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Figure 2B shows part of the 2D ROESY spectrum, recorded 
with a 60-ms mixing time. A large number of intense NOE 
interactions can be seen between the amide/aromatic resonances 
and the aliphatic resonances. In the spin-locked NOE method, 
originally proposed by Bothner-By et al.,12 the NOE is always 
positive, independent of the molecular correlation time. Spin 
diffusion effects are therefore generally not observed17 and the 
interpretation of NOE intensities may be more straightforward. 
Relay of NOE intensity via the HOHAHA effect17'18 could in 
principle give rise to false NOE cross peaks. In practice, these 
types of relay peaks in proteins are limited almost exclusively to 
NOE interactions with a methylene proton, where Hartmann-
Hahn relay to the second methylene proton can occur. Because 
methylene protons are commonly treated with the pseudoatom 
approach,19 this does not affect the structure, refinement process. 
Another interesting feature of the spin-locked NOE spectrum is 
that NOE and exchange cross peaks are of opposite sign. Ex­
change cross peaks between NH and H2O resonances in Figure 
2B are not visible (apart from small truncation artifacts from these 
intense resonances) because only resonances with opposite sign 
to the diagonal (NOE cross peaks) are displayed in this spectrum. 
A cross section taken at the H2O F1 frequency is shown along the 
left-hand side of the 2D spectrum and displays the amide protons 
that show a significant amount of hydrogen exchange during the 
60-ms mixing period. 

The approach described above makes it possible to record 
HOHAHA and ROESY spectra in H2O solution in a routine 
fashion. Neither of the two experiments is particularly critical 
to fine tuning of parameters and the final spectra do not require 
any base-line correction procedure. To the best of our knowledge, 
Figure 2B also represents the first application of spin-locked NOE 
to a protein. The spectrum indicates that the quality is comparable 
to that of a NOESY spectrum; major advantages are that spin 
diffusion is eliminated and that chemical exchange peaks are 
identified by their opposite sign. 

(17) Bax, A.; Sklenar, V.; Summers, M. F. J. Magn. Reson. 1986, 70, 327. 
(18) Neuhaus, D.; Keeler, J. J. Magn. Reson. 1986, 68, 568. 
(19) Wuthrich, K.; Billeter, M.; Braun, W. J. MoI. Biol. 1983, 7SO, 949. 
(20) Wagner, G.; Wuthrich, K. J. MoI. Biol. 1982, 755, 347. 
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Diol dehydratase functions in concert with coenzyme B12, 
(5'-deoxyadenosyl)cobalamin (Co-CH2R), to catalyze the deh­
ydration of vicinal diols to aldehydes through the intermediacy 
of geminal diol species (eq I),1'2 One of the proposed pathways 

RCH(OH)CH2(OH) -* RCH2CH(OH)2 — 
RCH2CHO + H2O (1) 

for diol dehydratase catalyzed dehydration of ethylene glycol 
involves the formation and interconversion of organometallic in­
termediates derived from B12r, (Co11-), and the substrate radical 

(1) Golding, B. T. S12; Dolphin, D., Ed.; Wiley-Interscience: New York, 
1982; Vol. 1, pp 543-582. 

(2) Abeles, R. H.; Dolphin, D. Ace. Chem. Res. 1976, 9, 114. 

CCH(OH)CH2OH) (eq 2 and 3).1"4 Dehydroxylation of the 

Co"' + -CH(OH)CH2(OH) ^ Co-CH(OH)CH2(OH) (2) 

Co-CH(OH)CH2(OH) *± Co-CH2CH(OH)2 (3) 

/S-OH group of Co-CH(OH)CH2(OH) by an acid site, assisted 
by formation of a vinyl alcohol 7r-complex and subsequent read-
dition of hydroxide to the 7r-complex, has been suggested as a 
convenient route to the required geminal diol species.2 Model 

