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Abstract of Dissertation

THE REACTIVITY OF ALKYL RADICALS CONTAINING LEAVING GROUPS
IN THE B-POSITION AND THE MECHANISM OF COPPER

PHENANTHROLINE INDUCED DNA STRAND SCISSION.

The reactivity of alkoxy substituted alkyl radicals containing bromide (96) and
diphenylphosphate (97) as leaving groups in the P-position has been studied in 4:1
methanol/acetonitrile solution with a hydrogen atom donor (1,4-cyclohexadiene) and a
proton scavenger (2,6-di--butylpyridine). Product and laser flash photolysis studies
provide evidence for the formation of olefin cation radical 103. Subsequent reaction of
103 forms dimethylketal 102 and vinyl ether 105. Olefin cation radical 103 is proposed
to arise from heterolytic cleavage of the B-leaving group in radicals 96 and 97.

The rate constants for heterolytic loss of the leaving group to form 103 in
acetonitrile are 8.0 x 107 s™' for the loss of bromide and > 1 x 10% s for loss of
diphenylphosphate. The rate constants for reaction of 103 with 1,4-cyclohexadiene and
methanol are 6.0 x 10° M s’ and< 1 x 10° M 5! respectively. Dimethylketal 102 is
proposed to arise from hydrogen atom transfer to the benzylic carbon in 103 followed by
trapping with methanol or through trapping of 103 with methanol followed by hydrogen

atom transfer. The reaction of 103 with 1,4-cyclohexadiene is proposed to occur through

iii
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hydrogen atom transfer to the ether oxygen in 103 followed by deprotonation to generate
105. This is the first example of this reaction motif in solution.

Evidence for a copper 1,10-phenanthroline induced B-elimination of the 2-
deoxyribonolactone (1) lesion has been obtained. Through the use of copper
phenanthroline conjugates coupled with site specific incorporation of (1) in DNA, rate
constants for this process have been measured. Comparison of the rate of cleavage of
independently prepared 1 (kz = (5.63 £ 0.69) x 10™s™) to the rate of decay of alkali
labile lesions (Kgecay = (4.70 £ 0.90) x 10* s') indicates that 1 is the major alkali labile
lesion generated from reaction of the conjugates with DNA. The rate of DNA oxidation
(kox) by the CuOP conjugates is slower than Kgecay (Kox < Kdecay). Similar ratios of direct
strand breaks to alkali labile lesions are observed for the conjugates and Cu(OP),,
indicating that Kqecay:kox is similar. This leads to the conclusion that Cu(OP); produces

direct strand breaks through a Cu(OP); induced cleavage of 1.

Brian Christopher Bales
Chemistry Department
Colorado State University
Fort Collins, CO 80523
Summer, 2002
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Part1.

The Reactivity of Alkyl Radicals Containing Leaving Groups in the 3-Position.

1 Introduction.

The history of cation radicals in organic chemistry began with the isolation
Wurster's Red and Blue salts in 1879."% Interestingly, this predates the isolation of
carbon centered radicals by Gomberg in 1900 and carbocations by von Baeyer in 1902.>*
However, while the significance of radicals and carbocations in organic chemistry was
realized almost immediately, the true nature of Wurster's Red and Blue salts was not
recognized for another 50 years. It was not until Weitz's report of the isolation of
triarylaminium perchlorates in 1926 that the true nature of these salts as monomeric
species, containing both an unpaired electron and a single unit of positive charge was
finally appreciated.” Michaelis provided the first accurate theoretical description for the
bonding and delocalization of these types of compounds in 1935, with a model that is still

reasonably accurate today.® Recognition of cation radicals as reactive intermediates in

C.\-CHs HaC~y,-CHa
NH /N ~
2 HsC” “CHs

Wurster's Salts

Ha

(Red) (Blue)
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organic reactions by Weiss in 1946 was predated by the recognition of carbocations by
Meerwein (1922) and radicals by Paneth and Hofeditz (1929) as reaction intermediates.”
Moreover, the mechanistic chemistry of both carbocations and radical species has been

much more appreciated and thoroughly explored than that of cation radicals.

1.1 Significance of Olefin Cation Radicals.

Cation radicals are becoming increasingly more significant in organic chemistry
due to their utility in organic synthesis and their observation as intermediates in
biological systems.'®!? Within the field of organic chemistry, olefin cation radicals are
one of, if not the most common type of cation radical. The utility of these highly reactive
intermediates in organic synthesis stems from their ability to react through either cationic
or radical manifolds.'%'>" This, coupled with the high rates of reactions with alkenes,
dienes, and nucleophiles (bimolecular rate constants can approach the diffusional limit)
typically exhibited by olefin cation radicals, makes this class of reactive intermediates
especially attractive for synthetic and physical-organic chemists alike.'*'°

The enhanced reactivity of olefin cation radicals, relative to their charge and spin
free counterparts contributes to these compounds’ usefulness as synthetic intermediates.
For example, addition of tris(p-bromophenyl)aminium hexachloro-antimonate to a
solution of 1,3-cyclohexadiene (1) affords the Diels-Alder cycloaddition products 2 and
3 with a rate enhancement of 10" relative to the same reaction carried out using thermal
conditions (Figure 1).'""" Mechanistic studies have shown this process to occur via one

electron oxidation of the n-system of 1,3-cyclohexadiene, generating the corresponding

olefin cation radical which reacts by rapid cycloaddition with an uncharged molecule of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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1 CH,Cl, =
15 min ? 70 % ’
5.0:1
Ar;N*SbFg™ J
1
&

OO
1
Figure 1. Reaction Pathway for the Cation Radical induced Diels-Alder Reaction.'”

1,3-cyclohexadiene.'™® The chain is propagated when the cation radical of the Diels-
Alder adduct is reduced by another molecule of 1,3-cyclohexadiene or by the
triarylamine generated from the initial oxidation step.

The ability of olefin cation radicals to react initially through either the unpaired
electron or the cation can provide access to compounds not easily prepared through other
means.'*'* Generation of the highly strained trans 5,6-ring fusion with greater than 20:1
selectivity over the more stable cis-5,6-ring fusion has been demonstrated by Snider and
co-workers through the use of olefin cation radicals (Figure 2)."* Single electron
oxidation of the silyl enol ether (4) by copper generates the stabilized olefin cation radical
(5) which undergoes a 5-exo-trig cyclization with the pendant olefin coupled with loss of
the silyl group. The stereochemical determining step occurs during the 5-exo trig
cyclization, resulting in a trans orientation of the hydrogen atoms across the single bond.

Cyclization of the resulting y-radical with the pendant phenyl ring followed reduction of
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Figure 2. Sequential reactivity of olefin cation radicals.'

the resulting radical by either another silyl enol ether or the copper species generated in
the initial oxidation step generates the observed products.

The relevance of olefin cation radicals in biological processes such as DNA
damage has also been realized. As early as 1975, it was proposed by Dizdaroglu, von
Sonntag, and Schulte-Frohlinde that generation of a radical in DNA at the C4'-position
could lead to olefin cation radical formation via cleavage of the DNA phosphate
backbone (Eq 1)."” Early studies using tetrahydrofuran model systems performed by

Schulte-Frohlinde and co-workers established the feasibility of this process.?’ Trapping

- - + (1)
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studies performed by Giese and co-workers confirmed that C4' radicals were capable of
generating olefin cation radicals in modified nucleosides.”’ Subsequent studies using
both single and duplex DNA under physiological conditions have shown that this
elimination occurs with a rate constant of 1 x 10* s in single strand DNA and 1 x 107 s™

in duplex DNA. %2

1.2 Methods of Generation.

Several methods have been developed for the generation of olefin cation radicals.
Perhaps the most straight forward of these is photoionization. This process involves the
removal of an electron from the olefin n-system by a photon of light. Studies carried out
by Johnston and co-workers have shown the photochemical ionization of styrene type
molecules to be a biphotonic process.'” The first photon excites a n-electron in the olefin
moiety and the second photon is responsible for ejection of the electron, generating the
olefin cation radical. The primary drawback of photochemical ionization arises from the
fact that not all olefins have similar oxidation potentials. Olefins with high oxidation
potentials require high energy photons for ionization, which can potentially lead to
undesired side reactions such as molecular fragmentation.

Generation of olefin cation radicals through photochemically induced single
electron transfer (PSET) is a common method for the generation of olefin cation radicals
which does not require that photochemistry be done directly with the olefin to be
oxidized.'™"" PSET involves electron transfer from the n-system of the olefin, commonly
referred to as the donor, to a photochemically excited acceptor molecule such as

dicyanoanthracene or chloranil.'! Since the products of the electron transfer process are
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the olefin cation radical of the donor and the anion radical of the acceptor, a competition
exists between diffusion of the cation radical away from the acceptor anion radical and
back electron transfer to regenerate starting material. However, this is typically not a
problem since the process is photochemical, and absorption of another photon by the
acceptor molecule repeats the process until the free olefin cation radical is generated.
Reaction between the newly formed olefin cation radical and the anion radical generated
can also occur prior to diffusion out of the solvent cage.!® This method requires that the
system be energetically "matched" in order to be an effective method of olefin oxidation.
The ground state energy of the acceptor molecule must be lower in energy than the
ground state of the olefin to be oxidized. Furthermore, the excited state energy of the

acceptor molecule be lower in energy than the energy of the m  orbital of donor

compound (Figure 3).

D =donor A = acceptor

Figure 3. Relative electronic energies required for photoinduced single electron transfer (PSET).
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Oxidation by either electrochemical or chemical methods provides a non-
photochemcial method for the generation of olefin cation radicals. These methods are
also limited by the oxidation potential of the olefin to be oxidized with respect to
oxidation of other functional groups which may be present in the molecule. These
methods are further hampered by the fact that many organic substrates are not readily
soluble in the electrolyte systems required for electrochemical oxidation. Oxidation by
chemical means is a commonly used method for the generation of olefin cation
radicals.'®'"'*!* Examples of such chemical oxidants include cerric ammonium nitrate
(CAN) and the ferricinium ion. However, chemical oxidation suffers from the inability
to oxidize olefins which have high oxidation potentials due to the fact that strongly
oxidizing species can be difficult to prepare and/or isolate. In addition, functional group
tolerance can also be an issue with respect to oxidation.

The newest method of olefin cation radical generation involves the heterolytic

cleavage of a leaving group B to a radical center (Eq 2). A variety of olefin cation

Re Ri
. — X 2| = @)
X X R

R2

radicals have been generated in this manner ranging from substituted styrene compounds
to alkyl vinyl ether olefin cation radicals which do not contain aryl substitutents.2**
While this method is also limited by the oxidation potential of the olefin, the rate of
heterolysis of the leaving group can be easily affected by both the nature of the leaving

group and solvent polarity, with more polar solvents favoring a faster heterolysis rate. As
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a result, this method provides a potentially very attractive and much more universal
method for the generation of olefin cation radicals than those presented above.

In addition to olefin cation radical formation, radicals with leaving groups in the
B-position can undergo other reactions such as Sgn2' substitution and [1,2]-
migrations.”®*’ Recent studies have provided spectroscopic evidence for the formation of
olefin cation radicals as common intermediates for both of the [1,2]-migration and Sgn2'
reactions. The focus of this research project was to provide chemical evidence for the
formation of olefin cation radicals in radical systems containing leaving groups f3 to the
radical center, and to probe for the presence of reaction intermediates other than olefin
cation radicals in these systems through the use of radical precursors with different

leaving groups at the B-position.
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2 Background.

The chemistry of alkyl radicals containing leaving groups in the B-position
relative to the radical center has been of considerable interest for some time. This interest
stems from the wide range of reactions available to this type of radical. These pathways
include heterolytic cleavage of the leaving group to form the olefin cation radical (Figure

4, pathway a), and migration of the leaving group from the B to o position (Figure 4,

R3 R1 -+
Rz
-X
pathway a
Ry R
B > < .
X Ro
Nu’ pathway b
pathway c
Rs Ry Srn2' Rs Ry
—Nu —x
Ro Rz

Figure 4. Reaction pathways for radicals with B-leaving groups.

pathway b).>**" Computational experiments predict that the radical can participates in
Srn2' substitution.?® This radical analogue of the Sn2' reaction involves nucleophilic
attack at the radical center coupled with heterolytic loss of the leaving group and

migration of the radical to the B-position (Figure 4, pathway c). The focus of this

research is to provide insight into the mechanism(s) by which radicals with B-leaving
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groups react with respect to the reaction pathways discussed below through the use of

product and laser flash photolysis studies.

2.1 Formation of Olefin Cation Radicals.
2.1.1 Olefin Cation Radical Formation in DNA Model Systems.

The initial proposal that alkyl radicals with leaving groups in the B-position could
fragment to form olefin cation radicals by heterolytic scission of the leaving group was

° This reaction motif was

put forth in 1975 by Schulte-Frohlinde and co-workers.'
proposed as an explanation for the observation of direct strand scission resulting from y-
irradiation of DNA in aqueous solution. Analysis of isolated sugars by GC-MS showed
the presence of 2,5-dideoxypentos-4-ulose (7) and 2,3-dideoxypentos-4-ulose (8). These
sugars were proposed to arise through generation of the C4-DNA radical (9) by a
reactive species generated from the fy-irradiation of H,O (Figure 5). Subsequent
heterolytic cleavage of the 5'-phosphate was proposed, generating olefin cation radical
10. Nucleophilic attack by H,O on 10 and subsequent hydrolysis of the nucleobase,
followed by B-elimination of the C3'-phosphate group was proposed to account for the
formation of 7. A similar mechanism involving heterolysis of the 3'-phosphate in 9 rather
than heterolysis of the 5'-phosphate was proposed to account for the formation of 8.

In order to provide evidence for the intermediacy of the proposed olefin cation
radicals in the degradation of C4' DNA radicals, Schulte-Frohlinde and co-workers
carried out model studies using radicals generated from 1,1-dimethoxy-2-chloroethane

(11).% Radical 12 was generated by hydrogen atom abstraction from the acetal carbon

using either triplet acetone, hydroxyl radicals, or SO;”. Heterolytic loss of chloride ion

10
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Figure 5. Proposed mechanism for the formation of 7 and 8 from y-radiolysis of DNA.'®

from radical 12 was proposed to account for the observation of olefin cation radical 13 by

electron spin resonance spectroscopy (ESR) (Figure 6). While radicals attributable to

H3CO H HiCO cr HsCO te
H300: cl Haco: o) H300:
11 12 13

Figure 6. Proposed pathway for the formation of 138

hydrogen atom abstraction at positions other than the acetal carbon were detected during

the ESR experiments, only 12 was shown to give rise to the spectrum attributable to 13.

11
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Several leaving groups including chloride, bromide, and acetate were successfully
employed in the generation of 13.

The observation that oxygen did not inhibit the formation of olefin cation radicals
allowed determination of a lower limit of 2 x 10° s for the rate of heterolytic cleavage of
the leaving group from the acetal radicals in aqueous solutions with a pH < 5.2 The
kinetics of reaction of olefin cation radical 13 with hydroxide and phosphate were also
determined in aqueous solution at pH > 8.5.3° A rate of 9 x 10° M s was directly
measured for the reaction of phosphate with 13, and a rate constant of 1.8 x 10° M s
for reaction of 7 with hydroxide was determined using competitive kinetic methods.

Further evidence for the intermediacy of olefin cation radicals was obtained using
substituted tetrahydrofuran compounds as analogues for the sugar moiety in
deoxyribonucleic acids.”® Generation of radical 14 in aqueous solution via pulse

radiolysis resulted in observation of radical 15 by ESR (Eq 3). Reaction of 16 in aqueous

Aco—k(17 HO o
' | b )

14 15

solution generated radicals 17 and 18, which were also observed by ESR (Eq 4). The

OAc
16

Oy O ”‘?@
OO
OH
17

18

12
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presence of oxygen in the reaction mixture did not show any effect on the rate of reaction
of 14 or 16, or the resulting distribution of products in aqueous solutions. Unfortunately,
direct observation of radicals 14 and 16 was not possible in aqueous solution due their
rapid rate of reaction. However, 14 and 16 were observed by ESR spectroscopy when
generated by pulse radiolysis in acetone solution, suggesting that these radicals were also
generated in aqueous solutions.

The formation of olefin cation radicals from the solvolysis of 14 and 16 is
supported by the increased stability of 14 and 16 in acetone. This is consistent with the
formation of ionic intermediates. This is consistent with the increase in solvent polarity
as measured by the Er(30) scale which gives a value of 42.2 kcal mol” and 63.1 kcal mol
! for acetone and H,O respectively.’'> The presence of ionic intermediates in these
types of systems is also supported by the fact that 2-methoxyethyl-2-yl acetate (19)
showed a 350 fold increase in the rate of hydrolysis upon substitution of the hydrogen

atom o to the radical center with a methyl group (20).2° A decrease, or little change, in

B
HaCO& A~ H;CO_ @
v “0Ac j/\OAc

19 CHj
20

the rate of solvolysis of 19 upon substitution with a methyl group would be predicted for
Sn2 type reactivity on the basis of sterics. The compilation of data suggesting the

involvement of a polar intermediate in the hydrolysis of 14 and 16 coupled with the ESR
observation of olefin cation radicals in systems with leaving groups B to dialkyloxy

substituted radicals led Schulte-Frohlinde and co-workers to propose the formation of

13
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olefin cation radicals as the polar intermediate in the observed hydrolysis reactions of 14
and 16.

The model systems studied by Schulte-Frohlinde and co-workers provided
spectroscopic evidence that simple systems with leaving groups B to alkoxy substituted
radicals undergo heterolytic cleavage to generate olefin cation radicals. However, while
chloride, bromide, and acetate were shown to be effective leaving groups in model
studies, the extension of this reaction motif to duplex DNA with phosphate diesters as
leaving groups was not straight forward. To this end, Giese and co-workers undertook a
series of studies aimed at elucidating the decay pathways for the C4' radical in model
systems, as well as in single stranded and duplex DNA.

The initial report by Giese and co-workers involved product studies carried out
using a modified dinucleotide (21) designed to allow the generation of the desired C4'
radical (22) by addition of the phenylthiyl radical to the C4'-C5' double bond of 21
(Figure 7).** The isolated products were shown to be the C3',C4'-dehydrosugar moiety
(23), and the C5'-phosphate of the adjacent base (24). Similar products were isolated
from identical experiments carried out using a similarly modified thymidine dinucleotide.
To account for the observed products, Giese and co-workers proposed heterolytic
cleavage of the C3'-phosphate in 22 to generate the olefin cation radical 25. Reduction of
the olefin cation radical with thiophenol by electron transfer was proposed to account for
the formation of 23.

In order to gain insight into the rate of the heterolysis reaction, competitive kinetic
experiments were carried out using a diphenylphosphate substituted mononucleotide

(26).** The C4' radical (27) was generated in the manner described above, by addition of

14
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Figure 7. Proposed reactivity of 21 with phenylthiyl.3 3

phenylthiyl to the exocyclic double bond of 26, and the ratio of 23 to trapped product
(28) was measured under pseudo first order conditions with respect to thiophenol (Figure
8). Using the known rate of reaction of thiophenol with alkyl radicals (8 x 10° M s7), a
rate of heterolysis of > 10® s was estimated in 10:1 methanol:HzO.34 It was also
observed that the analogous compound with a benzoate functionality in place of the
diphenylphosphate moiety did not produce any product attributable to degradation of the
initial radical by heterolysis. This indicates that the ionizing ability of the leaving group

is important in determining the reaction pathway for these types of radicals.

15
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Figure 8. Competition between H-atom abstraction and B-heterolysis for 27.3

Evidence for the intermediacy of charged intermediates in the decay pathway for
DNA C4'-radicals was obtained through the use of photocurrent experiments.*> Using a
thymidine C4'-phenylselenide radical precursor (29), the intermediacy of cation radical
30 was inferred from the rise of current upon decay of the C4'-radical (31). Generation of
31 was accomplished by photolysis of 29 (Figure 9, pathway a). Unfortunately, the
detection of current in these systems does not provide direct evidence for the formation of
olefin cation radicals, only for the presence of ions in solution.

When the C4'-radical is generated in thymidine, the possibility of phosphate loss
due to anchimeric assistance from the C2 carbonyl to form 32 cannot be ruled out (Figure
9, pathway b). In order to gain evidence for or against anchimeric assistance in the
formation of free phosphate, Giese and co-workers examined model compounds
containing a phenyl group in place of the nucleobase.’® The C4'-radicals 34 and 35 were
independently generated by Norish type I photocleavage of the C4'-z-butyl ketones 36
and 37 respectively. Photolysis of either 36 or 37 in methanol in the presence of

tributyltin  hydride yielded an identical product distribution regardless of the

16
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Figure 9. Possible pathways for the formation of 33.

stereochemistry at C3', indicating the presence of a common intermediate (Figure 10).
All of the observed products can be accounted for assuming olefin cation radical 38 is the
common intermediate with products 39 — 42 arising from nucleophilic trapping of the
olefin cation radical by the methanol solvent. Enol ether 43 was proposed to arise from
reduction of the olefin cation radical by electron transfer, most likely from the Bu;SnH.
The product ratios show a stereochemical preference for nucleophilic trapping of the
olefin cation radical by methanol trans to the phenyl group. This stereoselectivity is
lower than that observed in the case of thymidine, where substitutions trans to the
nucleobase account for all of the observed products.”” This observation was rationalized
by the decreased steric bulk of a phenyl group relative to that of thymine. While these
results do not allow exclusion of anchimeric assistance in the formation of the free

phosphate when the C2 carbonyl is present or the involvement of anchimeric assistance

17
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Figure 10. Products resulting from the photolysis of 36 and 37.%

in the stabilization of the intermediate olefin cation radical, they do indicate that
anchimeric assistance is not required for heterolysis of a C3'-phosphate.
Detailed study of the reactivity of C4'-radicals in both single stranded and duplex

2338 Measurement of the rate of

DNA was first reported by Giese and co-workers.
heterolysis of the C3'-phosphate from C4'-DNA radicals was carried out in both single
stranded and duplex DNA by comparing the ratio of products resulting from trapping of
the C4' radical with a hydrogen atom donor to those resulting from phosphate
elimination. Interestingly, the measured rates of heterolysis, 1 x 10°s'and 1 x 10%s™ in

single stranded and duplex DNA respectively, are significantly slower than the rates

reported for the model systems discussed above. While the exact reason for the
18
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decreased rate of heterolysis in oligonucleotides remains unclear, a hypothesis has been
put forward that the higher ordered structure of both single stranded and duplex DNA
orients the C4' radical in such a position to prevent heterolytic cleavage of the C3'-
phosphate. Along these lines, it has been proposed that in order to maintain the strongest
hydrogen bonding orientation in DNA the C4'-radical must remain sp> hybridized.* In
this conformation, the C3'-phosphate heterolysis would have to occur via a cis-
elimination pathway, and as a result the rate of heterolysis may be significantly reduced.
However, comparison of the rates of heterolysis in duplex DNA to those observed using
the model studies described above are not straight forward. The phosphate containing
model systems discussed above all make use of phosphate diester leaving groups rather
than the phosphate monoester groups present in duplex DNA. This structural difference

is a possible reason for the observed decreased rate of heterolysis in the biopolymer.

2.1.2 Olefin Cation Radical Generation in Small Molecules.

All of the experiments discussed above provide evidence for the intermediacy of
olefin cation radicals generated through heterolysis of a B-leaving group. However, no
direct evidence for the intermediacy of olefin cation radicals was obtained from these
studies. To this end, several reports have recently appeared in which the formation of
olefin cation radicals by heterolysis of B-leaving groups has been directly observed by
laser flash photolysis (LFP) experiments. The advantage of this spectroscopic method is
that it allows direct observation of olefin cation radicals containing suitable
chromophores. Because the technique allows rate measurements to be made for

processes with rates in the range of 1 x 10° s to 1 x 10% s, direct measurement of the
g
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kinetics for the heterolysis reaction can be made without the need for competitive kinetic
studies. The primary drawback to LFP is that only freely diffusible species can be
detected. Thus, olefin cation radicals generated from heterolysis reactions that react at
the caged or solvent separated ion pair stage are not observable.

In late 1997, Cozens and co-workers reported the observation (by LFP) of styrene
type olefin cation radicals that were generated from heterolysis of either chloride or

bromide P to a benzylic radical (Figure 11).*> As would be expected for the formation of

o+

xuwR2
266 ' /Ej/\r J@/\H
Ri

44a, X =Cl, R, = OCHj, R, = CH, 46a, X =Cl,R; =OCHj;, R, =CH; 48a, R = OCHj;, R, =CHj,

44b,X=CLR,=H,R,=Ph 46b,X=Cl, R, =H,R,=Ph 48b, R, =H, R, =Ph
458, X= Bl', R] = 0CH3, Rz = CH3 478, X= BI‘, R] = OCH:;, Rz = CH3
45b, X =Br,R; =H,R,=Ph 47b, X =Br,R; =H,R,=Ph

Figure 11. Proposed pathway for the formation of 48 from 44 and 4540

a polar intermediate, the measured rate constants for the heterolysis reactions were
affected by the polarity of the solvent, analogous to the solvent effects observed for Syl
type substitution reactions.*’ For example, radical 44a did not show any signs of decay
to olefin cation radical 48a in acetonitrile (Er(30) = 45.6 kcal mol), but did undergo
heterolysis in neat 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) (Er(30) = 65.3 kcal mol™)

with arate of 1.1x 107 .32

The effect of the leaving group ability of the B-substituent was also probed

through the comparison of the rates of heterolysis of 44a and 45a as a function of solvent

20
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polarity. Plots of the ionizing ability of the solvent as a function of the log of the rate of
heterolysis showed less dependence on the rate of ionization of the bromine substituted
compounds as a function of solvent polarity than the chlorine substituted compounds.
Comparison of compounds with and without alkyl substituents at the B-position showed
faster rates of heterolysis for the compounds with alkyl substituents at the B-position,
consistent with a faster rate of heterolysis for compounds with lower oxidation potentials.

Comparison of the rates constant for heterolysis for 44a (1 x 10’ s™") and 44b (8.5
x 107 ) with the oxidation potentials of the corresponding alkenes of 0.92 V and 1.5 V
respectively, indicates that the rate of heterolysis is not solely dictated by the oxidation
potential of the corresponding olefin.**** The same trend was observed for 45a and 45b
with rate constant for heterolysis of 5 x 10’ s™* and approximately 1 x 108! respectively.
These observations indicate that the factors governing the rate of heterolysis of leaving
groups f to radical centers is a complex interplay of solvent polarity, ionizing ability of
the leaving group, and the ability of the compound to stabilize the buildup of positive
charge at the site of heterolysis.

The observation of freely diffusible olefin cation radicals using phosphate leaving
groups was a result of mechanistic studies carried out regarding the reactivity of -
(phosphatoxy)alkyl radicals. After generation of the homobenzylic radical 49 by
photolysis of pyridine-2-thionecarbonyl (PTOC) ester 50, growth of a U.V. signal with
maxima at 360 and 600 nm was observed.”* This spectrum was attributed to the -
dimethyl-p-methoxystyrene cation radical (51) on the basis of comparison to the
previously reported spectrum.*® Cation radical 51 was proposed to arise from heterolytic

cleavage of the diethylphosphate moiety in 49 (Figure 12). The rate of heterolysis was
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Figure 12. Formation of 51 from photolysis of 50,24

again strongly affected by ionizing ability of the solvent, with 51 not observable in THF
(E1(30) = 37.4 kcal mol™). A 25% yield of 51 was generated in butanone (E1(30) = 41.3
kcal mol”) and quantitative formation of 51 was observed in 10% H,O/Acetonitrile
(E1(30) = 53.1 kcal mol™) solutions. The observation of olefin cation radicals by LFP in
this system provided the first direct evidence that B-(phosphatoxy)alkyl radicals such as
those formed by hydrogen atom abstraction at the C4'-position in DNA could fragment to
generate olefin cation radicals.

Recently, B-heterolysis of phosphate diesters from a-alkoxyalkyl radicals which
do not contain aryl groups has been reported.”>** Photolysis of PTOC ester (52) with 355
nm light resulted in the generation of radical 53 which underwent heterolytic cleavage of
the phosphate moiety acetonitrile (E1(30) = 45.6 kcal mol) to generate olefin cation
radical 54 (Figure 13).**** Because 54 does not contain a chromophore to allow
detection through LFP experiments, (p-BrCsHs);N was used as a reporter compound.
Since the triarylamine is easier to oxidize than the corresponding olefin of 54 and the

aminium cation radical of (p-BrC¢Hs);N contains an effective chromophore, the
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Figure 13. Mechanism for the formation of 54 upon photolysis of 524

formation of 54 was detected through the generation of the triaryl aminium cation radical
of (p- BrC¢Hy)sN. The rate of heterolysis of 53 to generate 54 was determined to be (9 +
1) x 10° ™! in acetonitrile based on the rate of growth of the aminium cation radical.

This class of olefin cation radicals has recently been used in the formation of
pyrrolizidines using the ability of olefin cation radicals to undergo sequential reactions
first as cations and then as radicals.* Reaction of 55 with triphenyltin hydride and AIBN
in refluxing benzene yielded a 1:1 mixture of 56 and 57. Reaction of the nitro moiety in

55 with triphenyltin hydride and AIBN generates 58 which undergoes heterolytic

PhySnH,
] CZ PO(OPh)2 ABN, CHs PO(OPh)z
55 "'

CH; /
H % cH, e
3
@6‘(}'3 * CH, CHs
+ I — -
H = N
CHg 60 o o
N |IC:H3

56

Figure 14. Possible pathways for the formation of 56 and 57 from 55.%
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cleavage of the B-phosphate group to form olefin cation radical 59 (Figure 14). The
olefin cation radical 59 then either reacts as an electrophile with the nitrogen
functionality to generate 60, or more likely is reduced by the intramolecular nitrogen to
form the corresponding aminium cation radical 61. Reaction of the aminium cation
radical with the pendant olefin generates 60 which can then undergo a 5-exo cyclization
followed by hydrogen atom transfer from the triphenyltin hydride to generate the product
and propagate the radical chain. The formation of freely diffusible olefin cations in this
reaction is not clear for two reasons. First, the low solvent polarity of benzene (Er(30) =
34.3 keal mol™) is not expected to favor the formation of freely diffusible ions. Second,
either nucleophilic attack or electron transfer on the part of the amine at the contact ion
pair stage cannot be ruled out.

These experiments indicate that this method of olefin cation radical generation is
very general with respect to the oxidation potential of the corresponding alkene. The fact
that rapid rates of heterolysis in relatively low polarity solvents such as acetonitrile in the
case of 53 provides further support to the conclusions of Cozens and co-workers with
respect to the dependence of the rate of heterolysis on the oxidation potential of the
corresponding alkene.*® This indicates that formation of olefin cation radicals through
heterolytic cleavage of leaving groups in the B-position does suffer as greatly from many

of the limitations associated with other methods of olefin cation radical formation.
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2.2 Migration of the Leaving Group.
2.2.1 B-(Acyloxy)alkyl Radical Migrations.

The first example of B-(acyloxy)alkyl radical rearrangements was reported in
1967 by Surzur and Teisser.* While investigating the dibenzoyl peroxide initiated
addition of ethyl cyanoacetate (62) to isoprenyl acetate (63), both the expected addition
product (64) and the product resulting from a 1,2-migration of the ester moiety (65) were

observed (Figure 15). The facility of this reaction has since been shown to be governed

OA Dibenzoyl
c
peroxide
Z CH 3 + /IK/CN C
CH, EtO CH3
OAc

62

Figure 15. Formation of non-migrated product 64 and migrated product 65.%6

primarily by the stability of the resulting radical. Measured rates for acyloxy migrations
have ranged from 10% - 10° 5™ with the majority of the observed rates in the 10* 5™
range.”’

Elucidation of the mechanism of the p-ester migration has proven to be a difficult
challenge, and as a result a significant body of mechanistic data has been gathered. At
the outset, a wide range of mechanisms were proposed. These were (a) fragmentation to
an ester radical and an alkene followed by recombination (either within the solvent cage,
or as freely diffusible species) (Figure 16, pathway a), (b) fragmentation to an olefin

cation radical and an ester anion followed by recombination (either within the solvent
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Figure 16. Proposed pathways for the B-(acyloxy)alkyl radical migration.’

cage, or as freely diffusible species) (Figure 16, pathway b), (c) ring closure to a five-
membered cyclic ring radical followed by ring opening (Figure 16, pathway c), and (d)
concerted reaction via either a [2,3] or a [1,2] mechanism (Figure 16, pathway d).

B-Ester migration involving the formation of a freely diffusible olefin and an
acyloxy radical (Figure 16, pathway a) has been ruled out on the basis of kinetics as the

rate of decarboxylation of the acyloxy radical exceeds the observed rates of ester

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



migration.”” The formation of freely diffusible olefin cation radicals and an acyloxy
anion has also been ruled out due to the high stereoselectivity observed from B-ester
migration in steroidal and acyclic systems.*®*’ In addition, attempts to trap olefin cation
radical intermediates in these migration reactions have been unsuccessful.”® However,
the high degree of stereoselectivity and the inability to trap the olefin cation radical with
nucleophiles observed in these systems does not rule out heterolytic fragmentation of the
ester group to form a contact ion pair followed by recombination.

Cyclization of the B-ester functionality to form a five-membered cyclic ring
radical followed by ring opening (Figure 16, pathway c) has also been ruled out. The
intermediacy of the dioxolanyl radical (66) was probed for using the cyclopropylcarbinyl

radical ring opening reaction (Figure 17).%' Generation of radical 67 was carried out by

0]
H3C+.
HsC .
| z
-, I
Q-0 0o
l Hacé—‘ HsC
HSC H3C
/ 66 69
0]
HsC 0]
HsC
68

. . 51
Figure 17. Use of the cyclopropylcarbinyl radical rearrangement to probe for the intermediacy of 66.
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photolysis of the appropriate diacylperoxide, and the reaction was monitored by electron
paramagnetic resonance spectroscopy (EPR). Migration of the ester functionality in 67 to
the B-position to give radical 68 was observed to proceed with a rate constant of 1.2 x 10°
s”. During the course of the reaction, no spectroscopic evidence was obtained for the
presence of the product from the cyclopropylcarbinyl radical ring opening (69) which
was independently shown to open with a rate of 8.7 x 10° s™!. The fact that radical 69 was
not observed as a byproduct of the rearrangement of 67 to 68 indicates that the dioxolanyl
radical (66) is not an intermediate the migration reaction since the cyclopropylcarbinyl
radical undergoes ring opening 10’ times faster than the rate of migration.

The most complete mechanistic study of the B-(acyloxy)alkyl radical migration
has been carried out by Beckwith and co-workers, and probes the effects of solvent
polarity, electronic effects within the B-(acyloxy)alkyl radical, and the oxygen
connectivity in the migrated product through the use of labeling studies.”® The rate of

migration of radical 70 to radical 71 was measured as a function of solvent polarity as

well as a function of the substituents on the aryl ring (Eq 5). An increase of over an order

CsH; CsH7
=0 0=
o) _— H3C (o] (5)
H3C%——' .
Ar Ar
70 71
aAr=Ph aAr=Ph
b Ar=p-H;COPh b Ar = p-H;COPh
¢ Ar =p-NCPh ¢ Ar =p-NCPh
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of magnitude for the rate of migration was observed upon changing the solvent polarity
from cyclohexane to methanol, indicating a polarized transition state for the migration
reaction (Table 1). Substituent effects on the aryl ring showed an increase in the rate of
migration upon increasing the donor ability of the aryl group (70b Keearr, = 1.7 x 10° 57

70¢ Krearr. = 1.6 x 10° s).

Table 1. Effect of increasing solvent polarity on the migration of 70a to

71a at 75 °C.
Solvent Polarity® Migration Rate (s”)
Cyclohexane 30.9 3.7x 10°
Benzene 34.5 6.4x 10*
Dimethylether 38.2 5.8x 10*
Dimethylformamide 43.8 8.4x10*
Ethanol 51.9 13x10°
Methanol 55.5 1.6 x 10°

*E1{(30) solvent polarity scale (see ref 31).

In order to gain evidence for or against a mechanism shift from a concerted [1,2]
or [2,3] migration to heterolytic fragmentation to generate either a caged or diffusibly
free olefin cation radical and an ester anion upon increasing solvent polarity, Beckwith
and co-workers undertook an '’ labeling study.® The '’O label was incorporated into
the carbonyl oxygen in 70a-c and the location of the label after migration was determined
by "0 NMR. Under conditions that do not favor a highly polarized transition state (70a
and 70c in benzene), complete transposition of the 7O label was observed, indicating that
the migration occurred through a concerted [2,3]-pathway (Eq 6). However, under
conditions that favor a polarized transition state (70a and 70b in methanol), scrambling of
the '’O label was observed (Eq 7). This observation implies that when a more polar

transition state is favored, the migration occurs by a mix of [2,3] and [1,2] pathways or
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CsH; CsHy

O _— H4C 0]
. benzene 3 6)
HiC— N
Ar Ar
70a or 70¢ Tlaor 71c
CsHy CsHy CsHy
o] _— H3C O +  H,C o)
HeC—" MeOH "N D 0
Ar Ar Ar
70a or 70b Tlaor71b 7laor71b

through the formation of an ion radical pair followed by recombination. Attempts to trap
the olefin cation radical with nucleophiles were unsuccessful, indicating that if olefin
cation radicals are formed, they most likely react within the solvent cage.

Computational studies carried out in the gas phase using 72 - 74 by Zipse indicate
that the [2,3] migration pathway is the most favorable of the mechanisms studied.”
Similar substituent effects to those discussed above were also observed, albeit to a lesser
degree. Computations also indicate a significant amount of positive charge build up in
the alkane during migration coupled with a build up of negative charge in the migrating
ester functionality. Evidence for the build up of positive charge in the transition state was
also obtained from calculations comparing the relative reaction barriers for the migration
in 73 and 74 where 74 showed a 1.8 kcal/mol lower barrier to migration. Including the
effect of protonation of the carbonyl oxygen in 72 in order to model high polarity
solvents resulted in reduction of the barrier for [1,2] migration by 10.1 kcal mol™. While
protonating the carbonyl in 72 is an extreme method to model the effect of high polarity

solvents, the results are consistent with Beckwith's and co-worker's study where oxygen
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scrambling was observed in systems with the ability to stabilize the build up of positive

charge during the migration.

H CH; CF3
o/&b 0" Yo O/KO
72 73 74

2.2.2 B-(Phosphatoxy)alkyl Radical Migrations.

As a result of the mechanistic studies carried out by Crich and co-workers
regarding the B-(acyloxy)alkyl radical migration, the question was posed as to whether or
not structurally similar B-(phosphatoxy)alkyl radicals would undergo migration reactions.

In 1993, Crich and co-workers reported the migration of 75 to 76 (Eq 8) concurrently

(PhO), (OPh),
P=0 o=p
Ph>—— Ph
75 76

with the report of the migration of 77 to 78 by Giese and co-workers (Eq 9).*** Giese
and co-workers measured a rate of 8 x 10° s for the migration of 77 to 78 which is
approximately two orders of magnitude faster than the average rate of B-(acyloxy)alkyl

54,55

radical migration. Subsequently, this reaction motif has been shown to be quite

general and has been subjected to a high level of mechanistic scrutiny.
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77 78

Mechanisms identical to those initially proposed for the B-(acyloxy)alkyl radical
migration were originally put forward to account for the phosphatoxy migration. The
observation of a high degree of stereoselectivity in the phosphate migration reaction in
carbohydrate systems led to dismissal of mechanisms involving fragmentation to generate
diffusibly free intermediates.>>**** Migration by homolytic cleavage of the C-O bond to
form an oxygen centered phosphate radical and an alkene within the solvent cage
followed by recombination is ruled out as a feasible mechanism due to the high energy of
the generated oxygen centered phosphate radicals.”

The possibility of a stepwise migration occurring through a cyclic phosphoranyl
radical was ruled out through studies aimed at detecting the intermediacy of 79 through
fragmentation products (Figure 18).*  Generation of 80 by treatment of the
corresponding bromide with BusSnH and AIBN in refluxing benzene yielded the
migrated product 81 as well as 82, the product resulting from hydrogen atom transfer to
80. The cyclic phosphate triester (83) which was expected to result from fragmentation
of 79 was not observed, and as a result, the intermediacy of cyclic phosphoranyl radicals
in the B-(phosphatoxy)alkyl radical migration was eliminated from consideration.

Labeling studies carried out in a manner similar to those described above for the

B-(acyloxy)alkyl radical rearrangement were carried out using 75 with an '*0 label
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Figure 18. Proposed pathway for the formation of 83 from 80.%

incorporated at the benzylic C-O bond and showed a 1.5/1 ratio of retention over
inversion at phosphorous.” This data is consistent with the phosphate migration
occurring through either a concerted pathway involving a mixture of both the [1,2] and
the [2,3] pathways with the activation energy for the former being slightly lower, or
through heterolytic fragmentation to form an olefin cation radical phosphate anion
contact ion pair followed by rapid recombination. Computational studies carried out by
Zipse on 84 - 86 support the hypothesis of a lower barrier to activation for the concerted
[1,2] migration over both the [2,3] pathway and heterolytic fragmentation followed by in
cage recombination.® The explanation for the preference of the [1,2] pathway over the
[2,3] pathway is due to a greater degree of charge separation in the transition state in the
[2,3]-migration. This implies that the [2,3] pathway may become the predominate

mechanism of migration in more strongly ionizing solvents.
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In order to resolve the question as to whether or not the B-(phosphatoxy)alkyl
radical migration involved heterolytic cleavage of the phosphate moiety followed by
rapid recombination, Crich, Newcomb, and co-workers undertook a series of laser flash
photolysis studies aimed at prooing for the intermediacy of olefin cation radicals in these
systems.’™”® Generation of homobenzylic radical 87 was carried out by photolysis of
PTOC 88, and the subsequent reactivity of 87 was monitored using LFP (Figure 19). In
low polarity solvents such as THF and acetonitrile, only the benzylic radical 89 was
observed. However, in aqueous acetonitrile solutions, a UV signal attributable to olefin

cation radical 90 was detected. Similar pre-exponential factor values for migration

HsC_CH;,
low Ph > 0
p@/ P
0” “(OPh
HiC CHy S HaC. CHs go_  (OFnz
Ph o. é Ph\’)/
N —— .
PhO)...0 O
olari
O g3 o) K‘Y
87 .
cHy, |7
PN,
90

Figure 19. Reactivity of 87 as a function of solvent polau'ity.58
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reactions measured in low polarity solvents and for the formation of olefin cation radical
90 in higher polarity solvents indicate that both processes occur through a common
mechanism, heterolytic cleavage to from a solvent caged olefin cation radical phosphate
anion pair which then either recombines to form the migrated products or in higher
polarity solvents forms freely diffusible olefin cation radicals.

The dependence of solvent polarity on the formation of olefin cation radicals from
88 is somewhat different than that of the structurally similar 50. Generation of freely
diffusible olefin cation radicals occurs at lower solvent polarity for 48 (acetonitrile) than
for 88 (aqueous acetonitrile) which is somewhat unexpected considering the
diphenylphosphate moiety in 87 should be a better leaving group than the
diethylphosphate present in 49. This is a result of the presence of the p-methoxy group in

49 which leads to more stable olefin cation radical.

2.3 Sgn2' Substitution.
As an extension of computational studies regarding Sn2 substitution by
nucleophiles B to a radical center, Zipse reported computational evidence for a radical

analogue of the Sn2' substitution (Sgn2').7%*>%

Studies were carried out using the
degenerate substitution of 2-chloroethan-1-yl (91) with chloride ion. It was shown that
nucleophilic substitution at the site of the radical coupled with heterolytic loss of the
leaving group and migration of the radical to the B-position has a barrier approximately 5
kcal/mol lower than for direct Sn2 substitution of the chloride (Sgn2) (Figure 20). The

reduced barrier for this process was attributed to mixing of the homolytic and heterolytic

character of the dissociation process.
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91

' Cl
91

Figure 20. The Sgn2 and the Sgy2' reactions.5?

Substitution of the alcohol moiety of protonated alcohols containing radicals in
the B-position by neutral nucleophiles has been observed in the gas phase.®’ For
example, radical 92 has been shown (by mass spectroscopy) to react with H,'*0 to
generate the corresponding '30 substituted radical (93) in the gas phase.®? This reaction
is only observed in the case of the cation radical as the reaction of protonated ethanol
with H;O results in deprotonation in the gas phase. The two proposed mechanisms to
account for the observed substitution are either the Sgn2 or the Spn2' pathways.
However, the experimental details needed to differentiate between these two pathways

have not been obtained to date.

L] |O.+. L] 186+
NNH Y
92 93

Similar reactivity in the solution phase has also been observed. Generation of 87

in THF in the presence of 1-octanol resulted in the observation of benzylic radical 94 by
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LFP.’! The rate of growth of 94 was shown to have a first order dependence on the
concentration of 1-octanol and the intermediacy of olefin cation radical 90 was not
observed. Experiments performed on a preparative scale using -BuSH as a hydrogen
atom donor gave a 60% yield of the alcohol substituted product 95. Even though 90 was
not observed by LFP, this does not provide conclusive evidence for the formation of 94
by the Sgn2' pathway as reaction of 1-octanol with a solvent caged olefin cation radical

phosphate anion pair cannot be ruled out (Figure 21).

