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Abstract: Based on multifield NMR relaxation measurements and quantum chemistry calculations, a strategy
aiming at the determination of the chemical shielding tensor (CST) in the liquid state is described. Brownian
motions in the liquid state restrict the direct observation of CST to a third of its trace (isotropic shift), and
even if CST can be probed indirectly through some spin relaxation rates (specific longitudinal relaxation
rates, dipolar chemical shift anisotropy (CSA) cross-correlation rates), an insufficient number of experimental
parameters prevents its complete determination. This lack of information can be compensated by using
guantum chemical calculations so as to obtain the molecular CST orientation even if a relatively modest
level of computation is used. As relaxation parameters involve a dynamic part, a prerequisite is the
determination of the molecular anisotropic reorientation which can be obtained independently from dipolar
cross-relaxation rates. A polycyclic molecule exhibiting a well-characterized anisotropic reorientation serves
as an example for such a study, and some (but not all) carbon-13 chemical shielding tensors can be
accurately determined. A comparison with solid-state NMR data and numerous chemical quantum
calculations are presented.

Introduction electronic distribution around the relevant nuél&he CST can

Solid-state NMR is certainly the most adequate technique for @S0 be modified or partly averaged by the presence of rapid
measuring chemical shift tensors (CSPrincipal components internal motions, as is gertalnly the case in erX|pIe and Igrge
of CST appear directly in the corresponding spectra, and the molecules such as'protel?ﬂ.he scope of th|§ paper is to dewsg
possible overlap of chemical shift anisotropy patterns is ef- SUCh @ strategy in the context of medium-size polycyclic
ficiently solved by using multidimensional techniguieghus, mc_)lec_ules regardless of their dynamical properties and pf the
the resulting principal components can be measured with ashielding tensor nature. In other words, the problem will be
satisfactory accuracy. Another way consists of dissolving the treated in the case of a fully anisotropic molecular reorientation
target compound in an oriented medidmaking possible the and without considering any particular symmetry of the CST.
determination of both the orientation and the magnitude of the ~ The first stage of our approach is the determination of the
CST, with the requirement of determining the molecule’s fotational diffusion tensor of the molecule. This is mandatory,
orientation beforehand. This procedure has been recently appliec®S all NMR relaxation rates depend (i) on dynamical properties,
to labeled proteins dissolved in bicelles for accessing proton, (i) On structural parameters (interatomic distances and angles),
nitrogen, and carbon CS'TThe situation in the liquid state is ~ @nd (iii) possibly on chemical shift anisotropy. To characterize
by far more difficult, the rapid reorientation motion of molecules Unambiguously molecular reorientation, only dipoféi {*%C)
reducing the direct observation of the CST to a third of its trace Cross-relaxation rates, obviously independent of any contribution
(isotropic chemical shift); the only way of obtaining information ~ Of chemical shift anisotropy, were uséth a second stage, all
about CST is based on spin relaxation measurements. Deteravailable NMR relaxation rates involving contributions from
mination of CST in the liquid state is desirable for polycyclic CST were measured (some of them at different values of the
compounds since significant modification between the liquid Magnetic field) and finally combined with tensor orientations

and the solid states can be expected from changes of the(obtained through quantum chemical calculations) so as to
extract the shielding principal components of carbon-13 directly
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Theory involved in any relaxation rate are the Fourrier transform of a
(auto- or cross-) correlation functidf,the spectral density

Chemical shielding is a tensorial quantity which can be : .
corresponding to an autocorrelation functiBrecan be expressed

expressed in the molecular frame according to

as
O (9 O
XX ¥XY YXzZ . . P
T 9T/ 4 W T, Ty
0= |0yx Oyy Oyz 1) J=J+3"+2] (8)
Ozx Ozv 92z whereJ'™:'Tx is a cross-correlation spectral density. In a general

way, when dealing with well-defined relaxation vectors or axes,

As, in the context of this study, only its symmetric part will be . .
each spectral density can be written as

active® o can be decomposed into a traceless antisymmetric
tensor and a symmetric tensbi® , o
Yy g ((1)) = K'K'J" (w) (9)
__ _sym anti
o=0""+0 @) K is a scaling factor, depending on the considered relaxation
where mechanism. In the case of the dipolar interaction between two
nuclei A and X,rax being the internuclear distance,
T T
sym_(a+0) anti_(a_a)
o = —2 and o = _2 Kd(Ax) _ 3M0 YAV x (10)
547 rAX3

(o stands for the transposed matrigfY™ can be transformed
into its specific principal axis system (PAS), where the CST is \ynereas for the so-called chemical shift anisotropy (CSA)

expressed in terms of three principal components defined in mechanism, one has, in the case of an axially symmetric tensor,
ascending order (such asx < oy < 07)):

. 2
o |00 K 250078y (11)

o —o7"=10 0y 0 3)

0 0 0y Finally, the reduced spectral densiti#$depend on the angle
between the relaxation vectors characteristics of mecharrisms
andr'. In our case and according to egs 8, 9, and 11, the CSA
contribution to the longitudinal relaxation rate of a carbon-13

The tensor is generally characterized by its anisotrdpyand
its asymmetryy, defined as

