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Mechanism of Action of Vitamin B. Ultrafast Radical Clocks
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Models for the Methylmalonyl-CoA to Succinyl-CoA Carbon
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Abstract: To probe for free radical intermediates in the model studies for the coenzymeéeBendent,
methylmalonyl-CoA to succinyl-CoA carbon-skeleton rearrangement, new models incorporating cyclopropane
rings (unsubstitute@3 and 2-phenyl-substitute?B) at the 2-position were developed. The reactior®br

28 with vitamin Byasgives only rearranged succindté or 29, respectively, with the cyclopropyl group intact.
When this reaction was carried out in EtOR a monodeuterided produ@4-d; or 29-d;, was obtained and

the deuterium was incorporated at the 2-position. Control reactions of the 2-phenylselenylsuccinate with tri-
n-butyltin hydride yielded the ring-opened 2-propanylidenesuccinate via a free radical pathway. The results
suggest that the skeletal rearrangement step in thedalyzed isomerization of methylmalonyl-CoA to
succinyl-CoA occurs not by a radical pathway but by an anionic or organocobalt pathway.

Introduction COSCOA coenzyme By (COSCOA

HsC—

Coenzyme B, is an obligatory cofactor in a remarkable series COOH methylmalonyl-CoA mutase COOH
of twelve enzyme-catalyzed rearrangement reactioAsnong
these, there are three carbon-skeleton rearrangements that have
been particularly intriguing because of the lack of precedent
for such transformations among organic reactions. The B HO OH HO OH
catalyzed interconversion of methylmalonyl-Cd4and succi- methylmalonyl-CoA
nyl-CoA 2 has been extensively studied by experiments in both —_— + Co”
enzyme and solution model systems, and the sequence of stepse O pdenine  c0enzyme B ot Adenine -~
involved in this interconversion is often formulated as shown |~
in Figure 12 Homolysis of 3 to give adenosyl radicad is 3
followed by hydrogen transfer to give methylmalonyl radical
5. Skeletal rearrangement ® and back hydrogen transfer
complete the sequence. HO OH
The intermediacy of radicald, 5, and 6 is now widely COSCoA COSCoA
accepted, although the means by which the enzyme can effect T Hie—~< —_— 'CHz%C OOH
the needed hydrogen transfer reactions are still not well .CH2° Adenine COCH
understood. The defining feature of the sequence is the 4 1 5
mechanism by which the skeletal rearrangembnt-(6) itself
occurs. Given the overwhelming evidence for radical interme-
diates, it is perhaps natural that a radical hypothesis has gained
favor2 In this hypothesis, radicalS and 6 interconvert by COSCoA @)
migration of the thioester group either directly (a formal 1,2- 'CH‘*{COOH -0 [
shift) or through the intermediacy of a very short-lived alkoxyl

1 2

COSCoA

* "COOH
5 6

* Deceased. Correspondence on this and the prior papers iniisefes
can be addressed to Professor Dennis P. Curran at the University of
Pittsburgh. HO OH

(1) See: Ellenbogen, L.; Cooper, B. Vitamin;B In Handbook of COSCoA HO OH
Vitamins 2nd ed.; Machlin, L. J., Ed.; Marcel Dekker: New York, 1991. + 6 [ +

(2) Review: Dowd, P. IrSelectie Hydrocarbon Actiation; Davies, J.
A., Watson, P. L., Greenberg, A., Liebman, J. F., Eds.; VCH Publishers: CHQO Adenine COOH ~CH20 Adenine
Weinheim, 1990; pp 265301.

(3) (a) Wollowitz, S.; Halpern, J. Am. Chem. S0d.988 110, 3112~
3120. (b) Wollowitz, S.; Halpern, J. Am. Chem. Sod984 106, 8319— 7 2 4
8321. (c) Halpern, JSciencel985 227, 869-875. (d) Davies, A. G.; Figure 1. The By, catalyzed rearrangement of methylmalonyAC
Golding, B. T.; Hay-Motherwell, R. S.; Mwesigye-kibende, S.; Rao, D. N.
;Haiyr{(“_’”ssdm- (P:-_%’étg;‘eg‘ﬁgsesvc-bigﬁm-I%"’E&"Tzfjggsgfs&éf) cyclopropyl radical (xoclosure/opening). 1,2-Shifts of 3p
216. (f) Padmakumar, R.; Banerjee, R.Biochemistryl995 16, 9295 hybridized functional groups to radicals are well-known

