J . Am. Chem. SOC.1983, 105, 7188-7190

7188

ature, the reaction is worked up, yielding two products in a
combined yield of 87%. The spectroscopic properties identify these
as C-7 ethyl xanthyl diastereomers, present in an 85/15 ratio. The
major isomer 7 is assigned a 7 s configuration on the basis of a
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to us their circular dichroism studies on these compounds. The
support of the National Institute of General Medical Sciences is
acknowledged.
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Ordering information is given on any current masthead page.

Sensitivity-Enhanced Correlation of 15N and 'H
Chemical Shifts in Natural-Abundance Samples via
Multiple Quantum Coherence

-a
pseudoaxial C-9 hydroxyl (determined by JBe,'&= 2.1 H Z ) and
~
the coupling constants of the 8a, 8e, and 7e (ABX) hydrogens
( J A B = 14.6, JAx = 5.8,'JBx= 2.4 Hz) and by analogy to the
aclacinomycin adducts (below). The minor isomer has an identical
A ring conformation (J8e,loe= 2.2 Hz) and the appropriate couplings for a pseudoaxial hydrogen at C-7 ( J A B = 15.0, JAx = 5.0,
Jex = 7.7 Hz). In a likewise manner, the aclacinomycin A quinone
methide reacts with ethyl xanthate to give an 80/20 diastereomer
ratio, in a combined yield of 90%. A 7 s assignment to the major
isomer ( J A B = 15.3, JAx = 6.0, J B X = 1.2 Hz) is corroborated
by Krueger and Prairie, from the circular dichroism s p e c t r ~ m . ~
The generality of this reaction has been extended to thiol nucleophiles and to alternative methods of quinone methide generation. Reaction of aclacinomycin in the presence of 15 m M
N-acetylcysteine gives a single product (90% yield), to which is
assigned a 7(S)-(N-acetylcysteinyl)-7-deoxyaklavinonestructure.
Marcellomycin also gives a single N-acetylcysteinyl adduct (77%)
using NADH as a reductant and spinach ferredoxin/NADP+
oxidoreductase1° as a catalyst.
Several experiments establish the quinone methide as the pivotal
intermediate. No reaction occurs in the absence of N A D H or
enzyme. The isolated adducts are converted anaerobically in the
absence of nucleophiles to the 7-deoxyanthracyclinones, while in
the presence of substoichiometric N A D H and a second nucleophile, the C-7 substituent is interchanged. The circumstances
under which stable adduct formation occurs explain our previous
failure to observe xanthate trapping of the 7-deoxyaklavinone
quinone methideS6As an excess of reductant was used, the adduct
(although certainly formed) was converted to 7-deoxyaklavinone
and 7,7'-bis(7-deoxyaklavinone).'' Last, under these conditions
nucleophile adducts are not obtained from an 1l-hydroxylanthracycline, daunomycin. Either its quinone methide is unreactive or more readily protonated, or the adduct is more poorly
trapped by disproportionation.
The present study carries two implications. First, it outlines
a strategy for the direct conversion of 11-deoxyanthracyclines (and
presumably 11-deoxyanthracyclinones) to new derivatives. Second,
it indicates that these quinone methides have electrophilic character
and provides precedent for such behavior in vivo.
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(8) Swenton, J. S.; Anderson, D. K.; Jackson, D. K.; Narasimhan, L. J .
Org. Chem. 1981, 46, 4825-4836. Coburn, C.; Anderson, D. K.; Swenton,
J. S . Ibid. 1983, 48, 1455-1461.
(9) Prairie, M.; Krueger, W. C., The Upjohn Company, Kalamazoo, MI,
personal communication, May 25, 1983. The (7S)-aclacinomycin xanthate
adduct circular dichroism difference spectrum (relative to 7-deoxyaklavinone)
shows a positive molar ellipticity peak centered at 350 nm, and a negative peak
at 280 nm: Wiley, P. F.; Elrod, D. W.; Houser, D. J.; Johnson, J. L.;
Pschigoda, L. M.; Krueger, W. C.; Moscowitz, A. J . Org. Chem. 1979, 44,
4030-4038.

