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Ab initio calculations have been carried out for the reaction of propargyl cation and tetrahydrafunadel

for the novel stereoselective reductive dimerization of cobalt-complexed propargyl cations, mimicking, on a
molecular level, DNA damage inflicted by electrophilic carcinogenic agents. The optimized geometries derived
from semiempirical calculations (AM1) have been employed in ab initio calculations using Hefwek
(3-21G* and 6-31G* basis sets) and density functional theory (DFT) methods. The highly exothermic character
of the major mechanistic pathways, a hydride-ion transfer toward the carbocationic center and a direct
coordination of the latter with an oxygen atom in tetrahydrofuran, has been revead®d7é to—72.85
kcal/mal). A two-electron, three-membered “late” transition state was found for the hydride-ion transfer pathway
with an activation energy of-24.69 kcal/mol. A direct one-electron oxidation of tetrahydrofuran by propargyl
cation is the mechanistic pathway most sensitive toward the calculation technique used: ab initio method
employing 3-21G* and 6-31G* basis sets suggests exothermicity for the process in question, whereas DFT
calculation using the numerical polarization basis sets indicates moderate endotheriiicig kcal/mol).

The mechanistically distinct pathways thus identifi¢dnic”, “binding”, and ‘radical’—imply that structural
alteration of DNA caused by electrophilic carcinogenic agents may occur by (a) a delivery of hydride-ion
originating from 1 and 4 positions of the sugar moiety toward the electrophilic center, (b) binding of the
electron-deficient species to an oxygen atom in a ribose ring, and (c) a single-electron transfer toward the

electrophile with a ribose ring acting as a reducing moiety.

Introduction argyl alcoholl demonstrated remarkable diastereo- and chemose-

The complexation of organic radicals with transition metals Iec_tivities in the dimerization reaction affording, via catign
alters their electronic, steric, and conformational parameters thusdl-isomer3 as a major product (de 6849%;4 0-14%). The
providing an attractive opportunity to control the behavior of US€ of homogeneous, easy-to-handie and functionally compatible
these reactive species, otherwise unruly. Although dimerization Organic molecules as radical mediators allowed us to develop a
of ferrocene dates back to 195he chemistry of organometallic viable synthetic method for radicaHeC bond formation further
radicals has received little attenti@rits current state can be ~ enhanced by the presence ofmabonded metal cor.lts
characterized as a transition from infancy to adolescence. Someversatility was proven by the stereoselective construction of the
progress was achieved because of two-dimensional explorationeight- and nine-membered 1,5-cycloalkadiyPegitherwise
of the fielc suggesting, as variables, unsaturated organic ligandshardly accessible. It is worthy of mention that the significance
and metal cores, both mono- and dinuclear. Even at this earlyof this finding extends beyond the scope of organometallic
stage, the synthetic potential uncovered is truly remarkable: it chemistry itself. First, it provides the newest example of a single-
provides novel methods for inter- and intramolecular radical electron transfer (SET) between electronically diverse molecular
C—C bond formation readily occurring in a diverse polyfunc- assemblies, a process central to chemistry and bidl&gecond,
tional environment. Fundamental knowledge is neverthelessit mimics an interaction between electrophilic carcinogenic
lacking, in particular, with respect to the mode of interaction agents and a ribose ring in DNA (Scheme 2). A number of
of a ligand-positioned unpaired electron with the metal cluster, electrophilic agents, such as chloromethyl methyl ether, ethylene
an effect ofz-coordination upon thermodynamics, as well as oxide, chloronaphasine, melphalan, chloroambucil, semustine,
configurational and conformational specifics involved. Our pusulfan, and others, are proven to be carcinogenic to hufnans.
interest in this area was triggered by the prospect of controlling pMechanistically, the cation(oie)DNA interactions are far from
chemoselectivity in manganese(lll)-mediated reactions by com- heing well understood; among few credible examples are DNA
plexation of conjugated 1,3-enynes with a cobalt clusEarther methylation by aliphatic nitrosomethylamifésand epoxide
systematic efforts directed toward development of the chemistry ring-openings in primary metabolites of aflatoxin B1 and benzo-
of transition-metal altered reactive intermediatessulted in a [a]pyrened®c Although DNA bases are widely implicated as
novel method for generation of l€O)-complexed propargyl  rimary targets for electrophiles, a ribose ring itself can also
radicals®that |nvo!ves an interaction of thebonded proparg.yl. undergo structural and electronic changes, leading eventually
alcohols and cations with a variety of O- and S-containing , 5 grang cleavag¥:¢ Conceptually, a carbocationic center
organic molecules (Scheme 1). In particular, secondary prop- could coordinate with an O atom in a ribose ring, abstract a
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csun.edu. a single electron converting to the respective radical species
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SCHEME 2 mechanism of the transition metal-inducee & bond activa-
R+ tion,’> as well as the structural features of bordfiesd stable
organic cationd?’ The intermediate speci&gor 8) could follow
two mechanistically distinct paths: (a) a hydride-ion transfer
.. DNA base (HIT)!8 toward the cationic center affording hydrocarkband
0 heteroatom-stabilized cationic speci#8 and (b) Wagner
. /\‘ Meerwein (WM) typd® rearrangement forming a new carbon
VH—— g carbon bond in the propargylation prodddt Path B represents

