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In switched-angle spinning spectroscd8AS) a sample is spun about different angl@srelative

to the magnetic field, during various periods of the experiment. In the present work, SAS is
combined with two-dimensional exchange spectroscopy in order to correlate carbon-13 chemical
shift tensors of the carbonyl) and hydroxyl(2) carbons of tropolone. Experiments were performed

on a sample enriched to 25 at. % in each of these ¢#esdifferent molecules At this level of
enrichment the dominant exchange mechanism between the two sites involves spin diffusion. The
experiment consists of a preparation period during which the sample spins at the magic angle and
the magnetization of one of the sites is quenched by means of a selective pulse sequence. During the
rest of the experiment the sample spins with its axis away from the magic angle except for a short
period just before the detection where the axis is switched to the magic angle in order to select the
magnetization to be detected. Experiments were performed for all four possible combinations of the
initial and final magnetizations, thus providing chemical shift correlations between carbong, 1,1

and 2 in the two magnetically inequivalernbut symmetry relatedmolecules in the unit cell.
Combining these results with the known crystal structure of tropol@mglecting a small tilt
between the perpendicular to the molecular plane and the crystallograghits) provides
information on the orientation and magnitude of the chemical shift tensors of the two types of
carbons. The principal value@n ppm) are oy,=65, oy,=33, 03,=—98, 0%,=77, 05,=17, and
o2,=—94. Assumings,, to be perpendicular to the molecular plane, the orientations af flie are

12° off the C'=0 bond (toward the hydroxyl carbonfor carbon 1 and 10° off the &C? bond

(away from the carbonyl carbptior carbon 2. ©1995 American Institute of Physics.

I. INTRODUCTION ning sidebands are observed for different types of nuclei and

i _ _ the spin exchange is manifested by cross peaks linking cor-
Two-dimensional nuclear magnetic resonan¢2D responding sidebands.

NMR) exchange experiments have provided a wealth of in- Another approach involves an extension of 2D variable

formation on molecular self-diffusion and spin diffusion in angle correlation spectroscop9D-VACSY, see Fig. (a)].*
solids® The results of such experiments are displayed inIn this experiment, spectra of a rapidl,y spinning sample

tse(rar:ws wOf_f[)) ?ﬁ:\:o;rs pilr?tﬁa\c;;cnthfh:?:iiglonzczrsos?;?l:‘lrtg: (0 >wpyb0) are recorded for different inclinationg, of the
12y ime b 9 P pinner axis with respect to the external magnetic field. In-

uencyw, will, due to some spin exchange process, resonat . . ] .
d yer P gep terpolation, followed by two-dimensional Fourier transfor-

at a frequency, at a timer,,, called the mixing time, later. ) ) ) i )
Most of the reported experiments involved compounds with"ation of the resulting data, yields separate anisotropic pow-

a single type of NMR active nuclei as, for example, in spe_der pf-;ltterns.along one dimension, aq_:ording to the isgtropic
cifically deuterated materials, or in compounds with a singlechemical shifts of the various nuclei in the second dimen-
type of carbon. When the system contains two or more difSion. Extension of the method to exchange spectroscopy re-
ferent types of NMR active nuclei, overlap between theirquires another time variable in order to correlate the inter-
signals can blur the 2D correlation diagram and make quarchanging magnetic shielding tensors. Two versions of such
titative analysis difficult. Several methods have been de(3D) experiments are depicted in Figgbland Xc).>°In the
signed to overcome this difficulty. In one appro&ch2D  3D-VACSY-S-exchange version the evolution peridg,is
exchange spectra are recorded under conditions of magfixed and the spinning axis is switched during the mixing
angle spinning(MAS) at a low-spinning frequencyw,, time from gB; att; to 3, at the detection perioth. In the

(0, <wydo) and with a mixing time synchronized with the 3D-VACSY-T-exchange versiorg is the same during evolu-
rotation period. Under these conditions separate sets of spition and detection, but; is incremented, as in the usual 2D
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FIG. 1. Pulse sequences for carbon-13 VACSY experiments. For each se-
quence the carbon-13 rf puls¢éabovg and the corresponding tilt of the
spinner axis, in terms oP,(cosp) (below), are indicated(a) 2D-VACSY

used to correlate isotropic and anisotropic frequencies. Signals are acquirédG. 2. Top: A projection of the crystal structure of tropolone onto the
for different B's to form a 2D (t,8) data set(b) 3D-VACSY-S-exchange  crystallographica*b plane. The carbon sites, in the two crystallographic
used to record 2D correlation spectra for different isotropic frequencies. Irinequivalent(but symmetry relatgdmolecules, are indicated by unprimed
this experiment;, is fixed while 8;, 8,, andt, are varied independently. and primed number$ottom Projection of the two types of magnetically
Switching between th@'s is done during the mixing timec) 3D-VACSY- inequivalent tropolone molecules, relevant to the analysis of the NMR re-
T-exchange. In this version,, 8 andt, are varied independently, but no sults.

switching of 8 is done during the pulse sequence.

