
tions of side chains do not. This is due to a basic
limitation in our approach, which at present
can handle only isolated molecules. The ex-
tension of our programme to treat crystal
structures is a major project, which has now
been initiated.

The force field used here will be employed and
augmented in studies of glycosidic linkages and
other substitutions of pyranose rings.

An optimisation procedure for fitting energy
function parameters simultaneously to con-
formations and vibrational spectra determined
experimentally is being developed.
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Photoelectron Spectra of Some Simple Push-pull Ethylenes
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The photoelectron spectra of a number of
push-pull ethylenes with alkylthio, alkylseleno,
and dialkylamino groups as electron donors
and cyano groups as electron acceptors have
been studied together with those of some simpler
reference compounds containing either the
donor or the acceptor groups. Band assignments
have been made utilizing qualitative orbital
interaction schemes, symmetry arguments,
and CNDO/2 calculations. The band with
lowest IP in all cases is ascribed to a delocalized
n-orbital, and the second band in the molecules
with donor groups to the antisymmetric combi-
nation of the donor atom p, orbitals. The effect
of ring size when the donor atoms are included
in cyclic systems is also discussed.

The powerful stabilizing influence of donor and
acceptor groups interacting across a carbon-pi-
framework, which has been termed the push-
pull effect, was elegantly demonstrated when
Gompper and Seybold ! succeeded in preparing
a stable push-pull substituted cyclobutadiene.

Doubly push-pull substituted ethylenes in
which at least one acceptor group is a cyano
function and the donor groups contain sulfur,
selenium or nitrogen atoms (1) are convenient
models for studies of the push-pull effect.
These compounds are readily accessible, and
the substituents are well suited for the push-pull
interaction.

NC B
NEZ A=CN, CO,R, CONR,, COR
(2)C=C(1)
PN B=SR, SeR, NR,
A
1

The push-pull interaction in I has been
evidenced by several previous investigations
of their static (UV-? and IR-spectra ®* and

dipole moments *) and dynamic physical pro-
perties (activation barriers for internal rota-
tions).*® Also the chemical properties reflect
this interaction. Thus the central double bond
undergoes neither oxidation nor reduction under
mild conditions.’ Nucleophiles attack at C(1) *°
and electrophiles at C(2) 1! and in both cases
the reaction course leads to substitution rather
than to addition showing the resistence toward
disruption of the push-pull system.

In order to obtain further information about
the effect of push-pull substituents on the
electronic structure, and especially on basis
orbital participation in the molecular orbitals,
photoelectron spectra (PES) of a number of
simple push-pull ethylenes have been studied
(I-1IX).

H CN H,C CN
AN / AN /7
C=C C=C
/ AN / AN
H CN H,C CN
I I1
H,C SCH, NC SCH,
AN /
C=C C=C
N / AN
H,C SCH, NC SCH,
III v
NC S NC SeCH,
N N /
\C =C (CH,), C=C
/ AN
NC NC SeCH,
A% VI
a, n=3
b, n=2
c, n=1
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NC Se—CH, NC N(CH,),
N / AN
C=C C=C
/ AN AN
N C Se— C 2 NC N(CHa)a
VII VIII
L
NC N
AN 7 N\
C=C (CH,), H SCH,
7/
NC N Cc=C
é 7 AN
H, H SCH,
IX X
a, n= 2
b, n=3

H N(CH,),
N, /7
Cc=C

AN
H N(CH,),
XI
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eV for well defined peaks and +0.1 eV for
broad bands.

CNDO|2 calculations. These have been per-
formed without d-orbitals for sulfur, using
a revised version 3! of the original program.s
No calculations have been performed on the
selenium compounds. The geometries of all
systems treated except those of Vb and Ve
are given in Ref. 5. The geometry of the dithi-
olane ring in Vb is assumed to be the same as
in ethylene trithiocarbonate,®® where it is
somewhat twisted, and the geomtery of the
dithietane ring in Ve is taken from the structure
of an adduct from 3-diazobutanone and carbon
disulfide.?* The (NC),C=CX, part of the mole-
cules are placed in the XY plane.

RESULTS AND DISCUSSION

The schematic molecular orbital diagram
for the combination of the n orbitals of a 1,1-
dicyanoethylene moiety and the p, orbitals
of the donor atoms (Fig. 1) is used as a basis
for the following discussion.

/S
(NC),C =C(SCH,),

The compounds chosen are a series of 1,1-
dicyanoethylenes with sulfur (IV and V),
selenium (VI and VII) or nitrogen (VIII and
IX) atoms as electron donors. For comparison,
two 1,1-dicyanocethylenes (I and II) and one
1,1-bismethylthioethylene (III) have also been
studied. Bock et al.}* have recently described
and interpreted the PES of some ethylenes with
alkoxy, alkylthio, and dimethylamino substit-
uents, and these form a suitable series of
reference compounds for our study.

EXPERIMENTAL

Preparative part. All compounds have been
prepared by literature methods: I,'® IT,'* III,'®
IV,* Va,® Vb, Ve,* VLY VILY VIIL!® IXa
and IXb.S

Instrument part. The spectra were obtained
with a photoelectron spectrometer with a mag-
netic electron-energy analyzer, which has been
described elsewhere.'®>*® The samples were
heated to give a pressure of 1.3 Pa, and the
temperature (°C) of the heating flange at this
point for the different samples was: 1:53; I1:19;
I11:19; IV:90; Va:100; Vb:160; Vc:102; VI:65;
VII:101; VIII:131; IXa:167; IXb:100.

Calibration was carried out with the Py, and
P, peaks of argon and xenon. The experi-
mental values quoted relate to vertical ioniza-
tion potentials and have an accuracy of +0.05

Acta Chem. Scand. A 31 (1977) No. 1

eV (NC),C = CH, \§_
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a2f - +2
+1 +1
-10 n. n, 1 -10

BT

-20 | 4-20

=25 I -25

Fig. 1. Molecular orbital diagram for the = orbi-
tals of (NC),C=CX,.
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Compounds I—III have been studied as
reference systems. The PES of cis- and trans-1,2-
dicyanoethylene have been analyzed by Bock
and Stafast.® Both compounds show a first
peak typical of ionization from a =-orbital at
11.15 eV, t.e. with somewhat higher IP than
the =-orbital in ethylene (10.51 eV?®). The
coupling of the C=N and C=C =-orbitals
alone should raise the highest occupied MO
(HOMO); but charge displacement to the cyano
groups and interaction with the LFMO of the
cyano groups will lower the C=C =-orbital,
and the net result is a lowering of the HOMO.
The same effect is observed in I, though the
coupling here is less efficient since it results in
cross-conjugation. Its PES displays a first peak
at 11.29 eV with a short progression of spacings
of ca 1400 cm™, indicating ionization from
a m-orbital mainly localized in the C=C bond.
According to the calculations, this orbital is
an antibonding combination of the bonding
C=C a=n-orbital and the symmetric C=N p,
orbital combination with the largest contribu-
tion from the C=C bond. The following peak,
centered at 13.5 eV, is quite broad and probably
contains several ionizations. After the present
work was concluded, the PES of I was pub-
lished ** with essentially the samie interpreta-

[
1000F  NC\ SMe
/S5
NC SMe
c/s
1 L A '} 'l Jd
8 9 10 11 12 13 14 15 16 17 18 19 20 eV
{
1000}~ NC S—CH,
> =c/ 2
NC \S—CH,
cls
soof
] 1 1 1 1 L
8 9 10 N 12 13 14 15 16 17 18 19 20 eV

tion as the one given above.

The PES of II is rather similar to that of I,
only with the first peak appearing at 10.21
oV. This difference can be ascribed to the induec-
tive and hyperconjugative effect of the methyl
groups, in agreement with calculations.

1,1-Bismethylthio-2-methylpropene (IIl) dis-
plays four well resolved peaks at 8.12, 8.77
(sharp), 9.84, and 10.66 eV, followed by a group
of strongly overlapping bands. The spectrum
is rather similar to that of 1,1-bismethyl-
thioethylene * (X), and the interpretation of
the first two peaks is the same as that given
by Bock et al.® The first peak is ascribed to
ionization from a m-orbital, which is an anti-
bonding combination of the C=C =x-orbital
and the symmetric combination of the sulfur
p; orbitals, the second peak to the asymmetric
combination of the sulfur p, orbitals, and the
fourth peak to the bonding combination of
these orbitals. The first of these orbitals is
referred to in the following as x,, the second
as n_, and the third as n,. The difference of
1.89 eV between n._ and n, is then a measure
of the interaction between the sulfur p, orbitals
and the C=C =-orbitals. The different effect
of methyl substitution in the dicyanoethylenes
and bismethylthioethylenes is worth noticing.

1000} NC S
NCHS :> /

cls P/‘V

500f

—k 1 ' 1 1 L

89 10 W 12 13 14 15 16 17 18 19 20eV
ooo‘ NC. S
l -

N s
cs
sool V\M

1 i 1 1 1
8 9 10 1 12 13 14 15 16 17 18 19 20eV

Fig. 2. UV photoelectron spectra of IV, Va, Vb, and Ve.
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In the first set of compounds, two methyl
groups lower the IP of the highest x-orbital
with ca. 1.1 eV, whereas in the methylthio
compounds the two first bands are virtually
unaffected by methyl substitution. This is
in agreement with simple perturbation argu-
ments based on the energy differences between
the interacting groups.?®

The PES of 1,1-bismethylthio-2,2-dicyano-
ethylene (IV) displays three resolved bands
at 9.16, 9.89 (sharp), and 10.20 eV followed
by a series of overlapping bands (Fig. 2).
Symmetry arguments, the shape of the band,
and the calculations all agree in assigning the
first band to ionization from an antibonding
combination of the =, orbital in the S;C=C
part and the symmetric combination of the
p, orbitals in the CN groups (Fig. 1), and the
second band to the n_ orbital. The third band
is according to the calculations ascribed to a
c-orbital with strong contribution from the
sulfur atoms. The introduction of sulfur lowers
the =, IP in IV relative to that in II by 1.05
eV.

The six-membered cyclic analog Va has
a spectrum rather similar to that of IV, the
main difference being a shift of the second
band by 0.14 eV to higher IP. The five-mem-
bered analog Vb has a higher IP for the third
band (11.55 eV) and shows a barely resolved
vibrational structure in the first band with
a spacing of ca 1200 cm™, which is reasonable
for ionization from an orbital with considerable
C=C bond character. The IR spectrum of
Vb has a strong band at 1480 cm™, which is
assigned to a vibration dominated by C=C
stretching.?

The first band in the spectrum of the com-
pound with the four-membered ring, Ve, shows

Photoelectron Spectra of Ethylenes 17,

a clear vibrational structure with a spacing
of 1250 cm™. The corresponding IR band
appears at 1505 cm™ and has more C=C
stretching character than the analogous bands
in Vb.® The lack of fine structure in the first
band in IV and Va may be due to flexibility
and the existence of several conformers. It
has been shown by dipole moment measure-
ments that IV exists as an equilibrium mixture
of the Z,Z, the E,Z, and possibly also the E,E
conformations.®

The second band of Ve is sharper than in any
of the analogous compounds, indicating ioniza-
tion from an orbital with insignificant bonding
character. Its IP is also higher (10.50 eV)
than in IV, Va and Vb (9.89—10.03 eV).
In the latter compounds the nm_ orbital can
interact in an antibonding fashion with the
antisymmetric combination of the 2p, orbitals
on the neighbouring carbon atoms, and to some
extent also with combinations of the hydrogen
1s orbitals of suitable symmetry, which raises
the energy of the n_ orbitals in these com-
pounds. Such interactions are demonstrated by
the CNDO/2 calculations. In an alternative but
equivalent description n_ interacts with com-
binations of the C—H bond orbitals of suitable
symmetry. In Ve the atoms of the CH, group
are in the nodal plane of the n_ orbital and no
interaction is possible, which probably accounts
for the high IP.

The seleno compounds VI and VII have
spectra rather similar to those of the sulfur
analogs (Fig. 3), but with lower IP:s of the three
first bands, which are assigned similarly, 7.e.
75, N, and Gc_ge, respectively. This reflects the
difference in IP of the sulfur and selenium atoms
(IP for S(3P,): 10.35 eV, for Se(*P,): 9.75 eV ).2®
The first band is shifted 0.31 eV from IV to

1000~ NC: :SeMe 1000 NC Se
NC SeMe NC>=<Se]
¢/s A cfs
500} \w ‘/.,J 500}
1 L 1 1 1 i I 1 1 1 ] 1 >
8 9 10 1N 12 13 14 15 16 17 18 19 20eV 8 9 10 N 12 13 14 15 16 17 18 19 20eV

Fig. 3. UV photoelectron spectra of VI and VIL.
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VI, and 0.06 eV from Vb to VII. For the second
band the corresponding shifts are 0.50 and
0.40 eV and the third band 0.47 and 0.40 eV,
respectively. The larger shifts for the second
and third band are in agreement with ioniza-
tion from orbitals with dominating S(Se)
character. In Vb and VII non-planarity of the
ring causes some mixing of the S(Se) outer-
shell p, orbitals with other orbitals. This
diminishes the proportion of S(Se) basis orbitals
in the first two molecular orbitals relative to
the non-cyclic analogs IV and VI, which pro-
bably accounts for the smaller effect of replace-
ment of sulfur by selenium in the cyclic com-
pounds. It may also explain the differences in
intensities of the z, bands in VI and VII.
The areas of the first two bands in VI are almost
equal, suggesting a considerable mixing of the
Se p, and C=C = orbitals.

In the spectra of the 1,1-dicyano-2,2-diamino
compounds VIII, IXa and IXb (Fig. 4), two
bands appear at low IP, followed by a system
of poorly resolved bands above 11 eV. In VIII
and also in IXb the second band is sharper than
the first, but both bands are considerably
broader than the first two bands in the sulfur
and selenium analogs.

) 4
1 - C Me 100
000 Semc? 0
NC \MQ
¢/s c/s
500 500,

NS | [

The assignment is analogous to the one given
for the compounds IV to VII, in agreement with
calculations and also with the analysis of the
PES of 1,1-bisdimethylaminoethylene (XI)
given by Bock et al.!* Also in this case intro-
duction of the cyano groups causes a lowering
of the two highest orbitals (Table 1). This
effect, however, is not brought out by the calcu-
lations, which may be ascribed to a general
tendency of the CNDO/2 methol to underesti-
mate the electron-withdrawing effect of cyano
groups.®:! The experimental IP:s for the first
band are 7.5 eV for XI and 8.21 for VIII, and
the calculated values are 10.49 versus 10.14 eV.
For the second band, at 8.2 eV for XI and at
9.17 eV for VIII, the calculated wvalues of
11.77 and 12.14 eV fall in the right order, but
the difference is strongly underestimated.

The conformations of the diamines VIII,
IXa and IXb are rather different. As discussed
before,® the dimethylamino groups in VIII,
and also in XI, cannot be in the molecular
plane for steric reasons but are probably twisted
around the =C~—N bond by an angle of ca. 20°
in the same sense. In IXa and IXb the amino
trigonal planes and double bond plane are
probably much more coincident, as evidenced

NmC, _ /N(CHy),
/
N=C \N(CHJ’Z

W

g

L ' 1 il 1 'l . 1
10 1 12 13 14 15 16 17 18 19 20 21 eV 7 8 9 10 W 12 13 W% 15 16 17 18 19ev
'fe
1000F CHa\ _ /SCHy 1000F NC_ N
CHy/ \SCH, NCHN]
c/s c/s h'de
500 500 /f
Mseen
L 1 A i Il [l 1 1 1 L 1
7 8 9 10 N 12 13 14 15 16 17 BeV 7 8 9 10 1 12 13 1 15 16 17 18 YeV

Fig. 4. UV photoelectron spectra of II, III, VIII, and IXa.
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Table 1. Experimental and calculated ionization potentials together with band assignments.

Compound IP (exp) eV IP (calc) eV Orbital type
I 11.29 (1400 cm™) 14.10 n (B,)
13.0 15.92 o (By)
II 10.21 (1100 em™) 12.52 " & (By)
12.23 15.16 o (B;)
III 8.12 10.58 x (By)
8.74 11.98 n_ (Ay)
9.54 11.98 o
10.66 13.08 ny
v 9.16 11.15 x (Bs)
9.89 12.70 n_ (Ay)
11.20 12.71 o
. 12.02 13.30 4
Va 9.18 11.38 n (By)
10.03 11.83 n. (4,)
11.39 12.34 o
12.35 13.27 o
Vb 8.88 (1200 cm™) 11.26 7 (By)
9.94 12.66 n_ (4,)
11.56 12.76 a
12.16 13.97 '
Ve 9.08 (1250 cm™) 11.51 % (Bs)
10.50 12.99 n. (4,)
11.92 11.51 ]
12.1 14.568 '
VI 8.85 n (B,)
9.39 n_ (Ay)
10.73
11.59
VII 8.82 n (By)
9.54 n_ (A,)
11.15
11.63 .
VIII 8.21 10.15 % (By)
9.17 12.14 n_(4,)
11.04 13.90 g
11.29 14.03 4
IXa 8.20 9.81 x (B;)
9.51 12.73 n_ (A,)
11.47 13.78 o
11.88 14.35 o
IXb 8.11 9.73 % (By)
9.33 12.86 n_ (A,)
11.26 12.59 o
X 8.24 11.42 7(Bs)
8.8¢4 12.19 n. (A,)
XI 7.58 10.49 x (By)
8.24 11.77 n. (A4,)
10.3¢ 14.51 o
12.5¢ 14.59 o

2 From Ref. 12.

by an X-ray crystallographic study of an analog
of IXa.** This conformational difference has
only a very small effect on the first band and
more important effects on the second band.

Acta Chem, Scand. A 31 (1977) No. 1

The low IP of the latter band in VIII may be
due to an antibonding interaction of the n._
orbital with a combination of N —C(H,) bond
orbitals of the right symmetry. Such an effect
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is also indicated by the calculations.

The general broadness of PES ‘lone pair”
bands in compounds containing nitrogen com-
pared to those of analogous sulfur compounds
may be attributed to a generally more bonding
character of nitrogen ¢‘lone pairs’”, which
reflects the better overlaps between carbon and
nitrogen orbitals than between carbon and
sulphur orbitals (Figs. 2 and 4).

