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The solvent influence on the !*C NMR chemical
shifts of indenyllithium has been measured. A
principal component data analysis showed that the
shift matrix is described to 80—90 9 by a two-
component model. Only 58 9 of the systematic
variation in the shift data could be explained by the
generally accepted solvent scales as shown by a
partial least squares analysis. Although the =n*
scale seems to be the most appropriate, no single
scalehassuch high relevance in this complex solute —
solvent system that it could be of a practical
predictive utility. However, for subsets of the solvent
matrix, single solvent parameter correlations can
give acceptable results.

It is well known that the physico-chemical properties
of a solute are influenced by the solvent and that the
theories for the nature of these interactions are quite
insufficient. This lack of an accurate theory is one
of the reasons for the large number of empirical
solvent “polarity” scales which appear in chemical
literature.!

In order to describe kinetic, thermodynamic
and spectroscopic data, single solvent scales as well
as multiparameter equations have been ap-
plied.!>®2~7 Multiple regression using a linear
combination of two or several empirical scales
usually gives better correlations than models with
single scales but demands more data points (i.e.
data from a large number of solvents) if any con-
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clusions are to be reached from the regression coeffi-
cients. Furthermore, if the scales are highly cor-
related to each other, the ratio between the regression
coefficients becomes very unreliable.’° A way to
overcome the latter problem is to use uncorrelated
variables in the multiple regression analysis. These
variables can be extracted from the correlated ones
(i.e. the empirical solvent scales) with the aid of
factor analysis!® or principal component
analysis.!*''2 The uncorrelated vectors are then
successively calculated from the data set. The first
vector describes the largest amount of variation
in the data, while the second accounts for the largest
possible amount in the remaining data, and so on.
Several applications of factor analysis of solvent
effects have recently appeared in the litera-
ture.Zc,lO.lZc.lS

The present work concerns the solvent effects on
the ion pair structure and the charge distribution of
indenyllithium (I) as reflected by the 3C NMR
chemical shifts. We have chosen this conjugated
planar system as a suitable model because of its
rigidity and stability, and also due to the high
sensitivity of the !3C chemical shifts of this anion
towards changes in solvent, temperature and cat-
ion.1*15 By going from a solvent with low solvating
ability to one with high solvating ability, the external
solvation of the ion pair will increase and/or the
ion pair structure will be altered from a contact ion
pair (c.i.p.) to a solvent separated ion pair (s.s.i.p.)
and/or free ions.'* The existence of an ion pair
equilibrium (1)'¢-'7 has been shown in many
investigations.!® 22
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A“C“‘——‘A‘HC+ =A"+C* 1)
cip. S.S.Lp. free ions

Since the cation in [ has its average position above
the five-membered ring in the c.i.p. structure,!4*!5*
an increase in cation solvation causes a redistribu-
tion of negative charge to the six-membered ring.
This change is a consequence of a decreased =-
polarization of negative charge towards the five-
membered ring when the cation becomes more
solvated as indicated by the ! *Cchemical shifts.! 452

Although the theory for '3C chemical shielding
is quite intricate,?* a simple correlation of 160— 180
ppm/e” between changes in sp? carbon chemical
shifts and n-electron density is often noticed.?*~ 2’

The dominating factor in the solvation of indenyl-
lithium and similar systems, is the Coulombic forces
between the cation and solvent dipoles.!®*2! The
theoretical basis for treating ion—solvent electro-
static interactions is the “sphere in continuum
model”,2® developed by Born?° and Bjerrum and
Larsson.*® In a simplified treatment of this model,
the logarithm of the dissociation constant for the
dissociation of the contact ion pairs into free ions,
is linearly related to the inverse of the dielectric
constant of the medium.>!

