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Semisynthesis and Cytotoxicity of
Hypothemycin Analogues

Brian R. Hearn,* Kurt Sundermann, Jonah Cannoy,
and Daniel V. Santi®

Hypothemycin (1, Figure 1), a naturally occurring 14-mem-
bered resorcylic acid lactone (RAL),™ selectively and covalently
inhibits protein kinases that contain a conserved cysteine resi-
due (Cys 166 of human ERK2) within the ATP-binding domain.”
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Figure 1. Selected naturally occurring and semisynthetic resorcylic acid lac-
tones.

This subset of the kinome accounts for less than 10% of all
identified kinases but includes several targets implicated in
aberrant cellular proliferation such as ERK, MEK, FLT, and
PDGFR. In cell culture, hypothemycin displays potent cytotoxic-
ity against cancer lines that are dependent on certain activat-
ing kinase mutations, particularly the BRAF V600E mutation
found in approximately half of all melanomas.”™ Additionally,
hypothemycin demonstrates significant tumor growth inhibi-
tion in at least three separate murine xenograft models.”!
Given these promising in vitro and in vivo results, hypothemy-
cin is an attractive lead compound in the search for new tar-
geted anticancer therapeutics.

The goal of the research described herein involves the evalu-
ation of the hypothemycin cytotoxicity structure-activity rela-
tionship (SAR) to ultimately facilitate the identification of
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potent analogues with optimized pharmacological properties,
such as increased aqueous solubility and improved bioavaila-
bility. A number of RALs have previously been identified as
kinase inhibitors;®* however, very little is known about the
structure—cytotoxicity relationship for these compounds.*'™
Early SAR studies indicate that hypothemycin and related RALs
require a C6'-C8’ (2)-enone for both potency and selectivity of
kinase inhibition. The basis for this assertion is the finding that
L-783,277 (2) is approximately 400-fold more potent in MEK in-
hibition assays than its semisynthetic dihydro derivative (3).®!
Furthermore, olefin geometry at C7'-C8’ is of critical impor-
tance as RALs with (E)-enones, such as 4, are substantially less
potent kinase inhibitors than their (Z)-enone analogues.®®
Structural diversity is better tolerated at C1'-C2’, as RALs con-
taining either a trans-epoxide (1), an (E)-olefin, or a fully satu-
rated C1'-C2" hydrocarbon (2) inhibit kinases with ICs, values
in the low nanomolar range.®? To identify the structural re-
quirements for cytotoxicity, we focused on semisynthetic modi-
fications of two RALs that are readily available through fermen-
tation, hypothemycin (1) and 4-O-demethylhypothemycin (5).”

Hypothemycin (1) was subjected to a variety of reaction
conditions targeting the manipulation of its C4,C5 diol
(Scheme 1). Methylation, using excess (trimethylsilyl)diazome-
thane and tetrafluoroboric acid, provided the three O-methyl
analogues 6, 7, and 8. The C4’ hydroxyl group appeared more
reactive than its C5' counterpart based on relative yields of the
monomethyl products 6 and 7 (3:1 respectively). Hypothemy-
cin was also treated with 4-toluenesulfonic acid (pTsOH) in di-
methoxymethane in an attempt to tether the diol as a cyclic
methylidene acetal, but this reaction failed to generate the de-
sired product. Instead acyclic methoxymethyl (MOM) ethers 9,
10, and 11 were isolated. Again, the C4’ hydroxyl appeared
more reactive than the C5' hydroxyl as the mono-MOM ethers
9 and 10 were recovered in 4:1 relative yield.

Although cyclic acetal formation was unsuccessful, the
C4',C5’ diol could be tethered as a cyclic carbonate. Treatment
of hypothemycin (1) with triphosgene and pyridine did gener-
ate a C4',C5’ carbonate. This reaction, unfortunately, also result-
ed in undesired isomerization of the C7'-C8’ olefin to provide

2 (Scheme 1). Efforts to prevent olefin isomerization to the
(E)-configuration included the use of alternate bases (NaH or
di-tert-butyl pyridine) and various carbonylating reagents
(phosgene or carbonyl diimidazole), but each failed to gener-
ate the desired (2)-C7'-C8’ isomer of 12.

The C4',C5' diol of hypothemycin was also reactive toward
isocyanates (Scheme 1). The C4’ monocarbamate 13 and dicar-
bamate 15 were recovered upon treatment of 1 with trichlor-
oacetyl isocyanate followed by hydrolysis. To selectively pro-
duce sufficient quantities for characterization and biological
evaluation of the C5 monocarbamate 14, a three-step proce-
dure was employed. Selective 4-OH silyl protection was fol-
lowed by carbamoylation of the 5’-OH. Acidic desilylation with
concomitant hydrolysis of the intermediate trichloroacetyl
group yielded the desired monocarbamate 14.

Finally, hypothemycin was selectively activated with trifluor-
omethanesulfonic anhydride (Tf,0) then treated with 1,8-
diazabicyclo[5.4.0lundec-7-ene (DBU) to provide the C4'-C5’
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Scheme 1. Reactivity of the hypothemycin C4',C5’ diol. Reagents and conditions: a) TMSCHN,, HBF,, CH,Cl, 6:7:8, 3:1:2; b) (MeO),CH,, pTsOH, 9:10:11, 4:1:2;
<) triphosgene, pyridine, CH,Cl,; d) For 13: CI;CCONCO, CH,Cl,, —78°C, then SiO,; e) For 14: 1) TMSCI, Et;N, THF, 2) CI;CCONCO, CH,Cl,, 3) NaHSO, (aq), MeOH;
f) For 15: CI;CCONCO, CH,Cl,, rt, then basic Al,O;; g) Tf,0, 2,6-lutidine, CH,Cl,, —78°C to 0°C, then DBU, —78°C to rt; h) Sml,, THF, MeOH, —78°C.

epoxide containing compound 16 as a single isomer
(Scheme 1). The chemoselectivity of the sulfonylation reaction
was not determined; however, this reaction was predicted to
occur at the 4-OH, given preferential reactivity at this position
in previously described transformations (6 versus 7, 9 versus
10, and 13 versus 14). On the basis of this rationale, intramo-
lecular substitution of the intermediate C4’ triflate would result
in the formation of 16 as depicted in Scheme 1. The C4'-C5’
epoxide of 16 was reductively fragmented with samarium(ll)
iodide to provide 17. Interestingly, no olefin isomerization was
associated with this reaction.

