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Abstract: The cyclic octadepsipeptide [Lac?Lac’) TANDEM (2) has been prepared by total synthesis in which t-lactic acid
units are incorporated in place of each of the two L-alanine residues common to the triostin depsipeptide antibiotics. Analogue
2 is an isosteric analogue of des-N-tetramethyltriostin A (TANDEM) (1b) but lacks the structural features necessary for the
formation of hydrogen bonds involving the alanine NH groups with a thymidine C-2 carbonyl or adenine N-3 postulated to
be formed upon binding of the antibiotic to DNA. L-Lactic acid p-bromophenacyl ester was condensed with N-Cbz-D-serine
tetrahydropyranyl ether (4) to furnish didepsipeptide § and provide the requisite ester bond present in 2. Removal of the
tetrahydropyranyl group followed by a sequernce of depsipeptide bond formation by condensation with N-Boc-1-valine, deprotection
of the resulting tridepsipeptide 6, and amide bond formation by reaction with N-Boc-S-(acetamidomethy!l)-L-cysteine provided
tetradepsipeptide 7. Fragment coupling between the respective N-terminal and C-terminal deprotected tetradepsipeptides
9 and 10 yielded octadepsipeptide 11, which was converted by deprotection and cyclization to cyclic intermediate 12. Oxidation
of 12 to the bicyclic disulfide 13, removal of the Cbz groups at each D-serine residue, and acylation with 2-quinoxalinecarbonyl
chloride gave [Lac? Lac’) TANDEM (2). 'H NMR spectral data of [Lac?,Lac’) TANDEM were in good agreement with similar
data for TANDEM, thereby providing evidence for similar conformations for these compounds. Analogue 2 failed to yield
a footprinting pattern upon interaction with a 160-base-pair DNA restriction fragment under the same conditions where TANDEM
shows a highly specific footprinting pattern. These results provide further evidence of the crucial role of hydrogen bonds involving
the alanine NH groups in the mechanism of binding of the triostin antibiotics at specific sites on a DNA fragment.

Triostin A (1a), a member of the triostin depsipeptides,’ is
CH, CH
\3/ 3
o 3 R (o] CH

1a R= CHy
b R= H

known? to bind to deoxyribonucleic acids by the simultaneous
intercalation of both quinoxaline chromophores attached to the
depsipeptide ring system; interactions between functional groups
of the depsipeptide and corresponding moieties in the double-
stranded DNA segment are also considered to be important in
the binding process. Studies to elucidate the structural parameters
critical to the binding of the antibiotic to the DNA molecule have
been carried out and are of continuing interest.

A synthetic analogue, des-/V-tetramethyltriostin A (1b),? also
known by the acronym TANDEM,* has shown very high spe-
cificity in binding to DNA. Footprinting studies on a 160-
base-pair DNA restriction fragment established that TANDEM
recognized only two binding sites involving ATA or TAT nu-
cleotide sequences.® Earlier work had established that TANDEM
showed high affinity for binding to poly(dA-dT)* and was effective
in inhibiting the production of poly(dA-dT) during the de novo
synthesis of other synthetic DN A polymers as catalyzed by Es-
cherichia coli DNA polymerase 1.5 The crystal structure of
TANDEM has been determined.” From an analysis of the crystal
structure, a model was proposed for the binding of TANDEM
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to DNA in which a key feature was the formation of hydrogen
bonds between each of the two alanine NH groups and a thymine
C-2 carbony! or adenine N-3 of the DNA base pairs.® More
recently, the molecular structure of a DNA-triostin A complex
has been reported.” In the complex, hydrogen bonds are present
between the alanine NH groups and N-3 of two guanine residues
present at the site of binding. These hydrogen-bonding interactions
are considered to be very important in the binding process.

We report in this paper the synthesis and binding studies of
[Lac?,Lact]-des-N-tetramethyltriostin A (2), i.e., [Lac?,Lact]-
TANDEM. This molecule is an oxygen isosteric analogue of
TANDEM, having the two L-alanine units replaced by L-lactic
acid residues, and structurally lacks the possibility of formation
of hydrogen bonds as proposed for the TANDEM complex with
DNA. Analogue 2 should serve as a model to probe how critical
the hydrogen bonds involving the alanine units are in the TAN-
DEM and triostin A complexes with DNA.
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The synthesis of 2 was patterned after synthetic routes used
for the preparation of TANDEM (1b).> Analogue 2 does contain
two additional depsipeptide (ester) bonds resulting from the in-
corporation of the two L-lactic acid residues. As previously,’ our
approach was to prepare the tetradepsipeptide 7, effect fragment
coupling of the respective C- and N-deprotected units derived from
7 to provide the linear octadepsipeptide 11, and transform 11 to
the desired cyclic product. The preparation of the requisite
tetradepsipeptide 7 is given in Scheme I.

