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the acridine orange moiety of 1 as an internal, photoactivated
“molecular scissors” to map platinum binding sites on 3?P-end-
labeled DNA restriction fragments, in a manner complementary
to our previous mapping of cis-DDP binding to DNA using ex-
onuclease 111.2:2!

In summary, the intercalator-linked platinum complex 1 has
been synthesized in good yield. From its DNA binding and
light-activated nicking properties, 1 should prove to be a useful
probe of the regioselectivity and stereospecificity of diaminedi-
chloroplatinum(II) binding to DNA. The similarity of 1 to the
antitumor drug cis-DDP makes it potentially useful for probing
aspects of the biological mechanism of action of anticancer
platinum compounds.
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The severe sensitivity limitations associated with the observation
of 1N NMR signals, especially at natural abundance, make any
improvement in sensitivity of considerable importance.»* The
potential advantages of using indirect detection via protons for
nuclei like ¥*N and !3C over conventional direct detection methods
have been recognized,*® but the enhancement has not been ex-
plicitly measured.® It is important to know if the theoretical
enhancement over simple direct detection (yiy/yisn)?, about
1000-fold, can be achieved, and if so, whether this can be done
routinely on samples of interest at natural abundance.

We report here the quantitative determination of the en-
hancement under typical conditions for biological macromolecules
using a 50 mM solution of 2-pyrrolidinone (I) in water and also
demonstrate the application of this method to an experimentally
demanding case, showing chemical shift correlation of amide
protons and nitrogen resonances in the 28-residue peptide thymosin
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Figure 1. Comparison® of direct !N and indirect proton-detected spectra
of pyrrolidinone (I) (50 mM, 95%H,0/5%D,0). (A) Directly detected
INEPT?? spectrum of 20-mm o.d. sample, active volume 10 mL, 2180
scans in 28 min, S/N = 9. (B) 'H-detected !N spectrum of I taken in
a 12.mm tube in a modified 12-mm 'H probe, active volume 1 mL, 128
scans in 0.8 min, §/N = 11. The signals are at the position of the I’N
satellites. (C) !*N projection of a complete two-dimensional data set for
I, as in B. Total accumulation time 13 min (16 blocks), S/N = 70. (D)
H spectrum of I using Redfield pulse acqusition.
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Figure 2. Two-dimensional 'H /!N chemical shift correlation for thy-

mosin a,, via proton-detected double-quantum (nonconservative) coher-

ence. Sample was 30 mM in 95% H,0/5%D,0, at pH 5.4. Total
accumulation time about 12 h. The zero-frequency points are the in-
strumental synthesizer frequencies and correspond to 8.04 ppm (from

Me,Si, 'H) and 125.3 ppm (from NH,, 1N). Chemical shifts in the N

direction are given by (Ayz — Ay), cf. ref 8, for this cycling scheme, and

the negative value of 5. Each amide proton gives a set of four peaks
in the contour plot arising from the large 'H-'*N coupling and the
smaller coupling of amide to H%. One such set is connected by a line in

the upper left. (A) Redfield pulse 'H spectrum of the amide region. (B)

H (f,) projection of the two-dimensional data set and a contour plot of

the data set. Each amide appears as four lines from couplings to TH* and

to N.
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a, at 30 mM in water. Both samples were at natural abundance
for N.°

The spectra of I with N detection using INEPT? and with
indirect 'H detection of !N satellites using multiquantum co-

(9) The spectra were obtained on an NT-300W spectrometer, with a top-
entry probe stack system. For indirect detection experiments, an additional
synthesizer-based radiofrequency generator was used. A 'H 12-mm probe was
modified by inclusion of a second coil matched for *N. The separate coil
eliminates lock interference previously observed by others in single-coil designs®
(Live, D. H.; Cowburn, D., unpublished results). Sequences used were gen-
erally those described previously® (Minoretti, A.; Aue, W. P.; Reinhold, M;
Ernst, R. R. J. Magn. Reson. 1979, 40, 175-186) with proton excitation
generated by a selective pulse (Redfield, A.; Kunz, J.; Ralph, E. K. J. Magn.
Reson. 1975, 19, 114-119).
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herence transfer>® are shown in Figure 1. The signal to noise
ratios (S/N) of the two spectra are comparable, but the directly
detected N spectrum was obtained with 10-fold greater volume
of sample and 35-fold longer time. After correction for (a)
different acquisition times, (b) relative sample volumes, (c) the
INEPT enhancement factor,'? and (d) the total intensity of the
doublets in Figure 1B, the enhancement between the direct and
indirect detection is found to be about 1230, compared to the
theoretical 961.1! The S/N of the '*N projection of a two-di-
mensional data set gives a similar value for the sensitivity gain.
The line width of the conventional amide proton spectrum of I
is very broad (Figure 1D), because of N quadrupolar relaxation.
The sharpness of the '°N satellites suggests additionally that much
more precise NMR measurements of the proton spectra of amides
are possible by this method.