Conclusion. The experimental IP’s show that
the position of the =, orbital is greatly affected
by substituents. Replacement of H by CN
results in an increase in the =, IP of 1—-1.3
eV. For the series (CN),C=CX, the lowering
of the =, IP relative to X =H (4IP)is:

SCH; SeCH; N(CH,),
2.1 2.4 3.1

The replacement of two methyl groups bonded
to X by (CH,),, where n=1-3, has com-
paratively little effect on the =, energy. The
series given above may be taken as a measure
of relative donor efficiency toward a carbon =
system. The same order of donor efficiency of
CH,S and CH,Se has previously been suggested
on the basis of force constants.*

The calculated electron distribution in =,
is in good agreement with reactivity data,
which show C,, X, and the cyano nitrogen atom
to be centra of reactivity towards electro-
philes.11,%
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Rare Earth Carboxylates. 26. The Geometry of the Mononuclear

Tris(oxydiacetato)cerate(III) Complex in the Solid State

JORGEN ALBERTSSON and INGA ELDING

Inorganic Chemistry and Physical Chemistry 1, Chemical Center, University of Lund, P.0.B. 740, S-220 07

Lund 7, Sweden

The crystal structure of the compound
Na,[Ce(C,H,04);].2NaCl0,.6H,0 has been de-
termined at 123, 163, and 295 K using X-ray
intensity data collected with a four-circle
single crystal diffractometer. The space group
is R32 with Z=3. The unit cell dimensions are
a=19.805(1) and ¢ = 28.545(1)A at 295 K. Layers,
parallel to the ab-plane, containing the tris(oxy-
diacetato)cerate(IIl) complexes and the per-
chlorate ions, interspaced with layers containin,
the water molecules and the sodium ions buil
up the structure. A slightly distorted tricapped
trigonal prism of carboxylate and ether oxygen
atoms surrounds the nine-coordinated cerium
ion. The geometry of the complex is compared
to the geometry of the tris(oxydiacetato)cerate-
(III) complex in the triclinic compound
Na,[Ce(CH 0;):].9H,0.

In a not too diluted water solution containing
the trivalent cerium ion and the tridentate
ligand oxydiacetate in the molar ratio 1:3, the
predominant speciesis the tris(oxydiacetato)-
cerate(III) complex.! Solution X-ray diffrac-
tion has shown that nine donor oxygen atoms
forming a tricapped trigonal prism (TCTP)
surround the lanthanoid ion.? The symmetry of
the complex in water solution is D;. The distor-
tion of the coordination polyhedron from the
Dy, symmetry of a regular TCTP depends on
ligand constraints which cause the triangular
faces to be slightly rotated relative to one
another.?

The sodium salts of the tris(oxydiacetato)-
cerate(III) complex can be prepared by slow
evaporation of a water solution at room tem-
perature. In the simple sodium salt, the tri-
clinic Na,[Ce(CH,0;);].9H,0 (TCD@G), the sym-
metry of the complex ion is degraded to C,

Acta Chem, Scand. A 31 (1977) No. 1

by the packing forces.* The most predominant
of these forces are the coordination of the outer
carboxylate oxygen atoms to the sodium ions
and the hydrogen bonds between the water
molecules and both the outer and inner carbox-
ylate oxygen atoms of the complex.® However,

if sodium perchlorate is present in the mother

liquor, ‘a double salt, the trigonal Na,-
[Ce(C,H,O;);].2NaClO,.6H,0 (CDG), is formed,?
in which the complex retains the D, symmetry
in the solid state.

The present investigation aims at comparing
the geometry of the tris(oxydiacetato)cerate-
(III) complex in the triclinic and the trigonal
phases. The results of both X-ray and neutron
diffraction studies on the triclinic TCDG-
phase have been published previously,* as
well as the results of X-ray studies on the tri-
gonal “CDG-phase’” formed by the lantha-
noid ions neodymium(III), gadolinium(III),
and ytterbium(III).»® To obtain the actual
bond distances and bond angles in CDG, we
have now investigated this compound with
X.-ray diffractometry. Due to the potential
low temperature applications of CDG as a
magnetic coolant and thermometer ? the effect
of cooling on the structure was also investigated
by collecting data at 123 and 163 K besides
room temperature, 295 K.

EXPERIMENTAL

Data collection. Crystals of CDG were prepared
as described in Ref. 6. Table 1 gives information
concerning the collection and reduction of the
intensity data sets and the refinements based
on them. The method employed in the data
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Table 1. Data collection and reduction of CDG. The least-squares refinements.

Crystal 1

Crystal 2

Crystal size (mm3)
Radiation

0.09 0.11x 0.17
Graphite monochromated CuK«

0.05x 0.09x 0.10
Graphite monochromated CuKo

w-Interval (°) (w—20 scan) 0.804-0.50 tan 0 0.7540.40 tan 0
6-Interval (°) 5—170 510
Minimum number of counts in 3000 3000
a scan
Maximum recording time (min) 3 3
#(CuKe) (em™) 139.3 139.3
Range of the transmission factor 0.28—0.42 0.34—0.58
Temperature (K) 295 163 295 123
Number of measured reflexions 642 1162 v 1193 1233
Number of reflexions given 11 29 - -
zero weight [I<<3a.(I)]
Number of reflexions skipped
due to ocollision - - 27 14
Number of independent re-
flexions used in the final
refinements, m 598 583 594 592
Number of parameters refined, n 77 717 77 77
R=J||F,|— [FIZIF.| 0.023 0.029 0.028 0.028
Ry={3w(|Fo|— |F)R/Sw|F 5 0.031 0.040 0.036 0.035
S={Sw0(|Fo|— |F )/ (m—n)jiis 0.995 0.908 0.865 0.881
C, (weighting function) 0.0005 0.0009 0.0005 0.0005

] " 0.5 2.0 0.5 0.5
g x 104 (extinction) 0.116 0.134 0.077 0.207
Mosaic spread (') 4.99x 100 4.34x 10 7.57x 10 281x 10°
Domain size (cm) 0.18% 10¢ 0.21x 104 0.12x 10~ 0.32x 10~
collection has been described in Ref. 4 and 295 K 163 K 123 K
the low temperature apparatus in Ref. 8.
To certify that the derived model of CDG and a/A 9.8052(9) 9.7405(11)  9.7117(79)
its interatomic distances and angles are typical ¢/A 28.5452(14) 28.4540(17) 28.4531(118)
of that material duplicate measurements on V/A3 2376.7 2337.9 2324.1

two different crystals were performed. Fluctua-
tions in the intensities in three reference reflex-
ions were mostly within 8 9, for crystal 1
and 12(%, for crystal 2 and they could be
described by polynomials of the second degree
which were used for scaling the data sets. The
values of I and o.(I) were corrected for Lorentz,
Eolariza,tion, and absorption effects. o () is

ased on counting statistics. The expression
used in the polarization correction was p=
(1 + cos? 20 c0s220)/(1 + cos? 20yy) with 6y = 13.3°.

Unit cell and space group. CDG, Na,
[Ce(CH O5),].2NaClO,.6H,0, F.W.=958.28,
crystallizes in the trigonal system with space
group R32. The unit cell dimensions at the
different temperatures were determined with
least-squares refinement of 6-values for about
40 reflexions, measured on the diffractometer
with CuK«, radiation as described in Ref. 8
(A=1.54051 A). The following unit cell dimen-
sions were obtained.

The unit cell contains three formula units.®

Refinements. The parameters used as starting
values in the least-squares refinements of CDG
were those for the non-hydrogen atoms in the
neodymium structure in Ref. 3. The func-
tion Sw(|F,|—|F.)*? was minimized with
weights calculated using the equation 1/w=
0 2[4 F 2+ Cy|F |*+Cy. C, and O, are adjust-
able constants. An isotropic extinction correc-
tion was also included. After a few cycles of
refinements R had converged to 0.056. Anoma-
lous dispersion for Ce and Cl was included and
resulted in R=0.093. The other absolute con-
figuration was then tried with the unaveraged
data and one cycle of refinement gave R =0.027.
This absolute configuration was chosen as
a model of CDG in crystal 1. CDG in crystal 2
appears to have the same absolute configura-
tion as in crystal 1.

Only one of the hydrogen atoms of the water
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molecule could be located in a difference synthe-
sis. This atom, hydrogen bonded to O(2), and
the methylene hydrogen atoms were included
in the structure factor calculations with their
isotropic temperature factors fixed at 5.0 Az
Attempts to refine these coordinates were
not successful.

The parameter shifts in the last cycle of
refinements were within 10 9, of the estimated
standard deviations, except for Cep,, in the
123 and 163 K structures (12 and 20 9, respec-
tively), O(1)8,s in the 123 K structure (30 %),
and O(1)8,, in the 295 K structure of crystal 1
l(22 %). Final difference maps were feature-
ess.

The scattering factors for Ce were taken
from Cromer et al.* those for Na, Cl, O, and C
from Hanson et al.® and those for H from
Stewart et all! The anomalous dispersion
corrections were taken from Cromer and Liber-
man.!? Tables 2 and 3 list the final positional
parameters with estimated standard devia-
tions and the thermal parameters, respectively.
Lists of structure factors are available on
request from the authors.

Probability plot -analysis. As intensity meas-
urements at 295 K were made with two dif-
ferent crystals, a probability plot of the meas-
ured structure factors was performed according
to Abrahams and Keve.’* Ordered values of
my= (|F(1)| - K|F(2)))/[0*F(1); + K*a*F (2)]*
are compared with the values expected for
& normal distribution with zero mean and unit
variance. K is a scale factor such that 3(dm;)?
is & minimum. Fig. la shows that the plot is
linear with slope 0.48 and intercept —0.03.
A half-normal probability plot of the positional
and thermal coordinates (a oJp-plot: dp;=
o)~ [P@l/loP (1) +o2NNR) s shown
in Fig. 1b. This comparison results in & straight
line with slope 0.97 and intercept 0.06 indicating
that the systematic differences between the
two determinations are very small. Together
the dm- and Jp-plots indicate that the system-
atic errors are comparable or smaller than the
random errors and that the values assigned to
o(F) are larger than the correct ones (see p.
162 in Ref. 13). dR-plots comparing model with
experiment were also made for each of the two
295 K structures (Fig. lc and d). The slopes
are somewhat smaller than the S-values (Table
1): 0.93 for crystal 1 and 0.80 for crystal 2.
They indicate that the ¢(F)’s are overestimated
by 8 and 25 9%, respectively. As the slope of
the Jdm-plot is still lower than the slopes of
the SR-plots, there also appears to be an under-
estimation of AF;=|F(1);|—K|F(2);] in the
om-plot. Parameters from crystal 1 only are
given in this paper for the 295 K structure of
CDG as this determination seems to be better
than that of crystal 2.
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Fig. 1. Probability plot analysis of data and models of CDG at room temperature: (a) a dm-plot
comparing the data sets for crystal 1 (HCDG1) and crystal 2 (HCDG2); (b) a dp-plot comparing
the models derived from crystals 1 and 2; (c) a R-plot comparing the model with experiment for

crystal 1; (d) the same for crystal 2.

DISCUSSION

A description of the structure has been given

in Refs. 3 and 6. The structure is composed of

layers, perpendicular to ¢ containing the mono-
nuclear tris(oxydiacetato)cerate(III) complexes
and the perchlorate ions alternating with layers
containing the sodium ions and the water
molecules. In Ref. 3 projections of the cerium

layer including the perchlorate ion and the
sodium layer are shown. Figs. 2—4 show
stereoscopic pairs of drawings of the cerium
complex, part of the sodium layer, and the
vicinity of the water molecule including the
perchlorate ion, respectively. Table 4 gives
selected interatomic distances and angles with
estimated standard deviations. The room tem-
perature values in Table 4 are slightly at

Acta Chem. Scand. A 31 (1977) No. 1
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Table 3. Thermal parameters with standard deviations ( X 10%). The form of the temperature factor is

exp (—fB1h* =280k ..).

' ﬂll ﬁll ﬂaa ﬂll ﬂl! ﬁaa

4. 205 K

Ce 992(10) 992(10) 43(1) 496(5) 0 0

cl 1665(29) 1665(29) 97(2) 833(15) 0 0
Na(1) 2186(63) 15630(59) 193(6) 765(30) 28(8) 56(15)
Na(2) 1268(40) 1268(40) 100(3) 634(20) 0 0
o(1) 1265(115) 1265(115) 103(7) 459(67) —29(19) 29(19)
0(2) 1575(62) 1424(58) 95(4) 713(52) —19(13) 69(13)
0(3) 2059(90) 1713(63) 150(5) 928(61) 89(17) 249(16)
0(4) 1767(73) 2218(126) 229(8) 527(115) 74(19) —92(44)
0(5) 4028(240) 4028(240) 107(9) 2014(120) 0 0
0(6) 2205(133) 2071(119) 105(4) 1075(119) 1(17) 55(16)
o(1) 1716(103) 1245(87) 131(8) 537(79) 107(24) 60(23)
c(2) 1363(128) 1264(69) 98(5) 689(94) 103(22) 58(14)
B. 163 K

Ce 820(14) 820(14) 25(1) 410(7) 0 0

cl 1166(32) 1166(32) 55(3) 583(16) 0 0
Na(1) 1593(64) 1240(68) 101(5) 620(34) 16(8) 32(15)
Na(2) 999(51) 999(51) 61(4) 500(26) 0 0
o(1) 969(150) 969(150) 81(8) 650(82) 19(21) —19(21)
0(2) 1201(75) 1167(73) 60(5) 637(64) 5(16) 34(16)
0(3) 1506(97) 1300(73) 91(6) 680(69) 69(18) 142(17)
O(4) 1207(72) 1465(114) 106(6) 554(99) 30(16) 25(35)
o(5) 2138(162) 2138(162) 58(9) 1069(81) 0 0
0(6) 1464(121) 1405(112) 64(5) 632(111) —31(18) 43(17)
c(1) 1097(107) 1090(111) 71(8) 390(89) 69(25) 18(25)
c(2) 1137(151) 973(85) 63(6) 638(117) 74(27) 47(17)
C. 123 K

Ce 932(12) 932(12) 29(1) 466(6) 0 0

cal 1377(33) 1377(33) 72(2) 688(16) 0 0
Na(l) 1809(65) 1421(69) 133(5) . 1711(35) 35(8) 70(16)
Na(2) 1116(48) 1116(48) 77(4) 558(24) 0 0
o(1) 1271(152) 1271(152) 89(8) 485(87) —19(24) 19(24)
0(2) 1383(73) 1207(67) 71{4) 691(61) 14(14) 87(14)
0(3) 1738(95) 1566(76) 135(6) 914(69) 130(18) 221(18)
0O(4) 1387(72) 1676(119) 155(6) 568(107) 58(17) 17(38)
0(5) 3028(206) 3028(206) 79(9) 1514(103) 0 0
0(6) 1935(140) 1832(126) 78(5) 975(125) —20(18) 34(17)
c(1) 1748(136) 1337(119) 111(9) 700(108) 92(29) 39(28)
c(2) 1400(163) 1240(88) 81(6) 701(114) 92(25) 44(17)

variance with what may be expected from
the values in Table 4 of Ref. 3. The probability-
plot analysis indicates, however, that the
present investigation of CDG must be looked
upon as more accurate than the neodymium
and ytterbium studies presented in Ref. 3.

The coordination polyhedron. As is the case
in TCDG,* the cerium ion in CDG is surrounded

Acta Chem. Scand. A 31 (1977) No. 1

by a distorted TCTP of carboxylate and ether
oxygens (Fig. 2). To compare the distortions
of the two polyhedra in CDG and TCDG,
respectively, a number of quantities are col-
lected in Table 5. The geometry of the coordina-
tion polyhedron in CDG is almost unchanged
in the temperature interval 123 —295 K. The
triangular faces of the trigonal prism are only



26 Albertsson and Elding

Fig. 2. The tris(oxydiacetato)cerate(III) complex. The thermal ellipsoids for the non-hydrogen
atoms are scaled in Figs. 2 —4 to include 50 9, probability.

Fig. 4. The hydrogen bond O(6)—H(W)---0(2) and the perchlorate ion.

approximately equilateral in TCDG where
the symmetry of the polyhedron is C,. The
edge is about 0.1 A longer in TCDG than in
CDG. The equatorial triangle has approximately
the same edge length in CDG and TCDG.
The height of the trigonal prism, measured
as the distance between the centroids of the
triangular faces in TCDG, is about 0.1 A larger

in CDG than in TCDG. In TCDG the two
triangular faces of the prism are tilted 2 and
5°, respectively, to the equatorial plane and 5°
to each other. The rigid oxydiacetate ligands
cause the triangular faces of the prism to be
rotated relative to one another. The resulting
torsion angles are calculated by method 1 as
given by Dymock and Palenik.1* The average

Acta Chem. Scand. A 31 (1977) No. 1
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Table 4. Selected interatomic distances (A) and angles (°) with e.s.d.’s in CDG at 295, 163, and 123 K. The
superseripts (i)— (v) indicate the following equivalent sites in the structure:

(l) YX,—2 (lll) —Y,x—Y— 1,2
(i) y—=z,—2,2 (iv) —y,xz—y,2
(V) 1+1‘I—'W,—¢,z

206 K 163 K 123 K
A. The cerium coordination polyhedron; distance
Ce—0(1) 2.564(6) 2.537(7) 2.564(7)
Ce—0(2) 2.471(4) 2.461(4) 2.457(4)
0(1)—0(2) 2.602(5) 2.579(6) 2.615(6)
0(1)—0(2il) 3.096(5) 3.068(6) 3.063(6)
0(2)— 0(2il) 3.091(7) 3.092(9) 3.075(8)
0(21)— O(2ii) 3.476(7) 3.446(8) 3.444(7)
B. The ligand; distance
0(1)—C(1) 1.423(7) 1.436(9) 1.435(9)
C(1)-C(2) 1.541(11) 1.532(13) 1.542(13)
C(2)—0(2) 1.241(7) 1.258(10) 1.249(9)
C(2)—0(3) 1.234(6) 1.247(8) 1.246(7)
Angle
C(1)—O(1)—C(1i) 116.4(8) 113.6(8) 117.4(8)
0(1)—-C(1)—C(2) 110.3(6) 108.9(6) 110.1(6)
C(1)—-C(2)—-0(2) 116.5(5) 116.9(8) 117.0(6)
C(1)—C(2)—0(3) 117.9(6) 118.4(8) 118.0(7)
0(2)—C(2)— 0(3) 125.3(8) 124.6(9) 124.6(9)
Dihedral angle
0(1)—C(1)-C(2)—0(2) — 4.2(0.9) —5.8(1.1) —4.6(1.1)
0(1)—C(1)—C(2)—0(3) 171.0(0.6) 171.3(0.8) 168.8(0.7)
C(11)—0(1)—C(1)—-C(2) —176.6(0.6) —176.3(0.7) —176.5(0.7)
C. The sodium coordination; distance
Na(1)-0(3) 2.589(6) 2.549(6) 2.529(6)
Na(1)—O0(4) 2.455(9) 2.451(9) 2.427(9)
Na(1)—0O(6) 2.270(6) 2.269(6) 2.266(6)
Na(1)—Na(2) 3.593(3) 3.526(3) 3.539(4)
Na(2)—0(3) 2.365(4) 2.334(5) 2.346(5)
Na(2)—0(6) 2.497(5) 2.476(6) 2.459(6)
D. The perchlorate ion; distance
Cl-0(4) 1.420(5) 1.439(6) 1.433(6)
Cl—-0(4)* 1.455(5) 1.452(6) 1.452(6)
Cl—-0(5) 1.401(8) 1.420(8) 1.399(8)
Cl—-0(5)* 1.463(10) 1.445(9) 1.441(9)
Angle
0O(4)— C1— O(4iil) 107.9(2) 109.0(2) 108.8(2)
0(4)—C1—-0(5) 111.0(2) 110.0(2) 110.1(2)
E. The water molecule and possible hydrogen bonds; distance
0(6)—H(W) ) 0.86 0.87 0.83
H..-(W)0(2) 2.03 1.94 2.00
0(6):--0(2) 2.835(6) 2.799(6) 2.806(6)
0(6)---0(3iV) 3.198(8) 3.155(8) 3.142(8)
0(6)---0(4") 3.290(14) 3.232(13) 3.239(13)
0(6)---O(2iV) 3.191(6) 3.155(7) 3.175(7)

Acta Chem. Scand. A 31 (1977) No. 1
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Table 4. Continued.
Angle

0O(6)—H(W)---0(2) 154.3
0(2)-+-0(8)---O(3iY) 97.5(2)
0(2)-+-0(8)---0O(4") 94.5(2)
0(2)-+-0(8)-+-O(2i%) 61.4(2)

169.3 164.9
99.1(2) 98.2(2)
95.7(2) 94.4(2)
62.2(2) 61.5(2)

4 Values corrected for thermal motion, O(4) and O(5) riding on Cl.

torsion angle in TCDG is about the same as
the angle in CDG. The difference in height
between the prisms is, thus, compensated by
the difference in the length of the edges of
the triangular faces.

