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Homonuclear N®* = 0 and heteronuclear N°® # 0 multiple quan-
tum spectra, involving changes in the magnetic number m' by
(N'=1), (N' = 2), and (N'=3), with N' and N° the number of
interacting nuclei of magnetogyric ratio ' and y°, are used for the
automatic analysis of "H NMR spectra of flexible molecules dis-
solved in liquid-crystalline phases. The automatic procedure has
been applied to study molecules of general formula Ph—-CH,—X
starting from a parameter set having all the spectral parameters
set to zero. The results of such an analysis are then used as starting
parameters for analysis of the single quantum spectrum. The
method was first tested when X = Br and X = H in order to
compare strategies differing for the types of parameters used and

condition becoming more strict as the spectrum complexit
increases.

High-order (N-1) and (N-2) MQ spectra have a limited
number of lines, a maximum ofM\2andN(2N-1), respectively,
whose frequencies can be easily calculated by a modifie
version @) of standard computer programs which use th
Castellano Bothner-By5§ (CB-B) algorithm to optimize the
parameters by fitting the calculated versus the experiment
frequencies. It is important to note that the algorithm does n
make use of line intensities; on the other hand intensity calci
lation in MQ spectra is a time-consuming task even for th

was then applied to the analysis of 3-phenylprop-1-yne. @ 2000
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simplest spin systenty.

In principle it is possible, using a trial and error approach, (i
to find a set of parameters which approximately reproduces tl
(N-1) and/or the N-2) MQ frequencies, (ii) to refine them by
the iterative algorithm, and then (iii) to calculate a SQ spec
ttum to be matched against the experimental one. The para

change in the magnetic quantum numpem| = N, (N — 1), eter set obtaingd from steps (i) and (ii) b_y No means assures
(N — 2), ..., 0 forN spin-1/2 interacting nuclei1j. This that the 'experlmentaI'SQ spt'actrurr'l'wnl be proper!y repro
technique is a powerful aid in the spectral analysis procedufd4ced. Since frequencies and intensities depend on linear co
used for the analysis of the very complex SO{ = *1) binations of parameters, many combinations of paramete
NMR spectra generated by up to eight to nine spin Systg@producing the few experimental frequencies of tiel( and
molecules dissolved in liquid crystal®)( Recently we have (N-2) spectra will easily be found, but only a few of them, if
described a new approach to fully automatic analysis of sing8y. could properly reproduce the SQ spectrum. When th
quantum spectra, which uses ¢ 1) MQ spectra. The method happens, only assigning the highest possible number of lines
worked properly for rigid molecules of £symmetry with a the experimental SQ spectrum assures that individual paral
maximum of six interacting protonsg) eters can be determined with high accuracy and low correl
Anisotropic spectra are difficult to analyze since, even féion.

the simplest spin system, it is not easy to guess reasonabl€&Or rigid moleculesg) this problem can be overcome if the
values of the spectral parameters. This happens because dipdfpe order matrix elementg) @re used as independent vari-
couplingsD;;, whose values range typically from3000 to ables and the dipolar couplings are calculated from assum
1500 Hz @), dominate spectra. As a consequence, no firdtond lengths and angles. Only a maximum of five variables a
order features can be observed and it is not possible to guegsded and their number is further reduced for symmetr
parameter values from frequency/intensity patterns as is usielecules. Using only theN-1) multiple quantum refocused
ally done for isotropic spectra. On the other hand the availafMQR) spectra (no frequency dependence on chemical shi
standard procedures for the analysis of SQ spectra neednal symmetric spectra), starting with the order parameters ¢
starting parameter set as similar as possible to the final one, theero, and cycling over all the possible permutations of th
experimental frequencies, the correct set of direct coupling
will be calculated. Some bias is introduced in the procedur

INTRODUCTION

Multiple quantum spectroscopy involves transitions with
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since the geometry must be properly guessed, but the individ- a
ual parameters are correctly determined within the linear com- z
binations since order parameters are not correlated. The chem- 2
ical shifts can be determined by the correspondent MQ
spectrum, using th®; just found. As the last step, the 1Q T t

spectra can be analyzed with a DANSOM:-like algorithd) ( Acquire
iterating on the full set of spectral parameters.

Unfortunately such an approach cannot be extersiedtt
simpliciterto molecules with internal rotation degrees of free-
dom since (i) the couplings connecting different rigid subunits b
cannot be predicted from geometrical considerations alone, 7 b

with a consequent large increase in the number of independent 2 2 i 2

2
parameters, and (ii) the inclusion of experimental frequencies
from lower MQ order spectra is not feasible since the number T /2 /2
of assignments increases to impracticable values.

1 92
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Acquire
In this paper we present some implementations of the pre-
viously proposed approach in order to verify whether the
automatic procedure can be extended to nonrigid molecules VE NE
too. The methodology is based on the following steps: FIG. 1. Pulse sequence for obtaining multiple quantum spectra (a) whic
include (MQ spectra) and (b) which exclude chemical shifts (MQR spectra
(1) Acquisition of the SQ, N-1), (N-2), and possibly
(N-3) MQ and MQR spectra.
(2) Fully automatic analysis using the MQR frequencies to NMR SPECTRA
obtain approximate values of tiig;. This step differs from the
procedure described for rigid molecules in three ways. (i) TheAll the spectra were recorded on a 7.04-T Bruker AC 30
principal component regression method was applied in order¥geCtrometer at room temperature using phase cycling as

determine the linear combinations of parameters which hav&@'g€r-selective detection methodology to obtain the degred
Hantum orderda, 17 with the pulse sequences shown in Fig.

large effect on the calculated frequencies from others whi A . : .
can be safely kept constant in the first iterations cycles wh%hThe pulsed field gradient techniquee( was also tried, but

