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Abstract In this work, we execute a general synthetic strategy to ac-
cess novel indolactam alkaloids, which are agonists of protein kinase C.
This protocol allowed for the most efficient reported syntheses of indo-
lactam V (ILV) stereoisomers, while also affording the large-scale pro-
duction of natural product (-)-ILV. Structure-activity studies were con-
ducted with these compounds to elucidate the elements necessary to
promote PKC-mediated cellular response. ECs, measurements in leuke-
mia and lymphoma cell lines, as well as molecular docking analyses with
the PKCS C1B domain, provided the foundation for these studies. A dis-
tinct correlation between in vitro activity and the conformation of the
macrocyclic lactam ring was discovered, which can guide design efforts
for therapeutics that target the PKC requlatory domain.
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Protein kinase C (PKC) is a family of enzymes that par-
ticipate in an assortment of biochemical networks.! Disrup-
tion of cell signaling pathways by misregulated PKC activity
is associated with numerous pathologies including aggres-
sive tumor promotion in a myriad of cancers.? Over the past
decades, the discovery of high-affinity small-molecule PKC
binders has furnished scaffolds to fashion molecules for
therapeutic intervention. These agonists have also provided
powerful tools to interrogate the fundamental biochemical
pathways involved in pathogenic PKC function.?

The indolactam alkaloids are a structurally unique fami-
ly that mimics the behavior of the endogenous PKC activa-
tor, diacylglycerol (Figure 1). These natural products have
played a critical role in mechanistic investigations of PKC-
mediated human disease.? The indolactams are proposed to
bind to the PKC regulatory C1 domain through several at-
oms: the C11 carbonyl, the amide NH, and the C14 primary
alcohol.> This pharmacophoric model is further supported

ECsp = 142 nM to >10 pM

by the fact that (-)-teleocidin B-1 and (-)-indolactam V (1),
which lacks substitution at C6 and C7, are both potent PKC
activators.> Numerous synthetic studies have correspond-
ingly focused on the preparation of 1,7 as this structure pos-
sesses the core indolactam motif necessary to promote bio-
logical activity.

(-)-indolactam V (1)

epi-(+)-indolactam V

@)

Figure 1 Representative indolactam alkaloids

(+)-indolactam V (3) epi-(—)-indolactam V (4)

The stereochemical elements of 1 that are necessary to
promote efficient PKC activation have been considered,?
and a few reports have detailed methods to access indolact-
am stereoisomers 2-4.7>° Endo and co-workers described
an early strategy for the preparation of all four stereoiso-
mers.’®% However, several challenges plagued this synthet-
ic route: (1) lengthy synthesis (16 steps) for each stereoiso-
mer, (2) a low-yielding (<20%) nitration for the first step in
the sequence, and (3) lack of stereocontrol for establishing
the configuration of each stereocenter, leading to multiple
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separations of diastereomers. In 2013, a more efficient pal-
ladium-catalyzed strategy was employed to prepare 2 and 4
in nine steps, but this route still required three additional
transformations (12 total steps) for the preparation of natu-
ral product 1.°¢ Along with these synthetic achievements,
an initial biological study found that although diastereo-
mers of 1 (i.e., 2 and 4) were inactive in a cell adhesion as-
say employing the HL-60 leukemia cell line, 3 (enantiomer
of 1) remained active, albeit with a two orders of magni-
tude reduction in potency.® Interestingly, more recent pre-
clinical studies have suggested that 3 possesses enhanced
medicinal properties, as it was concluded that 3 possesses
increased neuroprotective effects with decreased neurotox-
icity relative to natural product 1.1

A core long-term objective of our research program is to
determine the structural features that govern the biological
profile of indolactams in order to increase the therapeutic
relevance of this family of PKC activators.

Because the configurations of the C9 and C12 stereocen-
ters in 1 have been proposed to affect the conformation of
the nine-membered ring,!! we envisioned that efficient
syntheses of indolactam stereoisomers would provide op-
portunities to fully explore their therapeutic potential and
concurrently understand their interactions with the enzy-
matic target, PKC. To this end, this report describes the im-
plementation of a robust synthetic strategy that selectively
affords the analogues 2-4. Cell-based assays in combination
with docking analyses are further employed to elucidate the
key elements of indolactam alkaloids that confer PKC-medi-
ated activity.

In an effort to evaluate the biological profile of indolact-
am stereoisomers, we adapted our synthetic strategy to
prepare epi-(+)-indolactam V (2).7™12 The synthesis of 2 be-
gan with the tosyl protection of 4-bromoindole (Scheme 1).
This transformation was performed on a 20 g scale and af-
forded 5 in a 65% yield upon recrystallization of the crude

material. Dipeptide 6 was then prepared via a three-step se-
quence (25% yield over three steps) involving the copper-
catalyzed arylation of b-valine (H-D-Val-OH) with 5, reduc-
tive amination, and subsequent peptide coupling with L-
serine methyl ester (H-Ser-OMe). Because of the instability
of the intermediates en route to 6, these reactions were per-
formed in succession without purification after the first
and second steps.

The subsequent transformation was a more problematic
magnesium-mediated deprotection-dehydration, which re-
sulted in several byproducts originating from alkene reduc-
tion, ester hydrolysis, inefficient deprotection, and decom-
position. Increasing magnesium equivalents or concentra-
tion had a deleterious effect. Through optimization, we
discovered that N-tosyl deprotection occurred in near
quantitative yield when the reaction was maintained at 0 °C
for 4 hours. In the same pot, dehydration could then be ac-
complished by warming the reaction to 40 °C for 3 hours.
This protocol minimized the presence of byproducts and
thus provided 7 in a 49% yield. Lewis acid catalyzed cycliza-
tion'? of 7 afforded 8 in a 70% yield (81% yield based on re-
covered starting material) with no other stereoisomers ob-
served.”" The high level of selectivity in this transformation
suggests a conformational preference induced by the C12
stereocenter, and we are currently undertaking investiga-
tions to elucidate the origins of this stereoselectivity. Epi-
(+)-indolactam V (2) was finally prepared through the di-
rect reduction of intermediate 8 (Scheme 1). Importantly,
this seven-step route is the shortest reported process for
obtaining an epimer of natural product 1. In addition, our
sequence does not require time-consuming and difficult
separations of diastereomeric mixtures, which plagues pre-
vious works.

