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Determination of the 1O Quadrupolar Coupling Constant and of the 13C Chemical
Shielding Tensor Anisotropy of the CO Groups of Pentane-2,4-dione anfl-Diketonate
Complexes in Solution. NMR Relaxation Study
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13C NMR relaxation timed; of the carbonyl groups of pentane-2,4-dione gndiketonate complexes Al(acac)

and Zr(acag) (acac: pentanedionate anion) were measured for various magnetic field strengths, allowing a
determination of the contribution of the chemical shift anisotropy mechanism to the total relaxation. NOE and
T, measurements for th®C nucleus of the central methine carbon furnished the correlation tinfier the
reorientation of theses species. The chemical shift tensor anisoNegpuld be deduced and compared to the
values obtained in the solid state. The quadrupolar coupling constant (QCC) Bttmaicleus could also be
determined by measuring the line width of tH® NMR signal and using the; value. QCC values for the
complexes are in the same range as for the pentane-2,4-dione molecule, indicating similar electronic distribution
and symmetry around the oxygen atom of these different spediesor the complexes are close together, and

the values obtained in solution are approximately those obtained in the solid state. They are close to the value
reported in the literature for tetraacetylethane, which can be considered as a dimgrdifetone, but slight
differences are observed for the individual components of the chemical shielding tensor.

Introduction Several authors have also employed NMR longitudinal
liqand lecul hich | ith lic relaxation time measurements to estimd@ QCC andz-bond
Many ligands are molecules which interact with metallic Ions - e gths in metal carbonyl complexés They usedho values

via oxygen atoms. Among therfi;diketonates and phospho-  yhiained from solid state experiments to calcutatnd extract
rylated compounds can be mentioned. Study of the behawor,x(no)_

at the electronic level, of the 60 or P-O bonds when the
ligand is coordinated to a cation compared to the situation where
it is free can yield information on the electronic perturbation

generated by the coordination. Further knowledge of these the CO groups have been measured at three magnetic field

systems can be obtained by determining parameters Ser'Siﬁvee,‘trengths T, and NOE factors for the central carbon were also

to the eIecFronic density and/or symmetry _such as the quadru'determinéd.Aa(l%) andy(170) for the diketo and keteenol

po_Iar qouplmg constant (QCC) of tH?.? nUC|63I1,X, and c_hem|cal forms of acetylacetone have been deduced and compared to the

.shleldmg.tensor amsotropgAq, of the SC or*'P nuclei. QC.C values obtained for the complexeAo values for the complexes

is proportional tq the electric field gradients and depends directly were also measured from static NMR spectra recorded in the

on the electronic charge symmetry ground the nucleus_. Thesolid state and compared to the values obtained in solution.

components of the ch(_amlcal_shleldlng tensor are obviously High-resolution solid state spectra were also recorded in order

related to the electronic environment of the nucleus under to confirm the crystallographic structure determination.

investigation. These two parameters can be obtained by the Complexes formed with cations of different valences were

method we have reported in previous papers7for phOSphorylaltedstudied in order to determine if the charge of the cation

CA%mE) ?utnrgesilr;détilgﬁgmﬁéizb?gg:r?iggfir? gg;ﬂ ﬁgﬁ an_lt_jhe ianl_Jences the el_ectronic repartition into the chelate ring of the
S : : p-diketonate moiety. The results were also compared to those

determination ofy and Ao requires a knowledge of, the obtained for the protonated ligand Hacac

reorientational correlation time of the molecule or of the '

corgplex, Whicrr]w can be obtained frgm abrelaxztionlstudyhof @ Experimental Section

rigid part of the species.Ao can be obtained only if the

chemical shift anisotropy mechanism contributes significantly ~ Pentane-2,4-dione (Aldrich, 99%6), Al(acac} (Aldrich, 99%), and

to the total relaxation rate; its determination requires measure-Zr(acac) (Aldrich, 98%) were used as received.

ments for different magnetic field strengths. This value can be  The solutions were prepared in CREurisotop) at a concentration

