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caspase-independent cell death, possibly due to enzym-
atic over-activation [33-35]. We also observed that co-
treatment of Bcl-xL-overexpressing Ms-1 cells with
incednine and ant-tumor drugs induced AIF release and
subsequent caspase-independent cell death (unpublished
data); therefore, we can not exclude the possibility that
incednine binds to PARP1 and functions as PARP1
agonist by accerelating AIF release.

However, the most likely candidate of an incednine
target protein is ACACA (acetyl-CoA carboxylase-a),
which was classified in cluster 9. ACACA is the rate-
limiting enzyme for long-chain fatty acid synthesis that
catalyzes the ATP-dependent carboxylation of acetyl-
CoA to malonyl-CoA, playing a critical role in cellular
energy storage and lipid synthesis [36]. There is strong
evidence that cancer cell proliferation and survival are
dependent on de novo fatty acid synthesis [37-40]. Add-
itionally, ACACA is upregulated in multiple types of
human cancers [41,42]; therefore, ACACA may also
contribute to cell survival in Bcl-xL-overexpressing
tumor cells. Indeed, our preliminary experiments sug-
gested that chemical inhibition of ACACA using TOFA
(5-tetradecyloxy-2-furoic acid, ACACA antagonist) or
small interfering RNA-mediated ACACA silencing
results in the induction of apoptosis in Becl-xL-
overexpressing human small cell lung carcinoma Ms-1
cells when combined with anti-tumor drugs as does
incednine (unpublished observation), suggesting that
ACACA might be a molecular target of incednine. The
possibility that incednine targets ACACA is being ac-
tively investigated.

While our experimental verification implied the rela-
tively low precision value 28.6% (2/7), new detections of
two incednine-binding proteins in addition to previously
identified 53 proteins are significant. On the other hand,
while we selected 7 candidates by clustering 182 pre-
dicted proteins for experimental verification, more com-
prehensive verification experiments for the 182
predicted proteins are needed.

The application of our method to incednine resulted
in 28.6% (2/7) precision according to in vitro pull-down
assay. However, this relatively low precision value does
not represent the true statistical significance of the
method and is not comparable to the benchmark perfor-
mances (including 98.4% precision) by 10-fold cross-
validation for COPICAT system.

This 28.6% precision can be evaluated by using the fol-
lowing P-value.

Coe X (N-ar) Cls-
P-value = i M 7 (N-M) > (t%)
x=p NC:

Here, N is the number of human proteins, M is the
number of proteins potentially binding to the incednine,
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t is the number of tested proteins, and p is the number
of true positives. With N =24,245, which is the number
of human proteins in the KEGG repository, and M = N x
1%=243, which is based on the overestimated assump-
tion that 1% of all proteins could be regarded as poten-
tial binding proteins for the incednine. This P-value
defines the probability that the prediction precision can
be obtained by random selection of proteins. Then, P-
value of 0.002 was obtained for the prediction precision
28.6%. This small P-value means that 28.6% (2/7) preci-
sion can be obtained with very small chance by random
selection, and therefore, this small P-value proves the
validity of our method.

Conclusions

Although further study is required for complete deter-
mination of the target protein of incednine, this study
demonstrated that our proposed protocol of predicting
target protein combining in silico screening and experi-
mental verification is useful, and provides new insight
into a strategy for identifying target proteins of small
molecules.

Methods

Training datasets

The DrugBank dataset was constructed from Approved
DrugCards data, which were downloaded from the
DrugBank database [20]. These data consist of 964
approved drugs and their 456 associated target proteins,
constituting 1,731 interacting pairs or positives. Add-
itional data about 53 interactions with incednine, listed
in Table 1, were obtained from our previous binding
experiments.

Feature vectors

An amino acid sequence of protein is divided into tri-
mers (three amino acid residues), and all of the 8,000 tri-
mers are clustered into 199 groups according to
physical-chemical properties. Then, an amino acid se-
quence is converted to a 199-dimensional feature vector
based on the frequencies of 199 clusters (See for [13] the
details of this procedure). A chemical compound is also
converted to another feature vector of 199 dimension
representing substructure statistics extracted from the
structural formula of a chemical compound. The size of
the dimensions, that is, 199 dimensions, was determined
based on the variance of each dimension. The top 199
dimensions with significantly diverse variances in statis-
tical classification were selected.

Statistical prediction method for protein-chemical
interaction

We developed a comprehensively applicable statistical
prediction method for interactions between any proteins
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and chemical compounds, which requires only protein
sequence data and chemical structure data and utilizes
the statistical learning method of Support Vector
Machines (SVM)[13,14].

We consider the problem as the binary classification
of protein-chemical pairs whose abstractive identities
are represented numerically by the 199 dimensional
feature vectors defined above. We obtained a “posi-
tive” sample set, i.e, a set of protein-chemical pairs
that have been proven to interact with each other via
biological assays, from the DrugBank database [20].
Along with the positive sample set, SVM-based classi-
fiers require a “negative” sample set, ie., a set of
protein-chemical pairs that do not interact with each
other. Such a negative sample set can be extracted
randomly from the whole complement set of the
positive sample set. Though we used random pairs of
drugs and proteins as negative samples in construct-
ing a model, the lack of reliable negative samples is
always a problem when applying the statistical learn-
ing methods. In our current study, it is assumed that
drugs in the DrugBank dataset rarely interact with
proteins other than their known targets because they
are approved drugs. Using the resultant positive and
negative protein-chemical pair sets, we trained two-
layer SVMs. First, we trained each multiple first-layer
SVM with small sample sets designed with different
criteria. Next, using another larger sample set, we
trained a second-layer SVM whose input is a set of
probabilities output from the firstlayer SVMs. The
prediction performances were evaluated by 10-fold
cross-validation using the DrugBank dataset. The sen-
sitivity, specificity, precision, and accuracy were 0.954,
0.999, 0.984, and 0.997, respectively, in cross-
validation. The details of the algorithms and their
prediction accuracy are described in our previous
reports [13,14].

Support vector machines
Given n samples, each of which has an m-dimensional
feature vector (x; = (x},...,x")) and one of two classes,

such as binding and non-binding (ye{1,-1}), an SVM
produces the classifier

f(x) = Sigﬂ(i:l a,-yi]((x,-,x) + b) s

where x is any new object which needs to be classified,
K (-,) is a kernel function which indicates that the simi-
larity between two vectors and (o, --,&y,) are the learned
parameters. The RBF kernel K(S;,S,:) = exp(-y[|S1-S2)
was utilized for the SVM classifier. In our study, the
LIBSVM program [43] was employed to construct the
SVM model.
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Cell culture

Bcl-xL-overexpressing human SCLC Ms-1 cells [15]
were maintained in Rosewell Park Memorial Institute
media (Nissui, Japan) supplemented with 5% fetal bovine
serum, 100 U/ml penicillin G, and 0.1 mg/mL kanamy-
cin at 37°C in a humidified 5% CO, atmosphere.

Antibodies
Mouse monoclonal anti-DAPK1 (DAPK-55), rabbit mono-
clonal anti-PIK3CG (Y388), rabbit monoclonal anti-
ACACA (EP687Y), mouse monoclonal anti-PIK3C2B,
rabbit polyclonal anti-ITPR1, mouse monoclonal anti-
PIP5K3, mouse monoclonal anti-CHD4, mouse polyclonal
anti-GTF2IRD2, mouse polyclonal anti-PLCB1 antibodies
were purchased from Abcam (Cambridge, MA). Rabbit
polyclonal anti-KIF21B and mouse monoclonal anti-
KIF5B (clone H2) antibodies were purchased from Milli-
pore (Bedford, MA). Goat polyclonal anti-PARP14 and
goat polyclonal anti-KIF1A were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Mouse monoclonal
anti-Beclin (clone 20) antibody was purchased from BD
Transduction Laboratories (San Diego, CA). Rabbit poly-
clonal anti-PARP1 antibody was purchased from Cell Sig-
naling Technology (Beverly, MA). Rabbit polyclonal anti-
RGPD5 antibody was purchased from Lifespan Bios-
ciences (Seattle, WA). Mouse monoclonal anti-Flag (M2)
antibody was purchased form Sigma (St. Louis, MO).
Horseradish peroxidase-conjugated anti-mouse IgG
and anti-rabbit IgG secondary antibodies were purchased
from GE Healthcare (Little Chalfont, UK). Horseradish
peroxidase-conjugated anti-goat IgG was purchased from
Santa Cruz Biotechnology.

Western blotting

Cell lysates were separated by SDS-PAGE and trans-
ferred to a PVDF membrane (Millipore) by electroblot-
ting. After the membranes had been incubated with
primary and secondary antibodies, the immune com-
plexes were detected with an Immobilon Western kit
(Millipore), and luminescence was detected with a LAS-
1000 mini (Fujifilm, Tokyo, Japan).

Preparation of incednine and biotinylated incednine

Incednine was isolated from the culture broth of Strepto-
myces sp. ML694-90F3 [15]. To obtain biotinylated
incednine (see Additional file 3), incednine (137.0 mg)
and the amine-reactive biotin-X (100.0 mg; Invitrogen)
were dissolved in 13.0 mL CHCl;:MeOH (10:1). After
stirring at 40°C for 20 h, the reaction mixture was con-
centrated to dryness. The residue was resolved in 50 mL
CHCl3:MeOH:H,O (5:6:4) and partitioned three times
under basic conditions. The lower layer of CHCls:
MeOH:H,O (5:6:4) was evaporated in vacuo to yield a
brown residue. The residue was purified by HPLC
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(Senshu Pak Pegasil ODS 30 x 250 mm) and eluted with
MeOH:40 mM KH,PO, aq. (70:30) to give 19.4 mg bio-
tinylated incednine.

In vitro biotinylated incednine pull-down assay
Bcl-xL-overexpressiong Ms-1 cells were collected and
sonicated twice in IP buffer (50 mM HEPES (pH 7.5),
150 mM NaCl, 2.5 mM EGTA, 1 mM EDTA, 1 mM
DTT, and a protease inhibitor cocktail (Roche, Mann-
heim, Germany)) for 10 s. The cell lysates were centri-
fuged at 10,000g for 15 min at 4°C. The resulting
supernatants were incubated with biotin (50 nmol) or
biotinylated incednine (50 nmol) and avidin beads at 4°C
for 3 h. The beads were washed three times with
phosphate-buffered saline (PBS). The bound proteins
were eluted with 2 mM biotin in PBS, and concentrated
by a centrifugal filter device (Ultracel (YM-10); Milli-
pore). The resulting proteins were boiled in SDS sample
buffer for 5 min and subjected to western blotting.

Liquid chromatography-tandem mass spectrometry
Incednine binding proteins purified using biotinylated
incednine / avidin beads, and flag-tagged incednine (see
Additional file 4) / anti-Flag antibody were anaylzed by
liquid chromatography-tandem mass spectrometry (LC—
MS/MS) system as previously described, respectively
[44,45].

Additional files

Additional file 1: Validation work for elF4A3, PDI, PP2A and Hsp70.

Additional file 2: Proteins computationally predicted to bind to
incednine (grouped into 11 clusters).

Additional file 3: A stucture of biotinylated incednine.
Additional file 4: Preparation of Flag-tagged Incednine [46,47].
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Histone gene expression is tightly coordinated with DNA replication,
as it is activated at the onset of S phase and suppressed at the end of
S phase. Replication-dependent histone gene expression is precisely
controlled at both transcriptional and posttranscriptional levels. U7
small nuclear ribonucleoprotein (U7 snRNP) is involved in the 3'-end
processing of nonpolyadenylated histone mRNAs, which is required
for S phase-specific gene expression. The present study reports a
unique function of U7 snRNP in the repression of histone gene
transcription under cell cycle-arrested conditions. Elimination of U7
snRNA with an antisense oligonucleotide in Hela cells as well as in
nontransformed human lung fibroblasts resulted in elevated levels
of replication-dependent H1, H2A, H2B, H3, and H4 histone mRNAs
but not of replication-independent H3F3B histone mRNA. An analo-
gous effect was observed upon depletion of Lsm10, a component of
the U7 snRNP-specific Sm ring, with siRNA. Pulse—chase experiments
revealed that U7 snRNP acts to repress transcription without remark-
ably altering mRNA stability. Mass spectrometric analysis of the cap-
tured U7 snRNP from Hela cell extracts identified heterogeneous
nuclear (hn)RNP UL1 as a U7 snRNP interaction partner. Further
knockdown and overexpression experiments revealed that hnRNP
UL1 is responsible for U7 snRNP-dependent transcriptional repres-
sion of replication-dependent histone genes. Chromatin immunopre-
cipitation confirmed that hnRNP UL1 is recruited to the histone gene
locus only when U7 snRNP is present. These findings support a unique
mechanism of snRNP-mediated transcriptional control that restricts
histone synthesis to S phase, thereby preventing the potentially
toxic effects of histone synthesis at other times in the cell cycle.

