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68.5, 67.5, 66.8, 58.9, 48.3, 43.0, 40.2, 39.2, 32.8, 32.5, 25.9, 25.6, 23.8,
18.1, —4.4, -4.7; [alp —20.1° (c 0.318, CHCl,) (lit."m3 (], ~27.73°
(c 1.44, CHCly)).

Methyl (1R,2R,4S)-4-((2-Methoxyethoxy)methoxyl-2-((S)-6-
hydroxy-1-heptenyl)-a-((S)-(2-methoxyethoxy)methoxyjcyclopentane-§-
butenoate (26). Following the procedure of Corey and Carpino,!!™3 3:1
acetic acid/water (0.8 mL) was added to silyl ether 25 (9.47 mg, 1.57
X 105 mol). After 5.5 h, the solution was partitioned between ether and
saturated aqueous Na,CO;. The organic layers were dried (MgSO,),
concentrated, and chromatographed to give 26 as a colorless oil (5.97 mg,
78%): R, (50% EtOAc/petroleum ether) = 0.10, R, (EtOAc) = 0.40;
'H NMR (CDCl,) § 6.81 (dd, J = 6.15, 15.76 Hz, | H), 5.94 (dd, J =
1.0, 15.8 Hz, | H), 5.36 (m, 2 H), 4.68 (s, 2 H), 4.67 (s, 2 H), 4.21-4.12
(m, 2 H), 3.81-3.59 (m, 1 H), 3.72 (s, 3 H), 3.67-3.64 (m, 4 H),
3.55-3.50 (m, 4 H), 3.38 (s, 3 H), 3.37 (s, 3 H), 2.34 (m, 1 H), 2.17 (m,
1 H), 2.0-1.3 (m, 11 H), 1.17 (d, J = 6.17 Hz, 3 H); *C NMR (CDCl;)
5166.6, 148.2,133.6, 1309, 121.3,94.3,94.2,76.7,75.9,71.8,71.7, 679,
67.5, 66.9, 59.0, 51.6, 48.3, 43.1, 40.3, 38.8, 33.2, 32.4, 25.6, 23.5.

Bis(MEM) Brefeldin A (27). Continuing the procedure of Corey and
Carpino,"'™3 | M aqueous LiOH (73.3 uL) was added to a solution of
ester 26 (5.97 mg, 1.11 X 1075 mol) in methanol (0.43 mL). After 21
h, the mixture was partitioned between chloroform and 10% aqueous
HCI. The organic layers were dried (MgSQ,), concentrated, and chro-
matographed to give the hydroxy acid as a pale green oil (crude wt 5.47
mg): R, (EtOAc) = 0.03; 'H NMR (CDCl,; 4 6.86 (dd, J = 6.2, 15.76
Hz, 1 Hf) 5.94 (d, J = 16.0 Hz, 1 H), 5.32 (m, 2 H), 4.69 (s, 2 H), 4.67
(m, 2 H), 4.15 (m, 2 H), 3.78 (m, 2 H), 3.66 (m, 4 H), 3.55 (m, 5§ H),
3.38 (s, 3 H), 3.37 (s, 3 H), 2.31 (m, | H), 2.16 (m, | H), 2.0-1.2 m,
10 H), 1.18 (d, J = 6.0 Hz, 3 H).

Triphenylphosphine (9.4 mg, 3.58 X 105 mol) was added to a solution
of the hydroxy acid (crude wt 5.47 mg), xylenes (0.224 mL, 0.05 M),
and “Aldrithiol 2" (Aldrich) (2,2’-dipyridy! disulfide) (8.22 mg, 3.73 X
1075 mol). After 7 h, the solution was diluted with xylenes (5.47 mL)
and then warmed to reflux for 12 h. The solution was washed with 10%
aqueous HCl, dried (MgSOQ,), concentrated, and chromatographed to
give an oil (2.54 mg), which still contained pyridyl residues. This oil was
partitioned between ether and 10% aqueous HCl. The organic layers
were dried (MgSO,), concentrated, and chromatographed to yield 27 as
an oil (1.15 mg, 21% from methyl ester 26): R, (EtOAc) = 0.48; 'H
NMR (CDCl;) 5 7.08 (dd, J = abe, | H), 5.83 (d, J = abs, 1 H), 5.62

(m, 1 H), 5.21 (m, 1 H), 4.95-4.6 (m, 4 H), 4.2-4.05 (m, 2 H), 3.83 (m,
1 H), 3.66 (m, 4 H), 3.54 (m, 4 H), 3.38 (s, 6 H), 2.35-1.5 (m, 12 H),
1.24 (d, J = 6.13 Hz, 3 H).