a donor—acceptor interactionbetween catiorb, acting as a
Lewis acid and a lone pair delivered by the heteroatom. An
oxonium saltl2 could then undergo intramolecular homolytic
cleavage, giving rise to radicaB and an oxidized form of the
radical mediatorl4 with a positive charge localized on the
heteroatom. The former could also be generated by a direct one-

(Scheme 2). Of immediate relevance is the assessment of '[heeIeCtron oxidation of am-C—H bond in radical mediatog, a

energetics for plausible reaction pathways and tentative inter- (ltgemlctall)&corécelvable t;%athway I"."ISO affforg!%canodn-radmal
mediates which will allow us to identify the most viable (path C). Because the coupling of radick® produces

mechanistic alternatives and also to better shape an ongoing,reSpeCt'\.’e. dimeric products, .paths B and C rgpresent the
extensive mechanistic probe. We report herein an ab initio study mechgmsﬂc aItemaUves Ieadlr.19 to the formation of 15
on the mechanism of an interaction of a propargyl cation with alkadiynes .(typé3 in Scheme 1); to the contrary, path A will
tetrahydrofuran (THF), a model for the novel radicatC bond be responsible for the share of HIT and WM products.

forming reaction which also has important biological implica- ~ Ab initio calculations were undertaken with the main goal
tions. of assessing, from an energetic standpoint, the relative prob-

abilities of the alternative mechanistic pathways. Both thermo-
. dynamics and kinetics were computed using, as a representative
Computational Methods model, a simplified version of the parent process, i.e., an

) . . uncomplexegbropargyl cation reacting with THF. The relative
Theoretical calculations were performed using PC Spartan energies were obtained by Hartreock calculations using

Plus and PC Spartan Pro programs from Wavefunctionl9nc. 3-21G* (Figure 1) and 6-31G* (Figure 2) basis sets, as well as
Semiempirical calculations were carried out at the AM1 [Evel by the DFT method (Figure 2) using the perturbative Beeke
with the optimized geometries being further employed in ab pgrge\ model. The sum of the energies of reactants is set to be
initio calculations by the HartreeFock (HF) method using  gq4) 10 zero, as is the electronic energy of the hydrogen ion.

3-21G* and 6-31G* basis séfsand by the density functional  aq avidenced b : -
. . . y computational data, a quenching of propargyl
theory method using the perturbative Beelerdew model with cation A with THF(B)-originated hydride ion is a highly

numerical polarization basis sets (DFT/pBP/DN*)The ge- o iharmic process-49.74 kcal/mol), affording hydrocarbon
ometries and energies of the transition states were determine and resonance-stabilized cyclic catibn To the contrary

using th.e linear synch_ronous transit (LST) method. Frequency the formation of WagnerMeerwein producE could hardly
calculations were carried out at the AM1 level and by the HF be anticipated given the endothermic nature of the process

methoc_j _using 3-216*_basi_s sets to allow for determinati(_m_of (+147.73 kcal/mol). The transition state for the HIT process
true minima _and confirmation of the structural characteristics (F), with an activation energy of+24.69 kcal/mol, has
of the transition states. configurational characteristics typical for a “late” transition
state: its central unit comprises a highly stretche@—H bond
Results and Discussion of THF, and by its triangular geometry, it closely resembles
that in specied (Scheme 3). Conversion &fto stable products
Energetics and MechanismGiven in Scheme 3 is a generic  is thermodynamically favored for the HIT process and could
representation of the major mechanistic pathways for the hardly occur via the WM pathway. These data are in accord
interaction of cobalt-complexed propargyl catibrwith het- with the experiment: careful GEMS screening of the crude
eroatom-containing radical mediatér (X = O, S). As an mixtures did not reveal the presence of any propargylated
electron-deficient moietya p orbital in catiorb could coordinate products (typeE), whereas the formation of the HIT product
with ano-C—H bond in6 (p—o coordination) forming a three-  (type C) is generally observed. The concentration of the latter
membered, cyclic?) or bent g), transition state (path A). The  varies in the range of-014%¢ with the THF-mediated reaction
coordination is analogous to that first postulated for beron being one of the most selective (HIF 1%). Probing path B
hydrogen bond hydrolysi&t it was invoked to interpret the  showed that coordination of a lone pair of oxygds) (vith
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Figure 1. Calculated relative total electronic energies (kcal/mol) for reactants, products, and the transition state by ab initio method using 3-21G*
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Figure 2. Calculated relative total electronic energies (kcal/mol) for reactants and products by the DFT method using numerical polarization basis

sets [figures in parentheses indicate respective values obtained by ab initio method using 6-31G* basis sets].