Co — CH(OH)CH2OH + H + ^ = 

C—C,_ + H2O = (HO)2CHCH2—Co + H 
H %£ H 

Co 
studies focused on emulating the pathway utilizing organometallic 
intermediates have had considerable success,5"10 but investigations 
using cobalt macrocycles are limited by the thermodynamic and 
kinetic instability of a-hydroxyalkyl complexes relative to disso­
ciation into aldehyde and metal hydride.11'12 Mulac and Mey-
erstein have succeeded in forming the proposed cobalamin-sub-
strate complex Co-CH(OH)CH2(OH) by the reaction of Co11' 
(B,2r) with the substrate radical *CH(OH)CH2(OH),6a which 
mimics the manner by which the cobalamin-substrate complex 
would form in the enzymatic reaction. Co-CH(OH)CH2(OH) 
is a transient species in neutral aqueous media and dissociates into 
Co(I)", H+, and CH2(OH)CHO without observation of the 
dehydration reaction,6 and this result has been used as evidence 
against invoking Co-CH(OH)CH2(OH) as an intermediate in 
the enzymatic dehydration of vicinal diols.13 However, Co-C-
H(OH)CH2(OH) would be kinetically stabilized toward formation 
of glycoaldehyde in the enzyme environment by use of the a-OH 
group in substrate-protein binding. A thermodynamically stable 
complex that models Co-CH(OH)CH2(OH) outside of the en­
zyme environment is needed in order to evaluate whether or not 
this type of complex could be useful in the enzymatic substrate 
reactions. 

Rhodium macrocycles are potentially useful model complexes 
for the cobalt macrocycle in B12 due to their related electronic 
structures (Co(III), 3d6; Rh(III), 4d6) and because the substan­
tially stronger Rh-C bond14'15 provides thermodynamic stabili­
zation for organometallic species that may have only transient 
existence in the analogous cobalt species. One of the consequences 
of the strong Rh-C bond is the observation of a-hydroxyalkyl 
complexes of rhodium porphyrins12'16 in equilibrium with rhodium 
porphyrin hydrides and aldehydes, where the corresponding cobalt 
porphyrin derivatives have not been detected. This paper reports 
on the formation and dehydration of the a,/3-dihydroxyethyl de­
rivative of rhodium octaethylporphyrin, (OEP)Rh-CH(OH)-
CH2OH (1), which may be relevant to the structure and reactivity 
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Figure 1. High-field region of 1H NMR spectra for (OEP)Rh-X in 
THF-(Z8: (A) X = CH(OH)CH2(OH); (B) X = CH(OD)CH2(OD); (C) 
X = CH2CHO. 

of potential cobalamin-substrate complexes in diol dehydratase 
catalyzed reactions. 

Glycolaldehyde (HOCH2CHO) is found to react with rhodium 
octaethylporphyrin hydride ((OEP)Rh-H) in THF or benzene 
solution to produce an equilibrium distribution with (OEP)Rh-
CH(OH)CH2OH (1) (eq 4). Proton NMR spectra of 1 (Figure 

(OEP)Rh-H + HOCH2CHO *± (OEP)Rh-CH(OH)CH2OH 
(4) 

IA) have been assigned with the aid of both decoupling experi­
ments and deuteriation of the hydroxyl functional groups (Figure 
IB).17 The 1H NMR peaks on the high-field side of TMS are 
unambiguously associated with the -CH(OH)CH2(OH) unit 
bonded to Rh(OEP) (Figure 1). Inequivalent coupling of the 
/3-OH with the diastereotopic methylene hydrogens (2.9 and 10.3 
Hz) clearly indicates a preferred gauche conformation of the OH 
groups similar to that observed for ethylene glycol.18 

Dehydration of 1, which occurs slowly (~24 h) at 80 0C in 
benzene, is observed to be catalyzed by acids (CF3CO2H, 
CF3SO3H) such that formation of (OEP)Rh-CH2CHO (2) is 
completed within the time required to record the NMR spectrum 
(Figure IC) (eq 5). Compound 2 is the exclusive product from 