RNA regulator | RNA-binding protein | RNP pulldown

In eukaryotic cells, sufficient histones must be synthesized in
concert with DNA replication to package the newly replicated
DNA into chromatin. The expression of replication-dependent
histone genes, which encode five core histone species (H1, H2A,
H2B, H3, and H4), is highly stimulated at the beginning of S phase
and sharply suppressed at the end of S phase in metazoans (1). The
expression of replication-dependent histone genes is coordinately
activated at the transcription level at the G1/S-phase transition. The
cyclin E-Cdk2 substrate p220/NPAT reportedly plays an essential
role in the coordinate transcriptional activation of histone genes at
the onset of S phase (2, 3). Through its direct interaction with
subtype-specific transcription factors such as HiNF-P, which is re-
quired for histone H4 promoter activation (4), p220/NPAT acti-
vates histone gene transcription. The active transcription of histone
genes requires ongoing DNA replication; therefore, the arrest of
DNA replication with hydroxyurea or DNA damage induced by
ionizing radiation leads to rapid transcriptional suppression (5, 6).

Replication-dependent histone genes produce nonpolyadenylated
mRNAs that possess a conserved stem-loop (SL) structure (1, 7, 8).
The noncanonical structure of the 3’ terminus of histone mRNAs
significantly contributes to S phase-specific histone gene expression.
Nonpolyadenylated histone mRNAs are synthesized as a conse-
quence of the unique 3’ processing mechanism. Endonucleolytic
cleavage occurs between two sequence elements, including a con-
served SL structure and a purine-rich histone downstream element
(HDE) that are separated by ~15 nt (8-10).

www.pnas.org/cgi/doi/10.1073/pnas. 1200523109

The HDE interacts with the U7 small nuclear ribonucleo-
protein (snRNP), which is composed of U7 snRNA and an Sm
ring. The Sm ring of U7 snRNP differs from that in spliceosomal
snRNPs, containing Lsm10 and Lsmll in place of SmD1 and
SmD2 (11, 12). U7 snRNP is recruited to histone pre-mRNA
primarily through base-pair formation between the 5’ end of U7
snRNA and the HDE (8, 10). The SL structure is associated with
the SL-binding protein (SLBP) (13), and it stabilizes the binding
of U7 snRNP to histone pre-mRNAs (14).

SLBP binds a 100-kDa zinc finger protein (ZFP100) that in-
teracts with Lsm11 (15). SLBP is the limiting factor for S phase-
specific histone mRNA synthesis (16). In mammalian cells, SLBP
synthesis is activated just before entry into S phase, and phos-
phorylation of a specific threonine in SLBP by cyclin A/Cdkl
triggers rapid degradation at the end of S phase (16, 17). SLBP
degradation leads to the destabilization of histone mRNAs, which
prompts the rapid shutoff of histone gene expression at the end of
S phase. Factors involved in the transcription and mRNA pro-
cessing of histone genes (e.g., NPAT) are commonly localized to
distinct nuclear foci, called histone locus bodies (HLBs), near the
chromosomal loci of histone gene clusters. The HLBs often
overlap with or are located in close proximity to the Cajal body,
a classical nuclear body detected during the immunostaining of
coilin (8, 18, 19).

We recently reported that the efficient depletion of U7 snRNA
in HeLa cells with an antisense oligonucleotide (ASO) leads
to a defect in the 3’-end processing of histone mRNAs and
a concomitant delay in S-phase progression (20). Cell-cycle pro-
gression was arrested at the transition step between G1 and S
phase (G1/S) using a double-thymidine block for cell synchroni-
zation, and the arrested cells were used for U7 snRNA depletion.
Unexpectedly, processed histone mRNAs accumulated at ele-
vated levels, even in the absence of U7 snRNA, under cell cycle-
arrested conditions. This discovery raised the intriguing possi-
bility that U7 snRNA can suppress histone gene expression under
cell cycle-arrested conditions.

In this paper, we report a unique function of U7 snRNA in
histone gene expression in which U7 snRNA acts to repress
transcription of replication-dependent histone genes during cell-
cycle arrest. We identified heterogeneous nuclear (hn)RNP ULL1
as the U7 snRNP interactor that is responsible for the repression.
These data reveal dual roles of U7 snRNPs that strictly regulate
histone gene expression to prevent the production of extra his-
tones, which are harmful to the cell.
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Results

Elimination of U7 snRNA Leads to the Up-Regulation of Histone Gene
Expression in Cell Cycle-Arrested Cells. U7 snRNA was eliminated
with the ASO in HeLa cells in which the cell cycle was arrested at
G1/S phase using a double-thymidine block (AU7 cells) (lane
AU7 in Fig. 14). When the cell cycle-arrested period was ex-
tended for 24 or 48 h by culturing the cells in thymidine-con-
taining media, the accumulation of matured histone HIC mRNA
in AU7 cells was markedly elevated (eightfold) compared with
accumulation in control cells (open circle in Fig. 1D). Similar up-
regulation was detected in other subclasses of histone mRNAs
(H1-H4) but not in H3F3B, a replication-independent histone
gene that produces polyadenylated mRNA (21) (Fig. 1C).
Elimination of U7 snRNA caused neither aberrant cell-cycle
entry into S phase (Fig. 1B and Fig. S14) nor aberrant amplifi-
cation of histone gene copy number (Fig. S1B) during extended
cell-cycle arrest.

The elevation of H1 mRNA detected by quantitative (q)RT-
PCR was not caused by the aberrant synthesis of polyadenylated
histone mRNAs in AU7 cells. This conclusion is evidenced by
the fact that most of the increased band in the Northern blot
corresponded to processed mRNAs (Fig. 1D), which were not
captured by oligo(dT) selection (Fig. 1E). Moreover, gqRT-PCR
detected the marked increase of histone mRNA levels in the
nonpolyadenylated RNA fraction (oligo dT-sups in Fig. 1F).
Marked elevation of mRNA levels of the replication-dependent
histone genes upon U7 snRNA depletion was observed in qui-
escent nontransformed fibroblasts (MRCS) (Fig. S2 A-C),

indicating that the effect is not restricted to the transformed cell
lines. Furthermore, when AU7 cells were semisynchronized with
nocodazole (which arrested the cell cycle at M phase) and the
cell cycle was subsequently reinitiated by the removal of noco-
dazole, the levels of histone mRNAs were also elevated after 8 h
(Fig. S2 D and E). In contrast, a threefold up-regulation of U7
snRNA by expression from the transfected plasmid in the cell
cycle-arrested cells (lane U7 in Fig. 14) led to the down-regu-
lation of five replication-dependent histone genes but not of the
replication-independent H3F3B gene (Fig. 1G).

At the onset of S phase triggered by thymidine removal, the
stimulation of histone gene expression was observed in both
control and AU7 cells, although the elevation of mRNA levels was
less remarkable in AU7 cells (Fig. S3). This observation indicates
that the S phase-specific activation of histone gene expression per
se is poorly affected by the status of cellular U7 snRNA. The
higher accumulation of histone mRNAs in AU7 cells at S phase
was likely caused by elevation of basal accumulation levels at G1/S
phase. These data argue that U7 snRNA acts to repress histone
gene expression under cell cycle-arrested conditions.

To exclude the possibility that the ASO for U7 snRNA
knockdown artificially increased histone mRNA levels, a protein
component of U7 snRNP (Lsm10) was eliminated with siRNA.
U7 snRNA was obliterated in ALsm10 cells (Fig. 1H). Elevated
accumulations of processed histone HIC mRNA and the aber-
rantly polyadenylated form were detected in ALsm10 cells (Fig.
1H). This result supports our observations in AU7 cells and also
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Fig. 1. U7 snRNA acts to repress histone gene expression
during cell-cycle arrest. (A) Manipulation of the intracellular
level of U7 snRNA. Obliteration of U7 snRNA with knock-
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(white bars) and U7 snRNA-transfected cells (black bars)
were measured by qRT-PCR. Levels in the vector-transfected
cells are adjusted to 1.0. Control mRNAs are GAPDH, H3F3B,
and f-actin (**P < 0.01, Student's t test). (H) U7 snRNP
suppresses the expression of H1C mRNA. Northern blot
analysis was performed to detect H1C mRNA and U7 snRNA
in Lsm10-eliminated cells with siRNA (ALsm10). Aberrantly
polyadenylated and normally processed H1C mRNAs are
represented as in D. GAPDH and U8 are control RNAs.
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indicates that U7 snRNA acts as a canonical U7 snRNP with the
Sm ring for the repression of histone gene expression.

U7 snRNP Represses the Transcription of Histone Genes. To clarify
the step(s) that U7 snRNP suppresses, the levels of newly syn-
thesized nascent histone mRNAs were measured in cell cycle-
arrested AU7 cells and control cells. The uridine analog 5-ethynyl
uridine (EU) was incorporated into cells cultured in thymidine-
containing medium for 30 min, after which EU-containing na-
scent RNAs were captured. Quantitative RT-PCR revealed that
the levels of the captured nascent mRNAs for five histone genes,
but not the GAPDH gene, were markedly increased in AU7 cells
(Fig. 24). This finding indicates that the transcription of histone
genes was stimulated by U7 snRNA depletion. We confirmed that
the U7 snRNA depletion reduced or did not affect the stability of
histone mRNAs by measuring the half-lives of EU pulse-labeled
histone mRNAs (Fig. 2B) and unlabeled histone mRNAs after
treatment with a transcription inhibitor, actinomycin D (Fig. 2C).
Northern blot analysis showed that the processed forms com-
prised most of the accumulated H3 mRNA in AU7 cells (open
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Fig. 2. U7 snRNP represses transcription of histone mRNAs. (4) Quantifi-
cation of nascent histone mRNAs in control cells (white bars) and AU7 cells
(black bars). EU-labeled mRNAs were quantified by qRT-PCR (*P < 0.1, **P <
0.01, Student's t test). The experimental time schedule is shown as in Fig. 1B.
(B) Quantification of the stability of histone mRNAs. The degradation of
pulse-labeled mRNAs was quantified in chased cells by qRT-PCR. (C) Northern
blot analysis was performed to monitor the degradation of histone H3
mRNA. RNA samples were prepared from control or AU7 cells at different
time points (0-6 h) after the addition of actinomycin D. Aberrantly poly-
adenylated and normally processed H3 mRNAs are represented as in Fig. 1D.
Control RNA is 185 rRNA. (D) Effects of depletion and overexpression of U7
snRNA on H1C promoter activity. H1C promoter-Luc reporter (H1C-Luc) or
CMV promoter-Luc reporter (CMV-Luc) was transfected into control cells or
AU7 cells (Left) or into control cells or cells overexpressing U7 (Right). The
normalized FFluc mRNA levels are plotted (**P < 0.01, Student’s t test). The
time schedule is the same as that shown in Fig. 1B.
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circle in Fig. 2C), and the stability of the processed H3 mRNAs
was even lower in AU7 cells (Fig. 2C). The processed H3 mRNA
was confirmed to be nonpolyadenylated (Fig. S44) and accurately
processed at the 3’ terminus, which was identical to the position in
control cells (Fig. S4B). These results indicate that the elimina-
tion of U7 snRNA leads to transcriptional derepression of rep-
lication-dependent histone genes, with neither stabilization of
histone mRNAs nor alteration of mRNA processing accuracy.
We further investigated whether U7 snRNP modulates tran-
scription from histone gene promoters using the firefly luciferase
(FFluc) reporter driven by the H1C promoter. Because this
construct produces canonically polyadenylated FFluc mRNA, the
role of U7 snRNP in transcription could be separated from its
role in mRNA processing. As shown in Fig. 2D, the H1C pro-
moter was significantly up-regulated upon depletion of U7
snRNA (Left), whereas it was slightly down-regulated in cells
overexpressing U7 (Right), indicating that U7 snRNP can repress
transcription from the H1C promoter.

hnRNP UL1 Is an Interactor of U7 snRNP. Known U7 snRNP-inter-
acting proteins have been limited to factors involved in the 3'-end
processing of histone mRNAs. Therefore, we attempted to cap-
ture U7 snRNP with the ASO to identify the responsible factor(s)
for the unique function of U7 snRNP in transcriptional repression.
The established method for U7 snRNP purification (22) was
subjected to an antisense 2'-O-methyl oligonucleotide. The iden-
tities of the proteins that were contained in the captured U7
snRNP fraction from HeLa cells were determined by highly sen-
sitive direct nanoflow liquid chromatography/tandem mass spec-
trometry (LC-MS) (23). To exclude various proteins that are
nonspecifically copurified in this procedure, three control experi-
ments were applied: (i) pull down with only beads that are not
conjugated with ASOs (“no oligo” in Fig. 3B); (ii) pull down with
beads that are conjugated with the ASO whose sequence was
scrambled (“scrambled oligo” in Fig. 3B); and (fif) pull down with
U7 ASO-conjugated beads in the presence of excess unconjugated
U7 ASO (“U7ASO + excess oligo” in Fig. 3B).

