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Abstract: Reductive alkylation of cobinamide in zinc/acetic acid with ether 5'-deoxy-5'-iodoadenosine or 5'-bromo-5'-
deoxyadenosine has been found to produce a pair of diastereomeric 5'-deoxyadenosylcobinamides in which the deoxyadenosyl 
ligand is in the "upper" (or /S) axial ligand position (/S-AdoCbi) or in the "lower" (or a) axial ligand position (a-AdoCbi). 
Unlike the case with other alkyl halides, the ratio of product diastereomers has been found to depend on time, the halide leaving 
group, and the concentration of the 5'-deoxy-5'-haloadenosine. Thus, reductive alkylation with 5'-chloro-5'-deoxyadenosine 
gave only /3-AdoCbi. While the diastereomers of AdoCbi proved to be equally labile toward reductive dealkylation by zinc/acetic 
acid (as is the case for other pairs of a- and /3-RCbi's), a-AdoCbi was dealkylated rapidly by borohydride while the 0 diastereomer 
was stable. As a result, reductive adenosylation with borohydride as the reducing agent leads exclusively to /S-AdoCbi regardless 
of the alkylating agent. The a diastereomer of 5'-deoxyadenosylcobalamin (a-AdoCbl) has also been synthesized in zinc/phosphoric 
acid media. The novel a diastereomers of the 5'-deoxyadenosylcobalt corrinoids have been characterized by UV-visible 
spectroscopy, HPLC, and FAB-MS. In addition, the 1H and 13C NMR spectra of both diastereomers have been completely 
assigned using a combination of homonuclear (COSY, ROESY, and HOHAHA) and inverse detected heteronuclear (HMQC 
and HMBC) 2-D NMR methodologies. These assignments permit the first comparison of the NMR spectra of pairs of 
diastereomeric alkylcobalt corrinoids as the 1H and 13C NMR spectra of/S-AdoCbi and base-off/S-AdoCbl have previously 
been assigned by others. Significant differences in chemical shift between the pairs of diastereomers at peripheral corrin substituents 
are most likely attributable to differences in the a- and /S-face environments in the absence or presence of a 5'-deoxyadenosyl 
moiety at that face. However, the largest chemical shift differences occur in the corrin ring and suggest that the diastereomeric 
5'-deoxyadenosylcobalt corrinoids may have significantly 

Introduction 
It is generally accepted that the a face of the corrin ring is 

sterically more hindered, with its downward projecting b, d, and 
e propionamides and the secondary amide /s ide chain, than the 
/3 face, which has only three upwardly projecting a, c, and g 
acetamide side chains. Recent work has shown, however, that 
a-alkylcobalt corrinoids (Figure I),1 where alkyl = 2-oxo-l,3-
dioxolan-4-yl, CH3, CH3CH2, CF2H, CF3, NCCH2, CF3CH2, and 
ROCH2CH2,

2"5 can be obtained from reductive alkylation of cobalt 
corrinoids with alkyl halides in yields of 2% to 83%, and that the 
a diastereomer can represent anywhere from 3-4% to 98% of the 
organocobalt corrinoid product.4'5 However, a diastereomers of 
alkylcobalt corrinoids with bulky alkyl groups have not been 
reported, and reductive alkylation of factor B6 with benzyl bromide 
or neopentyl iodide has failed to produce any detectable a-al-
kylcobinamides.1'7 In addition, although the partial chemical 
synthesis of the coenzyme form of vitamin B12 (5'-deoxy-
adenosylcobalamin, AdoCbi1) was first reported some 30 years 
ago,8,9 it remains unclear if a//S diastereomerism can occur in 

(1) In a-alkylcobalt corrinoids, the organic ligand occupies the "lower" 
axial ligand position, while in -̂alkylcobalt corrinoids, the organic ligand is 
in the "upper" position. Cobinamides are derivatives of cobalamin in which 
the axial nucleotide has been removed by phosphodiester hydrolysis. See 
Figure 1 for structures. Abbreviations: (H20)2Cbi, diaquacob(III)inamide; 
a-RCbi, a-alkylcob(III)inamide; /3-RCbi, J3-alkylcob(III)inamide; /3-RCbl, 
(S-alkylcob(III)alamin; a-RCbl, a-alkylcob(III)alamin; Ado, 5'-deoxy-
adenosine; H2OCbI, aquacob(III)alamin; CNCbI, cyanocob(III)alamin; 
HMPA, hexamethylphosphoramide. 

(2) Alelyunas, Y. W.; Fleming, P. E.; Finke, R. G.; Pagano, T. G.; Marzilli, 
L. G. J. Am. Chem. Soc. 1991, 113, 3781. 

(3) Brown, K. L.; Evans, D. R. Inorg. Chem. 1990, 29, 2559. 
(4) Brown, K. L.; Zou, X.; Salmon, L. Inorg. Chem. 1991, 30, 1949. 
(5) Brown, K. L.; Salmon, L. and Kirby, J. A. Organometailics 1992,11, 

422. 
(6) Factor B is a mixture of the diastereomeric cyanoaquocobinamides, 

a-CN-/3-(H20)Cbi and a-H20-/3-(CN)Cbi. 
(7) Brown, K. L.; Brooks, H. B. Inorg. Chem. 1991, 30, 3420. 
(8) (a) Smith, E. L.; Mervyn, L.; Johnson, A. W.; Shaw, N. Nature 

(London) 1962,194, 1175. (b) Smith, E. L.; Mervyn, L.; Muggleton, P. W.; 
Johnson, A. W.; Shaw, N. Ann. N.Y. Acad. Sci. 1964, 112, 565. 

different corrin ring conformations. 
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Figure 1. (A) Structure of a base-on 0-alkylcobalamin (/3-RCbI); (B) 
structure of an a-alkylcobalamin (a-RCbl); (C) structure of a /5-alkyl-
cobinamide (/3-RCbi); (D) structure of an a-alkylcobinamide (a-RCbi). 
In the base-off structure of a /S-RCbI, the dimethylbenzimidazole nu
cleotide is not coordinated and is protonated. 

5'-deoxyadenosylcobalt corrinoids. 
While the mechanisms that control the ratio of a and /S dia

stereomers formed during reductive alkylation of cobalt corrinoids 
are still not clear,2"4'10 the synthesis of /8-AdoCbl has been reported 

(9) (a) Bernhauer, K.; Muller, 0.; Muller, G. Biochem. Z. 1962, 336, 102. 
(b) Muller, O.; Muller, G. Ibid. 1962, 336, 299. (c) Muller, O.; Bernhauer, 
K. Ann. N.Y. Acad. Sci. 1964, 112, 575. 
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by reductive alkylation of aquocobalamin8"'911-19 or cyano-
cobalamin,20-24 using NaBH4,

8"-11'12'14-21 zinc/acid,8b zinc/ 
NH4Cl,22-24 or thiol13 reductants, and 2',3'-hydroxyl-protected 
5'-tosylaclenosine,8a'n"16'21 unprotected 5'-tosyladenosine,17 5'-
chloro-5'-deoxyadenosine,18'20"24 or 5'-deoxy-5'-iodoadenosine19 

as alkylating agent. In every instance, no formation of a-AdoCbl 
has been reported, although it must be pointed out that prior to 
routine use of HPLC for analysis of such reaction mixtures, the 
formation of an a diastereomer in such reactions could easily have 
been overlooked. Similarly, the synthesis of /3-AdoCbi has been 
reported by reductive alkylation of (H2O)2CW25 or factor B,6-24-2"7 

using 5'-tosyladenosine,25 2',3'-isopropylidene-5'-tosyladenosine,26 

or S'-chloro-S'-deoxyadenosine24 as alkylating agent, and via direct 
hydrolysis of the phosphodiester of /S- AdoCbl catalyzed by cerous 
hydroxide.28 Again, formation of the a diastereomer has not been 
reported. More recently, the complete 1H and 13C assignments 
of /S-AdoCbl, in both the base-on29" and base-off2911 forms, and 
/S-AdoCbi,30 produced by phosphodiester hydrolysis of/3-AdoCbl 
and hence of defined stereochemistry, have been reported. The 
X-ray crystal31"* and neutron diffraction310 structures of /8-AdoCbl 
have also been determined. Hence, the /9 diastereomers of these 
compounds are both well known and well characterized. 

In light of our recent observations regarding the stereoisomers 
outcome of reductive alkylation of factor B and H2OCbI,3'4'32 and 
the interconversion of a- and /3-RCbi's upon anaerobic photolysis,10 

we have reexamined the reductive alkylation of these species with 
5'-deoxy-5'-haloadenosine alkylating agents and the anaerobic 
photolysis of 5'-deoxyadenosylcobalt corrinoids. We now report 
the first successful synthesis of the a diastereomers of 5'-deoxy-
adenosylcobinamide and 5'-deoxyadenosylcobalamin, and the 
characterization of these complexes including the complete as
signment of their 1H and 13C NMR spectra. To our knowledge, 
a-AdoCbi and a-AdoCbl represent the first example of formation 

(10) (a) Zou, X.; Brown, K. L.; Vaughn, C. Inorg. Chem. 1992, 31, 1552. 
(b) Brown, K. L.; Zou, X. Inorg. Chem. 1992, 31, 2541. 

