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ABSTRACT
Simplified analogs of aplysiatoxin (ATX) such as 10-Me-aplog-1 exhibit potent antiproliferative activity
toward human cancer cell lines by activating protein kinase C (PKC). However, the synthesis of 10-Me-
aplog-1 involved a 23-step longest linear sequence (LLS). Therefore, we have been working toward the
development of a more synthetically accessible analog of ATX. In this study, we designed a new analog of
ATX wherein a cyclic ketal moiety derived from (R)-(−)-carvone replaced the spiroketal moiety in 18-
deoxy-aplog-1. The new analog’s synthesis proceeded in an eight-step LLS. Although the configuration at
position 3 of the cyclic ketal in the (R)-(−)-carvone-based analog was opposite to those of ATX and 18-
deoxy-aplog-1, the antiproliferative activity toward human cancer cell lines of the carvone-based analog
was comparable to that of 18-deoxy-aplog-1. The obtained results indicate the potential of the carvone-
based analog as a basis for discovering PKC-targetingmolecules requiring a decreased number of synthetic
steps.

1 INTRODUCTION
Members of the protein kinase C (PKC) enzyme family, which are serine/threonine kinases, play a crucial
role in cell proliferation, differentiation, and apoptosis.1,2 Since loss-of-function mutations of PKCs occur
in many cancers, PKCs are assumed to act as tumor suppressors.3 Thus, activation of PKCs could be an ef-
fective strategy in cancer therapy.4 Naturally occurring tumorpromoters, such as 12-O-tetradecanoylphorbol
13-acetate (TPA), teleocidin B-4, and aplysiatoxin (ATX, Figure 1), activate conventional PKCs (cPKC:
α, βI, βII, γ) and novel PKCs (nPKC: δ, ε, η, θ) by binding to their C1A and C1B domains,5–8 and the pro-
longed activation of PKCs results in the down-regulation and the loss of functional isozymes. Despite their
tumor-promoting activity, these compounds have been observed to exhibit antiproliferative and proapop-
totic activities toward cancer cell lines via PKC activation.9 Another naturally occurring PKC activator,
bryostatin-1 (Figure 1), has been attracting attention as a novel anticancer agent, because it displays an-
tiproliferative activity toward several cancer cell lines, but it does not exhibit any tumor-promoting activ-
ity.10 However, phase I and II clinical trials of bryostatin-1 revealed that bryostatin-1 alone or in combina-
tionwith other chemotherapeutic agentswas not effective in cancer patients.11 Therefore, the development
of PKC-activating anticancer seeds other than the bryostatin-1 skeleton is necessary.
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Figure 1: Structure of naturally occurring PKC activators.
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Recently, Nakagawa and Irie et al. reported that aplogs (Figure 2), which are simplified analogs of
ATX, exhibited antiproliferative activity, but they did not exhibit tumor-promoting and proinflammatory
activities.12,13 In particular, 10-Me-aplog-1 (Figure 2), which exhibited a potent antiproliferative activity
that was comparable to that of ATX, is promising as an anticancer lead compound. However, its synthesis
involved a 23-step longest linear sequence (LLS) with an overall yield of 1.1%.14,15 Therefore, our group
has tried to simplify ormodify the structure of 10-Me-aplog-1 to shorten thementioned synthetic pathway.

The spiroketal structure can be found in many natural products.16 In ATX, a spiroketal moiety forces
the macrolactone ring into its active conformation and provides sufficient hydrophobicity and bulkiness
so that ATX forms a stable complex with phospholipid membranes. Therefore, substitution or modifica-
tion of the spiroketal moiety is a challenge in the effort to obtain active analogs of ATX. Hayakawa et al.
reported that compounds 1 and 2 (Figure 2), wherein an oxygen atom replaces the carbon atom at position
4 of 10-Me-aplog-1 to facilitate the construction of a spiro structure, exhibited antiproliferative activity in-
ferior to those of 10-Me-aplog-1.17 Moreover, the synthetic route leading to 1 and 2 still was characterized
by an 18-step LLS, and a further decrease in the number of synthetic steps is needed. Kishi and coworkers
previously reported that ATX analog 3 (Figure 2), in which a carbon atom replaces the oxygen atom of the
B ring, retains the ability to activate PKCs,18 indicating that substitution of the B ring with a cyclohexane
ring does not impair the compound’s activity. In the present study, we designed a novel analog 4, wherein
a cyclic ketal moiety derived from (R)-(−)-carvone replaces the spiroketal moiety of ATX. Analog 4 was
synthesized in a relatively low number of steps (eight) and higher overall yield (1.8%) compared to the
previously reported analogs. Carvone-based analog 4 exhibited similar antiproliferative activity and bind-
ing affinity toward PKC to other aplogs. Moreover, the synthetic route developed for the preparation of
4 allows the side-chain structure to be diversified. Thus, 4 could be a sound basis for synthesizing a wide
range of ATX analogs.
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Figure 2: Structure of aplogs, simplified analogs of ATX.

2 RESULTS AND DISCUSSION

2.1 Design of 4
The spiroketal moiety of ATX acts as a conformation-controlling unit for a receptor-recognition domain,
which includes a hydroxy group and two ester groups.19–21 This study aimed to develop anATX analog that
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was more synthetically accessible than ATX by modifying 18-deoxy-aplog-1, a compound lacking the 10-
methyl and phenolic hydroxy groups present in 10-Me-aplog-1. For this purpose, we planned to replace the
positions of an oxygen atom in the B ring, a dimethylmethylene group at position 6, and amethylene group
at position 8 in 18-deoxy-aplog-1, so as to obtain ATX analog 4 comprising a cyclic ketal: 7,7-dimethyl-
1,5-dioxaspiro[5.5]undecane (Figure 3). Thus, by replacing a spiroketal with a cyclic ketal, we expected
to achieve the efficient construction of the conformation-controlling unit from optically active (R)-(−)-
carvone in association with a significant shortening of the number of synthetic steps. The gem-dimethyl
group at position 7 was expected to shield the oxygen atom in the A ring effectively, thus providing the
molecule with sufficient hydrophobicity to form hydrophobic interaction with the hydrophobic residues
forming the binding cleft in the C1 domains and phospholipid bilayer. Note that the methyl group at posi-
tion 12 in 4 derived from (R)-(−)-carvone also existed in ATX, and the reintroduction of this group into
aplogs was observed to result in an increase in the antiproliferative activity and a decrease in the undesired
proinflammatory activity.22
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Figure 3: Analog design and retrosynthetic analysis of 4.