(OEP)Rh-CH(OH)CH2OH ^ (OEP)Rh-CH2CHO + H2O 
(5) 

the acid-catalyzed dehydration of 1. Acid catalysis of reaction 
5 probably occurs by selective dehydroxylation of the /3-OH in 
1 assisted by formation of an intermediate vinyl alcohol 7r-complex, 
[(OEP)Rh(CH(OH)=CH2)J+. Rapid formation of 2 has thus 
far prohibited the direct observation of the proposed vinyl alcohol 
7r-complex intermediate, but an organometallic species of this type 
is clearly observed upon dehydroxylation of the /3-hydroxyethyl 
derivative (OEP)Rh-CH2CH2OH (3), prepared by reaction of 
(octaethylporphyrin)rhodium(I) anion with ethylene oxide.19 

(17) 1H NMR data (ppm) for 1 (THF-(Z8, 295 K): 10.12 (s, 4 H, CH=), 
4.10 (m, 16 H, CZZ2CH3), 1.91 (t, 24 H, CH2CSf3), -0.69 (dd, 1 H, 3-OH), 
-2.80 (m, 1 H, /S-CH, y„m = 11.5 Hz, Jm„s = 9.35 Hz, 7HOH = 2.9 Hz), -3.04 
(m, 1 H, a-CH, Jds = 2.52 Hz, VRhH = 2.60 Hz, JH0H = 6.6 Hz), -3.15 (m, 
1 H, (3-CH, JH0H = 10.3 Hz), -4.07 (d, 1 H, a-OH). 

(18) Buckley, P.; Giguere, P. A. Can. J. Chem. 1967, 45, 397. 
(19) Ogoshi, H.; Setsune, J.; Yoshida, Z. J. Organomet. Chem. 1980, 185, 
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Figure 2. Variable-temperature 1H NMR spectra for a toluene-rf8 solu­
tion of (OEP)Rh-CH2CH2OH with a 30-fold excess of CF3COOH: (A) 
315 K; (B) 295 K; (C) 268 K; (D) 243 K. 

When a toluene solution of 3 is mixed with CF3CO2H at 295 
K, an equilibrium distribution of two new species is observed in 
the 1H NMR spectrum (Figure 2)20 (eq 6 and 7). The pair of 

(OEP)Rh-CH2CH2OH + CF3CO2H *± 
(OEP)Rh-CH2CH2OC(O)CF3 + H2O (6) 

(OEP)Rh-CH2CH2OC(O)CF3 ^ 
(OEP)Rh(CH2=CH2)(CF3CO2) (7) 

multiplets (d = -1.99 and -5.38) are assigned to (OEP)Rh-
CH2CH2OC(O)CF3 (4), and the singlet (5 = -4.46) is assigned 
to a symmetrically bonded 7r-ethene complex, (OEP)Rh(CH2= 
CH2)(CF3CO2) (5), in analogy with the recently reported iso-
electronic complex (OEP)Ru(CH2=CH2) (o = -4.0).21 Both 
reactions 6 and 7 are well-behaved equilibria. Addition of hy­
droxide results in re-formation of 3, and the reversible temperature 
dependence (Figure 2) has been analyzed to give the enthalpy 
change for reaction 7 (AH0J = -5.9 ± 0.5 kcal). When the 
stronger acid CF3SO3H is used, only the NMR corresponding to 
5 is observed (8 = -4.43). Observation of a 7r-ethene complex 
of Rhnl(OEP) reinforces previous studies on related cobalt species 
that provided evidence for ir-alkene complexes of cobalt(III).2'5,9 

Scheme I outlines a possible pathway for the enzymatic deh­
ydration of ethylene glycol that invokes cobalamin-substrate 
complexes as intermediates. 