N-(Benzyloxycarbony!)-D-serine (3) was protected at its alcohol
function as the tetrahydropyranol ether 4. L-Lactic acid p-
bromophenacy! ester was prepared by alkylation of the carboxylate
anion with «,4-dibromoacetophenone.!® Ester bond formation
between 4 and the above lactate using the carbodiimide/4-(di-
methylamino)pyridine procedure!! in pyridine furnished di-
depsipeptide 5 in a yield of 54%. Removal of the THP group
(methanol, TsOH), and coupling to N-(fert-butyloxy-
carbonyl)-L-valine gave tridepsipeptide 6 in 85% yield from 5.
Treatment of 6 with trifluoroacetic acid (TFA) in CH,Cl, caused
removal of the tert-butyloxycarbonyl (Boc) group; neutralization
of the resulting TFA salt and condensation with N-Boc-S-(ace-
tamidomethyl)-L-cysteine provided tetradesipeptide 7 in a yield
of 88%.

We initially prepared the tridepsipeptide 6 by esterification of
Z-0O-(Boc-L-valyl)-D-serine (8) (Z = benzyloxycarbonyl) with
p-bromophenacyl L-lactate (eq 1); compound 8 was prepared?®

Z-0-Ser-OH Lac-OBpa Z-p-Ser-Lac-0OBpa

DCC. DMAP py. 46%  Boc-Val

8 7
in three steps from Z-D-serine. This reaction, using various
coupling methods, gave 6 in yields of 25-40%, with the best yield
(46%) being obtained with N,N-dicyclohexylcarbodiimide/4-
(dimethylamino)pyridine in pyridine. Purification of 6 obtained
by this route was difficult, due primarily to the coelution of
unreacted lactate p-bromophenacyl ester, and often required two
different chromatographic separations using medium-pressure
liquid chromatography. The overall yield of 6 from Z-D-serine
by this route was 34% as compared to an overall yield of 46% by
the procedure outlined in Scheme I.

Tetradepsipeptide 7 was transformed to cyclic product 12
following our previously developed procedures® (Scheme II).
Batchwise deprotection of 7 provided 9 and 10; fragment coupling
of these components gave the linear octadepsipeptide 11 in 72%
yield. Deprotection at the termini of 11 and cyclization gave cyclic
product 12. The cyclization reaction was carried out in
CH,Cl,/DMF at high dilution (5.8 X 10™* M in peptide) using
1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride
and 1-hydroxybenzotriazole to furnish 12 in a yield of 56%.

The final steps of the synthesis of 2 involved formation of the
disulfide cross-bridge by oxidation of 12 (eq 2) with iodine in

Z-b-Ser-Lac-Cys-Val
12 — (2)
Val—Cys—Lac-—D-Ser—Y

Boc-Val m

13. Y = benzyloxycarbonyl
2.Y:= quinoxaline-2-carbonyl
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Hassner, A.; Alexanian, V. Tetrahedron Lett. 1978, 4475,
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%Key: (a) Dihydropyran, PPTS, CH,Cl,, 92%; (b) L-lactic acid Bpa
ester, EDC, DMAP, pyridine, 54%; (¢) CH;OH, TsOH, 91%, (d)
Boc-Val-OH, EDC, DMAP, CH,Cl,, 93%; (¢) TFA, CH,Cl,, 98%; (f)
Boc-Cys(Acm)-OH, Et;N, EDC, HOBT, THF, 90%. Compounds:
EDC = |-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydro-
chloride; DMAP = 4-(dimethylamino)pyridine; HOBT = |-hydroxy-
benzotriazole.
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Table I. 'H NMR Chemical Shift Values (ppm) for TANDEM
(1b)¢ and [Lac?Lac®]TANDEM (2)

Olsen et al.

Table II. 'H-'H Coupling Constants, J, for TANDEM (1b)¢ and
[Lac?,Lacs] TANDEM (2)

in CDCI, in Me,SO-d, in CDCI, in Me,SO-d;
1b 2 1b 2 1b 2 1b 2
Ser 8, 4.66 4.47 4.13 4.36 Ser B1.82 11.0 11.2 11.2 10.0
8 5.00 5.28 4.64 4.52 a,B, 2.0 2.7 2.7 1.0
a 4.87 S.14 4,76 5.03 B3, 2.5 1.8 3.3 4.5
NH 8.81 8.78 8.66 8.96 «,NH 6.7 7.9 8.4 7.1
Alaor 8, 1.38 1.50 1.24 1.36 Ala or a8 7.1 6.9 7.4 6.8
Lac « 4.45 5.14 4.28 5.21 Lac «,NH 6.0 6.6
NH 6.30 8.13 Cys 81,82 15.0 14.6 14.0 14.7
Cys IeH 292 2.94 2.91 2.97 .8, 12.8 10.4 11.9 12.0
8 295 2.96 2.69 2.75 B3, 2.8 4.0 3.6 3.2
o 5.68 5.64 5.28 5.43 a,NH 10.0 9.8 9.9 10.2
NH 6.57 7.01 8.71 9.13 Val By 6.6,6.9 6.7,6.8 6.5 6.8
Val k% 1.13, 1.17 1.07,1.13 0.93,1.08 0.90, 0.96 a,B 4.5 4.5 7.8 6.5
B 2.54 2.38 2.30 2.20 a,NH 9.6 9.9 9.3 10.2
o 4.84 4.76 4.13 5.03 a
NH 843 867 8.20 847 Data for 1b taken from ref 12.
Qxc¢ H-3 9.68 9.67 9.50 9.53
H-6,7 7.90 7.90 8.03 8.04 of DNA previously employed for experiments with triostin A and
H-5  8.10 8.04 8.13 8.12 other quinoxalines.>!?> The natural antibiotics triostin A and
H-8 8.23 8.23 8.23 8.24

