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BaP DE-1 nucleoside adducts

BcPh DE-2 nucleoside adducts

Palladium-catalyzed €N bond formation has been utilized to synthesize covaléwte®xyadenosine
(dA) and 2-deoxyguanosine (dG) adducts of bergpjrene (BaP) series 1 (syn) and benzp{

phenanthrene (&h) series 2 (anti) diol epoxides.

For thig;)¢10a-amino-7,8a,93-trisbenzoyloxy-

7,8,9,10-tetrahydro & and {+)-15-amino-2x,3a,45-trisbenzoyloxy-1,2,3,4-tetrahydraBh were coupled
with 6-halo-9-[3,5-biso-(tert-butyldimethylsilyl)3-p-erythro-pentofuranosyl]purine an@®-benzyl-3,5 -
bis-O-(tert-butyldimethylsilyl)-2-bromo-2deoxyinosine, using a)-BINAP—Pd complex and GEOs.

For the synthesis of the dA adducts, both the 6-chloro- as well as the 6-bromopurine nucleoside derivatives
were analyzed for the €N coupling reaction with the hydrocarbon amino tribenzoates. With @i B
amino tribenzoate, the 6-chloronucleoside provided satisfactory results, whereas the 6-bromo analogue
proved to be superior with thed®h amino tribenzoate. Overall, lower yields of the dA adducts were
obtained with the more hindered fjord-regioth amino tribenzoate as compared to the bay-region
BaP amino tribenzoate. In contrast to reactions leading to the dA adducts,ther€actions of both

BaP and BPh amino tribenzoates with the 2-bromee2oxyinosine derivative proceeded in comparable
yields. This seems to indicate that such Pd-catalyzed adduct forming reactions at the C-6 position may
be influenced by steric constraints of the amine component, whereas those at the C-2 position are less
sensitive. Diastereomeric adduct pairs were separated and characterized by spectral methods and by
comparisons to adducts produced by direct displacement reactions as well as those formed from DNA

alkylation by diol epoxides.

Introduction

Polycyclic aromatic hydrocarbons (PAHS) are ubiquitous
environmental pollutants that result from activities of a modern
society. Among the multiple metabolic pathwdy$, many
PAHSs that contain a bay- or a fjord-region undergo metabolic
activation to four diol epoxidéshat are thought to exert their
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carcinogenic activity by alkylation of cellular DNA.” This
reaction with DNA proceeds by -©0 bond scission of the

(1) Earlier studies on PAHs and carcinogenesis have been reviewed in:
(a) Polycyclic Aromatic Hydrocarbon Carcinogenesis: Structufetivity
RelationshipsYang, S. K., Silverman, B. D., Eds.; CRC Press: Boca Raton,
FL, 1988; Vols. | and II. (bPolycyclic Aromatic Hydrocarbons: Chemistry
and Carcinogenicity Harvey, R. G., Ed.; Cambridge University Press:
Cambridge, 1991Polycyclic Hydrocarbons and Carcinogenestitarvey,

R. G., Ed.; ACS Symposium Series 283: Washington, DC, 1985. (c) For
a detailed survey of the chemistry of polycyclic aromatic hydrocarbons,
please seePolycyclic Aromatic Hydrocarbons#iarvey, R. G., Ed.; Wiley-
VCH: New York, 1997.
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SCHEME 1.

Champeil et al.

Cis/Trans Ring Opening of Four Isomeric Diol Epoxides
Series 1 (DE-1)

Series 2 (DE-2)

oxirane, followed by cis and trans attack by the exocyclic amino
groups of the purine bases (Schemé1).

DNA alkylation upon metabolism of any PAH results in the
formation of 16 purine nucleoside addufsTo probe the
structural and biological properties of individual diol epoxide
DNA lesions, access to site-specifically modified DNA contain-
ing stereochemically defined diol epoxide adducts is critical.

after appropriate functionalization, be incorporated into DNA
oligomers by solid-phase synthesis methbdgpically, only
fluorinated purine nucleosides possess sufficient reactivity to
undergo KAr displacement reactions with the relatively un-
reactive amino derivatives of polycyclic aromatic hydro-
carbong?10 However, syntheses of 6-fluoropurineeoxy-
ribosidé! and 2-fluoro-2-deoxyinosin&? are non-trivial, multi-

Thus, substantial effort has been directed to the developmentstep procedures.

of methods leading to diol epoxide adducted DRPReactions
of diol epoxides with nucleosides or nucleotides are not
productive avenues for the synthesis of these addadtsere-

Pd-catalyzed €N bond formation is growing in significance
for the modification of nucleosidéd,and several biologically
important nucleoside adducts have been synthesized via its

fore, the total synthesis approach requires reversing the nucleo-application'* Our interest in Pd-catalyzed synthesis of diol
phile/electrophile roles of the nucleoside and the PAH. Reactions epoxide-nucleoside adducts stemmed from several important

of electrophilic purine nucleosides with amino PAH derivatives
lead to the covalent diol epoxidaucleoside adducts that can,

(2) (a) Cavalieri, E. L.; Rogan, E. GXenobiotical995 25, 677—688.

(b) Cavalieri, E. L.; Rogan, E. G. IThe Handbook of Enronmental
Chemistry, Vol 3JNeilson, A. H., Ed.; Springer-Verlag: Heidelberg, 1998;
pp 81-117.

(3) () Penning, T. M.; Burczynski, M. E.; Hung, C.-F.; McCoull, K.
D.; Palackal, N. T.; Tsuruda, L. £hem. Res. Toxicol999 12, 1-18.

(b) Bolton, J. L.; Trush, M. A.; Penning, T. M.; Dryhurst, G.; Monks, T. J.
Chem. Res. ToxicoR00Q 13, 135-160.

(4) Jerina, D. M.; Sayer, J. M.; Agarwal, S. K.; Yagi, H.; Levin, W_;
Wood, A. W.; Conney, A. H.; Pruess-Schwartz, D.; Baird, W. M.; Pigott,
M. A.; Dipple, A. In Biological Reactie Intermediates ItlKocsis, J. J.,
Jollow, D. J., Witmer, C. M., Nelson, J. O., Snyder, R., Eds.; Plenum
Press: New York, 1986; pp #130.

(5) Harvey, R. G.; Geacintov, N. BAcc. Chem. Re4.988 21, 66—73.

(6) Jerina, D. M.; Chadha, A.; Cheh, A. M.; Schurdak, M. E.; Wood, A.
W.; Sayer, J. M. IrBiological Reactie Intermediates I\VWitmer, C. M.,
Snyder, R., Jollow, D. J., Kalf, G. F., Kacsis, J. J., Sipes, |. G., Eds.; Plenum
Press: New York, 1991; pp 53%53.

(7) Dipple, A. InDNA Adducts: Identification and Biological Signifi-
cance Hemminki, K., Dipple, A., Shuker, D. E. G., Kadlubar, F. F,,
Sagerbek, D., Bartsch, H., Eds.; Scientific Publication No. 125, Interna-
tional Agency for Research on Cancer: Lyon, France, 1994; pp-129.

(8) (a) Lakshman, M. K.; Sayer, J. M.; Jerina, D. 81.Am. Chem. Soc.
1991 113 6589-6594. (b) Lakshman, M. K.; Sayer, J. M.; Jerina, D. M.
J. Org. Chem1992 57, 3438-3443. (c) Lakshman, M. K.; Sayer, J. M,;
Yagi, H.; Jerina, D. MJ. Org. Chem1992 57, 4585-4590. (d) Chaturvedi,
S.; Lakshman, M. KCarcinogenesid996 17, 2747-2752.

(9) (@) Cosman, M.; Ibanez, V.; Geacintov, N. E.; Harvey, R. G.
Carcinogenesid99Q 11, 1667-1672. (b) Kim, S. J.; Harris, C. M.; Jung,
K.-Y.; Koreeda, M.; Harris, T. MTetrahedron Lett1991 32, 6073-6076.

(c) Steinbrecher, T.; Becker, A.; Stezowski, J. J.; Oesch, F.; Seidel, A.
Tetrahedron Lett1993 34, 1773-1774. (d) DeCorte, B. L.; Tsarouhtsis,
D.; Kuchimanchi, S.; Cooper, M. D.; Horton, P.; Harris, C. M.; Harris, T.
M. Chem. Res. Toxicoll996 9, 630-637. (e) Pilcher, A. S.; Yagi, H.;
Jerina, D. M.J. Am. Chem. Sod.998 120, 3520-3521. (f) Cooper, M.

D.; Hodge, R. P.; Tamura, P. J.; Wilkinson, A. S.; Harris, C. M.; Harris, T.
M. Tetrahedron Lett200Q 41, 3555-3558.
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considerations, such as the cumbersome synthesis of reactive
fluorinated nucleosides usually required for displacement reac-
tions with the axially constrained and hindered PAH amines
and the fact that some displacement reactions leading to the
diol epoxide nucleoside adducts are not particularly efficient.
Access to chloro- and bromonucleosides is eddig#215%nd
Pd-catalyzed €N bond formation presents a potentially facile
approach to this important class of biologically relevant,
modified nucleosides.

