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II, was obtained (60%) by using 6 equiv of (CO)9Co3(M3-CCO2H) 
along with a mixed solvent system of toluene and THF.14 

Compounds I and III produced X-ray quality crystals.1516 

Considering published information on the carboxylate exchange 
reaction,10 the clean, quantitative reaction described above at room 
temperature is surprising. We know that there is substantial 
electronic interaction between the (CO)9Co3C fragment and the 
(COO)" functional group,2 and this, along with the substantial 
steric bulk of the cluster, presumably makes [(CO)9Co3(^3-
CCO2)]" a much better ligand than acetate. 

Structural representations of I-in (Scheme II) and an ORTEP 
plot of in (Figure 1) show that the three compounds differ only 
the nature of the axial ligation. For III the structural features 
in the vicinity of Mo2

4+ are similar to those in published structures.6 

In this case two cluster carboxylic acids occupy the axial positions 
of Mo2

4+ with a nonbonding Mo-O distance of 2.515 (2) A and 
form hydrogen bonds between the axial cluster acid proton and 
an equatorial carboxylate oxygen 021. The hydrogen bonding 
elongates the Mo-O21 distance [2.124 (1) A]. There are no 
significant structural differences among the six tricobalt clusters 
surrounding the Mo2

4+ core. 
The symmetric A1 stretching mode of the carbonyl ligands on 

the tricobalt cluster alkylidyne is a sensitive probe of the charge 
density on the Co3 unit.17 In M"4 [(CO)9Co3(M3-CCO2] 6, M = 
Zn, Co1"3, the cores behave essentially like a proton to the cluster 
carboxylates, and the A1 mode has the same frequency, within 
experimental error, as in the uncoordinated acid. However, for 
the title compounds, the A1 frequencies are at lower energy 
(2103-2106 cm-1) compared to those (2111 cm"1) in the unco
ordinated cluster acid. This reveals an increase in the electron 
density on the equatorial tricobalt clusters of I—III compared to 
the free acid. Although the differences are small, they are real 
as EQ, which contains both four equatorial carboxylates and two 
axially coordinated cluster acids, exhibits both A1 modes (2111 
and 2105 cm"1) in a 1:2 ratio.14 

Although I and III are soluble in hydrocarbons and ethers, II 
has very poor solubility in the same solvents. This could result 
from a strong intermolecular axial interaction between the mo
lybdenum of one molecule and a carboxylate oxygen of another, 
as has been well established in other systems.610 Note that the 
electron donation from Mo2

4+ to the cobalt cluster makes Mo2
4+ 

more electrophilic, which in turn should enhance this interaction. 
Another interesting feature of the title compounds is their 

intense midnight blue color (I, 572 nm, em0|e = 22000 cm"1 M"'; 
III, 536 nm, «mok = 31000 cm"1 M"1) vs pale yellow color in 
starting material Mo2(02CCH3)4 (435 nm, emok = 100 M"1 

cm"1)10'18 and purple-brown (CO)9Co3(M3-CCO2H) (510 nm, emole 
= 1300; 370 nm, «mole = 3300).17'1920 The ionization potentials 

(13) Data for III: FT-IR (KBr) (CO)9Co3- 2111 m(sh), 2105 s, 2042 vs 
(br), COOH 1646 s, COO" 1449 m, 1362 m. 

(14) Data for II: FT-IR (KBr) (CO)9Co3- 2104 s, 2075 s(sh), 2042 vs, 
2022 s, 2013 s, COO" 1453 m, 1375 m(br). Anal. Calcd for Mo2Co12C44O44: 
Co, 33.18; Mo, 9.00; C, 24.79. Found: Co, 33.34; Mo, 8.31; C, 23.03. 

(15) Crystal data for Mo2Co9C42O35H1I (I): space group Pmma; a = 
42.738 (16), A= 15.110 (3), c = 8.988 (3) A; V = 5804 A3, d(calcd) = 2.06 
g/cm3, !/(obsd) = 2.04 g/cm3; M, = 1797.8; Z = 4, M = 19.3 cm-'. Diffraction 
data were collected with an Enraf-Nonius CAD4 diffractometer equipped with 
a graphite crystal monochromated Mo Ka X-radiation source. Although the 
structure remains unsolved because of a space group ambiguity, the cell and 
density data confirm the formula. 

