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Measurement of Interfluorine Distances in Solids
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F homonuclear dipolar recoupling methods were used to mea-
sure internuclear distances ranging from 5 to 12 A in fluorinated
organic compounds in the solid state. Magic-angle-spinning-based
high-resolution techniques were utilized. Trifluoromethyl and aro-
matic fluorine groups were seperated by rigid aromatic spacers;
these compounds were diluted into nonfluorinated host molecule
matrices to give isolated homonuclear spin pairs with known in-
ternuclear distances. Radiofrequency-driven recoupling (RFDR)
was used to elicit magnetization exchange between the spin pairs
in 1D and 2D experiments. Simulation of the exchange was ac-
complished using a Monte Carlo-type algorithm to search the
parameter space. These methogs allow the determination of odis-
tances with an accuracy of 1 A at shorter distances and 2 A at
longer distances, with the assumption of no prior knowledge of
TZZQ © 2001 Academic Press

Key Words: °F NMR; solid state NMR; dipolar recoupling; MAS.

This study serves to calibrate and validate distance limits fo
fluorine, and is the first step toward measurtfig—°F inter-
nuclear distances in biological systems. The distance mark
compounds for'F-°F homonuclear distance measurements
were designed with several considerations in mind: (1) the fluc
rine shifts for the two sites are resolved from one another; (2) th
19F_labeled sites are rigidly separated in a solid state structure :
that the distance is rigorously known; (3) the spin—lattice relax
ationtimesT,) for all sites are short; and (4) the fluorine-bearing
molecules were diluted into a nonfluorinated host to prevent in
termolecular magnetic interactions. The trifluoromethyl grouy
has some advantages relative to an aliphatic or aromatic flu
rine group, such as enhanced detection sensitivity, facile protc
decoupling, and favorable spin—lattice relaxation rates. Fluc
rines in trifluoromethyl groups used in this study typically had
relaxation times ranging from 0.5 to 3.5 s as measured witl
an inversion recovery sequence, while many aromatic fluorine
exhibited relaxation times of 20 s or longer. Chemical shift dis-

We describé®F homonuclear distance measurements in thrsion in one case resulted from a thioether linkage for on

[

range 5-12 using fluorinated model compounds with rigid arotrifluoromethyl while the other group was directly attached to
matic intrafluorine spacers. Solid state NMR (SSNMR) methogise aromatic carbon; the spectral separations were 20 ppm. In z
for measuring internuclear distances have been developed gfitr case an adjacefN group caused a upfield shifte ppm
used to characterize complex heterogeneous sdjdS’C—°C  for one trifluoromethyl group relative to the other. In proteins,
distances of up to A have been measured)( Since the gyro- good dispersion might result simply from packing effects. The
magnetic ratio of °F is 3.7 times greater than that BC, the 19 nycleus exhibits good dispersion of isotropic chemical shift
stronger dipolar couplings will allow measurements of longe fluorinated proteins, owning to the strong effects of van de
distances as given by the relatiaf = (1.0/47)hy1y2/47°1s®;,  Waals and electrostatic interactions on t¥eshifts 6). At am-
this fact has been exploited in studies'#f heteronuclear cou- pient temperatures, the rotation of the trifluoromethyl group is
plings in proteins by Schaefer and co-worke3s4) and stud- fast on the NMR chemical exchange time scale, giving rise t
ies of °F homonuclear couplings by Drobny, Stringer and, cg; single resonance with three times the intensity of a monofit
workers (J. Stringer, Ph.D. thesis, 1999). We report here thgb |abel. The motionally averaged chemical shift anisotropy
distances of up to 12 can also be conveniently measured withA s ~ 30 ppm) results in a spectrum consisting of a single cen
homonucleaf*F methods. terband with modest magic angle spinning (MAS) rates while
the anisotropy of the aromatic fluorine groupy(~ 100 ppm) re-
1Current address: Chemical Engineering Department, City College SHItS in substantial sideband intensities unless ultrafast spinnir
New York, New York, NY 10031. speeds are used. As a useful approximation A&k spin sys-
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the fast limit. Distances between the sites were calculated fro
gnergy-relaxed structures using Macromodel 5.0 (with 3).
The effective distance between trifluoromethyl spin systems we
computed from the average of i for all pairs of spins, using
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the relation
R OH r Rs PA(PPha)s
-1/3 Rs A R' 20% NazCOS
— 3/p.. +
Feff = Z(l/\/F'J)/N ’ ‘ NP R toluene reflux
] Rl ‘ SCRy  B(OH)
2