Wel” and other¥ have independently reported Pd-catalyzed
synthesis of nucleoside adducts from the carcinogenjeBaP

(10) Lakshman, M.; Lehr, R. ETetrahedron Lett199Q 31, 1547
1550.

(11) Robins, M. J.; Basom, G. ICan. J. Chem1973 51, 3161-3169.

(12) Zajc, B.; Lakshman, M. K.; Sayer, J. M.; Jerina, D. ™trahedron
Lett. 1992 33, 3409-3412.

(13) (a) Lakshman, M. KJ. Organomet. ChenR002 653 234—251.
(b) Lakshman, M. KCurr. Org. Synth2005 2, 83—112.

(14) For some examples of Pd-catalyzedNCbond formation leading
to biologically important nucleoside derivatives, please see: (a) Harwood,
E. A; Sigurdsson, S. T.; Edfeldt, N. B. F.; Reid, B. R.; Hopkins, PJB.
Am. Chem. Sod 999 121, 5081-5082. (b) De Riccardis, F.; Bonala, R.
R.; Johnson, FJ. Am. Chem. Sod999 121, 10453-10460. (c) Wang, Z.;
Rizzo, C. J.Org. Lett.2001 3, 565-568. (d) Schoffers, E.; Olsen, P. D.;
Means, J. COrg. Lett.2001, 3, 4221-4223. (e) Gillet, L. C. J.; Shar, O.
D. Org. Lett.2002 4, 4205-4208. (f) Lakshman, M. K.; Ngassa, F. N.;
Bae, S.; Buchanan, D. G.; Hahn, H.-G.; Mah,HOrg. Chem2003 68,
6020-6030. (g) Chakraborti, D.; Colis, L.; Schneider, R.; Basu, ACKg.
Lett. 2003 5, 2861-2864. (h) Elmquist, C. E.; Stover, J. S.; Wang, Z.;
Rizzo, C. JJ. Am. Chem. So@004 126, 11189-11201. (i) Stover, J. S;
Rizzo, C. J.Org. Lett.2004 6, 4985-4988. (j) Dai, Q.; Ran, C.; Harvey,
R. G.Org. Lett.2005 7, 999-1002.

(15) Maruenda, H.; Chenna, A.; Liem, L.-K.; Singer, B.Org. Chem.
1998 63, 4385-4389.

(16) Lakshman, M. K.; Keeler, J. C.; Hilmer, J. H.; Martin, J.JQAm.
Chem. Soc1999 121, 6090-6091.



Nucleoside Adducts of Bay- and Fjord-Region Diol Epoxides ]OCArticle

SCHEME 2. Synthesis of BP Amino Tribenzoate

OH
O 10 o, 1 “ NaH, 0. ‘
o 00 ooy = O
HO'8"Y7 HO"3™Y2 Bz0™ 0°Ctort Bz0"
OH OH OBz )1 OBz ()2
(+)-BaP DE-1 (+)-BcPh DE-2
(1) LiNg, DMF, rt

5 S : (2) PhCOCN,

FIGURE 1. Bay- and fjord-region diol epoxides ofa® and BPh. EtyN, DMF, rt

DE-2. Therefore, the current investigation focused on the
synthesis of adducts from the stereoisometiy-BaP DE-1 (a BzO.
bay-region derivative) and fromH)-BcPh DE-2 (a fjord-region
compound; Figure 1), representing two structurally differen
paradigms. This also provided an opportunity to understand on
a comparative basis the efficiency of catalysis reactions on
chloro- and bromonucleosides. Pd-catalyzed amination of a SCHEME 3. Synthesis of BPh Amino Tribenzoate
trissilyl protected 6-chloropurine nucleoside with aliphatic
amines was reported to proceed in good yield, but reactions

H, (1 atm),
Lindlar,  BzO

t BZO“‘ THF-IEtOH, BZO\“

with the less nucleophilic aryl amines were low-yieldi#dprior NaN3,
work has shown that the direct displacement reactions of 111 THFE-H0
hindered PAH amines with 6-chloropurine nucleoside are 40°C

inefficient®100n the other hand, two PAH amines underwent
efficient Pd-catalyzed coupling with 6-chloro-9-[3,5-lads(tert-
butyldimethylsilyl)3-p-erythro-pentofuranosyl]puriné and both l

PhCOCN,

chloro- and bromonucleosides were effective coupling partners ELN DNE.
31N s

in C—N bond formation with azole nitrogeR8On the basis of
these results, we decided to assess the effectiveness of 6-bromo-
and 6-chloro-9-[3,5-bi©-(tert-butyldimethylsilyl)3-p-erythro-

pentofuranosyl]purine for Pd-catalyzed—@® bond forming H, (1 atm),
reactions with bay- and fjord-region amino PAH derivatives. Lindlar,
In this paper, we discuss: (a) the efficiencies 6l2oxyad- THF-EtOH,
enosine adduct syntheses by I8 bond formation with the two rt

C-6 halopurine 2deoxyribonucleosides, (b) the synthesis 'ef 2
deoxyguanosine adducts of the two PAH diol epoxides, (c) a

comparison of t_he various reactions, and (d) an assessment 0];esulting crude material was directly converted to the azido
the stereochemical integrity in the Pd-catalyzed reactions.

tribenzoate £)-3.21° Finally, the reduction of the azide moiety
) ) with H, and the Lindlar catalyst yielded the amino tribenzoate
Results and Discussion (£)-4 (use of excess catalyst was required for efficient conver-

Synthesis of BP Amino Tribenzoate. Many PAH amino sion; Pd-C could also be used but was less efficient and,PtO

triols and amino triacyl derivatives that are suitable precursors Was ineffective). _ _ _

to the nucleosidediol epoxide adducts can be stereoselectively _ Synthesis of BPh Amino Tribenzoate. Synthesis of the
synthesized by ring-opening reactions of the diol epoxides BCPh amino tribenzoate+)-8 commenced from EPh DE-2
themselveg:®01021As shown in Scheme 2, in the present case, [(+)-(5)] (Scheme 3} Because of its low solvolytic reactivity,
known bromohydrin£)-1 was synthesized via reaction g @S We had reported earlig the ring opening of £)-5 was
dihydrodibenzoaf@ with NBS/NaOAc in~30% HO—THF?3 conduc_tec_zl in THEHZO. Thes_e conditions eliminate non-
and cyclized to the epoxide-)-223 with NaH in dry THF (Cs- benzylic ring opening by the azide, a feature that was observed
COs in THF can be used, but the ensuing reactions are not veryWhen DMF was used as a soIvéﬁConversmn of the azidotriol
clean). Ring-opening of to the azidotriol dibenzoate was (F)-6 to the triester £)-7 was accomplished with PhRCOCN/

performed with LiN, in DMF at room temperature, and the ~EBN in DMF.21P Again, catalytic reduction with FHand excess
Lindlar catalyst yielded the amino tribenzoate){8.

(17) Lakshman, M. K.; Gunda, Rrg. Lett. 2003 5, 39—42. Coupling of the BaP and.BcP.h Amino Tribenzogtes vyith
(18) Johnson, F.; Bonala, R.; Tawde, D.; Torres, M. C.; Iden, ©Hem. C-6 Halo Purine 2-Deoxyribosides.Once the amino triben-
Res. Toxicol2002 15, 1489-1494. zoates £)-4 and ()-8 were synthesized, the next step was the

Nuggggé‘éi"ﬂi‘cfég\ﬂégggLl"édgr{’zi'—gi;zvea” Delft, F. L.; Koomen, G.-J. - analysis of their coupling with each of the halo nucleosides

(20) Lagisetty, P.; Russon, L. M.; Lakshman, M. Angew. Chem., Int. 6-chloro- and 6-bromo-9-[3,5-bi&-(tert-butyldimethylsilyl)-
Ed. 2006 45, 3660-3663. [-D-erythro-pentofuranosyl]purine 9 and 10). For this, we

(21) (a) Lakshman, M.; Nadkarni, D. V.; Lehr, R. E.Org. Chem199Q it i
55, 48924897, (b) Lakshman, M. K. Chaturvedi. S Lehr. R Snth. selected conditions that we have successfully used previously

Commun.1994 24, 2983-2988.

(22) McCaustland, D. J.; Engel, J. Fetrahedron Lett1975 16, 2549~ (24) Sayer, J. M.; Yagi, H.; Croisy-Delcey, M.; Jerina, D. . Am.
2552. Chem. Soc1981, 103 4970-4972.