Ao =0, — (0, + 0,)/2 (4) (denoted as C in the following) can be written as
2z X Yy
1= (3120, ~ 0,)lA0 () REMO= o BAHAG) I g +
Usually, the three principal components, as well as the orienta- (A0, )’ I () + 2A0,A0 35RO )] (12)

tion of the PAS, are measured from solid-state NMR experi- . ~

ments. In the liquid state, because of Brownian motions, the (Whenr = ', J'" has been noted'). In eq 12, the reduced
sole and directly observable quantity is the isotropic chemical spectral densities refer to theandz directions of the shielding
shift, diso = 0iso® — Tiso (Whereaiso = (1/3)(0xx + 0y + 02) tensor principal axis system and must be specified with respect
and ois0®" is the isotropic chemical shift of a reference 1O the rotational diffusion tensor. Their expressions can be
compound). For further information on CST in the liquid state, derived from Hubbard’s pap€rand are given in the Supporting
we must turn toward relaxation and, more specifically, toward Information. Next, the simplifying assumption of an isolated
the longitudinal relaxation and cross-correlation relaxation rates. *C—H spin pair will be considered. A detailed description of
Although expressions of relaxation rates involving an axial the interference effects on the relaxation of two unlike spins
tensor Gy = ayy, 7 = 0) are well known and of routine use, has been presented by Goldmédmand therefore his treatment
corresponding expressions for tensors without axial symmetry Will be only briefly summarized. In the presence of cross terms
are less common and may be worth being recalled. A convenientbetween the chemical shift anisotropy relaxation mechanism of
procedure consists of decomposing a given tefisiito two a carbon-13, denoted by CSA(C), and the dipalgole

axially symmetric tensot$ with respect taz andx; this yields relaxation mechanism between this carbon and a proton (usually
the proton directly bonded to this carbon), denoteddtiy—
T=T+T, (6) C), the two components of the carbon doublet relax at different

rates (implying that a sufficiently largkcoupling constant exists
between the two considered nuclei that one is able to probe the
behavior of each line within the considered doublet). Their
transverse relaxation rat&s* andR,# can be expressed &

=Ry + ¢dH-O.CSAC) gnd RF = R, — ¢dH-C).CSAIC) R, is the
classical transverse relaxation rate, whereéis ©-CSAC) refers

to the CSA(C)-d(H—C) cross-correlation rate arising from the

In this way, eq 3 becomes

O_dsym = O-z' + Ox' (7)
which implies the definition of two anisotropieAg, = (07, —
oy) and Aoy = (oxx — oyy). Now, because spectral densities

(8) Kowalewski, J.; Werbelow, LJ. Magn. Reson1997, 128 144-148.

(9) Anet, F. A. L.; O'Leary, D. JConcepts Magn. Resoh991, 3, 193-214. (12) Details of calculations can be found in the following: CanetCbncepts
(10) Mason, JSolid. State. Nucl. Magn. Resdt993 2, 285-288. Magn. Reson1998 10, 291-297.
(11) Werbelow, LNuclear Magnetic Resonance Probes of Molecular Dyngmics  (13) Hubbard, P. SJ. Chem. Physl97Q 52, 563.
Kluwer Academic: Dordrecht, 1994; Chapter 5. (14) Goldman, MJ. Magn. Reson1984 60, 437—452.
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interference between these two relaxation mechanisms. Sub-
tracting the two relaxation rates provides the cross-correlation
term, which can be expressed as

o4(H=C).CSAC) —
1 /3.drH—-c)csac 2 Jd(H—C),CSA(C
J {00 +4/F (0 (13)
2V 2 3
Using previous developments and notations, this yields

2,
dH-c)csac)_ _ Mo YHVc Bt [ 1 ~d(H—C),CSAQ)
o ym —rCH3 —10(AOZJ (we) +

AO,)(jd(H*C),CSAQ()(wC)) + %S(Ao,zjd(H7C),CSA(Z)(O) +

~d(H— Figure 1. 2,3-Naphtho-1,3-dioxol molecul, Y, andZ refer to the rotation
d(H—C),CSA
AOXJ ( ) Q()(0)) (14) diffusion PAS (assumed to coincide with the inertial one). Ziérection
of chemical shift tensors is perpendicular to the molecular plane.XThe

Other relaxation rates can be envisaged. The transverse relaxandy directions of this tensor are shown by arrows at the location of each
: - . carbon. CST orientations and Mayer bond order were calculated at the

ation rathz possesses also a contribution arising from the CSA GIAO-B3PWO1/6-31%+G* level of theory.

mechanism. Unfortunately, an accurate measurement of its

absolute value in small or medium-size molecules proved to be o ientation are optimized. At the outcome, the orientation
difficult. The main reason is the smallnessRyf implying the corresponding to the smallest deviation will be retained.
application of a long CPM& pulse train prone to pulse At this point, if no hypothesis can be made about the

imperfections and sample temperature variations. Other candi-a4nitude and the orientation of carbon CST, only three relevant
dates could be the CSACSA interference term, but with a experimental measurements are available to determine six
ponlabe_led compound it seems illusory to measure such parameters (the three principal components of the CST and the
interaction between two carbons-13. On the other hand, {hree angles which define its orientation). This drawback can
measurement of the CSA{()~CSA(C) cross-correlation rate o ¢ireymyented by mixing NMR relaxation measurements with
turned out to be unrealistic because of the weakness of thecgT gerived from a quantum chemistry approach. For the past
proton CSA. At the outcome, for each carbon-13 in the (e vears calculation of nuclear magnetic shielding constants
molecule, three independent experimental parameters dependlnqgIaS become an increasingly popular area for quantum chemical
on CST appear reliable: (i) the isotropic chemical shift, (ii) the applications'® From the several contributions to this topic, one
CSA contribution 'to the longitudinal relaxation rate, and.(iii) can elaborate a strategy to obtain quite accurate results (with
the cross-correlation term between the CSA and the dipolar o, 4ccuracy of some parts per million). In fact, it will be shown
mechanism. in the quantum chemistry section that it is not necessary to run

Now, the first_ poin_t to addres_s is how to characterize the state-of-the-art calculations to extract the relative tensor orienta-
molecular tumbling without resorting to these three parameters. ;; (which is indeed the information required to interpret
This can be achieved by the extensive usétbf13C cross- relaxation data).

