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Design and Synthesis of a Conformational Analogue of Deoxybouvardin
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The design and synthesis of 9, an analogue of deoxybouvardin (2), is detailed. The substitution of the g-lactam
in 9 for the 14-membered N-methylcycloisodityrosine subunit of 2 serves to mimic the unusual -turn possessing
a central cis amide bond found in the natural product and restricts the accessible conformations of the remaining
tetrapeptide (D-Ala-Ala-N(Me)-Tyr(OMe)-Ala) to those including that found in the solution and X-ray conformation

of the natural product.

Bouvardin (8, NSC 259968) and deoxybouvardin (2),
bicyclic hexapeptides isolated from Bouvardia ternifolia
(Rubiacea) and unambiguously identified by single-crystal
X-ray structure analysis (bouvardin) and chemical corre-
lation (deoxybouvardin),! constitute the initial members
of a growing class of potent antitumor antibiotics now
including RA-I-RA-VII (1-7).27 Bouvardin has been
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shown to inhibit protein synthesis through eukaryotic 80S
ribosomal binding, resulting in inhibition of aminoacyl-
tRNA binding and peptidyl-tRNA translocation, and this
is presently thought to be the site of action for the agent
antitumor activity.®!* Early studies have supported the
proposal that the 14-membered N-methylcycloisodi-
tyrosine subunit of the agents may serve to induce a rigid,
normally inaccessible conformation within the 18-mem-
bered cyclic hexapeptide that in turn constrains the bio-
logically relevant D-Ala-Ala-N(Me)-Tyr(OMe)-Ala tetra-
peptide to a biologically active conformation.}!® Inde-
pendent studies have shown the O-seco-deoxybouvardin
(10)1%17 and 11 lack the cytotoxic properties of deoxy-
bouvardin, substantial functional group modification of
the 14-membered cyclic dipeptide segment within bou-
vardin and deoxybouvardin potentiate the biological
properties,>” and an apparent modification within the
tetrapeptide of bouvardin abolished activity.’® Thus, the
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initial observations have suggested that the 14-membered
N-methylcycloisodityrosine subunit potentiates the cyto-
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toxic and antitumor properties of the D-Ala-Ala-N(Me)-
Tyr(OMe)-Ala segment of 1-8 by serving the scaffolding
role of maintenance of an active, normally inaccessible
conformation within the 18-membered ring. Herein, we
detail the design and synthesis of the agent 9 lacking the
14-membered N-methylcycloisodityrosine structural sub-
unit of 1-8 that was anticipated to share conformational
characteristics with the deoxybouvardin 18-membered
cyclic hexapeptide.1®

Design of 8-Lactam Analogue 9. In contrast to the
classical 8-turns?®% and their mimetics® in which the
central residues (i + 1 and i + 2) of the 8-turn (residues
i to i + 3) are linked with a trans amide bond, one turn
present in 1-8 contains a cis amide central to the turn that
reverses the direction of the peptide chain. One important
ramification of the introduction of the cis amide central
to the turn is a significant reduction in the distance be-
tween the central residues a-carbons (2.9 versus 3.9 A),2
Figure 1. Thus, the replacement of the 14-membered
N-methylcycloisodityrosine subunit of 1-8 with mimetics
of classical 8-turns would not be expected to accurately
reproduce a key conformational feature of the agents
(N%-C3 cis amide) and may not convey the required
conformational properties to the tetrapeptide subunit of
the natural products. In initial efforts to reproduce the
proposed functional role of the N-methylcycloisodityrosine
subunit of 1-8 including the potential reactivity of C®-N2
amide, we have elected to examine the agent 9. In this
agent, the N-methyl 8-lactam serves to mimic the structure
and potential reactivity of the deoxybouvardin N®-C% cis
N-methyl amide!® and the §-lactam linkage of the C-C'6
carbons serves to restrict the number of accessible cyclic
hexapeptide conformations to those including the unusual
g-turn found in deoxybouvardin.

Exhaustive conformational searches of deoxybouvardin
(2), the N-methyl 8-lactam analogue 9, 10-11, and addi-
tional related agents!® were conducted in which global and
close low lying minima (<5.0 kcal) were located by use
directed Monte Carlo sampling of starting conformations
generated by random variations (0-180°) in two to six of
the 18 available torsional angles in the 18-membered rings
including the amide bonds themselves.®#® For each agent,
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Figure 1. Top: Newman projections of C1/C16 of 9, deoxy-
bouvardin (2), and a typical 8-turn. Bottom: comparative models
of the 14-membered N-methylcycloisodityrosine subunit of 2
(conformation no. 1) and the g-lactam subunit of 9 (conformation
no. 8).