(23) Yagi, H.; Thakker, D. R.; Hernandez, O.; Koreeda, M.; Jerina, D. (25) Lakshman, M. K;; Yeh, H. J. C.; Yagi, H.; Jerina, D. Metrahedron
M. J. Am. Chem. S0d.977 99, 1604-1611. Lett. 1992 33, 7121-7124.
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TABLE 1. Coupling of Amino Tribenzoates ()-4 and (&)-8 with the Two C-6 Halo Nucleosides 9 and 10

X Pd(OAc),,
N>y  (+)-BINAP,
<
TBDMSO J ——— TtBDMSO
o}

NTON Cs,CO4
PhMe, amine
TBDMSO 85°C TBDMSO
9: X =Cl
10: X =Br BaP DE-1 adducts: 11a,b
BcPh DE-2 adducts: 12a,b
entry amine mmol  nucleoside molar [nucleoside] time (h) adducts, yield’

1 0.032 9 0.028 22 11a,b: 32%
2 0.044 9 0.04 8 11a,b: 43%
3 0.028 9 0.1 4 11a,b: 59%
4 0.024 10 0.1 4 11a,b: 57%
5 0.222 9 0.1 5 11a,b: 73%
6 0.028 9 0.025 6 12a,b: 37%
7 0.029 9 0.1 4 12a,b: 36%
8 0.026 10 0.1 4 12a,b: 50%
9 0.265 10 0.1 4 12a,b: 45%

aReactions were conducted in PhMe at°85 ® Yield is of isolated, purified products and represents the combined yield of diastereomeric adduct pairs.

for the synthesis of 8P DE-2 adducts with’2deoxyadenosin¥. yguanosine adducts. Using the same catalyst composition
The C-N bond formation was conducted with 1.1 molar equiv described previously for the synthesis of thia@l@oxyadenosine
of amine with the combination of 10 mol % Pd(OA0 mol adducts, &N bond formation between PAH amino tribenzoates

% (£)-BINAP/1.4 molar equiv of C£0;s in toluene as the  (+)—4, (+)—8, and13 was conducted at a nucleoside concen-
solvent. The results of these reactions are compiled in Table 1.tration of 0.1 M. The results from these experiments are shown
The results in Table 1 show some interesting features andin Table 2.
also provide meaningful comparisons between the reactions of  The most noteworthy feature in Table 2 is the observation
the two amines. In the case of theBamino tribenzoatet)- that comparably good product yields were obtained from the
4, the reactions appeared to be dependent upon the concentratiofyg amino benzoates. This contrasts with the results in Table 1
of the nucleoside (limiting reagent), and the coupling yield \here the yield of the'2deoxyadenosine adducts from the more
increased with concentration (entries-3). When comparing  pindered BPh amino tribenzoate was lower than that from the
yields of11ab from the reactions of the two halo nucleosides, gap amino tribenzoate. This result seems to imply that some

as we had demonstrated in an earlier communicéfichjoro- subtle influences, possibly steric features associated with the
nucleoside9 underwent G-N bond formation in comparable  pAH amines. come into play in-EN bond formation at the

yield to the bromo analogugO (entry 3 vs 4). In contrast 10 ¢_g position of purine nucleosides but that such effects do not
these results, reactions withcBh amino tr|benzoate¢()-8 seem to influence €N bond formation at the C-2 position.
appeared to be different. The nucleoside concentration had 3\1ost impressively, good yields of botheB and B:Ph adducts

smalller mfIyence on the prpduct quld, and more notably, are realized via this method. Although these compounds can
reactions with bromonucleosidi) provided superior results. be directly used for DNA assembly by methods we have

\B("TDI?]S of_addtu_ct:)tsl2abtfrom th? mor?hhlnoiﬁred ?ord-rtiglobn previously describe for reasons indicated later, unequivocal
crh amino tribenzoate were fower than those from e bay= g4 cture confirmation was undertaken.

region BaP derivative. ) . . )
Coupling of the BaP and BcPh Amino Tribenzoates with Str_ucture Conf!rmanon of the Synthetic PAH Diol
05-Benzyl-2-bromo-2-deoxyinosine. Since we have faced ~EPOXide—Nucleoside Adducts.In productsllab and12apb,
difficulties in the preparation of 'F-bis-O-(tert-butyldi- the benzoates in each pair of diastereomeric adducts were
methylsilyl)-2-chloro-2-deoxyinosine® the readily available ~ cleaved with NF/MeOH, and the resulting trihydroxy com-
2-bromo analogud 342 was used to synthesize théd2ox- pounds were acetylated (Scheme 4). In the cask4ab and
15ab, the previously described acyl group interchange was

(26) Pottabathini, N.; Bae, S.; Pradhan, P.; Hahn, H.-G.; Mah, H.; followed by removal of th&©®-benzyl group by hydrogenolysis
Lakshman, M. K.J. Org. Chem2005 70, 7188-7195. (Scheme 4). Small amounts of the diastereomeric adducts were

5038 J. Org. Chem.Vol. 72, No. 14, 2007
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TABLE 2. Coupling of Amino Tribenzoates ()-4 and (&)-8 with 3',5'-Bis-O-(tert-butyldimethylsilyl)-2-bromo-2'-deoxyinosine 13

AN
0" "Ph pd(0Ac),,
N~SN (+)-BINAP,
TBDMSO <N | PR TBDMSO
o N™ "Br  Cs,CO,4
PhMe, amine,
TBDMSO 85 °C TBDMSO

13

OBz

BaP DE-1 adducts: 14a,b
BcPh DE-2 adducts: 15a,b

entry mmol time (h) adducts, yield”
0.023 18 14a,b: 68%
2 0.222 16 14a,b: 73%
3 0.029 18 15a,b: 68%
0.265 16 15a,b: 70%

aReactions were conducted in PhMe at 85 at a 0.1 M concentration of the nucleosii&ield is of isolated, purified products and represents the
combined yield of diastereomeric adduct pairs.

SCHEME 4. Preparation of Adduct Triacetates for Characterization

(1) NHg, MeOH, 55 °C
(2) Aco0, pyridine, rt

TBDMSO TBDMSO
TBDMSO TBDMSO
BaP DE-1 adducts: 11a,b BaP DE-1 adducts: 16a,b
BcPh DE-2 adducts: 12a,b BcPh DE-2 adducts: 17a,b

1) NHS, MeOH, 55 °C TBDMSO

TBDMSO </
0 (2) Acy0, pyridine, rt

(8) 5% Pd-C, H, (1 atm),
THF-MeOH
OBz OAc

BaP DE-1 adducts: 14a,b BaP DE-1 adducts: 18a,b
BcPh DE-2 adducts: 15a,b BcPh DE-2 adducts: 19a,b

TBDMSO TBDMSO

separated by preparative TLC after these manipulations, and agioration of this problem, possibly by closing open coordination
described in the next section, the disilyl triacetaiés—19b sites at the metal centéfIn the present cases, stereochemical
were analyzed in detail. integrity is of utmost importance since loss of chirality at the
Evaluation of Stereochemical Integrity in the Adduct amine bearing carbon would alter the structure and conformation
Forming Reactions. The presence of a hydrogen atamto of the biologically important adducts that are to be used for
the amino group raises the possibility of a loss of stereochemicalstructure-biological studies.
integrity, and a loss of chirality in Pd-mediated-® bond
formation viag-hydride migration has been documented inthe 27y wagaw, S.; Rennels, R. A.: Buchwald, S.1.Am. Chem. Soc.
literature?” The use of a bis-phosphine ligand provides ame- 1997 119, 8451-8458.

J. Org. ChemVol. 72, No. 14, 2007 5039
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BaP Case: TABLE 3. Coupling Constants for Tetrahydro Ring Protons in the
Adducts?
Nucleoside. Nucleoside.
AGO NH TH'”;»\. AcO i TLH;'« benzo[a]pyrene series
2’-deoxyadenosine 2’-deoxyguanosine
AcO' AO™ adducts adducts’
OAc OAc 16a (10S) 18a (105)
Jo10= 4.2 (2.9F Jo 0= 44
Trans DE-1 adduct Cis DE-1 adduct wo— @9 10
Js.0=6.9" (3.3) Joo=7.0
BcPh Case: T, =6.0" 3.1y J,s=69
i Nucleoside.
Nucleoside- | UCIeoSIAe NH TR Nudleoside. 16b (10R) 18b (10R)
AcO_+# 2 AcO Z : Jo.10=3.9" (2.9) Jo10=40
ﬁ’ AcO o.10=3.9"(2.9) 9,10 = %
AT ACOT N . Js.o=6.6" (3.6)° Jgo=6.5
OAc OAc AcO Jrg=5.8" 3.1y J,g=6.5
OAc
Trans DE-2 adduct Cis DE-2 adduct benzo[c]phenanthrene series
FIGURE 2. Loss of stereochemical integrity would result in the cis 2 "de"’giadet”"sme 2 "de"ggg“?@”i”e
rather than the trans adducts. adaucts aaducts
| limi icati h had initiall 17a (15) 19a (15)
n our preliminary communication where we had initially ) O P _

. . . . Nucleoside. J,,=45" 33 J ,=44
disclosed studies on Pd-mediated-Ig bond formation as a NH ‘ e EZ 9; L
route to carcinogennucleoside conjugatééwe had addressed AcO.,, M 237 %
this potential problem by comparison of the products to those A o“‘ 154=83"(13) J4=85
that were synthesized by displacement of fluoride from a ¢ Ohc
fluoronucleoside. In the present cases, chirality attrition would 17b (IR) 19b (1R)
result in a cis relative stereochemical arrangement of the ) R
nucleoside and the adjacent acetoxyl group (Figure 2). Chiro- ~ Nucleoside.,, ‘ 11,2-4-1h @7y Jia=43
optical methods alone would not be adequate to distinguish ACO_~ S5 =2.47(2.9) S3=2.6
between trans and cis products due to close similarities in their Jy4=8.3" (74 J;4=89
CD spectra? AcO