(16) Crystal data for Mo2Co18C66O66H2 (III): space group triclinic P\; 
a = 12.976 (2), b = 14.347 (5), c = 15.584 (5) A; a = 89.38 (2), /3 = 66.07 
(2), y = 68.90 (I)0; V = 2442.7 A3, d(calcd) = 2.11 g/cm3, d(obsd) = 2.20 
g/cmJ; M, = 3103.4; Z = l,n* 33.1 cm"1. Diffraction data were collected 
with an Enraf-Nonius CAD4 diffractometer equipped with a graphite crystal 
monochromated Mo Ka X-radiation source. Crystallographic computations 
were carried out on a VAXstation 3200 computer using the SDP/VAX 
software. The structure was solved by a combination of direct methods and 
difference Fourier syntheses. Full-matrix least-squares refinements were 
employed. /?(/?w) = 0.043(0.053) (685 variables refined including the hy
drogen atom parameters) for 11 825 reflections [F0 > 3.0ff(F0)] of 13 329 
independent reflections collected over the 29 range 3.0° < 28 < 58.7°. 

(17) Peake, B. M.; Robinson, B. H.; Simpson, J.; Watson, D. J. Inorg. 
Chem. 1977, 16, 405. 

(18) Martin, D. S.; Newman, R. A.; Fanwick, P. E. Inorg. Chem. 1979, 
18, 2511. 

of Mo2(CH3C02)4
21 and (CO)9Co3(M3-CCH3)

20 combined with 
HOMO-LUMO gaps derived from Fenske-Hall calculations22 

for the same molecules and, separately, direct calculations on 
MO2(CH3C02)3[(CO) ?CO3(M3-CC02)] suggest that a S(Mo2

4+) 
—• o-*(Co3) transition is responsible for the intense color. That 
is, in both approaches the ~4-eV gap between the 6 and S* levels 
of the Mo2

4+ core contains a single empty orbital corresponding 
to the ff* (Co3) orbital of the cobalt cluster. Because the extinction 
coefficient falls in the range of 104—10s cm"1 M"1, this absorption 
is allowed. The calculations suggest that it can be considered as 
a type of metal-ligand charge-transfer band but one where the 
final state now has high metal character due to the presence of 
the metal cluster substituent. 
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The tetrasaccharide sialyl Lewis X (sialyl Le", Figure 1) 
NeuAca(2—3)Gal;8(l-*4)[Fuca(l—3)]GlcNAc has recently 
been demonstrated to be the ligand of endothelial leukocyte ad
hesion molecule-1 (ELAM-I).1 This discovery has led to the 
development of effective methods for the synthesis of sialyl Le* 
and its derivatives as potential antiinflammatory agents. Both 
chemical2,3 and enzymatic4 methods are available for the synthesis 
of sialyl Le* and its analogs. In order to further understand the 
structure-function relation of sialyl Lex and to develop sialyl Le* 
mimetics, we report our conformational study of sialyl Le* based 
on two-dimensional NMR techniques in combination with MM2 
molecular mechanics calculations. 

It has been indicated in the early work of Lemieux5 that po
lysaccharides are capable of adopting ordered conformations which 
place sugar unit and functional groups at regular and predictable 

T Also on the faculty of the University of California at San Diego. 
'On sabbatical leave from National Taiwan University. 
(1) Phillips, M. L.; Nudelman, E.; Graeta, F. C. A.; Perez, M.; Singhal, 

A. K.; Hakomori, S.; Paulson, J. C. Science 1990, 250, 1130. 
(2) Kameyama, A.; Ishida, C; Kiso, M.; Hasegawa, A. Carbohydr. Res. 

1991, 209, Cl. 
(3) Nicolaou, K. C; Hummel, C. W.; Backovich, N. J.; Wong, C-H. / . 