However, this model has several defects. Since
the medium is assumed to be structureless, coordi-
nation of ions and ion pairs with solvent mole-
cules is neglected. This is a serious approximation,
especially with small and highly polar solvent
molecules. Aggregation effects and the size and the
shape of the ions are other structural factors which
are not accounted for. Furthermore, dielectric
saturation of the solvent and charge density redistri-
bution in ions and solvent molecules are ignored.
In addition, hydrogen bonding with suitable solvent,
n-complexing with aromatic solvents3? etc., may
have importance in the solvation processes. Hence,
the dielectric constant alone cannot be used to
explain the observed induced changes in charge
density and ion pair structure.?!?2

In this work, we wish to present an empirical
principal component (PC) model, which describes
the '3C chemical shifts of I as a function of the
solvent. Our choice of solvents is determined by
their inertness toward strong bases and by the
solubility of the ion pair, but also by the existence
of data in the empirical solvent matrix. The pre-
dominating factors causing ion pair solvation are
discussed on the basis of the parameters in the PC
model. We have also examined the correlation

between the chemical shift data and the empirical
solvent scales. This study was performed by the use
of a partial least squares (PLS) data analysis, i.e.
a method similar to PC analysis of the chemical
shift data but including a multiple regression-like
formalism. Finally, the PLS method was used to
predict chemical shift differences of I in two addi-
tional solvents, not included in the initial data
analyses.

EXPERIMENTAL

Solvent purification and sample preparation.
Anisole was refluxed over Na and distilled. The
remaining ethers were refluxed over an Na/K alloy
and finally distilled. All ethers were stored over
Na-wire. The remaining solvents were refluxed over
CaH,, distilled, and stored over molecular sieves,
except for dimethylsulfoxide which only was treated
with molecular sieves.

I was obtained by adding an equivalent amount
of n-BuLi (90 °; in c-hexane) to a cooled solution
of indene in the actual solvent. However, the anion
could not be prepared directly in dimethyl formamide
(DMF) or acetonitrile (AcN) because of the high
reactivity of these solvents towards n-BuLi. There-
fore I was prepared in diethylether (DEE) followed
by evaporation of the ether by a stream of argon and
finally addition of DMF or AcN. All work was
performed under argon atmosphere.

NMR measurements and signal assignments. All
spectra were obtained at 62.89 MHz on a Bruker
WM-250 NMR spectrometer. The chemical shifts
were measured relatively internal c-hexane,3 and
adapted to the TMS scale using & (c-hexane)=
27.7 ppm. (Table 1.) The probe temperature was
25+1°C.

The assignment of the NMR signals of I in the
solvents 3, 5, 6 and 9 has earlier been reported. 4234
In the remaining solvents, the signals of I were as-
signed by comparing the signal intensities and by
the aid of standard decoupling techniques.