(:)Ac

Therefore, the coupling constants of the tetrahydro ring
protons in the adducts obtained by the Pd-catalyzed method @Data obtained at 500 MHz under ambient conditidh®btained in
(Table 3) were compared to cis and trans adducts that are knowrficetoned. © Obtained in deacidified CDgI“ Obtained in DMSQ8.

in the Iiteratgre and/or hqve been ynequivocally synthesized (se€yata for the 2deoxyadenosine adducts7ab) were compared
the Supporting Information for this data). In thelBcase, the g those reported for the products arising from fluoride displace-
trans ring-opened’Zleoxyadenosine adduct$6@ab) synthe-  ment chemistrdf as well as adduct peracetates obtained from
sized in this study showet}g=5.8-6.0,Js9 = 6.6-6.9, and alkylation of DNA by ()-BcPh DE-231 and a very close match
Jo,10 = 3.9-4.2 Hz, and these are consistent with those for \yas opserved (see the Supporting Information for a compre-
adducts derived from  6-fluoro-9-[3,5-bB(tert-butyldi- hensive tabulation). Best comparisons for the@xyguanosine
methylsilyl)3-p-erythro-pentofuranosyllpurines = 6.2,Js9  adducts {9ab) were data for the peracetates of adducts derived
= 7.0, andJs 10 = 4.0 Hz). The latter products are derived via from DNA alkylation by @)-BcPh DE-23! The observed
a SVAr mechanism, where chirality attrition is not a question. copling constants fot9ab are Js 4 = 8.5-8.9, Jo3 = 2.6—
Further, theJ values of the trans adducts are quite different 5 7 'andJ, , = 4.3-4.4 Hz, and these match well with 4 =
from those of the isomeric cis compounds, where theyJage 8.4-8.5, 3213 = 1.6-2.6, andJ;, = 4.1-4.5 Hz reporte'd for
= 7.9-8.0,J59 = 11.5, andJo,10 = 4.5 Hz? The coupling  the corresponding adduct peracetates (see the Supporting
constants for the trans ring-openeed2oxyguanosine adducts  |nformation).
(18ab) obtained in the present study welgs = 6.5-6.9, Jg 9 These comparisons led us to the conclusion that chirality
=6.5-7.0, andJg 10 = 4.0-4.4 Hz. Not only are these values  scrampling was not a problem within the detection limits of
very similar to those reported for the adducts obtained from the analyses used. An interesting observation that stemmed from
3,5-bis-O-(tert-butyldimethylsilyl)-2-fluoro-2-deoxyinosine by these studies is that theaB adductsl6ab showed a solvent-
fluoride displacementlf,s = 6.1-6.9,J39 = 6.6-6.8, andJs 10 dependent conformational change that is reflected in the
= 3.9-4.4 Hz)? but again these are also markedly different coypling constants of the tetrahydro ring protons. The=
from those of the isomeric cis ring-opened addudig € 8.2, 5.8-6.0, Js0 = 6.6-6.9, andJs 10 = 3.9-4.2 Hz observed in
Jgo = 11.8, andle 10 = 2.2 Hz)* _ acetoneds dramatically changed td; g = 3.1, Jg0 = 3.3-3.6,

In the BcPh case, the differences in tllevalues for the and Jg10 = 2.9 Hz in CDC}. Since the coupling constants
isomeric cis and trans ring-opened adducts are smaller. Thus,provide an understanding of the orientation of the substituents
in the tetrahydrobenzo ring, a decrease in the values is an

To&?f&%gggé%gﬁ?}?“' B. D.; Roman, J. M.; Dipple, Bhem. Res. jngijcation of substantially more axially disposed substituents
(29) See the Supporting Information to: Custer, L.; Zajc, B.; Sayer, J. In CDClz as compared to acetort-

M.; Cullinane, C.; Phillips, D. R.; Cheh, A. M.; Jerina, D. M.; Bohr, V. A;;

Mazur, S. JBiochemistry1999 38, 569-581. (31) Agarwal, S. K.; Sayer, J. M.; Yeh, H. J. C.; Pannell, L. K.; Hilton,
(30) Kroth, H.; Yagi, H.; Seidel, A.; Jerina, D. M. Org. Chem200Q B. D.; Pigott, M. A.; Dipple, A.; Yagi, H.; Jerina, D. Ml. Am. Chem. Soc.
65, 5558-5564. 1987 109, 2497-2504.
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Conformer I Conformer II

Conformer III

FIGURE 3. Possible conformations of the $8aP DE-1 deoxyadenosine adduda (generated via MacSpartan Pro V 1.0.3). For simplicity, the
saccharide of the nucleoside has been replaced with a hydrogen atom.

In evaluating the conformational equilibria of theB DE-1 been proposed to exist in a conformation with all axial
adductsl6ab, the NMR coupling constants were compared to substituents in CDGJ possibly stabilized by an intramolecular
those of products obtained by a trans ring openinga® BE-1 hydrogen bond? In the more polar acetongs; there are two

with various nucleophile® There are four principal conformers  possible conformers that could account for the obsedwedues.

that can be considered fat6ab, and those for the 1® These ardll , where the absolute values of the dihedral angles
diastereomerl(6a) are shown in Figure 3. Among these, half- in the minimized structure are /HC—C—Hg = 147.4, B—
chair conformerl was generated by imposing large dihedral C—C—Hg = 145.6, and B—C—C—Hjo = 48.4, andlV with
angles between vicinal protons, and the structure was optimized.dihedral angles H-C—C—Hg = 35.4, b—C—C—Hg = 144.7,

For conformerdl —1V, possible dihedral angle constraints were and H—C—C—Hjyo = 136.7. Bothlll andIV adopt a boat or
imposed based upon the obsendkdalues, and the structures a flattened half chair conformation, and this analysis is again
were optimized followed by further minimization using semi- comparable to that reported for the trans ring-opening products
empirical AM1. Conformet that has all equatorial substituents of BaP DE-123 In conformerlll , the C-7 and C-8 substituents
can be readily eliminated since this should display large coupling are diequatorially disposed, whereas in confortierthese are
constants between all the axial protons and would require a diaxial. Betweenrll andlV, the latter also has a quasi-equatorial
quasi-equatorial orientation of the bay-region purine substituent purine substituent in the sterically congested bay-region (quasi-
as well (for this reason, no further AM1 minimization was axial inlll ). These reasons rendér more preferable tdV .
considered). This analysis is comparable to that reported forIn the case of the &h adductsl7ab, although small
the ring-opening products of d® DE-122 A half-chair con- differences in the coupling constants were observed in GDCI
formerll appears to be preferred in CQCh solvent of lower and acetonels, these were not as dramatic. Such an analysis
polarity, and dihedral angles (absolute values) after AM1 was not conducted with thé-deoxyguanosine adducts as a good
minimization are H—C—C—Hg = 55.3, b—C—C—Hy = 48.4, line shape for these is typically only observed in DM8§&and

and Hh—C—C—Hjo = 54.6. A possible stabilizing feature in  not in CDCk.

such a conformer could be an intramolecular hydrogen bond
between the NH proton and the axial acyl group on the same
face. In analogy to the conformation @ba a C-10 anilino In summary, our studies show that Pd-mediated amination
adduct arising by a trans ring opening o&MB DE-1 has also chemistry is an effective method leading to nucleoside adducts

Conclusion

J. Org. ChemVol. 72, No. 14, 2007 5041
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of PAH diol epoxides. This method appears to be broadly 1.28 mmol) and LiN (629.6 mg, 12.86 mmol) were allowed to
applicable to the synthesis of bay- and fjord-region diol stirin DMF (15 mL) at room temperature overnight. The mixture
epoxide-nucleoside adducts and in the present case has led towas diluted with EtOAc and washed with water. The organic layer
the synthesis of nucleoside adducts fromPBDE-1 and BPh ~ Was dried over N&5Q, and evaporated. This crude material was
DE-2. There are some interesting differences in these reactionsdirectly benzoylated by the addition of dry DMF (30 mL) and dry
The adduct forming reactions of the less hindered amino EtN (1.5 mL, 10.7 mmol) followed by benzoyl cyanide (0.839 g,

. . . . 6.4 mmol). The mixture was allowed to stir at room temperature
tribenzoate derived from & DE-1 provided good yields of for 30 min, quenched with methanol, and diluted with EtOAc. The

the N°-2'-deoxyadenosine adducts, whereas corresponding reaCmixture was washed twice with brine, and the organic layer was
tions with the more hindered amino tribenzoate derived from gried over NaSQ, and evaporated. The resulting yellow oil was
BcPh DE-2 were lower yielding. This suggests that subtle chromatographed on a silica gel column usingCH The product
factors, possibly steric congestion, associated with the PAH was washed twice with 1:1 ED—hexane to yield 513 mg (61%)
amino tribenzoates are at play in these reactions. Also, reactionf (£)-3 as a white powder.