cationic centerA) is favored thermodynamically«(72.85 kcal/
mol), although respective transition stat®)(could not be

acid—Lewis base coordination, respectively. In fact, it is the
only process which explains the formation of propargyl radicals,

structurally characterized. The subsequent homolysis of thean experimentally observed outcome of the organometallic

C—0 bond in oxonium compleld, generating propargyl radical

I and cation-radicall, seems unlikely because of its highly
endothermic naturet{59.38 kcal/mol). In fact, oxonium com-
plex H is lying at the bottom of the energetic well and could
hardly serve as a viable source of propargyl radicaTlhis

conclusion is supported by the fact that an interaction of Co-

reaction. The oxonium complei could not account for
generation of propargyl radicals because homolytic cleavage
of the C-0O bond, although chemically conceivable, would
require a significant investment of energy (DF¥64.45 kcal/
mol). To the contrary, the radical reaction, although a moderately
endothermic process, can still occur driven by the fast diffusion-

complexed cations with O, S, P, and N nucleophiles gives rise controlled follow-up chemistry. The radical generation might
to respective solvolysis products or onium species, whereasalso bekinetically preferable because of the tentatively lower

formation of radical-derived products has not been obset¥ed.
The third alternative, a direct SET from anC—H bond toward

energetic profile of a single electron travelling (tunneling?) from
THF toward the cationic center.

the carbocationic center, appeared to be an exothermic process Transition State for the HIT Process. The transition state

(—13.47 kcal/mol) affording radicdl and cation-radicak .2
Higher level ab initio calculations by the HartreEock
method using 6-31G* basis s&tsand by the DFT methdd
allowed further refinement of quantitative data (Figure 2). The
WM pathway still remains highly unfavorable-{44.59 kcal/
mol), whereas both HIT and “binding” modes retained a higher
degree of exothermicity{59.64 and-56.71 kcal/mol, respec-
tively). The SET reaction suffered the most significant trans-
formation: the DFT method revealed some endothermicity for
the electron-transfer process{.74 kcal/mol), whereas the HF

F (Figure 3) which could only be located by RHF/3-12G* has
structural characteristics distinct from those of “free” propargy!
cation and THF. Attendant with a coordinatioha p orbital
with ana-C—H bond are substantial alterations in bond lengths
and bond angles within and in close proximity to the three-
membered ring. The noteworthy structural features ofclude

(1) a highly stretched £ Hg bond (2.042 A vs 1.082 A) and
nearly completed G-Hg bond (1.183 A vs 1.080 A), both
indicative of the “late” transition state, (2) a short distance
between @and G atoms (1.728 A) which is substantially less

method using 6-31G* basis sets suggested a negligible changehan the sum of van der Waals radii (3-38.40 A)22 (3)

in energy level £0.78 kcal/mol). Despite its alleged endother-

significant stretching of the ££-H; bond (1.231 A vs 1.077 A)

mic nature, the SET remains a viable mechanistic pathway alongmaking H; atom even more distant than an incoming atogn H

with its “ionic’and “binding” counterparts, HIT and Lewis

(1.183 A), and (4) shortening of thes€0g bond (1.381 A vs
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Figure 3. Two-electron three-centered transition state for HIT process [figures in parentheses indicate respective values of bond angles in propargyl

cation A) and THF 8)].
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Figure 4. Transition state for HIT process: Mulliken charge distribution.

1+K

1.452 A) apparently caused by a donation of the lone-pair toward a transfer of an electron toward the cationic center primarily

an increasingly electrophilic £Zatom. The configurations of
pentacoordinated {£and G atoms represent distorted trigonal
bipyramids; because @fo coordination!® atom G increases

its coordination number by two, a reminescence of “oxidative
addition” reaction to the transition met&lAtoms Hs, Hg, and

C, create a nearly planar trigonal arrangement around the C
atom @ HsC,C, = 116.8, 0 HeC,C, = 115.4, [0 HsCiHg =
118.6) with the G—Cg bond being almost perpendicular to

the plane [0 HeC1Cg = 87.0).