The six cerium-carboxylate oxygen bond
distances within the trigonal prism are 2.471
A at room temperature. The average value in
TCDG is 2.477 A. The three equatorial cerium-
ether oxygen bond distances are 2.564 A in
CDG and 2.583 A in TCDG (average value).
The equatorial bonds are significantly longer
than the prismatic bonds. The symmetry
requires the cerium ion to be in the equatorial
plane of the CDG polyhedron. Also in the poly-
hedron of symmetry C, in TCDG, the cerium
ion is located in the equatorial plane. The quo-
tient between the equatorial and prismatic
bond distances, ¢ in Table 5, has the same
value in both structures. The angle 6 in Table
5 is calculated as the angle between the line
connecting the cerium ion and the centroid
of a triangular face and the bond between
cerium and a carboxylate oxygen in this tri-
angle. The regular TCTP of symmetry D, is
described by the parameters ¢ and 6. The

distortions of the polyhedra in TCDG and
CDG from the symmetry D, are small making
it possible to use ¢ and 6 for an approximate
description. The value of @ for a hard sphere
model with p=1.04 is 42.6°. Kepert ! has shown
that a more stable structure is obtained for
nine independent real ligand atoms by increas-
ing the hard sphere value of 6 about 3°. The
values of 6 for the CDG and TCDG complexes
formed by three tridentate ligands are 46.3 and
48.2°, respectively, corresponding to increases
from the hard sphere value of 3.7 and 5.6°.

The ligands. The oxydiacetate ion is approxi-
mately planar in CDG as can be seen from
the dihedral angles (Table 4 B). Its conformation
is, however, slightly different in CDG and
TCDG at 295 K. The dihedral angles correspond-
ing to, e.g., O(1)—C(1)—C(2)—0O(2) are in
TCDG ligand 1: —12.5 and 10.8° ligand 2:
2.7 and - 3.2° ligand 3: 6.0 and —14.9°. Its
value is +4.2° in CDG at 295 K. Most inter-
atomic distances (bonded and non-bonded) less
than 2.50 A appear to be longer at 123 and
163 K than at 295 K as the geometries of the
ligand at the different temperatures are uncor-
rected for thermal motion.

Table 5. A comparison of the coordination polyhedra in CDG and TCDG.* The various quantities are defined

in the text.

TCDG(295 K) CDG
Quantity Range Average 295 K 163 K 123 K
Edge of the prismatic
triangles (A) 3.10—3.22 3.20 3.09 3.09 3.08
Edge of the equatorial .
triangle (A) 4.38—4.53 4.47 4.44 4.39 4.44
Height of the prism (A) - 3.30 3.42 3.39 3.40
Tilt angles (°) 2,6 6 - - - -
Torsion angle (°) 19.2—-21.7 20.1 20.5 20.3 18.6
0 1.02—-1.05 1.04 1.04 1.03 1.04
0 (°) 45.6— 50.7 48.2 46.3 46.5 46.3

Acta Chem. Scand. A 31 (1977) No. 1
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Fig. 5. A 6d probability plot comparison of the bond distances and angles in the oxydiacetate ligands
in CDG and TCDG at 295 K: (a) half-normal, (b) full-normal.

The oxydiacetate bond distances and bond
angles within the cerium complexes in TCDG
and CDG are compared at 295 K in Fig. 5.
Both half-normal (@) and full-normal (b) prob-
ability plot comparisons of interatomic dis-
tances less than 2.60 A are shown.'$17 The
non-linear plots with intercepts 0.33 and 0.10,
respectively, indicate differences between the
ligands in the two structures. The distance
C(1)-C(2) is 1.541 A in CDG but the corre-
sponding average value is 1.507 A in TCDG.
The angle O(1)— C(1)—C(2) is smaller in TCDG
(average value 107.9°) than in CDG (110.3°).
The angle C(1)—O(1)—C(1i) has also a smaller
value in TCDG (average value 112.5°) than in
CDG (116.4°). On the average, the geometry
of the ligands of TCDG are more in agreement
with the geometry of the oxydiacetate residues
in the alkali hydrogen salts 1 than is the ligand
in CDG.

The hydrogen bonds. The only hydrogen bond
distance in the structure is between O(6) and
0(2), 2.84 A at room temperature. The water
hydrogen atom found in the difference synthesis
is located between these two atoms. There is
a possibility for an interaction between the

Acta Chem. Scand. A 31 (1977) No. 1

other water hydrogen atom and either of the
oxygen atoms O(3) and O(4). The distances
at 295 K are O(6)— O(3¥), 3.20 A, and O(6)—
0O(4Y), 3.29 A. In Fig. 4 the hydrogen atom not
found has been drawn dotted in a position where
its distances to O(3i¥) and O(4") are about the
same. As no peak corresponding to this hydro-
gen atom was found in the difference synthesis
it might be disordered.
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The Catalytic Effect of Silver Salts upon the Rate of Isomerization

of Triphenylmethyl Isocyanide to Triphenylmethyl Cyanide in

Acetonitrile

ARVE MARTINSEN

Department of Chemistry, University of Bergen, N-5014 Bergen-Univ., Norway

Triphenylmethyl isocyanide, PhyCNC, isomer-
izes very slowly in acetonitrile to triphenylmeth-
ylcyanide, PhyCCN. The first order rate constant
at 35.0°C is 6.1 x 1077 g~1. The isomerization
reaction is efficiently catalyzed by minute
amounts of silver nitrate and silver perchlorate,
the latter salt being the better catalyst.

The rate increase caused by the silver(I)
catalysts is directly proportional to their
concentrations. It is proposed that the rate
determining step involves a cyclic intermediate
involving the silver(I) ion.

Among the various methods for the preparation
of alkyl isocyanides, the reaction between
alkyl halides and silver cyanide!»* or onium
dicyanoargentates * is well established. How-
ever, when using silver cyanide, the alkyl
isocyanide formed is wusually contaminated
by the corresponding cyanide * which seriously
limits the generality of this synthetic method.
There are, however, no reports of such limita-
tions when onium dicyanoargentates are used
as reagents. .

Organic reactions assisted by silver(I) ions
are quite common and studies by Kornblum **
and Kevill and Pocker®'? are repeatedly
quoted. From kinetic studies on reactions of
alkyl halides and silver nitrate the determined
order in the alkyl halides is 1, while the order
in the silver nitrate varies between 1.5 and
21014 These variations are explained by an
electrophilic pull by the silver ion on the out-
going halide atom, eqn. 1, and a nucleophilic
push by the nitrate ion on the central carbon
atom, eqn. 2. The reaction order appears to be

Acta Chem. Scand. A 31 (1977) No. 1

somewhat dependent upon the applied silver
nitrate concentration.

RX + Agt——>RXAg+ (pull) (1)
RXAgt+NO;——>NO,"RXAgt+ (push) (2)

The silver(I) ion, having its 4d orbitals
filled while the 58 and 6p orbitals are vacant,
can readily be coordinated by electron-rich
ligands and at the same time exert a stabiliza-
tion due to back bonding from its d-orbitals to
vacant or antibonding orbitals in the ligands.
The silver(I) ion may even coordinate with
strained ¢-bonds in bicyclic ring systems
exerting a catalytic effect upon the rearrange-
ments of these systems as shown by Paquette.'®

Recently Austad and Songstad® reported
rates of isomerization of triphenylmethyl iso-
cyanide to the corresponding cyanide in aceto-
nitrile at various temperatures on samples of
triphenylmethyl isocyanide synthesized from
triphenylmethyl chloride and onium dicyano-
argentates. However, we have been unable
to reproduce their results from samples of
triphenylmethyl isocyanide synthesized from
N-triphenylmethyl formamide and 4-methyl-
phenyl sulfonyl chloride,!” a synthetic route
which avoids the use of silver species.

Actually, we have found that triphenyl-
methyl isocyanide, synthesized by this method,
is isomerizing extremely slowly in pure aceto-
nitrile, eqn. 3, but that the isomerization is
efficiently catalyzed by silver ions from added
silver nitrate or silver perchlorate, eqn. 4.

3
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CON very elo Ph,CCN 3
__—-)
Ph,ONC MeCN 3 (3)

very rapid

———— Ph,CCN 4
Agt+, MeCN ~ ° @

Ph,CNC

In this work we have therefore performed
a kinetic study on the effect of silver(I) ions
upon the rate of isomerization to evaluate the
mechanism of this reaction and to obtain further
information on when silver species can be
employed as reagents toward alkyl halides for
the synthesis of alkyl isocyanides.

Silver nitrate and silver perchlorate are well
suited as sources of the silver(I) ion in aceto-
nitrile since the dissociation constants of these
salts are 9x 10° M and 4.3 x 10 M, respec-
tively.!* In the concentration range applied
in the present study, <1.5x10™* M, these
salts can thus be considered fully dissociated.
In acetonitrile the silver(I) ion is solvated by
four acetonitrile molecules when the concen-
tration is less than 0.5 M.!® In this solvent the
silver(I) ion should thus be formulated as
[Ag(MeCN)J*.

EXPERIMENTAL
Solvents. Acetonitrile, Baker Analyzed Re-

agent, was distilled from phosphorus pentoxide
and finally from calcium hydride ** and stored

on Linde 3 A molecular sieves in a dry box
under nitrogen. Cyclohexane and hexane were
distilled from sodium. Formamide was distilled
in vacuum prior to use.

Materials. Silver nitrate, Merck. p.a. grade,
was dried at 120°C for 2 h. Anhydrous silver
perchlorate, K & K Laboratories, was used
without further purifications. N-Triphenyl-
methylformamide was iprepa.red from triphenyl-
methyl chloride and formamide,?® m.p. 203 —
204°C (MeCN). Triphenylmethyl isocyanide
was prepared by two routes:

Method A. From N-triphenylmethylforma-
mide and 4-methylphenylsulfonyl chloride in
pyridine,’” m.p. 132—133°C (hexane).

Method B. Purified triphenylmethyl chloride
and tetramethylammonium dicyanoargentate
yielded an impure product.!* However, b
addition of a trace amount of tetraphenyl-
arsonium iodide to the reaction mixture imme-
diately after the reaction was completed to
complex catalytic amounts of silver species,
the desired product was obtained, m.p. 131 —
132°C (hexane).

Tetramethylammonium  dicyanoargentate
was prepared from freshly prepared silver
cyanide and dried tetramethylammonium chlo-
ride,* m.p. 194—195°C (MeCN). Tetraphenyl-
arsonium iodide was prepared as reported by
Songstad and co-workers.®

Kinetic studies. The rate studies were per-
formed with a Unicam SP 200 Infrared Spec-
trophotometer by following the disappearance
of the isocyanide peak at 2126 cm™ employing
liquid IR cells with a cell length of 0.1 cm.
The initial concentration of the substrate was
2.0x 1072 M in all runs. The logarithmic rate
plots were linear throughout each run. When

Table 1. Rates of isomerization of triphenylmethyl isocyanide, RNC, to triphenylmethyl eyanide at 35°C
at various concentrations of silver nitrate. The initial concentration of the isocyanide is 2.0 x 10~2 M.

[AgNO,] x 104M

k ObS/s-l

ky'K s/l 51 mol-!

OC
5.0 x 10~° Me,NAg(CN),
2.5% 10~ M AgNO,+
2.3x 10~ M Ph,AsCl

(6.140.4) x 10~7
(3.240.2) x 104
(8.8% 0.4) x 10~
(7.24 0.4) x 10~°
(2.3+0.1)x 10*
(6.3+0.3)x 104
(1.5+0.1)x 10~
(3.8+0.5)x 103
(3.5£0.2)x 10~
(1.3 0.1)x 10~
3.34 x 10—
(1.74£0.1)x 10~¢

(1.8+0.1)x 10~

31+3

a With excess AgCN at 25°C. PDetermined from triphenylmethyl isocyanide prepared by route B.

®From Ref. 16 at 35°C.
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Table 2. Rates of isomerization of triphenylmethyl isocyanide to triphenylmethyl cyanide at 35 °C at various
concentrations of silver perchlorate. The initial concentration of the isocyanide is 2.0 10~ M.

[AgC10,] x 10%/M Fgpels™ ky'K 4/l 571 mol™
0 (.14 0.4)x 10~
3 (4.6%0.2)x 10~
6 (1.4%0.1)x 10—

10 (4.9% 0.2)x 10— 53+ 6

20 (9.1% 0.4) x 10~

(1.9 0.1)x 102
(2.5%0.5)x 10~

the concentration of the added silver salts
exceeded ~ 10—t M the rates were too fast
to be determined accurately by the technique
employed.

RESULTS AND DISCUSSION

The observed rates of isomerization at 35°C
in acetonitrile are listed in Tables 1 and 2.
In pure acetonitrile, triphenylmethyl! iso-
cyanide, synthesized from N-triphenylmethyl-
formamide and 4-methylphenyl sulfonyl chlo-
ride in pyridine, Method A, is isomerizing very
slowly and with a first order rate constant of
6.1 x 10~7 s71. The catalysis exerted by silver(I)
ions is pronounced even for concentrations of
silver salts of only 1x10~°* M, ¢.e. 5x 107 9,
of the concentration of the organic substrate.
At this concentration of the catalyst the rate
of isomerization is five times as high as the
uncatalyzed reaction (Tables 1 and 2).

In Fig. 1 the observed rate constants are
plotted versus the concentration of added silver
nitrate and silver perchlorate. For concentra-
tions of the silver salts above ~3x10~® M,
the observed rate constants are seen to be
linearly related to the concentration of the
silver salts fitting a rate equation ky,=a+
b[AgX]. The lack of linearity at very low con-
centrations of silver salt may be due to several
factors. First of all, these low concentrations
are considerably below the purification limit
of the solvent. Furthermore, since the ratio
between the concentration of the substrate
and the silver catalyst in this non-linear region
is more than 7 x 103, undetectable contamina-
tions in the substrate may be the cause of the
non-linearity observed. For concentrations of
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silver salts above ~1x10~* M, the rates of
isomerization were too rapid to be determined
accurately by the technique employed. The
possible deviation from linearity at high
concentrations may thus be due to experimental
error.

The results obtained in the present study
suggest that the isomerization reaction studied
takes place by an unassisted path, eqn. 3,
with a first order rate constant k,, along with
an Syl Agt assisted step, eqns. 5 to 7.

4
10% kops

2 4 6
10°[AgNO3] M
i

4
s'o 1(')0
105[AgX] M

150

Fig. 1. The effect of added silver salts upon the
observed rate constant, k.., for the isomeriza-
tion of triphenylmethyl isocyanide to triphenyl-
methyl cyanide in acetonitrile at 35.0+0.1°C.
Filled circles, silver nitrate. Triangles, silver
perchlorate.
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k,
RNC —> RCN (3)
K
RNC +[AgS,]*t === [RNCAgS]*+8 (5)

k ’
[RNCAgS,]+ —> [RCNAgS,]+ (6)

’

[RCNAgS,]*++8 === RCN+[AgS,]+ (7
R=Ph,C, S=MeCN

The first step in the assisted reaction, eqn.
5, is supposed to be the displacement of a solvent
molecule from the silver tetraacetonitrile ion
followed by the intramolecular isomerization,
eqn. 6. The final step in the sequence is the
regeneration of the silver tetraacetonitrile ion
together with the product, triphenylmethyl
cyanide, eqn. 7. The latter step, being in prin-
ciple an acid-base equilibrium, is set up very
rapidly and is displaced completely to the right
since triphenylmethyl cyanide is assumed to
be a considerably weaker base toward the
silver(I) ion than is the acetonitrile molecule.

Assuming the second step, eqn. 6, to be the
rate determining one, the following rate equa-
tion is obtained:

» Kq[AgX]
1+[RNC]

where X =ClO,~, NO;~ and K,=K[MeCN]™.
Eqn. 8 conforms with the linearity observed
provided K ,[RNC]<1, and we thus obtain:

kobs=k1+k1, a[AgX] (9)

kobs = ky+k, (8)

Table 3. The effect of water upon the rate of
isomerization of triphenylmethyl isocyanide to
triphenylmethyl cyanide at 35°C in aceto-
nitrile. The initial concentration of the iso-
cyanide is 2.0x 102 M.

