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Association between Eu(dpm), and 4-substituted acetophenones or aliphatic ketones
has been investigated by measurement of the concentration dependence of *H chemical
shifts.

The stoichiometry was found to be 1: 1 by the Job method, and both the equilibrium
constant K, and the bound chemical shift 4, were estimated.

K, values of 4-substituted acetophenones were found to be governed predominantly
by the electronic effect, whereas those of symmetrical ketones are controlled by the dif-
ference of the standard entropy 4S5° but those of nonsymmetrical ketones are not.

These results can be interpreted in terms of the coordination populations of Eu(dpm),
on the two sites of the carbonyl oxygen.

The populations were obtained independently from the ratio of the geometrical factor
(8cos?0—1)/»® and from 4S°, and the results were consistent with each other.

Keywords——1H NMR, acid-base association, equilibrium constant, bound chemical
shift, enthalpy, entropy, ketones, shift reagent

In our previous report,” a 1:1 association between the shift reagent tris(dipivaloyl-
methanato)europium—Eu(dpm);—and pyridine bases as well as aliphatic alcohols was con-
firmed.

Shapiro et al.?) had previously examined the association between aliphatic ketones and tris-
(1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedionate)europium—Eu(fod);—and concluded
that both 1: 1 and 1: 2 associations occurred.

In this work, the stoichiometry of association between ketones and Eu(dpm), was deter-
mined to be 1: 1, and both the equilibrium constant K, and the bound chemical shift 4, were
estimated by the curve fitting method. The two parameters thus obtained are discussed
in terms of the substituent constants.

The coordination population of Eu(dpm); on the two sites of carbonyl oxygen were given
by the ratio of the geometrical factor (3cos?0—1)/#3 of the two kinds of *H nuclei.

The results were consistent with the values estimated from the difference of the standard

entropy 45°.%

Experimental

Ketones used in this study were of the J.I.S.S.R. grade. Liquid samples were dried over Linde mo-
lecular sieves 4A, whereas solids were stored over silica gel in a desiccator for several days before use. The
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shift reagent Eu(dpm); (purchased from Dojin Chemical Laboratories) was sublimed under reduced pressure
and stored over silica gel in a desiccator. Sample preparations were carried out in a dry box. All nuclear
magnetic resonance (NMR) spectra were taken on a Hitachi R-20A high resolution NMR spectrometer
at 35°C in cyclohexane containing 0.3% Me,Si as an internal refererice, and the signal position was
determined with a frequency counter to within +1.0 Hz. Variable temperature experiments were
carried out with a temperature control unit and the measurement temperature was calibrated by using
ethyleneglycol to within +1°C. Experimental conditions are described in the figures and tables.

Results and Discussion

The existence of 1: 2 association between Eu(dpm); and pyridine has been confirmed in
the solid state by X-ray crystallography and by NMR spectroscopy at low temperatures.®

As a first step in the present work, we tried
to determined the stoichiometry of association

Hz between Eu(dpm), and ketones by the Job method
~ 4 (¢f. Fig. 1). In the Job plots, the maximum ap-
O peared at mole fractions of Eu(dpm), over 0.5,
* supporting the occurrence of 1: 1 association.
&) The K, and 4, values were determined by
= 2 curve fitting® of the concentration-shift curve,
° and the calculated K; and 4, values were repro-
N ducible to within 5%, (¢f. Table I and Fig. 2).
L . Plots of InK, vs. 1/T in the variable tem-
0 0.5 1.0 perature experiment were linear, as shown in
C°A/C°A+C’B Fig. 3, and the thermodynamic parameters were
Fig. 1. Job Plots of Methyl H Shift of determined (cf. Table II). -
fgi:ﬁ?;i%¥z+Eu(dpm)s i Cyclo- 4-Substituted Acetophenones
C4%, Cs°=~0.04 mol/l. Plots of InK, vs. a; or o, indicate that InK,

Taere I. Equilibrium Constants K; and Bound Chemical Shifts A4, of
Ketones+ Eu(dpm); at 35°C in Cyclohexane