tive 2D-exchange experiments. These procedures make use
of the SAS introduced over ten years ago by Terao and Ma-
ciel and their co-worker*'° Subsequently, we apply such a

exchange experimeritand the procedure is repeated for dif- method to study carbon-13 chemical shift correlations in
16-18

ferent 8 values. tropolone
These experiments work well when the isotropic chemi- '

cal shifts, w;, are not modulated by the spin exchange, sdl. SELF-DIFFUSION AND SPIN DIFFUSION IN

that for eachw; a 2D exchange pattern can be obtained cor-TROPOLONE

relating the anisotropic interaction@a, before and after the Tropo|0ne crystallizes in the monoclinic space group

mixing time. If, however, the spin exchange involves differ- p2,/c with two pairs of centrosymmetric hydrogen-bonded

ent types of nuclei, the 3D-VACSY-exchange methods willdimers per unit celt? The molecules in the dimer are there-

not work, since they do not correlate between the differentgre magnetically equivalent, but the two dimers, although

w,’S. Such situations occur, for example, in solids exhibitingsymmetry related, are n¢see Fig. 2 It is, therefore, suffi-

bond-shift rearrangements, as in bullvaféaed heptaphos- cient to consider just two NMR distinct molecules per unit

phide trianions) tautomeric hydrogen shift, such as certaincell. Earlier, carbon-13 MAS 2D exchange measurements by
NH and OH containing compound$pr when the dominant ~ Szeverenyiet al®17 showed the presence of a hydrogen

process involves spin diffusion between different types ofshift process of the type
nuclei*~*2 To include the effect of exchange in such sys-

tems, an extra time evolution period must be added to the 0 0H HO 0
3D-VACSY-exchange experiments in order to introduce cor- 1 2

relations between the isotropic chemical shifts. In the present

work, we describe techniques that allow such experiments to 7 3

be performed. However, in order to avoid the necessity of
accumulating 4D data sets, we also propose simplified pro-
cedures, applicable in special simple cases, whereby the vari- 6
ous correlations are obtained by a limited number of selec-

4

J. Chem. Phys., Vol. 103, No. 22, 8 December 1995



9846 Larsen et al.: Spin diffusion in solid tropolone

TABLE I. The four possible spin-exchange mechanisms in solid tropolone.

Mechanism Correlatich

Self-diffusion Spin diffusion 1-1 22 1-2/2-1

1. Jump to a crystallographic equivalent site Spin diffusion between

without molecular flip and without magnetically equivalent

hydrogen shift. nuclei.
2. Jump to a crystallographic equivalent site Spin diffusion between [vt—4
with both molecular flip and hydrogen different nuclei in crystallographic
shift. equivalent molecules.
3. Jump to a crystallographic inequivalent siteSpin diffusion between the same 2y!  2?
with molecular flip, but without hydrogen type of nuclei in inequivalent

shift. molecules.
4. Jump to a crystallographic inequivalent siteSpin diffusion between different ~ --- Y+
with hydrogen shift. nuclei in inequivalent
molecules.

&The entries in this column correspond to the relative orientation betw@eand ony of the chemical shift
tensors of the correlated carbons.

The half-life of the reaction at 30 °C was found to be about 4results in reasonable measuring times. We have therefore
s with an activation energy of-26 kcal/mol. The high- prepared tropolone specifically enriched to 50% carbon-13 in
activation energy compared with that found for hydrogenposition 1. Due to the tautomeric processes, the labeling is
shift in tropolone—cyclodextrin inclusion compouflisvas  distributed between carbons 1 and 2 so that the sample actu-
ascribed to the molecular flip that must accompany the proally contained 25% of singly labeled tropoloné<G, 25%
cess in order to preserve the crystalline order in tropolone. Aropolone-213C and 50% unlabeled tropolone. As discussed
subsequent stud§ using rotor synchronized 2D exchange above, 2D correlation spectra of carbons 1 and 2 should al-
spectroscopy suggested that the dominant process, respdaw us to distinguish between the various self-diffusion
sible for the dynamic features in the 2D-exchange spectra, isiechanisms.
molecular self-diffusion, whereby the molecules jump be-  Preliminary measurements on the enriched sample gave
tween lattice sites in concert with planar reorientation and/oconsiderably faster values for the spin exchange rates com-
molecular flips. The hydrogen shift is a secondary reactiorpared with those reported by Szevereayill’ for the iso-
that follows whenever the jump diffusion results in swappingtopically normal compound. Similar observations were made
of the hydroxylic and carbonyl sites. Four types of jumpby Olenderet al?° when repeating the experiment of Titman
diffusion mechanism have been distinguish®dlepending et al!®in the enriched compound with a much weaker tem-
on whether the jump is to a crystallographically equivalent operature dependence of the exchange rate. These observa-
inequivalent site and whether or not it involves a hydrogertions suggest that while at natural carbon-13 abundance the
shift. The various mechanisms are summarized in Table Imagnetization transfer is indeed dominated by chemical ex-
Mechanism 1 is a translational jump to an equivalent site irchange, at high isotopic enrichment it is mainly affected by
the lattice that does not affect the NMR spectrum. Mechaspin diffusion. The effect of this mechanism on the magne-
nism 2 is also a jump to an equivalent site, but involves aization transfer spectra is similar to that of the self-diffusion
concerted molecular flip-hydrogen shift process. It correamechanisms, although the observed rates now depend on the
sponds to the original mechanism proposed by Szeverenyiipolar interactions between the interchanging carblofts
et all” Mechanisms 3 and 4 represent molecular jumps taather than the molecular self-diffusion. For both processes,
inequivalent sites. However, while in mechanism 3 the mol-however, at large mixing times the exchange spectra reflect
ecules flip and no hydrogen shift is necessary, in mechanisitine correlation between the chemical shift tensors of the in-
4 the molecules reorient in concert with a hydrogen shiftterchanging sites. Since the crystal structure is known, these
The various mechanisms affect the exchange correlationorrelations provide information on the orientation of the
spectra in different ways. For example, mechanism 2 resultshemical shift tensors in the molecular frame. In the present
in intramolecular pairwise exchange of carbons(1,2'),  work, therefore, rather than determine the chemical exchange
3,7(3',7') and 4,84',6'), but leaves carbon(5’) unaffected; rates of the various self-diffusion mechanisms, we measured
mechanism 3 results in spin exchange between similar cathe various correlation spectra of the carbons 1 and 2 at large
bons 1,1, 2,2, etc., while mechanism 4 corresponds to pair-7,’'s in order to completely determine their chemical shift
wise spin exchange of carbons 42,2, 3,7(3,7), tensors. The approach follows that used by Radtyal. and
4,6'(4',6), and 5,5. Tycko and Dabbagh in their determination of the carbon-13
The original purpose of the present work was to deterchemical shift tensors in polycrystalline benzoic acid and
mine separate rate constants for the various self-diffusiomethanof*%4
mechanisms. Carbon-13 VACSY-exchange methods seem In the Sec. lll, methods for extending the 3D-VACSY-
ideal for that purpose, but in natural abundance the signalexchange experiments to nuclei with different isotropic
would be too weak to provide quantitatively interpretablechemical shifts are described. Such experiments necessitate
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data acquisition in four dimensions and will probably be In the 3D-VACSY-S-exchange experimert, is held
practical only in a few special cases. We therefore proposéxed while 8, and B3, are varied independently, so that after
simplified procedures in which the desired correlations areedefining the variable time paramete(®,(cosB)t;=m,
obtained by a limited number of 2D experiments usingt,=7,, P,(cosB,)t,=73), Eq. (3.5 becomes

