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Abstract: Syntheses of novel 16-membered macrocy-
clic peptidomimetics are reported, which employ
iterative peptide coupling followed by high yielding
ring-closing metathesis (RCM) as the key cyclization
step. The target macrocyclic compounds include ex-
amples containing a (2S)-amino-8-oxodecanoic acid
(Aoda) residue as analogues of apicidin A, a known

potent histone deacetylase (HDAC) inhibitor. These
showed modest levels of biological activity as HDAC
inhibitors.
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Introduction

The development of novel, potent, bioavailable inhib-
itors of histone deacetylase is of considerable current
pharmaceutical importance. Such inhibitors may be of
value as drugs for the treatment of parasite-mediated
infections such as malaria, coccidiosis, cryptosporidio-
sis and toxoplasmosis, as well as cancer.[1] Cyclic tetra-
peptides have shown particular promise, owing to
their resistance to gut proteases, their structural ri-
gidity and potent inhibition of the parasitic apicom-
plexan enzyme histone deacetylase (HDAC).[1,2]

Among these, the apicidins 1a–g (Table 1) show
broad-spectrum antimalarial and coccidiostatic activi-
ty, due to their potent (nM range) reversible inhibi-
tion of HDAC.[2]

Owing to their interesting biological properties,
these natural products have been subject to several
synthetic investigations. Previous syntheses have ex-
clusively relied upon macrolactam formation as the
key step in building the tetrapeptide core.[3] These ap-
proaches have frequently been complicated by low ef-
ficiencies in peptide ring closures, caused by various
side reactions upon cyclization of the open tetrapep-
tide, including epimerization of one or more stereo-
centers, as well as the preferential formation of di-
meric octapeptides.[4] In general, macrolactam forma-

tion between the C-terminus of proline and the N-ter-
minus of Aoda is crucial in such an approach, and all
known synthetic studies have demonstrated that cycli-
zation does not occur at any other position.[3,4]

Table 1. Known apicidin natural products.

Name R1 R2 R3 n

apicidin (1a) COCH2CH3 OMe Et 2
apicidin A (1b) COCH2CH3 H Et 2
apicidin B (1c) COCH2CH3 OMe Et 1
apicidin C (1d) COCH2CH3 OMe Me 2
apicidin D1 (1e) COCH(OH)CH3 OMe Me 2
apicidin D2 (1f) CH(OH)CH2CH3 OMe Me 2
apicidin D3 (1g) CH2CH(OH)CH3 OMe Me 2
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As part of our investigation into the synthesis of
apicidin analogues, we became interested in the possi-
bility of using macrocyclization by ring-closing meta-
thesis (RCM)[5] and subsequent hydrogenation of a
suitably protected diene 3, followed by transannular
ring closure[6] of intermediate 2 to give the target tet-
rapeptides 1 (Scheme 1). Herein, we report studies on
this approach and the synthesis of peptoid analogues
of apicidin using RCM and their biological evalua-
tion.

Results and Discussion

Our initial model studies were focused on the synthe-
sis and RCM of the model diene 9 (Scheme 2). Initial-

ly, we envisaged the requirement of protection at the
a-hydroxy position to prevent the possible formation
of stable ruthenium chelates during the RCM reac-
tion.[7] Thus, starting with Boc-Ile-OH (4), dicyclohex-
ylcarbodiimide coupling[8] with allylamine gave amide
5 in 95% yield. Deprotection under acidic conditions
followed by direct HBTU coupling[9] with Boc-Phe-
OH gave the dipeptide 6 in 73% yield. Further de-
protection and peptide coupling subsequently gave
the tripeptide 7 in 71% yield. Finally, this peptide
was deprotected and coupled with (� )-2-hydroxy-4-
pentenoic acid, synthesized using allylindium chemis-
try,[10] to give the diene 8. This RCM precursor was
isolated as an equimolar diastereoisomeric mixture of
the epimers at the a-hydroxy position. Protection of
the free alcohol as the silyl ether 9 required the use

Scheme 1. Retrosynthesis of apicidin analogues.