(+)-Indolactam V (3) differs from 2 in the configuration
at the C9 stereocenter; therefore, tricycle 8 could be con-
verted into 3 by a protocol of C9 epimerization with weak

\_/
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1) H-(D)-Val-OH ~, N__-CO:Me
Br ot Br Cul, Cs,C0; N
DME 0.°C DMSO, 90 °C o ‘\OH Mg
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l TsCl | 2) CH,0, NaBHzCN | MeOH
H 'V 3) H-Ser-OMe ’T‘ 0to 40 °C
65% yield 5 Ts EDC, HOB, EtsN 6 Ts
49% yield
25% yield over 3 steps
\_/
: H
~y N.__-CO;Me
/\ﬂ/ T ZrCly LiBH,4
o _ > 2,75%
z | | CHCl> THF
34°C
= N
H
7 70% yield
(81% BORSM)

Scheme 1 Synthesis of epi-(+)-indolactam V (2)
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base followed by ester reduction (Scheme 2). Although the
epimerization resulted in a ~1:1 ratio of diastereomers (de-
sired product vs starting material), our synthesis of 3 rep-
resents the most efficient protocol for the preparation of
this potential therapeutically relevant molecule.

wCOMe

1) NaHCO3
MeOH, 40 °C
e
2) LiBHg4, THF

Scheme 2 Synthesis of (+)-indolactam V (3)

Epi-(-)-indolactam V (4) was prepared through applica-
tion of our general strategy to access these alkaloids
(Scheme 3). To establish the C12 configuration, L-valine (H-
Val-OH) was subjected to the copper-catalyzed aminoaryla-
tion with starting material 5 and, similarly, reductive ami-
nation followed by peptide coupling with H-Ser-OMe af-
forded dipeptide 9. This intermediate smoothly underwent
magnesium-promoted deprotection-dehydration to yield
10 and then cyclization to afford 11. Direct reduction of 11
(70% yield) completed the synthesis of sterecisomer 4 in
seven total transformations.

In addition to these studies on the indolactam stereo-
isomers, our continuing synthetic goal is to establish a
modular process for preparing teleocidin-inspired bioactive
agents, which have substitution at the C6 and/or C7 posi-
tion of the scaffold. This objective further necessitates a
scalable synthesis of 1. Because the intermediates en route
to 4 are consistent with the synthesis of 1, we demonstrat-
ed each of these transformations to prepare tricycle 11 on
larger scales (Scheme 3) using our optimized protocols.
Similar to its enantiomer, 11 successfully underwent base-

~ H CO,Me
N T ZrCly
(¢} _—
| CH,Clo
34 °C
N

10 57% yield
[500 mg scale]

Scheme 3 Synthesis of epi-(-)-indolactam V (4)

induced epimerization at C9 to yield the corresponding dia-
stereomer. Because a difficult column chromatographic
separation must be conducted to isolate the material, the
epimerization process is typically performed on <200 mg
scale batches. Overall, 1 was prepared in a 49% yield from
11 by the C9 epimerization-reduction sequence (Scheme
4). Our optimized route has yielded >500 mg of 1 for further
synthetic studies. Overall, our synthetic strategy offered
practical and selective syntheses of all indolactam V stereo-
isomers, which could then be transitioned to biological
studies.

1) NaHCOg3
MeOH, 40 °C
.
2) LiBH,, THF

[160 mg scale]

Scheme 4 Scale-up of (-)-indolactam V (1)

PKC regulatory domain activators have been examined
as potential cancer therapeutics in numerous clinical tri-
als.’ The majority of these studies rely upon the natural
product bryostatin 1, and leukemia and lymphoma have
historically been the primary cancers targeted. To deter-
mine the activity of the indolactam natural product and an-
alogues, cell growth inhibition assays were conducted with
two human cancer cell lines: K562 (chronic myelogenous
leukemia) and U937 (histiocytic lymphoma). Bryostatin 1
was also examined simultaneously as a comparison. In the
K562 cell line, (-)-indolactam V (1) had an ECs, value of
143 + 75 nM (Figure 2).!2 Interestingly, 1 displayed a signifi-
cant increase (p = 0.0064, t test) in activity relative to bryo-
statin 1 (640 + 76 nM). Indolactam V stereoisomers 2-4 did
not produce growth inhibitory effects in the concentration

H
1) H-Val-OH ~ N\/COZMe
Br NaH Br Cul, Cs,C05 Nj:[f :
o DMSO, 90 °C e} B M
IR S Son M
TsCl N 2) CH,0, NaBH3CN ‘ MeOH
N N 3) H-Ser-OMe N 01040 °C
65% yield 5 Ts EDC, HOBt, EtzN 9 Ts

[20 g scale] 62% yield
54% yield over 3 steps [1 g scale]

[7.5 g scale]
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range evaluated. Similar trends were detected in the U937
lymphoma cell line. Bryostatin 1 yielded an EC5; =111 + 39
nM, which was statistically similar to measurements ob-
tained for 1 (142 + 36 nM). Indolactam V stereoisomers 2-4
again showed diminished activity relative to 1, and >10 uM
ECs, values were obtained with these analogues in both
cancer cell lines. Overall, these assays provided several key
insights and verifications: (1) 1 can display in vitro activity
measurements comparable to bryostatin 1, (2) enantiomer
3, unlike previous reports, is inactive in several key cancer
cell lines at micromolar concentrations, and (3) alterations
of the natural configurations at the C9 or C12 stereocenters
renders the compound unable to promote a PKC-mediated
biological response.