SAS*15 The synthetic procedure for preparing the labeled

tropolone-12)-°C, as well as details concerning the NMR ~ ®g=constant oX(9,$) 7+ ol 7+ 0h(9,¢) 5. (3.6)
measurements, are given in Sec. IV. The results are analyzed

in Sec. V and briefly discussed in Sec. VI. Three-dimensional Fourier transformation results in 2D cor-
relations of the anisotropic interactions(9,¢) and w) (9,
I1l. VACSY-EXCHANGE ¢), according to the isotropic chemical shiﬁ$ during the

detection period. For cade) this is equivalent to the usual
2D exchangg(l), but when exchange also occurs between
The 3D-pulse sequences shown in Figé)land 1c) different carbongcase(iii)), the ! plane includes contribu-
extend the 2D-VACSY experimerfFig. 1(a)] to the ex- tions due to spin exchange between the same type of carbons
change regimeé® These experiments are performed under(l,l’), as well as from spin exchange between different types
conditions of fast spinninfw, >wyd0) with the spinning axis  of carbons k,1). Other choices of the independent time vari-
inclined at variable angleg, to the external magnetic field. ables are, of course, possible, for example, two isotropic and
For an isolated nucleug, experiencing only chemical shift one anisotropic time dimension.
interactions, such as dilute carbon-13 under proton decou- The situation for 3D-VACSY-T-exchange is even more
pling, the precession frequency of the magnetization in theomplicated. In this experiment is varied, butB,=g,. Af-
rotating frame is ter redefinition of the variables in Eq3.5 (P,(cospt;
=7, P,y(cosB,)t,=7,) the total phase accumulated during

A. The 3D-VACSY-exchange experiments

(9, ¢) = 0+ 03(9,$)P(COS B), B the experiment becomes

where P,(cosp) is the second order Legendre polynomial,

o is the isotropic frequency D=0kt + 09, ¢) 11+ wlty + 0k (5, ¢) (3.7
k= wyok, (3.2

however, the four time variablets, =, t,, and =, are, in
and w';(ﬂ,q’)) is the anisotropic chemical shift interaction general, not independent. For ce(i;)e&zg!‘:w!f w;, the first
K _ K Ko . and third terms can be combined &gt + wit,= w; 73 and
0a(¥,¢) = wol o1y SIPH COS -+ a3, STV sinf” ¢ the situation is similar to that for 3D-VACSY-S-exchange,
+0%, cog 9+ ok, sitd sin 2¢ p!..lt vyh_en exchange betwegn different carbons octuase
(iii ) it is not possible to define an independegnt
+ 0%, sin 20 cos ¢+ ok, sin 29 sin ¢]. (3.3

Here ¥ and ¢ are the polar and azimuthal angles of the
spinner axis,z, in the orthogonal axis system,2,3 of a  B. The 4D-VACSY-exchange experiments
particular crystallite, withd the angle betweeB andz and ¢
being measured frort. Theo{j- (i,j=1,2,3 are the compo-
nents of the anisotropic chemical shift tensor of Hith
nucleus in thel,2,3coordinate system, such that

One way to correlate the,’s for different w;’s is to
augment the 3D-VACSY-exchange experiments with a fourth
time-domain variable. This can be done by incrementing
in the VACSY-S version, or equivalently, incremeg{ and
B>, independently, in the VACSY-T version. Equati@®.5)

k _
; =0 34 then becomes
and oJ,‘ is the isotropic chemical shift. The total phase ac- q):wleerk(ﬁ ¢)7'2+w!7'3+w' (9.)7a 39
quired by a particular spin during a 3D-VACSY-exchange ! arm ' ar
experiment is with all the 7;’s independent. The overall 4D time-domain
O = it + o9, $)Py(cos Byt + wit, signal obtained by suitable phase cycling is
+ wy(9,4)P2(cos Bo)t, (3.5