HsC CHs
Ph . n-CgH,70H H3C CHs t-BuSH PhHe.C CHs
(PhO)Z\P/O L OCBH17 OC8H17

o 94 95

87 \ /n-CaHf,OH

X
(PhO);” O™ CH,
Ph.+>

CH,

Figure 21. Proposed pathways for the formation of 95.°"!

2.4 Statement of Research Objectives.

From the mechanistic studies outlined above several conclusions can be made

with regard to the reactivity of alkyl radicals containing leaving groups in the -position:

1) The factors governing the rate of heterolytic cleavage to generate

olefin cation radicals are dependent on the interplay of solvent polarity,
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the ability to stabilize the build up of positive charge in the heterolysis
transition state, and the stability of the resulting olefin cation radical.

2) Activation parameters for the B-(acyloxy)alkyl and -
(phosphatoxy)alkyl radical rearrangements and for heterolysis of f-
phosphatoxy groups show similar log A values, indicating that these
intermediates undergo heterolysis to form a contact ion pair followed by
either recombination to yield migrated products or diffusion out of the
solvent cage to generate free olefin cation radicals.

3) Extension of the mechanistic studies carried out for the migration
reactions implies that the direct reaction of radicals with leaving groups in
the B-position with nucleophiles occurs through a caged olefin cation

radical anion pair rather than through the Sgn2' pathway.

The mechanistic studies described above are consistent with the formation of
olefin cation radicals as common intermediates in both migration and substitution
reactions of radicals with B-leaving groups. However, product studies supporting or
contradicting the spectroscopic studies described above are lacking. Furthermore,
mechanistic studies aimed at providing chemical evidence for the intermediacy of
reactive intermediates other than olefin cation radicals in systems favoring olefin cation
radical formation have not been carried out to date.

The goal of this research is the mechanistic investigation a series of compounds
which will allow the following questions to be addressed through the use of spectroscopic

and product studies:
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1) Can chemical evidence for the intermediacy of olefin cation radicals
arising from heterolytic cleavage of B-leaving groups be obtained through
the use of product studies?

2) If olefin cation radicals are generated by [-heterolysis, what are the
decay pathways available in the presence of nucleophiles and hydrogen
atom donors?

3) Can chemical evidence be obtained for the formation of products
through intermediates other than olefin cation radicals in high polarity

solvents?
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3 Results and Discussion.

Radicals 96 and 97 were chosen for study for several reasons. It was anticipated

OCHj OCHs;
Ph CHy Ph CHy
Br (PhO)z\ﬁ,O
96 o
97

that the use of two distinct leaving groups would provide a probe for multiple reaction
intermediates through the comparison of product ratios. The advantage of the use of the
B-bromo radical (96) arises from the fact that the bromide was not expected to undergo
migration reactions as has been shown to be the case for B-(phosphatoxy)alkyl radicals
similar to 97.3*%*%%% However, it is possible that 96 could degrade by homolysis of
the carbon bromine bond.** The primary advantage of using B-phosphate radical >85
arises from the fact that the phosphate will not undergo homolysis due to the high energy
of oxygen centered phosphorous radicals.”® It was hoped that the o-methoxy substituent
would enhance the stability of radical 97 to the point that phosphate migration would not
be observed.

In order to avoid the possibility of product decomposition due to the need for
forcing conditions to generate radicals 96 and 97, pyridine-2-thionecarbonyl (PTOC)
esters 98 (bromo-PTOC) and 99 (phospho-PTOC) were chosen as radical precursors to
96 and 97 respectively. This type of radical precursor has been used extensively in LFP

studies and has been shown to afford the desired alkyl radicals in a very clean and rapid
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manner.>**® Upon exposure to long wavelength U.V. irradiation, PTOC esters undergo
rapid N-O bond homolysis. The resulting carboxyl radical then decarboxylates on the

sub-microsecond time scale (Eq 10).

H3CO CH3 HaCO CH3 HzCO CHj
Ph Ph . (10)
X
98 X =Br 96 X =Br
99 X = (PhO),PO, 97 X = (PhO),PO,

A wide range of products can be expected from the reaction of radical 96 or 97 in
the presence of hydrogen atom donors and methanol as a nucleophile (Figure 20).
Hydrogen atom abstraction by 96 or 97 will give rise to 100 or 101 respectively.
Reaction of radicals 96 or 97 with methanol by Sgn2' substitution followed by hydrogen
atom abstraction gives rise to dimethylketal 102. Cleavage of the bromide in the case of
96 or diphenylphosphate in the case 97 will form olefin cation radical 103, which can be
expected to react through several pathways. Reaction of 103 with methanol followed by
hydrogen atom transfer will generate 102 and/or vicinal ether 104, depending on the
regiochemistry of methanol addition. Vinyl ethers 105 and 106 will be formed from
deprotonation of 103 to form allylic radical 107, followed by hydrogen atom transfer.
Finally, phenylacetone (108) was expected to arise from any decomposition of vinyl
ethers 105 and 106. Vinyl ether 105 can also be formed by homolytic loss of bromine in
the case of 96 or the phosphate moiety in the case of 97. Methyl ether 109 was expected
to arise from photochemical decomposition of 100 or 101 through the intermediacy of the

corresponding benzylic radical.
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Figure 22. Anticipated products from the reaction of 96 or 97 in MeOH/AcN.

The study of 96 and 97 should provide the ability to differentiate between several
of the possible reaction mechanisms. Since the leaving groups in 96 and 97 are different,
different product ratios are expected from the two radicals for processes not involving a
common reactive intermediate. Thus, reaction of 96 and 97 by Spn2' substitution was

anticipated to give different yields on the basis of the fact that the rate of the substitution
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reaction should be different for compounds containing different leaving groups. As
mentioned above, homolytic scission of the leaving group is only expected to take place
in 96, while products attributable to migration are only expected in the case of 97. In
addition, products resulting from the formation of 107 are also expected to form in
different yields from 96 and 97 as a result of the different basicity of bromide and
diphenylphosphate. Thus, the use of radicals which differ only by the leaving group
should provide a useful mechanistic probe for the reactions of alkoxy radicals containing

leaving groups in the f-position.

3.1 Synthesis of Radical Precursors.

Initial synthetic studies toward 98 were aimed at the conversion of benzylic
alcohol 110 to the desired B-bromo acid, followed by PTOC formation. To this end,
ethyl (S)-(-)-lactate (111) was methylated using NaH and Mel to give ethyl 2-
methoxypropionate (112) (Scheme 1).5 Saponification of 112 was followed by an aldol
condensation between benzaldehyde and 2-methoxypropionic acid (113) to give both
diastereomers of 110 in a 1:1 ratio.®®® Treatment of 110 with CBrs and PPhs gave
lactone 114 rather than the desired benzylic bromide.

It was thought that protecting the carboxylic acid as an ester would prevent
lactone formation upon activation of the benzylic alcohol. However, the ester
functionality needed to be removable using mild conditions in order to prevent hydrolysis
of the benzylic bromide. The 2-trimethylsilylethyl ester was chosen due to its instability
to mild fluoride conditions. Treatment of acid 110 with 2-trimethylsilylethanol and DCC

gave lactone 114 rather than the desired ester (Scheme 1). The facile cyclization
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Scheme 1.°

0 s 0 b 0
H H3C H;C
3Cj/u\0Et 0% \(U\oa Y j/U\OH
OH OCHj OCH;
111 112 113
97% J c
ph CHs HsCO_ CHj
OCH; dore ' OH
(¢ "
0 71 % OH O
114 100

“ Key: (a) NaH, Mel, THF. (b) KOH, EtOH. (c) LDA, PhCHO, THF. (d) CBr,, PPhy, Et;0.
(€) 2-trimethylsilylethanol, DCC, CH,Cl:EtOAc (7:1).

observed upon activation of either the alcohol or acid functionality in 110 is most likely
due to the Thorp-Ingold effect which decreases the bond angle between the carbonyl
carbon and the benzylic carbon, allowing the system to more easily adopt the
conformation required for cyclization.”®”!

In order to avoid lactone formation, the synthesis was redesigned to allow
incorporation of the desired bromide through a radical based benzylic bromination.
Alkylation of 112 with benzylbromide yielded ethyl 2-methoxy-2-methyl-3-
phenylpropionate (115) and subsequent saponification of the ester functionality gave the
desired acid (116) in good yield (Scheme 2). Benzylic bromination of the free acid (116)
with NBS and AIBN gave the PTOC precursor (117) as 1:1 a mixture of diastereomers.

Due to the propensity of 117 to undergo rapid decarboxylation and loss of bromide under

mildly basic conditions, 117 was carried on crude. Using Mitsonobu conditions, 117 was
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reacted with 2,2'-dithiopyridine-1,1'-dioxide in the presence of PPh; to give an equal ratio

of both diastereomers of bromo-PTOC 98.”

Scheme 2.°
0 HsCO CHs HsCO CHs
HiC a Ph OEt b Ph OH
OEt o oo
83% 96%
OCH, o) o}
112 115 116
Jc
HsCO CHs; S H3;CO_ CHs;
PhWo\ <9 Ph%]/ori
N P
| 41%
Br O X~ (over2steps) Br O
08 117

“Key: (a) LDA, BnBr, THF. (b) KOH, EtOH. (c) NBS, CCl4. (d) PPh;,
2,2'-dithiopyridine-1,1'-dioxide, CH,Cl,.

Preparation of 99 was carried out in a similar manner to the synthesis reported by
Crich and co-workers for the preparation of 50.2¢ Coupling of 2,4-dimethoxybenzy!l
alcohol with 113 gave ester 118 which was subsequently reacted by aldol condensation
with benzaldehyde to afford B-hydroxyester 119 as a 2:1 mixture of diastereomers
(Scheme 3). Phosphate triester formation was carried out using diphenylchloro-
phosphate to give the desired B-diphenylphosphate ester 120. In order to avoid the
expected facile decarboxylation of the carboxylate upon alkaline saponification of 120,
the 2,4-dimethoxybenzyl moiety was removed using oxidative conditions. Reaction of

120 with CAN afforded both diastereomers of acid 121 in a ratio of 3:1. Reaction of
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Scheme 3.7

0 Q OCH3 HsCO CH
HaC b 3 3
H3C\HL a 3 o _b, Ph\RQr(OR
OH "~ g5% OcH 92%
OCHj3 3 OCH3 OH O
113 118 119
R = 2,4-dimethoxybenzyl c
81%
HiCO CH; S H;CO CH; H;CO CH,
Ph Oo. Ph OH Ph OR
N I e d
o (over 2 steps) o i
99 121 120

? Key: (a) 2,4-dimethoxybenzyl alcohol, PyBOP, Hiinig's Base, CH ; Cl , . (b) LDA,
PhCHO, THF. (c) (PhO),P(O)Cl, DMAP, CH,Cl,. (d) CAN, H,O:CH;CN (10:1). (e)
PPh;, 2,2'-dithiopyridine-1,1'-dioxide, CH,Cl,.

crude 121 under the Mitsonobu conditions described above gave a 3:1 ratio of

diastereomers of phospho-PTOC 99.”

3.2 Synthesis of Possible Products.

Dimethoxy-PTOC 122 was prepared as it was the expected product arising from
solvolysis of 98 and 99, and an authentic sample was required to determine the stability
of 98 and 99 to the sample preparation conditions. Aldol condensation between 112 and
benzaldehyde provided B-hydroxy ethyl ester 123 as a 6:1 mixture of diastereomers 92%
(Scheme 4). Alkylation of the benzylic hydroxyl in 123 followed by saponification

provided the PTOC precursor 125. PTOC formation was carried out in the manner
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Scheme 4.°

H3CO CHj HaCO CHgj
\HJ\OEt a Ph%rOEt _b Phﬁ)%(OEt
92% 669
OCHs ° OH O %  Heco O
112 123 124
C
84%
H,CO CH
HCO CH; Ph *oH
"N
H;CO O
Hco 0 K 82% 3
122 125

“Key: (a) LDA, PhCHO, THF. (b) NaH, Mel, THF. (c) KOH, EtOH. (d) PPh;,
2,2'-dithiopyridine-1,1'-dioxide, CH,Cl,.

described for the preparation of both 98 and 99 to give the desired dimethoxy-PTOC
(122) as a 3:2 mixture of diastereomers.”

Preparation of reduction products 100 and 101 was carried out using a common
intermediate, 2-methoxy-1-phenyl-1-propanol (126). To this end, 2-methoxy-
acetophenone (127) was alkylated with Mel to give 128 which was reduced with NaBH,4
to give a 3:2 mixture of diastereomers of 126 (Scheme 5). Treatment of 126 with PBr;
yielded both diastereomers as a 5:4 mixture of the desired bromide (100). An equal
mixture of both diastereomers of 101 was prepared by treatment of 126 with
diphenylchlorophosphate.

Dimethylketal 102 was prepared from phenylacetone.”> Preparation of a 1:1
mixture of diastereomers of vicinal ether 104 was carried out by osmium mediated

dihydroxylation of B-methylstyrene followed by alkylation with NaH and Mel.™
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Scheme 5.°
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% Key: (a) LDA, Mel, THF. (b) NaBH,, MeOH. (c) PBrs, Et,0. (d) (PhO),P(O)Cl, DMAP,
CH,Cl,.

Phenylacetone (108) was prepared through PDC mediated oxidation of 1-
phenylisopropanol. Ether 109 was prepared by reaction of 1-phenylisopropanol with
NaH and Mel.

Preparation of vinyl ether 105 was carried out using by taking advantage of the
propensity of 117 to decarboxylate. To this end, 117 was treated with Hiinig's base to
afford a 1:1 mixture of both E and Z isomers of 105 which were separable by column
chromatography. Structural assignments of the E and Z configuration were made using
'H-NMR through comparison to calculated shift tables, which predict that the vinyl
proton in the E-isomer will resonate downfield of the corresponding proton in the Z-

5

isomer.”” This prediction is consistent with values previously reported for the two

isomers of 105.” Preparation of vinyl ether 106 was carried out by a titanocene
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methyleneation of methyl phenylactetate using bis(cyclopentadienyl)dimethyl

titanium.”>”’
3.3 U.V.Irradiation of Brome-PTOC (98) and Phospho-PTOC (99).
3.3.1 Radical Precursor and Product Stability.

Irradiation of 98 or 99 in Pyrex vessels was carried out under anaerobic
conditions (freeze-pump-thaw degassed solutions) in a Rayonet photochemical reactor
using Amax = 350 nm lamps for 20 min. Photolyses were performed in 4:1
methanol/acetonitrile solutions, employing methanol as the nucleophile. While varying
the concentration of the nucleophile could serve as a useful mechanistic probe, the
solvent composition was not changed in order to avoid complications resulting from the
strong dependence of diffusively free olefin cation radical formation on solvent
polarity.?*?2405878 Both the bromo-PTOC (98) and the phospho-PTOC (99) were shown
to be stable at room temperature in the dark during the period of sample preparation.
However, some decomposition was observed in the presence Hiinig's base, as an acid

scavenger, upon standing at room temperature for 12 h (Table 2).

Table 2. Decomposition of 98 and 99 in the presence of Hiinig's base in
4:1 MeOH/AcN as a function of time.”

PTOC Time (h) % Decomp.”
98 0.5 3.0
98 12 30.0
99 2 0
99 4 5.0
99 11 5.0

¢ [PTOC] = 26 mM, [Hiinig's Base] = 53 mM, 4:1 d;-MeOH/d;-AcN. ° Relative to
hexamethyldisilane as internal standard.
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The sole decomposition product was shown to be the dimethoxy-PTOC (122) by
'H NMR through comparison to an authentic sample. Photolysis of 122 in the presence

of a hydrogen atom donor was shown to only generate 104 by GC analysis (Eq 11). The

H3CO CH3 OCH, OCH,
, %CHs _ Ph j/kCHs (11)
H3CO o HsCO HsCO
104

lack of production of 104 upon photolysis of either bromo-PTOC 98 or phospho-PTOC
99 provides further indication that both radical precursors do not undergo decomposition
during the period of sample preparation.

Photolysis of 102, 104 — 106, 108 and 109 in the presence of 98 or 99 in 4:1
methanol/acetonitrile showed that only products 104, 108, and 109 were stable to the
photolysis conditions, and that dimethyl ketal 102, and vinyl ethers 105 and 106
decomposed to phenylacetone (108). The observed product instability was attributed to
acid catalyzed decomposition. Generation of HBr in the case of 98 can arise as the result
of either heterolytic or homolytic cleavage of the leaving group from 96 to generate
either bromide or bromine respectively, followed by proton or hydrogen atom transfer
respectively. A similar pathway in the case of 97 can account for the formation of
diphenylphosphoric acid from photolysis of 99. As a result, all subsequent photolyses
were carried out in the presence of an acid scavenger.

2,6-Di-t-butylpyridine (TBP) was chosen as the acid scavenger for several

reasons. First, it was believed that trialkylamines could easily reduce olefin cation
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radical 103 if it were formed during photolysis by electron transfer. The reduction
potential of 103 was approximated by estimating the oxidation potential of 105. An
upper limit for the oxidation potential (E,;;) of 105 was estimated to be 1.33 V (versus
SCE) by comparison to structurally related styrenes. For example, the oxidation
potential of B-methyl-4-methoxystyrene has been measured to be 1.33 V vs. SCE and a
value of 1.32 V vs. SCE has been measured for the oxidation potential of a-trimethyl-
silyloxystyrene.”®® The oxidation potential of triethylamine has been measured at 0.78
V vs. SCE, 0.5 V lower than the estimated reduction potential of 1033182 Thus,
reduction of 103 by alkyl amines could be favored by as much as 12.6 kcal mol™.
Conversely, pyridine has an oxidation potential of 2.12 V vs. SCE and will not be able to
reduce 103 as this process is disfavored by 17.8 kcal mol™”.#* Due to the propensity of
pyridine to react nucleophilically with olefin cation radicals (k ~ 10° M s!), a hindered
pyridine was chosen in order to reduce the rate of nucleophilic attack.®*

The choice of the hydrogen atom donor was governed by limitations similar to
those discussed above for the proton scavenger. Electron transfer from alkyl thiols to
olefin cation radical 103 was expected to be energetically favorably by approximately
5.3 keal mol™, as alkyl thiols have oxidation potentials on the order of 1.1 V.55 The use
of tributyltin hydride was avoided as products attributable to reduction of similar olefin
cation radicals by tributyltin hydride have been observed previously, and it was
anticipated that the presence of tin species could provide difficulties with respect to
product analysis by GC.*! 1,4-Cyclohexadiene (CHD) was chosen as the hydrogen atom
donor on the basis of its oxidation potential in acetonitrile of 1.74 V vs. SCE.¥ Thus,

electron transfer from CHD to 103 is disfavored by 9.5 kcal mol ™.
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3.3.2 Photolysis of 98 and 99 in the Presence of 1,4-Cyclohexadiene and 2,6-Di-t-
butylpyridine.

Analysis of the products produced upon photolysis of 98 or 99 under the
conditions described above by GC showed Z-2-methoxy-1-phenylpropene (105) to be the
major product (Table 3). The opposite vinyl ether isomer, E-2-methoxy-1-phenyl-
propene, was not observed. Preferential formation of the Z-isomer is consistent with
molecular modeling at the AM1 level of theory which predicts a 2.17 kcal/mol lower
AAH; for the Z-isomer. Both 98 and 99 generated low yields of dimethylketal 102, while
vicinal ether 104 was not observed from either precursor. Photolysis of 98 also
generated a low yield of methyl ether 109. The product yields from photolysis of 98

were consistently lower than the yields obtained from the photolysis of 99.

Table 3. Product distribution in the presence of 1,4-cyclohexadiene
(CHD) and 2,6-di-t-butylpyridine (TBP).”

HsCO CHz S OCH OCH

Ph 0. 3, HCO_OCH; 3

N T Py, PO PhAch,

X o) x
105 102 109
98, X=Br
99, X = O,P(OPh),
% Yield
PTOC 105 102 109
98 224+12 3.7+0.3 3.2+0.2
99 383+22 44+0.7 b

¢ [PTOC] = 5 mM, [TBP] = 10 mM, [CHD] = 500 mM, 4:1 MeOH:AcN (by volume),
[MeOH] = 19.75 M. ° Not observed.
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In order to ascertain the stability of 102, 105, 106, and 109 to the photolysis
conditions in the presence of TBP and CHD, photolysis experiments were carried out in
the presence of the independently synthesized products and amount of decomposition
was determined by GC analysis. The primary mode of decomposition was expected to
be acid catalyzed, and as HBr is a stronger acid than diphenylphosphoric acid, product
stabilities were carried out using the bromo-PTOC (98). These experiments showed that
vinyl ether 105 underwent less than 2% decomposition to form phenylacetone (108)
during the course of the photolytic reaction (Table 4). Similar experiments indicated that

dimethylketal 102 was also stable to the photolysis conditions (Table 5).

Table 4. Product yields obtained from photolysis of bromo-PTOC 98 as

a function of added 105.°
H3CO CH3 OCH OCH
3 H3CO OCH; , 3
108 105 102 109
% Yield®
Composition 108 105 102 109
98 1.4+0.1 20.5+0.8 29+0.2 20£0.1
105 0.5+0.3 6.0 +0.4° 4 A

98 +105 2.0+0.1 245+ 1.1° 23£0.1 2.0£0.1

¢ [PTOC] =5 mM, [TBP] =10 mM, [CHD] = 500 mM, 4:1 MeOH:AcN (by volume),
[MeOH] = 19.75 M. * Yield based on [PTOC]}. ©[105] = 0.325 mM. ¢ Not observed.
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Table 5. Product yields obtained from photolysis of bromo-PTOC 98 as
a function of added 102.°

H,CO CHy 3 OCH OCH
Ph o. . o . 3, HsCO OCH; 3
T:j Ph A Ph\kaHa P Ph\)\CHs

108

Br 0O 105 102 109
98
% Yield®
Composition 108 105 102 109
98 1.7+0.2 20.5+1.9 43 +0.7 24+0.2
102 A A 1.7+0.1° 4

98 + 102 1.6 £0.1 19.2+1.8 6.4+0.7° 2.1+0.3
“[PTOC] = 5 mM, [TBP] = 10 mM, [CHD] = 500 mM, 4:1 MeOH:AcN (by volume),
[MeOH] = 19.75 M. ? Yield based on [PTOC]. ©[102] =85 uM. ¢ Not observed.

Benzyl vinyl ether 106 underwent significant decomposition upon photolysis in
the presence of the radical precursors (98 or 99). 'H NMR studies showed 106 to be
stable in 4:1 methanol:acetonitrile at rt for 2 d. However, decomposition of 106 was
observed when 106 was photolyzed at Ayax = 350 nm in the presence and absence of TBP
in 4:1 methanol:acetonitrile for 20 min (Table 6). Due to this photochemical
decomposition, low and variable yields of 106 were observed upon photolysis of 98 or
99 in the presence of CHD and TBP. It is possible that the yield of 106 is equal to the
mass balance that is unaccounted for from the yields of 102, 105, and 109, giving an
upper limit of 70.7% and 57.3% for the yield of 106 from the photolysis of 98 and 99
respectively. However, high yields of 106 are unlikely as 106 is believed to be derived
from allylic radical 107 (see Figure 22), which is not formed in high enough
concentrations to be detected by LFP in the 4:1 methanol:acetonitrile solutions used for

the product studies (see below).
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Table 6. Decomposition of 106 upon photolysis with 1,4-cyclohexadiene
(CHD) in the presence and absence of 2,6-di-z-butylpyridine (TBP).”

OCH;3
Ph
106
[TBP] (M) % Decomp.”
0 359+6.3
0.5 46.8+ 6.0

“ [106] = 1.88 mM, [CHD]} = 0.5 M, 4:1 MeOH/AcN. ° Yield based on initial
concentration of [106].

Photolysis of 98 in the presence of added bromide 100 suggests that 109 is
generated from 100 (Table 7). This was confirmed by the observation that 109 was
produced in low yield upon photolysis of 100. A very low yield of vinyl ether 105 was
also generated from the photolysis of 100. The corresponding phosphate compound 101
could not be observed by GC due to low volatility. However, analysis of photolysates by

'H NMR showed that 101 was not generated upon photolysis of the phospho-PTOC (99).

Table 7. Product yields obtained from photolysis of bromo-PTOC 98 as
a function of added 100.”

H3CO CH3 OCHs OCH; OCHj,4

H,CO, OCH
é —_— + Ph\)\CH + Pﬁ 34 Ph \/kCHs

102 109

%Yield’
Composition 100 105 102 109
98+100 565+5.1° 253+0.8 2.54+026 39.6+1.8
100 81.3+11.1° 0.31+0.07 A 6.89 + 0.59

? [PTOC] = 5 mM, [TBP] 10 mM, [CHD] = 500 mM, 4:1 MeOH:AcN (by volume),
[MeOH] = 19.75 M. ? Yield based on [PTOC]. € [100] =5 mM. ¢ Not observed.
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3.4 Dependence of Product Yields on 1,4-Cyclohexadiene Concentration.

The product yields obtained from photolysis of either the bromo-PTOC (98) or
the phospho-PTOC (99) are dependent upon the concentration of CHD (Table 8). All
product yields decrease with decreasing CHD concentration, indicating that CHD is
involved in the formation of 102, 103, and 109. However, the product yields are not
dependent to the same extent upon the concentration of CHD as can be seen by
comparing the ratio of 105 to 102 in Table 8. The different dependencies of the
formation of 102, 105, and 109 are most likely due to differences in rates of the reaction
of the radical precursors to 102, 105, and 109 with other possible hydrogen atom donors
such as methanol and acetonitrile or radical radical reactions. As a result, radicals which
do not react readily with other hydrogen atom donors may participate in radical radical

reactions, effectively reducing the product yields.

Table 8. Product distribution as a function of 1,4-cyclohexadiene (CHD)

concentration.?
H,CO CH S
Ph. o. OCHs Hyco_ OCH, OCH,
N — ph A, * PR + Ph
] CHs; CHj
X 0
105 102 109
98, X=Br
99, X = O,P(OPh),
% Yield
PTOC [CHD] (M) 105 102 109 105:102
98 0.5 24+12 37403 32+02 6.1+06
98 0.25 182+05 14+03 3.0+0.1 13.0+28
98 0.125 141+0.7 0.8+0.1 26+0.1 17.6+24
99 0.5 383+22 44+0.7 b 87+15
99 0.25 336+1.1 24+0.1 b 14.0+0.7
99 0.125 264+1.0 1.2+0.2 b 22.0+3.8
“[PTOC] = 5 mM, [TBP] = 10 mM, 4:1 MeOH:AcN (by volume), [MeOH] = 19.75 M.

® Not observed.
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Photolysis of 98 or 99 in the presence of TBP and 3,3,6,6-tetradeuterio-1,4-
cyclohexadiene (d4-CHD) showed apparent kinetic isotope effects of 2.24 + 0.38 and
1.77 £ 0.17 for the formation of 105 from bromo-PTOC 98 and phospho-PTOC 99
respectively (Table 9). The kinetic isotope effects were determined from the ratio of the

yield of product in the presence of CHD to the yield in the presence of ds-CHD (Eq 12).

KIE. = _Lproduct]cy, (12)
[product], _cup

A kinetic isotope effect was not observed for the formation of dimethylketal 102 from
either radical precursor in the presence of di-CHD. The absence of a kinetic isotope
effect on the formation of 102 was unexpected since 102 was believed to arise through
formation of a radical intermediate. Therefore, the possibility of hydrogen atom transfer
from the solvent to the radical intermediates formed upon photolysis of either the bromo-
PTOC (98) or the phospho-PTOC (99) was investigated. Photolysis of 98 or 99 in the
presence of ds-CHD and ds;-MeOH led to increased deuterium incorporation in
dimethylketal 102 relative to that observed in the absence of dy-MeOH (Table 10).
Consistent with the deuterium increase, kinetic isotope effects of 1.76 + 0.29 and 1.91 +
0.52 were observed for the formation of 102 in the presence of dy-methanol from bromo-
PTOC 98 and phospho-PTOC 99 respectively, indicating that methanol is functioning as
a hydrogen atom donor in the formation of 102. The addition of ds-acetonitrile had no
effect on the amount of deuterium incorporated in any of the observed products and did

not contribute to any observable kinetic isotope effects.
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Table 9. Product distribution in the presence of 1,4-cyclohexadiene
(CHD) and 3,3,6,6-tetradeuterio-1,4-cyclohexadiene (ds-CHD) as a
function of solvent.”

H3CO CH S

Ph. o OCHs Hico_ OCH, OCH,
N — ph A, * PR *+ Ph
| CHj CHj
X O ™
105 102 109
98, X=Br
99 X = 02P (OPh)Z
% Yield
PTOC trap Solvent” 105 102 109
98 CHD MeOH 224+12 3.7+£03 32+02

98 ds-CHD MeOH 10.0+1.6 3.7+05 25+0.2
98 di-CHD dse-MeOH 113£15 2.1£02 29+03

99 CHD MeOH 383+22 44=£0.7 -
929 d4~-CHD MeOH 21.6x1.6 44+0.7 -
99 di-CHD  di-MeOH 22.2+19 23+0.5 -©

¢ [PTOC] = 5 mM, [TBP] = 10 mM, [CHD] = [d,-CHD] = 500 mM, 4:1 MeOH:AcN
(by volume). ® [MeOH] = 19.75 M, [d-MeOH] = 19.73 M. “ Not observed.

Table 10. The effect of solvent deuteration on deuterium incorporation
in the presence of 3,3,6,6-tetradeuterio-1,4-cyclohexadiene (ds-CHD).”

Hsco CH3 . OCH3 . HCO_OCH; \/okCHa
Ph 2, Ph Ph CHy
105 102 109
98, X=Br
99, X = 0,P(OPh),
% ‘H
PTOC Solvent 105 102 109
98 MeOH 3.0+0.6 479+08  71.0+0.7
98 ds-MeOH 22+0.5 63.1+1.5 82.1£6.5
99 MeOH 2404 60.2+0.4 <
99 ds-MeOH 2.0+0.2 76.9 3.1 <

a [PTOC] = 5 mM, [TBP] = 10 mM, [d,-CHD] = 500 mM, 4:1 MeOH:AcN (by
volume). ® [MeOH] = 19.75 M, [d;-MeOH] = 19.73 M. © Not observed.
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3.5 Laser Flash Photolysis Studies.

Laser flash photolysis studies carried out on 98 in THF gave the time resolved
spectra shown in Figure 23. The spectra do not show the characteristic pattern for a
benzylic radical (Amax ® 325 nm), but more closely resembles that of the 2-methyl-1-
phenylallyl radical (Amax = 305 nm).””®*” As a result, the spectra were assigned to the 2-
methoxy-1-phenylallyl radical (107) which is believed to arise through deprotonation of
olefin cation radical 103 by the bromide leaving group within the solvent cage. The rate
constant for formation of 107 from 96 was measured to be (2.8 + 0.5) x 10° s™! from first

order kinetic plots of the natural log of the concentration of 107 as a function of time

OCH3
é Ph S CHz

107

(Figure 23 inset).

Haco CH3

4 k=(282052)x10°s"

0.D.

wavelength (nm)

Figure 23. Time-resolved spectra from photolysis of 98 in THF. The traces are at 0.4,
0.8, 1.2, and 18.0 ps after irradiation with the signal at 50 ns subtracted to give a
baseline. The inset shows a plot of the In [107] versus time. The concentration of 107
was followed by monitoring the U.V. absorbance at 306 nm.
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A similar spectrum to that observed from LFP studies carried out using 98 in
THF was obtained from LFP studies using 99 under the same conditions (Figure 24).
The presence of the Aynax = 308 nm indicates that photolysis of 99 in THF results in the
formation of the 2-methoxy-1-phenylallyl radical (107) rather than the corresponding
benzylic radical which is expected to be generated from phosphate migration.
Deprotonation of 103 diphenylphosphate within the solvent cage is proposed to account
for the formation of 107. The rate of formation of 107 from 97 was determined in an
identical manner to that described for the formation of 107 from 97. Plots of the natural
log of the concentration of 107 as a function of time obeyed first order kinetics and

yielded a rate constant for the formation of 107 of (3.4 + 0.9) x 10%s! (F igure 24 inset).

H300 CH3

OCH3
I Ph
(Pho)zpoz é C”z

ke (34209)x10°s"

0.024.

0.00

0.D.

-0.02 1

-0.04

-0.06 -

-0.08 . T . r r . ’ .
300 320 340 360 380

wavelength (nm)

Figure 24. Time-resolved spectrum from photolysis of 99 in THF. The traces are at
0.4, 0.8, 1.2, and 18.0 ps after irradiation with the signal at 50 ns subtracted to give a
baseline. The inset shows a plot of the In[107] versus time. The concentration of 107
was followed by monitoring the U.V. absorbance at 306 nm.
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Laser flash photolysis studies of 98 in acetonitrile gave the time resolved spectra
shown in Figure 25. Due to the extremely rapid reaction of 97 in acetonitrile, time
resolved spectra were not obtained for 99. However, photolysis of 99 gave rise to
spectra identical to those obtained for 98. The spectra shown in Figure 25 are very
similar to that reported for simple styrene radical cations and the spectrum observed for

247 As a result, the spectra

the p-methoxy-pB,B-dimethylstyrene radical cation (51).
obtained from the independent photolysis of 98 and 99 is attributed to olefin cation
radical 103. No change in the spectrum obtained from photolysis of either radical

precursor in acetonitrile solutions with up to 1.0 M methanol was observed, indicating

that 103 is formed efficiently in the presence of methanol.

HsCO CH; S OCH
Ph Oy ' - |pn \/\CH
BF O 3
103
98
0.06 -

0.04

——20ns
"""" 30ns
............ 50 ns
o
o

0.02 4

v T v T v T v
300 320 340 360 380

time (ns)

Figure 25. Time-resolved spectra from photolysis of 98 in acetonitrile. The traces are
at 20, 30, and 50 ns after the photolysis; the negative signal in the trace at 20 ns results
from the PM tube which has not recovered from the scattered laser light of the
photolysis.
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The yield of olefin cation radical 103 generated from photolysis of either the
bromo-PTOC (98) or the phospho-PTOC (99) was estimated through the use of a
reporter compound.84 Generation of 103 in the presence of tris(p-bromophenyl)amine
((p-BrC¢Hs)3N) in acetonitrile results in reduction of 103 and formation of the

corresponding aminium cation radical (Eq 13, Figure 26). The concentration of the

+e
OCH; . Ar—f‘\l'—Ar o OCHj, . Ar—N—Ar (13)
Ph. ~ CHs Ar P4 CHs, Ar
103 105

Ar = p-bromo-phenyl

aminium cation radical relative to the concentration of the pyridine-2-thiyl radical
byproduct produced upon initial photolysis of the PTOC ester was estimated using the
molar extinction coefficient for the aminium cation radical measured by triplet chloranil
oxidation of (p-BrCeHa)sN. Photolysis of 98 or 99 gave relative aminium cation radical
yields in the range of 65 — 85%. This is considered to be a lower limit for the quantity of
103 formed as the presence of reaction pathways other than electron transfer to 103 for
(p-BrC¢Has)sN are likely. For example, initial quantitation studies carried out using Ph;.
N, which has a lower oxidation potential than (p-BrC¢Hs);N, gave aminium cation
radical yields in the 40 — 50% range. The lower yield of aminium cation radical is
presumably due to reaction between 103 and Ph;N through pathways not involving

electron transfer and include nucleophilic addition of PhsN to the phenyl ring in 103.3%°
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Figure 26. Plot of O. D. as a function of time for the photolysis of 99 with (p-
BrC¢H,)sN in acetonitrile. The absorbance at 366 nm is due to 103 and the absorbance
at 650 nm is due to the aminium cation radical of (p-BrC¢H,)s;N.

The kinetics of olefin cation radical formation from radicals 96 and 97 were
followed by LFP in acetonitrile. The rate constant for loss of bromide from 96 was
measured to be (8.0 £ 0.4) x 10’ s at 20 °C (F igure 27). The rate constant for loss of
phosphate from radical 97 occurred at a rate faster than the resolution of the LFP
apparatus used, suggesting a lower limit of 1 x 10® s for formation of 103 at 20 °C.
Since increasing the solvent polarity has been shown to increase the rate of heterolysis
for radicals with leaving groups in the B-position, changing the photolysis solvent from
the neat acetonitrile (Er(30) = 45.6 kcal mol™) used for in the LFP experiments to the 4:1
methanol:acetonitrile solvent system (E1(30) = 56.2 kcal mol™) used for the product

studies should actually increase the rate of B-leaving group heterolysis. 22405878
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Figure 27. Plot of the In [103] versus time from the photolysis of 98 in acetonitrile.
The concentration of 103 was followed by monitoring the U.V. absorbance at 366 nm.

The rates of reaction of 103 with CHD and methanol were also measured by
LFP. Monitoring the rate of decay of 103 in the presence of varying concentrations of
1,4-cyclohexadiene yielded an approximate rate constant of (6.0 + 0.3) x 10° M s”! from
a plot of the observed rate constants for reaction between 103 and CHD as a function of
CHD concentration (Figure 28). The rate constant is considered an approximation as
biexponential decays were observed at all concentrations of CHD studied. Generation of
103 in the presence of 1.0 M methanol showed no increase in the rate of decay of 103 on
the time scale of the laser flash photolysis experiments. As a result, only an upper limit
for the rate of reaction between 103 and methanol of 1 x 10° M' s™' could be estimated.
This rate is at least two orders of magnitude slower than that measured for the reaction of
methanol with 90, and at least an order of magnitude slower than that measured for

methanol reaction with the cation radical of p-methoxystyrene.'®
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Figure 28. Plot of the pseudo-first order rate of decay of 103 generated from photolysis
of 99 in acetonitrile as a function of CHD concentration.

3.6 Mechanisms of Product Formation.
3.6.1 Mechanism for the Formation of Vinyl Ether 105.

A variety of mechanisms involving several intermediates can be envisioned to
explain the formation of 105 upon photolysis of 98 and 99. The possible mechanisms are
as follows: 1) B-scission of the bromide or phosphate in 96 and 97 respectively (Figure
29, pathway a); 2) hydrogen atom abstraction by 96 or 97 followed by elimination of
HBr or diphenylphosphoric acid respectively (Figure 29, pathway b); 3) migration of the
leaving group followed by sequential hydrogen atom abstraction and elimination as
described for mechanism 2 (Figure 29, pathway c); 4) formation of allylic radical 107 by
deprotonation of olefin cation radical 103 by either bromide or diphenylphosphate,

followed by hydrogen atom donation to 107 (Figure 29, pathway d); 5) hydrogen atom
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abstraction by 103 at either carbon or oxygen followed by deprotonation (Figure 29,

pathway e).
OCH3;
Ph - _x. OCH3
CH; ———" Ph ~ CHs
X 105
96 X =Br
pathway a 97 X = (PhO),PO,
y OCH, y
+H -H
960r97 —— Ph W/kCH3 — 105
X
pathway b 100 X = Br
101 X = (PhO)2P02
Hs;CO +H' HsCO -HX
96 or 97 —_— Ph \/k)?H;; _— Ph \/l<)?H3 — 105
pathway ¢ X=Br X=8Br
X = (PhO),PO, X = (PhO),PO,
-X OCHj3 |** H* OCHj, +H 105
96 or 97 Ph. _~ —_— s —_— +
103 107
pathway d

103

pathway e +H + .
N "-cHs y
Ph. A\ oH
3

105

Figure 29. Possible mechanisms accounting for the formation of 105.
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Due to the high energy of oxygen centered phosphatoxy radicals, B-scission of
the diphenylphosphate group in 97 was deemed unlikely (Figure 29, pathway a).>> While
B-scission of halides is a known process, the dependence of the yield of 105 on the
concentration and isotopic content of CHD is inconsistent with the unimolecular nature
of the B-scission reaction. Furthermore, LFP studies show that olefin cation radical 103
is formed from decay of both 96 and 97 in acetonitrile solutions. This reaction pathway
is not expected to change upon increasing the solvent polarity from the acetonitrile
solutions used for the LFP experiments to the 4:1 methanol:acetonitrile solutions used for
the product studies based on the effect of solvent polarity on the formation of freely
diffusible olefin cation radicals.*** This is supported by similar ratio of 105:102
generated from photolysis of 98 or 99 which indicates that both compounds react through
formation of a common intermediate (Table 8). Thus, on the basis of kinetic and product
studies neither 96 or 97 produce vinyl ether 105 directly by homolysis of the B-leaving
group.

Hydrogen atom donation to 96 or 97 followed by elimination of either HBr or
diphenylphosphoric acid (Figure 29, pathway b) was also ruled out by product and LFP
studies. Independently synthesized 101 (the product resulting from hydrogen atom
transfer to B-phosphatoxy radical 97) was shown by 'H NMR to be stable to the reaction
conditions. The corresponding bromide (100) was shown to react when exposed to the
photolysis conditions to generate methyl ether 109 but not vinyl ether 105. In addition,
hydrogen atom transfer to radicals 96 and 97 from CHD is not expected to be kinetically
competent as decay of radicals 96 and 97 was shown to occur with unimolecular rates

greater than 107 s”', whereas CHD donates a hydrogen atom to alkyl radicals with a
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bimolecular rate on the order of 10° M s™' 8”*® This mechanism is also inconsistent with
the ratio of 105:102 formed from photolysis of 98 and 99 which indicates that both
systems generate 105 and 102 through a common intermediate (Table 8).

Migration of either the bromide in the case of 96, or the diphenylphosphate in the
case of 97, followed by hydrogen atom abstraction and subsequent elimination (Figure
29, pathway c) can be ruled out as the major pathway accounting for the formation of
105 on the basis that benzylic radicals were not observed in appreciable yields by LFP
studies. Also, this mechanism does not meet the requirement that 98 and 99 appear to
react through formation of a common intermediate on the basis of the ratio of the yields
of 105 and 102 (Table 8). Also inconsistent with this mechanism is the low
incorporation of deuterium in 105 when photolyses of 98 or 99 were carried out in the
presence of ds-CHD. The kinetic isotope effect for elimination of HCl from 1-

1.°' As such, elimination of the proton to leave

chloroethane has been measured to be 2.
deuterium in 105 should be favored to yield ~ 66% deuterium incorporation in 105.
These observations do not allow a migration mechanism to be completely ruled out as a
low level of deuterium is incorporated in 105 when 96 or 97 are reacted in the presence
of ds-CHD (Table 10). However, the fact that benzylic radicals are not observed by LFP
with the systems discussed here, as well as other systems, indicate that migration is not a
prominent reaction path in the high polarity solvents used.**

As mentioned above, both LFP experiments and the ratio of products obtained
from the photolyses of 98 and 99 indicate that radicals 96 and 97 react to form 102 and

105 through a common intermediate (Table 8). Laser flash photolysis experiments

carried out in acetonitrile provided spectroscopic evidence that the primary intermediate
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formed is olefin cation radical 103. As such, 105 is most likely formed through
subsequent reaction of 103 in solution. This proposal is consistent with the identical
ratio of 102:105 generated from photolysis of both 96 and 97 which indicates that both
compounds are formed from a common intermediate (Table 8).

Deprotonation of cation radicals to generate the corresponding radical is a well
known proc;ess.”'95 Deprotonation of 103 generates allylic radical 107, which upon
hydrogen atom abstraction will generate vinyl ethers 105 and 106 (Figure 29, pathway
d). This pathway should give rise to 105 with significantly higher levels of deuterium
incorporation than are observed when 96 or 97 are generated in the presence of ds,-CHD.
However, the observation of 106 in low yield and the presence of low levels of
deuterium incorporation in 105 does not eliminate this reaction mechanism completely.
While allylic radical 107 was not observed during LFP experiments carried out in
acetonitrile, it was observed when THF was used as the solvent. Thus, the presence of
107 at concentrations below the detection limit of the LFP apparatus used, or within the
solvent cage in more polar solvents, cannot be ruled out.

Laser flash photolysis experiments support trapping of olefin cation radical 103
by CHD with hydrogen atom transfer occurring either to carbon or oxygen (Figure 29,
pathway e). Hydrogen atom transfer to carbon will result in the formation of a
carbocation which is expected to react as an electrophile with methanol faster than
deprotonation to generate 105.”° Nucleophilic reaction of methanol with the carbocation
will form either dimethylketal 102 or vicinal ether 104. As vicinal ether 104 is not
observed and low yields of 102 are formed, hydrogen atom transfer to carbon cannot be a

major pathway accounting for the formation of 105. The low level of deuterium
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incorporation observed in vinyl ether 105 when ds-CHD is used as the hydrogen atom
donor is also consistent with this reaction mechanism acting as a minor pathway for the

formation of 105 on the basis of the kinetic isotope effects discussed above.

OCH;
H,CO,_ OCH
PR 3 Ph CH,
02 OCH;4
104

The mechanism most consistent with the observed data is that of hydrogen atom
transfer from 1,4-cyclohexadiene to the oxygen in 103, followed by deprotonation to
generate 105. Hydrogen atom abstraction by ether and sulfide cation radicals has been
observed in the gas phase and may also occur in the reactions of fullerene olefin cation
radicals in the solution phase.®*’'%? The involvement of CHD in the formation of 105 is
supported by the dependence of the yield of 105 on the concentration of CHD (Table 8).
The observed kinetic isotope effect of 2.24 + 0.38 and 1.77 + 0.17 for the formation of
105 from 98 and 99 respectively is a combination of both primary and secondary effects.
This is consistent with the primary KIE in the range of 1.2 to 1.6 for McLafferty
rearrangements, reactions of ether cation radicals, and intermediates in the Loeffler-
Freytag reaction.'®'™ This mechanism is also consistent with the low levels of
deuterium incorporation in 105 observed upon photolysis of 98 or 99 in the presence of
ds-CHD as the isotopic label is lost upon deprotonation. In addition, similar kinetic
isotope effects for the formation of 105 from either 98 or 99 (KIEgs/KIEs; = 1.27 £ 0.25)
indicate that 105 arises from an intermediate common to both systems, consistent with

the similar ratio of 105:102 produced from the photolysis of 98 or 99 under identical
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conditions. This is supported by the LFP observation that both 98 and 99 generate olefin
cation radical 103 upon photolysis in acetonitrile solutions.

