May 5, 1956

PoLARIZABILITY, BASICcITY AND NUucLEOPHILIC CHARACTER

1819

[CONTRIBUTION FROM THE METCALF CHEMICAL LABORATORIES OF BROWN UNIVERSITY]

Polarizability, Basicity and Nucleophilic Character

By Joun O. EDWARDS
RECEIVED OCTOBER 21, 1955

The nucleophilic strengths of some uncomplicated donors have been related to their polarizabilities and basicities, A
double scale equation of the type used previously for donor reactivity correlations has beett employed. Some consequences

of this relation are discussed.

It has been felt for some time that the nucleo-
philic strength of a donor particle is probably re-
lated to the polarizability of the particle, but the re-
lationship has never been characterized.! This
paper deals with a relation of the nucleophilic
constants to the corresponding polarizabilities and
basicities.

Swain and Scott? set up their scale of nucleophilic
strengths of donor particles with data from rela-
tive rates of displacements on methyl bromide.
Edwards® obtained a similar set of nucleophilic
strengths, the E, values, from electrode poten-
tials and proposed the correlation equation

log (K/Ky) = aFEy + 8H (D

where K/K, is a relative (to water) rate or equilib-
rium constant, E, and H are the nucleophilic and
basic constants for the donors, and « and @ are the
corresponding substrate constants.

If the assumption is made that the E, values do
depend on polarizabilities, it can be shown that one
relationship between polarizabilities and nucleo-
philicities can be obtained from a double-scale equa-
tion of the type of equation I. Thus, it becomes
possible in principle to calculate rates and equilib-
rium constants for many donor reactions. For
the donor particle, one needs only the pK, of its
conjugate acid and the polarizability of the reac-
tion site of the donor; for each substrate, the two
corresponding constants are needed.

In Table I, data for seven uncomplicated donors
are presented. It appears that the nucleophilic
constants (E,) of the donors are dependent both on
their polarizabilities® (given as molar refraction
R.) and on their basicities to protons (H = pK, +
1.74). Using the data of Table I and the method
of least squares, the values of ¢ and & in equation I1I

E, = aP + bH (1)
where
P= log (Rco/Rﬂzo)

have been obtained. They are 3.60 and 0.0624,
respectively. Calculated values of E, (using these
constants) are placed in the last column of Table I.
In spite of the marked variance in the orders of H
and R. (and also the estimated natures of some of
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the values), the order of E; values is maintained.
Moreover, the agreement between calculated and
observed values 1s strikingly good, for the largest
deviation is only 0.06 E, unit.

TaBLE I
POLARIZABILITIES, BASICITIES AND NUCLEOPHILIC
STRENGTHS
En En
Donor (obsd.)® He Rod P (caled.) ¢
F- -0.27 4.9 2.6 —-0.150 —-0.23
H,0 0.00 0.0 3.67 .00 0.00
Cl- 1.24 (-3.0) 9.0 .389 1.21
Br- 1.51 (-6.0) 12.7 .539 1.57
OH- 1.65 17.5 5.1 .143 1.60
I- 2.06 (—-9.0) 19.2 718 2.02
s 3.08 14.7 15.0 .611 3.11

@ Data from ref. 3. ? Data from ref. 4.
using ¢ = 3.60 and b = 0.0624.

¢ Calculated

Equation II can be rearranged, in order to graph-
ically demonstrate the relationship between nucleo-
philic strength and polarizability, by dividing
through by H. The resulting equation

oo (5)
predicts that a plot of E,/H against P/H should
give a straight line, and this prediction is borne out
well by the data of Table I. (It should be noted,
however, that this linear equation can be used only
for presentation of data and should never be used
for calculations since it does not weight H and P
equally.)

These data do not constitute proof for the valid-
ity of the assumption that the nucleophilic charac-
ter of a particle is traceable to its polarizability
and to its basicity. There is no doubt, however,
that the calculated E, values closely parallel the
experimental values obtained from electrode po-
tential data and that the use of this assumption and
of equation II has led to encouraging results,

It is noteworthy that this relation can resolve a
somewhat disconcerting result of the previous
work®; for some of the correlations, a negative
value of 8 in equation I was found. In order to
explain such negative values of 3, it was necessary
to assume that E; values still included a sizable
basicity contribution. Happily, the positive value
of & found in this work is strong evidence that nu-
cleophilic character does depend on basicity. Quan-
titatively, the agreement is also encouraging. If
equation II is substituted into equation I, a new
double-scale equation

log (K/Ky) = AP + BH (Iv)

where 4 = aa and B = 8 + ab, for correlation of
rates and equilibria is obtained. The substrate bas-
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icity constant now is B, of the twelve correlations
where § was negative, only in one case is the value
of B negative. In this case, correlation of K, val-
ues for precipitates of thallous ion, the value of
B (—0.08) is probably not significantly discrepant
since the experimental errors are large.