T 2
wherek and| refer to the sites before and after the mixing (74:72: 73743 Tm) Jo dv sin ﬂfo d¢k2,| Pkl 7m)
period. For the case of enriched tropolone we need only con-
siderk,|=1,1", 2 and 2. We distinguish between the follow-
ing cases(i) no spin exchangéncluding exchange between +ol(9,¢) 141}, (3.9

equivalent sites(mechanism 1 in Table)| w=w! and

w§(¥,4)=wh(9,¢); (i) spin exchange between the samewhereP(k,|; 7, ) is the conditional probability that a nucleus
type of carbons(k,k’) at different crystallographic sites jnjtially at site k will be at sitel a time =, later, and the
(mechanismB o = wf butwX(3,¢) # ok (9,¢); (ii)spin  summation is over all the discrete sited. In writing Eq.
exchange between different types of atofmgechanisms 2 (3.9) and in the following we neglect relaxation effects. Fou-
and 4, of+ ol and wX(9,¢) # v\ (3, ¢). rier transformation then yields a four-dimensional data set

Xexp{i[w:(Tl-i- wg(ﬁ,¢)72+ w!7'3

J. Chem. Phys., Vol. 103, No. 22, 8 December 1995
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S(Q41,05,035,Q4;7) for doing so have been used, including SELD&M,
DANTE,?® and selective low-power rf pulsé&.When the

_ system contains just two types of spins, as is the case for the
JdTIJ dTZJ dT?’J A7l (71,72,75,74) 1:1 mixture of tropolone-13C and tropolone-23C, the situ-

ation is particularly simple. One can prepare the spin system
with only one site initially magnetized and likewise select
from which the various correlations can be projected out inone or the other magnetization for the detection. With this
the form of 2D exchange diagrams. For example, by settingurrangement at most four 2D spectra need be recorded for the
0,=0;=of a 2D correlation diagram is obtained corre- tropolone-12)-%C case; actually only three of them are in-

Xexp{_i[QlTl+Qsz+QgT3+Q4T4]} (31@

sponding to caséi) dependent since, as indicated above, (Hg= w,, QOy= )
spectrum is related by symmetry to t8Q,= o, O,= )
S(Ql:Q3Zw:(192|QA;Tm) spectrum. I
Figure 3a) shows the basic pulse sequence used to
= Z P(wX, ¥ Tm)f dd sin 9 d¢ monitor the various correlations involving carbons 1 and 2 in

tropolone. By appropriate control of the rf frequency, the
time delays, and the pulse phases, the 2D correlation dia-

xf drzf dry exp{—i[Q,— 0X(9,¢)]7 grams, 1-1(Q;=Qz=w}), 1-2 (Q;=w}!, Q3=0?), 2-1, and
2-2 were obtained. As an example, the sequence for the 2-1
_i[Q4_wgl(,ﬂ’¢)]T4}, (3.1)  correlation diagram was as follows: The tilt anglevas set

to the magic angle and the spectrometer frequency adjusted
where the summation is over all sites having the isotropiao ?. Cross polarization, which createemagnetization for
chemical Shlﬁwu If, on the other hand, we sé;=wf,  poth sites, was followed by a select sequence, consisting of a
Q.= w!# ok the corresponding 2D correlation diagram will delay time 7,=2m/(48) (where 6=wyot—o?|) and aml2,
reflect spin exchange between sites havmg initially the isopulse which transformed the magnet|zat|on of site 2 to Zee-
tropic frequencywf, but the frequencyw; after the mixing  man order, leaving that of site 1 unaffected. The latter de-

time (case(iii)) cayed to zero during the delay(T,<7,<T,) which was
kO _ also used to switch the angf@away from the magic angle,
Sl =or, s= w1, 0,041 7m) so as to optimize the effect of the anisotropic interaction
o w 27 during the evolution period. In our experimep@was 79.4°
=2 P(o 0 ;Tm)fo dd sin ﬂf d(ﬁf dr, (P,(cosB)=—0.449. A regular 2D-exchange experiment

KoY followed, but before the detection period a second select se-

) , quence was applied, this time retaining the magnetization of
X | drexp{—i[Q,— X (3,¢)]7 ; : : -
4 27 Wa (Y, 2 site 1. The final 2D data set, obtained by summation of prop-
erly phase-cycled subspectra, is

_i[Q4_wla’(19,¢)]7'4}- (3.12
Note that this correlation spectrum is in general not symmet;‘i, P(2',1"; ) exp{io] tr+i[wf + 03 Pa(cos B)]ta},
ric with respect to the main diagonal, contrary to E8.11) (3.13

(case(ii)) and the usual S|tuat|on in 2D exchange spectros-
copy. This is so because tlfi=w, Q;=w!+ ok plane se-
lects only those nuclei that transform from siteto sitesl,

but not those that undergo the reverse process. Microscopic
reverS|b|I|ty requwes that the reverse correlation spectrum
S(Q;= 0! ,Q3=wk,0,,Q,), be the mirror image of Eq.
(3.12 about the main diagonal.

where the summation is over each of the two sites of type 1
and 2. In practice, as the sequence in Fig. 3 shows, the FID
followmg an echo, produced by=-pulse at the first rotation
echo, was recorded in order to minimize dead-time effects.
Using similar procedures, the other correlation diagrams,
1-1, 2-2, and 1-2 were obtained. To minimize experimental
artifacts, flip-flop of the cross polarization and Cyclops phase
cycling were applied.