Chem. Soc, Chem. Commun. 1991, 870. 
(4) Dumas, D. P.; Ichikawa, Y.; Wong, C-H. Biomed. Lett. 1991, ;, 425. 
(5) Lemieux, R. U.; Bock, K.; Delbaere, L. T. J.; Koto, S.; Rao, V. S. Can. 

J. Chem. 1980,55,631. 
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Table I. 1H and 13C NMR Data of Sialyl Lewis X /S-OMe 

NeuAc Gal 

H C H C 

GIcNAc 

H C H 
Fuc 

C 
OMe 

H C 

CH3 

C = O 

1.79 
2.76 
3.69 
3.86 
3.65 

3.59 
3.90 
3.64 
3.87 

2.03 

173.5 
99.3 
39.4 

68.0 
51.3 
72.6 

67.7 
71.4 
62.2 

21.7 
174.7 

4.52 
3.52 
4.10 

3.93 
3.58 
3.69 

101.2 
68.9 
75.3 

66.9 
74.5 
61.1 

4.49 
3.89 
3.83 

3.93 
3.58 
4.03 
3.88 

2.01 

100.6 
55.5 
74.6 

73.0 
74.9 
59.3 

21.9 
173.8 

5.09 
3.68 
3.90 

3.78 
4.83 
1.16 

98.3 
67.3 
68.8 

71.5 
66.3 
14.9 

3.50 56.3 

P"0H FUC 

Figure 1. Solution structure of sialyl Le* determined by 2D NMR 
spectroscopy and MM2 calculations. <t> and <p are torsion angles, and 
double arrows indicate NOEs. 

spacial dispositions as a result of exo anomeric effect. NMR 
studies and hard sphere energy calculations have been used in the 
conformational analysis of human ABH and Lewis group de
terminants5'6 and several other oligosaccharides.7,8 It has been 
shown8 that in sialic acid-containing oligosaccharides, the aglycon 
attached to the sialic acid residue preferred to adopt an anti-
periplanar-like orientation to the anomeric carboxylate group, thus 
enabling an interresidual interaction to stabilize the conformation. 
Wormald et al. have also reported that the Lewis X determinant 
shows a relatively rigid conformation in aqueous media.9 

In the 1H NMR spectrum of sialyl Lex /3-OCH3, the majority 
of the ring protons fall within a narrow chemical shift range of 
3.5-4.0 ppm. The complete assignment of 1H and 13C resonances, 
based on DQF-COSY, TOCSY, HMQC, and HMBC NMR 
techniques,7 is listed in Table I. The signals for all anomeric 
hydrogens, C-6 methyl hydrogens of fucose, C-3 methylene hy
drogens of NeuAc, and especially H-2 of Gal residues were well 
resolved. Total correlation spectroscopy was therefore used to 
relay spin-spin information from these hydrogens within a py-
ranose ring to establish the assignment. Furthermore, since those 
well-resolved hydrogens are located around the fucoside and the 
sialoside linkages, these 1H signals could be used for clear iden
tification of the NOEs in rotating frame. 

Similar to what has been observed in LNFP IH,9 the NOESY 
spectrum of sialyl Le* shows very weak intraresidue and inter-
residue NOEs, indicating a correlation time of approximately l/w0. 

(6) For the study of sialyl Lea, see: Bechtel, B.; Wand, A. J.; Wroblewski, 
K.; Koprowski, H.; Thurin, J. J. Biol. Chem. 1990, 265, 2028. 

(7) Bock, K.; Josephson, S.; Bundle, D. R. J. Chem. Soc, Perkin Trans. 
2 1982, 59. Homans, S. W.; Mehlert, A.; Turco, S. J. Biochemistry 1992, 
31, 654. Kessler, H.; Matter, H.; Gemmecker, G.; Kling, A.; Kottenhahn, 
M. J. Am. Chem. Soc. 1991, 113, 7550. Pease, J. H. B.; Wemmer, D. E. 
Biochemistry 1988, 27, 8491. 

(8) Sabesan, S.; Duus, J. 0.; Fukunaga, T.; Bock, K.; Ludvigsen, S. J. Am. 
Chem. Soc. 1991, 113, 3236. 

(9) Wormald, M. R.; Edge, C. J.; Dwek, R. A. Biochem. Biophys. Res. 
Commun. 1991, 180, 1214. 