Preparation of 27 from Natural (+)-Brefeldin A. MEM chloride (6.5
pL) was added to a solution of natural (+)-brefeldin A (Sandoz) (ap-
proximately 4 mg), CH,Cl, (1.25 mL), and N,N-diisopropylamine (9.9
uL). After 45 h, the mixture was partitioned between CH,Cl, and brine.
The organic layers were dried (Na,SO,), concentrated, and chromato-
graphed. The bis(MEM) product 27 eluted first, as a yellow oil (1.33
mg). Next eluted was the mono(MEM) product as an oil (0.61 mg).
Mono(MEM): R{mono(MEM)) (25% acetone/ether) = 0.54; TH NMR
(CDCl,) 6 7.34 (dd, J = 3.0, 15.65 Hz, | H), 5.90 (dd, J = 2.0, 15.69
Hz, 1 H), 5.69 (m, 1 H), 5.245 (m, | H), 4.9-4.6 (m, 2 H), 4.2-4.05 (m,
2 H), 3.75-3.63 (m, 2 H), 3.57 (m, 3 H), 3.38 (d, J = 1.23 Hz, 3 H),
2.35-2.1 (m, 4 H), 2.1-1.95 (m, 2 H), 1.91-1.66 (m, 6 H), 1.25 (d, J
= 6.21 Hz, 3 H). Bis(MEM): R/bis(MEM)) (25% acetone/ether) =
0.64, R, (EtOAc) = 0.48; UV /vis A 235 nm; 'TH NMR (CDCl3) § 7.09
(dd, J = 3.67, 15.75 Hz, 1 H), 5.83 (d, J = 15.63 Hz, 1 H), 5.62 (m,
1 H), 5.20 (m, | H), 4.95-4.6 (m, 4 H), 4.2-4.05 (m, 2 H), 3.83 (m, 1
H), 3.65 (m, 4 H), 3.54 (m, 4 H), 3.38 (s, 6 H), 2.35-1.5 (m, 12 H), 1.24
(d, J = 6.28 Hz, 3 H).

(+)-Brefeldin A (3). Concluding the procedure of Corey and Car-
pino,!!™33 3 | M solutjon of titanium tetrachloride in CH,Cl, (0.115 mL)
was added dropwise to a solution of synthetic 27 (1.15 mg, 2.52 X 107%)
in CH,Cl, (0.115 mL) at 0 °C. After 1.17 h at 0 °C, the reaction was
quenched with saturated aqueous NaHCO;. The solution was partitioned
between chloroform and brine. The organic layers were dried (MgSO,),
concentrated, and cospotted on TLC with natural (+)-brefeldin A. The
spots matched exactly. The concentrate was then chromatographed to
give 3 as a white solid: R, (25% acetone/ether) = 0.375; IH NMR
(CDCl,) (partial) § 7.35 (dd, J = 2.99, 15.36 Hz, 1 H), 5.90 (dd, J =
1.71, 15.79 Hz, | H).
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Abstract: The isolation and full characterization of the duocarmycin—adenine adduct 7 derived from the duocarmycin alkylation

of calf thymus DNA is detailed.

Two independent efforts have described the isolation, structure
determination, assignment of absolute configuration, and prelim-
inary evaluation of a new class of antitumor antibiotics now
including duocarmycin A2 (1), duocarmycin B, and B, (2 and

(1) On sabbatical leave from Kyorin Pharmaceutical Co., Ltd. Tochigi,
Japan, 1988-1990.

(2) Duocarmycin, A.; Takahashi, I.; Takahashi, K.; Ichimura, M.; Mori-
;noto, MS.; Asano, K.; Kawamoto, I.; Tomita, F.; Nakano, H. J. Antibiot. 1988,

1, 1915.

(3) Yasuzawa, T.; lida, T.; Muroi, K.; Ichimura, M.; Takahashi, K.; Sano,
H. Chem. Pharm. Bull. 1988, 36, 3728.
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H.; Takahashi, 1.; Ichimura, M.; Kawamoto, 1.; Asano, K.; Tomita, F.; Sano,
H.; Yasuzawa, T.; Morimoto, M.; Fujimoto, K. PCT. Int. Appl. WO87 06265,
Chem. Abstr. 1988, 108, 110858s.