4Data for 1b taken from ref 12.

CH,OH to furnish 13 (89%). Subsequent removal of the N-
benzyloxycarbony! groups (HBr in acetic acid), neutralization,
and acylation with 2-quinoxalinecarbony! chloride gave
[Lac?,Lac’JTANDEM (56% yield).

For [Lac?,Lac®) TANDEM (2) to serve as a valid molecule to
test the importance of hydrogen bonding of the alanyl NH groups
in the DNA complex, it is necessary that its conformation be
similar to that of TANDEM, thereby making it unlikely that any
lack of specificity or binding by [Lac? Lac)) TANDEM is not due
to a significant change in the conformation of the depsipeptide
ring.

The solution conformation'? and crystal structure’ of TANDEM
have been determined. The bicyclic depsipeptide ring has been
found to be a rather rigid disklike structure, with the two qui-
noxaline rings oriented at right angles to and on the same face
of the peptide ring. Factors contributing to the rigidity of the
depsipeptide ring are due in part to the constraints imposed by
the disulfide cross-bridge and the presence of the two hydrogen
bonds between the valine NH and alanine carbonyl. 'H NMR
solution conformational studies have shown the cysteinyl and valy!
units to be quite conformationally rigid, but the seryl C*~NH and
C=—carbony! bonds as also the alanyl C*~NH bond to possess some
conformational mobility.!2

The coupling interactions and coupling constants, J, for ana-
logue 2 were obtained by HCOSY and selected decoupling ex-
periments. Comparison of the chemical shift values and coupling
constants of TANDEM and [Lac?,Lac® ) TANDEM (Tables I and
II) provides evidence that both molecules have similar confor-
mations. The low-field positions of the serine and valine NH
groups are similar to those observed for TANDEM; the latter shift
value is indicative of hydrogen-bond formation involving the valine
NH. The agreement of the coupling constants, J, for the valyl
a8 and o, NH protons in 2 is the same as for the corresponding
units in TANDEM. There are some differences observed for the
coupling constants for the seryl and cysteiny! units. These dif-
ferences are small, and considering the known rigidity of these
depsipeptide ring systems, it seems likely that no significant
conformational changes have occurred in analogue 2 when com-
pared to TANDEM. We conclude, therefore, that analogue 2
should serve as a suitable model of TANDEM, but one, because
of the inclusion of lactic acid, that will lack the ability to form
the critical hydrogen bonds upon complexation to DNA.

Studies on the possible interaction between [Lac?,Lac’] TAN-
DEM and DNA were carried out by the method of DNase I
footprinting using the 160-base-pair TyrT restriction fragment

(12) Hyde, E.; Kalman, J. R.; Williams, D. H.; Reid, D. G.; Olsen, R. K.
J. Chem. Soc., Perkin Trans. 1, 1982, 1041.

echinomycin bind to six or seven sites in this DNA, each containing
one or more of the recognition sequences CpG.>!> TANDEM,
on the other hand, protects only two sites from digestion by the
enzyme, and they share the consensus sequence TpA (or ApT);’
recent evidence with a partially methylated TANDEM derivative
[N-MeCys,*N-MeCys’ ) TANDEM strongly suggests that the
requisite sequence is in fact TpA and that recognition demands
hydrogen-bond formation with the alanine NH functionalities.!*
Tested under identical conditions, [Lac?,Lac® ) TANDEM failed
to produce detectable protection of any sequences in either DNA
strand from nuclease attack, even when the depsipeptide con-
centration was raised from the standard value of 15 uM to as much
as 40 uM (close to the limits imposed by the solubility of the new
analogue). Thus, there is no evidence of binding of
[Lac?,Lac®) TANDEM to DNA under conditions that are highly
suitable for the parent compound as well as for the natural an-
tibiotics. In the crystal structure of TANDEM,’ the depsipeptide
ring is held rigid by internal hydrogen bonds between the carbonyl
groups of L-alanine and amino groups of L-valine. Substitution
of L-lactic acid for L-alanine should not affect the ability to form
these internal hydrogen bonds but does remove the amino groups
of the alanine residues that, it is proposed, function as hydro-
gen-bond donors to interact with acceptors on the DNA helix.®14
The retention of the internal hydrogen bonds, as is evident from
the 'TH NMR data of 2, ensures that the carbony! groups are not
available for interaction with the 2-amino groups of guanine
nucleotides, as proposed for the parent antibiotic triostin A. We
are left with the presumption that the evident failure of
[Lac?,Lac’ ) TANDEM to bind to DNA at all results from lack
of the L-alanine NH groups as hydrogen bond donors.