Scheme 2. Synthesis of peptide diene 9. Boc= tert-butyloxycarbonyl, DCC=N,N’-dicyclohexylcarbodiimide, HOBT=1-hy-
droxybenzotriazole, HBTU=O-benzotriazol-1-yl-N,N,N’,N’-tetramethyluronium hexafluorophosphate, Tf= trifluorometh-
anesulfonate.
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of a large excess (10 equivalents) of both tert-butyl-
ACHTUNGTRENNUNG(dimethyl)silyl triflate and 2,6-lutidine,[11] in order to
provide the product in a satisfactory yield of 89%.
We attribute the low reactivity of the hydroxy group
to its position a to an amide, whose electron-with-
drawing nature, hydrogen bonding ability and steric
congestion render the a-hydroxy group particularly
unreactive. The diene 9 was thus obtained in 39%
overall yield starting from Boc-Ile-OH 4. High tem-
perature 1H NMR spectra and LC-MS analysis were
consistent with no detectable racemization having oc-
curred during the peptide coupling steps.

Initial cyclization investigations showed that at-
tempted RCM with the silylated diene 9 was unsuc-
cessful with no conversion to the desired cyclic pseu-
dopeptide 11, using Grubbs second-generation cata-
lyst 14,[12] under a number of conditions (Table 2, en-
tries 1–3). Instead, only unchanged starting material
was observed by LCMS analysis of the crude reaction
mixture. We considered that steric hindrance by the
silyl ether residue was an impediment to cyclization.
Therefore for comparison, peptide 10, lacking the a-
hydroxy functionality, was prepared. Diene 8, bearing
a free alcohol was also subjected to ring-closing meta-
thesis conditions. Catalyst 14 (10 mol%) was used in
dichloromethane at reflux, for the comparative study.
Whilst the diene 10 underwent cyclization and gave at
best a 55% yield after 18 h of reaction, with the mass

balance accounted for by starting material, a much
higher conversion was observed by LCMS analysis in
the case of hydroxy-peptide 8. This is in accordance
with reports that the rate of metathesis reactions is
enhanced by the presence of free hydroxy groups.[13]

During the RCM studies, high dilution conditions
(substrate concentration of 1 mM in CH2Cl2) were re-
quired. Complete dissolution of the peptide diene
precursors, even at this high dilution, required the use
of ultrasound agitation for 20 min, followed by reflux
for 0.5 h, prior to the addition of the catalyst 14. In
the case of hydroxy-diene 8, particularly low conver-
sions were observed in the absence of this pre-treat-
ment, owing to its poor substrate solubility. The use
of alternative solvents, such as toluene or 1,2-di-
chloroethane at reflux was unsatisfactory with low
conversions, whereas THF as solvent resulted in sub-
stantial double-bond migration, possibly through the
action of ruthenium hydride species, as reported by
Schmidt.[14]

Despite the high conversion in the cyclization of
the open chain peptide 8 to its ring-closed counterpart
13, purification of the desired product from small
amounts of starting material, possibly higher oligom-
ers and catalyst by-products was hampered by its
poor solubility. Indeed, all attempts at recrystalliza-
tion and chromatography failed to give satisfactory
yields and purities of the desired macrocyclic product.

Table 2. RCM optimization studies for cyclization of dienes 8–10.[a]

Entry Substrate Product R Solvent (conc.) T [8C]/time % conversion (LC-MS)[b]

1 9 11 OTBS CH2Cl2 (10 mM) 25 8C/48 h n.d.
2 9 11 OTBS CH2Cl2 (10 mM) 40 8C/48 h n.d.
3 9 11 OTBS CH2Cl2 (1 mM) 40 8C/48 h n.d.
4 10 12 H CH2Cl2 (1 mM) 40 8C/18 h 55%[c]

5 8 13 OH CH2Cl2 (1 mM) 25 8C/20 h n.d.
6 8 13 OH CH2Cl2 ACHTUNGTRENNUNG(1mM) 40 8C/16h >90%
7 8 13 OH CH2Cl2 (10 mM) 40 8C/20 h 40%
8 8 13 OH ACHTUNGTRENNUNG(CH2)2Cl2 (10 mM) 83 8C/20 h 40%
9 8 13 OH PhMe (10 mM) 110 8C/20 h n.d.
10 8 13 OH THF (10 mm) 66 8C/20 h 75%

[a] Reactions were performed by addition of GrubbsK catalyst 14 (10 mol%) to substrate in the solvent. Substrate solutions
prepared by sonication for 20 min, followed by heating the solution to reflux for 30 min, prior to the addition of catalyst
14.

[b] n.d.= the conversion was not determined.
[c] Isolated yield quoted.
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Additionally, hydrogenation of the crude product,
which was required in the subsequent step, did not al-
leviate the problem of purification, since the hydro-
genated product had a similar solubility to the crude
metathesis product. Purification was therefore best
achieved by conversion of the crude metathesis prod-
uct to the corresponding acetate 15, which was readily
purified by chromatography, giving the pure macrocy-
cle in 85% yield. Hydrogenation of 15 then gave the
saturated acetate, which following purification and
hydrolysis using potassium carbonate in methanol
gave pure RCM product 16 (Scheme 3) Additionally,
this synthesis and purification process was reproduci-
ble on a multi-gram scale.