3),% duocarmycin C,% (4, pyrindamycin B7), duocarmycin C,*
(8, pyrindamycin A7), and duocarmycin SA (6).® Figure 1. The
structural similarity between duocarmycin A (1) and (+)-CC-1065
suggested that the agents may be acting by a common or related

(5) DC89-ALl: Ichimura, M.; Muroi, K.; Asano, K.; Kawamoto, 1.; Tomita,
F.; Morimoto, M.; Nakano, H. J. Antibiot. 1988, 41, 1285.

(6) Duocarmycin By and B,: Ogawa, T.; Ichimura, M.; Katsumata, S.;
Morimoto, M.; Takahashi, K. J. Antibiot. 1989, 42, 1299,

(7) Pyrindamycin A and B: (a) Ohba, K.; Watabe, H.; Sasaki, T.; Tak-
euchi, Y.; Kodama, Y.; Nakazawa, T.; Yamamoto, H.; Shomura, T.; Sezaki,
M.; Kondo, S. J. Antibiot. 1988, 41, 1515. (b) Ishii, S.; Nagasawa, M.;
Kariya, Y.; Yamamoto, H.; Inouye, S. J. Antibiot. 1989, 42, 1713. (c) Ohba,
K.; Watabe, H.; Nagasawa, M.; Sakakibara, S.; Shomura, T.; Sezaki, M.;
Kondo, S. Eur. Pat. Appl. EP 318056; Chem. Abstr. 1990, 112, 117334;.

(8) Ichimura, M.; Ogawa, T.; Takahashi, K.; Kobayashi, E.; Kawamoto,
1.; Yasuzawa, T.; Takahashi, 1.; Nakano, H. J. Antibiot. 1990, 43, 1037.
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Figure 1.

mechanism initiated with the irreversible alkylation of DNA. In
recent efforts, we have disclosed studies detailing the event and
selectivity of the duocarmycin alkylation of DNA that provided
support for the potential that the agents may be acting by such
a common mechanism.»° In these studies the thermally induced
strand cleavage of double-stranded DNA after exposure to the
agents'!-15 was employed to demonstrate the DNA adenine N-3
alkylation at concentrations comparable to that of (+)-CC-1065
and was used to define the duocarmycin DNA alkylation sequence
selectivity.!%!! Herein, we report the isolation and full charac-
terization of the duocarmycin—adenine covalent adduct 7' derived
from the thermal depurination reaction of double-stranded DNA

(9) Boger, D. L.; Ishizaki, T.; Zarrinmayeh, H.; Kitos, P. A.; Suntornwat,
0. J. Org. Chem. 1990, 55, 4499,

(10) Boger, D. L.; Ishizaki, T.; Zarrinmayeh, H.; Munk, S. A.; Kitos, P.
A.; Suntornwat, O. J. Am. Chem. Soc. 1990, 112, 8961.

(11) Boger, D. L.; Munk, S. A.; Zarrinmayeh, H.; Ishizaki, T.; Haught,
J.; Bina, M. Tetrahedron 1991, 47, 2661.

(12) Hurley, L. H.; Reynolds, V. L.; Swenson, D. H.; Petzold, G. L.;
Scahill, T. A. Science 1984, 226, 843,

(13) Scahill, T. A.; Jensen, R. M.; Swenson, D. H.; Hatzenbuhler, N. T.;
Petzold, G.; Wierenga, W.; Brahme, N. D. Biochemistry 1990, 29, 2852,

(14) Lin, C. H.; Hurley, L. H. Biochemistry 1990, 29, 9503.