1, R=H or D, Ry = R2 =CF3 4a,R=F R= SCR3
2,Ri=Ry =Rg=R'=HorD 4b,R=H 5a, R =F (y. 92 %)
3, Ry=CF3, R3=F,R'=H 5b, R = H (y. 60 %)

whereN is the number of pairs of spins.

The expected gain in detection sensitivity fofF direct
excitation MAS NMR experiments as compared Wit cross
polarization MAS experiments is partially offset by hardware- SCHEME 1
specific losses (approx. 2 dB) due to the need for isolation of
the proton transmitter from th€F receiver 100 dB). Com-
pounding this is the fact that in many cases fluorine linewidtistrifluoromethylbenzeneboronic acid under a Pd@Ptata-
are in excess of 1 ppm full width at half-maximum (FWHM)lyst to give the biphenyl compoursh in 92% yield. In order
Commonly these linewidths are dominated by inhomogeneatiasavoid intermolecular dipolar couplings from neighboring flu-
broadening due to the much greater sensitivity of the chemiaalne compounds, the fluorinated compounds were diluted b
shift of fluorine to the local environment. This statement isocrystallization with structurally similar nonfluorinated ana-
based on our ability to perform hole-burning excitation withifogues, which were prepared in a similar manner (2)).
the MAS linewidth, and on comparison df, values with The crystalline samples were analyzed by HPLC to determini
linewidths. Room temperature spin—spin relaxation tin¥e$ ( the ratio of fluorinated guest to nonfluorinated host. The mos
were measured with spin—echo methods and ranged from @e8able method for obtaining good sample homogeneity was b
to 5 ms, corresponding to intrinsic linewidths in the rangeapid cooling of saturated solutions to form microcrystals. Sam
0.08-0.4 kHz. These values did not appear to exhibit systemailes with significant inhomogeniety or inadequate dilution were
differences for aromatic fluorine vs trifluoromethyl sites. Witlhecognized by spurious intermolecular magnetization exchanc
the exception of the most structurally homogeneous samptEmtributions. Significant intermolecular exchange gives rise t
(prepared by sublimation), tH8F spectra generally exhibitedbiphasic curves. In these cases we were unable to simulate tl
additional linewidth contributions above the homogeneoukata using the known internuclear separation. Furthermore, fc
estimate, FWHM= 1/7T,. Typically, the linewidth was not some of the molecules used, samples made with the same fl
limited by proton decoupling efficiency. For deuterated samplesinated compound but with dilutions below that reported gave
such as perdeuterated and diluted BTFQ, Thevalues were essentially identical exchange curves.
only slightly longer than for the protonated cases (HBTFQ, Figure 1 shows the pulse sequences used in these studies. |
0.71 and 0.68 ms; dBTFQ, 1.05 and 1.17 ms). In practice, ttie 1D inversion exchange RFDR experiment (top), a DANTE
detection sensitivity for a single trifluoromethyl group wagdelaysalternating withnutation for selectiveexcitation) se-
typically twofold greater than for a singléC, but an aromatic quence 10) was used to prepare an initidl, — S,) polariza-
fluorine was no better. We have been able to detect as few agib@. This was followed with a radiofrequency-driven recoupling
nanomoles of trifluoromethyl-containing molecules after a fe(RFDR) mixing sequence during the variable mixing tirh&)(
hours of signal averaging. Other workers have utilized methoBemaining longitudinal magnetization was subsequently de
based on indirect detection of fluorine. In the experiments initiected with a readout pulse. High-power proton decoupling wa
ated by Schaefer and co-workeBs4), the higher gyromagnetic employed in each sequence, with pro®nfields of 100 kHz.
ratio of fluorine was exploited for the enhanced dipolar strengthie have suppressed losses friti-tH Hartman—Hahn match-
while detection is carried out on a nucleus with a narrowéng during the'F pulses by phase switching the decoupling
linewidth and comparable or better sensitivity, suck@or3P.  at the midpoint of the mixing period pulses. These points