> . ) . . i mal—t
compared to that obtained in the solid state when it is possible. ©f 33% in volume for Hacac, 0.5 for Al(acac, and 0.45
mol-L~* for Zr(acac).
13C relaxation measurements were performed at@®n WP 80
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In this paper we report a study of pentane-2,4-dione (acety-
lacetone), Hacac, angtdiketonate (acac) complexes of the Al-
(1) and Zr(1V) ions. T, relaxation times of thé3C nuclei of
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DRX 400 B, = 9.4 T) Bruker spectrometers at 20.1, 62.8, 75.5, and Table 1. 3C and'’O Chemical Shifts) (ppm, Relative to TMS
100.6 MHz, respectively, using the inversion-recovery method with and HO, respectively), Line Widths at Half-Height of tRé&D

fast acquisitiohor the so-called superfast methodlOE factors were Signal Avyz (Hz), Longitudinal Relaxation Time$; (s), and NOE
determined using the gated decoupling technique with frequencyshift. Factorsy for the Central Carbons and the Carbons of the CO

All the values given represent the average of several experiments (oftenGroups of Pentane-2,4-dione in CR@tt 35°C

at least three runs). _ keto—enol form diketone tautomer
170 NMR spectra were recorded for products in natural abundance

at 54.2 MHz on a DRX 400 Bruker apparatus with a 10 mm probe. 5(°C) %Hﬁ 21‘(1')30 %%%
The relevant spectrometer parameters were as follows: plse co 191'0 20'1 7
duration, 19us; spectral width, 25000 Hz; quadrature detection; 5(10) 262 562
acquisiton time, 41 ms; no field/frequency lock; sample spinning; Avis 84.7 164.3
recycling delay, 10 ms; number of scanS00 000; 2K data block with Ti(central carbon) 12.4 9.4
zero filling to 8K; line broadening factor of 30 Hz prior to Fourier  y(central carbon) 1.86 1.93
transformation. All the chemical shifts were referenced &'l 50.05 MHz 74.9 71.4
13C NMR spectra in the solid state were recorded on a CXP 300 Ty(CO groups)y 75.47 MHz 63.7 66.2
Bruker apparatus. The high-resolution spectra were obtained under 100.6 MHz 53.2 54.5
magic angle spinning (4.5 kHz spinning frequency) and cross- ,co groups){ 50.05 MHz 0.85 0.73
polarization (CP) conditions with proton decoupling. The contact time 75.47 MHz 0.84 071

was generally 1 ms, and the number of scans 500. In order to obtain d h incipal | | f the shieldi
the chemical shift tensor componentdC{'H} static spectra were X, y, andz are the principal molecular axes of the shielding

recorded, but a strong overlap between the CO and CH signals and al€NSOr, andr is the reorientational correlation time of the

poor sensitivity due to a large anisotropy of the signals prevent easy SPecCies. This equation can be recast under the form

extraction of these parameters. This is why the spectra were recorded

under MAS conditions at a low spinning rate400 Hz). The CH Tl,CSAil = (871’2/15)1/2(AO")2‘L'C (2)

signal was attenuated by a cross-polarization inversion sequeitbe

an additional phase inversion contact time-40 ms): under these  with v the frequency ando’ = Ao(1 + {232,

conditions spectra present many rotational bands contained in an  Under the extreme narrowing limit conditions, this mechanism

envel_ope th_at reprod_uces the static spectrum, but with a better signal-ip the only one that depends on the frequency. Consequently

to-noise ratio (see Figure 1). it is possible to determine this contribution from the slope of

The 10 mm Hacac tube was degassed by the freeze and pump methoqLe straight lineT; ! = f(1?)

and sealed under vacuum. For the two other solutions, oxygen was : e . . . .

removed by inert gas bubbling into the tube. It was effecuvgly verified that a straight line is obtained
(correlation coefficient= 0.999 and 0.983 for the enol and

Results and Discussion ketone tautomers, respectively). The quantity')?z. is equal

t0 1.34x 107 and 1.10x 1072°s for KE and KK, respectively.