C. Selective switched-angle-spinning-2D-exchange

experiments
IV. EXPERIMENT

Four-dimensional exchange experiments of the type deA P . ; one-1- 3¢
scribed in the previous section are bound to be extremely” reparation of tropolone
time consuming. In certain situations one can simplify the  There are various ways to build up the seven-carbon ring
experiment, by directly recording a small number of selectedgkeleton of tropolone, but only a few of these reactions are
2D correlation planes, instead of a full 4D exchange specuseful for incorporating carbon-13 at the carbonyl position.
trum. This may be achieved using various modifications ofAmong those are the ring closure of suberonitrile with so-
SAS*15For example, by incorporating into a 2D exchangedium methylanilide(Thorpe-Ziegler condensatif and the

experiment two extra delays, before the evolution and befordecarboxylation of the calcium salt of suberic afdjiving

the detection periods, during which is set to the magic cycloheptanone in each case, followed by oxidation
angle and applying suitable pulse sequences that select th@ cycloheptane-1.2-dione, bromination, and finally dehydro-
desired initial and final magnetizations. Several procedurebromination to tropolone. The more classical “organic syn-
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a. Selective-Switched-Spinning-Axis-Exchange-Spectroscopy

e
T [x] T Tm %R & [x ty
SME : El e
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"""" S — < L oos
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FIG. 3. (a) The pulse sequence used to obtain selective 2D correlation sp@3tRulse sequence used for selective recording of powder spectra.

thesis” procedure proceeds via 7.7-dichlorobicy¢®2.0 dichloroacetylchloride-#3C in order to generate carbonyl-
hept-2-en-6-on@ followed by hydrolysis to tropolon& In labeled dichloroketene, which is reacted with cyclopentadi-
order to label tropolone in the 1 position wi@-13 we se- ene to yield the final product, as shown in the following
lected the last reaction. This requires the synthesis ofeaction scheme:

Ba"CO, - “CO2 + CHMgl —= CH;*COOH

COC!
250 h Cu ocl
CH,"COOH +Cl; ——— CCI,"COOH —— CCI,H*COOH ——— CCIH*COCI
100 - 180°C

COIHACOCH — Q oot — Ll @j: _NaoH
13 —_— + [ "
2 170°C COLHC n- pentane CH;,COOH

Acetic acid-1**C was prepared by carboxylation of me- poration of carbon-13 at position 1 of the tropolone mol-
thylmagnesiumiodide with*CO,. A sample of 50% enriched ecule. Tautomerism then distributes tH€ nuclei equally
acid was chlorinated with ¢l to give trichloroacetic between sites 1 and 2, with only singly labeled molecules.
acid-113C, followed by dechlorinatiott with copper to Trichloroacetic acid1-*C: 15 g acetic acid-13C (50%
dichloroaceticacid-£3C and reaction with o-phthal-  carbon-13 was gradually chlorinated with elemental chlo-
oylchloride to dichloroacetylchloride. Reaction of the latterrine gas; the reaction temperature was raised from 105 to
compound with triethylamine produced carbonyl-C-13-190 °C over 180 h. Care was taken to ensure that the loss due
labeled dichloroketenmm situ?®*°which underwent cycload- to evaporation was kept to a minimum. The chlorination was
dition with cyclopentadiene (CPN) to give 7.7-di- monitored by'H- and'3C-NMR until no proton resonances
chlorobicycld3.2.0-hept-2-en-6-one-83C. Hydrolysis of  from the methyl group were observed. After bulb-tube distil-
this adduct yields tropolone-C. Application of this reac- lation under reduced pressure, 23 g of trichloroacetic
tion pathway allows the use of barium carbontg-as the acid-113C was obtained.
isotopic source, and results in a precise and economic incor-  Dichloroacetic acid1-13C: 23 g of the labeled trichloro-
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acetic acid was dissolved in 190 ml of water in a reactionHz), thus confirming the labeling site as the oxygen-bound
flask with a mechanical stirrer. 11.7 g of copper bronze wasarbons 1 and 2.

then _addgd while the temp_erature was raised to_ 60 °C_. Thg_ NMR measurements

reaction is quite exothermic and heating was discontinued

after this temperature was attained. After stirring for 90 min, ~ Carbon-13 NMR spectra were recorded at 75.45 MHz
the mixture was refluxed fal h during which time the color using a home-built spectrometer equipped with a room-
changed from green to whitedue to the precipitation of temperature hopping-coil protié.The spinner outer diam-
cuprous chloride After cooling, the salt was filtered off and €ter was 7 mm and it contained370 mg tropolone. The
washed with a small amount of water. The filtrate was satuSPINning rate was-6.5 kHz. Due to arcing problems rela-
rated with hydrogen sulfide until the precipitation of coppertively low rf power was used, corresponding 32 pulse

sulfides was complete. After filtration the slightly yellow fil- Widths of 4—10us. Different pulse widths were applied for

trate was concentrated under reduced pressure, and the redifferent spinning angles, to account for the girdepen-

due was fractionated at 20 mm pressure, yielding 13.2 g o ence of the transverse rf field. The estimated hopping time
dichloroacetic acid-£3C, b.p=102 °C, contaminatedac- of the rf coil is 30 ms, much shorter than the designated
cording to NMR with ap’proximately 4(’%)_5% of monochlo- hopping delays in the pulse sequence. The recycle time was
roacetic acid 45 s. Usually 64 points were acquired during acquisition and