We reasoned that since RCM was now optimized
for the model system, it could similarly be applied to
a tetrapeptide backbone bearing the correct function-
ality of apicidin A. Thus, the macrocyclic peptoid
alkene 25 and its hydrogenated derivative 26 were
prepared, bearing the (2S)-amino-8-oxo-decanoic acid
side chain, to ascertain whether such a compound
could mimic the HDAC activity of apicidin
(Scheme 4). Reaction of bromonitrile 17 with ethyl-
magnesium bromide at 25 8C gave the ethyl ketone 18
in 72% yield. The previous reported synthesis of
ketone 18 involved the addition of ethylmagnesium
bromide to cyclohexanone,[15] followed by retro-Barbi-
er fragmentation.[16] However, in our hands this
method proved to be capricious, and led to the forma-
tion of aldol products. Following the procedure by
Kim,[17] ketal protection of the bromo-ketone 18 fol-
lowed by Schçllkopf alkylation gave the trans-2,5-di-
hydropyrazine 19, which was isolated in 65% yield.
Hydrolysis of the pyrazine was achieved using dilute
hydrochloric acid in THF, and gave the free amino
ester 20 (63%).[17] The key peptide fragment 21 was
prepared by HBTU-mediated peptide coupling with

(� )-2-hydroxy-4-pentenoic acid[10] and hydrolysis of
the methyl ester. The second peptide fragment 23 was
synthesized from Boc-Ile-NHAll 22 by Boc-deprotec-
tion and HBTU peptide coupling with Boc-Trp-OH.
The peptide 23 was again deprotected and coupled
with the side chain-containing peptide 21 to give the
metathesis precursor diene 24. RCM was repeated on
this diene under our previously optimized conditions,
and the resulting macrocycle 25 was obtained in 75%
isolated yield, without the need for derivatization
prior to purification. A further macrocycle 26 was ob-
tained by the hydrogenation of the alkene unit. At-
tempted transannular ring-closure of macrocycle 26
by activation of the secondary alcohol as its derived
tosylate or mesylate and SN2 displacement by the star-
red amide nitrogen under basic conditions was unsuc-
cessful and resulted only in unchanged starting mate-
rial or degradation.

Samples of the two dienes 25 and 26 were purified
further using preparative reverse-phase HPLC, and
their biological activities as HDAC inhibitors in mam-
malian HeLa cell extracts determined. IC50 values
were determined by measuring the 3H decay of
[3H]acetate released by the action of HDAC enzyme
on [3H]acetyl histone H4 peptide in an assay standar-
dized by trichostatin A, a known potent HDAC inhib-
itor.[18] Plots of HDAC activity, expressed as a per-
centage of the control against log10[substrate] gave
IC50 values, following extrapolation at 50% of control
(50% HDAC activity). In our assay, trichostatin A
gave an IC50 value of 1.0 nM, with 95% chemical in-
hibition within the range 0.86–1.2 nM, which is in ac-
cordance with the reported values.[18] Apicidin A dis-
plays an IC50 in the single nanomolar range for nu-
merous cell types.[2] Our substrate 25, containing a
trans alkene, displayed an IC50 of 0.59 mM, with 95%
chemical inhibition in the range 0.34–1.0 mM, giving a

Scheme 3. Purification of macrocycle 16 via the acetate 15.
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500-fold drop in activity. The saturated peptide 26
showed a greater loss in activity compared to apicidin
A (IC50 3.3 mM, 95% chemical inhibition at 1.4–
7.6 mM).

The loss of biological activity of these analogues
compared to apicidin A is not surprising, since for
compounds 25 and 26, the heterocyclic core is no
longer a rigid cyclic tetrapeptide but is composed in-
stead of a more conformationally mobile 16-mem-
bered ring. In the case of the saturated compound 26,
a more pronounced ring flexibility may explain the
weaker binding. Despite the attenuated activity of

these analogues compared to the apicidins, these rep-
resent biologically active HDAC inhibitors that are
readily synthesized with a high yield in the key mac-
rocyclization step.