Thus, ROESY was used to obtain conformational information. 
To reduce the coherent transfer (HOHAHA) in ROESY spectra, 
the carrier frequency, field strength of the rotating frame spin 
lock irradiation, and the mixing time were carefully adjusted.10 

In such a ROESY spectrum, a number of interresidue ROEs as 
well as intraresidue ROEs are observed. The conformationally 
important ROEs other than those intraresidue ones are between 
NeuAcH-3ax and GalH-3 and between FucH-6 and GalH-2. 
Variations of the spin lock mixing time from 90 to 490 ms to cause 
the disappearance of the cross peak from coherence transfer 
confirm the proximity of these protons. 

An MM2 calculation based on the ROE distance constraints 
obtained from NMR as initial values was then carried out" to 
obtain stable conformations for comparison. The six glycosidic 
torsion angles, designated by <j> and \f/ and defined by the four 
atoms Hl-Cl-Ol-Cx' and by Cl-Ol-Cx'-Hx', respectively, for 
sialyl Le* were determined after energy minimization. The results 
are consistent with those observed in the ROESY spectrum. The 
close agreement between the conformation corresponding to the 
computed energy minimum with the NMR-derived conformation 
indicates the existence of a predominantly single conformer for 
sialyl Le*. Interestingly, the torsion angle between NeuNAc and 
Gal obtained from MM2 is +163°. The corresponding value for 
several other sialosides8 were in the range of-160 ± 10°. The 
MM2 calculations gave slightly higher energy (0.6 kcal/mol) for 
conformers with negative torsion angles. 

The very close packing (stacking) of the fucose and galactose 
residues is somewhat unusual. The experimental results are in 
good agreement with the results of Bush,12 who reported a single 
conformer for the blood group trisaccharide derivative Fuca-
(l-*2)[GalNAcal—3]Gal|8-OMe, and those of Dwek,9 who re
ported a single conformer for Lewis X. The interactions between 
the Gal and Fuc residues provide a very rigid structure with a 
well-defined hydrophilic surface on the top and hydrophobic 
surface in the bottom and a close proximity between the 2-OH 
of Fuc and the C=O of GIcNAc. With the availability of this 
three-dimensional geometry, we have begun to study the struc
ture-function relation of sialyl Le* via modification of the surface 

(10) Davis, D. G.; Bax, A. J. J. Am. Chem. Soc. 1986,107, 2820. Berg, 
J.; Kroon-Batenburg, L. M. J.; Strecker, G.; Montreuil, J.; Vliegenthart, J. 
F. G. Eur. J. Biochem. 1989, 178, 727. 

(11) Kajimoto, T.; Liu, K. K.-C; Pederson, R. L.; Zhong, Z.; Ichikawa, 
Y.; Porco, J. A., Jr.; Wong, C-H. J. Am. Chem. Soc. 1991, 113, 6187. 
French, A. D.; Tran, V. H.; Perez, S. In Computer Modeling of Carbohydrate 
Molecule; ACS Symposium Series 430; American Chmical Society: Wash
ington, DC, 1990; p 191. For the minimum-energy conformation of sialyl Le* 
predicted by modeling, see: Tyrrell, D.; James, P.; Rao, N.; Foxall, C; Abbas, 
S.; Pasgupta, F.; Nashed, M.; Hasegawa, A.; Kiso, M.; Asa, D.; Kibb, J.; 
Brandley, B. K. Proc. Natl. Acad. Sci. U.S.A. 1991, 88, 10372. Berg, E. L.; 
Robinson, M. K.; Mansson, O.; Butcher, E. C; Magnani, J. L. J. Biol. Chem. 
1991, 266, 14869. Using the GESA program (kindly provided by Dr. K. 
Bock), we observed four minimum energy conformers; the one close to the 
NMR results has the torsional angles (in deg) -17/-8, 54/9, and 48/24 for 
the NeuAc-Gal, GaI-GIcNAc, and Fuc-GlcNAc linkages. 