Before the PLS analysis was performed using all
solvents, we found it necessary to undertake a
concentration study of I. A comparison between
the measured shift data and the calculated ones for
anisole and dioxane might be erroneous since the
13C shift values were obtained at much lower con-
centration of I. Three representative solvents were
used in the investigation of the solvent dependence,
TEA, THF, HMPA. The concentrations varied in
the range of 0.04—1 M exept for TEA where sol-
ubility restrictions only allowed a maximum con-
centration of 0.4 M (Table 1). Only very small
differences were observed by varying the concen-
tration. This means that, if existent,'*® stacking of
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Table 1. 13C NMR chemical shifts of indenyllithium (I) in various solvents.*”
No. Solvent® Conc. (M) C-1,3 C-2 C-3a,72a C-4,7 C-5,6 A9,
1 TEA 0.04 92.71 114.58 126.60 121.16 117.53
0.26 92.72 114.55 126.57 121.20 117.51
0.40 92.71 114.54 126.56 121.18 117.49
2 i-Pr,O 0.22 92.72 114.69 126.57 121.37 117.48
(0.00) 0.14) (0.00) 0.17) (—0.03) 0.05
3 Et,O 0.27 92.13 115.42 128.14 120.66 116.13
(059  (087) (157 (=054 (=138 —0.11
4 THP* 0.23 91.69 115.38 128.78 120.30 11524
(—1.03) (0.83) (221)  (—-090) (—2.27) —-0.35
5 DME 0.26 92.09 115.71 129.13 120.11 114.36
(—063)  (116)  (256) (—109) (=315 —0.38
6 THF 0.04 91.66 115.55 129.72 119.76 114.25
0.25 91.68 115.59 129.76 119.66 114.06
(=104) (104  (319) (—154) (=345 —0.52
0.40 91.70 115.63 129.80 119.63 114.00
1.0 91.70 115.61 129.68 119.55 113.88
7 AcN 0.20 93.60 118.5¢ 130.86 119.00 112.49
088)  (4.0) @29 (=2200 (=502 —001
8 - Pyridine 0.26 94.83 119.43 132.16 119.87 112.82
@11)  (488)  (559) (-133) (-4.69) 092
9 DMSO 0.28 94.12 118.93 130.81 118.79 111.71
(140)  (438)  (424) (—241) (-580) —0.08
10 DMF 0.20 93.60 118.48 131.40 118.48 111.19
(0.88) (3.93) 4.83) (—272) (—6.32) -0.30
11 HMPA 0.05 93.29 118.02 131.37 118.15 110.19
0.20 93.24 11798 131.33 118.15 110.19
(0.52) (3.43) 4.76) (—3.05) (—7.32) -0.75
1.0 93.27 118.04 131.31 118.15 110.27
12 Anisole 0.07 93.09 115.65 127.60 121.3¢ 117.36
' 0.37) (1.10) (1.03) 0.1) (—0.15) 04
13 Dioxane 0.05 92.01 115.59 130.44 119.86 114.52
(=071) (104  (387) (=134 (=299) —014

“The chemical shifts were measured relatively internal c-hexane and adapted to the TMS scale using  (c-hexane)=27.7
ppm. ? Values within parenthesis refer to differences in chemical shifts from TEA. € 1 = triethylamine, 2-diisopropyl ether,
3=diethyl ether, 4==tetrahydropyran, 5=1.2-dimethoxyethane, 6=tetrahydrofuran, 7=acetonitrile, 9-dimethyl-
sulfoxide, 10=N,N-dimethylformamide, 11=hexamethylphosphoric triamide. 4 Measured relatively the methylene
carbon in n-butane, with §(—CH, —)=25.67 ppm on the TMS scale. *Center of a solvent signal.

ion pairs is not reflected in the observed '3C
chemical shifts.

METHODS AND RESULTS

Solvent descriptors and '*C chemical shift vari-
ables. Our choice of empirical solvent scales (Table
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2) is mainly limited by the existence of at least eight
data values per scale. In our data matrix, which is
formed by eleven solvents and twelve solvent param-
eters, there are fourteen missing data values. We have
tried to include solvent properties with cxpected
relevance for the solvation process and thus tried
to avoid parameters such as boiling points, molecu-
lar weights, viscosities, etc.

Although the dielectric constant, the dipole
moment and the refractive index are bulk properties
not representing the microscopic region, they have
been included in the data analysis. Attempts to
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Table 2. Empirical solvent scales.

No. Symbol, Method, system Solvents Ref.
name
1 B Difference in the IR stretching wave numbers All 35
of the free and hydrogen bonded OH-group
in C¢HsOH in CCl,. Some LFER extensions
are made, using data from similar measure-
ments on CH,OH and CH,0OD
2 PKus 19F NMR of p-FC4H,OH in CCl, using p- No. 5 36
FC¢H,OCH; as an internal reference. The missing
formation constant for the hydrogen-bonded data
complex p-FC,H,OH...Base is calculated.
LFER extensions are applied, using calori-
metric and IR data, and measurements on
other alcohols.
3 Avp Difference in IR adsorption (wave number) of No. 11 37
the OD-group in CH,0D in pure solvent missing
relative to that in benzene data
4 DN Calorimetrically measured AH of the reac- Nos. 2,4,12 38
tion SbCls+ Levis base with 1,2-dichloro- missing
ethane as reference solvent data
5 Av, Difference in the IR wave number of the Nos. 8,10,11 37
C=0 absorption in C;H;COCHj;, in the missing
pure solvent relative to that in benzene data
6 AN 3P NMR of (C,H;);PO in pure solvents Nos. 1,2,4,12 38
with hexane as reference solvent missing
data
7 E-(30) UV/visible absorption spectroscopy. Exita- No. 4 1b,c,39
tion energy of a pyridinum-N-phenoxide missing
betaine dye in pure solvents data
8 * UV/visible absorption spectroscopy. The All 40
wave numbers of seven indicators (e.g. 4-
nitroanisole, N,N-diethyl-3-nitroaniline etc.)
in pure solvents are forming a primary data
set, which is extended using LFER and data
from other indicators. Combinations of sol-
vents and indicators with possible hydrogen
bonding interacions are avoided
9 g P The logarithm of the octanol-water partition Nos. 2,4,5 41
coefficient missing
data
10 € Dielectric constant All standard
handbooks
i1 u Dipole moment All standard
handbooks
12 np Refractive index All standard