Conclusions

In summary, we have investigated the RCM macro-
cyclization reaction as a high-yielding strategy for the
synthesis of analogues of apicidin. In particular, diene
precursors bearing a free hydroxy group gave the

Scheme 4. Synthesis of apicidin analogues 25 and 26.
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most efficient conversion to the trans macrocyclic al-
kenes. The optimized conditions for RCM were ap-
plied to a synthesis of two analogues, bearing an 8-
oxo side-chain, which both displayed biological activi-
ty as histone deacetylase inhibitors, and represent
novel macrocyclic analogues of apicidin. Moreover,
this work demonstrates the wide-ranging utility of
metathesis chemistry in the synthesis of polyfunc-
tional biologically active compounds, and as a means
of providing rapid access to structures which other-
wise would be difficult to synthesize.

Experimental Section

General Remarks

All reactions were carried out in oven or flame dried glass-
ware under an inert atmosphere of N2 or Ar using standard
Schlenk techniques when required. Reaction temperatures
other than 25 8C were recorded as bath temperatures except
in cases of solvents at reflux at 1 atm pressure, when the
boiling point of the solvent was recorded. Prolonged periods
of vessel cooling were attained using a CryoCool apparatus.
The following reaction solvents were distilled under N2:
THF and Et2O from K/Ph2CO or Na/Ph2CO, respectively;
CH2Cl2, from CaH2. The following organic reagents were
purified by distillation under N2: SOCl2, Et3N, (i-Pr)2NEt
and pyridine from CaH2; Et2NH from KOH. All other sol-
vents and reagents were obtained from commercial sources
and used without further purification unless stated other-
wise. Chromatography was carried out on silica gel 60, parti-
cle size 20–63 mm using flash chromatographic techniques[19]

(eluants are given in parenthesis).
Melting points were obtained on a hot-stage apparatus

and are uncorrected. Infra-red spectra were recorded as thin
films on sodium chloride plates with absorptions reported in
wave numbers (cm�1). Proton magnetic resonance spectra
(1H NMR) were recorded at 270 MHz, 300 MHz or
400 MHz. Chemical shifts (d) are quoted in parts per million
(ppm) and are referenced to the residual solvent peak, 7.26
for CDCl3, 4.79 for D2O or 2.52 for DMSO-d6. Carbon mag-
netic resonance spectra (13C NMR) were recorded at
75 MHz with chemical shifts (d) quoted in parts per million
(ppm) and are referenced to the residual solvent peak 77.0
for CDCl3 or 39.7 for DMSO-d6. Coupling constants (J) are
quoted in Hertz (Hz) for both 1H and 13C NMR. Mass spec-
trometry (EI, CI, FAB) was recorded by the Imperial Col-
lege Department of Chemistry Mass Spectrometry service
using a Micromass Platform II spectrometer (low resolution)
and a Micromass Autospec Q spectrometer (low and high
resolution). LC-MS analysis of reaction mixtures and puri-
fied compounds was performed using a Micromass ZMD
quadropole spectrometer using electrospray ionization (pos-
itive and negative mode). UV detection was performed
using a Waters 600 Diode Array detector, and all analyses
were performed using MassLynx 3.1. All LCMS runs used a
linear MeCN/H2O solvent gradient in a 10 min run on a C-
18 column, starting from 5% MeCN at t=0 min, increasing
to 95% MeCN at t=6 min, and maintaining this composi-
tion until t=7 min, at which point 5% MeCN was used.

Boc-Ile-NHAll (5)

i-Pr2NEt (9.7 mL, 55.9 mmol), allylamine (6.5 mL,
86 mmol), HOBT (7.6 g, 56 mmol) and DCC (12 g,
56 mmol) were sequentially added at 0 8C to a solution of
Boc-Ile-OH (10 g, 43 mmol) in CH2Cl2 (50 mL) and DMF
(50 mL) at 25 8C. The mixture was stirred at 25 8C for 20 h
and filtered. The filtrate was evaporated and the residue dis-
solved in EtOAc (50 mL), washed with 0.2M aqueous citric
acid (2O30 mL), saturated aqueous NaHCO3 (30 mL), satu-
rated aqueous NaCl (30 mL), dried (MgSO4) and evaporat-
ed. Chromatography (gradient hexanes:EtOAc, 9:1 to 5:1)
gave 5 as a white solid; yield: 12 g (95%).

