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The reaction of coenzyme 1B (adenosylcobalamin) with cyanide has been reinvestigated in detail using
spectroscopic and kinetic techniques. It has been shown that this reaction proceeds in one kinetically observable
step, contradicting previous findings, with rate-determining attack of the first cyakide(7.4 £+ 0.1) x 1073

M~1s1 250°C,| = 1.0 M (NaClQy)). The activation parameters were found to Ad* = 53.0 + 0.6 kJ

mol~1, ASF = —127+ 3 J mort K-t andAV* = —10.0+ 0.4 cn® mol~2, suggesting an associative displacement
mechanism. It is postulated that attack of the first cyanide occurs &t (&edeoxy-3-adenosyl) site rather than

at thea-dimethylbenzimidazole site.

Introduction crystallography and NMR spectroscopyl he reaction proceeds
via heterolytic cleavage of the €& bond and the reaction
products were isolated and characterized in the 1960s as
dicyanocobalamin ((CNELbI™), adenine, and the cyanohydrin

of pb-erythro-2,3-dihydroxy-4-penten&l The decomposition of
AdoCbl by cyanide is unexpected, as apart from thias, far

as we are aware there are no other nucleophiles known that are
capable of cleaving the CGeC bond of AdoCbl or MeCbl. This
reaction has therefore been investigated by a number of
researcher/~12 especially since the reaction between cyanide
and cobalamins provides a convenient means for studying factors
that control the rate of heterolytic cleavage of the-@bbond,
such as the degree of polarization of the-@bond electron
density toward the C atoAf.

There are discrepancies in the literature as to the mechanism
of cyanation. In the most recent study, the authors claim that
two reactions are kinetically observablegsxy= 2.9 x 1072
s7L, kobs(2)= 8.4 x 1074571, 0.1 M KCN, pH 10.5, 0.1 M buffer
(NaHCQ), 25 °C) and propose the following reaction mech-
anism?

Since the discovery of the €aC bond in adenosylcobalamin
by Hodgkin in 1962 there has been considerable interest in
the chemistry of the cleavage of this bond, which is extremely
rare in nature. Vitamin B has three biologically active forms,
but only methylcobalamin (MeCbl) and adenosylcobalamin
(AdoCbl= coenzyme By), which contain the CeC bond, are
essential for a number of enzyme reactidngn important
difference between the AdoCbl- and MeCbl-dependent enzyme
reactions is that the CeC bond is homolytically cleaved for
the AdoCbl-dependent isomerases and heterolytically cleaved
for the MeCbl-dependent transferases.

A considerable amount of effort has been put into trying to
understand what causes thel2@nhancement of the GaC
cleavage rate of AdoCbl in the presence of the enz{yam it
is now generally agreed that steric distortion and crowding at
thef site play a major role. AdoCbl is stable in neutral solution
but is decomposed in strong acid and base in addition to being
extremely light sensitive under all conditiohsThe Co-C bond
can also be cleaved at elevated temperattres.

Unlike MeCbl/2the Co-C bond of AdoCbl can be cleaved Ado Ado
in mildly alkaline solution by cyanide at ambient temperature. ‘ Ky ‘ ‘

The reaction between coenzymes and cyanide has beenrecog- —co + cN- —™ _Co + CN- 2 _  products
nized for several decades, and it was even used as a method 0 | f

characterization of cobalamins before the advent of X-ray N N CN
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(1) On leave from Department of Chemistry, Ain Shams University, Others have found that only one reaction is observéble.