The fact that alkane C-H bonds have been observed to be hydrogen atom donors
to cation radicals in the gas phase led to the investigation of hydrogen atom donation to
103 by methanol.®"*'? Laser flash photolysis results provides no evidence for the
donation of hydrogen atoms to 103 from methanol, and provides an upper limit to
trapping of 103 by methanol of 1 x 10> M s™". This result is supported by the fact that a
kinetic isotope effect for the formation of 103 and an increase in the deuterium content in
103 were not observed upon substitution of ds-MeOH for MeOH.

The intermediacy of 103 and the formation of 105 as the primary product from
photolysis of 98 or 99 in 4:1 methanol:acetonitrile solutions may also explain the low
mass balances observed. Since cycloaddition reactions between olefin cation radicals
and alkenes occur at or near the diffusional limit, as the concentration of 105 increases
during the 20 min photolysis cycloaddition reactions may become competitive with
hydrogen atom transfer from CHD to 103.'"'"'® Due to the large number of products
which can be envisioned to arise from the reaction motif with regard to the regiochemical
and diastereomeric mixtures of these products, independent preparation and/or detection
of these compounds is not feasible using the methods employed in this study. As a
result, the formation of cycloaddition products cannot be ruled out and their presence

may explain the low mass balances observed from photolysis of 98 and 99.
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3.6.2 Mechanism for the Formation of Dimethylketal 102.
Several mechanisms can be envisioned to account for the formation of 102 upon
photolysis of 98 or 99: 1) Sgn2' reaction between B-substituted radicals 96 or 97 and

MeOH (Figure 30, pathway a); 2) methanolysis of the product resulting from migration

Bh OCH,8 +MeOH  HiCO OCH;  +H H;CO OCH;,
CH Ph —— Ph
3 <~ “CHj CH;,
X 102
96 X = Br
97 X = (PhO),PO,
pathway a
*MeOr, H;CO OCH
H;CO CH . 3 3 :
96 0r 97 — phs\)(x“ —x . Ph Xy, —H . 02
X=Br
pathway b X = (PhO),PO,
+H: OCHj3 +MeOH
103 —— pp ¥ 103
CHs,
pathway ¢
OCH; |** H3CO OCH .
X 3 +MeOH 3 3 +H
9%6or97 —— e A | —— - Pn R
3 L]
pathway d 103

Figure 30. Possible mechanisms accounting for the formation of 102.

of either bromide in the case of 96 or diphenylphosphate in the case of 97, followed by
hydrogen atom abstraction (Figure 30, pathway b); 3) hydrogen atom transfer to 103 at

the benzylic position, followed by nucleophilic trapping of the resulting oxocarbenium
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ion (Figure 30, pathway c); 4) nucleophilic trapping of olefin cation radical 103,
followed by hydrogen atom transfer to the resulting benzylic radical (Figure 30, pathway
d).

Laser flash photolysis data does not allow complete elimination of the formation
of 102 through either Sgn2' substitution, or migration of the B-substituent and subsequent
methanolysis, followed by hydrogen atom donation (Figure 30, pathway a). Based on
the conservative estimate of < 10% formation of the benzylic radical relative to the
amount of olefin cation radical produced by LFP, an upper limit of 6.5% to 8.5% yield of
the benzylic radical could be generated during photolysis of these systems. The known
dependence of the rate of heterolysis in these systems on the solvent polarity indicates
that even lower yields of the benzylic radical in 4:1 methanol:acetonitrile solutions can
be expected. However, invoking either of these mechanisms requires that 105 and 102
be generated from reactive intermediates other than olefin cation radical 103, which is
inconsistent with the identical ratio of 105:102 derived from both radical precursors. The
common product ratio indicates that both products are derived from a common
intermediate, the olefin cation radical 103 (Table 8).

The hypothesis that 102 is generated from 103 is consistent with the results of the
product studies, as well as the laser flash photolysis studies. Competition between
hydrogen atom transfer to oxygen leading to formation of 105, and hydrogen atom
transfer to carbon can be envisioned to account for the formation of both products
through the intermediacy of 103 (Figure 30, pathway c). Hydrogen atom transfer to the
benzylic carbon in 103, followed by nucleophilic trapping of the resulting oxocarbenium

ion is supported by the isotopic incorporation in 102 when ds~-CHD and ds-MeOH are
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used (Table 10). The regiochemistry of the hydrogen atom transfer can be rationalized
on the basis of sterics. The slow rate of hydrogen atom transfer from CHD to benzylic
radicals (k < 10> M s) relative to the rate of hydrogen atom transfer from CHD to the
oxygen in 103 (k = (6.0 £ 0.3) x 10° M! s™') may explain the low yields of 103 observed
from photolysis of 98 or 99 in 4:1 methanol:acetonitrile.”

Regioselective nucleophilic attack by methanol at the homobenzylic position of
103, followed by hydrogen atom transfer to the resulting benzylic radical may contribute
to the formation of 102 as well (Figure 30, pathway d). Isotopic labeling studies indicate
that either CHD and/or methanol is responsible for transfer of a hydrogen atom to the
resulting benzylic radical (Table 10). The unexpected role of methanol as a hydrogen
atom donor is most likely a result of the slow rate of hydrogen atom abstraction by
benzylic radicals from 1,4-cyclohexadiene (k < 10> M s™).3% While the rate constant for
the transfer of a hydrogen atom from methanol to a benzylic radical is not known, it is
expected to be slower than that for CHD on the basis of the corresponding C-H bond
strengths.'® Unfortunately, LFP studies between 103 and methanol do not provide any
insight into the pathway by which methanol reacts with 103. The relatively slow rate of
reaction between methanol and olefin cation radical 103 observed by LFP (k< 10° M™' §°
'Y may be overcome by the high concentrations of methanol ([MeOH] = 19.75 M)
present in the 4:1 methanol:acetonitrile solutions used for the product analyses.

Differentiation between these two mechanisms for the formation of 102 is not
straightforward with the current data. Using the upper limit (10° M™* s for reaction of
methanol with 103 and the measured rate constant (6 x 10° M s™) for reaction of CHD

with 103 coupled with the concentrations of reagents ((CHD] = 0.5 M and [MeOH] =
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19.75 M), a ratio of 105:102 of > 16 would be expected assuming nucleophilic attack by
methanol on 103 followed by hydrogen atom transfer was the sole pathway accounting
for the formation of 102. A ratio of 105:102 > 16 is observed upon decreasing the
concentration of CHD, indicating that at low concentrations of CHD nucleophilic attack
of methanol on 103 may be the only operative pathway for the formation of 102 (Table
8).

Seemingly contradictory to the regiochemistry of methanol attack on 103 is the
failure of B-(phosphatoxy)alkyl radical 97 to undergo phosphate migration under
conditions where phosphate migration has been observed in systems lacking the methoxy
substituent. The failure of 97 to undergo migration indicates that the a-alkoxy radical is
more stable than the benzylic radical. This implies that methanol trapping of olefin
cation radical 103 should occur at the benzylic position, generating the more stable a-
methoxy radical and ultimately resulting in the formation of vicinal ether 104. However,
the regiochemistry of nucleophilic attack is most likely governed by the kinetics of the
reaction rather than the thermodynamics of the resulting product. While it is clear from
the ratio of 105:102 that nucleophilic trapping of 103 by methanol followed by hydrogen
atom transfer to the resulting radical is not the sole reaction pathway accounting for the
formation of 102 in the presence of high concentrations of CHD (Table 8), the presence
of this reaction motif cannot be completely ruled out at low CHD concentrations either.
As such, 102 is most likely formed through a combination of the two proposed pathways,
nucleophilic trapping of 103, followed by hydrogen atom transfer to the resulting
benzylic radical, and hydrogen atom donation to olefin cation radical 103, followed by

methanol trapping of the resulting oxocarbenium ion.
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3.7 Conclusions.

Through the use of radical precursors containing distinct leaving groups in the -
position, the measurement of product ratios was employed to probe for the involvement
of reactive species other than olefin cation radicals in high polarity solvents. Product
studies are consistent with olefin cation radical 103 being the only reactive intermediate
obtained from photolysis of bromo-PTOC 98 and phospho-PTOC 99. This is confirmed
by laser flash photolysis experiments, which indicate that olefin cation radical 103 is
produced in approximately equal yields from both precursors in acetonitrile solutions.

The major pathway of decay for olefin cation radical 103 in the presence of 1,4-
cyclohexadiene and 2,6-di-z-butylpyridine leads to the formation of vinyl ether 105. On
the basis of the dependence of the yield on the concentration of CHD and labeling
studies, 105 is proposed to arise from hydrogen atom transfer from CHD to the oxygen in
103 followed by deprotonation (Scheme 31). Laser flash photolysis studies have
provided a rate constant of (6 + 0.3) x 10° M s™ for the reaction of CHD with olefin
cation radical 103. While this reaction motif has been observed previously in the gas
phase, it has never been observed in the solution phase and may provide further insight
into the reactivity of enol ether olefin cation radicals in solution.””'%

Dimethylketal 102 is also produced in low yields from photolysis of both radical
precursors. Based on the ratio of 102:105 generated from both radical precursors, it is
apparent that 102 and 105 arise from an intermediate common to both systems, olefin
cation radical 103. Kinetic experiments carried out using LFP have provided an upper
limit of 1 x 10° M ™! for the reaction of methanol with olefin cation radical 103. While

this rate is on the order of four orders of magnitude slower than that reported for the
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Figure 31. Mechanism for the formation of 102 and 105 from 103.

reaction of methanol with the styrene radical cation, it is only one to two orders of
magnitude slower than that reported for the reaction of methanol with 90."”° The slower
rate of reaction most likely reflects the increased steric hindrance and increased stability

of 103 relative to the styrene cation radical.

ot

CH,

N oH,

90

Product studies suggest that methanol reacts with 103 either by nucleophilic

attack at the homobenzylic position of 103 to generate a benzylic radical which is
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quenched by hydrogen atom transfer from CHD and/or methanol to the benzylic carbon
of 103 followed by nucleophilic trapping of the resulting oxocarbenium ion by methanol
(Scheme 31). Based on the ratio of rate constants for methanol and CHD reaction with
103, it is clear that nucleophilic trapping of 103 by methanol is not the sole pathway
accounting for the formation of 102. Most likely, 102 is produced through a combination

of both reaction motifs.
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4 Experimental Methods.

General Methods: All reactions were performed under an argon atmosphere in
oven dried glassware. All chemicals were obtained commercially and purified according
to known procedures: THF was distilled from sodium benzophenone ketyl; acetonitrile
was passed through anhydrous copper sulfate and then distilled from calcium hydride;
methylene chloride, diisopropylethylamine, N,N-dimethylbenzylamine, and methanol
were distilled from calcium hydride; benzaldehyde and benzylbromide were distilled
from MgSO,; diisopropylamine was distilled from NaOH; diethylether was distilled from
sodium; CCls and Mel were distilled from themselves. 2,2’-Dithiopyridine-1,1’-dioxide

2 Bis(cyclopentadienyl)dimethyltitanium was

was prepared according to literature.
prepared according to literature, and stored as a 0.5 M solution in THF in the dark.'® All
other reagents were used as received. Alkyl lithium reagents were titrated prior to use
using 1,10-phenanthroline as the indicator and sec-butanol (1.0 M in benzene) as the
titrant.

'H NMR spectra were referenced to CHCl; (7.27 ppm), °C NMR spectra were
referenced to CDCl3 (77.23 ppm), and *'P NMR spectra were referenced to HsPO, ©
ppm). GC analyses were performed using a 60 m CP-SIL19CB column and He as the
carrier gas with the retention times and response factors shown in Table 11. Oven
conditions were as follows: Initial temperature 90 °C for 7 min, rate 5 °C/min to 150 °C,
rate 20 °C/min to 190 °C for 3 min, rate 20 °C/min to 250 °C for 8 min. GC/MS analyses
were performed using a 50 m DB-1 column and He as the carrier gas with the retention

times and selective ion monitoring (SIM) shown in Table 12. Oven conditions were as

follows: initial temperature 70 °C, rate 10 °C/min to 170 °C for 2 min.
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Table 11. Response factors and retention times for analytical GC
analysis of 102, 104, 105, 108, and 109.°

Compound Retention Time Response Factor’
102 22.9 min 1.48
104 21.0 and 21.7 min 1.38
E-105 23.3 min 1.97
Z-105 21.2 min 1.97
108 20.8 min 1.49
109 18.3 min 1.62
“ See text for oven conditions. ° Determined from plots of [X]/[Decane] versus
Ax/ADmnc.

Table 12. Retention times and SIM masses for GC/MS analysis of 102,

Z-105, and 109.”
Compound Retention Time SIM mass
102 8.0 min 149.1, 150.1°
Z-105 7.0 min 148.1, 149.1
109 5.5 min 150.1, 151.1
“ See text for oven conditions. ° 152.1 and 153.1 were used when ds-MeOH was used as
solvent.

Laser Flash Photolysis Studies. Laser flash photolysis studies were carried out
by Professor Martin Newcomb and John H. Horner at Wayne State University and were
performed in the general manner previously reported.”® Flowing solutions of 98 and 99
with an absorbance at 355 nm of approximately 0.4 AU were employed. The samples
were irradiated with 355 nm light (third harmonic) from a Nd-YAG laser. Kinetic

analyses were performed with Applied Photophysics software.

Continual photolysis of PTOCs. All samples were prepared by syringe in pyrex
tubes wrapped in aluminum foil at the following concentrations in 4:1 MeOH/AcN:

PTOC (5 mM), 2,6-di--butylpryidine (10 mM), 1,4-cyclohexadiene (0.5 M), and
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dodecane (2.2 mM) as internal standard. The samples were degassed (freeze, pump 3
min, thaw; 3 cycles), sealed in vacuo, and irradiated for 20 min at Ay = 350 nm in a
Rayonet photoreactor (16 lamps). After irradiation, the samples were stored at 77 K prior

to GC analysis.

Product stability studies. Samples were prepared by syringe in pyrex tubes
wrapped in aluminum foil at the following concentrations in 4:1 MeOH/AcN: product
(0.083 — 5.0 mM), PTOC (5 mM), 2,6-di-z-butylpyridine (10 mM), 1,4-cyclohexadiene
(0.5 M), and dodecane (2.2 mM) as internal standard. The samples were then degassed,

photolyzed, and stored as described above prior to GC analysis.

PTOC stability studies. NMR samples were prepared by syringe in NMR tubes
wrapped in aluminum foil at the following concentrations in 4:1 ds-MeOH/d3-AcN:
PTOC (26 mM), diisopropylethylamine (53 mM), and hexamethyldisilane (1.5 mM) as
an internal standard). The samples were stored in the dark at rt for 12 h and '"H NMR

spectra were obtained at 0, 0.5, 2,4, 11, and 12 h.

1-(Diphenylphosphatoxy)-2-methoxy-1-phenylpropane (101) thermal
stability studies. NMR samples were prepared by syringe in NMR tubes at the
following concentrations in 4:1 ds-MeOH/d3-AcN: 101 (26 mM), 1,4-cyclohexadiene
(53 mM), 2,6-di-+-butylpyridine (53 mM), and hexamethyldisilane (1.5 mM) as an
internal standard. The samples were then thermolyzed at 50 °C for 6 d. 'H and 3'P NMR

spectra were obtained at 1, 2, 4, 8, 20, 48, 96, and 144 h.
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0 Synthesis of ethyl (S)-2-methoxypropanoate (112). To a solution

HyC
3 OEt containing NaH (2.246 g, 94.3 mmol) dissolved in THF (135 mL) at 0 °C

et was added ethyl-(S)-(-)-lactate (111) (10.42 g, 88.2 mmol) over a period
of 1 h. To the solution was then added Mel (15.04 g, 106 mmol), the solution was
warmed to rt, and stirred for 12 h. The reaction was quenched by the addition of
saturated NH4Cl (100 mL) and extracted with Et;,0 (3x75 mL). The organic layers were
combined, washed with brine (75 mL), and dried over anhydrous MgSQ,. Filtration and
removal of the solvent left a yellow oil. The oil was purified by distillation (60 °C at ~20
mmHg) to provide 6.93 g (60%) of the desired product as a clear oil: 'H NMR (CDCl3) &
4.28 (q, J = 7.2 Hz, 2H), 3.90 (q, J = 6.6 Hz, 1H), 3.42 (s, 3H), 1.43 (d, J = 6.6 Hz, 3H),
1.33 (t,J=7.2 Hz, 3H). '*C NMR (CDCl;3) § 173.4, 76.7, 61.1, 57.9, 18.6, 14.5. IR (neat

on salt plate) 2986, 1748, 1270, 1193, 1071, 1033 cm’.

o Synthesis of 2-methoxypropionic acid (113). A solution containing

H3Cj/u\o|-| ethyl-(S)-2-methoxypropionate (112) (3.175 g, 24.0 mmol) and KOH

Ot (3.36 g, 60.0 mmol) dissolved in 95% ethanol (40 mL) was refluxed for 3
h. The ethanol was removed in vacuo to leave a yellow oil which was taken up in H,O
(20 mL) and extracted with EtOAc (3x15 mL). The aqueous layer was then acidified to
pH 1 with 6 N HCI and extracted with EtOAc (3x15 mL). The organic layers from the
second extraction were combined, washed with brine (15 mL), and dried over anhydrous
MgSO,. Filtration and removal of the solvent left a yellow oil which was purified by

distillation (60 °C, ~1 mmHg) to give 2.26 g (92%) of the desired product: 'H NMR

(CDCls) & 11.36 (bs, 1H), 3.91 (g, J = 6.9 Hz, 1H), 1.4 (d, J = 6.9 Hz, 3H), 3.42 (s, 3H).
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13C NMR (CDCl3) & 178.6, 76.2, 58.0, 18.3. IR (neat on salt plate) 2990, 2942, 1731,

1463, 1201, 1069, 855 cm”.

Synthesis of 3-hydroxy-2-methoxy-2-methyl-3-phenylpropionic acid
H3CO CH;,

Ph OH (110). To a solution containing diisopropylamine (1.03 g, 10.2 mmol)

on dissolved in THF (33.5 mL) at -78 °C was added 1.03 M sec-BuLi in
hexanes (9.4 mL, 9.68 mmol) and the resulting solution was stirred at -78 °C for 5 min
followed by warming to rt. To the solution was added a solution containing 2-
methoxypropionic acid (113) (0.5038 g, 4.88 mmol) dissolved in THF (4.5 mL) and the
resulting solution was stirred at rt for 1 h. To the solution was then added benzaldehyde
(0.511 g, 4.85 mmol), the reaction was stirred at rt for 24 h, and quenched by pouring
over ice. The resulting aqueous layer was extracted with Et;O (5x50 mL). The aqueous
layer was then acidified to pH 1 with 6 N HCI and then extracted with Et,O (3x50 mL).
The organic layers from the second extraction were combined, washed with brine (50
mL), and dried over anhydrous MgSQO,. Filtration and removal of the solvent left a gold
oil. Flash column chromatography (50 g silica gel) (EtOAc/hexanes 50:50) yielded
0.9937 g (97%) of the desired product: 'H NMR (CDCls) § 7.36-7.25 (m, 5H), 4.87 (s,
1H), 3.35 (s, 3H), 1.37 (s, 3H). *C NMR (CDCls) & 175.7, 138.0, 128.5, 128.2, 127.6,
83.2,78.5, 52.9, 16.2. IR (neat on salt plate), 3429, 3032, 2992, 2836, 1720, 1454, 11186,

701 cm™.

H3CO CHj; Synthesis of ethyl 2-methoxy-2-methyl-3-phenylpropionate (115).
Ph OEt

0 To a solution containing diisopropylamine (1.032 g, 10.2 mmol)
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dissolved in THF (65 mL) at 0 °C was added 2.0 M n-BulLi in cyclohexane (4.90 mL,
9.80 mmol). The solution was stirred for 10 min at 0 °C and then cooled to -78 °C. To
the solution was then added a solution containing ethyl (S)-2-methoxypropionate (112)
(1.077 g, 8.15 mmol) dissolved in THF (10.0 mL). The solution was stirred at -78 °C for
30 min and benzylbromide (2.16 g, 12.6 mmol) was added. The solution was warmed to
rt and stirred for 16 h. The reaction was quenched by the addition of saturated NH4Cl (75
mL) and extracted with EtOAc (3x50 mL). The organic layers were combined, washed
with brine (50 mL), and dried over anhydrous MgSO,. Filtration and removal of the
solvent left a yellow oil. Flash column chromatography (40 g silica gel)
(EtOAc/hexanes:20/80) yielded 1.494 g (83%) of the desired compound as a colorless
oil: 'H NMR (CDCl3) & 7.31-7.22 (m, SH), 4.22 (q, J = 6.0 Hz, 2H), 3.36 (s, 3H), 3.07
(m, 2H), 1.39 (s, 3H), 1.29 (t, J = 6.0 Hz, 3H). *C NMR (CDCls) & 173.7, 136.2, 130.5,
128.0, 126.7, 81.0, 61.0, 52.1, 44.7, 19.9, 14.2. IR (neat on salt plate) 2983, 1733, 1455,

1190, 1104, 700 cm™.

Synthesis of 2-methoxy-2-methyl-3-phenylpropionic acid (116). A

H3CO CH;
Ph \)QH/OH solution containing ethyl 2-methoxy-2-methyl-3-phenylpropionate (115)
(1.072 g, 4.85 mmol) and KOH (0.704 g, 12.6 mmol) dissolved in 95%
EtOH (48 mL) was refluxed for 3 h. The EtOH was removed in vacuo and the remaining
oil was dissolved in H,O (20 mL) and extracted with EtOAc (3x15 mL). The aqueous
layer was then acidified to pH 1 with 6N HCl and extracted with EtOAc (3x15 mL). The

organic layers from the second extraction were combined, washed with brine (15 mL),

and dried over anhydrous MgSO,. Filtration and removal of the solvent left 0.906 g
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(96%) of the desired acid as a clear oil: 'H NMR (CDCl;) § 9.90 (bs, 1H), 7.31-7.19 (m,
5H), 3.44 (s, 3H), 3.08 (m, 2H), 1.53 (s, 3H). '>*C NMR (CDCl) & 178.4, 135.7, 130.5,

128.4, 127.1, 81.1, 52.1, 43.6, 20.2. IR (neat on salt plate), 2926, 1712, 1453, 1101 cm’.

Synthesis of 3-bromo-2-methoxy-2-methyl-3-phenyl-propionic acid
HiCO CHs y y yi-3-phenyi-prop

Ph OH (117). To a sparged solution containing 2-methoxy-2-methyl-3-

o © phenylpropionic acid (116) (0.090 g, 0.463 mmol) and NMN-
bromosuccinimide (0.168 g, 0.942 mmol) dissolved in freshly distilled CCl, (4 mL) was
added AIBN (0.0105 g, 0.064 mmol) and the solution was refluxed for 30 min. The
cooled solution was filtered to remove succinamide, and removal of the solvent left a
yellow oil. The crude oil was carried on as a 1:1 mixture of diastereomers without
further purification: 'H NMR (crude) (CDCls) (Diastereomer A) 8 9.22 (bs, 1H), 7.57-
7.31 (m, 5H), 5.27 (s, 1H), 3.47 (s, 3H), 1.67 (s, 1H); (Diastereomer B) & 9.22 (bs, 1H),
7.57-7.31 (m, 5H), 5.27 (s, 1H), 3.49 (s, 3H), 1.40 (s, 3H). IR (neat on sait plate) 2927,

1718, 1100, 699 cm’'.

Synthesis of (1H)-2-thioxo-1-pyridyl 3-bromo-2-methoxy-2-
HsCO CH; S

PhWO\’\ij methyl-3-phenylpropionate (98). A solution containing 3-
o 0 bromo-2-methoxy-2-methyl-3-phenyl-propionic acid (117) (0.443
g, 1.62 mmol), PPh; (0.533 g, 2.03 mmol), and 2,2';dithiopyridine-1,1'-dioxide (0.490 g,
1.94 mmol) dissolved in CH,Cl, (16 mL) was stirred in the dark at rt for 1 h. The
reaction was quenched by the addition of 5% Na,CO; (10 mL) and extracted with CH,Cl,

(3x10 mL). The organic layers were combined, washed with brine (10 mL), and dried
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over anhydrous MgSQO,. Filtration and removal of the solvent in vacuo in the dark left a
yellow oil. Flash column chromatography (30 g silica gel) (EtOAc/hexanes:40/60) in the
dark provided 0.256 g (41% over two steps) of the desired PTOC as a 1:1 mixture of
diastereomers: 'H NMR (CDCl;) (Diastereomer A) § 7.76-7.59 (m, 3H), 7.41-7.14 (m,
5H), 6.77-6.72 (m, 1H), 5.25 (s, 1H), 3.75 (s, 3H), 1.91 (s, 3H); (Diastereomer B) 6 7.76-
7.59 (m, 3H), 7.41-7.14 (m, SH), 6.59-6.56 (m, 1H), 5.31 (s, 1H), 3.71 (s, 3H), 1.64 (s,
3H). *C NMR (CDCl) & 138.0, 137.5, 137.4, 137.3, 137.2, 136.4, 133.5, 133.0, 130.4,
130.3, 129.3, 129.0, 128.6, 128.4, 128.1, 84.2, 83.8, 59.2, 58.6, 54.8, 54.2,20.0, 19.7. IR
(neat on salt plate) 3080, 1794, 1607, 1447, 1130 cm”. HRMS (FAB) C,6H;6BrNO;S

calcd. (M+H): 384.0092, found: 384.0092.

o OCH,8 Synthesis of 2,4-dimethoxybenzyl 2-methoxy-

(o) propionate (118). To a solution containing  2-
OCH,

HsC
OCHs  methoxypropoinic acid (113) (0.726 g, 6.98 mmol), 2,4-
dimethoxybenzyl alcohol (1.249 g, 7.43 mmol), and PyBOP (4.389 g, 8.43 mmol)
dissolved in CH,Cl; (50 mL) was added diisopropylethylamine (1.981 g, 15.3 mmol).
The reaction was stirred at rt for 3 h and quenched by the addition of H,O (40 mL). The
resulting solution was then extracted with CH>Cl; (3x30 mL). The organic layers were
combined, washed with brine (50 mL), and dried over anhydrous MgSQ,. Filtration and
removal of the solvent left a purple oil. Flash column chromatography (40 g silica gel)
(EtOAc/hexanes:40/60) yielded 1.503 g (85%) of the desired ester as a clear oil: 'H
NMR (CDCl3) 6 7.34-7.33 (m, 1H), 6.56-6.52 (m, 2H), 5.30-5.10 (m, 2H), 3.96 (q, J =

6.9 Hz, 1H), 3.90 (s, 3H), 3.46 (s, 3H), 1.47(d, J = 6.9 Hz, 3H). °C NMR (CDCl;) &
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173.5, 161.6, 116.6, 104.2, 98.8, 76.6, 62.4, 57.9, 55.6, 18.7. IR (neat on salt plate),

2985, 1744, 1617, 1380, 1035 cm™.

OH O OCH; Synthesis of 2,4-dimethoxybenzyl 3-hydroxy-2-
Ph o methoxy-2-methyl-3-phenylpropionate (119). To a
FCO CHs OCH; . . . . .
solution containing diisopropylamine (0.298 g, 2.94
mmol) dissolved in THF (10 mL) at 0 °C was added 1.9 M n-BuLi in cyclohexane (1.48
mL, 2.81 mmol). The solution was stirred at 0 °C for 10 min and then cooled to -78 °C.
To the solution was then added a solution containing 2,4-dimethoxybenzyl 2-
methoxypropionate (118) (0.599 g, 2.35 mmol) dissolved in THF (11 mL). The resulting
solution was stirred at -78 °C for 30 min at which point benzaldehyde (0.376 g, 3.54
mmol) was added. The reaction was stirred at -78 °C for 1.5 h and quenched by the
addition of saturated NH4Cl1 (20 mL). The solution was warmed to rt and extracted with
EtOAc (3x20 mL). The organic layers were combined, washed with brine (20 mL), and
dried over anhydrous MgSQ,. Filtration and removal of the solvent left a yellow oil.
Flash column chromatography (25 g silica gel) (EtOAc/hexanes:20/80) yielded 0.780 g
(92%) of the desired alcohol as a 2:1 mixture of diastereomers: 'H NMR (CDCls)
(Diastereomer A) § 7.38-7.18 (m, 6H), 6.51 (m, 2H), 5.15 (m, 2H), 4.89 (d, J = 4.8 Hz,
1H), 3.85 (s, 6H), 3.34 (s, 3H), 3.27 (d, J= 4.8 Hz, 1H), 1.38 (s, 3H); (Diastereomer B) &
7.38-7.18 (m, 6H), 6.48 (m, 2H), 5.23 (m, 2H), 5.01 (d, J = 4.6 Hz, 1H), 3.85 (s, 6H),
3.37 (s, 3H), 3.19 (d, J = 4.6 Hz, 1H), 1.26 (s, 3H). *C NMR (CDCls) & 172.3, 161.6,

159.2, 139.1, 131.8, 128.0, 127.9, 127.8, 116.4, 104.2, 100.5, 98.8, 88.5, 83.9, 83.6, 78.5,
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78.1, 66.1, 62.9, 55.6, 52.7, 52.6, 16.3, 15.5, 15.2. IR (neat on salt plate) 3508, 3062,

2992, 1731, 1615, 1590, 1377, 1209 cm.

Synthesis of 2,4-dimethoxybenzyl 3-

o
1]

(PhO){P\O o) OCH3 (diphenylphosphatoxy)-2-methoxy-2-methyl-3-
Ph (0] . .
HyCO CH, phenylpropionate (120). To a solution

OCH;
containing  2,4-dimethoxybenzyl 3-hydroxy-2-

methoxy-2-methyl-3-phenylpropionate (119) (0.376 g, 1.08 mmol) and DMAP (0.158 g,
1.29 mmol) dissolved in CH,Cl, (10.8 mL) was added diphenylchlorophosphate (0.347 g,
1.29 mmol). The solution was stirred at rt for 14 h and quenched by the addition of H,O
(10 mL). The solution was then extracted with EtOAc (3x10 mL). The organic layers
were combined, washed with brine (10 mL), and dried over anhydrous MgSQ,. Filtration
and removal of the solvent left a yellow oil. Flash column chromatography (20 g silica
gel) (EtOAc/hexanes:40/60) yielded 0.519 g (81%) of the desired product as a 2:1
mixture of diastereomers: 'H NMR (CDCls) (Diastereomer A) & 7.38-7.10 (m, 15 H),
6.97-6.93 (m, 2H), 6.47-6.44 (m, 2H), 5.82 (d, J = 9.3 Hz, 1H), 5.20-4.96 (m, 2H), 3.85
(s, 6H), 3.26 (s, 3H), 1.48 (s, 3H); (Diastereomer B) § 7.38-7.10 (m, 15 H), 6.97-6.93
(m, 2H), 6.47-6.44 (m, 2H), 5.86 (d, J = 8.4 Hz, 1H), 5.16-4.96 (m, 2H), 3.82 (s, 6H),
3.32 (s, 3H), 1.33 (s, 3H). ">C NMR (CDCly), § 186.7, 159.2, 131.9, 130.1, 129.7, 128.6,
127.8, 126.2, 125.4, 120.2, 104.2, 100.2, 98.6, 95.0, 82.0, 62.9, 55.6, 52.4, 16.0. *'P
NMR (CDCIl;) (Diastereomer A) § -13.12; (Diastereomer B) -12.84. IR (neat on salt

plate) 3066, 2946, 1950, 1876, 1737, 1613, 1592, 1490, 1291, 1191, 1031, 956 cm"".
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HyCO CHs Synthesis of 3-(diphenylphosphatoxy)-2-methoxy-2-methyl-3-

Ph H phenylpropionic acid (121). To a solution containing 2,4-

(PhO)z\P,O o) . .

8 dimethoxybenzyl 3-(diphenyl-phosphatoxy)-2-methoxy-2-methyl-
3-phenylpropionate (120) (0.237 g, 0.399 mmol) dissolved in 10:1 AcN/H;O (10 mL)
was added CAN (0.482 g, 0.879 mmol). The reaction was stirred at rt for 1 h, quenched
by the addition of H,O (10 mL), and extracted with EtOAc (3x10 mL). The organic
layers were combined, washed with brine (10 mL), and dried over anhydrous MgSQOj.
Filtration and removal of the solvent left an orange oil. The oil was taken up in EtOAc
(20 mL) and stirred with 15% NaHSO; (20 mL) for 2 h. The layers were separated, the
organic layer was washed with H,O (20 mL), brine (20 mL), and dried over anhydrous
MgSO,. Filtration and removal of the solvent left a light orange oil as 3:1 mixture of
diastereomers which was carried on without further purification: 'H NMR (CDCls)
(Diastereomer A) & 7.45-7.11 (m, 13 H), 7.00-9.97 (m, 2H), 5.81 (d, J = 9.0 Hz, 1H),
3.48 (s, 3H), 1.51 (s, 3H); (Diastereomer B) & 7.45-7.11 (m, 13 H), 6.95-6.92 (m, 2H),
5.76 (d, J = 8.7 Hz, 1H), 3.35 (s, 3H), 1.37 (s, 3H). *'P NMR (CDCl;) (Diastereomer A)
8 -12.61; (Diasteromer B) -12.44. IR (neat on salt plate) 2994, 1739, 1675, 1598, 1456,

1280, 1188, 1023, 959 cm”’.

HsCO CHs S Synthesis of (1H)-2-thioxo-1-pyridyl 3-(diphenyl-

Ph 0‘N | phosphatoxy)-2-methoxy-2-methyl-3-phenylpropionate
(PhO)z\P,O o S
L (99). A solution containing 3-(diphenylphosphatoxy)-2-

methoxy-2-methyl-3-phenylpropionic acid (120) (0.264 g, 0.597 mmol), 2,2'-

dithiopyridine-1,1'-dioxide (0.157 g, 0.623 mmol), and triphenylphosphine (0.193 g,
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0.735 mmol) dissolved in CH,Cl, (6 mL) was stirred in the dark at rt for 1 h. The
reaction was quenched by the addition of 10% Na,CO; (10 mL) and the solution was
extracted with CH>Cl, (3x10 mL). The organic layers were combined, washed with brine
(10 mL), and dried over anhydrous MgSO,. Filtration and removal of the solvent left a
yellow oil.  Flash column chromatography in the dark (12 g silica gel)
(EtOAc/hexanes:80/20) gave 0.204 g (62% over two steps) of the desired product as a 3:1
mixture of diastereomers: 'H NMR (CDCls) (Diastereomer A) & 7.86-7.68 (m, 2H),
7.64-7.11 (m, 14 H), 6.95-6.92 (m, 2H), 6.55-6.47 (m, 1H), 5.85 (d, /= 9.0 Hz, 1H), 3.59
(s, 3H), 1.65 (s, 3H); (Diastereomer B) & 7.86-7.68 (m, 2H), 7.64-7.11 (m, 14 H), 6.87-
6.84 (m, 2H), 6.55-6.47 (m, 1H), 5.84 (d, J = 9.0 Hz, 1H), 3.60 (s, 3H), 1.63 (s, 3H). *C
NMR (CDCl;3) & 138.7, 137.0, 130.0, 129.9, 129.5, 129.2, 128.7, 128.2, 128.0, 125.9,
125.6, 120.6, 120.5, 120.1, 120.0, 83.0, 54.1, 53.6, 15.1. *'P NMR (CDCl;) (Diasteromer
A) 8 -12.79; (Diastereomer B) -11.97. IR (neat on salt plate) 3073, 1800, 1654, 1608,
1590, 1489, 1410, 1376, 1282, 1022, 960 cm”. HRMS (FAB) CasH,eNO-PS calcd.

(M+H): 552.1245, found: 552.1237.

Synthesis of ethyl 3-hydroxy-2-methoxy-2-methyl-3-
HsCO CHs

Phw)Q‘(OEt phenylpropionate (123). To a solution containing diisopropylamine

OH © (0.939 g, 9.28 mmol) dissolved in THF (35 mL) at 0 °C was added 1.9
M n-Buli in cyclohexane (4.70 mL, 8.93 mmol). The solution was stirred at 0 °C for 10
min and then cooled to -78 °C and a solution containing ethyl 2-methoxypropionate (112)

(0.987 g, 7.47 mmol) dissolved in THF (10 mL) was added. The solution was stirred at -

78 °C for 30 min and benzaldehyde (1.19 g, 11.2 mmol) was added. After stirring for 1.5
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h at -78 °C the reaction was quenched by the addition of saturated NH4Cl (50 mL). The
resulting solution was extracted with EtOAc (3x50 mL). The organic layers were
combined, washed with brine (50 mL), and dried over anhydrous MgSQO,. Filtration and
removal of the solvent left a yellow oil. Flash column chromatography (40 g silica gel)
(EtOAc/hexanes:50/50) gave 1.63 g (92%) the desired compound as a 6:1 mixture of
diastereomers: 'H NMR (CDCls) (Diastereomer A) & 7.36-7.25 (m, 5H), 4.82 (d, J = 4.5
Hz, 1H), 4.11-4.06 (m, 2H), 3.37 (d, /= 4.5 Hz, 1H), 3.29 (s, 3H), 1.34 (s, 3H), 1.17 (t, J
= 6.9 Hz, 3H); (Diastereomer B) & 7.36-7.25 (m, 5H), 4.88 (d, /= 5.7 Hz, 1H), 4.11-4.06
(m, 2H), 3.36 (s, 3H), 3.25 (d, /= 5.7 Hz, 1H), 1.34 (s, 3H), 1.40 (t, /= 3.6 Hz, 3H). “°C
NMR (CDCl3) 6 172.7, 172.2, 139.1, 138.6, 128.0, 127.8, 127.7, 127.6, 83.6, 83.2, 78.5,
78.1, 61.3, 61.1, 52.5, 52.4, 16.4, 16.2, 15.1, 14.3, 14.2. IR (neat on salt plate) 3496,

3062, 2986, 1959, 1887, 1732, 1604, 1551, 1254, 1114, 1055, 911 cm™.

Synthesis of ethyl 2,3-dimethoxy-2-methyl-3-phenylpropionate
HsCO CHs
Ph WOE( (124). To a solution containing NaH (0.0714 g, 2.97 mmol) dissolved

Mo 0 in THF (10 mL) at -78 °C was added a solution containing ethyl 3-
hydroxy-2-methoxy-2-methyl-3-phenylpropionate (123) (0.465 g 1.95 mmol) dissolved
in THF (9 mL). The solution was stirred at -78 °C for 20 min and Mel (0.551 g, 3.89
mmol) was then added. The solution was slowly warmed to rt, quenched by the addition
of saturated NH4Cl (15 mL), and extracted with EtOAc (3x15 mL). The organic layers
were combined, washed with brine (15 mL), and dried over anhydrous MgSQ,. Filtration

and removal of the solvent left a yellow oil. Flash column chromatography (15 g silica

gel) (EtOAc/hexanes:20/80) provided 0.323 g (66%) of the desired compound as a 3:2
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mixture of diastereomers: 'H NMR (CDCls) (Diastereomer A) & 7.42-7.35 (m, 5H), 4.55
(s, 1H), 4.36-4.22 (m, 2H), 3.29 (s, 3H), 3.21 (s, 3H), 1.39-1.30 (m, 3H), 1.24 (s, 3H);
(Diastereomer B) 6 7.42-7.35 (m, SH), 4.46 (s, 1H), 4.36-4.22 (m, 2H), 3.39 (s, 3H), 3.24
(s, 3H), 1.39-1.30 (m, 3H), 1.28 (s, 3H). *C NMR (CDCls) & 173.3, 172.8, 136.7, 136.3,
129.3, 128.5, 128.3, 127.9, 127.8, 88.5, 86.5, 83.0, 61.2, 57.8, 57.6, 53.0, 52.1, 17.3, 14.6,

14.5. IR (neat on salt plate) 3062, 2984, 1958, 1886, 1737, 1493, 1371, 1254, 1172 cm™".

Synthesis of 2,3-dimethoxy-2-methyl-3-phenylpropionic acid (125).

HsCO CH,
Ph OH A solution containing ethyl 2,3-dimethoxy-2-methyl-3-phenylpropionate
HCO O

(124) (0.322 g, 1.28 mmol) and KOH (0.373 g, 6.66 mmol) dissolved in
95% EtOH (12.8 mL) was refluxed for 16 h. The reaction was cooled and the EtOH was
removed in vacuo. The remaining residue was taken up in H,O (10 mL) and extracted
with EtOAc (3x10 mL). The aqueous layer was acidified to pH 1 with 6 N HCI and
extracted with EtOAc (3x10 mL). The organic layers from the second extraction were
combined, washed with brine (10 mL), and dried over anhydrous MgSQ,. Filtration and
removal of the solvent left 0.241 g (84%) of the desired acid as an off white solid (m.p.=
109-110 °C) (1:1 mixture of diastereomers): 'H NMR (CDCl;) (Diastereomer A) 8 9.75
(bs, 1H), 7.43-7.36 (m, SH), 4.50 (s, 1H), 3.35 (s, 3H), 3.28 (s, 3H), 1.41 (s, 3H);
(Diastereomer B) 8 9.75 (bs, 1H), 7.43-7.36 (m, 5H), 4.37 (s, 1H), 3.46 (s, 3H), 3.29 (s,
3H), 1.33 (s, 3H). °C NMR (CDCl;) & 177.1, 175.8, 136.1, 135.6, 129.4, 128.7, 128.5,
128.3, 88.1, 87.1, 83.0, 82.7, 58.0, 57.7, 53.2, 52.7, 17.6, 15.6. IR (KBr pellet) 3083,

3001, 2942, 1717, 1491, 1290, 1144, 1057, 942 cm™.
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Synthesis of (1H)-2-thioxo-1-pyridyl 2,3-dimethoxy-2-methyl-
HeCO CHy S
Ph O. ,\‘fj 3-phenylpropionate (122). A solution containing 2,3-dimethoxy-
X

HCO O 2-methyl-3-phenylpropionic acid (124) (0.064 g, 0.285 mmol),
PPh; (0.097 g, 0.371 mmol), and 2,2'-dithiopyridine-1,1'-dioxide (0.090 g, 0.357 mmol)
dissolved in CH>Cl, (2.85 mL) was stirred at rt in the dark for 1 h. The reaction was
quenched by the addition of 10% Na,CO; (5 mL) and extracted with CH>Cl, (3x5 mL).
The organic layers were combined, washed with brine (5 mL), and dried over anhydrous
MgSQ,. Filtration and removal of the solvent left a yellow oil. Flash column
chromatography in the dark (12 g silica gel) (EtOAc/hexanes:30/70) gave 0.078 g (82%)
the desired PTOC as a yellow solid (3:2 mixture of diastereomers): 'H NMR (CDCls)
(Diastereomer A) 8 7.73-7.68 (m, 1H), 7.47-7.18 (m, 7H), 6.69-6.67 (m, 1H), 4.62 (s,
1H), 3.50 (s, 3H), 3.35 (s, 3H), 1.45 (s, 3H); (Diastereomer B) & 7.73-7.68 (m, 1H), 7.47-
7.18 (m, 7H), 6.69-6.67 (m, 1H), 4.51 (s, 1H), 3.59 (s, 3H), 3.27 (s, 3H), 1.52 (s, 3H).
3C NMR (CDCls), 5 138.0, 137.8, 137.4, 135.7, 129.7, 128.9, 128.8, 128.6, 128.2, 89.1,
87.2,57.9, 57.8, 54.1, 53.7, 18.2, 15.1. IR (neat on salt plate) 3095, 2992, 19798, 1608,
1408, 1281, 1132, 1030 cm”. HRMS (FAB) Ci7H;sNO4S caled. (M+H): 334.1113,

found: 334.1117.