Application of this method to nitrogen and proton NMR of
amide resonances of larger peptides in water has considerable
potential. Sensitivity is usually at a premium for such materials.
The resulting two-dimensional spectra contain the 'H/!*N con-
nectivity information, have substantially improved separation of
'H signals otherwise at equal shifts, and permit better determi-
nation of coupling constants because of the signal separation and
because of the narrower lines of *N multiplets compared to the
14N equivalents. These features are illustrated by the spectrum
of thymosin e, a peptide implicated in the differentiation of T
cells.’?> The conventional proton spectrum of the amide region,
including the 28 peptidic amide proton signals, falls within 0.65
ppm, preventing the discrimination of any detail (Figure 2A). The
two-dimensional 'H />N spectrum (Figure 2B) shows a number
of clearly resolved 3J(H’-H%) couplings. The analysis of such
couplings is important for determining the solution conformation
of the peptide.

A further application of this experiment is the sensitive ob-
servation of labeled materials, with very high selectivity for the
proton attached to the labeled nitrogen. Using this method we
have been able to observe the resonance of a single amide proton
in a highly overlapped region of more than 100 amide resonances
from a protein/peptide complex of 22000 daltons,'? at 1.5 mM
concentration in 5-min acqusition time. These techniques also
present new opportunities for using stable isotope materials in
studies of the metabolism of nitrogen, as has been suggested
previously for 3C studies.'4

The demonstration of a 1000-fold sensitivity increase via
heteronuclear multiquantum coherence transfer substantially
reduces the restrictions on !*N NMR arising from low sensitivity
for compounds in which such coherence transfer can be obtained.!®
It may be expected that important enhancements, though less
?gamatic, can be observed for other nuclei (e.g., 1*C, ?°Si, and

13Cd).

Note Added in Proof. Expected enhancements have been ex-
perimentally observed for several other nuclei.
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We have recently reported two cyclization reactions proceeding
via [1-(trimethylsilyl)-1-alkenyl]metals containing a halogen
leaving group.® On the basis of the available data, we suggested
that the reaction of 1 with either n-BuLi or -BuLi might be a
a-type cyclization process (eq 1), whereas that triggered by

Br(CHy), SiMes R SiMes
n-ByLH( | equiv)
or 1-Bull (2equlv)
R 1 (HZC)\,,‘/ Li
! C—Br
R SiMes
1
{CH),
Br(CHp),  SiMes
ALR!
Br(CH,),—==— SiMes —“2Rz.. —_—
2 R AIRp
7
,-\‘ SiMe3 R SiMe3
(c@_é — (2)
>~ 1
R AIR2'X (CHZ),,
9

a, n=2; b,n=3;¢,124; R=H or C group; R'-Cgroup

treatment of haloalkylsubstituted 1-(trimethylsilyl)-1-alkynes (2)
with i-Bu,AlH, Me;Al-C1,ZrCp,, or CI(H)ZrCp, followed by
AICl; might be a #-type cyclization process, e.g., eq 2.

We now present data that not only support the above-mentioned
mechanistic duality but reveal some striking differences between
the two processes summarized in Table I. Perhaps more sig-
nificantly, we find that the w-type process is of considerable
generality with respect to the two metals of 1,1-dimetalloalkenes
(3), providing a facile synthesis of cycloalkenylmetals containing

R m2 Me SiMes
+
X(H,C), M Mé AlMezBr
3 6

M'=al, Zr, Zn,or Si;
MZ=Si,Al, Zn,or Zr,
R=H or C group;

X = halogen

1

metals readily replaceable with various electrophiles, such as
halogens.
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