7. can be deduced from the dipetdipole (DD) contribution

to the total relaxation raté; ! of the central carbo

Pentane-2,4-dione.This compound was studied in solution
in deuteriated chloroform. Under these conditions, the molecule
exists in two tautomeric forms: the diketone KK (gHCO—
CH,—CO—CHa) and the keterenol KE (CH—CO—CH=C- 2
(OH)—CHjy) forms in a rough proportion of 1:3 at the temper- T, DD‘l = (@) (l)
ature of the experiments (308 K}3C and’0O NMR chemical ' An \2m,
shifts are similar to those already reported in the literafdre. )

T, relaxation times and nuclear Overhauser enhancement (NOE)Where Ny is the number of hydrogen atoms bound to the
factors were measured at 75.47 MHz for the central carbon of conlsoldered carbom, the CH distance assumed to be 109
the molecule, and it was verified that values do not depend 10 . m as in the malonaldtfhy_de molecdteand 7o, the

on the field strength. For the CO groups, fRgvalues were ~ Maximum NOE factor fof*C—'H interaction o = 1.99).7

measured at three frequencies (50.05, 75.47, and 100.6 MHz)|S €qual to 3;5X 10712 for KE and to 2.3« 1072 s for KK,
and NOE factors at 75.47 MHzO NMR line widths were leading toAo” =195 and 219 ppm, respectively. These values

used to deduce thR relaxation time of this nucleus. The results Can be compared to those reported for tetraacetylethane (FAE),
are summarized in Table 1. which consists of two acetylacetone residues, and acétsom

It can be seen thak, values for thé3C nuclei of CO groups 13C NMR studies in the solid state. The former compound exists

depend on the field strength as a consequence of the efficiency!” the keto-enol form in the crystal and gives riseAo’ values
of the chemical shift anisotropy (CSA) mechanism. This €dualto176.3and 163.9 ppm for the=O and C-OH groups,

contribution to the total relaxation rate is expressetf by respectively (mean value: 170.1 ppm). In solution, only one
mean signal is observed for the two groups as a consequence

of the existence of two symmetrical mesomers. The value
obtained in solution (195 ppm) for Hacac is about 15% higher
than that observed for TAE in the solid state. The same
difference is observed for the KK form compared to acetone
(219 against 194 ppHj), but in this case, the; value used for
the determination ofA¢’ is probably affected by internal

2 2
2y h
[

Ny7, = lTl_l 3
Mo

Ticsn - = Ts(yBo) (A0) (1 + E3)r, (1)

for an isotropic motion under extreme narrowing limit condi-
tions, whereAo = 0, — (0xx + 0yw)/2, § = 3(oyy — 0x)/(2A0),

(4) Canet, D.; Levy, G. C.; Peat, J. B. Magn. Reson1975 18, 199.

(5) Canet, D.; Brondeau, J.; Elbayed, K.Magn. Resonl98§ 77, 483. rotations around the GHCO bond (contrary to the KE form
(6) Martin, M. L.; Delpuech, J. J.; Martin, G. JPractical NMR which is rigid); the correlation time for the reorientation of the
@ ?gig};oslf?%ﬁ’}’gﬁgé';egd?’zvekgggg”é;%i% C=0 vector can be different from that of the-&l vectors of
(8) Basset’ti, M Ceriche’lli|.G:; Floris, B].bheh. Res., Synop988 the CH central group.

236.
(9) Gorodetsky, M.; Luz, Z; Mazur, Y. Am. Chem. S04967, 89, 1183. (11) Baugharm, S. L.; Durst, R. W.; Rowe, W. F.; Smith, Z.; Bright Wilson,
(10) Canet, D.; Robert, J. BNMR Basic Principles and Progress E. J. Am. Chem. S0d.981 103 6296.

Springer-Verlag: Berlin, 1990; Vol. 25. For the general form of the (12) Takegoshi, K.; Mc Dowell, C. AChem. Phys. Let1986 123 159.
relaxation equations, see also: Abragam,PAinciples of Nuclear (13) Pines, A.; Gibby, M. G.; Waugh, J. Ehem. Phys. Lettl972 15,
Magnetism Oxford University Press: Oxford, U.K., 1961. 373.
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The measurement of the NOE factor for the CO groups allows Table 2. **C and*’O NMR Chemical Shifts) (ppm), Line-Widths
us to calculate the dipotedipole 33C—H contribution to the ~ at Half-Height of the'’O NMR SignalAvy; (Hz), Longitudinal
total relaxation rateTy pp ! = 6.2 x 1073 s~ for the keto- gelzxatnon L'rt';]egé (St))’ a”dBN|OE l_:acttor?hforctheb Cerl‘tg’" ‘