9300. reactions'ad Because thioesters are among the poorest of the
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<o, (COSCoA [COSCOA Results and Discussion
? “cooH * ~COOH The basic design of the model systems is shown in Figure 3.
The precursod0 bears an R group that contains some sort of
5 6 radical clock that is designed to report on the existence of a
ol o' radical either before1(1) or after (L2) the migration. The
behavior of authentic radicals is probed by reductioa@ivith
tributyltin hydride, and then these results are compared to the
ComGHg—COSCOA iCOSC“‘ behavior in the now standard cobalt model reactions. In the
COOH Co” ~COOH cobalt reactions, labeling experiments with ROD report on
s 9 whether the final products derive from radical or anionic

(organocobaltl5) intermediates.
Experiments to probe the existence of radicals suchilas
b ., _CO8CoA [COSCM have already been reported, and two key observations are
2 NcOOoH *\COOH summarized in Figure &.In a control experiment, reduction
of 17 with tributyltin hydride provide<l8, 19-E, and20in the
5 6 indicated yields. As expected from rate constants in related
systems, the radical 1,2-shift of the thioester group cannot

ol ol compete with 6exo cyclization and 1,5-hydrogen transfer.
° Treatment of the same substrdféwith vitamin By,s provided
small amounts of radical-derived produ@®&Z and22, but the
COSCoA COSCoA major product was 1,2-shift produ2t. In labeling experiments,
Co—CH,~< D /[ products21, 19-Z, and 20 all contained deuterium, thereby
COOH Co” “COOH : . . :
0 showing that they ultimately arose from organocobalt intermedi-
8 9 ates. These crucial results demonstrate: (1) that radicé

Figure 2. Skeleton rearrangement of radicals (a) and organocobalts generated at least to some extent under the cobalt conditions
(b). (as evidenced by formation &2 and 19-Z) and (2) that the

] ) o radical 11 is not an intermediate on the way to rearranged
known migrating groups, it is usually postulated that the product21 (because the radical 1,2 migration is precluded by
enzyme plays a.role elther.m famlnatmg the mtgrconversmn of faster reactions ot1).
5 and6 or blocking otherwise competing reactions. A more sophisticated model system yielded results consistent

In 1975, we reported the first working model for gBarbon  jth these in addition to providing some information about the
skeletal rearrangement, and provided direct evidence implicatinghydrogen transfer sté. These model studies also provide
a carbor-cobalt substrate borfd. This evidence is readily  jimited information about the potential intermediacy of the
accommodated in the mechanism by postulating reactions Ofrearranged radical2 (Figure 3, R= CH,CH,CH,CH=CHb).
the radicalss and 6 with the neighboring C&  Anionic 1,2- The option for 5exo cyclization was not exercised, so if this
shifts of sg-hybridized groups are also well-knowh.This then intermediate is involved, its lifetime must be much shorter than
raises crucial mechanistic questions: are cobalt species suchne rate of cyclization. However, couplings of radicals with
as8 and9 formed in the enzyme catalyzed reaction and if so gl species have very high bimolecular rate consfardad
are they temporary resting places for the radicals (as shown inthe 5exo cyclization of radicals such a&2 is a rather slow
Figure 2a), or are they competent intermediates for migration ynimolecular process. We therefore need a faster reporter on
(as shown in Figure 2b)? And if the organocobalt species arethe intermediacy of radicall2. For this we choose the
competent intermediates for the migration, how can their cyclopropyl and 2-phenylcyclopropyl substituet?s.

We report herein the closing chapter of detailed studies on ynsubstituted cyclopropyl group. The results with this model
the model (nonenzymatic) rearrangement of substituted halo-have been reported in a preliminary communicatiand full
methyl malonates to succinatesith both Vitamin B, and details for its synthesis are contained in the Supporting
tributyltin hydride. Labeling studies confirm that the:s2B  |nformation. Likewise, the syntheses of new precursors and
mediated reactions occur through anionic (or organocobalt) authentic products are also detailed in the Supporting Informa-

intermediates. Comparison of the&and tin hydride models  tion. The model compoun2B reacted with vitamin Bs which
with ultrafast, cyclopropane-based radical préesveals major