Retrosynthetic analysis of4provideda convergent synthetic route (Figure3),which involvesmacroke-
talization of an ester (E) and the formation of ester bonds between fragments B, C, and D. Olefin cross-
metathesis with alcohol A introduces the side chain at position 10. The fragment A is accessible from (R)-
(−)-carvone by a known method. In the macroketalization step, we anticipated that the steric hindrance
of the 23-methyl group and the axial hydrogens at positions 3 and 5 would result in the predominant pro-
duction of the 3S-form of the cyclic ketal (Figure 4), as opposed to the natural 3R-form of ATX. However,
since the results of a previously published study indicated that 2 with a similar unnatural configuration
(3R in the case of 2) exhibited PKC binding and antiproliferative activities,17 we thought that 4 with a
3S-configuration would exhibit significant biological activity.
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2.2 Synthesis of 4
In Scheme 1 is detailed the synthetic route adopted to produce 4. The synthesis of the known carboxylic
acid 723 started from benzyl-(R)-(−)-glycidyl ether with vinylmagnesium bromide and CuI, followed by
the protection of the hydroxy group as a tert-butyldimethylsilyl (TBS) ether, and the oxidative cleavage of
the olefin, produced 7. The synthesis of the carboxylic acid 10 started from dimethyl 3-hydroxyglutarate.
Selective reduction of a single carboxy group in dimethyl 3-hydroxyglutarate with borane dimethyl sul-
fide and NaBH4 furnished diol 8 as a racemic mixture.24 The subsequent protection of the two hydroxy
groups of 8 to form a TBS ether and hydrolysis of the methyl ester group provided 10 as a racemic mix-
ture. Synthesis of alcohol 13 started from (R)-(−)-carvone. Epoxidation of (R)-(−)-carvone with hy-
drogen peroxide followed by separation of the minor diastereomer by column chromatography provided
epoxide 11 as a single diastereomer.25 The previously reported reductive alkylation of 11 afforded the
known alcohol 1225 as a diastereomeric mixture in 88:12 ratio. Following the first esterification step (step
j), a column chromatography purification was conducted to result in the separation of the undesired di-
astereomer. Olefin cross-metathesis26 between 12 and 4-phenyl-1-butene achieved using second genera-
tion Hoveyda–Grubbs catalyst27 provided a mixture of 13a and one-carbon-shorter 13b. Probably, 13b
was generated via cross-metathesis between 12 and 4-phenyl-2-butene formed by catalytic olefin migra-
tion28 of 4-phenyl-1-butene. In neither case was the Z-form product obtained. Yamaguchi esterification29

of 13a,b with 7 produced esters 14a,b; the following deprotection of the TBS group afforded alcohols
15a,b, respectively. Yamaguchi esterification of 15a,bwith the racemic carboxylic acid 10 produced esters
16a,b as diastereomeric mixtures. Macroketalization of 16a,b with trimethylsilyl triflate30 implementing
the previously reported process for the synthesis of 1 and 217 afforded 17a,b, respectively. The observation
of nuclearOverhauser effect spectroscopy (NOESY) correlations betweenH-3 andH-11 and betweenH-5
and H-11 in 17a,b (Scheme 1) suggested that, as expected, the 3S-forms of cyclic acetals 17a,b had been
obtained and that the 3R-forms of 17a,b had not been produced in the reaction. The possible diastereomer
at the acetal position (position 6) was not observed, probably owing to geometrical restriction by the for-
mation of the macrolactone ring. Finally, catalytic hydrogenations of 17a,b followed by purification by
silica-gel column chromatography and reversed-phase high-performance liquid chromatography (HPLC)
provided 4 and the one-carbon-shorter 18 via an eight-step LLS with overall yields of 1.8% and 0.4%, re-
spectively. Compounds 4 and 18 were approximately 1.2:1 and 1.3:1 mixtures of epimers at position 12,
respectively, but we were unable to separate the diastereomers by normal-phase or reversed-phase HPLC.
In summary, we achieved the synthesis of 4 in a smaller number of steps and in higher overall yield than the
reported values for 10-Me-aplog-1 (23-step LLS; overall yield, 1.1%),15 18-deoxy-aplog-1 (24-step LLS;
overall yield, 0.43%),31 1 (18-step LLS; overall yield, 0.30%), and 2 (18-step LLS; overall yield, 0.67%).17

2.3 Conformational analysis of 4
In Figure 5 are reported the most stable conformations of 4 and 18-deoxy-aplog-1 as they were predicted
by the simulated annealing method and density functional theory (DFT) calculations, in which the side-
chains were replaced by a methyl group to simplify the calculation. The conformation of the cyclic ketal
moiety in 4 was predicted to be chair–chair, similarly to the case of 18-deoxy-aplog-1, although in 4 the A
ring had a flipped chair conformation. The J values of H-3 (δH = 4.18, tt, J = 10.9, 2.8 Hz) and H-8 (δH =
4.99, t, J = 2.8 Hz) in 4 indicate that these protons are in the axial and equatorial positions, respectively,
which is consistent with the predicted most stable conformation of the compound. The predicted confor-
mation was also consistent with the observed nuclear Overhauser effect (NOE) correlations between H-3
and H-11 and between H-5 and H-11 (see Scheme 1). The J values of H-26 (δH = 2.88, dd, J = 18.3, 11.5
Hz; δH =2.61, dd, J =18.3, 3.4Hz) indicate that the –COORgroup at position 26 and the –CH2OHgroup
at position 27 are in anti conformation to each other, as indicated by the structure drawn in Figure 5. De-
spite the 3S-configuration and flipped chair conformation of theA ring in 4, the results ofDFT calculations
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(a) vinylmagnesiumbromide, CuI,THF, 88%. (b) tert-butyldimethylchloronsilane, imidazole,DMF, 96%.
(c) KMnO4, NaIO4, t-BuOH, pH 7.0 phosphate buffer, 91%. (d) BH3 ⋅ SMe2, NaBH4, THF, 86%. (e)
tert-butyldimethylchloronsilane, imidazole, DMF, 92%. (f) LiOH, THF, MeOH, H2O, 95%. (g) H2O2,
NaOH aq., MeOH, 89%. (h) Li, NH3; CH3I, Et2O, 64% (dr = 88:12). (i) 4-phenyl-1-butene, 2nd
generation Hoveyda–Grubbs catalyst, CH2Cl2, 32% (13a:13b = 4.2:1). (j) 2,4,6-trichlorobenzoyl chlo-
ride, Et3N, CH2Cl2; 7, 4-dimethylaminopyridine, CH2Cl2, 75%. (k) HF-pyridine, THF, 70%. (l) 2,4,6-
trichlorobenzoyl chloride, Et3N, toluene; 10, 4-dimethylaminopyridine, toluene, 95%. (m) trimethylsilyl
triflate, CH2Cl2, 31% (62% based on (3S)-16). (n) Pd/C, H2, MeOH; 4, 77% (major diastereomer:minor
diastereomer = 1.2:1); 18, 10% (major diastereomer:minor diastereomer = 1:1).
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and NMR data suggest that the conformation of the receptor-recognition domain of 4 is similar to that of
18-deoxy-aplog-1.