Scheme I 

Co-CH2R f± Co11, + 'CH2R (i) 

'CH2R + CH2(OH)CH2(OH) *± 
CH3R + 'CH(OH)CH2(OH) (ii) 

Co" + 'CH(OH)CH2(OH) ^ Co-CH(OH)CH2(OH) (iii) 

Co-CH(OH)CH2(OH) ^ Co-CH2CH(OH)2 (iv) 

Co-CH2CH(OH)2 j * Co"' + 'CH2CH(OH)2 (v) 

(OH)2CHCH2 ' + CH3R ^ (OH)2CHCH3 + 'CH2R (vi) 

Co11' + 'CH2R ^ Co-CH2R (vii) 

CH3CH(OH)2 f* CH3CHO + H2O (viii) 

(20) 1H NMR data (ppm) for 4 (toluene-<Z8, 295 K): 10.25 (s, 4 H, 
CH=), 3.99 (m, 16 H, CZZ2CH3), 1.90 (t, 24 H, CH2CZZ3), -1.99 (t, 2 H, 
C„H2, VHH = 6.6 Hz), -5.38 (m, 2 H, C0H2, JRm = 3.4 Hz). 1H NMR data 
(ppm) for 5 (toluene-rf8, 295 K): 10.44 (s, 4 H, CH=), 3.97 (q, 16 H, 
CZZ2CH3), 1.88 (t, 24 H, CH2CZZ3), -4.46 (s, 4 H, CH2=CH2). 

(21) (a) Collman, J. P.; Brothers, P. J.; McElwee-White, L.; Rose, E.; 
Wright, L. J. / . Am. Chem. Soc. 1985, 707, 4570. (b) Brothers, P. J.; 
Collman, J. P. Ace. Chem. Res. 1986, 19, 209. 
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This scheme is essentially that elaborated by Abeles and 
Dolphin2 but differs by terminating the role of cobalamin-substrate 
complexes (step v) prior to the dehydration of the geminal diol. 
Both enzyme22 and model23 studies have provided convincing 
evidence that a /3-formyl complex, Co-CH2CHO, cannot be a 
productive intermediate. In this modified scheme, formation of 
the geminal diol (step iv) results in a change in the substrate 
derivative-protein binding that promotes homolysis of the Co-
CH2CH(OH)2 bond (step v) in a manner that parallels the 
generally accepted role of substrate binding in triggering the 
Co-CH2R bond homolysis (step i).1'2 Deconvolution of the overall 
process into this set of individual steps is rather artificial in that 
several steps could occur simultaneously in concerted transfor­
mations. As an example, formation of the substrate radical and 
subsequent binding with cob(II)alamin (steps ii and iii) could occur 
in a concerted process. The term cobalamin-substrate complex 
is also an exaggeration and probably should be replaced with the 
term cobalamin-substrate interaction, because restrictions of the 
protein binding sites for cobalamin and the substrate would un­
doubtedly produce highly strained Co-C bonds.24'2S 

The first two steps, which produce the substrate radical 
("CH(OH)CH2(OH)), and steps vi-viii, which convert the geminal 
diol radical (1CH2CH(OH)2) into acetaldehyde with regeneration 
of coenzyme B12 (Co-CH2R), are widely accepted aspects of the 
enzyme mechanism.',2,13 The pathway that the enzyme uses in 
directing the isomerization of 1,2-diols to 1,1-diols has not yet 
been convincingly elucidated, even though the enzymatic reactions 
have been elegantly and exhaustively studied by isotopic label­
ing.26-28 The mechanisms operative in the 1,2-rearrangements 
in other coenzyme B12 dependent enzymatic reactions also remain 
unresolved.29 The primary issue is whether or not cob(II)alamin 
formed in the initiation step interacts with the substrate radical 
(step iii) and directs the isomerization (step iv). An alternate 
pathway is for the enzyme-bound substrate radical to rearrange 
through a series of intermediates to products without the influence 
of cob(II)alamin.13,30 EPR studies of functioning enzymes,31,32 

radical rearrangement reactions,33"35 and model studies6,23 have 
been used to illustrate the plausibility for aspects of the radical 
rearrangement mechanism. The mechanistic issues and relevant 
enzyme and models studies have been brought into focus in a 
recent review.13 In our opinion, all of the results of the enzyme 
studies can be accommodated by a substrate rearrangement re­
action that is promoted and guided by relatively weak cobal­
amin-substrate organometallic interactions. The principal ar-

(22) Krouwer, J. S.; Babior, B. M. / . Biol. Chem. 1977, 252, 5004. 
(23) Finke, R. G.; Schiraldi, D. A. 1983, 105, 7605. 
(24) (a) Halpern, J. Science (Washington, D.C.) 1985, 227, 869. (b) 

Halpern, J. In B12; Dolphin, D„ Ed.; Wiley: New York, 1982; Vol. 1, pp 
501-541. 