with the BaP amino tribenzoate proceeded well with the C-6
chloronucleoside, whereas those with thePB amino triben-

(+)-10a-Amino-7p,8a,96-trisbenzoyloxy-7,8,9,10-tetrahy-
drobenzo[a]pyrene (4)2*To a suspension of Lindlar catalyst (875

zoate proceeded better with the C-6 bromonucleoside. In each™9) in 1:1 THFEIOH (70 mL) was added the azidotribenzoate

case, the pure adduct diastereomers were separated aft
replacement of the PAH benzoyl groups with acetyl esters. Quite

in contrast to reactions at the C-6 position; i€ bond—forming
reactions of both BP and BEPh amino tribenzoates at the C-2

q;t)-3 (175 mg, 0.27 mmol). The suspension was stirred under a

ehydrogen balloon fiv2 h and 20 min, at which time TLC indicated

that all starting material had been consumed. The mixture was
filtered through Celite, and the solvents were evaporated. The
resulting pinkish oil was chromatographed on a silica gel column

position of silyl protected®-benzyl-2-bromo-2deoxyinosine using 1:100 MeOH-CH,Cl,, and the resulting product was washed
proceeded in comparably good yields. This seems to suggestwice with 1:1 EsxO—hexane to yield 121 mg (72%) ofj-4 as a
that structural factors associated with the PAH component are white powder.

not quite as critical in reactions at the C-2 position. Here again,  (£)-18-Azido-20,30.,4f-trihydroxy-1,2,3,4-tetrahydrobenzo-

the benzoyl groups on PAH were replaced with acetyls, and [clphenanthrene (6)* BcPh diol epoxide £)-5 (244 mg, 0.876
facile debenzylation delivered the PAH diol epoxide 2 mmol) and sodium azide (569.9 mg, 8.76 mmol) were stirred in
deoxyguanosine adducts quite efficiently. The adduct diaster- 161 THFH0 (100 r|an) at 400% TIHC showed disappearance th
eomers were readily separated after @fedeprotection. The the starting material after 40 h. The mixture was extracted wit

dd di f h X tOAc. The aqueous layer was extracted one more time with
pure adduct diastereomers from each reaction were compared-oac, and the combined organic layers were washed with water,

with known compounds. On the basis of these comparisons, it gried over NaSQ,, and evaporated. The product was taken up in
was rationalized that loss of chirality at the amine bearing carbon the minimum volume of EO and added to hexane under sonication.
does not compete with product formation. This factor is The precipitated product was isolated and treated in the same
important from the standpoint that these compounds are to bemanner one more time. The resulting white powder was dried to

used for structural and biochemical experimentation after yield 225 mg (80%) of £)-6.

incorporation into DNA oligomers. Chemistry leading to site-
specific DNA modification by these diol epoxig@ucleoside
adducts is underway, and results are forthcoming.

Experimental Procedures

()-7p,8a-Bisbenzoyloxy-%-bromo-108-hydroxy-7,8,9,10-
tetrahydrobenzo[a]pyrene (1)2® To a solution of #)-753,8a-
bisbenzoyloxy-7,8-dihydrobenzjpyrené? (1.4 g, 2.8 mmol) in
THF—H,0O (350 mL/140 mL) were added freshly recrystallized
N-bromosuccinimide (654 mg, 3.6 mmol) and NaOAc (695 mg,
8.4 mmol). The mixture was stirred under, NMjas at room

(£)-1p-Azido-2a,30,4f-trisbenzoyloxy-1,2,3,4-tetrahydro-
benzof]phenanthrene (7).The azido triol &)-6 (39.5 mg, 0.123
mmol) was dissolved in dry DMF (1.5 mL). Dry 8 (171.5uL,

1.23 mmol) and benzoyl cyanide (161.3 mg, 1.23 mmol) were
added, and the reaction mixture was allowed to stir for 45 min at
room temperature. The reaction was quenched with sat ag NgHCO
and the mixture was extracted with EtOAc. The organic layer was
washed with brine, dried over B&O,, and evaporated. The product
was chromatographed on silica gel using 2:1 tolue@El,Cl,.
Finally, some minor impurities were removed by washing the
product twice with 1:1 BEO—hexane. This process yielded 47 mg
(60%) of @)-7 as a white powdelR; (SiO,/2:1 toluene-CH,CIy)

= 0.53.1H NMR (600 MHz, CDC}): 6 9.00 (d, 1H, Ar-H, J =

temperature under subdued light. TLC showed the reaction to beg g) 8.14 (d, 2H, ArH, J = 8.3), 8.01 (d, 1H, ArH, J = 8.3),
complete after 18 h, and the solvents were evaporated. The residuey 97 (d, 2H, Ar-H, J = 8.3), 7.82 (d, 1H, Ar-H, J = 8.8), 7.79-
was dissolved in ethyl acetate and washed twice with water. The 7. 68 (m, 7H), 7.58 (t, 1H, ArH, J = 7.7), 7.53 (t, 1H, Ar-H, J

organic layer was separated, dried over3@,, and evaporated.

=7.4), 7.48 (t, 1H, Ar-H, J = 7.4), 7.47 (d, 1H, ArH, J = 7.8),

The resulting product was chromatographed on silica gel using 7 46 (d, 1H, A-H, J = 7.8), 7.36 (t, 2H, Ar-H, J=7.8), 7.31 (t,

CH,Cl,, and product obtained was then washed twice with 1:1
ether-hexane to affat 1 g (60%) of {)-1 as a white powder.

(+)-7p,8a-Bisbenzoyloxy-$,108-epoxy-7,8,9,10-tetrahydro-
benzop]pyrene (2)23 A stirring suspension of NaH (24 mg, 1
mmol) in THF (5 mL) was flushed with Ngas and cooled in an
ice bath. Compound (300 mg, 0.507 mmol) was added, and the
mixture turned brownish. After stirring at® for 1 h, the mixture
was allowed to warm to room temperature over 30 min. TLC
indicated the reaction to be complete. The mixture was diluted with
1:1 EpO—EtOAc and washed twice with water. The organic layer
was dried over Ng&5O, and evaporated to leave a solid. This solid
was washed twice with 1:1 ED—hexane with sonication to yield
217 mg (84%) of £)-2 as a pinkish powder.

(£)-100-Azido- 78,80, 9p-trisbenzoyloxy-7,8,9,10-tetrahydro-
benzoR]pyrene (3)2® The diol epoxide dibenzoate-J-2 (657 mg,

5042 J. Org. Chem.Vol. 72, No. 14, 2007

2H, Ar—H, J=7.4), 7.14 (d, 1H, H4) = 7.3), 6.35 (dd, 1H, H3,
J=17.3, 2.6), 6.18 (dd, 1H, H2] = 4.9, 2.6), 5.97 (d, 1H, H1]
= 4.9). HRMS calculated for §gH3:N4Og (M + NH,): 651.2238,
found: 651.2239.
(+)-18-Amino-2a,3a,4f-trisbenzoyloxy-1,2,3,4-tetrahydro-
benzo[c]phenanthrene (8).The azido tribenzoateH)-7 (239 mg,
0.38 mmol) and Lindlar catalyst (1.195 g) were stirred in 1:1 THF
EtOH (95 mL) under a hydrogen balloornrfd h and 20 min while
protected from light. TLC showed a disappearance of the starting
material and the formation of a new spot. The mixture was filtered
through Celite, and the residue was washed twice with EtOAc. The
filtrate was dried over N&0O,, and the solvents were evaporated.
The compound was purified by chromatography on a silica gel
column using 95:5 toluereEtOAc. Finally, some minor contami-
nants were removed by washing the product with 1;DEthexane
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to provide 199 mg (87%) of¥)-8 as a white powderR; (SiO)/
95:5 toluene-EtOAc) = 0.26.'H NMR (600 MHz, CDC}): ¢
9.51 (d, 1H, AH, J = 8.6), 8.13 (d, 2H, ArH, J = 7.8), 7.97
(d, 2H, Ar—H,J=7.8), 7.93 (t, 2H, Ar-H, J=7.6), 7.77 (d, 1H,
Ar—H,J=28.6), 7.75 (d, 2H, ArH,J=7.7), 7.72 (t, 2H, Ar-H,
J=8.3), 7.66 (d, 1H, ArH, J = 8.1), 7.65 (t, 1H, ArH, J =
7.3), 7.57 (t, 1H, Ar-H, J = 7.6), 7.50 (t, 1H, Ar-H, J = 7.6),
7.47 (t, 1H, A-H, J=7.7), 7.46 (d, 1H, ArH, J=7.7), 7.44
(d, 1H, Ar-H, J=7.6), 7.35 (t, 2H, Ar-H, J=7.6), 7.30 (t, 2H,
Ar—H,J=17.7),7.06 (d, 1H, H4J) = 7.8), 6.65 (dd, 1H, H3]) =
7.8,2.5), 6.04 (app. t, 1H, H3,= 3.5), 5.55 (d, 1H, H1) = 4.4).
HRMS calculated for gH3oNOs (M* + H): 608.2068, found:
608.2070.
N®-[10-(7,8,9-Trisbenzoyloxy-7,8,9,10-tetrahydrobenza]py-
renyl)]-3',5'-bis-O-(tert-butyldimethylsilyl)-2 '-deoxyadenosine
(11a,b). (a) Pd-Mediated Coupling of 9 and£)-4. Into an oven-

JOC Article

2.64 (app. quint, 1H, H2J = 13.1, 5.4), 2.46 (ddd, 1H, H2J =
13.1, 5.8, 4.5), 2.18, 2.11, 2.05 (3s, 9H, OCQ;19.92, 0.86 (2s,
18H,tert-Bu), 0.11, 0.10, 0.05, 0.03 (4s, 12H, SigHHRMS calcd
for CsgHe2Ns0sSi, (M + H) 908.4081, found 908.4090.