Aplog-1 4
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11
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24
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6

8

3JHH, 2.8 Hz 

3JHH,
10.9 Hz 
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3

Figure 4: Themost stable conformations of Aplog-1 and 4. Each structure was energetically minimized
at the ωB97X-D/6-31G(d,p) level of theory using the Gaussian 16 (Revision C.01) software. The side-
chains were replaced by a methyl group to simplify the calculation.

2.4 Binding affinity toward PKC isozymes
Since the antiproliferative activity of aplogs toward cancer cell lines is associated with the activation of
PKCα and δ isozymes,32 we evaluated the binding affinity of 4 and 18 for PKCα and δ implementing the
[3H]phorbol 12,13-dibutyrate ([3H]PDBu) displacement assay reported by Sharkey andBlumberg33with
slight modifications. We used chemically synthesized PKCα-C1A and δ-C1B peptides to conduct the as-
say,34 because the PKCα-C1A and δ-C1B domains are the primary binding sites of tumor promoters in
PKCα and δ isozymes, respectively. Note that the affinity of the C1 peptides for ligands is comparable
to that of the full-length enzymes.35 In the assay, the binding affinity was expressed as a a binding inhi-
bition constant, K i, which corresponds with a dissociation constant, Kd. The binding affinity between 4
and α-C1A (K i, 110 nM) was quite similar to that between 18-deoxy-aplog-1 and α-C1A (K i, 120 nM).
This result is ascribable to the complementation of molecular hydrophobicity and effective shielding of the
oxygen atom in the A ring, thus retaining hydrophobicity around the ketal moiety, by the dimethyl group
at position 7 (Figure 5). By contrast, the binding affinity between 4 and δ-C1B (K i, 43 nM) was approx-
imately four times as weak as that between 18-deoxy-aplog-1 and δ-C1B (K i, 9.8 nM)31 (Table 1). This
result could be due to the unnatural 3S configuration of 4, as it was in the cases for compounds 1 and 2.
The binding affinity of 4 toward the PKC C1 peptides was four to five times weaker than that of 2. This
result be explained by the absence of the 10-methyl group and the phenolic hydroxy groups, which are ex-
pected to form a hydrophobic interaction and a hydrogen bondwith PKCC1 domains, respectively.14,31, 36

The byproduct 18, which is characterized by a side chain that is one-carbon-shorter than that of 4, exhib-
ited a slightly lower binding affinity toward both C1 peptides (K i for α-C1A, 120 nM; K i for δ-C1B, 65
nM) than 4 (Table 2). This result is a similar to that previously reported for the analogs of 10-Me-aplog-1
characterized by a side chain that was one-carbon-shorter than 10-Me-aplog-1.37
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Table 1: K i values for the inhibition of [
3H]PDBu binding by 18-deoxy-Aplog-1, 1, 2,

4, and 18.
K i (nM)

PKC C1 peptides 18-Deoxy-aplog-1a 1b 2b 4 18
α-C1A 120 22 22 110 (10)c 120 (10)c

δ-C1B 9.8 6.8 13 43 (0)c 65 (0)c

a Data from Ref. 31. b Data from Ref. 17. c Standard deviation from two separate experiments.

2.5 Antiproliferative activities toward human cancer cell lines
Finally, we evaluated the antiproliferative activities of 4 carrying out the relevant assay using a panel of 39
human cancer cell lines established by Yamori et al.38 In Table 2 are listed the log GI50 values obtained for
the aplog-sensitive eight cancer cell lines (HBC-4, MDA-MB-231, SF-295, HCC2998, NCI-H460, A549,
St-4, and MKN45) and the mean of the log GI50 values for these eight cell lines; in this table are also pre-
sented themean graphmidpoint (MG-MID) values which are themean of logGI50 values for all 39 cancer
cell lines. The GI50 (M) value represents the concentration required to inhibit cell growth by 50% com-
pared to the untreated group. PKC activators, including other aplogs, displayed a notable antiproliferative
activity toward the eight cell lines listed in Table 2. Similarly, 4 exhibited significant antiproliferative ac-
tivity (log GI50, < −5) toward seven of the eight cell lines. The mean log GI50 value of 4 (−5.48) for the
aplog-sensitive cell lines was slightly larger than that of 18-deoxy-aplog-1 (−5.76) and 1 (−5.74), but it
was slightly smaller than that measured for 2 (−5.35). The Pearson’s correlation coefficient, r, between the
log GI50 values of 18-deoxy-aplog-1 and 4 toward 39 human cancer cell lines (Supplementary materials)
was 0.74, suggesting that 18-deoxy-aplog-1 and 4 share the same mechanism of action. In other words,
these results suggest that the activation of PKC isozymes mediates the antiproliferative activity of 4.

Despite 4 exhibiting inferior PKC-binding ability to 2, it displayed higher antiproliferative activity
than 2. This discrepancy might be attributable to 4 having higher hydrophobicity (CLogP, 3.9) than 2
(CLogP, 2.1); in fact, the results of a previously published study39 indicated the optimal log P value of
aplogs with respect to their antiproliferative activity to be relatively high (4.0–4.5).