Abbassia, Cairo, Egypt. There is also disagreement as to whether the cyanide first attacks
(2) Lenhert, P. G.; Hodgkin, D. QNature 1961, 192, 937. the 8-(5'-deoxy-3-adenosyl) £adenosyl 3-Ado)®1° or a-5,6-
®3) gi)hr?&l/ciigg,&BéoThghlenT._ Bl\;elv‘svii%logfol.g(gz) Dolphin, D., EdBy; dimethylbenzimidazoleo-DMBI) site >" although the latter is
@ (@ Kr'éutle)rl, B.- Konrat, R.: Stupperi'ch, E.“Reer, G.: Gruber, K.: preferred by the majority of authors. No attempt has been made
Kratky, C.Inorg. Chem 1994 33, 4128. (b) Waddington, M. D.; Finke,
R. G.J. Am. Chem. Sod 993 115 4629. (8) (a) Johnson, A. W.; Shaw, Rroc. Chem. Sod 96Q 420. (b) Toohey,
(5) Pratt, J. M.Inorganic Chemistry of Vitamin |, Academic Press: J. I.; Perlman, D.; Barker, H. Al. Biol. Chem 1961, 236, 2119. (c)
London, 1972. Barker, H. A. InProceedings of the 2nd European Symposium on
(6) (a) Hay, B. P.; Finke, R. GRPolyhedron1988 7, 1469. (b) Hay, B. Vitamin B12 and Intrinsic FactoHeinrich, H. C., Ed.; Ferdin & Enke
P.; Finke, R. GJ. Am. Chem. Sod 986 108 4820 and references Verlag: Stuttgart, Germany, 1961; p 82.
therein. (¢) Hay, B. P.; Finke, R. Gnorg. Chem 1984 23, 3041 (9) Johnson, A. W.; Shaw, Nl. Chem. Soc. A962 4608.
(correction inlnorg. Chem 1985 24, 1278). (10) Hogenkamp, H. P. C.; Rush, J. E.; Swenson, CJABiol. Chem
(7) (@) Rudakova, I. P.; Pospelova, T. A.; Borodulina-Shvets, V. I.; 1965 240, 3641.
Kurganov, B. I.; Yurkevich, A. M.J. Organomet. Chen1973 61, (11) (a) Hayward, G. C.; Hill, H. A. O.; Pratt, J. M.; Vanston, N. J,;
389. (b) Yurkevich, A. M.; Rudakova, |. P.; Pospelova, T. A; Williams, R. J. P.J. Chem. Soc1965 6485. (b) Schrauzer, G. N.;
Gurevich, V. M.; Kurganov, B. I.; Guseva, A. Setrahedron Lett. Sibert, J. W.J. Am. Chem. S0d.97Q 92, 1022.
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to characterize the reaction intermediate. Only qualitative 14
studies on the effect of cyanide concentration on the reaction
have been performed, and no activation parameters have been
measured. This has led us to re-examine this reaction in more
detail, and our findings are presented below.

Experimental Section

General Information. AdenosylcobalaminX96%) was obtained
from Fluka. All other chemicals were of AR grade and supplied by
either Merck (NaClQ@ NaCN) or Aldrich (TES, CHES, CAPS, TAPS
buffers).

Solution pH was measured at 25!C using a pH 537 WTW - \
microprocessor pH meter equipped with an Ingold 402.M657 electrode. 0 [ ) , | l , . T
A saturated NaCl solution was used for the salt bridge solution, and 300 400 500 600
the e_Iectrode was standar_dized u_sing stan_dard pH 6.8§ and 9.18 buffer wavelength /nm
solutions. Measurement in alkaline solution was carried out under a
Nz atmosphere. Solutions of pH11 were prepared from stock NaOH 0.0015
solutions. ! ! ! ! ! | I ' !

The acidity constant of HCN was determined by potentiometric 0 = =
titration. NaCN solution (70 mL; 1.0k 102M, | = 1.0 M (NaCIQy)) .0.0015 i | L | | | | |
was titrated with 0.26:0.30 mL aliquots of a HCI@solution (0.205 ’ ' I
M, | = 1.0 M (NaClQ)) at 25.0°C.

UV —visible spectra were measured using a Cary 1 spectrophotometer
equipped with a thermostated cell compartmer@.( °C). Experiments
at elevated pressure were performed using a self-built high-pressure
unit'®in conjuction with a Shimadzu UV-2101 PC spectrophotometer.
The cell compartment was thermostated at 25@1°C. All solutions
were prepared in the presence of air.

Experimental errors are given as one standard deviation.

Kinetic Measurements (UV-visible Spectroscopy). Unless stated
otherwise, an AdoChl solution of the desired pH ([AdoCb§ x 1075 0 26.7 53.3 800 1067 133.3
M, (0.10 M buffer),| = 1.0 M (NaClQ)) was mixed with a NaCN . .
solution of the same pH ([NaCN¥ 1.00 x 102—1.00 M; (0.10 M time / min
buffer),| = 1.0 M NaClQ) in a tandem cuvette and the absorbance of Figure 1. (a) UV—visible spectra measured after mixing (tandem
the mixture monitored spectrophotometricallylat 367 nm. Buffers cuvette) for the reaction between AdoChi§ x 1075 M, pH 11.0,1
were only used for pH<11.0 solution, and control reactions in the = 1.0 M (NaCIQ)) and NaCN (0.200 M, pH 11.0, 25°C,1 =1.0 M
absence of buffer showed that buffer catalysis was negligible. Complete (NaClQy)). The first nine spectra are recorded every 2.50 min.
spectra (306600 nm) were also frequently measured to check that Subsequent spectra taken at times 25, 30, 40, 60, and 100 min. (b)
only one reaction was occurring; i.e., clean isosbestic points were Absorbance at = 367 nm versus time for the same experiment as in
observed. AdoCbl solutions were prepared in a dark room using red (&)- The data are fitted to a single exponential, givkag = (7.59 +
light and were always protected from light during transportation to the 0-08) x 107*s™%. The residuals of the fit are shown above.
spectrophotometer due to their known light sensiti¥ty.Preliminary
experiments demonstrated that decomposition of AdoCbl by the light ~ Figure 2 showsH NMR spectra of the axial ligands (i.e.,
beam of the spectrophotometer was negligible. Data were fitted using the S-adenosyl anad.-DMBI) for the same reaction conditions
the Olis data fittting routine OLIS-KINFIT available from On-Line ([CN™] = 0.100 M, pD 11.0, 25.0C, | = 1.0 M (NaCIQy)).
Instrument Systems Inc. . Figure 2a gives the spectrum obtained.5 min after mixing.

