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Abs t r a c t  The structure ofcyano-8-epicobalamin (CN-8-epiCbl), the C8 epimer of vitarnin 
Bte (cyanocobalamin, CNCbl) has been determined by X-ray crystallography, complete 
assignment of its tH and t~C NMR spectra, as well as observation and assignment of its 
amide ~H and ~5N NMR spectra in DMSO-d6. This compound was previously reported as 
lhe poorly characterized product of the amidation of its c-monocarboxylate, obtained as a 
minor product of the borohydride reduction of cobalamin-c-lactone. The conditions for 
the key epimerization step have now been changed to provide a tripling of the yield of 
the 8-epi-c-monocarboxylate. Along with substantial improvement in the procedures for 
synthesizing cobalamin-c-lactone and for amidating the monocarboxylate, this modified 
method for epimerization ofcyanocobalamin now provides CN-8-epiCbl in sufficient quan- 
tities for thorough characterization and studies of its properties as a vitamin B~e analog. 
The crystal structure of CN-8-epiCbl has been determined. The main difference between 
the crystal structure of CNCbl and CN-8-epiCbl is that the d side chain (at C8) is "'down- 
wardly" axial in CNCbl, but pseudo-equatorial in CN-8-epiCbl. In addition, the B pyrrole 
ring in CN-8-epiCbl is twisted by about 5 , the axial benzimidazole moiety is tilted aboul 
"7 toward the A and D rings, and the corrin macrocycle fold angle along the C o . . . C 1 0  
axis (23.8) is more severe than that in CNCbl (17.7).  Fourteen water molecules are well 
located in the crystal structure and four others occur at half-occupancy. The epimeric 
relationship between CN-8-epiCbl and CNCbl and the configuration at C8 are also evident 
in observed tH NMR nuclear Overhauser enhancements and differences in amide IH and 
~N chemical shifts at the d amide between CNCbl and CN-8-epiCbl. Measurements o[" the 
amide proton chemical shift thermal gradients strongly suggest the presence of a hydrogen 
bond in CN-8-epiCbl involving the c amide svn proton and the damide carbonyl in solution. 
This intramolecular hydrogen bonding is not present in the crystal structure in which the d 
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amide carbonyl is hydrogen bonded to two water molecules and the c amide nitrogen is 
hydrogen bonded to the b amide carbonyl oxygen of  a symmetry related molecule. Com- 
parison of the t3C spectra of  CNCbl and CN-8-epiCbl shows that significant chemical shift 
changes are not restricted to the B ring (the site of epimerization) but are more global in 
nature, reflecting the changes in corrin ring conformation. 

The cobalamin corrin macrocycle is adorned with 
seven amide side chains, the a, c, and 9 acetamide 
side chains which project "above"  the plane of the 
corrin ring and the b, d, e, andfp rop ionamide  side 
chains which project "below" the plane of the corrin 
ring, the last of which is elaborated into the nucleo- 
tide loop (Fig. 1). Analogues of cobalamins with 
altered side chains have long been of interest, par- 
ticularly in studies of the interaction of coenzyme 
Bi2 (5'-deoxy-adenosylcobalamin, AdoCbl ~) with 
AdoCbl-requiring enzymes, 25 and of the inter- 
action of cyanocobalamin (vitamin Bi2 , CNCbl 1) 
with intrinsic factor. 6 These analogues have 
included the readily available b-, d-, and e-mono- 
carboxylates 79 and their esters 3"5 and N-alkyl 
amides, 2'4 the c-monocarboxylate, "~ and 13-epico- 
balamin,~ ~.~2 the CI 3 epimer of cobalamin in which 
the e propionamide side chain projects above the 
plane of  the corrin ring. 

These studies show that alterations on a single 
side chain in the relative large molecule, AdoCbl, 

often lead to large changes in the catalytic activities 
of the 5'-deoxyadenosyl der iva t ivesy  and suggest 
that these side chain functionalities may act as 
hydrogen bond donors to the enzyme active sites.)3 
Recent studies of  the effects of axial nucleotide 
coordination on the thermal homolysis of  the car- 
bon~cobalf bond of benzylCbl and neopentylCbl ~4 
have also led to the conclusion that the thermal 
motion of the corrin side chains plays a role in the 
entropic activation of the Co - -C  bond for homoly- 
sis, a reaction which closely mimics the activation 
of AdoCbl by AdoCbl-requiring enzymes. 15'~6 Fur- 
thermore, the substantial entropic stabilization of  
the thermolysis of benzylCbl and neopentylCbl on 
binding to a haptocorrin from chicken serum ~7 has 
suggested that the association of Cbls with hap- 
tocorrin involves extensive side chain amide hydro- 
gen bonding, and that such interactions severely 
decrease the side chain thermal motion of hap- 
tocorrin-bound cobalamins. Thus, side chain steric 
effects may well be important in the enzymatic acti- 
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Fig. 1. Structure (A) and numbering scheme (B) for 8-epicobalamins. In the naturally occurring 
cobalamin system, the configuration at C8 is inverted so that the d propionamide side chain projects 

below the corrin ring. 
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vation of AdoCbl. We are consequently interested 
in exploring the carbon cobal t  bond reactivity of 
alkylcobalamin analogues with altered side chains. 

CN-13-epiCbl has long been available from the 
acid-catalysed epimerization of CNCbl in anhy- 
drous trifluoroacetic acid, ll'12 and has been char- 
acterized by X-ray crystallography, is In contrast, 
the C8 epimer of CNCbl, CN-8-epiCbl, in which the 
d propionamide side chain conformation is altered 
(Fig. 1) has been obtained (after amidation of its c- 
monocarboxylate derivative, CN-8-epiCbl-c- 
COO-)  as one of a number of minor products from 
the reduction of CNCbl-c-lactone with borohy- 
dride. ~9 This derivative, which displayed 10% of the 
activity of  CNCbl in a bioassay, was characterized 
only by its CD spectrum, which was shown to be 
different from that of CNCbl. As part of our study 
of the importance of corrin ring side chains in 
Co - - C  bond homolysis, we have reexamined and 
improved the synthetic procedure for CN-8-epiCbl 
and characterized this derivative by FAB MS, X- 
ray crystallography, and complete assignment of its 
~H, m3C, and amide 15N N M R  spectra. 

E X P E R I M E N T A L  

Reayents 

CNCbl was from Roussel Corp. Chloramine-T, 
sodium borohydride (powdery and granular), and 
ammonium chloride were from Aldrich. 1-Ethyl- 
3-(3-dimethylaminopropyl)carbodiimide hydro- 
chloride (ECDP) was from Sigma. Analytical and 
semipreparative HPLC was carried out as described 
previously. 2°,2~ 

Synthesis 

CNCbl-c-lactone (2). To a solution of CNCbl 
(5 g, 3.69 mmol) in 350 cm 3 of H20 was added 5 cm 3 
of conc. HC1, followed by a solution of chloramine- 
T (1 g, 4.43 mmol, 1.2 equiv.) in 100 cm 3 of H20 
over a 2 h period at room temperature. The cobalt 
corrinoids were then absorbed onto a column of 
Amberlite XAD-2 and washed with H20. The pro- 
duct was eluted with 25% aqueous acetonitrile, and 
the eluant was concentrated to give dark red crystals 
in 90% yield (4.48 g). UV : Z (log e) 552 (3.96), 521 
(3.92), 358 (4.48), 278 (4.16). FAB MS m/z: calc. 
(for CNCbl-c- lac tone+H +) 1355.4, obs. 1355.8. 
The ~3C N M R  spectrum was tentatively assigned 
by analogy with that of CNCbl .  22'23 