(10) Fisher, J.; McLane, K. E. Biochemistry, submitted for ublication.
( 1 1) The present observations and those of Kleyer and Koch suggest an
alternative mechanism for dimer formation (rather than that of neutral radical
c o ~ p l i n g ~that
~ ~ )of, nucleophilic addition of one quinone methide to a second
quinone methide, behaving as an electrophile.
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We demonstrate the feasibility of a new and sensitive technique
for determining 15N-'H chemical-shift correlation in naturalabundance samples. The poor sensitivity of 15NN M R detection
is caused by its low natural abundance (0.37%) and its low
magnetogyric ratio. Additional problems often arise because of
long 15N relaxation times and a negative magnetogyric ratio.
Investigations of 15Nchemical shifts and lSN-IH shift correlation
have consequently heavily relied on specific isotopic enrichment
and on the use of large sample volumes with high sample concentrations. Another approach, proposed by Bodenhausen and
Ruben,' initially transfers proton magnetization to the (natural
abundance) 15Nnuclei. Then the time evolution of the I5N signals,
and thus the I5N chemical shifts, can be monitored indirectly in
a two-dimensional
This latter technique has the
advantage of detecting the I5N chemical shifts and the 'H-15N
shift correlation via the protons, which, due to their high magnetogyric ratio, give sensitivity that is several orders of magnitude
better than what is obtained in a direct detection of ISN. In
practice this very large gain in sensitivity is not easily achieved.
The large number of proton pulses in the experiment complicates
suppression of large signals or selective excitation of the signals
of interest. We propose a much simpler experiment, based on an
idea of Jeener? which offers similar advantages as the experiment
proposed by Bodenhausen and Ruben' but avoids most of the
practical problems. Experiments very similar to the one described
in this paper have been developed independently by Bendall et
aLs and have been applied to 13Cstudies of small organic compounds.
The simplest possible pulse scheme employs the sequence
a0,(]H)-l / ( 2 J ~ ~ ) - 9 0 "'SN)-tl-900,(
~(
l5N)-acquire( 'H), where
the flip angle a equals 90' or smaller. The basic idea is that a
90°('H)-1 /(2JNH)-900(15N)sequence converts all longitudinal
magnetization of protons directly coupled to I5N into equal
amounts6 of heteronuclear zero- and double-quantum coherence.'-"
The frequencies of the zero- and double-quantum
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(7) Muller, L. J . Am. Chem. Soc. 1979, 101, 4481.
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(10) Bodenhausen, G. Progr. Nucl. M a p . Reson. Spectrosc. 1981, 14, 137.
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Reidel: Boson, 1982; Chapter 4.

0 1983 American Chemical Society

J. Am. Chem. SOC.,
Vol. 105, No. 24, 1983 7189

Communications to the Editor
Table I. Radio-Frequency Phase of the First IsN Pulsc, 0 . and the
Relative Phases of the Transverse Proton Magnetizations
Originating from Hcteronuclear Zero- ( M z Q ) and Double-Quantum
( M D Q ) Cohercnce
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coherences equal aH 6, and 6H - 6 N , respectively,I2 where 6,
and 6, are the ' H and IsN chemical shift frequencies of the N H
pair considered. The multiple-quantum coherence is converted
into transverse proton magnetization by the second ISN90" pulse.
The evolution of the heteronuclear multiple-quantum coherence
can be mapped out in a two-dimensional experiment. The phase
4 of the first ISN pulse is cycled through four settings, + x , +y,
-x, and -y, in the four steps of the experiment (Table I). This
gives good suppression of proton signals that are not coupled to
a ISN nucleus13 and allows discrimination between the zero- and
double-quantum signals,*JOJ1Le., determination of the sign of the
IsN offset frequency from the IsN transmitter. The coordinates
of the two components of a heteronuclear doublet in, for example,
the zero-quantum 2D spectrum are (Fl,F2)= (6,
6H,6H f
J N H / ~ )The
. effect of 6, in the F1dimension can be removed,'"I6
leaving a pure chemical-shift correlation map with coordinates
of the center of the heteronuclear doublet at (8N,6H).
Experiments were carried out on a Nicolet-360 spectrometer,
equipped with a 1180 computer and a 293A' pulse programmer.
An ADNIC phase programmer" was used for controlling the
phases of ISNpulses. A triply tuned probehead ('H,,D,lSN) was
used.16 Gramacidin S, 12 mg, dissolved in MezSO-d6, in a 5-mm
sample tube, giving a 18 mM concentration, was choosen as an
illustrative example. Note that due to the symmetry of gramacidin
S, the effective concentration of the sites of interest corresponds
to 36 mM. First, the proton pulse length and power are set to
give a proton flip angle of approximately 6O0l8near resonance,
with minimal excitation of signals outside the proton region of
interest. In our case, a 1 msec proton pulse served this purpose.
In another experiment," a 2-1-4 Redfield pulse20 allowed measurement of imino proton signals from samples of ISN-labeled
tRNA in a 92% H 2 0 / 8 % D 2 0 mixture. The delays A, and A,
were set to 4.5 ms, and the ISN 90" pulse was carefully measured6
by using a 'sN-labeled compound and deterined to be 550 ps. The
evolution period was incremented in 32 equal steps of 1 ms, giving
a spectral width in the F,dimension of f500 Hz. For each value
of tl 1200 transients were recorded, and the total measuring time
was approximately 3 h.
Figure l a shows the amide region of the conventional proton
spectrum of gramacidin S. Unfortunately, the valine amide proton
resonance is not observed in this spectrum, possibly due to fast
exchange with a small amount of H 2 0 present in the sample.
Figure l b is a projection of the 2D heteronuclear-shift correlation
spectrum (Figure IC) derived from the double-quantum signals
and represents the ISN-coupledproton spectrum, with signals from
protons not directly bonded to ISN effectively suppressed. A small
signal in this projection at 7.3 ppm is due to not completely
suppressed signal from the aromatic protons and shows that