NMR Measurements. *H NMR spectra were optamed ona Bruker The H signals of thep-adenosyl ando-DMBI ligands of
Avance DRX 400 MHz WB spectrometer equipped wit 5 mm AdoCbl are clearly visible at 8.22 and 8.01 ppm and 7.17, 6.96,

thermostated (25.0C) probe. Solutions were prepared inand d6.26 tivel d - lent t with
TSP was used as a reference. Microliter volumes of concentrated NaoH2d ©.£5 ppm, respeclively, and are in excellent agreement wi

or HCIO; solutions were used to obtain the desired solution pH. Exact literature valueg? (The'H of the ribose group is at 6.28 ppm.)
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experimental conditions are detailed in the figure captions. No new peaks are visible, thus once again demonstrating that
no reaction has occurred within this time.
Results Figure 2b gives typical spectra obtained at various times

Figure 1a shows typical UVvisible spectra observed (25.0 during the subsequent reaction. The signals of AdoCbl decrease
°C, 2 = 300-650 nm) when an AdoCbl solution is mixed with ~ during the reaction as expected. New peaks, which are in
a cyanide solution ([CNjf = 0.10 M , pH 11.0,1 = 1.0 M excellent agreement with the knowH NMR chemical shifts
(NaClQy); fis the final concentration in reaction mixture) using Of the DMBI ligand of (CN)CblI~,* can be clearly seen at 8.34,

a tandem cuvette. A comparison of the spectrum before and7.47, and 7.38 ppm and increase in intensity as the reaction
directly after mixing (10 s) gave identical spectra and thus progresses. Measurement of #&NMR spectrum of adenine
demonstrated that negligible reaction had occurred within this at pH 11.0 confirmed that the two peaks at 8.12 and 7.97 ppm
time. The reaction was followed for six half-lives and gave that increase in intensity can be attributed to adenine. During
clean isosbestic points at 347, 390, and 535 nm. Figure 1b givesthe entire course of the reaction there was no evidence for the
a plot of absorbance at= 367 nm versus time for these spectra. formation of an intermediate. The reaction products were also
The data were fitted to a single exponential using the Olis kinetic confirmed by'3C NMR (spectra not given), and the percentage
data fitting routine, givingkps = (7.59+ 0.08) x 104 s,

(14) Brown, K. L.; Brooks, H. B.; Gupta, B. D.; Victor, M.; Marques, H.
(13) van Eldik, R.; Palmer, D. A.; Schmidt, R.; Kelm, thorg. Chim. M.; Scooby, D. C.; Goux, W. J.; Timkovich, Raorg. Chem 1991,
Acta 1981, 50, 131. 30, 3430.
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Figure 2. 'H NMR spectra for the reaction of AdoChl with CN
([CN~]t = 0.100 M, [AdoCbl} = 7 x 102 M, pD 11.0, 25.0°C, | =
1.0 M (NaClQ)), AQ =2.04 s, D1= 1.00 s, NS= 1: (a)~1.5 min
after adding CN to AdoCbl; (b) at longer times. The time delay
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Figure 3. Relative peak area of tHél NMR signal at 8.22 ppm versus
time for the reaction between CNand AdoCbl. Data are fitted to a
single first-order exponential expression, givikgs = (6.2 = 0.2) x
104 s, Experimental details are given in the caption to Figure 2.
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experiment was also performed with AdoCbl in excess ([AdoCbl]
=20x 103M,[CN]=2.0x 104 M, pH 11.0, 25.C°C, |
= 1.0 M (NaClQy)) and gave a second-order rate conskasnt
(8.94 0.5) x 103 M~1s71, which is in reasonable agreement
with the more accurate value obtained with CiN excess (since
only a small fraction of AdoCbl is converted to products in the
former experiment).