Cancer cell lines ECsq (nM)?
Compound
K562° u937°

bryostatin 1 640 + 76 111+ 39

1 143 75 142 + 36

2 >10,000 >10,000

3 >10,000 >10,000

4 >10,000 >10,000

Figure 2 Cell growth inhibition data for assays of synthesized and stan-
dard compounds with cancer cell lines K562 and U937. @ ECs, values are
the average of at least three experiments; experimental error indicates
standard error of the mean. ® Human chronic myelogenous leukemia
cell line. € Human histiocytic lymphoma cell line.

Molecular docking analyses were performed with 1-4
and the PKCo C1B domain to further elucidate the observed
differences in activity. Natural product 1 exists as a mixture
of two conformers (twist vs sofa) at room temperature.’?
The twist conformation possesses a cis-amide in the nine-
membered ring, whereas the sofa conformer establishes a
trans-amide geometry. A cis-amide has been proposed to be
a necessary component for efficient binding to the C1 regu-
latory domain.'®

Docking simulation of 1 with the twist conformation
and the PKCd C1B domain was conducted using the pro-
gram Schrédinger Maestro (Figure 3). Traditional hydrogen-
bonding contacts were observed between the indolactam

pharmacophore and key amino acids (Thr-242, Leu-251,
Gly-253).% In addition, the indole ring of 1 was in proximi-
ty to the hydrogen atom of Pro-241 (2.64 A), allowing for a
potential stabilizing CH/x interaction.'®

Early reports speculated that epimers of 1 might adopt a
different geometry for the nine-membered macrocycle.” It
is now believed 2 and 4 exist in a single conformation at
room temperature, and this conformer also possesses a cis-
amide configuration.!” This geometry promotes a distortion
of the nine-membered lactam ring, where distances be-
tween the hydrogens at C9 and C12 are 2.1 A versus a dis-
tance of 4.0 A in the standard twist conformation. To clarify
whether these geometric constraints affect the binding to
the receptors, simulations were also performed with 2 and
4 (Figure 3). Docking of these indolactam V stereoisomers
resulted in a reduced number of interactions with the C1B
domain. For example, 2 did not maintain the Pro-241 CH/n
interaction found in natural product 1. No binding modes
for 4 allowed for either the CH/m interaction or the maxi-
mum amount of hydrogen-bonding contacts. This decrease
in efficiency of docking to the PKC regulatory domain is in
agreement with the reduced activity observed in the cell
growth inhibition assays. In addition, although the enantio-
mer of 1 (i.e.,, 3) adopts a twist geometry, no successfully
docked structures were found and correspondingly low ac-
tivity values were detected in the biological analyses. The
lack of an efficient binding mode for 3 provides a prelimi-
nary indication that neuroprotective effects detected with
the compound in previous reports!® may not be directly
PKC-mediated.

In summary, we have developed a concise synthetic
route to access indolactams. This work represents the most
efficient sequence, to date, to prepare all indolactam V ste-
reoisomers. These advancements provided the opportunity
for examination of the stereochemical elements of the in-
dolactam core that dictate PKC-mediated activity. The natu-
rally occurring indolactam maintained a higher level of po-
tency in two cancer cell lines, and subsequent docking
studies suggested that stereoisomers of 1 exist in confor-
mations that limit their potential for efficient binding to the
PKC C1 regulatory domain.

Figure 3 Docking simulation for indolactams 1, 2 and 4 with the PKC8 C1B domain. No energetically favorable conformations were found for (+)-

indolactam V (3).
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Unless otherwise noted, all reactions were performed under an air at-
mosphere in oven-dried glassware. Commercially available reagents
were purchased from Sigma-Aldrich and used without further purifi-
cation. Reactions were stirred using Teflon-coated magnetic stirrer
bars. Reactions were monitored via TLC using 0.25 mm silica gel 60F
plates with fluorescent indicator. Plates were visualized under UV
light without further staining. Products were purified via column
chromatography using silica gel 60, 230-400 mesh and the solvent
system(s) indicated. Known compounds were characterized by 'H
NMR spectroscopy and compared to the literature. All new com-
pounds were characterized by 'H and '*C NMR spectroscopy and
high-resolution mass spectrometry. NMR spectra were measured on a
Bruker 400 ('H at 400 MHz, '3C at 100 MHz) magnetic resonance
spectrometer. 'H chemical shifts are reported relative to the residual
solvent peak (chloroform = 7.26 ppm) or TMS (0.0 ppm) as follows:
chemical shift (8), (multiplicity (s = singlet, bs = broad singlet, d =
doublet, dd = doublet of doublets, t = triplet, q = quartet), coupling
constant(s) in Hz, integration). '3C chemical shifts are reported rela-
tive to the deuterated solvent '3C signals (chloroform = 77 ppm) or
TMS (0.0 ppm). High-resolution mass spectra were obtained using ul-
tra performance liquid chromatography-mass spectrometry (UPLC-
MS). Melting points were obtained on a Mel-Temp capillary melting
point apparatus.

4-Bromo-1-tosyl-1H-indole (5)

An oven-dried round-bottom flask equipped with a magnetic stir bar
was charged with 4-bromoindole (20 g, 102 mmol). The flask was
sealed with a septum, and a balloon with needle was inserted
through the septum. DMF (200 mL) was added via syringe through
the septum and the reaction was cooled to 0 °C with an ice bath. NaH
(60%) (4.88 g, 122 mmol) was added directly to the flask in one por-
tion. NOTE: necessary safety precautions should be taken when em-
ploying NaH with DMF on larger scales.'® The reaction was allowed to
warm to rt over 45 min followed by re-cooling to 0 °C. Tosyl chloride
(28.8 g, 153 mmol) in DMF (120 mL) was added via syringe over 2
min. The reaction was allowed to warm to rt overnight (15 h). The
crude reaction mixture was diluted with H,0 (400 mL). The resulting
solution was extracted with EtOAc (1 L). The organic layer was sepa-
rated. The aqueous layer was extracted with EtOAc (2 x 500 mL). The
combined organic layers were dried with MgSO,, filtered and concen-
trated to yield a brown oil. Recrystallization (EtOAc/hexanes) provid-
ed 5 as a light brown solid; yield: 23.2 g (65%). Characterization data
matched previously reported information.””