(U) Johnson, A. W.; Mervyn, L.; Shaw, N.; Smith, E. L. J. Chem. Soc. 
1963, 4146. 

(12) Hogenkamp, H. P. C; Pailes, W. H. Biochem. Prep. 1968,12, 124. 
(13) Murakami, M.; Takashashi, K.; Iwamoto, H.; Matsumoto, J. Jap. 

Patent 71 08,862, 1971; Chem. Abstr. 75, 49514h. 
(14) Morley, C. G. D.; Blakley, R. L. Biochemistry 1967, 6, 88. 
(15) (a) Hogenkamp, H. P. Cj Pailes, W. H.; Brownson, C. Methods 

Enzymol. 1971, 18(C), 57. (b) Walker, T. E.; Hogenkcamp, H. P. C; 
Needham, T. E.; Matwiyoff, N. A. Biochemistry 1974, 13, 2650. 

(16) (a) Schmidt, R. R.; Huennekens, F. M. Arch. Biochem. Biophys. 
1967,118, 253. (b) Morley, C. G. D.; Hogenkamp, H. P. C. Ibid. 1968,123, 
207. 

(17) Yurkevich, A. M.; Rudakova, I. P.; Pospelova, T. A. Zh. Obshch. 
Khim. 1969, 39, 425. 

(18) Hogenkamp, H. P. C Biochemistry 1974, 13, 1974. 
(19) Murakami, M.; Takashashi, K.; Murase, K. J. Jap. Patent 70 30,336, 

1970; Chem. Abstr. 74, 31942r. 
(20) Katada, M.; Tyagi, S.; Nath, A.; Peterson, R.; Gupta, R. K. Biochim. 

Biophys. Acta 1979, 584, 149. 
(21) Gaudemer, A.; Zylber, J.; Zylber, N.; Baram-Marsyac, M.; Hull, W. 

E.; Fountoulakis, M.; Konig, A.; Wolfle, K.; Retey, J. Eur. J. Biochem. 1981, 
119, 279. 

(22) Jacobsen, D. W.; Holland, R. J.; Montejano, Y. D.; Huennekens, F. 
M. J. Inorg. Biochem. 1979, 10, 53. 

(23) Jacobsen, D. W. Methods Enzymol. 1980, 67F, 12. 
(24) Jacobsen, D. W.; Green, R.; Brown, K. L. Methods Enzymol. 1986, 

123, 14. 
(25) Law, P. Y.; Brown, D. G.; Lien, E. L.; Babior, B. M.; Wood, J. M. 

Biochemistry 1971, 10, 3428. 
(26) Muller, O.; Muller, G. Biochem. Z. 1963, 337, 179. 
(27) Zagalak, B.; Paweeiewicz, J. Acta Biochim. Pol. 1964, 11, 49. 
(28) (a) Muller, K.; Muller, O. Biochem. Z. 1961, 335, 44. (b) Hay, B. 

P.; Finke, R. G. /. Am. Chem. Soc. 1987, 109, 8012. 
(29) (a) Summers, M. F.; Marzilli, L. G.; Bax, A. J. Am. Chem. Soc. 

1986,108, 4285. (b) Bax, A.; Marzilli, L. G.; Summers, M. F. /. Am. Chem. 
Soc. 1987, 109, 566. 

(30) Pagano, T. G.; Yohannes, P. G.; Hay, B. P.; Scott, J. R.; Finke, R. 
G.; Marzilli, L. G. J. Am. Chem. Soc. 1989, / / / , 1484. 

(31) (a) Lenhert, P. G.; Hodgkin, D. C. Nature (London) 1961,192, 937. 
(b) Lenhert, P. G. Proc. R. Soc. London, Sect. A 1968, 303, 45. (c) Savage, 
H. F. J.; Lindely, P. F.; Finney, J. L.; Timmins, P. A. Acta Crystallogr. 1987, 
B43, 280. 

(32) Brown, K. L.; Zou, X. Inorg. Chem. 1991, 30, 4185. 

of stable a-alkylcobalt corrinoids with bulky organic alkyl ligands. 

Experimental Section 
CNCbI was from Sigma, H2OCbI-OAc was from Roussell, and 5'-

deoxy-5'-iodoadenosine, iodo-, bromo-, and chloroacetonitriles, and 
thionyl chloride and thionyl bromide were from Aldrich. 5'-Chloro-5'-
deoxyadenosine was prepared from adenosine and thionyl chloride by the 
method of Kikugawa33 (yield, 90%) and was identical with commercial 
product (Sigma). 1H NMR (DMSO-J6), S (TSP) 3.88 (C5'HA, Jv.yK 
= 6.4 Hz), 3.98 (C5'HB, Jv.sv = 5.0 Hz, /5.A.5.B = 11.6 Hz), 4.12 (C4'H, 
/3M. = 3.8 Hz), 4.26 (C3'H, Jr.y = 4.8 Hz), 4.79 (C2'H, Jv.r = 5.6 Hz), 
5.49 (C3'OH, /3..3.0H = 3.4 Hz), 5.63 (C2'OH, Jr.r0ii = 4.3 Hz), 5.97 
(Cl'H), 7.35 (NH2), 8.18 (C2H), 8.37 (C8H). 13C NMR (DMSO-J6) 
S (TSP) 44.82 (C5'), 71.26 (C3'), 72.65 (C2'), 83.65 (C4'), 87.44 (Cl'), 
119.12 (C5), 139.74 (C8), 149.43 (C4), 152.72 (C2), 156.08 (C6). MS, 
m/e 285.1 (15.5%, M+), 250.1 (31.2%, M+ - Cl), 164.1 (100%, M+ -
C4H6O2Cl), 135.1 (98.9%, M+ - C5H6O2Cl). The 13C NMR spectrum 
was in excellent agreement with the literature.34 5'-Bromo-5'-deoxy-
adenosine was synthesized analogously, using thionyl bromide. After 
purification by ion exchange chromatography,33 the product could not 
be crystallized. It was purified by flash chromatography on Amberlite 
XAD, eluting with 50% aqueous acetonitrile after thorough water 
washing and isolated as an oil (yield, 15%). 1H NMR, (DMSO-J6), S 
(TSP) 3.74 (C5'HA, Jr.yA = 6.7 Hz), 3.87 (C5'HB, J4,.yB = 5.0 Hz, 
• W B = 10-6 Hz), 4.15 (C4'H, J1.* = 3.1 Hz), 4.27 (C3'H, Jr.y = 4.9 
Hz), 4.81 (C2'H, Jr.r = 5.4 Hz), 5.67 (C3'OH), 5.82 (C2'OH), 5.98 
(Cl'H), 7.38 (NH2), 8.20 (C2H), 8.41 (C8H). 13C NMR (DMSO-J6), 
S (TSP) 33.96 (C5'), 72.23 (C3'), 72.91 (C2'), 83.67 (C4'), 87.71 (Cl'), 
119.24 (C5), 139.99 (C8), 149.52 (C4), 152.77 (C2), 156.17 (C6). 
Factor B6 was prepared by a modification35 of the method of Renz.36 

Alkylcobalt corrinoids were prepared by reductive alkylation with ap
propriate 5'-deoxy-5'-haloadenosine in zinc/acetic acid or zinc/5% 
H3PO4 as described previously,3-5 and the diastereomers were separated 
by semipreparative HPLC.4'524 The progress of alkylation reactions was 
followed by analytical HPLC. Reaction products were quantitated by 
integration of the chromatograms obtained by UV detection at 350 nm 
after correction for differing molar absorptivities as described previous
ly.4'5 

UV-visible spectra were obtained on a Cary 219 recording spectro
photometer using samples purified by semipreparative HPLC. Alkyl
cobalt corrinoids were quantitated by UV-visible spectroscopy after 
conversion to the dicyano species (e36g = 3.04 X 104 M-1 cm-1)37 by 
aerobic photolysis in excess KCN. Anaerobic photolysis of organocobalt 
corrinoids was carried out in a cylindric quartz cell equipped with a water 
circulation jacket and thermostatted at 25.0 ±0.1 0C by a circulating 
water bath. The light source was a low-level 3-V tungsten lamp as 
described previously.10 

a-AdoCbi. Since the a//5 isomeric ratio of the alkyl products varies 
with alkylation time as well as the alkylating agent (see discussion below), 
different strategies were used in the synthetic reaction, depending on 
which isomer was desired. The following synthetic conditions gave the 
maximum yield of a-AdoCbi. 

Factor B (10 mg, 9.7 ^mol) in 10 mL of 10% acetic acid was purged 
with argon for 1 h. Zinc wool (0.01 mol), briefly freshened with 2.0 N 
HCl, was added, and the reduction was allowed to proceed for 30 min. 
5'-Deoxy-5'-iodoadenosine (10 mg, 30 Mmol), which had been previously 
degased in 10 mL of methanol, was introduced through a cannula into 
the reaction mixture. The alkylation reaction was allowed to proceed for 
4 min and was quenched by removal of the zinc residue by filtration. The 
crude reaction mixture, which contained ~31% a-AdoCbi, 39% /S-
AdoCbi, and 26% unalkylated corrinoids by HPLC, was desalted by 
chromatography on Amberlite XAD-2,35 and the isomeric AdoCbi's were 
separated by semipreparative HPLC. In three separate preparations, the 
average recovered yields were 3.5 mg of /3-AdoCbi (2.8 Mmol, 35 ± 5%) 
and 3.6 mg of a-AdoCbi (2.9 Mmol, 36 ± 5%). 