Figure 5 gives a plot okops versus pH for [CN} = 0.100
M, where [CN} refers to the total cyanide concentration. If it
is assumed that only CN(and not HCN) is the active reactant,
it can easily be shown that

Kobs = KagienK/(Kagaeny T ap-) 1)

Measurement of thelyrcny by potentiometric titration gave
pKagcny = 8.744 0.02 (25.0°C, | = 1.0 M (NaClQy)). The
solid line given in Figure 5 represents the best fit of the data to
eq 1 fixing Kancny = 8.74 and thus demonstrates that the
assumption is correct. CN not HCN, was also found to be
the active species for the reaction between cyanide and the
adenyl coenzym#&®

The dependence &f,s on temperature was investigated for
0.100 M CN at pH 11.0. (= 1.0 M (NaClQ)). Table 1
summarizes this data. Values #8H* andASF were calculated
to be 53.0+£ 0.6 kJ mof! and —127 £ 3 J mol! K71,

between the first six spectra is 6.2 min. The last spectrum was measureqgspectively, in the usual manner. The pressure dependence

at the completion of the reaction (ca. 90 min after mixing).

of the adenine reaction product was checked by HPEQ.QO
+ 3%), to check that only heterolysis of the €6 bond
occurst®

Figure 3 gives a plot of the relative peak area of one of the
o-DMBI signals of AdoCbl (8.22 ppm) versus time for the same
experiment. The reaction was fitted to a single first-order
exponential expression (fit shown by the solid line) and gives
kobs = (6.2 & 0.2) x 1074 s71. This result is in reasonable
agreement with the more accurate value obtained by-dsible
spectroscopy (7.5% 0.08) x 104 s™%; see Figure 1b). Similar

analyses of the rate of decrease of the peak areas of other

o-DMBI signals and the adenine signals of frédo group of

AdoCbl and the rate of increase of the areas of the DMBI signals

of the (CNYCbI~ product gave results that agreed witHir20%.
Figure 4 gives a plot okgps versus [CNT] for the reaction

between AdoCbl and excess ChMt pH 11.0 ([CN]; = 5.00

x 1073—0.500 M). The reaction is pseudo first order in [N

and gives a second-order rate constant (7.44 0.1) x 103

M~ s71. A negligible intercept shows that the reaction is

irreversible and that no other parallel reactions occur. A single

was also measured ([Cl= 7.50 x 1072 M, pH 11.0, 25.0
°C, | = 1.0 M (NaClQy)), andAV* was found to be-10.0+
0.4 cn? mol~ from the slope of the plot of Irk.ps versus
pressure (see Figure 6).

(15) This experiment was suggested by a reviewer. HPLC has been
demonstrated to be a useful technique for quantification of the
nucleoside products arising from €€ heterolysis (adenine) and
homolysis (5>deoxyadenosine and 8Anhydroadenosine) of AdoCht”
AdoCbl (17.3 mg) was dissolved in 25.00 mL of cyanide solution
(0.100 M NaCN, pH 111 = 1.0 M (NaClQy)) and allowed to react to
completion ([AdoCbl]= 4.38 x 1074 M, 90 min, in dark). A sample
for HPLC measurement was prepared by bringing the solution to pH
~7 (concentrated NaOH) and 1 mL of solution diluted to 10 mL with
0.05 M phosphate buffer (pH 7; [nucleoside products}4.38 x 105
M). An authentic adenine solution (Fluka,99%, 5.00x 1075 M)
was prepared in 0.045 M phosphate buffer, and the two samples were
analyzed by HPLC immediately following one another. Comparison
of the peak areas of the adenine (2.7 min) in the two samples gave
the percent conversion of AdoCbl to adenine of H0B%. HPLC
operating conditions: 10% G&N/90% phosphate buffer at 1.5 mL/
min flow, 2 = 260 nm. A Spectra Physics HPLC (with focus dectector)
was used equipped with a Machery-Nagel ET 250/4 Nucleosil 100-
10 Gg column.
(16) Weissbach, H.; Ladd, J. N.; Volcani, B. E.; Smyth, R. D.; Barker, H.
A. J. Biol. Chem 196Q 235 1462.
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Figure 4. kops versus [CN] for the reaction between AdoCbl and
excess CN (pH 11.0, 25.0°C, | = 1.0 M (NaClQ)). The best fit of
the data (solid line) givek = (7.4+ 0.1) x 103M~1s L

Figure 6. In konsversus pressure for the reaction between AdoCbl and
excess CN ([CN7] = 7.50 x 102 M, pH 11.0, 25.0°C,| = 1.0 M
(NaClQy)). The best fit of the data (solid line) givesv* = —10.04+

