
J. Am. Chem. Soc. 1992, 114, 2727-2728 2727 

Figure 1 shows a typical spectrum of the cluster distribution 
generated in the source and introduced into the analyzer cell of 
the FTMS-2000 spectrometer following thermalization of the ions 
for 1 s in a background pressure of Ar at 2 X 10"* Torr. The 
enhanced intensities of C60

+ and C70
+ are readily apparent in this 

spectrum. The Cn
+ ions were then permitted to react for 1 s with 

Fe(CO)5, which was introduced into the cell using a pulsed so­
lenoid valve.19 The data shown in Figure 2 indicate a remarkable 
selectivity in which C60

+ and C70
+ appear to be by far the most 

reactive species under these experimental conditions. This con­
clusion was more clearly confirmed by using double-resonance 
ejection to isolate narrow regions of Cn

+ and C60
+ in particular.20 

This was also particularly helpful in distinguishing FeCn(CO)4
+ 

from Cn+14
+. 

Reactions 1 and 2 are observed in nearly equal amounts upon 
reacting isolated C60

+ with Fe(CO)5. However, reaction 2 

C60
+ + Fe(CO)5 - Fe(CO)4C60

+ + CO (1) 

— Fe(CO)3C60
+ + 2CO (2) 

apparently results from kinetically or internally excited C60
+ and 

is completely absent when the C60
+ is subjected to the 1-s cooling 

period. For comparison, no reaction is observed for Cr(CO)6, 
possibly due to steric or electronic reasons. CID21'22 of Fe-
(CO)4C60

+ (19-92 eV, lab frame) resulted in the consecutive loss 
of carbonyls to eventually yield FeC60

+. A further increase in CID 
energy (114-185 eV) gives C60

+ exclusively, consistent with our 
earlier study.9 These results indicate that D"(Fe+-C60) > Z>°-
(Fe+-CO) = 36.6 ± 1.8 kcal/mol,23 which is also consistent with 
our previous findings.9 

Secondary reactions are observed for Fe(CO)4C60
+, reaction 

3, and for Fe(CO)3C60
+, reactions 4-7. 

Fe(CO)4C60
+ + Fe(CO)5 - Fe2(CO)8C60

+ + CO (3) 

Fe(CO)3C60
+ + Fe(CO)5 -* Fe2(CO)6C60

+ + 2CO (4) 

Fe2(CO)6C60
+ + Fe(CO)5 

— Fe3(CO)8C60
+ + 3CO (78%) (5) 

— Fe3(CO)9C60
+ + 2CO (22%) (6) 

Fe3(CO)8C60
+ + Fe(CO)5 — Fe4(CO)11C60

+ + 2CO (100%) 
(7) 

Previous studies on the clustering reactions of metal carbonyls 
have established empirical rules on intermediate ion reactivity and 
termination steps based on the 18-electron rule.24"27 Applying 
these concepts indicates that in this case C60 acts like a two-electron 
donor, as opposed to the expected five- or six-electron donor. 
However, this is in accord with the limited examples of isolated 
metal-C^ complexes suggesting C60 as a two-electron donor via 
two neighboring carbon positions, similar to an alkene ligand.7,8 

Finally, the decreasing tendency of further clustering reactions 
with increasing carbonyl coordination suggests that the reactions 
occur on the metal center, disfavoring a more exotic reaction 
pattern where individual metal carbonyl groups are attached to 
the different parts of the C60. 

The dramatic difference in reactivity of C60
+ and C70

+ relative 
to nearby clusters is especially remarkable considering that all 
of these species presumably consist of >95% fullerene structures.28 
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This would seem to implicate electronic factors as the primary 
determinant of reactivity. Further experimental and theoretical 
studies are underway to try to determine the relative importance 
of electronic and geometric factors. 
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The application of 31P NMR to nucleic acids has been limited 
by the difficulty of resonance assignment, which has depended 
on either the correlation of resonances with assigned ribose 3', 
4', 5', or 5" proton resonances1^* or on regiospecific 17O labeling.5-9 

Assignment by proton correlation fails when the proton spectral 
dispersion is poor (as in RNA); the use of 17O labeling is tedious. 
The experiment described here, 2D hetero-TOCSY-NOESY, 
provides a route for sequential assingment of 31P resonances by 
correlation to H6, H8, and Hl' resonances of adjacent residues 
that avoids many of the difficulties of other approaches. 