Experimental Section

The amino acids and coupling reagents used were obtained from
commercial sources. All solvents were distilled in glass. Tetrahydrofuran
was distilled from LiAlH, and stored over 3A molecular sieves. Meth-
ylene chloride was distilled from P,O5 and stored over molecular sieves.
Dimethylformamide was distilled from CaH. Melting points were de-
termined by capillary melting points and are uncorrected. TLC was
performed on commercially prepared silica gel on I X 3 in, glass plales,
and spots were detected by ultraviolet light or iodine vapor. MPLC'® and
flash chromatography'é were carried out on columns packed wilh silica
gel 60 (0.040-0.064 mm). 'H NMR spectra were recorded at 60, at 90,
or, as indicated in the Experimental Section, at 360 MHz. Optical
rotations were recorded on an automatic polarimeler.

(13) Low, C. M. L.; Drew, H. R;; Waring, M. J. Nucleic Acids Res. 1984,
12, 4865.

(14) Low, C. M. L, Fox, K. R,; Olsen, R. K.; Waring, M. J. Nucleic Acids
Res. 1986, 14, 2015.

(15) Meyers, A. L,; Slade, J. ; Smith, R. K.; Mehelich, E. D.; Hershenson,
F. M.; Liang, C. D. J. Org. Chem. 1979, 44, 2247.

(16) Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923.
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N-(Benzyloxycarbonyl)-O-(tetrahydropyranyl)-D-serine (4). Z-p-
Serine (2.39 g, 10.0 mmol) was suspended in dry CH,Cl, (100 mL) and
treated with dihydropyran (0.92 g, 11.0 mmol) and pyridinium p-
toluenesulfonate (PPTS, 300 mg, 1.2 mmol). The reaction mixture was
stirred at room temperature for 12 h. Dichloromethane (50 mL) was
added, and the organic phase was washzd with half-saturated brine (30
mL), dried, and concentrated. The crude product was purified by
MPLC, eluting with CHCl;/acetone (9:1) and CHCl;/MeOH (9:1),
respectively, to yield 3 g (92%) of a clear oil.

Z-p-Ser(THP)-Lac-OBpa (5). A solution of 4 (3.0 g, 9.3 mmol) and
p-bromophenacyl L-lactate (2.6 g, 9.1 mmol; p-bromophenacyl = Bpa)
in pyridine (75 mL) was cooled to 0 °C. To this cold, stirred solution
were added 4-(dimethylamino)pyridine (0.3 g, 2.5 mmol) and 1-ethyl-
3-[3-(dimethylamino)propyl]carbodiimide hydrochloride (1.9 g, 10
mmol). The reaction mixture was stirred at 0 °C for 2 h and at room
temperature for 1 day. The solution was evaporated to dryness, and the
residue was suspended in water (50 mL) and extracted with ethyl acetate
(2 X 70 mL). The EtOAc extract was washed with | N HCI (2 X 30
mL), saturated NaHCO, (2 X 20 mL), H,O (30 mL), and brine (20
mL) and dried (Na,SO,). The product was dissolved in a minimum
amount of CCl, and loaded onto an MPLC column. The column was
eluted with CHCl,/acetone (97.5:2.5) to give pure product: yield, 2.9
g (54%); '"H NMR (CDCl;) 6 1.58 (m, 9 H), 3.25-5.60 (m, 11 H), 5.77
(m, 1 H, NH), 7.20-7.80 (m, 9 H, phenyl).

p-Bromophenacyl L-Lactate. A solution containing L-lactic acid (2.0
g, 22.2 mmol), «a,4-dibromoacetophenone (6.18 g, 22.2 mmol), and
KHCO; (26 mmol) in 80 mL of acetone was heated at reflux for 5 h.
The cooled mixture was filtered, and the filtrate was concentrated in
vacuo. The product was recrystallized from acestone/hexane to furnish
4.14 g (65%): mp 103-104 °C; []Pp +1.99° (¢ 1.1, CHCl,); '"H NMR
(CDCl;) 6 1.60 (d, 3 H, CH3), 2.83 (d, 1 H, OH), 4.51 (m, 1 H, a-H),
5.39 (AB q, 2 H, Bpa CH,), 7.74 (AB q, 4 H, aromatic).