Synthesis of 2-methoxy-1-phenyl-1-propanone (128). To a solution
OCHj,

Ph}H\CHg containing diisopropylamine (0.736 g, 7.28 mmol) dissolved in THF (54
° mL) at 0 °C was added 2.0 M n-BuLi in cyclohexane (3.56 mL, 6.98
mmol). The solution was stirred at 0 °C for 10 min and cooled to -78 °C. To the solution

was then added 2-methoxyacetophenone (127) (0.872 g, 5.80 mmol). After stirring at -78
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°C for 30 min Mel (1.81 g, 12.7 mmol) was added and the solution was allowed to warm
to rt over a period of 16 h. The reaction was quenched by the addition of saturated
NH4C1 (50 mL) extracted with EtOAc (3x50 mL). The organic layers were combined,
washed with brine (50 mL), and dried over anhydrous MgSO,. Filtration and removal of
the solvent left an orange oil. Flash column chromatography (20 g silica gel)
(EtOAc/hexanes:10/90) provided 0.675 g (71%) of the desired product as a clear oil: 'H
NMR (CDCls) 6 7.87-7.85 (m, 2H), 7.40-7.25 (m, 3H), 4.47 (q, J = 6.9 Hz, 1H), 3.19 (s,
3H), 1.29 (d, J = 6.9 Hz, 3H). 'C NMR (CDClL) § 200.0, 134.6, 133.1, 128.4, 79.8,

57.0, 18.3. IR (neat on salt plate) 3062, 2984, 1694, 1127 cm’.

ocH Synthesis of 2-methoxy-1-phenyl-1-propanol (126). To a solution
3

Ph \KKCHs containing 2-methoxy-1-phenyl-1-propanone (128) (0.134 g, 0.817 mmol)

OH dissolved in MeOH (8.2 mL) was added NaBH4 (0.0163 g, 0.431 mmol).
The solution was stirred at rt for 3 h and quenched by the addition of brine (10 mL). The
resulting solution was extracted with EtOAc (3x10 mL). The organic layers were
combined, washed with brine (10 mL), and dried over anhydrous MgSQ,. Filtration and
removal of the solvent left a yellow oil. Flash column chromatography (12 g silica gel)
(EtOAc/hexanes: 30/70) yielded 0.116 g (85%) of the desired product as a 3:2 mixture of
diastereomers: 'H NMR (CDCl;) (Diastereomer A) 8 7.42-7.29 (m, 5H), 4.91 (m, 1H),
3.55 (m, 1H), 3.42 (s, 3H), 3.20 (d, J = 3.0Hz, 1H), 1.05 (d, J = 6.3 Hz, 3H);
(Diastereomer B) 8 7.42-7.29 (m, 5SH), 4.44 (dd J= 5.7, 1.8 Hz, 1H), 3.60 (d, J = 1.8Hz,

1H), 3.42-3.40 (m, 1H), 3.45 (s, 3H), 1.01 (d, J = 5.7 Hz, 3H). *C NMR (CDCl;) &
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140.8, 140.5, 128.2, 128.0, 127.8, 127.2, 127.1, 126.3, 81.7, 81.0, 78.2, 74.5, 56.7, 56.6,

14.8, 12.7. IR (neat on salt plate) 3490, 3064, 2993, 1154 cm™.

OCH Synthesis of 1-bromo-2-methoxy-1-phenylpropane (100). A solution
3

Ph CH, containing 2-methoxy-1-phenyl-1-propanol (126) (0.155 g, 0.930 mmol)

Br
and PBr; (0.100 g, 0.368 mmol) dissolved in Et;O (9.3 mL) was stirred at

0 °C for 16 h. The reaction was quenched by the addition of H,O (10 mL) and extracted
with Et;0 (3x10 mL). The organic laygrs were combined, washed with brine (10 mL),
and dried over anhydrous MgSQ,. Filtration and removal of the solvent left a yellow oil.
Flash column chromatography (12 g silica gel) (EtOAc/hexanes: 10/90) yielded 0.070 g
(33%) of the desired product as a 5:4 mixture of diastereomers: 'H NMR (CDCl)
(Diastereomer A) 6 7.50-7.30 (m, 5H), 4.89 (d, J = 6.9Hz, 1H), 3.76 (m, 1H), 3.72 (s,
3H), 1.12 (d, J = 6.3Hz, 3H); (Diastereomer B) & 7.50-7.30 (m, SH), 5.00 (d, J = 6.3Hz,
1H), 3.76 (m, 1H), 3.34 (s, 3H), 1.36 (d, J = 6.3Hz, 3H). '3C NMR (CDCls) & 139.7,
139.4, 128.8, 128.7, 128.6, 128.5, 128.4, 80.9, 80.8, 59.0, 58.4, 57.6, 57.5, 17.2, 17.1. IR
(neat on salt plate) 3062, 2980, 1950, 1494, 1215, 1095 cm’. HRMS (EI) C,oH;3BrO

calcd.: 228.0150, found: 228.0147.

OCH Synthesis of 1-(diphenylphosphatoxy)-2-methoxy-1-phenyl-
3

Ph CH; propane (101). To a solution containing 2-methoxy-1-phenyl-1-
(PhO)Z\ ,O
g propanol (126) (0.0510 g, 0.307 mmol) and DMAP (0.0601 g,

0.492 mmol) dissolved in CH,Cl, (3 mL) was added diphenylchlorophosphate (0.100 g,

0.372 mmol). The solution was stirred at rt for 16 h and quenched by the addition of H,O
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(5 mL). The resulting solution was then extracted with CH>Cl> (3x5 mL). The organic
layers were combined, washed with brine (5 mL), and dried over anhydrous MgSOs.
Filtration and removal of the solvent left a yellow oil. Flash column chromatography (15
g silica gel) (EtOAc/hexanes:15/85) yielded 0.1084 g (89%) of the desired product as a
1:1 mixture of diastereomers: 'H NMR (CDCls) (Diastereomer A) & 7.39-6.94 (m, 15H),
5.58 (m, 1H), 3.71 (m, 1H), 3.35 (s, 3H), 1.27 (d, J = 6.0 Hz, 3H); (Diastereomer B) &
7.39-6.94 (m, 15H), 5.45 (m, 1H), 3.71 (m, 1H), 3.39 (s, 3H), 0.97 (d, J = 6.0 Hz, 3H).
13C NMR (CDCls) & 150.8, 136.9, 129.9, 129.8, 129.7, 128.8, 128.6, 128.5, 128.4, 127.7,
127.4, 125.4, 125.3, 125.2, 120.6, 120.5, 120.4, 120.3, 84.8, 83.2, 83.1, 80.1, 80.0, 79.6,
79.5, 57.5, 15.3, 14.7. *'P NMR (CDCl;) (Diastereomer A) & -11.6; (Diastereomer B) -
11.8. IR (neat on salt plate) 3065, 2980, 1590, 1488, 1190, 1020 cm™. HRMS (FAB)

C32H2305P caled.: (M+H): 399.1361, found: 399.1361.

HsCO OCHs Synthesis of 2,2-dimethoxy-1-phenylpropane (102). A solution
P CH3  containing 1-phenyl-2-propanone (0.051 g, 0.38 mmol), p-
toluenesulfonic acid (0.013 g, 0.68 mmol), and trimethylorthoformate (0.048 g, 0.45
mmol) in MeOH (3.7 mL) was heated to 30 °C for 2 h. The reaction was cooled to rt and
sodium methoxide was added until the pH was neutral. The solution was then partitioned
between Et;0 (10 mL) and H,O (10 mL). The layers were separated, the organic layer
was washed with brine (10 mL), and dried over anhydrous K>COs;. Removal of the
solvent left a clear liquid. Flash column chromatography (4 g silica gel prewashed with

hexanes/Et;N:99/1) (100 % hexanes) yielded 0.068 g (99%) of the desired product as a

clear oil: 'H NMR (CDCl;) & 7.40-7.20 (m, SH), 3.32 (s, 6H), 2.97 (s, 2H), 1.18 (s, 3H).
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3C NMR (CDCls) 5 137.6, 130.4, 128.2, 126.4, 102.0, 48.6, 43.0, 21.4. IR (neat on salt

plate) 3028, 2988, 1496, 1125, 1050 cm™.

oH Synthesis of 1-phenyl-1,2-propandiol. To a solution containing E,Z B-

CH; methylstyrene (0.200 g, 1.7 mmol) and 60% N-methylmorpholine N-oxide
OH

Ph

in H,O (2.93 mL, 17.0 mmol) dissolved in 6:1 acetone:H,O (16 mL) was
added one crystal of OsO4. The solution was stirred at rt for 3 h and quenched by the
addition of saturated NaHSO; (1 mL). The solution was stirred for an additional 20 min
and then extracted with Et;0 (3x10 mL). The organic layers were combined and dried
over anhydrous MgSQO,. Filtration and removal of the solvent left a brown oil. Flash
column chromatography (20 g silica gel) (EtOAc/hexanes:40/60) yielded 0.210 g (81%)
of the desired diol as a 1:1 mixture of diastereomers: 'H NMR (CDCl;) (Diastereomer
A) 6 7.44-7.30 (m, 5H), 4.73 (dd, /= 4.1, 2.4 Hz, 1H), 4.07 (m, 1H), 2.44 (d, /= 3.0 Hz,
1H), 1.95 (d, J = 4.8 Hz, 1H), 1.14 (d, J = 6.9 Hz, 3H), (Diastereomer B) & 7.44-7.30 (m,
5H), 4.42 (dd J=7.2, 1.8 Hz, 1H) 3.91 (m, 1H), 2.70 (d, /= 3.0 Hz, 1H), 2.54 (d, /= 1.8

Hz, 1H), 1.11 (d, J = 6.6 Hz, 3H). IR (neat on sait plate) 3387, 3033, 1724, 1604, 1200,

1080 cm™.
OCH, Synthesis of 1,2-dimethoxy-1-phenylpropane (104). A solution
Ph CH; containing 1-phenyl-1,2-propandiol (0.160 g, 1.05 mmol) and NaH (0.161
OCHjs

g, 6.72 mmol) dissolved in THF (10.5 mL) was stirred at 0 °C for 30 min.
To the solution was then added Mel (0.372 g, 2.61 mmol) and the solution was stirred at

rt for 16 h. The reaction was quenched by the addition of saturated NH4Cl (10 mL) and
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extracted with EtOAc (3x10 mL). The organic layers were combined, washed with brine
(10 mL), and dried over anhydrous MgSQ,. Filtration and removal of the solvent left a
brown oil. Flash column chromatography (12 g silica gel) (EtOAc/hexanes:10/90)
yielded 0.145 g (77%) of the desired product as a 1:1 mixture of diastereomers: 'H NMR
(CDCl) (Diastereomer A) & 7.36-7.27 (m, 5H), 4.09 (d, J = 6.6 Hz, 1H), 3.52 (m, 1H),
3.43 (s, 3H), 3.30 (s, 3H), 0.92 (d, J = 6.6 Hz); (Diastereomer B) & 7.36-7.27 (m, 5H),
4.20 (d, J = 4.2 Hz, 1H), 3.43 (m, 1H), 3.30 (s, 3H), 3.25 (s, 3H), 1.12 (d, J = 6.3 Hz,
3H). ">C NMR (CDCls) & 139.3, 128.4, 128.3, 128.0, 127.9, 127.7, 127.6, 87.6, 86.2,
80.8, 80.2, 57.4, 57.2, 15.8, 14.4. IR (neat on salt plate) 3189, 2938, 1612, 1248, 1116

cm’.

OCH Synthesis of 2-methoxy-1-phenylpropane (109). To a solution
3

Ph CH; containing NaH (0.115 g, 4.55 mmol) dissolved in THF (10 mL) at 0 °C
was added a solution containing 1-phenyl-2-propanol (0.498 g, 3.65 mmol) dissolved in
THF (26 mL). The solution was warmed to rt and after stirring for 30 min, Mel (0.713 g,
4.34 mmol) was added and the solution was stirred at rt for 14 h. The reaction was
quenched by the addition of saturated NH4Cl (30 mL) and extracted with Et;0 (3x30
mL). The organic layers were combined, washed with brine (30 mL), and dried over
anhydrous MgSOy. Filtration and removal of the solvent left 0.552 g (91%) of the
desired ether as a light yellow oil: 'H NMR (CDCl;) & 7.38-7.24 (m, 5H), 3.60
(sextuplet, J = 6.6 Hz, 1H), 3.40 (s, 3H), 2.99 (dd, J = 13.5, 6.3 Hz, 1H), 2.69 (dd, J =

132, 66 Hz, 1H), 119 (d, J = 63 Hz, 3H. “C NMR (CDCh)
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8 139.1, 129.5, 128.3, 126.2, 78.2, 56.5, 42.9, 19.1. IR (neat on salt plate) 3085, 2820,

1605, 1374, 1093 cm™.

OCHs Synthesis of 2-methoxy-1-phenylpropene (105). To a solution
P CHz containing 0.130 g (0.476 mmol) of 3-bromo-2-methoxy-2-methyl-3-
phenylpropionic acid (117) dissolved in CHxCl;, (4.8 mL) was added
diisopropylethylamine (0.058 g, 0.574 mmol). The solution was stirred at rt for 1 min
and the solvent was removed to leave a yellow oil. Flash column chromatography (8 g
silica gel prewashed with hexanes/Et;N:99/1) (100% hexanes) gave 0.070 g (98%) of the
desired alkene as a 1:1 mixture of £ and Z isomers: 'H NMR (CDCl;) (E isomer) & 7.56-
7.54 (m, 1H), 7.31-7.19 (m, 4H), 5.61 (s, 1H), 3.75 (s, 3H), 2.02 (s, 3H); (Z isomer) &
7.56-7.54 (m, 1H), 7.31-7.19 (m, 4H), 5.33 (s, 1H), 3.68 (s, 3H), 2.07 (s, 3H). °C NMR
(CDCl3), 6 153.5, 136.8, 128.8, 128.2, 127.9, 125.3, 125.2, 106.6, 100.1, 99.6, 55.3, 54.7,

34.9,25.5, 18.9, 18.1. IR (neat on salt plate) 3019, 2942, 1654, 1353, 1055 cm’".

OCH, Synthesis of 2-methoxy-3-phenyl-1-propene (106). To a solution

Ph containing methyl phenylacetate (0.094 g, 0.626 mmol) dissolved in THF

(3.6 mL) in the dark was added 0.5 M bis(cyclopentadienyl)dimethyl titanium in THF
(2.60 mL, 1.30 mmol). The solution was refluxed in the dark for 60 h and quenched by
removal of the solvent. Flash column chromatography (10 g silica gel prewashed with
hexanes/Et;N:99/1) (100% hexanes) yielded 0.038g (46%) of the desired compound as a

clear oil: '"H NMR (CDCl;) § 7.34-7.30 (m, SH), 4.03 (d, J = 2.1 Hz, 1H), 3.95 (d, J =
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2.1 Hz), 3.58 (s, 3H), 3.45 (s, 2H). ">C NMR (CDCL) & 163.3, 138.7, 129.0, 128.5,

126.5, 82.4, 55.2, 41.7. IR (neat on salt plate) 3062, 2965, 1655, 1282, 1065 cm’.
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Part 2.

The Mechanism of Copper Phenanthroline Induced DNA Strand Scission.

1 Introduction.

A wide variety of chemical species have been shown to damage single stranded
and duplex DNA."* The most well studied of these damaging agents are the products
resulting from y-radiolysis of H,O, which include hydrogen atoms, solvated electrons,
and hydroxyl radicals.' Of theses species, the most damaging to DNA is the hydroxyl
radical which reacts primarily through addition to the nucleobase.'**® While hydroxyl
radical addition to purines does not lead to direct strand scission, the resulting
modification of the nucleobases affect the integrity of the genetic information contained

within the DNA. For example, the two major base modifications produced by the
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addition of hydroxyl radicals to the C8 position of purines are the 8-oxopurines and
formamidopyrimidines, both of which have been shown to lead to base misincorporation
opposite the lesion by DNA polymerase enzymes.””

Hydrogen atom abstraction from the sugar moiety by hydroxyl radicals directly or
by peroxyl radicals generated from O; trapping of nucleobase radicals has been shown to
occur primarily at the C1'-, C4'-, and C5'-positions.*'*'?> While products attributable to
hydrogen atom abstraction from the C2'- and C3'-positions have been observed from the
y-radiolysis of DNA in aqueous solutions, this reaction manifold is less efficient than
reaction at other positions of the sugar moiety.'>!> The reason for the reduced reactivity
of the C2'-position has been attributed to the fact that the C-H bonds at the C2'-position
are stronger than the C-H bonds at the other position of the sugar moiety.'* The reduced
reactivity of the C3'-hydrogen has been hypothesized on the basis of computational
experiments to be a result of the pucker of the 2-deoxyfuranose ring, although
experimental evidence for this has not been obtained.'”” Formation of direct strand
breaks, cleavage of the phosphate backbone without additional exogenous reagents, has
been observed upon generation of both the C4'- and CS5'-radicals under aerobic
conditions.?'® However, generation of the C1'-radical in the presence of O, has been
shown to result in loss of the nucleobase in conjunction with the formation of the 2-

deoxyribonolactone abasic site (1).'*1"18
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In addition to DNA damage mediated by ionizing radiation, a wide range of
chemical species, both natural and synthetic in origin, have been discovered which are
capable of effecting cleavage of the phosphate backbone through reaction at the sugar
moiety.* Damage to the 2-deoxyfuranose ring can arise from direct interaction between
the damaging agent and the sugar moiety or through the production of freely diffusible
reactive intermediates such as hydroxyl radicals. The majority of the complexes which
damage DNA through reaction at the sugar moiety have been proposed to do so through
hydrogen atom abstraction.'® However, several metal-oxo complexes have been
proposed to react with the sugar moiety by hydride transfer from the sugar moiety to the
reactive metal-oxo complex.'*?°

With the exception of the photoactivated thodium complexes, which are proposed
to react by hydrogen atom abstraction from the C3'-position of the sugar, most DNA
damaging agents which produce direct strand breaks involve reaction at either the C4'-or
C5'-positions.’’> These hydrogen atoms are readily accessible to molecules bound in
the minor groove of the DNA duplex. A variety of natural and synthetic complexes have
been shown to effect direct DNA strand scission through reaction at the C4'- and/or the
C5'-positions from the minor groove including Fe(II)-bleomycin (2), neocarzinostatin (3),
copper aminoglycosides such as 4, the cationic manganese porphyrin Mn-TMPyP (5),
and bis(1,10-phenanthroline)copper (Cu(OP),) (6) (Figure 1).>*+2

As the C1'-position is located deep in the minor groove, it is not a primary target
for DNA damaged induced by 2-4.>* However, several compounds damage the sugar
moiety through reaction at the C1'-position including hydroxyl radicals, 3, 5, and a series

of oxo-ruthenium complexes. Cu(OP); (6) is an exception in that it reacts primarily at the
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Figure 1. Chemical agents which damage DNA by reaction at the sugar moiety.

C1'-position.”® Both hydroxyl radicals and neocarzinostatin have been shown to react at
the C1'-position through hydrogen atom abstraction, while the oxo-ruthenium complexes
have been proposed to react through hydride transfer from the C1'-position to the oxo

functionality."'*?**” The exact nature of the reaction for Cu(OP); is not known, but the
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majority of the evidence to date supports abstraction of the C1'- and C4'-hydrogen atoms
as the events leading to DNA damage induced by Cu(OP),.%°

Generation of the Cl'-radical or cation by hydrogen atom abstraction or hydride
transfer respectively results in the formation of 1.'% This lesion is stable under
physiological conditions and does not give rise to direct strand breaks. Hwang developed
a series of reactions that are used to detect the presence of 1 through the formation of
adducts of cleavage products which exhibit different migrational aptitudes when analyzed
by denaturing polyacrylamide gel electrophoresis (PAGE), effectively generating a
"fingerprint" for 1.2 In addition, this lesion can be revealed by treatment with base to
induce the p,5-elimination to generate S-methylenefuranone (7) and is commonly

referred to as an alkali labile lesion (Eq 1). Recently, the 2-deoxyribonolactone lesion

0 (0
° . =U=O + 3'and 5 posphates (1)

has been shown to be capable of covalently cross-linking to DNA repair and polymerase
enzymes, indicating that its formation in DNA may be more lethal than originally
thought.**°

Formation of direct strand breaks from reaction of Cu(OP), with duplex DNA has
been observed, and several mechanisms have been put forward to account for cleavage of

31-34

the phosphate backbone. These proposals include direct strand scission arising
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through reaction at both the Cl1'-and C4'-positions with either position postulated to be
the primary site of reaction leading to direct strand breaks. In order to help resolve this
mechanistic controversy, the focus of this research project has been to test whether
Cu(OP); induces elimination of the 2-deoxyribonolactone (1) generated from hydrogen

atom abstraction from the C1'-position of the sugar moiety.
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2 Background
Since the report that Cu(OP), was capable of inducing direct DNA strand

scission, the mechanism of action has been the subject of considerable study. While the
exact nature of the reactive copper species is unknown, it was generally accepted that
Cu(OP); reacts by hydrogen atom transfer primarily from the C1'- and to a lesser extent
from the C4'-position of the sugar moiety to the reactive copper species.26’35 ¢ Treatment
of DNA with Cu(OP); in the presence of a reductant, typically either ascorbate or thiols,
and in the presence of an oxidant, either O, or H>O; gives rise to direct strand breaks and
alkali labile lesions. Direct strand scission arising from generation of the C4'-radical has
significant precedent arising from the large body of mechanistic work surrounding the
Fe(II)-bleomycin mediated cleavage of DNA.>* However, it has also been proposed that
Cu(OP);, produces strand scission through reaction predominantly at the C1'-position,
which represents a novel pathway for the formation of direct strand breaks.>**'* The
focus of this research has been to determine whether or not direct strand scission induced
by Cu(OP); occurs through a copper induced elimination of 1 that is believed to be

produced as a result of C1'-hydrogen atom abstraction.

2.1 Discovery of the Nuclease Activity of Cu(OP),.
The nuclease activity of Cu(OP), was first reported by Sigman and co-workers in
1979 while investigating the 1,10-phenanthroline (OP) inhibition of E. coli DNA

I.37

polymerase This polymerase inhibition was originally attributed to the sequestering

of the zinc ions in solution by 1,10-phenanthroline, which were believed to be a cofactor

for DNA polymerase I. However, the observation that the inhibition required thiol and
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copper(ll) coupled with the fact that increased inhibition was observed upon
preincubation of the DNA in the presence of Cu(Il), OP and 3-mercaptopropionic acid
(MPA) indicated that a reaction was occurring between the copper and the DNA 26>
Since 3'-phosphatemonoester termini were known to be effective inhibitors of E. coli
DNA polymerase 1, it was hypothesized that the Cu(OP), complex was damaging the
DNA in a manner which produced 3'-phosphatemonoester termini.***®

It should also be noted that copper in the presence of one equivalent of 1,10-
phenanthroline (Cu(OP)) (8) has also been shown to damage DNA.?*>*° While the rate
of cleavage of duplex DNA with Cu(OP) is slower than that observed from reaction of
Cu(OP),, both complexes produce identical products in similar ratios, indicating that

Cu(OP) and Cu(OP), react through similar if not identical mechanisms.*® The reason for

the reduced reactivity of Cu(OP) compared to Cu(OP); is not clear at this time.

Cleavage inhibition by catalase, showed that H,O, is required in order for
Cu(OP);, to exhibit nuclease activity.“0 It has since been observed that under aerobic
conditions H,0; is generated from reaction of Cu(II), OP, thiol and O, (Eq 2 and 3% 1
has also been shown that Cu(II)(OP), does not damage DNA in the absence of a

reductant, indicating that Cu(I)(OP), must be formed during the DNA cleavage reaction.
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(OP),Cu** + RSH — (OP),Cu* + 4RSSR +H* )

2(OP),Cu’ + 0, +2H" - 2(OP),Cu** +H,0, (3)

Thiols are not the only class of reductants which can be used to reduce Cu(II) to Cu(I) in
this reaction system. This is demonstrated by the fact that superoxide, and ascorbate have
also been used to generate the reactive copper species responsible for damage of duplex
DNA 26:40-42

Footprinting studies have shown that minor groove binding molecules inhibit
DNA damage induced by Cu(OP);, indicating that Cu(OP); reacts from the minor groove
in duplex DNA.*** This hypothesis is consistent with the products resulting from
treatment of duplex DNA with 6, which have been shown to be both 3'- and 5'-

phosphates, free nucleobases, and minor amounts of 3'-phosphoglycolate (9) (Eq 4).*

Cu(OP), 0
H20, Free Bases —§-O—E’—O
Duplex ' !
DA, — 3'and5posphates + "o oY 7 * o » o 4
9

Studies on the Fe(II)-bleomycin mediated damage of DNA have established that 3'-
phosphoglycolate (9) is diagnostic of C4'-hydrogen atom abstraction from (Figure
2).%162 Based on the fact that 9 is formed in less than 30% yield from reaction of
Cu(OP), with duplex DNA, it was concluded that C4'-chemistry was not the major

pathway accounting for the observed direct strand scission.*
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Figure 2. Proposed mechanism for the formation of 9 from the C4'-radical.??

It has recently been shown that hydrogen atom abstraction from the C4'-position
is also capable of generating both 3'- and 5'-phosphate termini by Giese and co-
workers.**" Hydrogen atom abstraction from the C4'-position generates 10, which has
been shown to undergo heterolytic cleavage of the 3'-phosphate to generate a 5'-
phosphate terminus and the corresponding olefin cation radical (11) under anaerobic
conditions (Figure 3). Subsequent trapping of 11 by H,O followed by heterolysis of the
5'-phosphate accounts for the observed 3'-phosphate terminus. Under aerobic conditions
the C4' radical is trapped by oxygen 500 times faster than the rate of heterolytic scission
of the 3'-phosphate.® In the presence of hydrogen atom donors such as thiols, the
resulting peroxyl radical (12) is trapped to generate the corresponding hydroperoxide (13)

which decomposes to generate 3'-phosphoglycolate (9) through the pathway shown in
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Figure 3. Products resulting from formation of olefin cation radical 11.%

Figure 2% Since Cu(OP), cleavage reactions are carried out under aerobic conditions
and commonly in the presence of thiols, formation of 3'- and 5'-phosphate termini
through heterolytic cleavage of the 3'-phosphate in 10 can be ruled out.

Insight into the nature of the chemical intermediate responsible for the formation
of the majority of 3'- and 5'-phosphates was gained from the observation that quenching
the Cu(OP), reaction with DNA by freezing showed the formation of a product which
migrated more slowly than the corresponding 3'-phosphate upon denaturing PAGE
analysis. This slower moving product was readily converted to the 3'-phosphate upon
treatment with 1.0 M piperdine at 90 °C, which led to the proposal that the alkali labile
lesion was butenolide 14 (Figure 4).** The butenolide was proposed to arise from -
elimination of the 3'-phosphate from the 2-deoxyribonolactone (1), although no direct

evidence for the formation of 14 has been obtained to date.
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Figure 4. Proposed pathway for formation of 7 and 14 upon treatment of duplex DNA with Cu(OP)2.43

Formation of the 2-deoxyribonolatone (1) has been observed from generation of
the Cl'-radical and the C2'-radical. The mechanism of formation of 1 from the C1'-
17,18,28,49,50

radical under aerobic conditions has recently been elucidated (Figure 5).

Aerobic photolysis of oligonucleotides containing C1'-z-butyl ketone (15) at Apax = 350

; ? ; 9 é Q
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Figure 5. Mechanism for the formation of 1 from 16.!”
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nm generates the C1'-radical.®*® Under aerobic conditions, the C1'-radical reacts with
oxygen to form the corresponding Cl'-peroxyl radical (17). Subsequent loss of
superoxide generates the C1'-cation (18), which upon trapping with H,O and hydrolysis
forms 1.

Generation of the C2'-radical under aerobic conditions has been shown to result in

the formation of 1 (Figure 6).>' Photolysis of the C2'-iodide is followed by oxidation of

$0-p-0 o B 40-P-0— ;B $0-P-0— o B
0 308 nm o [0] o
19
O | o) o)
| | [
0=P-0-- 0=p-0+- 0=P-0-
o o o
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0 o) 0
4-0-P-0 $-0-P-0 B $-0-P-0
5 o 5 \° 5\
-base oH _ H20
1 (l) D 9 D 21 9 D
0=P-0+%- 0=P-0- 0=P-0-
i o o

Figure 6. Proposed pathway for the formation of 1 from the formation of the C2'-radical.”!

the resulting radical (19) to the corresponding cation (20). The 1,2-hydride migration to
generate the C1'-oxocarbenium ion 21 has been shown to occur stereospecifically with
the hydride remaining on the a-face of the sugar.’! Reaction of 21 with H,0 followed by

hydrolysis forms 1. This reaction may be a unique situation as a result of the radical pair
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formed from the initial photolysis. The alkyl radical iodine pair may facilitate the
subsequent oxidation of 19 to form the corresponding cation (20).

In an attempt to rule out the formation of S-methylenefuranone (7) through
hydrogen atom abstraction at the C2'-position by Cu(OP),, Sigman and co-workers
studied the reactivity of Cl'-deuterated DNA.*>  Analysis of the resulting 5-
methylenefuranone (7) by GC/MS showed no deuterium incorporation in 7, leading to the
conclusion that Cu(OP), does not react through hydrogen atom abstraction from the C2'-
position. However, the absence of deuterium in 7 does not completely rule out this
mechanism since syn-elimination of the 3'-phosphate and stereoselective hydride
migration will result in loss of the isotopic label. While this possibility was not
considered in the analysis presented by Sigman and co-workers, it is not unreasonable.
Evidence has been obtained for the Endonuclease III and V induced syn elimination of

the 3'-phosphate in abasic sites.”

2.2 Utility of Cu(OP); as a Structural Probe.
2.2.1 Utility as a Footprinting Agent.

Since Cu(OP); damages DNA from the minor groove, and shows moderate
sequence specificity, it has been employed as a minor groove footprinting agent.25>3
As a result of the groove specificity of Cu(OP),, molecules which interact with DNA in
the major groove only do not give a footprint. This makes Cu(OP), a useful probe for
distinguising between molecules that bind in the major and minor grooves of DNA.
However, the modest preference of Cu(OP), for reaction at nucleotides flanked by

thymidine limits its usefulness in this manner.”*"*
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While Cu(OP); provides the advantage of easily distinguishing between major
and minor groove binding molecules, the endonuclease DNase I and Fe-EDTA are also
commonly used footprinting agents.>® Footprinting by DNase I is somewhat limited by
the fact that it exhibits a marked sequence specificity for cleavage on the 5'-side of
pyrimidine containing nucleotides, as well as the fact that DNase I is a large molecule
and tends to give exaggerated footprints. Fe:EDTA has been shown to function as a
footprinting agent by the production of freely diffusible hydroxyl radicals through Fenton

chemistry (Eq 5).*® As a result, Fe:-EDTA footprinting does not generate oversized

H,0, + Fe*" — Fe’* + HO + HO' 5)

footprints and is capable of footprinting molecules which interact with DNA in both the
major and minor grooves, making Fe-EDTA footprinting a common method for the study

of the region of interaction of DNA binding molecules.®

2.2.2 Utility of Cu(OP); as a DNA and RNA Structure Probe.

Since Cu(OP); reacts with duplex DNA from the minor groove, it does not
damage single stranded DNA.?%¢ The explanation of the inability of Cu(OP); to react
with single stranded DNA has been proposed to result from the absence of a minor
goove, which is required for DNA binding*® The interaction between Cu(OP); and
duplex DNA within the minor groove, has been proposed to be sensitive to changes in its
shape. This is reflected by an 83-86% reduction in the rate of Cu(OP); cleavage of A-

DNA compared to the reactivity of B-DNA.*' Duplex DNA in the Z-form is not
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cleaved.***"%?  Since the minor groove is significantly more shallow in A and Z form
DNA, it has been proposed that Cu(OP), does not bind to the biopolymer efficiently,
resulting in the observed reduction in the efficiency of strand scission.2*%*

As a result of the preference of Cu(OP), for cleavage of B-DNA over A form, Z
form, and single stranded DNA, it has been used as a probe of the secondary structures of
DNA.5%%  For example, the formation of hairpins in single stranded DNA have been
detected by Cu(OP),, since the single stranded portion of the hairpin loop is not cleaved
while the duplex regions are damaged.®>®* This not only indicates the formation of a
hairpin, but also allows for determination of the position of the hairpin within the
oligonucleotide.

This damaging agent has also been employed for the detection of single strand
bulges and loops in RNA.%%7 However, the results obtained with RNA substrates are
opposite of those obtained with DNA substrates, with preferential cleavage of single
stranded RNA over duplex RNA. The reason for the change in reactivity of duplex DNA
and duplex RNA with Cu(OP); likely has to do with the preference for the formation of
an A-type structure in duplex RNA 25

Two other DNA structural motifs have been shown to be efficiently cleaved by
Cu(OP),. Holiday junctions (22), which are cross strand exchanges and occur primarily
during cell meiosis, are efficient substrates for DNA damage induced by Cu(OP),.%*%
Transcriptionally active open complexes formed during gene transcription have also been
shown to be cleaved by Cu(OP), in a highly efficient manner (Figure 7).”° No difference

between the reactivity of prokaryotic and eukaryotic transcriptionally active open

complexes has been observed leading to the use of Cu(OP), as a probe for the
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074 Interestingly,

determination of the start position for a variety of genes in vivo.
reaction of Cu(OP), with these structural motifs involves cleavage of single stranded
sections of DNA. This has been rationalized through the hypothesis that the presence of
the enzymatic machinery required for the formation of both Holiday junctions and open

complexes is capable of inducing enough secondary structure within the single stranded

region of DNA to allow Cu(OP); to bind and cleave the DNA 263670

22

>

RNA Polymerase
+

|
|

Promoter DNA

Closed Complex Open Complex

Figure 7. Formation of a transcriptionally active open complex.

2.3 The Use of Cu(OP); as a Site Specific Cleaving Agent.
The ability to convert DNA binding proteins into site specific cleaving agents

provides access to cleaving agents which have DNA recognition regions three to four
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times longer than those of naturally occurring restriction enzymes.”””® Duplex DNA
cleaving compounds with longer DNA recognition regions provide the ability to cleave
DNA in a more specific manner than is currently possible through the use of naturally
occurring restriction enzymes. The first example of conversion of Cu(OP), to a site
specific cleavage compound was reported by Sigman and co-workers in 1987.” This
process was carried out by chemically modifying the E. coli L-tryptophan (trp) repressor
protein with 2-iminothiolane hydrochloride, followed by conjugation with 5-
iodoacetamido-1,10-phenanthroline (23) (Figure 8). Since that time, several other
proteins including cAMP-binding protein and the bacterio-phage A Cro protein have been

converted into site specific nucleases through this method.”®™

+ +

NH; NH,
protein-NH;"  + f s ——— protein\N/u\/\/SH +
H
+
NH, O
proteln\NJ\/\/S\)LN
H H

Figure 8. Pathway for conversion of DNA binding proteins into site specific cleaving agents.75
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While this method allows for easy conversion of any DNA binding protein
containing a suitably positioned nucleophilic amino acid into a site specific cleagave
agent, this method suffers from several limitations. The 2-iminothiolane hydrochloride
will react with all accessible nucleophiles such as asparagine, glutamine, lysine, arginine,
and cysteine residues present in the DNA binding protein. This can result in a protein
which has been modified at multiple sites and is capable of cleaving DNA at several
locations. DNA cleavage activity will only be observed by the modified protein if the
modification(s) occur in locations which allow delivery of the copper phenanthroline
complex to the minor groove of the DNA. Destabilization of the protein DNA complex
can also occur if modification occurs in a region which interacts with the DNA duplex
during protein binding. As a result, the cleavage efficiency of the modified protein can
be compromised due to reduced binding affinity.

In an elegant study demonstrating that these problems could be overcome through
the use of site directed mutagenesis, Sigman and co-workers created a genetically
mutated E. coli trp repressor protein (E49C) through the substitution of glutamic acid-49
for a cysteine residue.”® This genetic modification provides the ability to incorporate a
single 1,10-phenanthroline ligand into the protein fhrough direct conjugation of 23 and
the cysteine residue in E49C to generate E49C-OP. Glutamic acid-49 was chosen as the
site of genetic modification from analysis of the co-crystal structure of the E. coli trp
repressor with one of its operators, which showed that E49 was located near the
homodimer dyad axis and pointing toward the minor groove of the DNA duplex (Figure

9).” From the crystal structure, it is also apparent that E49 is not near the region of the
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Figure 9. Crystal structure of the E. coli Trp Repressor DNA complex. The
tryptophan co-factor is shown in blue and glutamic acid-49 is shown in green.’®

protein which is responsible for DNA recognition. Thus, it was expected that
modification of this residue would not affect the DNA binding ability of the trp repressor.

The DNA cleavage ability of the 1,10-phenanthroline conjugated E49C (E49C-
OP) was used to address the questions regarding the E.coli trp repressor binding
orientation. The validity of the crystal structure with respect to binding in dilute solution
was challenged on the basis of the proposal that the E. coli trp repressor binds to DNA in
a manner centered at a pseudodyad axis rather than the dyad axis as shown in Figure 8.%

Since the incorporation of the phenanthroline moiety is near the dyad axis in E49C, the
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fact that E49C-OP cleaves the trp R operator at a site in accord with the original crystal
structure was taken to indicate that the crystal structure was correct and that the E. coli
trp repressor binds in a manner centered about the dyad axis.

However, because these studies involved the use of a mutant protein, and no
crystal structure of the E49C protein has been obtained, changes in the tertiary structure
as a result of the glutamic acid-49 mutation have not been ruled out. The mutation may
cause a shift in either the binding orientation or sequence specificity. Because the protein
has been hypothesized to bind to DNA through recognition of subtle differences in
sequence geometry rather than through recognition of the DNA sequence directly, subtle
changes in the protein structure as a result of single site mutagenesis could be expected to
alter either the sequencé specificity or binding orientation.

The effectiveness of of DNA binding proteins converted into site specific
cleaving agents using this method is compromised by the stoichiometry of the copper
phenanthroline complex employed. In all of the cases discussed above, the copper
phenanthroline stoichiometry is 1:1. While the 1:1 complex has been shown to react with
duplex DNA to form direct strand breaks, the cleavage efficiency could be expected to be
greatly improved through the development of conjugates which allow the formation of a
2:1 phenanthroline to copper complex.

A series of complexes containing both 1:1 and 2:1 phenanthroline to copper
stoichiometries conjugated to an analogue of the minor groove DNA binding molecule
distamycin prepared by Meunier and co-workers damage duplex DNA (Figure 10).%3'%
The linkage of the phenanthroline moiety in the compounds containing two

phenanthroline ligands has been carried out using a serinol bridge through either the 3'
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Figure 10. Structures of 24-26. Inset shows the two binding orientations of 24-26.

(3-Clip-Phen) (24), or 2' (2-Clip-Phen (25), 2-phen) (26) positions of the phenanthroline
ligand.¥* The use of a distamycin analogue allows targeting of the 1,10-phenanthroline

copper complex through the recognition of the distamycin moiety for five contiguous A-T
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base pairs. The distamycin conjugate can bind in two orientations within the minor
groove (Figure 10). The exact site of reaction with DNA is determined from a
combination of the following factors: 1) The distance from the phenanthroline moiety to
the DNA binding portion of the molecule; 2) The binding preference of the 1,10-
phenanthroline moiety within the minor groove; 3) The orientation of the distamycin
conjugate within its binding region.

Comparison of the quantity of cleavage generated from 24-26 at a given time
shows that the 3-Clip-Phen complex (24) is more efficient at damaging duplex DNA than
the 2-Clip-Phen complex (25) or the 2-Phen complex (26). This suggests that the
position of the serinol bridge is important in determining the cleavage efficiency of the
Cu(OP), moiety.?? This effect may be due alteration of the orientation of the
phenanthroline ligands around the copper in the complexes containing 1,10-
phenanthroline ligands substituted at the 2-position. Reduced cleavage efficiency
resulting from substitution of the 2-position of the 1,10-phenanthroline ligands is
consistent with the observation that 2,9-dimethylphenanthroline complexes of copper

(27) are incapable of damaging duplex DNA.*

N\ 7 \ 7/
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Analysis of the products resulting from treatment of duplex DNA with 24 after
heating showed the presence of 7 (> 50%), 3'-phosphoglycolate (9) (~ 15%), and furfural

(28) (~ 15%). The presence of 7 and 9 are indicative of C1'- and C4'-hydrogen atom

:§Kf2750 —éo-g—o L o
= o i;%=0 H { J
9

7 28

abstraction, while 28 is indicative of the formation of CS5'-radicals. Hydrogen atom
abstraction from the C5'-position generates direct strand breaks in the presence of oxygen
(Figure 11).'"® Reaction of the C5'-radical (29) with oxygen, followed by hydrogen atom

abstraction generates the C5'-peroxide 30, which has been proposed to solvolyze to

Q HQ
-g O_Pl_o i B 9 O 1 O
" o $0-P-0— , B $0-P-0—( 4 B
© 0. O +H [0}
29 _— 30
o—g-o-é- ? 0
o 0=P-0-%: 0=P-0+
o & 5
0o
o) o H B
— L A _ | 0
0=P-0%- 0 X 0=P-0+%-
o + O -base o + 31
oligonucleotide 28 \ oligonucleotide 9
5'-phosphate 3'-phosphate O=fl>—o-§-
o

Figure 11. Mechanism for the formation of 28 from the C5'-radical.'®
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generate 31 and the corresponding C3'-phosphate. Observation of C5'- reactivity for 24
was proposed to be a result of reduced binding affinity of the 1,10-phenanthroline moiety
in 24 within the minor groove compared to that of Cu(OP); in the presence of MgCl, (25
mM) %

The mono phenanthroline analogue (26) is the least efficient cleaving agent of the
three compounds. This is consistent with the decreased efficiency of Cu(OP) compared
to Cu(OP),.*® All three compounds are capable of damaging DNA in the micromolar
concentration range, high concentrations of duplex DNA, on the order of 1.0 uM, are
required in order to observe efficient strand scission. This is the result of a relatively
weak binding affinity for the distamycin conjugate, as compared to the nanomolar
concentration ranges required for cleavage for both duplex DNA and the modified
proteins described above.”®®!

While 24-26 provide the ability to site specifically cleave DNA, they suffer from
a major limitation with regard to sequence specificity. The distamycin analogue used in
24-26 binds to only five successive A-T base pairs. Extension of the sequence specificity
can be achieved through the use of the hairpin polyamides, although the ability of these
compounds to recognize DNA sequences is limited when compared to naturally
occurring restriction enzymes and the site specific cleavage agents prepared from DNA
binding proteins.**3® These compounds have the potential to serve as mechanistic probes
for the Cu(OP); induced cleavage of DNA by providing the ability to site specifically
deliver the Cu(OP); or Cu(OP) moieties. This ability coupled with site specific
incorporation of potential intermediates in the pathway leading to direct strand scission

may provide useful insight into the mechanism of the Cu(OP); reaction with DNA.
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2.4 Proposed Mechanisms to Account for the Formation of Direct Strand Breaks
Induced by Cu(OP); and Cu(OP).

Three mechanisms have been put forward to explain the formation of direct strand
scission and the observed products generated upon treatment of duplex DNA with
Cu(OP); or Cu(OP) in the presence of a reductant and oxygen or hydrogen peroxide.*'*
These mechanisms are: 1) Solvolysis of the 3'-phosphate present in a 1'2'-

dehydronucleotide generated from C1'-hydrogen atom abstraction (Figure 12, pathway

a);>! 2) A copper induced B-elimination of 1 formed from C1'-hydrogen atom abstraction

It
Cu(OP), ’5‘0-3_—0 o_ g +H,0
C:..’f_,ozi) ) -base 0
-H abs.
/ (_9 \ -5-0—5’-—0 o
pathway a o=||:—o-§- o) - 0
o 14
+
Duplex DNA Cu(OP), o'
H202i —P og

C1'-H abs. é 9

0-P-0 Cu(OP),
o) ollgonucleotlde
pathway b 5'-phosphate

I
0=P-0+-
‘ -
o)
9 0
-40-P-0 o)
& =0 o
Cu(OP), ° 0 28
C4'- and C5'-H abs. + + +
Duplex DNA o o)
) _ |
o=|;.>_o-§- O——I?-—O-é-
pathway c 0} o

oligonucleotide

li leotid
oligonucleotide 5'- and 3"-phosphates

5'-phosphate
Figure 12. Proposed pathways for the formation of direct strand breaks produced by Cu(OP),.
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(Figure 12, pathway b);** 3) Direct strand scission resulting from hydrogen atom
abstraction from the C4'- and C5'-positions only (Figure 12, pathway c).>*

As mentioned previously, analysis of DNA treated with Cu(OP), showed the
formation of low yields of 3'-phosphoglycolate (9) (< 30%), indicative of C4'-oxidation.
The yield of 3'-phosphoglycolate 9 was observed to vary as a function of DNA sequence,
although no qualitative sequence specificity leading to the formation of 9 has been clearly
identified.’® A slower migrating product was also observed by denaturing PAGE and was
attributed to butenolide 14 based upon its conversion to a 3'-phosphate terminus upon
treatment with hot piperdine and even more mild conditions.*?

Additional evidence for the formation of the butenolide termini was obtained
from analysis of DNA treated with Cu(OP), in the presence of H,O, by HPLC, which
showed the formation of S-methylenefuranone (7), the expected degradation product
from butenolide 14.** Generation of the Cu(I)(OP); and H,0, required for DNA strand
damage was carried out using Cu(IT)(OP); in the presence of superoxide produced from
y-radiolysis of aqueous solutions containing tris(hydroxymethyl)aminomethane (Tris).”®
Hydrogen peroxide was proposed to be generated by the dismutation of superoxide

mediated by Cu(OP),.**°

~r°

Quantitation of the 3'- and 5'-phosphate termini produced from reaction of duplex

DNA with Cu(OP), was carried out through measurement of the amount of inorganic
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phosphate produced from alkaline phosphatase treatment. Inorganic phosphate and 7
were observed in a 2:1 ratio, which is consistent with one equivalent of 7 produced for
each direct strand break resulting in 3'- and 5'-phosphate termini. However, the
quantitation of the amount of 7 produced upon Cu(OP), treatment of duplex DNA is
somewhat suspect it was based on an HPLC peak with a maximum absorbance of 0.002
A.U.¥ While Sigman and co-workers propose that the ratio of 7 produced to the amount
of phosphate generated is an upper limit due to the possibility of incomplete phosphate
hydrolysis, this ratio may also be incorrect as a result of the inability to observe 7 at a
high enough concentration to allow accurate quantitation.