DichloroacetylchIoride1-13C: 33 ml of o-phthal- 30-40 points in the;-dimension. The dwell time was 67s

oylchloride was heated to 140 °C, and 13.2 g of the labeled . each dimension, corresponding to an overall spectral

’ . . - . idth of 15 kHz (=7.5 kH2. The whole data set was
dichloroacetic acid added dropwise. The mixture was kept aapodized with a 200 Hz Gaussian line broadening function in
this temperature fol h and then distilled at atmospheric

: ) Lo ) each dimension and zero filled to a 22828 data square
pressure using a small Vigreux distillation column until the

oil bath reached 180°C. 10.3 g of dichloro- before Fourier transformation.
acetylchloride-1*°C was isolated, b.p=107—-109 °C.
7.7-dichlorobicyclo (3.2.0-hept-2-en-6-one-63C: 10 g
dichloroacetylchloride-#3C and 8.95 g cyclopentadiene A. The chemical shift tensors
[freshly prepared from dicyclopentadie@@drich) by distil- To determine the principal values of the chemical shift
lation] were mixed together in 60 ml dry-hexane. 9.5 Ml ensors of carbons 1 and 2 in the enriched tropolone sample
triethylamine(dried over KOH pelletswas added dropwise \ve used a selective SAS experiment similar to that described
over 2 h aroom temperature with efficient stirring and con- n Refs. 25, 26, and 33. The pulse sequence used is shown in
tinuous nitrogen bubbling. The mixture was stirred over-rig. 3b). With the spinner axis inclined at the magic angle
night, and then filtered through@-2 glass filter, and the salt and the spectrometer frequency set at resonance with one of
was washed with dryp-hexane. The solvent was removed atthe carbons, either of the two magnetizations can be selected
100 Torr, and the red-brown residue was distilled under highas described above for the SAS experiments. During the sec-
vacuum, resulting in 8.2 g of a clear distillate, 7.7-di- ond delay,,, the spinning axis is switched off the magic
chlorobicyclo (3.2.0-hept-2-en-6-one-83C, b.p=49 °C at  angle(to =79.49 and the signal following an eche-pulse,
0.3 Torr. The site of the labeling was confirmed by the car-applied at the first rotation ech@mot shown, is recorded.
bonyl signal(at 197.7 ppmin the carbon-13 NMR spectrum The resulting signal, expressed in terms of the principal val-
of a CDCL solutlign of the compound. ues of the chemical shift tensor of the selected nuclieus,
Tropolonel-°C: 8 g NaOH pellets were added to 40 ml kLK
glacial acetic acid, and the mixture was stirred and heated |0~ exp{ilwitwa(9,4)Py(cos B)]t, .
until a clear solution was obtaine@ g of thelabeled cy- whered and¢ are now the polar and azimuthal angles of the
cloadduct was added and the solution was refluxed overnigipinner axis in the principal coordinate syst&m,z, of the
with slow nitrogen bubbling. The mixture was cooled, acidi- chemical shift tensor and
fied topH 1 with conc. HCI, and 100 ml benzene was added.
After filtration the precipitate was washed with additional w';(ﬁ,d)):
benzene, and the filtrate was separated into agueous and or-
ganic phases. The aqueous phase was subjected to a 10 h + 57X sin29 cos 2p), (5.29
liquid—liquid extraction with benzene and the extract com- .

. . o with
bined with the original benzene phase. The extract was con-
centrated under vacuum, and the red residue was fractionally
distilled under high vacuum yielding 5.8 g of a slightly yel-
low solid. This was redistilled in a bulb tube and finally

V. RESULTS AND ANALYSIS

(1)05(7J<

3

(3 cos?9—1

1
So*=ck,— > (oK + O'I;,y),

k k
sublimed twice under reduced pressure resulting in 4.1 g k_ Txx” Tyy
13 . . : . =, (5.2b
tropolone-1="C as a white crystalline solid, m$52-53 °C, 0y,

with m/z=122, 123 of equal intensity. Carbon-13 NMR a

CDCl,; solution exhibits a strong peak at 171.8 ppm due to
carbons 1,2 of tropolone and well-resolved satellites of theind we have chosest, > a%,> o%,. The overall signal is the
natural abundance 3,7 carbo(& 128.2 ppm, with1~135 integral of Eq.(5.1) over 9 and ¢. Fourier transformation

k k k _
Oyt oyt o,,= 0
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ponent,a,,, is perpendicular to the molecular plane while
the intermediate component is expected to lie close to the
double bond associated with the particular carbon. In gen-
eral, the determination of the exact orientation of the chemi-
cal shift tensor requires measurements on single crystals,
which were, however, not available to us for tropolone. In-
stead, we use spin-diffusion correlation spectroséoffito
determine the relative orientations of the carbons 1 and 2
chemical shift tensors and from the known crystal structure
also their absolute orientation in the molecular frame.
———— T 1 To simplify the analysis, we shall assume that the
-5000 -2500 0 2500 5000 tropolone molecules lie in tha*b-plane, neglecting a small
tilt (5°) between the perpendicular to the molecular plane and
c. We also assume that the s of both carbons 1 and 2 lie
perpendicular to the molecular plane, so that the only re-
maining parameters are the orientations of #j¢'s in the
a*b-plane. Identifying the crystallographi®,b,c axis with

the crystal fixed orthogonal systerh,2,3 Eq. (3.3) the
chemical-shift components in this frame become