Preparation of the compounds was accomplished as follere extracted from 1D spectra collected at each mixing time
ows (see Scheme 1). Bis(2,8-trifluoromethyl)-4-quinolirl ( The magnetization exchange curves (Fig. 2) consist of norma
BTFQ), 4-hydroxyquinolineq, 4HQ), and 7-(trifluoromethyl)- ized difference magnetizatiofl,, — S;)(t)/{l, — S;)(0)- k(t),
4-quinolinol were purchased from Aldrich. 6-Fluoro-4plotted as a function of mixing time. Magnetization exchange is
hydroxy-2-(trifluoromethyl)quinoline3, FTFQ) was obtained evidenced as a decreasglin— S,) as a function of mixing time.
from Oakwood Products. Perdeuteration1of{BTFQ) and2 Normalization was performed by dividing the difference inten-
was achieved via an alkaline-catalyzed deuterium—hydrogen sity value for each mixing timé€], — S;)(t), by the correspond-
change reaction in a microwave ové).(Sequential microwave ing zero-time value{l, — S;)(0), followed by a multiplicative
irradiation resulted in 83% deuteration for the fluorinated coneerrection for relaxation processes and other lodgg}, This
pound and 98% deuteration for the dilutant. The biphengbrrection,k(t), was based on two control experiments: anal-
fluorinated compounda was synthesized using the Suzukbgous data were collected for a singly trifluoromethyl-labelec
coupling (7—9. Bromothioanisole3a was cross-coupled to sample (with similail, andT; values); in addition, we measured
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o, DANTE RFDR mixing Detection Fig. 3 the ratio of the magnetization exchange (the cross-pe:
/2, intensity in the 2D, or increase B in the saturation exchange)
(D) non to the total intensity(S,) /(1 , + S,), for the same compounds as
displayedin Fig. 2. From all of these data sets it is evident that th
rate of magnetization exchange slows dramatically as the inte
l_ _I ., l_ _l molecular separation is increased. The 2D or saturation transf
| 7 experiments appear to be a more reliable way to measure tl
B ' 27 ' exchange curves, since the correction for losses is substanti
Evolution RFDR mixing Detection On the other hand, it is worth noting that the detection sensi
e /2, /. /2, tiyity_ lfor the 2D exchange or sgturatiqn recovery experim_ent ie
(2D) . - significantly worse than the 1D inversion exchange experimen
t1 2
| AR
- . m CF3-Ph,-SCF; 11.4 A

| e————

27, ' I
H Decoupling 1.0 3 O O 8
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FIG.1. One- and two-dimensional RFDR pulse sequences used in fluorine, ~
distance measurements. In the 1D sequence (top), the DANTE sequence w
used to prepare thd, — S;) initial polarization before the variable RFDR
mixing period, which is composed of rotor synchronizeghulses. For the 2D
experiments (middle sequence), the variabivolution period was followed by
anonselective /2 pulse to create longitudinal magnetization prior to the RFDR 0.4
mixing. In both versions & /2 readout pulse was applied prior to the detection

of the FID. To suppress losses’8f magnetization the proton decoupling was

phase switched at the midpoint of the pulse sequengalses (bottom).

-S>

0.6

<|Z

H o
0.2 S . - \ BTFQ 54A
signal losses incurred by applyingrapulse train in a fashion 7~cr,
identical to the RFDR sequence but without the DANTE inver- CFs
sion. If integrated peak areas were used instead of intensitie:
. . . - 0.0 T T T T T T T
similar curves resulted. Figure 2 shows several RFDR 1D inver: 0 5 10 15 20 25 30 35
sion exchange data sets along with simulations (solid curves Mixing Time (ms)

and corresponding molecular structures.

