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In order to quantify the importance of the physical/chemical properties of the li-
gand in the second solvation sphere of a neutral paramagnetic relaxation reagent,
Cr(acac),, a multivariate approach was used to relate *C electron-nuclear re-
laxation data and induced chemical shifts of a variety of monosubstituted ben-
zenes to different physical descriptors. When compounds capable of hydrogen
bonding were excluded, two main effects could be recognized in the analysis. The
first effect, which is similar for both relaxation and shift data, accounts for most of
the variance in relaxation and shift data, and was best described by the dipole mo-
ment. For the second effect, which separated the two NMR parameters, elec-
tronic factors were important for the description of the induced shifts, while vari-
ables like log P were shown to have relevance in the description of the T,° pro-
cess. The predictive potential of the model may have relevance in the design of

catalytic reactions.

The application of NMR spectroscopy to the
study of preferential solvation of electrically neu-
tral paramagnetic species has produced valuable
knowledge about the different interacting mecha-
nisms that control this complexation.! Parameters
such as the chemical shift and the relaxation
times (T, T,), are very sensitive to changes in the
second coordination sphere of the metal chelate.
Several reports in this field have been concerned
with ligand substitution processes and homoge-
neous catalysis, where information about bond-
ing in the second coordination sphere is related
to the catalytic activity.? Considerable attention
has also recently been directed towards paramag-
netic compounds used as spin relaxants to cir-
cumvent unfavourable nuclear Overhauser ef-
fects and to decrease long relaxation times.’

In previous papers, we reported preferential
solvation-orientation effects of several aromatic
systems toward a paramagnetic relaxation re-
agent (PARR), tris(acetylacetonato)chromium
(ITI), [Cr(acac),]. For solutes unable to form hy-
drogen bonds towards Cr(acac),, the interaction
mechanism has been claimed to be of a dipole-
dipole or dipole-induced dipole type. This as-
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sumption was based on the induced chemical
shifts and the electron-nuclear spin-lattice relaxa-
tion times of the aromatic outer-sphere ligands.
The model was qualitatively acceptable for a va-
riety of systems having functionalized groups,
such as tropone, nitrobenzene and N,N-di-
methylaniline.

To be able to further increase our understand-
ing of outer-sphere complexation towards neutral
paramagnetic complexes, we have approached
the problem by a statistical analysis in an attempt
to quantify the importance of physical properties
of the ligands in the solvation sphere.’ Such an
analysis might tell whether the observations
made in the 7,° and the induced shift measure-
ments could be described by suitable physical de-
scriptors for the substrates. In the analysis, we
have excluded compounds that could be expected
to form hydrogen bonds toward the PARR. A va-
riety of descriptors with expected relevance to
the motional and electronic structure of the so-
lute were chosen, such as molecular dipole mo-
ment, dielectric constant, density, molecular
weight and van der Waals volume.

Thus, we have extended our previous studies



Table 1.

Com- Substi- Com- Substi-
pound tuent? pound tuent®

1 -F 8 - CHO

2 - Cl 9 - N(CH,),
3 - Br 10 — OCH,
4 =1 11 -H

5 — CH, 12 - NO,

6 — CH,CH, 13 — COCH,
7 — CH,CI

“Monosubstituted benzenes.

by using a principal components data analysis
(PCA) method to examine the systematic vari-
ation in T\° and paramagnetically induced shift
data. One would expect that factors governing
the rotational/translational motion of the sub-
strate would be of greater significance for the T'°
process, while electronic factors, possibilities for
orbital overlap between the inner and outer
sphere ligand heteroatoms, etc. would be more
important for the induced shifts. In the present
study, by using tabulated data for the substrates,
we have determined to what extent the variation
in relaxation/induced shift data can be accounted
for by these descriptors.

Experimental

All NMR measurements were made on a Bruker
WM 250 NMR instrument at 22+0.5°C. The "C
relaxation times were measured by the usual in-
version recovery method, using at least 15 ran-
dom variable delays. The diamagnetic T, values
were obtained by the fast IRFT sequence. The Cr
(acac), concentration was 0.5 M in all solutions to
ensure a sufficient induced paramagnetic shift;
the substrate concentration was 0.5 M, using
CC(l, as solvent. All materials were commercially
available and purified according to standard pro-
cedures. Cyclohexane (0.1 M) was used as an in-
ternal standard. Samples (1.5 ml) were kept in 8
mm tubes, fitted into a 10 mm outer tube con-
taining the lock substance (acetone-d;). The ex-
perimental error was 10-15% for 7T, and 0.01
ppm for the induced shift measurements. Shift
assignments were taken from Ref. 7c.
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Results and discussion