Z-p-Ser-Lac-OBpa. Dipeptide § (2.7 g, 4.6 mmol) in methanol (50
mL) was treated with p-toluenesulfonic acid (86 mg, 0.5 mmol), and the
reaction mixture was stirred at room temperature for 3 h. Methanol was
removed to give a solid, which was partitioned between EtOAc (150 mL)
and water (70 mL). The EtOAc extract was washed with water (30 mL)
and brine (20 mL), dried, and evaporated to dryness to give 2.1 g (91%)
of a white powder: mp 122-125 °C; 'H NMR (CDCl,) § 1.58 (d. 3 H),
3.40-5.40 (m, 8 H). 6.79 (d, 1 H, NH), 7.32 (s, 5 H, phenyl), 7.67 (q,
4 H, aromatic).

Z-p-Ser(Boc-Val)-Lac-OBpa (6). Z-p-Ser-Lac-OBpa (2.0 g, 3.9
mmol), Boc-Val-OH (0.87 g, 4 mmol), 4-(dimethylamino)pyridine (60
mg, 0.5 mmol), and 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide
hydrochloride (0.76 g, 4 mmol) in dry CH,Cl, (50 mL) was stirred at
0 °C for 3 h and at room temperature for 12 h. The reaction mixture
was evaporated to dryness; the residue was suspended in water (100 mL)
and extracted with ethyl acetate (2 X 60 mL). The EtOAc exiract was
washed with 1 N HCI (50 mL), saiurated NaHCO, (2 X 20 mL), H,0
(30 mL), and brine. The organic phase, after drying (Na,SO,), was
evaporated to dryness. The crude product was purified by chromatog-
raphy (MPLC) using CHCl, as eluant to give 6: 2.6 g (93%); mp 80-85
°C; [a]¥p=25° (¢ 1.14, CHCl,); 'TH (NMR (CDCl;) 6 0.88 (t, 6 H, Val,
methyl), 1.41 (s, 9 H, Boc), 1.67 (d, 3 H, Lac methyl), 2.10 (m, 1 H,
Val methine), 4.00-5.50 (m, 9 H, Bpa, Ser and benzyl methylenes, a-H),
5.93(d, | H, NH), 7.32 (d. 6 H, phenyl, NH), 7.64 (q, 4 H, aromatic).
Anal. Caled for C3,H3oN,O,Br: C, 54.32; H, 5.55; N, 3.96. Found:
C, 54.23; H, 5.65. N, 3.90.

Z-D-Ser{Boc-Cys(Acm)-Vall-Lac-OBpa (7). Tripeptide 6 (10 g) in
dry CH,Cl, (30 mL) was treated with TFA (30 mL), and the reaction
mixture was stirred at room temperature for 30 min. The solulion was
evaporated to dryness, and the residue was dissolved in dry CH,OH (20
mL) and evaporated to dryness. This procedure was repeated three times,
after which the residue was triturated well with ether (dry) to give a solid.
The solid was filtered, washed with ether, and dried in vacuo over P,Oq
to yield 10 g (98%) of a foam,

The above material (10 g, 14 mmol) and N-Boc-S-(acetamido-
methyl)-L-cysteine (4.4 g, 15 mmol, acetamidomethyl = Acm) were
dissolved in dry THF (100 mL), and the resultant mixture was cooled
to 0 °C. To this solution were added 1-hydroxybenzotriazole (2 g, 15
mmol), triethylamine (1.5 g, 15 mmol), and I-ethyl-3-3-(dimethyl-
amino)propyl]carbodiimide hydrochloride (2.85 g, 15 mmol), and the
mixture was stirred at 0 °C for 3 h and at room temperature overnight.
The solution was evaporated to dryness, and the residue was extracted
with ethyl acetate (2 X 75 mL). The EtOAc extract was washed with
5% HCI, saturated NaHCO;, H,O, and brine, dried, and concentrated.
The crude product was purified by MPLC using CHCl,/acetone (9:1)
as eluant: yield, 11 g (90%); [a]®p ~19.1° (¢ 1, CHCL); 'TH NMR
(CDCl3) 6 0.94 (1, 6 H, Val methyl), 1.43 (s, 9 H, Boc), 1.67 (d, 3 H,
Lac methyl), 2.01 (s, 3 H, Acm methyl), 2.19 (m, 1 H, Val melhine),
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2.65-2.9 (m, 2 H, Cys methylene), 4.20~4.32 (m, 1 H), 4.35-4.52 (m,
3 H), 4.55-4.72 (m, 2 H), 4.77-4.84 (m, 1 H), 5.12 (s, 2 H, benzyl), 5.30
(AB paitern, 2 H, Bpa), 5.42 (d, 1 H, NH), 6.2 (d, | H, NH), 6.7 (d,
1 H, NH), 7.25-7.40 (m, 5 H, phenyl), 7.70 (dd, 4 H, aromatic). Anal.
Caled for Cy3HyN4O3SBr: C, 51.76; H, 5.60; N, 6.35. Found: C,
51.57; H, 5.51; N, 6.13.