[H,0] x 10°)/M kops/s™
1.49 (6.4+0.4) x 10~
14.9 (8.3%0.5) x 10~
149 (6.3%0.3) x 10~
820 (6.9% 0.4) x 107
5.8x 105 M H,0 +
5.8 x 10 M AgNO, (1.740.2) x 10~*

Addition of water along with silver nitrate
causes the same catalytic effect as if the silver
nitrate had been added alone, Table 3. The
presence of water due to the hygroscopic nature
of the solvent and silver perchlorate does not
affect the rates. However, added tetraphenyl-
arsonium chloride to a sample of the substrate
and silver nitrate, (Table 1), shows a marked
reduction of the expected rate acceleration
due to the silver nitrate. This may be due to
& complexing of the halide ion with the silver(I)
ion forming traces of AgCl or preferably
AgCl;—2 The rates reported by Austad and
Songstad '* for an uncatalyzed isomerization
are too high compared to the results obtained
in this paper. They also reported a rate depres-
sion by anions and assumed this to be caused
by a salt effect due to the nucleophilic anions.
In the light of the present work it now seem
reasonable to assign these rate decelerations to a
complexing of the added anions with impurities
of silver(I) species in their employed triphenyl-
methyl isocyanide. From their reported rate
constant, 3.35x 10~ s, and the results ob-
tained in the present study one can estimate a
concentration of approximately 1.4x10~° M
of active catalytic silver species in their applied
reaction mixture, amounting to a contamina-
tion of 0.07 9 (in mol) of the substrate. From
Table 1 it can be seen that this contamination
cannot be the pure tetramethylammonium
dicyanoargentate alone since a concentration
of 5x10° M of this salt only doubles the
observed rate compared to the rate observed
for the uncatalyzed isomerization.

Isocyanides are known to form stable com-
plexes with the silver(I) ion although few of
these complexes have been characterized.!-2¢
However, the silver nitrate-triphenylmethyl
isocyanide complex has been isolated in poor
yield in acetonitrile at ~20°C, while attempts
to isolate the silver perchlorate complex have
failed.?” A preequilibrium step via the silver(I)
isocyanide complex is therefore proposed.

In triphenylmethyl isocyanide the central
carbon atom is surrounded by three phenyl
groups. The silver(I) ion is attached to four
acetonitrile solvent molecules'® and for steric
reasons the most possible attacking site is on
the lone pair of the isocyanide carbon atom
(Scheme 1).
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Scheme 1.

In the complex formed a stabilization due to
back donation from silver d!* orbitals to the
antibonding orbitals of the isocyanide carbon
atom is to be expected.’®s*® The negatively
charged surroundings of the cyano groups
in the solvent molecules will tend to increase
this back donation due to their interactions
with the electron rich d*° sphere of the silver(I)
ion. It is assumed that this back donation will
cause the isocyanide nitrogen atom to be sp?
hybridized and the C—NC bond angle ap-
proaches 120°, Scheme 1. Once formed, the
isocyanide group in this complex will collapse
to the product via an intermediate cyclic three
center ion, with negligible separation of the
alkyl and cyanide group in the transition state.
This should be consistent with a synchronous
mechanism as proposed by Casanova et al.®®
and calculated by Schaefer et al.*:*! for similar
uncatalyzed systems. Casanova and co-wor-
kers 28 found that p-substituted aryl isocyanides
isomerize synchronously and unaffected by the
substituents and for the isomerization of methyl
isocyanide to methyl cyanide Schaefer and
co-workers 3% calculated a transition state
with a C—NC bond angle of 106°.

Yamada and co-workers 3 have shown that
isocyanides may isomerize via & radical mecha-
nism with racemization. A radical mechanism
for the reaction studied is excluded as shown
by Austad and Songstad.'®* Moreover, the
enhanced rate reported when they added
tetraphenylarsonium perchlorate or lithium
perchlorate strongly supports a transition state
with a charged alkyl carbon atom. The marked
increase in the observed rates from silver
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nitrate (k,’K,=31 1 &1 mol?) to silver
perchlorate (k,"K,=>53 1 s~ mol™) as catalyst
supports a mechanistic route via a rate deter-
mining step with a positively charged inter-
mediate as proposed. The perchlorate ion as
a counter ion will be able to stabilize a positively
charged transition state better than the nitrate
ion. Songstad and Austad !* could not isolate
any triphenylmethyl azide when ionic azide
was added to the reaction medium. Thus a long
lived and stable carbenium ion can be ex-
cluded.®

The results reported in this paper suggest that
the difficulties in preparing silver alkyl iso-
cyanide complexes and in isolating alkyl iso-
cyanides by applying silver compounds may
be due to an isomerization of the isocyanide
group which is catalyzed by the silver(I) ion.
In other words, the initial product may be
the desired complex or the alkyl isocyanide
which then isomerizes to the corresponding
cyanide in either case. One known exception
to this is 4,4’,4”-trinitrotriphenyimethyl iso-
cyanide which can be obtained from the cor-
responding bromide and silver cyanide.® Fur-
thermore, the reported stability of diphenyl-
methyl isocyanide and 4,4’-dimethyldiphenyl-
methyl isocyanide prepared via onium dicyano-
argentates ® suggests that the synthetic applica-
tion of these silver salts is quite useful for
alkyl substrates which do not readily ionize, or,
when a silver complexing ion like ionic iodide
is added to the reaction mixture.

Acknowledgement. The author is indebted to
J. Songstad for fruitful discussions.
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The Crystal Structure of Magnesium p-Nitrosophenolate
Hexahydrate. The Influence of Hydrogen Bonding

on Conjugation in the p-Nitrosophenolate Ion

H.J. TALBERG

Department of Chemistry, University of Oslo, Oslo 3, Norway

The crystal structure of magnesium p-nitroso-
phenolate hexahydrate, Mg(C,H,0,N),.6H,0,
has been determined from X-ray diffraction
data collected at —165°C and refined by least
squares methods.

The space group is P2,/c with cell dimensions
a=10.579(1) A, 5=6.242(1) A, c=13.198(3)
A and $=106.97(1)° at —165°C. The final B
factor was 3.7 9% and the estimated standard
deviations in bond lengths are about 0.001 A
and in angles 0.1°.

In the anion the C—N, C-0O and N-O
bond lengths differ about 0.020 A and the C—C
bond lengths differ from 0.005 to 0.012 A from
corresponding bonds in the sodium salt. The
anion has a less pronounced p-quinonoide
character in the present structure than in the
sodium salt. This is probably due to a greater,
respectively lesser, ability of the crystal field
in stabilizing charge in the phenoxide-oxygen
atom than in the nitroso-oxygen atom in the
title compound and the sodium salt.

The anions in the two salts are compared
as to gross atomic populations determined from
both INDO calculations and by L-shell refine-
ment. Also, the two anions are compared by
difference syntheses. Tinally, some features
of the UV and UV-KCl spectra of the title
compound, the sodium and the potassium
salt are discussed.

The present structure determination of magne-
sium p-nitrosophenolate hexahydrate (I) is
part of a series of structural investigations of
C-nitroso compounds and oximes derived from
these. Previously the tautomeric isomer of
p-nitrosophenol, p-benzoquinone monoxime
(II), and the salts potassium p-nitrosophenolate
monohydrate (III) and sodium p-nitroso-
phenolate trihydrate (IV) have been investi-
gated.1—®
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A characteristic feature of oximidoketones
like (IT) is the diversity in colour shown by
the salts obtained from alkaline solutions.*
In the present case (III) is green, (IV) is red
while (I) is reddish green. Seventy years ago
Hantzsch attributed the diversity in colour to
structural differences in the anion;* salts having
the characteristic blue or green colour of C-
nitroso compounds should comprise anions
having a  “nitroso-phenoxide” structure
0=N-C=CH-CH=C~-0", colourless salts
should comprise anions having an ‘“oxime-
ketone’’ structure "0 -N=C—-CH=CH-C=0
while red salts should comprise anions having
the formal charge delocalized to both oxygen
atoms. )

Unfortunately the poor crystal quality
prevented high accuracy in the structure
investigation of (III);* consequently the ques-
tion whether the anion has a less predominant
p-quinonoide (or “oxime-ketone’’) structure
in the green potassium salt than in the red
sodium salt could not be answered. However,
the differences in hydrogen bonding to and
coordination about the phenoxide oxygen
atom and the nitroso group atoms in the two
salts indicate that this is actually the case.

As the reddish green magnesium salt forms
crystals of high quality and shows characteristic
differences from both the potassium and the
sodium salt in the UV, UV-KC(l, and IR-KBr
spectra it was decided to determine the struc-
ture of this salt in order to compare the anion
structure_with that found in (IV).
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EXPERIMENTAL

Well-formed tabular crystals were grown by

evaporation of an aqueous solution prepared
by adding p-benzoquinone monoxime (purified
by sublimation) to 0.004 M magnesium carbon-
ate. Traces of unsolved magnesium carbonate
were present during the evaporation. A pre-
liminary film investigation showed systematic
absences consistent with the space group
P2,/c. Determination of unit cell parameters
and intensity measurements were done using
a crystal of dimensions 0.55 x 0.40 x 0.08 mm.
The crystal was mounted with the b axis tilted
somewhat away from the goniometer spindel
axis.
All measurements were made on a SYNTEX PT
diffractometer with graphite monochromatized
MoK« radiation and equipped with an Enraf-
Nonius liquid nitrogen cooling device (modified
by H. Hope). The temperature at the crystal site
was -—165°C. Cell constants were determined
by least squares treatment of measurements
of 15 general reflections. Three-dimensional
data were collected using the w—26 scan
technique. The scan speed varied between 2.0
and 6.0°/min, and the total time for back-
ground counts at the scan limits 20(«,)—0.8°
and 26(a,)+ 1.0° was 0.7 of the time of integra-
tion. A quadrant of reciprocal space was exam-
ined. All reflections having 26 less than 45°
were measured; between 45 and 70° only
reflections having integrated counts larger than
a preset value during a 2 8 scan over the peak
were measured. The intensity of three test
reflections measured for every 50 reflections
showed no significant change during the meas-
urements. Out of 3254 unique reflections 2884
had intensities larger than 2.5¢(I). They were
regarded as observed. g(I) is the estimated
standard deviation of the intensity based on
counting statistics adding 1 9, uncertainty due
to experimental fluctuations. The atomic
scattering factors for the heavy atoms were
those of Doyle and Turner ® and for hydrogen
those of Stewart et al.® Core and valence electron
scattering factors used in an L-shell refinement
were those given by Stewart.” All programs
except for the ORTEP program® and the
MULTAN program * applied during the struc-
ture investigation are described in Ref. 10.
The UV spectra were recorded on a CARY
MODEL 14 spectrophotometer with variable
slit and a scan speed of 7 A s1.

CRYSTAL DATA

Magnesium p-nitrosophenolate hexahydrate,
Mg(C.H,O,N),.6H,0, space group P2,/c (No.
14). Dimensions of the unit cell at —165°C:
a= 10.579(1) A, b=6.242(1) A, ¢=13.198(3)
A and $=106.97(1)°. V=834.1 A3, M =376.61,

F(000)=396, Dy (—165°C)=1.499 g cm™®
#=0.176 mm™1,

STRUCTURE DETERMINATION

The structure was solved by direct meth-
ods *!° and refined by full-matrix least-squares
technique. Initial positional parameters for all
hydrogen atoms were calculated from stereo-
chemical considerations. The final refinement
including all atoms and all the observed
reflections converged with a conventional R
factor of 0.037, a weighted R factor of 0.039
and a goodness of fit S of 2.9. Using 2266
reflections with sin 6/4 greater than 0.45 the
refinement yielded R=0.034, R,=0.032 and
S=1.9. The scale factor increased from 0.138(1)
to 0.144(2) and the e.s.d.’s in the bond lengths
changed from 0.0012—-0.0015 to 0.0010-—
0.0012 A. Further, and as with the sodium
salt, (IV), all the C—~C bonds and the C—-N
bond lengthened while the C— O and the N—O
bond shortened. The change was 2.5¢ in the

Fig. 1. 50 9, probability ellipsoids and num-
bering of atoms. a, anion; b, cation,
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Table 1. Fractional atomic coordinates and thermal parameters (x 10°) for nonhydrogen and (x 10%) for
hydrogen atoms. The anisotropic temperature factors are expressed as: exp — 2a3(U,hta*2+ Uy,k?b¥2+
UjalPc*34 2U y hka*b* 4 2U shla*c* 4 2U 5klb*c*). Estimated standard deviations in parentheses.

Atom =z Yy z Uy U Uss Up Uss Uss

Mg 0 0 0 101(2) 107(2) 177(2) —-17(2) 40(2) —2(2)
OW1  2664(08) 29248(14)  6881(07) 148(4) 146(4) 332(5) —33(3) 120(3) —65(3)
ow? 19964(08) — 5706(15) 7140(07) 121(3) 146(4) 324(5) —1(3) 20(3) —4(3)
OW3  4430(08) 10932(14) —13459(07) 194(4) 194(4) 194(4) —70(3)  42(3) 5(3)
o1 13302(07) —196(13) 33154(08) 124(3) 184(4) 202(3) 8(3) 67(3) —2(3)
04 73858(07) 215(13) 39652(07) 134(3) 171(4) 320(4) —12(3) 65(3) —12(4)
N4 65944(09) —15194(15) 39917(07) 136(4) 161(4) 197(4) 8(3) 46(3) - 7(3)
C1 25619(10) —3547(16) 34462(08) 133(4) 150(5) 137(4) 0(3) 41(3) —9(3)
c2 34171(10) 13652(17) 33306(09) 152(4) 136(4) 207(5) 15(4)  58(4) 22(4)
C3 47353(10) 10402(18) 35045(08) 137(4) 141(4) 189(5) —1(4) 50(4) 11(4)
C4 52935(10) —10264(17) 37921(08) 122(4) 141(4) 156(4) 14(3) 41(3) —6(4)
o5 44497(11) —27516(18) 38709(09) 169(5) 128(4)  247(5) 18(4)  72(4) 10(4)
c6 31267(11) —24470(18) 37035(09) 162(4) 134(4) 250(5) —7(4)  81(4) 7(4)
Atom ® y z B Atom 2 y z B

H2 301(1) 279(2) 316(1) 1.5(2) H3 529(1) 217(2) 342(1) 1.8(2)
H6 257(1) — 3568(2) 378(1) 2.1(3) HSb 488(1) —415(2) 404(1) 1.8(2)
HIWL  —20(2) 343(3) 92(1) 2.9(3) H2W1  92(2) 358(3) 77(1)  2.4(3)
H1W2 231(2) —175(3) 78(1) 4.6(4) H2W2 253(2) 48(3) 87(1) 4.0(4)
HIW3 —10(2) 87(3) —189(1)  3.7(4) H2W3  74(2) 231(3) —146(1) 2.6(3)

C—-O bond length and 3.5¢ in the C2—C3
bond length. A list of structure amplitudes is
available from the author. Final parameters
from the refinement with all the observed
reflections are given in Table 1.

Magnitudes and directions of the principal
axis of the vibrational ellipsoids are indicated
in Fig. 1. The r.m.s. discrepancy between the
atomic vibrational tensor component obtained
in the structure determination and those cal-
culated from a rigid body analysis was 0.0006
Az in the anion. The translational r.m.s.
amplitudes of vibration along the principal
axes are 0.12, 0.11, and 0.11 A and the r.m.s.
librational amplitudes are 4.7, 2.0, and 1.4°.
The largest increase in bond lengths was 2.7¢
when adjusting the coordinates according to
this libration.

Bond lengths and angles with their estimated
standard deviations calculated from the correla-
tion matrix are given in Table 2. Deviations
from a least-squares plane through the benzene
ring atoms are given in Table 3.

The final difference Fourier or X —X map
of the anion in the benzene ring plane is shown
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in Fig. 7. A similar map for the sodium salt
is also shown.

In both cases the synthesis was calculated
using the reflections having sin 6/ less than
0.45 and positional and temperature para-
meters from the refinement with the reflections
having sin 6/A greater than 0.45. The scale
factor used was.from a refinement with reflec-
tions at sin 6/1 less than 0.45 and with the
other parameters fixed at their “high” angle
values. This choice of scale factor is justified
a posteriori by the reasonable appearance of
the maps.112

Both the electron density in (0.15—0.50 e
A-%) and the position of (in the middle of the
bonds and in lone pair positions) the well
defined and sharp residual peaks are in good
conformity with what has been found in very
accurate work with other organic compounds.!?

Thus, it seems reasonable to assume only
small systematic errors in the intensities. A
normal probability plot using observed and
calculated structure factors shows absence. of
systematic errors not absorbed by the models.1tb

An L-shell refinement ? of the anionic atoms
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Table 2. Bond lengths (A) and angles (°). Estimated standard deviations in parentheses. Differences in
length and angle value between corresponding bonds and angles in (I) and (IV) are also given. Bond lengths
in the anion. Values obtained in refinement with all observed reflections are given on the first line and
libration corrected bond lengths from the same refinement are given on the second line, while values obtained
in a refinement using only reflections with sin /A greater than 0.45 are given on the third line.