3 Conclusion
In this study, our primary goal was to develop a more synthetically accessible and simplified analog of
ATX that exhibited substantial antiproliferative activity. By replacing the positions of the oxygen atom
in the B ring, the 6-dimethylmethylene group, and the 8-methylene group within the spiroketal ring of
ATX, we designed 4, which included a cyclic ketal moiety derived from (R)-(−)-carvone. As a result, we
achieved the synthesis of 4 in a smaller number of steps (eight) and at higher overall yield (1.8%) than
10-Me-aplog-1, 18-deoxy-aplog-1, 1, and 2. Despite the considerable difference between the structure of
the conformation-controlling unit in 4 and those of other aplogs, the receptor-recognition domain of 4
retained an active conformation similar to those of other aplogs.

Carvone-based analog 4 exhibited antiproliferative activity toward SF-295, NCI-H460, and A549 hu-
man cancer cell lines, whichwas comparable to that of 18-deoxy-aplog-1, even though its affinity for δ-C1B
was 4-fold weaker than that of 18-deoxy-aplog-1. These results are indicative of the potential of 4 as a basis
for synthesizing a wide variety of ATX analogs that can be obtained with a smaller number of synthetic
steps. Such a wide variety of analogs could be a promising chemical library for discovering clinical candi-
dates for PKC-related diseases such as cancer, Alzheimer’s disease, and HIV infection.
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Table 2: Anti-proliferative activity of 18-deoxy-aplog-1, 1, 2, and 4 toward human can-
cer cell lines

Cancer type Cell line log GI50 (logM)
18-Deoxy-aplog-1a 1b 2b 4

Breast HBC-4 −6.28 −6.26 −5.88 −4.91
Breast MDA-MB-231 −5.67 −5.10 −4.95 −5.44
CNS SF-295 −5.14 −5.50 −4.96 −5.43
Colon HCC2998 −5.53 −5.56 −5.17 −5.36
Lung NCI-H460 −5.83 −6.12 −5.69 −5.82
Lung A549 −5.49 −5.40 −5.20 −5.49
Stomach St-4 −6.05 −5.96 −5.33 −5.59
Stomach MKN45 −6.09 −6.00 −5.62 −5.80
mean for the above cell lines −5.76 −5.74 −5.35 −5.48

MG-MID −5.09 Not calculatedc −4.85 −5.02

a Data from Ref. 31. b Data from Ref. 17. c TheMG-MID value for 1was non-comparable to the values for
the other compounds because the highest assay concentration of 1 was −5 (log M), while the others’
were −4 (log M).

4 Experimental

4.1 General remarks
Thefollowing spectroscopic and analytical instrumentswere used: 1Hand 13CNMR, JEOL JNM-ECZ500
(JEOL, Tokyo, Japan; internal standard, tetramethylsilane (0 ppm) for 1HNMR and CDCl3 (77.0 ppm)
for 13CNMR);HPLC, JASCOPU-980 IntelligentHPLCpumpwith a JASCOPV-970 IntelligentUV/VIS
Detector and JASCOPU-4086Semi-preparativePumpwith a JASCOUV-4075UV/VISDetector ( JASCO,
Tokyo, Japan);HR-ESI-TOF-MS,XevoG2-XS(Waters, Tokyo, Japan) equippedwith anACQUITYUPLC
BEHC18column(Waters, Tokyo, Japan). HPLCwas carriedoutonYMC-PackODS-AMAM12S05–1520WT.
(YMC, Kyoto, Japan). Wakogel C-300HG (silica gel, FUJIFILMWako Pure Chemical Corporation, Os-
aka, Japan) were used for open and flash column chromatography. Preparative thin-layer chromatography
was carriedoutonTLCSilica gel 60F254 (MerckKGaA,Darmstadt,Germany). [3H]PDBu(17.16Ci/mmol)
was custom-synthesized by PerkinElmer Life Science Research Products (Boston, MA, US).The PKCC1
peptides were synthesized as reported previously.34 All other reagents were purchased from chemical com-
panies and used without further purification. Compound 8 was synthesized as previously described.24

4.2 Synthetic procedures

4.2.1 Synthesis of 9
To a solution of 8 (116 mg, 0.784 mmol) in DMF (2.0 mL) were added imidazole (320 mg, 4.81 mmol,
6.1 equiv.) and tert-butyldimethylchlorosilane (481 mg, 3.19 mmol, 4.1 equiv) at 0 °C.The reaction mix-
ture was warmed to room temperature and stirred for 23 h. The reactionwas quenchedwithH2O(24mL).
After the organic layer was separated, the aqueous layer was extracted with Et2O (24 mL × 3). The com-
bined organic layers were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, hexane:EtOAc = 10:1) to afford 9 (270 mg,
0.718 mmol, 92%). [α]D, +0.0 (c 1.2, CHCl3, 24.6 °C).

1H NMR (500 MHz, CDCl3, 0.078 M) δ −0.02
(12H, s), 0.80 (9H, s), 0.82 (9H, s), 1.60–1.71 (2H,m), 2.43 (2H, t, J = 5.2Hz), 3.59 (3H, s), 3.62 (2H, t,
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J = 6.3 Hz), 4.22 (1H, quin, J = 5.7 Hz) ppm; 13CNMR (126MHz, CDCl3, 0.030 M) δ −5.4 (2C), −4.9,
−4.7, 17.9, 18.2, 25.7 (3C), 25.9 (3C), 40.4, 42.8, 51.4, 59.3, 66.8, 172.1 ppm. HR-ESI-MS,m/z 399.2371
([M+Na]+, calcd. for C18H40O4NaSi, 399.2363).

4.2.2 Synthesis of 10
To a solution of 9 (56.9 mg, 0.151 mmol) in THF (1.0 mL), MeOH (0.50 mL), and H2O (0.50 mL)
was added LiOH ⋅H2O (25.3 mg, 0.603 mmol, 4.0 equiv) at 0 °C. After the reaction mixture was warmed
to room temperature and stirred for 1 h, LiOH ⋅H2O (7.1 mg, 0.17 mmol, 1.1 equiv.) was added. The
reaction mixture was stirred for 1.5 h at same temperature. The reaction was quenched with saturated aq.
NH4Cl (10 mL). After the organic layer was separated, the aqueous layer was washed with EtOAc (10 mL
× 3). The organic layer was dried over MgSO4, filtered, and concentrated in vacuo to afford 10 (51.9 mg,
0.143 mmol, 95%).