H NMR (400 MHz, CDCl,): § = 7.96 (d, ] = 8 Hz, 1 H), 7.76 (d, ] = 8 Hz,
2H),7.63(d,J=2Hz, 1H),7.38 (d, ] = 8 Hz, 1 H), 7.19-7.23 (m, 2 H),
7.17 (t,J =8 Hz, 1 H), 6.72 (d, ] = 3 Hz, 1 H), 2.32 (s, 3 H).

Methyl N-Methyl-N-(1-tosyl-1H-indol-4-yl)-D-valyl-L-serinate (6)
An oven-dried Schlenk flask equipped with a magnetic stir bar was
charged with Cul (108 mg, 0.57 mmol), D-valine (800 mg, 6.8 mmol),
5 (2.00 g, 5.7 mmol) and Cs,CO; (2.78 g, 8.5 mmol). The flask was
capped with a septum and then evacuated and backfilled with argon
(this sequence was carried out three times). DMSO (11.4 mL) was
added via syringe through the septum. Under an argon atmosphere,
the septum was replaced and sealed with a Teflon screwcap. The reac-
tion was heated to 90 °C for 20 h, then cooled to rt and filtered
through a pad of silica gel eluting with MeOH. The solution was con-
centrated under reduced pressure to mostly remove residual DMSO
and yield a brown oil that was used directly in the subsequent trans-
formation.

The oil was transferred to a round-bottom flask equipped with a mag-
netic stir bar and dissolved in CH;CN (55 mL). Formaldehyde (6.9 mL;
38% solution) was added to the stirring solution via syringe. After 5
min, NaBH;CN (1.64 g, 26.1 mmol) was added directly to the flask fol-
lowed by the dropwise addition of AcOH (1.75 mL) over 1 min. The
reaction was allowed to stir for 1 h at rt. The crude reaction mixture
was diluted with H,O (30 mL). The resulting solution was extracted
with EtOAc (50 mL). The organic layer was separated. The aqueous
layer was extracted with EtOAc (2 x 50 mL). The combined organic
layers were concentrated to yield a light brown oil that was used di-
rectly in the subsequent transformation.

L-Serine methyl ester hydrochloride (1.33 g, 8.5 mmol) was charged
into an oven-dried round-bottom flask equipped with a magnetic stir
bar, and dissolved in CH,Cl, (45 mL). Et;N (3.13 mL, 2.27 g, 22.4
mmol) was added via syringe. The reaction was allowed to stir at rt
for 30 min and then cooled to 0 °C with an ice bath. Hydroxybenzotri-
azole hydrate (1.04 g, 7.7 mmol) was added directly to the flask fol-
lowed by the addition of the starting material dissolved in CH,Cl,
(12.5 mL) (an additional 0.50 mL used to ensure all material was
transferred to the reaction flask). 1-Ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide hydrochloride (EDC; 1.30 g, 8.4 mmol) was then
added directly to the flask. The reaction was allowed to stir at rt over-
night (15 h). The crude reaction mixture was diluted with H,0 (30
mL). The resulting solution was extracted with CH,Cl, (30 mL). The
organic layer was separated. The aqueous layer was extracted with
CH,Cl, (2 x 30 mL). The combined organic layers were dried with
MgSO,, filtered and concentrated. Purification by flash column chro-
matography (55% EtOAc/hexanes) afforded 6 as a colorless solid;
yield: 700 mg (25%); mp 34-36 °C.

1H NMR (400 MHz, CDCl,): § = 7.76 (d, = 8 Hz, 2 H), 7.64 (d, ] = 8 Hz,
1H),7.54 (d, = 4 Hz, 1 H), 7.18-7.25 (m, 3 H), 6.83 (d, J = 8 Hz, 1 H),
6.77(d,J=4Hz, 1 H),6.44 (d,J = 8 Hz, 1 H), 4.50 (m, 1 H),3.79(d, ] = 8
Hz, 1H),3.72 (dd, ] = 4,12 Hz, 1 H), 3.67 (s, 3 H), 3.58 (dd, ] = 4, 12 Hz,
1H), 2.87 (s, 3 H), 2.42 (m, 1 H), 2.35 (s, 3 H), 2.09 (bs, 1 H), 1.10 (d,
J=8Hz,3H),1.01(d,J =8 Hz, 3 H).

13C NMR (100 MHz, CDCL): §=170.8, 170.4, 145.7, 145.0, 136.2,
135.2,129.9, 126.9, 125.3, 125.0, 123.7, 113.0, 107.8, 107.0, 71.9, 63.1,
54.2,52.5,36.0,27.7,21.5,19.8, 19.4.

HRMS-ESI+: mfz caled for C,sH3N30¢S+H: 502.2012; found:
502.2008.

Methyl (R)-2-(2-((1H-Indol-4-yl)(methyl)amino)-3-methylbutan-
amido)acrylate (7)

An oven-dried reaction tube equipped with a magnetic stir bar was
charged with 6 (47 mg, 0.094 mmol). MeOH (2.4 mL) was added di-
rectly to the tube followed by the addition of magnesium turnings (24
mg, 0.97 mmol). The tube was cooled to 0 °C with an ice bath and the
mixture allowed to stir for 4 h. After this time, the reaction mixture
was heated to 40 °C and stirred for an additional 3 h. The crude reac-
tion mixture was diluted with aq NH,CI (10 mL). The resulting solu-
tion was extracted with EtOAc (12 mL). The organic layer was separat-
ed. The aqueous layer was extracted with EtOAc (2 x 12 mL). The com-
bined organic layers were dried with MgSO,, filtered and
concentrated. The crude product was further purified by flash column
chromatography (25% EtOAc/hexanes) to afford 7 as a colorless oil;
yield: 15.3 mg (49%).