CN-8-epiCBL-c-COO (4). CNCbl-c-lactone (2, 
0.9 g, 0.67 mmol) was dissolved in 1 1 of  water and 
deoxygenated by argon purge for 1 h. The solution 
was heated to 60°C in a water bath, and NaBH4 (7 

g, 185 mmol, granular) was added in two portions 
at 5 rain intervals. The reaction mixture was stirred 
for 30 rain at 60~'C, and then cooled to room tem- 
perature. KCN (0.5 g) was added, followed by gla- 
cial acetic acid (5 cm3), and the solution was stirred 
for another 30 min. The reaction mixture, which 
contained 37% CNCbl-c-COO- and 21% CN-8- 
epiCbl-c-COO by HPLC, was desalted on a 
column of Amberlite XAD-2 as above, CN-8- 
epiCbl-c-COO , which eluted slightly later than 
CNCbl-c-COO , was separated by semipreparative 
HPLC, using pH 6.5 ammonium phosphate 
buffer, 2°'21 in 19% yield. UV: ). (log e) 552 (3.95), 
516 (3.90), 361 (4.47), 278 (4.30). FAB MS m/z: 
calc. (for C N C b l - c - C O O H + H * )  1357.4, obs. 
1357.9. The ~3C N M R  spectrum was tentatively 
assigned by analogy with that of CN-8-epiCbl (vide 
inJ?a). 

CN-8-epiCbl (3). CN-8-epiCbl-c-COO- (4, 150 
mg, 148 #mol) was dissolved in 120 cm ~ of a 4 
M solution of NH4C1, the pH of which had been 
adjusted to 5.5 with HCl. l-Ethyl-3-(3-dime- 
thylamino)propylcarbodiimide (ECDI, ~ 0.75 g) 
was added to the solution, and the pH was 
readjusted to 5.5 with HCI as necessary. After stir- 
ring at room temperature lbr 12 h, the reaction 
mixture was desalted on a column of Amberlite 
XAD-2 as above. The amidated product was puri- 
fied by semipreparative HPLC and obtained in 80% 
yield (120 mg). UV : 2 (log g) 552, (3.93), 520 (3.86), 
360 (4.43), 276 (4.18). FAB MS m/z : talc. (for CN- 
8-epiCbl+H +) 1356.4, obs. 1355.9. 

Spectroscopy 

UV-visible spectra were recorded on a Cary 219 
spectrophotometer. One dimensional ~H and t3C 
N M R  spectra of intermediates were obtained in 
D20 solution containing TSP as an internal chemi- 
cal shift standard on a GE QE 300 N M R  spec- 
trometer. Two-dimensional N M R  spectra of CN- 
8-epiCbl in D20 were obtained on a Bruker AMX 
600 N M R  spectrometer. For these experiments, a 
sample of CN-8-epiCbl was dissolved in 99.8% D20 
and evaporated to dryness four times to replace 
exchangeable protons with deuterons. The ex- 
changed, dry solid, along with TSP to provide an 
internal reference, was dissolved in "100%" D20 
to provide a 12 mM sample. 

Data for the double quantum-filtered phase-sen- 
sitive COSY experiment were collected at 600.141 
MHz using a 2048 x 512 data matrix and 16 scans 
per t~ value, preceded by 64 dummy scans, and a 
1.0 s presaturation pulse for solvent suppression. 
The sweep width was 6579 Hz in both dimensions. 
The data matrix was zero filled to 2048 × 2048 and 
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apodized with a re/3 shifted sine function. The 
hypercomplex homonuclear  H a r t m a n n - H a h n  
( H O H A H A )  experiment 2. 26 was carried out and 
processed similarly using a 70 ms mixing time. The 
spin-locked NOE (or rotating-frame Overhauser 
enhancement spectroscopy, ROESY) exper- 
iment 27"28 utilized a 2048 × 512 data matrix with 32 
scans per t~ increment preceded by 32 dummy scans 
and a 1.0 s presaturation pulse for solvent 
suppression. The sweep width was 6579 Hz in both 
dimensions and the mixing time was 300 ms. The 
data were zero filled to 2048 x 2048 and apodized 
with a g/2 shifted sine function. The spectra were 
plotted in two colours to show the difference between 
positive contours (due to direct NOEs) and nega- 
tive contours (due to relayed NOEs and H a r t m a n n -  
Hahn artefacts). The ill-detected heteronuclear 
multiple-quantum coherence (HMQC) exper- 
iment29 3t was conducted at 150.921 and 600.141 
MHz  using 30,183 Hz and 6579 Hz sweep widths 
in the F1 and F2 dimensions, respectively. Data  
were collected into a 2048 x 512 matrix using 16 
scans per tt increment preceded by 64 dummy scans 
and a 1.0 s presaturation pulse for solvent 
suppression. The F1 dimension was zero filled to 
1024 and the data in both dimensions were pro- 
cessed with a ~/2 shifted sine function. Data  for the 
~H-detected multiple-bond heteronuclear multiple- 
quantum coherence (HMBC) experiment 32'33 were 
collected similarly but using 80 scans per tt 
increment. These data were apodized with a re/2 
shifted sine function in both dimensions. 

The inverse-detected IH, ~SN H M Q C  spectra 
were obtained on a Bruker A M X  300 N M R  spec- 
trometer operating at 300.136 and 30.415 MHz. A 
12 mM sample of  CN-8-epiCbl in DMSO-d6 con- 
tained TSP as an internal ~H chemical shift refer- 
ence. ~SN chemical shifts were referenced to external 
CH3NO2 but are reported relative to NH3(1) 
(aC,~NO, = 380.23 ppm34). Data  were collected into 
a 512 x 256 data matrix using sweep widths of  3623 
(~H) and 3042 Hz (15N), and 1026 scans were col- 
lected per t~ increment (138 /~s). The data were 
apodized using Gaussian multiplication with - 5  
Hz line broadening in both dimensions. The 
NOESY spectrum of  this sample was also obtained 
on a Bruker A M X  300 N M R  spectrometer. Data  
were collected into a 2048 x 256 data matrix with a 
sweep width of 3623 Hz using 128 scans and a total 
mixing time of 600 ms. The data were apodized 
with a shifted sine bell function of  9ft .  Amide ~H 
chemical shift thermal gradients were measured on 
the same sample using a GE QE 300 N M R  spec- 
trometer from a series of  one-dimensional IH 
spectra taken at 5 'C increments between 20 and 
55'C. 

X-ray crystallography 

Deep wine-red to scarlet crystals of  CN-8-epiCbl 
were grown by slow evaporation of an aqueous 
solution at room temperature. A prismatic speci- 
men was cut to size while in contact with the satu- 
rated aqueous solution. The crystal, with 
dimensions of  0.25 x 0.45 x 0.30 mm, was wedged 
in a 0.3 mm glass capillary tube with the saturated 
mother  liquor and sealed from the atmosphere with 
silicone grease. All measurements were made using 
a Siemens P3 diffractometer, with Mo-K~ radiation 
(wavelength 0.71073 A) at 2ff~C. 