Specific pull down of U7 snRNPs was confirmed by detection of
U7 snRNA and Lsm11 with Northern and Western blots, re-
spectively (Fig. 34). The numbers of peptides identified by LC-
MS analysis in the purposed experiment (U7ASO) were com-
pared with those in the three control experiments (Fig. 3B).
Among the 194 proteins detected by LC-MS analysis, most of the
proteins were nonspecifically pulled down with beads, antibody,
or ASO, because they appeared in the control experiments as well
as in the purposed experiments. However, one protein (hnRNP
UL1; also known as E1B-APS) was specifically enriched in the
fraction with U7 ASO (peptide number per analysis: 9.75) but not
in the control experiments (peptide number per analysis: 0.17).

The interaction between hnRNP ULI and U7 snRNP was
confirmed by coimmunoprecipitation (co-IP) with an anti-hnRNP
ULI antibody («UL1) and by pull down with U7 ASO (Fig. 3C).
Northern blotting of coimmunoprecipitated RNAs with the aUL1
antibody revealed that U7 snRNA interacted with hnRNP ULL1
(lane «UL1 in Fig. 3C, Lefr). Western blotting confirmed the
coprecipitation of hnRNP UL1 during the capture of U7 snRNP
with U7 ASO (lane U7 in Fig. 3C, Right). Reciprocal co-IP from
HeLa cells transfected with Flag-Lsm11 revealed the interaction
between hnRNP UL1 and Flag-Lsm11 in the presence of RNase
A (Fig. 3D).

These data strongly suggest that hnRNP ULI associates with U7
snRNP through protein—protein interactions with the U7-specific
Sm ring or its associated factors. The protein hnRNP ULL1 origi-
nally was identified as an interactor with adenovirus E1B-55K
protein (24) and reportedly represses transcription from various
promoters (25). These previous findings suggest the involvement
of hnRNP ULL1 in U7-mediated transcriptional repression.
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Fig. 3. Identification of hnRNP UL1 as a U7 snRNP component. (4) Purifi-
cation of U7 snRNP. U7 snRNA and Lsm11 were detected in the purified U7
snRNP fraction (pull down) by Northern blot (NB) and Western blot (WB)
analyses, respectively. (B) Detected proteins in the purified U7 snRNP frac-
tion by LC-MS analysis. Black bars indicate the analyzed numbers of peptides
from the proteins, whose peptides were read more than five times, in the
purified U7 snRNA fraction with ASO (U7ASQ). White, light gray, and dark
gray bars indicate the analyzed numbers of peptides in the three control
experiments (no oligo, scrambled oligo, and U7ASO+excess oligo, respec-
tively). (C) hnRNP UL1 is a component of U7 snRNP. Immunoprecipitation
with anti-hnRNP UL1 antibody («UL1) and 1gG as a control was performed.
Pull down with U7 ASO (U7) and scrambled oligo (Scr) was performed.
U7 snRNA was detected by Northern blot analysis and U6 or U8 snRNA was
detected as a control. hnRNP UL1 was detected by Western blot and
a-tubulin was detected as a control. (D) hnRNP UL1 interacts with Lsm11,
a U7 snRNP protein. (Left) Inmunoprecipitation with aFlag antibody in the
presence of 10 pg/mL RNase A was carried out with an extract prepared from
Hela cells transfected with either the pcDNA-Flag vector (Flag-vector) or the
Flag-Lsm11 expression plasmid (Flag-Lsm11). hnRNP UL1 was detected with
the aUL1 antibody. (Right) Immunoprecipitation with the aUL1 antibody was
performed as on the Left. Flag-Lsm11 was detected with an anti-Flag anti-
body. Input samples (2% starting material) were loaded onto “Input” lanes.

hnRNP UL1 Is Responsible for the Unique Function of U7 snRNP. To
investigate the role of hnRNP ULI1 in U7 snRNP, hnRNP UL1
was eliminated from cell cycle-arrested cells cultured in thymidine-
containing medium with each of two siRNAs (AUL1-1 and AULI1-
2in Fig. 44). The elimination did not affect cell-cycle arrest at G1/
S phase (Fig. S14), nor did it alter the accumulation level of U7
snRNA (Fig. 44). This result was distinct from the effect of Lsm10
elimination, which destabilized U7 snRNA (Fig. 1H). The accu-
mulation of replication-dependent histone mRNAs increased
upon hnRNP ULI elimination (Fig. 4 B and C). Importantly,
Northern blotting showed that hnRNP UL1 elimination did not
affect the 3’-end processing of HIC mRNA (lanes AULI1-1 and
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AULI1-2 in Fig. 4B), which was affected in AU7 and ALsm10 cells
(Fig. 1 D and H). The overexpression of hnRNP UL1 from the
transfected plasmid led to the down-regulation of histone gene
expression (Fig. 4D). These data indicate that hnRNP UL1 is not
involved in the 3'-end processing of histone mRNAs but is re-
quired for the repression of histone gene expression. Analysis of
the captured nascent histone mRNAs revealed that hnRNP ULI
elimination mediated the increase in nascent histone mRNAs
(Fig. 4E), which indicates that hnRNP ULI can repress histone
gene expression at the transcriptional level.

To examine whether hnRNP ULI acts as part of U7 snRNP,
the repression of histone gene expression by hnRNP ULI was
monitored in the presence or absence of U7 snRNA. The re-
pression (P < 0.05) of H1 expression by hnRNP ULl over-
expression observed in control cells was less pronounced in AU7
cells (Fig. 4F). Additionally, when the repression of H2A ex-
pression by U7 snRNA was monitored in the presence or ab-
sence of hnRNP ULI, the repression of H2A expression (P <
0.05) by U7 snRNA overexpression observed in control cells was
less pronounced in AULI cells (Fig. 4G). Although the degree of
repression was weak due to experimental limitations, the above
results suggest that hnRNP ULI acts as a part of U7 snRNP to
repress histone gene expression.

The recruitment of hnRNP UL1 to the histone gene locus was
monitored by chromatin immunoprecipitation (ChIP) assay (Fig.
4H). Replication-dependent histone genes lack introns and,
therefore, cover short genomic regions (ca. 700 bp). Accordingly,
the chromatin was fragmented into smaller pieces (<500 bp)
than those in the usual ChIP assay to discriminate each part of
the histone gene. ChIP with the aUL1 antibody and subsequent
detection of histone H2AA chromatin fragments revealed the
association of hnRNP UL1 with the H2ZAA gene locus, with peak
binding occurring near the terminator of the H2AA gene. Im-
portantly, ChIP signals were markedly weakened in AU7 cells
(AU7 in Fig. 4H), which indicates that hnRNP UL] is recruited
to the histone gene locus by association with U7 snRNP.

Discussion

The tight regulation of histone gene expression during each cell
cycle is required to prevent harmful effects, such as genomic
instability or hypersensitivity to DNA-damaging agents, due to
the accumulation of the highly basic histones when DNA repli-
cation slows down or stops (26). Histone gene expression needs
to be suppressed when the cell has passed the DNA-replication
stage. We found that U7 snRNP represses histone gene ex-
pression under cell cycle-arrested conditions; this mechanism
may help to prevent extra histone synthesis.

To investigate the impact of this mechanism, the levels of ac-
cumulated histones were analyzed in AU7 cells. Marked elevation
of histone accumulation (approximately threefold) was observed
when cells were treated with a proteasome inhibitor (Fig. S5).
Without the treatment, histone levels were unchanged even if the
levels of histone mRNAs were increased. The synthesis of extra
histones from the increased mRNAs appears to be compensated
by proteasome degradation in AU7 cells. These mechanisms of
transcriptional repression and protein degradation may guaran-
tee the prevention of extra histone synthesis. The repressive
function of U7 snRINP was observed in quiescent nontransformed
fibroblasts as well as in HeLa cells, suggesting that the U7 snRNP-
mediated control of histone synthesis is a general regulatory
mechanism adopted in various cell types.

Accurately processed histone mRNAs were detected at rela-
tively high levels in AU7 cells. Although U7 snRNA depletion (to
<5%) is likely to be sufficient to abolish the function of U7
snRNPs in AU7 cells, it cannot be ruled out that residual amounts
of U7 snRNP are still able to process histone pre-mRNAs. A
similar result was obtained under the condition of SLBP de-
pletion, in which substantial levels of processed histone mRNAs

Ideue et al.
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Fig. 4. hnRNP UL1 is the factor responsible for U7 snRNP function in the
transcriptional repression of histone genes under cell cycle-arrested con-
ditions. (A) Elimination of hnRNP UL1 does not affect U7 snRNA accumula-
tion. hnRNP UL1 was treated with two siRNAs (AUL1-1 and AUL1-2) or
control siRNA, and the elimination of hnRNP UL1 was confirmed by Western
blot. U7 snRNA was detected in AUL1 cells by Northern blot. The siRNAs
were administered into the cell cycle-arrested cells cultured in thymidine-
containing medium. (B) hnRNP UL1 is not involved in the 3'-end processing
of histone mRNAs but is involved in the repression of histone gene expres-
sion. Histone H1C mRNA in AUL1-1 and control cells was detected by
Northern blot. H1C mRNA in AU7 cells is shown as the reference for the 3'-
end processing defect. Aberrantly polyadenylated and normally processed
H1C mRNAs are represented as in Fig. 1D. (C) Effects of hnRNP UL1 elimi-
nation with siRNA on histone mRNAs. Histone mRNA levels in AUL1-1 and
control cells were quantified by gRT-PCR. (D) Overexpression of hnRNP UL1
suppresses histone H1C gene expression. The level of hnRNP UL1 in cells
transfected with the expression plasmid was detected by Western blot. The
plasmid amounts transfected are shown above the panel. The H1C level in
hnRNP UL1-overexpressing cells was detected by Northern blotting. The
quantified H1C level (normalized by GAPDH mRNA) is shown below the
panel. (E) hnRNP UL1 represses the transcription of histone genes. Nascent
histone mRNA levels in AUL1-1 and control cells were quantified by gRT-PCR.
(F) Repression activity of hnRNP UL1 depends on the presence of U7 snRNA.
H1 mRNA was quantified by gRT-PCR by using RNA samples prepared from
control and AU7 cells transfected with either the control vector (vector) or
the hnRNP UL1 expression plasmid (UL1). (G) Repression activity of U7 snRNA
depends on the presence of hnRNP UL1. H2A mRNA was quantified by qRT-
PCR by using RNA samples prepared from control and AhnRNP UL1 cells
(AUL1) transfected with either the control vector (vector) or the U7 snRNA
expression plasmid (U7). (H) ChIP of histone H2AA gene with anti-hnRNP UL1
antibody. Positions of the PCR primers used are shown above the panel. The
H2AA mRNA region is boxed. ChIP levels from control or AU7 cells are in-
dicated by white or black bars, respectively. *P < 0.1, **P < 0.01, Student’s t
test. (/) Model of U7 snRNP functions in histone gene expression. The curved
lines below represent the repression of some steps of transcription.
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accumulate in the cell (27). Another intriguing possibility is that
an unidentified mechanism compensates for the 3'-end process-
ing of histone mRNAs once a critical factor is abolished.

hnRNP UL1, the U7 snRNP-interacting protein, was recruited
to the chromosomal locus of histone genes in cell cycle-arrested
cells (Fig. 4H). The immunostaining results indicated that HLBs
marked by NPAT were present in hnRNP UL1-localized nuclear
foci in ~15% of the cell population (Fig. S6). hnRNP UL1 has
been shown to aid in transcriptional repression from various
promoters, including the histone H2A promoter (25). This is
consistent with the reporter assay results, which showed that U7
snRNP repressed transcription from the histone H1C promoter
(Fig. 2D). The ChIP assay results revealed that the major asso-
ciation site of hnRNP ULI1 was located near the transcription
terminator of the histone H2AA gene, and that the association
depended on U7 snRNA (Fig. 4H). These results suggest that
hnRNP ULI1 associates with U7 snRNP that binds to the nascent
histone pre-mRNA, which may facilitate transcriptional repres-
sion of the cognate histone gene (Fig. 47). Our data also suggest
that the role of U7 snRNP in repression of histone gene tran-
scription is distinct from the possible role of U7 snRNA in
transcriptional control of the MDR1 gene, through interaction
with the transcription factor NF-Y that binds to the MDRI
promoter (28). However, elucidation of the detailed mechanism
by which hnRNP UL1 and U7 snRNP act to repress transcription
will require further analysis.

The rapid transcriptional suppression of histone genes upon
hydroxyurea treatment in S phase occurred properly in AU7 cells
(Fig. S3), which indicates that the U7-mediated repression mech-
anism is distinct from the previously noted mechanism through the
p53/p21-dependent pathway (6). Transcriptional activation of
histone genes at the onset of S phase occurred normally in AU7
cells, which indicates that the U7-mediated repression does not
affect the p220/NPAT-mediated transcriptional activation in S
phase. However, how the two functions of U7 snRNP are switched
depending on the cell-cycle phase remains unclear.