(15) Warpehoski, M. A.; Hurley, L. H. Chem. Res. Toxicol. 1988, 1, 315.
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Table I. Calf Thymus DNA Alkylation

%
recovered
agent alkylation conditions? % 7b  agent

19 24 °C, 7 days, 54 bp equiv DNA 90 7
44 24 °C, 7 days, 50 bp equiv DNA 21 69
44 24 °C, 7 days, 150 bp equiv DNA 40 47
8¢ 4°C, 48 h, 50 bp equiv DNA 20 79
§¢ 24 °C, 7 days, 50 bp equiv DNA 33 61
54 24 °C, 7 days, 290 bp equiv DNA 65 32
L 24 °C, 7 days, 140-150 bp equiv DNA 73 21

@Calf thymus DNA (shredded, sonicated, and soluble), 0.1 M
Na,HPO,/NaH,PO, (pH 7.4), 25 °C. >The amount of 7 recovered
from 1-butanol extracts of thermally treated (100 °C, 25 min) solu-
tions (I:1 0.1 M aqueous Na,HPO,/NaH,PO,~n-BuOH). ‘The
amount of unreacted starting agent recovered from the alkylation re-
action (EtOH) following precipitation of the DNA, 4 Analytical scale,
UV determination of 7 and recovered 1, 4, and 5. ¢Preparative scale,
isolation of 7 and recovered §.

which serves to unambiguously establish the nature of the pre-
dominant alkylation of double-stranded DNA, Scheme 1.

Optimized conditions for near complete alkylation of calf
thymus DNA!S (type I, Sigma) were established for duocarmycin
C, on an analytical scale (10-200 ug agent), and representative
results are summarized in Table I. In these studies, a survey
comparison of duocarmycin A and C,~C, established that the three
agents provide the same adenine adduct 7 thermally released from
DNA following alkylation (HPLC and TLC comigration: Ry =
22 min, 10 X 250 mm SiO,, 16% MeOH~CH,Cl,, 2.5 mL /min;
R, (8i0,) = 0.2, 10% MeOH-CHClI;; identical UV). For this
purpose, the long wavelength UV absorption of the agents and
adduct outside the UV absorption range of DNA provided a useful
quantitative measure of the extent of alkylation (DNA bound 7
or isolated 7) and the amount of recovered, unbound agent. As
established in prior studies,'® the relative rate of adenine N-3
alkylation for the three agents with double-stranded DNA follows
the order of duocarmycin A > C, > C,, and the observation of
the same adduct from A and C, requires C, to close to A prior
to or concurrent with alkylation. Employing the conditions es-
timated to provide near complete alkylation of DNA for duo-
carmycin C, (5), the preparative isolation of the adduct 7 was
accomplished. Thus, precipitation of the calf thymus DNA
(EtOH) following alkylation by duocarmycin C, (3.18 mg, 24 °C,
7 days, 140 bp equiv DNA) afforded 0.66 mg (21%) of recovered
5 from the ethanol supernatant. Thermal treatment of the al-
kylated calf thymus DNA in aqueous buffer (100 °C, 25 min;
2Xx) followed by n-butanol extraction and subsequent purification
of the thermally released adduct by chromatography (Sephadex
LH-20) provided 7 (2.74 mg, 73%, 92% based on recovered §).
Thus, the adenine N-3 alkylation of duocarmycin C, quantitatively
accounts for 92% (86-92%) of the consumption of the agent in
the presence of double-stranded DNA and constitutes the pre-
dominant and near exclusive alkylation event.

The full physical and spectroscopic characterization of the
adduct led to the unambiguous assignment of the structure 7 in
which adenine N-3 addition to the unsubstituted cyclopropane
carbon of duocarmycin A was established. Most notably, the 'H
NMR (Table II), 2D 'H-'H COSY NMR, 2D 'H-'H NOESY
NMR (Figures 2 and 3), and 3C NMR (Table III) spectra of
7 along with the comparative spectroscopic properties of 2-§ and
8-11 established the adenine N-3 addition to the unsubstituted
cyclopropane carbon of duocarmycin A. This was first evident
upon comparison of the 'H NMR of 7 (Table II) with that of 2-5
(Table I, supplementary material).!® Diagnostic of duocarmycin
B, or C, and simple derivatives, the adduct 7 C10-H appeared
as a single proton (1 H) at a characteristic chemical shift of 4.1-4.4
ppm versus 3.5-3.6 ppm (2 H) for duocarmycin B, or C,, and
the large geminal coupling constant (J = 19.5 Hz) characteristic

(16) Double-stranded calf thymus DNA (type I, Sigma) was manually
fil'"edlded and subjected to sonication (12 h) in buffer to effect complete
issolution.
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Scheme I. Duocarmycin A DNA Alkylation and Thermally Induced Depurination Reaction?
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2The adenine N9 quaternized nitrogen constitutes one resonance form of the adenine N-3 alkylation and has been employed only to highlight the

origin of the thermal labilization of the glycosidic bond.