4.2.3 Synthesis of 13a,b
To a solution of 12 (36.6 mg, 0.201 mmol) in CH2Cl2 (0.60 mL) was added 2nd generation Hoveyda–
Grubbs catalyst (14.5 mg, 23.1 µmol, 12 mol%) in CH2Cl2 (0.40 mL) at 40 °C. The flask was fitted with
reflux condenser. 4-Phenyl-1-butene (45.1 µL, 0.300 mmol, 1.5 equiv.) in CH2Cl2 (0.68 mL) was added
dropwise (2.0 µL min−1) and stirred for 6 h at same temperature. After 3 h from the drop started, 2nd
generation Hoveyda–Grubbs catalyst (10.0 mg, 16.0 µmol, 7.9 mol%) in CH2Cl2 (0.10 mL) was added
to the reaction mixture. The reaction mixture was stirred at same temperature for additional 18 h. The
resulting solution was filtered with silica gel column, eluting with EtOAc, and concentrated in vacuo. The
residuewas purifiedbypreparative thin-layer chromatography (PTLC) (silica gel, CHCl3:MeOH=200:1)
to afford 13a,b (18.2 mg, 29.0 µmol, 32% calculated as 13a; 13a:13b = 4.2:1 by 1H NMR). [α]D, +37 (c
0.28, CHCl3, 25.1 °C). 13a:

1HNMR(500MHz, CDCl3, 0.022M) δ 1.14 (3H, s), 1.18 (3H, s), 1.54 (3H,
s), 1.81–1.86 (1H, m), 2.07 (1H, ddd, J = 14.2, 13.9, 2.2 Hz), 2.27 (1H, ddd, J = 12.3, 4.6, 1.9 Hz), 2.30
(2H, q, J = 8.3 Hz), 2.54 (1H, dd, J = 14.2, 12.6 Hz), 2.64 (2H, t, J = 7.8 Hz), 2.82 (1H, tt, J = 12.3, 4.2
Hz), 3.89 (1H, br.s), 5.26 (1H, t, J =7.0Hz), 7.16–7.29 (5H,m)ppm; 13CNMR(126MHz,CDCl3, 0.038
M) δ 14.0, 20.3, 24.5, 29.8, 33.1, 35.9, 41.0, 42.4, 49.6, 77.7, 123.9, 125.8, 128.2 (2C), 128.5 (2C), 137.2,
142.0, 214.7 ppm. HR-ESI-MS, 13a: m/z 309.1836 ([M+Na]+, calcd. for C19H26O2Na, 309.1831); 13b:
m/z 295.1671 ([M+Na]+, calcd. for C18H24O2Na, 295.1674).

4.2.4 Synthesis of 14a,b
To a solution of 7 (34.5 mg, 0.108 mmol, 2.1 equiv.) in toluene (170 µL) were added Et3N (15.1 µL,
0.108 mmol, 2.1 equiv.) and 2,4,6-trichlorobenzoyl chloride (16.8 µL, 0.108 mmol, 2.1 equiv.) at room
temperature. After stirred for 1 h at same temperature, 13a,b (14.9 mg, 52.0 µmol) in toluene (170 µL)
and 4-dimethylaminopyridine (13.9 mg, 0.113mmol, 2.2 equiv.) were added to the reactionmixture. The
reactionmixturewaswarmed to 40 °C and stirred for 46 h. The resulting solutionwas filteredwith silica gel
column, eluting with hexane:EtOAc = 1:2, and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, hexane:EtOAc = 8:1) to afford 14a,b (23.2 mg, 39.1 µmol, 75% calculated as
14a). [α]D, +25 (c 0.57, CHCl3, 25.5 °C). 14a:

1H NMR (500 MHz, CDCl3, 0.0098 M) δ 0.04 (3H, s),
0.05 (3H, s), 0.83 (9H, s), 1.01 (3H, s), 1.20 (3H, s), 1.51 (3H, s), 1.84 (1H, m), 2.04 (1H, ddd, J = 14.6,
12.2, 2.3 Hz), 2.28–2.32 (3H, m), 2.46 (1H, dd, J = 15.7, 7.3 Hz), 2.52 (1H, t, J = 14.2 Hz), 2.58 (1H, dd,
J = 18.0, 13.3 Hz), 2.63 (2H, t, J = 7.6 Hz), 2.66 (1H, tt, J = 12.6, 3.7 Hz), 3.33–3.46 (2H, m), 4.29 (1H,
m), 4.51 (2H, s), 5.11 (1H, t, J = 2.3 Hz), 5.23 (1H, t, J = 7.4 Hz), 7.13–7.19 (3H, m), 7.25–7.36 (7H, m)
ppm; 13CNMR(126MHz,CDCl3, 0.0098M)δ−4.97,−4.59, 13.9, 18.0, 20.3, 24.6, 25.8 (3C), 29.8, 30.5,
35.8, 40.1, 41.4, 42.3, 48.1, 68.3, 73.3, 73.9, 78.9, 124.0, 125.8, 127.6, 127.6 (2C), 128.2 (2C), 128.3 (2C),
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128.4 (2C), 136.6, 138.1, 141.9, 170.6, 213.3 ppm. HR-ESI-MS, 14a: m/z 615.3483 ([M+Na]+, calcd.
for C36H52O5NaSi, 615.3482); 14b: m/z 601.3332 ([M+Na]+, calcd. for C35H50O5NaSi, 601.3326).