relaxation rates. Indeed, a fully anisotropic reorientation is totally

described if at least six different cross-relaxation rates belonging Experimental Section

to ;ix non-coll?neai‘H—BC vectors are available in the molecule The 2,3-naphtho-1,3-dioxol compound (Figure 1), dubbed ND11,
(this number is reduced to three if it can be postulated that the yas synthesized by Dr. J. P. J8kThis compound was chosen for
rotational diffusion tensor and the inertial tensor are identical). several reasons: (i) it is essentially planar and sufficiently rigid that
These cross-relaxation rates, independent of CST, can be writterwe can expect a strong anisotropy of its reorientation, (i) carbons within

as aromatic rings possess sizable chemical shift anisotropy, and (iii) its
relatively small size allows us to carry out sophisticated quantum

odH=C) = chemistry calculations. The molecule under investigation has been
(Kd(ch))z[do(ch)(wH + g — jd(ch)(wH — wo)] (15) assumed to be rigid. Only ring puckering for the saturated cycle could

occur. However, as usually assumed for such rings, this possibility has

. . . . been ruled out.
Starting with an experimental or a theoretical geometry for the Solid State NMR. As previously mentioned, solid-state NMR is

molecgle, the onentau_on of the diffusion tensor is first as_su_med the primary method used to derive information about CST. Standard
to be |dejnt|ca|. to thg inertial mglecglar tensor. By modifying experiments were performed in order to access to carbon-13 shielding
the relative orientation of the diffusion tensor with respect t0 ensor principal components so as to obtain reference data for
the inertial tensor, one can search for the relative orientation supsequent comparison with quantum chemistry calculations and liquid-
which minimizes the difference between calculated and experi- state determinations. The ND11 was loaded & mmzirconia rotor,
mental cross-relaxation rates. In actual practice, all possible and the'*C NMR experiments were performed at room temperature
relative orientations are considered, and, for each orientation,
the three correlation times characterizing a fully anisotropic (17) Amato. M. E.; Grassi, A Perly, BAagn. Reson. Chem990 28, 779~
(18) Toséel, J. ANuclear Magnetic Shieldings and Molecular Structut&iwer

(15) Meiboom, G.; Gill, GRev. Sci. Instrum.1958 29, 688-691. Academics: Dordrecht, 1993.
(16) Chiarparin, E.; Pelupessy, P.; Ghose, R.; Bodenhauseh, 8n. Chem. (19) Clark, J. H.; Holland, H. C.; Miller, J. Ml'etrahedron Lett1976 38, 3361
Soc.1999 121, 6876-6883. 3364. Bonthrone, W.; Cornforth, J. W. Chem. Sacl969 1202-1204.
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Figure 2. 2D TOSSdeTOSS spectrum used to determine the principal components of the chemical shift tensor for all carbon-13. On the right of the figure
are displayed experimental (top) and recalculated (bottom) cross sections corresponding to peaks at isotropic chemical shifts. Expennetataivpene
the following: 13C 18C pulse, 8us; spinning frequency, 2600 Hz; recycle time, 240 s; 128 transients.

on a Bruker DSX-300 MHz spectrometer operating at 75.36 MHz. temperature proton chemical shift dependence of mettfaiind, same
Adamantane served as the external chemical shift standard. Thecalibration sample being used for all the spectrometers involved in this
manifold of spinning sidebands resulting from magic angle spinning study. Cross-relaxation rates were measured on a Bruker Avance
(MAS, which induces coherent modulation of the CSA) can be exploited spectrometer operating at 9.4 T with an inveild&3C probe and using
so as to extract relevant CST elements. The TOSS expeffiedto a strategy described elsewhewehich requires 1D and 2D HOESY
a sideband-free spectrum exhibiting only the isotropic chemical shift. experiments. Proton decoupling during carbon-13 chemical shift
To extract the principal values of the shielding tensor for a given carbon, evolution was suppressed in the 2D HOESY experiment in order to
we have resorted to the two-dimensional TOSSdeTO&&eriment. access to cross-relaxation rates between chemically equivalent sites in
Initially, the TOSS subsequence prepares magnetization to yield a periodthe molecule? Because correlation times lie in the picosecond range
with the sole isotropic shift evolution, while a time-reversed TOSS (extreme narrowing conditions), cross-relaxation rates are field inde-
subsequence restores the anisotropic CSA effect during acquisition. Ongpendent, and the experiments have been performed at a single magnetic
can then separate the isotropic chemical shift (which is displayed in field value. 1D HOESY experimental parameters are as follows: 64
one dimension) from the shielding anisotropy (displayed in the second scans; recycle time, 90 s; 16 mixing times ranging frono GBts for
dimension). This allows us to extract the corresponding chemical shift protonated carbon-13 and from 0 to 20 s for quaternary carbon-13.
anisotropy parameters for each carbon from an appropriate cross sectioridentical parameters were used for the two-dimensional experiment
in the 2D spectrum. To check the expected envelope of spinning with, however, only four mixing times, ranging from 0.1 to 1.0 s.
sidebands, a number of complementary experiments were performedLongitudinal relaxation rates of carbon-IB)were obtained by means
at various spinning speeds. They include standard cross-polarizationof the inversior-recovery experiment at four different fields: 14.1
and dipolar dephasing experiments. The latter led to a simplified (Bruker Avance DRX spectrometer), 9.4 (Bruker Avance DRX
spectrum by suppression of signals from protonated carbons. Thespectrometer), 7.03 (Bruker Avance DSX spectrometer), and 5.9 T
principal values of thé*C chemical shielding tensor were extracted (Bruker AC spectrometer). Because of the small influence of the carbon
by fitting the sideband intensities of the 2D TOSSdeTOSS spectra using CSA relaxation mechanism and of the required accuraci; ahrbon-
a homemade program (Figure 2). The sample rotation speeds were sel3 measurements were repeated (at least five times) for each magnetic
to provide spinning sidebands spanning between four and six orders.field value. Inversior-recovery experimental parameters are as fol-
Liquid-State NMR. The ND11 was dissolved in deuterated dimethyl lows: 64 scans; 8 dummy scans; 50 s of recycle time; 32 recovery
sulfoxide (DMSOél) at a final concentration of 0.5 M. Natural viscosity ~ delays ranging from 1 ms to 4 s. Experiments for measuring the
of DMSO-ds slows molecular motions and, as a consequence, decrease<CSA(C)-d(H—C) cross-correlation rates were performed at 9.4 and
the recycle time necessary between consecutive experiments. Thel4.1 T using a standard CPMGsequence without proton decoupling
sample was carefully degassed by a sequence of “frqgaap—thaw” in such a way thatH—'3C couplings are visible in the spectrum. The
cycles, and the tube was subsequently sealed under vacuum. Chemica¢xperimental parameters are as follows: 64 scans; 20 s of recycle time;
shifts are referred to TMS. All experiments were carried out at 298 K. 5 ms between each 18@ulse; up to 32 mixing times (total duration
Although DMSO presents the advantage of short recycle times, its
principal drawback is a viscosity which depends strongly on temper- 5y amman, C.: Meier, P.; Merbach, A. B. Magn. Reson1982 46, 319
ature. As a result, one must take care of the temperature value and 321.
stability. Temperature was thus carefully adjusted by means of the gig g;&g'g}e‘l’%;'géfw";gghg& 0?1?%31%%90858 g%?‘é;%g_gs%g_
(25) Canet, D.; Mutzenhardt, P. IEncyclopedia of Analytical Chemistry