handbooks




correlate these bulk solvent properties to solvation
processes are frequently made.!®

The first four scales (Table 2) can be considered as
representing solvent basicity, the next two scales as
representing solvent acidity and the remaining
~ ones as measures of “polarity”.

The trend in the '3C NMR chemical shifts by
charging solvents, starting from TEA, is a decreased
shielding in the five-membered ring and an increased
shielding in the C4—C7 positions (Table 1). This
trend is supposed to reflect changes in m-electron
distribution caused by a varying cationic field.
This proposal is supported by the observation
that the average chemical shift (£Ad/n) is almost
constant for most ethers, in spite of significant
shift changes at' individual positions.?® However,
a deviating behaviour is noticed for some solvents,
especially the anisotropic ones.

The ambition of this work is to derive a solvent
scale which can be useful as a guide for the genera-
tion of delocalized anions. Hence, we want to exclude
superimposed solvent—anion interactions. There-
fore, in addition to a matrix formed by the relative
chemical shift differentials referenced to internal
cyclohexane, we have also analyzed a similar matrix
where the C; ¢ chemical shift value was taken as an
intramolecular reference (Table 3). Numerous
studies in this field have confirmed that for aprotic
n-electron donor solvents, the dominant role for
the physical and chemical properties of organo-
alkali species can be ascribed to specific cationic
solvation.'®2! A more “polar” solvent would solvate
the cation more effectively, producing an increase
in the average interionic distance due to the weaken-
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ing of the Coulombic attractions between anion and
cation. Thus, an increased cation solvation will be
the major cause for the generation of delocalized
anion structures. The concentrations of I in the
solvents 1—11 were 0.2—0.3 M, except for anisole
and dioxane where, due to the limited solubility, the
concentrations were 0.07 and 0.05 M, respectively.
The low solubility made us exclude these two
solvents in the first analysis, but they were used as
test solvents for chemical shift predictions in the
partial least squares analysis.

Data analysis. For a data matrix with variables i,
e.g. chemical shifts, and objects k, e.g. solvents, the
data y, can be described by the model

A
Yk = 4+ Z Bialu +Eix

a=1

@

where «; is the variable mean, f;, the loadings (cor-
responding to regression coefficients) and 6, are
the component values corresponding to the solvent
scales. The term ¢, contains the remaining data
variation i.e. model errors, and errors of measure-
ments.

We have used the SIMCA program package for
this principal component (PC) analysis. The rank
of the matrix, A, is determined on a statistical basis
using a cross—validation (CV) procedure.*? A
complete description of the data program package
has earlier been reported.!243

Initially a PC analysis was performed on the data
matrix containing the *3C chemical shift differentials
referenced to cyclohexane, i.e. five variables meas-
ured in eleven solvents. A two-component model

Table 3. The *3C NMR chemical shift differences between the Cs ¢ signal and the four remaining signals of

indenyllithium (I).