/3-AdoCbi. For the maximum yield of 0-AdoCbi, the procedure was 
similar to that described above except that 33 mg (97 Mmol) of 5'-
deoxy-5'-iodoadenosine was used, and the alkylation was allowed to 
continue for 30 min. After separation by HPLC, the recovered yields 

(33) Kikugawa, K.; Ichino, M. Tetrahedron Lett. 1971, 87. 
(34) (a) Looze, Y.; Gillet, L.; Deconinck, M.; Leonis, J. Anal. Lett. 1980, 

13, 871. (b) Robins, M. J.; Hansske, F.; Wnuk, S. F.; Kanai, T. Can. J. Chem. 
1991, 69, 1468. 

(35) Brown, K. L.; Hakimi, J. M.; Nuss, D. M.; Montejano, Y. D.; Ja
cobsen, D. W. Inorg. Chem. 1984, 23, 1463. 

(36) Renz, P. Methods Enzymol. 1971, 18, 82. 
(37) Barker, H. A.; Smyth, R. D.; Weissbach, H.; Toohey, J. I.; Ladd, J. 

N.; Volcani, B. E. J. Biol. Chem. 1960, 235, 480. The molar absorptivity of 
(CN)2Cbi is assumed to be the same as that of (CN)2CbI at 368 nm. 
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were 80% 0-AdoCbi and 10% a-AdoCbi (90% total yield). 
a-AdoCbl. The adenosylation of aquocobalamin was much slower 

than that of factor B. The procedure used was similar to that described 
above for a-AdoCbi except that 5% H3PO4 was used in place of 10% 
acetic acid as the reaction media,4'5 and the alkylation was allowed to 
proceed for 60 min. In two separate preparations, the average total 
recovered yield of AdoCbl's was 44%, with 23% a-AdoCbi and 21% 
/S-AdoCbl. 

FAB-MS was performed on a Kratos MS80 RFA mass spectrometer 
with an Ion Tech FAB 11 NF FAB source using 5-6-kV argon bom
bardment and a m-nitrobenzyl alcohol matrix.38 

One-dimensional 1H and 13C NMR spectra of the 5'-deoxyadenosyl-
cobalt corrinoids were obtained in D2O on a GE QE 300 NMR spec
trometer operating at 300.669 MHz and 75.61 MHz, respectively, with 
TSP as an internal reference. Two-dimensional NMR experiments were 
performed on a Broker AMX 300 NMR spectrometer equipped with a 
S-mm inverse detection probe. Exchangeable protons were deuterated 
by dissolving the complex in 99.9% D2O and evaporating to dryness three 
times. The residue was dissolved in "100%" D2O (Aldrich) to provide 
a final concentration of 10 to 30 mM. For the homonuclear /-correlated 
experiment (COSY),39 data were collected into a 1024 X 512 data matrix 
with 128 scans, preceded by 4 dummy scans, per tx value, and a 1-s 
presaturation delay between scans. Data were collected over a 3164-Hz 
sweep width in both dimensions and processed a 90 s shifted sine-squared 
apodization function. The HOHAHA spectra40 resulted from a 1024 X 
256 data matrix with 128 scans, preceded by 2 dummy scans, per I1 value 
and a 1-s presaturation delay between scans. The sweep width was 3164 
Hz in both dimensions, the mixing time was 70 ms, and the data were 
processed with a 90 s shifted sine-squared apodization function. The 
spin-locked NOE (or rotating-frame Overhauser enhancement spec
troscopy, ROESY)41 experiments utilized a 1024 X 256 data matrix, 256 
scans, preceded by 2 dummy scans, per I1 value, and a 1-s presaturation 
delay between scans. The sweep width was 3164 Hz in both dimensions 
and the mixing time was 200 ms. The data were processed with a 90° 
shifted sine-squared apodization function. The spectra were plotted in 
two colors to permit distinction of positive contours (direct NOEs) from 
negative contours (relayed NOEs and/or Hartmann-Hahn artifacts). 
For the 'H-detected heteronuclear multiple-quantum coherence 
(HMQC)42 experiments, data were collected into a 1024 X 256 data 
matrix using 128 scans, preceded by 4 dummy scans, per tx value and a 
500-ms presaturation delay. The sweep widths were 3164 Hz in the 1H 
dimension and 22642.5 Hz in the 13C dimension. The data were pro
cessed using Gaussian line broadening of -5 Hz. The 'H-detected 
multiple-bond heteronuclear multiple-quantum coherence (HMBC)29"'43 

spectra resulted from a 1024 X 512 data matrix with 256 scans, preceded 
by 4 dummy scans, per f, value and a 500-ms presaturation delay be
tween scans. The 1H sweep width was 3164 Hz and the 13C sweep width 
was 22 642.5 Hz. A 50-ms delay was used for the evolution of long-range 
coupling and the data were processed with Gaussian line broadening of 
-5 Hz. 

Results and Discussion 
Synthesis of Adenosylcobalt Corrinoids. The synthetic strategies 

for AdoCbi fall into two major categories: (1) direct hydrolysis 
of /3-AdoCbl with cerous hydroxide to remove the 5',6'-di-
methylbenzimidazole nucleotide,28 and (2) reductive alkylation 
of factor B, or (H2O)2CW, using 5'-tosyladenosine, with or without 
the 2',3'-hydroxyl protection, or 5'-deoxy-5'-haloadenosines, as 
alkylating reagents.2*"27 In both cases, /3-AdoCbi has been reported 
to be the sole product.24"28 The first method, which starts from 
/5-AdoCbl, necessarily produces an AdoCbi product of known 
stereochemistry (i.e., /3-AdoCbi). However, reductive alkylation 
of factor B or (H2O)2CW clearly has the potential to produce both 

(38) (a) Meili, J.; Seibl, / . Org. Mass Spectrom. 1984,21,793. (b) Shapr, 
T. R.; Santander, P. J.; Scott, A. I. Tetrahedron Lett. 1990, 43, 6133. 

(39) (a) Aue, W. P.; Bertholdi,; E. Ernst, R. R. / . Chem. Phys. 1976,64, 
1119. (b) Bax, A.; Freeman, R. / . Magn. Reson. 1981, 42, 542. (c) Ranee, 
M.; Sorenson, O. W.; Bodenhausen, G.; Wagner, G.; Ernst, R. R.; Wttthrich, 
K. Biochem. Biophys. Res. Commun. 1983, 117, 479. 

(40) (a) Braunschweiler, L.; Ernst, R. R. J. Magn. Reson. 1983, 53, 521. 
(b) Davis, D. G.; Bax, A. /. Am. Chem. Soc. 1985,107, 2820, 7197. (c) Bax, 
A.; Davis, D. G. J. Magn. Reson. 1985, 65, 355. 

(41) (a) Bothner-By, A. A.; Stephens, R. L.; Lee, J.; Warren, C. D.; 
Jeanloz, R. W. / . Am. Chem. Soc. 1984, 106, 811. (b) Bax, A.; Davis, D. 
G. / . Magn. Reson. 1985, 63, 207. 

(42) (a) Muller, L. / . Am. Chem. Soc. 1979, 101, 4487. (b) Bax, A.; 
Griffey, R. G; Hawkins, B. L. / . Am. Chem. Soc. 1983, 105, 7188. (c) 
Bendell, M. R.; Pegg, D. T.; Doddrell, D. M. / . Magn. Reson. 1983,52, 81. 
(d) Bax, A.; Subramanian, S. J. Magn. Reson. 1986, 67, 565. 

(43) Bax, A.; Summers, M. F. J. Am. Chem. Soc. 1986, 108, 2093. 
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Figure 2. (A) Electronic spectra of the 5'-deoxyadenosylcobinamides in 
0.2 M potassium phosphate buffer (pH 7.0): dashed line, a-AdoCbi; 
solid line, /3-AdoCbi. (B) Electronic spectra of /S-5'-deoxyadenosyl-
cobalamin: solid line, base-off 0-AdoCbl in 0.5 M HCl; dashed line, 
base-on 0-AdoCbl in 0.2 M potassium phosphate buffer (pH 7.0). (C) 
Electronic spectra of a-5'-deoxyadenosylcobalamin: solid line, a-AdoCbl 
in 0.5 M HCl; dashed line, a-AdoCbl in 0.2 M potassium phosphate 
buffer (pH 7.0). 

diastereomers of AdoCbi.3"5 Work reported in the earlier liter
ature,25"27 prior to the widespread use of HPLC as an analytical 
tool in this area, could easily have missed the formation of minor 
amounts of a-AdoCbi. As alkylating agents, the 5'-deoxy-5'-
halonucleosides are clearly most convenient since they do not 
require the extra protecting and deprotecting steps used for 
2',3'-hydroxyls of 5'-tosyladenosine, and thus avoid reaction 
conditions which may be unintended consequences elsewhere in 
the product. 