Boc-Phe-Ile-NHAll (6)

HCl (4.0M in dioxane; 200 mL, 800 mmol) was added with
stirring directly to Boc-peptide 5 (10 g, 38 mmol) at 0 8C.
After 2 h, the solvent was evaporated and the crude hydro-
chloride salt was dried under high vacuum for 18 h. DMF
(380 mL), i-Pr2NEt (13 mL, 77 mmol), Boc-Phe-OH (10 g,
38 mmol), HOBT (6.2 g, 46 mmol) and HBTU (18 g,
46 mmol) were added to the crude salt. The mixture was
stirred at 0 8C for 2 h, prior to dilution in EtOAc (400 mL),
washing sequentially with saturated aqueous NaHCO3

(200 mL), saturated aqueous NaCl (300 mL), 0.2M citric
acid (200 mL), H2O (200 mL) and saturated aqueous NaCl
(200 mL) and dried (MgSO4). Solvent evaporation and chro-
matography (CH2Cl2:EtOAc, 1:1) gave 6 as a white solid;
yield: 12 g (73%).

Boc-Ala-Phe-Ile-NHAll (7)

HCl (4.0M in dioxane; 75 mL, 300 mmol) was added with
stirring directly to dipeptide 6 (6.3 g, 15 mmol) at 0 8C. After
2 h, the solvent was evaporated and the residue dissolved in
DMF (150 mL). i-Pr2NEt (2.6 mL, 15 mmol), Boc-Ala-OH
(2.8 g, 15 mmol) and HOBT (2.4 g, 18 mmol) were added
with stirring at 0 8C. The mixture was cooled to 0 8C, prior to
addition of HBTU (6.7 g, 18 mmol). After 2 h, the mixture
was partitioned between saturated aqueous NaHCO3

(70 mL) and EtOAc (100 mL). The organic layer was
washed with saturated aqueous NaHCO3 (3O50 mL), brine
(2O40 mL), 0.2M citric acid (3O50 mL), and brine (3O
30 mL), dried (MgSO4), filtered and evaporated. Chroma-
tography (CH2Cl2:MeOH, 19:1 to 9:1) gave tripeptide 7 as a
white solid; yield: 5.2 g (71%).

ACHTUNGTRENNUNG(2R,S)-2-Hydroxy-4-pentenoyl-Ala-Phe-Ile-NHAll (8)

HCl (4.0M in dioxane; 7.0 mL, 28 mmol) was added with
stirring directly to Boc-Ala-Phe-Ile-NHAll (7) (360 mg,
0.73 mmol) at 0 8C. After 2 h, the solvent evaporated, the
residue further dried under high vacuum for 18 h and dis-
solved in DMF (10 mL). i-Pr2NEt (380 mL, 2.2 mmol), 2-hy-
droxy-4-pentenoic acid (170 mg, 1.5 mmol), HOBT (200 mg,
1.5 mmol), and HBTU (560 mg, 1.5 mmol) were added. The
mixture was stirred at 0 8C for 2 h, prior to dilution in
EtOAc (20 mL), washing sequentially with saturated aque-
ous NaHCO3 (10 mL), saturated aqueous NaCl (10 mL),
0.2M citric acid (10 mL), H2O (10 mL) and saturated aque-
ous NaCl (15 mL). The organic phase was dried (MgSO4),
evaporated and chromatographed (CH2Cl2:EtOAc, 1:1) to
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give diene 8 as a white solid, and a 1:1 mixture of epimers at
C-2; yield: 280 mg (80%).

ACHTUNGTRENNUNG(2R,S)-2-(tert-Butyl ACHTUNGTRENNUNG(dimethyl)silyloxy)-4-pentenoyl-
Ala-Phe-Ile-NHAll (9)

2,6-Lutidine (0.9 mL, 7.8 mmol) and t-BuMe2SiOTf (1.8 mL,
7.8 mmol) were added with stirring to a suspension of alco-
hol 8 (370 mg, 0.75 mmol) in CH2Cl2 (25 mL) at 25 8C. After
20 h at 25 8C, the reaction mixture was quenched with satu-
rated aqueous NaHCO3 (10 mL), and concentrated to one-
third volume. The mixture was dissolved in EtOAc (50 mL)
and washed sequentially with 1M HCl (20 mL), H2O
(20 mL) and saturated aqueous NaCl (20 mL). The organic
layer was dried (MgSO4) and the solvent evaporated. Chro-
matography (CH2Cl2:MeOH, 97:3) gave diene 9 as a clear
viscous oil, which solidified upon standing, as a 1:1 mixture
of epimers at C-2; yield: 400 mg (89%).