We have confirmed that hnRNP ULI is associated with U7
snRNP in S phase, which indicates that the binding of hnRNP
UL1 to U7 snRNP is unlikely to be the step that establishes the
mode of action. Endonucleolytic cleavage to create the 3’ end of
histone mRNAs is known to liberate the U7 snRNP that is used
for the next round of processing (29). This observation suggests
that the active transcription of histone genes in S phase facili-
tates the rapid turnover of U7 snRNP on the histone locus and
thereby prevents hnRNP ULI1 from playing a repressive function.
Further mechanistic investigations regarding the role of U7
snRNP should provide unique insights into the multilayer regu-
latory system that maintains histone levels during each cell cycle.

Materials and Methods

Reagents and Molecular Biological Protocols. The chemicals used were pur-
chased from Nacalai Tesque unless otherwise stated. See 5/ Materials and
Methods for additional information.

Plasmid Construction and Transfection. The expression plasmid of U7 snRNA
was cloned into the pGEM-T Easy Vector (Promega). The expression plasmid
of Flag-Lsm11 was cloned into the pcDNA3-Flag vector (20). The expression
plasmid of hnRNP UL1 was a gift from R. J. A. Grand (University of Bir-
mingham, Birmingham, UK). The plasmid was administered into HeLa cells
with Lipofectamine 2000 (Invitrogen) or by nucleofection with the Nucleo-
fector device (Lonza) in accordance with the manufacturers’ instructions.

Oligonucleotide Administration into Cells. The chemically modified chimeric
AS0 was synthesized and administered into synchronized Hela cells with the
Nucleofector device, as described previously (20). For RNAI, Hela cells were
transfected with siRNAs at 200 nM (final concentration) with the Nucleo-
fector device in accordance with the manufacturer's instructions. Negative
control siRNA was purchased from Invitrogen. Knockdown efficiencies were
verified by immunoblotting or by qRT-PCR (30). The sequences of siRNAs,
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ASOs, and primers for the qRT-PCR used in this study are listed in Tables 52,
53, and 54, respectively.

Cell Culture. Hela cells were synchronized using a double-thymidine block
(31). Thymidine (2.5 mM) was added to the culture medium, incubated for
18 h, and removed. The cells were then incubated without thymidine for
10 h. A second dose of thymidine (2.5 mM) was added, and the cells were
incubated for 16 h (dashed line in Figs. 1 Band G and 2 A and D and Figs. 52D
and $3). Synchronized cells at G1/S phase were used for administration of
nucleic acids (ASO, siRNA, and/or plasmid). The nucleic acid-treated cells
were further cultured in DMEM containing 2.5 mM thymidine (bold line in
Figs. 1 Band G and 2 A and D and Figs. 52D and 53). MRC5S cells were cul-
tured in aMEM with 10% (volivol) FBS. The medium was exchanged with
serum-free aMEM 24 h before ASO administration. The ASO-treated MRC5S
cells were cultured in serum-free medium for 48 h. The cells were processed
for FACS analysis of cell-cycle distribution by measuring BrdU incorporation
with the FITC BrdU Flow Kit (BD Sciences) and for DNA content with 7-
amino-actinomycin D (7-AAD) or DAPI staining. FACS data were analyzed by
Cell Lab Quanta SC software (Beckman Coulter).

Capture of Nascent RNAs. To capture nascent RNAs, 0.5 mM EU was in-
corporated into the cells for 30 min. EU-labeled RNAs were biotinylated and
captured by using the Click-iT Nascent RNA Capture Kit (Invitrogen) in ac-
cordance with the manufacturer’s instructions.
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Immunoprecipitation and Pull Down of Ribonucleoprotein Complex. Hela cells
(1 x 105 were lysed with lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl,
50 mM NaF, 1 mM NasVO,, 0.5% Nonidet P-40) for 30 min on ice, and the
cell extract (1 pg protein) was used for immunoprecipitation and pull-down
experiments. For IP, protein complexes were precipitated with an antibody
against hnRNP UL1 conjugated to Dynabeads-protein G (Invitrogen) for 1 h
at room temperature. The IP products were washed four times with lysis
buffer. Detailed information about the antibodies used is shown in Table 51.
The pull down of U7 snRNP was carried out by using ASO as described (22).
Biotinylated antisense 2'-O-methyl oligonucleotide was synthesized by IDT.
The ASO (400 pmol) was conjugated to Dynabeads-streptavidin T1 (Invi-
trogen) for 1 h in binding buffer (10 mM Tris-HCI, pH 7.5, 1 mM EDTA, 2 M
Nacl, 0.1% Tween 20). The ASO-Dynabeads conjugates were incubated with
cell extract for 1 h at 4 °C. The captured ribonucleoprotein complexes were
then washed four times with lysis buffer. The identities of the captured
proteins were determined by LC-MS (23). Detailed information about the
ASO sequences used is shown in Table 53.
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Binding of a series of novel 1¢,25-dihydroxyvitamin D5 (1,25-VD;) derivatives, having a nitrogen-linked
substituent at the 2¢- or 2B-position of the A-ring (2-N-substituted compounds), with the vitamin D
receptor (VDR) was investigated by means of computational docking studies. Selected compounds were
synthesized by coupling A-ring synthons 6 and/or 7 with CD-ring-bearing bromomethylene 5 under
Trost’s conditions. The 20~ and 2B-stereoisomers of the A-ring synthons were synthesized from L-serine
(8) as a single chiral source by installing vinyl and propargyl groups at opposite ends of the molecule.
The activity of the obtained compounds was evaluated by means of a luciferase-based VDR
transcriptional activity assay in NIH3T3 cells. Relatively small substituents incorporating a hydrogen-
bonding donor, i.e.,, NHAc and NHMs, were effective for eliciting VDR transcriptional activity, and
2B-NHMs-1,25-VD; (Xa) showed the highest activity, being more potent than 1,25-VDs. Derivatives
with bulky substituents were inactive. These new insights into the structure—activity relationships of 1,25-
VDj; derivatives may be helpful in separating the various biological activities of 1,25-VD; and in

generating novel therapeutic drug candidates.

1. Introduction

10,25-Dihydroxyvitamin D (1) (1,25-VD3) (Fig. 1), the active
metabolite of vitamin D, plays central roles in various biologi-
cal processes, acting via its specific receptor, ie., vitamin D
receptor (VDR), which is a member of the nuclear receptor (NR)
superfamily." 1,25-VD; modulates bone metabolism,” cell pro-
liferation and cell differentiation.” These characteristic biological
activities deeply relate with various diseases, including osteo-
porosis, cancer, secondary hyperparathyroidism and psoriasis.”*
Since 1,25-VD; and related compounds are promising candidates
for the treatment of these diseases, thousands of vitamin D
derivatives have been synthesized in attempts to separate and/or
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enhance their biological activities,” and some of these com-
pounds are in clinical use.®“° In recent structure—activity
relationship studies of vitamin D, much attention has been paid
to modification of the A-ring.**““® This ring contains the 1o-
and 3p-hydroxyl groups, which have important interactions with
VDR at Ser237 and Arg274 (for the 1a-hydroxyl group) and at
Ser278 and Tyrl43 (for the 3B-hydroxyl group), as determined
by X-ray analysis.'® The X-ray structure also indicated the pres-
ence of an unoccupied region in the binding site of VDR near
the location of C2 of the A-ring of 1,25-VD;. Therefore, intro-
duction of substituents at C2 in the A-ring may alter the strength
or the mode of interaction of the ligand with VDR, which may
lead to conformational change of VDR, as well as changes in the
characteristic biological activities. In fact, modification at the C2
position with oxygen- or carbon-containing groups has been
intensively explored, and the resulting derivatives were reported
to show characteristic and/or new biological activities.”® For
example, introduction of a 2o-hydroxypropyl® or 2o-methyl’
group increased the binding affinity for VDR by 4- and 3-fold,
respectively. These analogs also showed extremely high calcium-
mobilizing activity, having 7 and 500 times higher potency than
1,25-VD; (1), respectively.” Further, introduction of a 2p-hydro-
xypropoxy group afforded a compound (ED-71; 2) that appears
to increase the bone mineral density in osteoporotic patients

7826 | Org. Biomol. Chem., 2012, 10, 7826-7839
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Fig. 1 Structures of le,25-dihydroxyvitamin D; and its synthetic
analogs modified at the C2 position.

without significant side effects.'’ An analog of 2MD (4) having
a methylene group at C2 also caused a bone mass increment
without inducing hypercalcemia.'> These results clearly show
the potential of modifications at the C2 position in the A-ring of
the vitamin D skeleton for eliciting a broad range of biological
activities.

Here, we focused on installing nitrogen-linked functional
groups at C2 in the A-ring to obtain 2-N-substituted compounds.
Nitrogen has a different electrostatic field from oxygen or
carbon, as well as a different number of substituents and differ-
ent bond angles. Therefore, vitamin D derivatives with N-substi-
tuents at the C2 position can be expected to show different
VDR-binding modes from the corresponding oxygen and/or
carbon-substituted vitamin D derivatives, and so might have
characteristically different biological activities."

Firstly, we carried out docking studies of various 2-N-substi-
tuted vitamin D derivatives, I ~ X (Fig. 2), with the AF2
domain of VDR using the Glide (Schrédinger, LLC).'"*!® The
docking scores are summarized in Table 1.'®

In the case of 20-N-monoalkyl groups (category I, Ia-Ie),
higher stabilization was seen as the bulkiness increased from
methyl to n-butyl group, but a remarkably low stabilization score
was obtained for the N-benzyl-substituted derivative (Ie), prob-
ably because of steric hindrance. A similar trend was observed in
the case of 20-N,N'-dialky] substitution (category II). The 20-N,
N'-diethyl-substituted derivative (IIb) was well docked with the
AF2 domain (see Fig. 3(a)). Among the compounds in category
II, no poses were obtained for the bulky N,N'-di-n-butyl- and
N,N'-dibenzyl-substituted compounds (IId and Ile). Substitution
of a 20-N-amide group (category III) resulted in relatively low

calculated affinity for VDR. The docking result for the 2o-N-
benzoyl derivative (IIlc) is illustrated in Fig. 3(b). The sterically
hindered phenyl group in IIle reduces the stability as a result of
steric interaction with Lys240 of VDR. Moderate stabilization
scores were obtained for carbamate-substituted derivatives (cate-
gory IV). The 2¢-N-acyl and carbamate groups showed no sig-
nificant interaction of their carbonyl groups with amino acid
residues of VDR. In the case of 2o-N-sulfonamide substitution
(category V), no poses were obtained except for the N-methane-
sulfonamide derivative Va. This compound Va was well docked
with VDR (see Fig. 3(c)), and it showed greater stabilization
than 1,25-VDs.

The 2B-N-substituted derivatives (categories VI-X) showed
similar trends to the case of 2a-N-substitution. 23-N-monoalkyl
groups (VIa-d), a 2p-N-acetyl group (VIIIa) and especially a
N-methanesulfonyl group (Xa) were effective for stabilization of
VDR. From the docking model (Fig. 3(d)), it appears that a
hydrogen-bonding interaction between the sulfonyl group in Xa
and Arg274 contributes to the stabilization.

Based upon these docking calculations, we selected Ib, Ild—e,
ITla—c, IVd, Va—d, VIIe, VIIIa, and Xa as synthetic targets.

2. Synthesis of 2-N-substituted vitamin D
derivatives

Palladium-catalyzed coupling reaction of vinyl bromide 5
(CD-ring) with an ene—yne-type A-ring synthon was developed
by Trost for the synthesis of 2-N-substituted vitamin D deriva-
tives.'” We planned to synthesize A-ring precursors of 20~ and
2B-N-substituted ene—ynes 6 and 7 from L-serine (8) as a single
chiral source by switching the positions of the vinyl and propar-
gyl groups, as depicted in Scheme 1.

A-ring synthons for 2o-N-substituted-1,25-VD; derivatives
14-24 were synthesized from the key amine intermediate 13
(Scheme 2). Optically active allyl alcohol 9 was obtained from
L-serine (8) according to Katsumura’s method.'® The hydroxyl
group of 9 was protected with TBS ether to give bis-TBS ether
10 in 93% yield. The primary TBS group in 10 was selectively
deprotected with 1% HCI in ethanol to give alcohol 11. In this
reaction, the diol was co-generated in 23% yield, with 16%
recovery of the starting bis-TBS ether 10. The diol was quantita-
tively transformed back to the starting bis-TBS ether 10 with
TBSOTf and 2,6-lutidine. Oxidation of the hydroxyl group
under Swern conditions followed by reaction with propargyl
Grignard reagent gave the alcohol as a 1: 1 mixture of diastereo-
mers,'® which were separated by column chromatography on
silica gel to give 12 in 53% yield from 11. The TBS ether and
Boc group in 12 were deprotected with TFA, and resulting diol
was protected as TBS ether with TBSOTf and 2,6-lutidine to
afford the key amine intermediate 13 in 75% yield. N,N'-Dialkyl
A-ring synthons 14-16 were synthesized in 51-60% yields by
reductive amination with the corresponding aldehydes. In the
case of NBn,-substituted 16, N-alkylation of amine 13 with
benzyl bromide in the presence of potassium carbonate was
more effective than a reductive amination protocol. N-Acyl
derivatives 17-19 were synthesized by reaction with acyl halide
or acyl anhydride in 90-96% yields. N-Sulfonamide derivatives
20-23 were synthesized by reaction of sulfonyl chloride in the

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Structures of 2-N-substituted vitamin D derivatives.