'H NMR (400 MHz, CDCl;): 6 =8.30 (bs, 1 H), 8.11 (bs, 1 H), 7.16 (t,
J=3Hz,1H),7.06-7.13 (m, 2 H), 6.67 (d, = 7 Hz, 1 H), 6.63 (m, 1 H),
6.58 (s, 1 H), 5.83 (s, 1 H), 4.13 (t, = 8 Hz, 1 H), 3.69 (s, 3 H), 2.90 (s,
3 H),2.45(m,1H),1.15(d,J=8 Hz,3 H), 1.03 (d, ] = 8 Hz, 3 H).
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13C NMR (100 MHz, CDCl;): 8=170.2, 164.0, 144.5, 1374, 130.7,
122.9, 122.7, 120.6, 109.3, 108.6, 105.9, 101.1, 72.3, 52.7, 36.0, 27.6,
19.9,19.8.

HRMS-ESI+: m/z caled for C;gH,3N;0;+H: 330.1818; found:
330.1806.

Methyl (2R,5S)-2-Isopropyl-1-methyl-3-0x0-2,3,4,5,6,8-hexahy-
dro-1H-[1,4]diazonino|[7,6,5-cd]indole-5-carboxylate (8)

An oven-dried reaction tube equipped with a magnetic stir bar was
charged with 7 (60 mg, 0.18 mmol). The reaction tube was trans-
ferred into a glovebox. ZrCl, (634 mg, 2.7 mmol) and then CH,CI,
(1.85 mL) were added. The reaction tube was sealed, transferred out
of the glovebox and then heated to 34 °C. After 24 h, the reaction mix-
ture was cooled to rt and then added dropwise to saturated aq
NaHCO; (3 mL) at 0 °C. The resulting solids were removed by filtration
over Celite (EtOAc eluent). The layers were separated and the aqueous
layer was extracted with EtOAc. The combined organic layers were
dried over MgSO,. Concentration under reduced pressure afforded the
crude product, which was purified by flash chromatography (40%
EtOAc/hexanes) to afford recovered starting material 7 (10 mg, 16%
recovered) and 8 as a colorless solid; yield: 42 mg (70%); mp 136-
138 °C.

H NMR (400 MHz, CDCl,): & = 8.03 (bs, 1 H), 7.05 (t, ] = 8 Hz, 1 H),
7.00(d,J =2 Hz, 1 H),6.96 (d,J = 8 Hz, 1 H), 6.78 (d,J = 8 Hz, 1 H), 6.66
(d, J=8 Hz, 1 H), 449 (m, 1 H), 3.92 (s, 3H), 3.80 (d, J= 11 Hz, 1 H),
3.46 (dd, J = 4, 8 Hz, 1 H), 3.31 (d, J = 4 Hz, 1 H), 3.12 (s, 3 H), 2.66 (m,
1H),0.75 (d, ] = 8 Hz, 3 H), 0.70 (d, ] = 8 Hz, 3 H).

13C NMR (100 MHz, CDCl,): 8=172.5, 1724, 148.0, 1384, 122.7,
122.6, 1204, 113.3, 109.7, 105.4, 69.8, 57.3, 53.1, 35.1, 32.4, 28.5,
20.5, 20.0.

HRMS-ESI+: m/z caled for C;sH,3N;0;+H: 330.1818; found:
330.1814.

Epi-(+)-indolactam V (2)

8 (8.5 mg, 0.027 mmol) was charged into an oven-dried reaction tube
equipped with a magnetic stir bar. The reaction tube was transferred
into a glovebox. LiBH, (5.8 mg, 0.27 mmol) and then THF (150 pL)
were added. The reaction tube was sealed, transferred out of the
glovebox and then allowed to stir at rt. After 5 h, the reaction mixture
was added to H,0 (0.50 mL) at 0 °C. The resulting solution was ex-
tracted with CH,Cl, (1 mL). The organic layer was separated. The
aqueous layer was extracted with CH,Cl, (2 x 1 mL). The combined or-
ganic layers were dried with MgSQO,, filtered and concentrated under
reduced pressure. The crude product was further purified by flash
chromatography (70% EtOAc/hexanes) to afford 2 as a colorless solid;
yield: 6.0 mg (75%); mp 105-107 °C. Characterization data matched
previously reported information.>

H NMR (400 MHz, CDCl,): & = 8.00 (bs, 1 H), 7.54 (bs, 1 H), 7.06 (d,
J=7Hz, 1H),6.97(d,J=7Hz,1H),6.89(d,J=2Hz,1H),6.77 (d,] = 7
Hz, 1H),3.98 (d,J = 10 Hz, 1 H), 3.79-3.95 (m, 3 H), 3.27 (d, ] = 16 Hz,
1H),3.13 (s, 3 H), 2.95 (d, /= 16 Hz, 1 H), 2.64 (m, 1 H), 0.76 (d, J = 7
Hz, 3 H),0.71(d,] = 7 Hz, 3 H).

13C NMR (100 MHz, CDCl,): 8=175.2, 148.0, 138.5, 1224, 122.1,
120.5,114.1,109.4, 105.3, 68.9, 65.4, 57.6, 32.5, 29.7, 28.3, 20.3, 20.0.

HRMS-ESI+: m/z caled for C;;Hy;N;0,+H: 302.1869; found:
302.1864.

(+)-Indolactam V (3)

An oven-dried reaction tube equipped with a magnetic stir bar was
charged with 8 (19.0 mg, 0.058 mmol). MeOH (3.9 mL) was added fol-
lowed by NaHCO; (134 mg, 1.60 mmol). The reaction tube was sealed
and heated to 40 °C. After 72 h, the reaction mixture was cooled to rt,
concentrated and partitioned between EtOAc (10 mL) and H,0 (10
mL). The organic layer was removed and the aqueous layer was ex-
tracted with EtOAc (3 x 10 mL). The combined organic layers were
dried with MgSO,, filtered and concentrated. The crude product was
purified by flash column chromatography (10% CH;CN/benzene) to
afford the epimer product (9.5 mg, 50% yield) as a colorless solid and
recovered starting material 8 (8.6 mg, 45% recovered).