(20) Dixon, T. W.J. Chem. Phys1982 77, 1800-1807. Meyers, R. A., Ed.; John Wiley & Sons Ltd.: Chichester, 2000; pp 12265
(21) Kolbert, A. C.; Griffin, K. G.Chem. Phys. Lett1l99Q 166, 87. 12291.
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Figure 3. lllustrative decay of the two components in the doublet of a protonated carbon (C5) as observed in the course of the CPMG experiment. The inset
shows the corresponding experimental data along with the curves recalculated by the transverse relaxation rates which result from a usdédimgnlinear
procedure.

of the 180 pulse train) ranging from 0.1 to 20 s. For carbon directly functionals exist, we tried some combination of exchange (B
bonded to a single proton, each line of the resulting doublet possessesand B3¥82° and correlation (LYP and PW9¥F)3! functionals
a different transverse relaxation rate (Figure 3), and from this difference g examine their influence on the chemical shielding tensor. In
the cross-correlation termrt"9°SA® can be extracted (see Theory  cqnirast to the HartreeFock based methods, it is not possible
sectio_n). To increase the religbility of the carbon-13 data, each to grade the level of theory of these functionals. It is then, a
experiment was repeated four times. priori, impossible to distinguish which calculation will be the
Quantum Chemistry Calculations best. Moreover, from the variety of theories available to compute
_ ) ) chemical shielding tensors, we decided to adopt the gauge-
A full interpretation of the experimental data may rely upon including atomic orbital (GIAO) methd for the numerous
ab initio calculations, which yield (i) an optimized geometry ggvantages it preserisand, in addition, methods developed
of the molecule, (i) the chemical shielding tensor orientation py Keijth and Bader, CSGT and IGAIRf,were considered. It
in the molecular coordinate system, and (iii) the chemical js also well known that the calculated shielding tensor turns
wave functions. As a whole, the HartreBock level of theory  gecided to retain the 6-331-G** basis set throughout our
neglects the instantaneous interaction between electrons, treatingjfferent calculations. Thus, the working geometry is the one
each one in an average or mean field of the others. It happensyptimized at the B3LYP/6-31+G** level of theory. All
that in a number of shielding calculations, neglect of electron cgjculations were carried out with the Gaussian-98 package.
correlation has serious consequences. HarFeek (at suf- Each calculation yields an asymmetric second rank tensor
ficient large basis set) methods gif€ shielding results which  (¢or each carbon-13) that contains up to nine unique components.
are close to experiment for most hydrocarbon molecules andgecqyse the antisymmetric contribution of the tensor does not
other molecules where electron correlation effects are relatively .ome into the experimed, a mathematical treatment of the
small. For aromatic compounds, electron correldfiaontribu- calculated CST is required corresponding to the transformation
tions become more significant, and these effects need to beyeascribed in egs 2 and 3. Only the symmetric part of the raw
included in order to obtain accurate shielding tensor prediction. -5iculated tensor was retained; its diagonalization led to its

There are basically several ways to go beyond HF theory: yincinal components (eigenvalues) and its principal directions
Mgller—Plesset (MP) or many-body perturbation theory (MBPT),

configuration interaction (Cl), and density functional theory (28) Becke, A. D.Phys. Re. A 1998 38, 3098-3100.

i ioting (29) Becke, A. D.Chem. Phys1993 98, 1372-1377.
(DET). DFT has been sh_own to be _sgccessful in pred|ct|_ng (30) Lee, C.: Yang, W.: Parr. R, Ghys. Re. B 1983 37, 785.
various molecular properties, often giving results of a quality (31) Perdew, J. P.; Wang, Phys. Re. B 1992 45, 13244-13249.
(32) Ditchfield, R.Mol. Phys.1974 27, 789.
comparaple to or even better than those of KPr a (33) Gauss, JJ. Chem. Phys1993 99’ 3629-3643.
computational cost of the same order as Hartfféeck, sub- (34) Keith, T. A; Bader, R. F. WChem. Phys. Let1992 194, 1-8.
) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B.