It is instructive to consider some more compli-
cated donors using the above correlation of nucleo-
philic character with polarizability and basicity.
The basicities to protons of the following oxyanions
are known to fall in the order

COz= > S04- > NO;~ > CIOA_

Their nucleophilic strengths fall in the same order,
but specific numerical values are not at hand for the
two extreme cases. Employing equation II, the
known basicities and polarizabilities and also the
assumption that the polarizability of only one oxy-
gen is important, calculated E, values were ob-
tained for these oxyanion donors. The data are
presented in Table II. It is apparent that the
calculated values are low; it seems reasonable to

TaBLE II
CONSTANTS FOR OXYANION DONORS

Donor He Robd En (caled.)® En (obsd.)
ClO,~ -9.0 3.30 —-0.73 <0.00
NO;~ 0.4 3.67 .03 .29°
SO~ 3.7 3.70 .24 .59°
CO;~ 12.1 4.05 .91 >1.1

@ Data of ref. 3. ® These values are the values of R
for the whole ion divided by the number of oxygens in the
ion, Data of ref. 4. ¢ Calculated using equation II and
the constants given in Table I.
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conclude that the polarizability of the electrons
on more than one atom is involved. Statistical
factors may also be involved, of course.

The conclusion that the polarizability of more
than the one atom at the reaction site is involved in
nucleophilic character seems to be borne out by the
E, value for cyanide ion. The observed® E, value
is about 2.02; as the value obtained from the elec
trode potential data® is unquestionably high, the
value from rate data® is used here, Using the val-
ues i = 10.88 and R. = 8.66 along with equation
II, the calculated value is 2.01 in good agreement
with the observed value. The above value of R
is, however, that for the whole cyanide ion; the
necessity of using the total polarizability in this
case is further evidence that the electrons on other
than the reacting atom of the donor are involved in
nucleophilic character.

Only one other case is sufficiently straight-for-
ward to allow calculation. Employing H = 11.22
and R. = 5.61, the E, value for ammonia is calcu-
lated to be 1.36. This is lower than the E, value of
1.84 which comes from electrode potential data;
however, the latter value is undoubtedly too high.?
Further data are certainly desirable for this case.
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Infrared spectra are reported for sodium, silver and mercury hyponitrites, in the region from 400 to 4000 cm. ™1, along

with Raman spectra for sodium hyponitrite in aqueous solution.

The results are interpreted in terms of possible structures

O-
for the hyponitrite ion. It is concluded that this ion has the frans configuration /N=N/ . An assignment is
(o)

given of the observed frequencies to the normal modes of vibration for this ion.

Although salts of hyponitrous acid have been
known for some time, there has been little definite
information on the structure of the ion. Previous
workers!~* have concluded that the hyponitrite ion
has the trans-form of structure A, Alternative pos-
sible structures are the cis-form B and structure C.

-
- N=N. L

Lo/ -0/ No- -0/ No-
(A) (B) (©)

Structure C is isoelectronic with carbonate and
nitrate ions and would be expected to be stabilized
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by resonance, similar to that for the NO;~ and CO;~=
ions.

No previous spectroscopic studies have been re-
ported for the salts of hyponitrous acid. We wish to
report here infrared and Raman spectroscopic stud-
ies on sodium, silver and mercury salts of hyponi-
trous acid which furnish conclusive evidence that
the hyponitrite ion has the trans-form (A).

Experimental

Sodium hyponitrite was made according to the method of
Scott.! The product was dried over P:0; in vacuo. The
sodium salt was converted to the insoluble silver salt by re-
action with silver nitrate, and was converted to the insoluble
mercury salt by reaction with mercuric acetate, according
to the method of Partington and Shah.?

The samples were mulled in Nujol and infrared spectra
from 400 to 4000 cm.™! were taken with a Perkin-Elmer
double beam spectrometer equipped with a rock salt and a