Z-p-Ser{Boc-Cys(Acm)-Vall-Lac-OH (9). Zn powder (23.4 g, 360
mmol) was added, in small portions, to a stirred solution of 7 (6.3 g, 7.15
mmol) in 90% AcOH (200 mL) at 0 °C over a period of 1 h. After the
addition, the reaction mixture was stirred at 0 °C for 2 h and at room
temperature for 3 h. The reaction mixture was filtered and washed well
with 90% AcOH, and the filtrate was evaporated to dryness. The residue
was shaken with a mixture of EtOA¢ (200 mL) and 1 N HCI (150 mL).
The EtOAc extract was washed with 1| N HC] (50 mL), H,O (50 mL),
and brine (30 mL), dried (Na,SO,), and concentrated. The oily residue
was chromatographed on a gravity column of silica gel using CHCl,,
CHCl,/acetone (9:1), CHCl;/acetone (7:3), and CHCl;/MeOH (85:15),
respeclively, as eluani: yield, 4.5 g (92%); [«]**p =15.8° (¢ 1, CHCl,);
'H NMR (CDCl,) 4 0.9 (br s, Val methyl), 1.30 (d, Lac methyl), 1.42
(s, 9 H, Boc), 2.03 (s, 3 H, Acm methyl), 2.16 (m, | H, Val methine),
2.60-3.10 (m, 2 H, Cys methylene), 4.22-4.89 (m, 8 H, Acm and Ser
methylenes, a-H), 5.11 (s, 2 H, benzyl), 5.91 (d, 1 H, NH), 6.30 (d, 1
H, NH), 7.32 (m, 7 H, phenyl and NH), 10.9 (br s, | H, COOH).

Z-p-SerfTFA H,*-Cys(Acm)-Val}-Lac-OBpa (10). Compound 10 was
prepared by using the same procedure employed for the removal of the
Boc group in 6 during 1he preparation of 7. Materials used were the
following: tetradepsipeptide 7 (5.2 g); dry CH,Cl, (10 mL); TFA (10
mL). Yield: 5.2 g (98%) as a foam.

Z-D-Ser[Boc-Cys(Acm)-Val]-Lac-Cys(Acm)-ValJ Z-p-Ser-Lac-OBpa
(11). Linear octadepsipeptide 11 was prepared by using the same pro-
cedure employed for the preparation of 7. Materials used were the
following; tetradepsipeptide free acid 9 (4.0 g, 5.8 mmol); TFA salt 10
(5.2 g, 5.8 mmol); I-hydroxybenzotriazole (0.8 g, 6.0 mmol); N-
methylmorpholine (0.74 mL, 7.0 mmol); 1-ethyl-3-[3-(dimethylamino)-
propyl]carbodiimide hydrochloride (1.2 g, 6.0 mmol); dry THF (150
mL). The product was purified on MPLC using CHCl;/acetone (7:3)
as eluant: yield, 5.8 g (72%); [«]®p ~28.5° (¢ 2, CHCl,); '"H NMR (360
MHz, CDCl;) 6 0.82 (d, 12 H, Val methyl), 1.32 (d, 3 H, Lac methyl),
1.35 (s, 9 H, Boc me1hyl), 1.54 (d, 3 H, Lac methyl). 1.85 (s, 6 H, Acm
meihyl), 2.00-2.10 (m, 2 H, Val methine), 2.50 (s, H,0), 2.55-2.95 (m,
4 H, Cys methylene), 4.05-4.60 (m, 14 H, Acm and Ser methylenes,
a-H), 5.05 (s, 4 H, benzyl), 5.08 (g, | H, Lac «-H) 5.23 (g, | H, Lac
a-H), 5.58 (dd, 2 H, Bpa methylene), 7.02 (d, | H, NH), 7.35 (m, 10
H, phenyl), 7.75-8.00 (m, 7 H, Bpa aromatic and NH), 8.30 (d, | H,
NH), 8.58 (m, 2 H, NH). Anal. Caled for C¢;,HgyN3O,,S,Br: C, 52.25;
H, 5.78; N, 7.73. Found: C, 52.11; H, 5.64; N, 7.44.

Z-D-Ser[Boc-Cys(Acm)-Val]-Lac-Cys(Acm)-ValJ Z-p-Ser-Lac-OH.
This compound was prepared by the same procedure employed for the
preparation of acid 9. Materials used were the following: compound 11
(5.5 g, 3.8 mmol); Zn powder (12.35 g, 190 mmol); 90% AcOH (100
mL). Data: yield 4.1 g (86%); [«]®p -39° (¢ 0.5, MeOH).

Preparation of 12. The above octadepsipeptide acid (2.5 g, 2.26
mmol) in dry CH,Cl, (7 mL) was treated with TFA (7 mL), and the
mixture was slirred at room 1emperature for 0.5 h. The solution was
evaporaled to dryness in vacuo. The residue was dissolved in dry CH,OH
and evaporated to dryness. This was repeated three times, and the
residue was triturated well with ether to yield a solid, which was filtered,
washed with ether, and dried in vacuo over P,Os; yield 2.1 g (83%).