M M- (Iv) M (D)~ (IV)
01--Cl1 1.2807(12) 0.0221(17) C3—-C4 1.4235(15) —0.0051(21)

1.2816 0.0221 1.4273 ~0.0044

1.2770(10) 0.0216(16) 1.4247(11) —0.0064(18)
04—N4 1.2823(12) —0.0208(16) 04-C5 1.4218(15) —0.0086(21)

1.2856 —0.0196 1.4256 -—0.0052

1.2811(11) —0.0176(15) 1.4240(12) —0.0053(18)
N4-C4 1.3589(13) 0.0187(18) Cb6~—C6 1.3651(15) 0.0075(21)

1.3600 0.0188 1.3662 0.0076

1.3594(11) 0.0184(16) 1.3681(12) 0.0085(18)
Cl1-C2 1.4405(15) —0.0089(21) C6-Cl1 1.4351(15) —0.0120(21)

1.4445 —0.0074 1.4388 —0.0113

1.4449(12) —0.0067(18) 1.4378(12) —0.0133(18)
Cc2-C3 1.3608(15) 0.0072(21) sum of differences: 0.0021(59)

1.3619 0.0072 0.0078

1.3675(12) 0.0098(18) 0.0090(49)
Bond angles in the anion Distances in the Mg(H,0)3+ ion

@ O~ av)
01-C1-C2 120.7(1) —0.4(1) Mg---OW1(a) 2.0218
01-C1-C6 121.1(1) —0.8(1) Mg---OW2(a) 2.0770
06—C1—C2 118.2(1) 1.3(1) Mg---OW3(a) 2.0801
C1-C2-C3 121.0(1) —0.8(1) OWl(a)--OW2(a) 2.8416(12)
C2—C3—C4 120.3(1) —0.3(1) OW1(a):--OW2(b) 2.9546(12)
C3—C4—C5 119.0(1) 0.5(1) OW1(a)---OW3(a) 2.9735(12)
C4—C5—C6 121.2(1) —0.3(1) OW1(a)---OW3(b) 2.8262(12)
C6—~C6—C1 120.1(1) -0.7(1) OW2(a):-*OW3(a) 2.9264(12)
C3—C4—N4 125.1(1) 0.3(1) OW2(a)++-OW3(b) 2.9526(12)
C5—C4— N4 115.9(1) —0.8(1)
C4—N4—04 117.2(1) 0.1(1)
Distances and angles involving hydrogen atoms
O-H H---O(N) 0:--0O(N) O—H---O(N) H-0-H
OWl1-H1-:-Ol(e) 0.73(2) 2.02(2) 2.743(1) 173.6(1.8) 113.7(1.7)
OW1—H2-.-04(d) 0.79(2) 1.94(2) 2.726(1) 175.3(1.6)
OW2—HI-++O4(e) 0.80(2) 2.05(2) 2.831(1) 156.2(1.3) 117.7(1.7)
OW2—H2-+-N4(d) 0.85(2) 2.08(2) 2.904(1) 165.1(1.7)
OW3—H1---01(f) 0.79(2) . 2.02(2) 2.807(1) 172.8(1.9) 101.8(1.8)
OW3—Hz2---01(g) 0.85(2) 1.86(2) 2.708(1) 178.1(1.5)
C-H C-C-H C-C-H

C2—H 0.98(1) Cl—-C2—-H  116.9(8) C4—C5—H 115.3(8)
C3—H 0.95(1) C3—C2—-H 122.0(8) C6—-C5—H 123.5(8)
C6—H 0.98(1) C2—C3—-H  120.7(8) C5—C6—H 121.3(9)
C6—H 0.95(1) C4—C3—H  118.9(8) Cl—-C6—H 118.5(9)
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Table 2. Continued.

Other intermolecular contacts
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Dihedral angles in the anion

OwW1---OW(f) 3.120 C3—C4—N4—-04 3.4(2)
C5—~C4—-N4-04 —177.5(1)
C2-C1-O01(f)---OW3 98.6(1)
C2-Cl1-01(g):--OW3 —26.6(1)
C2-C1-01---0W1 —148.6(1)
C5—C4—N4:--OW2 —9.6(1)
C4—N4—04---OW2 —13.9(1)
C4—-N4—-04---OW1 —167.1(1)

Symmetry codes

(a): =z Y z (b):—z -~y -z (o)~ y—3% 3—2

(d):—z+1 y—4% 3—2
(g: =z —y+§:—1

(©@i—a+1 y—§ }—2

f)—z—y+1 -2z

Table 3. Atomic coordinates, I,m, and deviations,
n, of atoms from a least-squares plane through
the benzene ring atoms C1, C2, C3, C4, C5, and
C6. The coordinate system is orthogonal and
its unitary vectors L, M, and N (with a length
of 1 A) are defined by the following equations:

L=-0.0271a—0.1486b+0.0128¢
M= —0.0936a+0.0490b—0.0147¢
N=0.0164a+ 0.0342b+ 0.0768¢

The origo, which is the center of gravity, has
coordinates z=0.3931, y=0.9304 and 2=0.3608.
N is normal to the plane.

l m n
Cl 0.2348 1.3972 0.0171
C2 —-1.1038 0.8657 —-0.0111
C3 —1.3258 —0.4768 —0.0041
C4 -0.2311 —1.3864 0.0135
Cs 1.0942 -0.8720 —-0.0073
Cé 1.3318 0.4723 —0.0080
01 0.4346 2.6616 0.0550
04 - 1.5236 - 3.2321 0.1024
N4 —0.3411 —2.7408 0.0330
H2 —1.842 1.516 0.013
H3 —-2.208 —0.822 —0.038
H5 1.805 -—1.547 —-0.039
Hé6 2.213 0.816 0.008

using the reflections having sin 6/4 less than
0.65 A1 yielded R=0.041 and Ry=0.042 for
the present structure and R=0.037 and Ry=
0.040 for the sodium salt structure. The R
factors from a normal refinement on the same
data sets were not different from those of the
refinement with all data. The adjusted 7 gross
atomic populations are listed in Table 4 together
with results from INDO 12 calculations.
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DISCUSSION

Interionic structural features. A general view
of the structure is shown in Fig. 2. The structure
comprises separate Mg(H,0):+ ions with the
magnesium atom located in the inversion
centres at x=0. Consequently, there are only
three independent water molecules (as in (IV)).
The cation structure resembles closely that
usually found in the magnesium aquo ions;
t.e. & regular octahedral coordination and an
average length of the coordination contacts
of 2.05 A3 The W1 and W2 water molecules
belong to Class 1, type D of Ferraris and
Franchini-Angela (see Ref. 13) having e, values
1.e. values of the angle between the coordination
contact direction and the plane of the water
molecule, of 3 and 7°, respectively. Probably

Table 4. Gross atomic populations. Estimated
standard deviations are given in parentheses.
The INDO calculations were performed using
the ! and m coordinates in Table 3 as input
parameters (n=0). INDO calculations using
coordinates for the anion in (IV) as input
parameters yielded nearly identical results.

Atom (1) (IV) INDO
o1 8.39(3) 8.36(3) 8.55
04 8.31(3) 8.33(3) 8.38
N4 7.27(3) 7.20(3) 6.98
Cl1 5.90(3) 5.91(4) 5.70
c2 6.05(4) 6.01(4) 6.15
C3 5.84(4) 5.92(4) 5.94
C4 6.06(4) 6.02(4) 6.06
C5 5.95(4) 5.94(4) 5.95
Cé 5.97(4) 5.93(4) 6.16
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Fig. 2. A stereoscopic illustration of the structure. Anion hydrogen atoms are not shown for clarity.

the W3 molecule is a Class 1’, type J water
molecule as e, is 32° in this case. ow1

All the six water protons are engaged in 329° /OW325 6°
hydrogen bonding to anion atoms. The length Cé c2
of the O--*H—OW bonds are in the usual
range,!® the average value being 2.76 A. i

Fig. 3 shows the coordination about the
anion terminal atoms in (I) and (IV).? In both’
structures there are six contacts to the anion;
t.e. one for each lone pair. The nitroso group
atoms are acceptors in four hydrogen bonds in
(IV)® and three in the present structure.
However, the nitrogen atom is an acceptor
in both structures. On the other hand the phen-
oxide oxygen atom accepts only one hydrogen
atom in (IV) and even three in (I). The coordina-
tion around O4 is tetrahedral in (IV) and
trigonal in (I) whereas the opposite is the case
for Ol. Apparently the ability of the crystal
field to stabilize negative charge is greater at
O1 than at O4 as to the title compound and
less so at Ol than at O4 as to the sodium salt.
Thus, the contribution of the “‘oxime-ketone’
or p-quinonoide VB structure to resonance in
the anion should be expected to be less in (I)
than in (IV).

The p-nitrosophenolate ion. A comparison
between bond lengths in (I) and (IV) clearly
shows that the above expectance is realized.
The C~O and the C— N bond is about 0.020 A .
longer and the N—O bond 0.021 A shorter in 12.790W2___ 1704
(I) than in (IV). Accordingly, the C— C “double” Toowt ____:@:—-
bonds are 0.007 A longer and the C—C “single”
bonds from 0.005 to 0.012 A shorter in (I) than  Fig. 3. The coordination about the anion.
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Fig. 4. Differences between ‘‘observed” bond
orders. The underlined figures are the differences
between the anion in (I) and the anion in (IV),
while the other figures are the differences
between (IV) and the acid (II).

in (IV). All the differences but that of the C3 —
C4 bond are significant.

Craven et al.'* have found that when the
exocyclic C—O bonds in the barbiturates are
engaged in a hydrogen bond, this bond is
lengthened by approximately 0.010 A. A shift
in the C—~O bond in the p-nitrosophenolate
ion about twice this value may be caused by

135 Reo (X)
f .
-
130
-
" i I
L o°1
- & IV
1.25— l v
[ +- %
N 11
— RCN(K)
P TSSO ST S WA A B ST
1.30 135 140

Fig. 5. A plot of the C— O bond length against
the C—N bond length in (I), (II), (IV), p-
nitrosophenol (a), anion (b), and p-benzoquinone
monoxime (). [7], observed point (2.50 indicated
with bars); O, ecalculated point (CNDO/2);
@, calculated point (MINDO/3).
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several factors. First, and perhaps most
important, is the fact that the nitroso oxygen
atom is less engaged in hydrogen bonding in
(I) than in (IV). This has probably a similar,
but of course smaller, lengthening effect on the
C—~O bond as that caused by ionization.
Further, a sodium ion contact has been replaced
by a hydrogen bond. A sodium ion contact
may probably be considered less effective in
lengthening the bond than hydrogen bonding, as
a lithium ion contact is considered about as
effective as a hydrogen bond in this respect.!®
Finally, the change from a trigonal to a tetra-
hedral coordination may induce a slight shift
in the hybridization of the phenoxide oxygen
atom. The minor changes in conjugation in
the ring is probably mainly caused by the
transfer of charge between the oxygen atoms.

This analysis indicates that the change in
the N—O bond length is about the same as

RNO(&)
145 -

1.40 -:F (m

135 | (i "”
(V)

130 r—

125 -~

120 |~

130 135 140 145 150 155
RentA)

Fig. 6. A plot of the N — O bond length against
the C—N bond length in the C-nitroso com-
pounds whose structure is determined with
some accuracy and in some selected oximes.
Names and references for the compounds A,
B, C, D, and G are given in Table 5 in Ref.
3, E is tetramethylammonium benzonitro-
solate;® F, N,N,N’N’-tetramethyl-4-nitroso-1,3-
phenylenediamine;?® H, i, and j are the refer-
ences 3, 14 and 13 in Ref. 1; K, p-nitrosophenol
and L, p-mtrosophenolaf/e The graph is for
RNO—R NO"‘k/(R ) with R°. NO"l 150
A, Ry =1.233 A and k =0.016 A2, CNO angles
(°) A 121(2); B, 113(1) and 113.0; C, 115(1);
D, 116; E, 117; F, 116.3(2); (I), 117.2(1); (IV),
117.1(1); G, 116.4(1); H, 111.7(2); (II), 112.3(2);
(II), 112.8(2) and 112.3; i, 112.0(2); j, 110.2(2)
and 110.7(2); K, 113.0; L, 117.1.
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Fig. 7. Final difference Fourier syntheses in the least-squares plane through the benzene ring
atoms in (I) and (IV). The dotted line runs through points of 0.0 e A-2, and the differences between

the contours are 0.05 e A-3,

Table 5. Wave length (mu) of some transitions in the UV and UV-KCl absorption spectra of (I), (IT), (III)
and (IV) and the number of hydrogen bonds to the nitroso group atoms, n, and to the phenoxide oxygen
atom, m. Molecular extinction coefficients are shown in parentheses.

Compound in the solid Nitroso band 2nd band (charge 3rd band
state (nyo~—n*) transfer band, (—n*)
n—n*)
Avax M Amax(KCI) m Amax(KCI)
(e) (log e) (log e)
(I1m) 305 (strong) or
360(weak) 1
(Iv) 535 4 354 1 260
(I) 560 3 387 3 256
(IIT) 610 1? 337 1 265
Compound in solution
(II) in water 310 (3.9)
(), (II1), (IV) 500 (100) 400 (4.2) 255 (3.7)
in water
(IIT) in acetone 610 (35) 410 (4.2)
p-nitrosophenol 736 (356)
in water

in the C—~O bond length towards a similar
change in the environment.

A shift in the resonance equilibrium between
the two main VB structures is more directly
expressed by changes in bond orders than by

changes in bond lengths. Fig. 4 shows the bond
order differences between (I) and (IV). The
bond orders are calculated using a linear bond
order —bond length relationship.!'®* The differ-
ences between (IV) and the acid (II) is shown
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for comparison. The differences are fairly
consistent with a decrease in the weight of the
p-quinonoide VB structure from 83 9, in the
acid (IT) to 55 9% in (IV) to 44 9% in (I).

In Fig. 5 the C—O bond length is plotted
against the C—N bond length in (II), (IV) and
(I). Some calculated points are also shown;
both CNDO/2 ** calculations using the ! and m
coordinates in Table 3 as input parameters
(n=0), and MINDO/3'® calculations with
bond length and angle optimalization (fixing
the CNO angle at the observed value and
the C—H bond length at 1.0 A) have been
performed. The plot indicates roughly a linear
relationship between the two bond lengths.
Evidently the change in conjugation caused
by a slight change in the environment is com-
parable with that caused by ionization.

A plot of C—N bond lengths against N—O
bond lengths is shown in Fig. 6. Apparently
& hyperbola having asymptotes at Ryo=1.150
A and Rcy=1.233 A might pass through
nearly all the indicated areas formed by an
2.5 ¢ uncertainty allowance in the bond lengths.
Thus, in those compounds having the largest
conjugation over the CNO fragment the sum
of the C—N and the N — O bond lengths appears
to be less than elsewhere along the curve.
According to VSEPR theory * this should
promote larger CNO angles in these compounds
than in the other. The values observed seem to
indicate that this expectance is realized to
some extent.

A value of 117.1(1)° for the CNO angle in
the present structure is in good conformity
with the values found in the compounds having
& similar degree of conjugation over the CNO
fragment. In nitrosonates the angles are in the
range 116—117°. Other factors may also in-
fluence this angle and hydrogen bonding is
probably of particular importance. It is there-
fore surprising that all anion bond angles but
the CNO angle are significantly different from
those of the anion in (IV). The differences are
shown in Table 2. As to the benzene ring angles,
the angle at C1 and C4 is larger while the other
angles are smaller in (I) than in (IV). It appears
that 4C1~ —24C2~ —24C6 and 4C4~ —24C3
~—24C5, A4 denoting the C—-C-C angle
differences. Whereas the average benzene ring
angle differs 1.7° from 120° in (IV) it differs only
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0.9° from 120° in the present structure. This is
in accordance with the change in bond lengths
towards a more benzenoid (or “nitroso-phen-
oxide’’) structure when passing from (IV)
to (I).

The anion has the same weakly expressed
boat form as in (IV) although to a somewhat
greater extent.

The charge distribution in the anion. This
subject has previously been discussed to some
extent.? The L-shell refinement gives adjusted
gross atomic populations that lend support to
the result of the CNDO/2 and the INDO calcula-
tions of a nearly equal distribution of negative -
charge between the two oxygen atoms. Further
there is a rather good accordance between
theory and experiment as to the charge distri-
bution in the benzene ring. The comparison
is made in Table 4. Comparing (I) and (IV)
one detects a striking resemblance between
the two anions. The differences are in the range
0.01-0.08 e and far from significant.

The UV and UV-KCl absorption spectrum
of the p-nitrosophenolate ion. The A,,, values
for the three transitions of least energy of the
anion in the three salts and in water and acetone
solution are given in Table 5. Some values for
the acid (II) and its tautomer are shown for
comparison.

Generally the spectrum bear strong resem-
blance with that of other p-substituted nitroso-
benzenes.* However, contrary to what has been
found for these the weak nyo~—=* transition
seems not to be coupled with the 2nd transition
80 that a blue shift in the first follows a red shift
in the second. CNDO/2 calculations on ¢solated
species indicate that the more the ‘oxime-
ketone” or p-quinonoide structure dominates
the longer the wave length of the second
(n—n*) transition and the shorter the wave
length of the weak transition.

The two transitions are also strongly depen-
dent upon the crystal field. It is interesting
to note that the weak transition gets an increas-
ing blue shift when the number of hydrogen
bonds to the nitroso group atoms increases.
The diversity in colour is then probably caused
both by hydrogen bonding per se and the shift
it induces in the resonance equilibrium between
the two main VB structures.
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The Coefficients for Isothermal Transport. 1. Cation Exchange

Membrane and Electrodes Reversible to a Common Anion

KATRINE SEIP FOGRLAND,* TORMOD FORLAND P and SIGNE KJELSTRUP RATKJE ¢*

8 Laboratory of Inorganic Chemistry, The Norwegian Institute of Technology, The University of
Trondheim, N-7034 Trondheim-NTH, Norway, P Laboratory of Physical Chemistry, The Norwegian
Institute of Technology, The University of Trondheim, N-7034 Trondheim-NTH, Norway and ¢ De-
partment of Chemistry, The University of Trondheim, N-7000 Trondheim, Norway

Isothermal transport processes across a mem-
brane, placed between anion reversible elec-
trodes, is described by a set of relations between
fluxes and forces. The fluxes are transfer of
neutral components and current. The forces
are gradients in chemical potential for the
neutral components, and a gradient in electric
potential that can be measured between defined
electrodes. Thus the presentation deals only
with measurable quantities. The number and
kind of components used to describe the system,
conform with the phase rule. The forces used
in the flux equations are therefore independent.

Restrictions of the system, such as the selec-
tivity of the electrodes and of the membrane,
and the charge of the ions composing the salts,
lead to relations between the transport coeffi-
cients in addition to the Onsager reciprocal
relations.

Methods for experimental determination of
the transport coefficients are discussed.

1. INTRODUCTION

Irreversible thermodynamics is wused for
describing transport processes in membranes
in various contexts.'™'® When treating elec-
trolyte solutions, commonly single ion com-
ponents are used. The basic fluxes and forces
are ionic fluxes and gradients in electrochemical
potential of ions, and the electric current is
expressed as the sum over all charges carried
by the ionic fluxes.*® General thermodynamic
objections can be raised to the definitions of
single ion quantities, and thus to their use.

* Present address: Laboratory of Physical Chem-
istry, The Norwegian Institute of Technology,
The University of Trondheim, N-7034 Trondheim-
NTH, Norway. '
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An alternative treatment considering only
measurable quantities, presented previously,!
is used in a wider context in this paper. The
components of the system are the components
in terms of the phase rule, and the electric
current is treated as one of the basic fluxes of
the system. In this way a more exact and gener-
al description of the transport processes is
obtained. The physical interpretations of the
coupling phenomena on this basis are limited
to the macroscopic phenomenological level.

The importance of the analysis is seen
when the description of the transport pro-
cesses is developed for a cation exchange mem-
brane placed between anion reversible elec-
trodes. New information about the phenom-
enological coefficients is then obtained. Finally
experimental conditions consistent with the
theoretical treatment are outlined.