4-Pentenoyl-Ala-Phe-Ile-NHAll (10)

HCl (4.0M in dioxane; 2.6 mL, 10 mmol) was added with
stirring directly to Boc-Ala-Phe-Ile-NHAll (7) (510 mg,
1.0 mmol), at 0 8C. After 20 min at 0 8C and 25 8C for 1 h,
the solvent was evaporated, the residue further dried under
high vacuum for 18 h and dissolved in DMF (5.2 mL). i-
Pr2NEt (400 L, 2.3 mmol), HOBT (170 mg, 1.2 mmol) and
HBTU (470 mg, 1.2 mmol) in DMF (6.2 mL) were added
dropwise with stirring at 0 8C. After 2 h, the mixture was
partitioned between saturated aqueous NaHCO3 (20 mL)
and EtOAc (20 mL). The organic layer was washed sequen-
tially with saturated aqueous NaHCO3 (3O20 mL), saturat-
ed aqueous NaCl (2O30 mL), 0.2M citric acid (3O20 mL),
and saturated aqueous NaCl (3O20 mL), dried (MgSO4) and
the solvent evaporated. Chromatography (gradient
CH2Cl2:MeOH, 19:1 to 9:1) gave diene 10 as a white crystal-
line solid; yield: 282 mg (60%) .

(6S)-Benzyl-(9S)-methyl-(3S)-[(1S)-methylpropyl]-
1,4,7,10-tetraazacyclohexadec-14-ene-2,5,8,11-tetraone
(12)

Diene 10 (400 mg, 0.85 mmol) was added to CH2Cl2
(800 mL) and the mixture was immersed in an ultrasound
bath for 25 min until the solid formed a finely dispersed sus-
pension. The suspension was stirred under reflux at 40 8C
for 30 min until complete dissolution was observed, at which
point catalyst 14 (100 mg, 0.12 mmol) was added. The mix-
ture was stirred under reflux at 40 8C for 18 h, allowed to
cool to 25 8C and quenched with ethyl vinyl ether (2 mL)
and was stirred for 20 min at 25 8C. Solvent evaporation and
chromatography (gradient CH2Cl2 to CH2Cl2:MeOH, 94:6)
gave the alkene 12 as a light brown amorphous solid con-
taining a mixture of rotamers; yield: 207 mg (55%).

(6S)-Benzyl-(9S)-methyl-(3S)-[(1S)-methylbutyl]-
2,5,8,11-tetraoxo-1,4,7,10-tetraazacyclohexadec-14-en-
12-yl Acetate (15)

Diene 8 (380 mg, 0.78 mmol) was suspended in CH2Cl2
(780 mL) and immersed in an ultrasound bath for 30 min
until the suspension became homogenous. The mixture was
stirred under reflux at 40 8C for 25 min, by which time com-

plete dissolution was observed and catalyst 14 (100 mg,
0.12 mmol) was added. The mixture was stirred at 40 8C for
14 h, allowed to cool to 25 8C, prior to quenching with ethyl
vinyl ether (2 mL). The mixture was stirred for 20 min at
25 8C and the solvents evaporated. The residue was dis-
solved in pyridine (3.5 mL) and cooled to 0 8C prior to addi-
tion of Ac2O (3.5 mL). The mixture was stirred at 0 8C for
5 h, diluted in EtOAc (30 mL), and washed with saturated
aqueous CuSO4 (3O20 mL) (until no dark blue washings
were obtained), saturated aqueous NaHCO3 (20 mL), satu-
rated aqueous NaCl, dried (MgSO4) and the solvent evapo-
rated. Chromatography (gradient elution, CH2Cl2:MeOH,
97:3 to 93:7) gave the acetate 15 as a light brown solid;
yield: 330 mg (85%).

(6S)-Benzyl-(12R,S)-hydroxy-(9S)-methyl-(3S)-[(1S)-
methylpropyl]-1,4,7,10-tetraazacyclohexadecan-
2,5,8,11-tetraone (16)

Pd/C (10 mol%) was added to a solution of alkene 15
(1.0 g, 2.1 mmol) in MeOH (50 mL) at 25 8C. The mixture
was purged three times with a balloon of H2 and allowed to
stir for 18 h at 25 8C under H2. Evaporation and chromatog-
raphy (CH2Cl2:MeOH, 94:6) gave the corresponding dihy-
dro-derivative (950 mg, 90%) as a cream-colored, amor-
phous, diastereoisomeric mixture at C-2. K2CO3 (240 mg,
1.8 mmol) was added to a solution of this dihydro-derivative
(890 mg, 1.8 mmol) in MeOH (60 mL) at 25 8C. The mixture
was stirred at 25 8C for 3 h following which the mixture was
shaken with excess Amberlyst resin (3 g) for 1 h. The resin
was filtered under reduced pressure and the filtrate evapo-
rated to give 16 as a white amorphous solid containing a 4 :
1 mixture of diastereoisomers; yield: 810 mg (99%).