(12) Yan, Z. Y.; Bush, C. A. Biopolymers 1990, 29, 799. Cagas, P.; Bush, 
C. A. Biopolymers 1990, 30, 1123. 
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OH groups and to develop a new generation of sialyl Le* analogs 
and mimetics which may have better and more desirable biological 
activities. 
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Since the discovery, isolation, and characterization of C60 and 
other fullerenes,12 it has become evident that these compounds 
have a rich and multifaceted chemistry. There are already reports 
of the alkylation,3 halogenation,4 and epoxidation5 of C60 and 
reports of the addition of C(C6H5)2 across its double bonds,6 in 
addition to the preparation of organometallic derivatives.7 In 
none of these studies, however, has there been any suggestion of 
concatenation of fullerene molecules, i.e., "necklace" formation 
of R(C6o)nR- In the present communication we report the ex
istence of the prototype of such derivatives: dimers of the alkyl-C^ 
radical adducts, which were recently detected by electron spin 
resonance spectroscopy (ESR).8 

Alkyl radicals add rapidly and multiply to C60 to give products 
RnC60, which have been identified by mass spectrometry and, for 
odd n, by ESR spectroscopy.8'9 With a few notable exceptions 
(R = H, F, CH3), a number of monoalkyl radical adducts have 
been identified unequivocally by the proton and '3C hyperfine 
structure of their ESR spectra. 

A remarkable feature of the ESR spectra of the RC60 adducts 
was the dramatic increase in intensity of the spectrum with in
creasing temperature, in contrast to the usual decrease in intensity 
associated with the Curie law. With (CH3)3CC60 in benzene, for 
example, 1<M2 the spectral intensity increased by 1 order of 

1Du Pont No. 6223; NRCC No. 34192. 
(1) Kroto, H. W.; Allaf, A. W.; Balm, S. P. Chem, Rev. 1991, 91, 1213. 
(2) Curl, R. F.; Smalley, R. E. Science 1988, 242, 1017. 
(3) Bausch, J. W.; Surya Prakash, G. K.; Olah, G. A.; Tse, D. S.; Lorents, 

D. C; Bae, Y. K.; Malhotra, R. J. Am. Chem. Soc. 1991, 113, 3205. 
(4) (a) Selig, H.; Lifshitz, C; Peres, T.; Fischer, J. E.; McGhie, A. R.; 

Romanow, W. J.; McCauley, J. P., Jr.; Smith, A. B., Ill J. Am. Chem. Soc. 
1991, 113, 5475. (b) Olah, G. A.; Bucsi, I.; Lambert, C; Aniszfold, R.; 
Trivedi, N. J.; Sensharma, D. K.; Surya Prakash, G. K. J. Am. Chem. Soc. 
1991, 113, 9385. (c) Tebbe, F. N.; Becker, J. Y.; Chase, D. B.; Firment, L. 
E.; Holler, E. R.; Malone, B. S.; Krusic, P. J.; Wasserman, E. J. Am. Chem. 
Soc. 1991, H i , 9900. 

(5) (a) Wood, J. M.; Kahr, B.; Hoke, S. H., II; Dejarme, L.; Cooks, R. 
G.; Bon-Amotz, D. J. Am. Chem. Soc. 1991,113, 5907. (b) Creegan, K. M.; 
Robbins, J. L.; Robbins, W. K.; Millar, J. M.; Sherwood, R. D.; Tindall, P. 
J.; Cox, D. M.; Smith, A. B., Ill; McAuley, J. P., Jr.; Jones, D. R.; Gallagher, 
R. T. J. Am. Chem. Soc. 1992, 114, 1103. 

(6) Suzuki, T.; Li, Q.; Khemani, K. C; Wudl, F.; Almarsson, O. Science 
1991, 254, 1186. 

(7) (a) Hawkins, J. M.; Meyer, A.; Lewis, T. A.; Loren, S.; Hollander, F. 
J. Science 1991, 252, 312. (b) Fagan, P. J.; Calabrese, J. C; Malone, B. 
Science 1991, 252, 312. (c) Fagan, P. J.; Calabrese, J. C; Malone, B. J. Am. 
Chem. Soc. 1991, 113, 9408. 