The epimer (6.1 mg, 0.019 mmol) was charged into an oven-dried re-
action tube equipped with a magnetic stir bar. The reaction tube was
transferred into a glovebox. LiBH, (4.0 mg, 0.19 mmol) and then THF
(150 pL) were added. The reaction tube was sealed, transferred out of
the glovebox and then allowed to stir at rt. After 5 h, the reaction mix-
ture was added to H,0 (0.50 mL) at 0 °C. The resulting solution was
extracted with CH,Cl, (1 mL). The organic layer was separated. The
aqueous layer was extracted with CH,Cl, (2 x 1 mL). The combined or-
ganic layers were dried with MgSO,, filtered and concentrated under
reduced pressure. The crude product was further purified by flash
chromatography (70% EtOAc/hexanes) to afford 3 as a colorless solid;
yield: 5.5 mg (99%). Characterization data matched previously report-
ed information.”®

'H NMR (400 MHz, CDCl;) showed the presence of two rotamers:
4 (major rotamer) = 8.03 (bs, 1 H), 7.32 (bs, 1 H), 7.06 (d, ] = 8 Hz, 1 H),
6.90 (d, J=8 Hz, 1 H), 6.50 (d, J = 8 Hz, 1 H), 4.39 (d, J = 10 Hz, 1 H),
431 (m, 1H), 3.75 (d, J = 8 Hz, 1 H), 3.57 (m, 1 H), 3.18 (d, ] = 15 Hz,
1H),3.03(d,J=15Hz, 1H),2.92 (s, 3 H),2.56-2.65 (m, 1 H), 0.93 (d,
J=7Hz,3H),0.63(d,] =7 Hz, 3 H).

13C NMR (100 MHz, CDCly): 8 =174.2, 147.8, 139.4, 122.9, 121.3,
117.9,114.6,106.4,103.9, 71.1, 65.1, 55.8, 34.0, 33.0, 28.5, 21.6, 19.5.

HRMS-ESI+: mjz caled for C;;HpN;0,+H: 302.1869; found:
302.1862.

Methyl N-Methyl-N-(1-tosyl-1H-indol-4-yl)-L-valyl-L-serinate (9)

An oven-dried Schlenk flask equipped with a magnetic stir bar was
charged with Cul (407 mg, 2.14 mmol), valine (6.00 g, 51.2 mmol), 5
(7.50 g, 21.5 mmol) and Cs,CO; (10.4 g, 32.0 mmol). The flask was
capped with a septum and then evacuated and backfilled with argon
(this sequence was carried out three times). DMSO (42 mL) was added
via syringe through the septum. Under an argon atmosphere, the sep-
tum was replaced and sealed with a Teflon screwcap. The reaction
was heated to 90 °C for 20 h, then cooled to rt and filtered through a
pad of silica gel eluting with MeOH. The solution was concentrated
under reduced pressure to mostly remove residual DMSO and yield a
brown oil that was used directly in the subsequent transformation.

The oil was transferred to a round-bottom flask equipped with a mag-
netic stir bar, and dissolved in CH;CN (205 mL). Formaldehyde (25.8
mL; 38% solution) was added to the stirring solution via syringe. The
reaction was cooled to 0 °C. After 5 min, NaBH;CN (6.15 g, 97.9 mmol)
and activated 4 A molecular sieves (25 g) were added directly to the
flask followed by the dropwise addition of AcOH (6.56 mL) over 5 min.
The reaction was allowed to stir for an additional 5 min at rt. The
crude reaction mixture was immediately filtered and diluted with
H,0 (120 mL). The resulting solution was extracted with EtOAc (180
mL). The organic layer was separated. The aqueous layer was extract-
ed with EtOAc (2 x 180 mL). The combined organic layers were dried
with MgSO,, filtered and concentrated to yield a light brown oil that
was used directly in the subsequent transformation.
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L-Serine methyl ester hydrochloride (14.9 g, 96 mmol) was charged
into an oven-dried round-bottom flask equipped with a magnetic stir
bar. The flask was sealed with a septum, and a balloon with needle
was inserted through the septum. CH,Cl, (164 mL) followed by Et;N
(35.2 mL, 248 mmol) were added consecutively to the stirring solu-
tion via syringe. The reaction was allowed to stir at rt for 30 min and
then cooled to 0 °C with an ice bath. Hydroxybenzotriazole hydrate
(7.78 g, 51 mmol) and activated 4 A molecular sieves (12 g) were add-
ed directly to the flask followed by the addition of the starting materi-
al dissolved in CH,Cl, (45 mL) (an additional 6 mL used to ensure all
material was transferred to the reaction flask). EDC (9.78 g, 51 mmol)
was then added directly to the flask. The reaction was allowed to stir
at rt. After 1 h, a second portion of hydroxybenzotriazole hydrate
(7.78 g, 51 mmol) and EDC (9.78 g, 51 mmol) was added directly to
the flask. The reaction was allowed to stir at rt overnight (15 h). The
crude reaction mixture was filtered and then diluted with H,0 (120
mL). The resulting solution was extracted with CH,Cl, (120 mL). The
organic layer was separated. The aqueous layer was extracted with
CH,Cl, (2 x 120 mL). The combined organic layers were dried with
MgSO,, filtered and concentrated. Purification by flash column chro-
matography (55% EtOAc/hexanes) afforded 9 as a colorless solid;
yield: 5.79 g (54%). Characterization data matched previously report-
ed information.”