A survey of  reflection intensities showed that the 
specimen diffracted to below 1.2/~ resolution, and 
20 well-centred reflections with 20 > 20 ° gave 
cell constants in the or thorhombic system: 
a =  14.923(4), b =  17.290(5), c=32 .447(7)  /~, 
V = 8370.8(39) ~3. Cell volume was roughly con- 
sistent with four complexes per cell with perhaps 
10-20 waters. A total of  6085 reflections was col- 
lected by omega scans from 20 = 3.5 to 45.0' with 
three standard reflections monitored every 50 
reflections. About  one in ten reflections were 
observed at I > 2a~ in a shell from 45.0 to 52.5", 
and an additional 2824 reflections were collected 
in this range. In all, 8909 unique reflections were 
collected over a period of 70 h in the octant over 
indices: h = 0-16, k = 0-21, l =  0-40. After cor- 
rection for Lorentz and polarization effects, a cor- 
rection was applied for deterioration which 
occurred late in the data collection. An empirical 
absorption correction was later applied, maximum/ 
minimum t ransmiss ion=0.96 ,  0.16. Systematic 
absences (h00, h odd ; 0k0, k odd ; 00l, / odd) were 
consistent with space group P212~2r. The location 
of  the cobalt and phosphorus atoms were dis- 
covered by application of the Patterson function in 
SHELXS. 35 Several cycles of  Fourier calculation 
revealed all the non-hydrogen atoms in the 
complex. Refinement of  the positions and isotropic 
vibrational amplitudes for the non-hydrogen atoms 
in the complex converged at R = 0.14 for 4105 
reflections with I > 2 ~  for 409 parameters,  with 
the identities of  the terminal amide oxygens and 
nitrogens deduced from the bond distances. Oxy- 
gens from 16 waters were located in a difference 
Fourier map. These seem to consist of  14 ordered 
waters plus two sets of  two half-occupancy waters 
in the same vicinity. Amide side chains seemed 
ordered with the exception of the / / -carbon (C42) 
in the d propionamide at C8 which was found with 
equal likelihood in either of  two gauche positions 
between the c~-carbons and carbonyl carbons of  its 
chain. 

Gradually, anisotropic vibrational amplitudes 
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were introduced for all non-hydrogen atoms includ- 
ing water oxygens as the refinement proceeded by 
blocked least-squares. A computer  program, 
SHELXL-93,  36 was employed to minimize the F 2 
differences. Hydrogen atoms were placed in cal- 
culated positions where these were unambiguous, 
and in positions determined by examining differ- 
ence Fourier maps for others. Hydrogen atom posi- 
tions were not refined, nor were water hydrogens 
included. Some of the terminal amides gave aniso- 
tropic vibrational parameters suggestive of  small 
local disorders, but a number of  trials failed to tind 
more satisfactory models. Stable refinement of  one 
amide carbonyl (C61), found near the disordered 
solvent region, required an isotropic vibrational 
factor. A small extinction correction was applied, 
which refined to 0.00027(7). The model converged 
with R, = 52 I[ Foh~[- IF~.~,~ [I/ElFobd = 0.0521 (on F. 
for values of 2852 F > 4a~-), wR 2 = {E[w(F~b~- 
F~,,~.)2]/Z[w(F~,b~)2]~ , '2= 0.1260 on F 2 for all 8909 
data. Flack's analysis supports the absolute con- 
figuration of the model. ~ 

RESULTS 

Synthesis o/ 'CN-8-epiCbl 

CN-8-epiCbl was synthesized by a modification 
of the route of  Rapp and Oltersdorf j9 as shown 
in Scheme 1. This route involves the oxidation of 
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CNCbl  (I) to the c-lactone (2) followed by 
reduction of the lactone with granular borohydride 
to give a pair of  c-monocarboxylates epimeric at 
C8 (3 and 4). Amidation of the CN-8-epiCbl-c- 
C O O -  (4) generates the CN-8-epicobalamin (5). 

The well characterized CNCbl-c-lactone has been 
obtained under acidic, oxidative conditions using 
chloramine-T or bromine water, "~ or N-bromo- 
succinamide in 0.5 M acetic acid. 3~ In the original 
method of Bonnett et al.J ° chloramine-T was mixed 
with CNCbl,  followed by addition of hydrochloric 
acid to give the lactone in 23% yield. We have found 
that slow addition of the acid catalyst improves the 
yield of lactone to 60 70%. The main side product 
of  this reaction, 10-CI-CNCbl-c-lactone, results 
from facile chlorination of the lactone product at 
the coffin ring carbon, C 10. ~'~ We consequently rea- 
soned that chlorination of the lactone could be min- 
imized by avoiding conditions in which an excess 
of chloramine-T was present. Indeed, when the 
order of  addition of the reagents was re\.ersed, so 
that solution of chloramine-T was added dropwise 
to a mixture of CNCbl and HCI over a 2 h period, 
the yield of lactone formation was improved from 
23 to 90%. 

The key step in the synthesis of  CN-8-epiCbl is 
the reductive epimerization of the lactone. Rapp 
and Oltersdorf ~'~ originally reported that reduction 
of the lactone with NaBH~ in water afl'orded CN- 
8-epiCbl-c-COO in 8% yield along with CNCbl-  

c 
H2I~o 

~ ,  . . ,~/-~NH 2 
, d 

1 

CNCbl 

a,b 

¢ 
O 

2 90% 

CNCbl-c-lactone 

c 
HO~),~O 

B "u~"~NH2 
d 

3 35-46% 

CNCbI-c-COOH 

+ 

c 
H 2 ~ .  O 

5 70-80% 
CN-8-epiCbl 

d 

¢ 

>; o 

4 21-23% 

CN-8-epiCbl-c-COOH 

Scheme 1. (a) HC1; (b) chloramine-T; (c) A+NaBH4: (d) NH4CI/ECDI. 
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A 

CN.8.epiCbl.c-COO" 

S <  
B 

< CNCbl-c-COO" 

CN-8-epiCbl-c-COO" 

8 1O 1'2 1'4 min 

Fig. 2. High performance liquid chromatograms of the 
reaction mixtures resulting from reduction of CNCbl-c- 
lactone in water using sodium borohydride powder at 
room temperature (A) and with granular sodium borohy- 

dride at 60°C (B). 

c-COO-. Using the reported method, we obtained a 
mixture containing at least eight components (Fig. 
2A), with CN-8-epiCbl-c-COO- in 4% yield at 
best. Because of the low yield and the difficulty in 
separating the desired product from such a com- 
plicated reaction mixture, attempts were made to 
find conditions that would improve the result. We 
found that by raising the reaction temperature to 
60°C, the yield of CN-8-epiCbl-c-COO- was mar- 
ginally improved to 5 7%. However, when granu- 
lar NaBH4, instead of NaBH4 powder, was used at 
60°C in water, the reaction was cleaner (Fig. 2B), 
and the yields in four separate preparations ranged 
from 21 to 23%, by HPLC integration. The two 
diastereomeric products were readily separable by 
semipreparative HPLC. 

Amidation of cobalamin carboxylates in good 
yield requires reaction with an efficient coupling 
reagent. Because Cbls are only soluble in strongly 
polar solvents such as water, methanol, and 
DMSO, the choice of coupling reagents is some- 
what limited. Among the coupling reagents 
tried (including dicyclohexylcarbodiimide in 
H20/CH3CN and ethyl chloroformate in DMSO), 
1-ethyl-3-(3-dimethylamino)propyl carbodiimide 
gave the best results for CN-8-epiCbl (70-80%). 

X-ray structure 

Cyano-8-epicobalamin hexadecahydrate crys- 
tallizes in the orthorhombic system, space group 
P21212,. All bond lengths and angles were found to 
be consistent with the established CNCbl struc- 
ture 39 and have chemically reasonable values. Table 
1 shows the details of the crystal data and structure 
refinement. Selected bond lengths, bond angles, and 
torsion angles are given in Table 2. (The atomic 
coordinations are given in Table $2, anisotropic 
temperature factors are given in Table $3, all bond 
distances and angles between adjacent non-hydro- 
gen atoms are given in Table $4, calculated hydro- 
gen atom coordinates are given in Table $5, and 
intermolecular contacts are described in Table $6, 
available as supplementary materials.) 