Jacobsen et al.24 have reported obtaining a single diastereomer 
of AdoCbi (by HPLC analysis), upon reductive alkylation of factor 
B with 5'-chloro-5'-deoxyadenosine. When we used 5'-chloro-
S'-deoxyadenosine in 100- to 300-fold excess as an alkylating agent 
in Zn/acetic acid-methanol, a 70% yield of alkylated product and 
a single diastereomer was obtained, as determined by HPLC. This 
product could be definitely assigned as the /3-diastereomer, since 
its 1H and 13C N M R spectra were identical with the published 
spectra of authentic /3-AdoCbi, obtained by cerous hydroxide-
catalyzed phosphodiester linkage hydrolysis of /3-AdoCbl.28 In 
contrast, when 5'-deoxy-5'-iodoadenosine was used as the al
kylating agent in Zn/acetic acid, two product peaks appeared in 
the HPLC chromatogram. One of them, on the bases of its 
UV-visible absorption spectrum,281H and 13C N M R spectra,30 

and F A B - M S (m/e = 1240.0 obs, 1240.4 calc44) was the pre
viously known /S-AdoCbi. The second peak, which was eluted 
slightly earlier, had a visible spectrum red shifted from that of 
/3-AdoCbi by 17 nm at the longest wavelength visible band (the 
a band), and had the typical strong absorption band at 263 nm 

(44) As previously observed,3,W8b the parent ion in positive ion FAB-MS 
of cationic RCbi's is pentacoordinate (i.e., m/e • M+-H2O). However, the 
parent ion for the zwitterionic RCbi's contains a proton from the matrix and 
thus occurs at m/e = MH+ for (3-RCbl's. For o-RCbl's, which presumably 
have water coordinated at the /3 position, the parent ion is again penta
coordinate and occurs at MH+-H3O. 
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Figure 3. 
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, the fraction of total cobinamide species as a 
AdoCbi (O), 0-AdoCbi (A), or as non-alkylated cobinamide (•), versus 
time for the alkylation of factor B in Zn/acetic acid with a 2-fold molar 
excess (A), a 5-fold molar excess (B), and a 30-fold molar excess (C) of 
5'-deoxy-5'-iodoadenosine. 

due to the adenosine nucleoside (X (log«) 474 (4.02), 32: '4.28), 
304 (4.29), 263 (4.52); Figure 2A). The red shift of the a band 
is characterized of the a-RCbi's and has become diagnostic of 
the stereochemistry.3"5 A FAB mass spectrum of the new material 
had a parent ion at m/e = 1240.2 (calc 1240.444), thus confirming 
the isomeric relationship between the products. After further 
characterization by 1H and 13C NMR (see below), we conclude 
that this new compound is a-AdoCbi. 

A closer study of the product composition of the reductive 
akylation of factor B (0.64 mM) with 5'-deoxy-5'-iodoadenosine 
at various concentrations in Zn/acetic acid-methanol showed that 
the ratio of the two diastereomers was time dependent (Figure 
3), at least when the alkylating agent was employed at relative 
high excess. In the presence of a 2:1 molar excess of 5'-deoxy-
5'-iodoadenosine, adenosylated products accumulated rapidly and 
reached a maximum at about 30 s, at which time the net yield 
of AdoCbi's was 54% with essentially equal amounts of each 
diastereomer (Figure 3A). Thereafter, the concentration of both 
diastereomers declined steadily until there were no adenosylated 
products (at about 15 min), apparently the result of reductive 
dealkylation by the Zn/acetic acid reducing agent (vide infra). 
When the alkylating agent was employed in a 5:1 molar excess 
(Figure 3B), the total yield of adenosylated products increased 
over the first 3-4 min, but the ratio of diastereomers steady 
changed from 46:54 (a:/3) to 38:42. Thereafter, both the total 
yield of products (>95%) and the ct/p ratio remained constant 
for the duration of the experiment (18 min). When the alkylating 
agent was employed in a significantly larger molar excess (30:1), 
the outcome was substantially different (Figure 3C). The yield 
of a-AdoCbi increased to a maximum (29%) over the first 1.5 
min, but then steadily declined to 11%. In contrast, the yield of 
/3-AdoCbi increased monotonically to 86%. Thus, while the total 
yield of adenosylated products was nearly quantitative (>95%) 
at O 10 min, the ratio of diastereomers was only 11:89 (a:/3). 
The best yield of a-AdoCbi was thus obtained using 5'-deoxy-
5'-iodoadenosine at a 3:1 molar excess over factor B and termi
nating the alkylation reaction after 4-5 min as described in the 
Experimental Section. 

The stark difference in the outcome of the alkylation of reduced 
cobinamide with 5'-chloro-5'-deoxyadenosine and with 5'-
deoxy-5'-iodoadenosine prompted us to examine the reductive 
alkylation of factor B with 5'-bromo-5'-deoxyadenosine. In this 
case, the outcome was very similar to that with 5'-deoxy-5'-
iodoadenosine, except that the rate of accumulation of adenosy
lated products was somewhat slower (data not shown). At a low 
molar excess of alkylating agent (3:1), the maximum yield of 
adenosylated products (42.5%) was achieved in about 2 min, but 
the ratio of diastereomers was 56:44 (a:/3). Thereafter, the yield 
of both diastereomers declined to zero by 20 min. When 5'-
bromo-5'-deoxyadenosine was employed in a 25:1 molar excess, 
a-AdoCbi reached a maximum yield (36%) at 2.5 min, but steadily 
declined thereafter to 9%. The yield of /3-AdoCbi steady increased 
to 87% at 12 min. Thereafter, the total yield and diastereomeric 
ratio remained constant for the duration of the experiment (20 
min) at 96% and 9:91, respectively. 

These differences in the outcome of the reductive alkylation 
of factor B with different 5'-deoxy-5'-haloadenosines suggest that 
the halide leaving group may play a role in determining the product 
stereochemistry, a possibility not appreciated in earlier work. In 
order to determine if the stereoisomeric outcome of reductive 
alkylation of factor B with alkyl halides in general is affected by 
the halide of the alkylating agent, the synthesis of the diaste
reomeric NCCH2CWs (previously reported using only NCCH2Br 
as the alkylating agent4) was repeated using NCCH2I, NCCH2Br, 
and NCCH2Cl as alkylating agents. The ratio of diastereomers 
obtained from each of these alkylating agents was found to be 
time independent, and was the same for all three halides, i.e., a/j8 
= 73:27, essential identical with the results previously obtained 
with NCCH2Br.4 Thus, the halide of the alkylating agent does 
not affect the diastereomeric outcome of this reductive alkylation, 
although the net rate of alkylation increased significantly in the 
order of C K Br < I. 

Organocobalt corrinoids are well known to be labile toward 
reductive dealkylation,3'32'45-50 apparently due to homolysis of the 
Co-C bond of the one-electron-reduced RCo11' species. Thus, 
turnover of the alkylated products due to reductive dealkylation 
causes reductive alkylation reaction mixtures to achieve a steady 
state in products when there is a sufficient excess of alkylating 
agent. The stereoisomeric outcome of such reductive alkylations 
could, in principle, be affected by differential lability of the di
astereomers toward reductive dealkylation. We have previously 
shown32 that for diastereomeric a- and /3-RCbi's (R = CF3, 
CF3CH2, and NCCH2), the rate of reductive dealkylation of each 
member of a pair of diastereomers by Zn/acetic acid was identical, 
apparently limited by the rate of diffusion to the reductant surface. 
The data in Figure 3A suggest that the same is true of the dia
stereomeric AdoCbi's. In order to be certain that differential 
lability toward reductive dealkylation does not influence the ratio 
of diastereomers in the reductive adenosylation of factor B, a-
and /3-AdoCbi were treated independently, and together, with 
Zn/10% acetic acid. In each case the rates of dealkylation of the 
two diastereomers were the same, consistent with our earlier results 
with other pairs of diastereomers. However, when the diaste
reomeric AdoCbi's were treated with a modest excess of NaBH4, 
/?-AdoCbi proved to be stable, while a-AdoCbi was rapidly de-
alkylated. Consistent with this observation, reductive alkylation 
of factor B with 5'-deoxy-5'-iodoadenosine using NaBH4 as a 
reductant produced only 0-AdoCbi. Thus, earlier reports of the 
synthesis of AdoCbi in which NaBH4 was the reductant or 5'-

(45) Rubinson, K. A.; Itabashi, E.; Mark, H. B. Inorg. Chem. 1982, 21, 
3571. 

(46) Kim, M.-H., Birke, R. L. J. Electroanal Chem. Interfacial Electro-
chem. 1983, 144, 331. 

(47) (a) Lexa, D.; Saveant, J. M. J. Am. Chem. Soc. 1978,100, 3220. (b) 
Lexa, D.;Saveant, J. M. Ace. Chem. Res. 1983, 6, 235. 

(48) Zhou, D.-L.; Tinembart, O.; Scheffold, R.; Walder, L. HeIv. CMm. 
Acta 1990, 73, 2225. 

(49) Shepherd, R. E.; Zhang, S.; Dowd, P.; Choi, G.; WiIk, B.; Choi, S.-C. 
Inorg. Chim. Acta 1990, 174, 249. 

(50) Brown, K. L.; Zou, X.; Richardson, M.; Henry, W. P. Inorg. Chem. 
1991, 30, 4834. 
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chloro-5'-deoxyadenosine was the alkylating agent most likely 
produced only the /S diastereomer. 