) : - e instrumental time needed to obtain spectra with goc
only (N-1) MQ frequencies are considered. (i) The fpér- signal-to-noise &N) ratio was comparable to the time needec

mutatlve_approachs limited to the N-1) MQ spectrum bl_Jt or the phase-cycling technique and so this latter method w.
frequencies from lower order spectra can be automatica

d e eferred. For all these spectra the pathway was selected
assigned, and (iii) mixed sets of parameters (order paramegsperforming 4 experiments with the phases = ¢, ad
to calculate the direct couplings between nuclei in the rigigh h-ed in steps of 2/4p and the receiver cycling through 0°,
subunits and thé; between nuclei belonging to diﬁerentgoo, 180°, and 270°.
subunits) can be used. The chemical shifts are then calculategpe MQ spectra are obtained as the skyline projecti®) (
from the MQ spectra. on theF, dimension of the 2D data set. For each system a
(3) Refining of the spectral parameters of step (2) on the S@ectra were recorded in a single long-lasting instrument
spectrum, either in an automatic way or following the tradisession; SQ spectra were recorded between MQ experiment:
tional assignment method. be sure that the experimental conditions did not change.
Homonuclear spin systemsThe first step of the procedure
The procedure was tested on a series of flexible moleculesghsists of the acquisition of the complete series of NME
general formula ArCR-X with X = Br, H, C= CH, and CH.  spectra: SQ,N-1), (N-2), and (N-3), if needed, with (MQR)
The anisotropic spectra of the first two molecules have alreaglyd without (MQ) a refocusing pulse in the middle of the
been analyzed and the conformational equilibrium has beewolution period.
determined §). For this reason they were used to test the Many spectra were recorded at differensince line inten-
procedure. No information is available in the literature abosity depends om, we were able to obtain spectra with bettel
the preferred conformation of 3-phenylprop-1-yne, whereas tB&N ratio and to recognize and discard ghost lines due to pul:
conformational equilibrium of ethylbenzene in a liquid phase isperfections.
still the subject of debatel(). The selectively deuterated (N-1) MQR spectrum. In general the lJ-1) spectrum will
isotopomer [1d]-3-phenylprop-1-yne was synthesized and itsontain k = 2N lines for a total of P = k! possible
'H spin-echo MQ and SQ spectra were recorded. assignments of observed to calculated frequencies. Not all t
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assignments are distinct since the refocusing pulse, removing  M=2 —
the dependence on chemical shifts, makes the spectrum sym-
metric. In this way it is possible to halve the number of M=1 - L L
permutations, leaving it to the operator to decide the correct 12 13 14 15
parameter sign. The number of permutations can be further

reduced by noting that, as a consequence of the symmetry, all  M=0

the independent permutations can be found by assigning just 6 7 8 9 10 11
one-half of the spectrum but allowing the frequencfgso be

either positive or negative. K = 8, all independent permu- M=-1 T ? _4 —5
tations are to be found by performing the permutations within

the following subsets: = S

FIG. 2. Energy levels diagram for a four-spin systeM; is the total
+ o, e+, —f, + 1, + 5, + 1y magnetic guantum number.

+f, =1, +f;, +f, +f,+f, -1 +1,
+f, +f, +f;, —f, +f,—f, —f;,+1, Fiont+ Faois=E—Epp+ Ey— Eg=E, — Epy,
+ fll - f21 + f3! - f4 + fl! + f21 - f3v - f4'

sinceE, — E,; is a constant and can be set equal to zero, fc
a given set of spectral parameters.

The total number is theR™Y = 2¥%/2« (k/2)!. ThusP™? = This rule can also be usefully applied to th¥-8) MQR
192 versuP™ = & = 20,160 if all thepermutations were SPectrum, in which casel\Etra_msitions are linearly i_nde_pen—
calculated. dent andN?*(N — 1) frequencies are a linear combination of

the N(N — 1) (N-2) MQR and thek/2 frequencies of the

twa are characterized by a arger number of nes it respeci( ) MOR Spectia. In fact, the wiansiions which involve
y 9 P energy levels witm, = (=N/2 + 1) > m; = [-N/2 +

the (N-1) MQR spectrum. The magnetization is spread ov é‘ 2] can be expressed as the sum of the-{ 2) MOR
more transitions and some lines become too weak to be Qb- . . " i
requencies wittbm, = —N/2 - m;, = (—=N/2 + Am) and

served. This means that theoretical predictions of the num.l%ﬁ(ra (N — 1) MOR transitions withm, = (—N/2 + 1) —

of lines always overestimate the number of transitions which™ * o . . .
. . . m. = N/2; in the same way the frequencies associated wit
can actually be observed and assigned in analyzing the spe¢-

trum. For the molecules benzylbromide and toluene, @] " — [N/2 = (N = 2)] - m, = (N/2 — 1) are a linear

MQR spectrum should have 40 lines and tie3) 57; the combination of the i = 1) MQRm, = —N/2 — m, =

number of transitions that can be safely recognized is Ie%\l/2 — 1) and the §-2) MQRm, = (N/2 = Am) — m, =

depending on the liquid-crystal solvent used. However, not al 2 transitions,

. . ; . In general, for eachN-s) MQR spectrum with 1< s < N,
the (N-2) and (-3) frequencies are independent since tl’anSé- Weglll—defined numbg{r c))f fr%que%cies can be expressed
tions belonging to different quantum orders are related to eq?rpear combinations of theN-1) MQR and {N-(s-1)) MQR
other. If thek/2 frequencies of the positive half of th&l{1)

MOR spectrum are assumed to be independent, only tfrr]%quenues, while just a few transitions are independent.

N(N — 1) transitionsr) — |s) (from a total ofN(2N — 1)) (N-1) and (N-2) MQ spectra. Spectra acquired without the
between energy levels wit, = —N/2 — m, = (=N/2 + refocusingm pulse depend upon the chemical shifts; as a cons
Am) andm, = (N/2 — Anrq) - m = N/52 are linearly duence the number of independent frequencies is higher and i

independent and contain new information about the paranfi! Possible to reduce the total number of permutations as pre

ters; the remainingi? transitions, which involve energy levelsCUSly described. The same linear dependence of lower to up

withm, = —(N/2 — 1) = m, = (N/2 — 1), are a linear guantum orders frequencies also applies to MQ spectra.
combination of thek frequencies calculated for th&l{1) MQ Heteronuclear spin systemsFor the deuterated com-
spectrum. pounds 'H spin—echo HSQ spectra antH spin—echo

This linear dependence can be easily demonstrated by cbMQ spectra were recorded. If thes spin system is com
sidering the energy-level diagram for a simple four-spin systep@sed of N' nuclei of spin | andN” nuclei of spin S,

sketched in Fig. 2. M = SN, mlandM$ = S, m$ are good quantum

Each transition of orderN-2) between energy levels, = numbers;i refers to the statéi) and m, is the magnetic
—1—m, = 1is the sum of twoll-1) MQR transitions, one quantum number of th&th nucleus in thath state. If we
with m, = —2 — m, = 1 and the other witim, = —1 — define the quantities' = M; — M; andn® = M7 — M} as

m, = 2; for exampleF,_,, = E, — E,, can be expressed asthe differences in the Zeeman quantum numbers between t
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Ny

z z the data in a significant way; in this way it is possible to reduc
2 2 the effective number of independent parameters, keeping cc

stant those combinations whose influence is small. At a lat
Ky " t stage, if more data are available, the restrictions on less effe
tive linear combinations can be relaxed and each parameter ¢
be determined with only a small correlation with the othe
parameters. For this reason the method seems promising, sil
01 02 UE it is well known that frequencies and intensities in NMR
spectra often depend on linear combinations of parameters ¢
that each parameter can be determined accurately only wh
nearly all the frequencies of the SQ spectrum can be assign