The central cobalt atom is pseudo-octahedral, 
coordinated to the four equatorial corrin nitrogens, 
a nitrogen from the axial Bzm nucleotide and the 
cyanide carbon atom. Distortions from octahedral 
geometry are readily evident from the inner sphere 
bond distances and angles which are close to those 
of CNCbl (Table 2). Overall, the structure is quite 
similar to that of CNCblfl 9 However, the d pro- 
pionamide side chain at C8, which occupies a 
"downward" axial position in CNCbl, is pseudo- 
equatorial in CN-8-epiCbl. The only disorder found 
in the molecule is at the fl-carbon (C42) for this 
side chain which occurs at two positions with equal 
occupancy. Each position completes one of two 
alternate gauche arrangements of the propionamide 
chain, C8--C41--C42--C43, and the bond dis- 
tances are normal for each. 

All peripheral N and O atoms except the ribose 
ring oxygen and the carbon-bonded phosphodiester 
oxygens engage in hydrogen bonding. However, no 
intramolecular hydrogen bonds occur, and contact 
between the molecules is minimal, with only three 
of 15 hydrogen bonding contacts not involving 

Table 1. Crystal data for CN-8-epiCbl 

Empirical formula C63H75CoNI4014P" 16H20 
Formula weight 1630.53 (including H20 ) 
Temperature (K) 293(2) 
2 (Mo-K~) (~) 0.71073 
Space group P2~2121 
a (~) 14.923(4) 
b (A,) 17.290(5) 
c (,~) 32.447(7) 
V (~3) 8372(4) 
Z 4 
Crystal size (mm 3) 0.25 x 0.45 x 0.30 
D (gcm -3) 1.294 
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Table 2. Selected bond lengths, bond angles, and torsion 
angles for CN-8-epiCbl 

CN-8-epiCbl CNCbl 

Bond length (/~1 
Co--C64 1.911 (10) 
Co--B3(N) 2.015(6) 
Co--N21 1.847(6) 
Co--N22 1.894(6) 
Co--N23 1.902(6) 
Co--N24 1.872(6) 
C64~N65 1.133(9) 
C3--C4 1.516(9) 
C4--N21 1.307(8) 
C4--C5 1.405(9) 
C5--C6 1.384(9) 
C5--C35 1.538(7) 
C9--C 10 1.399(10) 
CI0--CI I 1.367(10) 
C1 I--C12 1.484(10) 
C14~N23 1.398(8) 
CI6--C17 1.512(10) 
C17--C18 1.559(10) 
C18--C19 1.518(9) 
C19--N24 1.490(8) 

Bond angle ( )  
C64---Co--B3(N) 177.5(3) 
N 65--C64~-Co 178.3 (9) 
N 2 I - -Co--N 22 89.4(3) 
N 22--Co--N23 96.1 (3) 
N23--Co--N24 91.1 (3) 
N21--Co--N24 83.5(3) 
N 21 --Co--C64 88.9(3) 
N22--Co--C64 87.9(3) 
N23--Co--C64 92.9(2) 
N24--Co--C64 87.8(3) 
N21--Co--B3(N) 91.5(3) 
N22--Co--B3(N) 89.6(2) 
N23--Co--B3(N) 86.9(3) 
N24--Co--B3(N) 94.7(3) 
C~-N22--Co 127.1 (5) 
C9--C10--C11 124.9(8) 
CI0--CI 1--C12 122.8(8) 
C 15--C 16--C 17 128.4(7) 
N24--C16--C17 110.5(7) 
N24--C19--C18 102.1(6) 
C18--C19--C1 123.5(7) 
B2--B3(N)--Co 124.3(6) 
B9--B3 (N)--Co 132.1 (5) 

Torsion angle ()  
C 1--C2--C3--C4 - 33 
C2--C3--C4--C5 - 157 
C3--C4--C5--C6 - 165 
C4--C5--C6--C7 174 
C5--C6--C7--C8 - 153 
C6--C7--C8--C9 - 32 
C7--C8--C9--C 10 - 145 
C8--C9--C 10--C 11 172 
C9--CI0--C11--C12 - 165 

174 
176 
89 
96 
92 
84 
87 
87 
91 
89 
96 
88 
87 
97 

132 
121 
118 
124 
115 
99 

127 
117 
139 

---40 
- 1 5 3  

-159 
171 

-165 
--22 

-151 
- 179 
-165 

Table 2.--continued. 

CN-8-epiCbl CNCbl 

CI0--C11--C12--C13 
C11--C12--C13--C14 

1.92 C12--C13--Cl4--Cl 5 
1.97 C13--C14~C15--C16 
1.80 C14~C15--C16--C17 
1.92 C15--C16--C17--C18 
1.86 C16--CI7--C18--C19 
1.87 C17--C18--C19--C1 
1.11 C18--C19--C1--C2 
1.57 C19--C1--C2--C3 
1.39 C5--C6--N22--C9 
1.33 C8--C7--C6 --N22 
1.50 C7--C8--C9--N22 
1.61 N23--C1 I--C12--C46 
1.60 N23--C 11--C 12--C47 
1.28 C14--CI 3--C 12--C46 
1.58 C14~C13--C12--C47 
1.52 
1.42 

1.62 

1.60 

1.54 

- 1 6 4  - 1 6 9  
21 - 29 

- 1 6 7  -163 
- 1 7 2  - 1 7 1  

- 1 7 2  - 1 7 3  

- 1 6 8  - 1 6 7  

- 31 -29 
155 153 
90 93 

138 145 
172 179 
26 17 
31 31 

147 147 
- 95 -96  

- - 1 5 2  152 
90 90 

crystallized solvent. Eighteen water oxygens have 
been located in the unit cell, 14 of which are appar- 
ently ordered, while four are half-occupancy with 
either O(15W) and O(17W) or O(16W) and 
O(18W) present. These water molecules form 12 
hydrogen bonds to amide, phosphate, ribose, and 
cyanide heteroatoms. Three additional hydrogen 
bonds occur between oxygens and nitrogens of sym- 
metry related molecules. 

IH and 13C N M R  

In order to complete the characterization of CN- 
8-epiCbl, previously characterized only by its CD 
spectrum ~9 and to make a comparison of the crystal 
and solution structures, as well as to provide infor- 
mation as to how epimerization at corrin ring C8 
affects the overall ~3C chemical shifts of CNCbl, we 
have completely assigned the ~H and L~C NMR 
spectra of CN-8-epiCbl using modern 2D NMR 
methods. The COSY spectrum (not shown) and the 
homonuclear Hartmann Hahn (HOHAHA)  spec- 
trum (Fig. 3) were used to identify the ribose, iso- 
propanolamine, C3--C30--C31,  C8--C42--C43,  
C13--C48--C49,  and C19- -C18- -C60  spin 
systems. The ribose spin system could be readily 
assigned since the only downfield doublet in the ~H 
spectrum (6.41 ppm) could be confidently assigned 
to the R1 proton (Fig. 1). Similarly, the Pr3 methyl 
resonance can be identified (1.33 ppm) as the only 
three proton doublet resonance in the ~H spectrum, 
since Pr3 is the only spin-coupled methyl group in 
the molecule (Fig. I). Absolute assignment of the 
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Fig. 3. Two-dimensional homonuclear Hartmann-Hahn (HOHAHA) spectrum of CN-8-epiCbl 
in D20 showing extended spin-spin couplings in the R1--R5, Prl--Pr2--Pr3, C3--C30--C31, 

C8--C41--C42, C 13--C48--C49, and C 19--C 18--C60 spin systems. 

other spin systems requires further information. In 
both the COSY and H O H A H A  spectra, four 
methylene protons show correlations only among 
themselves. These must represent the C55 and C56 
methylene protons, since these are the only adjacent 
methylenes not coupled to a ring proton in the 
molecule (Fig. 1). However, distinguishing the C55 
and C56 ~H and '3C resonances requires infor- 
mation from the HMQC and HMBC spectra. 