It thus remains unclear why the stereoisomeric outcome of the 
reductive adenosylation of factor B with 5'-deoxy-5'-haloadenosines 
varies with the halide leaving group, the alkylation time, and with 
the concentration of the alkylating agent. None of these phe
nomena has been observed in other reductive alkylations of factor 
B. However, it also remains unclear exactly what controls the 
stereochemistry in such reactions in general. Recent results1011 

have suggested that the diastereomeric products of the reductive 
alkylation of factor B are under neither kinetic nor thermodynamic 
control. If this is the case, some reaction must occur under 
reductive alkylation conditions which interconverts the diaste-
reomers but fails to come to equilibrium. Thus, the different 
behavior of reductive adenosylation and reductive alkylation with 
other alkyl halides may reflect differences in this as yet unknown 
reactivity. More concrete conclusions regarding the outcome of 
reductive adenosylation must consequently await a better un
derstanding of stereochemical control in reductive alkylation in 
general. 

The possibility of the synthesis of the a diastereomer of AdoCbl 
has also been investigated. Recent work has shown that the 
stereochemical outcome of the reductive alkylation of H2OCbI 
with alkyl halides is strongly pH dependent.32 For those alkyl 
halides which produce significant amounts of a-RCbi's when 
reacted with reduced cobinamides, reductive alkylation of H2OCbI 
at low pH also produces significant amounts of the a-RCbl. In 
contrast, reductive alkylation at neutral pH yields only j8-RCbl's.32 

The pH dependence of the stereochemical outcome is now known 
to be controlled by the pKa for the base-on/base-off equilibrium 
of the product 0-RCbI. Thus, significant amounts of the a-RCbl 
can only be obtained at pH's at which the /3-RCbl is significantly 
base-off. This suggested that the a diastereomer of AdoCbl could 
also be obtained under appropriate conditions. When reductive 
alkylation of H2OCbI was carried out in Zn/5% H3PO4 (pH = 
0.9) using 5'-chloro-5'-deoxyadenosine as the alkylating agent, 
only /3-AdoCbl was obtained in agreement with the results obtained 
with factor B. In contrast, when 5'-deoxy-5'-iodoadenosine was 
the alkylating agent in Zn/5% H3PO4, two products were identified 
in the HPLC chromatogram. One of these products co-migrated 
with authentic |8-AdoCbl, had a UV-visible spectrum18 identical 
with authentic /3-AdoCbl, and underwent the typical base-on/ 
base-off spectral transition when acidified (Figure 2B). The other 
material, which had a slightly longer retention time than /3-
AdoCbl, was photolabile, had 1H and 13C NMR resonances in
dicative of the presence of an adenosyl moiety (see below), had 
an electronic spectrum identical with that of a-AdoCbi above 300 
nm (Figure 2), and showed only UV spectral changes indicative 
of protonation of a pendent, but uncoordinated benzimidazole 
moiety35 (and, presumably, an adenosyl moiety) upon acidification 
(Figure 2C:X (log e), pH 7.0, 474 (4.03), 327 (4.28), 304 (4.32), 
264 (4.58); pH 0.30, 472 (4.05), 325 (4.31), 304 (4.32), 263 
(4.62)). The positive ion FAB-MS parent ion for this material 
(obs 1580.1, calc 1580.644) was identical with that for /3-AdoCbl 
(obs 1580.1), confirming the isomeric relationship. We conclude 
that this compound is a-AdoCbl. As anticipated,32 and in 
agreement with other results,8"'11'12'14-19 reduction of H2OCbI with 
NaBH4 in neutral solution, followed by alkylation with 5'-
deoxy-5'-iodoadenosine, produced only /3-AdoCbl. 

Photolysis. Like all other organocobalt corrinoids, both a-
AdoCbi and a-AdoCbl are photolabile. Under aerobic conditions, 
both were readily converted to aquocobalt corrinoids and to di-
cyanocobalt corrinoids after photolysis in excess KCN. Recent 
results have shown that irradiation of either a- or /3-RCbi's with 
visible light under strictly anaerobic conditions leads to a mixture 
of the diastereomers, in which the /3 diastereomer predominates 
by 3-4:1, frequently with little or no net dealkylation.10 Exper
iments with a nitroxide radical trap, which prevents the inter-
conversion of the diastereomers and leads to net dealkylation only, 
suggest that free radicals are involved in this isomerization. Thus, 
in the absence of scavengers for R' and/or cob(II)inamide, re
combination of these species produced by photolytic homolysis 

of the Co-C bond results in isomerization. A similar photo-in
duced isomerization has now also been observed for the AdoCbi's. 
However, the 5'-deoxyadenosyl radical is known to undergo rapid 
cyclization to yield 8,5'-dehydroadenosine,28b'51'52 effectively 
providing a pathway for self-trapping.28b'52 Thus, anaerobic 
photolysis of either diastereomer of AdoCbi does lead to isom
erization but also to substantial dealkylation. When a-AdoCbi 
was irradiated anaerobically with a low level of visible light,10 

conversion to /3-AdoCbi occurred with a maximum of 25% /3 
diastereomer formed at 400 min. However, 40% net dealkylation 
had occurred by that time. Similarly, anaerobic irradiation of 
/3-AdoCbi also produced the a diastereomer but with substantial 
decomposition. As previously observed for other a-RCbl's,2'10 

irradiation of anaerobic, neutral solutions of a-AdoCbl also led 
to base-on /3-AdoCbl, but again, with considerable net dealkylation. 
Thus, unlike the situation for other RCbi's,10 anaerobic photolysis 
is not a satisfactory synthetic method for obtaining the a dia
stereomer, because of self-trapping of the 5'-deoxyadenosyl radical 
by cyclization. 

NMR. In order to further characterize the a-5'-deoxy-
adenosylcobalt corrinoids, the 1H and 13C NMR spectra of a-
AdoCbi and a-AdoCbl were completely assigned by use of 2-
dimensional homonuclear (COSY, HOHAHA, and ROESY) and 
heteronuclear (HMQC and HMBC) NMR spectroscopy. As was 
the case for /3-AdOCbI,29" the cross peaks in absorption mode NOE 
spectra were extremely weak, apparently because the rotational 
correlation time for these molecules is very close to the Larmor 
frequency. The spin-locked NOE experiment (ROESY), however, 
which produces cross peaks that are always positive and increase 
in intensity with slower molecular tumbling,53 gave excellent 
spectra. The assignment strategy used was similar to that pre
viously followed for other cobalt corrinoid NMR assign-
ments.2'29'30'54-56 Spin-coupled protons were assigned from direct 
and relayed connectivities observed in the COSY and HOHAHA 
spectra, respectively. Protons not spin-coupled to other protons 
were assigned from their through-space NOE interactions, ob
served in the ROESY spectra, which also served to confirm the 
assignments of other protons from their spin-coupled interactions. 
Carbon resonances were then assigned from their C-H cross peaks 
in the heteronuclear multiple-quantum coherence experiments 
HMQC and HMBC, for protonated and unprotonated carbons, 
respectively. The observed connectivities are summarized in Table 
I for a-AdoCbi and in Table II for a-AdoCbl, and the COSY, 
HOHAHA, ROESY, and HMBC spectra are shown in Figures 
S1-S4 and S5-S8 (available as supplemental material) for a-
AdoCbi and a-AdoCbl, respectively. The final 1H and 13C as
signments of both complexes are shown in Table III, along with 
a comparison of the chemical shifts to those of 0-AdoCbi30 and 
the base-off species of (8-AdoCbl.29b 

As shown in the correlation tables for a-AdoCbi (Table I) and 
a-AdoCbl (Table H), a number of ROE cross peaks are evident 
between protons of the adenosyl moieties and those on the corrin 
and its peripheral substituents. Many of these confirm the location 
of the adenosyl group in the a axial position. For instance, in both 
compounds, several ROE's are seen between adenosyl protons and 
the downward projecting methyl substituents, C36 and C47 
(Figures 1 and 4). In addition, when ROE cross peaks are seen 
between adenosyl protons and side chain methylene protons (e.g., 
A8 with C48', C48", and C49", and A2 and All with C48" in 
a-AdoCbi (Table I), and Al 5" with C42 and C48", A2 with C48', 
and A8 with C48' in a-AdoCbl, (Table H)), they invariably involve 
downward projecting propionamide side chains. Taken together 
with the UV-visible spectra in Figure 2 and the identity of the 

(51) Hogenkamp, H. P. C. / . Biol. Chem. 1963, 238, 477. 
(52) (a) Hay, B. P.; Finke, R. G. J. Am. Chem. Soc. 1986,108, 4820. (b) 

Hay, B. P.; Finke, R. G. Polyhedron, 1988, 7, 1469. 
(53) Kessler, H.; Gehrke, M.; Griesinger, C. Angew. Chem., Int. Ed. Engl. 

1988, 27, 490. 
(54) Pagano, T. G.; Marzilli, L. G. Biochemistry 1989, 28, 7213. 
(55) Pagano, T. G.; Marzilli, L. G.; Flocco, M. M.; Tsai, C; Carrell, H. 

L.; Glusker, J. P. / . Am. Chem. Soc. 1991, 113, 531. 
(56) Brown, K. L.; Brooks, H. B.; Gupta, B. D.; Victor, M.; Marques, H. 