Acquire

n w T
2 2 2 4.
Let p € R™ be the parameter array, whereis the number
of unknowns to be determined auigh is the variation on the
1 T t ) parameters which causeslachange in the calculated frequen-
Acquire cies. The latter quantities are related through
04 0s Ps Cdp = ds,

FIG. 3. Pulse sequence for generating heteronuclear multiple quantum
spectra. where C is an ( X m) matrix (I the number of assigned
frequencies) whose elements are defined according to
states|i) and |j) (14), then the density matrix operator
describing the system can be written s,
Cij = (,97
Pj
p(T) = E E pn'nS(T)-

n! nS

If Cis known, according to the least-squares method, we ha
i dp = H'C'ds, whereC" is the transposed matrix ardl =

As a consequence of the commutation rules p,.s] = n . X - ! .
(C'C) corresponds to the variance—covariance matrix (Hessi

pans @Nd [S,, puns] = N°pans, €ach set of indicesn(, n®) g
represents a separate spectrum which can be isolated thro [ix). . ,
its characteristic modulation properties under phase shifts of' "€ fundamental principle of the PCR method is thaian
the irradiation frequencies in the pulse sequence of Fig. 3. P& replaced by a new set of parameteys,whose generic
The HMQ sequence is closely analogous to the homonucl€&Ment; is given byq, = 2 r; P such that in the new base
sequence, the main difference being that the RF pulses 418 Hessian matrix is diagonatl; _ h;8,. If the value of the
given at the resonance frequencies of both | and S nuclei d#"eric diagonal elements,, is high, a given variation ofj,
phase shifts are incremented independently for each chanfidf @ strong influence cufs; otherW|§§ theith linear combi-
In this way it is possible to obtain MQ spectra of differenf@lions can be safely kept fixeti' is singular or nearly

quantum orders for nuclei | and 84 spin—echo HMQ spectra Singular ifthy = 0.
characterized by® = 0 andn' = (N'-1), (N'-2), . . .will have If a threshold valug is fixed in such a way as to hawe q;

the fewest transitions compatible with full determination Jfarameters with; greater th‘f"’"‘s} keeping fixed the remaining
dipolar couplings and, if the heteronuclear couplings are alikgM’ Parameters, the matrid’ is not singular. The system

and small 15), the = pulse can remove the heteronucleatan be solved and only those linear combinations which ha
interactions T,hereafter the = (N-1), n® = 0 spectrum will the strongest influence on the calculated frequencies are var

depend only on thé, couplings. Sincen® = 0 the pulse N the iterations. . ,
sequence of Fig. 2 is equivalent to that of Fig. 1b. The follow- 't iS worthwhile to distinguish two cases: (i) the SQ spectr:
ing HMQ spectra were acquiredH spin—echo 6HMQ, are made up of_a number of transitidnsiuch greater tham,
5HMQ, and 4HMQ 6° = 0, n' = (N'-1), (N'-2), (N'-3), so the value ot is ce}lcu!gted a;asmall percentage (0.1 or 1%
with N' = 7). This method is an alternative to deuteriun?f the trace oH, while (ii) for high quantum order spectra, the
decoupling by on-resonance irradiatictey, value of¢ is calf:ulated in such away to have, at each iteratior
m’ = |. Since in the latter cas®’ is imposed by the number
THE PRINCIPAL COMPONENT REGRESSION METHOD of independent frequencies, some ofd,m\nth h; Significantly
greater than zero will be kept fixed even if their influence ol
Principal component analysid®) can be used when only athe calculated frequencies is not negligible and their number
few linear combinations of independent parameters influenidesly to be higher whem > |. A strong bias is introduced in
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found among the possible solutions decreases whem tioel Hy

ratio increases. This is a very important point since, as will be H{)\\C/X8

shown later, the way lower order frequencies act in the auto- o

matic procedure will only allow us to discharge false minima H H,

or to refine the parameters if the solution is within the conver- —»

gence radius of the true minimum. Hy “\H,
Thereafter a reasonable compromise between two contrast-

ing needs must be found. (i) No bias has to be introduced since

it could force the procedure toward false minima (the fewest FIG. 4. The structure of a molecule Ph—GHK.

the assumption the better), and (ii) no principal component

analysis of the data will produce the right solution if the system

is too undetermined (the smaller the parameter set the bett@f)© the other rigid subunits make up the remaining variable
Then for ArCH-Br the parameter set will #8,,; S, — S, (to

calculate the six interaromatic proton direct couplind3);;
Dy Dgg; Dg; (M = 6). See Fig. 4for axis definition and
For flexible molecules the direct coupling constants af¥mbering.

related to the molecular geometry big; Since the geometry of the aroma_tic ring can be §afely a
sumed to be a regular hexagon, this approach is biased v

D..=K 3p S G s little but unfortunatelym will be typically greater thark/?2.
ljzz U Jap=ap: The PCR approach must be used to reduce the number

" P independent parameters. At this point, it is possible (a) to u:

the parameter sets as input of a standard procedure for t
analysis of the SQ spectrum or'Ydo discard or refine them

the procedure and the probability that the true minimum will be T 7

H3

SPECTRAL ANALYSIS STRATEGY

K; depends on the magnetogyric ratio of tieandjth nuclei,
p" is the population of conformer, S;, are elements 8", the using lower order MQR spectra.