As has been the case with several 5'-deoxyadeno- 
sylcobalt corrinoids, 32'4° the crosspeaks in a stan- 
dard absorption mode NOE (NOESY) 
spectrum 41'42 were relatively weak, suggesting that 
the rotational correlation time for CN-8-epiCbl is 
close to the reciprocal of the Larmor frequency at 
this field strength (14.1 T). However, the spin- 
locked NOE experiment (ROESY), in which cross- 
peaks are always positive and increase in intensity 
with slower molecular motion, 27 gave good spec- 
trum as shown in Fig. 4. Since the ROESY exper- 

iment generates crosspeaks between protons which 
are close (~<4 /~) to each other in space via the 
nuclear Overhauser enhancement, it can be used to 
confirm the assignment of  spin systems including a 
ring proton and attached methylenes, as well as 
to assign the resonances of  protons which are not 
coupled to any other protons. For instance, the 
downfield proton resonance at 5.93 ppm, which 
correlates to a carbon resonance at 93.95 ppm in 
the HMQC spectrum (see below), can confidently 
be assigned to ClO.  22"23"32"40"4346 This resonance 
shows crosspeaks to resonances which can be 
assigned to C8, C41', C42', C42", ~ C46, and C47, 
the last two of  which have crosspeaks with the C13 
resonance. Most importantly, strong NOE cross- 
peaks are seen between the C41" proton and C37' 
and C37" and between the C8 proton and the B4 
proton, but no NOEs are seen between the C8 pro- 
ton and the C37 protons as is commonly the case 
in normal cobalamins. 3z~°'43~¢7 
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Following assignment of the LH spectrum, the 
'3C spectrum was assigned using the HMQC and 
HM BC heteronuclear correlation experiments. The 
former experiment, in which crosspeaks arise only 
between carbons and their directly attached 
protons, permits unambiguous assignment of the 
protonated carbons except in those instances where 
two carbon atoms are bonded to magnetically equi- 
valent hydrogens. The axial nucleotide resonances 
were assigned largely from the HMBC spectrum 
based on the expectation that the three-bond H - - C  
couplings in such an aromatic system will be larger 
than the two-bond H - - C  coulings 4s as originally 
discussed by Summers et al .  32 

One of the most challenging aspects of the assign- 
ment of the N M R  spectra of cobalt coorinoids is 
the assignment of the downfield L3C resonances, all 
of  which are unprotonated, since, for example ill 

the present case, the resonances of 10 carbons (the 
seven carbonyl carbons and C4, C9, and C 11 ) occur 
in a narrow range of 4.9 ppm. Often this spectral 
crowding, in addition to the spectral overlaps in the 
'H spectrum, has required observation of numerous 
HMBC sub-spectra in order to sort out the H - - C  
correlations in this region of the spectrum. 4'''4~ 
Figure 5 shows, however, that at 600 MHz there is 
sufficient spectral dispersion and sensitivity to 
assign completely this region of the spectrum unam- 
biguously simply by inspection of the HMBC 2D 
spectrum. The final IH and '~C assignments are 
given in Table 3. 

Amide IH and ISN N M R  

In D20, the amide protons of cobalamins ex- 
change rapidly with solvent. However, in DMSO- 
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Fig. 5. Portion of the HMBC spectrum of CN-8-epiCbl showing the long range C--H correlations 
involving the carbonyl carbons and corrin ring C4, C9, C11 resonances. Additional correlations (not 

shown) occur between C10H and C9 and C11. 

d6 these protons persist, and can be used to observe 
the amide 'SN resonances by polarization 
transfer 5°'5~ or by inverse detected HMQC. 47'5L52 
Figure 6 shows such a ]H, ]SN HMQC spectrum for 
CN-8-epiCbl in DMSO-d6 at 30°C. The spectrum 
consists of  seven 'SN resonances, six of which show 
crosspeaks to two protons (i.e., the amide anti and 
syn protons). We assume 47 that the downfield res- 
onance of each pair is due to the anti proton and 
the upfield resonance is due to the syn proton as is 
the case for other amides. 53-57 The seventh res- 
onance has only a single crosspeak and can conse- 
quently immediately be assigned to the famide ,  the 
only substituted amide in the molecule. In order 
to assign unambiguously the remaining amide ]SN 
resonances, a NOESY spectrum of the same sample 
was recorded using a long mixing time of 600 ms. 
Under these conditions, as shown in Fig. 7, numer- 
ous crosspeaks can be seen between the amide 
hydrogens and those of  the corrin ring and its side 
chains. In order to assign correctly these cross- 
peaks, the complete NOESY spectrum of CN-8- 
epiCbl in DMSO-d6 was assigned in analogy to 
the ROESY spectrum of  Cn-8-epiCbl in D20. (The 
resulting 'H N M R  assignments of  CN-8-epiCbl in 
DMSO-d6 and the NOE correlations upon which 

they are based are summarized in Table $8, avail- 
able as supplementary material.) With these assign- 
ments in hand, all of  the amide proton resonances 
could be assigned from their crosspeaks in the 
NOESY spectrum with the exception of the amide 
proton resonance at 7.23 ppm for which no cross- 
peaks were observed. This resonance was assigned 
to the d' proton by default. The assignments of the 
amide ]H and ]SN resonances of  CN-8-epiCbl are 
given in Table 4 along with those of CNCbP v for 
comparison. As can be seen in Table 4, the only ]SN 
chemical shift which differs significantly between 
these epimers is that of the d amide, which is shifted 
1.6 ppm upfield in CN-8-epiCbl. In addition, only 
the c and d amide protons of  CN-8-epiCbl have 
chemical shifts significantly different from those of 
CNCbl. The ~SN and ~H chemical shift differences 
of the d amide confirm that it is in different environ- 
ments in the two epimers, while the chemical shift 
differences for the c amide protons suggest that 
there may be an interaction between the c and d 
amides in CN-8-epiCbl. 

In order to determine if there is a hydrogen bond- 
ing interaction between the e and d amides in CN- 
8-epiCbl, the amide ]H chemical shift thermal gradi- 
ents, - (A6/AT), were determined for CN-8-epiCbl 
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Table 3. ~H and ~3C N M R  chemical shift assignments for CN-8-epiCbl" 

1631 

613C 61H A•I3CJ' 613C 61H A613C/' 

Atom (ppm) (ppm) (ppm) Atom (ppm) (ppm) (ppm) 