' . aroons an e Carbons belonging to the Carbony roups o
enol form, average vqlue for two experiments at 50.05 and 75.47A|(acac); and Zr(acac) Complexes in CDGlat 35°C
MHz). The!3C nuclei of the CO groups interact with the central

hydrogen atom, the ©H hydrogen, and the hydrogen atoms Al(acacy Zr(acac)
of the methyl groups which are rapidly rotating around the CHs 294 26.3
H3C—CO bond. Ty pp ! can be computed according to o("C) § CH 100.7 101.9
(6{0) 191.0 188.1
1/ 3 3 o(*7@ 268 336
Tioo = K{G|[5 T —]9@) + Avyp 911 1097
' 2\Ls L.t Ta(central carbon) 1.10 0.94
2 2 1 : .
1 1 1 1 n(central carbon) 1.83 1.89
—+—=+—+— | (4 Ti(carbonyl) 20.11 MHz: 18.1 20.11 MHz: 13.2
IR P T R 75.47 MHz: 10.0  62.87 MHz: 9.9

100.6 MHz: 8.1 100.6 MHz: 7.2

wherely, Ly, Ls, L'y, L'y, andL's are the distances defined in  7(carbony)) 0.6 not measured

the following scheme total relaxation rate. The remaining 32% are probably due to

spin-rotation interactions.

From all these experiments, the quadrupolar coupling constant
y of the 7O nucleus can be deduced. Indeed, quadrupolar
relaxationT g is predominant for this nucleus and is described
by the equatiol

2 2
o o137 2|+3( &_)z
Tio 2,Q 10 1221 — 1) 1+ 3T (7)

wherel = 5/,, £ is the asymmetry parameter of the electric field
gradient tensor (0< & < 1), andt. is the reorientational
correlation time. T1g™* andT,q ! are related to the signal line
width by

with Ly = 2.10,L, = 2.17,L3 = 1.77,L', = 2.17,L', = 2.11,
andL's = 2.19 A as calculated from the crystallographic data
andK = 3.6 x 1079 mé 572,

As only one CO carbon is observed, an average was obtained
over the two theoretically computablg~! values. J(w) is the
spectral density function for the dipetelipole interaction with
the CH; hydrogen nuclei:

TlQ_l = TZQ_l =7 Avyp 8)

As £ is not determined in our experiments, the followipg
values are found: 7.9 y < 9.1 MHz for the kete-enol form

and 13.3< y < 15.4 MHz for the kete-keto form. For the

By, By, B,, latter form, the value of is higher than those found for various
— + + (5) ketoned® (y ~ 10.3-11 MHz), probably for the same reasons
6D, 6Dg+D; 6D, + 4D, as those given above in order to explain the difference between

. i the Ao’ values. The value corresponding to the ketool form
whereBoo, BioandByo are coefficients (squared reduced Wigner s jower, comparable to those reported for aromatic OH grétips.
rotation matrix element® andDg andD;, the isotropic diffusion Complexes. 13C and’0 NMR chemical shifts were mea-
constants related to the reorientation of the whole molecule andg,;eq on CDGJ solutions of Al(acac) and Zr(acag) The

to the internal rotation. values agree with those reported in the literafdrd. T,
1 5 . relaxation measurements were performed for the central methine
Boo =743 co$ f — 1%, B,,=3sirf § co f; carbon and the CO carbons (at several frequencies in the latter
B,y = 3/4 sin4ﬂ case) as well as NOE factor determinations. All the results are
summarized in Table 2T; of the CO carbons strongly depends
wheref is the angle between the C(OF(Hs) bond and the ~ On the frequency (CSA mechanism). The graph' = ()

J(w) =

C(O)—Hc, vector, estimated to 30 gives a linear plot, the slope of which provides the quantity
As 7. = (6Dg) 1 7, =(6D1)"t andp = 74711, €q 5 is recast in (Ao')?r.. The correlation time can be obtained from th§
the form and NOE values of the methine carbon (eq 3) allowing the

determination ofA¢’ andy, the QCC value of thé’O nuclei,
67, 31, from eq 7. These values are reported in Table 3.
J) = Bogte + Bigg - + Bag 5 (6) From Table 2, theT; pp~? contribution of thel3CO group
p P for Al(acacy can be computedT; pp~t = 0.038 s. This value
The calculation leads tp ~ 13. This value will further be ~ can be also determined theoretically from the equation
useful to estimatd; pp* for the CO groups in the complexes.
Finally it can be noted that the CSA and dipoltipole T “1_g
mechanisms do not fully explain the relaxation behavior of the 1.bb
CO groups. At 75.47 MHz, for the keteenol form, CSA and
DD mechanisms contribute 26 and 42%, respectively, to the (16) Kintzinger, J. PNMR of Newly Accessible Nucldiaszlo, P., Ed.;

Academic Press: New York, 1983; Vol. 2, Chapter 4.