2. TRANSPORTS IN AN ION EXCHANGE
MEMBRANE PLACED BETWEEN ELEC-
TRODES REVERSIBLE TO A COMMON
ANION

The system considered consists of two
solutions separated by a cation exchange
membrane and an anion reversible electrode
in each solution. Each solution contains two
electrolytes with a common anion. In our
example the electrolytes are HCl and NaCl,
and Ag/AgCl electrodes are used. The system
ig illustrated in Fig. 1.

The system is assumed to be isothermal.
Any enthalpy change by the transport across

4
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Solution

o 4 ¢
Membrane
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HCl (Cy)
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N
NaCt (C3) \Ag/AgC(

0

Fig. 1. A cation exchange membrane separating two solutions of HCl and NaCl. The electrodes

are reversible to the Cl™ ion.

the electrolyte —membrane phase boundary is
assumed to have no significant effect on the
mass fluxes, ¢.e. temperature gradients are
negligibly small.

In terms of the phase rule, the system con-
tains the four components HCl, NaCl, H,0
and HM, where HM denotes the membrane
in the hydrogen form. For the case of diffusive
flows Hanley ¢ discussed why the membrane
must be included among the components.
The membrane in the sodium form, NaM,
is not & component in terms of the phase rule.
Assuming local equilibrium inside the mem-
brane, NaM can be expressed by the other
components in the equilibrium equation:

HM + NaCl = HCl + NaM 1)

Thus it is always possible to avoid the com-
ponent NaM, when describing a membrane
congisting of X mol of HM and (1-X) mol
of NaM. The membrane may be considered to
contain:

X mol HM + (1 — X) mol [HM + NaCl — HCl] =
=1 mol HM + (1 — X)) mol NaCl—
(1—X) mol HC1 (2)

Mass fluxes to be considered need therefore
only be Jyci, Inact Jmi0 8nd Jyy. According
to Prigogine ? any reference velocity can be
used to define isothermal diffusion at mechan-
ical equilibrium. Our system is assumed to
undergo only negligible changes in macroscopic
kinetic energy. This means that the flux of
HM, Jyy, can be chosen equal to zero and the
other fluxes can be given relative to Jyy.

One may note that the amount of HM on
the right hand side of eqn. (2) is always 1 mol
(1 equiv.). This means that the reference,
HM, is constant for all membrane compositions.
The reference is also equivalent to the mem-
brane matrix as a reference for both stationary
and non-stationary flow. The membrane matrix
was chosen as the reference in the ‘“‘black box”
description of membrane transport processes.®*

The set of flux equations. When diffusion
takes place across a membrane while a current
passes through the system, the changes taking
place are described by fluxes of the neutral
components, Jyct, Jnacty Jm0 and the electric
current, I. The second postulate of irrever-
sible thermodynamics gives the following
relations between fluxes and forces for an
isothermal system:

Juaa=J1= =Ly, Vi = LV sty = L,V s~ LV ¢
(3)

Inact=Js= — Ly, Vty — L)V sty — LyyV s — 2« Vo
(4)

Jmo=Js= — Ly Vi, — L,V sty — Ly V s ~ Ly, V ¢
(5)

I=d,=—~LuVu— L,V — LV — Ly V¢
(6)

where L; are called phenomenological coeffi-
cients.

The fluxes in the above equations are ob-
tained by measuring the electric current and
composition changes in the solutions over time.
The forces can be obtained by measuring dif-
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ferences in chemical or electric potential over
very small differences in the space coordinates.
Chemical potentials are measured by standard
methods. The electric potential is measured
by inserting minute electrodes reversible to the
chloride ion. (If the chloride content of the
membrane is equal to zero, a minute quantity
of electrolyte should be in contact with each
electrode). These electrodes carry no current
and are not assumed to disturb the transport
processes significantly, as any change in
membrane properties will be only over a very
limited region.

One cannot insert electrodes without intro-
ducing additional components in the system.
When electrodes reversible to the chloride ion
are Ag/AgCl electrodes, the additional com-
ponents are Ag and AgCl. The transfer of these
components is connected to the transfer of
charge in a simple way:

JAg::I and JAgCl= -1

Correspondingly there is a transfer of volume
from left to right equal to I(Vag—Vaga)s
where V,g and Ve are the molar volumes
of Ag(s) and AgCl(s), respectively.

The components Ag and AgCl are separate
phases, they are not present in any of the
other phases. This means that the gradients
in their chemical potential are equal to zero
unless there is a pressure gradient in the system.
With a pressure gradient, VP, the gradients in
chemical potential for the two components are:

Viagw=VagVP and Viuageys)=Vaga VP

The contribution to the gradient in electric
potential from these components is equal to:

(Vagar—Vag) VP [of. eqn. (26)]

By subtracting this term from the measured
electric potential gradient, ¥ ¢.,s, one obtains
the gradient ¢ in eqns. (3—6):

Vé=Vdobs— (Vaga— Vag VP

In this way one avoids operating with additional
components in the basic set of equations.

The eqns. (3— 6) describe the transport pro-
cesses in the system on a macroscopic phenome-
nological level, they are not based on any model
assumption. This description is as close to
physical reality as can be obtained by a rigorous
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thermodynamic method. A description in
terms of volume flows %*?® is also independent
of model assumptions, but is less precise than
the present approach.

The gradients in chemical and electric
potential in the system are assumed to be only
across the membrane, t.e. no diffusive film
will be considered. Any pressure gradient in the
membrane is included in the gradients in
chemical potential.

The gradients in chemical potential are
linearly dependent through the Gibbs-Duhem
equation. When energy contributions due to
changes in dipole orientation are negligible,
the equation does not contain gradients in
electric potential. For an isothermal system
where Vy; include pnessure gradients, the
equation takes the form:

; mVu—VVP=0

The chemical potentials of HM and NaM
can be expressed by the chemical potentials of
HCI, NaCl and H,0 and P by application of the
Gibbs-Duhem equation and the membrane
exchange equilibrium restriction, eqns. (1,2).
Conversely the chemical potentials of HCl and
NaCl can be expressed by the chemical poten-
tials of HM, NaM and H,0 and P. This means
that u, and p, are well-defined functions any-
where in the membrane even when the content
of CI” ions in the membrane is negligible.

Transference numbers and diffusion coeffi-
cients. According to the Onsager reciprocal
relations, Ly=L;. The coefficient L, may
be interpreted as the electrolytic conductance
of the membrane. The coefficients L,,, L,, and
Ly, may be identified by means of a Hittorf
experiment. In the Hittorf experiment all
gradients in chemical potential are equal to
zero, and the following information is obtained:

I)gm=0 Ly
I)gum=0 Ly

I/ qum=0 Ly
‘With electrodes reversible to the Cl™ ion, the .

cation fluxes through the membrane are equal
to the fluxes of the respective neutral com-

(7)

(8)

(9)
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ponents through the system, J,=Jgxq=
Jy*(in membrane) and Jy=Jyuc1=JNa*(in
membrane). Therefore ¢, is equal to the ionic
transference number of the H* ion, ¢,=ty*,
and similarly ¢,=¢y,*. The ¢, is the trans-
ference number of neutral water and does not
represent any transfer of charges.

The gradient in electric potential, V¢, may
be eliminated in the mass flux equations. The

eqns. (7—9) may be substituted in eqn. (6).

Vé=—t Vi~V i~V us— (1/Ly,)

Substituting this expression in eqns. (3 — 5) gives:

(10)

J1= = (L1 =811 )V ity — (L — 8Ly, )V s —
(Lys—tLy ) Vus+1t, I

Ja=—(La1—t:1L3)Vtt1 = (Lya—t:L3)Vts —
(Lgs —tsLss)V s + 8o

Jy=—(Lyy—t:1L3) V1 — (Lsg—t3 L) Vs —
(Lys—tsLs) Vs + tsl

For convenience the equations may be written
in the abbreviated form:

Jy= =1 V=0 Vis—1sVus+ 1 (11)
Ja= =131Vt —1agV s~ a3V its + ts (12)
Jy= —1l3;V 1 —1saV g —ssV tts + 251 (13)

when the current, I, is equal to zero, eqns.
(11-13) represent a homogeneous set of
equations with a symmetric matrix. The number
of equations is reduced by one, and the number
of coefficients is reduced from sixteen to nine,
compared with eqns. (3—6). The diffusion
coefficients I;; are independent of the kind of
electrodes one may use for measuring V¢ and
independent of the transference numbers.

Eqn. (14) gives the relations between the
diffusion coefficients, as obtained from pure
diffusion experiments, and the phenomeno-
logical coefficients, as obtained from experi-
ments involving mixed diffusion and electric
transport.

LgyL;
S Sl st P =
llj_Llj L“ 1,) 1, 2, 3 (14)
When the Onsager reciprocal relations L= Ly
are valid, the relations l;;=1I;; are also valid,

as can be seen from eqn. (14)

It is essential for the following derivation
that all the forces in egns. (11—13) are in-
dependent. For many kinds of membrane
transports the fluxes may be interdependent.
For such cases the Onsager reciprocal relations
need not be valid, unless the forces are in-
dependent.® We will show that the gradients
in chemical potential in eqns. (11-—-13) can
be changed independent of one another.

Application of the phase rule to the membrane-
electrolyte system. Equilibrium is assumed be-
tween the membrane and the solution at the
phase boundaries, in agreement with the first
postulate of local equilibrium in irreversible
thermodynamics. The phase rule:
F=C-Ph+1 (at constant temperature)
may be applied to a region extending across a
phase boundary, in order to determine the
number of independent intensive variables
or degrees of freedom. The number of com-
ponents, C, is equal to 4, and the number of
phases, Ph, is equal to 2. This gives the number
of degrees of freedom, F', equal to 3. One can,
e.g., change the chemical potentials u,, u, and
U3 independently at both sides of the membrane,
while p, (pgy) and the pressure are dependent
variables. Thus the potential differences Au,,
dus and Adu; over the membrane are also in-
dependent variables.

‘We will now consider stationary state for the
system. At any position inside the membrane,
the gradients in chemical potential are then
determined by the composition and the pressure
of the electrolytes on the two sides of the
membrane. The gradient u, is mainly a
function of the difference Adu, over the mem-
brane, but modified by du; and du,:

Vu,= f:(f’_ﬂ—y Apg, Apts)

Thus Vu, at a given position in the membrane
can be changed by changing 4u,, while V/ u, and
Vus are kept constant by slight adjustments of
Aps and Aus. Similarly Vg, and ¥y, are mainly
functions of Au, and dp,, respectively, and
each can be changed independent of the others.

Transport coefficients for a cation exchange
membrane. We will consider the same kind of
system as discussed above. We will, however,
make the restriction that the membrane is a
perfect cation exchange membrane. That means
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tl + tg = 1
or stated in an equivalent way

Ly +Lyy=1Ly, (15)

The current, I, can be expressed by the fluxes
J, and J,

I=J,+J, (16)

Combining eqn. (16) with eqns. (11 and 12)
we have

(Lar 1)V + (aa+10) Vs + (is+1as) Vs =0
(17)

This equation is valid for any value of Vu,,
Vi, and Y ug. Because these forces are independ.-
ent variables, we can conclude that

lu-l-l,i:o i=1, 2, 3 (18)

Further, since all forces in eqns. (3 —6), Vu,,
Vs, Vs and V¢ are independent variables and
since J,+J;=1, we obtain in a similar way:

L+ Lyj=Lg i=1,...4 (19)

The eqns. (19) are valid when there are three
independent mass fluxes across a cation ex-
change membrane, and electric charge is
transported by two univalent cations between
electrodes reversible to a common anion. The
eqns. (18) are independent of the kind of
electrodes used.

The ljy and Ly coefficients are functions of
local composition, P and 7', ¢.e. they are
gradient independent. Followingly the eqgns.
(18,19) are also valid for a system that is not
in stationary state.

It should be noted that by assuming L,;,=0
and Vus=0, eqns. (3,4) become identical with
the Nernst-Planck flux equation. When L,,=0,
eqns. (19) give L,,=L,, and L,3;=L,,, and
the following expressions for eqns. (3,4) are
obtained:

J1= =L (Va1 +V¢)

Jy= — Lgyo(V s+ V¢)

The single ion chemical potential is defined as:
H1=pgc1= st + der-

H3= UNac1= HNa* T Hor-

With chlorine reversible electrodes, the emf
of the cell, 4¢, is defined as equal to the so-
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called electric potential difference, 4y minus
the difference in the chemical potential of
CI", 4duc~, between the electrodes (two im-
measurable quantities). Thus the relation be-
tween the gradients would be:

Vé=Vy—Vucr-
The electrochemical potential of an ion is defined:

By=p+zp (25 is the charge of the ion)
Using these definitions and remembering
that J,=Jgx*(in membrane) and J,;=Jy,*(in
membrane), one obtains the well-known form
of the Nernst-Planck flux equation:

Jut = —L1(Vegt+Vy) = — L1V iig*
INa*= — Lau(Vina* + V) = — Ly V fina*

In this way the assumptions behind the
Nernst-Planck equation are shown. Assuming
a zero value for L,, means assuming the same
mobility for Y¢=0 and for transport in
an electric field without concentration gra-
dients. The same assumption about mobilities
is inherent when the concept of electrochemical
potential is used in the single ion terminology.
Assuming a zero value for Vus (Vimo) is
probably close to reality for dilute aqueous
solutions. )

Generalization of the derivation. The above
derivation can be extended to an n-component
system containing ions with different charges.

For a system of n components one can choose
one of the components as the reference com-
ponent, thus the flux of this component is equal
to zero. For an isothermal two-phase system
there are n— 1 independent intensive variables.
With an electric current passing through the
system, there are n independent forces (in-
cluding the gradients in chemical potential
and the gradient in electric potential) and n
fluxes (including the mass fluxes J, .
and the electric current J,=1I). The fluxes
may be linearly dependent:

R

i=n

iZI 4J;=0 (20)
where «; is called a coupling coefficient. The set
of coupling coefficients expresses the inter-
dependence of the fluxes. (For the system just
dealt with, HCl-NaCl-H,0-HM, «,=1, a,=1,
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2y3=0 and «,=-—1. For a system HCI-
CaCl,-H,0-HM one would have a,=1, a;=2,
a3=0 and «,=—1 using a cation exchange
membrane and anion reversible electrodes.)

Since all forces are independent, the phe-
nomenological coefficients must also be linearly
related:

i=n

z aiLij=0 j=l,...,n (21)
i=1

Similarly one will have for the diffusion coeffi-
cients:

imn—1

121 dil|’=0 j=1,...,n—l (22)
The values of the coupling coefficients are
determined by the selectivity of the electrodes,
the selectivity of the membrane (e.g. cation-
or anion exchange membrane) and the charges
of the ions migrating through the membrane.

A set of coupling coefficients can be used
to express any kind of interdependence be-
tween fluxes. Take for example the system
HCI1-NaCl-H,0-HM. If all transport of water
molecules is connected only to the transport
of components 1 and 2, this can be expressed

by eqn. (23)
ayJ oy, = J,

where a, and «, are the number of water mole-
cules transported together with component 1
and 2, respectively. This will give eqns. (24)
relating coefficients connected to transport of
water:

(23)

o, Ly +asLy =Ly i=1,...,4 (24)

In a set of equations describing 7 fluxes caused
by n forces, there are n? coefficients. Owing to
the Onsager reciprocal relations the number
of independent coefficients is only in(n+1).
For a system described by eqn. (20) where the
n relations given in eqn. (21) are valid, the
number of independent coefficients will be
reduced to $n(n—1). This means that in(n—1)
independent transport coefficients must be
determined experimentally in order to obtain
a complete description of isothermal transport
of mass and charge across a cation exchange
membrane between anion reversible electrodes.
When cation reversible electrodes are used,
one will arrive at the same number of independ-

ent coefficients. This will be shown in a subse-
quent paper.

Commonly transport processes in membranes
are described by treating the ionic species
as components (see Meares et al.t for further
references). Some problems inherent in theionic
description will be discussed in a subsequent
paper, where the methods will be compared.

3. EXPERIMENTAL DETERMINATION
OF THE PHENOMENOLOGICAL
COEFFICIENTS, Ly

Experimental conditions consistent with the
preceding theoretical treatment are outlined
below. Returning to the previously considered
example, we will discuss the experiments needed
to determine six independent coefficients of
a cation exchange membrane. For all the ex-
periments the vector fluxes are assumed to be
perpendicular to the surface of the membrane.
This allows us to replace gradients by one-
dimensional differentials in the set of flux
equations (3—6). Further, the differentials
are replaced by differences over a unit length
of membrane thickness. The difference can be
made sufficiently small to allow the use of
average values for transport coefficients over
the composition interval considered.

The coefficients L,,, Lsy, Ly and Ly The
electrolytic conductance of the membrane,
L4, can be obtained by standard methods of
conductance measurements. A Hittorf ex-
periment gives either ¢, or ¢;, When L, is
known, L,, and L,, are obtained applying
eqns. (7,8,15).

The coefficient Ly, can be obtained in three
alternative ways:

1. The coefficient L,, can be obtained by
measuring the flux of water, J,, when a known
current passes through the system with identical
electrolytes on both sides of the membrane
(electroosmosis). When L,, is known, IL,, is
obtained applying eqn. (9).

2. Alternatively, under the same conditions,
one can measure the volume flow, J,, which
can be expressed by the equation:

JV=J171+J;?|+J3V3+I(VA3“ VAgCl)

where the last term is the transfer of volume
due to changes in the electrodes. The V; is the
known molar volume of the component i in the
electrolyte. When L, and ¢, (and ¢,) are known,
one obtains the transference number for water
applying eqns. (7—9), and hence Ly =t3Ly,.

tsVs=(Jo/I) gymo— 0V 1+ 8Va) = Vag+Vaga

3. One can obtain L,3 and thus L, by
measuring the electric potential difference
with identical electrolytes on both sides,
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but different pressures (streaming potential). A
pressure difference leads to a difference in
chemical potential:
Apy= V4P (25)
With Ag/AgCl electrodes the transfer of charge
corresponds to a transfer of Ag(s) and AgCl(s)
in addition to the components HCl, NaCl, H,0.
With different pressures at the two electrodes
eqn. (10) is extended by the two additional
components transferred:

A¢obs= - tldlll - tzdﬂa— tadﬂs b tAgA/‘Ag_
tagaduager— (I/Lq,)

where £, and 4,1 are defined similarly as ¢,,
t; and ¢4, 4.e. the number of moles transferred
per faraday. For the present electrodes fy,=
+1 and £44¢1= — 1, which gives:

Adops= (=817 1=tV 3— 8,73 — Vag+ Vage) AP~
(I/L4) (26)

The measurement of Ay, is carried out at
practically zero current, and thus one obtains:

(A?sobs/AP)]..o: _tlﬁl_tlvi_ttv;_
(Vag— Vagar)

from which ¢; can be found when all the other
quantities are known, and hence L, = l3L,,.