8-Bromo-3-octanone (18)

EtMgBr in Et2O (3.0M ; 4.8 mL, 14.5 mmol) was added
gradually to a solution of 6-bromohexanenitrile (17) (1.7 g,
9.7 mmol) in Et2O (32 mL) at 25 8C. The mixture was stirred
for 18 h, and stirred rapidly with hydrochloric acid (6M,
30 mL) for 1 h. The separated aqueous layer was extracted
with Et2O (2O20 mL) and the combined organic phases
were washed with saturated aqueous NaHCO3 (50 mL),
H2O (2O40 mL), dried (MgSO4) and evaporated. Chroma-
tography (hexanes:Et2O, 8:2) gave the ketone 18[16] as a
clear, colorless oil ; yield: 1.5 g (72%).

Methyl (2S)-Amino-8-oxodecanoate (20)

Ester 20 was prepared from bromide 18 via ketal protection,
Schçllkopf alkylation and acid catalyzed hydrolysis using ex-
actly the same methods as described by Kim et al.[17]

Methyl (2S)-[(2R,S)-Hydroxypent-4-enoylamino]-8-
oxodecanoate

i-Pr2NEt (303 mL, 1.7 mmol), 2-hydroxy-4-pentenoic acid
(202 mg, 1.7 mmol), HOBT (235 mg, 1.7 mmol) and HBTU
(662 mg, 1.7 mmol) were added with stirring to a solution of
amine 20[17] (312 mg, 1.5 mmol) in anhydrous DMF
(14.5 mL) at 0 8C. After 16 h, the mixture was diluted with
EtOAc (50 mL) and washed with saturated aqueous
NaHCO3 (20 mL), 0.2M citric acid (20 mL), H2O (30 mL),
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and saturated aqueous NaCl. The organic phase was dried
(MgSO4) and the solvent was evaporated. Chromatography
(CH2Cl2:MeOH, 95:5) gave the title amide as a pale yellow
gum containing an equimolar mixture of diastereoisomers;
yield: 393 mg (86%) .

(2S)-[(2R,S)-Hydroxy-4-pentenoylamino]-8-
oxodecanoic Acid (21)

LiOH (200 mg, 8.3 mmol) was added to the preceding ester
(2.35 g, 7.5 mmol) in THF (25 mL) and H2O (7.5 mL) and
the mixture stirred at 25 8C for 18 h. The mixture was evapo-
rated to one-third of its volume, acidified to pH 0.5, saturat-
ed with NaCl and extracted with EtOAc (5O20 mL). The
combined extracts were dried (MgSO4) and evaporated to
give acid 21 as a viscous oil, which gave an amorphous solid
upon standing and was used directly in the subsequent step
without further purification; yield: 2.2 g (100%).

Boc-Trp-Ile-NHAll (23)

HCl (4.0M in dioxane; 180 mL) was added to Boc-Ile-
NHAll (22) (9.6 g, 36 mmol) at 0 8C and the mixture stirred
for 2 h prior to warming to 25 8C. The solvent was evaporat-
ed, the residue further dried under high vacuum for 18 h
and dissolved in DMF (350 mL). i-Pr2NEt (12.4 mL,
71 mmol), HOBT (5.77 g, 43 mmol), Boc-Trp-OH (10.8 g,
36 mmol) and HBTU (16.2 g, 43 mmol) were sequentially
added with stirring at 0 8C. After 2 h, EtOAc (200 mL) was
added and the mixture was washed successively with saturat-
ed aqueous NaHCO3 (200 mL), the aqueous phase extracted
with EtOAc (3O75 mL) and the combined organic phases
washed with 0.2M citric acid (150 mL), H2O (200 mL), satu-
rated aqueous NaCl (150 mL), dried (MgSO4) and evaporat-
ed. Chromatography (95:5, CH2Cl2:MeOH) gave peptide 23
as a white solid; yield: 13.6 g (84%).