A set of 13 monosubstituted aromatic com-
pounds was chosen (Table 1) according to previ-
ous recommendations.® The induced chemical
shifts were obtained as the difference in ppm with
and without PARR, using a given molar ratio Cr
(acac),/solute in CCl,. The electron-nuclear re-
laxation times, T, were calculated as:

UTe = UT™ — 1T (1)

All four positions in the aromatic substances
were used in the analysis. Three matrices of ex-
perimental data were formed: (I) T)° (s), (II) in-
duced shifts (ppm), and (III) physical descrip-
tors. The last-named descriptors were taken from
Ref. 7. The statistical approach used in this study
employs the methodology of principal compo-
nents® and the related two-block partial least-
squares (PLS) method.” The relevance of using

Physical descriptors

Electron - nuclear
relaxation data

Fig. 1. A geometrical interpretation of the PLS model.
The X block is formed by the electron-nuclear
relaxation data and the Y block is represented by the
physical descriptors. In each space, the data are
modelled as lines. The projections of the object
points drawn on these models have the coordinates
T and U for the X and Y parts of the data,
respectively. Each column in U is related to the
corresponding column in T by a linear model
(bottom).
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these methods for interpreting NMR data has al-
ready been recognized.®® The algorithms will be
only briefly described here. Details can be found
elsewhere.’

Principal components analysis. Data x, with K
variables (k=1,2,...,K) for compounds (i =
1,2,...,n) were collected in the matrix X. This
matrix X is modelled by the ¢-dimensional model
as shown in eqn. (2)

A
xtk = x_k + Z tm pul\ + eik (2)

a=1

where ¥, is the mean value of variable , p,, is the
loading of variable k in dimension q, ¢, the com-
ponent score value of compound i in dimension a
and e, represents the residuals. In matrix form
this is:

X=1-x+TP +E. 3)

Cross-validation is used to determine the appro-
priate number of terms, A (columns in T and P),
i.e. the predictive ability of the model is maxi-
mized."

PLS analysis decomposes two connected block

Table 2.

matrices into score matrices times loading ma-
trices, similarly to the PC model. The PLS model
is computed so as to improve correlations be-
tween the two-block score vectors of the same
component (Fig. 1). This corresponds to the ap-
proximation of the data by linear geometrical
structures. The model constructs a tolerance in-
terval in x-space, where each object has a maxi-
mum allowed residual standard deviation. In x-
space this is illustrated by a cylinder, the length
of which is determined by the range of the class
object points. This gives a tool to relate, for ex-
ample, NMR relaxation data to physical descrip-
tors that are relevant in the case in question. This
approach also has a predictive potential, as is
shown later.

The initial statistical (PCA) analysis was per-
formed in order to account for the systematic
variation in each of the two measured NMR data
sets, [ and II, T,° and induced shifts, respectively.
Set I was scaled to unit variance (global scaling),
to ensure equal weight of each variable in the
modelling. In set I, global scaling would have in-
troduced additional noise due to the increased
importance of the shift values with small initial
variance. Hence, no scaling of shift data was un-
dertaken. The first analysis was applied on the
relaxation data set (I). A two component model

Physical descriptor Tels

Induced shift/ppm

Residual variance

Residual variance

Residual variance  Residual variance

after A=1 after A=2 after A=1 after A=2
mn 0.96 0.33 1.01 0.84
Dipole moment 0.25 0.24 0.31 0.01
€? 0.91 0.97 0.94 0.44
Bp™® 0.62 0.64 0.61 0.52
a® 0.74 0.06 0.64 0.50
np® 0.67 0.25 0.59 0.62
M, 0.83 0.06 0.73 0.69
IgP(H)® 0.96 0.36 1.01 1.12
Vi 1.08 1.11 1.08 0.99
O 0.20 0.22 0.23 0.23
a, 0.28 0.24 0.33 0.35
C-1° 0.98 0.58 0.91 0.19
C-2¢ 0.94 0.91 0.98 0.23
C-3¢ 1.02 0.68 1.00 1.09
C-4¢ 0.44 0.30 0.49 0.49

2See Ref. 7d. *See Ref. 7b. °'*C chemical shift.
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described 89 % of the systematic variation in T}°,
the major first component accounting for 46 %.

The PC analysis of the induced shift data (II)
resulted in a somewhat weaker model. Of the
shift variance, 37 % could be explained by the
first component and 60 % by the two significant
components together. Thus, the first step in the
data analysis (PC), showed that the data sets con-
tained systematic information comprising from
60 % to 89 %.