The reactivity of the hypothemycin diol may also provide
access to analogues other than simple O-functionalized com-
pounds. For example, early degradation studies on hypothe-
mycin indicated that the macrocyclic lactone could be frag-
mented through a periodate diol cleavage.™ A similar ap-
proach to degradation of the macrocycle is detailed in
Scheme 2. Luche reduction of hypothemycin provided com-
pound 18 as a single, unassigned diastereomer. Periodate
cleavage of the triol, followed by sodium borohydride quench,
yielded acyclic diol 19, a versatile intermediate that allows
access to a variety of RAL analogues with altered steric and
conformational properties. Reconstitution of the macrocycle
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Scheme 2. Degradation of the hypothemycin macrocycle. Reagents and con-
ditions: a) NaBH,, CeCl;, MeOH, H,0; b) NalO,, THF, H,O then NaBH,;

c) acryloyl chloride, pyridine, CH,Cl,; d) Grubbs second-generation rutheni-
um metathesis catalyst, CH,Cl,, 35°C.
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proceeded in two steps beginning with acylation of 19 using
excess acryloyl chloride. The resulting acyclic diacrylate inter-
mediate (20) underwent ring-closing metathesis with Grubbs
second-generation catalyst to provide the 14-membered dilac-
tone 21.1"" Remarkably, the ring closure exclusively provided
the enoate of (2)-configuration as determined by 'HNMR
(Uy-7-ne =12 Hz).

The isolation of 4-O-demethylhypothemycin (5) from fer-
mentation extracts of Hypomyces subiculosus provided a new
opportunity to target previously inaccessible semisynthetic an-
alogues.™ For example, the C4 phenol of 5 selectively under-
goes Mitsunobu alkylations with a variety of alcohols, as indi-
cated in Scheme 3. By utilizing the exposed C4 phenol as a
handle for structural diversification, a number of polar side
chains, both neutral (22) and basic (23, 24, and 25), were ap-
pended to the hypothemycin scaffold under standard Mitsuno-
bu conditions using triphenylphosphine and diethyl azodicar-
boxylate (DEAD).”

o™
22 R=
kaW¢§
OH O °
23, R= NNyt
;o 0TS o) o
RO 3 ¢ 24 r= [N
OH o/
/\/}_S‘E
25r= [N
N

Scheme 3. Mitsunobu alkylation of the 4-O-demethylhypothemycin (5) C4
phenol. Reagents and conditions: a) ROH, PPh;, DEAD, THF.

A summary of the cytotoxicity data for selected hypothemy-
cin analogues is provided in Table 1."? Based on the data for
analogues 1 and 5-16, it is apparent that the presence of the
C4',C5’ diol is critical for cytotoxic potency. Each modification
of the diol results in a significant reduction in cytotoxicity rela-
tive to both 1 and 5. Among these compounds, only 7 and 10
have submicromolar ICs, values, indicating that monoalkylation
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Table 1. Cytotoxicity ICs, values in pm.
Compd Cell Line

COLO829 HT29 SKOV3

(BRAF V600E) (BRAF V600E) (BRAF wt)
1 0.082 0.24 59
5 0.043 0.18 1.9
6 8.0 7.7 34
7 0.37 0.74 27
8 2.7 2.7 25
9 6.1 54 3.8
10 0.26 0.99 2.1
1 6.5 8.0 3.2
12 5.6 18 >10
13 6.1 6.4 31
14 4.4 4.6 15
15 > 100 > 100 > 100
16 37 34 -
18 32 > 100 >100
21 > 100 > 100 > 100
22 0.27 0.64 >29
23 0.18 0.24 25
24 0.047 0.29 0.86
25 0.042 0.21 -

of the C5' alcohol is the best tolerated modification in this
region. Compound 18, the only analogue reported herein that
lacks the C6' carbonyl, is dramatically less potent than hypoth-
emycin. This observation may be attributed in large part to the
inability of 18 to form a covalent Michael adduct at C8' with
Cys 166 of the targeted kinase." In contrast to modifications
of the macrocyclic lactone, derivatizations of the C4 phenol of
5 are well tolerated. Glycolamides 22 and 23 are cytotoxic
with submicromolar ICs, values, although the potency of each
is somewhat diminished relative to hypothemycin. Flexibility of
the C4 side chain may be important, as analogues 24 and 25
are virtually equipotent to hypothemycin.

In summary, initial evaluation of the hypothemycin SAR has
identified the C4'-C8’ region as a critical structural component
for cytotoxicity. Each modification within this portion of the
macrocyclic lactone results in analogues with substantially di-
minished cytotoxic potency. Alternatively, the C4 position of
the resorcylic acid tolerates significant structural diversity, as
analogues with polar side chains, 24 and 25, are as cytotoxic
as hypothemycin itself. Modification of the C4 phenol repre-

sents the most promising opportunity to improve the solubility
and pharmacokinetic properties of the hypothemycins.
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