16 starting conformations were employed and constituted
each accessible cis and trans permutation in the stereo-
chemistry of the N-methyl amides present in 9. Compa-
rable but less complete results were obtained by con-
ducting the conformational searches with random varia-
tions in the torsional angles (0-180 °C) of two—four of the
available six amide bonds starting with conformations
derived from the X-ray crystal structure of bouvardin. The
results of the evaluation of the accessible conformations
located within 5 kcal of the global minima are detailed in
Table I. The manner in which the conformational
searches were conducted (16 different starting conforma-
tions) and the number of times the low energy confor-
mations were located suggest that the conformational space
was exhaustively explored and that the relevant low energy
conformations were located. Consistent with the solution
conformations of 1-2 and 8,15% the X-ray crystal structure
of 8 bears a single cis N-methyl amide bond (C¥-N%)
located central to the 14-membered ring, Figure 1. The
lowest energy conformation of deoxybouvardin has proven
significantly more stable than additional low energy con-
formations located in the conformational searches and very
close in structure to the X-ray crystal conformation (con-
formations 1 and 6 respectively, RMS = 0.40 A),%! sub-
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crosspeak between C1-H/N#.CH; or C16-H/N®-CH; diagnostic of a
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Table I*
agent 2 agent 9 agent 11 agent 10
AE (keal), % amide stereochem.: AE (kcal), % amide stereochem.: AE (kcal), % AE (kcal),
conf pop., RMS (&) C®-N%, C8-N®, CM4-NI8 pop., RMS (A) CB8-N8, C4-N15 pop., RMS (&) RMS (A)
1 0.0, 34.8, 0.36 ctt 0.0, 34.3, 1.03 (42) ¢ c 0.0, 22.6, 2.59 (26) 0.0, 2.71 (10)
2 0.3, 21.3, 1.35 ¢ c 0.09, 29.7, 1.03 (23) [ 0.0, 22.6, 1.65 (97)
3 0.8,9.4, 145 t, t, c 0.6, 13.6, 1.07 (4) [ 0.4, 11.3, 2.29 (20)
4 1.0, 7.0, 1.31 ¢t c 0.9, 7.8, 0.89 (312) t, ¢ 0.5, 10.0, 2.56 (25)
5 1.0, 7.0, 1.09 ccCc 1.5, 3.2, 0.78 (124) ¢t 0.8, 8.9, 2.30 (36)
6? 1.2, 4.9, 0.00 c t,t 1.7, 2.2, 0.78 (125) t, ¢ 0.6, 8.9, 2.65 (8)
7 1.2, 4.9, 1.39 t, t, t 1.8, 1.7, 0.88 (1) ct 0.8, 6.4, 1.48 (19)
8 1.2, 4.9, 1.30 t, t, ¢ 1.9, 1.6, 0.14 (32) t, t 1.2, 3.0, 1.22 (3)
9 1.5, 3.1, 1.46 t,tt 1.9, 1.6, 0.89 (16) c t 1.2, 3.0, 0.82 (14)
10 2.4, 0.7, 0.50 ctt 2.3, 0.8, 0.89 (45) c t 1.4, 2.3, 0.80 (39)
11 2.7, 0.4, 0.86 t,e t 2.1, 0.4, 0.92 (15) [ 2.0, 0.9, 1.28 (6)
12 2.8, 0.4, 0.60 t,tt 2.8, 0.4, 0.75 (7) ct 2.3, 0.5, 1.34 (48)
13 2.8, 0.4, 1.34 t, tt 2.9, 0.3, 0.93 (8) t, t 2.8, 0.2, 1.35 (11)
14 3.1,0.2, 1.27 t,tt 3.0, 0.2, 0.71 (31) ct 2.8, 0.2, 2.60 (139)
15 34,01, 1.36 ¢t c 3.3,0.1,0.72 (13) t, t 2.9, 0.2, 2.60 (3)
16 3.4,0.1, 049 cct 3.3,0.1,0.72 (2 cc 3.0, 0.2, 1.60 (3)
17 3.5,0.1, 1.32 [ 3.4, 0.1, 0.70 (12) t, ¢ 34,01, 229 (1)
18 3.9, 0.06, 1.32 ¢t c. 3.5, 0.1, 0.70 (22)
19 4.1, 0.04, 0.43 t,t,t 3.6,0.1, 1.58 (23)
20 4.1, 0.04, 1.09 [ 5.3, -, 0.08 (10)¢ 4.3, 0.079
21 4.2, 0.04, 0.62 t,ct
22 4.4, 0.03, 1.20 t,c, ¢
23 4.6, 0.02, 1.04 t, t, ¢
24 4.8, 0.01, 1.256 t,c,¢C
25 4.9, 0.01, 0.54 cct

%% pop. = calculated Boltzmann distribution at 37 °C. RMS = least square deviation for all atoms (2, 10-11) or C*-N!® (9) of the
18-membered ring from that of the minimized structure of 2 derived from modification of the X-ray structure of bouvardin (2, conformation
no. 6). ®Conformation of 2 derived from direct minimization of the X-ray structure of bouvardin (RMS = 0.16 A). ¢The number of times
the conformation was located in the conformational search is shown in parentheses. ¢Conformation of 10-11 derived from modification and

direct minimization of the X-ray structure of bouvardin.

Table 11

conform- conform-

ation no. ation no.

2 9 RMS, A 2 9 RMS, A
1 8 0.40 11 12 0.32
2 2 0.43 11 14 0.30
2 3 0.41 12 8 0.39
3 4 0.42 13 13 0.24
4 6 0.23 17 3 0.42
5 1 0.36 19 8 0.17
5 2 0.38 20 1 0.09
5 3 0.40 20 2 0.31
6 8 0.14 20 3 0.35
7 13 0.24 22 1 0.31
8 6 0.25 23 4 0.30
9 15 0.40 23 6 0.39

11 5 0.35 25 14 0.40

stantially more stable than the lowest energy conformation
located possessing a trans C3-N% amide bond, and the
set of low energy conformations proved conformationally
distinct from a large number of low energy conformations
available to 10-11. For each of the agents, calculation of
a Boltzmann distribution (37 °C) among the accessible
conformations revealed that agent 9 possessed a substan-
tially restricted set of available conformations and that the
ensemble of conformations available to 2 were well rep-
resented by the ensemble of accessible conformations of
9, Table II. In contrast to 10-11, one conformation among
the restricted set of accessible conformations for 9 pos-
sessed conformational characteristics similar to that found
in the low energy and X-ray crystal structure conforma-
tions of bouvardin and deoxybouvardin, Figure 2. Further
examination of this accessible conformation of 9 (confor-

(31) The lowest energy conformation of deoxybouvardin located in the
conformational search differs only slightly from the X-ray crystal con-
formation (conformation no. 6, Table I) with small perturbations in the
N?-C10-C-N!2 and C!'-N'>-C!3-C! torsional angles.