C53 17.80 2.65 -0 .08  R5 63.06 3.98, 3.81 -0 .04  
C54 18.30 1.45 0.12 R2 71.39 4.35 0.05 
C35 18.44 2.60 -0 .48  Pr2 75.53' 4.35 -0.01 
C25 19.32 1.45 0.05 R3 75.73 '/ 4.79 -0 .16  
Pr3 21.64 1.33 - 0 . 0 4  C19 77.67 4.16 --0.19 
C47 21.66 1.50 0.12 R4 84.67" 4.11 -0 .08  
C20 21.69 0.42 0.09 C1 87.58 0.08 
B l l  21.96 2.32 -0.01 R1 89.44 6.41 0.17 
B10 22.59 2.36 -0 .12  CI0 93.95 5.93 3.52 
C41 22.90 2.24, 2.13 5.63 C15 107.00 -0 .35  
C36 24.89 1.99 -3 .29  C5 110.79 -0.71 
C30 28.51 1.99, 1.93 0.02 B7 114.15 7.34 -0.01 
C48 30.71 2.07, 1.96 -0 .13  B4 118.27 6.60 0.75 
C46 34.02 1.26 - 0.16 B8 132.44 0.04 
C60 34.11 2.82, 2.74 0.68 B5 136.13 -0 .54  
C55 34.89 2.70, 1.89 0.25 B6 137.45 0.23 
C56 35.60 2.70, 1.89 - 1.31 B9 139.70 -0 .45  
C42 36.70 2.53, 2.37 -2 .46  B2 144.50 7.10 -0 .10  
C49 37.17 2.67 0.06 C6 165.75 2.10 
C31 37.52 2.55 0.02 C14 168.56 0.02 
C18 41.54 2.83 0.05 C9 174.81 1.29 
C37 42.00 2.49, 2.27 3.55 C57 177.31 0.06 
C26 45.25 2.46 0.16 C38 177.90 - 0.(/3 
Prl 47.91 3.69, 2.98 0.03 C61 178.24 (I.10 
C2 50.00 -0 .21 C27 178.39 0.07 
C12 50.94 -0 .25  C l l  180.21 -0 .77  
C7 55.13 -1.11 C43 180.34 -0 .62  
C13 56.18 3.40 0.04 C32 180.37 0.11 
C3 58.68 4.23 0.17 C50 180.68 0.11 
C8 60.05 2.82 - 1.80 C16 181.68 -0 .22  
C17 61.91 - 0 . 1 6  C4 182.17 0.41 

"In D20.  Chemical shifts in ppm relative to internal TSP. 
h Difference in chemical shift between CNCbl and CN-8-epiCbl. 
' 2Jr,c = 6.1 Hz. 
a2Jpc = 3.5 Hz. 
"3Jpc = 6.7 Hz. 

in DMSO-d6  (Table  4). The chemical  shifts o f  sub- 
s t i tu ted amide  p ro tons  (i.e., pept ides  amides)  
hydrogen  b o n d e d  to solvent  molecules  in D M S O  
norma l ly  move  upfield with increas ing t empera tu re ,  
on the o rde r  o f  4-10  x 10 -3 p p m  per  °C, while in t ra-  
molecu la r  hydrogen  bond ing  re ta rds  these chemical  
shift the rmal  grad ien ts  significantly.  58'59 Our  pre- 

vious studies o f  the chemical  shift the rmal  gradients  
of  the amide  p ro tons  o f  15 coba l t  co r r ino ids  4v'sl'52 
have shown tha t  co r r ino id  amide  p ro tons  exposed  
to solvent  and  no t  involved in in t r amolecu la r  
hydrogen  b o n d s  have - (AS/AT) 7> 3.0 x 10 3 p p m  
per  "C, while those  which are  in t r amolecu la r ly  
hydrogen  b o n d e d  and  shielded f rom solvent  have 
- ( A 6 / A T )  ~< 2.0 x 10 -3 p p m  per  °C,47 

A t  30 'C ,  three o f  the amide  p r o t o n s  o f  CN-8-  

epiCbl ,  the b", c", and  d" p ro tons ,  resonate  at  the 
same chemical  shift (6.78 ppm,  Fig.  6). As  the tem- 
pe ra tu re  is increased,  two of  these resonances  shifts 
upfield with " n o r m a l "  chemical  shift thermal  gradi-  
ents (5 .09_+0.04x10 -3 p p m  per  'C)  while the 
grad ien t  o f  the third p r o t o n  is subs tan t ia l ly  smal ler  
(1.8_+0.13 x 10 ̀ -3 p p m  per  C ) .  In o rder  to deter-  
mine which o f  the three p ro tons  had  the small  
chemical  shift thermal  gradient ,  ~H, ~SN H M Q C  
spec t rum of  CN-8 -ep iCb l  in DMSO-d6 was ob- 
served at 50°C. This spectrum (not shown) clearly 
showed that  it is the c" pro ton  that  resolves from the 
b" and d" pro tons  at higher temperatures  and has the 
low chemical shift thermal gradient. This suggests 
that  the c amide syn pro ton  is involved in an intra- 
molecular  hydrogen bond  in CN-8-epiCbl.  In addi-  



1632 K. L. BROWN et al. 

tion, as can be seen in Table 4, thefamide  proton also 
has a reduced chemical shift thermal gradient (0.96_+ 
0.14 x 10 3 ppm per °C) and is presumably involved 
in an intramolecular hydrogen bond, as is the case in 
all other base-on cobalamins studied to date. 47 

D I S C U S S I O N  
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Reductive epimerization of  CNCbl-c-lactone by 
borohydride attack at the C8 carbon of the corrin 
ring is the key step in the synthesis of  CN-8-epiCbl. 
As shown in structure 6, the attack can occur either 
from above the corrin ring plane, to yield CNCbl-  
c -COO-  with net retention of the configuration at 
C8, or from below the corrin ring plane, to invert 

the configuration at C8 and produce CN-8-epiCbl- 
c-COO . Evidently, the lower (c 0 face of  the corrin 
ring is more sterically crowded than the upper (/~) 
face, due to the downward projecting propionamide 
side chains and the presence of the bulky 5,6-dime- 
thylbenzimidazole ligand, thus favouring attack of 
borohydride from above the corrin ring, leading 
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Fig. 6. The ]H, ~SN HMQC spectrum of CN-8-epiCbl in DMSO-d6 at 30°C. Connectivities of the amide 
]SN resonances and their attached protons are shown using the accompanying downfield portion of the 
ID ~H NMR spectrum. The amide protons are designated by the side chain letter (Fig. 1) and as prime 

for the downfield (anti) proton and double prime for the upfield (syn) proton. 
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to a preponderance of CNCbl-c-COO among the 
products. In our hands, the reported method ~ 
favoured formation of CNCbl-c-COO- by about 
8:1 over CN-8-epiCbl-c-COO , and the net yield 
of the latter was only 4%. We reasoned that an 
increase in temperature should increase the overall 
reactivity and thus decrease the unfavoured steric 
selectivity of the reaction. This strategy proved 
effective since carrying out the borohydride 
reduction of CNCbl-c-lactone at 6 0 C  improved the 
ratio ofCNCbl-c-COO- : CN-8-epiCbl-c-COO to 
about 5:1, and the net yield of the C8 epimer to 
5 7%. What is more important in the reaction, 
however, was found to be the state of the sodium 
borohydride used. Granular NaBH4 was found to 
be much more efficient than NaBH4 powder, and 
the yield of CN-8-epiCbl-c-COO- formation with 
the former at 60 C in water was found to be 21 

23%, almost triple that by the original method. 
Apparently, powdery NaBH4 decomposes too rap- 
idly at high temperatures, as evidenced by a large 
amount of H2 formation within the first few minutes 
after its addition, and thus has less reducing ability 
under these conditions. 

Unlike CNCbl, whose solution is stable at mildly 
high temperatures, CN-8-epiCbl is thermally labile. 
While it is stable in neutral buffer solution at room 
temperature, it decomposes completely at 60 C in 
about 10 h, mostly forming CNCbl. This epi- 
merization appears to be base-catalysed since in a 
pH 10.6 solution, CN-8-epiCbl cleanly epimerized 
to form CNCbl in a few hours at room temperature. 