Two other versions of the RFDR experiment had the advanF!G. 2. RFDR magnetization exchange data and simulated exchang
tage of internal correction for systematic signal intensity lossedrves (solid lines) corresponding to each compound; the computed fluorinate
2D tizati h REDRI( 1 d 1D saturati spin system separations are indicated. The dilutions for 2,8-bis(trifluoromethy!)

magnetuzation exchange ( 3 an saturaton 4-quinolinol (BTFQ) (1), 6-Fluoro-4-hydroxy-2-(trifluoromethyl) quinoline
exchange RFDR. In the 2D magnetization exchange RFDR @xrrq) (3), 4-(trifluoromethyl)-4-(trifluoromethyithio) biphenyl (CEPh—
periment, shown in the middle sequence in Fig. 1,It@&dS SCR) (5a) were 0.29, 0.25, and 0.23 mole%, respectively. Absolute num-
spins are initially frequency labeled during a variable evolutiorers of spins were in the range of 0.01xEnoles, and individual exchange
time in the transverse plane. At the end of thevolution the curve points were obtained by averaging for up to 6 h. In the data fron

. . . . .. 4-(trifluoromethyl)-4-(trifluoromethylthio)biphenyl (5a), an unwanted fast
longitudinal magnetization is restored and the RFDR mlxmtg)mponent from 0-5 ms was removed, presumably arising from a minor frac

sequence is applied over the specified mixing time. A readaigh of the sites in which intermolecular magnetization exchange occurred. Th
pulse is applied prior to the collection of the FID for eagh dashed curves at the bottom are examples of simulations at the boundar
slice. In the 2D experiments, the build-up curve is recorded: mbacceptable agreement with experiment, With RMSD \_/alugs of 0.12, whicl
cross-peak volume is normalized relative to total peak volurtfe?” RMSDiin (0.06). These curves were simulated using fifgd values

L. . 3.1 ms) atinternuclear separationg) of 5.1 and 6.4 for the bottom and top
from the 2D spectra taken for each mixing time. For the Caseg%\gthed curves, respectively. The spinning speeds were 12.9 kHz for BTFQ a

the 1D saturation exchange RFDR experiment the same pu$eq and 12 kHz for C~Ph—SCR. Larmor frequency was 373.013 MHz;
sequence is used as for the inversion exchange. We preseniidrxperiments were carried out at room temperature.
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depend on the chemical shift difference between the two site:
the MAS speed, various relaxation processes, and the intersi
distancers. Simulations {2) of these curves are shown as solid
lines. The simulated curves are derived from calculations o
(I, — S,) for the 1D inversion exchange case d6g /({l; + S;)

for the 2D RFDR case, both computed as a function of mix-
ing time. Parameters used in the calculations are listed i
Table 1. Some parameters were measured with supplemen
experiments. Principal values of the CSA tensors were obtaine
from computer simulations of the spinning sideband intensitie:
of MAS spectra 1{3) and agree well with previous values for
similar compounds14—-16. Relative CSA tensor orientations
were estimated based on the molecular structure and previol
literature analysis of the CSA axes. Trifluoromethyl groups were
assumed to have axially symmetric CSA tensors withezthgis

of the principal axis system directed along the C-C bdr). (

For the aromatic fluorine group, the CSA principal axis was nor-
mal to the plane of the aromatic ring, as determined in earlie

FIG. 3. Two-dimensional RFDR magnetization exchange data and simﬁt[ucjles 15’ 16' Euler angles descrlbmg the CSA pr|n0|pal axis

lated exchange curves (solid lines) corresponding to each compound; the c8¥Stem relative to the dipolar axis system (Table 1) were calct
puted fluorinated spin system separations are indicated. The square data pt&ted based on the minimum energy structures. Thus the on
are from a saturation exchange experiment performed on BTFQ. The spinnifgknown simulation parameter is the zero-quantum coherenc
speeds were 12.9 kHz for BTFQ and 12 kHz for FTFQ and-@#-SCR.  re|axation time,T/°. This quantity has previously been esti-
Larmor frequency was 373.013 MHz; the experiments were carried out at room . ZQ i S .
mated by the relation/Il, ~ = 1/T, +1/T,’, corresponding to

the assumption that the zero-quantum coherence decay is caus
by uncorrelated fluctuating fields at each sit@&)(
The 2D approach will have obvious virtue when multiple sites In a typical structure problem,s, TZZQ, and the Euler angles
are labeled. are unknown. In order to extragt from an exchange curve with-

As previously described in a theoretical treatment of the effeatit prior knowledge of the CSA, Euler angles,Tdr~, we have

of the RFDR mixing sequencd 1), the mixing curves should constructed processing software based on a Monte Carlo-tyy

Mixing Time (ms)

temperature.