. . . . 35
stantially less than traditional correlation techniques. DFT G.. Robb, M. A: Cheeseman, J. R. Keith, T.. Petersson, G. A.:

potentials give accurate results for systems in the ground state L\B/Ionégqmejry,vl é'; Raghav%chéari,PK.; AI—(Ian(amAM.l A.;P Ze\l}(rzg\iquki, \Yv
HH H H H i rtiz, J. ., Foresman, J. B.; Feng, . Y., Ayala, P. . en, .
and at the equilibrium geometry, in particular when nonlocal Wong, M. W.. Andres, J. L.: Repiogle, E. S.: Gomperts, R.; Martin, R. L.:

electronic density effects are included. However, since many Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. BaussiapnGaussian Inc.: Pittsburgh,

PA, 1995.
(26) Cybulski, S. M.; Bishop, D. MChem. Phys. Lettl993 98, 8057. (36) Haeberlen, UAdvances in Magnetic Resonanokcademic Press: New
(27) Wiberg, K. B.J. Comput. Cheml999 20, 1299-1303. York, 1976.
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Figure 4. Variation of the isotropic carbon-13 chemical shifts calculated 12 3 4 5 8 7 8 8 10 11 12 13 14 15 16

model

Figure 5. Variation of the angle between thedirection of the chemical
shift tensor and the corresponding-8 bond for the same models as in
Figure 4 for carbons C2a(), C3 @), C6 (#), and C4 @).

at different levels of theory and basis set. Models from 1 to 15 are
respectively GIAO-HF/6-311tG, GIAO-HF/6-311+G**, GIAO-MP2/
D95, GIAO-B3PW91/6-31G, GIAO-MP2/6-31G, GIAO-B3LYP/CC-PVDZ,
CSGT-B3LYP/6-31%++G**, GIAO-BPW91/6-311+G**, GIAO-BLYP/
6-311++G**, IGAIM-B3LYP/6-311++G**, GIAO-B3LYP/TZVP, GIAO-
B3PW91/6-31#++G**, GIAO-B3LYP/6-311++G**, GIAO-B3PW91/
CCPVTZ, GIAO-B3LYP/TZV. Models 16 and 17 correspond to the liquid-
and solid-state experimental values, respectivelyC3;l, C5; a, C6; x,

C1; %, C2; @, C4.

the smallest root-mean-square with respect to the experimental
carbon-13 chemical shift values in the liquid state. At this point,
calculated chemical shielding parameters (orientation and
) ) principal components) could be used to evaluate relaxation
(eigenvectors). Finally, because, on one hand, quantum cheém-yarameters and thus enable a direct comparison. We turn now
istry determines “absolute” displacement or shielding¢ale), to the orientation of carbon-13 CST with respect to the molecular
and because, on the other hand, _experl.mental NMR shifts arefame. Considering the ND11 molecule and its symmetry
referenced to some standadddhemical shift scale), itwas also  yroperties, it is obvious that CST of carbon-13 involved in the
necessary to compute the chemical sh|ela_|1.|ag)f the reference _ naphthalene ring possesses a principal axis oriented perpen-
(TMS), using the same methods and basis sets as for the studiedjicyjarly to the ring plane, the two other axes being in the plane.
compound. The results obtained using HF, MP2, and DFT the calculated angle between the CH direction and xhe
theoretlcal.models are compared in order to determine which principal direction is displayed in Figure 5. It appears clearly
approach is the more satisfactory. The carbon-13-calculatediha; \whatever method is used, a small variation of only some
chemical shift values were computed using mainly the gegrees is observed. The larger variation is observed for the
6-311++G** basis set because it was found to be generally piqgehead carbon C4. For all other carbons, methods labeled
satisfactory for NMR shielding calculatioASA comparison  5_15 provide tensor orientation with a deviation which is less
petween calc_ulat_ed and experimental isotropic chemical shiftSna . Conversely, carbon Cexhibits a relatively large

is presented in Figure 4. It can be seen that the GIAO method 3riation which presumably arises from a particular situation
with t.he B3 exchange functional associated with any cqrrelat|on concerning the two principal components in the molecular plane.
functional (PW91 or LYP) seems to be the most satisfactory | that case, the tensor is nearly axial, and it is of importance
approach, especially when a good enough basis set is usedq pe glerted of this situation at the outcome of a quantum
(methods 1%+15). This is consistent with the fact that the  chemisiry calculation. The two in-plane components differ by
contrlbutlpn of the.exchange functional is esserjtlal, and it shows only 15-20 ppm (10% of the absolute value), and this quasi-
that B3 is superior to B1. IGAIM and particularly CSGT  gegeneracy explains the variations observed in Figure 5. As a
methods proved to be less accurate in our case. HF and MP2;nsequence, the contribution of the in-plane orientation of this
methods were employed in order to compare their accuracy with (gnsor is negligible (because of its quasi-axiality), and the term
that of DFT methods. As previously observed by WIbEFT Ay = 5 — ayy tends to zero in the expression of relaxation
methods give somewhat smaller shielding values (correspond|ngratesRlc3A(C) (eq 12) andy9H-C).CSA) (eq 14). This ability of

to larger paramagnetic terms), whereas MP2 gives in most case$, quantum calculation to reproduce the CST orientation at a
significantly larger _calculated shie_lding (correspor_1ding 10 |ow level of theory has never been exploited and can be
smaller paramagnetic terms). Also, it has to be mentioned thatgypjained by the fact that the CST orientation depends mainly
calculations of chemical shielding parameters at the MP2/6- o, the molecule’s electronic density, which is already satisfac-
31++G* level of theory required, for the ND11 molecule, 4y at the HF level. The orientation of the chemical shielding
too much disk space to be handled by our computer facilities. (onsor is related to the shape of the electronic density around
MP2 calculations yield the shielding of TMS as 197 ppm, which he nycleus. It is obvious that the electronic distribution is mainly
is considerably larger than both the experimental (186 ppm) girected along the bonds (or orbitals), and even a relatively
and the B3LYP (183 ppm) values. Finally, the GIAO-B3PWO1/  ,qqest level of calculation represents correctly this shape (and,
6-311H+G** method (method 12) will be retained, as it yields  {herefore, the orientation of the chemical shielding tensor). The
magnitude of the chemical shielding tensor is related to an
accurate description of the value of the electronic density around