Saupe orientational matrix for conformer, and G{,; are . .
) . ) : . . (b) Order parameters as independent variableslo con-
related to the internuclear distangeand to its orientation with ) R . . ) .
formational equilibrium is considered; the molecule is frozel

respect to a Cartesian systeqy,z fixed on the molecule and . single conformation, leaving the system with a maximur

chosen in such a way as to reduce the number of independg ?
of five order parameters to be determined. In this way th

- Dipolar couplings can be calculated from standard anglgsproach proposed for rigid molecules can be followed and t

and bond lengths, assuming that the different subunits fro ; : o .
which the molecule can be built up rotate rigidly, but now theIpOIar couplmgs.obtaln_ed fitting thN(l).MQR frequencies
sed as the starting point for the analysis of the SQ spectrt

number of independent variables is much higher. Even on t . .
hypothesis that only the conformers corresponding to the mls?rategy (b)) This approach keepsvery low (=k/2) but it

ima of the internal rotation potential function hgpe+# 0, the IS strongly biased since the change O.f. success relies on c
: N n . formational assumptions whose reliability cannot be assesst
number of independent paramet&Xs(S,; + p") — 1 is

greater thark/2. The H matrix could be made not singularHowever the solution (or solutions), if found, can be discarde

only if the independent frequencies of the-2) MOR spec- or refined using lower order MQR frequenues_:. In this cése,
. . . increases considerably and so the mixed variable set strate
trum were included in the permutative approach, but th

hypothesis must be discarded because the total number %} can be followed. We will refer to this mixed approach as

permutationsP™ " P™"? requires an unrealistic CPU timeSirategy (b). Strategies (3 and (B) share the same set of

) . . Wixed variables to be iterated on but they differ in a significar
and computer resources; the only possible way is to apply the

i : way with respect to the parameter set which fit thiel) MQ
permutative approach to thdl{1) MQ frequencies and then tof{equencies. The PCR approach used in strategy (a) gives m

reducem by PCR at the very beginning of the.anaIyS|s, bd fferent solutions with similar (and low) RMS while strategy
extending the parameter set as soon as assignments of e . : . . .
usually gives either one solution with a relatively low RMS

independent frequencies of the lower MQ order spectra a‘or
made possible.
Two possible strategies, (a) and (b), can be followed.

r none.

The computer program developed for rigid molecu®sh@s

been modified to include the assignment procedure of low:
(@) Order parameters and direct couplings as a mixed varprder MQ spectra and mixed input parameters.

able set. Dipolar couplings are divided into two subsets. The Algorithm for (N-1), (N-2), and (N-3) MQ spectra analysis

D; between nuclei belonging to the rigid subunits (the-ardsee Fig. 5). With the dipolar couplings determined accord-

matic ring in the cases treated) are calculated from an assurimagl to strategy (a) or (b), theN-1) MQ frequencies are

geometry using the order parameters of the subunit as va@dlculated and the permutations performed by the routir

ables. TheD; between nuclei belonging to different subunit®ERM. For each permutation, iteration cycles according tt
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iteration cycles will be repeated in which the threshold i

| @v-pmor ‘ (N-pMOR | . ! - .

| S (SartDy) | gradually lowered. At this stage, solutions with high RMS
b : Ja and/or poor assignment can be rejected. Eventually, the so
| tion which shows a good agreement between experimental a

/—}— calculated frequencies and which allows all tiéZ) to be
| PR assigned is refined with lower order MQ frequencies (if avail

T able).
}\ The choice of the interval is very important; if the true
e o SN minimum is not found in the first critical iteration cycles, only
N iMS ’”’”/?// ) '”\\S"’P//‘ a very large value would still let the algorithm find the correc
j/ — solution, but this stresses the computer performance to une
e l E*” ceptable I|m|ts: ShorF intervals are usefgl to refine the paran
| — TN ) eter set and will not increase the CPU time. It was found th:
| eomor J \\”"j’f’g e a value of 80 Hz represents a good compromise.

— T — —_— The procedure is controlled bysaript file written in Open
ol I VMS 1.5, while the programs are written in Fortran 77. All the
,—L e 7 v~ calculations are performed on a Digital Server 2000 ALPHA

‘ S’;,";gﬁl SPECAL WI%TTOP/ AXP computer.

R [ — Chemical shifts will be obtained using the MQ frequencies

S L the D; calculated from the MQR spectra and the isotropic
" N-YMOR ‘ values will be used as starting parameters and iterations will |
7 wepraiome Gendo | performed only on the chemical shifts by the modified CB-E

" av / algorithm.

\\"E// T Single quantum spectrum analysisThe SQ spectrum will
T D O-HMO ‘J be then analyzed using DANSOM. DANSOM is run on a SC
’ 7 Indy workstation within a UNIX script. The output files are

\T then displayed by an original graphical shél®) together with
the experimental spectrum; the operator intervention is limite

T at this stage.
DANSOM

50 It is worthwhile, at this point, to outline briefly a few
features of the DANSOM procedure (for more details see th
FIG. 5. The flow diagram summarizes the four strategies of spectrQIriginaI papers by StEphenson and Bins&h (n order to find
analysis. The shaded boxes contain the codes used. The rectangles star@rglobal minimum, the procedure makes use of smoothir
using MQR spectra and the iteration variables, while the ellipses stand for M@nctions, typically a lorentzian or a gaussian, whose action

spectra iterating only on the chemical shifts. controlled by the operator. The smoothing parameieasd 8

fix the initial flatness of the error hypersurface and they ar

stepwise increased by a correlation multiplier (CM) factor
CB-B algorithm (with or without the PCR approach) are pefrpese parameters are varied in a so-caltedation grand
formed in order to find the best fit (RMS) between calculatqg/de’ starting from very low values (16 or lower) and
and experimental frequencies; if strategy)(ar (b') is fol- jncreased up to 1 in a number of iteration cycles. Lorentzia
lowed, for MQ spectra of a given order (defined in the inpYny gaussian functions can be used alternatively or conse:
file), the subroutine SPECAL will compute the_ linear combiﬁve|y_ The lower the smoothing parameter value used as
nations of higher order frequencies and assign them to W@ ting parameter, the greater the number of iterations in :
corresponding experimental values. The frequencies left Wiibrative grand cycle and the farther from the correct values a

be assigned following different strategies: (i) to the nearegfe starting spectral parameters. The whole strategy is depic
experimental value if, within a fixed interval (approximately, Fig. 5.

100 Hz), no other calculated or experimental frequency is

found or (ii) by the DISP routine which computes all the

permutationsP, of the calculated versus the experimental APPLICATIONS

values. To perform the assignments, the routine will compute

P, = S! permutations ifS = R (S andR are the numbers of  Spectral analysis of ArCHX whenX = Br and H (Fig. 4)
experimental and calculated frequencies within the interval);fill be discussed first and then the procedure will be applied 1
S<RthePgs=R:-(R-1):-(R—-2)--(R—- S+ 1) the more challenging analysis of 3-phenylprop-1-yne and et
permutations will be calculated. With the new assignment, nesbenzene spectra.
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FIG. 6. The 300-MHz'H spectra at 300 K of a sample of benzylbromide dissolved in the nematic solvent ZLI-1132: (a) 6MQR, (b) 6MQ, (c) 5MQR,
(d) 5MQ spectra acquired with 512 increments, 10 KHEin (a) 7 = 10 ms, 24 scans; (ky = 18 ms, 24 scans; (&) = 10 ms, 20 scans; (d) = 20 ms, 24
scans. The real lines are marked with * in (a), (b), and (c) to distinguish them from extra lines arising from the use of imperfect pulses; in (djredy th
assigned in the iteration process are marked with *.