Experiments carried out between Cu(OP); and duplex DNA in the presence of
either H,'%0, or H,'30 showed that the carbonyl oxygen in 7 is derived from H,O rather
than from the copper species generated from the reaction with H;O, or 02! The
observation that the carbonyl oxygen in 7 is derived from H,O can also be accounted for
with a mechanism involving the formation of 1 from the C1'-radical (Figure 5). In fact,
early mechanistic proposals put forward by Sigman and co-workers invoked the
intermediacy of 1.%%%>% Since 1 is stable in the absence of alkali or heat (not required for
Cu(OP); induced direct strand scission), Sigman and co-workers proposed the formation
of butenolide 14, and subsequently 7, through a pathway which does not generate 1 as an
intermediate (Figure 13). This marks a significant departure from the previously
proposed mechanisms which involved the intermediacy of 1.26°%3¢ Hydrogen atom
abstraction from the C1'-position of the sugar moiety by the active Cu(OP), species is
followed by oxidation of the resulting radical (16) to the oxocarbenium ion (18).

Subsequent loss of a C2'-proton results in the formation of 1',2'-dehydronucleotide 32.
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Figure 13. Mechanism proposed by Sigman and co-workers for the formation of 143!

Solvolysis of the allylic phosphate in 32 generates the corresponding allylic cation (33)
and cleaves the phosphate backbone. Trapping of 33 with H,O, followed by hydrolysis
forms butenolide 9 without invoking the intermediacy of 1.

In order for the proposed mechanism to be correct, the C1',C2'-dehydronucleotide
32 must undergo solvolysis on the order of minutes, the time scale for the Cu(OP),
cleavage reaction.®®> 1',2'-Dehydronucleoside analogues have been shown to hydrolyze in
aqueous solutions when subjected to elevated temperatures or mildly acidic conditions,
consistent with their similarity to ketene acetals.”’* To assess the stability of 32 under
conditions relevent to Cu(OP), cleavage reactions, Greenberg and Chen prepared the

C1',C2'-dehydronucleotide 34.** Stability studies were carried out at rt for 48 h in pH =
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7.4 HEPES buffer both in the presence and absence of Cu(II)(OP),. The

dehydronucleotide model (34) did not solvolyze under these conditions (Figure 14).

0=P-OPh PhO—P-0"
- f PhOPO,

Figure 14. Pathways for the decomposition of 343

In order to provide an alternative mechanism which is consistent with the H,'*0

labeling studies, it was proposed that Cu(OP), was capable of inducing a B-elimination of

31,33

the 3'-phosphate from the 2-deoxyribonolactone (1) (Eq 6). Exposure of 35 to

O
(0]
HO-&OJ:O -

Cu(OP), +

bt o (6)

35 O =P-0—
0=P-0-Ph oo
o
oligonucleotide
-phosphate

Cu(OP); in the presence of HEPES buffer at pH = 7.4 at rt resulted in clean formation of
phenyl phosphate. The decomposition of 35 was quantitatively accounted for by phenyl
phosphate formation. Measurement of the rate of decay of 35 gave a value of 1.50 x 10”
M s yielding a half life of approximately 1.5 years at the 10 uM concentration ranges

typically used for Cu(OP), cleavage experiments. Since significantly faster rates of
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cleavage have been observed for the reaction of Cu(OP), with duplex DNA, the relevance
of the slow rate measured in this experiment was rationalized by proposing that the
effective molarity of the Cu(OP); is significantly higher when it is bound in the minor
groove of B-DNA. This hypothesis is supported by the observation that the effective
molarity of noncovalent complexes can be as high as 10*-10%% Extrapolation of the
observed rate constant to 10 M Cu(OP); gives a half life for 35 of 46 s, indicating that if
the results observed in the model system can be extrapolated to duplex DNA, the
Cu(OP); catalyzed elimination reaction is kinetically viable.

The use of the phenyl phosphate diester in 35 rather than an alkyl phosphate
diester, which is present in DNA, is expected to have little effect on the rate of cleavage
as both alkyl and aryl phosphate monoesters have similar pK, values (pKa; ~ 1.6 and pKg;
~ 6.6).”° The mechanism of the elimination reaction is somewhat uncertain as the sugar
product produced upon formation of phenyl phosphate was not identified. However, the
likelihood that the formation of phenyl phosphate occurs through copper catalyzed
hydrolysis of the phosphate diester is minimal since the Cu(II)}(bpy) (bpy = 2,2'-
bipyridine) catalyzed hydrolysis of ethyl p-nitrophenyl phosphate (36) results in the

formation of p-nitrophenol rather than ethanol (Eq 7).’ This indicates that if the

EtOH IOEt
+ (I)Et O=P_O_
g 0=':>_0_ (I)'
0=p-0~  Cu(ll)bpy) o Cu(ll)(bpy) *

. Y T OH @)
NO,

NO, 36 NO:
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Cu(OP), was degrading 35 by phosphate diester hydrolysis, phenol rather than
phenylphosphate would have been observed.

In order to gain further insight into the mechanism of direct strand break
formation from the reaction of Cu(OP), with duplex DNA, Sugiyama and Oyoshi
analyzed the products resulting from this reaction using HPLC-MS.>* Treatment of

duplex hexamer 37a with Cu(OP); in the presence of MPA was carried out in Tris buffer

5'-d(CGT ACG)
3'-d(GCA TGC)
37a

(pH = 7.5) at 0 °C. Because of the short length of 37a, the melting temperature (Ty)
(20.5 °C at 4.15 uM duplex concentration) was measured in order to ensure that the
observed Cu(OP); reaction was carried out using duplex DNA. HPLC-MS analysis of
crude reaction mixtures showed the products resulting from direct strand scission to be
oligonucleotides containing 3'-phosphoglycolate and 3'-phosphate termini in a ratio of
1.5:1. Measurement of the quantity of direct strand scission through enzymatic digestion
of Cu(OP), treated 37a gave a yield of approximately 13.5%. Oligonucleotides
containing the C4'-abasic site 38 accounted for 6.9% of the observed DNA damage, and
intact oligonucleotides containing 2-deoxyribonolactone (1) (37b-d) were observed as the

major DNA damage products (34.0%).

~nQ
O ~OH
5-d(CGT1CG) 5-d(CGT A1G) 5-d(C1T ACG) HO

37b 37¢ 37d ~0
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Since 37b-d were stable under these reaction conditions, the 3'-phosphate
generated was attributed to hydrogen atom abstraction from the C5'-position of the sugar.
This conclusion was confirmed through reduction of the resulting aldehyde (31) with
sodium borohydride. From these data, the reactive copper species responsible for the
degradation of the duplex DNA was proposed to be incapable of inducing an a,f-
elimination in 1 to generate butenolide 14. This led to the conclusion that while the
majority of the Cu(OP), reaction with duplex DNA generates 1 from hydrogen atom
abstraction at the Cl'-position, reaction at the C4'- and C5'-positions are the only
pathways which lead to the formation of direct strand breaks.

The remaining 49% of the DNA damage was proposed to be a result of damage to
the nucleobases in 37a in a manner which does not produce direct strand breaks, although
no direct evidence for damaged nucleobases was obtained using GC-MS or HPLC-MS.
Damage to the nucleobases in duplex DNA by Cu(OP), has been quantitated by
Dizdaroglu and co-workers, and it was concluded that base damage occurs 5.4-7.7 times
more readily than damage at the sugar moiety.”® However, the 2-thiobarbituric acid assay
used to determine the amount of sugar damage only allows for quantitation of the
products produced from C4'-chemistry and not from C1'-chemistry.> As the ratio of C1'-
to C4'- chemistry for the reaction of Cu(OP), with duplex DNA is greater than 2:1, the
ratio of base damage to sugar damage may be much closer to 1:1, supporting the
hypothesis put forward by Sugiyama and co-workers.

A potential problem exists with the extension of the results of this study to longer,
more relevant pieces of duplex DNA. The thermal stability of 37b-d can be expected to

be significantly lower than that of 37a. For example, incorporation of the tetrahydrofuran
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analogue of the abasic site (39) into duplex DNA has been shown to reduce the Ty of the
duplex by 10-20 °C depending on the length and local sequence context of the
oligonucleotide.”®*'®" Generation of 1 in the hexamer used may result in melting of the
duplex under the experimental conditions used. Since Cu(OP); has been shown not to act
effectively on single stranded DNA as a result of the inability of Cu(OP); to bind to the

DNA,** a copper induced B-elimination of 1 potentially would not be observed under

the experimental conditions.

; 2
e
o)
3 O
o0=p-0+4
|
&

If the mechanism proposed by Sugiyama and Oyoshi is applicable to longer
strands of duplex DNA, a significant increase in the quantity of strand scission would be
observed upon treatment of Cu(OP); damaged DNA with alkali as both the 2'-
deoxyribonolacone (1) and the C4' abasic site (38) are alkali labile. From the yields of
the material attributed to direct strand scission and the yields of 1 and 38 reported, an
alkali enhancement of approximately four can be estimated based upon the ratio of
products present from Cu(OP), treated 37a** This is inconsistent with the qualitative
enhancements observed from alkali treatment of longer fragments of duplex DNA after
reaction with Cu(OP), and its derivatives with distamycin analogues, which are no larger

than two.**®* This indicates that the mechanism proposed by Sugiyama and Oyoshi for
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the formation of direct strand breaks upon treatment of duplex DNA with Cu(OP), does
not account for all of the possible pathways leading to direct strand scission, possibly as a

result of duplex melting as described previously.

2.5 The Reactivity of Cu(OP);, Cu(OP), and Similar Analogues.

As mentioned above, the exact nature of the copper species which damages the
sugar moiety in duplex DNA is unknown. DNA damage has been proposed to arise as a
result of the generation of freely diffusible hydroxyl radicals, which are generated in a
manner similar to the Fenton reaction. In this mechanism, Cu(I)(OP), generated from
reduction of Cu(II)}(OP), reacts with hydrogen peroxide to generate hydroxide and a

hydroxyl radical (eq 8).''% This hypothesis is inconsistent with the observation that

Cu(l) + H,O, — Cu(Ill) + HO" + HO ®)

generation of hydroxyl radicals by y-radiolysis of aqueous duplex DNA solutions
produces equal amounts of DNA sugar damage at both the C4'- and C1'-positions rather
than the greater than 2:1 ratio of C1'- to C4'-damage observed from Cu(OP), treated
duplex DNA.*® Furthermore, in several spin trapping experiments, adducts are observed
by electron spin resonance spectroscopy from the reaction of Cu(OP), with MPA that are
inconsistent with the intermediacy of freely diffusible hydroxyl radicals.'%%

Detection of the intermediate responsible for degradation of duplex DNA is

further hampered by the partial fluctionality of the 1,10-phenanthroline ligands as a

function of copper oxidation state and employed reductant. The association constants for
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the generation of Cu(II)(OP) and Cu(II)(OP), have been measured spectroscopically. The
K, for the formation of Cu(II)(OP) from free 1,10-phenanthroline and Cu(I) is 1.0 x 10°
M and 5.0 x 10° M for the formation of Cu(IT)(OP); from free 1,10-phenanthroline and

Cu(II)(OP) in aqueous solution (egs 9 and 10).'” Reduction of Cu(Il) to Cu(l)

Cu(Il) + OP — Cu(I)(OP) K,=10°M" )

Cu(I)(OP) + OP — Cu(I)OP), K, =10%" M’ (10)

effectively increases the association constants of Cu(I) for 1,10-phenanthroline to 6.3 x
10" M for the association of the first 1,10-phenanthroline ligand but decreases the
association of the second 1,10-phenanthroline ligand to 1 x 10° M in aqueous solution

(egs 11 and 12).""% These results indicate that in order for 99% of the copper(Il) present

Cu(l) + OP = Cu(I)(OP) K,=10"¥M" (11)

Cu(I)(OP) + OP — Cu(I)(OP); K.=10°M" (12)

to exist as Cu(II)(OP), at equilibrium in a 10 pM solution of Cu(II)(OP), 1,10-
phenanthroline must be present in two fold excess. However, the same ratio of reagents
will only yield 60% of Cu(I)(OP); at equilibrium upon reduction of Cu(II) to Cu(I).
While these thermodynamic results imply that the Cu(I)(OP), complex can
dissociate, the kinetics of the dissociation process will determine the ratio of Cu(I)(OP),

to Cu(I)(OP) present in solution when Cu(I)(OP); is generated by reduction of
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Cu(II)(OP);.  Unfortunately, the rate of dissociation of 1,10-phenanthroline from
Cu(I)(OP), has not been measured, but is expected to be slow with respect to the
subseqgent reaction with H,O, which is required for degredation of duplex DNA. This
prediction is based on the observation that Cu(I)(OP), has been detected by U.V.
spectroscopy when generated by reduction of Cu(II)(OP), with ascorbate.**"''°

However, Cu(I)(OP); has not been observed spectroscopically when it is
generated from Cu(II)(OP), using the most commonly used reductant for Cu(OP);
mediated damage of DNA, MPA.> The failure to observe Cu(I)(OP); in the presence of
MPA has been attributed to the displacement of one of the 1,10-phenanthroline ligands
by the reductant®® The observation of different chemical shifts of the protons in the
1,10-phenanthroline ligands when Cu(II)(OP), is reduced with either ascrobate or MPA
supports this conclusion. Whether or not the substitution of one of the 1,10-
phenanthroline ligands occurs prior to or after reduction of the copper center has not been
addressed. Based on the association constants for the second 1,10-phenanthroline ligand
for Cu(II)(OP) and Cu(I)(OP), it can be expected that the reduction of the copper center
occurs prior to the ligand exchange.

Irrespective of the structure of the copper species responsible for the initial C1'
hydrogen atom abstraction, if direct strand scission arises from a copper induced f-
elimination of the 3'-phosphate in 1, a copper species generated during the DNA cleavage
reaction must be able to induce the elimination. This elimination reaction can be
envisioned to occur through several pathways: 1) Through hydroxide bound to Cu(OP),
acting as a general base catalyst with HO (Figure 15, pathway a); 2) Reaction of

Cu(OP); with 1 through Lewis acid catalyzed enolate formation (Figure 15, pathway b);
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3) A combination of the previous two mechanisms with the HO-Cu(OP), acting as both a

Lewis acid and a general base (Figure 15, pathway c).

1 ] =' Al
0=p-0+ (o g_ 0
o | leotid
oligonucleotide
pathway a 5'-phosphate
O o] 14
3.0-Pp- Cu(OP $.0-p- Cu(OP
éOli’-O o~ SUOP i0 P-0— o - CUOP: +
(0] (@) O r/ 0 (I)
) — 0=p-0%-
H .
1 0 (o o
O=I|=-O-§- O=l|='-0-§- oligonucleotide
(o) o 5'-phosphate
pathway b
? 0 14
-$-0-P-0 -§-0-P-0 Cu(OP), +
o O fa_---('zu(OP)z o '9 ) (6/ o
)/\ (OH —_— 0:|P—O-§-
1 0 Mo (0 o
O=I|>-O-§- H 0=',:”0'§' oligonucleotide
o o} 5'-phosphate
pathway ¢

Figure 15. Possible pathways for the Cu induced B-elimination of 1.

A variety of copper based ribonuclease mimics have been prepared which

catalyze either the trans-esterification or phosphate hydrolysis of RNA through

mechanisms similar to those described for the copper induced elimination of 1.'''"'"
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While the structures of these compounds vary widely and commonly include both
bimetallic and monometallic complexes, several ligands which are electronically similar
to 1,10-phenanthroline have been employed in the mononuclear copper containing
ribonuclease mimics, including 2,2'-bipyridines (bpy) and 2,2',2"-terpyridines (tpy).'">"''¢

The differences in electronic effects between 2,2',2"-terpyridine, 2,2'-bipyridine,
and 1,10-phenanthroline ligands is best demonstrated by examining the pK, of the
corresponding H,O bound copper(Il) complexes. The pK. values for the 2,2'2"-
terpyridine aquo complex (40), 2,2'-bipyridine bis(aquo) complex (41) and 2,9-dimethyl-
1,10-phenanthroline bis(aquo) complex (42) have been measured to be 8.2, 7.8, and 7.0
respectively.!!” This indicates that of the three ligands, the 1,10-phenanthroline analogue
leads to the most Lewis acidic copper complex. However, the small differences in the

observed pK, values for the copper bound H,O indicates that the three ligands are

electronically similar.

I AN
/"'\c 0 OH2
NN
Z N OH,
S |
41 42
pKa 8.2 7.8 7.0

Consistent with the Lewis acidic nature of these compounds, 40-42 have been
proposed to catalyze the hydrolysis of ribonucleotide dimer 43 through Lewis acid

117

activation of the phosphate diester (Figure 16). Also consistent with the Lewis
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acidities of these compounds is the observation that the rates of ribonucleotide dimer
hydrolysis parallels the pK, of the bound H,O. Thus, 42 is most efficient at catalyzing

the hydrolysis of 43 at pH = 7.0 while 40 is the least efficient.

HO OH
43

42
Figure 16. Proposed mechanism for the Lewis acid catalyzed transesterification of 43 catalyzed by 4217

Measurement of the rate of phosphate diester hydrolysis at pH above the pK, of
the aquo ligand shows that the rate of catalysis by 1,10-phenanthroline analogue 42 is
more than 10’ times faster than of 40. To explain this observation, it was proposed that
42 was capable of increasing the electrophilicity of the phosphorous by chelating to both

free oxygens in the phosphate diester to form 44. An alternative explanation that was not

149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



considered is the possibility that all three compounds are capable of functioning as a
general base, and that 42 functions as a more efficient general base as a result of the fact

that a greater portion exists as a copper bound hydroxide at pH = 7.0 (Figure 17).

H,O—Cu(tpy) ~————= HO—Cu(tpy) +H*

40
Ho\ +
(H20),—Cu(bpy) ——= 9’ ,LCu(bpy) +H
2
41

HO
(H,0),—Cu(2,9-dimethyl-OP) —~ y O:Cu(z.g-dimethyl-OP) +H*
42 2

Figure 17. Partitioning of copper bound hydroxide in 40-42 at pH = 7.0.

Evidence for copper bound hydroxide reactivity in conjunction with copper
centered Lewis acid activation is consistent with the observation that Cu(II)(bpy)
hydrolyzes the lithium salt of ethyl p-nitrophenylphosphate (36) more rapidly at a pH of
7.85 than at pH 6.0.”7 A 6.3 x 10° fold rate increase at pH 7.85 upon addition of the
copper catalyst over the hydrolysis rate in the absence of the catalyst was observed. The
dependence of the rate of hydrolysis on the concentration of Cu(I)(2,2"-bipyridine)(OH)
and not on the concentration of Cu(II)}(bpy) shows that the copper bound hydroxide is
required for phosphate hydrolysis. Based on these data, phosphate hydrolysis was
proposed to occur through coordination of the copper species to oxygen, followed by
nucleophilic attack of the copper bound hydroxide at the resulting electrophilic

phosphorous (Figure 18). However, based on these results the possibility of the copper
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bound hydroxide acting as a general base during H,O attack on the electrophilic

phosphorous cannot be ruled out (Figure 15, pathway a).

/
ZN—cu*—0H

1N\
45
(Il) 9_3‘\0_ H20 <+
EtO—P-O" _— EtO-P-O —
1 ] (o]
O o) n o
EtO—l?—O
o
+

NO, NG, OZNOOH
36

Figure 18. Proposed mechanism for the hydrolysis of 36 by 45 at pH = 7.85.%7

Evidence for general base catalysis by copper bound hydroxide species has been
obtained from catalysis of a phosphodiester transeterification in a model compound (46)
by Cu(II)(tpy) (40).''* The pH profile for the reactivity of 40 shows a maximum rate of
catalysis at pH 9.0, which is consistent with the involvement of a copper bound
hydroxide (47) in the transesterification reaction. The reduced rate of reactivity of 40 at
pH lower than 9.0 was proposed to be a result of protonation of the copper bound
hydroxide, effectively converting 47 into the corresponding copper(II)aquo species (40).
This conclusion is consistent with the pK, of 8.2 measured for this copper(II)aquo

17

species. From these data, it was proposed that the copper bound hydroxide is

responsible for removal of the proton of the pendant alcohol through general base
catalysis in conjunction with Lewis acidic activation of the phosphate diester (Figure 19).
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HOAr

Figure 19. Proposed mechanism for the transesterification of 46 catalyzed by 47 at pH = 9.0.!18

2.6 Statement of Research Objectives.
From the information presented above, several proposals have been put forth with
regard to the mechanism of direct strand scission of duplex DNA induced by Cu(II)(OP),

and Cu(II)(OP) in the presence of a reductant under aerobic conditions:

1) The majority of the Cu(OP);, reaction with duplex DNA occurs at the
C1'-position of the sugar moiety and has been proposed to lead to direct
strand scission. 26>

2) Direct strand scission of duplex DNA mediated by Cu(OP), also
occurs to a limited extent through hydrogen atom abstraction from the
C4' position of the sugar moiety. 2635

3) Analysis of Cu(OP), treated hexameric duplex DNA by HPLC-MS
indicates that the 2-deoxyribonolactone (1) is stable in the presence of

Cu(OP); and that direct strand scission arises from hydrogen atom

abstraction at the C4'- and C5'-positions of the sugar moiety.*
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3) Studies carried out on a mononucleotide model compound indicate
that Cu(II)(OP); is capable of catalyzing the B-elimination of the 3'-
phosphate from the 2-deoxyribonolactone (1).**

4) Based on the reactivity exhibited by 1,10-phenanthroline, 2,2'-
bipyridine, and 2,2',2"-terpyridine systems with regard to the hydrolysis
and transesterification of phosphate diesters, it is possible that Cu(OP),
aquo complexes are capable of catalyzing the B-elimination of the 3'-

phosphate through Lewis acid and/or general base catalysis.

The mechanistic studies described above present a contradictory picture with
respect to the mechanism of direct strand scission of duplex DNA induced by Cu(OP),.
Model studies indicate that Cu(II)(OP), is capable of catalyzing the B-elimination of the
3'-phosphate.’> Studies carried out using oligonucleotides six bases in length indicate
that the 2-deoxyribonolactone (1) is stable in the presence of the Cu(OP), species
responsible for degradation of duplex DNA.>* However, as mentioned above the
oligonucleotide studies may be in error as the stability of the hexamer used containing
the 2-deoxyribonolactone was not addressed.

The goal of this research is to address the following questions through the use of
site specific incorporation of the 2'-deoxyribonolatone into oligonucleotides and the use
of compounds which allow site specific delivery of Cu(OP); and Cu(OP) to duplex

DNA:
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1) Will the incorporation of the 2-deoxyribonolactone (1) lesion into
oligonucleotides six bases in length destabilize the oligonucleotide to the
point that melting occurs under the DNA cleavage conditions employed?
2) Can evidence be obtained for direct strand scission arising from C1'-
hydrogen atom abstraction by measurement of the enhancement in strand
cleavage upon alkali treatment of duplex DNA damaged with Cu(OP),?
3) Can evidence be obtained for the copper induced B-elimination of the
3'-phosphate group by site specifically incorporating the 2-
deoxyribonolactone (1) into oligonucleotides and site specifically
delivering Cu(OP); or Cu(OP) to the site of 2-deoxyribonolactone
incorporation (Figure 20)?

4) By taking advantage of the ability to site specifically deliver Cu(OP);
or Cu(OP) to the site of 2-deoxyribonolactone can conclusions be drawn
with respect to the difference in rates of reaction of Cu(OP); or Cu(OP)

with duplex DNA?

-é-O—P_O_EF
o 0
é}o Cu(OP), 5@_ 14 \=

o B , o)
‘\/_7/ (o) A&o Cu(OP), *
o
(?—o o 0=p-0%-
o

1
oligonucleotide
5'-phosphate

Figure 20. Hypothesized pathway for the formation of direct strand breaks from Cu(OP), reaction
with duplex DNA.
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3 Results and Discussion.

3.1 Stability of Oligonucleotides Containing the 2-Deoxyribonolactone Lesion.

In order to determine whether or not the results of Sugiyama and Oyoshi are
relevant with respect to the ability of copper to catalyze the B-elimination of the 3'-
phosphate in the 2-deoxyribonolactone lesion (1) in duplex DNA, melting studies were

undertaken to determine if complexation of 37b-d with the respective complement

®r-o

(0)

5-d(CGT 1CG) 5-d(CGT A1G) 5'-d(C1T ACG) o
37b 37¢ 37d

dehybridize under the experimental conditions.*® Synthesis of a duplex containing 37b is
impractical due to the fact that 37a is palindromic. Synthetic incorporation of 2-
deoxyribonolatone (1) in this sequence would result in the measurement of the Ty of a
duplex containing two 2-deoxyribonolactone lesions. In order to avoid this possibility
and to allow for meaningful comparison of the Ty data obtained between 37b-d, a non-
palindromic oligonucleotide which showed similar thermal stability to 37a was required.
In the search for an oligonucleotide which exhibits similar duplex stability to 37a,
the effects of salt and oligonucleotide concentration need to be considered.
Oligonucleotide duplex stability has been shown to be a function of both salt
concentration, as well as the concentration of the duplex.'”® Increasing duplex stability is

observed with increasing salt concentration and/or increasing duplex concentration. In
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order to select a hexamer of relevant sequence, the Ty values for several oligonucleotides

including 37a were calculated empirically from thermodynamic parameters using eq 13

1 _(n-DR . A S°—(n-DRIn(2)+ RIn(n)

o ARO In(Cr)+ AR 13)
1 _(@-) AS°—(n-1)(R)In(2n)
T AR In(Cr) + Ap0 (14)

for palindromic sequences and eq 14 for non-palindromic sequences (n = 2 for the
melting of duplex DNA and Cr is the concentration of the duplex).'"® The
thermodynamic parameters, AS° and AH°, were calculated using nearest-neighbor
parameters for duplex DNA in 1.0 M NaCl.'®'#? Comparison of the calculated Ty
values for duplexes 37a and 48-52 at the duplex concentration used for the Cu(OP),
experiments carried out by Sugiyama and co-workers (4.15 uM) shows a predicted Ty

for 48 which is very similar to 37a.

Table 1. Calculated Ty values for oligonucleotides 37a and 48-52.°

Oligonucleotide Tm (°C)°
5'-d(CGT ACG) (37a) 25.4
3'-d(GCA TGC) ’
5'-d(GCT ACG) (48) 25.9
3'-d(CGA TGC) '
5'-d(GCA ACG) (49) 232
3'-d(CGT TGC) )
5'-d(CGA AGC) (50) 212
3'-d(GCT TCG) )
5'-d(GCT TCG) (51) 20.5
3'-d(CGA AGC ’
5'-d(CAG TCG) (52) 18.4

3-d(GTC AGC)
“ [duplex DNA] =4.15 uM; 1.0 M NaCl. ® Calculated from ref. 120-123.
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Syntheses of both strands of duplex 48 were carried out using standard
phosphoramidite chemistry and the Ty values of 37a and 48 were measured by U.V.
spectroscopy using buffer and concentration conditions identical to the Cu(OP),
experiments (4.15 pM duplex concentration in 50 mM Tris at pH = 7.5) in 1.0 M NaCl
(Table 2).** The absorbance at 260 nm was monitored as a function of increasing
temperature from 2.5 °C to 45 °C (0.5 °C/min). The absorbance (A) vs. temperature (T)

data was fit to eq 15 where a, b, c, and d were varied until the best fit of the data was

A=—2 —+d (15)

obtained.!”® The Ty value was then determined from maximum of its first derivative,
which was calculated using Origin 6.1. Surprisingly, the measured Ty value for 48 was
lower than the calculated value by 7.0 °C, while the measured Ty for 37a was lower by
only 2.5 °C. While the exact reason for the significantly lower measured Ty value is

uncertain, it is clear that 48 is not a good analogue for 37a.

Table 2. Measured Twu values for oligonucleotides 37a and 48.°

Oligonucleotide Twm (°C)° ATy (°C)°
5'-d(CGT ACG) (37a)
3-d(GCA TGC) 234+13 2.5
>-d(GCT ACG) (48) 18.9+2.12 -7.0

3'-d(CGA TGC)
? [duplex DNA] = 4.15 uM; 1.0 M NaCl; 50 mM Tris, pH = 7.5. ® Ty values were
determined by U.V. absorbance at 260 nm as a function of temp. € ATy = Tym(obs.) -
Twm(calc.).
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Determination of the Ty value for 49 using the same conditions described for 37a
and 48 gave a value much closer to the that of 37a (Table 3). Upon decreasing the salt
concentration to 100 mM, both oligonucleotides showed Ty values that were identical
within experimental error. Measurement of the Ty values using the conditions of the
Cu(OP); experiments (50 mM Tris, pH = 7.5; 0.0 M NaCl) reported by Sugiyama and

Oyoshi showed a higher Ty for 49 than 37a.

Table 3. Effect of NaCl concentration on the Ty for 37a and 49.°

5'-d(CGT ACG) 5'-d(GCA ACG)
3'-d(GCA TGC) 3'-d(CGT TGC)

(37a) 49
Oligonucleotide [NaCl] (M) Twm (°C)Y°
37a 1.0 234+13
37a 0.1 16.9+ 1.1
37a 0.0 13.2+0.7
49 1.0 21.1+£0.7
49 0.1 174+ 1.1
49 0.0 159+ 1.3

“ [Duplex DNA] = 4.15 uM; 50 mM Tris, pH = 7.5. b Ty values were determined by U.V.
absorbance at 260 nm as a function of temp.

Site specific generation of 1 was carried out using the method of Greenberg and

co-workers using C1'--butyl ketone 15.2%%

The site of incorporation of 15 and
ultimate generation of 1 in oligonucleotide duplex 49 was governed by the fact that
incorporation of 1 in the center of the oligonucleotide should provide the best opportunity
to observe duplex formation in the presence of the 2-deoxyribonolactone lesion.

Furthermore, location of 1 near the center of duplex 49 provides the ability to maintain

the same flanking sequence present in 37b. Generation of 1 opposite a deoxyadenosine
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residue is predicted to show the smallest decrease in the Ty value from results obtained

using the abasic site analogue 39.'”" Assuming 1 has the expected destabilizing effect on

1]
'50‘(‘;_‘0 o B -5-0—3-0 0 5.(CGT XGC)
t-Bu
s 0 O » 0 Py
0=P-0-- 0=p-0+ ’
(o) (o)

short oligonucleotides, location of 1 near either the 3'- or 5-end of the duplex was
expected to cause duplex melting through a "zipper" type effect where the end containing
1 begins to melt and the rest of the duplex effectively unzips.”'®" In addition,
replacement of a stronger G-C base pair with 1 was expected to have a greater
destabilizing effect than replacement of an A-T base pair.'"”®'* Thus, oligonucleotide
53a was prepared through the use of automated oligonucleotide synthesis employing
standard phosphoramidite chemistry and the C1' #-butyl ketone phosphoramidite, which
was prepared according to previously published methods.’®!?*

Aerobic photolysis of 53a at Anex = 350 nm in aqueous solutions for 1.5 h was
sufficient to convert approximately 95% of 53a to 53b, as measured by HPLC.
Purification of the oligonucleotide containing 1 was carried out using preparative HPLC
and the purity of 53b was confirmed by analytical HPLC analysis, as well as electrospray
mass spectroscopy. Quantitation of 53b using the standard method of U.V. spectroscopy

at 260 nm was not a trivial matter as calculation of the molar extinction coefficient (g;60)

was not straight forward. Typically, for oligonucleotides less than 30 base pairs in
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length, the molar extinction coefficient is approximated using the nearest-neighbor

method.'” Because 1 was not expected to have an effect on the absorbance of the
neighboring bases, it was hypothesized that € could be approximated by summing the
calculated ¢ value for the DNA fragments on either side of 1. To confirm this
hypothesis, oligonucleotides 54-56 were prepared using the tetrahydrofuran analogue of
the abasic site (39) and their molar extinction coefficients were determined from

solutions of known molarity resulting from DNA of known mass. Due to complications
with purifying 54 by PAGE an accurate value for its 260 could not be determined.
Comparison of the measured values of € to those calculated by taking the sum of the
fragments on either side of 39 for 55 and 56 confirmed the validity of this method for

calculation of & for 53b (Table 4).

Table 4. Calculated and measured values of ¢ for oligonucleotides 54-

= Oligonucleotide Fragments” Calc.e® Meas.*
' ' M'em) M!'emh
_________ e sdgg B0 <
e, “samagen, S0 Esaw
S-d(AGT Gfs‘:)”AA Gen 55'.?5?3? chTA;) 91,100 88,300

% ¢ at 260 nm. ° DNA fragments used in calculation. ¢ Calculated as a sum of the DNA
fragments on either side of 39 according to ref 125. ¢ Measured at 260 nm using DNA
solutions of known molarity. ¢ Not measured.

Melting studies using oligonucleotide 53b (g0 = 28,000 M cm'l) and its
complement were carried out under conditions identical to those described above.

Monitoring the U.V. absorbance as a function of temperature in the presence of 1.0 M
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NaCl did not show an absorbance increase as a function of increasing temperature typical
of duplex melting (Figure 21)."®  This result indicates that either 53b and its
complement do not form a stable duplex, or that the 2-deoxyribonolactone decomposes

under the experimental conditions.

0.43 -

0.42

0.41 4

o 5-4(CGT 1GC)
(@] (53b)
0.40-
© 5.d(CGTTGC)
3-d(GCA ACG)
(49)
0.39-
0.38 -
I v 1 v 1 T i L§ v 1
0 10 20 30 40 50
Temp (°C)

Figure 21. Plot of absorbance vs. time for the melting of 49 and 53b and its
complement at 4.15 uM duplex concentration in the presence of Tris buffer (50 mM) at
pH = 7.5 with 1.0 M NaCl.

In order to rule out the latter possibility, the melt samples were analyzed by
HPLC at the completion of the experiment and did not show any signs of decomposition
of 53b. As a result, it was concluded that 53b is in-capable of forming a stable duplex
under high salt conditions, which favor duplex formation. Based on the similar melting
temperatures for oligonucleotides 37a and 49, it is reasonable to assume that a similar
loss of duplex stability will occur upon generation of 37b-d. As a result, 37b-d will be
expected to melt under the Cu(OP), reaction conditions used by Sugiyama and Oyoshi,

leading to formation of single stranded DNA containing 1.* Cleavage of 1 would not be
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observed since Cu(OP); is not expected to bind single stranded DNA.2***¢ While the
conclusions drawn by Sugiyama and co-workers with respect to Cu(OP), inducing direct
strand scission as a result of C4'-hydrogen atom abstraction are accurate, the study does
not address the question of the ability of Cu(OP); to induce the B-elimination of the 3'-

phosphate of the 2-deoxyribonolactone (1).

3.2 Quantitation of the Alkali Labile Lesions Produced upon Treatment of Duplex
DNA with Cu(OP); and H,0,.

Evidence against the proposal that direct strand breaks (cleavage of the phosphate
backbone in the absence of exogenous agents) generated from the action of Cu(OP), and
H>0; on duplex DNA occur only through reaction at the C4'- and C5'-positions has been
obtained by measuring the ratio of the quantity of direct strand breaks and alkali labile
lesions to direct strand breaks (base enhancement) at a given time. In order to avoid
complications arising from potential melting of the duplex upon the formation of alkali

labile lesions, a 50-mer (57) was utilized as the Cu(OP); target. Treatment of 57 with

5'-3P_d(AGT CGC CGA ATG TAC TAG AGA ACT AGTGCATTAGCTTATTTT TTT GTT AT)
3-d(TCAGCG GCT TACATG ATC TCT TGA TCA CGT AAT CGA ATA AAA AAA CAATA)

(57)

Cu(OP); and MPA was carried out to low conversion in order to approximate "single hit"
conditions. Eliminating multiple strand breaks or alkali labile lesions in each duplex
simplifies data analysis. The amount of duplex degradation was controlled by varying

the reaction time and the concentration of Cu(OP),.
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Reactions of 57 with Cu(OP); and MPA in Tris buffer (pH = 7.0) for 15 min at 37
°C were quenched by either freezing in dry ice or by treatment with 0.1 M NaOH at 55
°C for 20 min. The latter conditions were shown to provide complete cleavage of the
alkali labile lesions present, as treatments for longer periods of time showed no change in
the base enhancement. Sodium hydroxide was chosen as the alkali source because of the
ability to quench the alkali treatment with HCI rather than by removal of the solvent as in
the case of the more common 1.0 M piperidine treatment. This avoids complications
resulting from incomplete resuspension of the DNA. Analysis by PAGE showed a 1.5
fold increase in the amount of DNA strand damage upon treating with NaOH (Table 5).
In order to gain insight as to whether or not the pH has an effect on the fraction of direct
strand breaks generated from the reaction of Cu(OP), with duplex DNA, the base
enhancement was measured in Tris buffer at pH = 7.5 and 8.0. In order to rule out the
possibility that direct strand scission was arising from reactivity of the primary amine
present in Tris buffer rather than from the Cu(OP), species generated upon reaction, the

base enhancement was also measured in potassium phosphate buffer at pH = 7.0 and 8.0.

Table 5. The base enhancement in strand cleavage upon reaction of Cu(OP),
treated 57 with 0.1 M NaOH at 55 °C.”

Buffer pH Base Enhancement”
Tris 7.0 1.49+0.16
Tris 7.5 1.52+0.18°¢
Tris 8.0 1.47 +£0.12
Potassium Phosphate 7.0 1.78 £ 0.09
Potassium Phosphate 8.0 1.75 £ 0.08

915 min at 37 °C; [Buffer] = 50 mM; [MgCl,] = 10 mM; [57] = 58.3 nM; [Cu(OP),] = 0.96
pM; [MPA] = 4.8 mM. b (Direct strand scission + alkali labile lesions)/(direct strand
scission). °[MgCl;]=0.0 M.
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There is no change in the base enhancement upon increasing the solution pH from
7.0 to 8.0. However, a slight increase in this ratio was observed upon changing the
buffer from Tris to potassium phosphate. The small change may indicate that the Tris
buffer is involved in the formation of direct strand breaks to a limited extent.
Comparison of the base enhancement measured using 57 to that derived from the yields
given by Sugiyama and Oyoshi (~ 4) supports the hypothesis that direct strand scission in
Cu(OP); treated duplex DNA does not arise solely from hydrogen atom abstraction from
the C4'- and C5'-positions.>® Direct comparison between the two experiments can be
made using the data obtained from the reaction of Cu(OP); with 57 in 50 mM Tris at pH
= 7.5 in the absence of MgCl, with the only significant difference being the length of the
duplex DNA. The amount of alkali labile lesions generated upon treatment of 57 with
Cu(OP); is 6 times lower than the amount generated from treatment of 37a with
Cu(OP),. This leads to the conclusion that one or more of the processes leading to the
formation of direct strand breaks are less efficient in 37a. One possible explanation for

this is the instability of hexameric oligonucleotides containing 1.

3.3 Kinetics of the Cu(OP); and Cu(OP) Induced B-Elimination of the 2-
Deoxyribonolactone (1).

To provide further evidence for a copper induced B-elimination of 1, the kinetics
of the reaction between 1 and Cu(OP); analogues were measured. Kinetic measurements
between oligonucleotides containing 1 and Cu(OP), directly are impractical as the
reaction must be carried out to low conversion to avoid the formation of multiple strand
breaks in a single oligonucleotide. This difficulty can be overcome through site specific

delivery of the Cu(OP), moiety to the 2-deoxyribonolactone (1) using 24-26 and E49C-
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OP. The rate of formation and decay of alkali labile lesions, as well as the rate of
formation of direct strand breaks can also be measured using these compounds. It was
hypothesized that analysis of the resulting data through the use of the kinetic model
shown in Figure 22 would provide insight into the ability of Cu(OP), to induce a j-
elimination in 1, forming direct strand breaks as a result of Cl'-hydrogen atom

abstraction.

1

2L
kd.s.b.

m Alkali /

o Labile kdecay

Lesions

Duplex DNA Strand Breaks

k¢4 = rate of formation of 1
ko4 = rate of cleavage of 1 to yield strand breaks
kqs.p. = rate of formation of direct strand breaks

n
Kass. = 2 kq; + kgq  ky; = processes which form alkali labile lesions other than 1

n
Kdecay = 2 ky + kaq kg = decay of alkali labile lesions other than 1 to give strand breaks
i=2

Kox = Ka.i1, + Kysb.

Figure 22. Kinetic model for the analysis of the rates of DNA damage induced by Cu(OP),.

The kinetic model shown in Figure 22 is based on the kinetics for two sequential
first-order reactions. The rate of formation of 1 is represented by k;; and its decay to
give strand breaks is represented by ky;. The rate of formation of direct strand breaks

(cleavage of the phosphate backbone without added exogenous reagents) is represented
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by kgsb- The rate of formation of alkali labile lesions (ka11) (lesions which give strand
breaks after treatment with alkali) is the sum of k;; and the rates for the formation of all
other alkali labile lesions. The rate of decay of alkali labile lesions to give direct strand
breaks (kgecay) is the sum of kj; and the rate of decay of all other alkali labile lesions.

The overall rate of DNA damage (ko) is the sum of k, ). and kysp.-

3.3.1 Kinetics of the 3-Clip-Phen (24) Reaction with the 2-Deoxyribonolactone (1).

CQ} qk QL

3-Clip-Phen (24)
=N N= 0
\ \ /

The knowledge of the primary site of reaction of 24 with duplex DNA was
required in order to prepare an oligonucleotide containing 1 at the appropriate location.
Duplex S8 was chosen as the DNA substrate for 24 based on the sequence previously

reported to be a target for 24.5*%* Reaction of 58 with 24 in the presence of CuCl, and

5-3P.d(GTA GTT TAT CAC A13GT TAA ATT GCT AAC,; GCA GTC AG)
3-d(CAT CAAATAGTG T CAATTTAACGATTG CGT CAGTC)

58
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MPA as the reductant showed two regions of cleavage, with the primary site of cleavage
located at A3 (numbering from the 5' end of the labeled oligonucleotide) (Figure 23).
The two sites of cleavage arise as a result of distinct orientations of 24 within the A-T
tract binding region. The Cu(OP), moiety can be pointed toward or away from the 5' end
of the radiolabeled strand as shown in Figure 10. Interestingly, 3'-phosphoglycolate (9)
was not observed at either of the two cleavage sites. This is contradictory to previously
reported results.® The absence of 3'-phosphoglycolate in these experiments may be the
result of the different MgCl, concentrations used in these experiments and those reported
by Meunier and co-workers. This is supported by the fact that the reactivity of Cu(OP),
is sensitive to the structure of the minor groove and salt concentration has an effect on
the structure of duplex DNA.'?

Measurement of the base enhancement at A;3 and C,7 after reaction of 58 with 24
was carried out in a similar manner to that described for the reaction of Cu(OP), with 57.
After 30 min reactions at 37 °C (Tris buffer, pH = 7.0) values of 1.72 + 0.29 and 1.60 +
0.26 were measured for A3 and Cy; respectively. The overall base enhancement (A3
and Cy;) for the reaction of 24 with 58 using the same conditions is 1.66 = 0.06. This
value is within experimental error of the value obtained for the treatment of 57 with
Cu(OP), in Tris buffer. This indicates that 24 and Cu(OP), produce similar ratios of
direct strand breaks to alkali labile lesions in two comparable substrates. Furthermore,
these ratios of alkali labile lesions to direct strand breaks are significantly lower than that

determined by Sugiyama and Oyoshi using a hexanucleotide duplex (37a).*
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5'-32p.d(GTA GTT TAT CAC A;3GT TAA ATT GCT AAC,; GCA GTC AG)
“d(CAT CAAATAGTGT CA ACCCAACGATTG CGT CAG TC)

Sites of reaction of 24 with 58

Figure 23. Autoradiogram of 58 treated with 24. Lane 1, dA selective sequencing
reaction. Lane 2, dG selective sequencing reaction. Lanes 3 and 4 contain 58: lane 3,
no further treatment; lane 4, NaOH (0.1 M), 20 min, 37 °C. Lanes 5 and 6 contain 58
treated with 24 ([24] = 10.0 uM, [CuCl,] = 10.0 uM, [58] = 1.0 uM, [MPA] = 2.0 mM
in 10 mM Tris, pH = 7.0) for 30 min at 37 °C: lane 5, no further treatment; lane 6,
NaOH (0.1 M), 20 min, 37 °C. The height of the arrows is a qualitative indication of the
strength of cleavage.
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Generation of an oligonucleotide containing 1 at A;3.
With the knowledge of the major site of cleavage for the reaction of 24 with 58,

59a was prepared with A,; being substituted for 15. The yields of 2-deoxyribonolactone

5-32P.d(GTA GTT TAT CAC XGT TAA ATT GCT AAC GCA GTC AG)
3'-d(CAT CAA ATA GTG TCA ATT TAA CGA TTG CGT CAG TC)

59a,X=15
59, X=1

(1) generated from aqueous photolysis of 59a showed inefficient photochemical
conversion of 59a to 59b compared to the photochemical conversion of 53a. Photolysis
of 59a for 1.5 h led to the formation of only 19.5% of the 2-deoxyribonolactone,
compared to the photolysis of 53a which produced > 95% of 53b under identical
photolysis conditions. The inefficiency of the photochemical conversion of 15 in 59a
was attributed to quenching of the excited state of the ketone by the adjacent dG residue.
Deoxyguanosine is the most efficient of the four nucleobases at quenching triplet excited
states.'””'?® While longer photolysis times led to the formation of 59b in greater yields,
potential complications were anticipated due to the possibility of increasing amounts of
oxidative damage at Gy.