; ; ; ; (7) (a) Griller, D.; Ingold, K. U.Acc. Chem. Red98Q 13, 317-323.
differences. These differences establish unambiguously that the(b) Bowry, V. W.: Lusziyk, J.. Ingold, K. UJ. Am. Chem. 504991 113

model rearrangement in th_e presence @f Boes not occur 5687-5698. (c) Newcomb, M.; Johnson, C. C.; Manek, M. B.; Varick, T.
through a radical mechanism but instead proceeds directlyR.J. Am. Chem. S0d992 114, 10915-10921. (d) Liu, K. E.; Johnson,

oni i i C. C.; Newcomb, M.; Lippard, S. J. Am. Chem. S0d.993 115, 939
through anionic (or organocobalt) intermediates. Thes.e que|947. (e) Atkinson, J. K.; Ingold, K. UBiochemistryl993 32, 9209-9214.
results further strengthen the case that the enzymic migrations™ " gy’ Newcomb, M.: Le Tadic-Biadatti, M.-H., Chestney, D. L.; Roberts,
also occur through cobalt not radical intermediates. E. S.; Hollenberg, P. FJ. Am. Chem. Sod.995 117, 12085.
(9) Choi, G.; Choi, S.-C.; Galan, A.; Wilk, B.; Dowd, PProc. Natl.
(4) (&) bowd, P.; Zhang, WChem. Re. 1993 93, 2091. (b) Newcomb, Acad. Sci. U.S.A199Q 87, 3174-3176.

M. Tetrahedron1993 49, 1151. (c) Beckwith, A. L. J.; Ingold, K. U. In (10) Dowd, P.; Wilk, B.; Wilk, B. K.J. Am. Chem. Sod992 114
Rearrangements in Ground and Excited StatieMayo, P., Ed.; Academic 7949.

Press: New York, 1980; Vol. 1, p 162. (d) Surzur, J.-M. Reactve (11) Daikh, B. E.; Finke, R. GJ. Am. Chem. S0d.992 114, 2938.
IntermediatesAbramovich, R. A., Ed.; Plenum Press: New York, 1982; (12) Recent applications of fast cyclopropylcarbinyl probes: (a) New-

Vol. 2, p 121. (e) Hunter, D. B.; Stothers, J. B.; Warnhoff, E. W. In  comb, M.; Tanaka, N.; Bouvier, A.; Tronche, C.; Horner, J. H.; Musa, O.
Rearrangements in Ground and Excited StatiedMayo, P., Ed.; Academic M.; Martinez, F. N.J. Am. Chem. Sod 996 118 8505. (b) Newcomb,
Press: New York, 1980; pp 39265. M.; Simakov, P. A.; Park, S. UTetrahedron Lett1996 37, 819. (c)

(5) Wollowitz, S.; Halpern, JJ. Am. Chem. So&988 110, 3112-3120. Newcomb, M.; Chestney, D. L1. Am. Chem. S0d.994 116 9753.

(6) Dowd, P.; Shapiro, M.; Kang, 0. Am. Chem. Sod975 97, 4754. (13) He, M.; Dowd, PJ. Am. Chem. Sod996 118 711.
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Figure 3. Reactions of model 10.
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Figure 4. (a) Control: radical 1,2-shift cannot compete with other
radical rearrangement. (b) Model: anionic 1,2-shift is favored over
radical rearrangement.

was prepared by reduction of vitaminiB with sodium
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of the thioester with solvent ethanol following the rearrange-
ment? In a related reaction conducted in water (see Supporting
Information), hydrolysis did not occur and the rearranged
thioester was isolated. An authentic sample of the ring-opened
product was prepared (see Supporting Information) for com-
parison with the crude product obtained from reactior2&f
ThelH NMR spectra of the total crude product showed no peaks
of the ring-opened product, and the structure Z2f was
established spectroscopically and by preparation of authentic
sample. The GC-MS spectrum exhibited only one peak
corresponding to produ@4.

When the rearrangement 28 was carried out with B in
EtOD, deuterium was incorporated into the product at the
o-position to the ester group yieldirgft-d. This suggests that
the final intermediate leading 4 is a carbanion or organo-
cobalt species which could be formed as a primary product of
rearrangement or as a product of electron transfer fropads
Bior to a radical intermediate!®

In an initial control reaction, the bromid8 was treated with
tributyltin hydride and only direct reduction produ2s (75%)
was produced; no succina® was observed (eq 2). The
structure of25 was established by spectroscopic means and by

independent synthesis.
COOEt
F‘A>< @)

COSEt

BusSnH

AIBN
Benzene

COOEt
COSEt

I

H 25,R=H, 75%
30, R=Ph, 90%

If there were a radical pathway for the rearrangement, the
possible radical intermediate could be stabilized by the ester
group, and thus might have a lifetime long enough to abstract
a hydrogen before ring-opening occurs. So a second control
reaction in which a free radical is produced in this series was

borohydride in ethanol at room temperature under argon and inessential. We chose the reaction of phenylselenocyclopropyl-

the dark. The rearranged succin&# was obtained in 70%
yield, with the cyclopropane ring intacteq 1). The product