Charge Distribution. Charge distribution is another essential
parameter affected hy-o coordination(Figure 4). Overall, the

affects a donating unit, &£-Hg bond (H; 0.380 vs 0.214; ¢
+0.247 vs—0.055). A secondary effect of electron redistribution
could be seen in the more electropositive nature of thatGm
(—0.611 vs —0.643) and H3 atom (0.314 vs 0.200). For
comparison, given in Figure 4 is also a charge distribution in
propargyl radicall and THF-derived cation-radicaK, the
entities formed by a single-electron-transfer mechanism (path
C, Scheme 3). It is noteworthy that although the &om,

receiving an extra electron, becomes more electronegative

(—0.321 vs—0.068), the buildup of negative charge is consider-
ably less than that in the transition st&té—0.809 vs—0.321).

propargyl unit turns more negative, whereas a THF moiety, A loss of electron by THF triggers a significant electronic
acting as an electron source, acquires an additional positiveredistribution alongo bonds witha-H atoms and @ atom

charge. In particular, the;Gitom increases its negative charge
(—0.809 vs—0.068) affecting, by alteration, the;@tom of the
triple bond (-0.230 vs—0.001). The effect of coordination upon
hydrogen atoms Hand H, remains moderate\0.016-0.017);
most importantly, a newly acquired inequivalency of &hd

H7 can be seen from Mulliken charge distributions (0.373 vs

—0.611).

Conclusions
On the basis of computational data, we conclude that an

acquiring more electropositive nature; the latter has even lesser
negative charge than that in the transition state-0.205 vs

0.406), as well as bond lengths (Figure 4). In the THF molecule, interaction of the propargyl cation with THF may occur by three



4584 J. Phys. Chem. A, Vol. 105, No. 18, 2001

competing mechanisms: a hydride-ion transfer, giving rise to

a respective hydrocarboni¢hic pathway), Lewis acid—Lewis

base coordination of a p orbital in the propargyl cation and a

lone pair of an oxygen atom in THF{inding pathwa}), and

Toure et al.

(5) (a) Melikyan, G. G.; Mkrtchyan, V. M.; Atanesyan, K. A.; Asaryan,
G. Kh.; Badanyan, Sh. GBioorg. Khim.199Q 16, 1000; C.A.113(25):
230995j. (b) Melikyan, G. G.; Mineif, A.; Vostrowsky, O.; Bestmann, H.
J. Synthesis1991 633. (c) Melikyan, G. G.; Bright, S.; Monroe, T.;
Hardcastle, K. M.; Ciurash, Angew. Chemlnt. Ed. Engl.1998 37, 161.

a single-electron-transfer toward the propargyl cation responsible(d) Melikyan, G. G.; Deravakian, Al. Organomet. Chen1997 544, 143.

for the formation of the key radical intermediatergtlical
pathway). Thermodynamics vary widely with the former two
being most favored<59.64 and-56.71 kcal/mol, respectively);

the Wagner-Meerwein pathway lies on the opposite end of the .

scale {144.59 kcal/mol), whereas the SET reaction exhibits
relatively light exo- and endothermicity. The latter is regarded

(e) Melikyan, G. G.; Deravakian, A.; Myer, S.; Yadegar, S.; Hardcastle, K.
I.; Ciurash, J.; Toure, R. Organomet. Chen1999 578 68. (f) Melikyan,
G. G.; Amiryan, F.; Visi, M.; Hardcastle, K. |.; Bales, B. L.; Aslanyan, G.;
Badanyan, Sh. Hnorg. Chim. Acta200Q 308 45.
(6) A detailed mechanistic study, including measurements of kinetic
isotope effect, is currently in progress; the results will be reported in
forthcoming full account.

(7) (@) Cannon, R. D.Electron-Transfer ReactionsButterworth:

as the only viable mechanistic pathway leading to the target London, 1980. (bflectron Transfer in InorganidOrganic and Biological
radical species. Because the parent process mimics an interactiorgyStemSBo'tO”’ J. R., Mataga, N., McLendon, G., Eds.; Advances in

of electrophilic carcinogenic agents (propargy! cation) with a
ribose ring in DNA (THF), the newly acquired data suggest
that a structural alteration of DNA strand could occur by (a) a
delivery, toward the electrophilic center, of hydride ion origi-
nating from 1 and 4 positions of the sugar moiety, (b) binding

of the electron-deficient species to an oxygen atom in a ribose
ring, and (c) a single-electron-transfer toward the electrophile

with a ribose ring acting as a reducing moiety.
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