(37) Cheesman, J. R.; Trucks, G. W.; Keith, T. A.; Frish, M1.JChem. Phys.
1996 104, 5497-5509.
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Table 1. Cross-Relaxation Rates Effectively Measured from Table 2. 13C R;,CSA Slopes (See Text) Deduced from
1D/2D HOESY Experiments Measurements at 5.9, 7.04, 9.4, and 14.1 T and 13C Isotropic
) ~ - Shifts for All Carbons of ND11
relaxation vector o9H=0) 5r(s71)
CiH: 0.3590% 0.0180 carbon isotropic shift (ppm) slope x 10451 T7?)
CiHy 0.3590+ 0.0180 C1 101.94 0.54
CgHs 0.3879+ 0.0194 c2 147.68 3.30
CsHs 0.3901+ 0.0195 C3 104.62 3.06
CsHs 0.4921+ 0.0246 C4 131.00 10.36
C5 127.66 6.14
C6 125.08 7.16

the nucleus and therefore must be calculated with a high level
of theory (i.e., including electronic correlation) and sufficiently  Taple 3. CSA Dipolar Cross-Correlation Rates Measured for
large basis set. This observation led us to complement our NMR Carbons C3, C5, and C6 at 9.4 T and 14.1 T*

relaxation data with solely the calculated CST principal direc- carbon By (T) GCSAC)-dH-0) (1) alBy (51T
tions rather than the corresponding principal components. If we c3 9.4 0.1026 0.011
look further at the results listed in Table 6 (below), one may 14.1 0.1379 0.010
resort to DFT calculations using the gauge-including atomic €5 12'1" g'gggg g-g%
orbitals. All the functionals used here give comparable results. C6 9.4 0.2500 0.027
Furthermore, it appears suitable to use a sufficiently large basis 14.1 0.3476 0.025

set according to th.e system under mvespganon. The t@ple—_ a2The ratio o/By (right column) demonstrates the consistency of the
valence (TZV) basis set should be considered as possessin@esyits.

minimal capabilities because this set is reasonably accurate for
the NMR shielding calculations of first-row atoms and still being defined in Figure Irx = 61.5+ 7 ps,ty = 42.34+ 5 ps,
economical in the case of larger molecules. Moreover, consider-andzz = 22.2 + 3 ps, with a rms of 7x 107 s™%. Because
ing a 6-31H1-+G** (two polarization functions and two diffuse ~ We are using a viscous solvent (DMSO), molecular motions are
functions) basis set increases the accuracy and seems to be thglowed, and, as a result, correlation times ar&@times greater
best compromise between accuracy and CPU time. Furthermorethan those obtained in chloroform. As a consequence, this leads
the CC-PVTZ (correlation consistent basis and polarization t0 an increase (by similar factors) of all relaxation rates,
function included on all atoms) affords somewhat better results facilitating their measurement. Nevertheless, molecular motions
with regard to the isotropic chemical shift but increases remain in the extreme narrowing limit, implying that dipolar
dramatically the calculation time. Detailed results for all contributions to relaxation rates are independent of the static
calculations are given in the Supporting Information. magnetic field value. Therefore, if longitudinal relaxation rates
exhibit a linear variation according to the square of the magnetic
field strength, this reveals the presence of a non-negligible CSA
Ten cross-relaxation rates could be accurately determinedcontribution (see eq 12). Experimental slope valteS¥* slope)
from the whole set of HOESY experiments. These cross- and isotropic shift referenced to TMS are listed in Table 2. The
relaxation rates can arise from short-range (carbon directly small slope obtained for C1 accounts for the weakness of its
bonded to proton(s)) or remote (long range) dipolar interactions. chemical shift anisotropy, and its accurate measurement remains
So as to deal with accurate experimental data, we decided toa challengingly difficult task. Finally, only CSA(€)d(H—C)
retain only short-range cross-relaxation rates (see Table 1),cross-correlation rates involving the one-bond dipolar inter-
which are anyway more than sufficient for the planned actions of monoprotonated carbons (C3, C5, and C6) were
determinations. For the molecule under investigation and from successfully measured (Table 3), longer carbproton dis-
symmetry considerations, we assume that the rotational diffusiontances or weak chemical shift anisotropy (notably the C1)
tensor and the inertial one coincide. Our assumption is basedprecluding measurement of this cross-correlation rate for all the
on the previous work of Huntre§8,who demonstrated the other possible carberproton pairs. Experiments were per-
validity of this approach when dealing with a molecule which formed at the two highest available values of the magnetic field
possesses two planes of symmetry. Nevertheless, a strategyn order to check the validity of the experimental approach. A
aiming at the determination of the rotational diffusion tensor dedicated program was written in order to fit the CST principal
has been proposed by Dafkand more recently Fushman et al. components from these NMR experimental values combined
presented a novel approach based on a combination of ap-with the quantum calculated tensor orientations (GIAO-B3PW91/
proximate and exact methotfsIn the present case, the five 6-3114++G** method). Table 4 compares C3 principal com-
experimental cross-relaxation rates (two of them should lead ponent values obtained that way with those calculated at all
to identical results because the two relevant vectors are collinear)the levels of computation. Similar behaviors were found for C5
were fitted against the three correlation tinagsy, andr,, which and C6 and are supplied in the Supporting Information. It turns
are assumed to describe the anisotropic tumbling of the out that, whatever the level of theory used in the calculations,
molecule; calculations were made according to eq 15 and to our combined approach gives very nicely similar CST principal
the formulas given in the Supporting Information. The fit was components (with a dispersion of less than a few parts per