0.4 cn® mol™.
0.0008 -
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.i’ T T 7T T T T T T T T T T
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2 ] Figure 7. *H NMR spectrum for an equilibrated solution of 1:5 mol
equiv of CN": AdoCbl ([CN] = 1.4 x 1072 M, [AdoCbl] = 7.0 x
0.0002 1073 M, 25.0°C), AQ = 3.41 s, D1= 1.00 s, and NS= 128.
(0.100 M NaCN, pH 11.0, 25.6C, | = 1.0 M (NaClQ)) as
0.0000 L A " N n those used by the Russian workers. A comparison of the- UV

visible spectrum before and10 s after mixing AdoCbl with
) ) 0.100 M CN- at pH 11.0 showed that negligible reaction had
Figure 5. kopsversus pH for the reaction between AdoCbl and excess occurred within this time. We also checked for a possible

tC(I)l\i;] é[ggg,;t: gdli)o(s'\éll’idzﬁh%)c\;vlit;(ﬂl(id)w:('\'sag é?v‘)e)'sg he ?f?tim reaction at 347348 nm (the samé conditions as the Russian

pH

0.1) x 1045, workers used for observation of their fast reaction, i.e., one of
the isosbestic points of the slower reaction) and observed no
Table 1. Effect of Temperature on the Reaction of AdoCbl with change in absorbance with time. The reaction that was
CN” (pH 11.0, [CN] = 0.100 M, I= 1.0 M (NaClQ)) subsequently followed exhibited clean isosbestic points expected
temp/K Kobs x 10%s71 for a single reaction.’H NMR measurements also gave a
283.0 2.33,2.44 spectrunm~1.5 min after mixing identical to that of the reactants
290.0 4.25,4.16 (Figure 2a), thus confirming our suspicion that the “fast” reaction
298.0 7.59,7.57 observed by Rudakova and co-workers must have been an
303.0 11.3,11.0 artifact. We have no explanation as to why Rudakova and co-
308.0 16.5,16.3 workers observed two reactions, other than to suggest that they
AH*/kJ mol* 53.0+£0.6 may have contaminated their reactant by exposing it to light
AS1J molt K= —127+3 (AdoCbl may have been converted te®Cbl" by the spec-

) ] B trophotometer light source; forJ@Cbl" + CN~ — CNCbl +
Figure 7 gives theH NMR spectrum for an equilibrated  cN- < (CN),CDbI-, Kobs(ry= 6.3 x 1073 7L andKkopsz)= 3.5
solution of 1:5 mole equivalent of CNAdoCbl. All signals x 10725 1 for [KCN] = 0.10 M, pH 11.7, 25C8) or a reactant
in the aromatic region could be assigned to unreacted AdoCbl 5y have contained an impurity. The Russian workers’ rate
(the peak at 5.94 ppm is from a AdoCbl corrin rifg®), constant for the slower reaction (8:41074s7%, 0.1 M KCN)
adenine, and CNCbl (7.28, 7.09, 6.51, 6.37, 6.36, and 6.08g i good agreement with our value (7.59107% s~1, 0.100
ppm;’ checked by measuringd NMR of CNCbl at pH 11.0). M NaCN), taking into account the slightly different experimental
conditions. Our second-order rate constant (see below) differs
significantly from an earlier reported value of Schrauzer and
The following experimental observations in our measurements co-workers (0.83 M*s~1 118 Thus, both our UV-visible and
have led us to question the findings of Rudakova and co- 'H NMR measurements showed that the reactant is converted
workers! Rudakova et al. claimed to see two reactions when to products without the buildup of a detectable intermediate.
AdoCbl was reacted with CN(Kops()= 2.9 x 1072571 (1 = Measurement of the concentration dependence of the cyana-
348 nm),kopsz)= 8.4 x 1074 s (A = 370 nm), 0.1 M KCN, tion reaction gave a rate constant of (240.1) x 103 M1
0.1 M NaHCQ, pH 10.5, 25°C™. We first began our s~1, while the pH dependence of the observed rate constant (and
investigations using alkaline experimental conditions where only the observation that the absorbance change decreased as the
CN~ (not HCN) is important, which were essentially the same pH decreased) clearly indicated that Got HCN, is the active

Discussion

(17) Calafat, A. M.; Marzilli, L. G.J. Am. Chem. Sod.993 115 9182. (18) Reenstra, W. W.; Jencks, W. R.Am. Chem. S0d.979 101, 5780.
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species and a His not involved in the rate-determining step Scheme 1
(unlike for the acid-catalyzed hydrolysis of AdoCbl; see later).

OH OH OH OH
The rate-determining step (i.e., attack of the first GNvas ) N
further confirmed by measuring the rate of a reaction in which Ade —'»> o Ade * (?"\,CN-
AdoCbl rather than CNwas in excess, and conversionkgfs oN >CH, © ecm\ v N
to a second-order rate constant gave a value which was in & H—OH
reasonable agreement with that determined under excess CN C,L o fast kol ks fast
conditions. Measurement of activation parameters resulted in l
large negative values for bothS" and AV* (Table 1), which OH oOH
strongly suggest an associative rate-determining step. To S o
summarize, UV-visible, 'H NMR, and activation parameter T h‘f:s;‘de N/ i;
data show that the rate-controlling attack of the first cyanide is CH, Oy
followed by a fast, kinetically unobservable attack of the second lfast
cyanide to give the products and that the first reaction occurs
associatively. oH oM
AdoCbl is known to exist in aqueous solution in a base-off CQCH—C*\*CH + AdeH
and base-on form, and the base-off form can be either five- L, I
coordinate or six-coordinate (in which a solveniOHoccupies :
the o axial position); i.e., +CN, Hzolfast
- AdeH
OH OH