Figure 2. Side and top views of the conformations of 2 and 9
derived from modification of the X-ray structure of bouvardin
and minimization (MacroModel, OPLS-A force field; Table I, 2
(conformation no. 6), 9 (conformation no. 8); RMS = 0.14 A),

mation no. 8) revealed that although significant pertur-
bations in the cyclic hexapeptide of 9 from that of 1-2 may
be found in the region adjacent to the 8-lactam (C1-C16
distance = 1.56 A versus 2.95 A, C2-N15 distance = 2.94
A versus 3.69 A), the tetrapeptide region from N3 through
C14 remains relatively unperturbed (N3-C14 distance =
3.48 A versus 3.83 A, C4-C13 distance = 4.53 versus 4.58
A), Figure 1. In particular, the spacial location of the
tetrapeptide a-substituents on C4, C7, C10, and C13 in this
conformation are not displaced by the constriction of the
C1-C16 distance found in 9. Thus, the examination of 9,
which lacks the 14-membered N-methylcycloisodityrosine
subunit of 1-8 but possesses an ensemble of accessible
conformations comparable to those accessible to 1-8 in-
cluding a conformation comparable to that of the low en-
ergy conformation of the natural products, was expected
to address directly the supposition that the inherent bio-
logical properties of the agents may be found within the
tetrapeptide.

Synthesis of (1LR,16R)-Cyclo-(D-Ala-Ala-N(Me)-
Tyr(OMe)-Ala-N(Me)-(cCHCON(Me)CH)-CO) (9).
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Scheme I
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As established in prior studies,!” macrocyclization of the
16-membered ring to provide 9 directly was expected to
be most productively conducted at a secondary amide site.
Of the three such sites available, that which could be
conducted with a D-amino acid amine terminus (C*-N8
amide) was anticipated to potentially be most prod-
uctive.323 Thus, pentultimate coupling of B-lactam 23
with the suitably protected tetrapeptide CBZNH-p-Ala-
Ala-N(Me)-Tyr(OMe)-Ala-OH (24)'7 followed by final
C%-N?® amide bond formation through macrocyclization was
anticipated to provide the desired agent 9.

The B-lactam 23 possessing the unnatural 8-lactam
3R, 4R absolute configuration and exhaustive N-
methylation was prepared through adoption of the Evans
asymmetric §-lactam synthesis®3¢ employing optically
active oxazolidinones as chiral auxilaries in a diastereo-
selective®™ % Staudinger [2 + 2] ketene—imine cycloaddition
reaction. Thus, [2 + 2] cycloaddition of imine 17 with
(R)-(4-phenyloxazolidinyl)ketene generated in situ by low
temperature triethylamine treatment of the crude acid
chloride 16 provided the S-lactam 18 in 83% yield (95:5,
3R,4R:35,45), Scheme I. Following the Evans procedure,
ozonolysis of the carbon—carbon double bond of the pure
major diastereomer 18 followed by sodium borohydride
reductive workup of the liberated aldehyde (Me,S) pro-
vided the alcohol 19 in near quantitative yield. Dissolving
metal reductive cleavage of the oxazolidinone and the
N-benzyl group proved technically challenging and in our

(32) Rich, D. H.; Bhatnagar, P.; Mathiaparanam, P.; Grant, J. A.; Tam,
J. P. J. Org. Chem. 1978, 43, 296.

(33) Brady, S. F.; Freidinger, R. M.; Paleveda, W. J.; Colton, C. D.;
Homnick, C. F.; Whitter, W. L,; Curley, P.; Nutt, R. R.; Veber, D. F. J.
Org. Chem. 1987, 52, 764. Brady, 8. F.; Varga, S. L.; Freidinger, R. M.;
Schwenk, D. A.; Mendlowski, M.; Holly, F. W.; Veber, D. F. J. Org. Chem.
1979, 44, 3101,

(34) Evans, D. A ; Sjogren, E. B. Tetrahedron Lett. 1985, 26, 3783.

(35) Evans, D. A,; Sjogren, E. B. Tetrahedron Lett. 1985, 26, 3787.

(36) Bodurow, C. C.; Boyer, B. D.; Brennan, J.; Bunnell, C. A.; Burks,
J. E.; Carr, M. A,; Doecke, C. W.; Eckrich, T. M.; Fisher, J. W.; Gardner,
J. P.; Graves, B. J.; Hines, P.; Hoying, R. C.; Jackson, B. G.; Kinnick, M.
D,; chhert, C. D,; Lewis, J. S.; Luke, W. D.; Moore, L. L.; Morin, J. M.,
Jr.; Nist, R. L.; Prather, D. E.; Sparks, D. L.; Vladuchick, W. C. Tetra-
hedron Lett. 1989, 30, 2321.

(37) Thomas, R. C. Tetrahedron Lett. 1989, 30, 5239.

(38) Cooper, R. D. G.; Daugherty, B. W.; Boyd, D. B. Pure Appl.
Chem. 1987, 59, 485.