The coefficients L,,, L,y and L,y can all be
obtained from a pure diffusion experiment when
L,,, Ly, and L, are known. When I is equal
to zero, eqn. (11) is reduced to:

Ji= =1y dpy =l dpus— 13 4us
which combined with eqn. (18) gives:

Iy=—=U11(dpy— dus) =113 4ps (27)
The experiment can be arranged in such a way
that Aus=0 (the vapour pressure over both
solutions is the same), or one can correct for
the small term /,;4u,;, when measuring J, for
known differences du, and Au, which gives
l,;. Using eqn. (14) and the known values of
Ly, Ly, and Ly, one obtains the coefficients

115 L1 and Lsa

The coefficient L,, (the difference between
L,, and L,,) is probably very small. Therefore
it may be an advantage to determine this
coefficient directly.

One method for direct determination of
L,y is by means of the experiment illustrated
in Fig. 2. The potential across membrane 1 is
measured using electrodes reversible to H+.
Membrane 2 (on the left hand side of the small
volume) is of & very small area. This will give
& high current density in the membrane, pre-
venting Ht ions from diffusing to the left.
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With a closed circuit, the concentrations in
the small volume will change rapidly by com-
bined diffusion and electric transport between
the small and the large volume, until steady
state is obtained. At steady state the electric
transport of H+ ions across membrane 1 is
just counterbalanced by the diffusion of H+
ions. There is no net transfer of this species,
and Jaci=J,=0.

Using H+ reversible electrodes, the emf
of the cell, 4¢’, is equal to the sum of the
following contributions:

1. The emf of the cell with CI™ reversible
electrodes, 44, as given by eqn. (3) when

1=V,

1 L,
d¢=— I'Z‘ (Lo 4y + Ly Ap,) — _L_L’ ViJIN

14

which combined with eqn. (17) gives:

L L
A= —dp+ T (A= dpw) - T Ans

2. The emf of the cell H|(HCl, NaCl),|Cl,
A4¢” = — pucyy + constant.  Here H and Cl
mean electrodes reversible to H+ and CI5,
respectively, and the number I refers to.the
electrolyte on the left hand side of membrane 1.

3. The emf of the cell Cl|(HCl, NaCl),|H,
A¢’”" = + pmcipy + constant. The meaning of H
and Cl is the same as above, and the number II
refers to the electrolyte on the right hand side
of membrane 1.

The emf of the cell with H+ reversible
electrodes is then.

A¢' = AP+ 4" + Ad""" = AP+ (umciy —
uuCly) = A¢+ du,

, L L
4¢'= T (dm—dw)— T A,

By suitable choice of electrolyte compositions
dps, and thus the last term, can be made very
small. When L,; and L,, are known, the last
term can be corrected for, and L,, is found by
measuring A4¢’.

The coefficients L.y, L,y and Lgg. The re-
maining coefficients, L,;, L3 and Lsy can be
obtained from two independent measurements
of water flux.

In the pure diffusion experiment described
on the basis of eqn. (27) one can measure J;
in addition to J,. From eqns. (11,13,18) one
obtaing the ratio between the fluxes:

(é) =l
A 1=0,4pu =0 by

Thus I;, can be found after determining I,,.
When L,,, L,, and Lg, are known, L,; and L,
are obtained applying eqns. (14,19).
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Fig. 2. Experimental arrangement for determining L,,. The electrodes are reversible to the H+ ion.

The coefficients L,; and L,; may be obtained
more conveniently, however, in a different
way. We define two new symbols:

Ly Ly
r1=L—u and r,=f;

Introducing these symbols one obtains from
eqn. (19):

r1L3 41304 = Ly (28)

or with eqns. (7,9)
Tty +rels =

The transference numbers ¢, and ¢, as func-
tions of composition are known from the
Hittorf experiment. From measurements of
t, as a function of ¢, (or of composition) one
can thus find r, and r, as functions of composi-
tion, yielding L,; and L,; when L,, and L,
are known.

For several systems t; was found to be an
approximately linear function of #,.}%! This
means that r, and r, can be interpreted as a
constant number of water molecules coupled to
the electric transport of components 1 and 2,
respectively. Eqn. (28) is the same as eqn.
(24) when i is 4 and when «,=7r, and a,=7,.
Thus the restriction given by eqn. (23) must
lead to eqn. (28). Eqn. (28), however, involves
only the electric transport of the components
1 and 2. It does not give any information about
diffusional transport, and the more general
eqn. (23) is not proved valid by the above ex-
periment.

The coefficient L;3 can be obtained by
measuring the flux of water through the mem-

brane at zero current with identical electrolytes,
but different hydrostatic pressure on the two
sides of the membrane. The flux of water is
then given by eqn. (13) combined with eqn. (25):
Jy=—13,V14P =13, V4P — 14,V AP

Eqn. (18) is used to eliminate l4,:

Jy= "lxa(f’-x— ﬁ)AP—laaV;ZP )

A reshuffling of the above equation gives:

R RACIR Iy
33— T/a AP 13 173

When the molar volumes, L,s, L, L; and
L, are known, L,, is obtained by applying
eqn. (14).

4. CONCLUSION

The description of transport phenomena given
in this paper has several advantages:

Only measurable quantities are used for
describing the transport phenomena. The
mathematical description is as close to the
physical processes as possible by a rigorous
thermodynamic method.

The choice of components is in accordance
with the phase rule. The flux equations con-
tain independent forces, both for the case
when electric energy is introduced into the
system, and for the pure diffusion process.
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The description is independent of the struc-
ture of the system. It can be used for non-
electrolytes as well as for electrolytes. The
equations are also applicable to transport of
molten salts through membranes.

For a perfect cation (or anion) exchange
membrane the transport coefficients are related
by equations of general validity in addition to
the Onsager reciprocal relations. This reduces
the complexity of the system. All transport
coefficients can be obtained directly from
measured relations between the basic fluxes
and forces.

Assumptions behind approximate flux equa-
tions can be analysed as shown by the in-
terpretation of the Nernst-Planck flux equa-
tions. Thus the validity of the approximations
can be tested experimentally.
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Preparation of Tetramethylammonium Selenosulfate. Infrared

and Raman Spectra of Tetramethylammonium Selenosulfate

and Thiosulfate
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of Bergen, N-5014 Bergen-Univ., Norway

Selenium-free tetramethylammonium seleno-
sulfate in high yield can be prepared easily
from the corresponding sulfite and elemental
selenium in methanol. Tetramethylammonium
selenosulfate, like the corresponding thio-
sulfate, is rather soluble in warm methanol,
only limitedly soluble in ethanol and appears
insoluble in both acetone and acetonitrile.

The selenosulfate ion acts as an electrophile
and thus as a selenating agent toward both
triphenylphosphine and ionic cyanide, but
only in solvents in which the tetramethyl-
ammonium salt is soluble. Toward alkyl halides
the selenosulfate ion is a powerful nucleophile
and the facile preparation of some tetra-
methylammonium “geleno-Bunte”’ salts,
Me,N+RSeSO,~, is described.

The infrared .and Raman spectra of tetra-
methylammonium selenosulfate and thiosulfate
together with the assigned fundamentals are
presented. As anticipated, the selenosulfate ion
probably possesses the thionic structure with
Oy symmetry similar to that of the thiosulfate
ion.

In an aqueous solution of a metal sulfite, pre-
ferably the very soluble potassium salt, ele-
mental selenium readily dissolves, particularly
at elevated temperatures *~* and the following
equilibrium_is established:

SO, + Se(s)=SeS0, (1)

Due to the positive temperature dependence
of the equilibrium constant for eqn. 1,° salts
of the selenosulfate ion have been most difficult
to obtain in pure form since selenium will
precipitate along with the desired selenosulfate
upon cooling of the reaction mixture. The first
selenosulfate, K,SeSO,;, was prepared by

Rathke,” but his synthetic route led to an
impure product.! As shown by Janickis and
co-workers,’ potassium selenosulfate can be
stored for years when properly purified.

SYNTHESIS OF TETRAMETHYL-
AMMONIUM SELENOSULFATE

We have looked for improved synthetic
routes for the preparation of pure salts of the
selenosulfate ion. An attempt to use the reac-
tion of elemental selenium with tetramethyl-
ammonium sulfite or tetraphenylarsonium sul-
fite in acetonitrile failed. The product of the
reaction was not the expected selenosulfate,
but the diselenotetrathionate,’® although
oxygen was carefully excluded during the
reaction:

N
50,4+ Se(s) 2N -0,5568080, @)

The reaction between onium sulfites and
selenium in warm methanol was far more
successful. From tetramethylammonium sulfite
a selenosulfate of high purity was obtained
rapidly in high yield, (usually more than 70 9%,),
eqn. 3:

(Me,N),80;+8Se(s) MeOH
—
5 min, 50°C

(Me,N),SeSO, (3)

Due to the low solubility of this salt in cold
methanol, it crystallized rapidly from the
reaction mixture prior to the formation of
elemental selenium. Cold ethanol, 0°C, was
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used to remove from the crystalline product
unreacted tetramethylammonium sulfite and
sulfate, the latter compound formed by possible
oxidation of the sulfite. (Separate experiments
showed that both these two salts are soluble
in cold ethanol.) When tetraphenylarsonium
sulfite - was ' employed, the corresponding
selenium-free selenosulfate was rapidly obtained
in a similar way. However, pure samples of
tetraphenylarsonium selenosulfate could not
be obtained since the solubility of this salt
does not allow the product to be washed with
any of the usual protic and aprotic solvents
to remove unreacted tetraphenylarsonium
sulfite and possibly sulfate.
Tetramethylammonium selenosulfate is a
colourless crystalline compound which de-
composes slowly in moist air, but can be stored
for months without decomposition when stored
in a closed bottle. When dissolved in methanol,
water or warm ethanol, the equilibrium accord-
ing to eqn. 1 is set up immediately and red
selenium is precipitated. As in aqueous solu-
tion, the temperature coefficient of the equi-
librium constant in methanol, eqn. 1, is positive,
but the large difference in solubility of tetra-
methylammonium selenosulfate in methanol
at 50°C and at room temperature is the prob-
able cause for the facile formation of the
selenium-free selenosulfate. At 25°C, some
30 9% of a 0.02 M solution of tetramethyl-
ammonium selenosulfate in methanol is de-
composed, a little less than in distilled water
of pH 6.0. At 50°C considerably less is
decomposed in methanol, allowing the salt to
be crystallized from this solvent ¢ without
extensive losses. (See Experimental Part.)
In refluxing acetone and acetonitrile, tetra-
methylammonium selenosulfate appears quite
insoluble. No selenium was precipitated
during the attempt to dissolve the salt in
these two solvents, but in acetonitrile the
solution turned very slowly yellow, presumably
due to traces of tetramethylammonium diseleno-
tetrathionate, according to eqn. 2.

REACTIONS

Tetramethylammonium selenosulfate as "elec-
trophilic agent (selenating agent). Tetramethyl-
ammonium selenosulfate is deselenated quanti-
tatively and very -rapidly by both triphenyl-
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phosphine and ionic cyanide in methanol
according to eqns. 4a and 4b:

MeOH, 5 min, 20 °C

(Me,N),8¢S0, + Ph,P
Ph,PSe (98 %) (4)
MeOH, 5 min, 20°
(Me,N),S680, + Ph,AsCN — min, 20°C
Ph,AsSeCN (97 %) (4b)

The latter reaction provides a simple test of
the purity of the compound by measuring the
amount of ionic selenocyanate, SeCN~, formed,
by recording the IR spectrum,! after transfer
of the reaction mixture to acetonitrile.

In acetonitrile and in acetone, no yield of
triphenylphosphine selenide, eqn. 4a, could
be obtained, and the formation of ionic seleno-
cyanate, eqn. 4b, was exceedingly slow, pre-
sumably due to the negligible solubility of the
salt in these solvents. Tetramethylammonium
selenosulfate can thus only be applied as a
selenating agent in a solvent in which it is
soluble. Tetramethylammonium  thiosulfate
could similarly only form ionic thiocyanate
with ionic cyanide in protic solvents. (See
Experimental Part.)

Tetramethylammonium selenosulfate as nucleo-
philic agent. Formation of ‘seleno-Bunte’’ salts
from alkyl todides, RI. Tetramethylammonium
selenosulfate dissolves without decomposition
in methanolic solutions of methyl iodide and
4-nitrobenzyl iodide, forming very rapidly
the corresponding Se-alkyl selenosulfates, ‘‘sele-
no-Bunte’ salts, in high yield according to
eqn. 5:

MeOH

(Me N),8eS0;+ RI __ﬁ.f Me NRSeSO; (5)
— e‘

The organic iodides are favourable compared
to the bromides and the chlorides since,
due to their higher reactivity, their reaction
with the selenosulfate ion takes place during
the mixing of the reagents preventing the
decomposition of the selenosulfate ion to take
place according to eqn. 1. Furthermore, the
very limited solubility of tetramethylammo-
nium iodide in methanol allows this product
from the reaction to be easily removed from
the reaction mixture.

A number of well-characterized <‘seleno-
Bunte” salts have previously been prepared



58 Klzboe, Martinsen and Songstad

from the selenosulfate ion, made in situ accord-
ing to eqn. 1, and alkyl and activated aryl
iodides.!*** However, since the decomposition
of organic selenosulfates is known to be catalyzed
by both acid, base and heat,'*'® pure tetra-
methylammonium selenosulfate in methanol
appears superior to potassium selenosulfate
prepared in situ for the synthesis of ‘‘seleno-
Bunte” salts.

The readiness by which the reaction between
tetramethylammonium selenosulfate and alkyl
iodides takes place clearly indicates that the
selenosulfate ion is a very powerful nucleophile.
This is not surprising in view of the fact that
the selenosulfate ion is very easily oxidized.!»'*%
The high yield of ‘seleno-Bunte’’ salts from
alkyl halides and potassium selenosulfate,
prepared in situ,'* ¢ suggests that the sulfite
ions present cannot compete with the seleno-
sulfate ions for the organic substrate. Since

the thiosulfate ion is only three times as reactive
as the sulfite ion toward methyl iodide in
methanol,®* it is conceivable that the seleno-
sulfate ion is more nucleophilic than is the
thiosulfate ion, a conclusion which fits nicely
into the generally accepted pattern of the rela-
tive nucleophilicity of divalent selenium and
sulfur species toward polarizable substrates:
NCSe~>NCS~, R,Se>R,S, PhSe~>PhS-,
0,886~ > 0,88

SPECTROSCOPIC STUDIES

Tetramethylammonium thiosulfate was pre-
pared in approximately the same way as the
corresponding selenosulfate (see Experimental
Part). Therefore, non-hygroscopic salts of these
two ions without crystal water or small polariz-
ing cations were available for the spectroscopic
study. Accordingly, the spectra of these com-

Table 1. Infrared and Raman spectral data for tetramethylammonium thiosulfate below 1200 cm™1.%

Infrared Raman Interpretation
Nujol KBr Solid
1195 vw 1197 w N(CH,)+
1168 vw 1176 m N(CH,),+
1160 w 1160 m
1132 vs} 1140 vs } 1124 m Ve E
1118 8 1125 s
1092 w
1060 vw 1048 w
1020 w 1024 m 1033 w
1007 s
996 s 998 s } 996 m e 4y
960 m 961 s
950 s : 945 s } 955 m N(CH,),*
918 w 918 w N(CH,),*
866 vw
845 w
757 8 N(CH,),*+
6656 w 674 s
6563 s } 677 s } 653 vs Ve A,
640 w 657 8
610 w 616 w
547 m
533 m 538 m } 637 w Ve B
536 m
462 m 454 w 460 s N(CHy),t
435 vw 431 vw 436 vs Vs Ay
370 vw 370 wb 378 w
331 vw 335 wh 322 s Voo B
324 wh 190 vw
95 vs lattice

4 Abbreviations: s, strong; m, medium; w, weak and v, very. b Polyethylene (Rigidex) pellet.
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Table 2. Infrared and Raman spectral data for tetramethylammonium selenosulfate below 1200 ecm™.%

Infrared Raman Interpretation
Nujol KBr Solid
1191 m 1198 vw N(CH,),*
1150 s
1140 vs 1128 vs } 1139 vw vo B
1091 vw
1061 w
1041 m 1042 m 1032 m, br
1019 s 1011 s, sh
} 1004 s } 994 m Vi A4,
996 vs 996 s
) e Nem
N(CH,),t
921 w 917 w 3%
845 w 754 s N(CH,),+
650 w 652 s
638 vs} 644 s } 639 » Ve 4
616 m
595 m
540 m 560 w
538 w } 530 w, sh} 528 vw, br vy E
522 m 526 m
462 m 454 w 457 m N(CH,),+
302 vw 300 wb 300 vs Vg Ay
281 vw 278 wb 277 s Ve E
250 vw? 242 w
225 vwb 227 w
2056 vw
117 w
88 s lattice

% Abbreviations: s, strong; m, medium; w, weak; v, very; sh, shoulder and br, broad. bPolyebhylene

(Rigidex) pellet.

Table 3. Fundamental frequencies  for the thiosulfate and the selenosulfate ions in their tetramethylammo-

nium salts.

8,0, SeS0,*~ No. Species Assignment

996 996 R A, 8—0 stretch

653 638 Vs A, 8—0 bend

436% 300% Vg A, S—S (S—8e) stretch
1132 1140 ¥, E S— 0 stretch

533 522 Vs E 8§—0 bend

3220 277% Ve E 80, rock

@ Infrared bands from the nujol spectra, except when noted. » Bands observed in the Raman spectra.

pounds are to a good approximation expected
to give a superposition of the cation N(CH,)+
and the anion SSO.* or SeSO,* spectra. The
thiosulfate ion has been investigated in a number
of compounds by X-ray % and spectro-
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scopic®®® methods and is known to belong
to point group C,,.*

The observed infrared and Raman lines below
1200 em™ for tetramethylammonium thio-
sulfate and selenosulfate, respectively, are
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listed in Tables 1 and 2. Tentative interpreta-
tions of the major infrared and Raman lines
are presented. As apparent, a number of the
observed bands can with reasonable confidence
be attributed to the cation N(CH,),* since
they are present in a number of salts containing
this ion.*—3% More interesting for the present
work are the bands attributed to the anions,
and in Table 3 the fundamentals assigned to
the thiosulfate and the selenosulfate groups
are listed. The thiosulfate modes agree well
with the results of earlier work.**2® With C,,
symmetry the fundamentals divide themselves
between the symmetry species 3 A, and 3 E.
Since no Raman polarization ratios can be
obtained from the solid state spectra, the 4,
and E fundamentals cannot be distinguished
with certainty. In most cases the 4, modes
give rise to the most intense Raman bandsin the
spectra. Also, the degenerate S —O stretch (E)
will generally be at higher frequencies than the
totally symmetric ones (4,) while the opposite
will be the case for the S — O bending modes.