The more-polar diastereomer was theR1li3omer (6b) as
determined by the presence of a negative band at 282 nm in its
CD spectrum!H NMR (500 MHz, CDC}): 6 8.62 (s, 1H, purine
H2), 8.35 (d, 1H, Ar-H11,J = 9.4), 8.21 (d, 1H, ArH1 or H3,
J=17.6),8.17 (d, 1H, ArH3 or H1,J = 7.6), 8.20 (s, 1H, Ar
H6), 8.10 (d, 1H, Ar-H5,J = 9.2), 8.06 (s, 1H, purineH8), 8.08
(d, 1H, Ar—H4,J3 =9.2), 8.03 (d, 1H, ArH12,J = 9.4), 8.02 {(t,
1H, Ar—H2,J = 7.6), 6.76 (br, 1H, H10), 6.67 (d, 1H, H3,=
3.1), 6.46 (t, 1H, H1 J=6.4), 6.22 (br d, 1H, NHJ = 7.9), 5.69
(t, 1H, H8,J = 3.6), 5.64 (t, 1H, H9,) = 2.9), 4.62 (app. q, 1H,
H3', J = 4.3), 4.00 (app. q, 1H, H4J = 3.7), 3.88 (dd, 1H, H5
J=11.4,4.3),3.77 (dd, 1H, H5J = 11.4, 3.0), 2.63 (app. quint,

dried, screw-capped vial equipped with a stirring bar were placed 1H, H2, J = 13.1, 6.2), 2.43 (ddd, 1H, H2J = 13.1, 6.0, 4.6),

Pd(OAc) (4.6 mg, 20.5umol) and &)-BINAP (37.7 mg, 60.5

2.18, 2.09, 2.04 (3s, 9H, OCOGH0.91, 0.86 (2s, 18Hert-Bu),

umol). Toluene (2 mL) was added, and the mixture was stirred at 0.094, 0.092, 0.05, 0.04 (4s, 12H, SigHHRMS calcd for

room temperature for 5 min. @80; (92.0 mg, 0.282 mmol)
followed by @&)-4 (140.0 mg, 0.222 mmol) and then chloronucleo-

CugHe2NsOgSiz (M + H) 908.4081, found 908.4084.
N6-[1-(2,3,4-Trisbenzoyloxy-1,2,3,4-tetrahydrobenzg]phenan-

side9 (100.6 mg, 0.202 mmol) were added. The vial was flushed threnyl)]-3',5'-bis-O-(tert-butyldimethylsilyl)-2'-deoxyadeno-
with N gas, sealed with a Teflon-lined cap, and heated in a sand sine (12a,b). (a) Pd-Mediated Coupling of 10 and)-8. Into an

bath that was maintained at 86. The reaction was monitored by

oven-dried, screw-capped vial equipped with a stirring bar were

TLC and judged to be complete after 5 h, at which time the mixture placed Pd(OAg) (5.4 mg, 24.1umol) and &)-BINAP (45.0 mg,

was cooled, diluted with D, and washed twice with brine. The
organic layer was dried over B8O, and the solvent was

72.3 umol). Toluene (2.4 mL) was added, and the mixture was
stirred at room temperature for 5 min. L£L; (109.9 mg, 0.337

evaporated. Chromatography of the crude mixture on a silica gel mmol) followed by @)-8 (161.0 mg, 0.265 mmol) and then

column using 4:40:56 acetoréiexane-CH,Cl, yielded 161 mg
(73%) of the diastereomeric mixture of adduttsab as a white
powder.R: 11ab (SiO./4:40:56 acetonehexane-CH,Cl,) = 0.61.

(b) Pd-Mediated Coupling of 10 and &)-4. A similar C—N
reaction between bromonucleosidie (11.7 mg, 21.5«mol) and
(£)-4 (15.0 mg, 23.7umol) was conducted using Pd(OAdP.5
mg, 2.2umol), (£)-BINAP (4.0 mg, 6.4umol), and CsCOs; (9.9
mg, 30.4umol) in toluene (0.21 mL). This reaction was complete
within 4 h and yielded, after purification, 13.4 mg (57%) of the
adduct diastereomers as a white powder.

Synthesis and Characterization ofN®-[10-(7,8,9-Trisacetoxy-
7,8,9,10-tetrahydrobenzao@]pyrenyl)]-3',5'-bis-O-(tert-butyldi-
methylsilyl)-2'-deoxyadenosine (16a,b)The diastereomeric mix-
ture of adductdllab (10 mg) was dissolved in MeOH saturated

bromonucleosid@0(131.0 mg, 0.241 mmol) were added. The vial
was flushed with Ngas, sealed with a Teflon-lined cap, and heated
in a sand bath that was maintained at € The reaction was
monitored by TLC and judged to be complete after 4 h, at which
time the mixture was cooled, diluted with-EX, and washed twice
with brine. The organic layer was dried over JS&, and the
solvent was evaporated. Chromatography of the crude mixture on
a silica gel column using 99:1 GBI,—EtOAc yielded 116 mg
(45%, 75% based upon recoveredt){8) of the diastereomeric
mixture of adducts2ab as a white powder 12ab (Si0,/99:1
CH,Cl,—EtOAc) = 0.37.

(b) Pd-Mediated Coupling of 9 and &)-8. A similar C—N
reaction between chloronucleosi@(13.4 mg, 26.8«mol) and
(+)-8 (17.9 mg, 29.5umol) was conducted using Pd(OAdp.6

with NH3 (2.5 mL). The reaction was allowed to proceed for 15 h mg, 2.7umol), (+)-BINAP (5.0 mg, 8.umol), and CsCO; (12.2

at 55°C at which time TLC showed the reaction to be complete. mg, 37.4umol) in toluene (0.26 mL). This reaction was complete
The mixture was cooled to room temperature and carefully within 4 h and yielded, after purification, 10.5 mg (36%, 39% based
evaporated. The product was dried under vacuum to give 8 mg of upon recovered4)-8) of the adduct diastereomers as a white

crude material. This crude material was taken in pyridine (200
and acetic anhydride (1Q.), and a few crystals of DMAP were

powder.
Synthesis and Characterization ofN8-[1-(2,3,4-Trisacetoxy-

added, and the mixture was allowed to stir at room temperature 1,2,3,4-tetrahydrobenzog]phenanthrenyl)]-3',5'-bis-O-(tert-

overnight. The reaction mixture was diluted with@tand washed
with 1 M aq HCI, sat aqg NaHCgQ and twice with water. The
organic layer was dried over BM&O, and the mixture was

butyldimethylsilyl)-2 '-deoxyadenosine (17a,b% The diastereo-
meric mixture of adductéd2ab (10 mg) was dissolved in MeOH
saturated with NKI(2.5 mL). The reaction was allowed to proceed

evaporated to yield 9 mg of a crude mixture of diastereoisomers for 15 h at 55°C at which time TLC showed the reaction to be

16ab that was separated using preparative TLC ¢SiOmm, 20
cm x 20 cm and elution with 92:8 Ci€l,—EtOAC) to yield 3.2

complete. The mixture was cooled to room temperature and
carefully evaporated. The product was dried under vacuum to give

mg of the less-polar adduct and 2.8 mg of the more-polar adduct 8.4 mg of crude material. This crude material was taken in pyridine

(combined yield of 72%).
The less-polar diastereomer was theSl8omer (68 as

(100 uL) and acetic anhydride (100L), and a few crystals of
DMAP were added, and the mixture was allowed to stir at room

determined by the presence of a positive band at 282 nm in its CD temperature overnight. The reaction mixture was diluted wit®Et

spectrum!H NMR (500 MHz, CDC}): ¢ 8.63 (s, 1H, purine
H2), 8.29 (d, 1H, Ar-H11,J = 9.4), 8.21 (d, 1H, ArH1 or H3,
J=17.8), 8.18 (d, 1H, ArH3 or H1,J = 7.8), 8.19 (s, 1H, Ar
H6), 8.09 (d, 1H, Ar-H5,J=9.2), 8.08 (d, 1H, ArH4,J=9.2),
8.06 (s, 1H, purineH8), 8.05 (d, 1H, Ar-H12,J = 9.4), 8.02 (t,
1H, Ar—H2,J = 7.8), 6.77 (dd, 1H, H10J = 9.1, 2.9), 6.67 (d,
1H, H7,J=3.1), 6.46 (t, 1H, H1 J=6.3), 6.23 (d, 1H, NHJ =
9.1), 5.69 (t, 1H, H8J = 3.3), 5.64 (t, 1H, H9J = 2.9), 4.59
(app. g, 1H, H3 J = 4.9), 4.00 (app. g, 1H, H4J = 3.7), 3.87
(dd, 1H, H8, J = 11.4, 4.2), 3.75 (dd, 1H, H5J = 11.4, 3.1),

and washed wit 1 M agqHCI, sat aq NaHCg and twice with
water. The organic layer was dried over 88y, and the mixture
was evaporated to yield 8 mg of the mixture of diastereoisomers
17ab that was separated using preparative TLC SIOmm, 20
cm x 20 cm and elution with 90:10 G€l,—EtOAc) to yield 2.8
mg of the less-polar adduct and 2.9 mg of the more-polar adduct
(combined yield of 69%).