TABLE 1
CSAPAS to
dipolar PAS
T, (msf Qbp Q35
_ _ _ T1(sf Iw(kHz) ag @z
Dipolar CSAsite 1 (ppnt)  CSA site 2 (ppr B1 B2
Compound rns (A)2  coupling (Hz? 011022033 011022033 Sitel Site2 Sitel Site2 y V2
BTFQ (1) 5.4 676 —80.0 —-89.0 0.71 0.68 0.0 0.0
—80.0 —89.0 0.5 2.0 107.3 41.5
—16.0 -21.0 1.3 1.4 0.0 0.0
FTFQ @) 8.4 180 —88.6 —166.6 0.41 0.44 0.0 82.0
—88.6 -127.0 2.6 3.3 10.0 90.0
—384 —-54.1 1.2 1.8 0.0 7.0
CRPhSCR; (54) 11.4 72 -59.8 -78.6 4.4 2.9 0.0 0.0
—59.8 —78.6 0.5 0.7 8.4 122.7
1.2 -18.6 0.5 0.7 0.0 0.0

a Calculated with MacroModel 3.0.

b Computed fronms.

¢ Calculated from MAS sideband patterns—axial symmetry was assumed for the trifluoromethyl group.
d Obtained from inversion recovery experiment.

€ Obtained from spin echo experiment.

f Based on full-width half-maximum linewidth values from 1D spectra.

9 Computed from molecular geometry.
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algorithm (@18, 19. Random or biased moves in the parameter
space are followed by evaluation of the root mean square de
viation (RMSD) between the simulatedid) and experimental
magnetization exchange curves, whiris the number of points

in the experimental curve:

0.25

Q o.20f

Simulations were considered to have acceptable agreeme(‘é) 0.15
with experiment when the RMSD was less than twice that ofm

the best fit ¢95% confidence interval). Root mean square de-
viations between a smooth spline polynomial fit and the data, o
between global best fit and data, were typically comparable an
were typically of order of 5% of the maximal intensity data point.
These values were also comparable to RMSD expected from th
inherent noise in the data, indicating that the RMSD values for
the global best fit are dominated by inherent noise in the dat:
rather than by systematic fitting errors as would be expected i
the sample were not sufficiently dilute. In typical simulations
there are two open fitting parameters: the internuclear distanc
and the zero-quantum dephasing tifié?. There are also five
highly constrained fitting parameters: overall scaling, isotropic
shifts of both sites, and CSA widths for both sites. Eight addi-
tional parameters are typically much less influential: the Euler
angles, and the asymmetry of the CSA for each site. Reported
uncertainty estimates in the distance measureme@b:sv(ere FIG. 4. Uncertainty in the interfluorine distancad) from 2D RFDR of

. . BTFQ was derived by sampling the parameter space and comparing root-mee
based on the results of the eXploratlonT(ng values ranging square deviations between simulation and experimental data points for vario

from 0.5 to 6 ms. In Fig. 4, the top 3D plot displays the RMS[arameter sets. The top panel shows the RMSD values obtained from 10,000 ¢
values from an unconstrained parameter space search as a fanations along the axis, while two important fitting parameters (zero-quantum
tion of T22Q andr;s. The middle plot shows the 2D projectiondephasingtimeTZZQ, and interfluorine distance valugs) are thex andy axes.
onto thexy pIane of simulations below the RMSD cutoff Va|uén this simulation, Euler angles_ and the CSA parameters were allowed to var
(RMSD < 2 x RMSDpin), bounding the region of acceptableérangje foroiso = 1 ppm; Aanisotropy= 20 ppm; Ay = 0:2). The bottom

. = n.J» R - yanel displays the 2D projection of the subseﬂ'éfg and interfluorine dis-
simulations to be used in the determination of the uncertaintyihce valuesi(s) for which simulation acceptable RMSD values were observed
the internuclear distance. As an example, two simulated cur{B&1SD < 2 - RMSDin).
at the maximum acceptable RMSD boundary are shown in the
bottom of Fig. 2 as the dashed curves.