Test Molecules Benzylbromide

Due to the molecular symmetry and to the presence ofyumR spectra. The whole series of MQ (6QR, 5QR, 6Q,
magnetic equivalent groups, benzylbromide and toluene I\/gb) and SQ spectra of a sample of benzylbromide (fror
spectra are similar and will be described together. Aldrich) dissolved in the liquid crystal ZLI-1132 (from Merck)

MQ analysis. There are eight symmetric lines (four inde{15 wt%) has been acquired in a single instrumental sessi

pendent frequencies) in th&l{1) MQR spectra of the homo- |asting a week. The spectra are shown in Fig. 6.
nuclear spin systems ABB'CD, and AA'BB'CD;. Just two

of the lines at+f, depend oD, (see Fig. 4). Their frequen
cies are given by a linear combination of tBg;, D5, D, Strategy (a). There are four independeNtl) MQR fre-
andD s couplings. The three remaining pairs of lines depergliencies to be reproduced by a total of six parameters. P«
on the aryl-aryl and aryl-alkyl couplings. It is then veryorming the PCR approach, 16 possible solutions were found
important that all the allowed transitions can be observed. 16 min of CPU time; the solutions have approximately the
the (N-1) MQR spectra of both molecules the expected nursame RMS but the parameter values differ in a significant wa
ber of transitions is observed. Only 1 solution, whose values are nearest to the ones fou
There are 40 calculated transitions in tiN2) MQR spec- following the procedures described under Spectral Analys
trum; 8 pairs, belonging to the totally symmetric irreducibl&trategy, is reported in Table 1 (column a).
representations, are linear combinations of the lines in theStrategy (8. If the (N-2) MQR frequencies are considered,
(N-1) MQR spectrum, leaving 12 independent pairs that givie2 different parameter sets reproducing the experimental fr
additional information and can be used in the spectral analysisiencies with similar RMS are obtained in about 40 min o
Since a permutative approach performedr= 2 X 10" CPU time. Some of these can be disregarded since the pro
distinct permutations of the 20 lines in the-2) MQR spec- dure could assign a limited number dfl{2) frequencies. In
trum is out of the power of today’s computers, the critical stepable 1 are shown the three parameter sets with the high
is to find a suitable starting point using only the four indepemumber of N-2) MQR frequencies assigned: column b with 15
dent lines of the -1) MQR spectrum. transitions assigned, column ¢ with 6, and column d with 5. Fc

MQ analysis. All strategies will be followed.
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TABLE 1
Dipolar Coupling D; and Chemical Shifts »; Obtained from the Analysis of MQ and SQ Spectra of a Sample of Benzylbromide
Dissolved in the Nematic Solvent ZLI 1132, Following the Different Strategies (a) (column a), (") (columns b, ¢, and d), (b) (column
e), and (b") (columns f and g)

a b c d e f g SQ

ij (Dy/Hz) J;Hz?
1,2 —1757. —1739. —1789. —2165. —1808. —1757. —1787. —1697.13 7.8
1,3 —250. —245. —253. —269. —257. —247. —252. —241.16 1.3
1,4 —48. —44, —46. 16. —49. —43. —44, —47.47 0.62
1,5 13. 21. 19. 171. 14. 25. 23. 11.8 1.2
1,6 —442. —467. —439. —467. —368. —439. —413. —523.37 0.
2,3 —385. —351. 373. 130. —396. —341. —353. —370.26 7.47
2,4 13. 21. 19. 171. 14. 25. 23. 10.91 1.39
2,6 —168. —192. —=171. —192. —158. —216. —196. —149.23 0.
3,6 —87. —126. —89. —126. —129. —131. -117. —119.47 0.
6,7 1089. 1172. 518. 1172. 1012. 1173. 1109. 1175.0 10.

vilHz

1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 -3. -4, 2. -3. —8. -3. -3. 26.09
3 107. 94. 209. 242. 160. 91. 100. 123.8
6 505. —522. —457. —565. —485. —522. —527. —485.68
RMS 19. 27. 73. 79. 57. 29. 52.

® Taken from the analysis of the isotropic spectrum and kept fixed.

each set the chemical shifts were calculated from the 6 ath@ group of 4 and column g for the group of 2) are reported i

5MQ spectra. Table 1. The chemical shifts calculated from the 6MQ spec
Strategy (b). Using standard bond lengths and an@ak ( trum are also reported.

assuming the C<bond perpendicular to the aromatic ring, the

dipolar couplings can be calculated from a set of three noan >Q analysis. All solutions obtained were used as input for

NSOM. Starting with the parameters obtained with strateg
ps(column e) and the two of strategy’fawith the lowest
Iumber of assigned frequencies (columns ¢ and d), no soluti
s found even when several tests stressing the converge
pability of DANSOM to its maximum were performed.

ANSOM reached the global minimum (i) with the param-
eter set of columns f (strategy 'jband b (strategy (3 with

order parameters. Since our goal is to test the ability of t
procedure to produce a good starting set of spectral parame
for the analysis of the SQ spectra, we did not worry wheth8
the conformational hypotheses were acceptable or wrong
rather we tried to keep the system as overdetermined as p%
sible. For this reason we opted to iterate only on Swalues
(S,,andS,, — S,,). Starting with a null value for the param : . i . .
eters, theP“H’Sy; 192 permutations were performed in—apOnly 56 iterations,a = 10 ' (a relatively high value) and
proximately 14 min. Only 1 permutation gave an acceptab M = 10, and (i W'th the 50'““‘.”?3 Of. columng a aqd g afte
RMS value; theD;; and thev; obtained from the 5Q spectruma f,egw attempts and with some difficulties (126 iteratiomss
are shown in Table 1 (column e). 107, CM = 10).