Table 1 Docking scores of 2-N-substituted vitamin D derivatives with the AF2 domain of VDR calculated with

Glide XP
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presence of triethylamine in 80-95% yields. The N-carbamate
derivative 24 was synthesized from 12 by silylation with
TBSOTf and 2,6-lutidine in 38% yield.

Other A-ring synthons with 2f stereochemistry 32-34 were
also synthesized from r-serine (8) (Scheme 3). Optically active
Weinreb amide 25,%° derived from L-serine (8), was reacted with

7828 | Org. Biomol. Chem., 2012, 10, 7826-7839
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a) 20-NEt; derivative (IIb)

TYR 143

b) 20-NHBz derivative (IIlc)

Fig. 3 Selected docking models of 2-N-substituted 1,25-VD; with the AF2 domain of VDR calculated with Autodock.

vinyl magnesium bromide to give vinyl ketone 26 in 85% yield.
Reduction of the ketone with zinc borohydride proceeded stereo-
selectively, affording the alcohol as a single stereoisomer,”!
whose hydroxyl group was protected as TBS ether to give 27 in
89% yield in 2 steps. Ozonolysis of the vinyl group of 27
followed by reduction of the resulting ozonide with sodium
borohydride gave the alcohol, which was treated with methane-
sulfonyl chloride followed by TBAF to give epoxide 28 in 76%
yield in 3 steps.”> Opening reaction of the epoxide was carried
out with trimethylsilyl acetylide in the presence of BF; Et;0,
and the resulting hydroxyl group was protected with rert-butyl-
diphenyl chloride (TBDPSCI) to give TBDPS ether 29 in 87%
yield. The acetonide in 29 was deprotected with bismuth tribro-
mide,”* and the alcohol was oxidized with TPAP to give the
aldehyde, which was subsequently reacted with vinylmagnesium
bromide to give alcohol 30 as a mixture of two diastereomers
(dr = 1:1) in 59% yield in 3 steps. After separation of the
diastereomers on a silica gel column, deprotection of the
TBDPS and TMS groups and the Boc group was conducted
with TBAF and TFA, respectively, to give the diol, whose
hydroxyl groups were protected as TBS ethers to give amine
31 in 61% yield. This key intermediate was converted into

N,N'-dibenzyl 32, N-acetyl 33 and N-methanesulfonyl 34
by following the same procedures described for the synthesis of
the corresponding 2a-stereoisomers of A-ring synthons 16, 17,
and 20.

With the N-substituted A-ring synthons with 2o and 2B
stereochemistry, 14-24 and 32-34, in hand, these A-ring pre-
cursors were coupled with the CD-ring bromomethylene 5
in the presence of Pd(PPhs),,'” and the resulting TBS-protected
coupling products were deprotected with TBAF or HF-Et;N
(Scheme 4) to afford the 2o-N-substituted vitamin Ds
derivatives II-V. 2B-N-Substituted 1,25-VD; derivatives Vlle,
VIIla and Xa were also obtained in 33, 17 and 21% yields,
respectively.?®

3. Evaluation of VDR-mediated transcription-
activating activity of 2-N-substituted 1,25-VD;
derivatives

The biological activities of these 2-N-substituted 1,25-VDj;

derivatives were evaluated by means of a luciferase-based VDR
transcriptional activity assay in NIH3T3 cells.?® NIH3T3 cells
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Scheme 1 Synthetic plan for A-ring synthons 6 and 7 of 2-N-substi-
tuted vitamin D5 derivatives.

were transfected with pDR3-Luc and pGL4.74 [hLuc/TK]
normalizing vectors, then treated with 1,25-VD; or compounds
(100 nM IIb, Ild-e, Ila—c, IVd, Va—d, VIle, VIIla, and Xa),
and the luciferase activity was measured. The relative intensities
of the luciferase activity of compounds versus the control or
1,25-VD; are summarized in Fig. 4.

Among the compounds tested, 20-NHAc-1,25-VD; (IIla)
showed similar activity to 1,25-VD3, while IVd and Va, bearing
NHBoc and NHMs groups at 2o, showed moderate activity.
Among the 2P stereoisomers, the 2B-N-acetyl derivative (VIIIa),
which effectively stabilized VDR in the docking studies, showed
potent activity nearly equal to that of 1,25-VD;. However,
2B-NHMs-1,25-VD; (Xa), which appeared to exhibit a hydro-
gen-bonding interaction with Arg274 of VDR in the docking
studies, showed the highest transcriptional activity among
the derivatives synthesized, being slightly more potent than
VD;. These derivatives all have a hydrogen-bond-donating
group at the C2 position, so hydrogen bonding seems to be
important for VDR transcriptional activity. Indeed, 2a-NEt,-
1,25-VD; (IIb), which cannot form a hydrogen bond, induced
no transcriptional activity, although it could be well docked with
VDR by calculation. Steric hindrance is also an important factor.
Compounds Ile and VIIe bearing bulky N,N'-Bn, groups at the
2a- and 2B-position, respectively, gave no calculated docking
poses with VDR, and also failed to induce transcriptional
activity. On the other hand, NHSO,Ar can act as a hydrogen
bond donor, but it is a bulky group, and it induced only low tran-
scriptional activity. Thus, it appears that 2-N-substituted 1,25-
VD5 derivatives with a relatively small substituent group that has
hydrogen-bond donor capability are effective for eliciting VDR
transcriptional activity.

=
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Scheme 2 Synthesis of 2o-N-substituted A-ring synthons 14-24. (a)
TBSCI, imidazole, DMAP, DMF, rt, 93%; (b) 1% HCI, EtOH, rt, 60%
(diol was generated in 23% yield, with 16% recovery of starting bis-TBS
ether 10); (c) (COCI),, DMSO, i-Pr;NEt, CH,Cly, =78 °C to 0 °C; (d)
propargyl magnesium bromide, THF, 0 °C; (e) Separation with silica gel
column, 53% (C3 isomer 35%); (f) 20% TFA-CH,Cl,, 0 °C to rt; (g)
TBSOTT, 2,6-lutidine, CH,Cl,, 0 °C to rt, 75% (2 steps); (h) acetoalde-
hyde (6 eq), NaBH;CN, then AcOH, CH;CN, 0 °C to rt, 51%; (i)
n-butylaldehyde (6 eq), NaBH;CN, then AcOH, CH;CN, 0 °C to tt,
59%; (j) BnBr, K,CO3, CH;CN, 80 °C, 60%; (k) acetic anhydride, rt,
94%; (1) pivaloyl chloride, triethylamine, CH,Cl,, 0 °C to rt, 96%:; (m)
benzoic anhydride, triethylamine, THF, 0 °C to rt, 90%; (n) methane-
sulfonyl chloride, triethylamine, CH,Cl,, 0 °C to rt, 95%; (0) benzene-
sulfonyl chloride, triethylamine, CH,Cly, rt, 83%; (p) 4-r-butyl-
benzenesulfonyl chloride, triethylamine, THEF, rt, 80%; (q) 4-methoxy-
benzenesulfonyl chloride, triethylamine, THF, rt, 93%; (r) TBSOTT, 2,6-
lutidine, CH,Cly, 0 °C, 38%.

4. Conclusion

In summary, we carried out computational docking with VDR
for a series of novel 2o~ and 2B-N-substituted 1,25-VD; deriva-
tives. Based on the results, 14 compounds were selected and syn-
thesized. A-Ring synthons for both stereoisomers were
synthesized from L-serine (8) as a single chiral source by instal-
ling vinyl and propargyl groups at opposite ends of the molecule.
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Scheme 3 Synthesis of 2p-substituted A-ring synthons 32-34. (a)
vinyl magnesium bromide, THF, 0 °C, 85%; (b) Zn(BH4),, Et;0O,
=30 °C; (c) TBSCI, imidazole, DMAP, DMF, rt, 89% (2 steps); (d) Os,
CH,Cly, MeOH, —78 °C, then NaBH,, —78 °C to rt; (e) MsCl, triethyl-
amine, CH,Cl,, 0 °C, 94% (2 steps); (f) TBAF, THE, rt, 81%; (g) tri-
methylsilyl acetylene, n-BuLi, BF;Et,O, THE, =78 °C, 90%; (h)
TBDPSCI, imidazole, DMF, 1t to 40 °C, 97%; (i) BiBr;, CH;CN-H,0,
i, 91%; (j) TPAP, NMO, MS-4A, CH,Cl,, rt, 92%; (k) vinyl mag-
nesium bromide, THE, 0 °C, then separation (c-isomer: 35%, B-isomer:
35%); (1) TBAE, THE rt, 89%; (m) 20% TFA-CH,Cl,, 0 °C to rt; (n)
TBSOTf, 2,6-lutidine, CH,Cl,, 0 °C to rt, 69% (2 steps); (o) BnBr,
K5COs, CH;CN, Nal, 80 °C, 54%; (p) Ac,0, rt, 99%; (q) MsCl, Et;N,
CH,Cl,, 0 °C to rt, 84%.

These A-rings were coupled with CD-ring bromomethylene 5
according to Trost’s protocol to afford the target compounds. In
a dual-luciferase reporter assay, IIla, VIIIa and Xa showed
similar activity to 1,25-VDj;. Our results indicate that 2-N-substi-
tuted 1,25-VD; derivatives with a relatively small substituent
group that has the potential to form a hydrogen bond with the
receptor are effective for eliciting VDR transcriptional activity.
Further structural development studies and evaluation of various
VDR-mediated biological activities of our compounds are in
progress.

Experimental
General

Flash chromatography was performed on Silica gel 60 (spherical,
particle size 40-100 pm; Kanto). Optical rotations were
measured on a JASCO P-2200 polarimeter. 'H and '*C NMR

1. Pd(PPhg)4
Toluene-EtsN

14-24: X =NR'R? Y =
32-34:X=H,Y=NR'R2 HO

IIb: X = NEty, Y =H

Ild: X =N"Bu,, ¥ =H

Ile: X = NBny, Y = H

Illa: X = NHAc, Y = H
IIIb: X = NHCO'Bu, Y = H
IIIc: X = NHCOPh, Y =H
Ivd: X =NHBoc, Y = H

Va X =NHMs, ¥ =H

Vb: X = NHSOzPh, Y =H

Ve: X = NHSO,4-'BuPh, Y = H
Vd: X = NHSOz-4-OMe-Ph, Y =H
VIle: X =H, ¥ = NBny

VIIIa: X =H, Y = NHAc

Xa: X =H, Y = NHMs

Scheme 4 Synthesis of 2o-N-substituted 1,25-VD; derivatives; IIb
(NEt;), 20%; IId (N-nBus), 10%; Ile (NBn,), 10%; IIIa (NHAc), 9%;
11Ib (NHCO-/Bu), 57%; Ille (NHCOPh), 25%; IVd (NHBoc), 20%; Va
(NHSO:;Me), 57%; Vb (NHSO,Ph), 5%; Ve (NHSO,-4-fBuPh), 8%;
Vd (NHSO,-4-OMe-Ph), 6%. Synthesis of 2p-N-substituted 1,25-VDs
derivatives; VIIe (NBny), 33%; VIlla (NHAc), 17%; Xa (NHSO,Me),
21%.
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Fig. 4 Results of dual-luciferase reporter assay for 2-N-substituted
1,25-VD; derivatives. Data are expressed as the means = SEM.

spectra were recorded on JEOL INM-ECA 500, INM-ECX 400
or JMTC 300. The spectra are referenced internally according to
residual solvent signals of CDCl; ("H NMR; & = 7.26 ppm, I3c
NMR; & = 77.0 ppm). Data for "H NMR are recorded as follows:
chemical shift (6, ppm), multiplicity (s, singlet; d, doublet;
t, triplet; q, quartet; m, multiplet; br, broad), integration, coupling
constant (Hz). Data for '*C NMR are reported in terms of chemi-
cal shift (8, ppm). Mass spectra were recorded on JEOL
JMS-T100X spectrometer with ESI-MS mode using methanol as
solvent.

Bis-TBS ether 10. To a solution of 9 (16.7 mmol) in DMF
(50 mL) was added imidazole (2.7 g, 40.1 mmol), DMAP
(204 mg, 1.67 mmol) and TBSCI (3 g, 20.0 mmol), and the
mixture was stirred for 24 h at room temperature. To the reaction
mixture was added H,O and then it was extracted with ethyl

This journal is © The Royal Society of Chemistry 2012
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acetate. The organic layer was washed with H,O and brine, and
the extracts were dried over MgSQy, filtered, and concentrated
in vacuo. The residue was purified by silica gel chromatography
(hexane—ethyl acetate = 100:1) to give 10 (6.9 g, 15.5 mmol,
93%). [a]F = +3.4 (¢ 1.3, CHCL3); 'H NMR (400 MHz, CDCls)
& 5.76-5.90 (m, 1H), 5.10-5.28 (m, 2H), 4.62 (d, J = 7.3 Hz,
1H), 4.27 (brs, 1H), 3.76 (m, 1H), 3.69-3.55 (m, 2H), 1.42 (s,
9H), 0.89 (s, 9H), 0.88 (s, 9H), 0.07-0.01 (m, 12H); °C NMR
(75 MHz, CDCl;) 6 155.6, 138.3, 116.2, 79.0, 73.1, 61.3, 56.4,
28.4, 258, 182, 18.1, =53, -55; HRMS: caled for
C5,H47NO4Si;Na, 468.2941; found, 468.2940.