No. Solvent C-1,3-C-5,6 C-2-C-56 C-3a,7a—C-5,6 C-4,5—-C-5,6
1 TEA —24.79 -296 9.06 3.69
2 i-Pr,O —24.76 -2.79 9.09 3.89
3 Et,O0 —24.00 —-0.71 12.01 453
4 THP —23.55 0.14 13.54 5.06
5 DME -2227 1.35 14.77 5.75
6 THF —22.38 1.53 15.70 5.60
7 AcN —18.89 6.01 18.37 6.51
8 Pyridine —-17.99 6.61 19.34 7.05
9 DMSO —-17.59 722 19.10 7.08

10 DMF —-17.59 7.29 20.21 7.29

11 HMPA —-16.95 7.79 21.14 7.96

12 Anisole —2427 -1.71 10.24 3.94

13 Dioxane —22.51 1.07 15.92 5.34

Acta Chem. Scand. B 36 (1982) No. 3
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Table 4. Solvent 0 values and F test values from principal component (PC) analysis of !*C chemical shift

data of indenyllithium (I).

Intermolecular chemical

shift reference*

Intramolecular chemical
shift reference®

No. Solvent 0, 0, F¢ 0, 0, F¢
1 TEA 5.32 —0.70 1.0 9.80 —0.80 0.60
2 i-Pr,O 5.28 -0.81 0.85 9.63 -0.82 0.45
3 Et,0 3.19 0.00 0.34 6.08 0.22 0.94
4 THP 230 0.81 0.90 4.30 0.83 0.49
5 DME 1.27 0.83 0.33 2.08 0.62 1.0
6 THF 0.78 1.43 1.5 1.47 1.27 0.42
7 AcN —273 -047 045 —4.69 —0.28 3.1
8 Pyridine —~3.58 -2.17 26 —6.15 —0.25 0.12
9 DMSO —3.54 —0.58 1.4 —6.55 -0.85 0.48
10 DMF -394 0.31 0.20 -1733 —0.06 0.12
11 HMPA -4.34 1.36 14 —8.64 0.13 33

The chemical shifts are measured using c-hexane as reference compound. ® The chemical shifts are referenced to the
C; ¢ NMR signal of 1. € F-test value, used in assigning the solvents to the class described by the PC model. The F values are
compared to the critical value F_,;, = 3.0 at the 95 %, confidence level. (Degrees of freedom =3.24).4F , =3.6 (D.F.=2.16).

(4 =2) was found to be adequate by CV, accounting
for 79 9, of the original data standard deviation.

If the residual variance of one object (solvent)
is compared with the total residual variance by
means of an F-test, one gets a measure of how well
the object is represented by the model (Table 4). It
is found that pyridine is a “borderline” solvent.
This is in accordance with the deviating behaviour
noticed above for the anisotropic solvents. As the
next step, the PC analysis was repeated using the
four chemical shift variables earlier mentioned, i.e.
having the C; ¢ carbon as an intramolecular ref-
erence. Again, a two-component model. was ob-
tained which described 94 9 of the standard devia-
tion of the four variables. This model has a re-
duced standard deviation compared with the model
resulting from the first analysis. However, it should
be noted that there is a good correlation between
the 6 scales of the models (Table 4).

Partial least squares analysis ( PLS ). A PC analysis
of physicochemical data, followed by a multiple
regression (MR) analysis of the latent variables
0, and biological activity data as dependent vari-
ables, has been shown to be a useful approach to
multivariate data analysis problems.** One of the
advantages of this analysis method lies in the fact
that the problem using correlated variables and
a limited object—variable ratio (at least 3—4 to
avoid chance correlation ®) can be eliminated.

In the PLS method, the PC analysis and the MR
analysis are accomplished in one step. The method

has all the advantages of an ordinary PC-MR
routine, combined with a better predictive and
classifying ability.**

The data set is divided into two blocks, one y-
block containing the dependent variables, eg.
chemical shift differences, and one x-block contain-
ing the independent variables, e.g. solvent scales.
The two blocks are described by one PC-like model
each, (3) and (4), ¢f. eqn. (2).