M.; Scooby, D. C; Goux, W. J.; Timkovich, R. Inorg. Chem. 1991, 30, 3430. 
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Table I. Correlation Table for NMR Connectivities of a-5'-Deoxyadenosylcobinamide Observed by Homonuclear J-Correlation (COSY), 
Spin-Locked NOE (ROESY), Homonuclear Hartmann-Hahn (HOHAHA), and Heteronuclear Multiple-Bond Correlation (HMBC) 
Methodologies" 

1H signal 

Al 5" 
A15' 
C53 
C35 
C25 
C54 
Pr3 
C47 
C36 
C20 
C30" 
C30' 
C41" 
C41' 
C48" 
C48' 
C46 
C42 
C60" 
C60' 
C56" 
C56' 
C49" 
C49' 
C55" 
C55' 
C31 
C18 
C26" 
C26' 
C37" 
C37' 
PrI" 
PrI' 
C13 
C8 
C3 
Pr2 
A13 
A12 
C19 
A14 
All 
ClO 
A8 

A2 

COSY 

A15', A14 
Al 5" 

Pr2 

C30' 
C3, C30" 
C41', C42 
C8, C41", C42 
C48', C49', C49" 
C48", C49', C49" 

C41' 
C18 
C18 
C55' 
C55' 
C48', C48", C49' 
C48', C48", C49" 
CS5', C56', C56" 
C55", C56', C56" 
C30" 
C19, C60', C60" 
C26' 
C26" 
C37' 
C37" 
Pr2 
Pr2 
C48', C48" 
C41' 
C30', C30" 
PrI', PrI", Pr3 
A12, A14 
Al l , A13 
C18 
A13, A15', A15" 
A12 

HOHAHA 

A11.A12, A13, A14, A15' 
A12, A14, A15" 

PrI', PrI", Pr2 

C3, C30' 
C3, C30" 
C8, C41' 
C8, C41" 
C48', C49', C49" 
C48", C49', C49" 

C8, C41' 
C18, C19 
C18, C19 
C55', C55" 
C55', C55" 
C13, C48', C48" 
C13, C48', C48" 
C55', C56', C56" 
C55", C56', C56" 
C3, C30" 
C19, C60', C60" 
C26' 
C26" 
C37' 
C37" 
Pr2, Pr3 
Pr2, Pr3 
C48', C48", C49', C49" 
C41', C41", C42 
C30', C30", C31 
PrI', PrI", Pr3 
A11.A12, A14, A15', A15" 
Al l , A13, A14 
Cl8, C60', C60" 
A11.A12, A13, A15" 
A12, A13, A14, A15" 

ROESY" 

Al l , A12, A13, A14, A15', C35, C36, C54 
A2, A11.A12, A13, A15", C36 
C13, C48', C49', C54, C55" 
C31,C36 
C3, C18, C20, C26', C30' 
C19, C48", C53, C55", C60' 
PrI', PrI", Pr2 
C13, C46, C49", A2, A11.A14 
C8, C31.C35, C37', C37" 
C18, C19, C25, C30', C30" 
C20, C31 
C3 
C8, C41', C42 
C41" 
C13, C48', C49', A2, A8, A l l , A14 
C13, C46, C48", C49', C49", A8 
C13, C47, C49' 
C8, C36, C41" 
C54, C55" 
C54, C55' 
C18, C53 
C18, C53 
Cl3, C49' 
C13, C47, C49" 
C18, C53, C54, C55', C55" 
C55" 
C3, C26', C30" 
C25, C26', C55", C56, C60', C60" 
C18, C19, C30', C31 
C30", C31 
C8, C37' 
C8, C35, C37" 
PrI", Pr2, Pr3 
PrI', Pr2, Pr3 
C46, C47, C48', C48", C49', C49" 
C36, C37', C37", C41" 
C25, C35, C30', C31 
PrI', PrI", Pr3 
A l l , A12, A14, A15', A15" 
A l l , A13, A14, A15', A15" 
C18, C20, C26', C26", C55', C56 
A12, A13, A15', A15", C47, C48" 
A12, A13, A15', A15", C47, C48" 
C8, C41', C46, C47 
A l l , A12, A13, A15", ClO, C47, C48", 

C48', C49" 
A15', C47, C48" 

HMBC 

A14 
A l l , A13, AlS 
C14, C15, C16 
C4, C5, C6 
Cl, C2, C3, C26 
C16, C17, C18, C57, C60 
PrI', PrI", Pr2 
CIl, C12, C13, C46 
C6, C7, C8, C37 
C1,C2, C19 
C3, C26, C30, C32, C35 
C2, C26 
C7, C8 
C41 
CIl, C14 

C12, C13 
C7 
C17, C54 
C17, C18, C54 
PrI, C17, C18 
PrI, C17 
C13, C47 
C12 
C54, C56 
C18, C56 
C2, C3, C30 
C17, C20, C60 
C2, C20, C25, C26, C27, C31 
C2, C3, C27 
C6, C8, C35, C37, C38 
C7, C8, C36, C37, C38 
PrI 
PrI, Pr2, C57 
C12, C16, C49 
C6, C9, C36, C37, C42 
C1.C4, C6, C30, C31 

Cl, C16, C20, C60, C61 
A l l , A13 

C8, C9, CIl, C12 
A2, A4, A5 

A4, A6, A8 

"Primes and double primes indicate downfield and upfield signals, respectively, of diastereotopic methylene groups. 'Only direct NOEs are listed. 

synthesis product assigned to /S-AdoCbi to authentic /3-AdoCbi 
from phosphodiester cleavage of /3-AdoCbl,28 these data provide 
unequivocal evidence that the products characterized here are 
indeed the a diastereomers of AdoCbi and AdoCbl. 

The final NMR assignment (Table III) permits the first direct 
comparison of the NMR spectra of an a-AdoCbi and the anal
ogous a-AdoCbl in which the assignments are known absolutely. 
Almost all of the significant differences in 13C and 1H chemical 
shifts occur in the nucleotide loop and in the adjacent g acetamide 
side chain on the D ring (Figure 4), and can be logically attributed 
to the deletion of the axial nucleotide in the cobinamide. Thus, 
the Pr3 and PrI carbons are shifted 0.63 and 1.25 ppm downfield, 
respectively, in a-AdoCbi relative to o-AdoCbl, while the Pr2 
carbon is shifted 6.08 ppm upfield. Both the C56 methylene 
carbon (1.38 ppm downfield in a-AdoCbi) and the C57 carbonyl 
carbon of the/side chain (1.13 ppm upfield in a-AdoCbi) also 
show significant shifts, while the C55 methylene carbon is es
sentially unchanged. Both the C60 methylene carbon and the C61 
carbonyl carbon in the adjacent g side chain show significant 
downfield shifts in a-AdoCbi (0.59 and 0.54 ppm, respectively). 
Inexplicably, the only other carbons which show significant 
chemical shift differences are the C46 and C47 methyls and the 
C42 methylene, which are 1.48 ppm downfield, 0.42 ppm upfield, 

and 1.28 upfield, respectively, in a-AdoCbi relative to a-AdoCbi. 
Most importantly, the complete NMR assignments of a-AdoCbi 

and a-AdoCbl permit the first comparison of the NMR spectra 
of pairs of a and /S diastereomers of organocobalt corrinoids. These 
comparisons are shown in Table III as the difference in chemical 
shift (A5) between a-AdoCbi and 0-AdoCbi,30 and between a-
AdoCbl and base-off/3-AdoCbl.29b In the latter case, the base-off 
form of /3-AdoCbi was studied at pH 2.1, where the axial benz-
imidazole nucleotide is protonated at B3 and the adenosyl ligand 
is protonated at AlO (Figure 4). These protonations prevent the 
comparison of the NMR characteristics of both the axial nu
cleotide and the adenosyl moiety in the pair of diastereomeric 
AdoCbl's. However, as seen in Table III, the comparison (i.e., 
A<5 values) for the rest of the molecule is quite similar to the 
comparison of the diastereomeric AdoCbi's and so the following 
discussion will focus on this latter comparison. 