Aleohol 11. A solution of 10 (3.2 g, 7.18 mmol) in HCI and
ethanol (1 :99, 240 mL) was stirred for 15 min at room tempera-
ture. To the reaction mixture was added saturated NaHCO3, then
it was concentrated in vacuo. The residue was extracted with
ethyl acetate and the organic layer was washed with H,O and
brine, and dried over MgSO,, filtered, and concentrated
in vacuo. The residue was purified by silica gel chromatography
(hexane—ethyl acetate = 4:1) to give 11 (1.43 g, 4.31 mmol,
60%). [a]f = —20.8 (¢ 5.2, CHCl); 'H NMR (500 MHz,
CDCl;) 6 5.88-5.79 (m, 1H), 5.40-5.18 (m, 3H), 4.52 (s, 1H),
3.97 (d, J = 11.4 Hz, 1H), 3.60-3.45 (m, 2H), 1.43 (s, 9H),
0.91-0.86 (m, 9H), 0.08-0.02 (m, 6H); *C NMR (125 MHz,
CDCls) 6 155.7, 137.5, 116.3, 79.5, 76.0, 61.9, 54.6, 28.3, 25.7,
25.6, 18.0, —3.6; HRMS: calcd for C,¢H33NO,SiNa, 354.2077;
found, 354.2060.

Alcohol 12. To a solution of (COCI), (0.6 mL, 7.29 mmol) in
dichloromethane (30 mL) was added DMSO (1 mL, 14.3 mmol)
dropwise at —78 °C. The reaction mixture was stirred for 10 min
at —78 °C, and to the mixture was added dropwise a solution of
11 (1.05 g, 3.17 mmol) in dichloromethane (20 mL). The
reaction mixture was stirred for 1.5 h at —78 °C, and diisopropyl-
ethylamine (5 mL, 28.5 mmol) was added. The resulting mixture
was warmed to room temperature for 30 min. To the reaction
mixture was added 1 N HCI, and the mixture was extracted with
dichloromethane. The extracts were washed with H,O, dried
over MgSQy, filtered, and concentrated in vacuo to give alde-
hyde. To a prepared solution of propargyl magnesium bromide
(1 M in THF, 17 mL, 17.1 mmol) was added aldehyde in THF
(15 mL) at 0 °C, and the mixture was stirred for 40 min. The
resulting mixture was quenched by 1 N HCIl at 0 °C and
extracted with ethyl acetate. The organic layer was washed with
H,0 and brine, and the extracts were dried over MgSQOy, filtered,
and concentrated in vacuo. The residue was purified by silica gel
chromatography (hexane—ethyl acetate = 13:1) to give 12
(148 mg, 0.296 mmol, 53% from 11). [a]F = —25.6 (c 2.2,
CHCl3); 'H NMR (500 MHz, CDCl3) § 5.90-5.82 (m, 1H),
5.39-5.20 (m, 3H), 4.61-4.57 (m, 1H), 4.27 (t, /= 6.9 Hz, 1H),
3.61 (s, 1H), 3.58 (dd, /= 8.9, 2.0 Hz, 1H), 2.35 (ddd, J = 58.3,
16.5, 2.9 Hz, 2H), 2.01 (t, /= 2.9 Hz, 1H), 1.44 (s, 9H), 0.91 (s,
9H), 0.08 (s, 3H), 0.04 (s, 3H); '*C NMR (125 MHz, CDCls)
& 155.6, 137.2, 116.7, 80.5, 79.6, 76.6, 70.1, 68.3, 55.0, 28.4,
25.8, 23.6, 18.0, —4.8, —5.3; HRMS: calcd for C,oH;5NO,4SiNa,
392.2233; found, 392.2267.

Amine 13. A solution of 12 (298 mg, 0.81 mmol) in TFA and
dichloromethane (1 :4, 8 mL) was stirred at 0 °C for 5 min and
room temperature for [ h. The reaction mixture was concentrated

in vacuo to give diol. To a solution of the resulting diol in
dichloromethane (8 mL) was added 2,6-lutidine (0.6 mL,
4.84 mmol) and TBSOTT (0.6 mL, 2.42 mmol), and the mixture
was stirred at 0 °C for 40 min. To the reaction mixture was
added saturated NaHCO;, then it was extracted with ethyl
acetate. The organic layer was washed with H,O and brine, and
dried over MgSO,, filtered, and concentrated in vacuo. The
residue was purified by silica gel chromatography (hexane—ethyl
acetate = 40 : 1) to give 13 (250 mg, 0.65 mmol, 75% from 12).
[a] = —3.6 (¢ 0.2, CHCly); '"H NMR (400 MHz, CDCl3) &
5.83-5.74 (m, 1H), 5.26-5.17 (m, 2H), 4.104.04 (m, 1H),
3.95 (t, J = 7.4 Hz), 2.86 (dd, J = 6.9, 2.8 Hz, 1H), 2.65-2.32
(m, 2H), 1.99 (t J = 2.7 Hz, 1H), 0.91-0.88 (m, 18H),
0.12-0.03 (m, 12H); 3C NMR (100 MHz, CDCl3) 6 139.2,
117.8, 81.2, 76.4, 70.4, 70.2, 58.3, 25.9, 24.9, 18.1, -3.3, —-4.0;
HRMS: caled for C5oH4aNO5Si,, 384.2754; found, 384.2725.

20-N-Ethylamine 14. To a solution of 13 (100 mg,
0.26 mmol) in acetonitrile (2.6 mL) was added acetoaldehyde
(88 uL, 1.56 mmol) and NaBH;CN (41 mg, 0.65 mmol) at room
temperature, and the mixture was stirred for 50 min. To the
reaction mixture was added acetic acid until the pH of the mixture
reached 3. The resulting mixture was stirred for 1.5 h and
quenched by saturated NaHCO;. The reaction mixture was
extracted with ethyl acetate. The organic layer was washed with
brine, and the extracts were dried over MgSQ,, filtered, and con-
centrated in vacuo. The residue was purified by silica gel chrom-
atography (hexane—ethyl acetate = 100:1) to give 14 (58 mg,
0.13 mmol, 51%). [a]y = +4.8 (¢ 0.9, CHCl;); 'H NMR
(400 MHz, CDCl3) 6 5.98-5.87 (m, 1H), 5.28-5.12 (m, 2H),
4.38 (t, J = 8.9 Hz, 1H), 4.28-422 (m, 1H), 2.88-2.74 (m, 4H),
2.65-2.57 (m, 2H), 2.28-2.20 (m, 1H), 1.95 (t, /= 2.8 Hz, 1H),
0.97 (t, J = 7.1 Hz, 6H), 0.9-0.86 (m, 18H), 0.13-0.02 (m,
12H); 3C NMR (100 MHz, CDCl5) & 141.9, 117.2, 82.4, 74.3,
72.3, 69.8, 67.0, 47.9, 26.0, 24.4, 18.1, 16.4, -2.4, —4.1, —-4.6;
HRMS: caled for C,4HsoNO,Si,, 440.3380; found, 440.3353.

20-N-n-Butylamine 15. To a solution of 13 (100 mg,
0.26 mmol) in acetonitrile (2.6 mL) was added n-butylaldehyde
(140 pL, 1.56 mmol) and NaBH;CN (41 mg, 0.65 mmol) at
room temperature, and the mixture was stirred for 1 h. To the
reaction mixture was added acetic acid until the pH of the
mixture reached 3. The resulting mixture was stirred for 1 h and
quenched by saturated NaHCOs;. The reaction mixture was
extracted with ethyl acetate. The organic layer was washed with
brine, and the extracts were dried over MgSO,, filtered, and
concentrated in vacuo. The residue was purified by silica gel
chromatography (hexane—ethyl acetate = 100:1) to give 15
(76 mg, 0.15 mmol, 59%). [als = +1.6 (c 0.6, CHCl,);
"H NMR (400 MHz, CDCl3) é 6.03-5.88 (m, 1H), 5.30-5.12
(m, 2H), 4.40 (t, J = 8.6 Hz, 1H), 4.28-4.20 (m, 1H), 2.89-2.62
(m, 5H), 2.60-2.49 (m, 2H), 2.31-2.21 (m, 1H), 1.95 (t, J =
2.5 Hz, 1H), 1.42-1.30 (m, 4H), 1.29-1.14 (m, 4H), 0.84-0.92
(m, 24H), 0.15-0.02 (m, 12H); '*C NMR (75 MHz, CDCl3) &
141.9, 117.1, 82.5, 74.6, 72.5, 69.9, 67.6, 54.6, 33.3, 26.0, 24.6,
20.5, 18.1, —2.4, —4.1; HRMS: caled for C,gHsgNO,Si,,
496.4006; found, 496.4010.

20-N,N'-Dibenzylamine 16. To a solution of 13 (100 mg,
0.26 mmol) in acetonitrile (3 mL) was added K,CO3 (360 mg,
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2.61 mmol) and BnBr (0.13 mL, 2.61 mmol) at room tempera-
ture, and the mixture was stirred at 80 °C for 10 h. To the result-
ing mixture was added saturated NH4Cl, and the mixture was
extracted with ethyl acetate. The organic layer was washed with
brine, and the extracts were dried over MgSO,, filtered, and con-
centrated in vacuo. The residue was purified by silica gel chrom-
atography (hexane—ethyl acetate = 100: 1) to give 16 (89 mg,
0.16 mmol, 60%). [a]h = —14.4 (¢ 3.9, CHClL;); 'H NMR
(400 MHz, CDCl3) é 7.40-7.16 (m, 10H), 6.08-5.97 (m, 1H),
5.44-527 (m, 2H), 4.54 (t, J = 8.7 Hz, 1H), 4.5354.29 (m,
1H), 3.96 (dd, J = 134.7, 13.8 Hz, 4H), 2.91 (dd, J = 8.5,
2.6 Hz, 1H), 2.67-2.58 (m, 1H), 2.39-2.31 (m, 1H), 1.68 (t, J =
2.5 Hz, 1H), 0.89 (s, 9H), 0.82 (s, 9H), 0.13-0.03 (m, 12H);
3C NMR (100 MHz, CDCl3) 6 142.0, 140.9, 129.4, 127.9,
126.5, 117.6, 81.6, 75.1, 72.8, 69.8, 63.8, 56.5, 25.9, 18.1, =2.5,
—4.0, —4.5; HRMS: caled for C34Hs4NO,Si,, 564.3693; found,
564.3682.

2a-N-Acetylamine 17. A solution of 13 (66 mg, 0.17 mmol)
in acetic anhydride (0.5 mL) was stirred for 15 min at room
temperature. The resulting mixture was concentrated in vacuo to
give 17 (69 mg, 0.16 mmol, 94%). [l = —12.8 (¢ 04,
CHCls); "H NMR (500 MHz, CDCl5) & 5.91-5.82 (m, 1H), 5.69
(d, J=9.7 Hz, 1H), 5.15-5.03 (m, 2H), 4.32-4.27 (m, 1H), 4.11
(t, J=9.2 Hz, 1H), 3.96 (t, J = 8.6 Hz, 1H), 2.40-2.26 (m, 2H),
2.02 (t, ] = 2.6 Hz, 1H), 1.94 (s, 3H), 0.92 (s, 9H), 0.88 (s, 9H),
0.14 (d, J = 4.0 Hz, 6H), 0.05 (s, 6H); '*C NMR (125 MHz,
CDCl;3) 6 169.8, 139.4, 117.4, 75.9, 70.9, 68.7, 55.8, 25.9,
254, 236, 181, -2.9, —4.0, —-4.6; HRMS: caled for
C22H43N03512Na, 4482679, found 448.2674.