" {39) Hubschwerlen, C.; Schmid, G. Helv. Chim. Acta 1983, 66, 2206.
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Table III. In Vitro Cytotoxic Activity, L1210 (ICy,, ug/mL)°

2, deoxybouvardin 0.002
9 50
10 >100
11 >100
12 20
13 20
14 25

¢Inhibitory concentration for 50% cell growth relative to un-
treated controls, L1210 mouse lymphocytic leukemia cell culture,
see: Boger, D. L.; Yasuda, M.; Mitscher, L. A.; Drake, S. D.; Kitos,
P. A,; Thompson, S. C. J. Med. Chem. 1987, 30, 1918,

hands proved to be most reliably conducted with Na/
NH;-THF/t-BuOH following closely the protocol de-
scribed by Evans (Li/NH;-THF/t-BuOH). Immediate
protection of the liberated primary amine as its carbo-
benzyloxy (CBZ) derivative provided 20. Direct PDC
oxidation of the primary alcohol in DMF (64%) followed
by exhaustive O- and N-methylation of the crystalline
carbozxylic acid 21 under the nonracemization alkylation
conditions of Coggins and Benoiton® provided 22 in ex-
cellent yield (84%). Minimal epimerization of the C3 or
C4 centers was observed (<5%)* through this sequence
and the exhaustive methylation was most effectively ac-
complished at 0 °C with 3.1 equiv of sodium hydride.
Alternative methods of oxidation of 20 to provide 21 were
investigated and no oxidation was observed with AgO or
Pt0,/0, and low conversions (25 °C) with subsequent
decomposition (60 °C) precluded the use of buffered
(NaH,PO,) or basic KMnQ,.4?

Catalytic hydrogenolysis of 22 served to remove the CBZ
protecting group and the resultant free amine 23 was
coupled with the tetrapeptide 24! to provide 25, Scheme

(40) Coggins, J. R.; Benoiton, N. L. Can. J. Chem. 1971, 49, 1968.

(41) The extent of epimerization was easily determined by comparison
of the integration of the diagnostic 'H NMR signals for H3 at 5.5 and 5.4
ppm for 22 to the corresponding signals at 5.1 and 4.9 ppm for the
epimerized trans g-lactam.

(42) AgO: Syper, L. Tetrahedron Lett. 1967, 4193. Clarke, T. G.;
Hampson, N. A,; Lee, J. B.; Morley, J. R.; Scanlon, B. Tetrahedron Lett.
1968, 5685. Pt0O,/0y Maurer, P. J.; Takahata, H.; Rapoport, H. J. Am.
Chem. Soc. 1984, 106, 1095. Buffered KMnO,: Abiko, A.; Roberts, J. C.;
Takemasa, T.; Masamune, S. Tetrahedron Lett. 1986, 27, 45637. KMnOg
Ciufolini, M. A.; Swaminethan, S. Tetrahedron Lett. 1989, 30, 3027.
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II. Sequential methyl ester hydrolysis and CBZ hydro-
genolysis followed by subjection of the resultant amino acid
27 to diphenyl phosphorazidate promoted macro-
cyclization® (0 °C, 72 h, 42%) provided 9 in good yield.#

Evaluation of 9. Provided the tetrapeptide of 1-8
proved to be the pharmacophore of the naturally occuring
agents, 9 was anticipated to display potent cytotoxic ac-
tivity albeit at a potentially reduced level from that of 1-8
(10-100x). Consequently, we were initially disappointed
when the agent failed to display cytotoxic activity at a level
commonly accepted to represent the observation of bio-
logical activity (<4 ug/mL), Table III. The agent 9 dis-
played cytotoxic activity at a level comparable to 12-14,
greater than that of the inactive agents 10-11, and proved
to be 25000X less potent than deoxybouvardin. Although
there are several explanations that may accommodate the
observations including potential inaccuracies in the mod-
eling studies (relative energies, unlocated minima), the
relative importance of the perturbations in the C1/C16
region of the 18-membered ring, assurance that the low
energy versus an alternative accessible conformation within
the tetrapeptide of 1-8 may prove relevant, or that the
ensemble of conformations available to 2 are well repre-
sented by the ensemble of conformations available to 9,
recent observations made in related studies suggest an
unanticipated but more germane interpretation. That is
that 9 does in fact represent an adequate analogue of the
accessible conformations within the tetrapeptide of 1-2 but
that the tetrapeptide lacks inherent biological activity.
This successful demonstration of the lack of activity of the
tetrapeptide even when its accessible conformations are
restricted to include those found in the natural products
coupled with the unanticipated observation of potent cy-
totoxic activity with simple derivatives of the 14-membered
N-methylcycloisodityrosine* lacking the tetrapeptide re-
quires that the functional roles of the agents subunits be
reassigned.®® We suggest that it is the inactive tetra-
peptide housed within the 18-membered ring that poten-
tiates the inherent biological activity of N-methylcyclo-
isodityrosine.

Experimental Section

(R)-(4-Phenyl-2-0x0-3-0xazolidinyl)acetic Acid (15). A
flame-dried, Ny-flushed flask was charged with NaH (950 mg, 23.7
mmol, 60% in oil). The NaH was washed with dry hexane (3 X
5 mL), suspended in 10 mL of dry THF, and cooled to 0 °C. A
solution of (R)-4-phenyloxazolidone® (3.0 g, 18.4 mmol) in 100
mL of THF was added, and the mixture was stirred for 4 h. Ethyl
bromoacetate (4.2 g, 25 mmol) was added and the resulting
mixture was allowed to stir at 0 °C for 1 h and at 25 °C for 4 h.
The reaction mixture was diluted with water, LIOH-H,0 (2.3 g,
54.8 mmol, 3.0 equiv) was added, and the mixture was allowed
to stir at 25 °C for 2.5 h. The mixture was washed with ethyl
acetate (2 X 20 mL), acidified to pH 2 with the addition of 10%
aqueous HCI, and extracted with ethyl acetate (4 X 20 mL). The
organic extracts were combined, washed with 10% aqueous HC]

(43) Initial attempts to prepare 9 through coupling of 23 with
BOCNH-p-Ala-Ala-N(Me)-Tyr(OMe)-Ala-OH followed by uneventful
methyl ester hydrolysis, a problematic acid-catalyzed N-BOC deprotec-
tion (TFA, CH,C]; or HC), EtOAc), and subsequent DPPA cyclization
suffered from competitive acid-catalyzed reactions of the §-lactam.