4.2.5 Synthesis of 15a,b
To a solution of 14a,b (22.2 mg, 37.4 µmol) in THF (1.3 mL) was added HF-pyridine (70%HF, 280 µL)
at 0 °C. After the reaction mixture was warmed to room temperature and stirred for 22 h, the reaction was
quenchedwithdropwise additionof saturated aq.NaHCO3 (6.0mL).After theorganic layerwas separated,
the aqueous layer was washed with EtOAc (6.0mL × 3). The organic layer was dried overMgSO4, filtered,
and concentrated in vacuo. The residue was purified by column chromatography (silica gel, hexane:EtOAc
= 3:1) to afford 15a,b (12.5 mg, 26.1 µmol, 70% calculated as 15a). [α]D, +23 (c 0.60, CHCl3, 17.0 °C).
15a: 1H NMR (500 MHz, CDCl3, 0.0065 M) δ 1.04 (3H, s), 1.22 (3H, s), 1.51 (3H, s), 1.87 (1H, m),
2.05 (1H, td, J = 12.6, 2.9 Hz), 2.28–2.32 (3H, m), 2.52 (2H, m), 2.63 (2H, t, J = 8.0 Hz), 2.67–2.76 (1H,
m), 2.80 (1H, br.s), 3.34 (1H, dd, J = 9.4, 4.7 Hz), 3.49 (1H, dd, J = 9.6, 4.3 Hz), 4.22 (1H, m), 4.54 (2H,
s), 5.13 (1H, dd, J = 3.7, 2.6 Hz), 5.23 (1H, t, J = 6.9 Hz), 7.14–7.19 (3H, m), 7.25–7.37 (7H, m) ppm;
13C NMR (126 MHz, CDCl3, 0.0065 M) δ 13.9, 20.3, 24.6, 29.8, 30.5, 35.8, 38.4, 41.5, 42.3, 48.0, 67.2,
73.1, 73.5, 79.5, 124.2, 125.8, 127.8 (2C), 127.9 (2C), 128.3 (2C), 128.5 (3C), 136.6, 137.7, 141.9, 171.1,
213.3 ppm. HR-ESI-MS, 15a: m/z 501.2627 ([M+Na]+, calcd. for C30H38O5Na, 501.2617); 15b: m/z
487.2459 ([M+Na]+, calcd. for C29H36O5Na, 487.2461).

4.2.6 Synthesis of 16a,b
To a solution of 10 (40.4 mg, 111 µmol, 2.1 equiv.) in toluene (210 µL) were added Et3N (15.5 µL,
0.111 mmol, 2.1 equiv.) and 2,4,6-trichloreobenzoyl chloride (17.3 µL, 111 µmol, 2.1 equiv.) at room
temperature. After stirred at same temperature for 1 h, the reaction mixture was added 15a,b (25.3 mg,
52.9 µmol) in toluene (210 µL) and 4-dimethylaminopyridine (13.6 mg, 0.111 µmol, 2.1 equiv.). The re-
action mixture was stirred for 24 h at same temperature. The resulting solution was filtered with silica gel
column, eluting with hexane:EtOAc = 1:2, and concentrated in vacuo. The residue was purified by PTLC
(silica gel, benzene:EtOAc = 10:1) to afford 16a,b (41.4 mg, 50.2 µmol, 95% calculated as 16a). [α]D,
+11 (c 0.94, CHCl3, 28.9 °C). 16a:

1H NMR (500 MHz, CDCl3, 0.0047 M) δ 0.04 (9H, s), 0.06 (3H,
s), 0.84 (6H, s), 0.85 (3H, s), 0.87 (9H, s), 1.01 (3H, s), 1.20 (3H, s), 1.52 (3H, s), 1.69–1.72 (2H, m),
1.83 (1H, dd, J = 14.4, 4.2 Hz), 2.06 (1H, quintet, J = 14.3 Hz), 2.31 (2H, m), 2.48 (2H, dd, J = 5.7,
3.4 Hz), 2.50–2.60 (2H, m), 2.64 (2H, t, J = 8.0 Hz), 2.66–2.75 (3H, m), 3.53 (1H, m), 3.61 (1H, dd, J
= 10.3, 4.6 Hz), 3.66 (2H, t, J = 5.2 Hz), 4.25 (1H, m), 4.45–4.55 (2H, m), 5.10 (1H, t, J = 2.9 Hz), 5.24
(1H, t, J = 6.9 Hz), 5.32 (1H, m), 7.14–7.20 (3H, m), 7.25–7.35 (7H, m) ppm; 13C NMR (126 MHz,
CDCl3, 0.0047 M) δ −5.3 (2C), −4.7 (2C), 14.0, 18.0, 18.2, 20.2, 24.5, 25.8 (3C), 26.0 (3C), 29.8, 30.5,
35.8, 40.1, 40.2, 41.3, 42.3, 42.7, 48.0, 59.4, 66.4, 68.9, 70.0, 73.3, 79.2, 124.1, 125.8, 127.7, 127.8 (2C),
128.2 (2C), 128.3 (2C), 128.4 (2C), 136.6, 137.7, 141.9, 169.3, 170.7, 213.0 ppm. HR-ESI-MS, 16a: m/z
845.4811 ([M+Na]+, calcd. for C47H74O8NaSi2, 845.4820); 16b: m/z 831.4655 ([M+Na]+, calcd. for
C46H72O8NaSi2, 831.4664).

4.2.7 Synthesis of 17a,b
To a solution of 17a,b (41.4 mg, 50.2 µmol) in CH2Cl2 (2.6 mL) was added TMSOTf (9.0 µL, 50 µmol,
1.0 eq.) at −40 °C. The reaction mixture was stirred for 8 h at same temperature. After 3 h and 6 h from
starting the reaction, TMSOTf (4.5 µL, 25 µmol, 0.5 eq.) was added to the reaction mixture. The reac-
tion was quenched with pyridine (59 µL) and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, hexane:EtOAc = 5:1) and PTLC (silica gel, hexane:EtOAc = 3:1) to afford
17a,b (9.0 mg, 16 µmol, 31% calculated as 17a). [α]D +50 (c 0.94, CHCl3, 23.0 °C). 17a:

1HNMR (500
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MHz, CDCl3, 0.039 M) δ 0.99 (3H, s), 0.99 (3H, s), 1.20–1.40 (1H, m), 1.42–1.54 (1H, m), 1.50 (3H,
s), 1.57–1.63 (2H, m), 1.68–1.81 (1H, m), 2.27–2.47 (6H, m), 2.65 (2H, t, J = 8.6 Hz), 2.70 (1H, d, J =
17.8 Hz), 2.93 (1H, dd, J = 18.3, 10.9 Hz), 3.47 (1H, dd, J = 9.9, 6.0 Hz), 3.56 (1H, dd, J = 9.9, 6.0 Hz),
3.80 (1H, m), 4.00 (1H, td, J = 12.0, 2.3 Hz), 4.26 (1H, tt, J = 10.9, 2.9 Hz), 4.55 (2H, ABq, J = 11.5 Hz),
5.00 (1H, t, J = 2.9 Hz), 5.27 (1H, t, J = 6.9 Hz), 5.35 (1H, m), 7.16–7.19 (3H, m), 7.25–7.36 (7H, m)
ppm; 13C NMR (126 MHz, CDCl3, 0.039 M) δ 14.1, 18.8, 21.7, 27.8, 30.0, 30.7, 31.5, 36.0, 36.7, 37.3,
42.5, 42.6, 58.9, 66.9, 68.8, 70.7, 73.4, 78.0, 100.2, 123.2, 125.7, 127.7, 127.8 (2C), 128.4 (2C), 128.4
(2C), 128.5 (2C), 137.6, 138.4, 142.4, 169.6, 172.2 ppm. HR-ESI-MS, 17a: m/z 599.2985 ([M+Na]+,
calcd. for C35H44O7Na, 599.2991); 17b: m/z 585.2834 ([M+Na]+, calcd. for C34H42O7Na, 585.2829).