4: (ppm)®
—_— y-H o-H K, (1/mol)»
g-Ho B-H®
CsH;COMe 15.3 210
4-CH,C,H,COMe 15.4 13.0 3.5 250
4-C,H,C,H,COMe 15.4 12.9 3.4 248
4-CH;OCH,COMe 15.5 13.0 3.5 337
4-C1C;H,COMe 15.4 159
4-BrC,H,COMe 15.3 143
4-NO,C.H,COMe 15.1 12.5 3.5 47
CH,;COMe 15.0 218
C,H;COMe 15.1 15.3 11.5 205
n-C;H,COMe 14.6 14.9 209
iso-C,H,COMe 14.2 14.6 206
7n-C,H,COMe 14.3 10.0 185
iso-C,Hy,COMe 14.9 15.4 6.7 186
tert-C H,COMe 15.0 10.1 205
(C.H;),CO 14.4 10.2 177
(n-C4H,),CO 13.9 10.8 4.5 182
(n-C,H,),CO 14.2 172
(iso-C,H,),CO 14.3 5.3 161
(ter?-C,H,),CO 9.7 175
(Ce¢Hj;),CO 11.5 195

a) Error within +5%.

b) Error within +10%.

c¢) B=CH; or CH, group at -position relative to carbonyl oxygen.
d) p’=CH, group at f8-position relative to carbonyl oxygen.
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Fig. 2. Concentration Dependence of the ) ]
Methyl H Signal of CH,OC¢H,COMe Fig. 3. Correlation between 1nkK,; and
+Eu(dpm), in Cyclohexane 1/T of CHZ0CH,COMe+ Eu(dpm); in
€y =~0.01—0.04 molfl. C°g=~0.02—0.04 mol/l. Cyclohexane
Q; experimental points, —; calculated curve. C°p=~0.02—0,04 mol/l. C°p=~0.02—0.04 mol/l.
InK:
6
TasLe II. AH and A4S of Association between Ketones CHs 2 OCH;
and Eu(dpm), in Cyclohexane H
C:Hs
—AH — A4S S Br (& Cl
(kJ/mol)® (Jjmol deg)?
4-CH,C,H,COMe 34.3 68.2
4-CH,0C,H,COMe 33.7 63.0 4 NO,
4-BrC¢H,COMe 33.5 71.1
CH,COMe 30.0 57.7
(n-C4H,),CO 34.3 72.8
(n-CH,),CO 36.4 77.4
(iso-C Hy),CO 34.7 76.6 3 ! L !
(tert-C H,),CO 35.2 79.2 4 5 6
asi+boz+c
@) Brror within:t by, Fig. 4. Two Parameter Analysis of InK, of

b) Error within+10%.
RC,H,COMe+ Eu(dpm), in Cyclohexane

a=-—1.31, b=—2.59, ¢=5.31, fitting parameter=
0.03.

decreases with increases of the two kinds of substituent constants ¢; and ¢,,% and K;’s are
given by Eq. 1;
InK; = — 1.31a; — 2.59 65 + 5.31 (1)

The fitting parameter of this treatment is 0.03 (c¢f. Fig. 4).

As shown in Table II, 4H’s and 4S’s of the complex formation between 4-substituted
acetophenones and Eu(dpm); are nearly equal, so we examined the correlation between total
charge density of the carbonyl oxygen as estimated by the CNDO/2 method” and InK, (¢f.
Fig. ).

The results support the view that the complex formation between seven kinds of 4-substi-
tuted acetophenones and Eu(dpm), depends on the enthalpy effect.

Next, determination of the population by use of the geometric factor was carried out as
follows. The induced chemical shift ¢ of a paramagnetic complex is given by Eq. 2;%

= k(3 cos?f—1)[r® @
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Fig. 5. Correlation between InK,; and
the Difference of Total Charge Density Fig. 6. Two-Site Model of RCOMe -

of Carbonyl Oxygen,

— 4@, of RCH,-
COMe .

Eu(dpm); for Computation

where £ is a constant related to the central lanthanide atom, 7 is a distance between the lantha-
nide atom and the nucleus being observed, and 6 is the angle between vector » and the O-Ln
bond. A binding model of the shift reagent on the two lone-pair sites of carbonyl oxygen

is shown in Fig. 6.

The values of (3cos?0—1)/7® can be estimated separately at the two sites of carbonyl oxygen
and expressed as a function of the O-Ln distance, 4. When the coordination population on
site 1is defined as P;, that of site 2 is given by 1 —P,.9

R= P15Me,1+(1_‘P1)5Me,2
Pioy;,1 + (1—P1)on,,2

@)

where R means the ratio (methyl to i-th H) for the experimentally observed shift, and 6y, 4,
Oye,25 On;, and Og,,, are the calculated values of (3cos?6—1)/r® for methyl and s-th H of sites

1 and 2.

TasLE 1II.