0-53: (le(z (5.33
0% 1= ol S Y+ oy, co oK, (5.3
oh,= o, COS2 Yt ok sinyk, (5.30
5000 2500 0 2500 5000 K 1Ko Ky ain? oK
= 3oyt a5y sin? o, 5.3
Frequency (Hz) 012=3(0yy+ oy Y (5.30
o3=033=0, (5.30

FIG. 4. Experimentalfull line) P,(cosp)-scaled powder spectra for car- . . .
bons 1(a) and 2(b) of tropolone obtained by sequen@® of Fig. 3, for Where)}< is the angle betvveenj;y and theb(2) axis. Since

B=79.4°(P,(cosp)=—0.449 and using a Gaussian line broadening of 200 the two magnetically inequivalent molecules in the crystal

Hz. The dashed line is calculated using the SAS _chemic_al shift _param_eter re related by a glide reflection plane paralle&f@ (13), we
of Table II. The zero frequency corresponds to the isotropic chemical shift o 4 ’
avey'=—9'" and y*=—+?

carbon 2,0?=0.

results in a usual powder pattern, but scaled according tg' Spin diffusion correlation experiments

P,(cospB). Results so obtained for carbons 1 and 2 in the  The correlation times,, for the spin exchange in our
enriched tropolone sample are shown in Fig. 4, yielding theenriched sample at room temperature is about 1 s. To obtain
chemical shift tensors as summarized in Table Il. For com2D correlation spectra between the various tensors of car-
parison we also show the results of an earlier sttithased bons 1 and 2 Eq(3.13 two sets of selective switched spin-
on the analysis of spinning sideband intensifiésa MAS ning angle 2D-exchange experiments were performed with
spectra. mixing times, 7, much shortef0.1 9 and much longe(6.0
These results do not provide information on the orienta-s) than the estimated.. For the short mixing time we have
tion of the principal components of the chemical shift tensorsP(k,l; 7,,—0)~ §,,, while for the long mixing time,
in the molecular frame, although partial assignment can b@(k,|; 7,,— %)~ P(l) =3, the equilibrium distribution of site
made on the basis of some generally known properties df. For each mixing time, four selective 2D-exchange spectra
such tensors for carbon-13 nucfei® For example, it is safe were recorded, 1-1, 2-2, 1-2, and 2-1, where the indicés
to assume that the direction of the most shielded tensor conmefer to the initial and final isotropic frequencies: and .

TABLE II. The chemical shift-shielding tensor components of carbons 1 and 2 of tropdfone.

Carbon 1 Carbon 2
Oxx Oyy Ozz O 2‘)ﬁ OTxx Oyy Ozz Oj 279
SAS 65 33 —98 178.1 56° 77 17 —94 166.2 28°
MAS? 65 25 -90 178.1 R 75 15 —90 166.2

oyt oyt 0,,=0.

bo; is relative to TMS, taken from Ref. 16.

°From present work. Estimated errar ppm.

9From Ref. 16. There is a misprint in the valuea:ﬁ‘y in the original paper.

€2y} is the angle between the directionsdf, and o')k,;,, for k=1 and 2.
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A

NV

4] ]
4370 2 4 4 2 0 2 -4
Frequency (kHz) Frequency (kHz)

FIG. 5. Left Experimental 2D correlation spectra of carbon&dp) and 2
(bottom) of tropolone, obtained by pulse sequen@ of Fig. 3, with
7m=0.1 <7) and a Gaussian line broadening of 200 Right Simulated
static 2D spectrgd 7,,=0) obtained with the chemical shift parameters of
Table Il. Also shown are skyline projections for each case. In all spectra
there are 20 equally spaced contours between 5% and 100% of maximum
intensity.

Frequency (kHz)

. . . FIG. 6. Experimentalleft) and calculatedright) 2D correlation spectra for
On the left side of Fig. 5 are shown experimental results fokne carhon sites 1-1, 2-2, 1-2 and 2-1 fgr=6.0 §>r,). The parameters

the 1-1 and 2-2 planes fo,,=0.1 s. Only single ridges along used in the simulations are given in Table II. The Gaussian line broadening

the main diagonal are observed as expected for the case of aed contour spacings are as in Fig. 5, except that for the 1-2 and 2-1 spectra

spin exchange. These ridges are the projections of thgﬁ:ﬁ i?]rttznls%tyequally spaced contours between 9% and 100% of the maxi-

P,(cospB)-scaled powder spectra of carbons 1 and 2 and can '

well be simulated with the chemical shift parameters of Table

II, as shown on the right side of Fig. 5. No signals were

observed in the 1-2 and 2-1 correlation experiments in théhe experimental results, the following best-fit values §or