Strategy (b). Since only one minimum was found, the¥-@)
MQR spectrum can be used only to refine the direct coupling8luene

calculated according to strategy (b); 15 pairs of the expected 4G\ R spectra. The whole series of MQ (7QR, 6QR, 7Q,
transitions are recognizable in the experimental spectrum. T ) and SQ spectra of a sample of toluene (from Aldrich
automatic code assigned experimental lines to the nearest g&lsolved in liquid crystal ZLI-1132 (15 wt%) were acquired in

culated frequency for 12 pairs of lines. Regarding the remaig-gingle instrumental session lasting a week.
ing three pairs of experimental lines, the code performed the

disposition of 1 experimental line over 3 calculated and a
permutation of the remaining 2. The needed CPU time is aboutStrategies (a) and (a There are four independeni{1)

40 min. An inspection of the solutions reveals that a group QR frequencies to be reproduced by a total of six parametel
4 and a group of 2 have parameters which differ by just a fe®erforming the PCR approach, eight possible solutions we
hertz. Only one set of parameters for each group (column f flmund in 35 min of CPU time, all with approximately the same

MQ analysis. All strategies will be followed.
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TABLE 2 SQ analysis. DANSOM reached a global minimum start-
Dipolar Coupling D; and Chemical Shifts »; Obtained from the  ing with the parameters of columns a, ¢, and d of Table 2 aft
Analysis of MQ and SQ Spectra of a Sample of Toluene Dissolved 122 jterations starting witee = 10~ and CM = 13. With the
in the Nematic Solvent ZL1-1132, Following the Different Strate-  qata of columns b and the other five solutions of strategy (a
gies (a), (columns a, b) (b) (column c), and (b") (column d) no convergence was achieved.

These initial tests proved that the permutative approach c

a b c d SQ . .
. be extended to some simple flexible molecules and that bo
i (Dy/Hz) J;/HZ* - . R . . .
strategies can be used. Their behavior is quite different: str
1,2 —~1401. —1509. —1312. —1316. —1346.96 78 egy (U) gives onIy one solution with reasonably low RMS anc
1,3 —210. —174. —200. —198. —202.07 127 the (N-2) MQ frequencies simply refine the parameter se
14 —58. 37. —61. —58. —-57.97  0.62 When the PCR approach is used, a higher number of solutio
15 —30. 8. —a2. —35. —4187 179 zre found with similar RMS values but only a few of them
1,6 —408.  —436.  —441.  —473.  —45153 0. llow for a full assi t of theN-2)-order MO f .
23 _467. 300, 491,  —464  —23054 747 allowforafullassignmento d\( )-order MQ frequencies.
2.4 30 173 —42. _35 —4219 139 Moreover the global minimum is reached by DANSOM only
2,6 —128. —573. —125. —120. -126.63 0. for those solutions which allow the assignment of all tNe2Q)
3,6 —95. —590. —95. —108. —96.59 0. frequencies.
6,7 1735. 2197. 1790. 1786. 1776.16  10.
3-Phenylprop-1-yne
vilHz yiprop-L-y

1 00 0.0 0.0 00 0.0 The anisotropic spgctrum of th|§ moleculle. hgs n'ot beg
2 6. 55 42. 11. 31.55 analyzed before nor its conformational equilibrium investi
3 78. 769. 58. 78. 67.67 gated. The number of parameters is greail® than for the
6 —1346. —-1062. -1329. —1347. —1329.31 test moleculesi@), and its analysis proved helpful to point out
RMS 42. ’6. 53. 30. some limits of the PCR approach.

Note. Parameters obtained from the SQ step are reported. NMR spectra. The whole series of MQ (7QR, 6QR, 5QR,

* Taken from the analysis of the isotropic spectrum and kept fixed. ~ 4QR, 7Q, 6Q) and SQ spectra of a sample of 3-phenylprop-
yne (from Aldrich) dissolved in liquid crystal ZLI-1132 (15
wt%) has been acquired in a single instrumental session lasti

RMS but differing widely for the values of each parameter. Tmore than a week. Some of the MQR spectra are shown
speed up the calculations, we processed all the solutions whily. 7.

the (N-2) MQR frequencies: it was possible to assign (i) the MQ analysis. There are eight interacting protons (spin
whole spectrum and (ii) seven frequencies (columns a and b}stem AABB'CD,E) and 14 direct couplings, 8 of them
The other solutions allowed for a smaller number afepending on the conformational equilibrium. The {) MQR
assignments and are not reported. The chemical shifts wefctrum contains five pairs of lines for a total P> =
calculated from the 7 and 6MQ spectrum as previousiy920 possible assignments. Two pairs of frequencies depel
described. on Dg; andDg; (See Fig. 4 for numeration) as shown:

Strategy (b). Using standard bond lengths and an@bk (

assuming a Q—H bond perpendicular to the aromatic ring, the f, = + (c;Dyg + C,Dyg + CsDsg + CsDep)

dipolar couplings have been calculated from a set of two

nonzero order parameters. Only one solution is obtained with * f, = % (CsDgg + CsD16 + €;D26 + CsD36 + CoDe7)-

RMS lower than the threshold value in 16 min of CPU time.

The chemical shifts were calculated from the 7MQ spectrum @ie (N-2) MQR spectrum shows 36 of the 57 expected trar
previously described. The parameter values are reportedsitions, of which only 24 are independent.

Table 2, column c. Strategy (8. There are 10 independent paramet&s &nd

Strategy (b). This set was refined using the 6MQR frequerg,, — S, and eight dipolar couplings) to be determined bu

cies. In order to assign the lines in the more crowded centelly five frequencies. All theP™™" assignments have been
part of the spectrum two permutations of two calculated verstested, but the code was not able to assign a reasonable nun
experimental frequencies were needed. The procedure gafi¢he lower order MQR frequencies.

four acceptable solutions and took about 35 min of computa-Strategy (). The angle¢ (see Fig. 4) was varied from 0°
tional time. For each set the chemical shifts were calculatg@lanar molecule) to 90° in steps of 10° and, for eagh
The parameter values differ by just a few hertz and so only oiterations have been performed on three or five order pararn
solution is reported in Table 2, column d. The chemical shifters, depending on the symmetry. No acceptable solution w
were calculated from the 7 and 6MQ spectrum as previoudtyund. The results obtained with the test molecules persuad
described. us not to try the SQ automatic step.
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FIG.7. The 300 MHz'H spectra at 300 K of a sample of 3-phenylprop-1-yne dissolved in the nematic solvent ZLI-1132: (a) 7MQR, (b) 6MQR, (c) 5M
and (d) 4MQR spectra acquired with 512 increments, 22730 Hz in@) 7 = 2.212 ms, 28 scans; ()= 0.755 ms, 24 scans; ()= 0.3812 ms, 20 scans;
(d) 7 = 0.3812 ms, 16 scans. The real lines are marked with * in (a) and (b) to distinguish them from extra lines arising from the use of imperfect pu