20-N-Pivaloylamine 18. To a solution of 13 (60 mg,
0.16 mmol) in dichloromethane (1.6 mL) was added Et;N
(33 pL, 0.23 mmol) and pivaloyl chloride (23 pL, 0.19 mmol) at
room temperature, and the mixture was stirred for 4 h. To the
reaction mixture was added saturated NH4Cl, and the mixture
was extracted with ethyl acetate. The organic layer was washed
with brine, and the extracts were dried over MgSO,, filtered, and
concentrated in vacuo. The residue was purified by silica gel
chromatography (hexane—ethyl acetate = 20:1) to give 18
(71 mg, 0.15 mmol, 96%). [a]) = —1.6 (¢ 1.1, CHCl);
'H NMR (400 MHz, CDCl3) é 6.03 (d, J = 9.1 Hz, 1H),
5.91-5.80 (m, 1H), 5.11-5.01 (m, 2H), 4.34-4.29 (m, 1H), 4.06
(t, J=9.2 Hz, 1H), 3.93 (t, /= 8.7 Hz, 1H), 2.31-2.24 (m, 2H),
2.00 (t, /= 2.8 Hz, 1H), 1.14 (s, 9H), 0.92 (s, 9H), 0.88 (s, 9H),
0.14 (s, 6H), 0.05 (s, 6H); '>*C NMR (100 MHz, CDCl3) &
177.7, 139.5, 117.2, 804, 76.2, 70.9, 69.1, 55.1, 38.7, 27.6,
25.9, 254, 18.0, -2.9, —4.0, —4.5, —4.6; HRMS: calcd for
C25H49NO3Si2Na, 490.3 149, found, 490.3123.

20-N-Benzoylamine 19. To a solution of 13 (120 mg,
0.31 mmol) in THF (3 mL) was added triethylamine (90 pL,
0.63 mmol) and benzoic anhydride (106 mg, 0.47 mmol) at
room temperature, and the mixture was stirred for 15 min. To the
resulting mixture was added saturated NH,4Cl, and the mixture
was extracted with ethyl acetate. The organic layer was washed
with brine, and the extracts were dried over MgSQ,, filtered, and
concentrated in vacuo. The residue was purified by silica gel
chromatography (hexane—ethyl acetate = 20:1) to give 19
(136 mg, 0.28 mmol, 90%). [a]y = —17.2 (¢ 1.2, CHCLy);

'"H NMR (400 MHz, CDCls) § 7.74-7.68 (m, 2H), 7.50-7.38
(m, 3H), 6.54 (d, J=9.7 Hz, 1H), 6.01-5.91 (m, 1H), 5.14-5.06
(m, 2H), 4.42-4.38 (m, 1H), 4.34 (t, J = 9.2 Hz, 1H), 4.09 (t,
J = 8.7 Hz, 1H), 2.47-2.30 (m, 2H), 2.00 (t, J = 2.7 Hz, 1H),
0.95 (s, 9H), 0.90 (s, 9H), 0.17 (d, J = 5.5 Hz, 6H), 0.68 (d, J =
1.8 Hz, 6H); *C NMR (100 MHz, CDCls) & 166.9, 139.3,
135.0, 131.3, 128.6, 126.7, 117.7, 80.2, 76.1, 71.0, 69.1, 56.1,
259, 25.6, 18.1, —=2.9, —4.0, —4.6; HRMS: calcd for Cy7Hys-
NO;Si,Na, 510.2836; found, 510.2806.

20-N-Methanesulfonylamine 20. To a solution of 13 (60 mg,
0.16 mmol) in dichloromethane (2 mL) was added triethylamine
(53 uL, 0.37 mmol) and methanesulfonyl chloride (15 uL,
0.19 mmol) at 0 °C, and the mixture was stirred for 40 min at
room temperature. To the resulting mixture was added saturated
NaHCO;, and the mixture was extracted with ethyl acetate. The
organic layer was washed with brine, and the extracts were dried
over MgSO,, filtered, and concentrated in vacuo. The residue
was purified by silica gel chromatography (hexane—ethyl
acetate = 20: 1) to give 20 (69 mg, 0.19 mmol, 95%). [a]¥ =
—5.0 (¢ 0.9, CHCl,); '"H NMR (400 MHz, CDCl;) & 5.94-5.84
(m, 1H), 5.32-5.23 (m, 2H), 4.65 (d, J= 9.2 Hz, 1H), 4.23-4.17
(m, 1H), 4.11 (t, J = 6.9 Hz, 1H), 3.77-3.70 (m, 1H), 3.03 (s,
3H), 2.58-2.48 (m, 1H), 2.41-2.33 (m, 1H), 2.07 (t, /= 2.8 Hz,
1H), 0.89 (d, J = 1.8 Hz, 18H), 0.13 (d, J = 5.5 Hz, 6H), 0.08
(d, J = 5.0 Hz, 6H); *C NMR (100 MHz, CDCl;) § 138.5,
118.2, 79.9, 75.6, 71.5, 69.9, 60.5, 42.7, 25.8, 25.1, 18.2, 18.0,
-3.5, —-4.0, —-4.6; HRMS: caled for C2|H43NO4SSi2Na,
484.2349; found, 484.2358.

2a-N-Benzenesulfonylamine 21. To a solution of 13 (110 mg,
0.29 mmol) in dichloromethane (3 mL) was added triethylamine
(0.1 mL, 0.69 mmol) and benzenesulfonyl chloride (45 pL,
0.34 mmol) at room temperature, and the mixture was stirred for
6 h. The reaction mixture was diluted with H,O and extracted
with ethyl acetate. The organic layer was washed with brine, and
the extracts were dried over MgSO,, filtered, and concentrated
in vacuo. The residue was purified by silica gel chromatography
(hexane—ethyl acetate = 40: 1) to give 21 (124 mg, 0.24 mmol,
83%). [@]y = —26.5 (c 0.9, CHCL;); '"H NMR (400 MHz,
CDCls) 6 7.91-7.85 (m, 2H), 7.59-7.44 (m, 3H), 5.74-5.62 (m,
1H), 5.13-4.85 (m, 2H), 4.15 (q, J = 4.6 Hz, 1H), 4.00 (t, J =
7.8 Hz, 1H), 3.58 (t, J = 8.3 Hz, 1H), 2.14-206 (m, 1H), 1.98
(t, J=2.5 Hz, 1H), 1.93-1.83 (m, 1H), 0.86 (s, 18H), 0.07 (d, J =
5.5 Hz, 6H), 0.02 (d, J = 3.7 Hz, 6H); >C NMR (100 MHz,
CDCls) & 141.8, 138.7, 132.4, 128.9, 127.0, 118.1, 80.2, 75.7,
71.1, 694, 599, 248, 18.1, 18.0, 3.3, —4.3, —-4.5, -4.7,
HRMS: caled for C26H45N04SSi2Na, 546.2506; found,
546.2500.

2a-N-(4-tert-Butyl)-benzenesulfonylamine 22. To a solution of
13 (65 mg, 0.17 mmol) in THF (2 mL) was added triethylamine
(57 pL, 0.41 mmol), 4-tert-butyl-benzenesulfonyl chloride
(47 mg, 0.20 mmol) at room temperature, and the mixture was
stirred for 8 h. The reaction mixture was warmed to 60 °C and
stirred additional 8 h. The resulting mixture was diluted with
H>0 at room temperature and the mixture was extracted with
ethyl acetate. The organic layer was washed with brine, and
the extracts were dried over MgSO,, filtered, and concentrated
in vacuo. The residue was purified by silica gel chromatography
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(hexane—ethyl acetate = 30: 1) to give 22 (78.9 mg, 0.14 mmol,
80%). [a]y = —18.7 (¢ 2.7, CHCLy); 'H NMR (400 MHz,
CDCl;) 6 7.82-7.76 (m, 2H), 7.51-7.45 (m, 2H), 5.74-5.59 (m,
1H), 5.12—4.85 (m, 2H), 4.16-4.09 (m, 1H), 4.01 (t, /= 7.6 Hz,
1H), 3.58-3.48 (m, 1H), 2.16-1.92 (m, 3H), 1.33 (s, 9H), 0.86
(d, J = 1.4 Hz, 18H), 0.60 (s, 6H), 0.01 (d, J = 3.4 Hz, 6H);
13C NMR (100 MHz, CDCl;) é 156.2, 138.7, 126.9, 125.8,
117.8, 80.4, 75.6, 70.9, 69.6, 59.9, 35.1, 31.1, 25.8, 24.8, 18.1,
18.0, =3.3, —4.3, —4.5, —4.7; HRMS: calcd for C;gHs3NO,-
SSioNa, 602.3132; found, 602.3137.

20-N-(4-Methoxy)-benzenesulfonylamine 23. To a solution of
13 (90 mg, 0.24 mmol) in THF (2 mL) was added triethylamine
(79 pL, 0.56 mmol) and 4-methoxybenzenesulfonyl chloride
(58 mg, 0.28 mmol) at room temperature, and the mixture was
stirred for 3 h. To the reaction mixture was added saturated
NH,CI, and the mixture was extracted with ethyl acetate. The
organic layer was washed with brine, and the extracts were dried
over MgSQy,, filtered, and concentrated in vacuo. The residue
was purified by silica gel chromatography (hexane—ethyl acetate
=15:1) to give 23 (122 mg, 0.22 mmol, 93%). [a]y = —27.2
(¢ 2.3, CHCly); '"H NMR (400 MHz, CDCl;) & 7.80 (d, J =
9.0 Hz, 2H), 6.94 (d, J = 8.9 Hz, 2H), 5.77-5.62 (m, 1H),
5.14-5.03 (m, 2H), 4.84 (d, J = 8.9 Hz, 1H), 4.19-4.11 (m, 1H),
4,01 (t, J = 7.7 Hz, 1H), 3.86 (s, 3H), 3.58-3.49 (m, 1H),
2.18-1.89 (m, 3H), 0.86 (s, 18H), 0.07 (d, J= 2.4 Hz, 6H), 0.02
(d, J = 3.5 Hz, 6H); '*C NMR (100 MHz, CDCl3) § 162.6,
138.8, 133.6, 129.2, 118.0, 114.0, 80.4, 75.7, 71.0, 69.4, 59.8,
55.6, 25.9, 249, 18.1, 18.0, —-3.3, —4.3, —4.5, —4.7; HRMS:
caled for C;7H47NO5SSi;Na, 576.2611; found, 576.2606.

20-N-tert-Butoxycarbonylamine 24. To a solution of 12
(124 mg, 0.34 mmol) in dichloromethane (3 mL) was added 2,6-
lutidine (78 pL, 0.67 mmol) and TBSOTT (85 uL, 0.37 mmol) at
0 °C, and the mixture was stirred for 50 min at room tempera-
ture. To the resulting mixture was added 2,6-lutidine (40 pL) and
TBSOTS (50 pL) additionally at room temperature. The reaction
mixture was diluted with H,O, and extracted with ethyl acetate.
The organic layer was washed with brine, and the extracts were
dried over MgSO,, filtered, and concentrated in vacuo. The
residue was purified by silica gel chromatography (hexane—ethyl
acetate = 50 : 1) to give 24 (62.4 mg, 0.13 mmol, 38%). [a]b =
—20.7 (c 0.8, CHCly); "H NMR (400 MHz, CDCl;) 6 5.95-5.83
(m, 1H), 5.15-5.08 (m, 2H), 4.69 (d, J = 10.1 Hz, 1H),
429-4.22 (m, 1H), 3.97 (t, /= 8.7 Hz, 1H), 3.78 (t, /= 9.2 Hz,
1H), 2.47-2.25 (m, 2H), 2.01 (t, J = 2.7 Hz, 1H), 1.41 (s, 9H),
0.91 (s, 9H), 0.88 (s, 9H), 0.12 (d, J = 4.6 Hz, 6H), 0.05 (s, 6H);
3C NMR (100 MHz, CDCl3) & 155.8, 139.4, 117.4, 80.6, 78.9,
76.0, 70.7, 69.2, 57.2, 28 4, 25.9, 25.2, 18.1, =2.9, —4.1, —4.5,
—4.6; HRMS: caled for Ci;sHygNO4SioNa, 506.3098; found,
506.3075.

Vinyl ketone 26. To a solution of 25 (5.80 g, 20.1 mmol) in
THF (40 mL) was added vinylmagnesium bromide (1 M in THF,
25 mL, 25 mmol) at 0 °C, and the mixture was stirred for 2 h at
room temperature. The resulting mixture was quenched by 1 N
HCI at 0 °C and extracted with ethyl acetate. The organic layer
was washed with brine, and the extracts were dried over MgSQy,,
filtered, and concentrated in vacuo. The residue was purified by
silica gel chromatography (hexane—ethyl acetate = 10: 1) to give

26 (4.37 g, 17.1 mmol, 85%). [@]y = —33.0 (¢ 0.7, CHCly); 'H
NMR (300 MHz, CDCls) & 6.56 (ddd, J = 10.3, 17.2, 17.2 Hz,
1H), 6.34 (dd, J = 4.4, 17.2 Hz, 1H), 5.85 (dd, J= 1.3, 10.3 Hz,
1H), 4.78-4.53 (m, 1H), 4.23-4.13 (m, 1H), 4.00-3.98 (m, 1H),
1.72-1.34 (m, 15H); "*C NMR (100 MHz, CDCl3) § 196.7
151.3 131.8 129.9 95.2 80.7 65.6 63.9 28.3 28.2; HRMS:
(ESI, M + Na") caled for C;3H;NO,Na, 278.1368; found,
278.1360.