COOEt 4+ Vitamin By _E1OX COOEt (1)
COSEt RT X
’ COOEt
23 24, X = H, 70%
24'd, X =D, 70%

24is a diethyl ester, reasonably presumed to arise from exchange

sucinate26 with tributyltin hydride. The reaction 026 was
initially carried out in benzene (eq 3). After heating at°m®

R
BusSnX COOEt
R COOEt 3 X N
SePh AIBN ®)
COSEt Benzene COSEt
27,R=H, X=H, 70%
g?’ 2 = Eh 27'd1 R=H, X=D, 70%
' 32,R =Ph, X = H, 75%
32-d, R=Ph, X=D, 75%
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for 5 h, the ring-opened propylideneyl succin2favas obtained R. _COOEt co' R. _COOEt R.. COOEt
(70%). The configuration o027 was proved to b& by NOE %Cosph 2<cosph ~F tcosph
and H-H 2D NMR studies. In ethanol, which is the solvent X g 1 12

of Byo reactions, the produ@7 was obtained in almost the same
yield (70%) upon tin hydride reduction. Whe was treated

Coll %

o

with tributyltin deuteride, the expected monodeutefded was Co

obtained in 70% yield. These results demonstrate that the .

intermedia_lte ester-_substituted cyclopropylcarbiny! radiceds R, COOEt . h R COOE! A C% OOt

undergo ring opening of the cyclopropyl group. %cosph %COSph J[
Recent literature data on radical rate constants for both H Co COSPh

allow us to make good estimates for the lifetime of the radical

derived from26.1415 In our preliminary communication, we

estimated, based on indirect measurements of Beckwith and

Bowry,4 that this radical would have a lifetimes100 ns. R"ECOOEt o R .- COOEt

hydrogen transfer and cyclopropylcarbinyl radical opening now 13 14 / 15
H+

or

However, more recent direct measurements of closely related f
radicals by Newcomb and co-workers suggest that this was an COSPh COSPh
overestimaté® Indeed, the lifetime of this radical can now 16

conservatively be estimated as 10 ns or less. Thus, the modefigure 5. Reactions of the & model.

23 actually contains a faster (that is, more sensitive) probe than ) ] ] o o ] ]
we had originally thought. obtained in 75% yield. A similar reduction in neat tributyltin

Newcomb and co-workers have shown that 2-phenyl- hydride gave the same result. The prod82twas identical
substituted cyclopropylcarbinyl radicals have ring-opening rate With an authentic sample. The configuration3#was proved
constants of (35) x 101t s™1.7¢ We synthesized the bromide 0 beE by NOESY spectroscopy: the_re is no couphng between
28 and allowed it to react with vitamin 8 (eq 4). This will H—Czand H-C. The reaction 081 with BusSnD in benzene
be a much faster model than the former one, and any radical9ave the expected monodeuterated prodd@d (75%), as
intermediate generated in this series will cause opening of the Shown in eq 3.2H NMR spectroscopy showed a single peak at
cyclopropane ring due to the extremely fast reaction.

The inability of hydrogen transfer from tin hydride under any

conditions to compete with ring opening of the cyclopropane
o /%<cooa vitamin B1z Ph/%( COOEt ring is anticipated by results of Newcorfh!516 At 70 °C,

@ tertiary ester-substituted radicals react with tin hydride with a
rate constant of roughly k 10°F M~1 s7115 Assuming that
neat tin hydride has a concentration of about 3.7 M and that
A 5% of a rearranged product could be detected (a very conserva-
tive estimate), then neat tin hydride can only intercept radicals

The reaction of28 with vitamin By, in water, at room with unimolecular rearrangement rate constants 80! s—1
temperature, in the dark and under argon gave the rearranged’ €ss. However, from Newcomb’s most recent results, the
succinate29 in 97% yield, with the cyclopropane ring intact  'ate constant for opening of the radical derived frdfrcan be
(eq 4). GC-MS analysis of the total crude product showed a cOnservatively estimated as‘#&1°17 Again by assuming
very clean chromatogram that consisted of only one peak that 5% rearranged product could have been detected, the
identified as producR9. Furthermore, no vinyl proton was !n‘etlme.of any radlqal for_m(_ad in the cobalt mod_el experiments
observed in théH NMR spectrum. The structure of the product 1189 415 conservatively limited to 50 ps or leshis effectiely
29 was confirmed spectroscopically and by independent syn- eI|m|r_1ates the intermediacy of a rad|_cal since no bimolecular
thesis of an authentic sample. In®, the same reaction gave reaction of any type can remme a radical on this time scale.
the product29-d with deuterium incorporated into the product
at thea-position to the ester group. THE NMR spectrum of Conclusions
29-d showed a single peak at2.40.