6,

Il0i

+

(12) Due to the fact that "N has a negative magnetogyric ratio, the
double-quantum is lower than the zero-quantum frequency.
(13) Freeman, R.; Mareci, T. H.; Morris, G. A. J . Magn. Reson. 1981,
42, 341.
(14) Muller, L. J . Magn. Reson. 1979, 36, 301.
(15) Bax, A. Internal Report, Delft University of Technology, 1978.
(16) Bax, A.; Griffey, R. H.; Hawkins, B. L. J . Magn. Reson., in press.
(17) Chemagnetics Inc., Fort Collins, CO 80524.
(1 8) Like in conventional one-dimensional spectroscopy, a smaller flip
angle allows a higher experiment repetition frequency, improving the sensitivity, and the suppression of unwanted signals.
(19) Griffey, R. H.; Poulter, C. D.; Bax, A,; Hawkins, B. L.; Yamaizumi,
Z . ; Nishimura, S . Proc. Natl. Acad. Sci. U.S.A. 1983, 80, 5895.
(20) Redfield, A.; Kunz, S . ; Ralph, E. K. J . Magn. Reson. 1975, 19, 114.

Figure 1. (a) Imino region of the conventional 'H spectrum of gramacidin s. (b) Projection of the two-dimensional shift correlation spectrum
(c) derived from the double-quantum signals onto the F2 axis, representing the 'SN-coupled proton spectrum, with resonances from protons
not bonded to I5N effectively suppressed. (d) Heteronuclear shift correlation spectrum derived from the zero-quantum signals. Both 2D
spectra result from the same experiment and have uncorrelated noise. A
18 mM solution of gramacidin S (12 mg) in Me,SO-d, in a 5-mm sample
tube was used, and the total measuring time was 3 h.

suppression of unwanted signals is of the order of 2000. By storing
the results of steps 1 and 3 separate from those of steps 2 and 4
(Table I), both the zero- and the double-quantum correlation
signals were retrieved from the same sets of acquired data. The
noise is uncorrelated in the two spectra, and availability of two
independent spectra can be used as a check on experimental results
in the case of complicated spectra: the center of the heteronuclear
doublets in the 2D spectra have to be at symmetrical positions
in the F1 dimension with respect to the ISN transmitter frequency.
Because the double-quantum frequency equals 6, - 6,, in the 2D
shift-correlation spectrum derived from the double-quantum signals
the chemical-shift axis is reversed (Figure IC). The spectra in
Figure 1, parts c and d, give IsN shifts for the Phe, Orn, and Leu
of 106.5, 103.5, and 102 ppm, respectively, confirming the assignment made by Hawkes et al." It has been demonstrated
elsewhere16that sensitivity of the experiment can be improved by
almost a factor of 2 by employing broad-band 15N decoupling
during data acquisition, but suppression of the signals from protons
not directly coupled to I5N is harder in this case, due to the
influence of the I5N irradiation on the deuterium lock signal.
We have demonstrated that this technique can be used to
correlate 'H and 15Nchemical shifts in natural-abundance samples. The sequence can be used in aqueous solution^.'^ While
no actual comparison of the sensitivity of our method with the
directly detected, INEPT-enhancedZ2signals has been made (no
5-mm ISNprobe is available in our laboratory), theory shows that
an increase in sensitivity by at least an order of magnitude can
be expected if probe design and experimental setup are optimized.23
(21) Hawkes, G. E.; Randall, E. W.; Hull, W. E.; Convert, 0. Biopolymers
1980, 19, 1815.
(22) Morris, G . A.; Freeman, R. J . Am. Chem. Soc. 1979, 101, 760.
(23) Minoretti, A.; Aue, W. P.; Reinhold, M.; Ernst, R. R. J . Magn.
Reson. 1980, 40, 175.
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The inherent sensitivity and simplicity make the new experiment
generally applicable to a number of biological and chemical
systems where observation of I5N chemical shifts has proven time
consuming or impossible because of the low natural abundance
and N M R sensitivity of ISN. Pulse sequences with more than one
pulse applied to the observed nuclei5 make suppression of unwanted
signals harder and do, in practice, not provide the improvement
that might be expected.I6
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Methane occupies a unique place among the saturated hydrocarbons because of its abundance and availability and because
of the strength of its carbon-hydrogen bonds.] As we recently
r e p ~ r t e d ,irradiation
~
of solutions of the (pentamethylcyclopentadieny1)iridium complex 1 in neopentane, cyclohexane, or