Results and Discussion

performed using the optimized DFT B3PW91/6-3ttG** million), whereas serious discrepancies can be observed for those
geometry. This led to the following results, the framxe Y, 2) calculated solely by quantum chemistry. Our approach, which
appears to be reliable and efficient for determining or evaluating
8‘33 ggunstr %sjéa\r"ébﬁjdf r;eeegigs% 52133?813? » 3524. the CST of proton-bearing atoms, could be extended to larger
(40) Ghose, R.; Fushman, D.; Cowburn, D.Magn. Reson2001, 149, 204. molecules for which only a low level of calculations can be
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Table 4. Comparison of the Principal Elements of the Chemical Shift Tensor Obtained for C32
liquid state quantum chemistry
model carbon C3 Oy £ 5 ppm Oy, =5 ppm O, £5ppm Jiso (PPM) Oxx Oyy Oz Oiso (PPM)
1 GIAO-HF/6-31H-G 173.66 117.57 22.63 104.62 198.07 123.12 19.25 113.48
2 GIAO-HF/6-311+G** 174.55 115.68 23.63 104.62 188.41 114.94 19.82 107.72
3 GIAO-MP2/D95 173.67 118.93 21.27 104.62 148.94 102.20 28.47 93.20
4 GIAO-B3PW91/6-31G 174.79 115.16 23.92 104.62 157.57 112.01 21.63 97.07
5 GIAO-MP2/6-31G/6-311++G** 176.4 113.51 23.95 104.62 149.10 102.89 25.06 92.35
6 GIAO-B3LYP/CC-PVDZ 173.39 118.13 22.35 104.62 162.16 108.81 22.18 97.72
7 CSGT-B3LYP/6-311++G** 174.18 116.79 23.19 104.62 166.38 113.50 22.75 100.88
8 GIAO-BPW91/6-31%+G** 173.38 118.13 22.34 104.62 164.49 113.39 24.81 100.90
9 GIAO-BLYP/6-31H+G** 172.79 119.31 21.75 104.62 165.26 111.89 25.53 100.89
10 IGAIM-B3LYP/6-311++G** 174.08 116.69 23.09 104.62 166.38 113.50 22.75 100.88
11 GIAO-B3LYP/TZVP 173.20 118.51 22.16 104.62 172.00 115.27 22.82 103.36
12 GIAO-B3PW91/6-311+G** 173.73 117.42 22.71 104.62 171.87 116.22 23.45 103.85
13 GIAO-B3LYP/6-31H+G** 173.24 118.42 22.20 104.62 172.56 115.06 23.89 103.84
14 GIAO-B3PW91/CC-PVTZ 173.90 117.04 22.90 104.62 170.37 115.71 23.65 103.24
15 GIAO-B3LYP/TZV 174.10 117.13 22.63 104.62 174.22 116.95 24.59 105.25
min 172.79 113.51 21.27 148.94 102.20 19.25 92.35
max 176.40 119.31 23.95 198.07 123.12 28.47 113.48

aLiquid state corresponds to CST determined by combining NMR relaxation data with the CST orientation obtained by quantum chemistry calculations.
One can notice the greater difference between minimum and maximum values of the principal elements obtained from quantum chemistry alone.

Table 5. Experimental versus Calculated R;°SA Slope (See Table

Chemical shift principal components determined by our com-
2) for Carbons C1, C2, and C4

bined approach (C3, C5, and C6) are in a very good agreement

carbon experimental x 104 (s~ 777 calculated x 10* (s71 %) with those measured through solid-state experiments. Indeed,
c1 0.54 0.57 no appreciable variation of the carbon-13 CST was expected
8421 13-32 g-gg between the solid phase and the liquid phase for the ND11

Table 6. Chemical Shift Principal Components of Carbon-13 in

the ND11 Molecule?

molecule. Nevertheless, several small deviations (a maximum
of 13 ppm fordxx of carbon C5, 5.5% of the absolute value)

are noticed. They may arise from experimental uncertainties or
from the intrinsic difference between the two physical states;

ppm due to the smallness of these deviations, it would be illusory to
O dy 0n Diso pursue this discussion. Quantum chemistry and solid-state results

C1 solid state 1285% 1 103.34+1 7452+ 1 102.13 also show a very good agreement for all the carbons in the
quantum chemistry  136.67 102.54 68.71 102.64 molecule; once again, DFT proved to be a powerful technique

C2 solid state 217141 14256+ 1 83.82+1 147.84 i~ gain, P o P q
quantum chemistry 217.21  145.24 8a61 14902 for computing chemical shift tensofs.

C3 liquid state 173.7%5 117.42+5 22.71+5 104.62 Concerning the chemical shift orientation, the lower compo-
solid state 168.1& 1 119.21+1 26.06:1 104.46 i ; .
quantum chemistry 171.87 116.22 53.45 josgs nent denqted _bySZZ_ is perpendicular to the_molecular plane_,

C4 solid state 204581 187.93+1 —-1.17+1 130.42 such a situation is generally observed in molecules with

s Cllua%turtn tChemiStry 2230559662 5 13129é3165 _131'55?& s 11371'5’8 reflection plane (containing the naphthalene moiety) symrietry

lquia state . . . . . . .
solid state 2930 1 1404241 2006L1 127.83 and arise from ring currents that lie in the molepula_r pI%?he._
quantum chemistry 229.48 131.88 20.74 127.37 These currents produce a secondary magnetic field which

C6 liquid state 220.7%5 14562£5 862+5 12508 reinforces the external magnetic field in the region of the
solid state 226c1 1357741 10.87+1 124.21 ; magnet gio!
quantum chemistry 232.35 134.81 6.50 12455 considered carbon nuclei, causing a paramagnetic (i.e., down-

field) shift. The in-plane componen,y, is the one that arises

aSolid state row: data deduced from solid-state NMR experiments. from a paramagnetic current involving theelectrons of two

Liquid state row: data determined by a combination of liquid-state NMR
relaxation experiments and quantum chemistry calculations (see text).