7,=0.1 s experiments. were obtained, 2:=56° and 3#=28°. The corresponding
On the left side of Fig. 6 are shown selective 2D ex-Spectra are reproduced on the right side of Fig.B&cause

change spectra for a mixing time of 6.0 s. The situation iof the forms of Eq.(5.3) it is not possible to distinguish

now quite different. There is considerable intensity outsidedetweeny* and(m/2)—*. We give the smaller values of the

the main diagonal in the 1-1 and 2-2 correlation spectra anv0 alternatived. These results are quite reasonablg Gor-

there are well-defined contours also in the 1-2 and 2-1 specgesponds to the angle betwee@ and a)‘jy for bothk=1 and

tra. The 1-1 and 2-2 correlation spectra are due to spin ex2. From the crystal structure we know that the angle between

change between carbons “and carbons 2/2mechanism 4 the G-=0' and ¢'=0"' bonds is 32°. Comparison with

of Table ). Since 7> ., each 2D spectrum consists of a 2y*=56° shows that:%y lies 12° off the G=0O bond direction

1:1 superposition of subspectra due to carbon spins that #dwards the hydroxyl carbon. Similarly, the angle between

the end of the mixing time retained their original site andC*=C?and G'=C? is 7°, so thav?, lies 10° off the C=C?

those that switched sites. To determine 4fis we compared bond, away from the carbonyl group.

the experimental results with calculated 2D correlation spec- In the 2-1 and 1-2 correlation spectra there are only off-

tra for different /¢ values. Such calculated spectra for thediagonal intensitiegexcept for contributions due to special

two carbons are shown in Fig. 7. By visual comparison withorientations for whichw!(9,¢)=w'(9,4)] and, as ex-
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A

Y -y =14° Y+ =420

a

29! = 40° 29 = 10°

50% 50%

4 2 0 -2 4
Frequency (kHz)

FIG. 8. Simulated correlation spectra f@ mechanism 2 withy!—y?=14°
and(b) mechanism 4 withy!+?=42°. (c) A 1:1 superposition of spectra a
and b. Gaussian line broadening and contour levels as in Fig. 5.

sponding to effective reorientation angles |of—+7 and
|v'+ 97, respectivelymechanisms 2 and 4 in Tablg Bince

¥+ and ¥? are fixed by the previous experiments, there are no
free parameters left to fit these results. In Fig. 8 are shown
simulated 1-2 correlation diagrams for the two mechanisms
as well as their 1:1 superpositions. The two correlation spec-
tra are quite distinct from each other and exhibit character-
istic features which do not fit the experimental result. On the
other hand, their 1:1 superposition agrees satisfactorily with
the 1-2 correlation spectrum in Fig. 6. This shows that the
correlation time for all mechanisms is much shorter than the
mixing time (6 s used in these experiments.

4 2 0 2 4 4 2 0 2 4 VI. SUMMARY AND CONCLUSIONS
Frequency (kxHz)
The main results of the present study concern the deter-
FIG. 7. Simulation of the 1-Tleft) and 2-2(fight i o of mination of carbon-13 chemical shift tensor in a polycrystal-
trop.olo.ne ngru;flfzrr]egt Z%evalue: Eggh specrtlrgum i?sogelilgﬂpse%gsr;o% of line S_ample Of tropolone, usmg. 2D correlation spectroscopy.
spectra due to #=0° and the indicated # value. The chemical shift N principle, single-crystal studies should be more accurate.
parameters are from Table II, and the Gaussian line broadening and contoktowever, such samples are not always available and if they
levels are as in Fig. 5. are they require accurate crystal mounting and may be quite
time consuming. Two-dimensional correlation spectroscopy
uses internal referencing and its accuracy depends essentially
pected, the two spectra are mirror images of each other. It isnly on the quality of the experimental results. Both methods
therefore sufficient to consider just one of the two. Twomay suffer from ambiguities in signal identification when the
mechanisms contribute to the 1-2 correlation spectrum, i.esystem contains symmetry related sites as in tropolone. We
spin exchange between carbons 1 an@dl2o 1 and 2) and  have circumvented the problem by associatingdjgs with
spin exchange between carbons 1 and12 and 2, corre- the nearest double bond, but in principle the assignment
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could be inverted. Comparison with theoretical predictions 462 (1982; C. E. Bronniman, N. M. Szeverenyi, and G. M. Maciel, J.
could be very helpful in eliminating such ambiguities. Chem. Phys79, 3694(1983.

The 2D-exchange SAS method used in this work is simi- ';"58"5”2‘1’3;5'\" Henrichs, J. M. Hewitt, and D. J. Massa, J. Chem. P8gs.
lar to the rotor synchrpnlzed MAS 2D exchange _metFrSd. 13D, L. Vanderhart, J. Magn. Resofi2, 13 (1987).
Both provide correlations between chemical-shift tensors*a. Bax, N. M. Szeverenyi, and G. E. Maciel, J. Magn. Resbf). 494
coupled by spin-exchange mechanisms. The latter method(1983
may be superior signal-to-noise wise since the whole spec- (Tlggegao T. Fujii, T. Onodera, and A. Saika, Chem. Phys. L7, 145
trum intensity is concentrated in a limited number of spin-iesy "\ Szeverenyi, M. J. Sullivan, and G. E. Maciel, J. Magn. Reddn.
ning sidebands, while the contour patterns of the former 462 (1982.

method often provide a more direct indication on the naturé’N. M. Szeverenyi, A. Bax, and G. E. Maciel, J. Am. Chem. Sii5, 2579

of the correlations. 18(1983.‘ _
J. J. Titman, Z. Luz, and H. W. Spiess, J. Am. Chem. Sdel 3756
(1992.
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