The molecular structure of CN-8-epiCbl is shown 
in a stereo view in Fig. 8, and in Fig. 9, super- 
imposed at the four equatorial nitrogens (RMS 
deviation 0.05/~) on the structure of CN('bl.  3~' The 
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Fig. 7. Portion of the NOESY spectrum of CN-8-epiCbl in DMSO-d~, showing the through-space 
connectivities between the amide and axial benzimidazole protons and other protons in the molecule, 

which were used to assign the 'H, ~SN HMQC spectrum in Fig. 6. 
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2 

\ 
Fig. 8. Stereo view of CN-8-epiCbl crystal structure, viewed roughly along the C53... C 15 axis from 

above the corrin ring. 

most important difference between the two struc- 
tures is the epimerization at C8, which changes the 
orientation of the d propionamide side chain from 
"downward" axial to pseudo-equatorial (Fig. 9A). 
While disorder in the d side chain at C42 leads to 
two alternate gauche arrangements of this pro- 
pionamide with equal occupancy (only one of 
which, C42A in Table 2, is shown in Figs 8 and 9), 
the d side chain remains pseudo-equatorial in both 
arrangements. In addition, the c acetamide can be 
seen (Fig. 9) to be rotated about 90 ° counter-clock- 
wise (when the structure is viewed from above) 
about the C7--C37 bond in CN-8-epiCbl relative to 
CNCbl. Such differences in side chain conformation 
are quite common in the X-ray crystal structures of  
cobalt corrinoids, as shown by Glusker and cowor- 
kers' study of the structures of 13 corrinoids, 6° 
which show that the conformations of the c, d, and 
e side chains are more variable than the others. 

As can be seen from the bond distances and bond 

angles in Table 2, the inner sphere geometry of CN- 
8-epiCbl and CNCbl are quite similar. The largest 
differences in bond distance occur for the C o - - N  
(axial) bond, which is 0.05 ~ longer in CN-8- 
epiCbl, and the Co- -N23  bond, which is 0.04 
longer in CN-8-epiCbl. However, the axial Bzm 
nucleotide in CN-8-epiCbl is tilted towards the A and 
D pyrrole rings by about 7 ° in CN-8-epiCbl, as can 
be seen in Fig. 9B. This results in a 7 ° increase in the 
Ccr---B3(N)--B2 bond angle and a 7 ° decrease in the 
Co---B3(N)--B9 bond angle in CN-8-epiCbl. 

The largest differences in corrin ring con- 
formation between CN-8-epiCbl and CNCbl occur 
at the B pyrrole ring, the site of  epimerization. In 
CN-8-epiCbl, the B ring is twisted by about 5 ° with 
respect to its orientation in CNCbl, such that C6 
and C7 are displaced above their locations in 
CNCbl, but C8 and C9 are displaced below, as seen 
in Fig. 9B. This effect leads to significant differences 
in a number of  torsion angles in the B ring (Table 
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Table 4. Amide ~H and ~SN NMR chemical shifts and ~H chemical shift thermal gradients 
for CN-8-epiCbl and CNCbI" 

1635 

Amide 

CN-8-epiCbl CNCbl ~' 

aLSN 6~H -(Aft/AT) × 103 6'5N ~$~H -Af/AT) × 103 
(ppm) (ppm) (ppm per :'C) (ppm) (ppm) (ppm per C) 

h 108.1 6 . 7 8  5.09+0.04 107.9 6.76 5.14+_0.07 
7 . 3 5  3.85+0.04 7.34 3.76+_0.11 

d 108.8 6 . 7 8  5.09+0.04 107.2 6.50 4.49+_0.26 
7.23 3.51 +_0.02 6 . 6 8  4.43+_0.20 

e 110.5 6.93 5.51 ___0.03 110.6 6 .91  5.49+_0.08 
7.56 3.84__+0.06 7.54 4.41 _+_0.07 

.q 110.9 7.17 5.58_+0.07 111.0 7 . 1 4  5.50+_0.08 
7 . 6 7  4.30+0.16 7.64 4.54+_0.12 

f 113.4 7 .61  0.96+0.14 113.4 7.60 0.99+_0.25 
c 114.4 6 . 7 8  1.83-t-0.13 114.4 7 .01  5.29+_0.09 

7.12 5.80+0.10 7.54 4.41 +0.07 
a 116.7 7 .11  5.80+-0.10 116.6 7 .11  4.91+_0.08 

7 .73  4.94_+0.05 7 . 7 6  5.14+_0.07 

"In DMSO-d6 at 30C. ~H chemical shifts are relative to internal TSP, while ~SN 
chemical shifts were determined relative to external CH3NO2 but are reported relative to 
NH3(1). 

~' Ref. 44. 

2). The effects of epimerization on the bond lengths 
and bond angles in the B ring are highlighted in 
structures 7 and 8 in which the significant differ- 
ences in bond length (7) and bond angle (8) between 
CNCbl and CN-8-epiCbl are given for the B ring 
and its peripheral attachments. The uncertainties 
connected with the bond lengths and angles at C42 
are due to its half-site occupancy in two different 
positions. The substantial differences in geometry 
about the amides must be attributed, at least in 
part, to differences in hydrogen bonding to these 
functionalities in the two structures. Thus, in 
CNCbl, the d amide carbonyl is hydrogen bonded 
to N28 of a symmetry related molecule (3.24 ~)  
while in CN-8-epiCbl, it is hydrogen bonded to two 
waters of crystallization (W12 at 2.88 ~ and W15 
at 2.65 ~) ,  and the d amide nitrogen is hydrogen 
bonded to W6 (2.99 A). Similarly, the c amide nitro- 
gen in CNCbl is hydrogen bonded to 05  (3.00 A) 
of a symmetry related molecule and a water of 
crystallization (2.69 A) and the c carbonyl is hydro- 
gen bonded to another water of crystallization (2.64 
~) ,  while in CN-8-epiCbl, the c amide nitrogen is 
hydrogen bonded to the b amide carbonyl 033 (2.83 
A) of a symmetry related molecule, and the c amide 
carbonyl oxygen is hydrogen bonded to a water 
(WI0, 2.69 ~),  and to the b amide nitrogen (N34, 
2.98/~) of  a symmetry related molecule. 

In addition to the local effects of C8 epi- 
merization on the B ring conformation, more global 

conformational effects on the corrin ring are evident 
in Fig. 9 and in the corrin carbon torsion angles, 
bond lengths and bond angles listed in Table 2. 
Significant bond length and bond angle differences 
occur virtually throughout the corrin, with the 
exception of the A ring (Table 2). Glusker has char- 
acterized the gross conformations of the corrin ring 
by use of the corrin fold angle along the C o . . .  C 10 
axis, defined as the angle between the least-squares 
plane including N21, C4, C5, C6, N22, C9, and 
C10, and that including N24, C16, C15, C14, N23, 
C11, and C10. For CN-8-epiCbl, the former plane 
has a mean deviation of 0.07 A, the latter a mean 
deviation of 0.02 /~, and the angle between these 
planes is 23.8.  This is a substantially more severe 
corrin fold than in CNCbl (17.7') and, in fact, is 
the largest corrin fold angle known. 6' This increased 
upward folding is accomplished mostly by an 
upward displacement of the former plane (i.e., the 
"nor th"  half of the corrin) as there is relatively little 
displacement of the corrin atoms from C13 to C18 
(Fig. 9). This phenomenon is reflected in the torsion 
angles among the corrin ring carbons as seen in 
Table 2. Those torsion angles including carbons 
C19--C1, etc., through C15 are, in general, sig- 
nificantly different in the two structures, while those 
including C12 through C2 are not. In addition to 
these global conformational changes, we note that 
there is a significant change in the pucker of the C 
ring such that C12 is displaced downward in 8- 
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Fig. 9. Structure of CN-8-epiCbl (dark lines) super 
imposed on CNCbl (light lines), viewed from above the 
corrin ring along the pyrrole C. . .  pyrrole A axis, showing 
the epimerization at C8 (A), and viewed from above the 

corrin ring along the C53... C15 axis (B). 

epiCbl. This leads to large displacement of  the C46 
and C47 methyl groups as seen in Fig. 9B and in 
the torsion angles involving these carbons in Table 
2. 