4

Vi = Gt Y Vialla +Eik 3)
a=1
4

Xgo = o5+ ) Viabax+ )
a=1

The two blocks are related to each other by means
of the latent variables n and & (5), where p is the least
square regression coefficient.

Nax = paéak + Cak (5)

This relationship is utilized in the PLS prediction
model (6).

A
Vpred.,ik = %+ Z ViaPalax (6)
a=1
The relevance of each x-variable in describing the
data variation of the matrix Y is expressed in its y
value.
Before the PLS analysis was performed, the miss-
ing values in the solvent matrix were calculated by
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Table 5. Solvent component values and F-test values from partial least squares (PLS) analysis of the empirical
solvent data and the chemical shift data of indenyllithium ().

No. Solvent n° go F*
1 TEA +9.79 +3.34 0.66
2 i-Pr,O +9.61 +2.59 23
3 Et,O +6.08 +2.81 0.20
4 THP +4.31 +1.57 0.15
5 DME +2.09 +1.03 0.13
6 THF +1.50 +0.93 047
7 AcN —4.70 -2.00 0.06
8 Pyridine —6.15 -0.83 35
9 DMSO —6.57 —4.47 4.5

10 DMF -17.33 =279 0.03

11 HMPA —8.63 -2.19 22

“Principal component of the chemical shift data. (Cf. 6, in Table 1).® Principal component of the empirical solvent data.
¢ F-test value, used in assigning the solvents to the class described by the & model. The F values are compared to the critical

value F_,,=3.0 (D.F. 3.27).

Table 6. y values of the empirical solvent scales from the partial least squares analysis of chemical shift data

of indenyllithium (7)°.
B pKus Avp DN Av, AN
y —0.036 0.26 0.042 —0.089 0.34 0.33
E+(30) n* lgP € Iz np
y 0.37 0.40 -031 0.34 0.38 0.25

A value close to unity indicates a high relevance for the solvent scale in describing the '3C chemical shift data.

Table 7. Partial least squares prediction shift data of indenyllithium (I) in anisole and dioxane.

NO' SO]VCl'lt n 6 Yl ,pred ‘ YZ ,pred Y3 ,pred Y4,pred
12 Anisole +32 +1.3 —224 0.95 13.8 5.2
13 Dioxane +3.5 +14 —226 0.65 13.5 5.1

“ ¥i,prea TEPresents the predicted chemical shift data (referenced to Cs ¢) of I. (Cf. the measured values in Table 3.

meansofa PC model. The SIMCA program tolerates
missing data in the matrix. Hence a PC model can
be determined using an iterative procedure. A
significant two-component model resulted from the
SIMCA study of the solvent matrix. The first com-
ponent dealt mostly with scales Nos. 5—11, while
the second component was associated to Nos. 1 —4.
The refractive index was poorly described.

The PLS analysis of empirical solvent data in
the x-matrix and chemical shifts relative to the
C; ¢ signal in the y-matrix yielded a one-component
model, explaining 58 9; of the residual standard
deviation in the y-matrix (Table 5). In this analysis
the RSD in the x-data was reduced by 23 9. The
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y values of the x-variables indicates that solvent
scales Nos. 5—8, 10 and 11 are the most important
when representing the y-block data, although of
limited relevance (Table 6). In the second step, the
x-variable data for anisole and dioxane were
included followed by calculation of their #, ¢ and
y-values (Table 7). A comparison between the experi-
mental shift data in the two solvents with those cal-
culated (Tables 3, 7) shows an acceptable prediction.

Summary of results. A. The chemical shift matrix
y is described to 80 or 94 9, of the SD (5 and 4
variables, respectively) by a PC model.

B. The same chemical shift matrix y (4 variables)
is described only to 58 9 by a correlation mpdel
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with various solvent scales included as independent
variables in a PLS model. Hence about 30 9, of
the systematic variation in y is not modelled by a
relation with the solvent scale matrix x.