Table II. 'H NMR of 7 (600 MHz)

CD,0D 1% CF,CO,D-CD,0D DMF-d, 15% CD,0D-CDCl,

N1’-H 11.21
C6-OH 10.39
Ade-C8-H (1 H, s) 8.30 8.33 8.20 171
Ade-C2-H (1 H, s) 8.02 8.02 7.88 7.64
C¥-H (1 H) 6.98 6.96 7.00 6.80
C7-H (1 H,s or brs) 7.26 7.22 7.26 7.85
C9-H (1 H,s) 7.00 7.00 7.00 6.77
NH; (2 H, br s) 7.95 7.78
N1-H (1 H, s) 5.19 5.10 5.15
Cl1-H (1 H) 4.78 4.85° 4.86° 4.882

(dd, J = 13.5, 5.3 Hz) (dd, J = 13.5, 4.8 Hz) (dd, J = 13.5, 5.3 Hz) (dd, J = 13.7, 4.2 Hz)
CI13-H (1 H) 4,70 4.72¢ 4.974 5.037

(d, /=11 Hz) (d, J =11 Hz) (d, J =10 Hz) (d, /=11 Hz)
C13-H (1 H) 4.62 4.62¢ 4.56° 4.40°

(dd, J =11, 8.7 Hz) (dd, J =11, 9.8 Hz) (dd, / =10, 9.3 Hz) (dd, /7 =11,9.3 Hz)
Cl11-H (1 H) 4.55 4.53 4.70° 4.66°

(dd, J = 13.5, 8.7 Hz) (dd, J = 13.5, 8.7 Hz) (dd, J = 13.5, 7.2 H2) (dd, J = 13.7, 6.0 Hz)
CI10-H (1 H) 4,22 (m) 4.18 (m) 4.38 (m) 4.17 (m)
Cl1’-H (3 H,s) 4,08 4.6 4.03 4.00
C12’-H (3 H,s) 3.92 3.90 3.92 3.93
C13-H (3 H, s) 3.92 3.90 3.89 3.90
Cl16-H (3 H, s) 3.63 3.63 3.68 3.77
Cl4-H (3 H,s) 1.46 1.44 1.60 1.70

¢ Tentative assignments based on the comparison of coupling constants derived from the spectrum recorded in CD;OD and its assignments based

on 2D H!-H! NOESY (CD,0D).

of 2/4 was not observed. Further consistent with the assignment
were the chemical shifts and assigned coupling constants for
C13-H (2 H) and C11-H (2 H). Even more revealmg was the
13C NMR of 7 (Table 111) which was found to be in excellent
agreement with that of duocarmycin B,/C,. The diagnostic 13C
NMR characteristics of 3/5 which distinguish them from 2/4 are
found in the carbons within or proximal to the fused five- versus
six-membered ring. The adduct 7 13C NMR proved consistent

with that observed for 3/5: C-8 at 137-138 versus 128-129 ppm,
C-7at 112-113 versus 117-118 ppm, C-10 at 41-43 versus 33-34
ppm, and C-4 at 119-121 versus 115-117 ppm. Moreover, the
13C NMR chemical shift of C10 (41.2 ppm) proved comparable
to that found in the CC-1065 adenine adduct 11 (40.1 ppm).!3