Values of (3cos? 6—1)/#® obtained on the Basis of

Free Rotation of the Functional Group for RCOMe

[(3cos?0—1)/r%] x 103

CH, C,H;®
Site 1 0.23 9.33
Site 2 13.31 —16.79
CH, i80-C4H,®)
Site 1 7.51 7.26
Site 2 9.81 0.:24
CH, tert-C H,0
Site 1 8.63 6.70
Site 2 8.91 3.31
CH, CoH4®
2-H 3-H
Site 1 6.83 12.79 5.13
Site 2 16.25 —17.41  —9.07

a) d=0.24nm, <EuOEu=111°
¢) d=0.32 nm, <EuOEu=111°,

b) d=0.30 nm, <EuOEu=111°,

d) d=0.26 nm, <EuOEu=111°.

The calculated values of CH; and C H, groups were estimated as follows;
1 27
Beated. o 5 f | (3cos0—1)/rsdp
and those of C,Hj, iso-CsH, and fert-C,H, groups were obtained as follows;
P L\t % [ Bcos—1)/r3dbd
caled. OC (2n) fo fo (8cos*0—1)/r%d,bdeps.
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TaBLE IV. Coordination Populations of Eu(dpm), at the Methyl Site of the
Carbonyl Group of RCOMe determined from (3cos?0—1)/+*
for the Two-Site Model and from the Difference
of the Standard Entropy 4S°

R Pla) Plb) A4S5°¢0)
CH, 0.50 0.50 7.34
C,H; 0.71 0.75 17.64
7n-CH, 0.79 28.02
n-CyH, 0.84 38.39
iso-C;H, 0.78 0.77 25.30
iso-C,H, 0.83 35.44
tert-C,H, 0.79 0.80 28.4
CeH,R'® 0.78 0.80 26.17

a) P, estimated from 45°.

b) P, estimated from (3cos?0—1)/s3.

¢) 45°=S°p—S°n, where S°s and S°y are the standard entropies of substituted and
parent compounds. Dimension of S°=gibbs/mol (4.184 J/mol deg).

d) R’=O0CHj;, CH,, C,H; and NO,.

The values of (3cos?0—1)/7%...geometrical factor of H shift of methyl and phenyl group..-
are evaluated on the basis of free rotation around the carbon-carbonyl bond (c¢f. Table III),
and the values of P; are all estimated from Eq. 3 (¢f. Table IV). 4-Substituted acetophenones
(R=O0Me, Me, Et and NO,) gave the same populations.

Aliphatic Ketones
Symmetrical and Nonsymmetrical Ketones

As the 4H values summarized in Table II are nearly the same in magnitude, InK, should
be correlated with A4S (¢f. Fig. 7).

In this work, the ligand could be considered to exist as an unperturbed molecule in solution,
because K; and 4H are much smaller than in the alkyl pyridine-+Eu(dpm), series, where K,
values were related to 4S. In the present case, A4S values were found to be linearly related
to 4S°, the difference of the standard entropy S} —S3, where S and S§ are the standard entro-
pies of the substituted and parent compounds. For symmetrical ketones, it is evident that
the two sites are equivalent and the population is 0.5.

1()0L
6.0f ¥ 7 208 S0
InK, > 1 6
= 5
5 501
- 0
5.5 ?
1 . { il
\ \ | . 0 50 100 150
5.0 50 60 70 80 4S8’ (J/mol deg)
—48 (J/mol deg) Fig. 8. Correlation between — A4S of R,COR,+
) ) Eu(dpm); and the Difference of the Standard
Fig. 7. Correlation between InK, and A4S of Entropy, 4S°

RCOR+ Eu(dpm), in Cyclohexane
1: R,=R,=CH,, 2: R,=R,=1-C;H,, 3: R,=R,=#-C,H,,

1: CHg, 2: n-C;H,, 3: n-C,Hy, 4: iso-C,H,, 5: fert-C,H,. 4: R,=R;=is0-C,H,, 5: R,=4-BrC;H,, R,=CH,, 6: R.=4-
CH;3CeH,, Ry=CH,;, 7: R;=4-CH,0C,H,, R,=CHj, 8: R,~
Ry =tert-C H,.
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For nonsymmetrical ketones, P, can be estimated from the ratio..-methyl to alkyl group---
of 45° (¢f. Table IV); in other words, K, values could be expressed by the following equation;

K, = PiKiMe 4 (1— P)K; R 4

where KY° and K} are the equilibrium constants of MeCOMe and RCOR, respectively. For
instance, the values of K, given by Eq. 4 were 206, 210, 209 and 213 for ethyl-, #-C,H,-, tert-
C4H,- and CgH;-COMe (cf. Table I), respectively, which are comparable with the experimental
values.
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