1

2a X = H
2b X = C I

3a X = H
3b X = B r

benzene formed alkyl- or aryliridium hydrides, (q-C5Me5)Ir(CO)(H)R. We now describe the activation of methane by 1 and
by a closely related iridium compound. Oxidative addition of
methane to an organometallic complex to form a characterized
product has not previously been reported.
A solution of 1 in perfluorohexane under methane pressure of
ca. 8 atm was irradiated for 16 h at room t e m p e r a t ~ r e . ~After
release of CHI pressure, the presence of (q-C5Me5)Ir(CO)(H)CH3
(1) Commonly quoted2 bond-dissociation energies suggest that the C-H
bond of methane is the strongest of all the alkanes and cycloalkanes. According to recent determination^,^^ cyclopropane is an exception with D(Hcyclopropyl) = 106.3 k 0.3 K ~ a l / m o l ; ~ ~ c o m pD(H-CH,)
are
= 105.1 k 0.15
kcaI/md ic
(2) For example: March, J. 'Advanced Organic Chemistry"; 2nd ed.;
McGraw-Hill: New York, 1977; p 175.
(3) (a) McMillen, D. F.; Golden, D. M. Ann. Rev. Phys. Chem. 1982, 33,
493-532. (b) Baghal-Vayjooee, M. H.; Benson, S . W. J. A m . Chem. SOC.
1979, 101, 2838-2840. (c) Baghal-Vayjooee, M. H.; Colussi, A. J.; Benson,
S . W. Ibid. 1978, 100, 3214-3215.
(4) Hoyano, J. K.; Graham, W. A. G. J. Am. Chem. SOC.1982, 104,
3723-3723.
( 5 ) In this experiment 50 mg 1 (more than would dissolve) in 20 mL of
degassed perfluorohexane in a 75"
quartz tube was placed 5 cm from a
Hanovia 450-W medium-pressure mercury lamp fitted with a cylindrical
Pyrex filter and a concentric water-cooled quartz jacket. The IH N M R
spectrum of a saturated C6FI4solution of 1 (ca. 0.0025 M ) under 700 mm
of CHI pressure showed singlets at 6 2.15 and 0.16 due to 1 and CHI, respectively; the intensities indicated the molar ratio CH4:l was ca. 14. Henry's
law suggests that CH4:l will be about 120 in the experiment described.
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(2a) in the C6F14solution was shown by new ' H N M R signals
at 6 1.99 (s, 15 H), 0.54 (s, 3 H), and -16.10 (s, 1 H) and IR bands
at 2136 (vw, vIrH) and 1997 cm-I (s, vc-o).6 The yield of 2a
estimated from the N M R of the solution after irradiation was
20-25%.* By reaction with CCI4, 2a was converted to the very
stable chloride derivative (q-C5Me5)Ir(CO)(C1)CH3(2b).9
It was not convenient to use methane as the solvent in this
reaction because of its low boiling point. Other potential solvents
containing carbon-hydrogen bonds are likely to be reactive toward
1. Use of perfluoroalkyl solvents circumvents this difficulty and
broadens the range of photochemical reactions of 1 that can be
conveniently studied.
The range of ligand properties compatible with aliphatic C-H
activation is at this time far from clear. In all three systems that
have been explicitly shown to activate C-H bonds in intermolecular
fashion,4J0J1the pentamethylcyclopentadienyl group is involved
as a ligand. We now report that in at least one case, the ordinary
cyclopentadienyl group serves as well as its pentamethyl analogue.
A solution of (q-C5HS)Ir(C0)z'2(30 mg) in perfluorohexane
(20 mL) under methane (ca. 10 atm) was irradiated for 6 h. As
before, some material insoluble in C6Fl, formed during the irradiation, but from IR and N M R the only new compound in
solution was (o-C5H5)Ir(CO)(H)CH3(3a).I3 From N M R intensities, the yield was ca. 20%, and the molar ratio of 3a to