It is interesting to compare the structural changes 
accompanying epimerization of  CNCbl at C8 to 
those accompanying epimerization at C13. In CN- 
13-epiCbl, ~8 there are large differences in the inner 
sphere geometry, including a 0.17 A shortening of  
the C o - - C  bond and a 0.08 A lengthening of  the 
axial C o - - N  bond. The C pyrrole ring, the site of  
epimerization, is twisted by about 11 ° such that C 13 
is displaced upward and C12 is displaced down- 
ward, while C l l ,  C14, and N23 have very small 
displacements. This distortion allows the c side 
chain to adopt an "upwardly" axial position in 
CN- 13-epiCbl in contrast to the equatorial position 

adopted by the epimerized d side chain in CN-8- 
epiCbl. In addition, the C pyrrole ring distortion in 
CN- 13-epiCbl moves the C46 methyl group from an 
"upwardly" axial position to an equatorial position 
and the C47 methyl from an equatorial position to 
"downwardly" axial position. The corrin ring fold 
angle in CN-13-epiCbl (21.8 c~) is again increased 
from that in CNCbl, but is not as large as that in 
CN-8-epiCbl. Again, this increased corrin fold is 
caused primarily by an upward tilt of the "northern" 
plane as there is little displacement of the C 14--C 18 
carbons. 

The N M R  spectra of CN-8-epiCbl clearly show 
the effect of the inversion of configuration at C8, 
relative to CNCbl. Thus, in CN-8-epiCbl, the C8 
proton shows a strong NOE to the axial nucleotide 
B4 proton, confirming that the C8 proton faces 
"downward" in this isomer. In addition, no NOE 
crosspeaks are seen between the C8 proton and the 
C37 methylene protons is the ROESY spectrum of 
CN-8-epiCbl although such NOEs have been found 
for every other Cbl for which data are available. 
This confirms that the C8 proton and the c aceta- 
mide side chain are on opposite sides of the corrin 
ring. Furthermore, NOEs observed between C41H' 
and C37H', and between C41H" and both of the 
C37 protons do not occur in normal cobalamins in 
which the c and d side chains are on opposite sides 
of the B ring. 

The difference in tSN and ~H chemical shifts of 
the d amide between CNCbl and CN-8-epiCbl also 
shows the effect of epimerization of this side chain 
in CN-8-epiCbl. Moreover, the differences in the c 
amide ~H chemical shifts and the low proton chemi- 
cal shift thermal gradient for the c amide syn  proton 
strongly suggest that the c amide is a proton donor 
in an intramolecular hydrogen bond in CN-8- 
epiCbl in solution which is absent in CNCbl. This 
hydrogen bond is not present in the crystal struc- 
ture, in which the c and d amides are involved in 
various hydrogen bonded interactions with hetero- 
atoms on symmetry related molecules and with waters 
of crystallization as described above. However, 
inspection of semi-space filling models of CN-8- 
epiCbl shows that when the d side chain is on the 
equatorial position on the B pyrrole ring, the c and 
d amide groups may be brought into sufficiently 
close proximity to allow formation of a hydrogen 
bond involving the c amide N - - H  and the d amide 
carbonyl oxygen. 

The complete assignments of  the ~3C spectrum 
of CN-8-epiCbl permits a comparison of these ~3C 
chemical shifts with those of CNCb122'23 in order to 
attempt to assess the effect of  epimerization on ~3C 
chemical shifts. This comparison is given in Table 
3 as the signed difference in chemical shift between 
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CNCbl  and CN-8-epiCbl and the significant differ- 
ences (IA61 ~> 0.25 ppm) are highlighted in structure 

b O ~  "NHe HaN,, c 

, , ~  -0.48 . , )-0 
o 3.55 -3 29 O 

2 " 062 
H2N" ~ A /'~ ~ Y  n N~.....~/ . . . . .  NH2 

a 4 "  \ -- It ¢ ~  I ~ / __~5.63 d 

I //35  
g 9 i 

HO J u 9 

9. The corrin B ring peripheral substituents, includ- 
ing the C41, C42, and C37 methylene groups and 
the C36 methyl group, show large chemical shift 
differences, as expected. While chemical shift 
differences of  -- 1.11 to 2.10 ppm occur for the B 
ring carbon atoms themselves, the largest corrin 
ring chemical shift difference occurs at CI0,  and 
significant differences occur from C4 through C12. 
These chemical shift differences roughly correspond 
to the corrin ring conformational  differences dis- 
cussed above and revealed by the corrin carbon 
torsion angles (Table 2). In addition, there are sig- 
nificant chemical shift differences at the axial 
nucleotide carbons B4, B5, and B9, at the f side 
chain methylene group, C56, and inexplicably, at 
C60. The chemical shift differences at the axial 
nucleotide carbons could reflect the slight tilt of  the 
Bzm in CN-8-epiCbl, or a chemical shift effect of  
the proximity of  the d side chain to the upper part  
of  the axial nucleotide in CNCbl  which is removed 
in the C8 epimer since the d side chain is equatorial. 
However, these chemical shifts could also be affected 
by a difference in the strength of coordination of 
the axial benzimidazole ligand to the metal a tom in 
CN-8-epiCbl and CNCbl,  since the axial benzi- 
midazole ~-~C chemical shifts of  base-on RCbls are 
well known to be sensitive to the strength of 
donation from the B3 nitrogen to the cobalt 
atom. 62'"3 Such differential axial ligand coor- 
dination could also be the cause of the chemical 
shift difference at C56 since the nucleotide loop is 
known to be strained in base-on RCbls and the 
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amount  of  strain is sensitive to the strength ofbenzi- 
midazole coordination. 64 Comparison of  the chemi- 
cal shift of  C56 in CNCbl  and in (CN)2Cb122'~3 
shows that this carbon does, indeed, show the 
effects of  this strain. 

In summary,  the synthesis of  the putative CN-8- 
epiCbl through borohydride reduction of CNCbl-c- 
lactone has been reexamined. Reaction conditions 
have been modified to increase greatly the yield of  
this analogue. In addition, this derivative has been 
unambiguously shown to be the C8 epimer of  
CNCbl  by FAB MS, X-ray crystallography, and 
~H, ~3C, and ~SN NMR,  which also allow a com- 
parison of  the crystal and solution structures of  the 
analogue. This improved synthesis has now pro- 
vided CN-8-epiCbl in ample quantities lbr studies 
to assess the importance of the d amide side chain 
in C o - - C  bond thermal homolysis as well as its role 
in the association of Cbls with B~2-binding proteins 
and enzymes. Such studies are currently in progress. 
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been deposited with the Cambridge Crystallographic 
Data Centre. Tables of the atomic coordinations of CN- 
8-epiCbl, tentative J~C NMR assignments of CNCbl-c- 
lactone and CN-8-epiCbl-c-COO , anisotropic thermal 
parameters for all non-hydrogen atoms, bond distances 
and bond angles between all non-hydrogen atoms and 
their estimated, calculated coordinates of all hydrogen 
atoms, intermolecular contacts, N M R connectivities for 
CN-8-epiCbl in D20, NOESY connectivities tk)r CN-8- 
epiCbl in DMSO-d6, a unit cell packing diagram, and an 
ORTEP diagram of CN-8-epiCbl (26 pages) are available 
from the authors. 
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