The above TFA salt (400 mg, 0.32 mmol) and 1-hydroxybenzotriazole
(200 mg, 1.5 mmol) were dissolved in 50 mL of dry DMF, and the
solution was diluted with dry CH,Cl, (300 mL) and cooled to 0 °C. To
this cold solution was added 1-ethyl-3-[3-(dimethylaminopropyl]carbo-
diimide hydrochloride (150 mg, 0.8 mmol), and the mixture was stirred
for 15 min. N-Methylmorpholine (0.05 mL, 0.5 mmol) in dry CH,Cl,
(200 mL) was added during a 6-h period. After addition, the reaction
mixture was stirred at 0 °C for 2 h and at room 1emperaiure for 4 days.
The solution was evaporated to dryness and the residue was suspended
in H,O (50 mL) and extracted with ethyl acetate (2 X 75 mL). The
EtOAc extract was washed with | N HCI (2 X 30 mL), saturated
NaHCO; (2 X 30 mL), H,O (40 mL), and brine (30 mL), dried
(Na,S0,), and concentrated to a foam. The product was purified on
MPLC using CHCl;/acetone (1:1) as eluant. The fractions having Ry
0.40 [CHCl;/acetone (1:1)] were collected and evaporated to a foam:
yield 200 mg (56%); [a]*p +52.6° (¢ 0.5, CHCl3); 'TH NMR (360 MHz,
CDCl,) 5 0.88 (m, 12 H, Val methyl), 1.48 (d, 6 H, Lac methyl), 2.05
(s, 6 H, Acm methyl), 2.06-2.08 (m, 2 H, Val methine), 2.20 (s, H,0),
2.35-2.50 (m, 2 H, Cys methylene), 2.85-3.05 (m, 2 H, Cys methylene),
4.00-5.30 (series of m, 20 H, Acm, Ser and benzyl methylenes, ¢-H),
6.62 (m, 2 H, NH), 6.97 (m, 2 H, NH), 7.30-7.50 (m, 12 H, phenyl and
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NH), 7.74 (m, 2 H, NH). Anal. Calcd for CsoHgN3O5S,: C, 52.99;
H, 6.05; N, 9.88. Found: C, 52.72; H, 6.04; N, 10.04.

Preparation of 13. Iodine (0.99 g, 8.0 mmol) in methanol (150 mL)
was added to a solution of 12 (900 mg, 0.80 mmol) in methanol (200 mL)
during a 2.5-h period at room temperature. The reaction mixture was
stirred at room temperature for 4 h and cooled to 0 °C. To this cold
solution was added 1 N aqueous Na,S,0; until the solution became
colorless. The solution was evaporated to dryness under reduced pressure
below 35 °C, and the residue was triturated with water (15 mL), filtered,
washed with water, and dried in vacuo over P,Os. The crude product,
upon chromatography using CHCl,/acetone (8:2) as eluant, gave 13:
700 mg (89%); [a]®p +58° (¢ 0.5, CHCly); '"H NMR (360 MHz,
CDCly) 5 0.95 (m, 12 H, Val methyl), 1.42 (d, 6 H, Lac methyl),
2.20~2.30 (m, 2 H, Val methine), 2.75-2.90 (m, 4 H, Cys methylene),
4.25 (d, 2 H), 4.50-4.70 (m, 4 H), 4.90-5.40 (m, 8 H), 5.45-5.60 (m,
4 H), 6.85 (d, 2 H, NH), 7.35 (s, 10 H, phenyl), 8.48 (d, 2 H, NH).
Anal. Caled for C,,H NGO ,S,: C, 53.42; H, 5.71; N, 8.49. Found:
C, 53.25; H, 5.88; N, 8.47.

[Lac?,Lact]Des-N-tetramethyltriostin A (2). Octadepsipeptide 13 (550
mg, 0.59 mmol) was stirred with 30-32% HBr in AcOH (20 mL) at
room temperature for | h and diluted with ether (200 mL). This mixture
was kept inside the refrigerator overnight, filtered in a stream of N,,
washed with ether, and dried in vacuo over P,0s: yield 460 mg (94%);
mp 230 °C (dec).

The above HBr salt (100 mg, 0.11 mmol) was dissolved in dry DMF
(10 mL) and the resultant solution cooled to 0 °C under N,. To this cold,
stirred solution was added triethylamine (24 mg, 0.24 mmol), followed
by 2-quinoxalinecarbonyl chloride (30 mg). After 5 min, triethylamine
(24 mg) and 2-quinoxalinecarbonyl chloride (30 mg) were added. Once
again, triethylamine (24 mg) and 2-quinoxalinecarbonyl chloride (30 mg)
were added after S min. The reaction mixture was stirred at 0 °C for
3 h and at room temperature overnight. The solution was evaporated to
dryness and the residue triturated well with ether, The solid was filtered
and washed with ether and water, respectively. The solid was dried in
vacuo over P,Os and purified by preparative circular TLC using
CHCl,/acetone (7:3) as eluant. Pure product, R,0.38 [CHCl,/acetone
(7:3)], was crystallized from CHCl;/ethyl ether as a fine powder: yield
65 mg (56%); mp 263265 °C; [a]15_d ~15.4° (¢ 0.5, MeOH); '"H NMR
(360 MHz) see Tables I and 1I. Anal. Caled for C4sHs,N,1001,S2: C,

53.46; H, 5.07; N, 13.55. Found: C, 53.33; H, 5.17; N, 13.37.