(44) Boger, D. L.; Yohannes, D.; Myers, J. B.; Kito, P. A.; Suntornwat,
0.; Kito, J. C. Biomed. Chem. Lett. 1991, 1, 313. The CBZ derivative of
N-methylcycloisodityrosine methyl ester exhibits an ICg, value of 0.04
ug/mL (L1210).

(45) The evidence suggesting the inherent importance of the tetra-
peptide has been derived indirectly through evaluation of the agent ob-
tained from microbial demethylation of bouvardin to provide O-
desmethylbouvardin (demethylation of Tyr3-OMe), which proved inac-
tive, refs 15 and 18. Since this report, the isolation and evaluation of
RA-II (O-desmethyl RA-VII) suggests that the results of the earlier report
should be reexamined.
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(1 X 10 mL) and saturated aqueous NaCl (1 X 5 mL), dried
{MgS0,), and concentrated in vacuo. Chromatography (SiQ,, 5
X 13 cm, 60% ethyl acetate~hexane eluant) afforded 15 (3.62 g,
4.07 g theoretical, 89%): mp 107-108 °C (lit.* mp 106-108 °C);
[a]®p ~170° (¢ 1.3, CHCly); 'H NMR (CDCly, 200 MHz, ppm) 7.41
(m, 3 H), 7.34 (m, 2 H), 5.07 (t, 1 H, J = 8.4 Hz), 4.74 (, 1 H,
J=83Hz),433(d, 1 H, J = 184 Hz), 4.18 (t,1 H, J = 8.3 Hz),
3.42 (d, 1 H, J = 18.4 Hz); *C NMR (CDCl,, 50 MHz) 173.1, 159.1,
136.5, 129.6, 129.5, 127.4, 70.4, 60.0, 42.7; IR (KBr) v, 2924 (br),
1752 (C=0 oxazolidinone), 1654 (C=0 carboxylic acid) cm™.
(3R, 3R, 4'R)-3-[2’-Ox0-4’-(2-phenylethenyl)-1’-(phenyl-
methyl)-3’-azetidinyl}-4-phenyl-2-oxazolidinone (18). Oxalyl
chloride (3.05 g, 24 mmol, 1.5 equiv) was added to a solution of
15 (3.5 g, 15.8 mmol) in 50 mL of dry toluene, and the reaction
mixture was warmed at 60 °C for 3 h. The solvent and excess
oxalyl chloride were removed under vacuum and the resulting
crude acid chloride 16 was dissolved in 50 mL of dry CH,Cl, and
cooled to -78 °C. Dry triethylamine (3.4 mL, 24 mmol, 1.5 equiv)
was added to the ~78 °C solution of 16. After 15 min, 17 (3.85
g, 17.4 mmol, 1.1 equiv) dissolved in toluene (32 mL) was added
to the solution, the ~78 °C dry ice/acetone bath was replaced with
a 0 °C ice—water bath, and the reaction mixture was allowed to
stir at 0 °C for 3 h. The reaction mixture was poured into water
(35 mL) and acidified to pH = 2 with the addition of 10% aqueous
HC). The aqueous solution was extracted with ethyl acetate (4
X 25 mL) and the combined organic extracts were dried (MgSO,)
and concentrated in vacuo. Chromatography (SiQO,, 5 X 13 cm,
10% ethyl acetate-methylene chloride eluant) afforded 18 (5.6
g, 6.7 g theoretical, 83%): [a]®p -58.8° (¢ 1.3, CHCly); mp 186-187
°C (lit.¥ mp 186-187 °C); 'H NMR (CDCl,, 500 MHz, ppm)
7.43-7.12 (m, 8 H, Ar), 7.10 (dd, 2 H, J = 7.9, 1.7 Hz, Ar), 6.49
(d, 1 H, J = 15.8 Hz, =CHPh), 5.87 (dd, 1 H, J = 15.8, 8.9 Hz,
CH=CHPh), 4.89 (dd, 1 H, J = 8.8, 7.3 Hz, CHHCHP), 4.55
(t,1H, J = 9.0 Hz, CHHCHPh), 4.49 (d, 1 H, J = 5.1 Hz, H3"),
449 (d, 1 H, J = 156.1 Hz, NCH,Ph), 4.14 (dd, 1 H, J = 8.4, 5.5
Hz, H¢), 4.11 (dd, 1 H, J = 8.8, 7.3 Hz, CHPh), 4.07 (4,1 H, J
= 15.1 Hz, NCH,Ph); 1*C NMR (CDCl;, 50 MHz, ppm) 163.6,
158.1, 137.5, 137.1, 1385.9, 135.4, 129.6, 129.6, 128.9, 128.8, 128.6,
128.6, 128.0, 127.9, 127.0, 123.6, 70.8, 63.0, 60.9, 60.0, 44.9; IR (KBr)
Vmax 1761 (C=0, B-lactam), 1732 (C=0, oxazolidinone) cm™.
(4R,3’R 4'R)-3-[4'-(Hydroxymethyl)-2’-oxo-1’-(phenyl-
methyl)-3’-azetidinyl)-4-phenyl-2-oxazolidinone (19). A so-
lution of 18 (3.2 g, 7.54 mmol) in 50 mL of CH,Cl, was cooled to
-78 °C and O;/0, was passed through the solution (45 min) until
it sustained the characteristic blue color of ozone. Excess dimethyl
sulfide (2 mL) was added, the dry ice/acetone bath was removed,
and the solution was stirred for 1 h before the solvent was removed
in vacuo. A solution of the resulting white solid in 25 mL of
ethanol cooled to 0 °C was treated with sodium borohydride (300
mg, 7.9 mmol). The reaction mixture was allowed to stir at 0 °C
for 1 h and room temperature for 4 h. Aqueous HCI (10%, 15
mL) was added and the mixture was extracted with ethyl acetate
(4 X 15 mL). The organic extracts were combined, dried (MgSO)),
and concentrated in vacuo to afford a white solid. Chromatog-
raphy (Si0,, 5 X 13 cm, 70% ethyl acetate—hexane eluant) afforded
19 (2.55 g, 2.66 g theoretical, 96%) as a white solid: mp 159-160
°C (lit.¥ mp 159-160 °C); [a]®p ~108° (c 0.68, CHCly); 'H NMR
(CDClg, 500 MHz, ppm) 7.47-7.41 (m, 4 H, Ar), 7.26-7.24 (m, 4
H, Ar), 7.02-7.01 (m, 2 H, Ar), 5.11 (dd, 1 H, J = 9.2, 6.4 Hz,
CHHCHPh), 4.75 (t,1 H, J = 9.2 Hz, CHHCHPh), 4.55 (d, 1 H,
J = 4.6 Hz, H3'), 4.38 (d, 1 H, J = 15.2 Hz, NCHHPh), 4.32 (dd,
1 H, J = 6.4, 9.0 Hz, CHHCHPh), 4.25 (d, 1 H, J = 15.2 Hz,
NCHHPh), 3.74-3.70 (m, 1 H, H4), 3.50-3.45 (m, 1 H, CHHOH),
3.34-3.31 (m, 1 H, CHHOH); 3C NMR (CDCl,;, 50 MHz, ppm)
163.6, 158.7, 137.7, 135.5, 129.6, 129.5, 128.9, 128.2, 127.9, 127.8,
71.2, 60.4, 59.9, 58.9, 45.3; IR (KBr) v,,, 3432 (NH, OH), 1741
(C=0) em™; CIMS (isobutane), m/e 353 (M* + H, base).
(3R ,4R)-4-(Hydroxymethyl)-2-0xo-3-[[ (phenylmethoxy)-
carbonyl]amino]azetidine (20). A THF/¢-BuOH (10:1, 9 mL)
solution of 19 (637 mg, 1.8 mmol) was added to a -78 °C solution
of Na (315 mg, 13.7 mmol, 7.6 equiv) in NH; (30 mL). The excess
Na was quenched after 3 min with the addition of solid NH,Cl]
(481 mg, 9.0 mmol, 5 equiv) and the ammonia was allowed to distill
off at —33 °C under a stream of N,. The resulting white solid was
dried in vacuo, dissolved in 5 mL of H,0, briefly acidified to pH
= 2 with the addition of 10% aqueous HC], and subsequently
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made basic (pH = 8) with the addition of solid NaHCO;. Benzyl
chloroformate (1.5 g, 8.8 mmol, 5 equiv) was added to the aqueous
mixture. After 4 h, the reaction mixture was extracted with 20%
isopropyl alcohol-chloroform (10 X 20 mL). The organic extracts
were combined, washed with saturated aqueous NaCl (1 X 10 mL),
dried (MgSO,), and concentrated in vacuo. Chromatography
(SiOq, 3 X 13 cm, EtOAc eluant) afforded 20 (298 mg, 450 mg
theoretical, 66%): mp 128-130 °C (1it.5” mp 127-128 °C); [a]®p
-8.4° (c 1.14, CHCLy); 'H NMR (CDCl,, 500 MHz, ppm) 7.30 (br
s, 5 H, Ar), 6.15 (br s, 1 H, NH), 5.90 (d, 1 H, J = 9.7 Hz, H3),
5.20 (m, 1 H, NH), 5.10 (s, 2 H, CH,Ph), 3.90 (m, 2 H, CH,0H),
3.70 (m, 1 H, H4), 2.60 (m, 1 H, OH); 13C NMR (CDCl;, 50 MHz,
ppm) 170.5, 156.5, 130.1, 128.7, 128.4, 128.3, 67.3, 59.7, 59.1, 54.7;
IR (KBr) vy, 3298, 1759, 1704, 1558, 1326, 1272 cm™; CIMS
(isobutane), m/e 251 (M* + H, base).