Recently it was demonstrated10 that composite-pulse hetero-
nuclear cross polarization11"15 (hetero-TOCSY) could be used to 
correlate 31P resonances with a number of ribose protons, including 
H2' (via the pathway P-H3'-H2'). Because heteronuclear and 
homonuclear coherence transfer steps occur simultaneously, and 
because cross peaks are in-phase and absorptive, sensitivity and 
resolution are better than in alternatives such as INEPT-RELAY16 

and INEPT-TOCSY.17 Moreover, since the 31P-1H coupling 
constants are small (<12 Hz) and 31P is relatively sensitive, 
hetero-TOCSY is also preferable (in this case) to alternatives such 
as HMQC-TOCSY.18 

Double-stranded nucleic acids exhibit strong NOEs from H2' 
to intraresidue Hl ' and H6 or H8, and often to sequential H6 
or H8 protons in the 3' direction. Thus we reasoned that sequential 
31P-aromatic and Hl' correlations would be revealed if a NOESY 
step were added to the 31P-1H hetero-TOCSY experiment, and 
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Figure 1. Pulse sequence diagram for 2D hetero-TOCSY-NOESY. The 
hatched boxes represent a matched multiple pulse mixing sequence for 
cross polarization. The choice of mixing sequence is discussed else-
where;1011,13,28 the sequence used here was DIPSI-2. The phase cycling 
is as follows: </>, = (y, -y)\ <t>2 = (*, x, -x, -x); ^1 = x; DIPSI2 = x; 03 

= y, <*4 = -*; h = (+. -. +. -)• 

H-I (ppm! H-I (ppm) 

Figure 2. (a) Sequence and secondary structure of the RNA molecule 
used in this work. The phosphorus atoms are numbered according to the 
nucleoside on their 5' side, (b) 2D hetero-TOCSY-NOESY spectrum 
for the molecule illustrated in part a. The spectrum was recorded using 
a 3 mM RNA sample in D2O at 30 0C on a Bruker AM-500 spectrom­
eter (500 MHz, protons; 202 MHz, phosphorus). Other parameters were 
as follows: Tml = 72 ms, rm2 = 500 ms, 'H width = 4000 Hz, 31P width 
= 600 Hz: 94 increments of 320 scans each were recorded, (c) Expanded 
plot of the 'H aromatic region of the spectrum in part b. For both strands 
the sequential connectivities are traced with either a solid or a dashed 
line. Each intraresidue 31P-'H8 or 31P-'H6 cross peak is labeled, (d) 
Expanded plot of the 1H anomeric region of the spectrum in part b. Each 
of the 12 intraresidue 31P-1Hl' cross peaks is labeled. 

that a powerful 31P assignment method would result. 
The 2D hetero-TOCSY-NOESY pulse sequence is shown in 

Figure 1. 31P magnetization is excited after elimination of 1H 
magnetization by saturation and is allowed to evolve with refo-
cusing of heteronuclear coupling.10 The two mixing periods are 
then applied sequentially. A 3D version of this experiment could 
be achieved by inserting a second incrementable delay between 
the mixing times. The 2D experiment was carried out on the 
oligoribonucleotide whose sequence is shown in Figure 2a. The 
entire spectrum is shown in Figure 2b. The cross peaks of most 
interest are in the 1H aromatic (7.0-8.2 ppm) and anomeric 
(5.0-6.0 ppm) regions. 

An expansion of the 1H aromatic region is shown in Figure 2c. 
Except for Gl , each 31P resonance correlates with two aromatic 
1H resonances, and each internal aromatic resonance correlates 
with two 31P resonances. Therefore it was possible to draw a 
complete set of connectivities for the length of each strand, and 
all 12 31P resonances were unambiguously identified. The accuracy 
of this procedure was confirmed by conventional sequential res­
onance assignment procedures.4,19"23 Thus sequential 31P reso-
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nance assignments were obtained for this sample without isotopic 
labeling, even in the absence of prior information about ribose 
1H assignments. 

In instances where aromatic-31P correlations are less complete, 
ambiguities can be resolved by comparing the 1H anomeric region 
(Figure 2d) with assignment data obtained by homonuclear 1H 
methods. Each 31P resonance should give rise to a single, strong 
anomeric 1H peak, via the pathway 3 1P-H3'-H2'-H1', which is 
precisely what is seen in Figure 2d. 

In summary, a single hetero-TOCSY-NOESY spectrum can 
lead to sequential assignments for 31P resonances, and for Hl ' , 
H8, and H6 resonances in RNA oligonucleotides. The assignment 
strategy depends, of course, on reasonably efficient transfer from 
31P to the 3' and 2' protons and NOE connectivities onward to 
anomeric and aromatic protons. The experiment is necessarily 
less sensitive than 1H-1H spectroscopy, and the sensitivity of the 
first step will decrease for larger macromolecules. Nonetheless, 
it has provided crucial assignment information for a 29-nucleotide 
RNA under study in this laboratory.21 This experiment is likely 
to be most useful for the study of unusual nucleic acid struc­
tures,24"27 drug-nucleic acid interactions, and protein-nucleic acid 
interactions. 
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Current understanding of the structure, spectra, and conduc­
tivity of oxidized polythiophene and other conducting polymers 
is dominated by the theory that polarons and bipolarons are formed 
along single conjugated chains.1 Because polarons and bipolarons 
have small-molecule analogues in cation radicals and dications, 
it is natural to explore that theory by generating these cations and 
studying their properties.2 We report that the cation radicals 
of terthiophenes reversibly dimerize even at low concentration. 
We suggest that these are ir-dimers and that such dimers are 
reasonable alternatives to bipolarons. As a consequence, 7r-dimers 
and ir-stacks deserve attention as entities responsible for the 
properties of oxidized polythiophene and other conducting poly­
mers. 
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