The less-polar diastereomer was tieidomer (73 as deter-
mined by the presence of a positive band at 248 nm in its CD
spectrumH NMR (500 MHz, CDC}): ¢ 8.66 (s, 1H, purine
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H2), 8.52 (d, 1H, Ar-H12,J = 8.6), 8.09 (s, 1H, purineH3), complete. The mixture was filtered through Celite and evaporated
7.98 (d, 1H, Ar-H6,J = 8.3), 7.87 (dd, 1H, ArH9, J = 8.1, to dryness. The two diastereoisomers were separated using prepara-
1.3),7.78 (d, 1H, ArH8,J=8.7), 7.74 (d, 1H, Ar-H7,J = 8.7), tive TLC (SiQ,, 1 mm, 20 cmx 20 cm and elution with 35:40:25
7.54 (d, 1H, ArH5, J = 8.3), 7.50 (t, 1H, Ar-H10,J = 7.6), acetone-hexane-CH,Cl,) to yield 3.1 mg of the less-polar adduct
7.23 (dd, 1H, Ar-H11,J = 8.6, 7.8), 6.54 (br s, 1H, NH), 6.51 (t, and 3.2 mg of the more-polar adduct (combined yield of 43% over
1H, H1,J=6.3), 6.47 (d, 1H, H1) = 3.3), 6.39 (d, 1H, H4) = the two steps).

7.3), 6.30 (t, 1H, H2J = 2.9), 5.95 (dd, 1H, H3) = 7.3, 2.9), The less-polar diastereomer was theS1lB8omer (83 as

4.61 (app. quint, 1H, H3J = 4.3), 4.01 (app. q, 1H, H4J = determined by the presence of a positive band at 251 nm in its CD
3.5), 3.86 (dd, 1H, H5J = 11.3, 4.1), 3.77 (dd, 1H, H5J = spectrum!H NMR (500 MHz, DMSO¢): 6 10.68 (s, 1H, guanine

11.3, 2.9), 2.62 (app. quint, 1H, H2) = 13.3. 6.2), 2.48 (ddd, ring NH), 8.35 (d, 1H, Ar-H3 or H1,J = 7.8), 8.31 (d, 1H, Ar
1H, H2', J = 13.3, 6.1, 4.3), 2.24, 2.02, 1.89 (3s, 9H, OCQLH H1 or H3,J = 7.8), 8.29 (d, 1H, ArH11,J = 9.3), 8.24 (s, 2H,
0.92, 0.89 (2s, 18Htert-Bu), 0.12, 0.10, 0.07, 0.06 (4s, 12H, Ar—H4 and H5), 8.23 (s, 1H, ArH6), 8.22 (d, 1H, Ar-H12,J =
SiCH,). 9.3), 8.11 (t, 1H, ArH2,J = 7.8), 7.95 (s, 1H, purineH8), 7.30
The more-polar diastereomer was th& isomer (7b) as (br s, 1H, exocyclic NH), 6.63 (d, 1H, HZ,= 6.9), 6.24 (t, 1H,
determined by the presence of a negative band at 248 nm in itsH1', J = 7.1), 6.18 (dd, 1H, H1QJ = 7.5, 4.4), 5.85 (dd, 1H, H9,
CD spectrumH NMR (500 MHz, CDC}): 6 8.65 (s, 1H, purine J=7.0,4.4),5.42 (t, 1H, H8 = 6.9), 4.50 (dt, 1H, H3J=5.1,
H2), 8.56 (d, 1H, ArH12, J = 8.6), 8.03 (s, 1H, purineH8), 4.6), 3.88 (dt, 1H, H4 J = 5.4, 4.3), 3.79 (dd, 1H, H5J = 11.5,
7.98 (d, 1H, AH6, J = 8.3), 7.87 (dd, 1H, ArH9, J = 8.0, 5.3), 3.73 (dd, 1H, H5, J = 11.5, 4.9), 2.55 (app. quint, 1H, H2
1.4),7.78 (d, 1H, ArH8,3=8.7), 7.73 (d, 1H, ArH7,J = 8.7), J=12.9, 6.4),2.29 (ddd, 1H, H2J = 12.9, 6.6, 5.6), 2.27, 2.07,

7.55 (d, 1H, ArH5, J = 8.3), 7.50 (t, 1H, Ar-H10,J = 7.5), 1.98 (3s, 9H, OCOC}, 0.87, 0.85 (2s, 18Hert-Bu), 0.06, 0.05,
7.25 (dd, 1H, Ar-H11,J = 8.5, 7.8), 6.54 (br s, 1H, NH), 6.47 (t,  0.44, 0.04 (4s, 12H, SiC#ji

1H, H1, J=6.6), 6.40 (d, 1H, H1) = 3.7), 6.39 (d, 1H, H4) = The more-polar diastereomer was theR1l&omer (8b) as
7.4), 6.29 (t, 1H, H2J = 3.7), 5.94 (dd, 1H, H3) = 7.4, 2.9), determined by the presence of a negative band at 250 nm in its
4.63 (app. quint, 1H, H3J = 3.8), 4.03 (app. q, 1H, H4J = CD spectrumH NMR (500 MHz, DMSO#g): 6 10.65 (s, 1H,
3.7), 3.89 (dd, 1H, H5J = 11.2, 4.4), 3.79 (dd, 1H, H5 J = guanine ring NH), 8.35 (d, 1H, ArH3 or H1,J = 7.8), 8.31 (d,

11.2, 3.4), 2.69 (app. quint, 1H, H2) = 13.2. 6.2), 2.44 (ddd, 1H, Ar—H1 or H3,J = 7.8), 8.29 (d, 1H, ArH11,J=9.3), 8.24
1H, H2', J=13.2, 6.0, 3.7), 2.23, 2.02, 1.89 (3s, 9H, OCQLH (s, 2H, Ar-H4 and H5), 8.23 (s, 1H, ArH6), 8.15 (d, 1H, Ar
0.92, 0.89 (2s, 18Htert-Bu), 0.12, 0.11, 0.07, 0.05 (4s, 12H, H12,J=9.3),8.11 (t, 1H, Ar-H2,J=7.8), 7.96 (s, 1H, purine
SiCH). H8), 7.24 (br s, 1H, exocyclic NH), 6.63 (d, 1H, HJ,= 6.5),
N2-[10-(7,8,9-Trisbenzoyloxy-7,8,9,10-tetrahydrobenza]py- 6.23 (t, 1H, H1, J = 6.7), 6.18 (dd, 1H, H10] = 7.8, 4.0), 5.80
renyl)]- O8-benzyl-3,5'-bis-O-(tert-butyldimethylsilyl)-2 '-deoxy- (dd, 1H, H9,J = 6.5, 4.0), 5.43 (t, 1H, H8) = 6.5), 4.45 (m 1H,
guanosine (14a,b)Into an oven-dried, screw-capped vial equipped H3'), 3.83 (m, 1H, H4), 3.75 (dd, 1H, H5 J = 10.8, 7.3), 3.71
with a stirring bar were placed Pd(OAq¥%.5 mg, 20.Qumol) and (dd, 1H, HB', J = 10.8, 4.4), 3.08 (app. quint, 1H, HJ = 13.9,
(£)-BINAP (37.7 mg, 60.6umol). Toluene (2.0 mL) was added, 6.6), 2.28 (ddd, 1H, H2 J = 12.9, 7.2, 5.2), 2.25, 2.07, 1.99 (3s,
and the mixture was stirred at room temperature for 5 mipCOs 9H, OCOCH), 0.87, 0.64 (2s, 18Htert-Bu), 0.10, 0.08,-0.02,
(92.0 mg, 0.282 mmol) followed byt)-4 (140.0 mg, 0.222 mmol) —0.31 (4s, 12H, SICh).
and then bromonucleosids3 (131.0 mg, 0.202 mmol) were added. N2-[1-(2,3,4-Trisbenzoyloxy-1,2,3,4-tetrahydrobenza]phenan-
The vial was flushed with Pgas, sealed with a Teflon-lined cap, threnyl)]- O%-benzyl-3,5-bis-O-(tert-butyldimethylsilyl)-2 '-deoxy-
and heated in a sand bath that was maintained &8%he reaction guanosine (15a,b)Into an oven-dried, screw-capped vial equipped
was monitored by TLC and judged to be complete after 16 h, at with a stirring bar were placed Pd(OAdp.4 mg, 24.lumol) and
which time the mixture was cooled, diluted with,&t and washed (£)-BINAP (45.0 mg, 72.3«mol). Toluene (2.4 mL) was added,