This hypothesis was supported by experiments carried out to provide evidence for
oxidative damage of the base at Gj4. While oxidation of dG does not always lead to the
formation of alkali labile lesions, oxidatively damaged dG and dA bases can be
converted to alkali labile lesions upon treatment with NasIrCls.'”'*® Because 15 is
between the 5'->2P label and G4 in §59a, alkali induced cleavage of Gi4 treated with

Na,IrCls would be invisible when 1 is also present. To avoid this complication,
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".d(GTA GTT TAT CAC XG1,T TAA ATT GCT AAC GCA GTC AG)-*P-dd(A)
3-d(CAT CAA ATA GTG TC A ATT TAA CGA TTG CGT CAG TC)

60a, X =15
60b, X=1

oligonucleotide 60a was prepared with the radiolabel at the 3'-terminus using o->2P-
dideoxy-ATP. Photochemical conversion of 60a to 60b, followed by treatment with
NayIrClg and alkali showed significant damage to G;4 (numbering from the 5'-terminus)
(~ 25%) (Figure 24).

1 2 3 45 6 78 9

[ J
As as
All pe
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Gu o > @ <G.
A e»
Ais e

Figure 24. Autoradiogram of 60b. Lane 1, dA selective sequencing reaction. Lane 2,
dG selective sequencing reaction. Lane 3, 60a. Lanes 4 and 5 contain 60b: lane 4, no
further treatment; lane 5, NaOH (0.1 M), 20 min, 37 °C. Lanes 6 and 7 contain 60a
treated with Na,IrClg (0.1 M), 20 min, rt: lane 6, no further treatment; lane 7, piperidine
(1.0 M), 20 min, 90 °C. Lanes 8 and 9 contain 60b treated with Na,IrClg (0.1 M), 20
min, rt: lane 8, no further treatment; lane 9, piperidine (1.0 M), 20 min, 90 °C.

Fortunately, photolysis of single stranded DNA containing 15 (61a) showed a

marked increase in the efficiency of formation of 61b, with photolysis for 1.5 h at Apax =
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5'-3P_d(GTA GTT TAT CAC XGT TAA ATT GCT AAC GCA GTC AG)

61a, X =15
61b,X =1

350 nm being sufficient to yield 80-90% of 61b. The reason for the increased efficiency
of the formation of 61b from photolysis in single stranded DNA as compared to
photolysis of 59a is most likely due to the increased flexibility of the DNA chain. This
allows the DNA to adopt a conformation which disfavors quenching of the excited state
of the ¢-butyl ketone (15) by G14. Hybridization of 61b to its complement to generate
59b was carried out by heating at 55 °C for 5 min, followed by slow cooling to rt and
subsequent removal of the MOPS buffer (pH = 7.0) through the use of ion exchange
resin. Analysis of the material by non-denaturing PAGE showed that 61b was
completely hybridized. Analysis of the hybridized material by denaturing PAGE showed
that less than 5% of the 2-deoxyribonolactone (1) present was cleaved.

The reaction of 59b with 24 in the presence of CuCl; and MPA was followed by
the removal of aliquots of the reaction at constant time intervals. The aliquots were
analyzed by denaturing PAGE and the amount of cleaved oligonucleotide was quantified
using ImageQuant 5.1 software. The quantity of 2-deoxyribonolactone (1) present at a
given time was determined by subtraction of the amount of cleavage from the amount of
1 present at the beginning of the experiment. The initial amount of 1 was determined by
treatment of 59b with 0.1 M NaOH at 37 °C for 20 min, followed by quantitation of the
amount of cleavage. Plots of the natural log of the fraction of intact 59b as a function of
time for over four half lives provided a first-order rate for the decay of 1 (k) in the

presence of 24, CuCl,, and MPA of (5.63 % 0.69) x 10 s at 37 °C (t;; = 20.5 min)
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(Figure 25). Interestingly, no cleavage of 1 in 59b as function of time was observed in

the absence of MPA.

0.0
] k, = (5.630.69)x 10" s”
04

-0.8

124

In (fraction intact 59b)

-1.6 %
-2.0

v r T v r v T v
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Figure 25. Plot of the In (fraction intact 59b) versus time at 37 °C in the presence of 24,
CuCly, and MPA ([59b] = 1.0 uM, {24] = 10.0 uM, [CuCl,] = 10.0 uM, [MPA] = 2.0
mM in 10.0 mM Tris, pH = 7.0).

To rule out the possibility that cleavage of 59b was due to reaction of 24 with
duplex 59b without bound copper, control experiments were carried out between 59b
and 24 in the absence of copper. No cleavage of 59b was observed under these
conditions for 2.5 h. Plots of the natural log of the fraction of intact 59b in the absence
of 24 as a function of time also showed good linearity and behaved in a first-order
manner for 2.5 h, yielding a rate of decay (kx) of (5.40 + 0.84) x 108 s (t;, = 35.7 h) at
37 °C (Figure 26). The fact that the first-order rate of decay of 59b in the absence of 24
is over two orders of magnitude slower than that observed in the presence of 24 under the
same conditions and that no decay of 59b is observed in the presence of 24 without

copper indicates that 24 in the presence of copper significantly enhances the rate of
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decay of 59b. The error associated with the decay of 59b in the absence of 24 is a result
of the fact that small changes in the concentration of intact S9b are being measured. This
coupled with the error associated with the quantification method (+ 5%) is responsible

for the observed error.

0.2+

k,, =-(54010.84)x 10° "

0.1

In (fraction intact 59b)
o
o
1

0.2 r v I — v T v T . 7
0 2000 4000 6000 8000 10000
Time (s)

Figure 26. Plot of the In (fraction intact 59b) versus time at 37 °C in the presence of

CuCl; and MPA ([59b] = 1.0 uM, [CuCl,] = 10.0 uM, [MPA] = 2.0 mM in 10.0 mM

Tris, pH = 7.0).

As mentioned above, Tris buffer contains a primary amine. It is reasonable to
expect that the buffer could be involved in the degradation of 1. When 24 is bound to
59b, the 2-deoxyribonolactone may be shielded from the Tris buffer, preventing the
decomposition of 59b. This may explain why 59b shows a faster rate of decomposition
in the absence of 24 than in the presence of 24 without copper.

In order to determine whether or not the rate of copper induced cleavage of 59b is
faster than the rate of copper induced DNA damage (kox, Figure 22), 58 was reacted

with 24 in the presence of CuCl; and MPA. The rates of formation of alkali labile

lesions and direct strand breaks (kox) at A;3 and Cy; were determined from the fraction
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of intact DNA after treatment with alkali (0.1 M NaOH at 37 °C for 20 min) as a function
of time. Because 24 cleaves duplex DNA at more than one site, the fraction of cleavage
at position "X" (Basex:) is determined by the ratio of cleavage at "X" to the total of intact
and cleaved DNA (DNA,.) (Eq 16, Figure 22). At time = 0, the value for Basexy is 0,

and DNAy is defined as 1. Since DNAy does not change during the course of the

Cleavage,

Basexy = ———— (16)
e DNAm
In Basexo"‘DNAro: _BaseXl =kt (17)
DNA,,
If Basexp = 0, and DNA7p,,=1
In[l - Base,, |= -kt (18)

experiment, substitution of these values into the integrated first order rate law (Eq 17)
yields equation 18."*! Plots of the natural log of one minus the fraction of cleavage at
A3 or Cz7 (In 1 - Basex) as a function of time showed good linearity and provided first-
order rates for the formation of direct strand breaks and alkali labile lesions (kox) of
(2.44 +£0.49) x 10° s (t;2 = 7.9 h) for A;3 and (1.35 £ 0.61) x 10 5! (t1, = 142.6 h) for
Cy7 at 37 °C (Figure 27). The sum of these rate constants gives an overall value of kox
for the reaction of 24 with 58 of (2.58 £ 0.49) x 107 5! (tir=7.4h)

Quantitation of the mol fraction of alkali labile lesions present at a given time can
be determined from the difference in the mol fraction of cleavage before and after
treatment with alkali at a given time (0.1 M NaOH at 37 °C for 20 min). Fitting of the

mol fraction of alkali labile lesions ([L]) as a function of time to eq 19 which describes

.,
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Figure 27, Plot of the In (1 - Basey,) versus time at 37 °C at A3 and C,; in the
presence of 24, CuCl, and MPA ([58] = 1.0 uM, [24] = 10.0 uM, [CuCl,] =
10.0 uM, [MPA] = 2.0 mM in 10.0 mM Tris, pH = 7.0).

the kinetics for two sequential first-order reactions yields k,;; and kdmy.” ' For the
reaction of 24 with 58 using MPA as the reductant, this process gives rates of formation
(Ka1.) and decay (Kgecay) Of alkali labile lesions at Aj; of (1. 5+ 0.5) x 10° s (t;, = 12.8
h) and -(4.7 £ 0.9) x 10* s (ti2 = 24.5 min) respectively (Figure 28). Identical rates
(within experimental error) of (1.0 + 0.4) x 107 s and -(9.8 + 4.6) x 10™* s™' are obtained
for the formation (ka11) and decay (Kaecay) Of alkali labile lesion using ascorbate as the
reductant (Figure 28 inset). The large error associated with the quantity of alkali labile
lesions is a result of generation of small numbers (mol fraction of alkali labile lesions)
from the difference of two large numbers (quantity of intact DNA before and after alkali

treatment).

[L] = k—!&ﬂk_ (e_ ka.l.l.t - e—kdemyt) (19)
all.

decay ~
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Figure 28. Plot of the mol fraction of alkalki Iabile lesions in 58 at A,; versus time at
37 °C in the presence of 24, CuCl, and MPA ([58] = 1.0 uM, [24] = 10.0 uM, [CuCl;] =
10.0 pM, [MPA] =2.0 mM in 10.0 mM Tris, pH = 7.0); k,' = rate of formation of alkali
labile lesions and k,' = rate of alkali labile lesion decay. The inset shows a similar plot
using ascorbate (2.0 mM) as the reductant.

The rate of decay of 59b (k21) and alkali labile lesions (kgecay) at the same site in
the oligonucleotide in the presence of 24, CuCl,, and MPA are within experimental error
of each other (k21/kgecay = 0.83 £+ 0.22). The fact that identical rates are observed for the
cleavage of 1 in 59b and the decay of alkali labile lesions generated at the same site from
reaction of 24 with 58 provides strong evidence for the conclusion that the rate of decay
of alkali labile lesions is due to copper induced cleavage of 1 (Kgecay = k21). As a result,
the rate of formation of alkali labile lesions (k,;;) at A3 is effectively the overall rate of
formation of 1 (ki1) (kir = ka11) at A3 upon reaction of 58 with 24 in the presence of
CuCl; and MPA.

On the basis of the fact that the measured rate of copper induced cleavage of 1

(k21) is 31 times faster than the rate of its formation, the independently measured rate of
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formation of direct strand breaks and alkali labile lesions (kox) at A3 also serves as a
measurement of the rate of formation of 1 (k1) at A;3 since k21 = Kaecay- These results
clearly lead to the conclusion that the majority of the direct strand breaks produced from
the interaction of 24 with duplex DNA in the presence of copper and MPA are a result of
Cl'-oxidation to generate the 2-deoxyribonolactone (1) and its subsequent cleavage
induced by a Cu(OP); moiety.

As mentioned previously, product analysis of the reaction of 24 with duplex DNA
revealed products consistent with ~ 15% reaction at the C5'-position and ~ 15% reaction
at the C4-position, generating direct strand breaks.®® The possibility of hydrogen atom
abstraction from the C5'-position cannot be ruled out on the basis of the result presented
here as the error in the measured rate of formation of alkali labile lesions and direct
strand breaks is greater than 15%. As mentioned above, the absence of 9 in the reaction

of 24 with 58 is possibly a result of the absence of MgCl, in the reaction solutions.'?

3.3.2 Kinetics of the 2-Clip-Phen (25) and 2-Phen (26) Reactions with Duplex 58.

To provide further examples for a faster rate of elimination of alkali labile lesions
(kdecay) than the rate of their formation (k,;;) in these systems, 58 was treated with 2-
Clip-Phen (25) and 2-Phen (26). The kinetics for the formation of damaged DNA (kox),
and the formation (ka.ii) and decay (kgecay) Of alkali labile lesions were measured.
Several differences between the reactivity of 24-26, including the efficiency of cleavage
and the primary sites of DNA damage have been reported.®2% The differences in the

sites of DNA cleavage between 24-26 are most likely due to different local structure
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preferences for the different 1,10-phenanthroline conjugates since all the conjugates can
be expected to bind within the seven base pair AT stretch in 58.

Treatment of 58 with 25 in the presence of CuCl, and ascorbate showed only one
major and one minor region of cleavage after denaturing PAGE analysis (Figure 29).
The major site of cleavage occurs at A;; and the minor cleavage band is present at T .
The faster moving of the two products at Tj¢ is believed to be 3'-phosphoglycolate (9)
and the slower migrating product the corresponding 3'-phosphate. Measurement of the
base enhancement at Ty, A7, and Cy; after reaction of 58 with 25 for 30 min at 37 °C in
Tris buffer (pH = 7.0) gave values of 1.78 + 0.06, 2.38 + 0.19, and 2.21 £ 0.31
respectively. The overall base enhancement for the reaction of 25 with 58 under the
same conditions is 2.12 = 0.25. This is slightly higher than that measured for the

reaction of 24 with 58 (1.66 + 0.06).
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5'-32p_d(GTA GTT TAT CAC AGT TygA17A ATT GC,3T AAC GCA GTC AG)
3-d(CATCAAATAGTGTCA A C CCAACG ATTG CGT CAG TC)

Sites of reaction of 25 with 58

Figure 29. Autoradiogram of 25 treated 58. Lane 1, dA selective sequencing reaction.
Lane 2, dG selective sequencing reaction. Lanes 3 and 4 contain 58: lane 3, no further
treatment; lane 4, NaOH (0.1 M), 20 min, 37 °C. Lanes 5 and 6 contain 58 treated with
25 ([25] = 20.0 pM, [CuCl,] = 20.0 uM [58] = 1.0 uM, [ascorbate] =200 uM in 10 mM
Tris, pH = 7.0), 30 min, 37 °C: lane 5, no further treatment; lane 6, NaOH (0.1 M), 20
min, 37 °C. The height of the arrows is a qualitative indication of the strength of
cleavage.

The rate of reaction of 25 in the presence of copper and ascorbate to form
damaged DNA (kox) was measured at each cleavage site. Plots of the natural log one

minus the fraction of cleavage at T, A7, or Ca; (In 1- Basex;) as a function of time

179

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



provided first-order rates for the formation of direct strand breaks and alkali labile
lesions (kox) of (8.29 £2.21) x 107 s (t;2 =232 h), (2.99 + 0.37) x 10 s™! (1, = 64.4
h), and (1.48 £ 0.16) x 10° s (t;» = 130 h) for Tys, A;7, and Cy3 respectively (Figure 30).
The sum of these rate constants gives a value of kj' for the overall reaction of 25 with 58

of (5.30 £ 0.46) x 10° 5! (1), =36.3 h).

0.0t~
A K, =-829:221)x107s"(T,)
T ® = M
0.00.] ko= {14820.16)x 10°5” (C,)
] ® Kk, =-(299£037)x10°s" (A )
g -0.01
o E
@
@ 4
T -0.02 4
£ 4
-0.03
-0.04 .2 T Y T T T v T v L]
0 2000 4000 6000 8000 10000

Time (s)

Figure 30. Plot of the In (1 - Basey,) versus time at 37 °C at T\, Cy3, and A,; in the

presence of 25, CuCl; and ascorbate ([S8] = 1.0 uM, [25] = 20.0 uM, [CuClL;] = 20.0

pM, [ascorbate] = 200 uM in 10.0 mM Tris, pH = 7.0).

The rates of formation (ka11) and decay (kgecay) Of alkali labile lesions were
determined in a similar manner to that described for the reaction of 24 with 58. Fitting
the quantity of alkali labile lesions as a function of time at A7 to eq 19 gave a value of
(2.74 £ 0.64) x 10 s (t;;» = 70.2 h) for the rate of formation of alkali labile lesions
(o11) and a value of (2.20 + 0.20) x 10 s (t12 = 52.5 min) for their decay (Kgecay) at 37
°C (Figure 31). The rates of reaction of 25 with 58 (ka1 and kgecay) are slower than those

measured for the reaction of 24 with 58. This is consistent with the observations of
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Meunier and co-workers in which 24 was shown to react with duplex DNA more

efficiently than either 25 or 26.%
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Figure 31. Plot of the mol fraction of alkali labile lesions at A,; as a function of time in
58 at 37 °C in the presence of 25, CuCl, and ascorbate ({58] = 1.0 uM, [25] = 20.0 uM,
[CuCl;] = 20.0 uM, [ascorbate] = 200 uM in 10.0 mM Tris, pH = 7.0); k' is the rate of
formation of alkali labile lesions and k' is the rate of alkali labile lesion decay.

The rate of formation of 3'-phosphoglycolate (9) at T)¢ was also measured from
plots of the natural log of the fraction of 9 at Tys. The kinetic plots gave a rate for the
formation of 9 (ko) of (1.75 £ 0.45) x 107 s (t;» = 1100 h) (Figure 32). The rate of
formation of 9 at T is more than four fold slower than the rate of formation of the
corresponding phosphate ((8.29 = 2.21) x 107 s'). This is consistent with the
observation that Cu(OP), produces < 30% of 9 upon reaction with duplex DNA.*
Quantitation of the base enhancement for the formation of 9 gave a value of 0.65 £ 0.02,

indicating that the amount of 9 present decreases upon treatment with 0.1 M NaOH for
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30 min at 37 °C. This is consistent with the results reported by Meunier and co-workers

for the quantity of 9 present after reaction of 24 with duplex DNA.®
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Figure 32. Plot of the In (1 — 3'-phosphoglycolate) versus time at 37 °C at T)¢ in the
presence of 25, CuCl, and ascorbate ([S8] = 1.0 uM, [25] = 20.0 uM, [CuCl;] = 20.0 uM,
[ascorbate] = 200 uM in 10.0 mM Tris, pH = 7.0).

Reaction of 58 with 26 in the presence of CuCl, and ascorbate showed the major
cleavage site to be at T4 although significant cleavage also occurs at Ays (Figure 33).
As mentioned above, the variation in the region of cleavage is likely due to different
binding orientations of the distamycin conjugates within the A-T tract in 58 (Figure 10).
Measurement of the overall base enhancement after treatment of 58 with 26 in Tris
buffer (pH = 7.0) at 37 °C for 30 min gave a value of 1.98 + 0.21. The base enhancement

at T24 and Ays were 2.19 £ 0.19 and 1.77 £ 0.05 respectively.
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5'-32P-d(GTA GTT TAT CAC AGT TAA ATT GCT,4 AzsAC GCA GTC AG)
3-d(CAT CAAATAGTG TCA ACCCAACGA T TG CGT CAG TC)
Sites of reaction of 26 with 58

Figure 33. Autoradiogram of 26 treated S8. Lane 1, dA selective sequencing reaction.
Lane 2, dG selective sequencing reaction. Lanes 3 and 4 contain 58: lane 3, no further
treatment; lane 4, NaOH (0.1 M), 20 min, 37 °C. Lanes 5 and 6 contain 58 treated with
26 ([26] = 20.0 pM, [CuCl;] = 20.0 pM [58] = 1.0 uM, [ascorbate] = 200 uM in 10 mM
Tris, pH = 7.0), 30 min, 37 °C: lane 5, no further treatment; lane 6, NaOH (0.1 M), 20
min, 37 °C.

The rate of reaction of 26 in the presence of copper and ascorbate to form direct
strand breaks and alkali labile lesions (kox) was measured for each site of cleavage.
Plots of the natural log one minus the fraction of cleavage at Ta4, or A;s (In 1 - Basex,) as

a function of time provided first-order rates for the formation of oxidatively damaged
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DNA (kox) of (8.33 + 0.73) x 10® s (t1, = 23.1 h) and (3.78 = 0.24) x 10° s (t1, =
50.9 h) for T24 and Ays respectively (Figure 34). The sum of these rate constants gives a
value of kox for the overall reaction of 26 with 58 of (1.21 £ 0.08) x 107 s™! (t;, = 15.9
h). The reason for the more efficient rate of DNA damage (kox) for 26 than 25 is

unclear, but may have to do with the position of the bridge substitution in 25 (see below).
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B k,=-(3784024)x10°s" (A,)
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Figure 34. Plot of the In (1 - Basey,) versus time at 37 °C at T,4 and A,s in the presence
of 26, CuCl, and ascorbate ([58] = 1.0 uM, [26] = 20.0 pM, [CuCl,] = 20.0 uM,
[ascorbate] = 200 uM in 10.0 mM Tris, pH = 7.0).

The rates of formation (k.1) and decay (kgecay) Of alkali labile lesions were
determined in a similar manner to that described for the reaction of 24 with 58. Fitting
the quantity of alkali labile lesions as a function of time at T4 to eq 19 gave a value of
(743 £ 0.44) x 10° s (1), = 25.9 h) for the rate of formation of alkali labile lesions
(ka11) and a value of (1.70 + 0.20) x 10 s™! (t;, = 1.1 h) for the rate of decay of alkali
labile lesions (kaecay) at 37 °C (Figure 35). The rate of decay of alkali labile lesions

(Kdecay) at To4 is slower than the values for kqecay measured for the reaction of 24 and 25

184

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



with duplex DNA at A;; and A;; respectively. However, 26 shows a faster rate of
formation of alkali labile lesions (kaj)) than 25. This is consistent with the larger base

enhancement observed for 26 at T,4 than for 24 or 25 at A;;.
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Figure 35. Plot of the mol fraction of alkali labile lesions in 58 at T,4 versus time at 37
°C in the presence of 26, CuCl, and ascorbate ([58] = 1.0 uM, [26] = 20.0 uM, [CuCl;] =
20.0 pM, [ascorbate] = 200 uM in 10.0 mM Tris, pH = 7.0); k; is the rate of formation
of alkali labile lesions and k; is the rate of alkali labile lesion decay.

Comparison of the rate constants for the formation (kg;1) and decay of alkali
labile lesions (kgecay) for the reaction of 25 and 26 with 58 shows a faster rate for the
decay of alkali labile lesions for both compounds. The measured rates for the overall
formation of alkali labile lesions and direct strand breaks (kox) are within experimental
error of the rates of formation of alkali labile lesions, indicating that the biexponential
fits of the quantity of alkali labile lesions as a function of time are accurate for 25 and 26.
While the rates of decomposition of the 2-deoxyribonolactone (1) were not measured

directly with these compounds, they are expected to react in a similar maner to 24. Thus,
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the rate of decay of alkali labile lesions for 25 and 26 are believed to be the result of a

copper induced elimination of the 3'-phosphate in 1 (Kgecay = ka1).

3.3.3 Kinetics of the E49C-OP Induced B-Elimination of the 2-Deoxyribonolactone.
Kinetic studies were also carried out for the reaction between the modified Trp

repressor protein (E49C-OP) prepared by Sigman and co-workers and duplex DNA with

and without 1 at the primary cleavage site.”® Conjugation of E49C with 23 was carried

out using 23 (Eq 20) which was prepared according to literature methods.”> Prior to

——  E49C-OP (20)

conjugation, E49C was reduced with excess dithiothreitol (DTT), which was then
removed by dialysis. Purification of the conjugated material was carried out using an
Amicon Microcon filter to remove the excess 23 in order to avoid complications as a
result of non-specific cleavage of duplex DNA.

In order to facilitate the incorporation of 1 at the position of major cleavage
induced by E49C-OP, the oligonucleotide to which E49C-OP would bind and cut was
kept as small as possible. A 50-base pair section of the aro H operator (57) to which
E49C-OP has been shown to bind and cleave, was used.”®"? To confirm that E49C-OP

binds 57, footprinting studies were carried out using methidiumpropyl-EDTA-Fe(II)
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5-*P-d(AGT CGC CGA ATG TAC TAG AG2A AxCT AGT GCATTAGCT TATTTT TTT GTT AT)
3-d{TCA GCG GCT TACATGATC TC TT GATCACGT AAT CGA ATA AAA AAACAATA)
| Protein Binding Region-———--=—|

(57)

(Fe-MPE). This generated a footprint of the E49C-OP-DNA complex identical to that

previously reported (Figure 36)'57,75,86,133,134
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Figure 36. Autoradiogram of Fe-MPE treated E49C-OP-57 complex. Lane 1, dA
selective sequencing reaction. Lane 2, dG selective sequencing reaction. Lane 3, 57.
Lanes 4 and 5 contain Fe-MPE treated DNA ([Fe-MPE] = 1.0 mM, [DTT] = 4.0 mM,
[57] = 70 nM in 20 mM KH,PO,, pH =7.0): lane 4, 57; lane 5, E49C-OP-57 complex
({E49C-OP] = 1.3 mM, [Trp] = 10 mM).
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With the knowledge that E49C-OP binds 57, the major site of DNA cleavage was
determined in order to define the site for the incorporation of 2-deoxyribonolactone
precursor 15. Cleavage was initiated by the addition of MPA to the E49C-OP-57
complex in the presence of CuSOs. Incubation of the reaction solution at 37 °C for 30
min was sufficient to enable observation of cleavage products at Az, Az, G, and Ay

with the major site of cleavage occurring at A, (Figure 37). Quantitation of the overall
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Figure 37. Autoradiogram of 57 treated with E49C-OP. Lane 1, dA selective
sequencing reaction. Lane 2, dG selective sequencing reaction. Lanes 3 and 4
contain §7: lane 3, no further treatment; lane 4, NaOH (0.1 M), 20 min, 37 °C.
Lanes § and 6 contain 57 treated with E49C-OP ([57] = 70.0 nM, [E49C-OP] = 2.5
M, [CuSO,] = 5.8 uM, [trp] = 10.0 mM, [MPA] = 5.8 mM in 20.0 mM KH,PO,,
pH = 7.0): lane 5, no further treatment; lane 6, NaOH (0.1 M), 20 min, 37 °C.
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base enhancement after reaction for 30 min at 37 °C in 20 mM potassium phosphate at
pH = 7.0 gave a value of 3.61 + 0.41. Measurement of the base enhancement for the
individual sites of cleavage gave values of 3.34 + 0.41,4.17 + 0.15, 1.38 + 0.02, and 5.57
+ 0.01 at Az, Azi, G20, and Ajo respectively. These enhancements are significanly
greater than those observed for Cu(OP); and distamycin conjugates 24-26.

Evidence for the formation of 1 from the reaction of E49C-OP with 57 in the
presence of CuSOg, trp, and MPA was obtained using the method developed by

® Incubation with varying concentrations and ratios of

Greenberg and co-workers.
piperidine, N,N'-dimethylethylenediamine (DMEDA), and 2-mercaptoethanol (BME)
yields a series of adducts which that are seperable by denaturing PAGE. The most
diagnostic of these adducts are 62 and 63 which form from reaction of BME with

butenolide 14 (Eq 21). The butenolide (14) is generated from the reaction of the

; It
$0-P-07 o
o 0o
DMEDA  -§0-P-0— O
Fofro A~ o
° s O
Ho/\/

DMEDA present in the reaction solution with 1. Comparison of the adducts observed at

A3 upon treatment of E49C-OP damaged duplex 57 with those previously reported
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confirmed the formation of 1 in E49C-OP treated DNA (Figure 38).2 The weak
intensities of several of the adducts is a result of the formation of low yields of 1 at a
given time. The absence of 3'-phosphoglycolate (9) at the sites of cleavage indicates that

little if any direct strand scission is due to reaction at the C4'-position.
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Figure 38. Autoradiogram of 57 treated with E49C-OP. Lane 1, dA selective sequencing
reaction. Lane 2, dG selective sequencing reaction. Lanes 3 and 4 contain 59: lane 3, no
further treatment; lane 4, piperidine (0.1 M), 90 °C, 20 min. Lanes 5 - 12 contain 57 treated
with E49C-OP ([57] = 70.0 nM, [E49C-OP] = 2.5 uM, [CuSO,} = 5.8 uM, [trp] = 10.0 mM,
[MPA] = 5.8 mM in 20.0 mM KH,PO,, pH = 7.0): lane 5, no further treatment; lane 6,
piperidine (100 mM), 20 min, 90 °C; lane 7, piperidine (0.1 M), 20 min, 37 °C; lane 8,
piperidine (0.1 M), BME (50.0 mM), 20 min, 37 °C; lane 9 DMEDA (5.0 mM), 20 min, 37
°C; lane 10, DMEDA (5.0 mM), BME (5.0 mM), 20 min, 37 °C; lane 11, DMEDA (0.1 M),
20 min, 37 °C; lane 12, DMEDA (0.1 M), BME (50.0 mM), 20 min, 37 °C.
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Measurement of the rate of formation of alkali labile lesions and direct strand
breaks (kox) was carried out in the same manner described for 24-26. Reaction of 57
with E49C-OP, CuSQy, trp, and MPA were carried out at 37 °C and the amount of total
strand scission following alkali treatment at Aj;, Az, G20, and Aj9 was measured as a
function of time. Plots of the natural log one minus the fraction of cleavage at Az, Az,
G2o, or Ajg (In 1- Basey,) as a function of time showed good linearity and provided first-
order rates for the formation of direct strand breaks and alkali labile lesions (kox) of
(2.20£0.51) x 10° s (ty2=8.75h), (4.10 £ 0.24) x 10 s (t;,2 = 47.0 h), (9.16 + 4.05)
x 10% s (t}, =21.0 h), and (8.38 + 0.72) x 10° s (t12 = 23.0 h) for Az, Aa1, Gao, and
Ajgrespectively (Figure 39). The sum of these rate constants gives a value of kox for the

overall reaction of E49C-OP with 57 of (4.36 + 0.65) x 107 s (t;, = 4.4 h).
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Figure 39. Plot of the In (1 - Basey,) versus time at 37 °C at Ay, A3, Gag, and Ay in

the presence of E49C-OP, CuSO,, trp, and MPA ([57] = 70.0 nM, [E49C-OP] = 2.5 uM,
[CuSO,] = 5.0 uM, [MPA] = 5.8 mM in 20.0 mM KH,PO,, pH = 7.0).
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With the knowledge of the major site of cleavage, duplex 64a was prepared
where A, was substituted by the C1' z-butyl ketone 15. Photolytic conversion of 64a to

generate 64b was carried out using duplex DNA in order to avoid potential thermal

5-2P-d(AGT CGC CGA ATG TAC TAG AGA XCT AGT GCATTAGCT TATTTT TTT GTT AT)
3-d(TCA GCG GCT TACATG ATC TCT TGA TCA CGT AAT CGA ATA AAA AAA CAATA)

64a, X =15
64b,X =1

decomposition of 1 as a result of hybridizing the long oligonucleotide at the required
elevated temperatures. Photolysis of 64a was carried out in 10 mM aqueous sodium
phosphate buffer (pH = 7.0) for 1.5 h at Apax = 350 nm, followed by removal of the
buffer through the use of G-25 sephedex. These conditions were sufficient to convert
approximately 50% of the 15 present to the 2-deoxyribonolactone (1).

With 1 present at the primary site of reaction of E49C-OP, its decay was followed
in potassium phosphate buffer (pH = 7.0) by quantifying the amount of intact 64b as a
function of time. The decay of 64b in the presence of E49C-OP, CuSQ,, and MPA
obeyed first-order kinetics for 2.5 h. Plots of the natural log of the fraction of intact 64b
as a function of time yielded a rate for the first-order decay of 1 of (8.60 + 0.06) x 107 s™
(ti2 = 2.2 h) at 37 °C (Figure 40). This rate is the summation of all of the processes
leading to decomposition of 2-deoxyribonolactione (1) including contributions from the
buffer and any basic amino acid residues present in the protein capable of inducing the B-

elimination of the 3'-phosphate in 1.
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Figure 40. Plot of the In (fraction intact 64b) versus time at 37 °C in the presence of
E49C-OP, CuSOQ,, trp, and MPA ([64b] = 50.0 nM, [E49C-OP] = 2.5 uM, [CuSOQ,] =
5.0 uM, [MPA] = 5.8 mM in 20.0 mM KH,PO,, pH = 7.0), 37 °C.

In order to determine the rate of decay of 1 in 64b due to the presence of the basic
argine (8 residues) and lysine (4 residues) amino acids present in the protein, kinetics
were measured using the unmodified protein, E49C. The unconjugated E49C protein
was used in order to include the contribution from free CuSO4 and MPA. The decay of
64b obeyed first-order kinetics for 2.5 h and a rate of (3.05 £ 0.37) x 10° s™! (t), = 6.3 h)
at 37 °C was determined from plots of the natural log of the fraction of intact 64b as a
function of time (Figure 41).

Kinetics for the decay of 64b in the absence of E49C-OP were also measured in
order to determine the contribution of buffer. The rate of decay of 64b in the presence of
KH;PO; buffer at pH = 7.0, CuSOs, trp, and MPA obeyed first-order kinetics for 2.5 h.
Plots of the natural log of the fraction of intact 64b as a function of time gave a rate of
(5.18 = 0.26) x 10° s (t;, = 3.7 h) at 37 °C (Figure 42). This rate is an order of

magnitude faster than the background reaction carried out in Tris buffer and may result
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Figure 41. Plot of the In (fraction intact 64b) as a function of time at 37 °C in

the presence of E49C, CuSO,, trp, and MPA ([64b] = 50.0 nM, [E49C] = 2.5

‘;,1(1:\4, [CuSO4] = 5.0 uM, [MPA] = 5.8 mM in 20.0 mM KH,PO,, pH = 7.0), 37
from the higher concentration of the phosphate buffer (20 mM) than the Tris (10 mM).
The explanation for the faster rate of decay in the absence of E49C is most likely a result
of protein binding. Assuming the phosphate buffer is responsible for the observed decay,
bound protein may be capable of shielding the 2-deoxyribonolactone lesion from the
buffer, effectively reducing the amount of exposure of 1 to the buffer and as a result,
reducing the rate of decomposition of 1 present in 64b.

By subtracting the rate of decomposition of 64b in the presence of E49C from the
measured rate in the presence of E49C-OP, an estimate for the rate of cleavage of 1 in
the presence of E49C-OP, CuSO, trp, and MPA is (5.55 £ 0.37) x 10° s (t;,=3.5h) at
37 °C. This rate represents an upper limit for the induced cleavage of 1 by E49C-OP

since the rate of cleavage in the presence of E49C was used in its calculation. Because

the rate of decomposition of 64b in the absence of the 1,10-phenanthroline moiety is
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slower than the rate in the absence of added protein, the actual rate of cleavage induced
by E49C-OP in the presence of copper, trp, and MPA may be slower. However, the
decomposition rate should be no slower than (3.42 £ 0.27) x 10° s (ti2 = 5.6 h), which
is the rate of decomposition of 1 after subtracting the rate of decomposition of 64b in the

absence of added protein.
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Figure 42. Plot of the In (fraction intact 64b) as a function of time at 37 °C in the
presence of CuSQ,, trp, and MPA ([64b] = 50.0 nM, [E49C] = 2.5 uM, [CuSO,] = 5.0
puM, [MPA] = 5.8 mM in 20.0 mM KH,PO,, pH = 7.0).

Comparison of the rate of formation of alkali labile lesions and direct strand
breaks (kox) to the estimated rate of cleavage of 1 (kz1) at the same site (A,;) induced by
E49C-OP shows that the rate of cleavage of 1 is only 2.5 faster. This is consistent with
the relatively large base enhancement measured at Az; of 3.34 + 0.41 compared to the
other systems described above. Interestingly, the overall rate of DNA oxidation (kox) is

most rapid of the four site specific cleaving agents studied while the rate of copper
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induced cleavage of 1 (ky;) is the slowest. This is consistent with the larger base

enhancment for the reaction of E49C-OP with duplex 57.

34 The Mechanism of Cleavage of the 2-deoxyribonolactone (1) Induced by
Copper 1,10-Phenanthroline and its Conjugates.

The four site specific cleaving agents examined damage DNA through the
formation and subsequent cleavage of alkali labile lesions. For each compound, the rate

of alkali labile lesion formation (kay) is less than that of their decay (Kdecay) (Table 6).

Table 6. Rates for the formation (k,,;) and decay (Kgecay) Of alkali lablile
lesions and decay of 1 (kz1) as a result of the reaction of duplex DNA with
24-26 and E49C-OP.”

Comp.” Meth.° kans or kyg (57)° i a1 Or Keeeny (57)°
1 (1.87£0.55) x 10° (5.63 £ 0.69) x 10
24(An) 2 (1.75+0.43) x 10° (4.70 £ 0.90) x 10™
25 (Arn) 1 (299 £0.37) x 10°° -
1 2 (2.74+ 0.64) x 10°° (2.20 £ 0.20) x 10™
26 (Tzs) 1 (8.33£0.73) x 10°® -
24 2 (7.43+£0.44) x 10 (1.70 £ 0.20) x 10™
E49C- 1 (2.20+0.51) x 10° (5.55+0.37) x 10
OP(Ap) 2 ) ')

“ Kinetic measurement carried out using the appropriate duplex DNA as described in the
text. ° Sites specific cleaving agent and primary site of cleavage for each compound. °
Method 1 = direct kinetic measurement; method 2 = kinetic measurement by fitting the
quantity of alkali labile lesions as a function of time to eq 19. “ Rate of formation of
formation of alkali labile lesions and direct strand breaks (kox) in the case of method 1
and the rate of alkali labile lesions (k.;;) in the case of method 2. ° Rate of decay of 1
(k21) in the case of method 1 and rate of decay of alkali labile lesions (Kgecay) in the case
of method 2. / Not measured.

The rate constant for the cleavage of 1 (k1) by 24 is within experimental error of the
value of kgecay measured at the same DNA position (ka1 = Kgecay). This implies that the

major alkali labile lesion generated from the reaction of 24 with duplex DNA is the 2-
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deoxyribonolactone (1). Since compounds 25, 26, and E49C-OP are expected to react
with duplex DNA in a similar manner, it is concluded that these compounds also
generate 1. This is supported by the fact that 3'-phosphoglycolate (9), resulting from
hydrogen atom abstraction from the C4'-position, is not observed at the primary site of
cleavage for these compounds. Only compound 25 generated small quantities of 9 at a
secondary reaction site (Tjs). Comparison of the rate of formation of 9 ((1.75 + 0.45) x
107 ) to the rate of formation of alkali labile lesions at this site ((8.29 £ 2.21) x 107)
shows 9 forms over four times more slowly. These data lead to the conclusion that
compounds 24-26 and E49C-OP produce direct strand breaks through formation and
cleavage of 1.

The half life of 1 in the presence of 24 with copper and MPA is 20.5 min. This is
comparable to the rate of formation of direct strand breaks induced by Cu(OP),.2® The
half life of 1 in the presence of 25 or 26 is 51 and 68 min respectively, indicating that
substitution at the 2-position of the 1,10-phenanthroline ligand has a significant effect on
the rate of cleavage of 1. In the absence of copper, no change in the quantity of intact 1
was observed, indicating that the 1,10-phenanthroline ligands do not induce cleavage.
Dividing the rate of reaction of 24 with 1 by the bimolecular rate constant for the
reaction of Cu(OP), with the phenyl phosphate analogue of 1 (35) gives an effective
molarity of approximately 0.38.3*'3> This effective molarity is 1.9 x 10* higher than the
actual concentration of 1 used in the kinetic experiments described herein. This leads to
the conclusion that a significant rate enhancement is achieved upon binding Cu(OP); in

the minor groove of duplex DNA.
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Useful kinetic information was also obtained by measuring rates of DNA
oxidation (kox) by copper phenanthroline conjugates. The quantity of alkali labile
lesions present at a given time was determined by subtraction of the amount of direct
strand scission from the amount of strand scission observed after treatment with alkali
(0.1 M NaOH at 37 °C for 20 min). Significant error is associated with this calculation
as a small number is generated from the difference of two large numbers. Consequently,
the rate constants measured through fitting of the quantity of alkali labile lesions as a
function of time to eq 19 show significant error (>15%). While it is possible that the rate
constants determined from this data may be inaccurate as a result of this error, identical
rate constants (k, 1 and kox) are measured through independent methods. This indicates
that mechanistic conclusions can be drawn from the rate constants calculated using eq
19.

Evidence for the formation of 1 from comparison of the rate of decay of 1
induced by E49C-OP (k;) to the rate of decay of alkali labile lesions (kgecay) Wass not
possible for E49C-OP. Since the reaction between E49C-OP and duplex 57 did not go to
completion low concentrations of alkali labile lesions were generated. As a result, kgecay
could not be measured. However, evidence for the formation of 1 from the reaction of
E49C-OP with duplex DNA has been obtained through the use of the "fingerprint"
reaction developed by Hwang (Figure 39).28 Comparison of the rate constants for the
formation of oxidatively damaged DNA (kox) and decay of 1 (ky;) shows that the 2-
deoxyribonolactone (1) decays faster than it is formed (Table 6). Cleavage of 1 by
unconjugated protein (E49C) is less efficient ((3.05 + 0.37) x 107 s, indicating that the

copper complex plays an important role in this process.
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Direct comparison of the rate of decay of 1 (kz;) for the four compounds studied
is not possible as these rates were measured at different positions in different
oligonucleotides. Comparison of the overall rates of formation of damaged DNA (kox)
shows that E49C-OP is the most efficient of the four compounds at damaging duplex
DNA (Table 7). Consistent with the qualitative observations reported by Meunier and
co-workers, 24 is the most efficient of the three distamycin conjugates at damaging

duplex DNA (kox).®

Table 7. Overall and individual rates of DNA damage (kox) for 24-26

and E49C-OP.*
Compound Site” kox (s7)°
Az (1.87 £0.55)x 107
24 Ca (1.35£0.61)x 10°®
Overall (2.00 £ 0.55) x 10
Tie (8.29 £2.21)x 107
25 Ay (2.99+0.37) x 10°®
Cx (1.48 £0.16) x 10°®
Overall (5.30 £ 0.46) x 10
Taa (8.33+0.73) x 10°®
26 Ass (3.78 £0.24) x 10°®
Overall (121 £0.08) x 107
Ay (8.38+0.72) x 10°
Gao (9.16 £4.05) x 10°®
E49C-OP Axn (4.10£0.24) x 10°
An (220+£0.51)x 107
Overall (4.36 + 0.65) x 10°

“ Kinetic measurement carried out using the appropriate duplex DNA as described in the
text. ° Numbered from the 5-end of the appropriate oligonucleotide. ¢ Rate of
formation of alkali labile lesions and direct strand breaks (k').

The mono-phenanthroline conjugate 26 is a more efficient DNA cleaving agent
than the bis-phenanthroline conjugate 25. This is inconsistent with the observation that
Cu(OP), damages duplex DNA more efficently than Cu(OP), but this can be explained

by drawing parallels between the reactivity and structure of 25 to that of Cu(II)(2,9-
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dimethyl-1,10-phenanthroline), (42).¢ The failure of 42 to react with duplex DNA has
been proposed to be a result of the inability of 42 to undergo the redox chemistry
required for generation of the reactive copper species.?*>*¢ Complex 42 binds duplex
DNA and inhibits other minor groove binding molecules.’****® The inability of 42 to
undergo the redox chemistry required for damage of duplex DNA is likely a result of the
increased tetrahedral nature of 42 relative to Cu(OP),. The increased tetrahedral
structure of 42 is due to steric interactions resulting from substitution at the 2- and 9-
positions of the 1,10-phenanthroline ring.*® Formation of the reactive intermediate is
prohibited on the basis of sterics rather than the result of an electronic inhibition. Since
the 1,10-phenanthroline bridge in 25 is connected at the 2-position of the 1,10-
phenthroline moiety, it is possible that the reduced rate of reaction of 25 relative to that
of 24 is a result the inability of the copper complex of 25 to easily adopt the
conformation required for DNA damage. As a result, 25 is less efficient than 24 or the
mono-OP conjugate 26 at the formation of alkali labile lesions and direct strand breaks
(kox)-

Comparison of the base enhancement for the four site specific cleavage agents
studied to Kgecay/ka11. Shows the expected trend (Table 8). A smaller ratio of the rate of
decay of alkali labile lesions to their rate of formation (Kaecay/ka11) results in a greater
enhancement in the quantity of strand scission observed after treatment with alkali. The
reason for the enhancement of 1.78 + 0.06 for 25 is unclear when the ratio of rate
constants for the formation and decay of 1 is on the order of 70, but may be a result of
difficulty in quantitating small amounts of 1. Similar base enhancements are observed

for the reaction of Cu(OP); and the distamycin conjugates with duplex DNA. This leads
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to the conclusion that the ratio of rate constants for the decay of alkali labile lesions

(Kdecay) and their formation (kay)) for the reaction of Cu(OP), with duplex DNA should

be at least 35. Since the primary lesion formed from the reaction of 24 with duplex DNA

is believed to be 1, the similar base enhancement for 23 and Cu(OP);, indicates that this

complex induces direct strand scission primarily through the formation and decay of 1.
Table 8. The enhancement in strand cleavage upon reaction of Cu(OP),,

24-26 and E49C-OP with duplex DNA and the ratio of the rates of
formation and decay of 1 by 24-26 and E49C-OP.”