Ado Ado Ado ity

| ke | Ks.s | G Po—oNwoH

Co KCO —_— Co CH, OH

| { 4 |

N OH, determining step, into consideration. It can easily be shown

that Kobs(corn= (Kco 1 1)Kobs ~ Kcokobs (SinceKeo > 1), where
base-on base-off Kobs(corr represents the value @&ps when the pre-equilibrium

in Scheme 2 is taken into account. Using temperature-corrected

The temperature dependence Ko for AdoCbl has been  Values 0fKcg' to calculatekobs(cor gives AH¥com = 42.5
reported by Brown et d (Kc, = 76.6 at 25.0C, i.e.ca. 1.3% 0.5 kJ mof* and AS'(com) = —126 + 3 J mol* K% thus
base-off), while Pratt et al. have reported that at room temper- inclusion of the temperature-dependent pre-equilibrium has only
ature base-off AdoCbl exists essentially 100% in its five- & small effect onAH*, and AS" remains unchanged within
coordinate forn?® experimental error. The pressure dependenceKgf has,

Johnson and Shdwvere the first to propose that CNittacks however, not been report_e_d i_n th_e literature. The nature of the
the B-Ado site in the rate-determining step. This mechanism base-on/_base-off pre-equlllbrlum_|_s su_ch that the overall volume
is outlined in Scheme 1. Hogenkamp et®urther suggested ~ change is expected to be positive in the case of a vacant
that the electron-withdrawing ribose substituent of the, ©H coordination site in the base-off species, or close to zero when
Ado causes polarization of the €€ electron density toward ~ Water is coordinated in the base-off species. It follows that the
the C, giving rise to an electrophilic Co, which is attacked by convincingly negative volume of activation, irrespective of the
the strong nucleophile CN resulting in bond cleavage. Itwas Possible contribution resulting from the pre-equilibrium in
also pointed out that GeC cleavage is particularly favorable ~Scheme 2, supports our earlier conclusion that the rate-
for AdoChl as the cleavage can occur in a concerted mannerdetermining step must be associative in nature.
and does not require a carboanion leaving group. For MeCbl, Kinetics can also be used in general to distinguish between

however, Co-C cleavage does not occlir,as the Ce-C such mechanisms. In this particular case, this would only be
electron density is now polarized toward the Co and the leaving Possible if there was some experimental condition where the
group would be a carboanion. first step was not rate-determining. For Scheme 2, it is expected

A further possible mechanism involves rate-determining that the second stef will always be much faster than the
attack of CN at the a-site of base-off AdoCbl, as given in  first, since substitution of the Ado by CNshould be much
(8-Ado)(a-CN)Cbl- intermediate should be undetectable even Percentage of base-off species and kinetic translabilization from
at low [CN] if this mechanism is operating. A single thea-CN™ in the former substitution process. Reenstra and
experiment was performed to check this. A solution containing Jenck$® measured rate constants for
0.2 mol equiv of CN to 1.0 mol equiv AdoCbl was allowed to

react ((CN'] = 1.4 x 10-3 M, [AdoCbl] = 7.0 x 10-3 M) and CN CN CN
the IH NMR spectrum of the product measured. Only signals ‘ Ky | ks[CN-] |
attributable to unreacted AdoCbl, CNCbI, and adenine were Co k‘ﬁ (CO T‘—‘ fCo
observed (Figure 7). Thus, the observed products at both low ,L “ | i |
and high [CN] do not contradict either of the two schemes. OH2 CN

If Scheme 2 is operative, the kinetic treatment must take the
base-on/base-off pre-equilibrium, which occurs before the rate- with the corresponding rate lakyns 5= (Kaks[CN™] + k-4k-s)/
(k-4 + ks[CN7]), whereks = 4.2 x 10251, k4 =1.8x 10°
(19) Brown, K. L.; Hakimi, J. M.; Jacobson, D. W. Am. Chem. Soc s ks=8.4x 10*M1s1 andk s =4.0x 10*s™! (pH

1984 106 7894. 11.7, 25°C). Since the observed rate const >
(20) (a) Firth, R. A; Hill H. A. O.; Mann, B. E.; Pratt, J. M; Thorp, R. [CN]— e ) at the lowest [CN used (5x 103 a"g)’ssl((‘(‘)@
G.; Williams, R. J. PJ. Chem. Soc. A968 2419. (b) Chemaly, S. 1 9. » Robs(4,5)

M.; Pratt, J. M.J. Chem. Soc., Dalton Tran98Q 2267. =8.3x 103s1> k[CN~] and at the highest [CN (0.5 M)
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One important consequence of Scheme 1 is that the @bt
play an important role in the rate-determining-&0 cleavage.