The most striking difference between a- and /3-AdoCbi occurs 
at the a carbon of the organic ligand, i.e., Al5. In the a dia
stereomers, the Al 5 carbon resonance is shifted 3.9 ppm upfield 
relative to the /3 diastereomer. This shift is in the same direction 
and at the upper end of the range of upfield shifts (1.9 to 4.1 ppm) 
previously seen in the comparison of the a carbon 13C resonances 
of six pairs of a- and /3-alkoxyethylcobinamides.5 There are also 



a/fi Diastereomerism in Organocobalt Corrinoids J. Am. Chem. Soc, Vol. 114, No. 24, 1992 9649 

Table II. Correlation Table for NMR Connectivities of a-5'-Deoxyadenosylcobalamin Observed by Homonuclear /-Correlation (COSY), 
Spin-Locked NOE (ROESY), Homonuclear Hartmann-Hahn (HOHAHA), and Heteronuclear Multiple-Bond Correlation (HMBC) 
Methodologies" 

'H signal 
Al 5" 
A15' 
C53 
C35 
C25 
C54 

Pr3 
BIl 
C47 
BlO 
C36 
C20 
C30" 
C30' 
C41" 
C41' 
C48" 
C48' 
C46 
C56" 
C56' 
C60" 
C60' 
C49" 
C49' 
C42 
C55" 
C55' 
C31 
C18 
C26" 
C26' 
PrI" 
PrI' 
C37" 
C37' 
C13 
C8 
C3 
R5" 
R5' 
R2 
Pr2 
A12 
A13 
R3 
C19 
R4 
Rl 
A14 
All 
ClO 
B7 
B4 
A8 
A2 

COSY 
A15', A14 
A15", A14 

Pr2 

C30' 
C3, C30", C31 
C8, C41', C42 
C41", C42 
Cl3, C48', C49' 
C13, C48", C49" 

C55", C56' 
C55", C56" 
C18 
C18 
C48' 
C48" 
C41" 
C55', C56', C56" 
C55" 
C30" 
C19, C60', C60" 

Pr2 
Pr2 

C48', C48" 
C41" 
C30' 
R4, R5' 
R4, R5" 
Rl 
PrI', PrI", Pr3 
All, A13 
A12, A14 

C18 
R5', R5" 
R2 
A13, A15', A15" 
A12 

HOHAHA 

A13, A14, A15' 
A14, A15" 

PrI', PrI", Pr2 
B7 

B4 

C3, C30' 
C3, C30" 
C8, C41', C42 
C8, C41" 
C13, C48', C49', 
C13, C48", C49', 

C55", C56' 
C55", C56" 
C18, C19 
C18, C19 
Cl3, C48', C48", 
Cl3, C48', C48", 
C8, C41" 
C56', C56" 
C56', C56" 
C3, C30' 
C19, C60', C60" 

Pr2, Pr3 
Pr2, Pr3 

C46, C48', C48", 
C41', C41" 
C30', C30", C31 
R3, R4 
R3, R4 

PrI', PrI", Pr3 
All, A13 
A12, A14, Al5', 
R5', R5" 
C18, C60', C60" 
R5', R5" 
R2, R3, R4 
A13, A15', A15" 
A12, A13 

BIl 
BlO 

C49" 
, C49" 

, C49" 
, C49" 

C49', C49" 

Al 5" 

ROESY* 
A8, All, A12, A13, A14, A15', C42, C48" 
A2, All, A12, A13, A14, A15" 
C13, C48', C48", C49', C54, Pr3 
C3, C36, C37', C37" 
C3, C18, C20, C26', C26", C31 
C18, C19, C48', C53, C55', C55", C56', C56", 

C60', C60" 
PrI', PrI", Pr2, C48', C53, C55 
Rl 
C46, C48', A2, All 

C8, C35, C37', C37", A12 
C18, C19, C30', C30", C31 
C3, C25, C26', C30', C31 
C3, C20, C25, C26, C30" 
C8, C36, C41', C42 
C8, C36, C37" 
C13, C46, C48', C49', C49", A2, A8, A15" 
C13, C46, C47, C48", C54, A2 
C47, C48', C48", C49' 
C48", C53, C54, C55', C56' 
C54, C55', C55", C56" 
C18, C26', C26", C54 
C18, C26', C26", C54 
C13, C48', C48", C49' 
C13, C48', C48", C49" 
C8, C41", Al5" 
C53, C54, C56' 
C54, C55", C56', C56", Pr3 
C3, C20, C25, C30" 
C25, C26', C26", C54 
C3, C18, C19, C26', C60', C60" 
C3, C18, C19, C25, C26" 
Pr2, Pr3 
Pr2, Pr3 
C35, C36, C37' 
C35, C36, C37" 
C48', C48", C49', C49", C53, A2 
ClO, C36, C37', C37", C41', C41" 
C25, C26', C26", C31, C35 

Rl 
PrI', PrI", Pr3 
A14, A15', A15", C36 
A8, A14, A15', A15" 

C18, C20, C26', C26", C54 
Rl 
R2, R4, BIl 
All, A12, A13, A15', Al5" 
A14, A15', A15", C47 
C8, C46, C47 
Rl 

All, A12, A13, Al5", C48 
A12, A15', C13, C47, C48' 

HMBC 
A14 
A13, A14 
C14, C15, C16, C54 
C4, C5, C6 
Cl, C2, C3, C20 
C16, C17, C18, C19, C57 

PrI', PrI", Pr2 
B5, B6, B7, B8 
CIl, C12, C13, C46 
B4, B5, B6 
C6, C7, C8, C37 
Cl, C2, C19, C25 
C3.C31.C32 
C3, C4, C31 
C8, C9, C42 
C8, C9, C42 
C49 
C13, C49 
C11.C12, C13, C47 
C17, C54, C55, C57 
C17, C54, C55 
C17, C18, C61 
C17.C18.C54 
C48 
C13.C48.C50 
C8, C41 
C16, C17, C56, C57 
C17, C18, C54, C56 
C30 
C16, C60 
C2, C3, C27 
C1.C2, C25, C27 
Pr2, Pr3, C57 
Pr2, Pr3, C57 
C6, C7, C8, C36, C38 
C6, C7, C8, C36, C38 
CIl,C12 
C6, C7, C9 
C1.C2, C4, C30, C31 
R2 
R3, R4 
Rl, R4 

A12, A14, A15' 
Rl 
C1,C16, C18, C20, C60 
R5 
R2, R3 
All, A13 
A14 
C8, C9, Cl2 
B6 
B9 
A4, A5 
A4, A6, A8 

"Primes and double primes indicate downfield and upfield signals, respectively, of diastereotopic methylene groups. 4OnIy direct NOEs are listed. 

substantial differences in the 1H chemical shifts of the diaste
reotopic Al5 methylene protons of a- and /3-AdoCbi. In /3-
AdoCbi, these resonances appear at 0.43 and 0.74 ppm,30,57 while 
in a-AdoCbi, they appear at 0.24 and 2.23 ppm. The latter, 
extremely large diastereotopic shift difference (ca. 2 ppm) is much 
larger than that previously observed for the a methylene protons 
of a-and (8-HOCH2CH2CW (ca. 1.1 ppm).5 Inspection of models 
shows that a conformation can be adopted in which one of the 
AlS protons is reasonably close to, and approximately in the plane 
of the six-membered ring of the adenosine moiety. As such, this 
proton could be significantly deshielded by the adenine ring 

(57) Inexplicably, these protons resonate at 0.38 and 1.46 ppm in base-off 
/3-AdoCbl.2,f 

current. This conformation also places this proton in reasonably 
close proximity to the A2 proton. The ROESY map of a-AdoCbi 
does indeed show the expected cross peak between the A2 proton 
and the more downfield of the two Al 5 protons, suggesting that 
this conformation may well be a significant contributor to the 
solution structure of a-AdoCbi. 

There are also a number of significant (A5 > 0.5 ppm) 13C 
chemical shift differences between a- and /3-AdoCbi among corrin 
ring substituents. These include substituents on the a face (C36, 
C20, C26, C37) and on the /3 face (C30, C41, C48, C46, C55, 
C56, C49) and are evenly distributed between upfield and 
downfield shifts (for a-AdoCbi relative to /3-AdoCbi) regardless 
of the orientation of the substituent. Of these chemical shift 
differences, ten fall in the range 0.5 < A<5 < 1.5 ppm, and only 
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Table III. Final 'H and 13C NMR Assignments for a-5'-Deoxyadenosylcobinamide and a-5'-Deoxyadenosylcobalamin'1 

a-AdoCbl a-AdoCbi 

atom 

A15 
C53 
C35 
C25 
C54 
Pr3 
BIl 
C47 
BlO 
C36 
C20 
C30 
C41 
C48 
C46 
C56 
C60 
C49 
C42 
C55 
C31 
C18 
C26 
PrI 
C37 
C2 
C12 
C7 
C13 
C8 
C3 
C17 
R5 
R2 
Pr2 
A12 
A13 
R3 
C19 
R4 
Cl 
Rl 
A14 
Al l 
ClO 
C15 
C5 
B7 
B4 
A5 
B8 
B6 
B5 
A8 

B9 
B2 
A4 
A2 
A6 
C14 
C6 
C9 
C61 
C4 
C16 
C38 
CIl 
C27 
C57 
C32 
C50 
C43 

hnc (ASuc),6 ppm 

18.11 (-4.2) 
18.26 (-0.1) 
18.57 (0.2) 
19.73 (0.3) 
21.24 (0.4) 
21.50 (0.00) 
22.53 (-0.2) 
22.71 (0.1) 
22.75 (0.2) 
22.78 (1.0) 
25.65 (-1.1) 
28.28 (-0.7) 
28.28 (-1.1) 
29.82 (0.9) 
33.20 (-1.2) 
34.92 (0.5) 
35.53 (0.3) 
36.17 (1.2) 
36.69 (1.5) 
36.74 (1.5) 
38.17 (0.3) 
41.75 (-0.05) 
45.05 (-1.2) 
47.57 (-1.3) 
47.98 (2.4) 
49.59 (2.2) 
50.35 (0.8) 
50.52 (-2.7) 
56.49(1.1) 
57.94 (-0.2) 
59.76(1.7) 
60.62 (-1.2) 
63.35 (-0.7) 
74.33 (-0.2) 
74.99 (-0.2) 
75.83 (-0.2) 
75.97 (1.1) 
77.22 (-0.4) 
79.61 (2.0) 
86.52 (-2.7) 
86.78 (-3.0) 
88.62 (-1.6) 
88.82 (-0.1) 
89.58 (-0.6) 
96.55 (-3.9) 