twice with brine. The organic layer was dried over,8@y, and and the mixture was allowed to stir at room temperature for 5 min.
the solvent was evaporated. Chromatography of the crude mixtureCs,C0O; (109.9 mg, 0.337 mmol) followed byH)-8 (161.0 mg,
on a silica gel column using 4:40:56 acetetiexane-CH,Cl, 0.265 mmol) and then bromonucleositie(156.0 mg, 0.24 mmol)
yielded 176.2 mg (73%) of the diastereomeric mixture of adducts were added. The vial was flushed with dbs, sealed with a Teflon-
14ab as a white powdeR: 14ab (SiO./4:40:56 acetonehexane- lined cap, and heated in a sand bath that was maintained°&.85
CH,Cl;) = 0.54. The reaction was monitored by TLC and judged to be complete
Synthesis and Characterization oN?-[10-(7,8,9-Trisacetoxy- after 16 h, at which time the mixture was cooled, diluted witfCEt
7,8,9,10-tetrahydrobenzaf]pyrenyl)]-3',5 -bis-O-(tert-butyldi- and washed twice with brine. The organic layer was dried over

methylsilyl)-2'-deoxyguanosine (18a,b (a) Step 1: Synthesis NaSO,, and the solvent was evaporated. Chromatography of the
of the Adduct Triacetate. The diastereomeric mixture of adducts crude mixture on a silica gel column using 99:1 H—EtOAc
14ab (18.9 mg) was dissolved in MeOH saturated with NB.5 yielded 197 mg (70%) of the diastereomeric mixture of adducts
mL). The reaction was allowed to proceed for 15 h at°B5 at 15ab as a white powdeR 15ab (Si0,/99:1 CHCIl,—EtOAc) =
which time TLC showed the reaction to be complete. The mixture 0.49.
was cooled to room temperature and carefully evaporated, and the Synthesis and Characterization ofN?-[1-(2,3,4-Trisacetoxy-
product was dried under vacuum. This crude material was taken in 1,2,3,4-tetrahydrobenzof]phenanthrenyl)]-3',5'-bis-O-(tert-buty!-
pyridine (300uL) and acetic anhydride (3Q4.), and a few crystals dimethylsilyl)-2'-deoxyguanosine (19a,b¥ (a) Step 1: Synthesis
of DMAP were added, and the mixture was allowed to stir at room of the Adduct Triacetate. The diastereomeric mixture of adducts
temperature overnight. The reaction mixture was diluted witOEt  15ab (23.1 mg) was dissolved in MeOH saturated with NB.5
and washed wit 1 M aqHCI, sat aq NaHCg and twice with mL). The reaction was allowed to proceed for 15 h at°B5 at
water. The organic layer was dried over 8@y, and the mixture which time TLC showed the reaction to be complete. The mixture
was evaporated to yield 11.5 mg of the mixture of the triacetyl was cooled to room temperature and carefully evaporated, and the
adduct diastereoisomers that was purified by preparative TLG(SiO product was dried under vacuum. This crude material was taken in
1 mm, 20 cmx 20 cm and elution with 95:5 Ci€l,—EtOACc). pyridine (300uL) and acetic anhydride (3Q4.), and a few crystals
This adduct mixture was used for the second step. of DMAP were added, and the mixture was allowed to stir at room
(b) Step 2: DebenzylationTo a solution of the adduct mixture  temperature overnight. The reaction mixture was diluted witDEt
(11.2 mg) in 1:1 THFMeOH (0.12 mL) was added 5% P& (5

mg). The reaction mixture was stirred under 1 atm gtiessure (32) Kroth, H.; Yagi, H.; Sayer, J. M.; Kumar, S.; Jerina, D. ®hem.
(balloon) fa 5 h atwhich time TLC indicated the reaction to be  Res. Toxicol2001, 14, 708-719.
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and washed wit 1 M aqHCI, sat aqg NaHCg) and twice with
water. The organic layer was dried over 8@y, and the mixture
was evaporated to yield 16.0 mg of the mixture of the triacetyl
adduct diastereoisomers that was purified by preparative TLG(SIiO
1 mm, 20 cmx 20 cm and elution with 95:5 Ci€l,—EtOAC).
This adduct mixture was used for the second step.

(b) Step 2: DebenzylationTo a solution of the adduct mixture
(16.0 mg) in 1:1 THFMeOH (0.16 mL) was added 5% P& (5
mg). The reaction mixture was stirred under 1 atm gtiessure
(balloon) for 5 h, at which time TLC indicated the reaction to be

JOC Article

CD spectrum!H NMR (500 MHz, DMSO¢g): 6 10.24 (s, 1H,
guanine ring NH), 8.44 (d, 1H, ArH12,J = 8.9), 8.19 (d, 1H,
Ar—H9, J = 8.5), 8.06 (d, 1H, ArH6, J = 8.1), 8.03 (s, 1H,
purine-H8), 7.97 (d, 1H, Ar-H7,J = 8.9), 7.93 (d, 1H, ArH8,

J=8.9), 7.87 (br s, 1H, exocyclic NH), 7.61 (t, 1H, AH10,J =

7.4), 7.57 (d, 1H, ArH5,J = 8.1), 7.25 (t, 1H, ArH11,J =

8.3), 6.44 (d, 1H, H4) = 8.9), 6.23 (dd, 1H, H1J = 9.2, 5.4),
6.10 (t, 1H, H2,J = 3.5), 5.95 (dd, 1H, H1J = 6.4, 4.3), 5.75
(dd, 1H, H3,J= 8.9, 2.6), 4.38 (d, 1H, H3J = 5.1), 3.55 (t, 1H,
H4', J = 10.3), 3.76 (dd, 1H, H5J = 10.3, 4.4), 3.46 (dd, 1H,

complete. The mixture was filtered through Celite and evaporated H5", J = 10.3, 4.1), 3.23 (ddd, 1H, H2J = 13.4, 9.2, 4.9), 2.12
to dryness. The two diastereoisomers were separated using prepargdd, 1H, H2', J = 13.4, 5.4), 2.24, 2.00, 1.95 (3s, 9H, OCOgH

tive TLC (SiO,, 1 mm, 20 cmx 20 cm and elution with 35:35:30
acetone-hexane-CH,Cl,) to yield 4.4 mg of the less-polar adduct
and 7.0 mg of the more-polar adduct (combined yield of 64% over
the two steps).

The less-polar diastereomer was thHgidomer (9a) as deter-
mined by the presence of a positive band at 257 nm in its CD
spectrum!H NMR (500 MHz, DMSO¢g): 6 10.16 (s, 1H, guanine
ring NH), 8.52 (d, 1H, ArH12,J = 8.9), 8.18 (d, 1H, ArH9, J
= 8.4), 8.05 (d, 1H, ArH6, J = 8.2), 8.04 (s, 1H, purineH8),
7.95(d, 1H, Ar-H7,J=28.8), 7.92 (d, 1H, ArH8,J=8.8), 7.64
(br d, 1H, exocyclic NHJ = 6.5), 7.60 (t, 1H, ArH10,J = 7.4),
7.58 (d, 1H, AFH5, J = 8.2), 7.34 (t, 1H, ArH11,J = 8.2),
6.43 (d, 1H, H4) = 8.5), 6.32 (t, 1H, H1 J = 6.6), 6.06 (dd, 1H,
H2,J = 4.4, 2.7), 6.04 (dd, 1H, H1] = 6.5, 4.4), 5.74 (dd, 1H,
H3,J = 8.5, 2.7), 4.50 (dt, 1H, H3J = 6.0, 3.7), 3.86 (app. q,
1H, H4,J=4.5), 3.77 (dd, 1H, H5J = 11.3, 5.2), 3.72 (dd, 1H,
H5",J=11.3, 4.5), 2.68 (app. quint, 1H, H3 = 13.4, 7.7), 2.35
(ddd, 1H, H2, J = 13.4, 6.4, 4.0), 2.23, 1.99, 1.90 (3s, 9H,
OCOCH;), 0.89, 0.83 (2s, 18Hert-Bu), 0.07, 0.06, 0.058, 0.054
(4s, 12H, SiCH).

The more-polar diastereomer was th& Isomer (9b) as

0.86, 0.52 (2s, 18Hert-Bu), 0.08, 0.07,-0.54,—0.66 (4s, 12H,
SiCHy).
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