(3R,4R)-2-Ox0-3-[[(phenylmethoxy)carbonyl]amino]az-
etidine-4-carboxylic Acid (21). A solution of 20 (49 mg, 0.20
mmol) in 2 mL of dry DMF under argon was treated with PDC
(450 mg, 1.2 mmol, 5 equiv) and stirred for 48 h. Water (2 mL)
was added, and the solution was extracted extensively with EtOAc
(10 X 10 mL). The organic extracts were combined, dried (Mg-
S0,), and concentrated in vacuo. The residue was dissolved in
saturated aqueous NaHCOj, (1 mL) and washed with EtOAc. The
aqueous layer was acidified to pH = 1 with the addition of 10%
aqueous HCI and extracted with EtOAc (5 X 5 mL). The organic
extracts were combined, dried (MgSO,), and concentrated in
vacuo. Chromatography (SiO,, 1 X 12 cm, acetic acid-
methanol-ethyl acetate, 1:3:96) provided 3 (34 mg, 53 mg theo-
retical, 64%) as a white solid: mp 167 °C dee, [a]?!p -55.7° (¢
2.3, MeOH); 'H NMR (DMF-d,, 200 MHz, ppm) 7.4-7.25 (m, 5
H, Ar), 5.36 (dd, 1 H, J = 5.6, 11.6 Hz, H3), 5.19 (br s, 2 H, CH,Ph),
4.46 (d, 1 H, J = 5.6 Hz, H4); 13C NMR (acetone-dg, 50 MHz, ppm)
170.7, 166.7, 156.1, 137.4, 128.7, 128.2, 128.0, 66.4, 62.2, 55.2; IR
(KBr) v, 3358, 3318 (NH), 2966 (br, COOH), 1756 (C=0, 8-
lactam), 1718, 1684 (CO,H) cm™; FABMS (glycerol), m/e (relative
intensity) 265 (M* + H, 16), 154 (base); FABHRMS (glycerol),
m/e 265.0833 (C.H1aN,O5 requires 265.0824).