(14) Camerman, A.; Mastropaolo, D.; Camerman,JNAm. Chem. Soc. (17) Wilkie C. A.; Haworth, D. T.J. Inorg. Nucl. Chem1978 40, 195.
1983 105 1584. (18) Luz, Z.; Silver, B. L.; Fiat, DJ. Chem. Physl1967, 46, 496.

(15) London, R. E.; Avitabile, 3. Chem. Physl976 65, 2443. (19) Detcher, J. J.; Henriksson, U. Magn. Reson1982 48, 503.
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Table 3. Correlation Timesy, 'O Quadrupolar Coupling
Constantg, and Anisotropies of th&’C Chemical Shielding
Tensors for the Complexes Al(acaend Zr(acac)and for
Acetylacetone, Hacac (KettEnol, First Line; Diketone Form,
Second Line)

Al(acac) Zr(acac) Hacac
10%%¢, s 39 47 35
2.3
%, MHz 76<xy<88 76<x<88 79<y<91
13.3<y <15.4
Ad'Pppm 186+ 13 161+ 12 195+ 14
219+ 16

aDetcher et al? report a value of 4.5« 107! s at 33.9°C for the
complex dissolved in toluené Propagated errors ako’ were estimated
at 7—8% at the maximum.

wherel", = (L', + Lp)/2,L"y = (L1 + L'1)/2, andt, = 3.9 x
1011s. J(w) is calculated from eq 6 wheiByo, B1o, andByo

are considered to be the same as the parameters for Hacac and

p ~ 150, ther; value for the rotation of the methyl groups being
assumed to be the same in the complex as in the KE form of
Hacac. The calculation leads Ta pp~! = 0.035 s, a value
very close to that determined experimentally, indicating that
the rotation of the methyl groups of the ligands is not much
affected, compared to that of free Hacac.

It can be noted that thg values are included in the same
range for the complexes as for Hacac. )Ass related to the

electric gradients around the oxygen nucleus, it can be concluded

that the coordination of the enolate ligand to théAbr Zr*+
cations does not induce a significant perturbation of the
electronic distribution around the oxygen atom in comparison
with that of Hacac in the keteenol form. It must be also kept

in mind that the complexes are neutral and that the ratio of the
charge of the cation to the number of ligands is always 1. Hacac
could also be considered as a catiori Ebordinated to the
enolate ligand; this could explain the fact that ghealues are
similar.

In order to verify whether thA¢’ values obtained in solution
are identical to the values in the solid state, we carried out a
13C NMR study on solid samples. We recorded static spectra
in order to extract the different components of the chemical
shielding tensor. Actually, as an overlap between the CH and

CO bands occurs and as the sensitivity is poor due to the large
anisotropy of the carbonyl chemical shift tensor, the spectra were

recorded according to the MAS conditions at a low spinning
rate (~400 Hz), and with attenuation of the CH signal as

described in the Experimental Section. Under these conditions,

spectra, with many side spinning bands, contained in an

envelope which reproduces the static spectrum, but with a better 9zz PPM

signal-to-noise ratio, are obtained (Figure by, oy, ando,
are easily determined, the knowledge @, = (oxx + oy +

07713 allowing a more accurate determination, if necessary. The Ag',, ppm

results are reported in Table 4 with those corresponding to
TAE.12 A¢’, obtained in solution, is very close #ho’ in the
solid state for both complexes (the divergence is less than 8%)
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Figure 1. 3C{'H} NMR spectra of the solid complex Al(acac)op,

static spectrum; bottom, spectrum recorded with a low spinning
frequency (375 Hz). The CH signal has been attenuated by using an

appropriate pulse sequence (see text).