The structure and 'H NMR assignments of 7 were firmly
established through interpretation of the 2D 'H-'H NOESY
NMR spectrum which proved consistent only with alkylation of
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Table III. 1*°C NMR of 7 and Related Agents
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74 54 5¢ 3¢ 4 2t 114 104
C-3 199.4 197.5 196.6 196.6 197.8 196.8
C-15 170.6 171.8 169.6 169.5 169.2 169.7
Cc-10 161.2 162.2 160.5 160.5 163.3 164.5
C-8 149.0 148.2 150.4 150.1 149.1 150.2
C-6 151.2 151.8 150.1 150.4 152.2 151.7
C-5 145.8 146.0 144.2 144.2 141.2 141.6
Cc-7 141.6 140.9 140.9 139.5 140.4
C-6¢’ 140.3 138.7 138.7 139.0 138.9
C-8 138.2 138.0 137.7 137.6 128.4 128.9
Cc-2 131.4 131.9 129.1 129.1 130.7 129.1
C-5 127.1 127.8 126.0 126.0 1254 126.1
C-4 125.1 125.5 123.5 123.5 1227 123.1
C-4 119.2 120.5 119.5 120.2 114.8 117.1
Cc9 116.1 116.0 115.6 115.6 1147 116.6
C7 112.7 112.9 112.5 112.5 117.2 118.2
C-¥ 108.0 108.1 107.9 107.9 106.6 108.3
C-9 99.5 99.4 98.0 98.0 97.9 97.9
C-2 72.0 72.1 71.2 71.2 70.1 71.1
C-12 62.0 61.9 61.5 61.5 60.9 61.5
C-1¥ 61.8 61.7 61.2 61.2 61.0 61.2
C-1v 56.6 56.8 56.4 56.4 55.9 56.3
C-11 54.1 56.2 55.0 56.1 54.7 448 54.39
C-16 534 53.5 53.4 534 52.6 53.4
C-13 59.9 47.4 46.4 35.6 54.76
C-10 41.2 433 42.3 42.0 329 339 40.14
C-14 236 21.0 220 220 20.2 21.8
C-12 51.2 53.0
Ade-C2 152.4 153.1 152.9
Ade-C4 151.0 151.5 149.7
Ade-CS 122.3 121.5 119.5
Ade-C6 155.5 155.9 155.3
Ade-C8 148.0 144.4 145.9
N-CH, 36.9

2MeOH-d,. *CDCl;* ‘DMSOQ-ds.6 4DMF-4,.13
R OMe
4
H OMe
Me
8 R=H
9 R =Me

Figure 2.

the agent unsubstituted cyclopropane carbon by N-3 of adenine,
Figures 2 and 3. The assigned chemical shifts for adenine C8-H
(8.30 ppm) and adenine C2-H (8.02 ppm) were based on the
observed NOE between C13—-H and C10-H with adenine C2-H,
and the assignments proved consistent with those found for 3-
methyladenine (10, 8.24 and 7.90 ppm, respectively). Importantly,
these observed NOEs served to unambiguously establish the

67
] C11-H/C3-H
7—“ ® o ')
- C9-H/C 3-H
4 C10-H/Ad C2-H
8 L ) .
i, C13-H/Ad C2-H
1,0 .
T T I T T T T I T T LI [ 11 1 1 ]' T T T r] LRI 1 ]
B 7 6 5 4 3
(ppm)

Figure 3. Contour plot of aromatic region of 2D 'H~'H NOESY spec-
trum of 7 (CD;0D, 600 MHz).

C13-H 'H NMR assignments. Similarly, a strong NOE between
C11-H and C3'-H permitted the unambiguous assignment of
C3'-H (6.98 ppm) and further distinguished C11-H from C13-H.
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In addition, the lack of observation of an NOE between C11-H
and adenine C2-H further ruled out the alternative adduct
structure (no C12-H/adenine C2-H NOE). Additiona! diagnostic
NOEs between C3-H and C9-H (7.00 ppm), C9-H and
C13’-H (3.92 ppm), and C12’-H and C11"-H (4.08 ppm) served
to establish the respective assignments, Figure 2.

The isolation, characterization, and quantification of the
thermally released adduct 7 derived from the duocarmycin al-
kylation of DNA unambiguously establishes the predominant

(86-92%) DNA alkylation reaction for the agents as that which

proceeds by adenine N-3 addition®'7 (minor groove) to the un-
substituted cyclopropane carbon of duocarmycin A. Duocarmycin
A and C,-C, provide the same adduct 7 requiring that C, close
to A prior to concurrent with the adenine N-3 alkylation. Con-
sistent with these observations, the rate of alkylation by the three
agents follow the order of A > C, > C,.

Experimental Section'®

Alkylation of DNA by Duocarmycin C; (5) and Isolation of Adduct 7.
A solution of § (3.18 mg, 5.85 umol) in N,N-dimethylformamide (1.6
mL) was treated with calf thymus DNA!6 (280 mg, 140 base-pair equiv)
in 0.1 M sodium phosphate buffer (pH 7.4, 40 mL), and the mixture was
stirred slowly for 7 days (23 °C) under argon in the dark. After pre-
cipitation of the DNA with the addition of 4 mL of 2 M aqueous sodium
chloride and 100 mL of ethanol, 0.66 mg (21%) of § was recovered from
the supernatant. The precipitated DNA was dissolved in 0.1 M sodium
phosphate buffer (pH 7.4, 40 mL) and 1-butanol (40 mL), and the
solution was warmed at 100 °C for 25 min with stirring. After cooling
to 25 °C, the 1-butanol layer was separated. The aqueous layer was
warmed with fresh 1-butanol (40 mL) for 25 min (100 °C). The com-

(17) Baker, B. F.; Dervan, P. B. J. Am. Chem. Soc. 1989, [11, 2700.