TBS ether 27. To a solution of 26 (334.5 mg, 1.31 mmol) in
diethyl ether (13 mL) was added a 0.18 M diethyl ether solution
of Zn(BH,), (5 mL) at —20 °C, and the mixture was stirred for
1 h. To the resulting mixture was added 1 N HCl at 0 °C and the
mixture was extracted with ethyl acetate. The extracts were
washed with brine, and the organics were dried over MgSO,,
filtered, and concentrated in vacuo to give alcohol (328.7 mg).
To a solution of the resulting alcohol (328.7 mg) in DMF (2 mL)
was added imidazole (215 mg, 3.16 mmol), TBSCI (238 mg,
1.58 mmol) and DMAP (16 mg, 0.132 mmol) at room tempera-
ture, and the mixture was stirred for 5 h. To the reaction mixture
was added saturated NaHCO;, and the mixture was extracted
with ethyl acetate. The organic layer was washed with brine, and
the extracts were dried over MgSOQ,, filtered, and concentrated
in vacuo. The residue was purified by silica gel chromatography
(hexane—ethyl acetate = 50 : 1) to give 27 (434.7 mg, 1.17 mmol,
89% from 26). [alp = —34.9 (¢ 1.2, CHCl); 'H NMR
(300 MHz, CDCl3) 6 5.84-5.67 (m, 1H), 5.28-5.04 (m, 2H),
4.59-4.21 (m, 1H), 4.03 (d, J = 5.1 Hz, 1H), 3.90-3.83 (m, 1H),
3.83-3.71 (m, 1H), 1.46 (s, 9H), 0.88 (s, 9H), 0.00 (s, 6H);
'C NMR (125 MHz, CDCly) § 152.7, 152.1, 139.2, 138.9,
116.2, 115.5, 94.2, 94.0, 79.9, 79.7, 74.3, 71.9, 64.3, 63.1, 61.6,
61.4, 284, 26.7, 259, 25.8, 252, 232, 18.0, —44, —-4.6;
HRMS: (ESI, M + Na") caled for C;oH3;NO,SiNa, 394.2389;
found, 394.2387.

Epoxide 28. A solution of 27 (3.12 g, 8.4 mmol) in dichloro-
methane (40 mL) and methanol (40 mL) was treated with ozone
at —78 °C with stirring for 40 min. Then NaBH, (1.9 g,
50.4 mmol) was added to the resulting mixture, which was
warmed up slowly to room temperature over 12 h. To the reac-
tion mixture was added 3 N HCI, and the organic layer was
extracted with dichloromethane. The extracts were dried over
MgSO0,, filtered, and concentrated in vacuo to give alcohol
(3.2 g). To a solution of the alcohol (3.2 g) in dichloromethane
(30 mL) was added triethylamine (1.8 mL, 12.6 mmol) and
methanesulfonyl chloride (1.3 mL, 16.8 mmol) at room tempera-
ture, and the mixture was stirred for 1.5 h. The resulting mixture
was diluted with H,O and extracted with dichloromethane, and
the extracts were dried over MgSO,, filtered, and concentrated
in vacuo. The residue was purified by silica gel chromatography
(hexane—ethyl acetate = 10:1) to give mesylate (3.59 g,
7.91 mmol, 94% from 27). To a solution of mesylate (175.3 mg,
0.386 mmol) in THF (5 mL) was added TBAF (505 mg,
1.93 mmol) at room temperature, and the mixture was stirred for
10 min. To the reaction mixture was added saturated NH4Cl, and
the organic layer was extracted with ethyl acetate. The extracts
were washed with brine, dried over MgSO,, filtered, and concen-
trated in vacuo. The residue was purified by silica gel chromato-
graphy (hexane—ethyl acetate = 20:1) to give 28 (75.8 mg,
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0.311 mmol, 81%). [a]F = +12.5 (¢ 1.1, CHCly); 'H NMR
(400 MHz, CDCls) & 4.10-3.95 (m, 2H), 3.61-3.38 (m, 1H),
3.00 (s, 1H), 2.89 (s, 1H), 2.86-2.70 (m, 1H), 1.69-1.42 (m,
15H); '*C NMR (100 MHz, CDCly) § 152.3, 151.7, 94.3, 93.7,
80.4, 80.0, 66.0, 65.4, 59.2, 58.9, 52.3, 51.9, 48.3, 48.2, 28.3,
28.2, 27.4, 26.6, 24.2, 23.0; HRMS: (ESI, M + Na") calcd for
C12H,,NO,Na, 266.1368; found, 266.1361.

Silyl ether 29. To a solution of trimethylsilylacetylene
(1.6 mL, 11.3 mmol) in THF (45 mL) was added n-butyllithium
(1.6 M in hexane, 6.8 mL, 11.3 mmol) at 0 °C, and the mixture
was stirred for 10 min. To the reaction mixture was added a solu-
tion of 28 (1.83 g, 7.53 mmol) in THF (15 mL) and BF;—Et,O
(1.9 mL, 15.0 mmol) at =78 °C. After being stirred for 1 h, tri-
ethylamine (10 mL, 75.2 mmol) was added to the resulting
mixture. The reaction mixture was warmed to room temperature,
and concentrated in vacuo. The residue was filtered through a
pad of silica gel using ethyl acetate to give alcohol (2.32 g,
6.78 mmol, 90%). To a solution of alcohol (2.21 g, 6.47 mmol)
in DMF (1 mL) was added imidazole (1.7 g, 25.9 mmol) and
TBDPSCI (2.5 mL, 9.71 mmol) at room temperature, and the
mixture was stirred at 40 °C for 8 h. To the reaction mixture was
added saturated NaHCOs, and the organic layer was extracted
with ethyl acetate. The extracts were washed with brine, dried
over MgSO,, filtered, and concentrated in vacuo. The residue
was purified by silica gel chromatography (hexane—ethyl acetate
=100:1) to give 29 (3.63 g, 6.26 mmol, 97%). [a]ly = —61.0
(¢ 1.7, CHCly); 'H NMR (300 MHz, CDCl;) & 7.75-7.67 (m,
4H), 7.45-7.34 (m, 6H), 4.46 (dd, J = 8.3, 2.1 Hz, 1H),
433420 (m, 1H), 4.04-3.91 (m, 2H), 2.23-2.12 (m, 2H),
1.59-1.35 (m, 15H), 1.08 (s, 9H), 0.12 (s, 9H); '*C NMR
(125 MHz, CDCl;) 6 153.2, 152.4, 135.8, 135.7, 134.7, 134.2,
129.7, 129.6, 127.6, 127.5, 103.6, 103.1, 94.3, 93.6, 87.2, 79.9,
71.2, 70.7, 63.5, 62.3, 61.1, 28.4, 27.0, 26.4, 19.4, —-0.06;
HRMS: (ESI, M + Na") caled for Cs53H4oNO,4Si;Na, 602.3097;
found, 602.3079.

Allyl alcohol 30. To a solution of 29 (3.63 g, 6.26 mmol) in
acetonitrile (40 mL) was bismuth tribromide (281 mg,
0.626 mmol) at room temperature, and the mixture was stirred
for 1 h. To the reaction mixture was added H-O (0.1 mL) at
room temperature and the mixture was stirred for 30 min. To the
resulting mixture was added saturated NaHCO3, and the organic
layer was extracted with ethyl acetate. The extracts were washed
with brine, dried over MgSO,, filtered, and concentrated
in vacuo. The residue was purified by silica gel chromatography
(hexane—ethyl acetate = 10:1) to give alcohol (3.09 g,
5.72 mmol, 91%). To a solution of the alcohol (322 mg,
0.596 mmol) in dichloromethane (6 mL) was added NMO
(83 mg, 0.709 mmol) and MS 4A (330 mg) at room temperature,
then TPAP (23 mg, 0.0656 mmol) was added and the resulting
mixture was stirred for 20 min. The reaction mixture was filtered
through a pad of silica gel using ethyl acetate, and eluted frac-
tions were concentrated in vacuo to give aldehyde (297.1 mg,
0.550 mmol, 92%). To a solution of the aldehyde (212.4 mg,
0.513 mmol) in THF (5 mL) was added vinylmagnesium
bromide (1 M in THE, 1.5 mL, 1.5 mmol) at 0 °C, and the
mixture was stirred for 30 min. To the reaction mixture was
added 1 N HCI at 0 °C, and organic layer was extracted with

ethyl acetate. The extracts were washed with brine, dried over
MgSO,, filtered, and concentrated in vacuo. The residue was
purified by silica gel chromatography (hexane—ethyl acetate =
20:1) to give 30 (79.3 mg, 0.179 mmol, 35%). [a]5 = —12.8
(c 1.2, CHCly); '"H NMR (300 MHz, CDCl;) & 7.70-768 (m,
4H), 7.49-7.38 (m, 6H), 5.78 (ddd, J = 16.6, 10.9, 5.4 Hz, 1H),
5.39-5.29 (m, 2H), 5.16 (d, J = 10.3 Hz, 1H), 4.81-4.78 (m,
1H), 4.12-4.09 (m, 1H), 3.76-3.74 (m, 1H), 241 (dd, J =
17.7 6.3 Hz, 1H), 2.34 (dd, J = 17.7, 4.6 Hz, 1H), 1.40 (s, 9H),
1.10 (s, 9H), 0.13 (s, 9H); '3C NMR (125 MHz, CDCl;) 6
155.9, 137.2, 135.8, 132.8, 132.1, 130.1, 127.8, 115.8, 102.3,
88.2, 79.2, 73.0, 70.9, 56.9, 28.3, 26.9, 25.5, 19.3, -0.12;
HRMS: (ESI, M + Na") caled for C3,H47NO,4SiNa, 588.2941;
found, 588.2934.

Amine 31. To a solution of 30 (665.4 mg, 1.18 mmol) in THF
(10 mL) was added TBAF (771 mg, 2.95 mmol) at room tem-
perature, and the mixture was stirred for 40 min. To the reaction
mixture was added saturated NH4Cl, and the mixture was
extracted with ethyl acetate. The organic layer was washed with
brine, and the extracts were dried over MgSO,, filtered, and con-
centrated in vacuo. The residue was purified by silica gel chrom-
atography (hexane—ethyl acetate = 2: 1) to give diol (268.6 mg,
1.05 mmol, 89%). To the diol (268.6 mg, 1.05 mmol) was added
a mixed solution of TFA and dichloromethane (1:4, 5 mL) at
0 °C, and the mixture was stirred for 2 h at room temperature.
The reaction mixture was concentrated in vacuo to give diol
(309.3 mg). To a solution of the diol (309.3 mg) in dichloro-
methane (3 mL) was added 2,6-lutidine (1.4 mL, 12.6 mmol)
and TBSOTT (1.2 mL, 5.25 mmol) at 0 °C, and the mixture was
stirred for 8 h at room temperature. To the reaction mixture was
added saturated NaHCO;, and extracted with ethyl acetate. The
organic layer was washed with H,O and brine, dried over
MgSQO,, filtered, and concentrated in vacuo. The residue was
purified by silica gel chromatography (hexane—ethyl acetate =
50:1) to give 31 (278.1 mg, 0.726 mmol, 69% from the diol).
[e]y = =1.9 (¢ 1.0, CHCl3); 'H NMR (300 MHz, CDCl) &
5.87 (ddd, J = 17.4, 10.5, 7.3 Hz, 1H), 5.21 (d, J = 17.4 Hz,
1H), 5.16 (d, J = 10.5 Hz, 1H), 4.12 (dd, J = 5.9, 7.3 Hz, 1H),
3.82 (ddd, J=4.4, 4.4, 6.7 Hz, 1H), 2.83 (dd, J = 4.58, 5.50 Hz,
1H), 2.53 (dd, J = 17.4, 6.87, 2.75 Hz, 1H), 2.44 (dd, J= 174,
4,58, 2.75 Hz, 1H), 1.93 (t, J = 2.75 Hz, 1H), 0.89 (s, 9H), 0.88
(s, 9H), 0.11 (s, 3H), 0.075 (s, 3H), 0.068 (s, 3H), 0.030 (s, 3H);
3C NMR (100 MHz, CDCl3) 6 139.3, 116.5, 82.4, 75.0, 71.8,
69.8, 61.0, 25.9, 25.8, 22.5, 18.1, 18.0, -3.5, -3.7, —4.6, —4.7;
HRMS: (ESI, M + H") caled for ChoH4NO,Siy, 384.2754;
found, 384.2745,

2B-N,N'-Dibenzylamine 32. To a solution of 31 (30.4 mg,
0.0792 mmol) in acetonitrile (1 mL) was added K,CO; (66 mg,
0.475 mmol) and BnBr (38 uL, 0.317 mmol) at room tempera-
ture, and the mixture was stirred for 1 h at 80 °C. To the reaction
mixture was added Nal (14 mg, 0.095 mmol) at room tempera-
ture, and the mixture was stirred at 80 °C for 21 h. To the reac-
tion mixture was added saturated NH4Cl at room temperature,
and organic layer was extracted with ethyl acetate. The extracts
were washed with brine, dried over MgSQO,, filtered, and concen-
trated in vacuo. The residue was purified by silica gel chromato-
graphy (hexane—ethyl acetate = 100:1) to give 32 (24 mg,
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