4.2.8 Synthesis of 4 and 18
To a solution of 17a,b (3.7 mg, 6.4 µmol) in MeOH (0.80 mL) was added 10% Pd/C (2.7 mg) at room
temperature. The mixture was stirred under H2 atmosphere for 2 h at same temperature. The resulting
mixture was filtered and concentrated in vacuo. The residue was purified by column chromatography (sil-
ica gel, hexane:EtOAc = 2:1) and HPLC (column, YMC-Pack ODS-AM AM12S05–1520WT; solvent,
MeOH:H2O = 7:1; flow rate 8.0 mL min−1; retention time, 10.1 min for 18 and 11.9 min for 4) to afford
18 (0.3 mg, 0.6 µmol, 10%) and 4 (2.4 mg, 4.9 µmol, 77%).

Compound4 (major diastereomer:minor diastereomer = 1.2:1); [α]D, +47 (c 0.43, CHCl3, 26.2 °C).
Major diastereomer: 1HNMR (500MHz, CDCl3, 0.012M) δ 0.87 (3H, d, J = 6.9 Hz, H-22), 0.97 (3H,
s, H-23 or H-24), 0.98 (3H, s, H-23 or H-24), 1.10 (1H, t, J = 13.2 Hz, H-11 axial), 1.19–1.28 (1H, m,
H-13a), 1.32–1.52 (4H, m, H-4a, H-9, H-12, H-13b), 1.53–1.78 (5H, m, H-4b, H-9, H-10, H-14), 1.86
(1H, br s, 28-OH) 2.34–2.48 (3H, m, H-2, H-11 equatorial), 2.55–2.67 (2H, m, H-15), 2.61 (1H, dd, J =
18.3, 3.4 Hz, H-26a), 2.88 (1H, dd, J = 18.3, 11.5Hz, H-26b), 3.55–3.70 (2H,m, H-28), 3.79 (1H, dd, J =
12.0, 4.0Hz, H-5 equatorial), 3.98 (1H, td, J = 12.0, 2.9Hz, H-5 axial), 4.12 (1H, tt, J = 10.9, 2.9Hz, H-3),
4.99 (1H, t, J = 2.7 Hz, H-8), 5.23 (1H, dt, J = 10.9, 5.0 Hz, H-27), 7.17 (1H, t, J = 6.9 Hz, H-19), 7.23
(2H, d, J = 7.4 Hz, H-17, H-21), 7.28 (2H, t, J = 8.0 Hz, H-18, H-20) ppm; 13CNMR (126MHz, CDCl3,
0.012M) δ 15.9 (C-22), 18.8 (C-23 or C-24), 21.7(C-23 or C-24), 24.4 (C-11), 28.1 (C-4), 29.0 (C-14),
30.8 (C-10), 32.6 (C-9), 33.8 (C-13), 36.2 (C-15), 36.3 (C-12), 36.4 (C-26), 42.6 (C-2), 42.8 (C-7), 58.7
(C-5), 64.6 (C-28), 66.8 (C-3), 71.1 (C-27), 78.4 (C-8), 100.4 (C-6), 125.6 (C-19), 128.2 (2C, C-17, C-
21 or C-18, C-20), 128.4 (2C, C-17, C-21 or C-18, C-20), 142.9 (C-16), 169.3 (C-25), 173.0 (C-1) ppm.
Minor diastereomer: 1HNMR (500MHz, CDCl3, 0.010M) δ 0.86 (3H, d, J = 6.3 Hz, H-22), 0.97 (3H,
s, H-23 or H-24), 0.98 (3H, s, H-23 or H-24), 1.20 (1H, t, J = 13.2 Hz, H-11 axial), 1.19–1.28 (1H, m,
H-13a), 1.32–1.52 (4H, m, H-4a, H-9, H-12, H-13b), 1.53–1.78 (5H, m, H-4a, H-9, H-10, H-14), 1.86
(1H, br s, 28-OH), 2.34–2.48 (3H, m, H-2, H-11 equatorial), 2.55–2.67 (2H, m, H-15), 2.61 (1H, dd, J
= 18.3, 3.4 Hz, H-26), 2.85 (1H, dd, J = 18.3, 11.5 Hz, H-26), 3.55–3.70 (2H, m, H-28), 3.78 (1H, dd, J
= 12.0, 4.0 Hz, H-5 equatorial), 3.97 (1H, td, J = 12.0, 2.9 Hz, H-5 axial), 4.19 (1H, tt, J = 10.9, 2.8 Hz,
H-3), 4.99 (1H, t, J = 2.7 Hz, H-8), 5.16 (1H, dt, J = 10.9, 5.0 Hz, H-27), 7.17 (1H, t, J = 6.9 Hz, H-19),
7.23 (2H, d, J = 7.4 Hz, H-17, H-21), 7.28 (2H, t, J = 8.0 Hz, H-18, H-20) ppm; 13C NMR (126 MHz,
CDCl3, 0.010M) δ 16.0 (C-22), 18.8 (C-23 or C-24), 21.7 (C-23 or C-24), 26.5 (C-11), 28.1 (C-4), 29.0
(C-14), 30.8 (C-10), 32.0 (C-9), 33.6 (C-13), 36.2 (C-15), 36.3 (C-12), 36.5 (C-26), 42.6 (C-2), 42.8
(C-7), 58.7 (C-5), 64.7 (C-28), 66.9 (C-3), 71.0 (C-27), 78.3 (C-8), 100.4 (C-6), 125.6 (C-19), 128.2
(2C, C-17, C-21 or C-18, C-20), 128.4 (2C, C-17, C-21 or C-18, C-20), 142.9 (C-16), 169.3 (C-25),
173.0 (C-1) ppm. HR-ESI-MS,m/z 511.2670 ([M+Na]+, calcd. for C28H40O7Na, 511.2682).