Quantum chemistry row: calculated at the GIAO-B3PW91/6-831G**

level of theory.

adjacent C-C bonds, whereas the other in-plane component,
Oxx lies nearly along the €H bond*® (C3, C5, and C6) and
therefore depends on theelectron contribution but also on a
contribution from thes electrons of the two adjacent CC bonds.

considered. As previously mentioned, C1 exhibits a too weak | Figure 1, the Mayéf bond orders calculated at the B3PW91/
anisotropy which prevents any CST determination; moreover, .3114++G** level of theory are shown for ND11. The

it was not possible to measure the CSA(@IH—C) cross-  deviation of thed. axis from the G-H direction can be
correlation rates for C2 and C4, and, in that case, we can simplyrationalized in terms of the Mayer bond order of the adjacent
compare experimental and calculatBg*>” slopes. Table 5 c—C bond. The)x axis tends to orient along the direction which

shows a fairly good agreement between experimental andis perpendicular to the bond with the largastharacter, or, in
recalculated values, which demonstrates that calculated CSTother words, the largest bond order. It is observed that the
orientations and magnitudes constitute, at least, a correct
estimate. Solid-state experiments yield CST principal compo-
n_ents for all the carbons_ in the mplecule. T_able 6 gives_ an oyerall H.: Facelll 3. C.o Hu, 3. Z.+ Alderman. D W. Wang, W.: Pugmire, R. J.
view of the results obtained in this work with tensor orientations Grant, D. M.J. Am. Chem. So@001, 39, 115-121.

displayed in Figure 1. None of the CST shows a particular (42) Lazzeretti, PProg. NMR Spectros@00Q 36, 1-88.

g . N (43) Facelli, J. C.; Grant, D. MTheor. Chim. Actadl987, 71, 277—288.
symmetry (even if the CST of C4 is close to an axial symmetry). (44) Mayer, I.Chem. Phys. Let1982 97, 270-273.

(41) Sherwood, M. H.; Facelli, J. C.; Alderman, D. W.; Grant, D. MAm.
Chem. Soc199], 113 750-753. Carter, C. M.; Alderman, J. C.; Facelli,
J. C.; Grant, D. MJ. Am. Chem. S0d 987 109, 2639-2644. Barich, D.
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deviation ofdy from the C-H direction increases as one moves measurement of cross-correlation rates between'tthe!™N

from the terminal ring to the five-membered ring. The corre- dipolar interaction and®N CSA. An elegant method called the
sponding differences between the calculated bond orders of the‘model-independent” approach was recently suggéstéd

two adjacent & C bonds also show a similar trend. As a general which is based on the analysisRf and cross-correlation rates.
rule for bridgehead carbons and in the case where all three bond€Extension of our methodology outside the extreme narrowing
exhibit different bond orders, thé,x component strikes a limit (i.e., for larger molecule such as proteins) is also possible
compromise between being parallel to the bond with the lowest for both carbon-13 and nitrogen-15 nuclei. This can be presently
bond order and being perpendicular to the bond with the highestenvisaged because (i) molecular dynamics can be characterized
bond order. C2 and C4 chemical shift tensors obey these rulesby an appropriate set of relaxation parameters measured at
as shown in Figure 1. different values of the magnetic field, and (ii) local quantum
chemistry calculations are possible using, for instance, a QM/
MM strategy? like the ONIOMP*5556approach, which subdi-

Determination of the CST in the liquid state is certainly a Vides a molecule into several parts of layers, each being
challenging task. It requires the characterization of molecular described at a different level of theory. An alternative to QM/
tumbling, by using either analytical spectral densities (for small MM consists of isolating the local environment around a
or medium size molecules) or spectral density mapfSitig nucleus’” Quantum chemistry determination of the chemical
the case of large biomolecules), as done recently by Grdslu shielding orientation could be included in these calculations with
and co-workerd8 If no assumption can be made about the reasonable sizes of both the basis set and the theoretical level
symmetry of CST, the lack of relevant observables (dependent(@s demonstrated in the present work) and with a minimum of
on CST) precludes their full determination. We have shown in Penalty regarding computational time. The main issue in these
this paper that this issue can be efficiently solved by combining Systems comes from the fact that, outside the extreme narrowing
NMR relaxation data with only one piece of information limit, all relaxation rates become field dependent, and, therefore,
provided by quantum chemistry calculations, namely the tensor the separation between the dipolar and CSA contributions in
orientation. This approach proves to be feasible in numerous SOmMe relaxation rates will be more difficult.
situations, because this orientation can be satisfactorily computed Acknowledgment. We are most grateful to the “Service
without resorting to state-of-the-art calculations. Consistent Commun de Biophysicochimie des Interactions Molaires”,
chemical shift tensors have been determined for only some directed by the Prof. G. Branlant (Universitenri Poincarg
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the determination of CST in the general case. First, carbons CPU time for quantum calculations. Dr. X. Assfeld is acknowl-
must have a sizable chemical shift anisotropy, and second,edged for helpful discussions on quantum chemistry, and Dr.
without isotope labeling, carbons must be bonded to proton(s) J. P. Joly is acknowledged for molecule synthesis.
so as to measure additional relaxation parameters, for instance,
cross-correlation rates. Previous studies on proteins have
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