(8) Morton, J. R.; Preston, K. F.; Krusic, P. J.; Hill, S. A.; Wasserman, 
E. J. Phys. Chem. 1992, 96, 3576. 

(9) (a) Krusic, P. J.; Wasserman, E.; Parkinson, B. A.; Malone, B.; Holler, 
E. R.; Keizer, P. N.; Morton, J. R.; Preston, K. F. J. Am. Chem. Soc. 1991, 
113, 6274. (b) Krusic, P. J.; Wasserman, E.; Keizer, P. N.; Morton, J. R.; 
Preston, K. F. Science 1991, 254, 1184. 

(10) Mixtures of C60 (ca. 90%) and C70 (ca. 10%) were purchased from 
Texas Fullerenes, Houston, TX. The components were separated chromato-
graphically using activated, neutral alumina (Aldrich) and hexane as the 
eluent (Taylor, R.; Hare, J. P.; Abdul-Sada, A. K.; Kroto, H. W. J. Chem. 
Soc, Chem. Commun. 1991, 1423). 
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Figure 1. Graphs of In (T X intensity) versus 1000/7 for the spectrum 
of (a) isopropyl-C60, (b) re«-butyl-C60, (c) l-adamantyl-CM, and (d) 
CCl3-C60 radicals. 

O 350 K 

O 320 K 

Relative Concentration 
Figure 2. Intensity, in arbitrary units, of the ESR spectrum of tert-bu-
tyl-C60 at 320 and 350 K as a function of relative concentration. The 
curves are a least-squares fit based on an R2 =̂* 2R equilibrium.14 

Table I. Isotropic g Factors, Proton Hyperfine Interactions (G), and 
Enthalpies of Dimerization (kcal/mol) of RC60 Radicals 

R 

(CH3)2CH 

(CH3)3C 
1-C10H15'' 

CCl3 

CBr3 

g factor 

2.00223 

2.00225 
2.00224 

2.003 41 
2.009 10 

HFI 

6H =0.15 
IH = 0.48 
9H = 0.17 
6H = 0.05 
3H = 0.26 

-Ai / 

35.5 

22.1 
21.5 

17.1 
17.0 

temp/K 

420-450° 

300-400*c 

300-4004'c 

250-310« 
300-375^ 

"UV photolysis of RBr in fert-butylbenzene." 'UV photolysis of 
RBr in benzene. CUV photolysis of di-terf-butyl peroxide + RH in 
benzene. ''l-Adamantyl. ' UV photolysis of CCl4 containing dissolved 
C60. -̂ UV photolysis of CBr4 dissolved in toluene/C60. 

magnitude as the temperature was raised from 300 to 350 K, and 
it decreased again as the temperature was lowered, disappearing 
at ca. 280 K. This cycle could be repeated several times without 
significant radical decay, although prolonged heating at 400 K 

(11) In a typical experiment, 1OML of /erf-butyl bromide was added to 175 
ML of a saturated (ca. 0.002 M) solution of C60 in benzene or rez-r-butylbenzene 
in a 4 mm i.d. Suprasil tube, using a glove box continuously flushed with dry 
N2 or Ar. The samples were then irradiated in the cavity of the ESR spec
trometer with the focused light of a 1000-W high-pressure Hg/Xe lamp 
(NRCC) or a 500-W Cermax xenon illuminator (Du Pont). The lamp outputs 
were filtered through an aqueous CoS04/NiS04 filter. The ESR spectrom
eters were either a Varian Associates E-102 (NRCC) or a Bruker ESP-300 
(Du Pont), both being equipped with the usual devices for readout of the 
temperature, microwave frequency, and magnetic field. 

(12) Excellent spectra were also obtained by irradiation of pivalaldehyde 
(10 ML), pivalaldehyde (10 ^L) and di-rerf-butyl peroxide (10 ^L), or di-
(err-butyl ketone (10 iiL) in saturated benzene solutions OfC60 (175 >iL, ca. 
0.002 M). Thermal methods consisted of heating at 330 K either /e«-butyl 
peroxypivalate (Lupersol 11) or azoisobutane and C60 in benzene in a 1; 1 
molar ratio. 
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