In the selenosulfate ion we have no guide-lines
from previous work. Particularly, the molecular
structure of this ion is unknown, but an X-ray
crystallographic determination of tetramethyl-
ammonium selenosulfate is presently being
carried out. As apparent from Table 3 the
various vibrations »,, »,, », and ¥, are only
slightly displaced from the thiosulfate to the
selenosulfate ions. This fact strongly suggests
C;3, molecular symmetry also in the seleno-
sulfate group, since lower symmetry (e.g. C)
would lead to splitting of the doubly degenerate
E modes contrary to the observations (Tables
1 and 2). More definite conclusions regarding
the structure could be extracted from the
spectra only when Raman polarization data
become available. The lowest 4, fundamental
involving mainly S—Se stretch was assigned
to the very intense Raman band at 300 cm—
having weak counterparts in the infrared.
This value agrees with the suggested S—Se
stretching frequency in the selenopentathionate
ion.%

The shift of the S — Se stretch (436) compared
to the S—8 stretch (300 cm™) is much larger
than caused by the increased atomic mass of
the atom, only. A considerable weakening
of the S—Se force constant (compared to
§—8) is in agreement with the chemical

experience of the weak S—Se bond in
the selenosulfate ion. Finally, the lowest E
fundamental is attributed to the intense Raman
band at 277 em™ with weak IR counterparts.
Again, the large shift from the thiosulfate ion
frequency at 322 cm™ is not surprising because
of the increased mass and weaker S —Se bond
compared with the S—S bond.

The conclusion arrived at in the present
study with regard to the structure of the seleno-
sulfate ion conforms with results from recent
infrared spectra of sodium and potassium
selenosulfate.®®®*? The selenosulfate complexes,
Zn(en);SeS0O, and Cu(en),8eS0O,, (en=ethyl-
endiamine), have been shown by X-ray methods
to be isostructural with the corresponding
thiosulfate complexes.4°

EXPERIMENTAL

Solvents: Merck’s Methanol zur Analyse was
used without further purification since separate
experiments showed that the decomposition
of tetramethylammonium ‘selenosulfate in this
solvent according to eqn. 1 was the same as
in a solvent batch distilled from magnesium
methoxide, Mg(OCH,),.

Acetonitrile, Baker Analyzed Reagent, was
distilled from phosphorus pentaoxide, P,0,,
and finally from calcium hydride, CaH,. The
solvents applied in the present study were
carefully flushed with dry oxygen-free nitrogen.

All operations with solutions of salts of the
selenosulfate ion, the thiosulfate ion and the
sulfite ton were carefully performed under nitro-
gen.

Tetramethylammonium sulfite, (Me N );,SOs.
To 20.1 g tetramethylammonium iodide, Fluka
purum, carefully washed with acetonitrile and
diethyl ether, in 200 ml methanol was added
14.8 g freshly prepared silver sulfite. The slurry
was stirred at room temperature for 3 h,
filtered, and stirred for still 1 h after the addi-
tion of 1 g of silver sulfite. After filtration and
removal of the solvent in vacuum, the product
was repeatedly dissolved in methanol and azeo-
tropically dried with benzene to remove traces
of water and silver compounds. The final
product was slightly greyish suggesting some
silver species to be present. All attempts to
crystallize the product from the usual protic
and aprotic solvents failed. [ Yield 10.3 g (90 9%)].
An IR spectrum (nujol) showed that the amount
of tetramethylammonium sulfate (made in
a similar way from silver sulfate) present was
negligible. However, an absorption in the 3500
cm™! region suggested the presence of residual
water.

Tetramethylammonium selenosulfate, (Me,N ),
8eS0,. To 10.3 g tetramethylammonium sulfite
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dissolved in 100 ml methanol was added an
equivalent amount of black selenium powder.
No reaction was found to take place at room
temperature. However, at reflux temperature
nearly all selenium was consumed during 5 min
and a slightly yellow solution was obtained.
The solution was rapidly filtered and the pro-
duct immediately separated as white needles
(yield 8.9 g). After addition of 100 ml ethanol
to the mother liquor, an additional amount
of 2.0 g pure salt was obtained. Total yield
10.9 g, 78 %. M.p. 171°C (dec.). (Found:
C 30.82; H 7.36; N 9.51. Cale. for C;H,N,0,SSe:
C 31.26; H 7.87; N 9.12.) The salt could be
recrystallized from methanol at reflux tempera-
ture in more than 70 9, yield. The melting
point and IR spectrum (in the 4000 — 650 cm™
region) was unaltered after this purification.

Tetramethylammonium thiosulfate. This salt
was made analogous to tetramethylammonium
selenosulfate, from tetramethylammonium sul-
fite and elemental sulfur. However, if sulfur
was used in excess or even in an equivalent
amount, the product obtained was slightly
yellow, a colour which could not be removed
by repeated crystallizations from methanol or
by washings with carbon disulfide. When
tetramethylammonium sulfite was used in 5 9,
excess, these difficulties were not encountered.
Since the solubility of this salt in cold methanol
is considerable, the volume was reduced to 50
ml prior to filtration and erystallization. From
10.3 g tetramethylammonium sulfite and 1.2
g sulfur the yield of crude product was 7.8 g.
The salt was crystallized from 50 ml methanol
yielding 5.4 g pure product, 57 9% based upon
the added amount of sulfur, m.p. 238 — 240 °C.
The salt appeared non-hygroscopic. (Found:
C 36.48; H 9.15; N 11.34; S 24.92. Calc. for
C,H,N;0,8,: C 36.89; H 9.29; N 10.76; S
24.63.)

Decomposition of tetramethylammonium seleno-
sulfate in protic solvents. (1) Methanol at reflux
temperature: 5.9 g, 0.019 mol, dissolved in 100
ml methanol at reflux temperature, (0.19 M
solution), gave 0.253 g, 0.0032 mol, selenium,
17 %. (2) Methanol at 25°C: 0.307 g, 1x 1073
mol, dissolved in 50 ml methanol, (0.02 M
solution) was stirred at 25°C for 30 min and
filtered. Yield of selenium 0.0281 g, 35 %. (3)
Distilled water, pH 6, at 25°C: 0.307 g, 1 x 1072
mol, dissolved in 50 ml water, (0.02 M solution)
was stirred at 25 °C for 30 min and filtered. The
precipitated selenium was washed with metha-
nol and finally with ether. Yield of selenium
0.0333 g, 42 9%.

Reactions of tetramethylammonium seleno-
sulfate. 1. Ionvc cyanide. To 10 ml 0.02 M solu-
tion of tetraphenylarsonium cyanide in metha-
nol was added 0.0163 g tetramethylammonium
selenosulfate. The salt dissolved immediately
with no formation of selenium. The solution
was evaporated to dryness, dissolved in aceto-
nitrile and the amount of tetraphenylarsonium
selenocyanate, Ph,AsSeCN, formed determined
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by liquid IR. Found: 97 + 2 %,. Similar experi-
ments employing 0.0142 g tetramethyl-
ammonium thiosulfate gave 9712 9 of the
theoretical amount of ionic thiocyanate, SCN™.
When these experiments were performed in
acetonitrile, less than 5 9 ionic selenocyanate
and thiocyanate could be detected after 1 h.

2. Triphenylphosphine. To 0.524 g triphenyl-
phosphine, Ph,P, 2 x 10 mol, dissolved in 20
ml methanol was added an equivalent amount
of tetramethylammonium selenosulfate, 0.614
g. The salt dissolved immediately without
formation of selenium. The reaction mixture
was stirred for 15 min at room tempera-
ture whereupon triphenylphosphine selenide,
PhgPSe, started to separate. After 12 h in the
refrigerator 0.670 g triphenylphosphine selenide,
m.p. 187-188°C, (189°C*) was obtained,
98 %. In ethanol, 5 min at reflux temperature
was necessary to obtain a quantitative yield
of triphenylphosphine selenide. In acetonitrile,
no yield of triphenylphosphine selenide could
be detected after 24 h at room temperature.

3. Alkyl dodides, RI. To 4 x 10~ mol of the
alkyl iodide, RI, in 25 ml methanol was added
an equivalent amount of tetramethylammonium
selenosulfate. The salt dissolved immediately
with only slight reddish colouration of the reac-
tion mixture which disappeared after a few
minutes. After 5 min at room temperature all
ionic selenosulfate was consumed (no colour
due to elemental selenium was observed when
1 ml of the reaction mixture was added to 10
ml of water). The reaction mixture, turbid
due to precipitated tetramethylarnmonium
iodide, was set aside for 2 h in the refrigerator
and then filtered. The mother liquor was three
times dissolved in & minimum amount of metha-
nol, cooled and filtered to ensure a complete
removal of tetramethylammonium iodide. The
salts were finally recrystallized from aceto-
nitrile, if necessary with some diethyl ether
added.

R=Me: White microcrystalline compound
with obnoxious odour which could not be
removed by repeated purifications. The salt
appears hygroscopic, yield 54 %,. M.p. (aceto-
nitrile/diethyl ether): 171°C (dec.). (Found:
C 24.29; H 5.96; N 5.44. Cale. for C;H,,NO,SSe:
C 24.19; H 6.09; N 5.64.)

R =4-Nitro-benzyl, NO,~ C,H,— CH,: Slight-
ly yellowish compound, m.p. (acetonitrile)
1756—177°C (dec.). 74 Y, yield. (Found: C 35.30;
H 5.37; N 7.64. Cale. for C,,H;,N,0,SSe:
C 35.77; H 4.92; N 17.59.)

Instrumental. The IR spectra were recorded
with Perkin-Elmer model 225 (1400 — 200 cm™)
and 180 (1400—180 cm™) spectrometers. The
solid samples were investigated in KBr pellets
CsI and polyethylene (Rigidex) pellets, and
Nujol mulls between Csl plates.

A Coderg model T 800 triple monochromator
spectrometer equipped with a Spectra Physics
model 170—03 argon ion laser was employed
for the Raman recordings, using the 5145 A
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line for excitation. The samples were filled into
capillary tubes and recorded with ca. 80 mW
power after the plasma lines were removed
with an interference filter. Improved spectra
were recorded with the aid of a spinning sample
holder (Coderg) permitting the use of 250 mW
laser power. Most of the %&m&m spectra were
recorded with spectral slit widths of ca 2—3
em™l,

Acknowledgement. One of the authors (PK) is
grateful to Professor W. Zeil, Tubingen, in
whose laboratory parts of this work were done
and for the hospitality shown him during
his sabbatical leave 1975—1976. Financial
support from NTNF is acknowledged.

REFERENCES

1. Janickis, J. and Zelionkaité, V. Zh. Obshch.
Khim. 25 (1955) 841.

. Janickis, J. Zh. Neorg. Khim. 2 (1957) 1341.

. Klebanov, G. S. and Ostapkevich, N. A. Zh.
Prikl. Khim. (Leningrad) 33 (1960) 1957.

. Kitaev, G. A. and Terekhova, T. S. Zh.
Neorg. Khim. 15 (1970) 48.

. Kitaev, G. A. and Fofanov, G. M. Zh.
Prikl. Khim. (Leningrad) 43 (1970) 1694.

. Chizhikov, D. M. and Shchastlivyi, V. P.
Selenium and the Selenides, Collets Ltd.,
London 1968, p. 107.

. Rathke, B. J. Prakt. Chem. 95 (1865) 1.

. Foerster, F., Lange, F., Drossback, O.
and Seidel, W. Z. Anorg. Chem. 128 (1923)
245.

9. Zelionkaité, V., Janickis, J. and Liksiene,

R. Chem. Abstr. 58 (1963) 6444c.
10. é&ustad, T. Acta Chem. Scand. A 29 (1975)
1.

11. Austad, T., Songstad, J. and Ase, K. Acta

Chem. Scand. 25 (1971) 331.

Price, T. S. and Jones, L. M. Proc. Chem.

Soc. London 24 (1908) 134.

13. Price, T. 8. and Jones, L. M. J. Chem.
Soc. 95 (1909) 1729.

14. Twiss, D. F. J. Chem. Soc. 105 (1914) 1674.

15. Ganther, W. H. H. and Mautner, H. G.
J. Med. Chem. 7 (1964) 229.

16. gilayman, D. L. J. Org. Chem. 30 (1965)

54.

17. Ganther, W. H. H. J. Org. Chem. 31
(1966) 1202.

18. Klayman, D. L. In Klayman, D. L. and
Gunther, W. H. H., Eds., Organic Selenium
Compounds, Wiley, New York 1973, pp.
94 and 151.

19. Pacaukas, E. I. and Janickis, J. Chem.
Abstr. 56 (1962) 9877b.

20. Janickis, J. Acc. Chem. Res. 2 (1969) 316.

21. Pearson, R. G., Sobel, H. and Songstad, J.
J. Am. Chem. Soc. 90 (1968) 319.

22. Sandor, E. and Csordas, L. Acta Crystallogr.
14 (1961) 237.

S Ot b W

0 ~1

12.

23.
24,
25.
26.
27.
28.
29.
30.

31.

32.

33.
34.

35.
36.
37.

38.

39.
40.

41.

Taylor, P. G. and Beevers, C. A. Acta
Crystallogr. 15 (1962) 341.

Nardelli, M. and Fava, G. Acta Crystallogr.
15 (1962) 477.

Nardelli, M., Fava, G. and Giraldi, G. Acta
Crystallogr. 15 (1962) 227.

Agarwala, U., Rees, C. E. and Thode, H.
G. Can. J. Chem. 43 (1965) 2802.

Wilkins, C. H. and Muller, F. A. Anal.
Chem. 24 (1952) 1253.

Freedman, A. N. and Straughan, B. P.
Spectrochim. Acta A 27 (1971) 1455.
Siebert, H. Z. Anorg. Allg. Chem. 275
(1955) 210 and 225.

Bannister, A. J., Moore, L. F. and Padley,
J. 8. In Nickless, G., Ed., Inorganic Sulfur
Chemistry, Elsevier, Amsterdam 1968, p.
167.

Nakamoto, K. Infrared Spectra of Inorganic
and Coordination Compounds, Wiley-Inter-
science, New York 1970.

Ferraro, J. R. Low-Frequency Vibrations
of Inorganic and Coordination Compounds,
Plenum, London 1971.

Ellestad, O. H., Kleboe, P. and Songstad,
J. Acta Chem. Scand. 26 (1972) 1721.
Ellestad, O. H., Klaeboe, P., Tucker, E. E.
and Songstad, J. Acta Chem. Scand. 26
(1972) 1724.

Clark, E. R. and Collett, A. J. J. Chem.
Soc. A (1969) 1594.

Kalyakina, A. V. and Pelyukpashidi, R.
I. Chem. Abstr. 79 (1973) 1324 88f.
Ostapkevich, N. A., Pakhomova, N. V.
and Morozova, A. V., Chem. Abstr. 80 (1974)
77697s.

Schulman, V. M. and Varand, V. L. Izv.
Akad. Nauk SSSR 1 (1965) 1389; Chem.
Abstr. 64 (1966) 2989f.

Podberezskaya, N. V. and Borisov, S. V.
Zh. Strukt. Khim. 12 (1971) 1114.
Podberezskaya, N. V., Borisov, S. V. and
Bakakin, V. V. Zh. Strukt. Khim. 12 (1971)
840.

Songstad, J. and Stangeland, L. J. Acta
Chem. Scand. 24 (1970) 804.

Received May 13, 1976.

Acta Chem. Scand. A 31 (1977) No. 1



Acta Chemica Scandinavica A 31 (1977) 63—68

Molecular Structure of Gaseous Pyridazine and
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For pyridazine (C,, symmetry), the microwave
R, coordinates of the ring atoms are known
except for the a coordinate of the C3 and C6
atoms. This missing coordinate was determined
to be 0.013(2) A from the electron diffraction
data, and the following previously undeter-
mined thermal average parameters (R,) and
standard deviations were obtained: R(N —C)=
1.341(2) and R(C3—C4)=1.393(2) A, and
/(NNC)=119.3(1) and /(NCC)=123.7(1)°.
The same results, but with higher standard
deviations, were obtained from only the elec-
tron diffraction data.

For 3,8-dichloropyridazine (Cyy-symmetry)
the following thermal average parameters were
determined: R(N-—N)=1.339(8), R(C—N)=
1.334(9), R(C3—C4)=1.373(8), R(C4—Cb)=
1.377(9) and R(C—-CH=1.717(3) A, and
/(NNC)=118.6(2), /(NCC)=124.6(3), and
Z/.(CCCl1)=120.0(5)°.

A series of structure determinations of 3,6-
pyridazinediones and other substituted pyrida-
zines where the pyridazine moiety mostly ex-
ists as a monolactim or dilactam have previ-
ously been reported.! It seemed of interest to
compare these results to the structure of the
basic diazabenzene itself. For pyridazine, the
R, coordinates of the ring atoms are known
from microwave spectroscopy except for the
a coordinate of the C3 and C6 atoms, which
was too small to be determined,? and only two
of the five parameters necessary to describe
the ring could be given. An attempt to deter-
mine the crystal structure of 3,6-dichloro-
pyridazine at —165 and 19 °C failed because
of large structural disorder.?

The chemistry of the parent ring and its
derivatives has attracted considerable inter-
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est,%® and a number of theoretical calcula-
tions %® have been performed for the pyridazine
molecule.

Given the large interest in the pyridazines,
an electron diffraction study on pyridazine and
3,6-dichloropyridazine was started in the hope
of establishing a satisfactory structural model
of the heterocycle.

STRUCTURE INVESTIGATION

Pyridazine from Xoch-Light Laboratories
LTD was applied without further purification.
3,6-Dichloropyridazine was synthesized ? and
recrystallized by sublimation (20 mmHg, 25
°C).

The diffraction photographs (Table 1) were
treated as usually,® and the molecular inten-
sities were modified by s/|f./|*. The average
molecular intensities and standard deviations
are illustrated in Fig. 1. Scattering factors for
the atoms were computed from the atomic
potentials. Using 4s=0.125 A~ for the data
of the longest camera distance and 4s=0.25
A1 for the other data, the average correlation
was calcul<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>