Compound Base Buffer’ Kaecay/Ka11° E nhalz:zfnentd
A 36.9 + 10.85 1.72+0.29
24 Cy;  10.0 mM Tris - 1.60 + 0.26
____________________ Al 166006
Tig - 2.38+0.19
Ay . 7356+1130  1.78+0.06
25 Cpy 100mMTris - 221 031
____________________ Al 2024025
T 2288+296  2.19+0.19
26 Ays  10.0 mM Tris . 1.77 £ 0.05
____________________ Al 198021
Ao € 5.57 +0.01
Gao £ 1.38 £0.02
E49C-OP  Ag %é)[.;) ;1(1)\4 E 4.1740.15
Ax 24 2.52£0.61 3.34 +0.41
.................... Al ... 3632041
_Cu©P)y Al 500mMTrs -5 149016
Cu(OP), All  '50.0mM € 1.78 £ 0.09
KH,PO,

“ Measurements were carried out using the appropriate duplex DNA as described in the
text. > pH = 7.0. €k, is the rate of decay of 1 and k; is the rate of formation of 1. ¢
Ratio of the quantity of total strand scission after treatment with NaOH (0.1M) for 20
min at 37 °C to the quantity of direct strand scission after 30 min reactions. ° Not
measured.

Several mechanisms can be envisioned to account for the observed cleavage of 1

in the presence of the site specific cleaving agents studied: 1) Cleavage of the 3'-
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Figure 43. Possible mechanisms for the cleavage of 1 in the presence of 24-26 and E49C-OP.

phosphate through a base induced B-elimination with the distamycin conjugates or

E49C-OP functioning as the base (no copper requirement) (Figure 43, pathway a); 2)
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Copper catalyzed phosphate diester hydrolysis of the 3'-phosphate in 1 (Figure 43,
pathway b); 3) Copper induced enolate formation of 1 with copper functioning as a
Lewis acid and/or general base (Figure 43, pathway c).

Cleavage of 1 with 24-26 acting as a base through a pathway not involving
copper to induce elimination of the 3'-phosphate via enolate formation can be ruled out.
No change in the concentration of intact S59b was observed in the presence of 24 without
copper. Since 24-26 only vary by the number and linkage position of the 1,10-
phenanthroline moieties, 25 and 26 are also not expected to be responsible for inducing
elimination in the absence of copper.

Elimination induced by basic protein residues in E49C-OP can be ruled out as the
sole pathway leading to cleavage of 1. The rate of cleavage of 64b in the presence of
unconjugated protein (E49C) has been measured to be (3.05 = 0.37) x 107 s at 37 °C,
while the rate of cleavage of 1 in the presence of E49C-OP with copper and MPA is
(8.60 £ 0.06) x 107 s™". The enhanced rate of cleavage of 1 in the presence of E49C-OP
(2.5 fold) is not due to the presence of the 1,10-phenanthroline moiety since copper is
required for cleavage.

In order to conclusively determine the mechanism by which Cu(OP),, or a
Cu(OP), derived species induces cleavage of 1, the nature of the reactive copper complex
must be known. As stated above, the reactive copper species has not been identified.
However, on the basis of proposals that the active species is either a copper oxo
compound or a copper bound hydroxyl radical, it is reasonable to assume that the copper
complex resulting from hydrogen atom abstraction of the Cl'-position of the sugar

moiety will either be a copper bound hydroxide, or a copper bound aquo complex
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(Figure 44).25°>3%  Since the pK, of the Cu(I[)(OP) aquo complex is 7.0, the Cu(OP)
aquo complex is expected to exist as a copper bound hydroxide in the pH 7.0 solutions

that are used to damage duplex DNA with Cu(OP), and in the kinetic studies described

herein.!!’
0
;. -'F'»-o fob-ory . B
6 ) (o)
+ 9*1 —"*
5 ,, o Cu'(OP),
]
O=I§’ o- g Cu (OP)z O=:—O-§-
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Figure 44. Possible pathways for the formation of (OP),Cu-OH.

The observation that no cleavage of 59b in the presence of 24 with copper was
detected in the absence of MPA indicates that a copper(I) complex is necessary for
cleavage. It is possible that the reductant is required to generate a copper species which
undergoes further reaction with the sugar moiety by hydrogen atom abstraction to
generate the copper complex responsible for the cleavage of 1. However, this is

considered unlikely as 1 does not contain a Cl'-hydrogen atom and abstraction of a
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hydrogen atom from the C4'-position will result in the formation of 3'-phosphoglycolate
(9) which is not observed.

Cleavage of 1 through a copper bound hydroxide catalyzed phosphate diester
hydrolysis can be ruled out on the basis of kinetics. Based on the most efficient rate of
phosphate diester hydrolysis observed for the reaction (H,0),Cu(bpy) (41) with ethyl p-
nitropheny! phosphate (36) of 1.1 x 102 M s, at the 10.0-20.0 uM concentrations used
for the kinetic measurements described herein, an upper limit of for the rate of phosphate
hydrolysis is 2.2 x 107 5.7 This number is considered an upper limit for hydrolysis of
the 3'-phosphate in 1. The estimated rate constant is for the hydrolysis of ethyl p-
nitrophenyl phosphate (36), rather than for hydrolysis of a dialkyl phosphate diester,
which is expected to be a slower process. This rate is over three orders of magnitude
slower than the measured rates of cleavage of 1 in the presence of 24-26 with copper and
reductant, indicating that the copper catalyzed phosphate hydrolysis is not kinetically
competent with respect to the observed rate of cleavage of 1. In addition, there is no
clear reason why the 3'-phosphate in 1 should be more susceptible to hydrolysis than the
phosphate at any other position in the oligonucleotide. If cleavage of 1 were occurring
through phosphate hydrolysis, duplex DNA cleavage would be expected to occur in the
absence of damage to the sugar moiety, indicating that there would not be a buildup of
alkali labile lesions (base enhancement = 1.0). Since this phenomenon is not observed
from the reaction of Cu(OP), with duplex DNA, it is clear that cleavage of 1 does not
occur through phosphate hydrolysis.

A mechanism consistent with the known reactivity of copper complexes

containing similar ligands to 1,10-phenanthroline is that of a copper induced enolate
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formation in 1. The formation of the enolate can be envisioned to occur through Lewis
acid catalyzed enolate formation or deprotonation of an a-proton in 1 by a copper bound
hydroxide (general base). A combination of the two mechanisms with the copper
functioning as a Lewis acid in conjunction with deprotonation of 1 by a copper bound
hydroxide is favored on the basis of the pK, arguments presented below.

Based upon the estimated Lewis acidity of Cu(II)(OP) and the pK, values for a-
protons of esters, copper induced enolate formation in 1 solely through Lewis acid
activation is unlikely. While a-proton pK, values for five-membered lactones have not
been measured, estimation of the pK, of the C2'-protons in 1 from the acidity of a-
protons in esters gives a value of 24.*® Estimation of the Lewis acidity of Cu(I)(OP); or
Cu(II)(OP), from the effect on the pK, of H,O bound to Cu(II)(OP) leads to the
conclusion that Cu(OP), is capable of decreasing the pK, of a bound molecule by
approximately seven pK, units."*> The pK, of Cu(II)(bpy) bound H,O is 7.8, compared
to 7.0 for H,O bound to Cu(II)(OP) indicating the presence of the additional aryl ring in
1,10-phenanthroline increases the Lewis acidity of the copper slightly. However,
addition of the second 1,10-phenanthroline ligand to form Cu(II)(OP), is expected
decrease the Lewis acidity of the copper ion as a result of the corresponding increase in
electron density at the metal center. The exact effect of the interaction of Cu(OP), as
Lewis acid with the carbonyl of 1 on the pK, of the C2'-protons is unknown. Decreasing
the pK, of the C2'-protons in 1 by 7 units (derived from the effect of copper on bound
H,0) gives an estimated minimium pK, of 17. This sugests that cleavage of Cu(OP), 2-

deoxyribonolactone complex will not be catalyzed by H,O at pH = 7.0.
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Further support for this conclusion can be obtained from estimation of the

maximum rate constant for this process (k;). This reaction can be written as shown in

~ Cu" e
X—T W e y @)
0 ( o kelim o

O—é—o- - kprot O=P—O'§’

o o
oligonucleotide
5'-phosphate

eq 22 with the deprotonation of 1 expressed as an equilibrium as between 1 and the
corresponding enolate followed by elimination to form 14. The elimination reaction can
be assumed to be faster than deprotonation on the basis of the unfavorable
thermodynamics associated with the formation of the enolate of 1 (K, = 107"). As a
result, the rate of the elimination reaction is determined by the rate of the deprotonation

reaction. A minimum value for the free energy of activation (AG®) at 37 °C can be
AG”--RT In(K) (23)

estimated using eq 23 (where K is the acidity constant for the C2’-proton, K, = 10"7) by
assuming that the deprotonation reaction is a barrierless process. This gives a minimum
value for AG” of 24.11 kcal/mol . A maximum rate for the deprotonation reaction at 37

°C can then be calculated using eq 24 (k is the Boltzmann constant and h is the Planck
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AG?

PRI, (24)

constant) and yields a value of 6.44 x 10 s™. This rate is an order of magnitude slower
than that measured for the elimination of 1 in the presence of 24, indicating that the
copper induced elimination of 1 is not due solely to Lewis acid activation of 1 by the
copper complex.

An argument based on pK, values can also be used to rule out the Cu(OP),
induced cleavage of 1 solely through deprotonation of the C2'-position by a copper
bound hydroxide. Based on the pK, of HO bound to Cu(II)(OP) and the mechanism
proposed for the reaction of Cu(tpy) (40) with 6 (Figure 19), it is reasonable to assume
that the proposed deprotonation will be effected by a copper bound hydroxide for
reactions carried out at pH = 7.0.'"® Based on the pK, of the C2'-protons in 1 of
approximately 24, the Cu(OP), bound hydroxide deprotonation will be slow at 37 °C.
However, if the copper bound hydroxide is capable of reacting in a manner more closely
related to free hydroxide, the pK, difference between the C2'-protons in 1 and hydroxide
may be closer to 10 pK, units. Calculation of the minimum free energy of activation
(AG") and the corresponding maximum rate constant for k»; as described above using eq
23 and 24 gives values of 14.18 kcal/mol for AG™ and 6.45 x 10% s for ky;. Since the
calculated maximum value for ky; is greater than the actual rate constant for ki, the
copper induced elimination of 1 occurs through a pathway with 24.11 < AG" > 14.18

kcal/mol.
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Through a combination of the Lewis acidity of Cu(OP); and the proposed basicity
of the copper bound hydroxide, the pK, difference between the C2'-protons in 1 and the
copper bound hydroxide could be lowered to as little as three pK, units. This is based on
the assumption that the copper bound hydroxide reacts in a manner more closely
associated with free hydroxide (pK. = 14.0). This proposal is supported by studies which
indicate that 40 functions as both a Lewis acid and general base in the transesterification
of 36 (Figure 19).'"® The basicity of the copper bound hydroxide could be significantly
higher than that estimated from the pK, of copper aquo complexes, as the mechanism
proposed for the transesterification of 46 involves deprotonation of an alkyl alcohol,
which has a pK, in the range of 17-20."*¢ The pK, of the hydroxyl in 46 at the time of
deprotonation will vary as a function of the degree of bond formation between the 2'-
oxygen and the phosphate diester. The pH dependence on the rate of the
transesterification reaction indicates that the basicity of the copper bound hydroxide is
important in determining the rate of reaction. This leads to the conclusion that a
significant degree of deprotonation is present in the transition state. As a result, it seems
likely that the cleavage of 1 in the presence of Cu(OP), is a result of Lewis acid
activation of the carbonyl to reduce the pK, of the C2'-protons in conjunction with
general base catalysis of a copper bound hydroxide to form the corresponding enolate

which undergoes p-elimination of the 3'-phosphate.

3.5 Conclusions.
The destabilization of duplex DNA upon incorporation of 1 shows that hexameric

oligonucleotides do not provide appropriate substrates for the study of the Cu(OP);
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induced damage of duplex DNA with regard to cleavage of the phosphate backbone
through reaction at the C1'-position.* Extrapolation of the base enhancement predicted
from product yields for the reaction of Cu(OP), with hexameric DNA to longer
oligonucleotides overestimates the amount of alkali labile lesions at a given time.
Together, these observations indicate that hexameric DNA is not a substrate which gives
results applicable to the mechanism of reaction of Cu(OP), with longer strands of duplex
DNA.

Direct evidence for the formation of strand breaks as a result of Cu(OP); induced
cleavage of 1 has been obtained through measurement of the kinetics of this process.
Comparison of the rate of cleavage of 1 (kz1) to the overall rate of DNA oxidation (kox)
for the four compounds studied shows that 1 is cleaved faster than it is formed. These
measurements were carried out using site specific incorporation of the 2-
deoxyribonolactone (1) in conjunction with site specific delivery of Cu(OP) and Cu(OP),
moieties. The site specific delivery of Cu(OP) and Cu(OP), has been carried out by
conjugation to DNA binding molecules.

The rate for cleavage of 1 by 24 (kz;) with copper and reductant was determined
to be (5.63 £ 0.69) x 10* s (t;, = 20.5 min). Measurement of the overall rate of DNA
oxidation (ko) at the same site gives a value of (2.00 + 0.55) x 10 s”'. Independent
measurement of the rate of formation (kay1) and decay (kgecay) Of alkali labile lesions in
this system through fitting to eq 19 gave an identical rate for the decay of alkali labile
lesions and the rate of cleavage of 1. The overall rate of DNA oxidation (kox) and

formation of alkali labile lesions (ka;;) are within experimental error. From this it is

210

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



concluded that the majority of the alkali labile lesions formed are 1 and that CI'-
oxidation is the major DNA damage pathway induced by 24.

Similar observations were obtained for the reaction of 25 and 26 with duplex
DNA yielding rates for the decay of alkali labile lesions (kgecay) of (2.20 + 0.20) x 10%s?
and (1.70 £ 0.20) x 10 s respectively. These rate constants are at least an order of
magnitude faster than the overall rate of DNA oxidation (kox) of (5.30 £ 0.46) x 10 5™
and (1.21 £ 0.08) x 107 s for 25 and 26 respectively, indicating that formation of 1 in
the presence of 25 or 26 will leads to direct strand scission. Qualitatively similar relative
rates were observed for the reaction of E49C-OP with duplex DNA with the rate for
cleavage of 1 (kz1) being only two fold faster than the overall rate of DNA oxidation
(kox).

Comparison of the base enhancement for reactions of 23-25, E49C-OP, and
Cu(OP), with duplex DNA indicates that the ratio of rates of formation (k;;) and decay
(k21) of 1 are similar. As a result, it is concluded that the primary mechanism for the
formation of direct strand breaks in duplex DNA induced by Cu(OP); is Cl'-hydrogen -
atom abstraction, which results in the formation of 1. Subsequent cleavage of 1 to form
direct strand breaks occurs by a copper induced elimination of the 3'-phosphate (Figure
45). From analysis of the reactivity of copper compounds similar to Cu(OP) and
Cu(OP),, the copper induced cleavage of 1 is proposed to occur through Lewis acid
activation of the carbony! in 1 coupled with the action of a copper bound hydroxide as a

general base to form the enolate of 1 which undergoes cleavage of the 3'-phosphate.
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Figure 45. Proposed mechanism for the formation of direct strand breaks as a result of C1'-hydrogen
atom abstraction by Cu(OP), in the presence of reductant.
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4 Experimental Methods.

General Methods. Quantification of radiolabeled oligonucleotides was carried
out using a Molecular Dynamics Storm 820 phosphorimager equipped with ImageQuant
version 5.1. Linear and biexponential regresion analysis of concentration vs. time data
was carried out using Origin 6.1. Oligonucleotide synthesis was carried out on an
Applied Biosystems Incorporated 394 DNA/RNA synthesizer using standard protocols
with 5-ethylthio-1H-tetrazole as the activator. Benzoyl-protected deoxyadenosine,
benzoyl-protected deoxycytidine, iso-butyryl-protected deoxyguanosine, and thymidine
B-cyanoethyl phosphoramidites and all other synthesis reagents were obtained from
Glenn Research. Oligonucleotides were deprotected for 16 h in conc. aqueous NH4OH at
55 °C. T4 polynucleotide kinase was obtained from New England Biolabs. 3*’P-dATP
and a-"’P-dideoxyATP were obtained from Amersham. C18 Sep-Pak Plus catridges
were obtained from Waters. Microdialysis cartridges (MWCO = 2000 daltons) were
obtained from Bio-Tech International. Distymacin conjugates 24-26 were obtained from
Professor Bernard Meunier and Dr. Marguerite Pitié. The modified trp repressor protein
E49C was obtained from Professor David Sigman and Dr. Chi-hong Betty Chen.

DNA manipulations, including enzymatic labeling, were carried out using

% Exchange of ammonium for sodium counter ions in

standard procedures.'
oligonucleotides was carried out by precipitation from sodium phosphate. Electrospray
mass spectrometry samples were prepared by precipitation from NHsOAc (pH =5.2, 0.52
M, for 10 min). Oligonucleotides were sequenced using reactions specific for

deoxyguanosine and deoxyadenosine.'*®'* Preparative oligonucleotide seperation for

53b were carried out using HPLC. Preparative oligonucleotide separations for all other
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oligonucleotides < 35 bases in length were carried out on 20% polyacrylamide denaturing
gels (5% cross-link, 45% urea (by weight)). Preparative oligonucleotide separations for
oligonucleotides 50 bases in length were carried out on 15% polyacrylamide denaturing
gels (5% cross-link, 45% urea (by weight)).

Synthesis of oligonucleotides containing 15 were carried out using
phenoxyacetyl-protected  deoxyadenosine, acetate-protected  deoxycytidine, p-
isopropylphenoxyacetyl-protected deoxyguanosine, and thymidine p-cyanoethyl
phosphoramidites and standard ABI coupling times. Deprotection of oligonucleotides
containing 15 concentrated NH4OH at 55 °C for 2 h. Preparation of 23 was carried out

according to literature procedure.”

General Procedure for Hybridization of Oligonucleotides. 5'-*’P or 3'-*’P labeled
oligonucleotides (700.0 nM, 50 pmols), the corresponding complementary
oligonucleotide (1.05 uM, 75 nmols), and NaCl (100 mM) dissolved in H,O (70.0 uL)

were heated at 90 °C for 5 min followed by cooling to rt over a period of 2 h.

Preparation of 53b. Oligonucleotide 53a (20 — 40 pmols) was incubated with
ammonium acetate (pH = 5.6, 1.25 M) at rt for 10 min, followed by desalting using C18
Sep-Pak Plus catridges. The oligonucleotide (10.0 pM) was then taken up in H>O and
photolyzed in Pyrex vessels at Amax = 350 nm for 1.5 hr. The photolyzed material was
transferred to an eppendorf tube, the photolysis vessel was rinsed with H,O (2 x 200 uL),
combined with the photolysate, and evaporated to dryness. The DNA was resuspended in

H,0 (25 pM) and purified by HPLC on a Microsorb MV CI18 column (4.6 x 250 mm)
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(solvent A: 50 mM ammonium formate (pH = 6.2), solvent B: 50% acetonitrile in 50
mM ammonium formation (pH = 6.2). Oligonucleotide 42 and was detected at 254 nm
with a retention time of 37.1 min using the following gradient: 90% solvent A, 10%
solvent B at 7y for 10 min, linearly to 85% solvent A, 15% solvent B at 30 min, linearly to
40% solvent A, 60% solvent B at 45 min at a flow of 1.0 mL/min. The desired peak was
collected in a 25 mL round bottomed flask and the acetonitrile was removed in vacuo (on
a rotoevaporator) to leave the lactone containing oligonucleotide in a solution of H,O
(note: Do not evaporate to dryness). The resulting solution was desalted using C18 Sep-
Pak Plus catridges. The oligonucleotide was then resuspended in 200 pL of H,O and
quantified by UV at 260 nm. The identity of 53b was confirmed by electrospray mass

spectroscopy (calcd: 1673.1, found: 1673.0).

General procedure for Ty Determination. Samples (400 pL) for thermal denaturing
studies contained a 1:1 molar ratio of complementary oligonucleotides and were prepared
at the following concentrations in H,O: total DNA concentration (8.3 uM), Tris buffer
(50 mM, pH = 7.5), NaCl (0, 100 mM, or 1.0 M). The melting studies were carried out in
1 cm path length quartz cells using a Beckman DU 640 spectrophotometer equipped with
a thermoprogrammer and a dry nitrogen source to prevent condensation on the cell
windows at low temperatures. The samples were equilibrated at 45 °C for 10 min and
then cooled at 0.5 °C/min to 2.0 °C. The samples were held at 2.0 °C for 1 h and then
warmed to 45 °C at 0.5 °C/min. The resulting temperature vs. O. D. was then imported
into Origin ver. 6.1 and fit to eq 15. The first derivative of eq 15 was solved for the

maximium to yield the melting temperature.'"
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General Procedure for the Reaction of 57 with Cu(OP),. To a solution containing 57
(58.3 nM, 0.583 pmol), and MgCl, (0 or 10 mM) in Tris or potassium phosphate buffer
(50 mM, pH = 7.0, 7.5, or 8.0) in H;O (10.0 pL) was added a solution containing 50.0
puM phenanthroline/11.5 uM CuSOs (1.0 uL, 50 pmol phenanthroline, 11.5 pmol CuSOy)
and 58 mM 3-mercaptoproprionic acid (1.0 uL, 58 nmols). The resulting solution was
incubated at 37 °C for 15 min and the reaction volume was transferred to a new
eppendorf tube. The reaction vial was rinsed with H,O (12.0 pL) and combined with the
reaction volume. Half the solution was stored at ~78 °C and the other half was treated
with NaOH (13.0 pL, 0.1 M) at 37 °C for 20 min and then adjusted to pH = 7.0 with 1.0

M HCL

Treatment of 60b with Na;IrCls. A solution containing 60b (35.7 pM, 2.68 fmol) and
sodium phosphate (10.0 mM, pH = 7.0) in H,O (75.0 pL) was photolyzed in a pyrex
vessel in a Rayonet Photoreactor with 16 lamps at Aga = 350 nm for 4.5 h. The
photolysis mixture was transferred to an eppendorf tube, followed by two H,O washes
(50.0 pL and 25.0 puL). This solution (45.0 pL) was added to a solution containing
NayIrClg (1.0 mM, 5.0 nmol) in H,O (5.0 uL) and incubated at rt for 1 h. The reaction
volume was then split in half and to each was added H,O (30 pL), 1.3 mM calf thymus
DNA (10.0 puL, 13.0 nmol) and 3.0 M NaOAc at pH = 5.2 (10.0 pL) and the solution was
precipitated from EtOH (300 pL). One volume was stored at —20 °C and the other was
treated with piperidine (1.0 M, 100 pL) at 90 °C for 20 min followed by removal of the

solvent in vacuo. The resulting DNA was then lyophilized with H,O (2x50 uL).
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Preparation of 59b. A solution containing 59a (333 nM, 15.0 fmol), NaCl (100 mM),
MOPS (10.0 mM, pH = 7.0) in H,O (45.0 uM) was photolyzed in a Pyrex vessel in a
Rayonet Photoreactor with 16 lamps at Amax = 350 nm for 1.5 h. The photolysate was
added to a solution containing the appropriate complement (4.5 uM, 22.5 fmol) in H,O
(5.0 uL). The solution was then heated at 55 °C for 10 min followed by slow cooling to

rt over a period of 2 h. The solution was then desalted using G-25 sephadex (H,0).

Measurement of Reaction Kinetics Between 24 and 59b. A solution containing CuCl;
(1.0 mM, 2.0 nmol) and 24 (1.0 mM, 2.0 nmol) in H,O (2.0 uL) was incubated at rt for 1
h, followed by dilution with H,O (23.0 pL). This solution (3.0 pL) was added to a
solution containing §9b (2.0 pM, 12.0 pmol), NaCl (66.7 mM), and Tris buffer (20.0
mM, pH = 7.0) in H,0 (6.0 pL) and incubated at rt for 5 min. This solution (9.0 pL) was
added to a solution containing MPA (8.0 mM, 24.0 nmol) in H,O (3.0 uM) and the
resulting solution was incubated at 37 °C for 120 min with aliquots (1.0 pL) taken at 10,
20, 30, 48, 66, 84, 102, and 120 min and stored at —78 °C. Prior to denaturing PAGE
analysis, samples were resuspended in formamide loading buffer (95% formamide, 20

mM EDTA) and stored at 0 °C.

Measurement of Reaction Kinetics Between 24 and 59b without CuCl,. A solution
containing 24 (1.0 mM, 2.0 nmol) in H,O (2.0 puL) was incubated at rt for 1 h, followed
by dilution with HO (23.0 pL). This solution (3.0 puL) was added to a solution

containing 59b (2.0 uM, 12.0 pmol), NaCl (100 mM), and Tris buffer (20.0 mM, pH =
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7.0) in H,0O (6.0 pL) and incubated at rt for S min. This solution (9.0 pL) was added to a
solution containing MPA (8.0 mM, 24.0 nmol) in HO (3.0 pM) and the resulting
solution was incubated at 37 °C for 120 min with aliquots (1.0 uL) taken at 10, 20, 30,
48, 66, 84, 102, and 120 min and stored at —78 °C. Prior to denaturing PAGE analysis,
samples were resuspended in formamide loading buffer (95% formamide, 20 mM EDTA)

and stored at 0 °C.

Measurement of Reaction Kinetics Between 59b and Tris Buffer, pH = 7.0. A
solution containing 59b (1.33 puM, 7.98 pmol), CuCl; (13.3 uM, 120 pmol) NaCl (66.7
mM), and Tris buffer (13.3 mM, pH = 7.0) in H,O (9.0 uL) and incubated at rt for 5 min.
This solution (9.0 uL) was added to a solution containing MPA (8.0 mM, 24.0 nmol) in
H>0 (3.0 uL) and the resulting solution was incubated at 37 °C for 120 min with aliquots
(1.0 uL) taken at 10, 20, 30, 48, 66, 84, 102, and 120 min and stored at —78 °C. Prior to
denaturing PAGE analysis, samples were resuspended in formamide loading buffer (95%

formamide, 20 mM EDTA) and stored at 0 °C.

Measurement of Reaction Kinetics Between 24 and 58. A solution containing CuCl,
(1.0 mM, 2.0 nmol) and 24 (1.0 mM, 2.0 nmol) in H>O (2.0 uL) was incubated at rt for 1
h, followed by dilution with H,O (23.0 uL). This solution (6.0 puL) was added to a
solution containing 58 (1.33 pM, 15.9 pmol), NaCl (66.7 mM), and Tris buffer (13.3
mM, pH = 7.0) in H,O (12.0 pL) and incubated at rt for 5 min. This solution was added
to a solution containing MPA (8.0 mM, 48.0 nmol) in H,O (6.0 uM) and the resulting

solution was incubated at 37 °C for 120 min with aliquots (2 x 1.0 pL) taken at 10, 20,
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30, 48, 66, 84, 102, and 120 min and stored at ~78 °C. Half of the aliquots at each time
point were incubated with NaOH (0.1 M, 5.0 uL) at 37 °C for 20 min and then adjusted to
pH = 7.0 with 1.0 M HCI. Prior to denaturing PAGE analysis, samples were resuspended

in formamide loading buffer (95% formamide, 20 mM EDTA) and stored at 0 °C.

Measurement of Reaction Kinetics Between 25 and 58. A solution containing CuCl,
(1.0 mM, 4.0 nmol) and 25 (1.0 mM, 4.0 nmol) in H,O (4.0 uL) was incubated at rt for 1
h, followed by dilution with H,O (46.0 pL). This solution (6.0 uL) was added to a
solution containing 58 (1.33 puM, 15.9 pmol), NaCl (0.1 M), and Tris buffer (13.3 mM,
pH = 7.0) in H,0 (12.0 pL) and incubated at rt for S min. This solution was added to a
solution containing MPA or ascorbate (800 uM, 4.8 nmol) in H,O (6.0 pM) and the
resulting solution was incubated at 37 °C for 4 h with aliquots (2 x 1.0 pL) taken every 30
min and stored at —78 °C. Half of the aliquots for each time point were incubated with
NaOH (0.1 M, 5.0 pL) at 37 °C for 20 min and then adjusted to pH = 7.0 with 1.0 M HCL
Prior to denaturing PAGE analysis, samples were resuspended in formamide loading

buffer (95% formamide, 20 mM EDTA) and stored at 0 °C.

Measurement of Reaction Kinetics Between 26 and 58. A solution containing CuCl,
(1.0 mM, 4.0 nmol) and 26 (1.0 mM, 4.0 nmol) in H,O (4.0 uL) was incubated at rt for 1
h, followed by dilution with H;O (46.0 pL). This solution (6.0 uL) was added to a
solution containing 58 (1.33 uM, 15.9 pmol), NaCl (66.7 mM), and Tris buffer (13.3
mM, pH = 7.0) in H,0 (12.0 pL) and incubated at rt for 5 min. This solution was added

to a solution containing MPA or ascorbate (800 uM, 4.8 nmol) in H,O (6.0 uM) and the
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resulting solution was incubated at 37 °C for 4 h with aliquots (2 x 1.0 uL) taken every 30
min and stored at —78 °C. Half of the aliquots for each time point were incubated with
NaOH (0.1 M, 5.0 pL) at 37 °C for 20 min and then adjusted to pH = 7.0 with 1.0 M HCL
Prior to denaturing PAGE analysis, samples were resuspended in formamide loading

buffer (95% formamide, 20 mM EDTA) and stored at 0 °C.

Preparation of E49C-OP from E49C. A solution containing E49C (76.7 uM, 3.83
nmol) and fresh DTT (1.3 mM, 65.0 nmol) in TRP buffer (50.0 pL (100 mM Tris, pH =
7.5, 200 mM KCl, 1.0 mM DTT, 6.0 mM MgCl,) was incubated at 4 °C for 2 h. The
solution was then dialyzed with autoclaved TRP buffer (1.0 L) at 4 °C for 12 h. Fresh
buffer was added after 2 h. The solution was then transferred to an eppendorf tube
followed by a H,O wash (1 x 50 uL) and a solution containing 28.0 mM 23 (2.08 puL,
58.2 nmol) in DMF was added. The resulting solution was incubated at 4 °C for 12 h and
purified using an Amicon YM-10 Microcon centrifugal filter device with 9/1 HO/DMF
pretreated in the following manner: The filter device was incubated at rt for 12 h with fat
free powdered milk (500 pL, 10% wt./vol), rinsed with H,O (3 x 500 pL), and spun at
12,000 rpm for 30 min at 4 °C to leave 20 — 30 pL in the filter device (deadstop) with
H,0 (500 uL). The protein was dried in vacuo and resuspended in TRP buffer (50.0 uL)
and the concentration was determined with the Bradford assay using BSA as the

standard.'*
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Footprinting of E49C-OP with FeeMPE. A solution containing L-tryptophan (12.5
mM, 100 nmol), 57 (122.5 nM, 0.98 pmol), and E49C-OP (6.25 uM, 50 pmol) dissolved
in TN buffer (8.0 pL, 12.5 mM Tris, pH = 8.0; 62.5 mM NaCl) was incubated at rt for 5
min. To this solution was added a solution containing 100 pM MPE/200 uM
Fe(NH4);SO4 (1.0 pL, 0.10 nmols MPE, 0.20 nmols Fe(NH,),SO4) and the resulting
mixture was incubated at rt for 30 min. To the solution was then added 40 mM
dithiothreitol (1.0 uL, 40.0 nmol). The solution was then incubated at 37 °C for 15 min
and quenched by freezing at —78 °C. The solvent was then removed in vacuo and the
remaining residue was resuspended in formamide loading buffer (10.0 pL) and analyzed

by denaturing PAGE.

Preparation of 64b. A solution containing 64a (238 uM, 3.57 nmol), NaCl (100 mM),
and sodium phosphate (10 mM) in H,0 (15.0 pL) was photolyzed in a pyrex vessel in a
Rayonet Photoreactor with 16 lamps at Amax = 350 nm for 1.5 h. The photolysate was

then desalted using G-25 sephadex (H;0) and stored at —20 °C.

Measurement of Reaction Kinetics Between E49C-OP and 64b. A solution
containing E49C-OP (6.25 uM, 31.2 pmol), CuSO, (14.5 uM, 72.5 pmol), and TRP
buffer (2.25 pL (100 mM Tris, pH = 7.5, 200 mM KCI, 1.0 mM DTT, 6.0 mM MgCl,) in
H,O (2.75 pL) was incubated at rt for 10 min. The resulting solution (4.0 uL) was added
to a solution containing 64b (140.0 nM, 0.70 pmol), L-tryptophan (20 mM, 0.10 umol),
and potassium phosphate (40.0 mM, pH = 7.0) in H,O (5.0 uL) and incubated at rt for 5

min. The resulting solution (9.0 uL) was added to a solution containing MPA (58.0 mM,
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58.0 nmol) in H>O (1.0 pL) and incubated at 37 °C for 2.5 h with aliquots (1 x 1.0 pL)
taken at 18.75 min intervals and stored at —78 °C. Prior to denaturing PAGE analysis,
samples were resuspended in formamide loading buffer (95% formamide, 20 mM EDTA)

and stored at 0 °C.

Measurement of Reaction Kinetics Between E49C and 64b. A solution containing
E49C (6.25 uM, 31.2 pmol), CuSO4 (14.5 pM, 72.5 pmol), and TRP buffer (2.25 pL) in
H,0 (2.75 uL) was incubated at rt for 10 min. The resulting solution (4.0 uL) was added
to a solution containing 64b (140.0 nM, 0.70 pmol), L-tryptophan (20 mM, 0.10 pumol),
and potassium phosphate (40.0 mM, pH = 7.0) in H,O (5.0 uL) and incubated at rt for 5
min. The resulting solution (9.0 pL) was added to a solution containing MPA (58.0 mM)

in H,O (1.0 puL) and incubated at 37 °C for 2.5 h with aliquots (1 x 1.0 uL) taken at 18.75
min intervals and stored at —78 °C. Prior to denaturing PAGE analysis, samples were
resuspended in formamide loading buffer (95% formamide, 20 mM EDTA) and stored at

0°C.

Measurement of Reaction Kinetics of 64b in Potassium Phosphate Buffer, pH = 7.0.
A solution containing 64b (140.0 nM, 0.70 pmol), L-tryptophan (11.1 mM, 0.10 pumol),
CuSO;4 (6.44 uM, 58.0 pmol), TRP Buffer (1.80 uL) and potassium phosphate (40.0 mM,
pH = 7.0) in H,O (7.2 puL) and incubated at rt for 5 min. The resulting solution (9.0 uL)
was added to a solution containing MPA (58.0 mM, 58.0 nmol) in H>O (1.0 pL) and

incubated at 37 °C for 2.5 h with aliquots (1 x 1.0 uL) taken at 18.75 min intervals and

222

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



stored at —78 °C. Prior to denaturing PAGE analysis, samples were resuspended in

formamide loading buffer (95% formamide, 20 mM EDTA) and stored at 0 °C.

Measurement of Reaction Kinetics Between E49C-OP and 57. A solution containing
E49C-OP (6.25 pM, 62.4 pmol), CuSO; (14.5 uM, 145.0 pmol), and TRP buffer (2.25
pL) in H>0 (10.0 pL) was incubated at rt for 10 min. The resulting solution (8.0 uL) was
added to a solution containing 57 (140.0 nM, 1.40 pmol), L-tryptophan (20 mM, 0.20
umol), and potassium phosphate (40.0 mM, pH = 7.0) in H,O (10.0 pL) and incubated at
rt for 5 min. The resulting solution (18.0 uL) was added to a solution containing MPA
(58.0 mM, 116.0 nmol) in H;0 (2.0 pL) and incubated at 37 °C for 2.5 h with aliquots (2
x 1.0 pL) taken at 18.75 min intervals and stored at 78 °C. Half of the aliquots for each
time point were incubated with NaOH (0.1 M, 5.0 pL) at 37 °C for 20 min and then
adjusted to pH = 7.0 with 1.0 M HCI. Prior to denaturing PAGE analysis, samples were
resuspended in formamide loading buffer (95% formamide, 20 mM EDTA) and stored at

0°C.
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DATA PROCESSING
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shifted by -2.667 sec
FT size 32768
Total time 1 minute
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Ambient temperature
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Relax. delay 0.000 sec
Pulse 26.0 degrees

247

Acqg. time 2.667 sec HSCO CH3
Width 6000.0 Rz Ph OH
16 repetitions
OBSERVE H1, 300.1559753 Mz OH O
DATA PROCESSING
Gauss apodization 0.896 sec 110
FT size 32768
Total time 1 minute
—
—
‘ T T T T l T 1 T T T T T I 1 | 1 ] T t ‘ T U 1 ) l
9 8 7 6 5 4
 ER— —_
5.21
1.00
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bebl026

Solvent: CDCl3
Ambient temperature
File: bcbhbl026cl3
INOVA-500 “greenberg"

PULSE SEQUENCE

Relax. delay 1.000 sec
Pulse 46.3 dagrees

Acq. time 0.696 sec

width 23000.0 Hz

130 repetitions

OBSERVE Cl3, 75.4742661 MHz
DECOUPLE Hl, 300.1574402 MMz
Power 40 4B

continuocusly on

WALTZ-16 modulated
DATA PROCESSING

Line broadening 2.0 Hz

FT size 32768

Total time 3 minutes

HsCO CH,

P

OH O
110

THET ki
ny U |

\

(o

L

248

~w—_-__._HA___—ﬂ_a—_\dl.ﬁ\_—qdl—l_\_———_—____4_.____J_-_~_1-_——J1_\—__i.-_______ﬁj_—___—__—_A-I—_~—I-JJ-____-__—_____________—d____——____—|_.___|-\______________q_—_—_
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bch2247

Solvent: CDC13
Ambient tempexature
File: bcb2247
INOVA-500 ‘“greemberg”

PULSE SEQUENCE
Pulse 30.0 degrees
Acq. time 2,667 sec
Width 6000,.0 Hz
16 repetitions
OBSERVE H1, 300,1559448 MHz
DATA PROCESSING
8q. sine bell 2.667 sec
Shifted by -2.667 sec
FT size 32768
Total time 1 minute

H3CO CHs
Ph /Mf.\om,

115

Y

250
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13C OBSERVE

Pulse Sequence: s3pul

8olvent: CDCl3

Anbient temperature
INOVA-300 "elfin*

PULSE SEQUENCE

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 0.800 gec

Widch 20000.0 Hy

378 repetitions

OBSERVE Cl13, 75.4645944 MHx
DECOUPLE H1l, 300,1190283 MHx
Power 33 aB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 1.5 Hs
PT size 323768
Total time 502456 hr, .42 min, 40 sec

HyCO CHa
Ph /}_\Omﬁ

115

-

——

?ii

-—.ﬁﬁ__a\_-__l___l___a___Jal__._..__J.-___-I.—_._ﬂ_—J_—J\—I-I-\_JJ\.__.j_.l——____l_.JI..—__-_—__.___1_‘-—____‘a—___—‘__-_____A_._—_J_—\__ﬂ-—-_—.—_-—_
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beb2249

Pulse Sequence: gsipul

Solvent: CDCl3

Anbient temperature
INOVA~300 “elfin*

. PULSE SEQUENCE
Pulse 30.0 Aegrees
Acqg. time 2.667 sec

Widacth 6000.2 Hx ﬁl\t muﬂu/owfﬁ\ozwo:
16 repetitions .
OBSERVE H1, 300.1175377 MHz
DATA PROCESSING o) ’
Sqg. sine bell 2.667 sea : 116
Shifted by -2.667 sec

PT size 32768
Total time 0 min, 48 sec

i y

A LA

J-—___qﬂ_—__—l-—_-___“d_d-l—___~_~J_\———-————-——_—_-—J-J——-_-___————d—_.—____J\qf_‘—‘—l—ll-___———_———~—_——ﬁ—-
14 12 10 8 6 4 2 0 -2 - bpm
1.28 3.93 2.92
4.87 2.00
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B3D2QRSERYE

Pulse Sequence: sipul

3E%.007 8BRS sapul
Xmbient :tenpatature
IRSPAeftOteitphidhtize

302G R
PHAREXSEQUEMGEL.000 sec
Rulam.d8eRastedrads sec
Ruisetife00d80fensc

Régtht 20800 .80HEaec
WidrhpataticlsHHs )
OBAERUPetOLions75.4645772 MHz
DESHHVEE CH1Y, 3UB.AKA8293 Mux
DACOWPLE3 HB, 300.1190283 MH:z
Bomein@dudBy on

VALTIndGumdtudated
DARATERAGEASANGated
DATAePROORASSRAg 1.5 Hx
PDindzeradadéfing 1.5 Hz
FOtalzeind75062456 hr, 42 min, 40 sec
Total time 502456 hr, 42 min, 40 sec

. I
: |
(T \ '

T

H,CO CHs
Ph /}ﬂox

116

I

254

ﬂ—-qu-—lq-I—-dJ-Jt-__—d—-ﬁ——J—ﬁ—aJ-——..—.J-j_d__l—-l_l_J!__—____ﬁw_-J_—J—.%—--——--.Jﬁ—j—_____.__—____.._dw_-_—_-______——_____.__—ﬁ_]—._.
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bcb2250

Solvent: CDC13

Ambient temperature

File: bch2250
INOVA-500

PULSE SEQUENCE

"'greenberg"

Pulse 30,0 degrees

Acq. time 2,667
width 6000.0 Hz
16 repetitions

sec

OBSERVE H1l, 300.1559448 MHz

DATA PROCESSING

Sq. sine bell 2.667 sec

Shifted by -2.667 sec

FT size 32768

Total time 1 minute

HaCO CHa

Br

117

OH

1.00

256
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bcb2251

Solvent: CDC13
Anbient temperature
File: bcb2252
INOVA-500 "greenberg"

PULSE SEQUENCE

Pulse 30.0 degrees

Acg. time 2.667 sec

width 6000.0 Hz

16 repetitions
OBSERVE H1l, 300,1559448 MHz

DATA PROCESSING H3CO CHs S ,
Sq. sine bell 2.667 sec Ph AU/ |
Shifted by -2.667 sec N ] M
FT size 32768 Br O ™ m
Total time 1 minute
98 i
{
!
p i S W L
I ' 1
, } .
-~ _. |\I\| —_— -
w i by
| ;g A |
. W e A L.

258
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T T ey r._\ -
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beb2251¢13

Pulse Sequence: s3pul

Solvent: CDCl3
Ambient temperature
File: bch2351c13

PULSE SEQUENCE

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 0.6800 sec

wWidth 20000.0 Hz

2256 repatitions

OBSERVE Cl1l3, 75.4645944 MHz
DECOUPLE H1l, 300.1150283 MH=
Power 33 4B

continuously on

WALTZ-16 modulated
DATA PROCEBSSING

Line broadening 1.5 Hx
FT size 32768
Total time 502456 hr, 42 min, 40 sec

HsCO CHy S
INOVA-300 "elfin* Ph

». i f_isz,;}}._:_ TV POTRYAY

1—____—_______—_________-___J_—l—_—l_\_ﬁ..-____-__.4__1_l___-_.1_._J—J__a__a1-_____________w__lq___1—_-4______a\______—__u.__1_-________1__4—_¢1___

220 200 180

160 140 120 100 80 60 40 20 0 ppm
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File:MG313 Ident:2_12 SMO(2,5) PKD(5,2,5,0.10%,0.0,33.00%,F,F) SPEC(Heights,Centroid) Acq: 5-MAR-1999 16:39:43 +2:23 Ca>
AutoSpecE FAB+ Voltage BpM:384 Bpl:1649352 TIC:9729076 Flags:NORM
File Text:B. Bales BCB2021

100 9 384.0092> ~1.6E6
95 ] - 1.6E6
SIM HsCO CH; S - 1.5E6
1 Ph o. 415. :
85 JMJ\ Q 15233 F 1.4E6
] Br O \ -
80 3 N “ - 1.3E6
] 98 -
75 . F1.2E6
1 371.2281% s
70 ] F 1.2E6
653 " 1.1E6
60.] F 9.9E5
E :
55 ] F9.1ES
503  8.2E5
45 ] 7.4E5
40 [ 6.6ES
353 - 5.8E5
uf“ - 4.9E5
25 3 F 4.1E5
203 3.3E5
Gnm mnu.mmu
10 F 1.6E5
53 69.0173 391.2821 F 8.2E4
03 . | T 1 R ._. S | _ Yl _ N Y _ - —JF N A A SR SR PR N _ 4o FO.0E0
365 370 375 380 385 390 395 40o 405 . 410 a15 420 m/z
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bcb2225

Solvent: CDC1l3
Ambient temperature
File: bcb2225
INOVA-500 "greemberg"

PULSE SEQUENCE
Pulse 30.0 degrees
Acqg., time 2.667 sec
wWiath 6000.0 Hz
16 repetitions
OBSERVE H1l, 300.1559448 MHz
DATA PROCESSING
8q. sine bell 2.667 sec
Shifted by -2.667 sec
FT size 32768
Total time 1 minute

o OCHg

HsC
3 J\\:/o

OCH3; oCH
3

118

3.06

262
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beb2235¢13

Pulse Sequence: s2pul

Solvent: CDC13

Temp. 22.0 C / 295.1 K
Pile: bcb2225013
INOVA-300 “elfin"

PULSE BSEQUENCE

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 0.800 sec

width 20000.0 Hsz

609 repetitions
OBSERVE Cl3, 75.4645944 MHz
DECOUPLE H1, 300.1190283 MHx
Power 33 AB

continuously on

WALTZ~16 modulated
DATA PROCESSING

Line broadening 1.5 Hz

PT size 32768

Total time 502456 hr, 42 min, 40 sec

) YA IuTY A i el I

" N

o) OCH;

IwO/J\\:/O
. OCHj
OCH;

118

i

v

263.
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bcb2226

Solvent: CDCl3
Ambient temperature
File: bcb2226
INOVA-500 “greenberg"

PULSE SEQUENCE
Pulse 30,0 degress
Acq. time 2.667 sec
wiqth 6000.0 Hz
16 repetitions
OBSERVE H1l, 300.1559448 MHz
DATA PROCESSING
Sq. sine bell 2.667 sec
Shifted by -2.667 sec
FT size 32768
Total time 1 minute

\

OH O

P o

HyCO CH,

OCH;

OCH;
119

.