Footprinting Experiments

Stock solutions of [Lac? Lac®]TANDEM and deoxyribonuclease
I (DNase I) were prepared as previously described.* Footprinting
experiments were conducted with the 160-base pair duplex TyrT
DNA fragment labeled at one of its 3’ ends by incubation with
reverse transcriptase and a-[3?P]JdATP or -[**P]dCTP. Aliquots
(3 uL) of the labeled DNA (9 pmol in base pairs) were incubated
with 5 uL of the ligand (10-40 uM) at 37 °C for 30 min and then
digested with 2 uL DNase I (final concentration 0.05 unit/mL).
Samples (3 uL) were removed from the mixture after 1-, and 5-,
and 30-min digestions, and the reaction was stopped by adding
2.5 uL of 80% formamide solution containing 0.1% bromophenol
blue and 10 mM EDTA. These were heated at 100 °C for at least
2 min prior to electrophoresis. The products of digestion were
fractionated on 8% (w/v) polyacrylamide gels (0.3 mm thick)
containing Tris-borate~-EDTA buffer and 7 M urea. Gels were
fixed in 10% acetic acid, transferred to Whatman 3MM paper,
dried under vacuum, and subjected to autoradiography at =70 °C
with an intensifying screen. Final analysis of autoradiographs
was accomplished using microdensitometer scans as previously
described.!?
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Among various hydrometalation reactions of olefins, hydro-
boration is far superior in view of the efficiency and versatility
of the reaction.! However, the resulting organoboranes (C-B
bonds) are relatively stable and not readily functionalized com-
pared to the corresponding organoaluminums (C—Al bonds) that
possess more carbanion character and hence undergo facile in-
termolecular transfer reactions with a variety of organic and
inorganic electrophiles under milder conditions. Accordingly,
considerable interest has been directed toward the synthetic po-
tential of hydroalumination reactions, although the ionic Al-H
bond has a weak affinity for olefins in nature. Several successful
examples have been recently reported which utilize the transi-
tion-metal catalysts to effect the smooth hydroalumination,? but

(1) (a) Brown, H. C. Boranes in Organic Chemistry; Cornell University
Press: Ithaca, NY, 1972, (b) Cragg, G. M. L. Organoboranes in Organic
Synthesis; Dekker: New York, 1973. (c) Brown, H. C. Organic Synthesis
via Boranes; Wiley-Interscience: New York, 1975. (d) Onak, T. Organo-
borane Chemistry; Academic Press: New York, 1975.

these systems are not always satisfactorily employable for sub-
sequent functionalization.? In this context we have been intrigued
for some time in the possibility of organoborane-catalyzed hy-
droalumination with consideration for the distinct advantage of
hydroboration. Here we wish to disclose the realization of our
expectation by combining use of catalytic organoborane and
dichloroaluminum hydride (Cl,AlH) as a hydrometalation agent.

catalytic R—B<

E+
>C=C< — - [H—C—C—AICL] —

H—C—C—E E=COR,OH, X, H,D

First, we have examined various combinations of boron catalysts
with aluminum hydride-type reagents in ether for effecting hy-
droalumination of 1-dodecene. Yields of dodecane by protonolysis
of the hydroalumination product after 2 h at room temperature
are as follows: PhB(OH),/CL,AlH, 94% (83% after 30 min);
Et;B/CLAIH, 91%; 9-BBN /CLAIH, 53%; B(OH),/CLAIH, 19%:

(2) (a) Sato, F.; Sato, S.; Sato, M. J, Organomet. Chem. 1976, 122, C25;
1977, 131, C26. (b) Sato, F.; Sato, S.; Kodema, H.; Sato, M. Ibid. 1977, 142,
71. (c) Isagawa, K.; Tatsumi, K.; Otsuji, Y. Chem. Lett. 1977, 1117. (d)
Ashby, E. C; Lin, J. J. J. Org. Chem. 1978, 43, 2567. (e) Sato, F.; Oikawa,
T.; Sato, T.; Sato, M. Chem. Lett. 1979, 167. (f) Sato, F.; Kodama, H.;
Tomuro, Y.; Sato, M. Ibid. 1979, 623. (g) Ashby, E. C,; Noding, S. A. J.
Org. Chem. 1980, 45, 1035. (h) Negishi, E.; Yoshida, T. Tetrahedron Lett.
1980, 21, 1501.

(3) Ashby, E. C; Noding, S. A. J. Org. Chem. 1979, 44, 4364. Among
various transition-metal halides, only Ti and Zr catalysis have proved 10 be
effective for functionalization of the hydroaluminalion products.
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