Partial least-squares data analysis. The next step
was to investigate by PLS whether relevant infor-
mation from the physical descriptor matrix (III)
could “explain” the relaxation (I) and induced
shift data (II). This analysis showed that 51 % of
the variance in relaxation data (I) could be de-
scribed by the first component; 68 % was de-
scribed by the two significant components to-
gether. The induced shift set (II) was modelled to
54 %, also by two significant components, where
the first component was the dominant one and
described 45 % of the variance. Table 2 shows the
residual variance of each variable for the two
components describing the T,¢ data and the shift
matrix. The residual variance accounts for the
unmodelled, unsystematic data.

These results show that the separation of the
first and second component can be interpreted as
two separate effects, both being important for
the interaction with the PARR. For the NMR
data, the first component is related mainly to C-4
while component 2 relates to C-1 and C-3 (Ty°)
and C-1 and C-2 (induced shifts). The first domi-
nant component in both PLS models uses the
same physical descriptors to explain shift and re-
laxation data. Descriptors such as the dipole mo-
ment, o, and o, are most important in the first
component. Hence, variables describing elec-
tronic structure and size (steric information)
seem to be of relevance for the first component.

The second component contains less informa-
tion, but it is interesting to note that the import-
ance of the different physical descriptors (de-
crease in residual variance) is not the same for
the shift and relaxation matrices. Descriptors
such as log P, density, n, , M, and log P(H) are
of greatest explanatory value for Ty. Corre-
spondingly, the dipole moment, dielectric con-
stant, €, and the ipso and ortho chemical shifts
form the second component in the induced shift
matrix. It is thus possible by a multivariate statis-
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Table 3.
Com- Tels To(exp. Tff/s T.%(exp.
pound -pred.)/s -pred.)/s
meta para
1 0.94 -0.13 0.97 —0.07
2 0.68 —-0.33 0.61 -0.38
3 0.71 —-0.03 0.95 0.19
4 0.77 0.04 0.67 —0.08
5 1.71 -0.25 1.53 -0.29
6 2.48 0.44 2.1 0.22
7 0.66 -0.10 0.54 —0.22
8 0.51 -0.16 0.59 0.22
9 2.29 -0.12 2.14 -0.02
10 1.36 -0.09 1.38 -0.01
11 1.98 0.21 1.98 0.33
12 0.31 0.02 0.27 -0.01
13 0.65 0.15 0.59 0.09

tical analysis to identify one common effect that
describes both the relaxation and the induced
shift data. The second components model differ-
ent effects for the two data sets, thus separating
the two NMR chemical shift and relaxation par-
ameters.

Five descriptors are especially significant in the
derivation of the PLS model using induced shift
data. All these variables (dipole moment, o,,, 0,,
and “C chemical shifts) describe the electronic
distribution in the substrate. The T,° PLS model
is based mostly on descriptors that can be related
to the molecular motion, such as the density, the
molecular weight and the partition coefficient.

PLS prediction. To further illustrate the useful-
ness of this multivariate approach, it was decided
to test how well the electron-nuclear relaxation
times could be predicted from a combination of
the induced shift set II and the set of physical de-
scriptors III. These latter sets formed the Y block
as in Fig. 1. By using two significant components,
a total of 73 % of the variance in relaxation data
could be explained.

In Table 3, the predictive and the measured
values of T° are tabulated for the meta and para
carbon positions of in all 13 monosubstituted
benzenes. The results show a good correlation
between the measured and predicted values. The
difference in T,° (exp.—pred.) is in most cases less
than or close to the overall experimental error
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(10~15%). The given example also illustrates fu-
ture possibilities for choosing suitable substrate
systems for homogenous catalysis. By relating
NMR parameters that reflect a desired type of in-
teraction with the chelate to molecular properties
of the substrate, it would be possible to predict
the catalytic activity of a given chelate in reaction
with substrates.

Conclusions

In solutions of monosubstituted aromatics con-
taining paramagnetic relaxation reagents, an
electronic factor described by the dipole moment
of the substrate and Hammett sigma constants
accounts for most of the variance of the electron-
nuclear relaxation times and the induced chemi-
cal shifts. A second effect, different for the two
NMR parameters, could also be identified. Elec-
tronic descriptors constitute the second compo-
nent for the shift matrix, while variables related
to motion and solubility are more significant for
the relaxation data. The results support our pre-
vious interpretation that the preferred solvation
is of a dipole—dipole type. A partial least-squares
method was used to predict the electron-relaxa-
tion times from the induced chemical shifts and
various physical descriptors of the aromatic sub-
strates.
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