108.47 (-1.3) 
108.85 (-2.4) 
113.89 (-1.8) 
121.38 (4.2) 
121.38 (-0.1) 
134.29 (2.2) 
135.09 (-4.5) 
135.91 (-3.7) 
142.40 (-3.1) 

142.40 (9.8) 
145.20 (3.8) 
151.44 (0.4) 
155.47 (7.1) 
158.15 (4.7) 
165.64 (-1.1) 
166.70 (0.5) 
173.88 (-1.2) 
178.07 (-1.0) 
178.50 (-0.9) 
178.71 (-0.7) 
178.71 (1.3) 
178.87 (-0.1) 
179.02 (-0.1) 
179.22 (0.9) 
180.66 (-0.4) 
180.96 (0.0) 
181.02(0.1) 

«iH (A«iH).4 PPm 
0.24, 2.23 (-0.14,0.78) 
2.25 (-0.21) 
2.42 (-0.02) 
1.52 (0.04) 
1.04 (-0.36) 
1.26 (0.03) 
2.20 (-0.03) 
1.42 (-0.35) 
2.23 (-0.03) 
1.37 (-0.45) 
1.66 (0.95) 
2.21, 2.54 (0.24, 0.45) 
1.47, 2.21 (-0.28, 0.00) 
1.33, 1.74 (-0.59,-0.47) 
1.29(0.29) 
2.20,2.60(0.15,0.29) 
2.56, 2.36 (-0.23,-0.15) 
2.12,2.37(0.16,0.26) 
2.18 (-0.17) 
1.87,2.23 (0.02,-0.28) 
2.56 (0.01) 
3.01 (0.26) 
1.95,2.13 (-0.51,-0.47) 
3.27,3.31 (-0.06,-0.11) 
2.27, 3.03 (0.63, 0.42) 

3.28 (0.15) 
3.54 (-0.19) 
3.80 (-0.43) 

3.77, 3.90 (-0.07, -0.04) 
4.77 (-0.20) 
4.38 (0.02) 
4.33 (-0.01) 
3.63 (-0.27) 
4.83 (0.00) 
3.64 (-1.06) 
4.59 (-0.20) 

6.33 (-0.23) 
1.78 (-0.20) 
5.45 (-0.16) 
6.33 (-0.64) 

7.23 (-0.32) 
7.26 (-0.18) 

7.71 (-0.50) 

8.26 (-0.9) 

8.04 (-0.39) 

5nc (&Snc),
c ppm 

17.68 (-3.9) 
18.18 (0.0) 
18.37 (0.2) 
19.59 (0.4) 
21.07 (0.5) 
22.13 (-0.2) 

22.29 (0.0) 

22.65 (0.7) 
25.36 (-1.3) 
28.10 (0.2) 
28.10(-1.0) 
29.82(1.1) 
34.68 (0.6) 
36.30 (2.0) 
36.12 (0.9) 
36.54 (2.5) 
35.41 (1.4) 
36.54 (2.2) 
38.02 (0.2) 
41.59 (-0.4) 
45.01 (-0.7) 
48.82 (-0.2) 
47.83 (2.1) 
49.47 (1.0) 
50.22 (1.1) 
50.36 (-2.6) 
56.30 (1.2) 
57.81 (-0.3) 
59.59 (1.6) 
60.39 (-1.3) 

68.91 (-0.2) 
75.69 (0.3) 
75.62 (0.7) 

79.46(1.9) 

86.62 (-3.2) 

88.81 (0.2) 
89.34 (-0.9) 
96.48 (-3.7) 

108.46 (-1.6) 
108.72 (-2.3) 

121.35 (-0.2) 

142.40 (-0.8) 

151.57 (0.0) 
155.57 (0.2) 
158.30 (0.2) 
165.47 (-0.2) 
166.34 (0.1) 
173.55 (-1.2) 
178.61 (-0.1) 
178.61 (-0.5) 
178.68 (-0.2) 
178.33 (0.7) 
178.96 (0.0) 
179.12 (0.1) 
178.09 (-0.1) 
180.53 (-0.6) 
180.91 (-0.2) 
181.17 (-0.7) 

SiH (A&H).C PPm 

0.25, 2.20 (-0.18, 1.46) 
2.37 (-0.09) 
2.41 (-0.05) 
1.60(0.08) 
1.14(-0.1O) 
1.15 (-0.06) 

1.47 (-0.19) 

1.36 (-0.51) 
1.73 (0.82) 
2.20, 2.61 (0.17, 0.43) 
1.48, 2.20 (-0.44,-0.34) 
1.37, 1.83 (-0.79,-0.59) 
1.35 (0.43) 
2.15,2.22(0.31,-0.29) 
2.58, 2.68 (-0.05, -0.05) 
2.22,2.51 (0.39,0.25) 
2.09, 2.14 (-0.24,-0.29) 
1.94,2.51 (0.10,0.14) 
2.57 (-O.05) 
3.08 (0.16) 
2.03, 2.19 (-0.39, -0.59) 
3.17, 3.26 (-0.11,-0.04) 
2.78, 3.07 (0.99, 0.75) 

3.42 (-0.08) 
3.55 (-0.32) 
3.81 (-0.51) 

3.90 (-0.08) 
4.39 (-0.11) 
3.72 (-0.15) 

3.76 (-1.01) 

1.88 (-0.17) 
5.53 (-0.18) 
6.39 (-0.67) 

7.85 (-0.28) 

8.18 (-0.13) 

0 In D2O, chemical shifts relative to internal TSP. Primes and double primes indicate downfield and upfield shifts, respectively, of diastereotopie 
methylene groups. 'Difference in chemical shift between a-AdoCbl and base-off /3-AdoCbl (ref 29b). Note that in the base-off /5-AdoCbl spectra 
(pH 2.1), the axial benzimidazole ligand is protonated at B3 and the adenosyl ligand is protonated at AlO, preventing direct comparison of the 



a/(i Diastereomerism in Organocobalt Corrinoids J. Am. Chem. Soc, Vol. 114, No. 24, 1992 9651 

chemical shifts of the axial ligands with those of a-AdoCbl. c Difference in 

Figure 4. Numbering scheme for the a-5'-deoxyadenosylcobalt corri
noids. 

one exceeds 2.0 ppm. These may simply be due to the difference 
in a- and /S-face environment depending on which axial ligand 
position is occupied by the adenosyl ligand. 

Far more striking are the 13C chemical shift differences in the 
corrin ring. These differences (as AS = d̂oCbj-̂ AdoCbi are shown 
in the corrin ring structure below. Of the 19 ring carbons, 13 

show chemical shift differences of at least 1.0 ppm, 7 of these 
exceed 1.5 ppm, and four (Cl, C5, C7, ClO) exceed 2.2 ppm. 
These major changes in corrin ring carbon chemical shift are 
accompanied by large changes in 1H chemical shift (i.e., at C3H, 
C8H, and ClOH) and suggest a significant difference in corrin 
conformation between the a and /3 diastereomers. By far, the 

in chemical shift between a-AdoCbi and /3-AdoCbi (ref 30). 

largest 13C chemical shift differences in the entire molecules occur 
at Cl and ClO (Ad = -3.2 and -3.7 ppm, respectively), giving 
rise to the possibility of a differential "fold" of the corrin ring along 
the C1-C10 axis. 

Conclusion 
Although the mechanisms that control the diastereomeric 

outcome of reductive alkylation of cobalt corrinoids are still not 
clear,2,10 existing evidence suggest that the diastereomeric ratio 
is under neither thermodynamic control nor kinetic control.10 

Nevertheless, there seems to be a trend in which reductive al
kylation favors the a diastereomer when the alkyl group is electron 
withdrawing (R = CF2H, CF3, NCCH2, CF3CH2), while the 0 
diastereomer is favored for electron donating groups (R = CH3, 
CH3CH2, and ROCH2CH2).

3-5 The 5'-AdoCbi's seem to fall 
between the two categories, producing, at least under the most 
favorable conditions, similar proportions of both diastereomers. 

The most intriguing result of this study is that a-AdoCbi and 
a-AdoCbl could be produced in such high yields under reductive 
alkylation conditions given the fact that alkylation with other bulky 
alkylating agents, such as benzyl bromide and neopentyl iodide, 
fails to produce detectable a-RCbi's.7 Even with the dimethyl-
benzimidazole nucleotide attached to the downward projecting 
/side chain in cobalamin, the net steric effect of the downward 
projecting side chains is still not sufficient to prevent the formation 
of a-AdoCbl. However, the comparison of the NMR spectra of 
a- and /3-AdoCbi suggests a significantly different corrin ring 
conformation in the two diastereomers. Perhaps the corrin ring 
is sufficiently flexible to adopt a conformation in a-alkylcobalt 
corrinoids in which upward flexing of the corrin relieves the steric 
congestion of the b, d, e, and /side chains at the a face. If this 
is true, preparation of the a diastereomers of other organocobalt 
corrinoids with bulky alkyl groups should be possible using suitable 
synthetic approaches.10 Attempts to do so, as well as to further 
understand steric effects on the a//3 diastereomerism in organo
cobalt corrinoids are currently in progress. 
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