2:72: This means that the rate-determining step for Scheme 1 is almost
cfi “CH + AdeH certainly associative in nature. It should be kept in mind that
t, 8 the measured activation volumgV#, which is the favorite
+ONHO | gast parameter to use to investigate the intimate nature of a

deH l substitution mechanism, consists in essence of an intrinsic

OH OH (AV¥ny) and a solvational componem\Yson).2 AV is a

by measure of the associative or dissociative nature of a reaction
E: QEH” CN +OH and AV¥,, is concerned with the changes in electrostriction

2

with respect to solvent moleculesAV¥sy, can be important
] when dealing with a charged nucleophile (i.e., Gl a polar
Kobs(as) = 4.0 x 1072 s7* > kq[CN7]) for all experimental  solvent; however for our systemV¥s,, must be positive, since
conditions, this means that the second step in Scheme 1 anghe solvent in the transition will be less constricted than in the
the third step of Scheme 2 will also always be much faster than reactant state due to charge neutralization, S0/, must
the first reaction; thus the first reaction will always be the rate- pe even more negative than the observed experimental value;
determining step for both Schemes 1 and 2 and examination ofthat is the reaction is even more strongly associative in nature
the kinetics cannot be used to clarify which scheme is correct. than AV* suggests.

Pratt proposed that cyanation of AdoCbl proceeds via Scheme  Gerards and Batinvestigated the acid hydrolysis of AdoChl.
2 from a comparison of the rate constants for cyanation of the There are remarkable parallels between acid hydrolysis and
adenyl coenzyme and AdoCbl.UV—visible spectroscopy  cyanation with respect to the products of the decomposition of
measurements claim to show that AdoChbl exists 90% as base+ne Ado ligand (adenine armterythro-2,3-dihydroxy-4-pente-

on AdoCbl and 10% in the base-off form (Pratt et al. *28%), nal) and the activation parameters (for acid hydrolys& =
while the adenyl coenzyme is 100% in the base-off féfmatt —96 J K1 mol! and AV¥ = —11.4 cn# mol-Y). Note,
suggested that the rate of cyanation for AdoCbl is one-tenth however, that, unlike the cyanation reaction of AdoCbl, acid
that observed for the adenyl coenzyme as only 10% of the pyqrolysis of AdoCbl requires protonation of (probably) the
reactant is present in the active (base-off) form. There are, (jhosef-oxygen of the Ado ligand in the rate-determining step.
however, two problems which throw doubt on this interpretation. (This was also found to be the case for heterolysj&axoalkyl
First, the K, of the coordinated bO needs to be taken into 514 oxocarbonyl complexé@. The authors concluded that the

consideration as it would be expected to occur in the pH® reaction proceeds associatively (see Scheme 3). The route to
region, and thus would drastically reduce the fraction of the

reactive aqua base-off species, since the hydroxo base-off5) (a) prinsioo, F. F.; Meier, M.; van Eldik, Raorg. Chem 1994 33,

species is inert to substitutiéh. The K, would be expected 900. (b) Marques, H. M.; Bradley, J. C.; Campbell, L. A.Chem.
to be similar for the two coenzymes, however, so that the éﬂc” liaglé%nzgrazn(%ggé;&l& (© Stgcf’l/elzl, BG.;vtar|1E Ell_d||§, Hl?:lqrg-l

. : . _ em A . arques, H. \M.; breet, £. L. J.; Prinsloo,
argument still remains valid. Second, the percent base-off F. F.J. Chem. Soc., Daiton Trans991 2941. (e) Stochel, G.; van
AdoCbl present at 25.0C has been recently reported to be Eldik, R.; Kunkely, H.; Vogler, Alnorg. Chem 1989 28, 4314. (f)
~1.3%?!° which is considerably different from the value Prinsloo, F. F.; Breet, E. L. J.; van Eldik, R. Chem. Soc., Dalton
estimated by Pratt et al. Trans 1995 685. (g) Hasinoff, B. BCan. J. Chem1974 52, 910.