H NMR (400 MHz, CDCl,): § = 7.75 (d, ] = 8 Hz, 2 H), 7.65 (d, ] = 8 Hz,
1H), 7.56 (d, ] =4 Hz, 1 H), 7.19-7.23 (m, 3 H), 6.79 (d, ] = 8 Hz, 1 H),
6.76 (d, J=4 Hz, 1H), 5.93 (d, /=8 Hz, 1H), 4.53 (m, 1 H), 3.66 (s,
3 H), 3.64-3.74 (m, 2 H), 3.55 (dd, /= 4, 8 Hz, 1 H), 2.84 (s, 3 H), 2.40
(m, 1H), 2.34 (s, 3H), 1.67 (bs, 1 H), 1.18 (d, J = 8 Hz, 3 H), 0.96 (d,
J=8Hz, 3 H).

Methyl (S)-2-(2-((1H-Indol-4-yl)(methyl)amino)-3-methylbutan-
amido)acrylate (10)

An oven-dried reaction tube equipped with a magnetic stir bar was
charged with 9 (1.42 g, 2.83 mmol). MeOH (71 mL) was added directly
to the tube followed by the addition of magnesium turnings (702 mg,
28.9 mmol). The tube was cooled to 0 °C with an ice bath and the
mixture allowed to stir for 4 h. After this time, the reaction mixture
was heated to 40 °C and stirred for an additional 3 h. The crude reac-
tion mixture was diluted with aq NH,Cl (35 mL). The resulting solu-
tion was extracted with EtOAc (40 mL). The organic layer was separat-
ed. The aqueous layer was extracted with EtOAc (2 x 40 mL). The com-
bined organic layers were dried with MgSO,, filtered and
concentrated. The crude product was further purified by flash column
chromatography (25% EtOAc/hexanes) to afford 10 as a colorless oil;
yield: 586 mg (62%). Characterization data matched previously re-
ported information.””

H NMR (400 MHz, CDCl,): =28.30 (bs, 1 H), 8.11 (bs, 1 H), 7.16 (t,
J=3 Hz, 1H), 7.06-7.10 (m, 2 H), 6.62-6.67 (m, 2 H), 658 (s, 1 H),
5.83 (s, 1 H), 4.13 (t, ] = 8 Hz, 1 H), 3.69 (s, 3 H), 2.90 (s, 3 H), 2.45 (m,
1H),1.15(d,J = 8 Hz, 3H), 1.03 (d, ] = 8 Hz, 3 H).

Methyl (2S,5R)-2-Isopropyl-1-methyl-3-0x0-2,3,4,5,6,8-hexahy-
dro-1H-[1,4]diazonino|7,6,5-cd]indole-5-carboxylate (11)

An oven-dried Schlenk flask equipped with a magnetic stir bar was
charged with 10 (533 mg, 1.62 mmol). The flask was transferred into
a glovebox. ZrCl, (5.41 g, 23.2 mmol) and then CH,Cl, (15.5 mL) were
added. The reaction tube was sealed, transferred out of the glovebox
and then heated to 34 °C. After 24 h, the reaction mixture was cooled
to rt and then added dropwise to saturated aq NaHCO; (225 mL) at
0 °C. The resulting solids were removed by filtration over Celite

(EtOAc eluent). The layers were separated and the aqueous layer was
extracted with EtOAc (3 x 225 mL). The combined organic layers were
dried over MgS0,. Concentration under reduced pressure afforded the
crude product, which was further purified by flash chromatography
(40% EtOAc/hexanes) to afford 11 as a colorless solid; yield: 303 mg
(57%). Characterization data matched previously reported informa-
tion.”"

H NMR (400 MHz, CDCl;): § = 8.03 (bs, 1 H), 7.05 (t, /= 8 Hz, 1 H),
7.00(d,J =2 Hz,1H),6.96(d,J = 8 Hz, 1 H), 6.78 (d, ] = 8 Hz, 1 H), 6.66
(d,J=8 Hz, 1 H), 449 (t, ] = 3 Hz, 1 H), 3.92 (s, 3 H), 3.80 (d, ] = 11 Hz,
1H),3.46 (dd, J = 3,3 Hz, 1 H), 3.31 (dd, J = 4, 4 Hz, 1 H), 3.12 (s, 3 H),
2.62-2.69 (m, 1 H), 0.75 (d, J = 7 Hz, 3 H), 0.70 (d, ] = 7 Hz, 3 H).

Epi-(-)-indolactam V (4)

11 (13.9 mg, 0.042 mmol) was charged into an oven-dried reaction
tube equipped with a magnetic stir bar. The reaction tube was trans-
ferred into a glovebox. LiBH, (9.2 mg, 0.42 mmol) and then THF
(150 puL) were added. The reaction tube was sealed, transferred out of
the glovebox and then allowed to stir at rt. After 5 h, the reaction mix-
ture was added to H,0 (0.75 mL) at 0 °C. The resulting solution was
extracted with CH,Cl, (1.5 mL). The organic layer was separated. The
aqueous layer was extracted with CH,Cl, (2 x 1.5 mL). The combined
organic layers were dried with MgSO,, filtered and concentrated un-
der reduced pressure. The crude product was further purified by flash
chromatography (70% EtOAc/hexanes) to afford 4 as a colorless solid;
yield: 8.9 mg (70%); mp 108-110 °C. Characterization data matched
previously reported information.*

H NMR (400 MHz, CDCl,): & =8.03 (bs, 1 H), 7.75 (bs, 1 H), 7.05 (t,
J=7Hz,1H),6.97(d,J=7Hz,1H),6.89(d,J=2Hz,1H),6.77 (d,]= 7
Hz, 1 H),3.98 (d,J = 10 Hz, 1 H), 3.84-3.91 (m, 3 H), 3.26 (d, J = 16 Hz,
1H),3.12 (s, 3 H), 2.95 (d, J = 16 Hz, 1 H), 2.63 (m, 1 H), 0.76 (d, = 7
Hz, 3 H),0.71(d,J = 7 Hz, 3 H).

13C NMR (100 MHz, CDCl,): 8=175.3, 148.0, 138.5, 122.4, 122.2,
120.5,114.1,109.4, 105.3, 68.9, 65.4, 57.7, 32.5, 29.7, 28.3, 20.3, 19.9.