Methyl (3R, 4R)-1-Methyl-2-0x0-3-[[(phenylmethoxy)-
carbonyllmethylamino]azetidine-4-carboxylate (22). A so-
lution of 21 (200 mg, 0.76 mmol) in 10 mL of dry DMF cooled
to 0 °C was treated sequentially with methyl iodide (0.7 mL, 11.2
mmol, 15 equiv) and NaH (60% in oil, 92 mg, 2.3 mmol, 3.1 equiv).
After 0.5 h, the cold bath was removed and the solution was
allowed to stir at 20 °C for an additional 10.5 h. The reaction
mixture was poured into water and extracted with EtOAc (3 X
15 mL). The organic extracts were combined, washed with sat-
urated aqueous NaHCO; (2 X 5 mL), water (2 X 5 mL), and
saturated aqueous NaCl (1 X 5 mL), dried (MgSO,), and con-
centrated in vacuo. Chromatography (SiO,, 1 X 13 cm, 40% ethyl
acetate—hexane eluant) afforded 22 (195 mg, 232 mg theoretical,
84%) as an oil: [«]®p +45.2° (¢ 2.3, CHCly); 'H NMR (CDCl,,
200 MHz, ppm) 7.36 (br s, 5 H, Ar) 5.50 and 5.40 (two d, 1 H,
J = 5.5 and 5.3 Hz, H3), 5.14 (m, 2 H, CH,Ph), 4.32 and 4.26 (two
d, 1 H,J = 5.5 and 5.3 Hz, H4), 3.67 and 3.62 (two s, OCHj, 3
H), 2.98 and 2.95 (two s, 3 H, NCHj), 2.94 (s, 3 H, N!CH,); 1*C
NMR (CDCl,;, 50 MHz, ppm) 169.4 and 169.2, 165.0 and 164.5,
156.1 and 155.4, 136.3, 136.1, 128.6, 128.4, 128.3 and 128.1, 67.7,
67.2 and 67.1, 59.5 and 59.2, 52.4 and 52.2, 32.8, 27.8 and 27.7;
IR (neat) vy, 2954, 1772, 1706 cm™, CIMS (isobutane), m/e 307
(M* + H, base); CTHRMS, m/e 307.1294 (C,sHoN,O; requires
307.1294).

Methyl (3R,4R)-1-Methyl-3-(methylamino)-2-oxo-
azetidine-4-carboxylate (23). A solution of 23 (259 mg, 0.82
mmol) in 10 mL of THF was treated with 10% Pd/C (50 mg),
placed under 1 atm of H,, and stirred for 8 h (25 °C). The catalyst
was filtered off through Celite and the filtrate was concentrated
in vacuo. Chromatography (SiO,, 2 X 12 cm, 20% ethyl ace-
tate-methylene chloride eluant) afforded 23 as‘a clear oil (113
mg, 145 mg theoretical, 80%): [a]?p +25.5° (c 0.96, CHCl,); 'H
NMR (CDCl,, 200 MHz, ppm) 4.28 (m, 1 H), 420 (d, 1 H,J =
4.8 Hz), 3.74 (s, 3 H, OCHy), 2.80 (s, 3 H, NCH,), 2.41 (s, 3 H,
NCHjy); '*C NMR (CDCl;, 50 MHz, ppm) 170.2, 168.3, 72.0, 60.9,
52.2, 30.1, 27.3; IR (neat) vy,, 2931, 1752, 1735 cm~'; ETHRMS,
m/e 1720854 (C;H3N,0; requires 172.0845).