265
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bebhydroxyestexr
&gzzze
Pulse Sequence: s2pul

8olvent: CDC13
Anmbient temperature
INOVA-300 "elfin*

PULSE SEQUENCE

Relax. delay 1.000 gec
Pulse 45.0 degrees

Acqg. time 0.800 gec

wiath 20000.0 Hx

3465 xepstitions
OBSBRVE C13, 75.4645944 MHz
DECOUPLE H1l, 300.1190283 MHx
Power 33 4B

continucusly on

WALTZ~16 modulated
DATA PROCESSING

Line broadening 1.5 Hz
FT size 32768
Total time 503456 hx, 42 min, 40 sec

i Lt D

-y

 ann andlay 20 g

OH

e

o)

HyCO CH,

ot

119

OCH,

OCHjs

LM

d#.-j—..____-j-JI—l___I—_q—_.dl_w——____1_——1—‘_—_d___\______-1_—_1___-___________._Al__Jﬂ_-I-I-_-_________._-__-_—_J_I___—m_-l—______I__A—J—_j_ﬁAJ

220 200 -180

160

140

120

100

80

60

40

20

0

ppm

266.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(4]
(0]
5 L1
m .
s 1]
S | ! ' n
o
w
o
°~
o
[7]
[=4
°~
o
0
,. %’
o
?g’- o/ =
(= 9]
- T (@]
=W
e (@]
g (®)
o S
°© F
(o]
(@)
I
@
-
(v
. e L >
= ————
o —z—
=
——
——
———
g -
o
°~
=] R S
o ! .
8 3
L

267

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




bcb2176

Solvent: CDC13
Ambient temperature
Flle: becb2176
INOVA-500 “greenberg”

PULSE SEQUENCE
Pulse 30.0 degrees
Acq. time 2,667 sgec
width 6000.0 Hz
16 repetitions
OBSERVE H1l, 300.1559448 MHz
DATA PROCESSING
8q. sine bell 2.667 sec
Shifted by -2.667 sec
PT size 32768
Total time 1 minute

/

/

~

(PhO);” O O OCH,

OCHj

YR

268

a T T T i « T 1] T T ‘|‘ L 1] ldl ] T L) T _ 1 T
9 8 7 6 5
et T B
14.74 1,98 2.08
1.9 1.00
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beb2236c13

Pulse Sequence: s2pul

Solvent: CDCl3
Ambient temperaturae
INOVA-300 ‘“elfin"

PULSE SEQUENCE

Relax. delay 1.000 sec
Pulde 45.0 Qegrees

Acq. time 0.800 sec

widath 20000.0 Hz

2891 repetitions

OBSERVE Cl3, 75.4645944 MHz
DECOUPLE H1, 300.1190283 MHs
Power 33 4B

continuously on

WALTZ-16 modulated .

DATA PROCESSING -

Line broadening 1.5 Hx

FT size 32768

Total time 502456 br, 42 min, 40 sec

W

Wi

w

m
(PhO) >

o O

HsCO CHy

120

b

OCHs

OCH;

{it}t;%

___________________.-l_w_d__—_.____________—.________*__J__..___—_-—____-——,_____a____-u_l_.—_~______n__ﬂdl_w__
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beb2236p31

Pulse Sequence: sipul

Solvent: CDC13
Ambient temperature
INOVA-300 “elfin"

PULSE SEQUENCE

Relax. delay 1.000 gec
Pulse 35.0 degrees

Acq. time 0,525 sec

width 25000.0 Hsg

45 xepetitions

OBSERVE P31, 121.4897252 MHx
DECOUPLE H1l, 300.1190283 MHx
Power 38 dB

continuously on

WALTZ-16 modulated

DATA PROCRSSING

Line broadening 1.0 Hx

PT size 32768

Total time 26 min, 13 sec

o

m
(PhO),” O © OCH,

z\f«Fo

HaCO CH,
OCH;
120

—-11.939

—-12.215

oy

1.——.___—j]—11-1-‘-&14-—-—..—.—___~d—J—J\_—‘_ﬂ-a\_-J______a_l__d_aa_l—_di_aqul—.#______~.__—_-_______J—_l-i_l_aJ—J
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bebd203

Solvent: CDC13
Ambient temperature
File: bcbd203
INOVA-500 “greenbexg"

PULSE SEQUENCE

Pulse 30.0 degrees

Acq. time 2.667 sec

width 6000.0 Hz

16 xepetitions
OBSERVE H1l, 300.1559448 Mux
DATA PROCESSING

HsCO CHs

"%
A_urovn/“uxo o)

8q. sine bell 2.667 amec o)
Shifted by -2,667 smec 121
FT size 32768
Total time 1 minute
o
o~
(q]
LA “‘\\
— —_ -1 —
_ 1 I ] 1 _J 1 T T _ T T _ { 1 1 T _ 1 1 L] 1] _ T T 1 T _ T T T 1 _ ¥ T 1 W_ T ] T T _ L T T 1
11 10 9 7 6 5 3 2 1 0 ppm
— L r‘ﬂ J —_ R ———
12.44 1.00 4.32
0.90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



beb4203p3l

Solvent: CDC13
Ambient temperature
File: bcbd203p3l
INOVA-500 "greenberg"

PULSE SEQUENCE

Pulse 26.8 degrees

Acg. time 1.600 sec

width 25000.0 Hz

32 rapetitions
OBSERVE P31, 121.505310) MHz
DECOUPLE H1, 300.1574402 MHz
Power 40 4B

continuously on

WALTZ-16 modulated
DATA PROCESSING

Line broadening 1.0 Hz
FT size 131072
Total time 1 minute

I

e

_._ﬁ_dfq\__.u._-__-__~_.|—_~|_\__11__-\__|—1______I__df-__d__l—__|_\__________—_a______.___________._1_\_1_11_____—____..
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20 0 -20 ~-40 ppm
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beb205da

Solvent: CDCl3
Ambient temperature
File: bcb2054a
INOVA-500 “greenbexg"

PULSE SEQUENCE

Pulse 51.7 degrees

Acqg. time 2.667 sac

Width 6000.0 Hz

16 repetitions

OBSERVE H1, 300.1559448 MHz

DATA PROCESSING

Gauss apodization 2.667 sec
Sine bell 2.667 sec
Shifted by -2.667 sec

HCO CH; S

nz}o,z |
(PROR.,.0 O N

FT size 32768 o
Total time 1 minute 99
" —
— T T T T _ ! ] T 1 t 1 _ L T T _ L T 1 1 _ T T 1 T ﬂ T T _J. _\ T 1 T T — T T T 1 _ T 1 L
9 8 6 5 4 3 2 1 0 ppm
L T T — T ! L rJI_
17.99 1.00 3.40
0.99 3.29
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baob2054c13

Pulse Sequence: sipul

Solvent: CDCl3
Ambient temperature
INOVA-300 ‘“elfin"

PULSE SEQUENCE

Relax. delay 1.000 gec
Pulse 45.0 degrees

Acg. time 0.800 sec

width 20000.0 Hgz

2002 xepetitions

OBSERVE Cl3, 75.4646095 MHx
. DECOUPLE H1, 300.1190283 MHsz
Power 33 4B

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 1.5 Hx

FT size 32768

Total time 25 br, 7 min, 22 sec

!

W

dﬂJJu_l—__lﬂ__ﬂ__Jl_dJ—l__—__-l—~j-____—__—_a_\—_j_—d_-l__dJ—.‘-Jﬁ_____d_______._-__IH_A_I_l_~__-______1_~_1_._-.____—__—___!_-|_\~1_1_||—______-____4_-__
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bcb4204p31

Solvent: CDC1l3
Ambient temperature
Plle: bcoh4é204p3s
INOVA-500 *“greenberg"

PULSE SEQUENCE

Pulse 26.8 degrees

Acqg. time 1.600 sec

width 25000.0 Hz

32 repetitions
OBSERVE P31, 121.5053101 MH:
DECOUPLE H1l, 300.1574402 MH:
Power 40 dB

continuously on

WALTZ~16 modulated
DATA PROCESSING

Line broadening 1.0 Rx
FT size 131072
Total time 1 minute

4

ALILALE N
LU KR it

bl il

il E;E?EEE% L e _Eééakigga

HsCO CHy S

P

(PhO)< .0 O X

O

99

a
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File:MG317 Ident:2 13 SMO(2,5) PKD(5,2,5,0.10%,0.0,33.00%,F,F) SPEC(Heights, Centroid) Acq:16-MAR-1999 10:04:29 +2:34 Ca>
AutoSpecE FAB+ Voltage BpM:547 Bpl:406791 TIC:1390468 Flags:NORM

File Text:B. Bales BCB2054

100 3 547.3330 _4.1E5
om.w 3,985
90 ] 591.3592¢ F 3,785
a.m ‘ 3 5ES
80 mm.u.umu
753 HiCO CH; S -3.1E5
70 _u:JVP:\o,z _ 2,865
65 :u:ovm,m\o 0 X - 2.6E5
60. © [ 2.4E5
] 59 ;
um.m -2.2E5
503 2,085
&m  1.8ES
Acum T.mmu
35 1485
30  1.2E5
25 - 1.0E5
20 5,154
GM 6,164
10 552.123T 4,184
: 571.3342 g
5 - 2,084
'S S _ b bl L L1 L F 0.0E0
sdo sés T sso s85 | sdo | ses st sIs  sdo . sds T s " Teds m/z
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beb2141

Solvent: CDCl3
Ambient temperature
File: bcb2141
INOVA-500 *“greenberg"

PULSE SEQUENCE
Pulse 30.0 degrees
Acq. time 2.667 sec
- Width 6000.0 Hg

16 repetitions HaCO CHj

OBSERVE H1, 300.1559448 MHZ
DATA PROCESSING _u:J}_\Om”
8q. 8ine bell 2,667 sec )

Shifted by -2.667 sec ) OH O
FT size 32768

Total time 1 minute 123

—

280

1.00 3.23
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bcb2141c13

expl stdlilc

SAMPLE

date  Sep 25 1999
solvent cDC13
file /usr/people/m-
mg/vamrsys/data/be -~

b2141c13

- ACQUISITION
sfrq 75.482
tn c13
at - 0.727
np 32000
sw 22000.0
£b 12200
bs : -8
tpwr - 56
W 7.2
ar 1.200
tof 0
at 128
ct 48
alock 8
gain 32
FLAGS
i n
in n
dap Y
DISPLAY

8p -3452.5
wp 22000.0
vs 139
sc 0
we 250
hzmm 1.84
is 500.00 .
£l 9281.8
rtp 5§829.3
th 3

100.000

DEC. & VT
afrq - ‘300,157
dn Hl
dpwr -40
dot 0
dm Yy
dmm w
ams 10540
PROCESSING
ik ) 2.00
wtfile
proc 1p
tn not used
werr
wexp
whs wit

wnt

TTTT T rrTs

HsCO CHj

Ph }Om,

OH O

123

I-I—I_‘__a_w‘__q_-___»"

\ ._‘—ﬂ—___—____a_-—._——-A—J_a.vl—\___-—__-AA__—A—J-J—-‘J-.—.A_.

240 220 200 180

160"

140

120

100 - 80

60

40

20

0

~20

11_1-._.____nl—Jj___-__~H4__—AJ-_—I_\_._—I_.q_.____.ﬁ_..]__..lﬁ—.__.l_‘__..

ppm
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bch3082

Solvent: CDCl3

- Arbient temperature
File: bcb3082
INOVA-500 “greenbexg"

PULSE SEQUENCE
Pulse 30.0 degrees
. Acqg. time 2.667 sec

Width 6000.0 Hz ~ H3CO CHj .
16 repetitions Ph OEt

OBSERVE H1, 300.1559448 MHz

DATA PROCESSING

HyCO O

8q. sine bell 2.667 sgec
Shifted by -2.667 sec 124

FT size 32768 ’

Total time 1 minute

283,

-~

—
J—
/
PR
- b [
i , :
o A
D Ly
o —
T o L R
9 8 7 .6 5 . 4 3
[P — | L. R, B e Ba—
5.00 1.97
1.00 6.10
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bch3082c13

Solvent: CDCl3
Ambient temperature
File: bcb3082cl3
INOVA-500 ‘“greenberg"

PULSE SEQUENCE

Relax. delay 1.200 sec
Pulse 45.0 degrees

Acqg. time 0.727 sec

width 22000.0 Hz

128 repetitions
OBSERVE C13, 75.4742661 MHz
DECOUPLE H1l, 300.1574402 MHz
Power 40 4B

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 2.0 Hz

FT size 32768
Total time 4 minutes

240 220 200

180

%s%%g%

T T T T “4( BRI e S e i

T

160

TETe 414

140

120

HyCO CH,

P OBt

HsCO O

124

40

Cen ..1.|1444L_|J.|, T

20

0

284.
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beb3037

Solvent: CDCl3
Ambient temperature
File: bcb3037
INOVA-500 “greenberg"

PULSE SEQUENCE
Pulse 30.0 degrees
Acq. time 2,667 sec
Width 6000.0 Hz
16 repetitions
OBSERVE Hl, 300.1559448 MHz
DATA PROCESSING
8q. sine bell 2.667 sec
Shifted by -2.667 sec
FT size 32768
Total time 1 minute

Iwoo OIw

Ph }OI ] | -

HCO O
125

286.
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bab3037

Pulse Sequence: sapul

Solvent: CDC1l3
Anbient temperature

Pile: bcb3037013 H3CO CH,
INOVA-300 “elfin" Ph OH
PULSE SEQUENCE

Relax, delay 1.000 sec HCO O

Pulse 45.0 degrees
Acq. time 0.800 sec 128
wWidth 20000.0 Hz
247 repetitions
OBSERVE C13, 75.4645997 MHz
DECOUPLE H1l, 300.1190283 MHx
Power 33 dB
continuously on
WALTZ-16 modulated
DATA PROCESSING
Line broadening 1.5 Hz
PT size 32768

Total time 502456 hxr, 42 min, 40 sec -

i 4 i L
i

'

(Lo}

{1

287.
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STANDARD 1H ORSERVE

Beq 3028

Pulse Sequence: sipul

Solvent: CDC13 HaCO CH; S

Ambient temperature Ph 0 : ,

INOVA-300 “elfin”- N _ o
PULSE SEQUENCE HCO O X ’ -

Pulse 30.0 Qegrees

Acg. time 2.667 sec 122

Width 6000.2 Hsx
16 xrepetitions
OBSERVE Hl, 300.1175333 MHx
DATA PROCBSSING

8q. sine bell 2.667 sec
Shiftted by -2.667 sec
PT size 33768
Total time 0 min, 48 sec
.0/.
%)
\ X
1"
B 5
\ y ’
Il\\ ||\| — — A -~
A )1 . Y I ,v
N
— 1 T T T —I_\ T LB A t 1 L4 1 —l_ ] L§ 1 J T R 1 1 _ 1 { L T _J L] _J 1] ! t L3 ﬂ 1 1 b L} _J 1 1 1
9 8 7 6 5 4 "3 2 1 -0 POM -
ot : ] e e et —
0.99 0.97 3.04 3.18
7.20 1.00 3.07
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hecb3038

Pulse Sequence: s2pul

Bolvent: €DC13 HisCO CH; S

Ambient temperature Ph 0
INOVA-300 "elfin" /Z _

PULSE SEQUENCE H3CO O x>
Relax. delay 1.000 sec
Pulse 45.0 Aegrees 122
Acq. time 0.800 sec

wWidth 20000.0 He

439 repetitions .

OBSERVE C13, 75.4645997 MHx

DECOUPLE H1, 300.1150283 MH:z

Power 33 4B

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 1.5 Hz

PT size 32768
Total time 502456 hr, 42 min, 40 sec

M :E,.E_“ hildi

. el

h
!

\

!

1

A

t

211k
n 1
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File:MG937 Ident:8_23 SMO(z,5) PKD(5,2,5,0.05%,0.0,33.00%.,F

AutoSpecE FAB+ Voltage BpM:327 Bpl:2852267 TIC:8173339 Flags:NORM
File Text:B, Bales BCB 3038

Hoom

95 ]
00
5
mo.m

75 -

70

Ph

HsCO, CHs,

}9@

HsCO O

122

»F) SPEC(Heights,Centroid) Acq:14-SEP-1999 15:03:54 +-5:30 Ca>

292
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beb3117

Bolvent: CDCl3
Anbient tempsraturs
File: becb3117
INOVA-500 ‘"“greenberg"

OCH;
PULSE SEQUENCE Ph JX/
Pulse 30.0 degrees OIu
Acq. time 2.667 sec :
width 6000.0 Hz o
16 repetitions 128

OBSRRVE H1, 300.1559753 MHs

DATA PROCESSING

8¢. sine bell 2.667 sec
ghifted by -21.667 sec

FT sise 32768

Total time 1 minute

.A{J.
o)
~
% \_ x q
S J y
— 1] 1] 1 T _ 1 .— 1 1 — T L} —I—I— 1 T T — 1] 1 L T —J—\ ¥ _J‘_ T | 1 T _ I T ] _1_ T T T 1
9 8 7 6 4 3 2 1 0 ppm
—_ L o — e e
1.96 1.00° 3.13
2.91 3.01
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becb3117¢13

Solvent: CDCl3

Ambient temperature
File: bch3117¢13
INOVA~500 “greenberg"

PULSE BRQUENCRE OCH;

Relax. delay 1.200 sec _u:J\FOIu

Pulse 45.0 degreess

Acqg. time 0.727 sec (o)
Width 22000.0 Hz 128
18 repetitions

OBSERVE C13, 75,4742813 MHs
DECOUPLE H1, 300.1574402 MHsz
Power 40 4B

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 2.0 Hg

FT size 32768
Total tims 1 minute

240 220 200 180 160 140

120

100

80

60

40

20

-20

ppm

294,
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bch3120

Solvent: CDCl3
Ambient temperature
Pile: bcb3120
INOVA-500 “greenberg"

OCH,

PULSE SEQUENCE . Ph

Pulse 30.0 degrees OIw oy
Acq. time 2.667 sec

width 6000.0 Hx OH

16 rspetitions 126

OBSERVE H1, 300.1555446 Mix
DATA PROCRSSING * ,
8q. sine ball 2.667 »sec

Shifted by =2.667 sec
FT size 32769
Total time 1 minute

-
N
(@]
/- X
) 4 ..\L J
? 2
J 1 —
— ] L3 | L _ 1 1 1 L d 1 R L _ ) 1 ] 1 _ L L L d]_ ) 1 T T — L T 1 _[1 LERLE 1 . T ¥ L) T —J LI 1
9 8 7 6 5 ) 4 3 . 2 1 0 . ppm -
— e e M ,
4.72 0.39 3.32 : s.00

0.59 0.99 0.63
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13C OBBERVE

Solvent: CDC13
Anmbient texperature
File: beb3120c13

INOVA-500 “gresnberg* Ph OCHjy
PULIR SRQUENCE J\ro_._u
Relax. delay 1.200 sec . OH

Pulse 45.0 degreess

Acq. time 0.737. sec 126

Width 22000.0 Hs
39 repetitions
OBSBRVE C13, 75.4742813 Mix.
DECOUPLE H1l, 300.1574402 MHs
Power 40 4B
' centinuously on
WAITZ~16 wodulated
DATA PROCESSING
Line broadening 2.0 Hs
T sixe 32768
Total time 1 minute

)

297

_.—4~<44__-__—__——4_-q1—-4__q1.\__1_4__—__.J_—____—J...ul—--w—_-d_——A--\—-dJ.\_—j_dlj________—_J-_—J_-J_—dJﬂ-—qlﬂ_-I—I—-I-—-_I-w-—l_wd_Jl—l__._—-__-—JI-__—-_—.-__-
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BeqUny
bobdal20.

Solvent: CDC1l3
Ambient temperature
rile: bch4l20
INOVA-500 “"greenberg®

PULSE SEQUENCE
Pulse 29.7 degrees
Acq, time 2.667 sec
width 6000.0 Hx
16 repetitions
OBSERVE H1l, 300.1559448 MHz
DATA PROCESSING
8g. sine bell 2.667 sec
Shifted by -2.667 sec -
FT size 32768
Total time 1 minute

OCHj

_U_J\./ -

Br
100

299,

1.01
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Beadug
et T0

Pulse Bequence: sipul

Solvent: CDC13
Temp. 25.0 C / 298.1 K
INOVA-300 "elfin® OCH;

PULSE SEQUENCE Ph
J\Fo}w

Relax. delay 1.200 sec

Pulse 45.0 degress Br
Acq. time 0.800 smec 0
Width 20000.0 Hx 100

293 repetiticns

OBSERVE C13, 75.4639424 MH:z
DECOUPLE H1, 300.1164226 MH:z

Power 36 4B

continuously on

WALTZ~16 modulated

DATA PROCHSSING

Line broadening 1.5 Hx

FT size 65536

Total time 558010 hr, 54 min, 56 gec

(A

300

E-.__.Eiﬁ JiaL. __EEE..E | i) AL ._LF

220 200 180 160

140

120

_ Ep.g:. l EE_EEEE? FEEEE_._F_E_F%_EE jud), ,p__.: I e._? :__,_.E. :
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40
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File:MG729 Ident:17 SMO(2,3) PKD(3,2,3,0.01%,0.0,33.00%,F,F) SPEC(Heights,Centroid) Acq:10-JUL-2000 09:59:43 +3:18 Cal: >
AutoSpecE El+ Voltage BpM:219 Bpl:2811647 TIC:17088286 Flags:NORM
File Text:B. Bales BCB 4138
100% NS.%% ~4.0E3
95 1 3.8E3
90 3.6E3
85 3 DCHs 3,453
Ph 3.
m J\FOI@ . m
mo.“ Br mm.nmu
] 100 g
& E 228.0143 ”.u.cmm
70 ] F 2.8E3
65 ] F 2.6E3
] r
60 - 2.4E3
55 3 F2.2E3
50 F 2.0E3
45 3 F1.8E3
40 F1.6E3
353 227.5602 - 1.4E3
] 227.9822 :
8;“ 228.0005 ”L.~mw
257 227.9548 -9.9E2
20 ] F 7.9E2
] :
15 228.0282 F5.9E2
10 | F 4.0E2
53 - 2.0E2
0 T " ! T T T y v T T T T T " 7 -0.0E0
227.92 227.94 227.96 227.98 228.00 228.02 228.04 228.06 228.08 w/z

302
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bcb2209b

Solvent: CDCl3
Ambient temperature
File: bch2209b
INOVA-500 “"greenberg"

PULSE SEQUENCE
Pulgse 30.0 degrees
Acq, time 2.667 sec
width 6000.0 Hz
16 repetitions

OBSERVE H1, 300.1559448 MHj

DATA PROCESSING
8q. sine bell 2.667 sec

Shifted by -2.667 sec

FT slze 32768

Total time 1 minute

OCH3
P o
.0
A—ujov»/—_w
o
101
—_—

I

303

1.00

T T | T T T J‘_
4 3
e
1.04 3.10
0.28
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13C OBBERVE

Beg A
Pulse Sequence: sipul

Solvent: CDCl3
Azbient temperaturs OCH3,

INOVA-300 “elfin"
_uj\_/oI
PULSR SEQURNCE 3

‘xouux.nou’%u.coonoo . A_u:Ovn/\O
Pulse 45.0 degrees W
Acq. time 0.800 sec (e} ’ !
Width 20000.0 Hs
1835 repetiticas 101 ’

OBSERVE C13, 75.4645944 NHs .

DRECOUPLE H1, 300.1150283 NHs
Power 33 aB
continucusly on
WALTZ-16 modulated

DATA PROCRSSING
Line broadening 1.5 Hs

PT sixe 32768

Total time 502456 hr, 42 min, 40 sec

‘

; A o o J 8
i t ! | . i "W A AW ,; A N ! 1 : _
) iy Ll f !

.djqj&j-—‘-_—A‘________u__-l_—J—I_.____d-__—._____._-—uJ__—_-..-.-j.-..j..-__—_d.-_-_—-l--J—.__-__1_1___—..___.—l___-_-_-l—x__-_dla\-_-_-_-j

220 200 180 160 140 120 100 80 60 40 20 0

304

ppm
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P-31 STANDARD PARAMETERS
PHOSPHATE RRGION

Bea 220973
Pulse Segquence: sipul

Solvent: CDCl13
Anbient texpesrature
INOVA-300 “elfin*

PULSR SEQUENCE

Relax. delay 1.000 sec
Pulse 25.0 degrees
Acg. tims 0,525 sec
Width 24806.2 Hx

456 repetitions

OCHg
E.J\F Cha
. (PhO)ae w\o
o
101

OBBERVE P31, 121.4897252 MHs
DECOUPLE H1l, 300.1190283 MHx

Power 38 dAB

continucusly on

WALTZ~16 modulated
DATA PROCESSING

Line broadening 1.0 Hz
PT size 33768

Total time 26 min, 13 sec

] _, i i,,
b __,: £l r?_f:r:

140

ﬂ;?p

il

120

It , | "

2..,.- .;.i."_ r:_: _._r,!:rE...; N U J _,:,.,;

80

60

[

Rl ,,_,
S o

il il o,
- 40

20

¥ h I I\ F
SR,
q i
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L
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e
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File:MGO11 Ident:2_16 SMO(2,5) PKD(5,2,5,0.05%,0.0,33.00%,F,F) SPEC(Heights,Centroid) Acq:28-SEP-2000 17:03:05 +3:07 Ca>

AutoSpecE El+ Voltage BpM:150 Bpl:36467388 TIC:163496848 Flags:NORM

File Text:B. Bales BCB 1092

100 4 150.1046 ~3.6E7
95 @ 150.9982 -3 5E7
90 3 . OCHs3 [ 3.3E7

] P J¥/ .
]
85 1 CH, mru. 1E7
m Av—JOVNI v\o ’ m
80 . " ﬁIN.Wmﬂ
(o] .
753 142.9920 101 wwqmq
qo.m - 2.6E7
65 3 2.4E7
60 1 wn.nmq
55 3 wn.omq
%M F 1.8E7
Af“ . 154.9920 | 6E7
] 149.9904 3
40 3 ”L.mmq
35 ] T.umq
uo.m mL.:.u
25 ;m wo. 1E6
Bnm Tumm
] 145.0079 -
GJ” 143.9990 146,9627 wm.umm
u.m wrmmm
01 | _ N _ __ : , L, _ | _ mo.cmo
41 142 143 1ds ds  1d6e 147 148 149 150 151 12 . 193 134 155, 136 137 m/z
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beb3040

Solvent: CDC1l3
Amblent temperatura
File: bcb304o0
INOVA-500

~ HaCO OCH,
"greenberg" Ph OIu

PULSE SEQUENCE 102
Pulse 30,0 degrees
Acqg. time 2.667 sec
width 6000.0 Hz
16 repetitions
OBSERVE H1l, 300.1559448 MHz
DATA PROCBSSING
Sq. sine bell 2,667 sec
Shifted by -2.667 sec
FT size 32768
Total time 1 minute

!

3.03

308.

4.85
1.35

3.23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



bcb3040c13

Solvent: CDCl3
Ambilent temperature
File: bcb3040cl3

INOVA-500 “greenberg" H4CO, OCH;
' PULSE SEQUENCE . Ph CH,
Relax. delay 1,200 seac 02 B
Pulse 45.0 degrees 1 . -

Acg. time 0.727 sec ' .
width 22000.0 Hz

193 repetitions
OBSERVE Cl13, 75.4746170 MHz . . .
DECOUPLE H1l, 300.1574402 MHz

Power 40 4B

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 2.0 Hz

PT size 32768 .-
Total time 6 minutes

309.

i

i il il AR bl i S

220 200 180 160 140 120 100 80

60 40 20 -0 -20 ppm.
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bcb2280

Solvent: CDCl1l3
Ambient temperature
File: bcb2280
INOVA-500 “greenberg"

PULSE SEQUENCE
Pulse 30.0 degrees OH
Acq. time 2.667 sec Ph
Width €000.0 Hx /X/OIw
16 repetitions OH

OBSERVE H1, 300.1559448 NHx

DATA PROCESSING
8q. sine bell 2.667 sec

Shifted by -2.667 sec

7T size 32768

Total time 1 minute

— -

310
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bcb2299

Pulse Sequence: sipul

Solvent: CDC13

Ambient temperature
INOVA-300 “elfin"

PULSE SRQUENCE
Pulse 30.0 Gegrees
Acq., time 2.667 sec
width 6000.2 Hez
16 zepetiticns
OBSERVE H1, 300.1175326 MHz
DATA PROCESSING
8q. sine bell 2.667 sec
ghifted by -2.667 gec
FT size 32768
Total time 0 min, 48 sec

OCH;

Ph J\F CH,

OCH;
104

313

__-Ja _ L B N |

4.81

_JJ\
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bch2299¢13

Pulse Sequence: s3pul

Solvent: CDC13

Ambient temperature
INOVA-300 ‘“elfin"

PULSE SEQUENCE

Relax. dslay 1.000 sec
Pulgse 45.0 degrees

Acqg. time 0,800 sec

width 20000.0 Hsz

132 repetitions

OBSERVE C13, 75.4646009 MHz
DECOUPLE H1l, 300.1190283 MHz
Power 33 dB

continuously on

WALTZ-16 modulated
DATA PROCRSSING

Line broadening 1.5 Hxz
PT gize 32768

Total time 502456 hxr, 42 min, 40 gec

OCHj

v:/ﬂ\F/OIm

OCHj,
104

314,

_____-_1__—J_j.JI______a__lq__l—_j__d_—J__-J——J-J_I__I-J_____________._4__1_‘________—._______-__J__-ﬂ__J\__Jw__a______;__lﬂ__lﬂ_aJ_w__l_w_Al_w______J____
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2-mathoxy-1-phenylpropane
Solvent: CDCl3

Anbient temparature
File: bchether

INOVA~-500 “greenbexg”

PULSE SEQUENCE OCH,
Pulse 30.0 degrees _u:/\_/OI
Acq, time 2.667 sec ! _ 3
wideh 6000.0 Hx 109

16 repetitions
OBSERVE H1, u.oo.#uuo;ha MHs
DATA PROCESSING
8g. sine bell 2.667 sec
Shifted by -2.667 sec
T size 32768
Total time 1 minute

316
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d-methoxy-1i-phenylpropane

Solvent: CDC1l3
Ambient temperxature
Pile: bcbethexcl3
INOVA-500 “greenbexg"

PULSE SEQUENCE

Relax. delay 1.200 sec OCH,
Pulse 45.0 degrees _u:/\r
Acqg. time 0.727 sec OIw
width 22000.0 Hs 109

128 repestitions
OBSERVE C13, 75.4742661 NHxz
DECOUPLE H1l, 300.1574402 MHx
Power 40 AB
continuously on
WALTZ-16 modulated
DATA PROCESSING
Line broadening 2.0 Hz
¥T size 32768
Total time 4 minutes
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bch3175

Solvent: CDCl3
Ambient temperature
File: bcb3il7$s

INOVA-500 “greenberg" OOIw
PULSE SEQUENCE Ph. =

Pulse 30.0 degrees /\w/OIw
Acqg. time 2.667 sec 105
Width 6000.0 Hx

16 xepstitions

OPSERVRE H1l, 300.1555448 NH:z

DATA PROCRSSING

8q. sine bell 2.667 sec
Shifted by -2.667 sec

FT size 32768

Total time 1 minute

:
t

319
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beb3175

Solvent: CDC1l3
Ambient temperature
Pile: bcbhb3175¢13
INOVA-500 “greenberg"

PULSE SEQUENCE OCH;z
Relax. delay 1.200 sec _u:/\ﬁ
Pulse 45.0 degrees OIw
Acq. time 0.727 sec 105
widath 22000.0 Hx
324 repetitions

OBSERVE C13, 75.4742661 Mix

DECOUPLR H1, 300.1574402 MHEz
Power 40 4B
continuously on
WALTZ-16 modulated
DATA PROCESSING
Line broadening 2.0 Hgz
FT size 32768

Total time 10 minutes
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bcb318s

Solvent: CDCl3
Ambient tempexature
File: bcb3l8Ss
INOVA-500 *“greenbexg"

PULSE SEQUENCE
Pulse 30.0 degrees
Acg. time 2.667 sec
Width 6000.0 Hx
16 repetitions

OBSERVE H1, 300.1559448 Muz

DATA PROCESSING
8qg. sine bell 2.667 sec
Shifted by -2.667 sec
¥T size 32768
Total time 1 minute

OCHs
Ph oA\

106

322,
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bab3185c13

Solvent: CDCl3

Ambient temperature
Files becb3lesecll
INOVA-500 “greenberg"

PULSE SEQUENCE OOIw
Relax. delay 1.200 sec US//\\hﬂﬂ
Pulse 45.0 nomnoo-

Acqg. time 0.727 sec 106

width 22000.0 Hax

48 repetitions
OBSERVE C13, 75.4742661 MHz
DECOUPLE H1, 300.1574402 MHEz
Power 40 dB

continuously on

WALTZ-16 modulated
DATA PROCESSING

Line broadening 2.0 Hz

FT size 32768
Total tims 1 minutes

J__________—_44__1_|j_____.__—_.1_1—1_‘______-_J—___1_|_\_-1-4.__—____-1—_—_1.\________J-I-_._-l__—-l-\—_._—-—I.l-l,—___j__j\__________\_-_[_-_-__A\___j__q%__j__.__—?
240 220 200 180 160 . 140 120 100 80 60 40 20 0

-20 ppm
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Appendix C:

Typical Autoradiograms
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Typical autoradiogram from the measurement of the Cu(OP); base enhancement with 57.

12 34567 8 910111213 141516 1718192021 22
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Autoradiogram of §7 treated with Cu(OP),. Lane 1, dA selective sequencing reaction.
Lane 2, dG selective sequencing reaction. Lanes 3-22 contain 57 treated with Cu(OP),
({Cu(OP),] = 0.96 uM, [57] = 58.3 nM, [MPA] = 4.8 mM in 50 mM Tris, pH = 7.5, 37
N 15 min: lanes 3,5,7,9,11,13,15,17,19 and 21, no further treatment; lanes

’

4,6,8,10,12,14,16,18,20, and 22, NaOH (0.1 M), 55 °C, 20 min.
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Typical autoradiogram for the reaction of 24 with 59b.

123 45678 910111213 141516 1718 1920 2122 23 24 2526

uuunﬁiuu“““““ “t

T _M«ud‘“--f'-".v

v

o . v - bl -

Autoradiogram of 59b treated with 24 as a function of time. Lanes | and 2 contain 59b:
lane 1, no further treatment (t = 0 s); lane 3, NaOH (0.1 M), 20 min, 37 °C. Lanes 3-26
contain 59b treated with 24 at 37 °C ([59b] = 1.0 uM, [24] = 10.0 uM, [CuCl] = 10.0
puM, [MPA] = 2.0 mM in 10.0 mM Tris, pH = 7.0) at the following times: lanes 3-5, 450
s; lanes 6-8, 900 s; lanes 9-11, 1350 s; lanes 12-14, 1800 s; lanes 15-17, 2250 s; lanes
18-20, 2700 s; lanes 21-23, 3150 s; lanes 24-26, 3600 s.
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Typical autoradiogram for the reaction of 24 with 58 (direct strand breaks).
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Autoradiogram of 58 treated with 24 as a function of time. Lane 1, dA selective
sequencing reaction. Lane 2, dG selective sequencing reaction. Lane 3, 58. Lanes 4—
27 contain 58 treated with 24 at 37 °C ([58] = 1.0 uM, [24] = 10.0 uM, [CuCl,] = 10.0
1M, [MPA] = 2.0 mM in 10.0 mM Tris, pH = 7.0) at the following times: lanes 4-6, 600
s; lanes 7-9, 1200 s; lanes 10-12, 1800 s; lanes 13-15, 2880 s; lanes 16-18, 3960 s; lanes
19-21, 5040 s; lanes 22-24, 6120 s; lanes 25-27, 7200 s.
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Typical autoradiogram for the reaction of 24 with 58 (direct strand breaks + alkali labile
lesions).

123 456 78 9101112131415 16171819 202122 23 24 25 2627
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Autoradiogram of 58 treated with 24 as a function of time. Lane 1, dA selective
sequencing reaction. Lane 2, dG selective sequencing reaction. Lane 3, 58. Lanes 4—
27 contain 58 treated with 24 at 37 °C ([58] = 1.0 uM, [24] = 10.0 pM, [CuCl,] = 10.0
pM, [MPA] = 2.0 mM in 10.0 mM Tris, pH = 7.0) followed by NaOH (0.1 M), 20 min,
37 °C, at the following times: lanes 4-6, 600 s; lanes 7-9, 1200 s; lanes 10-12, 1800 s;
lanes 13-15, 2880 s; lanes 16-18, 3960 s; lanes 19-21, 5040 s; lanes 22-24, 6120 s; lanes
25-27, 7200 s.
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Typical autoradiogram for the reaction of 25 with 58 (direct strand breaks).
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Autoradiogram of 58 treated with 25. Lane 1, dA selective sequencing reaction. Lane
2, dG selective sequencing reaction. Lanes 3-26 contain 58 treated with 25 at 37 °C
([25] = 20.0 uM, [CuCl,] = 20.0 pM, [58] = 1.0 uM, [ascorbate] = 200 uM in 10 mM
Tris, pH = 7.0), at the following times: lanes 3-5, 1800 s; lanes 6-8, 3600 s; lanes 9-11,

5400 s; lanes 12-14, 7200 s; lanes 15-17, 9000 s; lanes 18-20, 10800 s; lanes 21-23,
12600 s; lanes 24-26, 14400 s.
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Typical autoradiogram for the reaction of 25 with 58 (direct strand breaks + alkali labile
lesions).

123 4567 8 91011121314151617 1819 2021 22 232425 26
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Autoradiogram of 58 treated with 25. Lane 1, dA selective sequencing reaction. Lane
2, dG selective sequencing reaction. Lanes 3-26 contain 58 treated with 25 at 37 °C
([25] = 20.0 uM, [CuCl;] = 20.0 uM, [58] = 1.0 uM, [ascorbate] = 200 uM in 10 mM
Tris, pH = 7.0) followed by treatment with NaOH (0.1 M), 20 min, 37 °C at the
following times: lanes 3-5, 1800 s; lanes 6-8, 3600 s; lanes 9-11, 5400 s; lanes 12-14,
7200 s; lanes 15-17, 9000 s; lanes 18-20, 10800 s; lanes 21-23, 12600 s; lanes 24-26,
14400 s.
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Typical autoradiogram for the reaction of 26 with 58 (direct strand breaks).
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Autoradiogram of 58 treated with 26. Lane 1, dA selective sequencing reaction. Lane

2, dG selective sequencing reaction. Lane 3, 58. Lanes 4-27 contain 58 treated with 26
at 37 °C ([26] = 20.0 uM, [CuCl;] = 20.0 puM, [58] = 1.0 uM, [ascorbate] = 200 uM in
10 mM Tris, pH = 7.0), at the following times: lanes 4-6, 1800 s; lanes 7-9, 3600 s;
lanes 10-12, 5400 s; lanes 13-15, 7200 s; lanes 16-18, 9000 s; lanes 19-21, 10800 s;

lanes 22-24, 12600 s; lanes 25-27, 14400 s.
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Typical autoradiogram for the reaction of 26 with 58 (direct strand breaks + alkali labile
lesions).

123 456 7 8 9101112 13141516 17 18 19 2021 22 23 24 2526

01

Autoradiogram of 58 treated with 26. Lane 1, dA selective sequencing reaction. Lane
2, dG selective sequencing reaction. Lanes 3-26 contain 58 treated with 26 at 37 °C
([26] = 20.0 uM, [CuCl;] = 20.0 pM, [58] = 1.0 uM, [ascorbate] = 200 uM in 10 mM
Tris, pH = 7.0) followed by treatment with NaOH (0.1 M), 20 min, 37 °C at the
following times: lanes 3-5, 1800 s; lanes 6-8, 3600 s; lanes 9-11, 5400 s; lanes 12-14,
7200 s; lanes 15-17, 9000 s; lanes 18-20, 10800 s; lanes 21-23, 12600 s; lanes 24-26,
14400 s.
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Typical autoradiogram for the reaction of E49C-OP with 64b.

123 4567 8 910111213 1415161718 19 20 21 22 23 24 25 26
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Autoradiogram of 64b treated with E49C-OP as a function of time. Lanes 1 and 2
contain 64b: lane 1, no further treatment; lane 2, NaOH (0.1 M), 20 min, 37 °C. Lanes
3-26 contain 64b treated with E49C-OP at 37 °C ([64b] = 50.0 nM, [E49C-OP] = 2.5
uM, [CuSO,] = 5.0 uM, [MPA] = 5.8 mM in 20.0 mM KH,PO,, pH = 7.0) at the
following times: lanes 3-5, 1125 s; lanes 6-8, 2250 s; lanes 9-11, 3375 s; lanes 12-14,
4500 s; lanes 15-17, 5625 s; lanes 18-20, 6750 s; lanes 21-23, 7875 s; lanes 24-26, 9000
S.
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Typical autoradiogram for the reaction of E49C-OP with 57 (direct strand breaks + alkali
labile lesions).

1 2 3 456 7 8 9101112131415161718 19202122 232425
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Autoradiogram of 57 treated with E49C-OP as a function of time. Lane 1, dA selective
sequencing reaction Lanes 2-25 contain 57 treated with E49C-OP at 37 °C ([57] = 50.0
nM, [E49C-OP] = 2.5 uM, [CuSO4] = 5.0 uM, [MPA] = 5.8 mM in 20.0 mM KH-POj,,
pH = 7.0) followed by NaOH (0.1 M), 20 min, 37 °C at the following times: lanes 2-4,
1125 s; lanes 5-7, 2250 s; lanes 8-10, 3375 s; lanes 11-13, 4500 s; lanes 14-16, 5625 s;
lanes 17-19, 6750 s; lanes 20-22, 7875 s; lanes 23-25, 9000 s.
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Appendix D:

ES-MS Spectra of Oligonucleotides

336

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Relative Abundance

- - N N w w H H ot o [)] [e)] ~ ~ [o2] o 0 [{e]
o ()] o [¢)] o (41} o [3,] o (4] (=] o o [4]] o (4] o [9/] o (4]
T T T T A N A N R AR IR SRR AR L AR AN SR R RN SN A NS NI AN R A AN AR AN

P W

-l.A_._LI..;._l..oo L

sty

08L1

Lia

Aha

N AT T R

0081

%8

alaaaalieaal .LLL.QAOIS.}..IA“I.LL.I....l..
(OOST 1.0))p-.S

ose

PP O

Laaaal,

000z,

1

€910¢ 71861 gz61

adaaaalag

osge .

FWUN BT

L0 9'6v0C

&

Laaaalassald,

00Le
9'€602

337

6l
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

-
[=]
7

92681

L

[00°0002-00°06¢ ] sw |4 d -

3
e01 L6go8\aoW\Biequesi\eleqy

a

¥0 0002/80/21

18

Wd 2§

V0115904



B. Bales BCB 5169
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D:\Data\Greenberg\BCB\bch7278b

Relative Abundance

T: - p ms [ 150.00-2000,00]

100+
957
90

85

- a2 NN W
OOIO(J\(ID

(4]

prat g s daverbeaastesog o

o

10/23/2001 12:29:40 PM

35-mer Ketone

10803.00

5°-d(GTA GTT TAT CAG 15GT TAA ATT GCT AAC GCA GTC AG)

10669.00 10692.00

10516.00 10546.00 10752.00

10589.00 10634.00

10924.00

10971.00
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D:\Data\Greenberg\BCB\bcb7278ca 10/23/2001 08:25:12 PM 50-mer Ketone

#1 RT.0.00 P:- NL: 4.09E5
T: - p ms [ 250.00-2000.00]

100- 15468.00
95
90

5'-d(AGT CGC CGA ATG TAC TAG AGA 15CT AGT GCA TTA GCT TAT TTT TTT GTT AT)

340

Relative Abundance
(4]
1 I?J

. 15542.
20 00 15,5{7.00

\ / 15604.00
15332.00 2

]
] m\ 15414.00 15639.00
107 15248.00 / 15386.00 15693.00 1572700
5 N~~~ 1628300 '

15500 @ | 15250 15300 15350 15400 15450 - 15500 = 15550 15600 15650 15700 15750 15800
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