As a way of reducing the number of direct couplings, weolumn a, was obtained. The 7, 6, and 5MQR spectra of tt
deuterated selectively the molecule in position 1 according fudlly protonated isotopomer were analyzed in a single ru
the standard acid—base exchange reacngnd ran hetero- using as starting set (i) th; found for the deuterated samples
nuclear'H MQ spin—echo spectra on the deuterated sampbealed according to the,/y, ratio and (i) theD;; = 0 Hz for
Since theD, couplings are expected to be of the same order= 1,7. Thechemical shifts were then determined from the *
and small compared with tHe,,, we hope that the decouplingand 6MQ spectra. The full set of parameters is shown in Tab
will be effective, reducing in this way the number of direc8, column b.

couplings. SQ analysis. Using these spectral parameters as inpu

DANSOM reached the global minimum in 88 iterations anc

with an initial value ofa = 107° and CM= 10 to give the final
NMR spectra. Using the pulse sequence of Fig. 1b on Rarameters reported in Table 3, column c. The experiment

sample of [1d]-3-phenylprop-1-yne dissolved in the liquidand simulated spectra are shown in Fig. 9.

crystal ZLI-1132 the following spectra were recordetH

spin-echo 6HMQ, 5HMQ, and 4HMQ characterizediy= Ethylbenzene

0,n'=(N'"—1), (N —2), (N' — 3), whereN' = 7and | The SQ anisotropic spectrum of ethylbenzene (Etb) with it
refers to'H. The spectra obtained with the optimumare 15 independent dipolar couplings and 5 chemical shifts h:
shown in Fig. 8. defied analysis for many years. As proved for 3-phenylproy
MQ analysis. The (N'-1) MQ spectrum contains just eight1-yne, the use ofH spin—echo HMQ spectra of some selec
lines symmetrically positioned as predicted for an’/BB'CD, tively perdeuterated Etb, combined with thé-(), (N-2), and
spin system showing that the decoupling is effective. The saifi¢-3) MQ and MQR spectra of the fully protonated isoto-
procedure followed for the two test molecules can be appliedpomer, let us hope that such a complex spectrum could |
this case. analyzed following the procedure described here, using tt
Strategy (8 was followed, in this way avoiding a confor-standard CB-B algorithm for the analysis of the SQ spectrul
mational hypothesis. There are now six independent parantestead of the DANSOM algorithm.
ters versus four frequencies. Also using th¢'-8) MQ to Unfortunately only the 9QR spectrum of Etb was succes:
discard wrong solutions the parameter set reported in Tablefldly acquired (the spreading of coherences over density m

[1-d]-3-Phenylprop-1-yne
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- The method, as currently formulated, works for the impor
o tant class of flexible molecules of general formula Ph-EH
. J\ | (X either containing or not containing protons). Spectra whos
’ ' analysis requires a number of spectral parameters (order |
| " rameters and/or dipolar couplings) slightly exceeding the nun
1‘ ” ber of lines in the N-1) MQR spectrum can also be dealt with
| f‘ | by the procedure. The use of deuterated compounds becon
[ H Wu‘ bl important for the more complex spin systems (eight $fin-
(A f\mw‘w\J Ll ‘J‘MU«W% . nuclei in our case).
7400 0 H: Strategy (a) gives better results but needs more instrumen
time since lower order MQ spectra are needed to discrimina
among the many solutions and give to DANSOM only the
. correct solution to be refined on the SQ spectrum, in this we
avoiding multiple runs with different starting parameters. Ol
| the other hand, for simpler spin systems, strategy (b) can gi
. l I~ excellent results with very shqrt. instrumental and CPU timg:
s ” | ﬁ - For Etb, among the most difficult exempla known to us, i
'\M “‘Lﬂ‘ h i }( ‘ was not possible to test the procedure since the loss of sen
ik w"f«w“WW tivity of the MQ technique associated with the high number o

8600 0 H: interacting spins did not allow us to acquire the 9, 8, an
7MQR spectra. High field spectrometers are becoming qui
c :
' 4 4 | TABLE 3
ﬁ H r h . Dipolar Couplings D; and Chemical Shifts »; Obtained from (1)
l \\ ‘ i!i‘ | ‘} | the Analysis of the MQ Spectra of the 1-Deutero 3-Phenylprop-1-
“ M w % ﬂJ M “ yne (column a), (2) the Analysis of the MQ Spectra of the 3-Phe-
‘ M “”\ *M H‘ J ﬂ'l ’H‘i m nylprop-1-yne (column b), and (3) the Analysis of the SQ Spec-
O 1 ‘ ‘WM U‘U |\M M J | trum
el \‘ i s s
12500 0 H: a b sSQ
s i (Dy/HzZ) J,HZ
FIG. 8. The 300 MHz'H spectra at 300 K of a sample of [d]-3-
phenylprop-1-yne dissolved in the nematic solvent ZLI-1132: (a) 6HMQ, (@2 —1646. — 1653, —1632.81 781
5HMQ, (c) 4HMQ spin-echo spectra with 512 increments, 16 KHE jnt = 1, —261. _254. —249.88 1.27
0.8897 ms for all experiments, (a) 24 scans; (b) 20 scans; (c) 16 scans. Theie@I —76. _82. _81.79 0.62
lines are marked with * in (a) and (b) to distinguish them from extra Ilnef 5 _55. —62. —63.41 1.79
arising from the use of imperfect pulses. 1.7 —683. —702. ~703.87
1,8 —297. -322.7
. . ) . 2,3 —663. —652. —642.38 7.47
trices of increasingly higher order—2in our case—poses ;4 _55. —62. —62.85 1.39
serious limits to MQ techniques since sensitivity decreases —163. —151. —144.7
very quickly); thereafter the procedure described for 3-phés —95. —102.25
nyprop-1-yne could not be applied. The more complex arid ~86. ~80. —97.59
! . 3,8 —-71. -77.12
cumbe_rso_me proce_dure described in R2f) and bgsed on the 6.7 4555 4587, 457208 10.
analysis (i) of*H spin—echo HMQ spectra and (i) of the SQ g _218. 19564 2
spectra of different isotopomers allowed at the end the analysis
of the SQ spectrum. v/Hz
1 0.0 0.0
CONCLUSIONS 2 10. 13.57
3 60. 69.49
The procedure here described is really automatic, sincerit —887. —864.
—1858. -1813.47

requires neither a reasonable set of parameters nor an exgéri-

enced operator. It also requires less CPU time than the auto-

matic procedure applied directly to the SQ spectrd®g( but angles.

is a little more demanding of instrumental time, since MQ =Taken from the analysis of the spectrum in isotropic solution and ke

spectra must be recorded. fixed.