Table 4. Isotropic Chemical Shiftis,, Principal Components of
the Chemical Shift Tensorsyy, oy, ando,, Anisotropies of the
Chemical Shift Tensordo, Asymmetry Parameters of the Shielding
Tensorst, Ad” = Ao(1 + £%3)Y2, and Ao’ Values Obtained in
Solution Ad'so) for the Complexes Al(acaghnd Zr(acac)and for
Tetraacetylethane TAE

TAE
Al(acacy Zr(acac) C=0O C-OH av

Oiso, PPM 191.1 188 200.9 190.6 195.7
Oxx, PPM 276 273 277.6 270.0 273.8
Oyy, PPM 215 210 239.7 215.9 227.8

82 81 85.4 85.9 85.6

o, ppm 164 160 173.3  157.1  165.2

¢ 0.56 0.59 0.328 0.517
Ad’, ppm 172 169 176.3 163.9 170.1

186 161

plexes can be noted. According to ref 9, thelirection cor-

rresponds to the £-C3 or C,—C; direction (see scheme). The

indicating that the relaxation experiments at variable frequency o,y value for the complexes is closer to that of the COH carbon

to obtainAo’ are valid and can be useful whew’' cannot be
determined in the solid state (spectra with many overlapping
bands, liquid sample, ...). The comparison with the results
obtained for TAE (average value for the=© and C-OH
groups) leads to the conclusion that the' values are very
similar. MoreoverAo’ for the complexes are closer for the KE
form of Hacac in solutionA¢’ = 195 ppm) than for the KK
tautomer Ao’ = 219 ppm). This was already reflected by the
isotropic’3C chemical shifts of the complexes in solution which
are very similar to those of the KE form of Hacac.
Nevertheless, if thes; values are observed in detail, a
significant difference in the, values of TAE and the com-

than to that of the CO carbon of TAE. This could be due either
to a slight perturbation into the electronic distribution of com-
plexes relatively to that of the protonated ligand (actually TAE)
or to the variation in the geometry of the chelate ring (the angles
OCC are larger in the complexes than in H&Ea®).

The differences between the two complexes are very small,
probably for the same reason as that given above forythe
values.

(20) Hon, P. K.; Pfluger, C. EJ. Coord. Chem1973 3, 67.
(21) Silverton, J. V.; Hoard, J. Inorg. Chem.1963 2, 243.
(22) Lingafelter, E. C.; Braun, R. LJ. Am. Chem. Sod 966 88, 2951.
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Finally high-resolution'*C NMR spectra of the solid com- In the case off-diketonate complexes, we have shown that
plexes Al(acag) and Zr(acag)are in full agreement with the  there is no large difference between th€i® QCC andAc
crystallographic structures. For Zr(acac)hree signals are  values and those of Hacac. The charge of the cation has little
observed for the CO group (one is twice higher than the others), influence probably because the total charge of the complexes
two for CH, and three for the methyl groups when the is zero. Hacac could be considered as an ignifkteracting
crystallographic dafd indicate that there are four inequivalent with the enolate anion. We attempted to extend our study to
CO groups, two CH groups, and four @groups accordingto  complexes with monovalent (K or divalent (Mg") cations,
the cell symmetry. The crystal structure of Al(ac&tindicates but our efforts failed because of the low solubility of the species
six inequivalent CO groups, three CH groups, and six3CH and/or the difficulty in obtaining compounds with a well-defined
groups; the NMR spectrum exhibits only two, three, and two stoichiometry.
signals for the CO, CH, and GHgroups respectively. This work is the starting point of structural studies on
molecules having CO groups (amides, amino acids, peptides,
...) which potentially interact with acids or metal ions, for

This study shows clearly that much information can be instance. The evolution of the structural paramejeasid Ao
obtained from the determination of quadrupolar coupling as functions of this interaction may yield much information
constants or chemical shielding tensor anisotropy in complexes.regarding its nature (electrostatic character, covalency, ...).
Variation in electronic distribution can be detected relative to
the situation of the free ligand. Measurements on nuclei, the Acknowledgment. The authors thank Dr. P. Tekely for his
relaxation of which depends on the chemical shift anisotropy valuable contribution to the solid state NMR experiments.
mechanism, allow the determination Ab in solution which
can be compared to the value obtained for the solid. IC950635C
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