- . . (h) Meier, M.; van Eldik, R.norg. Chem.1993 32, 2635.
Furthermore, the rate-determining step in Scheme 2 involves 3) (a) van Eldik, R., Edinorganic High Pressure Chemistry - Kinetics

substitution of then-OH, of base-off AdoCbl by CN. There and Mechanisms; Elsé&r: Amsterdam, 1986; Chapter 3. (b) Hay,

is much evidence in the literature which demonstrates that ligand _Fr*\-NiVV- ',’\1/' N\'/ffcgf:‘jnfsg?:nﬁfr;”;rfgssﬁic@w Y%ﬁ?(ari%’é"f-t"’\‘}'iﬁ Eeacﬂons
substitution reactions of aJ® coordinated to a Co(lll) center 4y (5) %ge'rar'ds”L. E. H.; Balt, Recl. Tra. Chim. Pays-Ba4992 111

411. (b) Gerards, L. E. H.; Balt, Recl. Tra. Chim. Pays-Bag994

(21) (a) Marques, H. M.; Bradley, J. C.; Brown, K. L.; Brooks, IHorg. 113 137.
Chem. Actal993 209, 161. (b) Baldwin, D. A.; Betterton, E. A.; (25) (a) Brown, K. L.; Salmon, L.; Kirby, J. AOrganometallicsl992 11,
Pratt, J. M.S. Afr. J. Chem1982 35, 173. See also references in ref 422. (b) Reenstra, W. W.; Abeles, R. H.; Jencks, WJ.RAm. Chem.

22. Soc.1982 104 1016.
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Co—C cleavage is in principle the same for both systems if results in Ce-C cleavage. Further experiments are of course
cyanation of AdoCbl is occurring via Scheme 1. For acid necessary to resolve this aspect.

hydrolysis, the authors suggested that protonation of the ribose A reviewer pointed out that a study of the reaction between
-oxygen removes electron density from the ribose, which is adenosylcobinamide and cyanide could be a further test to prove
compensated by the movement of electron density from the which mechanism is operating. On the basis of the results of
Co—C bond toward the ribose, resulting in €6 cleavage,  the above-mentioned paper, cyanation of AdoCbi would almost
while in cyanation the attack of CNat the Co induces the  certainly occur viax attack of the first CN for a cobinamide.
electron density of the CeC bond toward the ribose, resulting  Whether or not an intermediate is observed would indicate if

once again in CeC cleavage. ~ the addition of the second or first CNis rate-determining,
Since the first submission of this paper, a paper by Finke respectively. If the first step was rate-determining, comparison
and co-worker® appeared which demonstrates thagubstitu- of the rate constank) with k; for the reaction between AdoCbl

tion of OH, by pyridine andp-(dimethylamino)pyridine results  and CN- could give a better indication of whether Scheme 1
in significant heterolysis in addition to homolysis of the Ado or 2 is operating in the latter case (sirce: k; if Scheme 2 is
Co—C bond (85-110 °C, anaerobic ethylene glycol solvent)  gperating).

for adenosylcobinamide (AdoCbf3{Ado)(a-OH,)Cbi); that s, In summary, the reaction between AdoCbl andGids been
this is a proven case of whereligand substitution results in  ghawn to occur in one kinetically observable step with rate-
Co—C heterolysis. On the basis of their results, the authors yetermining attack of the first CN Activation parameters
suggested that heterolysis of the-€Xd bond in aqueous solution i) for an associative reaction strongly suggest that the first
also occurs via SUbSt'EUt'on of the OH, of base-off AdoCbl  cN- attacks thes-Ado site followed by a subsequent fast attack
for thg AdoCbl+ CN~ reaction (i.e., via Schgme 2). ltis of a second CN at the a-DMBI. Measurements of the
questionable, however, whether a mechanlsom deduced ingctivation parameters for cyanation of MeCbl could further
anaerobic ethylene glycol at temperature85 °C can be  cqq6m the reliability of associative activation parameters as
extrapolated to water at Z&. (Itis interesting, however, that 5., indication of rate-controlling attack of CNat the 8-Ado
while there is no detectable heterolysis of AdoCbl in anaerobic ;o of AdoChbl. since cyanation of MeCbl to formi-Me)(a-
ethylene glycol at 110C,%in aqueous solution at pH 7, 10%  c\ychi- would be expected to be dissociative in nature.
heterolysis is observed at 8%C, and the percentage of gypariments with MeCbl are currently in progress.
heterolysis versus homolysis increases as the temperature

decreasé8 (85-110 °C).) Importantly, one of the most Acknowledgment. We thank Professor R. G. Finke (Depart-
significant obs_ervanons we have made is tiia¢re is no ment of Chemistry, Colorado State University) for helpful
apparent reaction between AdoCbl and other strong nucleo- discussions and Michael Riess (Institute for Inorganic Chemistry,

philes (e.g., S&~, $04*7, I, thiourea, Im), which suggests  University of Erlangen-Nurnberg) for the HPLC measurements.
to us that the reaction between AdoCbl and G8lrather unique  The authors gratefully acknowledge financial support from the
and does not simply involve trans-labilization by GNvhich Alexander von Humboldt Foundation (N.E.B.) and the Deutsche

Forschungsgemeinschaft (M.S.A.H.).
(26) Garr, C. D.; Sirovatka, J.; Finke, R. G.Am. Chem. S0d 996 118
11142. 1C961312Z