HRMS-ESI+: mjz caled for C;;HpN;0,+H: 302.1869; found:
302.1865.

(-)-Indolactam V (1)

An oven-dried reaction tube equipped with a magnetic stir bar was
charged with 11 (160 mg, 0.49 mmol). MeOH (33 mL) was added fol-
lowed by NaHCO; (1.13 g, 13.5 mmol). The reaction tube was sealed
and heated to 40 °C. After 72 h, the reaction mixture was cooled to rt,
concentrated and partitioned between EtOAc (80 mL) and H,0 (80
mL). The organic layer was removed and the aqueous layer was ex-
tracted with EtOAc (3 x 80 mL). The combined organic layers were
dried with MgSO,, filtered and concentrated. The crude product was
purified by flash column chromatography (10% CH;CN/benzene) to
afford the epimer product (80 mg, 50% yield) as a colorless solid and
recovered starting material 11 (71 mg, 44% recovered).

The epimer (80 mg, 0.24 mmol) was charged into an oven-dried reac-
tion tube equipped with a magnetic stir bar. The reaction tube was
transferred into a glovebox. LiBH, (53 mg, 2.4 mmol) and then THF
(1.25 mL) were added. The reaction tube was sealed, transferred out
of the glovebox and then allowed to stir at rt. After 5 h, the reaction
mixture was added to H,0 (4 mL) at 0 °C. The resulting solution was
extracted with CH,Cl, (8 mL). The organic layer was separated. The
aqueous layer was extracted with CH,Cl, (2 x 8 mL). The combined or-
ganic layers were dried with MgSO,, filtered and concentrated under
reduced pressure. The crude product was further purified by flash
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chromatography (70% EtOAc/hexanes) to afford 1 as a colorless solid;
yield: 72 mg (99%). Characterization data matched previously report-
ed information.”

'H NMR (400 MHz, CDCl;) showed the presence of two rotamers:
& (major rotamer) = 8.02 (bs, 1 H), 7.32 (bs, 1 H), 7.06 (d, ] = 8 Hz, 1 H),
6.90 (m, 2 H), 6.50 (d, J = 8 Hz, 1 H), 440 (d, J = 10 Hz, 1 H), 4.29-4.33
(m, 1 H), 3.75 (m, 1 H), 3.56 (m, 1 H), 3.18 (d, J= 15 Hz, 1 H), 3.04 (d,
J=15Hz, 1H),2.92 (s, 3 H), 2.56-2.65 (m, 1 H), 0.94 (d, ] = 7 Hz, 3 H),
0.63 (d,J =7 Hz, 3 H).

13C NMR (100 MHz, CDClL,): 8 =174.2, 147.8, 1394, 122.9, 121.3,
118.0, 114.6,106.4, 104.0, 71.1, 65.1, 55.8, 34.0, 33.0, 28.5, 21.6, 19.5.

HRMS-ESI+: m/z caled for C;;Hy;N;0,+H: 302.1869; found:
302.1866.

Cell Growth Inhibition Assay: MTT Viability Readout

K562 or U937 cells (ATCC) were cultured in RPMI medium 1640 (Gib-
co) supplemented with FBS (10% v/v), penicillin (100 units/mL) and
streptomycin (50 units/mL) at 37 °C, in 5% CO, in air in a humidified
incubator. Cells were subcultured every 72-96 h (once cellular con-
centration reached >1,000,000 cells/mL) to a starting concentration of
200,000 cells/mL. Cell concentration was determined with a cell
counter.

To assay compounds, cells were plated in plasma-treated polystyrene
96-well plates at a density of 10,000-15,000 cells/well in 50 pL of cul-
ture medium and allowed to incubate for 30 min while compound di-
lutions were prepared. Compounds were diluted from a 10 mM DMSO
stock solution with culture medium to a concentration of 20 uM. Col-
chicine was used as a positive control in all experiments. Triplicate
serial dilutions were then prepared in culture medium from 20 pM to
340 pM across 10 wells of a 96-well plate (diluted by factors of 3).
Plates containing cells were dosed with compound (50 pL/well) to af-
ford final assay concentrations of 10 M to 170 pM. The maximum
DMSO concentration was 0.25%. Cells were then incubated at 37 °C in
5% CO, in a humidified incubator for 48 h, at which time 10 pL of a 5
mg/mL solution of thiazolyl blue tetrazolium bromide (MTT; Aldrich)
in cell culture medium was added to each well. The cells were allowed
to incubate an additional 2.5 h, at which time they were lysed with
100 pL of a detergent solvent (20 mL Triton-X 100 (Aldrich) in 180 mL
of 0.1 N HCl in i-PrOH).

Plates were analyzed with a VersaMax tunable microplate reader
(Molecular Devices) using SoftMax® Pro version 3.1.1, reading at 570
nm and subtracting at 690 nm. The sigmoidal dose-response curves
generated by plotting corrected signal vs log(drug concentration)
were analyzed (least squares regression) using Prism® by GraphPad to
generate ECsq values. An average of several experiments is reported as
indicated; experimental error indicates standard error of the mean.

Docking Studies

Computational studies were performed using the molecular modeling
software Maestro (Schrédinger). Glide (grid-based ligand docking
with energetics) searches were obtained to establish favorable dock-
ing interactions of indolactams 1-4 with the PKCé C1B domain. The
crystal structure of the PKCS C1B domain (PDB code: 1PTQ) was ob-
tained from the Protein Data Bank. Hydrogen atoms were added to
the protein, and all hydrogens were energetically minimized, keeping
all heavy atoms fixed. Prior to docking, the protein was prepared us-
ing the protein preparation wizard. Ligands were individually con-
structed using the build panel of Maestro and then conformational
searches were conducted with MacroModel using an OPLS3e force

field and mixed torsional/low-mode sampling method. All ligands
were docked into the active site of the PKC6 C1B domain using the ex-
tra precision (XP) mode of Glide.
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