(18) Proton nuclear magnetic resonance spectra ({H NMR) and carbon
nuclear magnetic resonance spectra ()C NMR) were recorded on a Varian
VXR-600, General Electric QE-300, or Varian Gemini 200 instrument, and
chemical shifts are reported in parts per million relative to internal tetra-
methylsilane (0.00 ppm). Infrared spectra (IR) were recorded on a Perkin-
Elmer 1800 Fourier transform spectrometer as potassium bromide pellets
(solids). Ultraviolet spectra (UV) were recorded on a Hewlett-Packard 8451 A
diode array spectrophotometer. Electron-impact mass spectra (EIMS) and
chemical jonjzation mass spectra (CIMS) were recorded on a Finnigan 4000
spectrometer. Fast atom bombardment mass spectra (FABMS) and high-
resolution mass spectra (HRMS) were recorded on a Kratos MS-50 spec-
trometer. Flash chromatography was performed on 230-400 mesh silica gel.
Analytical and preparative high-performance liquid chromatography (HPLC)
was performed using a Gilson mode! 320 dual pump chromatograph equipped
with an ISCO V* variable wavelength absorbance detector. CD spectra were
recorded on a JASCO Model J-600 spectropolarimeter. N,N-Dimethylform-
amide (DMF) was distilled from powdered calcium hydride (CaH,) under
vacuum and stored under argon. All bulk extraction and chromatographic
solvents [hexane, dichloromethane (CH,Cl,), ethyl acetate (EtOAc), tetra-
hydrofuran (THF)] were distilled prior to use. Melting points (mp) were
determined on a Thomas Hoover melting point apparatus and are uncorrected.
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bined 1-butanol layers were concentrated in vacuo, and the residue was
purified by Sephadex LH-20 column chromatography (2 X 12 cm,
0~95% MeOH-water, gradient elution). The fractions displaying a pale
yellow fluorescence under UV (TLC) were combined and lyophilized to
afford the adduct 7 (2.74 mg, 73%, 92% based on recovered 5) as a
yellow solid.!® The isolation of 7 (0.6-8.0 mg, 51-73%) from the DNA
alkylation of 8 (1.0~10.0 mg, recovered §: 35-21%) was routinely con-
ducted following this procedure (86-92% yield based on the consumption
of 8): mp 164-167 °C (dec); [a]®p ~31° (¢ 0.26, MeOH), —45° (¢ 0.17,
MeOH), -83° (¢ 0.084, MeOH), ~124° (¢ 0.057, MeOH); 'H NMR
(CD,0D, 600 MHz) Table II; ’C NMR (CD;0D, 150 MHz) Table III;
IR (KBr) v 3752, 3332, 2926, 2852, 1736, 1648, 1618, 1500, 1412,
1308, 1228, 1164, 1110, 1046, 828 cm™!; UV (MeOH) 340 (¢ 28 000),
294 nm (27000); CD (MeOH) [0]% 326 (+10300), 266 (-22 100), 226
nm (-12900); FABMS (DTT/DTE), m/e (rel intensity) 643 (M* + H,
75), 307 (70), 234 (base); FABHRMS (DTT/DTE), m/e 643.2278
(C;]HmNgOg + H+ requires 6432265)

The adduct 7 may be purified by chromatography on silica gel (SiO,)
albeit with some loss of material. This may be minimized by pretreating
the SiQ, with 5% Et;N-CH,Cl, and CH,Cl, prior to chromatography
(Si0,, 2 X 15 cm, 0~-5% MeOH-CH,Cl], gradient elution).

The 'H NMR phase-sensitive NOESY NMR spectrum (600 MHz)
was run at 800 ms mixing time, 6.5 KHz spectral window, 158 ms
aquisition time, 3.9 s recycle delay, 512 complex ¢, data points, and 24
scans per increment. The data were processed with a Gaussian function
in ¢, and a combination of Gaussian and shifted sinebell functions in ;.
The sample was deoxygenated by ten freeze-pump—~thaw cycles with
argon purging.
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