DISCUSSION

As mentioned earlier, it is well established that
solvent coordination to the cation is of a major
importance for the solvation and structure of the
ion-pair. Moreover, it has been found from NMR
studies, as well as from spectrophotometric studies,
that the spectrum of the solvent-separated struc-
tures is mainly unaffected by a solvent change.?!
This means that solvent effects that are not affecting
the anion — cation distance are of minor importance
for the carbon shieldings, i.e. effects like solvent
anisotropy, van der Waals and electric field con-
tributions, acting on the anion.

It could possibly be argued that a ’Li NMR
study would be more appropriate than the present
one to probe cation solvation. However, attempts to
use 'Li chemical shifts in this sense have been
somewhat unsuccessful.*® This can in fact be
expected, since the very similar magnitude of the
diamagnetic and paramagnetic screening constants
for "Li allows for ring currents and other anisotropy
effects to exercise a major influence on the chemical
shifts.*5

- [l 1 i

From above, one would intuitively expect some
correlation between solvent basicity scales, i.e.
Nos. 1—4, and the principal component(s) of the
shift matrix. However, for the complete solvent
matrix this is not observed, instead @, which is the
dominating “effect”, has a moderate correlation
to the “acicity” or “polarity” scales. Using the 0,
values 1.7 and 8.0 for dioxane and anisole, respec-
tively, the best fit to 6, is found for n*,r=0.86,n=13.
If anisole is excluded, the correlation is improved,
r=0.96, n=12 (Fig. 1).

Future studies of other carbanions will show if
the 0, scale has a wider generality. It can be men-
tioned that an identical trend, as the one indicated
by our 6, values, has been found in an electron
absorption study of 1,3-diphenylbut-1-enyllithium.
The s.s.i.p.—c.i.p. ratio increased by going from
from i-Pr,O~Et,0, dioxane, THP, THF x DME,
DMSO, HMPA.?? The second component, 6,,
does not show any acceptable correlation to any
of the empirical solvent scales, and can be considered
as specific for the complex system at hand.

Another conclusion that can be reached from
this study is that ion pair solvation cannot success-
fully be explained by a single solvent effect (6’s)
nor a solvent scale derived in structurally different
systems, at least not for such a variety of solvents.
It has been suggested that the Bronsted pK,
values should be of utility when studying the solva-

126
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Fig. 1. Solvent 6, values from principal component analysis of !*C NMR data of indenyllithium () are
plotted against solvent n* from solvatochromic shift data.
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tion effects in various ethers.!® An acceptable
correlation was indeed found in the ethereal subset
between the 8, scale and a basicity scale, the pK,
scale of Arnett and Wu.*” For the ethers 2,3,4,6,12,13
a correlation coefficient r=0.77 was achieved. This
correlation was improved by excluding anisole, r=
0.93.

Although I exists as a c.i.p. or tight ion pair in
Et,O the chemical shifts in TEA and i-Pr,O are
even more extreme. The most obvious explanation is
that a different degree of “external” solvation causes
a difference in the “effective” cation radius, i.e. a
smaller positive sphere polarizes the n-cloud more
strongly. Beyond cation solvation, other effects
could influence the cation—anion distance such
as anion solvation, n-cloud interactions and steric
effects, especially when using other solvents than
the saturated ethers.

To conclude, the present study confirms the
complexity of the ion-pair system when it concerns
the solvation of the ion pair(s). Reasonable cor-
relations to singel solvent scales are obtained only
on subsets of the original solvent matrix, which
could indicate that,.apart from cation solvation,
solvent effects exercised on the anion also affect
the anion—cation distance and thus the reflected
n-polarization. These latter interactions are prob-
ably governed by other solvent characteristics than
those valid for the cation solvation process and are
more important for the non-etheral solvents.

Finally, we note that modern data analytic
methods such as PC—CV and PLS give direct
possibilities to find the systematic behaviour in
multivariate data sets and to relate data sets to
each other. This direct approach gives results which
are easier to interpret than those obtained using
indirectly derived solvent scales (and other empirical
“substituent” scales) of dubious relevance for a
given problem.
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