remaining (q-C5H5)Ir(CO)zat this stage was 0.29. In a slow
reaction with N-bromosuccinimide, 3a was converted to the bromo
derivative 3b, which was fully characterized.14
In the intermediates we presume are involved in these reactions,
the electron-rich character of the metal is expected to decrease
in the order (q-C5MeS)Ir(PMe3) > (q-C5MeS)Ir(CO) > (qCSHS)Ir(CO).Even for the last member of the series, activation
is facile,15 and it remains to be seen how far the ligands can be
altered before activation is forestalled.I6
Several earlier studies have reported that metal atoms in
methane matrices at 12-15 K form hydridomethyl species with'9a'
or withoutIgd irradiation. Very recently, Watson2' reported the
(6) We observe identical spectroscopic parameters for pure and fairly stable
dilute C6Fldsolutions of 2a (in the 0.01 M range) prepared by zinc reduction'
of 2b. Like its other alkyl analogues: 2a is unstable at room temperature as
a concentrated solution or neat oil.
(7) Moss, J. R.; Graham, W. A. G. Inorg. Chem. 1977, 16, 75-79.
(8) The molar ratio 1:Za in the solution at this stage was 3.0. No other
new IR or NMR bands were observed, although some unidentified precipitate
forms during irradiation.
(9) The yield of 2b, purified by chromatography on Florisil, was I O mg
(19%). Since the 2a to 2b conversion is expected to be very efficient, the yield
of 2b is consistent with the spectroscopically estimated yield of 2a. Properties
of 2b: yellow solid, mp 138-139 'C; IR (n-hexane) 2017 cm-l (uc4);
IH
N M R (CD2C12)6 1.88 (s, 15 H ) , 1.05 (s, 3 H); M S (16 eV, 130 "C) M',
(M - CH3)+, (M - CH3 - CO)+. Anal. (CI2Hl8CIIrO)C, H
(10) Janowicz, A. H.; Bergman, R. G. J . Am. Chem. SOC.1982, 104,
352-354; 1983, 105, 3929-3939.
( 1 1) Jones, W. D.; Feher, F. J. Organometallics 1983, 2, 686-687.
(12) Fischer, E. 0.;Brenner, K. S . Z . Naturforsch., B: Anorg. Chem., Org.
Chem., Biochem., Biophys., Biol. 1962, 17B, 774-775. For (q-C5H5)Ir(CO),:
IR (C,F14) 2048, 1982 cm'l; IR (n-hexane) 2041, 1974 cm-I; ' H NMR
(C6FI4)6 5.36 (s); IH N M R (CD2CI2) 5.55 (s).
(13) Properties of 3s: IR (C6FI4)2174 cm-I (vw, uIrH), 2017 cm-' (s,
V-);
'H N M R (C6FId) 6 5.29 (s, 5 H), 0.99 (s, 3 H), -16.16 (s, 1 H). At
room temperature, the compound is stable in dilute solution and does not react
with CCI4.
(14) Properties of 3b: yellow solid, mp 114-1 16 OC; IR (n-hexane) 2039
cm-' (uC4); IH NMR (CD2C12)6 5.66 (s, 5 H ) , 1.70 (s, 3 H): MS (16 eV,
150 "C) M', (M - CHa)', (M - CO)', (M - CH3 - CO)'. Anal. (C7H8BrIrO) C, H .
(15) Neopentane also adds oxidatively to (q-C5H5)Ir(CO)2,and the reactions appear general.
(16) Many examples of intermolecular aromatic C-H activation are
known," and it was shown some years ago that under irradiation (v-C5H5)Ir(C0)2 oxidatively added benzene.18
(17) (a) Parshall, G. W. Catalysis (London) 1977, 1, 335-367. (b)
Muetterties, E. L. Chem. SOC.Rev. 1982, 11, 283-320.
(18) Rausch, M. D.; Gastinger, R. G.; Gardner, S. A,; Brown, R. K.;
Wood, J. S . J . Am. Chem. So?. 1977, 99, 7870-7876.
(19) (a) Billups, W. E.; Konarski, M. M.; Hauge, R. H.; Margrave J. L.
J . Am. Chem. SOC.1980,102,7394-7396. (b) Ozin, G. A,; McIntosh, D. F.;
Mitchell, S . A. Ibid. 1981, 103, 1574-1575. (c) Ozin, G. A,; McCaffrey, J.
G. Ibid. 1982, 104, 7351-7352. (d) Klabunde, K. J.; Tanaka, Y . Ibid. 1983,
10s. 3544-3546.
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