Boger and Myers

Methyl (3R,4R)-3-[(CBZNH-D-alanyl-L-alanyl-N (Me)-L-
tyrosyl(OMe)-L-alanyl)methylamino]-1-methyl-2-o0xo-
azetidine-4-carboxylate (25). A dry, cold (0 °C) DMF solution
of 23 (49 mg, 0.29 mmol) and CBZNH-p-Ala-Ala-N(Me)-Tyr-
(OMe)-Ala-OH'" (24, 244 mg, 0.44 mmol) was treated with DCC
(146 mg, 0.71 mmol, 2.4 equiv) and HOBt-H,0 (85 mg, 0.63 mmol,
2.1 equiv). After 2 h, the cold bath was removed and the reaction
mixture was allowed to warm to 25 °C and stirred for an additional
12 h. The mixture was poured into 5 mL of EtOAc and filtered
to remove dicyclohexylurea, and the organic layer was washed
with 10% aqueous HCI (2 X 1 mL), saturated aqueous NaHCO,
(2 X 1 mL), and saturated aqueous NaCl (1 X 2 mL), dried
(MgSO0,), and concentrated in vacuo. Chromatography (Si0,, 1
X 14 ¢cm, 3% methanol-methylene chloride) afforded 25 (93 mg,
194 mg theoretical, 48%): 'H NMR (CDCl;, 200 MHz, ppm) 7.38
(brs, 5 H, Ar), 7.08 (two d, 2 H, J = 6.1 Hz, Tyr-), 6.82 (two d,
2 H, J = 9.2 Hz, Tyr-¢), 6.69 (m, 1 H, NH), 5.78 (m, 1 H, NH),
5.43 (m, 2 H, H3 and NH), 5.12 (br s, 2 H, CH,Ph), 4.45-4.38 (m,
3 H, two CH,CH and H4), 4.28 (m, 1 H, CH;CH), 3.82 (s, 3 H,
OCH,), 3.78 (3 H, OCHy), 3.30 (m, 1 H, Tyr-a), 3.10 (m, 2 H,
Tyr-8), 2.96 and 2.93 (two s, 3 H, NCHj,), 2.88 and 2.79 (two s,
3 H, NCH,), 2.69 and 2.67 (two 8, 3 H, NCHy), 1.34 (m, 9 H, CHjy);
IR (neat) vy, 1768 (8-lactam), 1718, 1648 cm™; CIMS (isobutane),
m/e (relative intensity) 711 (13), 102 (base); FABHRMS (glycerol),
m/e 711.3353 (C3sH 7NgO, requires 711.3354).

(1R,16R)-Cyclo-(D-Ala-Ala-N (Me)-Tyr(OMe)-Ala-N-
(Me)-(cCHCON(Me)CH)CO) (9). A solution of 25 (31 mg, 0.045
mmol) in THF/MeOH/H,0 (3:1:1, 0.5 mL) was treated with
LiOH-H,0 (3.8 mg, 0.09 mmol, 2.0 equiv) and the resulting
solution was stirred at 25 °C for 3 h. The mixture was washed
with EtOAc (1 X 2 mL), acidifed to pH 2, and extracted with
EtOAc (3 X 5 mL). The latter organic layers were combined,
washed with saturated aqueous NaCl, and dried (MgSO,).
Chromatography (SiO,, 1 X 10 cm, 5% ethanol-ethyl acetate)
afforded the carboxylic acid (20 mg, 30 mg theoretical, 66%). A
solution of the carboxylic acid (20 mg, 0.03 mmol) in 1.0 mL of
MeOH was treated with 10% Pd/C (5 mg), placed under 1 atm
of H,, and stirred for 8 h at 25 °C. The catalyst was removed
by filtration through Celite and the filtrate was concentrated in
vacuo to afford the crude amino acid (19 mg). The crude amino
acid (19 mg, 0.03 mmol) was dissolved in 5 mL of dry DMF, cooled
to 0 °C, and treated sequentially with NaHCO; (12.6 mg, 0.15
mmol, 5 equiv) and diphenyl phosphorazidate (20.4 mg, 0.09 mmol,
3 equiv). After 72 h at 25 °C, the reaction mixture was concen-
trated, EtOAc was added (10 mL), and the mixture was washed
with water (2 X 2 mL) and saturated aqueous NaCl (1 X 2 mL),
dried (MgSO0,), and concentrated in vacuo. Chromatography
(Florisil, 1 X 10 cm, 30% tetrahydrofuran-hexane eluant) afforded
9 (7.7 mg, 18.3 mg theoretical, 42%) as a white solid: mp 178-179
°C; [@]®p -7.7° (¢ 0.55, CHCl); *H NMR (CDCl,, 500 MHz, ppm)
major conformation 7.21-7.18 (d, 1 H, J = 8.3 Hz, Ala-NH), 7.06
(twod, 2 H, J = 7.9 Hz, Tyr-5), 6.84 (d, 2 H, J = 8.3 Hz, Tyr-¢),
5.48 (d, 1 H,J = 5.1 Hz, H16), 491 (d, 1 H, J = 7.3 Hz, Ala-NH),
4.80 (m, 1 H, Ala-a), 4.75 (m, 1 H, Ala-a), 4.55 (m, 1 H, Ala-NH),
4,25 (d, 1 H, J = 5.1 Hz, H1), 4.19 (m, 1 H, Ala-a), 3.78 (s, 3 H,
OCH,), 3.61 (dd, 1 H, J = 10.0, 6.7 Hz, Tyr-a), 3.21 (m, 2 H, Tyr-6),
2.95 (s, 3 H, Tyr-NCH,), 2.92 (s, 3 H, NCH,), 2.87 (s, 3 H, NCH,),
1.34 (d, 3 H, J = 6.7 Hz, Ala-8), 1.28 (d, 3 H, J = 6.0 Hz, Ala-8),
1.26 (d, 3 H, J = 6.4 Hz, Ala-8); *C NMR (CDCl,, 125 MHz, ppm)
17.0 (Ala-8), 17.6 (Ala-B), 18.1 (Ala-8), 28.1 (NMe), 29.3 (NMe),
33.3 (NMe), 34.2 (Tyr-B), 43.3 (Ala-a), 45.9 (Ala-a), 49.2 (Ala-),
55.4 (OMe), 60.3 (C16), 61.8 (C1), 66.1 (Tyr-a), 114.4 (Tyr-¢), 1285
(Tyr-v), 130.2 (T'yr-8), 158.7 (Tyr-£), 163.8, 166.7, 168.1, 172.1,
172.3, 173.0; IR (KBr) vp,, 1763 (8-lactam), 1702, 1686, 1656, 1650,
1561 cm™}; CIHRMS (isobutane), m/e 545.2713 (CogH3;NgO; re-
quires 545.2724).
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