Note. Proton coordinates are calculated from standard bond lengths al
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FIG. 9. The 300 MHz'H SQ spectrum at 300 K of a sample of 3-phenylprop-1-yne dissolved in the nematic solvent ZLI-1132: (bottom) experim
spectrum acquired with 16 K points, 16 scans in 22727 Hz; (top) simulated with the parameters obtained by iterative analysis.

common and so (i) the latter difficulty could be overcome and Reson. 97, 451 (1992); (b) L. D. Field, in “Encyclopedia of NMR”
(i) the higher line dispersion could make the fully automated (O- M. Grant and R. K. Harris, Eds.), p. 3172, Wiley, New York
analysis of the SQ spectrum pOSSih’@. (However the pOSSi- (1996); (c) J. M. Polson and E. E. Burnell, J. Magn. Reson. A 106,
- L. ’ . 223 (1994); (d) J. C. T. Rendell and E. E. Burnell, J. Magn. Reson.
bility of obtaining well-resolved SQ spectra, whose analysis A 112, 1 (1995),
can be accomplished at least with the standard CB-B algQ: g celebre, F. Castiglione, M. Longeri, and J. W. Emsley, J. Magn.
rithm, would constitute the limiting factor even if a suitable Reson. A 121, 139 (1996).
series of deuterated isotopomers could be synthesized and thew. Longeri and G. Celebre, in “Encyclopedia of NMR” (D. M. Grant
'H spin—echo HMQ spectra effectively decoupled. and R. K. Harris, Eds.), p. 2774, Wiley, New York (1996).
The method has been applied to molecules characterized bysS. Castellano and A. A. Bothner-By, J. Chem. Phys. 41, 12 (1964).
the presence of just one rigid subunit (the aromatic ring)6. J. B. Murdoch, W. S. Warren, D. P. Weitekamp, and A. Pines, J.
extension to other, more complex, situations (i.e., the presenceMagn. Reson. 60, 205 (1984).

of two rigid subunits) is under investigation. 7. A. Saupe and G. Englert, Phys. Rev. Lett. 11, 462 (1963).
8. (@) D. S. Stephenson and G. Binsch, J. Magn. Reson. 37, 409
ACKNOWLEDGMENTS (1980); (b) D. S. Stephenson and G. Binsch, Org. Magn. Reson. 14,
226 (1980); (c) D. S. Stephenson and G. Binsch, Mol. Phys. 43, 697

This work was supported by the Ministero dell’Universita’ e della Ricerca (1981). )
Scientifica e Tecnologica (ex 40% “Cristalli Liquidi” Programme) and by the9. (&) G. Celebre, G. De Luca, and M. Longeri, Mol. Phys. 83, 309
Consiglio Nazionale delle Ricerche (Italy). We thank Professor J. W. Emsley (1994); (b) P. Diehl, H. P. Kellerhals, and W. Niederberger, J. Magn.

(University of Southampton) for his invaluable contribution to this work. Reson. 4, 352 (1971).
10. G. Celebre, G. De Luca, M. Longeri, D. Catalano, M. Lumetti, and
REFERENCES J. W. Emsley, Mol. Phys. 85, 221 (1995).
11. G. Bodenhausen, H. Kogler, and R. R. Ernst, J. Magn. Reson. 58,
1. R. R. Ernst, G. Bodenhausen, and A. Wokaun, “Principles of Mag- 370 (1984).
netic Resonance in One and Two Dimensions,” Oxford Univ. Press, 12. G. K. Pierens, T. A. Carpenter, L. D. Colebrook, L. D. Field, and
New York (1987). L. D. Hall, J. Magn. Reson. 99, 398 (1992).

2. (a) L. D. Field, G. K. Pierens, K. J. Cross, and M. L. Terry, J. Magn.  13. B. Blumich and D. Ziessow, J. Magn. Reson. 49, 151 (1982).



228

14.

15.

16.

17.

D. P. Weitekamp, J. R. Garbow, and A. Pines, J. Chem. Phys. 77,
2870 (1982).

(@) A. Kumar and R. R. Ernst, J. Magn. Reson. 24, 425 (1976); (b)
H. S. Gutowsky, R. L. Vold, and E. J. Wells, J. Chem. Phys. 43,
4107 (1965); (c) J. W. Emsley and D. L. Turner, J. Chem. Soc.
Faraday Trans. 2, 77, 1493 (1980); (d) A. G. Avent, J. W. Emsley,
and D. L. Turner, J. Magn. Reson. 52, 57 (1983).

S. W. Sinton, D. B. Zax, J. B. Murdoch, and A. Pines, Mol. Phys. 53,
333 (1984).

(@) R. Laatikainen, J. Magn. Reson. 27, 169 (1977); (b) R. Laati-
kainen and K. Tuppurainen, Comput. Chem. 14, 109 (1990); (c) P.

18.

19.

20.

21.

CASTIGLIONE ET AL.

Geladi and B. Kowalski, Analytica Chimica Acta 185, 1 (1986); (d) R.
Laatikainen, J. Magn. Reson. 92, 1 (1991).

J. W. Emsley, in “Encyclopedia of NMR” (D. M. Grant and R. K.
Harris, Eds.), p. 2788, Wiley, New York (1996).

(a) F. Castiglione, M. Carravetta, G. Celebre, and M. Longeri,
J. Magn. Reson. 132, 1 (1998); (b) G. Celebre, G. De Luca,
M. Longeri, and E. Sicilia, J. Chem. Inf. Comput. Sci. 34, 539
(1994).

A. F. Thomas, “Deuterium Labeling in Organic Chemistry” A.C.C.
Educational Division, Meredith Corporation, New York.

C. Algieri, Universita’ della Calabria, Thesis, (1997).



	INTRODUCTION
	FIG. 1

	NMR SPECTRA
	FIG. 2
	FIG. 3

	THE PRINCIPAL COMPONENT REGRESSION METHOD
	SPECTRAL ANALYSIS STRATEGY
	FIG. 4
	FIG. 5

	APPLICATIONS
	FIG. 6
	TABLE 1
	TABLE 2
	FIG. 7
	FIG. 8

	CONCLUSIONS
	TABLE 3
	FIG. 9

	ACKNOWLEDGMENTS
	REFERENCES