(25) (a) Randaccio, L.; Bresciani-Pahor, N.; Toscano, P. J.; Marzilli, L. 
G. J. Am. Chem. Soc. 1981,103, 6347. (b) Summers, M. F.; Toscano, P. J.; 
Bresciani-Pahor, N.; Nordin, G. Randaccio, L.; Marzilli, L. G. J. Am. Chem. 
Soc. 1983, 105, 6259. 

(26) Retey, J.; Umani-Ronchi, A.; Seible, J.; Arigoni, D. Experientia 1966, 
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(27) (a) Abeles, R. H. S.; Lee, N. A., Jr. Brookhaven, Symp. Biol. 1962, 
15, 310. (b) Frey, P. A.; Karabatsos, G. L.; Abeles, R. H. Biochem. Biophys. 
Res. Commun. 1965, 18, 551. (c) Zagalak, B.; Frey, P. A.; Karabatsos, G. 
L.; Abeles, R. H. J. Biol. Chem. 1966, 241, 3028. 

(28) Arigoni, D. Vitamin B12, Proceedings of the 3rd European Sympo­
sium on Vitamin Bn and Intrinsic Factor, Zagalah, B., Friedlich, W., Eds.; 
W. de Gruyter: Berlin, 1979; p 389. 

(29) Dowd, P.; Shapiro, M.; Kang, J. Tetrahedron 1984, 40, 3069. 
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J. Biol. Chem. 1974, 249, 4537. (b) Boas, J. F.; Hicks, P. R.; Pillbrow, J. R.; 
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guments used against invoking organometallic cobalamin-substrate 
derivative intermediates are the lack of direct observation of these 
intermediates in the enzymatic reaction and absence of a model 
system that illustrates the proposed reactivity for the cobal­
amin-substrate complex, Co-CH(OH)CH2(OH).13 Direct ob­
servation of productive intermediates is often precluded by their 
efficiency in producing the desired result, and when detailed kinetic 
mechanistic studies are made, the observed "intermediates" often 
prove to be involved in only nonproductive pathways.36 Formation 
of (OEP)Rh-CH(OH)CH2(OH) at equilibrium has provided the 
first opportunity to observe the reactivity of an a,/3-dihydroxyethyl 
complex under controlled conditions, and this model complex does 
manifest the type of reactivity proposed2 for Co-CH(OH)CH2-
(OH). Acid-catalyzed dehydration of 1 to produce (OEP)Rh-
CH2CHO (2) selectively and the dehydroxylation of (OEP)Rh-
CH2CH2(OH) to form a 7r-ethene complex (5) illustrate the 
potential utility of cobalamin-substrate derivative interactions in 
promoting and directing an enzyme-catalyzed dehydration of 
1,2-diols. We presently prefer the organometallic intermediate 
mechanism because selective 0-OH dehydroxylation of Co-CH-
(OH)CH2(OH) and subsequent 1,2-rearrangement that converts 
1,2-diols into 1,1-diols would be a natural consequence of a vinyl 
alcohol 7r-complex intermediate, Co(CH2=CH(OH))"1". The 
intermediacy of cobalamin-substrate derivative complexes in diol 
dehydratase catalyzed reactions remains an open question, and 
we hope that model studies will stimulate and focus the requisite 
enzyme investigations. 
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Metalloporphyrins with a bridged structure between the central 
metal and one of the four pyrrole nitrogens have drawn much 
attention as it was proposed that the highly oxidized form of some 
hemoproteins may contain a ferric porphyrin with an oxygen atom 
inserted into an N-Fe bond.1 Bridged metalloporphyrins with 
an M-O-N linkage (M = Cu,2 Ni,3 Fe4), an M-N-N linkage 
(M = Zn,5 Fe6), an M-C-N linkage (M = Ni,7 Fe,1 Co8), and 
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