Monte Carlo searches were performed subject to various ather parameters is not important for the error bound for th
sumptions about the parameter values; Table 2 describes the giitance determination: in other words whether these addition
ues for the internuclear distances for which simulations exhilpirameters were constrained did not have an important effe
acceptable RMSD values. We allowed for a broad rang@z& on our estimated error bounds. The cases under discussi
andrs, and we allowed for all possible values @f,D(al, B1, are in the fast MAS limit where spinning sideband intensities
y1) and Q35 (az, B2, ¥2), with the limits; O > a1, y1, a2, y2 > are low: if instead the shielding tensors were overlapping an
360 and 0 < B1, B> < 180. Furthermore the isotropic chem-the spinning speed were relatively low, then these other fittin
ical shifts were allowed to vary over 1 ppm and the CSA widtharameters would have been much more important. We ha
over 20 ppm, and the asymmetry parameter varied from (GaBo determined the uncertainties for the 2D RFDR measur:
to 0.2. The results of such an unconstrained search of paraments in a similar fashion. Best fit and actual values of the
ter space are shown in Fig. 4 (top). In other more constraingdernuclear distance are compared in Table 2. The precisic
fits, all the chemical shift parameters were fixed and the poland accuracy is within A for BTFQ and FTFQ, even in the
Euler angles were only allowed to range ovet0® from the worst case wher@pp(a1, 1, 1), p(@2, B2, 12), TZZQ, andrs
ideal values estimated from molecular geometry and basedame unknown. The results for the longest distance compoun
previous studiesl4-16. Finally, in a two-dimensional search,CFsPh,SCHR;, reflect the fact that we are nearing the maximurr
only T2ZQ andr;s were allowed to vary. The data in Table 2istance limit for the method but nevertheless the accuracy
indicate that with the exception of tHE?, knowledge of the within 2 A in all cases.

N 12
RMSD=1/~/N -1 <Z(Xi,sim — Xi,exp)2> .
i=1
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TABLE 2 REFERENCES

ras) (A)® 1. J. M. Griffiths and R. G. Griffin, Nuclear magnetic resonance methods for
measuring dipolar couplings in rotating solidsal. Chim. Act£283,1081—
1101 (1993).

0° > ag, y1. 22, 0°>a, B,

Fixed Qpp, y2 > 360° yi.a2, B2 ras) (AP ) ) ) ) .
s 2. O.B.Peersen, S. Yoshimura, H. Hojo, S. Aimoto, and S. O. Smith, Rotationa
8o PrPo 10 v22 360 calculated NMR measurements of internuclear distances in an a-helical pejtite.
1D RFDR inversion exchange Chem. Socl14,4332-4335 (1992).
BTFQ (1) 58+ 17 60+£25 59+28 5.4 3. D. R. Studelska, C. A. Klug, D. D. Beusen, L. M. McDowell, and
FTFQ @) 76£3.0 79+30 75+3.0 8.4 J. Schaefer, Long-range distance measurements of protein binding sites |
CRPhSCR; (58) 120+30 132+40 132+40 11.4 rotational-echo double-resonance NMRAM. Chem. Sot18,5476-5477
2D RFDR exchange (1996).
BTFQ (1) 55+ 0.3 63+17 49+16 5.4 4. L. M. McDowell, M. S. Lee, R. A. McKay, K. S. Anderson, and
FTFQ @) 8.6+ 30 87428 894 3.1 8.4 J. Schaefer, Intersubunit communication in tryptophan synthase by
CFsPhbSCR; (58) 12.6+3.5 119+ 4.0 113+ 4.0 11.4 carbon-13 and fluorine-19 REDOR NMmjochemistry35, 3328-3334
(1996).