Compound 18 (major diastereomer:minor diastereomer = 1.3:1); [α]D, +30 (c 0.11, CHCl3, 26.6
°C).Major diastereomer: 1HNMR (500MHz, CDCl3, 3.3 mM) δ 0.94 (3H, d, J = 6.3 Hz), 0.97 (3H, s),
0.98 (3H, s), 1.13–1.30 (1H, m), 1.35–1.52 (4H, m), 1.55–1.91 (4H, m), 2.38–2.49 (3H, m), 2.53–2.64
(1H, m), 2.60 (1H, dd, J = 18.3, 2.9 Hz), 2.67–2.76 (1H, m), 2.90 (1H, dd, J = 18.3, 11.5 Hz), 3.62–3.72
(2H,m), 3.82 (1H, ddd, J =12.0, 5.2, 2.3Hz), 3.99 (1H, td, J =12.0, 2.9Hz), 4.23 (1H,tt, J =10.3, 2.9Hz),
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5.01 (1H, t, J = 2.9 Hz), 5.28 (1H, dt, J = 10.9, 5.7 Hz), 7.17–7.31 (5H, m) ppm; 13C NMR (126 MHz,
CDCl3, 3.3 mM) δ 15.8, 18.9, 21.7, 24.3, 28.6, 30.8, 32.8, 33.7, 35.7, 36.3, 36.3, 42.6, 42.8, 58.8, 64.8,
66.8, 71.1, 78.3, 100.4, 125.7, 128.3 (2C), 128.5 (2C), 143.0, 169.3, 176.0 ppm. Minor diastereomer:
1H NMR (500 MHz, CDCl3, 2.5 mM) δ 0.95 (3H, d, J = 6.3 Hz), 0.97 (3H, s), 0.98 (3H, s), 1.13–1.30
(1H, m), 1.35–1.52 (4H, m), 1.55–1.91 (4H, m), 2.38–2.49 (3H, m), 2.53–2.64 (1H, m), 2.60 (1H, dd,
J = 18.3, 2.9 Hz), 2.67–2.76 (1H, m), 2.89 (1H, dd, J = 18.3, 11.5 Hz), 3.62–3.72 (2H, m), 3.79 (1H,
ddd, J = 12.0, 5.2, 2.3 Hz) 4.02 (1H, td, J = 12.0, 2.9 Hz), 4.25 (1H, tt, J = 10.3, 2.9 Hz), 5.01 (1H, t, J =
2.9Hz), 5.26 (1H, dt, J = 10.9, 5.7Hz), 7.17–7.31 (5H,m) ppm; 13CNMR(126MHz, CDCl3, 2.5mM) δ
16.1, 18.9, 21.7, 26.2, 28.6, 30.4, 32.6, 33.7, 35.7, 36.2, 36.4, 42.6, 42.8, 58.8, 64.7, 66.9, 71.1, 78.3, 100.4,
125.7, 128.3 (2C), 128.4 (2C), 143.0, 169.3, 176.1 ppm. HR-ESI-MS, m/z 497.2536 ([M+Na]+, calcd.
for C27H38O7Na, 497.2515).

4.3 Conformational search andDFT calculation
The three-dimensional structure of 4 was built using the Avogadro (version 1.2.0) software. Simulated
annealing was carried out using the GROMACS program (version 2021.3) with a general AMBER force
field 2 (GAFF2) and the AM1-BCC charge calculated by the Antechamber package in the AmberTools21
package. The side chain was replaced by a methyl group to simplify the calculation. All bonds were con-
strained using the LINCS algorithm. The time step was set to 1 fs. The annealing temperature was initially
set to 1,500 K and the temperature was kept constant for 2 ps. The temperature was linearly dropped to
100 K over 1 ps and then to 0 K over 1 ps, and kept at the same temperature for 1 ps. This 5-ps cycle was
repeated 1,000 times to give a conformer library, from which the reasonable conformer consistent with
the NMR data was selected. The selected conformer was optimized at the M06-2X/aug-cc-pVTZ level of
theory using the Gaussian16 program.

4.4 Inhibition of specific binding of [3H]PDBu to PKCC1 peptides
Thebindingof [3H]PDBu to thePKCα-C1Aandδ-C1Bpeptideswas evaluatedby theprocedureof Sharkey
and Blumberg,33 with modification as reported previously,35 using 50 mM Tris-maleate buffer (pH 7.4 at
4 °C), 40nMPKCα-C1Aor 13.8 nMPKCδ-C1Bpeptides, 20nM[3H]PDBu(17.16Ci/mmol), 50 μg/mL
1,2-dioleoyl-sn-glycero-3-phospho-l-serine, 3 mg/mL bovine γ-globulin, and various concentrations of 4
and 18. Binding affinity was determined based on the concentration required to cause 50% inhibition of
specific binding of [3H]PDBu (IC50), which was calculated by logit procedure. The inhibition constant
(K i) was calculated by the Goldstein-Barrett equation as described previously.40

4.5 Measurements of cell growth inhibition
A panel of 39 human cancer cell lines established by Yamori et al.38 was employed. The cells were seeded
on 96-well plates in Roswell Park Memorial Institute 1640 (RPMI-1640) medium supplemented with 5%
fetal bovine serum and allowed to attach overnight. After the cell was incubatedwith 4 for 48 h, cell growth
was estimated by sulforhodamine B assay. The 50% growth inhibition (GI50) parameter was calculated as
reported previously.38 Absorbance for the control well (𝐶) and the test well (𝑇) was measured at 525 nm
along with that for the test well at time 0 (𝑇0). Cell growth inhibition (% growth) by each concentration
of 4 (10−8, 10−7, 10−6, 10−5 and 10−4) was calculated as 100[(𝑇 − 𝑇0)/(𝐶 − 𝑇0)] using the average of
duplicate points. By processing of these values, GI50 value, defined as 100[(𝑇 − 𝑇0)/(𝐶 − 𝑇0)] = 50, was
determined.
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