When the bromide28 was treated with tributyltin hydride
(eq 2), only direct reduction produ80 (90%) was detected;
no succinate29 was observed. The structure 80 was
established by spectroscopic means and independent preparati
of authentic sample.

A control reaction of 2-phenylselenylttans-2'-phenylcy-
clopropylsuccinate31 with tributyltin hydride (0.003 M) was
conducted in benzene under argon (eq 3). A& of reflux,
the ring-opened product 3-phenylpropylidenyl succird#tevas

B COSEt XgO, 250 COSEt

29, X =
28 9-d, X

These and the prior studies with radical probes now combine
to provide a unified picture of the chemistry involved in the
solution reactions of substituted halomethylene thiomalonates
with vitamin Bijps This picture is summarized in Figure 5.

Yitamin B12s reacts with halidelO via dissociative electron
transfer to provide vitamin Brand the radicall. This radical
can undergo relatively rapid radical rearrangements or can
couple with the By to provide organocobalt intermediaid.
Although the radicalll is formed, its slow 1,2-thioester shift
cannot compete with the other pathways. An alternative

(14) Beckwith, A. L. J.; Bowry, V. W.J. Am. Chem. Sod 994 116 pathway is that part or all of the organocobalt intermediate is
2710-2716. i it i i i

(15) Newcomb, M.; Horner, J. H.; Filipkowski, M. A.; Ha, C.; Park, formed .b.y dlr?%t §2 SubSt.Itu“OIn ofl0 with Bflzsto glve 14in .
S.-U.J. Am. Chem. Sod995 117, 3674-3684. Competltlon with dissociative electron transfer. Direct substitu-

(16) (a) Newcomb, M.; Horner, J. H.; Emanuel, C.JJ.Am. Chem.
Soc 1997, 119 7847-48. (b) A rate constant for opening of the radical (17) We arrive at this estimate by dividing the rate constant for opening

derived from29 can be estimated by taking the calculated rate constant at on the parent phenylcyclopropyl carbinyl radical (ref 8) by a factor of 25
70 °C (1.3 x 1€ s™Y) of related radicabe in the above reference and  to account for the retarding effect of the ester and methyl substituents (ref
dividing by 4 (to offset the effect of the “reported group” 6e). 16a).
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tion is the expected pathway for normal primary halides, but which is rapidly protonated. Alternatively, 4 rearranges to
neopentyl halides such a8 probably react through the electron-  cobalt specied5, then protonation ot5is fast with respect to
transfer routé® homolytic dissociation.

Cobalt intermediatel4 undergoes the 1,2-migration of the As in any model system, there are important differences
thioester group to givé5 in competition with protonation by panveen the model transformations and the natural, enzyme-
the solvent to givd.3. Our evidence precludes the intermediacy o141y 764 transformations. Nonetheless, the multiple observa-

of radical 12 it cannot be f.‘”f”ed either as a re§ult of the tions of enzyme-like migrations in cobalt-mediated model
rearrangement df1 or dissociation of a cobalt species such as . . .
; ; . systems and the sustained absence of any evidence for a radical
15. Although these studies rule out the intermediacy of a free . Co
component in these migrations suggests that an analogous

radical in this key step, they do not provide any detailed i ; tion in th . tem is likelv. Th ithouah
information about either the pathway that the rearrangement of ranstormation in the enzymic system 1S fikely. Thus, althoug
radicals are certainly involved in the enzyme-catalyzed trans-

14 might take or any immediate product that may be formed. ) 4 - g g
In essence. this can be viewed as a variant of an anionic 1.2-formations and key intermediates are interchanged by radical

shift. Unlike cobalt species4, the hypothetical intermediate ~ Nydrogen transfer reactions, the defining migration step does
15has never been isolated or observed. Its existence is thereford'0t involve radicals and derives directly from the fundamental

open to question. chemistry of the B, coenzyme.
There is some evidence in the literature to suggest that
organocobalt species5 may not be the product of the 1,2- Acknowledgment. M.H. dedicates this paper to the memory
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