ZaQBas?d on global best fit (lowest RMSD), in a search with andyand 5 A C. de Dios and E. Oldfield, Evaluating F-19 chemical shielding in
T, = varied. RMSDhin. was roughly 3-5% and was dominated by experimental i orobenzenes—Implications for chemical-shifts in proteingm. Chem.
signal-to-noise. Uncertainty was obtained from a range of distances in simula- S0c.116,7453-7454 (1994).
tions with RMSD< 2. RMSDpn , representing a95% confidence interval.

b Erom minimum energy structures computed by Macromodel 5.0. 6. G. J. Koves, Acid-catalysed deuterium exchange of aromatic protons

Part Ill: Accelerated exchange by microwave irradiationLab. Comp.
Radiopharm34,255-262 (1994).

Itis important to note that if we can further constrain the simu?- N- Miyaura, T. Yanagi, and A. Suzuki, The palladium-catalyzed cross-
coupling reaction of phenylboronic acid with haloarenes in the presence

lation by incorporating an experimentally derived valué'é?, of basesSynth. Com11,513-519 (1981).

the uncertainty in the distance measurement decreases Signéﬁ'N. Miyaura, K. Yamada, H. Suginome, and A. Suzuki, Novel and conver-

C_a!']tly: even fqr dilute samples with limited Sen_SitiVity and sig-  gent method for the stereo- and regiospecific synthesis of conjugated alk

nificant experimental erroF-or the com pourld with the longest  diens and alkenynes via the palladium-catalyzed cross-coupling reaction ¢

internuclear distance (GFPh—SCHR; 11.4 A), for 1D mea- 1-alkenylboranes with bromoalkenes and bromoalkyhesm. Chem. Soc.

surements the uncertainty could conceivably be reduced from 107:972-980 (1985).

roughly 3 to 1_2A for the fixed Euler angles case and from 9. Y. Hoshino, N. Miyaura, and A. Suzuki, Novel synthesis of isoflavones
A : by the palladium-catalyzed cross-coupling reaction of 3-bromochromone

rothIy 4 to.from 2Afor the unconStr.amed case, a greater_than with arylboronic acid or its esterg&ull. Chem. Soc. Jpr61, 3008-3010

50% reduction. For every sample in our survey the estimate (;9gg)’

based upon “neW|dthS or or) Carr—Purcell dephgsmg curves %’ G. A. Morris and R. Freeman, Selective excitation in Fourier-transform

not usefully constrain the fit. Rather, these estlmatesTfé?' nuclear magnetic resonande Magn. Resor29, 433— 462, (1978).

were t}/pica”y tOOIShOI’t Qnd gave artificially S_hort _distance§1. A. E. Bennett, J. H. Ok, R. G. Griffin, and S. Vega, Chemical shift

Preliminary experiments in which the dephasing time of the correlation spectroscopy in rotating solids: Radio frequency-driven dipo-

zero-quantum coherence was indirectly measured confirmed thear recoupling and longitudinal exchange,Chem. Phys96, 86248627

suggestion thatitis somewhat longer than that predicted by Carr—(1992)- _ B

Purcellmeasurements. For samples with multiple fluorine labetg; A- E- Bennett, C. M. Rienstra, J. M. Griffiths, W. Zhen, P. T. Lansbury, and

- . . . . R. G. Griffin, Homonuclear radio frequency-driven recoupling in rotating
_multls_pm relaxation dyngmlcs might become a more important solids.J. Chem, Physl08,9463-9479 (1998).
issue in the error analysis.

L . . 13. J. Herzfeld and E. Berger, Sideband intensities in NMR spectra of sample
In summary, these data indicate that distances in the range ofspinning at the magic angla, Chem. Physz3,6021-6030 (1980).

5-12A can be measured with an accuracy ofA@tshortrange 14 Rr. G. Griffin, J. D. J. Ellett, M. Mehring, J. G. Bullitt, and J. S. Waugh,
and 2.0A at long range without prior knowledge O’EZQ. This Single crystal study of the 19-F shielding tensors of a trifluoromethyl group,
accuracy will increase considerably if an experimental measure- J. Chem. Phys7,2147-2155 (1972).

ment of‘l’zZQ is obtained. Such an extension of the distance rangfe M. Mehring, R. G. Griffin, and J. S. Waugh, 19F shielding tensors from
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