ACHTUNGTRENNUNG(2R,S)-Hydroxy-4-pentenoyl-Aoda-Trp-Ile-NHAll
(24)

HCl in dioxane (4.0M ; 40 mL) was added at 0 8C to peptide
23 (3.7 g, 8.0 mmol) and the mixture stirred for 2 h. The sol-
vent was evaporated, and the residue left under high
vacuum for 16 h. i-Pr2NEt (2.5 mL, 14 mmol), acid 21 (1.9 g,
6.4 mmol), HOBT (1.0 g, 7.7 mmol) and HBTU (2.9 g,
7.7 mmol) were added with stirring to a portion of the resi-
due (2.5 g, 6.4 mmol) in DMF (64 mL) at 0 8C. After 16 h,
the mixture was diluted with EtOAc (60 mL), and the solu-
tion washed sequentially with saturated aqueous NaHCO3

(30 mL), saturated aqueous NaCl (30 mL), 0.2M citric acid
(30 mL) and saturated aqueous NaCl (30 mL). The organic
phase was dried (MgSO4) and the solvent was evaporated to
give diene 24 as an equimolar mixture of epimers at C-2;
yield: 3.7 g (72%).

ACHTUNGTRENNUNG(12R,S)-Hydroxy-(6S)-(1H-indol-3-ylmethyl)-(3S)-
[(1S)-methylpropyl]-(9S)-(6-oxooctyl)-1,4,7,10-
tetraazacyclohexadec-14-ene-2,5,8,11-tetraone (25)

Diene 24 (500 mg, 0.78 mmol) was added to CH2Cl2
(780 mL) and immersed in an ultrasound bath for 20 min
until a finely dispersed suspension was formed. The suspen-
sion was stirred at 40 8C under reflux for 30 min until com-

plete dissolution was observed, at which point catalyst 14
(100 mg, 0.12 mmol) was added and the mixture stirred
under reflux for 20 h at 40 8C. The mixture was allowed to
cool to 25 8C and ethyl vinyl ether (5 mL, 67 mmol) was
added and the mixture stirred at 25 8C for 20 min. Solvent
evaporation and chromatography (gradient CH2Cl2 to
CH2Cl2:MeOH, 93:7) gave the diene 25 as a brown amor-
phous solid containing a mixture of diastereoisomers at C-
12; yield: 357 mg (75%).

ACHTUNGTRENNUNG(12R,S)-Hydroxy-(6S)-(1H-indol-3-yl-methyl)-(3S)-
[(1S)-methylpropyl]-(9S)-(6-oxooctyl)-1,4,7,10-
tetraazacyclohexadecan-2,5,8,11-tetraone (26)

Pd/C (13 mg, 10 mol%) was added to a solution of alkene
25 (134 mg, 0.22 mmol) in MeOH (2 mL) at 25 8C. The mix-
ture was purged three times with gaseous H2 and stirred for
24 h under H2. Solvent evaporation and chromatography
(gradient CH2Cl2 to CH2Cl2:MeOH, 93:7) gave the peptoid
26 as a white amorphous powder containing a mixture of
diastereoisomers at C-12; yield: 118 mg (88%).

HDAC Assay[20]

The standard assay (200 mL) contained HDAC buffer
(40 mL) [from a stock solution containing 50 mM tris
(pH 8.0), 750 mM NaCl, 50% glycerol (332.5 mL total) and
100 mM PMSF (PhCH2SO2F) (17.5 mL)], either 30 mg HeLa
cell nuclear extract (4 mL of 7.5 mgmL�1 extract) with H2O
(153 mL), or only H2O (157 mL) for the zero enzyme control
assay. Three zero substrate control assays were prepared as
above, containing HeLa extract, and diluted with DMSO
(2 mL), while substrate assays, also containing HeLa extract,
were charged with 2 mL of substrate solutions with varying
concentrations. All mixtures were incubated for 30 min at
25 8C and charged with 1 mL (approx. 106 counts per min,
CPM) aqueous [3H]acetylhistone H4 peptide fragment, and
incubated further for 1 h at 25 8C. The mixtures were then
quenched using 50 mL of a quenching solution (259 mL con-
centrated HCl and 28 mL glacial AcOH in 2713 mL H2O).
The released [3H]acetate was extracted with EtOAc
(600 mL), and 2O200 mL aliquots of the organic phase were
each mixed with 5 mL Hionic-Fluor and the radioactivity
was measured in counts per minute (CPM). Substrate assays
were first run for a known inhibitor (trichostatin A, TCA)
at dilutions of 1 mM, 100 nM, 10 nM and 1 nM, to test for
correlation of assay results with reported values for the
known inhibitor. Assays for substrates 24 or 25 were run at
dilutions of 100 mM, 10 mM, 1 mM, 100 nM, 10 nM and 1 nM.
HDAC enzyme activity (expressed in CPM) was measured
by subtracting the radioactivity for the zero enzyme control
assay from the radioactivity of each assay. Percentage
HDAC activity was calculated by division of HDAC activity
for each assay by the mean HDAC activity of the three zero
substrate control assays.
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